
ABSTRACT 

BOSE, ARNAB. Polysaccharide and Heat-Transfer-Fluid Pyrolysis Mechanisms Developed 

Using Data, Theory, and Machine Learning. (Under the direction of Dr. Phillip R. Westmoreland). 

 

Chemically mechanistic steps are established for rapid pyrolysis of xylan and for slow pyrolytic 

degradation of heat transfer fluids. Both cases make use of detailed chemical analysis using two-

dimensional gas chromatography followed by electron-ionization mass-spectrometry (GC×GC-

EIMS), but the mechanism development also draws from modeling at the molecular level 

(computational quantum chemistry) and from rule-based automatic mechanism generation. 

Furthermore, analysis of the GC×GC-EIMS data relies on advances created in this work that 

employ machine learning. 

 

GC×GC-EIMS is a powerful tool to analyze a gas mixture, and in the present study, its limitations 

are discussed and improved using different machine learning models that can be used to identify 

and quantify compounds from GC×GC-EIMS. The technique of GC-MS is very popular in 

understanding the chemical kinetics of various degradation processes. Generally, products evolved 

from a degradation process are identified and quantified after the GC-MS experiments. However, 

this technique has its own limitations. Identification of various large n-alkyl compounds are 

difficult as the mass spectra of these compounds are very similar. Thus, the instrument's analysis 

software cannot separate these structures solely based on the mass spectra comparison between the 

experimentally obtained spectrum and the one that in the mass spectra library. Another difficulty 

is quantifying those compounds whose calibration standards are not easily available. In Chapter 2, 

the quantification technique is discussed in detail. An atom- and group-based artificial neural 

network model is created to generate EI cross sections and calibration factors for organic 

compounds. This model is easy to implement and is more accurate than the widely used atom-

additivity-based correlation of Fitch and Sauter (Anal. Chem., 1983). The identification technique 

is improved by providing a layout of how to calculate the Kováts retention index in a two-

dimensional gas chromatography in Chapter 3. The design of a two-dimensional chromatograph 

is more complex than a single-dimension chromatograph due to the usage of a cryo-focuser. 

However, the separation of compounds is poorer in single-dimension gas chromatography 

compared to two-dimensional gas chromatography, making it less effective in studying 



compositions of a mixture. In Chapter 4, a neural network model is presented to predict the Kováts 

index of organic compounds. Kováts indices of 5,249 hydrocarbons and 439 non-hydrocarbons, 

measured in a non-polar column configuration, are collected from the NIST/EPA/NIH Retention 

Index Library (Version: 2017). They are averaged, and 95% confidence intervals are calculated 

using student’s t-test statistics to study the common trends in various classes of compounds. 

Instead of studying the Kováts index (Ix) directly, the difference of the Kováts index of a compound 

from that of an n-alkane with same carbon atoms (∆Ix) is studied. This approach helps focusing on 

the minor changes in the Kováts index due the alteration in the chemical structure. The number of 

groups and atoms are used as the descriptors that are decoded from InChI (International Chemical 

Identifier) expressions.  Predicted values and the experimental values of ∆Ix have a regression 

coefficient of 0.86. The results suggest group pairs are more suitable descriptors to study the 

Kováts index. 

 

The first mechanistic target is degradation kinetics of a heat transfer fluid. High-temperature heat-

transfer fluids inevitably degrade over time, and the mechanism is of practical and fundamental 

interest. In Chapter 5, a reaction mechanism is developed and tested for the slow thermal 

degradation of the eutectic mixture of diphenyl ether and biphenyl, a high-temperature heat 

transfer fluid commercially known as DowthermTM A or Therminol® VP-1. Industry collaborators 

applied the ASTM D6743 method to degrade fresh fluid at 371℃ for 1000 hours. Both fresh and 

degraded samples are analyzed with the GC×GC-EIMS in this laboratory. The identified 

compounds are calibrated either by direct calibration or by calibration factors estimated with a 

machine-learning code previously developed by our lab.   High-yield compounds in the degraded 

samples are benzene, phenol, and dibenzofuran. A degradation reaction mechanism is developed 

using Reaction Mechanism Generator. Constant-volume batch reactor calculations are 

subsequently performed in MATLAB along with vapor-liquid equilibrium calculations. A good 

agreement between experimental yields and computational yields is found. 

 

The degradation kinetics of two other heat-transfer fluids are also studied using data and predictive 

modeling in Chapter 6. Two paraffinic mineral oils are used: Chem Therm 550 and Paratherm HE. 

Again, they are thermally degraded using ASTM D6743 at 550 and 600℉ for 1000 hours. 



Subsequently, the fresh/degraded samples are analyzed in GC×GC-EIMS. Around 200 peaks are 

present in chromatograms of the fresh oil samples. On the other hand, around 400 peaks are present 

in the chromatograms of degraded samples. Fresh paraffinic oils are mainly composed of 

linear/branched alkanes. Kováts index is used for the identification of major species. 6-Methyl 

nonadecane is present with the highest concentration in fresh Chem Therm 550, and 2- or 4-methyl 

hexacosane are present with the highest concentration in fresh Paratherm HE. The formation of 

lighter linear/branched/cyclo- alkanes and alkenes during the degradation is noticed. ATR-FTIR 

is also performed on the fresh/degraded oil samples. It suggests a stronger peak signal for C=C 

stretching at the base level for degraded samples. A kinetic degradation model is developed for a 

model branched alkane, 8-butyl octadecane, to obtain insights about how a branch alkane degrades. 

It provides a higher yield of 1-docene and 1-heptene. Thus, the production of α-olefins with the 

same chain length of the sidechains in a branched alkane is a major degradation behavior. 

However, if the branch is small, such as butyl, then the branched alkane tends to produce light 

compounds. 

 

Rapid degradation kinetics of beechwood xylan is investigated to probe the kinetics and product 

channels that produce useful chemicals from lignocellolosic biomass. Beechwood xylan is a 

hemicellulose polymer with xylopyranosyl units at the backbone and glucuronic acid units at the 

side chain. Degradation kinetics of xylan provides a window to understand the degradation kinetics 

of more complex, lignocellulosic biomass. In Chapter 7, TGA/DSC and flash pyrolysis-GC×GC-

EIMS experiments are performed on beechwood xylan dust, xylan chars, mineral ion-impregnated 

xylan, D-xylose, xylobiose, xylose oligosaccharides and D-glucuronic acid. The xylan pyrolysis 

process is mainly characterized by H2O, CO2, C1-C3 acids, and C1-C2 alcohols generation, char 

generation, and an overall exothermic degradation.  The differential mass-loss curve of xylan dust 

is deconvoluted using lumped models. It suggests that there are three stages of the degradation 

process. After flash-pyrolysis/GC×GC-EIMS experiments, gases and volatiles are classified for 

the degradation steps. The char formed from the xylan pyrolysis has water soluble and insoluble 

fractions. The water-insoluble fraction is thermally stable and carbon-rich. Based on the 

experimental observations, different exothermic reaction routes are proposed that could lead to 



char formation. Transition-state calculations are performed with quantum chemistry-calculation 

tools, Gaussian 16 and GaussView, to understand the feasibility of the proposed reactions.  
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CHAPTER 1: INTRODUCTION 

 

1.1. Opening remark: 

 

The knowledge of chemical kinetics is very important to understand fundamental processes in 

chemical industries or pharmaceutical industries. From the polyethylene production to medicine 

manufacturing, it plays a key role. Simply put, chemical kinetics involves the rate and products of 

a reaction or multiple reactions where one or more compounds are converted. The amounts of 

these compounds and their rate of changes may depend on temperature, pressure, time, and the 

reactor set-up.  

 

There are two different ways by which the knowledge of chemical kinetics can be discerned. One 

is by doing experiments, and another is by modeling. The experiments involve putting compounds 

(or reactants) inside a reactor, fixing the environment, selecting the temperature program, pressure, 

and time, and finally measuring the amounts of different species evolved during the process. One 

way to obtain the measurement of different species is to perform gas analysis with gas 

chromatography followed by electron-ionization mass-spectrometry (GC-EIMS). From this 

information, one can obtain the detailed or lumped degradation behavior. On the other hand, 

various types of modeling can be performed to explore reaction kinetics, such as quantum 

chemistry calculation of the transition states (in Gaussian) followed by rate calculations (in 

Chemrate or Arkane), reactive molecular dynamics (in LAMMPS), or calculations to create entire 

chemical mechanisms in Reaction Mechanism Generator. Finally, a strong confirmation about the 

reaction kinetics can be obtained if the experimental rates of reactions and amounts of species 

match with the predictions from modeling. Each of the following sections describes a theme of 

this dissertation. 

 

1.2. Addressing limitations of GC×GC/EIMS measurements: 

 

Measurements of formed species in one-dimensional gas chromatography or two-dimensional gas 

chromatography followed by electron-ionization mass-spectrometry (GC-EIMS or GC×GC-

EIMS) are very common in analytical chemistry laboratories. While going through the gas 

chromatography columns, various compounds in the gas mixture have different adsorption-
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desorption behaviors on the polymer coating on the inner walls of these columns. That difference 

changes the retention time of a compound inside these columns. After coming out from the column, 

a compound travels to mass spectrometer where high-energy electrons are used to ionize the 

compound. After ionization, positive ions are collected at the detector, which yields a histogram 

of the counts of these ions. It is known as the mass spectrum of the compound. This histogram is 

cross-referenced with the mass spectra in a library using analysis software to identify the species. 

The quantification is performed by obtaining a pure species, preparing it in a calibration standard, 

injecting it to the GC-EIMS or GC×GC-EIMS, and finally obtaining the elution time and amount-

to-signal calibration information. 

 

1.2.1. Difficulty in quantification: 

 

A major limitation is quantification of an identified species if the compound is not available 

commercially or difficult to synthesize. Examples of these compounds are various anhydro- or 

dianhydro-xylose sugars formed after the biomass pyrolysis, various quaterphenyl structures, and 

4-methyl hexacosane formed during the pyrolysis of heat-transfer fluids or mineral oils. Thus, a 

predictive technique is required. 

 

1.2.2. Difficulty in identification: 

 

Another major limitation is the identification of compounds. Identification of various large n-alkyl 

compounds is difficult as the mass spectra of these compounds are very similar. Thus, the analysis 

software cannot recognize these structures depending on the mass spectra comparison. After the 

ionizations, the molecular ions of these compounds are very unstable, and they almost have no 

signals compared to other ions (Figures 1.1 and 1.2). The fragmentation patterns of these molecular 

ions are also very similar with one another. Thus, the mass spectra are very similar.  

 

Thus, another technique is necessary for the identifications of these compounds. Kováts retention 

index provides a good identification of n-alkyl compounds. However, the dataset in the NIST 

retention index library is also limited to around 5,500 hydrocarbons. Thus, a predictive technique 

is also necessary.  
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Figure 1.1: Electron-ionization mass-spectra of n-hexadecane in NIST17 mass spectral library. 

 

Figure 1.2: Electron-ionization mass-spectra of n-octadecane in NIST17 mass spectral library. 

 

 

1.2.3. Difficulty in retention time measurement: 

 

Measuring a single retention timeline in two-dimensional gas chromatography is complicated. The 

comprehensive two-dimensional gas chromatograph consists of a long primary column and a short 

secondary column connected in series. A cryo-focuser is used at the junction where a cold N2 jet 

is applied for a fraction of a second to freeze the cut coming out from the primary column, and 

immediately after that, a hot N2 jet is used to evaporate the frozen cut instantly to mimic an impulse 

injection in the secondary column. Thus, characterizing a single retention timeline of a compound 

is complex and exploration is needed. 
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1.3. Pyrolysis of high-temperature heat transfer fluids: 

 

Therminol ® VP-1 and DowthermTM A heat transfer fluids consist of a eutectic mixture of 73.5 

wt. % diphenyl ether (DPO, 1,1'-oxydibenzene) and 26.5 wt. % biphenyl (BP). They are widely 

used for high-temperature heat transfer, including parabolic-trough solar power plants to transfer 

heat from the solar collector to the power cycles.2 Using such a heat transfer fluid is popular in 

solar technology because it is cost-effective; has a low melting point (12℃), preventing freezing 

when the solar plant is not in operation; and is thermally stable at high temperature (390℃ to 

400℃) compared to paraffin-based or hydrogenated poly-phenyl-based heat transfer fluids. 

However, despite being formed with thermally stable compounds, Therminol ® VP-1 and 

DowthermTM A degrade over time. Due to the degradation, the flow and heat transfer behaviors 

change over, and pressure builds up in the line. The degradation mechanisms of these fluids are 

not well understood. Thus, experimental investigation and modeling are needed for this purpose. 

 

1.4. Pyrolysis of mineral oil: 

 

Mineral oil is a fraction obtained after the distillation of crude oil. It boils approximately between 

270° and 485℃ at 1 atm. It generally contains C15-C34 n-alkanes/branched alkanes/cyclo-alkanes 

with some O/N/S impurities.3 It is used as base oil for various metal-working fluids, heat transfer 

fluids, and hydraulic fluids. The number of compounds in the mineral oils is huge. Characterizing 

them using experimental tools such as GC-MS often turns out to be very difficult. It is because the 

n-alkanes, branched alkanes and cycloalkanes are major constituent molecules of mineral oil. 

During the electron ionization, they form unstable molecular ions. Also, the exact composition of 

the mineral oil is never understood clearly. Other than that, these oils are not very stable thermally. 

That is why the identities of the major species in two commercial paraffinic mineral oils (Chem 

Therm 550 and Paratherm HE) are investigated. The kinetic modeling using a model large, 

branched alkane (8-butyl-octandecane) is performed to understand the degradation process 

qualitatively. 
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1.5. Pyrolysis of xylan: 

 

Lignocellulosic biomass is a promising source of renewable energy. It has a complex chemical 

structure.4 There are three major components: Cellulose, hemicellulose, and lignin. The amounts 

of these components vary from plant to plant. In general, hemicellulose is branched and is the least 

thermally stable component among them. It represents a class of different branched polymers/co-

polymers. The base units of these polymers are pyranose or furanose forms of various pentose and 

hexose monosaccharides such as: D-xylose, L-arabinose, L-fucose, D-glucose, D-mannose, and 

D-galactose. Hexuronic acids such as D-glucuronic acid can also stay as side unit.5 These units 

stay in both of their α and β forms. In the hemicellulose copolymers, a glycosidic linkage forms 

between any carbons in the two rings. The number of glycosidic bonds per monomeric unit is often 

more than two. That is why hemicellulose is branched, weak, and porous. Beechwood xylan is a 

glucurono-xylan co-polymer. In this copolymer, β-D-xylopyranosyl units, connected by 1,4-

glycosidic bonds, form the backbone, and α- or β-D-glucuronopyranosyl units, connected by 1,2 

or 1,3-glycosidic bonds to the backbone, form the side groups. Also, mineral ions and moisture 

can also stay in the xylan matrix. In general, the chemical structure of beechwood xylan is 

complex.  

 

Pyrolysis of xylan is mainly characterized by formation of char (solid residue), tar (liquid obtained 

after quenching the volatiles), and gases (CO2, CO, CH4, and H2).
5 The amounts or yields of these 

fraction change at different temperatures. Torrefaction of xylan is mainly characterized by higher 

yield of chars/tars and lower yields of gaseous species than its pyrolysis at higher temperature.6 

However, as the xylan is the least thermally stable polymer, it degrades more at the torrefaction 

temperature range.5 The degradation of xylan is mainly attributed to the CO2 formation from 

glucuronic acid, but how it is formed is not clear.7 Another feature of the xylan pyrolysis that 

separates it from the pyrolysis of other sugar polymers is that it shows an exothermic degradation.7 

The reasons behind the exothermic behavior are also not clear from previous studies.5 To 

understand xylan’s lumped and detailed degradation kinetics, TGA/DSC and flash pyrolysis-

GC×GC/EIMS experiments are performed on beechwood xylan dust, xylan chars, mineral ion-

impregnated xylan, D-xylose, xylobiose, xylose oligosaccharides and D-glucuronic acid. Finally, 
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three exothermic routes are proposed, and quantum-chemical transition-state calculations are 

performed. 
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CHAPTER 2: PREDICTING TOTAL ELECTRON-IONIZATION CROSS 

SECTIONS AND GC-MS CALIBRATION FACTORS USING MACHINE 

LEARNING 
 

2.1.  Introduction: 

Electron-ionization mass spectrometry (EI-MS) is widely used to identify and quantify organic 

and inorganic compounds. It uses high-energy electrons (70 to 75 eV) to ionize and fragment 

molecules into positive ions, negative ions, and neutrals. In time-of-flight mass spectrometry, a 

positive pulse of voltage propels positive ions through a flight tube, where ions with low mass 

travel faster than the heavier ions (their mass resolution may be improved with an electrostatic 

reflectron). All these ions are detected at the end of the flight tube, assigned masses by their arrival 

times, and counted to generate a mass spectrum.8 

Electron ionization is generally applied to mixtures after individual compounds have been resolved 

using gas or liquid chromatography, ideally introducing pure components into the mass 

spectrometer. Analysis software typically reports similarity of the experimental species-fragment 

spectrum relative to the mass spectra of species in the mass spectral library. The quantitation of an 

identified species is performed by using a linearity relationship (Eq. 2.1) of total positive-ion 

current 𝐼𝑖
+ with the number density 𝑁𝑖 of the vaporized/gaseous species: 

 

𝐼𝑖
+ = 𝑄𝑖𝑑 ∙ 𝐼𝑒 ∙ 𝑁𝑖   (2.1a)                    

 

where Qi is the total ionization cross section, a function of ionizing-electron energy; d is the 

ionizing path length; and 𝐼𝑒 is the ionizing-electron current.9 At 70-75 eV, the total positive-ion 

current 𝐼𝑖
+ is typically composed of a molecular ion and many fragment ions of smaller molecular 

weight. The ionizing path length and the volume of the ionization chamber are instrument-specific. 

Any mass discrimination due to ion-collection efficiency and to scattering in the high MS vacuum 

is normally and reasonably treated as negligible. Thus, the ratio of signals 𝐼𝑖
+/𝐼𝑟𝑒𝑓

+  of species i and 

a reference compound, each measured in the same experimental GC/MS run at a fixed eV and the 

same ionizing volume within a given instrument, should in principle be independent of instrument 

type and experimental conditions:  
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𝐼𝑖

𝐼𝑟𝑒𝑓
=

𝐼𝑖
+

𝐼𝑟𝑒𝑓
+ =

𝑄𝑖𝑑∙𝐼𝑒∙𝑁𝑖

𝑄𝑟𝑒𝑓𝑑∙𝐼𝑒∙𝑁𝑖
=

𝑄𝑖𝑁𝑖

𝑄𝑟𝑒𝑓𝑁𝑟𝑒𝑓
    (2.1b) 

and should be proportional to species concentrations (ci) through the ratio of their total EI cross 

sections: 

 
𝑄𝑖

𝑄𝑟𝑒𝑓
=

𝐼𝑖/𝑁𝑖

𝐼𝑟𝑒𝑓/𝑁𝑟𝑒𝑓
   or   

𝑐𝑖

𝑐𝑟𝑒𝑓
=

𝐼𝑖/𝑄𝑖

𝐼𝑟𝑒𝑓/𝑄𝑟𝑒𝑓
    (2.1c)                    

Using a reference compound with a well-established EI cross section and an analyte mixture of 

known composition, the resulting absolute cross section for species i can be cross-checked for 

interlaboratory reproducibility. As a result, EI cross sections of many species have been 

measured.9-34  

 
Predicting total EI cross sections of species accurately would aid quantitation. Quantitation of an 

identified species is difficult if its calibration standard is not commercially available or if it is 

difficult to synthesize. An example is anhydro-xylopyranose, generated during hemicellulose 

pyrolysis. Other compounds can be purchased or synthesized but, due to their instability in 

calibration solution, they dissociate before reaching the mass spectrometer. Various sugars exhibit 

this behavior, such as D-xylose and D-glucose in methanol solution.   

 
In the past, total EI cross sections have been correlated for C-H-D-O-N-S-F-Cl-Br-I compounds 

(Appendix A) in terms of various descriptors, including number of carbons, number of bonds, 

molar volume, polarizability volume, and dynamic susceptibility.24 The correlations of Fitch and 

Sauter80 are based on atom additivity without and with hybridization differences for C and O: 

𝑄

𝑄𝑛−ℎ𝑒𝑥𝑎𝑛𝑒
= 0.82 + 1.43(𝐶) + 0.73(𝐻) + 1.10(𝑂) + 0.61(𝐹) + 3.98(𝐶𝑙) + 5.19(𝐵𝑟) +

6.62(𝐼) + 1.20(𝑁) + 0.93(𝐷) + 3.80(𝑆) (2.2) 

𝑄

𝑄𝑛−ℎ𝑒𝑥𝑎𝑛𝑒
= 0.943 + 2.12(𝐶𝑠𝑝3) + 1.70(𝐶𝑠𝑝2) + 0.85(𝐶𝑠𝑝) + 0.38(𝐻) + 1.26(𝑂𝑠𝑝3) +

0.62(𝑂𝑠𝑝2) + 0.24(𝐹) + 3.57(𝐶𝑙) + 4.80(𝐵𝑟) + 6.61(𝐼) + 0.95(𝑁) + 0.40(𝐷) + 4.40(𝑆)

 (2.3) 

where (Element) indicates the number of atoms of that element in a molecule. Fitch and Sauter 

regressed these coefficients from four interlaboratory EI cross-section datasets of 179 compounds 

encompassing n-alkanes, n-alkenes, n-alkynes, cycloalkane/alkenes, n-phenyl-alkanes, 
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halocarbons, linear aldehydes, linear ketones, nitrogen compounds, four deuterated compounds, 

and two sulfur compounds. The correlations are easy to implement for any EI mass spectrometer 

if species identity and the calibration response of n-hexane are known, and accuracy was reported 

as 4.69%. Their limitations include being based only on hybridized atom additivity, giving the 

same relative cross sections for isomers with the same atom hybridizations, and not considering 

hybridizations of N and S due to the limitations of the datasets.  

A more fundamental approach has been to develop classical and semi-classical expressions of total 

ionization cross section as functions of molecular vertical ionization energy, eV of incident 

electrons, and other physical quantities.30,31 Quantum theory has been also explored for this 

purpose, including the Binary-Encounter-Bethe model.32 The benefit of such approaches is to 

provide cross sections of ions and radicals over a range of eV, but they still must be compared to 

experimental data. 

In the present study, a feedforward neural network (FF-NN) is used to construct a QSPR model 

(quantitative structure-property relationship) that can be used to predict EI cross sections of 

organic molecules. To train it, the largest relative EI cross-section database to date was developed, 

with 396 compounds containing C, H, O, N, S, F, Cl, Br, I, and D, including new measurements 

for 92 species. SMILES or InChI atom- and group additivity-based expressions are used as 

molecular descriptors.33 This advance creates improved prediction capability relative to previous 

correlations, including the ability to differentiate isomers with same atom hybridization, such as 

an alcohol and its ether or anthracene and phenanthrene. Once the calibration factor of a reference 

compound is known, this model can be used to estimate the GC/EI-MS or GCxGC/EI-MS (70 or 

75 eV) calibration factors for compounds that are detectable but are not available for direct 

calibration. A complete dataset of the EICS is provided in Appendix A. 

 

2.2.  Methods: 

2.2.1. Experimental procedure: 

Calibrations were performed for 92 compounds in a GCxGC-ToFMS (Pegasus 4D, Leco). The 53 

different standards (Table 2.1) were obtained from Sigma Aldrich except for acetone, and DI water 

(Fisher Scientific).  
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Two-dimensional gas chromatography provides improved separation of compounds compared to 

conventional one-dimensional gas chromatography, aided by the fast mass-spectrum acquisition 

rate of time-of-flight mass spectrometry. At the junction of the two columns, a cold liquid-nitrogen 

jet (liquid nitrogen, 22 psi) is used to cryotrap eluents coming out from the first column for a very 

short period (0.3 to 2 s). A comparatively hot nitrogen jet (nitrogen, 235 psi) is then used to 

vaporize the frozen cuts to mimic impulse injection into the second column. Total modulation 

period is usually set at 7 to 10 s. The temperature program for the primary-column oven is 30°C 

initially, held for 5 min, then ramped at 5°C/min to 320°C, then held for 10 min. Meanwhile, the 

secondary column is initially at 50°C, held for 2 min, then ramped at 5°C/min to 320°C, and held 

for 24 min. The modulator oven is kept 5°C hotter than the secondary oven during the run period. 

For most of the hydrocarbons, the columns used were a nonpolar 30m x 0.25mm ID x 0.25μm Rxi-

1ms primary column (Restek) and a 2m x 0.15mm ID x 0.15μm Rxi-5Sil MS secondary column 

(Restek). For C-H-O compounds, a 30m x 0.25mm ID x 0.25μm Rtx-200, mid-polar primary 

column (Restek) and a 2m x 0.15mm ID x 0.15 μm Stabilwax, extremely polar secondary column 

were used. The experimental calibration information in provided in Appendix B. 

For the calibration, mixtures were prepared and injected with 1:50 split ratio, or pure liquid 

compounds were injected directly with higher split ratios. In all cases, 1.2 standard ml/min helium 

carrier gas was used. 

The mass spectrometer was operated at 230°C ion source temperature, 70 eV electron energy, 100 

Hz spectrum acquisition rate, and 1700 V detector voltage. ChromaToF software (Leco) was used 

in concert with the NIST/EPA/NIH Mass Spectral Library (Data Version: NIST v08) for the 

identification of species and to calculate the peak areas at the average noise level. The minimum 

signal-to-noise ratio was set at 10 for the detection of a peak.  

The standard reference compound for the relative cross sections is n-hexane. It is calibrated over 

a wide range of amounts (10-6 to 0.6 μmolar). At the lowest concentration, background noise tends 

to add to the peak area, and at a very high concentration, detector saturation tends to lower the 

peak area. However, the n-hexane calibration was measured over a very wide range (discussed in 

Appendix B), so calculating reliable relative cross sections for other compounds is straightforward.  
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Table 2.1: Compounds used for new measurements. 

Acetaldehyde, 40% aq. 1-Docosene 1-Methyl-2-Propyl-acetate 

Acetic acid, glacial 1,2-Ethanediol n-Octane 

Acetoin Ethyl acetate 16-PAH standard in 1:1 

Benzene:CH2Cl2 (EPA 8310) 

Acetol Formaldehyde, 37% aq. n-Pentane 

Acetone, >99% pure Formic acid, 50% aq. Phenol 

Anthracene 2-Furanmethanol Phenyl cyclohexane 

Benzene 2(5H)Furanone Phenyl dodecane 

Biphenyl Furfural Phenyl tetradecane 

1,4-Butanediol Furfural, 5-hydroxymethyl Phenyl tridecane 

2,3-Butandione Furfural, 5-Methyl Phenyl undecane 

tert-Butanol Furoic acid o-Terphenyl 

2-Butanone Glyceraldehyde m-Terphenyl 

C7-C40 n-alkane standard* Glycidol p-Terphenyl 

Catechol Glycolaldehyde dimer Tetrahydrofuran 

Cyclohexane n-Hexane Toluene 

Cyclohexanone Hydroquinone Triphenylene 

Dihydroxyacetone dimer −ydroxy−−butyrolactone Water, DI 

1,4-Dioxane Levoglucosan 
 

 

* C7 to C33 are detectable with the present GCxGC columns and conditions in the C7-C40 n-alkane 

calibration mixture (Product ID 49452-U, Lot number LRAC3116) 

 

n-Octane and anthracene were used as internal calibration standards during six calibration runs of 

n-alkane calibration mixture and 12 calibration runs of PAH calibration mixture, respectively. 

These calibrations were performed separately before doing the mixture experiments, and their 

relative cross sections vs. n-hexane were calculated.  All PAHs and the n-alkane standard 

compounds up to n-C33H68 were detected.  

For the calibration, mixtures were prepared and injected with 1:50 split ratio, or pure liquid 

compounds were injected directly with higher split ratios. In all cases, 1.2 standard ml/min of 

Ultrapure (5.4 grade) helium carrier gas was used.  

 



 

12 

 

A description of the reflectron-time-of-flight mass-spectrometer components and operation is 

provided in the Appendix B. The m/z range for the mass-spectrometer is from 5 to 1000. Thus, the 

total ion current measuring capability is limited to the mono-positive ions weighting from 5 to 

1000; H+, H2
+, or He+ ions are not detected. The mass spectrometer is operated at 10-10 atm with 

helium as the main background gas (the GC carrier gas). The mass spectrometer was operated at 

230°C ion source temperature, 70 eV electron energy, 100 Hz spectrum acquisition rate, and 1700 

V detector voltage (Appendix B). 

 

During calibration experiments, various amounts of a species are injected. If the amount of injected 

compound is large, then more ions are captured in the MCP, which increases the detected ion 

current. The peak area in µC is the GC-MS response analyzed by the instrument software 

(ChromaToF, Leco). It is obtained by integrating the detected current signal over the time interval 

where the peak appeared. The linear calibration factor (Ai) of a compound is the peak area per mole 

of that compound. Thus, if the peak widths of analyte i and reference compound are the same, then 

Equation 2.1c can be simplified as: 

𝐴𝑖

𝐴𝑟𝑒𝑓
=

𝑄𝑖

𝑄𝑟𝑒𝑓
          (2.4) 

where the ratio of the calibration factors is same as the cross-section ratio. 

To avoid unwanted fluctuations during measurements, Ultrapure (5.4 grade) helium gas was used 

and purified by a molecular sieve filter before introducing it to the gas chromatograph. Similarly, 

high-purity solvents and solutes were used during the study. Another potential source is polymer 

fragments from degradation of the stationary phase of the GC column, which may go into the mass 

spectrometer and contribute to the noise. To avoid column degradation, GC oven temperatures are 

kept below the maximum operating temperatures of these columns. 

 

2.2.2. Analytics procedure: 

Artificial neural network (ANN) models are well suited to capturing empirical nonlinear relations 

between dependent and independent variables. These models have been used previously in 

chemistry to correlate and predict temperature-dependent properties such as densities, viscosities, 

the heat of vaporization, boiling points, and Pitzer’s acentric factors of organic molecules.34,35 In 

the present study, ANN is applied to train various atom and group descriptors. After doing so, its 
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performance is compared with multivariable linear regression (MLR) models: the Fitch and Sauter 

correlation and two MLR models based on the descriptors developed here. Thus, four different 

modeling studies are performed in total to answer whether the ANN provides an improved 

correlation, whether using only atom descriptors is adequate, and whether using only linear 

regression is adequate.   

An artificial neural network generally consists of multiple artificial neurons or perceptrons and has 

layer-wise architecture.36 It has at least one hidden and an output layer. A perceptron has at least 

one input and at least one output, where the weights of the inputs are the correlation's parameters. 

The sum of weighted inputs contributes to the final result based on its effect on an activation 

function, such as sigmoid, log-sigmoid, and linear functions.  

For the current model, a feedforward-type neural network (FF-NN) is used with 10 sigmoid 

perceptrons in the hidden layer and one linear perceptron at the output layer, executed using Neural 

Net Toolbox in MATLAB (Mathworks, Rev. R2019b). A schematic of this architecture is shown 

in Figure 2.1. This ANN was also tested with 5 and 20 hidden perceptrons, but higher mean square 

error values are observed compared to ANN with ten hidden neurons. One major limitation of 

various ANN models can be the over-training of data. To avoid that, the ANN model is trained 

until a minimum mean squared error for a validation sub-dataset or a minimum gradient is reached. 

Bayesian regularization also helps to avoid over-training of the model. It minimizes a linear 

combination of weights of perceptrons and the squared errors. Due to this feature, it acts as a 

smoothing function and ensures a good generalization quality.44  

 

 

Figure 2.1: Architecture of the ANN model applied to generate a cross section for one compound.  

From the left is shown the input vector of 95 descriptors; the 10 hidden nodes, each with weighting 
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factors for each descriptor input and with fitting biases; the output node with weighting factors for 

the inputs (hidden-node outputs) and with fitting biases; and the cross-section output. 

ANN models with a backpropagation learning scheme are universal function approximators 

because they can perform multiple logical operations, trainable with a wide range of datasets. For 

training of the present ANN, the MATLAB “trainbr” subroutine is used, which incorporates the 

Bayesian regularization scheme and Lavenberg-Marquardt backpropagation scheme. The 

Lavenberg-Marquardt backpropagation scheme alone (“trainlm”) and scaled conjecture 

backpropagation scheme (“trianscg”) were also tested, but higher mean square error values are 

observed from those ANN models.  

The total dataset is partitioned 95:1:4 into three subsets: One for training the neural net; another 

for "validating" the model after training, checking for errors that would require re-training; and the 

last for testing the finished model's performance. The MATLAB “dividrand” subroutine is used to 

distribute the data randomly among training, validating, and testing subsets. These partitions 

ensure the generalization of an ANN.11  

The training-validation-testing operation is performed 500 times to have a better sampling over 

the sample space, each time re-randomizing the 95:1:4 split, and average cross-section predictions 

are reported over the 500 trainings. Run-to-run variation in predictions displayed a maximum-

deviation variation of less than 2% over the dataset.   

The following statistical quantities are calculated to compare the experimental means of relative 

cross sections (input, 
in

iy  where i is an observation among total N=396 data) and predicted cross 

sections (output, 
out

iy ) from different models: 

1. Linear regression coefficient, r2: 

𝑟2 = 1 −
∑ (𝑦𝑖

𝑜𝑢𝑡−𝑦𝑖
𝑖𝑛)

2
𝑁
𝑖=1

∑ (𝑦𝑖
𝑜𝑢𝑡−𝑏)

2𝑁
𝑖=1

 (2.4) 

where 𝑏 =
1

𝑁
∑ (𝑦𝑖

𝑜𝑢𝑡 − 𝑦𝑖
𝑖𝑛)𝑁

𝑖=1  (2.5) 

If the model is perfectly trained, then r2 should be unity. 

2. Root mean square error, RMSE: 

𝑅𝑀𝑆𝐸 = [
1

𝑁
∑ (𝑦𝑖

𝑜𝑢𝑡 − 𝑦𝑖
𝑖𝑛)

2𝑁
𝑖=1 ]

1/2

 (2.6) 
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RMSE should be smaller in a well-trained model compared to a badly trained model. 

3. The slope of the fitted line, β: 

β =
∑ (𝑦𝑖

𝑜𝑢𝑡−𝑦𝑖
𝑜𝑢𝑡)(𝑦𝑖

𝑖𝑛−𝑦𝑖
𝑖𝑛)𝑁

𝑖=1

∑ (𝑦𝑖
𝑜𝑢𝑡−𝑦𝑖

𝑖𝑛)
2𝑁

𝑖=1

 (2.7) 

where 
out

iy and 
in

iy  are the means of all outputs (predicted) and all inputs (experimental data) of 

cross sections, respectively. The slope of the outputs and inputs of a perfectly trained model is 

unity. 

4. Bias or intercept of the fitted line, b: 

𝑏 =
1

𝑁
∑ (𝑦𝑖

𝑜𝑢𝑡 − 𝑦𝑖
𝑖𝑛)𝑁

𝑖=1   (2.8) 

The bias of the inputs and outputs of a perfectly trained model is zero. 

5. Maximum relative deviation MRD over the dataset: 

𝑀𝑅𝐷 = 𝑚𝑎𝑥 (
|𝑦𝑖

𝑜𝑢𝑡−𝑦𝑖
𝑖𝑛|

𝑦𝑖
𝑜𝑢𝑡+𝑦𝑖

𝑖𝑛 )
𝑖=1,𝑁

  (2.9) 

If 
out in

i iy y= , then MRD becomes zero, while if 
out in

i iy y  or 
out in

i iy y , then MRD becomes 

unity. 

Several variations on the basic FF-NN were examined. In the full dataset, the dependent variables 

are not normally distributed with respect to their mean. Box-Cox transformation to a quasi-normal 

distribution was tested, but an unacceptably high RMSE value was observed after reverse-

transforming the dependent variable into sample space. Descriptor normalization was also tested, 

dividing each independent variable by its maximum value in the dataset, but no large changes of 

r2 and RMSE values were observed. Along with the feedforward neural net, a cascade-forward 

neural net was explored, but a higher RMSE was observed. Thus, a conventional feedforward 

neural network is examined in the present study. A detailed description of the architecture of the 

trained network and information about the weights and biases are provided in Appendix C. 
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2.3. Results  

The model-development strategy is to develop a suitable cross-section database, to identify 

empirical trends and patterns of how the cross sections change, to use this knowledge to decide 

the type of descriptors, and finally to carry out and test the QSPR modeling.  

 

2.3.1. Standardization of interlaboratory datasets: 

The EI cross section database at 70-75 eV is prepared with 396 C-H-N-O-S-D-F-Cl-Br-I 

compounds of different classes, consisting of the data from twenty-eight different laboratories 

including our own experimental measurements.3-28 Scaling factors are important if we want to 

use the multiple interlaboratory dataset for a single study. In the characteristic equation of electron 

ionization (Eq. 2.1a), the total positive-ion current is proportional to the ionizing path length and 

the ionizing-electron current. These two properties are instrument-specific. That is why if we scale 

two interlaboratory dataset using a common reference compound in both the datasets, then the 

instrumental bias would be same.  

Usage of scaling factors are very common. It was used by Harrison et al.24, when they compared 

their measurement with Lampe et al.7 Krypton was a common compound in their datasets. The 

measured value of the total electron ionization cross section by Lampe et al.7 was 5.18 Å2. Harrison 

et al.24 measured the total electron ionization cross section to be 4.98 Å2. Thus, Harrison et al.24 

multiplied their own data by a scaling factor 1.04 to match the instrumental bias with Lampe et 

al.7 It could also be achieved if Harrison et al.24 multiplied the Lampe et al.7 data with a scaling 

factor 0.96. 

The adjustment of various interlaboratory data using scaling factors was also adopted by Fitch and 

Sauter80. They used the data of n-hexane data of Harrison et al.24 as the reference. Thus, the scaling 

factor used by them of the Harrison et al.24 data to be 1.00. Also, they used the data of Lampe et 

al.7 with scaling factor of 0.897, that of Alberti et al.23 with a factor of 1.20, and that of Beran and 

Kevan25 with a factor of 0.889.  

The treatments of the data of Lampe et al. by Harrison et al.24 and by Fitch and Sauter80 are 

different. Harrison et al.24 used a scaling factor of 0.96, while Fitch and Sauter used a factor of 
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0.897. Two different instrumental biases apply to Lampe et al.7 data for krypton and n-hexane 

measurements because they were measured with two different instruments. 

In general, instrumental bias plays a role during individual lab measurements. We used the 

conventional approach of scaling factors to compensate for the bias among the interlaboratory 

datasets. As the goal of our study is to compare our model performance with that of Fitch and 

Sauter80, and they used the data of Harrison et al.24 as the reference, we also used Harrison et al.24 

data as the reference. Standardization of absolute cross sections in this way also leads to a flatter 

distribution of cross sections in the 70-75 eV gap (Appendix A). 

The population mean for each species is calculated using Student's t-test statistics from the 

standardized interlaboratory data, weighted equally because most did not include experimental 

standard deviations. A few compounds were reported only in a single laboratory dataset. For these 

cases, the standard deviation and number of experimental repetitions (if reported) are used to 

calculate the population mean. These approaches are used to find the population mean of our 

experimental data for a new compound, collected with multiple repetitions. A few compounds 

appear in two datasets without standard deviations of the measurements, without the number of 

experimental runs, and with significant difference from one another. These cases are averaged to 

reduce the interlaboratory variabilities, recognizing that a 95% confidence band of population 

mean is not physically meaningful. Finally, standardized cross sections may display 1 to 2% 

variation due to the mixture of 70 eV and 75 eV data (Appendix A). 

 

2.3.2. Measurements and comparison of EICS: 

EICS comparison from the separate experiments: Our measurements of n-octane, cyclohexene, 

benzene, acetone, tetrahydrofuran, and 1,4 dioxanes are compared with the scaled EICS data of 

literature. They are in good agreement. 

The EICS of various n-alkane homologous series is studied previously. Lampe et al.7, and Beran 

and Kevan25 studied C1-C6 n-alkanes, Otvos and Stevenson4 studied C1-C7 n-alkanes, Harrison et 

al.24 studied C1-C10 n-alkanes, Alberti et al.23 studied C1-C13 n-alkanes, Bobeldijk et al.17 studied 

C6 and C10 n-alkanes, Allgood et al.15 studied C8-C13, C16, and C18 n-alkanes, and Bartmess and 

Georgiadis12 studied C8-C12 n-alkanes. These data are multiplied by the scaling factors and plotted 
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in Figure 2.2. It suggests that, in C1-C6 n-alkanes, the scaled interlaboratory EICS measurements 

are very close with one another, but after C6, variations are observed. In Figure 2.2, our 

measurements and the measurements reported in the certificate of analysis from Sigma Aldrich are 

also plotted. To obtain the EICS information from the certificate of analysis of C7-C40 n-alkane 

calibration mixture (Product ID 49452-U, Lot number LRAC3116), the approximate peak area of 

different alkanes is calculated from the reported chromatogram (Appendix A). After that, all peak 

areas are scaled by that of n-octane and multiplied by n-octane’s EICS reported by Harrison et al.24 

A 30 m x 0.32 mm x 0.32 µm df SLB-1 column was used to achieve the chromatogram reported 

in the certificate of analysis. 40℃ (2 min) to 300℃ at 10℃ /min temperature program was used. 

A mass spectrometer was used at 220℃ for detection. The new EICS measurements from our lab 

and from the certificate of analysis fall into the similar range of that observed earlier (Figure 2.2). 

Also, significant drops after C16 in our measurements and after C25 in the certificate of analysis of 

Sigma Aldrich are observed (Appendix B). It might be due to the variations in the instrument-

specific factors.  

 

 

 

Figure 2.2: The scaled EICS of n-alkanes reported in literature, our measurements and the 

measurements from the Sigma Aldrich n-alkane sample are plotted up to C18 n-alkane. 
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In the database the data from the certificate of analysis is not included. In the prepared database, 

non-linearities are observed from C13-C33 n-alkanes. From our measurements, non-linearities in, 

1-phenyl undecane, 1-phenyl dodecane, 1-phenyl tridecane, and 1-phenyl tetradecane are 

observed. In the measurements of Allgood et al.15, the measurements of C16 and C18 n-alkanes, 1-

phenyl decane and two large ethoxylated alcohols appear to be nonlinear. Also, the measurements 

of various PAH compounds (except biphenyl and anthracene) and phenyl cyclohexane might be 

affected by the gain factors34,35 as their EICS are measured preparing or purchasing calibration 

mixture of multiple compounds. However, no other references are obtained to cross-check these 

measurements.  

 

Table 2.2: Comparison of our measurement with literature. 

Compounds 
Our measurements of EICS (Å2) 

± two-sigma error 

Scaled EICS (Å2) previously 

reported 

n-Octane 22.5 ± 1.9 

24.0 (Harrison et al.)24 

25.6 (Alberti et al.)23 

29.0 (Bartmess and Georgiadis)21 

Cyclohexene 18.2 ± 4.9 

18.1 (Otvos and Stevenson)4 

15.5 (Harrison et al.)24 

12.0 (Allgood et al.)10 

16.6 (Bartmess and Georgiadis)21 

18.2 (Bull et al.)25 

Benzene 17.5 ± 4.0 

15.2 (Lampe et al.)5 

16.9 (Otvos and Stevenson)4 

13.4 (Harrison et al.)7 

13.9 (Alberti et al.)23 

12.9 (Leck)14 

12.9 (Tureček et al.)16 

14.7 (Bobeldijk et al.)17 

17.7 (Bull et al.)25 

17.5 (Zhou et al.)28 
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Table 2.2 (Continued). 

Acetone 11.8 ± 4.1 

10.5 (Otvos and Stevenson)4 

10.2 (Harrison et al.)24 

10.4 (Allgood et al.)15 

Tetrahydrofuran 10.9 ± 1.0 
10.8 (Tureček et al.)16 

13.8 (Bull et al.)25 

1,4-Dioxane 9.3 ± 4.5 9.9 (Tureček et al.)16 

n-Hexane 20.0 20.0 

 

 

2.3.3. Evidences of isomeric effect on EICS: 

There are multiple experimental measurements from different laboratories apart from our own that 

show variations in the EICS of different isomers. Harrison et al.24 studied the effect of isomers in 

alkanes, alkenes and cycloalkanes, alkyl benzenes, and different oxygenates at 75 eV. Hudson et 

al.21 studies the EICS of various C3 and C4 alcohols over a range of electron energies. Bull and 

Harland24 also studied the effect of isomers in different C6 ethers, and in C3-C6 aldehydes and 

ketones. In these studies, no mass spectrometers were used. Thus, these measurements are not 

affected by transmission loss or detector saturation. 

 

Harrison et al.7 observed a small decrease of the cross sections in the branch alkane isomer of n-

hexane (Appendix A). However, they did not report the standard deviations. Thus, the variation 

might fall under the experimental deviations. They observed consistent increments in the EICS of 

cycloalkanes compared to the 1-alkene isomers. They also reported a decrease in EICS of the alkyl 

benzenes when multiple hydrogens in the benzene ring is substituted by alkyl chains (Appendix 

A). Furthermore, a lowering effect of hydroxyl groups on the cross section compared to ether, a 

lowering effect of aldehyde group than that of ketone group, increased cross sections of acetates 

compared to their formate isomers, and variations in the cross section in different ester isomers are 

also reported by Harrison et al.7 Measurements of Hudson et al.21 suggests a positional effect of 

hydroxyl group in an alkyl chain (Appendix A). If the hydroxyl group is situated at the end of an 

alkyl chain, then the cross section will be smaller at 60-80 eV compared to other isomers. In 

contradiction to Harrison et al.7, Bull and Harland24 observed a higher cross section of C3 -C4 
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aldehydes compared to their ketone isomers in 60-80 eV range (Appendix A). However, no error 

bars are reported in their measurements as well. Also, they also observed variations in the cross 

sections due to the positional change of the carbonyl groups, and due to branched alkyl groups in 

the oxygenates. Thus, the EICS may change from isomers to isomers. The change depends up on 

the class of the homologous series.  

 

To capture the isomeric effects, only atom descriptors are not sufficient. Bobeldijk et al.17 

measured the EICS of different hydrocarbons and oxygenates and observed higher predictions 

from atom additivity. They highlighted the following points: one is the orientation of large poly-

atomic molecules in the direction of electron beam, the second one is the shape of these molecules, 

and the third one is the shielding effect of larger atoms. Due to these reasons, a drop in the electron 

ionization cross section in isomers and large molecules might be observed. Also, the transmission 

loss of ions and detector saturation in a mass spectrometer might also hamper the cross-section 

measurement. 

 

2.3.4. Patterns within the Molecular Classes: 

Classes and numbers of compounds are reported in Table 2.3, and the complete database in 

Appendix A. Population means of the EI cross sections are plotted against number of carbon atoms 

compared with the data of n-alkanes in Figures 2.3-2.6. 95% confidence bands that are not visible 

are small or there are no error bars (only one or two data points). These figures do not contain 

those datapoints which might be affected during measurements. 

 

Hydrocarbons: n-Alkanes. The cross sections of n-alkanes (C1 through C12, Figure 2.3a) display 

a linear dependence with carbon number for C1 to C12. However, for the larger n-alkane more 

precise measurement is needed to confirm the linear dependence. The number of carbon atoms of 

methylene groups also represents the end-to-end chain lengths of n-alkanes, so coiling might have 

an effect for long alkane chains. 

 

Hydrocarbons: Branched alkanes. The chemical structures of branched alkanes contain more 

than two methyl groups and at least one secondary or tertiary carbon. The cross sections of 

branched alkanes are lower than their n-alkane isomers (Figure 2.3b). Because Fitch and Sauter 
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correlations do not distinguish between isomers having atoms of the same hybridization, they do 

not differentiate between n-alkanes and branched alkanes. 

 

Hydrocarbons: Linear alkenes and 1-alkynes. Unsaturated bonds are the distinguishing features 

of alkenes and alkynes (Figures 2.3c and 2.3d), reflected in their sp2 and sp hybridizations. Cross 

sections are lower in the alkenes and alkynes vs. the corresponding n-alkanes. In Figure 2.8c, for 

the carbon number = 4, cross sections vary slightly from n-butane to the highest deviation in 1,3- 

butadiene. Linear alpha-olefins lower cross sections the most relative to n-alkanes, but more data 

points are needed to clarify the effects of branching.  

 

Hydrocarbons: Cyclo-alkanes. Cyclo-alkanes (Figure 2.3e) do not have any methyl groups, and 

they may have ring strain. Higher ring strain makes the molecule more reactive in general. The 

collision cross section of a small cycloalkane, averaged over all the conformations, should be lower 

than that of an n-alkane. However, general trends are found in the cross-section difference between 

c-alkanes and n-alkanes. More interlaboratory data points are needed, especially for cyclobutene 

and cyclooctane. 
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Table 2.3: Various classes of compounds. 

Classes 
Number of 

compounds 

Linear alkanes 40 

Linear alkenes 14 

Linear alkynes 9 

Cycloalkanes 5 

Cycloalkene 1 

Phenyl hydrocarbons 30 

Polynuclear Aromatic Hydrocarbons (PAH) 18 

Deuterated compounds 5 

Linear/cyclic non-hydrocarbons with 

O based side groups 

Alcohols 13 

Ethers 10 

Aldehydes 7 

Ketones 19 

Esters 23 

Acids 3 

Anhydride 1 

Multiple, different side 

groups 
20 

Linear C, H, S compounds 4 

Linear C, H, N, O, F compounds 7 

Halocarbons 99 

Heterophenyls: phenyl/phenylene compounds with various O, N, X-

based side groups 
21 

Heterocyclics: cyclic 

compounds with O 

and/or N in the rings 

(including 

DNA/RNA bases) 

C, H, N-based compounds 5 

C, H, N, O-based compounds 4 

C, H, O 

based 

compounds 

Furan compounds 14 

Dioxane compounds 3 

Oxirane compounds 3 

Others (levoglucosan, 

paraldehyde, diketene) 
3 

Other (diatomics, water, inorganic molecules) 15 

Total 396 
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Figure 2.3.  Total EI cross sections (EI-CS, in Å2) of eight hydrocarbon classes: (a) n-alkanes, (b) 

branched alkanes, (c) linear alkenes, (d) linear 1-alkynes, (e) cyclo-alkane/alkenes, (f) 

alkylbenzenes. Blue reference lines and squares with error bars are n-alkane cross sections.   
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Figure 2.4: Total EI cross sections (EI-CS, in Å2) of eight C-H-O classes: (a) alcohols, (b) ethers, 

(c) aldehydes, (d) ketones, (e) n-alkyl formates, (f) alkyl acetates, (g) methyl n-alkenoates and (h) 

compounds with multiple oxygen-containing side groups. Blue reference lines and squares are n-

alkane cross sections.   
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Figure 2.5: Total EI cross sections (EI-CS, in Å2) of (a) heterophenyls, (b) simple cyclics without 

side groups, (c) furans, (d) dioxanes, (e) oxiranes, (f) other cyclics, (g) thiols, (h) cyanides. Blue 

reference lines and squares are 1-phenyl alkanes in (a) and n-alkanes in (c-g). 
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Figure 2.6: Total EI cross sections (EI-CS, in Å2) of (a) linear 1-fluoroalkanes, (b) linear 1-

chloroalkanes, (c) 1-bromoalkanes as circles and 1-iodoalkanes as diamonds, and (d) n-

perfluoroalkanes as circles and n-perchloroalkanes as diamonds. Blue reference lines and squares 

are n-alkane cross sections. 

 

 

Hydrocarbons: Alkylbenzenes. In general, the cross sections of alkylbenzenes (Figure 2.3f) are 

lower than the corresponding n-alkane values up to C15. Little variation is observed in various 

isomers when the alkyl chains are small (C8-C10), but this variation is noticeable for larger 

compounds (C12).  

 

C-H-O: Alcohol and ethers. Cross sections of linear mono-alcohols and ethers (Figures 2.4a and 

2.4b) track closely with the n-alkanes. 1-Alcohols usually have a lower cross section than 

corresponding n-alkanes, and methyl ethers have higher cross sections. For smaller alcohols, the 

cross sections increase with due to an addition of another alcohol group. An example is the increase 

of the cross sections from ethanol to ethane-1,2-diol. However, this is not always true for larger 
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alcohols, as shown by the negligible difference in cross sections of n-butanol and butan-1,4-diol 

and their similarity to ethan-1,2-diol. Branching of alkyl chains is observed to cause variations, 

and unsaturation lowers the cross sections in both alcohol and ethers. Unlike phenyl cyclohexane, 

cycloalkyl rings are observed to lower the cross section in various oxygenates. 

 

C-H-O: Aldehydes and ketones. The cross sections of aldehydes and ketones (Figures 2.4c and 

2.4d) are observed to increase with carbon number. The cross sections of aldehydes do not differ 

much from those of n-alkanes. However, unsaturation and branching cause a variation in the 

ketone cross sections as was observed for alcohols and ethers. Cross sections among larger n-alkyl 

ketones (C7-C9) and cycloalkyl ketones are lower than for the corresponding n-alkanes.  

 

C-H-O: Esters. The cross sections of various formates, acetates, and other methyl alkanoates 

(Figures 2.4e, 2.4f and 2.4g, respectively) generally do not differ that much from n-alkanes except 

for a slight variation in acetates when alkyl chains are branched. However, the cross section 

changes in large n-alkyl ester isomers when the R and R´ groups are exchanged in an R(=OO)OR´ 

ester. For example, the cross section decreases from n-pentyl formate to n-butyl acetate to methyl 

n-pentanoate.  

 

C-H-O: Linear compounds with multiple O groups. Figure 2.4h includes the data points for 

hydroxy acetaldehyde, 1,2-dihydroxy propionaldehyde, hydroxyacetone, 1,3-dihydroxyacetone, 

3-hydroxy-2-butanone, and (1-methoxy 2-methyl) ethyl acetate. A reference line is provided to aid 

comparison with n-alkanes having the same number of carbons, showing that added oxygens does 

not always increase the cross section.  This observation indicates that simple, linear additive rules 

using the cross sections of various mono-functional compounds will not provide reasonable cross 

sections of multifunctional oxygenates. 

 

C-H-O: Heterophenyls. Heterophenyls are benzenes containing heteroatom (non-hydrocarbon) 

side groups. In Figure 2.5a, the cross sections of various heterophenyls are compared to cross 

sections of 1-phenyl alkanes. A decrease in the cross section is observed in the phenols from 

benzene (C6). It suggests that alcohol side group lowers the cross section. On the other hand, other 

oxygenate groups, such as ketones and esters usually enhance the cross sections. This observation 
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is similar for other non-oxygenate side groups such as bromine, chlorine, aniline, and (N, N)-

dimethyl aniline. 

 

Heterocyclics (C-H-N/O). Cross sections for heterocyclic compounds are compared in Figures 

4b-f to each other and to n-alkanes. In Figure 2.5b, mean cross sections of various five-membered 

rings and six-membered rings are nearly all lower than for pentane and hexane, respectively. This 

effect is greater for oxygen than for nitrogen atom in a five-membered furanose ring or double 

oxygen atoms (in six-membered ring) is present in the ring. Unsaturation in the ring also tends to 

correspond to lower cross sections. Among furans (Figure 2.5c), trends are unclear but statistically 

valid differences are observed. The cross sections are usually lowered when there are ketone 

(furanone), acid, and/or alcohol structures present. The lowering effect of alcohols is similar in 

dioxanes (Figure 2.5d), oxiranes (Figure 2.5e), and in levoglucosan (Figure 2.5f). Similarly, the 

presence of a methyl group causes variation in tetrahydrofuran, furfurals (Figure 2.5d), and 

oxiranes (Figure 2.5e).  

 

Thiols and cyanides and haloalkanes. Cross sections of alkyl monothiols (Figure 2.5g) suggest 

that the thiol group usually enhances the cross section from n-alkanes with the same number of 

carbons, but they nearly agree with the n-alkane that is one CH2 group larger. Cross sections of 

alkyl cyanides (Figure 2.5h) indicate that the thiol or cyanide groups usually enhance the cross 

section from their corresponding n-alkanes. Also, the cross section decreases or varies in the 

presence of unsaturation or branching.  

 

Halocarbons. Cross sections for measured linear halocarbons (Figure 2.6) are quite comparable 

to their corresponding n-alkanes with some detectable differences. The exceptions are the 

perchloromethane and perchloroethane, which are much higher the cross sections for methane and 

ethane. The 1-fluoroalkanes (see Figure 2.6a) and perfluoroalkanes (see Figure 2.6d) have very 

similar cross sections to their corresponding n-alkanes when carbon number is lower, but at higher 

carbon number, a drop in the cross section is noticeable. On the other hand, other 1-chloro, 1-

bromo, and 1-iodoalkanes usually have slightly higher cross sections than their corresponding n-

alkanes up to C14.  
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2.3.5. Selecting descriptors:  

These analyses reinforce the plausibility of using atom types as descriptors, but they also reveal 

that additional molecular-structure information is needed.  

Bases for correlation descriptors. Pertinent descriptors must be chosen in order to create 

successful correlations, capturing both broad trends and particular variations. Some empirical 

relations can be identified by inspection, such as the number-of-carbons trend seen above: A linear 

or almost linear increment of cross sections for the small molecules (< C10 in general) observed in 

most of the studied mono-homologous series of organic molecules. Similarly, the presence of a 

phenyl group or an unsaturation is observed generally to lower the cross sections relative to the 

saturated compounds.  

However, exceptions are also apparent in the current database, such as isomeric effect of various 

terphenyls (Figure 2.2g) and of n-butyraldehyde and 1-butenaldehyde (Figure 2.3c) and the strong 

increases of perchloromethane and perchloroethane (Figure 2.5d). Uncertainties in a few cases are 

high, thus more interlaboratory repetitions are needed to verify these exceptions.  

Other variations are observed but their trends are qualitative or not plainly discernable. The 

presence of a phenyl group or an unsaturation is observed generally to lower the cross sections 

relative to the saturated compounds; cross sections of branched alkanes are lower compared to n-

alkanes. On the other hand, branching can also enhance the cross sections, such as from n-butanol 

to tert-butanol. 

Descriptors that are explicable by theory are preferable to inference from purely empirical trends, 

giving greater confidence that they are valid. Fitch and Sauter2 based their correlations on the idea 

that ionization cross section is rooted in the ionization cross section of each constituent atom, so 

that the total EI cross section could be determined by atom additivity (Equation 2.2) or a correlation 

based on it (Equation 2.3).  Bobeldijk et al.17 asserted that another influence was random molecular 

orientation with respect to the trajectory of ionizing electrons, yielding a correlation that combined 

atomic ionization cross sections when atoms were viewed parallel or perpendicular to the principal 

symmetry axis. The present hypothesis that phenyl cyclohexane is more ionizable because of its 

weak benzylic bonds comes from the qualitative idea that total ion formation might be increased 

if energy transfer causes higher ion fragmentation for one molecule vs. another. 
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Overall, the experimental cross sections of organic molecules show linear and non-linear behaviors 

with simple descriptors. The type of interaction, unsaturation, isomeric effects, ring strains, 

molecule size, and number of fused benzene rings are found to be influencing factors in cross-

section measurements. 

Choice of the descriptors for the present study. Two sets of descriptors (Table 2.4) are used to 

model the relative cross sections of different molecules: 

• The 16 atom-additivity descriptors extend the Fitch and Sauter2 descriptors by adding 

nitrogen and sulfur hybridization atom types.  

• The 79 group-structural descriptors include 58 Benson groups and 21 new or adapted 

groups. 

These descriptors can be extracted from molecular definitions such as SMILES or InChI 

expressions of a molecule and are easy to implement.  

The atom-additivity descriptors ensure that the contributions from all atomic cross-sections are 

included. It also allows inclusion and testing of small molecules like diatomics H2, O2, and NO. 

Differentiating between hybridization states introduces some simple geometric and electronic 

structural effects, as for small molecules like H2O, NH3, and CH4.  

Group-structural descriptors represent more complex geometric and electronic structural effects. 

The group formulation33 of Benson and co-workers is adopted here where possible. Benson groups 

have proven useful for correlating ideal-gas thermochemistry using additive contributions. Their 

general form is a polyliganded central atom, described as (Central atom)-(Liganded atom 

1)(Liganded atom 2)(Liganded atom 3)(Liganded atom 4). For example, the internal carbons of an 

n-alkane have C-(C)2(H)2 groups, while the end carbons are C-(C)(H)3 groups; note that (C)(H)3 

does not describe methyl but rather the four ligands on an alkyl methyl's carbon.  Hydrogen and 

halogens cannot be group centers, having only one bond, so they are included only as ligands. 
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Table 2.4. Molecular descriptors. 

Atom 

types 

(16) 

Benson structural groups 

(58) 

New or adapted structural groups 

(21) 

C sp3 C-(X)(H)3 CO-(Cb)(O) Ring strain From Boyd et al.37 or 

Benson33 

C sp2 C-(C)2(H)2 Cb-(Cl) cis Number of pi-bond cis 

interactions 

C sp C-(C)3(H) Cb-(Br) Ph-1 Benzene ring with one 

ligand (ligands exclude 

halogens) 

O sp3 C-(C)4 N-(C)(H)2  Ph-12 Benzene ring with ortho 

ligands 

O sp2 Cd-(H)2 N-(C)2(H)  as C sp3 

or sp2 

Ph-13 Benzene ring with meta 

ligands 

N sp3 Cd-(C)(H) Cd-(H)(N) as either 

N sp3 or sp2 

Ph-14 Benzene ring with para 

ligands 

N sp2 Cd-(C)2  

Ni-(C)  

Ph-123 Benzene ring with ligands 

at 1,2,3 positions 

N sp Ct -(H)  Cd-(N)(C)  as either 

N sp3 or sp2 

Ph-124 Benzene ring with ligands 

at 1,2,4 positions 

S sp3 Ct -(C) Cd-(N)2  as N sp3 or 

sp2 

Ph-135 Benzene ring with ligands 

at 1,3,5 positions 

S sp2 Cbf-(Cb)2(Cbf) CO-(C)(N) Ph-1235 Benzene ring with ligands 

at 1,2,3,5 positions 

H Cbf-(Cb)(Cbf)2 C-(S)(C)(H)2 1 side fused Benzo ring fused on one 

CC of a benzene (like 

naphthalene) 

D Cbf-(Cbf)3 C-(S)(C)2(H) 1,2 sides fused Fused rings on adjacent 

CCs of a benzene ring (as 

in pyrene) 
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Table 2.4 (continued) 

F C-(O)(C)(H)2 S-(C)2 1,3 sides fused Fused rings on #1 and 3 

CCs of a benzene (as in 

phenanthrene) 

Cl C-(O)(C)2(H) S-(C)(H) 1,4 sides fused Fused rings on #1 and 4 

CCs of a benzene (as in 

anthracene) 

Br C-(O)(C)3  C-(CN)   1,2,3 sides fused Fused rings on adjacent 3 

CCs of a benzene ring (as 

in pyrene) 

I C-(O)2(C)(H) C-(F)3(C) 1,2,4 sides fused Fused rings on #1,2,4 CCs 

of a benzene 

  O-(C)(H) C-(F)2(C)2 1,3,5 sides fused Fused rings on #1,3,5 CCs 

of a benzene 

  Cd-(O)(C) C-(F)(C)(H)2 1,2,3,4,5 sides fused Fused rings on #1,2,3,4,5 

CCs of a benzene 

  Cd-(O)(H) Cd-(F)2 C-(N)2(H)2 New Benson-like group (N 

sp3 or sp2) 

  O-(C)2  Cd-(F)(H) Ci-(N)(H) New Benson-like group (Ci 

is imine C) 

  CO-(C)(H) Cd-(C)(F) CO-(N)2 New Benson-like group 

  CO-(C)2 C-(C)(Cl)3   

  CO-(O)(C) C-(C)(Cl)2(H)   

  CO-(O)(H) C-(C)(Cl)(H)2   

  O-(Cb)(H) C-(C)2(Cl)(H) 
  

  O-(Cb)(C) Cd-(Cl)2     

  N-(Cb)(H) 2 Cd-(Cl)(H)     

  N-(Cb)(C)2 C-(C)(Br)(H)2     

  CO-(Cb)(C) C-(C)(I)(H)2     

 

Some of these groups were simplified in their original formulation by lumping. For example, a 

double-bonded carbon becomes Cd-(Liganded atom 1)(Liganded atom 2), where the atom it is 
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double-bonded to is implied. Other examples include Ct (acetylenic), Cb (benzene carbon), Cbf 

(carbon fused to two aromatic rings, as in a middle carbon of naphthalene), CO (carbonyl), and Ni 

(an sp2 imine nitrogen). Several new Benson-type groups are added in this work to describe 

molecules available in the cross-section database (see Table 2.4).  

These groups still do not capture some effects, notably of ring strain and of cis and ortho crowding. 

Benson33 incorporates ring strain by providing tables of corrections for many single-ring 

compounds, which are added to the center-ligand groups. For this work, these values are 

augmented by the ring-strain measurements of Boyd et al.12 for five-member rings in PAH: 6.5, 2, 

and 6.5 kcal/mol for acenaphthene-, acenaphthylene-, and fluoranthene-type rings, respectively. 

Similarly, Benson's cis corrections for different crowding groups are simplified by instead using 

the total number of cis interactions for 𝜋 bonds in the molecule.  

Atom types are also used in the present work, so using these groups represents influence of 

physical structure and bonding environment on the direct contributions of the atomic ionization 

cross-sections. One consequence is that aromatic connectivity is handled differently in this work. 

Because the atom descriptor Csp2 is used, the Cb group is not used as a group center except 

necessarily for Cb-(F) and Cb-(Cl). Instead, monoaromatic aromatic structures are described by 

their side group positions (Ph-1, Ph-12, Ph-13, Ph-14, Ph-123, Ph-124, Ph-135, Ph-1235). PAH 

structures apply a fused-ring approach, identifying the carbon-carbon faces of the aromatic ring to 

which rings are fused. Thus, each of the two rings in naphthalene has the other aromatic ring fused 

to it on one face, so there are two "1-side fused" groups. Anthracene also has these two cases, as 

well as rings fused to faces 1 and 4 ("1,4-sides fused") of its central ring. Examples are provided 

in the Appendix A. 

There are many cases of these groups among the 396 cross-section-database compounds, and many 

of the compounds have been studied in multiple labs (Appendix A) with reporting of replication 

statistics. For eighteen of the groups, the database has only a single compound involving that 

group; four more groups are found in only two compounds. There are data on only five deuterated 

compounds; for them, a deuterium atom type is used but the C-H based group descriptors are 

applied. More measurements for additional species will improve the QSPR. 
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2.3.6. Modeling and model comparisons: 

Four different models are constructed and compared with the data, predictions from the Fitch and 

Sauter correlation, and each other. These four models are (1) multiple linear regression using only 

the 16 atom-type descriptors, (2) MLR using the full set of atom and group descriptors, (3) FF-NN 

using only the atom descriptors, and (4) FF-NN using the atom and group descriptors, or FF-NN-

AG. The correlations of Fitch and Sauter used MLR analysis of smaller sets of atom-type 

descriptors and a smaller database, so it is most comparable to the first model. These comparisons 

show the extent of benefits from including group descriptors and from empirical capture of 

nonlinear interactions through the layered neural network.   

Model comparison using a limited dataset used by Fitch and Sauter: Fitch and Sauter used the 

averages of scaled datasets of Harrison et al.7, Lampe et al.5, Alberti et al.10 and Beran and Kevan8. 

This dataset has the EICS measurements of 180 C-H-O-S-N-D-F-Cl-Br-I compounds. The same 

data set is used to see the if the FF-NN-AG model performs well or not. The analysis revealed 

Fitch and Sauter2 correlation without hybridization (Equation 2.2) provides deviations in 

predicting cross sections of small gas compounds such as NO (-34%), CO2 (+33%), and H2 

(+33%). It also provides variations from various halo-compounds. On the other hand, the 

predictions from Fitch and Sauter correlation with hybridization (Equation 2.3) provides worse 

estimates for H2 (+47%), acetylene (-31%), and deuterated acetylene (-28%). Also, the predictions 

of halo compounds and other small gases are better than the correlation without hybridization. The 

FF-NN-AG model worked better in this dataset as well. The statistical performance is reported in 

Table 2.5. The parity plots in Figures 2.7a and 2.7b also show a better prediction from FF-NN-AG 

model. Additionally, the distribution of the deviations of model predictions from the FF-NN-AG 

model is narrower than from Fitch and Sauter correlations (Figure 2.7c and 2.7d). The four 

compounds with the largest deviations from FF-NN-AG model are ammonia (-14%), H2 (+14%), 

bromo-chloro-difluoromethane (+9%), and H2S (-7%). Both the correlations from Fitch and Sauter 

cannot capture isomeric effect due to branching. For example, the EICS of n-hexane and 2-methyl 

pentane in this dataset are 20.0 and 19.6 Å2. The Fitch and Sauter correlation without hybridization 

provides an estimate of 18.9 Å2 for both compounds, whereas they are 19.0 Å2 from the correlation 

with hybridization. On the other hand, the predictions from FF-NN-AG model are 19.7 and 19.6 

Å2.  

 



 

36 

 

 

Figure 2.7. (a-b) Log-log parity plots comparing models to the limited dataset for total electron 

cross sections used by Fitch and Sauter: (a) Fitch-Sauter without hybridization (×) and FF-NN-

AG (circles); (b) Fitch-Sauter with hybridization (squares) and FF-NN-AG (circles). (c-d) 

Histograms of percent deviations are plotted from FF-NN-AG (yellow) and Fitch and Sauter 

correlations: without hybridization (red), and with hybridization (cyan). 

 

Table 2.5: Statistical performance of cross-section models in the dataset used by Fitch and Sauter.2 

Models β  b (Å2) r2 RSME (Å2) MRD 

Fitch-Sauter without hybridization 0.98 0.09 0.998 0.9 0.21 

Fitch-Sauter with hybridization 0.99 0.05 0.998 0.8 0.19 

Atoms & groups, FF-NN-AG 1.00 0.02 0.999 0.2 0.08 
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Model comparison for the dataset of 349 compounds: For the comparison, non-linearities are 

observed from C14-C33 n-alkanes, 1-phenyl decane to 1-phenyl tetradecane, 19 PAH compounds 

(except biphenyl and anthracene), phenyl cyclohexane, and two ethoxylated alcohols are left out 

from the database as their measurements are suspected to be influenced by other factors. Thus, 349 

datapoints are used to compare model performances. 

 

Table 2.6: Statistical performance of cross-section models with the dataset of 349 compounds. 

Models β  b (Å2) r2 RSME (Å2) MRD 

Fitch-Sauter without hybridization 0.93 0.74 0.968 3.4 0.73 

Fitch-Sauter with hybridization 0.92 0.66 0.969 4.2 0.71 

Atoms, MLR 0.93 -0.02 0.979 3.6 0.58 

Atoms & groups, MLR 0.95 -0.07 0.986 2.9 0.47 

Atoms, FF-NN-A 0.97 -0.06 0.987 2.0 0.54 

Atoms & groups, FF-NN-AG 0.98 0.02 0.998 1.3 0.24 

 

By statistical measures, the correlations provided by Fitch and Sauter (F.S. without and with 

hybridization atom types, Equations 2 and 3) do not perform very well. In both cases, r2 and β are 

low, and RMSE, bias b, and maximum relative deviation MRD are high. Performance is good to 

very good for small organics, including small alkanes, alcohols, halocarbons, but the parity plot in 

Figure 2.8a shows there are significant outliers throughout the database. Particularly high 

deviations are observed for large oxygenates, such as catechol (+190%) and tetrahydrofuranones 

(+170 to +210%); and Cl2 (-85%).  

 

The MLR models are statistically somewhat better than the Fitch and Sauter correlations, but still 

do not perform well. The improvement using only atomic descriptors is presumably because of the 

larger database and the added descriptors for N and S hybridization. However, just as for the Fitch 

and Sauter correlations, large relative deviations are observed (Figure 2.8b) for larger oxygenates. 

Chlorine is modestly improved (+64%) but H2 is much worse (+205%) because the H atom type 

must account for ionization of all the H-containing species in the database plus the very different 

H2 ionization. Using combined atom and group descriptors slightly improves the statistics, 

suggesting that structural group descriptors can incorporate more of the molecular environment. 
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However, high relative deviations imply the non-linear contributions of the descriptors are still not 

properly captured by linear models.  

 

The FF-NN model improves performance most when combined atom-type and structural-group 

descriptors are used, as indicated by the improved statistics for FF-NN-AG (Table 2.6) and 

markedly decreased deviations (Figure 2.8c). When experimental uncertainties are considered 

explicitly (Figure 2.8d), agreement is even more impressive. The reason is that group descriptors 

help incorporate nonlinear interactions, but neural nets are even better suited to the task. Using FF-

NN-A with only atom-type descriptors does improve statistics relative to the other models, but 

large-molecule deviations remain.  

 

Using the full FF-NN-AG model brings nearly all species within the experimental 95% confidence 

bands that are known. The r2 rises to 0.998, RMSE falls to 1.3, and the maximum relative deviation 

falls to 0.24. The five largest deviations are glycolaldehyde (+51%), H2 (+51%), 4-hydroxy-2-

tetrahydrofuranone (+49%), ethyl methyl ether (-38%), and D2 (+36%).  

 

While analyzing models on various datasets, a larger prediction of H2 cross section is noticed. That 

is why neural net runs including H2 and excluding H2 data are performed. However, no significant 

difference is observed in model performance or EICS prediction of other compounds. 

 

FF-NN-AG model on the complete dataset of 396 compounds: While preparing the database 

nonlinearities in the EICS of larger n-alkanes are observed. From our measurement, we observed 

drops and rise in C18-C33 n-alkanes, 1-phenyl undecane (nC=17), 1-phenyl dodecane (nC=18), 1-

phenyl tridecane (nC=19), 1-phenyl tetradecane (nC=20), phenyl cyclohexane (nC=12), various 

PAHs, and terphenyls. That is why these data were left out during model comparison. During the 

model comparison, FF-NN-AG is observed to work best. Thus, to speculate if the FF-NN-AG can 

be trained on the instrument-specific measurements, we included our data for all the large 

compounds. 
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Figure 2.8: Log-log parity plots comparing models to data for total electron cross sections: (a) 

Fitch-Sauter without hybridization (×) and with (circles); (b) MLR with atom descriptors only (×) 

and with atom and group descriptors (circles); (c) FF-NN with atom descriptors only (×) and with 

atom and group descriptors (circles); (d) FF-NN-AG with atom and group descriptors showing 

95% linear uncertainty bands of experimental data. 
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In this dataset, the Fitch and Sauter correlations did not perform well statistically (Table 2.7). A 

larger deviation is observed in PAH compounds (-55% to +220%) and tetrahydrofuranones (+170 

to +210%) along with the other compounds observed while working with the smaller dataset. The 

other MLR models also was able to capture the nonlinearities caused by experimental set up, and 

other structural factors. The FF-NN-A worked better than the linear models in capturing these 

effects. Finally, the FF-NN-AG model worked very well in this dataset to capture the instrumental 

effect and isomeric variations (Table 2.7 and Figure 2.9).  

 

Table 2.7. Statistical performance of cross-section models with the dataset of 396 compounds. 

Models r2 RSME β b MRD 

Fitch-Sauter without hybridization 0.904 9.2 0.86 1.03 0.73 

Fitch-Sauter with hybridization 0.906 9.2 0.86 0.92 0.71 

Atoms, MLR 0.920 8.7 0.80 -0.02 0.60 

Atoms & groups, MLR 0.935 7.9 0.82 -0.10 0.71 

Atoms, FF-NN-A 0.953 6.7 0.88 -0.10 0.58 

Atoms & groups, FF-NN-AG 0.992 2.8 0.97 0.00 0.30 

 

The trained FF-NN-AG model captures the nonlinearity in our n-alkane measurements (Figure 

2.10a). During the EICS measurements of poly-phenyl compounds, around 20 Å2 variations in 

terphenyls are observed where the o-terphenyl being the lowest (Figure 2.10b). FF-NN-AG model 

captures these variations very well.  EICS of 19 polynuclear aromatic hydrocarbons (PAH) are 

plotted in Figure 2.10c as a function of the number of fused benzene rings (nF). The measurements 

of various isomers such as anthracene and phenanthrene (nF=3), or chrysene, benzo [a] anthracene 

or triphenylene (nF=4) are observed to vary widely. Even the ranges do not increase monotonically 

with the number of fused rings. The cross sections of these compounds might not display 

monotonic linear trends with the number of carbons or rings. The ion transmission and gain factor 

in mass spectrometer can play roles behind these variations. However, as multiple group 

descriptors are used to describe these compounds, FF-NN-AG model can capture this non-linearity 

with a maximum +70% deviation in naphthalene. Furthermore, our measurements on  
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Figure 2.9. Log-log parity plots comparing models to data for total electron cross sections: (a) 

Fitch-Sauter without hybridization (×) and without (circles); (b) MLR with atom descriptors only 

(×) and with atom and group descriptors (circles); (c) FF-NN with atom descriptors only (×) and 

with atom and group descriptors (circles); (d) FF-NN-AG with atom and group descriptors 

showing 95% linear uncertainty bands of experimental data.  
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Figure 2.10: Comparison of predictions of EI-CS (in Å2) from the FF-NN-AG model trained on 

the complete dataset and the Fitch and Sauter correlation for four classes of molecules: (a) n-

alkanes, (b) polyphenyls, (c) PAHs, and (d) alkyl benzenes. Data as squares, experiments; FF-NN-

AG, circles; Fitch and Sauter correlation, diamonds; asterisks are not datapoints but rather 

designate our measurements (all points in 2.10c are our measurements). 
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phenyl cyclohexane, and C11-C14 n-alkyl benzenes showed large fluctuations (Figure 2.10d). 

Except for phenyl dodecane, the predictions from FF-NN-AG falls under the experimental 

deviation.  

 

Fitch and Sauter correlations work very well for small compounds (Figures 2.10a, 2.10b and 

2.10d). However, their usefulness is to quantify peaks for the instrument-specific measurements 

of larger compounds in GC×GC-MS are questionable.  

 

2.4.  Discussion: 

2.4.1. Predicting cross sections: 

Total EI cross sections and their estimated uncertainties can be predicted with the FF-NN-AG 

model by using a simple MATLAB code, provided in the Appendix A and on GitHub. A file of 

descriptor input is provided there for several examples and the database compounds, which can be 

used to construct the descriptors for a new compound. A second file containing the model 

parameters and a set of instructions are also provided.  

A practical value of these improved predictions is quantifying compounds rapidly that have been 

identified by GC-MS but for which the user has no authentic standards. Data on authentic standards 

is absolutely preferred, and they are necessary for the greatest certainty of elution times and of 

mass spectra. However, that can be impractical for fully using analyses of complex mixtures 

because of the large number, speculative identities, and costs of the individual compounds. For 

example, a sample of wood-pyrolysis oil from this laboratory yielded 250 peaks by conventional 

GC-MS and nearly 750 peaks from GCxGC-ToFMS. Comparison of experimental mass spectra to 

mass spectral libraries gives probabilities of identity, but the analyst often needs to examine the 

spectra directly and apply classical methods for interpretation of mass spectra. Identities must be 

proposed for compounds that have not been isolated or synthesized before. 

Once an identity is established or proposed for species i, its calibration factor can be estimated 

from its predicted cross section �̂�𝑖, the established cross-section for a reference species (𝑄𝑟𝑒𝑓) that 

is in the mixture, and an experimental calibration factor (𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎/𝜇𝑚𝑜𝑙)𝑟𝑒𝑓,𝑒𝑥𝑝𝑡𝑙 for the 

reference species, obtained in the same system under the same analysis conditions. From Equation 

2.1c, recognizing that (𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎)𝑖 is proportional to the total positive-ion current 𝐼𝑖
+: 



 

44 

 

(𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎)𝑖

(𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎)𝑟𝑒𝑓
 =

𝐼𝑖
+

𝐼𝑟𝑒𝑓
+ =

𝑄𝑖𝑑∙𝐼𝑒∙𝑁𝑖

𝑄𝑟𝑒𝑓𝑑∙𝐼𝑒∙𝑁𝑟𝑒𝑓
 (2.10) 

(
𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎

𝜇𝑚𝑜𝑙
)

𝑖,𝑒𝑥𝑝𝑡𝑙
=  

�̂�𝑖

𝑄𝑟𝑒𝑓
∙ (

𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎

𝜇𝑚𝑜𝑙
)

𝑟𝑒𝑓,𝑒𝑥𝑝𝑡𝑙
 (2.11) 

Note that the measurement of the sample and the reference calibration must be in the linear peak-

area-vs-amount region. 

 

2.4.2. Saccharides example: 

An example of predicting cross sections with FF-NN-AG is presented here for several 

monosaccharides and their dehydrated products. The database, after removing 47 measurements, 

has data points for 138 oxygenates that were used in training, ensuring confidence in the predicted 

cross sections. 

 
Predictions are presented in Table 8 for four D-xyloses and four D-glucoses having two cyclic and 

two linear forms each. Cross sections are also reported for an anhydro-β-D-glucofuranose and six 

anhydro-xylopyranoses. Xyloses are five-carbon sugars and glucoses are six-carbon sugars, and 

the cyclic forms are pyrans if the ring contains an ether oxygen and five carbons or furans if the 

ring contains an ether oxygen and four carbons. Carbons in the cyclic forms are numbered 

beginning at the ether carbon. Structures of these sugars and anhydrosugars are illustrated in 

Appendix A. 

 

The predicted cross section of 1,6-anhydro-β-D-glucofuranose, 11.6 ± 0.4 Å2, is within 

experimental uncertainty of our measured value for levoglucosan (1,6-anhydro-β-D-

glucopyranose), 9.5 ± 2.3 Å2. 

 
Both for xylose and for glucose, the cross sections of the larger-ring pyran forms in the similar 

range with their furan forms. In contrast, cross sections for their aldose and ketose linear forms are 

more than twice as large as for their cyclic forms. 

 
Cross sections of six anhydro-xylopyranose forms are considered, as their identities and relative 

yields help us evaluate mechanistic kinetics. An anhydro-xylopyranose can be formed from 

xylopyranose by removing H and OH from adjacent hydroxyl or methylene groups. After that, an 
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anhydro-xylopyranose can change between keto or enols form through keto-enol tautomerism in 

solution or by gas-phase concerted reaction, catalyzed by hydroxyls in nearby xylose molecules. 

This route is analogous to reactions observed for glucose destruction to levoglucosan.41,42  

 
Eliminating an H2O changes the total cross section relative to β-D-xylopyranose (18.2 Å2) by +6.3 

to -10.1 Å2, evidencing the kind of descriptor interaction that is captured well by the neural 

network. In a purely atom-additive model, it would simply decrease; e.g., by 2.0 Å2 for Fitch and 

Sauter.2 The predicted cross sections are observed to be different in keto and enol forms. The ring 

is stiffened only slightly, 0.8 kcal/mol for the keto form in which the carbonyl carbon is part of the 

ring, to 2.8 kcal/mol ring strain for the enol form in which the double bond is part of the ring. The 

bigger effect seems to be through unsaturation in the pyranose ring, most dramatically for the 2,3-

anhydro-β-D-xylopyranose enol form. Substantial lowering of cross sections due to unsaturation 

in furan rings is observed in Figure 2.5c.  

 

2.4.3. Improving the QSPR: 

The FF-NN neural-network model gives greatly improved predictions of cross sections by using 

the large database, a single hidden layer, and atom-type and structural group descriptors. One way 

to improve the correlation would be cross-section measurements of additional species or re-

measurements of uncertain species in the present database. Five of the top six relative deviations 

are for singly measured cross sections with large experimental uncertainties, suggesting re-

measurement would be valuable.  

Refining the type and number of group descriptors could also improve it. As new molecules are 

added and one or more new group centers or ligands are needed, there is a decision to add groups 

or lump them. Using one descriptor for every molecule would merely create an index, not a 

predictive correlation. The challenge is to lump similar effects as simply and effectively as 

possible. An example is lumping all pi-bonded carbons as being Cd, regardless of whether =C, =N, 

or =O is on the other end of the double bond and regardless of conjugation or aromaticity. Such 

choices must be driven by whether they improve or impair agreement with the data. 

Another approach is to probe with theory. Calculated BEB cross-sections have been reported for 

43 C-H-O-N-S-F-Cl molecules, plus radicals, ions, and B-Si-Ge-Si species. Accuracy is cited as 5 
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to 20% for molecules.40 Comparing the 33 molecules that are in common between the calculated 

BEB database and this work's 396-species database, the FF-NN performs better overall with 

r2=0.969 vs. 0.885). However, removing the two biggest BEB outliers, COS and CS2, improves 

its r2 to 0.963 (see Appendix A). Evaluating BEB cross sections for more of the experimental 

database may aid the development of better theoretical cross sections and better predictive 

correlations. 

 

Table 2.5. Total-ion EI cross-sections predicted for sugars and anhydro-sugars from FF-NN 

model using 349 training data. 

Compounds EICS (Å2) 

β-D-Xylopyranose 18.2 ± 0.6 

β-D-Xylofuranose 16.7 ± 0.6 

D-Xyloaldose (linear form) 50.5 ± 0.5 

D-Xyloketose (a linear form) 41.9 ± 0.4 

β-D-Glucopyranose 22.6 ± 0.9 

β-D-Glucofuranose 22.7 ± 0.9 

D-Glucoaldose (linear form) 58.0 ± 0.8 

D-Glucoketose (a linear form) 47.1 ± 0.8 

1,6-Anhydro- β-D-glucofuranose 11.6 ± 0.4 

4,5-Anhydro- β-D-xylopyranose 10.1 ± 0.5 

1,2-Anhydro- β-D-xylopyranose (OH removed from C2, keto form) 16.3 ± 0.2 

1,2-Anhydro- β-D-xylopyranose (OH removed from C1, enol form) 21.9 ± 0.6 

1,2-Anhydro- β-D-xylopyranose (OH removed from C1, keto form) 24.5 ± 0.2 

2,3-Anhydro- β-D-xylopyranose (OH removed from C3, keto form) 13.3 ± 0.3 

2,3-Anhydro- β-D-xylopyranose (OH removed from C3, enol form) 19.2± 0.1 

 

 

2.4.4.  Instrumental factors in GC-MS: 

 

Background noise: Background noise is the jittering of the signal current at the base level of the 

chromatogram. Background noise is unavoidable.36 This effect appears due to several reasons. One 



 

47 

 

reason is the rippling of the DC voltage after AC to DC conversion. When the background noise 

is high, then the detection limit becomes high and more uncertain. Thus, the calibration factor 

measurement accompanies a large uncertainty. 

 

Scanning rate: During the experiments, the larger scanning rate of ions in the detector can cause 

an unwanted enhancement of signals (and peak area) in the later scans.  

 

Larger uncertainties at higher injected amounts: When a detector operates at a maximum 

operating voltage, then the gain is maximum, and it is independent of any small fluctuations of the 

voltage. The gain is proportional to the ratio of the charge of the ion bombarded in an electron 

multiplier channel to number of electrons generated from the channel. There are two effects in 

these multiplier pores which can create large variations in signals after injecting a large amount of 

compound. The first one is ion feedback.34 When a positive ion is neutralized in a channel, it may 

not desorb and thus may stay there until the next scan.34,35 The accelerated secondary electrons 

generated during the next scan ionize the neutralized fragment and the ion can contribute to the 

ion-electron emission. A very low desorption rate of these neutralized fragments can also increase 

the resistance of the channel and lower the gain. However, as the mass spectrometer is operated 

under vacuum, the desorption rates of the neutralized fragments are high and should not affect the 

measurements. A second effect is a very high space-charge density of the secondary electrons at 

the end of the channel after multiple ion bombardments.34 It decreases the kinetic energy of these 

electrons and eventually lowers the number of output electrons. These factors contribute to a 

detector saturation when the injection amount is very high. Thus, the calibration factor becomes 

low when it is measured after injecting large amounts of compounds. That is why it is strictly 

recommended to measure the calibration factors in the linear region to avoid instrument-specific 

effects. 

 

2.5.  Conclusions: 

The machine-learning-based neural-network correlation developed here provides a better way to 

quantify organic molecules using GC-EIMS or GCxGC-EIMS analyses for compounds that are 

not available or are unstable in calibration mixtures. A database of experimental EI cross sections 

(70-75 eV) is developed with 396 C-H-O-N-S-F-Cl-Br-I molecules. Proposing a set of atom-type 

and structural-group descriptors enables developing and evaluation of linear and neural-network 
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models. Four models were developed, involving multivariable linear regression vs. a feedforward 

neural network (FF-NN) and atom-type-only descriptors vs. atom and structural groups as 

descriptors. The FF-NN Atom+Groups predictions were significantly better overall than the other 

three sets. Unlike the Fitch and Sauter correlation, the descriptors used here can account for the 

difference between two isomers that have the same atomic hybridization, providing a better 

prediction. On the other hand, due to the limited size even of this large dataset, some lumping of 

group descriptors is necessary, and chirality is also not included. Finally, a MATLAB code for the 

model is provided that can predict total EI cross sections (70-75 eV) for new species, allowing 

quantitative calibration of MS data once the calibration factor of a reference compound is 

measured.  
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CHAPTER 3: MEASUREMENT OF A SINGLE RETENTION TIMELINE 

FOR COMPREHENSIVE TWO-DIMENSIONAL GAS 

CHROMATOGRAPHS 
 

3.1.  Introduction: 

Gas chromatography (GC) is a very useful tool to analyze a gas or liquid mixture. The mixture is 

introduced to the front inlet of a gas chromatograph where they evaporate and are carried by a 

carrier gas, mostly helium. Depending on the type of inlet (split/splitless), either the total amount 

of the evaporated sample or a fraction of the evaporated sample goes to the GC column. A GC 

column is a capillary column with an inner-wall coating such as a functionalized siloxane polymer 

(for example), also known as stationary phase. After the introduction of the evaporated sample 

mixture into the GC column, compounds in the mixtures are absorbed on the stationary phase. 

Small gas molecules that do not get absorbed travel fast, and they have smaller retention times. 

Generally, a simple linear ramp starting from a low temperature (30-60℃) and reaching a high 

temperature (250-350℃) is set for the GC oven for the gradual desorption of different molecules 

from the stationary phase.  

 

3.1.1. Peak identification techniques: 

There are several techniques by which the identifications are performed. One is to use electron-

ionization mass-spectrometry, where 70 to 75 eV electrons are used to ionize the compound 

coming out from the GC column. After that, the counts of various positive ions are measured to 

obtain the total positive ion mass spectra of the compound. Finally, the obtained mass spectra are 

compared with the mass spectra from a library, generating similarity statistics and providing an 

identification.  

 

This identification technique using EI-MS works well when the mass spectrum of a compound has 

a high signal of molecular ion and/or when the fragmentation pattern is different from its isomers. 

However, if the molecular ions are very small or the fragmentation patterns are very similar, then 

identification becomes difficult.8 For example, various large alkanes and the compounds with large 

alkyl chains have small molecular ions, and fragmentation patterns of alkyl chains are very 

similar.8  That is why identification of these compounds via electron-ionization mass-spectrometry 
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is difficult. A way to circumvent this issue in GC-MS is to inject a calibration standard of those 

compounds and compare the elusion times with those obtained in the previous chromatogram. 

However, the problem remains if the compound is not commercially available and/or difficult to 

synthesize. 

 

Another technique for the identification of compounds is to know the retention index of the 

compound. The idea of using retention index was first proposed by E. Kováts, who suggested a 

way to calculate the index (also known as Kováts index) after using isothermal temperature 

programs and n-paraffins standards.13  Later, H. Van Den Dool and P. D. Kratz provided another 

way to calculate the index (also known as modified Kováts Index) with the linear temperature 

programing using same standards. They showed that the index obtained was similar to that 

obtained from the isothermal temperature program, and they are independent of the temperature 

programs in GC.14  

 

3.1.2. About retention index: 

In general, a retention index measures the relative difference in retention time/volume of a 

compound compared to those of a series of homologous reference compounds, i.e., n-paraffins or 

n-alkanes, ethyl esters of n-fatty acids, or a mixture of different polynuclear aromatic 

hydrocarbons. The retention indices are formulated in such a way that the indices of various 

reference compounds are the multiples of a hundred. In the case of n-alkane reference compounds 

(used for the Kováts index13,14), the number of carbon atoms is the multiplier of the hundred. If a 

mixture of naphthalene, phenanthrene, chrysene and picene is used as the reference compounds 

(used for the Lee index15), the number of fused benzene rings is the multiplier of the hundred. 

𝐼𝑥 = 100
𝑡𝑥−𝑡𝑛

𝑡𝑛+1−𝑡𝑛
+ 100𝑛          (3.1) 

Eq. 3.1 is the formula to calculate the n-alkane retention index for the non-isothermal temperature 

program, where Ix is the retention index, tx is the retention time of the x compound and n is the 

carbon number of the n-alkane came out just before the x compound, and n+1 is the carbon number 

of the next n-alkane which came out just after that compound. The retention index, Ix is determined 

by the linear interpolation of retention times. Because Ix measures the ratio of the difference in the 

retention times, it is independent of instrumental variabilities, such as column type (capillary or 

packed), column length/film thickness or dead volume. Thus, it is independent of interlaboratory 
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measurements also. However, n-alkane retention index or Kováts index is dependent on the 

polarity of the stationary phase. Kováts index of a compound measured in a polar column is 

generally higher than that measured in a non-polar column. For example, the index of the methyl 

ester of hexadecenoic acid measured in a Carbowax 20M (polar column) is usually higher than 

that measured in a non-polar column or slightly polar column (SE 30): 2190 when obtained in a 

polar column and 1911 in a non-polar column, as reported by Van Del Dool and Kratz.14 A polar 

compound elutes at higher temperature or at longer retention time due to stronger interaction with 

a polar stationary phase. It causes the difference in the index measurement from a non-polar to 

polar column.  

 

There have been many theoretical studies to understand how Kováts or Lee index varies with 

different descriptors such as boiling points of compounds, their vapor pressures, reactivity 

coefficients of solutes and stationary phases, etc.16–18 The goal of these studies was to come up 

with an expression which could predict such indices. Unfortunately, a common expression was not 

found for all the classes of compounds.  

 

Later, quantitative structure property relations (QSPRs) have also been also exploited using 

statistical tools such as multivariable linear regression, support vector machine modeling, genetic 

programming, and artificial neural network modeling.19–30 The aim is to overcome the limitations 

of the theoretical expressions of retention indices by adding more descriptors for the solute 

behaviors, topologies of the molecules, and/or the electrostatic interactions.  

 

The GC method and retention index library (Library file name: nist_ri) of NIST/EPA/NIH Mass 

Spectral Library (Version: 2017), also known as NIST17, contains 404,045 retention indices 

values for 99,400 compounds. It is a large source of the experimental data and has a larger dataset 

than the older NIST libraries;31 the NIST05 library had Kováts index data of 22,690 compounds. 

Mihaleva et al. used that dataset for the QSPR modeling of Kováts indices.32 Also, in 2007 Stein 

et al. exploited group descriptors to understand their contributions to the Kováts indices of around 

35,000 compounds.33 They used 84 different group descriptors and performed multivariable linear 

regression to find the impact of each group.  
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3.1.3. Retention indices for multidimensional GC: 

Multidimensional GC is preferred in various laboratories over one-dimensional GC due to its better 

separation capabilities of the compounds in a complex fluid mixture. In a multidimensional GC, 

usually there are primary and secondary columns connected in series, in contrast to a one-

dimensional GC. There are two techniques available for the multidimensional GC operation.34 The 

first one is a “heart-cut” method where all the mixture passes through the first column in the first 

run and then the cut (or the “heart-cut”), where the compounds were not well-separated in the first 

column, are passed through a secondary column.34 Another technique is the comprehensive GC × 

GC system, where the primary and secondary columns are connected in series and a cryo-focuser 

(also known as modulator) is used to mimic an impulse injection of the cuts to the secondary 

column.34,35 With the help of liquid N2 jet, the cuts coming out from the first column are frozen for 

a small amount of time (usually 0.1-5 s). A hot N2 jet is then used (usually for 0.1-5 sec) to vaporize 

the sample before going to the secondary column. This cycle is known as a modulation cycle. Also, 

the column length of the primary column is usually kept long (around 30-60 m) and that of 

secondary column is usually kept very short (around 1-4 m). That is why the primary column 

retention times may be in minute units whereas the secondary column retention times are in second 

units. 

 

Various multidimensional GC techniques are well known to provide a better degree of separation. 

However, defining a single retention timeline from two different retention times associated with 

two different columns is not easy. Himberg et al. proposed a way to define it for the compounds 

in a calibration standard of the fatty acids’ methyl esters using “heart-cut” gas chromatography.36 

Himberg et al. estimated the retention times using the linear interpolation of previously known 

Kováts indices.36 Defining the timeline in such a way gave the same result after the adding the 

first- and second-column retention times. However, due to the operation of the modulator, there is 

added complexity in developing a single retention timeline for the comprehensive GC × GC 

technique.  

 

A modulator ideally mimics the impulse injection of the compounds in the secondary column, so 

the separation of compounds and their retention times in the secondary column should be 

independent of other variabilities. Thus, defining an additional retention index for the secondary 
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column is common.34,37–44 However, as the column lengths of the secondary columns in GC × GC 

are very short, it might not be very helpful while analyzing a complex fluid mixture whose 

component separation is strongly dependent on the secondary column.  

 

An added difficulty of freezing cuts in the modulator oven is the slow bleeding which often leads 

to long peak tails of different compounds. To circumvent its effect in the data analysis, the idea of 

iso-volatile lines was proposed previously.34,37 An iso-volatile line of a compound in a 

chromatogram denotes the location of the peak tail of that compound in the chromatogram. With 

the help of the iso-volatile lines of the n-alkanes (the reference compounds), the secondary 

retention indices were also previously calculated.38–43 However, calculating a secondary Kováts 

index using iso-volatile lines might not be helpful during the analysis of a complex fluid mixture. 

 

3.1.4. Aim of the present study: 

The present study aims to provide a way to estimate the relevant single-retention timeline for the 

comprehensive GC × GC technique to calculate the retention index of a known compound. The 

modified Kováts indices of nine testing compounds are measured, and the data are compared with 

NIST17 library data. The GC × GC experiments on various calibration compounds reveal that the 

cryo-focusing operation on the modulator freezes the cuts coming out of the primary column, and 

those frozen cuts evaporate slowly over multiple modulation cycle. It causes a peak tail attached 

to the main peak in chromatogram. This work proposes a way to estimate a single retention time 

of the peak tails also. Finally, it discusses the impact of various retention timelines to estimate the 

Kováts index of a compound by also incorporating uncertainties. 

 

3.2. Experimental method: 

Compounds procured from Sigma Aldrich include n-Alkane calibration mixture (1000 µg/ml of 

C7-C40 n-alkanes each) in n-hexane solvent, 1-docosene, 1-phenyl undecane, 1-phenyl dodecane, 

1-phenyl tridecane, 1-phenyl tetradecane, phenyl cyclohexane, o-terphenyl, m-terphenyl, and p-

terphenyl. The aim is to measure the modified Kováts indices of the nine testing compounds after 

using various timelines in a GC×GC-ToFMS (Pegasus 4D, Leco) system. Injections of 0.5 and 5 

µl were used for the calibration standards and 0.5 to 10 µl of ~1 mg/ml CH2Cl2 solutions of the 

testing compounds. Experiments for each compound are repeated at least six times.  
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The gas chromatogram has a split-inlet liner (Agilent). A 1:100 split and 300℃ inlet temperature 

are used during all experiments. Ultrapure helium gas is used to carry the evaporated sample from 

the inlet to the columns. In the gas chromatograph, a 30 m x 0.25 mmID x 0.25 µm Rxi-1MS 

(Restek) primary column with a non-polar poly-(dimethyl siloxane) stationary phase, and a 2 m x 

0.15 mmID x 0.15 µm Rxi-5 Sil MS (Restek) secondary column with a slightly polar poly-(95 % 

dimethyl- 5% diphenyl- siloxane) stationary phase, are used. 

 

The GC × GC is equipped with a two-stage thermal modulator with 10 s modulation cycle. For 

cryo-focusing the cuts coming from the primary column, 22-psi liquid N2 jets are used. Another 

235-psi vaporized N2 jet is used to vaporize the frozen cuts. The ChromaToF software (Leco) is 

used to set the experimental conditions, where “hot pulse” is set to be 1.5 sec and “cool time 

between stages” is set to be 3.5 s. The initial purge time is set to be 5 s. 

 

A linear temperature program is implemented in the primary oven: 30℃ initial temperature (5 

minutes hold), 5℃/min ramp, 320℃ final temperature (10 minutes hold). Different linear 

temperature programs are used for the secondary and modulator ovens. The temperature program 

of the secondary oven has 50℃ initial temperature (2 minutes hold), 5℃/min ramp, 320℃ final 

temperature (17 minutes hold). On the other hand, the temperature program of the modulator oven 

has 70℃ initial temperature (2 minutes hold), 5℃/min ramp, 320℃ final temperature (21 minutes 

hold). All these temperature programs have isothermal periods at the end. However, because we 

did not find any difference in the isothermal- and non-isothermal- (or modified-) Kováts indices 

of the compounds identified in these isothermal periods, we used the modified Kováts index 

formula (Eq. 1) for the further analysis. 

 

3.3. Results: 

Figure 3.1 represents the timeline of the total GC × GC operation (top left), the time lengths of 

various heating/cooling processes involved in a modulation cycle of a two-stage thermal modulator 

applied for the current study (bottom left), and a pictorial representation of five different events 

taking place in a modulation cycle (right). The GC×GC operation starts with purging initial gas to 

the purge line, followed by repeated modulation cycles until the end of the operation. As described 

earlier, 5 s of purge time (tp) and a 10 s modulation cycle are used for the present study. A single 
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modulation process involves four different on-off operations of hot and cold jets in the first stage 

(near to the primary column) and in the second stage (near to the secondary column). A stage refers 

to that position on the column inside the modulator oven where a nozzle of liquid N2 is focused. 

The time lengths of different operations in a modulation cycle are calculated from the GC×GC 

operation manual (Leco) and presented at the bottom left of figure 1. At first, the cold jet runs 

through the first stage to freeze the cut coming out from the cold stage (events D, E, A and B in 

the Figure 3.1) for 8.5 s. After that, the hot jet flows through the first stage for 1.5 s to vaporize 

the cut and move it between the stages (event C in Figure 3.1). On the other hand, the cold jet 

flows through the second stage during events C and D for 3 s to hold the frozen cut. After that, a 

hot jet runs through the second stage in events E and A for 3.5 s to vaporize the frozen cut, and 

finally a cold jet is used again to cool down the second stage for 3.5 s in event B.   

In Figure 3.1 (right), green spheres are used to represent the freezing and evaporation of 

condensable, and a black sphere is used to qualitatively understand retention time scale of a particle 

during the modulation operation. The gas/vapor particles from the cut of the primary column are 

being frozen in front of the first stage of the modulator from event D to B for 8.5 s. After that, this 

frozen cut is evaporated from the 1st stage (event C) and being frozen between the stages (event 

D) for 3 s in total. After that, the frozen cut is released by evaporating it using hot nitrogen jet at 

the 2nd stage for 3.5 s (events E and A). However, depending upon the amount of the frozen 

compound at the first stage, the frozen cut may need more amount of hot N2 to completely 

evaporate at a single modulation cycle. Thus, instead of coming out at a single modulation cycle, 

the compound may come out from the modulation with multiple modulation cycles. To investigate 

this hypothesis, n-alkane calibration standard is injected in the comprehensive GC x GC/TOFMS 

with 0.5 µl and 5 µl injection volumes, respectively. 
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Figure 3.1: Various processes in a GC × GC are shown in this figure. Top left: the timeline of the 

GC x GC is composed of initial purging followed by multiple modulation cycle till the end. Bottom 

left: the timelines for hot/cold jet’s on/off processes in two stages are different but not isolated 

from one another. Right: There are five different events (from A to E) going on during each 

modulation cycle. The arrow shows the direction of flow. The green spheres represent the 

accumulation of particles during the freezing (blue color) of different stages. A sphere is labelled 

as black to get an idea about the residence time of the particles. It spends 8.5 s in front of the first 

stage during freezing (Events D, E, A, and B) and 3 s between the stages (Events C and D) before 

going to the secondary column.  

 

Figures 3.2 and 3.3 are the chromatograms after the injections of 0.5 µl and 5 µl volumes of the 

C7-C40 n-alkane calibration standard, respectively. In these chromatograms, the x-axis denotes the 

retention time in the primary column (R.T. 1) which is composed of the starting times of each 

modulation cycle. On the other hand, the y-axis denotes the secondary retention time (R.T. 2), 

which spans a single period of a modulation cycle; i.e., 10 s. The color of the peaks varies from 

blue to red, indicating lower to higher intensity of the peaks. In addition to the identifications of 

C7 to C33 n-alkane peaks in these chromatograms, the solvent peak of n-hexane and the peak of 
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bleed compounds from the stationary phases of the columns are also identified with long peak 

tails. However, the peak of C33 n-alkane is small compared to other peaks, as shown in Figure 3.3. 

As the amount of each n-alkane compound is ten times higher during 5 µl injection, the color of 

peaks shifts towards red in Figure 3.3. It suggests the higher intensities of peaks. Also, the peaks 

are observed to form a large peak tail over a single modulation time (i.e., parallel to y-axis). 

However, n-octane peak is investigated in detail to understand the differences in chromatograms 

after changing the injection amounts. 

 

Figure 3.2: The total-ion chromatogram of n-alkane calibration mixture after 0.5 µl injection has 

the small peaks of C7 to C33 n-alkanes, long and strong peak of n-hexane solvents, and peak tails 

of bleed-compounds from the stationary phases of the columns (at the high temperature region or 

right side of the chromatogram). The C33 peak is not labeled. The x-axis is the retention time of 

primary column (R.T. 1), y-axis is the retention time in secondary column (R.T. 2). The graph is a 

contour plot, where blue background represents low intensities/signal and the red color represents 

the high intensities/signal. 
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Figure 3.3: The total-ion chromatogram of n-alkane calibration mixture after 5 µl injection has the 

strong and broad peaks of C7 to C33 n-alkanes, long and strong peak of n-hexane solvent. The C33 

peak is labelled.  

 

Figure 3.4 represents the peak of n-octane (C8 n-alkane) identified in Figures 3.2 and 3.3, 

respectively. Figures 3.4a and 3.4b are the 3D plot and contour plot of the chromatogram after 0.5 

µl injection. Figures 3.4c and 3.4d are the same plots after 5 µl injection. The peak of the n-octane 

after 5 µl injection has a higher peak intensity (z-axis of Figures 3.4a and 3.4c). Furthermore, the 

contour plots indicate a broader peak of n-octane parallel to R.T. 2 axis. It suggests that peak is 

broadening over a single modulation cycle. On the other hand, the peak tail diagonal to R.T. 1 and 

R.T. 2 axes suggests that n-octane is coming out from the GC x GC oven over multiple modulation 

cycles.  

 



 

59 

 

 

Figure 3.4: The peak of n-octane is investigated. 3.4A and 3.4C are the 3D plots after 0.5 and 5 µl 

injection respectively with the peak intensity at the z-axis. 3.4B and 3.4D are their contour plots. 

After the higher amount injection, peak signals are higher, and the peak becomes broader at the y-

axis (R.T. 2). It also has a peak tail diagonal to x- (R.T. 1) and y- (R.T. 2) axes. 

 

Figure 3.5 represents the total peak signal or intensity of the n-octane peak over the three 

consecutive modulation cycles. The peak intensities are higher in the first cycle (M1 cycle in 

Figure 3.5) compared to the other two cycles (M2 and M3),  as the major portion of the compound 

comes out at the first cycle. The peak-area ratio estimation of the first and second cycles in these 

runs suggests that less than 5% of n-octane comes out during the second cycle compared to the 

first cycle (Table 3.1).  

Also, in the first cycle, the peak intensity is low after 0.5 µl injection, and the peak intensity line 

follows a bell-shaped curve. On the other hand, it is higher and broader after 5 µl injection. The 
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peak intensity line has a larger peak tail on the right side. It indicates that the compound comes out 

from modulator over a major portion of the modulation period in this cycle, causing a large peak 

tail parallel to R.T. 2. Because the intensity at the peak tails is small and is close to background 

noise level, estimating a peak area of these tails is difficult.  

However, smaller, bell-shaped, peak intensity lines are observed in the second (M2) and the third 

(M3) modulation cycles after 5 µl injections. The smaller signals broadly suggest that the frozen 

cut of n-octane vaporizes over multiple cycles in the modulator. Due to that, a peak tail is obtained 

diagonal to R.T. 1 and R.T. 2 axes (Figure 3.4d). 

 

Figure 3.5: Peak signal/intensity is investigated at three consecutive modulation cycles from the 

cycle where n-octane came out first. In Figures 3.4A and 3.4B, M1 is the first modulation cycle, 

M2 is the second, and M3 is the third. In Figure 3.4C-E, the red lines are the peak intensity lines 

after 5 µl injection and the blue lines are for 0.5 µl. Peak intensity becomes weaker from first to 

second to third modulation cycle. Peak positions are observed to move left from first to third 

modulation cycles. The peak after 0.5 µl injection is small and symmetric, whereas the peak after 

5 µl injection is larger and has a long peak tail at the first cycle. 
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Table 3.1: Average peak area ratio of 1st to 2nd modulation cycles, and total peak area ratio of 5 µl 

injection and 0.5 µl injection are reported with one standard deviation.  

Compounds 

Average peak area ratio of 1st to 2nd 

modulation cycles 

Average of the total peak 

area ratio of 5 µl-run to 0.5 

µl-run For 0.5 µl For 5 µl 

n-octane 100 : (2.7 ± 1.3) 100 : (3.4 ± 1.4)   100 : (16.7 ± 0.2) 

n-nonane 100 : (3.2 ± 1.2) 100 : (1.0 ± 0.9)   100 : (12.1 ± 0.3) 

n-Eicosane   100 : (37.2 ± 6.4) 100 : (109 ± 24) 100 : (2.2 ± 0.8) 

n-Dotriacontane 100 : (1.3 ± 3.8) 100 : (0.0 ± 3.6) 100 : (1.3 ± 1.4) 

 

A similar analysis is performed on the other identified peaks as well to observe the evaporation of 

various frozen cuts during the experiment. Figure 3.6 presents the peak signal or intensities of the 

first and the second modulation cycles of n-nonane (C9 n-alkane, Figures 3.6a and 3.6d), n-

eicosane (C20 n-alkane, Figures 3.6b and 3.6e) and n-dotriacontane (C32, Figures 3.6c and 3.6f). In 

Figure 3.6, the red peak intensity lines are for the 5 µl injection and the blue lines are for the 0.5 

µl injection. The observations for n-nonane are similar to that of n-octane. The peaks are larger, 

broader, and asymmetric after 5 µl injection at the first cycle. On the other hand, the peak is smaller 

in the second cycle (Table 3.1) and, unlike in the first cycle, the peak is symmetric. 
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Figure 3.6: Peak signal or intensities of the first and the second modulation cycles of n-nonane (C9 

n-alkane, Figures 6a and 6d), n-eicosane (C20 n-alkane, Figures 6b and 6e) and n-dotriacontane 

(C32, Figures 6c and 6f). In figure 6, the red peak intensity lines are for the 5 µl injection and the 

blue lines are for the 0.5 µl injection. The observations for n-nonane is like that of n-octane. The 

peaks are larger, broader, and asymmetric after 5 µl injection at the first cycle. On the other hand, 

the peak is smaller in the second cycle and, unlike in the first cycle, the peak is symmetric. 

 

However, the peak intensities of n-eicosane are very similar in the first and second modulation 

cycles after 5 µl injection (Figures 3.6b and 3.6e, and Table 3.1). The peak area in the third 

modulation is less than 1 % compared to that at the first cycle. It implies that a larger amount of 

hot N2 is needed to evaporate most of the frozen cut of n-eicosane from the modulator. On the 

other hand, no peak signals are observed in the second cycle of n-dotriacontane after 5 µl injection. 
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The peak at the first cycle is skewed and has a large peak tail parallel to R.T. 2. However, for the 

larger n-alkanes (> C15), long peak tails and less than 10 % peak area are observed after 0.5 µl 

injection compared to that after 5 µl injection, suggesting that long peak tails are lost behind the 

background noise even after 0.5 µl injections. 

Freezing of compounds at the modulator causes peak tails diagonal to R.T. 1 and R.T. 2. It does 

not affect the retention times of compounds in the primary column. However, it affects the total 

retention times of compounds in the GC × GC system. That is why a method for retention time 

estimation is needed for the current system. The current analysis software (ChromaToF, Leco) 

defines the retention time to be that time when the peak intensity reaches its maximum in the first 

modulation cycle. Thus, retention time of a compound varies with the amount injected (Figures 

3.5 and 3.6). It adds another variability to a single retention-time estimation. In the following 

section, a method is proposed to estimate the errors of a single retention time in GC×GC, and 

Kováts retention indices of nine model compounds are estimated and compared. 

 

3.4. Discussion: 

3.4.1. Estimation of a single retention time in GC × GC: 

In a one-dimensional GC, the retention time (tx) of a compound x is composed of the time (ta) the 

compound is adsorbed on the stationary phase, also known as adjusted retention time, plus the time 

(tM) the compound travels through the column before adsorption and after desorption in the mobile 

phase, also known as unretention time [see equation 3.2].34 The time, tM, is approximately the 

column volume divided by the volumetric flowrate of the carrier gas. When no fluctuation in the 

average flowrate of carrier gas is assumed, the time tM is fixed in a run. 

𝑡𝑥 = 𝑡𝑎 + 𝑡𝑀                                          (3.2) 

However, in a GC × GC system, the retention time tx is complicated to define because the process 

involves two retention times due to the usage of two columns in series as well as due to the cryo-

focusing operations of a two-stage thermal modulator. Thus, addition of only two adjusted 

retention times and total unretention time will not provide a good error estimate in this case. 
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To estimate a single retention time (tx) of a compound x during a GC × GC experiment, the purge 

time (tP), adjusted retention time of the primary column (𝑡𝑎1), total freezing time in the modulator, 

the adjusted retention time in the secondary column (𝑡𝑎2) and the total unretention time (tM) needs 

to be added (Eq. 3.3). The total freezing time of a frozen cut in a can be estimated by multiplying 

the sum of cooling times first and second stages (tF1 and tF2) in a single modulation by the number 

of the modulation cycle, M. M can be estimated by considering the first modulation cycle (M=1) 

to be where the compound initially appears. 

𝑡𝑥 = 𝑡𝑎1 + 𝑡𝑎2 + 𝑀 ∗ (𝑡𝐹1 + 𝑡𝐹2) + 𝑡𝑃 + 𝑡𝑀   (3.3) 

As we are measuring the difference in the retention times of two compounds while calculating the 

modified Kováts index (eq. 3.1), the average values of the process tuning parameters such as purge 

time, and total unretention time have no effects. However, they play a role in calculating the 

uncertainty of the calculated retention time. 

In the analysis software, the first column retention time (R.T. 1) is estimated by using the 

accumulated counts during the modulation cycle times until the peak of the compound first 

appears, multiplied by the modulation period, plus the initial purge time. The second column 

retention time (R.T. 2) measures the time when peak intensity becomes maximum at the same 

modulation cycle. Thus, the sum of R.T. 1 and R.T. 2 for the first cycle equals the sum of adjusted 

retention times, total unretention time, the purge time, and total freezing time of a single 

modulation cycle. The sum of R.T.1 plus R.T. 2 can be obtained by putting M=1 in equation 3.3. 

3.4.2. Estimation of uncertainties: 

The uncertainties associated with retention time tx, and the modified Kováts index (eq. 3.1) are 

estimated by the propagation of uncertainties in equations 3.4 and 3.5, respectively. The 

uncertainty of retention time, tx is estimated using M=1.  

𝛿𝑡𝑥 = √(𝛿𝑡𝑎
1)2 + (𝛿𝑡𝑎

2)2 + (𝛿𝑡𝐹1)2 + (𝛿𝑡𝐹2)2 + (𝛿𝑡𝑃)2 + (𝛿𝑡𝑀)2 (3.4) 

𝛿𝐼𝑥

𝐼𝑥−100∗𝑛
=

√(𝛿𝑡𝑥)2+(𝛿𝑡𝑛)2

𝑡𝑥−𝑡𝑛
+

√(𝛿𝑡𝑛+1)2+(𝛿𝑡𝑛)2

𝑡𝑛+1−𝑡𝑛
 (3.5) 
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In Eqs. 3.4 and 3.5, the quantity 𝛿𝐴 is the uncertainty associated with the property A. The inherent 

limitation of the uncertainty estimation of the Ix in eq 3.5 is that it is infinity for n-alkanes or other 

compounds whose retention time is same as any of the n-alkanes.  

For the single-retention-time measurements, average values of R.T. 1 and R.T. 2 (reported by the 

data analysis software) over multiple runs are added together. For the uncertainties of the adjusted 

retention times, 𝛿𝑡𝑎
1 and 𝛿𝑡𝑎

2, two standard deviations of R.T. 1 and R.T. 2 are calculated using 

Student’s t-test statistics. Finally, for the uncertainties of the other four process tuning parameters, 

0.5 s value is assumed.  

Table 3.2 contains the uncertainties associated with R.T. 1 and R.T. 2 of all compounds under 

study. No variations in R.T. 1 over multiple runs are observed. However, the uncertainties 

associated with R.T. 2 are lower for smaller alkanes and higher for larger alkanes suggesting the 

presence of comparatively broader peaks of them. Among the testing compounds, the uncertainty 

of R.T. 2 is high because of the same reason. 

 

Table 3.2: The retention times in primary column (R.T. 1) and in secondary column (R.T. 2), and 

the total retention time (tx = R.T. 1 + R.T. 2) are reported for all the compounds with two standard 

deviations. 

Classes Compounds R.T. 1 (s) R.T. 2 (s) tx (s) 

Reference 

compounds: 

n-Alkanes 

 

 

 

 

 

 

 

 

C6 205 ± 0 1.45 ± 0.04 206.45 ± 0.20 

C7 355 ± 0 1.52 ± 0.02 356.52 ± 0.20 

C8 575 ± 0 1.42 ± 0.02 576.42 ± 0.20 

C9 775 ± 0 1.34 ± 0.02 776.34 ± 0.20 

C10 975 ± 0 1.37 ± 0.02 976.37 ± 0.20 

C11 1,175 ± 0 1.42 ± 0.02 1,176.42 ± 0.20 

C12 1,355 ± 0 1.47 ± 0.02 1,356.47 ± 0.20 

C13 1,535 ± 0 1.51 ± 0.03 1,536.51 ± 0.20 

C14 1,695 ± 0 1.55 ± 0.03 1,696.55 ± 0.20 

C15 1,855 ± 0 1.59 ± 0.04 1,856.59 ± 0.20 

C16 2,005 ± 0 1.62 ± 0.04 2,006.62 ± 0.20 
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Table 3.2 

(continued) 

    

C17 2,145 ± 0 1.65 ± 0.03 2,146.65 ± 0.20 

C18 2,275 ± 0 1.69 ± 0.04 2,276.69 ± 0.20 

C19 2,395 ± 0 1.73 ± 0.04 2,396.73 ± 0.20 

C20 2,515 ± 0 1.76 ± 0.03 2,516.76 ± 0.20 

C21 2,635 ± 0 1.80 ± 0.05 2,636.80 ± 0.21 

C22 2,755 ± 0 1.85 ± 0.06 2,756.85 ± 0.21 

C23 2,845 ± 0 1.89 ± 0.03 2,846.89 ± 0.20 

C24 2,945 ± 0 1.96 ± 0.04 2,946.96 ± 0.20 

C25 3,045 ± 0 2.03 ± 0.07 3,047.03 ± 0.21 

C26 3,145 ± 0 2.10 ± 0.08 3,147.10 ± 0.22 

C27 3,235 ± 0 2.20 ± 0.07 3,237.20 ± 0.21 

C28 3,315 ± 0 2.33 ± 0.11 3,317.33 ± 0.23 

C29 3,405 ± 0 2.57 ± 0.14 3,407.57 ± 0.24 

C30 3,485 ± 0 2.89 ± 0.17 3,487.89 ± 0.26 

C31 3,555 ± 0 3.25 ± 0.15 3,558.25 ± 0.25 

C32 3,635 ± 0 3.77 ± 0.30 3,638.77 ± 0.36 

C33 3,705 ± 0 5.89 ± 0.83 3,710.89 ± 0.85 

Testing 

compounds 

1-Docosene 2,735 ± 0 1.85 ± 0.06 2,736.85 ± 0.21 

1-Phenyl undecane 2,225 ± 0 1.74 ± 0.10 2,226.74 ± 0.22 

1-Phenyl dodecane 2,355 ± 0 1.78 ± 0.09 2,356.78 ± 0.22 

1-Phenyl tridecane 2,485 ± 0 1.82 ± 0.12 2,486.82 ± 0.23 

1-Phenyl tetradecane 2,605 ± 0 1.86 ± 0.14 2,606.86 ± 0.24 

Phenyl cyclohexane 1,525 ± 0 1.68 ± 0.05 1,526.68 ± 0.21 

o-Terphenyl 2,335 ± 0 1.91 ± 0.07 2,336.91 ± 0.21 

m-Terphenyl 2,625 ± 0 2.08 ± 0.09 2,627.08 ± 0.22 

p-Terphenyl 2,675 ± 0 2.10 ± 0.09 2,677.10 ± 0.22 
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3.4.3. Preparation of the dataset for comparison: 

Table 3.3 reports the comparison of obtained Ix values with those reported in NIST17 library. The 

NIST17 retention index library contains various categories of retention index data: 

• “Kováts' RI, non-polar column, isothermal” data 

• “Kováts' RI, non-polar column, temperature ramp” data 

• “Kováts' RI, non-polar column, custom temperature program” data 

• “Kováts' RI, polar column, isothermal” data 

• “Kováts' RI, polar column, temperature ramp” data 

• “Kováts' RI, polar column, custom temperature program” data 

• “Van Den Dool and Kratz RI, non-polar column, temperature ramp” data 

• “Van Den Dool and Kratz RI, non-polar column, custom temperature program” data 

• “Van Den Dool and Kratz RI, polar column, temperature ramp” data 

• “Van Den Dool and Kratz RI, polar column, custom temperature program” data 

• “Normal alkane RI, non-polar column, isothermal” data 

• “Normal alkane RI, non-polar column, temperature ramp” 

• “Normal alkane RI, non-polar column, custom temperature program” data 

• “Normal alkane RI, polar column, isothermal” data 

• “Normal alkane RI, polar column, temperature ramp” data 

• “Normal alkane RI, polar column, custom temperature program” data 

• “Lee's RI, non-polar column, temperature ramp” data 

• “Lee's RI, non-polar column, custom temperature program” data 

• “Lee's RI, polar column, temperature ramp” data 

Among these various datasets, no statistical differences are observed on “Kováts’ RI, non-polar 

column”, “Van Den Dool and Kratz RI, non-polar column”, and “Normal alkane RI, non-polar 

column” datasets over different temperature programs for around 5,500 hydrocarbons. That is why 

averages and one standard deviations for the testing compounds in these datasets are calculated for 

the comparison (Column A in table 3). Student's t-statistics is not applied because of the small 

number of datapoints of a few testing compounds. 
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For the poly-phenyl compounds, reporting Lee retention index is also popular. It uses PAH 

reference compounds instead of n-paraffin reference compounds. The work by Stein et al.33 reports 

a polynomial fitting equation to convert Lee index to Kováts index. In the present work, this 

equation is used to convert the “Lee's RI, non-polar column” datasets for the poly-phenyls and to 

prepare column B in Table 3.3. Finally, the column C in Table 3.3 is prepared by averaging all the 

data to prepare column A and B. In this case also, a single standard deviation is reported to keep 

the consistency.  

3.4.4. Comparison of the Kováts indices: 

The estimated modified Kováts indices of the testing compounds are compared with the database 

prepared from the NIST17 library. The modified Kováts indices are estimated by using three 

different timelines: one by using only R.T. 1 (reported in Table 3.3), another by using only R.T. 2 

(reported in Table 3.4), and finally by using both R.T.1 and R.T. 2 (reported in Table 3.3). The 

uncertainties of the retention time for the first method are estimated by putting 𝛿𝑡𝑎2 = 0. On the 

other hand, uncertainties of the retention time for the second method and third method are the same 

as 𝛿𝑡𝑎1 = 0.  
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Table 3.3: Comparison of estimated Kováts indices of the testing compounds with the dataset 

prepared from NIST library. In the dataset of NIST library average values and one standard 

deviation are reported. Column A is prepared using “Kováts’ RI, non-polar column”, “Van Den 

Dool and Kratz RI, non-polar column” and “Normal alkane RI, non-polar column” datasets for 

various temperature programs. A Lee index to Kováts index polynomial equation is used to convert 

the “Lee's RI, non-polar column” datasets for the poly-phenyls and to prepare column B. Finally, 

the column C in table 3 is prepared by averaging all the data to prepare column A and B. For 

column B and C also, average value and one standard deviation are reported to maintain the 

consistency. The uncertainties for the estimated Kováts index values are calculated using Equation 

3.3. These uncertainties represent two standard deviations of the measurement.  

Compounds 

Ix 

calculated 

from only 

using 

R.T.1 

Ix 

calculated 

using 

R.T.1 and 

R.T.2 

NIST17 data for non-polar / slightly 

polar phase (i.e., except polar columns) 

From 

experimental 

values of Ix  

(column A) 

Ix after 

converting 

Lee index 

only 

(column B) 

All data 

(column C) 

1-Docosene 2,183 ± 1 2,183 ± 1 2,193 ± 06 -- 2,193 ± 06 

1-Phenyl undecane 1,762 ± 1 1,762 ± 1 1,775 ± 12 -- 1,775 ± 12 

1-Phenyl dodecane 1,867 ± 1 1,867 ± 1 1,872 ± 10 -- 1,872 ± 10 

1-Phenyl tridecane 1,975 ± 1 1,975 ± 1 1,975 ± 10 -- 1,975 ± 10 

1-Phenyl tetradecane 2,075 ± 1 2,075 ± 1 2,076 ± 35 -- 2,076 ± 35 

Phenyl cyclohexane 1,294 ± 1 1,295 ± 1 1,315 ± 35 -- 1,315 ± 35 

o-Terphenyl 1,850 ± 1 1,850 ± 1 1,887 ± 41 1,856 ± 32 1,869 ± 47 

m-Terphenyl 2,092 ± 1 2,092 ± 1 2,149 ± 27 2,098 ± 47 2,114 ± 63 

p-Terphenyl 2,133 ± 1 2,134 ± 1 2,196 ± 25 2,123 ± 63 2,165 ± 86 
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Table 3.4: Kováts indices of the testing compounds are estimated using various retention timelines. 

They are reported with two standard deviation error (equation 3.3). [*] represents the Kováts 

indices of 1-docosene and p-terphenyl using R.T. 2 only. Estimating confidence levels of these 

two compounds are not possible using equation 3.3.  

Compounds 
Ix calculated from 

only using R.T. 1 

Ix calculated using 

R.T. 1 and R.T. 2 

Ix calculated from 

only using R.T. 2 

1-Docosene 2,183 ± 1 2,183 ± 1 2,200* 

1-Phenyl undecane 1,762 ± 1 1,762 ± 1 1,933 ± 150 

1-Phenyl dodecane 1,867 ± 1 1,867 ± 1 2,050 ± 130 

1-Phenyl tridecane 1,975 ± 1 1,975 ± 1 2,140 ± 94 

1-Phenyl tetradecane 2,075 ± 1 2,075 ± 1 2,225 ± 94 

Phenyl cyclohexane 1,294 ± 1 1,295 ± 1 1,775 ± 401 

o-Terphenyl 1,850 ± 1 1,850 ± 1 2,329 ± 120 

m-Terphenyl 2,092 ± 1 2,092 ± 1 2,571 ± 219 

p-Terphenyl 2,133 ± 1 2,134 ± 1 2,600* 

 

There are no differences found in the measured Ix after using R.T.1, and after using R.T.1 and 

R.T.2 both (Table 3.3). On the other hand, more than 100 Ix units drift except 1-docosene with 

larger uncertainties are observed while using only R.T. 2. This observation suggests that only R.T. 

1 is enough to estimate the modified Kováts index of compounds with comparatively smaller 

uncertainty in a comprehensive GC x GC system with current column combination. 

The confidence levels of the estimated Kováts indices in Table 3.3 overlap with the one-standard 

deviation data of the first five compounds such as 1-docosene and with other four 1-phenyl alkanes 

in column A of the NIST dataset. Although the estimated confidence levels of phenyl cyclohexane 

overlap with that in column A of the NIST dataset, the estimated average value is 20 Ix units off.  

