ABSTRACT

BOSE, ARNAB. Polysaccharide and H&8aansferFluid Pyrolysis Mechanisms Developed
Using Data, Theory, and Machine Learning. (Under the direction of Dr. Phillip R. Westmoreland).
Chemically mechanistic steps are established for naynidlysis ofxylan and for slow pyrolytic
degradation of heat transfer fluids. Both cases make use of detailed chemical analysigadsing t
dimensional gaghromatography followed by electraonization masspectrometry (GCxGC
EIMS), but the mechanism ddepment alsodraws from modeling at the molecular level
(computational quantum chemistry) and from +#bésed automatic mechanism generation.
Furthermore, analysis of tteCxGGEIMS data relies on advances created in this work that

employ machine learning.

GCxGGEIMS is a powerful tool to analyze a gas mixtusad n the present studits limitations

are discussed and improved using different machine learning models that can be used to identify
and quantify compounds from GGC-EIMS. The techniqueof GC-MS is very ppular in
understanding the chemical kinetics of various degradation processes. Generally, products evolved
from a degradation proceaseidentified and quantified after the G@S experiments. However,

this technique has its own limitationslehtification of various large 4alkyl compounds are
difficult as the mass spectra of these compounds are very similar. Thirsttbenent'sanalysis
software cannot separate these structures solely based on the mass spectra comparison between the
expermentally obainedspectrumand the one that ithe mass spectra library. Another difficulty

is quantif/ing those compounds whose calibration standards are not easily available. In €hapter
the quantificationtechnique is discussed in detail. An atoamd group-basedartificial neural
network model is created to generate El 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 anduer (Anal. Chem.,1983). The identification technique

is improved by providing a layout of how to calculate the Kovats retention index in-a two
dimensional gas chromatography in Cha@erhe design of a twdimensional chromatogpa

is more complex thama singledimension chromatograph due to the usage of a-fogaser.
However, the separation of compounds is poorer in sigdighension gas chromatograpp

compared to twalimensional gaschromatograpjy making it less effective in studying



compositions o& mixture.In Chapte#, a neural network model is presented to predict the Kovats
index of organic compounds. Kovats indices of 5,249 hydrocarbons and 43§dracarbons
measured in a nepolar columnconfiguration,are collected fronthe NIST/EPA/NIH Retention
IndexLibrary (Version: 2017). They are averagadd 95% confidence intervals are calculated
usi ng s-test gtatistics@as study the common trends in various classes of compounds.
Instead of studying the Kovats indey @irectly, the d@ference ofthe Kovats index of a compound
from that of an ralkane with same carbon atonasj is studiedThis approactmelps focusing on

the minor changes in the Kovéts index due the alteration in the chemical structure. The number of
groups and atomare used athe descriptors that are decoded from InChl (International Chemical
Identifier) expressions.Predicted values and the experimental valuese¢thave a regression
coefficient of 0.86. The results suggest grqairs are more suitable descriptors to stuthe
Kovéts index.

The first mechanistic targetdegradation kinetics of a heat transfer fluid. Highmperature heat
transfer fluids inevitably degrade over time, and the mechanism is of practical and fundamental
interest. In Chaptel5, a reaction mecanism is developed and tested for the slow thermal
degradation of the eutectic mixture of diphenyl ether and biphenyl, atdngberature heat
transfer fluid commercially known as DowthéMi\ or Therminol® VRL1. Industrycollaborators
applied thlASTM D674 3 met hod t o degrade fresh fluid at
degraded samples are analyzeih the GCxGC-EIMS in this laboratory The identified
compounds are calibrated either by direct calibration or bjpredilbn factors estimated with a
machinelearning code previously developed by our labigh-yield compounds in the degraded
samples are benzene, phenol, and dibenzofédralegradation reaction mechanism is developed
using Reaction Mechanism GeneratdConstarvolume batch reactor caledions are
subsequently performed in MATLAB along with vagimyuid equilibrium calculations. A good

agreemenbetweerexperimental yields and computational yields is found.

The degradation kinetics tfio other heatransfer fluids are alsstudied usig data and predictive

modeling in Chapte. Two paraffinicmineraloils are used: Chem Therm 550 and Paratherm HE.

Again, hey are thermally degraded wusing ASTM D6



Subsequently, the fsb/degraded samples are analyze@@xGC-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. Kovéts irde used for the identification of major speciesviéthyl
nonadecane is present with the highest concentration in fresh Chem Theamdb8@r 4-methyl
hexacosanare present with the highest concentratiofresh Riratherm HE. The formatioof

lighter linear/branched/cyclalkanes and alkenes during the degradation is noticed:-FAITR

is also performed on the fresh/degraded oil samples. It suggests a stronger peak signal for C=C
stretching at the base level forgladed samples. A kinetic degradatimodel is developed for a

model branched alkaneRityl octadecaneo obtain insights about how a branch alkane degrades.

It provides a higher yield of-dlocene and-h e pt ene. Thus, -olefinsavithgheoduct i
same chain lengtlof the sidechainsn a branched alkane is raajor degradation behavior.
However, if he branch is small, such as butyl, then the branched alkane tends to produce light

compounds.

Rapiddegradation kinetics of beechwood xylan is ingzdedto probe the kinetics and product
channels that produce useful chemicals from lignocellolosic lEsnBeechwoodxylan is a
hemicellulose polymer with xylopyranosyl unasthe backbonand glucuronic acid unitst the
side chainDegradation kinetics of xylan provides a window to understand the degradation kinetics
of more complex, lignocellulosic bmass. In Chaptef, TGA/DSC andlash pyrolysisGCxGG
EIMS experiments are performed loeechwood xylan dust, xylan chars, minésalimpregnated
xylan, D-xylose, xylobiose, xylose oligosaccharides andliicuronic acid. The xylan pyrolysis
process is maly characterized by ¥, CQ, Ci-Cs acids, and &Cz alcohok generation, char
generation, andn overallexothermic degradationThe differential masss curve of xylan dust
is deconvoluted using lumped models. It suggtst there are three stagafsthe degradation
process. Aftefflash-pyrolysisGCxGGEIMS experiments, gases and volatiles are classified
the degradation gps. The char formed from the xylan pyrolysis Wasersoluble and insoluble
fractions. The wateinsoluble fraction is thenally stable and carbemch. Based on the

experimental observations, different exothermic reaction routes are proposed thdeadutul



char formation. Transitiogtate calculations are performadath quantum chemistrgalculation

tools, Gaussian 16 an@daussViewto understand the feasibility of the proposed reactions.
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Figured.13Par i ty pl ot povfs xgaediced fiormeeoral a | eel

nework shows deviationsf datapoints...........cccceeeeeiiiiiiicccs

Figure4.14( a )x of éifferent isomers oflecane as a function of total
conformers calculated from the rotational symmetry of group
pairs.(by( d) are i somers waldeh t heir
(written in black color). The numbgwritten on red color are
the number of symmetries of individual group pairs to same
staggered conformation. A multiplication of these values is used

to obtain total number of CONfOIMErS......coevieiieee e,

Figure5.1Diphenyl ether (left) and biphenyl (right)............oooiiiiiiieee

Figure5.2 The top reaction (a) is the homolytic scission g4z 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 phenykyclohexadienyl radical................cccccciiiiiiceeevenieeee,

Figure 5.3 Attack of a hydrogen atom on biphenyl to form a benzene

molecule and phenyl radiCal..........cccccooiiiiiiiirc e

Figure5.4 Reactions associated with DPO decomposition as provided

by van Scheppingen et&l...........coovvoeieeieeceeeeee e

Figure5.5Product yields from DPO pyrolysis, obtaingddnalyzing the
data of Custodis et &t.using the electroipnization cross

section ratios from a model developed by our.lab...................ccoeee.

Figure5.6 (a) Linear calibration factors oflmexane as a function of
logarithm of the average peak area at differanges of uC.
(b) Intercept of Fhexane as a function of logarithm of the
average peak area at different ranges of pC. It suggest

saturation in detector after 100 UC.........ovvvvviiiiiii i

Figure5.7 The romatogram after 5 ul fresh VPinjection.

Therampra | S 5. oML

Figure5.8 The chromatogram after 5 ul procedsgraded VFL injection.

The ramp r at.e..i.s..5...l.ml.N......

Figure5.9Various species are identified in degraded Therr@ndP-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................cooovviiceciiiii e,

names
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Figure5.10The product distributiofrom the fresh Thermin@} VP-1

Figure5.11Product distribution in different degraded Therm@&P-1
compared to fresh Thermir®IVP-1..............ooviiiiiiiiicer e 127

Figure5.12The product distribution from ampoule is readjusted after
assuming the phenyl lossdue to evaporation of benzene
during transportatiortz is not considered. Previous studies
on biphenyl and aromatics pyrolysis suggest a generation of
<0.05 mol% of H compared to initial starting material.............cccccccevrreneee. 132

Figure5.13(a) General diagram of the vapbquid equilibrium. (b)Critical
points of vaious compounds. The blue square with a red border
is the operating condition of Thermi@®@wVP-1 (400 , ..1.2..1..034r s)

Figure5.14Radicals considered during the modelangg o n g wi..t.h....HL....... 139

Figure5.15Estimated yields of various species are shown with respect to
residence timat 371°C BP and DPO degrade over time.
On the other hand, the Vils of benzene, phenoxyl radical,
DBF, and PhOH (phenol) increase over time...............cvvviiieeciieeeeeeeeeeeeenn. 142

Figure5.16Estimated yields of various leyield species are shown
with a logarithmic yield scale. All radicals along with H
have <1.00ELO %0 YIEldS..........uuuuuiiiiiiiiiiiiiieeeiiiiiie ettt 143

Figure5.17The black bars are the mol% yields of benzene, phenol
(PhOH), biphenyl (BR diphenyl oxide (DPQ)and
dibenzofuran (DBF) from the ampottdiegraded samples
after 1000 hours of degradation at 371.1C Bgare5.8).
The green bars are the yieldslee same compounds after
1000 hours (=3.6E+06 9gd degradation at
of only phenol from the computation is low. However, the
yields of phenol plus phenoxyl radical fall under the
eXPerimental FANGE. ... ..ooi et 144

Figure5.18IRC calculation fothe H abstraction from th®H of phenol
by phenyl radiCall ... 146

Figure5.19Comparison of the rate coefficients of variousbbtraction
by phenyl and phenoxyl radicals from RMG and literature..............cccc.c..... 148

Figure5.20Top five reactions with net forward est of DPO formation.

A negative value in the forward rates of formation signifies
the consumption of DPO. The thermal decomposition of DPO to
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form phenyl and phenoxyl radicals has the highest rate of
DPO CONSUIMLION. ...ttt ettt e e e e e e e e e s et e e e e e e e e e e e e e e e e e e s e 149

Figure5.21 @) Normalizedmoles of phenyl (left yaxis) and phenoxyl
(right y-axis) as a function of time in® ps time range. (b)
Net forward rates of phenyl formation from different reactions.
(c) Net forward rates of phenoxyl formaii from different
(1T U0 10 1SS 152

Figure5.22(a) Net forward rates of-[PO]. formation (left yaxis) and
its normalized moles (right-gxis) as a function of time. (b)
Net forward rates of DBHL f or ma taxispamdits | ef t vy
normalized molegright y-axis) as a function of time. In this

figure RL represents any radical. (c) Net f or
formation (left yaxis) and its normalized moles (rightyis)
as @ fUNCLION Of TIME... ... 155

Figure5.23(a) Normalized moles (by individual initial moles) of DPO
and BP in 168 s to 3.6x106 s or 10€etbur timescale. (b)
Net forward rates of DPO generation reactions in the same
time scale. (cNet forward ratesf BP generation reactions
in the same time scale. In these pltte timescale axes are

IN 10garithm SCAlIES..........uiiiiee e eree e 156
Figure5.24The net forward rates of DBAHL f or mat i on® reactions in 10
S t0 3.6x10 s (1000N0oUN) IMESCAIE........ccveeveeeeeeieie e 156

Figure5.25The major degradation routes of Therminol VP1. The thickness
of the arrows is varied to show the mal@minant to less
AOMINANT FEEMON FOULES . ... et et e e e e e e e e e e eamae e e e e e eneannas 158

Figure5.26(a) Moles (normalized) of BP and DPO as functiohtime in
1000 hoursesidence time length at 644 K (solid lines) and
670 K (dotted lines). (dNormalized moles of benzene, phenoxyl,
DBF, and PhOH as functions of tinmre1000 hours residence time

length at 644 K (solid lines) and 670 K (dotted lin€S)...........coevvvvvrvvrieennennnn. 160
Figure5.27 A hypothetical degradation path of orthgdroxy biphenyl that

produces maximum number of freleradicals...........ccoooeeeiiiiiiiiiceee . 163
Figure5.28Radical addition chemistrlyy phenyls to DPO (d) and BP (&) ..................... 165
Figure5.29b-scission of Gp2Cspzbond in BRH L. 166

Figure5.30Radical additonind PL can form a precursor of biph
whi ch ¢ an -griesion dnemestuy gotproide either
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biphenylene and hydgen radical or a radical with phenylene group
and a cyclic, unsaturated aliphatic chain.................oooocicc 167

Figure6.1 Totalion chromatogram of-alkane calibration mixture after 0.5
pl injection. Small peaks of €to Gz n-alkanesalong, strong
peak of rhexane solvent, and peak tails of bleedmpounds fsm
the stationary phases of the columns (at the high temperature region
or right side of the chromatograme observedrhe Csz peak is not
labeled. The saxis is the retention time of primary colunfRT. 1),
y-axis is the retention time in secary column (R.T. 2)Blue
background represents low intensities/signaihd red represents high
INEENSITIES/SIGNE. ...ttt e e e e e 175

Figure6.2 The total ion chromatogram ofalkane calibration mixture
after 5 UNJECHION. ........viei i ee e e e 176

Figure6.3 Chromatogram obtaineafter 5 pl injection of diluted, fresh Chem
Therm 550. The diluted solution is prepared after making a solution
of fresh Chem Therm 550 in a HPLC grade, 99.9% purg0GH
The concentration is ca. 1 jof fresh Chem Therm 550 in 1 ml of
(O 1 O TSP PPPRR 177

Figure6.4 Chromatogram obtained after 5 pl injection of a diluted, degraded
Chem Therm 550 sample. The sample was de:
with other sample peaks at a sleaprimary retention time,gaks of
isobutanes were identified in this chromatogram. The diluted solution
is prepared after making a solution of fresh Chem Therm 550 in a
HPLC grade, 99.9% pure GEl,. The concentration is ca. 1 pg of
fresh Chem Therm 550 in 1 ml of @Bla. ..., 178

Figure6.5 (@) Positions of various peaks in fresh Chem Therm 550 sample
(red dots) compared withe€C33 n-alkane peaks (black dots).
Only the peaks that appear betwelka ithexane and £ n-alkanes
are comparedsolvent peaks and dimethyl siloxapeaks are
removed. (bPositions of peaks in degraded Chem Therm 550 at
550 are al so c onepsdionedd pedkginttey dot s) . ( c)
degraded Chem Therm 550 at600ar e al so comp.a.r.edl7qQ vi ol et

Figure6.6 Contour plots of differentg@aks observed in (a) fresh Chem Therm
550 (b) degraded Chem Therm at 550 , and
Ther m aNorn&alxdd peak areas (in uC/ml)timerun are
used for the diameter ofteanslucenblue circle centexdata
PEAK'SEIENTION tIME......cciiiiii e errer e e e e e e e eaaaans 180

Figure6.7 Various compounds are identified from the Kovats index values of
the peaks identified in fresh/degied Chem Therm sampldhe
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NIST retention index library for branched alkaiessed for the

identification. The peak area per pl©hem Therm vs. the Kovats

index are plotted. The red dots are for the fresh Chem Therm 550
andthegreydotsafeor t he degraded Chem.ThBtr m 550

Figure6.8 The concentrations ofalkanes in fresh Chem Therm 550 (red

dots and |l ines), degraded samples at 550
and at 600 (violet dots and Il ines). Var |
measuremestare between +40% of the reported value.................ovvvvieeee.. 183

Figure6.9 The signals from infrared spectroscopy are plotted against the
wave numbers (cH for fresh Chem Therm (red line), degraded

Chem Therm at 500 (grey line), and degr

at 6 Odletlind).(a)iFTIR signals for the whole range of

wavenumbes. (b) FTIR signals for 15600700 cmt. ......c...ccveeeeiveeecveeseeeeeenes 185
Figure6.10(a) Conversion of &utyl octadecane in a constartilume

batch reactor at 710 as a function of r

Yields of varous light gases as functisof residence time.

(c) Yields of heavier species as funcsart residence time..............cccccceeeenn 189

Figure6.11Yields of different radicals as functisof the logarithm
Of FESIHENCE TIME. ..t e e e e e e e e e 189

Figure6.12The structure of ®utyl octalecane. Rtertiary carbon is
connected to 4C, 7C and 10C chains. TypeQ Bonds
are weakestandType Il G-C bonds are also weak..........cccceeeeeeeeeeieeecicieeennnn. 190

Figure6.13Six major degradation patle$ 8-butyl octadecane from the
dissociation of type | € bonds and typB C-C boNdS...........ceevvviiiiiiiiiiieaneen. 191

Figure7.1 A hypothetical structure of glucuronoxylan. The backbone
h a sD-xflopyranosyl units (black color) connected to one
another via 1,4 glycosidic bod s-D-glusuronopyranosyl
units (blue color) are connected to the lmmie via 1,2
glycoside bonds. Various methoxy and acetyl substitutions
are shown in red color. A mineral ion, Na+ (bold) can either
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a salt form with the glucuronic acid. Water molesuleolet)
can also stay inside the network forming hydrogen bonds with

various ether and hydroXyl QroUPS............uuuiieeiiiiiiiceiiie e e eeevemmeeees 195
Figure7.2 Thermal lag as a function of heating rate.............ccccooeviiieeen i, 198
Figure7.3(a) Xylan dust before screening, (b) Xylan flakes after drying...................... 200
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Figure7.4(a) The conversion of dried xylan dust (for 24 hours) as a
function of true sample temperature at
are performed and average values are reported. (b) DTG
curve as a function of true sample temperature. (c) DSC
curves as functionof true sample temperature. The black
line is measured after putting a 3.01 mg sapphire in the TGA
sample pan. The red line or the exotherm is measured using

2.07 mg xylan dust in the sample pan...........cccccoiiiieem e 202
Figure7.5Conversion of various drieahd undrid xylan dust as functions

of true sample tEMPEratULe...........ccovviiiiiiiieeee e 204
Figure7.6 The DTG curves of the dried xylan dusts at different heating rates.............. 205

Figure7.7 (a) The conversion of the solid xylan dust as a function of true
sample temperature afffidirent heating rates. (b) DTG curves
as a function of true sample temperature. (c) The overall
activation energy (black squares) and prefactors (red squares)
from Coats and Redfern model as a function of solid mass
FraCtion OF XYIAN........uuiiiiiiiiiiiiii e 206

Figure78( a) The peaks of the DTG curves from t
dried xylan dusaredeconvoluted with the distributed activation
energy model. (b) After the deconvolution, the parallel reaction
paths are integratédto massloss curveto compare with
EXPEINMENTAl AALA........ueiiiiiiiiiiii i 208

Figure7.9 The predicted char yield is compared with that obtained from flash
pyrolysis of dried xylan dust with 95% confidence bands. Top left
pl ot is form 250 , topleftplogsht pl ot i s f
for 3HXdbottomrignt pl ot i.s..f.o.r...4.00.. ... 209

Figure7.10The massgoss curves from the flash pyrolysissdeconvoluted
using 1st (blue line), 2nd (red line) and peai (black) degradation
kinetics of the DTG curve®yrolysisaf a) 250 , (b) 300 ,
©350 , and..(.0). b 0.0 210

Figure7.11The massoss curves obtained from the isothermal runs of TGA/
DSC curves are compared with that obtained from distributed
activation energy modelitth 95% confidence bands. The blue
dashed line is the maksss cuve from experiment, the black
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(a) 20300 (band..(.c)...4.0.0 e, 212

Figure7.12Water solubility experiments of unreadtxylan and xylan char
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with various final temperatures. The chars are generated by using

a 20 /min ramp to the final temperature.
char, a black, wateinsoluble fraction is observed to settle at the

bottom of the ampoule.e meniscus of the watappears to

havea dark or black colgibut it is an optical effect........ccccoeeeeiiiiiiiiiieeeennnnn. 213

Figure7.13Comparing TGA onversion of xylan dusind flakeswith influence
of drying time and salt/base additioiia) 1-d drieddust(red), xd
driedflakes(black), 3d driedflakes(blue dashed)b) 3-d dried
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flakes+7%NaOAc (red dashedt) 1-d driedflakes(black) and
1-d driedflakes+1.49% NaOH (redjd) 1-d driedflakes (black)
and1-d driedflakes+3.53% N#COs (red) (e) 1-d driedflakes
(black) andl-d driedflakes+3.2% NaCl (reql)f) 1-d driedflakes
(black) andl-d driedflakes+2.05% @(OH (red).........ccccevvvrrrrrriiiiiiieeneeeeeee, 214
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1-d driedflakes(black), 3d driedflakes(blue dashed)b) 3-d
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driedflakes+7%NaOAc (red dashed() 1-d driedflakes(black)
andl1-d driedflakes+1.49% NaOH (red{d) 1-d driedflakes
(black) andl-d driedflakes+3.53% NgCOs (red), (e) 1-d dried
flakes (black) and-d driedflakes+3.2% NaCl (redl)f) 1-d dried
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Figure7.15The Py-GCxGC/ToFMSchromatogram oproducts fromxylan-
dustpyrol ysis at 400 2wi.t.oh. . 1.00...s...h.®16di ng t i

Figure7.16Yields of 28 compounds as functions of isothermal holding time
inthePyr oprobe. The black dots are from 250
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for 400 . 95% err.o.r...har.s..ar.e..r.ep.aklbed.

