
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 studentôs 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 (æIx) 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 æIx 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 Ŭ-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/EIM S 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. Identifi cation 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. Difficul ty 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 Ŭ and ɓ 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, ɓ-D-xylopyranosyl units, connected by 1,4-

glycosidic bonds, form the backbone, and Ŭ- or ɓ-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 xylanôs 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 ELECT RON-IONIZATION CROSS 

SECTIONS AND GC-MS CALIBR ATION 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 Ὅ with the number density ὔ of the vaporized/gaseous species: 

 

Ὅ ὗὨϽὍϽὔ   (2.1a)                    

 

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

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

current Ὅ 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 ὍȾὍ  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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ϽϽ

ὶὩὪϽϽ ὶὩὪ
    (2.1b) 

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

sections: 

 
Ⱦ

Ⱦ
   or   

Ⱦ

Ⱦ
    (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: 

πȢψς ρȢτσὅ πȢχσὌ ρȢρπὕ πȢφρὊ σȢωψὅὰ υȢρωὄὶ

φȢφςὍ ρȢςπὔ πȢωσὈ σȢψπὛ (2.2) 

πȢωτσςȢρςὅίὴ ρȢχπὅίὴ πȢψυὅίὴπȢσψὌ ρȢςφὕίὴ

πȢφςὕίὴ πȢςτὊ σȢυχὅὰ τȢψπὄὶ φȢφρὍ πȢωυὔ πȢτπὈ τȢτπὛ

 (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 0.25ɛm Rxi-

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

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

column (Restek) and a 2m x 0.15mm ID x 0.15 ɛm 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 ɛmolar). 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 b-Hydroxy-g-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.  
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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: 

          (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 Pitzerôs 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 ñtrainbrò subroutine is used, which incorporates the 

Bayesian regularization scheme and Lavenberg-Marquardt backpropagation scheme. The 

Lavenberg-Marquardt backpropagation scheme alone (ñtrainlmò) and scaled conjecture 

backpropagation scheme (ñtrianscgò) 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 ñdividrandò 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: 

ὶ ρ
В

В
 (2.4) 

where ὦ В ώ ώ  (2.5) 

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

2. Root mean square error, RMSE: 

ὙὓὛὉ В ώ ώ
Ⱦ

 (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, ɓ: 

ɼ
В

В
 (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: 

ὦ В ώ ώ   (2.8) 

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

5. Maximum relative deviation MRD over the dataset: 

ὓὙὈ άὥὼ
ȟ

  (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-octaneôs 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 (Tureļek 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 (Tureļek et al.)16 

13.8 (Bull et al.)25 

1,4-Dioxane 9.3 ± 4.5 9.9 (Tureļek 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 



 

21 

 

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. 



 

23 

 

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 



 

29 

 

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 d escriptors 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 “ 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.  
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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 ɓ  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 ɓ  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 ɓ 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 ɓ 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 ὗ, the established cross-section for a reference species (ὗ ) that 

is in the mixture, and an experimental calibration factor ὖὩὥὯ ὥὶὩὥȾ‘άέὰȟ  for the 

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

2.1c, recognizing that ὖὩὥὯ ὥὶὩὥ is proportional to the total positive-ion current Ὅ: 
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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-ɓ-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-ɓ-D-glucofuranose, 11.6 ± 0.4 Å2, is within 

experimental uncertainty of our measured value for levoglucosan (1,6-anhydro-ɓ-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 ɓ-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-ɓ-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) 

ɓ-D-Xylopyranose 18.2 ± 0.6 

ɓ-D-Xylofuranose 16.7 ± 0.6 

D-Xyloaldose (linear form) 50.5 ± 0.5 

D-Xyloketose (a linear form) 41.9 ± 0.4 

ɓ-D-Glucopyranose 22.6 ± 0.9 

ɓ-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- ɓ-D-glucofuranose 11.6 ± 0.4 

4,5-Anhydro- ɓ-D-xylopyranose 10.1 ± 0.5 

1,2-Anhydro- ɓ-D-xylopyranose (OH removed from C2, keto form) 16.3 ± 0.2 

1,2-Anhydro- ɓ-D-xylopyranose (OH removed from C1, enol form) 21.9 ± 0.6 

1,2-Anhydro- ɓ-D-xylopyranose (OH removed from C1, keto form) 24.5 ± 0.2 

2,3-Anhydro- ɓ-D-xylopyranose (OH removed from C3, keto form) 13.3 ± 0.3 

2,3-Anhydro- ɓ-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 
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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. 

