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The gas phase reactions of atomic chlorine with hydrogen sulfide, ammonia, benzene,
and ethylene are investigated using the laser flash photolysis / resonance fluorescence
experimental technique. In addition, the Kinetics of the reverse processes for the latter two
elementary reactions are also studied experimentally. The absolute rate constants for these
processes are measured over a wide range of conditions, and the results offer new accurate
information about the reactivity and thermochemistry of these systems. The temperature
dependences of these reactions are interpreted via the Arrhenius equation, which yields
significantly negative activation energies for the reaction of the chlorine atom and hydrogen
sulfide as well as for that between the phenyl radical and hydrogen chloride. Positive activation
energies which are smaller than the overall endothermicity are measured for the reactions
between atomic chlorine with ammonia and ethylene, which suggests that the reverse processes
for these reactions also possess negative activation energies. The enthalpies of formation of the
phenyl and B-chlorovinyl radicals are assessed via the third-law method.

The stability and reactivity of each reaction system is further rationalized based on
potential energy surfaces, computed with high-level ab initio quantum mechanical methods and
refined through the inclusion of effects which arise from the special theory of relativity. Large
amounts of spin-contamination are found to result in inaccurate computed thermochemistry for
the phenyl and ethyl radicals. A reformulation of the computational approach to incorporate
spin-restricted reference wavefunctions yields computed thermochemistry in good accord with

experiment. The computed potential energy surfaces rationalize the observed negative



temperature dependences in terms of a chemical activation mechanism, and the possibility that

an energized adduct may contribute to product formation is investigated via RRKM theory.



Copyright 2009

by

lonut M. Alecu



ACKNOWLEDGEMENTS

| am eternally grateful to my major professor, Dr. IlMarshall, who has patiently
guided me throughout my academic endeavors at the Univefditgrth Texas. | have had the
pleasure of learning from him in the classroom and imgkearch laboratory, and have found
him to be equally extraordinary in both roles. His hgdpard for the scientific method,
profound knowledge of chemistry, and infectious passionffemical kinetics have inspired me
and shaped my thinking. | feel truly privileged to have thedbenefit of being mentored by a
scientist and educator of his caliber.

| am also indebted to the other members comprising mipPtommittee: Dr. Martin
Schwartz, Dr. Weston T. Borden, and Dr. Mohammad OmBmnawing upon their endless
wisdom during thought-provoking discussions has undoubtedlyef@dhmy academic
development.

| wish to thank the members of the research group @r lielp in carrying out this
research. In particular, | would like to express my girdé to Dr. Yide Gao, who aside from
assisting with the data acquisition for all four progeiatthis dissertation, has also been
instrumental in aiding me with the understanding, use, tet@amce, and troubleshooting of the
experimental apparatus. | would also like to thank PaogCHsieh for assistance with the data
acquisition for the NBCI and GHsClI projects, Andrew McLeod, Jordan Sand, and Ahmet Ors
for assistance with the data acquisition for thedCI project, Katherine Kerr, Kristopher
Thompson, and Nicole Wallace for their assistanch thie data acquisition for thed4Cl

project.



| have been very fortunate and am extremely than&fbbtve had continual support and
encouragement from my wife, Allison, my parents, Matand Rodica, and the rest of my
wonderful family.

Finally, I wish to thank the Department of Chemistrytea University of North Texas
and the Robert A. Welch Foundation (Grant B-1174) fomiimel support. | would also like to
thank the National Center for Supercomputing Applicat{@sant CHEOOO015N) and the
Center for Advanced Scientific Computing and Modeling atth&ersity of North Texas
(funded in part by the National Science Foundation widnGCHE-0342824) for computational

resources.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS . ...t e ettt e e e e e e e a e e e eennas iii
LIST OF TABLES ...t ettt e et et e e et e e et e e et e e e e et e e et e e ean e e ean e ennnas X
LIST OF ILLUSTRATIONS . ... ettt ettt e e e e e e e e e e eeans Xili
1. INTRODUCTION ...ttt e e et e e et e et e e e e e e e e eneeennns 1
2. EXPERIMENTAL TECHNIQUE..... oo 6
P20 S = - Yol (o | (0] U1 o o PP 6
2.2.  Gas Preparation and Handling ............oooiimccern e 8
2.3.  Reactor and Detection SYSLEM .........cocuuuniccmmmme e et e e e e eees 9
2.4, Data ANAlYSIS ....coeiiiiiiii e e 12
2.5.  Photochemistry of the Cl ATOM............uii e 16
2.5.1. Electronic States and TransSitionS ............cccceeeveeieiiiiinneeeeennnns 16
2.5.2. Calculation of [CRy .....oeveveiiii e, 19
2.6. Assessment of Experimental Conditions and Parameters................ 21
3. THEORETICAL MODELING ...ttt et e e e e 24.
3.1, INEFOAUCTION ettt 24.
3.2.  Computational Methodology ............ooiiiiiiiceee e, 25
3.2.1. MPWBI1K TREOIY ..cetiiiiiii et eeem e 25
3.2.2. AD INIIOMEthOAS.......coiiiiiiee e 26

3.2.3. The Correlation Consistent Basis Sets .....comeeveeeeeeeenn 27



3.3.

3.2.4. Composite Methods for Open Shell Systems .......cccccc.unn...e. 28
KINEIC ANAIYSES ... 29
3.3.1. Transition State Theory ..o, 29

3.3.2. The Lindemann-Hinshelwood Mechanism..............cccceeee.....31

3.3.3. Troe’s Empirical FormaliSm ..........ccoooiiiiiiiieiiiiii e, 35
3.3.4. Modified Transition State TheOry .............ce e eeeevnneeeennnnnn. 35
3.3.5. RRKM TREOIY ..cvuiiiiiiiieeei ettt 38

4. THE REACTION BETWEEN HYDROGEN SULFIDE AND ATOMIC CHORINE

...................................................................................................................... 48
o S 114 {0 Lo [F x4 T o PSP 48.
4.2, MethOodOlOgY ... ccoeeeniiiiii et 51

4.2.1. Measurements of Cl +43 KinetiCs ..........ccccevviviiiiiiiiininennnes 51
4.2.2. Computational Method .............ccooeiiiiiiiiiii e, 52
4.2.3. Theoretical Kinetic Model...........ccoiiiiiiiiiciii, 52
4.3. ReSUltS and DISCUSSION ... cccuuuiiiiiieieiiie e eaanns 57
G T I 1= 1 (o1 PP 57
4.3.2. Computational ANalYSIS .........cooiiviiiiiiiin et 59
4.3.3. Theoretical Kinetic ANAlySIS ........cc.iiiiiiiiieiieieee 63
N O] o o] 1 1] (o ] o PP 66
5. THE REACTION BETWEEN AMMONIA AND ATOMIC CHLORINE .............. 81

Vi



5.1, INErOTUCTION ..t 81.
I Y/ 11 g ToTo (o] (o T |V 2N 82
5.2.1. Experimental TECNNIQUE .............oiiiiiiniiiit e 82
5.2.2. Computational Method.............ccooiiiiiiiiiii 83
5.3.  Results and DiISCUSSION .......cccuuuiiiiiiiiiiiie et 84
5.3.1. Kinetics and Thermochemistry ..........cccoooviieieeeriiiiiiiiineeenn, 84
5.3.2. Computations and Kinetic Modeling ............c.ccooeeeemciiineeennnn. 86
5.4. Recent Developments and Further DiSCUSSION ... .o eevvneeiinennn.... 93
5.4.1. New Computational ReSURS ...........ccouuiiiommmmme e, 93
5.4.2. KiNetiC ANAIYSES ......iiiiiiiiiiiiee et 101
5.4.3. Proton-Coupled Electron Transfer ...........coooceceeniviniiiinnnns 104
5.5, CONCIUSIONS ...ttt ettt e e 106
6. THE REACTION BETWEEN BENZENE AND ATOMIC CHLORINE............. 115
6.1, INrOAUCTION ..ot 115
6.2.  Methodology ......ooieiiiiii e 118
6.2.1. Measurements of Cl +¢8s — HCl + GeHs ..coovveevevieeii, 118
6.2.2. Measurements ofdEls + HCl— Cl+ GsHg ...coovvvvnieeiiiiinnne. 119
6.2.3. Computational Methodology ..........cooovviiiiiiccceinin, 124
6.3.  ReSUlts and DISCUSSION .......iiiiiiiiiiieeeeeeii et 125
6.3. 1. KINELICS ...euiiiiiiiiie e e 125

vii



6.3.2. ThermoCheMISIIY .......coouuiiiiiiiii e reemm e 131

6.3.3. COMPULALIONS ....eiiiiieiiie e 135
6.4.  CONCIUSIONS ..ottt ettt e e e 156
7. THE REACTION BETWEEN ETHYLENE AND ATOMIC CHLORINE........... 171
4% R | 011 oo [§ [ox {0 o PP UUPPPPT 171
7.2, MethOdolOgy ......iiieiiiiiiii e 173
7.2.1. Experimental Method ...........coooeviiiiiiiii e, 173
7.2.2. Computational Method............ccooiiiiiiiii e, 180
7.3.  Kinetics and ThermocChemistry ..o 180
7.3.1. The Addition Channel ...........cccoouuiiiiiiii e 180
7.3.2. The Abstraction Channel...........cccooooiiiiiieeeeemn e 187
7.4.  Computational ANAlYSIS........cooiiuuiiiiiii e 189
7.4.1. The AAdItIoN PES ... e 189

7.4.2. Thermochemistry of the chloroethyl radicals ...................... 193

7.4.3. The Abstraction Channel..........cccccooiiiiiiieecmemn e 201
7.4.4. KINELIC ANAIYSIS ....uniiiiiiiieiiiie et e e e e e 203
7.5, CONCIUSIONS .....ouiiiiiiiiiii et et e s 207
8. OVERVIEW AND CONCLUSIONS ... 225
AP P EN D X A et et et anas 233
APPENDIX B ..ot ettt e e e 244



APPENDIX C

APPENDIX D

REFERENGCES ... .ot



Table 4.1. Comparison of kinetic data for Cl +o8........ccccoiiiiiiiiiiiii e 67
Table 4.2. High-pressure limiting rate constants fofS+ Cl = Al obtained via TST.......... 68
Table 4.3. Fits of kedT) Vvs. .ci data to the third-order polynomial expression log{KT))
=A+ B(rsc) + C(I’s.c|)2 + D(rs.c|)3 ................................................................... 69
Table 4.4. Unscaled frequencies, rotational constants, and relatemg of loose transition
state structure used in VTST calculations...... ..o 70
Table 4.5.  Fits of rotational constants B and C, the twisting @adging modes, and relative
energy vs.d.c data to the functiony = A+ B X eXpdti/ C)euvvvrvnenieienininnennnnenn 71
Table 4.6. Energy transfer parameters, loose transition staeepties, and equilibrium
constants for BB + Cl = AL 72
Table 4.7. Summary of measurements of the rate constafatr kCl + Hy,S............ccoevninnnniain. 73
Table 4.8. Weighted meanikvalues for Cl + HS with statistical uncertainties...............Z7
Table 4.9. Energies and zero point energies inf&r species on the PES of reaction 4.1......78
Table 4.10. Comparison of computed thermochemistry foB8I stationary points relative to
O I 3 T PSPPSR 79
Table 4.11. Energy transfer parameters, loose Gorin-type tiansstate properties, and rate
CONSEaNtS fOr rEACTION 4. 1. ... i eee e 80
Table 5.1. Summary of measurements of the rate constaior lCl + NHs..............ccocce 108
Table 5.2. Enthalpies at 0 K of stationary points on the potesetmrgy surface relative to Cl
+ NHs, derived by various methods.............oooiviiiimimmmeme e 111
Table 5.3. Energies and zero point energiesinliained with UCCSD(T)/CBS//
UCCSD(T)/aug-cc-pVTZ for reaction 5.1.........coovieiiiniiiiiiiiiiee e, 112
Table 5.4. Comparison of computed thermochemistry forJ8Hstationary points relative to
Cl At NHae e e e e e e e e e e e e e e e e e e 113
Table 5.5. Energy transfer parameters, loose hindered Gorin-tgnsition state properties,

LIST OFTABLES

and rate constants for the MEI reaction System..........ccccoeeviveiiiiiiieeneneen, 114



Table 6.1.

Table 6.2.

Table 6.3.

Table 6.4.

Table 6.5.

Table 6.6.

Table 6.7.

Table 6.8.

Table 6.9.

Table 6.10.

Table 6.11.

Table 7.1.

Table 7.2.

Table 7.3.

Table 7.4.

Table 7.5.

Table 7.6.

Table 7.7.

Table 7.8.

Summary of measurements of the rate constafatr lkCl + GHe......ovvvveeeeenen. 158
Summary of measurements of the rate constaiokCl + GDe..........ovueeeeenen 160
Summary of kinetic measurements in g € HCI system.............cccceevvvnnene 161
Summary of kinetic measurements in th&lgC+ DCl system........coooeeeeieeiinnen. 163
Thermodynamic functions foreBlg and GHs...........ccooeevvviiiiiiiiiiiiiie e 164

Experimental values for the enthalpy of formationhaf phenyl radical at 298

Energies and zero point energies inf&r species on the PES of reaction 6.1....166

Bond dissociation enthalpies and enthalpies of r@adtir reaction 6.2 at 0 K (kJ

1170] B TR 167
UCCSD(T)/ROHF energies injHor species on the PES of reaction 6.1........... 168
Energies in g for chlorocyclohexadienyl Species..............uumreeeieiiiiiieeennns 169

Energy transfer parameters, loose Gorin-type triansitate properties, and rate

constants for the gE1sCl reaction SYSteM..........c.ovuuiuiiiiiiiicceeeer e 170
Summary of kinetic measurements for Cl Hgusing CCJ precursor.............. 209
Summary of kinetic measurements for Cl Hgusing SQCI, precursor.......... 210

Summary of kinetic measurements for ClH,@ddition using gHsCl precursor
IN AT DN QAS. ..ot e 211

Summary of kinetic measurements for ClHgaddition using 6HsCI precursor
IN N2 DATN QAS....eieii e e 212

High- and low-pressure limiting rate constants obtainigd Ar bath gas and
equilibrium constant for §H, + Cl addition.............ccccooo i 213

Summary of kinetic measurements for Cl Hg abstraction using ¢EisCl
Precursor in Ar Dath gas...........e et 214

Weighted meank values for Cl + GH, abstraction with statistical
UNCEITAINTIES. ...t e ettt et e ettt e s e e e e e e e e e e eeeaeeaeeeeeeeeeees 216

Energies and zero point energies inf&r species in the £1,Cl reaction

Xi



Table 7.9.

Table 7.10.

Table 7.11.

Table 7.12.

Table 7.13.

Table 7.14.

Table 7.15.

Table Al.

Table A2.

Table A3.

Table A4.

Table A5.

Table B1.

Data for MEP of torsion in th@-chloroethyl radical.............c.coooiiiiiieeeeennns 218
Calculated entropy, heat capacity, and integrated hpatity of the torsion mode
in theB-chloroethyl radical..............ooooiii e 1@
Data for MEP of torsion in the-chloroethyl radical.............c.cccooooiiiiiieeeeennns 220
Calculated entropy, heat capacity, and integrated hpatity of the torsion mode
in thea-chloroethyl radical.............oooooiiii e 212
Comparison of computed bond dissociation enthalpie€{arbond in ethylene
with various composite methods at 0 K (KJM0L........c.ccoooeiovreeiieieee e 222

Energy transfer parameters, hindered Gorin-type transtmte properties, high-
and low- pressure limiting rate constants, and equilibgonstant for the
Multiwell RRKM analysis of the ¢H, + Cl =[3-chloroethyl radical reaction at

203 K ittt ittt ———— 2411t te e ettt aeae e s et bnteaeaanreaeaeeeaas 223
Energy transfer parameters, hindered Gorin-type transtite properties, and

rate constants for reaction 7.11...........uuuimmmmmmme oo 224
Flow rate data from the calibration of migms controller 1., 237
Flow rate data from the calibration of migms controller 2. 238
Flow rate data from the calibration of migms controller 3. 239
Flow rate data from the calibration of migms controller 4............c..oo.ooeie. 240

Slopes, uncertainties, and correlation mefits for the actual flow vs. displayed
flow ProportioNal fitS...........eeeiiiie e 241

Proportional errors and uncertainty arisiogifthe detection limits of the flow,
Pressure, and teMPEIATUIE....... ... s e e et ae et e s e e e e e e aeeanas 251

Xii



Figure 2.1.

Figure 2.2.

Figure 3.1.

Figure 3.2.

Figure 4.1.

Figure 4.2.

Figure 4.3.

Figure 4.4.

Figure 4.5.

Figure 4.6.
Figure 4.7.
Figure 4.8.

LIST OFILLUSTRATIONS

Schematic diagram of the apparatus used forflasephotolysis / resonance
flUOIESCENCE. ... e e LD

Pseudo-first-order decay coefficient for Ghenpresence of excessHg at 676
K and 69 mbar total pressure with Ar. Error bars represédnt The inset shows
the signal corresponding to the filled point..............cccooiiii i ieeaenss 15

Typical Lindemann-Hinshelwood fall-off curve fecambination reactions. The
dotted line represents the high-pressure limit for theméination rate constant
and the dashed line corresponds to the low-pressure linthdaate constant...34

Representation of typical PES for the reacystems studied in this dissertation
thought to proceed via a chemical activation mechaniBne terms defined on
the PES pertain to RRKM theory and the unlabeled haiatdines designate
vibrational energy levels of the adduct [AB]........c..cocoiiiiiiiiimmee e 37

Plot of kys1 vs [H:S] obtained at 536 K and 21 mbar. The error bars areThe
inset shows the decay of fluorescence signal plus backdjcarnesponding to
the filled POINt.......o. 51

Plot of the temperature-specific high-pressoniéirig rate constants as a function
of the S — Cl distance in the loose TS: filled squa8&K; open squares 350 K;
filled circles 400 K; open circles 500 K; filled triangles 700dgen triangles
1000 K; stars 1500 K; lines represent fits to temperature-gpdatifa................ 54

Plot of rotational constants B and C as aiiamof the S — Cl distance in the
loose TS: open squares rotational constant B; filledleglrotational constant C;
dashed line fit to rotational constant B data; dotted lint® fiotational constant C

Plot of the two lowest frequencies as a fanaif the S — Cl distance in the loose
TS: open squares twisting mode; filled circles wagging mddshed line fit to
twisting mode data; dotted line fit to wagging mode data...............ccceeeeeeneee. 55

Plot of relative UCCSD(T)/CBS aug energy amation of the S — Cl distance
in the loose TS.. . . : .55

Arrhenius plot of the high-pressure-limiting @astants for A1 = & + Cl....56
Arrhenius plot of the high-pressure-limiting @astants for A1 = SH + HCI..56

Arrhenius plot for Cl +43. Each point represents the weighted average of the
measurements at that temperature. Errors bars repte2ent................... 58

Xiii



Figure 4.9.

Figure 4.10.

Figure 4.11.

Figure 4.12.

Figure 4.13.

Figure 5.1.

Figure 5.2.

Figure 5.3.

Figure 5.4.

Figure 5.5.

Arrhenius plot of kinetic data for Cl +43 with Zs error bars: filled square ref.
108 gpen circle ref*’”: open triangle ref:** open square ref' filled diamond
ref. 1% filled triangle ref!!’. open diamond ref!? filled circle ref.*® star
current 1170 ] PSPPI 59

Species involved in theS€I reaction system. Geometrical parameters were
obtained with QCISD/6-311G(d,p) theory. The values inngheses represent
the relative CCSD(T)/CBS-aug enthalpies in kJhatl 0 K, and also include
relativistic and core-valence effects. The valudgsdigor individual fragments of
a product set represent the total enthalpy differentvecles the product set and
the TEACTANTS.... .. i e e e e e e e e e s 60

Potential energy diagram of th&@&l system obtained with CCSD(T)/CBS-aug

Simplified potential energy diagram of th&E1 system used for RRKM
calculations, obtained with CCSD(T)/CBS-aug theory.......................... 62...

Arrhenius plots of the rate constant obtaimet,S + Cl = SH + HCI. Open
circles: experimental data pointso(Bncertainties). Bold line: TST result.
Dashed line: RRKM result using sums of states for bb#imoels. Dotted line:
RRKM with ILT for the loose transition state chann&lash-dot line: RRKM
result with Gorin-type TS (S eXE)..m i iuiuiuiiiiiiiiae e eeiee e 65

Plot of kys1 vs. [NHs] obtained at 357 K. The error bars ace The inset shows
the fluorescence signal plus background corresponding tiilléd point........ 83

Arrhenius plot for Cl + NHOpen circles, present measurements witlertor
bars; solid square, measurement by Westenberg and d€Haas................ 85

Geometries and frequencies (scaled by 0.955) iohatgtpoints on the Cl +
NH3 potential energy surface, computed via MPWB1K/6-31++G(2df/&mry.

1. Gav NH3, 977, 1610 (2), 3440, 3576 (2) ¢n®. HCI, 2932 cnt; 3. G NHs,
1475, 3332, 3427 ch 4. Gy CI-NH; adduct (A3), 297, 342 (2), 817, 1570 (2),
3466, 3614 (2) cift 5. G abstraction transition state (Abs TS), 622i, 391, 400,
677, 984, 1180, 1502, 3376, 348156. G HoN-HCI complex (A2), 153, 156,
185, 556, 577, 1472, 2568, 3358, 3461 CM........cevvvieiie e, 89

Potential energy diagram for Cl +J\tedmputed at the MPWB1K/6-
31++G(2df,2p) level of theory...... ..o e 90

Comparison of theoretical and measured ragtacds. Solid line, K(MTST) for
NH + HCI; dashed line, 1I@MTST) for Cl + NHs; dash-dot line, experlmentag_l k
for Cl + NHs... .92

Xiv



Figure 5.6.

Figure 5.7.

Figure 5.8.

Figure 5.9.

Figure 6.1.

Figure 6.2.

Figure 6.3.

Figure 6.4.

Figure 6.5.

Figure 6.6.

Figure 6.7.

Relaxed scans of CI-N-H angle in theNE;Cl system. Dash-dot line:
MPWB1K/MG3; solid line: MPWB1K/6-31+G(2df,2p); bold line: MPVYIR/6-
31+G(d,p); dashed line: B3LYP/6-31+G(d,p); dotted line: B3LYP/6-
BLLAG(BAF,2P) teteeeerieieieie et ————————————— 95

Species in the N§Cl reaction system. Geometrical parameters wetaredal
with UCCSD(T)/aug-cc-pVTZ theory. The values in pares#s represent the
relative CCSD(T)/CBS-aug enthalpies in kJ that 0 K, and also include
relativistic and core-valence effects. The valudgedigor NH and HCI each
represent the enthalpy difference between {MHCI) — (NH; + Cl)............ 100

Potential energy diagram for Cl + Nidomputed with UCCSD(T)/CBS//
UCCSD(T)/aug-CC-PVTZ tNEOIY e e e e e e ee e 101

Arrhenius plot for NH + CI. Open circles (+d) and solid line: Gao et 4f;
dotted line: VTST result from Xu and Li* dashed line: present TST result
with a Wigner tunneling correction; dash-dot line: Wignerrected RRKM
result based on hindered Gorin-type TS........ooiiiiiiiii e, 103

Pseudo-first-order decay coefficient for Cl in the pneg of excessgls at 676
K and 69 mbar total pressure with Ar. Error bars represédnt The inset shows
the signal corresponding to the filled point..............coooiiiiii 119

First order rates in fit to Cl growth and decay in@#s + HCI reaction at 294 K
and 65 total pressure with Ar. Circleg[HCI]; open triangles: ¥CsHsl] + Ks;
solid squares: kCqHsl]; solid line: fit to k[HCI] data; dashed line: fit to :

k4 CsHsl] + ks data; dotted line: fit todkCeHsl] data. Error bars represent ¢.1

Example of fit to Cl growth and decay digbackground subtracted) at 294 K.
The central line is the best fit, and the upper and ldiwes represent the effect
of increasing or reducing the B parameter by 30%, taken toxpyate + 2.124

Dependence of observeadik laser photolysis energy F at 622 K. Error bars
FEPIESENT £ Q... e e e 126

Arrhenius plot of land k. Open circles and square: CI $Hg, this work and
Sokolov et al.; filled circles: Cl +¢Dg, this work. Error bars represent &.2127

Arrhenius plot otland ky,. Open circles: HCI + gHs; filled circles: DCI +
CeHs. Error bars represent 51, .......oeeii i 129

Arrhenius plot ofKor the CI + GHsl reaction, solid circles (upper limit) and
line, and k for the GHs + GsHsl reaction, open circles withslerror bars...... 129

XV



Figure 6.8.

Figure 6.9.

Figure 6.10.

Figure 6.11.

Figure 6.12.

Figure 6.13.

Figure 6.14.

Figure 6.15.

Figure 6.16.

Figure 7.1.

van’t Hoff plot for the equilibrium constaf Cl + GHs = HCI + GHs (solid
line, experiment; dashed line, third law fit witkH.0s = 40.5 kJ mét constrained
to pass through computedszga/R) Dotted lines indicata,Hzgs = 38.0 kJ mot
and 43.0 kJ md... s 132

Stationary points for reaction 6.1. Boldesmare QCISD/6-311G(d,p) results
and italicized values indicate results obtained with MBAK/MG3 theory.
Prime quantities are exclusive to MPWB1K/MG3 theory. udalin parentheses
are CCSD(T)/CBS enthalpies of product set relativegafipropriate reactants
INKJ MNOT GO K.ttt ee et 136

Linear plot of the experimental versus the unscaled QG&3D1G(d,p)
vibrational frequencies of benzene constrained to go thrthagbrigin.......... 141

Linear plot of the experimental versus the unscaled QG3D1G(d,p)
vibrational frequencies of phenyl constrained to go througbtige........... 142

Effects of increasing the basis set size in a QCl&Butation for determining the
bond strength Of HCI........o o e 145

Chlorocyclohexadienyl structures. Bold values indic@@&SD/6-311G(d,p)
theory and italicized values correspond to MPWB1K/MG3 the&alues in
parentheses represent CCSD(T)/CBS enthalpies in kJandl K relative to Cl +

P.E. diagram for reaction 6.1 obtained with MPWB1K/MG3 tiied he solid
line corresponds to the classical energies, and the dotecpresents the PES
including scaled ZPEs and the spin-orbit correction ferGhatom............... 152

P.E. diagram for reaction 6.1 obtained with QCISD/6-311G(tgnry. The

solid line corresponds to the classical energiestladotted line represents the
PES including scaled ZPEs and the spin-orbit corre@iothe Cl atom. The
bold line represents CCSD(T)/CBS results including QC8s¥¥1G(d,p) ZPEs
[T () ORI 152

Arrhenius plot of GHs + HCl rate constants. Solid line: experiment,'réf.

dashed line: modified TST, ré¥*2%* dotted line: RRKM based on hindered
Gorin-type TS with hindrance fitted to match hard spheeeganstants (see

text); dash-dott line: RRKM based on hindered Gorin-type B indrance

fitted to match experimentab) (SEE tEXL) . .euuuwururiiiiiiiie e 154

Plot of kys1vs. [GH4] with CCls precursor at 292 K and 67 mbar Ar pressure.

The inset shows the exponential decay of [CI] aHif= 3.8 x 18° molecules
T T et ettt ettt ettt ettt ettt et et ettt e et et 176

XVi



Figure 7.2a.

Figure 7.2b.

Figure 7.3.

Figure 7.4.

Figure 7.5.

Figure 7.6.

Figure 7.7.

Figure 7.8.

Figure 7.9.

Figure 7.10.

Figure 7.11.

Figure 7.12.

Plot of k[C2H4] vs. [GH4] with CgHsCl precursor at 400 K and 133 mbar Ar
pressure. The inset shows the bi-exponential decayljod{{iC,H,] = 1.4 x 16*
MOIECUIES CIM... e, 178

The above decay plotted on a log scale to highlighbitlexponential
DENAVION. ... e e 178

Plot of k1 vs. [GH4] with CsHsCl precursor at 610 K and 200 mbar Ar pressure.
The inset shows the exponential decay of [CI] aH|f= 2.2 x 16* molecules

Fall-off of the observed second-ordergatstant for Cl + ¢H, as a function of
[Ar] at 294 K average temperature. Open circles représemtata obtained with
SQO,ClI, precursor, filled squares correspond to data obtained WithpgZecursor,
and open triangles indicate data obtained with usittsC as a precursor......182

Fall-off of the observed second-order rate constantfa- GH,4 as a function of
[N,] at 292 K. Filled circles represent the data of Kaéset Wallingtorf’22%°
open circles represent current work, and line is Trde fitur data using&n:=

0 PR URPRPRPUPPPRPPRIN 182

Fall-off of the observed second-ordercanstant for Cl + €H, as a function of
[Ar] at 293 K average temperature. Open circles repré&3€htprecursor data,
filled squares correspondidsCl precursor data, and line is Troe fit to combined

data using Fent= 0.6....oeoiiiiii ... 183
Temperature dependence of the low-pressuradjmate constant for £, +

G PR 184
van’t Hoff plot for Cl addition to;84.........ccoveiiiii ... 186

Arrhenius plot for Cl +,8,4 abstraction. Each point represents the weighted
average of the measurements at that temperature. Haroare +@............ 188

Arrhenius plot of kinetic data for Cl +,8, abstraction: solid line ref**; filled
circles ref?*”; open triangles ref®. filled triangles ref?*® open squares ref*.
filled square ref*® open circles current work; dashed line TST with Wigner
tunneling correction; dotted line RRKM based on hindered Ggpa-TS; dash-
dot line RRKM based on hindered Gorin-type TS with correetpdlibrium
constant for gHz + HCl = A2. Errorbarsare 40l.............ccceeveiieiiniann, 188

PE diagram for addition of Cl to,84 obtained with CCSD(T)/CBS-aug



Figure 7.13.

Figure 7.14.

Figure 7.15.

Figure 7.16.

Figure 7.17.

Figure 7.18.

Figure 7.19.

Figure 7.20.

Figure 7.21.

Figure Al.

Figure A2.

Figure A3.

Figure A4.

Species in the £1,Cl reaction system. Geometries were obtained with
QCISD/6-311G(d,p) theory. Values in parentheses areveel@CSD(T)/CBS-
aug enthalpies of each product set in kJhaal0 K, with relativistic and core-
ValENCE EffECTS. ... .t e e 191

Transition states for torsion and inversion indkend(-chloroethyl radicals
obtained with QCISD/6-311G(d,p) theory.........cooiiiiii e 195

Contour map of the PES (kJ rifpffor the torsion and inversion modes of fhe
chloroethyl radical obtained with QCISD/6-311G(d,p) theddyashed line
representsS the MEP ..........o s 196

Three-dimensional representation of the PES for tisotoand inversion modes
of the3-chloroethyl radical obtained with QCISD/6-311G(d,p) theory....... 6.19

Potential energy diagram for the torsior#chloroethyl radical computed with
QCISD/6-311G(d,p) theory, and anharmonic energy levels........................ 197

Contour map of the PES (kJ rifpffor the torsion and inversion modes of the
chloroethyl radical obtained with QCISD/6-311G(d,p) theddyashed line
represSents the MEP ... ... et e 199

Three-dimensional representation of the PES for tisotoand inversion modes
of thea-chloroethyl radical obtained with QCISD/6-311G(d,p) theory.....199

Potential energy diagram for the torsioraithloroethyl radical computed with
QCISD/6-311G(d,p) theory, and anharmonic energy levels................. 200..

Comparison of experimental and RRKM second-order ratstaots for addition
in the fall-off region, at 293 K. Open circles: expezital data £ & in Ar bath
gas; filled circles: experimental data & th N, bath gas; solid line: empirical
Troe fit to Ar data; bold line: empirical Troe fit to,Mata; dashed line: RRKM
result for Ar; dotted line: RRKM result foraN. ..., 205

Actual flow vs. displayed flow data for flow contr@il1l. The line represents the
constrained proportional fit.............oeoii oo 242

Actual flow vs. displayed flow data for flow conlley 2. The line represents the
constrained proportional fit...........ccooiiiii i 242

Actual flow vs. displayed flow data for flow contralld. The line represents the
constrained proportional fit.............ccoviiiii it . 243

Actual flow vs. displayed flow data fondi@ontroller 4. The line represents the
constrained proportional fit..........c..c.oeiiii i 243



Figure B1.

Pseudo-first-order decay coefficient fomGhe presence of excesgHg at 676
K and 69 mbar total pressure with Ar. Error bars represédnt The inset shows
the signal corresponding to the filled point..............coooii i 248

XiX



CHAPTER 1

INTRODUCTION

The chlorine atom belongs to the highly reactive classeefradicals, which are species
that possess an unpaired electron, and are often aletedeas open-shell systefrfs Chlorine
atoms have been implicated in important processesasustirface etching, chemical laser
operation, and, most notably, ozone layer depletfom light of their notorious effect on the
ozone layer, an accurate assessment of the reactivatylorine atoms towards other
atmospherically relevant species becomes importariéctivie experimental and computational
techniques for accurately treating such systems of ogecéire discussed in chapters 2 and 3,
respectively.

The reaction of hydrogen sulfide with chlorine atoms, wisdine subject of chapter 4, is
not only relevant in the Earth’s stratosphere but ialsbe lower atmosphere of Venus. On
Earth, hydrogen sulfide can be generated in local higherarations in the stratosphere as a
result of volcanic eruptions. For example, recent nmegsents of KIS concentrations by UV
spectroscopy at volcanic sites in Italy have shownttha quantity can be on the order of
hundreds of parts per million (much larger than its ayeratmospheric concentration of just
fractions of a part per billion), and is between two te¢himes more abundant than,SCOn
Venus, where hydrogen sulfide is more abundant, studiessumgested a coupling between

chlorine and sulfur chemistri€g.



The reactions between chlorine atoms and another atmasglyesignificant species -
ammonia, are explored in chapter 5. Ammonia constastigpes into the atmosphere as a result
of the volatilization of nitrogen-containing organic comapds such as urea, which are formed
through bacterial decomposition of soil fertiliz&rés early as the late 1960s, it was recognized
that in terms of natural abundance among nitrogen-conggspecies being released into the
atmosphere, ammonia is second only to nitrous oXiBeie to its abundance and short residence
time in the atmosphere, ammonia is important in tmeiggion of nitrogen atoms via sun-
powered photolysis, and participates in their circulativough the atmosphefeAside from
atmospheric applications, the reaction between ammaodigldorine atoms has also generated
interest from the field of propulsion kinetics, as amraanperchlorate is a widely used modern
propellant'® Finally, ammonia has been implicated in interstelteemistry and has also been
found in the atmospheres of other planets such as Jugdtern, and Urands$:™*?

The interaction between chlorine atoms and non-methgm@carbons such as ethylene
and benzene in the atmosphere will change its conmgsithich can lead to reduced
stratospheric ozone layer destruction and alteratioti®istability of the environmeft.
Combustion processes such as the incineration of ohted wastes and fuel contaminants
release chlorine atoms, providing another context facti@ens between these free radicals and
hydrocarbons, though under much different external comditf*> The chlorination of
hydrocarbons leftover from the incomplete combustibarganic waste is particularly
significant when the ratio of H to Cl atoms is lowsulting in the release of undesirable side
products into the atmosphére The reactions between chlorine atoms with benzede a

ethylene are examined in chapters 6 and 7, respectively.



The goal of these projects is to simulate environmentsagito those in the regions of
interest of the atmosphere and in various combustiocegses. This is achieved by varying
conditions such as temperature, pressure, and the ¢aiers of the species of interest in the
reactor. The chlorine atoms are generated photolytigallyltra violet pulsed laser radiation,
and their relative concentration is monitored as a fonaif time. This technique (which is
described in more detall in chapter 2) is known as flastgbysis, and due to its considerable
value and practicality in the field of radical kinetid&rrish and Porter were awarded the Nobel
prize in 1967 for its developmetit. The ensuing results from these experiments not onlyige
more accurate rate constants than previously availalhe tecientific community, but also
encompass larger ranges of conditions, resulting ire ragtensive studies than in the past. In
many cases, these comprehensive studies have revealatforemation about the system in
guestion, such as Arrhenius parameters, which provide fundahmesight into important
chemical details such as the nature of the transstiate. In fact, the benzene reaction has only
been previously investigated at room temperature, and ong ke study has been reported in
the case of the ammonia reaction, also focusing just@m temperature. It is important to
examine the behavior of reactions over a wide rangengddeature as this leads to useful
information such as activation energies and thermuodtey, which are the fundamental
concepts used to interpret a system’s reactivity arulisga One of the most noteworthy
discoveries has been that the reverse of the bemehehlorine atom abstraction reaction,
which involves the phenyl radical and hydrogen chloride anchéaesr been studied before,
yielded a significantly negative activation energy. Tifian unusual result, as activation

energies are generally expected to be positive fosicsabstraction reactionS.



Furthermore, the experiments are supplemented with bigh-theoretical quantum
mechanical computations using the chemistry departmeatts-gt-the-art computational
resources. As with the experiments, these theatetiadies have provided more accurate and
extensive information regarding the systems of intéhast can be found in the existing
literature, and in some cases, completely pioneerindtsess none were previously available. A
description of the computational methodologies emplogeatidse studies constitutes the content
of chapter 3. Theoretical computations can be useddalatd barriers to reactions and their
thermochemistry, making it even more desirable thaetiggiantities also be determined
experimentally to have a basis for comparison betwesory and experiment. Computational
methods found to be accurate can then be used as a peetbaiivn future projects, and have in
many cases already helped immensely in elucidating tbbanesm of the reactions in question.
For example, high-level computations have rationalizechélgative activation energy for the
phenyl radical and hydrogen chloride observed experimentatiyhave also shown that the
reverse reactions of all of the abstraction reastmmprising this dissertation should also
possess negative activation energies, with the exceptitne HSCI system, in which
computations have validated the observed negative activaergy for the forward reaction.

In certain instances, however, it has been found tmaé sisually accurate and frequently
used computational methods fail to describe a system dgrréor example, during the
computational study of the benzene / chlorine atom syptesented in chapter 6, it has been
found that many mainstream computational methods significeniscalculate the carbon-
hydrogen bond strength in benzene, a quantity that mpdritance due to the many uses of
benzene in the industry. This has been attributecetéattt that when a carbon-hydrogen bond is

cleaved in benzene, the ensuing phenyl radical thatngefi is not described correctly by the



typical spin unrestricted reference wavefunctions eygaldy most electronic structure
methods, as these wavefunctions are affected by spiamination:’ Therefore, several less
frequently employed methods relying on restricted referevavefunctions have been
investigated in the study, and have been found to perforter béonsequently, the study has
emphasized the value of using methods that rely onatestnieference wavefunctions in order to
eliminate spin-contamination and give accurate resuéts r difficult to treat species such as

the phenyl radical and similar systems.



CHAPTER 2

EXPERIMENTAL TECHNIQUE

2.1. Background

Since its development in the late 1940s by Norrish an@Rdldsh photolysis has
proven to be a very valuable kinetic technique. Unlike teghes relying on flow systems, flash
photolysis is not affected by mixing times nor limitedhe low pressure regime. Furthermore,
because flash photolysis typically occurs in the cewitarreactor, other complications that
generally arise in flow methods, such as heterogenetaigsia from interactions between the
reactants and the reactor wall are not an issueseldvantages of flash photolysis coupled
with its relative ease of implementation have establil it as a powerful method not only for
investigating reactions in the gas phase, but also aisiamthe study of liquid kinetics.

Flash photolysis is based upon the notion that energktitons directed toward a pair of
species that are initially inert toward one anotheralger one of the species in a way that makes
it labile toward the other, thus initiating a chemiazdation. The transient species usually
produced by flash photolysis are atoms, molecular a¢gjior reactive excited states, the
concentration of which can then be monitored as aifumof time. The limitation regarding
time scales of the reactions that can be investigatdtit the reactions must occur slower than
the duration of the light pulse produced by the photolysiscep however, with modern lasers
capable of producing intense light pulses that last naonds®r less, the range of potential

reactions for study is continually increasing.



Detection techniques for flash photolysis experiments s the capacity to respond
to rapidly changing concentrations as the reactions stedie occur very fast. Upon initiation,
the course of the reaction can be followed by eithembsorption or fluorescence of the
transient species. In the present case, the expgahu=sign is set up for monitoring
fluorescence, and more specifically: resonance fleeree (RF). Resonance fluorescence is the
process of irradiating a species with photons of tlaeteanergy that it in turn emits, and it was
first combined with flash photolysis to measure absohite constants by Braun and Lenzi in
19671% Resonance fluorescence is primarily used for detgetid monitoring atomic species
because they possess sharp transitions that are generglgtom-specific; the likelihood of
two atomic species having the same transition is veryl.siRasonance fluorescence can also be
implemented in the case of molecules which are knovexhibit sharp transitions as well,
however, RF has been largely replaced by laser indluwae$cence (LIF) in the case of such
molecular radicals due to the higher intensities thatbeaachieved with the latter methd.

Resonance fluorescence is achieved by passing a bath gaisiogrnirace amounts of
precursors to the same species formed in the reactagthia microwave discharge flow lamp,
also known as a resonance lamp. The microwave dgeltauses some of the precursor
molecules to dissociate, and subsequent collisions anéibralization reactions with ions or
electrons in the plasma excite a fraction of thaskcals to a higher electronic state. Because the
lifetime for emission of the upper electronic statéhim species used for RF is short (25)
when compared to that of quenching (2H), these excited species primarily return to the
ground state via fluorescence, and some of the emittednzhate directed into the reactor
through a channel that is at a right angle to the pulsdidtion coming in from the photolysis

laser. These photons are of the exact energy ndedde radicals inside the reactor to undergo



the same specific electronic transition (resonansstrian) that the same radicals in the
microwave flow lamp underwent, and so they are absabddventually emitted once more —
hence the term resonance fluorescence. This fluoresde emitted isotropically throughout the
reactor, and the relative photon intensity can bectiedeand converted into a real-time viewable

signal by a very sensitive transducer known as a photpirer tube (PMT).

2.2. Gas Preparation and Handling

Partial pressures rather than concentrations may lbetaisgiantify substances in the gas
phase. One of the reactants and the photolytic preciarsloe second reactant are each
separately introduced into a Pyrex vacuum line that wasukefgr high vacuum (pressur&.0
x 10° torr). Some reactants are naturally in the gas phasem temperature, while others are
liquids and have to be introduced via cold traps onto thewadine and must first be purified
by at least two freeze-pump-thaw cycles before uses drbicedure entails submerging the trap
in a liquid nitrogen bath, allowing the reagent to freemd,taen vacuuming off the remaining
more volatile impurities. The vapor given off by théigaids (or the gaseous reactant) can then
be manipulated along the vacuum line to a glass bulb whese tfases are mixed with a large
excess of Ar to a pressure of roughly 1000 torr. The anafuapor introduced in each glass
bulb depends on the desired reactant concentrationnandst cases, the partial pressure of the
reactant is within the range of 2 — 20 torr. Pressueesnaasured with a capacitance manometer
system (MKS Instruments Type 226A). These mixturestred for several hours in order to
allow for thorough mixing before use.

The ensuing homogeneous reactant/Ar mixture and the pre@rrsaxture are then

pre-mixed in the rear-tube of the vacuum line by releas#®t aredetermined flow of each from



their respective bulbs through mass flow controller&@Mnstruments Types 1159A and
1159B). The mass flow controllers are typically calibdaat the outset of each new project
following the procedure described in Appendix A. Typital rates used are within the range
of 0-50 sccm (standard cubic cm) of either the reactamtemursor in Ar, and 100-1000 sccm of
Ar (bath gas). A brief discussion on the sccm uhiheasurement can also be found in
Appendix A. After combining in the rear-tube, the subseqgastmixture flows into the reactor
described in the next section. The pressure of théoreigaalso measured with the capacitance
manometer system, and it can be adjusted to the des#sslpe by controlling the reactor exit

valve.

2.3. Reactor and Detection System

The reactor is composed of three identical stainlesd sylindrical tubes bisecting one
another in a manner that makes them mutually perpeadi@ad shown in Figure 2.1. The
intersection region of the tubes establishes a rougttlicceaction zone of 8 ¢m The resultant
six side arms are each 11 cm long, as measured froreatigon zone boundaries, with an inner
diameter of 2.2 cm. Nichrome resistance heating wlegtrically insulated with ceramic beads,
was wrapped along the inner 7 cm portion of each side Aroubic thermally insulating box,

20 cm on a side, made of 2.5 cm thick alumina boards (Zheatucts ZAL-50) houses the
reactor almost in its entirety, with only the outesnl1.5 cm portion of each side arm extending
past the insulation. These terminal sections of sagharm are continuously water-cooled, and
connections to the end of each side arm are made thebaigthard 1ISO NW25 KF fittings.

Pulsed radiation from the laser enters the reactaglatangles to the continuous probe

resonance radiation, and fluorescence is detected theoogtiually perpendicular side arm.



Two of the side arms are used for conducting the gas mixii@nd out of the reactor while
another serves as a port for a thermocouple. Theéhgltedype K thermocouple
(chromel/alumel) is used to monitor the gas temperatsrge the reaction zone, which is
displayed on an Omega DP 285 readout. This thermocaupde shielded against radiative heat
exchange with the walls of the reactor, which caroihice radiation errors. Separate
experiments to derive empirical corrections have bedmedtpreviously’® and an uncertainty
of £ 2 % for the corrected temperature was recommendld.thermocouple is removed from
the reaction zone during kinetic measurements. A sesiog@thed thermocouple is placed
outside the reactor for temperature control (Omega CN 3@IB8K A range from room
temperature to over 1100 K can be achieved in this apparatasking with thermally stable
reagents.

The resonance radiation is produced from a flow of apprataly 0.2 torr of a dilution of
0.1% of C} in Ar through a microwave discharge flow lamp operate2Dab0 Watts. The
discharge is initiated with a Tesla coil, and the fligwgas is constantly removed from the lamp
by a rotary pump (Welch Model 1399). Calcium fluoride optics used to block any H-atom
radiation at 121.6 nm that might be excited by trace irtiparin the resonance lamp while also
transmitting photons from the electronic transition€b&atoms (which occur in the range of 134
— 140 nm). The intensity of the fluorescence is monitorea s$xylar-blind UV PMT
(Hamamatsu R212) powered by a Bertran Model 215 power supplsendutput was set at
2490 V in the present case. The PMT is mounted ontee#war perpendicularly to both the
port through which the light from the microwave flownia enters and the port through which
the radiation from the laser enters in order to minénhe interference from these sources. As

can be seen from Figure 1, the PMT is connected to autempontrolled multichannel scaler
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(EG&G Ortec ACE) via a preamplifier/discriminator (MModel F-100T) to count emitted
photons as a function of time. The preamplifier/dmmator’s detection threshold for current
signal pulses arriving from the PMT has been calibriddidter out weak current signal pulses
generated as a result of thermally displaced elecfronsthe PMT and to achieve the optimal
signal-to-noise ratio. Current signal pulses abogedhheshold are converted into voltage signal
pulses, amplified, and then sent to the multichanndg¢isc&ignals following 50-5,000 laser
pulses are accumulated and analyzed on a computerimihg of the experiments is controlled
by a digital delay/pulse generator (Stanford Researde®gs DG 535), which triggers the
excimer laser (MPB PSX-100 or Lambda Physik Compex 102, bezss section 7 x 8 nfin
ahead of the multichannel scaler to allow measurenfdahe steady background signal that

arises from scattered light from the resonance lamp.
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DISCRIMINATOR [P scaLer [P] COMPUTER
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=
- MgF, WINDO
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MICROWAVE FLOW LAMP

Figure 2.1. Schematic diagram of the apparatus used forflasephotolysis / resonance
fluorescence.
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In the reaction zone, the precursors are photolyzedhanensuing transient species
initiate the chemical reaction of interest, the seusf which can then be followed by resonance
fluorescence. The gas mixtures described in the preseti®n are flowed slowly through the
reactor so that a fresh sample reaches the reattimnbefore each photolysis pulse, thus
avoiding the accumulation and interference of reagtimalucts in the reaction zone. As
previously mentioned, the reagents are diluted in a largese»of argon, which thermalizes the
radicals generated, increases the heat capacity gathmixture to maintain isothermal
conditions during the reactions, and slows diffusiotheftransient radicals to the reactor
surfaces. The average time spent by the gases indtt&rezone is long compared to the time

scale of the reaction (~1 ms), so that the reastkinetically equivalent to a static system.

2.4. Data Analysis

Formally, all of the elementary reactions considenettiis work are second order
bimolecular processes, so the rate of reaction in ease depends on the concentrations of both
the reactant and the photolytically-generated transgsties. For example, when benzene
reacts with the chorine atom with a rate constansuch that

C.H, + CI O - products (2.1)
the overall rate of reaction (or the rate of chlodmgs with respect to time) is expected to depend
on the concentrations of both species in the mannevrshiequation 2.2.

Rate= d[Cl]/dt = —k,[CI][C,H,] (2.2)
This equation can be integrated and solved to yield

1, (o xICeHl)

= klt 2.3
[CeHe]o _[Cl]o ([CeHe]o X[Cl]t) ( )
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where the subscripts 0 and t indicate concentratiotisi@tO and time t, respectively. In

addition to being consumed via a second order reachiertrdnsient species can also be lost
through diffusion and any reaction with photolysis fragtegso equation 2.4 must also be added
to the mechanism

CI[I¥ - loss (2.4)

The rate of chlorine loss for the two step mechanisnpeosed of equations 2.1 and 2.4 is given
by

d[Cl]/dt = -k, [Cl][C,H,] - K'[C]] (2.5)
where, k is the second order rate constant and the constast&unts for the rate of Cl loss via
diffusion and any secondary processes such as readtiophetolysis fragments. Equation 2.5
can only be solved analytically in cases in whichdiwecentration of the two species can be
related, such as when both the initial concentratiom&mown?*

In second order kinetic processes involving photolyticallyegated radicals, the initial
concentration of these transient species at timethédiately following the photolysis of the
precursor) must be approximated based on photochemical aatsids. Certainly, in cases
where the photochemistry of the precursor is welldistzed in the literature, it is possible to
approximate the concentration of the transient spearessuch calculations along with other
photochemically-related considerations are outline@atien 2.5. However, one is unlikely to
find detailed photochemical information that spans thieeerange of experimental conditions,
regardless of the molecule in question. Furthermeen eshen some information is available,
error margins of typically at least 20% end up accompanyingaleelated transient

concentration due to the propagation of large uncertaiaisociated with photochemical
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measurements. Therefore, it seems sensible to tryise e experimental design to yield first
order kinetics in order to eliminate the need to know g1 simplify the data analysis.