It suggests that more experimental data points in the NIST library are needed for phenyl 

cyclohexane. On the other hand, the estimated data of o-, m- and p- terphenyls are in good 

agreements with the column B of the NIST datasets. This comparison suggests that the Kováts 

index estimated by using the first modulation cycle is comparable to the library data. 
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3.5. Conclusion 

In this study, an equation of the retention timeline is proposed incorporating the effect of the 

freezing of compounds at the cryo-focuser. It includes the counts of the modulation cycle if the 

retention time of the peak tails is needed to evaluate. However, the Kováts index evaluation for 

nine testing compounds reveals that only the retention time of the primary column can provide a 

close estimate of Kováts index to the data reported in NIST 17 library. Kováts index measurement 

from both the retention times can also provide a close estimate of Kováts index. However, 

estimation of the Kováts index from only the secondary column retention time has given a poor 

estimate of Kováts index with larger uncertainties. 
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CHAPTER 4: PREDICTION OF KOVÁTS RETENTION INDEX USING 

MACHINE LEARNING 
 

4.1.  Introduction: 

Measuring retention index of a compound from gas chromatography analysis is an established and 

popular technique in analytical chemistry labs and industries. It is an identification technique 

applicable to compounds in a mixture. To measure the retention index in a gas chromatography 

column, retention times of compounds in the same homologous series are measured as references. 

After that, the retention time of the analyte compound is measured. The retention index of that 

compound is the ratio of the difference in the retention times of the analyte and the reference 

compound that came out just earlier than the analyte compared to the difference in the retention 

times of the bracketing reference compounds.  

 

If the reference homologous series is n-alkanes or paraffins, then the retention index is the Kováts 

index:  

𝐼𝑥 = 100
𝑡𝑥−𝑡𝑛

𝑡𝑛+1−𝑡𝑛
+ 100𝑛          (4.1) 

Eq. 4.1 is the formula to calculate the n-alkane retention index for the non-isothermal temperature 

program where Ix is the retention index, ti is the retention time of the i compound and n is the 

carbon number of the n-alkane came out just before the x compound, and n+1 is the carbon number 

of the next n-alkane which came out just after that compound. As Ix measures the ratio of the 

difference in the retention times, it is independent of dead volume and other instrumental 

variabilities, thus, it is independent of interlaboratory measurements also.  

 

The idea of identifying compounds using this index was first proposed by E. Kováts for an 

isothermal gas chromatogram.13 Kováts used the log10(retention time) to calculate the index.13 

Later, van Den Dool and Kratz showed that the same relation holds for a non-isothermal 

temperature program as well.14 It is discussed in more detail in the previous chapter. 

 

Because the retention time of a compound depends on the adsorption-desorption behavior of the 

compound on active phase of a gas chromatography column, Kováts index depends on the polarity 

of column. The Kováts index of a compound in non-polar column is lower than that measured in 

a polar column. However, there is no statistical differences of the Kováts indices reported for a 
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compound measured in various non-polar set-ups. Retention index measurements of benzene from 

NIST retention index library are reported in Table 4.1.  

 

Table 4.1: Various retention index (RI) measurements of benzene are reported. The RI formulation 

is same (Eq 4.1) in normal alkane RI, and van Den Dool and Kratz RI. For the Kováts RI, a 

logarithm of the retention time is used as it was first used by E. Kováts.13  

Name of the tables in NIST17 gas chromatography database 
Number of 

reports 

Avg ± 

95% 

confiden

ce 

interval 

Kováts RI, non-polar column, custom temperature program 10 655 ± 28 

Kováts RI, non-polar column, isothermal temperature program 276 658 ± 29 

Kováts RI, non-polar, temperature ramp 4 655 ± 21 

Normal alkane RI, non-polar column, custom temperature program 50 656 ± 22 

Normal alkane RI, non-polar column, isothermal temperature 

program 
38 660 ± 20 

Normal alkane RI, non-polar column, temperature ramp 39 649 ± 17 

Van Den Dool and Kratz RI, non-polar column, custom temperature 

program 
5 647 ± 24 

Van Den Dool and Kratz RI, non-polar, temperature ramp 59 649 ± 15 

Kováts RI, polar column, custom temperature program 3 956 ± 21 

Kováts RI, polar column, isothermal temperature program 59 972 ± 34 

Kováts RI, polar column, temperature ramp 1 924 

Normal alkane RI, polar column, custom temperature program 17 946 ± 27 

Normal alkane RI, polar column, isothermal temperature program 11 963 ± 34 

Normal alkane RI, polar column, temperature ramp 13 944 ± 30 

Van Den Dool and Kratz RI, polar column, custom temperature 

program 
5 936 ± 7 

Van Den Dool and Kratz RI, polar column, temperature ramp 13 943 ± 19 
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Stein et al. developed a linear model using group additivities to predict the Kováts index.33 They 

have considered 84 group descriptors. Along with Benson groups,45 they also have used new 

groups to describe the structures of molecules. After performing linear regression, they reported 

weights of the groups. It is a simple model and easy to understand.  

 

It also has several limitations. First, it will not capture any nonlinearities. Capturing the differences 

in Kováts indices of conformers is not possible using only group additivity. Also, Stein et al. 

reported the weighting of methyl group to be 112 and methylene group in a linear compound to be 

99. Thus, according to these values, the Kováts index of n-propane (C3 n-alkane) is 323, of n-

pentacosane (C25 n-alkane) is 2501, and of tritriacontane (C33 n-alkane) is 3293. The first value is 

23 units higher; the second value is 1 unit higher; and the third value is 7 units lower than their 

Kováts indices. However, the model should be set up in such a way that it predicts the Kováts 

index of n-alkane as a multiple of 100. 

 

There are also other studies, that used different statistical methods such as neural networks, support 

vector machines, or linear regressions to understand and predict Kováts index of different classes 

of compounds.18,19,21–32 The NIST RI database of more than >20,000 compounds has also been 

used (see Chapter 3). However, usage of complicated descriptors to depict the adsorption-

desorption behaviors makes them difficult to understand. 

 

Due to the rapid degradation of alkanes or compounds containing larger alkyl fragments in the 

mass spectrometer, the signals of molecular ions in their mass spectra are insignificant. Thus, the 

usage of electron ionization mass spectrometry is not effective. That is why the development of 

data-driven retention-time based identification models for alkyl compounds are very important.  

It is important to note that for PAHs and nonhydrocarbon compounds that contain high number of 

polar groups, large molecular ions are present in the mass spectrum after electron ionization, in 

contrast to alkanes or compounds containing a large alkyl fragment. That is why the identifications 

using electron-ionization mass spectrometry are easier for these compounds than for alkanes, as 

the charge-to-mass ratio m/z of the largest ion (z is usually +1) corresponds to the molecular weight 

of the compound. 
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4.2. Data collection: 

Because a non-polar column is commonly used to separate a hydrocarbon mixture by GC, non-

polar retention indices of 5,249 hydrocarbons and 439 non-hydrocarbons are collected from 

NIST17 retention index database. After that, all the non-polar retention indices are averaged for 

each compound, as no significant statistical differences are found over various reported indices 

(see benzene data in Table 4.1). The 95% confidence level from the multiple reporting is calculated 

using Student’s t-test statistics. A population of the number of reporting per compound is shown 

in Figure 4.1. The complete dataset is reported in Appendix D. 

 

 

Figure 4.1: Number of compounds vs. number of reporting of Kováts index in NIST 17 retention 

index library157. 

 

It shows that around 55% of the total compounds have only one retention index datapoint; that is, 

the 95 % confidence level of the measured retention data is not known for these compounds. 

Nevertheless, these data are also considered in the analysis to find any common trends over the 

total dataset.  

 

Table 4.2 provides information about the number of hydrocarbons considered for the study. For 

the non-hydrocarbons, only the linear compounds are considered to know the effect of various 
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polar groups on n-alkanes. Various classes of non-hydrocarbon and number of compounds are 

listed in Table 4.3. 

 

Table 4.2: Various classes of hydrocarbons considered for the study. 

Chemical 

formula of 

hydrocarbons 

Number of 

compounds 

CnH2n+2 1,551 

CnH2n 1,012 

CnH2n-2 828 

CnH2n-4 427 

CnH2n-6 754 

CnH2n-8 411 

CnH2n-10 112 

CnH2n-12 87 

CnH2n-14 67 

Total  5,249 

 

Table 4.3: Various classes of linear non-hydrocarbons considered for the study. 

Class of linear 

non-hydrocarbons 

Number of 

compounds 

Mono-alcohol 65 

Di-alcohol 44 

Carboxylic acid 21 

Methoxy alkane 16 

Ethoxy alkane 11 

Formate 20 

Acetate 20 

Aldehyde 21 

Alkane-2-one 20 
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Table 4.3 (Continued): 

Alkane-3-one 13 

Alkane-4-one 5 

Nitrile 14 

Amine 18 

Nitride 9 

Thiol 12 

Methyl thiol 12 

Ethyl thiol 9 

Propyl thiol 10 

Mono-fluoride 11 

Mono-chloride 24 

Mono-bromide 28 

Mono-iodide 26 

Perfluoro-alkane 7 

Perchloro-alkane 3 

Total 439 

 

After the calculation of the average Kováts index, a value of 100 times the total carbon number, 

nC is subtracted from the average Kováts index value.  

∆𝐼𝑥 = 𝐼𝑥 − 100𝑛𝐶           (4.2) 

This calculation is performed to observe the difference of the Kováts index, ∆𝐼𝑥, with respect to 

the corresponding n-alkane among various classes. It helps to magnify retention behaviors of large 

compounds where retention indices are already very large. Furthermore, in this formulation, the n-

alkanes’ Kováts indices are inherently in multiples of hundred, as ∆𝐼𝑥 is zero for n-alkanes. The 

linear model by Stein et al.33 failed to capture that.  

 

4.3. Results: 

Retention time depends on the adsorption of a compound on a stationary-phase polymer. Retention 

time of a given compound is a result of the competition between the enthalpic and entropic 
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contributions during the adsorption-desorption process in the GC column. The adsorption 

phenomena are governed by the Gibbs free energy of absorption ∆𝐺𝑎𝑑𝑠
0 : 

∆𝐺𝑎𝑑𝑠
0 = ∆𝐻𝑎𝑑𝑠

0 − 𝑇∆𝑆𝑎𝑑𝑠
0              (4.3) 

where ∆𝐻𝑎𝑑𝑠
0  is the enthalpy of adsorption, ∆𝑆𝑎𝑑𝑠

0  is the entropy of adsorption, and T is temperature 

of the system. If  ∆𝐻𝑎𝑑𝑠
0  or the enthalpy of adsorption is large, then the Gibbs free energy of 

adsorption is large, which leads to a longer retention of a compound. If the ∆𝑆𝑎𝑑𝑠
0  or the entropy 

of adsorption is large, then the Gibbs free energy of adsorption is small. Thus, the retention time 

will be shorter.  

 

The interaction between the molecule and the stationary phase during adsorption is broadly 

categorized into two types: one is polar interaction and the other one is non-polar interaction. Polar 

interaction is a strong interaction between the functional groups of a molecule and the active sites 

of the polymer. Functional groups containing electronegative atoms such as O or N or others are 

needed in an adsorbing compound (such as -OH group in alcohol, -NH2 group in amine) and in a 

stationary phase (such as -O- groups in poly-ethylene glycol) to have a polar interaction. The polar 

interaction in these cases is mainly driven by long-range coulombic interactions, including 

hydrogen bonds.  Compounds or active sites containing multiple phenyl rings or fused benzene 

rings also offer a strong π-π interactions. Various polynuclear aromatic hydrocarbons (PAHs) or 

diphenyl siloxane polymer fall under this category as well. In brief, various long-range interactions 

such as H-bonds, coulombic or strong π-π interactions are the main contributors behind the 

adsorption in a polar column. As the polar interactions are driven by strong forces, the enthalpic 

contribution is greater than the entropic contribution in these cases. That is why the Gibbs free 

energy of adsorption or the retention time of compounds is usually higher in polar columns. It also 

changes the Kováts index.  

 

On the other hand, the nonpolar interactions are dominant among the functional groups of various 

alkanes, other unsaturated hydrocarbons, long alkyl chains of weakly polar compounds, and 

adsorption sites of a non-polar column, such as poly-(dimethyl)-siloxane. The nonpolar 

interactions consist mainly of the weak and short-range dispersion forces. That is why the enthalpic 

contribution is lower than that of a polar compound in a polar column. On the other hand, the 

entropy of adsorption ∆𝑆𝑎𝑑𝑠
0  is 
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∆𝑆𝑎𝑑𝑠
0 = 𝜅𝐵𝑜𝑙𝑡𝑧𝑚𝑎𝑛𝑛 ln

𝑊

𝑊0
        (4.4) 

where W/W0 is the ratio of equally probable microstates at the temperature T and a reference 

temperature.  

In various alkanes or alkyl compounds, the number of equally probable microstates changes when 

types and numbers of functional groups change. It affects the Gibbs free energy, and finally it 

alters the retention-time behaviors of compounds. Also, bulkier groups lower the strength of the 

enthalpy of adsorption, which also affects the Gibbs free energy of adsorption and changes the 

retention-time behavior. 

 

4.3.1. Acyclic Branched alkanes: 

Branched alkanes (general formula: CnH2n+2) are different from the n-alkanes (general formula: 

CnH2n+2) by structure because unlike n-alkanes, the branched alkanes contain more than two methyl 

groups. Due to that structure, there are two additional groups that can be found in branched alkanes: 

One has a secondary carbon at the center or the C(C)3(H) group and the other has a tertiary carbon 

at the center or C(C)4 group. These groups are bulkier than methyl or methylene groups, which 

affects the Gibbs free energy of adsorption. Also, due to the presence of these groups, the total 

number of conformers of the branched alkane changes compared to its n-alkane with the same 

carbon number.  

 

The conformation of two consecutive groups in an alkane cane be visualized by rotating one of 

them by 60ᵒ. In this way, three eclipsed and three staggered conformation can be achieved (Figure 

4.2). The total number of conformers of a molecule is the combinations of all possible rotational 

arrangements of the pairs of consecutive groups. However, due to the torsional strain, the eclipsed 

conformers have high energies. It allows the low strained staggered conformations to be more 

accessible to a group pair. In Figure 4.2, three staggered (labeled as s1 or s2 or s3) and three 

eclipsed (not labeled) conformations of total eight group pairs are shown. In Figure 4.2a, C(R1)3-

C(R1)3, in Figure 4.2b, C(R1)3-C(R1)2(R2), in Figure 4.2c, C(R1)3-C(R1)(R2)2, in Figure 4.2d, 

C(R1)3-C(R1)(R2)(R3), in Figure 4.2e, C(R1)2(R2)-C(R1)2(R2), in Figure 4.2f, C(R1)2(R2)-

C(R1)2(R3),  in Figure 4.2g, C(R1)2(R2)-C(R1)(R2)(R3), and in Figure 4.2h, C(R1)(R2)(R3)- 

C(R1)(R2)(R3) group pairs and their six conformers are shown where R1, R2, R3 is H or CH3 or 

CnH2n+1 (n>1) groups, and R1, R2, R3 are different from one another. The C(R1)3-C(R1)3, C(R1)3-
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C(R1)2(R2), C(R1)3-C(R1)(R2)2, and C(R1)3-C(R1)(R2)(R3) group pairs have three same staggered 

conformers. That means the same conformation can be achieved by three different rotations 

indicating three rotational symmetries. On the other hand, C(R1)2(R2)-C(R1)2(R2) and C(R1)2(R2)-

C(R1)2(R3) have two rotational symmetries, and C(R1)2(R2)-C(R1)(R2)(R3), and C(R1)(R2)(R3)-

C(R1)(R2)(R3) group pairs have no rotational symmetry.  

 

 

Figure 4.2: Various staggered conformers (s1-s3) of different group pairs are shown from A to H. 

R1, R2, and R3 are three different groups.  
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Figure 4.2 (continued). 

 

Figure 4.2: Various staggered conformers (s1-s3) of different group pairs are shown from A to H. 

R1, R2, and R3 are three different groups.  

 

The effect of secondary carbons or C(C)3(H) groups: A secondary carbon or a C(C)3(H) group 

in a branched alkane is a carbon which is connected to three other carbons and a hydrogen via 

single bonds. It appears in an alkane structure when a carbon atom at the middle of the main chain 

is attached to a -CH3 or methyl group or other CnH2n+1 fragment (n>1). However, the simplest 

structure of the branched alkanes would be the attachment of a methyl group with the backbone of 

an alkane or the branched alkane would have a single C(C)3(H) group. Figure 4.3a shows how ∆Ix 

or the gap of Kováts index from its corresponding n-alkane (with same carbon atoms), changes for 

these simple structures, also known as monomethyl alkanes. The average values of ∆Ix are plotted 

in Figure 4.3a, which reveals that due to the attachment of a methyl group, the Kováts index is 

lower than that of n-alkane. It indicates that monomethyl alkanes desorb early in a non-polar 
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stationary phase. A reason is that the C(C)3(H) group is bulkier than a methylene or C(C)2(H)2 

group, causing a difficulty to adsorb on the stationary phase. Also, an addition of a methyl group 

enhances the number of equally probable microstates of a monomethyl alkane molecule by at least 

1.5 times relative to its corresponding n-alkane with same carbon number. Thus, the entropy of 

adsorption (∆𝑆𝑎𝑑𝑠
0 ) becomes higher, lowering the Gibbs free energy of adsorption (∆𝐺𝑎𝑑𝑠

0 ) and 

shortening the retention time under the same temperature program. That is why the ∆Ix is negative 

in the case of monomethyl alkanes.  

 

Figure 4.3: (a) Variation of Kováts index, ∆Ix in monomethyl alkanes from corresponding n-

alkanes as a function of total carbon numbers. (b) The ∆Ix of 2,(end-1) dimethyl alkanes is 

approximately two times of ∆Ix in 2-methyl alkanes. (c) The ∆Ix of other dimethyl alkanes cannot 

be predicted by additive rules. (d) Chemical structures (1-12) are shown for multi-methyl alkanes 

with their ∆Ix values. 
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Figure 4.3 (continued). 

 

 

Also, ∆Ix changes as the chain length or total carbon number increases for a fixed monomethyl 

alkane in general. It decreases rapidly when the chain length is smaller, although fluctuations of 

∆Ix at the larger chain length and an increase of ∆Ix from iso-propane (2-methyl propane) to iso-

butane (2-methyl butane) are observed. When chain length grows, an additional CH2(R1)-CH2(R2) 

[R1 ≠R2] group pair is added to the chain. The CH2(R1)-CH2(R2) [R1 ≠R2] group pair offers two 

rotational symmetries. It lowers the entropy of adsorption. On the other hand, due to increased 

chain length, the surface area of the molecule increases. It contributes positively to the enthalpy of 

adsorption.  

 

Furthermore, ∆Ix is observed to increase from 2-methyl to 3-methyl alkanes. After that, it decreases 

from 3-methyl to 11-methyl alkanes, and from 11-methyl to 14-methyl alkanes, no significant 

changes are observed (low number of reporting against each point) for a fixed carbon number. In 

2-methyl alkanes, due to the presences of C(H)(CH3)2 group or C(H)(CH3)2- C(H)2(R) group pair, 
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the number of equally probable microstates enhances by a factor of two than that of 3-methyl 

alkanes. It increases the entropy of adsorption of 2-methyl alkanes compared to that of the 3-

methyl alkanes. After that, from 3-methyl to 11-methyl alkanes as the bulky secondary carbon 

group or -C(C)3(H) moves from the chain-end to the middle of the chain, it might be affecting the 

total surface area of the molecules, reducing the enthalpy of adsorption. However, more datapoints 

are needed to confirm the trend. 

 

Figures 4.3b and 4.3c represent the decrease of Kováts index of various dimethyl alkanes relative 

to the n-alkanes with same carbon atoms. It reveals that the decrease is more pronounced than in 

the cases of monomethyl alkanes. It is maximum in 2,(end-1)-dimethyl alkanes. Also, the 

decreases in these dimethyl alkanes i compared with the sums of the decreases of their constitutive 

monomethyl alkanes with lower carbon numbers. This analysis reveals that a simple addition rule 

of ∆Ix of two constituent monomethyl alkanes either overpredicts or underpredicts the ∆Ix of 

dimethyl alkanes. Thus, it cannot be applied to predict the Kováts index of dimethyl alkanes. 

However, adding the values of 2-methyl alkanes provided comparatively close estimates of Kováts 

index to the experimental values of 2,(end-1)-dimethyl alkanes except for 2,3-dimethyl butane. In 

general, the structure of a 2,(end-1)-dimethyl alkanes contain one more methyl group at the second 

last carbon of a main chain compared to its constituent 2-methyl alkanes. Due to that structure, the 

symmetry number increases by 3 times. 

 

The structures 1, 4, 7 and 10 in Figure 4.3c contain more than two methyl side groups. The 

structures 2 and 3, 5 and 6, 8 and 9, and 11 and 12 are the constituent mono-methyl alkane pairs 

of the 1, 4, 7 and 10 structures. The respective ∆Ix values are reported below these structures in 

Figure 4.3c. It also shows that a simple addition of ∆Ix of these constituent monomethyl alkanes 

does not predict ∆Ix of the multi-methyl alkanes. 

 

The effect of tertiary carbons or C(C)4 groups: In a branched alkane, a C(C)4 group appears 

when two CnH2n+1 fragments are attached to the same carbon in a the backbone (n>0). N, N 

dimethyl alkanes are simplest structures of branched alkanes that contains a C(C)4 group (N is the 

position of the carbon atom in the backbone where two methyl groups are attached). Figure 4.4a 

shows the decrease of the Kováts index of these molecules compared to n-alkanes and mono-

methyl alkanes with same carbon numbers. The C(C)4 groups are bulkier than a methylene group 



 

85 

 

or a C(C)3(H) group that hinders the adsorption of molecule on the surface of the stationary phase 

and lowers the enthalpy of adsorption. On the other hand, an addition of methyl group increases 

the number of symmetries by at least three times relative to monomethyl alkanes. Thus, the 

entropic contribution becomes higher than monomethyl alkanes. Thus, the decrease of the Kováts 

index is even higher in N, N-dimethyl alkanes than N-methyl alkanes. Also, the decreases of 

Kováts index in 2,2-dimethyl alkanes are higher than the 3,3-dimethyl alkanes. It is due to the 

three symmetric conformations of C(C)(H)2-C(CH3)3 group pair located at the second and third 

positions of the backbones of 2,2-dimethyl alkanes. This feature is absent in the structures of 3,3-

dimethyl alkanes. Also, a decrease in the Kováts index is noticed from 3,3-dimethyl alkanes to 

4,4-dimethyl alkanes, confirming an effect of the position of these groups. Furthermore, as the 

chain lengths of 2,2 and 3,3 dimethyl alkanes increase, the decrease of the Kováts index from the 

n-alkane reference line increases at lower carbon numbers. It decreases at higher carbon numbers. 

In general, the decrease should be small if the chain length of the backbone is extremely large, as 

the effect of the end group will be smaller if the compounds are extremely long. However, more 

datapoints are needed to confirm this trend.  
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Figure 4.4: (a) Variation of ∆Ix in monomethyl and n,n-dimethyl alkanes from corresponding n-

alkanes as a function of total carbon numbers. (b) The ∆Ix of 2,2,(end-1),(end-1) tetramethyl 

alkanes is approximately two times of ∆Ix in 2,(end-1)-dimethyl alkanes. The ∆Ix of other 

tetramethyl alkanes cannot be predicted by additive rules.  
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Figure 4.4b suggests that the decrease in the Kováts index is even higher in N,N,M,M-tetramethyl 

alkanes, where two C(C)4 and four methyl groups are present with the maximum at 2,2,(end-

1),(end-1) tetramethyl alkanes. The maximum decrease is observed at 2,2,(end-1),(end-1) 

tetramethyl alkanes. It is because of an extra C(C)(H)2-C(CH3)3 group pair. Also, a mismatch of 

the decreases in Kováts index after the addition of those of constituent compounds suggests that a 

simple additivity of ∆Ix of N,N or M,M dimethyl alkanes with two fewer carbon numbers cannot 

be used to estimate the ∆Ix of N,N,M,M tetramethyl alkanes.  

 

The effect of larger side branches, CnH2n+1 (n>1): The solid red, black and blue lines with filled 

symbols in Figure 4.5 represents the ∆Ix of 3-ethyl, 4-ethyl, and 5-ethyl alkanes. These are the 

simplest cases of the branched alkanes in this category. Most of the datapoints have only one 

reporting, and there are many fluctuations observed in these data; note a possible wrong reporting 

of the data for 5-ethyl hexadecane (carbon number =18). However, a few general trends are 

observed. One is the greater decrease of Kováts index when changing from methyl to ethyl side 

branch. That effect indicates that the secondary carbon centers become bulkier when a larger side 

branch is present that hinders the adsorption process. Addition of a methylene (-CH2-) group also 

offers more conformation symmetry and increases the enthalpy of adsorption. Another observation 

is that the ∆Ix decreases when the side branch moves towards the center of the main backbone; i.e., 

when the ∆Ix is lowered in general from 3-ethyl to 4-ethyl and from 4-ethyl to 5-ethyl alkanes. It 

might be because of the enhanced bulkier nature of those branched alkanes with a side branch at 

the middle of the backbone.  
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Figure 4.5: Variation of Kováts index, ∆Ix in monomethyl, monoethyl, and monopropyl alkanes 

from corresponding n-alkanes as a function of total carbon numbers.  

 

Summary of observations in acyclic, branched alkanes: Thus, the decreases of the Kováts index 

in branched alkanes are governed by structural features such as the secondary and tertiary carbon 

centers, number of methyl groups, positions of the side chains, and chain lengths. The methyl 

group is observed to affect the entropy of adsorptions by enhancing the number of symmetric 

conformations. On the other hand, the branched alkanes with a side branch at the middle of the 

backbone has a larger decrease of Kováts index compared to its isomer with the same side chain 

at the end of the backbone. In these cases, the numbers of conformation symmetry estimated from 

various group pairs are the same; e.g., for 3-methyl decane and 5-methyl decane. It suggests that 

an alkane with a branch at the middle has a low enthalpy of adsorption that leads to a low Kováts 

index for this compound. Overall, the structural features of the branched alkane affect the entropy 

and enthalpy of adsorption and dictate the decreases of their Kováts indices.  

 

4.3.2. Cycloalkanes: 

Cycloalkanes (general formula: CnH2n) without any side branches do not have any methyl groups, 

so the conformation symmetry number is lower than for n-alkanes. Also, the rotations of the 

methylene-methylene group pairs are restricted, which is another reason for a lower conformation 

symmetry number. That is why the entropy of adsorption is low for these molecules compared to 
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n-alkanes and Kováts index are higher. Figure 4.6 shows the general increase of ∆Ix in various 

cyclo-alkanes without linear side chains. The black line represents the ∆Ix of cyclo-alkanes with a 

single ring. From the cyclo-propane to cyclo-pentane, ∆Ix is observed to increase, and in 

cyclohexane, it has a small decrease. From cyclo-hexane to cyclo-nonane, it is observed to 

increase. Again, a decrease is observed from cyclo-decane to cyclo-tridecane. However, there is 

only one report of the Kováts index for cyclo-tridecane. Another increase of the Kováts index data 

is observed from cyclo-tridecane to cyclo-pentadecane and finally, it falls under the reference line 

at cyclo-octacosane (carbon number 28). In general, the mono-cycloalkane curve has multiple 

local minima and maxima, ultimately going below the reference line when the ring is very large 

(carbon number 28). However, more datapoints are needed to confirm this trend. In general, when 

the ring size is extremely small, then the ring is strained, allowing only a limited number of 

conformations and affecting the entropy of adsorption. As the ring size gets larger, the ring strain 

per methylene group decreases up to cyclohexane. After that, it again increases till cyclo-nonane 

and after that it decreases until cyclo-dodecane.46 The number of conformations is related to the 

ring strain. It is usually high when the ring strain is low. That is why if the ring strain is low, Kováts 

index is high. However, the increase in the Kováts index of cyclo-tetradecane, cyclo-hexadecanes 

and cyclo-tricosane is not well-explained by the ring strains as the ring strains of the methylene 

groups are low in these compounds. Also, the Kováts index of unfused bi-cycloalkanes (red star 

points) and fused bi-cycloalkanes (blue square points) are lower than their corresponding mono-

cycloalkanes. Rather, it is mainly because of the secondary carbon linkage in the cases of unfused 

bi-cycloalkanes, which provides another rotational degree of freedom that increases the entropic 

contribution and Kováts index. On the other hand, the fused bi-cycloalkanes are more strained, 

and their Kováts indices should be higher than mono-cycloalkanes. That is why it is not clear why 

they are lower. Also, there are fluctuating trends observed in the cis and trans isomers of fused bi-

cycloalkanes (only for the carbon numbers 12 is shown in Figure 4.6). Perhaps more datapoints 

with multiple reporting/repetition are needed to confirm these observations.  

 

4.3.3. Deuterated n-alkanes: 

Kováts index of the n-alkanes itself is an influenced by the number of deuterium present in the n-

alkane. Figures 4.7a-c represent the structures of n-hexane (C6H14), C6H7D7, and C6D14. Figures 

7d to 7i represent the structures of n-heptane (C7H16) and other five D-substituted n-heptane 
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compounds.  Their ∆Ix values are also reported. The Kováts index is observed to decrease as the 

number of D atoms increases in the n-alkanes. Figure 4.7j shows that the decrease of the Kováts 

index is linear with the number of D atoms. However, more repetitions or reporting is needed to 

confirm the trend. It is also not clear why the Kováts index is affected by the number of deuterium 

substitution, as hydrogen and deuterium should behave chemically the same during adsorption.  

 

Figure 4.6: Variation of Kováts index, ∆Ix in cyclo-, fused bicyclo-, bicyclo-alkanes from 

corresponding n-alkanes as a function of total carbon number.  
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Figure 4.7: (a)-(i) Chemical structures of n-hexane, n-heptane, deuterated n-hexane and n-heptane, 

and their ∆Ix values. (j) ∆Ix of different deuterate n-alkanes as a function of D atoms. 

 

4.3.4. Unsaturated hydrocarbons: 

Unsaturated compounds contain π bonds forming an electronegative region in the structures of 

alkenes and alkynes. Due to that, comparatively strong, elutes-to-stationary phase π-bond 

interactions play a role. Moreover, a π bond in a molecule interacts with more positively charged 

centers inside a molecule, such as a methyl group. That is why it influences the free rotation of 
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nearby groups, affecting number of equally probable conformers. That, in turn, affects the entropy 

of adsorption. That is why counting the number of symmetric conformers of a molecule from the 

rotation of various sigma bonds does not provide an accurate estimate of the entropy. 

 

π Bonds in a linear hydrocarbon gives rise to multiple groups as well. They are Cd(Cd)(H)2, 

Cd(Cd)(C)(H), Cd(Cd)(C)2, cis or trans conformation,  Ct(Ct)(H), Ct(Ct)(C) and Ca(Cd)2 where Cd, 

Ct and Ca are double-bonded carbon atom, triple-bonded carbon atom, and allene carbon atom. In 

the following paragraphs, the influence of these groups on ∆Ix is investigated.  

 

Linear alkenes: Figure 4.8a represents the changes in Kováts index of different linear alkene 

structures compared to that of n-alkanes. The blue line is the 1-alkene line. It is below the n-alkane 

reference line (black dashed line). It suggests the role of a Cd(Cd)(H)2 group in lowering the Kováts 

index of the compound by around 10 to 20 units. On the other hand, 1,(end-1) alkadienes contain 

two Cd(Cd)(H)2 groups. That lowers the Kováts index even further (pink line). An exception is 

observed at 1-butene and 1,3-butadiene. Also, the decrease of Kováts index is small in general 

when the chain length is increased, although many fluctuations are observed in 1,(end-1) 

alkadienes line and at the higher carbon values in 1-alkene line. Perhaps more datapoints are 

needed to estimate the 95% confidence range of these datapoints.  

 

The ∆Ix lines of cis-2-alkenes (red line with square symbols) and trans-2-alkenes (black line with 

square symbols) are above the n-alkane reference line. It indicates a rise of the Kováts index when 

the double bond is situated at the second and third carbons of the alkyl chain. The cis conformations 

in 2-alkenes influence Kováts index more than trans conformations. In the cis conformation, 

hydrogen atoms of the methyl group at the first carbon and the methylene group at the first and 

fourth carbon interact with the π bond. On the other hand, in trans conformation, the hydrogen 

atoms of the methyl group only interact with the π bond. These intramolecular interactions 

influence the number of symmetric conformers, that, in turn, influence the entropy of adsorption. 

Also, the ∆Ix is observed to decrease after that increase when the chain length is increased. 

However, more data points are needed to confirm this trend. The lines for the cis-3-alkenes and 

trans-3-alkenes are observed to follow a similar trend (around 10 to 20 units below the n-alkane 

reference line). The observation is same for cis-4 and trans-4 alkenes. It is noticed that as the 
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position of the π bond moves from third to fourth position, the ∆Ix is observed to decrease for large 

values of chain lengths (carbons numbers from 11 to 17).   

 

Linear alkynes and allenes: Figure 4.8b represents the changes in Kováts index in different linear 

alkynes and allenes from n-alkanes. The black solid line with the star symbols is for the 1-alkynes. 

It shows the effect of a Ct(Ct)(H) group on the ∆Ix on a linear alkyl chain. The presence of a 

Ct(Ct)(H) group changes the Kováts index from n-alkanes by ±20 units. However, a large deviation 

is observed on carbon number 2 and 3, and carbon number 15 and 16. The data for the 1,(end-1) 

alkadienes (pink circles) also changes the ∆Ix from n-alkane reference line. These compounds have 

two Ct(Ct)(H) groups. However, no fixed trends are observed in this case. Perhaps more datapoints 

are needed to measure the 95 % confidence level. On the other hand, the ∆Ix  lines for the 2- to 5- 

alkadienes are different from the Kováts index data of 1-alkynes, as the location of the triple bond 

in the middle of the chain enhances ∆Ix from the n-alkanes. In fact, this effect is maximum in the 

cases of 2-alkynes. In general, presence of a Ct(Ct)(C) group, influences the rotation of nearby 

methyl or methylene groups. The maximum rise of the Kováts index at 2-alkynes suggests that the 

influence of a triple bond on the nearby methyl group is stronger than nearby methylene groups. 

These intramolecular interactions finally influence the total number of symmetric conformers and 

the entropy of adsorption. 
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Figure 4.8: (a) ∆Ix of different n-alkenes and n-alkadienes as a function of total carbon number. 

(b) ∆Ix of different n-alkynes and n-alkadiynes as a function of total carbon number. 

 

Alkylbenzene or phenyl alkane: Alkyl benzenes or phenyl alkanes are those compounds that  

have an electronegative phenyl ring attached to the main alkyl chain. A phenyl ring is composed 

of six sp2-hybridized carbon atoms (CB). It has two more groups: CB(CB)2(C) and CB(CB)2(H). 1-

phenyl alkanes have one CB(CB)2(C) and five CB(CB)2(H) groups along with the other alkane 



 

95 

 

groups. In phenylene alkanes, there are multiple CB(CB)2(C) groups. In general, a phenyl ring is 

bulky and electronegative, and it influences the intermolecular, elute-to-stationary phase 

interaction. Thus, it changes the enthalpy of adsorption. A phenyl ring also plays a role after 

influencing the free rotations of other attached, more electropositive alkyl groups. It changes the 

number of symmetric conformers and the entropy of adsorption. Also, the positions of two alkyl 

chains in a phenyl ring (number of CB(CB)2(C) groups>1) also influence the free rotation of the 

groups in the alkyl chains. They also change the number of symmetric conformers in a molecule. 

In the following paragraphs, the effects of the position of a phenyl group in a linear alkyl chain 

and the attachment of multiple methyl groups in a phenyl ring on ∆Ix are investigated.  

 

Figure 4.9a shows how ∆Ix varies for various mono-alkyl ring compounds compared to an n-alkane 

reference line. The blue star point is the ∆Ix for benzene. Its Kováts index is 56 ± 13 higher than n-

hexane. It is a planar molecule with no symmetric conformers. On the other hand, n-hexane has 

two CH3-CH2 and three CH2-CH2 group pairs. Thus, its number of symmetric conformers is 

3223=72 symmetric conformers. That is why the entropy of adsorption is lower for benzene 

compared to n-hexane. On the other hand, π bond interaction between the stationary phase polymer 

and the benzene molecule is stronger. Thus, the enthalpy of adsorption is also higher in benzene. 

That is why the Gibbs free energy of adsorption is higher in benzene compared to that of n-hexane. 

The red solid line with the circle points is the 1-phenyl alkane line. It is situated around 50 to 100 

units above the n-alkane reference line. In 1-phenyl alkanes, the Kováts indices are higher because 

of the phenyl group that enhances the enthalpy of adsorption. Also in 1-phenyl alkanes, a methyl 

group is missing compared that of an n-alkane. That is why the entropy of adsorption is higher, 

and Gibbs free energy of adsorption is lower. Thus, the Kováts index is higher. From 1-phenyl 

alkanes to 2-phenyl alkanes, ∆Ix drops and the 2-phenyl alkane line (black solid line with circle 

symbols) is situated close to n-alkane reference line (black dashed line). This drop is due to the 

addition of the methyl group which increases the entropy of adsorption. Phenyl ring is a bulky 

group. As the phenyl group moves towards the middle of the chain, it starts to interact with other 

methylene/methyl groups. It effectively decreases the surface area for the adsorption. Thus, the 

compound becomes more difficult to adsorb due to low enthalpy of adsorption. That is why the 

∆Ix drops further. However, further investigations are needed to cross-check this hypothesis. 
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In Figure 4.9b, ∆Ix of four 1-phenyl alkanes (structures 1, 5, 9, and 13) and their isomers are 

compared. These isomers have multiple methyl group attachments to the phenyl rings. A general 

observation is the ∆Ix of these isomers are always higher than 1-phenyl alkanes. It is because of 

the strong intramolecular interactions of methyl groups with the electronegative phenyl rings. Due 

to that, the rotations of these attached methyl groups are hindered, and the entropy of interaction 

becomes higher. On the other hand, attachment of two methyl groups on ortho position in a phenyl 

ring hinders the free rotations of the methyl groups. That is why the entropy of adsorption becomes 

higher than that of meta and para positions (structures 2, 3 and 4). A proportionality relation of the 

∆Ix with the counts of the ortho position is observed. In structures 2 and 7, the ortho count is 1. 

Their ∆Ix values are 85±3, and 88 ±3 respectively. In structures, 6, 11, and 12, the ortho counts 

are two. Their ∆Ix values are 112±3, 112±3 and 115 ± 4 respectively. In structure 10, there are 

four and in structure 14, there are five ortho counts. Their ∆Ix values are 144±4, and 232 ±7 

respectively. 

 

 

Figure 4.9: (a) ∆Ix of benzene and various phenyl-alkanes as a function of total carbon number. (b) 

Chemical structures (1-14) of various alkyl-benzenes and their ∆Ix values. 
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Figure 4.9 (continued). 

 

 

4.3.5. Linear non-hydrocarbons: 

Identification of compounds using the total electron ionization mass spectra of different long non-

hydrocarbons also possesses a difficulty. It is because of the presence of an alkyl chain in these 

compounds. Alkyl chains are more prone to decompose during electron ionization. This 

phenomenon leads to a smaller peak of the molecular ion. However, when the number of N/O/S/X 

(X=F, Cl, Br, or I) atoms increases in a molecule, then the molecular ion peak signals become 
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stronger. Thus, it is important to include various mono- or di- substituted linear non-hydrocarbons 

under the current dataset. In the current dataset, various mono-alcohols, di-alcohols, 1-carboxylic 

acid, 1-aldehydes, 1-formates, 1-acetates, methyl ethers (O-Me), ethyl ethers (O-Et), methyl 

ketone [-(CO)-Me], ethyl ketones [-(CO)-Et], 1-amine, 1-cyanides, 1-nitrides, 1-thiols, methyl 

thiols (S-Me), ethyl thiols (S-Et), propyl thiols (S-Pr), 1-fluorocarbons, 2-fluorocarbons, 1-

chlorocarbons, 2-chlorocarbons, 1-bromocarbons, 2-bromocarbons, 1-iodocarbons, and 2-

iodocarbons are considered. The changes in the Kováts index of perfluorocarbons and 

perchlorocarbons are also observed but not included in the current dataset as the signals of their 

molecular ions are strong in the electron ionization mass spectra. In the following paragraphs, the 

observations for the ∆Ix values of these non-hydrocarbons are discussed in detail. 

 

Oxygenated compounds: The presence of an alcohol group (-OH) attached to a linear alkyl chain 

enhances the Kováts index by around 150 units from n-alkanes. Figure 4.10a shows how an -OH 

group at the first position (alkan-1-ol) increases the Kováts index by 200 units (solid black lines 

with circles). Oxygen is an electronegative atom. The presence of this atom in a molecule creates 

an electronegative region in a molecule. That is why it interacts with other alkyl groups nearby 

hindering the free rotation of these alkyl groups. This phenomenon lowers the entropy of 

adsorption. On the other hand, oxygen can also offer a strong elute-to-stationary phase interaction, 

that enhances the enthalpy of adsorption. Due to these effects, the Gibbs free energy of these 

compounds are usually high. Thus, the Kováts index is also high. In alkan-1-ol compounds, a 

methyl group is missing, which also lowers the total number of symmetric conformers and the 

entropy of adsorption. On the other hand, in the cases of alkan-2-ol to alkan-5-ol, the methyl groups 

at the end of the chains are there. That enhances the entropy of adsorption and lowers the ∆Ix 

values. The position effect is also observed in the ∆Ix values from alkan-2-ol to alkan-5-ol. Alcohol 

groups at the middle of the chain has a low ∆Ix value. It is probably due to the shielding effect of 

the group by the other alkyl groups of the chain. It eventually lowers the surface area of adsorption, 

and the enthalpy of adsorption. A similar effect was also observed in the case of phenyl alkanes. 

There is also an observable variation of ∆Ix with the chain length. However, more 

datapoints/reporting are needed to measure the 95% confidence levels. Also, the rise of ∆Ix is more 

in the cases of diols with very high values for 1,2 diols and 1,(end-1) diols. The data for 

hexanediols (blue star point) can be seen in Figure 4.10a. 
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Figure 4.10b represents ∆Ix values of linear, 1-carboxylic acids, 1-aldehydes, 1-formates, and 1- 

acetates. The carboxylic acid has the most ∆Ix rise among all the other oxygenated groups. Its ∆Ix 

values falls between 350 to 450 units from 1 to 22 carbon number range. On the other hand, ∆Ix 

values for the 1-aldehydes falls between 150 to 250 units from 1 to 22 carbon numbers. Also, for 

the formates, it falls between 200 to 250 units from 4 to 23 carbon number range. For acetates, it 

falls between 180 to 210 units from 4 to 24 carbon numbers. There are observable dependencies 

of ∆Ix on the chain length (or the carbon number). However, more datapoints are needful to confirm 

the trend. Figure 4.9c represents the ∆Ix values of O-Me, O-Et, (CO)-Me, and (CO)-Et. The ketone 

groups influence the Kováts index very similarly. They have at least 160 units ∆Ix rises from the 

n-alkanes. On the 1-methyl alkyl ether and 1-ethyl alkyl ether have a different ∆Ix rise. It is between 

60 to 100 for 1-ethyl ether (carbon number = 4-22), 100 to 140 for 1-methyl ether (carbon 

number=4-21). They both have lower ∆Ix compared to alkan-1-ols (Figure 4.10c). It is above 200 

for carbon numbers 1 to 22. 

 

Nitrogen and sulfur compounds: Figure 4.11a represents the ∆Ix values of linear 1-amines, 1-

cyanides, and 1-nitrides. Among these three classes, the nitrides (-NO2) groups are observed to 

provide the maximum rise in ∆Ix (at least 380). Also, the 1-cyanide compounds (-CN groups) are 

observed to raise ∆Ix more than 1-amide compounds (-NH2 groups) except carbon number =1. 

Figure 4.11b represents the ∆Ix values of 1-thiol, 1-methyl thiols, 1-ethyl thiols, and 1-propyl thiols. 

The ∆Ix values of all these groups are higher than alkan-1-ol reference line. After the carbon 

number 8, thiols are observed to have a maximum rise followed by 1-methyl, 1-ethyl, and 1-propyl 

thiols. A similar trend is also observed in alkan-1-ol, 1-methyl and 1-ethyl ether. However, before 

carbon number 8, no certain trend is observed in this sulfur compounds. Nonlinear dependencies 

on the chain length is also observed among the nitrogen and sulfur compounds. Nonetheless, more 

datapoints/reporting are needed to confirm the trends. 
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Figure 4.10: (a) ∆Ix of different linear alcohols as a function their total carbon number. (b) ∆Ix of 

linear carboxylic acids, aldehydes, formates, and acetates as a function of total carbon number. (c) 

∆Ix of linear methoxy- and ethoxy alkanes, and 2-alkanones ((CO)-Me) and 3-alkanones ((CO)-

Et) as a function of total carbon number. 
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Figure 4.11: (a) ∆Ix of linear amines, cyanides or nitriles, and nitrides as a function of total carbon 

number. (b) ∆Ix of linear thiols, methylthiols, ethylthiols, and propylthiols as a function of total 

carbon number. 

 

Halocarbons: Figure 4.12a represents the ∆Ix values of four linear 1-haloalkanes. The 1-

iodoalkanes are observed to raise the ∆Ix values the most (at least 400 units), followed by 1-

bromoalkanes (at least 300 units), 1-chloroalkanes (at least 200 units), and 1-fluoroalkanes (40-

100 units). The ∆Ix of 1-iodo, 1-bromo, and 1-chloro alkanes are observed to increase with the 

chain lengths in general. However, a decrease of ∆Ix values is observed in 1-fluoroalkanes after 

carbon number 4. However, more data points are needed to confirm the trends with the chain 

length. Figure 4.12b represents the ∆Ix values of perfluoro- and perchloro- alkanes. The ∆Ix of 

perfluoroalkanes are observed to decrease from -5 units (carbon number =1) to -700 units (carbon 

number =12); after that, it increases to -550 units at carbon number=14. On the other hand, ∆Ix 

values of perchloroalkanes are observed to increase from 550 units (carbon number=1) to 1350 

units (carbon number=3). More datapoints/reporting are needed to calculate the 95% confidence 

levels of these datapoints. 
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Figure 4.12: ∆Ix of linear 1-fluoro, 1-chloro-, 1-bromo, and 1-iodo alkanes as a function of total 

carbon number. (b) ∆Ix of linear perfluoro- and perchloro-alkanes as a function of total carbon 

number. 

. 

4.4. Discussion: 

4.4.1. Deconstruction of InChI code: 

The IUPAC International Chemical Identifier (InChI) is a textual identifier for different chemical 

compounds. It is constructed to provide a standard way to convert most of the molecular 

information into a single string.47 The InChI string for morphine is written as follows: 

 

InChI=1S/C17H19NO3/c1-18-7-6-17-10-3-5-13(20)16(17)21-15-12(19)4-2-9(14(15)17)8-

11(10)18/h2-5,10-11,13,16,19-20H,6-8H2,1H3/t10-,11+,13-,16-,17-/m0/s1   

 

An InChI string contains a few layers. Each layer is separated by a slash (/). The first layer is 1S, 

which indicates the version of the InChI code. The second layer is the chemical formula. The third 

layer starts with “c”, a short form of connectivity. In this example, the backbone of morphine is 

based on carbon, nitrogen, and oxygen atoms. Indexing these atoms is performed after maintaining 

equal weightings on all the sides of the molecule. Usage of parenthesis, hyphen, and comma are 

also common to describe the branching. The fourth layer starts with “h”, a short form of hydrogen 

connections. There are three descriptions to denote atoms that are connected to one hydrogen (H), 

two hydrogens (H2), and three hydrogens (H3). The letter “t” in the fifth layer signifies the 
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tautomerism. Also, the layers after hydrogen connectivity are used to show various isomeric 

variations, such as tautomerism (t), stereomerism (s), conformerism (m), and isotopes (i). The 

InChI strings are more detailed than canonical SMILES strings, as they do not capture the 

information about isomers.48 

 

The branching of the compounds is described in the connectivity layers. A few patterns in the 

connectivity layers are observed: 

• If it is a linear alkane/alkene/alkyne structure or other linear structure, then only hyphens are 

used. For example, the InChI string for n-octane is written as follows: InChI=1S/C8H18/c1-3-

5-7-8-6-4-2/h3-8H2,1-2H3. The connectivity layer only contains the hyphen symbol. 

• If the alkane structure contains branches and only C-(C)3(H) groups, then parentheses are used. 

For example, the InChI string of 2,4-dimethyl hexane is written as follows: 

InChI=1S/C8H18/c1-5-8(4)6-7(2)3/h7-8H,5-6H2,1-4H3. Here the parentheses are used to 

denote the branch started from an atom. To be specific, “5-8(4)6” expression suggests that the 

8th carbon atom is connected to 5th and 6th atoms as a part of the largest backbone. It is also 

connected with 4th carbon atom which is the branch. 

• If the alkane structure contains branches and only C-(C)4 groups, then parentheses and commas 

are used. For example, the InChI string of 2,2,4-trimethyl pentane is written as follows: 

InChI=1S/C8H18/c1-7(2)6-8(3,4)5/h7H,6H2,1-5H3. The connectivity layer, “6-8(3,4)5” 

suggests that 8th carbon atom is connected to 6th and 5th carbon atoms a part of the largest 

backbone. The 8th atom is attached with 3rd and 4th carbon atoms as two branches.  

• If the connectivity layer has repetitions of a same index number, then it is a cyclo-compound. 

The number of rings is the number of indices that are being repeated in the connectivity layer. 

For example, the InChI string for c-hexane is InChI=1S/C6H12/c1-2-4-6-5-3-1/h1-6H2. Here 

the index of the first carbon atom is repeated. The InChI string of bicyclo-[3.1.0]- hexane is 

InChI=1S/C6H10/c1-2-5-4-6(5)3-1/h5-6H,1-4H2. It is a compound with a cyclopentane fused 

with a cyclopropane. In the connectivity layer, the indices of 1st and 5th carbon atoms are 

repeated, indicating two rings.  

• The information about the double-bonded and triple-bonded carbon atoms can be extracted from 

the connectivity and hydrogen layers. If a carbon atom is connected to total three atoms, then it 

is double-bonded, and if it is connected to total two atoms, then it is triple-bonded. 
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• The cis- and trans- conformers can be obtained from the isomer layers. For example, E-2-butene 

is InChI=1S/C4H8/c1-3-4-2/h3-4H,1-2H3/b4-3+, and Z-2-butene is InChI=1S/C4H8/c1-3-4-

2/h3-4H,1-2H3/b4-3-. The trans structure has a plus sign at the end of the fifth layer, and the 

cis structure has minus/hyphen sign at the end. 

• A benzene ring can be identified if six carbon atoms are connected and they are double-bonded. 

 

4.4.2. Descriptors: 

InChI strings are used to extract the molecular descriptors. A MATLAB code is prepared after 

collecting the InChI strings of the hydrocarbons to obtain the number of atoms, number of Benson 

groups, cis bonding, and ring-sizes. When a compound is detected to have multiple rings, then a 

modified depth-first search algorithm is implemented to find the exact ring size.49 There are 48 

Benson groups (Table 4.4), 10 atom descriptors (Table 4.5), and 10 new descriptors (Table 4.5) 

that are used. 

 

Degree of branching32 is often implemented to describe a branched molecule to capture effects due 

to group pairs or other larger faction of the molecule. For a polymer, it is defined by the 

concentrations of linear, terminal, and dendritic units of the polymer matrix.50 However, coming 

up with a general description of the degree of branching for molecules is difficult. For the present 

study, a different approach is used to define the degree of branching. In a branched alkane, the 

main chain is marked by an incremental index (i.e., from 1 to n). The direction of the numbering 

is determined in such a way that the sum of the positions of branching is the smallest. After that, 

the number of the position of branching are noted. If the position is m, then the mth prime number 

is noted. Finally, the degree of branching is defined by multiplying all those prime numbers. 

Defining degree of branching in a cyclo-compound is more difficult. For cyclohexane, there are 

total twelve positions where an aliphatic chain can add. It is even more complicated if an aliphatic 

chain has two rings at both ends. The degree of branching of each aliphatic chain is calculated 

according to the multiplication of prime numbers and they are finally added. There are nine 

descriptors used to understand the degree of branching. They are listed in Table 4.5 (descriptor 

numbers 60-68). 
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An artificial neural network code is used with two layers: a hidden layer with 10 sigmoid neurons 

and one output linear neuron, as used to address the total electron-ionization cross-section (EICS). 

The training strategy is same as in EICS, described in Chapter 2. 

 

Table 4.4: The Benson group descriptors used for the study. Cd is the double-bonded carbon, Ct is 

the triple-bonded carbon, Ca is the allene carbon, CB is the carbon in a benzene ring, and NA is the 

nitrogen in an amide. 

Serial number Group Description 

1 C-(C)(H)3 Benson group 

2 C-(C)2(H)2 Benson group 

3 C-(C)3(H) Benson group 

4 C-(C)4 Benson group 

5 Cd-(H)2 Benson group 

6 Cd-(C)(H) Benson group 

7 Cd-(C)2 Benson group 

8 CB-(H) Benson group 

9 CB-(C) Benson group 

10 Ct-(H) Benson group 

11 Ct-(C) Benson group 

12 Ca Benson group 

26 O-(C)(H) Benson group 

27 O-(C)2 Benson group 

28 C-(O)(C)(H)2 Benson group 

29 C-(O)(C)2(H) Benson group 

30 C-(O)(C)3 Benson group 

31 (CO)-(O)(C) Benson group 

32 (CO)-(C)(H) Benson group 

33 (CO)-(C)2 Benson group 

34 (CN)-(C) Benson group 

35 C-(N)(H)2 Benson group 

36 NA-(C) Benson group 

37 C-(NO2)(C)(H) Benson group 

38 C-(S)(C)(H)2 Benson group 

39 S-(C)(H) Benson group 

40 S-(C)2 Benson group 

41 C-(F)(C)(H)2 Benson group 

42 C-(Cl)(C)(H)2 Benson group 

43 C-(Br)(C)(H)2 Benson group 

44 C-(I)(C)(H)2 Benson group 

45 C-(F)(C)2(H) Benson group 
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Table 4.4 (Continued): 

46 C-(Cl)(C)2(H) Benson group 

47 C-(Br)(C)2(H) Benson group 

48 C-(I)(C)2(H) Benson group 

 

Table 4.5: The atom and new descriptors used for this study. 

Serial number Descriptor Description 

49 C Atom descriptor 

50 H Atom descriptor 

51 D Atom descriptor 

52 O Atom descriptor 

53 N Atom descriptor 

54 S Atom descriptor 

55 F Atom descriptor 

56 Cl Atom descriptor 

57 Br Atom descriptor 

58 I Atom descriptor 

59 Cis count 
New group, obtained from InChI string after counting 

total cis bonds. 

60 Ring Prime New group, calculated using prime multiplication. 

61 PSL 
New group, calculated using prime multiplication for 

secondary carbons in a linear compound. 

62 PTL 
New group, calculated using prime multiplication for 

tertiary carbons in a linear compound. 

63 PUL 
New group, calculated using prime multiplication for 

unsaturation in a linear compound. 

64 PSR 
New group, calculated using prime multiplication for 

secondary carbons in a cyclic compound. 

65 PTR 
New group, calculated using prime multiplication for 

tertiary carbons in a cyclic compound. 

66 PUR 
New group, calculated using prime multiplication for 

unsaturation carbons in a cyclic compound. 

67 PA 
New group, calculated using prime multiplication for 

CB in an aromatic compound. 

68 PNHC 
New group, calculated using prime multiplication for 

heteroatoms in a linear compound. 

 

 

4.4.3. Model Performance: 

The training performance (Figure 4.13) using these descriptors is not very good, as shown by the 

linear regression coefficient 0.88 for the predicted and experimental ∆Ix, slope β=0.87, intercept 
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or bias=-0.39, and root mean square error 128%. The descriptions of these statistical parameters 

can be found in Chapter 2. In a perfect model, the regression coefficient should be 1, β should be 

1, bias should be 0, and root mean square error should be 0%. ∆Ix is predicted at a factor of ten too 

low for multiply branched alkanes and phenyl compounds, due to how the degrees of branching 

are defined. The prime number multiplications are used to describe the compound structure 

accurately. However, in this method, the values of these descriptors (descriptors 61 to 66) are very 

large when the number of branches is more than five or six. 

 

 

Figure 4.13: Parity plot of experimental ∆Ix vs. ∆Ix predicted from a neural network shows 

deviations of datapoints. 

 

4.4.4. Group-pair descriptor: 

Number of conformers is calculated for multiply branched alkane isomers of n-decane according 

to Figure 4.2. The isomers include various methyl-nonanes, dimethyl-octanes, trimethyl-heptanes, 

and tetramethyl-hexanes. An approximate linear drop is observed in ∆Ix with the number of 

conformers (Figure 4.14a). The number of staggered conformers of 2,2,5,5-tetramethyl hexane is 

calculated to be 2 × 38 = 13,122. The number of staggered isomers is calculated after calculating 

the number of symmetric isomers after rotating a group in each group pair, and finally multiplying 

all these numbers. In Figure 4.14b, the number of symmetries in each group pair is mentions near 

the rotating bond of each group pair. The decrease of the Kováts index is maximum (-167±19) 
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among all the branched alkane isomers of n-decane. Also, 2,2,6-trimethyl heptane also has a 

significant drop in the Kováts index (-128±1). Also, the total number of conformers is estimated 

to be 5,832 (Figure 4.14c). On the other hand, in 3,3,4,4-tetramethyl hexane, the calculated total 

conformers are 5832. However, the drop is very small (-19±6). Here, rotation symmetry of the 

four methyl groups attached to 3rd and 4th carbons is three, and the rotation symmetry of the bond 

between the 3rd and 4th carbon is two. However, although these group pairs can rotate, due to steric 

hindrance, probably these groups will not rotate, and the number of conformers would be 

22 × 32 = 36. This study suggests that the counts of group pair (C)(CH3)2-C-C-(CH3)2(C) would 

be a preferred descriptor. 

 

 

Figure 4.14: (a) ∆Ix of different isomers of n-decane as a function of total conformers is calculated 

from the rotational symmetry of group pairs; (b)-(d) are isomers with their names and ∆Ix values 

(written in black color). The numbers written in red color are the number of symmetries of 

individual group pairs to same staggered conformation. A multiplication of these values is used to 

obtain the total number of conformers. 
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4.5. Conclusion: 

The average non-polar Kováts index shows various trends in different classes of compounds. In 

the branched alkanes, decreases of Kováts indices are observed relative to the corresponding n-

alkanes. On the other hand, increases are observed in the Kováts index of the cycloalkanes (n<28). 

In the first case, the number of methyl groups is higher than in n-alkanes, which has only two. In 

the second case, there are no methyl groups. Due to the presence of a methyl group, the entropy of 

adsorption increases, and that probably lowers the Kováts index. In case of alkenes, alkynes, and 

aromatic compounds, influences of π-π interactions are observed. Ortho isomers of the aromatic 

compounds have the largest drops in the Kováts index from corresponding n-alkanes. Among 

different oxygen functional groups, due to the hydroxy groups, a maximum increase in the Kováts 

index is observed. Various nitrogen, sulfur and halogen groups also influence the Kováts index. 

The predictive neural network model suggests that the combination of group pairs is necessary to 

model the difference in the Kováts index. 
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CHAPTER 5: THERMAL DEGRADATION KINETICS OF DIPHENYL 

OXIDE/BIPHENYL HEAT-TRANSFER FLUIDS 
 

 

5.1. Introduction: 

Therminol® VP-1, DowthermTM A, and LANXESS Diphyl heat-transfer fluids consist of a 

eutectic mixture of 73.5 wt. % diphenyl ether (DPO, 1,1'-oxydibenzene) and 26.5 wt. % biphenyl 

(BP) [Figure 5.1]. This mixture is widely used for high-temperature heat transfer in the chemical 

process industries and in parabolic-trough solar power plants to transfer heat from the solar 

collector to the power cycles.2 Using this heat-transfer fluid is popular in solar technology because 

it is cost-effective; has a low melting point (12℃), preventing freezing when the solar plant is not 

in operation; and is thermally stable at high temperature (390℃ to 400℃) compared to paraffin-

based or hydrogenated poly-phenyl-based heat transfer fluids.51 One drawback is its high vapor 

pressure at operating temperatures (10.6 bars at 399℃).  

 

 

Figure 5.1: Diphenyl ether (left) and biphenyl (right). 

 

Under operation after a long period of time, Therminol® VP-1 also degrades. The major 

degradation products are benzene, phenol, dibenzofuran (DBF), and larger species such as poly-

phenyls (e.g. terphenyls) and poly-phenoxy-phenyls.52A large buildup of hydrogen gas in the steel 

tubes lowers the heat transfer efficiency as the hydrogen gas diffuses through the steel walls.52 

Also, polymerization leads to tar formation. Consideration of the bond strengths of DPO and BP 

suggests that the ether bond in DPO is the weakest bond among all bonds and will probably break 

apart during the degradation process. However, a test of this hypothesis and a complete picture of 

the degradation process are still missing. 
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5.1.1. Literature on the BP decomposition: 

Thermal stability of BP has been a point of interest since 1960s, as it was used as a coolant for 

nuclear reactors.52 It is also important to the fossil-fuel industries because it appears as a thermally 

stable compound in various coals and in the aromatic streams derived from petroleum,52 so its 

degradation kinetics has been studied extensively before.  

 

In 1963, Rainey and Yeatts53 investigated the degradation of liquid biphenyl at 422-446℃ (695-

719 K) both in inert atmosphere, in the presence of oxygen, and in the presence of water for a 

maximum of 48 hours reaction time. They observed a very small amount of degradation of 

biphenyl at 422℃ after 48 hours (1.0 mol % conversion) under inert atmosphere with yields of 

0.56 mol % benzene, 0.32 % terphenyls, 0.11 % quaterphenyl, and 0.03 mol % H2 with respect to 

the initial moles of biphenyl. The estimated degradation rate coefficient of biphenyl under an inert 

atmosphere is53: 

𝑘𝐵𝑃 = 1.2 × 1012exp (
−62.0 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙

𝑅𝑇
) ℎ𝑟−1      (5.1) 

Rainey and Yeatts53 measured activation energy of the biphenyl degradation as 62.0 kcal/mol, 

which is at least 40 kcal/mole lower than the bond dissociation energies of Cb-H and Cb-Cb bonds 

present in biphenyl (Cb is a carbon atom present in a phenyl ring). They suggested that neither the 

homolytic scission of the Cb-Cb bonds nor the disproportionation of an H atom from a biphenyl by 

another thermally excited biphenyl molecule to form biphenylyl and phenyl-cyclohexadienyl 

radicals is likely to be an initial step of the degradation process (Figure 5.2).  

 

Figure 5.2: The top reaction (a) is the homolytic scission of Cb-Cb bond in biphenyl. Reaction (b) 

is an example of the abstraction of an H atom by disproportionation of biphenyls to form a 

biphenylyl and a phenyl-cyclohexadienyl radical. 
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Other experimental measurements of the Arrhenius activation energy for the first-order biphenyl 

decomposition are 66 kcal/mol [Gaumann and Rayroux54], 74 kcal/mol [de Halas55], 93 kcal/mol 

[Kuper56], and 72.1 kcal/mol [Proksch et al.57]. Rate coefficient expressions are reported in Table 

5.1. 

 

In their review, Moens and Blake52 suggested that an attack of a hydrogen atom H• on the benzene 

ring to form a phenyl cyclohexadienyl radical intermediate, followed by an intramolecular H-

transfer reaction to form a phenyl radical and benzene molecule, might be the initial steps for the 

biphenyl decomposition (Figure 5.3). 

 

Figure 5.3: Attack of a hydrogen atom on biphenyl to form a benzene molecule and phenyl radical. 

 

The major problem with the reaction in Figure 5.3 is that the reaction needs to have a comparatively 

high concentration of hydrogen atom for this reaction to occur. Wall chemistry might be a source 

for that. Along with the major products, Rainey and Yeatts53 previously observed the formation of 

other small hydrocarbons in low amounts and suggested that their formation might be due to 

decomposition of benzene at the surface. These hydrocarbons also might be a source of hydrogen 

atoms.  

 

However, the decomposition of biphenyl is at 422℃ is very slow, and at 390-400℃, it will be 

slower.52 The H2, CO and CH4 yields are on the order of of 10-6 after 48 hours of degradation at 

422℃. The presence of CO raises doubts about the purity of the biphenyl sample and the 

environment.3 
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Table 5.1: Experimental 1st-order rate coefficients for biphenyl decomposition (boiling point 

523K). 

References Rate coefficient kBP, s-1 T, K Environment 

Rainey and 

Yeatts 53 
108.52exp (

−62.0 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙

𝑅𝑇
) 695-719 K 

Pure in sealed 

Pyrex ampoule, 

vacuum 

Gäumann and 

Rayroux54 
1014±2exp (

−66 ± 8 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙

𝑅𝑇
) 711-745 

Pure in sealed 

Pyrex ampoule 

Kuper56 1026exp (
−93 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙

𝑅𝑇
) 672.1-713.8 

Pure in sealed 

Pyrex ampoule, 

vacuum 

de Halas55 1015.01exp (
−74 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙

𝑅𝑇
) 698-773 

Glass-liner filled 

with biphenyl, 

Glass liner placed 

in a sealed steel 

vessel, vacuum 

Proksch et al.57 

[as found in the 

report of Moens 

and Blake52] 

1015.03exp (
−72.1 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙

𝑅𝑇
) 693-738 

Pure biphenyl, 

sealed, vacuum 

Bruinsma et al.10 
1016.37exp (

−91.7 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙

𝑅𝑇
) 

1050-1150 Gas, 1.25 bar Ar 

 

 

5.1.2. Literature on the DPO decomposition: 

Diphenyl ether pyrolysis has been studied because it is a model compound for coal and lignin 

pyrolysis. These materials contain aryl ether bonds, so the thermal decomposition process of 

diphenyl ether provides an insight to understand degradation process of coal or lignin. Three 

relevant studies are by  include Bruinsma et al.58 who measured the kinetics at 707-767°C (1050-

1150K) and 1.25 bar in an argon bath; Custodis et al.59 who identified products from DPO from 

the flash-pyrolysis experiments in a flow reactor at 650-900℃, 1 atm pressure under a helium 

blanket; and  Van Scheppingen et al.,60 who measured the gas phase kinetics of DPO over 850-

895℃ (1123-1168K) at 1 atm pressure and in vacuum. 

 

A decomposition rate coefficient for the DPO was reported by Bruinsma et al.58 at 1050-1150K 

(707-767°C) and 1.25 bar in an argon bath, shown as Equation 5.5. However, no product analysis 

was performed. 
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𝑘𝐷𝑃𝑂 = 1.11 × 1012exp (
−60.708 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙

𝑅𝑇
) 𝑠−1     (5.5) 

 

A recent flash pyrolysis-GC/MS pyrolysis study by Custodis et al.59 reports a semi-quantitative 

product distribution (in % of total GC response) from DPO decomposition at 650-900℃, 1 atm 

and helium environment. To reinterpret these data as %molar yield, their semiquantitative product 

distribution is converted by multiplying their signals with the ratio of electron-ionization cross 

sections predicted by a machine-learning algorithm developed by our lab. The heat rate 

implemented in the flash pyrolyzer (CDS Pyroprobe) was very high (20℃ per ms) with one minute 

of isothermal holding time at the final temperature. The flash pyrolysis degrades a material very 

fast. However, a flash pyrolyzer does not follow the principles of a constant-volume batch reactor 

or a plug flow reactor to estimate the kinetics data. That is why it is good for identifying products 

at different reaction temperatures only. Besides, the degradation kinetics information might be 

affected by the evaporation of DPO (boiling point of DPO = 258℃) during the pyrolysis. The 

reinterpreted data then give  0.4 mol % to 14 mol % conversion of DPO in the temperature range 

(Figure 5.5). Benzene, dibenzofuran, and biphenyl are the high-yield products. Phenol’s yield is 

surprisingly low. However, they also observed formation of CO (not shown in Figure 5), possibly 

due to other reaction routes of phenoxyl radicals (Figure 5.4d and 5.4e) under the extreme 

conditions. The total yield of the larger molecular weight-species (or grown species) is also very 

high. Among them, phenoxy biphenyls and diphenoxy biphenyls are high-yield products. 
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Figure 5.5: Product yields from DPO pyrolysis, obtained by analyzing the data of Custodis et al.11 

using the electron-ionization cross section ratios from a model developed by our lab (Chapter 2). 

 

Van Scheppingen et al.60 performed experiments to understand the decomposition kinetics of DPO 

over 850-895℃ at 1 atm under the presence of excess hydrogen gas (85.80 mol % H2, 13.96 mol 

% N2 and 0.24 mol % DPO) in a quartz tube reactor with 24 ms residence time. They also 

performed kinetic experiments under vacuum (0.5-5 mTorr) and DFT calculations to find the 

pressure-dependent rate coefficients. After the pyrolysis, benzene, phenol, CO and 

cyclopentadiene were identified as the major products, and dibenzofuran (DBF) and ortho-

hydroxybiphenyl were the minor products. They proposed that after the homolytic scission of the 
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aryl ether bonds, phenyl and phenoxyl radicals were formed (Figure 5.4a). As the hydrogen was 

used in excess, it prevented the recombination of two phenyl radicals to form biphenyl; instead, 

the phenyl radical abstracted hydrogen atom from the hydrogen molecule to form benzene [Figure 

5.4b]. Hydrogen abstraction by phenoxyl radicals from hydrogen molecule was also considered 

[Figure 5.4c]. However, this reaction choice seems doubtful due to the resonance stability of 

phenoxyl radical. The authors suggested the phenoxyl radical can go through decomposition to 

form cyclopentadienyl radical and CO [Figure 5.4d]. The cyclopentadienyl radical can recombine 

with a hydrogen radical to form cyclopentadiene [Figure 5.4e]. The phenoxyl radicals have other 

reaction channels whereas the phenyls only form benzene, so the moles of benzene formed are 

equal to the moles of DPO decomposed. The authors also suggested a recombination of two 

phenoxyl radicals to form an intermediate that forms DBF [Figure 5.4f]. However, the oxygen 

balance is wrong in this reaction. In addition, obtaining the unimolecular decomposition rate of 

DPO is difficult under the presence of hydrogen radicals as the ether bond in DPO can go through 

a radical-assisted bimolecular decomposition to form benzene and phenoxyl radical [Figure 5.4g]. 

The authors estimated the rate of unimolecular decay of DPO after subtracting twice the rate of 

benzene and hydroxyl radical formation after the attack of a hydrogen radical on phenol [Figure 

5.4h]. Their inferred rate coefficients are provided in Table 5.2. 

 

The authors also suggested two other values for DPO decomposition rate coefficients: one obtained 

by using the equality of initial DPO in moles and the final DPO in moles plus final benzene 

generated in moles, and another from the experiment in vacuum coupled with the DFT calculations 

(Eqs. 5.3 and 5.4, respectively): 

𝑘𝐷𝑃𝑂 = 1015.4exp (
−74.9 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙

𝑅𝑇
) 𝑠−1      (5.3) 

𝑘𝐷𝑃𝑂 = 1015.5exp (
−75.7 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙

𝑅𝑇
) 𝑠−1      (5.4) 

Among the three kDPO rate coefficients, the one from 1 atm pressure and with excess H2 

experiments (Table 5.2) is the closest to the experimental data points. 
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Figure 5.4: Reactions associated with DPO decomposition as provided by van Scheppingen et al.60 
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Table 5.2: Experimental rate coefficients for DPO kinetics by van Scheppingen et al.60 

Reactions Under 1 atm, excess H2 

 

𝑘𝐷𝑃𝑂 = 1015.5exp (
−75.3 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙

𝑅𝑇
) 𝑠−1 

  

109.0exp (
−23 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙

𝑅𝑇
) 𝑐𝑚3𝑚𝑜𝑙−1𝑠−1 

  

1011.4exp (
−44 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙

𝑅𝑇
) 𝑠−1 

 

108.2 𝑐𝑚3𝑚𝑜𝑙−1𝑠−1 

 

109.94exp (
−6.1 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙

𝑅𝑇
)  𝑐𝑚3𝑚𝑜𝑙−1𝑠−1 

 

109.94exp (
−6.1 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙

𝑅𝑇
)  𝑐𝑚3𝑚𝑜𝑙−1𝑠−1 

 

 

5.1.3. Literature on BP/DPO mixture decomposition: 

ASTM D6743 is a standard operating procedure to test the thermal stability of a heat-transfer fluid. 

A constant-volume stainless steel reactor is used to degrade 27±0.2 g of fresh heat-transfer fluid 

in a N2 atmosphere at 371°C for a fixed amount of time. After the heating period is over, an 

acetone/dry ice bath is used to condense most of the material. Analysis of the fresh HTF and the 

pyrolysis oil is performed in a GC/MS. From the GC/MS analysis of the fresh sample, a baseline 

is subtracted. After that, the elution temperature for 0.5% of the total peak area of that 

chromatogram is marked as the initial boiling point of the fresh oil. When the peak area is 99.5% 

of the total peak area, then the elution temperature is marked as the final boiling temperature. 

However, a few factors might affect the peak area: The solvent peak, any air bubble trapped in the 

syringe during the liquid injection, the bleeding of the polymer fragments from GC columns, 

impurities in the solvent, the split ratio of GC, and the amount of injection. However, for the 

analysis of the degraded oil, the GC/MS run is performed to know how many compounds are 

eluting before the initial boiling point and how many compounds are eluting after the final boiling 
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point. After that, mass fractions of the total low-boiling-point species and the total high-boiling-

point species are calculated. The mass fraction number of the low-boiling-point species in the 

degraded pyrolysis oil is corrected by the knowledge of how much compound did not dissolve in 

the liquid phase in the first place during the cooling in acetone/dry-ice bath. On the other hand, the 

mole fraction of the higher-boiling-point species is corrected by a measurement of tar from 

distillation. After that, these amounts are subtracted from the 100 mass% fresh oil to know the % 

degradation of liquid. 

 

It is a good method to compare thermal stabilities of two heat-transfer fluids. However, there are 

two problems for the kinetics measurement from the %mass degradation measurements of 

Therminol® VP-1 or DowthermTM A from ASTM D6743. One is the conversion from mass 

fraction to mole fraction. Total moles of species will change after the degradation based on the 

stoichiometry of the elementary degradation steps, even though the mass is conserved. The second 

problem is dibenzofuran. Even though the real boiling point of DBF (285°C) is higher than that of 

DPO (258°C) and BP (255°C), they elute at very similar temperature ranges during the GC/MS 

analysis using a 100% polydimethylsiloxane column. These peaks lie closer if the split ratio is 

small, if injection volume is high, or if heating rate is high. 

 

Moens and Blake52 studied the decomposition of DowthermTM A at 400-425℃ for 120 hours in 

inert atmosphere using ASTM D6743. They observed 8 mass% degradation of the starting material 

at 425℃. A 17% increase in the viscosity at 425℃ was also observed, a signature of larger species 

being present in the degraded sample, generated due to polymerization reactions. After performing 

gel permeation chromatography, Moens and Blake52 confirmed the presence of very large species. 

In addition, the confirmed species in the liquid were benzene, phenol, DBF, hydroxy biphenyls, 

phenoxy biphenyls, and di-phenoxy-biphenyls. The gas product contained H2 and other small 

hydrocarbons. They also found that the quantified output of the GPC was well-correlated with the 

viscosity of the sample. Finally, from the fitted rate, a first-order Arrhenius activation energy value 

was reported (72 kcal/mol). They discussed a few other possible sources that could provide a high 

yield of H2. One source is the aliphatic impurity in the DowthermTM A mixture. Another source is 

the metal and metal oxide on the surface of the reactor that could catalyze DPO reactions. Metals 

and their oxides can abstract two hydrogen atoms from two ortho positions of individual phenyl 

rings of DPO and can form hydrogen gas and DBF under the operating condition. 
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Lang and Lee2 performed 2-, 10-, and 20-week-long experiments at 427, 399 and 371℃ on 99.9% 

pure and 99.5% pure DowthermTM A. The chlorine impurity content is different in these samples. 

However, identities of other impurities are not mentioned. The authors measured the % mass 

degradation of DowthermTM A that was degraded using the ASTM D6743 method. After 18 weeks 

at 371℃, they observed a lower degradation in the purer fluid mixture (ca. 1.3 %) compared to the 

impure one (ca. 4.5 %). At 400℃ also the observation was same, and there was a distinct difference 

in the degradations after 8 weeks (ca. 6% in the purer one and ca. 11% in the impure one). 

However, the degradation amounts are similar at 427℃ after 2 weeks (ca. 13% in the purer fluid 

mixture and ca. 15% in the impure one). It indicates that at lower temperatures the impurity plays 

a role in rapid degradation of the material. However, it was not clear which impurity plays the role 

in degradation of DowthermTM A.  

 

Lang and Lee2 reported multiple measurements of % degradation vs. time on different 

DowthermTM A samples. The % mass degradation of the DowthermTM A is equivalent to (mass of 

fresh DowthermTM A – mass of degraded DowthermTM A)/(mass of fresh DowthermTM A). If we 

assume that the total moles did not change very much during the degradation process, then a first-

order Arrhenius rate kinetics measurement from the initial two datapoints are possible using 

constant-volume batch reactor equation. Only the average values of the fitted parameters are 

reported in Table 5.3, as no standard deviations were reported for the experiments. However, due 

to underlying assumptions, discussed earlier, the usefulness of the rate constants estimated from 

the % mass degradation data for the degradation study is questionable. 

 

Table 5.3: First-order decomposition rate coefficient for DowthermTM A (Lang and Lee2).  

DowthermTM A kDowtherm 

99.9 % pure 1016.9exp (
−76.4 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙

𝑅𝑇
) 𝑠−1 

99.5 % pure 104.8exp (
−33.9 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙

𝑅𝑇
) 𝑠−1 
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5.2. Experimental procedure: 

Fresh samples of Therminol® VP-1 heat transfer fluids are degraded at 700℉ or 371℃ 

temperature for 1000 hours in closed ampoules under N2 blanket using the ASTM D6743 method 

in Eastman Chemical Co. laboratories. At the end of the experiments, the samples are dropped in 

a dry ice/acetone bath. Subsequently, the pyrolysis-oil and the fresh sample are transported our 

laboratory at North Carolina State University and analyzed with two-dimensional gas 

chromatography coupled with electron-ionization time-of-flight mass spectrometry (GC×GC/EI-

ToFMS, Leco, Pegasus 4D) using 0.1 to 5 µl injections. Another sample is of the degraded 

Therminol® VP-1 is also analyzed that was degraded for many years in the solar power plant at 

740℉ or 393℃. In these power plants, expansion tanks are used to control the pressure. The vapor 

pressure of Therminol® VP-1 at 393℃ is 9.85 bars. An expansion tank provides 20 psi or 1.38 

bar more pressure than the vapor pressure to keep Therminol® VP-1 in liquid phase. 

The front inlet temperature in the GC oven is kept at 300℃ during the analysis. Samples are 

syringe-injected in such a way that the sample falls on the top of the quartz wool inside the inlet 

liner to enhance the time of vaporization. A flow of 1.2 standard ml/min helium gas is used to 

carry the eluents to GC columns. The split ratio is kept at 1:100 for GC column input : purge 

stream. At the junction of the two series columns, a cold liquid-nitrogen jet (liquid nitrogen, 22 

psi) is used to cryotrap eluents coming out from the first column for a very short period (0.3 to 2 

s). A comparatively hot nitrogen jet (nitrogen, 235 psi) is then used to vaporize the frozen cuts to 

mimic impulse injection into the second column. Total modulation period is set at 10 s. The 

temperature program for the primary-column oven is 30°C initially, held for 5 min, then ramped 

at 5°C/min to 320°C, then held for 10 min. In the meantime, the secondary column is initially at 

50°C, held for 2 min, then ramped at 5°C/min to 320°C, and held for 24 min. The modulator oven 

is kept 5°C hotter than the secondary oven during the run period. A comparatively fast temperature 

program with a 20°C/min ramp is also implemented to perform multiple repetitions within a short 

period of time. The columns used were a nonpolar 30m x 0.25mm ID x 0.25μm Rxi-1ms primary 

column (Restek) and a 2m x 0.15mm ID x 0.15μm Rxi-5Sil MS secondary column (Restek). The 

mass spectrometer operates in m/z=5-1000 range, so detection of H2 is not possible. 

For the calibration, benzene, toluene, phenol, biphenyl, o-terphenyl, m-terphenyl and p-terphenyl 

with very high purity (>99.9 %) are procured from Sigma Aldrich. Their calibration standards are 
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prepared using HPLC grade methylene chloride (procured from Fisher Scientific) and are injected 

to the gas chromatograph. The calibration factors of these compounds are measured using Eq.5.6. 

Total ion peak area (µC) = (Calibration factor)*(µmol injected) + intercept    (5.6) 

The calibration factor of the biphenyl is already known, as 0.1 to 1 µl injections of fresh 

Therminol® VP-1 are performed to obtain the calibration factor of DPO. As the injected liquid is 

a eutectic mixture of 71.53 mol % DPO and 28.46 mol % BP, and the purity is of VP-1 is > 99.7 

mol %, a precise measurement of the calibration factor of DPO was possible. 

Detector saturation and background noise in the mass spectrometer can affect the measurements 

of linear calibration factors. If the amount of injection is very high, then the mass spectrometer 

might reach the detection limit, which lowers the values of the GC response (or peak area) and 

calibration factor. On the other hand, background noise artificially increases the GC response if 

the injected amount is very low and reaches the detection limit.  To understand this behavior, we 

purchased pure n-hexane (>99.9%, Fisher Scientific) and performed calibration experiments with 

a wide range of µmol injection. Figure 5.6 shows how the calibration factors of n-hexane change 

with the logarithm of average GC response. The calibration factors are very low at log(𝑎𝑣𝑔 µ𝐶) >

2, indicating detector saturation. On the other hand, calibration factors are very high after 

log(𝑎𝑣𝑔 µ𝐶) < 0.5, indicating the effect of background noise. 

The characteristic equation for the electron-impact ionization suggests that the total-ion current for 

an identified peak is proportional to the electron-ionization cross section (EICS), a property 

associated to the chemical structure of a compound.9 On the other hand, the total-ion peak area is 

also proportional to total-ion current of a peak. Thus, assuming negligible intercepts in Eq. 5.6 for 

two compounds, the following proportionality is written: 

𝐶𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑖

𝐶𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑗
=

𝐸𝐼𝐶𝑆 𝑜𝑓𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑖 

𝐸𝐼𝐶𝑆 𝑜𝑓 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑗
      (5.7) 
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Figure 5.6: (a) Linear calibration factors of n-hexane as a function of logarithm of the average peak 

area at different ranges of µC. (b) Intercept of n-hexane as a function of logarithm of the average 

peak area at different ranges of µC. It suggests a saturation in detector after 100 µC. 

 

For the present study, n-hexane is used as the reference compound. Once the ratio of electron-

ionization cross sections of n-hexane and a compound is known, the calibration factor will also be 

known for a fixed GC response value of that compound. A machine-learning code was developed 

in our lab to estimate the EICS of the compounds that are not available commercially (Chapter 2). 

Table 5.4 reports the EICS of various compounds from experiments and the machine-learning 

model. A good agreement between the predicted and measured EICS is found. 

Once we have the calibration factors for the identified species, their µmol/ml concentrations are 

calculated. Assuming all species have been identified in GC×GC/MS from the pyrolysis oil or in 

fresh oil sample, concentrations of all species are summed, and they are converted to mole 

percentages. 
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Table 5.4: Measured and estimated electron ionization cross sections. EICS for n-hexane is 20.0 

Å2 for both experiments and model. 

Compounds 
EICS from experiments (in 

Å2) 

EICS from machine learning 

(in Å2) 

Benzene 15.2±1.5 15.20±0.21 

Toluene 18.1±2.7 18.14±0.29 

Ethylbenzene 18.9±0.7 18.87±0.05 

Phenol 13.9±0.2 13.87±0.08 

Biphenyl or BP 28.8±1.9 28.78±0.10 

Diphenyl oxide or DPO 29.3±5.1 31.24±0.42 

o-Terphenyl 55.4±18.4 54.78±2.13 

m-Terphenyl 80.8±4.2 80.10±1.02 

p-Terphenyl 70.8±11.4 70.7±1.57 

Triphenylene 11.3±2.9 11.3±0.70 

Dibenzofuran or DBF  40.86±0.18 

1,1'-Biphenyl-4-phenoxy  70.72±0.17 

1,1'-Biphenyl-2-phenoxy  55.62±0.35 

1-Phenyl dibenzofuran  44.31±0.51 

Phenol, 3-phenoxy-  35.62±0.23 

Quaterphenyl, 2 ortho  80.39±0.20 

Quaterphenyl, 2 meta  127.48±0.95 

Quaterphenyl, 2 para  109.81±0.73 

1,1'-Biphenyl, 4-methyl-  37.61±0.30 

o-Hydroxy biphenyl  32.58±0.82 

m- Hydroxy biphenyl  41.37±0.38 

p- Hydroxy biphenyl  36.38±0.16 

 

 

5.3. Results: 

5.3.1. Identified compounds in fresh VP-1: 

The peak area analysis of GC×GC/MS analysis on 0.1 to 5 µl of fresh Therminol® VP-1sample 

reveals that the peaks of DPO and BP have the highest peak area. Other than that, small peaks of 

benzene, toluene, chloro-benzene, naphthalene, ethylbenzene, o-hydroxy biphenyl, p-methyl 

biphenyl, and dibenzofuran are also identified (see Figure 5.7). Among these impurity peaks, the 

total peak area of o-hydroxy biphenyl is largest.  
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5.3.2. Identified compounds in degraded VP-1: 

In addition to the BP and DPO peaks, the chromatogram of the process-degraded Therminol® VP-

1 contains peaks of benzene, phenol; DBF; o-, m-, p- hydroxy-biphenyls; o-, m-, p- terphenyls; o- 

and p-phenoxy-biphenyls; 1-phenyl dibenzofuran; triphenylene; quaterphenyl; and peaks of larger 

molecular weight compounds (see Figures 5.8 and 5.9). Among them, BP, DPO, benzene, phenol 

and DBF have very high peak areas. The ampoule-degraded Therminol® VP-1 also has similar 

species identification. However, the peak areas per µl of injection are different from the process-

degraded sample. 

 

5.3.3. Product distribution: 

In the fresh sample: The eutectic composition of the BP and DPO mixture is of 71.53 mol % 

DPO and 28.46 mol % BP (Figure 5.10). However, due to the presence of the impurities, the 

composition varies slightly (Figure 5.10). From the direct calibration measurements of BP and 

DPO, 26.8 ± 3.1 mol % BP and 72.9 ± 7.0 mol% DPO are observed. The composition values from 

the machine learning EICS are very close to that obtained from the direct calibration 

measurements. In addition, a total of 0.25 ± 0.02 mol % impurity is observed. Among them, o-

hydroxy biphenyl (0.14 ± 0.02 mol%), p-hydroxy biphenyl (0.04 ± 0.00 mol%), p-methyl biphenyl 

(0.03 ± 0.00 mol%), and benzene (0.02 ± 0.00 mol%) are present. There might be other impurities 

as well that is not detected from the experiments. It suggests that the fresh Therminol® VP-1 is 

less than 99.75 mol % pure. The presence of hydroxy-biphenyls and DBF and their lower mol% 

indicate the DPO in the “fresh” sample might go through a minor decomposition.  

 

In the degraded samples: The product distribution in the degraded pyrolysis oils is different 

(Figure 5.11) compared to the fresh Therminol® VP-1. During the degradation process, lighter 

compounds such as H2, benzene and phenol are generated, staying in the gas phase at operating 

conditions. During LN2 cooling, benzene and phenol are mostly transferred to the liquid phase. 

However, H2 can diffuse through the steel walls of the ampoules.52 A small amount of H2 might 

be dissolved in the pyrolysis liquid61 but it is not detectable by the MS. Due to low boiling points, 

some benzene and phenol might also escape while the pyrolysis oil is transported for the gas 

chromatography analysis. Thus, liquid pyrolysis oil represents a fraction of the total degraded 

products and the y-axis in Figure 5.11 only represents the measured pyrolysis oil. 
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Figure 5.7: Chromatogram after 5 µl fresh VP-1 injection. The ramp rate is 5℃/min. 

 

Figure 5.8: The chromatogram after 5 µl process-degraded VP-1 injection. The ramp rate is 

5℃/min. 
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Figure 5.9: Various species are identified in degraded Therminol® VP-1. Apart from BP and DPO, 

benzene, phenol and DBF have very high peak areas. There are five growth species which are 

identified by their molecular ions from the mass spectra. Their molecular weights are mentioned. 
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Figure 5.10: The product distribution from the fresh Therminol® VP-1 sample. 

 

Assuming little light gas is generated, and that negligible amounts of benzene and phenol escaped 

the pyrolysis oil, the following observations are reported. In both degraded samples, the amounts 

of BP and DPO are observed to decrease. In the fresh sample, the amount of BP is 26.8 ± 3.1 mol 

%; in the process-degraded sample, it is 21.8 ± 2.3 mol %; and in the ampoule-degraded sample, 

it is 14.9 ± 2.2 mol %. In the fresh sample, the amount of DPO is 72.9 ± 7.0 mol%; in the process-

degraded sample, it is 37.4 ± 3.2 mol%; and in the ampoule-degraded sample, it is 52.6 ± 9.5 

mol%. 

 

In the degraded liquid oil of the ampoule, 8.6 ± 1.7 mol% benzene, 14.6 ± 4.2 mol% phenol, 8.6 

± 1.1 mol% dibenzofuran, and 0.37 ± 0.05 mol% p-terphenyl are observed. In the degraded liquid 

oil from the process, 26.9 ± 1.5 mol% phenol is present.  

 

Along with that, multiple growth species are also present that are not present in the ampoule-

degraded sample. It indicates a slow buildup of phenol over time. The small amount of grown 

species in the ampoule-degraded oil suggests the rate at which species are formed is also very 
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small. A lower mol% of DBF and the appearance of 1-phenyl dibenzofuran in the process-

degraded oil indicates that DBF also decomposes over time in the process. 

 

5.3.4. Oxygen balance on the degraded samples: 

In the degraded Therminol® VP-1, the oxygen-containing compounds are phenol, DPO, o-

hydroxy biphenyl, p-hydroxy biphenyl, DBF, and other grown species. The vapor pressures of 

these compounds are lower compared to phenol. Thus, it is assumed that these compounds stay in 

the liquid phase after cooling down the degraded sample. Phenol’s boiling point is also low 

compared to other compounds; thus it is possible that only phenol escapes the liquid matrix. An 

oxygen balance can provide a better idea. Under the assumption that every oxygenate will be in 

the liquid before and after the pyrolysis, moles of oxygen are balanced and reported in Table 5.5. 

 

 

Figure 5.11: Product distribution in different degraded Therminol® VP-1 compared to fresh 

Therminol® VP-1. 



 

130 

 

Table 5.5: Oxygen balance in fresh and degraded oils. 

Compounds 

Average mol % in process 

degraded oil minus the average 

mol % in fresh oil 

Average mol % in ampoule 

degraded oil minus the average 

mol % in fresh oil 

DPO -35.55 -20.35 

o-Hydroxy biphenyl -0.14 -0.11 

p-Hydroxy biphenyl -0.03 -0.03 

DBF 4.64 8.58 

Phenol 26.88 14.62 

p-Phenoxy biphenyl 0.18 0.05 

o-Phenoxyl biphenyl 4.51 0.07 

Others 0.02 0.00 

Total 0.51 2.84 

 

Total differences in the last row of Table 5.5 should be zero. They are not, but they are close to 

zero. An average of 0.51 % oxygen is overestimated after the analysis of process-degraded sample, 

and an average 2.84 % oxygen is overestimated from the analysis of ampoule-degraded sample. 

Thus, more precise measurement is needed to provide more accurate balances. Phenoxyl radical 

might be going through the decomposition reaction in Figure 5.4d to form CO and 

cyclopentadienyl radical, and the CO stays in the gas phase even after quenching. However, during 

the analysis, no cyclopentadienyl derivatives such as phenyl cyclopentadiene are detected.  

 

5.3.5. Phenyl-ring balance on the degraded samples: 

Table 5.6 reports the phenyl-ring balance in the degraded samples. It shows that around 24.1 % of 

the original phenyl rings are missing in the process-degraded sample and around 22.8 % in the 

ampoule-degraded sample. It is presumably due to the escape of the benzene from the solution 

matrix; a 100% phenyl-ring balance in the current system is difficult due to the potential for escape 

of benzene from the liquid matrix.  Loss of phenyl radicals on the wall is another possible way to 

lose phenyl rings. Rainey and Yeatts53 inferred the occurrence of some cracking activity of benzene 

on the wall, observing small hydrocarbons during biphenyl pyrolysis at 422-446℃.  
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Table 5.6: Phenyl-ring balance in the process-degraded sample [5th column] and ampoule-

degraded sample [6th column]. 

Compound 

A=Fresh 

VP1 (mol 

%) 

B=Process-

degraded VP1 

(mol %) 

C= Ampoule-

degraded VP-1 

(mol %) 

D= Effective 

phenyl rings 

5th 

column, 

(B-A)*D 

6th 

column, 

(C-A)*D 

Benzene 0.02 2.02 8.61 1 2.00 8.60 

Toluene 0.01 0.01 0.06 1 0.00 0.05 

Ethylbenze

ne 
0.00 0.00 0.02 1 0.00 0.02 

Phenol 0.01 26.89 14.63 1 26.88 14.62 

BP 26.81 21.70 14.86 2 -10.22 -23.90 

DPO 72.94 37.39 52.59 2 -71.09 -40.69 

1,1'-

Biphenyl, 

4-methyl- 

0.03 0.00 0.07 2 -0.05 0.09 

o-Hydroxy-

biphenyl 
0.14 0.01 0.03 2 -0.28 -0.23 

m-

Hydroxy-

biphenyl 

0.00 0.01 0.00 2 0.01 0.00 

p-Hydroxy-

biphenyl 
0.04 0.05 0.02 2 0.01 -0.05 

Dibenzofur

an or DBF 
0.00 4.64 8.58 2 9.28 17.16 

3-Phenoxy-

phenol 
0.00 0.00 0.00 2 0.00 0.00 

o-Terphenyl 0.00 0.00 0.00 3 0.00 0.01 

m-

Terphenyl 
0.00 0.06 0.00 3 0.17 0.00 

p-Terphenyl 0.00 0.65 0.37 3 1.96 1.11 

Triphenylen

e 
0.00 0.00 0.00 3 0.00 0.00 

1-Phenyl 

dibenzofura

n 

0.00 0.00 0.00 3 0.00 0.00 

p-Phenoxy-

biphenyl 
0.00 0.18 0.05 3 0.54 0.16 

o-Phenoxy-

biphenyl 
0.00 4.51 0.07 3 13.54 0.21 

Total     -24.06 -22.83 

 

5.3.6. Correction of the product distribution in the degraded sample: 

To correct for possible losses, we assume that  

• x moles of benzene and y moles of phenol are lost during transportation over a 100-mole 

basis of the pyrolysis oil after the transportation, 

• all compounds in the fresh oil and pyrolysis oil are detected in GCxGC/MS analysis, 
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• mol% contribution of H2 is negligible in the degraded oil. 

• H2 is the only product that left the pyrolysis oil during freezing (i.e., before transportation), 

• same total moles in liquid for fresh oil and pyrolysis oil after freezing, 

then the following total mole balance in the pyrolysis oil after transportation (Eq. 5.8), phenyl-ring 

balance (Eq 5.9), and oxygen balance (Eq. 5.10) can be written: 

{𝐷𝐵𝑒𝑛 + 𝐷𝑃ℎ𝑂𝐻 + 𝐷𝐵𝑃 + 𝐷𝐷𝑃𝑂 + 𝐷𝐷𝐵𝐹 + ⋯ }𝑝𝑦𝑟𝑜𝑙𝑦𝑠𝑖𝑠 𝑜𝑖𝑙 = 100   (5.8) 

(2𝐷𝐵𝑃 + 2𝐷𝐷𝑃𝑂 + ⋯ )𝑓𝑟𝑒𝑠ℎ ≈ {(𝑥 + 𝐷𝐵𝑒𝑛) + (𝑦 + 𝐷𝑃ℎ𝑂𝐻) + 2𝐷𝐵𝑃 + 2𝐷𝐷𝑃𝑂 + 2𝐷𝐷𝐵𝐹 +

⋯ }𝑝𝑦𝑟𝑜𝑙𝑦𝑠𝑖𝑠 𝑜𝑖𝑙          (5.9) 

(𝐷𝐷𝑃𝑂)𝑓𝑟𝑒𝑠ℎ ≈ {(𝑦 + 𝐷𝑃ℎ𝑂𝐻) + 𝐷𝐷𝑃𝑂 + 𝐷𝐷𝐵𝐹 + ⋯ }𝑝𝑦𝑟𝑜𝑙𝑦𝑠𝑖𝑠 𝑜𝑖𝑙   (5.10) 

In Equations 5.8-10, Di is the detected mol% in different oil samples. For the further analysis, y=0 

moles and x=22.8 moles are assumed. The re-adjusted mole % for the ampoule degraded sample 

is reported in Figure 5.12. 

 

 

5.3.7. Calculation of rates from the ampoule-degraded sample: 

By assuming no BP and DPO losses during transportation and a constant liquid volume throughout 

the pyrolysis, the first-order rate constants are calculated at 371℃ using the following formula: 

𝑅𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑓𝑜𝑟 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 =
𝑙𝑛(

𝑚𝑜𝑙𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑎𝑡 𝑡ℎ𝑒 𝑓𝑟𝑒𝑠ℎ 𝑠𝑎𝑚𝑝𝑙𝑒

𝑚𝑜𝑙𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑎𝑡 𝑡ℎ𝑒 𝑑𝑒𝑔𝑟𝑎𝑑𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒
)

3600×1000 𝑠
                 (5.11) 

 

Table 5.7: Measured rate constants from at 371℃ from ampoule experiments. 

Reactions Rate constants in s-1 

DPO=>Products (1.0 ± 0.5) × 10−7 

BP=>Products (1.2 ± 0.5) × 10−7 
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Figure 5.12: The product distribution from ampoule is readjusted after assuming the phenyl loss is 

due to evaporation of benzene during transportation. H2 is not considered. Previous studies on 

biphenyl and aromatics pyrolysis suggest a generation of <0.05 mol% of H2 compared to initial 

starting material.53 

 

There is another way by which the rate constant of DPO can be calculated. Instead of using all 

compounds (or total phenyl ring basis), it is assumed that the total moles of the oxygenates before 

and after the reactions are same. Based on this assumption, the molar compositions of only the 

identified oxygenates are calculated. In the fresh sample, as the DPO is the only oxygenate 

(neglecting oxygenate impurities), 100 mol% is assigned to the “mole fraction of DPO in the fresh 

sample” in the Eq. 5.11. The mol% of the DPO in the degraded sample is calculated after assigning 

100 mol% to the sum of total oxygenates times their oxygen number in the degraded sample. Table 

5.8 reports the degradation rate constant of DPO calculated in this way. 
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Table 5.8: Measured rate constant from 100 mol% oxygen atom basis at 371℃ from ampoule. 

Reactions Rate constants in s-1 

DPO=>Products (0.9 ± 0.1) × 10−7 

 

From Tables 5.7-8, the composite means, and 95% confidence levels of the decomposition rate 

constants are calculated and reported in Table 5.9. 

 

Table 5.9: Composite means and 95% confidence levels of the rates. Student’s t-test statistics are 

applied to calculate the confidence levels. 

Reactions Rate constants in s-1 

DPO=>Products (0.9 ± 0.1) × 10−7 

BP=>Products (1.2 ± 0.5) × 10−7 

 

 

5.3.8. Vapor-liquid equilibrium (VLE) at the operating condition: 

The operating temperature-range for Therminol® VP-1 is 370-400℃, and the pressure is 

controlled by an expansion tank to add 20 psi or 1.38 bar above the vapor pressure of Therminol® 

VP-1 in the process. If the operating temperature is 400℃, then the applied pressure is 

approximately 10.72 plus 1.38 bars = 12.1 bars. From the gas chromatography analysis, the 

degraded sample is composed of benzene, phenol, BP, DPO, DBF, terphenyls, phenoxy biphenyls 

and other grown products. Critical points for vapor-liquid equilibrium up to terphenyls are 

collected from a NIST database157 and plotted in Figure 5.13. Figure 5.13a provides a general idea 

of whether a compound stays in vapor-liquid equilibrium or is solely in the gas phase. If the 

operating temperature is higher than the critical temperature of a compound and the operating 

pressure is below its critical pressure, then the compound will stay in the gas phase. There is no 

way to put it in liquid phase by increasing the pressure. On the other hand, if the operating 

temperature and pressure are below the critical temperature and pressure but above the triple-point 

temperature and pressure, then the compound will be in vapor-liquid equilibrium. It is then 

possible to keep the compound in liquid phase by increasing the pressure.  
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Figure 5.13b is the plot with critical points of different compounds identified in the gas 

chromatography analysis. At the current operating condition (blue square with red border in Figure 

5.10b), benzene stays in the gas phase. Also, phenol’s critical temperature (421℃) is very close to 

the operating temperature. That is why phenol will mostly stay in the vapor phase. Thus, the 

vapor/gas phase mostly consists of benzene, phenol, H2, and inert N2. Amounts of DPO, BP, and 

three-ring compounds will also be present in the vapor phase. 

 

Figure 5.13: (a) General diagram of the vapor-liquid equilibrium. (b) Critical points of various 

compounds. The blue square with a red border is the operating condition of Therminol® VP-1 

(400℃, 12.1 bars). 

 

Vapor pressures of the compounds are calculated using the Antoine equation. The Antoine 

parameters for BP, DPO and phenol are obtained from the NIST Webbook157 to obtain vapor 

pressure in bars (Eq. 5.9). These parameters are reported in Table 5.10. The vapor pressure of 

phenoxyl radical is assumed to be same as phenol. 

log10(𝑃𝑣𝑎𝑝, 𝑏𝑎𝑟𝑠) = 𝐴 −
𝐵

𝐶+𝑇(𝑖𝑛 𝐾)
        (5.12) 

Table 5.10: Antoine parameters for vapor pressures in bars and temperature in K. 

Compounds Temperature (K) A B C 

DPO 477.36 - 544.09 4.13678 1800.415 -95.324 

BP 342.3 - 544.3 4.35685 1987.623 -71.556 

Phenol 380.30 - 454.90 4.24688 1509.677 -98.949 
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The vapor pressures of DBF, o-terphenyl, m-terphenyl, and p-terphenyl are also calculated using 

Antoine equations. These parameters are obtained from the Iranian Chemical Engineering 

Website.62 The vapor pressures are in mm Hg units, and the temperatures are in ℃ (Eq. 5.13). The 

Antoine parameters are reported in Table 5.11. However, the vapor pressure for p-terphenyl from 

Eq. 5.13 is also cross-checked with a four-parameter vapor pressure equation.63 They are in good 

agreement. 

 log10(𝑃𝑣𝑎𝑝, 𝑚𝑚𝐻𝑔) = 𝐴 −
𝐵

𝐶+𝑇(𝑖𝑛 ℃)
   (5.13) 

 

Table 5.11: Antoine parameters for vapor pressure in mm Hg and temperature in °C. 

Compounds Temperature (℃) A B C 

o-Terphenyl 56.2-617.8 7.42184 2386.78 189.753 

m-Terphenyl 86.85-651.7 7.56576 2631.92 184.933 

p-Terphenyl 221.85-652.8 7.34905 2408.68 163.067 

DBF 82.5-564.65 7.20786 2284.28 243.198 

 

The vapor pressures of o-, m-, and p- phenoxyl biphenyls are approximated by the vapor pressures 

of o-, m- and p- terphenyls, respectively, plus a correction factor. The correction factor is the 

difference in the vapor pressures of DPO and BP. 

 

The partial pressures of these compounds in the vapor phase are estimated using Raoult’s law after 

assuming the ideal mixture of liquid. It helps correcting the concentrations in liquid phase. 

Poynting correction factor, and activity coefficients could improve the total pressure estimate. H2, 

N2, and benzene are in gas phase. Their pressure contributions are calculated using ideal gas law 

with compressibility factors. A compressibility factor value of 0.4 for benzene is used. For H2 and 

N2, unity values are used. 

 

The volume of the closed ampoule is around 120 ml. The initial amount of Therminol® VP-1 is 

around 27 grams. Around 25 ml of liquid is present in the ampoule at the beginning. For the vapor-

liquid equilibrium calculation, the volume of liquid is assumed constant during pyrolysis, the initial 

amount of N2 is used as the tie compound, and the liquid concentrations are calculated using mass 
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balance. Finally, the equilibrium calculation refines the liquid concentration at each time step of 

integrating the reaction rates.  

 

5.3.9. Modeling approach: 

Liquid-phase kinetics is assumed to be dominant compared to gas-phase kinetics during the 

integration because the concentrations of compounds in liquid phase are very high compared to 

that in vapor/gas phases; thus, the reaction-rate values are very high in liquid phase. For the kinetics 

study, initial concentrations of BP, DPO and N2 are estimated using initial conditions and the molar 

densities at room temperature and pressure.  Finally, the liquid-phase reaction rates are estimated 

at 10,000 atm pressure. The time integration of the reaction rates and the VLE calculations is 

performed using the ordinary differential equation solver, ode15s, in MATLAB R2019b. To check 

whether the MATLAB code is working correctly or not, the results are compared with much slower 

constant-volume batch-reactor calculations from Chemkin Pro 19.2 (Ansys).  

 

5.3.10. Reaction search: 

To find a set of possible reactions and their rate constants for the thermal degradation, a python 

code called Reaction Mechanism Generator (RMG) is used.48 The workflow in RMG is described 

as follows. Once the structure of the starting compound(s), temperature(s) of the degradation, 

pressure(s) of the system and the phase of the starting compound are provided to RMG, it starts to 

investigate all possible reaction paths of the compound in a batch reactor. The thermochemistry of 

the products is estimated using Benson group additivity techniques.45 The rate coefficients of the 

elementary reaction paths are estimated using NIST Reaction Database (Standard Reference 

Database 17, Version 7.0 (Web Version), Release 1.6.8)158 coupled with machine learning to adjust 

the rate of the same reaction occurring in a different compound.  However, if the reaction and the 

molecules are same with those reported in the NIST reaction database, then an average rate 

estimate is used. RMG's Arkane sub-code applies estimates with transition state theory and, if 

necessary, for pressure dependence, a master-equation solver to find the rate expression of a 

completely new reaction. RMG continues to look for reactions of every product until the target 

conversion of the starting compound or the target residence time is reached.  
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Four different microsecond-scale calculations are performed in RMG. They are pure DPO in gas 

phase with high-pressure-limit kinetics, pure DPO in liquid phase, pure eutectic mixture of BP and 

DPO in gas phase with high-pressure-limit kinetics, and pure eutectic mixture of BP and DPO in 

liquid phase. The gas-phase calculations are performed at 700 K and 1 bar with pressure-dependent 

reaction search. RMG uses a modified strong-collision technique to find the rate coefficients of 

the pressure-dependent reactions.48 The liquid-phase calculation is performed using benzene as the 

solvent with a zero solvent concentration at 700 K. RMG adds a solvation Gibbs free energy 

change to the Gibbs free energy change of a compound in gas-phase kinetics to replicate that in 

liquid-phase kinetics.48 That is why high concentration values are usually used in a gas-phase 

kinetics to replicate the reaction rates in liquid-phase kinetics to compensate the effect of additional 

solvation energy term. However, the main goal of performing an RMG calculation is to identify 

all possible reactions and their gas-phase rate expressions. A selection of the important reactions 

can be screened either by the net flux rate of a compound formation or by hand-picking and testing 

them separately against experimental yields. 

 

Around 80,300 reactions were identified in total. Among them, 30 reactions are reported in Table 

5.12 that address the yields of high-yield compounds such as BP, DPO, DBF, phenol and benzene. 

Four more reactions and values of the reaction rate expression are also adopted from out-of-the 

RMG dataset (or directly from NIST Reaction Database158) to cross-check the yields. The reverse 

rate coefficients are calculated using microscopic reversibility64 using thermochemistry for 

<1000K (Table 5.13). Various radical species considered here are shown in Figure 5.14. 
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Table 5.12: The reactions are reported with the parameters of forward rate constants. 

[PhO]ꞏ=Phenoxyl radical; Phꞏ=phenyl radical; Ben=benzene; PhOH=phenol; o-, m-, and p- DPOꞏ 

are diphenyl oxide-yl radicals with the radical centers at ortho, meta and para positions, 

respectively. DBF-Hꞏ, BP-Hꞏ, and DPO-Hꞏ are the hydrogen adducts of dibenzofuran, biphenyl, 

and diphenyl oxide, respectively. Their structures are shown in Figure 5.14. M = non-reactive 

species. <=> represents the reversible reactions. => represents irreversible reactions. 

# Reaction 

Forward reaction rates in 

cm3/mol/s 
Source 

Pre-

factor 

power of 

T 

Ea 

(kcal/mol) 

1 [PhO]ꞏ+Phꞏ<=>DPO 6.03E+12 0.000 0.000 RMG 

2 Phꞏ+DPO<=>Ben+m-DPOꞏ 5.76E-02 4.340 5.300 RMG 

3 Phꞏ+DPO<=>Ben+o-DPOꞏ 5.76E-02 4.340 5.300 RMG 

4 Phꞏ+DPO<=>Ben+p-DPOꞏ 2.88E-02 4.340 5.300 RMG 

5 Phꞏ+ Phꞏ<=>BP 2.85E+12 0.000 0.000 RMG 

6 o- DPOꞏ+DPO<=>m-DPOꞏ +DPO 5.76E-02 4.340 5.300 RMG 

7 p-DPOꞏ +DPO<=>m-DPOꞏ +DPO 5.76E-02 4.340 5.300 RMG 

8 p-DPOꞏ <=>m-DPOꞏ  5.69E+08 1.605 56.952 RMG 

9 m-DPOꞏ <=>o-DPOꞏ  2.84E+08 1.605 56.952 RMG 

10 o-DPOꞏ <=>p-DPOꞏ  2.99E+08 1.306 43.343 RMG 

11 o-DPOꞏ <=>DBF-Hꞏ  2.13E+10 0.520 18.190 RMG 

12 DBF+Hꞏ<=> DBF-Hꞏ 365135.8 2.503 2.673 RMG 

13 DBF-Hꞏ + Hꞏ <=>DBF+H2 1.00E+10 0.000 0.000 RMG 

14 DBF-Hꞏ +Phꞏ<=>DBF+Ben 1.00E+10 0.000 0.000 RMG 

15 DBF-Hꞏ +o-DPOꞏ <=>DBF+DPO 1.00E+10 0.000 0.000 RMG 

16 DBF-Hꞏ +m-DPOꞏ <=>DBF+DPO 1.00E+10 0.000 0.000 RMG 

17 DBF-Hꞏ +p-DPOꞏ <=>DBF+DPO 1.00E+10 0.000 0.000 RMG 

18 DBF-Hꞏ +[PhO]ꞏ<=>PhOH+DBF 1.21E+13 0.000 0.000 RMG 

19 Hꞏ+BP<=>BP-Hꞏ 2.05E+09 1.440 4.514 RMG 

20 Hꞏ+DPO<=>DPO-Hꞏ. 6.17E+07 1.789 5.563 RMG 

21 BP-Hꞏ<=>Ben + Phꞏ 3.40E+14 0.000 29.410 

NRD65 

for 

BP+[H]. 

=> 

Ben+[Ph]. 

22 Ben+[PhO]ꞏ <=> DPO-Hꞏ 7.80E+11 0.000 14.369 RMG 

23 Ben<=>Phꞏ+ Hꞏ 5.01E+15 0.000 108.000 NRD66 

24 o-DPOꞏ + Hꞏ<=>DPO 9.42E+12 0.410 0.002 RMG 
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Table 5.12 (continued): 

25 m-DPOꞏ + Hꞏ<=>DPO 2.20E+14 0.000 0.000 RMG 

26 p-DPOꞏ + Hꞏ<=>DPO 2.20E+14 0.000 0.000 RMG 

27 PhOH<=>[PhO]ꞏ + Hꞏ 7.63E+14 0.000 86.900 NRD67 

28 BP-Hꞏ+ Hꞏ=>BP+H2 1.00E+10 0.000 0.000 RMG 

29 BP-Hꞏ+ Phꞏ <=>BP+Ben 1.00E+10 0.000 0.000 RMG 

30 BP-Hꞏ+o-DPOꞏ <=>BP+DPO 1.00E+10 0.000 0.000 RMG 

31 BP-Hꞏ+m-DPOꞏ <=>BP+DPO 1.00E+10 0.000 0.000 RMG 

32 BP-Hꞏ+p-DPOꞏ <=>BP+DPO 1.00E+10 0.000 0.000 RMG 

33 BP-Hꞏ+[PhO]ꞏ<=>BP+PhOH 1.21E+13 0.000 0.000 RMG 

34 H2+(M)<=> Hꞏ+ Hꞏ+(M)  2.70E+16 -0.100 104.000 NRD68 

 

 

 

Figure 5.14: Radicals considered during the modeling along with Hꞏ. 

 



 

141 

 

Table 5.13: Thermochemical parameters for various species at <1000 K. These values are obtained 

from RMG calculations. These parameters are used to calculate the reverse rate coefficients of the 

reversible reactions shown in Table 5.12. The scheme to calculate the reverse rate can be found 

elsewhere.64  

Compound 
Thermochemical parameters from RMG (cgs units, only three digits are reported) 

a1 a2 a3 a4 a5 a6 a7 

DPO -8.90E-02 6.38E-02 4.61E-05 -1.02E-07 4.22E-11 3.22E+03 3.28E+01 

BP -2.42E+00 7.96E-02 -3.80E-06 -4.62E-08 2.14E-11 1.83E+04 3.65E+01 

DBF -2.56E-01 7.94E-02 -2.67E-05 -1.14E-08 6.28E-12 4.47E+03 2.52E+01 

PhOH or 

phenol 
-3.57E+00 6.60E-02 -3.93E-05 -3.62E-09 8.62E-12 -1.31E+04 4.01E+01 

Ben or 

benzene 
-2.35E+00 4.26E-02 4.19E-06 -3.77E-08 1.85E-11 8.84E+03 3.31E+01 

H2 3.44E+00 2.13E-04 -2.79E-07 3.40E-10 -7.76E-14 -1.03E+03 -3.91E+00 

[PhO]ꞏ 9.56E-01 3.66E-02 5.96E-06 -2.97E-08 1.25E-11 4.43E+03 2.16E+01 

Phꞏ -2.18E+00 4.37E-02 -6.92E-06 -2.47E-08 1.36E-11 4.07E+04 3.46E+01 

m-DPOꞏ -1.37E-01 6.74E-02 2.68E-05 -8.23E-08 3.57E-11 3.39E+04 3.48E+01 

o-DPOꞏ -1.37E-01 6.74E-02 2.68E-05 -8.23E-08 3.57E-11 3.39E+04 3.48E+01 

p-DPOꞏ -1.37E-01 6.74E-02 2.68E-05 -8.23E-08 3.57E-11 3.39E+04 3.41E+01 

Hꞏ 2.50E+00 -3.02E-12 3.75E-15 -1.51E-18 1.87E-22 2.55E+04 -4.45E-01 

DBF-Hꞏ -3.46E-01 8.56E-02 -3.56E-05 -2.88E-09 3.16E-12 2.04E+04 2.72E+01 

BP-Hꞏ -3.38E-01 7.41E-02 1.15E-05 -6.11E-08 2.62E-11 3.23E+04 3.00E+01 

DPO-Hꞏ -4.75E-01 5.26E-02 1.33E-04 -2.23E-07 9.16E-11 1.37E+04 3.57E+01 

 

 

5.3.11. Moles of different species from the model: 

Figure 5.15 shows the moles of different species normalized by the initial total moles (BP plus 

DPO) at 371℃. It shows that the total number of moles (both in gas and liquid phases) increases 

over time. The moles of DPO and BP monotonically decrease. On the other hand, the moles of 

DBF and PhOH increase monotonically. The moles of benzene and phenoxyl radical increase.  

They are the first and second highest-yield species generated from the thermal degradation of DPO 

and BP. However, there are multiple spikes observed in the benzene and [PhO]ꞏ yield lines. Figure 

5.16 reports the yield of other radicals. The yield of phenyl radical is <1.00E-14. The yields of 
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various DPO radicals are also near 1.00E-14 after 1000 hours. The yield of DPO-Hꞏ. is close to 

1.00E-13 after 1000 hours. On the other hand, other hydrogen adducts have a mole percent below 

1.00E-20. The yield of Hꞏ is observed to be close to 1.00E-20. Also, the yield of H2 is very small, 

close to 1.00E-19. 

 

5.3.12. Comparison of yields and rates: 

Figure 5.17 compares the yield of compounds from the experiment and computation at 371℃ and 

1000 hours in the closed ampoule. The mol% yields from the GC×GC/MS analysis of the pyrolysis 

oil were calculated in the following way. After the injection of 0.5 µl of the degraded sample, the 

peak areas of different identified compounds were converted to µmol/µl of the degraded sample 

using µC-to-µmol linear calibration factors After that, under the assumption that all compounds in 

the pyrolysis oil were identified, those µmol/µl concentrations were summed, and each 

concentration was divided by the sum to obtain % mol yield. After the phenyl-ring balance, around 

22.8 % shortage of phenyl rings was observed from the fresh sample. It is assumed that the missing 

phenyl rings correspond to a fraction of benzene evaporated during transportation of the sample 

from reactor to GC oven. Thus, more 22.8 mol% were added to benzene to make a basis of total 

122.8% mole for pyrolysis oil. Finally, the mol% of all the other compounds are rescaled again to 

100 % mole basis.  

 

The mol% yield of compounds from computation is free of the same total-moles assumption. As 

we know the total moles generated at each timestep, it is easy to calculate the mol% yields of the 

compounds. 

 

It shows the computational yields of DPO and DBF fall under the 95% confidence bands of the 

experimental measurement. The computational BP yield is higher and that of benzene is lower 

than the experimental observations. However, a phenyl ring correction of 10% instead of 22.8% 

value during experimental yield estimation provided better agreement to the computational value 

(not reported in Figure 5.17). 

 

The computational yield of the phenol is much lower than what are obtained from the experiments. 

However, a good agreement is observed with the experiments when a combined computational 

yield of phenol + phenoxyl radical is compared. 
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The experimental yield of DBF is 8.6±1.2 mol% before readjusting the yields using the phenyl-

ring balance. It is 7.0±1.2 mol% after the yields were adjusted. The computational yield of DBF is 

7.5 mol%. It suggests a good agreement of the computational data with the experimental data 

irrespective of the scaling of experimental data. 

 

Figure 5.15: Estimated yields of various species are shown with respect to residence time at 371°C. 

BP and DPO degrade over time. On the other hand, the yields of benzene, phenoxyl radical, DBF, 

and PhOH (phenol) increase over time. 
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Figure 5.16: Estimated yields of various low-yield species are shown with a logarithmic yield 

scale. All radicals along with H2 have <1.00E-10 % yields.  



 

145 

 

 

Figure 5.17: The black bars are the mol% yields of benzene, phenol (PhOH), biphenyl (BP), 

diphenyl oxide (DPO), and dibenzofuran (DBF) from the ampoule-degraded samples after 1000 

hours of degradation at 371℃ (see Figure 5.8). The green bars are the yields of the same 

compounds after 1000 hours (=3.6E+06 s) degradation at 371℃.  

 

During the experimental rate-constant calculation (Tables 5.7-9), the major assumption was the 

constant number of moles in the fresh and pyrolysis oil. Equation 5.11, which was used to measure 

the rate constants, is constructed after integrating the first-order degradation rate equation. The 

formula without the above assumption is in Eq. 5.14. To obtain a more accurate rate constant from 

experiments, one should have the total mole number information for the degraded sample. This 

information can be obtained if the total mass of the gas product and liquid products of the 

pyrolyzed oil are obtained.  

 

𝑅𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑓𝑜𝑟 𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 =

ln (
𝑚𝑜𝑙𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑎𝑡 𝑡ℎ𝑒 𝑓𝑟𝑒𝑠ℎ 𝑠𝑎𝑚𝑝𝑙𝑒 × 𝑡𝑜𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑖𝑛 𝑓𝑟𝑒𝑠ℎ 𝑠𝑎𝑚𝑝𝑙𝑒

𝑚𝑜𝑙𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑎𝑡 𝑡ℎ𝑒 𝑑𝑒𝑔𝑟𝑎𝑑𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒  × 𝑡𝑜𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑖𝑛 𝑑𝑒𝑔𝑟𝑎𝑑𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒
)

3600×1000 𝑠
  (5.14) 
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However, as we have the total mole information from the model, estimating the rate constants from 

the computation using Eq. 5.14 is easier. The obtained rates from the modeling are within the 95% 

confidence bands of the experimental rates.  

 

Table 5.14: Comparison of degradation rate constants at 371°C from experiments and 

computations. 

Reactions 1st-order k, s-1 Experimental 1st-order k, s-1 

RMG computational 

DPO=>Products (0.9 ± 0.1) × 10−7 1.0 × 10−7 

BP=>Products (1.2 ± 0.5) × 10−7 0.9 × 10−7 

 

 

5.4. Discussion 

5.4.1.  Testing with various DPO degradation rate constants: 

There are multiple dissociation rate constants reported in literature for DPO to make phenyl and 

phenoxyl radicals. They did not work in the current experimental set-up because the conversion of 

DPO from these rate constants were very small. During the RMG calculation, the recombination 

rate constant is identified to be 6.03E+12 cc/mol/s. The rate constant of homolytic scission of the 

ether bond is calculated from microscopic reversibility. These rate constants provided a conversion 

of DPO that is comparable to the experimental results. It suggests that dissociation of the bond in 

DPO is not the only degradation route of DPO. 

 

The successful collision rates among two radicals depends on how two radicals are colliding. The 

two radical centers in two radicals must collide specifically to have a successful collision. Other 

than that, since recombination rates of two radicals do not contain an activation energy term, these 

reaction rates should be temperature independent. 

 

5.4.2.   Comparison of H-abstraction rates:  

A TS Berny transition state calculation of H abstraction reaction by phenoxyl radical from a 

benzene ring is performed in Gaussian 16 and GaussView at 6-31G(d,p) level of theory. The 
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products are phenol and phenyl radical. It is a reversible reaction. The intrinsic reaction coordinate 

(IRC) calculation is also performed to obtain an idea about the activation energies of the H-

abstraction (Figure 5.18). It suggests that around 3-4 kcal/mol energy is needed when a phenyl 

radical abstracts the H from phenol. On the other hand, around 15-25 kcal/mol is needed to abstract 

H by the O of the phenoxyl radical.  

 

In Table 5.15, various values of the forward rate constants of H-abstraction by phenoxyl and 

phenyl radicals are reported from the NIST reaction database158 (NRD). The corresponding 

reactions are reported in Table 5.16. Figure 5.19 compares these rates with the rates observed in 

RMG. The pre-factor values of the H-abstraction by the phenoxyl radicals are observed to be high 

compared to phenyl radicals. It is because a various carbon atom in a phenoxyl radical can also 

abstract a hydrogen. That is why the number of successful collisions during H-abstraction for the 

phenoxyl radical is large. Due to this feature, the H-abstraction rate constants are also high for the 

H-abstraction by the phenoxyl radical. However, a thorough investigation is needed to understand 

the changes in these rate constants due to prefactor and activation energies. 

 

Various combinations of H-abstraction rates constants are implemented for phenyl and phenoxyl 

radicals. A similar yield values with ±15% variation in the yield values of benzene, phenoxyl and 

phenol are observed. However, the order of the compounds from highest to lowest yield values did 

not change. 

 

 

Figure 5.18: IRC calculation for the H abstraction from the -OH of phenol by phenyl radical. 
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Table 5.15: Forward rate coefficients of H-abstraction reactions studied in literature. NRD = NIST 

Reaction Database. 

ID of reactions A(cc/mol.s) Ea (kcal/mol) T(K) Theory/Experiment 

[PhO]ꞏ Rxn 1: NRD69 7.9E+15 14 580-660 Theory 

[PhO]ꞏ Rxn 2: NRD69 7.9E+16 12.4 580-660 Theory 

[PhO]ꞏ Rxn 3: NRD70 7.9E+17 18.8 600-700 Theory 

[PhO]ꞏ Rxn 4: NRD69 2.5E+18 11.7 580-660 Theory 

[PhO]ꞏ Rxn 5: NRD70 1.0E+18 18.2 600-700 Theory 
     

[Ph]ꞏ Rxn 1: NRD71 2.3E+11 3.83 200-2000 Theory 

[Ph]ꞏ Rxn 2: NRD72 3.1E+11 5.5 1080-1550 1.70-9.60 atm, Ar 

bath 

 

Table 5.16: H-abstraction reactions studied in literature. 

ID of 

reactions 

Reaction 

[PhO]ꞏ 

Rxn 1: 

NRD69 

 

C6H5CH2CH2OC6H4(p-OCH3)+C6H5O(ꞏ)=> C6H5CH(ꞏ)CH2OC6H4(p-

OCH3)+Phenol 

[PhO]ꞏ 

Rxn 2: 

NRD69 

 

C6H5O(ꞏ)+2-Phenylethyl phenyl ether => C6H5CH2CH(ꞏ)OC6H5+Phenol 

[PhO]ꞏ 

Rxn 3: 

NRD70 

 

C6H5O(ꞏ)+2-Phenylethyl phenyl ether => C6H5CH2CH(ꞏ)OC6H5+Phenol 

[PhO]ꞏ 

Rxn 4: 

NRD69 

 

C6H5O(ꞏ)+2-Phenylethyl phenyl ether => C6H5CH(ꞏ)CH2OC6H5+Phenol 

[PhO]ꞏ 

Rxn 5: 

NRD70 

 

C6H5O(ꞏ)+2-Phenylethyl phenyl ether => C6H5CH(ꞏ)CH2OC6H5+Phenol 
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Table 5.16 (continued). 

[Ph]ꞏ Rxn 

1: NRD71 

 

Phenyl+Cyclopropene=>Benzene+Cyclopropenyl 

[Ph]ꞏ Rxn 

2: NRD72 

 

Phenyl+ Cyclopentadiene =>Benzene+Cyclopentadienyl 

 

 

 

Figure 5.19: Comparison of the rate coefficients of various H-abstraction by phenyl and phenoxyl 

radicals from RMG and literature. 

 

 

5.4.3. Thermal decomposition kinetics at microsecond timescale: 

To understand how pure Therminol® VP-1 thermally decomposes, the reaction rates are integrated 

in 0-3 µs timescale. The vapor-liquid equilibrium calculations are performed to correct the liquid 

concentration. Finally, the total moles in the reactor and different rates are studied. Figure 5.20a 

shows how the moles of BP and DPO (normalized to their individual initial moles) decrease in the 
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initial microsecond timescale. The conversion of both compounds is lower than 10-6 in the 

microsecond time scale However, DPO degrades faster than BP. The degradation of DPO appears 

to be linear following a zeroth order kinetics. It indicates a constant rate of decomposition. On the 

other hand, the degradation of BP is nonlinear. There are five different reactions that can affect the 

degradation of DPO initially (see Figure 5.20b). Among them, the dissociation of the ether bond 

in DPO has the highest rate (ca. -6.4 mol/cc/s). It has a constant degradation rate over the time 

length. Also, the H-abstraction by phenyl radicals from DPO also has constant abstraction rates 

with benzene as the byproduct. However, the rate of H-abstraction from the para position is half 

that of the H-abstraction from ortho and meta positions. It is because a phenyl can abstract H from 

four ortho and four meta positions whereas it can abstract H from two para positions in DPO.  To 

summarize, the ether bond DPO dissociates at first to form phenyl and phenoxyl radicals. 

