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Abstract

The conformational effects on gas phase acidities of isomeric alcohols are studied using
the competitive threshold collision-induced dissociation (TCID) technique and quantum
chemical calculations. A statistical RRKM model has been used to analyze the branching
reaction cross-sections of the products formed by dissociating proton-bound heterodimer
alcohol complexes. Torsional modes of all species involved in the dissociative reaction
process are treated as hindered rotors, and the calculated hindered energy levels are
included in the RRKM analysis by replacing harmonic oscillator frequencies. DFT
calculations at the wB97X-D/6-311++G(2df,2p) theory level consider the dispersion
interactions of the long chain alky group affecting the deprotonation process in alcohols.
A gas-phase thermochemical network is constructed using HF and H20 as reference
acids, and the absolute gas-phase acidities of methanol, ethanol, n-propanol, iso-
propanol, tert-butanol, n-pentanol and iso-pentanol are determined with uncertainties
estimated at 95% confidence level. The differences in the intrinsic and experimentally
measured gas-phase acidities for isomeric Cs and Cs alcohols are largely due to rotation
about the a-B carbon-carbon bond in alkyl chain resulting in twisted geometries of the
neutral and anionic species via formation of a moderate intramolecular H-bonding. Using
the known ionization energy of hydrogen atom and the experimental electron affinities of
alkoxy radicals from literature, the improved O-H bond dissociation energies are reported
for methanol, ethanol, n-propanol, iso-propanol, and tert-butanol via the negative ion
thermochemical cycle. These bond dissociation energies are important for modeling

combustion and atmospheric reactions involving hydrocarbons.



Acknowledgements

First and foremost, |1 would like to express my gratitude to my advisor Dr. Kent M. Ervin
for his mentorship and immense support throughout my graduate career at the University
of Nevada, Reno. Dr. Ervin shaped me into a better researcher, and taught me
professionalism and dedication towards work. 1 am proud to be a part of his research

laboratory and | am thankful for the opportunity to work under his supervision.

| sincerely would like to thank all my advisory committee members: Dr. Sean M. Casey,
Dr. Matthew J. Tucker, Dr. Paul A. Neill, Dr. Charles J. Coronella, and Dr. Jonathan

Weinstein for their valuable time, consideration, and feedback.

I would like to extend my thanks to my group members, Dr. Alex Nickel and Dr. Jerry
Lanorio for their help and guidance towards learning the instrumentation and for a cordial
working environment in the laboratory. My thanks also goes to Walt Weaver for his
expert help and advice on machine tools, Gerard Wevers and Frank Felix for their help on
electronics, and Jim Breen for his help on the repair and customization of glasswares. |
would also like to acknowledge the staff at the Department of Chemistry for their

coordination and support.

Last but not the least, | would like to acknowledge my wife Pushpa for her continuous
encouragement, love and support throughout. I would like to express my indebtedness to
my parents and my siblings for their well wishes, encouragement and moral support
throughout my educational journey, and my son Aarav for his unconditional love and

smile that brightens up my day.



Finally, thanks to all the agencies for providing the financial support: the U.S.
Department of Energy, University of Nevada Foundation, and Gene and Carla LeMay

Research Scholarship.



Table of Contents
AADSTFACT ...ttt n e i
ACKNOWIBAGEMENTS ...t I
TaDIE OF CONENTS .....c.eiiiiiteee bbbttt v
LISE OF TADIES ..o vii
LISE OF FIQUIES ..ottt et sa et e et e e beesba e e beenree s viii
Chapter 1: INErOQUCTION ........oviiiiiieiee bbb 1
1.1 Gas-Phase 10N ChEMISIIY ..o 1
1.2 Competing TECANIQUES .......ccveie et 4
1.2.1  EquiliDrium MeasUIremMENTS........cciviiiuieiie ettt 4
1.2.2  Bracketing MeasUreMENTS. ........ccoieiiiiriiieieieseesie e 6
1.2.3  Co0Kks Kinetic Method ...........coeiiiiiiiiiiiiieieee s 6
1.2.4  SpectroSCOPIC TECNNIQUES. ......veieeieeiecie e e 8
1.2.5 Guided lon Beam TeChNIQUE ........ccvviieiieiieic e 9
1.3 Combustion Kinetics and AICONOIS ...........cceoveiiiiiiiiie e 13
1.4 RETEIEINCES. ... .ottt bbbttt bbb 16
Chapter 2: INSIrUMENTALION ........ooiiiiiiiieieiee bbb nee s 20
2.1 OVEBIVIBW ...ttt bbbttt b 20
2.2 10N SOUICE REQION......cuiiiie ettt e e e anreenreas 20
2.3 lon Beam Formation and Mass SeleCction ............cccooeriiiiinieiiniieicicsec e 22
2.4 Octopole 10N BEAM GUITE .......ccueiieiiiiieiisieseeiee e 24
2.5 Reaction Gas Cell ... 25

2.6 Quadrupole Mass Filter and 10n Detection............ccccvevieiiieiie e 25



2.7 Data Acquisition and Computer CONLrol ..........ccooviiiiiiiiiee e 26
2.8 VACUUM SYSTEIM ...ttt 27
2.9 RETEIBNCES. ...ttt 29
Chapter 3: Experimental and Data ANalySiS.........ccccveviieiiieiie i 30
3.1 10N ENergy MeasUrBMENT........ccviiieiiiiiiiieii e 30
3.2 10N Counts and CroSS SECLION ........ccueiieitiriiriieiieieie et 33
3.3 NeUtral Target GaS........coueiiveieeieieeie et sra e 33
3.4 RF Trapping and Pulsing of 1on Beam ..........cccocviiieiie i 34
3.5 Background COrECHIONS ........ccueiierieiiesiee et 34
3.6 Zero Pressure EXTrapOlation..........ccocoveiiriiiiinieiesie s 35
3.7 ACCUIaCY and PreCISION........couieieiiieieeie s et etesee e ee e e e e ste e e e e snaeneenee e 36
3.8 Interaction Energy DiStriDULION ........cc.ooiviiiiiiiiciie e 37
3.9 REACHION CrOSS SECLIONS. ......ciuieiieieteiteste sttt 38
3.10 Competitive and Kinetic SRIftS.........cooiiiiiiiii e 39
3.11  Cross Section MOGEIING .......ccveiieiiecieiiece e 40
3.12  Computational Methods...........cccooiiiiiiiiiii e 42
3.12.1  Dispersion MOGEL ..ot 43
3.12.2  1-D Internal Hindered ROTOIS .......cccoeiieiieieiinisiesiesee e 45
313 RETEIBINCES. ...t 50

Chapter 4: Conformational Effects on Gas-Phase Acidities of Isomeric C3 and Cs
ALCONOIS ...ttt ettt re e nae et reente e 54

A1 INETOAUCTION ...ceeee e s 54

4.2 Experimental MethodS...........oiviiiiieiiee e 57



Vi

4.3 Computational CalCUlAtIONS...........ccoiiiiiiieesie e 58
4.4 Cross SECtioN MEASUIEMENTS ........cveiuirieiieieieie ettt 70
4.5 Cross Section MOdeling........ccviveiieir e 71
4.6 RESUIES ... 74
4.6.1 Potential ENergy SUMaCE. ..o 74
4.6.2 Threshold Energy Difference AnalysSiS........ccocviiiiiniininienieeie e 76
4.6.3 Gas-Phase Acidity Thermochemical Network...........c.cccooveviveveiieivercsnnnn, 94
4.6.4 Thermochemical Derivations..........cccooveieieiineninise s 96
4.6.5 Derived Bond DissOCIation ENEIGIES .........cccoieiiriiinininieieene s 99
4.6.6 Theoretical and TCID Experimental ACIItIES ........cccovvvvveiiieiiiiiiiiins 103
4.6.7 TCID and Other Experimental Acidities from Literature.............cc.ccceueee.. 106
4.6.8 Gibbs Free Energy and Conformational ENtropy .........cccccoevvevveiiveiieninnns 106
4.7 DISCUSSION ...ttt bbbttt 111
4.7.1 Conformational ANalySiS ..........ccoiiiiiiiiiiiiie e 111
4.7.2 “Intrinsic” and “Observed” ACIAity .......ccocveriiiiiiiiiiiie e 120
4.7.3 Intrinsic Acidity, Observed Acidity, and Alkyl Chain Length.................... 124
4.7.4 lon-induced Dipole Model and Intrinsic ACIAItIES ..........ccevvvveiiiiiiiinine 126
4.8 CONCIUSION ...t 128
4.9 RETEIENCES ... 131
Chapter 5: PeIrSPECLIVES. ... .ccuiiiiee ittt st e e e e reenbaesne e 135
Appendix A. Relaxed Dihedral Potential Energy SCans..........cccoooevviiincinincinenne 138

Appendix B. Comparison of Relaxed Dihedral Potential Energy Scan for Alkoxy Radical
and its Corresponding AIKOXIAE 10N .........c.coiveiiiiiiiciiee e 225



vii

List of Tables

Table 4.1. Electron affinities of alkoxy radicalS............cccccovveviiiiiiiiiiiiie e 56

Table 4.2. Vibrational frequencies (cm™) calculated at B3LYP/6-311++G(2df,2p) theory
level: in italics are the modes that are replaced with hindered rotors...........ccccocevevvnienne. 59

Table 4.3. Rotational Constants / @B97X-D/6-311++G(2df,2P) .....coovvvvevvevriiiieciecns 63

Table 4.4. Calculated moment of inertia I, symmetry number ¢, harmonic frequencies 9,

and zero-point energies ZPE (wB97X-D/6-311++G(2df,2P) ..cceevvveiiiieiieieiiecieie e 65
Table 4.5. Threshold energy differences and fitting parameters ............cccccevvveneniennniens 92

Table 4.6. Threshold energy differences and fitting parameters: reanalysis of previous

WWOTK™ bbbttt b b bRt 93
Table 4.7. TCID gas-phase acidity ValUeS ............cooiiiiiiiieceee 97
Table 4.8. Thermal corrections (wB97X-D/6-311++G(2df,2P) ....coovvvvivvieiiiiiiieniiins 98
Table 4.9. Bond dissociation energies of alcohols.............cccovveveiiiiicicc e, 102
Table 4.10. Calculated and experimental gas-phase acidities............cccccevevivereeviernennn. 104
Table 4.11. Calculated and recommended experimental gas-phase acidities................. 104
Table 4.12. TCID gas-phase acidities vs other experimental gas-phase acidities........... 107

Table 4.13. Conformational effect on "entropy™ term in alcohols............ccccocoeiiirenenn 110



viii

List of Figures

Figure 1.1. Energy level diagram showing negative ion and positive ion cycles for the

derivation of bond dissociation energies (RO-H). ......cccoeiiiiriiiiiieen e 2

Figure 1.2. Potential energy surface diagram for an endoergic bimolecular proton transfer

(7 (6 (0] PR TR RTPRRRRRR 11

Figure 1.3. Potential energy surface diagram for a competitive threshold collision-

induced diSSOCIATION FEACTION. ......c.eiiiiiieiee ettt 12
Figure 2.1. The Guided lon Beam Tandem Mass Spectrometer...........cccccevvverenencneenne. 21

Figure 3.1. Gaussian distribution curve obtained from retarding potential analysis (RPA)
to obtain the ion energy zero and full width half maximum of the reaction ion

101157 11 Ly Ot 31

Figure 3.2. Comparison of various functional for transition states and local minima in the
relaxed dihedral potential energy scan of CHsCH2---CH20" rotor in CH3CH2CHz20". ... 46

Figure 3.3. A torsional potential energy profile obtained for dihedral relaxed potential
energy scan of CH3CHz---CH2CH2CH20H rotor in n-pentanol, where two additional
local minima are observed near the dihedral angle of 120 and 240 degrees. The circles
represent the one- dimensional potential energy surface output at »B97X-D/6-
311++G(2df,2p) theory level, while the solid line is the potential fit. ...............cccovenen. 48

Figure 4.1. Dihedral potential energy scan showing the formation of possible
conformations in iso-pentanol during the rotation of (CHs)2CH---CH2CH20H internal

110163 (o) ¢ FUUNUO 69

Figure 4.2. Potential energy surface for the dissociation of [CH3CH2CH20-H-CHzs] ™ into
two fragment ions of CHsCH2CH20" and CHsO™. Calculated at the »wB97X-D/6-
311++G(2df,2p) 16Vl OF tNEOTY......eiiiiiiicicee e 75

Figure 4.3. Single-collision threshold collision induced dissociation reaction cross section
for the reaction [CH30-H-F] + Xe — CH3O™ (circles) + HF; F~ (triangles) + CH3OH. 78



Figure 4.4. Single-collision threshold collision induced dissociation reaction cross section
for the reaction [CH3CH20-H-F]” + Xe — CH3CH20" (circles) + HF; F~ (triangles) +
CHICH2OH. ... e bbbttt nbe b 79

Figure 4.5. Single-collision threshold collision induced dissociation reaction cross section
for the reaction [CH3CH2CH20-H-F]~ + Xe — CH3CH2CH20" (circles) + HF; F~
(triangles) + CH3CH2CH20H. ........oooiiiiiiiie e 80

Figure 4.6. Single-collision threshold collision induced dissociation reaction cross section
for the reaction [(CH3)2CHO-H-F]” + Xe — [(CH3)2CHO™ (circles) + HF; F~ (triangles) +
(O <) .13 [ L TSR 81

Figure 4.7. Single-collision threshold collision induced dissociation reaction cross section
for the reaction [CH3CH2CH2CH2CH20-H-F]™ + Xe — CH3CH2CH2CH2CH20" (circles)
+ HF; F~ (triangles) + CH3CH2CH2CH2CH20H. .......coooviiiiiicce 82

Figure 4.8. Single-collision threshold collision induced dissociation reaction cross section
for the reaction [(CH3)2CHCH2CH20-H-F]™ + Xe — [(CH3)2CHCH2CH20" (circles) +
HF; F~ (triangles) + [(CH3)2CHCH2CH20H...........ccooiiiiieecceee e 83

Figure 4.9. Single-collision threshold collision induced dissociation reaction cross
section for the reaction [CH3CH20-H-OCHs]™ + Xe — CH3CH20™ (circles) + CHsOH,;
CH3O™ (triangles) + CH3CH20H. ........ooiiiiii e 84

Figure 4.10. Single-collision threshold collision induced dissociation reaction cross
section for the reaction [CH3CH2CH20-H-OCHs]™ + Xe — CH3CH2CH20" (circles) +
CH30OH; CHsO (triangles) + CH3CH2CH20H. ..o, 85

Figure 4.11. Single-collision threshold collision induced dissociation reaction cross
section for the reaction [(CH3)2CHO-H-OCHs]” + Xe — (CHs)2CHO™ (circles) +
CH3OH; CH3O™ (triangles) + (CH3)2CHOH..........ooiiiiiieeeece e 86

Figure 4.12. Single-collision threshold collision induced dissociation reaction cross
section for the reaction [CH3CH2CH2CH2CH20-H-OCH3]™ + Xe —



CH3CH2CH2CH2CH20~ (circles) + CHs0H,; CHsO (triangles) +
CHBCH2CH2CH2CH2OH. oot e e 87

Figure 4.13. Single-collision threshold collision induced dissociation reaction cross
section for the reaction [(CH3)2CHCH2CH20-H-OCHs]™ + Xe — (CH3)2CHCH2CH20~
(circles) + CHsOH; CHsO™ (triangles) + (CH3)2CHCH2CH20H. .......cccoovviiiiiiiiee, 88

Figure 4.14. Single—collision threshold collision induced dissociation reaction cross
section for the reaction [CH3CH2CH20-H-OCH2CHs]™ + Xe — CH3CH2CH20" (circles)
+ CH30CH20H; CH3CH20" (triangles) + CH3CH2CH20H. ..........ccooviiiiiiiiicie 89

Figure 4.15. Single-collision threshold collision induced dissociation reaction cross
section for the reaction [CH30-H-OH]™ + Xe — CH3O™ (circles) + HOH; OH™ (triangles)

Figure 4.16. Single-collision threshold collision induced dissociation reaction cross
section for the reaction [CH3CH20-H-OH]™ + Xe — CH3CH20" (circles) + HOH; OH™
(triangles) + CH3CH20H. ..o 91

Figure 4.17. A local gas-phase thermochemical network in KJ/mol...........c.cccceeviiernnen. 95

Figure 4.18. Comparison of TCID and theoretical gas-phase acidities. The gas-phase
acidities are plotted relative to the relative gas-phase acidity of CHsOH, and are
calculated as AacidHo(ROH) — AacidHo(CH3OH). ..o 105

Figure 4.19. Comparison of the TCID Gibbs free energy and Gibbs free energy of acids
from ion/molecule equilibrium reaction experiments (Mclver et al. 1979, Bartmess et al.
1998). The horizontal and vertical error bars are from TCID and Equilibrium
Measurements respectively. C1 = MeOH, C2 = EtOH, n-C3 = n-PrOH, i-C3 = i-PrOH, t-C4
= t-BUOH, and N-Cs = N-PENLAN0L. .......cviiiiiieic e 108

Figure 4.20. Lowest energy conformers of (a) tert-butanol, (b) iso-propanol, (c) ethanol,
and (d) methanol at wB97X-D/6-311G++(2df,2p) theory level. ... 112

Figure 4.21. Lowest energy conformers of (a) n-pentanol, (b) iso-pentanol, (c) n-propanol
at B3LYP/6-311G++(2df,2p) and wB97X-D/6-311G++(2df,2p) theory level. ............. 113



Xi

Figure 4.22. Lowest energy conformers for (a) CHsO  (b) CH3CH20" (c)
CH3CH2CH20™ (d) (CHs):CHO™ (e) (CH3)3CO~ (f) CH3CH2CH2CH2CH20" (g)
(CH3)2CHCH2CH20 . ..ottt 114

Figure 4.23. Lowest energy conformers for (a) [CH3O-H-F]~, (b) [CH3CH20-H-F], (c)
[CH3CH2CH20H-F],  (d)  [(CH3)2CHO-H-F], (e)  [(CH3)sCO-H-F], (f)
[CH3CH2CH2CH2CH20HF] ", and (g) [(CHs)2CHCH2CH20-H-F]". Calculated at «B97X-
D/6-311++G(2df,2p) theOry 1EVEL. .........cveieee et 117

Figure 4.24. Lowest energy conformers for (a) [CHsCH20-H-OCHs]", (b)
[CH3CH2CH20-H-OCH2CHs], (c) [CH3CH2CH20H-OCHs]", (d) [(CHs)2CHO-H-
OCHs]", () [(CH3)3sCO-H-OCHs],, (f) [CH3CH2CH2CH2CH20-H-OCHs], and (g)
[(CH3)2CHCH2CH20-H-OCHgs] ™. Calculated at ©B97X-D/6-311++G(2df,2p) theory

Figure 4.25. Lowest energy conformers for (a) [CH3O-H-OH]", and (b) [CH3CH20-H-
OH] . Calculated at @B97X-D/6-311++G(2df,2p) theory level. ........ccccooeviiininennnn 119

Figure 4.26. “Intrinsic” and experimentally observed acidity of n-propanol and iso-
propanol. Aa«cidgH (Intrinsic) = AacidH (exp) for iso-propanol. Intrinsic acidity difference for
propanol isomers ~ 0.4 kJ/mol. wB97X-D/6-311++G(2df,2p) theory level with empirical

dispersion corrections are used to calculate the intrinsic acidities. All values are at 0 K.

Figure 4.27. “Intrinsic” and experimentally observed acidity of iso-pentanol and n-
pentanol. ®B97X-D/6-311++G(2df,2p) theory level with empirical dispersion corrections
are used to calculate the intrinsic acidities. Intrinsic acidity difference for pentanol

isomers is about 1.3 kJ/mol, well within experimental uncertainties. All values are at 0 K.

Figure 4.28. Observed and intrinsic acidity trend for primary alcohols. The observed
acidities are the TCID measured acidities (this work: Ci, C2, Cs, and Cs alcohols).
(Intrinsic and observed acidities for Cs alcohol is taken from ref.>*, observed acidities for

Ca alcohol is taken From ref.25). ........ccciieiicecce e 125



Xii

Figure 4.29. A comparison of the calculated intrinsic acidity of linear chain alcohol with
the calculated ion-induced dipole potential model. (Intrinsic acidity of 1-hexanol taken
L100T 001 T TR 127



Chapter 1: Introduction

1.1 Gas-Phase lon Chemistry

Brauman and Blair’s famous discovery of gas-phase acidities for simple chain
alcohols® provided a new foundation for the thermochemical measurements in gas-phase.
This discovery showed that the gas-phase acidity trend in 1-alkanols, C4 > C3 > C2 > Cy,
follows the reverse aqueous phase acidity order, and stressed the importance of knowing
the reactivity of species in different phases. lons behave differently in aqueous and gas
phase. Smaller ions are easily solvated in the aqueous phase with greater anion
stabilization and this solvation effect often dominate acidities in solution. The presence of
solvent greatly influences the reactivity of ions and this demands that the ions must be
isolated in gas-phase to reveal the true intrinsic properties of species.! The quantitative
measurement of thermochemical quantities provides a platform for the evaluation of

structure and reactivity changes for a species in a chemical reaction.

Thermodynamics control the feasibility of a reaction? and, therefore, it is essential
to make an accurate determination of thermochemical values to predict the reaction
behavior of the molecule. Thermochemical quantities for neutral molecules can be related
with those of ions using thermochemical energy cycles, as shown in Figure 1.1. The
important terms involved in this energy cycle are the electron affinity, ionization energy,
gas-phase acidity, proton affinity and the bond dissociation energy. The electron affinity
EA (RO) of a neutral species RO is the enthalpy change, ArH associated with the reaction
RO — RO + ¢, AiH = EA (RO). It can also be termed as a detachment process. An

analogous term in the positive ion cycle is the ionization energy or ionization potential of



RO+H +e RO+H +e
EARO) RO~ +H" PA(RO)
ROH* +e~
IE(H)
Aef(RO-H)
[E(ROH)
RO +H
D(RO—H)
RO-H RO-H
Negative Ion Cycle Positive Ion Cycle

Figure 1.1. Energy level diagram showing negative ion and positive ion cycles for the
derivation of bond dissociation energies (RO-H).



the neutral species RO given by IE (RO), which is measured as the enthalpy change for
the reaction RO — RO" + e7, ArH = IE (RO), the energy required to remove an electron
from the neutral species. The gas-phase acidity of the neutral ROH, AacidtH (RO—H) is the
enthalpy change associated in the deprotonation process, RO—H — RO~ + H*, and this
gives the measure of the relative acidity of the neutral ROH species. Proton affinity, PA
(RO) of neutral RO is analogous to gas-phase acidity term and may be defined as the
enthalpy change for the reaction, RO-H" — RO + H+, AH = PA (RO). The bond
dissociation energy, D(RO-H) is the energy required for the cleavage of O-H bond in the
neutral ROH molecule. The thermochemical cycle in Figure 1.1 allows the determination
of bond dissociation energies of a neutral molecule, which are important in modeling
kinetic processes. Reliable kinetic modeling requires thermochemical values with a
chemical accuracy of +4 kJ/mol,>® while benchmarks for theoretical determinations

should be within 1 kJ/mol.*

An advantage of gas-phase ion chemistry technique is that the ions can be isolated
in a low-pressure region without having to deal with complex purification issues that are
often encountered in aqueous phase studies. In the past, gas-phase acidities have been
measured using different methods: equilibrium method,> bracketing method,*3° Cooks
Kinetic method,’**® and some spectroscopic techniques like the threshold ion-pair
production spectroscopy'#!® and photofragment translational spectroscopy.l® Of all,
spectroscopic measurements are designated as most accurate and precise when they
involve assigning and resolving the quantum states individually.? However, the limitation

of these measurement technique is that it cannot be used to explore larger systems like



those of higher chain alcohols, and have mostly been limited to small diatomic molecules
like HF and HCI,'*1718 or small polyatomic molecules. A more recent advancement is the
use of photofragment translational spectroscopy for determination of bond dissociation

energies in molecules like HCC-H, CHz0-H, and CsHs0-H.16:1920
1.2 Competing Techniques

This section gives a brief discussion of the competing techniques on the study of

gas-phase energetics.
1.2.1 Equilibrium Measurements

For a reaction of the type given by equation 1.1, the gas-phase acidities can be
measured by direct measurement of equilibrium constants or by determining the forward
or reverse rate constants (ki and kr) of the reaction.>?%?2 The basic criterion for this
method is that there must sufficient thermalization of species for the attainment of

equilibrium.?

RX+A == RA+X (1.1)

T

In such a reaction, the gas-phase acidity difference between the neutral species
RX and RA can be measured by measuring the Gibbs free energy change, AacidG for a

temperature, T, given by equation 1.2.

acid

Kk
A,..G=-RT ln(k—f) =-RT InK,, (1.2)

r

where, R is the universal gas constant and Keq is the equilibrium constant given by the

expression, Keq = ke/kr. Instrumentation technique like an ion cyclotron resonance® %



mass spectrometer make a direct measurement of Keq while the others like the flowing
afterglow selected ion flow tube?®2’ can make an indirect estimation of Keq by measuring
the forward and reverse rate constants. The relative free energy, AacidG, can then be used

to calculate the gas-phase enthalpy by using equation 1.3,

A H=A_G+TA_S (1.3)

acid acid acid

where the entropy change AacidS is estimated using statistical mechanics at a given

temperature T.