The desired simplification can be achieved by floodimgsystem with a much higher
concentration of the other reactant relative to tiahe transient species. In the scenario above,
if the concentration of Cl is much smaller than thiabenzene, the second order rate constant k
can be combined with the essentially unchangingi§fCand k' into an effective rate coefficient
kps1, yielding first order kinetics as shown in equation ZBWw. This is known as the pseudo-

first order approximation, angd is often referred to as the pseudo-first order decafficieat.
d[Cl}/dt = -k,[CI][C;He] -k [Cl] =~k i [Cl] (2.6)
where
Kps = Ki[CoHo] - K 2.7)

The fluorescence intensity signal from the transientispdieing monitored, Cl, is
proportional to its concentration, thugdcan be directly obtained from fitting to the intepsit
signal as a function of time. Some of the light fribva resonance lamp is scattered throughout
the reactor, and because this light source is contintiuas;reates a steady background signal
B, so that for the general mechanism described aboxéotdl signal intensity tan be
expressed as

|, =Ae ™ +B (2.8)
where A and B are both constants. A non-lineastlequares fitting algorithih?®is used to fit
the fluorescence signal temporal profiles to equa?i.8, yielding ks and its uncertainty. More
sophisticated methods for analyzing the fluoreseesignal are implemented (and are discussed
in later chapters) for more complex mechanismdh sischose proposed for HCI $Hg in

chapter 6 and Cl + B4 in chapter 7.
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The accuracy limits for the concentration of thectaat in excess, benzene, are assessed

from the propagation of the uncertainties in relevant gfiesas shown in equation 2.9

) . ) ) ) , 1/2
c tot FegHs G tot Gabulb o
O ceHs] = [CGHG]X ( PP ] + Fc ] +(FL] +(—ab ij +(?Tj (2.9)
tot <He tot u

where the squared terms in parentheses representdhéoequantity ratios of the total pressure,

the flow of benzene, the total flow, the dilution catand the temperature, respectively. A
justification of this result and other consideratiorgarding the treatment of uncertainties are
presented in Appendix B.

Typically, ki1 is obtained at five different concentrations of thactant in excess at each
set of conditions, with the lowest concentratiomgezero. According to equation 2.7, a plot of
kps1 against [GHs] should be linear, with a slope of &nd an intercept of k. Such a plot is
shown in Figure 2.2, in which the line through the data semts a weighted linear least squares

fit, which yields the statistical uncertainty in tblepe and therefore also in k
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Figure 2.2.Pseudo-first-order decay coefficient for Cl in the pre® of excessgs at 676 K
and 69 mbar total pressure with Ar. Error bars represéat The inset shows the signal
corresponding to the filled point.
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2.5. Photochemistry of the Cl Atom

2.5.1. Electronic States and Transitions

Chlorine atoms are monitored by time-resolved resondmceescence at 130-140 nm
which encompasses the two electronic transitions?Rés),—(3p)Ps21.>" Because the
(4s¥Ps3—(3p)Ps2 and (45)PL>—(3p)’Py2 Cl atom electronic transitions have large Einstein
coefficients for spontaneous emission of 4.19 %sftand 3.23 x 1bs?, respectively, it can be
shown that the overall emission lifetime for these processes, defined as the reciprocal of the
sum of the two transition probabilities, is 1.35°h. The lifetime for Cl atom fluorescence is
significantly shorter than the typical lifetimesafmpeting non-radiative processes such as
guenching, which tend to happen on fiisescale with the concentrations of quenchers normally
used here.

Carbon tetrachloride has been the precursor predomingsety in the photolytic
generation of Cl atoms throughout this work. Hanf ehale investigated the photochemistry of
this process at room temperature, and found the absorpbisstgection and total Cl quantum
yield of CCl, 8.6 + 0.5 x 18° cnf and 1.5 + 0.1, respectively, with 27% in the {Bp) excited
state’® The energy difference between fig, excited state and tl5€s, electronic ground state
of Cl has been measured to be ~882 tay Davies and Russé&l| and with the knowledge of
this quantity, the equilibrium constantddor the inter-conversion between the two electronic

states shown in equation 2.10 can be estimated via sttisiechanical relations.
C|(2P3/2) ‘—m{:ﬁq - C|(2P1/2) (2-10)

The equilibrium constant between two species is giveedgoyation 2.11 below,

— Qa -2E/k,
Us
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where g and g represent the total partition functions for speciesnd B, respectivel\E is

the energy difference between the two species (882=cti75 x 1G° J in this case),kis
Boltzmann’s constant (1.38 x $9J K%), and T is the temperature. In the present case, When
and B are an excited and the ground electronic state chtime atom, respectively, the
translational partition functions cancel leaving only tleeteonic partition functions. Over the
temperature range that can be achieved in our reactor~2800 K, the electronic partition
functions can be accurately approximated by the electdemjeneracies of tH&s, and?Py,
states, which are 4 and 2, respectively. Thereforeatiteof the partition functions is 0.5, and
at 298 K, Kqhas a value of 7.06 x 0 The equilibrium constant can also be defined in terms

of the concentrations of the two species as shovequmation 2.12.

_[CI(*P,)]
“[CI(PPy)] 12)

Addition of 1 to each side of equation 2.12 before takingribherse yields equation 2.13, from
which the ratio of the concentrations of ground statettd Cl atoms can be calculated, and it

can be shown that at 298 K this ratio is 99.3 %, andetvext at the highest temperature at which

CClL was used, 915 K, the ratio is 88.9 %.

1 _ [P, _[CICPy,)]
1+ Keq [Cl(ZPS/Z)] +[C|(2P1/2)] [Cl] total

2.13)

If equilibration occurs faster than the time scaléhefreaction, the reactions studied
involve a thermal equilibrium distribution of the two €éctronic state populations, and
therefore the measurements represent the averagekifoetthe two spin states of Cl. This
assessment can be made by comparing the collisioetiné of excess of CI1,) with the time
scale for kinetic measurements. Quenching dFg}) occurs via collisions with the bath gas Ar

and the precursor CCas shown in equation 2.14 and 2.15, respectively.

17



CI(?P,,) +Ar O f% -, CI(*P,,) + Ar (2.14)

CI(*P,,) +CCl, O f® - CI(*P,,) + CCI, (2.15)

Based on reactions 2.14 and 2.15 above, the overall ritssadf CIEPyy,) is given by

d[CI(*R,,)l/dt = =k [CI(R,,)I[A] kg [CI(*R,,)I[CCI,] (2.16)
where ky; and ky are the rate constants for the quenching dRgH by Ar (3.0 x 10° cn??
moleculé! s1?® and by CQJ (2.1 x 10'° cn? moleculé' sY)?°, respectively. Because the typical
[Ar] ( ~10'® atoms cr) and [CCJ] ( ~10" molecules cri) are much larger than the typical [CI]
(~10' atoms cry see sample calculation below), [Ar] and [@@re essentially constant, and
equation 2.16 can be reduced to

d[CI(*R,,)l/dt = =k, [CI(*P,,)] (2.17)
where lg is the total quenching rate constant and is given by

Ko =k [AT] +Kqg [CC,] (2.18)
Based on the given information above, the calculatioky, yields 210300 out of which

210000 g is due to CGland only 300 % is due to Ar, clearly indicating that CG$ the

dominant quencher. Equation 2.17 can be integrated to yield

[CICPLL _ b

2 2.19
CICR)], (219)

and since the lifetime is defined as the time necessary for the concentradidrop to 1/e of its
initial value at time 0O, it can be shown thias equal to the reciprocal o§land has a value of ~5
Ms in the present case. Becausetwo orders of magnitude shorter than the typicatime

scale used for kinetic measurements here, it can beuc®acthat, in general, the reactions

studied involve a Boltzmann distribution of the®}(,) and CIEPs),) populations.
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2.5.2. Calculation of [Cl}

To calculate [Cl, a 1 cm reaction zone is considered. As explained in seétién
knowledge of [Cl} is not necessary for first-order kinetics, but itsnegtion can be useful in
checking that [Cl] is much smaller than the concentration of the esddh excess, as required
for the pseudo first-order approximation. The value of[Gdn be calculated by taking the
product of the quantum vyield for the formation of Cl asdnom the precursor (C{lor this
example)dc and the intensity of laser photon absorptigg |

[Cll o = By %1 (2.20)
Hanf et al. have found the Cl quantum yield of O@lbe 1.5 + 0.%° The intensity of

absorption can be found by subtracting the intensitgsdrl photon transmissiogdsfrom the

initial laser photon intensity before passage throughQ@Gh sample 4.

Lo = 1o = Dirans (2.21)

The initial laser photon intensity is simply a measure of the number of laser photons
per cm, which can be calculated from the laser beam cex®so, (0.56 cm) and the number
of photons produced by the 193.3 nm laser radiation. The mwhphlotons produced by the
laser can be obtained by dividing the measured pulse endng{.B28 x10° J, the energy of a
193.3 nm photon (frton. SO, for a typical pulse energy of 0.1 mJ, it carshown through

equation 2.22 thap khould have a value of 1.74 x'{photons cr.

F/ Ephoton

(2.22)

I
oL

In actuality, because F is measured in front of the gu@entrance window (shown in
Figure 2.1), and the laser radiation is not completalysmitted through the window, equation
2.22 only approximates In the reaction zone. For a more accurate determmafil, in the
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reaction zone, the average laser pulse energy is @&asumed as the radiation exits through the
second quartz window, and then the pulse energy in #utioa zone can be evaluated by
calculating how much radiation passes through justrtrarce window. The ratio of the energy
that exits the reactor F’ to the energy that erttezgeactor F has been experimentally found to
be ~0.70 by Dr. Yide Gad. Becauselis proportional to the photolysis energy, it can éens
from equation 2.23 that the F/F ratio of 0.70 is equivalenhe respectivey!l o ratio.

b-F (2.23)

l, F

Becaused is technically the intensity of transmission ofdagphotons through the reactes.k,
taking the negative logarithm of/l ¢ gives the overall absorbance of photons by the two quartz
windows A’, as shown in equation 2.24.

A'=- Iog(%] (2.24)

0

The absorbance can also be defined in terms of thepgiosocoefficiente, the concentration c,
and the path length of the quartz window |, as showiragon 2.25%

A =gxcx| (2.25)
Since the entrance and exit windows are both quartz,dgua path lengths, and the volume
separating them is essentially a vacuum, the absorledipessing through just one window A*
is simply half of A’ (the absorbance of two quartz wingd. Once A* is known, the ratio of the
energy at the reaction zone to the energy as measuirecht of the entrance window F*/F can
be obtained. Inthe present case, this ratio cahdersto have a value of 0.84 via equation
2.26. F* can then be used calculate the actualthe reaction zone according to equation 2.27,

yielding lp = 1.46 x 18 photons ct in the present example.
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A — Itrans* - E
10 —( " ] (F) (2.26)

F*/E
— / photon (227)
oL

lo

Resuming the quest for the calculation of §Clians must also be evaluated in order to
obtain kpsVvia equation 2.21, which can then in turn be used to soh€lp in equation 2.20.

lyanscan be obtained from the Beer-Lambert law via equat@8t®*

| e =1, x€°° (2.28)

trans
whereao is the absorption cross-section of ¢@&.6 + 0.5 x 18° cnf)?, ¢ is [CC}] (~10"
molecules ci), and | is the path length of the reaction zone whichcm in this case because a
1 cn? reaction zone volume is considered in this exampleerefore, anscan be shown to have
a value of 99.91% oflin the present example, leading to a value of 1.26'pt®tons ci for

labs Ultimately yielding 1.88 x 16 atoms crii for [Cl]o.

2.6. Assessment of Experimental Conditions and Parameters

Judicious consideration must be used in selecting ebfaiiteaction and reaction
conditions for analysis, such as to ensure that dios of interest occurs much faster than any
possible secondary chemistry resulting from potentiatadtions between other photolysis
fragments. Experimental parameters such as pressphetelysis energy F, [@] and the
average gas residence time inside the reagtpmust be varied in order to assess any possible
systematic dependence of the second-order rate constestish parameters. The systematic
variation of P, F1s and [Cl} can indicate if the reactions studied are effectivetyoiecular,

and unaffected significantly by secondary chemistry nilaédecomposition, and mixing time.
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By varying the photolysis energy F, the energy range wherh secondary chemistry is
negligible for the reaction in question can be foumtis series of low energies defines the
usable energy range over which the second order rateanbistinvarying and therefore
independent of energy. If the rate constant is foundpertkon energy, it is likely that
secondary chemical processes such as reactions withys®tfohgments are contributing to the
overall rate of Cl loss. In certain cases, enartpier enough to eliminate secondary chemistry
yield too little fluorescence for analysis. In suckesa an interpolation of the rate constant to
zero energy is utilized to remove the effects of sdapnprocesses (chapter 6). Similarly,
testing for the variation of the kinetics with [Efan also be a good indicator of whether the
reaction is influenced by secondary chemistry processes.

Varying the average gas residence time inside the reggia@an determine if thermal
decomposition and mixing effects are occurring. For eXx@nitphas been found that GG3$ not
thermally stable above ~900 K, so different Cl atom precarnsad to be used to carry out
investigations at higher temperatures (chapters 6 and 79, iAlsertain cases it has been found
that the radical precursor is not inert toward tlatant, resulting in undesired reactions
between the two in the mixing tube prior to being introduo& the reactor. It is for this reason
that certain precursors such as &k not suitable. Furthermore, variatiort@fcan also ensure
that the mixing times for the reactant and radicalymsar are adequate.

In particular, the presence of a systematic dependenpeessure or temperature, or
indeed the lack thereof, can lead to a wealth of infdomatbout the system being investigated.
For instance, if a reaction is found to be dependentesspre, this can be attributed to the
formation of an adduct in most cases. According to Liratemtheor§ ! an energetic complex

AB* formed from the collision between A and B can eitldissociate back to the reactants, or it
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can have its excess energy removed through colliswithsa bath gas M leading to the

formation of an adduct:

A+BOMN - AB* (2.29)
AB* O - A+B (2.30)
AB*+M O - AB+M (2.31)

Increasing the concentration of the bath gas (isepri¢ssure), will favor the formation of the
adduct, and so if by increasing the pressure the rate cokstacreases systematically, one
would predict that the reaction goes through an assexiatechanism as described above.

The Arrhenius equation, given below, is empirical in ratamd is named after its
proponent Svante Arrhenius, who published a paper in 1889 imbiooted that a multitude
of reactions have rate constants whose dependenceperture conform to this equatith:

k=Axeg =" (2.32)
This equation can be made linear by taking the naturalilbgaof both sides, yielding

In(k) =-E,/Rx @/T) +In(A) (2.33)
implying that a plot of In(k) against the reciprocal tempgeshould give a straight line with a
slope equal to =R and with an intercept of In(A). Equation 2.33 definesattivation energy
Ea.. In most cases, such a plot will have a negatimgestevealing that there is a positive energy
of activation. The simplest interpretation is tRatepresents an energy barrier that must be
overcome by the reactant species in order to be conuattethe products. However, there are
some reactions which have activation energies tiealeas than or equal to zero, such as
reactions in which an adduct is formed, in which caisesiid that the reactions are barrierféss.

Examples of such reactions are encountered in chapters
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CHAPTER 3

THEORETICAL MODELING

3.1. Introduction

The theoretical modeling of gas-phase reactions is d¢eottlae understanding of the
reaction mechanism involved in a particular reactiotesys If experimental results are
available, theoretical kinetic analyses can be chwig to test the plausibility of the suggested
mechanism, as well as derive molecular propertiesteffast from macromolecular
measurements. If no information is known regardingreairereaction system, modeling it
theoretically beforehand can aid the experimentaliptaalicting a reasonable reaction
mechanism and selecting suitable experimental condit@boarry out the investigation.
Furthermore, the interplay between theory and expariroan lead to their mutual verification
and to the development of more sophisticated experimsstigds and theoretical foundations,
yielding increasingly accurate results.

The modeling of gas-phase reactions has been facilitatéee vgpid development of
high accuracy quantum mechanical electronic structure whethbhese methods are essential
for calculating the potential energy surface (PES)m@faation system, which can then be used to
derive information about the relative stability, mollecunotion, and energy transfer among
species on the PES. In particular, these quantum meahamethods are important for the
identification, geometrical optimization, and charaetgion of important stationary points

along the PES, such as wells and saddle points, whichecased to designate the reaction
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coordinate. The reaction coordinate, sometimes alEmidhe minimum-energy path (MEP), is
the path of lowest energy connecting the reactantstivit products on the PES The
computational methods used to calculate these quanttigisef various reaction systems
considered in this work are described in section 3.2 below

Bunker was the first to show that detailed knowledgi@fdynamics on the PES permits
the exact evaluation of kinetic information via cadtidns of classical trajectorié$.Classical
trajectory calculations entail solving the classical ¢#iqna of motion on the PES characterizing
the system. A very large amount of classical trajges have to be considered to achieve
accurate results, and the calculation of the numesaations of classical trajectories is very
computationally demanding. Furthermore, since the patemergy of a system is generally
expressed in terms of the system’s internal coordimatetiere n = 3N — 6 for a polyatomic
system or 3N — 5 for a linear species containing N atarhgpersurface of (n + 1) dimensions is
generated when the potential energy is plotted agdiast toordinates, which actually results in
numerous PESs, further complicating the calculatioriasfsical trajectories. However, these
calculations have led to an increased understanding of dgalggnocesses, resulting in the
development of reasonable approximations that greatly egtheccomputational cost and time
associated with theoretical kinetic analyses. Thppeoaimations and the theories that resulted

from their implementation are discussed in section 3.3.

3.2. Computational Methodology

3.2.1. MPWB1K Theory

The PES of several reaction systems were investigetiag the hybrid meta density

functional theory (HMDFTY method MPWB1K developed by Zhao and TruffarThe
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MPWB1K method incorporates the modified Perdew and Wang ée&iange functional
(MPW)*" along with Becke’s 1995 meta correlation functional (B85Jhe GTMP2Larg®&
basis set was used in conjunction with this method, wikiebsentially 6-311++G(3d2f,2df,2p)
for H-Si, but has been improvEdor P-Ar. This was the largest basis set tested lapzmnd
Truhlar, who refer to it as the modifi@d? G3Largé" basis set (MG3¥ and their recommended
value of 0.9567 was used to scale the frequencies obtaitetWRIVB1K/MG33°

This method is appealing for several reasons: Firsityptire density functional theory
(DFT) portion of the functional is based on the gelierd gradient approximation (GGA),
meaning that it depends on the local electron density bhasvits gradient, and because this is a
meta functional, it also takes into account the kinetiergy density, all of which have been
shown to lead to increased overall accurdcgecondly, it was calibrated against
thermodynamic and kinetic databases in order to yieldrate reaction barriers, and has been
shown to treat weak hydrogen bonded and van der Waal compkasonably weff*?
Thirdly, while the frequencies obtained with popular DFatmods such B3LYP typically need
only be scaled by a factor of 0.99, it has been showrnhbaiptimal scaling factor for
MPWB1K/MG3 is 0.9567, which is consistent with the genarkd of thumb that harmonic
frequencies are approximately 5% larger than observed tow = 1 transitions. Lastly,

MPWBI1K is a DFT method so it is also relatively compiotaally inexpensive.

3.2.2. Ab Initio Methods

The QCISH* and CCSD(T¥*°ab initio electronic structure theories have been used to
explore the geometries, frequencies, and energiesmof afdhe reactive systems considered.

Both of these theories rely on multi-configurationalvefanctions, in which the effects of
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electron correlation are approximated via the explidg¢utations of single and double
excitations from a single-reference Hartree-Fock datent. QCISD theory, which stands for
Quadratic Configuration Interaction Singles and Doubledydes the quadratic correction
developed by Langhoff and Davidson and implemented by Pople ehich successfully
removes the size inconsistency that resulted due toatiiandn the original CISD methdd:>!>2
Furthermore, in addition to the inclusion of single andlde excitations, QCISD theory also
approximately accounts for the effects of quadruple eimitaitoy taking the quadrature of the
effects resulting from double excitations. Simila@ZSD(T) theory, Coupled-Cluster with
Singles and Doubles, includes single, double, and the apptexafiacts of quadruple
excitations in the wavefunction via the cluster opevdiot it is superior to QCISD theory in that

it also estimates the effects of triple excitatiorssaviquasiperturbative formalism (T), and

accounts for the effects of excitations beyond quadsdple

3.2.3. The Correlation Consistent Basis Sets

The correlation consistent basis sets (cc-pVnZDM F, Q) developed by Dunning et al.
have been frequently used with CCSD(T) theory to cautysimgle point energy calculations for
species throughout this wotk>> The advantage of the correlation consistent batisssthat
they have been specifically constructed to account @®cdhrelation energy in a systematic
manner. For the energy of a system, as well as widngy important properties, the use of
successively larger correlation consistent basisusetally leads to a smooth convergence to the
complete basis set limit (CBS). At the CBS linaityy of the error arising from the
incompleteness of the basis set is effectively remadeadjng only the intrinsic error from the

method used. In this work, the triple-zeta and quadrupéeerarelation consistent basis sets, or
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wherever it could be afforded, the augmented triple-aetbguadruple-zeta correlation
consistent basis séts’ were extended to the complete basis set (CBS) liritiguke two-point

extrapolatior?:
E” = (BExX3-Ey Y3/ (3-Y? (3.1)

where & and & here represent the energies obtained with the-ugtie (X = 3) and quadruple-

zeta (Y = 4) correlation consistent basis sets, otispdy.

3.2.4. Composite Methods for Open Shell Systems

In general, a composite method consisting of QCISD/6-311¢egmetry
optimizations and single-point CCSD(T) computationsapdtated to the CBS limit using the
triple-zeta and quadruple-zeta correlation consistens bass has been used to explore the PESs
of the various reaction systems considered. In aaBere the spin-unrestricted Hartree-Fock
(UHF) wavefunction yielded expectation values for dousgecies that were significantly
higher than the ideal value of %8= 0.75, the single-point unrestricted CCSD(T) computations
were performed on an spin-restricted open-shell HaRoak reference wave function (ROHF)
in order to effectively remove the impact of spin @nination. By constraining the spatial
components oft and electrons to be the same in the wavefunction, R@Hi#tence
wavefunctions eliminate the spin polarization efféhtd give rise to the spin contamination in
the UHF doublet wavefunction, which will prove to beicat in properly treating the phenyl
radical in chapter 6.

In addition to the QCISD/6-311G(d,p) geometry optimizatand the CCSD(T)/CBS

energy evaluations, the zero point energies (ZPEslifepecies are also calculated with the
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QCISD/6-311G(d,p) theory, scaled by the appropriate scalitigrfat0.954°, and included in

the composite scheme. The energies of the atqrames considered are also corrected for the
effects of spin-orbit couplint. The ensuing composite methods are denoted as CCSDE)/CB
when the two-point CBS extrapolation is performedhwihaugmented basis sets, and
CCSD(T)/CBS-aug when augmented basis sets are useddrtthpolation. Wherever
indicated, frozen-core and all-electron correlatiolsudations have been carried out using
CCSD(T)/cc-pwVTZ theory, and the ensuing core-valenceections have been applied to all
species. Finally, in order to better describe the ldrestergy of electrons near the large Cl
nucleus, the mass-velocity and Darwin scalar relaicvisfects were also evaluated using
CISD/cc-pwVTZ theory on the fixed QCISD/6-311G(d,p) geomstr@and the CCSD(T)/CBS-
aug energies were corrected for these effects wherdrelicated. The scalar relativistic
corrections, the core-valence corrections, and theRIT)/ROHF calculations were

performed using the Molpro 2002.6 prograimAll other calculations have been carried out

using the Gaussian 03 program sffte.

3.3. Kinetic Analyses

3.3.1. Transition State Theory

One of the most important and widely employed theorigsrd@ng the motion of point
masses and the location of the barrier for a react@annel along the PES is canonical transition
state theory (CTST¥® CTST is based on a statistical treatment of thédilequm properties of
a macromolecular reactive system, and thereforepticitly assumes a Boltzmann population of
the energy levels of the reactants. This themy aksumes that all of the molecules that react to

form products must pass through a special intermediafeyooation known as the transition
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state, which is located at the energetic maximum ofPE®*® The expression for the canonical
rate constant, given in equation 3.2, can be obtaineddmyang that the transition state is in
equilibrium with the reactant molecul®shough it has been argued that placing an equilibrium
condition on the reactive system is unnecessary, ahth#haame transition state formula can be

obtained by instead assuming that no re-crossings ofahsition state occuf.

k(T) = h ———xexp E,/kyT) (3.2)

reac

kBT QTS
. Qi
In equation 3.2l 1Q™*"is the product of the total molecular partitiomdtions of the

reactants and O is the partition function of the transition statithout the special mode
corresponding to the motion along the reactiondimate. This special motion is treated as a
separate vibration or translation, and in eitheedss partition function can be shown to have a
value of the product of the temperature and the ddtthe Boltzmann to Planck constants

(ks T/h), corresponding to the first term of equatio®. 3The exponential term in equation 3.2
contains the quantitygewhich is defined as the energy difference betwibertransition state
and the reactants at 0 K, and is usually refeweastthe critical energy.

All of the partition functions obtained in chager — 7 were calculated with Gaussian 03
via standard statistical mechanics formffaghe rotational and electronic partition functions
for all species were directly taken from the Gaars€l3 output files, with the exception of the ClI
atom, in which the electronic partition functionsmaanually calculated to include the correct
degeneracies which arise from the spin-orbit cowgpith Cl, of four for théPs, electronic
ground state and of two for thBy; first excited state. The vibrational partitiométion was
calculated from the v = O state as opposed to frebottom of the potential, both of which are

given in the Gaussian 03 output file. The tramsfet! partition function obtained by Gaussian
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includes the volume term, and must therefore be dividdg AP and to get the conventional
translational partition function in i which can then be converted to units of’cim directly
yield second-order rate constants with typical uiitS.

Transition state theory is a convenient approacbltaining theoretical canonical rate
constants directly from the PES. Furthermore, itheen shown that the application of
transition state theory variationally results irerabnstants which represent the exact upper
bounds to the rate constants that would be obtained thextighsive classical trajectory
calculation€® In this variational formulation of transition stateory, commonly referred to as
variational transition state theory (VTS¥)’*the no re-crossing of the transition state rule is
removed, and the passage of reactants through a planagiegpar to the MEP with multiple
crossings of this dividing plane by the transition stege®nsidered. The variational method
requires that the calculation be repeated with mulpfdees until the minimum rate constant is
found, which can then be used as an upper estimate aftiha rate constant. In its
microcanonical formulation, VTST involves the caldida of rate constants as a function of the
internal energy of the reactant, which are referreastenergy-specific or microcanonical rate
constants. Averaging these microcanonical rate caisstaer all the energy levels of the

reactant in a Boltzmann distribution, yields the cacmniate constarff.

3.3.2. The Lindemann-Hinshelwood Mechanism

Because transition state theory assumes that thgyelesels of the reactant are in their
equilibrium population, its application to situationsaihich non-Boltzmann population
distributions are encountered does not produce sensiblesre@me example in which non-

equilibrium reactant populations are generated is adduoifan. As discussed in section 2.6,
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the process of adduct formation is usually indicated whemate constant shows a pressure
dependence. The Lindemann-Hinshelwood mechafnadapted for a recombination

process, is comprised of equations 3.3 — 3. 5.

A+BOM - AB* 3B.
AB* O . A+B 43.
AB*+M O — AB + M (3.5)

This mechanism describes how two reactants, A and Beeanto form an adduct with
vibrational excitation energy, denoted by the * supersanipich can then return back to the
reactants via a unimolecular dissociation, or besiolially stabilized by the bath gas M to yield
the ground state adduct. Many texts have elected to dismusffects of pressure on the rate
constant for the unimolecular dissociation of the ad#8ugtin which the reaction mechanism is
composed of reaction 3.5, its reverse, and reactioni@3ave noted that since the
recombination of A and B occurs on the same PES, tharenrate constant for recombination
krec cAN be obtained by dividing by Keq'®**** However, the present work largely deals with
bimolecular reactions, some of which result in adduch#&ion, and therefore the equations
describing the effects of pressure on the recombinatiercoatstant are directly derived in the
formalism that follows. For the overall processfAadnd B producing the adduct AB, the net rate
of reaction is given by

d[AB
L~ 1ate) 3.
t

and because AB* is an unstable short-lived speciesiehd\sstate approximation (d[AB¥dt
~ 0) can be used to calculate its concentration, yigldgquation 3.7.

Ko[AI[B]

[AB*] > ) kb + kC[M]

(3.7)
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The subscript ss denotes that the steady state apprimarhas been employed to calculate the
relevant quantities. The rate of adduct formation d¢sm lze evaluated by simply considering

reaction 3.5, which yields

AL = gy gwy = X LETETM
b C[M]

(3.8)

and by comparing equations 3.6 and 3.8, it can be seen thattimbination rate constantk

can be obtained through equation 3.9.

kcka[M]

rec — m 3.9

At high pressures (as [M] goes to infinity), it can bersthat expression 3.9 faedkeduces to

K. =k, =k, (3.10)
where k, is defined as the high-pressure limiting rate constamtgdependent of pressure, and is
second order in nature (units oftmoleculé' s*). Because at very high pressures the adduct
achieves its Boltzmann population distribution via colhsiavith the bath gas, the reactive
system is at equilibrium at the infinite pressure liamtl the TST equation (3.2) can be used to
evaluate k. At low pressures, & is proportional to the bath gas concentration, awsho
equation 3.11

ko =M = @11)

where ks is defined as the low-pressure limiting rate constanhaschird order units of ¢m
moleculé? s*. Substituting in kand k, into equation 3.9 yields equation 3.12, which describes

krec purely in terms of the low- and high-pressure limiting @testants and [M].

krec :(kO['\A]J (312)
1+ MYk
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At the center of the pressure range, the bath gahea®hcentration [M] and it can be
shown that {M] is equal to k at this value. A typical plot of the Lindemann-Hinsheba fall-
off curve involving the reduced quantities fosfk.. against [M]/[M] is shown in Figure 3.1.

As can be seen from this figure, the rate constartssiat being proportional to [M] at low
pressures and then gradually falls-off to its high-predsuie The pressure dependence of the
krec Can also be interpreted linearly via a plot oflAks. 1/[M], as shown in equation 3.13,
which results from taking the reciprocal of equation 3@ substituting in kand k..

1

1 1 1
= x—— 4+ —
Kee Ko [Ml K,

rec

(3.13)

In equation 3.13, 1fkrepresents the slope and the intercept is given by 1/k

01

| L M| L M|
0.1 1 10

M]/ M),

Figure 3.1. Typical Lindemann-Hinshelwood fall-off curve fecombination reactions. The
dotted line represents the high-pressure limit for themémation rate constant and the dashed
line corresponds to the low-pressure limit for the catestant.
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3.3.3. Troe’s Empirical Formalism

Though the Lindemann-Hinshelwood description of hawdepends on the pressure is
in qualitative accord with experimental findings, it l@sg been known that curves generated by
this interpretation exhibit fall-off regions that are twoad to be in quantitative agreement with
experiment. To improve the agreement in the fall-edfion between theory and experiment,
Troe showed that the multiplication of the LindemanngHelwood expression forkby an
empirical scaling factor F led to more realistic fafi-curves’>”* The scaling factor has been

shown to take on the form of

F=F {t+llog1 (oMY /(07522700 0Fer) P} (3.14)

cent

which leads to

k. = Ko[M] F. isom ol 0.751 2700F e} (3.15)
1+ko[MJ/k

where Fencrepresents the depression of the fall-off curve froenltindemann-Hinshelwood
curve and is usually referred to as the broadening facioe. expression for.E;was formulated
by fitting to empirical formulas, and can be estimdted knowledge of properties of the

transition state, as discussed by Cobos and “froe.

3.3.4. Modified Transition State Theory

As previously discussed, conventional TST is inappropmat@n-equilibrium scenarios,
such as the fall-off region, though it can be used to geothe high-pressure limiting rate
constant because the system reaches its equilibripolga@n distribution at infinite pressure.

Obviously, an “infinite” pressure cannot be achieved in erpants, so in most cases, when the
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observed rate constant is found to be independent afypeesver a given pressure range, the
rate constant is believed to be in the high-pressuréngmegime, and TST calculations may be
used to compare to and rationalize the measured rateantmsHowever, it has recently been
shown that in cases where the products are produced efeemital activation” mechanism, the
use of conventional TST results in rate constantsateatonsiderably overestimat&d.! In
many of the systems studied in this dissertation, chémit&ation was found to be the
principal reaction mechanism, therefore this mechanisirassuitable way to treat it via an
appropriately modified version of TST, known as modifieST (MTST)!® are discussed here.

In several of the reactions in this study, it was fotlvad while the adduct formed via
bimolecular collisions can be stabilized or dissociaseshown in reactions 3.3 — 3.5, it can also
often undergo a subsequent reaction leading to a new protidetneted C in the reaction
below.

AB* 0K - C (3.16)
A schematic representation of this four-step mechaaolsamacteristic of the reaction systems
studied here is shown in Figure 3.2. The formation obdymt set from an energized adduct,
which, as a consequence of being produced via a bimolecillaioty has enough vibrational
energy to overcome the low-lying TS, is referred tolammical activation. Interms of the
general mechanism comprised of reactions 3.3 — 3.5 and 3.h@icahactivation alludes to the
notion that the adduct AB is formed with an amountx@ess energy which corresponds to the
energy difference between A + B and AB in their resipe vibrational ground states, and since
this excess energy exceeds the energetic barrier torthation of product set C, AB has been

“activated” and can undergo reaction 3.16 (Figure 3.2).
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Figure 3.2. Representation of typical PES for the i@aslystems studied in this dissertation
thought to proceed via a chemical activation mechanibne terms defined on the PES pertain
to RRKM theory and the unlabeled horizontal lines desigviatational energy levels of the

adduct [AB].

Conceptually, the main difference between MTST and g¢én&T approaches is in the
way the partition function of a TS with a lower egethan that of the reactants is calculated.
While in standard TST all of the vibrational stateshef TS, assumed to be in Boltzmann
distribution, are used in the calculation of its pemittunction, MTST does not include the states
of the TS that are energetically below the reactamtss is done because at normal pressures,
the frequency of gas-phase collisions is not large enautdtetmalize the energy levels of the
TS, so the TS energy levels that lie below the gnefghe reactants are inaccessible. The

exclusion of these vibrational states in MTST hasls®wn to have the effect of reducing the

overall thermal rate constant obtained with stand&d. TThe mathematical derivation and
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theoretical formulation of MTST has been describedeiail elsewheré® '’ and it suffices at

this point to just give the MTST result for the thermzé constant,

TS _ . _ _
KT Qoo Bolkal) 1 G (e ey - E-Eod ke [dE-E) (5 17
h ]2 KT KeT keT

k(T)

where G*(E — ) is the sum of states of the TS and all other $enave been previously defined.

3.3.5. RRKM Theory

3.3.5.1. The Master Equation

An alternative treatment of recombination reacticas be achieved through the
application of TST to a microcanonical ensembléhefenergized adducts formed via collisions.
This sophisticated yet still approximate theorknewn as RRKM theory, was developed by
Rice, Ramsperger, Kasssel, and Marcus, and reliés@central assumptions: that all reactive
encounters pass through a critical geometry (thasBBmption) and that intramolecular
vibrational redistribution is rapid when comparedtte timescale for reaction (the assumption
of ergodicity)’®®! RRKM theory is concerned with the fate of thergized adduct, which in
the case of adduct formation via recombinationtieas achieves its initial energy via chemical
activation, and can then dissociate back to thetaats, undergo collisional stabilization by the
bath gas, or even go on to form other productsinescases.

In RRKM theory, the nature of the competition begweollisional stabilization of the
adduct, dissociation to reactants, and reactidorta products is assessed based on the
evaluation of the energy-specific rate constantshfese processes as a function of the internal
energy of the newly formed excited adduct. Furthechanistic considerations lead to a set of

coupled inegro-differential equations in which time evolution of an energy-dependent
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population of adduct molecules is mathematically descfib®®? Collectively, this set of
integro-differential equations is called the master eqonawhich can take on continuum or
discrete forms, and can be solved through direct nualéntegration, stochastic method$?

or, if the master equation is set in a matrix, throthghuse of eigenvalue methddsThe master
equation, conventionally expressed in its continuum fasrgijven below, and good discussions

on its discrete formulation for use in stochastid amatrix methods are provided elsewh®&r&.

—dy(dEt" b - [[[REE)EY -REE)NE 1] —th|< (EY(E"1) (3.18)

In equation 3.18, the time evolution of the adduct y isrie=t in terms of the quantities
R(E',E), R(E, E’), and KE’), which represent the rate coefficient for cadlisal deactivation
(energy transfer from energy E’ to energy E where E), the rate coefficient for collisional
activation, and the microcanonical rate constant famatdcular dissociation via th8 ¢hannel,
respectively. In some regards, these energy-spediéicamstants in the master equation of
RRKM theory are analogous t@  ky from Lindemann-Hinshelwood theory in section 3.4.2,
and for consistency, R(E’,E) and R(E,E’) are denotéd)kand k(E), respectively, in Figure 3.2
and will be termed thusly from this point forward.

The rate coefficients for dissociation can be exgedy the general equation

k(E): E O ext ge*iG*(E_EO) (319)
| mo*, | g. h  pE)

where h is Planck’s constanty & the reaction threshold energy (defined asEEaqquc), G*(E-
Eo) is the sum of states of the TS, p(E) is the demdistates of the adduct, m is the number of

optical isomersgey is the external rotation symmetry number, an ghe degeneracy of the

electronic ground state of the adduct, whereas the TSapants of these quantities are denoted
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by an asterisk. Inthe absence of information regarth@guature of the TS, the Inverse Laplace

Transform method can be used to obtain microcanoni@toatstants via equation 3. ¢’

_| M* Gy p(E-E.) 3.20
k(E) {mg* }Am B (3.20)

ext

In equation 3.20, Aand E, are the preexponential factor and the activationggnier the high-
pressure limiting rate constant. It should be notedeler, that the replacement of the E
parameter with the reaction critical energyhas been shown to “improve accuracy just above
the reaction threshold”and as such, the ILT procedure is sometimes amended (thislis
done in the Multiwell program, which is described below).

The reaction threshold energy can also be correctezhfjular momentum effects,
generally approximated via the use of a pseudodiatomic Hioféh which the temperature-
corrected reaction threshold energy Ean be expressed in terms of the originghid the
external two-dimensional moments of inertia of the addndtof the TS, denoted byland bp

respectively in equation 3.21 below.

ET=E, - kBT{l— '22} (3.21)

2D

The extent of collisional stabilization of the excitadduct is most commonly calculated
from Lennard-Jones parameters, such as the collisioretkamnand the well depth for the
adduct and the bath gas, as well as from the seledtmsuatable model for the description of
the probability of collisions leading to the transféenergy from and to the adduct. In general,
the simple exponential-down model given in equation 3.22sg&cted to describe the

probability of a deactivating collisiony(E,E’).

E-E

xexp “© (3.22)

PJ(E.E) = (1E.)
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In equation 3.22, E’ is the initial energy and is alwaygér than the final energy E, N(E’) is the
normalization factor that sets the probability of ad#&ating collision equal to unity, andE’)

is a parameter that is related to the collision efficiy of the specific bath g&%.The estimation
of a(E’) will be discussed later. The probability of dliston leading to an increase in the

energy of the adduct, or an activating collision, canlttained from detailed balan&e:

E-E

P.EE)=PE) xp (& Eyxexp (3.23)
P(E)

To obtain the rate constants for collisional stahtian and collisional activation ) and
ke(E)), the appropriate probabilities for these proceasesnultiplied by the bath gas
concentration and inelastic collision frequencyy,kwhich is usually assumed to be equivalent
to the collision frequency between two molecules suligeatLennard-Jones intermolecular

15°

potential;~ and has the form

Koo = mo?(V)Q &2 * (3.24)

coll
in whicho is the Lennard-Jones diamet@??" is the collision integrat* and <v> is the

average molecular velocity at a given translatioeaipteraturé?

(v)= (8KBTJM (3.25)

gl

In equation 3.25, it is assumed that the two interactinigenes constitute a pseudo-diatomic

system, angl is simply the reduced mass calculated using the mas#estovo molecules.

3.3.5.2. RRKM implementation in Multiwell

Throughout this work, the RRKM calculations were parfed using the MultiWell suite

of computer programs, and the formalism used thereirefyboutlined heré>%® The
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Multiwell program solves the linear system of ordindifferential equations comprising the
master equation through Gillespie’s stochastic appré€chin the Multiwell implementation of
RRKM theory, a hybrid master equation approach is adoptedyich the master equation in its
continuum form is used at high vibrational energies atid@ete energy-grained master
equation is used at low energies. This use of a comtimaaster equation is advantageous in
terms of computational cost reduction, and is justifiethieyfact that unlike the distinctly
discontinuous state density that exists at low energigaasicontinuum of vibrational states
arises at high vibrational energies as a result o$ith@ficant amount of overlap between these
states$”

Multiwell relies on collision parameters, sums andsitees of states, and the relative
energies of the TSs in relation to the adduct to catieldnergy-specific rate constants as well as
the fractional yield of each well and set of producta &sction of time or number of collisions.
Due to the scarcity of experimental information, endrggsfer and collision parameters have
been assessed via the simple exponential-down modeleanméutd-Jones intermolecular
potential, respectively, throughout this dissertation.cofding to Barker et &F, when not
much is known regarding the energy transfer parametésgeiasonable to adopt a simple
exponential-down model. In this model, ar{@E’) parameter, which is related to the collision
efficiency of the specific bath gas, may be expressediasar function of the internal energy
by ¢ + ¢ x E. The first coefficient,,cwas approximated by Barker to be ~ 40.0'cmhich is
the average of the existing ealues for benzene, toluene, and pyrazine. The sexxmfificient
can be approximated by the expression

Co = (SAE>qown -40.0 cn) / Eo (3.26)

42



where QE>youn iS the average energy transferred per deactivatitigicaland g is the reaction
threshold energy, or the critical energy. To approt@®AE>q.wn, another relation is provided
by Barker et af?

<AE>3 = kg x T - <AE>gomn (3.27)
where QE>;,; is the average energy transferred per collisionhércase of the bath gas used
predominantly throughout this dissertation, Ar, this qugihigts been approximated as was done
by Dean et af’? by averaging the three experimental values given by @ndeGardiner,
resulting in the transfer of 2.63 kJ Main average, per collisich.

For Ar bath gas, the Lennard-Jones parameters usedsaoihiler areo = 3.47 A and
e/lkg = 114 K, which were taken from Hippler etf’alFor the adducts characterized in the

various studies comprising this dissertationyas approximated according to the modified

1/3

empirical rules of Reid and Sherwdddvhich equate this quantity with 1.45 X\(;)**, where

the \ terms are the additive volume increments of fhatom. Thee/kg value for all adducts
was arbitrarily assigned as 400 K.

The calculations of the sums and densities of vibratistates, necessary for the
evaluation of microcanonical rate constants for dission via equation 3.19, are performed via
the Stein-Rabinovitcli adaptation of the Beyer-Swinel&réxact count algorithm. The energy-
specific rate constants k(E), or the relative product ptipalacan then be used to evaluate the
canonical rate constant under any conditions, includiadaw-pressure limiting rate constagt k
and rate constants in the fall-off region, both bfak pertain to non-equilibrium conditiofts®®
Furthermore, averaging the k(E) rate constants oaitamann distribution yields the high-
pressure limiting thermal rate constapt K he low- and high-limiting rate constants are
calculated in Multiwell using equations 3.28 and 3.29 below,
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k. (T) :éTk(E)X p(E)xexp™™<"dE (3.28)

Eo
kgC (T) — choII I p(E)x exp(‘E/kBT) dE (329)
Eo

where again, p(E) is the density of states of the adQuttte vibrational partition function for
the adduct, kis Boltzmann’s constant (1.38 x ¥/K), and ko is the Lennard-Jones collision
frequency’®®® The “SC” superscript followinggdenotes that this is the strong-collider rate
constant that would be obtained if the bath gas hachthemum collision efficiencyf) of 1.

The collision efficiency provides some measure of tlegntransferred during a collision,

<AE>,;, and is related to this quantity via equation 3.30 below,

(1' \/E) B FEkBT

B __(AB), (3.30)

where F is a correction factor accounting for the energy ddprece of the density of states,
with typical values of E~ 1.1%% The collision efficiency depends on the nature efdabllider
and can have a value between 0 and 1. For examphe agase of Ara = 0.4 at room
temperaturé® To obtain the low-pressure limiting rate constanki’ must be multiplied by
the appropriate collision efficiency, as shown in eipma3.31%
Ko(T) =Bxk5° (3.31)
Though these rate constants correspond to unimolecst&aittion processes, the

canonical rate constants for the corresponding regmatibn reactions can be obtained from

1
k.. (T)=f xk__ 3.32
rec( ) i X uni,eo X Keq(T) ( )

in which f fractional population of thé"iproduct of interest, andeiT) is the equilibrium

constant at the temperature of interest and is intieghie terms of the recombination reaction
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being the forward reactidfi®® Much more extensive reviews of RRKM theory can hefbin
the books by Gilbert and Smith (198)Holbrook et al. (19965, and Forst (20033, a full
description of Multiwell and its theoretical formutati has been given by Bark&®and a
guide to the operation of Multiwell comprised of examsgertaining to the reaction systems

studied in this work is presented in Appendix D.

3.3.5.3. Assessment of Loose TS anglfédr Entrance Channel

Finally, the estimation of a suitable collision ratefficient for reaction 3.3, denoteg k
is somewhat more involved, and will be briefly discudseié. As can be seen in Figure 3.2,
most of the time the process of A + B = AB proceedbaut any energetic barrier, making it
difficult to locate a formal transition state. flact, the entire “shoulder” on PES corresponding to
this process can be thought of as the TS area, andte&Uctures characteristic of this area are
often termed “loose,” as they generally possess lond9dmose vibrations, and large moments
of inertia. In these kinds of situations, the looSermust be located variationally, or in other
words, the point along the PES which minimizes the ¢catesstant determines to the location of
the TS. One suitable method for locating a loosesNBTIST, which was previously discussed
above. This method is particularly appealing if the vibretlly adiabatic ground-state potential
is mapped out, and the properties of points along this paiteah be accessed. A canonical
VTST approach based on these considerations is impteth&r the HSCI reaction system
studied in chapter 4.

An alternative method for the assessment,ad klso adopted in chapters 4 — 7, which is
based on interpreting the loose transition stateea¢irance channel via a hindered Gorin

model®®1991%1 According to the general Gorin mod®,as the two species come together along
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the effective bonding potential, a centrifugal maximumeached at distancga and in the
Gorin-type TS corresponding to this energetic maximunmwioemolecular fragments rotate
independently of one another. In Multiwell, the value.@f is obtained at the energetic
maxiumum along a Morse potential, and from it, the twoetligional adiabatic moment of
inertia (J-Rotor) for the loose Gorin-type TS is c&ted from equation 3.33.

lop = HrPmax (3.33)
In this equation, the two interacting species are integgreia a pseudo-diatomic model, such
thatp is simply the reduced mass and can be calculated fremrm&sses of the two species via
equation 3.34, in which 4% + Cl is used as an illustrative example. For tloedd potential
analysis, Multiwell requires the equilibrium centdrroass distance between the two molecular
fragments bound in the adduct, the equilibrium frequendhetlissociating bond in the adduct,
and the classical dissociation energy of the adduztihd two fragments.

m,<sxm
p=—=—= (3.34)
My,s + Mg

In the Gorin model, the transitional modes of tlwistype TS are actually better
described as hindered rotations than vibratioresefore their contributions to the overall
thermochemistry are calculated as for usual ratatidegrees of freedom, so, for example, the
rotational energy in the J-Rotor is assumed to lavalue of RT. In addition to the J-Rotor, the
Gorin-type TS includes the vibrations of the twpasate molecular species, their two-
dimensional moments of inertia, and a one-dimesiexternal moment of inertia (K-rotor) for
the Gorin-type TS as supplementary degrees ofdredr he value for the K-rotor of the Gorin-

type TS was assumed to be the same as the o fdissociating adduct.
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In contrast, the hindered Gorin motiéf?®1°:

assumes that the two species cannot rotate
freely, because their rotations are effectively hiededue to mutual steric interference. This
steric hindrance has the effect of reducing the sum a&fsstathe Gorin-type transition state, and
is accomplished by scaling the two-dimensional momenitgedtia from the two molecular
fragments by a hindrance parameter,They parameter actually depends on another hindrance
parameterr, which can vary between 0 at free rotation to 1 atpietely hindered rotation, and
is defined in equation 3.35.

y=(L-m" (3.35)

When it was possible, the hindrance parameters werdeselaach as to match the
experimental rate constants for recombination at eaoperature of interest. If no experimental

rate constants were available, they were approximatstiban an assumed “hard-sphere”

collision model. In this model ks evaluated at each temperature based on the expressio

8k, T
ka(HS):( s J - (3.36)

where d is the hard-sphere collision diameter, buutyinout this dissertation, this parameter has

been approximated by the Lennard-Jones collision diaraeter
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CHAPTER 4

THE REACTION BETWEEN HYDROGEN SULFIDE AND ATOMIC CHORINE

4.1. Introduction

The reaction

Cl + H,S — SH + HCl (4.1)
is of dynamic interest as a prototypical heavy-lightviyesystem of atom¥? Several studies
have focused on the production of vibrationally excited predwbbse distribution may readily
be monitored by infra-red techniques, and a population invebgitween newly formed
HCI(v=0) and HCI(v=1) allows laser actid®f Reaction 4.1 may also be of significance in the
atmosphere of Venus, where it could couple sulfur and clel@fiemistry, and possibly in the
terrestrial atmosphere as well.