Figure7.17 Average yields of 28 compounds from xyduast pyrolysis irthe
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Figure7.19VanKrevelen diagram of dried xylan dust and xylan chars
(black points). The blue dotted limea linear fit to the experimental
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data points. Theolidred line represents an approximate estimate
for thewaterinsoluble char fraCtioN...........ccoeiii e, 223
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Figure7.26The sixcenter pericyclic transitiostateto generate C&and water
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is there to make the complex charge free only..........cccceeeeiiiiiecciiiccceeennn. 237

Figure7.29Unimolecular water eliminations irylobiose that lead to the
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FigureA.1 (a) The TIC chromatogram ofalkanes calibrationtandard
from the certificate of analysis of Sigma Aldrich. Product ID
number is 49452). The lot number iERAC0229. A 30 m x
0.25 mm x 0.25 pum df SRB column is used with 1.4 ml/min

flow rate. The front inleod temperature i
of:20. 40 (2 min) to 320 (15 min) at 30
program i s used. FI'D is used 320 , The i

(b) The TIC chromatogram ofalkanes calibration standard from

the certificate of analysis of Sigma Aldrich. Prodizinumberis

49452U. The lot number is LRAC3116. A 30 m x 0.32 mm x 0.32

pmdfSLB1 col umn is used. 40 (2 min) to 30C
temperatur¢ r ogram i s used. MSD is used 220 ,
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FigureA.2 Relative intensities are gdted with the chain lengths of ethoxylated
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FigureA.3 (a) Electron ionization cross sections of various propanol isomers as
functions of electron volt; (b) Ectron ionization cross sections of
various butanol isomers as functions of electron valt................ccceeen. 284
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5b, yaxis is Magnified..........cooiiiii e 284

FigureA.5 (a) Electron ionization cross semts of propanal or
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propionaldehyde and propanone as functions of electron volt;

(b) Electron ionization cross sections of butanal or butyraldehyde,
butanone, and-thethyl propanone as functions of electron volt;

(c) Bectron ionization cross seactis of pentai2-one, pentai3-

one, and 3nethyltbutan2-one as functions of electron volt; (d)
Electron ionization cross sections efmethylpentan2-one, hexan
3-one, hexafR-one, 3,3dimethytbutan2-one, and 3nethylpentan
2-one as functions adlectron volt; and (e) Electron ionization cross
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FigureB.1 A schematic of pica&oulomb signal vs. retention time behavior
in a onedimensional GC/MS. In GKGC/MS, the retention time
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FigureB.3 (a) Linear calibrion factors or slopes as a function of logarithm
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FigureB.8 Literature cross section data edlikanes compared with Sigma
Aldrich data and our data for a larger range-aflkanes.............ccccccvvvvviiiiennee. 326

FigureB.9 The GCxGCEIMS chromatogram from GZ40 ralkane
calibration: (a) Contour plot (twdimensional with color for
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FigureB.10 GCxGGEIMS chromatogram for PAH (EPA 8310) calibration
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FigureB.11The setup of the syringe during iNJECLOM...........uuuiriiiiiiiieeeiiiiieeeee e 335

FigureB.12 A simplified schematic of the reflectbime-of-flight mass
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FigureC.2 A flow diagram of how BoseWestmorelandNettriza
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FigureC.3 Distributions of various biases are shown. filgtograms are
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(d) is for Wah, (€) is for W, (f) is for Wen, (Q) is for W p,
(h) isfor Wgp, (i) is for Won, and (j) iS fOr Won.eeeeeeeeeeeeeeeeeeiiiiiieciiee e 347

FigureC.5 Distributions of weights of &(Cl) descripor in the £ (a) and
10" (b) hidden neurons in the hidden neuron layers..........cccceveeveeeevennee 348

FigureC.6 The weight distribution in blue color is for Br des¢oipand
the weight distribution in brown color is for F descriptor.............ccccceeeeeeeen. 350

XXXil

progr



FigureC.7 (a) and (b) are the parity plots with the experimental electron
ionization cross section and predicted electron ionization
cross section from the neural net using gsoand aims
descriptors. The error bars in the predicted values in plot (a)
i's cal cul at e deststatistinsgvhetetsdfod @oh(b)6 s t
thesestatistisis NOt APPHEd..........oovv e 363

FigureE.1The chromatogram after 5 pL injection of fresh Themi®55
in polar column COmMBINALION. .........uuiiiiii e eeeeeee e 502

FigureE.2 The magnified view of the boxed region in the chromatogram

Of FIQUIBE.L. ...ttt ee e e e e e e e s eeene e 503
FigureE.3 The chromatogram after 5 L injection of degraded Therr@inol

55 in polar column combination...............eeiiiiiiiiecceicee e eeeer 503
FigureE.4 The magnified view of slice 1 of the chromatogrankigureE 3. ..................... 503
FigureE.5 The magnified view of slice 2 of the chromatogram in figa&........................ 504
FigureE.6 The magnified view of slice 3 of the chromatogrankigureE.3. ...................... 504

FigureE.7Branched alil benzene such as 2 phenyl tridecane has weak
tertiary GC bonds (marked by curved lines). They are likely to
break at first during degradation...................ovvuiiiccciiieeeei e 505

FigureE.8 The chromatogram after injecting 5 ul of melted and fresh biphenyl
in the absence of ligd N2. The GC x GC/ToFMS detects an
impurity. A list of its identity is provided in the table................ccccvvieee 506

FigureE.9 The chromatogram after injecting 0.5 ul of degradbiphenyl.
The GC x GC/ToFMS detects benzene peak and an impurity.
A list of its identty is provided in the table..............cccovvie 506

FigureE.10 The chromatogram after 5 pl injection of 1 mg/ml £
solution of fresh @erphenyl. The solvent peak is paratte|
x-axis and the peak ofterphenyl is parallel to-gxis. Due to
higher background nse, multiple unidentified pealese detected
At the DASE [EVEL......coiiee e 507

FigureE.11 The chromatogram after 5 pl injection of 10 mg/mlCH
solution of degraded-terphenyl. The solvent peak is parallel
to x-axis and the peak ofterphenyl is paralldio y-axis. Benzene,
biphenyl, quaterphenyl and triphenylene peaks are also detected
atthe end Of the TUNS........ooo s 507

XXXili



FigureE.12 The chromatogram after 5 pl injection of 1 mg/ml £
solution of fresh rterphenyl. The solvent peak is parallel to
x-axis and the peak ofterphenyl is parallel to-gxis. Due to
higher background noise, multiple unidentified peaks re detected
At the DASE [EVEL.....eeeeieieee e s 509

FigureE.13 The chromatogram after 5 pl injection of 1 mg/ml £Ci} solution
of degraded nterpheryl. The solvent peak isarallel to xaxis and
the peak of gerphenyl is parallel to-pxis. Due to very similar
mass spectra, long peak tails otenphenylaresometimes identified
as pterphenyl Also, a benzene peak is also detected at theikdt
over the smearesblvent peak (not mentioned in this chromatogram,.......... 509

FigureE.14 The chromatogram after 5 pl injection of 1 mg/ml £CH$ solution
of fresh pterphenyl. The solvent peak is parallel taxs and the
peak of pterphenyl is pallel to y-axis. Due to higher background
noise, multiple unidentified peaks re detected at the base.level................. 510

FigureE.15 The chromatogram after 5 pl imgon of 1 mg/ml CHCI; solution
of degraded {terphenyl. The solvent peak is parallel taxs and
the smeared peak oftprphenyl is parallel to-gxis. Due to higher
background noise, multiple unidentified peaks detected at the
base level. ie smearing and long peak tails in thaxys indicate
that the modulator ran out of liquickMefore the gerphenyl peak
(o70] 1 0 TCTS 3 01U | PP P PP SUPPPRIN 510

FigureE.16 A few important reactions detected in the core reaction mechanism
of RMG from bicyclohexyl degradation.................ooooiiiiimne e 512

FigureF.1 A snapshot of CDS Pyroprobe 5200 Model. The staggered rotor is
directed tOVAIAS GC..........ovviiiiiiiie e eeee e e e e e e e e e 513

FigureF.2 Snapshots of bubbler with pump oil and Pyroprobe rod with new
PlAtINUIM COIlL . 514

FigureF.3 Snapshatof rotor, stator and prwad assembly of the standard
(0] (0] SRR PP PR PSPPPPPPN 518

FigureF.4 Flow diagram of various gases in standardmratieen pyrolysis
operaton iS taking PlaCe. ... 519

FigureF.5Flow diagram of various gases in standard rotor when pyrolysis
operation is NOt taking PlaCE........covvviiii i 520

FigureF.6(a) It is a clearup run after a calibration run of furfural.-{f)
is the chromatogram of 0.3 mg xylosgy r ol ysi s at 350eC.

XXXV

The



pyrolysis operation was 1 minute, but the solid residue was kept
inside the reactor for the time span of gas analysis (74 minutes)
to see the effect of slow roasting;Zpis the clearup run after
b-1 at 19 0 e Gidue is teraovesl befforeighrur, @3)

isthesecondcleamp run at all te3nperatures
thethirdclearu p r un a-4)is 28 forth Cleap rin at
340e¢e C -Rinthe fifthicleanuprunad 4 0.€.C.....oooerrrrrriiiiiiieeee e 524

FigureF.7 The topchromatogram is the chromatogram of 0.5 mg xylose

pyrolysis at 350eC. The pyrolysis operat|

it was kept in the Pyroprobe rod for another 60 seconds and
after that it was removed. The middle one is theriatogram

ofthe F'cleanp run at 350 eC for 20 minutes

FigureF.8 The top one is the chromatogram of a 10 ml methanolic calibration
mixture of 3 mg levoglucosan, 2 mtygidol, 2 mg of
cyclohexanon, 1 mg of methoxpropytacetate and 2 mg of
betahydroxy-gammabutyrolactone. 5 ul is injected with a 1:50
split ratio. The front inlet temperature is 230°C. The bottom one
is the chromatogram of the cleap run perfomed just after the
injectionof the calibration mixture. The split ratio is 1:200. The
front inlet temperature IS 300°C.... ... iiiii e 525

FigureG.1The chromatogram after the gas analysis-@h&nnose at 300°C for
60s holding time in pyroprobe (top). Extremely polar Stabilwax DA
column isused in primary oven. Slightly polar Rxi 5sil MS coloumn
is used in the secondary oven. A black dashed line is added in the
chromatogram to qualitatively show how the temperature is changing
in the primary oven. The plot at the bottom is the tempeggrograms
of different oven used in GC x GC with 5°Gfmramps. A point to note
t hat 0 G Qhelegerdroféhisiplat is the primary oven of the GC
X GC. The spike of the water peak appears between 51°C to 52°C of
primary oven (Around 51.4YC ... 531

FigureG.2 The chromatogram after the gas analp$§i®-mannose at 300C for 60s
holding time in pyroprobe (top). Extremely polar Stabilwax DA column
is used in primary oven. Midpolar polar Rxi 17sil MS coloumn is used
in the secondary oven. Black dashed line is added in the chromatogram
to qualitdaively show how the temperature is changing in the primary
oven. The plot at the bottom is the temperature programs of different oven
used in GC x GC with 3°C/min ramps. The spike of the wagak appears
betweerb1°C to 52°C of primary oven (around 51.9°C). It indicates

that desorposition temperaturesintfelo | umn di dndét change

5°C/MiN to 3°C/MIN FaMP FALB.. ... eeeieiiii e e e nmme e 532

XXXV

and
oneisthesecondcleanp r un at 350..eC..f.0.r..2.054mi nut es

f

r

(0]



FigureG.3The chromatogram after the gas analysis -@eh&hnoset 300°C
for 60s holding time in pyroprobe (top). Midpolar Rtx 200 column
is used in primary oven. Midpolar polar Rxi 17sil MS coloumn is
used in the secondary oven. A black dashed line isdaddée
chromatogram to qualitatively show how the temgture is changing
in the primary oven. The plot at the bottom is the temperature programs
of different oven used in GC x GC with 5°C/min ramps.............ccceevvvvvvienn. 534

FigureG.4 The chromatogram after the gas analysis -@h&hnose at 300°C
for 60s holding time ipyroprobe (top). Midpolar Rtx 200 column
is used in primary oven. Extremely polar Stabilwax coloumn is
used in the secondary oven. A black dashed line (for prioaey)
and red dashed line (for secondary oven) is added in the chromatogram
to qualtatively show how the temperature is changing in the primary
oven. The plot at the bottom is the temperature programs of different
oven used in GC x GC with 5°C/min ramps...........oooooiiiimiimmmnseiiiee 536

FigureG.5The chromatogram after the gas analysis-oh&nhnose at 300°C
for 60s holding time in pyroprobe (top). Extremely polar Haadx
DA column is used in primary oven. Midpolar polar Rxi 17sil MS
coloumn is used in the secondary oven. A black dashed line is added
in the chromatogram to qualitatively show how tperature is
changing in the primary oven. The plot at tletdm is the temperature
programs of different oven used in GC x GC. In this experiment,
a complicated temperature program is used. The temperature programs
consist of multiple plateauseaused instead of two plateaues conncted

by a single ramp. Aramps are 5°C/Min ramPu.....ccccoeeeeeeeeeeeiiiiieeeieeeeeee e 537
FigureH.1 Chromatogramof X y | ose pyr ol y s-disxenat 300 . No 1, 4
peaks are Identified.............uueiiiiiiiii e .539
FigureH2Chr omat ogram of xyl| ob-Uiaxene pyr ol ysis at 3C
peaks are identified.........ccooeeeiiiiiiiieeee s .540
FigureH3Chr omat ogram of xyl ose oligosaccharide py
1,4-dioxene peaks are identified.............oooveiiiiiiiicc e 540

FigureH.4 Chromatogram of xyladust oligosaccharide pyroy si s at 300 .
1,4-dioxene peaks are identified............ccoooeviiiiiiiccciiii e, 541

FigureH.5 Mass spectra of experimental peaks ofdigkene peaks
identified iN diffEerent TUNS.........ooiiiiieeee e 541

FigureH.6 Different transition states calculated from the ring closing of
linear moleculeshat might lead to the formation of dioxane ring................. 542

XXXVI



FigureH.7 Average yields (%g/qg) of glycolaldehyde (a), furfural (b),
and CO2 (c) fromvariousstarig compounds at 250 (bl ue)
and 300... A = o 1 SRR 543

XXXVil



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 polgethyproduction to medicine
manufacturing, it playakey role. Smply put, chemical kinetics involveke rate and products of

a reaction or multiple reactions where one or more compounds are converted. The amounts of
these compoundandtheir rate of chagesmay depend on temperature, pressure, time, and the

reactor seup.

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 puttipgurals

(or reactants) inside a reactor, fixing the environmetécsing 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 spede to perform gas analysiwith gas
chromatography followed by lextrontionization masspectrometry(GC-EIMS). From ths
information, one can obtain the detailed or lumped degradation behavior. On the other hand,
various types of modielg can be performd to explore reaction kinetics, such as quantum
chemistry calculgon of the transition states (in Gaussian) followed by rate calculations (in
Chemrate or Arkane), reactive molecular dynamics (in LAMMPS), or calculatansate entire
chemical mechanmssin Reaction Mechanism Generator. Finallgt@ngconfirmationabout the
reaction kinetics can be obtained if the experimental rates of reactions and amounts of species
match with the predictions from modelingach of the following sections descrikeesheme of

this dissertation.

1.2. Addressing imitations of GCxGC/EIM S measurements:

Measurements of formed species in-diraensionabas chromatographyr two-dimensionabjas
chromatographyfollowed by electrorionization masspectrometry (GEIMS or GCxQC-
EIMS) are very common in analytical chemistry laboratories. Whgoing through the gas

chromatography columns, various compounds in the gas mixture have different adsorption



desorption behaviors on the polymer coating on the inner walls of these coltmatdifference
changes the retention time of a compound ingidse columns. After coming out from the column,
a compound travels to mass spectrometer where-drighgy electrons are used to ionize the
compound. After ionization, positive ions are ected at the detectowhich yieldsa histogram

of the counts offtese ions. It is known dse mass speatim of the compound. Thikistogramis
crossreferenced with the mass spectra in a libtsiyganalysis software to identify the species.
The quanfication is performed bgbtairing a pure species, preparing acalibration standard,
injecting it to the GEEIMS or GCxGCEIMS, and finally obtaining thelution time andamount

to-signalcalibraion 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 argrydro
dianhydrexylose sugars formed after the biomass pyrolysis, varioasrghenyl structuresand
4-methyl hexacosane formed during the pyrolysis of-tre@ausfer fluids o mineral oils. Thus, a

predictive technique is required.

1.2.2. Difficulty in identification:

Another major limitation is the identification of compounds. tdecation of various large-alkyl
compoundss 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 moleculdons 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 anotheru§hthemass spectra are very similar.

Thus another technique is necessary for the identifications of these compounds. Kovats retention
index provides a good identification ofatkyl compounds. However, the dataset in the NIS
retention index library is also limited to around 5,500 hydroaasblthus, a predictive technique

is also necessary.
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Figure 1.1: Electromonization masspectra of rfhexadecane in NIST17 mass spectral library.
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Figure 1.2: Electromonization masspectra of roctadecane in NIST17 mass spectral library.

1.2.3. Difficul ty in retention time measurement:

Measuring a single retention timeline in tdomensional gas chromatography is complicated. The
comprehensive twdimensional gas chromatograph corsiéta long primary column and a short
secondary column connected in seria cryefocuser is used at the junction where a colddil

is applied for a fractiomf a second to freeze the cut coming out from the primary colama
immediately after thahot N jet is used to evaporate the frozen cut instantly to mimic aunlgap
injection in the secondary column. Thabaracterizing aingle retention timeline of a compound

is complex and exploration is needed.



1.3. Pyrolysis ofhigh-temperature heat transfer fluids:

Therminol ® VR1 and Dowtherf A heat transfer fluids congisf a eutectic mixture of 73.5

wt. % diphenyl ether (DPO, 1;tkydibenzene) and 26.5 wt. % biphenyl (BPhey arewidely

usedfor high-temperature hedtansfer, including parabolitough solar power plants to transfer

heat from the solar collector the power cycle$.Using such aheat transfer fluid is popular in

solar technology because itiscest f ect i v e; has a | ow melting po
when the solar plant is not in operation; and is thegmallst abl e at hi gh tempe
400 ) c o mp ar ebdsedtoo hydpogenaed fpaiyrenytbased heat transfer fluids.

However, despite being formed with thermally stable compounds, ThermingP® and
Dowthern™ A degrade over time. Due to thegiadation the flow and heat transfer behaviors

change overand pressure builds up in the line. Tdegradation mechanisms of these fluids are

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

1.4. Pyrolysis of mineral oil:

Mineral oil isafractionobtained aftethe distillation of crude oil. It boils approxately between

270 and4 8 5 at 1 at m. | 18-Casg-alkares/l@dndhegd alkaoas/tyaliames C
with some O/N/S impuritiedlt is used adpase oil for various mal-working fluids, heat transfer
fluids,and hydraulic fluid. The number of compounds in the mineral mlsuge. Characterizing
them using experimental tools suchG(S-MS often turns out to be very difficult. It is because the
n-alkanes, branched alkas and cycloalkanes are major constituent molecules of rhimiera
During the electron ionization, they form unstable molecular ions., Aigoexact composition of
the mineral oil is never understood clearly. Other than thag thkssare not very dtée thermally.

That is why the identities of the major spedie$wo commercial paraffinic mineral oils (Chem
Therm 550 and Paratherm HE) are investigated. The kinetic modeling using a model large,
branched alkane {Butyl-octandecae) is performed to umdstand the degradation process

qualitatively.



1.5. Pyrolysis of xylan:

Lignocellulosic biomass is a promising source of renewable energy. It has a complex chemical
structure! There are three major componer@silulose, hemicellulose, and lignin. The amounts

of these components vary from plant to plant. In general, heolasd| is branched ansltheleast
thermally stable component among théimepresents 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 sush R&-xylose, L-arabinog, L-fucose, Dglucose, Bmannose, and
D-galactoseHexuronic acids such as-@ucuronic acid can also stay sisle unit.> These uni
stay in both of t heielulodé¢ copalythersha glycosidiokageforms t h e
betweerany carbons in thisvo rings. The number of glycosidic bonds per monomeric unit is often
more than twoThat is why hemicelldlse is branched, \aie, and porous. Beechwood xylands
glucuronexylan cop ol y mer . I n t-Diylepyranasyl onitscomeected by 1:4
glycosidic bond, form the backbonea n d o 1JD-flucuronopyranosyl unitgonnected by 1,2

or 1,3glycosidicbonds to the backbondgorm the sidegroups Also, mineral ions and moiste

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 (solidue$; tar ljquid obtaned

after quenching the volatiles), and ga&e®,, CO, CH, and H).> The amounts or yields of these
fractionchange at different teperatures. Torrefaction of xylan is mainlyacacterized byigher
yield of chars/tars anaWwer yields of gaseous specitsan its pyrolysis at higher temperatfire.
However, as the xylan is the least thermally stable polymer, it degrades more at the torrefaction
temperature rangeThe degradation ofkylan is mainly attributed to the GQormation from
glucuronic acid, but how it is formed is not cléaknother feature of the Xgn pyrolysis that
separates it from the pysaiis of other sugar polymers is that it shows an exothermic degradation.
The reasonsehind the exothermic behavior aaéso not clear from previous studied.o
understandk y | dumpesl and detailed degradation kinetif&SA/DSC andflash pyrolysis
GCxGC/EIMS experiments are performenl lmeechwood xylan dust, xylachars, mineral ion

impregnated xylan, Bylose, xylobiose, xylose oligosaccharides andlxuronicacid Finally,



three exothermic routes are proposed, and quanhemcal transitionstate calculations are

performed.



CHAPTER 2: PREDICTING TOTAL ELECT RON-IONIZATION CROSS
SECTIONS AND GC-MS CALIBR ATION FACTORS USING MACHINE
LEARNING

2.1. Introduction :

Electronionization mass spectrometry (EIS) is widely used to identify and quantify organic
and inorganic compounds. It uses h@tergy electrons (70 t@5 eV) to ionize and fragment
molecules into positive ions, negative ions, and neutrals. Indfrflight mass spectrometry, a
positive pulse of voltage propels positive ions through a flight tube, where ions with low mass
travel faster than the heavieons (their mass resolution may be improved with an electrostatic
reflectron). All these ions are @eted at the end of the flight tube, assigned masses by their arrival

times, and counted to generate a mass speétrum

Electron ionizations generally applied tmixturesafterindividualcompounds have been resolved
using gas or liquid chromatographydeally introducing pure componestinto the mass
spectrometer. Analysis software typically reports similarity ofetkgerimentakpeciesragment
spectrum relativéo the mass spectra of species in the mass spectral library. Theajicemaf an
identified spes is performed by using a linearity relationship (Eq. of total positiveion

current’O with the number density of the vaporized/gasesspecies:

‘0 0 QIO (2.1a)

where Q; is thetotal ionization crosssection a function of ionizingelectron energyd is the
ionizing path lengthandOis the ionizingelectroncurrent? At 70-75 eV, thetotal positiveion
currentO is typically composed of a molecular ion and many fragment ions of smaller molecular
weight.The ionizing path length and the volumelwé ionization chamber are instrumepiecific.

Any mass discrimination due to imollection efficiency ando scattering in the high MS vacuum

is normally and reasonably treated as negligiblais, the ratio ofignalsSO¥O of species and

a reference compound, each measungte same experimental GC/MS rata fixed eVand the
same iorzing volume within a given instrumerstyouldin principlebe independent of instrument

type and experimental conditians



20
_ — 2.1b
i@ 9 [ oR) ( )

and should be proportional to species concentrafi@nghrough the ratio of their total EIl cross

sections
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(2.1c)

Using a reference compound with a wedtablished El cross section and an analyte mixture of
known composition, the resulting absolute cross section for specés be crosshecked for
interlaboratory reprodubility. As a result, EI cross sections afany species have been

measured:3*

Predicing total EI crosssections of speciesccurately wouldid quantitationQuantitation of an
identified speciess difficult if its calibration standard is not commaeaty available orif it is
difficult to synthesize. An example is anhyekxglopyranose, generated during hemicellulose
pyrolysis. Other compounds can be purchased or synthesizeddmat to their instability in
calibration solution, theglissociatéeforereaching the mass spectrometer. Variowgassexhibit

this behaviorsuch as Bxylose and Bglucosein methanol solution

In the past, total El cross sections have been correlatedHeDED-N-S-F-CI-Br-I compounds
(Appendix A)in terms of various desptors, including number of carbons, nen of bonds,
molar volume, polarizability volume, and dynamic susceptibifitfhe correlations of Fitch and

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

¢ p a0 T O pp M THPPO ocBOY a LP Wd i
PHCO p& T TWGO o Y (2.2)
T oo pETONH Ui N PO pR @b i

@ cU i ™ TO od0a TPMiI ¢PppO ™OLVO T MO 18 MY
(2.3)

where Element indicates the number of atoms of that element in a molecule. Fitch and Sauter
regressed these coefficients from four interlaboratory El «sestson datasets of 179 compdsn

encompassing -alkanes, ralkenes, ralkynes, cycloalkane/alkenes, -phenytalkanes,

8



halocarbons, linear aldehydes, linear ketones, nitrogen compounds, four deuterated compounds,
and two sulfur compounds. The correlations are easy to implement fol amgsk spectrometer

if species identity and the calibration response-béxaneare 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 isomerthhie same atom hybridizations, and not considering

hybridizations of N and S @uo the limitations of the datasets.

A more fundamental approach has been to develop classical andassigal expressions of total
ionization cross section as function§ molecular vertical ionization energy, eV of incident
electrons, and other phgal quantities®3! Quantum theory has been also explored for this
purpose, including the BinafgncounterBethe modef? The benefit of such approaches is to
provide crossections 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 networkNNy is used to construct a QSPR model
(quanttative structureproperty relationship) that can hesed to predict EI cross sections of
organic molecules. To train it, the largest relative El esesdion database to date was developed,

with 396 compounds containing C, H, O, N, S, F, Cl, Br, I, anth€@uding new measurements

for 92 species. SMILESrolnChl atom and group additivitbased expressions are used as
molecular descriptor® This advance creates improved prediction capability relative to previous
correlations, including the ability toftkerentiate isomers with same atom hybridizatiorghsas

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 GAFBr GCxGC/EIMS (70 or

75 eV) cdibration factors for compounds that are detectdhlé 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 GGXBEMS (Regasus 4D, Leco). The 53
different standards (Tab#1) were obtained from Sigma Aldrich except for acetone, and DI water
(Fisher Scientific).



Two-dimensional gas chromatography provides improved separation of compounds compared to
conventional on@limersional gas chromatography, aided by the fast rapsstrum acquisition

rate of timeof-flight mass spectrometry. At the junction of the two columns, a cold Hajtidgen

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

short period (0.3 to 2 s). A comadively 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 tempeeapwogram for the primargolumn 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. Thanodulator oven is kept 5°C hotter than the secondaen during the run period.

For most of the hydrocarbons, the columns usec¢
lms primary column ( Restek) -BSiMS secorlany damn0. 15 mm
(Restek). For €H-O compounds, a 30m x -200, 2nEpolarprimary x 0. 2
column (Restek) and a 2m x 0. 15 msacohdaxrycolunth. 15 ¢

were usedThe experimental calibration information in provided in Apperlix

For the calibration, mixtures were prepared and injected with 1:50 splif catipure 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 operate2B30°C ion source temperature, 70 eV electron energy, 100
Hz spectrum acquisitiorate, and 700 V detector voltage. ChromaToF software (Leco) was used
in concert with the NIST/EPA/NIH Mass Spectral Library (Data Version: NIST v08) for the
identificationof species and to calculate the peak areas at the average noise level. Thenminimu

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

The standard reference compound for the relative cross sectichexame. It is calibrated over
awiderange of amounts (1t o 0 . af). Atthe towest concentration, backgroundseciends

to add to the peak area, and at a very high concentration, detector saturation tends to lower the
peak area. However, thehexane calibration was measured overrg wede range (discussed in

AppendixB), so calculating reliable relative crosstens for other compounds is straightforward.
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Table2.1: Compounds used for new measurements.