Alternatively, methods like the pulsed chemical ionization mass spectrometry?
makes use of a van't Hoff plot using equation 1.4 for determining enthalpy and entropy
changes. This method allows direct measurement of the temperature-dependent
equilibrium constant Keq and the linear regression of InKeq vs 1/T gives a slope of -AH/R

with an intercept of AS/R.??

AH  AS
InK__(T)=2 +22 1.4
eq(T) e (1.4)

Equilibrium measurements provide accurate Gibbs free energies, and the method
works well for pure species with appreciable vapor pressure.?! However, this technique
demands that the typical gas-phase acidity difference between the two acids being
undertaken to be within about 20 kJ/mol for equilibrium measurements.?® Also, the
impurities and secondary reactions that may be present in the reaction conditions can
result in imprecise equilibrium constants.?* Other than this, a kinetically slow equilibrium

process can also be a challenge for the accurate equilibrium constant determination.?



1.2.2 Bracketing Measurements

In the bracketing technique, the measurement of rate constants is made for an
unknown acid relative to a series of reference acids.? It is particularly useful where the
equilibrium attainment between two acids are not possible.? The method demands the
requirement of suitable references and is feasible for ion-molecule reactions with almost
no activation energy barrier.?2 The method is often used when no other alternatives are
available for quantitative determination, but it requires reaction rate or efficiency
measurements for many reactions. An example of bracketing measurement is the
estimation of gas-phase acidity of hexatriyne (CeHz2),2® which when combined with
experimental electron affinity (EAc (CeH) = 3.809 + 0.015 eV)¥* with thermal
corrections?® gives a bond dissociation energy of Do(HCsO-H) = 543 + 13 kJ/mol.? This
is found to be consistent with values reported from photofragment translational
spectroscopy.®! For proton transfer reactions, Bouchoux et al.>4 have quantified the
bracketing method by deriving a relationship between the Gibbs free energy change and

the reaction efficiency by making calibration curves.
1.2.3 Cooks Kinetic Method

The kinetic approach developed in Graham Cooks’ laboratory is a simple method
with easy application that often provides consistent results.’®*® The method involves
measuring relative ion affinities through the fragmentation of a loosely bound
heterodimer ion, as shown by equation 1.5.

X-M'"-Y 5 XM*+Y

15
5y YMT+X (1.9



The relative intensities of the two-competitive channels following the dissociation
process via metastable dissociation or collisional activation are measured. The ion
intensities can be correlated to the rate constant by treating the process as quasi-
equilibrium,? and equation 1.6 can be used to derive the free energy, AG, and enthalpy

change, AS.

e oo AG-AG _AH-AH AS-AS

(1.6)
, k_ RT, RT,, R

If X and Y are similar acids, AG in equation 1.6 can be related as equivalent to
AH, with the assumption that the randomness for two channels are similar, AS = 0. This
allows the determination of effective temperature by following a linear regression of In
(I2/12) vs AH. When the acids X and Y are different or when the species are not in
thermal equilibrium, the term (A1S-A2S)/R in equation 1.6 can be estimated by relating it
to the partition function of the acids X and Y, In (Qx/Qv), which have its dependence on

the Tetr of the complex ion that dissociates.®

The use of effective temperature as the real temperature in regard to the Cooks
kinetic method have been discussed and commented in the past.*3" The effective
temperature, Ter, IS the representation of the temperature for the species that dissociates
in the instrumental time window of the experiment and cannot be regarded as a
thermodynamic quantity.® Ervin®’ derived an analytical expression using RRK theory for
Terr and showed it to be a kinetic correlation parameter that depends on the effective
potential well, vibrational degrees of freedom, frequency factors and the instrumental

time window which can vary instrument to instrument.’



1.2.4 Spectroscopic Techniques
1.2.4.1 Threshold lon-Pair Production spectroscopy

Threshold ion-pair production spectroscopy is a spectroscopic technique which
involves exciting the molecule from a ground state to a highly vibrationally excited state
forming a loosely bound ion-pair.**!" The ion-pair then undergoes a single photon
dissociation using a systematic variation of high-field electrified pulses.’*'’ This makes it
possible to determine the bond dissociation energy of ion-pair as only the threshold ions
are detected in the spectra. The initial and final quantum states of the ions need to be
assigned and resolved in the spectra for accurate results. Equation 1.7 summarizes this

process, where g' and q" represents the quantum states.
HX(q) ——[H" X T——H"(q)+X"(q") (1.7)

The accuracy of measurement in this technique is < 1 cm™ for diatomics like H-
CI,** and slightly higher for a triatomic molecule like HS-H, ~ 4 cm™.*® This technique
has been successfully applied in determining the bond dissociation energies in diatomics

and few smaller polyatomics but has not been used to explore the larger systems.
1.2.4.2 Photofragment Translational Spectroscopy

In photofragment translational spectroscopy, the parent molecule is dissociated
using a pulsed photolysis laser and the fragmented products are then mass-selected before
making a time-of-flight distribution measurement by measuring ion counts as a function
of time.® Since the distance between the interaction region and the detector is known, the

flight time of the fragmented product to reach the detector can be used to calculate the



velocity of the product fragment. This can then be converted to translational energy of
parent molecule to derive the energetics of molecule. This technique has been used to
study the energetics of HCC-H, CHsOH, and CsHsOH.1%1%2° The application of this

technique to long chain or non-rigid molecules is however not explored so far.
1.2.5 Guided lon Beam Technique

The guided ion beam technique used in this work can make quantitative
thermochemical measurements by changing the kinetic energy of ions over a broad
energy range. The range of energy range in laboratory frame can be in the order of ~ 0.1
to 600 eV.® This makes ion beam instruments a powerful tool for quantitative
measurement of thermodynamic data. It has proven to be an effective tool to measure the
threshold energy of ion-molecule reactions.’33%4% The design of guided ion beam
instruments is primarily focused on the effective transmission of ions, allowing
measurement of reaction cross sections for the gas-phase reactions.3*°%5! As such, it is a

robust tool for obtaining thermodynamic information.

There are two fundamental reaction types that can be studied for gas-phase acidity
determinations using a guided ion beam apparatus: (1) Endoergic bimolecular proton
transfer reactions of type given by reaction 1.8, where proton transfer reaction occurs;
and (2) competitive threshold collision-induced dissociation of the type given by reaction
1.9, which involves breaking up the hydrogen-bonded complex and is intrinsically

endothermic in nature.>!

A" +BH—>B +AH (1.8)
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[A-H-B] >[A-H-B]” >A +BH

(1.9)
—B +AH

Both reactions allow threshold energy determination by noting the dependence of kinetic
energy on its potential energy surface path, via cross section measurements. The potential
energy surface for these two reactions are schematically shown in Figure 1.2 and Figure
1.3. The threshold energy difference in reaction 1.8 can be calculated by noting the
threshold energy difference between BH and B™. For reaction 1.9, this can simply be
based on the energy difference for production of B~ and A~. The measurement of
threshold here assumes that there is no activation barrier in excess of the endoergicity. In
case of an excess energy barrier, such measurements in proton transfer reactions
corresponds to the energy upper limit.** The assumption of barrierless reaction pathway
has been confirmed for heterolytic bond dissociation in collision-induced reaction
processes by gquantum mechanical treatment of potential energy surfaces.>? Activation
energy barriers in gas-phase ion-molecule reactions are overcome by the long-range ion-
induced dipole potential.*®% Unlike in the gas-phase, the condensed-phase reactions

usually have active energy barriers.®

The work in this dissertation is based on a guided ion beam technique using
energy-resolved competitive threshold collision induced dissociation measurement
technique for the study of conformational effects on thermochemistry of alcohols. The
custom-built guided ion beam tandem mass spectrometer used in this work is described in

detail in Chapter 2. Alcohols up to 5-carbon atoms are the subject of interest in this work
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Figure 1.2. Potential energy surface diagram for an endoergic bimolecular proton
transfer reaction.
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Figure 1.3. Potential energy surface diagram for a competitive threshold collision-
induced dissociation reaction.
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as Cs3-Cs alcohols are the preferred biofuels because of their compatible physical-

chemical properties for use in internal combustion engines.
1.3 Combustion Kinetics and Alcohols

With the increased use of internal combustion engines, fossil fuels are depleting at
a rapid rate, and concerns over the harmful pollutants such as NOx and COx emitted by
these engines is also a major topic of discussion.>** Fossil fuels are one of the key
ingredients contributing to the climate change with emission of harmful greenhouse
gases. One approach to relief this current challenge is the development of an alternative
biofuel derived from biomasses for use in diesel engines. Methanol and ethanol are the
two most widely studied oxygenated bioalcohols and are often called as “first-generation
biofuel”.> Ethanol are derived primarily from corn or sugar cane and accounts for most
of the biofuel in the market today.>® They are mainly used as blends (up to 10% by
volume) in gasoline and diesel. The major disadvantage of these “first-generation
biofuel” is that they are short chain alcohols with low-energy content and their miscibility
with diesel fuel is poor.>” Recent investigations have found that the higher chain alcohols
(Cs-Cs) have better fuel properties in terms of energy density, miscibility with diesel fuel,
and other optimal combustion properties such as flashpoint, cetene number, viscosity, and
lower heating values (LHV).>” For higher alcohols, extensive studies have been done on
combustion kinetic modeling of butanols and its potential to be developed both as fuel
and additive.>” There is growing interest in propanol and pentanol isomers for its
development as biofuel, but not much combustion and experimental data are available to

generate the combustion kinetic model.>® A good understanding of oxidation and ignition
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process for these bioalcohols, and reliable thermochemical data are crucial for an

efficient combustion model.

n-propanol and iso-propanol have been studied as a potential fuel additive. The
examination of iso-propanol blending in n-heptane has shown a decreased emission of
COx and NOx in homogenous charge compression ignition engines.>*® When compared
to n-butanol for knocking properties in engines, iso-propanol has a higher octane number
and shows greater resistance.®® Similarly, n-propanol has been blended in different
proportions with diesel fuel for optimal performance of diesel engine, considering the
harmful emissions in combustion.®® The result shows a decreased NOx and CO emissions,
less smoke density, and an increased brake thermal efficiency.®! Johnson et al.®? have
reported ignition and kinetic mechanism for n-propanol and iso-propanol in their shock
tube study. They report n-propanol to be more reactive than iso-propanol because of the
formation of less reactive propene and water species in the oxidation of iso-propanol, and

this results in a slow branching reaction.®

Pentanol isomers are considered better in terms of cetene number, energy content
and other fuel properties when compared to Ci-Cs bioalcohols.®” Mass production of
pentanol is also being explored via various metabolic engineering pathways and
feedstock.>"% A recent study shows a decrease in the soot and NOx emission with
pentanol blend in direct-injection diesel engine of single cylinder,®* and a diesel fuel
could be blended up to 25% pentanol with almost no change in the engine performance.®®

The ignition delay time in the order of n-pentanol < neo-pentanol < iso-pentanol has been
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reported in shock tube experiments, where it was found that the reactivity depends on

substitution of methyl group in alkyl chain.>8:5

Not many experimental data are available for higher chain alcohols for an
efficient combustion model development. The intrinsic knowledge of the conformational
reactivity of alcohol is one of the many factors for the fundamental understanding of
alcohol blending with diesel fuel. We aim to contribute in the development of biofuel
research by providing accurate thermochemical quantities like bond dissociation energies

and an intrinsic structure-reactivity understanding of the alcohol species.
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Chapter 2: Instrumentation

2.1 Overview

A guided ion beam tandem mass spectrometer (GIB-MS)*8 was used to perform
threshold collision-induced dissociation experiments on gas phase ion complexes. This
instrument has been described in previous work! of Ervin Group and has been modified
occasionally.® Briefly, the instrument can be divided into four major regions: a) ion
source region where the ions are generated, b) mass selection region where the ions of
interest are mass-selected, c) interaction region where the mass-selected ions interacts
with the neutral target reaction, and d) the detection region where the reactant and
product ions are detected. Figure 2.1 shows the schematic of our GIB-MS. This chapter
gives a detailed description of the general layout, design, construction and the principle

of operation of this GIB-MS instrument.
2.2 lon Source Region

Gaseous ions can be produced by a variety of source methods in the flow tube
reactor of our GIB-MS. Previous studies involving metal cluster ions®** have used metal
cathodic discharge as a source, while some diagnostic experiments! have used electron
impact ionization as a source method to generate ions in the past. Since we are generating
non-metal ions in this work, we used a microwave discharge for ion generation. The flow
tube reactor is a stainless-steel tube with a 7.3-cm inner diameter and 50.3 cm or 14.0 cm
in length. The flow-tube length is chosen depending on the experiment being performed.
The longer flow tube reactor source provides longer time for the thermalization of ions in

the source, but leads to decreased ion intensities because of the radial diffusion of ions
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Figure 2.1. The Guided lon Beam Tandem Mass Spectrometer.
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towards the wall of the tube.! The low ion intensities can be overcome by using shorter
flow tube reactor, which however could compromise in the effective cooling of ions. All
experiments in this work used longer flow tube except in the study of ethanol-water and
methanol-water complexes where low ion intensities were observed while using longer

flow tube.

In this work, hexafluorobenzene or methanol or water was used as a precursor gas
using microwave discharge, and an alcohol was introduced into the flow tube reactor via
an inlet to form the alcohol complex. lons formed in the flow tube undergo
approximately 10*-10° collisions with the helium buffer gas (AirGas, 99.98%).2
Condensable impurities in the supplied helium gas are prevented from passing into the
source region using a liquid nitrogen trap during the experiment. The ions of interest that
are formed in the flow tube reactor are then carried by the helium buffer gas towards a
1.5-mm aperture called nosecone, made up of a stainless-steel and coated with colloidal

graphite. Through this nosecone, only a fraction of ions passes into the next region.
2.3 lon Beam Formation and Mass Selection

The ion beam is formed as ions pass through the nosecone and the beam then
encounters series of aperture lenses in region of focusing stages 1 and 2 (FS1 and FS2).
The ion lenses in focusing stages are made up of thin stainless-steel plates, aligned in
parallel position supported by aluminum spacers using poly (phenyl sulfide) polymer

(Techtron PPS, Polymer Corp.) as insulators.

The lenses in FS1 help to extract the ions from the source region, which are then

accelerated, collimated and focused. This allows the energetic ions to undergo minimum
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collisions before being introduced into the magnetic sector momentum analysis for mass
selection.>*® The shaping and steering of ion beam is achieved by the lenses in FS2 which
also accelerate the ions to the flight tube of the magnetic sector which is maintained at a
potential of 1000 V. The electrostatic quadrupole doublet lenses in FS2 transforms the
geometry of the ions from cylindrical to ribbon symmetry to improve its passage through

the slits in the magnetic sector mass spectrometer.*°

The use of the magnetic sector mass spectrometer allows production of a high
quality ion beam with minimum broadening of energy.* lons can be tuned and transmitted
efficiently as there are lenses on both the sides of the magnetic sector.’® A Hall probe
(LakeShore, Model HMMT-6J04-VR) with highest sensitivity is used to control the
magnetic field in current-control or field-control mode. The full-scale range of 35 kGauss
in this Hall probe is set at 3.5 kGauss for our purpose, and this provides resolution good
enough for mass discrimination. Further, it ensures sufficient precision and stability of

the magnetic field measurement for our GIB experiments.

After the second slit of the magnetic sector, the ion beam enters a field free region
of FS3 where the ribbon shape of the ion beam is maintained due to the planer geometry
of the lenses.! There is a single Einzel lens and a horizontal and vertical deflector in this
region. These lenses and deflectors allow to steer and adjust ion intensities without
affecting the ion beam energy.! The ion beam then undergoes a 90 degree bend in the
electrostatic quadrupole bender. This design is primarily for the interaction of ion beam
coaxially with a laser beam (not used in these experiments).! Fringing field effects occur

when the ions passes through the entrance and exit lenses of quadrupole bender and this
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can result in an non-ideal dispersion of ions.! This effect have been minimized using a V-
shaped injector plate at the quadrupole bender center.! Einzel lenses have been located on
both sides of the quadrupole bender to account for non-avoidable dispersions and for
facilitating the efficient focusing of ions.! In the focusing stage 4 (FS4), the ribbon
shaped ions are converted back into its cylindrical form by a quadrupole doublet and are
then decelerated to meet the conditions for interaction of the ions with the target gas in

the collision cell.
2.4 Octopole lon Beam Guide

The cylindrical ion beam is then directed towards the octopole ion beam guide,
where ions undergo single collision with xenon gas in the collision gas cell. There are
two octopole: first octopole and second octopole, both of which are housed in the same
pressure region. The octopole consists of eight 3.2 mm diameter cylindrical stainless-
steel rods.! The rods are equally spaced and aligned in a circular fashion of 11.6 mm
inner diameter.® The first octopole is 33.5 cm long while the second octopole is 67.8 cm
in length and are separated by a narrow gap.® The reactant ions are trapped under the
influence of radiofrequency potential at 2.5 MHz in both the octopole and are accelerated
in the second octopole by a 0.5 volt dc offset voltage. The custom-built radiofrequency
generator used to generate the potential in our GIB-MS is based on the work of Anderson
and coworkers.!” Radio frequency chokes have been included in the radiofrequency
generator to minimize the noise in the interaction region,® and the radiofrequency

voltages on both the octopole are balanced by the use of capacitors. The use of second
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octopole sufficiently increases the time window for the collisionally activated ions to

dissociate and allows the effective trapping of product as well as reactant ions.
2.5 Reaction Gas Cell

The reaction gas cell used in our GIB-MS is along the center of the first octopole.
It is made up of stainless steel and has a dimension of 89 mm in length and 50 mm in
diameter.! There are extension tubes on two ends which minimizes gas conductance in
cell. Gas is introduced into the cell using a leak valve (Granville Phillips 203) via Teflon
tubing. A capacitance manometer (MKS Baratron 127AA-000.1B) is used to measure the
gas cell pressure. Gas cell pressures in the range of 0.4 mTorr to 1.7 mTorr are generally
used to make cross-section measurements. Low pressure ensures the suppression of
secondary reaction pathways and its effects on the primary reaction of interest. The
pressure is maximum at the center of the cell and decreases linearly towards the end of
the extension tubes to zero following an approximate trapezoidal profile.2*™° For
measurement of background TCID reactions, the gas cell pressure is directed towards the
octopole chamber pressure by switching off the leak valve through a computer controlled

program.
2.6 Quadrupole Mass Filter and lon Detection

The lenses in focusing stage 5 (FS5) extracts the ions from the octopole and
guides it to the quadrupole mass spectrometer (QPMS) for mass selection. Our GIB-MS
IS equipped with an Extrel quadrupole mass spectrometer which is controlled using 150-
QC RF/DC quadrupole power supply and C-60 mass controller. The quadrupole mass

filter operates at a frequency of 1.2 MHz and 200-watt output power level with a mass
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range up to 1500 Dalton. It can discriminate the mass within 1 a.m.u and has a

transmission efficiency of more than 90 %.

The QPMS consist of four rod electrodes of 2.5 mm in diameter and 20.6 cm in
length. The mass filtering action is based on varying the rf and dc potential on quadrupole
rods, and we normally operate our QPMS in the first stability region of Mathieu Stability
Diagram where the ratio of rf to dc potential on quadrupole rods are typically ~ 6.1 A
superior mass discrimination for isotopic masses can be achieved by switching the
operation of QPMS to second stability region of Mathieu Stability Diagram, with a
change in the ratio of rf to dc potential to ~ 2.* This, however, limits the mass range of
QPMS to about 140 Dalton.! The mass selected ions are extracted from the quadrupole
mass filter and detected by a collision dynode / channeltron electron multiplier operated

in ion counting mode.
2.7 Data Acquisition and Computer Control

All applications used in our GIB-MS are computer-controlled through a program
written in LabVIEW.!® Some important elements incorporated in the program are (1)
single mass tuning, (2) mass scan of the source region, (3) quadrupole mass scan, (4)
current / field control of the magnetic sector (5) calibration of lens voltages (6) retarding
potential analysis to determine ion energy, and (7) the energy-resolved guided ion beam
scan. A detailed description of this LabVIEW controlled-program is described

elsewhere.18

The important part of experimental process is measuring mass-selected ion

intensities as a function of the collision energy or dc voltages. The counting parameter in
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the program (limited to 8 x 10° counts / 0.1 sec) makes use of the 32-bit National
Instrument 6229 BNC at 80 MHz.'8 This ensures the accuracy of time window for mass
collection in conjugation with counting the output pulses from the constant fraction
discriminator (CFD).*® The program also measures the pressure in gas cell and flow tube
reactor using the capacitance manometer in addition to controlling dc voltages of the
octopole and the injection / extraction lenses. The magnetic sector mass selection can be
achieved through the program in current or field control mode by fixing the setpoint of
the desired gaseous ion under study. The switching mode of ion operation (positive <>
negative) requires rotating the Hall probe by 180 degrees and often results in small
change in the position of probe for which a calibration factor has to be introduced. The
only parameters that are excluded from the automatic control of LabVIEW program are
the voltages for the ion beam focusing lenses and the flows rates of the reactant / neutral
target gases. They are adjusted manually to achieve maximum ion intensities and are

independent of the interaction or collision energies.
2.8 Vacuum System

The low pressure maintained by the vacuum system in GIB-MS allows the ion
beam formation and efficient ion transmission through different stages in the apparatus.
The ion source chamber, interaction chamber, and detection chamber are all differentially
pumped using mechanical and diffusion pumps of various pumping speeds. The
installation of a valve with a standard linear motion feedthrough (MDC Vacuum
Products) at the flight tube separates the apparatus into two regions of operation. When

corrosive chemicals such as halides and phenol are used as reactant material in the
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experiment, the ion lenses of ion source region tend to become dirty and this requires
frequent cleaning. The linear motion feedthroughs acting as a gate valve allows the
isolation of ion source region from the rest of the instrument, and makes possible to clean

the ion source region by venting only the front region of GIB-MS.

The ion source region of flow tube reactor and a chamber housing the focusing
stages 1 (FS 1) ion lenses are pumped by a diffusion pump (Varian VHS-10) with an
effective pumping speed of 2400 L/s. The flow tube outlet chamber in this region has a
gate valve at its top and this connects to a roots blower (Leybold-Heraeus SOGEVAC
585) combined with a mechanical pump (RUVAC 101, 2850/3510 rpm). The base
pressure in the focusing stage 1 (FS 1) region is 2 x 10 Torr. The focusing stage 2 (FS
2) of this region is differentially pumped by a 400 L/s diffusion pump (Varian VHS-4)
and has a base pressure of ~8 x 107" Torr. The quadrupole bender which bends the ion
beam lies in between the lenses of focusing stages 3 and 4 (FS 3 and FS 4). The pressure
in this region is ~ 4 x 107" Torr and is pumped by 500 L/s diffusion pump (Edwards E6).
The main region of our instrument i.e., the interaction region is maintained by two 6-inch
600 L/s diffusion pumps (Edwards), which maintain a base pressure of ~ 2 x 10° Torr.
The detection chamber contains the quadrupole mass filter and collision dynode / electron
multiplier and operates at a base pressure of ~ 10 Torr, maintained by a 6-inch 600 L/s

diffusion pump (Edwards).
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Chapter 3: Experimental and Data Analysis

The energy-resolved threshold collision induced dissociation (TCID) method
involves the mass-selection of a parent ion, its subsequent dissociation by collision with a
neutral target gas, and mass-spectrometric determination of the reaction channel pathway
for the study of its chemical kinetic and reaction dynamics. This chapter describes the
methods and theoretical background used in the measurement of total reaction cross

section, using the guided ion beam apparatus described in Chapter 2.
3.1 lon Energy Measurement

The characterization of the translational energy of the reactant ion beam generated
in the flow tube reactor ion source is crucial for the energy-resolved cross section
measurement. The ion energy measurement is done by scanning the dc potential of
octopole (an effective potential retarder).%? This process is called retarding potential
analysis.l2 The ion energy zero is set by the near-ground potential of the nosecone where
the ions undergo their last collision with the flow tube buffer gas. The ion intensities in
retarding potential analysis are fitted to a Gaussian function to obtain the first derivative
curve. This allows for the determination of the ion energy spread from its full-width at
half-maximum (FWHM). The maximum of this curve gives the reactant ion energy zero,
i.e., the origin of energy scale. An example of this Gaussian distribution curve is shown
in Figure 3.1, where the ion energy zero or the origin of energy scale was determined to
be E2 =—0.41 eV (nominal) and the FWHM is 0.19 eV. The ion energy measurement of
retarding potential analysis? is used for the determination of laboratory frame ion

energy, given by equation 3.1.
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Figure 3.1. Gaussian distribution curve obtained from retarding potential analysis (RPA)
to obtain the ion energy zero and full width half maximum of the reaction ion intensity.
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Ew.=E E (3.2)

octopole ~ =z

where, Eoctopole IS the potential on octopole and E: is the measured nominal energy zero
value. The dependence of Ez on flow tube reactor potential relates the importance of
setting the nosecone voltage constant and nearly zero throughout the cross section
measurement process to avoid energy perturbations. The general process to obtain the
mean ion energy zero and FWHM is getting an average of these values from the retarding
potential analysis that are performed before and after each set of guided ion beam energy
scans. This process minimizes the errors arising from field effects in the flow tube and
the octopole, and also the errors due the presence of contaminants on octopole rods that
induces surface charge effects which often hinders the ions of lower energy from its
smooth transmission.®> The typical uncertainty in the measurement of the laboratory ion
energy zero in our experiment is 0.05 eV. The typical FWHM ranges from 0.10 eV to
0.30 eV. In the past, the consistency in the measurement of ion energy zero and FWHM
using retarding potential analysis has been verified with that of time of flight

experiments.®

Using the stationary target approximation, the laboratory frame ion energy, Eia is

converted to relative energy in center-of-mass frame, Ecm, given by Equation 3.2,%?

mgas
EIab (32)
m._.+m

gas ion

E

cm

where, mion is the mass of reactant ion and mgas is the mass of neutral target gas. The
convolution and modeling procedures described later in this chapter consider the thermal

motion of the target gas.
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3.2 lon Counts and Cross Section

Our guided ion beam experiments allow the measurement of ion intensities of the
reactant and product species as a function of collision energy. The conversion of ion
intensities to total reaction cross-section involves the use of a Beer’s law—like

relationship, given by equation 3.3.,%2
g = lop€Xp " (3.3)

where Itr is the transmitted reactant ion counts, 1, =1, +21,is the incident reactant

ion count, Y Ip gives the total product ion count for all the reaction channels, ot is the
total reaction cross section, n is the density of xenon gas, and | is the effective path length
of the collision gas cell. The individual reaction cross sections for the product channel

can be obtained using equation 3.4.