Dill and Heydtmann generated Cl atoms in a discharge thrGugit low pressures and
detected infrared chemiluminescence (IRCL) from HCEA3?® Leone and co-workers used
laser flash photolysis (LFP) of precursor molecules tegee atomic chlorine, and monitored
the IRCL of the HCI product, attributed mainly to HCkire v=1 and v=2 staté®%’

Agrawalla and Setser were able to detect the weak emigsim vibrationally excited SD
produced via

Cl + D,;S— SD + DCI (4.2)
and deduced that approximately 3% of the reaction exoertgdity SD vibrational excitation,
with 7+4% of the SD produced in v2$% Hossenlopp et al. monitored the DCI distribution via

time-resolved IR diode laser spectroscopy, and foundatiefor v=0:v=1:v=2 to be
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0.33:0.56:0.11% The most recent dynamics study by Chen et al. wasl lmasgme-resolved
FTIR monitoring of reaction 4.1, and these workers obththe ratio for v=0:v=1:v=2 to be
0.41:0.52:0.07° These distributions are consistent with the genetaipretation of heavy-
light-heavy systems, where most of the energy releasxpected to result in excitation of the
new H-Cl bond>

There is uncertainty about the detailed mechanism ofiosed.1. One possibility is
direct abstraction, but an addition/elimination pathwayg been discussed by several
groups-2"1+112 Theab initio work of Wilson and Hirst indicated the existence bband HS-
Cl adduct, but not whether it could decompose to SH +'£CThey also characterized a
transition state (TS) for direct abstraction. Theansition state theory calculations for direct
abstraction gave a room temperature rate constantdan @rmagnitude below that observed,
which left open the possibility that addition/eliminatdominates the kinetics. In contrast,
Resende et al. found that the adduct previously charactdryzé/ilson and Hirst can lead to the
elimination of HCI based on high levath initio computations** However, the room
temperature rate constant they obtained via canonicatieaal transition state theory was an
order of magnitude larger than the experimental quantihey conducted classical trajectory
calculations which indicated that the lifetime of the addgsigery short, and this led Resende et
al. to conjecture that “only a small fraction of thdlismns are adequate to promote stabilization
of the adduct and its reaction,” and that “in the otlases, recrossing of the transition state and
breakdown of the canonical variational transition stiaéery would take placé* Nicovich et
al. commented that the available dynamics data “do notappallow clear differentiation

between the two possible mechanisité’Subsequently, Chen et al. were unable to explain their
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measured rotational energy distributions in terms ofectiabstraction model, and speculated
that an addition/elimination model might rationalibeit observations:°

Prior measurements of the rate constaribkreaction 4.1 are listed in Table 4.1. It may
be seen that at room temperature these span a fa@olmodddition to some of the IR studies
mentioned already, kinetic data have been obtainedheidischarge-flow (DF) method
combined with resonance fluorescence (RF) and molecatamimass spectrometry (MBMS)
detectiont*>**®via flashlamp photolysis (FP) or LFP combined with Réedéon*!**?and via
relative rate measurements where radioacf@ewas produced by irradiation of gB.*" As
well as disagreements concerning the magnitude, eh&re are disagreements concerning its
temperature dependence, where zero or slightly negativati@on energies (f have been
reported:**21" The NASA-JPL critical evaluatidtf is based on the kinetics studies of
Nicovich et al}*? who applied the LFP-RF technique over 200-430 K to both oewct.1 and
4.2,

One aim of the present work is to extend the temperatunge for k to more closely
determine its temperature dependence. Incidentally, oursixteto beyond 900 K encompasses
all regions of the Venusian atmosphere. A secondsaimgain insight into the mechanism by
computational methods. Stationary points along the tdaestraction and addition/elimination
pathways are characterized by high-accuedrynitio methods, which allows quantitative tests
to see if either can reproduce the measured rate constdents, it is argued that the reaction
proceeds via a bound CI-Slihtermediate which then dissociates over a baoiger in energy

than the reactants to the final HS + HCI products.
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4.2. Methodology

4.2.1. Measurements of Cl +49 Kinetics

The laser flash photolysis — resonance fluorescesateigue was employed to study the
kinetics of reaction 4.1. Excimer laser radiatiord®8 nm was used to generate Cl atoms from
the photolysis of CGl Cl atoms were excited by a microwave-powered dischargp &nd
their time-resolved fluorescence intensity was monitaveéh a solar-blind photomultiplier tube.
More details regarding the experimental procedure and apparaty be found in chapter 2.

The fluorescence intensity decays resulting from pseudbsefider kinetics were
analyzed as described in chapter 2, and an example pitaltgecay of the fluorescence
intensity signaldcan be seen in the inset of Figure 4.1. The statisticertainty in the slope of
the line through the data in Figure 4.1 leads to the ovieralhcertainty in the second order rate
constant kvia the procedure in section B2 of appendix B. The pheitobnergy F, pressure,
and the average gas residence time inside the reactoe Ipiotolysist..s were varied in order

to assess any dependence of the second-order rate congt@anthese parameters.
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Figure 4.1. Plot of & vs [H;S] obtained at 536 K and 21 mbar. The error bars areThe
inset shows the decay of fluorescence signal plus backgjarmesponding to the filled point.
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4.2.2. Computational Method

The CCSD(T)/CBS-aug theory, previously discussed in ch8@pteas been implemented
to characterize stationary points along the potenteiggnsurface of the $3Cl system. At this
level of theory, spin-unrestricted QCISD/6-311G(d,p) the®rysed for geometry optimizations
and harmonic frequency calculations, and a scalingrfaé®.954° is applied to correct the
harmonic frequencies for anharmonicity. Because spmagnination was found to be negligible
in the HSCI doublet species (£Sof less than 0.8), the usual single-point UCCSD(T)/ROHF
calculations are replaced with single-point UCCSD(T)RJU4lculations in this work. These
single-point UCCSD(T)/UHF calculations, with the awegited triple and quadruple zeta
correlation-consistent basis sets (aug-cc-pVnZ, n®@)Tare performed on the QCISD/6-
311G(d,p) geometries, and a two-point extrapolation schentdized to approximate the
CCSD(T) result at the complete basis set limit. &hergy of the Cl atom has been corrected for
the effect of spin-orbit coupling, and scalar relativisberections, comprised of the Darwin and
mass-velocity corrections calculated with CISD/cc-phidMheory, have been made for all
species. Furthermore, frozen-core and all-electrorefadion calculations have been carried out
using CCSD(T)/cc-pwVTZ theory, and the ensuing core-valeno@ctions have been applied
to all species. All of the geometry optimization aretjfrency calculations have been carried out
using the Gaussian 03 program stftehile the scalar relativistic corrections, and coatexce

corrections have been calculated with Molpro 2062.6.

4.2.3. Theoretical Kinetic Model

Canonical Variational Transition State Theory hastaggplied to locate the loose

transition state of the entrance channel. The vimatly adiabatic ground-state potential for
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H,S + Cl forming the adduct A1 was generated via a relaxedasdhe QCISD/6-311G(d,p)
level of theory, with the vibrational frequency corresping to the motion along the potential
being projectett® out for each of the ensuing points using the Gaussianyd®ke
Freg=Projected. In all, nineteen points have been leééchialong the potential at 0.1 A
intervals. To further refine the energy of these mithe CCSD(T)/CBS-aug treatment
including all of the relativistic and core-valence cotigets previously described was employed.

At each of the seven temperatures considered, the di8 Tonstants obtained have been
plotted against the S-Cl bond distanged(y, and in each case, it was found that third-order
polynomial functions reasonably fit the data (Tables-4423 and Figure 4.2). Differentiation of
these polynomials yielded thedi values at which the TST rate constant is at a miniratieach
temperature. Similar fitting procedures have been usplbtohe behavior of the rotational
constants (Figure 4.3), vibrational modes (Figure 4.4), aadygriFigure 4.5) of the nineteen
points as a function otk at each temperature. Table 4.4 gives the rotationataais B and C,
the two lowest frequencies (1 and 2, respectively), andethve energy data as a function of
rs-ciin the loose TS structures, and Table 4.5 gives thegfidkpressions and parameters for
these properties.

The two lowest frequencies in the loose TS can be itbesicby wobbling motions of the
H,S plane about the x and y axes, respectively, whereSG$-defined as the z-axis, the,/@xis
in H,S as the approximate y-axisqA.cov= 89.0°), and the remaining third nearly perpendicular
axis as the x-axis. These two modes have also bded ta H-S-H twisting and wagging
modes by Wilson and Hir$t3 where twisting is the lower in energy of the twod avill be
denoted as such in this work from this point onward. réhgaining three frequencies are the

usual bending, symmetric stretching, and asymmetric stngtchodes of b5, and since they
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remained roughly constant ascfwas increased, the average value of each mode was used
throughout the VTST analysis. Furthermore, rotaticnaktant A showed only minor non-
systematic fluctuations with respect t-f so its value was interpolated at tbe values of
interest. A comprehensive summary of the resultingr@tproperties of the loose transition
state at each temperature, along with the equilibrionstants derived from the partition

functions, is presented in Table 4.6.

k.. (cm® molecule™s™)
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28 30 32 34 36 38 40 42 44 46 48
I (@angstroms)

Figure 4.2. Plot of the temperature-specific high-predsureng rate constants as a function of
the S — Cl distance in the loose TS: filled squaresik@tpen squares 350 K; filled circles 400
K; open circles 500 K; filled triangles 700 K; open triandlé€0 K; stars 1500 K; lines
represent fits to temperature-specific data.
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Figure 4.3. Plot of rotational constants B and C as diamof the S — Cl distance in the loose
TS: open squares rotational constant B; filled circlegiootal constant C; dashed line fit to
rotational constant B data; dotted line fit to rotatiormistant C data.
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Figure 4.4. Plot of the two lowest frequencies as a imctf the S — Cl distance in the loose
TS: open squares twisting mode; filled circles wagging mddehed line fit to twisting mode
data; dotted line fit to wagging mode data.
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Figure 4.5. Plot of relative UCCSD(T)/CBS-aug energg &sction of the S — Cl distance in
the loose TS.

The high-pressure-limiting recombination rate constabtsioed from VTST were then
converted into the corresponding unimolecular rate cotsstea the equilibrium constants,
which were then plotted Arrhenius-style and are showsidare 4.6. The resulting fit to the
data indicates that the unimolecular high-pressure-hmithermal rate constant can be

expressed in Arrhenius form by
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Kanipe = 4.72 x 18 s* x exp (-26.1 kI mdl/ RT)

(4.3)
Similarly, the temperature dependence of the TST ratgt@otnfor A1 going to SH + HCI was

fitted to the Arrhenius equation, shown in Figure 4.7, andebelt can be expressed as
Kunipe = 5.26 x 187 s* x exp (-27.4 kI mdl/ RT)

(4.4)
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Figure 4.6. Arrhenius plot of the high-pressure-limiting ranstants for A1 = 4% + CI.
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Figure 4.7. Arrhenius plot of the high-pressure-limiting radnstants for A1 = SH + HCI.
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Multiwell-based RRKM calculations were carried out feaction 4.1. The selection of
Lennard-Jones parameters for the collider and adductdigengssed in detail in the preceding
chapter. A simple exponential-down model was selecte@scribe the probability of a
deactivating collision. According to Barker ef%lwhen not much is known regarding the
energy transfer parameters, it is reasonable to adoytdel that is in essence equivalent to
Klaus Luther’'s empirical function, denoted as ITYPEG-in the Multiwell manual, and given

below.

{E—ET
P,(E,E)= xexp -“® (4.5)

N(E)

In this model, the exponenB™is set equal to 1 to reduce this function to the general
exponential-down model expression given in chapter 3 td initial energy and is always
larger than the final energy E, N(E’) is the normdl@afactor determined by Multiwell, and
thea(E’) parameter is related to the collision efficieradythe specific bath gas and was also

previously discussed in chapter 3.

4.3. Results and Discussion

4.3.1. Kinetics

One hundred and three measurements over the range 289-94 Suranarized in Table
4.7. Systematic variation of p, fes and [CI} yielded k values that were not significantly
different within o1, suggesting that the reaction is effectively bimolecatat unaffected
significantly by secondary chemistry, thermal decontporsiand mixing time. Above 915 K
the constant background signal became high, which couttimmative of heterogeneous GCI

dissociation. Table 4.8 shows the weighted mearakies at each average temperature. The
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temperature dependence of the second-order rate cosstiepicted in Arrhenius form in
Figure 4.8. A linear least squares algoritffrwas used to perform a weighted linear fit based
on the I uncertainties in the;kvalues listed in Table 4.8, combined with the uncertamil. i It
yielded

k; = (2.88 £ 0.06) x 18" exp(2.41 + 0.10 kJ moIRT) cn? moleculé' s* (4.6)
where the uncertainties in the Arrhenius parameters ace Combining these uncertainties
with the covariance from a plot of Injkvs. T*,-0.0699 K, yields statistical 95% confidence
limits of 1 to 3 % for kover the temperature range explored, with a minimutheatentral
temperature. Combination in quadrature with a 5 % allowtnrgaotential systematic errors
yields final 95 % confidence limits of £ 5 % for. kBased on these considerations, a value of
(7.6 + 0.4) x 16*cn?® moleculé' s? is obtained for kat 298 K. Table 4.1 and Figure 4.9
summarize literature data for reaction 4.1 which have bexdewed recently*® There is good
accord between the present results and those of NasbBitteon&’ and Nicovich et af**? and

we confirm the negative activation energy observed byathter group.

k. /10™ cm® molecule® s*

1

n n 1 n n
1.0 15 2.0 25 3.0 35

1000K /T

Figure 4.8. Arrhenius plot for Cl +43. Each point represents the weighted average of the
measurements at that temperature. Errors bars repte2ent
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Figure 4.9. Arrhenius plot of kinetic data for Cl +3Hwith 2 error bars: filled square réf®
open circle ref!®”; open triangle ref:*> open square ref*® filled diamond ref*'* filled
triangle ref!’: open diamond réf:Z filled circle ref.*'% star current work.

4.3.2. Computational Analysis

All stationary points obtained with UQCISD/6-311G(d,p) tlyeare depicted in Figure
4.10 and Appendix C contains all of the relevant Cartesiandinates, unscaled vibrational
frequencies, and rotational constants obtained fromha#rand Goumrt?* The electronic
energy of each species, calculated with UCCSD(T)/@B&theory** as well as the atomic
spin-orbit coupling correction for Cl, the scalar refstic corrections, and core-valence
corrections discussed in section 4.2.4, are given inref&aBl The ensuing relative energies for
all species are shown in the potential energy diagifdfigare 4.11, and as can be seen, the ClI
atom can react with #$ via two different channels, both initially going throughrdarmediate
H,S-Cl adduct, denoted A1. The first channel corresponds addition-elimination reaction, as
Al isomerizes via transition state TS1 to form the He®al adduct A2, which in turn eliminates

HCI. The other channel corresponds to a H-atom digplaat, in which Al goes through the
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transition state TS2 to yield HSCl and H. Both othesaction channels have been verified by

following each reaction path using the intrinsic reactoordinate (IRC) feature of Gaussian 03.

H,S (*A,) (0.0) Al (A (-29.0,
2832
MTI1111tIIIISX2 R )
1.338 .0
8922 .
SH €M) (-49.5) TS1 #A) (-3.6)
HSCI (A) (114.0 TS2 FA) (139.2
2,073
1.338 956

HCI (*Z") (-49.5) A2 (°A") (-57.3

1.276

Figure 4.10. Species involved in theS€| reaction system. Geometrical parameters were
obtained with QCISD/6-311G(d,p) theory. The values inrgheses represent the relative
CCSD(T)/CBS-aug enthalpies in kJ mait 0 K, and also include relativistic and core-valence
effects. The values listed for individual fragments @roduct set represent the total enthalpy
difference between the product set and the reactants.
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Figure 4.11. Potential energy diagram of th&El system obtained with CCSD(T)/CBS-aug
theory.

The addition process of the addition-elimination chamred found to occur without an
electronic energy barrier, which is in accord with boftthe only two other computational
results of Wilson and Hirst, and Resende ét*dl** Because the displacement channel has a
high barrier, it is inaccessible throughout the tempeeatange considered in this work, and is
therefore not considered further. The weakly-bound A% @eglected, yielding the simplified
potential energy diagram used in the ensuing kinetic sisady section 4.3.3, depicted in Figure
4.12. This simplified potential energy diagram contawessame species located by Resende et
al., who used a composite approach denoted@sstr wiyces'* This method relies on
geometry optimizations using QCISD/cc-pV(T+d)Z theomylloived by PMP2 single-point
energy calculations extrapolated to the CBS limit gisire tight d-augmented correlation
consistent basis sét§ the inclusion of more electronic correlation viarayke point
UCCSD(T,full)/cc-pV(T+d)Z calculation, and the estimatof the CCSD(T,full)/CBS result via

the additivity approximatior?® Previously, Wilson and Hirst also characterized theaAd TS1
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stationary points using a composite scheme that efédgtapproximates the MP4(Full)/6-
311G+(2df,p) single point energies of structures geonadlirioptimized with MP2(Full)/6-
311G** theory, but they treated the addition and abstrag@hways as separate processes as

opposed to combining them in an addition/elimination mechahis

40

0L H,S+Cl

-1

20

10 |-

-10

Relative enthalpy at 0 K / kJ mol
o
T

20

(-20.5)

-30

Reaction Coordinate

Figure 4.12. Simplified potential energy diagram of th8€El system used for RRKM
calculations, obtained with CCSD(T)/CBS-aug theory.

The relative electronic energies of these speciealsoein good agreement between the
three studies, including the overall enthalpy of reaciibO KAH, calculated with MP4(Full)/6-
311G+(2df,p), Beesoer unyces,and with CCSD(T)/CBS-aug, with values of -45.0, -54.0, and
-49.5 kJ mot, respectively. ThestyHo values are also in reasonable accord with the best
experimental determination for this quantity of -51.41 + 0.05&D", obtained from the
difference between the bond dissociation enthalpi¢sCl (Do(H-Cl) = 427.648 + 0.0066 kJ
mol%)** and HS-H (R(H-SH) = 376.24 + 0.05 kJ md).**® However, we note that while the
barrier heights for reaction 4.1 at 0 K obtained by @iland Hirst and by Resende et al. of 4.8

and -14.6 kJ mdi, respectively, do not compare well to the activatioergy of -2.41 + 0.10 kJ
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mol™* measured using the LFP-RF method in this work, the \aflt@ 6 kJ mof obtained with
CCSD(T)/CBS-aug is in reasonable agreement. Table 4.1@furdmpares thésH, values

obtained by the three studies for the stationary paindemmon.

4.3.3. Theoretical Kinetic Analysis

A simple TST analysis was initially performed startimigh H,S + Cl and going through
TS1 directly, and the resulting rate constants wengnass to be the upper limits of any RRKM
analysis to follow. The densities and sums of stiated1, TS1, and the loose TS at each
temperature, were all calculated using scaled QCISD/6-311G(eqpiencies by the Densum
program available with Multiwefl® An RRKM analysis was then carried out at the ayera
experimental pressure of 30 mBar at the seven diffeeemperatures of Table 4.6, using the
sums of states of the transition states.

A second analysis was carried out with the k(E) vale@sgoevaluated via the Inverse
Laplace Transform (ILTf procedure for the A1 =4$ + Cl channel. In this analysis, the
suggestion of Barker et al. of replacing the high-pressuonigirlg activation energy £(26.1 kJ
mol™?) with the reaction threshold energy 9.0 kJ mot) for improved description of the fall-

off behavior®>®’

was implemented. Finally, a third RRKM analysis wasgeened, which was
based on a hindered Gorin md§éf°'*for the loose transition state at the entrancedi as
described in chapter 3. The Morse parameters used foeddired as input in the Gorin
treatment, weres= 2.832 Au. = 136.2 crit, and @ = 33.0 kJ mot. The ensuing hindrance
parameters, listed in Table 4.11, were selected such aat¢b the high-pressure limiting rate

constants for recombination obtained from the afore¢imeed VTST procedure at each

temperature of interest (Table 4.6). To be consistéhtthe TST procedure, the calculation of

63



rotational effects (equation 3.21) has been omitted fremMultiwell-based RRKM analyses.
Sample input files for the conventional TS Sum ot&XallL T, and Gorin-type TS treatments
may be found in Appendix D.

Figure 4.13 depicts the results of the four kinetic analgsmshically. Also contained in
figure 4.13, are the experimental data obtained at the anpeeratures. Surprisingly, the TST
result seems to be lower than any of the RRKM reailhearly all temperatures. All of the
kinetic analyses yielded non-linear Arrhenius behavioctis in qualitative and quantitative
disagreement with the experimental measurementstestitggly, recent theoretical calculations
for the similar HS + OH reaction have found that this system also eshiloib-Arrhenius
behavior of comparable curvatuf8. It was also found that the ILT-based RRKM procedure has
not met the criteria set forth by John Barker, whbeeeMultiwell-calculated high-pressure-
limiting Arrhenius parameters agree with the input pararsewithin 0.1 %> The hindered
Gorin-type TS RRKM analysis overestimates the ratestant by the largest margin, with a
calculated rate constant of 1.5 times that observesbat temperature, and ~4 times that
observed at 914 K. The ensuing high-pressure limiting recotitninate constants agreed well
with the ones used to fit to in the hindered Gorin amglysdicating that the equilibrium
constants Klisted in Table 4.6 are probably reasonable and that tidepn may be that the k
values calculated via VTST are too large. Finally, whemguihe sums of states of the transition
states, the high-pressure-limiting unimolecular rate emmdor A1 = BS + Cl calculated by
Multiwell is usually a factor of 3 smaller than thatish was expected from the VTST analysis.
This can be reconciled if instead of using the constaof £9.0 kJ mot for this channel, one
takes [ to be the energy of the loose TS at that partidelaperature relative to the energy of

Al (given in Table 4.6), which is how the reaction thodd energy is usually defined for
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systems with a positive activation energy. This saike question of how should the reaction

threshold energy be defined in cases with a negatiwaton energy.

20 T T T T T T T T T T T T T

=

k. /10™ cm® molecule™ s*
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1000K/T

Figure 4.13. Arrhenius plots of the rate constant obdlaimeH,S + Cl = SH + HCI. Open
circles: experimental data pointso(Bncertainties). Bold line: TST result. Dashed lineKIRR
result using sums of states for both channels. Dotted RRKM with ILT for the loose
transition state channel. Dash-dot line: RRKM rewitlh Gorin-type TS (see text).
Regardless of how the MultiWell rate constants veadeulated, it was clearly found in
each case that the rate of adduct formation does notrigesignificant until unrealistic pressures
of thousands of atmospheres are reached, which isancaaath the pressure-independence
observed experimentally. Furthermore, while all ofivhétiWell-based recombination rate
constants exhibited dubious temperature dependences, it cagnbieasn Figure 4.13 below that
at room temperature, these rate constants ranged fremi24 10" cn moleculé' s?, all of
which are in reasonable agreement with the experimeahad of (7.6 + 0.4) x I8 cn?
moleculé' s* obtained for kat 298 K, unlike the 2.8 x f cn? moleculé' s* and 1.2 x 18

cnt moleculé' s* values obtained by Wilson and Hirst and Resende eespectively**

The order of magnitude underestimation of the rate aanst the work of Wilson and Hirst may

65



be attributed to the use of a larger calculated energiebar the TST calculation. On the other
hand, the assumption by Resende et al. that the lobs@m@n TS is rate-controlling leads to the
neglect of the tighter TS in the adduct-to-products cHanfige fact that the adduct more readily
dissociates back to reactants rather than to produtts ig&ely cause of the order of magnitude

overestimation of the rate constant by Resende et al

4.4. Conclusions

The kinetics of the reaction between hydrogen sulfideaaomic chlorine have been
investigated over 290 — 915 K via the LFP — RF experimental te@nifioe measured rate
constant agrees well with prior determinations undetlaimonditions in the literature and the
observed negative activation energy is also in acagidprevious studies. The reaction was
found to be independent of pressure over the range of ¥28nbar. CCSD(T)/CBS-awp
initio calculations revealed the possibility of an additi@imination mechanism and an RRKM
analysis confirmed the observed pressure independence ®fdtem due to the result that the
weakly bound entrance adduct is not significantly staddliantil extreme pressures. Multiwell-
based RRKM analyses yielded non-Arrhenius temperature belavi@action 4.1, which is
gualitative disagreement with the observed temperatyrendience ofk an issue that is
currently being investigated further in collaboration vilkh David Golden of Stanford
University. Overall, the RRKM results were found toilbeeasonable accord with experiment at

room temperature.
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Table 4.1. Comparison of kinetic data for Cl +8.

Experimental K (2082 K), E. + 20, T range,
Technique 10** cmg molecule' s*  kJ mol* K
LFP-ICL? 6.0+ 1.2
LFP-ICL® 7.3+0.9

DF-RF 4.0+ 0.2

DF-MBMS? 51+1.4
FP-RE 6.3+ 0.9 0 211-353
CR’ 10.5+ 0.4 0 232-359
LFP-RF 7.4+1.1 -1.73: 0.20 202-430

LFP-FTIR 3.7+15
LFP-RHE 7.6+ 0.4 -2.41+ 0.10 289-915

Aref. 4;°ref. 5;°ref. 12;%ref. 13;°ref. 9;" no uncertainty reportedyef. 14;" ref. 10;' ref. 8;
I'current work.

67



Table 4.2. High-pressure limiting rate constants fg88 H Cl = Al obtained via TST.

st Kiored298  Kuored3500  Koed400)  Kyred5000  Kyored7000 Ky ed1000 K. ed 1500
(A) (cm? (cm? (cm? (cm? (cm? (cm? (cm?

molec' s’) molec's’) molec's!) molec’s?) molec’s?) molec’s?) molec' sY)

2.9¢ 1.99E-0€ 3.81E-07 1.19E-07 2.44E-08 4.41E-0¢ 1.39E-0¢ 6.72E-1C
3.0 4.41E-07 1.10E-07 4.18E-08 1.12E-0€ 2.77E-08 1.10E-0¢ 6.40E-1C
3.1z 1.07E-07 3.45E-08 1.57E-0€ 5.46E-0¢ 1.80E-0¢ 8.95E-1C 6.15E-1C
3.2t 4.02E-08 1.57E-0€ 8.20E-0¢ 3.45E-0¢ 1.42E-0¢ 8.32E-1C 6.50E-1C
3.3¢ 1.34E-0€ 6.39E-0¢ 3.85E-0¢ 1.98E-0¢ 1.03E-0¢ 7.16E-1C 6.41E-1C
3.4: 5.95E-0¢ 3.33E-0¢ 2.24E-0¢ 1.35E-0¢ 8.40E-1C 6.70E-1C 6.66E-1C
3.5¢ 3.12E-0¢ 1.98E-0¢ 1.47E-0¢ 1.01E-0¢ 7.26E-1C 6.48E-1C 7.03E-1C
3.6: 1.91E-0¢ 1.35E-0¢ 1.08E-0¢ 8.20E-1C 6.67E-1C 6.51E-1C 7.58E-1C
3.7¢ 1.32E-0¢ 1.02E-0¢ 8.63E-1C 7.17E-1C 6.43E-1C 6.76E-1C 8.33E-1C
3.8t 1.00E-0¢ 8.28E-1C 7.38E-1C 6.59E-1C 6.40E-1C 7.16E-1C 9.26E-1C
3.9¢ 7.62E-1C 6.67E-1C 6.20E-1C 5.87E-1C 6.11E-1C 7.19E-1C 9.67E-1C
4.0t 6.80E-1C 6.25E-1C 6.03E-1C 6.00E-1C 6.61E-1C 8.12E-1C 1.13E-0¢
4.1: 6.23E-1C 5.95E-1C 5.90E-1C 6.10E-1C 7.03E-1C 8.93E-1C 1.28E-0¢
4.2: 6.18E-1C 6.06E-1C 6.12E-1C 6.51E-1C 7.73E-1C 1.01E-0¢ 1.46E-0¢
4.3: 6.56E-1C 6.54E-1C 6.68E-1C 7.21E-1C 8.73E-1C 1.15E-0¢ 1.70E-0¢
4.4: 6.00E-1C 6.27E-1C 6.63E-1C 7.50E-1C 9.58E-1C 1.32E-0¢ 2.00E-0¢
4.5: 6.06E-1C 6.48E-1C 6.97E-1C 8.08E-1C 1.06E-0¢ 1.48E-0¢ 2.29E-0¢
4.6t 6.53E-1C 7.09E-1C 7.70E-1C 9.05E-1C 1.21E-0¢ 1.71E-0¢ 2.66E-0¢
4.7: 6.75E-1C 7.46E-1C 8.21E-1C 9.85E-1C 1.34E-0¢ 1.94E-0¢ 3.05E-0¢
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Table 4.3. Fits of kedT) VS. .c data to the third-order polynomial expression

l0g(KeredT)) = A + B(rsc) + C(fsc)® + D(fs.c)’.

Paramete 29€K 350 K 400 K 500 K 700 K 1000 K 1500 K
82.597. 66.897¢ 55.633t 39.851¢ 21.835l 8.389:. -1.965!
-62.078. -51.619. -44.107: -33.568! -21.509¢ -12.475 @ -5.474:
13.967¢  11.625! 9.943: 7.583: 4.882¢ 2.861: 1.295¢
-1.045¢ -0.869: -0.742¢ -0.564¢ -0.361! -0.208¢ -0.091:

o0 w>
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Table 4.4. Unscaled frequencies, rotational constantsetatd/e energy of loose transition

state structure used in VTST calculations.

Isci #Twisting AWagginc Rot. Const. |  Rot. Const. t  °(Ers—Eread  “(Ets— Ea1)
(A) (cm?) (cm?) (GHz) (GHz) (kJ molt) (kJ molY)
2.9¢ 256.7 258.¢ 3.37 3.3¢ -29.1 -0.1
3.0¢ 223.¢ 230.¢ 3.1¢ 3.1¢ -24.¢ 4.2
3.1z 195.1 204.1 2.9¢ 2.9t -20.€ 8.2
3.2¢ 167.2 184.¢ 2.7¢ 2.71 -17.€ 11.2
3.3¢ 156.¢ 162.1 2.61 2.61 -14.€ 14.
3.4¢ 142.¢ 146.¢ 2.4¢ 2.4¢ -12.1 16.¢
3.5¢ 130.¢ 134.t 2.3z 2.3z -10.1 18.¢
3.6: 120.7 123.¢ 2.1¢ 2.1¢ -8.E 20.E
3.7¢ 111.€ 114.F 2.0¢ 2.0¢ 7.1 21.¢
3.8¢ 103.7 106.1 1.97 1.97 -6.C 23.(
3.9¢ 92.¢ 110.¢ 1.87 1.87 -5.1 23.¢
4.07 92.4 93.1 1.7¢ 1.7¢ -4.2 24.7
4.1° 86.1 88.z 1.7¢ 1.7¢ -3.€ 25.2
4.27 80.¢ 83.7 1.62 1.62 3.4 25.¢
4.37 75. 79. 1.5E 1.5¢ 3.2 25.¢
4.47 69.1 71. 1.4¢ 1.4¢ 2.4 26.€
457 65.1 67.C 1.41 1.41 2.1 26.¢
4.6° 60.7 63.: 1.3t 1.3t -1.¢ 27.1
4.7% 56.7 60.z 1.3( 1.3( -1.€ 27.

& The two lowest frequencies in Loose TS calculatgéd UQCISD/6-311G(d,p) theory (see text).
b Calculated with UCCSD(T)/CBS-aug theory and inelsidore-valence and relativistic corrections (s&8).t

70



Table 4.5. Fits of rotational constants B and C, thsting and wagging modes, and relative

energy vs. 4.c data to the function y = A + B x exp«i/ C).

Paramete Rot. E Rot. C  Twisting Waggin¢ (Ers— Egea)

A 0.716¢ 0.715: 49.389° 52235 3.01x 1("°
B 30.608. 30.474: 17460.8° 17696.5. -4414.31.
C 1.19¢8 1.2001 0.657: 0.658! 0.584:
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Table 4.6. Energy transfer parameters, loose transtate properties, and equilibrium

constants for b5 + Cl = Al.

T 29¢ 35( 40( 50C 70C 100( 150(

(K)

gnsca'ec _ 76.1 80.0 83.1 89.0 100.9 122.7 188.2

reguencies

o ;’ ' 79.7 83.6 86.8 92.9 1051 1273 1943
1224.3 12243  1224.3 12243 12243 12243  1224.3
2757.4 27574 2757.4 2757.4  2757.4 2757.4 2757.4
2779.0 2779.0 2779.0 2779.0 2779.0 2779.0 2779.0

(F;Otatt'onf" 148.2 1482 1482 1480 1475 1469  144.1

onstants

(GHz) 1.6 1.7 1.7 1.8 2.0 2.2 2.9
1.6 1.7 1.7 1.8 2.0 2.2 2.9

fscl 4.2¢ 4.17 4.11 4.0C 3.8¢ 3.6( 3.1¢

(A)

(Ers— En1) 26.( 25.F 25.1 24.7 22.7 19.7 9.€

(kJ mol*)

Koo uni 1.11E9  5.9989  1.97E1C  1.02E11 6.26E11 2.19E12 4.59E12

(sY

Koo rec 6.12E-1C  5.99E-1C 5.95E-1C  5.98E-1C 6.21F-1C 6.49E-1C  6.29E-1C

(cn?® molec! sY)

K 5.50E-1¢ 1.00E-1¢ 3.02E-2C  5.87E-21 9.92E-22 2.97E-22 1.37E-22

(cm® molec?)

<AE>40un 427.¢ 463. 498.1 567.¢ 706.¢ 915.1 1262.°

(cm™)

C 0.1¢€ 0.17 0.1¢ 0.2z 0.27 0.3¢ 0.5(

(cm)
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Table 4.7.Summary of measurements of the rate constafurlCl + H,S.

T, s F P [CCL,  [H:Sha [Clo, ky £ Oy,
K S mJ  mbar 10" molecule10™ molecule10* molecule 10™ cnt moleculé' s*
cm’® cm’® cm’®

289 0.5 055 21 0.98 3.62 10.1 7.79+0.31
289 0.5 043 21 0.98 3.62 7.9 7.90+0.29
289 05 025 21 0.98 3.62 4.6 7.92+0.32
289 0.5 017 21 0.98 3.62 3.1 7.91+0.29
291 1.0 1.05 41 1.21 5.25 23.8 7.57+0.22
291 1.0 0.80 41 1.21 5.25 18.2 7.56+ 0.20
291 1.0 044 41 1.21 5.25 10.0 7.77+0.23
291 1.0 0.29 41 1.21 5.25 6.6 7.77+£0.24
355 0.8 1.34 42 0.99 2.77 24.9 6.33+0.48
355 0.8 0.89 42 0.99 2.77 16.5 6.17+ 0.50
355 0.8 0.58 42 0.99 2.77 10.8 6.37+ 0.53
355 0.8 041 42 0.99 2.77 7.6 6.33+ 0.50
355 0.8 0.27 42 0.99 2.77 5.0 6.40+ 0.51
433 0.3 089 21 0.69 1.46 11.5 5.72+ 0.50
433 0.3 070 21 0.69 1.46 9.1 5.99+ 0.52
433 0.3 046 21 0.69 1.46 6.0 5.63+ 0.50
433 0.3 035 21 0.69 1.46 4.5 5.76+ 0.49
433 0.6 079 41 1.03 1.94 15.3 5.58+ 0.48
433 0.6 064 41 1.03 1.94 12.4 5.74+ 0.51
433 0.6 042 41 1.03 1.94 8.1 5.71+0.49
433 0.6 027 41 1.03 1.94 5.2 5.61+0.48
434 1.1 0.87 41 1.32 3.76 21.5 5.52+0.48
434 1.1 059 41 1.32 3.76 14.6 5.61+0.49
434 1.1 0.40 41 1.32 3.76 9.8 5.70+£ 0.48
434 1.1 0.26 41 1.32 3.76 6.4 5.64+0.48
482 0.3 061 21 0.58 2.30 6.6 5.49+ 0.37
482 0.3 049 21 0.58 2.30 5.3 5.52+0.40
482 0.3 034 21 0.58 2.30 3.7 5.50+ 0.39
482 0.3 022 21 0.58 2.30 2.4 5.45+ 0.36
483 1.1 0.80 42 0.76 453 11.4 4,98+ 0.32
483 1.1 0.57 42 0.76 453 8.1 5.16+0.34
483 1.1 041 42 0.76 453 5.8 5.16+0.34

(Table continues on next page)
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(Table 4.7. Continued)

T, % F_ P [CCW,  [HSha [Cllo ks * O,
K S mJ  mbar 10" molecule10™ molecule10* molecule 10™ cnt moleculé' s*
cm?® cm?® cm?®

483 1.1 0.28 42 0.76 453 4.0 5.15+0.34
484 0.6 089 32 0.67 1.86 11.2 5.48+ 0.52
484 0.6 0.63 32 0.67 1.86 7.9 5.58+ 0.49
484 0.6 043 32 0.67 1.86 54 5.60+ 0.50
484 0.6 025 32 0.67 1.86 3.1 5.63+0.49
536 0.5 0.71 33.2 0.60 2.04 8.0 4,90+ 0.67
536 0.5 044 33.2 0.60 2.04 5.0 4.85+ 0.67
536 0.5 0.27 33.2 0.60 2.04 3.0 4.80+ 0.67
536 0.5 0.21 33.2 0.60 2.04 2.4 4.88+ 0.69
536 0.9 086 324 0.65 1.82 10.5 4.68+ 0.64
536 0.9 053 324 0.65 1.82 6.5 4,76+ 0.66
536 0.9 037 324 0.65 1.82 45 453+ 0.62
536 0.9 024 324 0.65 1.82 2.9 457+ 0.63
536 0.3 0.79 15.8 0.59 1.25 8.7 4.83+ 0.66
536 0.3 0.56 15.8 0.59 1.25 6.2 4,90+ 0.67
536 0.3 0.33 15.8 0.59 1.25 3.7 491+ 0.67
536 0.3 0.21 15.8 0.59 1.25 2.3 4,70+ 0.63
610 0.2 045 15.8 0.49 1.71 4.1 4.68+0.24
610 0.2 0.30 15.8 0.49 1.71 2.8 4,74+ 0.21
610 0.2 0.21 15.8 0.49 1.71 1.9 4.89+0.18
610 0.3 0.70 31.2 0.46 1.91 6.0 454+ 0.39
610 0.3 049 31.2 0.46 1.91 4.2 451+0.38
610 0.3 0.38 31.2 0.46 1.91 3.3 451+0.38
610 0.3 0.25 31.2 0.46 1.91 2.2 4.41+0.45
696 0.2 0.79 253 0.37 2.61 55 4.41+0.12
696 0.2 047 25.3 0.37 2.61 3.3 4.32+0.15
696 0.2 0.33 253 0.37 2.61 2.3 4.45+0.16
696 0.2 0.24 253 0.37 2.61 1.7 456+ 0.16
698 0.2 0.74 34.3 0.41 3.57 5.7 4.36+0.21
698 0.2 047 34.3 0.41 3.57 3.6 450+ 0.12
698 0.2 0.29 34.3 0.41 3.57 2.2 4.49+0.14
698 0.2 0.21 34.3 0.41 3.57 1.6 455+ 0.19

(Table continues on next page)
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(Table 4.7. Continued)

T, % F_ P [CCW,  [HSha [Cllo ks * O,
K S mJ  mbar 10" molecule10™ molecule10* molecule 10™ cnt moleculé' s*
cm?® cm?® cm?®

701 0.3 099 24.1 0.38 3.62 7.1 4.04+0.13
701 0.3 0.67 24.1 0.38 3.62 4.8 3.99+0.13
701 0.3 044 241 0.38 3.62 3.1 4.14+0.14
701 0.3 028 24.1 0.38 3.62 2.0 4.28+0.18
814 0.2 0.82 40 0.36 2.16 55 3.96+ 0.33
814 0.2 055 40 0.36 2.16 3.7 3.91+0.33
814 0.2 0.38 40 0.36 2.16 2.6 3.93+0.24
814 0.2 0.28 40 0.36 2.16 1.9 4,10+ 0.28
815 0.3 084 34 0.38 1.79 6.0 4.17+0.65
815 0.3 059 34 0.38 1.79 4.2 4.01+0.45
815 0.3 040 34 0.38 1.79 2.9 3.76+£0.44
815 0.3 024 34 0.38 1.79 1.7 3.93+ 0.68
815 0.2 075 21 0.31 2.04 4.4 3.79+ 0.36
815 0.2 054 21 0.31 2.04 3.1 3.83+£0.23
815 0.2 035 21 0.31 2.04 2.0 4.01+0.15
815 0.2 022 21 0.31 2.04 1.3 4.03+0.33
816 0.1 051 40 0.37 4.25 3.5 4.30+0.15
816 0.1 0.36 40 0.37 4.25 2.5 4.32+0.15
816 0.1 0.24 40 0.37 4.25 1.7 4.44+0.16
912 0.1 074 22 0.29 4.85 4.0 3.97+0.15
912 0.1 053 22 0.29 4.85 2.9 4.07+0.19
912 0.1 042 22 0.29 4.85 2.3 4.22+0.18
912 0.1 021 22 0.29 4.85 1.1 4.29+0.19
914 0.1 0.74 35 0.30 2.94 4.2 3.86+0.19
914 0.1 050 35 0.30 2.94 2.8 3.90+0.25
914 0.1 031 35 0.30 2.94 1.7 3.87+£0.18
914 0.1 0.21 35 0.30 2.94 1.2 4.13+0.12
914 0.1 0.80 28 0.37 2.27 5.6 3.82+0.15
914 0.1 051 28 0.37 2.27 3.5 3.86+ 0.36
914 0.1 0.36 28 0.37 2.27 2.5 3.66+ 0.32
914 0.1 0.23 28 0.37 2.27 1.6 4.07+0.27
915 0.2 084 22 0.29 3.38 4.6 3.77+£0.31

(Table continues on next page)

75



(Table 4.7. Continued)

T, T F. P [CCL,  [HoShnax [Cl]o, ki % O,
K S mJ  mbar 10" molecule10™ molecule10* molecule 10™ cnt moleculé' s*
cm?® cm?® cm?®

915 0.2 054 22 0.29 3.38 2.9 3.84+0.34

915 0.2 035 22 0.29 3.38 1.9 3.74+ 0.32

915 0.2 024 22 0.29 3.38 1.3 3.79+0.21

915 0.2 0.83 28 0.29 3.35 45 3.72+ 0.37

915 0.2 0.61 28 0.29 3.35 3.3 3.54+ 0.35

915 0.2 042 28 0.29 3.35 2.3 3.61+0.32

915 0.2 024 28 0.29 3.35 1.3 3.65+0.32
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Table 4.8. Weighted meankvalues for Cl + KIS with statistical uncertainties.

T, K1 % Oy,

K 10 cn® moleculé* s*
29C 7.73 £0.0
35k 6.32+0.2
43¢ 569+0.1
48 5.34+£0.1.
53€ 477 +0.1
61C 471+0.1
69¢& 4.34+ 0.0<
81t 414 +0.0
914 3.92 £ 0.0
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Table 4.9. Energies and zero point energiessifbEspecies on the PES of reaction 4.1.

Species  Electronic Unscaled ®Scalar °Core- Electronic Electronic Electronic “Total
Energy ZPE Relativistic ~ Valence Energy Energy Energy Energy

QCISD/ QCISD/ correction correction  CCSD(T)/ CCSD(T)/ aug-CBS

6-311G(d,p) 6-311G(d,p) aug-cc-pVTZ aug-cc-pvVQZ
H -0.49981 0 -0.00001 0 -0.49982 -0.49995 -0.50004 -0.50005
Cl -459.60167 0 -1.40334 -0.30271 -459.67622 -459.69474  -460.70826 -461.41566
H.S -398.86817 0.01545 -1.07682 -0.29621 -398.94081 -398.95731  -398.96934 -400.32764
HCI -460.26032 0.00694 -1.40294 -0.30305 -460.34324 -460.36417  -460.37944 -462.07882
SH -398.22521 0.00623 -1.07716 -0.29591 -398.29133 -398.30572  -398.31622 -399.68334
HSCI -857.90231 0.00959 -2.48005 -0.59898 -858.06482 -858.10247  -858.12994 -861.19982
Al -858.47547 0.01705 -2.48020 -0.59897 -858.62924 -858.66520 -858.69143 -861.75434
A2 -858.48887 0.01468 -2.48005 -0.59901 -858.63922 -858.67439  -858.70005 -861.76511
TS1 -858.45907 0.01246 -2.48028 -0.59909 -858.61556 -858.65119 -858.67718 -861.74466
TS2 -858.38599 0.01146 -2.48004 -0.59894 -858.55548 -858.59408 -858.62224 -861.69028

& Correction was calculated with CISD/cc-pwVTZ theorme(sext).

b Correction was calculated with CCSD/cc-pwVTZ the@ge text).
¢ Energy calculated by adding scaled ZPE, scalar relatigisd core-valence corrections, and a correctiof.60134 for Cl-atom spin-orbit coupling to
aug-CBS electronic energy (see text).
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Table 4.10. Comparison of computed thermochemistry feE8l stationary points relative to

Cl + H,S.
AHp(AL) AHo(Abs TS)  AHo(SH + HCI) Investigators
(kJ mol*) (kJ mol') (kJ mol*)
-34.2 4.8/9.7 -45.0 ®Wilson and Hirst
-41.4 -14.6 -54.0 ‘Resende et al.
-29.0 -3.6 -49.5 dCurrent Work

-51.41 £0.05  °Experimental
& The authors claim that this value is 4.8 kJ rimiit 9.7 kJ mét is obtained from their tabulated energies.
P Computed with MP4(Full)/6-311G+(2df,p)//MP2(Full)/6-311G** theorsf. 12 (see text).
¢ Computed with UCCSD(T,full)/CBS theory, rét* (see text).
d Computed with CCSD(T)/CBS-aug theory (see text).
© From (Dy(H-Cl) = 427.648 + 0.0066 kJ nit), ref.'?* and (B(H-SH) = 376.24 + 0.05 kJ nmid), ref. %
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Table 4.11. Energy transfer parameters, loose Gorinttgpsition state properties, and rate

constants for reaction 4.1.

T 29¢ 350 40C 50( 70C 100( 150(
(K)
r:g\,slx 6.4% 6.2¢ 6.17 5.917 5.61% 5.3¢ 4.9t
(A)
Hindrance 0.78( 0.741 0.72( 0.70¢ 0.71f 0.74: 0.72¢
Parameteny
Hindrance 0.391 0.45! 0.48! 0.50¢ 0.48¢ 0.44¢ 0.47(
Parametern)
K-Rotol 3.43¢ 3.43¢ 3.43¢ 3.43¢ 3.43¢ 3.43¢ 3.43¢
(amu &)
¥2D Moment of 1.36¢ 1.29¢ 1.26( 1.23: 1.25( 1.30( 1.27:
Inertia-HS
(amu R
J-Rotol 7179¢ 681.09 655.83 614.4C 53272 49152 42297
(amu R
<AE>joun 427 .% 463. 498.1 567.¢ 706.¢ 915.1 1262.¢
(cm™)
C 0.1¢€ 0.17 0.1¢ 0.2Z 0.27 0.3¢€ 0.5C
(cm™)
kx,gni 1.18E9 6.20E9 2.04E1C 1.05E11 6.36E11 2.20E12 4.61E+1:
(s9)
K. rec 6.49E-1C 6.20E-1C 6.16E-1C 6.16E-1C 6.31E-1C 6.54E-1C  6.32E-1C
(cm® molec® s%)
kg 1.20E-1C 1.15E-1C 1.13E-1C 1.14E-1C 1.22E-1C 1.41E-1C 1.75E-1C

(cm® molec® s?)
& Two-dimensional Moment of Inertia of,H scaled by the hindrance parameter.
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CHAPTER 5

THE REACTION BETWEEN AMMONIA AND ATOMIC CHLORINE

5.1. Introduction

Ammonia is a compound that is abundant throughout the uaivéréias been found in
the atmospheres of other planets such as Jupiter, Samarkjranus, and has also been
implicated in interstellar chemistfy> On Earth, the constant production of gaseous ammonia
via the volatilization of soil fertilizers has madehe third most abundant nitrogen-containing
species in the atmosphere. As early as the late 196@ss realized that although ammonia is
less abundant thamyMind NO, due to its shorter residence time, it is actualyrtiost important
species involved in the sun-powered photolytic generatidrcmoulation of nitrogen atoms
through the atmosphefeNitrogen atoms can also be generated via repetitiw®lydic N-H
bond cleavage in ammonia during chain reactions involvingaslisuch as the Cl atom. The
simple H-abstraction in reaction 5.1 corresponds tditstestep in such a sequence.

NHs + Cl— NH, + HCI (5.1)

Due to the wide usage of ammonium perchlorate and relate@speenodern
propellants, the reaction between ammonia and chlotimesahas also generated interest from
the field of propulsion kinetic¥. Yet despite the importance of reaction 5.1, its kisgtave

previously been studied only once, at room temperatrin this work, this reaction has been

" This chapter was partially adapted from the publicatich &hys. Chem. A/ol. 110, Gao, Y., Alecu, |. M.,
Hsieh, P.-C., Morgan, B. P., Marshall, P., and Krasrmpé.. N., “Thermochemistry is not a Lower Boundhe t
Activation Energy of Endothermic Reactions: A Kinéittdy of the Gas-Phase Reaction of Atomic Chlorirta wi
Ammonia,” Pages 6844-6850, Copyright (2006), with permissian fflee American Chemical Society.
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investigated over the temperature range of 290 — 570 K via tAeREFexperimental technique.
Furthermore, Density Functional Theory and high ledeinitio computations have been carried
out to explore the PES of this reaction, which wasegibsntly used to theoretically assess the

thermal rate constant via TST and modified TST (MT$@alculations.

5.2. Methodology

5.2.1. Experimental Technique

The laser flash photolysis — resonance fluorescdrieR ¢ RF) technique was used to
generate ground state chlorine atoms and monitor theneBaence in the vacuum ultra-violet.
The apparatus for LFP — RF and its operation have beenlksin detail in chapter 2. The
photolytic precursor used to generate Cl atoms in this waskCCJ, and its photochemistry as
well as considerations of the laser beam crosseseand laser photon intensity have been used
to estimate [CH, as described in section 2.5.2. As usual, the experihparameters [C}] P, F,
andt.es have been varied in order to ensure that the measereddsorder rate constant was not
significantly influenced by potential secondary chemjsingrmal decomposition, or mixing
effects.