Acetaldehyde, 40% ag. 1-Docosene 1-Methyl-2-Propytacetate

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

Acetoin Ethyl acetate 16-PAH standard in 1:1
Benzene:El.Cl> (EPA 8310)

Acetol Formaldehyde, 37% ag. 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, 5hydroxymethyl Phenyl tridecane

2,3-Butandione Furfural, 5Methyl Phenyl undecane

tert-Butanol Furoic acid o-Terphenyl

2-Butanone Glyceraldehyde m-Terphenyl

C7-Cyo 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

* C7to Csz aredetectable with the present GCxGC columns and conditiotie G-Cao n-alkane
calibration mixture (Product ID 49483, Lot number LRAC3116)

n-Octane and anthracene were used as internal calibsindardsluring 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 crosssections vs. fmexane were calculated. All PAHs and thalkane standard

compounds up to-@33Hsswere detected.

For the calibration, mixturesiere prepared and injecteslith 1:50 split ratio or pure liquid
compoundswereinjected directlywith highersplit 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 thereflectrontime-of-flight massspectrometecomponents and operation is
provided in the Appendix B. The m/z range for the nemstrometer is from 5 to 1000. Thus, the
total ion current measuring capability is limited to the mpositive ions weighting from 5 to
1000; H, H,", or He' ions are not detected. The mass spectrometer is operated atrhOwith
helium as the main backagund gas (the GC carrier gas). The mass spectrometer was op¢rated
230°C ion source temperature, 70 eV electron energy, 1@péttrumacquisition rate and 700

V detector voltagéAppendix B).

During calibration experiments, various amounts of aispete 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 arean pC is the GC-MS responseanalyzed by the instrument software
(ChromaToF, Leco)t is obtainedby integrating theletected current signaver the time interval

where the peak appearddhe linear calibration facto() of a compound is theeak area per mole

of that compound. Thud,the peak widths adinalytei and reference compound are the same, then
Equation 2.1c can be simplified:as

— — (2.4)

where the ratio of the calibration factossseame as the cressction ratio.

To avoid unwanted fluctuations duringeasurements, 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 $ates 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 tenspam@ture

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 havasbkdepreviously in

chemistry to correlate and predict temperatlgpernlent properties such as densities, viscosities,

the heat of vaporization, boiling poi*#tns, and
the present study, ANN is appli¢al 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 proaidesiproved

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

regression is adequate.

An artificial neural network generally consists aflltiple artificial neurons or perceptrons and has
layerwise architecturé®lt 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 efiean activation

function, such as sigmoid, legigmoid, and linear functions.

For the current model, a feedforwesge neural network (FRN) is used with 10 sigmoid
perceptrong the hidden layer and one linear perceptron at the output layer, edesirng Neural

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

in Figure2.1. This ANN was also tested with 5 and 20 hidden perceptronkidigr mean square

error values are observed compared to ANN with telddn neurons. One major limitation of
various ANN models can be the owmeaiining of data. To avoid that, the ANN model is trained

until a minimum mean squared error for a validatiokxdataset or a minimum gradient is reached.
Bayesian regularization alshelps to avoid overaining 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 functionad ensures a good generalization qudfity.

Figure 2.1 Architectureof 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

13



factors foreach descriptor input and with fitting biases; the output node withthtiggfactors for

the inputs (hiddemode outputs) and with fitting biases; and the es@sgion output.

ANN models with a backpropagation learning scheme are universal functiooxepgiors

because they can perform multiple logical operations, trainatiiea wide range of datasets. For
training of the present ANN, the MATLAB dtrai
Bayesian regularization scheme and Laveniddagquardt backpropagation scheme. The
LavenbergMarquardt backpropagation schemé @n e (Atrainl mo) and S
backpropagation scheme (fAtrianscgo) were also

observed from those ANN models.

The total datases partitioned 95:1:4 into three subsets: One for training the neuranmaher

for "validating" the model after training, checking for errors that would requirairgng; and the

|l ast for testing the finishedambadesulsr petif e mi
distribute the data randomly among trainingjidating, and testing subsets. These partitions

ensure the generalization of an ANN.

The trainingvalidationtesting operation is performed 500 times to have a better sampling over
the sample space, each timgaadomizing the 95:1:4 split, and average cisesdion predictions
are reportedver the 500 trainings. Rete-run variation in predictions displayednaaximum

deviation variation of less than 2% over the dataset.
The following statistical quantities are calculated to compare the experimental means of relative
cross sections (inpulyiin wherei is an observation among total N=396 data) and predicted cross

sections (outputy’™) from different models:

1. Linear regression coefficient:

B

i ———— (24)

where® -B &) (25)

If the model is perfectly trained, thehshould be unity.

2. Root mean square errc®MSE
Y0 YO -B () (2.6)
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RMSE should be smaller in a wathined model compared to a badly trained model.
3. The slope of the fitted lind;

B
[ (2.7)

B

out

wherey™ and W are the means of all outputs (predicted) and all inputs (experimental data) of

cross sections, respectively. The slope of the outputs and iopatperfectly trained model is
unity.

4. Bias or intercept of the fitted liné;

® -B ) (2.8)
The bias of the inputs and outputs of a perfectly trained model is zero.
5. Maximum relative deviatioMRD over the dataset
0YO & wo—— (2.9)

h

If yi"”‘ = ,in, then MRD becomes zero, while yf’”‘ < <y,‘“ or yf”t > >y,‘”, thenMRD becomes
unity.

Several variatios on the basic FRN were examined. In the full dataset, the dependent variables
are not normally distributed with respect to their mean-8ox transformation to a quasormal
distribution was tested, but an unacceptahbigh RMSE value was observed aftreverse
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
r> and RMSEvalueswere observed. Along with the f#ferward neural net, a cascafieward

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 architetiere of

trained network and informian about the weights and biases are provided in App&hdix
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2.3.Results

The modeldevelopment strategy is to develop a suitable esesfon database, to identify
empirical trends and patterns of how the cross sections change, to use this knowledgie to dec
the type of descriptors, and finally to carry out and test the Q&&tReling.

2.3.1. Standardization of interlaboratory datasets:

The EI cross section database at780eV is prepared with 396 -B-N-O-S-D-F-CI-Br-I
compounds of different classes, consistaighe data from twentgight different laboratories
including our own experimental measuremen83Scaling factors are imparit 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 positiv@n current is proportional to the ionizing path length and

the ionizingelectron current. fese two properties are instrumspecific. That is why if we scale

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

instrumental bias would be same.

Usage of scaling factors are very common. It was used hysblaret af*, when they compared
their measurement with Lampe et’&rypton was a common compound in their datasets. The
measured value of the total electron ionization cross section by Lampensib.18 A. Harrison

et al>* measured the totalegtron ionization cross section to be 4.98 Rhus, Harrison et &f.
multiplied their own data by a scaling factor 1.04 tachahe instrumental bias with Lampe et
al.” It could also be achieved if Harrison efamultiplied the Lampe et dldata wih a scaling
factor 0.96.

The adjustment of various interlaboratory data using scaling factors was also adopted by Fitch and
Sauer’®. They used the data offrexane data of Harrison et?&hs the reference. Thus, the scaling
factor used by them of the Hison et af* data to be 1.00Also, they used the data of Lampe et

al.” with scaling factor of 0.897, that of Alberti et?lith a factor of 1.20, and that of Beran and
Kevarf® with a factor of 0.889.

The treatments of the data of Lampe et al. byrisian et af* and by Fitch and Sauférare
different. Harrison etl&* used a scaling factor of 0.96, while Fitch and Saused a factor of
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0.897. Two different instrumental biases apply to Lampe édata for krypton and-hexane

measurements bagse they were measured with two different instruments.

In general, instrumental bias plays a role during individual lab memasmts. We used the
conventional approach of scaling factors to compensate for the bias among the interlaboratory
datasets. As thgoal of our study is to compare our model performance with that of Fitch and
Sautef’, and they used the data of Harrisomlét as the reference, we also used Harrison #t al.

data as the reference. Standardization of absolute cross sections in this way also leads to a flatter
distribution of cross sections in the-76 eV gap Appendix A).

The population mean for each spmeiis calculated using Studenttest statistics fnm 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
casas, the standard deviation and number of experimesfatitions (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 repetitfofiew compounds

appear in two datasets without stardideviations 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, ren@ing that a 95% confidence band of population
mean $ not physically meaningful. Finally, standardized cross sections may display 1 to 2%
variation due to the mixture of 70 eV and 75 eV dajspendix A).

2.3.2. Measurements and comparison of EICS:

EICS compason from the separate experiments: Our measuremémt®atane, 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-alkane homologous des is studied previously. Lampe et’ aAnd Beran
and Kevart® studied G-Cs n-alkanes, Otvos and Steven$studied G-C7 n-alkanes, Harrison et
al2* studied G-Cio n-alkanes, Alberti et & studied G-Ci3 n-alkanes, Bobeldijk et df. studied
Cs and Cio n-alkanes, Allgood et af studied G-Ci3, Cis, and Gis n-alkanes, and Bartmess and

Georgiadi$? studied G-Ci2 n-alkanes. These data are multiplied by the scaling factors and plotted
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in Figure 2.2. It suggests that, in-Cs n-alkanes, the scaled artaboratory 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 plottel. To obtain the EICS infmation from the certificate of analysis 0f-Caso n-alkane
calibration mixture (Product ID 49482, Lot number LRAC3116), the approximate peak area of
different alkanes is calculated from the reported chromatogram (AppendixXté tihat, all peak
areasare scaled by that ofoctane and multipiedbyact aneds EI CS repgorted
A 30 m x 0.32 mm x 0.32 um df SL:B columnwas usedo achieve the chromatogram reported

in the certificate of analysid. 0 (2 3MOn) ato 10 urerpiogramivas usgde r at
A mass spectromet&ras usedat2 2 0 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 fgin our measurements and aftefs@ the certificate of analysis of

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

specific factors.

90

80

70
Otvos and Stevenson

< 60 -4 Alberti ct al.
8 50 -@-Allgood et al.
= 40 -O-Bartmess and Georgiadis
S -0-Harrison et al.
T 30 -A-Sigma Aldrich Lot 3116
R -@-Our data

10

0
0 5 10 15 20

Number of carbon atoms

Figure 2.2 The scaled EICS of-alkanes reportedni literature, our measurents and the
measurements from the Sigma Aldriclalkane sample are plotted up tg G-alkane.
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In the database the data from the certificate of analysis is not included. In the prepared database,
nortlinearities are observedoim Cz-Css n-alkanes. Fronour measurements, ndinearities in,

1-phenyl undecane, -fihenyl dodecane, -fhenyl tridecane, and-ghenyl tetradecane are
observed. In the measurements of Allgood ét,ahe measurements ofdand Gs n-alkanes, 1

phenyl c&ccane and two large ethdated 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 factdfs® as their EICS are measured preparing or lmasing calibration

mixture of multiple compounds. However, no other references are obtained techexdsthese

measurements.

Table2.2: Comparison of our measurement with literature.

c Our measurements of EICS (&) Scaled EICS (&) previously
ompounds T .
+ two-sigma error reported
24.0 (Harrison et afj
n-Octane 225+1.9 25.6 (Alberti et al3®

29.0 (Bartmess and Georgiadis)
18.1(Otvos and Stevensdh)
15.5 (Harrison et afj
Cyclohexene 18.2+4.9 12.0 (Allgood et alf

16.6 Bartmess and Georgiadib)
18.2 (Bull et al.¥®

15.2 (Lampe et af)

16.9 (Otvos and Stevens6én)
13.4 (Harrison et al’)

13.9 (Alberti et al3®

Benzene 17.5+4.0 12.9 (Leck}*

12.9 (Tur¢ek et al.}®

14.7 (Bobeldijk et aly

17.7 (Bull et al.3®

17.5 (Zhou et al?}
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Table 2.2 (Continued).

10.5 (Otvos and Stevens6én)
Acetone 11.8+4.1 10.2 (Harrison et aPj
10.4 (Allgood et al¥
10.8 (Tur¢ek et al.¥®

Tetrahydrofuran 109+1.0

13.8 (Bull et al 3°
1,4-Dioxane 9.3+45 9.9 (Turéeket al.}®
n-Hexane 20.0 20.0

2.3.3. Evidences of isomerieffect on EICS:

There are multiple experimental measurements from different laboratories apart from our own that
show variations in thEICS of different isomers. Harrison et #Istudied the effeaf isomers in

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

al.2! studies theEICS of various G and G alcohols over a range of electron energies. Bull and
Harland* also studied the effect of isomers in differentethers, and in £Cs aldehydes and
ketones.In these studies, no mass spectrometers were used. Thus, these measurements are not

affected byitansmission loss or detector saturation.

Harrison et al.observed a small decrease of the cross sections in the branch alkaneofsemer
hexane(Appendix A) However, they did not report the standard deviations. Thus, the variation
might fall under the experimental deviations. They observed consistent increments i@ $tod
cycloalkanes compared to thalkene isomers. They also reporsadkecrease iEICS ofthe alkyl
benzenes when multiple hydrogens in the benzene ring is substituted by alkyl(Alpgiesdix

A). Furthermore, a lowarg effect of hydroxyl groups on the cross section compared to ether, a
lowering effect of aldehyde group than that of ket@roup, 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 ‘aMeasurements of Hudson et?akuggests a positional effect of
hydroxyl group in an alkyl chaifAppendix A) If the hydroxyl group is situated at the end of an
alkyl chain, then the cross section will be smaller aB6GV compared to other isomers. In

contradiction to Harrison et 4l.Bull and Harlané' observed a higherass section of €-Cy
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aldehydes compared to their ketone isomers 8BV rangdAppendix A) However, no error

bars are reported in their measurements as Asih, they also observed variations in the cross
sections due to the positional changehaf tarbonyl groups, and due to branched alkyl groups in
the oxygenateslhus, he EICS maychange 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 soffi@obeldijk et al’
measured the EICS of different hydrocarbons and oxygeaattsbserved higher predictions

from atom additivity They highlighted tl following points: one is the orientation of large poly
atomic molecules in the direction of elestrbeam, 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 isomers andarge molecules might be observédso, the transmisen

loss of ions and detector saturation in a mass spectrometer might also hamper tbectimoss

measurement.

2.3.4. Patterns within the Molecular Classes:

Classes and numbers of compounds are reported in 2&hleand the complete database in
Appendix A Population means of the El cross sections are plaigeinsnumber of carbon atoms
compared with the data ofalkanes irFigures2.3-2.6. 95% confidencdandshatare not visible
are small or there are no error béwsly one or two datpointg. These fgures do not contain

those datapoints which might be affected during measurements.

Hydrocarbons: n-Alkanes. The cross sections ofalkanes (€throughCi», Figure 2.3a) display
a linear dependence with carbon numfaerC; to Ci2. However, br the larger ralkane more
precise measurement is needed to confirm the lineandepeeThe number of carbon atoms of
methylene groups also represents theterehd chain lengths ofalkanessocoiling might have

an effect folong alkane chains.

Hydrocarbons: Branched alkanes.The chemical structures of branched alkanes contaie m
than two methyl groups and at least one secondary or tertiary cdrbercrosssections of

branched alkanesre lower thartheir nalkane isomergFigure 2.3b)Becauseritch and Sauter
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correlatiors do not distinguish betwedsomers having atoms tfie same hybridization, thego

notdifferentiate between-alkanes and branched alkanes.

Hydrocarbons: Linear alkenes and talkynes.Unsatura¢d bonds are the distinguishing features
of alkenes andalkynes (Figures2.3c and2.3d), reflected in theisp? and sp hybridizatiors. Cross
sections aréowerin the alkens andalkynesvs.the corresponding-alkanes. IrFigure 2.8c, for
the carbon number = 4, cross sectigasy slightlyfrom n-butaneto the hghest deviation in 1;3
butadieneLinear alpheolefins lower crosssectiors the mostelative to nalkanes, but mre data

points are needed tarify the effecs of branching.

Hydrocarbons: Cyclo-alkanes.Cyclo-alkanegFigure2.369 donot haveany methyl groupsand
they mayhave ringstrain. Higher ring strainmakes the moleculmore reactiven general The
collision crossection of a small cycloalkayeveraged over all the conformatigoasould be lower
than that of an+alkane However, gaeral trends are found in the cresesction difference betvea
c-alkanes and-alkanes More interlaboratory data poingse needed, especially foyclobutene

and cyclooctane

22



Table 2.3: Various classes of compounds.

Number of
Classes
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

Alcohols 13

Ethers 10

Aldehydes 7
Linear/cyclic norhydrocarbons with Ketones 19
O based side groups Esf[ers 23

Acids 3

Anhydride 1

Multiple, different side 20

groups
Linear C, H, S compounds 4
Linear C, H, N, O, F compounds 7
Halocarbons 99
Heterophenyls: phenyl/phenylene compounds with various &; N, 21
based side groups

C, H, N-based compounds 5

Heterocyclics: cyclic| C, H, N, Gbased compounds 4
compounds with O Furan compounds 14
and/or Nintherigs | C, H, O Dioxane compounds 3
(including based Oxiranecompounds 3
DNA/RNA bases) compounds | Others (levoglucosan, 3

paraldehyde, diketene)
Other (diatomics, water, imganic molecules) 15
Total 396
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Figure2.3. Total El cross sections (S, in &) of eight hydrocarbon classes: (a@lkanes, (b)
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Figure 2.6: Total El cross sections {€S, in &) of (a) linear #luoroalkanes, (b) linar 1-
chloroalkanes, (c) -bromoalkanes as circles andiaboalkanes as diamonds, and (d) n
perfluoroalkanes as cies$ and rperchloroalkanes as diamonds. Blue reference lines and squares

are nalkane cross sections.

Hydrocarbons: Alkylbenzenes.In geneal, the cross sectiors alkylbenzenes (Figure 2.3ye
lower than the correspondingatkane values up to:€ Little variation is observed in various
isomers when the alkyl chains are smalk-(fZ0), but this variation is noticeable for larger

compoung (G2).

C-H-O: Alcohol and ethers.Cross sections of linear mosadcohols and ethefgigures2.4aand
2.4b) track closely with the +falkanes.1-Alcohols usually have a lower cross section than
corresponding +alkanes and methylethers have higher cr@sectios. For smaller alcohols, the
crosssections increase with due to an addition of another alcohol growgxahmple is the increase

of the crosssections from ethanol to ethathg-diol. However, this is not always true for larger
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alcohok, asshownby the negligible difference in cross sections ebuatanol and butat,4-diol

and their similarity taethanl,2-diol. Branching of alkyl chains is observed to cause variations
and unsaturation lowsthe cross sections in both alcohol and etiénsike phenylcyclohexane,
cycloalkyl rings are observed to lower the cresstion h various oxygenates.

C-H-O: Aldehydes and ketonesThe crossections of aldehydes and ketoégures2.4c and
2.4d) areobserved to increase with carbon number. The ceagons of aldehydedo notdiffer
much from tlose of n-alkanes. However, unsaftion and branching cause a variation in the
ketonecrosssectionsas was observed for alcohols and ethers. Cross sections Ergmrgialkyl

ketones (@Co) and cycloalkyketonesarelower than forthe corresponding falkanes.

C-H-O: Esters. The cosssections of various formates, aceta@msd other methyl allnoates
(Figures2.4e,2.4f and2.4g, respectivelygenerallydo notdiffer that much from ralkanesexcept

for a slight variation in acetates when alkyl chains are branched. However, theseoties
changes in large-alkyl ester isomers whahe R and R” groups are exchanged in an R(=00)OR”
ester. For example, the crasection decreases frorapentyl formate d n-butyl acetate to methyl

n-pentanoate.

C-H-O: Linear compounds with multiple O groups. Figure 2.4h includes the data pointer
hydroxy acetaldehyde, Xd@hydroxy propionaldehyde, hydroxyacetone,-di8ydroxyacetone,
3-hydroxy-2-butanone, and {(inethoxy 2-methyl) ethyl acetat&\ reference linés provided toaid
compaison with ralkanes having the same number of carbons, showing that added oxygens does
not always increase the cross secti®his observatioindicatesthat simple, linear additivautes

using the crossections of various morinctional compounds M not provide reasonable cross

sections of multifunctional oxygenates.

C-H-O: Heterophenyls.Heterophenyls arbenzenegontainingheteroatom (notydrocarbon)
side groups. IrFigure 2.5a, the cross sections of various heterophenylscampared tacross
sections of dphenyl alkanes. A decrease in the cross section is observed in the phenols from
benzene (6). It suggests that alcohol side group lowers the @estson. On the other hdyother

oxygenate groups, such as ketones and esters usually enhance the crossT&estarservation
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is similar for other noroxygenate side groups such as bromine, chlorine, andime (N, N}

dimethyl aniline.

Heterocyclics (GH-N/O). Cross sectins for heterocyclic compounds are comparedFigures
4b-f to each other and toalkanesIn Figure2.5b, mean crossections of various fivenembered
rings and sixmembered rings amgearly all lower than for pentane and hexane, respectiVhlg
effed is greater foroxygenthan for nitrogeratom ina fiveemembereduranosering or double
oxygen atoms (in skmembered ring) is present in the ritinpsaturation irthering alsotendsto
correspond to lowerross section®dmong furansigure2.5c), trends are unclear but statistically
valid differences are observedhd crosssections are usually lowered when there are ketone
(furanone), acidand/or alcohoktructuresgpresent. Théowering effect of alcohols is similar in
dioxanes Figure 2.5d), oxiranes(Figure 2.5¢), and in levoglucosan-gure 2.5f). Similarly, the
presence of a methyl group causes variation in tetrahydrofuran, faerftigure 2.5d), and

oxiranes (Figure2.5e).

Thiols and cyanides and haloalkane<Cross sections of alkyhonahiols (Figure2.59) suggest
thatthe thiol group usually enhargthe cross section from-akaneswith the same number of
carbons, but they nearly agree with thalkane that is one GHyroup largerCross sections of
alkyl cyanides(Figure 2.5h) indicate thathe thiol or cyanide groups usually enhance the cross
section from their correspondingatkanes Also, the crosssection decreases or varies in the

presence of unsaturation or branching.

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

to their correspondingr-alkanes with some detectable differences. The exceptions are the
perchloromethane and perchloroethane, which are much higher the cross sections for methane and
ethaneThe 1-fluoroalkanes geeFigure 2.6a) and perfluoroalkanes (s€gyure 2.6d) have very

similar cross secti@to their corresponding-alkanes when carbon number is lowmit & higher

carbon numbera dropin the crosssectionis noticeable. On the other hand, othecHhloro, 1-

bromo, &ad l-iodoalkanes usually have slightly higher cregstions than thecorresponding n

alkanes up to G.
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2.3.5.Selecting descriptos:

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

that additional moleculastructure 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 insgtion, such as the numbef-carbons trend seen abovetidear

or dmost linear increment of cross sections for the small moleculeso(® General) observed in

most of the studied morAmomologous series of organic molecules. Similarly, the preserge of
phenyl group or an unsaturation is observed generally to lowerdls sections relative to the

saturated compounds.

However, exceptions are also apparent in the current database, such as isomeric effect of various
terphenyls (Figur@.2g) and of Abutyraldehyde and-butenaldehyde (Figuiz3c) and the strong
increags of perchloromethane and perchloroethane (FRE. Uncertainties in a few cases are

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

Other variabns are observed but their trends are qualitative or not plainterdable. 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 alkaonega@mpared to-n
alkanes. On the other hand, branching can alsareehthe cross sections, such as frebutanol

to tertbutanol.

Descriptors that are explicable by theory are preferable to inference from purely empirical trends,
giving greater confidece that they are valid. Fitch and Satibased their correlationsidhe idea

that ionization cross section is rooted in the ionization cross section of each constituent atom, so
that the total El cross section could be determined by atom additivitatfBq@2) or a correlation

based on it (Equatich3). Bobeldijk etal.l” asserted that another influence was random molecular
orientation with respect to the trajectory of ionizing electrons, yielding a correlation that combined
atomic ionization crossections when atoms were viewed parallel or perpendicular to tlogoatin
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 migitréased

if energy transfer causes higher ion fragmentation fomeosiecule vs. another.
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Overall, the experimental cross sections of organic molecules show linear ainmeaobehaviors
with simple descriptors. The type of interaction, unsaturatimmesic effects, ring strains,
molecule size, and number of fused ke rings are found to be influencing factors in cross

section measurements.

Choice of the descriptors for the present studyTwo sets of descriptors (Tak?ed) are used to

model the redtive cross sections of different molecules:

f The 16 atom-additivity d escriptors extend the Fitch and Sautedescriptors by adding
nitrogen and sulfur hybridization atom types.
1 The 79group-structural descriptors include 58 Benson groups and 21 new orpaelh

groups.

These descriptors can be extracted from molecular defiei such as SMILES or InChl

expressions of a molecule and asesyto implement.

The atormadditivity descriptors ensure that the contributions from all atomic -s@s#ons are
included. It also allows inclusion and testing of small molecules diatomics H, Oz, and NO.
Differentiating between hybridization states introduces some simple geometric and electronic

structural effects, as for small molecules likédHNHs, and CH.

Group-structural descriptors represent more complex geometrielastionic structural effects.

The group formulatioff of Benson and caorkers is adopted here where possible. Benson groups
have proven useful for correlating idems thermochemistysing aditive contributions. Their
general form is a polyliganded rteal atom, described a&Central atomj(Liganded atom
1)(Liganded atom 2)(Liganded atom 3)(Liganded atonfrdj example, the internal carbons of an
n-alkane have €C):(H). groups, whié the @d carbons are 0C)(H)z groups; note that (C)(Hl)

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 onhglas liga
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Table 24. Molecular descriptors.