I p
Om =010t (3.4)

2

3.3 Neutral Target Gas

Xenon is used as a preferred neutral target gas for our collision induced
dissociation experiments.® It is a heavy atom which induces an effective horizontal
transitions (transitions from translational to vibrational and rotational degree of freedom)
when compared to other noble gas atoms such neon, argon and krypton.’” Because xenon
is more polarizable than the other lighter noble gases, it allows an efficient transfer of

energy during the collision process.”®
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3.4 RF Trapping and Pulsing of lon Beam

Under the influence of a radiofrequency (rf) field,* the ions are trapped radially in
the octopole region, effectively trapping scattered ions in the effective radial potential of
octopole. The radial trapping allows transmission of ions with energies in lab frame down
to a lower level of about 0.03 eV. There are collisionally slowed ions which are trapped
owing to the barriers created by surface charge effects or due to the presence of
contaminants on the octopole rods or at the junction of the two octopole.? These trapped
ions have a chance of multiple collisions before drifting to the detector. Such trapped ions
tend to accumulate more at high rf potential and high octopole chamber pressures, and
allow the ions to spend greater time in the octopole region resulting in an increased
likelihood of multiple collision with the target gas. These trapped ions can result in the
formation of artifacts near the threshold energy region and the issue of trapped ions is
resolved by operating our GIB energy scans in a pulsed ion mode. Pulsing of ion beam
prevents the slower moving ions from reaching the detector by periodically switching off
the rf amplitude. The ion pulse width is set to 0.003 sec with clear time of 0.002 sec and
0.001 sec dwell time for a single mass scan. This pulsing method dumps trapped ions out

of the octopole periodically preventing them from accumulating.
3.5 Background Corrections

One background signal that needs to be corrected is the counting dark noise of the
detector, which is random in nature. This applies only in the measurement of smaller
cross sections in our case but is otherwise negligible for our experiments. It can,

however, be measured and subtracted from the original ion intensities. There is also a
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background signal if the masses are not completely resolved by the quadrupole mass
spectrometer. This happens occasionally if there are adjacent mass peaks near the vicinity
of primary peak. This is resolved by adjusting the quadrupole resolution, allowing
maximum transmission of ions to the detector while still discriminating between masses.
The presence of reactions with background gas in the octopole chamber can also result in
background signal. This is corrected with a background scan during the GIB scan by
making the target gas flow into the main chamber. The subtraction of background signal
from the product ion intensities taken for the TCID process after every scan is an
effective way to account for all the above discussed background signals, as it selects the

signal resulting from target gas in the collision.
3.6  Zero Pressure Extrapolation

For all TCID measurements, data sets are obtained for at least three different
pressures and are then extrapolated to zero xenon pressure using linear least-squares

regression, given by equation 3.5.
o, =ap+a, (3.5)

where op is the TCID cross section of an individual product channel at pressure, p, oo is
the cross section of the same product channel at zero pressure. This gives cross sections
at the single collision-limit and rules out the interference of multiple collision between
the reactant ion and target gas in TCID data.® This is essential to get accurate
measurements of the total reaction cross sections without the influence of secondary

collisions.
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Secondary collision can have significant effects on the TCID cross sections and are
observed as a “tail” on the cross sections below the threshold energy. This effect
increases with increase in the reactant ion sizes.®° The probability of multiple collisions
is particularly greater at higher xenon pressure,'! which is accounted for by setting the
xenon pressures in the range of 0.4 mTorr to 1.7 mTorr, and using the extrapolation to

zero pressure.
3.7 Accuracy and Precision

To ensure accurate cross section measurements, multiple TCID measurements are
made for the same system of study over a wide time interval, which varies from days to
weeks or months. These data sets are then compared for verification of precision in terms
of its general behavioral trend of reaction paths and the collection efficiency of product
ions. It is observed that the large deviation in reaction channel behavior results because of
inaccurately optimized source conditions such as the reactant flow rates or due to the
accumulation of dirt on ion lenses or gas traps. VVoltage fluctuations, improper energy
from power supplies or change in calibrations are other parameters which cannot be ruled
out. Therefore, regular measurement protocol for these parameters not only verifies the
proper functioning of instrument but also gives indication for instrumental
troubleshooting. From our analyses, we estimate the accuracy of absolute TCID cross
section magnitudes to be within £50%. The effective path length of the gas cell, the
temperature, the detection efficiency, uncertainty measurement in pressures and
variations in focusing of ions limits the overall accuracy of absolute cross section 151213

The temperature uncertainty of +0.2 K and a random error of +1 x 10 mbar for the
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xenon pressure measurement in collision cell from the capacitance manometer® is

considered in our analysis.
3.8 Interaction Energy Distribution

TCID cross section measurements can be partially affected by the energy
broadening effects caused by thermal motion of neutral target gas and the spread of the
ion energy.® This can be explained in terms of a Doppler broadening effect. The energy
distribution for this form has been discussed and derived in the literature.***" Chantry*

has shown the energy distribution for this form by equation 3.6.

(EV2_E, V?)?

[ (Eu2+Ecmuz)2
xksT

—exp T} (3.6)

fF(E, Egpn) 77 1exp

B 1
(4nk,TE_,)

where y = mgas/(Mion + Mgas), E is the actual relative energy, Ecm is relative energy in the
center-of-mass frame, ks is the Boltzmann constant, and T is the temperature of neutral
target gas in collision cell. For this form of Maxwell-Boltzmann distribution function, the
mean interaction energy, <E> , which includes the contribution of target gas is given by

equation 3.7.%4
<E> = Ecm + (3/2)yksT (3.7)

The effective cross section, cefr, for a monoenergetic ion beam with the energy
distribution discussed above have been derived and is related to the cross section in the

form of equation 3.8.14

Ot (Er) = [ (S (B, Eo ) oLE) @9
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where, the factor (E/Ecm)Y/? takes into account the time spent by the ions in the effective

path length of the gas cell.

The effect of the interaction energy distribution is stronger at low ion energies
where the velocity of ions are comparable or slower than that of the neutral target gas,
and this makes the distribution function relatively broader.® This can obscure the true
features of the reaction cross section at low ion energies.'* For all of this work, the full
energy convolution including the ion energy spread and the thermal velocity distribution

of the neutral gas is employed.
3.9 Reaction Cross Sections

The fit to TCID reaction cross sections using an empirical model is the basis for
derivation of thermochemical values in this work. A general form of equation which can
be used to model the threshold collision-induced dissociation reaction cross section in an

endothermic ion-molecule reaction is given by equation 3.9.

(E " ET)N

o(E) =o,. T when E > E;

(3.9)
=0, whenE <E;

where Ert is the threshold energy at relative collision energy E, oo is the scaling factor
which is an energy independent parameter, and N and M are adjustable parameters. A
simple hard sphere line-of-center model in which all of the kinetic energy that is available
after angular momentum constraints is used up in the excitation process of energy
deposition corresponds to N = M = 1.181° For our analyses, M=1 is fixed and the value of

N ranged in between 0.5 and 2.6, which is typical for collision induced dissociation
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reactions. The N value varies significantly for different theories: 1 for the line-of-centers
model,*® 0.5 for the Langevin model,?° and the value is in between 1 and 3.5 for the
transition state models.?! This N value variation from the hard sphere line-of-centers

model is useful in accounting for the realistic variations in reaction dynamics.?
3.10 Competitive and Kinetic Shifts

In our energy-resolved TCID experiment, there is a limited time window (= 0.4
ms) for the collisionally activated molecule to dissociate after it collides with the neutral
target gas and before the product ions are mass-selected and detected. This results in a
Kinetic shift.2>27 In this scenario, the limited time window lowers the ion intensities of
product and a higher threshold energy is observed.?® This effect has been resolved and
corrected by a model developed by Rodgers, Ervin, and Armentrout where the
unimolecular dissociation rate are treated with an appropriate transition state model using
statistical Rice—Ramsperger—Kassel-Marcus (RRKM) theory.?* It is also observed that
the higher energy product channels often get suppressed due to the presence of other
competing channels, resulting in competitive shifts.?2” This has been corrected by the
development of a model by Rodgers and Armentrout that fits both the channels

simultaneously by incorporating kinetic and competitive shifts.?’

Transition states can be modeled in RRKM theory in different ways: as a loose
transition state or as a tight transition state.*®?* In a loose transition state model, the ion-
induced-dipole binding forces hold the complex together, and the energy parameters of
dissociating complex match with that of fragmented products.32224 In the tight transition

state model, one mode corresponding to the reaction coordinate is removed and otherwise
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the molecular parameters of the complex that dissociates and those of the transition state
complex are equal.*®?224 The TCID cross sections in this work are modeled using loose
transition state model with the assumption of no reverse activation energy barrier. The
rotational and vibrational energy levels for density of states are obtained from density
functional theory calculations and calculated using Beyer-Swinehart Stein-Rabinovitch
counting algorithm,?-%0 or from torsional model calculations described later in this

chapter.
3.11 Cross Section Modeling

The TCID reaction cross sections for the two product channels are obtained
experimentally under the single-collision conditions, and we determine the threshold
energy difference between the reaction channels using the modified statistical RRKM

theory compiled in a Fortran program, CRUNCH.3!

During the reaction process, when the trapped complex ion collides with the
neutral target gas, it becomes collisionally activated. The total internal energy of this
energized ion is the sum of the energy transferred during the collision and the initial
internal energy of the complex ion. The distribution of this total energy of ion during the
collision with Xe atom under single collision conditions is modeled using the probability
function, P(e,E) given by equation 3.10.°

(E —8)N_1

P(&, E) = 6,N
(5:8)=0 E (3.10)

where, ¢ is the energy transferred during collision at relative energy at center-of-mass

frame.
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For the complex ion to dissociate, the energy transferred during the collision must
be greater than the threshold energy, Er. Under such condition, when equation 3.10 is
integrated over & a modified line-of-centers model represented by equation 3.9

(discussed earlier) is obtained.

The unimolecular dissociation of the reaction process for each product channel, j,

is modeled using RRKM Theory?*32 given by equation 3.11.

ni (B -Eq;(3)-Eo (1))

* - s'er
(BT SE(D) == = (3.11)

where E* = ¢ + Eint is the total energy of the energized molecular ion which includes the
internal energy of ion, Eint, and the energy ¢ transferred during collision, Eo (j) is the
threshold energy for channel j, W*wj, is the sum of the ro-vibrational states at the
transition state configuration for product channel j, J refers to the angular momentum
quantum number, Erjrefers to the rotational energy of the energized molecule ion while
E*r,,(J) is the rotational energy of the transition state molecular ion, s; is the reaction
degeneracy, h is the Planck’s constant, and pwr is the density of states of the energized
molecular ion. The ion and neutral energy Eint is treated as a Boltzmann distribution using
the densities of rovibrational states.

During the time of flight of ~0.4 ms between the collision gas cell and the
detector, the probability that the complex will dissociate and the product ion, j, will be

detected is given by equation 3.12.

kj(E*’J) [1—exp(—k

PD,j(E*’J):m tot
tot 1

(E",J).1] (3.12)
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The competitive and kinetic shift discussed earlier is accounted by equation 3.12 and is

used to model both the channels simultaneously.

Equations 3.10, 3.11, and 3.12 are combined and convoluted via equation 3.9 to
obtain the fit to reaction cross sections. Both product channels are fitted simultaneously
using nonlinear least-squares optimization method. The fitted cross section model gives
the threshold energy difference between the two product channels, AE, the adjusted
scaling factor oy, and the adjusted parameter, N. Note that the full convoluted fit involves
a five dimensional numerical integration of equation 3.12, over the complex and product
rotational states in equation 3.11, the Boltzmann reactant ion internal energy distribution,
the collisional energy distribution in equation 3.10, the xenon gas target thermal
velocities, and the laboratory ion energy spread. These calculations are performed in the
CRUNCH program,® which includes a non-linear least-squares optimization program to

determine the four adjustable parameters ao, N, Eo(1), and AEo = Eo(2) — Eo(1).
3.12 Computational Methods

Density functional theory (DFT) using Gaussian 094 is used for the quantum
chemical calculations in this work. This section outlines the detailed procedures used in

the computational calculations.

A molecular editor tool, Avogadro,® was used as a starting point to build the
optimized Gaussian input file for the chemical structure of species. Avogadro makes use
of molecular mechanics to optimize the molecular geometry.®* This geometry is then
optimized with DFT to determine the stationary point, from which the vibrational

frequencies are calculated using second order energy derivatives of the atomic coordinate
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under harmonic oscillator approximation. All harmonic vibrational frequencies used in
this work are obtained using the B3LYP3¢*" functional and the 6-311++G(2df,2p) basis
set. B3LYP3¢37 functional are accurate as well as economical for frequency calculations.
As per the recommendation of Uvdal et al.,® the frequencies are scaled by 0.9679 for
higher frequencies and by 1.01 for lower frequencies, with 104.0 cm™ as the defining
frequency that separates the higher and lower frequencies. The scaled vibrational
frequencies obtained using the harmonic oscillator approximation are used to calculate
the density of states. The internal torsional modes, generally of low-frequency vibrations,
are usually not well characterized under harmonic oscillator approximation. All such
modes are separately treated as 1-D internal hindered rotors.®**3 Such internal hindered
rotor treatment not only requires a quantum treatment of density of states for the proton-
bound heterodimers but also requires the inclusion of prevalence of the effects caused by
their low-energy conformers and the transition states in the reaction product channels. In
addition, we stress our analysis on long range van der Waals’ interaction within the
species that affects the thermokinetic process such as deprotonation in alcohols. Keeping
all these parameters in consideration, various functional have been tested to find the

functional that best represent our system.
3.12.1 Dispersion Model

In computational chemistry, Kohn-Sham Density functional theory (KS-DFT)*
has been the most versatile and popular tool for electronic structure and quantum
mechanical calculations.*® The performance/cost ratio is the key factor for its immense

popularity.®4 The KS-DFT includes the exchange-correlation functional, a key
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ingredient that was absent in the Hartree-Fock energy equation.** The KS-DFT, however,
does not account for the long-range van der Waals interactions or dispersion forces,*
which for our purpose may be a significant parameter while making thermodynamic
measurement for molecules with multiple conformations.

Dispersion force, in simple term, is a weak intermolecular attraction that arises
due to the formation of dipoles in a system. It is also termed as London dispersion force
or instantaneous dipole-induced dipole force. This type of force causes an interaction
within the molecule itself which varies interactively in an order proportional to 1/r,
where, r is the interatomic distance. Accounting for this type of interactions becomes
particularly important while considering long chain molecules whose energies could be
affected by the polarizability of the carbon chain and its longer-range interactions with
the rest of the molecule.

Several functional have been developed to handle the challenges of dispersive
interaction.*6484% Functionals that include intrinsic dispersion corrections in Gaussian 09
are Austin-Frish-Petersson (AFPD) functional,®® B97 functional®® and ©B97X-D
functional.*® Empirical dispersion corrections can also be also be added to other
functional in Gaussian 09 by simply specifying the keyword “EmpiricalDispersion” in
the input file for calculation.3* ©B97X-D functional is used in this work to include these
effects for internal hindered rotors. This functional not only accounts for the dispersion
effect but also includes the long-range corrections with no extra performance cost.*® It is
the most recent functional developed by Head-Gordon and coworkers,*® where they use

Grimme et al.’s®®> DFT-D dispersion model scheme.
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Our choice of wB97X-D functional*>® is based on the test of alkanols and
alkoxides using a variety of functional that contain empirical dispersion parameters.
B3LYP, MP2, m062x, CBS-QB3, and B97X-D functional were tested. Local minima
and transition states for these species were located over the 360 rotations of a chosen
hindered internal rotor. The stationary points corresponding to the local minima and
transition states were then compared with a benchmark of higher level W1 calculations.>*
Figure 3.2 shows the plot of electronic energy as a function of the stationary points of
local minima and transition states for five different functional comparisons for the case of
CH3CH2CH20". The example shown in Figure 3.2 depicts a local minima (~ 5 kJ/mol) at
a dihedral angle ~ 240 degree. For conformational states of the species within this energy
relative to the lowest energy conformer, it is necessary to determine these conformers by
including the density of states in our RRKM analysis. The transition states are the
representation of barrier that the species encounters during the conformational change.
The different conformational change of species within its self-conversion process needs a
quantum treatment for determination of thermochemical quantities. Our calculations
using wB97X-D functional best matches the W1 conformational energies of selected

longer chain alkoxides up to 6-carbon hexoxides.
3.12.2 1-D Internal Hindered Rotors

The internal rotation about each single bond in a molecule is the basis of the
hindered rotor in a one-dimensional approximation. The relaxed potential energy surface
is scanned about the rotational axis with 5-degree increments over 360 degrees to obtain

the torsional potential energy profile at the wB97X-D/6-311++G(2df,2p) theory level.
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Figure 3.2. Comparison of various functional for transition states and local minima in the

relaxed dihedral potential energy scan of CH3sCH2---CH20" rotor in CHsCH2CH20".
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This dihedral angle relaxed potential energy scan process accounts for most of the
conformational stabilization of molecule in the analysis. We scan the potential energy
surface starting with a stationary point optimized to a global minimum. However, in
some instances, the potential energy profile reveals some new unaccounted
conformations that are lower in energy than the previously determined lowest energy
conformation. In other words, functional are sometimes not able to achieve the global
minimum during the geometry optimization that can however be found in the relaxed
potential energy scans. The torsional potential, as shown in Figure 3.3 is fitted using a

Fourier expansion of sine and cosine functions given by equation 3.17.°
V(6) = Vo + T An (1-cosnd)/2 + 3 Bn (sin n6) (3.17)

where Vo, An and Bn are the coefficients, and n is the periodicity of the rotor which takes
the value from 1 to 6. The rotor periodicity accounts for all the symmetric and
asymmetric rotation about the bond axis for each internal rotation. With the modified
method of Spangler et al.* using a free rotor basis set, the one-dimensional Schrodinger
equation (Equation 3.18) is then solved numerically to obtain the hindered energy levels
for each internal rotation.

h?> dy
87°1, do?

+V (@)y=Ey (3.18)

In equation 3.18, Ir is the reduced moment of inertia for the rotor, V(0) is the potential
energy that hinders the rotation, E is the total energy, and y is the wave function. The
reduced moment of inertia for the rotor is calculated by moving the xyz axes along the

bond of rotation following the method of East and Radom.*® In this approach, the rotor is
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Figure 3.3. A torsional potential energy profile obtained for dihedral relaxed potential
energy scan of CH3CH2---CH2CH2CH20OH rotor in n-pentanol, where two additional
local minima are observed near the dihedral angle of 120 and 240 degrees. The circles
represent the one- dimensional potential energy surface output at »B97X-D/6-
311++G(2df,2p) theory level, while the solid line is the potential fit.
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set along the bond axis by forcing three atoms along the xyz axes. This allows the
calculation of moment of inertia on two sides of the bond axis separately, 11 and Iz, which
can then be used to calculate the reduced moment of inertia of the rotor using equation

3.19.

Eete (3.19)

The density of states is then calculated by replacing the corresponding harmonic
oscillator frequencies for each torsional mode by the hindered energy levels.?8-30
Thermodynamic functions like enthalpy, entropy, and Gibbs energy are further
determined by calculating the partition function using the obtained internal hindered

energy levels, using equation 3.20.
=1 g, exp(- 1) (3.20)
O, i gi p kBT .

where, the partition function, q is calculated at temperature, T, i is the internal rotor
symmetry number, gi and & are the degeneracy for ith energy level, and ks is the
Boltzmann constant. The internal hindered energy levels and thermodynamic functions
are calculated using a program, TORSION,* which incorporates the relevant parameters

for calculations that have been discussed in this section.
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Chapter 4: Conformational Effects on Gas-Phase Acidities of Isomeric
Cz and Cs Alcohols

4.1 Introduction

Alcohols produced from biomass are potential fuel substitutes and additives to
relieve the current challenges of fossil fuel depletion and pollutant emission from internal
combustion engines.* Accurate modeling of the combustion kinetics of biofuel requires
thermochemical values with a chemical accuracy of + 4 kJ/mol or better.2® Ethanol is the
most widely studied biofuel as an alternative or additives for the conventional fuels, but
its poor miscibility with diesel fuel, low cetene number, safe storage, and smooth supply
are challenges.2*® Higher chain alcohols like propanol, butanol, and pentanol have
advantageous chemical properties, and are consequently receiving greater attention for
development as fuel additives.>* It is, therefore, essential to have a better understanding
and accurate thermochemical values for the efficient combustion kinetic modeling of

these potential biofuels.

Energy-resolved threshold collision induced dissociation (TCID) allows
measurement of the deprotonation energy differences between the alcohol and a reference
acid.” A proton-bound heterodimer anion complex, [RO-H-A]  where R = CHs,
CHsCHz, CH3CH2CH3, (CH3)2CH, CH3CH2CH2CH2CHz2, or (CH3)2CHCH2CH, and A =
F, OCHs, OCH2CHs, or OH can undergo dissociation to follow two reaction channel
pathways, as shown in equation 4.1 . The threshold energy difference, AEo = Eo(2) —

Eo(1), for this two-channel pathway is equivalent to the relative acidity difference,
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assuming that the two product channels have no activation barriers on their reverse
paths.”®

[RO-H-A] +Xe—>RO +HA+Xe A H,(1)

(4.1)
SA +ROH+Xe  AH,(2

The relationships of the threshold energy difference between the two reaction channels
and the gas phase acidity of species HA and ROH in equation 4.1 can be summarized by
equation 4.2.

AE, = EO(Z)_ Eo(l) :ArHo(Z)_ ArHo(l)

(4.2)
=AigHo(ROH) —A_H (HA)=0A  H,

acid

In this work, we measure the relative gas-phase acidities, dAacidHo, of methanol,
ethanol, 1-propanol (n-propanol), 2-propanol (iso-propanol), 2-methly-2-propanol (tert-
butanol), 1-pentanol (n-pentanol), and 3-methyl-1-butanol (iso-pentanol) using energy-
resolved TCID measurements. We use a local thermochemical network approach? using
least-squares optimization to determine the absolute gas-phase acidities of the alcohols
using HF and H20 as reference acids. The gas-phase acidity can then be related to the
bond dissociation energy of the alcohol using the gas-phase negative ion thermochemical

cycle, equation 4.3,

D(RO-H)=A_,H(RO-H)+EA(RO) - IE(H) (4.3)

acid

where EA(RO) is the electron affinity of the radical and IE(H) is the ionization energy of
hydrogen atom. We, therefore, also determine the bond dissociation energies or

enthalpies for methanol, ethanol, n-propanol, iso-propanol, and tert-butanol as the
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electron affinities of their corresponding radicals are known within an accuracy of 1
kJ/mol.>! Table 4.1 lists the literature electron affinities of all alkoxy radicals used in

this work.

Table 4.1. Electron affinities of alkoxy radicals

Species EA(RO) /eV Reference
CHsO 1.5690 £ 0.0019 Nee et al.2
CH3CH20 1.712 £ 0.004 Ramond et al.?
CH3CH2CH20 1.789 + 0.033 Ellison et al.€
(CHs)2CHO 1.847 +0.004 Ramond et al.p
(CH3)3CO 1.909 + 0.004 Ramond et al.

aSlow electron velocity-map imaging experiment (2006).°
b Photoelectron spectroscopy measurements (2000).1
¢ Photoelectron spectroscopy measurements (1982).1°
There has been interest in understanding the structural and dynamical effects on the
gas-phase acidity strength of alcohols.? The equilibrium measurements by Bartmess and
coworkers*? for higher chain alcohols (Cs-Cg) on acidity strength do not agree with those
from the Kinetic Method.*®** The equilibrium studies suggest the monotonic linear trend
in acidities of 1-alcohols to be valid only up to Cs-alcohol.*? The non-linear trend after 5-
carbon in 1-alcohols was hypothesized to be due to the coiling interaction of the distal
end of the alkyl chain with the ionic sites, stabilizing the anionic product.!> The
conformations of alcohols and their corresponding alkoxide ions have significant effects
on the deprotonation energies of alcohols. In this work, we implement a full hindered-
rotor treatment to account for the conformational effects on the intrinsic acidities of

alcohols using an extended RRKM analysis of the TCID cross sections. This chapter
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analyzes the conformational changes that are encountered during the deprotonation

process in selected alcohols and their effect on relative acidities.
4.2 Experimental Methods

Reagents and Gases. All reagents used in the experiments were commercially
available. Methanol (spectroanalyzed, Sigma-Aldrich), ethanol (ACS/USP grade,
Pharmco-Aaper), 1-propanol (anhydrous 99.7%, Sigma-Aldrich), 2-propanol (ACS/USP
grade, Pharmco-Aaper) 1-pentanol (98%, TCl America), 3-methyl-1-butanol (98%,
Acros Organics), and hexafluorobenzene (99%, Alfa Aesor) were used as purchased
without further purification except that dissolved contaminant gases were removed using
a freeze-pump-thaw cycling technique. Helium (AirGas, 99.98%) used as a buffer gas
was purified using a molecular sieve trap at liquid nitrogen temperature, while xenon
(99.999%, Advanced Specialty Gases) was used in its supplied form as a neutral target

gas.