Ὅ ρππ ρππὲ          (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.16ï18 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.19ï30 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 ñheart-cutò method where all the mixture passes through the first column in the first 

run and then the cut (or the ñheart-cutò), 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 acidsô methyl esters using ñheart-cutò 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 



 

53 

 

column is common.34,37ï44 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.38ï43 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 ñhot pulseò is set to be 1.5 sec and ñcool time 

between stagesò 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 jetôs 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. 



 

58 

 

 

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.  
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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. 

ὸ ὸ ὸ                                          (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 (ὸ ), total freezing time in the modulator, 

the adjusted retention time in the secondary column (ὸ ) 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. 

ὸ ὸ ὸ ὓᶻὸ ὸ ὸ ὸ   (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.  

ὸ‏ ὸ‏ ὸ‏ ὸ‏ ὸ‏ ὸ‏ ὸ‏  (3.4) 

ᶻ
 (3.5) 
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In Eqs. 3.4 and 3.5, the quantity ‏ὃ 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, ‏ὸ and ‏ὸ, two standard deviations of R.T. 1 and R.T. 2 are calculated using 

Studentôs 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: 

¶ ñKov§ts' RI, non-polar column, isothermalò data 

¶ ñKov§ts' RI, non-polar column, temperature rampò data 

¶ ñKov§ts' RI, non-polar column, custom temperature programò data 

¶ ñKov§ts' RI, polar column, isothermalò data 

¶ ñKov§ts' RI, polar column, temperature rampò data 

¶ ñKov§ts' RI, polar column, custom temperature programò data 

¶ ñVan Den Dool and Kratz RI, non-polar column, temperature rampò data 

¶ ñVan Den Dool and Kratz RI, non-polar column, custom temperature programò data 

¶ ñVan Den Dool and Kratz RI, polar column, temperature rampò data 

¶ ñVan Den Dool and Kratz RI, polar column, custom temperature programò data 

¶ ñNormal alkane RI, non-polar column, isothermalò data 

¶ ñNormal alkane RI, non-polar column, temperature rampò 

¶ ñNormal alkane RI, non-polar column, custom temperature programò data 

¶ ñNormal alkane RI, polar column, isothermalò data 

¶ ñNormal alkane RI, polar column, temperature rampò data 

¶ ñNormal alkane RI, polar column, custom temperature programò data 

¶ ñLee's RI, non-polar column, temperature rampò data 

¶ ñLee's RI, non-polar column, custom temperature programò data 

¶ ñLee's RI, polar column, temperature rampò data 

Among these various datasets, no statistical differences are observed on ñKov§tsô RI, non-polar 

columnò, ñVan Den Dool and Kratz RI, non-polar columnò, and ñNormal alkane RI, non-polar 

columnò 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 ñLee's RI, non-polar columnò 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 ‏ὸ πȢ On the 

other hand, uncertainties of the retention time for the second method and third method are the same 

as ‏ὸ πȢ  
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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 ñKov§tsô RI, non-polar columnò, ñVan Den 

Dool and Kratz RI, non-polar columnò and ñNormal alkane RI, non-polar columnò datasets for 

various temperature programs. A Lee index to Kováts index polynomial equation is used to convert 

the ñLee's RI, non-polar columnò 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 

I x 

calculated 

from only 

using 

R.T.1 

I x 

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 I x  

(column A) 

I x 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 
I x calculated from 

only using R.T. 1 

I x calculated using 

R.T. 1 and R.T. 2 

I x 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. 



 

71 

 

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:  

Ὅ ρππ ρππὲ          (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. 

 

"ÅÃÁÕÓÅ 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.18,19,21ï32 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 Studentôs 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.  

ЎὍ Ὅ ρππὲ          (4.2) 

This calculation is performed to observe the difference of the Kováts index, ЎὍ, 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-

alkanesô Kov§ts indices are inherently in multiples of hundred, as ЎὍ 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 ЎὋ : 

ЎὋ ЎὌ ὝЎὛ              (4.3) 

where ЎὌ  is the enthalpy of adsorption, ЎὛ  is the entropy of adsorption, and T is temperature 

of the system. If  ЎὌ  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 ЎὛ  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 ́-ˊ 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 ́-  ́ 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 ЎὛ  is 
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ЎὛ ‖ ÌÎ        (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 60 . 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 æIx 

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 æIx 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 (ЎὛ ) becomes higher, lowering the Gibbs free energy of adsorption (ЎὋ ) and 

shortening the retention time under the same temperature program. That is why the æIx is negative 

in the case of monomethyl alkanes.  