Detection of the H-abstraction reactions indicate that the phenyl radicals start to abstract H even 

at a low concentration unlike phenoxyl. Other than that, an increasing rate of DPO is observed via 

Hꞏ addition on the benzene rings of DPO.  
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Figure 5.20: (a) Changes in normalized concentrations of BP and DPO over 0 to 3 µs range. The 

conversion of these compounds is around 10-4 %. (b) Rates of top five reactions with net forward 

rates of DPO formation. A negative value in the forward rates of formation signifies the 

consumption of DPO. The thermal decomposition of DPO to form phenyl and phenoxyl radicals 

has the highest rate of DPO consumption. 
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Figure 5.21a represents the moles of phenyl and phenoxyl radicals normalized to the initial total 

moles (of DPO plus BP at t=0). Because the volume is constant, the normalized moles are 

proportional to concentrations. Around six orders of magnitude higher amount of phenoxyl 

radicals than phenyl radicals indicate phenoxyl build up in the reactor. The amount of phenoxyl 

appears to increase linearly in the initial microsecond time scale. Once the phenoxyl radicals are 

formed, they go to vapor phase. On the other hand, the amount of phenyl is small, and it reaches a 

constant value (ca. 6×10-13) almost immediately (t ~ 0 µs). It indicates a faster reactivity of phenyl 

radicals and they already reached a quasi-steady state concentration. The net forward rates for 

phenyl generation in Figure 5.21b shows that the net rate of phenyl generation is almost zero 

supporting the achievement of quasi steady state. After the generation of phenyl radical from the 

decomposition of the ether bond in DPO, it starts to abstract hydrogen from ortho, meta and para 

positions of DPO. The H-abstraction rates by phenyl radicals to form benzene are high because C-

H bond in a benzene ring has a very high bond dissociation energy (ca. 110 kcal/mol) making it a 

very stable compound. On the other hand, the H-abstraction rates of phenoxyl radical to form 

phenol is low because the bond dissociation energy of the formed O-H bond is low (ca. 87-93 

kcal/mol). That is why it is unable to abstract H from a strong C-H bond in phenyl ring. It also 

affects the consumption rate of phenoxyl, and its amount builds up over time. Along with a 

constant generation rate of phenoxyl from the DPO dissociation, there is also an increasing 

generation rate detected from DPO-Hꞏ. 
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Figure 5.21: (a) Normalized moles of phenyl (left y-axis) and phenoxyl (right y-axis) as a function 

of time in 0-3 µs time range. (b) Net forward rates of phenyl formation from different reactions. 

(c) Net forward rates of phenoxyl formation from different reactions.  
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Figure 5.22: (a) Net forward rates of o-[DPO]. formation (left y-axis) and its normalized moles 

(right y-axis) as a function of time. (b) Net forward rates of DBF-Hꞏ formation (left y-axis) and its 

normalized moles (right y-axis) as a function of time; Rꞏ represents any radical. (c) Net forward 

rates of Hꞏ formation (left y-axis) and its normalized moles (right y-axis) as a function of time. 
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Figure 5.22 represents the net forward reaction rates and the normalized moles of three radicals in 

0-3 µs, such as ortho-DPO radical, DBF-Hꞏ, and Hꞏ. The ortho-DPO radical is a precursor to DBF-

Hꞏ, and DBF-Hꞏ is a precursor to DBF; ortho-DPO radical (along with meta-DPO radical) has the 

second highest concentration among all radicals next to phenoxyl. It has an almost constant 

generation rate from the H-abstraction of phenyl from DPO (see Figure 5.22a). It is mostly 

consumed by the internal radical addition reaction to form DBF-Hꞏ. During this radical addition 

reaction, the carbon atom at the ortho radical center of o-DPOꞏ attaches with another ortho center 

of the other phenyl ring, and finally, it makes two sp3 carbon centers in the other phenyl ring. In 

this final radical, two six carbon rings are fused with the furan ring and with an attached tertiary 

H. This tertiary C-H bond is weak (ca. 82 kcal/mol)45. Figure 5.22b shows that DBF-Hꞏ is 

consumed by popping out of the tertiary hydrogen from the adduct that forms DBF. For the current 

study, it is called the hydrogen adduct of DBF. However, this nomenclature is not correct. Figure 

5.22c shows how Hꞏ is generated and consumed during the degradation process. It shows that it is 

generated from DBF-Hꞏ when the tertiary H pops out and DBF is formed. Hꞏ is consumed when it 

adds to DPO to form DPO-Hꞏ. The DPO-Hꞏ is the adduct where the hydrogen is attached to the 

ipso position of DPO (Figure 5.14), and it decomposes to benzene and phenoxyl with an almost 

same rate (Figure 5.21c). Figure 5.21c also shows that the consumption of Hꞏ by the addition to 

the ortho position of BP to form BP-Hꞏ. The structure of BP-Hꞏ can also be observed in Figure 

5.14. 

 

The ring condensation chemistry like DBF formation from DPO has been previously observed in 

poly-sulfone pyrolysis73 and PAH decomposition chemistry74. However, the elementary reaction 

steps were not identified.  

 

5.4.4. Thermal decomposition kinetics at ~3.6×106 s timescale: 

To understand how the degradation of pure Therminol® VP-1 proceeds in a larger time scale, the 

rate equations with the vapor-pressure equilibrium are solved in 0 to 1000-hour time range. Figure 

5.23a shows how the two starting compounds DPO and BP degrade in these time ranges. It shows 

that in the thousand- to ten thousand-second residence time range, they start to degrade rapidly 

with a faster degradation of DPO.  



 

156 

 

The degradation rates of DPO in Figure 5.23b correspond to the dissociation of the ether bonds of 

DPO, and Hꞏ addition to DPO has the same highest DPO consumption rates up to 1 second. In the 

microsecond timescale, we observed that the dissociation of the DPO has an almost constant 

degradation rate. In the larger time scale, the concentration buildup of the phenoxyl radical causes 

a faster phenyl and phenoxyl recombination rate to decrease the net forward dissociation rate of 

DPO over time. Finally, these two individual reaction rates reach equilibrium after 1 second.  

 

The Hꞏ radical addition to DPO has a linearly increasing net forward consumption rate in the 

microscale residence time. However, in the larger time scale it decreases and reaches to 

equilibrium at around 1 second. Also, the H-abstraction by phenyl radicals also have the same 

behavior. Figure 5.20c suggests that the degradation rates of BP are in 0.01 mol/cc/s scale whereas 

DPO degradation rates are in 1 mol/cc/s scale at 10-3 s. It indicates a smaller decomposition of BP 

during Therminol® VP-1 degradation.  

 

Hꞏ radical addition to the ortho positions of phenyl rings of BP is the major route to degrade the 

BP. It forms the hydrogen adduct of BP which has weakly held hydrogens in the methylene group. 

These C-H bonds are slightly stronger than tertiary C-H bonds.45 However, the hydrogens in these 

methylene groups are consumed by the phenoxyl radicals over time to form phenol, recovering the 

BP molecule. The decomposition rate of BP-Hꞏ to form benzene and phenyl via internal H transfer 

is small (not shown in Figure 5.23c). The net forward production rate of the hydrogen adducts of 

DBF or DBF-Hꞏ in Figure 5.24 shows that it is mainly consumed by the dissociation of the adduct 

into Hꞏ and DBF. However, H-abstraction by phenoxyl radical from DBF-Hꞏ is a minor route. 
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Figure 5.23: (a) Normalized moles (by individual initial moles) of DPO and BP in 10-3 s to 3.6x106 

s or 1000-hour timescale. (b) Net forward rates of DPO generation reactions in the same time scale. 

(c) Net forward rates of BP generation reactions in the same time scale. In these plots, the timescale 

axes are in logarithm scales. 
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Figure 5.24: The net forward rates of DBF-Hꞏ formation reactions in 10-3 s to 3.6x106 s (1000-

hour) timescale. 

 

 

5.4.5. Major components in vapor/gas phase: 

The vapor phase during the operation is mainly composed of benzene, N2, phenol vapor, and 

phenoxyl vapor. The phenoxyl radicals in the vapor phase cannot abstract H from a benzene ring 

because the C-H bond in a benzene ring has very high bond dissociation energy than the O-H bond 

in phenol. The phenoxyl radical can abstract H from the O-H of phenol. However, it will not 

change the moles of phenoxyls or phenols. Isomers of two phenoxyl radical can go through 

recombination reactions, a possible minor phenoxyl consumption route. A small amount of 

phenoxy-phenol (<0.05 mol%) in the process-degraded sample is possibly a result of that. 

 

Other than that, the vapor pressure of the phenoxyl radical is assumed to be that of phenol. The 

integration of the rates suggests a buildup of the phenoxyl in the vapor phase. It will be in vapor-

liquid equilibrium. A phenoxyl radical in liquid phase can abstract a hydrogen from the hydrogen-

adduct of BP and can form phenol over time. 
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5.4.6. The major routes for the pure Therminol® VP-1 degradation: 

The major reaction paths for the Therminol® VP-1 degradation are depicted in Figure 5.25.  

• The dissociation of the ether bond in DPO is the major initial reaction path. It forms phenyl 

and phenoxyl radicals.  

• Phenyl radicals are reactive, and phenyl starts to abstract hydrogen from DPO when it is 

formed.  

• After H-abstraction from the ortho positions, ortho-DPO radicals or o-DPOꞏ radicals and 

benzene are formed. As the operation temperature is higher than the critical temperature of 

benzene, benzene stays in the gas phase.  

• On the other hand, the o- DPOꞏ radicals can go through internal radical addition to form 

DBF-Hꞏ. DBF-Hꞏ has a weakly held tertiary hydrogen that pops out or is abstracted. That 

forms dibenzofuran (DBF) and hydrogen radicals.  

• The hydrogen radicals predominately add to DPO, mainly at the ipso position to form DPO-

Hꞏ, which dissociates into benzene and phenoxyl.  

• Hꞏ also has a minor consumption route, the addition to the BP to form BP-Hꞏ. These 

adducts have two secondary hydrogens. They are mainly abstracted by the phenoxyl radical 

to form phenol and recover BP.  

• There is also a minor consumption route of these adducts that forms phenyl and benzene. 

These minor routes also play role during long-time degradation.  

• Other than that, the recombination of two hydrogen atoms to form molecular H2 has a very 

small rate. Thus, the yield of H2 is very small.  
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Figure 5.25: The major degradation routes of Therminol® VP-1. The thickness of the arrows is 

varied to show the more-dominant to less-dominant reaction routes.  
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5.4.7. Effect of temperature: 

To understand the effect of temperature on the degradation process, the rate equations are solved 

at 644, 653, 663 and 670 K (371, 380, 390 and 397℃). Figure 5.26 shows how the normalized 

moles of various compounds change from low to high temperature. DPO and BP degrades faster 

at higher temperature (Figure 5.26a). However, the change in DPO moles at fixed residence time 

is higher than that of BP. The benzene and phenoxyl yields increase at high temperature (Figure 

5.26b). DBF-yield is also high at high temperature, although it is not as high as benzene and 

phenoxyl. The yield of the phenol is slightly smaller at higher temperature. It is due to a higher 

dissociation rate of phenol to phenoxyl and Hꞏ. 

 

 

Figure 5.26: (a) Moles (normalized) of BP and DPO as functions of time in 1000 hours residence 

time length at 644 K (solid lines) and 670 K (dotted lines). (b) Normalized moles of benzene, 

phenoxyl, DBF, and PhOH as functions of time up to 1000 hours residence time at 644 K (solid 

lines) and 670 K (dotted lines). 

 

5.4.8. Degradation rate constants of DPO and BP: 

The first-order rate kinetics is fitted to the computationally obtained rate constants at 644, 653, 

663 and 670 K after 1000 hours runs. The individual rate constants are obtained from the first-

order degradation rate constant, k=(-1/t)*ln(C/C0) formula. Arrhenius rate-constant expressions 

for DPO and BP degradations are reported in Tables 5.17 and 5.18 with 95% confidence level. The 

estimated activation energies from our studies are lower that the bond dissociation energies of the 

ether bond in DPO and the C-C bond in BP. From the modeling, we saw that there are multiple 
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reactions: H-abstraction, and Hꞏ addition reactions that degrades DPO apart from the dissociation. 

That lowers the estimated first-order activation energy of DPO decomposition by van Scheppingen 

et al.60 In case of BP, the degradation does not happen by the dissociation of the strong C-C bond, 

but instead it happens by Hꞏ addition over time. Finally, the effects of impurities in the BP and 

DPO are a question.  

 

Table 5.17: The 1st-order decomposition rate constant of DPO. 

Reference 1st -order rate constant, kDPO (s-1) Temperature range, 

Other conditions 

Our data 101.3±0.9exp (
−24.7 ± 2.1 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙

𝑅𝑇
)  

Modeling of DPO and 

BP eutectic mixture, 

Liquid phase, constant-

volume batch reactor 

after 1000 hours, 644-

670 K, N2 blanket 

 

Table 5.18: The 1st-order decomposition rate constant of BP. 

References 1st -order rate constant, kBP (in s-1) 
Temperature range 

/Other conditions 

Our data 105.3±0.4exp (
−36.7 ± 1.6 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙

𝑅𝑇
)  

Modeling of DPO and 

BP eutectic mixture, 

Liquid phase, constant-

volume batch reactor 

after 1000 hours, 644-

670 K, N2 blanket 

 

 

5.4.9. Rate constant estimation from Lang and Lee2: 

Lang and Lee have reported around 0.5 % degradation of 99.9% pure DowthermTM A at 371℃ 

after 8 weeks of degradation.2 No errors of the measurement are provided. ASTM D6743 standard 

operating procedure is followed for this measurement. This procedure suggests ±0.2 g error is 
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allowable while measuring the initial mass of the heat transfer fluid. They used 27 g, so their 

observation falls under the allowable error of 0.74%. However, a 0.5 ± 0.2 % degradation is usedto 

compare with the current analysis.  

 

During analysis of the fresh sample using the ASTM D6743 method, the initial boiling point of 

the fresh sample is measured when the temperature for 0.05% of the total peak area of the 

chromatogram is reached, and the temperature at 99.5% of the total peak area measures the final 

boiling point. During the analysis of the degraded pyrolysis oil, compounds that appeared earlier 

than the initial boiling point are the "low-boiling-point components." On the other hand, 

compounds that appeared after the final boiling point are classified as "high-boiling-point 

components." Their masses are measured by area-to-mass calibration, and finally the mass 

fractions of these in the degraded oil are corrected for the non-identified mass fractions (ASTM 

D6743). These values are summed and scaled on a 100 mass % fresh oil basis to obtain percent 

degradation. 

 

During the fresh sample analysis, peaks of benzene, mono-chlorobenzene, and phenol are 

observed. DPO is commercially produced by reacting mono-chlorobenzene and phenol. During 

this production, benzene might be a side product, and these compounds may all stay in trace 

amounts in the tested DowthermTM A. The DBF peak is very close to the DPO peak. A trace 

amount of DBF may stay in the “fresh” sample as we have seen earlier. Thus, if the ASTM D6743 

method is strictly followed, then benzene, phenol, BP, DPO, and DBF would not fall in the lower-

boiling-point fraction or the higher-boiling-point fraction. 

 

The current model is run at 371℃ for eight weeks of reaction time, giving molar ratios for these 

components of benzene:phenol:BP:DPO:DBF:24:15:15.5:38:7.5 or mass ratios of 

15.6:11.7:19.8:53.7:10.4. With this information, the degraded mass fraction is corrected to obtain 

the corrected molar ratio of BP and DPO. Finally, total moles of DPO plus BP are calculated in 

the fresh and degraded sample to measure the first-order rate constant of 99.9% pure DowthermTM 

A at 371℃ as (7 ± 3) × 10−8𝑠−1. Our modeling gives a 1st-order degradation rate constant of 

6.5 × 10−8𝑠−1 for DPO and 6.0 × 10−8𝑠−1 for BP (371℃ after 8 weeks).  
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5.4.10. Role of impurity: 

From the degradation model of pure Therminol® VP-1, the following insights are inferred: 

• The ether bonds of the DPO are the weakest bonds in the DPO and BP mixture. DPO 

decomposes at the beginning and produces reactive phenyl radicals. 

• Once the phenyl radicals are formed, they abstract hydrogen from DPO and produces 

benzene and o-DPOꞏ radical. 

• o-DPOꞏ forms DBF-Hꞏ via internal radical addition. 

• DBF-Hꞏ have very weakly held tertiary hydrogen and they pop out of the adduct easily. 

• The Hꞏ causes further degradation. 

Thus, if an impurity contains a tertiary H or if it can produce significant amount of phenyl radicals 

after dissociation, then the phenyl radical can aid the generation of DBF and free hydrogen radicals 

and a faster degradation of BP and DPO can be observed. 

During the analysis of the fresh sample, 0.25 mol% impurities was observed. Among them, ortho-

hydroxy biphenyl is present with an amount of 0.14 mol%. They might be a source of a maximum 

0.28 mol% of Hꞏ after full conversion by the path shown in Figure 5.26. 

 

 

Figure 5.27: A hypothetical degradation path of ortho-hydroxy biphenyl that produces maximum 

number of free H radicals. 

 

However, the O-H bond in the ortho hydroxy biphenyl is a stronger bond (bond dissociation energy 

ca. 87-90 kcal/mol)45 than the ether bond in DPO (bond dissociation energy 76-78 kcal/mol)60. 

Thus, homolytic scission is difficult. Internal radical addition within ortho phenyl phenoxyl radical 

is also difficult due to resonance stability of phenoxyl ring.  

 

The monochlorobenzene is presumably an impurity from manufacturing DPO by the reaction 

between monochlorobenzene and phenol.2 The fresh sample that we analyzed has 

monochlorobenzene less than 0.001 mol%. However, the C-Cl bond in monochlorobenzene is a 
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strong bond with bond dissociation energy of 95.5 kcal/mol,75 so it would be difficult to produce 

Phꞏ and Clꞏ from the unimolecular dissociation of monochlorobenzene. Lang and Lee2 reported 

that the degradation mass % of various 99.5%-pure Dowtherm A samples with various ppm of 

chlorine content at 399℃ do not show a monotonic change with the chlorine content.   

 

Toluene and p-methyl diphenyl are possible impurities from biphenyl production. They are present 

in the fresh sample with 0.01 and 0.03 mol%, respectively. The bond dissociation energy of a C-

H bond in the methyl group of toluene is around 85 kcal/mol45, indicating a strong bond compared 

to the ether bond in DPO. That is why the possibility of the dissociation of the C-H bond in the 

methyl group of toluene is less. 

 

During the GC/MS analysis, sometimes p-methyl biphenyl is mis-identified as diphenyl methane 

due to their very similar mass spectra. However, diphenyl methane has a weak C-H bond in the 

methylene group (bond dissociation energy is 81 kcal/mol).76 Thus, it has a possibility of providing 

hydrogen radical during the degradation process after dissociation. Also, the methylene phenyl C-

C bond has a bond dissociation energy of 77 kcal/mol.45 Thus, it can also dissociate to generate 

phenyl and benzyl radicals.  

 

N2 gas also can conceivably introduce impurities. The impurities in N2 gas are CO, CO2, O2, H2O 

and Ar. However, in high-purity N2 gas, these impurities are present in 200-600 nmol/mol.77 

 

5.4.11.   Improvement of the model: 

Other roles of phenyl radicals: A sample of 99.9+ mol % pure biphenyl (with a possible p-methyl 

biphenyl impurity) is also degraded using ASTM D6743 method at 399℃ for 1000 hours, and 

99.8 mol% biphenyl is identified in the degraded sample. Other compounds in the degraded 

samples are benzene (less than 0.1 mol%) and p-methyl biphenyl (more than 0.1 mol%). A 

correction by phenyl-ring balance did not change these numbers significantly. It suggests that 

biphenyl has a degradation rate of <8.4 × 10-10 mol/cm3/s after 1000 hours in a sealed steel 

container. This observation indicates that biphenyl is a very stable compound thermally.  

 

Previous high-temperature pyrolysis studies on biphenyl suggest formation of growth species such 

as terphenyls and quaterphenyls. A role of phenyl-radical additions to poly-phenyl compounds was 
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proposed. However, origin of the phenyl radicals was not discussed in detail. One possible way is 

generation of free hydrogen radicals from impurities, Hꞏ addition to biphenyls, and slow 

dissociation of hydrogen adduct to form phenyl and benzene. Another possible way is generating 

phenyl radical in significant amount from the dissociation of the impurities. 

 

During the degradation of Therminol® VP-1, the dissociation of the ether bond in DPO is a major 

source of phenyl radical. These phenyls take part in abstracting H from DPO. However, they can 

also participate in radical addition reactions. A phenyl radical can add to two ipso, four ortho, four 

meta, and two para positions of DPO and BP (Figure 5.28). The phenyl adducts formed by the 

attachment of phenyl radicals on the ortho, meta and para positions have weakly held tertiary 

hydrogens. These hydrogens can either be abstracted by other radicals or the adducts can dissociate 

to form growth species (such as terphenyls and phenoxyl biphenyls) and hydrogen radicals. The 

adduct formed by the phenyl radical on one of the two ipso positions of DPO can also go through 

the dissociation to form benzene and phenoxyls.  

 

However, during the GC×GC/MS analysis of the degraded Therminol® VP-1 oil, a total of less 

than 0.05 mol% grown species is observed. It suggests that the phenyl addition chemistry is not 

dominant at 371℃ and 1000-hours degradation. That is why this chemistry is not included during 

the current modeling. It could play a significant role during investigating a higher-temperature 

degradation and/or longer time degradation. 
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Figure 5.28: Radical addition chemistry by phenyls to DPO (a-d) and BP (e-g). 

 

Another possible degradation route of BP-Hꞏ adduct: When a hydrogen radical adds to the 

ortho position of a phenyl ring in BP, BP-Hꞏ is formed. Due to the addition, two sp3 carbons are 

generated: one that forms a methylene group and another that has an unpaired electron. The 

unpaired electron is distributed among the other carbons, providing a resonance stability. These 

resonance structures can possibly β-scission an sp2-sp3 bond, opening the ring and generating a 

radical with a six-carbon, unsaturated aliphatic chain with a radical center, such as in Figure 5.29. 

However, during the GC×GC/ToFMS analysis, we did not observe any similar compounds, so this 

reaction route is not considered.  
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Figure 5.29: β-scission of Csp2-Csp3 bond in BP-Hꞏ. 

 

Another possible degradation route from o-BP radical: Ortho BP radical can be formed if a 

phenyl ring abstracts hydrogen from BP. This reaction was initially identified from the RMG 

calculation. However, it was not selected for the time integration because of very low rate 

compared to other H-abstraction reactions by phenyl. Nevertheless, o-BP radical might go through 

a ring addition chemistry to provide a precursor of biphenylene. That precursor may go through a 

β-scission chemistry to provide either biphenylene and hydrogen radical or a radical with 

phenylene group and a cyclic, unsaturated aliphatic chain (Figure 5.30). One major difficulty in 

forming a four-member ring is its large ring strain.45 Also, from the GC×GC/ToFMS analysis, no 

biphenylene or 1,2-alkyl benzene is identified. However, a further investigation is needed to 

understand the degradation kinetics of these routes.  

 

Figure 5.30: Radical addition in o-BPꞏ can form a precursor of biphenylene which can go through 

β-scission chemistry to provide either biphenylene and hydrogen radical or a radical with 

phenylene group and a cyclic, unsaturated aliphatic chain. 

 

5.5.   Conclusion: 

Pure Therminol® VP-1 and Dowtherm A are composed of 73.5 wt. % diphenyl oxide and 26.5 wt. 

% biphenyl. In its use as a heat transfer fluid at 370-400℃, it undergoes degradation. This analysis 

shows that the initial homogeneous step is for the weak ether bond in DPO to dissociate, producing 
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phenyl and phenoxyl. Phenyl then abstracts hydrogen from DPO to form benzene and radicals 

such as o-DPO radical. Once formed, this radical goes through an internal radical addition to 

generate hydrogen adduct of DBF. It has a tertiary H that easily pops out to form DBF and Hꞏ 

Once Hꞏ is formed, it adds to DPO to form an adduct which decomposes to benzene and phenoxyl. 

This step accelerates the degradation process. The Hꞏ radical also adds to BP, and BP slowly 

degrades. Phenoxyls slowly abstract H from the hydrogen adducts of BP. Also, the BP adducts 

decompose to benzene and phenyl slowly over time. This study also shows how ring condensation 

chemistry takes place in DPO and explains the thermal degradation process of the BP/DPO eutectic 

mixture. 
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CHAPTER 6: THERMAL DEGRADATION OF MINERAL OILS  

 

6.1. Introduction: 

Mineral oil is a fraction obtained from the distillation of crude oil, boiling approximately between 

270 to 485℃ at 1 atm. It generally contains C15-C34 n-alkanes, branched alkane, and /cyclo-alkanes 

with some O/N/S impurities.3 It is used as base oil for metal-working fluids, heat transfer fluids, 

and hydraulic fluid.  

 

There are three types of mineral oils: paraffinic oil, naphthenic oil, and a combination of them. 

Paraffinic oils are mainly composed of normal and branched alkane groups. On the other hand, the 

naphthenic oils are composed of cycloalkanes. Alkenes, and alkynes are not usually present in 

mineral oil.78 However, it is possible to have aromatic impurities in them because of the 

fluctuations in experimental conditions during distillation.3  

 

The number of compounds in the mineral oils is huge. Characterizing them using experimental 

tools such as gas chromatography followed by electron-impact mass-spectrometry (GC-MS) often 

turns out to be very difficult. At 40 to 70 eV in the MS, the n-alkanes, branched alkanes, and 

cycloalkanes have unstable molecular ions, producing mass spectra with many fragment ions and 

a very small molecular ion signal.8 Due to the similarity among these structures, fragmentation 

produces very similar mass spectra when the compound is large (carbon number > about 10), 

making differentiation difficult.8  

 

Soft ionization or chemical ionization (CI) techniques can be used more successfully for the 

characterization of the mixture of these hydrocarbons by their molecular ions. For example, higher 

yields of the molecular ions were obtained after using a N2/NO CI-MS probe.79 GC/MS with 

Townsend Discharge Chemical Ionization with Nitric Oxide (TDCINO) is reported to be most 

effective in production molecular ions from these hydrocarbons. In this technique, aromatics 

produce M+, and alkanes and cycloalkanes produce (M-1)+ molecular ions.80 Retention index 

analysis and boiling-point range analysis (ASTM D2887) are also used to characterize the 

hydrocarbons in the petroleum industry. However, these methods involve performing calibration 

of standard solutions from time to time due to the time-dependent background noise of a gas 

chromatograph.81  
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Lumped-kinetics models of crude-oil-to-gas cracking suggests that if the crude oils are mainly 

composed of the alkanes, then dissociation of the C-C bond is not the only degradation step.82 

Arrhenius pre-exponential factors of 3•1015 to 6•1017 s-1 and activation energies of 67 to 72 

kcal/mol were observed in the crude oils from various sources after fitting the first-order Arrhenius 

kinetics to the kinetic data from a small  sealed vessel. These activation energies are lower than 

the bond dissociation energies of most C-C bonds in alkanes, which range from 78 to 85 kcal/mol.45 

Also, there are thermogravimetry studies that suggest multiple degradation steps and qualitatively 

characterize heavy oil and lube oil and their different fractions.83,84  

 

Mineral oil is a hydrocarbon mixture of thousands of alkanes. Lumped kinetics on these fluid 

mixtures suggests an overall idea about the degradation process. However, a detailed degradation 

insight cannot be offered by lumped kinetics.  

 

Rice-Herzfeld radical chain theory lumped reactions by using the pseudo-steady-state hypothesis 

for radical intermediates, but modern models can apply kinetics for the individual reactions 

explicitly. The degradation process of these compounds is initiated by the decomposition or 

homolytic scission of the weakest C-C bond that generates two alkyl radical fragments. Once these 

radical fragments are formed, they can abstract H from the starting compound to form another 

alkyl radical or a smaller alkane. These radicals can also go through a β-scission decomposition to 

produce either olefin and H radical, or olefin and smaller alkyl radical. An alkyl radical can also 

go through the isomerization reaction via H- transfer to move the radical center from on carbon 

atom to another. Also, two alkyl radicals can recombine to produce a larger alkane or they can go 

through the disproportionation reaction to produce a large alkane and an olefin. However, as the 

concentrations of these radicals are usually low, the rate of the recombination and 

disproportionation reactions would be smaller compared to other reactions. However, the 

following reaction steps are observed to dictate the reaction kinetics: (a) homolytic scission of the 

weak bond to initiate the first degradation step, (b) H-abstraction reaction, (c) β-scission 

decomposition, (d) isomerization via internal H-transfer, (e) recombination and (f) 

disproportionation.  

 

Computational quantum chemistry can be applied to calculate relevant transition states and their 

corresponding thermochemistry and kinetics. A recent DFT study by Bas et al. on the gas-phase 
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degradation of n-propane, n-butane, n-pentane, and n-hexane suggests a few elementary steps from 

which an idea of initial degradation steps in paraffinic mineral can be obtained.85 The rate constants 

of these reactions are calculated85 by the Eyring transition-state-theory equation86 coupled with 

Wigner tunneling corrections,87,88 as described in Equation 6.1: 
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 is the Wigner correction factor, T is the temperature of the reaction, 𝑘𝐵 is the 

Boltzmann constant, h is Planck constant, 𝜔# is the imaginary frequency of the transition state (#), 

R is the universal gas constant, Patm is the atmospheric pressure, 𝜗 is the molarity of the reaction, 

and ∆𝐺# is the change in Gibbs free energy between the transition state and reactant(s):  

Equation 6.2 shows the Gibbs free energy change ∆𝐺# where 𝐻# and 𝑆# are the enthalpy and 

entropy of the transition state with thermodynamic contributions of the reaction coordinate 

removed and 𝐻𝑖 and 𝑆𝑖 are the enthalpy and entropy of the reactant, i. 
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Equation 6.3 shows that the activation energy is the sum of the enthalpy change from reactants to 

transition state and mole-change contribution from the reactants to transition state.   

 

𝐸𝑎 = ∆𝐻# + (1 − ∆𝑛#)𝑅𝑇        (6.3) 

 

There are kinetic treatments by which the gas kinetics of the larger compounds in a homologous 

series can be obtained, notably the Evans-Polanyi linear free-energy relationship (LFER) between 

the activation energy and the heat of reaction. The Evans-Polanyi relation (Equation 6.4) shows 

how the activation energy changes with a parameter α that captures the changes in the reaction 

coordinate and the enthalpy of reaction, ∆𝐻𝑟𝑥𝑛. The parameter α usually varies from 0 to 1. An 

average of 0.5 can be assumed from moderately exothermic or endothermic reactions.89,90 Thus, if 

the activation energy of a particular reaction involving small molecules is known and if ∆𝐻𝑟𝑥𝑛 of 
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the reactions involving small and large molecules is known, then the activation energy of same 

reaction involving the large molecule can be estimated.  

 

𝐸𝑎 = 𝐸0 + 𝛼∆𝐻𝑟𝑥𝑛         (6.4) 

Paraffinic mineral oil is composed of thousands of C15-C34 n-alkanes/branched alkanes. Depending 

upon the operating pressure and temperature and the vapor-liquid equilibrium of these compounds, 

a few compounds will be in the gas phase, a fraction of moderately large compounds will be in 

both vapor and liquid phases, and most of very large compounds will be in the liquid phase. Thus, 

both gas- and liquid-phase kinetics will be involved during the degradation process, so 

extrapolation of kinetic properties using LFER from only the gas-phase kinetics will not be 

enough. 

 

Another point to consider is the exponential increase of degradation paths with the size of the 

molecule. Bas et al. reported 6 reactions for n-propane, 15 reactions for n-butane, and 27 reactions 

for n-pentane. For larger n-alkane like n-pentadecane (C15), this number crosses 10,000. For the 

paraffinic oil, the possible degradation paths are even higher due to the presence of numerous 

amounts of alkanes in the fresh oil. In 1998, Quann suggested a way to simplify this situation for 

the kinetics study of complex petroleum mixture in the presence of a catalyst.91 He proposed to 

develop a structure-oriented lumping (SOL) model using 42 structural properties, or the moieties 

of a molecule, such as the number of methylene groups, methyl groups, or ethers. Thus, a molecule 

is represented by a vector of moieties. From various GC/MS and NMR data, approximate 

concentrations of different compounds are obtained. A few general structures of n-alkyls and 

multi-ring compounds are assumed after investigating the origins of these compounds. Although 

there are multiple approximations made in describing the structures of the compounds, it is a new 

way to represent a mixture of compounds. Finally, Quann lumped different families of reactions. 

A family is defined by the same reactions for all the relevant compounds. To obtain a better 

resolution of the reaction rates under a single family, he exploited LFER as follows: 

 

ln 𝑘𝑖 = 𝑎 + 𝑏(𝑅𝐼)𝑖         (6.5) 
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In Equation 6.5, 𝑘𝑖 is the reaction rate constant for molecule i. (𝑅𝐼)𝑖 is the reactivity index of 

molecule i, and a and b are fitting constants. Quann suggested the reactivity index as representing 

“carbonium ion stability in cracking reactions”, “free radical stability in thermal reactions”, or 

“electronic properties of aromatic rings in hydrogenation reactions.”91 These suggestions are not 

clearly understood collectively. Also, these stabilities might be affected from gas-phase to liquid 

phase. However, the mass-transfer equations are solved after modeling the specific gravity, 

viscosity, and boiling point as functions of molecular descriptors that were considered at the 

beginning.  

 

The idea of SOL can be implemented during the investigation of mineral oil as well. Petroleum 

has a larger fraction of aromatic compounds that are identifiable and quantifiable from GC/EIMS 

due to stable molecular ions. On the other hand, as noted previously, detecting and identifying 

large alkanes from GC/MS experiment with absolute certainty is difficult due to small intensities 

of molecular ions, but the larger alkyl compounds are a smaller fraction of the petroleum oil. That 

is why modeling n-alkyl compounds with a few lumped descriptors did not create a huge difference 

in the obtained result by Quann. On the other hand, paraffinic mineral oil is mostly composed of 

alkanes. Thus, using lumped descriptors for various n-alkane, branched alkane, and cycloalkane 

compounds might cause a greater error during prediction. 

 

6.2.   Experimental procedure: 

Two fresh paraffinic mineral oils, Chem Therm 55092 and Paratherm HE,93 and samples degraded 

at 550℉ and 600℉ are investigated under the present study. The ASTM D6743 method is used by 

collaborators at Eastman Chemical to degrade samples under a N2 atmosphere for 1000 hours. 

Degradations are performed in a closed (with high pressure seal) stainless steel ampoules. After 

the degradation process is over, the contents are quenched in a dry ice/acetone bath to condense 

most of the compounds from the gas phase to liquid phase. However, H2, CH4, C2H6, C2H4, C2H2, 

and other light gas compounds will not be condensed because of their lower boiling points although 

they may dissolve in the liquid.  

 

The fresh and degraded samples are transported to N.C. State and analyzed with two-dimensional 

gas chromatography coupled with electron-ionization time-of-flight mass spectrometry 
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(GCxGC/EI-ToFMS, Leco, Pegasus 4D) after 0.1 to 5 µl injections. The front inlet temperature in 

the GC oven is kept at 300℃ during the analysis. The samples are injected isuch a way that they 

fall on the top of quartz wool inside the inlet liner to enhance the time of vaporization. A flow of 

1.2 sccm helium gas is used to carry the eluents to GC columns. The split ratio is kept at 1:100:GC 

column:vent stream. At the junction of the first and second columns, a cold liquid-nitrogen jet (22 

psi) is used to cryotrap eluents coming from the first column for a very short period (0.3 to 2 s). A 

comparatively hot vaporized nitrogen jet (235 psi) is then used to vaporize the frozen cuts, 

mimicking pulse injection into the second column. Total modulation period is set at 10 s. The 

temperature program for the primary-column oven is 30°C initially, held for 5 min, then ramped 

at 5°C/min to 320°C, then held for 10 min. In the meantime, the secondary column is initially at 

50°C, held for 2 min, then ramped at 5°C/min to 320°C, and held for 24 min. The modulator oven 

is kept 5°C hotter than the secondary oven during the run period. 

 

External calibration standards such as a C7-C40 n-alkane mixture in n-hexane, n-pentane, 

cyclopentane, cyclohexane, n-hexane, and n-dodecane are procured from Sigma Aldrich. These 

standards (or their CH2Cl2 solutions) are injected separately to confirm the identities of various 

peaks. Another benefit of these confirmation experiments is to establish the mole-to-signal 

calibration factors (µC/µmol), which helps quantify various identified peaks. For those compounds 

which are not commercially available, a machine-learning-based model is developed to predict 

relative electron-ionization cross sections (as discussed in Chapter 2). n-Hexane is calibrated for a 

wide mole range. Finally, the relative electron-ionization cross sections of analytes are multiplied 

by the n-hexane calibration factor to obtain calibration factors for the analytes.  

 

The identification processes of various peaks are performed using time-of-flight mass spectrometer 

(Pegasus, 4D) within a ion charge-to-mass range from m/z=5 to m/z=1000 with a 100 Hz 

acquisition rate at 70 eV, leaving hydrogen (MW=2) detection impossible. Permanent gases such 

as methane and ethane are also not detected from various runs of degraded samples, 

indicating small solubility limits of these gases in the product mixtures. 

  

In general, identification of peaks using GC-EIMS is a very popular technique. This technique 

ionizes nominally pure compound coming out of the secondary GC column and counts the number 

of various positive ions to develop a mass spectrum. Finally, analysis software (ChromaToF, Leco) 
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compares the experimentally obtained mass spectrum with a mass-spectra library157. However, this 

technique is not reliable for the alkane-based mixtures as the MS spectra of larger alkanes are very 

similar to one another.8 That is why also using another identification technique, such as using 

GC Kováts retention indices (Equation 6.6), is valuable for the paraffins or α-olefins. For the 

analysis of the fresh/degraded paraffinic oil samples, this technique is adopted.  

 

𝐼𝑥 = 100
𝑡𝑥−𝑡𝑛

𝑡𝑛+1−𝑡𝑛
+ 100𝑛         (6.6) 

 

Equation 6.6 is the formula to calculate the n-alkane Kováts retention index for a non-isothermal 

GC temperature program where Ix is the retention index, tx is the retention time of the x compound, 

and n is the carbon number of the n-alkane eluting just before the x compound and n+1 is the 

carbon number of the next n-alkane eluting next after that compound. The retention time is the 

sum of the primary column retention time and secondary column retention time. Calculation of 

Kováts index from the primary column retention time proved adequate, as discussed in Chapter 3. 

 

In addition to the GC×GC/MS analysis, attenuated total internal reflection−Fourier transform 

infrared spectroscopy (ATR-FTIR: Varian, USA) is used to characterize the samples.94 Here, 120 

scans are recorded using a DTGS TEC detector for each sample. Before each scan, the background 

signal is recorded. After that, background signals are subtracted from the scans, and averages of 

the scans are reported. The resolutions for these runs are 600 to 4000 cm-1. 

 

LC-MS and MALDI-ToF analyses were also performed. However, alkane mixtures are not very 

responsive to electro-spray ionization after liquid chromatography, and the matrix used for the 

MALDI-ToF is not very interactive with alkanes. Thus, reliable information on the higher-

molecular weight compounds was not obtained. 

 

 

6.3.  Results: 

6.3.1. Chromatogram of n-alkane calibration standard: 

 

The chromatograms after injecting 0.5-5 µl of C7-C40 n-alkane calibration standard (1000 µg/ml 

each of n-hexane solution) show that the spacings between the peaks are comparatively larger for 
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the smaller alkanes and smaller for the larger alkanes. Also, there is a detection limit of the 

largest compounds in the non-polar column combination with a 320℃ final temperature in the GC 

temperature program, corresponding to n-C33 alkane (Figures 6.1 and 6.2).  

 

 

Figure 6.1: Total-ion chromatogram of n-alkane calibration mixture after 0.5 µl injection. Small 

peaks of C7 to C33 n-alkanes, a long, strong peak of n-hexane solvent, and peak tails of bleed-

compounds from the stationary phases of the columns (at the high temperature region or right side 

of the chromatogram) are observed. The C33 peak is not labeled. The x-axis is the retention time 

of primary column (R.T. 1), y-axis is the retention time in secondary column (R.T. 2). Blue 

background represents low intensities/signals, and red represents high intensities/signals. 
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Figure 6.2: The total ion chromatogram of n-alkane calibration mixture after 5 µl injection. 

  

6.3.2. Chromatograms of fresh/degraded Chem Therm 550: 

The chromatogram of fresh Chem Therm 550 shows various peaks present between C11-C33 n-

alkanes (Figure 6.3). Also there is a CH2Cl2 solvent peak at the left bottom corner of the 

chromatogram. Due to the freezing and slow bleeding of CH2Cl2 solvent in the cryo-focuser, we 

also obtained an elongated solvent peak parallel to the x-axis. At the high temperature, three other 

elongated peaks are observed. They are mainly dimethyl siloxane dimers and trimers. They are the 

fragments of the adsorption polymer in the primary column. In addition to the solvent peak and 

dimethyl siloxane peaks, there are around 200 peaks identified, signifying at least 200 different 

species being present in the fresh Chem Therm 550 mineral oil. However, this number can actually 

be increased as a smaller amount of material is injected and finer resolution is achieved. 

The chromatogram of a Chem Therm 550 sample degraded at 600℉ (Figure 6.4) is different than 

that of the fresh sample. The major difference of this chromatogram vs. the fresh sample is the 

presence of multiple peaks between the C6 and C11 n-alkane peaks. Also, two different peaks for 

isobutanes are also observed at the top left corner of the chromatogram. There are around 400 

peaks present in the chromatogram neglecting solvent peak and siloxane peaks. 
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Figure 6.3: Chromatogram obtained after 5 µl injection of diluted, fresh Chem Therm 550. The 

diluted solution is prepared after making a solution of fresh Chem Therm 550 in a HPLC grade, 

99.9% pure CH2Cl2. The concentration is ca. 1 µg of fresh Chem Therm 550 in 1 ml of CH2Cl2.  

 

Figure 6.4: Chromatogram obtained after 5 µl injection of diluted, degraded Chem Therm 550. 

The sample was degraded at 600℉. Along with other sample peaks at a smaller primary retention 

time, peaks of isobutanes were identified in this chromatogram. The diluted solution is prepared 

after making a solution of fresh Chem Therm 550 in a HPLC grade, 99.9% pure CH2Cl2. The 

concentration is ca. 1 µg of fresh Chem Therm 550 in 1 ml of CH2Cl2.  
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6.3.3.  Comparison of identified peaks with the peaks of n-alkanes: 

Various peaks of different samples are compared with those of n-alkanes. In the fresh sample, the 

peak locations of a few peaks closely follow the locations of the n-alkane peaks (Figure 6.5a). It 

indicates that a few compounds in the fresh sample have a very similar adsorption-desorption 

behavior to that of n-alkanes. The locus of these peaks in the chromatogram appears to follow a 

parabolic line. There are other peaks that are identified which forms a truncated triangular shape 

on the top of that line as well. The mass spectra of these peaks suggest a larger molecular-weight 

species. Also, inferring anything from the mass spectra of identified species after the analysis of 

an alkane mixture is not reliable.8  

 

In degraded Chem Therm 550 at 550℉ (Figure 6.5b), the parabolic n-alkane line is denser with 

the peaks and also there are more peaks appeared at the lower end of the n-alkanes peaks compared 

to that in the fresh sample. This observation is more prominent in the case of Chem Therm 550 at 

600℉ (Figure 6.5c). 
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Figure 6.5: (a) Positions of various peaks in fresh Chem Therm 550 sample (red dots) are compared 

with C6-C33 n-alkane peaks (black dots). Only the peaks that appear between the n-hexane and C33 

n-alkanes are compared. Solvent peaks and dimethyl siloxane peaks are removed. (b) Positions of 

peaks in degraded Chem Therm 550 at 550℉ are also compared (grey dots). (c) Positions of peaks 

in the degraded Chem Therm 550 at 600℉ are also compared (violet dots). 
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6.3.4.  Idea about the peaks with large peak area: 

The contour plot of the normalized peak area in the fresh Chem Therm 550 (Figure 6.6a) suggests 

that the peaks between 2000 s <R.T.1<3500 s are the compounds with the major portions of the 

total peak area. On the other hand, for the degraded sample at 550℉ (Figure 6.6b), the peak area 

is observed to be less in the 2000 s <R.T.1<3500 s region, and it is more distributed towards the 

peaks with R.T.1 < 2000 s. The blue circles in 2000 s <R.T.1<3500 s region are more distinct and 

have less overlapping nature compared to those peaks observed in the fresh sample. For the 

degraded sample at 600℉ (Figure 6.6c), the parabolic line is more prominent at 200 s< R.T.1 < 

2000 s, and there are multiple peaks with small peak area. The peaks with major peak area between 

2000 s <R.T.1<3500 s region are more disperse. However, in all these cases, the peak area of the 

peaks in the truncated triangle region is very small compared to the peaks present in the parabolic 

line. 
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Figure 6.6: Contour plots of different peaks observed in (a) fresh Chem Therm 550, (b) degraded 

Chem Therm at 550℉, and (c) degraded Chem Therm at 600℉. Normalized peak areas (in µC/ml) 

in the run are used for the diameter of a translucent blue circle centered at a peak's retention time. 
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6.3.5.   Identification of compounds using the Kováts index: 

Kováts indices of the various compounds are calculated using the total retention time (sum of 

primary retention time, R.T.1 and secondary column retention time R.T.2). They are then 

compared against the averages of Kováts indices reported in the NIST retention index library157. 

It suggests that the most abundant species in the fresh Chem Therm 550 is 6-methyl nonadecane 

or 6-Me-C19 (Figure 6.7). After that, the peak area of 2,2-dimethyl docosane (2,2-DiMe-C22) and 

the peak area of 2,2-dimethyl octadecane (2,2-DiMe-C18) are comparable. There are multiple 

identifications for the peak at Kováts index = 1842. It is either 3,3-dimethyl heptadecane (3,3-

DiMe-C17) or 8-methyl-octadecane (8-Me-C18) or 9-methyl-octadecane (9-Me-C18). In the 

degraded sample, the peak areas of all these compounds are absent.  

 

 

Figure 6.7: Various compounds are identified from the Kováts index values of the peaks identified 

in fresh/degraded Chem Therm samples. The NIST retention index library for branched alkanes is 

used for the identification157. The peak area per µl of Chem Therm vs. the Kováts index is plotted. 

The red dots are for the fresh Chem Therm 550, and the grey dots are for the degraded Chem 

Therm 550 at 550℉. 
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6.3.6.   Quantifications of the identified peaks: 

The four major peaks in the fresh Chem Therm 550 oil is quantified in Table 6.1 using the 

developed machine-learning code and n-hexane calibration factors. The Kováts indices are 

compared with values for of branched alkanes reporting in NIST retention index library. The EICS 

are obtained using machine-learning code developed in our lab (Chapter 2). After that, the ratio of 

electron-ionization cross sections of the compound to n-hexane is multiplied with the calibration 

factor of n-hexane to obtain the calibration factor of that compound. Once the calibration factors 

are obtained, the peak area of the compound is converted to obtain moles of the compound. After 

that, it is divided by the injected amount of fresh/degraded Chem Therm 550 to obtain the 

concentration. 

 

It is observed that the concentrations of these six compounds decrease from the fresh sample to 

degraded sample. However, there are no fixed trends in the concentrations observed between two 

degraded samples. 

 

Table 6.1: Concentrations of the top six compounds in fresh Chem Therm 550 and their 

concentrations in degraded samples. The variations of the concentrations are within ±40% of the 

reported values. They are estimated from three repetitions. 

KI 

Compounds 

identified in 

Chem Therm 

550 

Concentration (mol/l) 

Fresh 
Degraded at 

550℉ 

Degraded at 

600℉ 

1950 
6-Methyl 

nonadecane 
0.0061 0.0020 0.0044 

2310 
2,2-Dimethyl 

docosane 
0.0032 0.0004 0.0013 

1917 
2,2-dimethyl 

octadecane 
0.0042 0.0022 0.0014 

1842 

3,3-dimethyl 

heptadecane or 

8-methyl-

octadecane or 

9-methyl-

octadecane  

0.0038 0.0008 0.0014 
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The concentrations of n-alkanes are also calculated from the calibration factors after direct 

calibrations. Figure 6.8 reports the variations of these concentrations in different fresh/degraded 

Chem Therm 550 samples. In the fresh sample, the concentrations of C16-C23 n-alkanes are more 

than 0.005 mol/l. The concentrations of n-alkanes <C16 are zero. In the degraded sample at 550℉, 

the concentrations of n-hexane, C19, C20, C22, and C24 are observed to increase relative to the fresh 

sample. On the other hand, in the degraded sample at 600℉, the concentrations of these 

compounds are observed to decrease from that degraded at 550℉. However, the concentrations of 

C7-C15 are observed to increase. Overall, the concentrations of n-alkanes change from the fresh to 

degraded samples at different temperatures.  

 

Figure 6.8: The concentrations of n-alkanes in fresh Chem Therm 550 (red dots and lines), 

degraded samples at 550℉ (grey dots and lines), and at 600℉ (violet dots and lines). Variations 

of these measurements are between ±40% of the reported value. 

 

Similar analysis is performed for Paratherm HE, and 2-methyl or 4-methyl hexacosane is the 

highest-concentration compound in the fresh sample. Like Chem Therm 550, the concentrations 

of the major compounds (Table 6.2) are observed to decrease in the degraded samples. 
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Table 6.2: Concentrations of the top five compounds in fresh Paratherm HE and their 

concentrations in degraded samples. The variations of the concentrations are within ±40% of the 

reported values. They are estimated from three repetitions. 

KI 

Compounds 

identified in 

Paratherm HE 

Concentration (mol/l) 

Fresh 
Degraded at 

550°F 

Degraded at 

600°F 

2656 

4-Methyl or 2-

methyl 

hexacosane 

0.0312 0.0164 0.0258 

2600 n-hexacosane 0.0252 0.0231 0.0004 

2667 
3-Methyl 

hexacosane 
0.0241 0.0434 0.0333 

2775 

2-Methyl or 4-

methyl 

heptacosane 

0.0228 0.0001 0.0002 

2738 

9-Methyl or 14-

methyl 

heptacosane 

0.0204 0.0004 0.0004 

 

6.3.7.   ATR-FTIR study: 

The FTIR spectra are reported in Figure 6.9 for fresh/degraded Chem Therm 550 samples. The 

spectra for fresh and degraded samples appear to be very similar (Figure 6.9a) with the reported 

data by Sadeghazad et al.95 These spectra have a distinct peak at 720-725 cm-1 due to the rocking 

motion of methylene groups in the backbone present in the branched alkanes. The oscillations near 

the base level at 800-1000 cm-1 is due to rocking of the methylene groups in the side chains. There 

are two distinct peaks between 1300 and 1500 cm-1 due to symmetric and asymmetric C-H bending 

and scissor motions in methylene and methyl groups. There are two more distinct peaks between 

2800 and 3000 cm-1 due to symmetric and asymmetric stretches of C-H in various methyl, and 

methylene groups. 

 

The stretching frequency of C=C is 1650 cm-1. There are no visible peaks of C=C stretches in 

Figure 6.9a at the degraded samples. However, at the baselines, a difference is noticed among these 

runs (Figure 6.9b). Between 1600 to 1700 cm-1 region, the signal for the background is noticed to 

be lower than that of the degraded samples. Moreover, the signal from the 550℉-degraded sample 
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is higher than from the sample degraded at 600℉. It indicates that amounts of olefins in the in the 

degraded samples are higher than in the fresh samples. Signal is highest in the 550℉-degraded 

sample. This observation is similar with Paratherm HE samples as well. 

 

Figure 6.9: The signals from infrared spectroscopy are plotted against the wave numbers (cm-1) 

for fresh Chem Therm (red line), degraded Chem Therm at 500℉ (grey line), and degraded Chem 

Therm at 600℉ (violet line). (a) FTIR signals for the whole range of wave numbers. (b) FTIR 

signals for 1500-1700 cm-1. 

 

From the GCxGC/MS analysis, it is understood that the fresh Chem Therm 550 paraffinic oils are 

mainly composed of C18-C22 branched alkanes. On the other hand, the fresh Paratherm HE is 

mainly composed of C26-C27 linear/branched alkanes. The chromatograms of the degraded 
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paraffinic oil samples contain a higher amount of lower-molecular weight species. The FTIR 

analysis shows that the olefin content in the degraded samples is higher than the fresh paraffinic 

oil samples. During degradations, larger linear/branched alkanes are degraded and mainly form 

smaller alkanes/alkenes.  

 

6.4. Discussion: 

6.4.1.   Reaction mechanism of a model compound: 

Computations of various model compounds are performed to understand the degradation kinetics 

of the starting compounds. Another purpose of these computations on model compounds is to 

obtain more insights on the degradation processes of complex heat transfer fluid mixtures. All the 

computations are performed in two stages. At the first stage, multiple sets of different elementary 

degradation reactions of the model compound are obtained from the Reaction Mechanism 

Generator (RMG).48 The second stage of calculation involves long residence time runs of the 

reaction mechanisms from RMG in a batch reactor or series of PFRs in Chemkin (Chemkin Pro 

19.2, Ansys).64 

 

RMG is a Python-based code developed by Dr. William Green’s group in Chemical Engineering, 

MIT, including collaborators Dr. Richard West at Northeastern University, Dr. Franklin Goldsmith 

at Brown University, and many others. The workflow in RMG is described as follows: once the 

structure of the starting compound, temperature of the degradation, pressure of the system and the 

phase of the staring compound is provided to RMG, it starts to investigate all possible degradation 

paths of the compound in a batch reactor. The thermochemistry of the products and the rates of the 

elementary-reaction paths are calculated using additivity techniques/literature data/machine 

learning while the search is going on. After that, RMG continues to do this operation on every 

product until the target conversion of the starting compound or the target residence time is reached. 

Based on the rates and thermochemistry of the products, RMG provides two mechanisms or two 

lists with detailed descriptions of reactions and products. At first, the preferred reactions and 

products are recorded based on rate rules. They are collectively known as the core mechanism. 

Another list contains all possible reactions and products that have been considered (the "edge 

mechanism").  
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To understand mineral oil degradation, a model compound is considered, 8-butyl octadecane. 8-

Butyl octadecane is a branched alkane with a tertiary carbon in it. It is a model compound for the 

paraffinic mineral oil Paratherm HE. Both the gas-phase and liquid-phase calculations are 

performed at 650 K or 710℉ on this model compound in RMG. A higher temperature is used to 

capture most of the degradation paths during the reaction process. It is learned that the cleavages 

of weak linkages or bonds associated with the tertiary carbon governs the breakage chemistry. 

Also, the formation of small linear paraffins, 1-alkenes (1-butene with the highest yield in the 

product distribution), and cyclohexane is observed during degradation. These compounds (with 

lower molecular weight than that of the starting compound) signify the breakdown of a large 

alkane. Also, bigger branched and linear alkanes are seen in the product distribution as results of 

the recombination reactions of long alkyl radicals (such as decyl radicals). It indicates that a growth 

chemistry also takes place along with the breakdown chemistry. Furthermore, the growth 

chemistry is not observed in the gas-phase calculations, suggesting the requirement of a high-

density environment to recombine large alkyl radicals. Also, due to extremely low concentrations 

of the radicals in the liquid phase, the computational yields of the larger molecular-weight species 

are small. The liquid-phase calculation with zero concentration of undecane solvent provides 275 

species and 8,033 reactions in the core mechanism and 51,842 species and 1,154,868 reactions in 

the edge mechanism.  

 

6.4.2.   Yields of compounds: 

The constant-volume batch reactor calculation on the core mechanism suggests a conversion of 

11% after 3 hours of residence time (Figure 6.10a). Among the light gases (Figure 6.10b), the yield 

of propene (C3H6) is the highest (0.94 % at 3 hours). After that, 1-butene, and ethylene have the 

second and third highest yields. The yields of propane and methane are very similar (0.55% at 3 

hours). The yield of ethane is smaller than methane and propane. The yield of butane is even 

smaller. In general, 1-alkenes have higher yields than their corresponding alkanes. 

 

Figure 6.10c shows how the yields of condensable change over time. Like lighter gases, their yields 

also increase monotonically over time. The yield of 1-heptene is the highest among all species 

(1.1% after 3 hours). After that, 1-decene has the next highest yield. Next, 1-hexene, 1-pentene, n-

hexane, and 1,1-(butyl)(heptyl)ethylene have yields of 0.3 to 0.5% after 3 hours. 
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Figure 6.11 displays the yields of various radicals generated during the degradation process. It 

suggests that different linear alkyl radicals achieve steady-state concentrations after 10 s. However, 

the concentrations of methyl-allyl radical are observed to increase after 100 s. It indicates a 

decomposition of olefins later during the degradation process. After 1000 s, the increasing 

concentration of 3-methyl-cyclopentyl radical suggests formation of cyclo-compounds during the 

degradation process. 

 

 

Figure 6.10: (a) Conversion of 8-butyl octadecane in a constant-volume batch reactor at 710℉ as 

a function of residence time. (b) Yields of various light gases as functions of residence time. (c) 

Yields of heavier species as functions of residence time. 
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Figure 6.10 (Continued). 

 

 

Figure 6.11: Yields of different radicals as functions of the logarithm of residence time. 

 

6.4.3.   Initial degradation process: 

8-Butyl octadecane is a branched alkane. It contains a tertiary carbon from which three different 

alkyl branches are linked. The alkyl branches are a butyl branch (4C chain), a heptyl branch (7C 

chain), and a decyl branch (10C chain). The type I C-C bonds (in Figure 6.12) are the weakest 

bonds, having approximate bond dissociation energies of 80 kcal/mol.45 The type II C-C bonds are 

also weak with bond dissociation energies of approximately 82 kcal/mol.45 The tertiary C-H bond 

is weakest, having an 81 kcal/mol bond dissociation energy.45 
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Figure 6.12: The structure of 8-butyl octadecane. Its tertiary carbon is connected to 4C, 7C and 

10C chains. Type I C-C bonds are weakest, and Type II C-C bonds are also weak. 

 

The initial degradation starts with the dissociation of weakest type I C-C bonds. (first three 

reactions in Figure 6.13). The first reaction produces 1-butyl and 8-octadecyl radicals;, from the 

second reaction, 1-decyl and 5-dodecyl radicals; and from the third reaction, 1-heptyl, and 5-

pentadecyl radicals. 

 

The last three reactions in Figure 6.13 are the decompositions of type II C-C bonds. The fourth 

reaction produces, 1-propyl and 2,2-(heptyl)(decyl)-ethane-1-yl radicals. The fifth reaction 

produces, 1-nonyl and 2,2-(butyl)(heptyl)-ethane-1-yl radicals. The sixth reaction produces 1-

hexyl and 2,2-(butyl)(decyl)-ethane-1-yl radicals. 
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Figure 6.13: Six major degradation paths of 8-butyl octadecane from the dissociation of type I C-

C bonds and type II C-C bonds. 

 

6.4.4.   Formations of 1-decene and 1-heptene: 

1-decene and 1-heptene are the two highest-yield compounds. Once 1-decyl and 1-butyl radicals 

are formed, they go through β-scission reactions to form 1-decene and 1-heptene and H radicals. 

Disproportionation reactions are also identified where mainly methyl, ethyl, 1-propyl, 1-butyl, and 

1-hexyl radicals capture hydrogen from the carbons next to the radical centers of 1-decyl and 1-

heptyl, to form 1-decene and 1-heptene. From these reactions, alkanes such as methane, ethane, n-

propane, n-butane, and n-hexane are also formed.  

 

From this computational study the following points are discerned: 

• 1-Alkyl radicals can form n-alkanes by abstracting H. 

• 1-Alkyl radicals can form α-olefins or 1-alkenes by β-scission of H atom.  

• α-Olefins of the same chain lengths as the branches in a branched alkane are the possible major 

products. 
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• Shorter chain length such as butyl chain in a branched alkane leads to the formation of lighter 

species such as methane, ethane, propane, butane, ethylene, propene, and 1-butene. 

 

6.4.5.   Comparison of the data and prediction: 

There are qualitative similarities present in the experimental observations and the model: 

• From the GC×GC/MS analysis of the degraded mineral oil samples, peaks of lighter species 

were observed that were not present in the fresh samples. The degradation kinetics model of the 

branched alkane also suggests formation of lighter species than the starting material. 

• FTIR analysis provided stronger signals of C=C bonds in the degraded samples. The 

degradation kinetics model also suggests the formation of α-olefins and other alkenes during 

the degradation process. 

Nonetheless, a measurement of the first-order rates of the major compounds in fresh Chem Therm 

550 (6-methyl nonadecane) and fresh Paratherm HE (2- or 4- methyl hexacosane) suggests non-

linearities with temperature. The concentrations of both compounds are observed to decrease at 

550℉ and then to increase at 600℉. However, ±40% deviation in the concentration measurement 

is observed. The kinetic degradation model suggests a linear behavior of the first-order rate of a 

branched alkane with temperature. 

 

6.4.6.   Improvement of the model: 

The fresh mineral oils are composed of around 200 branched alkanes. Knowing the identities of 

all of them from their Kováts index by comparing from the NIST retention index library157 is 

limited. Thus, a predictive model for Kováts index is necessary. Once the identities of 200 

compounds in the fresh oil are known, then a machine-learning code developed by our lab can be 

used to obtain the concentration of these compounds. 

 

There are six different types of reactions that govern the degradation kinetics of an alkane: (a) 

homolytic scission, (b) H abstraction, (c) β-scission decomposition, (d) isomerization via internal 

H-transfer, (e) recombination, and (f) disproportionation. In larger alkanes, internal radical 

addition to form cyclic species is also very common. Thus, organizing these categories of reactions 

is necessary after doing a few other degradation studies on 2,2-dimethyl alkanes, cycloalkanes, 
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and α-olefins. Once these sets of reactions are organized, either an analogous rate constant or a 

corrected rate constant from a linear free energy relationship can be used for other species. 

 

In the present study, a closed ampoule (made of stainless steel) is used to degrade the mineral oils. 

Thus, vapor-liquid equilibrium plays a role. Thus, predictive models of vapor pressures, critical 

points, and triple points (for the wax formation) are also necessary. These models can be prepared 

using the same molecular descriptors (group pairs) used for the development of the Kováts index 

model. Finally, structure-oriented lumping can be performed to predict the kinetics of the mineral 

oil. 

 

6.5.   Conclusion: 

The paraffinic mineral oils such as Chem Therm 550 and Paratherm HE are mixtures of around 

200 branched alkanes. The highest-concentration species in Chem Therm 550 is 6-methyl 

nonadecane, and in Paratherm HE, it is 2-methyl or 4-methyl hexacosane. During the thermal 

degradation, these paraffinic mineral oils mostly produce lighter, linear/branched/cyclo- alkanes, 

and alkenes. A kinetic model of a branched compound 8-butyl octadecane is developed. It suggests 

high yields of 1-heptene and 1-docene. Thus, α-olefins are the major degradation products of a 

tertiary branched alkane. If the chain length is small, then it tends to form lighter species. However, 

structure-oriented lumping91 for the mineral oil should be effective in providing a comprehensive 

insight of the degradation process of the mineral oil.  
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CHAPTER 7: THERMAL DEGRADATION OF BEECHWOOD XYLAN 

 

7.1. Introduction: 

Lignocellulosic biomass is a promising source of renewable energy.6 It is thought of as an 

alternative to fossil fuel. Lignocellulosic biomass contains carbon, oxygen, hydrogen, and a small 

amount of nitrogen and other elements. Through pyrolysis, the oxygen-containing compounds can 

be removed from biomass and a carbon-rich feedstock can be prepared. It improves the calorific 

value. Pyrolytic degradation of biomass has been studied extensively over the last few decades. A 

common motivation behind these studies is to characterize the degradation kinetics.96 

 

Lignocellulosic biomass is a complex structure.4 There are three major components: cellulose, 

hemicellulose, and lignin. The amounts of these components vary from plant to plant. That is why 

it is difficult to fit the biomass degradation kinetics in a few degradation mechanism steps. 

However, a lumped model can reduce the complexity in the mechanism, although an insight about 

the detailed kinetic steps is a trade-off. Alternatively, studying the detailed degradation kinetics of 

simpler model compounds might offer ideas about how these polymeric compounds degrade.59,97,98 

The biomass components in a plant is generated by numerous enzymic activities.4 Among the three 

components, lignin is a strong polymeric material that forms the structure of secondary cell wall 

in a plant. It has different phenolic units that are cross-linked to provide a complex network.99 

Cellulose is also a strong material that is composed of β-glucopyranosyl units connected to 1,4-

glycosidic linkages or ether linkages.5 The numbers represent the positions of carbon atoms in the 

pyranosyl ring. On the other hand, hemicellulose represents a class of different branched 

polymers/co-polymers.5 Like cellulose, the base units of these polymers are pyranose or furanose 

forms of various pentose and hexose monosaccharides such as: D-xylose, L-arabinose, L-fucose, 

D-glucose, D-mannose, and D-galactose. Hexuronic acids such as D-glucuronic acid can also be 

basic units. These units appear in both their α and β forms. In the hemicellulose copolymers, a 

glycosidic bond forms between carbons of any two rings. That is why hemicellulose is branched, 

more weak than cellulose, and porous. The name of a hemicellulose copolymer is defined in such 

a way that the unit that forms the side chains is put earlier and the unit that forms the backbone is 

put later in the name.  
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An example is glucuronoxylan (Figure 7.1). In this copolymer, β-D-xylopyranosyl units connected 

by 1,4-glycosidic bond forms the backbone xylan, and α- or β-D-glucuronopyranosyl units 

connected by 1,2 or 1,3-glycosidic bond to the backbone forms the side chain. This hemicellulose 

polymer is found in beechwood.100  

 

 

Figure 7.1: A hypothetical structure of glucuronoxylan. The backbone has β-D-xylopyranosyl 

units (black color) connected to one another via 1,4 glycosidic bonds. β-D-glucuronopyranosyl 

units (blue color) are connected to the backbone via 1,2 glycosidic bonds. Various methoxy and 

acetyl substitutions are shown in red color. A mineral ion, Na+ (bold) can either form a ligand unit 

with various ether bonds or they can stay in a salt form with the glucuronic acid. Water molecules 

(violet) can also stay inside the network forming hydrogen bonds with various ether and hydroxyl 

groups. 

 

In addition to these three components in biomass, various mineral ions can be found naturally 

between these polymer structures. Various available hydroxyl groups in glucuronic acid unit can 

be methoxylated, and various hydroxyl groups in xylose units can be acetylated.100 In addition, 

water molecules can be absorbed between two copolymers and can form hydrogen bonds with 

various ether bonds and hydroxyl groups. 
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Pyrolysis is a process in which a material is thermally degraded at temperature higher than room 

temperature in an inert environment. There are different kinds of pyrolysis techniques based on 

temperature programs such as temperature ramps and final temperature. A slow ramp pyrolysis 

can be performed in a custom-made reactor or thermogravimetry instrument.101 The fast ramp 

pyrolysis or flash pyrolysis can be performed in various commercial reactors such as Pyroprobe 

by CDS Analytical,102 Micropyrolyzer by Frontier,103 or the PHASR reactor104 developed in 

University of Minnesota. A discussion about these reactors can be found in Appendix E. Pyrolysis 

is also characterized based on the final temperature. If the final temperature is below 300℃, then 

it is known as torrefaction.6  

 

Thermogravimetric analysis (TGA) measures the mass loss from a solid sample in a sample pan. 

It generates information about the overall degradation of a solid sample and gas/vapor formation 

from the sample. Differential thermogravimetric analysis (DTG) provides the mass-loss rate data 

of a sample with respect to time or the program temperature used in TGA. A DTG curve usually 

contains one or multiple peaks. The apex of those peaks denotes the temperatures with locally 

highest degradation rates. These temperatures are known as degradation temperatures and are used 

to extract the first-order degradation kinetics. Such kinetics is often coupled with evaporation rates 

of products from the reaction matrix or diffusion rates of gases through the matrix. These rates are 

not extremely useful to measure the reaction rates of elementary steps, but they are useful for a 

large-scale experimental set-up as they capture multiple effects.  

 

In DTG/DSC (differential scanning calorimetry), the temperature difference between sample pan 

and reference pan (which contains no sample) are used to measure the DSC curve. There are 

temperature sensors attached below these pan-holders. As the reference pan is empty during the 

operation, the set temperature program should be recorded from the temperature sensor attached 

with the reference pan holder. Conversely, the temperature sensor attached to the sample pan 

records the temperature changes due to any physical or chemical changes in the sample. Finally, 

the difference between these two temperatures and the cell constant is used to measure the resultant 

heat flow during the degradation process. A precisely measured DSC curve contains information 

on heats of reactions and heat change during phase changes.7 On the other hand, it is very sensitive 

to the experimental set-up. An example is the usage of an aluminum pan above its melting point. 
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There is a chance that after the experiment a small amount of aluminum may be attached to either 

of the pan holders. That affects the DSC measurements.  

 

During the pyrolytic degradation, materials form solid char/liquid bio-oils and gases/vapors.5,105 

The gases and vapors can be analyzed in a gas chromatograph attached to an electron-impact mass 

spectrometer, tandem mass spectrometer, or flame ionization detector.98,104 The liquid fraction is 

usually analyzed by high-pressure liquid chromatography, potentially attached to an electrospray 

mass spectrometer.106,107 Characterization of char is difficult, as the molecules in the char cannot 

be dissolved in a liquid easily. Also, mineral ions might be present in the matrix. However, 

elemental analysis or solid-solid NMR can provide an idea about the elements and bonds present 

in the chars.108 

 

7.2.  Experimental procedure: 

7.2.1.   Elemental analysis: 

Perkin Elmer Corporation's model 2400 CHNS/O series II Elemental Analyzer is used to determine 

C, H, and N in solid materials. The instrument burns a known quantity of 4-day dried xylan or 

xylan-chars at 925℃ in a pure oxygen environment. The product gas then is passed through silver 

oxide/silver tungstate, silver tungstate on magnesium oxide, and silver vanadate to oxidize the 

resultant gases; and then through pure copper and copper oxide to reduce the gases and convert C 

to CO2, H to H2O, and N to N2. The gases are then mixed and passed through a column that 

separates them and passes them through a calibrated conductivity detector to determine the weight 

percentage of the elements. Oxygen is inferred by difference. For the mineral ions such as 

potassium, calcium, and sodium, an acid digestion technique is used. 

 

7.2.2.   TGA/DSC: 

A combined thermogravimetric analyzer (TGA) and differential scanning calorimeter (DSC) from 

TA Instruments (SDT-Q600 model) is calibrated at 20.00°C/min heating rate and 10.0 standard 

ml/min N2 flowrate monthly. It involves calibrating weight by a sample weight provided in the 

TGA calibration kit and calibrating temperature by the melting point of zinc, 419.53°C. The cell 

constant is 1.15. The heat flow baseline calibration (or DSC baseline calibration) is performed 

using a sapphire disc. 
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Usually in a TGA/DSC machine, a difference exists between the true sample temperature and the 

temperature recorded by the sensor of sample pan.109 It is mainly due to the heat-transfer resistance 

between the sample and the sensor. It can be reduced by using a pan made of highly heat-

conductive material such as aluminum. For the experiments on xylan, aluminum pans (Fisher 

Scientific) are used. A set of experimental runs is also performed to understand the thermal lag 

behavior between the recorded temperature and the true sample temperature at different heating 

rates.  

 

Due to thermal lag, the temperature recorded in the analysis software (i.e., set temperature 

program) is different than zinc’s true melting point. A melting transition of a compound can be 

measured from the DSC curve, as the melting of a compound generates an endotherm. The onset 

of that endotherm of the compound is considered as the apparent melting point, Tm℃. It is 

observed that from the heating rate of 5 to 30°C/min the thermal lag varies linearly (Figure 7.2), 

and a linear regression is performed to come up with a description of the thermal lag, ΔT (°C) = 

Tm℃ -419.53℃ and heating rate, β (°C/min) relationship: 

 

∆𝑇 = (0.14 ± 0.01)𝛽 − (2.53 ± 0.25) , 𝑟2 = 0.99         (7.1) 

 

In Eq. 7.1, the constants are calculated with 95% confidence interval and the average values are 

used for the further calculation. The heating rates are kept limited to 30°C/min for this study. 
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Figure 7.2: Thermal lag as a function of heating rate. 

 

7.2.3.   Py-GC×GC/ToFMS: 

A Pyroprobe flash pyrolyzer (CDS Analytical, 5200 series) is used to pyrolyze around 0.4-0.6 mg 

of dried sample at a 20,000℃/min heating rates at different final temperatures and holding time. 

The gas/vapor products are analyzed in a two-dimensional gas chromatograph followed by time-

of-flight mass spectrometer (Pegasus 4D, Leco) or GC×GC/ToFMS. A few granules of <50 μm 

diameter are loaded in a quartz tube (CDS Analytical, part number 10A1-3008) and placed inside 

the platinum coil of the Pyroprobe sample holder. To avoid any blockage by the particles, the 

downstream end of the quartz tube is blocked by a small amount of quartz wool (CDS Analytical, 

part number 1001-0345) before loading the sample in it. The oven temperature and the Pyroprobe-

to-GC transfer line are kept at 250 to 280℃ for the runs. Direct pyrolysis mode is used for 

Pyroprobe. Helium gas with high purity (99.9995%) is used to carry the gas/vapors from CDS 

Pyroprobe to GC with a 61.2 standard ml/min flowrate.  

 

The front inlet temperature in GC is kept at 230℃. A split inlet liner is used with a 1:50 split ratio. 

A 30m x 0.25mm ID x 0.25μm Rtx-200, mid-polar primary column (Restek) and a 2m x 0.15mm 

ID x 0.15 μm Stabilwax, extremely polar secondary column are used. At the junction of the two 
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columns, a cold liquid-nitrogen jet (22 psi) is used to cryotrap eluents coming out from the first 

column for a very short period (0.3 s). A comparatively hot nitrogen jet (nitrogen gas, 235 psi) is 

then used to vaporize the frozen cuts to mimic impulse injection into the second column. Total 

modulation period is usually set at 10 s. A detailed description of the optimization of the column 

combination and the temperature program is provided in Appendix F. 

 

The mass spectrometer was operated at 230°C ion source temperature, 70 eV electron energy, 100 

Hz spectrum acquisition rate, and 1700 V detector voltage. ChromaToF software (Leco) was used 

in concert with the NIST/EPA/NIH Mass Spectral Library157  for the identification of species and 

to calculate the peak areas at the average noise level. The minimum signal-to-noise ratio was set 

at 10 for the detection of a peak. 

 

Optimization of acquisition queue and ion source, PFTBA calibration of mass spectrometer, tune 

and leak check analyses are performed regularly. Before and after the experimental runs, blank 

runs are performed.  

 

7.2.4.   Sample preparation: 

Beechwood xylan, D-xylose, xylobiose, D-glucuronic acid, sodium acetate (NaOAc), sodium 

chloride (NaCl), and sodium carbonate (Na2CO3), sodium hydroxide (NaOH) and calcium 

hydroxide (Ca(OH)2) are procured from Sigma Aldrich. DI water is procured from Fischer 

Scientific. Xylose oligosaccharide is obtained from Dr. Sunkyu Park’s laboratory at N.C. State 

University. It was procured from Honzhou, China. It is composed of 38 wt.% xylobiose, 27 wt.% 

xylotriose, 12 wt.% of xylotetrose, and 23 wt.% of other oligomers. 

 

Drying: Xylan, D-xylose, and D-glucuronic acid are hygroscopic, and the catalytic behavior of 

water in various pericyclic reactions is well-known.97 Thus, it is important to dry the material 

before doing any pyrolysis experiments. Xylan with less than 50 µm particle size is dried in a 

desiccator partially full of dririte at 30 cm-Hg vacuums at 105°C. The drying time is characterized 

by taking out the drying xylan from desiccator for 15 minutes, measuring its weight (Mettler 

Toledo balance), and placing the sample again in the desiccator. 
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Xylan flakes preparation: To identify how the degradation peaks in the DTG curve change in 

beechwood xylan, various xylan flakes are prepared with and without different salts/bases. Around 

10 mg of dried xylan dust with less than 50 µm particle size is mixed with 50 ml of DI water in a 

clean glass vial at 105℃ for 15 minutes. After that, the xylan aqueous suspension is kept at room 

temperature and 30 cm Hg vacuum for at least one day to dry completely. After this process, the 

final weight of the xylan flake is observed to be 30% higher than the starting amount of xylan 

dust. This increase does not change after five days of drying, apparently due to strongly bound 

hydration.  The thickness of these flakes is approximately 0.1-0.3 mm (Figure 7.3).  

 

Figure 7.3: (a) Xylan dust before screening, (b) Xylan flakes after drying. 

 

Three different salts - sodium acetate (NaOAc), sodium chloride (NaCl), and sodium carbonate 

(Na2CO3) - and two different bases - sodium hydroxide (NaOH) and calcium hydroxide (Ca(OH)2) 

- are used to impregnate the xylan matrix. The impregnation of the salts/bases into the thin xylan 

flakes is performed in the similar way. At the initial step, dried xylan dust, a known amount of 

salt, and DI water were mixed to prepare salty/basic xylan flakes. During the mass-loss calculation 

of the salty/basic xylan flakes, the initial amount of the salt/base is subtracted and rescaled with 

the mass of xylan. 

 

7.2.5.   Experimental runs: 

TGA/DSC experiments are performed on xylan dust and xylan flakes. For the current study, ramp 

heating at 5 to 30℃/min from room temperature to 590℃ is implemented. The thermal lag is 

adjusted to the set temperature program to obtain a more accurate sample temperature. The N2 

flow rate used here is 10 standard ml/min. The initial mass is restricted to 3-5 mg and is evenly 

spread on the pan to limit possible interfering effects due to the diffusion of gases through the 

matrix.  
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To compare the predicted char yields from the models developed from 5-30℃/min heating rate 

experiments using dried xylan dust, different isothermal experiments are also performed by 

TGA/DSC at temperatures of 200 to 400℃ with 3 to 12 hours holding time. A heating rate of 

20℃/min is implemented from the room temperature to the desired isothermal temperature. Also, 

flash pyrolysis is also performed at 250 to 400℃ and isothermal holding times varying from 20s 

to 100s.  

 

Pyroprobe flash pyrolyses are also conducted, in which the gas mixture from the flash pyrolysis 

of dried xylan dust is analyzed using GC×GC/ToFMS. There are four different final temperatures 

(250, 300, 350, and 400℃) and five different hold times (20 s, 40 s, 60 s, 80 s, and 100 s) where 

the runs are performed. The calibration of multiple species is performed, and after that, a machine-

learning code is applied to predict calibration factors of those compounds whose calibrations are 

not possible.  

 

In other Pyroprobe/GC×GC/ToFMS experiments, D-xylose, xylobiose, and xylose 

oligosaccharides are also pyrolyzed at 250, 300, 350, and 400℃, and D-glucuronic acid is 

pyrolyzed at 250 and 300℃. The isothermal holding time in the Pyroprobe is kept at 60 s. Xylan 

char, generated in TGA/DSC by a linear 20℃/min to 390℃, is also pyrolyzed in the Pyroprobe at 

400℃ with 100 s. The purpose of these runs is to compare various gas products with the products 

obtained from xylan dust. In a few runs, condensation of compounds in the Pyroprobe-GC transfer-

line is identified during clean-up runs in trace amounts (Appendix E). They are considered during 

yield calculations.  

 

All TGA/DSC runs are repeated for five times, and char pyrolysis in the Pyroprobe is repeated five 

times. The Pyroprobe-GC×GC/ToFMS and the elemental analysis runs are repeated three times.  

 

7.3. Results: 

7.3.1. Characterization of beechwood xylan: 

Elemental analysis is performed on the dried xylan dust to know the C, H and N weight percentage, 

and acid digestion is performed for the Na, K, Ca, and S mass percentages. The weight percentage 

of O is calculated by subtracting of weight percentages of the other elements from 100%.  
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Minerals are present in a significant amount: Ca is 1.80 ± 0.09 mass %, Na is 1.60 ± 0.04 %, and 

K is 0.12 ± 0.03 %. The ash content is measured to be 4.76±0.55 %. It is in good agreement with 

the amounts of the mineral ions present.  

 

By converting the elemental weight percentage into mole per gram of xylan basis, the following 

formula of the xylan is obtained: 𝐶5 ±0.01𝐻8.42 ±0.09𝑂4.20 ±0.00. In a pure xylan, the chemical 

formula should be C5H8O4. A higher amount of hydrogen and oxygen contents indicates presence 

of some glucuronic acid units. The certificate of analysis of extracted xylan from Beechwood from 

Megazyme provides the monosaccharide composition as 85.6 mass % D-xylose, 8.7 % glucuronic 

acid and 5.7 % other sugars.110 Werner et al. also obtained their beechwood xylan from Sigma 

Aldrich and reported a D-xylose:D-glucuronic acid mass ratio to be 87.5:12.5.7 

 

7.3.2. Data from the TGA/DSC experiments: 

The conversion curve of the xylan dust over 100-590°C true sample temperature is presented in 

Figure 7.4a. Finding no change in the curve from 100-220°C indicates that the xylan dust is 

thermally stable in this temperature range. After that, a rapid drop up to 46% in the mass-loss curve 

is observed from 220-320°C. After 320°C, the drop is slow and finally reaches to 32% at 590°C.  

Figure 7.4b represents the DTG curve of the conversion in Figure 7.4a, d(conversion)/dT. The 

DTG curve has two distinct peaks and one non-zero peak tail. It suggests a three-step degradation 

of the xylan dust. The degradation temperatures are 252.5 ± 2.2°C and 303.0 ± 1.6°C. After 460°C 

the degradation rate of the peak tail becomes lower.  

 

Differential scanning calorimetry shows the exothermicity of the xylan pyrolysis process. The 

DSC base-curve in Figure 7.4c (black line) represents a non-zero-base line. It represents the 

temperature-dependent heat capacity of sapphire plus some experimental defects such as the 

contact between the pan and sensor.  Between 100-200℃, the DSC line of the xylan dust is slightly 

higher than the baseline, indicating an exothermic process. It may be an effect ofremoving the 

remaining moisture from the pores of already dried xylan granules, causing the small pores to 

collapse and form a more compact xylan polymer network a with higher number of hydrogen 

bonds. Between 220-320℃, there are two overlapped exothermic peaks observed. These exotherm 

peaks suggest more bond formation during the degradation process. After 320℃, an additional 



 

207 

 

exothermic bond formation is observed. Werner et al. studied the DSC behaviors of different 

biomass polymers such as xylan, arabinoxylan, arabinogalactan, galactomannan, glucomannan, 

xyloglucan, β-glucan and cellulose.7 They reported similar exothermic behavior for xylan, in 

contrast to endothermic behavior of cellulose.  

 

 

Figure 7.4: (a) The conversion of dried xylan dust (for 24 hours) as a function of true sample 

temperature at 20℃/min. Five runs are performed and average values are reported. (b) DTG curve 

as a function of true sample temperature. (c) DSC curves as a function of true sample temperature. 

The black line is measured after putting a 3.01 mg sapphire in the TGA sample pan. The red line 

or the exotherm is measured using 2.07 mg xylan dust in the sample pan.  

 

Studying degradation kinetics using TGA for the monomer units such as D-xylose, and D-

glucuronic acids is difficult due to evaporation of these compounds after melting.111 DSC curves 

are also affected by the endothermicity of melting. 

 

7.3.3.  Effect of drying of xylan dust: 

Around 8 mass % decrease from the undried xylan is observed after 1 day of drying. Multiple runs 

are performed at 20℃/min to optimize the drying time of the xylan dust. No changes in the mass-

loss curves are observed when samples are dried at least 24 hours (Figure 7.5). A linear drop in 

the mass percent from 100-200℃ in undried xylan dust indicates that xylan has a distribution of 

pores where moisture is absorbed. Moisture is removed from large to small pores as the 

temperature increases from 100 to 200℃. However, a positive exothermic change between 100-

200℃ of 24 hour-dried xylan dust (Figure 7.4c) and the absence of further change, as shown in 

Figure 7.5, suggests that DSC is more sensitive to any physical or chemical changes during the 
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degradation process. Nevertheless, it is too difficult to extract degradation kinetics from DSC 

curves as they are also sensitive to experimental set-up. 

 

Figure 7.5: Conversion of various dried and undried xylan dust as functions of true sample 

temperature. 

 

7.3.4. Overall degradation kinetics measurements: 

There are various kinetics models that are used to measure the overall solid degradation kinetics, 

such as the Kissinger model112,113, the isoconversion model proposed by Coats and Redfern114, and 

the distributed activation-energy model115–117.  

 

Data from Kissinger model: In the Kissinger model, it is assumed that degradation is mainly 

influenced by a single first-order Arrhenius reaction. A constant volume of the solid is also 

assumed. After that, the degradation temperatures (where the degradation rates are maximum) are 

recorded for different heating rates, and finally prefactors and the activation energies are inferred. 

For the analysis, 5, 10, 20, and 30℃/min heating rates are implemented. The DTG curves are 

reported in Figure 7.6. As the heating rate increases, the peaks migrate to higher temperatures. The 

activation energy for the first or lower temperature-peak in the DTG is 40 kcal/mol and for the 

second peak, it is 49 kcal/mol (Table 7.1). The Kissinger method is very simple to implement. 
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However, as only a few data points are used for the kinetic analysis in this method, the analyzed 

results are imprecise. 

 

Figure 7.6: The DTG curves of the dried xylan dusts at different heating rates. 

 

Table 7.1: Arrhenius parameters for first-order degradation rate kinetics.  

Peak 
Pre-factor, 

A0 (sec-1) 

Activation energy, 

Ea (kcal/mol) 

1st or low temperature-degradation peak in DTG 1014 ± 3 40 ± 6 

2nd or high temperature-degradation peak in DTG 1016 ± 2 49 ± 6 

 

Data from isoconversion model: The isoconversion method proposed by Coats and Redfern is 

model-free.114 In this method also, first-order Arrhenius kinetics under a constant volume is 

assumed. However, here each point in the conversion curve is assumed as to follow different first-

order kinetics. It is better than the Kissinger model as it uses all datapoints. Figure 7.7 represents 

the conversion (Figure 7.7a) of dried xylan dust at different heating rates, their DTG curves (Figure 

7.7b), and the first-order Arrhenius degradation parameters obtained from isoconversion method. 

It suggests the activation energy is around 36 kcal/mol when xylan starts to degrade (Figure 7.7c). 
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The overall activation energy starts to increase to about 70 kcal/mol up to 0.25 conversion of the 

solid mass and then varies from 60 to 80 kcal/mol up to 0.7 conversion. 

 

 

Figure 7.7: (a) The conversion of the solid xylan dust as a function of true sample temperature at 

different heating rates. (b) DTG curves as a function of true sample temperature. (c) The overall 

activation energy (black squares) and prefactors (red squares) from Coats and Redfern model as a 

function of solid mass fraction of xylan. 

 

Distributed activation-energy model: This model assumes that the solid degradation kinetics can 

be approximated by parallel degradation reaction classes with different prefactors and activation 

energies. It is also assumed that the activation energies within a reaction class are very similar and 

that they are distributed normally.117 The entropic contribution ∆𝑆‡ for a given class of reactions 

is assumed to be same,116 so the same prefactor is also assumed for that class. The formulation of 

the model can be found elsewhere.115,117 

 

In xylan degradation, there are three different degradations observed: Degradation related to two 

peaks in DTG and the non-zero peak tail. Thus, three parallel reactions with different prefactors 

and activation energies are assumed. Finally, the DTG curve of dried xylan dust at 20℃/min is 

deconvoluted by optimizing the kinetics parameters using a global optimization method (pattern 

search) in MATLAB R2019b.  
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The distributed activation-energy model suggests that the average activation energy associated 

with the first or low temperature-DTG peak is 41 kcal/mol; for the second peak, it is 45 kcal/mol; 

and for the reactions associated with the non-zero peak-tail, it is 66 kcal/mol (Table 7.2). Figure 

7.8a is the deconvolution of the DTG graph. The blue solid line is the deconvoluted 1st peak, the 

blue dashed line is the deconvoluted 2nd peak, and the blue dashed dot line is the deconvoluted 

non-zero peak tail; 95% confidence envelopes are also reported. The model prediction is in good 

agreement with the experimental DTG. A maximum of ±12.5% residual (=difference from the 

predicted to experimental data scaled by the experimental data) is observed over the temperature 

range. The deconvoluted peaks are integrated to obtain a model mass-loss curve (Figure 7.8b). 

Around 2% residual is observed, referenced to the data.  

 

For comparison, Cai et al. performed TGA analysis on xylan (Acros Organics)  at 5℃/min.115 An 

activation energy of 43 kcal/mol and a prefactor of 1•1012 to 1•1014 s-1 was reported. This activation 

energy is close to that observed for the low-temperature degradation peak for beechwood xylan. 

Comparing the results for the Kissinger model and distributed activation-energy model, the 

activation energies for the low temperature-degradation peak are close. The activation energies of 

the high-temperature degradation peak from these two models overlap. However, information of 

the peak-tail cannot be obtained from Kissinger model. Besides, the deviations from the prediction 

of the Kissinger model is larger than that from the distributed activation energy model. Between 

the isoconversion model and the distributed activation-energy model, the isoconversion model is 

more detailed as it does not assume parallel reactions. However, the latter one offers more insight 

to about the deconvolution of the DTG peaks. Also, the measured errors are larger in the 

isoconversion model. Thus, the results from the distributed activation-energy model is used for 

further study.  
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Figure 7.8: (a) The peaks of the DTG curves from the 20℃/min pyrolysis of dried xylan dust are 

deconvoluted with the distributed activation energy model. (b) After the deconvolution, the 

parallel reaction paths are integrated into mass-loss curves to compare with experimental data. 
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Table 7.2: First-order Arrhenius degradation parameters obtained using the distributed activation-

energy model. 

Degradation Parameters Values 

Low-temperature peak in DTG 

Or the 1st peak in DTG 

log10(A0, sec-1) 14.8 ± 1.2 

Ea (kcal/mol) 40.6 ± 1.9 

High-temperature peak in DTG 

Or the 2nd peak in DTG 

log10(A0, sec-1) 15.5 ± 0.4 

Ea (kcal/mol) 44.7 ± 2.1 

Non-zero peak tail in DTG 
log10(A0, sec-1) 19.1 ± 1.0 

Ea (kcal/mol) 66.4 ± 7.2 

 

 

7.3.5. Comparison with the char yields from flash pyrolysis: 

The char yields (%g/g) are estimated from the distributed activation-energy model with a fast-

ramp temperature program at the same rate as was used for flash pyrolysis. They are compared at 

20-100s and 250-400℃. A good agreement is found (Figure 7.9). Contributions of the three 

different stages of kinetics for these isothermal runs are also estimated by integrating different 

rates isothermally and are plotted in Figure 7.10. Figure 7.10a indicates that for 250℃ isothermal 

runs, the 1st peak degradation kinetics is dominant. In 300℃ isothermal runs (Figure 7.10b), the 

1st peak is completely degraded, and the 2nd peak is partially degraded. In 350℃ isothermal runs 

(Figure 7.10c), the 1st and 2nd peaks are completely degraded, but there is no kinetics from the peak 

tail. In 400℃ isothermal runs (Figure 7.10d), the 1st and 2nd peaks are completely degraded, and 

peak-tail kinetics appears. 
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Figure 7.9: The predicted char yield is compared with that obtained from flash pyrolysis of dried 

xylan dust with 95% confidence bands. Top-left plot is for 250℃, top-right plot is for 300℃, 

bottom-left plot is for 350℃, and bottom-right plot is for 400℃. 

 

Figure 7.10: The mass-loss curves from the flash pyrolysis are deconvoluted using 1st (blue line), 

2nd (red line) and peak-tail (black line) degradation kinetics: Pyrolysis at 250℃, 300℃, 350℃, 

and 400℃ pyrolysis. 
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7.3.6. Comparison with the amount of char yields from the isothermal TGA: 

Figure 7.11 compares the char yields (%g/g) from the distributed activation-energy model and the 

isothermal TGA runs; 95% confidence levels of experiments and models are also plotted. Figure 

7.11a suggests that the modeled char yields at 200°C are lower than from the experiments. 

However, the computational yields are similar for the experimental yields at 300℃ and 400℃ 

(Figures 7.11b and 7.11c). 

 

7.3.7. Water solubility of chars: 

To understand why the model prediction is lower than experimental char yield at lower 

temperatures, chars are generated at various final temperatures. After that, they are dropped in the 

DI water, shaken for 15 minutes (Figure 7.12) and allowed for settling for 5 hours. It suggested 

that the xylan chars have water-soluble and -insoluble fractions. The color of the water-soluble 

fraction is brown at 250℃ and it is colorless at 500℃. It suggested that the amount of the water-

soluble fraction is large at lower temperature. It is mainly because of the low final isothermal 

temperature. If the isothermal temperature of the degradation is lower than the boiling point of a 

product (furan-carboxylic acid, BP=240℃), then it stays on the reaction matrix, increasing the 

char yield. Furthermore, the amount of water-insoluble char does not change very much from 

250℃ to 500℃.  
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Figure 7.11: The mass-loss curves obtained from the isothermal runs of TGA/DSC curves are 

compared with those obtained from the distributed activation-energy model, showing 95% 

confidence bands. The blue dashed line is the mass-loss curve from experiment, the black solid 

line is from the model, and the red line shows the reactor temperature profile (i.e., true sample 

temperature): Pyrolysis at a) 200℃, (b) 300℃, and (c) 400℃. 
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Figure 7.12: Water solubility experiments of unreacted xylan and xylan char with various final 

temperatures. The chars are generated by using a 20℃/min ramp to the final temperature. In the 

samples of xylan char a black, water-insoluble fraction is observed to settle at the bottom of the 

ampoule. The meniscus of the water appears to have a dark or black color, but it is an optical effect.  

 

 

7.3.8. TGA/DTG analysis of xylan flakes: 

Figure 7.13 and Figure 7.14 are the conversions and DTGs of various xylan flakes. Figure 7.13a 

and 13b show a comparison in the degradation behavior of the xylan dust and xylan flakes. The 

flakes are thermally less stable and tend to degrade at lower temperature (Figure 7.13a). There is 

a smaller fluctuation observed in the DTG curve of the flakes at 200℃. They are probably due to 

the breakage of the lattice of the flakes and removal of the absorbed water. Also, the low 

temperature-degradation peak is larger, and the high temperature-degradation peak is lower in the 

DTGs of the xylan flakes.  

 

The Figures 7.13b-13f are the conversion curves of salty/basic xylan flakes. They show changes 

in the conversion curves from the xylan flakes not impregnated with salts/bases. A small increment 

in char at the final temperature is observed for all of them except NaOAc. The DTGs curves of the 

salty/basic xylan flakes are more informative (Figures 7.14b-14f). They suggest a consistent 

decrease of the 1st peak heights and consistent increment of the 2nd peak heights in the presence of 

salts/bases except NaCl. No changes are observed in the peak tails of the DTG curves. 
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Figure 7.13: Comparing TGA conversion of xylan dust and flakes with influence of drying time 

and salt/base additions: (a) 1-d dried dust (red), 1-d dried flakes (black), 3-d dried flakes (blue 

dashed); (b) 3-d dried flakes (black), 3-d dried flakes+2%NaOAc (blue), and 3-d dried 

flakes+7%NaOAc (red dashed); (c) 1-d dried flakes (black) and 1-d dried flakes+1.49% NaOH 

(red); (d) 1-d dried flakes (black) and 1-d dried flakes+3.53% Na2CO3 (red); (e) 1-d dried flakes 

(black) and 1-d dried flakes+3.2% NaCl (red); (f) 1-d dried flakes (black) and 1-d dried 

flakes+2.05% Ca(OH)2 (red). 



 

219 

 

 

Figure 7.14: Differential TGA analyses  of xylan dust and flakes with influence of drying time and 

salt/base additions:  (a) 1-d dried dust (red), 1-d dried flakes (black), 3-d dried flakes (blue dashed); 

(b) 3-d dried flakes (black), 3-d dried flakes+2%NaOAc (blue), and 3-d dried flakes+7%NaOAc 

(red dashed); (c) 1-d dried flakes (black) and 1-d dried flakes+1.49% NaOH (red); (d) 1-d dried 

flakes (black) and 1-d dried flakes+3.53% Na2CO3 (red); (e) 1-d dried flakes (black) and 1-d dried 

flakes+3.2% NaCl (red); (f) 1-d dried flakes (black) and 1-d dried flakes+2.05% Ca(OH)2 (red). 
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7.3.9. Chromatogram of xylan: 

Figure 7.15 is the chromatogram of products from xylan-dust pyrolysis at 400℃ with 100 s holding 

time. It contains around 700 peaks, indicating 700+ compounds. This contour plot uses the x-axis 

for the primary-column elution time and the y-axis for the secondary-column elution time. The z-

axis is the total-ion signal in pico-coulombs corresponding to each peak, scaling in signal strength 

from blue to green to yellow to red. Integrating the signals, the peak areas are obtained in pico-

coulombs and are converted to grams of a compound after scaling them with mass-to-area 

calibration factors and split ratios. Among them, the major species are quantified. The large red 

blob in the left side of the chromatogram (short primary-column elution time) contains the water 

and CO2 peaks. As the water content is very high, it freezes to ice at the cryo-focuser and slowly 

bleeds over time to form a large tail almost parallel to the axis of the 1st column retention time. 

However, it did not affect the separation of the other compounds as the separation of the species 

is good in the polar secondary column. Due to the presence of water in the columns even after 

multiple empty runs, there are a large variation in water peak and the other peaks near the water 

peak such as CO2. 

 

 

Figure 7.15: The Py-GC×GC/ToFMS chromatogram of products from xylan-dust pyrolysis at 

400℃ with 100 s holding time. 
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7.3.10.   Yields of major species: 

The peak areas of various identified peaks are converted to amounts of the compounds after 

applying calibration factors either from experimental area-to-mass or from a machine-learning 

model. The yields of 31 compounds are calculated after dividing the amount with initial amount 

of xylan dust. The yields of 28 compounds are reported in Figure 7.14 at four different reaction 

temperatures and five different isothermal holding times in the Pyroprobe. In Figure 7.16, black 

points are the yields at 250℃, blue points are the yields at 300℃, red points are the yields at 

350℃, and green points are the yields at 400℃. The yields of a several light compounds such as 

water, CO2, methanol, formic acid, ethanol, and acetic acid are very close from run to run 

individually. The yield of water (ca. 20 mol%) and CO2 (ca. 15%) are observed to be the highest 

during the degradation process up to 400℃. Yield of glycolaldehyde is observed to be very high 

(ca. 8%), and yield of methanol is around 6%. The yields of ethanol, formic acid, 1-hydroxy-2-

butanone, and 2,3-butandione are up to 3%. The yields of propanoic acid, formaldehyde, and acetol 

are up to 2%. The yields of furfural, acetone, acetic acid, acetaldehyde, and linear aldopentose 

sugar are up to 1%. The yields of other five-ring compounds such as 2(5H)-furanone, 2-furoic 

acid, 5-methyl furfural, and furanmethanol are less than 0.2%.  

 

There are a few general groupings observed based on the yields at different temperatures: 

Compounds that are formed at 250-400℃, such as water and ethanol; compounds that are formed 

at 350-400℃ and have the same yields at these temperatures, such as CO2 and methanol; 

compounds that are formed at 350-400℃ but have higher yields at 400°C, such as propanoic acid, 

furfural, furanmethanol, and 5-methyl furfural; and compounds that form over wide temperature 

range, such as 2(5H)-furanone, glycolaldehyde, glyceraldehyde, dihydroxyacetone, and phenolic 

compounds.  

 

In addition to these compounds, multiple peaks of possible anhydroxyloses or dianhydroxyloses 

are detected (largest m/z in the mass spectra = 114). However, the identifications of these isomers 

are not possible because the mass spectra of these anhydro/dianhydro xylopyranoses are not in the 

NIST08 to NIST17 mass spectral libraries157. Glyoxal and methyl glyoxal are also identified in 

small quantities.  
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Figure 7.17 is the histogram of the average yields of 28 compounds at different temperatures and 

100 s holding time at Pyroprobe. It suggests that the yields of water and CO2 are high. However, 

the detector is surely saturated for these compounds, and a large 95% confidence band is observed 

for them at other holding times. After water and CO2, methanol and glycolaldehyde have the 

highest peaks. Importantly, no CO2 and glycolaldehyde peaks are observed at 250℃. Among all 

five-ring compounds the yield of furfural is the highest (ca. 0.7%). Among these 28 compounds, 

the average yields of methyl-acetate, formaldehyde, acetaldehyde, acetone, acetol, glycolaldehyde, 

linear aldopentose (identified as D-lyxose), acetoin, 2(5H)-furanone, and catachol are 

monotonically increasing with temperature.  

 

 

 

Figure 7.16: Yields of 28 compounds as functions of isothermal holding time in the Pyroprobe. 

The black dots are from 250℃, the blue dots are for 300℃, the red dots are for 350℃, and the 

green dots are for 400℃. Two-sigma error bars are reported. 
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Figure 7.16 (continued). 
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Figure 7.16: (continued). 

 

 

 

 

Figure 7.18 shows the average yields of 24 compounds from the present work at different 

temperatures, compared with previous studies where arabinoxylan extracted from corn stover was 

pyrolyzed in a Frontier Micropyrolyzer at different temperatures. Similarly to the current 

observations, the previous studies also suggested high yields of water and CO2 at different 

temperatures.96,103,118 There was no CO2 yield at 250℃. However, it is not surprising that CO2 

yield was low from arabinoxylans, as arabinoxylans are not known to have glucuronic acid units. 

A higher yield of formic acid is also observed at 500℃, which might be the source of CO2 

formation. Yields of CO are also observed at 500℃, which can form from a -COOH group via 

cheletropic cleavage. Also, yield of glycolaldehyde is also high at 500℃. Around 5% yield of  
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Figure 7.17: Average yields of 28 compounds from xylan-dust pyrolysis in the Pyroprobe at 100 s 

holding time. The two-sigma error bars are below 40% of the average values reported. 

 

 

Figure 7.18: Average yields of 24 compounds at 100 s isothermal holding time, compared at 

different pyrolysis temperatures and with previous studies where arabinoxylan extracted from corn 

stover was used as the base material in a Frontier Micropyrolyzer reactor.96,103,118  
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linear aldose and around 4% yield of furfural were observed at 500℃. In contrast, about 1% yields 

of these compounds are observed from the present study. It might be because a different xylan 

copolymer used for the present study. However, no 1,4-dioxene rings are observed from the 

previous analysis. In the current study, this compound is found and calibrated with the calibration 

standard. In the previous studies, various anhydro and dianhydro-xylose were also observed with 

high yields (ca. 15-24% at 550℃). Nonetheless, due to the experimental limitations, multiple 

anhydroxyloses are not quantified in the present study. In the current analysis, various phenolic 

compounds such as phenol, catechol, hydroquinone, and 3-methyl-1,2-benzenediol are observed. 

Usino et al. also reported various phenolic compounds from xylan pyrolysis.119 

 

 

7.4. Discussion: 

7.4.1. Limitations of the lumped char models: 

The char models developed in the current study are good in predicting chars obtained from 

different reactors with various temperature programs. They also provide the first-order kinetic 

model parameters, such as Arrhenuis pre-exponentials and activation energies of various lumped 

hypothetical reaction steps. However, as these models are independent of the chemical structures 

and the thermochemical properties of the reactants or products, they failed to provide a detailed 

insight of how xylan degrades. In the distributed activation-energy models, three parallel reactions 

are assumed empirically, based on the observations on DTG curves. Why there should be parallel 

reaction paths is not obvious from this analysis. Yet, various experimental observations can 

provide ideas. Based on them, products can be mapped to DTG curves and reactions can be 

hypothesized. A structure-oriented lumping might be useful when the reactant structure is as 

complex as xylan.91 It might provide more insight about the influences of chemical moieties on 

the product yield.  

 

7.4.2. Water solubility experiment: 

The water solubility experiments (Figure 7.12) on char suggest there are two fractions of chars, 

water-soluble and water-insoluble fractions. The amount of the water-insoluble chars is observed 

to be similar from 250-500℃. Water is a polar solvent. For a compound to be soluble in water, it 
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needs to have polar groups such as -OH. The water-insoluble fraction should be deficient of such 

polar groups. Once this fraction is formed, it degrades slowly over the temperature range.  

 

7.4.3. Elemental analysis of xylan chars: 

Figure 7.19 is the van Krevelen diagram of xylan chars. It hints a large drop in H and O contents 

suggesting the removal of most of the oxygenates up to 350℃. The datapoints follow a linear 

pattern with a slope of 1.4 and 0.6 intercept. A 1.4 slope means for one mole of oxygen atom 

removal, 1.4 moles of hydrogen atoms are removed during the degradation process. If it were only 

dehydration reactions, then the slope would be 2. It is suggestive of an average formula of 

CxH1.4xOx for the gas. Formation of various compounds containing carbonyl groups justifies this 

observation. Also, the intercept is 0.6; i.e., in the absence of oxygen, it has a chemical formula of 

CxH0.6x, which is a carbon-rich structure. An approximate line (red) is also sketched for the water-

insoluble fraction, as a very slow degradation is observed for it. Because these structures are 

porous, a complete drying would be difficult. That is why elemental analysis would not completely 

be effective. However, to understand what type of products come from the xylan char, xylan char 

is generated in the TGA/DSC at 390℃, and about 0.5 mg of it is pyrolyzed in Pyroprobe at 400℃ 

for 100 s. The xylan char at 390℃ has a small water-soluble fraction. The resulting Py-

GCxGC/MS chromatogram has very small peak areas of p-xylene, acetaldehyde, acetone, 2,3-

butandione, 2-butanone, furan, and 5-methyl furan. No other two-oxygen-containing compounds 

are observed such as glycolaldehyde, glyceraldehyde, dihydroxyacetone, or furfural. A small yield 

of gas products suggested the chars generated at high temperature are difficult to degrade 

thermally. The O/H ratio of the hydrocarbons suggested a very low mole of oxygen is removed 

per mole removal of hydrogen atom. [However, this pyrolysis run was affected by a minor argon 

leak to the GC line from Pyroprobe, that increased the peak area of water and CO2 moderately.] 
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Figure 7.19: Van Krevelen diagram of dried xylan dust and xylan chars (black points). The blue 

dotted line is a linear fit to the experimental data points. The solid red line represents an 

approximate estimate for the water-insoluble char fraction. 

 

7.4.4. DTG curves of xylan flakes: 

During preparation of the xylan flake without salt or bases, a 30% weight decrease is observed 

from the initial xylan dust, even after days of vacuum drying. It suggests that the water 

concentration is already high in the xylan flakes. In the TGA run of the xylan flakes without 

salts/bases, an increase of the first peak height and a decrease of the second peak height is observed 

consistently in DTG rate curves. It would be consistent with the first degradation being mostly 

related to bound-water removal from the xylan matrix. As the adsorbed water molecules are 

removed from the matrix, xylan polymers can restructure their arrangements, creating a greater 

number of hydrogen bonds among the polymers and creating a more stable structure. However, 

water can also take part in hydrolysis of glycosidic bonds and other catalytic bimolecular reactions 

such as dehydration reaction and keto-enol tautomerization reaction. 

 

Alternatively, when water is added to the xylan matrix, the water molecule also solvates the 

mineral ions and breaks the ligand structures. That lowers the concentrations of these ligand units. 

It is probably the reason behind a low 2nd degradation rate. When the salts or bases are impregnated 

into the xylan matrix, the mineral ions have a place to stay between two xylan layers, forming 
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more ligand units. That is why an increment of the second degradation units is observed in most 

of the DTG curves of salty/basic xylan flakes. 

 

7.4.5. Analysis of TGA and Py-GCxGC/MS data: 

The char model using the distributed activation-energy model suggests that during the isothermal 

runs at 250℃ in Pyroprobe, xylan dust mostly goes through the degradation kinetics of the low 

temperature-degradation peak or the 1st peak in DTG curve (Figure 7.10a). Alternatively, the 

isothermal degradation kinetics of xylan at 300℃ is dominated by 1st peak kinetics and partially 

dominated by a high-temperature degradation peak, a 2nd peak in the DTG curve (Figure 7.10b). 

On the other hand, kinetics at 350℃ from both 1st and 2nd peaks is significant, but there is no 

contribution from the peak tail (Figure 7.10c). Finally, at 400℃, the kinetics is influenced by a 

partial contribution of the peak-tail kinetics as well (Figure 7.10d).  

 

Thus, the gas products that are identified from 250℃ runs are mostly from the first degradation 

peak. However, if the yields of a compound over various holding times are similar from 250℃ 

and 350℃ experiments, then the product coming from the 1st peak degradation is confirmed. Once 

the degradation products from the 1st peak are identified, another yield comparison from 350℃ 

and 400℃ provides an idea about the degraded products from the 2nd peak and peak tail in the 

DTG curve.  

 

Table 7.3 contains the list of compounds classified by different degradation stages. The 

experimental yields from the flash pyrolysis experiments have high error bars for glycolaldehyde, 

furfural glyceraldehyde, dihydroxyacetone, and linear aldopentose. Thus, only average values of 

the yields of all compounds are examined to classify the compounds for the 2nd peak and peak tail 

of the degradation. Figure 7.20 represents a graphical representation of various compounds 

classified by different degradation stages. Also, the compounds are further classified in Figure 

7.20 by their first detections in Py-GC×GC/ToFMS. 
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Table 7.3: Compounds classified by different stages of degradations. 

from 1st DTG peak from 2nd DTG peak from Peak-tail of DTG 

Water (2-15 %) 

Ethanol (0.5-3%) 

CO2 (5-15%) 

Methanol (1-5%) 

Formic acid (1-3%) 

1-Hydroxy-2-butanone (1-3%) 

2,3-Butandione (1-2%) 

Propanoic acid (0.5-1.5%) 

Acetic acid (0-1.5%) 

Furfural (0.4-0.8%) 

1,4-Dioxene (0.2-0.5%) 

Methyl acetate (0-0.5%) 

5-Methyl furfural (0.02-0.04%) 

2-Furanmethanol (0.04-0.08%) 

Glycolaldehyde (2-6%) 

2,3-Butandione (1-2%) 

Acetol (0.4-1%) 

Acetone (0.3-1%) 

Formaldehyde (0-1%) 

Linear aldopentose (0.2-0.6%) 

Acetaldehyde (0.1-0.4%) 

Catechol (0.1-0.4%) 

3-Hydroxy-2-butanone (0.1-0.3%) 

Dihydroxyacetone (0.1-0.2%) 

2(5H)-Furanone (0.05-0.2%) 

3-Methyl-1,2-benzenediol (0.02-

0.05%) 

2-Furoic acid (0.01-0.04%) 

Hydroquinone (0.01-0.04%) 

Phenol (0.01-0.03%) 

Glyceraldehyde (0.01-0.02%) 
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Figure 7.20: Compounds classified by different degradation stages of dried xylan dust in TGA at 

20℃/min. The black line and black colored compounds are for the 1st or low temperature 

degradation peak in DTG. The red line and red colored compounds are for the 2nd or high-

temperature degradation peak, and the green line and green colored compounds are for the peak 

tail degradation in DTG curve. The blue dashed line represents the overall degradation kinetics.  

 

7.4.6. The role of -COOH group in CO2 generation: 

Werner et al.  performed pyrolysis-GC/MS analysis and DSC analysis on xylan.7 They concluded 

that the formation of CO2 from the glucuronic acid unit of the xylan was the reason of the 

exothermic behavior. Xylan from beechwood contains around 5-20 mass % of glucuronic acid. 

The -COOH group in glucuronic acid might be the major source of CO2 generation.  

 

To test this hypothesis, dried D-xylose and D-glucuronic acid granules are flash-pyrolyzed, and 

gases/vapor are analyzed by GC×GC/ToFMS. Figures 7.21a and 7.21b are the chromatograms of 

D-xylose and D-glucuronic acid from pyrolysis at 300℃. Various smaller molecular weight-

compounds are identified from D-xylose, such as H2O, CO2, glycolaldehyde, glyceraldehyde, 

dihydroxyacetone, furfural, and aldopentose sugars. Fewer compounds are produced from D-

glucuronic acid. The product distribution from D-xylose (Figure 7.22a) suggests high yields of 
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H2O (9-14 mass%), glycolaldehyde (4-10%), linear C5 aldopentose sugars (1-6%), furfural (1-

4%), formaldehyde (1-3%), dihydroxyacetone (1-2%) and others. By comparison, the product 

distribution from D-glucuronic acid suggests high yields of H2O (12-13 mass%), CO2 (2-7%), and 

furfural (0-2%), and others in Figure 7.22b. Figure 7.22c compares the CO2 yields from xylan dust 

(blue bar), D-glucuronic acid (orange bar), and D-xylose (black bar). The very small yield of CO2 

from D-xylose might be because it has no -COOH groups.  

 

7.4.7. Evidences of CO2 generation in the presence of mineral ions: 

Mineral ions such as Na+, K+ or Ca++ ions can stay in a xylan matrix in two major locations. One 

location is between two layers of xylan polymers as a center of a ligand unit. In these units, they 

should have partial ionic bonds with nearby oxygens in the hydroxyl, ether, or carbonyl groups. 

Another way is the salt formation with the -COOH carboxylic acid groups in glucuronic acid units. 

Thus, glucuronic salt units should be present.  

 

Gargiulo et al. studied the generation of CO2, CO, H2, and CH4 from K+-impregnated 

glucuronoxylan (procured from Sigma Aldrich).120 They demineralized the xylan at first, prepared 

xylan flakes with or without K+ impregnation after that, pyrolyzed them with 7℃/min, and finally 

measured the product signals in a thermal conductivity detector. Their observations at the mineral 

ion-impregnated xylan include higher yield of char, higher yield of CO2, higher yield of CO, no 

yields of H2 and CH4 at lower pyrolysis temperature, and higher yields of H2 and CH4 at higher 

pyrolysis temperature (>307℃). The mechanism of how the CO2 yield is higher from the 

glucuronic salt units or the other ligand structures is not clearly understood. 
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Figure 7.21: Chromatograms from (a) D-xylose pyrolysis and (b) from D-glucuronic acid pyrolysis 

in the in Py-GC×GC/ToFMS at 300℃ and 60 s holding time. 
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Figure 7.22: Product distribution histograms from pyrolysis of (a) D-xylose and (b) D-glucuronic 

acid in the Py-GC×GC/ToFMS at 300℃ and 60 s holding time. Two-sigma error bars are below 

40% of the average values reported.  
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Figure 7.22 (continued): CO2 yields from dried xylan dust (blue), D-glucronic acid (orange), and 

D-xylose (black, to low to be visible) in Py-GC×GC/ToFMS at 250 and 300℃, 60 s holding time. 

 

7.4.8. Evidences of dioxene ring formation: 

From the pyrolysis of xylan dust, a compound named 1,4-dioxene is generated with a very small 

yield (<1 wt%, Figure 7.18). The structure of this compound is different from other cyclic 

compounds because it has a six-membered ring and two oxygen atoms. To understand whether 

this compound is common in the product distribution of D-xylose, xylobiose, xylose 

oligosaccharides, and D-glucuronic acid, they are also pyrolyzed in CDS Pyroprobe. Products are 

analyzed with GC×GC/ToFMS, giving the results shown in Figure 7.23. [Chromatograms are 

shown in Appendix H.] The 1,4-dioxene yield is highest from xylan and zero in D-xylose. It 

suggests that to form a dioxene ring, at least two pyranose rings are required. 

 

 

Figure 7.23: The yield of 1,4-dioxene from D-xylose (orange), xylobiose (blue), xylose 

oligosaccharides (red), and xylan dust (green) as a function of reaction time. 
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7.4.9. Mineral content and DSC analyses of Werner et al.  

In addition to pyrolyzing xylan (section 7.4.6), Werner et al.7 pyrolyzed glucomannan, xyloglucan, 

arabinoxylan, and arabinogalactan and performed ash content measurements on them. The ash 

contents were measured after burning the biomass polymers in the excess oxygen. The compounds 

in ashes are various mineral oxides. The ash content in glucomannan, xyloglucan, arabinoxylan, 

and arabinogalactan were 2.2, 0.5, 0.6, and 0.4 % on a dry basis, respectively. Generally, when the 

ash content is higher, the mineral content is higher.  

 

They also studied the DSC behaviors of these samples in open and closed pans. They observed a 

small exothermic peak just after the large endothermic peak in both open and closed pans during 

glucomannan degradation between 310-330℃. In glucomannan, there are no -COOH groups or 

glucuronic acid units, suggesting that an exothermic reaction may be occurring in the presence of 

mineral ions. In xyloglucan, arabinoxylan, and arabinogalactan, the ash contents were 

comparatively small, indicating a smaller amount of mineral content. Also, these compounds do 

not have a significant amount of D-glucuronic acid unit. However, their open-pan and closed-pan 

DSC curves were different. The closed-pan DSC curves were observed to fluctuate near y=0 at 

different temperature regions. It signifies either the compounds in the gas phase diffuse through 

the solid phase to take parts in an exothermic reaction or there is a minor exothermic degradation 

path that was not visible in the open-pan DSC. 

 

7.4.10. Exothermic paths of char formation: 

Beechwood xylan yields water during the first degradation near 250℃. One possible scenario is 

that the moisture trapped in the small pores is coming out and the xylan polymer network becomes 

more stable and collapses these networks by enhancing the number of hydrogen bonds. Another 

possibility is multiple dehydration reactions are going on in the network. The presence of the 

water-insoluble char (Figure 7.12) at 250℃ supports the latter one. However, a combination of 

both can happen.  

 

A dehydration reaction requires the breakage of a C-H, C-C, and C-OH bonds and formation of 

HO-H and C=C bonds. The heat of reaction is calculated using the values in Table 7.4 and after 

assuming the C=C BDE is 150 kcal/mol. It suggests that the dehydration reaction would be 
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approximately -8.7 kcal/mol. It indicates that the dehydration reactions are mildly exothermic. 

Thus, if the rates of these reactions are high, then heat released would be high. 

 

Table 7.4: Bond dissociation energies. 

Bonds Bond dissociation energy at 298-300K (kcal/mol) Source 

C2H5−H 98 Ref. 45 

C2H5O−H 104 Ref. 45 

C2H5−OH 91.5 Ref. 45 

C2H5−OCH3 82 Ref. 45 

C2H5−C2H5 82 Ref. 45 

CH2=CH2  174.1 Ref. 121 

H2C=O  178.8 Ref. 121 

HO−H 118.8 Ref. 121 

C=C 150  Ref. 122 

C=O in CO2 190 Ref. 122 

 

Table 7.5: Ring strains.45 

Rings Ring strains at 298K (kcal/mol) 

 

Pyran ring 

0.5 

 

1,3 Dioxane ring 

0.2 

 

1,4-Dioxane ring 

3.3 

 

In cellulose pyrolysis, an endotherm was observed by Werner et al.7 Levoglucosan formation is 

the major product path in cellulose pyrolysis.97,104 In Figure 7.24, cellobiose is used as the model 
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compound. In the first reaction path (Figure 7.24a), CO-C and HO-H bonds break, and they are 

formed again. In the second reaction (Figure 7.24b), a CO-C and two HO-H bonds break, and they 

are formed again. Thus, heats of reaction should be close to zero. Alternatively, the formed bicyclic 

levoglucosan has a pyran ring and 1,3 dioxane ring fused together. Thus, it has ring strains 

suggesting these reactions to be slightly endothermic. If the rates of these reactions are high, then 

a large endotherm should be obtained. 

 

Figure 7.24: (a) Four-center pericyclic path to break the glycosidic bond of cellobiose to produce 

levoglucosan and D-glucopyranose. (b) Six-center water-assisted pericyclic path to break the 

glycosidic bond of cellobiose to form levoglucosan, D-glucopyranose, and water.   

 

Water-insoluble char from xylan pyrolysis should be deficient in -OH bonds. Also, the 

identification of 1,4-dioxene shows that there is a dioxene ring formation chemistry going on 

during the degradation process. Ring condensation and multiple water condensation from the xylan 

network might provide a hydroxy-deficient structure (Figure 7.25). The series of these reaction 

starts with a ring condensation reaction. In Figure 7.25, the xylobiose structure is used as the model 

compound. There, an OH group of a pyranose ring is taking part in a water elimination reaction 
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with another hydroxyl group of the other pyranose ring and forms a three-ring complex. After 

multiple dehydration reactions, multiple double bonds are formed in the three-ring complex where 

two unsaturated pyran rings are fused with a dioxene ring. 

 

 

Figure 7.25: The ring condensation reaction of two xylopyranosyl units of xylobiose is the first 

step; after that, it can go through multiple dehydration reaction steps.  

 

However, Yu et al. suggested that the dioxane-ring-containing compounds might be the product 

safter dehydration from an intermediate having a xylopyranosyl unit attached with the middle 

carbon of a glyceraldehyde unit via the glycosidic bond.98  

 

Reactions forming CO2 formation will normally be exothermic. A large peak of CO2 is observed 

near 300℃ from xylan pyrolysis. It is identified as the product of the 2nd degradation. Also, a large 

yield of CO2 from glucuronic acid and small yield of CO2 from D-xylose suggest that the presence 

of -COOH group might be a reason of CO2 formation. In Figure 7.26, a six-center pericyclic 

reaction in β-D-glucuronopyranose is presented. In here, CO-H, two C-OH, and two C-C bonds 

break and stronger C=O, a C=C, and a HO-H bonds form. Thus, it is an exothermic reaction. The 
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heat of reaction is -7.8 kcal/mol. Werner et al. also suggested CO2 formation chemistry to be the 

cause of exothermic DSC line during xylan pyrolysis.7  

 

The unsaturated pyran ring formed in Figure 7.26 has two hydroxyl groups. They may take part in 

dehydration reaction or ring condensation reaction to form hydroxyl-deficient multi-ring complex. 

 

Figure 7.26: A six-center pericyclic transition state to generate CO2 and water from D-glucuronic 

acid units.  

 

Another route for exothermic reactions could be metal-catalyzed char formation. Saddawi et al. 

performed quantum chemistry calculation on the geometry optimization of various mineral 

complexes of cellobiose.123 The main feature of these complexes are multiple ligand bonds with a 

central metal ion complexed with various oxygens in the hydroxyl units of cellobiose. These 

complexes are very stable and could be the cause of exothermic heat of reactions. Saddawi et al.123 

and Gargiulo et al.120 observed a higher yield of char in the presence of metal ions, as was also 

observed in the current study. Higher yields of char are obtained when the xylan flakes are prepared 

using NaOH, Ca(OH)2, NaCl, and Na2CO3. In Figure 7.27, a possible H-abstraction reaction forms 

a more stable mineral ion complex and a hydronium ion.  

 

Gargiulo et al. observed a higher yield of CO2 from K+-impregnated xylan than from demineralized 

xylan.120  It is possible that mineral ions are displacing the acidic H in the -COOH group. If formic 

acid is formed, then it can dissociate into CO2 and H2 (via four-center or assisted six-center 

pericyclic reactions) or into CO and H2O (via cheletropic reaction). If acetic acid is formed, then 

it can dissociate into CO2 and CH4 or into CO and CH3OH. If propionic acid is formed, then it can 

dissociate into CO2 and C2H6 or into CO and C2H5OH. Along with CO2, Gargiulo et al. also 

observed a high yield of CO, H2 and CH4. In the current beechwood xylan pyrolysis, CH3OH, 
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C2H5OH, formic acid, acetic acid, and propionic acid peaks are observed. However, no peaks of 

CO are observed from these runs. In Figure 7.28, a six-center cyclic breakage reaction of a 

pyranose ring is sketched where the ether bonds are in a ligand formation with Na+. After this 

reaction takes place, the complex can go through some degradations which might lead to the formic 

acid formation. 

 

Figure 7.27: A complex with four xylopyranosyl units and a calcium ion at the center can also go 

through a deprotonation reaction. The Cl- anions are counter-ions.  
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Figure 7.28: Six-center cyclic cleavage of a xylopyranosyl group where the ether oxygens are parts 

of a sodium-centered complex. The Cl- anions are counter-ions.  

 

 

Liang et al.124 suggested the possibility of free radical mechanism after their electro paramagnetic 

resonance study of xylan pyrolysis at 400-500℃. They also suggested a possibility of these 

reactions at lower temperature as well. From the current experimental data, compounds such as 2-

butanone is observed at 350℃. The bond dissociation energies of the C-C bonds in the aliphatic 

linkages are 80-82 kcal/mol. They are not as low as that in O-O bonds and as not high as in C-H 

bonds. Thus, a free radical mechanism for char formation seems possible.  

 

7.4.11. Transition-state calculations for the ring condensation: 

The transition states for xylobiose reactions are geometrically optimized through QST3 

calculations performed for two unimolecular water condensations and two bimolecular water 

condensations. First, a simplified xylobiose structure is analyzed using UB3LYP level of theory 

and 6-311+G(d,p) basis sets. After that, QST3 and Berny TS calculations are performed to obtain 

the transition-state structures in xylobiose. Finally, IRC calculations are performed to confirm the 

reactants and products for these transition states. The unimolecular reactions that are investigated 

is reported in Figure 7.29. The bimolecular reactions are reported in Figure 7.30. The obtained 

transition states are reported in Figures 7.31 and 7.32. 
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Figure 7.29: Unimolecular water eliminations in xylobiose that lead to the fused-ring complex. 

The carbon numbers are numbered, and rings are labeled. In the reaction on the left side, the -OH 

group in ring 1 at the C2 carbon is forming water. In the reaction on the right side, the -OH group 

in ring 2 at the C3 carbon is forming water. 

 

 

Figure 7.30: Water-assisted bimolecular water eliminations in xylobiose can lead to the fused-ring 

complex. 
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Figure 7.31: Transition states from the unimolecular reactions. The circled atoms are taking part. 

The grey atom is carbon, the red atom is oxygen, and the off-white atom is hydrogen. 

 

Figure 7.32: Transition states from the water-assisted bimolecular reactions. The circled atoms are 

taking part. The grey atom is carbon, the red atom is oxygen, and the off-white atom is hydrogen. 

 

7.5. Conclusion: 

TGA/DSC and Py-GC×GC/ToFMS experiments are performed to understand the degradation 

kinetics of a commercial beechwood xylan. An exothermic degradation behavior is observed. The 

DTG curves are deconvoluted and various identified products are classified to three different 

stages of the degradation kinetics. Water is classified as the main product of the initial degradation, 
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and CO2 is classified as the main product of second-stage degradation. A metal-ion impregnation 

study suggests that the second degradation can be most influenced by these ions. To understand 

how CO2 is generated, the degradation kinetics of D-xylose and D-glucuronic acid are also studied. 

The results imply that the -COOH group in glucuronic acid units might be the source of CO2 

formation and exothermicity. During xylan pyrolysis, a dioxane-ring-containing compound is also 

identified that has not been identified before. It suggested a dioxane ring formation chemistry 

might be going on. From the degradation, water-soluble and insoluble char fractions are obtained. 

The water-insoluble char fractions are carbon-rich and thermally stable, and they degrade slowly. 

Based on the experimental observations, three different reaction routes are proposed that might 

cause the exothermicity during the reaction and may lead to char formation chemistry. 
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CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS 

 

8.1. OVERVIEW: 

One important outcome of this research is improvement of GC/MS technology by developing 

various machine-learning models for identification and quantification of compounds. A machine-

learning correlation of electron-ionization cross sections provides an improved means of predicting 

GC-MS calibration factors. Also, a new way is proposed to calculate single retention timelines in 

comprehensive 2D gas chromatographs. 

 

The important kinetics outcomes are developing data and new thermal degradation mechanisms of 

three different systems: diphenyl oxide/biphenyl and mineral-oil heat-transfer fluids and the 

biopolymer xylan. The experimental rates and yields are compared with that from modeling where 

possible, supporting proposed reaction mechanisms.  

 

8.2. PREDICTING TOTAL ELECTRON-IONIZATION CROSS SECTIONS AND GC-MS 

CALIBRATION FACTORS USING MACHINE LEARNING: 

8.2.1 Conclusion: 

A neural-network model for the electron-ionization cross sections (EICS) is developed and 

provides better estimates than the widely used Fitch and Sauter correlations. A database of 

experimental EI cross sections (70-75 eV) is developed for this purpose with 396 C-H-O-N-S-F-

Cl-Br-I molecules, the largest database so far.  

 

The model can be used to predict EI mass spectrometry calibration factors of those compounds 

which are not commercially available. n-Hexane data can be used as the reference compound. It 

can capture the variations of the data due to isomers, chain length, oxygen groups and other non-

HC groups, and instrumental bias. Variation in EICS due to isomers has been previously observed, 

and because the current model uses atoms and group descriptors, it can capture these effects.  

If a descriptor influences the cross section more, then the average value of that input weight should 

be more. A similar analogy can be made from Fitch and Sauter correlation. The weight of I from 

the Fitch and Sauter correlation is larger than the weight of F, Cl, or Br. The weights of different 
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neurons in the input layer of the neural net model are normally distributed aroundt 0, and the 

weights of the hidden layer follows a trimodal distribution averaging at -1, 0, and 1. 

 

There might be a case where a compound containing an influential descriptor is in the database 

but there are no other compounds for that descriptor in the database. For this case, a random 

sampling for the training is effective because during the random sampling that compound will 

appear in the training dataset sometimes and enhance the input-layer weight of the descriptor. If it 

is in the testing dataset then the weight will be zero. This phenomenon increases the standard 

deviation of that weight. To check whether this hypothesis is true or not, three descriptors are 

chosen: I, Br and F. The data sets of these descriptors are similar to those used by Fitch and Sauter 

[they didn’t consider perchloroalkanes for Cl descriptor, but we have]. According to their 

estimation, the sequence of the influence is I>Br>F. To measure a single standard deviation of the 

weight for each descriptor, all 5000 weights associated to 10 neurons after 500 runs are fitted to a 

single normal distribution. The standard deviation of I = 0.07, Br = 0.06, and of F = 0.04. Thus, 

the sequence of influence is I>Br>F. It supports the hypothesis of standard deviation being an 

indicator of influential parameters.  