Experimental. Energy-resolved negative-ion threshold collision induced
dissociation (TCID) cross sections were measured using our custom-built guided ion
beam tandem mass spectrometer (GIB-MS), which has been described in detail in chapter
2.715-18 Briefly, the [RO—H—A]~ complex ions are produced in the flow tube reactor of
the GIB-MS by making F~ or CH3O~ using hexafluorobenzene or methanol as a precursor
gas using a microwave discharge. The alcohols are introduced via an inlet into the flow
tube reactor downstream of the discharge. The ions formed then are carried by the helium
buffer gas (~ 0.5 mbar) towards a small 1.5 mm-diameter aperture in a nosecone, through

which a fraction of the ions passes. The ions of interest are mass-selected by a magnetic-
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sector mass spectrometer and are then directed into the octopole ion guide where they
undergo collisions with the neutral target gas in a collision gas cell. The product ions
formed are then extracted from the octopole, passed through focusing lenses, and mass
analyzed with a quadrupole mass filter before being detected with a collision dynode /
channeltron multiplier in negative-ion counting mode. The reactant and product ion

counts are collected as a function of collision energy.
4.3 Computational Calculations

All computational chemistry calculations in this work were performed using
Gaussian 09.%° The detailed procedures of the calculations have been discussed in chapter
3. A brief aspect relevant to the work is presented in this section. The starting point in the
density functional theory (DFT) calculations was optimizing the molecular geometries at
the B3LYP/6-311++G(2df,2p) level and calculating the vibrational frequencies. The
choice of B3LYP/6-311++G(2df,2p) theory level for frequency calculations is because of
it being accurate at reasonable computational cost. In the cross section modeling process,
these harmonic vibrational frequencies are scaled by 0.9679 for higher frequencies and
1.01 for lower frequencies below 104 cm™ as per the recommendation of Uvdal et al.?°
The list of harmonic oscillator frequencies for the neutrals, anions, and complexes used in
this work are listed in Table 4.2, and the rotational constants obtained from calculation at
wB97X-D/6-311++G(2df,2p) theory level are listed in Table 4.3. We have also calculated
gas phase acidities using Gaussian-42* and W122 composite methods for selected species,

which will be discussed later in this chapter.
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Table 4.2. Vibrational frequencies (cm™) calculated at B3LYP/6-311++G(2df,2p)
theory level: in italics are the modes that are replaced with hindered rotors

CH30OH

282.7 10429 1077.6 1170.6 1365.1 1482.2 1500.2 15115 29975 3043
31145  3848.9

CH3CH,0OH

230.8 270.8 4179 8211 897.2 1029.7 1099.7 1178.7 1264.6 1299.5
1408.8  1448.3 1486.7 1504 1529.4 2982.8 3006.6 3038.7 3102.8 3107.9
3844.9

CH3CH,CH,0OH

122.6 227.8 246.6  273.8 456.1 766.8 887.7 904.4 1029 1056.8
1093.3 1183.8 1253.1 1267.8 13224 1352.6 1418.8 1450.4 1498.7 1505.8
15115  1527.7 29727 2996.8 3026.5 3033.8 3060.5 3086.9 3095.1 3846.6
(CH3).CHOH

216.9 258.3 285.6 362.6 4145 4825 8193 9319 9484 958.7
1082.7  1155.2 1186.2 1275.3 1375.7 1396.6 1412.7 1426.7 1486.3 1490.6
1500.4 15115 2967.4 3023 3037.7 3081.8 3095.1 31035 3110 3831.6
(CHs)sCOH

205 249.5 267.8  286.5 338.8 340.2 4179 459.2 464.7 745.8
909.1 918.2 925 963.4 1029.9 1047 1156.4 1230.5 1255.9 1359.5
1401.8  1405.9 1430.4 1477.7 1487 1490.8 1501.4 1508.6 1519.4 3021.2
3026.5 3041.3 3079.1 3086.5 3101.8 31025 3109.6 3110.3 3818.7
CH3CH,CH,CH,CH,OH

78.3 90.8 143.1  187.2 242 250.1 3228 396.2 4964 737.7
787.9 871 8995 9217 9942 1036.3 1062.8 1068.7 1126.7 1157.1
12275  1248.2 1283.7 1309.7 1330 1335.7 1380.8 1404.2 1418.7 1444
1480.1 14935 1503.3 1503.9 1517.1 1520.9 29755 2998.8 3001.2 3006.1
3019.3 30235 3028.7 3044.4 3066.4 3082 3086 3849.3
(CH3)2,CHCH,CH,0OH

49.7 132.5 216.8  238.2 2441 2737 3411 387 423.4 519.3
764.6 847.7 909.2 9326 9634 977.7 1023.7 1066.4 1128.4 1159.6
1191.1  1231.6 1255.4 1306.6 1342.8 1378.6 1393.4 1404.7 1426.2 14432
1476 1493.1 1498.8 1507.6 1512.8 1528.4 2986.6 3005 3013.9 3015.6
3018.6  3032.3 3051 3071.5 3080.6 30855 3091 3848.7

H.0 HF

1630.9 3819.3 3922.8 4096.1

CH3O

1157.4  1164.6 1164.6 1423.1 1423.1 1471.8 2423.8 24241 2583.4
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CoHsO™

278.1 426.4 772.5 8135 1020.3 1158.1 1200 1255 1325.7 1368.3
1451.1 1458.1 1489.1 2462.5 25555 2929.2 30144 3041.1

CH3CH,CH,O™

171.5 209.3 310.3 4899 7499 8205 9034 970.8 1062.8 11484
1185.5 1238.3 12759 1311.6 1358.6 1386.1 14575 14595 1482.8 1503.1
2458.1 2555.3 29249 2983.7 2989.1 30239 3078.3

(CH3).CHO"

227.3 261.8 354.5 429.1 4894 7513 8158 881.8 986.8 10774
1128.5 1210.5 13035 13249 1328 13429 1455.9 14655 1472.1 1489.6
2499.9 2935.1 2950.7 3012 3021.6 3055.9 3060.4

(CH3)3C07

208.9 263.4 264.8 329 329 4044 4715 4715 6835 7914
792.4 907.9 1005.7 1006.2 1006.4 11709 11713 1228.4 13279 1328.1
1356.6 14555 1469.6 1469.8 1477.6 1477.7 1496.4 29422 2942.3 2963.4
3029.6 3029.6 3042.3 3057.9 3066.2 3066.2

CH3;CH2CH,CH,CH,0O

80.5 90.4 152.3 2035 240.7 3157 3909 5196 7346 779.6
843 863.7 910.6 9749 1022.8 1063.1 1087 1147.1 1187.2 1225.5
1235.2 1275 1300.9 1310.8 13269 13615 1383 1400.2 1456.2 1464.2
1486.4 1496.6 1499 1512.2 2467.6 2563.6 2919.7 2965.6 2981.1 2987.1
3003.4 3007.9 3043.4 3052.6 3067.1

(CH3),CHCH2CH,0O"

55.2 140.4 223.5 243.4 260 33,5 3784 4212 5431 759.9
808.6 895.5 924.6 946.5 9589 1015.1 1092.1 11516 1178.1 1190.9
1228.4 12448 1300.6 1326.8 1375 1380.5 1385.4 1401.3 1454.7 1470.9
1488.5 1489.4 1498.4 1507.4 2488.5 2580.5 2913.9 2979.1 2986.8 2990.9
3008.4 30225 3040.7 3056.8 3094.9

OH™

3755

[CH3O-H-F]”

60.8 171.1 403.1 11175 11545 1166.6 1232.4 1449.1 1473.8 1500.4
1620.5 19549 2873.6 2879.6 2933.1

[C2H50H-F]‘

53.7 1444 269 389.1 439 8019 874 1056.1 1153.1 1159.5
1223.6 1299.1 1368.8 1379.7 1470.3 1489 1508.3 1620.4 1964.8 2874.1
2912 2980.6 3044 3091.4

[CH3CH,CH,OHF]”

35.3 106.2 176.1 213.8 3185 3985 4953 7717 852 917.8
985.1 1078.,5 1141.7 1162.2 12254 1264.7 1295.8 1362.8 13739 1396.3
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1480.1  1484.6 1495 1508.1 1618.9 1941.7 2876.7 2897.6 2964.3 2997.1
30339 3059.2 3094.3

[(CH3).CHO-H-F]"

54.5 116.3 231 267 323.7 364 466.5 5009 8109 907.5
926.5 990.2 1119 1168.8 1189.9 1230.8 13454 13614 1368.5 1384.6
1467.9 14795 14904 1509.4 1612.9 19209 2846  2981.3 2998.5 3038.6
3053.7 30714 3097.3

[(CH3)sCO-H-FI

64.8 1115 216.2 2622 2754 294 3383 3718 4132 468.7
513.7 739.1 879 898.2 9494 968.7 1035.6 1042.8 12058 12215
1229.9  1247.7 1371 1371.1 1396.5 1463.4 1480.7 14824 1488.8 1499.5
1518.8  1618.7 2057.9 29855 29925 3005.7 3050.9 3053.3 3063.9 3075.1
3094.4  3098.7

[CH3;CH.CH,CH,CH,OHF]™

35.6 71.2 107.3 1252 2079 2244 2466 301.1 376.2 416.9
532.5 732.8 7948 8243 900.1 920 1016.9 1022.2 1048.2 1103.6
11375 11515 1176.8 1236.1 1253.3 1309.5 13224 1356.9 1368.8 13925
1399 1409.3 1469.8 14825 1488 14947 1501.8 1504.7 1612.4 2155.1
2901 2945.1 2950.2 2962.8 2968.3 29929 3005.2 3039.2 3050.8 3059.7
3074.1

[(CH3).CHCH,CH,0-H-F]"

39.2 98.3 1169 160.3 236 2456 2834 3303 3776 3944
423.8 539.8 761.3 8417 9043 9465 966.7 977.6 1015.1 1103.5
1148 1160.8 11744 1188.4 12535 12754 1332.7 1365.1 13739 13915
1393.2  1419.7 1467.2 14855 14929 14954 1501.8 15285 1613.2 2128.2
2894.7 29455 29548 2976.3 2992.1 2999.5 30229 3033.4 3053.7 3054.5
3069.7

[CH3CH,0-H-OCH;s]

23.7 26.7 41.4 1151 158.2 2589 3306 4559 789 850.4
1038.3 11103 11352 11609 11711 1172.6 1281.8 1320.1 1353.2 1371.9
1450.3 14649 14789 1480.3 1498.9 1501.2 1596.5 1906.4 2691.2 2756.8
2868.7 2912.6 29425 2960.5 3032.3 3057.6

[CH3CH,CH,0-H-OCHjs]

15.6 24.6 42.3 84.3 139.9 1711 2146 3057 357.1 503.1
764.9 839.3 913 977.6 1067.9 1109.8 1138 11499 1169.2 11723
1256.8 12839 1309.2 1337.2 1368.3 1389.5 1452.8 1468.4 1478.5 1480.4
1490.2 1501.4 1506.9 1595.4 1971 2672.3 2761.7 28746 2914.4 2947.7
2948.3 29937 3006.9 3036.4 3088.5

[(CH3).CHO-H-OCHs]”

16.1 23.2 52.6 90.8 153.3 226.6 2511 2978 3757 4295
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521.5 785.8 859.3 900.9 9899 1101.8 1108.8 1141 1151.6 1170.8
1182.9 1275.8 13375 1341.7 1348 1364.3 1455.9 1465.1 1475.3 1479.1
1480 1496.8 1502.2 1598.1 2064.8 2720.8 2890 2911.1 2956.1 2961.6
2974.7 3027.7 3036.9 3066 3071.9

[(CH3)sCO-H-OCH3]™

25.1 29 61.3 78.6 151.2 2142 253.8 266.8 271.1 334.2
356 418.6 470.1 5123 7172 836.2 846.1 9269 989.9 1022.9
1024.4 1107.2 11432 11706 11946 1200.2 1218.1 1246.8 1350.7 1352.4
1379.3 1456.5 1462.2 14769 1479 1481.4 1485.6 1487.7 1502.8 1506.4
1618.8 2131.1 2895.6 29158 2962 2967.8 2969.3 2985.8 30414 3043.3
3053.5 3068.8 3075.9 3079.6

[C H3CH2CH2CH2CH20-H-OCH3]7

14.5 21.3 42.5 57.6 82.6 1123 130.3 1646 199 241
303 368.4 392.8 525.1 736.2 786.4 859.5 876.1 9164 984.7
1027.4 1065 1084 1110.1 1142.3 1148.2 11718 1173.8 12341 1240.5
1291 1303.6 1307.2 1316.7 13456 1369.1 1385.3 1403.7 1454.4 1465.3
1480.1 1485.6 1488.4 1498.1 1500.5 1501.7 15135 1594.3 2012.2 2676.9
2763.6 2879.7 2914.1 2940.8 2952.2 2972.6 2985.7 3003.1 30075 3013.6
3051.9 3057.9 3070.2

[(CH3),CHCH,CH;0-H-OCHjs]

19.1 24.5 36.5 50.5 1046 1372 1623 2235 2414  266.8
316.8 367.2 392.7 4226 5475 7627 831.8 903.2 931.3 956.8
966.7 1019.2 1085.3 1110.8 11449 1155.7 1170 1172.8 1183.6 1244.3
1255.6 1318.4 1330 1349.7 1373.9 1379.9 1389.2 1409.6 1450.3 1462.7
1480.4 1486.5 1490.9 1493.8 1501.2 1502 1514.3 1599.4 1868.1 2719.2
2772.7 2877.1 2909.2 29335 2948.3 2987.3 2992 2997.1 3021.3 3033.6
3050.6 3058.1 3103.7

[C H;CH,CH,0-H-OCH,C H3]7

5.3 21.7 25.6 92.8 1125 1753 2185 2577 3184 331.6
460 485.4 768.8 791 849.4 854.2 911.8 9849 10325 1079.2
1113 1151.3 1158.7 1167.4 1254.8 1286 12926 1323.4 1354.1 1356.9
1379.2 1386 1400.6 1466.2 1469 1478.2 1482.8 1491.7 1498.7 1509.4
1589.3 1603.2 2719.1 2782.6 2865.4 2911.8 2965.7 2967.8 3001 3030.6
3035.2 3050.4 3060.1 3093.2

[CH30O-H-OH]

47.6 112.1 139.8 353.2 5752 11145 1166.5 1169.2 12945 1453.1
1464 1472.3 1677.1 2000.7 2666 2703 2753.1 3864.8
[CH3CH,0-H-OH]™

19.7 99.4 124.5 258.8 3079 4605 5604 7852 847.3 1038.7
1159.7 1167.9 12342 1276.1 1349.3 1376.3 1462.6 1478.6 14985 1684.3
2234 2660.2 2730.8 2956.5 3027.5 3051.4 3868.7




Table 4.3. Rotational Constants / @B97X-D/6-311++G(2df,2p)

Species Rotational Constants in cm™
CHsOH 4,31 0.83 0.81
CH3CH20H 1.19 0.31 0.27
CH3CH2CH20H 0.88 0.13 0.12
(CH3).CHOH 0.29 0.27 0.16
(CHs)3COH 0.16 0.16 0.15
CH3CH2CH2CH2CH20H 0.31 0.05 0.04
(CH3)2CHCH2CH20H 0.19 0.07 0.06
HF 20.95

H20 27.95 14.46 9.53
CHs3O™ 5.33 0.94 0.94
CH3CH20™ 1.29 0.32 0.29
CH3CH2CH20™ 0.51 0.18 0.15
(CH3)2CHO™ 0.30 0.28 0.16
(CHs)sCO™ 0.16 0.16 0.15
CH3CH2CH2CH2CH20 0.22 0.06 0.05
(CH3)2CHCH2CH20~ 0.20 0.07 0.06
OH" 19.29

[CHsO-H-F]° 1.18 018 0.6
[CH3CH20-H-F]- 0.35 0.14 0.11
[CH3CH2CH20-H-F]~ 0.18 0.11 0.07
[(CH3)2CHO-H-F]" 0.27 008  0.07
[(CHs)sCO-H-F] 0.16 007  0.07
[CH3CH2CH2CH2CH20-H-F]~ 0.10 0.06 0.04
[(CH3)2CHCH2CH20-H-F]° 0.10 005  0.04
[CH3CH20-H-OCHzs]™ 0.27 0.08 0.06
[CH3CH2CH20-H-OCHs]™ 0.16 0.06 0.05
[(CH3)2CHO-H-OCHs] 0.19 005  0.05
[(CH3)3CO-H-OCH3] 0.14 004 004
[CH3CH2CH2CH2CH20-H-OCHs]™  0.06 0.05 0.03
[(CH3)2CHCH2CH20-H-OCHs] 0.07 004 003
[CH3CH2CH20-H-OCH2CHs]™ 0.12 0.04 0.04
[CH30-H-OH] 1.25 017  0.16

[CH3CH20-H-OH]™ 0.60 0.09 0.09
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The moments of inertia for the hindered rotors are obtained from the lowest energy
configuration of the species by calculating the moment of inertia of the rotor about the
bond axis, following a method? described by East and Radom (see also chapter 3). The
calculated moment of inertia along with rotational symmetry number, harmonic
frequency at the minima, and zero-point energy for all the torsional modes corresponding
to various neutrals, ions, and radicals used in this work are summarized in Table 4.4. The
torsional potential of each internal hindered rotor is obtained by performing a relaxed
potential energy scan of the dihedral angle over 360 degrees with 5-degree increment at
the wB97X-D/6-311++G(2df,2p) level.? The choice of the wB97X-D functional lies in
the inclusion of empirical dispersion and long-range correction with reasonable
computational cost for the systems of interest. CBS-QB3 method gives a better
representation of our system with our benchmark (W1 method) but is too expensive
method considering many relaxed potential energy scans we need in our study. The
torsional potential fit is obtained by using a Fourier series expression with sine and cosine

terms given by equation 4.4.2
V(O)=V,+2>A4,(1—cosnd)/ 2+ 2. B, (sinnd) (4.4)

where Vo, An and Bn are the coefficients, and n is the periodicity of the rotor which takes
values from 1 to 6. We solve the one-dimensional Schrédinger equation using the method
of Spangler et al.?* for the methyl rotors, modified to include asymmetric rotors with sine
and cosine terms.? The inclusion of internal hindered rotors energy levels in the Beyer-
Swinehart density of states in place of harmonic oscillator frequencies is performed using

the Stein-Rabinovitch method.?>-?” This explicitly includes energy levels associated with



Table 4.4. Calculated moment of inertia I, symmetry number ¢, harmonic
frequencies &, and zero-point energies ZPE (wB97X-D/6-311++G(2df,2p)

Rotor bond / Molecules l/amuA? & o&/cm?t ZPE/cm*
CHs---OH 0.652 3 275.5 115.7
CHsCH2---OH 0.803 1 252.5 113.7
CHs---CH20H 2.878 3 231.8 109.7
CH3CH2CH2---OH 0.816 1 260.2 115.8
CHsCH2---CH20H 17.489 1 100.2 49.6
CHs---CH2CH20H 2.993 3 209.0 100.8
(CH3)2CH---OH 0.815 1 273.2 122.4
CHs---CH(CH3)OH 3.011 3 241.8 116.5
CHs---CH(CH3)OH 3.016 3 224.9 108.4
(CHz3)3C---OH 0822 3 2738 1215
CHs---C(CH3)20H 3058 3 2416 1156
CHs---C(CH3)20H 3058 3 2416 1156
CH3---C(CHs)20H 3.063 3 2243 107.8
CH3CH2CH2CH2CH2---OH 0.822 1 258.6 115.8
CHsCH2CH2CH2---CH20H 27.829 1 85.5 42.4
CHsCH2CH2---CH2CH20H 44.660 1 56.0 27.8
CH3CH2---CH2CH2CH20H 26.954 1 74.8 37.2
CHs---CH2CH2CH2CH20H 3.106 3 215.7 104.6
(CH3)2CHCH2CH2---OH 0.826 1 261.4 118.7
(CH3)2CHCH2---CH20H 27.248 1 80.0 39.9
(CH3)2CH---CH2CH20H 47.032 1 49.9 25.0
CHs---CH(CH3)CH2CH20H 3.074 3 224.1 110.2
CHs---CH(CH3)CH2CH20H 3.101 3 206.4 101.9
Rotor bond / Anions I/amuA? o &/em?  ZPE/cm?
CHs---CH20" 2.843 3 256.8 122.4
CH3CH2---CH20~ 15.310 1 131.4 65.1
CHs---CH2CH20~ 3.090 3 213.0 99.5
CHs---CH(CH3)O™ 3037 3 2390 1165
CHa---CH(CH3)O™ 3037 3 2390 1165
CHa---C(CH3)20 3085 3 2366 1149
CHas---C(CH3)20 3085 3 2366 1148
CHzs---C(CH3)20 3.085 3 236.6 114.5
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CH3CH2CH2CH2---CH20~ 24.191 1 99.2 49.2
CH3CH2CH2---CH2CH20~ 43.278 1 53.3 26.7
CH3CH2---CH2CH2CH20~ 32.556 1 67.9 33.7
CH3---CH2CH2CH2CH20~ 3.094 3 2173 105.2
(CH3)2CHCH2---CH20~ 22.427 1 10338 515
(CH3)2CH---CH2CH20 45.958 1 48.8 24.6
CHs---CH(CH3)CH2CH20~ 3.126 3 2231 107.1
CHs---CH(CH3)CH2CH20~ 3.078 3 2261 111.1
Rotor bond / Radicals I/amuA? & d/em?  ZPE/cm?
CHs---CH20 2.810 3 1776 88.6
CH3CH2---CH20 15.305 1 92.3 45.9
CHs---CH2CH20 3.059 3 21538 102.7
CHs---CH(CHz3)O 3.001 3 2035 99.0
CHs---CH(CH3)O 3.001 3 2035 99.0
CH3---C(CHz3)20 3.059 3 2107 103.1
CHs---C(CHz3)20 3.059 3 2107 103.1
CHzs---C(CHs3)20 3.079 3 2137 102.7
Rotor bond / [ROHF] I/amuA?> & &/cm?*  ZPE/cm*
[CH3---OHF]™ 3.065 3 54.7 24.2
[CH3CH2---OHF]™ 27.600 1 52.0 25.4
[CHs---CH20HF]™ 3.138 3 2412 113.2
[CH3CH2CH2---OHF]~ 57.998 1 33.9 16.7
[CH3CH2---CH20HF]™ 31.697 1 71.8 35.7
[CH3---CH2CH20HF]™ 3.126 3 19838 91.6
[(CH3)2CH----OHF - 43.287 1 46.9 23.1
[CHs---CH(CH3)OHF]™ 3.061 3 2311 111.7
[CHs---CH(CH3)OHF]™ 3.151 3 2401 117.5
[(CH3)sC---OHF]” 54.595 3 55.6 275
[CH3---C(CH3).0HF] 3.152 3 2384 117.3
[CH3---C(CH3).0HF] 3.152 3 2384 117.3
[CH3---C(CH3).0HF] 3.094 3 2306 111.0
[CH3CH2CH2CH2CH2---OHF]™ 89.912 1 38.2 19.0
[CH3CH2CH2CH2---CH20HF]™ 130.514 1 56.0 27.9
[CH3CH2CH2---CH2CH20HF]™ 53.682 1 57.9 29.0
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[CH3CH2---CH2CH2CH20HF] 34.499 1 51.2 25.6
[CH3---CH2CH2CH2CH20HF] 3.141 3 2178 105.7
[(CH3)2CHCH2CH2---OHF]~ 88.092 1 38.2 19.0
[(CH3)2CHCHa---CH20HF] 87297 1 502 25.0
[(CH3)2CH---CH2CH20HF]” 60434 1 539 26.9
[(CHs---CH(CH2)CH2CH20HF]™ 3003 3 2308 1132
[(CHa---CH(CH2)CH2CH20HF]" 3163 3 2322 1126
Rotor bond / [ROHR'] l/amuA? & d/em?  ZPE/cm?
[CH3CH20HO---CHs]~ 3.141 3 50.4 19.9
[CH3CH20H---OCHs]™ 24.724 3 34.0 16.2
[CHsCHa2---OHOCHs]~ 32414 1 281 13.4
[CHs---CH20HOCHs]~ 3151 3 2377 1135
[CHsCH2CH20HO---CHs]~ 3143 3 641 25.9
[CH3CH2CH20H---OCHs]~ 28059 3 287 14.0
[CH3CH2CH2---OHOCHS3]™ 86.591 1 23.7 11.7
[CHsCHz---CH20HOCH3] 33597 1 843 418
[CH3---CH2CH20HOCHS3]™ 3.140 3 2115 100.0
[(CH3)2CHOHO---CHs]™ 3147 3 532 215
[(CH3)2CHOH---OCHs]” 26.853 3 37.0 17.8
[(CH3)2CH---OHOCHs]" 56203 1 211 10.0
[CHs---CH(CH3)OHOCH3]~ 3154 3 2409 1148
[CHs---CH(CH3)OHOCH3] 3117 3 2335 1137
[(CH3)sCOHO---CH3]~ 3146 3 60.1 225
[(CH3)3sCOH---OCHs]~ 28025 3 349 16.5
[(CH3)sC---OHOCH3]~ 72261 1 243 11.9
[CHs---C(CH3)2OHOCHs]" 3156 3 2496 1222
[CH3---C(CH3)20HOCHs] 3.156 3 2402 117.3
[CHs---C(CH3)20HOCH3]” 3133 3 2343 1135
[CH3CH2CH2CH2CH20HO---CH3]™ 3.150 3 68.2 23.2
[CH3CH2CH2CH2CH20H---OCH3]™ 30.186 3 42.2 20.5
[CH3CH2CH2CH2CH2---OHOCHs3]™ 151.652 1 20.1 10.0
[CH3CH2CH2CH2---CH20HOCHS3s]™ 186.575 1 39.7 19.8
[CH3CH2CH2---CH2CH20HOCHS3s]™ 58.393 1 63.1 314
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[CH3CHa---CH2CH2CH20HOCHSs] 35308 1 634 315
[CH3---CH2CH2CH2CH20HOCHSs] 3.124 3 2172 104.9
[(CH3).CHCH2CH20HO---CH3]™ 3.150 3 700 26.8
[(CH3)2CHCH2CH20H---OCH3]~ 30325 3 539 26.2
[(CH3)2CHCH2CH2---OHOCHs]™ 144.395 1 27.2 135
[(CHs)2CHCH2---CH20HOCH3]™ 117.172 1 51.3 25.6
[(CH3)2CH---CH2CH20HOCH:]™ 63.886 1  60.2 29.9
[CH3---CH(CH3)CH2CH20HOCHSs] 3.114 3 2275 111.6
[CH3---CH(CH3)CH2CH20HOCHSs] 3.144 3 2073 102.3
[CH3CH2CH20HOCH,---CHs] 3.170 3 2326 111.4
[CH3CH2CH20HO---CH2CHs] 35413 1 536 26.2
[CH3CH2CH20H---OCH>CH3]~ 78591 1 259 12.7
[CH3CH2CH2---OHOCH2CH3]~ 96.602 1 273 134
[CH3CH2---CH20HOCH2CHs] 35217 1 837 41.6
[CH3---CH2CH20HOCH2CHs] 3.142 3 206.2 100.8
Rotor bond / [ROHOH] I/amuA? & d/em?  ZPE/cmt
[CH3OH---OH]" 0.863 1 1088 46.9
[CH3---OHOH] 3.052 3 53.6 229
[CHsCH20H---OH] 0.881 1 1108 48.0
[CH3CH2---OHOH]" 26968 1 177 8.1
[CH3---CH20HOH]™ 3.116 3 2392 114.1
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Figure 4.1. Dihedral potential energy scan showing the formation of possible