Pseudo-first order conditions were achieved by floodingdhetor with excess NiHand
the measurement of the corresponding pseudo-first catkecoefficients (k) at various
concentrations of ammonia enabled the determinatiorecfe¢bond order rate constant for
reaction 5.1, k A typical exponential decay of the fluorescenceaigused to obtainpk; via
the usual non-linear least squares procedure outlined ezt is shown in the inset of Figure

5.1. Plots of k; versus [NH], such as the one displayed in Figure 5.1, have slopes tha
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correspond to & and intercepts that account for the loss of Cl atemgrocesses such as

diffusion and reaction with photolysis fragments.
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[NH,]/ 10" molecule cm™

Figure 5.1. Plot of ki vs. [NHs] obtained at 357 K. The error bars ace The inset shows the
fluorescence signal plus background corresponding to teéé fibint.

5.2.2. Computational Method

The Gaussian 63program suite has been employed to carry out Densitgtiémal
Theory andab initio electronic structure theory computations. The MPWB@kctional,
developed by Zhao and Truhlar to properly treat H-bonded sysiachyield accurate reaction
barriers and thermochemistry, has been used to locdteharacterize stationary points along
the PES of reaction 53%. The G3B3?® and CBS-QB%®° composite methods were also applied
to the NRCI system. Finally, spin-unrestricted CCSD(T)/aug-cc-g\¢alculations were

carried out to further refine the geometries and frequsmdiehe stationary points, and the
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energies were used in conjunction with CCSD(T)/aug-ccp¥Qgle-point calculations in an
extrapolation that estimated the CCSD(T)/CBS reslite accuracy of the CCSD(T)/CBS
results was further improved by the inclusion of atompin-®rbit coupling for Cl, as well as
scalar relativistic and core-valence correctionsafbspecies, calculated in Molpro 208%with

the same methods described in chapter 3.

5.3. Results and Discussion

5.3.1. Kinetics and Thermochemistry

Eighty three measurements of the second order ratéacbksover the range of 290 —
570 K are summarized in Table 5.1. The second order raseacvmvas found to be independent
of P, [Cly, F, andt,es indicating that reaction 5.1 was effectively bimolacuand was not
appreciably affected by secondary chemistry, thermalmposition, or mixing times. Above
570 K, it was found that H atoms were produced in large enaughbras to significantly
interfere with the observed kinetics, despite the fisaloium fluoride optics.

The data obtained over the 290 — 570 K range are plottedheius form in Figure 5.2
below. These data were then taken along with tleuricertainties and fit with a linear least
squares algoritht’ to yield

ky = (1.08+ 0.05) x 10" exp(-11.47% 0.16 kJ mot/RT) cn? moleculé' s* (5.2)
where the uncertainties in the Arrhenius parametersseprene standard deviation. Following
the error analysis procedure described in detail in seB#oof Appendix B, these uncertainties
were combined with the covariance and a 10% allowangeof@ntial systematic errors to yield
the final 25 uncertainty in kof 11%. As noted earlier, the only other measuremekit cdmes

from Westenberg and DeHaas, who used a flash lamp to pt®1GLC} to generate Cl atoms
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and study reaction 5.1 at room temperattiteTheir measurement has also been included in
Figure 5.2, and as can be seen, it agrees well with casurements. As can also be seen from
Figure 5.2, the majority of the room temperaturenkasurements lie above the linear Arrhenius
fit. This could be indicative of curvature in the Arrhenplot or a possible contribution to the
overall rate of Cl loss from a different reactidraanel favored at low temperatures, such as an
addition channel. However, the clear pressure-indepeesdexhibited by the room temperature
second order rate constants coupled withathéitio computational results discussed in the next
section, indicate that a Cl-NHdduct would be thermodynamically unstable and therefore

addition is unlikely to be an important reaction chamwveln at room temperature.

=
o
T

-1

-13 3 -1
k1/10 cm” molecule™ s

PR ISV NUR AN NNA TS NI NS NI
16 18 20 22 24 26 28 30 32 34 36

1000K /T

Figure 5.2. Arrhenius plot for Cl + NHOpen circles, present measurements witlertor bars;
solid square, measurement by Westenberg and déflaas.
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TheAH at O K for reaction 5.1 can be obtained from the tspscopic measurement of
the bond dissociation enthalpy of the N-H bond in @mia BDE(H2N-H)*? = 444.0 + 0.2 kJ
mol™* and the well-established H-ClI bond strength BPECI)*?* = 427.648 + 0.007 kJ mdl
As shown in equation 5.3, the difference between thes@tiantities yields the reaction
enthalpy for reaction 5.1,

AHo = BDEy(H2N-H) — BDEy(H-CI) (5.3)
which has a value dfHo = 16.4 + 0.2 kJ mdl Using the temperature dependences of the
enthalpies tabulated by Gurvich et’df a value for the reaction enthalpy can be obtained nea
the center of the temperature range used in this studys = 19.1 kJ mot, which is ~ 7.6 kJ
mol™ larger than the measured activation energy. Bedatisean also be directly evaluated
from the difference between the activation energfebeforward and reverse reactidfisit can
be deduced that the activation energy for the reveesgion 5.4 must be negative.

NH, + HCl— NHs + Cl (5.4)
In reaction 5.4, a hydrogen-bonded intermediate could pdtgiie@formed from the interaction
of the highly electronegative N atom with HCI. If hydem bonding does occur in this system, it
would also stabilze the transition state for this ieact These notions as well as the possibility
of a negative energy of activation for reaction 5.4eaq@ored computationally in the next

section.

5.3.2. Computations and Kinetic Modeling

Table 5.2 lists the enthalpies at 0 K of stationampsoon the potential energy surface
relative to Cl + NH, derived by various methods. The MPWB1K calculatioasancarried out

with a variety of basis sets within the range used by AmaoTruhlar in its development, with
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the smallest being 6-31+G(d,p) and the largest being the BA&S set discussed in chapter 3 (6-
311++G(3d2f,2df,2p)}° Zhao and Truhlar have determined that the optimdihsctactors for
MPWB1K/6-31+G(d,p) and MPWB1K/MG3 frequencies are 0.9537 and 0.98§¥ectively’

and the average of these two, 0.9552, was used to scaibrdigonal frequencies obtained with
all the intermediate basis sets used with this funationthis work. The G3B3 and CBS-QB3
composite methods include a spin-orbit coupling correctioB.6 kJ mot to the Cl atom

energy within their schemes, and this correction wes lmlade for all the DFT methods listed in
Table 5.2. The extent of spin contamination in alldbablet species was found to be negligible,
with <S> spin expectation values of no more than 0.757.

As can be seen from Table 5.2, the reaction enthatpieslated with the two composite
methods are in good accord with the experimental Valudhis quantity, and the MPWB1K
results exhibit systematic variation with the sizeéhaf basis set. While the use of MPWB1K in
conjunction with the smallest basis set yielded thstlaccurate result, interestingly, the most
accurate result for this functional was not obtain&l thhe largest basis set. Instead, the
accompaniment of MPWB1K by the intermediate 6-31++G(2dbh2g)s set gave the best
agreement with the measur&gdH,, and the structural parameters, scaled vibrational frexges
and energy barrier calculated with this method wenefbee selected for the MTST treatment
that follows.

Figure 5.3 shows the structural parameters of the varioud@tes involved in the
NH3Cl reaction system obtained with MPWB1K/6-31++G(2df,2ppthieand Figure 5.4 places
the ensuing stationary points on a PE diagram correspgptalthe reaction path. As can be seen
from Figure 5.4, a potentialkCadduct (A3) in which the Cl atom interacts with theel@air on

the N center has been characterized. Though this akddsiciot been observed experimentally,
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an analogous complex formed between Cl and pyridinddms recently observed in the gas
phase’®* The A3 adduct has been previously identified by McKe¢ esig variousb initio
methods, and they found that the CI-N interaction @addscribed as a two-center — three-
electron bonding of the nature)f(c*)*.*** Furthermore, at the highest level of theory they used,
G2(MP2,SVP), McKee et al. found that while this inter@etis worth only 36.3 kJ molin Cl-
NHs, the BDE in CI-N(CHs)s is much more appreciable, having a value of 90.2 k3.mol
Consequently, they concluded that “the formation of 2c bddels is favored by nitrogen bases
with low ionization energies and by radicals with higgceron affinities.**°
MPWB1K/6-31++G(2df,2p) calculations find that the A3 adductah&sg CI-N bond,
2.38 x 10" m, which is in relatively good agreement with the 22885, and 2.43 x 1§ m
values obtained by McKee et al. with UMP2(full)/6-31G(dR 2({fc)/6-311+G(2df,p), and
QCISD(T)(full)/6-31G(d) theories, respectivefif. However, the DFT value obtained here for
the BDR of A3, of 47.7 kJ mal, is considerably larger than the a 36.3 kJ'Twallue McKee et
al. obtained with G2(MP2,SVP), which is more in linehitihe values obtained with the
composite methods used in this work (Table 5.2). Usingy#tP&/B1K/6-31++G(2df,2p)
geometries and frequencies to calculate the partitioctifons of the reactants and A3, as well as
the difference in energy between theéxf, = -47.7 kJ mot, an equilibrium constantdof 3.6 x
10™® cn? moleculé' is obtained for the formation of A3 at the average roemperature used in

experiments of 294 K. The equilibrium constant was caledlaia equation 5.5 below.

QA3

n Qi reac

K. (T)= x exp(- AE,/RT) (5.5)

88



1.01

1.02

. 180.0 1 90
1.30

Figure 5.3. Geometries and frequencies (scaled by 0.95%tiohstry points on the Cl + NH
potential energy surface, computed via MPWB1K/6-31++G(2df,2pryhé. Gy NH3, 977,
1610 (2), 3440, 3576 (2) cm2. HCI, 2932 cnt; 3. Gy NH,, 1475, 3332, 3427 ¢t 4. Gy Cl-
NHs adduct (A3), 297, 342 (2), 817, 1570 (2), 3466, 3614 (2} &mGs abstraction transition
state (Abs TS), 622i, 391, 400, 677, 984, 1180, 1502, 3376, 34816c@ H.N-HCI complex

(A2), 153, 156, 185, 556, 577, 1472, 2568, 3358, 3461 cm
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Figure 5.4. Potential energy diagram for Cl +sNldmputed at the MPWB1K/6-31++G(2df,2p)
level of theory.

The value of the equilibrium constant calculated via egn®.5 implies that under the
experimental conditions that would most favor adduct &ion, the lowest average T (294 K)
and average [NEmax at that T (1.99 x I molecule cri), 71% of atomic Cl could be
complexed by Nkl The lack of observed pressure-dependence in our exp&simditates that
A3 is not formed in appreciable quantity at room temperatm@ying that the BDE of this
species has been overestimated with MPWB1K/6-31++G(2dh2p)yy. Performing the same
analysis using properties for all species calculated théfCBS-QB3 composite methoi =
-40.3 kJ mot) yielded an equilibrium constant of 1.3 x1@nT moleculé', indicating that only
~ 3% of all Cl atoms would be involved in the formatafrA3 at 294 K, a result that is in line

with the pressure-independence observed.
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Cl atoms can also be lost via the abstraction chafosvn in Figure 5.4. Along this
reaction path, the reactants pass through a TS strifétosel'S) to form a weakly-bound
complex (A2) which can then dissociate to the finatpiis. As can be seen in Table 5.2, the
TS for abstraction was calculated to be lower in endgrgn the final products with all theories
used, supporting the negative activation energy proposedrdarlthe reverse reaction. The A2
intermediate was found to dissociate to NHHCI without a barrier, and its structure and
complexation energy, of only -18 kJ iaklative to the products, are consistent with hydrogen
bonding. No complexes involving a CI-H-N arrangement agated in this work.

Dr. Lev N. Krasnoperov, who was a collaborator on pintggect from the New Jersey
Institute of Technology, applied the MTST method desdribechapter 3 to the PE diagram,
structures, and vibrational frequencies obtained from MPKY&B1++G(2df,2p) theory in
order to explore the effects of the calculated negaéaetion barrier on the kinetics of reaction
5.4. The mathematical derivation and theoretical foatmt of MTST has been described in
detail elsewheré®’” In the present implementation of MTST, the corsgon of the angular
momentum (the J quantum number) and of the energy &f théor at the TS were taken into
account. Finally, the effects of quantum mechanicaleling/reflection through the barrier
were also considered, and were found to be relatively,smakeasing the rate constant for
reaction 5.4 by only 9% at 300 K, 7% at 500 K, and 5% at 700 K.

The MTST results obtained for NH HCI were received from personal communications,
and are shown in Arrhenius form in Figure 558 The rate constant knay summarized by

ka(MTST) = 4.08 x 18° T%*exp(622/T) cmi moleculé* s* (5.6)
over the range of 250 — 750 K, and as can be seen, the &unpetependence is negative over

this range of temperature. For comparison, standardmeSTapplied by Dr. Paul Marshall, and
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it was found that at room temperature, TST predict$eac@nstant that is a factor of 3 greater
than the MTST result, and that this overestimatiombexs even larger at lower temperatures,
which would lead an exaggerated negative temperature dependsriscussed by

Krasnoperov et d&f No measurements exist for the kinetics of readgidnwhich precludes the

direct comparison of the MTST results with experitmen
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Figure 5.5. Comparison of theoretical and measured sattants. Solid line,,kMTST) for
NH + HCI; dashed line, KMTST) for Cl + NH;; dash-dot line, experimentad for Cl + NHs.
Following the MTST analysis,;kvas obtained from the MTST values afdnd the
experimental values ofdlvia microscopic reversibility. The equilibrium constamas obtained
from the combination of the experimenfgH, obtained in this work and the thermodynamic
data tabulated by Gurvich et’df. This analysis, performed by Dr. Paul Marshall, yidlde

Keq= 27.3 T"*exp(-2248/T) (5.7)

92



over the range of 200 — 2000 K, with an estimated uncertafr@%. From the product ofd
and k, ki was obtained as a function temperature, and is shote iArrhenius plot of Figure
5.5. Over the range of 250 — 750 K, this rate constant mayressed as

ky(MTST) = 1.11 x 16" T%***exp(-1626/T) cthmoleculé' s* (5.8)
Considering the exponential dependence;MKST) on the computed DFT barrier height, it
may be said that;MTST) is actually in reasonable agreement with theeermentally
measured ¥ even though it overestimates this quantity by aroundtarfaf 3 over the
overlapping temperature range. This overestimation reaabsed by a potential
underestimation of the barrier height computed with MRAWIB-31++G(2df,2dp) theory, or a
computed TS structure that is too loose at the samedétiedory. Nevertheless, the existence
of a TS whose energy lies below that of the finabpiets rationalizes the observed temperature

dependence and approximate magnitude of k

5.4. Recent Developments and Further Discussion

5.4.1. New Computational Results

Since the publication of the above restita,new computational study of the BE
system has been published by Xu and'frand their findings are discussed and compared to
those in our work here. Lin and Xu applied B3LYP/6-311+G(3df2edity to locate and
characterize stationary points along the PES, andefuréfined the energies with the
G2M(CC2)**method. The G2M(CC2) composite method relies on a PMPUIG(d,p)
calculation for the base energy, which is then impdoby the inclusion of the effects of added
diffuse and higher polarization functions calculatethatPMP2 level of theory, a higher level

correction, and a coupled cluster correction. In esséneaim of this method is to approximate
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the UCCSD(T)/6-311+G(3df,2p)//B3LYP/6-311+G(3df,2p) result. As hallseen in chapter 6,
this method is rather unsuccessful in terms of acdyragating highly spin-contaminated
systems, such as the phenyl radical, however, sinagpdeshell species in the NEl system
have been shown to have negligible spin-contaminattiosmethod should be appropriate in
this case.

As can be seen from Figure 1 of Xu and Lin’s wbfkhe geometrical parameters they
obtained for the species in the pH system with B3LYP/6-311+G(3df,2p) are in relative
agreement with those obtained with MPWB1K/6-31++G(2df,Bppty in our work, however,
they characterized three additional stationary poiAscan be seen in Figure 2 of their wotk,
these three stationary points are a weakly-boundre@reomplex on the abstraction PE
diagram, a TS for hydrogen displacement from A3, andliggacement product set of NE +
H. The displacement channel was not studied in our prewiods Xu and Lin have calculated
a large barrier for this process of 203.8 kJ meith G2M(CC2)//B3LYP/6-311+G(3df,2p)
theory, indicating that this process would not occurdkie range of temperature considered in
our experiments, so it is not considered further.

The entrance complex, which they called LM1, is bound®%J mot, and is a &,
structure similar to A3, with the difference being tha @i atom comes in toward the bottom of
the pyramidal structure of ammonia along thedXis in LM1, as opposed to the interaction with
the top of ammonia in A3. In our previous work with MPWEG81++G(2df,2p) theory, the
intrinsic reaction coordinate for the abstractionreied was followed using the (IRC) feature of
Gaussian 03. The IRC analysis indicated that a struetuiealent to LM1 may indeed lie on
the abstraction reaction path, however, the inalolitylPWB1K to optimize such a structure

with any of the basis sets listed in Table 5.2 led tabEndonment. The B3LYP/6-
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311+G(3df,2p) results of Xu and Lin were checked, and it waBagkthat the LM1 structure is
in fact a local minimum at this level of theory.

A closer inspection of the LM1 and A3 structures led tadka that these two species
might correspond to stationary points for the inversibammonia in the field of a Cl atom, and
as such, they may be connected via an inversion TS.ndties was investigated by performing
a series of relaxed scans with MPWB1K and variousslsets, in which the structures were
constrained to § symmetry, and optimized as the CI-N-H angle wasedariThe relaxed scans
obtained with all levels of MPWB1K theory indicatatih.M1 is not a bound species and that
the formation of A3 along thesCaxis is barrierless. This was not the case with B3théery,
where similar relaxed scans showed that the presenddlbofs basis set dependent. For
instance, the relaxed scan performed with B3LYP/6-311+G(3df&9$ ket shows a shallow
minimum at the angle corresponding to the LM1 strucseqgarated by a small barrier whose
structure corresponds to a possible inversion TS, while BA&-8P+G(d,p) does not. These

results are depicted graphically in Figure 5.6.
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Figure 5.6. Relaxed scans of CI-N-H angle in teg\EI;Cl system. Dash-dot line:
MPWB1K/MG3; solid line: MPWB1K/6-31+G(2df,2p); bold line: MPV¥R/6-31+G(d,p);
dashed line: B3LYP/6-31+G(d,p); dotted line: B3LYP/6-311+G(3df,2p).
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In an effort to locate a LM1-like structure with MPWB1keory, the step size was
reduced to 0.1 degrees in subsequent relaxed scans aimingéahefiCI-N-H angle.
Regardless of the basis set used, attempts to find tiedddivalent MPWB1K structure with
the allowance of all geometrical parameters to be apguinduring the calculation were
unsuccessful, yielding the optimal structure for A3aclecase. Therefore, new MPWB1K
optimizations were carried out with the CI-N-H anfipjed at ~77 °, which is roughly at the
center of the flat region of each of the DFT potestiahd was taken to correspond to the
possible location of LM1. This procedure finally yielded aiply optimized LM1 structure
with all levels of MPWB1K theory used, and in all cgsthe RMS and Maximum Distances and
Forces fully converged.

The inversion TS was successfully characterized wahY®/6-311+G(3df,2p), and the
imaginary frequency corresponds to inversion along thexis. A subsequent IRC calculation
confirmed inversion as the reaction path. Howeves, riibited that at this level of theory, the TS
for inversion lies 1.3 kJ mollower in energy than LM1 on the vibrationally adiabatiound-
state PES. MPWB1K theory was once again problenfatimg to locate the inversion TS even
after refining the CI-N-H angle via relaxed scans witlakn step sizes. Partial optimization
attempts similar to those conducted in the case of Liiewnsuccessful in this case, as was
increasing the number of radial shells and angular ppetshell from the default values of 75
and 302, to 99 and 590, respectively, via the Int(Grid=99590) keywdsdussian 03.
Therefore, we conclude that the inversion TS is retBonary point along the PES generated
with MPWB1K theory with any basis set.

In light of the new DFT findings, the NI system was reexamined with high leabl

initio coupled cluster theory. The PES of reaction 5.1 wasesiigated with UCCSD(T)/aug-
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cc-pVTZ theory for geometries and frequencies, and theyersewere further refined by
combining the TZ energy with the single-point QZ endmgxtrapolate to the CBS limit in the
manner previously described in section 3.2.3 (equation 3.19.sddling factor for frequencies
obtained with this method was taken to be 0.975, in acnoedaith the listing found at the
Computational Chemistry Comparison and Benchmark Datafaggnce again, due to the
negligible spin-contamination found for the Bl open-shell species, the couple cluster
calculations relied on UHF reference wavefunctionsraagl thus be denoted by
UCCSD(T)/UHF. These results were further improvedhayinclusion of atomic spin-orbit
coupling for the Cl atom, core-valence effects, and scalativistic effects, as described in
more detail in chapter 3. The Cartesian coordinatesalawsvibrational frequencies, and
rotational constants of all of the species charaadngith CCSD(T)/aug-cc-pVTZ theory are
given in section C2 of Appendix C. These species aredspicted in Figure 5.7, placed on a
PE diagram in Figure 5.8, and their energies are givealiteTs.3. For consistency, LM1 has
been renamed A1, so that tha gtructures in our work conveniently correspond to thenLM
structures in the study by Xu and Lin.

The A3 structure characterized with UCCSD(T)/€BECSD(T)/aug-cc-pVTZ theory
was bound by 37.1 kJ mbtelative to the reactants, which corresponds togaiilerium
constant for the formation of this compound at 294 K 6fG-x 10" cn moleculé'. This leads
to the prediction that only about 1% of all Cl atonmuwd be complexed by Nileven under the
most favorable experimental conditions used, supportintatheof pressure dependence
observed for the second order rate constant. Furthermsing partition functions calculated
with UCCSD(T)/aug-cc-pVTZ, it was found that Khay be summarized by

K(T) = 2.02 x 1G° T"*%exp(40.8 kJ ma!/ RT) cnf moleculé' (5.9)

97



over the range of 290 — 2000 K. G2M(CC2)//B3LYP/6-311+G(3df,2p) tredsoypredicts
negligible formation of this adduct at room temperatuse{@and Lin have found the BRIh
A3 to have a value of only 29.7 kJ mdf®

As with B3LYP/6-311+G(3df,2p), it was found with UCCSD(T)/&BJCCSD(T)/aug-
cc-pVTZ theory that increasing the N-CI distance in é&dis to the inversion of the ammonia
molecule, forming Al via passage through an inversion T8®uglassical PES. However, with
the inclusion of scaled ZPEs, Al was found to lie 4.1 k3'rabbve the energy of the TS for
inversion (Inv TS), and 13.9 kJ nloabove the energy of A3, indicating that A1 may notrbe a
isolable species (Figure 5.8). These results are intapsagi agreement with those of B3LYP/6-
311+G(3df,2p), and while the inversion TS was not charactewzad G2M(CC2)//B3LYP/6-
311+G(3df,2p) theory by Xu and Lin, the enthalpy differendeveen Al and A3 of 14.7 kJ
mol™* calculated with this theory is in good accord with aawple cluster results.

Along the abstraction channel, it may be seen thatelhéive energies of the abstraction
TS (Abs TS), A2, and the final products calculated witltO3O(T)/CBS// UCCSD(T)/aug-cc-
pVTZ theory, of 13.9, -1.1, and 16.6 kJ fhotespectively, are all lower than their
G2M(CC2)//B3LYP/6-311+G(3df,2p) counterparts, which have corredipg energies of 17.6,
2.5, and 19.2 kJ mdl We note that while the overall reaction enthdtpyabstraction
calculated with UCCSD(T)/CBS//UCCSD(T)/aug-cc-pVTZ theagrees with the experimental
value ofAHo = 16.4 + 0.2 kJ md, G2M(CC2)//B3LYP/6-311+G(3df,2p) theory overestimates
this quantity by 2.8 kJ md) which suggests that Abs TS and A2 may have also been
overestimated by a similar amount with this theorye Titermochemistry of the stationary
points characterized with both composite methods atleelucompared in Table 5.4. As

previously discussed, DFT scans following the intrinsactien coordinate indicate that A1 may
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be connected to A2 via Abs TS. However, since Al is tmusad species, we deduce that the
reactants directly form Abs TS.

The?B; symmetry of the electronic ground-state wavefunctafiisH, and A2 indicate
that these species do not share a PES with the renatahthe ¢?A’ Abs TS. However, the
low frequency of(B;) = 211 cnit in the®B; A2 complex, corresponding to a Cl-N-H bending
motion in the plane perpendicular to the one contaitliegwo equivalent H atoms (taken to be
reaction coordinate), results in a symmetry lowering2nfrdam G, to G, which suggests that,
in principle, the PES of the reactants and that optbeucts could be connected via an avoided
crossing. It should also be noted that while all efspecies characterized with UCCSD(T)/aug-
cc-pVTZ theory have optimized geometries that have ftdiyverged with respect to the
convergence criteria for force and displacementfrdggiencies in A1 and A2 do not meet the
convergence criteria with respect to displacementcatotig perhaps that the classical PES may
be pretty flat in the regions corresponding to thesema*?> The maximum and RMS
displacements could not be reduced to values below theegence threshold even by imposing
a tighter convergence criteria and allowing for exegations in the frequency calculations. The
final values obtained for the maximum and RMS displacésneare 0.00637 and 0.00484 A
respectively for A1, and 0.00240 and 0.00121 A respectively for AZalBse these values are
of the same order of magnitude as the upper limits assigr@aussian 0@lax = 0.00180 A,
RMS = 0.00120 A), these structures were taken to be statipnints at the UCCSD(T)/aug-cc-

pVTZ level of theory.
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Figure 5.7. Species in the NEl reaction system. Geometrical parameters werarmadat with UCCSD(T)/aug-cc-pVTZ theory.
The values in parentheses represent the relative CQ&IE$-aug enthalpies in kJ mioét 0 K, and also include relativistic and
core-valence effects. The values listed for.MHd HCI each represent the enthalpy difference bet{d, + HCI) — (NH; + CI).
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Figure 5.8. Potential energy diagram for Cl +sNidmputed with UCCSD(T)/CBS//
UCCSD(T)/aug-cc-pVTZ theory.

5.4.2. Kinetic Analyses

Canonical Transition State Theory was applied to 8 &f reaction 5.1. As was
previously discussed, TST overestimates the rate curdiia to the erroneous inclusion of
contributions from states in the TS which would not be pégdlat normal pressures. However,
since a MTST analysis of the present coupled-clusteltsasicurrently unavailable, the TST
calculations are used for the sole purpose of estimatingper bound to the MTST results.
Unlike the previous MTST calculations, which consideredéverse reaction and indirectly
yielded k via microscopic reversibility, the simple convenab TST formalism described in
Chapter 3 was applied to the forward rate constant tothijirealculate k from the PES obtained
with UCCSD(T)/CBS//UCCSD(T)/aug-cc-pVTZ theory. In #&duh, the effect of tunneling on

the TST rate constant was approximated by including tlm&Yitunneling correctioff:**®
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where v* is the magnitude of the imaginary vibrationatjfrency, and the overall rate constant is
obtained by simply multiplying (T) by the TST rate constant at the corresponding ¢éeatpre.
The tunneling correction had the effect of increasiegit8T rate constant by 98 % at 298 K, 33
% at 500 K, and dissipated to only 2% by 2000 K. The tunnelimga®n in the present case is
larger than those obtained in our previous work and invthr& of Xu and Lin, which is
primarily attributed to the larger magnitude of the imaginabrational frequency calculated
with UCCSD(T)/aug-cc-pVTZ, of 977 chas opposed to the 622 and 319'cralues obtained
with MPWB1K/6-31+G(2df,dp) and B3LYP/6-311+G(3df,2p), respectivély® The TST
results are depicted in Figure 5.9, and as can be sess,rgsults agree well with those obtained
by Xu and Lin via VTST?and are in better overall accord with our measurenwigT) than
the latter. Furthermore, the overestimation ofrette constant by TST at high temperatures is
likely to be reduced through the application of the af@mmoned MTST formalism.
Multiwell-based RRKM calculations have been carriedfouteaction 5.4 at a constant
pressure of 0.1 bar, and the rate constants for redetiomave been obtained via the
temperature-specific equilibrium constants forgNHCI = NH, + HCI. The hinderd Gorin
modef°1°°!gescribed in chapter 3 was used to assess the propéttiesaose TS at the
entrance channel, and since there are no experimetgatgeations for the rate constant for
NH + HCI addition from which the hindrance parameters eaadsessed, these parameters
were evaluated from fitting to rate constants fromhéel sphere collision model (given in
Table 5.5). The corresponding Morse parameters use®forefe = 3.244 A e = 159.0
cm?, and Q = 25.9 kJ mot. The results of this procedure are given in Table 5.5medshown

in Figure 5.9. For consistency, the RRKM results in Fadu® also include the Wigner
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tunneling correction. The ande/ks Lennard-Jones parameters used were 4.29 A and 400 K,
respectively, where was approximated from Reid and Sherwoddsnpirical rules and/kg

was arbitrarily assigned as in the previous chapteerdyrtransfer parameters were calculated
based on the simple exponential-down model as outlinelaipter 3. The tunneling corrections,
rate constants, equilibrium constants, energy trapsfeameters, and Gorin-type TS parameters
are given in Table 5.5, and sample input files may be fouAgpendix D. As can be seen in
Figure 5.9, the hindered Gorin-based RRKM analysis overatgsgrhe rate constant even more
than the TST analysis, which reflects the drawbaaksofg RRKM theory when there is
insufficient knowledge of the pertinent parameters, and stgtfeat the hard sphere collision
rate coefficients represent overestimations of titead ky(T). Nonetheless, these results can be
said to be in moderate overall accord with experimarpatrticular at 290 K, where the

calculated rate constant is within a factor of twohef ineasured rate constant.
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Figure 5.9. Arrhenius plot for NH Cl. Open circles (+d) and solid line: Gao et &f; dotted
line: VTST result from Xu and Lif®®, dashed line: present TST result with a Wigner tunneling
correction; dash-dot line: Wigner-corrected RRKM resa$idal on hindered Gorin-type TS.
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5.4.3. Proton-Coupled Electron Transfer

Finally, following a suggestion from Dr. Weston T. Bordi@ possibility of a proton-
coupled electron transfer (PCET) mechanism, as opposhbd tgptical hydrogen-atom transfer
(HAT) mechanism, was investigated for reaction 5.4 usin@8K(T)/CBS//UCCSD(T)/aug-cc-
pVTZ theory. As its name implies, the PCET mechanisrolves the simultaneous transfer of a
proton and an electron (from different orbitals) fronpacses to another. This is in contrast to
the usual HAT mechanism typically encountered in H-abtrareactions, which involves the
transfer of a proton and an electron from the bond Haioken to the singly occupied orbital on
the abstracting radical. Both theory and experimeaws Bhown that in cases where the
abstracting radical and the atom to which the H-atobetabstracted is bonded each possess at
least one unshared lone pair of electrons, PCET méavbeed over HAT****° This condition
is satisfied by the N§Cl system, therefore a PCET mechanism may indeed be f@lxeaction
5.4,

Specifically, a PCET mechanism entails the transfer mfoton to the orbital containing
the lone electron pair on the abstracting radical, amdithultaneous transfer of an electron from
the unshared orbital on the atom from which the protdeiisg abstracted to the singly occupied
orbital on the abstracting radicaf. In the present case, PCET can be achieved via the
simultaneous donation of the proton and of an electmm & non-bondingrorbital in HCI, to
the filled and the singly occupied Zperbitals on N in NH, respectively. As noted by Mayer et
al., the initial formation of a hydrogen-bonded interragglis required in a PCET mechanism,
such as A2 in the present ca&e However, in going from thesGCA2 to the G Abs TS, the
optimal linear alignment of the orbitals typically invetl in a PCET mechanism is

compromised. Furthermore, an examination of the siagtyupied molecular orbital (SOMO)
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on the Abs TS reveals that the atomic orbital (AONoexhibits significant density along the N-
H vector, and the AO on the Cl atom also has somsitgealong the CI-H vector, which are
characteristics that are consistent with a simpAd hechanisnt’’*>°

In fact, the NH + HCl reaction is similar in many regards to the meyhe methanol
self-exchange reaction studied by Mayer éf alln the case of the MeO + MeOH reaction,
which was investigated with B3LYP theory, Mayer et alinfd that the reaction initially
involves the formation of a weakly-bound hydrogen-bondeztimédiate, with a relative energy
of -19.2 kJ mot, which is comparable to the relative energy of A219t7 kJ mot. The next
step in the MeO + MeOH reaction is the passage thraug-lying HAT TS, with relative
energy of 1.7 kJ md] which once again compares well with the -2.7 kJ'nfiolind for Abs TS
in the NHCI system. Furthermore, the bent alignment of theetlatomic centers in the
MeO/MeOH TS is also analogous with the XIHHAbs TS, as are the respective SOMOSs, both
possessing significant density in the AOs along the tvwid\Rctors. Like Mayer et al., we
investigated the possibility of a PCET mechanism by seardébireg TS structure in which the
three principal atoms involved in the reaction werest@med to a linear arrangement,
facilitating the interactions between thiessymmetry p-orbitals. Such a@CET TS structure
was found with UCCSD(T)/CBS//UCCSD(T)/aug-cc-pVTZ thedrgyever, the structure’s
vibrational frequencies included two imaginary frequenciescatolg that this is actually a
second-order saddle point and therefore corresponds toog hdther than a TS. The
geometrical parameters of this structure are showigur& 5.7, its energy is given in Table 5.3,
and as usual, the Cartesian coordinates, vibrational fneggss and moments of inertia are listed
in Appendix C. It is worth noting that this structweibrational frequencies are not fully

converged with respect to the maximum displacement hwhas found to be 0.00233 as
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opposed to the 0.00180 threshold required by the algorithmusesiza 03, however, this
disagreement is assumed to be negligible and we thusleoRCET TS to be an optimized
structure.

This result further extends the analogy between thg-NHCI and the MeO + MeOH
reactions, as in the latter reaction, the PCET mashawas also found to involve a hilltop on
the PES. The PCET hilltops were found to be higherengynthan the HAT TSs in each case,
with comparable relative energies of 30.2 and 26.0 k3 foolthe MeO/MeOH and NiCI
systems, respectively. Furthermore, the SOMOs twlo systems are also analogous, and
consist of p-orbitals on the R atoms that are esdntirthogonal to the R-H-R vector. Along
this hypothetical PCET reaction coordinate, the transfghydrogen is a proton, donated from
the o-bond in HCI to the lone pair on N in NHwhile in a different MO, an electron from a 8p-
AO on Cl is simultaneously transferred to the singlgupied 2pr AO on N. However, because
the PCET TS is actually a hilltop and is higher in epeéhgn the HAT TS, we conclude that

reaction 5.4 (and hence 5.1) occurs via a typical HAT nmashm

5.5. Conclusions

The observed kinetics for the MH Cl = NH, + HCl reaction over a wide range of
temperature extend the measurements for this reactiontfre only previous determination at
room temperature to 570 K. This H-abstraction reactionfaand to possess an activation
energy that is lower than its endothermicity, whichvtes a counterexample to the general
expectation that £ AH for an endothermic process. This result can benalized based on
similar PE diagrams obtained with both DFT and high labehitio theories, which support that

Ea <AH in the present case. MTST calculations based oDFiePES clearly indicate that the
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reverse process should exhibit a negative temperature degenttough DFT calculations also
predict that a weakly bound two-center/three-electmompiex could be formed in significant
guantities under favorable conditions at room temperatibenitio calculations revealed that
this complex is in fact too weakly bound to be formedpipraciable quantity under the same
conditions, which is in line with experimental obseiwas. Conventional TST calculations
based on the neab initio PES produced a thermal rate constant that overestittageneasured
rate constant by less than a factor of 2 over theest@mperature range studied, indicating that
future MTST calculations may yield rate constants wilaigtee nicely with experiment. The
possibility of the abstraction reaction occurring vigraton-coupled electron transfer
mechanism was examined wiab initio theory, however, this mechanism was found to require
the passage through a higher energy multidimensionalpghsliructure as opposed to the low-

lying TS along the typical H-abstraction transfer riescpathway.
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Table 5.1. Summary of measurements of the rate congtamtCl + NHs.

T, T F P [CCLL,  [NHglmas [Cllo, K, + O,
K S mJ  mbar 10" molecule10" molecule10” molecule 10* cnt moleculé' s*
cm’® cm’® cm’®
290 1.2 041 28 2.72 3.47 0.9 1.25+0.08
292 0.9 0.18 143 1.80 1.51 0.3 0.94 +£0.05
294 2.2 0.21 49 4.05 1.27 0.7 0.91 £0.02
294 6.9 0.20 147 5.54 2.05 0.9 1.19 £ 0.02
294 1.6 0.11 36 3.77 1.48 0.3 1.01 £ 0.04
295 49 0.15 155 5.45 3.09 0.7 1.25+0.12
295 3.6 030 80 5.93 2.19 1.5 1.32 £ 0.07
295 3.6 019 80 5.93 2.19 0.9 1.11 £ 0.04
295 34 014 76 5.64 1.42 0.6 1.24 +0.03
295 35 009 79 5.94 1.24 0.4 1.08 +0.70
326 1.4 0.79 35 2.09 1.31 1.4 1.77 £0.12
326 1.4 059 35 2.09 1.31 1.0 1.72+0.11
326 1.4 036 35 2.09 1.31 0.6 1.41 +£0.10
326 1.4 025 35 2.09 1.31 0.4 1.32 £ 0.05
326 1.6 059 71 2.32 1.46 1.1 1.71 £ 0.07
326 1.6 035 71 2.32 1.46 0.7 1.54 +0.03
326 1.6 025 71 2.32 1.46 0.5 1.43 +£0.07
327 3.0 049 73 2.90 1.56 1.2 1.92 +0.10
327 3.0 029 73 2.90 1.56 0.7 1.63 +0.05
327 3.0 019 73 2.90 1.56 0.5 1.48 +0.08
327 2.3 0.29 148 2.75 1.16 0.7 1.54 +0.04
327 2.3 0.19 148 2.75 1.16 0.4 1.51 +£0.04
357 27 049 72 2.59 1.13 1.1 2.04 +£0.09
357 2.7 029 72 2.59 1.13 0.6 1.82 +0.04
357 27 019 72 2.59 1.13 0.4 1.92 +£0.04
357 1.4 069 72 2.91 1.16 1.7 2.42 +£0.10
357 1.4 044 72 2.91 1.16 1.1 2.21 +£0.03
357 1.4 029 72 2.91 1.16 0.7 2.06 £ 0.03
357 2.1 044 148 2.51 1.25 0.9 2.12 +0.04
357 2.1 0.29 148 2.51 1.25 0.6 1.99 +0.02
357 1.3 0.69 36 2.34 1.13 1.3 2.15+0.11
357 1.3 0.44 36 2.34 1.13 0.9 2.14 +£0.10

(Table continues on next page)
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(Table 5.1. Continued)

T, % F P [CCW,  [NHimx  [Cllo ks * O,
K S mJ  mbar 10" molecule10" molecule10* molecule 10* cnt moleculé' s*
cm?® cm?® cm?®

357 1.3 0.29 36 2.34 1.13 0.6 2.13 +£0.09
402 0.7 0.62 59 1.69 1.73 0.9 3.14+0.11
402 0.7 0.39 59 1.69 1.73 0.6 3.11+0.11
402 0.7 0.19 59 1.69 1.73 0.3 3.19 +£+0.08
404 1.3 0.65 61 2.01 1.18 1.1 3.77 £0.17
404 1.3 050 61 2.01 1.18 0.8 3.68 +£0.21
404 1.3 0.20 61 2.01 1.18 0.3 3.80+0.12
404 0.6 0.60 29 1.53 1.57 0.8 3.29+0.11
404 0.6 042 29 1.53 1.57 0.5 3.23+0.15
404 0.6 0.18 29 1.53 1.57 0.2 3.38 £+ 0.09
452 0.6 0.79 59 1.46 1.22 1.0 5.05+0.04
452 0.6 0.58 59 1.46 1.22 0.7 5.44 +0.22
452 0.6 0.24 59 1.46 1.22 0.3 5.16 £+0.24
456 0.5 0.63 29 1.61 1.13 0.8 5.41 +0.24
456 0.5 045 29 1.61 1.13 0.6 5.63+0.21
456 0.5 0.28 29 1.61 1.13 0.4 5.52 +0.13
456 1.1 0.73 57 1.65 1.21 1.0 5.10+0.14
456 1.1 054 57 1.65 1.21 0.7 5.21+£0.13
456 1.1 0.26 57 1.65 1.21 0.4 5.31+0.18
508 0.5 034 57 1.27 1.50 0.4 6.97 £ 0.06
508 0.5 0.23 57 1.27 1.50 0.2 7.26 £0.13
509 09 069 71 1.76 1.29 1.0 6.50 £ 0.40
509 09 037 71 1.76 1.29 0.5 7.24 £+0.38
509 09 024 71 1.76 1.29 0.4 7.46 +£0.26
509 09 018 71 1.76 1.29 0.3 7.54 +£0.21
510 0.3 043 22 0.98 1.86 0.4 6.60 + 0.47
510 0.3 0.20 22 0.98 1.86 0.2 7.09 £+0.52
510 0.6 0.36 45 1.38 1.95 0.4 6.74 +0.62
510 0.6 0.17 45 1.38 1.95 0.2 7.47 £0.28
510 0.6 083 44 1.32 1.69 0.9 7.33+£0.35
510 0.6 034 44 1.32 1.69 0.4 7.13 +£0.32
510 0.6 0.16 44 1.32 1.69 0.2 7.75+0.18

(Table continues on next page)
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(Table 5.1. Continued)

T, % F P [CCW,  [NHimx  [Cllo ks * O,
K S mJ  mbar 10" molecule10" molecule10* molecule 10* cnt moleculé' s*
cm?® cm?® cm?®

511 0.5 064 30 1.22 1.45 0.7 6.64 £ 0.19
511 0.5 051 30 1.22 1.45 0.5 6.98 £ 0.20
511 0.5 0.28 30 1.22 1.45 0.3 7.85 +0.39
511 0.8 041 63 2.02 1.31 0.7 7.94 +£0.27
512 1.0 0.59 59 1.54 2.12 0.8 6.96 +0.20
512 1.0 0.25 59 1.54 2.12 0.3 7.91+£0.26
512 1.0 0.17 59 1.54 2.12 0.2 8.05 +0.37
562 0.5 0.67 45 1.42 1.73 0.8 9.28 £+0.79
562 0.5 044 45 1.42 1.73 0.5 9.36 £+ 0.51
562 0.5 0.22 45 1.42 1.73 0.3 9.43 +£0.40
563 0.5 059 22 1.35 1.47 0.7 8.21 +£0.27
563 0.5 037 22 1.35 1.47 0.4 9.24 £ 0.40
563 0.5 0.27 22 1.35 1.47 0.3 9.66 +0.32
563 0.9 0.76 44 1.84 1.48 1.2 8.00+0.14
563 0.9 038 44 1.84 1.48 0.6 9.61 +0.31
563 0.9 024 44 1.84 1.48 0.4 9.83+0.24
566 0.5 0.61 43 1.85 1.06 0.9 10.20 £0.27
566 0.5 0.39 143 1.85 1.06 0.6 10.50 £ 0.45
566 0.5 0.19 143 1.85 1.06 0.3 10.80 £ 0.61
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Table 5.2. Enthalpies at 0 K of stationary pointstendotential energy surface relative to Cl +
NHjs, derived by various methods.

Methoc NH, + HCI A3 Abstraction T! A2

CBS-QB3 15.1 -40.3 9.4 -1.7
G3B3 14.0 -36.6 11.2 -1.9
MPWB1K/€-31+G(d,p 26.2 -52.F 12.¢ 1.t

MPWB1K/€-31+G(2d,p 19.C -50.2 9.€ -0.3
MPWB1K/6-31++G(2d,2p) 17.5 -49.1 8.1 -1.6
MPWB1K/6-31+G(2df,2p) 17.2 -47.7 9.0 -1.3
MPWB1K/€-31++G(2df,2p 17.C -47.1 8.€ -1.4
MPWB1K/€-311+G(d,p 20.¢ -51.2 9.C -2.2
MPWB1K/6-311++G(2df,2p) 15.1 -48.3 7.3 -1.9
MPWB1K/6-311++G(3d2f,2df,2p) 14.6 -47.2 8.4 -2.5
Experiment 16.4£0.2
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Table 5.3. Energies and zero point energiessintiained with UCCSD(T)/CBS//UCCSD(T)/aug-cc-pVTZ feaction 5.1.

Species Electronic Unscaled ®Scalar °Core- Electronic Electronic “Total
Energy ZPE Relativistic ~ Valence Energy Energy Energy
CCSD(T)/ CCSD(T)/  correction correction CCSD(T)/ aug-CBS
aug-cc-pVTZ aug-cc-pVTZ aug-cc-pvVQZ
H -0.49982 0 -0.00001 0 -0.49995 -0.50004 -0.50005
Cl -459.67622 0 -1.40334 -0.30271 -459.69474  -460.7082%1.41566
NH3 -56.48056 0.03430 -0.02887 -0.05086 -56.49572 -56.50679  -56.50679
HCI -460.34324 0.00681 -1.40294 -0.30305 -460.36417  -460.3794@82.07878
NH. -55.79985 0.01903 -0.02902 -0.05041 -55.81308 -55.82273  -55.88361
Al -516.16666 0.03624 -1.43220 -0.35371 -516.20154  -516.2269%17.97756
A2 -516.15295 0.02912 -1.43186 -0.35357 -516.18716  -516.2121517.96916
A3 -516.17222 0.03626 -1.43220 -0.35371 -516.20695  -516.232297.98285
Abs TS -516.14555 0.02785 -1.43190 -0.35361 -516.17997  -516.20%18.96344
Inv TS -516.16655 0.03492 -1.43214 -0.35382 -516.20162  -516.227207.97912

PCETTS -516.13261 0.02683 -1.43213 -0.35389 -516.16732  -516.1926%17.95251
& Correction was calculated with CISD/cc-pwVTZ theorme(sext).
b Correction was calculated with CCSD/cc-pwVTZ the@ae text).
¢ Energy calculated by adding scaled ZPE, scalar relatigisd core-valence corrections, and a correctiof.60134 for Cl-atom spin-orbit coupling to
aug-CBS electronic energy (see text).
4 Vibrational frequencies not fully converged (see text).
¢ Contains two imaginary vibrational frequencies (s2€).
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Table 5.4. Comparison of computed thermochemistry forsSHstationary points relative to Cl

+ NHs.

AHo(ALl) AHo(A2) AHo(A3) AHo(Abs TS) AHo(NH2 + HCI)  Investigators

(kI mol") (kI mol) (kI molY)  (kJ mol) (kJ mol')
-37.5 -1.4 -47.7 8.8 17.0 %Gao et al.
-15.0 2.5 -29.7 17.6 19.2 ®Xu and Lin
-23.2 -1.1 -37.1 13.9 16.6 ‘Current Work

16.4+0.2 ‘Experimental

& Computed withMPWB1K/6-31++G(2df,2p) theory, ref’ (see text).

P Computed withG2M(CC2)//B3LYP/6-311+G(3df,2p) theory, réf® (see text).

¢ Computed withUCCSD(T)/CBS//UCCSD(T)/aug-cc-pVTZ theory (see text).

4 From (D(H-CI) = 427.648 + 0.0066 kJ m¥), ref.'2* and (B(H-NH,) = 444. 0 + 0.2 kJ md), ref®
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Table 5.5. Energy transfer parameters, loose hinderad-Gpe transition state properties, and

rate constants for the NBI reaction system.

T 29( 350 40C 50C 60C
(K)
I'max 6.54 6.3¢ 6.28 6.0¢ 5.¢4
(A)
K-Rotot 1.3¢ 1.3¢ 1.3¢ 1.3¢ 1.3¢
(amu &)
2D Moment of Inerti-NH, 1.62 1.62 1.62 1.62 1.62
(amu R
2D Moment of Inerti-HCI 1.6(C 1.6(C 1.6(C 1.6(C 1.6(C
(amu R
J-Rotot 474.03 451.84 43€.33 41C.84 39C.4C
(amu R
<DE>youm 4217 4624 49¢.1 567.6 6371
(cm™)
C 0.26 0.2¢ 0.31 0.3€ 0.4C
(cm™)
aka(Hs) 4.30E-1C 4.73E-1C 5.05E-1C 5.65E-1C 6.1SE-1C
(cm® molec® s%)
K¢ 1.53E-21 4.34e-22 2.10E-22 8.1(E-232 4.61E-23
(cm® molec?)
CKeq 4.39E-03 1.83E-02 4.38E-02 1.51E-01 3.45E-01
dkoc'lumi 29€E11 1.12E12 2.4CE12 7.04E12 1.37E13
(s%)
Kend 4.53E-1C 4.86E-1C 5.22E-1C 5.71E-1C 6.32E-1C
(cm® molec® s%)
ey 1.7¢E-11 14€e-11 1.32E-11 1.17E-11 1.1CE-11
(cm® molec® s)
"%, 787E-14 268E-12 58CE-12 1.77E-12 3.7SE-12
(cm® molec® s%)
Wigner Tunnelinccorrectior 1.9¢ 1.67 1.52 1.3 1.2%

& Hard Sphere Rate Constants for NHHCI = A2 via Gorin-type TS

® Equilibrium constant for Ngi+ HCI = A2.

¢ Equilibrium constant for Ngi+ Cl = NH, + HCL.

4 Rate constants for A2 = NH HCI.

¢ Rate constants for NH HCI = A2.

" Do not include Wigner correction.

9 Rate constants for NH Cl = NH, + HCI obtained via sum of states of Gorin-type TS.
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CHAPTER 6

THE REACTION BETWEEN BENZENE AND ATOMIC CHLORINE

6.1. Introduction

The reaction between benzene and the Cl atom assvéll reverse process involving
the phenyl radical and HCI have been investigated usingflaskrphotolysis coupled with

resonance fluorescence (reactions 6.1 and 6.2).

C,H, +Cl O - C,H, +HCI (6.1)

C,H, +HCI O - C,H, +Cl (6.2)

Reaction 6.1 leads to the formation of the phenyl rdicgpecies that is important in
combustion chemistry due to its involvement in soot faiond>' Several investigators have
probed reaction 6.1 at room temperature using relativeeebaiques in order to try to gain
some insight into the role of aromatic species mospheric chemistry.