 

8.2.2 Recommendation: 

 

As the descriptors are mostly numbers of atoms and groups, they are not continuous, so a 

conventional sensitivity analysis cannot be performed to see the change of calibration factor or 

EICS with respect to a single descriptor. One way to deal with this limitation is to include more 

datapoints in the dataset. 

 

During use of internal calibration standard in C7-C40 n-alkane calibration mixture, a peak area per 

mass is observed to be more effective than peak area per mole. Sauter et al. discussed that during 

the transmission of ions from the ionization chamber to detector, the mass of the ion also plays 

role along with the EICS. It conserves the mass and charge. Thus, for the internal calibration, a 

characteristic equation for time-of-flight electron-ionization mass-spectrometry can be developed. 

During the comparison of n-alkane calibration data with the certificate of analysis from Sigma 

Aldrich, a drop in the cross sections of C20-C30 alkanes is observed. It might be due to the solid-
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liquid or solid-vapor equilibrium of these compounds. A check can be performed after correcting 

the concentrations. 

 

8.3. MEASUREMENT OF A SINGLE RETENTION TIME FOR COMPREHENSIVE 

TWO-DIMENSIONAL GAS CHROMATOGRAPHS: 

8.3.1 Conclusion: 

In this study, an equation of the retention timeline is proposed, incorporating the effect of the 

freezing of compounds at the cryo-focuser. It includes the counts of the modulation cycle if the 

retention time of the peak tail is needed to evaluate. However, the Kováts index evaluation for nine 

testing compounds reveals that only the retention time of the primary column can provide a close 

estimate of Kováts index to the data reported in NIST 17 library. Kováts index measurement from 

both the retention times can also provide a close estimate of Kováts index. Nevertheless, estimation 

of the Kováts index from only the secondary column retention time has given a poor estimate of 

Kováts index with larger uncertainties. 

 

8.3.2 Recommendation: 

In other column combinations, a similar analysis can be performed to see the above observations 

are consistent or not. 

 

8.4. PREDICTION OF KOVÁTS RETENTION INDEX USING MACHINE LEARNING: 

8.4.1 Conclusion: 

The average non-polar Kováts index shows various trends in different class of compounds. In the 

branched alkanes, decreases of Kováts index from the corresponding n-alkanes are observed. On 

the other hand, increases in the Kováts index are observed for cycloalkanes (n<28). In the first 

case, branched alkanes have more methyl groups than n-alkanes. In the second case, cyclohexanes 

no methyl groups. Due to the presence of a methyl group, the entropy of adsorption increases and 

that probably lowers the Kováts index.  
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In case of alkenes, alkynes, and aromatic compounds, influences of π-π interactions are observed. 

Ortho isomers of the aromatic compounds have the largest decreases in Kováts index relative to 

corresponding n-alkanes.  

Among different oxygen-based functional groups, due to the hydroxy groups, a maximum 

increment in the Kováts index is observed. Various nitrogen, sulfur, and halogen groups also 

influence the Kováts index.  

 

An approach to decoding InChI strings is provided. It is detailed and provides a better 

representation of a complicated structure than SMILES. 

 

The current model provides more accurate Kováts indices of n-alkane references than a model 

developed using linear regression by Stein et al.33 

 

The predictive neural network model suggests that the combination of group pairs is necessary to 

model the difference in the Kováts index. 

 

8.4.2 Recommendation: 

Obtaining the descriptors such as group pairs from InChI code is challenging. That is why new 

ideas are needed. 

 

8.5.   THERMAL DEGRADATION KINETICS OF DIPHENYL OXIDE/BIPHENYL 

HEAT-TRANSFER FLUIDS: 

8.5.1 Conclusion: 

A widely used high-temperature heat-transfer fluid (Dowtherm A, Therminol VP-1, LANXESS 

Diphyl) is composed of a eutectic mixture of 73.5 wt% diphenyl oxide or DPO and 26.5 wt% 

biphenyl or BP. It is used as a heat transfer fluid in the chemical process industries and in solar 

power plants at 370-400℃. After usage for a long time, it gradually degrades. This research shows 

that the weak ether bond in DPO dissociates to produce phenyl and phenoxyls. Phenyl then 

abstracts hydrogen from DPO to form benzene and radicals such as o-DPO radical. Once formed, 

this radical goes through an internal radical addition to generate a hydrogen adduct of DBF. It has 

a tertiary H that easily pops out to form DBF and Hꞏ. Once the Hꞏ is formed, it adds to DPO to 
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form an adduct which finally decomposes to benzene and phenoxyl. This step accelerates the 

degradation process. The Hꞏ radical also adds to BP, and BP slowly degrades. Phenoxyls slowly 

abstract H from the hydrogen adducts of BP. Also, the adduct decomposes to benzene and phenyl 

slowly over time. This study also provides idea how ring condensation chemistry takes place in 

DPO and explains the degradation process of the BP and DPO eutectic mixture. 

 

The experimental rates and yields are compared with that obtained from modeling. The yields of 

DBF and DPO are comparable. The yield of benzene and phenol are lower from modeling. The 

rate of degradation is very similar to that previously reported by Lang and Lee2 for 99.9% pure 

DowthermTM A. 

 

8.5.2 Recommendation: 

o-Hydroxy biphenyls are the major impurities. A comprehensive investigation is needed to see if 

that is affecting the dibenzofuran generation or not. 

 

As the yields of the grown compounds are very small, it is hypothesized that phenyl radical is not 

doing the radical addition chemistry. However, it is important to see if there is any change in the 

yields of compounds after including these reactions.  

 

The pyrolysis of biphenyl at high temperature suggests that generation of small hydrocarbon gases 

may occur. It is possible that the hydrogen adducts are going through β-scission reactions that 

might break the ring structure. Thus, this hypothesis needs to be tested. 

 

The experimental yields of degraded DPO need to be compared with the modeling data. 

 

8.6.  THERMAL DEGRADATION OF MINERAL OILS: 

8.6.1 Conclusion: 

Paraffinic mineral oils such as Chem Therm 550 and Paratherm HE are mixtures of around 200 

branched alkanes. The highest-concentration species in Chem Therm 550 is 6-methyl nonadecane, 

and in Paratherm HE, it is 2-methyl or 4-methyl hexacosane. During the thermal degradation, these 

paraffinic mineral oils mostly produce lighter, linear/branched/cyclo- alkanes, and alkenes.  
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Kinetics model of a branched compound, 8-butyl octadecane, is developed using RMG at 710 K, 

1 atm, and in liquid phase reactor. It gives high yields of 1-heptene and 1-docene. Thus, production 

of α-olefins is major degradation behavior of a branched alkane. If the chain length is small, then 

it tends to form lighter species.  

 

There are six different types of reactions that govern the degradation kinetics of an alkane: (a) 

homolytic scission, (b) H abstraction, (c) β-scission decomposition, (d) isomerization via internal 

H-transfer, (e) recombination and (f) disproportionation. In larger alkanes, internal radical addition 

to form cyclic species is also very common. 

 

8.6.2 Recommendation: 

The fresh mineral oils are composed of around 200 branched alkanes. Knowing the identities of 

all of them from their Kováts index by comparing from NIST retention index library is limited. 

Thus, a predictive model for Kováts index, sought in Chapter 4, is necessary. Once the identities 

of 200 compounds in the fresh oil is known, then the machine-learning code can be used to obtain 

the concentration of these compounds. 

 

Organizing these categories of reactions proves necessary after doing a few other degradation 

studies on 2,2-dimethyl alkanes, cycloalkanes, and α-olefins. Once these sets of reactions are 

organized, either analogous rate constants or estimated rate constants from linear free energy 

relationships can be used for other reactions involving similar species. 

 

In the present study, a closed ampoule (made of stainless steel) is used to degrade the mineral oils. 

Thus, vapor-liquid equilibrium plays a role. Thus, predictive models of vapor pressures, critical 

points, and triple points (for the wax formation) are also necessary. These models can be prepared 

using the same molecular descriptors (group pairs) used for the development of the Kováts index 

model.  

 

Finally, the structure-oriented lumping method of Quann can potentially be performed to predict 

the kinetics of the mineral oil. 
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8.7. THERMAL DEGRADATION OF BEECHWOOD XYLAN: 

8.7.1 Conclusion: 

TGA/DSC and Py-GC×GC/ToFMS experiments are performed to understand the degradation 

kinetics of a commercial beechwood xylan. An exothermic degradation behavior is observed. It 

suggests that bond formation chemistry must be going on. 

 

From the degradation of beechwood xylan dust, water-soluble and water-insoluble char fractions 

are obtained. The amount of the water-insoluble fraction is not observed to change mass from 250-

550℃ degradation region in TGA/DSC. A Py-GC×GC/MS experiment on xylan char (generated 

at 390℃ using TGA/DSC) at 400℃ suggests it is carbon-rich, thermally stable and degrades 

slowly.  

 

A lumped char-yield prediction model is fitted to DTG data to deconvolute the peaks using a 

distributed activation-energy model. It also accurately predicts the char yields from flash pyrolysis. 

The DTG curves are deconvoluted and various identified products are classified for three different 

stages of the degradation kinetics. Water is classified as the product of the initial degradation, and 

CO2 and acids are classified as the product of second-stage degradation.  

 

Mineral-ion impregnation study suggests that the second degradation is most influenced by these 

ions.  

 

To understand how CO2 is generated, the degradation kinetics of D-xylose and D-glucuronic acid 

are also studied. Very high yield of CO2 from D-glucuronic acid and no yield from D-xylose 

suggests that -COOH group in glucuronic acid units might be the source of CO2 formation during 

xylan pyrolysis.  

 

A dioxene-ring-containing compound (1,4-dioxene) is also identified from xylan pyrolysis. It is 

not detected from pyrolysis of D-xylose, but it is formed during the pyrolysis of xylobiose and 

xylose oligosaccharides. It suggested a ring-condensation chemistry of two consecutive rings 

might be occurring.  
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Based on the experimental observations, three different reaction routes are proposed that might 

cause the exothermicity observed during the reaction and may lead to char formation chemistry. 

One is CO2 generation, another is dioxane ring formation via ring condensation reactions, and the 

last is deprotonation in various ligand structures having metal-ion impurities. 

 

Quantum-chemistry calculations for the ring condensation chemistry suggest that ring 

condensation chemistry might take place during the degradations. 

 

8.7.2 Recommendation: 

The transition state calculations on the two other proposed char-formation paths are needed, 

followed by the rate calculation in Arkane. 

 

Literature studies suggest that the CO2 and CO yields are higher from mineral-ion impregnated 

xylan. However, why it is the case is not properly understood. Thus, a thorough investigation can 

be performed. 

 

A study can be performed for reaction rates of anhydro- and dianhydro-xylose formation. Once 

obtained, these rates can be integrated at 400℃ for 100 s, and finally can be compared with the 

percent peak area of various anhydro- and dianhydro-xylose peaks obtained from D-xylose 

pyrolysis. These peaks have the largest ions either at m/z=114 or at m/z=132. In this way, a 

confirmation about the structural identities of the anhydro-sugars and dianhydro-sugars can be 

obtained.  
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APPENDIX A: SCALING FACTORS, NON-LINEARITIES, COMPLETE 

DATASET, AND COMPARISON WITH THEORY OF EICS 
 

Table A.1: Summary of literature EI cross-section studies.  

Literature eV Compounds covered (only C, H, D, N, S, O, X 

compounds) 

Otvos and Stevenson 

(1955)2 

75 20 compounds: permanent gases (7), alkanes (6), 

cycloalkanes (1), alkene (3), alkyne (1), chlorides (1), 

benzene 

Lampe et al. (1957)3 75  30 compounds: permanent gases (10), alkane (9), 

cycloalkanes (3), alkene (4), alkyne (1), chlorides (2), 

benzene 

Rapp and Englander-

Golden (1965)4 

0-1000 10 compounds: permanent gases (8), methane, ethene 

Harrison et al. (1966)5 75  77 compounds: permanent gases (5), chloride (1), 

alkanes (10), cyclo-alkanes (2), alkenes (7), cyclo-

alkene (1), alkynes (9), phenyl-alkanes (12 including 

benzene), ethers (6), aldehydes (3), ketones (6), 

carboxylic esters (11), deuterated hydrocarbons (4) 

Beran and Kevan (1969)6 70  62 compounds: alkanes (6), cycloalkanes (1), alkenes 

(7), perfluoroalkanes (6), perfluoroalkenes (5), C-F-Cl 

compounds (8), C-F-Br compounds (2), C-F-I 

compounds (3), C-F-H  compounds (5), C-F-X-X 

compounds and others (6), alkyl halide (8) 

Alberti et al. (1974)8 75 62 compounds: n-alkanes (13), 1-fluoro-n-alkanes (5), 

1-chloro-n-alkanes (10), 1-bromo-n-alkanes (14), 1-

iodo-n-alkanes (10), 1-phenyl-n-alkanes (10 including 

benzene) 

Stevie and Vasile (1981)9 10-120 2 compounds: Fluorine and Chlorine 
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Table A.1 (Continued). 

Sauter et al. (1986)11 70 24 compounds: Polychlorinated biphenyls PCB (10), 

Polynuclear Aromatic Hydrocarbons PAH (14), 

isotopically leveled PAHs (6) 

Tureček et al. (1990)14 75  31 oxygenated four carbon compounds: 

saturate/unsaturated cyclic/acyclic ethers, esters, 

anhydrides, alcohol, aldehyde, ketones and acids.  

Allgood et al. (1990)13 75  61 compounds: n-alkanes (8), alkylbenzenes (10), 

ketones (4), esters (3) phenolic derivatives (3), phenyl 

ketones (7), halobenzene (4), sulfur compounds (3), 

nitrogen compounds (1), benzoate (1), phthalates (3), 

ethoxylated alcohols (14)  

Bobeldijk et al. (1993)15 70 17 compounds: permanent gases (2 including water), n-

alkane (2), cyclo-alkanes (2), n-alkenes (2), n-alkyne 

(2), phenyl alkanes (3 including benzene), 

propionaldehyde, ether (2), ethyl acetate 

Vallance et al. (1997)16 15-200 5 compounds: CH4, CH3F, CH3Cl, CH3Br, CH3I 

Bart el al. (2001)17 15-250 19 compounds: saturated/unsaturated perfluorinated 

compounds (8), CF3H, C-F-X compounds (4), C-H-Br 

compounds (3), nitrile compounds CX3CN (3, where 

X=H,Cl,F) 

Hudson et al. (2001)18 15-250 27 compounds: saturated/unsaturated, C1 to C5, C-H-

Cl compounds 

Hudson et al. (2003)19 15-285 9 compounds: N2, C1 to C4 alcohols 

Hudson et al. (2004)20 15-250 4 compounds: CO, CO2, OCS and CS2 

Hudson et al. (2006)21 15-285 16 compounds: alkyl formates (7), alkyl acetates (9) 

Bull and Harland 

(2008)22 

15-285 17 compounds: aldehydes (4), ethers (3), ketones (10)  
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Table A.1 (Continued). 

Bull et al. (2014)23 10-285 17 compounds: heterocyclics (8), PAH (1), phenyl 

alkanes (2), n-hexane, cycloalkanes (2), cyclohexene, 

water, ethyl acetamide  

Zhou et al. (2019) 26 0-300 11 compounds: permanent gases (2), aldehyde (1), 

acrylonitrile, propane, ethene, benzene, methyl oxirane, 

ethanethiol, alkyl cyanides (4) 

Rahman and 

Krishnakumar (2015, 

2016)24,25 

0-500 5 heterocyclic DNA/RNA constituents: uracil, 

cytosine, adenine, thymine, guanine 
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A.1. Scaling factors: 

Table A.2: Scaling factors used for the different laboratory datasets. 

 

Literature eV used for the 

present 

calculations 

Scaling 

factor 

Comments 

Mohler et al.10 75 18.27 The values are obtained from the Table 4 of Allgood 

et al. where ethylbenzene’s cross section is assumed to 

be unity. Thus, ethylbenzene’s cross section reported 

by Harrison et al. is used as the scaling factor. 

Otvos and 

Stevenson129 

75 1.56 Argon is used as the reference compound to scale the 

data with Harrison et al.125 

Lampe et al.126 75 0.90 The same scaling factor is used by Fitch and Sauter.9 

Rapp and Englander-

Golden130 

70 1.11 Argon is used as the reference compound to scale the 

data with Harrison et al.125 

    

    

    

    

    

Harrison et al.125 75 1.00, 0.96 1.00 for Tables 2-4 and 0.96 for Table 1 in paper of 

Harrison et al. 

Beran and Kevan128 70 0.89 The same scaling factor is used by Fitch and Sauter.9 

Massey and 

Burhop131 

75 0.96 Argon is used as the reference compound to scale the 

data with Harrison et al.125 

De Maria et al.127 75 0.97 This data is taken from Alberti et al.127 Argon is used 

as the reference compound to scale the data with 

Harrison et al.125  

Alberti et al.127 75 1.20 Argon is used as the reference compound to scale the 

data with Harrison et al.125 

Stevie and Vasile132 70 1.21 Argon is used as the reference compound to scale the 

data with Harrison et al.125 
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Table A.2 (continued). 

Bardmess and 

Georgiadis133 

75 18.27 The values are obtained from the Table 4 of Allgood 

et al.1 where ethylbenzene’s cross section is assumed 

to be unity. Thus, ethylbenzene’s cross section 

reported by Harrison et al.125 is used as the scaling 

factor. 

Sauter et al.134 70 Not 

applicable 

They used deuterated chrysene as the reference 

compound which is not used in any other datasets. 

That is why this dataset is not used for training. 

Leck135 75 1.10 Benzene is used as the reference compound to scale 

the data with Harrison et al.125 

Allgood et al.1 75 24.04 Allgood et al.1 reported relative intensity with n-

octane’s cross section reference to be unity in Table 5. 

To scale up, their data is multiplied by the n-octane 

cross section of Harrison et al.125 

Tureček et al.136 75 0.91 Benzene is used as the reference compound to scale 

the data with Harrison et al.125 

Bobeldijk et al.137 70 1.12 Argon is used as the reference compound to scale the 

data with Harrison et al.125 

Vallance et al. 

(1997)138 

70 1.21 The experimental set-up and methods used by Harland 

and coworkers are similar, so the n-hexane data from 

their dataset in Bull et al.139 (2014) is used to 

standardize their other datasets. 

 

Bart et al. (2001)140 70 1.21 

Hudson et al. 

(2001)141  

70 1.21 

Hudson et al. 

(2003)142 

70 1.21 

Hudson et al. 

(2004)143 

70 1.21 

Hudson et al. 

(2006)144 

70 1.21 

Bull and Harland 

(2008)145 

70 1.21 

Bull et al. (2014)139 70 1.21 

Rahman and 

Krishnakumar146,147 

70 1.20 Argon is used as the reference compound to scale the 

data with Harrison et al.125 
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Table A.2 (continued). 

Zhou et al.148 70 1.40 Propane is used as the reference compound to scale 

the data with Harrison et al.125 

 

A.2. Absolute EI cross-section changes from 70 to 75 eV 

 

The total electron-ionization cross section of a compound has a dependence on the energy of 

incident electrons. It follows a skewed bell-shaped curve from zero to 1000 eV with a shorter and 

stiffer tail at the lower end of the electron energy, a longer tail at the higher end of the electron 

energy, and a maximum value between. This curve is known as the electron-ionization efficiency 

curve. The skewness, height, and the width of this curve usually vary from compound to compound 

and with instrumental variations. The eV of incident electrons at which a compound starts to form 

a positive molecular ion is known as appearance energy or appearance potential. For most organic 

compounds, it is less than 15 eV. On the other hand, molecules become transparent to incident 

electrons of very high energy (>100-120 eV), which in turn suppresses ionization, thus lowering 

the total electron-ionization cross section.  

 

The maximum cross-section values of most of the organic compounds except H2 and D2 in Table 

A3 fall in the 80-120 eV range. Thus, total EI cross section is increasing between 70 eV and 75 

eV for these compounds. If the maximum cross-section is below 70-75 eV (H2 and D2 in Table 

A2), then cross-section decreases from 70 to 75 eV.  

 

Some compounds in Table A2 (H2, D2, CH4 , SF6, xenon, and cycloalkanes) have comparatively 

small absolute changes (<1%) in cross sections from 70 to 75 eV from various interlaboratory 

measurements. On the other hand, the changes are >1% for compounds such as water, CO, CO2, 

different alcohols, ethane, and hexane (Table A3). However, flatter distributions of the deviation 

can be obtained if the absolute cross sections are divided by the absolute cross sections of a 

reference compound at each eV.   

 

To assess that standardization, various absolute cross sections at 70 and 75 eV of different 

compounds are taken from four different laboratories, and two types of scaling are performed to 

determine the percent gap between cross sections at 70 and 75 eV. In one case, the gap is 

normalized by the cross section obtained at 70 eV (2nd column in Table A2). In another case, the 
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absolute cross sections at each eV are scaled with a cross section of a reference compound 

(irrespective of the laboratory because data of the same reference compound are not available in 

all datasets) before estimating the % gap (3rd column in Table A2). Finally, average and standard 

deviation values are calculated to judge the distributions of these gaps across the dataset in Table 

S2. It is observed that the average gap approaches zero with a narrow distribution if the cross-

section data are previously scaled with a reference compound. However, larger gaps are found for 

H2, D2, Xe, and SF6 after the treatment. One reason for this observation in H2 and D2 might be the 

choice of n-hexane as reference compound, noting it has an opposite trend when eV increases from 

70 to 75 eV. Another reason might be the instrumental variability of absolute cross section because 

the n-hexane data are obtained from a different lab. However, using a cross section of a compound 

at the same eV and applying it as a divisor for the intra-laboratory dataset helps get rid of 

multiplicative variabilities and leads to a flatter distribution of cross-section deviations from 70 to 

75 eV. 

 

Table A.3: Comparing changes in total EI cross sections from 70 to 75 eV using (a) Rapp and 

Englander-Golden,22 (b) Hudson et al., 7 (c) Hudson et al.,8 and (d) Bull et al.11 

Compounds 

Percent change in 

absolute cross-section 

measurements from 70 

eV to 75 eV, 

𝑄𝑖,75𝑒𝑉 − 𝑄𝑖,70𝑒𝑉

𝑄𝑖,70𝑒𝑉
× 100% 

 
 

Percent change in cross section of compound 

i, where hexane cross section is 20.0 Å2 at 70 

eV and 20.24 Å2 at 75 eV, 

(
𝑄𝑖

20.24⁄ )
75𝑒𝑉

− (
𝑄𝑖

20⁄ )
70𝑒𝑉

(
𝑄𝑖

20⁄ )
70𝑒𝑉

× 100% 

 

He 4.1 (a) 2.9 

Ne 6.5 (a) 5.2 

Ar 1.6 (a) 0.4 

Kr 0.8 (a) -0.4 

Xe 0.3 (a) -0.8 

H2 -0.1 (a) -1.3 

D2 -0.1 (a) -1.3 

N2 2.6 (a), 1.9 (b) 1.4, 0.7 



 

278 

 

Table A.3 (Continued). 

O2 3.3 (a) 2.1 

CO 1.4 (a), 2.5 (c) 0.2, 1.2 

NO 2.1 (a) 0.9 

CO2 3.0 (a), 4.4 (c) 1.8, 3.2 

H2O 3.5 (d) 2.3 

N2O 2.6 (a) 1.3 

SF6 0.6 (a) -0.6 

OCS 2.0 (c) 3.2 

CS2 1.3 (c) 0.1 

CH4 0.5 (a) -0.7 

C2H4 1.2 (a) 0 

MeOH 1.2 (b) 0 

EtOH 1.4 (b) 0.2 

1-PrOH 2 (b) 0.8 

2-PrOH 1.3 (b) 0.1 

1-BuOH 1.5 (b) 0.3 

2-BuOH 1.3 (b) 0.1 

i-BuOH 1.9 (b) 0.7 

t-BuOH 1.9 (b) 0.7 

n-Hexane 1.2 (d) 0 

Cyclohexane 0.7 (d) -0.5 

Cyclohexene 1.1 (d) -0.1 

Cyclopentane 0.8 (d) -0.4 

Average ± one 

std deviation 
1.83 ± 1.36 0.44 ± 1.01 
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A.3. Evidences of nonlinearities with chain length: 

 

The certificates of analysis of various lots of C7-C40 n-alkane calibration mixtures are collected 

from Sigma Aldrich website. In these calibration mixtures n-hexane is used as solvent, with an 

average of 1000 µg/ml concentration value of each compound. The chromatograms from these lots 

are reported in Figures A.1a and A.1b for two different lot numbers. They are achieved after 1.0 

µl injection of the calibration mixtures. Figure A.1a is the analysis in a flame ionization detector 

attached with a SPB-1 column and the figure A.1b is from mass spectrometry detector attached 

with a SLB-1 column. We talked to Sigma Aldrich and they were not able to provide the peak-

area information. The calibration values of the other compounds are calculated and reported in 

Table A4. It suggests a nonlinearity of the relative intensity with respect to the chain length. 

Obtaining lower peak areas for larger alkanes (> C19) is also common with our own experiment. 

Initially, we thought that it might be due to no evaporation of larger n-alkanes during the analysis. 

However, we did not see any peak of these alkanes in a blank run after the calibration run is 

finished. 
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Figure A.1: (a) The TIC chromatogram of n-alkanes calibration standard from the certificate of 

analysis of Sigma Aldrich. Product ID number is 49452-U. The lot number is LRAC0229. A 30 m 

x 0.25 mm x 0.25 µm df SPB-1 column is used with 1.4 ml/min flow rate. The front inlet 

temperature is 280℃ with a split ratio of 1:20. 40℃ (2 min) to 320℃ (15 min) at 30℃ /min 

temperature program is used. FID is used 320℃, The injection volume is 1.0 µl. (b) The TIC 

chromatogram of n-alkanes calibration standard from the certificate of analysis of Sigma Aldrich. 

Product ID number is 49452-U. The lot number is LRAC3116. A 30 m x 0.32 mm x 0.32 µm df 

SLB-1 column is used. 40℃ (2 min) to 300℃ at 10℃ /min temperature program is used. MSD is 

used 220℃, The injection volume is 1.0 µl. 

 

Unscaled cross section data of large, linear ethoxylated alcohol: 

 

Table A.4: The relative sensitivity of ethoxylated alcohols was measured by Allgood et al.1 in a 

quadrupole mass spectrometer. The total ion current in the chromatogram was integrated over the 

time to obtain the peak area and it was scaled by the moles injected to obtain the sensitivity of a 

compound. Allgood et al.1 scaled the sensitivities of compounds by scaling the sensitivity of n-

octane to be unity.  
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Ethoxylated alcohols, 

CnH(2n+1)O(CH2CH2O)xH 

Relative 

Sensitivity 

Standard 

deviation 

n=10, x=1 1.63 0.18 

n=10, x=2 2.23 0.52 

n=10, x=3 3.13 0.60 

n=10, x=6 4.07 0.24 

n=10, x=8 4.25 0.42 

n=12, x=1 2.10 0.29 

n=12, x=3 2.69 0.45 

n=12, x=4 3.44 0.42 

n=12, x=5 3.95 0.55 

n=12, x=6 4.54 0.47 

n=14, x=1 2.16 0.22 

n=14, x=2 2.96 0.46 

n=14, x=3 3.56 0.51 

n=14, x=6 4.43 0.55 

 

 

Figure A.2: Relative intensities are plotted with the chain lengths of ethoxylated alcohol from 

Allgood et al. At a larger chain length (31) the relative intensity drops.  
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A.4. Suggestion from Bobeldijk et al.137: 

 

Bobeldijk et al.137 observed higher predictions of the cross sections from atom additivities for large 

compounds such as n-decane, 1-decene, 1-decyne, and 1-phenyl nonane. They highlighted three 

points: one is the orientation of large poly-atomic molecules in the direction of electron beam, the 

second one is the shape of these large molecules, and the third one is the shielding effect of larger 

atoms. Due to these reasons, a drop in the electron ionization cross section in large molecules 

might be observed. 

 

A.5. Evidences of the changes in the cross sections in isomers: 

 

There are multiple experimental measurements from different laboratories apart from our own that 

show variations in the cross sections of different isomers. Harrison et al.125 studied the effect of 

isomers in alkanes, alkenes and cycloalkanes, alkyl benzenes, and different oxygenates at 75 eV. 

Hudson et al.142 studies the cross sections of various C3 and C4 alcohols over a range of electron 

energies. Bull and Harland145 also studied the effect of isomers in different C6 ethers, and in C3-C6 

aldehydes and ketones.  

 

Harrison et al.125 observed a small decrease of the cross sections in the branch alkane isomers of 

n-hexane. However, they did not report the standard deviations. Thus, the variation might fall 

under the experimental deviations. They observed consistent increments in the cross sections of 

cycloalkanes compared to the n-alkene isomers. They also reported a decrease in the alkyl 

benzenes when multiple hydrogens in the benzene ring are substituted by alkyl chains. 

Furthermore, a lowering effect of hydroxyl groups on the cross section compared to ether, a 

lowering effect of aldehyde group than that of ketone group, increased cross sections of acetates 

compared to their formate isomers, and variations in the cross section in different ester isomers are 

also reported by Harrison et al.125 

 

Hudson et al.142 suggested a positional effect of hydroxyl group in an alkyl chain. If the hydroxyl 

group is situated at the end of an alkyl chain, then the cross section will be smaller at 60-80 eV 

compared to other isomers.  
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In contradiction to Harrison et al.125, Bull and Harland145 observed a higher cross section of C3 -

C4 aldehydes compared to their ketone isomers in 60-80 eV range. However, no error bars are 

reported in their measurements as well. Also, they also observed variations in the cross sections 

due to the positional change of the carbonyl groups and due to branched alkyl groups in the 

oxygenates.  

 

After studying the various interlaboratory datasets individually, we suspect that the cross sections 

change slightly or significantly from isomers to isomers. The change depends up on the class of 

the homologous series. 

 

A.5.1. Measurements of Harrison et al.125: 

 

Table A.5: Cross sections of various alkane and alkene isomers. 

Alkanes EICS (Å2) 
Alkenes and cyclo-

alkanes 
EICS (Å2) 

  C3H6 9.0 

  Cyclo-C3H6 10.4 

n-Hexane 20.0   

2-Methyl-pentane 19.6 1-C5H10 14.1 

3-Methyl-pentane 19.7 Cyclo-C5H10 16.9 

2,2-Dimethyl-butane 20.0   

2,3-Dimethyl-butane 19.7 1-C6H10 15.0 

  Cyclo-C6H10 15.5 

    

  1-C6H12 16.4 

  Cyclo-C6H12 17.9 

 

Table A.6: Cross sections of various alkyl benzene and oxygenate isomers. 

Alkylbenzene EICS (Å2) Oxygenates EICS (Å2) 

1,2-Dimethyl-benzene 18.7 C2H5OH 8.7 

Ethylbenzene 19.0 (CH3)2O 9.3 
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Table A.6 (Continued). 

n-Propyl-benzene 22.2 C2H5CHO 9.4 

    

iso-Propyl-benzene 22.2 CH3COCH3 10.2 

1-Methyl-4-ethyl-benzene 22.1   

  n-C4H9OCH3 18.0 

1,2,3-Trimethyl-benzene 21.6 t-C4H9OCH3 18.2 

1,2,4-Trimethyl-benzene 21.8   

  iso-C3H7CHO 12.4 

  C2H5COCH3 12.9 

    

  n-C3H7COCH3 15.2 

  C2H5COC2H5 15.8 

n-Butyl-benzene 24.1   

t-Butyl-benzene 24.1 HCOOC3H7 13.6 

1,2,3,5-Tetramethyl-benzene 23.6 HCOOCH(CH3)2 13.4 

  CH3COOC2H5 14.3 

    

  HCOOC4H9 16.2 

  HCOOCH2CH(CH3)2 16.3 

  C3H7COOCH3 16.4 
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A.5.2. Unscaled measurements of Hudson et al. (2003)142: 

 

 

Figure A.3: (a) Electron ionization cross sections of various propanol isomers as functions of 

electron volt; (b) Electron ionization cross sections of various butanol isomers as functions of 

electron volt. 

 

 

Figure A.4: (a) is same as Figure 5a, y-axis is magnified; (b) is same as Figure 5b, y-axis is 

magnified. 
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A5.3. Unscaled measurements of Bull and Harland (2008)145: 

 

Figure A.5: (a) Electron ionization cross sections of propanal or propionaldehyde and propanone 

as functions of electron volt; (b) Electron ionization cross sections of butanal or butyraldehyde, 

butanone, and 2-methyl propanone as functions of electron volt; (c) Electron ionization cross 

sections of pentan-2-one, pentan-3-one, and 3-methyl-butan-2-one as functions of electron volt; 

(d) Electron ionization cross sections of 4-methyl-pentan-2-one, hexan-3-one, hexan-2-one, 3,3-

dimethyl-butan-2-one, and 3-methyl-pentan-2-one as functions of electron volt; and (e) Electron 

ionization cross sections of di-iso-propyl-ether and di-n-propyl-ether as functions of electron volt. 
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Figure A.6: (a) is same as Figure 7a, y-axis is magnified; (b) is same as Figure 7b, y-axis is 

magnified; (c) is same as Figure 7c, y-axis is magnified; (d) is same as Figure 7d, y-axis is 

magnified; (e) is same as Figure 7e, y-axis is magnified. 

 

A6. Complete cross-section database. 

 

Table A.7: Complete database of cross-section population means for 396 compounds. The cross 

section in our lab is measured by multiply 20.0 Å2 to the ratio of the linear calibration factors of 

a compound to n-hexane. There are non-linearities observed. They are marked by italic font. 

 

Class Name Formula 

Number of 

interlab 

data 

Mean 

cross 

section

, Å2 

95% 

confidenc

e 

interval 

Linear 

alkanes 
Methane CH4 7 4.6 0.4 

 Ethane C2H6 5 7.8 0.4 

 Propane C3H8 6 10.7 0.6 

 n-Butane C4H10 5 13.6 0.7 
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Table A.7 (continued). 

 iso-Butane C4H10 
1 (Lampe 

et al.) 
12.9 

Not 

applicable 

 n-Pentane C5H12 6 16.4 1.5 

 iso Pentane C5H12 
1 (Lampe 

et al.) 
16.1 

Not 

applicable 

 neo-Pentane C5H12 2 15.8 
Not 

applicable 

 n-Hexane C6H14 8 20.0 
Not 

applicable 

 2-Methyl pentane C6H14 
1 (Harrison 

et al.) 
18.8 

Not 

applicable 

 3-Methyl pentane C6H14 
1 (Harrison 

et al.) 
18.9 

Not 

applicable 

 2,2-Dimethyl butane C6H14 
1 (Harrison 

et al.) 
19.2 

Not 

applicable 

 2,3-Dimethyl butane C6H14 
1 (Harrison 

et al.) 
18.9 

Not 

applicable 

 n-Heptane C7H16 4 23.5 3.6 

 n-Octane C8H18 6 25.9 2.6 

 n-Nonane C9H20 5 29.9 3.5 

 n-Decane C10H22 6 30.4 1.8 

 n-Undecane C11H24 4 33.0 5.1 

 n-Dodecane C12H26 4 39.6 12.9 

 n-Tridecane C13H28 3 43.4 2.0 

 n-Tetradecane C14H30 1 (our lab) 55.3 6.6 

 n-Pentadecane C15H32 1 (our lab) 57.1 7.2 

 n-Hexadecane C16H34 2 54.1 5.9 

 n-Heptadecane C17H36 2 67.9 9.6 

 n-Octadecane C18H38 1 (our lab) 63.7 16.1 
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Table A.7 (continued). 

 n-Nonadecane C19H40 1 (our lab) 64.4 17.1 

 n-Eicosane C20H42 1 (our lab) 60.8 17.8 

 n-Heneicosane C21H44 1 (our lab) 62.1 23.2 

 n-Docosane C22H46 1 (our lab) 61.2 25.6 

 n-Tricosane C23H48 1 (our lab) 55.8 17.8 

 n-Tetracosane C24H50 1 (our lab) 59.5 21.7 

 n-Pentacosane C25H52 1 (our lab) 57.4 27.6 

 n-Hexacosane C26H54 1 (our lab) 56.5 27.8 

 n-Heptacosane C27H56 1 (our lab) 53.6 19.2 

 n-Octacosane C28H58 1 (our lab) 52.9 18.7 

 n-Nonacosane C29H60 1 (our lab) 49.5 17.9 

 n-Triacontane C30H62 1 (our lab) 50.9 13.9 

 n-Hentriacontane C31H64 1 (our lab) 57.3 12.8 

 n-Dotriacontane C32H66 1 (our lab) 60.4 16.9 

 n-Tritriacontane C33H68 1 (our lab) 73.8 19.1 

Linear 

alkenes 
Ethene C2H4 6 6.4 0.6 

 Propene C3H6 4 9.0 0.8 

 1-Butene C4H8 2 11.7 
Not 

applicable 

 iso-Butene i-C4H8 3 12.2 2.0 

 cis-2-Butene cis-2-C4H8 
1 (Beran 

and Kevan) 
12.4 0.8 

 trans-2-Butene trans-2-C4H8 
1 (Beran 

and Kevan) 
12.3 0.7 

 Butan-1,3-diene 1,3-C4H6 
1 (Beran 

and Kevan) 
11.6 0.3 

 Isopentene i-C5H10 2 15.8 0.6 
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Table A.7 (continued). 

 Pentan-1-ene C5H10 
1 (Harrison 

et al.) 
13.6 

Not 

applicable 

 Hexan-1-ene C6H12 2 16.4 7.6 

 Heptan-1-ene C7H14 
1 (Harrison 

et al.) 
18.8 

Not 

applicable 

 Octan-1-ene C8H16 
1 (Harrison 

et al.) 
20.7 

Not 

applicable 

 Decan-1-ene C10H20 

1 

(Bobeldijk 

et al.) 

28.2 
Not 

applicable 

 Doco-1-sene C22H44 1 (our lab) 53.5 11.5 

Linear 

alkynes 
Acetylene C2H2 4 4.4 1.5 

 Propan-1-yne C3H4 
1 (Harrison 

et al.) 
7.4 

Not 

applicable 

 Butan-1-yne C4H6 
1 (Harrison 

et al.) 
9.1 

Not 

applicable 

 Pentan-1-yne C5H8 
1 (Harrison 

et al.) 
11.9 

Not 

applicable 

 Hexan-1-yne C6H10 2 15.3 
Not 

applicable 

 Heptan-1-yne C7H12 
1 (Harrison 

et al.) 
17.2 

Not 

applicable 

 Octan-1-yne C8H14 
1 (Harrison 

et al.) 
18.4 

Not 

applicable 

 Non-1-yne C9H16 
1 (Harrison 

et al.) 
21.4 

Not 

applicable 

 Decan-1-yne C10H18 2 27.6 
Not 

applicable 
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Table A.7 (continued). 

Phenyl 

hydrocarbons 
Benzene C6H6 10 15.2 1.5 

 Toluene C7H8 5 18.1 2.7 

 Ethyl benzene C8H10 6 18.9 0.7 

 n-Propylbenzene C9H12 5 21.6 2.3 

 iso-Propylbenzene C9H12 
1 (Harrison 

et al.) 
21.3 

Not 

applicable 

 n-Butylbenzene C10H14 4 23.8 5.1 

 t-Butylbenzene C10H14 2 25.7 
Not 

applicable 

 n-Pentylbenzene C11H16 2 24.4 
Not 

applicable 

 n-Hexylbenzene C12H18 3 29.8 
Not 

applicable 

 n-Heptylbenzene C13H20 
1 (Alberti 

et al.) 
34.4 

Not 

applicable 

 n-Octylbenzene C14H22 
1 (Alberti 

et al.) 
37.4 

Not 

applicable 

 n-Nonylbenzene C15H24 2 39.2 
Not 

applicable 

 n-Decylbenzene C16H26 
1 (Allgood 

et al.) 
52.9 6.6 

 Phenyl undecane C17H28 
1 (our 

data) 
80.8 11.4 

 Phenyl dodecane C18H30 
1 (our 

data) 
108.8 22.5 

 Phenyl tridecane C19H32 
1 (our 

data) 
71.0 42.0 
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Table A.7 (continued). 

 Phenyl tetradecane C20H34 
1 (our 

data) 
79.9 38.7 

 Phenyl cyclohexane C12H16 
1 (our 

data) 
103.8 32.0 

 
o-1,2-Dimethyl 

benzene 
C8H10 3 17.8 2.7 

 
m-1,3-Dimethyl 

benzene 
C8H10 

1 (Allgood 

et al.) 
19.2 0.1 

 
1,2,3-

Trimethylbenzene 
C9H12 

1 (Harrison 

et al.) 
20.8 

Not 

applicable 

 
1,2,4-

Trimethylbenzene 
C9H12 

1 (Harrison 

et al.) 
21.0 

Not 

applicable 

 
1,2,3,5-

Tetramethylbenzene 
C10H14 

1 (Harrison 

et al.) 
22.7 

Not 

applicable 

 p-Ethyltoluene C9H12 
1 (Harrison 

et al.) 
21.3 

Not 

applicable 

 
1,3-Dimethyl-5-t-butyl 

benzene 
C12H18 

1 (Allgood 

et al.) 
34.6 0.1 

 
1,2-Di-isopropyl-

benzene 
C12H18 

1 (Allgood 

et al.) 
38.9 0.1 

 Indene C9H8 

1 (Vallance 

et al., 

2014) 

27.3 
Not 

applicable 

PAHs Naphthalene C10H8 1 (our lab) 11.4 6.3 

 Acenaphthylene C12H8 1 (our lab) 21.7 0.6 

 Acenaphthene C12H10 1 (our lab) 46.3 0.9 

 Biphenyl C12H10 1 (our lab) 28.8 1.9 

 Fluorene C13H10 1 (our lab) 45.6 1.6 

 Phenanthrene C14H10 1 (our lab) 50.7 2.0 
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Table A.7 (continued). 

 Anthracene C14H10 1 (our lab) 40.1 1.0 

 Pyrene C16H10 1 (our lab) 32.0 14.6 

 Fluoranthene C16H10 1 (our lab) 49.4 1.0 

 Chrysene C18H12 1 (our lab) 41.3 7.2 

 Benzo(a)anthracene C18H12 1 (our lab) 41.3 7.2 

 Triphenylene C18H12 1 (our lab) 11.3 2.9 

 o-Terphenyl C18H14 1 (our lab) 55.4 18.4 

 m-Terphenyl C18H14 1 (our lab) 80.8 4.2 

 p-Terphenyl C18H14 1 (our lab) 70.8 11.4 

 Benzo(a)pyrene C20H12 1 (our lab) 23.1 8.2 

 Benzo(b)fluoranthene C20H12 1 (our lab) 21.3 7.7 

 Benzo(k)fluoranthene C20H12 1 (our lab) 21.3 7.7 

 Benzo(ghi)perylene C22H12 1 (our lab) 23.1 8.2 

 
Dibenzo(a,h)anthracen

e 
C22H14 1 (our lab) 31.1 6.4 

 Indeno(1,2,3-cd)pyrene C22H12 1 (our lab) 27.3 7.3 

Cycloalkanes

/alkene 
Cyclopropane Cyclo-C3H6 4 10.1 1.4 

 Cyclobutane Cyclo-C4H8 
1 (Tureček 

et al.) 
8.6 

Not 

applicable 

 Cyclopentane Cyclo-C5H10 3 15.9 1.0 

 Cyclohexane Cyclo-C6H12 5 17.3 4.6 

 Cyclooctane Cyclo-C8H16 

1 

(Bobeldijk 

et al.) 

26.5 
Not 

applicable 

 Cyclohexene Cyclo-C6H10 6 16.3 2.6 

Deuterated 

compounds 
Deuterium D2 1 (Rapp ) 1.2 

Not 

applicable 
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Table A.7 (continued). 

 d-Ethane C2D6 
1 (Harrison 

et al.) 
8.1 

Not 

applicable 

 d-Ethene C2D4 
1 (Harrison 

et al.) 
6.0 

Not 

applicable 

 d-Acetylene (d-ethyne) C2D2 
1 (Harrison 

et al.) 
4.6 

Not 

applicable 

 d-Toluene C7D8 
1 (Harrison 

et al.) 
16.1 

Not 

applicable 

Alcohols Methanol CH4O 

1 (Hudson 

et al., 

2003) 

5.4 
Not 

applicable 

 Ethanol C2H6O 2 8.6 
Not 

applicable 

 n-Propanol C3H8O 

1 (Hudson 

et al., 

2003) 

11.7 
Not 

applicable 

 iso-Propanol C3H8O 

1 (Hudson 

et al., 

2003) 

12.1 
Not 

applicable 

 n-Butanol C4H10O 2 14.0 
Not 

applicable 

 sec-Butanol C4H10O 2 14.2 
Not 

applicable 

 iso-Butanol C4H10O 2 14.2 
Not 

applicable 

 t-Butanol C4H10O 3 15.3 6.5 

 Cyclobutanol C4H8O 
1 (Tureček 

et al.) 
8.9 

Not 

applicable 
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Table A.7 (continued). 

 (Z)-2-Buten-1,4-diol C4H8O2 
1 (Tureček 

et al.) 
7.0 

Not 

applicable 

 2-Buten-1-ol C4H8O 
1 (Tureček 

et al.) 
9.2 

Not 

applicable 

 
1,2-Ethanediol or 

ethylene glycol 
C2H6O2 1 (our lab) 15.1 3.3 

 1,4-Butandiol C4H10O2 1 (our lab) 13.7 3.2 

Ethers Dimethylether C2H6O 3 9.3 2.7 

 Diethylether C4H10O 4 13.0 5.8 

 Ethyl methyl ether C3H8O 2 19.8 9.5 

 Di-n-propyl ether C6H14O 
1 (Bull et 

al., 2008) 
22.4 

Not 

applicable 

 Di-isopropyl ether C6H14O 2 13.5 
Not 

applicable 

 n-Butyl methyl ether C5H12O 
1 (Harrison 

et al.) 
17.3 

Not 

applicable 

 t-Butyl methyl ether C5H12O 
1 (Harrison 

et al.) 
17.5 

Not 

applicable 

 1,2-Dimethoxyethane C4H10O2 
1 (Tureček 

et al.) 
14.2 

Not 

applicable 

 Ethyl vinyl ether C4H8O 
1 (Tureček 

et al.) 
10.7 

Not 

applicable 

 2-Methoxy-1-propene C4H8O 
1 (Tureček 

et al.) 
10.7 

Not 

applicable 

Aldehydes Formaldehyde CH2O 1 (our lab) 4.8 0.9 

 Acetaldehyde C2H4O 4 8.3 3.6 

 Propanaldehyde C3H6O 3 10.3 2.8 

 n-Butanaldehyde C4H8O 2 12.9 
Not 

applicable 
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Table A.7 (continued). 

 iso-Butanaldehyde C4H8O 2 12.9 
Not 

applicable 

 Prop-2-enal C3H4O 
1 (Zhu et 

al.) 
11.2 

Not 

applicable 

 (E)-2-Butenaldehyde C4H6O 
1 (Tureček 

et al.) 
10.2 

Not 

applicable 

Ketones Acetone C3H6O 4 10.6 1.3 

 Ethyl methyl ketone C4H8O 4 12.4 2.1 

 
Isopropyl methyl 

ketone 
C5H10O 

1  (Bull et 

al., 2008) 
18.8 

Not 

applicable 

 n-Propyl methyl ketone C5H10O 2 16.3 
Not 

applicable 

 n-Butyl methyl ketone C6H12O 
1  (Bull et 

al., 2008) 
20.0 

Not 

applicable 

 
tert-Butyl methyl 

ketone 
C6H12O 

1  (Bull et 

al., 2008) 
19.5 

Not 

applicable 

 
sec-Butyl methyl 

ketone 
C6H12O 

1  (Bull et 

al., 2008) 
19.4 

Not 

applicable 

 
iso-Butyl methyl 

ketone 
C6H12O 

1  (Bull et 

al., 2008) 
20.6 

Not 

applicable 

 n-Pentyl methyl ketone C7H14O 
1 (Harrison 

et al.) 
18.7 

Not 

applicable 

 n-Hexyl methyl ketone C8H16O 
1 (Harrison 

et al.) 
23.0 

Not 

applicable 

 Methyl n-nonyl ketone C11H22O 
1 (Allgood 

et al.) 
36.8 4.0 

 Diethyl ketone C5H10O 2 15.7 6.4 

 Ethyl propyl ketone C6H12O 
1  (Bull et 

al., 2008) 
19.9 

Not 

applicable 
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Table A.7 (continued). 

 Dibutyl ketone C9H18O 
1 (Allgood 

et al.) 
23.3 3.3 

 1-Buten-3-one C4H6O 
1 (Tureček 

et al.) 
10.2 

Not 

applicable 

 1-Butyn-3-one C4H4O 
1 (Tureček 

et al.) 
8.6 

Not 

applicable 

 2,3-Butandione C4H6O2 1 (our lab) 19.8 2.7 

 Cyclopentanone C5H8O 
1 (Allgood 

et al.) 
12.7 1.0 

 Cyclohexanone C6H10O 2 14.7 
Not 

applicable 

Acids / 

anhydrides 
Formic acid CH2O2 1 (our lab) 4.3 0.2 

 Acetic acid C2H4O2 1 (our lab) 10.3 1.6 

 Acetic anhydride C4H6O3 
1 (Tureček 

et al.) 
10.7 

Not 

applicable 

 (E)-2-Butenoic acid C4H6O2 
1 (Tureček 

et al.) 
5.2 

Not 

applicable 

Esters Methyl formate C2H4O2 2 8.3 4.4 

 Ethyl formate C3H6O2 4 8.8 5.0 

 n-Propyl formate C4H8O2 3 13.9 3.5 

 iso-Propyl formate C4H8O2 2 13.9 
Not 

applicable 

 n-Butyl formate C5H10O2 2 16.8 
Not 

applicable 

 iso-Butyl formate C5H10O2 2 16.8 
Not 

applicable 

 n-Pentyl formate C6H12O2 
1 (Hudson 

et al.) 
21.7 

Not 

applicable 
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Table A.7 (continued). 

 Methyl acetate C3H6O2 2 11.4 
Not 

applicable 

 Ethyl acetate C4H8O2 7 14.0 3.5 

 iso-Propyl acetate C5H10O2 
1 (Hudson 

et al.) 
17.3 

Not 

applicable 

 n-Propyl acetate C5H10O2 
1 (Hudson 

et al.) 
18.2 

Not 

applicable 

 sec-Butyl acetate C6H12O2 
1 (Hudson 

et al.) 
21.0 

Not 

applicable 

 n-Butyl acetate C6H12O2 
1 (Hudson 

et al.) 
21.1 

Not 

applicable 

 t-Butyl acetate C6H12O2 
1 (Hudson 

et al.) 
21.2 

Not 

applicable 

 iso-Butyl acetate C6H12O2 
1 (Hudson 

et al.) 
21.2 

Not 

applicable 

 iso-Pentyl acetate C7H14O2 
1 (Hudson 

et al.) 
23.5 

Not 

applicable 

 n-Pentyl acetate C7H14O2 
1 (Hudson 

et al.) 
24.1 

Not 

applicable 

 t-Pentyl acetate C7H14O2 
1 (Hudson 

et al.) 
24.2 

Not 

applicable 

 Vinyl acetate C4H6O2 
1 (Tureček 

et al.) 
13.0 

Not 

applicable 

 sec-Pentyl acetate C7H14O2 
1 (Hudson 

et al.) 
24.4 

Not 

applicable 

 Methyl propionate C4H8O2 
1 (Harrison 

et al.) 
13.5 

Not 

applicable 

 Methyl butanoate C5H10O2 
1 (Harrison 

et al.) 
15.8 

Not 

applicable 
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Table A.7 (continued). 

 Methyl pentanoate C6H12O2 
1 (Harrison 

et al.) 
17.8 

Not 

applicable 

 Glycolaldehyde C2H4O2 1 (our lab) 6.4 0.2 

 Glyceraldehyde C3H6O3 1 (our lab) 27.2 0.9 

 1,3-Dihydroxyacetone C3H6O3 1 (our lab) 24.0 1.1 

 
1-Hydroxy-2-

propanone or acetol 
C3H6O2 1 (our lab) 15.4 0.5 

 
3-Hydroxy-2-butanone 

or acetoin 
C4H8O2 1 (our lab) 14.7 4.6 

 
1-Methoxy-2-propyl 

acetate 
C6H12O3 1 (our lab) 21.3 2.2 

Linear, with 

multiple "O" 

based groups 

Ethoxylated alcohols, 

CnH(2n+1)O(CH2CH2O)x

H 

n=10, x=1 
1 (Allgood 

et al.) 
39.2 4.5 

  n=10, x=2 
1 (Allgood 

et al.) 
53.6 13.1 

  n=10, x=3 
1 (Allgood 

et al.) 
75.2 15.1 

  n=10, x=6 
1 (Allgood 

et al.) 
97.8 6.1 

  n=10, x=8 
1 (Allgood 

et al.) 
102.2 10.6 

  n=12, x=1 
1 (Allgood 

et al.) 
50.5 7.3 

  n=12, x=3 
1 (Allgood 

et al.) 
64.7 11.4 

  n=12, x=4 
1 (Allgood 

et al.) 
82.7 10.6 
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Table A.7 (continued). 

  n=12, x=5 
1 (Allgood 

et al.) 
95.0 13.9 

  n=12, x=6 
1 (Allgood 

et al.) 
109.1 11.9 

  n=14, x=1 
1 (Allgood 

et al.) 
51.9 5.6 

  n=14, x=2 
1 (Allgood 

et al.) 
71.2 11.6 

  n=14, x=3 
1 (Allgood 

et al.) 
85.6 12.9 

  n=14, x=6 
1 (Allgood 

et al.) 
106.5 13.9 

Phenolics Phenol C6H6O 1 (our lab) 13.9 0.2 

 Catechol C6H6O2 1 (our lab) 5.5 0.1 

 Hydroquinone C6H6O2 1 (our lab) 9.3 0.2 

 
1-Hydroxy-2-methyl-

benzene or o-cresol 
C7H8O 

1 (Allgood 

et al.) 
15.9 2.3 

 
1-Hydroxy-4-methyl-

benzene or p-cresol 
C7H8O 

1 (Allgood 

et al.) 
17.1 3.3 

 
1-Methoxybenzene or 

anisole 
C7H8O 2 15.0 

Not 

applicable 

 Acetophenone C8H8O 
1 (Allgood 

et al.) 
19.0 2.0 

Heterophenyl Butyrophenone C10H12O 
1 (Allgood 

et al.) 
25.0 1.0 

 Isovalerophenone C11H14O 
1 (Allgood 

et al.) 
27.4 3.3 

 Hexanophenone C12H16O 
1 (Allgood 

et al.) 
34.1 2.3 
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Table A.7 (continued). 

 Heptanophenone C13H18O 
1 (Allgood 

et al.) 
38.9 2.8 

 Octanophenone C14H20O 
1 (Allgood 

et al.) 
46.2 2.5 

 Nonanophenone C15H22O 
1 (Allgood 

et al.) 
50.5 3.5 

 i-Propyl-benzoate C10H12O2 
1 (Allgood 

et al.) 
33.9 0.8 

 Diethyl phthalate C12H14O4 
1 (Allgood 

et al.) 
38.5 4.0 

 Di-n-butyl phthalate C16H22O4 
1 (Allgood 

et al.) 
53.6 7.1 

 Di-n-pentyl phthalate C18H26O4 
1 (Allgood 

et al.) 
59.1 3.5 

 Chlorobenzene C6H5Cl 
1 (Allgood 

et al.) 
18.5 1.5 

 Bromobenzene C6H5Br 
1 (Allgood 

et al.) 
19.5 3.0 

 o-Dibromobenzene C6H4Br2 
1 (Allgood 

et al.) 
26.0 1.3 

C-H-N 

heterocyclics 
n,n-Dimethyl-aniline C8H11N 

1 (Allgood 

et al.) 
26.2 2.0 

 Aniline C6H7N 

1 (Vallance 

et al., 

2014) 

18.6 
Not 

applicable 

 Pyridine C5H5N 

1 (Vallance 

et al., 

2014) 

16.5 
Not 

applicable 
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Table A.7 (continued). 

 Pyrrole C4H5N 

1 (Vallance 

et al., 

2014) 

14.4 
Not 

applicable 

 Piperidine C5H11N 

1 (Vallance 

et al., 

2014) 

18.3 
Not 

applicable 

 Tetrahydropyrimidine C6H12N2 

1 (Vallance 

et al., 

2014) 

16.8 
Not 

applicable 

DNA/RNA 

constituents 
Uracil C4H4N2O2 

1 (Rahman 

and 

Krishnaku

mar) 

23.4 
Not 

applicable 

 Cytosine C4H5N3O 

1 (Rahman 

and 

Krishnaku

mar) 

21.3 
Not 

applicable 

 Adenine C5H5N5 

1 (Rahman 

and 

Krishnaku

mar) 

23.4 
Not 

applicable 

 Thymine C5H6N2O2 

1 (Rahman 

and 

Krishnaku

mar) 

31.8 
Not 

applicable 

 Guanine C5H5N5O 

1 (Rahman 

and 

Krishnaku

mar) 

26.5 
Not 

applicable 

Furans Tetrahydrofuran C4H8O 3 11.8 4.2 
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Table A.7 (continued). 

 
Tetrahydrofurfuryl-

alcohol 
C5H10O2 

1 (Vallance 

et al., 

2014) 

18.2 
Not 

applicable 

 
2-methyl-

tetrahydrofuran 
C5H10O 

1 (Vallance 

et al., 

2014) 

14.8 
Not 

applicable 

 2-Tetrahydofuranone C4H6O2 
1 (Tureček 

et al.) 
4.6 

Not 

applicable 

 

4-Hydroxy-2-

tetrahydrofuranone or 

β-Hydroxy-γ-

butyrolactone 

C4H6O3 1 (our lab) 4.7 0.3 

 Furan C4H4O 
1 (Tureček 

et al.) 
8.3 

Not 

applicable 

 2,5-Dihydrofuran C4H6O 
1 (Tureček 

et al.) 
8.0 

Not 

applicable 

 
2-Furaldehyde or 

furfural 
C5H4O2 1 (our lab) 20.2 0.8 

 5-Methylfurfural C6H6O2 1 (our lab) 28.8 1.2 

 
5-(Hydroxymethyl)-

furfural 
C6H6O3 1 (our lab) 11.2 0.5 

 2-Furanmethanol C5H6O2 1 (our lab) 19.3 1.1 

 
2-Furancarboxylic acid 

or furoic acid 
C5H4O3 1 (our lab) 10.2 0.6 

 2(5H) Furanone C4H4O2 2 7.5 
Not 

applicable 

 Furan-2,5-dione C4H2O3 
1 (Tureček 

et al.) 
4.9 

Not 

applicable 

Dioxanes 1,4-Dioxane C4H8O2 2 9.6 3.8 
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Table A.7 (continued). 

 1,4-Dioxene C4H6O2 1 (our lab) 12.1 1.0 

 
1,4-dioxane-2,5-diol or 

glycolaldehyde dimer 
C4H8O4 1 (our lab) 9.5 0.3 

Oxiranes 
1,2-epoxybutane or 2-

ethyloxirane 
C4H8O 

1 (Tureček 

et al.) 
9.8 

Not 

applicable 

 Methyl oxirane C3H6O 
1 (Zhu et 

al.) 
12.2 

Not 

applicable 

 
2-oxiranylmethanol or 

glycidol 
C3H6O2 1 (our lab) 5.2 0.2 

Other C-H-O Diketene C4H4O2 
1 (Tureček 

et al.) 
6.4 

Not 

applicable 

 Paraldehyde C6H12O3 1 (our lab) 35.4 11.2 

 Levoglucosan C6H10O5 1 (our lab) 9.5 2.3 

Linear C-H-

S 
Ethanethiol C2H6S 

1 (Zhu et 

al.) 
14.6 

Not 

applicable 

 Hexanethiol C6H14S 
1 (Allgood 

et al.) 
21.9 0.3 

 Octanethiol C8H18S 
1 (Allgood 

et al.) 
30.1 1.0 

 Isopropyl sulfide C6H14S 
1 (Allgood 

et al.) 
22.1 0.8 

Linear C-H-

N-O-F 
Trifluoroacetonitrile C2F3N 

1 (Bart et 

al.) 
7.0 

Not 

applicable 

 Ethylacetamide C4H9NO 
1 (Vallance 

et al.) 
15.2 

Not 

applicable 

 Methylcyanide C2H3N 2 8.1 
Not 

applicable 

 Ethylcyanide C3H5N 
1 (Zhu et 

al.) 
11.4 

Not 

applicable 
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Table A.7 (continued). 

 Propylcyanide C4H7N 
1 (Zhu et 

al.) 
16.3 

Not 

applicable 

 Isopropylcyanide C4H7N 
1 (Zhu et 

al.) 
15.3 

Not 

applicable 

 Acrylonitrile C3H3N 
1 (Zhu et 

al.) 
10.5 

Not 

applicable 

Light gases Hydrogen H2 5 1.2 0.2 

 Nitrogen N2 6 3.0 0.6 

 Oxygen O2 5 2.9 0.6 

 Fluorine F2 
1 (Stieve 

and Vasile) 
1.3 

Not 

applicable 

 Chlorine Cl2 
1 (Stieve 

and Vasile) 
8.5 

Not 

applicable 

 Nitrous oxide N2O 2 4.6 
Not 

applicable 

 Nitric oxide NO 3 3.1 1.1 

 Ammonia NH3 2 3.4 1.9 

 Hydrogen sulfide H2S 3 6.4 1.2 

 Hydrogen chloride HCl 2 5.0 
Not 

applicable 

 Water H2O 4 2.1 1.1 

 Carbon monoxide CO 7 3.1 0.5 

 Carbon dioxide CO2 6 4.2 0.7 

 Carbon disulfide CS2 

1 (Hudson 

et al., 

2004) 

13.8 
Not 

applicable 

 Carbonyl sulfide OCS 

1 (Hudson 

et al., 

2004) 

8.5 
Not 

applicable 
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Table A.7 (continued). 

Halocarbons Fluoromethane CH3F 2 4.3 3.2 

 Difluoromethane CH2F2 
1 (Beran 

and Kevan) 
4.1 0.6 

 Trifluoromethane CHF3 2 4.3 3.8 

 Tetrafluoromethane CF4 2 4.6 
Not 

applicable 

 1,1-Difluoroethane 1,1-C2H4F2 
1 (Beran 

and Kevan) 
6.9 0.2 

 Hexafluoroethane C2F6 2 7.4 
Not 

applicable 

 Octafluoropropane C3F8 2 10.4 
Not 

applicable 

 
Cyclic-

octafluorobutane 
c-C4F8 

1 (Beran 

and Kevan) 
11.1 0.9 

 Decafluorobutane C4F10 
1 (Beran 

and Kevan) 
12.0 0.8 

 Tetradecafluorohexane C6F14 
1 (Beran 

and Kevan) 
17.3 0.9 

 1-Fluoro-pentane n-C5H11F 
1 (Alberti 

et al.) 
16.2 

Not 

applicable 

 1-Fluoro-hexane n-C6H13F 
1 (Alberti 

et al.) 
19.3 

Not 

applicable 

 1-Fluoro-heptane n-C7H15F 
1 (Alberti 

et al.) 
22.2 

Not 

applicable 

 1-Fluoro-octane n-C8H17F 
1 (Alberti 

et al.) 
25.1 

Not 

applicable 

 1-Fluoro-nonane n-C9H19F 
1 (Alberti 

et al.) 
28.1 

Not 

applicable 
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Table A.7 (continued). 

 1-Fluoro-decane n-C10H21F 
1 (Alberti 

et al.) 
31.1 

Not 

applicable 

 1,1-Difluoroethene 1,1-C2H2F2 
1 (Beran 

and Kevan) 
5.7 0.3 

 Tetrafluoroethene C2F4 2 6.0 
Not 

applicable 

 Hexafluoropropene C3F6 2 8.8 
Not 

applicable 

 Octafluoro-butan-2-ene 2-C4F8 
1 (Beran 

and Kevan) 
10.8 0.5 

 
Tetradecafluoro-hexan-

1-ene 
1-C7F14 

1 (Beran 

and Kevan) 
18.8 0.6 

 
Decafluoro-

cyclohexene 
c-C6F10 

1 (Beran 

and Kevan) 
14.3 1.0 

 Perfluorobutan-2-yne CF3CCCF3 
1 (Bart et 

al.) 
11.2 

Not 

applicable 

 Perflurobutan-1,3-diene CF2CFCFCF2 
1 (Bart et 

al.) 
11.8 

Not 

applicable 

 Perfluorobutan-1-ene CF2CFCF2CF3 
1 (Bart et 

al.) 
12.7 

Not 

applicable 

 Methyl chloride CH3Cl 6 8.00 0.4 

 Dichloromethane CH2Cl2 2 11.2 1.9 

 Trichloromethane CHCl3 
1 (Bart et 

al.) 
15.4 

Not 

applicable 

 Tetrachloromethane CCl4 2 18.8 
Not 

applicable 

 Ethyl chloride C2H5Cl 5 10.8 1.1 
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Table A.7 (continued). 

 Pentachloroethane C2HCl5 

1 (Hudson 

et al., 

2001) 

27.9 
Not 

applicable 

 Hexachloroethane C2Cl6 

1 (Hudson 

et al., 

2001) 

31.2 
Not 

applicable 

 1,2-Dichloroethane CH2Cl-CH2Cl 

1 (Hudson 

et al., 

2001) 

17.1 
Not 

applicable 

 1,1-Dichloroethane CH3-CHCl2 

1 (Hudson 

et al., 

2001) 

16.4 
Not 

applicable 

 1,2,2-Trichloroethane CH2Cl-CHCl2 

1 (Hudson 

et al., 

2001) 

20.4 
Not 

applicable 

 1,1,1-Trichloroethane CH3-CCl3 

1 (Hudson 

et al., 

2001) 

20.4 
Not 

applicable 

 
1,1,2,2-

Tetrachloroethane 
CHCl2-CHCl2 

1 (Hudson 

et al., 

2001) 

23.4 
Not 

applicable 

 
1,2,2,2-

Tetrachloroethane 
CH2Cl-CCl3 

1 (Hudson 

et al., 

2001) 

24.7 
Not 

applicable 

 1-Chloropropane n-C3H5Cl 3 14.7 4.6 

 2-Chloropropane 2-C3H7Cl 

1 (Hudson 

et al., 

2001) 

17.0 
Not 

applicable 

 1-Chlorobutane n-C4H9Cl 3 18.0 5.9 
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 2-Chlorobutane 2-C4H9Cl 

1 (Hudson 

et al., 

2001) 

19.9 
Not 

applicable 

 1-Chloropentane n-C5H11Cl 
1 (Alberti 

et al.) 
18.9 

Not 

applicable 

 1-Chlorohexane n-C6H13Cl 
1 (Alberti 

et al.) 
21.8 

Not 

applicable 

 1-Chloroheptane n-C7H15Cl 
1 (Alberti 

et al.) 
24.4 

Not 

applicable 

 1-Chloro-octane n-C8H17Cl 
1 (Alberti 

et al.) 
27.9 

Not 

applicable 

 1-Chloro-nonane n-C9H19Cl 
1 (Alberti 

et al.) 
30.4 

Not 

applicable 

 1-Chloro-decane n-C10H21Cl 
1 (Alberti 

et al.) 
33.5 

Not 

applicable 

 1,2-Dichloroethene CHCl=CHCl 

1 (Hudson 

et al., 

2001) 

17.1 
Not 

applicable 

 Trichloroethene CHCl=CCl2 

1 (Hudson 

et al., 

2001) 

21.5 
Not 

applicable 

 Tetrachloroethene C2Cl4 

1 (Hudson 

et al., 

2001) 

25.3 
Not 

applicable 

 Bromomethane CH3Br 3 9.0 1.2 

 Dibromomethane CH2Br2 
1 (Bart et 

al.) 
14.1 

Not 

applicable 

 Tribromomethane CHBr3 
1 (Bart et 

al.) 
16.5 

Not 

applicable 
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Table A.7 (continued). 

 1-Bromo-ethane C2H5Br 
1 (Alberti 

et al.) 
11.5 

Not 

applicable 

 1-Bromo-propane n-C3H7Br 
1 (Alberti 

et al.) 
14.5 

Not 

applicable 

 1-Bromo-butane n-C4H9Br 
1 (Alberti 

et al.) 
17.4 

Not 

applicable 

 1-Bromo-pentane n-C5H11Br 
1 (Alberti 

et al.) 
20.5 

Not 

applicable 

 1-Bromo-hexane n-C6H13Br 
1 (Alberti 

et al.) 
23.2 

Not 

applicable 

 1-Bromo-heptane n-C7H15Br 
1 (Alberti 

et al.) 
26.3 

Not 

applicable 

 1-Bromo-octane n-C8H17Br 
1 (Alberti 

et al.) 
29.1 

Not 

applicable 

 1-Bromo-nonane n-C9H19Br 
1 (Alberti 

et al.) 
32.1 

Not 

applicable 

 1-Bromo-decane n-C10H21Br 
1 (Alberti 

et al.) 
34.9 

Not 

applicable 

 1-Bromo-undecane n-C11H23Br 
1 (Alberti 

et al.) 
37.7 

Not 

applicable 

 1-Bromo-dodecane n-C12H25Br 
1 (Alberti 

et al.) 
40.7 

Not 

applicable 

 1-Bromo-tridecane n-C13H27Br 
1 (Alberti 

et al.) 
43.7 

Not 

applicable 

 1-Bromo-tetradecane n-C14H29Br 
1 (Alberti 

et al.) 
46.8 

Not 

applicable 

 Iodo-methane n-CH3I 
1 (Alberti 

et al.) 
9.7 

Not 

applicable 
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Table A.7 (continued). 

 1-Iodo-ethane n-C2H5I 
1 (Alberti 

et al.) 
12.6 

Not 

applicable 

 1-Iodo-propane n-C3H7I 
1 (Alberti 

et al.) 
15.6 

Not 

applicable 

 1-Iodo-butane n-C4H9I 
1 (Alberti 

et al.) 
18.2 

Not 

applicable 

 1-Iodo-pentane n-C5H11I 
1 (Alberti 

et al.) 
21.2 

Not 

applicable 

 1-Iodo-hexane n-C6H13I 
1 (Alberti 

et al.) 
24.1 

Not 

applicable 

 1-Iodo-heptane n-C7H15I 
1 (Alberti 

et al.) 
27.2 

Not 

applicable 

 1-Iodo-octane n-C8H17I 
1 (Alberti 

et al.) 
30.2 

Not 

applicable 

 1-Iodo-nonane n-C9H19I 
1 (Alberti 

et al.) 
33.4 

Not 

applicable 

 1-Iodo-decane n-C10H21I 
1 (Alberti 

et al.) 
36.3 

Not 

applicable 

 
Trifluorochloromethan

e 
CF3Cl 2 7.5 

Not 

applicable 

 
Difluoro 

dichloromethane 
CF2Cl2 2 10.8 

Not 

applicable 

 Fluorotrichloromethane CFCl3 
1 (Beran 

and Kevan) 
13.0 0.5 

 
Pentafluorochloro-

ethane 
C2F5Cl 

1 (Beran 

and Kevan) 
9.7 0.1 

 
Tetrafluoro-1,2-

dichloroethane 
1,2-C2F4Cl2 

1 (Beran 

and Kevan) 
12.7 0.2 
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Table A.7 (continued). 

 
Trifluoro-1,1,2-

trichloroethane 
1,1,2-C2F3Cl3 

1 (Beran 

and Kevan) 
15.6 0.4 

 
Trifluorobromomethan

e 
CF3Br 2 8.8 

Not 

applicable 

 
Dibromo-

difluoromethane 
CF2Br2 

1 (Beran 

and Kevan) 
12.6 0.9 

 Trifluoro-iodomethane CF3I 
1 (Beran 

and Kevan) 
9.7 0.7 

 Pentafluoro-iodoethane C2F5I 
1 (Beran 

and Kevan) 
12.0 1.0 

 Isopropyl iodide i-C3F7I 
1 (Beran 

and Kevan) 
14.8 0.6 

 Difluorochloromethane CHF2Cl 
1 (Beran 

and Kevan) 
7.0 0.3 

 Fluorodichloromethane CHFCl2 
1 (Beran 

and Kevan) 
10.2 0.5 

 
Bromochloro-

difluoromethane 
CF2ClBr 

1 (Beran 

and Kevan) 
9.9 5.0 

 
1,2,2-Trifluoro-2-

chloro-1-bromoethane 
CF2ClCFClI 

1 (Beran 

and Kevan) 
24.2 1.0 

 
1,2,2-Trifluoro-1,2-

dichloro-iodoethane 
CF2ClCHFI 

1 (Beran 

and Kevan) 
17.6 0.2 

 
1,2,2-Trifluoro-2-

dichloro-iodoethane 
CF2ClCH3 

1 (Beran 

and Kevan) 
9.8 1.8 

 
1,2,2-Trifluoro-1,2-

dibromo-chloroethane 
CF2BrCFClBr 

1 (Beran 

and Kevan) 
20.8 0.9 

 
1-Bromo-2-chloro-

1,1,2-trifluoroethane 
CF2BrCHFCl 

1 (Beran 

and Kevan) 
14.0 0.9 
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Table A.7 (continued). 

 Bromo chloromethane CH2ClBr 
1 (Beran 

and Kevan) 
13.1 1.0 

 
Bromo 

dichloromethane 
CHCl2Br 

1 (Beran 

and Kevan) 
19.4 4.1 

 

A.7. Instructions for calculating cross sections with the MATLAB code, including source 

code. 

 
Files needed to generate the total electron ionization cross sections of new compounds are 

provided on GitHub at <https://github.com/arnab37/Total-Electron-Ionization-Cross-Sections>. 

Their use is described below: 

 

Descriptor_input_formats.xlsx -- This Excel file can be used to compose the input descriptors 

of a compound or of multiple compounds. The first column of the file is the name of the 

compound. The second column is the chemical formula of the compound. Either of these two 

columns is useful to track down a descriptor row and to understand the descriptors. After that 

there are 100 columns for the descriptors: Group, atom, and other lumped descriptors. The name 

of each descriptor and an explanation are written on the top of the column.  One can obtain these 

descriptors after looking into the molecular structure of a compound.  

 

For the ring strain, the values from Boyd et al.29 are used for five-membered rings in PAH: 6.5, 

2, and 6.5 kcal/mol for acenaphthene-, acenaphthylene-, and fluoranthene-type rings, 

respectively.  Otherwise, the ring-correction tables from Benson, Thermochemical Kinetics, 2nd 

Ed. 30 are consulted. A value is assigned after observing the closest ring structure from the latter 

tables.  

 

Rows 4 to 18 are example compounds that can be used to test the code. Rows 21 to 416 are the 

396 compounds in the database. 

 

Make_a_txt_file_after_copying_the_descriptors.txt -- Once the information is prepared with 

the previous Excel file, the descriptor columns and rows are copied. For example, in the current 
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case, we have copied and pasted the C4 to CS18 cells from the Excel file into a text file with this 

name. 

 

Use_this_code_to_get_TEICS_at_70_75eV.m -- This file is the MATLAB code, shown below, 

which uses the previous txt file as the input. The other input file is BoseWestmorelandNet.mat, 

which contains the ANN model’s parameters obtained after training the neural net model for 500 

times. When the MATLAB code gets the inputs of the descriptors, it uses the parameter file 

BoseWestmorelandNet.mat to obtain 500 different predicted values of the cross section. The 

average and uncertainty (95% confidence level from the mean) are then calculated from these 

500 values using t-statistics. Finally, these average values and the uncertainty are recorded in the 

Output.xlsx file.  

 

Output.xlsx -- This results file has two columns without any headers. The first column contains 

the mean value and the second column contains the ± uncertainty. The number of rows is the 

same as the number of compounds in the Make_a_txt_file_after_copying_the_descriptors.txt 

file. 

 

Source MATLAB code for <Use_this_code_to_get_TEICS_at_70_75eV.m> 

clc; 

clear all; 

close all; 

 

AA=load('Make_a_txt_file_after_copying_the_descriptors.txt'); 

AA=AA'; 

 

load BoseWestmorelandNet.mat 

Y=zeros(size(AA,2),500); 

 

for k=1:500 

   Ys=BoseWestmorelandNet{k}(AA); 

   Y(:,k)=Ys; 

end 

 

for i=1:size(AA,2) 
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    TEICS70_out(i,1)=mean(Y(i,:));  %%%%% n-hexane's cross section was assigned to be 20.0 x 10^-16 cm^2 

previously.  

    TEICS70_out(i,2)=std(Y(i,:))/sqrt(500)*1.6479; %%%% 1.6479 is the multiplier for the 95% confidence level 

from t-stat 

end 

 

xlswrite('Output.xlsx',TEICS70_out); 
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Figure A.7. Cyclic and linear structures of D-xylose and D-glucose and their cyclic anhydro-

sugars. 
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A.8. Comparison of experimental and NN-predicted cross sections with BEB cross section 

at 70-75 eV. 

 

Table A.8: Cross-sections of 34 light compounds from experimental database, FF-NN (with 

Atom and Group descriptors) model, and BEB theory. 

Compound Experimental database FF-NN-AG Prediction BEB Prediction31 

H2 1.2 ± 0.2 1.64 1.019 

N2 3.0 ± 0.6 2.95 2.534 

H2O 2.1 ± 1.1 1.73 2.294 

NH3 3.4 ± 1.9 3.69 3.047 

NO 3.1 ± 1.1 2.77 2.835 

CO 2.1 ± 0.5 2.91 2.540 

CO2 4.2 ± 0.7 4.89 3.564 

O2 2.9 ± 0.6 2.29 2.474 

H2S 6.4 ± 1.2 6.40 4.131 

N2O 4.6 4.65 3.751 

COS 8.5 8.27 4.957 

CS2 13.8 13.61 7.939 

CH2O 4.8 ± 0.9 4.13 4.169 

CH4 4.6 ± 0.4 5.31 3.527 

C2H2 4.4 ± 1.5 4.54 4.376 

C2H4 6.4 ± 0.6 6.71 5.120 

C2H6 7.8 ± 0.4 9.92 6.432 

propyne 7.4 7.83 7.668 

C3H6 9.0± 0.8 8.78 8.743 

C3H8 10.7± 0.6 11.75 8.630 

1,3-C4H6 11.6 ± 0.3 11.25 10.906 

1-butene 11.7 10.81 11.754 

isobutene 12.2 ± 2.0 12.84 11.902 

trans-2-butene 12.3 ± 0.7 11.42 11.841 
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Table A.8 (continued). 

benzene 15.2 ± 1.5 16.23 15.040 

CF4 4.6 3.56 4.796 

C2F6 6.9 7.49 7.721 

C3H8 10.4 9.93 11.099 

CFCl3 13.0 14.75 13.168 

CF3Cl 7.5 7.20 7.878 

CHF2Cl 7.0 ± 0.3 7.33 7.570 

CF2Cl2 10.8 10.93 10.975 

CHFCl2 10.2 11.08 10.745 

 

 

Figure A.8: Outliers after the FF-NN predictions and the prediction from BEB theory. BEB 

theory underpredicts the cross sections of CS2 and COS. 
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APPENDIX B: CALIBRATION PLOTS OF N-HEXANE AND USAGE OF 

THESE PLOTS 
 

B.1. Relations among GC response, calibration factor, and electron-ionization cross section: 

 

The quantitation of an identified species is performed by using a linearity relationship (Eq. B.1) of 

total baseline-corrected detected current 𝐼𝑖 with the number density 𝑁𝑖 of the vaporized/gaseous 

species:9 

 

𝐼𝑖 = 𝐺 ∙ 𝑄𝑖 ∙ 𝑑 ∙ 𝐼𝑒 ∙ 𝑁𝑖          (B.1) 

 

where Qi is the total ionization cross section, a function of ionizing-electron energy; d is the 

ionizing path length; and 𝐼𝑒 is the ionizing-electron current; G is detector gain. 

The peak area is the GC response. It is obtained by integrating the baseline-corrected positive-ion 

current over the time interval where the peak appeared. Let us say that the peak started to appear 

at t1 s and disappear at t2 s as it mentioned in Figure B1. The area under the curve of the peak is 

measured by analysis software. The integration formula is written as follows: 

 

𝑟𝑖 = ∫ 𝐼𝑖𝑑𝑡
𝑡2

𝑡1
            (B.2) 

 

where 𝑟𝑖 is the peak area in pico-coulomb. The peak area of a compound i is also dependent on the 

moles of i injected. The linear calibration factor is defined by the peak area measured by the 

moles of compound i injected. On the other hand, the injected number of moles is equal to number 

density of the compound 𝑁𝑖 times the volume of ionization chamber by the Avogadro number. 

Thus, the linear calibration factor, Ai in pico-coulomb per mole, can be written as follows: 

 

𝐴𝑖 = 𝑐
𝑟𝑖

𝑁𝑖
            (B.3) 

 

where c is a constant that is equal to the volume of ionization chamber by the Avogadro number. 
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Figure B.1: A schematic of pico-Coulomb signal vs. retention time behavior in a one-dimensional 

GC/MS. In GC×GC/MS, the retention time is measured as the sum of the retention times in two 

GC columns. 

 

Thus, from equations B.1-3, the following expression of the linear calibration factor can be 

obtained: 

 

𝐴𝑖 = 𝑐
∫ 𝐺∙𝑄𝑖∙𝑑∙𝐼𝑒∙𝑁𝑖𝑑𝑡

𝑡2
𝑡1

𝑁𝑖
≈ 𝑐 ∙ 𝐺 ∙ 𝑄𝑖 ∙ 𝑑 ∙ 𝐼𝑒 ∙ (𝑡2 − 𝑡1)       (B.4) 

 

For a specific instrument, d (ionizing path length) and 𝐼𝑒 (ionizing-electron current) are same. If 

the peak widths of two compounds are same, then for a compound 1 and a compound 2, the 

following relation can be written: 

 

𝐴1/𝐴2 = 𝑄1/𝑄2           (B.5) 

 

Eq. B.5 suggests that the ratio of the linear calibration factors is the ratio of the total electron 

ionization cross sections. 

 

B.2. n-Hexane calibration: 

 

n-Hexane (>99.5% pure, HPLC grade) is used as the reference compound for the calibration 

experiments and modeling. The calibration of n-hexane is performed after injecting very small 
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quantity to very high quantity, i.e., 6 ×10-6 to 0.6 µmol. No calibration solution is prepared to avoid 

introduction any impurities. Instead, the split ratio and the injection volume are varied to achieve 

the range of injected amounts. 

 

Table B.1: Peak area of n-hexane after injecting different amounts of n-hexane. Three repetitions 

are performed to obtain the deviation information.  

µmol Average peak area (µC) 95 % confidence interval (µC) 

5.8E-06 0.0E+00 0.0E+00 

1.6E-05 1.4E-01 3.4E-02 

7.9E-05 6.4E-01 2.4E-01 

1.5E-03 7.2E+00 2.8E+00 

1.0E-02 5.1E+01 1.4E+01 

1.9E-01 1.6E+02 6.5E+01 

5.8E-01 3.1E+02 1.2E+02 

 

 

Figure B.2: The peak area vs. amount of n-hexane data in Table C1 is plotted in normal plot (a) 

and in log-log plot (b). 

 

Obtained peak area from n-hexane injections are reported in Table B.1. These data are plotted on 

Figure B.2. It indicates that multiple linear calibration lines might be present at different ranges of 

injected amounts. It is because of two reasons. One is the background noise which enhances the 
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peak area during very low injection and another reason is the detector saturation that decreases the 

peak area at very high amount of injection. To understand these effects, multiple calibration lines 

with slopes and intercepts are obtained at five different µmole ranges at first. After that, these 

slopes and intercepts are plotted as the logarithms of average peak area (Figure B3).  

 

Figure B.3: (a) Linear calibration factors or slopes as a function of logarithm of peak area; (b) 

intercepts as a function of logarithm of peak area. 95% confidence levels are reported. 

 

Figure B.3 suggests that measured calibration factors of n-hexane are large when the peak area or 

injected amount is small. At that time, the intercepts are also small. It suggests that the effect of 

background noise appears both in the slopes or calibration factor and intercepts measurements as 

well. When the peak area or injected amount is high, at that time the detector reaches its saturation 

limit. It lowers calibration factor and enhances the intercept measurement of n-hexane. The 

detector saturation is observed after 100 µC. 

 

B.3. Calculation of the cross section of a compound: 

 

As we know the behavior of the mass spectrometer after doing experiments on n-hexane, we used 

this information for the other compounds as well assuming similar background noise and the 

detector-saturation behavior. 

 

We used Harrison et al.125-data as the reference dataset, where a 20.0 Å2 electron ionization cross 

section is reported for n-hexane. We multiplied the ratio of the calibration factor with 20.0 Å2 to 

know the electron-ionization cross section of the new compound.  
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B.3.1. One-concentration calibration: 

 

Once the one-concentration calibration experiments of another compound are performed, the peak 

areas are noted. After that, from Figure B.2a and Figure B.2b, the n-hexane’s calibration factor 

and intercept are noted with respect to the average peak area from the current experiments. The 

intercept is subtracted from the peak areas. After that, calibration factor of the new compound is 

obtained. Once it is calculated, it is divided by n-hexane’s calibration factor. Calibrations of 

phenyl-cyclohexane, terphenyls, alkyl benzenes, and triphenylene are performed in this way.  

It is the simplest way to measure the calibration factor. For yield measurements of various 

identified peaks after the analysis of degraded oil or vapor/gas products, this method is 

implemented. 

 

B.3.2. Two- or more-concentration calibration: 

 

Performing calibration experiments with two or more concentrations is better than only one-

concentration calibration because it provides an idea about the intercept behavior of the analyte 

compound. Thus, in this case, we do not need to assume that the intercept behavior of the analyte 

and n-hexane is same. All the compounds apart from C9-C33 n-alkanes, PAH compounds (except 

biphenyl and anthracene), and the compounds mentioned above are calibrated in this way. Let us 

consider the calibration of n-octane (Figure B.4). 

 

Figure B.4: Peak area from n-octane measurements. The triangles with red borders are the 

experimental measurements. The black circles are the average measurements with two-sigma error 

bars, based on three repetitions performed at each concentration.  
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The slope or the linear calibration factor of the fitted line in Figure B.4 is 8,540 ± 710 µC/µmol. 

The intercept is 0.00 ± 0.01 µC. Estimation of the intercept refines the calibration factor 

measurements. The average of the peak area observed in this calibration is 0.4 µC. The logarithm 

based 10 of the averaged peak area is -0.4. The n-hexane’s calibration factor for this value can be 

obtained from Figure B.3a. It is 7,604 µC/µmol. Thus, the observed cross section is 22.5 ± 1.9 Å2. 

The cross section of n-octane obtained after scaling from different literature ranges from 24-29 Å2. 

 

1-Docosene measurement: The EICS measurements of 1-docosene is compared with C2-C10 1-

alkene data. This homologous series was extensively investigated by Harrison et al.7 and Alberti 

et al.14 Their scaled datasets are averaged and plotted in Figure B.5 along with our measurement. 

It suggests a linearity of EICS in this homologous series. 

 

 

Figure B.5. Our EICS measurement of 1-docosene (C22 1-alkene, black diamond) is compared with 

the average of the scaled data reported in literature (red circles). 

 

 

B.3.3. Calibration of multiple compounds using internal standard: 

 

It is always better to use an internal standard while performing single- or multiple-concentration 

calibration runs of a calibration mixture. For the C7-C40 n-alkane calibration mixture, n-octane is 

used as the internal calibration standard. For the calibration of EPA 8310 PAH calibration mixture, 

anthracene is used as the internal standard. The peak area per mass of the internal standard is used 

for the normalization instead of its peak area per mole. While using internal calibration standard, 
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the peak area per mass of the internal standard is observed to provide a better agreement with the 

literature cross sections of n-alkanes. It is probably because of an external mass dependence of the 

ions of internal standards in time-of-flight while traveling from the ionization chamber to detector. 

The scaled literature cross sections are reported in Figure B.6. In Figures B.7-8, our data and the 

data obtained from Sigma Aldrich is compared with the literature data. A deviation after C18 is 

observed between our data and the data from Sigma Aldrich. It is probably because of the waxy 

nature of the larger n-alkanes. The melting point of C17 n-alkane is 295.1 K and the melting point 

of C18 n-alkane is 301.0 K. If we assume our lab temperature was around 298 K during the 

experiment, then there is a chance that larger n-alkanes were in solid-liquid equilibrium during 

experiment. On the other hand, the drop in the cross sections in the Sigma Aldrich data is observed 

after C26 n-alkane. It is probably because the experiment was performed just after the preparation 

of the calibration mixture. Thus, enough amount of time was not provided to C18-C26 n-alkanes to 

reach the solid-liquid equilibrium. However, for the PAH calibration mixtures it was not a problem 

because this mixture is not observed to form wax while taking out from refrigerator. Also, for the 

EICS calculations, the Sigma Aldrich data is excluded. 

 

Figure B.6 Literature cross section data of n-alkanes. 



 

326 

 

 

Figure B.7: Literature cross section data of n-alkanes compared with Sigma Aldrich data and our 

data. 

 

 

Figure B.8: Literature cross section data of n-alkanes compared with Sigma Aldrich data and our 

data for a larger range of n-alkanes. 
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Table B2: Calibration factors of different compounds estimated with 1:50 split ratio. The 

compounds in italics are affected by other instrumental factors. For n-hexane, the calibration 

factors are measured at four different ranges. These four datapoints correspond to the first for 

datapoints in Figure B.3a.  

 

Name Slopes or 

calibration factors 

in μC/μmol (95 % 

band) 

Intercept in 

μC (95% 

band) 

Linear 

regression 

coefficient, r2 

p-

value 

Number of 

datapoints 

n-Hexane {1} 8082.3 (2373.6) 0.0 (0.1) 0.9387 0.0003 7 

n-Hexane {2} 4969.2 (705.0)     0.1 (4.2) 0.9754 0.0000 9 

n-Hexane {3} 587.2 (291.6) 44.6 (39.6) 0.8865 0.0050 6 

n-Hexane {4} 408.9 (277.8) 78.8 (19.3) 0.8000 0.0000 6 

n-Pentane 5064.2 (2725.8) 0.0  

(0.2) 

0.9210 0.0097 5 

n-Octane 8542.3 (1796.4) 0.0  

(0.1) 

0.9676 0.0001 7 

n-Heptane 

(Cal. Mix.) 

5921.4 (917.4) 4.7 

(3.7)  

0.9929  0.0000 6 

n-Octane 

(Cal. Mix.) 

6281.0 (547.2) 2.7  

(2.2)  

0.9961  0.0000 6 

n-Nonane 8260.4 (1605.4)

  

1.0 

(5.6) 

0.9808  0.0001 6 

n-Decane or C10 n-

alkane 

7294.2 (807.7)  -2.0  

(5.1)  

0.9937 0.0000 6 

n-Undecane 7198.7 (177.2) -1.9  

(1.0)  

0.9997 0.0000 6 

n-Dodecane 11523.8 

(612.2)  

-4.9  

(3.2)  

0.9985 0.0000 6 

n-Tridecane 10080.8 

(451.2)  

-3.6  

(2.2)  

0.9990  0.0000 6 

n-Tetradecane 13009.7 

(1478.7) 

-5.3  

(6.7)  

0.9933  0.0000 6 

n-Pentadecane 13431.5 (1617.0) -5.1  

(6.9)  

0.9925  0.0000 6 

n-Hexadecane 15739.5 (2115.4) -6.3 

(8.4)  

0.9907  0.0000 6 

n-Heptadecane 16596.1 (3380.4) -6.7 (12.7)

  

0.9789  0.0002 6 

n-Octadecane 14987.9 (3614.4) -5.7 (12.8)

  

0.9707  0.0003 6 

n-Nonadecane 15151.6 (3825.6) -5.6 (12.8)

  

0.9680  0.0004 6 
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Table B2 (continued). 

n-Eicosane or C20 

n-alkane 

14303.6 (3994.8) -5.1 (12.7)

  

0.9611  0.0006 6 

n-Henicosane 14599.2 

(5192.0)  

-5.1 (15.8)

  

0.9384  0.0015 6 

n-Docosane 14402.2 (5750.3) -4.9 (16.7)

  

0.9236  0.0023 6 

n-Tricosane 13122.4 (3992.6) -4.4 (11.1)

  

0.9542  0.0008 6 

n-Tetracosane 13996.1 (4874.7) -4.5 (13.0)

  

0.9408  0.0013 6 

n-Pentacosane 13512.4 (6190.8) -4.1 (15.8)

  

0.9018  0.0037 6 

n-Hexacosane 13286.7 (6232.7) -4.0 (15.3)

  

0.8975  0.0041 6 

n-Heptacosane 12600.3 (4310.1) -3.6 (10.2)

  

0.9428  0.0013  

n-Octacosane 12443.9 (4204.5) -3.4  

(9.6)  

0.9441  0.0012 6 

n-Nonacosane 11642.1 (4013.9) -3.0  

(8.8)  

0.9419  0.0013 6 

n-Triacontane or 

C30 n-alkane 

11970.4 (3123.7) -2.9 

 (6.7)  

0.9659  0.0004 6 

n-Hentriacontane 13473.3 (2881.1) -3.3  

(5.9)  

0.9768  0.0002 6 

n-Dotriacontane 14199.0 (3780.9) -3.5  

(7.6)  

0.9645  0.0005 6 

n-Tritriacontane 

or C33 n-alkane 

17366.7 (4274.4) -4.5 

 (8.3)  

0.9695  0.0004 6 

1-Docosene or 

C22 α-olefin 

9902.7 

(5502.8) 

-4.7 (28.4)

  

0.8619  0.0075 6 

Cyclo-hexane {1} 228.7 (44.9) -102.5 

(52.1) 

0.9887 0.0005 5 

Cyclo-hexene {4} 7350.7 (1961.2) 0.1  

(0.3) 

0.9489 0.0002 7 

Benzene {1} 6704.7 (1063.7) 0.0 

(0.2) 

0.9926 0.0003 5 

Toluene {1} 7585.0 (4637.0) 0.5  

(0.7) 

0.7275    0.0071 8 

1-Phenyl undecane 20072.2 (2701.3) -24.0 (26.9)

  

0.9907  0.0000 6 

1-Phenyl dodecane 27020.6 (5334.2) -30.6 (48.0)

  

0.9802  0.0002 6 

1-Phenyl tridecane 17636.7 (9951.6) -19.5 (90.6)

  

0.8582  0.0079 6 
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Table B2 (continued). 

1-Phenyl 

tetradecane 

19838.5 (9155.8) -19.8 (73.2) 0.9005  0.0038 6 

Cyclohexyl 

benzene 

25800.8 (7582.4) -23.5 (94.2)

  

0.9751 0.0017 5 

Biphenyl 9777.7 (1256.4) -0.1  

(0.1) 

0.9797 0.0000 9 

o-Terphenyl 13773.0 (3669.9) -14.1 (29.9) 0.9794  0.0013 5 

m-Terphenyl 20079.9 (827.4)

  

-18.9 (5.4)

  

0.9995  0.0000 5 

p-Terphenyl 17595.5 (2265.1) -19.6 (17.2)

  

0.9951  0.0001 5 

Triphenylene 2818.4 (579.9) 

  

-7.8 (12.0) 0.9876 0.0006 5 

Methanol  469.9 (326.2)  -2.5 (61.3)     0.7328     0.0140 6 

Ethanol 929.1 (368.4)    -4.5 (23.7)   0.8937     0.0013 6 

n-Propanol 2556.4 (466.7) 27.5 (54.2) 0.9999 0.0000 6 

Isopropanol 2620.3 (691.7) 20.1 (78.5) 0.9000 0.0000 6 

sec-Butanol 9287.4 (6834.9) -8.5 (173.2) 0.8000 0.0000 6 

t-Butanol 7197.8 (4968.8) -33.5 

(120.9) 

0.8000 0.0000 6 

1,2-Ethanediol 5491.1 (1565.2) -42.0 (59.9) 0.9778 0.0014 5 

1,4-Butanediol 5536.8 (2695.1) -41.1 (64.9) 0.9344 0.0073 5 

Diethyl ether 2633.7 (5738.8) 5.2 (103.9) 0.9714    0.1081 3 

Ethyl acetate 415.1 (147.7) -0.0 (204.4)     0.9865     0.0068 4 

Formaldehyde 97.7 (80.5) -0.0 (10.0)  0.8328     0.0306 5 

Acetaldehyde 339.2 (287.6)  1.0 (11.9) 0.8245     0.0330 5 

Paraldehyde 14309 (3565.2) 3.0 (27.4) 0.9933 0.0033 4 

Acetone 367.1 (129.1)   30.5 (11.2)   0.9397     0.0014 6 

2-Butanone 645.2 (548.1) -1.0 (14.2)     0.7276     0.0308 6 

2,3-Butandione 616.2 (80.5) -29.4 (35.4)   0.9950     0.0002 6 

Cyclohexanone 5109.6 (1355.8) -0.2 (0.5) 0.9341 0.0001 7 

Formic acid 87.9 (7.5) 0.0 (0.7)    0.9978     0.0000 5 

Acetic acid 210.7 (59.6) 0.0 (3.4)  0.9768     0.0015 5 

Water 276.4 (125.0) 2.7 (24.1) 0.8660     0.0023 6 

Tetrahydrofuran 4084.1 (904.7) -55.1 (93.6) 0.9999 0.0000 5 

1,4-Dioxane 3554.4 (1183.7) -33.9 

(129.5) 

0.9000 0.0000 6 

1,4-Dioxene 4905.2 (839.8) -0.3 (0.5)

  

0.9783  0.0000 7 

Phenol 3462.6 (75.3)  -1.5 (0.6)

  

0.9998  0.0000 6 

Catachol 1365.8 (49.1) 

 

-0.9 (0.3) 

  

0.9993  0.0000 6 
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Table B2 (continued). 

Hydroquinone 2302.8 (99.7)  -1.1 (0.5)

  

0.9990  0.0000 6 

Glycolaldehyde 736.3 (82.0) -2.6 (3.0)

  

0.9587  0.0000 9 

Dimer of 

Glycolaldehyde 

1087.4 

(183.0)  

2.8 (2.3)

  

0.9878  0.0000 8 

Glyceraldehyde 953.0 (331.6)  -16.8 (26.1)

  

0.8864  0.0050 6 

1,3-Dihydroxy 

acetone 

2764.8 (607.9) -12.3 (30.6) 0.9774  0.0000 9 

1-Methoxy-2-

propyl acetate 

5303.0 (1159.3) 4.3 (61.4)

  

0.9225  0.0000 11 

Acetol 3833.0 (2367.8) -24.6 

(240.4)  

0.9976 0.0309 3 

Acetoin 3354.0 (1909.6) -0.4 (1.0)

  

0.7547  0.0051 8 

Furfural 8151.6 (745.8)  -0.4 (1.2)

  

0.9667  0.0000 20 

5-Methyl furfural 10491.1 (761.0)

  

1.1 (1.3) 0.9842 0.0000 16 

2-Furanmethanol 7786.9 (982.1)  -2.3 (23.7)

  

0.9690 0.0000 12 

5-hydroxymethyl 

furfural 

4517.4 (440.1) -0.6 (7.7)

  

0.9812 0.0000 12 

β-Hydroxy-γ-

butyrolactone 

1744.5 (283.7)  10.6 (36.7)

  

0.9922  0.0003 5 

2-furancarboxylic 

acid 

 2534.3 

(52.5)  

-2.8 (0.9)

  

0.9993 0.0000 5 

Levoglucosan 2354.2 (1076.3)

  

-6.6 (29.0)

  

0.9417  0.0061 5 

Glycidol or 

oxirane methanol 

1326.1 (220.9)   3.0 (46.1)

  

0.9858  0.0000 5 
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Figure B.9. The GCxGC-EIMS chromatogram from C7-C40 n-alkane calibration: (a) Contour plot 

(two-dimensional with color for signal intensity), showing the temperature programs for different 

ovens (with column type) and (b) Three-dimensional surface plot (z-axis = intensity). 
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Figure B.10. GCxGC-EIMS chromatogram for PAH (EPA 8310) calibration with 5μl under 

similar temperature program to Fig. S2. (a) Contour plot and (b) Surface plot (z-axis = intensity). 
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B4. Variabilities in GCxGC-EIMS measurements: 

 

Compounds that are liquid at ambient conditions are also calibrated by direct injection, varying 

sample split ratio, taking advantage of the compound's purity. The GCxGC/MS technique 

improves resolution of the peaks, so impurities can be more easily identified.  

 

Six to 20 repetitions are performed in the present work for most of the compounds, compensating 

for the random variability of elution-peak area measurements. Main factors are variations in the 

sample preparation (weight measurement of solutes, volume measurements in volumetric flask and 

in micropipette during calibration-solution preparation with infinite dilution), volume of injection 

(using 0-1 µl and 0-50 µl Hamilton syringes), and split ratio.  

 

Table B3: Effect of the change in column combination on peak signals of n-hexane: 

Column 

combinations 

Average area 

(μC) 

Two-sigma deviation 

(μC) 

Rtx200 x Stabilwax 208.96 136.54 

VF-5ms x VF-5ms 189.68 95.97 

 

 

Table B4: Effect of Time variability on the peak signals of n-hexane and benzene: 

Compounds Time of experiment Average area 

(μC) 

Two-sigma deviation 

(μC) 

n-Hexane 

(0.1 µl) 

December, 2018 192.63 47.66 

June, 2019 207.92 144.40 

Benzene 

(0.5 µl) 

December, 2018 435.36 83.71 

February, 2019 454.22 25.37 

 

To increase the evaporation time of compounds and ensure the homogeneous mixing with the 

carrier gas in the front inlet a certain portion of the syringe is blocked using septum. So that after 

the injection all sample is dropped on the quartz wool in the front inlet of GC oven (Figure B.11). 
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Figure B.11. The setup of the syringe during injection. 

 

 

B5. Details of the reflectron-time-of-flight mass spectrometer: 

 

A schematic of the mass spectrometer used for the present study is shown in Figure B.12. The 

ionization current of the tungsten filament is 3.15 ± 0.00 mA with a temperature of 230℃. From 

the filament, high-energy electrons are released. Repeller electrodes are at -120 D.C. volts. It aligns 

the high-energy electrons . The compounds enter the ionization chamber in an orthogonal direction 

to the electron-beam. The extraction electrodes (-/+ 50 volts) align the positive ions inside the 

ionization chamber, and a push-pulse electrode inserts pulses of +300 D.C. volts per scan to push 

the positive ions from the ionization chamber to the flight tube. The difference in the voltage 

between the acceleratory electrode (+24 volts) and the push-pulse electrode (+300 volts) propels 

the positive ions into the flight tube. An ion-focusing electrode (-300 volts) and a drift-region 

electrode (-600 volts) define the kinetic energy of the ions and maintain their temporal focusing. 

Just after the drift-region electrode, z-steering plates and z-deflection plates are held at 0-4 volts 

to align the ions horizontally. Once ions are aligned, they pass through a Einzel lens having a very 
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high voltage, -1000 volts, to ensure full transmission of the ions, and then they pass through y-

steering plates (0-6 volts) to align the ions vertically.  

 

Ions then enter the reflectron. Depending upon the time spent in the ionization by two positive ions 

with same mass, they might have slightly different kinetic energies, causing a variation in the flight 

time of the two ions. The reflectron brings their kinetic energies together using two repeller stages, 

a moderator (-20 volts) and a reflector (+300 volts). Ions with the same mass and higher kinetic 

energy penetrate the reflectron more deeply but are repelled more strongly, whereas the ions with 

lower kinetic energy do not penetrate as deeply and are not repelled as strongly, bringing the ions 

closer together in kinetic energy.  

 

These ions are propelled through the flight tube, passing through a barrier electrode with +120 

volts. This positive electrode helps remove low-energy ions such as He+, which are flying through 

the tube all the time.  

 

Finally, the ions enter the pores of the multichannel plate (MCP) detector. The MCP detector used 

here has approximately one million pores, each serving as a 10-µm-diameter channel electron 

multiplier. When an ion strikes the inner surface of the microchannel then multiple electrons are 

knocked out due to ion-electron emission. These electrons are known as secondary electrons 

(Figure B.12, inset). Under the electric field applied across the MCP (+1700 volts), these electrons 

are accelerated and strike the inner surface again. More electrons are knocked off the surface after 

that. This process is repeated multiple times to create an avalanche of secondary electrons. Due to 

the electron release from the wall, the wall becomes electron-deficient. This deficiency is 

immediately replenished by electrons supplied to channel due to the applied voltage across the 

channel. The gain from this electron multiplier increases linearly with the applied voltage. 

Nevertheless, due to a finite resistance of the channel, the gain reaches a limiting value at a high 

voltage, fixing the gain factor. Ion collection in the mass spectrometer is discontinuous with a 

scanning rate of 100 Hz. The detected current per scan is the multiplication of the gain factor and 

the total ion current generated during that scan.  After each scan, a pulse of +250 volts is applied 

to the acceleratory electrode so that fewer positive ions pass through the tube when no scan is 

happening. 
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The analog signal collected in the detector goes through a surge suppressor to avoid electrical 

spikes, eventually reaching to a preamp. Finally, the amplified analog signal is converted to digital 

signal and is transmitted to the analysis software in the computer.  

 

 

Figure B.12. A simplified schematic of the reflector-time-of-flight mass spectrometer (Leco Corp, 

Pegasus 4D). The cutaway view of a cylindrical electron-multiplier pore in the multi-channel plate 

is in inset.  
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APPENDIX C: STATISTICS AND ARCHITECTURE OF THE NEURAL 

NETWORK CODE USED TO TRAIN THE TOTAL ELECTRON-

IONIZATION CROSS-SECTION (TEICS) DATASET 
 

C.1. Architecture of the neural network: 

 

There are four layers from left to right or in the direction of information flow. The first one is input 

layer. It contains the information of 95 descriptors used in the study. The second layer is the layer 

of 10 hidden neurons. It is the first neural layer in the direction of information flow. The third layer 

is the output neuron layer. It is the second layer of neuron in the direction of information flow and 

it has one neuron. The last layer is the output layer. The length of output layer depends on the 

subsets for training, and validation. There are total 95x10=950 weights that connect the input layer 

to the hidden neuron layer. They are denoted as Wi,j where i is the descriptor number and j is neuron 

number in the hidden layer. For example, W1,10h is the weight for the first descriptor (i.e., ring 

strain) in the tenth hidden neuron. This weight value is multiplied with the value of the descriptor 

before going to designated neuron. There are ten weights which connect the hidden neuron layer 

to the output neuron layer. They are denoted as Wj,2 where j is the number of hidden neuron and 2 

is the index of only neuron in the second neuron layer or the output neuron layer. The output 

neuron layer and the output layer is connected by the weight, W2,O and it is unity. Apart from all 

the weights, there are eleven biases for eleven neurons used here. The biases for the hidden neuron 

are denoted as bj where j is the number of the hidden neuron in the layer. For example, b5h denotes 

the bias of the fifth neuron in the hidden layer. The bias of the only neuron in output layer is 

denoted as b2. Thus, there are 950+11+11=972 weights and biases associated with the current 

neural net architecture. 
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Figure C.1: The neural network architecture is demonstrated.  
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C.2. Equations for the neural network: 

𝑂𝑢𝑡𝑘 =  𝑏2 + ∑ 𝑓𝑜𝑢𝑡 (𝑊𝑗,2 (𝑏𝑗 + 𝑓𝑗(∑ (𝐷𝑒𝑠)𝑖,𝑘𝑊𝑖,𝑗
95
𝑖=1 )))10ℎ

𝑗=1ℎ      (C.1) 

𝐸𝑘 = 𝑂𝑢𝑡𝑇𝑎𝑟𝑔𝑒𝑡,𝑘 − 𝑂𝑢𝑡𝑘         (C.2) 

𝑀𝑆𝐸𝑇𝑟𝑎𝑖𝑛𝑖𝑛𝑔 = (∑ 𝐸𝑘
𝑁𝑇𝑟𝑎𝑖𝑛𝑖𝑛𝑔

𝑘=1 ) 𝑁𝑇𝑟𝑎𝑖𝑛𝑖𝑛𝑔⁄        (C.3) 

𝑀𝑆𝐸𝑉𝑎𝑙𝑖𝑑𝑎𝑡𝑖𝑜𝑛 = (∑ 𝐸𝑘
𝑁𝑉𝑎𝑙𝑖𝑑𝑎𝑡𝑖𝑜𝑛
𝑘=1 ) 𝑁𝑉𝑎𝑙𝑖𝑑𝑎𝑡𝑖𝑜𝑛⁄       (C.4) 

𝑀𝑆𝐸 = [𝑀𝑆𝐸𝑇𝑟𝑎𝑖𝑛𝑖𝑛𝑔 𝑀𝑆𝐸𝑉𝑎𝑙𝑖𝑑𝑎𝑡𝑖𝑜𝑛]       (C.5) 

𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒: 𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒(𝑀𝑆𝐸) 𝑤. 𝑟. 𝑡. 𝑤𝑒𝑖𝑔ℎ𝑡𝑠 𝑎𝑛𝑑 𝑏𝑖𝑎𝑠𝑒𝑠.     (C.6) 

 

In equation C.1, (𝐷𝑒𝑠)𝑖,𝑘 is the ith descriptor input for the kth cross section output, and 𝑂𝑢𝑡𝑘is the 

kth cross section output. Wj,h and bj,h are the weight and bias of jth neuron in the hidden layer, and 

b2 is the bias of the output layer. 𝑓𝑜𝑢𝑡(𝑥) represents the operation of the activation function at the 

output layer on the input x. 𝑓𝑗(𝑥) represents the operation of the activation function at the jth neuron 

in the hidden layer on the input x.  

 

Once the output is calculated, it is subtracted from the cross section in experimental database 

(target) to obtain the error in equation C.2. Once all the errors are obtained, they are used to 

calculated to mean square errors of training and “validation” sub datasets in equations C.3-5. 

Finally, the objective is to minimize the mean square errors as mentioned in equation C.6 to obtain 

optimized weights and biases. There are two different optimization schemes used here to minimize 

the mean squared errors. In Lavenberg-Marquardt backpropagation scheme, the mean square 

errors are minimized after adjusting the weights and biases from output layer to hidden layers. The 

adjustment of the weight and bias of a neuron is executed by the gradient descent of error around 

the neuron using its activation function. To avoid any stiff fall during the gradient descent of error, 

Bayesian regularization scheme is used. In Bayesian regularization, a linear combination of all 

weights and the mean squared errors are minimized (MATLAB, R2019b). It avoids any drastic 

changes in the optimized parameters from run to run. Thus, it avoids harsh training of a neuron or 

overfitting of the weight and bias of a neuron, and finally ensures a good generalization quality in 

the trained network. 
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C.3. The flowchart of the algorithm:  

 

Figure C.2: A flow diagram of how BoseWestmorelandNet.mat is generated is reported. 
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C.4. The statistical parameters 

C.4.1. Biases of the trained model:  

 

In the neural network model, there are 10 neurons at the hidden layer and 1 neuron at the output 

layer. The biases of these neurons are observed to be normally distributed over 500 repetitions in 

BoseWestmorelandNet.mat. In each repetition, the whole database is divided into 95:1:4 training, 

validation and testing randomly. Their average values with a standard deviation are mentioned in 

Table C.1. The histograms of these biases are shown in Figure C.3.  

 

Table C.1: The average values and one standard deviations of the biases. 

Biases Avg ± 1 std 

b1h -0.0003 ± 0.0273 

b2h 0.0017 ± 0.0284 

b3h 0.0016 ± 0.0287 

b4h -0.0009 ± 0.0297 

b5h 0.0002 ± 0.0284 

b6h 0.0005 ± 0.0291 

b7h -0.0007 ± 0.0297 

b8h 0.0000 ± 0.0304 

b9h 0.0000 ± 0.0289 

b10h 0.0005 ± 0.0274 

b2 -0.0336 ± 0.0603 
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Figure C.3: Distributions of various biases are shown. The histograms are the number of 

occurrences vs. values data of the biases from 500 runs. The red circles are the lines from the fitted 

normal distributions. (a) is for b1,h, (b) is for b2,h, (c) is for b3,h, (d) is for b4,h, (e) is for b5,h, (f) is 

for b6,h, (g) is for b7,h, (h) is for b8,h, (i) is for b9,h, (j) is for b10,h, and (k) is for b2. 
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C.4.2. 10 Weights to the output neuron:  

 

The weights in the 10 neurons of the hidden layers follow trimodal distributions with three distinct 

normal distributions over 500 repetitions: one is below -0.5 (1st normal distribution), another is 

between -0.5 to 0.5 (2nd normal distribution), and the last one is above 0.5 (3rd normal distribution). 

The averages and one standard deviations of these weights are reported in Table C.2. The 

histograms of the values of these weights are presented in Figure C.4. The weights between hidden 

neuron layer to the output neuron layer are mainly clustered at -1 or 0 or 1, providing an insight 

on how output from the hidden layer neurons are considered. 

 

Table C.2: The average values and one standard deviations of the weights 

Weights for 1st normal dist. for 2nd normal dist. for 3rd normal dist. 

W1h,2 -0.9847 ± 0.2363 -0.0003 ± 0.1789 0.9751 ± 0.2240 

W2h,2 -0.9643 ± 0.2288 0.0144 ± 0.1852 0.9831 ± 0.2135 

W3h,2 -1.0199 ± 0.2304 -0.0008 ± 0.1746 0.9933 ± 0.2225 

W4h,2 -0.9797 ± 0.2071 -0.0109 ± 0.1778 1.0141 ± 0.2366 

W5h,2 -1.0059 ± 0.2176 -0.0033 ± 0.1837 1.0425 ± 0.2371 

W6h,2 -1.0195 ± 0.2433 0.0036 ± 0.1865 1.0115 ± 0.2264 

W7h,2 -1.0249 ± 0.2433 0.0099 ± 0.1906 0.9753 ± 0.2363 

W8h,2 -0.9956 ± 0.2250 0.0017 ± 0.1845 0.9942 ± 0.2412 

W9h,2 -1.0006 ± 0.2406 0.0190 ± 0.1663 0.9846 ± 0.2166 

W10h,2 -1.0016 ± 0.2383 -0.0071 ± 0.1786 0.9945 ± 0.2454 
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Figure C.4. Distributions of various biases are shown. The histograms are the number of 

occurrences vs. values data of the biases from 500 runs. The normal distributions are not shown 

for the clarity of the plots. However, they can be visualized from the histogram plots.  (a) is for 

W1,h, (b) is for W2,h, (c) is for W3,h, (d) is for W4,h, (e) is for W5,h, (f) is for W6,h, (g) is for W7,h, (h) 

is for W8,h, (i) is for W9,h, and (j) is for W10,h. 
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C.4.3. Weights from 95 descriptors in input layer to 10 neurons in hidden neuron layer:   

 

There are ten weights each for each descriptor for ten neurons in the hidden layer, thus there are 

950 weights in total. It is observed that their optimized values are normally distributed with an 

average close to zero (Table C.3) after 500 random sampling having 96% random selection of the 

datapoints for training. It is associated with the fact that around 50% of the compounds do not have 

a same descriptor. Thus, under each descriptor column around 50% of them do not have any value 

(except H atoms, 88% of the compounds have H atoms). An extreme is for the CB-(Cl) descriptor, 

where there is only one compound having this descriptor. The distributions of its weights have 

averages close to zero (Figure C.5).  

 

Figure C.5: Distributions of weights of CB-(Cl) descriptor in the 1st (a) and 10th (b) hidden neurons 

in the hidden neuron layers. 

 

From the point of view of the cross section, if a descriptor influences the cross section more, then 

its weight should be more. On the other hand, there might be a case where a compound containing 

an influential descriptor is there in the database but there are no other compounds for that descriptor 

in the database. For this case, a random sampling for the training is effective because, during the 

random sampling that compound will appear in the training dataset sometimes and enhance the 

weight of the descriptor during the training. For the other cases, the weight will be zero. Thus, 

depending upon how many times that data is selected for the training, the standard deviation will 

increase. To check this hypothesis is true or not, three descriptors are chosen: I, Br and F. The 
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datasets of these descriptors are similar to those used by Fitch and Sauter [they didn’t consider 

perchloroalkanes for Cl descriptor, we have]. According to their weight estimations by Fitch and 

Sauter, the sequence of the influence is I>Br>F. To measure a single standard deviation of the 

weight for each descriptor, all 5000 weights associated to 10 hidden neurons after 500 runs are 

fitted to a single normal distribution. The standard deviation of I = 0.07, Br = 0.06, and of F = 0.04. 

Thus, the sequence of influence is I>Br>F. It supports the hypothesis of standard deviation being 

an indicator of influential parameters. The distributions of the weights of Br and F are shown in 

Figure C.6. The standard deviations of other descriptors are reported in Table C.4. 

 

Figure C.6: The weight distribution in blue color is for Br descriptor and the weight distribution in 

brown color is for F descriptor. 
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Table C.3: The weights for ten hidden neurons (from first to tenth) for each descriptor are reported. 

Inputs Normal dist. Inputs Normal dist. Inputs Normal dist. 

Ring strain 
-0.0074 ± 

0.1559 
C-(O)(C)3 

0.0008 ± 

0.0217 
C-(CN) 

0.0018 ± 

0.0384 

 
0.0107 ± 

0.1733 
 -0.0005 ± 0.023  

0.0011 ± 

0.0406 

 
0.0145 ± 

0.1719 
 

-0.0025 ± 

0.0248 
 

-0.0016 ± 

0.0425 

 
0.0020 ± 

0.1822 
 

-0.0005 ± 

0.0254 
 

-0.0010 ± 

0.0460 

 
0.0106 ± 

0.1836 
 

-0.0022 ± 

0.0251 
 

-0.0021 ± 

0.0459 

 
0.0030 ± 

0.1639 
 

-0.0006 ± 

0.0233 
 

0.0016 ± 

0.0509 

 
0.0034 ± 

0.1687 
 

-0.0011 ± 

0.0253 
 

-0.0033 ± 

0.0442 

 
-0.0014 ± 

0.1754 
 

0.0004 ± 

0.0247 
 

0.0017 ± 

0.0423 

 
-0.0051 ± 

0.1667 
 

0.0008 ± 

0.0229 
 

0.0022 ± 

0.0381 

      

 
-0.0003 ± 

0.1669 
 

-0.0005 ± 

0.0245 
 

0.0025 ± 

0.0445 

C-(X)(H)3 
0.0261 ± 

0.3585 
C-(O)2(C)(H) 

-0.0019 ± 

0.0869 
C-(F)3(C) 

0.0003 ± 

0.0243 

 
-0.0183 ± 

0.3443 
 

0.0013 ± 

0.0821 
 

-0.0005 ± 

0.0255 

 
-0.0074 ± 

0.385 
 

0.0061 ± 

0.0885 
 

-0.0028 ± 

0.0267 
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Table C.3 (continued). 

 
-0.0071 ± 

0.3945 
 

-0.0041 ± 

0.0976 
 

0.0002 ± 

0.0274 

 
-0.0393 ± 

0.4122 
 

-0.0034 ± 

0.0998 
 

0.0005 ± 

0.0293 

 
0.0121 ± 

0.4229 
 

0.0045 ± 

0.0998 
 

-0.0017 ± 

0.0294 

 
0.0376 ± 

0.4261 
 

0.0043 ± 

0.1024 
 

-0.0001 ± 

0.0265 

 0.0061 ± 0.406  
-0.0053 ± 

0.0998 
 

0.0007 ± 

0.0262 

 
-0.0022 ± 

0.367 
 

0.0024 ± 

0.0856 
 

-0.0010 ± 

0.0249 

 
0.0173 ± 

0.3899 
 

0.0007 ± 

0.0926 
 

0.0000 ± 

0.0254 

C-(C)2(H)2 
-0.0193 ± 

0.3225 
O-(C)(H) 

-0.0089 ± 

0.1913 
C-(F)2(C)2 

0.0003 ± 

0.0189 

 
0.0132 ± 

0.3295 
 

0.0087 ± 

0.1855 
 

-0.0009 ± 

0.0202 

 
0.0496 ± 

0.3467 
 

-0.0120 ± 

0.2056 
 

-0.0008 ± 

0.0216 

 
0.0000 ± 

0.3681 
 

0.0021 ± 

0.2157 
 

-0.0002 ± 

0.0215 

 
0.0063 ± 

0.3691 
 

0.0098 ± 

0.2135 
 

0.0006 ± 

0.0229 

 
0.0159 ± 

0.3512 
 

-0.0050 ± 

0.2093 
 

0.0009 ± 

0.0212 

 
0.0020 ± 

0.3637 
 

0.0006 ± 

0.2124 
 

-0.0008 ± 

0.0204 
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Table C.3 (continued). 

 
-0.0326 ± 

0.3600 
 

0.0038 ± 

0.2195 
 

-0.0017 ± 

0.0213 

 
0.0214 ± 

0.3316 
 

-0.0021 ± 

0.1946 
 

-0.0001 ± 

0.0211 

 
-0.0072 ± 

0.3317 
 

-0.0017 ± 

0.1874 
 

0.001 ± 

0.0213 

C-(C)3(H) 
-0.0105 ± 

0.2644 
Cd-(O)(C) 

0.0036 ± 

0.1103 

C-

(F)(C)(H)2 

0.0004 ± 

0.0307 

 
0.0152 ± 

0.2567 
 

-0.0054 ± 

0.1125 
 

-0.0015 ± 

0.0323 

 
-0.0104 ± 

0.2836 
 

0.0031 ± 

0.1121 
 

-0.0018 ± 

0.034 

 0.023 ± 0.2905  
0.0007 ± 

0.1293 
 

-0.0004 ± 

0.0355 

 
0.0075 ± 

0.2855 
 

0.0069 ± 

0.1269 
 

0.0001 ± 

0.0357 

 
-0.017 ± 

0.3032 
 

-0.0029 ± 

0.1114 
 

-0.0001 ± 

0.0373 

 
-0.022 ± 

0.3153 
 

-0.0002 ± 

0.1143 
 

0.0024 ± 

0.0366 

 
-0.001 ± 

0.2883 
 

-0.0033 ± 

0.1118 
 

-0.0007 ± 

0.0348 

 
0.0015 ± 

0.2709 
 

-0.0035 ± 

0.1208 
 

-0.0011 ± 

0.0322 

 
-0.0012 ± 

0.2846 
 

-0.0148 ± 

0.1287 
 

0.0001 ± 

0.0346 

C-(C)4 
-0.0045 ± 

0.0831 
Cd-(O)(H) 

-0.0035 ± 

0.1209 
Cd-(F)2 

0.0001 ± 

0.0185 
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Table C.3 (continued). 

 
0.0018 ± 

0.0719 
 

-0.0056 ± 

0.1174 
 

-0.0016 ± 

0.0191 

 
-0.0089 ± 

0.0822 
 

0.0085 ± 

0.1237 
 

-0.0012 ± 

0.0196 

 
-0.0027 ± 

0.0842 
 

-0.0007 ± 

0.1247 
 

-0.0006 ± 

0.02 

 0.0065 ± 0.084  
0.0004 ± 

0.1275 
 

0.0018 ± 

0.0203 

 
-0.0035 ± 

0.0815 
 -0.001 ± 0.1108  

-0.0015 ± 

0.0198 

 
-0.0080 ± 

0.0830 
 -0.0007 ± 0.12  

0.0005 ± 

0.0193 

 
0.0021 ± 

0.0768 
 

0.0056 ± 

0.1255 
 

0.0009 ± 

0.0187 

 
-0.0015 ± 

0.0842 
 

0.0008 ± 

0.1175 
 

-0.0011 ± 

0.0194 

Cd-(H)2 0.0003 ± 0.082  
0.0093 ± 

0.1175 
 

-0.0002 ± 

0.0187 

 
-0.0002 ± 

0.0651 
O-(C)2 

0.0068 ± 

0.1133 
Cd-(F)(H) 

0.0003 ± 

0.0144 

 
-0.0026 ± 

0.0656 
 

0.0005 ± 

0.1098 
 

-0.0005 ± 

0.016 

 
-0.0002 ± 

0.0638 
 

0.0034 ± 

0.1126 
 

-0.0008 ± 

0.016 

 
0.0027 ± 

0.0713 
 -0.0077 ± 0.123  

0.0005 ± 

0.016 

 
0.0041 ± 

0.0697 
 

-0.0043 ± 

0.1185 
 

0.0009 ± 

0.017 
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Table C.3 (continued). 

 
0.0033 ± 

0.0642 
 

0.0056 ± 

0.1103 
 

-0.001 ± 

0.0164 

 

 
0.0041 ± 

0.0665 
 

-0.0016 ± 

0.1121 
 

0.0004 ± 

0.0156 

 -0.0038 ± 0.07  
0.0019 ± 

0.1202 
 

0.0000 ± 

0.0164 

 
-0.0059 ± 

0.0634 
 -0.001 ± 0.1214  

-0.0001 ± 

0.015 

Cd-(C)(H) 
-0.0097 ± 

0.0664 
 

0.0012 ± 

0.1178 
 

-0.0006 ± 

0.0153 

 
-0.0037 ± 

0.1165 
CO-(C)(H) 

0.0079 ± 

0.0839 
Cd-(C)(F) 

0.0004 ± 

0.0163 

 0.0019 ± 0.115  
0.0007 ± 

0.0928 
 

-0.0006 ± 

0.0185 

 
0.0148 ± 

0.1217 
 

-0.0015 ± 

0.0937 
 

-0.0013 ± 

0.0181 

 0.0017 ± 0.13  
-0.0013 ± 

0.0996 
 

-0.0003 ± 

0.0182 

 0.0016 ± 0.129  
-0.0002 ± 

0.0995 
 

-0.0003 ± 

0.0198 

 
0.0095 ± 

0.1242 
 

0.0021 ± 

0.0919 
 

-0.0003 ± 

0.0179 

 
0.0132 ± 

0.1264 
 -0.009 ± 0.0897  

-0.0004 ± 

0.0177 

 
-0.0038 ± 

0.1271 
 

-0.0025 ± 

0.0933 
 

0.0004 ± 

0.0181 

 0 ± 0.123  0.004 ± 0.0866  
0.0003 ± 

0.0177 
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Table C.3 (continued). 

 
0.0008 ± 

0.1226 
 

-0.0102 ± 

0.0868 
 

0.0005 ± 

0.0175 

Cd-(C)2 
-0.0007 ± 

0.0299 
CO-(C)2 

0.0002 ± 

0.0918 
C-(C)(Cl)3 

0.0003 ± 

0.0179 

 
0.0004 ± 

0.0312 
 

-0.0014 ± 

0.0852 
 

-0.0008 ± 

0.0186 

 
-0.0022 ± 

0.0314 
 

-0.0082 ± 

0.0938 
 

-0.001 ± 

0.0184 

 0.0002 ± 0.034  
0.0009 ± 

0.0983 
 

-0.001 ± 

0.0195 

 
0.0005 ± 

0.0334 
 

0.0004 ± 

0.0982 
 

0.0004 ± 

0.0192 

 0.001 ± 0.0331  
-0.0019 ± 

0.0994 
 

-0.0003 ± 

0.0179 

 
-0.0024 ± 

0.0321 
 

-0.0006 ± 

0.1064 
 

-0.0001 ± 

0.0186 

 
0.0014 ± 

0.0323 
 

0.0024 ± 

0.0979 
 

0.0006 ± 

0.0183 

 
-0.0005 ± 

0.0319 
 

0.0025 ± 

0.0893 
 

0.0004 ± 

0.0176 

cis 
0.0019 ± 

0.0332 
 

0.0015 ± 

0.0866 
 

0.0004 ± 

0.0172 

 
-0.0008 ± 

0.0611 
CO-(O)(C) 0.002 ± 0.0724 

C-

(C)(Cl)2(H) 

0.0003 ± 

0.0163 

 
-0.0034 ± 

0.0616 
 

-0.0019 ± 

0.0744 
 

-0.0007 ± 

0.017 

 
0.0088 ± 

0.0656 
 

0.0022 ± 

0.0779 
 

-0.0014 ± 

0.0176 
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Table C.3 (continued). 