Atom Benson structural groups New or adapted structural groups
types (58) (22)
(16)
Csp | C-(X)(H)s CO-(C)(0) Ring strain From Boyd et af’ or
Bensor®
Csp | C-(C)(H): Co-(Cl) cis Number of pbond cis
interactions
Csp | C(C)(H) Cu-(Br) Ph1 Benzene ring with one
ligand (ligands exclude
halogens)
Osp | C-(Ch N-(C)(H): Ph12 Benzene ring with ortho
ligands
Osp | Cs(H):2 N-(C)(H) as C sp Ph13 Benzene ring with meta
or spf ligands
N sp | Ca(C)(H) Ca-(H)(N) as eithe Ph14 Benzene ring with para
N sp or sp ligands
Nsp | Ca(C): Ph123 Benzene ring with ligands
Ni-(C) at 1,2,3 positions
Nsp | GC-(H) Ca-(N)(C) as either Ph124 Benzene ring with ligands
N sp or spf at 1,2,4positions
Ssp | G-(C) Ce-(N). asN sp or Ph135 Benzene ring with ligands
spf at 1,3,5 positions
Ssp | Cor(Cb)2(Coi) CO-(C)(N) Ph1235 Benzene ring with ligands
at 1,2,3,5 positions
H Cot-(Cb)(Chr)2 C-(S)(C)(HY 1 side fused Benzo ring fused oone
CC of a benzene (like
naphthalene)
D Coi-(Chi)3 C-(S)(Cy(H) 1,2 sides fusec Fused rings on adjacent

CCs of a benzene ring (ag

in pyrene)
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Table 2.4 ¢ontinued)

F C-(O)(C)(H) S(C)2 1,3 sides fusec Fused rings on #1 and 3
CCs of aenzene (as in
phenanthrene)

Cl C-(O)(Cr(H) S(C)(H) 1,4 sides fusec Fused rings on #1 and 4
CCs of a benzene (as in
anthracene)

Br C-(O)(C)k C-(CN) 1,2,3 sides fusel Fused rings on adjacent 3
CCs of a benzene ring (ag
in pyrene)

C-(0)(C)(H) C-(F)s(C) 1,2,4 sides fusel Fused rings on #1,2,8Cs
of a benzene

O-(C)(H) C-(F)AC): 1,3,5 sides fuset Fused rings on #1,3,5 CC
of a benzene

Ca-(0)(C) C-(F)(C)(H): | 1,2,3,4,5 sides fuse Fused rings on #1,2,3,4,5
CCs of a benzene

Cs-(0O)(H) Co-(F)2 C-(N)2(H). New Bensotlike group (\
sp’ or sp)

O-(C). Cqs-(F)(H) Ci-(N)(H) New Bensotlike group (G
is imine C)

Co-(C)(H) Ca-(C)(F) CO-(N)2 New Bensotlike group

CO-(C) C-(C)(Cl)s

CO-(0)(C) C-(C)(Cl)(H)

CO-(O)(H) C-(C)(CH(H):

O-(Cy)(H) C-(ClA(CIH(H)

O-(Cn)(C) Cs(CI)2

N-(Cp)(H) 2 Co-(Cl(H)

N-(Cp)(C):2 C-(C)(Br)(H).

CO-(Ch)(C) C-(C)(H(H)

Some of these groups were simplified in their original formulatioftubyping. For example, a

doublebonded carbon becomes-(Liganded atom 1)(Liganded ato®), where the atom it is
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doublebonded to is implied. Other examples includeg@Cetylenic), & (benzene carbon),sC
(carbon fused to two aromatic rings, as in a heaarbon of naphthalene), CO (carbonyl), and N
(an sp? imine nitrogen). Several neweRsontype groups are added in this work to describe
molecules available in the cressction database (see Tablé).

These groups still do not capture sagffects, notably of ring strain and of cis and ortho crowding.
Bensor® incorporates ring strairby providing tables of corrections for many singlag
compounds, which are added to the ceh¢mnd groups. For this work, these values are
augmented by #aringstrain measurements of Boyd et%lor five-member rings in PAH: 6.5, 2,
and 6.5 kcal/mol for acenaphthenacenaphthylengand fluoranthengype rings, respectively.
Similarly, Benson's cis corrections for different caimg gioups are simplified by instead using

the total number of cimteractions fof 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 thectlicotributions of the atomic ionization
crosssections. One caequence is that aromatic connectivity is handled differently in this work.
Because the atom descriptosf€is used, the £group is not used as a group center except
necessarily for &(F) and G-(Cl). Instead, monoaromatic aromatic structures are destiy

their side group positions (Phy Ph12, PR13, PR14, PR123, Ph124, PR135, PR1235). PAH
structures apply a fusethg approach, identifying the carbe@arbon faces of the aronmating to

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

to it on one face, so there are tweslitle fused" groups. Anthracene also has these two cases, as
well as rings fused to faces 1 and 4 (*dides fusd") of its central ring. Examples are provided

in the Appent A.

There are many cases of these groups among the 39&emssidatabase compounds, and many

of the compounds have been studied in multiple (Alppendix A with reporting of repliation
statistics. For eighteen of the groups, the database hasaaihgle 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 butt#Heba®d group descriptors are

applied. More measurements for adial 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,nal eaclother. These four models are (1) multiple linear regressorg only

the 16 atorrtype descriptors, (2) MLR using the full set of atom and group descriptors,-(SNFF

using only the atom descriptors, and (4}¥R using the atom and group destois, & FFNN-

AG. The correlations of Fitch and Sauter used MLRiysis of smaller sets of atetype
descriptors and a smaller database, so it is most comparable to the first model. These comparisons
show the extent of benefits from including group dgsors and from empirical capture of

nonlinear interactions throudghe layered neural network.

Model comparisonusing a limited dataset used by Fitch and SauterFitch and Sauter used the
averages of scaled datasets of Harrison gtLlampe et at, Alberti et all°and Beran and Kevén
This dataset has the EICS maeements of 180 €-O-S-N-D-F-CI-Br-1 compounds. The same
data set is used to see the if theNAR-AG model performs well or not. The analysis revealed
Fitch and Sautércorrelation withoti hybridization (Equation 2.2) provides deviations in
predicting cross sections of small gas compounds such as34@&), CQ (+33%), and H
(+33%). It also provides variations from various hedmmpounds. On the other hand, the
predictons from Fitch andautercorrelation with hybridization (Equation 2.3) provides worse
estimates for KH(+47%), acetylene-81%), and deuterated acetyler2806). Also, the predictions
of halo compounds and other small gases are better than the cormeititaart hybridizaion. 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 fiiAG
model. Additionally, the distribiudn of the deviatias of nodel predictions from the FRN-AG
model is narrower than from Fitch and Sauter correlations (Figure 2.7c and 2.7d). The four
compounds with the largest deviations fromMN-AG model are ammoniaX4%), H (+14%),
bromo-chloro-difluoromethang+9%), and HS (-7%). Both the correlations from Fitch and Sauter
cannot capture isomeric effect due to branching. For example, the EId&réne and-nethyl
pentane in this dataset are 20.0 and 18.GAe Fitch and Sauter correlatioitimut hybridizatio
provides an estimate of 18.F#r both compounds, whereas they are 1F.€dn the correlation
with hybridization. On the other hand, the predictions fror\INFAG model are 19.7 and 19.6
Az,
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Table 2.5 Statistical performance of cressction models in the dataset used by Fitch and Sauter

Models b b (A2 r2 RSME (&%) | 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, FINN-AG 1.00 0.02 0.999 0.2 0.08
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Model comparisonfor the dataset of 349 compoundd=or the comparison, nehinearities are
observed from G-Cz3z n-alkanes, dphenyl decane to-fthenyl tetradecane, 19 PAH compounds
(except biphenyl and anthracene), phenyl cyclohexane, and two ethoxylated alcohols ate left ou
from the database as their measuwerts are suspected to be influenced by other factors. Thus, 349

datapoints are used to compare model performances.

Table 2.6: Statistical performance of crsggtion modelsvith the dataset of 349 compounds.

Models b b (A?) r2 RSME (&) | 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, FFNN-A 0.97 -0.06 0.987 2.0 0.54
Atoms & groups, FINN-AG 0.98 0.02 0.998 1.3 0.24

By statistical measures, tlo@rrelations provided by Fitch and Sauter (F.S. without and with
hybridizationatom types, Equations 2 and 3) do not perform very. Weboth cases? andb are

low, andRMSE bias b, and maximum relative deviatidiRD are high.Performance is good to
very good for small organics, including small alkanes, alcohols, halocarhuiselparity plot in
Figure 2.8a shows there are significant outliers throughloe database. Particularly high
deviations are observed for largeygenatessuch as catechol (+190%) and tetrahydrofuranones
(+170 to +210%); an@l» (-85%).

The MLR modek arestatisticallysomewhabetter than the Fitch and Sauter correlatidnsstill

do not perform well. The improvement usioigly atomic descriptors {gresumably because of the
larger database and the added descriptors for N and S kghindiHowever just as for thd-itch

and Sauter correlations, large relative deviatiar observedqFigure 2.8b) for largenxygenates.
Chlorine is modestly improved (+64%) but l4 much worse (+205%) because the H atom type
must account for ionizatioof all the Hcontaining species in the database plus the very different
H> ionization. sing combined atom and group descriptsfightly improves the statistics,
suggeshg that structuralgroup descriptors cancorporate more of the molecular envircem
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However, high relative deviatisimply the nonlinear contributions athedescriptos are still not

properly captured by linear models

The FFNN model improves performance most when combined dyg@ and structuragroup
descriptors are used, asdicated by the improved statistics for -NN-AG (Table 2.6) and
markedly decreased deviats (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, betiral nets areven better suited to the tasksing FF

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

largemolecule deviations remain.

Using the full FFNN-AG model brings nearly all species within the experimeé&88t confidence
bands that are know Ther?rises to 0.998RMSEfalls to 1.3, and the maximum relative deviation
falls to 0.24. The five largest deviations are glycolaldehyde (+51%{+%51%), 4-hydroxy-2-
tetrahydrofuranoné+49%), ethyl methyl ether38%), and 3 (+36%).

While analymg models on various datasets, a larger predictior ofd$s section is noticed. That
is why neural net runs includingldnd excluding Bldata are performe¢iowever, no significant

difference is observed in model performance or EICS prediction af cdngounds.

FF-NN-AG model on the complete datasedf 396 compounds While preparing the database
nonlinearities in the EICS of largeratkanes arebserved. From our measurement, we observed
drops and rise in {g-Cs3 n-alkanes, dphenyl undecane (nC=),71-phenyl dodecane (nC=18); 1
phenyl tridecane (nC=19);dhenyl tetradecane (nC=20), phenyl cyclohexane (nC=12), various
PAHSs, and terphenyls. Thatwhy these data were left out during model comparison. During the
model comparison, FRN-AG is observd to work best. Thus, to speculate if theFR-AG can

be trained on the instrumespecific measurements, we included our data for all the large

compainds.
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In this dataset, the Fitch and Sauter correlations did not perfolinstatestically (Table 2.7). A
larger deviation is observed in PAH compou(i&&% to +220%pandtetrahydrofuranones (+170

to +210%)along with the other compounds observed while working with the smaller dataset. The
other MLR models also was able to aaptthe nonlinearities caused by experimental set up, and
other structural factors. The MN-A worked béter than the linear models in capturing these
effects. Finally, the FINNN-AG model worked very well in this dataset to capture the instrumental

effectand isomeric variations (Table 2.7 and Figure 2.9).

Table 27. Statistical performance of cresection modelswith the dataset of 396 compounds.

Models r? RSME b 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, FFNN-A 0.953 6.7 0.88 -0.10 0.58
Atoms & groups, FINN-AG 0.992 2.8 0.97 0.00 0.30

The trained FINN-AG model captures the nonlinearity in oualkane measurements (Figure
2.10a).During the EICS measurements of pplyenyl compunds, around 20 Avariations in
terphenyls are observed where theiphenyl being the lowest (Figure 2.J0BFNN-AG model
captures these variations very wekICS of 19 polynuclear aromatic hydrocarbo(BAH) are
plotted inFigure2.10cas a functhn of the number of fused benzene rings (nF).Mbasurements
of various isomers such as anthracenepmhanthrene (nF=3), or chrysene, benzo [a] anthracene
or triphenylene (nF=4) are observed to vary widely. Even the rang®es ilcrease monotonical|
with the number of fused rings. The cross sections of these compaughsnot display
monotonic lineatrends with the number of carbonisrings The ion transmission and gain factor
in mass spectrometer can play roles behind these variations. Hovasvenultiple group
descriptors are used to describe these compound$NFAG model can capture this ndinearity

with a maximum +70% deviation in naphthalene. Furthermore, our measurements on
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the complete dataset and the Fitold Sauter correlation for four classes of molecules: (a) n
alkanes, (b) polyphenyls, (c) PAHs, and (d) alkyl benzenes. Data as squares, experiréNts; FF
AG, circles; Fitch and Sautecorrelation, diamonds; asterisks are not datapoints but rather

desigrate our measurements (all pointid(c are our measurements).
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phenyl cyclohexane, andi1£=Ci4 n-alkyl benzenes showed large fluctuations (Figure 2.10d).
Except for phenyl dodecanghe predictions from FRN-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 instrigpeaific measuremen
of larger compounds in GCxGRKIS are questionable.

2.4. Discussion

2.4.1. Predicting cross sections

Total El cross sections and their estimated uncertainties can be predicted withNhe A

model by using a simple MATLAB code, provided in the Appendix A andsitHub. A file of
descriptor input is provided there for severamyples 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 algaighed.

A practical value of these improved predictions is quantifgimgppounds rapidly that have been
identified by GEMS but for which the user has no authentic standards. Data on authentic standards
is absolutely preferred, and they are necessarthéogreatest certainty of elution times and of
mass spectra. Howevehat 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 @food-pyrolysis oil from this laboratory yielded 250 peaks by conveation
GC-MS and nearly 750 peaks from GCx@GFMS. Comparison of experimental mass spectra to
mass spectral libraries gives probabilities of identity, but the analyst often needs toeettamin
spectra directly and apply classical methods for interpretafiomaes spectra. ldentities must be

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

Once an identity is established or proposed for spécies calibration &ctor can be estimated
from its predicted cross section, the established crosection for a reference speciés ( ) that
is in the mixture, and an experimental calibration factorQ Q@ ® ¢ ¢ & f for the
reference spees, obtained in the same system under theesanalysis conditions. From Equation

2.1c, recognizing thatd ‘Q ¢83@ 'Q @& proportional to the total positisien currentO:
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20
— — (2.10)

3 (2.11)

h h

Note that the measurement of the sample and the reference calibration musebmé@atpeak

areavs-amount region.

2.4.2. Saccharides example

An example of predicting cross sections with HIN-AG is presented here for several
monosaccharides and their dehydrated products. The database, after removing 47 measurements,
has data points fdi38 oxygemtes that were used in training, ensuring confidence in the predicted

crosssectiors.

Predictions are presented in Table 8 for foexylbses and four Bylucoses having two cyclic and

two linear forms each. Cross sections are also reported &rhgydreb-D-glucofuranosend six
anhydrexylopyranoses. Xyloses are fagarbon sugars and glucoses arecsi®oon 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 oxgg and fouw 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 df6-anhydrob-D-glucofuranose 11.6 + 04 A? is within
experimetal uncertainty of our measured value for levoglucosan -galtydreb-D-

glucopyranose), 9.5 + 2.3%A

Both for xylose and for glucose, the cross sections of the largepyran forms in the similar
range with their furan forms. In contrastss sectias for their aldose and ketose linear forms are

more than twice as large as for their cyclic forms.

Cross sections of six anhydrglopyranose forms are considered, as their identities and relative
yields help us evaluate mechanistic kineticsi @&hydrexylopyranose can be formed from
xylopyranose by removing H and OH from adjacent hydroxyl or methylene groups. After that, an
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anhydrexylopyranose can change between keto or enols form througieketdautomerism in
solution or by gaphase comated reation, catalyzed by hydroxyls in nearby xylose molecules.

This route is analogous to reactions observed for glucose destruction to levogfti¢ésan.

EliminatnganHO changes the t ot alD-xgaopwasasegl18.228)byi+@3n r el a
to -10.1 A, evidencing the kind of descriptor interaction that is captured well by the neural
network. In a purely atoradditive model, it would simply decrease; e.qg., by 2@l Fitch and

Sauter’ The predicted cross sections are observed to fereifin 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 effet seens to be through unsaturation in the pyranose ring, most dramatically fg8the 2
anhydrob-D-xylopyranoseenol 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 FENN neull-network model gives greatly improved predictions of cross sections by using
the large database, a single hidden layer, and-gtpenand structural group descriptors. One way

to improve the correlation would be cresection measurements of adolital pecies or re
measurements of uncertain species in the present datalvasef the top six relative deviations

are for singly measured cross sections with large experimental uncertainties, suggesting re

measurement would be valuable.

Refining the ype am 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 createdex, mt a
predictive correlation. The challenge is to lump similar effects as simply and effectively as
possible. An example is lumping allponded carbons as being, @gardless of whether =C, =N,

or =0 is on the other end of the double bond and dégssof 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 eesg8ons have been reported for

43 GH-O-N-S-F-Cl molecules, plus radals,ions, and BSi-Ge-Si species. Accuracy is cited as 5
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to 20% for molecule®’ Comparing the 33 molecules that are in common between the calculated
BEB database and this work's 3§6ecies database, the-NN performs better overall with
r=0.969 vs.0.885) However, removing the two biggest BEB outliers, COS ang @fproves
its r? 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 bettvepred

correlations.

Table25. Totation EI crosssections predicted for sugars and anhygirgars from FRNN

modelusing 349 training data.

Compounds EICS (A?

b-D-Xylopyranose 18.2+0.6
b-D-Xylofuranose 16.7+£0.6
D-Xyloaldose(linear form) 50.5+0.5
D-Xyloketose (a linear form) 41.9+0.4
b-D-Glucopyranose 226 0.9
b-D-Glucofuranose 22.7+0.9
D-Glucoaldose (linear form) 58.0+£0.8
D-Glucoketose (arear form) 47.1+0.8
1,6:Anhydro- b-D-glucofuranose 11.6+04
4,5-Anhydro- b-D-xylopyranose 10.1+0.5
1,2-Anhydro- b-D-xylopyranose (OH removed from C2, keto form) 16.3+£0.2
1,2-Anhydro- b-D-xylopyranose (OH removed from C1, enol form) 21.9+0.6
1,2-Anhydro- b-D-xylopyranose (OH maoved from C1, keto form) 245+0.2
2,3Anhydro- b-D-xylopyranose (OH removed from C3, keto form) 13.3+£0.3
2,3-Anhydro- b-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 unavoiddbleis effect appears due to several reasons. One
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reason is the rippling of the DC voltage after AC 16 &nversion. When thealskground 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 iotiseinletector 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 siratlyfluctuations of th

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 creddrge variations in ghals after injecting a large amount of
compound. The first one is ion feedbd@tkVhen a positive ion is neutralized in a channel, it may

not desorb and thus may stay there until the next¥caiThe accelerated secondary elenty
generated during theext 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. Hawasehe mass spectroteeis 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 spaarge density of the secondary electrons at

the end of the chanhafter multiple ion borbardments$? 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 calibrationldacomes

low when itis measured after injecting large amounts of compouHast is why it is strictly
recommended to measure the calibration factors in the linear region to avoid instspefit

effects.

2.5. Conclusions

The machindearningbasedneurainetwork correlation developed here provides a better way to
guantify organic molecules using @GIMS or GCxGCEIMS analyses for compounds that are
not available or are unstable in calibration mixtures. A database of memeal EI cross sections
(70-75 eV) is developed with 396-8-O-N-S-F-CI-Br-1 molecules. Proposing a set of attype

and structuragroup descriptors enables developing and evaluation of linear and-netwakk
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models. Four models were developed, ini@vmultivariable linearegression vs. a feedforward
neural network (FANN) and atorrtypeonly descriptors vs. atom and structural groups as
descriptors. The FRN Atom+Groups predictions were significantly better overall than the other
three sets. Unlikéhe Fitch and Sauter cetation, 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 dataseiusmping of

group desgaptors is necessary, and chirality is also not included. Finally, a MATLAB code for the
model is provided that can predict total El cross sectiong%78V) for new species, allowing
guantitative calibration of MS data once thailoration factor of a refrence 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 evaporateearadried by a
carrier gas, mostly helium. Depending on the type of inlett{splitless), either the total amount

of the evaporated sample or a fraction of the evaporated sajops to the GC column. A GC
column is a capillary column witmannerwall coatingsuch as éunctionalized siloxane polymer

(for exampl@, also known astationary phase. After the introduction of the evaporated sample
mixture irto the GCcolumn compainds in the mixtures are absorbed on the stationary phase.
Small gas moleculethatdo not get absorbed travel faahd they have smaller retention times.
Generally, a simple linear ramp starting from a low temperaturd (@0 ) and reaching
temperaure (2563 5 0 ) far the GCeoten for thgradualdesorption oflifferentmolecules

from the stationary phase.

3.1.1. Peak identification techniques:

Thereare several techniques by which the identifications are perfor@rezlis to use electren
ionization masspectrometry, where 70 to 75 eV electrons are used to ionize the compound
coming out from the GC columm\fter that the counts of various positiveris 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 linrggneratingsimilarity statistics angbroviding an

identification.

This identification tebnique using EMS works well when the mass spextrof acompounchas

a high signal of molecular ion andiwhenthe fragmentation pattern is different from its isomers.
However, if the molecular ions are very small or the fragmentaatterns are vergimilar, then
identification becomes difficuft For example, various large alkanes and the compounds with large
alkyl chains have small molecular igrend fragmentation patterns of alkyl chains are very

similar® That is whyidentification of theseompounds via elé®r-ionization masspectrometry
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is difficult. A way to circumvent this issue in G@S is to inject a calibration standard of those
compounds and compare the elusion times with those obtained in the previous chromatogram.
However, the pblem remains iftte 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 bp\gt¥ who suggesiea

way to calculate the index (also known as Kovats index) after using isothermal temperature
programs and+paraffins standardS. Later, H. Van Den Dool and P. D. Kratz provided another
way to calculate the index (also known as modified Kovats Index) with the linear temperature
programing using same standard$iey showed that the index obtained wagrslar to that
obtaned from the isothermal temperature progrand they are independent of the temperature

programs in GG#

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 ofesiss of homologouseference compounds, i.e-paraffins or
n-alkanes, ethyl esters of-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 cmpounds are the ntiples of a hundred. In the case ealkane reference compounds

(used forthe Kovats index>1%, the number of carbon atoms is the multipliethef hundred. If a

mixture of naphthalene, phenanthrene, chrysene and picene is used as the reference compounds

(used forthe Lee index®), the number of fused besze rings is the nftiplier of the hundred.
'O pMFAE— p TEN (31)

Eq.3.1is the formula to calculate timealkane retention index for the nasothermal temperature
program wherely is the retention indexy is the retention time of the compound anch is the
carbon number of thealkane came out just before theompoungdandn+1 is the carbon number

of the next ralkane which came out just after that compound. The retentier,inds determined

by the linear interpolation of retention tim&ecausex 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 thkoess or dead volume. Thus, it is independent of interlaboratory
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measureents also. However,-alkane retention index or Kovats index is dependent on the
polarity of the stationary phase. Kovats index of a compound measured in a polar column is
generally Ingher than that measured in a Aaolar column. For example, the indeixtioe methyl

ester of hexadecenoic acid measured @arbowax 20M (polar column) is usually higher than

that measured in a ngoolar column or slightly polar column (SE 3@)190 wherobtaired in a

polar column and 1911 mnon-polar columnas reportedby Van Del Dool and KratZ} 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 emastirfrom a nopolar to

polar column.

There hae beenmanytheoreti@al studies to understand how Kovats or Lee index varies with
different descriptors such as boiling points of compounds, their vapor pressures, reactivity
coefficients of solutes andagionary phases, eté!® 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 relago(QSPR) have also beemlso exploited using
statistical tools such as multivariable linear regression, support vector machine modeling, genetic
programming andartificial neural network modelintf 2 The aimis toovercomethe limitations
of the theoretical expressions of retention indibgsadding more descriptors fothé solute

behaviors, topolagsof the moleculesand/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 [dEST17, contains 404,04Eetention indices
values for 99,400 compounds. It is a large source of the experimental data atar¢asdataset
than the older NIST librarie® the NISTO5 library had Kovats index data of 22,690 compounds.
Mihaleva et al. used that dataset for the QSPR modeling of Kovats idtiitlss, in 2007 Stein

et al. exploitedyroupdescriptos to understantheir contributiors to the Kovats indices of around
35,000 compound&.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 prefeed in various laboratorseover onedimensional 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 colsimonnected in seriesn contrastto a one
dimensional GC. There aned techniques available for the multidimensional GC operéfidhe
firstone isafl h e@u tt 0 dmhberehalbthe mixture passes through the first column in the first
run and then t-det cut Wher éwbredmoBwblsepangtea in thel fist
column, are passed through a secondary cofifrAnother technique is the comprehensive GC x
GC system, where the primary and secondary columns are conneagdsrasd a crydocuser

(also known as modulator) is used to mimic an impulse injection of the cuts to the secondary
column3*3*With the help of liquid Mjet, the cutsoming out from the first columarefrozen for

a small amount of time (usually 651s).A hot N; jetis thenused (usually for 0-5 sec) tosaporize

the sample before going to the secondary column. This cycle is kn@wnaakilation cycleAlso,

the cdumn length of the primary column is usually kept long (around@®0n) and that of
secondary column is usually kept very short (arowdmt). That is why the primary column
retention timesnay bein minute units whereas the secondary column retentiaes tare in second

units.