The first measurement of reaction 6.1 in the literaindeated that the reaction proceeds
at a considerable rate at room temperature, with acomstant k= (1.5 + 0.9) x 18" cn?
moleculé! s*.**> Two subsequent studies concluded that the reactioneiasa one order of

magnitude slower than originally thought, with the work\tfllington et af>*and Noziére et

" This chapter was partially adapted from the publicatich &hys. Chem. A/ol. 111, Alecu, I. M., Gao, Y.,

Hsieh, P.-C., Sand, J. P., Ors, A., McLeod, A., Biadshall, P., “Studies of the Kinetics and Thermoch&misf

the Forward and Reverse Reaction ClgH&= HCI + GHs,” Pages 3970-3976, Copyright (2007), with permission
from the American Chemical Society.
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al***yielding upper limits to kof <4 x 10" and<5 x 10"® cn? moleculé' s*, respectively. In

a later study, Shi and Bernhard monitored the loss of bemzeekation to the loss of
difluorochloromethane as they reacted with Cl atomsghvfor benzene yielded a kalue of
(1.3 £ 0.3) x 10° cn? moleculé' s*.**° This result is in disagreement with the most regafue
of (1.3 + 1.0) x 18° cnt moleculé' s obtained in a study by Sokolov et al, where the
investigators employed steady-state photolysis of berZemaixtures and a reference
compound->®

The differences among the range of theatues obtained have not been resolved,
although it has been noted that possible complicatioresg from secondary chemistry as well
as trace impurities are likely to influence relative etperiments>>**° It has also long been
proposed that benzene and ClI can first form an adducthwait in turn be responsible for the
abstraction of an H atom from another benzene molemdeslowly yield HCE>®> However,

Sokolov et af®®

have concluded that only a very small portion of tlaetants will proceed via
this channel as the equilibrium constant for this proisessly about (1-2) x 1& cn?
moleculé’.
Absolute rate constants obtained with laser flashgdygis coupled with resonance
fluorescence for the forward and reverse processes mivguations 6.1 and 6.2 are presented
in this work, the behaviors of which have also been tiye®d as a function of temperatdré.
The ratio of these rate constantgKk yields the equilibrium constant{ which can be used to
access thermodynamic information about the systelnesd@ results serve as a check to the recent

revisions to the gHs-H bond dissociation enthalpy.§3, which have been obtained through ion

chemistry thermocycles by Davico et‘&.and by the interpretation of a number of kinetic
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experiments by Heckmann et'al. The primary kinetic isotope effects in the two teats, for

which there are no prior data, were also investigatetheiaeactions

C.,D,+ClO - C,D, +DCI (6.1b)
and
C,H,+DCIO% - C,H.D +Cl (6.2b)

The current work has also been able to generate sonte kirfermation about the
reactions of phenyl iodide with Cl andi. The former process has been studied only once, at
room temperatur&’ while there appears to be no kinetic information inliteeature concerning
the latter.

Finally, the MPWB1K and CCSD(T)/CBS methods, previousicussed in chapter 3,
were employed to explore the potential energy surtdcthe GHeCIl system. In particular,
stationary points corresponding to a simple H-abstracBawction were characterized and are
discussed here for the first time. The potential eneliggram obtained with CCSD(T)/CBS
theory was subsequently used in modified transitior stetory (MTST) calculations in order to
rationalize the PES. Due to the ongoing controversgamding the structure of the
chlorocyclohexadienyl adduct, of which Tanko and Suléffaand Tsao et &f? provide
detailed chronological accounts, the addition of Cl gl{Cwas also investigated with both

computational methods.
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6.2. Methodology

6.2.1. Measurements of Cl +¢8s — HCI + GHs

Argon bath gas containing benzene and either of the twtn@l precursors, Cgfor
experiments in the 578-724 K temperature range, or NaCl & 92as flowed into the reactor.
NaCl was employed at the highest temperature by introgl@cporcelain boat containing NacCl
(s) into the gas entry side arm and allowing some tooasg into the reactor; this was done
because, as noted by Adusei and Fontijn,,&0hot suitable for such high temperatuf&sThe
radical species in both cases were then generatedIsedqhotodissociation of the precursors
by ultraviolet radiation of 193 nm from the excimer lasew the resultant Cl atoms were
monitored by time-resolved fluorescence at 130-140 nm usingmhkotmting and signal
averaging. The pseudo-first order approximation has beploged, whereby the system has
been flooded with a much higherglds] relative to the Cl atom concentration, yieldingtfirs
order kinetics as shown in equation 6.3. A plot of theueng pseudo-first order rate coefficient
kps1 against [GHs] should be linear, as shown in figure 6.1, with slopard intercept k’, and
the error bars accompanying the concentration pointeelis&s the uncertainty in the slope were
calculated as described in section B1 of Appendix B..

d[Cl)idt = -k, [CI][CH, ] - K[Cl] = (=K, [C.H, ] - K)[Cl] = =k, [Cl] (6.3)

The experiment was repeated at two of the temp@stised in reaction 6.1 usingDe
instead of benzene in order to explore kineticoigeteffects (reaction 6.1b). Experimental
parameters such as photolysis energy F, pressude¢ha average gas residence time inside the
reactortes Were varied in order to assess any possible depee of the second-order rate
constants upon such parameters, as well as toeetairsecondary chemistry was negligible as

were thermal decomposition and mixing effects.
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Figure 6.1. Pseudo-first-order decay coefficient for Cl in the presesf excess §Hs at 676 K
and 69 mbar total pressure with Ar. Error bars represéat The inset shows the signal
corresponding to the filled point.

6.2.2. Measurements ofdEls + HCl— Cl + GHs

The reverse reaction of 6.1, in which the phenyl radibatracts the hydrogen from HCI
(6.2), was also investigated over a wide range of temperé292-748K). In this reaction, the
CsHs radical was generated from pulsed laser photolysi<GgHal precursor, which was then
allowed to react with an excess of HCI, and in a dbffie set of trials, an excess of DC| was used
instead in order to assess the isotope effects (6.21®.fofmation and disappearance of Cl
atoms were monitored via time-resolved fluorescence al48thm, and as before,
experimental parameters were varied in order to cheattejpendence of the rate constant on
any such parameters. The HCI mixtures were flowed thrthegheactor for at least an hour

before experiments were carried out in order to passiliatsurfaces in the apparatus. The
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observed constancy of the kinetics over the courseugfhly 5 hours per each given run
confirms that HCI was not lost significantly on tleactor walls during the measurements.
Because our apparatus is set up to monitor the time-redtieedscence of Cl atoms, in
the case of (6.2) an increase in this signal is erpeas the reaction proceeds because Cl atoms
are now being formed, followed by a slow decay to thé&drawund as the result of diffusion.
Thus, in order to fit this kind of data (which can noder be fit using one single exponential

decay function), a potential mechanism including thersgveeaction was hypothesized as

follows:
C,H, +HCI O ~ CH, +Cl (6.2)
CH.l + ClI O - products (6.4)
CI O - diffusion (6.5)
C.H, + C,HI O - products (6.6)

Cl is formed in reaction 6.2 and lost in reaction 6.4 \@adliffusion in reaction 6.5. There is a
competition between reactions 6.6 and 6.2 in regard to phreshight consumption. This

mechanism leads to the following rate laws for the pheadital and Cl, respectively:

d[C(j:'S] = _kZ[HCI][CGHS] - kG[CGHS][CGHSI] = kzl[CsHS] - ksl[CsHS]

= (_kzl'*'ksl)[CsHS]
0[CoH, | =[CH, et
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dci]
dt
=k I[C Hs] - (k4'+k5)[C|] = kzl[CsHs]oe_(kzurkel)t - (k4'+k5)[C|]
d[CI]

= k,[CsH, HCI] -k, [C.H.I[Cl] - k[Cl] = k, [CH, ] - k. [Cl] - ko [Cl]

+ (K, +kg)[Cl] = k,'[CoH, ), 7% ™

where the primed quantities represent pseudo-first ordecoaistants. This result concerning

d[Cl]/dt can be solved analytically by noting that the dinare™** **) is the integration fact®¥

needed to obtain an exact differential on the lefdhade, so multiplying both sides by this

guantity yields
glka+ks)t XM + (k4-+k5)[c|]e(k4'+ks)t - kZ-[CSHS]Oe—(kz'+ke')t x glka kst
[ elka ko)t d[C|] (K, +k5)[C|]ek4+k =k, [C H ] ks ks ko kg1

where the entire left side is now simply equwalent{e([CI]e ka'+ks) ) So integrating both sides

fromt=0tot=tresults in

.[ ([Cl]e ky'+ks )t ) '[k [C H ] elka ks =k kgt
(kq'+ks—ky'=kg")
0[ci] et ~[ei el —k[CH](‘? .t.j—( 1 J
K,'+tks —K,'—Kq k,'+k, —Kk,'—K,

Finally, accounting for the fact that [l zero and dividing both sides lﬁy“ kot leads to the

solution for [CI]:
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[C|] ~ kzl[CeHs . § e(k4‘+k5—k2‘—k6‘)t ~ 1
Tk vk — k. =k glka +kst glka+kst
4 5 2 6

(6.7)
C [Cl] _ kz'[C6H5 0o {(e_(k2‘+k6‘)t)_ (e_(k4‘+k5)t )}
t k4I+k5 - kzl_k6I
This solution can be expressed more generally as
AB (e—Ct _ e—(B+D)t) (68)

(B+D)-C
where in the present case
A =[C H.], B =k,[HCI] C=k,[CHI] + Kk, D = k4 [CH,I]

A similar set of solutions apply to the reaction wit€@lDand the ensuing rate constants are
denoted by the subscript b.

An example fluorescence signal is shown as the indgjure 6.2. After the subtraction
of the constant background arising from the small amadiustaitered resonance radiation in the
reactor, the value of which was approximated from thenmger signal, the remaining signal
was fit by varying the A, B, C and D parameters untildhm of the squared deviations was
minimized. The Solver feature in Microsoft Excel weed to carry out the fitting procedure
described. Profiles of Cl as a function of [HCI] wet#ained based usually on five values of
[HCI], and figure 6.2 shows a plot of the B parametefH€l]. The slope of this plot represents
the reverse rate constant knd the intercept is close to zero as expected. Tdegtamty in B
was estimated based on the amount of variation irpttsmeter that could be reasonably
tolerated in the fits to the Cl signal. In genetalyas found that the B parameter could be
changed by as much as + 30% before it no longer sensibbsesed the data, and this value

was taken as an estimate offdr B, an example of which is shown in figure 6.3.
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As may also be seen in figure 6.2, the C and D paranatitsmsically constant and
small compared to B, so that any errors in these teavss liitle impact on k The [GHsl] was
not varied systematically, however, an approximatghgdl figure for k was obtained by
dividing the D parameter by f8sl]. In a similar fashion, an estimate af\as obtained by
dividing the C parameter by {8sl]. Because of the neglect of the unknown diffusional
contribution, k, this estimate ofkis in fact only an upper limit. Whileskmay be somewhat
similar to the k’ term from the C¢photolysis experiments, k' also includes contributifvam

secondary chemistry which are likely to be differerthim GHsl/HCI system.
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first order rate / s
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[HCI] / 10" molecule cm™®

Figure 6.2. First order rates in fit to Cl growth and decay in@gkEs + HCI reaction at 294 K
and 65 total pressure with Ar. Circleg[HCI]; open triangles: ¥CsHsl] + ks; solid squares:
ks[CsHsl]; solid line: fit to k[HCI] data; dashed line: fit to 4JCeHsl] + ks data; dotted line: fit
to ks[CeHsl] data. Error bars represent &.IThe inset shows a signal corresponding to the filled
circle.
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Figure 6.3. Example of fit to Cl growth and decay sighatkground subtracted) at 294 K. The
central line is the best fit, and the upper and lower liapeesent the effect of increasing or
reducing the B parameter by 30%, taken to approximate + 2

6.2.3. Computational Methodology

The geometries, vibrational frequencies, and energisgtbnary points along the
potential energy surface (PES) for the reaction betw#@l and GHs, were investigated with
two levels of theory. The first was the MPWB1K hybmeta density functional theory (DFT)
method developed by Zhao and TruHfawhich incorporates the modified Perdew and Wang
1991 exchange functional (MP¥W)along with Becke’s 1995 meta correlation functional
(B95)® The modified G3Large basis set (M&3)as used in conjunction with this method,
which is essentially 6-311++G(3d2f,2df,2p) for H-Si, but hesrbimproved for P-Ar. This was
the largest basis set tested by Zhao and Truhlar, amdeéhemmended value of 0.9567 was

used to scale the frequencies obtained with MPWB1K/NG3.
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The second approach was the UQCISD/UH#b initio method with the 6-311G(d,p)
basis set. A scaling factor of 0.984vas employed to scale the vibrational frequenciekin t
case. The QCISD geometries and zero point energies employed in UCCSD(T)/ROFFE
single-point calculations with correlation consisteasis set3®°’ extrapolated to the complete
basis set limit. The reactants and products wereogismized with the B3LYP DFT method,
and several versions of the CBS-Q83%nd G3' composite methods were applied, to assess the
reaction enthalpyHo with a variety of electronic structure methods. Tlaeissian 03 and

Molpro 2002.6 program suité£?were used to carry out the computations.

6.3. Results and Discussion

6.3.1. Kinetics

Table 6.1 summarizes 32 determinations of the second-otderor@stant kK This rate
constant seemed to have a systematic dependence motiodysis pulse energy at the low end
of the temperature range, as is shown in figure 6.4rderdo obtain kin the absence of
secondary chemistry, this dependence was extrapolatedt& zsing a weighted linear least-
squares fit, and the ensuing values fpatkzero F are also listed in Table 6.1 along with their
statistical uncertainty. No such systematic varmatiath F was observed at the highest
temperature, and instead the measurements were averagbdrriare, no systematic
dependences were observedmgon variation of other parameters such as pressure and

residence time, which indicates that mixing or thermabd®osition did not have large effects.
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Figure 6.4. Dependence of observedik laser photolysis energy F at 622 K. Error bars
represent + 4.
The temperature dependence pias analyzed through the means of the Arrhenius
expression, and the resulting plot of thedkta is depicted in figure 6.5. From this graph, the

way in which the kdepends on temperature may be represented as
ki = (6.4 + 2.8) x 18% exp(-18.1 + 2.3 kJ mdIRT) cnt moleculé' s* (6.9)

over 578-922 K. This fit includes the statistical uncettain k; as well as that in the
temperaturedr/T = 2%). Along with the Arrhenius parameters givenvabare their b
uncertainties, which taken together with the covariazxeell as with the allowance for
potential systematic errors of around 10%, yield the ¢hv@5&0 confidence limits for kof =

26%. More details on the treatment of uncertainty cafolned in Appendix B.

126



The range of kdata can be extended down to around room temperaturedsganating
the 296 K measurement of Sokolov et®al. The resulting unweighted fit to the combined data
set yields the recommendation

ki = (6.1 + 3.2) x 18" exp(-31.6 + 2.1 kJ m3IRT) cnt moleculé' s* (6.10)
for the range 296-922 K. This new fit also represents tsept data reasonably well, except
for the smallest kvalue which is 1.8 times larger than the fit. Thisdads outside the
confidence limits, but it must be noted that thedint at 578 K is the most vulnerable to
systematic error because the primary reaction isltweest at this point, and as such it is harder
to separate from any potentially interfering secondanggsses. This secondédxpression is
used in the thermochemical analysis to follow agwets a wider range of temperature.

Experiments using §Ds instead of benzene at two temperatures are summaniZexbie
6.2 and Fig. 6.5. The results over the range 635-922 K carpbessgd as

kip = 6.2 x 10" exp(-22.8 kJ maVYRT) cn? moleculée' s* (6.11)

-13 3 -1
k, 107" cm” molecule™ s

[y
o
w

1.0 15 2.0 2.5 3.0 3.5

1000K/T

Figure 6.5. Arrhenius plot ofiland k. Open circles and square: Cl #Hg, this work and
Sokolov et al.; filled circles: ClI +¢Ds, this work. Error bars represent «.2
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Table 6.3 summarizes the 28 measurements fofrkhe reverse reaction. Variation of
parameters such as the photolysis energy, initial phemglentration, and the residence time,
has shown that the rate constant does not depend sagiijion such parameters, which
indicates k has been isolated from secondary processes. Theaveralues at each

temperature are plotted in Arrhenius form in figure 6.4, yald
k2 = (1.14 + 0.13) x 1€ exp(+5.2 + 0.3 kJ m3IRT) cnt moleculé' s* (6.12)

over 294-748 K. As before, taking the uncertainties inAtineenius parameters with the
covariance resulted in the 3tatistical uncertainties in the fittegl KThe range of these
uncertainties was between 6 and 12%, and upon also allogriagpossible 10% systematic
error, the overall confidence limits of + 13% are pragabs

Eight measurements with DCI instead of HCI at two tempees, corresponding to

reaction 6.2b, are listed in Table 6.4 and may be sumatbaiz
kab = 7.7 x 10" exp(+4.9 kJ ma¥/RT) cn? moleculé' s* (6.13)

over 292-546 K.

Information regarding reactions 6.4 and 6.6 (and the deuteaatdolgs) can also be
extracted from these studies, and the resultant oatgtants are presented in Tables 6.3 and 6.4
as well. As previously mentioned, an upper limit favas estimated by dividing the B term by
[CeHsl]. The lowest k and kg, values obtained at each temperature in experimentdH@tland
DCl respectively, are combined in the Arrhenius plot showfigure 6.7, and can be expressed

approximately as

ks < 5.3 x 10" exp(+2.8 kJ mé¥/RT) cnt moleculé' s* (6.14)
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over 300-750 K. Due to the large amount of scatter, antantgrof at least a factor of 1.5 in
k4 Is suggested. Figure 6.7 also shows theakues from both sets of experiments, which exhibit

considerable scatter as well. These data may be stmechaoughly as
ke = (2 + 1) x 10" cn? moleculé' s* (6.15)

over 300 — 750 K.

=
T
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Figure 6.6. Arrhenius plot otkand ky. Open circles: HCI + gHs; filled circles: DCI + GHs.
Error bars represent 51
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Figure 6.7. Arrhenius plot of,Kor the CI + GHsl reaction, solid circles (upper limit) and line,
and k for the GHs + GsHsl reaction, open circles withclerror bars.
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The rate constant corresponding to reaction 6,2)ds not been measured previously.
Yu and Lirt® have investigated the analogou$i€+ HBr reaction and found a rate constant of
a similar order of magnitude te.kHowever, a positive activation energy=4.6 + 1.7 kJ mél
was obtained by these workers which is not the caghdoE, observed for reaction 6.2. As can
be seen from the Arrhenius expression fgraknegative activation energy &as found for
reaction 6.2. Negative activation energies have beeauntered earlier in the cases involving

alkyl and silyl radical reactions with HBr and £P*"°

although these experiments have been
criticized’* The current findings extend the scope of this phenomémradical plus HCI
chemistry, which are rationalized further in section®t&sed on PES calculations for this
system.

The potential for adduct formation between Cl agb¢has been briefly noted earlier,
but the binding energy in the chlorocyclohexadienyl adduct &f B0 kJ mot is too small for
such an adduct to be present in significant quantitieleedted temperaturé2® Furthermore,
the primary kinetic isotope effects for bothdnd k, of ku/kp = 2.2 £ 0.3 and 1.6 £ 0.1,
respectively, are consistent with an abstraction an@sim (k/kp > 1).

The expression foryields an upper limit of 1.7 x & cnt moleculé' s* at 296 K, with
an uncertainty of a factor of 1.5. Because diffusibatomic Cl is in all likelihood modest when
compared to this reactiony knay indeed be close to this limit. There is reasoradderd
between this value and that of (3.3 + 0.7) X41én? moleculé' s* from a smog chamber
measurement® Addition of Cl to GHsl followed by elimination of | was proposed by
Andersen et d°° as a viable mechanism for reaction 6.4, and the segdltive E presently

observed is consistent with such an addition stepprido data for the reaction between phenyl

and phenyl iodide were found in the literature. The pregesagnitude fordwould imply a
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small energy barrier if any at all, and by analogy wa#ction 6.4, possible products for this

process might be biphenyl and | atoms.

6.3.2. Thermochemistry

The ratio k/k; is equivalent to the equilibrium constani;¥vhich was found to fit to the

expression

K oq = 53.5x g0 (6.16)

within the overlapping temperature range of 296-748 K betweetwih reactions. & was
evaluated at 10 temperatures from this expression and usedstouct a van't Hoff plot as
shown in figure 6.8. As demonstrated in equation 6.17 bel®wan’'t Hoff method relies on

plotting In(Keg) against 1/T in order to yield a slope from whichi can be extracted.

AH 1 AS
IN{K_ J=———x— +— 6.17
K..) X (6.17)

To directly obtaimH.gs for reaction 6.1 from such a plot, a small tempegatarrection™
of -(ASt — ASy99)/R + (AHT — AH20g)/RT must be added to In(l. The correction is smak;
0.14, and it is expressed in termsA\gC, as

T T
-2 [ALPgr+ L [ cp)aT (6.18)
R 298 T RT 298

following standard thermodynamic relatioi8. The temperature dependenceasfandAH
were also evaluated vigC, for reaction 6.1, and thus it is appropriate & time to elaborate

on how this quantity was calculated.
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Figure 6.8. van't Hoff plot for the equilibrium constafitCl + GHg = HCI + GHs (solid line,
experiment; dashed line, third law fit wiNiH29s = 40.5 kJ mot constrained to pass through
computedASxg/R). Dotted lines indicate,H.gs = 38.0 kJ motand 43.0 kJ mélt
While thermochemical data for Cl and HCI as a funcobtemperature were available
and taken from the JANAF Tablé$ no such data were found foghG; or GsHs, and were
instead calculated via standard relatidhom moments of inertia and vibrational frequencies,
and are listed in Table 6.5. Measured vibrational frequercieGHs were obtained from
Shimanouchi's tabulatidf and frequencies for¢fls were taken from the work of ¢ ajsiki et
al'” The product of the moments of inertia fajHgwas taken from Herzberg’s boBk and has
a value of 6.43 x I6°kg®> m°. The product of the moments of inertia faHg has not been
experimentally determined, thus it had to be computalpapproximated and was found to be
5.61 x 10°°kg® m’. QCISD/6-31G(d) theory was used to obtain this valueshwvas chosen
because it reproduced the known value fgilg3o within 0.2%. The accumulation of the
aforementioned values enabled the heat capacity ofofdbb four species involved in reaction

6.1 to be calculated at several temperatures over tge 33000 K. The difference between
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the summed heat capacities of the products and those refettants ié,C,, a quantity which
was evaluated at each of the temperatures in Table 6.&dylahd then fit to a polynomial
function. Thus, the temperature dependena®@f was established and the temperature
correction to In(K) as well asA\HandAS could be calculated.

The linear fit to the van’t Hoff plot was constradh® have an intercept equal to the
derivedAS,0s = 41.50 J © mol™ divided by the gas constant R. The slope of this line is
—AH209/R, from whichAH29s = 40.5 kJ mot was obtained. The maximum deviation from the fit
in figure 6.8 is 0.5. The uncertaintyAi,9s was approximated via an assumed factor of 2
uncertainty in the k;value in the center of the range, primarily arisingrfrencertainty in k
This analysis results in confidence limits fif,95 of + 2.5 kJ mot, which are also included and
depicted graphically in figure 6.8.

The use of statistical mechanics to calculate theticmaentropy from experimental or
computed structural parameters and frequencies, followedkehpdlusion of this quantity in a
van't Hoff plot, is referred to as the Third-Law metHodobtaining reaction enthalpies. This
method is termed thusly because it essentially reheb®absolute entropies of the reactants
and products, which can be calculated very accurately dsgrarimental or computational
information, consequently leading to Third-Law enthalpieg are somewhat more accurate than
those which would be obtained from the Second-Law neetHoln the Second-Law approach,
the enthalpy of reaction is obtained from the défere of the activation energies for the forward
and reverse reaction®' The use of other experimental or computed data is weseary for
attaining reaction enthalpies via the Second-Law methbiath essentially permits the
determination of this quantity directly from kinetic reaeements. This method is particularly

useful if the forward and reverse rate constants haea bhccurately measured over a wide
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overlapping range of temperature, in which case the &ctivanergies for the forward and
reverse reactions can be obtained at the centrpleterture and used in the analysis. If only
limited kinetic information is available for the forvaaand reverse reactions at overlapping
temperatures, or if one or both the reactions are diffiousolate for direct study, such as
reaction 6.1 in the present case, it is more reasot@bige the Third-Law approach, in which
the limited data can be “anchored” by the accurate inpeetermined from Third-Law
entropies.’’

As explained earlier, the present implementation offted-Law approach yielded
AHagg0f 40.5 + 2.5 kJ mdl for reaction 6.1. Inclusion of the bond dissociagmthalpy Deg(H-
Cl)*"?yields Drog(CsHs-H) = 472.1 + 2.5 kJ m8l Combination of this quantity with the
enthalpies of formatioAsHaee(CsHe) " = 82.9 + 0.5 andyHzes(H)' ™ = 218.0 kJ mot yields
AtH205(CeHs) = 337.0 + 2.5 kJ mdl

The room temperature values afdetermined by Shi and Bernh&ttand Sokolov et
al.**® divided by the kvalue obtained in the present analysis givgaid henceaG through the
following relation:

AG =-RTxIn(K,,) (6.19)

Taking these\G values and addingAB to them yields respectiveH values, where th&S used
is the one derived earlier in the thermochemistrye f@sults give kyg(CsHs-H) = 466 £ 1 and
472 + 3 kJ mot, respectively, and for comparison, two recent experiai@ssessments of this
quantity yielded 474.9 + 2.5 kJ mioand 472.2 + 2.2 kJ mibf*®1"® Therefore the Shi and
Bernhard rate constant appears to be slightly too highc@mskequently the Sokolov et al. value
was employed in the recommendation foakove. This recommendegddivided by k yields

AH208(CsHs) kJ mol* = 337.0 + 2.5 kJ md]| a result which is in agreement with the recent
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determinations of 339.4 + 2.5 kJ mpB38 + 3 kJ mat, and 337.1 + 3 kJ mof8°%1"and
also with the older value of 334.7 + 4.2 kJ thobtained by Rodgers et Thus, this work
supports the revision upward from the prior recommendatib888.9 + 8.4 kJ mdiand 330.1

+ 3.3 kJ mot for this quantity:’’*®* These values are further compared in Table 6.6.

6.3.3. Computations

6.3.3.1. Geometries

Stationary points along the PES for reaction 6.1 lacatéh both MPWB1K/MG3
theory and QCISD/6-311G(d,p) theory (excluding Cl) are showiigure 6.9. The Cartesian
coordinates, rotational constants, and vibrational freqaserafiall of the species are provided in

Appendix C.

The geometrical parameters of benzene obtained withl&eels of theory compare well
with the values proposed by Gauss and Stafftorhey used CCSD(T)/cc-pVQZ theory
combined with a reanalysis of experimental rotationaktants to arrive at recommended values
of re(C-C) = 1.3914 + 0.0010 A ang(C-H) = 1.0802 + 0.0020 A (1 A = ¥8m). In this work,
values of 1.379 and 1.400 A were obtainedr§€-C) and 1.076 and 1.087 A foaiC-H) using
the MPWB1K/MG3 and QCISD/6-311G(d,p) methods, respectively.

The calculatedetvalues for HCl were 1.269 A with MPWB1K/MG3 theory and76 A
with QCISD/6-311G(d,p) theory, both of which agree welhvite experimental value of 1.2746

A 183
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Figure 6.9. Stationary points for reaction 6.1. Bold \&alre QCISD/6-311G(d,p) results and
italicized values indicate results obtained with MPWBIIK3 theory. Prime quantities are
exclusive to MPWB1K/MG3 theory. Values in parenthesesCCSD(T)/CBS enthalpies of

product set relative to the appropriate reactants in k3 eidd K.
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For the phenyl radical, the calculated C<Halues are all within + 0.001 A of those of
benzene at both levels of theory, however, the C+t@l lolistances have decreased by as much as
0.019 A (see Fig. 6.9). The greatest geometrical differeetveeen benzene and phenyl is the
C-C(rad)-C angle, which has increased from 120.0° to 126d12254° in the case of
MPWB1K/MG3 and QCISD/6-311G(d,p) theories, respectively. gdometrical parameters
have been measured, and the best level of theory peyiosed to optimize this molecule
seems to be CCSD(T)/6-31G(d. A comparison of(C-C) = 1.4017 A and,(C-H) = 1.0910
A'in benzene obtained with CCSD(T)/6-31G(d) theory \lign corresponding values obtained
by Gauss and Stantih suggests that this level of theory does not outperfbenQCISD/6-
311G(d,p) theory used in this work.

The transition state that connects phenyl + HCI to bemzeCl was found to be of,C
symmetry (see Fig. 6.9), and visualization of the imagimaode indicated that the reaction
coordinate is a simple hydrogen abstraction from HCI byptienyl radical, with a C-H-Cl angle
of 180°. Following the intrinsic reaction coordinatenfr this transition state yielded two
structures denoted Bz-Cl and Ph-HCI in figure 6.9. Both tkésetures had an imaginary
frequency at the DFT level of theory. Visualizatiohthe imaginary normal mode of Bz-Cl
indicated that the energy of the MPWB1K/MG3 structsriowered by distortion of the C-H-Cl
angle to less than 180° in the plane of the molecedaling to the Bz-CI' structure shown in
figure 6.9. G, Bz-Cl was a true adduct (all frequencies real) at t6&€30Q/6-311G(d,p) level of
theory. Similarly, G, Ph-HCI has an imaginary frequency with DFT and the MIRBVB1K
minimum is the @Ph-HCI' geometry shown in figure 6.9, where the C-Ha@gle has distorted

away from linearity but remains in the plane of timgri
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These DFT symmetry lowerings leave the bond lengtbsneslly unchanged, with a
maximum difference of less than 0.01 A. The C-H-Cl esidiave changed from 180° to 177.0°
and 161.6° in Ph-HCI' and Bz-CI', respectively. As carséen from Table 6.7, the electronic
energies of these species decreased upon relaxation &yd)012 mig, respectively (1 E=
2625.5 kJ mol), i.e., by up to 0.5 kJ mdl The zero-point vibrational energies (ZPEs) have
increased along with the increase in the number ofregliencies and, as can be seen from
Table 6.6, scaling and adding these ZPEs to the electmogigies actually results insGpecies
marginally less stable than the,Counterparts. Because these differences in total gaesg
small (less than 0.2 mfEat the MPWB1K/MG3 level of theory, it is hard to igssa definitive
symmetry to the Ph-HCI and Bz-Cl adducts on the vibnallg adiabatic DFT PES.

At long ranges the multiple electronic states arisiognfthe interaction of CPPsj2,11)
with CgHs (1Alg) become degenerate, so the loose atomic complexeexpeeted to show
multireference character. This means that the assignof?B; and?A” to Bz-Cl and Bz-CI’
may not imply true non-adiabatic behavior but ratdeficiencies in the single-reference
treatment used here. These weakly bound long-range er@spare not important kinetically
and are not considered further.

Interestingly, in the case of QCISD/6-311G(d,p) thethg, relaxed €structure for Ph-
HCIl is significantly different from the originalspecies. The new structure, denoted-&%-
HCl in figure 6.9, has no imaginary frequencies. A simfemimum is characterized with DFT.
A similar adduct, with HCI normal to the aromatic rirltgs been observed spectroscopically
between benzene and HEY'®" For comparison, this benzene-HCl complex has been
characterized with DFT andb initio theory, and is presented as Bz-HCI in figure 6.9. The

distance between the center of the benzene ring ar@ gtem (¢) and the well depth (were
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found to be 3.63 A and 13.6 kJ makspectively with MPWB1K/MG3 theory and 3.76 A and
14.1 kJ mot with QCISD/6-311G(d,p) theory. These results are inoresle accord with the
values of Read et al. of = 3.63 A and D= 8.6 and 23.3 kJ md] which were obtained by
modeling the Bz-HCI complex as a pseudodiatomic moleane, fitting parameters from
Fourier transform microwave spectroscopy to a Lennardslén- 12 potentiaf> Furthermore,
adding in the corresponding computed ZPEs to the Bz-HCplsonyields B values of 10.1 and
11.9 kJ mof with the MPWB1K/MG3 and QCISD/6-311G(d,p) theories, respely, which
agree with the range of 76D, < 15.9 kJ mot quoted in a later study by Gotch and Zwfgr,
and with the value of P= 12.1 + 2.1 kJ méiderived in a recent review by Mons et&lfrom
the experiments of Walters ety.

In the similarrePh-HCI structure, the HCI fragment is involved in aitogen-bonding
interaction with thewelectron system like in Bz-HCI, however, it alstemracts with the radical
carbon center in phenyl. The most noticeable effethiefsecond interaction is that the CI-H-
ring angle is not 180° as in Bz-HCI, but rather the ¢drain HCI is displaced toward the carbon
radical in the phenyl ring. The calculated distance betviee center of the phenyl ring and the
Cl atom (g and the well depth () are 3.68 A and 12.2 kJ miblrespectively with
MPWB1K/MG3 theory, and 3.77 A and 13.2 kJ thalith QCISD/6-311G(d,p) theory. We also
note that the H-Cl bond length is nearly identicaleesn the two complexes, with a 0.001 A
difference at the MPWB1K/MG3 level of theory and nibacge with QCISD/6-311G(d,p)
theory. These results suggest that the interactiongest the HCI fragment and phenyl is similar

to that in HCI and benzene.
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6.3.3.2. Vibrational frequencies

The unscaled frequencies for all of the stationary pdadated with MPWB1K/MG3
theory and QCISD/6-311G(d,p) theory can be found in the AppéhdiThe scaled frequencies
for the phenyl radical obtained with both methods cacdmepared to the frequencies
summarized by tapski et al'”®> The lowest frequency ofAymmetry has not been detected
experimentally and has been excluded from the compa@tadgsis. In the case of the
frequencies obtained with the DFT method, the agreemiémthe experimental values was
reasonable, with the mean absolute deviation of 1.4%eqadncy in disagreement by more
than 5%, and an overestimation of the ZPE by 2.1 k3 09%). The frequencies obtained
with QCISD/6-311G(d,p) theory had a mean absolute deviati@ri/é6, with four of the
frequencies being in disagreement with experimentalegaby more than 5%. These modes of
motion correspond to the out-of-plane bending of thenghring ((xs(B1), in error by 5.1%), the
in-plane compression of the rings(A1), in error by 9.9%), the out-of-plane alternant bendihg
the five H atoms (((B1), in error by 6.6%), and the in-plane bending of the Hvatoms, which
appears to be symmetric with respect to each pairrdfemutive H atoms ¢ 7(B.), in error by
6.9%). The ZPE was underestimated by 3.4 kJ'rth5%) with QCISD/6-311G(d,p) theory. A
linear fit to a plot of the experimental frequencies agdimsunscaled QCISD/6-311G(d,p)
frequencies, constrained to pass through the origitiedea slope of 0.961 (see Fig. 6.10).
Repetition of the above frequency analysis with this 0@ling factor, which is still in the
optimal range of 0.954 + 0.020 calculated by Irikura &1, alielded a mean absolute deviation of
2.3%, with the errors in3, wb, wO, andwl? reduced to 4.4, 9.2, 5.9, and 6.2% respectively, and

the ZPE underestimated by 1.8 kJ t@0.8%). This is only a marginal improvement.
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Figure 6.10. Linear plot of the experimental versusutisealed QCISD/6-311G(d,p)
vibrational frequencies of benzene constrained to go thrthegbrigin.

A similar frequency analysis was performed for benzeme jtavas found that the
agreement was reasonable once again with DFT, witkaa mbsolute deviation of 1.3% and no
scaled frequencies differing by more than 5% from the axeetal values taken from
Herzberg:’® The frequencies obtained with QCISD/6-311G(d,p) theory hadammbsolute
deviation of 4.2%, with seven of the frequencies beingsagieement with experimental values
by more than 5%. These frequencies included two sets ofielege &, modes: @l andw?), in
error by 8.0% andu andwl0), in error by 7.4%, two B modesw6 andwl2, in error by
30.7% and 11.9%, respectively, and.a Bode,wl9, in error by 5.8%. The ZPEs were in
reasonable agreement with literature, with an ovenesion of 2.4 kJ mél (0.9%) in the case of
MPWB1K/MG3 theory, and an underestimation of 6.4 kJ'hf@l5%) with QCISD/6-31G(d,p)
theory. As before, a linear plot of the experimewebus the unscaled QCISD/6-311G(d,p)

frequencies was constrained to go through the origin, whédtied an optimal scaling factor of
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0.965 for benzene (See Fig. 6.11). Repeating the frequengsgianaith this scaling factor
decreased the mean absolute deviation to 3.6%, withrites @rwl andw?2, w9 andwl0, wb,
wl2, andwl9 reduced to 6.9, 7.3, 29.9, 10.9, and 4.6%, respectively, aZdPth

underestimated by 3.6 kJ md[1.4%), which once more marks only a marginal improvémen
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Figure 6.11. Linear plot of the experimental versusitisealed QCISD/6-311G(d,p)
vibrational frequencies of phenyl constrained to go througbtge.
The stretching frequency for HGly, was found to be 2934 and 2908 tatfter the

standard scaling with MPWB1K/MG3 and QCISD/6-311G(d,p) thepr&spectively. These
values correspond to overestimations©6f 0.6 kJ mof and 0.3 kJ mdi when comparing to
the literature value of 2885 ¢hi®® and consequently the ZPEs are also overestimated by 0.3 kJ
mol™* (1.7%) with MPWB1K/MG3 theory and 0.1 kJ mdi0.8%) with QCISD/6-311G(d,p)
theory. We note that the optimal scaling factordH6t are 0.941in the case of MPWB1K/MG3

theory, and 0.946 in the case of QCISD/6-311G(d,p) theory.
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6.3.3.3. Reaction thermochemistry

Table 6.8 gives the total energy difference betweerptbducts and the reactants in kJ
mol! at 0 K, AHo. This reaction enthalpy is the difference betwe®n ienzene C-H bond
dissociation enthalpy (BDJECsHs-H)) and the H-Cl bond dissociation enthalpy (BICHECI)),
also tabulated. These enthalpy changes include aspineorrection of -3.5 kJ mdlto the ClI
atom?%**! Experimental values for these quantities are providédeitast row of Table 6.8 and

conversions from 298 K to 0 K were made wherever neceasany the relation below.

AH, :Aergs_Z(Hzgs_Ho) +Z(H298_HO) (6.20)

prod reac

MPWB1K and QCISD data and the results of several comepoethods such as G3,
G3B3, and CBS-QB3, applied to the reactants and produataction 6.2 as well as the H atom
(in order to obtain the two respective BDES), are sholaterature values for some or all of the
quantities of interest using two versions of the CE&A°method as well as two variants of G2
theory denoted G2f°***are also compiled in Table 6.8. Further, the CCSDE¥@nd
CCSD(T)/CBS-aug composite methods (along with the exgatiah spin-orbit correction for the
Cl atom) described in section 3.2.4 were also used tosagmethermochemistry of reaction 6.2,
and the results are given in Table 6.8. The variowsrel@c energies used for the CBS
extrapolations in CCSD(T)/CBS and CCSD(T)/CBS-aug arergin Table 6.9.

The possible impact of core-valence electron corosladnd scalar relativistic effects on
the bond strengths was also considered. CCSD(T)/cc-@ndélculations made with the usual
frozen-core approximation and with all electrons catesl indicate that inclusion of core-
valence correlation changes the BDEs gfi$sH and H-CI by +0.6 and +0.9 kJ rifol
respectively. Mass-velocity and Darwin computatiorthetCISD/cc-pwVTZ level yield scalar

relativistic corrections of -0.1 and -1.0 kJ fholespectively, to these bond strengths. Clearly
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these are minor contributions, and they tend to carnide¢ combined effect would be to change
the enthalpy of formation of phenyl derived from the ekpental value for benzene and the
computed BDE by +0.5 kJ mbl

The AHovalue of -67.4 kJ mdlobtained with QCISD/6-311G(d,p) theory is in poor
agreement with the value of -38.2 + 2.5 kJ fobtained experimentally’ The BDE for the C-
H bond in benzene is close to the experimental valugever, the BDE for HCl is in error by
more than 30 kJ mol This is the major source of the discrepancy betwseexperimental and
QCISDAHpvalues. As can be seen from figure 6.12, larger basidaeitiCl are more able to
accommodate the polarity of this bond and the sizerdiffee between the two atoms.
QCISD/cc-pVTZ and QCISD/cc-pVQZ theory yield 408.3 and 416.3 K mmespectively, for
BDEy(H-CI). The inclusion of an additional tight d-furantito ClI via the cc-pV(n+d)Z basis
setd? seemed to have little effect, yielding 410.5 and 417.7 k3 mith n = T and Q,
respectively. Extrapolation to the CBS limit yielt22.1 and 423.0 kJ miblvith the cc-pVnZ
and cc-pV(n+d)Z basis sets, respectively, c.f. the exgeriahvalue of 427.648 + 0.007 kJ mol
obtained from the Active Thermochemical Tabies.

Similar remarks can be seen to apply to the B3LYP fanatj where enlarging the basis
set improves the H-C| BDE and the overalH,. With the more sophisticated MPWB1K
functional, results with the MG3 basis set are impobgver those from the small 6-31+G(d,p)
basis set. The bond dissociation enthalpies fotvtbebonds in question obtained with the
MPWB1K/MG3 method are both in good agreement with theeemental values for these
quantities’® Because both of these values are slightly erroniecihe negative direction there is
an ensuing fortuitous cancellationArHo, and the result of -38.2 kJ riois in excellent accord

with experiment.

144



430 T T T T T T T T T T T T T T

425 Experimental Value
B CBS Extrapolation (n+d)

420 | CBS Extrapolation (n)4
- 5 ]
415 -

410 |

405

6-311G(d,p)
MG3 ]
—O— cc-pvVnZ -
H —&— cc-pV(n+d)Z | {
390 |- E

400

-1
BDE (H-CI) / kJ mol

395

PR (AR RUR (SR NS SR RS R
20 30 40 50 60 70 80 90 100

Number of Basis Functions

Figure 6.12. Effects of increasing the basis set siaeQ&ISD calculation for determining the
bond strength of HCI.

The standard CBS-QB3 metH6toverestimates the H-Cl bond strength by ~ 5 kJ'mol
and the @Hs-H bond strength by ~ 11 kJ rifol Use of MPWB1K or QCISD geometries and
ZPE corrections does not improve these results. &imilstandard G3* G3B3? G3MP2%*
G3MP2B3'?® G3(MP2,CCSD)//B3LYP? G3(CCSD)//B3LYP-*® CBS-RAD 3 and
CcCA®*gpproaches also overestimate BEHs-H) significantly. Thus, it appears that
composite methods relying on UHF reference wavefunctioitis,the exception of G¥* cannot
accurately compute the BEsHs-H). These normally accurate composite schemes may b
impacted by the severe spin contamination in the pheniglalagvhere the spin-unrestricted
Hartree-Fock (UHF) wavefunction has an expectationeva!S> = 1.39 rather than the ideal
value of 0.75. Spin polarization effects arise in operitsiystems when the spatial component
of the wavefunction is allowed to be different foandf3 electrons. These effects lead to

contamination of the doublet wavefunction, a phenomeraohahas been reviewed by Bally
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and Bordert! In general, large spin contamination has been founslyiiems where the singly
occupied MO possesses nodes at some nuclei, and the stid@agely occupied bonding MO is
high in energy and is easily polarized (typicafe¥os), which certainly includes the phenyl
radical'’

Unphysical UHF wavefunctions compromise composite outwhere they are the basis
for MP2, MP4, QCISD(T), and CCSD(T) correlation treants. One solution is the use of spin-
restricted open-shell Hartree-Fock (ROHF) wavefunstiavhich eliminate spin contamination
in the wavefunction. As can be seen from Table 6.8guRDHF within the scheme of some of
the composite methods yields much more accurate resihis modified ROCBS-QB3

method®® agrees with the experimental value, as do G3(MP2)-RAYand CcCA methods
when based on ROHF wavefunctions. Moreover, bedhestree G3MP2-based methods
tabulated form a chronological sequence of step-wisdifitations to the original G3MP2
scheme, it can be systematically shown that the faator necessary to accurately calculate
BDEy(CsHs-H) is the implementation of ROHF reference wavefions. Replacement of the
MP2(fu)/6-31G(d) geometries and HF/6-31G(d) ZPEs in G3MP2 by B3-8RPG(d) analogs

in G3MP2B3 improves BD§CsHs-H) by 2 kJ mot, while replacing the UQCISD(T)/6-31G(d)
single-point calculation with UCCSD(T)/6-31G(d) in G3(MEgSD)//B3LYP marks an
additional 1.2 kJ mé&iimprovement. However, the largest source of improvenan additional
6.9 kJ mot, comes from using ROMP2/6-31G(d) and URCCSD(T)/6-31G(d) sjmmjlet
calculations in G3(MP2)-RAD, as opposed to the UHF-basalbgs in
G3(MP2,CCSD)//B3LYP. The CCSD(T)/CBS and CCSD(T)/CBS-@aig are close (0.3 kJ
mol™*) and compare well with the experimental values. dfseero-point corrections from DFT

improves the agreement further (see Table 6.8).
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Lau and Ng have also used a CCSD(T)/CBS-type approach bhas&dtdF reference
wavefunctions to calculat&H, for the phenyl radicdf’® In their method, Lau and Ng used
CCSD(T)/6-311G(2df,p) to calculate the geometry of the pheytal, followed by a two-point
extrapolation to the CBS limit using CCSD(T) single pa@lculations with the cc-pVQZ and
cc-pV5Z basis sets. Coupling the CBS energy with a calenge correction obtained at the
CCSD(T)/cc-pwCQZ level of theory, scalar relativistitects calculated with CISD/cc-pVQZ,
and anharmonic frequencies effectively obtained at th8{T)/6-311G(2df,p) level of theory,
Lau and Ng obtainefiiHo = 351.4 kJ mat.'*® More specifically, in the work of Lau and Ng, the
effective CCSD(T)/6-311G(2df,p) frequencies were approximatemblnecting the harmonic
frequencies obtained at this level of theory withdterage between the anharmonic effects
obtained with MP2 and B3LYP theories, and the final st virbrational energy (ZPVE)
was estimated by averaging the harmonic and anharmonic ZPE&mbining their value for
AHo with the experimentalH, values for the hydrogen atom (216.034 kJ iéf and benzene
(100.4 kJ moh)'*° yields BDEy(CsHs-H) of 467.0 kJ mat, which is in reasonable agreement
with the experimental value, and lies in between thaegaobtained with CCSD(T)/CBS with
QCISD ZPEs and CCSD(T)/CBS with MPWB1K ZPEs in therkv

An alternative strategy for addressing spin-contaminasida use projection operators to
remove higher spin contaminants from the wavefunctibimis approach is employed in the
G2M methodology, unfortunately with less success. The @&ves for the C-H bond strength
in benzene are significantly higher than the experimeatae, with G2M(rcc,MP2)
overestimating this quantity by 13.7 kJ thaihd G2M(RCC,MP2) overestimating by 13.3 kJ

mol* (see Table 6.8).
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6.3.3.4. Chlorocyclohexadienyl Species

Five benzene/Cl atom complexes, not involved in theradtgin pathway, were found
with MPWB1K/MG3 theory and are shown in figure 6.13, telr energies obtained with
various theories are given in Table 6.10. These stafygroints correspond to the five
structures located by Tsao et ®lusing BH&HLYP/6-311++G(d,p) theory and CASPT2(7,7)/6-
31G(d) theory, and includ® andrt n;-chlorocyclohexadienyl radicals separated by a transitio
state, a & ne-chlorocyclohexadienyl complex, and gschorocyclohexadienyl transition state
for Cl atom migration between two adjacent carb8hsTheo ni-chlorocyclohexadienyl and
Nn2-chorocyclohexadienyl complexes have been examined WD Q/3-21G*//MP2/3-
21G*by Jarzeba et &°° and they found that the stabilization energy of thené is 31 + 2 kJ
mol™* and that the latter is actually also a minimum i level of theory they used, with a
stabilization energy of 17 + 2 kJ ol Sokolov et at*® used the BAC-MP4b initio method
and found that the ni-chlorocyclohexadienyl is exothermic in relation to 2eme + Cl by 30 £
10 kJ mof" at 298 K, a result that is in accord with the measuresrar83 and 30 + 8 kJ nibl
reported by Ritter et &' and Benson et &% respectively. Berho et & have also calculated
the stabilization energy at 298 K of tbie);-chlorocyclohexadienyl radical, and they obtained
30.1, 43.4, and 71.0 kJ rfolvith the BAC-MP4, B3LYP/6-31G(d), and AM1 methods,
respectively.

Like Tsao et al., we find that a complex of thetype is lower in energy than the
complex, which is not a minimum because it was fourgbsess two imaginary frequencies in
their work and one here. Unlike Tsao et al., howewerfound using MPWB1K/MG3 theory
that theni-chlorocyclohexadienyd adduct is more stable than itsanalog, though this

difference was only 3.3 kJ mbl It was also found that formation of the
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chlorocyclohexadienyit adduct from benzene + Cl is barrierless. Croft diale explored the
reliability of a variety of functionals in a recestudy that focused on the twg-
chlorocyclohexadienyl complexes, and based on companigbmesults they obtained from
G3X(MP2)-RAD* calculations, they concluded that while BH&HLYP ancLanber of other
functionals “should be regarded critically” for benzeneff©om complexes, MPWB1K
calculations perform accurately but “require a largésbsest to be reliable?® Furthermore,
they found that the ns-chlorocyclohexadienyl radical is 8.0 and 7.1 kJ nobre stable than
thertradical, based on results obtained with the G3X(MP2,MPKyBHAD and
G3X(MP2,MPW1K)-RAD composite methods, respectiv@ly These two variants of the
G3X(MP2)-RAD method devised by Croft et al., implementedB1K/6-31+G(d) or
MPW1K/6-31+G(d) theories for the geometry optimizatiand ZPEs (appropriately scaled),
while retaining all of the other features of the G3(MP2)ER#Aethod, including unmodified
HLCs. The stabilization energiesd)Delative to GHg + Cl obtained by the
G3X(MP2,MPWB1K)-RAD and G3X(MP2,MPW1K)-RAD composite metls were 29.0 kJ
mol™* with both for theradduct, and 37.0 and 36.1 kJ thoéspectively, for the adduct,
however, they note that “neither species can ba rolg as the experimentally active complex
from these calculations alone,” as the stabilizagioergies of both species “fall within the range
predicted from experiment of 30-35 kJ fhavhen uncertainty of the results are includ&d.”
Application of QCISD/6-311G(d,p) theory did not yield tigor then, complexes,
although, it did find the tw@;-chlorocyclohexadienyl adducts and the transition statedss
them (see Fig. 6.13), and at this level of theorynthehlrocyclohexadienyt adduct is more

stable than the analog by 17.4 kJ midlat 0 K. At the highest level of theory used in thirky
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denoted as CCSD(T)/CBS, it was found thatdhg-chlorocyclohexadienyl radical is more

stable than the radical by 9.0 kJ mdlat 0 K and 10.7 kJ molat 298 K (see Table 6.10).
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Figure 6.13. Chlorocyclohexadienyl structures. Bold vaheisate QCISD/6-311G(d,p)
theory and italicized values correspond to MPWB1K/MG3 the®alues in parentheses
represent CCSD(T)/CBS enthalpies in kJ frat O K relative to Cl + gHe.