 
-0.0027 ± 

0.0685 
 

0.0022 ± 

0.0799 
 

-0.0008 ± 

0.0175 

 

 
0.0006 ± 

0.0664 
 

-0.0035 ± 

0.0811 
 

-0.0005 ± 

0.0188 

 0.003 ± 0.0644  
0.0009 ± 

0.0811 
 

-0.0003 ± 

0.0178 

 
0.0052 ± 

0.0698 
 

0.0007 ± 

0.0847 
 

0.0003 ± 

0.0173 

 
0.0013 ± 

0.0683 
 

-0.0052 ± 

0.0813 
 

0.0004 ± 

0.0172 

 
-0.0003 ± 

0.063 
 

0.0054 ± 

0.0729 
 

0.0002 ± 

0.0167 

Ct-(H) 0.0023 ± 0.063  
-0.0044 ± 

0.0777 
 

0.0001 ± 

0.0167 

 
0.0002 ± 

0.0175 
CO-(O)(H) 0.0032 ± 0.047 

C-

(C)(Cl)(H)2 

0.0016 ± 

0.0553 

 
-0.0012 ± 

0.0183 
 

-0.0004 ± 

0.0501 
 

-0.0024 ± 

0.0577 

 
-0.0005 ± 

0.0195 
 

0.0014 ± 

0.0495 
 

-0.0031 ± 

0.0591 

 
0.0004 ± 

0.0207 
 

0.0005 ± 

0.0547 
 

-0.0025 ± 

0.0656 

 
0.0005 ± 

0.0202 
 

-0.0021 ± 

0.0547 
 

-0.0009 ± 

0.0651 

 
-0.0006 ± 

0.0213 
 

0.0012 ± 

0.0534 
 

0.0004 ± 

0.0682 

 
0.0006 ± 

0.0204 
 

-0.0011 ± 

0.0544 
 

0.0023 ± 

0.0656 
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Table C.3 (continued). 

 
-0.0002 ± 

0.0193 
 

0.0023 ± 

0.0506 
 

0.0032 ± 

0.063 

 

 
-0.0008 ± 

0.0187 
 0.002 ± 0.0474  

-0.0019 ± 

0.0615 

Ct-(C) 
-0.0010 ± 

0.0193 
 

0.0029 ± 

0.0537 
 

0.0001 ± 

0.0617 

 
0.0000 ± 

0.0178 
O-(Cb)(H) 

0.0004 ± 

0.0366 

C-

(C)2(Cl)(H) 

0.0002 ± 

0.0145 

 
-0.0014 ± 

0.019 
 

-0.0034 ± 

0.0385 
 

-0.0007 ± 

0.0155 

 
-0.001 ± 

0.0192 
 

-0.0074 ± 

0.0407 
 

-0.001 ± 

0.0161 

 
0.0006 ± 

0.0207 
 

0.0019 ± 

0.0454 
 

-0.0006 ± 

0.017 

 
0.0009 ± 

0.0211 
 

0.0022 ± 

0.0425 
 

-0.0002 ± 

0.0169 

 
-0.0003 ± 

0.0222 
 

-0.0008 ± 

0.0363 
 

-0.0003 ± 

0.0157 

 
0.0000 ± 

0.0207 
 

0.0005 ± 

0.0391 
 

-0.0008 ± 

0.016 

 
0.0001 ± 

0.0197 
 -0.0005 ± 0.045  

0.0005 ± 

0.016 

 
-0.0005 ± 

0.0199 
 

0.0007 ± 

0.0431 
 

0.0004 ± 

0.015 

Ph-1 
-0.0014 ± 

0.0195 
 

0.0004 ± 

0.0403 
 

-0.0001 ± 

0.0158 

 
-0.0085 ± 

0.2358 
O-(Cb)(C) 

0.0005 ± 

0.0167 
Cd-(Cl)2 

0.0001 ± 

0.0158 
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Table C.3 (continued). 

 
-0.0061 ± 

0.2234 
 

-0.0008 ± 

0.0178 
 

-0.0003 ± 

0.0165 

 

 0.0119 ± 0.25  
-0.0019 ± 

0.0193 
 

-0.0007 ± 

0.017 

 0.0012 ± 0.257  
-0.0002 ± 

0.0185 
 

-0.0003 ± 

0.0185 

 
0.0107 ± 

0.2429 
 

0.0009 ± 

0.0195 
 

0.0007 ± 

0.0176 

 
0.0058 ± 

0.2291 
 -0.0008 ± 0.019  

-0.0009 ± 

0.0174 

 
-0.0017 ± 

0.2392 
 

-0.0008 ± 

0.0173 
 

-0.0003 ± 

0.0174 

 
-0.0042 ± 

0.2539 
 0.0000± 0.0188  

0.0009 ± 

0.017 

 
0.0008 ± 

0.2463 
 

-0.0004 ± 

0.0192 
 

-0.0001 ± 

0.0161 

Ph-12 
-0.0075 ± 

0.235 
 

0.0003 ± 

0.0178 
 

0.0001 ± 

0.0158 

 
-0.0010 ± 

0.2049 
N-(Cb)(H)2 

0.0000 ± 

0.0136 
Cd-(Cl)(H) 

0.0000 ± 

0.0151 

 
0.0090 ± 

0.2071 
 

-0.0010 ± 

0.0155 
 

-0.0001 ± 

0.0162 

 
0.0191 ± 

0.2236 
 

-0.0006 ± 

0.0172 
 

-0.0008 ± 

0.0166 

 
0.0160 ± 

0.2412 
 

-0.0002 ± 

0.0155 
 

-0.0002 ± 

0.0177 

 
0.0045 ± 

0.2357 
 

0.0008 ± 

0.0167 
 

0.0004 ± 

0.0176 



 

356 

 

Table C.3 (continued). 

 
-0.0007 ± 

0.2363 
 

-0.0003 ± 

0.0169 
 

-0.0008 ± 

0.0171 

 

 
0.0137 ± 

0.2382 
 

-0.0001 ± 

0.0157 
 

0.0000 ± 

0.0166 

 
0.0197 ± 

0.2254 
 0.0005 ± 0.016  

0.0009 ± 

0.0168 

 
-0.0059 ± 

0.2167 
 

-0.0001 ± 

0.0151 
 

-0.0001 ± 

0.0157 

Ph-13 
-0.0013 ± 

0.2227 
 

0.0001 ± 

0.0154 
 

-0.0001 ± 

0.0155 

 
0.0017 ± 

0.0468 
N-(Cb)(C)2 

0.0006 ± 

0.0285 

C-

(C)(Br)(H)2 

-0.0027 ± 

0.0694 

 
0.0027 ± 

0.0467 
 

-0.0011 ± 

0.0289 
 

0.0009 ± 

0.0714 

 
-0.0056 ± 

0.0524 
 

-0.0024 ± 

0.0286 
 

0.0045 ± 

0.0774 

 
0.0010 ± 

0.0530 
 

-0.0024 ± 

0.0312 
 

-0.0004 ± 

0.0828 

 
0.0031 ± 

0.0522 
 

0.0005 ± 

0.0297 
 

0.0002 ± 

0.082 

 
-0.0038 ± 

0.0533 
 

-0.0019 ± 

0.0286 
 

0.0019 ± 

0.073 

 
-0.0016 ± 

0.0553 
 

-0.0018 ± 

0.0292 
 

0.0048 ± 

0.0735 

 
-0.0005 ± 

0.0551 
 

0.0013 ± 

0.0291 
 

-0.0013 ± 

0.0814 

 
-0.0009 ± 

0.052 
 

-0.0003 ± 

0.0314 
 

0.0002 ± 

0.0688 
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Table C.3 (continued). 

 
0.0016 ± 

0.0543 
 

0.0004 ± 

0.0285 
 

0.002 ± 

0.0714 

Ph-14 

 
0.0007 ± 

0.0387 
CO-(Cb)(C) 

0.0042 ± 

0.0857 

C-

(C)(I)(H)2 

0.0001 ± 

0.0258 

 
0.0000 ± 

0.0396 
 

-0.0028 ± 

0.0856 
 

-0.001 ± 

0.0278 

 
-0.0049 ± 

0.0379 
 

-0.0028 ± 

0.0879 
 

-0.0006 ± 

0.0285 

 
-0.0007 ± 

0.0424 
 

-0.0044 ± 

0.0932 
 

0.001 ± 

0.0305 

 
0.0015 ± 

0.0406 
 -0.0049 ± 0.09  

0.0015 ± 

0.0347 

 
-0.0025 ± 

0.0400 
 

-0.0019 ± 

0.0926 
 

0.0007 ± 

0.0307 

 
-0.0010 ± 

0.0401 
 

0.0046 ± 

0.0946 
 

0.0021 ± 

0.029 

 
-0.0002 ± 

0.0393 
 0.0038 ± 0.094  

-0.0023 ± 

0.0281 

 
0.0018 ± 

0.0415 
 -0.0031 ± 0.087  

-0.0005 ± 

0.03 

Ph-123 
0.0011 ± 

0.0404 
 

0.0048 ± 

0.0881 
 

-0.0004 ± 

0.0291 

 
0.0004 ± 

0.0175 
CO-(Cb)(O) 

-0.0053 ± 

0.0702 
Csp3 

-0.0127 ± 

0.3414 

 
-0.0014 ± 

0.0199 
 

0.0027 ± 

0.0710 
 

0.0275 ± 

0.3673 

 
-0.0015 ± 

0.0203 
 

-0.0060 ± 

0.0700 
 

0.0186 ± 

0.3999 
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Table C.3 (continued). 

 
0.0005 ± 

0.0198 
 

-0.0048 ± 

0.0808 
 

-0.0023 ± 

0.4133 

 

 
0.0001 ± 

0.0201 
 

0.0022 ± 

0.0781 
 

0.0301 ± 

0.4246 

 
0.0000 ± 

0.0200 
 

-0.0026 ± 

0.0715 
 

-0.0047 ± 

0.4364 

 
0.0003 ± 

0.0208 
 -0.0009 ± 0.068  

-0.033 ± 

0.4182 

 
0.0005 ± 

0.0213 
 

-0.0013 ± 

0.0713 
 

-0.0086 ± 

0.4016 

 
0.0009 ± 

0.0197 
 -0.0013 ± 0.077  

0.0058 ± 

0.3706 

Ph-124 
-0.0001 ± 

0.0188 
 

0.0007 ± 

0.0741 
 

-0.0014 ± 

0.4034 

 
0.0008 ± 

0.0172 
Cb-(Cl) 

-0.0002 ± 

0.0172 
Csp2 

-0.0123 ± 

0.2313 

 
-0.0016 ± 

0.0198 
 

-0.0008 ± 

0.0182 
 

0.011 ± 

0.2542 

 
-0.0013 ± 

0.0198 
 

-0.0015 ± 

0.0198 
 

0.0203 ± 

0.2686 

 
0.0007 ± 

0.0199 
 

0.0001 ± 

0.0188 
 

0.0131 ± 

0.2626 

 
0.0001 ± 

0.0202 
 

0.0009 ± 

0.0198 
 

0.0105 ± 

0.2903 

 
0.0000 ± 

0.0202 
 

-0.0009 ± 

0.0200 
 

-0.0038 ± 

0.2781 

 
0.0002 ± 

0.0205 
 

-0.0009 ± 

0.0199 
 

-0.0103 ± 

0.2723 



 

359 

 

Table C.3 (continued). 

 
0.0009 ± 

0.0209 
 

0.0009 ± 

0.0196 
 

0.0100 ± 

0.2792 

 

 
0.0005 ± 

0.0193 
 

-0.0003 ± 

0.0194 
 

-0.0106 ± 

0.2731 

Ph-135 
-0.0004 ± 

0.0187 
 

-0.0002 ± 

0.0179 
 

0.0045 ± 

0.2791 

 
0.0011 ± 

0.0199 
Cb-(Br) 

0.0007 ± 

0.0216 
Csp 

0.0008 ± 

0.0265 

 
-0.0013 ± 

0.0221 
 

-0.0003 ± 

0.0195 
 

0.0002 ± 

0.0267 

 
0.0002 ± 

0.0219 
 

0.0001 ± 

0.0212 
 

0.0012 ± 

0.0272 

 
-0.0004 ± 

0.0211 
 

0.0018 ± 

0.0244 
 

0.0008 ± 

0.0295 

 
-0.0007 ± 

0.0208 
 

0.0012 ± 

0.0223 
 

0.0019 ± 

0.028 

 
0.0001 ± 

0.0215 
 

0.0001 ± 

0.0207 
 

0.0006 ± 

0.0267 

 
0.0001 ± 

0.0212 
 

-0.0001 ± 

0.0235 
 

-0.0015 ± 

0.0288 

 
-0.0001 ± 

0.0220 
 

0.0001 ± 

0.0220 
 

-0.0001 ± 

0.0288 

 
0.0022 ± 

0.0216 
 

0.0009 ± 

0.0203 
 

-0.0009 ± 

0.0281 

Ph-1235 
-0.0018 ± 

0.0226 
 

-0.0005 ± 

0.0221 
 

-0.0020 ± 

0.0271 

 
0.0002 ± 

0.0205 
C-(N)(C)(H)2 

-0.0004 ± 

0.0206 
Osp3 

0.0016 ± 

0.1219 
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Table C.3 (continued). 

 
-0.0017 ± 

0.0228 
 

-0.0007 ± 

0.0212 
 

0.0041 ± 

0.1181 

 

 
-0.0016 ± 

0.0226 
 

-0.0014 ± 

0.0212 
 

-0.004 ± 

0.1197 

 
0.0010 ± 

0.0227 
 

0.0007 ± 

0.0231 
 

-0.0052 ± 

0.1298 

 
-0.0001 ± 

0.0227 
 

0.0008 ± 

0.0216 
 

0.0003 ± 

0.1286 

 
-0.0003 ± 

0.0222 
 

-0.0009 ± 

0.0217 
 

0.0016 ± 

0.1204 

 
0.0004 ± 

0.0235 
 

-0.0009 ± 

0.0217 
 

-0.0005 ± 

0.1272 

 
0.0007 ± 

0.0237 
 

0.0003 ± 

0.0234 
 

0.0021 ± 

0.1327 

 
0.0010 ± 

0.0220 
 

-0.0004 ± 

0.0218 
 

-0.0018 ± 

0.1248 

1-side fused 
-0.0009 ± 

0.0209 
 

-0.0003 ± 

0.0200 
 

0.0015 ± 

0.122 

 
-0.0035 ± 

0.1651 
C-(N)2(H)2 0.0006 ± 0.017 Osp2 

0.0004 ± 

0.1036 

 
0.0010 ± 

0.1695 
 -0.001 ± 0.0181  

0.0042 ± 

0.1098 

 
-0.0055 ± 

0.1689 
 

-0.0011 ± 

0.0194 
 

-0.0096 ± 

0.1045 

 
0.0135 ± 

0.1719 
 

0.0004 ± 

0.0188 
 

-0.0072 ± 

0.1169 

 
-0.0079 ± 

0.1719 
 

0.0005 ± 

0.0195 
 

-0.0019 ± 

0.1081 
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Table C.3 (continued). 

 
-0.0022 ± 

0.1708 
 

-0.0006 ± 

0.0197 
 

-0.0023 ± 

0.1014 

 

 
-0.0084 ± 

0.1697 
 

0.0000 ± 

0.0184 
 

-0.0069 ± 

0.1073 

 
0.0040 ± 

0.1753 
 

0.0001 ± 

0.0193 
 

-0.0057 ± 

0.1109 

 
-0.0044 ± 

0.1726 
 

-0.0002 ± 

0.0178 
 

0.0073 ± 

0.1124 

1,2-sides 

fused 

0.0107 ± 

0.1748 
 

-0.0003 ± 

0.0181 
 

-0.0025 ± 

0.1071 

 
-0.0028 ± 

0.0383 
N-(C)2(H) 

-0.0005 ± 

0.0276 
Nsp3 

0.0002 ± 

0.0166 

 -0.0015 ± 0.04  0.0009 ± 0.026  
0.0001 ± 

0.0168 

 
-0.0019 ± 

0.0438 
 

-0.0009 ± 

0.0277 
 

-0.0018 ± 

0.0189 

 
-0.0002 ± 

0.0481 
 

-0.0011 ± 

0.0297 
 

-0.001 ± 

0.0185 

 
-0.0001 ± 

0.0431 
 0.0013 ± 0.029  

0.0012 ± 

0.0194 

 
-0.0002 ± 

0.0504 
 -0.0007 ± 0.03  

-0.0007 ± 

0.0198 

 
0.0031 ± 

0.0499 
 

-0.0022 ± 

0.0298 
 

-0.0015 ± 

0.0184 

 
-0.0021 ± 

0.0495 
 

0.0004 ± 

0.0288 
 

0.0005 ± 

0.0182 

 
-0.0032 ± 

0.039 
 

-0.0001 ± 

0.0265 
 

0.0002 ± 

0.0173 
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Table C.3 (continued). 

 
-0.0012 ± 

0.0414 
 

0.0007 ± 

0.0265 
 

0.0002 ± 

0.0172 

1,3-sides fused 

 
-0.0026 ± 

0.1747 
Cd-(H)(N) 

0.0004 ± 

0.0151 
Nsp2 

0.0008 ± 

0.0238 

 
-0.0002 ± 

0.1854 
 

-0.0013 ± 

0.0169 
 

-0.0008 ± 

0.0241 

 -0.0048 ± 0.2  -0.001 ± 0.0175  
0.0003 ± 

0.0249 

 
0.0015 ± 

0.2124 
 

0.0002 ± 

0.0171 
 

-0.0002 ± 

0.0272 

 
-0.0051 ± 

0.1968 
 

0.0003 ± 

0.0175 
 

0.002 ± 

0.0255 

 
-0.0014 ± 

0.2106 
 0.0001 ± 0.017  

-0.0008 ± 

0.0258 

 
0.0045 ± 

0.2011 
 -0.0002 ± 0.018  

-0.0007 ± 

0.0262 

 
-0.009 ± 

0.2051 
 

-0.0001 ± 

0.0175 
 

0.0002 ± 

0.0256 

 
-0.0144 ± 

0.1891 
 

0.0005 ± 

0.0171 
 

-0.0002 ± 

0.0259 

1,4-sides 

fused 

0.0029 ± 

0.1907 
 

-0.0001 ± 

0.0168 
 

-0.0003 ± 

0.0252 

 
0.0019 ± 

0.0609 
Ni-(C) 

0.0001 ± 

0.0145 
Nsp 

0.0015 ± 

0.022 

 
0.0003 ± 

0.0595 
 

-0.0007 ± 

0.0163 
 

0.0004 ± 

0.0235 

 
0.0007 ± 

0.0661 
 

-0.0008 ± 

0.0182 
 

-0.0009 ± 

0.0238 
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Table C.3 (continued). 

 
0.0032 ± 

0.0741 
 

-0.0002 ± 

0.0161 
 

-0.0005 ± 

0.0266 

 
-0.0009 ± 

0.0726 
 

0.0005 ± 

0.0182 
 

-0.0006 ± 

0.0259 

 
-0.0027 ± 

0.0699 
 

-0.0009 ± 

0.0179 
 

0.0001 ± 

0.0268 

 
-0.0002 ± 

0.0749 
 

-0.0001 ± 

0.0158 
 

-0.0015 ± 

0.0249 

 
0.0043 ± 

0.0734 
 

0.0003 ± 

0.0169 
 

0.0012 ± 

0.0243 

 0.002 ± 0.0689  
-0.0003 ± 

0.0157 
 

0.0009 ± 

0.0215 

1,2,3-sides 

fused 

0.0003 ± 

0.0673 
 

-0.0006 ± 

0.0166 
 

0.0015 ± 

0.0239 

 
-0.0016 ± 

0.0319 
Cd-(N)(C) 0.0001 ± 0.015 Ssp3 

0.0014 ± 

0.0217 

 
-0.0016 ± 

0.033 
 

-0.0008 ± 

0.0164 
 

-0.0008 ± 

0.0208 

 
-0.0019 ± 

0.0354 
 

-0.0006 ± 

0.0182 
 

-0.0004 ± 

0.0213 

 
0.0002 ± 

0.0375 
 

-0.0006 ± 

0.0162 
 

-0.0006 ± 

0.0229 

 
-0.0002 ± 

0.0343 
 

0.0008 ± 

0.0186 
 

-0.0002 ± 

0.0213 

 
-0.0007 ± 

0.0394 
 

-0.0007 ± 

0.0185 
 

-0.0004 ± 

0.0219 

 
0.0026 ± 

0.0395 
 

-0.0003 ± 

0.0164 
 

-0.0001 ± 

0.0223 
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Table C.3 (continued). 

 
-0.0011 ± 

0.0392 
 

0.0001 ± 

0.0173 
 

-0.0004 ± 

0.0221 

 
-0.0020 ± 

0.0320 
 

-0.0002 ± 

0.0156 
 

0.0012 ± 

0.021 

 

1,2,4-sides 

fused 

-0.0010 ± 

0.0331 
 

-0.0005 ± 

0.0173 
 

0.0005 ± 

0.0213 

 
0.0001 ± 

0.0349 
Cd-(N)2 

0.0003 ± 

0.0155 
Ssp2 

0.0003 ± 

0.0353 

 
-0.0017 ± 

0.0352 
 

-0.0013 ± 

0.0174 
 

0.0005 ± 

0.0334 

 
-0.0019 ± 

0.0365 
 

-0.0009 ± 

0.0187 
 

0.0000 ± 

0.0337 

 
0.0014 ± 

0.0372 
 

0.0004 ± 

0.0174 
 

-0.0014 ± 

0.0382 

 
-0.0003 ± 

0.0368 
 0.001 ± 0.0187  

0.0012 ± 

0.0338 

 
-0.0010 ± 

0.0369 
 

-0.0009 ± 

0.0181 
 

-0.0011 ± 

0.0347 

 
0.0014 ± 

0.0376 
 

0.0002 ± 

0.0182 
 

-0.0008 ± 

0.0381 

 
0.0006 ± 

0.0379 
 

0.0003 ± 

0.0186 
 

0.0008 ± 

0.0363 

 
-0.0002 ± 

0.0366 
 

-0.0003 ± 

0.0174 
 

-0.0006 ± 

0.0344 

1,3,5-sides 

fused 

-0.0008 ± 

0.0361 
 

0.0001 ± 

0.0171 
 

0.0005 ± 

0.033 

 
-0.0007 ± 

0.0501 
Ci-(N)(H) 

0.0001 ± 

0.0148 
H 

-0.0137 ± 

0.3331 
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Table C.3 (continued). 

 
-0.0023 ± 

0.0505 
 

-0.0007 ± 

0.0167 
 

0.0281 ± 

0.3562 

 
-0.0019 ± 

0.0518 
 

-0.0009 ± 

0.0186 
 

0.0201 ± 

0.4067 

 

 
0.0021 ± 

0.0535 
 0 ± 0.0167  

-0.0084 ± 

0.4078 

 
-0.0004 ± 

0.0521 
 

0.0004 ± 

0.0184 
 

0.0265 ± 

0.426 

 
-0.0001 ± 

0.0528 
 -0.001 ± 0.018  

-0.0008 ± 

0.4475 

 
0.0028 ± 

0.0543 
 0 ± 0.0161  

-0.0345 ± 

0.4169 

 
0.0002 ± 

0.0548 
 

0.0004 ± 

0.0172 
 

-0.0073 ± 

0.4021 

 
-0.001 ± 

0.0526 
 

-0.0004 ± 

0.0162 
 

0.0069 ± 

0.3718 

1,2,3,4,5-

sides fused 

-0.0012 ± 

0.0528 
 

-0.0007 ± 

0.0167 
 

0.0033 ± 

0.4038 

 
0.0010 ± 

0.0277 
CO-(C)(N) 

-0.0002 ± 

0.0174 
D 

-0.0024 ± 

0.0416 

 
-0.0017 ± 

0.0284 
 

-0.0003 ± 

0.0182 
 

0.0005 ± 

0.0406 

 
-0.0017 ± 

0.0291 
 

-0.0009 ± 

0.0201 
 

-0.0054 ± 

0.0426 

 
0.0006 ± 

0.0305 
 

0.0000 ± 

0.0187 
 

-0.0022 ± 

0.0450 

 
-0.0003 ± 

0.0289 
 

0.0010 ± 

0.0193 
 

0.0042 ± 

0.0473 
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Table C.3 (continued). 

 
-0.0014 ± 

0.0294 
 

-0.0003 ± 

0.0200 
 

-0.0034 ± 

0.0442 

 
0.0010 ± 

0.0301 
 

-0.0008 ± 

0.0189 
 

-0.0024 ± 

0.0439 

 

 
0.0003 ± 

0.0307 
 

-0.0002 ± 

0.0198 
 

-0.0003 ± 

0.0399 

 
0.0004 ± 

0.0292 
 

0.0003 ± 

0.0182 
 

-0.0016 ± 

0.0443 

Cbf-

(Cb)2(Cbf) 

-0.0004 ± 

0.0284 
 

-0.0006 ± 

0.0186 
 

0.0009 ± 

0.0438 

 
-0.0050 ± 

0.1721 
CO-(N)2 

0.0003 ± 

0.0191 
F 

0.0004 ± 

0.0414 

 
0.0026 ± 

0.1741 
 

-0.0002 ± 

0.0191 
 

-0.0005 ± 

0.0391 

 
-0.0045 ± 

0.1782 
 

-0.0014 ± 

0.0203 
 

-0.0014 ± 

0.0403 

 
0.0126 ± 

0.1779 
 

-0.0005 ± 

0.0202 
 

-0.0001 ± 

0.0415 

 
-0.0080 ± 

0.1872 
 

0.0003 ± 

0.0204 
 

0.0017 ± 

0.04 

 
-0.0034 ± 

0.1799 
 

-0.0001 ± 

0.0204 
 

-0.0001 ± 

0.0391 

 
-0.0079 ± 

0.1822 
 

-0.0012 ± 

0.0195 
 

-0.0007 ± 

0.0416 

 
0.0040 ± 

0.1805 
 

0.0003 ± 

0.0202 
 

-0.0011 ± 

0.0407 

 
-0.0058 ± 

0.182 
 

0.0007 ± 

0.0185 
 

-0.0004 ± 

0.0415 



 

367 

 

Table C.3 (continued). 

Cbf-

(Cb)(Cbf)2 

0.0108 ± 

0.1856 
 

0.0008 ± 

0.0197 
 

0.0012 ± 

0.0366 

 
-0.0025 ± 

0.1166 
C-(S)(C)(H)2 

0.0011 ± 

0.0155 
Cl 

0.0066 ± 

0.0884 

 

 
-0.0013 ± 

0.122 
 

-0.0008 ± 

0.0156 
 

0.0013 ± 

0.089 

 
-0.0041 ± 

0.1332 
 

-0.0007 ± 

0.0165 
 

0.0002 ± 

0.0863 

 
0.0026 ± 

0.1408 
 

-0.0002 ± 

0.0177 
 

-0.0034 ± 

0.0936 

 
-0.0037 ± 

0.1304 
 

-0.0001 ± 

0.0173 
 

-0.0036 ± 

0.0928 

 
-0.0011 ± 

0.1385 
 

-0.0004 ± 

0.0172 
 

-0.0011 ± 

0.0893 

 
0.0057 ± 

0.1335 
 

-0.0001 ± 

0.0169 
 

-0.0001 ± 

0.0906 

 
-0.0056 ± 

0.1355 
 -0.0003 ± 0.017  

0.0021 ± 

0.0923 

 
-0.0106 ± 

0.1248 
 

0.0007 ± 

0.0156 
 

0.0018 ± 

0.0909 

Cbf-(Cbf)3 
0.0011 ± 

0.1244 
 

0.0002 ± 

0.0167 
 

-0.0005 ± 

0.0849 

 
-0.0009 ± 

0.0287 
C-(S)(C)2(H) 

0.0000 ± 

0.0164 
Br 

-0.0044 ± 

0.06 

 
-0.0016 ± 

0.0296 
 

-0.0014 ± 

0.0181 
 

0.0029 ± 

0.0637 

 
-0.0019 ± 

0.0312 
 

-0.0015 ± 

0.0195 
 

0.0014 ± 

0.0586 
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Table C.3 (continued). 

 
0.0003 ± 

0.0325 
 

0.0001 ± 

0.0191 
 

-0.0038 ± 

0.0663 

 
-0.0002 ± 

0.0303 
 

-0.0004 ± 

0.0198 
 

0.0015 ± 

0.059 

 

 
-0.0009 ± 

0.0342 
 

-0.0007 ± 

0.0192 
 

0.0016 ± 

0.0601 

 
0.0022 ± 

0.0345 
 

0.0002 ± 

0.0191 
 

0.001 ± 

0.0619 

 
-0.0008 ± 

0.0344 
 

0.0004 ± 

0.0196 
 

0.0019 ± 

0.0628 

 
-0.0014 ± 

0.0289 
 

0.0007 ± 

0.0182 
 

-0.0017 ± 

0.0613 

C-

(O)(C)(H)2 

-0.0008 ± 

0.0293 
 

-0.0009 ± 

0.0187 
 

0.0013 ± 

0.0564 

 
0.0053 ± 

0.1134 
S-(C)2 

0.0000 ± 

0.0164 
I 

-0.0004 ± 

0.0679 

 
0.0018 ± 

0.1107 
 

-0.0014 ± 

0.0181 
 

0.0012 ± 

0.0689 

 
-0.0076 ± 

0.1103 
 

-0.0015 ± 

0.0195 
 

-0.0027 ± 

0.0693 

 
-0.0064 ± 

0.1199 
 

0.0001 ± 

0.0191 
 

-0.0012 ± 

0.0719 

 
-0.0019 ± 

0.1204 
 

-0.0004 ± 

0.0198 
 

-0.0025 ± 

0.0767 

 
0.0016 ± 

0.1108 
 

-0.0007 ± 

0.0192 
 

0.0018 ± 

0.0710 

 
-0.0028 ± 

0.1169 
 

0.0002 ± 

0.0191 
 

0.0037 ± 

0.0716 
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Table C.3 (continued). 

 
0.0020 ± 

0.1216 
 

0.0004 ± 

0.0196 
 

0.0001 ± 

0.0718 

 
0.0010 ± 

0.1214 
 

0.0007 ± 

0.0182 
 

-0.0018 ± 

0.0703 

 

C-

(O)(C)2(H) 

0.0008 ± 

0.1210 
 

-0.0009 ± 

0.0187 
 

-0.0024 ± 

0.0686 

 
-0.0073 ± 

0.1201 
S-(C)(H) 

0.0011 ± 

0.0155 
  

 
0.0056 ± 

0.1270 
 

-0.0008 ± 

0.0156 
  

 
0.0067 ± 

0.1298 
 

-0.0007 ± 

0.0165 
  

 
-0.0027 ± 

0.1292 
 

-0.0002 ± 

0.0177 
  

 
0.0018 ± 

0.1285 
 

-0.0001 ± 

0.0173 
  

 
0.0008 ± 

0.1219 
 

-0.0004 ± 

0.0172 
  

 
-0.0008 ± 

0.1258 
 

-0.0001 ± 

0.0169 
  

 
0.0099 ± 

0.1276 
 

-0.0003 ± 

0.0170 
  

 
-0.0059 ± 

0.1320 
 

0.0007 ± 

0.0156 
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Table C.4: The standard deviations (Std), and average (Avg) ± standard deviations (Std) of all 

descriptors are reported after considering all 5000 weights from 10 hidden neurons for each 

descriptor after 500 runs. 

 

Descriptors Std Avg ± Std Descriptors Std Avg ± Std 

Ring strain 0.1710 0.003 ± 0.171 Cb-(Cl) 0.0191 
-0.0003 ± 

0.0191 

C-(X)(H)3 0.3917 0.0025 ± 0.3917 Cb-(Br) 0.0218 
0.0005 ± 

0.0218 

C-(C)2(H)2 0.3482 0.0049 ± 0.3482 C-(N)(C)(H)2 0.0216 
-0.0003 ± 

0.0216 

C-(C)3(H) 0.2848 -0.0015 ± 0.2848 C-(N)2(H)2 0.0186 
-0.0002 ± 

0.0186 

C-(C)4 0.0814 -0.0018 ± 0.0814 N-(C)2(H) 0.0282 
-0.0002 ± 

0.0282 

Cd-(H)2 0.0667 -0.0008 ± 0.0667 Cd-(H)(N) 0.0171 
-0.0001 ± 

0.0171 

Cd-(C)(H) 0.1237 0.0036 ± 0.1237 Ni-(C) 0.0167 
-0.0003 ± 

0.0167 

Cd-(C)2 0.0323 0.0000 ± 0.0323 Cd-(N)(C) 0.0170 
-0.0003 ± 

0.0170 

cis 0.0653 0.0014 ± 0.0653 Cd-(N)2 0.0177 
-0.0001 ± 

0.0177 

Ct-(H) 0.0195 -0.0003 ± 0.0195 Ci-(N)(H) 0.0170 
-0.0003 ± 

0.0170 

Ct-(C) 0.0200 -0.0003 ± 0.02 CO-(C)(N) 0.0189 
-0.0002 ± 

0.0189 

Ph-1 0.2414 0.0003 ± 0.2414 CO-(N)2 0.0197 
-0.0001 ± 

0.0197 
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Table C.4 (continued). 

Ph-12 0.2255 0.0073 ± 0.2255 C-(S)(C)(H)2 0.0166 
-0.0001 ± 

0.0166 

Ph-13 0.0522 -0.0002 ± 0.0522 C-(S)(C)2(H) 0.0188 
-0.0004 ± 

0.0188 

Ph-14 0.0401 -0.0004 ± 0.0401 S-(C)2 0.0188 
-0.0004 ± 

0.0188 

Ph-123 0.0198 0.0000 ± 0.0198 S-(C)(H) 0.0166 
-0.0001 ± 

0.0166 

Ph-124 0.0197 0.0000 ± 0.0197 C-(CN) 0.0435 
0.0003 ± 

0.0435 

Ph-135 0.0215 -0.0001 ± 0.0215 C-(F)3(C) 0.0266 
-0.0004 ± 

0.0266 

Ph-1235 0.0224 -0.0001 ± 0.0224 C-(F)2(C)2 0.0211 
-0.0002 ± 

0.0211 

1-side fused 0.1711 -0.0003 ± 0.1711 C-(F)(C)(H)2 0.0344 
-0.0003 ± 

0.0344 

1,2-sides 

fused 
0.0446 -0.001 ± 0.0446 Cd-(F)2 0.0194 

-0.0003 ± 

0.0194 

1,3 sides 

fused 
0.1968 -0.0028 ± 0.1968 Cd-(F)(H) 0.0158 

-0.0001 ± 

0.0158 

1,4-sides 

fused 
0.0689 0.0009 ± 0.0689 Cd-(C)(F) 0.0180 

-0.0002 ± 

0.0180 

1,2,3-sides 

fused 
0.0356 -0.0007 ± 0.0356 C-(C)(Cl)3 0.0183 

-0.0001 ± 

0.0183 

1,2,4 sides 

fused 
0.0366 -0.0002 ± 0.0366 C-(C)(Cl)2(H) 0.0173 

-0.0002 ± 

0.0173 

1,3,5-sides 

fused 
0.0525 -0.0002 ± 0.0525 C-(C)(Cl)(H)2 0.0624 

-0.0003 ± 

0.0624 
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Table C.4 (continued). 

1,2,3,4,5-

sides fused 
0.0292 -0.0002 ± 0.0292 C-(C)2(Cl)(H) 0.0159 

-0.0003 ± 

0.0159 

Cbf-

(Cb)2(Cbf) 
0.1800 -0.0005 ± 0.18 Cd-(Cl)2 0.0169 

-0.0001 ± 

0.0169 

Cbf-

(Cb)(Cbf)2 
0.1301 -0.002 ± 0.1301 Cd-(Cl)(H) 0.0165 

-0.0001 ± 

0.0165 

Cbf-(Cbf)3 0.0314 -0.0006 ± 0.0314 C-(C)(Br)(H)2 0.0752 0.001 ± 0.0752 

C-

(O)(C)(H)2 
0.1167 -0.0006 ± 0.1167 C-(C)(I)(H)2 0.0295 

0.0001 ± 

0.0295 

C-

(O)(C)2(H) 
0.1270 0.001 ± 0.127 Csp3 0.3987 

0.0019 ± 

0.3987 

C-(O)(C)3 0.0241 -0.0006 ± 0.0241 Csp2 0.2693 
0.0032 ± 

0.2693 

C-

(O)2(C)(H) 
0.0938 0.0004 ± 0.0938 Csp 0.0277 

0.0001 ± 

0.0277 

O-(C)(H) 0.2038 -0.0005 ± 0.2038 Osp3 0.1245 0 ± 0.1245 

Cd-(O)(C) 0.1181 -0.0016 ± 0.1181 Osp2 0.1083 
-0.0024 ± 

0.1083 

Cd-(O)(H) 0.1206 0.0013 ± 0.1206 Nsp3 0.0181 
-0.0003 ± 

0.0181 

O-(C)2 0.1160 0.0005 ± 0.116 Nsp2 0.0254 0 ± 0.0254 

CO-(C)(H) 0.0920 -0.001 ± 0.092 Nsp 0.0244 
0.0002 ± 

0.0244 

CO-(C)2 0.0949 -0.0004 ± 0.0949 Ssp3 0.0217 0 ± 0.0217 

CO-(O)(C) 0.0784 -0.0002 ± 0.0784 Ssp2 0.0351 
-0.0001 ± 

0.0351 

CO-(O)(H) 0.0516 0.001 ± 0.0516 H 0.3986 0.002 ± 0.3986 

O-(Cb)(H) 0.0409 -0.0006 ± 0.0409 D 0.0434 
-0.0012 ± 

0.0434 
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Table C.4 (continued). 

O-(Cb)(C) 0.0184 -0.0003 ± 0.0184 F 0.0402 
-0.0001 ± 

0.0402 

N-(Cb)(H)2 0.0158 -0.0001 ± 0.0158 Cl 0.0898 
0.0003 ± 

0.0898 

N-(Cb)(C)2 0.0294 -0.0007 ± 0.0294 Br 0.0611 
0.0002 ± 

0.0611 

CO-(Cb)(C) 0.0899 -0.0003 ± 0.0899 I 0.0708 
-0.0004 ± 

0.0708 

CO-(Cb)(O) 0.0733 -0.0017 ± 0.0733    

 

 

C.5. Error bars from the modeling: 

 

A parity plot of predicted vs. experimental measurements of the electron-ionization cross sections 

contains error bars (Figure C7). The error bars for the experimental measurements represnt the 

variabilities associated with the interlaboratory measurements after having a same instrumental 

bias as in Harrison et al.125-data. The error bars associated with the modeling represent the variation 

in prediction of 500 runs. For each run the complete dataset is divided into 96% and 4% randomly. 

96% data is used for training plus validation and 4% data is used for testing in each run. Thus, 

after completion of 500 runs, we have 500 predictions of the cross sections for a single compound. 

After that, Students’ t-test statistics is used to obatin the average and 95% confidence level. After 

applying Students’ t-test statistics, the predicted value and 95% confidence range can be expressed 

as follows: 

 

𝐸𝐼𝐶𝑆̅̅ ̅̅ ̅̅ ̅
500 ±

1.96

√500
𝜎500 = 𝐸𝐼𝐶𝑆̅̅ ̅̅ ̅̅ ̅

500 ± 0.088 × 𝜎500       (C.7) 

 

where 𝐸𝐼𝐶𝑆̅̅ ̅̅ ̅̅ ̅
500 is the avergae value of the predicted electron-ionization cross section and 𝜎500 is 

the standard deviation over the 500 runs. Figure C.7 represents the parity plots with (Figure C.7a) 

and without (Figure C.7b) Student’s t-test statistics. In Figure C.7b,the computational error bars 

are very small. 
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Figure C.7: (a) and (b) are the parity plots with the experimental electron ionization cross section 

and predicted electron ionization cross section from the neural net using groups and atoms 

descriptors. The error bars in the predicted values in plot (a) is calculated using Student’s t-test 

statistics where as for plot (b), this statistics is not applied. 

 

 

C.6. Training of the neural net after leaving H2: 

 

Two trainings are performed seperately with 50 runs, in one case H2 is left out and in another case 

H2 is present. No improvement in the slope of the straight line in parity plot, its bias, regression 

coefficient, and the root mean square error are observed after leaving out H2 (Table C.5). 

 

Table C.5: Statistical parameters after 50 runs 

Dataset type Slope or β (no 

units) 

Bias (Å2) Regression 

coefficient, r2 

(no units) 

Root mean 

suqare error (Å2) 

With H2 0.90 0.88 0.81 0.69 

Without H2 0.90 0.85 0.81 0.68 
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APPENDIX D: KOVÁTS INDEX FOR NON-POLAR COLUMNS FROM 

RETENTION INDEX LIBRARY OF NIST 17 
 

 

Table D.1: The complete dataset of Kováts index in non-polar column set up collected from 

NIST 17. Total number of reporting, 95% confidence band; 𝜎95, and the average of Kováts index 

minus 100 times te carbon number; ∆𝐼𝑥 are reported for 5,688 compounds (from pg. 374 to pg. 

508). 

 

Name in NIST17 database Reporting 𝝈𝟗𝟓 ∆𝑰𝒙 

Isobutane 45 6.1 -38.3 

Butane, 2-methyl- 85 4.3 -27.3 

Neopentane 35 1.9 -88.0 

Butane, 2,3-dimethyl- 178 4.7 -34.4 

Pentane, 2-methyl- 176 5.9 -32.2 

Pentane, 3-methyl- 180 3.8 -17.1 

Butane, 2,2-dimethyl- 161 4.2 -63.7 

Hexane-d14 1 0.0 -11.0 

Hexane-d7 1 0.0 -5.0 

Hexane, 2-methyl- 162 3.4 -34.1 

Pentane, 2,4-dimethyl- 167 3.1 -70.3 

Pentane, 2,2-dimethyl- 152 7.1 -73.9 

Pentane, 2,3-dimethyl- 177 4.2 -29.8 

Hexane, 3-methyl- 165 3.4 -24.5 

Pentane, 3,3-dimethyl- 129 5.0 -42.9 

Butane, 2,2,3-trimethyl- 123 5.8 -62.4 

Pentane, 3-ethyl- 117 2.3 -14.2 

Heptane-1,2,3,4,5,6-d13 1 0.0 -9.5 

Heptane-1,2,3,4-d9 1 0.0 -6.4 

Heptane-1,2,3,-d7 1 0.0 -5.2 

Heptane-1-d3 1 0.0 -2.2 

Heptane-d16 1 0.0 -11.3 

Pentane, 2,2,4-trimethyl- 130 3.5 -109.5 

Heptane, 2-methyl- 146 3.0 -34.9 

Heptane, 3-methyl- 157 2.8 -27.3 

Pentane, 2,3,4-trimethyl- 125 5.0 -48.3 

Heptane, 4-methyl- 132 2.7 -33.2 

Hexane, 2,5-dimethyl- 117 3.7 -70.1 

Hexane, 2,3-dimethyl- 126 2.8 -39.9 

Hexane, 2,4-dimethyl- 128 2.6 -67.3 

Hexane, 3,4-dimethyl- 111 3.0 -29.9 

Hexane, 2,2-dimethyl- 109 2.6 -79.4 

Hexane, 3,3-dimethyl- 100 3.4 -57.6 

Pentane, 2,3,3-trimethyl- 70 6.8 -41.0 
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Pentane, 3-ethyl-2-methyl- 78 3.4 -39.4 

Hexane, 3-ethyl- 76 2.3 -27.1 

Pentane, 2,2,3-trimethyl- 78 4.0 -64.4 

Pentane, 3-ethyl-3-methyl- 60 5.3 -28.2 

Butane, 2,2,3,3-tetramethyl- 45 12.4 -74.8 

Octane-d18- 1 0.0 -13.0 

Octane-1,2,3,4,5,6-d13 1 0.0 -9.1 

2-Methylheptane-d18 1 0.0 -39.6 

2-C2H5-Hexane-d13 1 0.0 -36.3 

Octane-1,2,3,4-d9 1 0.0 -6.5 

Octane-1,2-d5 1 0.0 -3.4 

2-C2D5-Hexane 1 0.0 -31.1 

Octane, 2-methyl- 96 4.6 -34.9 

Hexane, 2,2,5-trimethyl- 94 5.0 -117.7 

Octane, 3-methyl- 81 2.3 -29.0 

Octane, 4-methyl- 69 3.7 -36.0 

Heptane, 2,4-dimethyl- 67 4.2 -78.0 

Heptane, 2,2-dimethyl- 56 3.5 -83.5 

Pentane, 2,2,4,4-tetramethyl- 43 10.7 -125.4 

Pentane, 3,3-diethyl- 28 8.4 -19.3 

Hexane, 2,3,5-trimethyl- 54 4.3 -85.9 

Hexane, 2,2,4-trimethyl- 56 4.5 -110.0 

Heptane, 2,3-dimethyl- 60 5.4 -45.2 

Heptane, 2,5-dimethyl- 58 3.7 -65.6 

Heptane, 2,6-dimethyl- 48 4.7 -71.6 

Heptane, 3,3-dimethyl- 47 2.8 -62.7 

Hexane, 2,2,3-trimethyl- 44 4.5 -76.4 

Pentane, 2,2,3,3-tetramethyl- 22 4.2 -47.1 

Heptane, 3-ethyl- 45 2.2 -31.2 

Pentane, 2,2,3,4-tetramethyl- 34 3.7 -79.3 

Hexane, 2,4,4-trimethyl- 32 2.2 -90.7 

Heptane, 3,4-dimethyl- 39 2.7 -41.0 

Heptane, 4-ethyl- 38 3.4 -40.5 

Hexane, 2,3,4-trimethyl- 38 6.3 -52.6 

Heptane, 3,5-dimethyl- 36 5.1 -64.5 

Heptane, 4,4-dimethyl- 34 4.1 -72.8 

Hexane, 2,3,3-trimethyl- 31 3.0 -60.8 

Pentane, 2,3,3,4-tetramethyl- 22 4.4 -40.8 

Hexane, 3,3,4-trimethyl- 25 6.6 -49.9 

Pentane, 3-ethyl-2,4-dimethyl- 21 2.6 -62.9 

Pentane, 3-ethyl-2,2-dimethyl- 20 3.0 -76.7 

Hexane, 4-ethyl-2-methyl- 20 2.5 -74.3 

Hexane, 3-ethyl-3-methyl- 17 2.4 -45.8 

Hexane, 3-ethyl-2-methyl- 16 1.7 -54.7 
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Hexane, 3-ethyl-4-methyl- 13 2.0 -44.2 

Pentane, 3-ethyl-2,3-dimethyl- 12 3.2 -26.6 

3,4-Dimethylheptane, threo 7 4.3 -42.6 

3,4-Dimethylheptane, erythro 6 1.2 -42.0 

3,5-Dimethylheptane, erythro 4 0.3 -66.2 

3,5-Dimethylheptane, threo 4 0.7 -65.9 

&#945;,&#946;-3,5-dimethylheptane 3 3.9 -68.2 

3,4-Dimethylheptane, (D) 2 4.7 -48.4 

3,5-Dimethylheptane, (L) 2 4.2 -68.4 

Nonane, 3-methyl- 89 3.5 -29.0 

Nonane, 2-methyl- 75 4.1 -33.9 

Nonane, 4-methyl- 63 3.0 -37.7 

Nonane, 5-methyl- 48 2.9 -39.4 

Octane, 2,6-dimethyl- 30 2.6 -66.8 

Octane, 2,3-dimethyl- 33 6.4 -46.3 

Octane, 3-ethyl- 34 3.9 -33.5 

Octane, 2,2-dimethyl- 32 4.0 -83.1 

Octane, 2,7-dimethyl- 15 1.0 -71.1 

Octane, 3,3-dimethyl- 26 7.3 -64.6 

Octane, 4-ethyl- 20 4.1 -45.3 

Heptane, 2,4,6-trimethyl- 17 2.8 -127.1 

4,4-Dimethyl octane 17 3.1 -79.6 

Heptane, 2,2,4-trimethyl- 16 8.0 -118.4 

Octane, 3,5-dimethyl- 16 2.5 -75.2 

Octane, 2,4-dimethyl- 19 6.6 -83.6 

Heptane, 3,3,5-trimethyl- 14 2.6 -90.1 

Octane, 3,6-dimethyl- 17 7.0 -63.8 

Heptane, 3-ethyl-2-methyl- 16 2.5 -58.2 

Octane, 2,5-dimethyl- 14 4.1 -75.4 

Hexane, 2,2,5,5-tetramethyl- 8 23.1 -167.5 

3,4-Diethyl hexane 12 11.6 -52.7 

Hexane, 3,3,4,4-tetramethyl- 10 8.4 -18.8 

Heptane, 4-propyl- 9 19.1 -68.1 

Heptane, 3,4,5-trimethyl- 11 0.8 -54.4 

Octane, 4,5-dimethyl- 8 2.0 -56.2 

3-Ethyl-3-methylheptane 8 5.6 -51.6 

Hexane, 2,2,3,3-tetramethyl- 4 0.1 -71.1 

Heptane, 2,2,6-trimethyl- 7 0.5 -127.3 

Heptane, 2,2,3-trimethyl- 11 7.2 -80.5 

Heptane, 2,3,6-trimethyl- 6 0.0 -81.0 

Pentane, 2,2,3,3,4-pentamethyl- 8 1.8 -47.9 

Heptane, 3,3,4-trimethyl- 7 7.6 -60.3 

Heptane, 2,2,5-trimethyl- 8 4.3 -120.7 

Heptane, 3-ethyl-5-methyl- 6 11.8 -64.6 
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Heptane, 4-(1-methylethyl)- 7 1.7 -75.0 

Heptane, 2,5,5-trimethyl- 6 0.8 -108.4 

Octane, 3,4-dimethyl- 7 1.4 -63.2 

Heptane, 2,3,5-trimethyl- 6 8.3 -83.9 

Heptane, 2,4,4-trimethyl- 7 1.5 -110.8 

Heptane, 5-ethyl-2-methyl- 6 0.5 -75.4 

Hexane, 4-ethyl-2,2-dimethyl- 5 0.1 -118.9 

Heptane, 2,3,4-trimethyl- 5 0.4 -66.7 

Hexane, 2,2,3,5-tetramethyl- 6 0.8 -127.3 

Hexane, 2,2,4,5-tetramethyl- 6 0.8 -128.3 

Hexane, 2,3,4,4-tetramethyl- 6 0.5 -64.8 

Pentane, 2,2,3,4,4-pentamethyl- 6 1.6 -78.7 

Hexane, 2,2,3,4-tetramethyl- 6 4.6 -92.1 

Hexane, 2,3,4,5-tetramethyl- 6 3.8 -76.2 

Hexane, 2,2,4,4-tetramethyl- 7 4.2 -109.5 

Hexane, 2,3,3,4-tetramethyl- 6 1.2 -51.5 

Pentane, 3-ethyl-2,2,3-trimethyl- 6 0.6 -33.8 

Hexane, 2,3,3,5-tetramethyl- 6 0.8 -97.3 

Pentane, 3-ethyl-2,2,4-trimethyl 6 1.1 -96.5 

Pentane, 2,4-dimethyl-3-(1-methylethyl)- 5 0.0 -85.0 

Heptane, 4-ethyl-4-methyl- 6 3.3 -60.7 

Hexane, 3-ethyl-3,4-dimethyl- 6 0.2 -35.0 

Heptane, 3-ethyl-4-methyl- 6 0.9 -60.3 

Heptane, 4-ethyl-2-methyl- 6 0.3 -92.8 

Pentane, 3-ethyl-2,3,4-trimethyl- 5 0.2 -30.9 

Hexane, 3-ethyl-2,5-dimethyl- 5 0.2 -108.9 

Heptane, 3,4,4-trimethyl- 5 0.1 -68.0 

Hexane, 2-methyl-3-(1-methylethyl)- 5 0.4 -84.3 

Hexane, 4-ethyl-2,3-dimethyl- 5 9.9 -61.9 

Hexane, 4-ethyl-3,3-dimethyl- 5 0.1 -62.0 

Hexane, 4-ethyl-2,4-dimethyl- 5 0.1 -79.1 

Hexane, 3-ethyl-2,2-dimethyl- 5 0.0 -98.0 

Hexane, 3-ethyl-2,4-dimethyl- 5 0.4 -70.2 

Heptane, 4-ethyl-3-methyl- 5 0.4 -64.3 

Heptane, 2,4,5-trimethyl- 5 0.7 -93.1 

Hexane, 3,3-diethyl- 4 1.6 -45.2 

Hexane, 3-ethyl-2,3-dimethyl- 4 0.3 -51.0 

Heptane, 2,3,3-trimethyl- 3 0.2 -68.1 

3,4-Dimethyloctane, erythro 3 10.0 -58.6 

Pentane, 3,3-diethyl-2-methyl- 2 0.0 -16.0 

4,5-dimethyloctane, meso 2 1.2 -56.4 

4,5-Dimethyloctane, threo 2 2.6 -55.4 

3,4-dimethyloctane, threo 2 12.5 -54.9 

Heptane, 2,3,4-trimethyl-, erythro 1 0.0 -66.3 
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Heptane, 2,3,4-trimethyl-, threo 1 0.0 -66.3 

2,3,5-Trimethylheptane, erythro 1 0.0 -87.7 

2,3,5-Trimethylheptane, threo 1 0.0 -87.7 

Hexane, 2,3,4,5-tetramethyl-, erythro 1 0.0 -84.0 

Heptane, 3,4,5-trimethyl-, erythro 1 0.0 -56.0 

3,5-dimethyloctane, erythro 1 0.0 -79.0 

3,5-dimethyloctane, threo 1 0.0 -78.0 

Decane, 2-methyl- 54 6.6 -35.5 

Decane, 4-methyl- 31 7.1 -40.7 

Decane, 3-methyl- 28 1.9 -28.9 

Decane, 5-methyl- 24 2.4 -42.7 

Nonane, 2,6-dimethyl- 17 6.3 -76.8 

3-Ethylnonane 12 3.0 -33.7 

Nonane, 2,2-dimethyl 11 3.6 -77.0 

2,4-dimethylnonane 10 4.2 -76.8 

Nonane, 2,3-dimethyl- 4 1.3 -46.5 

Nonane, 4-ethyl 4 3.3 -52.5 

Nonane, 3,7-dimethyl- 3 20.4 -49.3 

Nonane, 2,5-dimethyl- 3 6.2 -78.0 

Octane, 2,4,6-trimethyl- 1 0.0 -145.0 

4,6-Dimethylnonane, # 2 2 2.8 -82.0 

Nonane, 4,6-dimethyl, # 1 2 1.4 -89.0 

2-Ethyl-2-methyloctane 2 54.4 -108.5 

Octane, 2,2,6-trimethyl- 1 0.0 -136.0 

Octane, 4-propyl- 1 0.0 -71.0 

Nonane, 4,5-dimethyl- 1 0.0 -65.0 

4-Methyl-4-propylheptane 1 0.0 -78.0 

4-Ethyl-4-methyloctane 1 0.0 -63.0 

Octane, 4-ethyl-3-methyl 1 0.0 -83.0 

Octane, 3-ethyl-4-methyl 1 0.0 -69.0 

Nonane, 2,7-dimethyl 1 0.0 -67.0 

Nonane, 2,8-dimethyl 1 0.0 -72.0 

Heptane, 3,4-diethyl 1 0.0 -90.0 

Nonane, 5-ethyl 1 0.0 -59.0 

Heptane, 2,2,4,6,6-pentamethyl- 23 4.9 -207.1 

Undecane, 2-methyl- 37 1.7 -35.1 

Undecane, 5-methyl- 30 7.1 -43.0 

Undecane, 4-methyl- 28 2.5 -39.1 

Undecane, 3-methyl- 27 2.2 -29.6 

Undecane, 6-methyl- 14 2.9 -47.3 

2,6-Dimethyldecane 12 10.2 -82.3 

2,2,7,7-Tetramethyloctane 7 9.5 -165.7 

Decane, 3,8-dimethyl- 8 3.1 -60.6 

Octane, 4,5-diethyl- 3 6.8 -109.3 
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Nonane, 4-ethyl-5-methyl- 3 6.1 -87.3 

Decane, 5,6-dimethyl- 3 4.5 -69.7 

Decane, 3,7-dimethyl- 4 4.3 -73.0 

Decane, 2,2-dimethyl- 4 2.2 -84.8 

Decane, 2,4-dimethyl- 2 6.4 -89.5 

Decane, 3-ethyl 4 10.7 -43.8 

2,3-Dimethyldecane 2 2.1 -43.5 

Decane, 4-ethyl- 3 8.7 -55.3 

5-Ethyldecane 3 16.5 -58.7 

3,6-Dimethyl, 3-ethyl, octane 4 1.7 -93.8 

3-methyl-7-ethyl-nonane 4 0.6 -68.3 

3,6-diethyl-octane 4 0.7 -76.0 

Decane, 2,5-dimethyl- 2 4.2 -85.0 

Decane, 2,9-dimethyl- 2 2.8 -72.0 

Octane, 3-ethyl-2,7-dimethyl- 1 0.0 -20.0 

Decane, 2,8-dimethyl 2 3.5 -65.5 

Decane, 2,7-dimethyl 2 3.5 -76.5 

Decane, 3,6-dimethyl- 1 0.0 -71.0 

Octane, 3,4,5,6-tetramethyl- 1 0.0 -83.7 

Nonane, 2,2,3-trimethyl- 1 0.0 -86.0 

Decane, 4,5-dimethyl 1 0.0 -62.0 

2,2,3,3-Tetramethyloctane 1 0.0 -271.0 

Decane, 3,5-dimethyl 1 0.0 -82.0 

Decane, 4,6-dimethyl 1 0.0 -89.0 

Decane, 4,7-dimethyl 1 0.0 -79.0 

3,4,5-Trimethyl, 5-ethyl, heptane, a 1 0.0 -75.5 

3,4,5-Trimethyl- 5-ethyl-heptane, b 1 0.0 -64.6 

2,4-dimethyl-2,3-diethyl-hexane 1 0.0 -264.0 

3,4-Dimethyl-3,4-diethyl-hexane 1 0.0 -13.4 

3-methyl, 3,5-diethyl, heptane 1 0.0 -87.6 

3,4-dimethyl-6-ethyl-octane, b 1 0.0 -97.6 

3,4,5,6-Tetramethyloctane, b 1 0.0 -94.2 

3,4,5,6-Tetramethyloctane, e 1 0.0 -84.6 

3,4-dimethyl-6-ethyl-octane, a 1 0.0 -99.0 

3,4,5,6-Tetramethyloctane, a 1 0.0 -99.4 

3,4,5,6-Tetramethyloctane, c 1 0.0 -91.6 

3,4,5,6-Tetramethyloctane, d 1 0.0 -90.0 

3,4,7-Trimethylnonane, c 1 0.0 -83.8 

3,4,7-Trimethylnonane, a 1 0.0 -87.6 

3,4,7-Trimethylnonane, d 1 0.0 -83.4 

5-Ethyl-5-methylnonane 1 0.0 -82.0 

3,4,7-Trimethylnonane, b 1 0.0 -86.0 

3,3-Diethyloctane 1 0.0 -33.0 

Undecane, 2,6-dimethyl- 28 6.3 -87.8 
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Dodecane, 3-methyl- 24 2.4 -28.5 

Dodecane, 5-methyl- 19 2.6 -46.1 

Dodecane, 4-methyl- 19 1.8 -41.1 

Dodecane, 2-methyl- 18 5.8 -34.3 

Dodecane, 6-methyl- 12 3.1 -49.5 

Undecane, 2,4-dimethyl- 8 25.5 -89.8 

Undecane, 2,9-dimethyl- 8 1.4 -66.1 

Undecane, 4,6-dimethyl- 8 5.9 -102.8 

Undecane, 3,5-dimethyl- 8 5.7 -90.3 

Undecane, 4,5-dimethyl- 8 7.0 -71.1 

Undecane, 5,6-dimethyl- 8 7.0 -78.2 

Undecane, 3,4-dimethyl- 8 6.8 -55.3 

Undecane, 2,3-dimethyl- 6 7.0 -51.8 

Undecane, 2,5-dimethyl- 6 3.2 -88.6 

Undecane, 5,7-dimethyl- 7 6.5 -105.3 

Undecane, 2,10-dimethyl- 4 0.8 -72.9 

Undecane, 2,7-dimethyl- 6 0.8 -83.7 

Undecane, 3,7-dimethyl- 5 1.9 -78.8 

Undecane, 2,2-dimethyl- 4 6.4 -81.3 

Undecane, 3,9-dimethyl- 4 1.8 -60.0 

Undecane, 3,6-dimethyl- 4 4.5 -85.0 

Undecane, 2,8-dimethyl- 4 2.1 -79.2 

Undecane, 3,3-dimethyl- 3 3.5 -63.0 

Undecane, 4,7-dimethyl- 3 3.6 -92.0 

Undecane, 5,5-dimethyl- 2 1.4 -94.0 

Undecane, 3-ethyl- 2 5.7 -36.0 

Undecane, 4,8-dimethyl- 2 3.5 -85.5 

Undecane, 6,6-dimethyl- 2 2.8 -98.0 

Undecane, 4,4-dimethyl- 2 1.4 -84.0 

Undecane, 3,8-dimethyl- 2 0.7 -72.5 

Nonane, 5-butyl- 1 0.0 -96.0 

Decane, 2,4,6-trimethyl- 1 0.0 -179.0 

Undecane, 4-ethyl- 1 0.0 -58.0 

4-Propyldecane 2 1.4 -79.0 

Decane, 2,3,4-trimethyl- 1 0.0 -40.0 

Undecane, 6-ethyl- 1 0.0 -70.0 

Decane, 2,6,7-trimethyl- 1 0.0 -242.0 

Nonane, 3-methyl-5-propyl- 1 0.0 -248.0 

Undecane, 5-ethyl- 1 0.0 -68.0 

Decane, 2,6,8-trimethyl- 1 0.0 -196.0 

Decane, 2,3,7-trimethyl- 1 0.0 166.0 

2,4-dimethyl-2,3-isopropyl-pentane 1 0.0 -372.0 

4,5-dimethyl-2,3-diethylheptane 1 0.0 -364.0 

Tridecane, 3-methyl- 26 2.0 -28.5 
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Tridecane, 2-methyl- 17 1.7 -35.8 

Tridecane, 4-methyl- 15 2.1 -41.5 

Undecane, 2,6,10-trimethyl 18 7.7 -134.2 

Tridecane, 7-methyl- 6 4.1 -51.3 

Tridecane, 5-methyl- 8 3.3 -48.3 

Tridecane, 6-methyl- 5 14.1 -59.7 

2,3-Dimethyldodecane 1 0.0 -47.0 

Octane, 4,5-dipropyl- 1 0.0 -174.0 

Dodecane, 5-ethyl 2 7.8 -64.5 

Dodecane, 3-ethyl 2 2.1 -43.5 

Dodecane, 6-ethyl 2 7.1 -69.0 

Dodecane, 4-ethyl 2 7.1 -57.0 

2,6-Dimethyldodecane 2 5.7 -88.0 

Decane, 5-butyl 2 12.0 -95.5 

Dodecane, 4,6-dimethyl- 1 0.0 -75.0 

Decane, 2,3,5,8-tetramethyl- 1 0.0 -82.0 

3-Ethyl-3-methyl-undecane 1 0.0 -53.0 

2,2-Dimethyldodecane 1 0.0 -85.0 

Undecane, 4,6,8-trimethyl, # 3 1 0.0 -142.0 

Undecane, 5-ethyl-6-methyl 1 0.0 -112.0 

Decane, 5-methyl-4-propyl 1 0.0 -136.0 

Nonane, 5-ethyl-4-propyl 1 0.0 -159.0 

Dodecane, 6,7-dimethyl 1 0.0 -84.0 

Undecane, 6-propyl 1 0.0 -98.0 

Decane, 5,6-diethyl 1 0.0 -144.0 

Undecane, 5-propyl 1 0.0 -92.0 

Undecane, 4-propyl 1 0.0 -82.0 

Dodecane, 2,6,10-trimethyl- 35 8.6 -128.8 

Tetradecane, 2-methyl- 22 4.8 -36.7 

Tetradecane, 3-methyl- 18 3.2 -30.3 

Tetradecane, 4-methyl- 14 2.4 -41.6 

Tetradecane, 5-methyl- 14 3.2 -47.6 

Dodecane, 3,7-dimethyl 6 6.7 -182.0 

Tetradecane, 7-methyl 4 4.1 -53.5 

Tetradecane, 6-methyl 5 4.2 -53.3 

Decane, 2,6-dimethyl 5 4.6 -385.0 

Tridecane, 4,8-dimethyl- 1 0.0 -93.0 

Tridecane, 3-ethyl- 1 0.0 -36.0 

5-Ethyltridecane 2 5.7 -68.0 

Dodecane, 2,6,11-trimethyl- 1 0.0 -225.0 

3,3-Dimethyltridecane 1 0.0 -64.0 

3,3-Diethylundecane 1 0.0 -51.0 

5,5-diethylundecane 1 0.0 -93.0 

Undecane, 6-butyl 1 0.0 -112.0 
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Dodecane, 4-propyl 1 0.0 -86.0 

Tridecane, 6-ethyl 1 0.0 -76.0 

Tridecane, 7-ethyl 1 0.0 -80.0 

Tridecane, 4-ethyl 1 0.0 -62.0 

Dodecane, 6-propyl 1 0.0 -100.0 

Dodecane, 5-propyl 1 0.0 -97.0 

Undecane, 5-butyl 1 0.0 -107.0 

Pentadecane, 3-methyl- 20 2.3 -29.4 

2,6,10-Trimethyltridecane 25 7.8 -147.1 

Pentadecane, 2-methyl- 19 8.6 -38.7 

Nonane, 2,2,4,4,6,8,8-heptamethyl- 10 5.5 -275.8 

Pentadecane, 6-methyl- 10 3.5 -52.3 

Pentadecane, 5-methyl- 7 3.5 -49.8 

Pentadecane, 4-methyl- 5 2.6 -42.6 

Tridecane, 3,7,11-trimethyl 9 6.8 -127.0 

Pentadecane, 7-methyl- 4 4.7 -55.6 

Tetradecane, 4,11-dimethyl- 3 1.3 -137.0 

Tetradecane, 5-ethyl 3 20.8 -55.3 

Pentadecane, 8-methyl 3 5.0 -57.6 

Tridecane, 7-propyl- 2 14.8 -94.5 

Tridecane, 6-propyl- 1 0.0 -104.0 

Tridecane, 5-propyl- 2 9.9 -91.0 

Tetradecane, 2,2-dimethyl- 1 0.0 -85.0 

Tetradecane, 6-ethyl 2 7.8 -72.5 

Tetradecane, 7-ethyl 2 7.8 -75.5 

Dodecane, 6-butyl 2 9.9 -109.0 

Dodecane, 5-butyl 2 10.6 -102.5 

5-Ethyl-5-methyltridecane 1 0.0 -89.0 

3-Ethyl-3-methyltridecane 1 0.0 -51.0 

6,6-Diethyldodecane 1 0.0 -102.0 

Tetradecane, 4-ethyl- 1 0.0 -52.0 

Decane, 5,6-dipropyl- 1 0.0 -214.0 

Tridecane, 6-ethyl-7-methyl 1 0.0 -125.0 

Dodecane, 6-methyl-5-propyl 1 0.0 -147.0 

Undecane, 6-ethyl-5-propyl 1 0.0 -189.0 

Tetradecane, 7,8-dimethyl 1 0.0 -91.0 

Dodecane, 6,7-diethyl 1 0.0 -165.0 

Undecane, 6-pentyl 1 0.0 -120.0 

Tetradecane, 2,6,10-trimethyl- 23 7.5 -157.1 

Hexadecane, 2-methyl- 15 2.6 -35.6 

Hexadecane, 3-methyl- 5 3.2 -27.2 

Hexadecane, 4-methyl- 3 0.6 -40.4 

Tetradecane, 3,7,11-trimethyl 5 8.4 -139.4 

Hexadecane, 6-methyl 4 4.6 -54.0 
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Hexadecane, 8-methyl 3 3.5 -56.7 

Hexadecane, 5-methyl 3 1.5 -47.3 

Hexadecane, 7-methyl- 3 3.4 -55.1 

3,3,7,7-Tetraethylnonane 1 0.0 -120.0 

3,3-Dimethylpentadecane 1 0.0 -63.0 

5-Butyl-5-ethylundecane 1 0.0 -148.0 

7,7-Diethyltridecane 1 0.0 -107.0 

3,3-Diethyltridecane 1 0.0 -47.0 

5,5-Diethyltridecane 1 0.0 -95.0 

5-Ethylpentadecane 1 0.0 -65.0 

3-Ethylpentadecane 1 0.0 -35.0 

Tridecane, 4,6,8,10-tetramethyl, # 4 1 0.0 -210.0 

Tridecane, 4,6,8,10-tetramethyl, # 1 1 0.0 -238.0 

Tridecane, 4,6,8,10-tetramethyl, # 2 1 0.0 -228.0 

Tridecane, 4,6,8,10-tetramethyl, # 3 1 0.0 -220.0 

6,10-dimethylpentadecane 1 0.0 -107.0 

Tetradecane, 7-propyl 1 0.0 -108.0 

Tetradecane, 6-propyl 1 0.0 -106.0 

Pentadecane, 8-ethyl 1 0.0 -84.0 

Pentadecane, 7-ethyl 1 0.0 -83.0 

Pentadecane, 6-ethyl 1 0.0 -80.0 

Tridecane, 7-butyl 1 0.0 -120.0 

Tridecane, 6-butyl 1 0.0 -119.0 

Dodecane, 6-pentyl 1 0.0 -124.0 

Pentadecane, 2,6,10-trimethyl- 26 8.6 -159.4 

Heptadecane, 3-methyl- 13 3.0 -28.7 

Heptadecane, 2-methyl- 8 1.9 -35.6 

Heptadecane, 4-methyl- 5 1.8 -41.6 

Heptadecane, 7-methyl- 7 4.8 -58.3 

6-methylheptadecane 4 4.0 -53.3 

Heptadecane, 8-methyl- 3 4.4 -59.5 

Pentadecane, 3,7,11-trimethyl 4 8.0 -151.0 

Hexadecane, 5-ethyl 3 17.4 -52.0 

Heptadecane, 9-methyl- 2 5.2 -58.3 

Hexadecane, 7-ethyl 3 6.7 -76.3 

5,9-dimethylhexadecane 2 0.0 -109.0 

Pentadecane, 7-propyl 2 7.8 -105.5 

Tetradecane, 7-butyl 2 8.5 -118.0 

Tetradecane, 6-butyl 2 8.5 -115.0 

Tetradecane, 5-butyl 2 9.2 -107.5 

Hexadecane, 3-ethyl 2 12.0 -38.5 

Hexadecane, 4-ethyl 2 1.4 -52.0 

Hexadecane, 6-ethyl 2 1.4 -68.0 

5-ethyl-5-Methylpentadecane 1 0.0 -90.0 
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3-Ethyl-3-methylpentadecane 1 0.0 -48.0 

2,2-Dimethylhexadecane 1 0.0 -84.0 

6,6-Diethyltetradecane 1 0.0 -105.0 

7,12-dimethylhexadecane 1 0.0 87.0 

Pentadecane, 5-propyl 1 0.0 -88.0 

Pentadecane, 7-ethyl-8-methyl 1 0.0 -134.0 

Tridecane, 7-ethyl-6-propyl 1 0.0 -208.0 

Tridecane, 5-butyl-6-methyl 1 0.0 -171.0 

Undecane, 5-butyl-6-propyl 1 0.0 -250.0 

Dodecane, 5-butyl-6-ethyl 1 0.0 -218.0 

Hexadecane, 8,9-dimethyl 1 0.0 -97.0 

Tetradecane, 7,8-diethyl 1 0.0 -178.0 

Dodecane, 6,7-dipropyl 1 0.0 -240.0 

Pentadecane, 8-propyl 1 0.0 -112.0 

Pentadecane, 6-propyl 1 0.0 -108.0 

Heptadecane, 8-ethyl 1 0.0 12.0 

Decane, 5,6-dibutyl 1 0.0 -262.0 

Tridecane, 7-pentyl 1 0.0 -129.0 

Tridecane, 6-pentyl 1 0.0 -128.0 

Pentadecane, 2,6,10,14-tetramethyl- 43 13.0 -204.0 

Octadecane, 2-methyl- 8 8.7 -33.6 

Octadecane, 4-methyl- 7 1.8 -41.5 

Hexadecane, 2,6,10-trimethyl- 10 9.7 -166.5 

Octadecane, 3-methyl- 4 4.3 -28.7 

Octadecane, 6-methyl- 4 3.3 -53.2 

Hexadecane, 3,7,11-trimethyl 5 9.0 -154.2 

6,7-dimethylheptadecane 3 1.2 -85.7 

5,6-dimethylheptadecane 3 0.6 -78.7 

Octadecane, 8-methyl 3 4.3 -57.1 

Hexadecane, 2,10,14-trimethyl 4 6.9 -122.5 

Hexadecane, 2,6,14-trimethyl 4 6.9 -117.5 

6,11-dimethylheptadecane 2 0.0 -106.0 

4,12-dimethylheptadecane 2 0.0 -96.0 

7,11-dimethylheptadecane 2 0.0 -115.0 

6,12-dimethylheptadecane 2 0.0 -104.0 

Octadecane, 9-methyl 2 5.7 -60.0 

Hexadecane, 8-ethyl 2 9.2 -179.5 

3,3,9,9-Tetraethylundecane 1 0.0 -121.0 

5,5,7,7-Tetraethylundecane 1 0.0 -167.0 

5-Butyl-5-ethyl-tridecane 1 0.0 -153.0 

3,3-Dimethylheptadecane 1 0.0 -60.0 

7,7-Diethylpentadecane 1 0.0 -111.0 

5,5-Diethylpentadecane 1 0.0 -95.0 

3,3-Diethylpentadecane 1 0.0 -43.0 
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3-Ethylheptadecane 1 0.0 -34.0 

5-Ethylheptadecane 1 0.0 -65.0 

3,15-dimethylheptadecane 1 0.0 -58.0 

4,13-dimethylheptadecane 1 0.0 -88.0 

5,13-dimethylheptadecane 1 0.0 -96.0 

3,14-dimethylheptadecane 1 0.0 -71.0 

4,14-dimethylheptadecane 1 0.0 -84.0 

4,5-dimethylheptadecane 1 0.0 -68.0 

3,4-dimethylheptadecane 1 0.0 -49.0 

Hexadecane, 3-propyl 1 0.0 -53.0 

Hexadecane, 7-propyl 1 0.0 -100.0 

Hexadecane, 5-propyl 1 0.0 -91.0 

Hexadecane, 4-propyl 1 0.0 -77.0 

Hexadecane, 6-propyl 1 0.0 -96.0 

Tetradecane, 7-pentyl 1 0.0 -132.0 

Tetradecane, 6-pentyl 1 0.0 -129.0 

Pentadecane, 7-butyl 1 0.0 -125.0 

Heptadecane, 9-ethyl 1 0.0 -88.0 

Hexadecane, 2,6,10,14-tetramethyl- 43 10.8 -198.1 

Nonadecane, 3-methyl- 12 3.1 -28.8 

Nonadecane, 2-methyl- 8 1.8 -35.7 

Nonadecane, 4-methyl- 3 0.1 -40.0 

Hexadecane, 2,6,11,15-tetramethyl- 3 12.1 -201.0 

Nonadecane, 7-methyl 4 2.5 -56.6 

10-Methylnonadecane 4 4.4 -59.3 

Hexadecane, 5-butyl- 2 0.7 -103.5 

Nonadecane, 8-methyl 3 2.2 -57.4 

Hexadecane, 2,6,10,15-tetramethyl 3 11.4 -207.0 

5-ethyloctadecane 3 18.2 -53.0 

Hexadecane, 7-butyl 3 5.5 -120.3 

Hexadecane, 6-butyl 3 7.4 -115.7 

6,12-dimethyloctadecane 2 0.0 -108.0 

6,13-dimethyloctadecane 2 0.0 -104.0 

5,13-dimethyloctadecane 2 0.0 -101.0 

6,7-dimethyloctadecane 2 0.0 -85.0 

Nonadecane, 9-methyl- 2 4.9 -60.5 

Heptadecane, 7-propyl 2 8.5 -108.0 

Hexadecane, 8-propyl 2 9.2 -207.5 

Hexadecane, 8-butyl 2 9.2 -123.5 

Heptadecane, 5-propyl 2 0.7 -89.5 

2,6,10-trimethyl-7-(3-methylbutyl)dodecane 1 0.0 -294.0 

5-Ethyl-5-methylheptadecane 1 0.0 -89.0 

3-Ethyl-3-methylheptadecane 1 0.0 -44.0 

7,11-dimethyloctadecane 1 0.0 -119.0 
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2,2-Dimethyloctadecane 1 0.0 -83.0 

7,12-dimethyloctadecane 1 0.0 -113.0 

6,6-Diethylhexadecane 1 0.0 -106.0 

5,6-dimethyloctadecane 1 0.0 -79.0 

6-methylnonadecane 1 0.0 -52.0 

4,8,12-trimethylheptadecane 1 0.0 -164.0 

Pentadecane, 4,6,8,10,12-pentamethyl 1 0.0 -320.0 

3,13,14-trimethylheptadecane 1 0.0 -97.0 

2,13,14-trimethylheptadecane 1 0.0 -105.0 

4,12,13-trimethylheptadecane 1 0.0 -121.0 

3,4,15-trimethylheptadecane 1 0.0 -78.0 

4,5,14-trimethylheptadecane 1 0.0 -109.0 

4,5,13-trimethylheptadecane 1 0.0 -116.0 

3,4,14-trimethylheptadecane 1 0.0 -91.0 

Octadecane, 4-ethyl 1 0.0 -52.0 

Octadecane, 6-ethyl 1 0.0 -71.0 

Octadecane, 7-ethyl 1 0.0 -76.0 

Octadecane, 3-ethyl 1 0.0 -48.0 

Pentadecane, 7-methyl-6-propyl 1 0.0 -362.0 

Pentadecane, 8-ethyl-7-propyl 1 0.0 -220.0 

Heptadecane, 9-ethyl-8-methyl 1 0.0 -142.0 

Hexadecane, 8-methyl-7-propyl 1 0.0 -172.0 

Pentadecane, 6-butyl-7-methyl 1 0.0 -185.0 

Tetradecane, 6-butyl-7-ethyl 1 0.0 -136.0 

Tridecane, 6-butyl-7-propyl 1 0.0 -272.0 

Tetradecane, 7,8-dipropyl 1 0.0 -255.0 

Octadecane, 9,10-dimethyl 1 0.0 -102.0 

Hexadecane, 8,9-diethyl 1 0.0 -189.0 

Pentadecane, 6-pentyl 1 0.0 -132.0 

Dodecane, 6,7-dibutyl 1 0.0 -290.0 

Heptadecane, 9-propyl 1 0.0 -116.0 

Pentadecane, 7-pentyl 1 0.0 -135.0 

Pentadecane, 8-butyl 1 0.0 -227.0 

Octadecane, 8-ethyl 1 0.0 -89.0 

Octadecane, 9-ethyl 1 0.0 -90.0 

Heptadecane, 2,6,10,14-tetramethyl- 16 11.2 -222.1 

Eicosane, 2-methyl- 10 1.3 -36.7 

Eicosane, 3-methyl- 8 4.3 -31.0 

Eicosane, 4-methyl 6 2.1 -42.0 

Eicosane, 10-methyl- 1 0.0 -58.4 

Heptadecane, 2,6,10,15-tetramethyl- 3 15.0 -202.7 

Eicosane, 6-methyl 3 0.5 -51.7 

Eicosane, 8-methyl 2 3.7 -59.3 

Eicosane, 9-methyl 2 3.0 -59.9 
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Hexadecane, 7-pentyl 2 6.4 -131.5 

2,6,10-trimethyl-7-(3-methylpentyl)dodecane 1 0.0 -299.0 

3,7,11-trimethyl-7-(3-methylbutyl)tridecane 1 0.0 -294.0 

3,3,11,11-Tetraethyltridecane 1 0.0 -120.0 

5,5,9,9-Tetraethyltridecane 1 0.0 -169.0 

5-Butyl-5-ethylpentadecane 1 0.0 -156.0 

3,3-Diethylheptadecane 1 0.0 -39.0 

3,3-Dimethylnonadecane 1 0.0 -58.0 

5,5-Diethylheptadecane 1 0.0 -94.0 

7,7-Diethylheptadecane 1 0.0 -112.0 

6,14-dimethylnonadecane 1 0.0 -106.0 

6,13-dimethylnonadecane 1 0.0 -109.0 

7,13-dimethylnonadecane 1 0.0 -114.0 

3-Ethylnonadecane 1 0.0 -33.0 

5-Ethylnonadecane 1 0.0 -66.0 

6,10,14-trimethyloctadecane 1 0.0 -172.0 

Eicosane, 7-methyl 1 0.0 -54.6 

Heptadecane, 3,7,11,15-tetramethyl 1 0.0 -208.0 

Hexadecane, 6-pentyl 1 0.0 -120.0 

Hexadecane, 5-pentyl 1 0.0 -112.0 

Hexadecane, 8-pentyl 1 0.0 -129.0 

Hexadecane, 3-pentyl 1 0.0 -72.0 

Hexadecane, 4-pentyl 1 0.0 -100.0 

Heptadecane, 8-butyl 1 0.0 -130.0 

Octadecane, 9-propyl 1 0.0 -118.0 

Nonadecane, 9-ethyl 1 0.0 -92.0 

Heneicosane, 3-methyl- 13 2.0 -27.6 

Octadecane, 2,6,10,14-tetramethyl- 16 12.4 -231.7 

Heneicosane, 5-methyl- 8 2.1 -48.9 

Heneicosane, 4-methyl 4 2.5 -40.5 

11-Methylheneicosane 4 1.9 -60.2 

Heneicosane, 10-methyl- 3 3.5 -63.5 

Heneicosane, 7-methyl 3 1.0 -56.0 

Heneicosane, 6-methyl 2 0.3 -51.8 

Octadecane, 2,6,10,15-tetramethyl 2 14.1 -220.0 

Heneicosane, 9-methyl 2 3.0 -60.9 

Octadecane, 7-butyl 2 7.8 -125.5 

Hexadecane, 3-hexyl 2 0.7 -77.5 

3,7,11-trimethyl-6-(3-methylpentyl)tridecane 1 0.0 -299.0 

5-Ethyl-5-methylnonadecane 1 0.0 -89.0 

3-Ethyl-3-methylnonadecane 1 0.0 -42.0 

6,6-Diethylhoctadecane 1 0.0 -106.0 

Heneicosane, 8-methyl 1 0.0 -57.4 

Nonadecane, 5-propyl 1 0.0 -92.0 
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Eicosane, 4-ethyl 1 0.0 -52.0 

Eicosane, 5-ethyl 1 0.0 -63.0 

Eicosane, 6-ethyl 1 0.0 -71.0 

Eicosane, 3-ethyl 1 0.0 -48.0 

Tetradecane, 6-pentyl-7-propyl 1 0.0 -290.0 

Heptadecane, 7-butyl-8-methyl 1 0.0 -195.0 

Octadecane, 9-methyl-8-propyl 1 0.0 -180.0 

Nonadecane, 9-ethyl-10-methyl 1 0.0 -150.0 

Hexadecane, 7-methyl-6-pentyl 1 0.0 -200.0 

Heptadecane, 9-ethyl-8-propyl 1 0.0 -230.0 

Pentadecane, 7-butyl-8-propyl 1 0.0 -284.0 

Pentadecane, 7-ethyl-6-pentyl 1 0.0 -254.0 

Tridecane, 7-butyl-6-pentyl 1 0.0 -307.0 

Hexadecane, 7-butyl-8-ethyl 1 0.0 -248.0 

Hexadecane, 4-hexyl 1 0.0 -105.0 

Hexadecane, 6-hexyl 1 0.0 -128.0 

Hexadecane, 7-hexyl 1 0.0 -134.0 

Hexadecane, 8-hexyl 1 0.0 -136.0 

Hexadecane, 8,9-dipropyl 1 0.0 -266.0 

Octadecane, 9,10-diethyl 1 0.0 -192.0 

Tetradecane, 7,8-dibutyl 1 0.0 -301.0 

Eicosane, 10,11-dimethyl 1 0.0 -108.0 

Dodecane, 6,7-dipentyl 1 0.0 -316.0 

Heptadecane, 6-pentyl 1 0.0 -135.0 

Nonadecane, 8-propyl 1 0.0 -120.0 

Eicosane, 9-ethyl 1 0.0 -93.0 

Nonadecane, 2,6,10,14-tetramethyl- 12 14.6 -246.6 

4-Methyldocosane 8 2.1 -42.3 

2-Methyldocosane 7 2.2 -36.4 

Docosane, 3-methyl 6 4.0 -28.9 

5-Methyldocosane 3 0.6 -47.7 

Docosane, 6-methyl- 2 0.8 -52.4 

Docosane, 10-methyl 2 4.0 -63.2 

5,5,11,11-Tetraethylpentadecane 1 0.0 -170.0 

3,3,13,13-Tetraethylpentadecane 1 0.0 -117.0 

5-Butyl-5-ethylheptadecane 1 0.0 -157.0 

3,3-Dimethylhenicosane 1 0.0 -56.0 

3,3-Diethylnonadecane 1 0.0 -35.0 

7,7-Diethylnonadecane 1 0.0 -113.0 

5,5-Diethylnonadecane 1 0.0 -92.0 

2,2-Dimethylicosane 1 0.0 -183.0 

5-Ethylhenicosane 1 0.0 -66.0 

Nonadecane, 2,6,10,15-tetramethyl 1 0.0 -212.0 

Docosane, 7-methyl 1 0.0 -55.3 
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Docosane, 9-methyl 1 0.0 -59.3 

Docosane, 8-methyl 1 0.0 -57.7 

3,11-Dimethylheneicosane 1 0.0 -89.0 

5,17-Dimethylheneicosane 1 0.0 -96.0 

3,13-Dimethylheneicosane 1 0.0 -89.0 

Heneicosane, 7,11-dimethyl- 1 0.0 -128.0 

Hexadecane, 7-heptyl 1 0.0 -140.0 

Hexadecane, 4-heptyl 1 0.0 -110.0 

Hexadecane, 5-heptyl 1 0.0 -125.0 

Hexadecane, 6-heptyl 1 0.0 -134.0 

Hexadecane, 3-heptyl 1 0.0 -82.0 

Hexadecane, 8-heptyl 1 0.0 -142.0 

Docosane, 8-methyl 1 0.0 -58.0 

5-Methyltricosane 12 2.7 -50.0 

3-Methyltricosane 14 2.4 -27.2 

11-Methyltricosane 11 2.1 -64.9 

Nonadecane, 2,6,10,14,18-pentamethyl- 12 16.0 -285.1 

Tricosane, 2-methyl- 6 1.5 -36.3 

Tricosane, 4-methyl 4 3.2 -43.0 

12-methyltricosane 6 2.6 -62.5 

Tricosane, 7-methyl 3 1.6 -57.6 

Eicosane, 2,6,10,14-tetramethyl 3 3.5 -258.0 

9-methyltricosane 2 1.4 -64.0 

Eicosane, 2,6,10,15-tetramethyl 2 7.8 -239.5 

Hexadecane, 4-octyl 2 10.6 -122.5 

2,6,10,14-tetramethyl-7-(3-methylbutyl)pentadecane 1 0.0 -295.0 

3-Ethyl-3-methylhenicosane 1 0.0 -39.0 

5-Ethyl-5-methylhenicosane 1 0.0 -87.0 

2,2-Dimethyldocosane 1 0.0 -83.0 

6,6-Diethylicosane 1 0.0 -104.0 

Tricosane, 10-methyl 1 0.0 -61.3 

6-Methyltricosane 1 0.0 -52.1 

Tricosane, 8-methyl 1 0.0 -58.3 

Docosane, 7-ethyl 1 0.0 -80.0 

8,12-Dimethyldocosane 1 0.0 -133.0 

Docosane, 4-ethyl 1 0.0 -52.0 

Docosane, 3-ethyl 1 0.0 -48.0 

Docosane, 6-ethyl 1 0.0 -73.0 

Docosane, 5-ethyl 1 0.0 -65.0 

Eicosane, 3,7,11,15-tetramethyl 1 0.0 -244.0 

Heneicosane, 10-ethyl-11-methyl 1 0.0 -154.0 

Octadecane, 8-methyl-7-pentyl 1 0.0 -214.0 

Nonadecane, 10-ethyl-9-propyl 1 0.0 -241.0 

Hexadecane, 7-pentyl-8-propyl 1 0.0 -303.0 
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Heptadecane, 8-butyl-9-propyl 1 0.0 -296.0 

Nonadecane, 8-butyl-9-methyl 1 0.0 -207.0 

Octadecane, 8-butyl-9-ethyl 1 0.0 -260.0 

Tricosane, 9-methyl 1 0.0 -61.0 

Hexadecane, 5-octyl 1 0.0 -130.0 

Hexadecane, 6-octyl 1 0.0 -139.0 

Hexadecane, 7-octyl 1 0.0 -147.0 

Octadecane, 9,10-dipropyl 1 0.0 -276.0 

Tetradecane, 7,8-dipentyl 1 0.0 -334.0 

Hexadecane, 8-octyl 1 0.0 -148.0 

Hexadecane, 3-octyl 1 0.0 -85.0 

Docosane, 11,12-dimethyl 1 0.0 -117.0 

Hexadecane, 8,9-dibutyl 1 0.0 -318.0 

Docosane, 10-ethyl 1 0.0 -96.0 

Eicosane, 8-butyl 1 0.0 -142.0 

2-Methyltetracosane 10 2.8 -37.4 

Eicosane, 2,6,10,14,18-pentamethyl- 10 16.9 -280.3 

Tetracosane, 4-methyl 7 9.6 -43.6 

3-Methyltetracosane 8 3.4 -28.8 

Tetracosane, 5-methyl 5 2.8 -49.6 

3,9-dimethyltricosane 4 3.2 -92.8 

Eicosane, 2,6,10,14,19-pentamethyl- 3 21.2 -277.3 

Tetracosane, 12-methyl 3 2.7 -65.5 

3,11-Dimethyltricosane 3 2.9 -93.3 

Tetracosane, 10-methyl 3 2.2 -63.6 

11-methyltetracosane 2 4.7 -65.7 

Tetracosane, 8-methyl 2 5.3 -62.3 

Tetracosane, 6-methyl 2 1.4 -53.0 

3,13-dimethyl-tricosane 2 3.5 -92.5 

Eicosane, 2,6,10,15,19-pentamethyl 2 8.5 -265.0 

Heneicosane, 2,6,10,15-tetramethyl 2 46.0 -264.5 

12-ethyltricosane 2 6.4 -90.5 

3,3,15,15-Tetraethylheptadecane 1 0.0 -113.0 

5,5,13,13-Tetraethylheptadecane 1 0.0 -170.0 

5-Butyl-5-ethyl-nonadecane 1 0.0 -157.0 

3,3-Dimethyltricosane 1 0.0 -55.0 

3,3-Diethylhenicosane 1 0.0 -31.0 

7,7-Diethylhenicosane 1 0.0 -111.0 

5,5-Diethylhenicosane 1 0.0 -90.0 

5-Ethyltricosane 1 0.0 -66.0 

7,11-Dimethyltricosane 1 0.0 -147.0 

Tetracosane, 9-methyl 1 0.0 -60.3 

Tetracosane, 7-methyl 1 0.0 -55.8 

5,11-dimethyl-tricosane 1 0.0 -120.0 
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3,7-dimethyl-tricosane 1 0.0 -95.0 

3,5-dimethyl-tricosane 1 0.0 -56.0 

5,9-dimethyl-tricosane 1 0.0 -120.0 

Tricosane, 3-ethyl 1 0.0 -32.0 

Hexadecane, 6-nonyl 1 0.0 -143.0 

Hexadecane, 8-nonyl 1 0.0 -152.0 

Hexadecane, 3-nonyl 1 0.0 -88.0 

Hexadecane, 7-nonyl 1 0.0 -151.0 

Hexadecane, 5-nonyl 1 0.0 -134.0 

Hexadecane, 4-nonyl 1 0.0 -118.0 

3-Methylpentacosane 24 3.2 -25.4 

13-methylpentacosane 16 3.1 -65.7 

Pentacosane, 5-methyl 10 4.1 -49.7 

2-Methylpentacosane 8 1.6 -37.0 

11-Methylpentacosane 8 11.2 -62.0 

9-Methylpentacosane 6 10.1 -60.1 

Pentacosane, 4-methyl 4 3.6 -41.1 

Heneicosane, 2,6,10,14,18-pentamethyl 4 0.0 -307.0 

Heneicosane, 11-pentyl- 1 0.0 -147.0 

7-Methylpentacosane 3 2.1 -58.3 

Pentacosane, 12-methyl 3 3.3 -67.2 

Tetracosane, 3-ethyl- 1 0.0 -33.0 

Pentacosane, 10-methyl 2 2.6 -64.2 

Pentacosane, 8-methyl 2 2.3 -60.3 

6-Methylpentacosane 2 2.7 -54.1 

5,9-Dimethyltetracosane 2 0.0 -115.0 

12-propyltricosane 2 1.4 -121.0 

2,6,10,15,19-Pentamethylicosane, # 2 1 0.0 -326.0 

3-Ethyl-3-methyl-tricosane 1 0.0 -35.0 

5-Ethyl-5-methyl-tricosane 1 0.0 -85.0 

3,7,11-trimethyltricosane 1 0.0 -140.0 

2,2-Dimethyltetracosane 1 0.0 -82.0 

6,6-Diethyldocosane 1 0.0 -102.0 

Docosane, 2,6,10,15-tetramethyl 1 0.0 -246.0 

4,18-dimethyl-tetracosane 1 0.0 -112.0 

4,10-dimethyl-tetracosane 1 0.0 -112.0 

4,12-dimethyl-tetracosane 1 0.0 -112.0 

Heneicosane, 3,7,11,15,19-pentamethyl 1 0.0 -286.0 

Heneicosane, 2,6,10,15,19-pentamethyl 1 0.0 -281.0 

Heneicosane, 2,6,10,14,19-pentamethyl 1 0.0 -291.0 

Hexadecane, 8-decyl 1 0.0 -155.0 

Hexadecane, 4-decyl 1 0.0 -122.0 

Hexadecane, 3-decyl 1 0.0 -91.0 

Hexadecane, 7-decyl 1 0.0 -153.0 
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2-Methylhexacosane 10 2.7 -37.5 

3-Methylhexacosane 11 5.1 -26.0 

Hexacosane, 13-methyl 11 5.0 -66.7 

Hexacosane, 12-methyl 11 5.1 -66.7 

Hexacosane, 4-methyl 8 6.7 -38.3 

3,11-dimethyl-pentacosane 6 2.1 -92.2 

Pentacosane, 3,7-dimethyl 6 2.7 -91.6 

5,11-dimethylpentacosane 5 3.1 -118.6 

Hexacosane, 10-methyl 4 2.8 -65.4 

3,9-dimethyl-pentacosane 4 2.5 -92.8 

Hexacosane, 11-methyl 4 2.0 -65.4 

Pentacosane, 5,9-dimethyl 4 4.4 -116.0 

3,15-dimethylpentacosane 4 4.1 -95.0 

Hexacosane, 5-methyl 3 3.6 -48.0 

Hexadecane, 5-undecyl 3 3.6 -139.0 

6-Methylhexacosane 2 0.8 -51.6 

3,13-dimethyl-pentacosane 2 2.8 -94.0 

5,13-Dimethylpentacosane 2 2.8 -119.0 

4,8,12-Trimethyltetracosane 2 0.0 -180.0 

7,11-Dimethylpentacosane 2 0.0 -123.0 

5,17-Dimethylpentacosane 2 0.0 -115.0 

Hexacosane, 8-methyl 2 5.0 -62.4 

3,3,17,17-Tetraethylnonadecane 1 0.0 -108.0 

5-Butyl-5-ethylhenicosane 1 0.0 -157.0 

3,3-Dimethylpentacosane 1 0.0 -53.0 

11,15-dimethylpentacosane 1 0.0 -135.0 

3,3-Diethyltricosane 1 0.0 -27.0 

5,5-Diethyltricosane 1 0.0 -87.0 

Hexacosane, 7-methyl 1 0.0 -56.2 

9,15-dimethyl-pentacosane 1 0.0 -138.0 

9,13-dimethyl-pentacosane 1 0.0 -138.0 

3,5-dimethyl-pentacosane 1 0.0 -57.0 

5-ethylpentacosane 1 0.0 -32.0 

3,21-dimethylpentacosane 1 0.0 -74.0 

Docosane, 3,7,11,15,19-pentamethyl 1 0.0 -304.0 

Docosane, 2,6,10,15,19-pentamethyl 1 0.0 -306.0 

Docosane, 2,6,10,14,19-pentamethyl 1 0.0 -309.0 

Pentacosane, 3-ethyl 1 0.0 -33.0 

Hexadecane, 6-undecyl 1 0.0 -152.0 

Hexadecane, 8-undecyl 1 0.0 -162.0 

Hexadecane, 3-undecyl 1 0.0 -93.0 

Hexadecane, 4-undecyl 1 0.0 -126.0 

3-Methylheptacosane 29 2.7 -26.0 

13-Methylheptacosane 24 3.8 -67.4 
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11-Methylheptacosane 18 3.2 -66.6 

Heptacosane, 7-methyl 9 2.2 -58.1 

5-methylheptacosane 8 3.1 -50.8 

9-Methylheptacosane 6 4.6 -64.3 

2-Methylheptacosane 4 1.4 -36.7 

4,8-dimethyl-hexacosane 4 3.8 -108.0 

2,6-Dimethylhexacosane 4 2.5 -94.7 

Tricosane, 2,6,10,14,18-pentamethyl 4 0.0 -330.0 

6,10-Dimethylhexacosane 3 4.0 -119.7 

14-Methylheptacosane 3 1.1 -66.4 

Hexacosane, 4,10-dimethyl 2 3.9 -110.3 

5,9,13-Trimethylpentacosane 2 0.0 -190.0 

5,11-Dimethylhexacosane 2 0.0 -118.0 

7,11-Dimethylhexacosane 2 0.0 -125.0 

Heptacosane, 12-methyl 2 6.6 -69.3 

12-pentyltricosane 2 1.4 -151.0 

3-Ethyl-3-methyl-pentacosane 1 0.0 -33.0 

6,6-Diethyltetracosane 1 0.0 -101.0 

2,2-Dimethylhexacosane 1 0.0 -82.0 

Heptacosane, 10-methyl 1 0.0 -62.8 

Heptacosane, 4-methyl 1 0.0 -39.1 

Heptacosane, 6-methyl 1 0.0 -52.2 

Heptacosane, 8-methyl 1 0.0 -59.0 

4,12-dimethyl-hexacosane 1 0.0 -113.0 

2,8-Dimethylhexacosane 1 0.0 -98.0 

7,13-Dimethylhexacosane 1 0.0 -26.0 

5,17-Dimethylhexacosane 1 0.0 -14.0 

3,15-Dimethylhexacosane 1 0.0 5.0 

9,19-Dimethylhexacosane 1 0.0 -35.0 

3,7-Dimethylhexacosane 1 0.0 9.0 

Hexacosane, 6,13-dimethyl 1 0.0 -119.0 

11,16-Dimethyl-hexacosane 1 0.0 -130.0 

Octacosane, 2-methyl- 11 2.9 -37.8 

14-methyloctacosane 11 9.0 -64.3 

4-methyloctacosane 10 3.7 -41.0 

3-Methyloctacosane 9 3.4 -25.9 

Octacosane, 12-methyl 10 4.5 -68.3 

3,7-dimethyl-heptacosane 7 3.6 -92.1 

Octacosane, 13-methyl 7 6.9 -64.8 

11,15-dimethylheptacosane 6 3.4 -140.8 

5,15-dimethylheptacosane 6 6.0 -116.8 

10-Methyloctacosane 5 4.9 -69.0 

3,13-dimethylheptacosane 5 4.5 -98.0 

9,13-dimethylheptacosane 4 4.2 -140.0 
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Tricosane, 2,6,10,14,18,22-hexamethyl 4 0.5 -377.3 

3,9-dimethyl-heptacosane 3 5.3 -94.0 

5,13-dimethyl-heptacosane 3 11.2 -126.7 

8-Methyloctacosane 3 8.0 -61.9 

Heptacosane, 5,11-dimethyl 3 12.4 -124.7 

9,11-Dimethylheptacosane 3 18.3 -120.7 

Heptacosane, 5,17-dimethyl 3 3.1 -113.3 

11-Methyloctacosane 2 2.8 -67.0 

Octacosane, 11-methyl 2 2.1 -65.6 

4,8,12-Trimethylhexacosane 2 0.0 -181.0 

11,17-Dimethyl-heptacosane 2 2.8 -128.0 

Heptacosane, 7,11-dimethyl 2 4.4 -135.9 

12-hexyltricosane 2 7.1 -160.0 

9-Octyleicosane 1 0.0 -761.0 

3,3,19,19-Tetraethylhenicosane 1 0.0 -105.0 

5-Butyl-5-ethyltricosane 1 0.0 -158.0 

5,5-Diethylpentacosane 1 0.0 -85.0 

3,3-Diethylpentacosane 1 0.0 -23.0 

3,11-dimethyl-heptacosane 1 0.0 -90.0 

6-Methyloctacosane 1 0.0 -46.0 

Octacosane, 10-methyl 1 0.0 -62.9 

Octacosane, 5-methyl 1 0.0 -46.6 

Octacosane, 9-methyl 1 0.0 -60.9 

Octacosane, 7-methyl 1 0.0 -56.0 

5,9-dimethyl-heptacosane 1 0.0 -124.0 

9,17-Dimethylheptacosane 1 0.0 -130.0 

2,17-Dimethylheptacosane 1 0.0 -103.0 

2,21-Dimethylheptacosane 1 0.0 -103.0 

9,15-dimethylheptacosane 1 0.0 -136.0 

5-ethylheptacosane 1 0.0 -32.0 

Heptacosane, 9,19-dimethyl 1 0.0 -135.0 

Heptacosane, 3,15-dimethyl 1 0.0 -95.0 

2,12-Dimethylheptacosane 1 0.0 -106.0 

Tetracosane, 3,7,11,15,19-pentamethyl 1 0.0 -324.0 

9,14-Dimethylheptacosane 1 0.0 -132.0 

2,10-Dimethylheptacosane 1 0.0 -98.0 

2,14-Dimethylheptacosane 1 0.0 -106.0 

Heptacosane, 7,13-dimethyl 1 0.0 -126.0 

8,14-Dimethylheptacosane 1 0.0 -129.0 

3,23-dimethylheptacosane 1 0.0 -74.0 

2,6-Dimethylheptacosane 1 0.0 -92.0 

2,8-Dimethylheptacosane 1 0.0 -98.0 

Tetracosane, 2,6,10,15,19-pentamethyl 1 0.0 -328.0 

Tetracosane, 2,6,10,14,19-pentamethyl 1 0.0 -331.0 
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13-Methylnonacosane 27 5.5 -67.1 

Nonacosane, 3-methyl- 25 3.7 -27.8 

Squalane 22 11.8 -341.8 

11-Methylnonacosane 22 3.2 -67.1 

15-methylnonacosane 13 2.1 -67.2 

9-Methylnonacosane 12 3.3 -65.8 

7-methylnonacosane 12 2.3 -58.0 

Nonacosane, 5-methyl 11 2.5 -48.3 

Nonacosane, 2-methyl- 6 2.8 -37.8 

2,6-Dimethyloctacosane 4 0.2 -94.9 

Octacosane, 12,16-dimethyl 4 5.8 -141.5 

Tetracosane, 2,6,10,14,18,22-hexamethyl 4 0.0 -373.0 

4,10-Dimethyloctacosane 3 5.2 -108.0 

2,10-Dimethyloctacosane 3 0.0 -101.0 

4,8-dimethyl-octacosane 3 4.5 -109.7 

Nonacosane, 6-methyl 2 1.3 -50.9 

3,7,11-Trimethylheptacosane 2 0.0 -162.0 

Nonacosane, 4-methyl 2 3.3 -40.7 

5,15-Dimethyloctacosane 2 0.0 -118.0 

7,13-Dimethyloctacosane 2 0.0 -127.0 

Nonacosane, 12-methyl 2 7.6 -70.6 

Octacosane, 8,12-dimethyl 2 2.1 -144.5 

2,6,10,14,18-Pentamethyl-7-(3-methyl-pentyl)-nonadecane 1 0.0 -475.0 

15-Methylnonacosane 1 0.0 -75.9 

6,6-Diethylhexacosane 1 0.0 -99.0 

(S)-13-methyl-nonacosane 1 0.0 -45.0 

11,15-dimethyl-octacosane 1 0.0 -45.0 

5,9-Dimethyloctacosane 1 0.0 -133.0 

Nonacosane, 14-methyl 1 0.0 -66.2 

Nonacosane, 10-methyl 1 0.0 -63.0 

Nonacosane, 8-methyl 1 0.0 -58.9 

4,12-dimethyl-octacosane 1 0.0 -114.0 

4,14-dimethyl-octacosane 1 0.0 -114.0 

13,16-Dimethyloctacosane 1 0.0 -88.0 

10,18-Dimethyloctacosane 1 0.0 -127.0 

2,4-Dimethyloctacosane 1 0.0 -95.0 

Heptacosane, 3,7,13-trimethyl 1 0.0 -160.0 

Octacosane, 4,16-dimethyl 1 0.0 -107.0 

Octacosane, 3,7-dimethyl 1 0.0 -89.0 

Octacosane, 7,11-dimethyl 1 0.0 -146.0 

11,18-Dimethyl-octacosane 1 0.0 -133.0 

11,16-Diethyl-hexacosane 1 0.0 -191.0 

12-heptyltricosane 1 0.0 -161.0 

2-Methyltriacontane 10 7.0 -35.2 
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3,7-dimethyl-nonacosane 8 2.8 -89.3 

14-Methyltriacontane 8 3.2 -68.3 

3-Methyltriacontane 7 5.6 -27.3 

11,15-dimethylnonacosane 8 6.2 -143.9 

12-Methyltriacontane 7 3.6 -67.9 

13,17-dimethylnonacosane 7 6.7 -141.4 

3,9-dimethyl-nonacosane 5 3.7 -93.2 

4-methyl-triacontane 4 6.7 -40.3 

10-methyl-triacontane 4 1.4 -66.0 

8-methyl-triacontane 4 4.1 -60.5 

6-methyl-triacontane 4 0.5 -55.3 

3,11-Dimethylnonacosane 4 3.7 -94.3 

3,13-dimethyl-nonacosane 4 3.8 -95.3 

13-Methyltriacontane 4 3.9 -69.5 

15-Methyltriacontane 4 3.2 -70.3 

Pentacosane, 2,6,10,14,18,22-hexamethyl 4 0.6 -389.5 

5,9-dimethylnonacosane 3 3.8 -119.7 

11-Methyltriacontane 3 4.7 -69.7 

5,13-Dimethylnonacosane 3 3.5 -120.0 

9,13-dimethylnonacosane 2 5.7 -141.0 

9-methyl-triacontane 2 1.4 -67.0 

11,19-dimethylnonacosane 2 2.8 -135.1 

2,10,18-Trimethyloctacosane 2 4.9 -178.5 

7,11-Dimethylnonacosane 2 1.4 -136.0 

7,17-Dimethylnonacosane 2 0.0 -127.0 

Nonacosane, 5,19-dimethyl 2 0.0 -117.0 

5,5-Diethylheptacosane 1 0.0 -82.0 

7-methyltriacontane 1 0.0 -60.0 

5,11-dimethylnonacosane 1 0.0 -117.0 

Triacontane, 5-methyl 1 0.0 45.0 

3,15-dimethyl-nonacosane 1 0.0 -97.0 

2,10,16-Trimethyloctacosane 1 0.0 -175.0 

5,17-dimethyl-nonacosane 1 0.0 -124.0 

2,17-Dimethylnonacosane 1 0.0 -103.0 

2,23-Dimethylnonacosane 1 0.0 -92.0 

2,19-Dimethylnonacosane 1 0.0 -103.0 

2,4,8-Trimethyloctacosane 1 0.0 -182.0 

5-ethylnonacosane 1 0.0 -32.0 

Pentacosane, 3,7,11,15,19,23-hexamethyl 1 0.0 -366.0 

Pentacosane, 2,6,10,14,19,23-hexamethyl 1 0.0 -372.0 

4,8,12-Trimethyloctacosane 1 0.0 -182.0 

Nonacosane, 9,15-dimethyl 1 0.0 -133.0 

Nonacosane, 8,12-dimethyl 1 0.0 -134.0 

11,17-Diethyl-heptacosane 1 0.0 -197.0 
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12-octyltricosane 1 0.0 -170.0 

13-Methylhentriacontane 21 2.5 -68.9 

11-Methylhentriacontane 17 2.3 -68.2 

Hentriacontane, 3-methyl- 16 3.3 -28.8 

15-Methylhentriacontane 16 3.6 -69.3 

9-Methylhentriacontane 11 2.6 -68.3 

5-Methylhentriacontane 10 2.8 -51.5 

7-Methylhentriacontane 8 6.3 -59.8 

2-Methylhentriacontane 6 5.8 -36.1 

4,10-Dimethyltriacontane 5 3.3 -106.8 

2,6-Dimethyltriacontane 4 0.5 -95.2 

4,8-dimethyl-triacontane 3 4.6 -107.3 

3,7,11-trimethyl-nonacosane 3 0.0 -163.0 

6,10-Dimethyltriacontane 3 2.9 -126.7 

Triacontane, 3,7-dimethyl 3 1.2 -91.3 

2,10-Dimethyltriacontane 3 2.3 -102.3 

2,12-Dimethyltriacontane 3 0.0 -105.0 

9,13,17-Trimethylnonacosane 3 4.0 -209.3 

16-Methylhentriacontane 3 9.2 -75.3 

4-Methylhentriacontane 3 9.8 -36.3 

3,7,15-trimethyl-nonacosane 2 0.0 -163.0 

10,14-Dimethyltriacontane 2 2.1 -137.5 

12,16-Dimethyltriacontane 2 13.4 -145.5 

14-methylhentriecontane 2 7.1 -74.0 

Triacontane, 8,12-dimethyl 2 9.9 -143.0 

Triacontane, 11,15-dimethyl 2 3.5 -135.5 

5,13,17-Trimethylnonacosane 2 0.0 -193.0 

6-Methylhentriacontane 2 0.0 -57.0 

11,15,19-trimethylnonacosane 2 2.1 -211.5 

3,9,13-trimethylnonacosane 1 0.0 -163.0 

6,6-Diethyloctacosane 1 0.0 -96.0 

4,16-dimethyl-triacontane 1 0.0 -110.0 

11,18-Dimethyltriacontane 1 0.0 -67.0 

13,17-Dimethyltriacontane 1 0.0 -155.0 

4,12-Dimethyltriacontane 1 0.0 -102.0 

11,17-Dimethyltricontane 1 0.0 -138.0 

11,19-Dimethyltricontane 1 0.0 -138.0 

10,20-Dimethyltriacontane 1 0.0 -142.0 

8,18-Dimethyltriacontane 1 0.0 -142.0 

2,4-Dimethyltriacontane 1 0.0 -96.0 

9,13,19-trimethylnonacosane 1 0.0 -213.0 

9,15,19-trimethylnonacosane 1 0.0 -213.0 

5,9,19-trimethylnonacosane 1 0.0 -191.0 

5,9,13-trimethylnonacosane 1 0.0 -191.0 
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5,9,15-trimethylnonacosane 1 0.0 -191.0 

Hexacosane, 3,7,11,15,19,23-hexamethyl 1 0.0 -387.0 

Hexacosane, 2,6,10,14,19,23-hexamethyl 1 0.0 -400.0 

Triacontane, 9,13-dimethyl 1 0.0 -133.0 

11,20-Dimethyl-triacontane 1 0.0 -132.0 

11,18-Diethyl-octacosane 1 0.0 -192.0 

10-Methyldotriacontane 16 3.9 -68.6 

13,17-Dimethylhentriacontane 11 6.2 -148.1 

11,15-Dimethylhentriacontane 10 7.0 -147.6 

9,13-Dimethylhentriacontane 7 7.4 -147.3 

3,7-dimethyl-hentriacontane 7 2.4 -91.7 

Dotriacontane, 2-methyl- 6 4.5 -40.5 

14-Methyldotriacontane 6 4.1 -69.3 

3-Methyldotriacontane 6 2.3 -24.3 

3,9-Dimethylhentriacontane 6 2.6 -92.2 

16-methyl-dotriacontane 6 3.3 -69.5 

7,11-Dimethylhentriacontane 5 4.5 -134.8 

13-Methyldotriacontane 5 4.6 -68.0 

3,11-Dimethylhentriacontane 4 3.3 -92.3 

3,15-dimethyl-hentriacontane 4 3.5 -94.0 

5,9-dimethyl-hentriacontane 3 1.0 -118.0 

3,7,11,15-tetramethyl-nonacosane 3 1.2 -238.7 

8-methyl-dotriacontane 3 7.6 -68.3 

5,13-Dimethylhentriacontane 3 11.5 -113.3 

Dotriacontane, 11-methyl 3 5.3 -68.0 

Hentriacontane, 5,17-dimethyl 3 0.0 -118.0 

Heptacosane, 2,6,10,14,18,22-hexamethyl 3 8.7 -420.0 

Hentriacontane, 9,19-dimethyl 2 1.4 -136.0 

3,13-Dimethylhentriacontane 2 0.0 -96.0 

7,25-dimethylhentriacontane 1 0.0 -130.0 

7,23-dimethylhentriacontane 1 0.0 -130.0 

(S)11,21-dimethyl-hentriacontane 1 0.0 -137.0 

3,17-dimethyl-hentriacontane 1 0.0 -97.0 

3,19-dimethyl-hentriacontane 1 0.0 -97.0 

Hentriacontane, 5,15-dimethyl 1 0.0 -122.0 

6-methyl-dotriacontane 1 0.0 -55.0 

4-methyl-dotriacontane 1 0.0 -35.0 

11,15,22-Trimethyltriacontane 1 0.0 -147.0 

7-Methyldotriacontane 1 0.0 -75.0 

5-Methyldotriacontane 1 0.0 -75.0 

Hentricosane, 11,19-dimethyl 1 0.0 -135.0 

11,19-Dimethylhentriacontane 1 0.0 -140.0 

2,12,20-Trimethyltriacontane 1 0.0 -177.0 

2,12,18-Trimethyltriacontane 1 0.0 -177.0 
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2,10,20-Trimethyltriacontane 1 0.0 -177.0 

11,17-Dimethylhentriacontane 1 0.0 -140.0 

2,10,18-Trimethyltriacontane 1 0.0 -177.0 

2,25-Dimethylhentriacontane 1 0.0 -96.0 

2,15-Dimethylhentriacontane 1 0.0 -102.0 

2,19-Dimethylhentriacontane 1 0.0 -102.0 

2,6,12-Trimethyltriacontane 1 0.0 -155.0 

2,21-Dimethylhentriacontane 1 0.0 -102.0 

15-Methyldotriacontane 1 0.0 -72.0 

5,9,13,19-tetramethylnonacosane 1 0.0 -260.0 

5,9,15,19-tetramethylnonacosane 1 0.0 -260.0 

5-ethylhentriacontane 1 0.0 -32.0 

Hentriacontane, 11,21-dimethyl 1 0.0 -137.0 

Hentriacontane, 7,19-dimethyl 1 0.0 -134.0 

Hentriacontane, 8,12-dimethyl 1 0.0 -149.0 

8,14-dimethylhentriacontane 1 0.0 -132.0 

13-Methyltritriacontane 19 4.3 -69.8 

11-Methyltritriacontane 15 3.3 -68.6 

15-Methyltritriacontane 14 5.0 -69.6 

17-Methyltritriacontane 13 4.5 -70.7 

Tritriacontane, 3-methyl- 9 2.4 -24.8 

9-Methyltritriacontane 7 3.7 -68.7 

Tritriacontane, 5-methyl- 6 4.8 -48.8 

3,7,11-trimethyl-hentriacontane 5 1.2 -164.0 

4,8-dimethyl-dotriacontane 5 1.3 -109.4 

11,15,19-Trimethylhentriacontane 5 4.7 -218.0 

14,18-Dimethyldotriacontane 5 7.3 -143.6 

Dotriacontane, 9,21-dimethyl 4 1.7 -136.5 

12,16-Dimethyldotriacontane 4 6.4 -145.5 

Dotriacontane, 8,12-dimethyl 4 2.9 -136.3 

13,17-Dimethyldotriacontane 4 9.1 -142.8 

Dotriacontane, 2,10-dimethyl 4 3.2 -104.2 

Heptacosane, 2,6,10,14,18,22,26-heptamethyl 4 0.0 -463.0 

Dotriacontane, 6,10-dimethyl 3 2.3 -127.3 

Hentriacontane, 9,13,17-trimethyl 3 2.6 -210.6 

Dotriacontane, 2,8-dimethyl 3 0.0 -103.0 

3,7,15-trimethylhentriacontane 2 0.0 -163.0 

10,22-dimethyldotriacontane 2 0.0 -135.0 

8,20-dimethyl-dotriacontane 2 0.0 -135.0 

7-Methyltritriacontane 2 0.0 -60.0 

3,9,15-trimethylhentriacontane 2 0.0 -169.0 

5,13,17-Trimethylhentriacontane 2 0.0 -195.0 

7,13,17-Trimethylhentriacontane 2 0.0 -209.0 

4-Methyltritriacontane 2 0.0 -42.0 
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6-Methyltritriacontane 2 0.0 -56.0 

2-Methyltritriacontane 2 0.0 -38.0 

3,11,15-trimethylhentriacontane 1 0.0 -169.0 

4,16-dimethyl-dotriacontane 1 0.0 -110.0 

Dotriacontane, 2,24-dimethyl 1 0.0 -103.0 

Dotriacontane, 2,22-dimethyl 1 0.0 -103.0 

10,14-Dimethyldotriacontane 1 0.0 -146.0 

16-Methyltritriacontane 1 0.0 -82.0 

14-Methyltritriacontane 1 0.0 -82.0 

8-Methyltritriacontane 1 0.0 -68.0 

2,15,21-Trimethylhentriacontane 1 0.0 -181.0 

11,19-Dimethyldotriacontane 1 0.0 -148.0 

12,20-Dimethyldotriacontane 1 0.0 -148.0 

11,21-Dimethyldotriacontane 1 0.0 -139.0 

10,20-Dimethyldotriacontane 1 0.0 -139.0 

9,19-Dimethyldotriacontane 1 0.0 -139.0 

10,16 -Dimethyldotriacontane 1 0.0 -139.0 

12,18-Dimethyldotriacontane 1 0.0 -139.0 

2,14-Dimethyldotriacontane 1 0.0 -102.0 

2,16-Dimethyldotriacontane 1 0.0 -102.0 

2,12-Dimethyldotriacontane 1 0.0 -102.0 

2,6-Dimethyldotriacontane 1 0.0 -102.0 

7,11,21-trimethylhentriacontane 1 0.0 -197.0 

7,11,25-trimethylhentriacontane 1 0.0 -197.0 

Hentriacontane, 7,11,15-trimethyl 1 0.0 -208.7 

Hentriacontane, 5,9,13-trimethyl 1 0.0 -200.0 

8,14,24-trimethylhentriacontane 1 0.0 -195.0 

Octacosane, 2,6,10,14,19,23-hexamethyl 1 0.0 -421.0 

11,20-Diethyl-triacontane 1 0.0 -195.0 

11,16-Dibutyl-hexacosane 1 0.0 -310.0 

11,15-Dimethyltritriacontane 11 7.1 -147.0 

3,9-dimethyltritriacontane 7 3.5 -94.7 

12-Methyltetratriacontane 6 4.1 -69.3 

Tritriacontane, 15,19-dimethyl- 6 5.5 -151.3 

11,21-Dimethyltritriacontane 5 3.0 -139.4 

9,13-dimethyltritriacontane 5 6.9 -140.6 

3,7,11,15-tetramethyl-hentriacontane 5 1.6 -240.2 

3,7-dimethyl-tritriacontane 5 3.9 -93.8 

Tetratriacontane, 4-methyl- 4 6.4 -41.5 

14-Methyltetratriacontane 4 4.2 -68.0 

Tritriacontane, 3,15-dimethyl 4 3.5 -94.0 

15-Methyltetratriacontane 4 5.9 -70.8 

11-Methyltetratriacontane 4 3.8 -73.3 

Octacosane, 2,6,10,14,18,22,26-heptamethyl 4 0.6 -460.5 



 

402 

 

13-Methyltetratriacontane 3 4.6 -73.0 

3,11-Dimethyltritriatcontane 3 2.1 -98.3 

Tritriacontane, 11,23-dimethyl 3 0.6 -137.7 

11,17-Dimethyltritriacontane 3 1.5 -139.3 

2,10,16-Trimethyldotriacontane 3 0.0 -176.0 

12,16,20-Trimethyldotriacontane 3 2.9 -217.3 

4,8,12-Trimethyldotriacontane 2 0.0 -180.0 

Tritriacontane, 5,17-dimethyl 3 0.6 -119.7 

Tritriacontane, 13,17-dimethyl 3 3.5 -144.7 

4,8,16-trimethyl-dotriacontane 2 0.0 -180.0 

9,21-dimethyl-tritriacontane 2 0.0 -137.0 

Tritriacontane, 7,11-dimethyl 2 4.9 -133.5 

16-methyl-tetratriacontane 2 6.4 -69.5 

5,9-dimethyl-tritriacontane 2 0.7 -117.5 

4,8,12,16-Tetramethylhentriacontane 2 0.0 -251.0 

4,12,16-Trimethyldotriacontane 2 0.0 -184.0 

6,14,18-Trimethyldotriacontane 2 0.0 -201.0 

5,19-Dimethyltritriacontane 2 0.0 -118.0 

Tritriacontane, 7,17-dimethyl 2 0.0 -130.0 

3-Methyltetratriacontane 2 2.1 -23.5 

13,19-Dimethyltritriacontane 2 1.4 -145.0 

2,6,10,14,18,22-Hexamethyl-7-(3-methyl-pentyl)-tricosane 1 0.0 -555.0 

9,19-dimethyltritriacontane 1 0.0 -137.0 

7,21-dimethyltritriacontane 1 0.0 -130.0 

7,19-dimethyltritriacontane 1 0.0 -130.0 

5,15-dimethyltritriacontane 1 0.0 -117.0 

(S)11,23-dimethyl-tritriacontane 1 0.0 -137.0 

(S)15,19-dimethyl-tritriacontane 1 0.0 -145.0 

3,13-dimethyl-tritriacontane 1 0.0 -97.0 

8-methyl-tetratriacontane 1 0.0 -60.0 

Tritriacontane, 5,23-dimethyl 1 0.0 -114.0 

Tritriacontane, 3,23-dimethyl 1 0.0 -93.0 

10,14,18-Trimethyldotriacontane 1 0.0 -221.0 

9,13,20-Trimethyldotriacontane 1 0.0 -137.0 

3,7,11,15,18-Pentamethyltriacontane 1 0.0 -313.0 

2,12,16-Trimethyldotriacontane 1 0.0 -176.0 

7,11,17,25-tetramethylhentriacontane 1 0.0 -260.0 

7,11,17,21-tetramethylhentriacontane 1 0.0 -260.0 

2,23-Dimethyltritriacontane 1 0.0 -102.0 

2,17-Dimethyltritriacontane 1 0.0 -102.0 

8,14,24,27-tetramethylhentriacontane 1 0.0 -251.0 

5-ethyltritriacontane 1 0.0 -32.0 

Tetratriacontane, 12,22-dimethyl 1 0.0 -39.0 

Tetratriacontane, 8,12-dimethyl 1 0.0 -35.0 



 

403 

 

Tetratriacontane, 6,10-dimethyl 1 0.0 -26.0 

Tetratriacontane, 4,16-dimethyl 1 0.0 -11.0 

Octacosane, 2,6,10,14,19,23,27-heptamethyl 1 0.0 -460.0 

11,17-Dibutyl-heptacosane 1 0.0 -312.0 

13-Methylpentatriacontane 12 4.1 -70.8 

15-Methylpentatriacontane 11 4.2 -71.1 

11-Methylpentatriacontane 10 4.4 -71.1 

17-Methylpentatriacontane 9 4.6 -71.0 

13,17-Dimethyltetratriacontane 6 3.5 -145.3 

3-Methylpentatriacontane 5 1.9 -26.6 

11,15,19-Trimethyltritriacontane 5 3.9 -223.0 

3,7,11-trimethyl-tritriacontane 4 2.9 -164.8 

12,22-Dimethyltetratriacontane 4 4.7 -138.5 

7,11,15-trimethyl-tritriacontane 4 2.3 -213.0 

3,7,15-trimethyl-tritriacontane 4 0.6 -163.5 

Tetratriacontane, 2,10-dimethyl 4 1.5 -105.3 

4,8-dimethyl-tetratriacontane 3 1.7 -109.0 

12,16-dimethyltetratriacontane 3 1.7 -146.0 

Pentatriacontane, 5-methyl- 3 1.7 -49.0 

15,19-Dimethyltetratriacontane 3 1.5 -146.3 

4,16-Dimethyltetratriacontane 3 0.6 -110.3 

13,17,21-Trimethyltritriacontane 3 2.0 -223.0 

Nonacosane, 2,6,10,14,18,22,26-heptamethyl 3 5.8 -471.7 

3-Methylpentatriacontane 2 1.3 -25.1 

11,15,23-trimethyltritriacontane 2 0.0 -220.0 

11,21-dimethyltetratriacontane 2 0.0 -135.0 

7-methyl-pentatriacontane 2 0.0 -60.0 

9,13,21-trimethyltritriacontane 2 3.5 -217.5 

14,18-dimethyl-tetratriacontane 2 2.1 -146.5 

6,10-Dimethyltetratriacontane 2 2.8 -128.0 

8,12-Dimethyltetratriacontane 2 3.5 -137.5 

9-methyl-pentatriacontane 2 6.4 -69.5 

Tetratriacontane, 6,14-dimethyl 2 3.5 -127.5 

Tritriacontane, 5,9,23-trimethyl 2 0.0 -191.0 

Tetratriacontane, 2,12-dimethyl 2 0.0 -106.0 

5,13,17-Trimethyltritriacontane 2 0.0 -195.0 

6,14,18-Trimethyltriacontane 2 0.0 -500.0 

18-Methylpentatriacontane 2 0.0 -73.0 

2-Methylpentatriacontane 2 0.0 -38.0 

Tritriacontane, 9,13,17-trimethyl 2 9.1 -214.6 

Pentatricosane, 13-methyl 1 0.0 -69.0 

Pentatricosane, 15-methyl 1 0.0 -69.0 

Pentatricosane, 17-methyl 1 0.0 -69.0 

9,13,23-trimethyl-tritriacontane 1 0.0 -220.0 
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3,7,13-trimethyl-tritriacontane 1 0.0 -163.0 

4,14-dimethyl-tetratriacontane 1 0.0 -110.0 

6,16-dimethyl-tetratriacontane 1 0.0 -130.0 

Tritriacontane, 5,17,23-trimethyl 1 0.0 -191.0 

10,14-Dimethyltetratriacontane 1 0.0 -148.0 

13,21-Dimethyltetratriacontane 1 0.0 -146.0 

12,20-Dimethyltetratriacontane 1 0.0 -146.0 

10,20-Dimethyltetratriacontane 1 0.0 -145.0 

2,19,23-Trimethyltritriacontane 1 0.0 -174.0 

10,18-Dimethyltetratriacontane 1 0.0 -139.0 

12,18-Dimethyltetratriacontane 1 0.0 -139.0 

2,16-Dimethyltetatriacontane 1 0.0 -103.0 

5,8,14,24,27-pentamethylhentriacontane 1 0.0 -307.0 

Tritriacontane, 7,13,17-trimethyl 1 0.0 -205.0 

Nonacosane, 2,6,10,14,19,23,27-heptamethyl 1 0.0 -461.0 

11,18-Dibutyl-octacosane 1 0.0 -302.0 

13,17-Dimethylpentatriacontane 10 6.4 -147.4 

11,15-Dimethylpentatriacontane 9 6.7 -146.7 

15,19-Dimethylpentatriacontane 7 5.9 -150.3 

3,7,11,15-tetramethyl-tritriacontane 5 0.5 -240.4 

11,23-dimethylpentatriacontane 4 1.7 -138.5 

4,8,12-trimethyl-tetratriacontane 4 2.3 -182.0 

3,15-Dimethylpentatriacontane 4 1.2 -98.0 

Pentatriacontane, 3,7-dimethyl 4 0.0 -90.0 

5,19-Dimethylpentatriacontane 3 1.7 -119.0 

9,21-dimethyl-pentatriacontane 3 1.2 -138.3 

2,10,16-Trimethyltetratriacontane 3 0.0 -176.0 

Pentatriacontane, 5,9-dimethyl 3 1.2 -120.7 

12,16,20-Trimethyltetratriacontane 3 3.5 -220.0 

10,14,22-trimethyl-tetratriacontane 2 0.0 -205.0 

4,8,16-trimethyltetratriacontane 2 0.0 -180.0 

11,21-dimethyl-pentatriacontane 2 0.0 -137.0 

7,19-dimethyl-pentatriacontane 2 0.0 -130.0 

5,21-dimethylpentatriacontane 2 0.0 -117.0 

7,21-dimethylpentatriacontane 2 0.0 -130.0 

Tetratriacontane, 6,10,14-trimethyl 2 0.7 -204.5 

Tetratriacontane, 10,14,18-trimethyl 2 5.6 -214.1 

4,8,12,16-Tetramethyltritriacontane 2 0.0 -252.0 

Pentatriacontane, 11,19-dimethyl 2 0.8 -140.4 

8,12,16-Trimethyltetratriacontane 2 0.0 -214.0 

6,14,18-Trimethyltetratriacontane 2 0.0 -203.0 

7,17-Dimethylpentatriacontane 2 0.0 -130.0 

7,11-dimethylpentatriacontane 2 0.7 -130.5 

13,23-dimethylpentatriacontane 1 0.0 -137.0 
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7,23-dimethylpentatriacontane 1 0.0 -130.0 