Various multidimensional GC techniques are Walbwn to provide a better degree of separation.
However, defining aisgle retention timeline from two different retention times associated with

two different columnss not easy. Hirberg et al. proposed a way to define it for the compounds

in a calibration standard of-cthé rdgmategraphff’aci ds o
Himberg et al. estimated the retention times usinditiegar interpolation of previously known

Kovats indices® Defining the timeline in such a wagave thesameresultafter the adding the

first- and secondolumn retention times. Hower, due to the operation of the modulator, there

added complexity in developing a single retention timeline for the comprehensive GC x GC

technique.

A modulator ideally mimics the impulse injection of the compounds in the secondary cetumn,
the sepration of compounds and their retention times in the secondary column should be

independent of other variabilities. Thus, defining an aduioetention index for the secondary
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column is commonRi**" 4 However, as the column lengths of the secondary columns in GC x GC
are very short, it might not be very helpful while analyzing a cemluid mixture whose

component separationssrondy dependent on the secondary column.

An added difficulty & freezing cuts in the modulator oven is the slow bleeding which often leads
to long peak tails of different compounds. To circumvent itceffethe data analysis, the idea of
iso-volatile lines was proposed previoush?’ An iso-volatile line of a compound in a
chromatogram denotes the location of the gadlof that @ mpound in the chromatogram. With
the help of the iswolatile lines of the ralkanes (the reference compounds), the secondary
retention indies were also previously calculat®d? However, calculating a secondafpvats
index using isevolatile 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 relevantigtegldon timeline for the
comprehensive GC x GC technique to calculate the retention index of a known compound. The
modified Kovats indices of nine testing compds are measurednd the data are compared with
NIST17 library data. The GC x GC experiments on various calibratiopa@anas reveal that the
cryo-focusing operation on the modulator freezes the cuts coming out of the primary cahgnn
those frozen cutevaporate slowly over multiple modulation cycle. It causes a {aélakttached

to the main peakn chromatogramThis work proposes a way to estimate a single retention time

of the peakails also. Finally, it discusses the impact of various retentioglities to estimate the
Kovéts index of a compound laysoincorporating uncertainties.

3.2. Experimental method:

Compoundgprocured from Sigma Aldricincluden-Alkane calibration mixturel(000 pg/ml of

C7-Cso n-alkanes each) in-hexane solvent,-tlocosenel-phenyl undecane-fthenyl dodecane,
1-phenyl tridecane, -phenyl tetradecane, phenyl cyclohexanggrphenyl, mterpkenyl, and p
terphenyl. The aim is to measure the modified Kovats indices of the nine testing compounds after
using various timelines ia GCxGGToFMS (Pegasus 4.eco systemlInjections of0.5 and 5

ul were used fothe calibration standards and 0.5 l of ~1 mg/ml CHCI> solutions of the

testing compounds. Experiments for each compound are repeated at least six times.
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The gas chnmatogram hasaspitnl et | i ner (Agilent). A 1:100
are used during all experimentstidpure 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 ptvMBXxi
(Resek) primary column with a nepolar poly(dimethyl siloxane) stationary phassd a 2 m x

0.15 mmD x 0.15 um Rxi5 Sil MS (Restek) secondary column with a slightly polar {6y %

dimethyl 5% diphenw siloxane) stationary phasare used.

The GC x GGs equipped with a twatage thermal modulator with 10 s modulation cycle. For
cryo-focusing the cuts coming from the primary columm,p22liquid N jets are used. Another
235-psivaporizedN: jet is used to vaporize the frozen cuts. The ChromaToF asoft\{Leco) is

used to set the experimentatlo cboemdl it osse¢ aher

bet ween stageso is set to be 3.5 s. The initi
A linear temperature progr am i mitaltempdratuedmnt ed i
mi nut es hol d) , 5 / mi n r amp nutes Rofl). Differer bnkar t e mp e

temperature programs are used for the secondary and modulator ovens. The temperature program
of the secondary oven miasuth®ds halid)  al5 t/lemprera
temperature (17 minutes hold). On theesthand, the temperature program of the modulator oven

has 70 initial temperature (2 minutes hol d),
hold). All these temperatemprograms have isotherm@griodsat the end. Howevebecauseave

did not findany difference in the isothermalnd norisothermal (or modified) Kovats indices

of the compounds identified in these isothermetiods we used the modified Kovats index

formula (Eg. 1) for the further analysis.

3.3. Results:

Figure 3.1 represents the timeline of the total GC x GC operation (top left), the time lengths of
various heating/cooling processes involved in a modulation cycle ofstage thermal modulator
applied br the current study (bottom lef@nd a pictorial represetitan of five different events
taking place in a modulation cycle (right). The GCxGC operation starts with purging initial gas to
the purge lingfollowed by repeated modulation cyclastil theend of the operation. As described

earlier,5 s of purge timdtp) and a 10 s modulation cycle are used for the present study. A single
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modulation process involves four different-ofi operations of hot and cold jets in the first stage
(near to the primgrcolumn) and in the second stage (near to the secondarymoluistage refers

to that position on the column inside the modulator oven where a nozzle of ligisdddused.

The time lengths of different operations in a modulation cycle are calcdtatadhe GCxGC
operation manual (Leco) and presented at thtoboleft 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 hget flows through the first stage for 1.5 s to vaporize

the cut and move ibetweenthe stages (event C 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. Aféer that,
hot jet runs through the second stage in events E and A fort8.9aporize the frozen cuand

finally acold 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 freezthg\vaporation of
condensableandablack sphere is used toajitatively 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 stagéthe modulator from event D to B for 8.5 s. After thats thi
frozen cut is evaporated from th& dtage (event C) and being froZeetweenthe stages (event

D) for 3 s in total. After that, the frozen cut is released by evaporating it using hot mijebge

the 29 stage for 3.5 s (events E and A). Howevepetgling upon the amount of the frozen
compound at the firsdtage, the frozen cut may need more amount of hotoNcompletely
evaporate at a single modulation cycle. Thus, instead of comireg awgingle modulation cycle,

the compound may come out frahe modulation with multiple modulation cycles. To investigate
this hypothesis, 4alkane calibration standard is injected in the comprehensive GC x GC/TOFMS

with 0.5 pl and 5 pl injection volunsg respectively.
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Timeline of the GC x GC operation Operations in a modulation cycle

Start End
1st 2nd
T @ stage stage
1t 2nd Last et Ple. * o 0
Purge % ° ® e
time.gs s |Modulation | Modulation Modulation — } :::: IE oo, .I" -. A .2 —
cycle,10s | cycle, 10 s cycle, 10 s
— i I: : I |
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& ! OFF [ _________________________ — i . .' N '.:::.
. ON
1%t stage, hot jet
OFF

ON |-=--
2md gt cold jet | I
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Figure3.1: Various processes in a GC x 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

l ef t: t he ti mel n/offeocedsasiin two stageseatifferent utenot salated

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 bparticles during the freezin@plue 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) and8tweerthe stages (Events C and D) befor

going to the secondary column.

Figures3.2 and3.3 are the chromatograms after the injections of 0.5 ul and 5 pl volumes of the
C7-Cso n-alkane calibration standard, respectively. In these chromatogramsaxiedenote the
retention time in the pmary column (R.T. 1) which is composed of the starting times of each
modulation cycle. On the other hand, thexys denotes the secondary retention time (R.T. 2)
which spans a single period of a modulation gyicée, 10 s The color of the peaks varié®m

blue to redindicating lower to higher intensity of the peaksaddition tothe identifications of

C7 to Gss n-alkane peaks in these chromatograms, the solvent peakefame and the peak of
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bleedcompounds from th stationary phases of the aolns are also identified with long peak
tails. However, the peak of:¢n-alkane is small compared to other peasshown inFigure3.3.

As the amount of eachakane compound is ten times higher during 5 pl injectioncéher of
peaks shifts toward®d inFigure 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., parallaki®).y
However, noctane peak is investigated in detailunderstand the differenceschromatograms

after changing the injection amounts.

TIC

0.5 ul injection

C30 Cc32
C28

(61
C31

g C24 C29

ci¢ ci18 €20
C27

C14 21 C23 C25

cio €12 5 c15 cC17 €19
€rics €9 D

R.T. 2 (sec)

n-Hexane solvent peak Peak-tail

0:05.00 16:05.00 33:25.00 50:05.00 66:45.00

R.T. 1 (min:sec)

Figure3.2: The totalion chromatogram of-alkane calibration mixture after 0.5 ul injection has

the small peaks of @Go Cssz n-alkanes, long and strong peak eliexare solvents, and peak tails

of bleedcompounds from the stationary phases of the columns (at the high temperature region or
right side of the chromatogranihe Cz3 peak is not labeled. Theais is the retention time of
primary column (R.T. 1),3axis isthe retention time in secondarglumn (R.T. 2)The graphs a

contour plofwhere blue background represents low intensities/signal and the red color represents

the high intensities/signal.
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TIC

5 ul injection

R.T. 2 (sec)

0:05.00 16:05.00 33:25.00 50:05.00 66:45.00
R.T. 1 (min:sec)

Figure3.3: The totalion chromatogram of-alkane calibratiomixture after 5 pinjection has the
strong and broad peaks of © Csz n-alkanes, long and strong peak efiexane solveniThe Cas

peak is labelled.

Figure 34 represents the peak ofoctane (@ n-alkane) identified inFigures 3.2 and 3.3,
respectiely. Figures3.4a aml 3.4b are the 3D plot and contour plot of the chromatogram after 0.5

pl injection. Figures8.4c and3.4d are the same plots aftepbinjection. The peak of the-octane

after 5 ul injection has a higher peak intensityagas of Figures 3.4a and3.4c). Furthermore, the
contour plots indicate a broader peak edatane 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 suggesthat noctane is cming out from the GC x GC oven over multiple modulation

cycles.
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Figure3.4: The peak of foctane is investigate8.4A and3.4C are the 3D plots after 0.5 and 5 pl
injection respectively with the peak intensity at thaxis. 3.4B and 3.4D are their cotour 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-t@RT. 1) and y(R.T. 2) axes.

Figure 3.5 represents thtotal peak ginal or intensity ofthe n-octanepeak over the three
consecutive modulation cycles. The peak intensities are higher in the first cycle (M1 cycle in
Figure3.5) compared to the other two cycles (M2 and M&jthe major portion of the compound
comes out athe first cycle. The pea#trea ratio estimation of the first and second cycles in these

runs suggests that less than 5% afctane comes out during the second cycle compared to the
first cycle (Table3.1).

Also, in the first cycle, the peak intensity low after 0.5 pl injection, and the peak intensity line
follows a beltlshaped curve. On the other hand, it is higher and broader after 5 pl injection. The
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peak intensity line has a larger peak tail on thietréide It indicatesthat the compound comesit
from modulator over a major gmn of the modulation period in this cy¢leausing a large peak
tail parallel to R.T. 2Becauseahe intensity at the peak taissmall ands close to background

noise level, estimating a peak area of these taitsifficult.

However, smaller, bekhaped, peak intensity lines are observed in the second (M2) and the third
(M3) modulation cycles after 5 pl injections. The smaller signals broadly suggest that the frozen
cut of n~octane vaporizes over multiple cycleghe modulator. Due to that, a peak idbtained
diagonal to R.T. 1 and R.T. 2 axésgure 3.4d).

8

6 x 10
1.58 s M1M2 M3 5 pl injection
1 4F 0.5 plinjection M1 cycle
RT.2 |s
u 0 A L A A
g 566.3 566.35 566.4 566.45 566.5 566.55
2 7
1.28 s z x10 .
545 RT. 1 635 i 8F 1
* * S . M2 cycle
E °r /\ '
- 4
& 2f @
M1M2 M3 ; 0 . . 3 N
1 s 576.3 576.35 576.4 576.45 576.5 576.55
-
%10’
Sk .
! M3 cycle |
e ——
4
[ [£]]
545 s RT. 1 635s s . ) )

0
586.3 586.35 586.4 586.45 586.5 586.55

R.T. 1+ R.T. 2 (seconds)

Figure3.5: Peak signal/intensity is investigatedfaeeconsecutive modulation cycles from the
cyclewhere noctane came out first. lAgures3.4A and3.4B, M1 is the first modulation cycle,
M2 is the second, and M3 is the third.Aigure 3.4C-E, the red lines are the peak intensity lines
after 5 pl injection and the blue lisarefor 0.5 pl. Peak intasity becomes weaker from first to
second tohird modulation cyclePeak positions are observed to move left from first to third
modulation cycles. The peak after 0.5 ul injection is small and symmetrareas the peak after
5 plinjection is larger andasalong peak tail at the first cycle.
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Table 3.1: Average peak area ratio oftb 2" modulation cycles, and total peak area ratio pf 5

injection and 0.5 pl injection are reported with one standard deviation.

Average peak area ratio of1stto 2" Average of the totl peak
Compounds modulation cycles area ratio of 5 pkrun to 0.5
For 0.5 pl For 5 ul pl-run
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. Figdifepresents the p& signal or intensities of the

first and the second modulation cycles efianane (@ n-alkane,Figures3.6a and3.6d), n

eicosane (& n-alkane Figures 3.6b and3.6e) and rdotriacontane (&3, Figures3.6¢c and3.6f). In

Figure 3.6, the red peak intengitines are for the 5 pl injection and the blue lines are for the 0.5

pl injection. Theobservations forimonanearesimilar tothat of noctane. The peaks are larger,

broader, and asymmetric after 5 pl injection at the first cycle. On the other hapeakis smaller

in the second cyclérable3.1) and unlikein the first cyclethe peak is symmetric.
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Figure3.6: Peak signbor intensities of the first and the second modulation cycleswinane (¢
n-alkane,Figures 6a and 6d),-eicosane (& n-alkane,Figures 6b and 6e) and-dotriacontane

(Cs2, Figures 6¢ and 6f). In figure 6, the red peak intensity lines are for fihénfection and the

blue lines are for the 0.5 pl injection. The observations foomane is like that of-nctane. The
peaksare larger, broader, and asymmetric after 5 pl injection at the first cycle. On the other hand,

the peak is smaller in the secbeycle andunlike in the first cyclethe peak is symmetric.

However, the peak intensitie$ n-eicosane are very similar the first and second modulation
cycles after 5 pl injectionHgures3.6b and3.6e, andTable 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 N\; is needed to evaporateost of the frozen cut of-aeicosane from the modulator. On the

other hand, no peak signals are observed in the second cyali®iacontane after 5 pl injection.
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The peak at the first cycle is skewed and has a large peak tail par&I&l. 2. Howeer, for the
larger nalkanes (> @), long peak tails and less than 10 % peak areaobservedfter 0.5 pl
injection comparedo that after 5 pl injectionsuggesng that long peak tails are lost behind the
background noise even after 0.5 pl 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 x GC system. That ysawhethod forretention 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 ré@anesimum in the first
modulation cycle. Thus, retentidime of a compound varies with the amount injectedures

3.5 and3.6). It adds another variability to a single retentione estimation. In the following
section, amethodis proposed to estimate the errors of a single retention time in GCxC

Kovats retention indices of nine model compounds are estimated and compared.

3.4. Discussion:
3.4.1. Estimation of a single retention time in GC x GC:

In a onedimensional GC, the retention timg) (0f a compound x is composed of the tirag the
compound imdsorbedn 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 equatRji* The time,tv, is approximately the
column volume divided by the volumetric flowrate of the carrier gas. Whéluctoation in the
average flowrate of carrier gas is assumed, thetiimeefixed in a run.

6 o o (3.2)

However, in a GC x GC system, the retention time complicated to definbecausé¢he process
involves two retention times due to the usage of two columns in series as well ashdueryo
focusing operations of a twstage thermal modulator. Thus, addition of only two adjusted

retention times and total unretention time will not provide a good estomate in this case.
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To estimate a single retention timg of a compound during a GC x GC experiment, the purge
time ¢p), adjusted retention time of the primary coluran ), total freezing time in the modulator,

the adjusted retention timetine secondary columid () and the total unretention time] needs

to be added (E@.3). The total freezing time of a frozen cut in a can be estimated by multiplying
the sum of cooling times first and second stage®(dtr2) in a single modulation by the number

of the modulation cycle, MM can be estimated by considering thlist modulation cycle (M=1)

to bewhere the compouniditially appeas.
0O o 0 0Dz 0 0 0O o (3.3)

As we are measuring the difence in the retention times of two compounds while calculating the
modified Kovats index (e®.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 catyulsi
uncertainty of the calculated retention time.

In the analysis software, the first column retention time (R.T. 1) is estimatediryy the
accumulatedcounts during the modulation cycle timeantil the peak of the compound first
appearsmultiplied by the modulation perigdolus the initial purge time. The second column
retention time (R.T. 2) measures the time when peak intensity becomes maximum at the same
modulaton cycle. Thusthe sum oR.T. 1 and R.T. 2 for the first cycle edsighe sum of gdsted
retention times, total unretention time, the purge fiawed total freezing time of a single

modulation cycle. Theumof R.T.1 plus R.T. 2 can be obtained by jmgtM=1 in equatior3.3.
3.4.2. Estimation of uncertainties:

The uncertainties associated with retention ttmend the modified Kovats index (e811) are
estimated by the propagation of uncertainties in equat®hsand 3.5, respectively. The

uncertainty of etention timetx is estimated using M=1.

70 70 10 70 70 70 70 (34)

(3.5)
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In Egs.3.4 and3.5, the quantity ds the uncertainty associated with the prop&rt¥he inherent
limitation of theuncertainty estimation of tHein eq3.5 is that it is infinity for ralkanes or ther

compounds whose retention time is same as any of#fleanes.

For the singleetentiontime 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 uncertaihtesdpisted
retention timeg, o0and] 0, two standard deviations of R.T. 1 and R.Tar2 calculated using

St u d eteststatistics. Finally, for the undaintiesof the other four process tuning parameters,

0.5 s value is assumed.

Table 3.2 contains the uncertdias associated with R.T. 1 and R.T. 2 of all compounds under
study. No wriations 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
pres@éce of comparatively broader peaks of them. Among the testing comptumndsicertainty

of R.T. 2 is high because of the same reason.

Table3.2: The retention timein primary column (R.T. 1) and in secondary column (R.T. 2), and
the total retention timéx = R.T. 1 + R.T. 2) are reported for all the compounds with two atdnd

deviations.
Classes Compounds R.T.1(s) R.T.2(s) tx (S)

Reference Co 205 + 0 1.45 + 0.04 206.45 + 0.20
compounds: Cr 355+0 1.52 + 002 356.52 £ 0.20
n-Alkanes Cs 5750 1.42 +0.02 576.42 £ 0.20
Co 7750 1.34 £ 0.02 776.34 £0.20
Cio 975+ 0 1.37 £0.02 976.37 £0.20

Cu 1,175+ 0 1.42 +0.02 1,176.42 £ 0.20

Cr2 1,355+ 0 1.47 £ 0.02 1,356.47 £ 0.20

Cis 15350 1.51 +0.03 1,53%.51 £0.20

Cia 1,695+0 1.55+0.03 1,696.55 £ 0.20

Cis 1,855+ 0 1.59 £ 0.04 1,856.59 + 0.20

Cis 2,005+0 1.62 £ 0.04 2,006.62 = 0.20
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Table 3.2
(continued)

Cu7 2,145+ 0 1.65 % 0.03 2,146.65 = 0.20

Cis 2,275+ 0 1.69 £ 0.04 2,276.69 = 0.20

Cio 2,395+ 0 173 +0.04 2,396.73 £ 0.20

C20 2515+ 0 1.76 £ 0.03 2,516.76 £ 0.20

Ca1 2,635+ 0 1.80 £ 0.05 2,636.80 £ 0.21

Ca2 2,755+0 1.85+0.06 2,756.85+0.21

Cas 2,845+ 0 1.89 £ 0.03 2,846.89 £ 0.20

Caa 2,945+ 0 1.96 £ 0.04 2,946.96 = 0.20

Cas 3,06 +0 2.03 £ 0.07 3,047.03+0.21

Cas 3,145+ 0 2.10+0.08 3,147.10 £ 0.22

Ca7 3,235+ 0 2.20 £ 0.07 3,237.20 £ 0.21

Cas 3,315+ 0 2.33+0.11 3,317.33+0.23

Cao 3,405+0 257+0.14 3,407.57 +0.24

Cso 3,485+ 0 2.89+0.17 3,487.89 + 0.26

Ca1 3,555+0 3.25+0.15 3,558.25 + 0.25

Ca2 3,635+0 3.77 £0.30 3,638.77 + 0.36

Cas 3,705+ 0 5.89 +0.83 3,710.89 £ 0.85
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
co-::z;:?lds 1-Phenyl tetradecan¢ 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:

Table3.3 reports the comparison of obtaingdalues with those repoden NIST17 library.The

NIST17 retention index library contains various categories of retention index data:
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averages and one standdaviations for the testing compoundshese datasets are calculated for

the comparison (Column A in table Htudent's-statistics is not applied becausetioé small

number of datapoints of a few testing compounds.
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For the polyphenyl compounds, repgong Lee retention index is also populdir uses PAH
reference compounds instead gfaraffin reference compounds. The work by Stein &traports

a polynomial fitting equation to convert Lee index to Kovats indexhépresent work, this
equation s used to conv-poltat heollmeob s dpicthydsamins
prepare column B iffable3.3. Finally, the column C iftable3.3 is prepared by averaging all the
data to prepare column A and B. In this case also, a single stateddation is reported to keep

the consistency.
3.4.4. Comparison of the Kovéts indices:

The estimated modified Kovats indices of the testing compoamedsonpared with thelatabase
preparedfrom the NIST17 library. The modified Kovats indices are estimatedusiyng three
different timelines: one by using only R.T. 1 (reporte@atle3.3), another by using only R.T. 2
(reported inTable3.4), and finally by sing both R.T.1 and R.T. 2 (reportedTiable3.3). The
uncertainties of the retention time for thesfimethod are estimated by puttingg  T80n the

other hand, uncertainties of the retention time for the second method and third methedaam=

as o T8
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Table 3.3: Comparison of estimated Kovats indices of the testing compounds with the dataset
prepared from NIST librg. In the dataset of NIST library average values and one standard
rcwah Demn 6, i
-fdNloamatolal mad e d &Rt
various temperature programs. A Lee index to Kovats index polynomial equation is used to convert

t he dphenys and to prepare columiniBeFingly | y

deviation are reported. Column A is prepared usingo v 8t s ¢ oR la,r

Dool and Kratz Rl, nop ol ar col umno and
ALeepgasl arrl ,c onlounmn o
the column C in table 3 is prepared by averaging all the data parpreolumn A and B. For
column B and C also, average value and one standard deviation are reported to maintain the
consistency. The uncertainties tbe estimated Kovats index values are calcdlastngEquation

3.3. These uncertainties represent twansiard deviations of the measurement.

NIST17 data for non-polar / slightly

Ix I x polar phase (i.e., except polar columns)
calculated | calculated
Compounds from only using From | x after

using RT.1and | gxperimental converting | - 5 yata

RT.1 R.T.2 values oflx Leirl]?ydex (column C)
(column A) (column B)

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 trideane | 1,975+1 | 1,975+1| 1,975+10 - 1,975+ 10
1-Phenyltetradecang 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-Terphrenyl 2092+1 | 2092+1| 2,149+27 | 2,098+47 | 2,114 +63
p-Terphenyl 2133+1| 2,134+1| 2,196+25 | 2,123+63| 2,165+ 86
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Table3.4: Kovats indices of the testing compounds are estimated using various retention timelines.
They are reported with two stdard deviation error (equatidh3). [*] represents the Kovats
indices of tdocosene and-ferphenyl using R.T. 2 only. Estimating confidence levels of these
two compounds are not possible using equ&di8n

Compounds Ix calculated from Ix calculated using | Ix calculated from
only using R.T.1 R.T.1and RT.2 | onlyusing 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 19751 1,975 £1 2,140 £ 94
1-Phenyltetradecane 20751 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*

Thereare no differences found in the measukedfter using R.T.1, and after using R.T.1 and
R.T.2 both Table3.3). On the other hand, more than 1Q@nits drift except ddocosene with
larger uncertainties are observed while using only R.T. 2. Tkesre@ion suggests that only R.T.

1 is enough to estimate the modified Kovats index of compounds with comparatively smaller

uncertainty in a comprehensive GC x GC system with current column combination.

The confidence levels of the estimated Kovats indicdsble 3.3 overlap with the onstandard
deviation data of the first five compounds such-de®dosene angith other four 3phenyl alkanes

in column A of the NIST dataset. Although the estimated confidence levels of phenyl cyclohexane
overlap with that in domn A of the NIST dataset, the estimated average valuelisl2is off.