Furthermore, it was found that the transition statevéen twoni-chlorocyclohexadienyl
adducts is 2.0 kJ mobland 5.2 kJ mdi lower in energy than the ni-chlorocyclohexadienyl
radical at 0 K and 298 K, respectively, indicating thatrtimg-chlorocyclohexadienyl may not

be an isolable species. These results confirm that dhlorocyclohexadienyl radical is the
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most stable species, and is bound by 29.4 k3 megtive to Cl + GHg at 0 K and 31.3 kJ mol

at 298 K. This result quantitatively supports recent assgitsof ca. 30 kJ modlo the 298 K
Cl-CsHs bond dissociation enthalf*?°? The weak bonding means that the adduct could be
stable with respect to dissociation to Cl gHgonly at around room temperature or below. The
o adduct could therefore play a role in low temperature CdHs kinetics, but it appears not to

lie directly along the Ph + HCI reaction path.

6.3.3.5. Potential Energy Surface foglds + HCl— CgHg + Cl

Figures 6.14 and 6.15 depict potential energy diagrams obtairnetheitwo respective
levels of theory relative to the energy of the raatd, and, in addition to the classical energy
profile, a second profile has been superimposed on the @&es in which the total energies
include the scaled ZPEs. Figure 6.15 also contains a thirdoghiICCSD(T)/CBS data.

A relaxed scan calculation shows that the conversidhe original Ph-HCI &, species
to ther=Ph-HCI adduct is barrierless, and thg €pecies is interpreted as a transition state for
motion of the HCI fragment from one face of the phemd to the other. Similarly, it was
found that the & TS can rearrange to yield the Ph-HG| §pecies without encountering a
barrier, indicating that there is at least one p&thgthe PES that connects thg TS to ther-
Ph-HCI adduct with a monotonic decrease in energy.

The B3LYP functional was unable to locate severahe$¢ stationary points (including
the abstraction transition state). The inabilityBELYP to locate weak non-covalent complexes
has been highlighted in recent literature and has bédvuged to deficiencies of this functional

in the description of long-range interactions such sgetsior.> 622
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Figure 6.14. P.E. diagram for reaction 6.1 obtained withNMBPK/MG3 theory. The solid line
corresponds to the classical energies, and the dottepnesents the PES including scaled
ZPEs and the spin-orbit correction for the Cl atom.
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Figure 6.15. P.E. diagram for reaction 6.1 obtained witlF5SQ{6-311G(d,p) theory. The solid
line corresponds to the classical energies, and the doeecpresents the PES including scaled
ZPEs and the spin-orbit correction for the Cl atofhe bold line represents CCSD(T)/CBS
results including QCISD/6-311G(d,p) ZPEs (see text).
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6.3.3.6. Kinetic Analysis of the gHsCl Reaction System

Modified transition state theory (MTST), briefly ouid in chapter 3 and fully described
elsewher€? has been applied to the CCSD(T)/CBS data for rea6t®by Dr. Lev
Krasnoperov?®?°’ The MTST calculations take account of tunneling viinaarted parabola
analysis’® which yielded correction factors of 1.3 and 1.02 at 298 and 1068sectively?®2°’
As discussed in chapters 3 and 5, cases in which the eviettgy/ TS lies below that of the
reactants are inadequately treated by conventional TBIChwverestimates the rate constant
because it includes contributions from states of thevfigh lie below the energy of the
reactants. Though these states would eventually becomaped at extremely high pressures,
they are inaccessible under normal conditions and dltbeiefore not be counted.
Consequently, reaction systems characterized by such&&$8stter accommodated by MTST,
in which the energy levels of TS below those ofrémctants are not counted, resulting in a more
reasonable upper limit for the thermal rate constant.

The MTST results for reaction 6.2 are depicted in Arrhefaus in Figure 6.16. From
this figure, it can be seen that MTST overestimatds/ka factor of ~5 over the overlapping
temperature range between experiments and computaiitvestact that the slopes of the
observed and calculated #ata are nearly parallel suggests that the computedridaeigght is
reliable, indicating that the source of the disagregmey be the calculated partition function of
the TS. Atighter TS would have a lower rotationatifian function, and more importantly, a
lower vibrational partition function, both of which wid have the effect of reducing the MTST
rate constant. In addition, the assignment of high®ational frequencies, in particular to the
lowest internal modes, would also reduce the numbecaafssible states in the TS, which would

further decrease the rate constant. The kinetiopsoeffect k(HCI)/kon(DCI) calculated via
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MTST at 298 and 500 K is 2.8 and 2.3, respectively, which areimiyalitative accord with

the experimental values obtained from expressions 6.18.46cf 1.7 + 0.1 and 1.6 £ 0.1 at the
two respective temperatures. However, even if justtqtiakly, the calculations reinforce the
claim of a hydrogen-abstraction mechanism since thei&iisetope effect is larger than 1.
Moreover, any errors in the calculation of the kinetotope effect would tend to cancel, which
further indicates that perhaps there may be problentstiagt lowest internal modes in the TS or

their treatment as harmonic oscillators.

=
o
o
T
|

k,/ 10 cm® molecule™ s™
=
o
T

1.0 15 2.0 25 3.0 35
1000K/T

Figure 6.16. Arrhenius plot ofs8s + HCI rate constants. Solid line: experiment, 12f.
dashed line: modified TST, réf®?%* dotted line: RRKM based on hindered Gorin-type TS with
hindrance fitted to match hard sphere rate constantsgis@edash-dott line: RRKM based on

hindered Gorin-type TS with hindrance fitted to match experiaid,(T) (see text).
Multiwell-based RRKM calculations have also been edrdut for reaction 6.2 based on
the CCSD(T)/CBS data, at a constant pressure of 0.1Ttver hindered Gorin mod&f-%°-10*

described in chapter 3 was used to obtain and fit the preperftihe loose TS at the entrance

channel to the hard sphere collision rate constantslaeséd for this system (Table 6.11). The
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hindrance parameters arising from the steric interasti@tween the two molecular fragments
are given in Table 6.10. The corresponding Morse parametedsforr-Ph-HCl were ¢ =

3.773 A,ue = 66.0 crit, and Q = 15.3 kJ mot. The results of this procedure are also given in
Table 6.11 and shown in Figure 6.16. Wigner tunneling correctwasgiously described in
chapter 5, have been applied to the RRKM results in Figdi& and the values of these
tunneling corrections as well as of the RRKM rate tamts are also found in Table 6.11.
Lennard-Jones and energy transfer parameters werdatatttollowing the methodology set
forth in chapter 3. As usual, sample input files may bdan Appendix D.

As can be seen in Figure 6.16, the RRKM results overattithe experimental results
by about an order of magnitude over the entire overlappmpgerature range. The fact that the
high-pressure limiting kvalues from RRKM are in good agreement with the origigablues
from the hard-sphere modejks)suggests that the equilibrium constants used to get the
recombination rate constants from the unimoleculartenis via equation 3.32 at each
temperature are reasonable. Therefore, the failuRR&M theory in the present case can likely
be attributed to the probable overestimation£fkby kiys(T), which is crucial in the selection
of reliable hindrance parameters from which the sumadéstof the loose Gorin-type TS can be
accurately calculated.

Generally, the rate constants used for fitting inftimelered Gorin TS analysis are those
for the high-pressure limiting recombination at the desieenperatures. In the present case,
however, since kwas found to be independent of pressure over the presagesused in our
experiments, the values of Were used to approximate the high-pressure limiting recoidoina
rate constants at each temperature in a second hindergdt@e TS analysis. This assumption

was found to be valid, as the ratio of the experimedattd the calculatedJk was between 0.94
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— 1.04 over the temperature range considered, indica@nght formation of the-Ph-HCI
essentially is at the high-pressure limit under the exygartal conditions used. The results of
this alternative analysis are also given in Table 6.11 apidtéd in figure 6.16, and as can be
seen, they agree quite well with the measup€@)k These findings serve as evidence that the

original kynsyvalues were too large.

6.4. Conclusions

Results for the reaction of phenyl with HCI have be@&s@nted for the first time in this
work, and both experiments and computations indicatehtsaprocess is barrierless. The
recommended rate constant for Cl + benzene was derivedhigh-temperature measurements
in combination with the most recent and what is belieto be the most accurate literature data
at room temperature. An abstraction mechanism is suppaoytee kinetic isotope effects
observed in both the forward and reverse directionghird law analysis of the equilibrium
constant yielded thermochemical results that hava fueend to be consistent with other recent
determinations.

Investigations of the PES using hybrid DFT aidinitio methods agree with negative
barrier for the reaction of the phenyl radical with HG\Ilthough both computational methods
have found the reaction of Cl and benzene to be enuithethe hybrid DFT method gave
remarkable agreement with experiment while the QCISD/6-31p¥5(evel of theory was in
error by almost 30 kJ midldue to severe underestimation of the bond strength of HCCs
geometry seems to be favored ovey I8/ both adducts located with both theories, however, this
symmetry lowerings do not conclusively lead to increasahilzation. The CCSD(T)/CBS and

CCSD(T)/CBS-aug composite methods yielded reaction kpiglsathat were in good agreement
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with experiment, demonstrating that these methods apabte of accurately treating severely
spin-contaminated species. Toehlorocyclohexadienyl radical was found to be the madtiest
among chlorocyclohexadienyl species, but because it @&lwdound, this adduct could be
stable with respect to dissociation to Cl gHgonly at around room temperature or below.
MTST calculations overestimate,(K) which could be the result of an exaggerated
partition function for the TS caused by the treatmeinsmoall internal modes as harmonic
oscillators. However, these MTST calculations suppgbe small kinetic isotope effects
observed for reaction 6.2, suggesting that a simple Heabsin mechanism is plausible.
RRKM calculations of T) based on a hindered Gorin treatment of the loosatTi$e entrance
channel are in good agreement with experiment if the hmedrparameters are selected to match
the experimental XT), and also seem to reveal that the rate consparthé formation of thet
Ph-HCI adduct has reached its high-pressure limit at xperenental conditions used in this

study.
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Table 6.1. Summary of measurements of the rate constafur kC| + GHe.

T, Tes F, P, [CCly, [CeHe]ma [Cl]o, ky * Oy,
K s mJ mbar 10" molecule10™ molecule10 molecule 10™ cn? moleculé' s*
cm? cm? cm?

579 1.0 0.26 70 2.40 531 + 018 0.9 2.16 + 0.06
578 1.0 024 71 1.48 1.36 + 0.05 0.5 2.20 + 0.18
578 1.0 0.16 71 1.48 1.36 + 0.06 0.3 1.91 + 0.11
577 1.1 0.21 145 1.63 1.12 + 0.02 05 2.02 + 0.10
578 1.49 + 0.10
622 09 0.44 67 2.00 1.87 + 0.06 1.4 3.26 + 0.25
622 09 0.19 67 2.00 1.87 + 0.06 0.6 2.70 + 0.10
621 09 0.19 69 2.05 1.92 + 0.07 0.6 2.13 + 0.07
621 09 0.06 69 2.05 1.92 + 0.07 0.2 1.90 + 0.08
619 05 0.09 71 1.21 1.64 + 0.05 0.2 1.60 + 0.08
623 09 0.35 70 2.02 296 + 010 1.0 1.99 + 0.12
623 09 0.16 70 2.02 2.96 + 0.06 0.5 1.70 + 0.06
622 2.0 0.33 145 2.62 325 + 011 1.2 2.00 + 0.31
622 2.0 0.13 145 2.62 325 + 0.07 05 1.78 + 0.32
622 1.60 + 0.28
676 0.4 0.33 29 0.88 1.66 + 0.06 0.5 2.61 + 0.18
676 0.4 0.14 29 0.88 1.66 + 0.06 0.2 2.35 + 0.15
677 09 021 70 1.23 269 + 0.09 05 2.79 + 0.36
677 09 0.14 70 1.23 2.69 + 0.07 0.3 2.75 + 0.23
674 05 0.17 69 1.21 1.31 + 0.03 0.3 2.71 + 0.07
674 05 0.11 69 1.21 1.31 + 0.03 0.2 2.77 + 0.09
676" 2.76 + 0.19
725 1.2 053 76 2.59 1.96 + 0.09 2.0 5.66 + 0.32
725 09 074 77 1.94 203 + 007 21 6.07 + 0.21
725 09 050 77 1.94 203 +0.07 1.4 5.10 + 0.23
725 09 034 77 1.94 2.03 + 0.07 0.9 4.60 + 0.10
722 1.0 0.34 152 1.41 233 + 006 0.8 4.09 + 0.23
722 1.0 0.23 152 1.41 233 +0.06 05 3.83 + 0.16
722 1.0 0.15 152 1.41 233 + 0.06 0.3 3.80 + 0.10
724 3.14 + 0.18

(Table continues on next page)
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(Table 6.1. Continued)

T, 1t F. P [CCLW, [CHelmw  [Cllo, ki % O,
K S mJ  mbar 10" molecule10" molecule10” molecule 10* cnt moleculé' s*
cm?® cm?® cm?®
922 0.4 099 41 d 0.57 £ 0.02 7.84 + 0.57
922 0.4 046 41 d 0.57 + 0.02 5.75 + 0.59
922 0.4 060 41 d 0.94 + 0.05 2.70 £ 0.55
922 0.4 0.28 41 d 0.94 + 0.05 2.58 + 0.56
921 0.4 0.83 43 d 0.48 + 0.02 6.77 £+ 1.65
921 0.4 0.38 43 d 0.48 + 0.02 473 + 0.40
922 5.06 + 2.14

2 Average temperaturBExtrapolation to zero F.Mean value? NaCl used as source rather than £ClI
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Table 6.2. Summary of measurements of the rate camstdar Cl + GDe.

T, Tes F P [CCL,  [CoDelmas [Cl]o, K1 % O,
K S mJ  mbar 10" molecule10™ molecule10* molecule 10* cnt moleculé' s*
cm’® cm’® cm’®

635 09 074 71 2.54 2.34 + 0.08 2.7 2.11 + 0.14
635 09 035 71 2.54 2.34 + 0.08 1.4 1.48 + 0.17
635 0.9 0.22 69 2.47 1.81 + 0.06 0.8 1.31 + 0.07
635 0.9 0.16 69 2.47 1.81 + 0.06 0.6 1.06 + 0.06
635" 0.82 + 0.08
922 0.4 055 42 c 0.62 + 0.02 6.06 + 0.52
922 0.4 0.26 42 c 0.62 + 0.02 5,52 + 0.19
923 0.4 037 42 c 0.68 + 0.02 6.53 + 0.92
923 0.4 0.17 42 c 0.68 + 0.02 7.34 £+ 0.75
922 0.4 075 44 c 0.36 + 0.01 11.75 + 0.46
922 0.4 040 44 c 0.36 + 0.02 499 + 0.53
921 0.3 072 41 c 0.25 + 0.02 10.89 + 1.08
923 0.3 1.03 40 c 0.21 + 0.01 10.22 + 1.28
923 0.3 0.76 40 c 0.21 + 0.01 8.67 + 1.09
927 3.18 + 0.98

2 Average temperaturBExtrapolation to zero F.NaCl used as source rather than £CCl
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Table 6.3. Summary of kinetic measurements in th&iC+ HCI system.

T, Tres F, p, [CsHsl], [HCI] mas [CsHs]o, K1 * Ok, (ka'+ Ks) £ Opar+ ks), Ks + Ois,
K s mJ mbar 10" molecule10™ molecule10 molecule 10*? cn? moleculé* s* st 10 e moleculé* s*
cm? cm? cm?

294 1.2 027 50 1.18 1.00 + 0.03 0.2 9.55 + 1.15 306 + 12 2.12 + 0.07
294 1.2 040 51 1.62 0.67 + 0.02 0.4 9.79 + 0.77 319 + 11 2.26 + 0.07
294 06 049 25 1.37 022 + 0.01 0.4 9.32 + 0.69 309 + 13 2.28 + 0.14
294 9.55 + 0.24 2.22 + 0.09
330 1.3 023 52 2.13 0.88 + 0.04 0.3 753 + 1.11 327 + 83 1.19 + 0.03
331 1.3 023 52 2.11 0.70 + 0.03 0.3 7.87 + 0.66 412 + 73 1.19 + 0.01
330 22 010 52 3.52 0.98 + 0.06 0.2 8.67 + 1.56 543 + 50 0.71 + 0.01
330 1.3 046 51 2.06 0.84 + 0.04 0.6 7.82 + 0.59 368 + 83 1.22 + 0.01
330 1.3 031 50 2.67 0.40 + 0.02 05 7.51 + 0.60 397 + 61 1.11 + 0.02
330 7.88 + 0.47% 1.08 + 0.21
407 1.8 0.36 52 3.00 1.21 + 0.06 0.7 4.48 + 0.10 353 + 31 0.85 + 0.01
407 1.8 0.17 52 2.98 1.21 + 0.06 0.3 4.45 + 0.12 367+ 14 0.85 + 0.01
406 1.0 0.29 50 1.64 1.06 + 0.05 0.3 5.87 + 0.61 247 + 31 1.58 + 0.03
407 1.1 034 52 1.70 1.10 + 0.05 04 5.05 + 1.15 245 + 26 1.50 + 0.02
407 1.0 022 51 1.65 1.02 + 0.05 0.2 5.51 + 0.35 222 + 20 1.61 + 0.05
407 1.0 0.18 51 1.67 0.75 + 0.03 0.2 5.41 + 0.39 242 + 33 1.59 + 0.03
407 5.13 + 0.58 1.33 + 0.3%7

(Table continues on next page)
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(Table 6.3. Continued)

T, Tres F, p, [CsHsl], [HCI] mas [CsHs]o, K1 * Ok, (ka'+ Ks) £ Opar+ ks), Ks + Ois,
K s mJ mbar 10" molecule 10" molecule10 molecule 10 cnt moleculé s* st 10™ cn?® moleculé' s*
cm’® cm’® cm’®

545 1.0 085 51 0.63 0.55 + 0.02 0.3 3.08 £ 0.35 106 + 8 3.86 + 1.49
545 1.0 0.62 51 0.63 0.55 + 0.02 0.2 3.14 + 041 104 + 8 3.30 + 3.21
542 0.6 072 51 0.34 0.47 = 0.02 0.2 3.88 =+ 0.28 97 £ 5 6.72 + 3.38
545 1.0 0.65 51 1.13 0.41 = 0.02 0.5 431 + 0.76 62 + 3 259 + 1.92
544 1.0 0.37 49 0.61 0.53 + 0.02 0.1 2.78 + 0.25 172 + 120 5.89 =+ 0.73
544 3.44 + 0.683 447 + 1.78
749 1.0 084 52 2.15 0.55 = 0.03 1.1 3.43 + 0.34 305 + 56 1.25 £ 0.11
749 0.6 047 54 1.26 0.48 = 0.02 0.4 3.32 + 0.32 208 + 55 2.00 £ 0.35
745 0.5 024 25 1.06 0.54 + 0.03 0.2 1.87 £ 0.64 226 + 64 2.79 £ 0.34
746 0.5 0.79 26 1.10 0.52 + 0.02 0.6 412 + 0.35 163 + 31 2.95 + 0.46
747 0.5 0.46 27 1.14 0.53 = 0.03 0.3 3.10 = 0.29 162 + 41 2.26 £+ 0.54
746 1.0 041 54 1.73 0.66 = 0.03 0.4 1.80 £ 0.21 170 + 42 1.81 £ 0.77
750 1.1 025 53 2.21 0.68 = 0.02 0.3 2.73 £ 0.21 213 + 56 2.13 + 0.22
750 1.0 031 52 2.09 0.65 = 0.02 0.4 2.23 + 0.19 272 + 47 2.03 + 0.19
750 1.0 035 52 2.09 0.65 = 0.02 0.5 3.14 + 0.27 233 + 38 2.27 £ 0.34
748 2.86 + 0.77 2.17 + 0.5

2 Average temperatur® Average rate constant.
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Table 6.4. Summary of kinetic measurements in ghe € DCI system.

T, Tres F, P, [CsHsl], [DCl] max [CsHs]o, K-1p * O.ap, (Kap'+ Ksp)  Okab+ ksby Keb * Oket
K s mJ mbar 10 molecule 10" molecule10™ molecule 10 cnt moleculé s* st 10™ cn?® moleculé' s*
cm’® cm’® cm’®

292 0.7 064 25 2.44 0.35 + 0.01 1.0 493 + 1.73 345 + 52 2.16 + 0.02
292 0.7 036 25 2.44 0.35 + 0.01 0.6 5.61 + 158 329 + 104 417 + 0.03
292 0.9 045 25 2.50 0.26 + 0.01 0.7 7.72 £ 0.76 432 + 43 7.41 + 0.04
292 0.9 032 25 2.51 0.26 + 0.01 0.5 599 + 1.12 441 + 42 2.22 + 0.01
292 0.7 059 25 2.38 0.40 + 0.01 0.9 5.00 £+ 0.75 513 + 74 1.17 + 0.01
292 5.85 + 1.183 3.43 + 2.48
546 0.5 089 25 1.38 0.20 + 0.01 0.8 2.19 + 0.34 190 + 18 2.82 + 0.27
546 0.5 039 25 1.38 0.20 + 0.01 0.3 2.46 + 0.22 191 + 15 3.01 + 0.36
546 0.4 048 25 1.41 0.23 + 0.01 0.4 2.19 + 0.44 206 + 9 3.50 + 0.21
546" 2.28 + 0.18 3.11 + 0.38

2 Average temperatur® Average rate constant
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Table 6.5. Thermodynamic functions fore8s and GHs,

Benzene Phenyl

T, K Co, S, Hr-Ho, , S, Hr-Ho,
JK'mot JK'mol* kImol* JK'mol* JK*mol* kJ mol
50 33.28 190.50 1.66 33.28 210.44 1.66
100 35.16 213.91 3.36 35.22 233.85 3.36
150 41.92 229.28 5.26 42.10 249.27 5.27
200 52.98 242.77 7.62 53.01 262.80 7.63
250 67.03 256.06 10.61 66.43 276.03 10.61
298.15 81.92 269.13 14.19 80.35 288.92 14.15
350 98.04 283.53 18.86 95.22 302.97 18.70
400 112.79 297.59 24.14 108.69 316.58 23.80
450 126.32 311.67 30.12 120.99 330.10 29.55
500 138.54 325.62 36.75 132.02 343.43 35.88
600 159.31 352.79 51.68 150.65 369.21 50.05
700 176.07 378.65 68.48 165.55 393.59 65.89
800 189.83 403.09 86.79 177.68 416.52 83.07
900 201.29 426.13 106.37 187.72 438.04 101.35
1000 210.95 447.85 126.99 196.14 458.27 120.56
1100 219.16 468.35 148.51 203.27 477.31 140.54
1200 226.18 487.73 170.78 209.34 495.26 161.18
1300 232.20 506.08 193.71 214.53 512.23 182.38
1400 237.39 523.48 217.20 219.00 528.30 204.06
1500 241.89 540.01 241.17 222.87 543.54 226.16
1600 245.79 555.75 265.55 226.22 558.03 248.61
1700 249.20 570.76 290.31 229.15 571.84 271.39
1800 252.19 585.09 315.38 231.70 585.01 294.43
1900 254.82 598.80 340.73 233.95 597.60 317.72
2000 257.13 611.93 366.33 235.94 609.65 341.21
2100 259.19 624.52 392.15 237.69 621.21 364.90
2200 261.01 636.62 418.16 239.26 632.30 388.75
2300 262.65 648.26 444.35 240.65 642.97 412.74
2400 264.10 659.47 470.69 241.90 653.24 436.87
2500 265.42 670.28 497.16 243.02 663.13 461.12
2600 266.60 680.71 523.77 244.03 672.68 485.47
2700 267.67 690.80 550.48 244.94 681.91 509.92
2800 268.63 700.55 577.30 245.76 690.83 534.46
2900 269.51 709.99 604.20 246.51 699.47 559.07
3000 270.32 719.14 631.20 247.20 707.84 583.76
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Table 6.6. Experimental values for the enthalpy ahfttion of the phenyl radical at 298 K.

AfH298(06|1—|5) Workers Method
kJ mol
334.7+4.2 Rodgers et &f. Radical kinetics and
(1967) thermochemistry
328.9+84 McMillen et al*! Critical Review
(1982)
330.1+3.3 Berkowitz et 4/  Review: Negative ion
(1994) thermochemical cycles
339.4+25 Davico et aff Negative ion
(1995) photoelectron
spectroscopy
338+3 Heckmann et &  Third law analysis of
(1996) Phenyl Equilibria data
337.1+3 Ervin et a’* Gas-phase acidity scale
(2002) revision
337.0+25 Alecu et ab’ LFP/RF and Third law
(2007) analysis
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Table 6.7. Energies and zero point energiessifbEspecies on the PES of reaction 6.1.

MPWB1K/MG3 QCISD/€-311G(d,p
Specie Electronic  Unscaler  Total Energ? Electronic Unscaler  Total Energ?
Energy ZPE Energy ZPE

H -0.4979( 0 -0.4979 -0.4994 0 -0.4994
Cl -460.2124 0 -460.2137 -459.6016 0 -459.6030
CeHs -232.1911 0.1027¢ -232.0927 -231.6141 0.0995 -231.5191
HCI -460.8797 0.0069¢ -460.8730 -460.2603 0.0069! -460.2536
CeHs -231.5044 0.0894! -231.4188 -230.9262 0.0875: -230.8427
Bz-Cl -692.4040 0.1030! -692.3067 -691.2165 0.0998( -691.1226
TS -692.3880 0.0965: -692.2956 -691.1859 0.0924 -691.0976
Pk-HCI -692.3883 0.0976t -692.2949 -691.1900 0.0954¢ -691.0990
Bz-Cl' -692.4042 0.1032¢ -692.3067 N/A N/A N/A
Pk-HCI’ -692.3884 0.0979: -692.2947 N/A N/A N/A
1-Ph-HCI -692.3889 0.0977! -692.2954 -691.1915 0.0953¢ -691.1005
Bz-HCI -693.0760 0.1111 -692.9697 -691.8797 0.1073 -691.7773

% Energy was calculated by adding scaled ZPE to the elac&pergy as well as a correction for Cl-atom spin-
orbit coupling in the cases of Cl, Bz-Cl, and Bz-Cl
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Table 6.8. Bond dissociation enthalpies and enthatie=action for reaction 6.2 at 0 K (kJ

mol%).

Methoc AH, BDEy(CsHs-H) BDE,(H-C)
MPWB1K/MG3 -38.2 461.¢ 4237
QCISD/€-311G(d,p -67.L 463.F 396.1
B3LYP/6-31G(d,p -60.1 457.1 397.(
B3LYP/6-311G(2d,d,f -40.2 456.7 416.F
MPWB1K/6-31+G(d,p -50.¢ 466.¢ 415.¢
CBS-QB3 -44.1 476.7 432.¢
*CBS-QB3//MPWB1K 447 476.7 432.¢
®CBS-QB3//QCISC -48.( 480.¢ 432.¢
‘ROCBS-QB3 -36.( 467.( 431.(
G3 -45.F 472.7 427.2
G3Bz2 -46.1 472.1 426.(
G3MPZ -48.¢ 478.( 429.1
G3MP2B: -47.1 476.( 428.¢
‘G2M(rcc,MP2 482.(

IG2M(RCC,MP2 481.¢

CcCA F -49.C 479.C 430.C
CcCA_P (ROHF -39.% 468.¢ 429.F
CcCA_S: -49.C 479.C 430.C
CcCA_S4 (ROHF -39.% 469.C 429.€
'CCSD(T)/CB: -40.7 4609.¢ 428.¢
'CCSD(T)/CB%aug -41.C 4609.¢ 428.¢
%CCSD(T)/CB: -37.¢ 466.: 428.7
%CCSD(T)/CB%-auc -37.¢ 466.: 428.¢
"G3(MP2,CCSD)//B3LYI -45.2 474.¢ 429.F
"G3(CCSD)//B3LY} -43.¢ 471.( 427.¢
'G3(MP2-RAD -39.( 467.¢ 428.¢
1G4 -39.( 465.( 426.(
KCBS-RAD -44.¢ 476.¢ 431.7
Experimental Value -38.2 +2.¢ 4659+ 2.¢ 427.648 + 0.00"

3CBS-QB3 performed with MPWB1K/MG3 geometries and frequesidi CBS-QB3 performed with QCISD/6-311G(d,p)
geometries and frequenci€sReferencé®® ¢ Reference$®'®* © Provided by Dr. Nathan DeYonker.

obtained with MPWB1K/MG3 theory were usétReferencé® ' Reference$®®!% | Referencé®
Referencé® ™ Referenc&’
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Table 6.9. UCCSD(T)/ROHF energies in fér species on the PES of reaction 6.1.
Specie Electronic Electronic Electronic Electronic Electronic Electronic
Energy Energy Energy Energy Energy Energy
(cc-pVTZ)  (cc-pVQ2) (CBS) (aug-cc-pVTZ) (aug-cc-pvVQZ) (aug-CBS)
Cl -459.6717  -459.6932  -459.7089 -459.6761 -459.6947 -459.7082
CeHs -231.8058 -231.8715 -231.9196 -231.8204 -231.8773 -231.9189
HCI -460.3372  -460.3621 -460.3803 -460.3432 -460.3641 -460.3794
CeHs -231.1175 -231.1821  -231.2292 -231.1319 -231.1878 -231.2285
Bz-Cl N/A N/A N/A N/A N/A N/A
TS -691.4582  -691.5480 -691.6134 N/A N/A N/A
m-Ph-HCI -691.4603 -691.5499 -691.6153 N/A N/A N/A
Bz-HCI -692.1491  -692.2399 -692.3062 N/A N/A N/A
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Table 6.10. Energies injHor chlorocyclohexadienyl species.

MPWB1K/MG3 QCISD/€-311G(d,p CCSD(T). CCSD(T). CCsD(T)
cc-pvTZ cc-pvVQZz CBS
Specie Electronic  Unscale: Total Electronic  Unscale: Total Total Total Total
Energy ZPE Energy Energy ZPE Energy Energy Energy Energy
o-N1 -692.4166 0.1025: -692.3185 -691.2233 0.1002: -691.1277 -691.4857 -691.5759 -691.6417
o-T-N, TS -692.4149 0.1023: -692.3170 -691.2167. 0.1007- -691.1206  -691.4837. -691.5738 -691.6395
TNy -692.4161 0.1033: -6923173  -691.2172 0.1007- -691.1211 -691.4846 -691.5737. -691.6387
TN, TS -692.4155 0.1034 -692.3165 N/A N/A N/A N/A N/A N/A
T-Ne TS -692.4066 0.1029: -692.3081 N/A N/A N/A N/A N/A N/A

2 Energy was calculated by adding scaled ZPE to the aelec@nergy.” Single-point CCSD(T)/cc-pVnZ on QCISD/6-311G(d,p) georastaind ZPEs.
¢ Complete basis set extrapolation of CCSD(T)/cc-p¥mZ 3,4) single-point calculations on QCISD/6-311G(d,p) géveseand ZPEs (see text).
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Table 6.11. Energy transfer parameters, loose Gorinttgpsition state properties, and rate

constants for the ¢€1sCl reaction system.

T 294 330 407 544 74¢
(K)
®r max 7.28 7.1€ 6.94 6.62 6.27
A)
®K-Rotol 1711 171.1 171.1 171.1 171.1
(amu &)
Hindrance Paramet 0.C6€ 0.C5¢ 0.¢c47 0.C37 0.C34
°(v)
Hindrance Paramet 0.9% 0.9¢7 0.9¢8 0.9¢99 0.999
"(n)
Hindrance Paramet 0.57¢ 0.584 0.60¢ 0.63: 0.672
)
Hindrance Paramet 0.66¢ 0.65¢ 0.634 0.60C 0.549
“n)
®JRotor 130091 1257.84 1180.7! 1076.43 964.23
(amu R
3<AE>4oun 424.4 44¢5 50z.0 59¢€.2 74C.0
(cm™)
%, 0.35 0.37 042 051 0.64
(cm™)
K. 1.08E-21 7.37E-22 4.38E-22 292E-22 2.5CE-22
(cm® molec?)
Kagns) 5.68E-10 6.02E-10 6.68E-10 7.72E-10 9.0€E-10
(cm® molec® s%)
b'ekxl,uni 5.3¢E11 8.24E11 1.56E1. 2.67El. 3.52E1:
(s9)
'K opa 5.8(E-1C 6.07E-1C 6.87E-1C 7.81E-1C 9.11E-1C
(cm® molec® s%)
®%, 9.06E-11 7.78E-11 5.6€E-11 3.6CE-11 2.E1E-11
(cm® molec® s%)
C'Ekxl,uni 9.1cE9  1.0¢E1C  1.14E1( 1.19E1( 1.04EL(
(s9)
Ky 9.8¢E-12 7.8IE-12 4.9¢E-12 3.4¢E-12 2.6%E-12
(cm® molec® s%)
“ky 8.84E-12 7.02E-12 453E-12 3.14E-12 243E-12
(cm® molec® s%)
Wigner Tunneling correctic 1.2€ 1.21 1.14 1.08 1.04

& Same for both sets of hindered Gorin-TS calculations.
® From fitting to hard-sphere rate constants.

¢ From fitting to experimentalkate constants.

4 Equilibrium constant for gHs + HCI =TePh-HCI.

¢ Rate constant for=Ph-HCI = GHs + HCI.

 Rate constant for ¢Bls + HCI = TPh-HCI.

9 Do not include Wigner correction for tunneling.
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CHAPTER 7

THE REACTION BETWEEN ETHYLENE AND ATOMIC CHLORINE

7.1. Introduction

The loss of chlorine atoms and non-methane hydrocashaisas ethylene in the
atmosphere can have significant effects, such as a kdeséuction of the stratospheric ozone
layer!® The release of Cl atoms during combustion processels,as the incineration of
chlorinated hydrocarbons and fuel contaminants, provide aticadd set of conditions under
which these free radicals can interact with hydroaasbt'

Due to its atmospheric and combustive importance, teiom between atomic chlorine
and ethylene has received appreciable atten#arhow temperatures, Cl is primarily lost
through reaction 7.1, the addition to ethylene to fornfitisaloroethyl radical
(CHzCHzC').lSZ'ZOS-ZlB

Cl+C,H, 0 - C,H,CI (7.1)
Reaction 7.1 is the reverse recombination reactiothidunimolecular dissociation of tBe
chloroethyl radical, and its observed pressure dependead®ba interpreted in terms of the

Lindemann-Hinshelwood mechanistic scheme:

Cl+C,H, @ - C,H,CI* (7.2)

C,H,Cl* I - CI+C,H, (7.3)
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C,H,Cl*+M @ - C,H,Cl+M (7.4)

Within this context, the initially excited chloroethyl adtudenoted by *, can either dissociate
back to the reactants or become stabilized via collisitisa third body M. As explained in
chapter 3, recombination reactions such as these can ieallyyinterpreted through the
employment of Troe’s empirical formalisth’® According to this treatment, fitting the

observed rate constant to equation 7.5

K. = ko[M] Fciil.;[logm(ko[M]/km)/(O.751.27Iongcem)]2}_l (7_5)
1+ko[MJk

yields the physically meaningful rate constantamd k., which are the low- and high-pressure
limiting rate constants, respectivelycefris an empirical broadening parameter necessary for the
proper description of the fall-off region. In our expents, Ar was used as M, angldnd k.
have third and second-order units, respectively.

At higher temperatures, the dissociation offfhehloroethyl radical back to Cl and
ethylene becomes increasingly favored due to the exoithequilibrium. In fact, this
dissociation step becomes so dominant at temperatwesdirng 500 K that reaction 7.1 is no
longer important in the consumption of Cl atoms. dadh it is believed that at such elevated
temperatures, the dominant process through which Cl isslésttom abstractioft” The
abstraction reaction pathway, which is clearly impared combustion temperatures, has also
been the subject of several kinetic investigatfoié' 2

Combining the addition and abstraction rate constantstivose measured for their
respective reverse processes has enabled the determofaigeful thermochemical information
such as the heats of formation of flrehloroethyl and vinyl radicaf®?217220.222223Tg

thermochemistry of the 4Cl system has also been investigated computationallg abin
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initio and DFT theorie&®#?32% Fyrthermore, the kinetics of reaction 7.1 and iterss have
also been modeled using the potential energy surfacesebtadbm computatiorfs>23*

In this work, kinetic measurements of the absoluteaastants for the addition and
abstraction reactions of,B4 + Cl are presented over the wide temperature range of 2028-
K. The study of the addition process at moderate tempesaalso allowed for the direct
measurement of the rate constant of its reverseda&®n process, enabling the determination
of the equilibrium constant and thus the thermocheynisting a Third-Law procedur&® Low-
pressure limiting rate constants have been obtaingé@xpressed as a function of temperature
over the range of 293 — 431 K. High leadl initio computations have been carried out in order
to explore the potential energy surface and thermodtgnaf the GH4CI system, and
subsequent RRKM calculations have been carried out usniglltiwell program suit&®to

rationalize the PES.

7.2. Methodology

7.2.1. Experimental Method

The laser flash photolysis — resonance fluorescdrieR ¢ RF) technique was employed
to generate chlorine atoms and monitor their fluoresceressity t as a function of time.
Atomic Cl was produced from the photolysis of &t 193 nm over the temperature range of
292 — 346 K. In order to assess whether absorption of 193chatioa by GH4 had an impact
on the observed kinetics, Cl atoms were also genebgtptotolyzing S@Cl, at 248 nm over
the temperature range of 296 — 378 K. At higher temperattivess ifound that both C¢£and
SOCl, were inefficient sources of Cl atoms, possibly due ¢ortial decompositidn’°3#3*2 and

Cl atoms were instead generated via pulsed laser phatoly€HsCl using 193 nm radiatioft>
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This precursor was also utilized at low temperatureseaokchgainst the data obtained with €CI
and SQCl,. Further details regarding the experimental technique @napgharatus for LFP —
RF can be found in chapter 2.

The absorption cross-sections of €@®.6 + 0.5 x 18° cnf)?°, SOCl, (2.40 + 0.30 x
10" cnf)?®4 and GHsCI (9.62 + 0.14 x 18° cnf)?*® were used in combination with other
experimental parameters such as the precursor conaemérahe photolysis energy F, and the
beam cross section of approximately 7 x 8rwrestimate the initial atomic concentration [CI]
following the procedure outlined in chapter 2. The quantuid yeg Cl-atom formation from
the photo-dissociation of SOl, was assumed to be ~ 2, resulting in an estimatiolmeodipper
bound to [Cl). The CI quantum yields of C{and GHsCl are known from experiments, and
are 1.5 + 0.1 and 1, respectivél?>>%*® Finally, in order to account for the loss of photon
intensity at the reactor entry window, the [Gilas corrected by a measured factor of F*/F =
0.63, which was obtained as described in section 2.5.2. Uh&k@.84 factor obtained in
section 2.5.2 and in chapter 4, which was based on ontgke sheasurement made by Dr. Yide
Gao>’the 0.63 + 0.13 correction factor reported here isattegage of fifty five measurements,
which are included in Tables 7.3 and 7.6. This correctidoifazas found to decrease between
experiments conducted on successive days, which led topbéhlegis that perhaps trace
amounts of UV-light-absorbing dirt was depositing onwlirdows, in spite of the efforts
undertaken to prevent this through the circulation of Aar ke windows. Cleaning the
windows more frequently did in fact reduce the fractidoss of laser radiation, and as a result,
the normal experimental procedure was amended to incluadetn@ng of the windows before

each experiment as opposed to just weekly.
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Low photon intensities were employed to isolate the pyimaaction from potential
secondary processes involving photolysis fragmentsldf @d/or any of the Cl-atom
precursors. Any potential H-atom radiation at 121.6 nmbi@sked through the use of calcium
fluoride windows, and no signal was detected from the yssoof GH, by itself. Lastly, the
average gas residence time inside the reagtavas varied in order to check for any thermal
decomposition or mixing effects.

At room temperature, Cl is primarily consumed via neact .1, diffusion, and any
secondary chemistry. As usual, the method of flooding wead to satisfy the pseudo-first order
condition of [GH4]>>[CI]. As shown in equation 7.6, the pseudo-first om@gsroximation
enables the combination of the second order rate carstdrihe rate constant for Cl-atom loss
via diffusion and secondary chemistry into a single dec&fficient ksi, which can be obtained
directly from fitting to the fluorescence intensiggmporal profiles as described in chapter 2.

d[Cl)/dt = — k[C2H4][CI] — k[CI] = — kpsiCl] (7.6)

An example of an exponential decay of the fluoresceigealsis shown as the inset in Figure
7.1. According to equation 7.6, plottingskvs. [GH4] should result in a line with slope,kas
illustrated in Figure 7.1. The intercept in Figure 7.1 cpoeds to the rate constant of Cl-atom
loss in the absence otld4, ks, which was observed to be effectively first order analtiributed

to diffusion and potential secondary chemistry. Typycahch determination of kelied on

five concentrations of [§4], ranging from zero to [§H4]max With the lowest non-zero pE.]
being equal to approximately one fourth oflHa]max.  The average non-zero room temperature
[C2H4lavg/ [Cl]o ratios were 74, 107, and 70 in the cases of,GI)Cl,, and GHsCl precursors,

respectively.
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Figure 7.1. Plot of ki vs. [GH4] with CCls precursor at 292 K and 67 mbar Ar pressure. The
inset shows the exponential decay of [Cl] atH§@ = 3.8 x 18° molecules ci.
The exothermic equilibrium between the reactants amfi-tthloroethyl radical indicates
that as the temperature is increased, the formatitme@fchloroethyl radical should become
less favorable while its dissociation back to reactsindsild occur rapidly enough to become
significant. In light of these facts, the kinetcheme below has been proposed in order to

properly describe the possible kinetic processes whichoe@ay as the temperature is increased.

Cl+C,H, 0% - C,H,CI (7.1)
C,H,ClOM - CI+C,H, (7.7)
ClOM - loss (7.8)
C,H,ClOM - loss (7.9)
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This scheme is composed of the usual processes through@itabbms can be lost (reaction
with C,H,4 and diffusion/secondary chemistry), while also accognior the dissociation of
chloroethyl back to reactants via equation 7.7 and the paltlrgs of this adduct through
processes which do not lead to the regeneration of @isafequation 7.9). Application of the
Laplace transform methétf*’to the mechanism above led to the solution for that@ia
concentration as a function of time, and as careba §om equation 7.10 below, this solution

implies bi-exponential decays for the Cl-atom conceioina

(KafCoHL] + K + kg +K) £/ (ki [CH ]+ kg +k; + ko) = A(kiko[CoH .|+ Kok, +K ko)
2
(A, +ks +ko)e™ — (A, +k, +ky)e™
7“1 _7“2

)‘1,2 =

[Cl]t = [Cl]o (7.10)

Bi-exponential decays were in fact observed from ~ 4@B@K, above which adduct
dissociation became too fast, resulting in weak Cl sitiradlwas difficult to measure. An
example of the bi-exponential decays observed usingdieOCprecursor at 400 K is shown as
the inset in Figure 7.2a and re-plotted on a log scalggur&i7.2b, in which the non-linearity of
the data further accentuates the non-exponential nafttine decay. The fits to these data using
equation 7.10 were carried out by fixingdt the value obtained from photolysis of th#l§CI
in the absence of 84, and directly adjusting:kC,oH,], kz and k. A plot of k[C,H4] vs. [GH4]
should be linear with a slope of, kas shown in Figure 7.2a. According to the kinetic s&he
proposed above, the intercepts of such plots shoyddnniple be zero, and overall were not
found to be statistically different than zero, waerage values of 45 + 71 and 98 + 1235

401 and 430 K, respectively.
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Figure 7.2b. The above decay plotted on a log scalghdidtit the bi-exponential behavior.
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As the temperature was raised beyond 550 K, the fluoresoetensity signal became
strong enough to allow for sensible measurements agiasmbelieved that under these
conditions the H-abstraction channel becomes the doinieaction path for Cl atoms (reaction
7.11)?*" The second-order rate constant was found to be indeqtesfdaressure at temperatures

in the range of 550 — 1057 K, which supports the notion of a meshahange.

C,H,+ClOf® - C,H, +HCI 17)

The Cl-atom fluorescence intensity signal was foundecay exponentially with time at these
elevated temperatures, as shown in the inset and-ig3. Pseudo-first-order rate coefficients
were obtained from the usual non-linear least spufitting procedure and plotted against
[C.H4] to yield a line with a slope corresponding to #straction rate constant kand an
intercept of k, which once again accounts for diffusion and pieésecondary chemistry.

Figure 7.3 depicts a plot ofd vs. [GHa] with CsHsCI precursor at 610 K.

/st

psl

[CH,]/ 10" molecules cm®

Figure 7.3. Plot of k1 vs. [GH.] with C¢HsCl precursor at 610 K and 200 mbar Ar pressure.
The inset shows the exponential decay of [CI] aH|f= 2.2 x 16* molecules c.
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7.2.2. Computational Method

CCSD(T)/CBS-aug theory has been used to locate and afvazadhe stationary points
on the potential energy surface of th&d¢Cl system. CCSD(T)/CBS-aug is a composite method
which utilizes spin-unrestricted QCISD/6-311G(d,p) theorythergeometries and scaled
frequencies and UCCSD(T)/ROHF theory for accuratglesipoint energy calculations. The
UCCSD(T)/ROHF energies obtained with the aug-cc-pVTZargicc-PVQZ basis sets are
then used to extrapolate to the CBS limit. The resddtained with CCSD(T)/CBS-aug theory
have also been corrected for scalar relativistiea$f, atomic spin-orbit coupling, and core-

valence effects. Further details may be found inse&i2.4.

7.3. Kinetics and Thermochemistry

7.3.1. The Addition Channel

The fifteen measurements of the second-order rateastristutilizing CCl, as a
precursor are given in Table 7.1. Thouglekhibited fall-off behavior as the pressure was
raised at 292 and 345 K, the observed rate constant wasttwbadndependent of other
parameters such as F, [§landt.es suggesting that potential secondary chemistry and mixing
effects were negligible. However, becausklfhas a fairly significant absorption cross-section
at 193 nm (~1.0 x 18 cnf), reaction 7.1 was also investigated using the milder prsisodf
SO,Cl; precursor at 248 nm in order to further test whether patesgcondary reactions
involving photolysis fragments of.:8, had an impact omk

Table 7.2 summarizes the twenty three measurementaction 7.1 obtained with
SQO,Cl, precursor over the temperature range 296 — 378 K, and once iagais found that the
second-order rate constant was independent of b, fbjIT.s and demonstrated a dependence
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on pressure. Recent experiments have showlIz0egins to significantly decompose into SO
and C} at temperatures in excess of ~378Kand indeed, we found that at temperatures
exceeding 378 K, the intensity signal became quite wedicaiting that SECI, is no longer a
suitable precursor.

Finally, because S, is thermally unstable above ~ 380 K and due to the facCi@t
has been shown to be unsuitable at temperatures excee@tgK>>’*%a third precursor,
CsHsCl, was also used in the investigation of reaction THe nineteen determinations af k
using this precursor over the range of 292 — 431 K are sumuhamiZzeble 7.3. The large
absorption cross-section o§ldsCl enabled the detection and accumulation of intengjtyas at
very low photolysis energies, as can be seen frooteTa3.

Figure 7.4 depicts the observed fall-off @fvkith increasing bath gas density at room
temperature for all three precursors. While thE{Cl| and CCJ precursor data are in good
agreement, the;kneasurements obtained with 8D precursor were found to be slower at each
[Ar], systematically amounting to only ~ 70 — 75 % of teeand-order rate constants obtained
with the other two precursors. Therefore, distinguishihgtiver the SeCl, data or the
CCl/CgHsCl data were affected by secondary chemistry becareatri This distinction was
made by taking more room temperature data withsCl, but this time N was used as the bath
gas in order to allow for direct comparison to the nes$énsive study conducted to date for the
pressure-dependence of reaction 7.1 (Table?#4}? As can be seen from Figure 7.5, our data
is in good accord with the previous studies of Kaiser\atington, which have also been
adopted in the NASA-JPL critical reviéfof this reaction, indicating that the photolysis of

CsHsCl or CCl, at 193 nm does not systematically affect the obseeeohsl-order rate
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constant. Furthermore, we postulate that the extssmsitivity of SQCI, to moisture and

temperature may have impacted the observed kinetics tissngrecursof>?
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Figure 7.4. Fall-off of the observed second-order ratstant for Cl + @H4 as a function of
[Ar] at 294 K average temperature. Open circles représemtata obtained with SOl,
precursor, filled squares correspond to data obtained wWthpgEecursor, and open triangles
indicate data obtained with usingtCl as a precursor.
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Figure 7.5. Fall-off of the observed second-order ratstant for Cl + @H4 as a function of
[N,] at 292 K. Filled circles represent the data of Kaéset Wallingtorf°®?*®open circles
represent current work, and line is Troe fit to our d&iag Fen:= 0.6.