(S)13,23-dimethyl-pentatriacontane 1 0.0 -137.0 

4,8,14-trimethyl-tetratriacontane 1 0.0 -180.0 

Hexatriacontane, 6-methyl 1 0.0 -54.0 

Hexatriacontane, 4-methyl 1 0.0 -44.0 

9,19-dimethyl-pentatriacontane 1 0.0 -137.0 

5,17-dimethyl-pentatriacontane 1 0.0 -117.0 

7,15-dimethyl-pentatriacontane 1 0.0 -130.0 

3,9-dimethyl-pentatriacontane 1 0.0 -90.0 

13,17,21-Trimethyltetratriacontane 1 0.0 -216.0 

16-methyl-hexatriacontane 1 0.0 -65.0 

Pentatriacontane, 9,13-dimethyl 1 0.0 -141.0 

9,13,17-Trimethyltetratriacontane 1 0.0 -228.0 

Hexatriacontane, 11-methyl 1 0.0 -74.0 

Hexatriacontane, 12-methyl 1 0.0 -74.0 

3,7,11,15,18-Pentamethyldotriacontane 1 0.0 -300.0 

2,10,18-Trimethyltetratriacontane 1 0.0 -176.0 

11,17-Dimethylpentatriacontane 1 0.0 -140.0 

13,19-Dimethylpentatriacontane 1 0.0 -140.0 

13-Methylhexatriacontane 1 0.0 -69.0 

17-Methylhexatriacontane 1 0.0 -69.0 

15-Methylhexatriacontane 1 0.0 -69.0 

15-Methylhexatriacontane 1 0.0 -69.0 

18-Methylhexatriacontane 1 0.0 -69.0 

Tetratriacontane, 6,12,16-trimethyl 1 0.0 -200.0 

5,15-dimethylpentatriacontane 1 0.0 -120.0 

Triacontane, 2,6,10,14,19,23,27-heptamethyl 1 0.0 -489.0 

13-Methylheptatriacontane 7 4.5 -69.4 

15-Methylheptatriacontane 7 4.5 -69.4 

11,15,19-trimethylpentatriacontane 5 4.5 -218.0 

17-methylheptatriacontane 5 5.4 -69.0 

19-methylheptatriacontane 5 5.4 -69.0 

13,17,21-Trimethylpentatriacontane 5 2.2 -220.8 

11,15,23-Trimethylpentatriacontane 4 1.5 -219.3 

3,7,15-trimethyl-pentatriacontane 4 0.6 -163.5 

13,23-dimethyl-hexatriacontane 4 2.3 -137.0 

Hentriacontane, 2,6,10,14,18,22,26-heptamethyl 4 5.8 -507.0 

11-methyl-heptatriacontane 3 7.5 -69.3 

Heptatriacontane, 5-methyl- 3 3.1 -50.3 

13,17,23-Trimethylpentatriacontane 3 1.7 -218.0 

Hexatriacontane, 2,12-dimethyl 3 0.0 -105.0 

Hexatriacontane, 5,17-dimethyl 3 2.9 -121.7 

7,11,15-trimethylpentatriacontane 3 1.2 -211.3 

11,15,25-trimethyl-pentatriacontane 2 0.0 -220.0 
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11,19,23-trimethylpentatriacontane 2 0.0 -220.0 

14,18-dimethyl-hexatriacontane 2 0.0 -145.0 

12,22-dimethylhexatriacontane 2 0.0 -135.0 

15,19-dimethylhexatriacontane 2 0.0 -145.0 

9-methyl-heptatriacontane 2 0.0 -65.0 

Hexatriacontane, 12,16-dimethyl 2 9.9 -141.0 

5,9,13-Trimethylpentatriacontane 2 0.0 -195.0 

17,19,23-trimethylheptatriacontane 1 0.0 -15.0 

7,19,23-trimethylpentatriacontane 1 0.0 -215.0 

Heptatricosane, 17-methyl 1 0.0 -69.0 

Heptatricosane, 19-methyl 1 0.0 -69.0 

Heptatricosane, 11-methyl 1 0.0 -69.0 

Heptatricosane, 15-methyl 1 0.0 -69.0 

Heptatricosane, 13-methyl 1 0.0 -69.0 

3,7,13-trimethyl-pentatriacontane 1 0.0 -163.0 

Heptatriacontane, 3-methyl 1 0.0 -26.0 

16,20-dimethyl-hexatriacontane 1 0.0 -145.0 

4,16-dimethyl-hexatriacontane 1 0.0 -110.0 

Pentatriacontane, 9,13,17-trimethyl 1 0.0 -220.0 

Pentatriacontane, 5,15,23-trimethyl 1 0.0 -188.0 

Hexatriacontane, 13,17-dimethyl 1 0.0 -151.0 

Hexatriacontane, 2,24-dimethyl 1 0.0 -105.0 

2,10,14,18-Tetramethyltetratriacontane 1 0.0 -355.0 

9,13,23-Trimethylpentatriacontane 1 0.0 -207.0 

2,17,25-Trimethylpentatriacontane 1 0.0 -177.0 

13,21-Dimethylhexatriacontane 1 0.0 -146.0 

14,22-Dimethylhexatriacontane 1 0.0 -146.0 

10,18-Dimethylhexatriacontane 1 0.0 -134.0 

12,18-Dimethylhexatriacontane 1 0.0 -134.0 

12,20-Dimethylhexatriacontane 1 0.0 -134.0 

2,18-Dimethylhexatriacontane 1 0.0 -100.0 

2,20-Dimethylhexatriacontane 1 0.0 -100.0 

2,10-Dimethylhexatriacontane 1 0.0 -100.0 

11,15,21-trimethylpentatriacontane 1 0.0 -220.0 

11,20-Dibutyl-triacontane 1 0.0 -315.0 

13,17-Dimethylheptatriacontane 7 2.4 -143.7 

13,23-Dimethylheptatriacontane 6 5.9 -144.0 

11,15-Dimethylheptatriacontane 4 1.7 -143.5 

15,19-Dimethylheptatriacontane 4 1.7 -144.5 

4,8,16-trimethyl-hexatriacontane 4 2.9 -182.5 

3,15-dimethylheptatriacontane 4 1.2 -98.0 

3,7,11,15-tetramethyl-pentatriacontane 4 7.4 -245.0 

Hentriacontane, 2,6,10,14,18,22,26,30-octamethyl 4 0.0 -550.0 

11,23-dimethylheptatriacontane 3 2.9 -138.7 
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Heptatriacontane, 5,17-dimethyl 3 3.5 -122.0 

7,11,15,19-tetramethylpentatriacontane 3 8.1 -276.7 

17,21-Dimethylheptatriacontane 2 0.0 -145.0 

13,25-dimethylheptatriacontane 2 3.5 -139.5 

11,15,19,24-Tetramethylpentatriacontane 2 0.0 -295.0 

14,18,22-Trimethylhexatriacontane 2 0.0 -224.0 

8,12,16-Trimethylhexatriacontane 2 0.0 -215.0 

Heptatriacontane, 5,9-dimethyl 2 0.0 -121.0 

Heptatricosane, 11,27-dimethyl 1 0.0 -142.0 

Heptatricosane, 11,25-dimethyl 1 0.0 -142.0 

11,21-dimethylheptatriacontane 1 0.0 -137.0 

7,19-dimethylheptatriacontane 1 0.0 -130.0 

7,21-dimethylheptatriacontane 1 0.0 -130.0 

(S)13,25-dimethyl-heptatriacontane 1 0.0 -137.0 

Octatriacontane, 5-methyl- 1 0.0 -53.0 

Octatriacontane, 3-methyl- 1 0.0 -30.0 

3,19-dimethyl-heptatriacontane 1 0.0 -97.0 

3,17-dimethyl-heptatriacontane 1 0.0 -97.0 

Hexatriacontane, 11,15-19-trimethyl 1 0.0 -223.0 

Hexatriacontane, 12,16,20-trimethyl 1 0.0 -223.0 

Hexatriacontane, 5,13,17-trimethyl 1 0.0 -203.0 

Heptatriacontane, 11,19-dimethyl 1 0.0 -142.0 

Heptatriacontane, 14,18-dimethyl 1 0.0 -155.0 

Octatriacontane, 17-methyl 1 0.0 -78.0 

2,10,18-Trimethylhexatriacontane 1 0.0 -178.0 

7,11,15,21-tetramethylpentatriacontane 1 0.0 -286.0 

7,11,15,29-tetramethylpentatriacontane 1 0.0 -286.0 

5,11,15,19-tetramethylpentatriacontane 1 0.0 -272.0 

5,9,13,19-tetramethylpentatriacontane 1 0.0 -272.0 

13,19-Dimethylheptatriacontane 1 0.0 -142.0 

5,9,15,21-tetramethylpentatriacontane 1 0.0 -272.0 

11,17-dimethylheptatriacontane 1 0.0 -142.0 

8,12,18-trimethylhexatriacontane 1 0.0 -214.0 

8,12,24-trimethylhexatriacontane 1 0.0 -214.0 

5,15-dimethylheptatriacontane 1 0.0 -123.0 

3,7,15-trimethyl-heptatriacontane 4 1.2 -164.0 

Heptatriacontane, 11,15,19-trimethyl 3 0.6 -219.7 

Dotriacontane, 2,6,10,14,18,22,26,30-octamethyl 4 5.8 -551.0 

11,15,23-trimethylheptatriacontane 3 1.2 -219.3 

13,17,25-trimethylheptatriacontane 3 1.2 -219.3 

15,19,23-trimethylheptatriacontane 3 2.9 -223.3 

5,17-Dimethyloctatriacontane 3 1.2 -121.3 

11,19,23-trimethyl-heptatriacontane 2 0.0 -220.0 

15,19-dimethyloctatriacontane 2 0.0 -145.0 
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13,17,21-Trimethylheptatriacontane 2 1.4 -219.0 

Nonatriacontane, 5-methyl- 2 2.1 -49.5 

10,14,18,22-Tetramethylhexatriacontane 2 0.0 -296.0 

8,12,16,20-Tetramethylhexatriacontane 2 0.0 -287.0 

6,10,12,16-Tetramethylhexatriacontane 2 0.0 -277.0 

7,13,19-Trimethylheptatriacontane 2 0.0 -216.0 

5,13,17-Trimethylheptartiacontane 2 0.0 -197.0 

Dotriacontane, 2,6,10,14,19,23,27,31-octamethyl 2 0.0 -555.0 

Nonatricosane, 15-methyl 1 0.0 -71.0 

Nonatricosane, 11-methyl 1 0.0 -71.0 

Nonatricosane, 13-methyl 1 0.0 -71.0 

Nonatricosane, 19-methyl 1 0.0 -71.0 

Nonatricosane, 17-methyl 1 0.0 -71.0 

(S)15,19,23-trimethyl-heptatriacontane 1 0.0 -220.0 

Heptatriacontane, 9,13,17-trimethyl 1 0.0 -219.0 

Octatriacontane, 13,17-dimethyl 1 0.0 -150.0 

Octatriacontane, 12,16-dimethyl 1 0.0 -148.0 

Nonatriacontane, 18-methyl 1 0.0 -80.0 

12,19 -Dimethyloctatriacontane 1 0.0 -146.0 

6,10,20,26-tetramethylhexatriacontane 1 0.0 -281.0 

6,10,16,20-tetramethylhexatriacontane 1 0.0 -281.0 

12,24 -Dimethyloctatriacontane 1 0.0 -146.0 

13,20-Dimethyloctatriacontane 1 0.0 -146.0 

13,25-Dimethyloctatriacontane 1 0.0 -146.0 

7,11,19-trimethylheptatriacontane 1 0.0 -220.0 

5,9,23-trimethylheptatriacontane 1 0.0 -192.0 

5,9,13-trimethylheptatriacontane 1 0.0 -192.0 

17-methylnonatriacontane 1 0.0 -80.0 

15-methylnonatriacontane 1 0.0 -80.0 

19-methylnonatriacontane 1 0.0 -80.0 

13-methylnonatriacontane 1 0.0 -80.0 

Nonatriacontane, 13,17-dimethyl 3 3.5 -147.0 

Nonatriacontane, 11,15-dimethyl 3 3.5 -147.0 

13,23-Dimethylnonatriacontane 3 4.0 -139.3 

3,7,11,15-tetramethyl-heptatriacontane 3 2.9 -243.3 

7,11,15,19-Tetramethylheptatriacontane 3 1.2 -277.7 

15,19-dimethyl-nonatriacontane 2 0.0 -145.0 

17,21-dimethylnonatriacontane 2 0.0 -145.0 

13,25-Dimethylnonatriacontane 2 4.9 -140.5 

11,15,19,24-Tetramethylheptatriacontane 2 0.0 -297.0 

9,13,17,21-Tetramethylheptatriacontane 2 0.0 -287.0 

16,20,24-Trimethyloctatriacontane 2 63.6 -271.0 

Nonatricosane, 11,21-dimethyl 1 0.0 -146.0 

Nonatricosane, 11,29-dimethyl 1 0.0 -146.0 
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Nonatricosane, 11,27-dimethyl 1 0.0 -146.0 

Nonatricosane, 11,23-dimethyl 1 0.0 -146.0 

Octatriacontane, 11,15,19-trimethyl 1 0.0 -225.0 

Octatriacontane, 5,13,17-trimethyl 1 0.0 -196.0 

Nonatriacontane, 14,18-dimethyl 1 0.0 -156.0 

Nonatriacontane, 11,19-dimethyl 1 0.0 -151.0 

Tetracontane, 17-methyl 1 0.0 -74.0 

13,17,21-Trimethyloctatriacontane 1 0.0 -222.0 

7,11,17,21-tetramethylheptatriacontane 1 0.0 -279.0 

3,9,17,23-tetramethylheptatriacontane 1 0.0 -135.0 

3,9,13,19-tetramethylheptatriacontane 1 0.0 -235.0 

3,9,15,21-tetramethylheptatriacontane 1 0.0 -235.0 

13,19-Dimethylnonatriacontane 1 0.0 -144.0 

octatriacontane, 8,12,18-trimethyl 1 0.0 -226.0 

7,13-Dimethylnonatriacontane 1 0.0 -247.0 

8,14,18-trimethyloctatriacontane 1 0.0 -226.0 

8,12,20-trimethyloctatriacontane 1 0.0 -226.0 

14,18,22-Trimethyltetracontane 2 0.0 -229.0 

11,15,22-Trimethyltetracontane 1 0.0 -751.0 

5,9,13,23-tetramethylnonatriacontane 1 0.0 -269.0 

5,9,17,25-tetramethylnonatriacontane 1 0.0 -269.0 

5,9,13,21-tetramethylnonatriacontane 1 0.0 -269.0 

8,12,28-trimethyltetracontane 1 0.0 -216.0 

8,12,20-trimethyltetracontane 1 0.0 -216.0 

5,17-dimethylhentetracontane 1 0.0 -137.0 

15,19,23-trimethylnonatriacontane 4 4.6 -224.0 

13,17,25-trimethyl-nonatriacontane 3 1.7 -221.0 

13,17,21-trimethylnonatriacontane 3 1.7 -221.0 

13,21,25-trimethyl-nonatriacontane 2 0.0 -220.0 

5,13,17-Trimethylnonatriacontane 2 0.0 -199.0 

Nonatriacontane, 11,15,19-trimethyl 1 0.0 -226.0 

Tetracontane, 13,17-dimethyl 1 0.0 -151.0 

13,17,21,25-Tetramethylheptatriacontane 1 0.0 -393.0 

13,19,25-Trimethylnonatriacontane 1 0.0 -223.0 

8,16,22,28-tetramethyloctatriacontane 1 0.0 -294.0 

8,12,18,22-tetramethyloctatriacontane 1 0.0 -294.0 

8,12,20,26-tetramethyloctatriacontane 1 0.0 -294.0 

6,10,14,20-tetramethyloctatriacontane 1 0.0 -285.0 

6,10,24,28-tetramethyloctatriacontane 1 0.0 -285.0 

10,14,18,22-Tetramethyloctatriacontane 1 0.0 -300.0 

9,13,19-trimethylnonatriacontane 1 0.0 -230.0 

7,11,19-trimethylnonatriacontane 1 0.0 -218.0 

9,15,19-trimethylnonatriacontane 1 0.0 -230.0 

5,9,13-trimethylnonatriacontane 1 0.0 -195.0 
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17-methylhentetracontane 1 0.0 -87.0 

21-methylhentetracontane 1 0.0 -87.0 

19-methylhentetracontane 1 0.0 -87.0 

6,10,14,30-tetramethyltetracontane 1 0.0 -296.0 

6,10,14,18-tetramethyltetracontane 1 0.0 -296.0 

6,10,14,20-tetramethyltetracontane 1 0.0 -296.0 

7,11,19-trimethylhentetracontane 1 0.0 -223.0 

7,11,21-trimethylhentetracontane 1 0.0 -223.0 

Tetratriacontane, 12-methyl 1 0.0 -1069.0 

Tetratriacontane, 10-methyl 1 0.0 -1069.0 

Tetratriacontane, 11-methyl 1 0.0 -1069.0 

3,9,13,27-tetramethylhentetracontane 1 0.0 -256.0 

3,9,13,21-tetramethylhentetracontane 1 0.0 -256.0 

Tetratriacontane, 12,16-dimethyl 1 0.0 -1140.0 

Tetratriacontane, 10,14-dimethyl 1 0.0 -1140.0 

Tetratriacontane, 11,15-dimethyl 1 0.0 -1140.0 

Tetratriacontane, 2,22-dimethyl 1 0.0 -1106.0 

Tetratriacontane, 2,24-dimethyl 1 0.0 -1106.0 

Tetratriacontane, 2,20-dimethyl 1 0.0 -1106.0 

Tetratriacontane, 2,14-dimethyl 1 0.0 -1106.0 

Tetratriacontane, 11,15,19-trimethyl 1 0.0 -1218.0 

Propene 34 5.7 -9.5 

Cyclopropane 11 10.6 47.6 

1-Butene 51 4.4 -11.5 

2-Butene, (E)- 44 5.1 7.5 

2-Butene, (Z)- 43 5.0 20.1 

1-Propene, 2-methyl- 29 5.4 -13.1 

Cyclobutane 4 2.1 64.5 

Methylcyclopropane 2 0.4 14.8 

2-Butene 3 2.9 7.7 

Cyclopentane 142 10.8 67.4 

1-Pentene 82 4.5 -14.1 

2-Butene, 2-methyl- 87 5.4 17.3 

2-Pentene, (E)- 85 4.2 5.9 

2-Pentene, (Z)- 87 5.4 11.8 

2-Methyl-1-butene 61 6.1 -7.5 

1-Butene, 3-methyl- 50 7.2 -46.2 

Cyclopropane, 1,2-dimethyl-, cis- 18 1.7 15.8 

Cyclopropane, ethyl- 23 8.6 12.4 

Cyclopropane, 1,1-dimethyl- 6 0.6 -40.5 

trans-1,2-Dimethylcyclopropane 19 8.5 -17.2 

Cyclobutane, methyl- 3 14.1 29.1 

2-Pentene 2 13.4 12.5 

1,2-Dimethylcyclopropane 1 0.0 -19.0 
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Cyclohexane 254 11.1 65.1 

Cyclopentane, methyl- 163 8.5 29.9 

1-Hexene 158 4.2 -12.8 

3-Hexene, (E)- 88 5.2 -1.7 

1-Pentene, 2-methyl- 97 5.2 -13.9 

1-Pentene, 4-methyl- 80 4.7 -45.2 

2-Pentene, 2-methyl- 90 5.2 4.3 

2-Butene, 2,3-dimethyl- 43 5.2 26.9 

3-Hexene, (Z)- 75 5.5 -0.6 

2-Hexene, (E)- 66 4.6 1.4 

2-Pentene, 3-methyl-, (E)- 81 5.7 17.3 

1-Pentene, 3-methyl- 76 9.0 -42.3 

2-Pentene, 3-methyl-, (Z)- 66 4.3 10.0 

1-Butene, 2,3-dimethyl- 44 5.0 -38.1 

2-Pentene, 4-methyl-, (E)- 50 5.6 -34.6 

1-Butene, 3,3-dimethyl- 27 3.8 -89.6 

2-Pentene, 4-methyl-, (Z)- 48 5.6 -39.0 

Pentane, 3-methylene- 31 5.2 -4.4 

Cyclobutane, ethyl- 12 2.5 22.8 

Cyclopropane, 1,1,2-trimethyl- 21 1.3 -50.2 

Propane, 2-cyclopropyl- 11 2.9 -27.5 

2-Pentene, 3-methyl- 7 18.3 2.1 

2-Hexene 3 4.6 3.0 

Cyclohexane-d12 1 0.0 61.0 

3-Hexene 3 6.2 9.0 

Cyclopropane, propyl- 5 3.3 11.3 

Cyclopropane, 1-ethyl-1-methyl- 3 0.0 -33.0 

2-Pentene, 4-methyl- 2 31.8 -15.5 

Cyclopropane, 1-ethyl-2-methyl-, cis- 2 0.0 3.0 

trans-1-Ethyl-2-methylcyclopropane 2 0.0 -32.0 

Cyclohexane-1,2,3-d6 1 0.0 65.0 

Hephane-d16 1 0.0 88.0 

Cyclohexane, methyl- 209 10.1 26.9 

1-Heptene 147 4.0 -12.5 

Cyclopentane, ethyl- 125 6.5 34.2 

Cyclopentane, 1,3-dimethyl-, cis- 88 3.5 -16.5 

Cyclopentane, 1,2-dimethyl-, cis- 80 4.7 21.7 

Cyclopentane, 1,1-dimethyl- 78 4.6 -26.6 

Cyclopentane, 1,2-dimethyl-, trans- 83 4.1 -9.8 

Cyclopentane, 1,3-dimethyl-, trans- 77 4.6 -13.2 

2-Heptene, (E)- 69 5.3 3.3 

Cycloheptane 43 15.4 104.9 

3-Heptene, (E)- 54 4.6 -8.1 

(Z)-2-Heptene 50 4.5 8.5 
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(Z)-3-Heptene 49 4.4 -4.9 

1-Pentene, 2,4-dimethyl- 46 5.1 -58.2 

2-Pentene, 2,3-dimethyl- 42 4.4 7.5 

1-Hexene, 2-methyl- 44 10.0 -16.9 

2-Pentene, 2,4-dimethyl- 32 6.0 -54.7 

2-Hexene, 2-methyl- 44 5.0 -4.4 

1-Butene, 2,3,3-trimethyl- 36 4.8 -67.9 

2-Hexene, 4-methyl-, (E)- 44 4.2 -39.8 

1-Pentene, 4,4-dimethyl- 35 3.9 -91.5 

2-Pentene, 3-ethyl- 30 4.9 1.8 

1-Pentene, 2,3-dimethyl- 40 3.7 -47.1 

3-Hexene, 3-methyl-, (Z)- 42 4.6 -9.7 

2-Pentene, 4,4-dimethyl-, (E)- 35 4.1 -82.1 

2-Hexene, 3-methyl-, (Z)- 38 11.7 -3.5 

1-Hexene, 5-methyl- 31 4.1 -48.1 

1-Hexene, 4-methyl- 35 2.9 -40.6 

2-Pentene, 4,4-dimethyl-, (Z)- 30 4.7 -60.5 

2-Pentene, 3,4-dimethyl-, (Z)- 36 3.7 -25.8 

1-Hexene, 3-methyl- 34 12.6 -48.9 

1-Pentene, 3,3-dimethyl- 34 4.0 -72.1 

2-Pentene, 3,4-dimethyl-, (E)- 36 3.8 -18.7 

3-Hexene, 3-methyl-, (E)- 29 7.1 -6.6 

2-Hexene, 5-methyl-, (E)- 27 4.1 -36.2 

3-Hexene, 2-methyl-, (E)- 28 6.3 -47.5 

(E)-2-Hexene, 3-methyl 27 6.7 4.7 

1-Pentene, 3,4-dimethyl- 28 3.6 -60.8 

1-Pentene, 3-ethyl- 22 3.3 -50.9 

(Z)-4-Methyl-2-hexene 26 4.3 -40.3 

1-Butene, 2-ethyl-3-methyl- 19 3.9 -39.5 

1-Pentene, 2-ethyl- 20 3.7 -15.3 

Cyclopropane, 1,1,2,2-tetramethyl- 13 1.8 -79.0 

(Z)-Hex-2-ene, 5-methyl- 16 9.6 -29.7 

3-Hexene, 2-methyl-, (Z)- 14 7.5 -50.7 

3-Heptene 4 15.1 8.6 

Cyclopentane, 1,2-dimethyl- 6 4.1 -16.5 

2-Heptene 8 9.1 7.5 

Cyclopentane, 1,3-dimethyl- 6 8.7 -16.2 

2-Pentene, 3,4-dimethyl- 6 19.5 -20.8 

Cyclopropane, 1,1-diethyl- 3 0.1 -27.1 

Cyclopropane, butyl- 5 1.0 12.8 

trans-1,2-Diethyl-cyclopropane 2 0.1 -37.1 

cis-1,2-Diethylcyclopropane 2 0.1 -5.1 

3-Methyl-2-hexene 2 4.2 5.0 

5-Methyl-2-hexene,c&amp;t 4 9.8 -35.6 
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2-Pentene, 4,4-dimethyl- 1 0.0 -56.0 

Isopropylcyclobutane 1 0.0 -9.1 

4-Methyl-2-hexene,c&amp;t 3 24.8 -23.7 

1,1-Dimethyl-2-ethyl-cyclopropane 1 0.0 -67.2 

trans-1-Methyl-2-isopropylcyclopropane 2 0.1 -75.1 

1-methyl-cis-2-isopropyl-cyclopropane 2 0.3 -41.8 

trans-1-Methyl-2-propylcyclopropane 2 0.0 -32.0 

1-methyl-cis-2-propyl-cyclopropane 2 0.1 2.1 

Cyclopropane, 1-methyl-1-propyl 2 0.1 -37.1 

(1,1-dimethylethyl)-cyclopropane 2 0.3 -72.8 

3-Methyl-3-hexene 1 0.0 1.0 

trans-2,3-Dimethyl-2-pentene 1 0.0 12.0 

cis-3-Ethyl-2-pentene 1 0.0 8.0 

cis-1,1,1-Trimethyl-2-butene 1 0.0 -62.0 

1-methyl-1-(1-methylethyl)-cyclopropane 1 0.0 -54.0 

1,2-dimethyl-trans-2-ethyl-cyclopropane 1 0.0 -46.4 

1,2-dimethyl-cis-2-ethyl-cyclopropane 1 0.0 -45.3 

(2-methylpropyl)-cyclopropane 1 0.0 -19.4 

3-Hexene, 2-methyl 1 0.0 2.0 

5-methyl-2-hexene 1 0.0 -41.6 

Methylcyclohexane-d14 1 0.0 32.0 

1-Octene 186 4.0 -12.1 

Cyclohexane, ethyl- 102 8.6 36.1 

Cyclohexane, 1,2-dimethyl-, trans- 93 10.6 3.7 

Cyclohexane, 1,2-dimethyl-, cis- 81 7.7 31.3 

Cyclohexane, 1,3-dimethyl-, cis- 87 8.3 -19.4 

Cyclopentane, propyl- 76 7.6 34.0 

Cyclohexane, 1,4-dimethyl-, trans- 84 11.0 -17.7 

Cyclohexane, 1,1-dimethyl- 66 5.4 -12.6 

Cyclooctane 41 15.2 130.2 

Cyclohexane, 1,3-dimethyl-, trans- 62 8.9 7.7 

Cyclopentane, 1,1,3-trimethyl- 77 4.4 -75.6 

2-Octene, (Z)- 56 4.8 7.9 

Cyclohexane, 1,4-dimethyl-, cis- 56 14.0 9.1 

2-Octene, (E)- 56 6.1 3.2 

Cyclopentane, 1,2,3-trimethyl-, (1&#945;,2&#945;,3&#946;)- 82 17.0 -37.3 

Cyclopentane, 1,1,2-trimethyl- 74 9.7 -37.4 

Cyclopentane, (1-methylethyl)- 62 8.8 17.3 

4-Octene, (E)- 47 6.1 -10.0 

1-Pentene, 2,4,4-trimethyl- 42 4.4 -89.8 

Cyclopentane, 1-ethyl-1-methyl- 51 6.8 -3.7 

Cyclopentane, 1,2,4-trimethyl-, (1&#945;,2&#946;,4&#945;)- 62 5.0 -58.9 

Cyclopentane, 1-ethyl-2-methyl-, cis- 49 7.5 23.8 

Cyclopentane, 1,2,4-trimethyl-, (1&#945;,2&#945;,4&#946;)- 55 13.5 -30.0 



 

414 

 

2-Pentene, 2,4,4-trimethyl- 50 7.9 -76.8 

3-Octene, (E)- 40 5.3 -6.0 

trans-1-Ethyl-2-methyl-cyclopentane 55 5.5 -7.3 

Cyclopentane, 1-ethyl-3-methyl-, trans- 54 5.3 -8.8 

4-Octene, (Z)- 34 6.1 -5.9 

2-Octene 18 6.3 10.3 

3-Octene, (Z)- 30 5.4 -5.0 

Cyclopentane, 1-ethyl-3-methyl-, cis- 38 5.2 -8.4 

1-Heptene, 2-methyl- 27 4.1 -18.0 

3-Hexene, 2,2-dimethyl-, (Z)- 19 3.3 -81.4 

Cyclopentane, 1,2,4-trimethyl-, (1&#945;,2&#945;,4&#945;)- 28 12.5 -14.2 

Cyclohexane, 1,3-dimethyl- 12 11.6 -8.9 

Cyclopentane, 1,2,3-trimethyl-, (1&#945;,2&#946;,3&#945;)- 22 5.4 -51.5 

Cyclopentane, 1,2,3-trimethyl-, (1&#945;,2&#945;,3&#945;)- 23 13.8 5.8 

2-Hexene, 2,3-dimethyl- 22 16.9 -10.9 

Cyclohexane, 1,4-dimethyl- 15 14.8 -0.8 

2-Hexene, 2,5-dimethyl- 24 6.1 -44.1 

2-Methyl-2-heptene 15 8.0 -9.3 

2,3-Dimethyl-1-hexene 22 4.6 -55.5 

2-Pentene, 2,3,4-trimethyl- 20 5.4 -29.5 

3-Hexene, 2,5-dimethyl-, (E)- 14 6.6 -99.3 

3-Hexene, 2,2-dimethyl-, (E)- 10 8.7 -100.2 

Heptane, 3-methylene- 18 10.0 -21.1 

Cyclohexane, 1,2-dimethyl- (cis/trans) 12 14.9 4.6 

3-Heptene, 2-methyl-, (E)- 18 5.6 -53.8 

1-Heptene, 6-methyl- 12 3.9 -49.4 

1-Heptene, 3-methyl- 16 6.3 -52.9 

Cyclopentane, 1,2,4-trimethyl- 16 17.9 -41.2 

1-Hexene, 3,4-dimethyl- 16 5.7 -54.5 

1-Pentene, 3-ethyl-2-methyl- 9 10.2 -58.3 

Cyclopentane, 1,2,3-trimethyl- 14 22.1 -34.8 

2-Heptene, 4-methyl-, (E)- 14 6.5 -41.9 

(E)-2,3-Dimethyl-3-hexene 11 11.5 -22.2 

2-Hexene, 5,5-dimethyl-, (Z)- 10 5.8 -77.0 

1-Pentene, 2,3,3-trimethyl- 10 5.0 -63.4 

2-Pentene, 3,4,4-trimethyl- 6 3.0 -50.2 

2-Hexene, 2,4-dimethyl- 10 6.8 -60.1 

3-Hexene, 2,4-dimethyl-, (E)- 11 5.3 -67.9 

3-Hexene, 3,4-dimethyl-, (Z)- 10 13.7 -22.6 

Cyclopentane, 1-ethyl-3-methyl- 8 7.3 -8.6 

(Z)-2,5-Dimethylhex-3-ene 3 8.9 -106.2 

3-Hexene, 2,4-dimethyl-, (Z)- 10 5.8 -68.8 

3-Heptene, 6-methyl-, cis 11 6.3 -47.8 

1-Heptene, 4-methyl- 8 4.1 -49.8 
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1-Hexene, 2,5-dimethyl- 9 4.9 -54.0 

(Z)-2-Heptene, 4-methyl 10 7.6 -44.5 

Z-3,4,4-Trimethyl-2-pentene 8 8.1 -45.2 

2-Hexene, 5,5-dimethyl-, (E)- 9 3.7 -90.5 

2,4-Dimethyl-1-hexene 9 5.8 -54.8 

3-Octene 3 4.7 1.7 

Cycloheptane, methyl- 6 18.1 74.5 

1-Heptene, 5-methyl- 8 2.3 -42.1 

2-Heptene, 6-methyl-, trans 9 3.5 -28.7 

(E)-3-Methylhept-2-ene 8 4.7 1.8 

2-Heptene, 3-methyl-, (Z)- 8 4.2 -5.3 

2-Pentene, 3-ethyl-2-methyl- 6 5.5 -19.4 

3-Heptene, 3-methyl- 2 6.4 -11.5 

Cyclopentane, 1-ethyl-2-methyl- 8 12.0 -2.8 

1-Hexene, 4,5-dimethyl- 6 4.9 -60.0 

4,4-Dimethyl-1-hexene 7 2.7 -73.4 

4-Octene 5 8.8 0.2 

3-Ethyl-3-hexene 5 7.2 -19.6 

1-Butene, 3-methyl-2-(1-methylethyl) 7 5.6 -85.5 

Heptane, 4-methylene- 6 4.9 -25.2 

2-Heptene, 3-methyl- 4 3.3 7.3 

Hexane, 3-methyl-4-methylene- 4 3.7 -48.4 

2,3,4-Trimethylpent-1-ene 5 1.8 -74.0 

(E)-5-Methylhept-2-ene 7 3.3 -28.2 

3-Ethylhex-1-ene 6 4.3 -57.8 

1-Pentene, 2-(1-methylethyl) 7 3.5 -50.3 

trans-4,4-Dimethyl-2-hexene 5 8.2 -64.4 

3-Heptene, 4-methyl-, cis 7 12.3 -27.5 

Cyclopropane, pentyl- 4 0.7 12.7 

1-Pentene, 3-ethyl-4-methyl- 5 4.5 -73.1 

(E)-4-Ethylhex-2-ene 5 6.7 -51.0 

(E)-3,5-Dimethylhex-2-ene 6 5.7 -43.2 

(Z)-3-Methylhept-3-ene 6 6.3 -14.7 

(E)-4-Methylhept-3-ene 6 6.5 -13.1 

(Z)-2,3-Dimethylhex-3-ene 6 10.8 -44.0 

1-Pentene, 3,4,4-trimethyl- 5 2.6 -99.2 

(E)-3-Methylhept-3-ene 6 6.4 -11.1 

3-Heptene, 2-methyl-, cis 6 5.1 -58.4 

3-Heptene, 5-methyl-, trans 6 4.4 -40.9 

2-Heptene, 6-methyl-, cis 6 3.1 -26.4 

Hexane, 2-methyl-4-methylene- 4 7.2 -60.0 

trans-3,4-Dimethyl-2-hexene 4 5.3 -36.5 

1-Hexene, 3,5-dimethyl- 4 8.6 -93.9 

1-Hexene, 3,3-dimethyl- 4 2.5 -85.7 
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(E)-3-Ethyl-4-methylpent-2-ene 3 10.4 -32.6 

1-Hexene, 5,5-dimethyl- 3 3.7 -92.7 

2-Ethyl-3,3-dimethylbut-1-ene 3 5.5 -66.6 

1-Pentene, 3-ethyl-3-methyl- 3 2.3 -57.2 

(Z)-3-Ethyl-4-methylpent-2-ene 3 7.0 -36.1 

(Z)-5-Methylhept-2-ene 5 4.2 -19.9 

3,4-Dimethyl-2-hexene 3 4.5 -37.7 

3,3,4-Trimethylpent-1-ene 3 1.4 -76.1 

1-Hexene, 4-ethyl- 3 4.1 -41.2 

1,1-Dimethyl-2-propyl-cyclopropane 1 0.0 -72.6 

3-Heptene, 2-methyl- 2 0.7 -48.5 

(Z)-4,5-Dimethylhex-2-ene 4 4.9 -60.0 

(E)-2,3-Dimethylhex-3-ene 4 10.6 -46.4 

2-Hexene, 4,5-dimethyl-, trans 4 4.6 -61.6 

(E)-6-Methylhept-3-ene 3 6.6 -47.8 

trans-1,3-ethylmethylcyclopentane 3 1.9 -16.1 

(E)-2-Hexene, 3-ethyl 3 0.0 -7.0 

4-Methyl-2-heptene 1 0.0 -53.8 

(E)-3,4,4-Trimethylpent-2-ene 3 7.6 -49.6 

3-Heptene, 5-methyl- 3 7.0 -38.3 

(Z)-3,5-Dimethylhex-2-ene 3 5.4 -45.2 

2-Hexene, 3,5-dimethyl- 3 1.0 -48.8 

(Z)-4,4-Dimethylhex-2-ene 3 5.1 -52.3 

2-Heptene, 6-methyl- 1 0.0 -13.0 

(Z)-3-Ethylhex-2-ene 3 6.2 -13.3 

(Z)-4-Ethylhex-2-ene 3 5.8 -47.9 

2-Hexene, 4,5-dimethyl- 1 0.0 -64.0 

cis-1,3-ethylmethylcyclopentane 2 0.9 -13.3 

3-Hexene, 2,3-dimethyl- 2 1.1 -44.8 

trans-1-Butyl-2-methylcyclopropane 1 0.0 -10.0 

cis,trans,trans-1,2,4-Trimethylcyclohexane 1 0.0 52.0 

cis,cis,trans-1,2,4-Trimethylcyclopentane 1 0.0 -32.0 

cis,trans,cis-1,2,4-Trimethylcyclopentane 1 0.0 -62.0 

cis,trans,cis-1,2,3-Trimethylcyclopentane 1 0.0 -66.0 

cis,cis,cis-1,2,3-Trimethylcyclopentane 1 0.0 -5.0 

1-trans-2-cis-3-Trimethylcyclopentane 1 0.0 -55.0 

1-cis-2-trans-3-Trimethylcyclopentane 1 0.0 -28.0 

1-trans-2-cis-4-Trimethylcyclopentane 1 0.0 -62.0 

1-trans-2-Ethylmethylcyclopentane 1 0.0 -13.0 

2-Heptene, 5-methyl- 1 0.0 5.0 

1-cis-3-Ethylmethylcyclopentane 1 0.0 -16.0 

3-Ethyl-2-hexene 1 0.0 -10.0 

trans-1,2-ethylmethylcyclopentane 1 0.0 -12.5 

2-Methyl-3-heptene 1 0.0 -41.0 
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1,2(cis),3(trans)-trimethylcyclopentane 1 0.0 -8.0 

1-methyl-3(cis)-ethyl-cyclopentane 1 0.0 0.0 

1-Nonene 102 4.2 -12.0 

Cyclohexane, propyl- 81 9.4 33.5 

Cyclopentane, butyl- 33 5.2 36.6 

Cyclohexane, 1,1,3-trimethyl- 39 8.7 -60.3 

Cyclohexane, (1-methylethyl)- 34 7.7 22.4 

Cyclohexane, 1,3,5-trimethyl-, (1&#945;,3&#945;,5&#945;)- 30 16.9 -45.1 

2-Nonene, (E)- 27 4.7 0.5 

cis-2-Nonene 25 6.8 5.6 

3-Nonene, (E)- 24 9.7 -11.1 

cis-3-Nonene 22 9.4 -8.8 

trans--4-Nonene 23 14.9 -16.8 

1,1,4-Trimethylcyclohexane 27 6.0 -59.4 

1-Hexene, 3,5,5-trimethyl- 32 5.4 -131.3 

Cyclohexane, 1,1,2-trimethyl- 23 11.3 -17.2 

cis-1-Ethyl-3-methyl-cyclohexane 18 9.4 -8.6 

cis-4-Nonene 18 6.2 -12.3 

Cyclohexane, 1,3,5-trimethyl-, (1&#945;,3&#945;,5&#946;)- 16 9.7 -42.2 

Cyclohexane, 1-ethyl-1-methyl- 15 9.0 7.0 

Cyclopentane, (2-methylpropyl)- 19 15.8 0.7 

Cyclohexane, 1,2,3-trimethyl-, (1&#945;,2&#946;,3&#945;)- 20 12.7 -26.5 

1-Octene, 2-methyl- 15 9.7 -23.8 

Cyclohexane, 1-ethyl-4-methyl-, cis- 14 9.1 8.0 

2,4-Dimethyl-1-heptene 16 8.5 -60.9 

Cyclohexane, 1,2,4-trimethyl-, (1&#945;,2&#946;,4&#945;)- 20 9.6 -26.9 

Cyclohexane, 1-ethyl-2-methyl-, trans- 11 9.6 10.4 

Cyclohexane, 1-ethyl-4-methyl-, trans- 15 7.6 -4.5 

Cyclohexane, 1,2,4-trimethyl-, (1&#945;,2&#945;,4&#945;)- 15 6.1 -13.6 

Cyclohexane, 1,2,4-trimethyl-, (1&#945;,2&#945;,4&#946;)- 17 12.8 -23.2 

Cyclohexane, 1-ethyl-2-methyl-, cis- 12 9.4 25.2 

Cyclohexane, 1,3,5-trimethyl- 7 10.6 -50.0 

1&#945;,2&#946;,3&#945;,4&#946;-Tetramethylcyclopentane 15 14.0 -86.0 

Cyclohexane, 1,2,4-trimethyl- 6 15.4 -38.6 

Cyclohexane, 1,2,4-trimethyl-, (1&#945;,2&#946;,4&#946;)- 11 13.7 -39.8 

1-Heptene, 2,6-dimethyl- 8 13.7 -45.8 

Cyclopentane, 1,1,3,4-tetramethyl-, trans- 7 2.9 -124.3 

Cyclopentane, 1,1,3,4-tetramethyl-, cis- 9 7.6 -80.8 

trans-1-Ethyl-3-methylcyclohexane 8 7.8 9.9 

cis,trans,cis-1-Ethyl-2,3-dimethylcyclopentane 12 13.6 -43.6 

trans-1-Methyl-2-propylcyclopentane 11 17.1 -0.6 

Cyclohexane, 1,2,3-trimethyl-, (1&#945;,2&#945;,3&#946;)- 6 25.6 0.8 

2-Methyl-2-octene 8 8.0 -27.0 

Cyclononane 6 25.7 160.5 
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1-cis-3-methylpropylcyclopentane 10 5.7 -9.7 

Cyclopentane, 3-ethyl-1,1-dimethyl- 10 3.6 -73.9 

cis-1,1,2,4-Tetramethylcyclopentane 8 4.2 -89.7 

Cyclohexane, 1,2,3-trimethyl-, (1&#945;,2&#945;,3&#945;)- 7 18.6 -8.3 

Cyclopentane, 1-methyl-3-propyl-, trans- 10 5.2 -8.5 

cis-1-Methyl-2-propylcyclopentane 9 17.0 3.2 

Cyclopentane, (1,1-dimethylethyl)- 2 2.7 -20.6 

1-Octene, 7-methyl- 7 2.6 -51.0 

Cyclopentane, 1,1,3,3-tetramethyl- 4 5.0 -128.8 

cis,cis,cis-2-Ethyl-1,4-dimethylcyclopentane 9 3.8 -28.0 

1-Octene, 3-methyl- 6 2.6 -60.7 

cis,cis,cis,trans-1,2,3,4-Tetramethylcyclopentane 8 4.5 -43.3 

cis,trans,trans-2-Ethyl-1,4-dimethylcyclopentane 8 2.9 -58.5 

cis,cis,trans-2-Ethyl-1,3-dimethylcyclopentane 8 3.7 -25.7 

cis,cis,trans-2-Ethyl-1,4-dimethylcyclopentane 8 13.9 -34.5 

trans-1,1,2,3-Tetramethylcyclopentane 8 3.7 -84.4 

trans-1,1,2,4-Tetramethylcyclopentane 8 4.2 -89.6 

1-trans-3-methylisopropylcyclopentane 8 5.2 -35.9 

cis-1-Methyl-3-isopropylcyclopentane 8 5.3 -36.3 

2,3-Dimethyl-2-heptene 4 1.3 -22.5 

Cyclopentane, 1-methyl-1-propyl- 8 5.9 -8.6 

cis,cis,trans-3-Ethyl-1,2-dimethylcyclopentane 7 3.7 -20.8 

Hexylcyclopropane 7 1.5 13.6 

Cyclooctane, methyl- 5 11.1 102.8 

cis,cis,trans,trans-1,2,3,4-Tetramethylcyclopentane 6 4.3 -39.7 

cis,trans,cis,cis-1,2,3,4-Tetramethylcyclopentane 6 3.5 -65.3 

cis,trans,cis-2-Ethyl-1,3-dimethylcyclopentane 6 3.3 -54.7 

cis,trans,cis-2-Ethyl-1,4-dimethylcyclohexane 6 2.8 -59.2 

cis,cis,cis-1-Ethyl-2,3-dimethylcyclopentane 6 4.7 1.8 

Cyclopentane, (1-methylpropyl)- 4 6.8 29.8 

1-Ethyl-4-methylcyclohexane 2 3.5 -14.5 

4-Nonene 1 0.0 -6.0 

1-Octene, 6-methyl- 5 1.3 -47.6 

cis,trans,trans-3-Ethyl-1,2-dimethylcyclopentane 5 3.8 -21.2 

2-Hexene, 3,5,5-trimethyl- 2 12.0 76.5 

Cyclopentane, 1-ethyl-1,3-dimethyl 5 3.5 -56.2 

trans-1,2-Dimethylcycloheptane 1 0.0 41.0 

2-Nonene 2 4.9 5.5 

2,3-Dimethyl-1-heptene 5 1.5 -58.6 

cis-1,2-Dimethylcycloheptane 1 0.0 61.0 

trans-1,2-Diethyl cyclopentane 2 2.6 -9.4 

cis-1,3-Dimethylcycloheptane 1 0.0 20.0 

3-Heptene, 2,6-dimethyl- 2 2.1 -86.5 

1-Octene, 4-methyl- 4 0.0 -54.0 
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Cycloheptane, ethyl- 3 2.3 70.3 

1-trans-2-dimethyl-cis-4-ethylcyclopentane 4 3.0 -51.7 

(Z)-2-Octene, 4-methyl 4 2.4 -50.0 

(E)-2-Octene, 4-methyl 4 1.7 -42.3 

1-Octene, 5-methyl 4 0.6 -55.5 

Cyclohexane, 1-ethyl-2-methyl- 1 0.0 19.0 

3,3-dimethylheptene-1 3 5.5 -91.2 

Cyclopentane, 1-methyl-3-(1-methylethyl)- 2 7.6 -24.4 

trans-7-Methyl-3-octene 2 1.4 -4.0 

(Z)-2-Hexene, 3-ethyl 3 0.0 -106.0 

2-Heptene, 2,6-dimethyl- 2 0.0 -50.0 

1-Pentene, 4-methyl-2-propyl 3 1.5 -76.3 

cis, trans, cis-1,2,4-Trimethylcyclohexane 2 6.4 -26.5 

3,5-Dimethyl-3-heptene 2 2.1 -65.5 

1-Methyl-trans-2-pentylcyclopropane 3 0.9 -35.1 

1-Ethyl-trans-2-butyl-cyclopropane 3 1.4 -41.2 

2,3,3-Trimethyl-1-hexene 2 0.7 -75.5 

cis-1,2-dipropyl-cyclopropane 3 2.2 -12.5 

1-ethyl-cis-2-butylcyclopropane 3 1.9 -11.6 

Cyclopentane, 2-ethyl-1,1-dimethyl- 2 3.1 -37.0 

Cyclopentane, 1-methyl-2-propyl- 2 20.0 -1.2 

3-Nonene 1 0.0 -4.0 

7-Methyl-3-octene 2 0.0 -39.0 

(Z)-3-Hexene, 2,2-dimethyl 3 1.5 -175.7 

trans-1,3-Diethylcyclopentane 2 2.5 -2.8 

(Z)-2-Hexene, 3,4-dimethyl 2 0.0 -135.0 

(Z)-2-Hexene, 3,5-dimethyl 2 0.0 -139.0 

1-Ethyl-3-methylcyclohexane (c,t) 1 0.0 31.0 

1-trans-2-cis-3-trans-4-tetramethylcyclopentane 2 3.7 -68.0 

1-trans-2-trans-3-cis-4-tetramethylcyclopentane 2 1.6 -63.9 

1-cis-2-trans-3-cis-4-tetramethylcyclopentane 2 3.5 -26.4 

1-trans-3-dimethyl-trans-2-ethylcyclopentane 2 2.8 -53.9 

1-cis-4-dimethyl-trans-2-ethylcyclopentane 2 3.7 -28.8 

1-cis-2-dimethyl-trans-4-ethylcyclopentane 2 3.3 -22.9 

1-cis-2-dimethyl-cis-4-ethylcyclopentane 2 3.4 -21.9 

1-trans-2-methylisopropylcyclopentane 2 1.1 -30.4 

1,1,2-trimethyl-2-propyl-cyclopropane 2 6.4 -90.0 

1-propyl-trans-2-propylcyclopropane 2 1.6 -41.9 

1-cis-2-methylisopropylcyclopentane 2 3.0 -7.1 

1-Methyl-3-(1-methylethyl)cyclopentane, isomer # 1 1 0.0 -33.0 

1-Methyl-3-(1-methylethyl)cyclopentane, isomer # 2 1 0.0 -32.0 

1,3-Diethylcyclopentane, cis 2 2.5 -2.8 

2,5-dimethyl-2-heptene 2 0.0 -56.0 

4,5-dimethyl-2-heptene 2 0.0 -63.0 
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4,6-dimethyl-3-heptene 2 0.0 -79.0 

4-Methyl-4-octene 2 0.0 -41.4 

2,2-Dimethyl-3-heptene trans 1 0.0 -98.0 

4-methyl-2-octene 2 0.0 -58.0 

2-propyl-1-hexene 2 0.0 -37.0 

1,2-dimethyl-3-ethylcyclopentane 2 0.0 -47.0 

1,2,4-Trimethylcyclohexane, cis,trans,trans 1 0.0 -55.0 

1,2,3-Trimethylcyclohexane, cis, trans, cis 1 0.0 -33.0 

2-Methyloct-4-ene 1 0.0 -13.0 

cis,cis,cis-1.3.5-Trimethylcyclohexane 1 0.0 -73.0 

1-cis-2-trans-4-Trimethylcyclohexane 1 0.0 -38.0 

trans-1,3,5-Trimethylcyclohexene 1 0.0 -43.0 

cis-1,3,5-Trimethylcyclohexene 1 0.0 -68.0 

2-Ethyl-4-methyl-1-hexene 1 0.0 -47.0 

1,1,2,4-tetramethylcyclopentane, trans,cis 1 0.0 -83.5 

1-methyl-3-isopropylcyclopentane, cis, trans 1 0.0 -19.0 

1-trans-3-dimethyl-1-ethylcyclopentane 1 0.0 -56.8 

(Z)-2-Hexene, 4,4-dimethyl 1 0.0 -146.0 

(Z)-2-Hexene, 4,5-dimethyl 1 0.0 -154.0 

1-cis-3-dimethyl-1-ethylcyclopentane 1 0.0 -56.8 

1,1,2-cis-3-tetramethylcyclopentane 1 0.0 -56.8 

2-Heptene, 4,6-dimethyl 1 0.0 -68.0 

1,1-dimethyl-2-butyl-cyclopropane 1 0.0 -77.4 

2-Hexene, 2,4,4-trimethyl 1 0.0 -198.0 

1-methyl-1-pentyl-cyclopropane 1 0.0 -46.9 

3-Hexene, 2,2,5-trimethyl 1 0.0 -135.0 

2-Ethyl-1,3-dimethylcyclopentane 1 0.0 -61.0 

1-ethyl-1-butyl-cyclopropane 1 0.0 -44.7 

Cyclopropane, 1-methyl-2-pentyl- 1 0.0 -36.0 

1,1-dipropyl-cyclopropane 1 0.0 -47.4 

Cyclopropane, 1-methyl-1-(1-methylethyl) 1 0.0 -254.0 

(Z)-3-Methyl-2-octene 1 0.0 7.0 

Cyclopentane, 2-ethyl-1,4-dimethyl 1 0.0 74.0 

Cyclopentane, 1,1,2,4-tetramethyl 1 0.0 -84.0 

3-Methyl-2-octene 1 0.0 -111.0 

Cycloheptane, 1,4-dimethyl, cis 1 0.0 26.0 

trans-1,3-Dimethylcycloheptane 1 0.0 27.0 

trans-1,4-Dimethylcycloheptane 1 0.0 22.0 

Cycloheptane, 1,1-dimethyl 1 0.0 16.0 

1-Decene 75 3.1 -11.3 

Cyclohexane, butyl- 48 10.1 33.5 

Cyclopentane, pentyl- 16 4.7 36.0 

2-Decene, (E)- 22 5.0 -0.4 

5-Decene, (E)- 18 5.8 -10.1 
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2-Decene, (Z)- 18 4.5 7.1 

trans-4-Decene 19 4.6 -12.5 

trans-3-Decene 16 4.4 -10.0 

cis-3-Decene 15 4.6 -9.6 

cis-4-Decene 15 4.6 -12.7 

(Z)-5-Decene 14 5.0 -13.5 

Cyclohexane, (1,1-dimethylethyl)- 15 17.0 1.5 

Cyclohexane, 1-methyl-4-(1-methylethyl)-, trans- 21 16.0 -17.4 

Cyclodecane 14 25.3 152.8 

Cyclohexane, (1-methylpropyl)- 8 19.1 18.5 

Cyclohexane, (2-methylpropyl)- 9 12.0 -1.6 

Cyclohexane, 1-methyl-4-(1-methylethyl)-, cis- 14 14.4 -3.7 

1-Methyl-4-(1-methylethyl)-cyclohexane 1 0.0 -32.0 

Cyclopentane, (3-methylbutyl)- 10 9.4 7.1 

2-Methyl-1-nonene 7 3.8 -20.1 

Cyclopentane, 1-methyl-3-(2-methylpropyl)- 9 22.0 -59.6 

2,3-Dimethyl-2-octene 4 1.3 -39.5 

1-methyl-trans-2-(1-methyl)pentyl-cyclopropane 8 3.4 -85.4 

1-methyl-trans-2-(2-methyl)pentyl-cyclopropane 8 1.9 -71.9 

1-methyl-cis-2-(2-methyl)pentyl-cyclopropane 8 9.8 -45.3 

1,2,4,5-tetramethylcyclohexane, trans 8 4.5 41.4 

cis-1-Butyl-3-methylcyclopentane 9 3.5 -8.7 

Cyclopentane, (2-methylbutyl)- 7 3.6 -0.4 

Cyclohexane, 1,2,4,5-tetramethyl 4 10.4 45.0 

Cyclohexane, 1-methyl-2-propyl- 3 5.0 -11.7 

1-Methyl-2-propylcyclohexane, trans 4 10.6 0.4 

(3-Methyl)-hexyl-cyclopropane 6 2.0 -24.2 

5-methyl-hexyl-cyclopropane 6 2.1 -21.9 

4-methyl-hexyl-cyclopropane 6 2.4 -16.5 

heptyl-cyclopropane 6 1.8 14.1 

1,2,4,5-tetramethylcyclohexane, cis 6 3.4 52.5 

Cyclopropane, 1,1-dimethyl-2-pentyl- 5 1.6 -78.8 

2-Methyl-3-ethyl-2-heptene 2 66.4 26.1 

Cyclopentane, 1-butyl-2-methyl, cis 6 4.3 16.8 

Cyclopentane, 1-butyl-2-methyl, trans 6 3.6 -13.0 

Cyclopentane, 1-butyl-1-methyl 6 4.0 -13.3 

2-Nonene, 2-methyl- 4 0.6 -35.5 

2-Octene, 3,7-dimethyl 3 26.6 -47.3 

Cyclopentane, (1-methylbutyl)- 3 5.0 19.0 

Cyclohexane, 1,4-diethyl 5 26.3 68.2 

Cyclopropane, 1,2-dimethyl-3-pentyl-, 

(1&#945;,2&#945;,3&#945;)- 4 3.2 5.0 

Cyclohexane, 1-methyl-3-(1-methylethyl)- 2 19.8 23.0 

Cyclohexane, 1,3-diethyl 3 9.8 11.3 
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1-methyl-trans-2-pentyl-cis-3-methyl-cyclopropane 4 1.3 -54.9 

1-methyl-cis-2-pentyl-trans-3-methyl-cyclopropane 4 0.7 -60.2 

1-methyl-trans-2-(4-methyl)pentyl-cyclopropane 4 1.6 -71.7 

1-methyl-trans-2-(3-methyl)pentyl-cyclopropane 4 2.1 -63.3 

Cyclooctane, ethyl- 3 0.0 92.0 

1-methyl-cis-2-(3-methyl)pentyl-cyclopropane 4 3.0 -30.6 

1-methyl-cis-2-(1-methyl)pentyl-cyclopropane 4 2.3 -50.1 

1-methyl-cis-2-(4-methyl)pentyl-cyclopropane 4 2.6 -36.3 

1,2-dimethyl-trans-2-pentyl-cyclopropane 4 2.4 -60.2 

1,2-dimethyl-cis-2-pentyl-cyclopropane 4 2.1 -66.2 

1-methyl-cis-2-hexyl-cyclopropane 4 2.1 0.0 

(1-Methyl)-hexyl-cyclopropane 4 3.3 -31.9 

(2-Methyl)-hexyl-cyclopropane 4 2.9 -24.6 

1-Methyl-1-hexyl-cyclopropane 4 2.3 -42.8 

1-Nonene, 8-methyl 3 0.6 -45.7 

(E)-2-Nonene, 4-methyl 4 2.9 -45.8 

(Z)-2-Nonene, 4-methyl 4 2.9 -55.5 

2-Octene, 2,6-dimethyl- 2 0.7 -33.5 

Cyclohexane, 1,1,3,5-tetramethyl-, cis- 1 0.0 -92.0 

Cyclohexane, 1,1,3,5-tetramethyl-, trans- 1 0.0 -68.0 

4-Nonene, 5-methyl- 2 9.2 8.5 

1-ethyl-trans-2-pentyl-cyclopropane 3 1.7 -43.6 

Cyclopentane, 1-butyl-3-methyl, trans 3 4.0 -7.7 

1-Octene, 3,7-dimethyl- 1 0.0 -37.0 

Cyclopentane, 1-methyl-3-(1-methylpropyl) 3 4.5 -104.3 

Cyclopentane, 1-methyl-2-(1-methylpropyl) 3 4.0 -48.0 

1-Nonene, 7-methyl 2 0.7 -39.5 

2,4,6-Trimethyl-1-heptene 2 3.5 -102.5 

1,1,3,5-Tetramethylcyclohexane 2 6.2 -105.7 

3,7-Dimethyl-3-octene 1 0.0 -78.0 

(Z)-2-Pentene, 3,4,4-trimethyl 2 0.0 -234.0 

1-Octene, 2,6-dimethyl- 1 0.0 -46.0 

3-Decene 1 0.0 -12.0 

2,7-Dimethyl-4-octene 2 0.0 -100.0 

2-Octene, 3,7-dimethyl-, (Z)- 1 0.0 -30.0 

3-Ethyl-2-methyl-1-heptene 1 0.0 98.4 

1-Octene, 3,3-dimethyl- 1 0.0 151.0 

4-Decene 1 0.0 -3.0 

3,7-dimethyl 2-octene,trans 1 0.0 -30.0 

4-Octene, 2,6-dimethyl-, [S-(E)]- 1 0.0 -88.9 

Cyclooctane, 1,2-dimethyl- 1 0.0 69.0 

Cyclopropane, 1-ethyl-2-pentyl- 1 0.0 -45.0 

Cyclopropane, 1-hexyl-2-methyl- 1 0.0 -37.0 

Cyclooctane, 1,4-dimethyl-, trans- 1 0.0 52.0 
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Cyclooctane, 1,4-dimethyl-, cis- 1 0.0 54.0 

3-methyl-1-nonene 1 0.0 -56.0 

1-methyl,trans-3-ethylcycloheptane 1 0.0 -95.9 

1,1,2,4-tetramethylcyclohexane, trans, cis 1 0.0 -183.5 

Nonane, 3-methylene- 1 0.0 -13.0 

Nonane, 5-methylene- 1 0.0 -25.0 

2-Decene 1 0.0 2.0 

1-Methyl-2-propylcyclohexane, cis 1 0.0 42.0 

Cyclopropane, 1-methyl-2-(1-methylpentyl)- 1 0.0 -53.0 

Cyclopropane, 1-methyl-2-(3-methylpentyl)- 1 0.0 -66.0 

1-Nonene, 5-methyl 1 0.0 -48.0 

Cyclopropane, 1,2-dimethyl-3-pentyl- 1 0.0 -56.0 

Cyclopropane, 1,2-dimethyl-1-pentyl- 1 0.0 -63.0 

Cyclopentane, 1-butyl-2-methyl 1 0.0 7.0 

1-Methyl-4-propylcyclohexane, trans 1 0.0 6.0 

1-Methyl-4-propylcyclohexane, cis 1 0.0 24.0 

Cyclooctane, 1,5-dimethyl- 1 0.0 49.0 

trans-1,2-Dimethylcyclooctane 1 0.0 69.0 

trans-1,3-Dimethylcyclooctane 1 0.0 46.0 

trans-1,5-Dimethylcyclooctane 1 0.0 55.0 

cis-1,3-Dimethylcyclooctane 1 0.0 44.0 

cis-1,2-Dimethylcyclooctane 1 0.0 75.0 

cis-1,5-Dimethylcyclooctane 1 0.0 49.0 

Cyclooctane, 1,1-dimethyl 1 0.0 46.0 

Cyclononane, methyl 1 0.0 106.0 

1-Undecene 69 3.4 -10.5 

Cyclohexane, pentyl- 26 7.4 33.1 

Cyclopentane, hexyl- 13 2.9 36.0 

2-Undecene, (E)- 13 2.8 -0.5 

5-Undecene, (E)- 10 2.6 -16.7 

2-Undecene, (Z)- 12 6.0 7.4 

3-Undecene, (E)- 11 3.3 -12.3 

3-Undecene, (Z)- 8 4.1 -12.4 

4-Undecene, (Z)- 8 4.4 -17.3 

5-Undecene, (Z)- 8 4.4 -19.3 

Cycloundecane 5 33.2 155.9 

Cyclohexane, 1,2,3,4,5-pentamethyl 8 16.5 -19.1 

Cyclohexane, (1,1-dimethylpropyl)- 3 17.3 10.0 

Cyclopentane, 1-methyl-2-pentyl, trans 6 3.1 -15.3 

Cyclopentane, 1-methyl-3-pentyl, trans 6 3.6 -9.0 

Cyclopentane, 1-methyl-3-pentyl, cis 6 3.6 -10.0 

Cyclopentane, 1-methyl-2-pentyl, cis 6 4.0 15.7 

Cyclopentane, 1-butyl-2-ethyl- 5 15.1 0.8 

Cyclopentane, 1-methyl-1-pentyl 6 4.5 -17.0 
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1-Decene, 8-methyl- 4 21.5 -51.0 

5-Undecene 2 1.4 -9.0 

Cyclopentane, 1-methylpentyl 3 5.0 13.3 

Cyclopentane, 3-methylpentyl 3 4.5 4.7 

Cyclopentane, 4-methylpentyl 3 4.5 -0.3 

Cyclopentane, 2-methylpentyl 3 4.5 -9.3 

Cyclopropane, octyl- 2 28.8 -4.7 

1-ethyl-trans-2-hexyl-cyclopropane 2 0.9 -42.8 

1-ethyl-cis-2-hexyl-cyclopropane 2 1.1 -12.0 

Cyclodecane, methyl- 2 4.9 98.5 

Nonane, 2-methyl-3-methylene- 2 0.7 -63.5 

1-Decene, 2-methyl- 1 0.0 -15.0 

trans-1-Butyl-2-ethylcyclopentane 2 2.8 -15.0 

cis-1-Butyl-2-ethylcyclopentane 2 7.1 13.0 

Cyclohexane, (1,2-dimethylpropyl)- 1 0.0 195.0 

1-Decene, 9-methyl- 1 0.0 -45.0 

3-Undecene 1 0.0 -95.0 

Cyclohexane, 1-(1,1-dimethylethyl)-4-methyl-, trans 1 0.0 -19.0 

Cyclohexane, 1-(1,1-dimethylethyl)-4-methyl-, cis 1 0.0 -7.0 

3-methyl-1-decene 1 0.0 -52.0 

2-Nonene, 4,6-dimethyl, # 2 1 0.0 -100.0 

2-Nonene, 4,6-dimethyl, # 1 1 0.0 -102.0 

1-Nonene, 4,8-dimethyl 1 0.0 -85.0 

2-Nonene, 4,6-dimethyl 1 0.0 -106.0 

1-Decene, 6-methyl 1 0.0 -52.0 

Cycloheptane, butyl 1 0.0 71.0 

1-Dodecene 68 4.0 -11.0 

Cyclohexane, hexyl- 28 7.1 37.5 

Cyclododecane 17 23.6 149.8 

2-Dodecene, (E)- 17 2.9 -0.7 

2-Dodecene, (Z)- 16 6.1 6.3 

3-Dodecene, (Z)- 16 4.8 -11.3 

6-Dodecene, (Z)- 13 4.5 -22.3 

6-Dodecene, (E)- 13 2.7 -18.9 

4-Dodecene, (Z)- 13 4.4 -17.6 

5-Dodecene, (E)- 13 2.9 -17.8 

4-Dodecene, (E)- 13 3.5 -17.4 

5-Dodecene, (Z)- 13 4.6 -21.4 

3-Dodecene, (E)- 13 3.5 -13.1 

Cyclopentane, heptyl- 1 0.0 34.0 

1-Undecene, 2-methyl- 3 0.6 -14.3 

Cyclohexane, 1,2,3,4,5,6-hexamethyl 4 25.5 -12.8 

Cyclopropane, nonyl- 3 39.8 62.0 

3-Dodecene 1 0.0 11.0 
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1-Undecene, 10-methyl- 2 2.1 -44.5 

1-Undecene, 9-methyl- 2 6.4 -43.5 

Cyclohexane, 1,2,3-triethyl 3 18.0 -24.0 

2,4,6-Trimethyl-1-nonene, # 1 2 8.5 -124.0 

2,4,6-Trimethyl-1-nonene, # 2 2 4.2 -117.0 

Cyclopentane, 1-methyl-2-(4-methylpentyl)-, trans- 1 0.0 -48.2 

1-Undecene, 4-methyl- 1 0.0 -115.0 

2-Dodecene 1 0.0 3.0 

4-Dodecene 1 0.0 -13.0 

1-Undecene, 7-methyl- 1 0.0 -54.0 

Nonane, 2,8-dimethyl-4-methylene- 1 0.0 -81.0 

3-methyl-1-undecene 1 0.0 -56.0 

2,4,6-Trimethyl-1-nonene 1 0.0 -120.0 

2-Nonene, 4,6,8-trimethyl 1 0.0 -133.0 

1-Decene, 4,8-dimethyl 1 0.0 -80.0 

Cyclooctane, 1,2-diethyl-, trans 1 0.0 -151.0 

5-Undecene, 9-methyl-, (Z)- 1 0.0 -243.0 

1-Decene, 4-ethyl 1 0.0 -56.0 

Cyclooctane, 1,2-diethyl-, cis 1 0.0 -187.0 

1-Decene, 6-ethyl 1 0.0 -64.0 

1-Decene, 8-ethyl 1 0.0 -53.0 

Cyclohexane, 1r,2c,4t-triethyl 1 0.0 -105.0 

Cyclohexane, 1r,2t,4t-triethyl 1 0.0 -35.0 

Cyclohexane, 1r,2t,4c-triethyl 1 0.0 -174.0 

Cyclohexane, 1r,2c,4c-triethyl 1 0.0 -133.0 

Cyclooctane, 1,2-diethyl- 1 0.0 27.0 

Methylcycloundecane 1 0.0 88.0 

1-Tridecene 68 3.3 -10.4 

2-Tridecene, (Z) 10 5.4 5.3 

2-Tridecene, (E) 10 2.9 -1.2 

4-Tridecene, (Z) 8 3.8 -19.8 

3-Tridecene, (Z) 8 3.5 -14.4 

3-Tridecene, (E) 8 2.8 -13.9 

4-Tridecene, (E) 8 3.2 -18.8 

6-Tridecene, (Z) 8 4.0 -27.5 

5-Tridecene, (Z) 8 4.0 -24.5 

6-Tridecene, (E) 8 3.1 -21.5 

Heptylcyclohexane 13 10.2 38.4 

Cyclopentane, octyl- 3 1.5 38.3 

Cyclotridecane 1 0.0 106.4 

2-Tridecene 2 15.6 7.0 

6-Tridecene 2 14.1 -3.0 

Cyclohexane, 2-butyl-1,1,3-trimethyl- 1 0.0 -72.0 

2-Methyl-1-dodecene 1 0.0 -15.0 
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Methylcyclododecane 2 4.9 82.5 

Cyclopentane, 1,2-dibutyl- 1 0.0 102.0 

5-Tridecene 1 0.0 -11.0 

11-methyl-1-dodecene 1 0.0 -44.0 

1-Pentyl-2-methyl-trans-2-butyl-cyclopropane 1 0.0 -105.6 

1-Propyl-2-methyl-trans-2-hexyl-cyclopropane 1 0.0 -101.4 

1-Hexyl-2-methyl-trans-2-propyl-cyclopropane 1 0.0 -95.6 

1-Ethyl-2-methyl-trans-2-heptyl-cyclopropane 1 0.0 -91.8 

1-Pentyl-2-methyl-cis-2-butyl-cyclopropane 1 0.0 -93.5 

1-Ethyl-2-methyl-cis-2-heptyl-cyclopropane 1 0.0 -81.4 

1-Hexyl-2-methyl-cis-2-propyl-cyclopropane 1 0.0 -85.6 

1-Propyl-2-methyl-cis-2-hexyl-cyclopropane 1 0.0 -88.4 

1-Nonene, 2,4,6,8-tetramethyl 1 0.0 -168.0 

1-Undecene, 6,10-dimethyl 1 0.0 -92.0 

n-Decyl-cyclopropane 1 0.0 15.4 

Cyclohexane, 1-ethylpentyl 1 0.0 35.0 

Cyclohexane, 1-propylbutyl 1 0.0 21.0 

Cyclohexane, 1-methylhexyl 1 0.0 62.0 

1-Tetradecene 76 3.3 -9.3 

7-Tetradecene, (Z)- 6 6.0 -29.1 

5-Tetradecene, (E)- 8 5.2 -18.0 

7-Tetradecene, (E)- 8 7.9 -20.7 

5-Tetradecene, (Z)- 7 5.6 -24.4 

4-Tetradecene, (Z)- 7 6.2 -18.3 

4-Tetradecene, (E)- 7 4.6 -18.1 

6-Tetradecene, (Z)- 6 6.0 -27.1 

3-Tetradecene, (Z)- 8 5.9 -11.7 

6-Tetradecene, (E)- 7 3.7 -21.7 

Cyclohexane, octyl- 24 8.8 45.3 

Cyclotetradecane 3 4.0 273.0 

Tetradecene 4 12.8 -5.0 

Cyclopentane, nonyl- 2 9.2 44.5 

3-Tetradecene 2 24.0 -1.0 

2-Methyl-n-1-tridecene 1 0.0 -14.0 

7-Tetradecene 2 2.1 -31.5 

Tridecane, 3-methylene- 1 0.0 7.0 

1-Undecene, 2,6,10-trimethyl 1 0.0 -105.0 

2-Undecene, 4,6,8-trimethyl 1 0.0 -180.0 

2-Dodecene, 2,6-dimethyl 1 0.0 -75.0 

1-Tridecene, 11-methyl 1 0.0 -38.0 

1-Tridecene, 7-methyl 1 0.0 -59.0 

1-Tridecene, 9-methyl 1 0.0 -55.0 

1-Dodecene, 4-ethyl 1 0.0 -58.0 

1-Dodecene, 8-ethyl 1 0.0 -69.0 
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1-Dodecene, 6-ethyl 1 0.0 -72.0 

1-Decene, 6-butyl 1 0.0 -96.0 

1-Pentadecene 58 4.3 -10.2 

n-Nonylcyclohexane 14 7.3 48.0 

Cyclopentane, decyl- 2 9.7 43.2 

(E)-3-Pentadecene 7 3.0 -13.4 

(Z)-3-Pentadecene 7 4.1 -11.1 

(E)-2-Pentadecene 7 3.3 0.0 

(Z)-2-Pentadecene 7 5.3 8.3 

trans-5-Pentadecene 5 1.1 -20.2 

trans-4-Pentadecene 5 0.7 -19.9 

trans-6-Pentadecene 5 1.1 -23.2 

(Z)-7-Pentadecene 5 1.9 -31.6 

cis-5-Pentadecene 5 1.7 -25.1 

cis-6-Pentadecene 5 1.9 -29.3 

cis-4-Pentadecene 5 1.7 -19.5 

Cyclohexane, 1-(1,5-dimethylhexyl)-4-methyl- 3 3.5 -40.0 

Germacrane-d 5 4.1 -14.2 

Germacrane-b 4 8.0 -20.0 

Humulane 2 14.1 31.0 

Germacrane-c 3 1.5 -19.7 

2-Methyl-1-tetradecene 2 31.1 -33.0 

2,4,6,8-Tetramethyl-1-undecene, # 2 2 25.5 -197.0 

2,4,6,8-Tetramethyl-1-undecene, # 3 2 24.7 -187.5 

1-Undecene, 2,4,6,8-tetramethyl, # 1 2 26.2 -206.5 

Bisabolane-a 1 0.0 -52.0 

1-ethyl-2-methyl Cyclododecane 1 0.0 -12.0 

2-Undecene, 4,6,8,10-tetramethyl 1 0.0 -210.0 

1-Dodecene, 3,7,11-trimethyl 1 0.0 -146.0 

1-Dodecene, 2,6,10-trimethyl 1 0.0 -99.0 

Cetene 55 4.0 -9.3 

Cyclohexane, decyl- 22 8.5 54.9 

Cyclohexadecane 4 2.9 280.0 

(Z)-2-Hexadecene 6 6.1 9.2 

Cyclopentane, undecyl- 2 13.9 46.2 

3-Hexadecene, (Z)- 4 1.7 -13.2 

Z-8-Hexadecene 4 2.1 -34.2 

trans-7-Hexadecene 4 1.1 -25.7 

trans-8-Hexadecene 4 2.1 -26.8 

trans-5-Hexadecene 4 1.0 -20.8 

cis-6-Hexadecene 4 2.3 -30.6 

cis-4-Hexadecene 4 2.0 -19.8 

cis-5-Hexadecene 4 2.1 -25.8 

trans-4-Hexadecene 4 0.9 -20.0 
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Hexadecene 3 11.2 0.3 

7-Hexadecene, (Z)- 4 2.0 -33.8 

1-Pentadecene, 2-methyl- 1 0.0 -13.0 

3-Hexadecene 1 0.0 4.0 

1-Undecene, 2,4,6,8,10-pentamethyl 1 0.0 -241.0 

1-Tridecene, 3,7,11-trimethyl 1 0.0 -140.0 

1-Tridecene, 4,8,12-trimethyl 1 0.0 -144.0 

Decane, 3-cyclohexyl- 1 0.0 25.0 

Decane, 4-cyclohexyl- 1 0.0 -8.0 

Decane, 5-cyclohexyl- 1 0.0 -23.0 

Decane, 2-cyclohexyl- 1 0.0 59.0 

1-Pentadecene, 11-methyl 1 0.0 -56.0 

1-Pentadecene, 13-methyl 1 0.0 -37.0 

1-Pentadecene, 9-methyl 1 0.0 -61.0 

1-Tetradecene, 12-ethyl 1 0.0 -57.0 

1-Pentadecene, 7-methyl 1 0.0 -61.0 

1-Tetradecene, 4-ethyl 1 0.0 -62.0 

1-Tetradecene, 8-ethyl 1 0.0 -79.0 

1-Dodecene, 8-butyl 1 0.0 -105.0 

1-dodecene, 6-butyl 1 0.0 -109.0 

1-Heptadecene 39 5.8 -9.5 

8-Heptadecene 11 8.9 -21.0 

7-heptadecene 6 7.3 -23.0 

3-Heptadecene, (Z)- 3 2.4 -10.6 

cis-2-Heptadecene 4 6.6 13.1 

trans-2-Heptadecene 4 4.1 2.0 

Cyclohexane, undecyl- 1 0.0 60.0 

cis-8-Heptadecene 3 0.8 -34.7 

trans-6-Heptadecene 2 0.6 -23.7 

trans-4-Heptadecene 2 0.7 -19.5 

trans-7-Heptadecene 2 0.8 -25.8 

trans-5-Heptadecene 2 0.6 -20.3 

cis-7-Heptadecene 2 0.8 -33.6 

cis-5-Heptadecene 2 0.8 -24.6 

cis-4-Heptadecene 2 0.8 -18.3 

5-heptadecene 2 8.5 -15.0 

3-heptadecene 2 1.4 -7.0 

2-Methylhexadec-1-ene 2 2.8 -13.0 

cis-6-Heptadecene 2 0.9 -29.8 

2-Tridecene, 4,6,8,10-tetramethyl 2 48.8 -225.5 

Cyclohexane, 1-decyl-2-methyl, trans 1 0.0 40.0 

Cyclohexane, 1-decyl-2-methyl, cis 1 0.0 13.0 

1-Tetradecene, 4,8,12-trimethyl 1 0.0 -138.0 

Undecane, 6-cyclohexyl- 1 0.0 -34.0 
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Undecane, 3-cyclohexyl- 1 0.0 23.0 

Undecane, 2-cyclohexyl- 1 0.0 60.0 

Undecane, 5-cyclohexyl- 1 0.0 -29.0 

Undecane, 4-cyclohexyl- 1 0.0 -11.0 

1-Octadecene 50 3.7 -8.1 

Dodecylcyclohexane 3 25.5 34.7 

3-Octadecene, (E)- 3 5.8 -11.7 

Tridecylcyclopentane 1 0.0 62.0 

cis-2-Octadecene 3 7.7 12.2 

trans-2-Octadecene 3 5.0 2.3 

Octadecene 2 7.8 -8.5 

cis-7-Octadecene 3 9.9 -29.4 

E-7-Octadecene 2 0.4 -26.7 

trans-4-Octadecene 2 0.4 -19.7 

trans-6-Octadecene 2 0.4 -24.3 

trans-8-Octadecene 2 0.3 -28.0 

cis-8-Octadecene 2 0.5 -37.3 

cis-6-Octadecene 2 0.4 -30.7 

cis-5-Octadecene 2 0.6 -25.2 

cis-4-Octadecene 2 0.6 -18.6 

cis-3-Octadecene 2 0.6 -12.1 

cis-9-Octadecene 2 0.6 -38.1 

Cyclohexane, 1,2,3,4,5,6-hexaethyl- 1 0.0 -178.0 

2-methyl-1-heptadecene 1 0.0 -13.0 

1-Tridecene, 2,4,6,8,10-pentamethyl, # 2 1 0.0 -256.0 

1-Tridecene, 2,4,6,8,10-pentamethyl, # 3 1 0.0 -238.0 

1-Tridecene, 2,4,6,8,10-pentamethyl, # 1 1 0.0 -266.0 

1-Tridecene, 2,4,6,8,10-pentamethyl, # 4 1 0.0 -228.0 

Dodecane, 4-cyclohexyl- 1 0.0 -13.0 

Dodecane, 6-cyclohexyl- 1 0.0 -40.0 

Dodecane, 3-cyclohexyl- 1 0.0 22.0 

Dodecane, 5-cyclohexyl- 1 0.0 -32.0 

1-Heptadecene, 13-methyl 1 0.0 -56.0 

1-Tetradecene, 10-butyl 1 0.0 -111.0 

1-Hexadecene, 10-ethyl 1 0.0 -84.0 

1-Tetradecene, 8-butyl 1 0.0 -122.0 

1-Tetradecene, 6-butyl 1 0.0 -117.0 

1-Hexadecene, 6-ethyl 1 0.0 -78.0 

1-Nonadecene 24 6.0 -10.8 

Cyclopentane, tetradecyl- 4 6.3 69.6 

n-Tridecylcyclohexane 4 20.8 46.3 

phyt-2-ene 2 29.7 -68.0 

9-Nonadecene 2 9.2 -13.5 

cis-2-Methyl-7-octadecene 2 59.4 -16.0 
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Tridecane, 7-cyclohexyl- 1 0.0 -46.0 

2-Methyl-1-octadecene 1 0.0 -10.0 

1-Tridecene, 2,4,6,8,10,12-hexamethyl 1 0.0 -320.0 

2-nonadecene (E) 1 0.0 6.0 

2-nonadecene (Z) 1 0.0 21.0 

1-Hexadecene, 7,11,15-trimethyl 1 0.0 -158.0 

Tridecane, 3-cyclohexyl- 1 0.0 21.0 

Tridecane, 5-cyclohexyl- 1 0.0 -34.0 

Tridecane, 4-cyclohexyl- 1 0.0 -14.0 

7-Nonadecene 1 0.0 -20.9 

Cyclohexane, 1-methyldodecyl 1 0.0 59.0 

1-Eicosene 28 3.5 -7.3 

1-Phytene 10 16.3 -210.2 

Cyclohexane, tetradecyl- 8 25.1 60.1 

3,7,11,15-Tetramethyl-2-hexadecene 2 11.3 -154.0 

2-Hexadecene, 2,6,10,14-tetramethyl- 3 5.0 -145.7 

5-Eicosene, (E)- 3 1.3 286.3 

3,7,11,15-Tetramethylhexadecene, isomer 2 2 25.5 -119.0 

n-Pentadecylcyclopentane 1 0.0 68.0 

2-Hexadecene, 3,7,11,15-tetramethyl-, [R-[R*,R*-(E)]]- 1 0.0 -170.0 

3,7,11,15-Tetramethylhexadecene, isomer 3 1 0.0 -120.0 

2-methyl-1-nonadecene 1 0.0 -11.0 

2-Pentadecene, 4,6,8,10,12-pentamethyl 1 0.0 -342.0 

1-Hexadecene, 2,7,11,15-tetramethyl 1 0.0 -171.0 

2-eicosene (Z) 1 0.0 22.0 

2-eicosene (E) 1 0.0 7.0 

trans-phyt-2-ene 1 0.0 -153.0 

cis-phyt-2-ene 1 0.0 -165.0 

1-Heneicosene 8 11.6 -6.5 

Cyclopentane, hexadecyl- 3 7.0 68.4 

Henicos-1-ene 1 0.0 -10.9 

Cyclohexane, 1-(3,7-dimethylnonyl)-2,2,6-trimethyl, # 3 1 0.0 -254.0 

Cyclohexane, 1-(3,7-dimethylnonyl)-2,2,6-trimethyl, # 2 1 0.0 -259.0 

Cyclohexane, 1-(3,7-dimethylnonyl)-2,2,6-trimethyl, # 1 1 0.0 -261.0 

Cyclohexane, 1-(3,7-dimethylnonyl)-2,2,6-trimethyl, # 4 1 0.0 -252.0 

10-Heneicosene (c,t) 1 0.0 -40.0 

2-Pentadecene, 4,6,8,10,12,14-hexamethyl 1 0.0 -372.0 

1-Pentadecene, 2,4,6,8,10,12-hexamethyl 1 0.0 -346.0 

2-methyl-1-eicosene 1 0.0 -9.0 

1-Heptadecene, 3,8,12,16-tetramethyl 1 0.0 -211.0 

2-Heneicosene (E) 1 0.0 7.0 

2-Heneicosene (Z) 1 0.0 20.0 

(Z)-9-heneicosene 1 0.0 -29.0 

7-Heneicosene 1 0.0 -19.8 
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1-Docosene 22 3.2 -7.5 

Hexadecylcyclohexane 4 5.6 79.2 

n-Heptadecyl-cyclopentane 2 7.8 78.5 

Cyclooctane, tetradecyl- 1 0.0 140.0 

10-Docosene 1 0.0 -40.0 

11-Docosene 1 0.0 -40.0 

2-docosene (Z) 1 0.0 23.0 

2-docosene (E) 1 0.0 8.0 

7-Docosene 1 0.0 -20.6 

9-Tricosene, (Z)- 10 10.8 -21.3 

1-Tricosene 9 6.4 -9.6 

Cyclopentane, octadecyl- 4 10.1 73.4 

11-Tricosene 2 18.4 -26.0 

7-Tricosene 2 0.9 -21.4 

5-Tricosene 1 0.0 -16.0 

2-tricosene (Z) 1 0.0 25.0 

2-tricosene (E) 1 0.0 8.0 

Z-11-tricosene 1 0.0 -139.0 

1-Tetracosene 9 5.7 -7.9 

Cyclohexane, octadecyl- 4 6.3 81.7 

Cyclotetracosane 1 0.0 189.0 

Cyclopentane, nonadecyl 3 5.7 84.3 

9-Tetracosene 2 4.2 -25.0 

1-Heptadecene, 2,4,6,8,10,12,14-heptamethyl 1 0.0 -427.0 

2-Tetracosene (E) 1 0.0 6.0 

Pentacos-1-ene 7 4.8 -9.5 

Cyclohexane, nonadecyl- 1 0.0 73.6 

9-Pentacosene 5 3.8 -28.8 

7-pentacosene 4 2.5 -22.3 

(Z)-9-pentacosene 2 2.1 -28.5 

1-cyclopentylicosane 2 15.1 79.3 

2,6,10,14-Tetramethyl-7-(3-methyl-pentyl)-pentadecane 2 3.5 -392.5 

(Z)-7-pentacosene 1 0.0 -23.0 

10-Cyclohexylnonadecane 1 0.0 -64.8 

6-Cyclohexylnonadecane 1 0.0 -49.2 

5-cyclohexylnonadecane 1 0.0 -37.7 

2-Cyclohexylnonadecane 1 0.0 44.9 

4-Cyclohexylnonadecane 1 0.0 -19.3 

3-Cyclohexylnonadecane 1 0.0 13.7 

7-Cyclohexylnonadecane 1 0.0 -57.0 

10-Pentacosene 2 1.4 -26.0 

11-Pentacosene 1 0.0 -41.0 

5-Pentacosene 1 0.0 -15.0 

2-pentacosene (E) 1 0.0 6.0 
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2-pentacosene (Z) 1 0.0 26.0 

9-Hexacosene 2 3.4 -31.6 

Cyclopentane, heneicosyl- 1 0.0 91.0 

Heneicosane, 11-cyclopentyl- 1 0.0 -52.0 

1-Hexacosene 2 2.1 -5.5 

Cyclohexane, 1,3-didecyl- 1 0.0 34.0 

2-hexacosene (Z) 1 0.0 29.0 

2-hexacosene (E) 1 0.0 9.0 

9-heptacosene 6 3.1 -26.9 

Heptacos-1-ene 4 4.6 -10.2 

(Z)-9-heptacosene 3 1.0 -28.0 

7-heptacosene 3 2.5 -21.4 

11-Heptacosene 3 9.1 -28.7 

12-Heptacosene 2 2.1 -23.5 

2-heptacosene (Z) 1 0.0 20.0 

10-Heptacosene 1 0.0 -25.0 

Cyclooctacosane 1 0.0 -5.0 

1-Octacosene 2 2.1 -4.5 

9-Octacosene 1 0.0 -29.4 

9-Nonacosene 6 3.4 -26.5 

7-Nonacosene 3 2.5 -20.5 

(Z)-9-nonacosene 1 0.0 -26.0 

13-Nonacosene 1 0.0 -22.0 

11-Nonacosene 1 0.0 -25.0 

Nonacos-1-ene 4 7.1 -14.1 

Nonacos-1-ene 4 7.1 -14.1 

1-Triacontene 4 2.1 -4.8 

1-Isopropyl-4-methyl-2-[1,5,9-trimethyl-1-(4-methyl-hexyl)-decyl]-

cyclohexane 2 9.9 -461.0 

9-Triacontene 2 16.6 -17.8 

Cyclopentane, 1-nonyl, 3-(3-methylpentadecyl) 1 0.0 -55.0 

12-Tritriacontene 1 0.0 278.0 

8-Tricosene 1 0.0 -725.0 

Hentriacontene 5 12.8 -18.2 

9-Hentriacontene 4 6.0 -26.9 

7-Hentriacontene 2 3.7 -23.4 

15-Hentriacontene 1 0.0 -18.0 

11-Hentriacontene 1 0.0 -30.0 

14-Hentriacontene 1 0.0 -18.0 

13-Hentriacontene 1 0.0 -18.0 

1-Dotriacontene 1 0.0 -12.0 

Cyclopentane, 1-ethyl-1-methyl-3-(1,5-dimethylhexyl)-2-(2,6,10-

trimethylundecyl), isomer # 2 1 0.0 -667.0 

Cyclopentane, 1-ethyl-1-methyl-3-(1,5-dimethylhexyl)-2-(2,6,10-

trimethylundecyl), isomer # 1 1 0.0 -694.0 
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Tritriacont-9-ene 1 0.0 -23.0 

1-Tritriacontene 1 0.0 -12.0 

15-Tritriacontene 1 0.0 -22.0 

13-Tritriacontene 1 0.0 -22.0 

16-Tritriacontene 1 0.0 -22.0 

11-Triacontene 1 0.0 -306.0 

1-Pentatriacontene 2 4.2 -13.0 

1-Pentatricosene 1 0.0 -1015.0 

Pentatriacont-9-ene 1 0.0 -19.0 

14-Heptatricosene 1 0.0 -28.0 

15-Heptatricosene 1 0.0 -28.0 

13-Heptatricosene 1 0.0 -28.0 

16-Heptatricosene 1 0.0 -28.0 

9-Heptatricosene 1 0.0 -14.0 

14-Heptatricosene, 25-methyl 1 0.0 -104.0 

16-Heptatricosene, 25-methyl 1 0.0 -104.0 

1-Nonatriacontene 2 7.1 -15.0 

1-Nonatriacontene 1 0.0 -1005.0 

16-Nonatricosene, 27-methyl 1 0.0 -98.0 

14-Nonatricosene, 27-methyl 1 0.0 -98.0 

15-Tetracosene, 27-methyl 1 0.0 -103.0 

16-Tetracosene, 27-methyl 1 0.0 -103.0 

14-Tetracosene, 27-methyl 1 0.0 -103.0 

1-Hentetracontene 1 0.0 -4.0 

Propyne 12 16.5 21.3 

Allene 11 8.4 23.2 

1,3-Butadiene 29 6.3 -5.5 

1-Butyne 12 16.9 0.8 

2-Butyne 10 10.2 72.3 

1,2-Butadiene 11 8.6 33.5 

Cyclobutene 4 0.8 33.0 

Methylenecyclopropane 2 0.4 32.3 

1-Methylcyclopropene 1 0.0 26.5 

Cyclopentene 80 7.1 54.7 

Isoprene 37 5.4 2.8 

1,3-Pentadiene, (E)- 27 5.1 19.0 

1,4-Pentadiene 18 7.6 -31.6 

1,3-Pentadiene, (Z)- 20 8.2 27.4 

1,2-Butadiene, 3-methyl- 14 10.0 19.2 

Cyclobutane, methylene- 7 4.0 37.6 

1-Pentyne 13 12.3 -9.4 

2,3-Pentadiene 13 7.8 34.2 

1,2-Pentadiene 10 0.7 26.3 

2-Pentyne 8 12.7 57.0 
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1,3-Pentadiene 8 9.3 21.9 

1-Butyne, 3-methyl- 2 24.7 -46.5 

Cyclopropane,ethenyl- 2 14.4 25.8 

1,2-Dimethyl cyclopropene 1 0.0 39.0 

Cyclopropane, methylmethylene- 1 0.0 75.6 

Cyclohexene 115 11.7 79.7 

Cyclopentene, 1-methyl- 67 8.3 49.5 

Cyclopentene, 3-methyl- 53 10.4 9.6 

1-Hexyne 21 9.1 -10.3 

1,5-Hexadiene 34 5.1 -33.4 

1,3-Butadiene, 2,3-dimethyl- 19 8.3 9.3 

2-Hexyne 15 4.3 42.2 

Cyclopentane, methylene- 8 2.9 54.1 

1-Butyne, 3,3-dimethyl- 3 21.8 -108.7 

3-Hexyne 15 5.4 24.6 

2,4-Hexadiene 6 17.3 51.3 

4-Methyl-1,3-pentadiene 13 7.7 30.6 

Bicyclo[3.1.0]hexane 2 5.7 74.0 

1,1'-Bicyclopropyl 3 3.5 42.1 

1,3-Butadiene, 2-ethyl- 9 5.4 3.0 

Isopropenylcyclopropane 4 1.7 16.8 

2,4-Hexadiene, (E,E)- 8 7.3 51.1 

1-Pentyne, 4-methyl- 5 1.2 -48.0 

2,4-Hexadiene, (E,Z)- 8 11.8 56.8 

1,3-Pentadiene, 3-methyl- 6 14.6 35.0 

(E)-1,3-Hexadiene 8 2.0 13.4 

Cyclopentene, 4-methyl- 4 0.5 10.3 

1,3-Pentadiene, 2-methyl- 4 4.5 29.5 

4-Methyl-2-pentyne 2 14.8 4.5 

(Z)-1,3-Pentadiene, 2-methyl- 11 13.2 11.4 

1,4-Pentadiene, 2-methyl- 5 9.4 -29.8 

1,4-Hexadiene, (Z)- 8 3.8 -10.8 

trans-1,4-Hexadiene 6 6.0 -14.3 

1-Pentyne, 3-methyl- 2 21.2 -46.0 

1,3-Pentadiene, 3-methyl-, (E)- 7 2.3 43.0 

1,4-Pentadiene, 3-methyl- 6 5.6 -65.2 

C2H5CH=CHCH=CH2 5 9.7 15.2 

cis-1,3-hexadiene 7 4.7 19.1 

(Z),(Z)-2,4-Hexadiene 4 7.5 57.2 

1,4-Hexadiene 4 2.4 -5.0 

1,3-Pentadiene, 2-methyl-, (E)- 3 0.4 27.3 

1,3-Pentadiene, 3-methyl-, (Z)- 4 1.7 39.3 

1-methyl-trans-2-(1-ethenyl)-cyclopropane 2 3.0 -17.3 

1-methyl-cis-2-(1-ethenyl)-cyclopropane 2 3.1 7.6 
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trans-1-propenyl-cyclopropane 2 2.2 40.2 

cis-1-propenyl-cyclopropane 2 2.5 45.0 

2-propenyl-cyclopropane 2 3.4 -4.8 

1,3-Hexadiene 1 0.0 20.0 

cis-1,3-Hexadiene 1 0.0 18.0 

cis-Bicyclo[3.1.0]hexane 1 0.0 78.0 

Cyclopropane, 1-propenyl- 1 0.0 84.0 

Cyclohexene, 1-methyl- 72 11.4 70.7 

Cyclohexene, 4-methyl- 58 8.4 40.2 

Cyclohexene, 3-methyl- 56 10.0 41.0 

1-Ethylcyclopentene 36 7.1 50.8 

1-Heptyne 21 7.9 -11.7 

Cycloheptene 30 10.6 86.5 

Cyclohexane, methylene- 27 8.0 43.5 

Norbornane 10 9.9 53.0 

Cyclopentene, 3-ethyl- 30 8.2 17.3 

2-Heptyne 13 6.4 45.6 

Vinylcyclopentane 12 9.2 22.8 

Bicyclo[4.1.0]heptane 3 0.6 96.3 

3-Heptyne 13 7.7 20.1 

Cyclopentane, ethylidene- 9 3.9 70.4 

1,3-Pentadiene, 2,4-dimethyl- 9 6.3 -7.6 

Cyclopentene, 1,2-dimethyl- 7 20.2 46.9 

1,5-Hexadiene, 2-methyl- 11 3.6 -34.6 

1,6-Heptadiene 10 5.4 -31.2 

2-Pentyne, 4,4-dimethyl- 1 0.0 -88.0 

1-Hexyne, 5-methyl- 5 1.0 -45.0 

2-Hexyne, 5-methyl- 1 0.0 1.0 

Cyclopropane, 1,1'-methylenebis- 6 3.9 31.2 

2-Hexyne, 4-methyl- 1 0.0 -10.0 

Cyclopentene, 1,5-dimethyl- 2 6.4 1.5 

1,5-Heptadiene 4 2.8 -6.3 

2,4-Hexadiene, 2-methyl- 2 31.8 28.5 

1,5-Hexadiene, 3-methyl- 2 2.8 -65.0 

2,4-Heptadiene 1 0.0 50.0 

3-Hexyne, 2-methyl- 1 0.0 -40.0 

1,5-Heptadiene, (E)- 4 1.8 -19.6 

1-Butene, 4-cyclopropyl- 3 2.3 -4.6 

cis-1-Methyl-2-(2'-propenyl)cyclopropane 3 1.9 -10.0 

1-Pentyne, 4,4-dimethyl- 1 0.0 -100.0 

2,5-Heptadiene, (E,E)- 3 5.8 9.9 

1,5-Heptadiene, (Z)- 3 2.6 -14.8 

Cyclobutane, (1-methylethylidene)- 1 0.0 48.0 

1-methyl-trans-2-(1-trans-propenyl)-cyclopropane 3 0.6 2.3 
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1-methyl-trans-2-(1-cis-propenyl)-cyclopropane 3 0.7 -1.9 

1-methyl-cis-2-(1-trans-propenyl)-cyclopropane 3 0.4 20.1 

1-methyl-cis-2-(1-cis-propenyl)-cyclopropane 3 1.0 24.4 

1-(1-ethenyl)-trans-2-ethyl-cyclopropane 3 1.2 -30.4 

1-(1-ethenyl)cis-2-ethyl-cyclopropane 3 1.7 -3.9 

trans-1-butenyl-cyclopropane 3 0.3 31.3 

cis-2-butenyl-cyclopropane 3 1.8 23.3 

cis-1-butenyl-cyclopropane 3 1.4 29.4 

1,trans-3-heptadiene 2 3.0 11.0 

Cyclopentane, 1-methyl-3-methylene 3 3.5 9.3 

1,trans-4-Heptadiene 3 1.8 -24.9 

1,cis-4-heptadiene 3 2.8 -24.4 

(E)-2-Butenylcyclopropane 2 0.3 15.2 

2,4-Heptadiene, (E,E)- 2 3.0 44.4 

2,4-Dimethyl 1,4-pentadiene 1 0.0 80.0 

3-Methyl-1-hexyne 1 0.0 -66.0 

1,3-heptadiene 1 0.0 -18.0 

2,4-Heptadiene, (Z,Z) 2 3.3 52.3 

2,4-Heptadiene, (Z,E) 2 3.3 48.8 

2,4-Heptadiene, (E,Z) 2 3.3 43.1 

2,5-Heptadiene, (E,Z) 2 2.5 10.6 

1,3-heptadiene, cis 2 3.1 14.3 

Cyclopentene, 4,4-dimethyl- 1 0.0 -4.0 

Cyclopentane, 1-methyl-2-methylene- 1 0.0 32.0 

1-Pentyne, 3,3-dimethyl- 1 0.0 -111.0 

1-Hexyne, 4-methyl 1 0.0 -41.0 

1-Pentyne, 3,4-dimethyl 1 0.0 -76.0 

1-Methyl-2-(2-propenyl)cyclopropane 1 0.0 -12.0 

cis-2,cis-5-heptadiene 1 0.0 12.5 

2-Octyne 37 10.4 56.7 

1-Octyne 20 11.0 -9.1 

Cyclooctene 23 19.0 102.5 

1-Propylcyclopentene 16 9.7 41.2 

Cyclohexene, 1-ethyl- 14 9.2 64.3 

Cyclohexane, ethylidene- 17 9.6 71.3 

4-Octyne 15 10.2 15.1 

2,4-Hexadiene, 2,5-dimethyl- 6 16.3 54.2 

Cyclopentene, 3-propyl- 10 13.7 23.4 

Cyclohexane, ethenyl- 18 6.8 26.2 

Pentalene, octahydro-, cis- 12 9.0 67.8 

Bicyclo[2.2.2]octane 1 0.0 83.0 

3-Octyne 12 7.4 20.2 

3-Isopropylcyclopentene 13 13.2 1.7 

4-Ethylcyclohexene 13 19.4 51.9 
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Cyclopentene, 1-(1-methylethyl)- 12 12.1 16.2 

Cyclohexene, 3-ethyl- 11 15.7 55.1 

1,3-Octadiene 13 13.9 21.9 

1,7-Octadiene 13 9.9 -28.0 

2,4-Octadiene 6 4.5 16.0 

1,5-Hexadiene, 2,5-dimethyl- 3 28.9 -15.3 

Cyclohexene, 1,4-dimethyl- 7 4.0 27.1 

Bicyclo[5.1.0]octane 3 1.7 86.0 

Cyclooctene, (Z)- 5 11.3 98.2 

Cyclopentane, 2-propenyl- 1 0.0 28.8 

Bicyclo[2.2.1]heptane, 2-methyl-, exo- 2 4.1 17.9 

1-Methylcycloheptene 7 16.7 73.1 

cis-Bicyclo[5.1.0]octane 1 0.0 88.0 

Bicyclo[3.2.1]octane 8 6.2 75.3 

Cis-bicyclo[4.2.0]octane 2 0.0 80.0 

cis-2,cis-6-octadiene 7 2.6 4.3 

1,3-Dimethyl-1-cyclohexene 3 6.4 28.7 

trans-1,3-octadiene 5 2.6 11.1 

Cyclohexene, 1,2-dimethyl- 1 0.0 68.0 

trans-3,6-dimethylcyclohexene 4 6.8 -11.2 

trans-2,cis-4-octadiene 4 2.9 37.2 

2,6-Octadiene, (E,E)- 5 1.3 -6.1 

trans-2,cis-6-octadiene 5 1.6 -0.9 

Cyclohexene, 1,5-dimethyl- 2 2.8 27.0 

1,4-Octadiene, trans 4 1.4 -30.4 

trans-Cyclooctene 2 0.0 99.0 

1,4-Heptadiene, 3-methyl- 2 0.0 -85.0 

1,6-Octadiene, (E)- 4 2.0 -19.7 

trans-2,trans-4-octadiene 4 2.8 39.2 

trans-2,trans-5-octadiene 4 1.6 -3.7 

trans-3,trans-5-octadiene 4 2.8 39.3 

cis-2,trans-5-octadiene 4 1.8 -1.0 

cis-2,trans-4-octadiene 4 2.9 42.1 

cis-2,cis-4-octadiene 4 3.3 47.3 

1,trans-5-octadiene 4 1.9 -30.1 

1,cis-6-octadiene 4 2.5 -15.7 

1,cis-4-octadiene 4 2.3 -27.6 

1,cis-5-octadiene 4 2.4 -29.8 

Cyclohexane, 1-methyl-4-methylene- 2 2.0 2.1 

Cyclohexene, 3,5-dimethyl- 1 0.0 112.0 

3,5-Octadiene 2 1.4 11.0 

3,5-Octadiene, (Z,Z)- 3 3.0 38.0 

(trans-1,2-methylene)butyl-cyclopropane 3 2.2 -7.4 

(cis-1,2-methylene)butyl-cyclopropane 3 5.6 8.6 
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(cis-2,3-methylene)butyl-cyclopropane 3 3.1 22.4 

trans-2,cis-5-octadiene 3 2.3 -5.7 

trans-3,cis-5-octadiene 3 2.9 32.5 

cis-2,cis-5-octadiene 3 2.3 -2.1 

1,cis-3-octadiene 3 3.1 12.5 

Cyclohexene, 1,6-dimethyl- 1 0.0 38.0 

Pentalene, octahydro- 2 0.0 70.0 

Cyclopentane, propylidene 3 2.1 54.7 

1-methyl-1-(2,3-methylene)propyl-cyclopropane 2 2.7 -20.1 

(1-methyl-2,3-methylene)propyl-cyclopropane 2 3.2 -4.5 

(trans-2,3-methylene)butyl-cyclopropane 2 1.8 -15.0 

1-Methylbicyclo-(2,2,1)-heptane 2 2.5 -22.8 

3-Hexyne, 2,2-dimethyl- 1 0.0 -125.0 

3-Hexyne, 2,5-dimethyl- 1 0.0 -111.0 

1,4-Pentadiene, 2,3,3-trimethyl- 1 0.0 17.0 

Cycloheptene, 5-methyl- 2 0.0 51.0 

6-Methyl-3-heptyne 1 0.0 -23.0 

4-Methylcycloheptene 2 70.7 -1.0 

Cycloheptene, 3-methyl 2 0.0 47.0 

2-Hexyne, 5,5-dimethyl 1 0.0 -60.0 

1,4-Hexadiene, 3-ethyl- 1 0.0 103.0 

Ethane, 1,2-dicyclopropyl- 1 0.0 26.8 

3-Heptyne, 5-methyl- 1 0.0 -43.0 

4-Propylcyclopentene 1 0.0 20.0 

Cyclopentane, 1,2-dimethyl-3-methylene 1 0.0 4.0 

2-Hexyne, 4,5-dimethyl 1 0.0 -40.0 

2-Hexyne, 4,4-dimethyl 1 0.0 -80.0 

1-Hexyne, 4,5-dimethyl 1 0.0 -65.0 

1-Hexyne, 5,5-dimethyl 1 0.0 -100.0 

1-Hexyne, 4,4-dimethyl 1 0.0 -82.0 

1-Hexyne, 3,4-dimethyl 1 0.0 -73.0 

1-Hexyne, 3,3-dimethyl 1 0.0 -121.0 

1-Hexyne, 3,5-dimethyl 1 0.0 -110.0 

2-Heptyne, 4-methyl 1 0.0 -19.0 

1-Heptyne, 3-methyl 1 0.0 -70.0 

3-Heptyne, 2-methyl 1 0.0 -47.0 

1-Heptyne, 6-methyl 1 0.0 -50.0 

2-Heptyne, 5-methyl 1 0.0 11.0 

1-Heptyne, 4-methyl 1 0.0 -50.0 

Cycloheptane, methylene 1 0.0 61.0 

1H-Indene, octahydro-, cis- 35 15.1 96.8 

1H-Indene, octahydro-, trans- 16 17.5 60.9 

Cyclopentene, 1-butyl- 14 10.4 41.2 

Cyclohexene,1-propyl- 13 14.8 53.9 
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Cyclopentene,3-butyl- 10 12.5 18.3 

Cyclohexene,3-propyl- 9 17.8 50.9 

1-Nonyne 12 10.8 -10.1 

Cyclohexene, 4-propyl- 9 18.3 52.0 

cis-Bicyclo[6.1.0]nonane 2 4.9 99.5 

1-Isopropylcyclohex-1-ene 9 18.9 34.8 

2-Nonyne 9 7.7 44.1 

Cyclopentene, 3-(2-methylpropyl)- 6 3.1 -22.0 

3-Nonyne 7 1.6 15.3 

Cyclopentene,1-(2-methylpropyl)- 6 3.1 -11.2 

Cyclohexene, 3-(1-methylethyl)- 8 14.3 29.8 

4-Nonyne 8 9.2 13.3 

Cyclohexane, 2-propenyl- 9 5.6 22.7 

1H-Indene, octahydro- 5 22.6 76.8 

(E)-Salvene 9 4.4 -34.7 

1,8-Nonadiene 5 10.8 -20.9 

1-Methylcyclooctene 9 16.7 81.1 

1,3-Nonadiene, (E)- 2 10.1 16.9 

1,3-Hexadiene, 3-ethyl-2-methyl- 5 13.4 127.4 

Bicyclo[2.2.1]heptane, 2-ethyl- 2 2.8 17.9 

5-hexenyl-cyclopropane 7 1.9 -3.8 

(Z)-Salvene 5 2.5 -40.6 

Cyclohexane, (1-methylethylidene)- 2 3.8 58.0 

1,5-Heptadiene, 2,6-dimethyl- 2 37.5 -44.5 

2,4-Nonadiene, (E,E)- 3 29.5 95.0 

1,3-nonadiene 4 6.3 27.3 

Cyclohexene, 3,5,5-trimethyl- 1 0.0 282.0 

4-methyl-1,7-octadiene 5 2.9 -69.8 

3-methyl-1,7-octadiene 5 3.7 -76.4 

cis-Cyclononene 4 2.7 127.7 

Cyclopentane, (2-methylpropylidene)- 4 2.4 19.0 

Cyclopropane, 1,1-dimethyl-2-(2-methyl-1-propenyl)- 3 0.6 -80.5 

Cyclononene 1 0.0 97.0 

Bicyclo[4.3.0]nonane, isomer # 2 2 9.9 103.0 

Bicyclo[4.3.0]nonane, isomer # 1 2 8.5 69.0 

Salvene 3 11.1 -31.7 

trans-Cyclononene 4 4.8 121.6 

1,7-Octadiene, 2-methyl 4 4.0 -46.5 

3,3,5,5-Tetramethylcyclopentene 1 0.0 -48.0 

2,6-dimethyl-2,5-heptadiene 2 1.4 6.0 

Cyclopentene, 5-methyl-1-propyl 4 2.1 -6.8 

Cyclopentene, 1-methyl-2-propyl 4 1.7 10.5 

Cyclohexene, 1,4,5-trimethyl- 2 0.0 8.0 

Cyclopentane, (2-methyl-1-propenyl)- 3 3.0 -5.0 



 

440 

 

1-methyl-trans-2-(trans-3-pentenyl)-cyclopropane 3 1.0 -38.4 

1-Methyl-cis-2-(trans-3-pentenyl)-cyclopropane 3 1.4 -0.8 

Cyclooctene, 3-methyl- 3 0.0 58.0 

1-methyl-trans-2-(4-pentenyl)-cyclopropane 3 1.1 -49.9 

1-Methyl-cis-2-(4-pentenyl)-cyclopropane 3 2.3 -15.6 

Cyclohexene, 4-(1-methylethyl) 2 3.1 31.7 

trans-4-hexenyl-cyclopropane 3 1.4 13.2 

cis-4-hexenyl-cyclopropane 3 2.4 17.7 

Cyclohexene, 1,5,5-trimethyl- 1 0.0 -16.0 

isopropenylcyclohexane 3 4.8 25.0 

(E)-3-Ethyl-2-methyl-1,3-hexadiene 2 4.2 133.0 

cis,cis-2,7-Nonadiene 1 0.0 0.6 

Cyclohexene, 1,4,4-trimethyl- 1 0.0 -13.0 

(Z)-Salvene 2 4.2 -50.0 

Cyclopentene, 3-methyl-1-(1-methylethyl)- 1 0.0 33.2 

1,2,4,4-Tetramethylcyclopentene 1 0.0 -42.4 

1-methyl-1-(3-methylene)butyl-cyclopropane 2 1.6 -63.5 

1-(1-Ethenyl)-trans-2-butyl-cyclopropane 2 2.8 -35.5 

1-(1-Ethenyl)-cis-2-butyl-cyclopropane 2 1.9 -12.4 

1,trans-7-nonadiene 2 0.6 -20.5 

Bicyclo[6.1.0]nonane 1 0.0 103.0 

trans-1-hexenyl-cyclopropane 2 0.4 29.0 

cis-1-hexenyl-cyclopropane 2 0.9 23.3 

Cyclopentane, butylidene 2 2.1 47.5 

2-Hexyne, 4,4,5-trimethyl 1 0.0 -94.0 

2-Heptyne, 4,4-dimethyl 1 0.0 -94.0 

1,2-Nonadiene 1 0.0 20.0 

2,6-Dimethyl-2,5-heptadiene 1 0.0 -23.0 

Cyclopentene, 1-methyl-4-(1-methylethyl) 1 0.0 -28.0 

1,6-Heptadiene, 2,5-dimethyl- 1 0.0 328.0 

trans-3,trans-5-nonadiene 1 0.0 34.5 

cis-2,trans-6-nonadiene 1 0.0 -12.8 

cis-2,trans-4-nonadiene 1 0.0 42.6 

2-Hexyne, 4-ethyl-4-methyl 1 0.0 -75.0 

trans-2,cis-5-nonadiene 1 0.0 -12.1 

trans-3,trans-6-nonadiene 1 0.0 -16.0 

trans-2,cis-4-nonadiene 1 0.0 34.5 

trans-2,cis-6-nonadiene 1 0.0 -16.4 

trans-3,cis-6-nonadiene 1 0.0 -18.6 

cis-2,trans-5-nonadiene 1 0.0 -7.6 

trans-Salvene 1 0.0 -41.0 

2-Hexyne, 4,5,5-trimethyl 1 0.0 -84.0 

3-Hexyne, 2,2,5-trimethyl 1 0.0 -204.0 

cis-3,trans-5-nonadiene 1 0.0 25.0 
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cis-3,cis-5-nonadiene 1 0.0 32.3 

cis-2,cis-6-nonadiene 1 0.0 -12.1 

trans-3,cis-5-nonadiene 1 0.0 25.0 

cis-2,cis-4-nonadiene 1 0.0 45.8 

cis-2,cis-5-nonadiene 1 0.0 -8.4 

trans-2,cis-7-nonadiene 1 0.0 -3.0 

3-Heptyne, 6,6-dimethyl 1 0.0 -86.0 

cis-Salvene 1 0.0 -48.0 

1,trans-5-nonadiene 1 0.0 -35.5 

1,trans-6-nonadiene 1 0.0 -30.9 

1,trans-4-nonadiene 1 0.0 -30.1 

cis-3,cis-6-nonadiene 1 0.0 -18.0 

1,cis-5-nonadiene 1 0.0 -34.4 

1,cis-3-nonadiene 1 0.0 9.5 

1,cis-4-nonadiene 1 0.0 -31.9 

1,cis-7-nonadiene 1 0.0 -16.4 

cis-Bicyclo[5.2.0]nonane 1 0.0 90.0 

3-Butenylcyclopentane 1 0.0 27.0 

1,cis-6-nonadiene 1 0.0 -32.0 

(Z)-Cyclooctene, 4-methyl 1 0.0 64.0 

(Z)-Cyclooctene, 5-methyl 1 0.0 74.0 

(Z)-Cyclooctene, 3-methyl 1 0.0 58.0 

Naphthalene, decahydro-, trans- 67 14.0 60.4 

Naphthalene, decahydro-, cis- 52 14.4 101.2 

Cyclopentene, 1-pentyl- 15 10.4 39.7 

Cyclohexene, 1-butyl- 12 14.4 51.1 

Cyclohexene,3-butyl- 12 25.9 38.9 

Cyclohexene, 1-methyl-4-(1-methylethyl)- 21 14.5 18.9 

Cyclopentene,3-pentyl- 8 14.5 19.3 

Naphthalene, decahydro- 11 15.3 61.2 

1,1'-Bicyclopentyl 10 19.0 87.7 

Cyclohexene,4-butyl- 7 3.9 40.1 

1-Decyne 14 10.3 -8.4 

Cyclohexene, 4-methyl-1-(1-methylethyl)- 15 11.7 -13.5 

deca-3,7-diene 12 3.3 -13.3 

2,6-Octadiene, 2,6-dimethyl- 27 3.4 -20.9 

3-Decyne 10 8.0 17.5 

5-Decyne 10 7.2 11.7 

2-Decyne 10 8.1 46.3 

3-Ethyl-1,5-octadiene 12 5.8 -63.1 

4-Decyne 10 8.1 10.9 

Cyclodecene, (Z)- 17 7.2 124.1 

Cyclopentene, 1-(3-methylbutyl)- 10 11.7 -10.2 

Cyclopentene,3-(3-methylbutyl)- 6 2.7 -24.7 
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Cyclohexene,1-(2-methylpropyl)- 7 16.5 11.7 

Cyclohexene, 3-(2-methylpropyl)- 6 17.2 8.6 

Bicyclo[3.1.1]heptane, 2,6,6-trimethyl-, 

(1&#945;,2&#946;,5&#945;)- 8 14.7 -15.8 

Cyclohexene,3-(1-methylpropyl)- 5 4.8 27.0 

Cyclodecene, (E)- 8 5.4 118.1 

1,6-Octadiene, 3,7-dimethyl- 7 14.4 -50.1 

3,4-Diethylhexa-1,5-diene 6 2.7 -103.7 

Bicyclo[3.1.1]heptane, 2,6,6-trimethyl- 1 0.0 2.0 

1,9-Decadiene 5 8.3 -26.2 

Cyclohexane, 1-methyl-4-(1-methylethylidene)- 4 14.2 10.0 

Cyclohexene, 3-methyl-6-(1-methylethyl)- 5 12.5 -7.0 

(-)-trans-Pinane 3 16.5 -14.3 

Bicyclo[2.2.1]heptane, 1,7,7-trimethyl- 1 0.0 -20.0 

Bicyclo[2.2.1]heptane, 2,2,3-trimethyl- 3 10.6 50.3 

Cyclopentane, 1-methyl-3-(2-methyl-1-propenyl)- 6 2.9 -28.3 

Cyclopentane, 1-isobutylidene-3-methyl- 6 2.7 -52.8 

1-isopropyl-4-methylenecyclohexane 4 25.1 11.0 

Bicyclo[5.3.0]decane 1 0.0 95.0 

(5,6-methylene)hexylcyclopropane 5 3.0 28.7 

Cyclohexene, 3-methyl-6-(1-methylethyl)-, trans- 3 3.2 -22.6 

4,6-Decadiene 2 0.0 145.0 

1,6-Octadiene, 5,7-dimethyl-, (R)- 3 5.2 -80.0 

2-Menthene, cis 3 3.0 -21.3 

Cyclohexane, 1-methyl-4-(1-methylethenyl)-, trans- 2 4.4 -22.8 

1-Methyl-cis-2-(trans-3,4-methylenepentyl)-cyclopropane 4 1.7 -32.8 

Bicyclo[5.3.0]decane (cis) 1 0.0 95.0 

Cyclopentene, 1-(2-methylbutyl)- 4 2.3 -5.0 

Cyclohexane, 1-methyl-4-(1-methylethenyl)-, cis- 2 1.4 -5.6 

2,6-Dimethylbicyclo[3.2.1]octane 2 28.3 159.0 

(E)-Dihydroocimene 2 7.6 0.4 

Cyclopentane, (3-methylbutylidene)- 3 2.9 4.7 

(Z)-Dihydroocimene 2 11.7 -9.7 

Dihydroocimene 2 0.7 -5.5 

Dihydrosabinene 1 0.0 -68.0 

1-methyl-trans-2-(cis-3-pentenyl)-cyclopropane 3 1.8 -130.4 

2,6-Dimethyl-2-trans-6-octadiene 2 18.1 -8.8 

2,6-dimethyl-1,7-octadiene 2 7.8 -72.5 

3-Ethyl-1,5-octadiene, isomer 2 0.0 -51.0 

Cyclopentane, (2-methylbutylidene)- 2 2.8 -19.0 

Cyclopentane, pentylidene- 2 2.8 47.0 

1-Methyl-trans-2-(trans-3,4-methylenepentyl)-cyclopropane 2 1.7 -67.6 

1-Methyl-cis-2-(cis-3,4-methylenepentyl)-cyclopropane 2 0.2 3.6 

(trans-4,5-Methylenehexyl)-cyclopropane 2 1.6 -17.7 
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(cis-4,5-Methylenehexyl)-cyclopropane 2 2.5 17.1 

(trans-1,2-Methylenehexyl)-cyclopropane 2 2.1 -11.5 

(cis-1,2-Methylenehexyl)-cyclopropane 2 2.5 0.3 

Cyclohexane, 3-butenyl 2 0.2 24.8 

(2E,4E)-3,7-Dimethylocta-2,4-diene 1 0.0 25.4 

trans,trans-2,8-Decadiene 1 0.0 -1.3 

1,5-Heptadiene, 2,3,6-trimethyl- 1 0.0 63.0 

1,6-Octadiene, 2,5-dimethyl-, (E)- 1 0.0 -89.0 

Bicyclo[4.1.0]heptane, 3,7,7-trimethyl-, 

(1&#945;,3&#945;,6&#945;)- 1 0.0 -22.5 

Cyclononene, 1-methyl 2 42.4 132.0 

Cyclooctene, 4-methyl 2 0.0 -37.0 

Cyclooctene, 5-methyl 2 0.0 -27.0 

R(-)3,7-Dimethyl-1,6-octadiene 1 0.0 -56.6 

1-Methyl-trans-2-(trans-2,3-methylenepentyl)-cyclopropane 1 0.0 -74.1 

(Z)-3-Ethyl-1,5-octadiene 1 0.0 -112.0 

(E)-3-Ethyl-1,5-octadiene 1 0.0 -43.0 

3-methyl-3-butenyl cyclopentane 1 0.0 28.0 

2,2,6-Trimethyl-hepta-3,5-diene 1 0.0 161.0 

1,6-Heptadiene, 2,5,5-trimethyl- 1 0.0 211.0 

1,6-Heptadiene, 2,4,6-trimethyl 1 0.0 -87.0 

Cyclopentane, 1-methyl-3-(2-methyl-2-propenyl)- 1 0.0 -32.0 

trans-4,trans-6-decadiene 1 0.0 30.2 

trans-3,trans-5-decadiene 1 0.0 37.4 

trans-2,trans-4-decadiene 1 0.0 40.5 

trans-2,trans-6-nonadiene 1 0.0 -118.4 

m-Menth-6-ene, (R)-(+)- 1 0.0 -53.0 

trans-2,trans-5-nonadiene 1 0.0 -110.8 

trans-3,trans-6-decadiene 1 0.0 -22.1 

trans-3,trans-7-decadiene 1 0.0 -27.7 

cis-3,trans-5-decadiene 1 0.0 26.6 

trans-4,cis-6-decadiene 1 0.0 19.4 

cis-2,trans-4-decadiene 1 0.0 41.7 

trans-3,cis-5-decadiene 1 0.0 22.8 

cis-2,trans-5-decadiene 1 0.0 -7.1 

cis-2,trans-7-decadiene 1 0.0 -13.2 

3-Heptyne, 2,2,6-trimethyl 1 0.0 -177.0 

trans-2,trans-7-nonadiene 1 0.0 -105.0 

trans-2,cis-5-decadiene 1 0.0 -14.7 

trans-3,cis-7-decadiene 1 0.0 -29.9 

cis-2,trans-6-decadiene 1 0.0 -17.7 

trans-2,cis-7-decadiene 1 0.0 -19.9 

trans-2,cis-6-decadiene 1 0.0 -21.5 

trans-2,cis-4-decadiene 1 0.0 32.0 
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cis-2,cis-8-decadiene 1 0.0 1.4 

cis-4,cis-6-decadiene 1 0.0 28.3 

cis-2,cis-4-decadiene 1 0.0 43.8 

cis-3,cis-5-decadiene 1 0.0 31.4 

cis-3,trans-6-decadiene 1 0.0 -26.0 

cis-3,cis-7-decadiene 1 0.0 -29.1 

trans-3,cis-6-decadiene 1 0.0 -26.0 

cis-3,cis-6-decadiene 1 0.0 -23.6 

cis-2,cis-5-decadiene 1 0.0 -11.9 

cis-2,cis-6-decadiene 1 0.0 -16.7 

cis-2,cis-7-decadiene 1 0.0 -14.7 

1,trans-3-decadiene 1 0.0 8.5 

4-octyne, 2,7-dimethyl 1 0.0 -70.0 

1,trans-6-decadiene 1 0.0 -37.7 

1,trans-4-decadiene 1 0.0 -34.5 

1,trans-8-decadiene 1 0.0 -22.9 

trans-Bicyclo[7.1.0]decane 1 0.0 90.0 

1,trans-7-decadiene 1 0.0 -32.2 

1,4,4-trimethylcycloheptene 1 0.0 -41.0 

1,5,5-trimethylcycloheptene 1 0.0 -11.0 

1,4,4-trimethylcycloheptene 1 0.0 -26.0 

Cyclopentene, 1-butyl-5-methyl 1 0.0 -110.0 

1,cis-3-decadiene 1 0.0 7.2 

3,6,6-trimethylcycloheptene 1 0.0 -47.0 

1,cis-7-decadiene 1 0.0 -32.9 

1,cis-5-decadiene 1 0.0 -38.6 

1,cis-6-decadiene 1 0.0 -37.5 

cis-Bicyclo[6.2.0]decane 1 0.0 97.0 

1,cis-8-decadiene 1 0.0 -18.9 

1,trans-5-decadiene 1 0.0 -36.0 

4-Pentenylcyclopentane 1 0.0 26.4 

cis-Bicyclo[7.1.0]decane 1 0.0 110.0 

1,cis-4-decadiene 1 0.0 -35.5 

Cyclopentene, 1-butyl-2-methyl 1 0.0 7.0 

Bicyclo[7.1.0]decane 1 0.0 90.0 

cis-carane 1 0.0 -25.0 

Cycloheptene, 1-propyl 1 0.0 56.0 

Cyclohexene, 1-pentyl- 5 19.4 55.4 

1-Undecyne 12 11.4 -4.2 

Cyclopentene,1-hexyl- 3 4.2 33.7 

5-Undecyne 9 7.3 9.0 

2-Undecyne 9 8.2 47.7 

Cyclopentene,3-hexyl- 2 4.9 12.5 

3-Undecyne 9 8.2 17.6 
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4-Undecyne 9 8.4 10.0 