It suggests that more experimaintata points in the NIST library are needed for phenyl
cyclohexane. On the other hand, the estimated data, afroand p terphenyls are in good
agreements with the column B of the NIST datasets. This comparison suggests that the Kovats
index estimatetby using the first modulation cycie comparable to the library data.
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3.5. Conclusion

In this study, an equation of the retention timeline is propaseatporating the effect of the
freezing of compounds at the crjmcuser. It includes the counts of tiredulation cycle if the
retention time of the peak tails is needed to evaluate. However, the Kovats index evaluation for
nine testing compounds reve#tst only the retention time of the primary column can provide a
close estimate of Kovats index to tretareported in NIST 17 library. Kovats index measurement
from both the retention times can also provide a close estimate of Kovats index. However,
esimation of the Kovats index from only the secondary column retention time has given a poor

estimate of Kgats index with larger uncertainties.
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CHAPTER 4: PREDICTION OF KOVATS RETENTION INDEX USING
MACHINE LEARNING

4.1. Introduction:

Measuring retention irek of a compound from gas chromatography analysisestablishe@nd
popular technique in analyticahemistry labs and industries. It is an identification technique
applicable tacompounds in a mixture. To measure the retention index in a gas chroapéatog
column,retention times ofompoundsn thesame homologous seriaeemeasued as references.
After that, the retention time of the analyte compound is meadstlire retention index of that
compound is the ratio of the difference in the retentiores of the analyte and the reference
compound that came out just earlier than the analytepared tdhe difference in the retention
times ofthe bracketingeference compounds.

If the reference homologous series-alkanes or paraffins, then the metien index ighe Kovats

index
O pmnHE— pTEN (4.1)

Eq.4.1 is the fomula to calculate the-alkane retention index for the nasothermal temperature
program wherdy is the retention inde; is the retention time of thecompound anah is the

carbon number of thealkane came out just before theompoungandn+1 isthe carbon number
of the next ralkane which came out just after that compoundl,Aseasures the ratio of the
difference in the retention times, it is independent cdddeolume and other instrumental

variabilities, thus, it is independent of interlatimry measurements also.

The idea of identifying compounds using this index was first proposed by E. Kiovas
isothermal gas chromatogna® Kovats used théogio(retention timé to calculate the inde®.
Later, van Den Dool and Kratghowed thatthe samerelation holdsfor a norrisothermal

temperature program as w#llt is discussed in more detail in theevious chapter.

" A A AtBeOdtention time of a compound degemn the adsorptiedesorption behavior of the
compound omctive phasef a gas chromatography column, Kovats index depends on the polarity
of column. The Kovéts index of a compound in +pmtar column is lower than that measured in

a polar column. Howear, there is no statistical differencakthe Kovats inedcesrepored for a
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compound measured in various Aaolar setups. Retention index measurements of benzene from

NIST retention indexilbrary are reported ifable4.1.

Table4.1: Various retentiomdex (Rl) measurements of benzene are reported. The RI formulation
is same g 4.1) in normal alkane RI, and van Den Dool and Kratz RI. For the Kovats RI, a

logarithm of the retention time used as it was first used by E. KoVts.

Avg *
95%
. Number of _
Name of the tables in NIST17 gas chromatography database confiden
reports
ce
interval

Kovats RI, norpolar column, custim temperature program 10 655 + 28
Kovats RI, norpolar column, isothermal temperature program 276 658 + 29
Kovéts RI, norpolar, temperature ramp 4 655 + 21
Normal alkane RInonpolar column, custom temperature progral 50 656 + 22
Normal alkane RI, on-polar column, isothermal temperature

38 660 + 20
program
Normal alkane RI, nopolar column, temperature ramp 39 649 + 17
Van Den Dool and Kratz RI, ngpolar columngcustom temperature

5 647 + 24
program
Van Den Dool and Kratz RI, ngoolar, tempertre ramp 59 649 + 15
Kovats RI, polar column, custom temperature program 3 956 + 21
Kovéts RI, polar column, isothermal temperature program 59 972 + 34
Kovats RI,polar column, temperature ramp 1 924
Normal alkane RI, polar column, custom temperapuogram 17 946 + 27
Normal alkane RI, polar column, isothermal temperature progral 11 963 + 34
Normal alkane RI, polar column, temperature ramp 13 944 + 30
Van Den Dool and Kratz RI, polar column, custom temperature

5 936+ 7
program
Van Den Dool and Katz 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 KovatsSifidiey.
have considered 84 group descriptors. Along with Bensonpgféuhey also have used new
grows to describe the structures of molecules. Adeforminglinear regression, they repied
weights ofthe groups. It is a simple model and easy to understand.

It also has several limitations. Firgtwiill not capture any nonlinearitieSapturing tte differences

in Kovats indices of conformers is not possibkng only group additivity.Also, Stein etal.
reported the weiging of methyl group to be 112 and methylene group in a linear compound to be
99. Thus, according to these values, the Kovats indexppbpmane (@ n-alkane) is 323, of n
pentacosane (en-alkane) is 2501, and of tritriacontanex{@-alkane) is 3293. Ther8t value is

23 units higher; the second value isuhit higher, and the third value is dnitslower than their
Kovats indices. However, the model should be set up in such a way that it predicts the Kovats

index of nalkane as aultiple of 100,

There ae also other studies, that used different statistical methods such as neuralg)stypmdxt

vector maching or linear regressions to understand and predict Kovats index of different classes
of compounds®192132 The NIST RI database of more than >20,000 compouhaisalso been

used (see Chapter 3)However, usage of complicated descriptors to depict the adserption

desorption behaviors makes them difficult to understand.

Due tothe rapid degradation ofkanes 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.isidy the development of
datadriven retentiortime based identification models for alkyl compounds are very important.

It is important to note thdor PAHsandnonhydrocarbon compountsatcontain high number of

polar groups, large molecular ioage presentn the mass spettm after electrorionization in
contrasto alkanes or compounds containing a large alkyl fragment. That is why the identifications
using electrorionization masspectrometry are easifar these compoundban for alkanes, as
thechargeto-mass ration/z of thelargestion (zis usually+1) corresponds tthe molecular weight

of the compound.
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4.2. Data collection:

Becausea nonpolar column is commay usedto separate a hydrocarbon mixtimg GC, non

polar retention indices of,549 hydrocarbons and 439 nbwdrocarbons are collected from
NIST17 retention index database. After that, all the-polar retention indices are averaged for
eachcompound as no significant statistical differerscare found over various reported indices
(see benzene dataTiable4.1). The 95% confidence level from the multiple reporting is calculated
usingSt u d éteststatistics. A population of the number of reporting per compound is shown

in Figure4.1. The canplete dataset is reported in Appenii.
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500 F
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Number of reporting in NIST 17
Figure4.1: Number of compounds vs. number of reporting of Kovats index in NIST 17 retention
index library®".

It shows that around 55% of the total compoumaseonly oneretention index dateint; that is,

the 95 % confidence level of the megeli retention data is not known for these compounds.
Neverthelessthese data are also consideredhe analysis to find any common trends over the
total dataset.

Table4.2 provides information about the number ofilgcarbons considered for the stuégr
the nonhydrocarbons, only the linear compounds are considered to know the effect of various
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polar groups on 4alkanes. Various classes of Aloydrocarbon and number of compounds are
listed inTable4.3.

Table4.2: Various classes of hydrocarbons ddesed for the study.

Chemical

Number of
formula of

compounds
hydrocarbons
CnH2n+2 1,551
CnH2n 1,012
CnH2n-2 828
CnHZn—4 427
CnHZn—G 754
CnH 2n-8 411
CnHZn-lo 112
CnHZn-lz 87
CnH2n14 67
Total 5,249

Table4.3: Various classes of linear ndnydrocarbons considered for the study.

Class of linear Number of
non-hydrocarbons | 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
Monc-iodide 26
Perfluorcalkane 7
Perchlorealkane 3
Total 439

After the calculation of the average Kovats index, a value of 100 timedtal carbon number,
nc is subtracted from the average Kovats index value.

YO O p mn (4.2)
This calculationis performed to observe the difference of the Kovats ind&X,with respect to
the corresponding-alkane among various classes. It Bétpmagnify retention behaviors of large
compounds Were retention indices are already very laFgethermorein this formulation, then
al kanes6 Kov§gt s inmultiples efhundrad,e¥Qinzhre foreailkanes.yThe
linear model by Stein et &tfailed to capture that.

4.3. Results:

Retention time depends on the adsorption of a compoundtaticmaryphase polymeiRetention

time of agiven compound is a result of the competition between the enthalpic and entropic
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contributions during the adsorptiatesorption process in the GC colunifhe adsorption
phenomena are governed by the Gibbs freegy of absorptio’y"O

yo YO WY (4.3)
whereY'O s the enthalpy of adsorptiod}Y is the entropy of adsorptipandT is temperature
of the system. If YO or the enthalpy of adsorption is larg@ien the Gibbs free energy of
adsorption is large, which leads to a longer retention of a compound.Mftheor the entropy
of adsorption is large, then the Gibbs free energy of adsorption is small. Adustention time
will be shorter.

The interactionbetweenthe molecule and the stationary phase during adsorgidmoadly
categorized into two types: one is polar interaction and the other one®laonnteraction. Polar
interaction is a strongnieractionbetweerthe functional graps of a molecule and the actisites

of the polymer. Functional groups containing electronegative atoms such as O or N or others are
needed in m adsorbingcompound (such a®©H group in alcohol;NH2 group in aminepnd in a
stationary phase (such-#&3- groups in polyethylene glycol) to have a polar interaction. The polar
interaction in these cases is mainly driven by {osmgge coulombic interactionsncluding
hydrogenbonds. Compounds or active sites contaimmdtiple phenyl rings or fused benzen

rings also offer a strong-" interactions. Various polynuclear aromatic hydrocarbons (PAHS) or
diphenyl siloxane polymer fall under this categasywell In brief, various longange interactions

such as kbonds, coulombic or strong-" interactions a the main contributors betd the
adsorption in a polar column. As the polar interactions are driven by strong forces, the enthalpic
contribution isgreaterthan the entropic contribution in these cases. That is why the Gibbs free
energy of adsorption dhe retention time of compadsis usually higher in polar columns. It also

changes the Kovats index.

On the other hand, the nonpolar interactions are dominant among the faigtoarps of various
alkanes, other unsaturated hydrocarbons, long alkyihsltd weakkly polar compounsg and
adsorption sites of a newolar column such as pok{dimethyl}siloxane. The nonpolar
interactions consist mainly of the weak and shange dispersion foreeThat is why the enthalpic
contribution is lower than thatf @ polar compound in a pal@olumn. On the other hand, the

entropy of adsorptio"Y is
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yy [ (44)

whereW/Wp is the ratio of equally probable microstates at the temperature T and a reference
temperature.

In various alkanes or alkyl compounds, the number of equallyghie microstates changes when
types and numbers of functional groups change. It affects thiesGiee energyand finally it

alters the retentiotime behaviors of compoundalso, bulkier groups lower the strength of the
enthalpy of adsorption, whicHsa affects the Gibbs free energy of adsorption and changes the

retentiontime behavior.

4.3.1. Acyclic Branched alkanes:

Branched alkanes (general formulaHz.+2) are different from the-alkanes (general formula:
CnH2n+2) by structure because unlikeaikanes, the branched alkanes contain more than two methyl
groups. Due to thatructure there are tw additional group thatcan be found in branched alkanes:
One has a secondary carbon at the center or the(EjCroup and the other has a tertiary carbon
at the center or C(G)group. These groups are bulkier than methyl or methylene gradysh
affects the Gibbs free energy of adsorptiéiso, due to the presence of these groups, the total
number of conformers of the branched alkane changes comparedialkane with the same

carbon number.

The conformation of two consecutive groups in an adkanc ane be vi sualized b
them by 60 . I n this way, three eclipsed and
4.2). The total numbeof conformers of a molecule is the combinations of all possible rotational
arrangements of thaairs of consecutive groups. However, due to the torsional strain, the eclipsed
conformers have high energies. It allows the low strained staggered confoetatioea more

accessible to a groypair. In Figure 4.2, three staggered (labeled as sl or s2 or s3) and three
eclipsed (not labeled) conformations of total eight group pairs are showiguhe 4.2a, C(R)s-

C(R1)3, in Figure 4.2b, C(R)3-C(R1)2(Ry), in Figure 4.2c, C(R)s-C(R1)(R2)2, in Figure 4.2d,
C(R1)s-C(R)(R2)(Rs), in Figure 42e, C(R)2(R2)-C(Ri)2(R2), in Figure 4.2f, C(Ri)2(R2)-

C(Ry)2(Rs), in Figure 4.2g, C(R)2(R2)-C(R1)(R2)(R3), and in Figure 4.2h, C(R)(R2)(Ra3)-
C(R1)(R2)(R3) group pairs and #ir six conformers are shown where, R>, Rz is H or CH; or

CnHzn+1 (n>1) groups, and R Ry, Rz are different from one another. The GRC(Ry)3, C(Ry)s-
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C(R1)2(R2), C(Ry)3-C(R1)(R2)2, and C(R)3-C(R1)(R2)(Rs3) grouppairs hae three same staggered
confomers. That means the same conformation camadbgeved by three different rotations
indicating three rotational symmetries. On the other hand,)&BR)-C(R1)2(R2) and C(R)2(R2)-
C(R1)2(Rs) have two rotational symmetries, and @Q@R2)-C(R1)(R2)(Rs), and C(Ry)(R2)(R3)-

C(Ru)(R2)(Rs) grouppairs have no rotational symmetry.

A

R1R1

AL A SR

1

B

RoR4 o R RaR;

R2 6()° = @
—_— R
\\@ 11\\@ \@ @ \® N
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Ri /i RN /| R AN /|
RN /R2 RN F-:Rz RN \\ R2 Ry R2 R4 RTZ
1 Ri
R sl 53
D
R2R-|

R .
—_— R1
R 1‘\ RN N ¥ Rs RN RNRs

Figure4.2: Various staggered conformers-&3) of different group paimreshown from A to H.

R1, R, and R are three different groups.
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Figure 4.2 (continued).
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Figure4.2: Various staggered conformers-&3) of different group paiareshown from A to H.

R1, R, and R are three different groups.

The effect of secondary carbons or @F)s(H) groups: A secondarycarbon or a C(GjH) group

in a branched alkane is a ban 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 attacled to a-CHs or methyl grop or other GHzn+1fragment (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@&j@youp. Figuret.3a shows howdy

or thegap of Kovats index from its correspondinglkane (wih same carbon atomghanges for

these simple structures, also known as monomethyl alkanes. The average \aluagegblotted

in Figure 4.3awhichreveals that due tthe attachment of a methgtoup, the Kovéats index is

lower than that of +alkane.It indicates that monomethyl alkanes desorb early in apoter
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stationary phase. A reasontimtthe C(C}(H) group is bulkier than a methylene or C{El)2

group causimg a difficulty to adsorb oithe stationary phasélso, an addition of a methyl gup
enhances the number of equally probable microstates of a monomethyl alkane molecule by at least
1.5 timesrelative toits corresponding Halkane with same carbon numb&hus, the entropy of
adsorpion (Y'Y ) becomes highetowering the Gibbs free energy of adsorptidfiq ) and
shortening the retention time under the same temperature program. That is edyysthegative

in the case of monomethylkanes.
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Figure4.3: (a) Variat on o f K 0 vx8rt nsonomethyleakkanes &dm corresponding n

al kanes as a function of xof »(endd) dincethyl bliames isa u mb e r
approxi mat el yin2met hy Imea! k dxofether dinfethyl alkarre® caresot

be predicted by additevrules. (dChemical structures ¢12) are shown for mukinethyl alkanes

with ther s values.
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Figure 4.3 (continued).
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Also, &} changes as the chain length or total carbon number insrease fixed monomethyl

alkare in general. It decreases rapidly when the chain length is smatileough fluctuations of

2} at the larger chain length and an increaseepfrom iso-propane (2methyl propane) to iso
butane (2methyl butaneare observé. When chain length growsy addiional CH(R1)-CH2(R2)

[R1 1 K] group pair is added to the chain. The £R)-CHz(R2) [R1 1 B 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 thmlecue increases. It contributes positively to the enthalpy of

adsorption.

Furthermorezeis observed to increase frormiethyl to 3methyl alkanes. After that, it decreases
from 3methyl to 1imethyl alkanes, and fromlidmethyl to 14methyl alkanesno sgnificant
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}j&dtoup or C(H)(CH)2- C(H)2(R) grouppair,
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the number of equigl probable microstates enhas bya factor of two than that of-Bethyl
alkanes. It increases the entropy of adsorption-ofegthyl alkanes compared to that of the 3
methyl alkanes. After that, frol®methyl to 1tmethyl alkanes as the bulky secondargboa

group or-C(Cx(H) movesfrom the chairend 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.

Figures4.3b and4.3c represent thdecreasef Kovats ndex of various dimethyl alkaneslative

to the nalkanes with same carbon atoms. It reveals thall¢lceeasés more pronounced than in
the cases of monomethyl alkanes. It is maximum in 2;{grimethyl alkanesAlso, the
decreasem these dimthyl dkanesi compared with the sums of tdecreasg of their constitutive
monomethyl alkanes witlower carbon nurbers. This analysis reveals that a simple addition rule
of a4 of two constituent monomethyl alkanes either overpredicts or underpréukcs} of
dimethyl alkanes. Thus, it cannot be applied to predict the Kovats index of dimethyl alkanes.
However, addig the values of-tnethyl alkanes provided comparatively close estimates of Kovats
index to the experimental values of 2,(ef)edimethylakanesexceptfor 2,3-dimethyl butane. In
general, the structure of a 2,(ebddimethyl alkanes contain one more mgtgroup at the second
last carbon of a main chain compared to its constituemetyl alkanes. Due to thstructure the

symmetry numér increases by 3 times.

The structures 1, 4, 7 and 10 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 constituenngtbybalkane pairs
of the 1, 4, 7 and 10 structures. The retipe &4 values are reported below these structimes
Figure 4.3ct also shows that a simple additionast of these constituent monomethyl alkanes

does not predice} of the multrmethyl alkanes.

The effect of tertiary carbons or C(C) groups: In abranded alkane, a C(@group appears
when two GHzn+1fragments are attached to the same carbon in a the backivede N, N
dimethyl alkanes are simplest structures of branched alkanes that containg g & (€N isthe
position of the carbon atom thebackbone where two methyl groups are attached). Figidee
shows thedecreasef the Kovats index of these molecules compared-atkanes and moRo

methyl alkanes with same carbon numbers. The £@ups are bulkier #n a methylene group
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or aC(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 leastethitimes relative to monomehyl alkanes.Thus, the
entropic contribution becomes higher than monomethyl alkanes. Thukdteasef the Kovats

index is even higher in N, dimethyl alkanes than dhethyl alkanesAlso, the decreasesf

Kovats index in 2-dimethyl alkanes are high¢hanthe 3,3dimethyl alkanes. It is due to the

three symmetric conformations of C(C)&H)(CHs)z group pair located at the second and third
positions of the backbones of Zjitnethyl alkanes. This featureabsenin the stuctures of 3,3
dimethyl alkanes.Also, adecreasen the Kovats index is noticed from 3¢dmethyl alkanes to
4,4dimethyl alkanesconfirming an effect of the position of these groups. Furthermore, as the
chain lengths of 2,2 and 3,3 dimethyl alkanesdase, thelecreasef the Kovats ndex from the
n-alkane reference line increases at lower carbon numbers. It decreases at higher carbon numbers.
In general, thelecreasshould be small if the chain length of the backbone is extremely, Egge

the effectof the end group will be sdler if the compounds are extremely long. However, more

datapoints are needed to confirm this trend.
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Figure 4.4: (a) Variation ode} in monomethyl and n;dimethyl alkanes from corresponding n
alkanes as a function of totahrbon numbers. (b) Thee} of 2,2,(endl),(endl) tetramethyl
alkanes is approximately two times &} in 2,(endl)-dimethyl alkanes. Thee} of other

tetramelyl alkanes cannot be predicted by additive rules.
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Figure4.4b suggests that tlikecreasén the Kovats index is even higher in N,N,Mfegtramethyl
alkanes where twoC(C) and four methyl groups are present with the maximum at 2,2,(end
1),(endl) tetranethyl alkanes. The maximurdecreaseis observed at 2,2,(efi,(endl)
tetramethyl alkanes. It is because of an e€i{@)(H)-C(CHs)z group pair.Also, a mismatch of
thedecreasein Kovats index after the addition of those of constitaempounds suggessthat a
simple additivity ofeeof N,N or M,M dimethyl alkanes with twfewer carbon numbers cannot

be used to estimate tbe}of N,N,M,M tetramethyl alkanes.

The effect of larger side branches, fHzn+1(n>1): The solid red, black and blue lines wiilled
symbols inFigure 4.5 represents thasi of 3-ethyl, 4ethyl, and Sethyl alkanes. These are the
simplest cases of the branched alkanes in this category. Most of the datapoints have only one
reporting and trere arananyfluctuations observed in ¢éise datanotea possible wrong reporting

of the data for &thyl hexadecane (carbon number =18). However, a few general trends are
observed. One is thgreater decreas#f Kovats index wherhangingfrom methyl to ¢hyl side
branch.That effectindicatesthat the secondary carbon centers become bulkier when a larger side
branch is present that hinders the adsorption prodeshtion of a methylene-CHz-) groupalso

offers more conformation symmetndincreases thenthalpy of adsorption. Another obsaian

is that these } decreases when the side branch moves towards the center of the main haekbone
whentheayis lowered in general from-8thyl to 4ethyl and from 4ethyl to 5ethyl alkanes. It
might be beause of the enhanced bulkier natur¢hoke branobd alkanes with a side branch at

the middle of the backbone.
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Figure 4.5: Variation of Kovats indeg} in monomethyl, monoethyl, and monopropy! alkanes

from corresponding-alkanes as a function ofted carbon numbers.

Summary of observdions in acyclic, branched alkanesThus, thedecreasesf the Kovéts 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 I@ngthmethyl

group is observed to affect the entropyadfsorptions 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 largdecreas®f Kovats index comparea fts isomer with the same side chain

at the end of thbackbone. In these cases, the numbers of conformation symmetry estimated from
various group pairs atbe same e.g., for3-methyl decane and-fethyl decane. It suggests that

an alkane with a branct the middle has a low enthalpy of adsorption thatdea a low Kovats

index for this compound. Overall, the structural features of the branched alkane affect the entropy

and enthalpy of adsorption and dictate dieereasesf their Kovats indices.

4.3.2. Cycloalkanes:

Cycloalkanes (general formulaxi>n) without any side branches do not have any methyl groups
so the conformation symmetryiumber is lower thaffior n-alkanes.Also, the rotations of the
methylenemethylene group pairs are restrigtethich isanother reasofor a lower conformation
symmetry numberThat is why the entropy of adsorption is low for these molecules compared to
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n-alkanes and Kovats index are higher. Figi& shows the generaicreaseof aetin various
cyclo-alkanes without linear side chains. The black line represengstbécydo-alkanes with a
single ring. From the cyclpropane to cyckpentane,aei is observed to increasand in
cyclohexangit has a small decrease. From cyhkxane to cyclenonane, it is observed to
increase. Again, a decrease is observed from @@bando cyclotridecane. However, there is
only one report of the Kovats indéor cyclo-tridecane. Another increase of the Kovéats index data
is observed from cyottridecane to cyckpentadecane and finally, it falls under the reference line
at cycleoctacosae (carbon number 28). In general, the mopcloalkane curve has multiple
local minima and maximaultimately going below the reference line when the ringeiy large
(carbon number 28). However, more datapoints are needed to confirm this trendrah gdren

the ring size is extremely small, then the ring is strgiméildwing only a limited number of
conformations and affecting the entropy of adsorpthmithe ring size gets larger, the ring strain
per methylene group decreases up to cyclohexafter. that, it again increases till cyefmnane
and after that itlecreasguntil cyclo-dodecané® The number of conformations islaged to the
ring strain. It is usually high when the ring strain is low. That is why if the ring strain i&mwgts
index is high. However, the increase in the Kovats index of egttadecane, cyclbexadecaes

and cycletricosane is not wekkxplaired by the ringstrains as the ringtrains of the methylene
groups are low in these compounAs$so, the Kovats index of unfused-bycloalkanes (red star
points) and fused hiycloalkanes (blue square points) Exeer than their corresponding mmsn
cyclodkanes Rather, iis mainly because of the secondary carbon linkage in the cases of unfused
bi-cycloalkaneswhich provides another rotational degree of freedom that increases the entropic
contribution and Kovatsdex. On the other hand, the fuseechdoalkanes are more strained
and their Kovéts indesshould be higher than morycloalkanes. That is why it is not clear why
they are lowerAlso, there are fluctuating trends observed in the cis and transrsofifesed bi
cycloalkanes (only for theacbon numbers 12 is shown kigure 4.6). Perhaps more datapoints

with multiple reporting/repetition are needed to confirm these observations.

4.3.3. Deuterated nalkanes:

Kovats index of the 4alkanes itself is an influenced by the number of deuterium prigstTd i
alkane. Figured.7ac represent the structures ehaxane (6Hi4), CsH7D7, and GD14. Figures
7d to 7i represent the structures eheptane (@His) and otler five D-substituted rheptane

89



compounds. Theigejvalues are also reported. The Kavatdex is observed wecreasas the
number of D atoms increases in thalkanes. Figurd.7j shows thathe decreas®f the Kovats
index is linear with the number of D atoms. However, more repetitions or repisrhegded to
confirm the trend. It iglso not clear why the Kovéts index is affected by the number of deuterium

substitutionas hydrogen and deuterium shibbehavehemically the saméuring adsorption.