conformations in iso-pentanol during the rotation of (CHs)2CH---CH2CH20H internal
torsion.
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all conformations obtained from one-dimensional dihedral rotations around each C—C
and C—O bond in the molecules. Figure 4.1 shows a relaxed dihedral potential energy
scan for the rotation of the dihedral angle about the C—C—C—C bond in iso-pentanol. It
shows a potential energy profile with energy barriers for up to 22 kJ/mol and the two
local minima showing different conformations within 6 kJ/mol encountered during the
relaxed dihedral potential energy scan. This approach can include most of the conformers
in the deprotonation process when we are treating all the torsional modes of all the
species involved in the reaction as internal hindered rotors. Dihedral potential energy

scans and coefficients for equation 4.4 for all species are provided in Appendix A.
4.4  Cross Section Measurements

The dissociation of the activated complex, [RO—H—A]", following its collision with
xenon atoms at a controlled translational energy gives the two reaction channel pathways
of reactions (1) and (2). The dissociative reaction product ions are observed in the form
of ion counts as a function of laboratory frame ion energy. lon counts are converted to
reaction cross section using a Beer’s law like relationship, ltr= lorexp %", where IR is
the transmitted reactant ion counts, lor = ltr + Y I is the incident reactant ion counts, > lp
gives the total ion counts for all the reaction channels, otwt is the total reaction cross
section, n is the density of xenon gas and | is the effective path length of the collision gas
cell. The laboratory ion energy, Eiab, is converted to the relative energy in the center-of-
mass frame, Ecm, using the expression Ecm = Eian[Mxe/(Mxe + Mion)] . Retarding potential
analyses'®'?® are performed before and after each threshold collision induced

dissociation (TCID) energy scan to monitor the origin of the laboratory ion energy and
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the spread of the ion energies. To obtain single-collision conditions, we make cross
section measurements at multiple xenon pressures and then extrapolate to zero pressure.
The relative uncertainties for the product channel cross section are estimated to be within

+10%.
4.5 Cross Section Modeling

The single-collision TCID reaction cross sections oj(E) are modeled using
statistical rate theory to obtain the energy difference between the two product channel
thresholds. The modeling of reaction cross sections not only considers the experimental
ion energy distribution,?®3° competitive and Kinetic shifts,3! but it also includes the
conformational effects by incorporating the internal hindered rotors as torsional modes.

The modeling is outlined in this section, with additional details in chapter 3.

As the proton-bound complex reaches the collision gas cell of interaction region, it
collides with a xenon atom at controlled translational energy which activates it to
undergo dissociation into product ions. In this single-collision process, energy is
transferred from collisional energy to internal energy of the complex ion, which can be
accounted for using a modified threshold line-of-center model distribution given by
equation 4.5.%2

(E —S)N_l

P(e,E)=0,N
( )Uo E

(4.5)

where ¢ is the energy transferred during collision at relative collisional center-of-mass

frame energy E, oo is the scaling factor for the collisional reaction cross sections, and N is
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an adjustable parameter which gives an approximation of effective translational to

internal energy transfer. For the hard-sphere line-of-centers model, N=1.2°

The unimolecular dissociation of the collisionally activated complex following
two different reaction channels is modeled using rate constants for each product channel
j, ki given by RRKM theory,**3* equation 4.6.

SW, ("~ EL,(0)—Ey(j))

(3 (D)= st s (4.6)

where E* = ¢ + Eint IS the total energy of the energized molecular ion which includes the
internal energy of ion, Eint, and the energy ¢ transferred during collision, Eo (j) is the
threshold energy for each channel j, W*yrj, is the sum of the ro-vibrational states at the
transition state configuration for product channel j, J refers to the angular momentum
quantum number, Erjrefers to the rotational energy of the energized molecule ion while
E*r,,(J) is the rotational energy of the transition state molecular ion, s;j is the reaction
degeneracy, h is the Planck’s constant, and pwr is the density of states of the energized

molecular ion.

Since the dissociation of our complexes involves two barrierless reaction
channels, the lower energy channel is always Kinetically favored, and this often
suppresses the formation of higher-energy products at the vicinity of their threshold
energies resulting in so-called competitive shifts.3! The probability that the complex will
dissociate during its time-of-flight (t ~ 0.4 ms) from the collision gas cell to the mass

spectrometer and that the product ions will be detected is given by equation 4.7.
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k,(E",J)

m[l—EXp(—ktot(E J)0)] (4.7)

P, (E",J)=

where k;j is the rate constant for individual product channel and kwt is the sum of the rate
constant of both product channels. Equation 4.7 accounts for both kinetic and competitive

shifts,3! and we use this equation to model both the product channels simultaneously.3®

The statistical RRKM analysis is further extended to incorporate all the possible
internal hindered rotors of reactants and products as torsional modes, the calculation of
which has been explained in computational method section. This method includes the
energy levels including all conformations of each hindered rotor and their effect on the
relative threshold energies of the product channels through the density of states in RRKM
analysis. The experimental translational ion energy distribution along with thermal target
and internal ion energy distributions, competitive and Kkinetic shifts, and the
conformational effects are combined and convoluted over the model cross section to
obtain the fit to both product channels simultaneously using non-linear least squares
regression. A data analysis program, CRUNCH (Version 5.1),%® was used for the TCID
reaction cross section analyses. The least-squares non-linear fitting process provides the
best values for the threshold energy difference between the product channel, AEo = Eo(2)

— Eo(1), adjustable parameter N, and the overall scaling factor oo.

Since the complexes are held together mainly by hydrogen bonding and ion-
induced dipole forces, we use a loose, orbiting transition state model in our RRKM
analysis. This model assumes that the transition states are at the centrifugal barrier and

their vibrational frequencies match to those of the free fragments and their internal
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rotations. The molecular polarizabilities of the neutral products®’*® are used to determine
the ion-induced dipole potential and to calculate the centrifugal barrier at the transition

states.
4.6 Results
4.6.1 Potential Energy Surface

TCID measurements overcome the possibility of dynamical restrictions in the
direct bimolecular proton transfer reaction of the type ROH + A~ — RO~ + HA."® In
TCID, we dissociate the collisionally excited complex from its global minimum with a
controlled collisional energy. The dissociative reaction channels show no intrinsic
reaction potential energy barrier in our system of study. An illustrative example, as
shown in Figure 4.2, is the plot of electronic energy as a function of r(H-O) — r(O-H)
distance for a complex of [CH3CH2CH20-H—-OCHSs] calculated at «B97X-D/6-
311++G(2df,2p) theory level. This relaxed potential energy surface (PES) was
constructed  starting from the optimized geometry of the complex,
[CH3CH2CH20-H—-OCHS3s]™ by scanning the r(H-O) and r(O—H) distances with small
increments of 0.05 A. The H-O and O—H bond distances of the complex is one of the
important interaction coordinate for product ion formation in the dissociation of [RO-
H—ORi1]™ complex. The -calculated potential has a nascent double-well feature
corresponding to [ROH—OR1]™ and [RO—HOR1]" structures, but the energy difference is
less than the zero-point energy (ZPE) for H* motion, with no actual second minimum.
Thus, the obtained PES shows that there is no energy barrier for either of the two product

channels.
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Figure 4.2. Potential energy surface for the dissociation of [CH3CH2CH20-H-CH3] ™ into
two fragment ions of CHsCH2CH20" and CHsO™. Calculated at the »wB97X-D/6-
311++G(2df,2p) level of theory.
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4.6.2 Threshold Energy Difference Analysis

Figures 4.3—4.16 show the reaction cross section behavior of the two different
product channels, RO + HA and A~ + ROH, for the dissociation of various complexes
[RO-H-A]", as a function of center-of-mass frame energy. Figures 4.3—4.8 depicts the
dissociative behavior of cross sections for the dissociation of fluoride complexes, while
Figures 4.9-4.14 are for proton-bound hetero-dimer complexes of two different
alkoxides, [RO—H—OR1] -, where R and R1 are different alkyl groups. The reaction cross-
section of the F~ channel was observed to be higher than those of the RO™ channel, but in
case of hetero-dimer alcohol complexes, the reaction channel with smaller alkoxide
(CHsO™ or CHsCH20") have smaller reaction cross-section in the measured TCID
experiments. The energy plots for the water-complex dissociation study is presented in
Figure 4.15 and 4.16. The total ion counts for the water-complex was low due to the
difficulty in the generation of reactant ions in the ion source, and this affected the
collection of product ions in the low energy region in Figure 4.15 and 4.16. However, the
overall product ion counts was good enough to locate the threshold energy difference
between the two product channels. The energy plots shown in Figure 4.3 — 4.16
represents the best fit to the experimental TCID cross sections for 14 different complexes

undertaken in this study.

The threshold energy differences, AEo = Eo(2) — Eo(1) obtained based on the best
fit to the experimental TCID cross-sections are reported in Table 4.5, along with the
fitting parameters that were used in the modeling process. Table 4.6 is a similar result

which shows the re-analyzed threshold energy differences and other fitting parameters for
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the previous work’ of Ervin and DeTuri. The 18 data sets from the previous work’ have
been completely reanalyzed to include the conformational effects with full hindered rotor
treatment with a new set of calculated parameters from the DFT calculation for inclusion

in this work.

The reported uncertainties on AEo in Table 4.5 and 4.6 are the square root of the
sum of the squares of four independent uncertainty sources: energy ranges of model fit,
the adjustable parameter N, reaction degeneracies, and the pressure dependence of the
model. The final standard reported uncertainties®® are estimates at the 95% confidence
interval or £2 standard deviations. The uncertainty on the fitting energy range estimated
within 0.01 eV accounts for the robustness of the model. We estimate the uncertainties of
the statistical RRKM rate of the model by varying the reaction degeneracies (half or
double the original reaction degeneracies) of the product channels. Changing the reaction
degeneracies globally accounts for uncertainties in the densities of states and the rate
constants of the reaction channels. The uncertainty in the energy being deposited when
the neutral gas and the complex ion collides®? is estimated by changing the adjustable
parameter, N by a difference of 0.3 on either side of the best N value and re-optimizing
the other parameters. Finally, the pressure dependence and the reproducibility are
determined by performing a linear regression of the TCID measurements of each pressure
data set to obtain the uncertainty in AEo at zero pressure at 95% confidence interval. The
uncertainties from the retarding potential analysis for the laboratory-frame energy zero
determination are estimated at about +0.05 eV, but this cancels out in the difference of

AEo.
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Figure 4.3. Single-collision threshold collision induced dissociation reaction cross
section for the reaction [CH3O-H-F]” + Xe — CH3O™ (circles) + HF; F~ (triangles) +
CHsOH.
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Figure 4.4. Single-collision threshold collision induced dissociation reaction cross
section for the reaction [CH3CH20-H-F]" + Xe — CH3CH20" (circles) + HF; F~
(triangles) + CH3CH20H.
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Figure 4.5. Single-collision threshold collision induced dissociation reaction cross
section for the reaction [CH3CH2CH20-H-F]” + Xe — CH3CH2CH20" (circles) + HF; F~
(triangles) + CH3CH2CH20H.
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Figure 4.6. Single-collision threshold collision induced dissociation reaction cross

section for the reaction [(CH3)2CHO-H-F]" + Xe — [(CH3)2CHO™ (circles) + HF; F~
(triangles) + [(CH3).CHOH.
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Figure 4.7. Single-collision threshold collision induced dissociation reaction cross

section for the reaction [CH3CH2CH2CH2CH20-H-F]” + Xe — CH3CH2CH2CH2CH20"
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Figure 4.8. Single-collision threshold collision induced dissociation reaction cross
section for the reaction [(CH3):2CHCH2CH20-H-F]” + Xe — [(CH3)2CHCH2CH20"
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Figure 4.10. Single-collision threshold collision induced dissociation reaction cross
section for the reaction [CH3CH2CH20-H-OCHs]™ + Xe — CH3CH2CH20" (circles) +
CHsOH; CHsO™ (triangles) + CH3CH2CH20H.



86

10.000 T T T T T T T T T T T T T T T T

[(CH,),CHO-H-OCH,] + Xe

1.000 O (CH3)2CHO_
v CH,O"

i - ..
S

=
- g~

\
11111116

0.100

Cross Section / 1072 cm?

0.010

UI IIIIIII|

y

0.001 ——t—1—
0.0 0.5 1.0 15 2.0 25

Center-of-Mass Frame Energy / eV

Figure 4.11. Single-collision threshold collision induced dissociation reaction cross
section for the reaction [(CH3)2CHO-H-OCHs]™ + Xe — (CH3)2CHO™ (circles) +
CH3OH; CH3O™ (triangles) + (CH3)2CHOH.
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Figure 4.12. Single-collision threshold collision induced dissociation reaction cross
section for the reaction [CH3CH2CH2CH2CH20-H-OCHs] + Xe —
CH3CH2CH2CH2CH20" (circles) + CHsOH; CHsO™ (triangles) +
CH3CH2CH2CH2CH20H.
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Figure 4.13. Single-collision threshold collision induced dissociation reaction cross
section for the reaction [(CH3)2CHCH2CH20-H-OCHs]™ + Xe — (CH3)2CHCH2CH20~
(circles) + CH3OH; CHsO™ (triangles) + (CH3)2CHCH2CH20H.
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Figure 4.14. Single—collision threshold collision induced dissociation reaction cross
section for the reaction [CH3CH2CH20-H-OCH2CH3s]™ + Xe — CH3CH2CH20" (circles)
+ CH3OCH20H; CH3CH2O" (triangles) + CH3CH2CH20H.
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Figure 4.15. Single-collision threshold collision induced dissociation reaction cross
section for the reaction [CH30-H-OH]™ + Xe — CH3O™ (circles) + HOH; OH™ (triangles)
+ CHsOH.
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Figure 4.16. Single-collision threshold collision induced dissociation reaction cross
section for the reaction [CH3CH20-H-OH]™ + Xe — CH3CH20" (circles) + HOH; OH™
(triangles) + CH3CH20H.



Table 4.5. Threshold energy differences and fitting parameters
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Alcohol Complex, [RO-H-A] AEo / eV v S0 N 7
[CHsO-H-F]~ 0.54+0.18 312 041 074 1
[CH3CH20-H-F] - 0.23 +0.05 034 024 107 4
[CH3CH2CH20H-F] 0.13+0.03 025 018 141 4
[(CH3)2CHO-H-F] 0.12+0.03 077 019 105 3
[CH3CH2CH2CH2CH20HF] - 0.07 £ 0.04 068 020 135 3
[(CH3)2CHCH2CH20-H-F] - 0.05+0.03 066 017 117 3
[CH3CH20-H-OCHs] 0.19£0.03 1.78 118 092 3
[CH3CH2CH20-H-OCHs] 0.29 £ 0.04 161 160 093 3
[(CH3)2CHO-H-OCH3s] - 0.26 £ 0.03 326 215 059 3
[CH3CH2CH2CH2CH20-H-OCH3s] ~ 0.37+£0.19 241 250 053 3
[(CH3)2CHCH2CH20-H-OCHs]™ 0.37 £0.05 181 221 077 4
[CH3CH2CH20-H-OCH2CHs] ™ 0.11+0.02 238 173 093 3
[CHs0-H-OH] - 0.38+0.14 450 113 088 1
[CH3CH20-H-OH] ~ 0.47 £ 0.08 342 147 065 2

Z = number of complete data sets



Table 4.6. Threshold energy differences and fitting parameters: reanalysis of

previous work*
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Alcohol Complex, [RO-H-A] AEo [ eV v 5o N 7
[CH30-H-F]~ 0.41 +0.07 318 6.00 147 3
[CH3CH20-H-F] - 0.29+0.12 065 594 244 1
[(CHs3)2CHO-H-F] - 0.21 +0.03 495 6.67 247 4
[(CH3)sCO-H-F]~ 0.18 £ 0.02 336 346 259 3
[CH3CH20-H-OCHs] 0.16 £ 0.02 079 431 127 1
[(CH3)2CHO-H-OCHs] - 0.27 £0.03 771 293 104 1
[(CH3)3CO-H-OCHs] 0.26 £0.11 395 295 135 2
[CH30-H-OH] ™ 0.37 £0.05 324 250 123 2
[CH3CH20-H-OH] - 0.58 +0.11 334 135 083 1

Z = number of complete data sets. *Experimental data from DeTuri and Ervin’:
completely reanalyzed with hindered rotor treatment and dispersion effects for this

work.



94

4.6.3 Gas-Phase Acidity Thermochemical Network

A local gas-phase acidity ladder, as shown in Figure 4.17, has been constructed to
determine the absolute gas-phase acidities of alcohols using 58 different TCID
measurements for 16 different complexes (2 additional complexes are those of tert-
butanol with F~ and CHsOH from DeTuri and Ervin)’ using least-squares optimization.
The 40 independent TCID measurements were obtained using 14 different complexes
recently and the other 18 independent measurements are re-analyzed from previous work’
to include the full internal hindered rotor treatment independently using our extended
RRKM analysis and new frequency and geometry calculations. We use AacidHo(H20)*04?
= 1627.98 + 0.06 kJ/mol and AacidHo(HF)*® = 1549.854 + 0.012 kJ/mol as our reference

acids, which are derived and recommended using the results from photodissociation

experiments*® and threshold ion-pair production spectroscopy.*?

The thermochemical network of relative gas phase acidities is ascertained by
minimization of chi-square (%) which gives the weighted least squares deviations,?4

given by equation 4.8.

Xzzzi(AEo(i, j)—AacidHo(RiH)+AacidHo<R,-H)} “8)

o

i#] i,j

In equation 4.8, 1/gij® is the weighting factor with the standard deviation aij,,
which is related to the uncertainties of the individual relative TCID measurement, sijj, and
the standard deviation of the anchor acids (si and s;j) by the relation, i j = [ sij? + siZ +

si?]¥2. The inclusion of standard deviations of anchor acids in the weighting factor
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accounts for their reported uncertainties. AacidHo(RiH) and AacidHo(RjH) are the absolute
gas-phase acidities, AEo(i,j) is the measured relative gas-phase acidity difference between
the two product channels, i and j. The “unknown” acidities of 7 different alcohols
reported in Table 4.7 are the adjustable parameters that are optimized by minimization of
¥2. The reported uncertainties represent approximately the 95% confidence interval. A
more detailed description of uncertainties in the gas-phase acidity ladder optimization has

been explained in our previously published work.?

We checked the internal consistency of the gas-phase acidity ladder by taking HF
as the only reference acid and treating H20 as any other adjustable acid whose gas-phase
acidity is to be determined. This gives AaidHo (H20) = 1625.28 + 3.38 kJ/mol, which
deviates from the reference value®® by 2.7 kdJ/mol and can be considered as good

agreement indicating that our measured gas-phase acidity values are within 3 kJ/mol.
4.6.4 Thermochemical Derivations

The absolute gas-phase acidity at 0 K, AacidHo, determined in this work are from
the gas-phase thermochemical network, which also determines the internal consistency of
the method. The AacidHo values are then converted to 298 K values using equation 4.9,
and subsequently the free energy change, AacidGzes are also calculated using equation

4.10.

298

AHy=AH,+ [ AC,(T)dT (4.9)
0

AiaGass = AciaHags = TAuig Soes (4.10)



Table 4.7. TCID gas-phase acidity values
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Species AacidHo AacidS298 AacidH298 AacidG298

CHsOH 1592.1+24 895+0.8 1597.0+24 1570.3+24
CHsCH20H 15746+25 89.8+18 15794+25 1552.6+2.6
CHsCH2CH20H 1563.9+25 875+27 1568.8+2.6 1542.7+27
(CHs)2CHOH 1568.2+2.3 91.0+31 1573.0+24 15458+25
(CHs)3COH 1567.3+2.3 926+45 15724+25 15448+28
CH3CH2CH2CH2CH20H 1556.4+25 91.2+47  1561.1+27 1533.9+3.0
(CH3)2CHCH2CH20H 1556.5+2.6 88.1+49 1559.5+28 1533.2+3.2

Units of AacidHo, AacidH298, and AacidG2es are in kJ/mol; AacidS208 is in J-'mol 'K



Table 4.8. Thermal corrections (wB97X-D/6-311++G(2df,2p)

98

Molecule Ha9s-Ho / kJ mol*

HA A A
CHsOH 11.494 +0.126 10.155 + 0.065 10.547 +£ 0.106
CH3CH20H 14.448 + 0.307 12.967 £ 0.265 14.941 + 0.259
CHsCH2CH20OH 18.142 + 0.453 16.876 + 0.417 17.596 + 0.438
(CH3)2CHOH 17.871 £ 0.511 16.450 + 0.477 16.937 £ 0.470
(CH3)3COH 21.392 +0.726 20.297 £ 0.700 20.736 £ 0.675
CH3CH2CH2CH2CH20H 27.774 +£0.731 26.262 + 0.682
(CH3)2CHCH2CH20H 27.194 +0.784 25.021 +0.744

Sags / I molt K1

HA A A
CHsOH 240.240 + 0.572 220.823 +£0.515 222.570 +0.726
CH3CH20H 283.245 + 1.265 264.120+1.281 279.766 + 1.582
CHsCH2CH20H 327.888 + 1.947 306.385+1.941 314.595+2.174
(CH3)2.CHOH 312.825 + 2.125 294905+ 2.192 298.740 + 2.215
(CH3)sCOH 330.335+3.084 313.959+3.215 317.529 + 3.169
CH3CH2CH2CH2CH20H 416.212 + 3.302 398.429 + 3.324
(CH3)2CHCH2CH20H 395.594 + 3.444 374.757 + 3.459
Molecule G29s-Go / k mol*

HA A A
CHsOH —60.133 +0.093 —-55.683+0.089 —55.812 +0.110
CH3CH20H —70.002 £ 0.161 —65.780+0.163 —68.472 +0.251
CH3CH2CH20OH —79.617 £ 0.241 —-74.473+0.235 —76.200+0.276
(CH3)2.CHOH —75.398 +0.260 71476 +0.267 —72.132+0.273
(CH3)3COH —77.098 +0.376  —73.310+0.393 —73.935+0.396
CH3CH2CH2CH2CH20H -96.320+0.398 —92.530 + 0.408
(CH3)2CHCH2CH20H -90.753+0.408 —86.713+0.413
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Cp(T) and AaciaSz298 in equation 4.9 and 4.10 are calculated using statistical mechanics with
torsional energy levels and harmonic vibrational frequencies calculated as described in
earlier section of computational method of chapter 3. Our calculated AacidS298 values
agree well with our previous values’* for methanol, ethanol, isopropanol, and tert-
butanol. The gas-phase acidities for these four alcohols are within the upper limits
reported in earlier work® that involved the measurements of reaction threshold energies of
bimolecular proton transfer reactions. The gas-phase acidity values for AaciaHo, AacidS29s,
AacidH298, and AacidG29s values determined in this work are summarized in Table 4.7. The
thermal corrections for enthalpy, entropy and free energy calculated at «wB97X-D/6-

311++G(2df,2p) theory level are summarized in Table 4.8.
4.6.5 Derived Bond Dissociation Energies

Table 4.9 reports the derived and improved bond dissociation energies (BDEs) at
both 0 K and 298 K for methanol, ethanol, n-propanol, iso-propanol, and tert-butanol
based on our newly reported and refined absolute gas-phase acidities of these alcohols
using the gas-phase negative ion thermochemical cycle given by equation 4.3. TCID
BDEs in this work are derived from our measured gas-phase acidities using the
experimentally known electron affinities of the alkoxy radical, EA(RO),**! as shown in
Table 4.1, and the precisely known ionization energy of hydrogen atom, IE(H)* =
1312.0496 = 0.0010 kJ/mol. We do not report the bond dissociation energies for n-
pentanol and iso-pentanol as their experimental electron affinities have not been reported
so far. The conversion from 0 K to 298 K involves using equation 4.9 and the associated

enthalpy change are calculated using thermochemical calculations involving the radical
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species. Using DFT calculations, we verified that the RO~ — RO- + ¢ transitions are all
vertical processes involving the same lowest-energy conformation for the anion and
radicals (shown in Appendix B). Table 4.9 also shows the comparison of our bond
dissociation energies with other independent experimental BDEs in the literature, and on
comparison we find our BDEs to be more in agreement with the BDEs derived from

pyrolysis experiments.