 

Figure 4.3: (a) Variation of Kov§ts index, æIx in monomethyl alkanes from corresponding n-

alkanes as a function of total carbon numbers. (b) The æIx of 2,(end-1) dimethyl alkanes is 

approximately two times of æIx in 2-methyl alkanes. (c) The æIx of other dimethyl alkanes cannot 

be predicted by additive rules. (d) Chemical structures (1-12) are shown for multi-methyl alkanes 

with their æIx values. 
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Figure 4.3 (continued). 

 

 

Also, æIx 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 

æIx at the larger chain length and an increase of æIx 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 ÍR2] group pair is added to the chain. The CH2(R1)-CH2(R2) [R1 ÍR2] 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, æIx 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 æIx of two constituent monomethyl alkanes either overpredicts or underpredicts the æIx 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 æIx values are reported below these structures in 

Figure 4.3c. It also shows that a simple addition of æIx of these constituent monomethyl alkanes 

does not predict æIx 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 
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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 æIx in monomethyl and n,n-dimethyl alkanes from corresponding n-

alkanes as a function of total carbon numbers. (b) The æIx of 2,2,(end-1),(end-1) tetramethyl 

alkanes is approximately two times of æIx in 2,(end-1)-dimethyl alkanes. The æIx 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 æIx of N,N or M,M dimethyl alkanes with two fewer carbon numbers cannot 

be used to estimate the æIx 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 æIx 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 æIx decreases when the side branch moves towards the center of the main backbone; i.e., 

when the æIx 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, æIx 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 æIx in various 

cyclo-alkanes without linear side chains. The black line represents the æIx of cyclo-alkanes with a 

single ring. From the cyclo-propane to cyclo-pentane, æIx 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 æIx 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, æIx 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 æIx values. (j) æIx of different deuterate n-alkanes as a function of D atoms. 

 

4.3.4. Unsaturated hydrocarbons: 

Unsaturated compounds contain  ́bonds forming an electronegative region in the structures of 

alkenes and alkynes. Due to that, comparatively strong, elutes-to-stationary phase ́-bond 

interactions play a role. Moreover, a ˊ 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. 

 

 ́ 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 æIx 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 æIx 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 ́ bond. On the other hand, in trans conformation, the hydrogen 

atoms of the methyl group only interact with the  ́ bond. These intramolecular interactions 

influence the number of symmetric conformers, that, in turn, influence the entropy of adsorption. 

Also, the æIx 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 ́ bond moves from third to fourth position, the æIx 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 æIx 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 æIx 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 æIx  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 æIx 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) æIx of different n-alkenes and n-alkadienes as a function of total carbon number. 

(b) æIx 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 
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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 æIx are investigated.  

 

Figure 4.9a shows how æIx varies for various mono-alkyl ring compounds compared to an n-alkane 

reference line. The blue star point is the æIx 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,  ́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, æIx 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 

æIx drops further. However, further investigations are needed to cross-check this hypothesis. 
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In Figure 4.9b, æIx 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 æIx 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 

æIx with the counts of the ortho position is observed. In structures 2 and 7, the ortho count is 1. 

Their æIx values are 85±3, and ψψ3 respectively. In structures, 6, 11, and 12, the ortho counts 

are two. Their æIx values are 112±3, 112±3 and ρρυτ respectively. In structure 10, there are 

four and in structure 14, there are five ortho counts. Their æIx values are 144±4, and ςσς7 

respectively. 

 

 

Figure 4.9: (a) æIx of benzene and various phenyl-alkanes as a function of total carbon number. (b) 

Chemical structures (1-14) of various alkyl-benzenes and their æIx 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 



 

98 

 

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 æIx 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 æIx 

values. The position effect is also observed in the æIx values from alkan-2-ol to alkan-5-ol. Alcohol 

groups at the middle of the chain has a low æIx 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 æIx with the chain length. However, more 

datapoints/reporting are needed to measure the 95% confidence levels. Also, the rise of æIx 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 æIx values of linear, 1-carboxylic acids, 1-aldehydes, 1-formates, and 1- 

acetates. The carboxylic acid has the most æIx rise among all the other oxygenated groups. Its æIx 

values falls between 350 to 450 units from 1 to 22 carbon number range. On the other hand, æIx 

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 æIx on the chain length (or the carbon number). However, more datapoints are needful to confirm 

the trend. Figure 4.9c represents the æIx 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 æIx rises from the 

n-alkanes. On the 1-methyl alkyl ether and 1-ethyl alkyl ether have a different æIx 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 æIx 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 æIx 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 æIx (at least 380). Also, the 1-cyanide compounds (-CN groups) are 

observed to raise æIx more than 1-amide compounds (-NH2 groups) except carbon number =1. 

Figure 4.11b represents the æIx values of 1-thiol, 1-methyl thiols, 1-ethyl thiols, and 1-propyl thiols. 