182



k,/10™ cm® molecule™ s™

oM— 0 vy
o 2 4 6 8 10 12 14 16 18

[Ar] / 10" atoms cm®
Figure 7.6. Fall-off of the observed second-order ratstant for Cl + gH4 as a function of
[Ar] at 293 K average temperature. Open circles repré&3€htprecursor data, filled squares
correspond gHsCl precursor data, and line is Troe fit to combined datayuzin:= 0.6.
Figure 7.6 shows the combined GQICkHsCI k; data at an average temperature of 293 K.

As can be seen from this figure, the data seem ta tieei fall-off region. Use of the formalism
set forth by Tro& "*with the recommended.&; valu€®?*for this reaction of 0.6 yielded a k
9.8 x 10°° cnf moleculé® s* and k, = 3.6 x 10°° cn? moleculé' s* with Ar at 293 K.
Similarly, it was found thatde 1.4 x 13 cn moleculé® s* and k, = 2.9 x 10° cn?®
moleculé" s* with N, at 298 K when employing andr;of 0.6 for the fitting (Figure 7.5). Both
these values compare well with the NASA-JPL recontagians of (1.6 + 0.8) x 14 cn?
moleculé? s*and (3.1 + 1.6) x T8 cn? moleculé' s* for ky and k., respectively, which are
based largely on the extensive relative rate studig@gatington and Kaiset>?°®2% Fall-off
was also observed at 345 K. However, at higher tempesathe measurements were in the
low-pressure limiting regime and consequently precludedviile&tion of k.. The high-

pressure and low-pressure limiting rate constants obtaiitbdAwas a function of temperature
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are summarized in Table 7.5. The temperature dependerteelof-pressure limiting rate
constant is shown in Figure 7.7 and may be expressed as

ko(T) = 9.1 x 10° (T / 300 K)**8cn moleculé s* (7.12)
This temperature dependence is in good agreement witB.hexponent given in the NASA-

JPL critical review?’® which is once again due to the work of Kaiser and Wallingtdn
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Figure 7.7. Temperature dependence of the low-pressurmdjmatte constant for £, + Cl.

The observed bi-exponential decays at 401 and 430 K allowé¢kefoneasurements of
the rate constants land k, for 3-chloroethyl radical dissociation back to the reactantsother
loss processes for this radical, respectively. Thatgeconstants are given in Table 7.3, and as
can be seen, neither depend on F,o[@0,H.], or T,es Suggesting that secondary chemistry was
minimized. In general,dwas found to be independent of pressure, whilddarly increased
with [Ar] at 401 K, as expected, but the limited data ofgdiat 430 K did not exhibit a smooth
pressure trend. This could be because the bi-expondatays at 430 K were less pronounced

and more difficult to obtain and analyze than thdsé04 K.
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The average ratioi ks, or K., can be converted to the unitless thermodynamic

equilibrium constant k via equation 7.13,
Koq = K X (RT/P)™ (7.13)

where p° is the standard pressure (1 bar)ami$ the net change in the number of moles for the
reaction, which in this case is -1. The values gfdf 401 and 430 K are given in Table 7.5.
Following the conversion of these equilibrium constamtihe standard state of 1 bar, a van't
Hoff plot was used to interpret the temperature dependdncg i terms of the
thermochemistry for addition. Due to the limited terapere data obtained forel{ the van't

Hoff plot, shown in Figure 7.8, was constrained to go thraughmtercept oAS,ss/ R = -10.88,

the calculation of which is discussed in section 7.48&,ia order to directly obtainH,gs from
such a plot, a small temperature correcfidaf -(ASt - ASxg)/R + (AHT - AHa0e)/RT was added

to In(Keg). The correction was found to be small, having value8.604 and -0.006 at 401 and
430 K, respectively, and has the effect of convertinggdreericA,Sr andAHr quantities on the
right hand side of the van't Hoff equation to their terapare-specific counterparts at 298 K (see
eqn. 6.17). TheHags for reaction 7.1 was found to be -76.6 + 1.0 kI imdm the slope of the
van't Hoff plot and considerations of its uncertainty¢ls as the uncertainties in &nd k
(determined in accordance with section B2 of AppendixaByl, the uncertainty in temperature.
Using this value in combination withHze5(Cl)*?* = 121.3026 + 0.0017 kJ mband
AfH208(CoH4)'® = 52.4 + 0.5 kJ ma, yieldsAHaog(B-chloroethyl radical) = 97.1 + 1.1 kJ rifol
This value is in good agreement with the value obtainddddyes and Lossing from an electron
impact study of 95.4 + 8.4 kJ mbland with the 97.5 + 3.0 kJ mbValue also obtained via a

Third-Law study of thgs-C,H4Cl + HBr = GHsCI + Br equilibrium by Seetula, in which the
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entropy of the radical was calculated with MP2/6-31G(dedty*?°?% In the same studly,
Seetula also obtained a value f&yHoog(B-chloroethyl radical) of 93.0 + 2.4 kJ rilolia a
Second-Law procedure, which relied on the combinationngftic measurements obtained via a
tubular flow system for thB-chloroethyl + HBr reaction, with rate constants kalaée for the
reverse reaction from previous relative rate stutffed.he Second-Law and Third-Law methods
for obtaining the enthalpy of reaction are discusseazhapter 6. ThésHeg(B-chloroethyl

radical) value obtained here is slightly outside timgeaof the older estimation of Miyokawa and
Tschuikow-Roux of 91.2 + 4.1 kJ mbf*® However, it has been noted by Seetula that this older
result is based on the fortuitous cancellation of séveraenius parameters which have been

estimated incorrectl§?°
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Figure 7.8. van't Hoff plot for Cl addition to,B,.
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7.3.2. The Abstraction Channel

Thirty six measurements of the second-order rate autrfstahydrogen abstraction along
with the experimental conditions used are summariz&alote 7.6. These measurements,
spanning the temperature range of 548 — 1048 K, were found to be iddapehF, [CI}, Treq
and P, indicating that reaction 7.11 is effectively bewalar and unaffected appreciably by
secondary chemistry, thermal decomposition, or mixingcest

The weighted average of the second-order rate coadtardbstraction at the
corresponding average temperatures are given Table 7.7adtetiph Arrhenius form in Figure
7.9. As usual, these weighted averages along with tbeingertainties were then fit using a
linear least squares algoritHif,yielding

ki1 = (1.97 + 0.83) x 18 exp(-32.0 + 2.4 kJ mdl/ RT) cnf moleculé' s* (7.14)

In equation 7.14, the uncertainties in the Arrhenius paeare + &, and the combination of
these with the covariance of -30.19 yielded the stadis®i6 % confidence margins fog:kin the
manner described in Appendix B. These confidence limigacdufrom 9 to 16 % over the
temperature range of 551 — 1055 K, with a minimum at thealdemperature. The allowance
for potential systematic errors of up to 5 % along whthstatistical 95 % uncertainties resulted
in the final recommended average confidence limits fpok20 = + 14 %. The evaluation of
equation 7.13 at 298.15 K yields (4.9 + 2.8) *46nt moleculé' s*. Overall, our
measurements for this reaction are in good agreementheitimost recent results of Kaiser and
Wallington?®® Pilgrim and Taatje$.’ and Takahashi et &F* but disagree with the older very
low-pressure reactor measurements of Benson’&t&f. This can be seen from Figure 7.10

which summarizes all the abstraction data availablkaditerature.
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Figure 7.9. Arrhenius plot for ClI +,84 abstraction. Each point represents the weighted
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7.4. Computational Analysis

7.4.1. The Addition PES

The computations performed with CCSD(T)/CBS-aug are suinathin Table 7.8 and
in Appendix C. Figure 7.11 — 7.13 depict the PES for additimmPES for abstraction, and the
species found along these surfaces, respectively. kadeeof addition, an entrance complex Al
was found with QCISD/6-311G(d,p) theory, but is actually mairal according to
CCSD(T)/CBS-aug theory, as it has a higher energy trelotse TS (Add TS) for the
formation off3-chloroethyl. As can be seen from Figure 7-thloroethyl is bound by 73.6 kJ
mol™* relative to the reactants at 0 K, and the TSs @omézization tax-chloroethyl (Iso TS) and
hydrogen displacement (Dis TS1) are quite high.

The PES for addition obtained with CCSD(T)/CBS-aug thé&om qualitative agreement
with the PES obtained by Brana et al. using QCISD/6-31G(lgoyy and MP2 theory in
combination with basis sets ranging from 6-31G(d,p) to 6-3G13df,3pd)*** As here, they
found that the addition channel involves the formatiothefAl complex, which was either not
bound or only very weakly bound depending on the leveledrthused, followed by the passage
through the non-symmetrical Add TS. The intrinsic neactoordinate was followed via IRC
calculations in both studies, and it was verified tHatAdd connects Al witB-chloroethyl.

These findings are in disagreement with the oddemitio calculations of Engels et al.
and Knyazev et al., both of whom concluded that thermim energy pathway for addition
involves the passage through the symmetrical TS for 1g2ddh migration followed by a
shuttling of the Cl atom toward a carbon center to fdreg-chloroethyl radicaf*>?** Engels et
al. used large-scale multireference configuration intenag to obtain partially optimized

geometries and their corresponding energies, while Knyetzal. relied on PMP4/6-
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31G**//UMP2/6-31G** theory. The main source of disagreemetwben these two studies
came from the fact that the TS for the non-symmeidldition of Cl to ethylene found by Engels
et al. could not be located with PMP4/6-31G**//[UMP2/6-31G** theanyd it is argued by
Knyazev et al. that this may in fact be due to thetfzadt Engels et al. only relied on partially

optimized structures.
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Figure 7.11. PE diagram for addition of Cl tgHz obtained with CCSD(T)/CBS-aug theory.
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The partially optimized non-symmetrical TS of Engelaletvas found to be 8 kJ mbl
higher in energy than the reactants, which is in catalé agreement with findings of an older
study performed by Schlegel and Sosa using MP2/6-31G*//HF/6-31G*atids>>°
However, in contrast to the results of Engels eard of Knyazev et al., which indicate that the
symmetric pathway is barrierless, Schlegel and Sas#lan et al?*****who used UHF and
multiconfiguration SCF procedures, both found that an intéiate in the symmetric addition of
Cl to ethylene lies above the energy of the reactaotsnoted that a lower energy symmetric
addition pathway involving Cl migration may be possible.

Using CCSD(T)/CBS-aug, it has also been found thatithg radical and hydrogen
chloride can also be produced through the 1,2 HCI elimin&tiona-chloroethyl. This
happens through the high energy TS denoted as Elim Tg§uneFr.11, and marks the first
characterization of an elimination of any kind frorardoroethyl radical. A similar TS structure
was optimized in the case of tBechloroethyl radical, however, this structure was found to
possess two imaginary frequencies and thus correspondetord-order saddle point rather
than a TS. The possibility ofHlimination from the two radicals was also consideaad,
though no TS structures were characterized for thesegses, it is noted that ensuing product
sets of H + transf3-chlorovinyl, cisB-chlorovinyl, anda-chlorovinyl were found to possess
CCSD(T)/CBS-aug energies that were respectively 99.7, 184d085.2 kJ mdiabove those of
Cl + GH,4. These possible products are therefore too endotherinecitoportant under the
experimental conditions used in this work. The QCISD/6-3d i} eometries and scaled
frequencies of the chlorovinyl species are given elseyfieand their CCSD(T)/CBS-aug
energies are listed in Table 7.8. Finally, as briefgntioned earlier, the TS structure

corresponding to the H-atom displacement ffgehloroethyl has also been found, as haq-ts
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counterpart, and are denoted as Dis TS1 and Dis TS2, resbectlThe large barrier heights for
displacement and the considerable endothermicity adsdawith the K elimination channels
from the chloroethyl radicals suggest that these re@ctiomuld not occur appreciably under the

experimental conditions of this study.

7.4.2. Thermochemistry of the chloroethyl radicals

The thermal corrections to the enthalpies at 298.1®#ewbtained from the JANAF
tables for GH, and Cl (10.518 and 6.272 kJ makspectively),”® and calculated fof8-
chloroethyl using standard relations with Gaussian 03 (13.78WKY), yieldingAHagg = -76.6
kJ mol*, which exactly matches the experimental value deterniintrds work. Consequently,
combining this value with the experimental valuesAidt,qs Of the reactants also exactly agrees
with our experimental value a@fH.og(B-chloroethyl) = 97.1 + 1.1 kJ nidl

To further refine the thermochemistry, the lowest vibratl mode in thg-chloroethyl
radical, corresponding to torsion of the £&hd CHCI around the partial double bond, was re-
analyzed as a hindered internal rotation. Initial relascaohs of the H4-C2-C1-Cl dihedral angle
defined in Figure 7.14, hereafter referred to aardlicated thatf)C-(a)CH, moiety is planar at
the initial value of @ = 0°, but as the dihedral angle is increased, the apstructure involves a
slight distortion from planarity, with the H4-C2-C1-H3 édral angle (B reaching values of as
low as 165° (Figure 7.14). This suggests that there is a ngupiween the torsion mode and
the inversion motion corresponding to the second lowbsttional mode. To test the extent of
this coupling, a double relaxed scan was performed at th8[J&-311G(d,p) level of theory,
which sought the optimal value for, &t each value of D The potential energy surface

generated by this dual relaxed scan of the two dihedralsaisgdnown as a contour map in
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Figure 7.15 and as a three-dimensional surface in Figure Asléan be seen from these
figures, as the coordinate for internal rotation iseased, R gradually drops from the 'S
structure at 180° to 165° at aroung$80°, which is the minimum corresponding to fhe
chloroethyl radical (optimized D= 82.13°). The computed classical barrier for rotatidiskJ
mol™* at the QCISD/6-311G(d,p) level of theory, which is reducesl4 kJ mot with the
addition of scaled ZPEs (and 6.7 kJ thiflthe torsional frequency is excluded from the ZPE of
the 3-chloroethyl radical), both in accord with the resditsn previous computational
studies??*?%>23%ut considerably lower than the barrier of ~ 20 kJ'nestimated from older
ESR studied®?** As D, keeps increasing, Zyradually returns to 180°, however, it then slowly
falls off back down to 165° by the time B 180°. At this value of D the energy along the,D
coordinate changes by less than 0.1 kJ'nmboing from 165° to 180°, and since the structure
at D; = 0° should be equivalent to the structure atDB0°, the apparent minimum at B 165°
is likely an artifact of QCISD/6-311G(d,p) theory causedhayflatness of the potential in this
region. The energies of points along the MEP fagitor in the3-chloroethyl radical are given
in Table 7.9.

The minimum energy pathway (MEP) along the PES indéig7.15 and 7.16, given in
Table 7.9, was then used to calculate the energy lexelki$ one-dimensional potential by
using the Fourier Grid Hamiltonian method to solve thedineensional Schrodinger equation
variationally?*® using the FGH1D prografi® For internal rotations, this method requires the
evaluation of the reduced moment of inertia for the iamaaf the two moieties around the axis
of rotation. The reduced moment of inertia was caledlatith the Mominert program contained
in the Multiwell 2008.3 Program Suitéwhich calculates the moments of inertia for eacthef

rotating fragments about the axis of rotation via equati@b, where fand r are the mass and
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distance from the axis of rotation of tfeatom in the rotating fragment, and then combines
them to yield the reduced moment of inertia via equati@6. This procedure was repeated for
each of the structures corresponding to the points aleNIEP, and the average reduced
moment of inertia of 1.751 amu? Avas used to generate one-dimensional solutions to the
Schrodinger equation. The reduced moments of inertiaaiol of the points along the MEP
were close to this average value, such that the standaediale for the set of structures was
only + 0.013 amu A with a maximum deviation of 0.029 amd & D, =170°. The MEP and

resulting energy levels are depicted in Figure 7.17.

leag = 2 (M XT7) (7.15)
| = Verag ™ e (7.16)
Red | + |

Fragl Frag2

a-Chloroethyl Torsion TS a-Chloroethyl Inversion TS B-Chloroethyl Torsion TS
A A A

Figure 7.14. Transition states for torsion and inversidhea- andf3-chloroethyl radicals
obtained with QCISD/6-311G(d,p) theory.
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Figure 7.15. Contour map of the PES (in kJ'hddr the torsion and inversion modes of fhe
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Figure 7.16. Three-dimensional representation of ti& fBEthe torsion and inversion modes
of the3-chloroethyl radical obtained with QCISD/6-311G(d,p) theory.
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Figure 7.17. Potential energy diagram for the torsigiehloroethyl radical computed with
QCISD/6-311G(d,p) theory, and anharmonic energy levels.

Knowledge of the energy levels for this internal ratatenable the calculation of its
partition function, which can in turn be used to actiess/arious thermochemistry contributions
via standard relations from statistical mechanics. Ttmpy of this mode, its heat capacity, and
its integrated heat capacity at temperature interyasring the range over which the
experiments were conducted, are listed in Table 7.10.vdlbes in Table 7.10 were used to
replace the corresponding quantities calculated by Gau68i for this mode, and the ensuing
thermochemistry for thB-chloroethyl radical was combined with the known therreoaistry of
C.H, and Cl to obtain the value of the intercept and theections to K, in the van't Hoff plot
discussed in section 7.3.1 (Figure 7-8) Over the range of 350 — 500 K, the integrated heat
capacity for reaction 7.1 can be expressed as a furaftimmperature by the third-order
polynomial given in equation 7.17. Furthermore, replacgmethe thermochemical

contributions of the low frequency with those of the hiedanternal rotation yieldetiHzgg(3-
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chloroethyl) = 97.7 kJ mdlandA,H.os of -76.0 kdJ mot for the formation of-chloroethyl, both
of which agree nicely with experimental values.

A.C °=-6.28+5.05x10°T -1.15x10*T? +8.19x10°°T? (7.17)
r=p

A similar analysis was conducted for the hindered intentation in thea-chloroethyl
radical. Once again, due to the apparent coupling betwedwo lowest vibrational modes,
torsion followed by inversion, characterized by-DCI-C2-C1-H1 and b= CI-C2-C1-H4,
respectively (Figure 7.14), a double relaxed scan was pedamagder to map out the MEP
manually along the PES. The resulting PES is shovencasmitour diagram in Figure 7.18, and as
a three-dimensional surface in Figure 7.19. As can befiarthese figures, the MEP starts
with a G structure with D = 180° at @ = 0°, which has been characterized as the TS for mrsio
and then proceeds to the minimum corresponding ta-ttdoroethyl radical. After the passage
through one of the minima, the MEP along thecBordinate involves a gradual return to=D
180°, eventually leading back to the TS for torsion a£[20°, after which the potential
repeats. In fact, two degenerate minima can be sedred?ES, separated by the TS for
inversion along the Pcoordinate. The TS for torsion is 4.9 kJ thbigher in energy than tte
chloroethyl radical, while the barrier for inversioroisly 1.1 kJ mot at the QCISD/6-311G(d,p)
level of theory. The two TS structures and the deding for D and B in a-chloroethyl are
shown in Figure 7.14. Inclusion of scaled ZPEs reducelsater for torsion to 2.7 kJ mbl
and actually makes the TS for inversion 1.2 kJniover in energy than the-chloroethyl
radical. The barrier for torsion is increased by 1.enkJ* if the torsional frequency is excluded
from the ZPE of the-chloroethyl radical. These results are in good agreemiémthe similar
analysis performed at the UMP2/6-311G(d,p)//UMP2/6-31G(d) and®BEG(d) levels of

theory by Chen and Tschuikow-RoffX.
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Figure 7.18. Contour map of the PES (in kJ'hhddr the torsion and inversion modes of the
chloroethyl radical obtained with QCISD/6-311G(d,p) theddyashed line represents the MEP.

Figure 7.19. Three-dimensional representation of ti& fBEthe torsion and inversion modes
of thea-chloroethyl radical obtained with QCISD/6-311G(d,p) theory.
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The Fourier Grid Hamiltonian methtdwas then used to solve the one-dimensional
Schrodinger equation for the potential correspondingedtBP, using the FGH1D prograi?,
and the averaged reduced moment of inertia for the pdartg the MEP of 3.057 + 0.006 amu
A? was used in this analysis. As can be seen frontaheard deviation, the individual reduced
moments of inertia for the points along the MEP wadlelose to their average, with the
maximum deviation being only 0.008 am&d Dy = 0°, 50°, 120°, 170°, 240°, and 290°. The
MEP is given as a function of;bn Table 7.11, and shown along with the resulting enkenggls
in Figure 7.20. The calculated entropy, heat capacity,rdadrated heat capacity over 298.15 —

500 K for the torsion mode m-chloroethyl are listed in Table 7.12.

Energy (cm

L L IV [N [T H S N
0 40 80 120 160 200 240 280 320 360
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Figure 7.20. Potential energy diagram for the torsianamloroethyl radical computed with
QCISD/6-311G(d,p) theory, and anharmonic energy levels.
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7.4.3. The Abstraction Channel

Figure 7.12 shows the abstraction potential energy diagbéamed with
CCSD(T)/CBS-aug theory. Along this pathway, the redstga directly through a TS (Abs TS)
that is 24.0 kJ mdihigher in energy and pass through the weakly bound adduatfageb
forming vinyl and hydrogen chloride. As was the case for mdlithis PE diagram is also in
qualitative accord with the results of Brana ef*alA value forAH,gs = 33.7 kJ mot was
calculated for the abstraction process, and combinisg/#tile withAiHoog(HCI)** = -92.1763
+ 0.0066 kJ met and those for Cl and-8, mentioned earlier, yield§H2os(CoHs) = 299.6 kJ
mol*. This value is in very good agreement with the 299.6 k3Bol* photoelectron
spectroscopic measurement of Ervin &t'alFurthermore, ouab initio value is also in good
accord with the values of 299.6 + 1.3 and 295.4 + 1.7 k3 olotained via Third-Law analyses
by Pilgrim and Taatje$:’ and Kaiser and Wallingtof?? respectively, and with the values both
of these studies also obtained via the Second-Law mheth@98.3 + 5.4 and 291.2 + 6.7 kJ
mol™?, respectively. The Second- and Third-Law analyses peefid by Pilgrim and Taatjes and
Kaiser and Wallington relied on the temperature-dependémiconstants and activation energy
for the GHs + HCl reaction, measured by Russell €fal.

While spin contamination is small in tlhe and(-chloroethyl radicals, having values of
<S?> = 0.765 and 0.766, respectively, théxSsalue of 0.982 found for the vinyl radical
suggested that perhaps, as was the case with the sesmrejontaminated phenyl radical in
chapter 6, composite methods which rely on UHF referefaas@functions may not accurately
treat this system. As was discussed in chapter 6, thigespatial component of the
wavefunction is unrestricted, spin polarization efestise in open-shell systems, which can lead

to contamination of the doublet wavefunctidnThe extent of spin contamination depends on
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the system, though it has been found that in genestkmsg in which the singly occupied MO
has nodes at nuclear positions, and the subjacent bavidng easily polarized and is high in
energy (such as is the case for the vinyl radical)alisexhibit a large degree of spin
contaminatiort

For consistency, the C-H bond strength (B{&Hs-H)) was computed with several
composite methods to assess if the effects of spitagonation considerably impact normally
accurate composite methods, as was found by analyzinglthbddd strength in benzene in
chapter 6. Based on observations from the previous chéptery be expected that composite
methods which depend on UHF reference wavefunctionedsatiis for MP2, MP4, QCISD(T),
and CCSD(T) correlation treatments, will significardiyerestimate the C-H bond strength, and
that the use of spin-restricted open-shell Hartrede[BOHF) wavefunctions, which eliminate
spin contamination in the wavefunction, will improve taccuracy. Table 7.13 lists the values
for BDEg(C;Hs-H) computed by several composite methods, which, witlexoeption of the
CCSD(T)/CBS-aug results, have been obtained from combihexgdmputed enthalpies of
formation of GHs from the work of Henry et at®’ with the experimental heats of formation of
CoHs'** and H** at 0 K, of 60.99 + 0.50 and 216.034 + 0.0001 kJndspectively. Similarly,
the experimental value of 458.8 + 3.3 kJ ™fulr BDEy(C,Hs-H) listed in Table 7.13 is the
result of combining the aforementioned experimental hefdta mation of GH, and H with the
heat of formation reported by Berkowitz et al. feHg at 0 K, 303.8 + 3.3 kJ mf’’

As can be seen, the tabulated UHF-based composite asethtually tend to
underestimate the BREC;Hs-H), with the exception of CBS-QB3, which is actuatiygood
agreement with the experimental value. As expectedy BWHF within the scheme of some of

the composite methods does improve the accuracy, erciya case of the G3(MP2) and
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G3(MP2)-RAD pair, where the ROHF-based result actuaitjevestimates the bond strength by
an additional 1.1 kJ mdl The UHF-based CBS-QB3 method also obtains a rémilig closer

to 458.8 kJ mot than its ROHF counterpart CBS-RAD, however, sineeréisults of both of
these methods are within the experimental uncertamgyinciple, the extent of their accuracy
is indistinguishable. Overall, it can be concluded Wate ROHF-based composite methods
yield more accurate results for spin-contaminated systbhan their UHF-based analogs, both
sets of composite methods provide reasonable resulie tase of the vinyl radical, which
exhibits considerably less spin-contamination tharptieyl radical. Finally, for comparison,
the BDEy(C;H3-H) has also been computed with CCSD(T)/CBS-aug themiyas can be seen

in Table 7.13, this result is in excellent agreement thighexperimental value.

7.4.4. Kinetic Analysis

RRKM calculations using the MultiWell program were @rout for the addition
reaction based on a simplified version of the PESgarE 7.11. In this simplified PES, the
unimportant and unbound complex Al was neglected, as wererdingrfreactions after the
formation of the3-chloroethyl radical, as it was assumed that TS strestiar isomerization and
H-atom displacement are too high to overcome apprecalihe temperatures at which addition
was experimentally explored. The density of statessaim of states for thchloroethyl
radical and for the loose TS (Add TS) were obtainedhagadirect count method employed by
Multiwell based on the scaled vibrational frequenciesraathents of inertia obtained using
QCISD/6-311G(d,p) theory for these structures. The Lenr@ardsJparameters chosen were
4.94 A ance/ks = 400 K, wheres was approximated using the empirical rules of Reid and

Sherwood while e/kg was arbitrarily assigned as usual. The Lennard-Jonampéers used for
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Ar are the ones given in chapter 3, and the parametel$ fvere taken from the same source,
the work of Hippler et al, and have valuessof 3.74 A andt/ks = 82.0 K** The collisional
stabilization parameters were selected based on tipesaxponential-down model described in
chapter 3.

The results of these RRKM calculations did not agesg well with experiments when
using the sum of states of Add TS to evaluate microceabrate constants, a procedure which
underestimated the thermal rate constant by about anafrdegnitude. Conventional TST
calculations have revealed that if Add TS is used asdttle Imeck in the entrance channel, the
high-pressure limiting thermal rate constant would havel@e of 1.5 x 10 cn? moleculé' s*,
which is about 420 times larger than the 3.6 *°1r moleculé' s* value obtained from the
empirical Troe fit of the experimental data. Thiswh that the QCISD saddle point at Add TS
is not the bottleneck for reaction.

The hindered Gorin-type TS treatment described in chapten also be used to assess
the nature of the generally loose TS associated hlentrance channel. This method is
particularly appealing in this case since the experimeatak for the high-pressure limiting
recombination rate constant for Cl +HZ was measured in this work, and can be used to
determine the hindrance parameters. The value fer ikdependent of the identity of the bath
gas, and though the values for this quantity obtained empetally were slightly different
between Ar and N(which is indicative of the amount of uncertaintyasated with the Troe
fits), the average value of 3.3 xn? moleculé' s* was used to obtain the hindrance
parameters at 293 K. The parameters used in the Morsgigbéamalysis for the dissociation of
the B-chloroethyl radical were,= 1.830 A, = 602.0 crit, and Q = 64.4 kJ mot. The

resultant properties of the hindered Gorin-type TS amedli; Table 7.14. Table 7.14 also
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contains the energy transfer parameters, high- anddoegsure limiting rate constants, and the
equilibrium constant for the 8, + Cl =[3-Chloroethyl radical reaction at 293 K. The RRKM
results for both Ar and Ndata are shown if Figure 7.21, and as can be seergltudated fall-

off is in good agreement with the Troe analysis eféRkperimental measurements baseden F
values of 0.6 for both bath gases. The calculated ionilisfficiencies for Ar and Nof B =

0.58 and3™? = 0.72, which are not unreasonable, though they areveoamnéarger than their

typical value of ~0.4 in each case. Sample MultiWwgilt files are given in Appendix D.

60

k. /10™ cm® molecule™ s*
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P/ Bar

Figure 7.21. Comparison of experimental and RRKM secodeéroate constants for addition
in the fall-off region, at 293 K. Open circles: expezintal data = & in Ar bath gas; filled
circles: experimental data ©£1In N, bath gas; solid line: empirical Troe fit to Ar dataldoline:
empirical Troe fit to N data; dashed line: RRKM result for Ar; dotted line: RRiK&gult for N.
Multiwell-based RRKM calculations have also been edrdut for the reverse of
reaction 7.11 (eHs + HCI) based on the CCSD(T)/CBS-aug data and PES ind=igae, at a
constant pressure of 0.1 bar. Subsequently, the ratentfor reaction 7.11 have been

obtained via the equilibrium constant evaluated at eamperature and given in Table 7.15.
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The three lowest vibrations in A2 and the two lowestatibns in Abs TS seemed to correspond
to hindered rotations, and were treated as such in the gwaloéathe equilibrium constants,
densities, and sums of states. The reduced momentsta fioe the sterically hindered

rotations of the HCI fragment aroundHG were found to be 1.82 and 0.09 anfuidithe case of
A2 and Abs TS, respectively. The hindered Gorin nf8d&}*°*described in chapter 3 was used
to obtain and fit the properties of the loose TS attiteance channel by fitting to rate constants
calculated based on the hard sphere model for this systbase rate constants were evaluated
at each temperature and are also listed in Table 7.1%; witihthe hindrance parameters arising
from the steric interactions betweegHz and HCI. The parameters used in the Morse potential
analysis for A2 were.r= 3.839 A v, = 83.3 cnt, and Q2 = 8.9 kJ mot. Wigner tunneling
corrections, previously described in chapter 5, have bediedpp the RRKM results and may
be found in Table 7.15. Energy transfer parameters pergainiA2 were calculated in the same
way outlined in chapter 3, based on an assumed;<&>Ar of -2.633 kJ mat, and the
Lennard-Jones parameters for this system were assurbedhe same as for tBechloroethyl
radical. These parameters are also included in Table TH& RRKM results are shown in
Figure 7.10. As usual, sample MultiWell input files are pradicheAppendix D.

As can be seen in Figure 7.10, the RRKM results areasonable agreement with the
measured ¥ over the entire overlapping temperature range, though theseonstants are still
somewhat overestimated. In the future, it is likebt tihe replacement of the crude hard sphere
collision rate constants with more physically meanihgéunterparts will yield improved
hindrance parameters, which should further increase tkemgnt with experiment.

Finally, Canonical Transition State Theory was apgieethe PES of Figure 7.12 in order

to assess the upper bound to potential future MTST redsihis.conventional TST formalism
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described in Chapter 3 was applied to the forward rateamrtst directly calculate;kfrom the
results obtained with CCSD(T)/CBS-aug theory. In aoldjtthe effect of tunneling on the TST
rate constant was approximated by including the Wigneretimncorrectiof***described in
chapter 5. The tunneling correction had the effect@emsing the TST rate constant by 76 % at
298 K, 27 % at 500 K, and decreased to only 2% by 2000 K. Theésbltsrare depicted in
Figure 7.10, and as can be seen, these results agreetivelur measurements of KT) as well

as with other recent measurements, though as expeagahbrestimate the rate constant,
particularly at high temperatures. Though the overesbméy TST is only slight in this case,
the application of MTST should markedly reduce the catedl rate constant, and therefore, it is

expected that the MTST results will agree quite nicetywxperimental findings.

7.5. Conclusions

The kinetics of the reaction between atomic chloainé ethylene have been measured
over 293 — 1057 K. Addition was observed over the range of ZB® K, and the dissociation
of the3-chloroethyl radical back to the reactants becameefamigh above 400 K to allow its
measurement and provide access to the thermochemishig oddical via the equilibrium
constant. The enthalpy of formation of {hehloroethyl radical determined from a Third-Law
analysis marks the most precise determination of thistgu#o date. The temperature
dependence of the low-pressure limiting rate constanfavas to be in line with that obtained
via relative rate measurements in previous studies. r&digtn was observed at temperatures
exceeding 550 K, and the temperature dependence of the erseimgmstant was found to be
in good agreement with other recent kinetic determingtiousin discord with older kinetic

measurements.
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Ab initio results provided good agreement with the measured thermottyeohithe 3-
chlroethyl radical. These computations also yieldedrate thermochemistry for the vinyl
radical, which further supports the spectroscopic and ré&aaetic measurements of this value
while also invalidating the old values from prior kinetieasurements. MultiWell-based RRKM
calculations reproduced the observed fall-off behaviorarctse of addition, and in the case of
abstraction, the calculated rate constants were faubd in reasonable agreement with the
measured rate constants for abstraction over thes@éatmperature range considered.
Conventional TST results only slightly exaggerated the cahstant for abstraction, suggesting
that in principle, the application of MTST to this syste/ould yield theoretical rate constants in

good agreement with experiment.
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Table 7.1.Summary of kinetic measurements for Cl Hgusing CCJ precursor.

T, Ts F. P [CCLL  [CHidma  [Cllomas  Ki* 0O, 107
K S mJ mbar 10" molecule 10" molecule 10"'moleculecn” moleculé' s*
cm’® cm’® cm’®
292 1.2 054 67 1.26 1.52 7.9 13.4 +0.37
292 1.2 0.26 67 1.26 1.52 3.8 12.5+0.16
293 0.8 0.39 27 1.21 1.56 55 5.64 £+ 0.15
293 3.0 0.68 133 1.90 1.54 14.9 23.2 +0.68
293 5.2 041 333 1.60 0.78 7.6 44,2 £+1.13
293 7.8 1.22 667 1.06 0.31 15.0 72.8 +2.63
293 7.8 0.63 667 1.06 0.31 7.7 70.4 +2.35
293 9.8 0.6 533 1.53 0.39 10.6 59.1+1.19
345 05 121 27 0.72 1.09 10.1 3.11+£0.16
345 0.5 0.36 27 0.72 1.09 3.0 2.81 +£0.04
346 1.3 0.83 67 0.80 1.11 7.7 6.40 £ 0.08
346 1.3 0.21 67 0.80 1.11 1.9 5.88 +0.11
345 2.6 0.82 133 0.80 1.07 7.7 11.2 +0.23
345 6.6 0.98 333 0.80 1.09 9.2 19.7 £ 0.62
345 45 0.94 667 0.45 0.23 4.9 36.6 +1.14
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Table 7.2. Summary of kinetic measurements for Cl sHgusing SQCI, precursor.

T, T F, P, [SOCL, [CHdmax  [Cllomss  Ki* Ok, 10

K S mJ mbar 10 molecule 10" molecule 10"'moleculecn” moleculé' s*
cm’® cm’® cm’®
297 1.7 1.15 67 1.03 1.22 6.5 8.63 +£0.40
297 1.7 0.59 67 1.05 1.18 3.4 9.20+0.34
297 1.7 2.44 67 1.05 1.18 14.2 10.8 £ 0.53
297 35 1.14 133 1.02 1.20 6.4 16.6 +0.43
297 1.8 1.14 133 1.08 1.21 6.8 18.8 +0.41
297 7.0 1.14 133 1.01 1.02 6.4 16.8 +0.78
296 1.3 161 27 1.10 1.12 9.8 451 +0.26
296 1.3 0.77 27 1.10 1.12 4.7 4.14 +£0.27
296 1.3 0.36 27 1.10 1.12 2.2 4.03+0.14
295 3.0 0.77 333 2.01 0.49 8.6 33.4+0.78
296 3.0 0.77 333 0.20 0.50 0.9 32.8+2.28
296 3.6 1.03 667 1.05 0.30 6.0 50.5+1.66
296 3.6 0.48 667 1.05 0.30 2.8 51.1 +2.07
376 55 1.16 333 1.00 0.57 6.4 6.10 £ 0.29
376 5.4 057 333 1.00 0.57 3.2 5.78 £+0.23
377 0.7 206 27 1.01 1.26 11.5 0.64 +£0.03
377 0.7 0.92 27 1.01 1.26 5.1 0.66 +0.06
375 1.8 2.19 67 1.05 1.27 12.7 1.52 +0.07
375 1.8 0.76 67 1.05 1.27 4.4 1.57 +£0.08
378 2.8 2.09 133 1.02 0.77 11.8 3.00+0.11
377 2.7 197 132 0.50 0.74 54 2.74 £ 0.10
376 2.8 1.89 665 1.05 0.18 11.0 11.3+0.36
374 5.7 1.89 667 1.08 0.18 11.3 12.5 +0.59
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Table 7.3.Summary of kinetic measurements for Cl Hgaddition using €HsCl precursor in Ar bath gas.

T, T F, F/F p, [CHCI,  [CHidmwe  [Clomws  Ki% O, 107 k7 % O, Ko % O,
K S mJ mbar 10" molecule 10" molecule 10"'moleculecn’ moleculé' s* st st
cm?® cm?® cm?®

292 11 0.35 0.74 133 3.19 0.38 9.6 24.9+2.13

294 0.8 0.12 0.82 39 2.31 0.87 2.4 13.6 £ 0.59

294 1.2 0.13 0.74 133 3.01 0.38 3.4 22.8+2.93

294 1.2 0.35 0.74 133 3.01 0.38 9.1 24.3+1.12

345 1.2 0.14 0.60 132 5.09 0.85 6.1 14.2 + 0.53

345 1.2 0.04 0.60 132 5.09 0.85 1.8 12.8 £ 0.47

400 09 0.13 041 27 2.95 1.05 3.3 1.63 +0.40 289 + 59 66 + 28
400 09 0.08 041 27 2.96 1.05 2.0 1.73+0.18 190 £ 13 99 + 23
401 1.0 0.11 0.35 67 2.95 2.80 2.8 421 +£0.41 441 + 78 172 £+ 17
401 1.0 0.07 0.35 67 2.95 2.80 1.8 4.22 +£0.28 453 + 103 158 + 28
401 1.0 0.11 034 27 2.85 2.98 2.7 1.16 £ 0.08 226 + 12 119+19
401 1.0 0.03 0.3 27 2.85 2.99 0.7 1.42 +0.32 266 =52 115+ 34
402 1.0 0.09 0.61 100 3.33 1.46 2.6 6.51+£0.71 421 +120 176 £ 57
400 1.0 0.13 0.36 133 4.89 1.88 55 9.13+0.33 374 £ 53 183 + 32
429 09 0.12 054 27 2.91 3.78 3.0 0.72 £0.20 260+ 72 123 £ 29
431 0.9 0.07 0.77 27 2.91 7.94 1.8 0.80 +£0.36 1032 + 249 216 £ 94
429 0.3 0.07 0.73 67 2.21 1.98 1.3 2.86 +1.20 470+ 174 206 =85
431 0.3 0.04 0.73 67 2.26 1.94 0.8 3.49+2.15 577 +218 243 +128
430 1.0 0.07 0.51 133 3.84 4.55 2.3 6.57 +0.34 1402 + 262 192 £ 10
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Table 7.4.Summary of kinetic measurements for Cl 2Hgaddition using €HsCl precursor in

N bath gas.

T, T F, P, [CHCl,  [CHdmas  [Cllomss  Ki* Ok, 10

K S mJ mbar 10" molecule 10 molecule 10"'moleculecn” moleculé' s*
cm’® cm’® cm’®
292 1.0 0.17 67 2.93 7.30 4.3 16.4 +1.04
292 1.0 03 67 2.93 7.28 7.6 16.4 +0.38
293 1.6 0.33 133 4.19 4.54 11.9 29.3 £+ 0.99
293 1.6 0.33 133 1.42 4.63 4.0 25.2+1.12
293 4.5 0.53 667 3.99 0.80 18.2 76.5 +8.82
293 0.9 031 27 3.15 13.1 8.4 7.92 +0.27
293 0.9 1.03 27 3.15 13.1 28.0 8.99 +0.31
289 0.9 0.19 27 3.08 11.2 5.1 8.96 + 0.50
289 1.0 0.14 27 2.25 11.5 2.7 8.71 +0.47
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Table 7.5. High- and low-pressure limiting rate constahbtained with Ar bath gas and

equilibrium constant for §H, + Cl addition.

T, k(), koo, KQQ1
K 10%° cn molecul€ st 10 cn® moleculé' s*  10™ cn?® moleculé

293 9.8 3.6

345 5.8 1.8 -

401 3.6 - 8.20 + 0.46
430 2.8 B 3.76 + 0.58
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Table 7.6. Summary of kinetic measurements for Cl sHgabstraction using E1sCl precursor

in Ar bath gas.

T, T F, FYF p, [CHCI,  [CoHdmax  [Cllomas  Kir % O, 107

K S mJ mbar 10" molecule 10" molecule 10”moleculecm’ moleculé' s*
cm?® cm?® cm?®
551 0.7 0.06 059 27 2.37 4.46 1.2 3.03+£0.32
551 0.7 0.03 059 27 2.37 4.44 0.6 2.81 +£0.18
551 0.9 0.03 059 67 4.01 5.91 1.0 2.25+0.10
551 0.9 0.03 059 67 1.40 6.15 0.4 2.41 +£0.22
548 1.3 0.03 0.54 267 2.47 8.23 0.6 1.49 +£0.10
555 1.2 0.03 0.77 267 1.20 8.03 0.3 1.42 +0.06
550 1.2 0.07 0.80 133 2.49 3.75 1.5 2.58 +0.16
550 1.2 0.03 0.80 133 2.49 3.75 0.6 2.39 +£0.08
554 1.2 0.07 0.77 200 2.48 3.36 1.5 2.46 £ 0.52
554 1.2 0.03 0.77 200 2.48 3.36 0.6 2.07 £0.22
612 0.6 0.06 0.73 27 2.48 1.97 1.3 5.14 +0.38
608 1.2 0.07 0.58 267 2.59 2.14 1.6 2.94 +£0.27
611 0.6 0.06 055 67 2.51 1.97 1.3 3.73+0.24
611 1.2 0.06 055 67 2.53 2.14 1.3 3.84 +£0.15
613 0.6 0.06 0.73 13 2.46 2.07 1.3 5.61 +£+0.39
612 1.2 0.05 0.70 133 2.47 2.18 1.1 4.23+0.24
610 1.2 0.07 0.44 267 2.59 2.12 1.6 3.19+0.64
610 1.2 0.07 0.44 133 2.43 2.19 1.5 4.64 £0.15
610 1.2 0.07 0.80 200 2.49 3.80 1.5 2.67 £0.07
676 0.7 0.06 0.62 67 3.27 3.47 1.7 7.92 £+0.43
676 0.7 0.02 0.62 67 3.27 3.47 0.6 7.62 £0.29
676 0.8 0.06 0.62 67 1.14 3.61 0.6 7.90 £0.22
798 0.7 0.03 0.66 67 0.88 4.38 0.2 16.8 £ 0.83
798 0.7 0.03 0.66 67 2.84 4.23 0.7 18.0 +£0.70
798 0.5 0.06 0.68 27 2.11 2.74 1.1 19.0+1.23
798 0.5 0.03 0.68 27 2.11 2.74 0.5 19.4 +0.90
902 0.4 0.04 0.69 27 2.08 1.36 0.7 26.8 +3.74
902 0.4 0.02 0.69 27 2.09 1.36 0.4 25.2 +3.64
902 0.7 0.04 0.69 67 1.13 2.22 0.4 29.0+1.68
902 0.6 0.04 0.69 67 3.21 2.08 1.1 31.4+297

(Table continues on next page)
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(Table 7.6. Continued)

T, T F, FYF p, [CHCI,  [CHdmax  [Cllomss  Kir* O, 107

K s m mbar 10" molecule 10 molecule 10™'moleculecnt moleculé' s*
cm?® cm?® cm?®
900 0.8 0.04 0.63 267 2.40 2.65 0.8 22.0+1.80
900 1.6 0.04 0.63 267 2.77 2.83 1.0 30.1+2.75
1007 0.7 0.06 0.74 267 2.53 1.52 1.3 37.6 +3.02
1007 1.4 0.06 0.74 267 2.48 1.49 1.3 33.0+5.18
1052 1.3 0.05 0.75 267 2.75 1.23 1.2 49.7+11.0
1058 0.7 0.06 0.72 267 2.69 1.21 1.4 52.6 +3.94
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Table 7.7.Weighted meank values for Cl + @H4 abstraction with statistical uncertainties.

T, K11 + Ok,
K 10" cn® moleculé* s*
551 1.90+0.C4
611 3.29+ 0.0t
67€ 7.81+0.16
79€ 18.1+ 043
901 26.€+0.97
1007 36.4+2.61
105¢ 52.2+3.71
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Table 7.8. Energies and zero point energiessifobEspecies in the £1,Cl reaction system.

®Species  Electronic  Unscaled °Scalar “Core- Electronic Electronic  Electronic “Total
Energy ZPE Relativistic ~ Valence Energy Energy Energy Energy
QCISD/ QCISD/ correction correction  CCSD(T)/ CCSD(T)/ aug-CBS
6-311G(d,p) 6-311G(d,p) aug-cc-pVTZ aug-cc-pvQZ
H -0.49981 0 -0.00001 0 -0.49982 -0.49995 -0.50004 -0.50005
Cl -459.60167 0 -1.40334 -0.30271 -459.67619 -459.69471  -460.70822 -461.41561
CoHy -78.37291 0.05100 -0.02940 -0.09688 -78.44373 -78.46352 -78.47795  -78.55559
HCI -460.26032 0.00695 -1.40294 -0.30305 -460.34324 -460.36417  -460.37944 -462.07881
CoH3 -77.69179 0.03685 -0.02943 -0.09663 -77.75764 -77.77613 -77.78962  -77.88052
CoHsCl -537.43393 0.04289 -1.43230 -0.39992 -537.58490 -537.62517  -537.65456 -539.44585
H, -1.16834 0.01007 -0.00001 0.00000 -1.17264 -1.17387 -1.17476 -1.16517
Al -537.98044 0.05260 -1.43276 -0.39956 -538.13103 -538.16986  -538.19819 -539.98033
Add TS -537.98011 0.05213 -1.43274 -0.39953 -538.13214 -538.17103  -538.19941 -539.98195
Beta -537.99909 0.05284 -1.43230 -0.39968 -538.14916 -538.18876  -538.21766 -539.99922
Iso TS -537.92412 0.04813 -1.43224 -0.39982 -538.07908 -538.11932  -538.14868 -539.93482
Alpha -538.00469 0.05282 -1.43222 -0.39984 -538.15457 -538.19475  -538.22407 -540.00575
Dis TS1 -537.92384 0.04466 -1.43231 -0.39979 -538.07786 -538.11806  -538.14739 -539.93689
Dis TS2 -537.92855 0.04436 -1.43230 -0.39985 -538.08232 -538.12264  -538.15207 -539.94191
ElimTS -537.88278 0.04603 -1.43241 -0.39939 -538.04242 -538.08187  -538.11066 -539.89855
Abs TS -537.94972 0.04331 -1.43241 -0.39979 -538.10337 -538.14257  -538.17118 -539.96207
A2 -537.95548 0.04511 -1.43233 -0.39973 -538.10554 -538.14478  -538.17342 -539.96245
t-B-CH.CI  -536.75075 0.02940 -1.43236 -0.39960 -536.89674 -536.93569 -536.96412 -538.76804
C-B-CH.Cl -536.74889 0.02909 -1.43235 -0.39964 -536.89462 -536.93369  -536.96219 -538.76643
0-C,H,Cl -536.75541 0.02968 -1.43235 -0.39964 -536.90208 -536.94129  -536.96990 -538.77358

% See text or Figures 7.11 and 7.12 for nomenclature.
® Correction was calculated with CISD/cc-pwVTZ the(sge text).
¢ Correction was calculated with CCSD/cc-pwVTZ theose(text).
¢ Energy calculated by adding scaled ZPE, scalar redfitiéind core-valence corrections, and a correcfied.00134 for Cl-atom spin-orbit coupling to
aug-CBS electronic energy (see text).
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Table 7.9. Data for MEP of torsion in tfechloroethyl radical.

D1 Relative E D> I red
(Degrees) (kJ motY) (Degrees) (amu &)
0 7.72 180 1.741
10 7.49 185 1.744
20 6.83 185 1.745
30 5.96 185 1.745
40 4,98 180 1.739
50 3.46 165 1.752
60 1.78 160 1.767
70 0.56 160 1.767
80 0.03 165 1.753
90 0.23 165 1.753
100 0.89 170 1.742
110 1.85 175 1.732
120 2.84 180 1.736
130 3.72 185 1.739
140 4.42 190 1.749
150 5.04 195 1.762
160 5.73 195 1.764
170 6.60 200 1.780
4180 47.64 4165 41.762

a . ] ) . .
The values in this row were replaced with thosenftbe row corresponding to,3 0° in the calculation of energy levels (see)text
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Table 7.10. Calculated entropy, heat capacity, and ineshhetat capacity of the torsion mode

in the-chloroethyl radical.

T/K S°/JImot K* G /I mol' K*  ArC,° / kJ mott

298.15 18.58 8.63 2.00
350 19.91 7.96 2.43
400 20.94 7.39 2.81
450 21.78 6.90 3.17
500 22.48 6.50 3.51
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Table 7.11. Data for MEP of torsion in thechloroethyl radical.

D1 Relative E D> I red
(Degrees) (kJ motY) (Degrees) (amu &)
0 517 180 3.049
10 4.61 195 3.052
20 3.35 200 3.056
30 1.89 205 3.06
40 0.60 205 3.063
50 0.03 205 3.065
60 0.33 205 3.064
70 1.42 205 3.062
80 2.28 180 3.057
90 3.27 180 3.053
100 4.23 180 3.052
110 4,92 180 3.05
120 5.17 180 3.049
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Table 7.12. Calculated entropy, heat capacity, and ineshhetat capacity of the torsion mode

in thea-chloroethyl radical.