Methanol. Ervin and DeTuri*® previously used the electron affinity of 1.570 + 0.006 eV
for methoxy radical, which was an average value obtained from photoelectron
spectroscopic experiments of Osborn et al.*’ (EAo (CH30)= 1.568 * 0.005 eV) and
Ramond et al.!* (EAo (CH30)= 1.572 + 0.004 eV), to report Do(CH30-H)*® =432.4 + 2.1
kJ/mol . In this work, we use the improved electron affinity value of Neumark et al.,’
obtained from the high resolution photodetachment spectra of CHzO and CDsO using
slow electron velocity-map imaging technique, EAo (CH30) = 1.5690 = 0.0019 eV =
151.39+ 0.18 kJ/mol. Combining this with our newly obtained AacisHo (CH3O-H) =
1592.1 + 2.4 kJ/mol and using equation 4.3, we obtain Do(CHsO-H) = 4314 = 2.4
kJ/mol. For comparison, our bond dissociation energy, Do(CHsO-H) value has
overlapping error bars with the previously reported value of Do(CHzO-H)* = 435.1 + 2.1
kJ/mol from photofragment translational spectroscopy experiments on methoxide ion.
Further, in the literature, the derived D29s(CH30O-H) are 436. + 4.2 kJ/mol from Kinetic
Measurement and 436.8 + 3.8 kJ/mol from Photoelectron Method.*® These values agree

better with our TCID D29s(CH30O-H) = 436.7 + 2.4 kJ/mol in comparison to the value
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derived from the photofragment translational spectroscopy (Neumark et al. 1995).

However, the discrepancy between these independent experiments remain unexplained.

Ethanol. We use EAo (CH3CH20)!! = 1.712 + 0.004 eV = 165.183 * 0.386 kJ/mol from
negative ion photoelectron spectroscopy, and AacidHo (CH3CH20H) = 1574.6 + 2.5 kJ/mol
from this work to calculate Do(CH3CH20-H) = 427.8 = 2.5 kJ/mol using equation 4.3.
Using high n-Rydberg-atom time-of-flight (HRTOF) technique, Xu et al.>® have studied
the photodissociation dynamics of C2HsOH at 193.3 nm, where they have calculated an
upper limit of the O-H bond dissociation energy of ethanol, Do(CH3CH20-H) = 433.9 +
2.1 kJ/mol, based on the release of translational energy. Our bond dissociation energy lies

within their upper limit.

Propanols. We calculate the bond dissociation energies of n-propanol and iso-propanol
as Do(CHsCH2CH20-H) = 424.4 + 2.5 ki/mol and Do((CHs)2CHO-H) = 434.4 + 2.3
kJ/mol, using EAo (CH3CH2CH20)* = 1.789 + 0.033 eV = 172.612 + 3.184 kJ/mol and
EAo ((CH3)2CHO) = 1.847 + 0.004 eV = 178.208 + 0.386 kJ/mol from negative ion
photoelectron spectroscopy experiments, and AacidHo (CH3CH2CH20-H) = 1563.9 + 2.5
kJ/mol and AacidHo ((CH3)2CHO-H) = 1568.2 + 2.3 kJ/mol of this TCID work. Based on
the translational energy release in the photodissociation experiments of n-propanol and
iso-propanol,®® Zhou et al.>! have determined the upper limit OH bond dissociation
energy for n-propanol and isopropanol as Do(CH3CH2CH20-H) = 433 + 2 kJ/mol and
Do((CH3)2CHO-H) = 435 + 2 kJ/mol using the HRTOF technique. Our bond dissociation

energies for n-propanol and isopropanol lie well within the upper limits.
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Table 4.9. Bond dissociation energies of alcohols

TCID Literature?

Species Do(RO-H)  D29s(RO-H) D2ss(RO-H)  Method Year
436.0 £ 3.8 Photoelectron 1986
CH30-H 4314+24 436.7+24 436.8+4.2  Kinetics 1974
4404 +2.1° Translational 1995

Spectroscopy
437.6 + 3.3 Photoelectron 1994
CH3CH,0-H 4278+25 4345+25 436.0+ 4.2  Pyrolysis 1974
431.0 Electrochemical 1996
4431+ 8.4 Review 1973

CH3CH,CH,0O-H 4244 +25 430.1+2.6 ]

432.6 +4.2  Pyrolysis 1974
438.1+4.2  Pyrolysis 1974

(CH3).CHO-H 4344+23 4396+24 )
434.7 Electrochemical 1996
441.4 Electrochemical 1996

CH5);CO-H 4394+23 4450+25 i
(CHs)3 2414 Photoacoustic 2000

Calorimetry

Taken from: “Handbook of Bond Dissociation Energies in Organic Compounds

2949

® Enthalpy correction from this work and derived using negative ion thermochemical cycle.
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tert-butanol. The previously reported AacidHo (CH3)3CO-H)* = 1567.3 + 1.9 k/mol from
our laboratory is now being refined using our thermochemical network with an increased
number of alcohols and the inclusion of conformational effects using density of states for
the hindered rotors. The gas-phase acidity value of tert-butanol in this work is now
reported as AacidHo (CH3)3CO-H) = 1568.2 + 2.3 kJ/mol. Using this new gas-phase acidity
value and the EAo ((CH3)sCOH)™ = 1.909 + 0.004 eV = 184.190 + 0.386 kJ/mol from
negative ion photoelectron spectroscopy experiment, we report the bond dissociation

energy of tert-butanol as Do ((CH3)3CO-H) = 439.4 £ 2.3 kJ/mol.
4.6.6 Theoretical and TCID Experimental Acidities

We calculated the gas-phase acidities for all the 7 alcohols using the Gaussian-4%1
method and for selected shorter chain alcohols using the higher level W1 composite
method.?? These values are compared to the experimental results in Table 4.10 and 4.11.
Figure 4.18 shows the variation of theoretical gas-phase acidity of alcohols at 0 K as a
function of experimental gas-phase acidity with target accuracy on the diagonal axis. The
horizontal error bars shown on the theoretically calculated results are the uncertainty
from our experimental gas-phase acidity measurements. As can be seen in Table 4.10, our
calculated theoretical values deviate from our experimental acidities by 5.8 kJ/mol for
CHsOH to 11.1 kJ/mol for (CHs):CHOH using W1 method,?> and 1.7 kJ/mol for
(CH3)3COH to 12.6 kJ/mol for CH3CH2CH2CH2CH20OH using Gaussian-4°* method. The
mean error for the gas-phase acidities of all 9 acids is calculated as 4.6 kJ/mol, the mean
absolute deviation as 6.6 kJ/mol and the root mean square error as 7.6 kJ/mol using the

Gaussian-42 calculations. For the 7 selected alcohols, W1 calculation? yields the mean
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Table 4.10. Calculated and experimental gas-phase acidities

AacigHo (kJ/mol) AacigHo differences (kJ/mol)
Species TCID (this Gausgian— W1 TCII_D VS . TCIvas

work) 4 Gaussian-4 w1l
CH3OH 1592.1+2.4 1597.9  1597.9 -5.7 -5.8
CH3CH,0OH 15746 £2.5 1582.1 1584.1 -74 -94
CH3CH2CH>0OH 1563925 1574.8  1573.7 -10.9 -9.8
(CHs),CHOH 1568.2 + 2.3 1571.2  1579.3 -3.0 -11.1
(CH3)sCOH 1567.3+2.3 1565.6  1569.7 1.7 -2.4
CH3;CH,CH,CH,CH,OH 1556.4 + 2.5 1569.0 -12.6
(CH3;),CHCH,CH,0OH 1556.5+2.6 1566.0 -10.5

3Gaussian-4 theory.?! "W1 theory.?

Table 4.11. Calculated and recommended experimental gas-phase acidities

AaciaHo (kJ/mol) AacigHo differences (kJ/mol)
Reference a Gaussian- c Recommended  Recommended
acids Recommended 4° wil vs Gaussian-4° vs W-1°
H.0 1627.98 + 0.06 16249 1629.9 3.1 -1.9
HF 1549.854 + 0.012 1545.6 1551.9 4.2 -2.1

2 Recommended experimental acidity.** ®Gaussian-4 theory.?! “W1 theory.?
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Figure 4.18. Comparison of TCID and theoretical gas-phase acidities. The gas-phase
acidities are plotted relative to the relative gas-phase acidity of CHsOH, and are
calculated as AacidHo(ROH) — AacidHo(CH30OH).
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error of 6.1 kJ/mol, the absolute mean deviation of 6.1 kJ/mol and the root mean square
error of 7.1 kJ/mol. One factor responsible for these deviations could be the dispersion
correction effect parameters being not included in the Gaussian-4 theory and W1
geometries although we have calculated the gas-phase acidities starting from the lowest
energy configurations optimized at wB97X-D functional (except in the case of t-BuOH
for W1 calculation where Cs symmetry was used). The gas-phase acidities for our
reference acids, HF and H20, as shown in Table 4.11, also deviate by 3—4 kJ/mol in

opposite directions for Gaussian-4%* and ~2 kJ/mol for the W1 method.??

4.6.7 TCID and Other Experimental Acidities from Literature

A Dbrief comparison of our gas-phase acidities with other experimental gas-phase
acidities are given in Table 4.12. The gas-phase acidities being compared are derived
from Kinetic method (Harrision et al.),'* equilibrium method (Mclver et al., Bartmess et
al.),>%2 and spectroscopic technique (Neumark et al.).®*® The accuracy of our
experimental gas-phase acidities is based on the internal consistency of our gas-phase
thermochemical network which provides constraints on the uncertain measurements. Our
AacidH298 (CH30-H) = 1597.0 £ 2.4 kJ/mol agrees reasonably with the value derived from
translational spectroscopic measurement, AacidH29s (CH30-H) = 1600.7 + 2.2 kJ/mol, with

overlapping error bars.

4.6.8 Gibbs Free Energy and Conformational Entropy

The Gibbs free energy change at 298 K, AacidG29s in this work has been calculated

using equation 4.10. The entropy terms are calculated considering all the internal torsions
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Table 4.12. TCID gas-phase acidities vs other experimental gas-phase acidities

. AacidH29s/kJ/mol AacidH298/kJ/mol
Species (Literature) (TCID)
CHsOH 1600.7 £ 2.2 D-EA? 1597.0+2.4

1590.0 + 8.8 Mclver et al. 1979
1597.9+2.3 Ervin et al. 2002
1595.0+ 8.4 Harrison et al. 1993
CHsCH20H 1579.0 £ 8.8 Mclver et al. 1979 1579.4 £ 2.5
1584.6 +3.2 Ervin et al. 2002
1582.0+8.4 Harrison et al. 1993

CH3CH2CH20OH 1573.0 + 8.8 Mclver et al. 1979 1568.8 + 2.6
1574.0 + 8.4 Harrison et al. 1993
(CH3)2.CHOH 1571.0+ 8.8 Meclver et al. 1979 1573.0+2.4

1575.8 + 3.0 Ervin et al. 2002
1572.0+8.4 Harrison et al. 1993
(CH3)sCOH 1567.0 £ 8.8 Mclver et al. 1979 15724+ 25
15725+ 2.8 Ervin et al. 2002
1566.0 + 8.4 Harrison et al. 1993
CH3CH2CH2CH2CH20H 1565.0 + 8.8 Bartmess et al. 1998  1561.1+2.7
1568.0 + 8.4 Harrison et al. 1993
(CH3)2CHCH2CH20H 1566.0 + 8.4 Harrison et al. 1993 1559.5+2.8

a Derived using bond dissociation energy from translational spectroscopic measurement
(Neumark et al. 1995) and electron affinity (Neumark et al. 2006).
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Figure 4.19. Comparison of the TCID Gibbs free energy and Gibbs free energy of acids
from ion/molecule equilibrium reaction experiments (Mclver et al. 1979, Bartmess et al.
1998). The horizontal and vertical error bars are from TCID and Equilibrium
Measurements respectively. C1 = MeOH, Cz = EtOH, n-Cs = n-PrOH, i-C3 = i-PrOH, t-Ca4
= t-BuOH, and n-Cs = n-pentanol.
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as hindered rotors, as described in an earlier section and the entropy corrections have
been applied. Table 4.7 lists the AacidG29s calculated using this TCID work. Equilibrium
measurements'2°2 have reported the Gibbs free energy change at 298 K for most of the
alcohols of our study with ion cyclotron resonance (ICR) measurements of equilibrium
constants. We make a comparison with the values of the ICR measurement in Figure
4.19, which shows the experimental Gibbs free energy change using ICR measurements
versus TCID measurements (this work) at 298 K. The horizontal and vertical error bars
represent uncertainty of TCID and ICR measurements respectively, and the diagonal axis
is the target accuracy. All values agree within the error bars for the ICR measurements.
Equilibrium measurements'?%? have an absolute error bar of 8.4 kJ/mol for all the
AacidG298 measurements of alcohols, and this is a bigger error range when compared to
our TCID work. This makes us to consider the accuracy of our AacidG29s measurements to
be reasonably accurate, although equilibrium measurements should in principle be a more

direct measurement of free-energy differences.

In Table 4.13, we make a comparison of the entropy term, AacidS298 obtained from
harmonic oscillator approximation with the entropy calculated with the internal hindered
rotor treatment. Both the harmonic oscillator approximation and the internal hindered
rotor treatment uses the frequencies calculated at B3LYP/6-311++G(2df,2p) and the
rotational constant calculated at wB97X-D/6-311++G(2df,2p) theory level. The torsional
energy levels which gives the density of states for replacing the torsional modes treated
as internal hindered rotors are obtained at wB97X-D/6-311++G(2df,2p) theory level, as

described earlier in chapter 3.
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Table 4.13. Conformational effect on "entropy** term in alcohols

AacidS298 /Jmol‘lK'l
Harmonic Oscillator

Species ADPIOX. Hindered Rotor Treatment
CHsOH 90.6+1.1 89.5+0.8
CH3CH20H 999+26 89.8+1.38
CHsCH2CH20H 98.0+4.2 87.5+27
(CH3)2CHOH 102.0+4.4 91.0+3.1
(CHs)sCOH 94.0 + 6.4 92.6 + 4.5
CHsCH2CH2CH2CH20H 99.5+7.3 91.2+4.7
(CH3)2CHCH2CH20H 99.6 + 7.4 88.1+ 4.9

The Equilibrium Measurement!? makes an indirect determination of gas-phase
acidities from the Gibbs free energies with estimated AaciaS. Higgins and Bartmess*? have
used an approximation by estimating AacidS = +22 calmol *K™* for all of the alcohols
from statistical mechanics.!? In our study, we find that for alcohols with symmetrical
alkoxides like CH3O™ and (CH3)sCO, the conformational entropy change is only about 1
Jmol*K™L. The same conformational effect on entropy is in the order of ~8—11 Jmol 'K
for other alcohols with unsymmetrical alkoxide geometry. We extend the hypothesis of
coiling effect in long chain alcohols proposed by Bartmess and coworkers? further by
making an inclusion of effect caused by the conformers in deprotonation process. The
coiling effect is caused by the dispersive behavior of the polarizability of the alky chain
interacting with the terminal electronegative oxygen atom. This leads to the
delocalization of charge over the entire alkyl chain length and hinders the free rotation of

the torsional modes. Our approach for the inclusion of entropic effects in the RRKM
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analyses considers most of the conformations stabilization involved in the intrinsic

acidity determination process.

4.7 Discussion
4.7.1 Conformational Analysis

Alcohols in Neutral and Anionic form. We first make an observation on the lowest
energy conformers of neutral alcohols calculated at the «B97X-D/6-311G++(2df,2p) and
B3LYP/6-311G++(2df,2p) theory level. These two theory levels make a clear distinction
on the behavior of the species due to long-range van der Waals’ interactions (dispersion)
within the molecules, which is included in @B97X-D functional but not in B3LYP
functional. Dispersion governs the stabilizing effect of the polarizability of the alkyl
chain of the alcohol and hence the stability of their corresponding anion conformations,

which ultimately governs the acidity.

Figure 4.20 shows the lowest energy conformers for tert-butanol, iso-propanol,
ethanol and methanol at the wB97X-D/6-311G++(2df,2p) theory level. For these 4
alcohols, we found that the orientations of —OH bond and the alkyl chain were the same
at B3LYP/6-311G++(2df,2p) theory level. As can be seen, the geometry of these species
are in their “extended” form i.e., all staggered orientations along C—C and C—O bonds,
and the neutral alcohol maintains its extended form while losing its proton to make the
most stable extended form of its alkoxide ions. The symmetrical geometry of alkoxide
ion in these alcohols is responsible for the maintenance of the staggered orientation of

C-C and C-O bonds and therefore we do not anticipate observing a complicated
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Figure 4.20. Lowest energy conformers of (a) tert-butanol, (b) iso-propanol, (c) ethanol,
and (d) methanol at ®B97X-D/6-311G++(2df,2p) theory level.
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Figure 4.21. Lowest energy conformers of (a) n-pentanol, (b) iso-pentanol, (c) n-
propanol at B3LYP/6-311G++(2df,2p) and wB97X-D/6-311G++(2df,2p) theory level.
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CH3sCH2CH20™ (d) (CHs)2CHO™ (e) (CHs)sCO™ (f) CHsCH2CH2CH2CH20" (Q)
(CH3)2CHCH2CH20".
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deprotonation mechanism in terms of steric effects for these alcohols.

The lowest-energy conformations in terms of O—H bond orientation in case of n-
propanol, n-pentanol, and iso-pentanol were however observed to be different at the
wB97X-D/6-311G++(2df,2p) and B3LYP/6-311G++(2df,2p) theory levels, as shown in
Figure 4.21. The most obvious reason for this is the unsymmetrical geometrical
conformation of their corresponding alkoxide and the longer alkyl chain length. In
B3LYP geometry, the —OH bond prefers to remain in the staggered position relative to
the two H-atom of the adjacent C-atom, resulting in the lowest energy state of staggered
geometry. On the other hand, at the wB97X-D/6-311G++(2df,2p) theory level
calculations, we see that the —OH orientation in these alcohols deviates away from its
staggered orientation of C—C and C—O bond to a twisted geometry. The twist in the —OH
bond is due to interactions by dispersion forces in the molecule and the overall
stabilization is due to the polarizability of alkyl chain. The OH orientation in the
stabilized geometry of n-propanol and pentanol isomers in Figure 4.21 allows it to form
an extra-stabilized alkoxide ion with intramolecular hydrogen bonding between the

oxygen atom and one of the hydrogen atoms on the gamma carbon atom.

We have also calculated frequencies and optimized geometries for neutral and
anionic species using Gaussian-4?! method for all the alcohols and W1 composite
method?? for selected alcohols. We find the lowest energy conformers of propanol and
pentanol isomers using wB97X-D functional to be the best representation of calculated
W1 geometries. While determining the acidity strength, we observe the corresponding

anion of alcohol have the same structures as the lowest-energy conformer of the neutral



116

species. Figure 4.22 shows the lowest energy conformations of alkoxides for all the
alcohols under study in this work at the ®B97X-D/6-311G++(2df,2p) theory level, which
are formed with the loss of H* ion. This is discussed in detail in the next section. The
acidity determination factors like inductive effects plays a key role in the deprotonation
process of alcohols, but the conformational effects can change the picture by structures of
different conformers with possible formation of an intramolecular hydrogen bond. It is
possible to observe a significant variation in the acidities of alcohols in such a scenario,
because of stabilization of the ionic product through internal hydrogen bonding or van

der Waals’ forces.

Alcohol Clusters. The proton-bound heterodimer anion [R-O-H-A] " dissociation giving
rise to two different product branching fractions is the central feature of the TCID
technique. All torsional modes involved in the process of dissociation of [R-O-H-A]™ are
also treated as internal hindered rotors. In all the fluoride complexes as shown in Figure
4.23, the proton shared between the fluorine atom and the alcohol in the proton-bound
heterodimer is more attracted towards the alkoxy group. The O-H bond distance in the 7-
different fluoride-complexes shown in Figure 4.23 was found to be 1.05 A with a
standard deviation of 0.01 A. This lowest geometry of [RO-H-F]™ requires less energy for
the removal of F~ than for RO~ which is binded more strongly in the complex. In the
overall process, the F~ + ROH channel would appear at lower energies relative to the RO~
+ HF channel, making HF more acidic in comparison to ROH. For the [RO-H-OR1]"
complexes shown in Figure 4.24, we find the shared proton to be attracted towards the

smaller alkoxy group —OR1 in [RO—H-ORq]", facilitating the easy removal of larger
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Figure 4.23. Lowest energy conformers for (a) [CH3O-H-F] ", (b) [CH3CH20-H-F] ", (c)
[CH3CH2CH20H-F], (d) [(CH3)2CHO-H-F], (e) [(CH3)sCO-H-F], (f)
[CH3CH2CH2CH2CH20HF] ", and (g) [(CHs)2CHCH2CH20-H-F]". Calculated at «B97X-
D/6-311++G(2df,2p) theory level.
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Figure 4.24. Lowest energy conformers for (a) [CH3CH20-H-OCHjs], (b)
[CH3CH2CH20-H-OCH2CHs3] -, (c) [CH3CH2CH20H-OCHs], (d) [(CH3)2CHO-H-
OCHjs], (e) [(CH3)3CO-H-OCHa], (f) [CH3CH2CH2CH2CH20-H-OCHs], and (g)
[(CH3)2CHCH2CH20-H-OCHs] . Calculated at ®B97X-D/6-311++G(2df,2p) theory
level.
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Figure 4.25. Lowest energy conformers for (a) [CH3O-H-OH]", and (b) [CH3CH20-H-
OH] . Calculated at ®B97X-D/6-311++G(2df,2p) theory level.
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alkoxy group upon collision with the target gas. The average RO—H and H—OR: bond
distance in [RO—H—OR1]™ shown for the 7 different complexes in Figure 4.24 is 1.41 A
and 1.06 A with a standard deviation of 0.02 A and 0.01 A respectively. The RO~ +
R10OH channel therefore appears at lower collision energy relative to the R1O™ + ROH
channel in the dissociation of [RO—H—OR1]". This generalizes the conclusion of longer
chain alcohols being more acidic than the shorter ones. For the [RO—H—-OH] complexes
shown in Figure 4.25, we find the shared proton closer towards the OH group. The
average RO—H and H—OH distances in the [RO—H—OH] anions are 1.47 A and 1.05 A

with standard deviations of 0.02 A and 0.01 A respectively.