3()0 T T T T T T T
Cyclo-tetradecane —--0--n-Alkane ref
—&— Cyclo-alkanes
250 Bicyclo-alkanes
(fused rings)
i 1,1-Bicyclo-aklanes
200F (not fused) 1
~* 150 F .
<1
100 | 1
50F .
Cyclo-octacosane
0 [o-CC0C0000000000C0C0-0000C000 000000000‘];
0 5 10 15 20 25 30 35 40

Number of total carbon atoms

Figure 4.6: Variation of Kovats indexgi in cyclo, fused bicycle, bicycloalkanes from

corresponding falkanes as a function of total carbon number.
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Figure 4.7: (a)i) Chemical structures ofhexane, Fheptane, deuteratedmexane and4heptane,

and theiree} values. (j)eei of different deuterate-alkanes as a function of D atoms.

4.3.4. Unsaturated hydrocarbons:

Unsaturated compounds contairbonds forming an electronegative region in the strestuwf

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

interactions play a role. Moreover, @ond in a molecule interacts with more positively charged

centers inside a molecule, suchaawethyl group. That is whit influences the free rotation of
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nearby groupsaffecting number of equally probablendormers. 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 estimateiofrtps.

" Bonds in a linear hydrocarhagives rise to multiple groups as well. They arg€Gg)(H)2,
Cd(Cd)(C)(H), C4(Ca)(C)2, cis or trans conformation, «C:)(H), G(Cy)(C) and G(Ca)2 where G,
CtandC, are doublebonded carbon atom, tripleonded cdvon atomand allene carbon atom. In

the following paragraphghe influence of these groups asiis investigated

Linear alkenes: Figure 4.8a represents the changes in Kovats index of different linear alkene
structures compared to that ehtkanes. Tie blue line is the-alkene line. It is below the-alkane
reference line (black dashed link)suggests the role of aiC4)(H)2 group in lowering the Kovats
index of the compound by around 10 to 20 units. On the other hand,-1)(afiddienes contai

two C4(Ca)(H)2 groups. That lowers the Kovats index even further (pink line). An exception is
observed at -butene and 1;ButadieneAlso, the decreasef Kovats index is small in general
when the chain length is increasedthough many fluctuations are observed in 1,(ehj
alkadienes line and at the higher carbon values-atkdne line. Perhamore datapoints are
needed to estimate the 95% confidenange of these datapoints.

Theeaeilines of cis2-alkenes (red line with square symbols) and tZatkenes (black line with
square symbols) are above thalkane reference line. It indicatasise of the Kovats index when

the double bond is situatatithe second and third carbons of the alkyl chain. The cis conformations
in 2-alkenes influence Kovéts index more than trans conformetionthe cis conformation,
hydrogen atoms of the methytagip at the first carbon and the methylene group at thiedird
fourth carbon interact with the bond. On the other hand, in trans conformation, the hydrogen
atoms of the methyl group only interact with thebond. These intramolecular interactions
influence the number of symmetric conformers, that, in tufluance the entropy of adsorption.
Also, the e} 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-Bialkénes and
trans3-alkenes are observed fidlow a similar trendiaround 10 to @ units below the #alkane

reference ling The observation is same for -dsand trang! alkenes. It is noticed that as the
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position of theé bond moves from third to fourth position, g is observed to decreaf® large

values of chain lengths (camhs numbers from 11 to 17).

Linear alkynes and allenesfFigure4.8b represents thehanges ifKovats index in different linear
alkynes and allenes fromaikanes. The black solid line with the star symbols is fdialkynes.

It shows the effect of &(Ct)(H) group on theset on a linear alkyl chain. The presence of a
Ct(Ct)(H) group changes the Kovats index froralkanes by +20 units. However, a large deviation

is observed on carbon number 2 and 3, and carboeul5 and 16. The data for the 1,(@nd
alkadienes (pinkiccles) also changes tlae} from nalkane reference line. These compounds have
two G(Cy)(H) groups. However, no fixed trends are observed in this case. Perhaps more datapoints
are needed to meare the 95 % confidence level. On the other handgthénes for the 2to 5
alkadienes are different from the Kovéats index dataakgnes, as the location of the triple bond

in the middle of the chain enhanaeg from the ralkanes. In fact, tkieffect is maximum in the
cases of aalkynes. In general, psence of a {)(C) group, influences the rotation of nearby
methyl or methylene groups. The maximum rise of the Kovéts indeglay@es suggests that the
influence of a triple bond on the amby 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: (apei of different nalkenes and-alkadienes as a function of total carbon number.

(b) e} of different ralkynes and +alkadiynes as a function of total carbon number.

Alkylbenzene or phenyl alkane Alkyl benzenes or phenyl alkanes are those compotials

have an electronegative phenyl ring attached to the main alkyl chain. A pheny cogposed
of six sp-hybridized carbon atoms £E It has two more groups:s(Cs)2(C) and G(Cg)2(H). 1-
phenyl alkanes have one(Cs)2(C) and five G(Cs)2(H) groups #ong with the other alkane
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groups. In phenylene alkanes, there are multiplgCg)2(C) groups. In general, a phenyl ring is
bulky and electronegative, and it influences the intermolecular, -tehsationary phase
interaction. Thus, it changes the entlyatp 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 adsorpiisn, the positions of two alkyl
chainsin a phenyl ring (number of g{Cg)>(C) groups>1) also influence the free rotation of the
groups in the alkyl chainheyalso change the number of symmetric conformers in a molecule.

In the following paragraphs, the effects of the position of aaylhgroup in a linear alkyl chain

and the attachment of multiple methyl groups in a phenyl rirg pare investigated.

Figure4.9a shows howe} variesfor various monealkyl ring compounds comparedaan-alkane
reference line. The blue star point is édefor benzene. Its Kovats index is 56 = 13 higher than n
hexane. It is a planar molecudéth no symmetric conformers. On the other hantierane has
two CHs-CH. and three CHCH: group pairs. Thus,ts number of symmetric conformers is
3?23=72 symmetricconformers. That is why the entropy of adsorption is lower for benzene
compared to #hexane. On the other hanidyond interactiometweerthe stationary phase polymer
and the benzene molecule is stgen Thus, the enthalpy of adsorption is also highdrenzene.
That is why the Gibbs free energy of adsorption is higher in benzene cortgduacbf nhexane.
Thered solid line with the circle points is thephenyl alkane line. It is situated arous@to 100
units above the-alkane reference line. liphenyl alkanes, the Kovats iodsare higher because

of the phenyl group that enhances the enthalpy of afilsorglso in 1-phenyl alkanes, a methyl
group is missing compared that of aalkane. hat is why the entropy of adsorption is higher,
and Gbbs free energy of adsorption is lower. Thus, the Kovéts index is higher. Fobengl
alkanes to phenyl alkaes,ae} drops and the-phenyl alkane line (black sdlline with circle
symbols) is sitated close toHalkane reference line (black dasheatk)i. This drop is due to the
addition of the methyl group which increases the entropy of adsorption. Phenid angulky
group. As the phenyl group moves towards the middle of the chain, it startsraxt with other
methylene/methyl groups. It effiseely decreases the surface area for the adsorption. Thus, the
compound becomes more difficult to adsorb dulowo enthalpy of adsorption. That is why the

& drops further. However, further investigms are needed to creskeck this hypothesis.
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In Figure 4.9b, ae} of four 1-phenyl alkanes (structures 1, 5, 9, and 13) and their isomers are
compared. These isomers have multiple methyl group attachmehespbenyl rings. A general
observation is thae} of these isomers are always higher thgshényl alkanes. It is because of

the strong intramolecular interactions of methyl groups with the electronegative phenyl rings. Due
to that, the rotations of thesgtached methyl groups are hindered, and th@pytf 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 grodjst is whythe entropy of adsorptiobecomes
higher than that of meta and para posi$i (structures 2, 3 and 4). A proportionality relation of the
&t with the counts of the ortho position is observed. In structures 2 and 7, the ortho count is 1.
Their e} values are 85+3, anfl { 3 respectively. In structures, 6, 11, and 12, the orthatsou

are two. Theiree}values are 112+3, 112+3 apdp v T respetively. In structure 10, there are

four and in structure 14, there are five ortho counts. Tdedivalues are 144+4, antl o ¢7

respectively.
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Figure 4.9(a) &4 of benzene and various pheraljkanes as a function of total carbon number. (b)

Chemical stuctures (314) of variousalkyb e nzenes Ixaaluds. t hei r @&
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Figure 4.9 (continued).

(b)
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4.3.5. Linear non-hydrocarbons:

Identification of compounds using the total electron ionization mass spédiféerent long non
hydrocarbons also possesses a difficut 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 molemriaHowever, when the number of N/O/S/X

(X=F, CI, Br, orl) atoms increases in a molecule, then the molecular ion peak signals become

97



stronger. Thus, it is important to include various manrali- substituted linear nehydrocarbons

under the currentadaset. In the current dataset, various raaicohols, dialcohols, Lcarboxylic

acid, *aldehydes, formates, lacetates, methyl ethers {@e), ethyl ethers (€Et), methyl

ketone {(CO)}Me], ethyl ketones-[CO)}Et], 1-amine, lcyanides, dnitrides, kthiols, methyl

thiols (SMe), ethyl thiols (SEt), propyl thids (S-Pr), Xfluorocarbons, #luorocarbons, 4
chlorocarbons, -2hlorocarbons, -bromocarbons, -Bromocarbons, -iodocarbons, and -2
iodocarbons are considered. The changes in the Kovats indexerfifioppcarbons and
perchlorocarbons are also observed lmttimcluded 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 thee{values of tiese norhydrocarbons are discussed in detail.

Oxygenated conpounds: The presence of an alcohol group) attached to a linear alkyl chain
enhances the Kovats index by around 150 units fraatkanes. Figurd.10a shows howra-OH

group at the first position (alkalrol) increases the Kovéats index by 200 unitdi(sbladk 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 alkylogps. Ths phenomenon lowers the entropy of
adsorption. On the other hand, oxygen can also offer a strong@ktationary phase interaction,

that enhances the enthalpy of adsorption. Due to these effext&ibbs free energy of these
compounds aresudly high. Thus, the Kovéts index is also high. In aldaol compounds, a
methyl group is missingvhich also lowers the total number of symmetric conformers and the
entropy of adsorption. On the other hand, in the cases of atkéto alkan5-ol, themethyl groups

at the end of the chains are there. That enhances the entropy of adsorption and losegrs the
values. The position effect is also observed irethgalues from alkai2-ol to alkan5-ol. Alcohol

groups at the middle of the chain has a &eJwalue 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,
andthe enthalpy of adsorption. A similar effect was also observed in the case of phenyl.alkanes
There & also an observable variation @k} with the chain length. However, more
datapoints/reporting are needed to measure the 95% confidenceAé&s@lthe rise oketis more

in the cases of diols with very high values for 1,2 diols and 1;{¢rdiols. The data for

hexanediols (blue st@oint) can be seen iFigure4.10a.
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Figure4.10b representsei values of linear, tarboxylic acids, Jaldehydes, formates, and-1
acetates. The carboxylic acid has the nsestise among all the other oxygead group. ltsae}

values fallshetween350 to 450 units from 1 to 22 carbon number range. On the other &s&ind,
values for the ‘aldehydes fallbetweenl50 to 250 units from 1 to 22 carbon numbéidso, for

the formates, it fallbetweer200 to 250 uis from 4 to 23 carbon number range. Foetates, it

falls betweenl80 to 210 units from 4 to 24 carbon numbers. There are observable dependencies
of a&ejon the chain length (or the carbon number). However, more datapoints are needful to confirm
the trer. Figure4.9c represents treetvalues 0fO-Me, O-Et, (CO)}Me, and (CO)¥Et. The ketone
groups influence the Kovats index very similarly. They have at least 160sehitses from the
n-alkanes. On the-tnethyl alkyl ether and-gthyl alkyl ether have differert eejrise. It isbetween

60 to 1@ for l-ethyl ether (carbon number =22), 100 to 140 for -Inethyl ether (carbon
number=421). They both have lowee} compared to alkaf-ols (Figure4.10c). It is above 200

for carbon numbers 1 to 22.

Nitrogen and sulfur compounds: Figure4.11a represnts these} values of linear Jamines, 1
cyanides, and-hitrides. Among these three classes, the nitridld®{) groups are observed to
provide the maximum rise ige} (at least 380)Also, the cyanide compouwts (CN groups) are
observed to raisee} more than lamide compoundsNH2 groups) except carbon number =1.
Figure4.11b represents tlaetvalues of ithiol, 1-methyl thiols, tethyl thiols, and Jpropyl thiols.

The &} values of all these groups are lmeg tran alkarl-ol reference line. Afterhie carbon

number 8, thiols are observed to have a maximum rise followedsthyl, Xethyl, and ipropyl

thiols. A similar trend is also observed in alkaol, 1-methyl and 1ethyl ether. However, before
carbonnumbe 8, no certain trend is observedtims 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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Halocarbons: Figure 4.12a represents thee} values of four linear -haloalkanes. The -1
iodoalkanes are observed t@se theae} values the most (at least 400 unit®)lowed by %
bromoalkanes (at least 30@its), Xchloroalkanes (at least 200 units), anflubroalkanes (49
100 units). Thee}of 1-iodo, Xbroma and tchloro alkanes are observed to increase with the
chain lengths in general. However, a decreasepfaluesis observed in fluoroalkanesafter
carbonnumber 4. However, more data points are needed to confirm the trends with the chain
length. Figure4.12b represents thae} values of perfluoroand perchlorealkanes. Thee} of
perfluoroalkanes ar@bservedo decreas&om -5 units (carbo number =1jo -700 units (carbon
number =12)after that it increass to -550 units at carbon number=14. On the other hasd,
values of perchloroalkanes are observed to increase from 550 units (carbon nurnth&B8D)
units (carbon number=3More ddaapoints/repding are needed to calculate the 968&tfidence
levels of these datapoints.
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4.4. Discussion:

4.4.1. Deconstruction of InChl code:

The IUPAC International Chemical Identifier (InChl) is a textual identifier for different chemical
compounds. It isconstructed to provide a standard way to convert mogh@fmolecular

information into a single strintf.The InChl string for morphine is written as follows:

INChI=1S/C17H19NO3/c18-7-6-17-10-3-5-13(20)16(17)2415-12(19)42-9(14(15)17)8
11(10)18/h25,10-11,13,16,1920H,68H2,1H3/t16,11+,13,16-,17-/m0/s1

An InChl string contains a few layeiSach layer iseparated by a slash (/). The first layer is 1S,
which indicateghe version of the InChl code. The second layer is the iclaéformula. The third

l ayer st art s rwofcdmnetivity.oln thissexampieote backboae of morphine is

based on carbon, nitrogen, and oxygen atoms. Indexing theseispmriermed after maintaining

equal weighhgs on all the sides ahe molecule. Usage of parenthesis, hyphen, and comma are
alsocomma t o describe the branching. The fourth
connections. There are three descriptions to denote atoms that are connected to one hydrogen (H),
two hydrogens (H2), and t hoee n fihyldyer scigndiessthe ( H3 ) .
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tautomerism.Also, the layers after hydrogen connectivity are used to show various isomeric
variations, such as tautomerism (t), stereomerism (s), conformerisnar{thjsotopes (i). The
InChl strings are more detailedatin canonicaSMILES strings as they do not capture the

information about isomers.

The branching of the compounds is described in the connectivity layers. A few patterns in the

connectivity layers arebserved:

1 Ifitis a linear alkane/alkene/alkyne stru&uorotherlinear structure, then only hyphens are
used. For example, the InChl string feoctane is written as follows: InChi=1S/C8H18/8:1
5-7-8-6-4-2/h3-8H2,1-2H3. The connectivity layer only ntainsthe hyphen symbol.

1 If the alkane structure contaitbrancheand only G(C)s(H) groups, then parenthesaraused.

For example, the InChl string of 2dimethyl hexane is written as follows:
INChl=1S/C8H18/c15-8(4)6-7(2)3/h'28H,56H2,1-4H3. Here tke parenthes are used to

denote the branch started framatom. T e spe8i( #) 60 BEXpression su
8" carbon atom is connected t# &nd &' atoms as a part of the largest backbone. It is also
connected with @ carbon atom which is the branch.

1 If the alkane structure contains branches @mly G(C)4 groups, then parenthessand comnma
are used. For example, the InChl string of 2iPiethyl pentane is written as follows:
INChl=1S/C8H18/c17(2)6-8(3,4)5/h7H,6H2,35 H 3 . The conne@ti3vidt)p o |
suggests that"8carbon atom iconnectedd 6" and %' carbon atoms a part of the largest
backbone. The'8atom is attached withBand4™ carbon atoms as two branches.

1 If the connectivity layer has repetitions of a same index number, then it is acoyefmound.

The number of ring is the nmber of indices that are being repeated in the connectivity layer.
For example, the InChl strinfgr c-hexane is INChl=1S/C6H12/¢%4-6-5-3-1/h1-6H2. Here

the index of the first carbon atom is repeated. The InChl string of bifydd} hexane is
INChI=1S/C6H10/c12-5-4-6(5)3-1/h5-6H,1-4H2. It is a compound with a cyclopentane fused
with a cyclopopane. In the connectivity layer, the indices &fahd %' carbon atoms are
repeatedindicaing two rings.

1 The information about the doublt®nded and trife-bonded carbon atoms can be extracted from
the connectivity and hydrogen layers. If a carbtmmeis connected to total three atqiinen it

is doublebondedand if it is connected to total two atontisen it is triplebonded.
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1 The cis and tans conformers can be obtained from the isomer layers. For examaiEene
is INChl=1S/C4H8/cB-4-2/h3-4H,1-2H3/b43+, and Z2-buteneis InChl=1S/C4H8/cB-4-
2/h34H,1-2H3/b43-. The trans structure has a plus sign at the end of the fifth layethend
cis stucture has minus/hyphen sign at the end.

1 A benzene ring can be identified if six carlaioms are connected and they are debbleded.

4.4.2. Descriptors:

InChl strings are used to extract the molecular descriptors. A MATLAB code is prepared after
cadlecting the InChl strings of the hydrocarbons to obtain the number of atoms, nunitemsuin
groups, cis bonding, and rirgizes. When a compound is detected to have multiple rings, then a
modified deptHfirst search algorithm is implemented to find #»eact ringsize?® There are 48
Benson groupsT@able4.4), 10 atom descriptord &ble4.5), and10 new descriptorsTable4.5)

that areused.

Degree of branchirgis often implemented to describe a branched molecule to capture effects due
to group pairsor other arger faction of the molecule. For a polymer, it is defined by the
concentrabns of linear, terminal, and dendritic units of the polymer méafrktowever, coming

up with a genettadescripton 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., fromr).tdhe diretion of tre numbering

is determined in such a way that the sum of the positions oftiranis the smallest. After that,

the number of the position of branching are noted. If the positiontisen them” prime number

is noted. Finally, the degree ofdmching isdefined by multiplying all those prime numbers.
Defining degree of branching a cyclecompound 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 haswo rings at both ends. The degree of branching of each aliphatic chaicukaiad
according to the multiplication of prime numbers and they are finally added. Thergnare
descriptors used to understand the degree of branching. Thestedein Table 45 (descriptor
numbers 6658).
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An artificial neural network code is usedth two layers: a hidden lay&ith 10 sigmoid neurons

and one output linear neuras used to address the total elecimmzation crosssection (EICS).

The trainirg strategys same as in EIGSlescribed in Chapter 2.

Table 44: The Benson groug@escriptors used for the study i€ the doublébonded carbon, (@

the triplebonded carbon, {s the allene carbon,gds the carbon in a benzene ring, andidthe

nitrogen inan amide.

Serial number Group Description

1 C-(C)(H)s Benson group
2 C-(C)2(H) Benson group
3 C-(C)a(H) Benson group
4 C-(C)a Benson group
5 Ca-(H)2 Benson group
6 Ca-(C)(H) Benson group
7 Ca-(C)2 Benson group
8 Cs-(H) Benson group
9 Cs-(C) Bensm group

10 Ci-(H) Benson group
11 C-(C) Benson group
12 Ca Benson group
26 O-(C)(H) Benson group
27 O-(C) Benson group
28 C-(O)(C)(H) Benson group
29 C-(0O)(Cx(H) Benson group
30 C-(O)(C)x Benson group
31 (CO)(O)(C) Benson group
32 (COX(C)(H) Benson group
33 (CO}(C) 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)(HY Benson group
39 S(C)(H) Benson group
40 S(C) Benson group
41 C-(F)(C)(H) Benson goup

42 C-(CH(C)(H)2 Benson group
43 C-(Br)(C)(H): Benson group
44 C-(D(C)(H)2 Benson group
45 C-(F)(Cx(H) Benson group
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Table 4.4 (Continued):

46 C-(CI)(C)(H) Benson group
47 C-(Br)(C)(H) Benson group
48 C-(D(C)2(H) Benson group

Table 45: The atom and new descriptors used for shisly.

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 desciptor
57 Br Atom descriptor
58 I Atom descriptor
59 Cis count New group, obtained from InChl string after count
total cis bonds.
60 Ring Prime New group, calculated using prime multiplication.
New group, calculated using prime raplication for
61 PSL -
secondary carbons inliaear compound.
New group, calculated using prime multiplication
62 PTL : : .
tertiary carbons in a linear compound.
New group, calculated using prime multiplication
63 PUL L .
unsaturation in a linear compound.
New graup, calculated usingrime multiplication for
64 PSR : :
secondary carbons in a cyclic compound.
New group, calculated using prime multiplication
65 PTR ; . )
tertiary carbons in a cyclic compound.
New group, calculated using prime multiplication
66 PUR . . .
unsaturabn carbons in a cy compound.
New group, calculated using prime multiplication
67 PA ) )
CB in an aromatic compound.
New group, calculated using prime multiplication
68 PNHC . )
heteroatoms in a linear compound.

4.4.3. Model Performance:

The taining peformance Figure4.13) using these descriptois not very googdasshown bythe

linear regression coefficiel® 88 forthe predicted and experimental,

sl ope
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or bias=0.39, and root mean square error 128%. The descriptfoiiese stistical @mrameters

can be found ifChapter2. In a perfect model, the regressio
1, bias should be 0, and root mean square error should s 0%predicedat a factor of ten too

low for multiply brancled alkanesand phenyl compoungdue to how the degrsef 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&§) are v

large vhen the number of branches is more than five or six.

1000

500

-500

Predicted AL,

-1000

-1500
-1500 -1000 -500 0 500 1000

Experimental Al

Figure 4.13: Parity plot of experimentad} vs. adx predicted froma neural network shows

deviations of datapoints.

4.4.4. Group-pair descriptor:

Number of conformerss calculated for multipl brancled alkane isomers of-decane according

to Figure4.2. The isomers include various metimgnanes, dirthyloctanes, trimethyheptanes,

and tetramethyhexanes. An approximate linear drop is observedejnwith the number D
conformers Figure4.14a). The number of staggered conformers of 2, 2édrf&methyl hexane is
calculatedtobe o p ¢ ¢.dhenumber 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. IAgure4.14b, the number of symmetries in each group pair is mentesas

the rotating bond of each group pdihe decreasef the Kovats index is maximuml7+19)
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among all the branched alkane isomers -afenane Also, 2,2,6trimethyl heptane also has a
significant drop in the Kovats index1@8+1). Also, the total nuber d conformers is estimated

to be 5,832Kigure4.14c). On the other hand, 8)3,4,4tetramethyl hexane, the calculated total
conformers are 5832. Howevehe drop is very smal(-19+6). Here, rotation symmetry of the

four methyl groups attached t&' and4" carbonss three, and the rotation symmetry of the bond
betweerthe 39and 4" carbon is two. However, although these grpajs can rotate, due to steric
hindrance, probably these groups will not rotate, and the number of conformers would be
¢ O o @This study suggests thiwe counts ofjroup pair (C)(CH)2-C-C-(CHz)2(C) would

be a preferred descriptor

® Methyl-nonane @ Dimethyl-octane
A Trimethyl-heptane X Tetramethyl-hexane
0
(a)
-20 X
[
a0l ©
X
-60 ‘ﬁ
hAQK B X
g 'M%%- e
-100 S
A X
-120
a® x X a
-140
-160
X
-180
0 2000 4000 6000 8000 10000 12000 14000
Number of conformers
(b) ()
3
3 313 3 3
3 2
3 B 3 3
3 2 2
3 35
2,2,5,5-Tetramethyl hexane 2,2,6-Trimethyl heptane
Al, = =167 £ 19 AL, =-=128+1
() 3

3
3,3,4,4-Tetramethyl hexane

Al =196
Fi gur e 4oftliferent isangrs akllecane as a function of total conformisrsalculated

from the rotational symmetry ofguppairs(b)-( d) ar e i somer s ywhlideh t hei
(written in black color). The numbers written red color are the number of symmetries of
individual group pairs to same staggered conformation. A multiplication of these values is used to

obtain thetotal number of conformers.
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4.5, Conclusion:

The average nopolar Kovats index shows various trends irfediént classsof compounds. In

the branched alkanedecreasesf Kovats indcesare observedelative tothe corresponding-n
alkanes. On the ber hand, incrases are observed in the Kovats indd#xthe cycloalkanes (n<28).