Cyclohexene, 3-pentyl- 1 0.0 44.0 

1-Methyldecahydronaphthalene 14 17.3 69.5 

Naphthalene, decahydro-2-methyl- 15 20.2 53.4 

1,10-Undecadiene 6 9.1 -22.0 

Cycloundecene (Z) 5 3.4 121.5 

Cyclopentylcyclohexane 2 10.6 117.5 

trans-Decalin, 2a-methyl 2 24.7 26.5 

Methyl-2 decadiene-1,9 3 25.5 -16.7 

Cycloundecene(E) 4 6.1 111.0 

Cyclodecene, 1-methyl- 3 2.9 98.3 

2-Methyldecalin, cis 3 25.2 108.0 

trans,trans-Bicyclo[4.4.0]decane, 3-methyl 1 0.0 50.0 

trans,trans-Bicyclo[4.4.0]decane, 2-methyl 1 0.0 50.0 

trans,cis-Bicyclo[4.4.0]decane, 2-methyl 1 0.0 83.0 

cis,trans-Bicyclo[4.4.0]decane, 2-methyl 1 0.0 78.0 

cis,trans-Bicyclo[4.4.0]decane, 3-methyl 1 0.0 38.0 

trans,cis-Bicyclo[4.4.0]decane, 3-methyl 1 0.0 73.0 

cis,cis-Bicyclo[4.4.0]decane, 2-methyl 1 0.0 92.0 

cis,cis-Bicyclo[4.4.0]decane, 3-methyl 1 0.0 68.0 

5-Cyclohexyl-1-pentene 2 0.1 24.0 

1-(2-propenyl)-trans-2-pentyl-cyclopropane 2 1.2 -61.2 

1,8-Nonadiene, 2,8-dimethyl- 2 21.2 81.0 

7-octenyl-cyclopropane 2 70.7 47.0 

trans-3-octenyl-cyclopropane 2 1.1 0.4 

trans-2-octenyl-cyclopropane 2 1.9 -0.2 

trans-Bicyclo[8.1.0]undecane 2 4.2 97.0 

cis-Bicyclo[8.1.0]undecane 2 3.5 118.5 

cis-Cyclodecene, 1-methyl- 2 4.9 96.5 

trans-Cyclodecene, 1-methyl- 2 2.1 98.5 

(E)-1,9-Undecadien 2 3.5 -18.5 

Bicyclo[5.4.0]undecane (trans) 1 0.0 106.0 

cis-Decalin, 2-syn-methyl- 1 0.0 59.0 

Tricyclo[3.3.1.1(3.7)]decane 1 0.0 -27.0 

2,5,5-trimethyl-1-methylenecycloheptane 1 0.0 -69.0 

cis-Decalin, trans-1e-methyl, r-9H 1 0.0 79.0 

3-Heptyne, 2,2,6,6-tetramethyl 1 0.0 -243.0 

1,2,4,4-tetramethylcycloheptene 1 0.0 -41.5 

trans-2,trans-8-decadiene 1 0.0 -104.6 

1,3,3,7-tetramethylcycloheptene 1 0.0 -57.5 

1,4,4,7-tetramethylcycloheptene 1 0.0 -70.5 

trans-2,trans-6-decadiene 1 0.0 -123.6 

trans-2,trans-7-decadiene 1 0.0 -115.4 

trans-2,trans-5-decadiene 1 0.0 -110.0 
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1,2,5,5-tetramethylcycloheptene 1 0.0 -31.0 

trans-Decalin, 1e-methyl 1 0.0 38.0 

trans-Decalin, 2e-methyl 1 0.0 22.0 

trans-Decalin, 1a-methyl 1 0.0 68.0 

cis-Bicyclo[5.4.0]undecane 1 0.0 126.0 

5-Hexenylcyclopentane 1 0.0 26.8 

trans-Decalin, 2-methyl- 1 0.0 38.0 

1-Methyldecalin, trans 1 0.0 52.0 

cis-Cyclodecene, 4-methyl 1 0.0 74.0 

cis-Cyclodecene, 3-methyl 1 0.0 59.0 

1-Methyldecalin, cis 1 0.0 98.0 

(E)-Cyclodecene, 3-methyl 1 0.0 66.0 

Cycloheptane, butylidene 1 0.0 63.0 

Cyclooctene, 1-propyl 1 0.0 66.0 

Cycloheptene, 1-butyl 1 0.0 51.0 

1,9-Decadiene, 4-methyl 1 0.0 -75.0 

1,9-Decadiene, 3-methyl 1 0.0 -78.0 

1,9-Decadiene, 5-methyl 1 0.0 -77.0 

1,1'-Bicyclohexyl 22 11.8 104.6 

Cyclohexene,1-hexyl- 3 1.0 43.0 

1-Dodecyne 10 9.1 -8.2 

Cyclohexene,3-hexyl- 1 0.0 43.0 

Cyclopentene,1-heptyl- 3 5.5 34.3 

2-Dodecyne 8 8.6 46.9 

3-Dodecyne 8 9.2 16.5 

6-Dodecyne 8 8.2 5.4 

5-Dodecyne 8 8.1 6.6 

Cyclododecene, (E)- 15 23.7 130.1 

4-Dodecyne 8 8.9 8.1 

Cyclododecene, (Z)- 14 20.6 132.2 

Naphthalene, 2-ethyldecahydro- 10 18.3 67.0 

1-Ethyldecalin 13 17.9 60.4 

Cyclopentene, 3-heptyl 1 0.0 14.0 

Cyclododecene 2 17.0 103.0 

1,11-Dodecadiene 2 7.1 -26.0 

Cyclopentylcycloheptane 2 22.6 126.0 

dodecadiene-2,10 2 8.5 9.0 

Cycloundecene, 1-methyl- 3 1.7 94.0 

Naphthalene, decahydro-2,6-dimethyl- 1 0.0 172.0 

dimethyl-3,8 decadiene-1,9 3 9.2 -101.7 

trans,trajns,trans-Bicyclo[4.4.0]decane, 2,10-dimethyl 1 0.0 45.0 

trans,trans,trans-Bicyclo[4.4.0]decane, 2,3-dimethyl 1 0.0 46.0 

trans,trans,trans-Bicyclo[4.4.0]decane, 3,4-dimethyl 1 0.0 12.0 

trans,trans,trans-Bicyclo[4.4.0]decane, 2,9-dimethyl 1 0.0 10.0 
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trans,trans,trans-Bicyclo[4.4.0]decane, 2,5-dimethyl 1 0.0 18.0 

trans,trans,trans-Bicyclo[4.4.0]decane, 2,4-dimethyl 1 0.0 12.0 

trans,trans,trans-Bicyclo[4.4.0]decane, 3,8-dimethyl 1 0.0 20.0 

trans,trans,trans-Bicyclo[4.4.0]decane, 2,8-dimethyl 1 0.0 18.0 

trans,trans,trans-Bicyclo[4.4.0]decane, 3,9-dimethyl 1 0.0 8.0 

trans,trans,trans-Bicyclo[4.4.0]decane, 2,7-dimethyl 1 0.0 21.0 

trans,trans,cis-Bicyclo[4.4.0]decane, 2,10-dimethyl 1 0.0 41.0 

trans,cis,trans-Bicyclo[4.4.0]decane, 2,10-dimethyl 1 0.0 37.0 

trans,trans,cis-Bicyclo[4.4.0]decane, 2,8-dimethyl 1 0.0 44.0 

trans,trans,cis-Bicyclo[4.4.0]decane, 2,3-dimethyl 1 0.0 68.0 

trans,cis,trans-Bicyclo[4.4.0]decane, 2,7-dimethyl 1 0.0 45.0 

trans,cis,trans-Bicyclo[4.4.0]decane, 2,9-dimethyl 1 0.0 0.0 

trans,trans,cis-Bicyclo[4.4.0]decane, 2,5-dimethyl 1 0.0 44.0 

trans,trans,cis-Bicyclo[4.4.0]decane, 2,4-dimethyl 1 0.0 30.0 

cis,trans,trans-Bicyclo[4.4.0]decane, 2,9-dimethyl 1 0.0 44.0 

trans,cis,trans-Bicyclo[4.4.0]decane, 2,8-dimethyl 1 0.0 6.0 

trans,trans,cis-Bicyclo[4.4.0]decane, 2,7-dimethyl 1 0.0 43.0 

trans,trans,cis-Bicyclo[4.4.0]decane, 3,9-dimethyl 1 0.0 47.0 

cis,trans,trans-Bicyclo[4.4.0]decane, 3,9-dimethyl 1 0.0 8.0 

trans,cis,trans-Bicyclo[4.4.0]decane, 2,4-dimethyl 1 0.0 4.0 

cis,trans,trans-Bicyclo[4.4.0]decane, 3,4-dimethyl 1 0.0 27.0 

cis,trans,trans-Bicyclo[4.4.0]decane, 2,3-dimethyl 1 0.0 42.0 

trans,trans,cis-Bicyclo[4.4.0]decane, 2,9-dimethyl 1 0.0 24.0 

trans,cis,trans-Bicyclo[4.4.0]decane, 2,3-dimethyl 1 0.0 27.0 

trans,cis,trans-Bicyclo[4.4.0]decane, 2,5-dimethyl 1 0.0 40.0 

cis,trans,trans-Bicyclo[4.4.0]decane, 2,8-dimethyl 1 0.0 39.0 

trans,trans,cis-Bicyclo[4.4.0]decane, 3,8-dimethyl 1 0.0 24.0 

cis,trans,trans-Bicyclo[4.4.0]decane, 2,4-dimethyl 1 0.0 54.0 

cis,trans,trans-Bicyclo[4.4.0]decane, 3,8-dimethyl 1 0.0 8.0 

trans,trans,cis-Bicyclo[4.4.0]decane, 3,4-dimethyl 1 0.0 67.0 

cis,trans,cis-Bicyclo[4.4.0]decane, 2,10-dimethyl 1 0.0 75.0 

cis,cis,trans-Bicyclo[4.4.0]decane, 2,10-dimethyl 1 0.0 91.0 

cis,trans,cis-Bicyclo[4.4.0]decane, 2,8-dimethyl 1 0.0 42.0 

cis,cis,trans-Bicyclo[4.4.0]decane, 2,5-dimethyl 1 0.0 76.0 

cis,trans,cis-Bicyclo[4.4.0]decane, 2,5-dimethyl 1 0.0 51.0 

cis,cis,trans-Bicyclo[4.4.0]decane, 3,9-dimethyl 1 0.0 -6.0 

cis,cis,trans-Bicyclo[4.4.0]decane, 2,4-dimethyl 1 0.0 28.0 

cis,trans,cis-Bicyclo[4.4.0]decane, 2,9-dimethyl 1 0.0 58.0 

trans,cis,cis-Bicyclo[4.4.0]decane, 2,7-dimethyl 1 0.0 58.0 

trans,cis,cis-Bicyclo[4.4.0]decane, 2,8-dimethyl 1 0.0 27.0 

cis,cis,trans-Bicyclo[4.4.0]decane, 2,8-dimethyl 1 0.0 34.0 

cis,trans,cis-Bicyclo[4.4.0]decane, 3,8-dimethyl 1 0.0 44.0 

cis,trans,cis-Bicyclo[4.4.0]decane, 3,4-dimethyl 1 0.0 36.0 

trans,cis,cis-Bicyclo[4.4.0]decane, 2,4-dimethyl 1 0.0 31.0 
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trans,cis,cis-Bicyclo[4.4.0]decane, 2,3-dimethyl 1 0.0 49.0 

cis,cis,trans-Bicyclo[4.4.0]decane, 3,8-dimethyl 1 0.0 -5.0 

cis,trans,cis-Bicyclo[4.4.0]decane, 2,4-dimethyl 1 0.0 60.0 

cis,trans,cis-Bicyclo[4.4.0]decane, 3,9-dimethyl 1 0.0 20.0 

cis,cis,trans-Bicyclo[4.4.0]decane, 2,3-dimethyl 1 0.0 57.0 

cis,cis,trans-Bicyclo[4.4.0]decane, 2,9-dimethyl 1 0.0 30.0 

cis,cis,trans-Bicyclo[4.4.0]decane, 2,7-dimethyl 1 0.0 78.0 

cis,cis,trans-Bicyclo[4.4.0]decane, 3,4-dimethyl 1 0.0 12.0 

trans,cis,cis-Bicyclo[4.4.0]decane, 2,9-dimethyl 1 0.0 38.0 

cis,trans,cis-Bicyclo[4.4.0]decane, 2,3-dimethyl 1 0.0 66.0 

cis,cis,cis-Bicyclo[4.4.0]decane, 2,10-dimethyl 1 0.0 85.0 

cis,cis,cis-Bicyclo[4.4.0]decane, 2,4-dimethyl 1 0.0 38.0 

cis,cis,cis-Bicyclo[4.4.0]decane, 3,8-dimethyl 1 0.0 14.0 

cis,cis,cis-Bicyclo[4.4.0]decane, 2,9-dimethyl 1 0.0 33.0 

cis,cis,cis-Bicyclo[4.4.0]decane, 2,7-dimethyl 1 0.0 62.0 

cis,cis,cis-Bicyclo[4.4.0]decane, 3,4-dimethyl 1 0.0 71.0 

cis,cis,cis-Bicyclo[4.4.0]decane, 2,3-dimethyl 1 0.0 83.0 

cis,cis,cis-Bicyclo[4.4.0]decane, 3,9-dimethyl 1 0.0 34.0 

cis,cis,cis-Bicyclo[4.4.0]decane, 2,5-dimethyl 1 0.0 86.0 

trans,trans-Bicyclo[4.4.0]decane, 2-ethyl 1 0.0 49.0 

trans,trans-Bicyclo[4.4.0]decane, 3-ethyl 1 0.0 43.0 

cis,trans-Bicyclo[4.4.0]decane, 3-ethyl 1 0.0 43.0 

cis,trans-Bicyclo[4.4.0]decane, 2-ethyl 1 0.0 70.0 

trans,cis-Bicyclo[4.4.0]decane, 3-ethyl 1 0.0 74.0 

trans,cis-Bicyclo[4.4.0]decane, 2-ethyl 1 0.0 76.0 

cis,cis-Bicyclo[4.4.0]decane, 3-ethyl 1 0.0 70.0 

cis,cis-Bicyclo[4.4.0]decane, 2-ethyl 1 0.0 81.0 

(trans-4,5-Methylene)octyl-cyclopropane 2 2.2 -30.3 

(trans-2,3-Methylene)octyl-cyclopropane 2 2.3 -31.6 

dimethyl-2,9 decadiene-1,9 1 0.0 49.0 

Naphthalene, decahydro-1,5-dimethyl- 1 0.0 99.0 

Naphthalene, decahydro-1,2-dimethyl- 1 0.0 28.0 

3-Heptyne, 5-ethyl-2,2,5-trimethyl 1 0.0 -294.0 

3-Heptyne, 2,2,5,6,6-pentamethyl 1 0.0 -286.0 

(7,8-Methylene)octyl-cyclopropane 1 0.0 31.2 

4-Octyne, 2,2,7,7-tetramethyl 1 0.0 -197.0 

trans-Bicyclo[5.5.0]dodecane 1 0.0 99.0 

trans-Bicyclo[9.1.0]dodecane 1 0.0 88.0 

cis-Bicyclo[5.5.0]dodecane 1 0.0 112.0 

cis-Bicyclo[6.4.0]dodecane 1 0.0 99.0 

cis-Bicyclo[9.1.0]dodecane 1 0.0 110.0 

6-Heptenylcyclopentane 1 0.0 24.7 

Trans, trans-2-ethylbicyclo[4.4.0]decane 1 0.0 62.0 

trans,trans-3-Ethylbicyclo[4.4.0]decane 1 0.0 58.0 
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trans,trans-2,10-Dodecadiene 1 0.0 3.0 

1-Ethyldecalin, cis 1 0.0 94.0 

2-Ethyldecalin, cis 1 0.0 92.0 

trans-Cycloundecene, 1-methyl- 1 0.0 92.0 

cis,cis-2,10-Dodecadiene 1 0.0 15.0 

4-Tridecyne 10 10.7 14.6 

1-Heptylcyclohexene 2 1.4 43.0 

Cyclohexene, 3-heptyl- 1 0.0 42.0 

1-Tridecyne 5 10.6 -2.6 

2-Tridecyne 5 8.2 51.6 

5-Tridecyne 5 9.2 7.8 

6-Tridecyne 5 8.8 5.4 

Cyclohexane, 1,1'-methylenebis- 3 22.1 110.0 

1,12-Tridecadiene 2 5.7 -25.0 

Cyclododecene, 1-methyl- 2 7.1 87.0 

1,11-Tridecadiene 1 0.0 12.0 

Cyclopentene, 1-octyl- 1 0.0 28.0 

dimethyl-2,10 undecadiene-1,10 1 0.0 32.0 

dimethyl-3,9 undecadiene-1,10 1 0.0 -105.0 

tridecadiene-2,11 1 0.0 0.0 

(Z)-Cyclododecene, 1-methyl 2 0.0 92.0 

(E)-Cyclododecene, 1-methyl 2 0.0 82.0 

Cyclopentane, 2-n-octyl- 1 0.0 9.0 

t-cyclotridecene 1 0.0 79.1 

1,8-Nonadiene, 2,4,6,8-tetramethyl, # 1 1 0.0 -146.0 

1,8-Nonadiene, 2,4,6,8-tetramethyl, # 2 1 0.0 -143.0 

2,4,6,8-Tetramethyl-1,8-nonadiene 1 0.0 -150.0 

(trans-2,3-Methylene)nonyl-cyclopropane 1 0.0 -35.2 

3-Heptyne, 2,2,5,5,6,6-hexamethyl 1 0.0 -344.0 

trans-Bicyclo[10.1.0]tridecane 1 0.0 82.0 

cis-Bicyclo[10.1.0]tridecane 1 0.0 104.0 

7-Octenylcyclopentane 1 0.0 27.0 

Cyclohexyl-cycloheptane 1 0.0 159.0 

2-Propyldecalin, trans 1 0.0 41.0 

1-Propyldecalin, trans 1 0.0 40.0 

trans,trans-2,11-tridecadiene 1 0.0 0.0 

1-Propyldecalin, cis 1 0.0 72.0 

2-Propyldecalin, cis 1 0.0 76.0 

cis,cis-2,11-tridecadiene 1 0.0 12.0 

c-cyclotridecene 1 0.0 101.3 

Cyclohexane, 1,1'-(1,2-ethanediyl)bis- 17 15.1 101.4 

7-Tetradecyne 4 7.8 4.3 

3-Tetradecyne 4 11.3 20.0 

6-C14H26 4 7.8 5.3 
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5-Tetradecyne 4 8.3 8.5 

4-Tetradecyne 4 10.2 11.8 

1-Tetradecyne 4 8.0 1.0 

2-C14H26 4 6.5 54.3 

1,13-Tetradecadiene 4 5.7 -19.3 

dimethyl-3,10 dodecadiene-1,11 1 0.0 -109.0 

dimethyl-2,11 dodecadiene-1,11 1 0.0 16.0 

tetradecadiene-2,13 1 0.0 9.0 

tetradecadiene-2,12 1 0.0 -1.0 

2,6-Dodecadiene, 2,6-dimethyl- 1 0.0 -86.0 

Naphthalene, 2-butyldecahydro- 1 0.0 32.0 

8-Nonenylcyclopentane 1 0.0 26.7 

trans,trans-2,12-tetradecadiene 1 0.0 -1.0 

1-Butyldecalin, trans 1 0.0 24.0 

2-Butyldecalin, cis 1 0.0 60.0 

cis,cis-2,12-tetradecadiene 1 0.0 9.0 

1-Butyldecalin, cis 1 0.0 60.0 

4&#945;H,5&#945;H-Eudesmane 6 1.2 -3.5 

Naphthalene, decahydro-1,4a-dimethyl-7-(1-methylethyl)-, [1S-

(1&#945;,4a&#945;,7&#945;,8a&#946;)]- 4 34.4 -2.5 

Naphthalene, decahydro-1,6-dimethyl-4-(1-methylethyl)- 4 27.2 -28.8 

Amorphane 4 25.1 -6.3 

Cadinane 4 11.2 -10.5 

4&#946;H,5&#945;H-Eudesmane 2 0.7 -95.5 

Tetrahydrohumulene 2 13.4 13.5 

Caryophyllane 2 14.8 1.5 

1-Pentadecyne 2 11.3 18.0 

pentadecadiene-1,14 2 3.5 -22.5 

Naphthalene, decahydro-1,8a-dimethyl-7-(1-methylethyl)-, [1R-

(1&#945;,4a&#946;,7&#946;,8a&#945;)]- 1 0.0 -7.0 

Cadinane-a 3 3.2 -60.7 

1H-Indene, octahydro-2,2,4,4,7,7-hexamethyl-, trans- 2 0.0 -72.9 

cis-&#945;-Guaiane 2 1.4 -6.0 

Caryophyllane-b 1 0.0 -68.0 

Caryophyllane-a 1 0.0 -75.0 

Caryophyllane-d 1 0.0 -50.0 

Caryophyllane-c 1 0.0 -50.0 

Eudesmane-isomer 2 1.4 -40.0 

Cadinane-b 2 0.7 -43.5 

Decahydro-1,1,4a,5,6-pentamethylnaphthalene 1 0.0 -30.0 

7-epi-Nootcatane 2 24.0 36.0 

Cyclohexane,1-ethenyl-1-methyl-2,4-bis[1-methylethyl]- 1 0.0 -104.4 

heterotactic-2,4,6,8-Tetramethyl-1-undecene 1 0.0 -180.0 

Muurolane-B 1 0.0 -4.0 

1,8-Pentadecadiene 1 0.0 -12.0 
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9-Decenylcyclopentane 1 0.0 24.9 

Amorphane-a (isocadinane) 1 0.0 -45.0 

trans,trans-2,13-pentadecadiene 1 0.0 -3.0 

cis,cis-2,13-pentadecadiene 1 0.0 6.0 

Amorphane-b 1 0.0 -13.0 

Muurolane-c 1 0.0 -50.0 

Muurolane-d 1 0.0 -40.0 

Cadinane-c 1 0.0 -29.0 

Cyclohexane, 1,1'-(1,4-butanediyl)bis- 3 24.4 125.7 

1,15-Hexadecadiene 2 2.8 -21.0 

1-Hexadecyne 1 0.0 64.0 

dimethyl-2,13 tetradecadiene-1,13 1 0.0 -17.0 

1,1'-Bicyclooctyl 1 0.0 208.0 

heterotactic-2,4,6,8,10-Pentamethyl-1,10-undecadiene 1 0.0 -208.0 

8-&#946;(H)-Homodrimane 1 0.0 -61.0 

1,10-Undecadiene, 2,4,6,8,10-pentamethyl 1 0.0 -216.0 

10-Undecenylcyclopentane 1 0.0 24.4 

C16-Homodrimane 1 0.0 -33.0 

heptadecadiene-1,16 2 2.1 -19.5 

cis-3,11-heptadecadiene 1 0.0 -43.0 

1,8-Heptadecadiene 1 0.0 -35.0 

6(Z),9(E)-Heptadecadiene 1 0.0 -32.0 

6(E),8(E)-Heptadecadiene 1 0.0 -31.0 

6,9-Heptadecadiene 1 0.0 -33.0 

1-Octadecyne 1 0.0 -562.0 

dimethyl-2,15 hexadecadiene-1,15 1 0.0 -51.0 

octadecadiene-1,17 1 0.0 -19.0 

1,17-Octadecadiene 1 0.0 -18.0 

Bicyclononyl 1 0.0 221.0 

phytadiene 4 8.5 -44.8 

(7Z,9E)-2-methyl-7,9-octadecadiene 1 0.0 -16.0 

isotactic-2,4,6,8,10,12-Hexaethyl-1,12-tridecadiene 1 0.0 153.0 

(Z)-2,6,10-Trimethylhexadeca-1,3-diene 1 0.0 -44.0 

(E)-2,6,10-Trimethylhexadeca-1,3-diene 1 0.0 -30.0 

1,12-Tridecadiene, 2,4,6,8,10-hexamethyl 1 0.0 -293.0 

5,10-Pristadiene 1 0.0 -190.0 

2,10-Pristadiene 1 0.0 -168.0 

Neophytadiene 27 16.1 -169.8 

Neophytadiene 17 13.8 -170.4 

3-Eicosyne 2 1.4 -12.0 

Neophytadiene (Isomer 1) 2 14.8 -148.5 

phytadiene 3 1 0.0 -117.0 

phytadiene 1 1 0.0 -148.0 

phytadiene 2 1 0.0 -129.0 
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1,19-Eicosadiene 1 0.0 -15.0 

Neophytadiene, Isomer III 2 66.5 -104.0 

Neophytadiene isomer # 2 1 0.0 -119.0 

Neophytadiene, isomer 1 1 0.0 -156.0 

Neophytadiene, isomer I 1 0.0 -158.0 

Neophytadiene, isomer II 1 0.0 -159.0 

8&#946;(H)-Labdane 1 0.0 -125.0 

1,14-Pentadecadiene, 2,4,6,8,10,12,14-heptamethyl 1 0.0 -372.0 

6,9-Tricosadiene 1 0.0 -48.0 

6,9-Tetracosadiene 1 0.0 -49.0 

2,6,10,14-Tetramethyl-7-(3-methyl-pent-4-enyl)-pentadec-5-ene 5 3.6 -424.8 

1-Methyl-4-(1-methylethyl)-3-[1-methyl-1-(4-methylpentyl)-5-

methylheptyl]cyclohexene 2 6.4 -417.5 

2,6,10,14-Tetramethyl-7-(3-methylpent-4-enylidene) pentadecane 2 2.1 -430.5 

6,9-Pentacosadiene 1 0.0 -47.0 

1,16-Heptadiene, 2,4,6,8,10,12,14-octamethyl 1 0.0 -451.0 

8-&#945;H,11-Hexahydrofarnesyldrimane 1 0.0 -164.0 

8,22-Hentriacontadiene 1 0.0 -57.0 

7,23-Hentriacontadiene 1 0.0 -48.0 

(4E)-3,6,9,10,13,14-hexamethyl-3-(3,4,7,8-tetramethylnonyl)-1,4-

pentadecadiene 1 0.0 -539.0 

1-Buten-3-yne 7 18.0 -12.1 

1,3-Cyclopentadiene 37 10.5 31.1 

1-Buten-3-yne, 2-methyl- 4 0.6 -43.5 

3-Penten-1-yne 1 0.0 25.0 

1,3-Cyclohexadiene 36 14.9 63.4 

1,4-Cyclohexadiene 31 13.5 103.9 

2-Methyl-1,3-cyclopentadiene 25 9.7 32.1 

1,3-Cyclopentadiene, 1-methyl- 16 10.4 36.0 

1,3,5-Hexatriene 3 10.7 41.3 

1,3-Cyclopentadiene, 5-methyl- 5 3.5 42.8 

2-Norbornene 16 11.8 20.2 

1,3-Cycloheptadiene 8 10.4 112.9 

Tricyclo[2.2.1.0(2,6)]heptane 1 0.0 157.0 

1,4-Cyclohexadiene, 1-methyl- 8 6.7 91.4 

1,3,5-Heptatriene, (E,E)- 1 0.0 81.0 

Bicyclo[3.2.0]hept-6-ene 1 0.0 314.0 

1,3-Cyclohexadiene, 1-methyl- 3 11.5 77.7 

1,3-Cyclohexadiene, 5-methyl- 2 23.3 46.5 

1,3,5-heptatriene 3 10.6 88.3 

1,3-Cyclopentadiene, 1-ethyl 1 0.0 28.0 

1,3-Cyclopentadiene, 2-ethyl 1 0.0 24.0 

1,3-Cyclopentadiene, 5-ethyl 1 0.0 48.0 

1,4-Cycloheptadiene 1 0.0 84.0 

1,3-Cyclohexadiene, 3-methyl 1 0.0 91.0 
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1,4-Cyclohexadiene, 6-methyl 1 0.0 78.0 

Cyclohexene, 4-ethenyl- 24 9.5 32.8 

1,5-Cyclooctadiene, (Z,Z)- 21 18.8 122.1 

1,5-Cyclooctadiene 1 0.0 123.0 

1-(2-Propenyl)cyclopentene 10 15.3 25.5 

3-(2-Propenyl)cyclopentene 8 3.1 0.9 

1,3-Cyclooctadiene, (Z,Z)- 11 14.1 95.3 

1,3-trans,5-cis-Octatriene 2 28.3 100.0 

1,3-Cyclooctadiene 1 0.0 94.0 

cis-Bicyclo[3.3.0]oct-2-ene 8 8.3 60.7 

Bicyclo[2.2.1]hept-2-ene, 2-methyl- 1 0.0 297.0 

1,3,7-Octatriene 2 2.1 6.5 

1,3,5-Octatriene 2 2.1 80.5 

1,4-Cyclohexadiene, 1-ethyl- 4 5.0 102.5 

1,4-Cyclooctadiene, (Z,Z)- 5 9.7 95.3 

1,3-cis,5-cis-Octatriene 1 0.0 79.0 

Cyclohexene, 3-ethenyl- 2 5.7 29.0 

2,3-Dimethyl-cyclohexa-1,3-diene 1 0.0 56.0 

Cyclohexane, 1,4-bis(methylene)- 1 0.0 3.0 

1,3-Cyclopentadiene, 5-propyl 1 0.0 35.0 

1,3-Cyclopentadiene, 1-propyl 1 0.0 16.0 

1,3-Cyclopentadiene, 2-propyl 1 0.0 13.0 

1,3,6-Octatriene, E,Z 1 0.0 16.0 

Octa-2,4,6-triene 1 0.0 125.0 

Pentalene, 1,2,3,3a,4,6a-hexahydro- 1 0.0 50.0 

1,3-Cyclopentadiene, 2-(1-methylethyl) 1 0.0 -15.0 

1,3-Cyclopentadiene, 1-(1-methylethyl) 1 0.0 -12.0 

1,3,7-Octatriene, Z 1 0.0 -10.0 

1,3,7-Octatriene, E 1 0.0 -12.0 

1-Octen-7-yne 1 0.0 -34.3 

Bicyclo[2.2.1]hept-2-ene, 2,3-dimethyl- 15 7.0 -17.4 

Cyclohexene,1-(2-propenyl)- 7 21.7 43.7 

Cyclohexene,3-(2-propenyl)- 7 29.7 13.5 

1H-Indene, 2,3,4,5,6,7-hexahydro- 11 3.7 110.3 

apopinene 3 8.2 33.0 

1,3-Cyclopentadiene, 1,2,5,5-tetramethyl- 3 3.1 -63.5 

2-Methyl-1-octen-3-yne 1 0.0 81.0 

3,3-Dimethyl-6-methylenecyclohexene 2 0.0 96.8 

1,3-Cyclopentadiene, 5,5-dimethyl-1-ethyl- 1 0.0 -44.0 

1,6-Dimethylhepta-1,3,5-triene 1 0.0 -63.0 

1,3-Cyclopentadiene, 1-(2-methylpropyl) 1 0.0 -33.0 

1,3-Cyclopentadiene, 2-(2-methylpropyl) 1 0.0 -36.0 

(E,Z)-1,2-Diethylidenecyclopentane 2 0.0 69.0 

1,3-Cyclopentadiene, 2-butyl 1 0.0 13.0 
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1,3-Cyclopentadiene, 5-butyl 1 0.0 34.0 

1,3-Cyclopentadiene, 1-butyl 1 0.0 16.0 

2-Methyl-3-methylene-bicyclo[2.2.1]heptane, trans 1 0.0 105.0 

2-Methyl-3-methylene-bicyclo[2.2.1]heptane, cis 1 0.0 113.0 

1-Methyl-trans-2-(trans-2,4-pentdienyl)-cyclopropane 2 0.8 -15.2 

1-(1-Ethenyl)-trans-2-(trans-2-butenyl)-cyclopropane 2 0.7 -33.3 

1-(1-Ethyenyl)-cis-2-(trans-2-butenyl)-cyclopropane 2 0.6 -8.4 

1-Methyl-trans-2-(cis-2,4-pentdienyl)-cyclopropane 2 1.1 -19.4 

trans-1-trans-4-hexadienyl-cyclopropane 2 0.2 36.7 

cis-1-trans-4-hexadienyl-cyclopropane 2 0.5 29.8 

1,3-Cyclopentadiene, 5-(1,1-dimethylethyl)- 1 0.0 -112.0 

5,5-Dimethyl-2-ethyl-1,3-cyclopentadiene 1 0.0 -88.0 

cis-Bicyclo[4.3.0]-3-nonene 1 0.0 138.0 

1,3-Cyclopentadiene, 5,5-dimethyl-2-ethyl- 1 0.0 -67.0 

Norbornane, 2-ethylidene- 1 0.0 -196.0 

2-Methyl-2,4,6-octatriene 1 0.0 85.0 

(Z,Z)-1,5-Cyclooctadiene, 3-methyl 1 0.0 78.0 

cis,cis-Cyclonona-1,5-diene 1 0.0 101.8 

cis,cis-Bicyclo[6.1.0]non-3-ene 1 0.0 112.0 

(Z,Z)-1,5-Cyclooctadiene, 1-methyl 1 0.0 98.0 

Limonene 1685 7.7 27.1 

&#945;-Pinene 1658 8.1 -64.6 

&#946;-Myrcene 1410 6.6 -13.2 

&#946;-Pinene 1428 7.9 -24.1 

&#947;-Terpinene 1212 9.0 55.9 

Bicyclo[3.1.0]hexane, 4-methylene-1-(1-methylethyl)- 1061 7.4 -29.3 

Cyclohexene, 1-methyl-4-(1-methylethylidene)- 1009 8.5 83.7 

Camphene 1026 8.0 -50.9 

trans-&#946;-Ocimene 896 8.0 44.1 

1,3-Cyclohexadiene, 1-methyl-4-(1-methylethyl)- 865 8.7 14.9 

1,3-Cyclohexadiene, 1-methyl-4-(1-methylethyl)- 865 8.7 14.9 

Bicyclo[3.1.0]hex-2-ene, 2-methyl-5-(1-methylethyl)- 838 6.4 -73.0 

1,3,6-Octatriene, 3,7-dimethyl-, (Z)- 770 8.9 34.6 

&#946;-Phellandrene 493 10.2 26.4 

3-Carene 539 7.4 9.5 

Tricyclo[2.2.1.0(2,6)]heptane, 1,7,7-trimethyl- 324 7.2 -77.6 

2,4,6-Octatriene, 2,6-dimethyl- 139 9.7 127.7 

Bicyclo[2.2.1]heptane, 7,7-dimethyl-2-methylene- 108 7.1 -52.6 

2-Carene 99 7.5 0.4 

Adamantane 41 15.3 120.4 

1,3,7-Octatriene, 3,7-dimethyl- 57 7.7 43.2 

Cyclohexene, 3-methyl-6-(1-methylethylidene)- 51 10.0 82.7 

Santolina triene 50 4.1 -94.0 

&#946;-Ocimene 34 8.0 37.2 
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Cyclohexane, 1-methylene-4-(1-methylethenyl)- 24 9.0 2.4 

(1S)-2,6,6-Trimethylbicyclo[3.1.1]hept-2-ene 32 11.7 -58.4 

Cyclohexene, 1-methyl-5-(1-methylethenyl)-, (R)- 23 7.3 23.3 

(+)-4-Carene 21 11.8 7.0 

Cyclohexene, 1-methyl-4-(1-methylethenyl)-, (S)- 7 14.2 27.4 

trans-Alloocimene 8 5.1 123.7 

(+)-3-Carene 14 10.0 7.8 

Cyclohexene, 4-methylene-1-(1-methylethyl)- 7 24.1 31.3 

4,7-Methano-1H-indene, octahydro- 2 0.3 77.8 

Cyclohexene, 4-methyl-1-(1-methylethenyl)- 9 10.1 76.5 

2,4,6-Octatriene, 2,6-dimethyl-, (E,E)- 9 11.0 132.2 

(1R)-2,6,6-Trimethylbicyclo[3.1.1]hept-2-ene 7 6.5 -69.9 

1,3,6-Heptatriene, 2,5,5-trimethyl- 9 3.5 -76.0 

&#945;-Terpinolene 9 15.2 79.4 

&#946;-fenchene 8 18.4 -51.5 

Tricyclo[2.2.1.0(2,6)]heptane, 1,3,3-trimethyl- 7 15.3 -106.4 

Cyclohexene, 3-methyl-6-(1-methylethenyl)-, (3R-trans)- 9 10.0 -18.6 

(+)-(4S)-&#945;-phellandrene 3 10.1 1.0 

Bicyclo[3.1.0]hex-2-ene, 4-methyl-1-(1-methylethyl)- 5 22.8 -40.0 

Bicyclo[2.2.1]heptane, 2,2-dimethyl-3-methylene-, (1R)- 4 8.3 -55.7 

&#948;-Terpinene 4 17.1 45.0 

Bicyclo[2.2.1]hept-2-ene, 1,7,7-trimethyl- 5 5.3 -94.6 

1,3-Cyclohexadiene, 1,2,6,6-tetramethyl- 4 12.7 -11.5 

Octane, 2,6-dimethyl-, hexadehydro deriv. 4 15.9 42.8 

2,4,6-Octatriene, 2,6-dimethyl-, (E,Z)- 3 0.0 131.0 

Bicyclo[2.2.1]hept-2-ene, 2,7,7-trimethyl- 3 6.7 -95.3 

1,3-Cyclohexadiene, 1,3,5,5-tetramethyl- 1 0.0 292.0 

(+)-2-Carene 2 3.5 -9.5 

2,6-Dimethyl-octa-2,4,6-triene, cis 2 0.7 130.5 

&#947;-Pyronene 2 0.0 345.0 

2,4,6-Octatriene, 3,4-dimethyl- 2 15.6 121.0 

1,7-Octadiene, 2-methyl-6-methylene- 2 3.5 -16.5 

&#949;-Fenchene 3 13.3 -80.3 

&#947;-Fenchene 3 1.2 -95.7 

&#948;-Fenchene 3 2.9 -132.7 

1,5-Heptadiene, 2,5-dimethyl-3-methylene- 1 0.0 -85.0 

m-Mentha-4,8-diene, (1S,3S)-(+)- 2 7.8 -12.5 

1,5-Cyclooctadiene, 1,5-dimethyl- 1 0.0 47.0 

cis,cis-1,6-Cyclodecadiene 2 3.5 105.5 

Cyclohexene, 5-ethenyl-1,5-dimethyl 2 2.1 -46.5 

&#948;-phellandrene 2 27.6 6.5 

(+)-&#947;-Pinene 2 0.0 -73.0 

m-Mentha-1(7),8-diene 2 7.1 3.0 

1,3-Cyclopentadiene, 2-pentyl 1 0.0 8.0 
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1,3-Cyclopentadiene, 1-pentyl 1 0.0 12.0 

Bicyclo[2.2.1]heptane, 2,2-dimethyl-5-methylene- 1 0.0 -59.9 

1-Methyl-trans-2-(trans-2,3-methylene)-4-pentenyl-cyclopropane 2 0.8 -60.7 

1-Methyl-trans-2-(cis-2,3-methylene)-4-pentenyl-cyclopropane 2 1.6 -43.1 

(trans-1,2-Methylene)-trans-4-hexenyl-cyclopropane 2 1.4 -11.5 

(trans-4,5-Methylene)-trans-1-hexenyl-cyclopropane 2 0.9 -3.4 

(cis-1,2-Methylene)-trans-4-hexenyl-cyclopropane 2 2.2 6.9 

trans-Thujene 2 0.0 110.0 

(trans-4,5-Methylene)-cis-1-hexenyl-cyclopropane 2 1.3 -3.6 

2,5,5-Trimethylbicyclo[2.2.1]hept-2-ene 1 0.0 -92.6 

Bicyclopentyl-3-ene 2 19.8 80.0 

Cyclopentene, 3-isopropenyl-5,5-dimethyl- 1 0.0 28.0 

(+)-&#945;-phellandrene 1 0.0 6.0 

1,5-Cyclodecadiene, (E,Z)- 1 0.0 99.8 

trans,trans-1,6-Cyclodecadiene 1 0.0 84.0 

1,5,5-Trimethyl-6-methylene-cyclohexene 1 0.0 338.0 

5,5-Dimethyl-1-vinylbicyclo[2.1.1]hexane 1 0.0 -79.3 

Mentha-2,8-diene 1 0.0 1.0 

Cyclohexene, 4-ethenyl-1,4-dimethyl- 1 0.0 -51.0 

4-Decen-6-yne, (Z)- 1 0.0 235.0 

4-Decen-6-yne, (E)- 1 0.0 244.0 

Endo-tricyclo[5.2.1.0(2.6)]decane 1 0.0 44.0 

1-Methyl-4-methylenebicyclo[3.2.1]oct-2-ene 1 0.0 -36.0 

Exo-tricyclo[5.2.1.0(2.6)]decane 1 0.0 71.0 

1(7),3,8-ortho -Menthatriene 1 0.0 286.0 

2,4-Dimethyl-2,4,6-octatriene 1 0.0 -81.0 

(Z)-&#946;-Terpinolene 1 0.0 67.0 

7,7-dimethyl-3-methylene-bicyclo[4.1.0]heptane 1 0.0 4.0 

Cyclopentane, 3-methyl-1-(2-methylpropenylidene) 1 0.0 -56.0 

1,4,6-Octatriene, 2,7-dimethyl 1 0.0 -12.0 

&#948;-Terpinene 1 0.0 57.0 

1,5,5-trimethylcyclohepta-1,3-diene 1 0.0 -23.5 

2,6,6-trimethylcyclohepta-1,3-diene 1 0.0 -30.5 

trans-m-Mentha-2,8-diene 1 0.0 -23.0 

1,3-Cyclopentadiene, 5-pentyl 1 0.0 29.0 

2-Norbornene, 2-ethylidene 1 0.0 -92.0 

cis-sabinene 1 0.0 73.0 

Cyclopentane, 4-pentenylidene 1 0.0 28.0 

Bicyclopentylidene 1 0.0 45.0 

Cyclopentene, 1-(4-pentenyl) 1 0.0 21.0 

Silveterpinolene 1 0.0 116.0 

1,6-Cyclodecadiene 1 0.0 108.0 

cis-4-carene 1 0.0 -25.0 

Sylveterpinolene 1 0.0 116.0 
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9,10-Octalin 1 0.0 123.0 

1-Methyladamantane 28 19.9 34.3 

2-Methyladamantane 27 12.6 84.5 

(3E,5Z)-1,3,5-Undecatriene 16 7.5 71.5 

(E)-4,8-Dimethyl-1,3,7-nonatriene 9 10.8 2.4 

4,8-Dimethyl-1,3,7-nonatriene 6 5.7 10.3 

(E,E)-1,3,5-Undecatriene 5 3.0 81.4 

1,3,5-Undecatriene 5 6.4 76.8 

Tricyclo[4.3.1.1(3,8)]undecane 5 11.1 138.8 

(Z)-4,8-dimethylnona-1,3,7-triene 4 3.9 -5.8 

(E)-4,8-Dimethylnona-1,3,7-triene 3 2.0 15.3 

(3Z,5E)-1,3,5-Undecatriene 1 0.0 82.0 

5-Undecen-3yne 1 0.0 61.0 

Viridene (2-penten-1-yl-3-cyclohexadiene) 1 0.0 57.0 

(2Z,4Z,6E)-2,4,6-Undecatriene 1 0.0 133.0 

1,3-Cyclopentadiene, 1-hexyl 1 0.0 11.0 

1,3-Cyclopentadiene, 5-hexyl 1 0.0 28.0 

1,3-Cyclopentadiene, 2-hexyl 1 0.0 7.0 

1-(2-propenyl)-trans-2-(4-pentenyl)-cyclopropane 2 2.1 -76.4 

trans-4,7-octadienyl-cyclopropane 2 1.8 -15.4 

Cyclopent-3-enyl-cyclohexane 2 24.0 87.0 

4-Cyclopentyl-cyclohexene 2 24.7 109.5 

Bicyclo[2.2.1]heptane, 2-(2-methyl-1-propenyl)- 1 0.0 11.0 

7-methyl-adamantane 2 0.0 62.0 

Bicyclo[5.1.0]octane, 8-(1-methylethylidene)- 1 0.0 -1.0 

5-Pentylcyclohexa-1,3-diene 1 0.0 61.1 

3-Nonen-5-yne, 4-ethyl- 1 0.0 221.0 

2-Methyl-2-bornene 1 0.0 -79.0 

Cyclohexene, 1,2-dimethyl-4-(1-methylethenyl) 1 0.0 19.0 

Cyclohexene, 1,4-dimethyl-4-(1-methylethenyl) 1 0.0 34.0 

Cyclohexene, 1,5-dimethyl-5-(1-methylethenyl) 1 0.0 -33.0 

Cyclohexene, 4-ethenyl-1,2,4-trimethyl 1 0.0 -62.0 

4,4-dimethyl-1,2-dimethylenecycloheptane 1 0.0 -45.5 

(E)-4,8-Dimethyl-1,3,9-nonatriene 1 0.0 5.0 

trans-(E)-Bicyclo[8.1.0]undec-4-ene 1 0.0 69.0 

(Z,Z)-1,6-Cyclodecadiene, 4-methyl 1 0.0 76.0 

(Z,Z)-1,6-Cyclodecadiene, 1-methyl 1 0.0 76.0 

(Z,Z)-1,6-Cyclodecadiene, 3-methyl 1 0.0 35.0 

cis-(Z)-Bicyclo[8.1.0]undec-4-ene 1 0.0 104.0 

t,t-cycloundeca-1,5-diene 1 0.0 77.6 

c,t-cycloundeca-1,5-diene 1 0.0 96.0 

4-methyl-2-caren 1 0.0 -48.5 

cis-4-methylcarene 1 0.0 -96.0 

4-methyl-3-carene 1 0.0 -26.0 



 

458 

 

Adamantane, 1,3-dimethyl- 18 19.3 -43.2 

Tricyclo[3.3.1.1(3,7)]decane, 2-ethyl- 27 21.7 88.6 

1-Ethyladamantane 19 23.5 60.6 

Acenaphthylene, dodecahydro- 17 31.5 140.6 

2,2-Dimethyladamantane 7 16.2 80.3 

1e,4a-dimethyladamantane 6 11.4 19.7 

1,2-dimethyladamantane 6 23.7 44.7 

Tricyclo[7.2.1.0(5,12)]dodecane, isomer # 1 2 12.0 82.5 

Tricyclo[7.2.1.0(5,12)]dodecane, isomer # 3 2 14.8 127.5 

Tricyclo[7.2.1.0(5,12)]dodecane, isomer # 5 2 15.6 163.0 

Tricyclo[7.2.1.0(5,12)]dodecane, isomer # 4 2 14.8 133.5 

Tricyclo[7.2.1.0(5,12)]dodecane, isomer # 2 2 13.4 104.5 

Tricyclo[7.3.0.0(2.6)]dodecane, isomer # 4 2 14.1 133.0 

Tricyclo[7.3.0.0(2.6)]dodecane, isomer # 5 2 14.1 138.0 

Tricyclo[7.3.0.0(2.6)]dodecane, isomer # 6 2 14.8 162.5 

Tricyclo[7.3.0.0(2.6)]dodecane, isomer # 3 2 13.4 116.5 

1,5-Cyclododecadiene, (E,Z)- 3 9.0 155.3 

1,5-Cyclododecadiene, (Z,Z)- 3 9.0 163.3 

1,5-Cyclododecadiene, (E,E)- 3 10.0 131.3 

1,4-Dimethyladamantane, # 1 4 13.8 -12.8 

1,3-Cyclopentadiene, 2-heptyl 1 0.0 6.0 

1,3-Cyclopentadiene, 1-heptyl 1 0.0 10.0 

1,4-Dimethyladamantane 2 4.2 -14.0 

Bicyclohexyl-3-ene 2 26.2 117.5 

Tricyclo[6.4.0.0(2,7)]dodecane 1 0.0 144.0 

(3aR,4S,7R,7aS)-3a,7a-Dimethyloctahydro-1H-4,7-methanoindene 1 0.0 -0.9 

6,10-Dimethylbicyclo[4.4.0]dec-1-ene 1 0.0 41.0 

1,4-Dimethyladamantane, stereoisomer 1 0.0 -17.0 

(trans-2,3-Methylene)-7-octenyl-cyclopropane 1 0.0 -43.1 

(trans-4,5-Methylene)-7-octenyl-cyclopropane 1 0.0 -38.0 

1,4-dimethyladamantane, cis 1 0.0 -22.0 

1,3-Cyclopentadiene, 5-heptyl 1 0.0 28.0 

1,4-Dimethyladamantane, # 2 1 0.0 11.0 

1,3,5-Trimethyladamantane 24 17.6 -137.4 

2-n-Propyladamantane 14 17.5 61.4 

1-isopropyladamantane 14 23.7 58.9 

1-propyladamantane 12 15.9 40.5 

2-isopropyladamantane 11 21.6 45.6 

1H-Fluorene, dodecahydro- 7 19.2 156.1 

1-Methyl-3-ethyladamantane 7 12.6 -41.6 

Tricyclo[8.3.0.0(4,9)]dodecane, isomer # 5 2 17.7 173.5 

Tricyclo[8.3.0.0(4,9)]dodecane, isomer # 3 2 17.0 149.0 

Tricyclo[8.3.0.0(4,9)]dodecane, isomer # 1 2 17.0 121.0 

Tricyclo[8.3.0.0(4,9)]dodecane, isomer # 4 2 17.0 156.0 
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Tricyclo[8.3.0.0(4,9)]dodecane, isomer # 2 2 17.0 134.0 

1,3-Cyclopentadiene, 1-octyl 1 0.0 10.0 

1,3-Cyclopentadiene, 2-octyl 1 0.0 6.0 

1,3,6-Trimethyladamantane 1 0.0 -111.0 

4-Tridecen-6-yne, (E)- 1 0.0 307.0 

1,3,4-Trimethyladamantane 1 0.0 -79.0 

1,3,4-trimethyladamantane, cis 1 0.0 -84.0 

Dihydro-&#946;-ionene 1 0.0 124.0 

1,3-Cyclopentadiene, 5-octyl 1 0.0 28.0 

(E,E)-1,6-Cyclodecadiene, 4-methyl 1 0.0 -150.0 

(E,E)-1,6-Cyclodecadiene, 1-methyl 1 0.0 -122.0 

(E,E)-1,6-Cyclodecadiene, 3-methyl 1 0.0 -165.0 

Phenanthrene, tetradecahydro- 21 24.3 142.7 

1,3,5,7-Tetramethyl-adamantane 9 20.9 -225.3 

1,3-Dimethyl-5-ethyladamantane 18 19.0 -117.1 

Anthracene, tetradecahydro- 17 24.3 116.5 

2-n-butyladamantane 14 14.1 71.9 

1-n-butyladamantane 13 15.1 46.2 

2-isobutyladamantane 13 19.2 30.5 

(1R,2R,5R,E)-7-Ethylidene-1,2,8,8-tetramethylbicyclo[3.2.1]octane 5 12.0 -61.2 

Tricyclo[8.4.0.0(3,8)]dodecane, isomer # 2 2 17.7 106.5 

Tricyclo[8.4.0.0(3,8)]dodecane, isomer # 5 2 19.8 173.0 

Tricyclo[8.4.0.0(3,8)]dodecane, isomer # 3 2 17.0 125.0 

Tricyclo[8.4.0.0(2,7)]dodecane, isomer # 3 2 18.4 150.0 

Tricyclo[8.4.0.0(2,7)]dodecane, isomer # 1 2 15.6 104.0 

Tricyclo[8.4.0.0(2,7)]dodecane, isomer # 2 2 17.7 125.5 

Tricyclo[8.4.0.0(3,8)]dodecane, isomer # 4 2 19.1 162.5 

Tricyclo[8.4.0.0(3,8)]dodecane, isomer # 1 2 17.7 93.5 

1,3-Diethyladamantane 4 5.8 -18.0 

Tricyclo[8.4.0.0(2,7)]dodecane, isomer # 4 2 16.3 163.5 

Cyprotene 2 12.7 -64.0 

1,3,5,6-Tetramethyladamantane 1 0.0 -175.0 

1,8-Nonadiene, 2,7-dimethyl-5-(1-methylethenyl)- 1 0.0 14.0 

11-nor-Drim-8-ene 1 0.0 -54.0 

11-nor-Drim-7-ene 1 0.0 -48.0 

1,3-Cyclopentadiene, 2-nonyl 1 0.0 7.0 

1,3-Cyclopentadiene, 1-nonyl 1 0.0 10.0 

4-Cyclohexyl-cycloheptene 1 0.0 45.0 

1,2-Diethyladamantane 1 0.0 -157.0 

Cedrane 14 18.1 -50.2 

3-(1-adamantyl)pentane 5 18.5 55.8 

&#945;-Neocallitropsene 3 6.6 -22.0 

cis-&#946;-Elemene 4 12.1 -114.8 

1-ethyl-3,5,7-trimethyladamantane 6 10.4 -216.7 
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3a,7-Methano-3aH-cyclopentacyclooctene, decahydro-1,1,7-

trimethyl-, [3aS-(3a&#945;,7&#945;,9a&#946;)]- 2 19.1 11.5 

Copaane 4 24.1 -52.5 

1H-3a,7-Methanoazulene, octahydro-1,4,9,9-tetramethyl- 1 0.0 118.6 

Dihydroisocaryophyllene 2 11.3 11.0 

Dihydrohumulene 2 14.1 -7.0 

1H-Cycloprop[e]azulene, decahydro-1,1,4,7-tetramethyl-, [1aR-

(1a&#945;,4&#946;,4a&#946;,7&#946;,7a&#946;,7b&#945;)]- 1 0.0 -127.0 

1H-Cycloprop[e]azulene, 1a&#946;,2,3,4,4a&#946;,5,6,7b&#946;-

octahydro-1,1,4&#946;,7-tetramethyl 2 0.0 -100.0 

bulnesene 2 0.0 10.0 

6&#945;-Hydroxygermacra-1(10),4-diene 2 16.3 175.5 

Calarane 2 13.4 -1.5 

Zizaane 2 24.0 -4.0 

Isolongifolene, 4,5,9,10-tetrahydro 2 2.1 45.5 

Caparratriene 1 0.0 -7.0 

Tetrahydrothujopsene-b 1 0.0 8.0 

Tetrahydrothujopsene-a 1 0.0 -4.0 

7&#945;H-Longifolane 1 0.0 -40.0 

7&#946;H-LongifoIane 1 0.0 -33.0 

1H-3a,7-Methanoazulene, octahydro-1,4,9,9-tetramethyl-, 

(1&#945;,3a&#945;,4&#946;,7&#945;,8a&#946;)- 1 0.0 52.0 

chiloscyphene-6 1 0.0 -20.5 

1,3-diethyl-5-methyladamantane 2 0.0 -116.0 

&#945;-Neocallitropsene 2 1.4 -24.0 

1,2,3,4,6,8&#945;-Hexahydro-1-isopropyl-4,7-dimethyl-naphthalene 1 0.0 51.0 

Isodaucadiene 1 0.0 -117.0 

Naphthalene,1,2,3,4,4a,5,6,8a-octahydro-4a, 8-dimethyl-2-[1-

methylethyl]- 1 0.0 -1.0 

2,6-Dimethyl-6-(4-methyl-3-pentenyl)-bicyclo[3,1,1]heptane 1 0.0 98.0 

dihydroaromadendrene 1 0.0 -28.0 

Dihydro-&#945;-curcumene 1 0.0 -55.0 

&#945;-curcumene dihydro(+) 1 0.0 -55.0 

z-Dihydroapofarnesene 1 0.0 -7.0 

&#945;-11-Eudesmene 1 0.0 201.0 

Dihydroisolongifolene 1 0.0 -92.0 

Allohedycariol 1 0.0 84.0 

&#945;-Cedrane, epi- 1 0.0 -60.0 

1,3-Cyclopentadiene, 2-decyl 1 0.0 6.0 

1,3-Cyclopentadiene, 1-decyl 1 0.0 10.0 

3-Cadinene 1 0.0 11.0 

&#948;-patchoulene 1 0.0 -148.0 

(-)-selina-4,11-diene 1 0.0 -80.5 

1,3-diethyl-5,7-dimethyladamantane 2 0.0 -210.0 

4-Hexadecen-6-yne 1 0.0 29.0 
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1,8,11-Heptadecatriene, (Z,Z)- 3 5.5 -41.8 

1,1':4',1''-Tercyclohexane 1 0.0 250.0 

1,E-11,Z-13-Octadecatriene 1 0.0 -115.0 

(4aS,5S,8aS)-5-Isopentyl-1,1,4a,6-tetramethyl-1,2,3,4,4a,5,8,8a-

octahydronaphthalene 1 0.0 -63.6 

(4aS,8aS)-8-Isopentyl-4,4,7,8a-tetramethyl-1,2,3,4,4a,5,6,8a-

octahydronaphthalene 1 0.0 -88.5 

(1S,4aS,4bS,7S,8aS,10aS)-7-Isopropyl-1,4a-

dimethyltetradecahydrophenanthrene 1 0.0 41.7 

(4aS,5S,8aS)-5-Isopentyl-1,1,4a-trimethyl-6-

methylenedecahydronaphthalene 1 0.0 -96.4 

Perhydrophenanthrene, 1,4bB,8,8,10aB-pentamethyl 1 0.0 15.0 

7-Ethyl-1,4a,7-trimethyl-tetradecahydro-phenanthrene, b 1 0.0 12.0 

7-Ethyl-1,4a,7-trimethyl-tetradecahydro-phenanthrene, a 1 0.0 -16.0 

4&#946;(H)-19-Norisopimarane 1 0.0 -21.0 

7-Ethyl-1,1,4a-trimethyl-tetradecahydro-phenanthrene 1 0.0 -25.0 

18-Norabietane 1 0.0 36.0 

2,6,10-Pristatriene 1 0.0 -164.0 

Rimuane 3 22.0 -56.7 

Isopimarane 2 48.8 -15.5 

Perhydrophenanthrene, 1-ethyl-4bB,8,8,10aB-tetramethyl 1 0.0 61.0 

7-Isopropyl-1,1,4a-trimethyl-tetradecahydro-phenanthrene 1 0.0 -25.0 

7-Ethyl-1,1,4a,7-tetramethyl-tetradecahydro-phenanthrene 1 0.0 -51.0 

Abietane 1 0.0 47.0 

Perhydrophenanthrene, 1B-ethyl-2B,4bB,8,8,10aB-pentamethyl 1 0.0 12.0 

Perhydrophenanthrene, 1A-ethyl-2A,4bB,8,8,10aB-pentamethyl 1 0.0 81.0 

Perhydrophenanthrene, 1B-ethyl-2A,4bB,8,8,10aB-pentamethyl 1 0.0 49.0 

Perhydrophenanthrene, 1B-butyl-2A,4bB,8,8,10aB-pentamethyl 1 0.0 38.0 

Perhydrophenanthrene, 1A-butyl-2A,4bB,8,8,10aB-pentamethyl 1 0.0 74.0 

Perhydrophenanthrene, 1A-isopentyl-2A,4bB,8,8,10aB-pentamethyl 1 0.0 27.0 

Perhydrophenanthrene, 1B-isopentyl-2A,4bB,8,8,10aB-pentamethyl 1 0.0 -2.0 

2,6,10,14-Tetramethyl-7-(3-methyl-pent-4-enyl)-pentadeca-5,9-diene 4 1.5 -396.3 

5,13-Pentadecadiene, 2,6,10,14-tetramethyl-7-(3-methyl-pent-4-

enyl) 2 4.2 -389.0 

2,6,10,14-Tetramethyl-9-(3-methyl-pent-4-enylidene)-pentadec-

6(trans)-ene 2 2.8 -411.0 

2,6,10,14-Tetramethyl-9-(3-methyl-pent-4-enylidene)-pentadec-

6(cis)-ene 2 1.4 -457.0 

2,6,14-Trimethyl-10-methylene-9-(3-methyl-pent-4-enyl)-pentadec-

6-ene 2 1.4 -393.0 

2,6,10,14-Tetramethyl-9-(3-methyl-pent-4-enylidene)-trans-

pentadec-6-ene 2 2.8 -411.0 

2,6,10,14-Tetramethyl-9-(3-methyl-pent-4-enylidene)-cis-pentadec-

6-ene 2 1.4 -457.0 

Perhydrophenanthrene, 1B-(3-methylpentyl)-2A,4bB,8,8,10aB-

pentamethyl 1 0.0 8.0 
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2,10,14-trimethyl-6-methylene-7(3-methyl-pent-4-enyl)-pentadec-9-

ene 1 0.0 -394.0 

Perhydrophenanthrene, 1A-(3R/S-methylhexyl)-2A,4bB,8,8,10aB-

pentamethyl 1 0.0 30.0 

Perhydrophenanthrene, 1B-(3R-methylhexyl)-2A,4bB,8,8,10aB-

pentamethyl 1 0.0 -6.0 

Perhydrophenanthrene, 1B-(3S-methylhexyl)-2A,4bB,8,8,10aB-

pentamethyl 1 0.0 2.0 

6(E),15-Heptadecadiene, 2,6,12,16-tetramethyl-11-(3-methyl-4-

pentenylidene) 1 0.0 -566.0 

Perhydrophenanthrene, 1A-(3R/S-methyloctyl)-2A,4bB,8,8,10aB-

pentamethyl 1 0.0 29.0 

Perhydrophenanthrene, 1B-(3R-methyloctyl)-2A,4bB,8,8,10aB-

pentamethyl 1 0.0 -8.0 

Perhydrophenanthrene, 1B-(3S-methyloctyl)-2A,4bB,8,8,10aB-

pentamethyl 1 0.0 6.0 

Perhydrophenanthrene, 1A-(3R/S,7-dimethyloctyl)-

2A,4bB,8,8,10aB-pentamethyl 1 0.0 -9.0 

Perhydrophenanthrene, 1B-(3R,7-dimethyloctyl)-2A,4bB,8,8,10aB-

pentamethyl 1 0.0 -48.0 

Perhydrophenanthrene, 1B-(3S,7-dimethyloctyl)-2A,4bB,8,8,10aB-

pentamethyl 1 0.0 -31.0 

Cyclopentene, 3-ethenyl-3-methyl-5-(1,5-dimethylhexyl)-4-(2,6,10-

trimethylundecyl) 1 0.0 -575.0 

Perhydrophenanthrene, 1B-(3R,7-dimethylnonyl)-2A,4bB,8,8,10aB-

pentamethyl 1 0.0 -30.0 

Perhydrophenanthrene, 1B-(3S,7-dimethylnonyl)-2A,4bB,8,8,10aB-

pentamethyl 1 0.0 9.0 

4-Isopropyl-1-methyl-3-[1,5,9-trimethyl-1-(4-methyl-hexyl)-decyl]-

cyclohexene 1 0.0 -451.0 

Perhydrophenanthrene, 1A-(3R/S,7-dimethyldecyl)-

2A,4bB,8,8,10aB-pentamethyl 1 0.0 0.0 

Perhydrophenanthrene, 1B-(3R,7-dimethyldecyl)-2A,4bB,8,8,10aB-

pentamethyl 1 0.0 -39.0 

Perhydrophenanthrene, 1B-(3S,7-dimethyldecyl)-2A,4bB,8,8,10aB-

pentamethyl 1 0.0 -19.0 

1-[(E)-1,4,7,10,11,14,15-heptamethyl-4-vinyl-5-hexadecenyl]-3,3,4-

trimethyl-1-cyclohexene, isomer # 1 1 0.0 -630.0 

1-[(E)-1,4,7,10,11,14,15-heptamethyl-4-vinyl-5-hexadecenyl]-3,3,4-

trimethyl-1-cyclohexene, isomer # 2 1 0.0 -629.0 

1,3-Butadiyne 4 7.8 33.5 

Benzene 481 13.0 56.0 

2,4-Hexadiyne 2 42.4 261.0 

1,5-Hexadiyne 1 0.0 80.0 

1,3-Hexadiyne 1 0.0 88.0 

1,3-Hexadien-5-yne 1 0.0 70.0 

1,4-Hexadiyne 1 0.0 67.0 

1,5-Hexadien-3-yne 1 0.0 79.0 

Toluene 617 11.1 61.2 
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1,3,5-Cycloheptatriene 25 13.4 80.6 

2,5-Norbornadiene 19 13.6 -0.4 

1,6-Heptadiyne 4 0.5 -36.3 

Toluene-D8 2 5.2 55.3 

Ethylbenzene 406 11.3 53.4 

p-Xylene 363 11.1 63.8 

o-Xylene 342 11.9 84.5 

Benzene, 1,3-dimethyl- 324 10.5 63.5 

1,3-Cyclopentadiene, 5-(1-methylethylidene)- 1 0.0 58.0 

Bicyclo[2.2.1]hept-2-ene, 5-methylene- 5 2.2 0.8 

1,3,5-Cyclooctatriene 2 10.6 97.5 

Ethylbenzene-d10 1 0.0 52.0 

3,5-Octadiyne 1 0.0 172.0 

1,4-Di(methyl-d3)benzene-d4 2 15.6 69.0 

1,5-Hexadien-3-yne, 2,5-dimethyl- 1 0.0 0.0 

1,7-Octadiyne 1 0.0 -30.8 

Bicyclo[2.2.2]octa-2,5-diene 1 0.0 17.0 

Cyclohexene,1-ethynyl- 1 0.0 62.0 

1,5-Octadiyne 1 0.0 0.9 

1,3,5-Cycloheptatriene, methyl 1 0.0 90.0 

Cyclohexene, 4-ethynyl 1 0.0 22.0 

2-Methylnorbornadiene 1 0.0 -44.0 

1-Methylnorbornadiene 1 0.0 -84.0 

1,4-Octadiyne 1 0.0 11.8 

1,3-Octadiyne 1 0.0 48.3 

1,6-Octadiyne 1 0.0 25.0 

Mesitylene 223 15.8 71.4 

Benzene, propyl- 209 10.8 47.5 

Benzene, 1,2,4-trimethyl- 203 12.9 87.5 

Benzene, (1-methylethyl)- 226 11.5 19.2 

Benzene, 1,2,3-trimethyl- 154 12.7 111.9 

Benzene, 1-ethyl-3-methyl- 150 8.0 53.1 

Benzene, 1-ethyl-2-methyl- 139 8.8 71.0 

Benzene, 1-ethyl-4-methyl- 138 7.5 54.4 

5-Ethylidene-2-norbornene, trans 14 12.9 13.3 

Bicyclo[2.2.1]hept-2-ene, 5-ethenyl- 13 11.1 -20.0 

1H-Indene, 2,3,4,7-tetrahydro- 15 11.3 146.2 

5-Ethylidene-2-norbornene 9 7.6 9.7 

1,8-Nonadiyne 1 0.0 26.0 

5-Vinyl-2-norbornene (endo) 3 1.5 -23.4 

1H-Indene, 3a,4,7,7a-tetrahydro- 1 0.0 52.0 

2,3-Dimethylene-bicyclo[2.2.1]heptane 1 0.0 70.0 

Bicyclo[2.2.2]oct-2-ene,5-methylene- 1 0.0 -117.0 

Cyclonona-1,2,6-triene 1 0.0 409.0 
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1,4-Cyclohexadiene, 1-(1-methylethenyl) 1 0.0 97.0 

Benzene, hexyl- 61 13.4 48.0 

Benzene, hexamethyl- 13 11.2 231.2 

Benzene, 1,4-bis(1-methylethyl)- 44 8.7 -37.6 

Benzene, 1,3,5-triethyl- 44 10.5 8.8 

Benzene, 1,3-bis(1-methylethyl)- 33 12.4 -63.8 

Benzene, 1,2,4-triethyl- 18 10.4 22.4 

Benzene, 1,2-bis(1-methylethyl)- 19 16.7 -55.0 

Benzene, 1-(1,1-dimethylethyl)-3,5-dimethyl- 16 8.5 -41.5 

Geijerene 15 8.5 -60.9 

Benzene, 1-methyl-2-pentyl 11 8.6 46.3 

Benzene, 1-(1,1-dimethylethyl)-4-ethyl- 10 7.1 -33.9 

Benzene, 1-methyl-4-pentyl 7 8.2 44.1 

Benzene, 1-methyl-3-pentyl 4 5.7 37.5 

Benzene, 1-(1-methylethyl)-4-propyl 4 4.2 -11.8 

1,3,7-Cyclodecatriene, 1,7-dimethyl-, (Z,E,E,)- 7 9.8 80.7 

Benzene, 1,4-dimethyl-2-(1-methylpropyl) 5 1.9 -8.4 

Benzene, 2-butyl-1,4-dimethyl 4 1.0 -33.8 

Benzene, 1,4-dipropyl- 6 4.9 18.2 

Benzene, 1-(1-methylethyl)-3-propyl 4 3.0 -25.5 

1,5,9-Cyclododecatriene, (E,E,Z)- 7 27.7 109.1 

Benzene, 1,2,4-trimethyl-5-(1-methylethyl)- 3 0.6 33.3 

1,5,9-Cyclododecatriene, (E,Z,Z)- 10 22.4 103.9 

Benzene, 1,3-dipropyl 6 9.9 0.3 

Benzene, 1-butyl-4-ethyl 6 3.4 30.8 

1,5,9-Cyclododecatriene, (E,E,E)- 6 23.9 77.3 

Benzene, 1-ethyl-4-(1-methylpropyl) 5 2.5 -14.2 

Benzene, 1,3,5-trimethyl-2-(1-methylethyl)- 4 5.7 42.5 

Benzene, 1-butyl-2-ethyl- 5 5.0 12.7 

Benzene, 1-butyl-3,5-dimethyl 4 2.2 31.0 

Benzene, 1-(1,1-dimethylethyl)-3-ethyl- 2 0.0 -58.0 

Benzene, 1-butyl-2,4-dimethyl 4 0.5 49.3 

4-t-Butyl-o-xylene 2 9.2 -1.5 

Benzene, 1,2-dimethyl-4-(1-methylpropyl) 3 7.2 13.7 

spiro[adamantane-2,1'-cyclopropane] 4 17.8 78.0 

Benzene, 1,3-dimethyl-5-(1-methylpropyl) 3 8.7 -16.0 

2-ethylideneadamantane 4 14.1 83.8 

Benzene, 1,2,4-trimethyl-5-propyl 3 3.5 54.0 

Benzene, (1-methylpentyl)- 1 0.0 -18.0 

Benzene, 1-methyl-4-(1,1-dimethylpropyl) 1 0.0 -8.0 

Benzene, 1-ethyl-3-(1-methylpropyl) 2 0.0 -30.0 

Benzene, 1,3,5-trimethyl-2-propyl- 2 0.0 63.0 

Pregeijerene B 2 0.0 74.0 

Benzene, 1,2-dimethyl-3,5-diethyl 1 0.0 64.0 
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Benzene, 1,2,3-trimethyl-5-propyl 2 0.0 79.0 

Benzene, 1,2,5-trimethyl-3-propyl 3 0.6 76.7 

Benzene, (2-methylpentyl)- 3 2.9 -7.3 

Benzene, 2,4-dimethyl-1-(1-methylpropyl)- 2 0.0 -2.0 

Benzene, 1,2,3-triethyl 5 23.4 35.8 

Benzene, 1,2,4-trimethyl-3-propyl 1 0.0 97.0 

Benzene, 1,2,3-trimethyl-4-propyl 1 0.0 97.0 

Benzene, 2-butyl-1,3-dimethyl 2 0.0 58.0 

Albene 3 7.5 -40.0 

1,5,9-Cyclododecatriene 1 0.0 56.0 

Benzene, 1,2-dipropyl 4 5.6 -6.2 

Geierene 1 0.0 874.0 

Benzene, (1,1-dimethylbutyl)- 1 0.0 -32.0 

Benzene, (4-methylpentyl)- 2 44.5 -21.5 

Benzene, 1-ethyl-2-(1-methylpropyl) 3 0.6 -22.3 

Benzene, 1-(1-methylethyl)-2-propyl 3 0.0 -20.0 

2,4,6,10-Dodecatetraene 2 2.1 122.5 

Benzene, 1-butyl-2,3-dimethyl 2 4.2 71.0 

1,5,9-Cyclododecatriene, (Z,Z,Z)- 2 2.8 92.0 

Benzene, 1,2,3-trimethyl-5-(1-methylethyl) 2 0.0 46.0 

4-Cyclopent-3-enyl-cycloheptene 2 28.3 95.0 

Benzene, (3-methylpentyl)- 1 0.0 5.0 

Bicyclohexyl-3,3'-diene 2 27.6 120.5 

Cyclohexane, 1,2,4-triethenyl- 1 0.0 -86.0 

1,2-dimethyl-4-isobutylbenzene 1 0.0 41.0 

Benzene, 2-(1,1-dimethylethyl)-1,4-dimethyl 1 0.0 -36.0 

Benzene, 1-(1,1-dimethylethyl)-2,4-dimethyl 1 0.0 -32.0 

Geijerene 1 0.0 -68.0 

Geyrene 1 0.0 -58.0 

Cyclohexane, 1r,2t,4c-tris-ethenyl 1 0.0 -102.0 

Cyclohexane, 1r,2c,4c-tris-ethenyl 1 0.0 -86.0 

Cyclohexane, 1r,2t,4t-tris-ethenyl 1 0.0 -107.0 

Benzene, 1-ethyl-2,3,4,5-tetramethyl 1 0.0 144.0 

Cyclohexane, 1r,2c,4t-tris-ethenyl 1 0.0 -86.0 

Pregeijerene 1 0.0 88.0 

(E,Z,Z)-1,5,9-Cyclododecatriene, 3-methyl 1 0.0 148.0 

trans (cis,cis)-Bicyclo[10.1.0]trideca-4,8-diene 1 0.0 182.0 

Benzene, heptyl- 24 17.6 50.0 

1-Methyl-4-n-hexylbenzene 1 0.0 33.0 

2'-methylspiro[adamantane-2,1'-cyclopropane] 4 17.4 52.3 

Megastigma-4,6(E),8(E)-triene 4 36.1 19.3 

2-isopropylideneadamantane 4 14.0 65.0 

2-propylideneadamantane 4 14.6 55.8 

2-(2-adamantyl)propene 4 17.4 101.8 
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2-(1-adamantyl)propene 4 17.4 81.8 

1-Methyl-2-n-hexylbenzene 1 0.0 32.0 

Benzene, (1,1-diethylpropyl)- 3 0.0 -25.0 

Megastigma-4,6(E),8(Z)-triene 3 19.0 38.0 

Benzene, 1-ethyl-4-pentyl 2 0.0 22.0 

Megastigma-4,6(Z),8(E)-triene 3 22.0 51.0 

Benzene, (1-methylhexyl)- 4 31.2 13.8 

5-t-Butyl-1,2,3-trimethylbenzene 3 0.0 7.0 

Benzene, 1-butyl-4-propyl 1 0.0 11.0 

Benzene, [2-methyl-1-(1-methylethyl)propyl]- 1 0.0 -88.0 

Megastigma-4,6(Z),8(Z)-triene 2 51.6 -12.5 

Benzene, (1-propylbutyl)- 3 13.7 -25.0 

Benzene, (2,4-dimethylpentyl)- 1 0.0 -53.0 

Benzene, 1-methyl-3,5-bis(1-methylethyl)- 1 0.0 -94.0 

Benzene, 1-(1,1-dimethylethyl)-3-ethyl-5-methyl- 1 0.0 -61.7 

Benzene, 1-butyl-2-propyl 2 0.0 -21.0 

Benzene, 2-methyl-1,4-bis(1-methylethyl)- 1 0.0 -90.0 

4-Cyclohex-3-enyl-cycloheptene 2 22.6 133.0 

6-But-2-enylidene-1,5,5-trimethylcyclohexene (isomer II) 1 0.0 70.0 

6-But-2-enylidene-1,5,5-trimethylcyclohexene (isomer I) 1 0.0 28.0 

Benzene, 1-ethylpentyl 2 13.4 -24.5 

Bicyclo[2.2.1]heptane, 2-cyclopropylidene-1,7,7-trimethyl- 1 0.0 -46.0 

Tricyclo[4.2.1.0(2,5)]non-7-ene, 3-(tert-butyl)- 1 0.0 -89.0 

1,5,9-Cyclododecatriene, 1-methyl-, (E,E,E)- 1 0.0 45.0 

Benzene, 1,2,3,5-tetramethyl-4-(1-methylethyl) 1 0.0 74.0 

(E,Z)-4,6,8-Megastigmatriene 1 0.0 71.0 

megastigma-4,6,8-triene 1 0.0 254.0 

Benzene, 2,3-dimethylpentyl 1 0.0 14.0 

sec-Butylmesitylene 1 0.0 -42.0 

n-butylmesitylene 1 0.0 68.0 

Benzene, 3-ethylpentyl 1 0.0 6.0 

4-Cyclopent-3-enyl-cyclooctene 1 0.0 102.0 

(E,E,Z)-1,5,9-Cyclododecatriene, 1-methyl 1 0.0 64.0 

(Z,Z,E)-1,5,9-Cyclododecatriene, 3-methyl 1 0.0 31.0 

(Z,Z,Z)-1,5,9-Cyclododecatriene, 1-methyl 1 0.0 66.0 

(Z,E,E)-1,5,9-Cyclododecatriene, 3-methyl 1 0.0 15.0 

(Z,E,Z)-1,5,9-Cyclododecatriene, 1-methyl 1 0.0 70.0 

(Z,E,E)-1,5,9-Cyclododecatriene, 1-methyl 1 0.0 53.0 

(Z,Z,Z)-1,5,9-Cyclododecatriene, 3-methyl 1 0.0 28.0 

(Z,E,Z)-1,5,9-Cyclododecatriene, 3-methyl 1 0.0 37.0 

(E,Z,Z)-1,5,9-Cyclododecatriene, 1-methyl 1 0.0 74.0 

(E,E,Z)-1.5,9-Cyclododecatriene, 3-methyl 1 0.0 37.0 

(E,Z,E)-1,5,9-Cyclododecatriene, 3-methyl 1 0.0 31.0 

(E,Z,E)-1,5,9-Cyclododecatriene, 1-methyl 1 0.0 64.0 
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(E,E,E)-1,5,9-Cyclododecatriene, 3-methyl 1 0.0 8.0 

(Z,Z,E)-1,5,9-Cyclododecatriene, 1-methyl 1 0.0 70.0 

cis (cis,cis)-Bicyclo[10.1.0]trideca-4,8-diene, cis 1 0.0 91.0 

cis (trans,trans)-Bicyclo[10.1.0]trideca-4,8-diene 1 0.0 91.0 

trans (trans,cis)-Bicyclo[10.1.0]trideca-4,8-diene 1 0.0 72.0 

trans (trans,trans)-Bicyclo[10.1.0]trideca-4,8-diene 1 0.0 57.0 

B-Ionene 1 0.0 183.0 

trans-Bicyclo[10.1.0]trideca-4,8-diene 1 0.0 98.0 

cis-Bicyclo[10.1.0]trideca-4,8-diene 1 0.0 121.0 

Benzene, 1-ethyl-2-pentyl 1 0.0 2.0 

Germacrene A 141 9.5 101.2 

Benzene, octyl- 35 12.9 60.8 

&#946;-Longipinene 35 12.7 3.1 

Benzene, 1,4-bis(1,1-dimethylethyl)- 5 22.9 -104.8 

&#946;-Copaene 26 10.3 31.0 

Benzene, 1,3-bis(1,1-dimethylethyl)- 2 2.8 -153.0 

Benzene, 1-butyl-4-(1-methylpropyl) 1 0.0 -42.0 

Benzene, (1-methylheptyl)- 5 15.7 -16.4 

Benzene, 1-heptyl-4-methyl 1 0.0 34.0 

2-isobutylideneadamantane 4 13.7 -14.0 

2-butylideneadamantane 4 14.5 49.0 

Benzene, 1,4-dibutyl 1 0.0 11.0 

Benzene, (1-propylpentyl)- 5 15.2 -62.8 

Benzene, 1,4-bis-(1-methylpropyl) 1 0.0 -96.0 

Benzene, (1-ethylhexyl)- 5 16.8 -49.4 

Benzene, 1-(1,1-dimethylethyl)-4-(1-methylpropyl) 1 0.0 -109.0 

Benzene, 1-(1,1-dimethylethyl)-4-(2-methylpropyl) 1 0.0 -109.0 

Benzene, 1-butyl-4-(1,1-dimethylethyl) 1 0.0 -55.0 

Benzene, 1-butyl-4-(2-methylpropyl) 1 0.0 -40.0 

Benzene, 1,4-bis-(2-methylpropyl) 1 0.0 -92.0 

Benzene, 1-pentyl-4-propyl 1 0.0 19.0 

Benzene, 1-ethyl-4-hexyl 1 0.0 21.0 

Benzene, 1-heptyl-2-methyl 1 0.0 31.0 

Benzene, 1,2,4,5-tetraethyl- 1 0.0 -12.0 

Benzene, 1-(1-methylpropyl)-4-(2-methylpropyl) 1 0.0 -94.0 

benzene, 1,2,3,5-tetraethyl- 1 0.0 -10.0 

Benzene, 1-pentyl-2-propyl 2 0.0 -28.0 

Benzene, 1-ethyl-2-hexyl 2 0.0 -2.0 

Benzene, 1,2-dibutyl 2 0.0 -30.0 

Octahydro-7-methyl-3-methylene-4-(1-methylethyl)-1H-

cyclopenta[1,3]cyclopropa[1,2]benzene 1 0.0 61.0 

Benzene, 1,2,3-trimethyl-4-pentyl 2 0.0 -103.0 

Benzene, 1,2,4-trimethyl-5-pentyl 2 0.0 -148.0 

(1R,3aS,4R,7R,8aR)-1,4-Dimethyl-1,2,3,3a,4,7,8,8a-octahydro-4,7-

ethanoazulene 1 0.0 33.5 
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Isoaromadendrene 2 4.9 40.5 

1-Ethyl-3-vinyl-adamantane 1 0.0 114.0 

1(10),7(11)-Guaiadiene 1 0.0 115.0 

15-nor-4-Bourbonene 1 0.0 163.0 

Nigritene 1 0.0 -13.0 

4-Cyclohex-3-enyl-cyclooctene 1 0.0 135.0 

Bicycloheptyl-3,3'-diene 1 0.0 156.0 

Caryophyllene 1622 11.0 -80.0 

Humulene 1248 10.7 -47.9 

Naphthalene, 1,2,3,5,6,8a-hexahydro-4,7-dimethyl-1-(1-

methylethyl)-, (1S-cis)- 1146 10.1 20.1 

&#945;-Copaene 1064 9.1 -124.3 

Germacrene D 1047 9.8 -20.7 

Cyclohexane, 1-ethenyl-1-methyl-2,4-bis(1-methylethenyl)-, [1S-

(1&#945;,2&#946;,4&#946;)]- 810 9.1 -110.3 

Naphthalene, 1,2,3,4,4a,5,6,8a-octahydro-7-methyl-4-methylene-1-

(1-methylethyl)-, (1&#945;,4a&#946;,8a&#945;)- 709 10.6 11.2 

&#945;-Muurolene 599 10.1 -3.3 

(1S,2E,6E,10R)-3,7,11,11-Tetramethylbicyclo[8.1.0]undeca-2,6-

diene 543 9.5 -6.5 

&#947;-Muurolene 571 10.4 -24.7 

&#945;-Cubebene 522 10.9 -148.1 

(-)-&#946;-Bourbonene 544 10.7 -116.3 

Alloaromadendrene 518 10.7 -40.1 

Naphthalene, decahydro-4a-methyl-1-methylene-7-(1-

methylethenyl)-, [4aR-(4a&#945;,7&#945;,8a&#946;)]- 509 10.1 -15.7 

&#946;-Bisabolene 504 9.2 5.3 

&#945;-Farnesene 397 11.3 2.6 

(E)-&#946;-Famesene 416 9.6 -46.0 

Aromadendrene 401 11.1 -59.6 

1H-Cyclopenta[1,3]cyclopropa[1,2]benzene, octahydro-7-methyl-3-

methylene-4-(1-methylethyl)-, [3aS-

(3a&#945;,3b&#946;,4&#946;,7&#945;,7aS*)]- 372 12.0 -112.1 

Naphthalene, 1,2,3,4,4a,5,6,8a-octahydro-4a,8-dimethyl-2-(1-

methylethenyl)-, [2R-(2&#945;,4a&#945;,8a&#946;)]- 314 10.1 -7.5 

Cyclohexene, 4-ethenyl-4-methyl-3-(1-methylethenyl)-1-(1-

methylethyl)-, (3R-trans)- 345 10.5 -161.5 

1,5-Cyclodecadiene, 1,5-dimethyl-8-(1-methylethylidene)-, (E,E)- 323 11.4 53.4 

1H-Cycloprop[e]azulene, 1a,2,3,4,4a,5,6,7b-octahydro-1,1,4,7-

tetramethyl-, [1aR-(1a&#945;,4&#945;,4a&#946;,7b&#945;)]- 284 9.5 -91.9 

1H-Cyclopropa[a]naphthalene, 1a,2,3,5,6,7,7a,7b-octahydro-

1,1,7,7a-tetramethyl-, [1aR-

(1a&#945;,7&#945;,7a&#945;,7b&#945;)]- 316 13.6 -68.1 

trans-&#945;-Bergamotene 280 7.6 -66.4 

Ylangene 251 10.2 -129.2 

Naphthalene, 1,2,3,5,6,7,8,8a-octahydro-1,8a-dimethyl-7-(1-

methylethenyl)-, [1R-(1&#945;,7&#946;,8a&#945;)]- 219 10.9 -10.3 
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Cyclohexene, 3-(1,5-dimethyl-4-hexenyl)-6-methylene-, [S-

(R*,S*)]- 185 9.5 20.7 

1H-Cycloprop[e]azulene, 1a,2,3,5,6,7,7a,7b-octahydro-1,1,4,7-

tetramethyl-, [1aR-(1a&#945;,7&#945;,7a&#946;,7b&#945;)]- 161 9.4 -8.4 

Cubenene 160 7.7 29.3 

&#947;-Elemene 158 13.4 -64.6 

cis-&#946;-Farnesene 142 9.1 -53.8 

1H-3a,7-Methanoazulene, 2,3,4,7,8,8a-hexahydro-3,6,8,8-

tetramethyl-, [3R-(3&#945;,3a&#946;,7&#946;,8a&#945;)]- 154 12.4 -88.9 

1,3-Cyclohexadiene, 5-(1,5-dimethyl-4-hexenyl)-2-methyl-, [S-

(R*,S*)]- 145 10.1 -8.0 

&#945;-Guaiene 170 12.7 -58.0 

Longifolene 137 14.7 -92.7 

&#946;-Copaene 118 12.0 -70.4 

Azulene, 1,2,3,3a,4,5,6,7-octahydro-1,4-dimethyl-7-(1-

methylethenyl)-, [1R-(1&#945;,3a&#946;,4&#945;,7&#946;)]- 112 8.7 -28.9 

Bicyclo[7.2.0]undec-4-ene, 4,11,11-trimethyl-8-methylene-,[1R-

(1R*,4Z,9S*)]- 106 11.6 -90.8 

1,6,10-Dodecatriene, 7,11-dimethyl-3-methylene- 92 12.3 -47.6 

1,2,4-Metheno-1H-indene, octahydro-1,7a-dimethyl-5-(1-

methylethyl)-, [1S-

(1&#945;,2&#945;,3a&#946;,4&#945;,5&#945;,7a&#946;,8S*)]- 92 8.8 -131.2 

cis-&#945;-Bergamotene 98 11.6 -86.8 

1H-3a,7-Methanoazulene, octahydro-3,8,8-trimethyl-6-methylene-, 

[3R-(3&#945;,3a&#946;,7&#946;,8a&#945;)]- 92 8.1 -78.4 

Bicyclo[3.1.1]hept-2-ene, 2,6-dimethyl-6-(4-methyl-3-pentenyl)- 79 9.4 -67.7 

&#946;-Guaiene 97 14.8 -13.2 

Azulene, 1,2,3,5,6,7,8,8a-octahydro-1,4-dimethyl-7-(1-

methylethenyl)-, [1S-(1&#945;,7&#945;,8a&#946;)]- 86 10.1 2.1 

&#947;-Curcumene 75 6.7 -22.5 

Tricyclo[5.4.0.0(2,8)]undec-9-ene, 2,6,6,9-tetramethyl-, 

(1R,2S,7R,8R)- 86 10.0 -146.7 

(1R,4aS,8aR)-1-Isopropyl-4,7-dimethyl-1,2,4a,5,6,8a-

hexahydronaphthalene 80 17.9 -26.1 

(E)-1-Methyl-4-(6-methylhept-5-en-2-ylidene)cyclohex-1-ene 78 9.0 31.0 

1H-Benzocycloheptene, 2,4a,5,6,7,8-hexahydro-3,5,5,9-tetramethyl-, 

(R)- 67 16.8 4.1 

Spiro[5.5]undec-2-ene, 3,7,7-trimethyl-11-methylene-, (-)- 68 10.5 -21.5 

1,3,6,10-Dodecatetraene, 3,7,11-trimethyl-, (Z,E)- 52 7.7 -12.3 

3H-3a,7-Methanoazulene, 2,4,5,6,7,8-hexahydro-1,4,9,9-tetramethyl-

, [3aR-(3a&#945;,4&#946;,7&#945;)]- 67 7.3 -101.3 

1H-Benzocycloheptene, 2,4a,5,6,7,8,9,9a-octahydro-3,5,5-trimethyl-

9-methylene-, (4aS-cis)- 56 9.6 -52.3 

Selina-3,7(11)-diene 61 7.8 40.8 

Bicycloelemene 32 6.7 -165.8 

cis-Thujopsene 56 8.9 -67.7 

(R)-1-Methyl-4-(6-methylhept-5-en-2-yl)cyclohexa-1,4-diene 56 7.8 9.7 

Cyclohexene, 4-[(1E)-1,5-dimethyl-1,4-hexadien-1-yl]-1-methyl- 51 17.5 13.2 
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Bicyclogermacrene 60 8.8 -2.2 

Tricyclo[4.4.0.0(2,7)]decane, 1-methyl-3-methylene-8-(1-

methylethyl)-, stereoisomer 32 13.4 -81.4 

Tricyclo[2.2.1.0(2,6)]heptane, 1,7-dimethyl-7-(4-methyl-3-

pentenyl)-, (-)- 49 12.7 -78.4 

(2S,4aR,8aR)-4a,8-Dimethyl-2-(prop-1-en-2-yl)-1,2,3,4,4a,5,6,8a-

octahydronaphthalene 53 13.3 16.1 

cis-Muurola-4(15),5-diene 59 10.7 -37.4 

cis-&#945;-Bisabolene 45 6.6 1.3 

(Z)-1-Methyl-4-(6-methylhept-5-en-2-ylidene)cyclohex-1-ene 47 9.6 10.8 

Bicyclo[3.1.1]heptane, 6-methyl-2-methylene-6-(4-methyl-3-

pentenyl)-, [1R-(1&#945;,5&#945;,6&#946;)]- 29 23.4 -39.5 

&#948;-Selinene 45 9.6 -5.3 

&#946;-Acoradiene 39 10.4 -33.5 

Epizonarene 32 16.4 3.7 

Bicyclo[2.2.1]heptane, 2-methyl-3-methylene-2-(4-methyl-3-

pentenyl)-, (1S-exo)- 38 11.9 -40.8 

&#947;-HIMACHALENE 36 16.4 -21.4 

(1R,3aS,5aS,8aR)-1,3a,4,5a-Tetramethyl-1,2,3,3a,5a,6,7,8-

octahydrocyclopenta[c]pentalene 33 10.1 -115.7 

Naphthalene, decahydro-4a-methyl-1-methylene-7-(1-

methylethylidene)-, (4aR-trans)- 29 30.1 -8.7 

trans-&#946;-Guaiene 40 10.5 -1.9 

1,2,4-Methenoazulene, decahydro-1,5,5,8a-tetramethyl-, [1S-

(1&#945;,2&#945;,3a&#946;,4&#945;,8a&#946;,9R*)]- 30 10.3 -123.3 

(1R,3aS,4aS,8aS)-1,4,4,6-Tetramethyl-1,2,3,3a,4,4a,7,8-

octahydrocyclopenta[1,4]cyclobuta[1,2]benzene 32 8.1 -94.2 

4,7-Methanoazulene, 1,2,3,4,5,6,7,8-octahydro-1,4,9,9-tetramethyl-, 

[1S-(1&#945;,4&#945;,7&#945;)]- 32 9.2 -118.1 

epi-Bicyclosesquiphellandrene 35 21.6 -28.4 

Naphthalene, 1,2,4a,5,8,8a-hexahydro-4,7-dimethyl-1-(1-

methylethyl)-, [1S-(1&#945;,4a&#946;,8a&#945;)]- 37 22.4 7.5 

3-Isopropyl-6,8a-dimethyl-1,2,4,5,8,8a-hexahydroazulene 30 6.3 -121.5 

&#945;-Bourbonene 9 14.2 -118.0 

(E)-&#945;-Bisabolene 23 10.9 35.3 

(3R,3aR,7R,8aS)-3,8,8-Trimethyl-6-methyleneoctahydro-1H-3a,7-

methanoazulene 24 10.8 -89.5 

Naphthalene, 1,2,4a,5,6,8a-hexahydro-4,7-dimethyl-1-(1-

methylethyl)-, [1S-(1&#945;,4a&#946;,8a&#945;)]- 33 6.7 35.8 

(E,E)-&#945;-Farnesene 27 4.1 6.8 

Naphthalene, 1,2,4a,5,6,8a-hexahydro-4,7-dimethyl-1-(1-

methylethyl)- 29 18.5 -13.8 

&#946;-Humulene 25 10.1 -53.0 

Benzene, 1,3,5-tris(1-methylethyl)- 22 19.1 -185.5 

&#947;-Elemene 27 12.5 -68.6 

(1S,4aR,8aS)-1-Isopropyl-7-methyl-4-methylene-1,2,3,4,4a,5,6,8a-

octahydronaphthalene 27 7.4 -7.1 

trans-Cadina-1,4-diene 31 5.3 34.1 
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&#948;-Amorphene 27 7.6 12.8 

(1R,9R,E)-4,11,11-Trimethyl-8-methylenebicyclo[7.2.0]undec-4-ene 28 8.8 -36.3 

2H-2,4a-Methanonaphthalene, 1,3,4,5,6,7-hexahydro-1,1,5,5-

tetramethyl-, (2S)- 28 16.0 -108.7 

Sativene 19 12.3 -98.9 

Benzene, nonyl- 18 15.7 56.4 

&#945;-Acoradiene 20 9.2 -39.4 

trans-Muurola-4(14),5-diene 26 9.3 -6.0 

1H-3a,7-Methanoazulene, 2,3,6,7,8,8a-hexahydro-1,4,9,9-

tetramethyl-, (1&#945;,3a&#945;,7&#945;,8a&#946;)- 24 10.8 -41.8 

Cyclohexene, 6-ethenyl-6-methyl-1-(1-methylethyl)-3-(1-

methylethylidene)-, (S)- 21 20.0 -22.3 

(3aR,4R,8R,8aS)-3a,4,8a-Trimethyl-7-methylenedecahydro-4,8-

methanoazulene-rel- 13 11.3 -50.3 

cis-Muurola-3,5-diene 24 12.5 -58.3 

Naphthalene, 1,2,3,5,6,7,8,8a-octahydro-1,8a-dimethyl-7-(1-

methylethenyl)-, [1S-(1&#945;,7&#945;,8a&#945;)]- 14 9.6 -4.9 

Drima-7,9(11)-diene 18 6.4 -29.4 

(E)-&#946;-Farnesene 19 5.9 -47.3 

3,7-Guaiadiene 5 20.5 -65.0 

(E)-Caryophyllene 19 5.1 -81.3 

&#946;-Isocomene 16 7.7 -95.4 

Bicyclo[2.2.1]heptane, 2-methyl-3-methylene-2-(4-methyl-3-

pentenyl)-, (1S-endo)- 18 10.3 -57.0 

(-)-Aristolene 13 25.9 -59.5 

Zonarene 17 12.4 25.1 

Modephene 14 6.5 -117.3 

1,3a-Ethano-3aH-indene, 1,2,3,6,7,7a-hexahydro-2,2,4,7a-

tetramethyl-, [1R-(1&#945;,3a&#945;,7a&#945;)]- 16 10.0 -48.4 

6,9-Guaiadiene 7 0.9 -56.1 

Cedrene 19 25.7 -90.1 

Bicyclosesquiphellandrene 14 12.2 -10.3 

trans-Cadina-1(6),4-diene 17 4.0 -25.2 

Dehydroaromadendrene 18 15.7 -40.6 

Seychellene 16 3.8 -41.7 

Di-epi-&#945;-cedrene 14 13.1 -107.9 

Naphthalene, 1,2,3,4,4a,7-hexahydro-1,6-dimethyl-4-(1-

methylethyl)- 15 8.2 31.1 

(1R,3aR,4aR,8aR)-1,4,4,6-Tetramethyl-1,2,3,3a,4,4a,7,8-

octahydrocyclopenta[1,4]cyclobuta[1,2]benzene 11 8.6 -115.7 

trans-&#946;-Farnesene 12 10.3 -51.3 

7-epi-Silphiperfol-5-ene 11 10.5 -155.5 

trans-&#947;-cadinene 16 3.0 12.6 

Spiro[4.5]dec-7-ene, 1,8-dimethyl-4-(1-methylethenyl)-, [1S-

(1&#945;,4&#946;,5&#945;)]- 13 17.8 -34.1 

cis-Caryophyllene 16 21.1 -85.1 
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1H-Cyclopropa[a]naphthalene, 1a,2,3,3a,4,5,6,7b-octahydro-

1,1,3a,7-tetramethyl-, [1aR-(1a&#945;,3a&#945;,7b&#945;)]- 13 20.3 -101.1 

trans-Muurola-3,5-diene 15 15.4 -47.7 

Spiro[5.5]undeca-1,8-diene, 1,5,5,9-tetramethyl-, (R)- 9 10.7 7.1 

Presilphiperfol-7-ene 10 7.5 -165.8 

(Z,Z)-&#945;-Farnesene 11 17.9 -13.2 

Germacrene C 10 16.7 0.7 

(E,Z)-&#945;-Farnesene 9 13.4 -9.7 

&#945;-Alaskene 10 18.2 24.2 

(3S,3aS,6R,8aS)-3,7,7-Trimethyl-8-methyleneoctahydro-1H-3a,6-

methanoazulene 12 6.2 -46.1 

cis-&#947;-cadinene 12 1.0 10.8 

&#945;-Cuprenene 10 20.9 16.5 

1-Methyl-4-(6-methylhept-5-en-2-yl)cyclohexa-1,3-diene 13 3.6 -19.7 

Bisabolene 10 24.4 -1.4 

Cubenene 7 8.2 20.9 

1H-3a,7-Methanoazulene, octahydro-1,9,9-trimethyl-4-methylene-, 

(1&#945;,3a&#945;,7&#945;,8a&#946;)- 10 15.0 -62.5 

Cyclosativene 11 5.5 -134.4 

Silphiperfol-6-ene 9 6.1 -122.3 

&#947;-Humulene 9 10.0 -25.9 

&#945;-Barbatene 8 7.6 -85.8 

Aromandendrene 7 6.5 -57.6 

cis-&#946;-Guaiene 8 5.4 -10.8 

cis-&#945;-Bergamotene 10 3.9 -84.9 

Guaia-6,9-diene 8 8.6 -57.5 

Eremophyllene 4 1.0 -8.8 

9-epi-Caryophyllene 9 6.5 -34.3 

7- &#945;-[H]-Silphiperfol-5-ene 6 1.5 -173.7 

Silphin-1-ene 7 7.7 -156.7 

(1R,1aR,2aS,6R,6aS,7aS)-1,6,6a-Trimethyldecahydro-1,2a-

methanocyclopropa[b]naphthalene 7 6.3 -38.1 

3a,7-Methano-3aH-cyclopentacyclooctene, 1,4,5,6,7,8,9,9a-

octahydro-1,1,7-trimethyl-, [3aR-(3a&#945;,7&#945;,9a&#946;)]- 6 22.1 -65.2 

Naphthalene, decahydro-1,6-bis(methylene)-4-(1-methylethyl)-, 

(4&#945;,4a&#945;,8a&#945;)- 6 8.7 -44.0 

epi-Bicyclosesquiphellandrene 7 9.0 -28.7 

&#946;-Acoradiene 7 4.6 -29.7 

&#948;-muurolene 2 0.7 -32.5 

Zizaene 6 18.6 -30.8 

cis-&#946;-santalene 5 8.6 -46.0 

Prezizaene 6 7.4 -53.2 

Cyclohexane, 1-ethenyl-1-methyl-2-(1-methylethenyl)-4-(1-

methylethylidene)- 6 26.4 -20.5 

Patchoulene 6 16.3 -31.8 
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(1R,5R)-2-Methyl-5-((R)-6-methylhept-5-en-2-yl)bicyclo[3.1.0]hex-

2-ene 6 13.5 -95.5 

(E)-&#947;-Bisabolene 8 4.6 32.0 

Rotundene 7 4.1 -36.1 

Benzene, 1,3-bis(1,1-dimethylethyl)-5-methyl- 1 0.0 7.0 

(1S,5S)-4-Methylene-1-((R)-6-methylhept-5-en-2-

yl)bicyclo[3.1.0]hexane 7 12.0 -45.4 

Sesquisabinene 8 8.2 -36.9 

muurola-4,11-diene 3 5.8 -39.7 

(S,1Z,6Z)-8-Isopropyl-1-methyl-5-methylenecyclodeca-1,6-diene 6 7.9 -56.7 

l-trans-&#945;-Bergamotene 6 10.4 -60.0 

&#945;-trans-Bergamotene 7 1.3 -63.6 

trans-Muurola-4(14),5-diene 7 17.0 -15.6 

Zonarene 8 3.3 28.4 

Isosativene 4 16.7 -58.8 

Cadina-3,5-diene 3 17.1 -54.3 

(-)-&#945;-helmiscapene 5 25.9 -25.4 

trans-&#946;-Caryophyllene 5 17.8 -75.6 

cis-Cadina-1,4-diene 6 2.3 -5.5 

7-epi-Sesquithujene 6 7.2 -107.7 

&#946;-Panasinsene 5 17.8 -106.4 

1,2,4-Tri-isopropylbenzene 1 0.0 -299.0 

Amorpha-4,11-diene 5 15.6 -27.8 

4,5-di-epi-Aristolochene 4 1.9 -31.5 

cis-Muurola-4(15),5-diene 5 8.0 -40.2 

Isocaryophyllene 6 19.4 -76.3 

Pethybrene 4 7.1 -128.3 

(-)-&#945;-Panasinsen 5 24.4 35.0 

&#945;-Acoradiene 6 13.5 -29.5 

3-(1-adamantyl)pentene-2 4 18.0 79.3 

Benzene, 1-(1,5-dimethylhexyl)-4-methyl- 1 0.0 -52.0 

(Z)-&#945;-Bisabolene 6 15.4 10.5 

&#946;-helmiscapene 4 30.0 -19.0 

(1R,4aS,8aR)-1,4a-Dimethyl-7-(prop-1-en-2-yl)-1,2,3,4,4a,5,6,8a-

octahydronaphthalene 4 6.2 -9.6 

Selina-4(15),7-diene 4 14.1 -33.8 

Bicycloelemene 5 5.1 -170.4 

7-epi-&#945;-Cedrene 4 0.6 -96.5 

&#946;-Longipinene 5 1.7 -96.2 

&#963;-Cadinene 4 9.0 21.6 

2-Isopropenyl-4a,8-dimethyl-1,2,3,4,4a,5,6,7-octahydronaphthalene 2 8.5 -21.0 

(Z)-&#946;-Elemene 3 2.5 -120.3 

(E)-&#946;-Caryophyllene 5 5.7 -80.6 

&#946;-Guajene 5 22.0 -18.0 

&#946;-Bergamotene 3 6.1 -68.0 
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bazzanene 3 5.8 22.3 

Elemene 2 34.6 -30.5 

(1S,5S)-2-Methyl-5-((R)-6-methylhept-5-en-2-yl)bicyclo[3.1.0]hex-

2-ene 4 9.2 -105.8 

Selina-4,7-diene 2 39.6 -15.0 

cis-Muurola-3,5-diene 5 2.9 -50.2 

Bicyclosesquiphellandrene 4 2.1 -11.8 

Cadina-1(6),4-diene 3 10.8 -46.0 

(1S,5S,6R)-6-Methyl-2-methylene-6-(4-methylpent-3-en-1-

yl)bicyclo[3.1.1]heptane 4 8.6 -15.3 

&#945;-Funebrene 4 14.8 -104.5 

scapanene 2 0.4 22.3 

selina-3,7-diene 3 2.3 40.7 

sibirene 3 18.0 -52.5 

Amorpha-4,7-diene 3 0.0 -24.0 

&#948;-Amorphene 4 5.9 9.3 

(E)2,(Z)4,(E)6-ALLOFARNESENE 2 0.0 131.0 

(Z)2,(E)4,(E)6-ALLOFARNESENE 2 0.0 100.0 

Sesquisabinene A 3 6.4 -61.3 

Petasitene 4 8.5 -102.6 

Oppositadiene 3 17.3 -87.0 

(1R,5R)-1-Isopropyl-8-methyl-4-methylenespiro[4.5]dec-7-ene 4 3.3 -92.0 

&#947;-Himachalene 4 12.1 -16.5 

(+)-Aristolochene 4 0.5 -18.3 

Cubebene 3 18.5 -147.7 

cis-muurola-3,5-diene 2 4.2 -49.0 

cis-(-)-2,4a,5,6,9a-Hexahydro-3,5,5,9-

tetramethyl(1H)benzocycloheptene 3 3.5 -20.0 

Sibirene 4 2.9 -101.8 

&#948;-Neoclovene 3 17.7 -111.1 

(E)-Thujopsene 2 0.0 -69.0 

Pacifigorgia-1(6),10-diene 4 3.7 -85.0 

Silphiperfol-5-ene 2 2.8 -168.0 

epi-&#945;-Selinene 3 10.1 19.0 

Selina-5,11-diene 2 4.9 -49.5 

&#947;-Cuprenene 2 2.8 25.0 

Cubeb-11-ene 2 5.7 -56.0 

1,7-di-epi-&#945;-Cedrene 4 4.0 -103.3 

&#947;-Amorphene 4 14.2 2.8 

(+)-Germacrene A 4 5.2 5.0 

Isobarbatene 2 23.3 -59.5 

Eremophylene 2 20.5 26.5 

(1R,4S,5S)-1,8-Dimethyl-4-(prop-1-en-2-yl)spiro[4.5]dec-7-ene 3 2.3 -26.3 

Benzene, 1-methyl-2-octyl 1 0.0 30.0 

1-Isopropyl-4,7-dimethyl-1,2,3,4,5,6-hexahydronaphthalene 3 9.2 -27.9 
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&#947;-Cuprenene 4 6.4 32.3 

&#946;-vetivene 3 6.8 43.7 

&#947;-Guaiene 2 5.7 7.0 

Pacifigorgia-1(9),10-diene 3 0.6 -115.7 

undulatene 2 0.0 43.0 

&#945;-Alaskene 4 10.3 5.8 

[3aS-[3a&#945;,3b&#946;,4&#946;,7&#945;7aS*]]-Octahydro-7-

methyl-3-methylene-4-[1-

methylethyl]1Hcyclopenta[1,3]cyclopropa[1,2]-benzene 3 7.2 -15.0 

&#946;-Vetivenene 2 0.7 52.5 

7-epi-Silphiperfol-5-ene 3 0.2 -151.9 

&#946;-Alaskene 3 25.8 15.8 

Trichodiene 3 4.6 38.3 

African-2(6)-ene 3 19.1 -161.0 

Aristolochene 3 7.9 -13.1 

9-epi-&#946;-Caryophyllene 3 2.6 -32.0 

(1R,4R,4aS,8aR)-4,7-Dimethyl-1-(prop-1-en-2-yl)-1,2,3,4,4a,5,6,8a-

octahydronaphthalene 3 2.7 -41.8 

allo-9-aromadendrene 2 14.8 -20.5 

ent-&#945;-selinene 2 3.7 57.3 

(Z)-&#947;-Bisabolene 3 1.5 13.7 

Panaxene 3 0.9 -186.9 

7-epi-&#945;-Selinene 2 6.4 21.5 

1,4-Methano-1H-indene, octahydro-4-methyl-8-methylene-7-(1-

methylethyl)-, [1S-

(1&#945;,3a&#946;,4&#945;,7&#945;,7a&#946;)]- 2 0.1 -103.8 

Valerena-4,7(11)-diene 3 5.6 -41.1 

(R)-3-Methylene-6-((S)-1,2,2-trimethylcyclopentyl)cyclohex-1-ene 3 2.5 48.6 

cis-Caryophyllene 2 1.4 11.0 

1H-Cyclopropa[a]naphthalene, decahydro-1,1,3a-trimethyl-7-

methylene-, [1aS-(1a&#945;,3a&#945;,7a&#946;,7b&#945;)]- 3 8.0 -73.0 

(1R,5R)-1,8-Dimethyl-4-(propan-2-ylidene)spiro[4.5]dec-7-ene 3 3.9 -1.1 

&#947;-Bisabolene 2 10.6 22.5 

Muurola-4(14),5-diene 2 4.2 -36.0 

&#947;-Humulene 2 2.8 -15.0 

&#945;2-bisabolene 2 50.9 -28.0 

(1S,4aR,7R)-1,4a-Dimethyl-7-(prop-1-en-2-yl)-1,2,3,4,4a,5,6,7-

octahydronaphthalene 1 0.0 -53.5 

1,5-di-epi-&#946;-Bourbonene 3 20.2 -100.0 

7&#945;-silphiperfol-5-ene 3 11.2 -190.3 

1,5-cis-Aromadendr-9-ene 2 1.4 -15.0 

&#947;-Acoradiene 1 0.0 13.0 

Selina-7,11-diene 2 0.0 -29.0 

Carota-5,8-diene 2 2.1 -33.5 

(+)(E)-Caryophyllene 2 0.0 -82.0 

(E)-&#946;-Elemene 2 2.1 -114.5 
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trans, trans-&#946;-farnesene 1 0.0 6.0 

Amorphene 2 0.7 -48.5 

Bicyclo[4.4.0]dec-1-ene, 2-isopropyl-5-methyl-9-methylene- 2 4.9 6.5 

(3aR,4R,8R,8aS)-3a,4,7,8a-Tetramethyl-1,2,3,3a,4,5,8,8a-octahydro-

4,8-methanoazulene 2 29.3 -63.8 

(-)-Amorpha-4,7(11)-diene 3 4.6 -18.7 

(3S,3aS,8aR)-6,8a-Dimethyl-3-(prop-1-en-2-yl)-1,2,3,3a,4,5,8,8a-

octahydroazulene 1 0.0 3.4 

1,4,7,-Cycloundecatriene, 1,5,9,9-tetramethyl-, Z,Z,Z- 2 33.2 -4.5 

Bicyclo[7.2.0]undec-4-ene, 4,11,11-trimethyl-8-methylene-deriv. 2 0.0 -32.0 

5-Hydroxy-6-methoxy-8-[(4-amino-1-methylbutyl)amino]quinoline 

trihydrobromide 2 9.6 -18.2 

(1R,3aS,5aS,8aR)-1,3a,5a-Trimethyl-4-

methylenedecahydrocyclopenta[c]pentalene 2 0.5 -87.7 

(-)-(4S,10R)-Selina-5,7(11)-diene 3 8.7 53.0 

1-Methyl-5-methylene-8-isopropyl-1,6-cyclodecadiene 2 17.0 -31.0 

&#946;-Duprezianene 3 7.5 -76.3 

&#945;-Maaliene 2 56.1 -17.7 

Himachala-2,4-diene 2 46.7 -38.0 

Isobicyclogermacrene 2 18.4 -24.0 

trans-&#945;-Bisabolene 2 6.4 40.5 

5-epi-Aristolochene 2 1.4 -25.0 

&#945;-cis-Bergamotene 2 18.4 -73.0 

Bourbon-11-ene 2 2.1 -69.5 

Pacifigorgia-2,10-diene 2 7.1 -73.0 

2-epi-&#945;-Funebrene 2 0.1 -110.6 

Tricyclo[6.3.0.0(2,4)]undec-8-ene, 3,3,7,11-tetramethyl- 1 0.0 -60.0 

(+)-&#946;-bazzanene 2 38.5 62.8 

&#948;-Cuprenene 1 0.0 67.0 

Pseudowiddrene 1 0.0 23.0 

Di-epi-&#945;-cedrene-(I) 2 9.3 -118.4 

1,2,4a,5,8,8a-Hexahydro-4,7-dimethyl-1-(1-methylethyl) 

naphthalene 1 0.0 24.0 

&#945;-Aromadendrene 2 7.1 -22.0 

1H-Indene, 2,3,3a,4-tetrahydro-3,3a,6-trimethyl-1-(1-methylethyl)- 2 0.0 -128.0 

1,2,4-Methenoazulene, decahydro-1,5,5,8a-tetramethyl-, [1S-

(1a`,2a`,3aa',4a`,8aa',9R*)]- 2 0.0 -123.8 

10-&#946;(H)-Cadina-1(6),4-diene 2 1.4 -27.0 

Bicyclo[7.2.0]undec-4-ene, 4,11,11-trimethyl-8-methylene- 2 19.8 -10.0 

Guaia-3,9-diene 2 45.3 24.0 

Selina-4(15),6-diene 2 6.4 -55.5 

epi-Bicyclophellandrene 2 9.2 -70.5 

(1R,3aS,8aS)-7-Isopropyl-1,4-dimethyl-1,2,3,3a,6,8a-

hexahydroazulene 2 10.6 -57.5 

Panaginsene 2 1.3 -163.1 

Ginsinsene 2 1.1 -146.2 



 

477 

 

1,5-di-epi-Aristolochene 1 0.0 -30.0 

&#946;-cis-Caryophyllene 2 33.9 -60.0 

2-epi-(E)- &#946;-Caryophyllene 1 0.0 -35.0 

Isorotundene 2 0.0 60.0 

1,5-di-epi-Bourbonene 1 0.0 -109.0 

&#969;-Cadinene 2 1.4 27.0 

trans-Muurola-3,5-diene 2 1.4 -47.0 

1,4-Methano-1H-indene, octahydro-1,7a-dimethyl-4-(1-

methylethenyl)-, [1S-(1&#945;,3a&#946;,4&#945;,7a&#946;)]- 2 0.0 -91.0 

cadina-4,9-diene 1 0.0 46.0 

Presilphiperfol-7-ene 2 0.7 -162.5 

Selina-4(15),5-diene 1 0.0 -60.0 

Silphiperfol-6-ene 2 0.7 -121.5 

5,10-di-epi-&#945;-Selinene 1 0.0 34.0 

Sesquisabinene B 1 0.0 -53.0 

isoledene 2 2.8 -125.0 

&#945;-Farnesene isomer 2 6.4 15.5 

Acora-4,10-diene 1 0.0 -43.0 

(-)-Germacrene D 2 5.7 -14.0 

selin-4,7(11)-diene 1 0.0 76.0 

Acora-4,9-diene 1 0.0 -56.0 

(-)-&#945;-trans-Bergamotene 2 2.8 -62.0 

1-Silfinene 2 9.2 -156.5 

Selina-4(15),6-diene 1 0.0 -47.0 

Guaia-3,7-diene 2 0.0 -70.0 

&#946;-trans-Bergamotene 2 0.7 -20.5 

epi-&#946;-Selinene 1 0.0 9.0 

Modephene 2 6.4 -121.5 

Bourbonene 1 0.0 -115.0 

1,4,6-Trimethyl-1,2,3,3a,4,7,8,8a-octahydro-4,7-ethanoazulene 2 5.7 -36.0 

&#953;-Gurjunene 2 0.0 15.0 

&#964;-Elemene 2 0.0 -16.0 

Cascarilladiene 2 4.9 -83.5 

10-epi-Acora-2,4-diene 1 0.0 -63.0 

trans-&#946;-Guaiene 2 2.1 1.5 

7-epi-Helifolane (syn) 1 0.0 -70.0 

6,9-Guaiadene 2 7.1 -63.0 

Helifolane (anti) 1 0.0 -60.0 

Acora-2,4-diene 1 0.0 -79.0 

&#946;-Bergamotene 2 0.7 -64.5 

(-)-Myltayl-4-ene 2 0.0 -120.0 

Isobazzanene 2 0.0 -58.0 

ent-selina-1,4-diene 1 0.0 19.6 

1aR-1a&#945;,4a&#945;,7&#945;,7a&#946;,7b&#945;-Decahydro-

1,1,7-trimethyl-4-methylene-1H-cycloprop[e]azulene 1 0.0 -68.0 
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Benzene, 1-ethyl-2-heptyl 2 0.0 -4.0 

Benzene, 1-hexyl-2-propyl 2 0.0 -33.0 

Benzene, 1-butyl-2-pentyl 2 0.0 -39.0 

selina-1,4-diene 1 0.0 18.6 

ent-(+)-Amorpha-4,11-diene 2 0.0 -20.0 

Cumacrene 2 0.0 -10.0 

(-)-&#945;-alaskene 1 0.0 57.0 

Viridiflorine 2 0.7 482.5 

1R,3Z,9s-4,11,11-Trimethyl-8-methylenebicyclo[7.2.0]undec-3-ene 1 0.0 5.0 

(-)-Myltayl-8(12)-ene 2 0.0 -45.0 

(1S,1aS,1bR,4S,5S,5aS,6aR)-1a,1b,4,5a-Tetramethyldecahydro-1,5-

methanocyclopropa[a]indene 1 0.0 -82.1 

(1R,4aR,8aR)-2,5,5,8a-Tetramethyl-4,5,6,7,8,8a-hexahydro-1H-1,4a-

methanonaphthalene, rel- 1 0.0 -95.0 

(4R,4aS,6S)-4,4a-Dimethyl-6-(prop-1-en-2-yl)-1,2,3,4,4a,5,6,7-

octahydronaphthalene 1 0.0 -24.1 

1H-Cyclopropa[a]naphthalene, 1a,2,3,5,6,7a,7b-octahydro-1,1,7,7a-

tetramethyl-, 1aR-1a&#945;,7&#945;,7a&#945;,7b&#946; 1 0.0 -68.0 

(3aS,8aS)-6,8a-Dimethyl-3-(propan-2-ylidene)-1,2,3,3a,4,5,8,8a-

octahydroazulene 1 0.0 32.2 

1H-Cycloprop[a]naphthalene, 1a,2,3,5,6,7a,7b-octahydro-1,1,7,7a-

tetramethyl, [1aR,1a&#945;,7&#945;,7b&#946;] 1 0.0 -68.0 

1,1,4,7-Tetramethyl-1a,2,3,4,6,7,7a,7b-octahydro-1H-

cyclopropa[e]azulene 1 0.0 -53.2 

Benzene, decyl- 26 15.6 66.1 

Benzene, (1-butylhexyl)- 5 5.2 -69.6 

Benzene, (1-methylnonyl)- 4 13.3 -3.3 

Benzene, (1-propylheptyl)- 4 7.6 -61.0 

Benzene, (1-ethyloctyl)- 4 9.4 -40.3 

(E,E)-4,8,12-Trimethyltrideca-1,3,7,11-tetraene 1 0.0 -34.0 

Perhydropyrene, # 4 5 22.2 177.0 

Pentaethylbenzene 1 0.0 -62.0 

(3E,7E)-4,8,12-Trimethyltrideca-1,3,7,11-tetraene 2 5.7 -23.1 

Guaia-3,7-diene 1 0.0 -126.0 

1,7,10,13-Hexadecatetraene 1 0.0 -39.0 

Benzene, 1-heptyl-2-propyl 2 0.0 -36.0 

Benzene, 1-butyl-2-hexyl 2 0.0 -45.0 

Benzene, 1-ethyl-2-octyl 2 0.0 -5.0 

Benzene, 1,2-dipentyl 2 0.0 -48.0 

Isogermacrene D 1 0.0 -215.0 

(E,E)-4,8,12-Trimethyl-1,2,7,11-tridecatetraene 1 0.0 -18.0 

&#946;-(Z)-Farnesene 1 0.0 -162.0 

Hexadec-11-yn-13,15-diene 1 0.0 26.0 

1,4-di-isopentylbenzene 1 0.0 -109.0 

Seyschellene 1 0.0 -140.0 

Bicyclooctyl-3,3'-diene 1 0.0 137.0 
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Benzene, 1-methyl-2-nonyl 1 0.0 30.0 

1,8,11,14-Heptadecatetraene, (Z,Z,Z)- 6 7.3 -37.6 

Benzene, undecyl- 6 11.6 74.8 

Benzene, (1-propyloctyl)- 5 3.8 -60.0 

Benzene, (1-butylheptyl)- 5 2.8 -70.8 

Benzene, (1-methyldecyl)- 3 12.3 1.0 

Benzene, (1-pentylhexyl)- 3 2.9 -76.7 

Benzene, (1-ethylnonyl)- 3 7.4 -38.3 

1,8,11,14-Heptadecatetraene 1 0.0 -42.0 

1,3-di-isobutylmesitylene 1 0.0 -60.0 

4-Cyclooct-3-enyl-cyclononene 1 0.0 -63.0 

Benzene, dodecyl- 4 5.0 71.7 

Benzene, hexaethyl- 7 15.3 -114.6 

Benzene, 1,2,4,5-tetrakis(1-methylethyl)- 1 0.0 -394.0 

Benzene, (1-pentylheptyl)- 5 4.3 -78.6 

Benzene, (1-butyloctyl)- 5 3.9 -74.0 

Benzene, (1-ethyldecyl)- 3 6.2 -40.0 

Benzene, (1-methylundecyl)- 3 11.4 0.3 

Benzene, (1-propylnonyl)- 3 3.8 -63.3 

Chrysene, octadecahydro- 4 12.6 177.8 

Naphthacene, octadecahydro- 3 16.1 126.0 

5&#945;-Oestrane 2 3.5 77.5 

Bicyclononyl-3,3'-diene 1 0.0 144.0 

Benzene, tridecyl- 2 4.9 74.5 

Benzene, (1-methyldodecyl)- 5 10.6 9.8 

Benzene, (1-hexylheptyl)- 2 3.5 -84.5 

Benzene, (1-pentyloctyl)- 3 3.2 -84.7 

Benzene, (1-butylnonyl)- 3 2.3 -77.7 

Benzene, (1-ethylundecyl)- 3 5.5 -37.7 

Benzene, (1-propyldecyl)- 3 2.9 -63.7 

Androstane, (5&#945;)- 4 36.9 160.5 

15-nor-Labd-8(17)-ene 2 4.2 -104.0 

15-nor-Labd-8-ene 2 3.5 -90.5 

15-nor-Labd-7-ene 2 1.4 -66.0 

Androstane 1 0.0 95.0 

cis-4,7,10,13-nonadecatetraene 1 0.0 -86.0 

Androstane, (5&#946;)- 2 12.0 159.5 

19-Norisopimarane 1 0.0 36.0 

Benzene, tetradecyl- 3 17.7 76.0 

1-&#946;-H-Laurenane 2 19.8 -61.0 

Dihydrorimuene 2 16.3 -71.5 

Laurenane 2 19.8 -74.0 

1,1,4a-Trimethyl-7,8a-(&#945;-methylethano)-tetradecahydro-

phenanthrene 1 0.0 -30.0 
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16&#945;(H)-Phyllocladane 1 0.0 -29.0 

16&#946;(H)-Phyllocladane 1 0.0 -45.0 

ent-16&#945;(H)-Kaurane 1 0.0 -33.0 

ent-Beyerane 1 0.0 -71.0 

Phyllocladane 1 0.0 36.0 

Naphthalene, decahydro-, 2,2'-bis 1 0.0 317.0 

Naphthalene, decahydro-, 1,1'-bis 1 0.0 223.0 

Pregnane 2 12.7 146.0 

Allopregnane 2 65.1 121.0 

atisirene 1 0.0 -46.0 

Benzene, hexadecyl- 3 12.4 93.6 

Benzene, octadecyl- 3 13.1 95.5 

2,6,10,14-Tetramethyl-9-(3-methyl-pent-4-enyl)-pentadeca-2,6,10-

triene 6 6.4 -356.8 

2,6,14-Trimethyl-10-methylene-9-(3-methyl-pent-4-enyl)-pentadeca-

2,6-diene 4 3.0 -357.4 

2,6,14-Trimethyl-10-methylene-9-(3-methylene-pent-4-enyl)-

pentadec-6-ene 2 1.4 -342.0 

2,6,10,14-Tetramethyl-7-(3-methylene-pent-4-enyl)-pentadeca-5,9-

diene 2 1.4 -342.0 

2,6,10,14-Tetramethyl-7-(3-methyl-pent-4-enylidene)-pentadeca-

2,9(trans)-diene 2 8.5 -370.0 

2,6,10,14-Tetramethyl-9-(3-methyl-pent-4-enylidene)-pentadeca-

2,6(trans)-diene 2 6.4 -374.5 

2,6,10,14-Tetramethyl-7-(3-methyl-pent-4-enylidene)-pentadeca-

2,9(cis)-diene 2 6.4 -417.5 

2,6,10,14-Tetramethyl-9-(3-methyl-pent-4-enylidene)-pentadeca-

2,6(cis)-diene 2 6.4 -421.5 

1-Methyl-4-(1-methylethenyl)-3-[1-methyl-1-(4-methylpentyl)-5-

methylhept-6-enyl] cyclohexene 2 9.2 -404.5 

2,6,10,14-Tetramethyl-9-(3-methyl-pent-4-enylidene)-trans-

pentadeca-2,6-diene 2 6.4 -374.5 

2,6,10,14-Tetramethyl-7-(3-methyl-pent-4-enylidene)-trans-

pentadeca-2,9-diene 2 8.5 -370.0 

2,6,10,14-Tetramethyl-7-(3-methyl-pent-4-enylidene)-cis-pentadeca-

2,9-diene 2 6.4 -417.5 

2,6,10,14-Tetramethyl-9-(3-methyl-pent-4-enylidene)-cis-pentadeca-

2,6-diene 2 6.4 -421.5 

2,10,14-trimethyl-6-methylene-7(3-methyl-pent-4-enyl)-pentadec-

9,13-diene 1 0.0 -356.0 

6,9,12,15-Pentacosatetraene 1 0.0 -80.0 

2,6(E),14(E),18-Icosatriene, 2,6,11,15,19-pentamethyl 1 0.0 -246.0 

Cholestane 8 14.6 149.6 

Coprostane 4 17.2 108.5 

2,6(E)-Heptadecadiene, 2,6,12,16-tetramethyl-11-(3-methyl-4-

pentenylidene) 1 0.0 -570.0 

2,6(Z)-Heptadecadiene, 2,6,12,16-tetramethyl-11-(3-methyl-4-

pentenylidene) 1 0.0 -618.0 
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20R-5&#945;(H),14&#946;(H)-17&#946;(H)-Sterane 1 0.0 283.0 

20S-5&#945;(H),14&#946;(H)-17&#946;(H)-Sterane 1 0.0 288.0 

Cholestane, (5&#945;,14&#946;)- 1 0.0 114.0 

C27 5A,14A,17A,20S-Sterane 1 0.0 97.0 

C27 5A,14A,17A,20R-Sterane 1 0.0 138.0 

C27 5A,14B,17B,20R-Sterane 1 0.0 106.0 

4-&#945;-Methyl-5-&#945;-cholestane 2 0.0 112.0 

C28 5A,14A,17A,20R-Sterane 1 0.0 148.0 

C28 5A,14B,17B,20S-Sterane 1 0.0 117.0 

C28 5A,14A,17A,20S-Sterane 1 0.0 96.0 

C28 5A,14B,17B,20R-Sterane 1 0.0 109.0 

6,9,12,15-Nonacosatetraene 2 0.0 -80.0 

Stigmastane 2 0.0 130.0 

4,14-dimethylcholestane 1 0.0 146.0 

C29 5A,14A,17A,20S-Sterane 1 0.0 78.0 

C29 5A,14B,17B,20R-Sterane 1 0.0 96.0 

C29 5A,14A,17A,20R-Sterane 1 0.0 140.0 

C29 5A,14B,17B,20S-Sterane 1 0.0 101.0 

1H-Cyclopenta[a]phenanthrene, 17-(1,5-

dimethylhexyl)hexadecahydro-4,4,10,13,14-pentamethyl-, [5S-

[5&#945;,8&#946;,9&#945;,10&#946;,13&#946;,14&#945;,17&#9

46;(S*)]]- 2 0.0 27.0 

onocerane-III 2 27.6 17.5 

4,14,24-trimethylcholestane 1 0.0 144.0 

C30 8,14-Secohopane, # 1 1 0.0 8.0 

C30 8,14-Secohopane, # 2 1 0.0 28.0 

Onocerane II (8-&#945;-H, 14-&#945;-H) 1 0.0 171.0 

Onocerane III (8-&#945;-H, 14-&#946;-H) 1 0.0 148.0 

Onocerane I (8-&#946;-H, 14-&#945;-H) 1 0.0 205.0 

onocerane-II 1 0.0 12.0 

onocerane-I 1 0.0 37.0 

4,14-dimethyl,24-ethyl-cholestane 1 0.0 132.0 

1,1,6-trimethyl-3-methylene-2-(3,6,10,13,14-pentamethyl-3-ethenyl-

pentadec-4-enye)cyclohexane 1 0.0 -531.0 

(6E,11E)-2,3,6,10,13,17,20,21-octamethyl-10-vinyl-1,6,11-

docosatriene 1 0.0 -522.0 

(2S,6R)-2-[(4E)-3,6-dimethyl-6-(3,4,7,8-tetramethylnonyl)-4,7-

octadienyl]-1,1,6-trimethyl-3-methylenecyclohexane 1 0.0 -653.0 

5-[(4E)-3,6-dimethyl-6-(3,4,7,8-tetramethylnonyl)-4,7-octadienyl]-

1,3,4,4,6-pentamethyl-1-cyclohexene 1 0.0 -604.0 

Styrene 185 12.0 84.6 

1,3,5,7-Cyclooctatetraene 8 19.3 71.1 

1,3,7-Octatrien-5-yne 2 4.2 25.0 

Indane 87 14.5 126.6 

&#945;-Methylstyrene 44 12.2 70.6 

Benzene, 2-propenyl- 32 10.8 32.5 
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Benzene, 1-ethenyl-3-methyl- 22 10.6 77.4 