4.7.2 “Intrinsic” and “Observed” Acidity

We introduce two different acidity terms: “intrinsic” and “observed” gas-phase
acidity to qualitatively explain the results of the observed gas-phase acidities in
combination with the quantum chemical calculations for our work. The “observed” gas-
phase acidity is defined as the measured energy difference between the neutral alcohol
conformer and the corresponding anion conformer both in their most stable conformation.
On the other hand, we define “intrinsic acidity” as the difference in energy between the
neutral alcohol and its corresponding anion for which both the conformers are in linear
extended forms i.e., geometry with all staggered conformations of C—C and C—O bonds.
This means that the intrinsic acidities exclude considering the relaxation of species to
their conformational global minima. However, the observed experimental acidities do

incorporate conformational stabilization vs the extended forms.
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Figure 4.26. “Intrinsic” and experimentally observed acidity of n-propanol and iso-
propanol. AacidH (Intrinsic) = AaciaH (exp) for iso-propanol. Intrinsic acidity difference for
propanol isomers =~ 0.4 kJ/mol. ®B97X-D/6-311++G(2df,2p) theory level with empirical
dispersion corrections are used to calculate the intrinsic acidities. All values are at 0 K.
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Figure 4.27. “Intrinsic” and experimentally observed acidity of iso-pentanol and n-
pentanol. ®B97X-D/6-311++G(2df,2p) theory level with empirical dispersion corrections
are used to calculate the intrinsic acidities. Intrinsic acidity difference for pentanol
isomers is about 1.3 kJ/mol, well within experimental uncertainties. All values are at 0 K.
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Figure 4.26 shows schematically the acidity scale demonstrating the relationship
between the intrinsic and observed acidity for the propanol isomers. The
observedacidities are the TCID gas-phase acidities and the difference in energies of the
extended and the most stable conformers in both neutral and anionic species are
calculated at ®B97X-D/6-311G++(2df,2p) theory level. The linear extended form of n-
propoxide ion undergoes a conformational rotation about the a-f§ carbon atoms leading to
the formation of a lowest-energy conformer which is relatively more stabilized due to
intramolecular hydrogen bonding. We note the interaction of O-atom with the H-atom on
the y-carbon methylene group in the most stable conformer of n-propoxide ion, where the
C1-C2 bond is in twisted form. The O-H bond distance for this interaction is 2.59 A. This
can be classified as a hydrogen bond arising due to weak electrostatic interaction®
between the terminal oxygen atom and the hydrogen atom of y-methylene group. The
TCID gas-phase acidities include the conformational stabilization of the species involved
in deprotonation process. For the case of isopropanol, we observe the conformational
relaxation in neutral iso-propanol species but for the iso-propoxide ion the linear
extended form is itself the most stable form. The important observation in Figure 4.26 is
that the intrinsic gas-phase acidities, AaciaHo,intrinsic (CH3CH2CH20-H) = 1567.2 kJ/mol
and AacidHo,intrinsic (CH3)2CHO-H) = 1567.6 kJ/mol, for the propanol isomers differ only
by ~0.4 kJ/mol. This validates the concept that the differences in gas-phase acidities for

different isomers are due to conformational relaxation upon deprotonation.

In the same way, Figure 4.27 shows the calculated intrinsic acidities being related

to the observed acidities in pentanol isomers. The lowest-energy conformers of n-
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pentanol and iso-pentanol differ from their linear extended forms by 0.7 kJ/mol and 1.9
kJ/mol respectively. The corresponding anions of the neutral relax from their extended
forms to the twisted geometrical forms, lower in energy by 6.1 kJ/mol in n-pentanol and
by 9.4 kJ/mol in iso-pentanol. The calculated hydrogen bond length between the terminal
O-atom and the H-atom of y-methylene group were 2.54 A for n-pentanol and 2.51 A for
isopentanol, which again can classified as a weak electrostatic interaction.®® The
calculated intrinsic acidities, AacidHo,intrinsic (CH3CH2CH2CH2CH20-H) = 1561.7 kJ/mol,
AacidHo,intrinsic (CH3)2CHCH2CH20-H) = 1563.0 kJ/mol, for the pentanol isomer differ by
~1.3 kJ/mol which is well within our experimental error bars, confirming the effects of

conformation on the relative gas-phase acidities for alcohol isomers.
4.7.3 Intrinsic Acidity, Observed Acidity, and Alkyl Chain Length

The physical picture of structure and its reactivity is evident from the differences
in the intrinsic and observed acidities of alcohols. The polarizability of alkyl chain and its
geometrical rearrangement due to the delocalization of charges and its interaction with
the ionic charge affects the free rotation of the torsional modes in alcohol species. This
has an overall effect on the acidity strength of the species. Figure 4.28 shows the
comparison and variation of the observed acidities and the intrinsic acidities with the
alkyl chain length for primary alcohols. A smooth intrinsic acidity variation is observed
for up to Cs alcohols showing the linearity trend for the loss of H* ion from a linear chain
alcohol where all the C—C and C—O are in staggered position. This monotonic fashion of
acidity change in 1-alcohols also establishes the reliability of our TCID observed acidities

from which the intrinsic acidities are derived. The non-linear trend for the observed
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Figure 4.28. Observed and intrinsic acidity trend for primary alcohols. The observed
acidities are the TCID measured acidities (this work: Ci, C2, Cs, and Cs alcohols).
(Intrinsic and observed acidities for Cs alcohol is taken from ref.>, observed acidities for
Ca alcohol is taken from ref.).
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acidities in C4, Cs, and Cs alcohols shows the role of conformational effects in the alcohol
chain owing to the change in various torsional modes and its effect on the ability of the
alcohol species to lose proton. As such, while determining the observed acidity trends in
higher chain alcohol, the conformational changes of neutral alcohol and its corresponding
anion also need to be included in addition to other acid determining factors like inductive

effect and steric effects.
4.7.4 lon-induced Dipole Model and Intrinsic Acidities

In early seminal work, Brauman and Blair®® reported that in gas phase the
aliphatic alcohols follows the acidity order CHsOH < C:HsOH < (CH3).CHOH <
(CH3)3COH; a trend which is found to be opposite in aqueous phase. This result indicated
the importance of knowing the “intrinsic” properties of alcohols as the acidity order
reported in aqueous phase are most likely due to the solvent effects arising from solvation

to steric effects.3°6

In simple alcohols, the polarizability of hydrocarbon chain and its interaction with
the charged ion®® was proposed as one of the factors responsible for the stabilization of
alkoxide ion. To quantify this effect, we have calculated the internal stabilization
potential of aliphatic alcohols, V(r), treated in a simplified ion-induced dipole model

using equation 4.11,

Ae? o;
V(r) “mzr? (4.11)

where ri denotes the individual C—O distances in the alkyl chain of alcohol, ai is the
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Figure 4.29. A comparison of the calculated intrinsic acidity of linear chain alcohol with

the calculated ion-induced dipole potential model. (Intrinsic acidity of 1-hexanol taken
from ref.>%).
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polarizability of the —CH2 or —CHs group, e is the charge of an electron, and &, is
permittivity of free space, and A is a scaling factor. The polarizability values for —CH:
and —CHzs groups used in the calculation were accessed directly from NIST database,®
calculated at B3LYP/ccpVTZ theory level. This model with A=1 is based on the
approximation that all carbon atoms of linear alcohols interact with oxygen atom on
which the full negative charge is localized. Figure 4.29 shows the calculated ion-induced
potential of different linear extended alcohols as a function of the number of carbon
atoms corresponding to the alcohols, being compared with the calculated intrinsic
acidities of this work. A scaling factor, A = 0.75 is used to scale the acidities relative to
methanol. As the length of the alkyl group increases, the ion-induced potential is seen to
decrease in a monotonic fashion with the increase in length of alkyl group up to Cs
alcohols. The magnitude of the effect is somewhat overestimated by this simplified
model and is probably because of the delocalization of the negative charge. However, the
trend with size and the rough magnitude are good matches. The physical picture of the
plot is sufficient to estimate the trend in the intrinsic acidity of alcohols with the support

of similar trend in the calculated ion-induced dipole potential model.

4.8 Conclusion

Competitive threshold collision-induced dissociation (TCID) measurements
coupled with a local thermochemical gas-phase acidity ladder using least squares
optimization have provided absolute gas-phase acidity values for alcohols. We stress the
importance of the role played by low-energy conformers of reactants as well as products

lying within ~12 kJ/mol in such thermokinetic’>"%¢ measurement methods. Replacing
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harmonic oscillator frequencies by hindered energy levels to include conformers of all
forms in our extended RRKM analysis of TCID measurements gives a more accurate
understanding of the process that determines the deprotonation in alcohols. This work,
therefore, improves the gas-phase acidity values of isomeric C1-Cs alcohols, and reports
the new bond dissociation energies for some selected alcohols that have been calculated
using known electron affinities of radicals®*! and the ionization energy of hydrogen

atom.*6

The gas-phase acidities of alcohols are dependent on the alkyl group length to
structure, which tends to play a role of stabilizing the negative ion. The intrinsic gas-
phase acidity for the five linear alcohols increases with the increase of alkyl chain length
as the negative charge is delocalized over a greater length. The experimentally
determined gas-phase acidities are: AacidHo (CH3O-H) = 1592.1 + 2.4 kJ/mol, AacidHo
(CHsCH20-H) = 1574.6 + 2.5 kJ/mol, AacidHo (CH3CH2CH20-H) = 1563.9 + 2.5 kJ/mol,
AacidHo (CH3)2CHO-H) = 1568.2 + 2.3 kJ/mol, AaidHo (CH3)sCO-H) = 1567.3 + 2.3
kJ/mol, AacisHo (CH3sCH2CH2CH2CH20-H) = 1556.4 + 2.5 kJ/mol, and AacidHo
(CH3)2CHCH2CH20-H) = 1555.5 + 2.6 kJ/mol while the average intrinsic acidity
calculated based on the combination of our TCID measurements and «B97X-D/6-
311++G(2df,2p) calculations are: AacidHo,intrinsic (propanol) = 1567.4 kJ/mol, and
AacidHo,intrinsic (pentanol) = 1562.3 kJ/mol, both for the primary alcohols. The differences
in the intrinsic and experimentally observed gas-phase acidity is primarily the result of
the conformational rotation around o-f3 carbon bond of the alkoxide ion due to a more

stabilized twisted form of alkoxide with moderate internal hydrogen bonding formed
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between the O-atom and the y-CH2 group. This explains the acidity strength differences

in isomeric Cz and Cs alcohols.
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Chapter 5: Perspectives

The foundation of physical organic chemistry lies on the correct elucidation of
intrinsic structural-reactivity relationships, and this in turn can help in the prediction of
reaction rates and behavior of similar compounds.* The determination of acidity strength
in alcohols and the knowledge of accurate thermochemical quantities is crucial for the
understanding of alcohol chemistry. This is beneficial not only in the development of Cs-
Cs alcohols as biofuels, but also in understanding the complex reaction mechanism of

unexplored reaction processes that would involve these species.

The polarizability of alkyl chain and the intrinsic electronic effects governed
mainly by the nature of the substituent on the alkyl chain are two important factors that
have been the basis for the determination of acidities in organic compounds. However,
from this work, we now propose that the factors which have so far been used as the basis
for acidity interpretation are influenced to a certain degree by the presence of low lying
multiple conformations of neutral and anionic species that are involved in the
deprotonation process. Our results indicate the gas-phase acidity difference by inclusion
of conformational effects and dispersion forces to be as large as ~5 kJ/mol, and this
exceeds the recommended “chemical accuracy” of 4 kJ/mol for efficient kinetic

modeling.

The internal hindered rotor treatment accounts for most of the conformational
stabilization in the deprotonation process in alcohols. The construction of a local
thermochemical network with least-squares optimization refines the measured TCID

acidity differences by providing constraints on the uncertain measurements,? with the use
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of well-known references, the gas-phase acidities of water and hydrogen fluoride. We
therefore recommend the use of our newly derived gas-phase acidities for 7 different
alcohols: AacidH29s (CH30-H) = 1597.0 + 2.4 kJ/mol, AacigH208 (CH3CH20-H) = 1579.4 +
2.5 kd/mol, AacidHz298 (CH3CH2CH20-H) = 1568.8 * 2.6 kJ/mol, AacidH298 (CH3)2CHO-H)
= 1573.0 £ 2.4 kJ/mol, AacidH29s (CH3)3sCO-H) = 15724 + 2.5 kJ/mol, AacidH29s
(CH3CH2CH2CH2CH20-H) = 1561.1 £ 2.7 kJ/mol, and AacidH298 (CH3)2CHCH2CH20-H)
= 1559.5 £ 2.8 kJ/mol. For the alcohols with well-known electron affinities from the gas-
phase measurements, we have derive the bond-dissociation energies using negative ion
thermochemical cycle and these are more accurate and precise: D29s(CH3O-H) = 436.7 £
2.4 kd/mol, D29s(CH3CH20-H) = 434.5 £ 2.5 kJ/mol, D29s(CH3CH2CH20-H) = 430.1 +
2.6 kJ/mol, D29s((CH3)2CHO-H) = 439.6 * 2.4 kJ/mol, and D29s((CH3)3CO-H) = 445.0 +

2.5 kd/mol.

Energy-resolved competitive threshold collision induced dissociation has long
been established as a powerful tool for the study of gas-phase energetics in a variety of
system involving organic and inorganic elements via ion-molecule reactions.®’
Competitive TCID experiments in this work made the measurement of relative acidities
of alcohols that differs up to ~53 kJ/mol. This large energy range would allow gas-phase
acidity determination for many other species whose acidities lies in between water and
hydrogen fluoride. We recommend that conformational effects and long-range van der
Waals interaction forces be accounted for when deriving thermochemical information for
organic molecules with torsional modes for better accuracy and precision of the

thermochemical quantities.
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Appendix A. Relaxed Dihedral Potential Energy Scans

All dihedral potential energy scans are obtained at ®B97X-D/6-311++G(2df,2p)
theory level and the potential fits are obtained using the Fourier expression,

V(0)=V,+24,(1—-cosnd)/2+2 B, (sinnd), where Ar and Bn are coefficients and the

value of n ranged from 1 to 6. This section summarizes the coefficients Vo, An, and Bh,
and the plots of the relaxed dihedral potential energy scans with potential fits. The
relaxed dihedral potential energy scans are obtained for all the torsional modes in neutral
alcohols, alkoxide ions, alcohol-fluoride complexes, alkoxy-alcohol complexes, and the
alkoxy radicals. The potential scans in few cases for the dihedral potential energies were
not smooth because of conformational changes in other parts of the molecule. In such
cases, we obtain the potential fit by taking the lowest energy points at each angle from
forward and reverse dihedral angle scans. Because the goal is to capture the primary low-
energy conformations in the densities of states, we believe this treatment is adequate for

calculating RRKM dissociation rates.
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I. Neutral Alcohols

This section provides the fitting coefficients and the plots for all the dihedral potential

energy scans in neutral alcohols.

Methanol
CHs---OH
Vo/cm?® Ai/cm?t Ax/cm?t As/cm?t As/cm?t As/cm?t As/cm?
335.1 -5.4 -95 -334.7 9.6 49 -2.7
Ethanol
CH3CH2--OH
Vo/cm?® Ai/cm?t Ax/ecm?t As/cm?t As/cm?t As/cm?t As/cm?
388.4 -25.9 -4.4 -364.0 -9.8 1.2 -1.6
CHs--CH20H

Vo/ecm? Ai/cm?t Ax/em?t As/ecm?t As/cm? As/cm?t As/cmt
1094.7 -13.2 13.8 -1093.6 -15.0 12.9 -25.5
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n-propanol

CH3CH2CH2---OH

Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/ecm?t As/cm?t As/cmt

389.4 -8.6 -35.0 -353.0 -10.7 1.3 -1.8

CH3CH2---CH20H

Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/ecmt As/cm?t As/cmt

1697.3 -314.0 -249.4 -1391.0 -41.6 11.8 -12.9

CH3---CH2CH20H

Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cmt As/cm?t As/cm’t

916.4 -2.9 5.9 -916.6 -5.9 3.5 -15.9

iso-propanol

(CHs)2CH---OH

Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/ecmt As/cm?t As/cm’t

379.8 5.6 36.2 -385.2 5.2 0.5 2.1
Bi/cm?® Bz/cm? Bsz/cm? Bs/cm? Bs/cm?! Be/cmt
-6.6 35.1 18.3 4.5 -1.6 0.3

CHs---CH(CH3)OH

Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm?t As/cm’t

1213.8 -11.2 6.8 -1213.1 -7.6 10.8 -22.9
Bi/cm? Bz/cm? Bz/cm? Bs/cm?t Bs/cm?! Bs/cmt
-0.9 -2.1 -4.8 -2.2 -2.8 -0.7

CHs---CH(CH3)OH

Vo/cm?® Ai/cm?t Ax/ecm?t As/cm?t As/cm?t As/cm?t As/cm?

1104.3 -8.8 11.9 -1099.0 -12.1 7.5 -28.9
Bi/cm? Bz/cm? Bz/cm? Bs/cm? Bs/cm?! Bs/cmt
-1.9 0.8 12.7 2.2 2.1 3.6
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(CH3)sC--OH

Vo/cm?t Ai/cm?

4115 -2.5

As/ cmt
-2.9

CH3--C(CHs)0H

Vo/cm?t Ai/cm?

1269.9 -11.0

As / cmt
-335

Bi1/cm?

3.2

Bs/cm?
-5.7

CH3--C(CHs3)20H

Vo/cm?t Ai/cm?

1269.9 -11.0

As/ cm?
-33.5

Bi1/cm?

-3.2

Bs/cm?
5.7

CHs--C(CH3)20H

Vo/cm?® Ai/cm?

1164.5 -8.1

As / cm™
-41.5

Bi/cm?

0.0

Bs/cm?
0.0
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n-pentanol
CH3CH2CH2CH2CH2--OH
Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/ecm?t As/cm?t As/cmt
484.6 -96.7 -108.4 -359.2 -1.8 0.7 -3.5
Bi/cm? Bz/cm? Bs/cm? Bsa/cm?t Bs/cm? Be/cmt
26.0 -20.5 -9.6 2.1 -0.1 -0.1
CH3CH2CH2CH2---CH20H
Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cmt As/cm?t As/cm’t
1708.5 -344.9 -303.5 -1342.9 -39.2 11.8 -15.7
Bi/cm?® Bz/cm? Bsz/cm? Bs/cm? Bs/cm?! Be/cmt
-04 -14.4 67.4 -5.6 -7.2 34
CH3CH2CH2---CH2CH20H
Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cmt As/cm?t As/cm’t
1898.1 -729.7 -300.8 -1037.7 -124.9 -131.7 -50.8
Bi/cm? Bz/cm? Bsz/cm? Bs/cm?t Bs/cm?! Bs/cmt
-97.7 -78.2 -26.5 48.0 -0.7 -16.6
CH3CH2---CH2CH2CH20H
Vo/ecm?® Ai/cm?t Ax/em?t As/ecm?t As/cm? As/cm? As/cmt
1841.1 -570.7 -326.9 -1230.7 -38.9 -36.2 -46.4
CH3---CH2CH2CH2CH20H
Vo/cm?® Ai/cm?t Ax/ecm?t As/cm?t As/cm?t As/cm?t As/cm?
1019.1 -0.7 7.1 -1019.2 -7.0 1.1 -18.3
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(CH3)2CHCH2CH2---OH

Vo/cm? Ai/cm?t A/cm?t
437.2 -66.7 -62.7

As/cm?

-356.9

As/cmt
1.0

As/cm?
0.2

As/ cmt
-4.1

Bi/cm?t Bz2/cmt
-5.6 25.1

Bs/cm?
19.0

Ba/cm?
-0.2

Bs/cm?
-0.6

Bs/cm™
-0.5

(CH3)2CHCH2---CH20H

Vo/cm? Ai/cm?t Ax/cm?
1822.0 -537.3 -371.3

As/cm?
-1028.1

As/cm?
-29.3

As/cm?
-82.4

As / cm?
-75.2

Bi/cm? Bz2/cm?
135.1 170.8

Bs/cm?
206.5

Bsa/cm?
-53.8

Bs/cm?
-21.3

Bs/cm?
25.4

(CH3s)2CH---CH2CH20H
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I1. Alkoxide lons

This section provides the fitting coefficients and the plots for all the dihedral potential

energy scans in neutral alcohols.

Ethoxide ion
CHs3---CH2O™
Vo/cm?t Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt
1312.7 -2.1 43.0 -1311.7 -43.6 2.4 -27.9

n-propoxide ion

CH3CH2---CH20~

Vo/ecm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm?t As/cmt
1960.0 -13.0 -215.3 -1609.9 -228.7 -34.2 -30.6
CHs3---CH2CH20™

Vo/ecm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm?t As/cmt

970.4 -3.2 23.3 -940.7 -29.6 -6.9 -30.7
Bi/cm? Bz2/cm? Bs/cm? Bs/cm? Bs/cm?! Be/cmt
4.3 8.2 -142.3 0.3 51 -55

iso-propoxide ion

CHa---CH(CH3)O™

Vo/cm?t Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm?t As/cmt

1236.0 6.0 43.0 -1231.6 -42.3 -55 -27.8
Bi/cm? Bz2/cm? Bs/cm? Bs/cm? Bs/cm?! Bes/cmt
2.5 2.5 -74.7 -25 1.1 -4.5

CHa---CH(CH3)O™

Vo/cm?t Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm?t As/cmt
1236.0 6.0 43.0 -1231.5 -42.3 -55 -27.8

Bi/cm?® Bz2/cm? Bs/cm? Bs/cm? Bs/cm?! Be/cmt
-25 -25 74.6 25 -1.1 4.5




tert-butoxide ion

CH3---C(CH3)20"

Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt
1269.3 8.6 48.0 -1269.0 -46.8 -7.0 -40.4
CH3---C(CH3)20~
Vo/cm?t Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm?t As/cmt
1269.3 8.6 48.1 -1269.0 -46.7 -7.0 -40.5
CHs---C(CHz3)20~
Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm?t As/cmt
1269.3 8.5 48.2 -1269.0 -46.7 -7.1 -40.4
n-pentoxide ion
CH3CH2CH2CH2---CH20O™
Vo/ecm?® Ai/cm?t Ax/em?t As/ecm?t As/cm? As/cm?t As/cmt
1489.0 518.6 -98.3 -1273.3 -223.5 -33.3 -57.2
Bi/cm?® Bz2/cm? Bs/cm? Bs/cm? Bs/cm?! Be/cmt
46.8 -38.3 -140.7 -20.0 9.6 -8.1
CH3CH2CH2---CH2CH2O™
Vo/cm?® Ai/cm?t Ax/ecm?t As/cm?t As/cm?t As/cm?t As/cm?
1596.0 -479.8 -488.6 -1016.1 55.8 -3.0 -64.5
Bi/cm? Bz2/cm? Bs/cm? Bs/cm? Bs/cm?! Be/cmt
17.3 -197.7 -39.7 -45.5 11.2 12.6
CH3CH2---CH2CH2CH20™
Vo/cm?® Ai/cm?t Ax/ecm?t As/cm?t As/cm?t As/cm?t As/cm?
22717 -1039.1 -667.9 -1118.5 33.8 -115.9 -85.6
Bi/cm? Bz2/cm? Bs/cm? Bs/cm? Bs/cm?! Bes/cmt
8.6 -219.3 -131.7 54.3 37.2 -14.4
CH3---CH2CH2CH2CH20™
Vo/cm?® Ai/cm?t Ax/ecm?t As/cm?t As/cm?t As/cm?t As/cm?
1034.3 0.3 13.4 -1034.4 -13.3 0.2 -20.3
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iso-pentoxide ion

(CH3)2CHCH2---CH20~

Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt
1609.8 477.7 -213.3 -1293.8 -222.5 -25.8 -55.2
Bi/cm?t Bz/cm?t Bs/cm? Bsa/cm?t Bs/cm? Bs/cmt
-14.1 41.0 155.0 14.7 -8.2 7.7
(CH3)2CH---CH2CH20"~
Vo/cm?t Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt
1758.6 -306.3 -495.6 -1081.3 128.4 31.0 -127.1
Bi/cm? Bz/cm?t Bs/cm? Bsa/cm?t Bs/cm? Bes/cmt
420.2 -92.9 2749 -23.7 -18.4 -16.9
CH3---CH(CH3)CH2CH20~
Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt
1153.4 15 11.0 -1153.6 -11.6 -0.6 -38.2
Bi/cm? Bz/cm? Bs/cm? Bsa/cm? Bs/cm? Be/cmt
5.3 2.3 -59.6 1.8 5.4 -20.0
CH3---CH(CH3)CH2CH20~
Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt
1167.8 4.4 8.8 -1162.0 -6.5 -3.8 -32.4
Bi/cm? Bz/cm? Bs/cm? Bsa/cm?t Bs/cm? Bs/cmt
-2.3 1.7 98.7 3.0 -1.0 7.1
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I11. Alcohol-Fluoride Complexes

This section provides the fitting coefficients and the plots for all the dihedral potential

energy scans in alcohol-fluoride complexes.