In the first case, the numbef methyl groupss higherthanin n-alkanes which has only twoln

the second case, there are no methyl groups. Due to the presence of graefhythe entropy of
adsorption increaseand that probably lowers the Kovéats index. In case of alkengseslkand
aromatic compounds, influences’of interactions are observed. Ortho isomers of the aromatic
compounds have the largest drops in Kowats index from correspondingatkanes. Among
different oxygen functional groups, due to the hydroxy groapsaximum incrasein the Kovats

index is observed. Various nitrogen, sulfur and halogen groups also influence the Kovats index.
The predictiveneural network model suggests that the combination of group pairs is necessary to

model the difference in thed<ats index.
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CHAPTER 5: THERMAL DEGRADATION KINETICS OF DIPHENYL
OXIDE/BIPHENYL HEAT -TRANSFER FLUIDS

5.1. Introduction:

Thermino® VP-1, Dowthem™ A, and LANXESS Diphylheattransfer fluids consist of a

eutectic mixture of 73.5 wt. % diphenyl ether (DPO,-bxlydibenzene) and 26.5 wt. % biphenyl

(BP) [Figure5.1]. This mixtureis widely usedfor high-temperature heat transfierthe chemical

process industries and iparabolc-trough solar power plants to transfer heat from the solar
collector to the power cyclédJsing this heatransfer fluid is popular in solar technology because
itiscostef fective; has a |l ow melting point (12 ),
in operation; and is thermglstable at high temperaturg @ 0 to 400 ) compared
based o hydrogenated potphenytbased heat trafer fluids®* One drawback ists high vapor
pressure at operating temperatures (10.6 bars

Diphenyl oxide (DPO) Biphenyl

Figure 5.1: Diphenyl ether (left) and biphenyl (right).

Under operation after a long period of timEhermino® VP-1 also degrade The major
degrad#ion products are benzene, phenol, dibenzofuran (DBF), and larger species such as poly
phenyls (e.g. terphenyls) and pgiizenoxyphenyls>?A large buildup of hydrogen gas in the steel
tubes lowers the heat transfer efficiency as the hydrogen gas diffuses through the sté&l walls.
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 bambeati bonds and will probably break

apart dumg 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 poaf interest since 1960as it was used as aaant for
nuclear reactorg It is also important to the fosdiliel industries because it appears as a theymall
stable compound in various coals and in the aromatic streams derived from petfobeuits,

degradation kinets has been studied extensively before.

In 1963, Rainey and Yeatfsinvestigated the degradation of liquid biphenyl at-422 6 -( 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 timehdy observed a very small amount of degradation of
biphenylat 42 2 after 48 hours (1.0 mol % convers
0.56 mol % benzene, 0.32 % terphenyls, 0.11 % quaterphenyl, and 0.03 moli%h Fespect to

the initial molef biphenyl. The estimated degradation rate coefficiebtfenyl under an inert
atmosphere $:

0 pg pnAgp>—T 0 (5.1)

Rainey and Yeattd measured activation energy of the biphenyl degradation as 62.0 kcal/mol,
which is at least 40 kcal/mole lower than the bond dissociation energigs-baad G-C, bonds
present in biphenyl ((ds a carbon atom present in a phenyl rifdley suggested thaeitherthe
homolytic scission of the ¥Cy, bondsnor the disproportionadn of an H atom from a biphenyl by
another thermally excited biphenyl molecule to form biphenylyl and pfamybhexadienyl
radicals is likely to be an initiatep of the degradation process (Fighi@).

(a)

O~ ) —
- O-O—0O0O-O0

Figure 5.2: Te top reaction (a) is the homolytic scission G bond in biphenyl. Reaction (b)
is an example of the abstraction of an H atom by disproportionation of llphinform a

biphenylyl and a phemydyclohexadienyl radical.
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Other experimental measurentenf the Arrhenius activation energy for the fiostler biphenyl
decomposition are 66 kcal/mol [Gaumann and RayYur4 kcal/mol [de Hala§], 93 kcal/mol
[Kuper?], and 72.1 kcal/mol [Proksch et%]. Rate coefficient expressions are reported in Table
5.1.

In their review, Moens andBlakes uggest ed that an attack of a h
ring to form a phenyl cyclohexadienyl radical intermediate, follobwgdn intramolecular H
transfer reaction to form a phenyl radical and benzene molecule, might be the initial steps for the
biphenyl decomposition (Figuge3).

He

) H
H
— — O
Figure 5.3: Attack of a hydrogen atom on biphenyl to forrarbr® molecule and phenyl radical.

The major problem with the reaction in Figb8 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 withthe major products, Rainey and Ye&ttpreviously observetheformation 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 bfphenylisat422 i s very sHHOW, ,and ami |3
slower®2 The H, CO and CHyields areon the ordeof of 10° after48 hours of degradation at
422 . The pr eises doud abauf the @@ity of the biphenyl sampdad the

environmenf
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Table 5.1: Experimental tstder rate coefficients for biphenyl decomposition (boiling point

523K).
Referenes Rate coefficiert kgp, S? T, K Environment
. M e s Pure in sealed
Q
Rainey %nd p® AoB @ at, Eu%xoe “ 695719 K Pyrex ampoule,
Yeatts Y'Y vacuum
Gaumann and ¢ 0 YPQuhcE a Pure in sealed
Rayroux* pt AOB Y Y 711745 Pyrex ampoule
YN T paa Pure in sealed
Kuper® pTADB ® Gg‘fme a 672.1713.8 Pyrex ampoule,
Yy vacuum
Glassliner filled
06 TaeE ¢ with b_|phenyl,
de Hala® prd A QBX T, ujmoe “ 698773 Glass liner placed
Yy in a sealed steel
vessel, vacuum
Proksch et at’ Q0 Fice ¢ Pure biphenyl,
[as found in the 8 A X ® Qwiace a sealed, vacuum
DB 693738
report of Moens| P T YUY
and Blaké?]
Bruinsma et at’ 8 Agp’ & Qu ke a 10501150 Gas, 1.25 bar Ar
P Y Y'Y

5.1.2. Literature on the DPO decomposition:

Diphenyl ethempyrolysis has been studied becausis i@ modé compound for coal and lignin
pyrolysis These materialsontain aryl ether bondso the thermaldecomposition process of
diphenyl ether provides an insight to understand degiad process of coal or lignimhree
relevant studies are by incluBeuinsma et af® who measured the kinetics at Z087°C (1050
1150K) and 1.25 bar in an argon ba@ustodis et at® who idenified products from DPO from
the flashpyrolysis experiments in a flow reactor at 65® 0 1 atm @helmmsur e
blanket and Van Scheppingen et & who measurd the gas phase kinetics of DPO over 850

895 €1168K) &t 1 atm pressure andvimcuum.

A decomposition rate coefficient for the DR@s reported by Bruinsma et *lat 10501150K
(707-767°C) and 1.25 bar in an argon bath, shown as EquaBoRlowever, no product analysis

was performed.
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0 pdp pHATHDL i (55)

A recent flash pyrolysi§SC/MS pyrolysis study by Custodis et®@lteports a semjuanitative

product distribution (in % of total GC response) from DPO decomposition & &0 1 atm
and helium environnmd. To reinterpret these data%molar yield, their semiquantitative product
distribution is converted by multiplying their signals witie ratio of electrofonization cross

sections predicted by a machilearning algorithm developed by our lab. Theatheate
implementedintheflaghy r ol yzer ( CDS Pyroprobe) was very h
of isothermal holding time at th@n&l temperature. The flash pyrolysis degrades a material very

fast. However, a flash pyrolyzer does not follow th@g@ples of a constantolume batchreactor

or a plug flow reactor to estimate the kinetics data. That is why it is good for identifgpidggts

at different reaction temperatures only. Besides, the degradation kinetics information might be
affected by theevaporation of DP@boiling pointo f DPO = 258 ) during th
reinterpreted data then give 0.4 mol % to 14 mol % converdi®@PO in the temperature range
(Figure5.5). Benzene, dibenzofuran, and biphenyl are the-Wigla products. Phenols vy i el d i
surprisingly low. Howeer, they also observed formation of CO (not shown in Figure 5), possibly

due to other reaction routed phenoxyl radicals (Figuré.4d and5.4e) under the extreme
conditions. The total yield of the larger molecular weigihecieqor grown speciesy ako very

high. Among them, phenoxy biphenyls and diphenoxy biphenyls areytelghproducts.
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Figure 55: Product yields from DPO pyrolysis, obtained by analyzing the data of Custodi$ et al.

using the electroipnization cross section ratios from a mbdeveloped by our lafChapter 2).

Van Scheppingen et &l performed experiments to understand thedguosition kinetics of DPO

over 8508 9 5 at 1 atm under the preseneg@&39iMmol exces

% N2 and 0.24 mol % DPO) in a quartz tube reactor with 24 ms residence time. They also
performed kinetic experiments under vacuum ®mTorr) and DFT calculations to find the
pressuredependent rate coefficients. After the pyrolysis, benzene, phenol, CO and
cyclopentadienevere identified as the major products, and dibenzofuran (DBF) and-ortho

hydroxybiphenylere the minor product3-heyproposed thatfter the homolytic scission of the
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aryl ether bonds, phenyl and phenoxyl radiee¢se formed (Figurés.4a). As the hydrogewas

used in excess, it prevextthe recombination of two phenyl radicals to form biphenyl; instead,

the phenyl ratal abstractdhydrogen atom from the hydrogen molecule to form benzene [Figure
5.4b]. Hydrogen abstraction by phenoxyl radicals from hydrogen molecasealso considered
[Figure 5.4c]. However, this reaction choiceens doubtful due to the resonancealslity of
phenoxyl radicalThe authorsuggested the phenoxyl radical can go through decomposition to
form cyclopentadienyl radical and CO [Figirdd]. The cyclopentadienyl radical can recombine

with a hydrogen radical to form cyclopentadiene [Figude]. 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 intermate that forms DBF [Figur&.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 radi@al-assisted bimolecular decomposition to form benzene and phenoxyl radical f-itgjre

The authorsestimated the rate of unimolecular decay of DPO after subtracting twice the rate of
benzene and hydroxyl radical formation after the attack of a hydrageral on phenol [Figure

5.4h]. Theirinferred rate coefficients are provided in Tabl2.

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 DiRGnoles plus final benzene
generated in moles, and another from the experiment in vacuum coupled with the DFT calculations

(Egs.5.3 and5.4, respectively):

0 pntAgp—T (5.3)
0 pmntAgp>—T | (5.4)

Among the threekppo rate coefficients, the one from 1 atm pressure and with excess H

experiments (TablB.2) is the closest to the experimental data points.
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Figure 5.4Reactios asociated with DPO decomposition as providedy Scheppingen et 4.
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Table 5.2Experimental rate coefficients for DPO kinetics by van Scheppingei%t al.

Reactions Under 1 atm, excess,H
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5.1.3. Literature on BP/DPO mixture decomposition:

ASTM D6743 is a standaperating procedure to test the thermal stability of atnaasfer fluid.

A constamvolume stainless steel reactor is used to degrade 27+0.2 g of fredhahdat fluid

in a \b atmosphere a871°Cfor a fixed amount of time. After thieating periods over, an
acetone/dry ice bath is useddomndensenost of the materialAnalysis of the fresh HTF and the
pyrolysis oil is performed in a GC/MS. From the GC/M%3lgsis of the fresh sample,baseline

is subtracted. After that, the elution temperatiwe 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, theéhe elution temperature is marked as the final boiling temperature.
However, a few factomnight affect the peak are@he solvent pealgnyair bubble trapped in the
syringe during the liquid injection, the bleeding of the polymer fragments from GC m®lum
impurities in the solvent, the split ratio of GC, and the amount of injection. Howlevehe
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 compoundslatimg after the final boiling
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point. After that, mass fractions of the total Kawiling-point species and the total higbiling-
point species are calculated. The mass fraction number of thbdiling-point species in the
degraded pyrolysis oil is cacted by the knowledge of how much compound did not dissolve in
the liquid phase in therBt place during the cooling in acetonefirtg bath. On the other hand, the
mole fraction of the highédpoiling-point species is corrected by a measurement ofrten f
distillation. After that, these amounts are subtracted from the 100 mass% fresknomtthe %

degradation of liquid.

It is a good method to compare thermal stabilities of two-tneasfer fluids. However, there are

two problems for the kinetics easurement from the %mass degradation measurements of
Thermino® VP-1 or Dowtherm™ A from ASTM D6743. One is theonversion frommass
fraction to mole fraction. Total moles of species will change after the degradation based on the
stoichiometry of the eteentary degradation steps/en though the mass is conserved. The second
problem isdibenzofuran. Even though the real boiling point of DBESCQO is higher than that of

DPO @58°Q and BP 255°C), they elute at very similar temperature ranges durinG@imMS
analysis using a 100% polydimethylsiloxane column. These peaks lie clasergplit ratio is

small, if injection volume is high, or if heating rate is high.

Moens and Blak® studied thedecomposition of Dowtherf A at 4004 2 5 for 120 hol
inert atmosphere using ASTM D6743. They observed 8 mass% degradation of the starting material

at 425 . #Bseiln7 % hiencvriescosi ty aasigiarsdoflargesspeciad s o o0
beingpresent in the degraded sample, generated due to polymerization reactionseridteing

gel permeation chromatograptyoens and Blak¥ confirmed the presence of very large species.

In addition, the confirmed species in the liquid were benzene, phenol, DBF, hydroxy biphenyls,
pheroxy biphenyls, and dphenoxybiphenyls. The gas product contained a&hd other smih
hydrocarbons. They also found that the quantified output of the GPC wasowrelated with the

viscosity of the sample. Finally, from the fitted rate, a-inster Arhenius activation energy value

was reported (72 kcal/mol). They discussed a fewrgtbssible sources that could provide a high

yield of H.. One source is the aliphatic impurity in the DowthBfmA mixture. Another source is

the metal and metal oxide dmetsurface of the reactor that could catalyze D&4ations Metak

and their oxide 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 Le&performed 2, 10, and 26weeklong experiments at 427, 399 and 37bn 99.9%

pure and 99.5% pure DowthelthA. The chlorine impurity content is diffent in these samples.

However, identities of other impurities are not mentioned. The authors measured the % mass
degradatia of Dowthermi™ A that was degraded using the A8 D6743 method. After 18 weeks

at 371 , they obser v e derflidmigtuve(ca. 1B &ycompdredttoithen i n
i mpure one (ca. 4.5 %) . At 400 alibtiacodifferénee ob s er
in the degradations after \Beeks (ca. 6% in the purer one and ca. 11% in the impure one).
However, thedegrada i on amounts are similar at 427 aft
mixture and ca. 15% in the impure one). It intksathat at lower temperatures the impurity plays

arole in rapid degradation of the material. However, it was not cleahwhpuity plays the role

in degradation of DowtherH{ A.

Lang and Le® reported multiple measurements of % degradation vs. time on different
DowthermM A samplesThe % mass degradation of thevizhernT™ A is equivalent to (mass of

fresh Dowtlerm™ A i mass of degraded DowthelthA)/(mass of fresh Dowtherfif A). If we

assume that the total moles did not change very much during the degradation process, then a first
order Arrhenius rate kinetics m&urement from the initial two datapoints aregias using
constarivolume batch reactor equation. Only the ageraalues of the fitted parameters are
reported in Tabl®.3, as no standard deviationgre reported for the experiments. However, due

to urderlying assumptions, discussed earlier, theulise$s of the rate constants estimated from

the % mass degradatiolata for the degradation study is questionable.

Table 5.3: Firsbrder decomposition rate coefficieiot Dowtherni™ A (Lang and Le®.

Dowtherm™ A Kpowtherm
Qoo o
99.9 % pure pnsAQBX@‘ "E'm i
Y'Y
’?'Q g 7N 7\
99.5 % pure p tADB ° &'Y ‘(:(wosa i
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5.2. Experimental procedure:

Fresh samples of Thermi®IVP-1 heat transfer fluids are de
temperature for 1000 hours in closed ampouteger N blanket usinghe ASTM D6743 method

in Eastman Chemical Co. laboratoridé the end of the experiments, the samples are dropped in

a dry ice/acetone bath. Subsequently, the pyrolyisiand the freh sample are transportedr

laboratory at Nott Carolina State Universityand analyzed wht two-dimensional gas
chromatography coupled with electrmmization timeof-flight mass spectrometry (GCxGC/EI

ToFMS, Leco, Pegasus 4Dsing 0.1 to 5 pl injectims. Another samplés of the degraded
Thermino® VP-1 is also analyzed that wdegraded for many years in the solar power plant at

740 or 3 Sepower plants, expansion tanks are used to control the pressure. The vapor
pressure of Thermin@ VP-1 at 393 i's 9.85 bars20psifonl.38x pans

bar more pressathan the vapor pressut@ keep Thermin@® VP-1 in liquid phase.

The front i nl et temperature in theamplE€arven i
syringeinjected in such a way th#te sampldalls on the topf the quartz wool inside thelet

liner to enhance the time of vaporizatignflow 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 focdBfnn input :purge

stream. At the junction of thivo seriescolumns, a cold liqui-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 vaporizezbe tuts to

mimic impulse injetion into the second column. Total modulation period is set at 10 s. The
temperature program for the primarglumn 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 meaatithe secondary column is ialty 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/im ramp is also implemented tenqform multiple repetitions within a short
period of time. The columns wused wemserimary nonpo
column (Restek) and a 58l M6 se@andaly colmmn (Restek). Dhe 1 5 € m

mass spectrometer operategmiz=5-1000 rangesodetection of His not possible.

For the calibration, benzene, toluene, phenol, biphergrpghenyl, mterphenyl and fterphenyl
with very high purity (>99.9 %) are procured from Sigma Aldrich. Their catibn standards are

121



prepared uag HPLC grade methylene chloride (procured from Fisher Scientific) and are injected

to the gas chromatograph. The calibration factors of these compounds are measuiegiausing
Total ion peak area (UC) = (Calibration faar)*(umol injected) + intercept (5.6)

The calibration factor of the biphenyl is already knows,0.1 to 1 pl injections of fresh
Thermino® VP-1 are performed to obtain the calibration factor of DPO. As the injected liquid is
a eutectic mixture of 7823 mol % DPO and 28.46 mol % B&hd the purity is of VA is > 99.7

mol %, a precise measurement of the calibration factor of DPO was possible.

Detectorsaturationrandbackground noisen the mass spectrometer can affectrti@asurements

of linear calibréion factors. If the amount ohjection is very high, then the mass spectrometer
might reach the detection limiyhich lowers the values of the GC response (or peak area) and
calibration factor. On the other hand, background naitécially increaseghe GC response if

the injectecamount is very low and reaches the detection limit. To understand this behavior, we
purchased pure-hexane (>99.9%, Fisher Scientific) and performed calibration experiments with
a wide range of umol injectiorFigure5.6 shows how the calibration factood n-hexane change

with the logarithm of average GC response. The calibration factors are veryl lowig@ A8

¢, indicating detector saturation. On the other hand, calibration factors are very high after
I TdOAd ), indicating thesffect of background noise.

The characteristic equation for the electnmpact ionization suggests that tiséat-ion current for
an identified peak is proportional to the electronization cross section (EICS), a peoty
associated to the chemical stiure of a compoundOn the other hand, the totain peak area is
also proportional to totabn current of a peak. Thus, assuming negligible intercejiis.ib.6 for

two compounds, the following proportionality is written:

(5.7)
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Figure 5.6: (a) Linear calibration factors ehexane as a function of logarithm of the averaggh p
area at different ranges of pC. (b) Intercept #faxane as a function of logarithm of the average

peak area at different ranges of uC. It suggesaturation in detector after 100 uC.

For the presdnstudy n-hexane is used as the reference comgo®nce the ratio of electren
ionization cross sections oftrexane and a compound is known, the calibration factor will also be
known for a fixed GC response value of that compound. A madbdaneing codevas developed

in our lab to estimate the EICSthe compounds that are not available commerc{@hapter 2).
Table5.4 reports the EICS of various compounds from experiments and the mbezdrimeag

model. A good agreemehetweerthe predicted and msared EICS is found.

Once we have the calibratidactors for the identified specieeir umol/ml concentrations are
calculated. Assuming all species have been identified in GCxGC/MS from the pyrolysis oil or in
fresh oil sample, concentrations of allespps are summed, and they are converted to mole

percentages.
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Table 5.4: Measured and estimated electron ionization cross sections. ElCI%f@mne is 20.0

AZ for both experiments and model.

EICS from experiments (in | EICS from machine learning

Compounds A?) (in A?)
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-Terpheny 80.8+4.2 80.10+1.02
p-Terphenyl 70.8£11.4 70.41.57
Triphenylene 11.3+2.9 11.3+0.70
Dibenzofuran or DBF 40.86+0.18
1,1-Biphenyl4-phenoxy 70.72+0.17
1,1-Bipheny}2-phenoxy 55.62+0.35
1-Phenyl dibenzofuran 44.31+0.51
Phenol, 3phenoxy 35.62:0.23
Quaterphenyl, 2 ortho 80.39+0.20
Quaterenyl, 2 meta 127.48+0.95
Quaterphenyl, 2 para 109.81+0.73
1,1-Biphenyl, 4methy} 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 VR1:

The peak eea analysis of GCxGC/MS analysis on 0.1 to 5 ul of fresh Ther@iN®l-1sample

reveals that the peaks of DPO and BP have the highest peak area. Other than that, small peaks of
benzene, toluene, chlelenz@e, naphthalene, ethylbenzenehyaroxy biphenyl p-methyl

biphenyl, and dibenzofuran are also identified (see Figie Among these impurity peaks, the

total peak area ab-hydroxybiphenyl is largst
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5.3.2. Identified compounds in degraded VPL:

In additon tothe BP and DPO peaks, the chromatograth@processlegraded Thermin@l VP-

1 contains peaks of benzene, phebd@F; o-, m-, p- hydroxy-biphenyls o-, m-, p- terphenylso-
and pphenoxybiphenyls 1-phenyl dibenzofurartriphenylenequaerphenyj and peaks of larger
molecular weight compoundsee Figures.8 and5.9). Among them, BP, DPO, benzene, phenol
and DBF have very high peak areas. The ampdetgaded Thermin@ VP-1 also has similar
species identification. However, the peak arparul of injection are different from the process

degiladed 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 (FiguBel0). However, due to the presence of itgurities, the
composition varies slightly (Figure10). 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 oéthifrom the direct calibration
measurements. In additipa total of 0.25 = 0.0Bhol % impurity is observed. Among them, o
hydroxy biphenyl (0.14 £+ 0.02 mol%);hydroxy biphenyl (0.04 + 0.00 mol%);methyl biphenyl

(0.03 £ 0.00 mol%), and benzene (0#Q.00 nol%) are present. There might be other impurities

as well that is not detected from the experiments. It suggests that the fresh Tt@riablis

less than 99.7&o0l % pure. The presence of hydrekiphenyls and DBF and their lower mol%
indicate he DPOint he #fAfresho sampl e nompgositonngo t hrough

In the degraded samplesThe product distribution in the degraded pyrolysis @lglifferent
(Figure5.11) compared to the fresh Thermi®\V/P-1. During the degradation process, lighte
compounds such as K benzene and phenol are generaséalyingin the gasphase at operating
conditiors. During LN2 cooling, benzene and phenol anestly transferred to the liquid phase.
However, H can diffusethrough the steel walls of the ampouitég small amounbf Hz might
be dissolved in the pyrolysis liq$fdout it is notdetecable by the MSDue to low boiling points,
somebenzene and phenatight also escape while the pyrolysis @iltransportedor the gas
chromatography analysis. Thus, liquid pyrolysis oil represaritaction of the total dgraded

products and the-gxis in Figureb.11 onl represents themeasuregbyrolysis oil.
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Figure 5.8: The chromatogram after 5 pul proedsgraded VFL injection. The amp rate is

5 / min.
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Components of Therminol VP1
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Figure 5.9: Various spess are identified in degrad@dhermino® 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 theass spectra. Their molecular weights are mentioned
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Figure 5.10: The product distribution fraime freshThermino® VP-1 sample.

Assuminglittle light gasis generatedandthatnegligible amounts of benzene and phenol escaped
the pyrolysis oil, the following observations are reported. In both dedsainples, the amounts

of BP and DPO are obsed/éo decrease. ltnefresh sample, the amount of BP is 26.8 = 3.1 mol
%; in the praessdegraded samplé is 21.8 + 2.3 mol %and in the ampouldegraded sample,
itis 14.9 £ 2.2 mol %. In the fresh salmphe amount of DPO is 72.9 + 7.0 mgl¥theprocess
degraded sample, it is 37.4 = 3.2 moléhd in the ampoutldegraded samplé, 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%epplenyl are observed. In the degraded liquid

oil from the process, 26.9 £ 1.5 mol% pbékis present.

Along with that, multiple growth speciese also presenthat are notpresentin the ampoule
degraded sapte. It indicates a slow buildup of phenol ovené. The snall amount of grown

species in the anople-degraded oil suggests the ratiewhich species are formeslalso very
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