The æIx 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) æIx of different linear alcohols as a function their total carbon number. (b) æIx of 

linear carboxylic acids, aldehydes, formates, and acetates as a function of total carbon number. (c) 

æIx of linear methoxy- and ethoxy alkanes, and 2-alkanones ((CO)-Me) and 3-alkanones ((CO)-

Et) as a function of total carbon number. 

 



 

101 

 

 

Figure 4.11: (a) æIx of linear amines, cyanides or nitriles, and nitrides as a function of total carbon 

number. (b) æIx of linear thiols, methylthiols, ethylthiols, and propylthiols as a function of total 

carbon number. 

 

Halocarbons: Figure 4.12a represents the æIx values of four linear 1-haloalkanes. The 1-

iodoalkanes are observed to raise the æIx 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 æIx of 1-iodo, 1-bromo, and 1-chloro alkanes are observed to increase with the 

chain lengths in general. However, a decrease of æIx 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 æIx values of perfluoro- and perchloro- alkanes. The æIx 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, æIx 

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: æIx of linear 1-fluoro, 1-chloro-, 1-bromo, and 1-iodo alkanes as a function of total 

carbon number. (b) æIx 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 ñcò, 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 ñhò, 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 ñtò 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, ñ5-8(4)6ò 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, ñ6-8(3,4)5ò 

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). 

 



 

105 

 

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 æIx, slope ɓ=0.87, intercept 



 

107 

 

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, ɓ should be 

1, bias should be 0, and root mean square error should be 0%. æIx 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 æIx vs. æIx 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 æIx with the number of 

conformers (Figure 4.14a). The number of staggered conformers of 2,2,5,5-tetramethyl hexane is 

calculated to be ς σ ρσȟρςς. 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 

ς σ σφ. 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) æIx 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 æIx 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 -́  ́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: 

Ὧ ρȢς ρπÅØÐ
Ȣ Ⱦ

 Ὤὶ       (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 HÅ 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 
ρπȢÅØÐ

φςȢπ ὯὧὥὰȾάέὰ

ὙὝ
 695-719 K 

Pure in sealed 

Pyrex ampoule, 

vacuum 

Gäumann and 

Rayroux54 
ρπ ÅØÐ

φφ ψ ὯὧὥὰȾάέὰ

ὙὝ
 711-745 

Pure in sealed 

Pyrex ampoule 

Kuper56 ρπÅØÐ
ωσ ὯὧὥὰȾάέὰ

ὙὝ
 672.1-713.8 

Pure in sealed 

Pyrex ampoule, 

vacuum 

de Halas55 ρπȢÅØÐ
χτ ὯὧὥὰȾάέὰ

ὙὝ
 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] 

ρπȢÅØÐ
χςȢρ ὯὧὥὰȾάέὰ

ὙὝ
 693-738 

Pure biphenyl, 

sealed, vacuum 

Bruinsma et al.10 
ρπȢÅØÐ

ωρȢχ ὯὧὥὰȾάέὰ

ὙὝ
 

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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Ὧ ρȢρρρπÅØÐ
Ȣ  Ⱦ

 ί      (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. Phenolôs 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): 

Ὧ ρπȢÅØÐ
Ȣ Ⱦ

 ί       (5.3) 

Ὧ ρπȢÅØÐ
Ȣ Ⱦ

 ί       (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 

 

Ὧ ρπȢÅØÐ
χυȢσ ὯὧὥὰȾάέὰ

ὙὝ
 ί  

  

ρπȢÅØÐ
ςσ ὯὧὥὰȾάέὰ

ὙὝ
 ὧάάέὰί  

  

ρπȢÅØÐ
ττ ὯὧὥὰȾάέὰ

ὙὝ
 ί  

 

ρπȢ ὧάάέὰί  

 

ρπȢÅØÐ
φȢρ ὯὧὥὰȾάέὰ

ὙὝ
  ὧάάέὰί  

 

ρπȢÅØÐ
φȢρ ὯὧὥὰȾάέὰ

ὙὝ
  ὧάάέὰί  

 

 

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 ï 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 ρπȢÅØÐ
χφȢτ ὯὧὥὰȾάέὰ

ὙὝ
 ί  

99.5 % pure ρπȢÅØÐ
σσȢω ὯὧὥὰȾάέὰ

ὙὝ
 ί  
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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 0.25ɛm Rxi-1ms primary 

column (Restek) and a 2m x 0.15mm ID x 0.15ɛm 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 ÌÏÇὥὺὫ Аὅ

ς, indicating detector saturation. On the other hand, calibration factors are very high after 

ÌÏÇὥὺὫ Аὅ πȢυ, 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: 

    

    

   

   
      (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 ñfreshò 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 