Methanol-fluoride complex

[CHa---OHF]
Vo/cm?t Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt
75.4 0.0 -0.7 -75.6 0.6 0.0 -3.7

Ethanol-fluoride complex

[CH3CHz---OHF]

Vo/cm?® Ai/cm?t Ax/cm?t As/cm?t As/cm?t As/cm?t As/cm?
721.8 -137.1 -340.7 -337.6 -114.5 -15.4 11.5
[CH3---CH20OHF]™

Vo/cm?® Ai/cm?t Ax/ecm?t As/cm?t As/cm?t As/cm?t As/cm?
1293.0 -15.2 29.1 -1283.7 -35.0 9.2 -29.4




n-propanol-fluoride complex

[CH3CH2CHz---OHF]

Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt

470.5 89.5 -293.7 -194 .4 -5.9 17.6 -0.8
Bi/cm?t Bz/cm? Bs/cm? Bsa/cm?t Bs/cm? Be/cmt
-17.8 61.4 70.5 22.9 -34 -0.4

[CH3CHaz---CH20HF]

Vo/cm?t Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt

1429.6 29.7 -230.2 -1280.5 91.2 7.1 -41.3
Bi/cm? Bz/cm?t Bs/cm? Bsa/cm?t Bs/cm? Bes/cmt
125.2 -103.0 -70.5 10.6 17.1 -7.0

[CH3---CH2CH20HF]

Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt

694.3 14.5 14.3 -635.6 -13.5 -19.5 -32.4
Bi/cm? Bz/cm? Bs/cm? Bsa/cm? Bs/cm? Be/cmt
7.2 6.3 -140.1 -1.5 -0.3 18.1

iso-propanol-fluoride complex

[(CH3s)2.CH---OHF]—

Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm?t As/cmt

727.0 -124.8 -78.1 -594.9 -33.3 -7.0 29.0
Bi/cm? Bz/cm? Bs/cm? Bs/cm?t Bs/cm? Bes/cmt
-114.1 54.3 -28.4 -45.9 5.3 2.1

[CH3---CH(CH3)OHF]™

Vo/cm? Ai/cm?t Ax/em?t As/ecmt As/cm?t As/cm?t As/cmt

1169.3 -2.2 23.4 -1166.9 -23.0 15 -26.6
Bi/cm? Bz/cm? Bs/cm? Bsa/cm? Bs/cm? Bs/cmt
-2.6 14 50.7 3.3 -2.0 3.3

[CH3---CH(CH3)OHF]

Vo/cm? Ai/cm?t Ax/em?t As/em?t As/cm?t As/cm?t As/cmt

1349.8 -11.6 29.9 -1324.9 -37.1 -1.8 -29.0
Bi/cm? Bz/cm? Bs/cm? Bs/cm? Bs/cm? Bs/cmt
12.9 8.7 -136.8 1.9 11.8 -3.7
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tert-butanol-fluoride complex

[(CH3)sC---OHF]”

Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt
892.7 3.0 -15.4 -886.7 14.3 -3.9 60.0
[CH3---C(CHa):OHF]
Vo/cm?t Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm?t As/cmt
1388.1 -8.1 32.0 -1380.5 -354 1.6 -38.0
Bi/cm?® Bz2/cm? Bs/cm? Bs/cm?t Bs/cm?! Be/cmt
-10.4 -7.1 35.1 -5.2 -9.8 -4.9
[CH3---C(CH3)20HF]™
Vo/cm?t Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm?t As/cmt
1388.1 -8.1 32.0 -1380.5 -354 1.6 -38.0
Bi/cm?® Bz2/cm? Bs/cm? Bs/cm? Bs/cm?! Be/cmt
104 7.1 -35.1 5.2 9.8 4.9
[CH3---C(CH3s)20HF]™
Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt
1216.1 -2.6 21.8 -1215.4 -22.2 2.3 -37.4
Bi/cm?® Bz2/cm? Bs/cm? Bs/cm? Bs/cm?! Be/cmt
0.0 0.0 0.0 0.0 0.0 0.0
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n-pentanol-fluoride complex

[CH3CH2CH2CH2CH2---OHF]"

Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt

1210.5 126.0 -649.7 -196.5 48.6 -12.6 55
Bi/cm?t Bz/cm?t Bs/cm? Bsa/cm?t Bs/cm? Bs/cmt
-329.3 113.8 201.7 29.0 -3.5 3.3

[CH3CH2CH2CH2---CH20HF]~

Vo/cm?t Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt
1771.7 663.9 -114.6 -1273.5 -235.1 82.9 53.2

Bi/cm? Bz/cm?t Bs/cm? Bsa/cm?t Bs/cm? Bes/cmt
-8.1 309.2 99.2 -74.3 -54.2 -28.2

[CH3CH2CH2---CH2CH20HF]™

Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt
2368.6 -452 .4 -990.3 -1103.6 -81.7 -96.4 -105.4

Bi/cm? Bz/cm? Bs/cm? Bsa/cm? Bs/cm? Be/cmt
33.8 274.6 30.0 0.4 -32.3 35.0

[CH3CH2---CH2CH2CH20HF]™

Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt
2288.4 -1080.0 -176.8 -1177.5 -357.0 -48.9 -23.5

Bi/cm? Bz/cm? Bs/cm? Bsa/cm?t Bs/cm? Bs/cmt
-31.1 193.5 60.9 -3.6 16.8 -8.5

[CH3---CH2CH2CH2CH20HF]™

Vo/cm?t Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm?t As/cmt
1055.4 -5.9 135 -1051.8 -10.2 5.8 -26.2

Bi/cm? Bz2/cm? Bs/cm? Bs/cm? Bs/cm? Be/cm?
-0.1 -7.2 -45.5 -7.2 0.3 104




iso-pentanol-fluoride complex

[(CH3)2CHCH2CH2---OHF]

Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt

872.6 200.2 -466.9 -99.3 44 .4 -47.7 -10.5
Bi/cm?t Bz/cm?t Bs/cm? Bsa/cm?t Bs/cm? Bs/cmt
231.7 -153.3 -183.9 -2.8 8.8 -11.1

[(CH3)2CHCH2---CH20HF]

Vo/cm?t Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt

1816.6 464.0 -427.9 -1225.3 36.3 -20.0 -59.4
Bi/cm? Bz/cm?t Bs/cm? Bsa/cm?t Bs/cm? Bes/cmt
-337.3 -51.2 -122.9 13.1 33.2 29.1

[(CH3)2CH---CH2CH20HF]

Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt

2416.5 -198.3 -797.6 -1528.7 43.3 -49.2 -128.1
Bi/cm? Bz/cm? Bs/cm? Bsa/cm? Bs/cm? Be/cmt
-440.3 149.6 -285.7 -99.3 82.4 -16.2

[(CHs---CH(CH2)CH2CH20HF]

Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt

1184.3 7.4 4.1 -1176.9 3.7 -7.0 -29.6
Bi/cm? Bz/cm? Bs/cm? Bsa/cm?t Bs/cm? Bs/cmt
15 -1.0 -122.8 -3.9 34 -8.1

[(CHs---CH(CH2)CH2CH20HF]

Vo/cm?t Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm?t As/cmt

1101.2 -16.1 9.1 -1042.4 2.3 22.9 -53.2
Bi/cm? Bz2/cm? Bs/cm? Bs/cm? Bs/cm? Be/cm?
-7.2 -6.2 -189.4 4.4 4.1 24.0
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V. Alkoxy-Alcohol Complexes

This section provides the fitting coefficients and the plots for all the dihedral potential

energy scans in alkoxy-alcohol complexes.

Ethanol-Methanol complex
[CH3CH20HO---CHs]™

Vo/cm?® Ai/cm?t Ax/ecm?t As/cm?t As/cm?t As/cm?t As/cm?

28.2 -0.1 0.0 -6.4 0.0 0.0 0.2
Bi/cm?® Bz2/cm? Bs/cm? Bs/cm? Bs/cm?! Be/cm?
0.1 0.2 26.0 -0.2 -0.1 -0.3

[CH3CH20H---OCHs]™

Vo/cm?® Ai/cm?t Ax/cm?t As/cm?t As/cm?t As/cm?t As/cm?

292.2 52.6 -218.2 -72.7 -32.5 -0.2 9.0
Bi/cm? Bz2/cm? Bs/cm? Bs/cm? Bs/cm?! Be/cm?
28.3 12.4 0.6 0.6 -4.0 -3.5

[CH3CH2---OHOCHs]™

Vo/cm?® Ai/cm?t Ax/ecm?t As/cm?t As/cm?t As/cm?t As/cm?

344.9 -143.5 -194.9 -2.8 -46.7 -19.4 2.1
Bi/cm?® Bz2/cm? Bs/cm?! Bs/cm? Bs/cm?! Be/cm?
-33.7 -17.9 -1.2 -13.2 -2.7 3.0

[CHa---CH20HOCHS3]™

Vo/cm?® Ai/cm?t Ax/ecm?t As/cm?t As/cm?t As/cm?t As/cm?
1214.5 -3.2 35.6 -1213.5 -35.9 3.6 -17.6

Bi/cm?® Bz2/cm? Bs/cm? Bs/cm? Bs/cm?! Be/cm?
-0.3 0.0 -24.9 -1.4 0.1 -1.0
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n-propanol-methanol complex

[CH3CH2CH20HO---CHs]~

Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt

63.1 -0.1 -0.5 -54.9 0.4 0.2 4.0
Bi/cm?t Bz/cm?t Bs/cm? Bsa/cm?t Bs/cm? Bs/cmt
0.1 0.2 21.3 -0.1 -0.1 -1.3

[CH3CH2CH20H---OCHs]~

Vo/cm?t Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt

247.6 43.7 -180.7 -44.6 -24.6 1.8 -7.3
Bi/cm? Bz/cm?t Bs/cm? Bsa/cm?t Bs/cm? Bes/cmt
27.4 -14.9 -23.7 -14.2 -6.4 0.7

[CH3CH2CH2---OHOCHs]™

Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt

299.6 -127.0 -128.2 99.7 -34.7 -6.0 13.7
Bi/cm? Bz/cm? Bs/cm? Bsa/cm? Bs/cm? Be/cmt
-11.8 44.6 8.8 -22.5 -3.1 -9.8

[CH3CH2---CH20HOCHSs]™

Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt

1828.8 -79.4 -204.3 -1457.6 -186.8 -36.7 -2.9
Bi/cm? Bz/cm? Bs/cm? Bsa/cm?t Bs/cm? Bs/cmt
63.1 -25.3 -30.8 11.8 4.2 -14.0

[CH3---CH2CH20HOCHSs]™

Vo/cm?t Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm?t As/cmt
995.7 -1.3 21.1 -981.3 -25.6 4.7 -32.7

Bi/cm? Bz2/cm? Bs/cm? Bs/cm? Bs/cm? Be/cm?
3.5 6.5 -98.3 1.8 4.2 -2.8
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n-propanol-ethanol complex

[CH3CH2CH20HOCH2---CH3s]~

Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt

1253.0 -13.5 27.6 -1244.8 -31.7 84 -29.7
Bi/cm?t Bz/cm?t Bs/cm? Bsa/cm?t Bs/cm? Bs/cmt
5.1 -7.4 47.4 4.4 -5.0 -0.2

[CH3CH2CH20HO---CH2CH3s]~

Vo/cm?t Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt
693.7 -186.2 -399.7 -247.5 -14.9 13.3 19.0

Bi/cm? Bz/cm?t Bs/cm? Bsa/cm?t Bs/cm? Bes/cmt
25.6 2.4 -2.1 40.6 6.0 -19.0

[CH3CH2CH20H---OCH2CH3s]~

Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt

440.1 -73.3 -294.2 -8.6 8.6 -21.1 -14.6
Bi/cm? Bz/cm? Bs/cm? Bsa/cm? Bs/cm? Be/cmt
-55.7 -4.0 2.6 2.4 -21.4 -14.4

[CH3CH2CH2---OHOCH2CHs]~

Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt

402.3 -147.6 -123.7 28.9 -60.5 -29.3 39.9
Bi/cm? Bz/cm? Bs/cm? Bs/cm?t Bs/cm? Bes/cmt
44 .4 -59.2 -3.3 26.4 -3.9 9.1

[CH3CH2---CH20HOCH>CHs]

Vo/cm?t Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm?t As/cmt

1814.4 -2.1 -195.2 -1504.0 -147.0 9.3 -20.3
Bi/cm? Bz2/cm? Bs/cm? Bs/cm? Bs/cm? Be/cm?
-61.8 4.3 12.0 7.3 -2.7 -6.6

[CHs---CH2CH20HOCH2CHs]™

Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt
989.5 -1.9 20.9 -970.2 -23.8 -3.8 -27.4

Bi/cm? Bz/cm? Bs/cm? Bsa/cm? Bs/cm? Bs/cmt
-3.2 -6.3 93.6 -1.9 -3.8 -4.6




192

iso-propanol-methanol complex

[(CH3)2CHOHO---CH3s]™

Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt

425 -0.2 -0.2 -28.3 0.2 0.1 2.2
Bi/cm?t Bz/cm?t Bs/cm? Bsa/cm?t Bs/cm? Bs/cmt
0.1 0.2 25.5 -0.2 -0.1 -0.5

[(CH3)2CHOH---OCHs]~

Vo/cm?t Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt
261.0 349 -200.3 -61.2 -40.9 -12.7 11.4

Bi/cm? Bz/cm?t Bs/cm? Bsa/cm?t Bs/cm? Bes/cmt
-17.9 16.9 -35 -18.1 -2.8 5.0

[(CH3s)2CH---OHOCHs]~

Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt

220.8 -24.4 -44.5 -102.4 9.4 -32.1 -2.6
Bi/cm? Bz/cm? Bs/cm? Bsa/cm? Bs/cm? Be/cmt
-97.2 23.1 -18.1 -21.3 11.0 7.6

[CH3---CH(CH3)OHOCHs]

Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt

1223.4 -1.4 334 -1220.5 -36.2 -0.5 -18.0
Bi/cm? Bz/cm? Bs/cm? Bsa/cm?t Bs/cm? Bs/cmt
-4.0 -3.7 45.0 -1.5 -3.9 0.8

[CH3---CH(CH3)OHOCHs]

Vo/cm?t Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm?t As/cmt
1214.0 3.6 36.3 -1211.4 -35.8 -3.7 -26.5

Bi/cm? Bz2/cm? Bs/cm? Bs/cm? Bs/cm? Be/cm?
3.3 0.9 -51.8 -2.1 2.2 -35
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tert-butanol-methanol complex

[(CH3)sCOHO---CH3]™

Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt

48.0 0.0 -04 -43.0 0.3 0.1 4.5
Bi/cm?t Bz/cm?t Bs/cm? Bsa/cm?t Bs/cm? Bs/cmt
-0.1 -0.1 -15.6 0.2 0.0 1.9

[(CH3)3COH---OCH3s]™

Vo/cm?t Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt
403.7 -109.3 -288.4 -10.6 -38.2 -45.3 17.2

Bi/cm? Bz/cm?t Bs/cm? Bsa/cm?t Bs/cm? Bes/cmt
0.0 -0.1 0.2 0.4 -0.2 -0.1

[(CH3)3C---OHOCH3]™

Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt

228.4 0.6 -2.2 -206.7 1.4 -0.3 -8.1
Bi/cm? Bz/cm? Bs/cm? Bsa/cm? Bs/cm? Be/cmt
-04 -04 -25.9 0.4 0.2 14.5

[CH3---C(CH3)20HOCHs]™

Vo/cm? Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt

1344.9 26.0 12.1 -1287.4 -43.0 8.0 -27.2
Bi/cm?® Bz2/cm? Bs/cm? Bs/cm? Bs/cm?! Be/cmt
-21.6 -14.7 -48.0 10.6 4.2 -5.8

[CH3---C(CH3)2O0HOCHSs]

Vo/ecm? Ai/cm?t Ax/em?t As/ecm?t As/cm? As/cm? As/cmt

1337.4 4.2 40.5 -1335.9 -40.3 -3.9 -36.9
Bi/cm? Bz2/cm? Bs/cm? Bs/cm? Bs/cm?! Bes/cmt
2.9 1.2 2.6 1.1 2.0 3.6

[CH3---C(CH3)20HOCHS3s]

Vo/ecm?t Ai/cm?t Ax/em?t As/ecm?t As/cm?t As/cm? As/cmt
1262.9 5.4 37.8 -1262.5 -37.1 -4.5 -38.1

Bi/cm? Bz2/cm? Bs/cm? Bs/cm? Bs/cm?! Be/cmt
0.1 0.4 -9.6 -0.2 0.0 -04




n-pentanol-methanol complex

[CH3CH2CH2CH2CH20HO---CHs]™

Vo/ecm?® Ai/cm?t Az/ecm?t As/cm?t As/cm?t As/cm?t As/cm?
18.6 0.1 0.0 11.0 -0.1 0.1 9.5
Bi/cm? B2/cm? Bs/cm? Bsa/cm? Bs/cm? Bs/cm’t
-0.1 -0.2 -26.5 0.2 -0.1 -7.1
[CH3CH2CH2CH2CH20H---OCH3]™
Vo/ecm?t Ai/em? Az/cm? As/cm? As/cm?t As/cm?t As/cm’
637.3 -297.0 -348.2 -85.7 -90.6 5.3 28.7
Bi/cm? B2/cm? Bs/cm? Bsa/cm? Bs/cm? Bs/cmt
-22.0 -90.1 0.4 36.4 4.2 0.1
[CH3CH2CH2CH2CH2---OHOCH;3]™
Vo/ecm?t Ai/em? Az/cm? As/cm? As/cm?t As/cm?t As/cm’
718.1 -125.1 -346.5 79.8 -7.3 5.7 19.2
Bi/cm?t Bz/cm?t Bs/cm? Bs/cm?t Bs/cm? Be/cmt
-209.5 86.7 81.7 -0.9 -1.2 0.3
[CH3CH2CH2CH2---CH20HOCH;3]™
Vo/ecm?t Ai/em? Az/cm? As/cm? As/cm?t As/cm?t As/cm’
1958.4 498.6 -266.8  -1350.2 -252.3 -31.2 -28.6
Bi/cm?t Bz/cm?t Bs/cm? Bs/cm?t Bs/cm? Be/cmt
143.0 92.6 1194 -16.4 -27.7 10.3
[CH3CH2CH2---CH2CH20HOCH;3]™
Vo/ecm?t Ai/em? Az/cm? As/cm?t As/cm?t As/cm?t As/cm’
2116.8 -492.9 -701.7 -1060.8 -36.3 -62.8 -70.3
Bi/cm?t Bz/cm?t Bs/cm? Bs/cm?t Bs/cm? Be/cmt
15.9 248.2 65.2 -79.5 -57.8 5.1
[CH3CH2---CH2CH2CH20HOCHS3]™
Vo/ecm? Ai/em? Az/cm? As/cm?t As/cm?t As/cm?t As/cm’
2382.1 -1070.6 -264.0 -1161.3 -256.9 -147.3 -47.5
Bi/cm?t Bz/cm? Bs/cm? Bs/cm? Bs/cm?® Bs/cm?
88.7 203.9 64.1 -89.9 9.4 25.0
[CH3---CH2CH2CH2CH20OHOCHS3]™
Vo/ecm?t Ai/em? Az/cm? As/cm?t As/cm?t As/cm?t As/cm’
992.6 -0.5 8.0 -992.5 -8.0 0.6 -6.4
Bi/cm?t Bz/cm? Bs/cm? Bs/cm? Bs/cm?® Bs/cm?
0.8 -2.7 10.7 -2.4 0.5 4.8
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iso-pentanol-methanol complex

195

[(CH3).CHCH2CH20HO---CHs]™

Vo/ecm?t Ai/em? Az/cm? As/cm? As/cm?t As/cm?t As/cm’
63.3 -0.1 -0.2 -39.6 0.3 0.0 -11.5
Bi/cm? B2/cm? Bs/cm? Bsa/cm? Bs/cm? Bs/cm’t
-0.2 -0.3 -32.7 0.2 0.1 -5.6
[(CH3).CHCH2CH20H---OCHs]~
Vo/ecm?t Ai/em? Az/cm? As/cm? As/cm?t As/cm?t As/cm’
653.2 -225.6 -335.2 -33.8 -118.4 -26.2 33.3
Bi/cm?t Bz/cm?t Bs/cm? Bs/cm?t Bs/cm? Be/cmt
11.5 93.3 2.1 -24.5 20.7 -0.8
[(CH3)2CHCH2CH2---OHOCHS3]~
Vo/ecm?t Ai/em? Az/cm? As/cm?t As/cm?t As/cm?t As/cm’
536.4 -68.2 -216.3 139.1 39.8 -27.9 -24.8
Bi/cm?t Bz/cm? Bs/cm? Bs/cm? Bs/cm?® Bs/cm?
114.4 -108.9 -80.1 18.7 30.6 -7.1
[(CH3)2CHCH2---CH2OHOCH3]™
Vo/cm?t Ai/em? Az/cm? As/cm? As/cm?t As/cm?t As/cm’
2041.7 283.8 -412.1 -1308.5 -217.5 -27.0 14.6
Bi/cm? B2/cm? Bs/cm? Bs/cm? Bs/cm? Bs/cmt
-153.4 -42.6 -102.9 20.5 34.5 4.3
[(CH3)2CH---CH2CH2OHOCH3]™
Vo/cm? Ai/em? Az/em? As/cm? As/cm?t As/cm?t As/cmt
2149.3 -632.8 24.3 -1216.5 51.8 -87.0 -110.9
Bi/cm? B2/cm? Bs/cm? Bsa/cm? Bs/cm? Bs/cm’t
389.6 -330.9 -81.5 -67.4 57.2 10.3
[CHs---CH(CH3)CH2CH20HOCHSs]~
Vo/ecm?t Ai/em? Az/cm? As/cm? As/cm?t As/cm?t As/cm’
1172.7 4.3 6.6 -1164.9 -4.0 -4.1 -27.6
Bi/cm?t Bz/cm?t Bs/cm? Bs/cm?t Bs/cm? Be/cmt
2.7 -2.3 -107.8 -3.3 1.3 -5.8
[CHs---CH(CH3)CH2CH20HOCHs]~
Vo/ecm?t Ai/em? Az/cm? As/cm?t As/cm?t As/cm?t As/cm’
1074.9 -4.4 4.0 -1074.7 -4.1 7.0 -54.3
Bi/cm?t Bz/cm? Bs/cm? Bs/cm? Bs/cm?® Bs/cm?
-2.8 0.1 21.0 -14 -3.1 13.0
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n-pentanol-methanol complex, [(CH3CH2CH2CH2CH20HOCH;3]
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n-pentanol-methanol complex, [(CH3CH2CH2CH2CH20HOCH;3]
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n-pentanol-methanol complex, [(CH3CH2CH2CH2CH20HOCH;3]
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iso-pentanol-methanol complex, [(CH3)2CHCH2CH2OHOCHs]™
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iso-pentanol-methanol complex, [(CH3)2CHCH2CH2OHOCHs]™
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iso-pentanol-methanol complex, [(CH3)2CHCH2CH2OHOCHs]™
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iso-pentanol-methanol complex, [(CH3)2CHCH2CH2OHOCHs]™

20
o [CH,---CH(CH,)CH,CH,OHOCH,]
—— Potential Fit

5 15 -

£

2

>

=

2 10 A

Ll

aQ

X

N~

[e2]

m

S 5

0 T h g T hg T
0 60 120 180 240 300 360

Dihedral Angle / Degrees



218

V. Radicals

This section provides the fitting coefficients and the plots for all the dihedral potential

energy scans in alkoxy radicals.

ethoxy radical

CH3--CH20

Vo/ecm?  Ai/em?t Ax/em?t As/ecm?t As/cm?t As/cm?t As/cmt
797.5 -0.3 4.4 -802.1 -6.3 3.8 -57.0

n-propoxy radical

CH3CH2--CH20

Vo/cmt Ar/cm?t Ax/em?t As/ecm?t As/cm?t As/cm?t As/cmt
1144.6 -108.5 -139.3 -991.1 -23.1 4.1 -45.3
CHs3--CH2CH20
Vo/cmt Ar/cm?t Ax/em?t As/ecm?t As/cm? As/cm?t As/cmt
962.3 5.1 55 -055.1 -7.1 2.7 -14.0
Bi/cm?® Bz2/cm?t Bsz/cm? Bsa/cm? Bs/cm?! Bs/cmt
1.7 3.0 -63.0 2.2 2.8 0.7

iso-propoxy radical

CHa--CH(CH3)O

Vo/cmt Ai/cm?t Az/cm?t As/cm?t As/ecm?t As/cm? As/cm’t
866.4 -4.0 9.6 -831.7 -3.3 -1.0 -12.9
Bi/cm?t Bz2/cm? Bs/cm? Bsa/cm?t Bs/cm? Bes/cm?
3.4 -2.4 -188.9 -5.0 35 -10.8
CHs--CH(CH3)O
Vo/cm? Ai/cm?t Ax/cm?t As/cm?t As/ecm?t As/cm?t As/cmt
866.4 -4.0 9.5 -831.7 -3.3 -1.0 -12.9

Bi/cm? Bz2/cm? Bs/cm? Bsa/cm? Bs/cm? Bes/cm?t
-3.4 2.4 188.9 5.0 -35 10.9




tert-butoxy radical
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CH3--C(CHs)20

As/ cmt
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Appendix B. Comparison of Relaxed Dihedral Potential Energy Scan
for Alkoxy Radical and its Corresponding Alkoxide lon

Appendix B shows the comparison of lowest energy conformer in radical species
of ethanol, n-propanol, iso-propanol, and tert-butanol with its corresponding alkoxide

ion.

20
—— Anion: CH,---CH,0"
—— Radical: CH,---CH,O

wB97X-D Energy / ki/mol
S &

a1
1

0 T T T
0 100 200 300

Dihedral Angle / Degrees



wB97X-D Energy / k/mol

wB97X-D Energy / k/mol

30
—=— Anion: CH,CH,---CH,O"
- —— Radical: CH,CH,---CH,0
20
15 A
10 A
5 B
0 T T T T T
0 60 120 180 240 300 360
Dihedral Angle / Degrees
15
—— Anion: CH,---CH,CH,O"
—— Radical: CH,---CH,CH,O
12 A
9
6 1
3 1
O T Al T Al T
0 60 120 180 240 300 360

Dihedral Angle / Degrees

226



wB97X-D Energy / k/mol

wB97X-D Energy / ki/mol

20

=
[4)]
1

=
o
1

—=— Anion: CH,---CH(CH,)O"
—— Radical: CH,---CH(CH,)O

20

T T T 1 T

60 120 180 240 300

Dihedral Angle / Degrees

360

15 4

10 4

—s— Anion: CH,---C(CH,),0"
—— Radical: CH,---C(CH,),0

100 200 300

Dihedral Angle / Degrees

227



	COVERPAGE_COMMITTEE PAGE
	Coverpage2
	dr-committee-5

	46 Dissertation