Benzene, 1-ethenyl-4-methyl- 18 7.2 79.7 

Benzene, 1-ethenyl-2-methyl- 19 13.0 83.4 

Benzene, cyclopropyl- 4 10.8 106.8 

trans-&#946;-Methylstyrene 3 5.9 112.3 

Benzene, 1-propenyl- 12 10.0 106.1 

(Z)-1-Phenylpropene 5 4.6 76.1 

Benzene, 1-methyl-4-(1-methylethenyl)- 185 10.9 81.8 

Naphthalene, 1,2,3,4-tetrahydro- 90 14.5 151.9 

1H-Indene, 2,3-dihydro-5-methyl- 33 10.7 130.5 

Benzene, 2-ethenyl-1,4-dimethyl- 25 12.8 76.4 

1H-Indene, 2,3-dihydro-4-methyl- 19 11.4 139.1 

Benzene, 1-ethenyl-4-ethyl- 10 3.5 74.0 

Benzene, 1-methyl-3-(1-methylethenyl)- 15 9.5 74.5 

Dicyclopentadiene 13 15.5 14.3 

Benzene, (2-methyl-1-propenyl)- 3 2.6 70.0 

1H-Indene, 2,3-dihydro-2-methyl- 17 10.7 82.0 

Indan, 1-methyl- 14 9.6 74.7 

Benzene, 1-ethenyl-3-ethyl- 9 4.6 68.3 

2,4-Dimethylstyrene 10 6.9 82.6 

Dicyclopentadiene (endo) 13 16.2 15.2 

Benzene, 2-butenyl- 6 15.9 39.7 

Benzene, 3-butenyl- 2 7.1 27.0 

Benzene, 1-methyl-2-(2-propenyl)- 4 21.9 35.3 

1-Phenyl-1-butene 4 14.0 96.6 

Benzene, 1-methyl-4-(2-propenyl)- 4 6.9 36.7 

Benzene, (1-methylenepropyl)- 4 10.6 53.0 

Dicyclopentadiene, exo 9 16.0 6.0 

Benzene, 2-ethenyl-1,3-dimethyl- 4 25.4 81.5 

(E)-1-Phenyl-1-butene 2 10.6 112.5 

Naphthalene, 1,4,5,8-tetrahydro- 5 16.8 193.8 

o-Isopropenyltoluene 2 0.7 116.5 

Benzene, 1-butenyl-, (Z)- 1 0.0 111.0 

2,3-Dimethylstyrene 3 1.8 99.1 

Benzene, (1-methyl-1-propenyl)- 2 0.0 90.7 

1-methyl-3-allylbenzene 6 7.3 29.0 

Cyclopropylphenylmethane 2 2.2 58.0 

Benzene, (1-methyl-1-propenyl)-, (Z)- 1 0.0 47.2 

o-Ethylvinylbenzene 2 3.3 88.7 

Benzene, 4-ethenyl-1,2-dimethyl- 2 0.1 100.0 

Benzene, (2-methyl-2-propenyl)- 2 5.9 18.2 

1-Methyl-2-(cis-propenyl)benzene 1 0.0 98.0 

Benzene, 1-ethenyl-3,5-dimethyl- 1 0.0 72.9 

Benzene, 2-butenyl-, trans 1 0.0 59.0 
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4-Methyl-trans-&#946;-methylstyrene 1 0.0 109.0 

2-Methyl-trans-&#946;-methylstyrene 1 0.0 98.3 

3-Phenylbut-1-ene 1 0.0 114.8 

1-Methyl-4-isoallylbenzene 1 0.0 104.2 

1-Methyl-3-isoallylbenzene 1 0.0 102.3 

endo-Dicyclopentadiene 1 0.0 11.0 

Benzene, 2-butenyl-, cis 1 0.0 71.0 

1H-Indene, 2,3-dihydro-1,1-dimethyl- 3 7.1 -11.3 

Naphthalene, 1,2,3,4-tetrahydro-1-methyl- 11 13.6 115.5 

1H-Indene, 2,3-dihydro-4,7-dimethyl- 2 3.5 150.5 

1H-Indene, 2,3-dihydro-4,6-dimethyl- 1 0.0 135.0 

Naphthalene, 1,2,3,4-tetrahydro-5-methyl- 5 13.0 178.8 

Benzene, cyclopentyl- 5 20.0 113.8 

Naphthalene, 1,2,3,4-tetrahydro-6-methyl- 6 11.5 155.2 

1H-Indene, 2,3-dihydro-1,2-dimethyl- 5 2.5 27.4 

5-Ethylindan 6 15.1 124.8 

1H-Indene, 2,3-dihydro-1,3-dimethyl- 2 5.7 31.0 

Naphthalene, 1,2,3,4-tetrahydro-2-methyl- 2 7.8 112.5 

4-isopropyl styrene 2 0.0 36.5 

Benzene, (1-ethyl-1-propenyl)- 2 14.1 45.0 

Benzene, 1-pentenyl- 1 0.0 31.4 

Benzene, 4-pentenyl- 1 0.0 40.0 

Benzene, (1-methylenebutyl)- 1 0.0 136.3 

Benzene, (1-ethyl-1-propenyl)-, cis 2 58.7 29.5 

3-isopropyl styrene 2 0.0 17.4 

Benzene, 3-pentenyl-, (E)- 1 0.0 40.0 

trans-1-Phenyl-1-pentene 1 0.0 105.0 

Benzene, 3-pentenyl-, (Z)- 1 0.0 48.0 

endo-1H-Indene, 3a,4,7,7a-tetrahydro, 4,7-ethano 1 0.0 37.0 

exo-1H-Indene, 3a,4,7,7a-tetrahydro-4,7-ethano 1 0.0 42.0 

Benzene, (1-methyl-1-butenyl)-, E 1 0.0 84.0 

Dicyclopentadiene, 8-methyl, # 2 1 0.0 -30.0 

Dicyclopentadiene, 1-methyl, # 1 1 0.0 -69.0 

Dicyclopentadiene, 1-methyl, # 2 1 0.0 -61.0 

Dicyclopentadiene, 8-methyl, # 1 1 0.0 -36.0 

Dicyclopentadiene, 4-methyl 1 0.0 -36.0 

Dicyclopentadiene, 3-methyl 1 0.0 -16.0 

Benzene, 1-pentenyl-, cis 1 0.0 55.0 

Benzene, cyclohexyl- 20 17.4 115.1 

Naphthalene, 1-ethyl-1,2,3,4-tetrahydro- 7 15.9 117.0 

Naphthalene, 1,2,3,4-tetrahydro-2,6-dimethyl- 6 19.6 113.2 

Naphthalene, 1,2,3,4-tetrahydro-2,7-dimethyl- 4 0.9 102.7 

5-Propylindan 6 15.4 117.9 

Trinoranastreptene 3 0.0 -11.0 



 

484 

 

Naphthalene, 5-ethyl-1,2,3,4-tetrahydro- 2 5.7 158.0 

Tricyclo[5.2.1.0(2.6)]dec-3-ene, 3-methyl-9-methylene 6 15.5 -20.6 

Tricyclo[5.2.1.0(2.6)]deca-3,8-diene, 3,7-dimethyl 6 14.7 -72.0 

Tricyclo[5.2.1.0(2.6)]deca-3,8-diene, 4.9-dimethyl 6 17.9 -75.1 

Tricyclo[5.2.1.0(2.6)]dec-3-ene, 4-methyl-9-methylene 6 18.7 -40.8 

Tricyclo[5.2.1.0(2.6)]dec-3-ene, 3-methyl-8-methylene 6 15.5 -20.7 

Tricyclo[5.2.1.0(2.6)]deca-3,8-diene, 3,9-dimethyl 6 16.3 -47.4 

Tricyclo[5.2.1.0(2.6)]dec-3-ene, 4-methyl-8-methylene 6 18.7 -40.8 

Tricyclo[5.2.1.0(2.6)]deca-3,8-diene, 4,8-dimethyl 6 17.9 -75.2 

Tricyclo[5.2.1.0(2.6)]deca-3,8-diene, 1,4-dimethyl 6 15.7 -99.1 

Tricyclo[5.2.1.0(2.6)]deca-3,8-diene, 1,3-dimethyl 6 14.7 -72.1 

Tricyclo[5.2.1.0(2.6)]deca-3,8-diene, 4,7-dimethyl 6 15.7 -99.1 

Tricyclo[5.2.1.0(2.6)]deca-3,8-diene, 3,8-dimethyl 6 16.3 -47.3 

Naphthalene, 6-ethyl-1,2,3,4-tetrahydro- 4 4.1 141.9 

Naphthalene, 1,2,3,4-tetrahydro-1,4-dimethyl- 1 0.0 58.0 

Naphthalene, 2-ethyl-1,2,3,4-tetrahydro- 2 7.8 118.5 

Naphthalene, 1,2,3,4-tetrahydro-5,7-dimethyl- 2 6.4 178.5 

1H-Indene, 2,3-dihydro-1,4,7-trimethyl- 1 0.0 88.0 

Naphthalene, 1,2,3,4-tetrahydro-5,8-dimethyl- 2 7.1 208.0 

Benzene, 1,3,5-trimethyl-2-(1-methylethenyl)- 1 0.0 111.0 

Benzene, 1-(1-methylethenyl)-3-(1-methylethyl)- 1 0.0 -56.0 

(+)-1,2,3,6-Tetrahydro-1,4-dimethylazulene 2 0.0 44.0 

1H-Indene, 2,3-dihydro-1,1,3-trimethyl- 1 0.0 -22.0 

Naphthalene, 1,2,3,4-tetrahydro-1,8-dimethyl- 1 0.0 118.0 

Benzene, 1-ethenyl-4-(2-methylpropyl)- 1 0.0 28.0 

Benzene, 1,2,3-trimethyl-4-(2-propenyl) 1 0.0 165.0 

Dicyclopentadiene, 1,3-dimethyl 1 0.0 -89.0 

Dicyclopentadiene, 3,8-dimethyl 1 0.0 -58.0 

Dicyclopentadiene, 1,4-dimethyl 1 0.0 -110.0 

Dicyclopentadiene, 4,8-dimethyl 1 0.0 -79.0 

Benzene, 1-hexenyl-, (E) 1 0.0 108.0 

Benzene, 1-hexenyl-, (Z) 1 0.0 49.0 

1H-Indene, 2,3-dihydro-1,1,4,6-tetramethyl- 2 40.3 21.5 

1H-Indene, 2,3-dihydro-1,1,4,7-tetramethyl- 1 0.0 33.0 

Naphthalene, 1,2,3,4-tetrahydro-1,1,6-trimethyl- 6 4.7 -40.8 

Naphthalene, 1,2,3,4-tetrahydro-1-propyl- 7 15.9 110.1 

5-Butylindan 6 16.0 123.5 

dehydroionene 3 6.5 41.7 

2,2,6,7-tetramethylbicyclo[4.3.0]nona-4,7,9(1)-triene 2 35.4 -125.0 

Naphthalene, 1,2,3,4-tetrahydro-1,5,7-trimethyl- 1 0.0 -50.0 

1H-Indene, 2,3-dihydro-1,1,5,6-tetramethyl- 1 0.0 11.0 

1,4,4,7a-tetramethyl-4,5-dihydroindene 1 0.0 -101.0 

Naphthalene, 1,2,3,4-tetrahydro-1,6,8-trimethyl- 1 0.0 -61.0 

Naphthalene, 1,2,3,4-tetrahydro-6-propyl- 1 0.0 40.0 
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1H-Indene, 2,3-dihydro-1,1,4,5-tetramethyl- 1 0.0 55.0 

Naphthalene, 1,2,3,4-tetrahydro-2-(1-methylethyl) 1 0.0 98.0 

(1,4-Dimethylpent-2-enyl)benzene 1 0.0 -7.0 

Benzene, 1-heptenyl-, (E) 1 0.0 106.0 

Tetraline, 5-propyl 1 0.0 142.0 

Tetraline, 2-propyl 1 0.0 110.0 

1-Butyltetralin 7 16.9 109.2 

1,1,5,6-Tetramethyl-1,2,3,4-tetrahydronaphthalene 3 10.8 111.2 

Naphthalene, 5-butyl-1,2,3,4-tetrahydro- 1 0.0 136.0 

Naphthalene, 6-butyl-1,2,3,4-tetrahydro- 2 1.4 137.0 

Naphthalene, 1,2,3,4-tetrahydro-5,6,7,8-tetramethyl- 1 0.0 202.0 

Naphthalene, 1,2,3,4-tetrahydro-2,2,5,7-tetramethyl- 1 0.0 45.0 

1H-Indene, 2,3-dihydro-1,1,3,3,5-pentamethyl- 1 0.0 -141.0 

1,1-Diethyl-1,2,3,4-tetrahydronaphthalene 1 0.0 39.0 

Naphthalene, 2-(1,1-dimethylethyl)-1,2,3,4-tetrahydro- 1 0.0 75.0 

1,1,4,5,6-Pentamethyl-2,3-dihydro-1H-indene 1 0.0 122.6 

1H-Indene, 2,3-dihydro-1,1,4,6,7-pentamethyl 1 0.0 58.0 

Dehydronigritene 1 0.0 -31.0 

Tetraline, 2-butyl 1 0.0 114.0 

Benzene, 1-(1,5-dimethyl-4-hexenyl)-4-methyl- 269 10.1 -22.1 

Naphthalene, 1,2,3,4-tetrahydro-1,6-dimethyl-4-(1-methylethyl)-, 

(1S-cis)- 243 16.3 20.0 

trans-Calamenene 89 11.7 22.2 

Benzene, 1-methyl-4-(1,2,2-trimethylcyclopentyl)-, (R)- 58 8.4 5.3 

Cadina-1(10),6,8-triene 16 9.2 22.3 

anastreptene 11 10.6 -103.1 

(8R,8aS)-8,8a-Dimethyl-2-(propan-2-ylidene)-1,2,3,7,8,8a-

hexahydronaphthalene 12 19.0 42.6 

cis-Calamenene 10 14.7 30.6 

Silphiperfola-5,7(14)-diene 7 3.7 -141.3 

trans-Calamenene 10 8.7 26.5 

Thujopsadiene 6 13.9 -35.8 

Isopatchoula-3,5-diene 2 12.7 -117.0 

&#947;-vetivenene 3 11.7 27.3 

1,4,9-cadalatriene 2 4.2 104.0 

(4R,4aR)-4,4a-Dimethyl-6-(prop-1-en-2-yl)-1,2,3,4,4a,7-

hexahydronaphthalene 3 3.5 36.6 

(3aS,4R,7R)-1,4,9,9-Tetramethyl-5,6,7,8-tetrahydro-4H-3a,7-

methanoazulene 3 10.6 -142.9 

Cyperadiene 2 14.8 -131.5 

(5R,10S)-6,10-Dimethyl-2-(prop-1-en-2-yl)spiro[4.5]deca-1,6-diene, 

rel- 3 7.3 -13.8 

Aromadendrene, dehydro- 2 1.4 -36.0 

(5R,10R)-10-Methyl-6-methylene-2-(propan-2-

ylidene)spiro[4.5]dec-7-ene 2 7.8 0.5 

cyclocopacamphene 2 0.7 -139.5 
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calamenene (1-S,cis) 2 21.2 11.0 

&#945;-Pyrovetivene 1 0.0 13.0 

(1S,7S,8aR)-1,8a-Dimethyl-7-(prop-1-en-2-yl)-1,2,3,7,8,8a-

hexahydronaphthalene 2 0.5 7.3 

Silphiperfola-4,7(14)-diene 2 1.1 -138.3 

(3aR,4R,7R,8aS)-4,9,9-Trimethyl-1-methylene-4,5,6,7,8,8a-

hexahydro-1H-3a,7-methanoazulene 2 54.2 -95.7 

isocalamenene 2 4.9 20.5 

9,10-dehydroisolongifolene 2 35.4 33.0 

aristola-1(10)-8 diene 1 0.0 -74.0 

Calamene 2 2.8 21.0 

Selina-4(15),7(11),8(9)-triene 1 0.0 -67.0 

Sativene 2 29.0 -83.5 

(+)-(1S,6S,10S)-Amorpha-2,4,7(11)-triene 2 0.0 -51.0 

(2R,8R,8aS)-8,8a-Dimethyl-2-(prop-1-en-2-yl)-1,2,3,7,8,8a-

hexahydronaphthalene 1 0.0 11.0 

5(-)-Gymnomitr-3(15)-4-diene 2 0.0 -92.0 

Bisabola-1,3,5,7(14)-tetraene 2 0.0 -17.0 

Bisabola-1,3,5,7-tetraene 2 0.0 57.0 

(-)-7-epi-Eremophila-1(10),8,11-triene 2 0.0 7.0 

Calamenene II 2 0.7 179.5 

Calamenene I 2 0.7 167.5 

(1aS,4aS,8aR)-4a,8,8-Trimethyl-2-methylene-1,1a,2,4a,5,6,7,8-

octahydrocyclopropa[d]naphthalene 1 0.0 -28.3 

(3R,4aS,8aS)-8a-Methyl-5-methylene-3-(prop-1-en-2-yl)-

1,2,3,4,4a,5,6,8a-octahydronaphthalene 1 0.0 -22.7 

Cadala-1(10),3,8-triene 1 0.0 62.0 

1,1,7,7a-Tetramethyl-1a,2,6,7,7a,7b-hexahydro-1H-

cyclopropa[a]naphthalene 1 0.0 -60.1 

Cypera-2,4-diene 2 8.5 -143.0 

Cycloisolongifolene, 8,9-dehydro- 1 0.0 -189.0 

Myli-4(15)-ene 1 0.0 -81.0 

allo-Aromadendra-4(15),10(14)-diene 1 0.0 -45.0 

Aromadendra-4,10(14)-diene 1 0.0 -58.0 

African-2,6-diene 1 0.0 -155.0 

Maali-1,3-diene 1 0.0 -149.0 

1,1,7-Trimethyl-4-methylene-1a,2,3,4,4a,5,6,7b-octahydro-1H-

cyclopropa[e]azulene 1 0.0 -60.0 

1,1,4-Trimethyl-7-methylene-1a,2,3,5,6,7,7a,7b-octahydro-1H-

cyclopropa[e]azulene 1 0.0 10.0 

Eudesma-2,4,11-triene 1 0.0 -21.4 

&#946;-Vetispirene 1 0.0 -12.0 

3,5,11-Eudesmatriene 1 0.0 -5.4 

Aromadendra-4,9-diene 1 0.0 33.0 

ar-Himachalene 1 0.0 41.9 

cis-Calamenene 1 0.0 31.4 
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8,9-dehydroisolongifolene 1 0.0 34.0 

1H-Cyclopropa[a]naphthalene, 1a,2,6,7,7a,7b-hexahydro-1,1,7,7a-

tetramethyl-, [1aR-(1a&#945;,7&#945;,7a&#945;,7b&#945;)]- 1 0.0 -64.6 

1,2,3,4-Tetrahydro-1,6-dimethyl-4-(1-methylethyl) naphthalene 1 0.0 18.0 

(+)-(1R,5S,6S,7S)-allo-aromadendra-4(15),10(14)-diene 1 0.0 -43.0 

Naphthalene, 1,2,3,4-tetrahydro-6-pentyl 1 0.0 134.0 

8,9-Dehydroneoisolongifolene 1 0.0 97.0 

Eudesma-1,4(15),11-triene 1 0.0 -28.0 

&#945;-Calamenene 1 0.0 -2.0 

Aromadendra-4(11),8-diene 1 0.0 34.0 

Gymnomitra-3(15),4-diene 1 0.0 -87.0 

Cadina-1, 3, 8-triene 1 0.0 65.0 

1R-trans-calamenene 1 0.0 79.0 

(5S,6S,10S)-gorgona-1,4(15),11-triene 1 0.0 -74.0 

&#946;-Spathulene 1 0.0 -48.0 

(-)-Dehydroaromadendrene 1 0.0 -34.0 

(-)-(5R,6S,7S)-Aromadendra-1(10),3-diene 1 0.0 12.0 

Eudesma-2,4(15),11-triene 1 0.0 -3.0 

Eudesma-2,6,8-triene 1 0.0 -57.0 

Aromadendra-4,10(15)-diene 1 0.0 1.0 

&#945;-Cuparene 1 0.0 0.0 

cis-Thujopsadiene 1 0.0 -32.0 

Spirovetiva-1,7(11),10(14)-triene 1 0.0 -16.0 

(E)-Calamenene 1 0.0 16.0 

Ylanga-2,4-(15)-diene 1 0.0 -100.0 

7,14-Anhydroamorpha-4,9-diene 1 0.0 235.0 

(-)-Aromadendra-1(10),3-diene 1 0.0 12.0 

Africa-1,5-diene 1 0.0 -148.0 

Herbertene 1 0.0 -12.0 

copadiene 1 0.0 -145.0 

Tenuifolene 1 0.0 70.0 

(+)-isozierene 1 0.0 53.0 

&#945;-Barbatenal 1 0.0 107.0 

4,9-dimethyl-diamantane 1 0.0 -59.0 

3,4-dimethyl-diamantane 1 0.0 5.0 

2,4-dimethyl-diamantane 1 0.0 -28.0 

4,8-dimethyl-diamantane 1 0.0 -23.0 

1,4-dimethyl-diamantane 1 0.0 -28.0 

Decahydro-3a-methyl-6-methylene-1-(1-

methylethyl)cyclobuta[1,2:3,4]dicyclopentadiene 1 0.0 -253.0 

cis-3,6,9,12,15-nonadecapentaene 1 0.0 -90.0 

Phenanthrene, 7-ethenyl-1,2,3,4,4a,4b,5,6,7,9,10,10a-dodecahydro-

1,1,4a,7-tetramethyl-, [4aS-

(4a&#945;,4b&#946;,7&#946;,10a&#946;)]- 44 17.7 -47.7 
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(4aS,4bR,10aS)-7-Isopropyl-1,1,4a-trimethyl-

1,2,3,4,4a,4b,5,6,10,10a-decahydrophenanthrene 32 12.5 77.8 

Kaurene 27 13.0 33.8 

Kaur-16-ene 19 19.4 41.8 

1,3,6,10-Cyclotetradecatetraene, 3,7,11-trimethyl-14-(1-

methylethyl)-, [S-(E,Z,E,E)]- 19 12.4 -62.6 

Phenanthrene, 7-ethenyl-1,2,3,4,4a,4b,5,6,7,8,8a,9-dodecahydro-

1,1,4b,7-tetramethyl-, [4aS-

(4a&#945;,4b&#946;,7&#945;,8a&#945;)]- 16 20.7 -85.3 

(R,1E,5E,9E)-1,5,9-Trimethyl-12-(prop-1-en-2-yl)cyclotetradeca-

1,5,9-triene 16 15.1 -47.3 

Phenanthrene, 7-ethenyl-1,2,3,4,4a,4b,5,6,7,8,10,10a-dodecahydro-

1,1,4a,7-tetramethyl-, [4aS-

(4a&#945;,4b&#946;,7&#946;,10a&#946;)]- 7 17.9 -13.4 

Kaur-15-ene 12 16.2 -11.1 

Kaur-16-ene, (8&#946;,13&#946;)- 13 22.9 4.4 

Kaur-15-ene, (5&#945;,9&#945;,10&#946;)- 10 16.5 -34.0 

Isohibaene 8 9.0 -75.1 

Naphthalene, decahydro-1,1,4a-trimethyl-6-methylene-5-(3-methyl-

2,4-pentadienyl)-, [4aS-(4a&#945;,5&#945;,8a&#946;)]- 5 27.5 -27.8 

17-Norkaur-15-ene, 13-methyl-, (8&#946;,13&#946;)- 6 20.5 -66.0 

Naphthalene, decahydro-1,1,4a-trimethyl-6-methylene-5-(3-

methylene-4-pentenyl)-, [4aS-(4a&#945;,5&#945;,8a&#946;)]- 5 13.5 -59.0 

Isopimara-8,15-diene 5 8.8 -90.4 

Abieta-8(14),13(15)-diene 6 12.4 145.5 

Phenanthrene, 7-ethenyl-1,2,3,4,4a,5,6,7,8,9,10,10a-dodecahydro-

1,1,4a,7-tetramethyl- 3 27.1 -83.3 

Isopimara-9(11),15-diene 4 9.3 -92.4 

Abieta-8,12-diene 5 18.4 5.8 

Geranyl-&#945;-terpinene 2 70.0 -48.5 

(4aS,10aS)-7-Isopropyl-1,1,4a-trimethyl-1,2,3,4,4a,5,6,9,10,10a-

decahydrophenanthrene 1 0.0 35.6 

Dolabradiene 3 14.4 -38.3 

Myrcene dimer 1 0.0 -42.0 

(E)-1-(6,10-Dimethylundec-5-en-2-yl)-4-methylbenzene 2 57.8 -49.1 

(E,E,E)-3,7,11,15-Tetramethylhexadeca-1,3,6,10,14-pentaene 3 27.2 0.4 

Cembrene C 3 0.0 2.0 

Trachylobane 2 19.8 -21.0 

Isocembrene 2 4.9 -51.5 

Rimua-5(10),15-diene 2 14.8 -125.5 

Rosa-5(10),15-diene 2 14.8 -93.5 

ent-pimara-8(14), 15-diene 2 8.5 -67.0 

Abieta-7,11-diene 3 25.0 42.3 

p-Camphorene 2 12.5 -14.2 

m-Camphorene 2 11.5 -47.9 

Atis-16-ene, (5&#946;,8&#945;,9&#946;,10&#945;,12&#945;)- 1 0.0 10.0 

iso-Pimar-9(11),15-diene 2 0.7 -101.5 
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&#945;-Kaurene 1 0.0 46.0 

Laurenene 2 44.5 -96.5 

isopimaridiene 1 0.0 -28.0 

(5,9&#945;-, 10&#946;)-Kaur-15-ene 2 24.0 15.0 

(4aS,4bS,10aS)-1,1,4a-Trimethyl-7-(propan-2-ylidene)-

1,2,3,4,4a,4b,5,6,7,9,10,10a-dodecahydrophenanthrene 1 0.0 170.9 

(4aS,4bS,10aS)-7-Isopropyl-1,1,4a-trimethyl-

1,2,3,4,4a,4b,5,9,10,10a-decahydrophenanthrene 1 0.0 39.8 

(1E,3E,7E,11E)-4-Isopropyl-1,7,11-trimethylcyclotetradeca-

1,3,7,11-tetraene 1 0.0 19.5 

(S,E)-8,12,15,15-Tetramethyl-4-methylenebicyclo[9.3.1]pentadeca-

7,11-diene 1 0.0 26.8 

&#945;-Phellandrene, dimer 1 0.0 -198.6 

Dimer of &#945;-phellandrene 2 1 0.0 -96.0 

Verticilla-4(20),7,11-triene 1 0.0 4.0 

Dimer of &#945;-phellandrene 1 1 0.0 -205.0 

dimer of &#945;-phellandrene 1 0.0 -205.0 

epi-Laurene 1 0.0 -109.0 

Hibaene 1 0.0 -59.0 

epi-Laurenene 1 0.0 -109.0 

Verticilla-4(20),7,11-triene 1 0.0 -18.0 

&#945;-Phellandrene dimer 1 0.0 -196.0 

Dimyrcene isomer # 1 1 0.0 -84.0 

Dimyrcene isomer # 3 1 0.0 -14.0 

Dimyrcene isomer # 2 1 0.0 -50.0 

fusicoccadiene 1 0.0 -37.0 

ent-Pimara-8,15-diene 1 0.0 -58.0 

Viscida-3,11(18),14-triene 1 0.0 -89.0 

13-epi-Dolabradiene 1 0.0 6.0 

15-Isopimaradiene 1 0.0 -36.0 

Aphidicol-16-ene 1 0.0 113.0 

3(Z)-Cembrene A 1 0.0 -62.0 

Viscida-3,9,14-triene 1 0.0 -138.0 

ent-Trachylobane 1 0.0 -11.0 

Isopimara-9(11),5-diene 1 0.0 -102.0 

Pimara-9(11),5-diene 1 0.0 -91.0 

(+)-Axinyssene 1 0.0 -858.0 

4,4-Dimethyl, 5a-,13a-androst-8-ene 2 0.0 328.0 

cis-3,6,9,12,15-heneicosapentaene 1 0.0 -92.0 

5-Androstene, 4,4-dimethyl- 1 0.0 119.4 

Cyclohexene, 3-(1-heptenyl)-4-(1,3-nonadienyl)- 1 0.0 -21.6 

Pentadeca-2,5,9,13-tetraene, 2,6,10,14-tetramethyl-7-(3-methylpent-

4-enyl) 2 9.2 -325.5 

2,6,10,14-Tetramethyl-9-(3-methyl-pent-4-enylidene)-pentadeca-

2,6(trans),13-triene 2 9.2 -334.5 
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2,6,10,14-Tetramethyl-9-(3-methyl-pent-4-enylidene)-pentadeca-

2,6(cis),13-triene 2 9.9 -381.0 

2,6,10,14-Tetramethyl-9-(3-methyl-pent-4-enylidene)-trans-

pentadeca-2,6,13-triene 2 9.2 -334.5 

2,6,10,14-Tetramethyl-9-(3-methyl-pent-4-enylidene)-cis-pentadeca-

2,6,13-triene 2 2.8 -386.0 

2,6,14-Trimethyl-10-methylene-9-(3-methyl-pent-4-enyl)-pentadec-

2,6,13-triene 1 0.0 -309.0 

2,10,14-trimethyl-6-methylene-7(3-methyl-pent-4-enyl)-pentadec-

2,9,13-triene 1 0.0 -309.0 

2,6,10,14-Tetramethyl-7-(3-methyl-pent-4-enyl)-pentadeca-2,5,9,13-

tetraene 1 0.0 -299.0 

2,6(E),10(E),14,18-Icosapentaene, 2,6,11,15,19-pentamethyl 1 0.0 17.0 

17&#945;-22,29,30-trinorhopane 1 0.0 95.0 

17&#946;-22,29,30-trinorhopane 1 0.0 128.0 

Cholest-3-ene, (5&#945;)- 1 0.0 695.0 

2,6(E),15-Heptadecatriene, 2,6,16-trimethyl-12-methylene-11-(3-

methyl-4-pentenyl) 1 0.0 -526.0 

C27 18A-Hopane II (Ts) 1 0.0 156.0 

C27 17A-Hopane (Tm) 1 0.0 195.0 

17-&#945;-H-tris-nor-Hopane 1 0.0 309.0 

17-&#946;-H-tris-nor-Hopane 1 0.0 340.0 

17&#946;,21&#946;(H)-30-norhopane 2 31.8 122.5 

17&#945;,21&#946;(H)-30-norhopane 1 0.0 121.0 

17&#946;,21&#945;(H)-norhopane 1 0.0 83.0 

C30-25-Norhopane, 17aH, 21bH 1 0.0 158.0 

17&#946;(H),21&#945;(H)-30-Normoretane 1 0.0 117.0 

28-Nor-17&#946;(H)-hopane 1 0.0 186.0 

C29 17A,21B-Hopane 1 0.0 138.0 

30-nor-moretane 1 0.0 148.0 

18-&#946;-H-30-nor-Moretane 1 0.0 148.0 

17-&#945;-H-nor-Hopane 1 0.0 225.0 

17-&#946;-H-nor-Hopane 1 0.0 266.0 

2,6,10,14,18-Pentamethyl-13-(3-methyl-pent-4-enylidene)-

nonadeca-2,6,10(trans)-triene 4 9.2 -434.0 

2,6(E),10(Z)-Nonadecatriene, 2,6,10,14,18-pentamethyl-13-(3-

methyl-4-pentenylidene) 3 7.4 -486.7 

17&#946;,21&#946;(H)-hopane 2 0.0 150.0 

cycloeucalane 3 29.2 58.3 

1-Methyl-4-(1-methylethenyl)-3-[1-methyl-1-(4-methyl-hex-5-enyl)-

5,9-dimethyldec-4-enyl] cyclohexene 2 14.1 -442.0 

2,6,10,14,18-Pentamethyl-13-(3-methyl-pent-4-enylidene)-

nonadeca-2,6,10-triene, cis 2 9.9 -488.0 

moretane 2 46.7 145.0 

hopane 2 30.4 239.5 

17&#945;H-moretane 2 0.0 174.0 

17&#945;H-hopane 2 0.0 146.0 
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17-&#946;-H-Hopane 2 30.4 239.5 

17&#946;,2l&#945;(H)-hopane 1 0.0 58.0 

C31-25-Norhopane, 17aH, 21bH, 22S 1 0.0 127.0 

C31-25-Norhopane, 17aH, 21bH, 22R 1 0.0 144.0 

D:A-Friedooleanane 1 0.0 155.0 

C30 17B,21A-Hopane (Moretane) 1 0.0 164.0 

C30 17A,21B-Hopane 1 0.0 126.0 

Serratane II (14-&#945;-H) 1 0.0 430.0 

Taraxastane (19-&#946;-H) 1 0.0 388.0 

Serratane I (14-&#946;-H) 1 0.0 353.0 

serratane-II 1 0.0 200.0 

serratane-I 1 0.0 134.0 

17-&#946;-H-Moretane 1 0.0 178.0 

Fridelane 1 0.0 388.0 

3-sec-Butyl-5a,5b,8,8,11a,13b-hexamethyl-eicosahydro-

cyclopenta[a]chrysene 1 0.0 67.6 

C32-25-Norhopane, 17aH, 21bH, 22R 1 0.0 131.0 

C32-25-Norhopane, 17aH, 21bH, 22S 1 0.0 109.0 

22(R or S)-17&#945;(H),21&#946;(H)-Homohopane 1 0.0 -12.0 

22(S or R)-17&#945;(H),21&#946;(H)-Homohopane 1 0.0 -20.0 

C31-Hopane, 17bH, 21bH 1 0.0 203.0 

17&#946;(H),21&#945;(H)-Homomoretane 1 0.0 -48.0 

C31 17A,21B,22S-Hopane 1 0.0 129.0 

C31 17A,21B,22R-Hopane 1 0.0 141.0 

17-&#945;-H-Homohopane, 22(R) 1 0.0 188.0 

17-&#945;-H-Homohopane, 22(S) 1 0.0 200.0 

C33-25-Norhopane, 17aH, 21bH, 22R 1 0.0 111.0 

C33-25-Norhopane, 17aH, 21bH, 22S 1 0.0 101.0 

C32-Hopane, 17bH, 21aH, 22RS 1 0.0 104.0 

C32-Hopane, 17aH, 21bH, 22S 1 0.0 38.0 

C32-Hopane, 17aH, 21bH, 22R 1 0.0 55.0 

C32 17A,21B,22S-Hopane 1 0.0 112.0 

C32 17A,21B,22R-Hopane 1 0.0 128.0 

17-&#945;-H-bis-Homohopane, 22(R) 1 0.0 161.0 

17-&#945;-H-bis-Homohopane, 22(S) 1 0.0 178.0 

C33-Hopane, 17bH, 21aH, 22RS 1 0.0 95.0 

C33-Hopane, 17aH, 21bH, 22R 1 0.0 77.0 

C33-Hopane, 17aH, 21bH, 22S 1 0.0 40.0 

C33 17A,21B,22S-Hopane 1 0.0 107.0 

C33 17A,21B,22R-Hopane 1 0.0 129.0 

(7E)-2-(3,4-dimethylpentyl)-3,6,9,12,16,17-hexamethyl-13-

methylene-9-vinyl-1,7,17-octadecatriene 1 0.0 -641.0 

C34 17A,21B,22R-Hopane 1 0.0 135.0 

C34 17A,21B,22S-Hopane 1 0.0 107.0 

C35 17A,21B,22S-Hopane 1 0.0 106.0 
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C35 17A,21B,22R-Hopane 1 0.0 140.0 

Phenylethyne 20 18.8 55.1 

Indene 66 16.9 136.3 

Benzene, 1-propynyl- 3 12.5 143.7 

Benzene, 1-ethynyl-4-methyl- 1 0.0 164.0 

3-Methylphenylacetylene 1 0.0 111.0 

Naphthalene, 1,2-dihydro- 14 21.1 143.7 

1,4-Dihydronaphthalene 1 0.0 167.0 

Benzene, 1,3-diethenyl- 7 8.0 91.2 

1H-Indene, 1-methyl- 2 33.9 148.0 

2-Methylindene 6 2.3 55.3 

Benzene, 1,4-diethenyl- 4 3.3 97.3 

3-Butynylbenzene 3 6.4 56.7 

Benzene, 1-butynyl- 2 7.8 123.5 

1H-Indene, 3-methyl- 1 0.0 155.0 

Benzene, 1,3-butadienyl- 1 0.0 150.0 

Benzene, (1-methylene-2-propenyl)- 1 0.0 140.2 

4-Methylindene 2 0.7 116.5 

o-Divinylbenzene 1 0.0 102.0 

4-Vinyl-&#945;-methylstyrene 2 0.0 118.5 

3-vinyl-&#945;-methylstyrene 2 0.0 95.8 

5-ethylindene 2 0.0 103.6 

(1-Methylenebut-2-enyl)benzene 1 0.0 34.9 

1-Phenyl-2,4-pentadiyne 1 0.0 190.0 

Benzene, 3-cyclohexen-1-yl- 1 0.0 145.0 

Acenaphthylene, 1,2,2a,3,4,5-hexahydro- 4 9.6 163.7 

Cyclohexene, 1-phenyl- 2 0.0 184.0 

Hexa-2,4-dienylbenzene 4 36.7 277.3 

3,10-Dihydro-1,4-dimethylazulene 1 0.0 122.0 

5,6-Dihydro-1,4-dimethylazulene 1 0.0 225.0 

Naphthalene, 1,2-dihydro-1,1,6-trimethyl- 18 17.6 49.7 

Naphthalene, 1,2-dihydro-1,4,6-trimethyl- 2 0.0 73.4 

Naphthalene, 1,2-dihydro-1,5,8-trimethyl- 3 13.2 69.3 

Benzene, 2-(1,3-butadienyl)-1,3,5-trimethyl- 1 0.0 73.0 

Anthracene, 1,2,3,4,5,6,7,8-octahydro- 17 16.6 285.3 

Phenanthrene, 1,2,3,4,5,6,7,8-octahydro- 13 19.8 317.6 

1,1,5,6-Tetramethyl-1,2-dihydronaphthalene 2 17.7 98.6 

3,6-Dihydrochamazulene 1 0.0 118.7 

Benzene, 1,2-bis(1-buten-3-yl)- 2 0.0 -50.0 

&#945;-Calacorene 278 10.4 39.4 

4-Isopropyl-6-methyl-1-methylene-1,2,3,4-tetrahydronaphthalene 83 10.3 56.6 

Calacorene 21 16.0 33.8 

&#947;-Calacorene 5 8.1 57.6 

&#946;-Calacorene 13 10.6 59.5 
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&#945;-Corocalene 9 10.4 116.7 

&#945;-Dehydro-ar-himachalene 4 5.7 15.7 

&#947;-Dehydro-Ar-himachalene 2 7.1 22.0 

ar-Tenuifolene 3 5.7 32.7 

&#947;-Dehydro-ar-himachalene 2 9.5 44.3 

&#948;-Calacorene 1 0.0 44.0 

9,10-Dehydro-ar-curcumene 1 0.0 -11.0 

Isolongifolene, 4,5,9,10-dehydro- 1 0.0 44.0 

Dihydrochamazulene 4 1 0.0 127.0 

Dihydrochamazulene 1 1 0.0 14.0 

Dihydrochamazulene 2 1 0.0 18.0 

Dihydrochamazulene 3 1 0.0 113.0 

Dihydrochamazulene 5 1 0.0 151.0 

Bisabola-1,3,5,7(14),10-pentaene 1 0.0 17.0 

Bisabola-1,3,5,7(14),11-pentaene 1 0.0 9.0 

Bisabola-1,3,5,7,11-pentaene 1 0.0 76.0 

Geranyl-p-cymene 2 67.2 145.5 

p-Dicyclohexylbenzene 1 0.0 250.0 

o-xylene geranium 2 12.0 -973.5 

Bicyclohexyl, 4-phenyl- 1 0.0 171.0 

cis-1,4,7,10,13,16-nonadecahexaene 1 0.0 -92.0 

Phenanthrene, 7-ethenyl-1,2,3,4,4a,4b,5,6,7,8,10,10a-dodecahydro-

4a,7-dimethyl-1-methylene-, [4aS-

(4a&#945;,4a&#946;,7&#946;,10a&#946;)]- 1 0.0 42.0 

18-norabieta-8,11,13-triene 1 0.0 107.0 

4b,8-Dimethyl-2-isopropylphenanthrene, 4b,5,6,7,8,8a,9,10-

octahydro- 1 0.0 69.0 

Phenanthrene, 1,2,3,4,4a,9,10,10a-octahydro-1,1,4a-trimethyl-7-(1-

methylethyl)-, (4aS-trans)- 67 17.3 48.5 

1,1'-diadamantane 5 32.4 266.6 

2,2'-diadamantane 5 29.1 200.6 

1,2'-diadamantane 5 31.2 237.6 

7-Isopropyl-1,1,4a-trimethyl-1,2,3,4,4a,9,10,10a-

octahydrophenanthrene 1 0.0 73.9 

(E)-1-(6,10-Dimethylundeca-5,9-dien-2-yl)-4-methylbenzene 1 0.0 -20.0 

Dehydroabietene 1 0.0 29.0 

cis-3,6,9,12,15,18-heneicosahexaene 1 0.0 -96.0 

n-heneicosa-3,6,9,12,15,18-hexaene 1 0.0 -75.0 

2,6,10,14-Tetramethyl-7-(3-methylene-pent-4-enyl)-pentadeca-

2,5,9,13-tetraene 1 0.0 -252.0 

2,6,10,14-tetramethyl-7(3-methyl-pent-4-enyl)-pentadec-2,5,9,13-

ene 1 0.0 -299.0 

Cholesterol M (-H2O) 2 0.0 330.0 

Cholesta-3,5-diene 1 0.0 180.0 

Cholesta-2,4-diene 1 0.0 172.0 

24-methyl-&#948;3,5-Cholestadiene 1 0.0 150.0 
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10-Demethylsqualene 4 21.7 -71.3 

Stigmastan-3,5-diene 1 0.0 140.0 

Stigmasta-3,5-diene 1 0.0 -181.4 

Supraene 23 14.4 -180.5 

Squalene 6 12.0 -169.9 

4-Isopropenyl-1-methyl-3-[1,5,9-trimethyl-1-(4-methyl-hex-5-enyl)-

deca-4,8-dienyl]-cyclohexene 2 18.4 -408.0 

2,6,10,14,18-Pentamethyl-13-(3-methyl-pent-4-enylidene)-

nonadeca-2,6,10,17-tetraene, trans 2 14.8 -393.5 

2,6,10,14,18-Pentamethyl-13-(3-methyl-pent-4-enylidene)-

nonadeca-2,6,10,17-tetraene, cis 2 14.1 -445.0 

2,6(E),10(E),16-Nonadecatetraene, 2,6,10,14,18-pentamethyl-13-(3-

methyl-4-pentenylidene) 1 0.0 -383.0 

2,6(E),10(Z)16-Nonadecatetraene, 2,6,10,14,18-pentamethyl-13-(3-

methyl-4-pentenylidene) 1 0.0 -438.0 

11-methylsqualene 1 0.0 -270.0 

1,1,6-trimethyl-3-methylene-2-[(4E)-3,6,13,14-tetramethyl-10-

methylene-6-vinyl-4,14-pentadecadienyl]cyclohexane, isomer # 4 1 0.0 -471.0 

1,1,6-trimethyl-3-methylene-2-[(4E)-3,6,13,14-tetramethyl-10-

methylene-6-vinyl-4,14-pentadecadienyl]cyclohexane, isomer # 1 1 0.0 -501.0 

1,1,6-trimethyl-3-methylene-2-[(4E)-3,6,13,14-tetramethyl-10-

methylene-6-vinyl-4,14-pentadecadienyl]cyclohexane, isomer # 3 1 0.0 -478.0 

1,1,6-trimethyl-3-methylene-2-[(4E)-3,6,13,14-tetramethyl-10-

methylene-6-vinyl-4,14-pentadecadienyl]cyclohexane, isomer # 5 1 0.0 -461.0 

1,1,6-trimethyl-3-methylene-2-[(4E)-3,6,13,14-tetramethyl-10-

methylene-6-vinyl-4,14-pentadecadienyl]cyclohexane, isomer # 2 1 0.0 -491.0 

(6E,11E,16E)-2,3,6,10,13,17,20,21-octamethyl-10-vinyl-

1,6,11,16,21-docosapentaene, isomer # 3 1 0.0 -464.0 

(6E,11E,16E)-2,3,6,10,13,17,20,21-octamethyl-10-vinyl-

1,6,11,16,21-docosapentaene, isomer # 1 1 0.0 -525.0 

(6E,11E,16E)-2,3,6,10,13,17,20,21-octamethyl-10-vinyl-

1,6,11,16,21-docosapentaene, isomer # 2 1 0.0 -507.0 

(6E,11E,16E)-2,3,6,10,13,17,20,21-octamethyl-10-vinyl-

1,6,11,16,21-docosapentaene, isomer # 4 1 0.0 -457.0 

(6E,11E)-2,3,6,10,13,20,21-heptamethyl-17-methylene-13-vinyl-

1,6,11,21-docosatetraene 1 0.0 -511.0 

2-{(4E)-3,6-dimethyl-6-[3-(3,3,4-trimethylcyclohexyliden)butyl]-

4,7-octadienyl}-1,1,6-trimethyl-3-methylenecyclohexane, isomer # 2 1 0.0 -531.0 

2-{(4E)-3,6-dimethyl-6-[3-(3,3,4-trimethylcyclohexyliden)butyl]-

4,7-octadienyl}-1,1,6-trimethyl-3-methylenecyclohexane, isomer # 1 1 0.0 -534.0 

1-[(5E)-1,4,7,10,14,15-hexamethyl-11-methylene-4-vinyl-5,15-

hexadecadienyl]-3,3,4-trimethyl-1-cyclohexene, isomer # 2 2 2.1 -653.5 

1-(2,2,3,5,6-Pentamethylcyclohex-4-enyl)-9-(3,3,4-

trimethylcyclohex-1-enyl)-3,6-dimethyl-6-ethenyl-dec-4-ene 1 0.0 -562.0 

5-{(4E)-3,6-dimethyl-6-[3-(3,3,4-trimethyl-1-cyclohexenyl)butyl]-

4,7-octadienyl}-1,3,4,4,6-pentamethyl-1-cyclohexene, isomer # 2 1 0.0 -591.0 

5-{(4E)-3,6-dimethyl-6-[3-(3,3,4-trimethyl-1-cyclohexenyl)butyl]-

4,7-octadienyl}-1,3,4,4,6-pentamethyl-1-cyclohexene, isomer # 1 1 0.0 -618.0 

(11E)-2,3,7,10,13,20,21-heptamethyl-6,17-dimethylene-13-vinyl-

1,11,21-docosatriene 1 0.0 -687.0 
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Naphthalene 328 17.8 174.4 

Azulene 6 16.0 309.0 

1H-Indene, 1-methylene- 2 2.1 96.5 

Naphthalene, 1-methyl- 114 18.1 197.9 

Naphthalene, 2-methyl- 118 17.0 183.6 

Azulene,6-methyl- 2 0.0 310.0 

1-Methylazulene 2 0.0 301.0 

Azulene,5-methyl- 1 0.0 300.0 

Naphthalene, 2,6-dimethyl- 50 11.9 194.9 

Naphthalene, 2-ethyl- 43 14.0 184.7 

Naphthalene, 2,3-dimethyl- 31 16.0 226.0 

Naphthalene, 1-ethyl- 34 14.0 189.7 

Naphthalene, 1,4-dimethyl- 33 14.0 222.9 

Naphthalene, 1,3-dimethyl- 28 11.4 208.8 

Naphthalene, 2,7-dimethyl- 18 8.0 197.5 

Naphthalene, 1,6-dimethyl- 25 19.6 219.1 

Naphthalene, 1,2-dimethyl- 28 10.3 245.1 

Naphthalene, 1,8-dimethyl- 21 12.0 262.6 

Naphthalene, 1,5-dimethyl- 22 17.5 229.5 

Naphthalene, 1,7-dimethyl- 17 10.9 209.1 

1,4-Dimethylazulene 5 15.9 328.0 

Naphthalene, 2,3,6-trimethyl- 16 11.7 228.3 

Naphthalene, 1,6,7-trimethyl- 12 14.4 253.6 

Naphthalene, 2-(1-methylethyl)- 14 13.9 145.8 

Naphthalene, 1-propyl- 5 22.0 166.8 

Naphthalene, 1-(1-methylethyl)- 8 15.7 152.2 

Naphthalene, 2-propyl- 5 22.2 173.6 

Naphthalene, 1,3,7-trimethyl- 3 1.0 202.0 

Naphthalene, 1,3,5-trimethyl- 1 0.0 278.0 

Naphthalene, 1,2,4-trimethyl- 1 0.0 275.0 

1,2,5-Trimethylnaphthalene 1 0.0 256.0 

Naphthalene, 1,2,7-trimethyl- 1 0.0 239.0 

Naphthalene, 1,2,3-trimethyl- 1 0.0 290.0 

4,6,8-Trimethylazulene 2 14.8 348.5 

Chamazulene 47 18.2 317.0 

Naphthalene, 1-butyl- 4 23.6 169.0 

Naphthalene, 2-butyl- 3 25.6 181.7 

Naphthalene, 2-(1,1-dimethylethyl)- 2 19.1 88.5 

Naphthalene, 2,3,6,7-tetramethyl- 2 29.1 277.4 

1,3,5,8-Tetramethylnaphthalene 6 25.7 302.1 

Naphthalene, 1,3,6,7-tetramethyl 1 0.0 280.0 

Naphthalene, 1-(2-methylpropyl)- 2 0.0 101.0 

Naphthalene, 1,2,4,7-tetramethyl- 2 14.1 278.0 

Naphthalene, 1,3,5,7-tetramethyl 1 0.0 272.0 
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Naphthalene, 1,2,6,7-tetramethyl 1 0.0 311.0 

Naphthalene, 1-methyl-7-(1-methylethyl)- 2 34.7 202.6 

Naphthalene, 1-(1,1-dimethylethyl)- 1 0.0 94.0 

Naphthalene, 1,2,3,4-tetramethyl- 1 0.0 369.0 

Naphthalene, 1,2,4,6-tetramethyl 1 0.0 288.0 

Naphthalene, 2-(1-methylpropyl) 1 0.0 121.0 

Naphthalene, 2-(2-methylpropyl) 1 0.0 113.0 

Naphthalene, 1,2-diethyl- 1 0.0 144.0 

Naphthalene, 1,6-dimethyl-4-(1-methylethyl)- 118 13.7 166.0 

Azulene, 1,4-dimethyl-7-(1-methylethyl)- 5 21.0 269.2 

Naphthalene, 1,2,3,4,6-pentamethyl 1 0.0 364.0 

1,7-Dimethyl-4-isopropyl-naphthalene 1 0.0 226.0 

Daucalene 1 0.0 172.0 

Vetivazulene 1 0.0 287.0 

2,6-Diisopropylnaphthalene 16 8.1 126.5 

Naphthalene, 2,3-diisopropyl 1 0.0 76.0 

Naphthalene, 1,6-diisopropyl 1 0.0 107.0 

Naphthalene, 1,5-diisopropyl 1 0.0 115.0 

1,4-di-iso-propylnaphthalene 1 0.0 109.0 

1,3-di-iso-propylnaphthalene 1 0.0 62.0 

Naphthalene, 1,2-diisopropyl 1 0.0 76.0 

1,7-di-iso-propylnaphthalene 1 0.0 67.0 

Naphthalene, 2,7-diisopropyl 1 0.0 107.0 

Naphthalene, 1,2,3,4,6,7-hexamethyl 1 0.0 386.0 

2-phenyl-adamantane 1 0.0 196.0 

p-(Adamantyl-1)toluene 2 51.6 204.5 

2-(4-methylphenyl)-adamantane 1 0.0 192.0 

1-(3-methylphenyl)-adamantane 1 0.0 154.0 

2-(2-methylphenyl)-adamantane 1 0.0 181.0 

2-(3-methylphenyl)-adamantane 1 0.0 175.0 

1,3,5(10)-Oestratriene 2 38.9 247.5 

1,3-Dimethyl-5-(adamantyl-1)benzene 1 0.0 134.0 

1,2-Dimethyl-4-(adamantyl-1)benzene 1 0.0 178.0 

2-(2,5-Dimethylphenyl)adamantane 1 0.0 149.0 

2-(3,4-Dimethylphenyl)adamantane 1 0.0 200.0 

2-(2,3-Dimethylphenyl)adamantane 1 0.0 206.0 

2-(3,5-Dimethylphenyl)adamantane 1 0.0 157.0 

2-(2,4-Dimethylphenyl)adamantane 1 0.0 176.0 

Anhydroretinol 2 0.0 233.0 

2,6,10,14-tetramethyl-7(3-methylene-pent-4-enyl)-pentadec-

2,5,9,13-ene 1 0.0 -252.0 

Stigmastan-3,5,22-trien 2 6.4 85.5 

24-Noroleana-3,12-diene 1 0.0 157.5 

24-Norursa-3,12-diene 1 0.0 205.6 
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1,2,4-Metheno, 1H-indene 1 0.0 365.0 

Benzene, 2,4-pentadiynyl- 1 0.0 185.7 

Biphenyl 112 16.9 170.3 

Acenaphthene 69 24.5 282.9 

Naphthalene, 2-ethenyl- 2 10.6 210.5 

1-Vinylnaphthalene 1 0.0 216.0 

Acenaphthene-d10 1 0.0 278.0 

Hexa-2,4-diyn-1-ylbenzene 1 0.0 301.2 

Diphenylmethane 24 22.2 115.6 

1,1'-Biphenyl, 4-methyl- 23 16.4 189.6 

1,1'-Biphenyl, 2-methyl- 10 20.8 105.9 

1,1'-Biphenyl, 3-methyl- 13 8.4 179.1 

(E,E,E)-1,3,5,11-tridecatetraene-7,9-diyne 4 20.5 337.8 

(E,Z,E)-1,3,5,11-tridecatetraene-7,9-diyne 3 0.6 297.3 

(Z,E,E)-1,3,5,11-tridecatetraene-7,9-diyne 2 1.4 351.0 

1-Isopropenylnaphthalene 1 0.0 200.0 

Benz[e]indan 1 0.0 278.0 

1,3,5,11-Tridecatetraene-7,9-diyne isomer # 2 1 0.0 340.0 

Bibenzyl 18 20.4 118.8 

4,4'-Dimethylbiphenyl 12 12.9 201.9 

3,3'-Dimethylbiphenyl 16 7.7 186.8 

Phenanthrene, 1,2,3,4-tetrahydro- 7 14.2 356.1 

Anthracene, 1,2,3,4-tetrahydro- 10 9.8 347.5 

2,2'-Dimethylbiphenyl 1 0.0 146.0 

Benzene, 1,1'-ethylidenebis- 2 7.1 127.0 

1,1'-Biphenyl, 2-ethyl- 2 8.5 94.0 

Benzene, 1-methyl-4-(phenylmethyl)- 2 8.5 188.0 

Benzene, 1-methyl-2-(phenylmethyl)- 2 9.2 176.5 

1,1'-Biphenyl, 3,4'-dimethyl- 2 8.5 262.0 

1,1'-Biphenyl, 2,4'-dimethyl- 2 7.1 131.0 

Benzene, 1-methyl-3-(phenylmethyl)- 2 7.8 170.5 

4-Ethylbiphenyl 2 9.9 254.0 

3-Ethylbiphenyl 3 6.0 227.3 

1,1'-Biphenyl, 2,3'-dimethyl- 2 8.5 52.0 

1,1'-Biphenyl, 2,6-dimethyl- 2 8.5 71.0 

1,1'-Biphenyl, 2,4-dimethyl- 2 7.8 150.5 

1,1'-Biphenyl, 3,5-dimethyl- 2 7.8 246.5 

1,1'-Biphenyl, 3,4-dimethyl- 2 9.9 290.0 

1,1'-Biphenyl, 2,5-dimethyl- 2 6.4 139.5 

1,1'-Biphenyl, 2,3-dimethyl- 2 8.5 168.0 

Dehydrochamazulene 1 0.0 384.6 

Benzene, 1,1'-(1,3-propanediyl)bis- 4 13.4 126.1 

1,1'-Biphenyl, 4-(1-methylethyl)- 3 6.7 207.3 

1,1'-Biphenyl, 2-(1-methylethyl)- 2 8.5 6.0 
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1,1'-Biphenyl, 3-(1-methylethyl)- 3 5.5 165.7 

Methane, di-p-tolyl- 2 0.0 116.0 

Lactarazulene 2 2.8 294.0 

Benzene, 1-methyl-2-[(4-methylphenyl)methyl]- 2 2.1 123.5 

Benzene, 1,1'-methylenebis[2-methyl- 2 1.4 135.0 

1-Methyl-1,2,3,4-tetrahydrophenanthrene 1 0.0 310.0 

Benzene, 1,1'-(1,4-butanediyl)bis- 4 22.7 168.0 

1,1'-Biphenyl, 2,2',5,5'-tetramethyl- 4 4.9 63.0 

Benzene, 1,1'-(1-methyl-1,3-propanediyl)bis- 1 0.0 63.5 

1,1'-Biphenyl, 3,4-diethyl- 1 0.0 92.0 

1,2-diphenylbutane 2 15.4 147.0 

2,2',4,4'-Tetramethyldiphenylmethane 2 0.7 122.5 

3,3',4,4'-Tetramethyldiphenylmethane 2 3.5 165.5 

2,3',4,5'-Tetramethyldiphenylmethane 2 1.4 107.0 

2,2',5,5'-Tetramethyldiphenylmethane 2 4.9 164.5 

4,4'-Diisopropylbiphenyl 1 0.0 163.0 

10,18-Bisnorabieta-5,7,9(10),11,13-pentaene 1 0.0 282.0 

3,4'-Diisopropylbiphenyl 1 0.0 121.0 

1,1'-Biphenyl, 3,3'-diisopropyl 1 0.0 68.0 

1,1'-Biphenyl, 3,5-diisopropyl 1 0.0 17.0 

1,1'-Biphenyl, 3,4',5-triisopropyl 1 0.0 -31.0 

3-Ethyl-5b,8,8,11a-tetramethyl-2,3, 

5b,6,7,7a,8,9,10,11,11a,11b,12,13-tetradecahydro-1H-

cyclopenta[a]chrysene 1 0.0 251.6 

24-Norursa-3,9(11),12-triene 1 0.0 142.7 

Methyl Alcohol 41 5.9 271.4 

Ethanol 89 5.3 237.5 

1-Propanol 116 2.7 249.4 

1-Butanol 223 2.4 252.7 

1-Pentanol 277 2.2 259.3 

1-Hexanol 378 2.3 262.3 

1-Heptanol 145 2.0 262.1 

1-Octanol 422 1.8 264.8 

1-Nonanol 126 1.9 264.5 

1-Decanol 137 1.8 266.1 

Decanol 53 2.7 266.3 

1-Undecanol 83 2.3 264.9 

1-Dodecanol 115 2.2 267.2 

n-Tridecan-1-ol 28 4.4 275.5 

1-Tetradecanol 71 2.7 270.5 

n-Pentadecanol 40 4.2 274.7 

1-Hexadecanol 116 2.2 272.9 

n-Heptadecanol-1 13 9.8 270.8 

Heptadecanol 5 7.9 265.0 

1-Octadecanol 74 2.9 274.6 
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n-Nonadecanol-1 14 8.1 266.6 

1-Eicosanol 15 7.7 274.2 

1-Heneicosanol 3 45.8 282.2 

Behenic alcohol 19 8.6 274.8 

1-Tricosanol 2 

628.

9 227.5 

1-Hexacosanol 8 19.7 265.5 

1-Heptacosanol 1 0.0 316.0 

Octacosanol 3 12.3 316.2 

1-Triacontanol 1 0.0 306.0 

Isopropyl Alcohol 71 5.5 187.2 

2-Butanol 73 3.8 188.9 

2-Pentanol 78 3.5 191.6 

2-Hexanol 53 3.0 188.2 

2-Heptanol 105 2.2 193.8 

2-Octanol 46 3.8 193.8 

2-Nonanol 40 3.5 194.3 

2-Decanol 14 4.5 195.9 

2-Undecanol 16 6.4 196.5 

2-Dodecanol 1 0.0 217.0 

2-Tridecanol 7 9.9 201.4 

2-Tetradecanol 2 

228.

7 193.0 

2-Pentadecanol 4 20.4 201.0 

2-Hexadecanol 1 0.0 102.0 

2-Heptadecanol 1 0.0 209.0 

3-Pentanol 28 4.5 184.8 

3-Hexanol 40 3.7 185.1 

3-Heptanol 20 3.0 180.9 

3-Octanol 179 1.5 190.5 

3-Nonanol 3 38.2 186.0 

3-Decanol 4 8.7 189.5 

Undecanol-3 2 

584.

5 254.0 

3-Dodecanol 1 0.0 207.0 

3-Tridecanol 1 0.0 299.0 

3-Tetradecanol 1 0.0 299.0 

4-Decanol 1 0.0 182.0 

4-Dodecanol 1 0.0 282.0 

4-Heptanol 21 1.9 175.9 

4-Nonanol 1 0.0 178.0 

4-Octanol 12 1.8 178.4 

Undecanol-3 2 

584.

5 254.0 

4-Tridecanol 1 0.0 282.0 



 

500 

 

5-Decanol 3 8.6 177.0 

Undecanol-5 1 0.0 276.0 

5-Dodecanol 1 0.0 274.0 

5-Tridecanol 1 0.0 274.0 

Propylene Glycol 14 11.6 430.6 

2,3-Butanediol 36 6.0 384.5 

1,3-Butanediol 14 9.1 390.5 

meso-2,3-Butanediol 8 17.4 365.9 

DL-2,3-Butanediol 5 20.9 372.6 

1,2-Butanediol 3 64.6 395.9 

1,2-Propanediol, 2-methyl- 2 

622.

6 367.0 

levo-butane-2,3-diol 2 

349.

4 376.5 

2,3-Butanediol, rac 1 0.0 384.0 

2,3-Butanediol, (R,S) 1 0.0 384.0 

Neopentyl glycol 1 0.0 395.0 

1,3-Pentanediol 1 0.0 347.0 

1,2-Hexanediol 11 3.2 549.1 

2,3-Butanediol, 2,3-dimethyl- 2 44.5 246.5 

Hexylene glycol 4 14.3 300.3 

2,5-Hexanediol 2 

222.

4 324.5 

2,3-Hexanediol 1 0.0 306.0 

1,3-Pentanediol, 2-methyl- 1 0.0 405.0 

2,4-Pentanediol, 3-methyl- 1 0.0 363.0 

1,3-Hexanediol 1 0.0 292.0 

1,2-Heptanediol 3 47.3 376.0 

2,4-Heptanediol 1 0.0 351.0 

1,8-Octanediol 1 0.0 513.0 

1,3-Pentanediol, 2,2,4-trimethyl- 1 0.0 356.6 

1,2-Octanediol 2 63.5 409.0 

1,2-Decanediol 1 0.0 419.0 

1,2-Tetradecanediol 1 0.0 426.0 

Hexadecane-1,2-diol 1 0.0 431.0 

1,2-Ethanediol 10 17.9 495.2 

1,3-Propanediol 7 14.3 504.7 

1,4 Butandiol 5 17.5 520.9 

1,5-Pentanediol 3 45.3 512.7 

1,6-Hexanediol 4 29.4 514.1 

1,7-Heptanediol 1 0.0 501.0 

1,9-Nonanediol 1 0.0 514.0 

1,10-Decanediol 1 0.0 518.0 

1,12-Dodecanediol 2 19.1 526.5 

1,14-Tetradecanediol 1 0.0 524.0 
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1,16-Hexadecanediol 1 0.0 530.0 

1,2-Hexanediol 11 3.2 549.1 

1,6-Hexanediol 4 29.4 514.1 

2,5-Hexanediol 2 

222.

4 324.5 

2,3-Hexanediol 1 0.0 306.0 

1,3-Hexanediol 1 0.0 292.0 

Formic acid 5 25.8 384.6 

Acetic acid 111 4.3 420.2 

Propanoic acid 38 7.7 408.7 

Butanoic acid 119 3.8 406.4 

Pentanoic acid 55 5.2 403.1 

Hexanoic acid 169 3.9 391.4 

Heptanoic acid 46 4.2 379.6 

Octanoic acid 132 2.7 378.8 

Nonanoic acid 133 2.7 372.9 

n-Decanoic acid 134 2.4 371.0 

Undecanoic acid 14 8.3 374.7 

Dodecanoic acid 140 2.2 366.1 

Tridecanoic acid 16 5.5 362.1 

Tetradecanoic acid 191 2.4 362.9 

Pentadecanoic acid 83 3.1 361.2 

n-Hexadecanoic acid 343 2.8 364.3 

Heptadecanoic acid 18 9.5 359.4 

Octadecanoic acid 76 3.6 366.8 

Nonadecanoic acid 1 0.0 336.0 

Eicosanoic acid 7 8.7 366.9 

Heneicosanoic acid 1 0.0 363.2 

Dimethyl ether 10 5.7 128.6 

Ethane, methoxy- 3 2.9 120.3 

Methyl propyl ether 4 11.2 101.5 

Butane, 1-methoxy- 7 7.5 104.7 

Pentane, 1-methoxy- 4 12.2 110.8 

Hexane, 1-methoxy- 8 6.7 122.0 

Octane, 1-methoxy- 5 10.8 120.8 

Methyl nonyl ether 2 38.1 123.0 

1-Methoxydecane 1 0.0 127.3 

Methyl undecyl ether 2 44.5 121.5 

Dodecane, 1-methoxy- 1 0.0 124.1 

1-Tetradecanol, methyl ether 1 0.0 124.1 

Methyl tetradecyl ether 1 0.0 132.0 

1-Octadecanol, methyl ether 1 0.0 132.3 

Methyl octadecyl ether 1 0.0 134.0 

Eicosyl methyl ether 1 0.0 136.0 
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Ethane, methoxy- 3 2.9 120.3 

Ethyl ether 33 4.8 88.5 

Propane, 1-ethoxy- 3 30.5 76.2 

Butane, 1-ethoxy- 10 8.0 71.4 

Pentane, 1-ethoxy- 5 23.0 65.0 

Hexane, 1-ethoxy- 1 0.0 82.0 

Octane, 1-ethoxy- 1 0.0 84.0 

Ethyl tetradecyl ether 1 0.0 95.0 

Ethyl hexadecyl ether 1 0.0 93.0 

Ethyl octadecyl ether 1 0.0 91.0 

Eicosyl ethyl ether 1 0.0 92.0 

Methyl formate 17 6.9 181.1 

Acetic acid, methyl ester 79 2.7 217.7 

Methyl propionate 50 2.6 218.6 

Methyl valerate 43 3.5 213.5 

Hexanoic acid, methyl ester 136 1.9 215.7 

Heptanoic acid, methyl ester 41 2.6 212.0 

Octanoic acid, methyl ester 109 1.9 217.0 

Nonanoic acid, methyl ester 55 2.3 213.7 

Decanoic acid, methyl ester 96 1.9 216.6 

Undecanoic acid, methyl ester 24 4.0 216.0 

Dodecanoic acid, methyl ester 65 2.4 216.8 

Tridecanoic acid, methyl ester 16 4.8 214.0 

Methyl tetradecanoate 81 2.4 217.0 

Pentadecanoic acid, methyl ester 32 2.6 213.0 

Hexadecanoic acid, methyl ester 213 1.7 218.5 

Heptadecanoic acid, methyl ester 35 3.4 214.1 

Methyl stearate 123 2.1 219.9 

Nonadecanoic acid, methyl ester 24 4.0 210.9 

Eicosanoic acid, methyl ester 32 4.3 212.8 

Heneicosanoic acid, methyl ester 8 8.0 218.4 

Ethyl Acetate 244 2.3 202.1 

Propanoic acid, ethyl ester 117 2.6 199.8 

Butanoic acid, ethyl ester 242 2.0 192.8 

Pentanoic acid, ethyl ester 79 2.8 192.9 

Hexanoic acid, ethyl ester 238 1.7 193.5 

Heptanoic acid, ethyl ester 65 2.4 189.3 

Octanoic acid, ethyl ester 168 1.7 191.5 

Nonanoic acid, ethyl ester 52 3.8 191.0 

Decanoic acid, ethyl ester 118 1.7 188.1 

Undecanoic acid, ethyl ester 22 3.8 186.5 

Dodecanoic acid, ethyl ester 89 2.1 186.3 

Ethyl tridecanoate 15 4.2 182.3 

Tetradecanoic acid, ethyl ester 77 2.1 187.3 
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Pentadecanoic acid, ethyl ester 22 3.9 185.6 

Hexadecanoic acid, ethyl ester 114 1.8 186.5 

Heptadecanoic acid, ethyl ester 7 8.1 181.9 

Octadecanoic acid, ethyl ester 41 2.9 188.4 

Nonadecanoic acid, ethyl ester 4 5.3 177.8 

Eicosanoic acid, ethyl ester 6 10.9 184.5 

Ethyl henicosanoate 1 0.0 192.1 

Formaldehyde 6 21.0 154.8 

Acetaldehyde 56 5.3 171.7 

Propanal 44 5.0 170.2 

Butanal 85 3.7 178.7 

Pentanal 217 3.0 190.6 

Hexanal 661 2.5 191.4 

Heptanal 409 2.4 194.0 

Octanal 531 2.1 195.8 

Nonanal 765 2.1 197.7 

Decanal 577 2.2 199.6 

Undecanal 218 2.2 201.0 

Dodecanal 220 2.3 201.8 

Tridecanal 92 2.7 204.0 

Tetradecanal 153 2.1 206.8 

Pentadecanal- 104 2.4 209.1 

Hexadecanal 100 2.9 208.5 

Heptadecanal- 18 8.1 203.7 

Octadecanal 31 7.2 212.3 

Nonadecanal 6 10.2 208.5 

Eicosanal- 9 6.5 220.1 

Henicosanal 4 19.6 225.4 

Acetone 102 3.6 174.6 

2-Butanone 209 3.4 180.0 

2-Pentanone 255 3.4 172.6 

2-Hexanone 191 2.9 175.0 

2-Heptanone 330 2.5 181.1 

2-Octanone 166 2.9 175.8 

2-Nonanone 247 2.3 183.6 

2-Decanone 92 2.9 181.2 

2-Undecanone 228 2.2 186.7 

2-Dodecanone 39 5.1 181.6 

2-Tridecanone 91 2.9 188.8 

2-Tetradecanone 13 7.1 184.6 

2-Pentadecanone 70 2.8 189.9 

2-Hexadecanone 23 5.7 188.1 

Methyl n-hexadecyl ketone 4 26.0 184.5 

2-Nonadecanone 10 9.8 186.8 
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2-Eicosanone 1 0.0 206.0 

2-Heneicosanone 1 0.0 209.0 

2-Docosanone 1 0.0 210.0 

2-Tricosanone 1 0.0 213.0 

3-Pentanone 72 4.0 175.0 

3-Hexanone 60 3.6 171.1 

3-Heptanone 56 3.8 173.9 

3-Octanone 146 2.0 179.1 

3-Nonanone 5 15.2 178.8 

3-Decanone 11 7.0 177.9 

3-Undecanone 6 15.8 176.0 

3-Dodecanone 5 14.8 181.2 

3-Tridecanone 4 26.4 183.8 

3-Tetradecanone 3 21.7 175.3 

3-Pentadecanone 2 44.5 171.5 

3-Hexadecanone 3 36.6 186.0 

3-Heptadecanone 4 9.1 176.5 

4-Heptanone 40 3.9 156.8 

4-Octanone 12 6.8 167.0 

4-Nonanone 2 

146.

1 141.5 

4-Decanone 4 46.0 137.0 

4-Undecanone 2 0.0 108.0 

Hydrogen cyanide  28.6 213.3 

Acetonitrile  3.9 253.6 

Propanenitrile  5.2 246.0 

Butanenitrile  4.1 241.2 

Pentanenitrile  5.7 243.1 

Hexanenitrile  9.8 252.2 

Heptanonitrile  25.5 266.0 

Octanenitrile  2.9 282.2 

Nonanenitrile  17.8 283.6 

Decanenitrile  14.3 282.7 

Dodecanenitrile 1 0.0 290.0 

Tridecanenitrile 1 0.0 292.0 

Tetradecanenitrile  19.1 296.5 

Nonadecanenitrile 1 0.0 308.0 

Methylamine  95.5 237.7 

Ethylamine  19.5 213.5 

Propylamine  8.9 219.8 

1-Butanamine  4.3 220.6 

1-Pentanamine  4.4 227.3 

1-Hexanamine  4.5 230.5 

1-Heptanamine  1.9 232.8 
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1-Octanamine  7.4 239.8 

1-Nonanamine  50.8 237.0 

1-Decanamine  4.5 248.1 

1-Undecanamine 1 0.0 230.0 

Pentadecylamine 1 0.0 525.0 

1-Hexadecanamine 1 0.0 243.0 

1-Heptadecanamine 1 0.0 533.0 

1-Octadecanamine  4.2 245.3 

1-Octadecanamine, N-methyl-  0.0 188.0 

1-Tetradecanamine  12.7 239.0 

1-Dodecanamine  7.2 235.5 

Methane, nitro-  7.3 432.2 

Ethane, nitro-  7.8 413.4 

Propane, 1-nitro-  5.4 401.9 

Butane, 1-nitro-  8.9 403.2 

Pentane, 1-nitro-  9.8 403.4 

Hexane, 1-nitro-  10.0 413.6 

Heptane, 1-nitro-  0.0 450.0 

Nitrotridecane  0.0 462.0 

Nitropentadecane  0.0 476.0 

Methanethiol  13.2 312.6 

Ethanethiol  5.1 304.5 

Propyl mercaptan  5.2 307.2 

1-Butanethiol  6.0 310.4 

1-Pentanethiol  3.9 319.2 

1-Hexanethiol  3.5 316.6 

1-Heptanethiol  9.1 325.4 

1-Octanethiol  6.4 334.0 

1-Nonanethiol  7.2 324.7 

1-Decanethiol  8.1 327.0 

1-Undecanethiol  0.0 335.0 

1-Dodecanethiol  22.9 330.7 

Dimethyl sulfide  3.3 318.3 

Ethane, (methylthio)-  3.6 317.5 

Propane, 1-(methylthio)-  6.5 315.3 

Butane, 1-(methylthio)-  4.1 311.3 

Pentane, 1-(methylthio)-  5.2 306.2 

Hexane, 1-(methylthio)-  11.0 310.0 

Heptane, 1-(methylthio)-  0.0 317.0 

Methyl n-octyl sulfide  0.0 317.0 

Methyl n-nonyl sulphide  0.0 318.0 

Decyl methyl sulfide  0.0 319.0 

2-Thiatridecane  0.0 320.0 

n-Dodecylmethyl sulfide  0.0 320.0 
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Diethyl sulfide  2.7 298.1 

Sulfide, ethyl propyl  6.7 289.1 

Butane, 1-(ethylthio)-  4.2 295.9 

Pentane, 1-(ethylthio)-  0.0 292.0 

Hexane, 1-(ethylthio)-  0.0 292.0 

3-Thiadecane  0.0 293.0 

Ethyl n-octyl sulfide  0.0 293.0 

3-Thiadodecane  0.0 293.0 

N-Decyl ethyl sulfide  0.0 293.0 

Propyl mercaptan  5.2 307.2 

Propane, 1-(methylthio)-  6.5 315.3 

Sulfide, ethyl propyl  6.7 289.1 

Propyl sulfide  2.4 285.6 

Butane, 1-(propylthio)-  9.4 287.5 

Pentane, 1-(propylthio)-  0.0 283.0 

hexyl propyl sulfide  0.0 282.0 

heptyl propyl sulfide  0.0 282.0 

Octane, 1-(propylthio)-  0.0 282.0 

4-Thiatridecane  0.0 281.0 

Methyl fluoride  

279.

5 223.0 

n-Propyl fluoride  0.0 89.0 

Butane, 1-fluoro-  0.0 95.0 

1-Fluoropentane  7.6 56.5 

Hexane, 1-fluoro-  66.9 72.9 

Heptane, 1-fluoro-  0.0 57.4 

1-Fluorooctane  10.8 58.8 

Chloromethane  2.3 230.5 

Ethyl Chloride  3.9 229.9 

n-Propyl chloride  4.4 234.7 

Butane, 1-chloro-  3.0 240.1 

Pentane, 1-chloro-  4.2 243.3 

Hexane, 1-chloro-  2.7 244.9 

Heptane, 1-chloro-  5.8 249.3 

Octane, 1-chloro-  5.0 253.3 

Nonane, 1-chloro-  6.5 256.8 

Decane, 1-chloro-  5.7 259.4 

1-Chloroundecane  44.5 261.5 

Dodecane, 1-chloro-  26.1 252.0 

Tetradecane, 1-chloro-  6.9 266.0 

Hexadecane, 1-chloro-  16.0 268.3 

Octadecane, 1-chloro-  13.1 272.9 

1-Chloroeicosane  

177.

9 278.0 

Methane, bromo-  6.1 320.2 
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Ethyl bromide  7.0 316.6 

Propane, 1-bromo-  7.4 320.7 

Butane, 1-bromo-  5.2 319.4 

Pentane, 1-bromo-  6.0 327.6 

Hexane, 1-bromo-  10.0 338.4 

Heptane, 1-bromo-  12.2 339.1 

Octane, 1-bromo-  4.1 327.9 

Nonane, 1-bromo-  11.7 334.6 

Decane, 1-bromo-  12.7 339.1 

Undecane, 1-bromo-  2.5 348.0 

Dodecane, 1-bromo-  19.1 350.5 

Tridecane, 1-bromo-  9.4 353.7 

Tetradecane, 1-bromo-  31.8 355.5 

Pentadecane, 1-bromo-  0.0 354.0 

Hexadecane, 1-bromo-  50.8 361.0 

Heptadecane, 1-bromo-  0.0 359.0 

Octadecane, 1-bromo-  23.7 371.0 

1-Bromoeicosane  0.0 364.0 

Methane, iodo-  5.6 418.7 

Ethane, iodo-  5.8 404.7 

Propane, 1-iodo-  5.5 410.2 

Butane, 1-iodo-  4.2 416.5 

Pentane, 1-iodo-  16.7 415.2 

Hexane, 1-iodo-  11.5 418.2 

Heptane, 1-iodo-  22.4 422.7 

Octane, 1-iodo-  19.3 427.3 

Nonane, 1-iodo-  95.3 434.5 

Decane, 1-iodo-  0.0 433.0 

1-Iodoundecane  19.1 435.5 

Dodecane, 1-iodo-  57.2 439.5 

Hexadecane, 1-iodo-  

165.

2 451.0 

Octadecane, 1-iodo-  62.9 467.3 

Eicosane, 1-iodo-  0.0 519.0 

Docosane, 1-iodo-  0.0 530.0 

Tetracosane, 1-iodo-  0.0 542.0 

Hexacosane, 1-iodo-  0.0 547.0 

Octacosane, 1-iodo-  0.0 554.0 

Triacontane, 1-iodo-  0.0 559.0 

Propane, 2-fluoro-  0.0 70.0 

Butane, 2-fluoro-  0.0 69.0 

Pentane, 2-fluoro-  0.0 60.0 

Hexane, 2-fluoro-  0.0 68.0 

Propane, 2-Chloro-  7.9 189.2 



 

508 

 

Butane,  2-Chloro-  4.9 198.1 

Pentane,  2-Chloro-  10.4 201.7 

Hexane,  2-Chloro-  18.6 204.7 

Heptane,  2-Chloro-  11.6 201.8 

Octane,  2-Chloro-  12.9 203.0 

Nonane,  2-Chloro-  10.0 203.7 

Decane,  2-Chloro-  0.0 215.0 

Propane, 2-Bromo-  11.6 270.1 

Butane,   2-Bromo-  14.6 279.1 

Pentane,   2-Bromo-  0.0 286.0 

Hexane,   2-Bromo-  10.9 342.3 

Heptane,   2-Bromo-  29.4 324.0 

Octane,   2-Bromo-  0.0 293.0 

Decane,   2-Bromo-  0.0 493.0 

Dodecane,   2-Bromo-  0.0 305.0 

Triecane,   2-Bromo-  0.0 309.0 

Propane, 2-Iodo-  0.0 361.7 

Butane,   2-Iodo-  0.0 389.0 

Pentane,   2-Iodo-  0.0 373.0 

Hexane,   2-Iodo-  0.0 405.0 

Heptane,   2-Iodo-  0.0 406.0 

Octane,   2-Iodo-  0.0 321.5 
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APPENDIX E: EXPERIMENTAL DATA ON THE DEGRADATION OF 

THERMINOL® 55, BIPHENYL, O-TERPHENYL, M-TERPHENYL, AND 

P-TERPHENYL 
 

 

The goal of the present study is to understand the degradation kinetics of different heat transfer 

fluids (HTFs) developed by Eastman Chemical Company. To achieve that purpose, the 

comprehensive GC×GC (Leco) /MS (Pegasus 4D) analysis on various fresh and degraded heat 

transfer fluids, the comprehensive GC×GC/MS analysis on different fresh and degraded model 

compounds, and LC/MS analysis on a few of them are performed. Around 1 g of fresh HTF or 

a fresh model compound is degraded in a closed ampule under N2 blanket at a high temperature 

(650-700℉) for 1000 hours using ASTM D6743 method. The degradations are performed by 

Eastman Chemical Company and around 100 mg of both these fresh and degraded samples are 

provided to NC State, Chemical and Biomolecular Engineering Department for the composition 

analysis. Along with the experimental analyses, the reaction mechanisms of various model 

compounds are studied by us using Reaction Mechanism Generator48 to gain an idea about the 

degradation processes.   

 

Table E.1 represents the samples under the study. There are two different classes of fresh/degraded 

samples that are provided by the Eastman Chemical Company. One class is the various grades of 

HTFs and MOs, and another class is the fresh/degraded model compounds. The analysis of 

the first-class samples helped us to gain the quantitative and/or qualitative knowledge of various 

compounds present in the fresh and degraded samples. However, the fresh HTF/MO samples are 

a mixture of compounds. Thus, pinning down the total degradation process at once from the 

experimental results of HTFs is difficult. That is why the important compounds are chosen after 

the composition analysis of the fresh HTF samples and are used as model compounds (the second 

class of samples).  

 

Table E.1:  Various samples are studied to understand the fluid degradation 

Classes of samples  Name  

Various grades of HTFs and MOs  Therminol® 55 

Model compounds  Biphenyl, o-Terphenyl, m-Terphenyl, p-Terphenyl  
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 The similarity of various grades of fresh/degraded HTFs and MOs are they are in liquid form in 

room temperature. That is why it is very easy to inject these samples without contaminating them 

with solvents. 0.1 to 20 µL of these samples are injected in the 300℃-front inlet of the 

comprehensive GC x GC/ToFMS system with 1:100 split ratio. For fresh/degraded 

biphenyl samples, they are melted at 80℃ before injecting it in the GCxGC/ToFMS and around 1 

mg/ml CH2Cl2 solution of various fresh/degraded terphenyls.  

 

Two different column combinations are used in GCxGC/ToFMS analysis. For the analysis 

of Therminol® 55, Therminol® 62 and Therminol® 66, midpolar 30m x 25 mm x 0.25 

µm Rtx 200 primary column and extremely polar 2m x 15 mm x 0.25 µm Stabilwax secondary 

column are used. For the analysis of different MO and VP-1, nonpolar 30m x 25 mm x 0.25 µm 

RXI-1MS primary column and slightly polar 2m x 15 mm x 0.25 µm RXI-5 Sil MS secondary 

column are used.  

 

Two types of temperature programs are implemented in GC. For the analysis 

of Therminol® 55, Therminol® 62 and Therminol® 66, a fast ramp rate (20℃/min) is used. The 

starting temperature is 30 or 35℃, and it is held for 2 to 5 minutes. This step is important to get 

rid of the solvent peak as early as possible. The final holding temperature (for 10 to 15 minutes) is 

different for the first column combination. It is 250℃ for the polar column combination because 

of lower thermal stability of stationary phases. On the other hand, it is kept at 320℃ for the non-

polar column combination as the thermal stabilities of the stationary phases are higher than that of 

polar columns.  

 

Various external calibration standards were procured, such as 1000 ug/ml C7-C40 n-alkane mixture 

in n-hexane, n-pentane, cyclopentane, cyclohexane, n-hexane, n-dodecane, benzene, 

toluene, phenol, catachol, hydroquinone, EPA 8310 PAHs calibration standard, 1-docosene, 

phenyl cyclohexane, 1-phenyl undecane,  1-phenyl dodecane, 1-phenyl tridecane, 1-phenyl 

tetradecane, o-terphenyl, m-terphenyl and p-terphenyl. As these products are identified in different 

runs, these standards (or their CH2Cl2 solutions) are injected separately to confirm the identities of 

various peaks. Another benefit of these experiments is to know the mole-to-signal calibration 

factors, which helps quantify various identified peaks. For those compounds which are not 

commercially available, the less-accurate Fitch-Sauter correlations are used. However, a more 
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accurate machine learning based model is developed to predict their mole-to-peak area calibration 

factor (Chapter 2).  

 

E.1. Analysis of various oils: 

E.1.1. For Therminol® 55:  

 

The GC×GC/MS analysis after 5 µl of fresh/degraded Therminol® 55 injections reveals 

that various C17H28 (such as 5-phenyl undecane) to C19H32
 (such as 2-phenyl tridecane) branched 

alkylbenzenes are present (See Figures E.1-6). Also, different small compounds such as C5-C8 

linear/branched paraffins, olefins and small 1-phenyl benzenes compounds (C8H10 to C13H20) are 

identified in the degraded Therminol® 55. However, the existence of unidentified peaks at the 

higher temperature regions (top side of the chromatogram) is unique to the runs of 

degraded Therminol® 55. 

 

Figure E.1: The chromatogram after 5 µL injection of fresh Therminol® 55 in polar column 

combination. 

 

Figure E.2: The magnified view of the boxed region in the chromatogram of Figure E.1.  



 

512 

 

 

Figure E.3: The chromatogram after 5 µL injection of degraded Therminol® 55 in polar column 

combination. 

 

 

Figure E.4: The magnified view of slice 1 of the chromatogram in Figure E.3. 

 

Figure E.5: The magnified view of slice 2 of the chromatogram in figure E.3. 
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Figure E.6: The magnified view of slice 3 of the chromatogram in Figure E.3. 

 

These observations indicate  a breakdown chemistry of branched alkylbenzenes and a possible 

growth chemistry during the degradation process. To understand how the degradation 

chemistry starts the bond energy table is consulted for a branched alkylbenzene such as 2-phenyl 

tridecane (Figure E.7). The single C-C bonds with the tertiary carbons are the weakest bonds and 

possibly either of these bonds breaks via homolytic scission to initiate the degradation process.  

 

 

Figure E.7: Branched alkyl benzene such as 2 phenyl tridecane has weak tertiary C-C bonds 

(marked by curved lines). They are likely to break at first during degradation. 

 

 

E.1.2. For biphenyl:  

 

Biphenyl is a model compound for Therminol® VP-1. That is why the degradation process of 

biphenyl may offer some insights about the degradation processes of those HTFs. The fresh and 

degraded (at 700K) biphenyl samples received from Eastman Chemical Company are is solid 

forms. However, they are melted at 80℃ in oven before 0.1 to 5 µl liquid injection 

in GCxGC/ToFMS. No solvents are used in this occasion to keep the purities of the samples 

intact.   
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Figure E.8: The chromatogram after injecting 5 µl of melted and fresh biphenyl in the absence of 

liquid N2. The GC x GC/ToFMS detects an impurity. A list of its identity is provided in the table. 

 

Figure E.9: The chromatogram after injecting 0.5 µl of degraded biphenyl. The GC x GC/ToFMS 

detects benzene peak and an impurity. A list of its identity is provided in the table. 

 

 

Table E.2: Mol % of different compounds in the degraded biphenyl. 

Compounds  Mol %  

Benzene  <0.1 %  

Biphenyl  >99.8 %  
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E.1.3. For o-Terphenyl:  

 

o-Terphenyl is an important constituent of Therminol® 66.51 It is also a product of 

Therminol® VP-1 degradation. That is why knowing o-terphenyl’s degradation process may help 

to understand the degradation process of various HTFs. 5 to 20 µl of 1 to 10 mg/ml CH2Cl2 

solutions of fresh/degraded o-terphenyl solutions are prepared and injected to GC x GC/ToFMS.  

Figure E.10 represents the chromatogram of fresh o-terphenyl. Apart from the solvent and o-

terphenyl peaks there are other peaks from the high background noise. However, the 

chromatogram of the degraded o-terphenyl (degraded at 700K), contains the benzene, toluene, 

ethylbenzene, biphenyl, o-terphenyl, m-terphenyl, p-terphenyl, triphenylene 

and quaterphenyl peaks (Figure E.11). Table E.3 represents the product distribution of degraded 

o-terphenyl.   

 

Table E.3: Mol % of different compounds in the degraded o-terphenyl. 

Compounds  Mol%  

Benzene  1.52 

Biphenyl  10.44 

Toluene  0.04 

Ethyl benzene  0.04 

Triphenylene  0.01 

o-Terphenyl  86.62 

m-Terphenyl  0.04 

p-Terphenyl  0.18 

Undetected  1.11 
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Figure E.10: The chromatogram after 5 µl injection of 1 mg/ml CH2Cl2 solution of fresh o-

terphenyl. The solvent peak is parallel to x-axis and the peak of o-terphenyl is parallel to y-axis. 

Due to higher background noise, multiple unidentified peaks re detected at the base level. 

 

Figure E.11: The chromatogram after 5 µl injection of 10 mg/ml CH2Cl2 solution of degraded o-

terphenyl. The solvent peak is parallel to x-axis and the peak of o-terphenyl is parallel to y-axis. 

Benzene, biphenyl, quaterphenyl and triphenylene peaks are also detected at the end of the runs.  
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E.1.4. For m-Terphenyl:  

 

Like o-terphenyl, m-terphenyl is also a constituent of fresh Therminol® 66 and degraded VP-1. 

Thus, the knowledge of m-terphenyl’s degradation process may offer some insights into the 

degradation processes of HTFs. 5 to 20 µl of around 1 mg/ml CH2Cl2 solution of fresh and 

degraded (at 700K) m-terphenyl samples are injected to GC x GC for the product analysis.  

In the chromatogram of fresh m-terphenyl (Figure E.12), apart from the solvent and m-terphenyl 

peaks, peaks of p-terphenyls are also identified. However, the peaks of m-terphenyl and p-

terphenyl are overlapped. As the MS spectra of m-terphenyl and p-terphenyl are very similar, it is 

possible to identify the peak tail of m-terphenyl as p-terphenyl. However, the chromatogram of 

degraded m-terphenyl contains traces of benzene and p-terphenyl (Figure E.13).  

 

 

Figure E.12: The chromatogram after 5 µl injection of 1 mg/ml CH2Cl2 solution of fresh m-

terphenyl. The solvent peak is parallel to x-axis and the peak of p-terphenyl is parallel to y-axis. 

Due to higher background noise, multiple unidentified peaks are detected at the base level. 
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Figure E.13: The chromatogram after 5 µl injection of 1 mg/ml CH2Cl2 solution of degraded m-

terphenyl. The solvent peak is parallel to x-axis and the peak of p-terphenyl is parallel to y-axis. 

Due to very similar mass spectra, long peak tails of m-terphenyl is sometimes identified as p-

terphenyl. Also, a benzene peak is detected at the left side over the smeared solvent peak (not 

mentioned in this chromatogram). 

 

E.1.5. For p-terphenyl:  
 

Like other poly-benzene compounds, p-terphenyl is the constituent of various HTFs. That is why 

understanding its degradation process may provide more insights to HTFs’ degradation 

behaviors. 5 to 20 µl of around 1 mg/ml CH2Cl2 solution of fresh and degraded (at 700K) p-

terphenyl samples are injected to GC x GC for the product analysis.   

The chromatogram of the fresh sample contains the large peaks of solvents and p-

terphenyl (Figure E.14). However, the background noise is very high. On the other hand, the 

chromatogram of degraded p-terphenyl also contains a peak of biphenyl and m-terphenyl (Figure 

E.15).  



 

519 

 

 

Figure E.14: The chromatogram after 5 µl injection of 1 mg/ml CH2Cl2 solution of fresh p-

terphenyl. The solvent peak is parallel to x-axis and the peak of p-terphenyl is parallel to y-axis. 

Due to higher background noise, multiple unidentified peaks re detected at the base level. 

 

 

Figure E.15: The chromatogram after 5 µl injection of 1 mg/ml CH2Cl2 solution of degraded p-

terphenyl. The solvent peak is parallel to x-axis and the smeared peak of p-terphenyl is parallel to 

y-axis. Due to higher background noise, multiple unidentified peaks re detected at the base level. 

The smearing and long peak tails in the y-axis indicate that the modulator ran out of liquid N2 

before the p-terphenyl peak comes out. 
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Like biphenyl, all bonds in terphenyls are very strong. That is why to initiate the degradation 

process in terphenyls with a homolytic cleavage is difficult. However, from the degradation results 

of terphenyls is not clearly understood. From the product distributions, ortho position in 

terphenyl favors the degradation process compared to para or meta position. However, a 

clear picture behind this fact is not there.  

 

E.3. Thermal degradation of hydrogenated terphenyls: 

 

Grirate et al.51 suggested the following sets of reactions during the lifetime analysis of 

hydrogenated terphenyl mixtures: 

(1) Homolytic scission of a C-H bond in cyclohexyl ring in hydrogenated terphenyl to initiate 

the reaction. 

(2) Abstraction of H from cyclohexyl ring in hydrogenated terphenyl structure by a H radical 

to form H2. 

(3) Abstraction reaction of H from a benzene ring in hydrogenated terphenyl structure by a H 

radical to form H2. 

(4) Recombination of cyclohexyl radical in hydrogenated terphenyl structure with H radical. 

They also reported a set of three reactions for the oxidative degradation of hydrogenated 

terphenyl.51 

 

The thermal degradation of Therminol® 66 might initiate due to the weak secondary carbon 

linkages in the cyclohexyl rings.51 Abstraction of H from a C-H bond in a benzene ring by another 

H is very unlikely because the C-H bond is very strong.45 Also, the radical concentrations are 

usually very small when they reach a steady state. Thus, the rate of recombination would also be 

very small. 

 

To cross-check these hypotheses, a gas-phase calculation of pure bicyclohexyl at 644 K and 1 

atmosphere is run in Reaction Mechanism Generator. The purpose is to obtain a set of most 

important elementary and reversible reactions during the thermal degradation. 

 

The obtained set of reaction from the core mechanism (Figure E.16) suggests dissociation via 

homolytic cleavage, internal radical transfer, ring opening, ring closing reactions, and H 
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abstraction reactions to be dominant. The splitting of the C-C linkage in the bicyclohexyl is the 

initial degradation step. The amount of H radical is too small to play roles in influencing the 

reaction rates.  

 

 

Figure E.16: A few important reactions detected in the core reaction mechanism of RMG from 

bicyclohexyl degradation. 
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E.4. Comments on degradations: 

 

Multiple gas-phase and liquid-phase kinetics studies on cyclohexane, bicyclohexyl, phenyl 

cyclohexane, and hydrogenated terphenyls are required to obtain and organize the reaction families 

during the degradation process. After that, structure-oriented lumping can be performed to obtain 

the degradation kinetics.91  

 

The experimental information about the degradation of >99% pure terphenyls are reported in the 

experimental sections. The fresh samples contain traces of toluene, ethylbenzene, p-methyl 

biphenyl and/or diphenyl methane. Due to presence of weak C-H bonds in the aliphatic chains of 

these molecules they can go through homolytic scission to provide H radicals during the 

degradation process. In the chapter of Therminol® VP-1 degradation, the degradation of biphenyl 

is discussed in detail in the presence of a H radical. H radical can add to the ortho position of a 

phenyl ring in biphenyl to form a hydrogen adduct. That adduct can dissociate into benzene and 

phenyl radical. The role of a phenyl in H abstraction reactions to form benzene, and in the radical 

addition reactions to form terphenyls are also discussed in detail. The idea of this degradation path 

is useful to model the degradation kinetics of hydrogenated terphenyls. 
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APPENDIX F: DETAILED DESCRIPTIONS OF THE FLASH 

PYROLYZERS 
 

Different models of CDS Pyroprobe is used to study flash pyrolysis of various materials since last 

three decades. Resistive heating of platinum coils is exploited in these reactors to achieve fast 

heating rates. Due to fast heating rates, these reactors are considered for the isothermal kinetics 

study. For the current torrefaction and pyrolysis of different saccharides, Pyroprobe 5200 model 

is used. However, there are certain difficulties associated with this reactor model. There is an 

advantage also in using this reactor model compared to currently available reactors from other 

companies. These points are discussed in detail.  

 

 

F.1. Detailed description of CDS Pyroprobe and comparison with Frontier Micropyrolyzer 

and PHASR reactors: 

 

Fast pyrolysis of various model compounds is performed in Pyroprobe (CDS Analytical, 5200 

model). A couple of granules of vacuum -dried sample at 105°C, having <50 μm diameters and 

having around 0.5 mg total mass are loaded in a quartz tube (CDS Analytical, part number 10A1-

3008) and placed inside the platinum coil of the Pyroprobe rod (see Figures F.1 and F.2). To avoid 

any blockage by the particles, the preceding end of the quartz tube is blocked by a small amount 

of quartz wool (CDS Analytical, part number 1001-0345) before loading the sample in it.  
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Figure F.1: A snapshot of CDS Pyroprobe 5200 Model. The staggered rotor is directed towards 

GC. 

 

Figure F.2: Snapshots of bubbler with pump oil and Pyroprobe rod with new platinum coil. 

 



 

525 

 

There are two types of pyrolysis modes that can be used for pyrolysis in this reactor model: one is 

direct pyrolysis mode, and another is trap mode. The direct pyrolysis mode is used for the analysis 

of the evolved permanent gases and vapors at a single run. The trap mode is used to trap the vapors 

at room temperature allowing only the permanent gases for the analysis. After the run is over in 

trap mode, a run or multiple run is required with a high trap temperature to remove condensed 

compounds. In the reactor, the heater of the trap is not in working condition. That is why only the 

direct pyrolysis mode is used extensively for the present study. 

 

This reactor is suitable for the isothermal pyrolysis reaction study because of the fast heating rate. 

For the present study, 20,000°C/s heating rate is set to reach 250 or 400°C. However, the actual 

reading from the thermocouple attached to platinum coil suggests that Pyroprobe takes around 2 

to 3 seconds to reach the final temperature even though the heating rate is set to be 20,000°C/s. 

The observation is also similar when Pyroprobe is operated without any quartz tube. Gunawidjaja 

et al.102 suggested that it is due to low heat diffusion across the sensor material. To avoid the 

incapability of a reactor to heat up in such a fast rate, reactors are heated to the final temperature 

before placing samples in it. Micropyrolyzer (by Frontier Laboratories, Japan) is operated with 

this principle.149 After the isothermal temperature is achieved, samples are dropped from the top 

of the reactor. In the reactor for Pulse Heated Analysis of Solid Reactions (PHASR reactor, by 

University of Minnesota), a 2000 Hz PID feedback controller is used with a step-down transformer 

and a 1000 Hz optical pyrometer to achieve around 70,00°C/s heating rate.104 Implementation of 

convective cooling system using high velocity Syltherm 800 (DOW) in PHASR reactor is another 

advantage. The measured cooling rate in this reactor is around 1600°C/s. The cooling rate is even 

faster when indium is used as cooling material. On the other hand, both Pyroprobe and 

Micropyrolyzer depends on less controlled, radiative cooling. That is why, along with getting an 

isothermal kinetics, the measured kinetics in Pyroprobe and Micropyrolyzer integrates the heating 

and cooling effects also.  

 

For the pyrolysis experiments in Pyroprobe, a very short holding time (< 5s) at the target isothermal 

temperature after the ramp is avoided due to the slower heating rate. In the present study, the 

holding time is varied from 20s to 100s for the study of beechwood xylan and for the other 

compounds 60s holding time is implemented. Before doing pyrolysis runs on saccharides, a 

pyrolysis run is performed at 400°C for 100s isothermal holding time with a quartz tube packed 
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with quartz wool. The weight of the quartz wool and tube is observed not to be changing after the 

pyrolysis operation is done. 

 

For the pyrolysis of granular particles, Pyroprobe is more suitable compared to Micropyrolyzer or 

PHASR reactor. For the sample preparation for PHASR reactor, compounds such as glucose or 

cellulose are generally dissolved in water. After that, a thin layer of the sample is prepared on a 

steel plate after evaporating water under vacuum overnight in room temperature. Finally, that steel 

plate is placed inside PHASR reactor for the reaction. Helium gas is used to sweep the gas/vapors 

from the top of the steel plate to GC. The direction of sweep is parallel to the surface of the steel 

plate.104 The issue in using steel plate is that it won’t stick to the steel plate by itself and probably 

a huge amount quartz wool is required to hold the granule on the top of the steel plate. It may cause 

mass transfer limitation during sweeping the vapors. In Micropyrolyzer also, pyrolysis of granular 

particles is heat- and mass-transfer limited. Before dropping the granule in the isothermal zone of 

the reactor, it is placed inside a small perforated chamber and a quartz wool plug is used to support 

the granule from bottom. Both chamber and quartz wool offer a large mass and heat transfer 

resistance.149 In order to overcome that, Micropyrolyzer must be exceptionally long. That is why, 

generally, a thin film of sample is prepared on the surface of the dropping cup for the kinetics 

study in Micropyrolyzer.  

 

The problem with making films of saccharides is the possibility of micro- to meso-pores formation 

on/inside the film150,151 which might be filled with solvent, such as water, if films are prepared 

simply by solvent-evaporation technique. It is more difficult to remove solvent molecules from a 

smaller pore due to stronger interaction of solvent molecule with the pore-wall.152 On the other 

hand, the catalytic roles of hydroxyl groups are well-known during pyrolysis of saccharides.97 That 

is why either extreme caution is needed to dry the thin-films before pyrolysis, or powder/granule 

pyrolysis should be done after drying powder/granules in vacuum at 105°C for a long time. The 

main difference between the powder and a film of saccharides is very high surface area in powder. 

Thus, moisture removal is more effective in powder compared to the moisture and/or solvent 

removal from films of these hygroscopic substances.  

 

During the pyrolysis runs, the flow-direction of carrier gas in Pyroprobe is mainly controlled by 

two 8-port valves, i.e., staggered 8-port valve and standard 8-port valve. They are connected via 
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various 1/16” diameter copper tubing. All these settings are inside an insulated oven. The 

temperature of this insulated oven is kept at 200°C during the pyrolysis runs.  An 8-port valve is 

consisted of three parts (see Figure F.3).  

 

 

 

Figure F.3: Snapshots of rotor, stator and pre-load assembly of the standard rotor. 

 

One is the fixed outer casing which contains eight different ports. It is also called stator. The second 

one is the rotor which contains four different grooves. A single groove connects two neighboring 

ports. When a rotor rotates from one position to another then the combinations of connected 

neighboring ports changes. The last one is the pre-load assembly which aligns the ports and 

grooves of the rotor. In Pyroprobe, two different rotors have different operations. The staggered 

rotor directs the carrier gas to GC x GC either via trapping region or directly, without passing 

through the trapping region. In the present study, only direct pyrolysis mode is explored, and the 

staggered rotor assembly is kept in the direction of GC x GC. 

 

Unlike staggered rotor assembly, the standard rotor assembly is operated by the digital signal. 

During the pyrolysis operation, it directs the carrier gas and gas/vapor products to the GC x GC 

via a hot transfer line (200°C). On the other hand, it sends the carrier gas directly to GC x GC via 
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the hot transfer line without passing it to Pyroprobe rod if the Pyroprobe is not operational (see 

Figures F.4 and F.5). In this study, 99.9995 % pure helium gas is used as the carrier gas. It is 

purified in sieve filter (Restek, part number 22020) to get rid of other impurities such as oxygen 

and moisture before going to Pyroprobe. Argon gas is also used to sweep air from the tubing of 

the Pyroprobe. A bubbler with pump oil is connected at the end of the argon line to prevent the 

back flow of air from atmosphere to the Pyroprobe. 

 

 

 

Figure F.4: Flow diagram of various gases in standard rotor when pyrolysis operation is taking 

place. 
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Figure F.5: Flow diagram of various gases in standard rotor when pyrolysis operation is not taking 

place. 

 

 

F.2. Major challenges in CDS Pyroprobe, 5200 model: 

F.2.1. Heat transfer and mass transfer limitation: 

 

Due to the inherent lag in the initial heating rate, Pyroprobe is not good for microsecond-kinetics 

study. It usually takes 2-3s to reach the final temperature even though the heating rate is set to be 

20,000°C/s. After the platinum coil is reached to final temperature, the quartz tube containing 

sample granules and quartz wool goes through a fast-radiative heating. However, heat transfer can 

be limited depending on the particle-size and the stacking of particles inside the quartz tube. On 

the other hand, the mass transfer can be diffusion limited if particle-size is big or the stacking of 

particles is tight and large, or the quartz wool is tightly packed.  To minimize the heat and mass 

transfer resistances, quartz wool is loosely packed, and the diameter of the particles is restricted to 

a maximum of 50 μm after screening. To avoid stacking of particles, granules are placed inside 

quartz tube for multiple times to reach around 0.5 mg mass. After placing granules each time inside 
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the tube, the outer side of the tube is gently tapped for couple of times for an even distribution of 

the particles inside the quartz tube. 

 

During cellulose pyrolysis in PHASR reactor, the 500°C reaction kinetics are observed to be 

kinetically limited when the film thickness is <60 μm.153,154 At higher temperature such as 550°C, 

the film thickness is observed to be <20 μm for kinetic limitation.153,154 It indicates that as the 

temperature decreases, the critical film thickness increases after which mass or heat transfer 

limitation can be observed. Mass transfer limitation study on cellulose in Micropyrolyzer reports 

that samples with 0.2-0.8 mg initial mass have a negligible mass transfer limitation at 500°C.118,149 

Based on this information, granules with <50 μm particle diameters and with loose and minimal 

stacking, of around 0.5 mg initial mass with loose quartz wool packing is used for the pyrolysis 

runs.  

 

F.2.2. Physical condensation of vapors in the product carrying line of Pyroprobe: 

 

One of the major problems in doing pyrolysis experiments is the condensation of a couple of 

products inside the product-carrying line. For example, during the monosaccharide-, disaccharide-

, oligosaccharide- and polysaccharide-pyrolysis experiments of pentose sugars, pentose sugars 

tend to condense on the inner wall of the product-carrying line. Similarly, during the 

monosaccharide-, disaccharide-, and polysaccharide-pyrolysis of hexose sugars, levoglucosan or 

its isomers, 5-hydroxy methyl furfural, and furan-2,5-dicarboxaldehyde tend to condense on the 

inner wall of the product-carrying line. The condensation of various products might cause the 

following situations. The unreacted, condensed sugars might go through a secondary degradation 

and produce secondary products. It can increase the peak signals of products in the chromatogram 

in the next pyrolysis run. The condensed compounds which does not go through a secondary 

decomposition might come out in the next pyrolysis and increase the peak signal. In both cases, 

an overestimation of the product yields is probable during next runs. Another possible scenario is 

the scale formation. The solid residue after the secondary reaction or the condensed compound 

might lead to scale formation inside the product-carrying line after a long-term usage. Due to that 

hot/cold spots might be developed in the product-carrying line.   

To avoid the condensation of the vapors, reactors (micropyrolyzer by Frontier Laboratories, Japan, 

and PHASR reactor in University of Michigan) with very short transfer lines are used by different 
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research groups.104,149 A smaller transfer line decreases carrying times of the vapors. As the rectors 

are directly connected to the front inlet, it is easier to understand the presence of solid residue also 

from the color of quartz wool in the front inlet. 

 

For the pyrolysis experiments in Pyroprobe with long transfer line, the following steps are adopted 

during the pyrolysis experiments to minimize this condensation. The initial amount of the sample 

is restricted to <=0.6 mg. Another 60s time is allowed after isothermal holding time during 

pyrolysis run to pass most of the compounds from Pyroprobe to GC x GC in a single run. Finally, 

the quartz tube is removed carefully from the Pyroprobe rod 60s after the pyrolysis operation is 

done to avoid slow roasting of solid residue in the holding quartz tube and condensation of more 

vapor products in the product carrying line during the time span of gas product analysis (see 

Figures F.1 and F.2).  

 

The Reynolds number of the helium flow through the transfer line is around 100. It is very low to 

provide an appropriate mixing of compounds with the carrier gas. The condensation of the product 

can be resolved if the flowrate of the helium is increased. However, it also leads to another 

problem, i.e., peak separation in the chromatogram. The retention time of a compound is inversely 

proportional to the flow rate of carrier gas. Thus, if the flow rate is high then most of the peaks 

will be clustered at the bottom-left corner of the chromatogram.  
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Figure F.6: (a) It is a clean-up run after a calibration run of furfural. (b-1) is the chromatogram of 

0.3 mg xylose pyrolysis at 350˚C. The pyrolysis operation was 1 minute, but the solid residue was 

kept inside the reactor for the time span of gas analysis (74 minutes) to see the effect of slow 

roasting, (b-2) is the clean-up run after b-1 at 190˚C, the solid residue is removed before this run,  

(b-3) is the second clean-up run at all temperatures = 240˚C, (b-3) is the third clean-up run at 

290˚C, (b-4) is the forth clean-up run at 340˚C and (b-5) is the fifth-clean up run at 340˚C. 

 

 



 

533 

 

Figure F.6 (Continued). 

 

Water 
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Figure F.7: The top chromatogram is the chromatogram of 0.5 mg xylose pyrolysis at 350˚C. The 

pyrolysis operation was 1 minute, it was kept in the Pyroprobe rod for another 60 seconds and after 

that it was removed. The middle one is the chromatogram of the 1st clean up run at 350 ˚C for 20 

minutes and the bottom one is the second clean-up run at 350 ˚C for 20 minutes. 
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Clean-up runs are performed before and after every pyrolysis run to reduce the amounts of 

condensed products in the product-carrying line. Table F.1 has temperature condition for clean-up 

runs. A lower temperature clean-up and a higher temperature clean-up runs are performed after 

pyrolysis runs. These clean-up runs are performed at a higher helium flow rate and split ratio. To 

confirm the condensation takes place only in Pyroprobe, not inside the front inlet or GC columns, 

10 ml methanolic calibration solution of around 3 mg levoglucosan and 1 to 2 mg of other 

compounds is prepared and 5 μl of that solution is injected to the front inlet directly after 

disconnecting the Pyroprobe from GC x GC. After the run is finished, a clean-up run is performed 

and no levoglucosan peak is detected in chromatogram after clean-up run (see Figure F.8). It 

suggests that condensation is mainly occurring in Pyroprobe before the split in front inlet. 

 

Table F.1: Experimental conditions for various pyrolysis runs 

Type of run Pyrolysis 

Temp 

Pre-

GC-

line 

Temp 

Front 

Inlet 

Temp 

Split ratio, SR 

(GC 

column:Purge) 

He flow rate 

in GC, Q 

(ml/min) 

GC to MS 

transfer 

line Temp 

Pyrolysis 250˚C 230˚C 230˚C 1:50 1.2 240˚C 

Clean-up after 

250 ˚C 

pyrolysis 

(20 mins 

holding time) 

250˚C 250˚C 250˚C 1:200 1.5 240˚C 

Pyrolysis 300˚C 250˚C 250˚C 1:50 1.2 240˚C 

Clean-up after 

300 ˚C 

pyrolysis 

(20 mins 

holding time) 

300˚C 250˚C 250˚C 1:200 1.5 240˚C 

Pyrolysis 350˚C 250˚C 250˚C 1:50 1.2 240˚C 
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Table F.1 (continued). 

Clean-up after 

350 ˚C 

pyrolysis 

(20 mins 

holding time) 

350˚C 250˚C 250˚C 1:200 1.5 240˚C 

Pyrolysis 400˚C 250˚C 250˚C 1:50 1.2 240˚C 

Clean-up after 

400 ˚C 

pyrolysis 

(20 mins 

holding time) 

400˚C 250˚C 250˚C 1:200 1.5 240˚C 

High 

temperature 

Clean-up 

(20 mins 

holding time) 

340˚C 340˚C 340˚C 1:200 1.5 240˚C 

Liquid 

injection 

-- -- 230˚C 1:50 1.2 240˚C 

Clean-up after 

liquid 

injection 

-- -- 300˚C 1:50 1.2 240˚C 
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Figure F.8: The top one is the chromatogram of a 10 ml methanolic calibration mixture of 3 mg 

levoglucosan, 2 mg glycidol, 2 mg of cyclohexanone, 1 mg of methoxy-propyl-acetate and 2 mg 

of beta-hydroxy-gamma-butyrolactone. 5 ul is injected with a 1:50 split ratio. The front inlet 

temperature is 230°C. The bottom one is the chromatogram of the clean-up run performed just 
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after the injection of the calibration mixture. The split ratio is 1:200. The front inlet temperature is 

300°C. 

 

F.3. Maintenance: 

 

To clean up the any traces of solid residue in the product carrying line of Pyroprobe, it is cooled 

down to room temperature and after disconnecting Pyroprobe from GC x GC, pressurized air is 

blown through inlet of the Pyroprobe rod to remove any solid particles in the product carrying line. 

It is performed on a yearly basis. Clean-up runs using 10 μl methanol as solvent are also performed 

monthly to get rid of any polar solid residue in the product carrying line after disconnecting it from 

GC x GC. 

 

F.3.1. Argon peak in chromatogram: 

 

Another, less frequent, major issue after multiple pyrolysis and clean-up runs is an argon peak in 

the chromatogram which leads to overlapping of the argon peak with the peaks of permanent gases. 

It happens when the helium gas and gas/vapor products mix with the argon gas in 8-port valves 

before going to GC x GC.  This issue is observed either due to the misalignments of the grooves 

of the rotors and the ports of the 8-port valves or due to severe damages of the grooves in rotors 

after multiple rotations or both. The grooves of the standard rotor are more prone to damages 

compared to staggered rotor because the standard rotor rotates two times during a single pyrolysis 

or clean-up operation whereas the staggered rotor is manually kept fixed in the direction of GC x 

GC before the operations. To circumvent these situations, rotors are replaced (part numbers: 

CDS#2460-0247 for standard eight port valve rotor, CDS#2460-0329 for staggered eight port 

valve rotor) and alignments are cross-checked on a regular basis. 

 

F.3.2. Low helium flow rate in GC x GC: 

 

There are other, less frequent problems which are associated with multiple pyrolysis and clean up 

runs, such as low helium flow rate in Pyroprobe during a pyrolysis operation. The result of this 

issue is the automatic shutdown of the front inlet in GC x GC due to not reaching the target flow 

rate. It is observed to be caused by loosening the nut between the Pyroprobe rod and the oven 
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chamber. Chronical mechanical vibrations during multiple pyrolysis operations might be a reason 

behind that. That is why checking is performed from time to time to observe and fix any loose 

connection. Leak checking tests are performed with soap water on the tubing of helium and argon 

lines on regular basis, and the tubing is replaced if necessary.  

 

F.3.3. Tuning the PI controllers: 

 

Another problem is the variation of the tuning parameters of different PI controllers for the 

temperatures in oven-chamber and transfer line, over a long period of time. That is why 

optimization of tuning parameters to the default factory settings are performed monthly. 
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APPENDIX G: OPTIMIZATION OF GC COLUMN-COMBINATIONS IN 

2-D GAS CHROMATOGRAPHY FOR THE GAS/VAPOR OXYGENATES 

ANALYSIS FROM SACCHARIDES PYROLYSIS 
 

 

G.1. A general description and observations: 

 

Gas chromatographic analysis with multiple GC columns is better than the analysis with a single 

GC column, because of better separation of compounds. In a GC column, a mixture of compounds 

is separated into smaller cuts or packets based on the strength of the interaction of compounds and 

the stationary phase. A single cut usually contains a smaller number of compounds than the mixture 

at the beginning. In 2-D GC studies, another column is added in series to obtain even smaller cuts 

from each separated cut from the 1st column. There are several types of GC columns available. 

They vary from lengths, internal diameter, thickness of the stationary phase layer to polarity of 

stationary phase. Depending on the functional groups of the polymer in stationary phase, a column 

can be non-polar to extremely polar. The choice of the column combination is application-specific 

and often testings with multiple combinations are required. 

 

Two-dimensional GC analysis technique is previously used to study pyrolysis oils from pine wood 

chips.155 A combination of a slightly polar primary and midpolar secondary columns (slightly polar 

x midpolar column combination) is used with multiple linear temperature programs (LTPs), each 

for primary, secondary and modulator ovens. The LTP for the primary is consisted of 15-minute-

long 35°C temperature plateau at the beginning followed by a 4°C/min single ramp to 330°C and 

no 330°C temperature plateau at the end. The LTPs for the secondary and modulator ovens are 

simply 20°C and 30°C higher than the LTP of primary oven. With this column combination and 

LTPs, a good separation of phenolic derivatives, linear esters, linear and cyclic ketones, and a bad 

separation of sugars and bicyclics are observed. A better column may exist for a good separation 

of sugars and bicyclics. In the present study, various column combinations are tried with different 

LTPs to obtain a good peak-separations of oxygenates evolved directly from D-mannose pyrolysis, 

such as permanent gases ( CO2), water, various C1-C2 light species, C2-C6 furan and pyran 

compounds and bicyclics (levohexosan, 1,6-anhydrohexofuranose, etc.). 
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G.2. A general description of the column-combinations in GC x GC: 

 

In GC x GC, the primary column is connected to a secondary column in series. When a mixture of 

compounds passes through the primary column then due to the strength of the interaction of 

compounds and the stationary phase of the column, the mixture is divided into number of cuts. A 

cut usually contains lesser number of compounds than the mixture at the beginning of a column. 

The cut with the weakest interaction travels faster than the other cuts. At the end of the primary 

column, liquid N2 is used to decrease the temperature of the column in modulator and to freeze the 

cut for a fraction of seconds. After that, a comparatively hot N2 jet is used to vaporize the cut. 

Then, the cut goes through secondary column as an impulse for a further separation to create even 

smaller cuts. The primary column is usually 30 m to 60 m long and the secondary column is usually 

short (2 m). That is why after the thermal desorption of compounds from the inner surface of 

columns, it elutes for a longer time in primary column (in minutes) compared to that in secondary 

column (in seconds).  

 

The retention times in both columns can be affected by the helium flow rate. If the flow rate is 

high then the compounds will elute fast, and the retention times of compounds will be smaller. 

Retention time can be affected by the internal diameter of a column also. If the internal diameter 

increases, then the volume increases which causes a larger retention time of compounds. Ramp 

rate can also affect the retention time. For a smaller ramp rate, the retention time of a compound 

will be higher because the oven will reach the desorption temperature after a longer period during 

smaller ramp rate. 

 

Experimental methods: Before doing the gas/vapor oxygenates analysis in two-dimensional gas 

chromatography followed by time-of-flight mass spectrometry from the low temperature pyrolysis 

of various saccharides, a couple of 300°C pyrolysis runs are performed on around 0.3 mg of dried 

D-mannose using 60s holding time to optimize the GC column combinations. Four different 

column combinations are studied (Table G.1). Under each column combination, different linear 

temperature programs (LTPs) on GC ovens (i.e., primary, secondary, and modulator) are tried to 

spread out various peaks over the chromatogram. Among them, one chromatogram is selected 

where the peak separations are observed to be similar or better than that in other available 

chromatograms obtained from the same column combination but with other LTPs. After that, peak 
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separations are qualitatively compared among four selected chromatograms from four different 

column combinations. 

 

A general description of total chromatogram:  It is a 3-D plot where the primary axis (x-axis) 

is the retention time in primary column and the secondary axis (y-axis) is the retention time in 

secondary column. The z-axis is the peak signal of total ions of various peaks. For this study, the 

x-y contour plots are used, and the locations of various peaks are observed. Peak identifications 

(black dots in figures) are done by ChromaToF software. 

 

Table G.1: A description of various columns used in this study 

Combination 

number 

Primary column Secondary column 

Specification Stationary phase Polarity Specification 
Stationary 

phase 
Polarity 

1 

Stabilwax 

DA, Restek, 

(30 m x 0.25 

mmID x 0.25 

μm df), 

minimum 

bleed at 

250°C 

Cross-bond, carbowax 

polyethylene glycol 

Extremely 

polar 

Rxi-5Sil MS, 

Restek, (2 m 

x 0.25 mmID 

x 0.25 μm 

df), 

minimum 

bleed at 

330°C 

Cross-bond, 

5% diphenyl 

95% 

dimethyl 

polysiloxane  

Slightly 

polar 

2 

Stabilwax 

DA, Restek, 

(30 m x 0.25 

mmID x 0.25 

μm df), 

minimum 

bleed at 

250°C 

Cross-bond, carbowax 

polyethylene glycol 

Extremely 

polar 

Rxi-17Sil 

MS, Restek 2 

m x 0.15 

mmID x 0.15 

μm df), 

minimum 

bleed at 

330°C 

Cross-bond, 

>50% 

diphenyl 

<50% 

dimethyl 

polysiloxane 

Midpolar 
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Table G.1 (continued). 

3 

Rtx 200, 

Restek, (30 

m x 0.25 

mmID x 0.25 

μm df), 

minimum 

bleed at 

320°C 

Cross-bond, 

trifluoropropylmethyl 

polysiloxane 

Midpolar 

(more 

polar than 

Rxi-17sil 

MS) 

Rxi-17Sil 

MS, Restek 2 

m x 0.15 

mmID x 0.15 

μm df), 

minimum 

bleed at 

330°C 

Cross-bond, 

>50% 

diphenyl 

<50% 

dimethyl 

polysiloxane 

Midpolar 

 

4 

Rtx 200, 

Restek, (30 

m x 0.25 

mmID x 0.25 

μm df), 

minimum 

bleed at 

320°C 

Cross-bond, 

trifluoropropylmethyl 

polysiloxane 

Midpolar 

 

Stabilwax, 

Restek 

Cross-bond, 

carbowax 

polyethylene 

glycol 

Extremely 

polar 

 

 

 

G.3. Comparisons of different chromatograms obtained from different column-

combinations: 

 

G.3.1. Between combinations 1 and 2: 

 

Figure G3.1 is the chromatogram for extremely polar x slightly polar column combination. A 

general observation is that the peaks are well-distributed over the x-axis, but they are not well-

distributed over the y-axis. When a mixture of oxygenates passes through an extremely polar 

primary column, then the mixture is divided into many small cuts. After that, each cut does not go 

through another degree of separation in the slightly polar secondary column. If the stationary phase 

it extremely polar then water absorption is higher. That is why a long water peak-tail is observed 

in the x-axis. If the peaks are situated near the water peak-tail, then peak area calculation of the 

total ions will be affected by the ions from the water peak. Thus, a goal of this study is increasing 

the distance between water peak-tail and the other peaks. A feature of the chromatogram in Figure 
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G.1 is around 10 minutes long peaks of bicyclics at the right end of x-axis. Their larger retention 

times in the x-axis indicate that they have a strong interaction with the extremely polar column 

and higher thermal desorption temperatures. However, a long peak-tail causes difficulty in peak 

area calculation. When slightly polar secondary column is replaced by a midpolar secondary 

column, then separation in y-axis is slightly improved (figure G3.2) but long peak-tails of bicyclics 

at the right end of the x-axis is still there. However, an advantage using an extremely polar primary 

column is the delay of the water peak allowing an enough space for the separation of permanent 

gas such as CO2. 

 

 

Figure G.1: The chromatogram after the gas analysis of D-mannose at 300°C for 60s holding time 

in pyroprobe (top). Extremely polar Stabilwax DA column is used in primary oven. Slightly polar 

Rxi 5sil MS coloumn is used in the secondary oven. A black dashed line is added in the 

chromatogram to qualitatively show how the temperature is changing in the primary oven. The 
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plot at the bottom is the temperature programs of different oven used in GC x GC with 5°C/min 

ramps. A point to note that ‘GC Oven’ in legend of this plot is the primary oven of the GC x GC. 

The spike of the water peak appears between 51°C to 52°C of primary oven (around 51.4°C). 

 

 

 

Figure G.2: The chromatogram after the gas analysis of D-mannose at 300C for 60s holding time 

in pyroprobe (top). Extremely polar Stabilwax DA column is used in primary oven. Midpolar 

polar Rxi 17sil MS coloumn is used in the secondary oven. A black dashed line is added in the 

chromatogram to qualitatively show how the temperature is changing in the primary oven. The 

plot at the bottom is the temperature programs of different oven used in GC x GC with 3°C/min 

ramps. The spike of the water peak appears between 51°C to 52°C of primary oven (around 

51.9°C). It indicates that desorposition temperatures in the 1st column did not change from 

5°C/min to 3°C/min ramp rate. 
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G.3.2. Between combinations 2 and 3:  

 

The difference between the combination 2 and combination 3 is the primary column. In 

combination 2, an extremely polar primary column is used. In combination 3, a midpolar primary 

column is used. In both cases, the secondary column is midpolar. It is clear from figure G.3 (for 

combination 3), a diagonal separation of various 2 to 6 carbon compounds are observed. It is better 

than only in x -axis-separation as the separated peaks will not be affected by water-peak tails. A 

midpolar primary column separates the mixture of oxygenates into a small number of cuts 

compared to that of an extremely polar primary column. A cut from a midpolar primary column 

usually contains higher number of compounds than a cut from extremely polar primary 

compounds. That is why the separation in secondary mid polar column is more prominent when 

the primary column is not extremely polar. However, there are couple of issues in the 

chromatogram of midpolar x midpolar column combinations. A midpolar column does not 

separate bicyclics very well due to a weaker interaction with the stationary phase. That is why 

bicyclics starts to come out from a midpolar at smaller retention time. A very large peak tail of 

bicyclics also suggests that only a single ramp is not enough, a another very fast ramp is required. 

Another problem is the blob formation of C1-C2 compounds near the elongated-water peak. 

Possibly, a modification in LTP is required to provide more space to spread out the blob in 

chromatogram.  

 

Figure G.3: The chromatogram after the gas analysis of D-mannose at 300°C for 60s holding time 

in pyroprobe (top). Midpolar Rtx 200 column is used in primary oven. Midpolar polar Rxi 17sil 
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MS coloumn is used in the secondary oven. A black dashed line is added in the chromatogram to 

qualitatively show how the temperature is changing in the primary oven. The plot at the bottom is 

the temperature programs of different oven used in GC x GC with 5°C/min ramps.  

 

Figure G.3 (Continued). 

 

 

 

G.3.3. Between combinations 3 and 4:  

 

The difference between combination 3 and combination 4 is the secondary column. In combination 

4, an extremely polar secondary column is used. In combination 3, a midpolar secondary column 

is used. In both cases, the primary column is midpolar. In the chromatogram of the combination 4 

(Figure G.4), the separation of bicyclics are better than combination 3. From the previous 

experiments with extremely polar primary column, it was clear that an extremely polar phase can 

separate bicyclics better than other phases. Using extremely polar phase in the secondary column 

has another advantage along with the good separation. It does not cause very long peak-tails in the 

x-axis which is better for peak area calculations. Another feature of this chromatogram is the well-

distributed peaks of C2 to C6 compounds. Most of these peaks are far away from the parabolic 

water peak-tail. To achieve a parabolic water peak-tail the modulation time (it is the range of y-

axis) is increased and two different LTPs are applied to primary and secondary ovens.156 After 

applying these LTPs, separations of C1 and C2 compounds are also achieved at the left-bottom 

corner of the chromatogram. That is why this column combination is used for the further study. 
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Figure G.4: The chromatogram after the gas analysis of D-mannose at 300°C for 60s holding time 

in pyroprobe (top). Midpolar Rtx 200 column is used in primary oven. Extremely polar Stabilwax 

column is used in the secondary oven. A black dashed line (for primary oven) and red dashed line 

(for secondary oven) is added in the chromatogram to qualitatively show how the temperature is 

changing in the primary oven. The plot at the bottom is the temperature programs of different oven 

used in GC x GC with 5°C/min ramps.  
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Figure G.5: The chromatogram after the gas analysis of D-mannose at 300°C for 60s holding time 

in pyroprobe (top). Extremely polar Stabilwax DA column is used in primary oven. Midpolar polar 

Rxi 17sil MS coloumn is used in the secondary oven. A black dashed line is added in the 

chromatogram to qualitatively show how the temperature is changing in the primary oven. The 

plot at the bottom is the temperature programs of different oven used in GC x GC. In this 

experiment, a complicated temperature program is used. The temperature programs consist of 

multiple plateaus are used instead of two plateaues connected by a single ramp. All ramps are 

5°C/min ramp. 
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G.4. Comments on combinations: 

 

A combination of midpolar x extremely polar columns is best suited for the analysis of a mixture 

of oxygenates among the other combinations tested in this study. Extremely polar column has two 

distinct advantages: it is good for bicyclics separation, it delays the water peak which provides 

enough space in chromatogram to resolve the peaks of permanent gases. Two different linear 

temperature programs with varying temperature plateaus in LTPs can also change the shape of the 

elongated water peak. 
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APPENDIX H: EVIDENCES OF THE 1,4-DIOXENE FORMATION AND 

OTHERS 
 

 

 

Figure H.1: Chromatogram of D-xylose pyrolysis at 300℃. No 1,4-dioxene peaks are identified. 

 

Figure H.2: Chromatogram of xylobiose pyrolysis at 300℃. 1,4-dioxene peaks are identified. 
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Figure H.3: Chromatogram of xylose oligosaccharide pyrolysis at 300℃. 1,4-dioxene peaks are 

identified. 

 

Figure H.4: Chromatogram of xylan-dust oligosaccharide pyrolysis at 300℃. 1,4-dioxene peaks 

are identified. 
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Figure H.5: Mass spectra of experimental peaks of 1,4-dioxene peaks identified in different runs. 

 

 

Figure H.6: Different transition states calculated from the ring closing of linear molecules that 

might lead to the formation of dioxane ring. 
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Figure H.7: Average yields (%g/g) of glycolaldehyde (a), furfural (b), and CO2 (c) from various 

staring compounds at 250℃ (blue) and 300℃ (red).  

 

 