T/K S°/JImot K* G /I mol' K*  ArC,° / kJ mott

298.15 22.45 7.02 1.91
350 23.53 6.44 2.26
400 24.36 5.99 2.57
450 25.04 5.61 2.86
500 25.62 5.28 3.13
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Table 7.13. Comparison of computed bond dissociation lprghdor C-H bond in ethylene

with various composite methods at 0 K (kJ Mol

Method BDE(CoH3-H)
°G3 454.3
°G3X 453.6
°G3(MP2) 453.4
°G3X(MP2) 452.4
°CBS-QB3 459.9
°G3-RAD 455.8
°G3X-RAD 456.4
°G3(MP2)-RAD 452.3
°G3X(MP2)-RAD 452.9
°CBS-RAD 461.1
°CCSD(T)/CBS-aug 459.0

Experimental Values  458.8 + 8.3

3Calculated based on computed enthalpies of formation giverference®. °See Text.® Referencé’”.
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Table 7.14. Energy transfer parameters, hindered Ggrenttgnsition state properties, high- and low- pressomérg rate
constants, and equilibrium constant for the MultiWRIRKM analysis of the §H, + Cl =3-chloroethyl radical reaction at 293 K.

Pressur 0.027 0.067 0.13: 0.33: 0.53: 0.667 1.C 10.C 100.( 1000.(
(bar)
3>C 16.7 16.7 16.7 16.7 16.7 16.7 16.7 16.7 16.7 16.7
(10%° crrf molec? s?)
Py 3¢ 190 190 190 190 190 190 190 190 190 190
(10%° cnrf molec?® s?)
2%, uni 31.( 31.( 31.C 31.( 31.( 31.( 31.( 31.C 31.C 31.C
(sh
Bk e 3.E3 3.E3 3.E3 3.E3 3.E3 3.E3 3.E3 3.E3 3.E3 3.E3

00, e
(10*° cn® molec® s?)
3

Krec 0.5¢ 1.31 2.3 4.8¢ 6.81 7.9% 10.2:2 26.1] 33.8¢ 35.12
(10** cn® molec® s?)
Pk ec 0.8( 1.7¢ 3.1% 6.3 8.6¢€ 9.9¢ 12.5¢ 28.2¢ 34.2¢ 35.1%
(10** cn® molec® s?)
Ke 1.14 1.14 1.14 1.14 1.14 1.14 1.14 1.14 1.14 1.14
(10** cn® molec?)
S<AE>gomn 759.¢ 759.¢ 759.¢ 759.¢ 759.¢ 759.¢ 759.¢ 759.¢ 759.¢ 759.¢
(cm™)
%, 0.117 0.117 0.117 0.117 0.117 0.117 0.117 0.117 0.117 0.117
(cm™)
< AE>q0wn 1241 1241 1241 1241 1241 1241 1241 124t.1 124t.1 124t.1
(cm™)
°c, 0.19¢ 0.19¢ 0.19¢ 0.19¢ 0.19¢ 0.19¢ 0.19¢ 0.19¢ 0.19¢ 0.19¢
(cm™)
Sk 3.31 3.31 3.31 3.31 3.31 3.31 3.31 3.31 3.31 3.31
(A)
a'HindranceParamete 0.35¢ 0.35¢ 0.35¢ 0.35¢ 0.35¢ 0.35¢ 0.35¢ 0.35¢ 0.35¢ 0.35¢
v)
2K -Rotot 15.t 15.t 15.t 15.t 15.t 15.t 15.t 15.t 15.t 15.t
(amu &)
a'ty X lp (CoHy) 6.6( 6.6( 6.6( 6.6( 6.6( 6.6( 6.6( 6.6( 6.6( 6.6(
(amu &)
2L J.Rotot 170.¢ 170.¢ 170.¢ 170.¢ 170.¢ 170.¢ 170.¢ 170.¢ 170.¢ 170.¢
(amu &)

&Pertaining to Ar bath gas.
®Pertaining to Mbath gas.
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Table 7.15. Energy transfer parameters, hindered Ggrenttgnsition state properties, and rate

constants for reaction 7.11.

T 298.1¢ 35C 40C 50C 70C 100(¢ 150(
(K)
r’n&ax 6.2(C 6.07 5.9¢ 5.7¢ 5.4¢ 5.1¢ 4.7
(A)
Hindrance 0.48: 0.49¢ 0.50¢ 0.52¢ 0.55¢ 0.591 0.65(
Parameteny
Hindrance 0.76: 0.752 0.741 0.72¢ 0.69¢ 0.65] 0.57¢
Parametern)
K-Rotot 14.7 14.7 14.7 14.7 14.7 14.7 14.7
(amu A&
Y X o (CHa) 8.1¢ 8.3 8.51 8.7¢ 9.2t 9.87 10.8¢
(amu &)
y X lop (HCI) 0.7¢ 0.8( 0.82 0.8< 0.8¢ 0.9t 1.0
(amu R)
J-Rotot 593.2: 568.8: 548.6¢ 515.3: 465.2: 411.0° 340.2:
(amu R)
<AE>youn 4275 4634 491 567.6 7066  91E1 12626
(cm™)
C 0.61 0.71 0.8< 1.17 1.7z 2.1¢ 2.2¢
(cm™)
aka(HS) 49CE-10 5.31E-1C 5.68E-1C 6.35E-1C 7.51E-1C 8.98E-1C  1.10E-9
(cm® molec® s*)
bkxiuni 1.62E12 2.4€E12 332E12 4.7€E1Z2 6.85E12 8.4CE12 9.0CEl1l2
(s9)
Ko a 5.0tE-1C 542E-1C 5.8tE-1C 6.44E-1C 7.62E-1C 9.13E-1C 1.11E-9
(cm® molec® s%)
Ka 9.72E-12 797E-12 6.94E-12 542E-12 4.0S%E-12 3.75E-12 3.97E-12
(cm® molec® s%)
K, 3.12E-22 22CE-22 1.76E-22 1.3tE-22 1.11E-22 1.0SE-22 1.23E-22
(cm® molec?)
eKeq 9.77E-5 7.373E-4 3.19E-3 2.53E-2 2.72E-1 1.57 5.71
K11 9.4CE-16 5.88E-15 222E-14 1.37E-13 1.11E-12 591E-12 22€E-11
(cm® molec® s%)
Wigner Tunneling 1.7¢ 1.5t 1.4% 1.2% 1.1 1.0% 1.02
Correction

Rate constants for,H; + HCI = A2 obtained from hard sphere model.
Rate constants for A2 =,8; + HCl via Gorin-type TS.

Rate constants for,H; + HCI = A2 via Gorin-type TS.

Equilibrium constant for &5 + HCI = A2.

Equilibrium constant for §, + Cl = GH3 + HCI.

Does not include Wigner tunneling correction.

- o Qo O T 9
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CHAPTER 8

OVERVIEW AND CONCLUSIONS

Absolute rate constants for the gas phase kineticedaftilorine atom reactions with
hydrogen sulfide, ammonia, benzene, and ethylene have besnore@ using the laser flash
photolysis experimental technique coupled with resonanceeiuence. These measurements
span a large range of conditions, and the results df@raccurate kinetic and thermodynamic
information for use in the fields of atmospheric anthbastion chemistry. More specifically,
these comprehensive studies provide fundamental insighiniportant chemical details used to
interpret a system’s reactivity, such as the naturbeofransition state and the associated
activation energy, through the determination of Arrhepaimmeters. In addition, investigations
of the kinetics of the reverse processes of sonteeoélementary reactions studied, either by
working at optimal conditions for the direct obsereatof equilibration or from a separate set of
measurements of the rate constants for the reveastions, enabled access to the system’s
thermochemistry, which can be used to gauge its stability.

The Third-Law method has been used to obtairetttkalpy of the abstraction reaction
involving GsHs and HCI, and the addition of Cl telds. These reaction enthalpies were then
used in conjunction with other known thermochemical qtiastio evaluate the C-H bond
strengths in benzene and ethylene, and the enthalpi@srattion for the phenyl ang+
chloroethyl radicals, which resulted in the most peedisterminations of these quantities to date.

These analyses indicate that the C-H bond in bengesteonger than its counterpart in ethylene
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by 7.0 + 4.1 kJ mél. In addition, high-levehb initio computations indicate that the C}G,

bond in the3-chloroethyl radical is stronger than the GHg bond in theo n1-
chlorocyclohexadienyl radical, with a difference betw#d® two respective BDEs at 0 K of ~44
kJ mol*. This difference between the BDEs is attributed éof#lct that the formation @f n;-
chlorocyclohexadienyl radical is accompanied by the un&bleross of aromaticity, though the
reduction in stability is less than typically expectedthis process due to the large extent of
delocalization still present in tlresystem of the n;-chlorocyclohexadienyl radical.

Perhaps one of the most intriguing findings, shared dgailof the reaction systems
studied, has been that the overall abstraction reagctibH by Cl, or the corresponding reverse
processes involving HCI, have negative activation energiég negative activation energy was
measured directly for the two exothermic abstractiactiens studied, Cl + #$ and HCI +
CsHs, and inferred for the reverse processes of the readvetween Cl + NiHand GHa4, where
the measured positive activation energy was found siadler than the overall endothermicity.
The latter observations challenge the assumptiorirtiae case of endothermic reactions, the
thermochemistry can be used to set a lower bound tativatzon energy. This assumption is
generally legitimate in the case of adduct dissociatiowhich there is usually little or no
barrier beyond the endothermicity, but is clearly lidvéor cases involving classical abstraction
reactions. The observed pressure independence of gaes®ns confirms that a stabilized
adduct is not the product, however, this is not evidencastghie idea that an energized adduct
might participate in the mechanism. The activatiogrgyis defined as the slope of a plot of the
natural logarithm of the rate constant against th@recal temperature. Fundamentally, when
this quantity has a positive value, it can be used asaaureof the energy penalty for the

electronic rearrangement associated with going frometaetants to the products in a given
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reaction. This energy penalty can also be intergrasethe energetic “barrier” that must be
overcome in order to form the final products. Consequgthidynegative activation energies
observed for the reactions studied here indicate thse tl@actions occur without an apparent
energy barrier. Theoretically, RRKM calculatiors/a revealed that a large fraction of the
energized adduct dissociates back to the reactants,arastthe temperature is raised, this
fraction increases. This phenomenon leads to a negatiyeerature dependence for product
formation via chemical activation, and rationalizes dfvserved negative activation energies.

The stability and reactivity of each reaction systeas further rationalized based on
computed potential energy surfaces, obtained with high-&wvaitio quantum mechanical
methods and refined through the consideration of thetefégsing from the special theory of
relativity. Despite the fact that high-le\a initio methods have been repeatedly shown to
compute thermochemistry of chemical accuracy calibehiwil — 9 kJ mot of the
corresponding experimental quantity), composite methosksdban the UHF-analogues of these
ab initio theories were found to be inadequate for accuratelylasitog the thermochemistry of
species in the 1sCl reaction system. This inadequacy has been linked atlextent of spin-
contamination that arises in the UHF ground-state wanetion of the phenyl radical, which is
the only reference used by more refined single-referabaasitio theories to evaluate a series of
excited configurations as a means of accounting for electboelation. As discussed in a
review of this phenomenon by Bally and Borden, in systamh as the phenyl radical, which
the singly occupied MO possesses nodes at some nuclidieasdbjacent doubly occupied
bonding MO is high in energy and is easily polarizedi¢gipof =-MOs), the doublet

wavefunction may become severely spin-contaminatedadsiein polarization effectg.
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Technically, neither UHF nor ROHF wavefunctions apgesfunctions of theperator,
however, spin-adapted ROHF wavefunctions that are eigetibns of the Soperator can be
constructed from the appropriate linear combinations obtiginal ROHF wavefunctions, while
UHF wavefunctions cannot be spin-adapt®dSo, by comparing the expectation values that
result from the operation of thé 8perator on a UHF wavefunction to the eigenvalues teat a
normally obtained in the case of spin-adapted ROH&Ndigctions, it is possible to assess the
extent of spin-contamination in the UHF wavefuncsiomn the case of the phenyl radical, the
UHF wavefunction has an expectation valué=<s 1.39 rather than the ideal value of 0.75,
which indicates that the UHF wavefunction is sevespin-contaminated.

In chapter 6, normally accurate composite methods weralfto be significantly
impacted by the severe spin-contamination associatedivetphenyl radical, and it was shown
through the systematic breakdown of the steps withiretbesposite methods, that the largest
source of error comes from the use of spin-contaminadkéfetbased QCISD or CCSD(T) single-
point energy calculations. This observation led tdfdneulation of a composite method in
which the single-point calculations relied on a ROHEnence wavefunction. This method,
commonly denoted as CCSD(T)/CBS throughout this disgarfas discussed in detail in
chapter 3. In short, it relies on UQCISD/6-311G(d,p) geoeeand frequencies, and performs
single-point energy calculations with RCCSD(T) themrgonjunction with the correlation-
consistent basis sets, which are then extended twthplete basis set limit. RCCSD(T)/CBS
theory was also used when computing the properties ofespenithe ¢H,Cl PES, as the vinyl
radical was also found to have a considerably spin-conéed wavefunction (<5 = 0.98).

For the HSCI and NHCI projects, the extent of spin-contamination was gédgé as all species

on the respective PESs were found to have «@lues of less than 0.80, so the UHF-analogue
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of CCSD(T)/CBS theory was conveniently usdthe use of RCCSD(T)/CBS and
UCCSD(T)/CBS theories has provided more accurate andsax¢ethermodynamic information
for the systems of interest than was previously alvilan the literature, which led to important
findings for each system: the possibility of an addigimination mechanism in43 + Cl, the
unlikelihood of a proton-coupled electron transfer mechafosithe NH; + Cl reaction, the
identification of theo chlorocyclohexadienyl radical as the most stable among
chlorocyclohexadienyl species, and further evidence thatitthalpy of formation for the vinyl
radical is more in line with the value from recemekic and spectroscopic determinations, with
which the computed result agreed exactly, rather thaalthealue from previous kinetic
determinations

Furthermore, the accurate potential energy surfaceputech with CCSD(T)/CBS theory
also found all of the aforementioned abstraction reastto be barrierless, and further revealed
that the principal reaction mechanism in each cases olofact involve the excitation of an
adduct via chemical activation followed by the passage thraugWw-lying TS to yield the
products. Though rate constants can be conveniently ettdirectly from the PES via simple
conventional TST, in the case of a chemical adgovescenario, TST has been shown to be
unsuitable’®’" For reactions which proceed through chemical actimatiad as a consequence
of microscopic reversibility, also for the reversegasses of such reactions, TST inevitably
leads to unrealistic rate constants due to the inclugitime contributions from states in the TS
which lie below the critical energy, which would not bgplated until extremely large
pressures. The erroneous counting of these low-lyingsstatee calculation of the partition
function of the TS results in theoretical rate ¢ants that can considerably overestimate rate

constants measured at normal pressures.
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The observed pressure independence for the abstractionalh confirms that a
stabilized adduct is not the product, however, this is videace against the idea that an
energized adduct might participate in the mechanism. efdrer MTST, an appropriate
adaptation of TST which excludes the contributions ofrthecessible states in the TS to the rate
constant, or an RRKM treatment which relied on thelststic evaluation of a hybrid master
equation, were used to examine the nature of the compdigioveen the collisional
stabilization and the dissociation to products of thergized adduct. MTST analyses were
carried out only for the N§Cl and GHsCI systems, in both cases by Dr. Lev Krasnoperov, a
collaborator on the two projects, and the resultainbd were in reasonable accord with
experiment. For the N4&€I system, the MTST analysis was performed on aralifES
obtained with DFT, and it was subsequently shown througlkevhluation of the upper bound to
the MTST result via conventional TST, that a future MTeéhalysis of the previously
unavailable coupled-cluster PES is expected to generateaastants which should be in very
good agreement with experiment. This conclusion wasradsthed for the £1,Cl system
based on similar considerations, so it is likely thdiSW will also be applied to this system in
the future. Inthe case of thgHgCl system, where a CCSD(T)/CBS PES was used in th8TMT
treatment, the agreement between the MTST rateattrashd experiment is likely to be
improved by the future treatment of the loose interrades identified in the TS as anharmonic
oscillators.

Multiwell-based RRKM analyses had only modest succepsoducing thermal rate
constants in quantitative accord with experiment.hen,SCI system, the RRKM analysis
yielded rate constants that were actually within a fact@rat room temperature, but due to the

computed non-Arrhenius temperature behavior for abstraetioich is in qualitative
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disagreement with the observed temperature dependencayveéhestimation became more
significant at the high end of the temperature randee dualitative discord between the
temperature dependences of the observed and computed stBntsras well as the resultant
guantitative disagreement at high temperatures, aresiggueh are currently being investigated
further in collaboration with Dr. David Golden of StartfdJniversity.

Similar Multiwell-based RRKM calculations were condeetbased on the chemical
activation PESs for the NI, GsHeCl, and GH4Cl systems. These analyses relied on a
hindered Gorin treatment of the loose TS at the ergrahannel, in which the hindrance
parameters were set by matching the hard sphere collaiercoefficient. The resulting rate
constants exhibited temperature dependences that were itatiqueabccord with experiment,
though they overestimated the experimental resultaah ease, indicating that the crude hard
sphere rate constants used to set the hindrance paramayebs omreasonably large. This idea
was tested in the case of ofHg + HCI, and it was found that empirically reducing the rate
constants used to calculate hindrance parameters yisldisre/hich are in good agreement with
experiment. The application of this formalism to{@iHand GH4Cl systems in the future is also
expected to improve the agreement with experiment, amd efforts are needed for a more
reasonable evaluation of the collision rate consiaatl to set hindrance parameters, such as the
potential VTST treatment used in the case of theC system in chapter 4.

Finally, Multiwell-based RRKM calculations reproduced tiserved fall-off behavior
in the case of the addition of Cl toH, though the resultant collision efficiencies computed fo
the Ar and N bath gases were about a factor of 2 larger than onklweapect. Of course, given
the uncertainty in the experimental high- and low- pressmiting rate constants empirically

determined from Troe fits using an approximate broadening fagavell as the somewhat
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arbitrary choice of Lennard-Jones parameters and assumglé exponential-down model for
the process of collisional energy transfer, the conthbaddlision efficiencies can be said to be
quite reasonable. Furthermore, aside from having bettéramoe and energy transfer
parameters from which to choose, it is expected thaigbef a RRKM formalism in which the
master equation takes into account not just vibratidags, but also the conservation of angular
momentum, which requires solving a two-dimensional masjeation, will yield more accurate

results for all of the systems considered in thiskwor
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APPENDIXA

CALIBRATION AND UNITS OF MASS FLOW CONTROLLERS
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Al. Measurement of Flow Rate

Mass flow controllers are used to measure and caheaiates of flow of gases into the
reactor. Mass flow controllers are composed of ar pdet, a mass flow sensor, a proportional
control valve, and an outlet port. As gas enters & 1ih@s controller through the inlet port, the
mass flow sensor measures the amount of the gas ia tditime voltage signals generated by its
mass. These voltage signals are then used by the lmassehsor to adjust the proportional
control valve such that the amount of gas exiting the opblg matches the preset amount input
by the operator. Though analog mass flow controllerslesened to be used exclusively with a
specific gas, digital mass flow controllers can oftercalibrated and used to control a range of
gases.

The mass flow controllers measure the flow rate irsusfistandard cfrper minute
(sccm). This unit is simply the volume flow of ataém gas per unit time under standard
conditions. Specifically, the sccm is a unit descritiigflow rate of 1 cfhof gas per minute at
the standard pressure and temperature of 1 atm and 20 p&stresly. The use of standard
units of measurement is convenient because it facgitiiee comparison of measurements taken
under different conditions.

The conversion of sccm to more conventional unitsbeaachieved through the
manipulation of the Ideal Gas Law. As a practical eplanthe flow rate range of 100 to 1000
sccm, which is typically used in our experiments forAhdath gas, will be converted here to
umol s'. First, the Ideal Gas Law must be rearranged sottbanibe solved in terms of the
number of moles n, as below.

PV
n=—

" RT (A1)
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In equation Al, P is the standard pressure of 101,325 Pa)1Tarthe standard temperature
of 293.15 K (20 °C), R is the gas constant 8.314 J'i0, and V is the volume of gas desired,
which in this case is 1.0 x or® (100 cri). Solving equation Al based on the quantities given
above, n is found to be 4.16 x“1fol, which is the amount of gas flowed per minute. This
quantity is the same as 6qubol s, and similarly, it can be shown that 1000 sccm is|&98|

s, so the range of 100 to 1000 sccm corresponds to ~ 70 pni@IGs™.

A2. Calibration of Mass Flow Controllers

A Teledyne Hastings-Raydist bubble meter (HBM-1-A) wasdus calibrate the mass
flow controllers for Ar. The calibration relies @aacurately measuring the amount of time it
takes a flow controller to flow a specific volume osgeonverting this flow rate to that which
would occur under standard conditions, and comparing thisldictwaate to the one for which
the flow controller was manually preset. This is aedieby connecting the outlet port of the
flow controller to the bubble meter and monitoring theant the ensuing bubble is displaced
up the graduated cylinder of the bubble meter.

Tables Al — 4 contain the flow data for the four mass flontrollers calibrated. The
actual flows given in the last column of Tables A1 —aswalculated via equation A2, in which
V are the volumes in the second columns and t argntles in the third columns. Because the
local pressure measured is not directly comparable tcatiogrietric pressure usually reported at
standard conditions, gravity, temperature, and water \@pogctions were made to the room
pressure (746.0 torr) to yield the final laboratory pressuseatiard conditior§®?>* However,
the pressure was not corrected for elevation in oglat sea level. Specifically, the standard

gravity is the nominal acceleration due to gravity atHagh’s surface at a latitude of 45.5°,
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9.80665 m 3, the standard temperature is 293.15 K, and the water vagsupeeat that
temperature is subtracted from the atmospheric pressoréer to yield standard conditions in a
“dry” environment (zero water vapor pressure), attainingraimely standardized reference set of
conditions denoted Standard Temperature Pressure Dr{){ST#>2 These corrections were -
0.711, -3.024, and -23.876 torr for gravity, temperature, and waper effects, respectively,

and were derived by interpolating between the approprates given in the relevant tables of
the bubble meter manu@f The ratios of the corrected room pressure P (718.4t¢ostandard
pressure P(760 torr) and of the standard temperatuy€293.15 K) to the room temperature T

(298.15 K) are used to convert the actual flow rate to flte under standard conditions.

Actual Flow Rate= v XE XL (A2)
t P T

The reproducibility of the gas flows was graphically evadddiy plotting the actual
flows (F) against the flows displayed by the mass flowtrollers (F’), with the inclusion of the
origin (0,0). It was found that the slopes of lineatplaf F versus F’ were not statistically
different than those of graphs where F was constraméd proportional to F’, and that the
correlation coefficients, which are often interpredasda measure of the “goodness” of the fit,
were the same for both the linear and the proportisabr each flow controller. Therefore,
the proportional relation between F and F’ was sedeftteconvenience, as this simplifies the
error analysis and allows the slopes of such graphs &s$entially used as scaling factors.
Table A5 gives the slopes, the uncertainties in the s)japel the correlation coefficients of each
of the four graphs in which the actual flow rates wenestrained to be proportional to the
displayed flow rates. The four proportional graphssavn in Figures A1 — 4. The

uncertainty in the slopes was obtained using a linearseasres fitting algorithrif°
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Table Al. Flow rate data from the calibration of mié®ss controller 1.

Displayed Flow Volume Time Actual Flow
(sccm) (cnt) (min) (sccm)
2 1 1.188 0.783
2 1 1.214 0.766
2 1 1.235 0.753
5 4 1.815 2.048
5 3 1.378 2.023
5 2 0.915 2.031
10 4 0.872 4.265
10 3 0.642 4.342
10 4 0.869 4.279
15 7 0.991 6.564
15 7 0.988 6.586
15 7 0.990 6.574
19 9 0.997 8.391
19 9 0.992 8.432
19 9 0.994 8.414
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Table A2. Flow rate data from the calibration of mié®ss controller 2.

Displayed Flow Volume Time Actual Flow
(sccm) (cnt) (min) (sccm)
2 1 0.914 1.017
2 1 0.914 1.017
2 1 0.918 1.012
5 3 0.983 2.835
5 3 0.976 2.856
5 3 0.980 2.845
10 5 0.776 5.987
10 5 0.774 6.003
10 5 0.780 5.959
20 10 0.758 12.267
20 10 0.761 12.218
20 10 0.758 12.256
49 30 0.907 30.741
49 30 0.914 30.500
49 30 0.905 30.797
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Table A3. Flow rate data from the calibration of mié®ss controller 3.

Displayed Flow Volume Time Actual Flow
(sccm) (cnt) (min) (sccm)
2 4 1.100 3.379
2 4 1.097 3.390
2 4 1.100 3.379
5 10 0.892 10.415
5 10 0.888 10.472
5 10 0.888 10.462
10 20 0.838 22.190
10 20 0.833 22.319
10 20 0.835 22.265
20 50 1.025 45.322
20 50 1.024 45.395
20 50 1.025 45.359
50 100 0.819 113.456
50 100 0.818 113.595
50 100 0.821 113.249
80 200 1.030 180.407
80 200 1.008 184.404
80 200 0.995 186.813
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Table A4. Flow rate data from the calibration of mié®ss controller 4.

Displayed Flow Volume Time Actual Flow
(sccm) (cnt) (min) (sccm)
100 30 1.041 26.775
100 30 1.029 27.096
100 30 1.030 27.070
500 200 0.903 205.884
500 200 0.906 205.202
500 200 0.902 206.151
1000 400 0.860 432.110
1000 400 0.866 429.200
1000 400 0.866 429.365
1500 600 0.856 651.573
1500 600 0.859 649.171
1500 600 0.858 649.927
3000 1000 0.721 1289.038
3000 1000 0.718 1295.326
3000 1000 0.719 1292.923
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Table A5. Slopes, uncertainties, and correlation aoeffts for the actual flow vs. displayed

flow proportional fits.

Flow Controller Slope Uncertainty Correlation Coefficient
(#) (R?)
1 0.438 0.002 0.99982
2 0.623 0.002 0.99995
3 2.288 0.008 0.99984
4 0.431 0.001 0.99992
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APPENDIXB

TREATMENT OF UNCERTAINTY
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B1l. Uncertainty in Reactant Concentration and tleSe Order Rate Constant

The reaction between Cl atoms and benzene will beasad example throughout this
discussion, and the general uncertainty treatment odtiim#his section has been applied to the
projects involving chlorine atoms with ammonia (chaptemfl) lzenzene (chapter 6). The
concentration of benzene is calculated based onritislgaressure using the ideal gas law

relation

P
=i (B1)

where R is the gas constant and has a value 86 x@0" torr cn? moleculé* K. The partial

pressure of benzene is obtained from

Peaoun) _ Fegrs P,
PceHe = P — X = X Pt = @pup X —— % Py (B2)

tot (bulb) tot tot

whereayb is the ratio between the pressure of benzenehentbtal pressure in the bulb upon

dilution with Argon. Combining the above resulislgts

=
CeHs
a'bulb X X Ptot

[CH,]= e (B3)

and because the errors in each of the parametemsdapendent of one another, the overall

uncertainty in the concentration of benzene ismyive
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5 2 - 2 5 2 5 2 2
G[CBHB] — [CGHG]X [ Pot J + Feghg +[ Fot J +[ abumJ +[G_Tj (B4)
Ptot I:CGHG Ftot abulb T
where the §r/R)* term has been excluded because it is equal to zero
In the cases of partial pressure, total pressune temperature, the overall uncertainty is
composed of the instrumental uncertainty, repcaited percentage by the manufacturer, and the
precision limits for how well the instrument canread. These two sources of uncertainty are

independent and can thus be combined in quadrataigtain the overall uncertainty in the

guantity of interest. These considerations leaeguation B5 below,

2 2
o O ge
(5] oo @

where X is the quantity of interest, o is the reported proportional uncertainty in thergity,
andayet IS the uncertainty that arises from the precisimits for the detection of the quantity, or
how well the instrument can be read. Table B1 shibw values foo,op andoge: that pertain to
the measurements of the flow, pressure, and temoyperaBecaus,,iis simply the ratio of the

pressure of benzene to the total pressure in tie bu

2 2 2
(Gabulb ] — GPCeHe +(GF’mx ] (B6)
abuIb F)CGHG F)tot

As discussed in Appendix A, a bubble meter was tsedlibrate the mass flow

controllers, and the reproducibility of the gasmfowas then assessed graphically by plotting the
actual flows (F) against the flows displayed bycbatrollers (F’). F and F’ were found to be

nearly proportional in the case of each controfied the graphs were thus constrained to be
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proportional so that the slopes could be used as scalitaydacl herefore, since F is simply the

product of F’ and the scaling factor (m) for the mass-ftmntroller in question, this leads to

() (5 (2

where the last term concerning F’ is actually the quadgdietweeim,o, andoge; as in equation

B5 above, and’™ for all four flow controllers were generally inethhange of 0.4 to 1.4 %.
m

Finally, upon calculating the uncertainty in eautiividual flow, the squared uncertainty

in the total flow Ry is simply

N
2 _ 2
Or, =20 (B8)
i=1

where N is the number of flow controllers (or flgvesd is equal to 4 in the present case: one
each for the precursor and benzene, and two foorArg aking this squared uncertainty and
dividing it by R yields the desiredidzcontaining term in the initial overall expression the
uncertainty in the concentration of benzene giveeguation B4.

As explained in Chapter 2,4 is obtained at five different concentrations @& thactant
in excess at each set of conditions, and accotdieguation 2.7, a plot of thgskvs.
concentration data should be linear with slopard intercept k' (Figure B1). The line through
the data in Figure B1 represents a weighted liteset squares fit, which yields the statistical
uncertainty in the slope, which is taken to bedberall standard deviation (o}l in the second

order rate constant or the corresponding set of conditions.
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Figure B1. Pseudo-first-order decay coefficient for Cl in the pree of excessglls at 676 K
and 69 mbar total pressure with Ar. Error bars represéat The inset shows the signal
corresponding to the filled point.

B2. Alternative Treatment of the UncertaintieCioncentration and;k

Though the error propagation procedure proposed in sectias &) acceptable way of
treating uncertainties, a slight modification in theammer the uncertainties in the concentration
and the second order rate constant are handled wasdajated after further considerations.
These considerations led to the realization that thertaioties in temperature and the dilution

ratio ayuip are systematic in the course of a single determimatic,. Therefore it seemed more

appropriate to exclude these quantities from the calounlaf the uncertainty in concentration
and the weighted linear least squares fit, which are nteassess random errors and scatter.
This was achieved by simply removing the last two ternegjimation B4 and then performing

the least squares fits. The ensuing uncertainty isltdpe represents the statistical uncertainty in
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ki, which is then combined with the systematic unceresnti the temperature and the dilution

ratio to yield the overall@ uncertainty in k, as shown in equation B9.

1/2

2 2
2 Gab Ib Ot
O =\0gope) T —— | | — B9
“ ( Ip) (abulbj (Tj ( )
The kg values for the Cl + & and CI + @H, projects were obtained in this manner, and it was
found that in general,;kvalues obtained as described in this section are rtistlly different
than those obtained through the formalism proposedciioseB1. Therefore, it appears that the
uncertainty treatments set forth in sections B1 andri®2oth reasonable methods for data

analysis.

B3. Uncertainties in Arrhenius Parameters

As discussed in chapter 2, the Arrhenius equation carabgumated and rewritten in
linear form, as in equation B10.

In(k,) =-E_/Rx@/T) +In(A) (B.10)
According to equation B10, a plot of Infkagainst 1/T will result in a straight line with slope
and intercept of =R and In(A), respectively. The In(k) vs. 1/T data, glerith the associated
1o uncertainties in these quantities, are used in a wezightear fit performed with the aid of a
weighted linear least squares algorittth. Because when fitting a straight line through a
scattered set of data small changes in the slopelgolladfect the intercept, and vice versa, the
uncertainties in the two quantities are also correlaldds correlation of uncertainties naturally
affects the overall uncertainty in the y-coordin&tés) in this case, and therefore the assessment

of this correlation becomes necessary in order treectly evaluate the error margins of the
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second order rate constant Krhe magnitude of this correlation is reflected indbeariance
between the slope and the intercept, Cov(a,b), whislbeabtained from the off-diagonal
elements of the covariance matfiX. The weighted linear least squares algorithm used tinobta
the uncertainties in the Arrhenius parameters alsaledds the covariance, and the ensuing
uncertainties in the Arrhenius parameters are therb@u with the covariance to yield
statistical 95% confidence limits for Injk(and consequently also fof)kat each temperature
explored. Equation B11 below is used to calculate thanegiin the y-coordinate,

Var(y,) =c,” + (2/T)xCov(ab) + (2/T?) x5, (B.11)
wherea.? represents the variance in the intercept (In(8y)3,denotes the variance in the slope (-
EJ/R), and Cov(a,b) designates the covariance betweetwb quantities. As an example, the
uncertainties in the Arrhenius parameters and the @ between them in the$i+ Cl
reaction at 298 K will now be employed in the calcolatof the 95% confidence limits fog.k
The weighted linear least squares algorithm evaluated tegtamty in the intercept, the
uncertainty in the slope, and the covariance, and fchem to be 1.16 x 13) 6.51 K, and -6.99
x 102 K, respectively. Application of equation B.11 above yigldgrianced?) in In(ky) of
3.77 x 10" at 298 K, leading to @1y of 1.94 x 1, which can further be translated to @&z
of 3.88%. The combination obz in quadrature with a 5 % allowance for potential systemat
errors yields the final 95 % confidence limits fqrdf + 6.3% at 298 K. In general, the
covariance is negative, thus decreasing the uncertasbocmted with the y-coordinate, and
usually, it can be shown that possess the smallest uncertainty at the centrgleeture

considered.
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Table B1. Proportional errors and uncertainty arisiognfthe detection limits of the flow,

pressure, and temperature.

Property Oprop Description of Odet Description of
Opror Odet
Flow 0.01 Reported Instrumer 0.1-1.0 sccm How well mass
uncertainty flow controllers
can be read
Pressure 0.0025 Reported Instrumer 0.1-1.0 torr How well pressur:
uncertainty gauge can be read
Temperature 0.02 Calibration: shielde: 1.0K How well
and unshielded temperature gauge
thermocouples can be read
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STRUCTURAL PARAMETERS AND VIBRATIONAL FREQUENCIES
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Cartesian coordinates (A), unscaled vibrational frequeifcigd), and rotational constants

(GHz) of all stationary points identified in chapterg.4

C1. Parameters for the,BCl system obtained with QCISD/6-311G(d,p) theory

1. Cov HoS (AY)

Cartesian Coordinates

Frequencies

Rotational Constants

S 0.000000 0.000000 0.103091 1231 309.9 270.0 144.3
H 0.000000 0.963770 -0.824732 2767
H 0.000000 -0.963770 -0.824732 2783

2. CsAl CA)

Cartesian Coordinates Frequencies Rotational Constants
H 0.872837 -1.398064 0.966766 136 144.1 3.6 3.6

S -0.052899 -1.374380
H 0.872837 -1.398064
Cl -0.052899 1.458012

0.000

D00 284

-0.966166 296
0.000000 1228

2761
2778

3. C. TS1¢A)

Cartesian Coordinates
Cl 1.479654 0.003643
H -0.076714 -0.153297
S -1.476606 -0.073402
H -1.451713 1.265789

-0.0119
0.4292
-0.0164
0.0373

Frequencies

75 1400
58 201
137 402
21 993
1118
2757

256.9

Rotational Constants
3.4 3.4
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4. CsA2 (A"

Cartesian Coordinates Frequencies Rotational Constants
S 0.037351, 1.999655 0.000000 65 307.3 1.9 1.9
H -1.263720 2.332897 0.000Q000 124
H 0.031124 -0.698098 0.000000 212
Cl 0.037351 -1.978193 0.000000 320
2735
2989
5. C.TS2 ¢A)
Cartesian Coordinates Frequencies Rotational Constants
S 1.015611 -0.016261 -0.044859 1051 103.7 6.7 6.4
H 0.893582 1.669869 0.319693 454
H 1.017778 -1.310546 0.416333 533
Cl -1.068303 -0.005832 -0.001076 689
977
2379

6. C.HCI(*Zh

Cartesian Coordinates Frequency Rotational Constants
Cl 0.000000 0.000000 0.0708Y6 3049 317.0 317.0
H 0.000000 0.000000 -1.2048p4

7. C.vSH @)

Cartesian Coordinates Frequency Rotational Constants
S 0.000000 0.000000 0.079006 2735 286.9 286.9
H 0.000000 0.000000, -1.264004

8. C.HSCI (A)

Cartesian Coordinates Frequencies Rotational Constants
S 0.039169 1.032567 0.000000 511 293.2 6.9 6.7
Cl 0.039169 -1.040233 0.000000 935
H -1.292570 1.162885 0.000000 2764
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C2. Parameters for the NBI system obtained with CCSD(T)/aug-cc-pVTZ theory.

1. Csv NHs (*A)

Cartesian Coordinates Frequencies Rotational Constants
N 0.000000 0.000000 0.1160061063 296.8 296.8 189.8
H 0.000000 0.938347 -0.2706801672
H 0.812633 -0.469174 -0.2706801673
H -0.812633 -0.469174 -0.270680 3463

3592

3593
2. Cay NH; (°By)
Cartesian Coordinates Frequencies Rotational Constants
N 0.000000 0.000000  0.1423771540 698.7 388.5 249.7

H 0.000000 0.803312 -0.4983213360
H 0.000000 -0.803312 -0.4983213454

3. C. HCI(Z

Cartesian Coordinates Frequency Rotational Constants
Cl 0.000000 0.000000  0.071050 2991 315.4 315.4
H 0.000000 0.000000 -1.2078483

4. Cz Al (CA)

Cartesian Coordinates Frequencies Rotational Constants
Cl 0.000000 0.000000 0.91443244 1606 173.2 6.9 6.9
N  0.000000 0.000000 -1.62316975 3512

H 0.000000 0.982389 -1.39438878 3695

H 0.850774 -0.491194 -1.39438%44 3696

H -0.850774 -0.491194 -1.3943891606

5. Ca A2 (°By)

Cartesian Coordinates Frequencies Rotational Constants
N  0.000000 0.000000 -2.068Q03252 1538 3809 41 41
H 0.000000 0.000000 -0.122792459 2723

Cl 0.000000 0.000000 1.17581211 3388

H 0.000000 0.811374 -2.69489%55 3486

H 0.000000 -0.811374 -2.694898569
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6. Cav A3 (CA))

Cartesian Coordinates

Cl  0.000000 0.000000
N  0.000000 0.000000
H 0.000000 0.963339
H 0.834276 -0.481670
H -0.834276 -0.481670

Frequencies
0.919601286 1644
-1.47099819 3492
-1.778714321 3652
-1.778742004 3653
-1.7787421644

Rotational Constan
180.1 7.2 7.2

(s

7. CsAbs TS (A)

Cartesian Coordinates

N  0.031279  1.734169
H 0.356870 0.430096
Cl 0.031279 -0.965704
H -0.553787  1.923843
H -0.553787 1.923843

Frequencies
0.00000®774 1153
0.00000@103 1562
0.00000@139 3410
0.81858%82 3512

-0.8185891064

Rotational Constan
243.8 6.1 6.1

(s

8. Ca Inv TS ¢Ay)

Cartesian Coordinates

Cl  0.000000 0.000000
N  0.000000 0.000000
H 0.000000 0.996751
H 0.863212 -0.498375
H -0.863212 -0.498375

Frequencies
0.90605885 1583
-1.57730827 3551
-1.45395@84 3756
-1.453950389 3757
-1.4539501581

Rotational Constan
168.2 7.1 7.1

(s

9. C, PCETTS1B))

Cartesian Coordinates

N 0.000000 0.000000
H 0.000000 0.000000
Cl 0.000000 0.000000
H 0.000000 0.858280
H 0.000000 -0.858280

Frequencies
-1.760877.791 1466
-0.63984a319 1573
1.033438269 3511
-2.30123®07 3640
-2.301230808

Rotational Constant|
340.4 55 55
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C3. Parameters for thesBsCl system and thegBlg-HCI Complex obtained with

MPWB1K/MG3 theory.

1. DenBenzene@y)

Cartesian Coordinates
0.000000  1.378955
1.194210 0.689477
1.194210 -0.689477
0.000000 -1.378955

-1.194210 -0.689477

-1.194210 0.689477
0.000000 2.454934
2.126035  1.227467
2.126035 -1.227467
0.000000 -2.454934

-2.126035 -1.227467

-2.126035  1.227467

ITIIITIITOOOOOOON

0.000(
0.000(
0.000(
0.000(

Frequencies
00419 1026
00419 1036
00620 1038
00620 1052

0.000000708 1089

0.000(
0.000d
0.000d
0.000(¢
0.000(¢
0.000(
0.000(¢

00728 1089
00894 1187
00894 1221
0a026 1221
00
00
00

Rotational Constants

1372 3267 5.8 5.8 2.9
1406 3267

1551 3277

1551

1702

1702

3240

3251

3251

2. Cy Bz-Cl Complex 1By)

Cartesian Coordinates
0.000000  0.000000
0.000000  0.000000
0.000000  1.193969
0.000000 -1.193969
0.000000  1.193838
0.000000 -1.193838
0.000000 2.125868
0.000000 -2.125868
0.000000 2.125713
0.000000 -2.125713
0.000000  0.000000
0.000000  0.000000
0.000000  0.000000

OIOIIITTOOOOITO

-3.01296%9
-4.0889380

Frequencies

-0.406477
-0.254459
0.821439
4.036594

895 1187 3241 5.8 0.59 0.53
896 1220 3250

-2.32345%7 1026 1221 3254

-2.32345319 1027 1374 3267

-0.94441420 1037 1406 3271

-0.94441621 1039 1552 3280

-2.86131622 1052 1554

-2.861317709 1089 1702

-0.40647729 1091 1704

Rotational Constan

s
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3. Cyp Transition State’f)

Cartesian Coordinates

Frequencies

Rotational Constan

(s

C 0.000000 0.000000 -2.60734325 691 1105 1783 5.7 0.95 0.82
H 0.000000 0.000000 -3.6827417 756 1195 3249
C 0.000000 1.199871 -1.92688260 839 1199 3256
C 0.000000 -1.199871 -1.926882411 937 1337 3270
C 0.000000 1216547 -0.541282416 988 1358 3274
C 0.000000 -1.216547 -0.54128556 1013 1508 3279
H 0.000000 2.130171 -2.467803%95 1033 1508
H 0.000000 -2.130171 -2.467803608 1054 1637
H 0.000000 2.138065 0.01242%74 1077 1702
H 0.000000 -2.138065 0.012425
C 0.000000 0.000000 0.064365
H 0.000000 0.000000 1.700892
Cl  0.000000 0.000000 3.045202
4. Cy Ph-HCI Complex?A,)
Cartesian Coordinates Frequencies Rotational Constan
C  0.000000 0.000000 -2.696528 41i 687 1103 2630 5.7 0.85 0.74
H  0.000000 0.000000 -3.771929 36 748 1194 3247
C  0.000000 1.199810 -2.015773 g9 839 1199 3254
C  0.000000 -1.199810 -2.015773
C  0.000000 1.216211 -0.629630 2% 1903020 1235’5?;4 gg%
C 0000000 -1216211 -0.629630 ;20 1011 1508 3278
H  0.000000 2.130028 -2.557097
H  0.000000 -2.130028 -2.557097 49> 1032 1514
H  0.000000 2.139796 -0.078822 295 1055 1637
H 0.000000 -2.139796 -0.078822 625 1080 1701
C  0.000000 0.000000 -0.024138
H  0.000000 0.000000 1.950236
Cl  0.000000 0.000000 3.244845

(s
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5. Ca Phenyl Radical’A;)

Cartesian Coordinates

C 0.000000  0.000000 -1.3064
H 0.000000  0.000000 -2.3819
C 0.000000  1.198987 -0.6237
C 0.000000 -1.198987 -0.6237
C 0.000000 1.212577 0.7621
C 0.000000 -1.212577 0.7621
H 0.000000 2.129339 -1.1655
H 0.000000 -2.129339 -1.1655
H 0.000000 2.138348 1.3100
H 0.000000 -2.138348 1.3100
C 0.000000 0.000000 1.3784

Frequencies
16 408 1008 1503
39 436 1030 1513
#6 509 1055 1640
#6619 1078 1700
33 693 1103 3241
gg 744 1193 3247
L5849 1198 3261
bg 928 1334 3264
ha1001 1359 3274

12

Rotational Constant]
6.4 57 3.0

6. C.wHydrogen Chloride'g")

Cartesian Coordinates Frequency
Cl 0.000000 0.000000 0.070496 3067.0
H 0.000000 0.000000 -1.198425

320.4

Rotational Constant
320.4
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7. CsBz-CI' Adduct €A")

Cartesian Coordinates

Frequencies

Rotational Constant]

C  -2.258681 1.940891 0.0000p0 8 895 1188 3240 5.8 0.60 0.54
H  -3.139609 2558701 0.000000 51 895 1222 3250
C -2.379646 0.567525 0.000000 76 1026 1223 3252
C  -1.008500 2522921  0.000000 419 1027 1379 3267
C  -1250440 -0.223977  0.000000 ,50 1039 1408 3268
C 0120560 1731239  0.000000 (5o 1000 Tees 3975
H  -3.355070 0.113395  0.000000
H  -0.914138 3.594740 0.000000 627 1053 1559
H  -1.344319 -1.295880 0.000000 708 1095 1706
H 1.095937 2.185501  0.000000 730 1097 1708
C  0.000000 0.357765  0.000000
H  0.880096 -0.261044  0.000000
Cl 2790432 -2.839623  0.000000
8. CsPh-HCI' AY)
Cartesian Coordinates Frequencies Rotational Constant
C  -0.237448 1.416871 0.0000p0 43 687 1106 2636 5.7 0.85 0.74
C -1.571616  1.792544  0.000000 54 750 1195 3245
C  -2564101 0.834392 0.000000 g2 841 1201 3253
C  -2.250274 -0.508874 0.000000 358 933 1336 3265
C  -0.925560 -0.916120  0.000000 411 1001 1360 3270
C  0.000000 0.078892  0.000000 ,= 10:5 1507 3976
H 0551827 2.147196  0.000000
H  -1.827499 2.837970 0.0000p0 49> 1034 1517
H  -3.595395 1.139197 0.000000 298 1056 1642
H  -3.032705 -1.247836 0.0000p0 628 1083 1702
H  -0.658519 -1.957853  0.000000
H 1.864620 -0.589048  0.000000
Cl  3.058333 -1.089168  0.000000
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9. Cg Bz-HCI Adduct tA,)

Cartesian Coordinates Frequencies Rotational Constants
Cl  0.000000 0.000000 2.561457 56 718 10881698 29 1.2 1.2
0.000000  0.000000 1.286330 0 743 1090 1700

0.000000 1.380013 -1.067765 g7 904 1188 3025

1195127  0.690007 -1.067765 156 Qo4 1221 3246

1.195127 -0.690007 -1.067765 151 1036 1222 3256

0.000000 -1.380013 -1.067765

1195127 -0.690007 -1.0677p5 420 1037 1371 3256

-1.195127  0.690007 -1.0677p5421 1039 1406 3271

0.000000 2.455711 -1.065261 620 1050 1550 3271

2.126708 1.227855 -1.065261 621 1062 1552 3281

2.126708 -1.227855 -1.065261

0.000000 -2.455711 -1.065261

-2.126708 -1.227855 -1.065261

-2.126708  1.227855 -1.065261

ITIITIIITIOOOOOOI

10. Csn-Ph-HCI €A

Cartesian Coordinates Frequencies Rotational Constant
C  -1.101837 1.313954 0.000000 54 698 11033015 3.0 1.2 1.2
H  -1.005623 2.389183 0.000000 58 752 1195 3247
C  -1.101800 0.631362 1199611 g2 857 1199 3253
C  -1101800 0631362 -1199%11159 93 1334 3265
C  -1101800 -0.755587  1.213264 795 1003 1358 3267
C  -1101800 -0.755587 -1213264 00 1017 1e03 3078
H  -1.096202 1.173118 2.129558

H  -1.096202 1173118 -2.120568 439 1043 1512

H  -1.097857 -1.303551 2.138896 0299 1054 1637

H  -1.097857 -1.303551 -2.138896 619 1078 1697

C  -1.103827 -1.372707  0.000000

H  1.324821 -0.228881  0.000000

Cl 2578594 -0.003307 0.000000
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11.Cs 0-n1 Adduct €A)

Cartesian Coordinates Frequencies Rotational Constant
C  -0.478654 2059839 0.000000 94 796 11823156 4.4 1.7 1.4
H  -0.470739 3.134366 0.000000 216 875 1192 3251
C  -0496842 1358955 1.210381310 914 1224 3255
C  -0.496842 1.358955 -1.21038l 251 1014 1359 3273
C 0496842 0008352 1.233209 4,c> 1016 1390 3275
C  -0496842 0008352 -1.233209 coo 1070 1467 3283
H  -0.521980 1.905050 2.137102
H  -0521980 1.905050 -2.137102 291 1030 1490
H  -0.512945 -0.531329 2.162900 647 1065 1596
H  -0.512945 -0.531329 -2.162900 799 1154 1651
C  -0.414799 -0.774968  0.000000
H -1.086225 -1.623753  0.000000
Cl  1.230103 -1.669115  0.000000

12.Csm-n1 Adduct €A)

Cartesian Coordinates Frequencies Rotational Constant
C  -0.695195 1917664 0.000000 62 874 11913253 38 16 1.4
H  -0.691417 2.993540 0.000000 87 919 1211 3266
C -0.697108 1.233419 1.202296 161 1009 1220 3270
C  -0.697108 1233419 -1.202296 403 1028 1378 3281
C  -0697108 -0.136652 1207987 40, 1034 1405 3283
C  -0.697108 -0.136652 -1.207987 o0 1026 1231 3203
H  -0.696630 1.777083  2.129820

H  -0.696630 1.777083 -2.1208po 612 1049 1547

H -0.694218 -0.681880 2.1340p1 687 1071 1653

H  -0.694218 -0.681880 -2.134061 744 1091 1680

C  -0.677365 -0.838962  0.000000

H  -0.804332 -1.905185  0.000000

Cl 1720200 -1.347775 0.000000
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13.Cs o-1-n1 Transition State’f\)

Cartesian Coordinates

Frequencies

Rotational Constant]

C  -0595159 1.974189 0.000000 234 842 1183 3254 4.1 17 1.4
H  -0.589652 3.049581 0.000000 113 929 1195 3262
C  -0.610756 1.284489 1.206887 154 949 1219 3264
C  -0.610756 1.284489 -1.2068B7 359 1020 1365 3276
C  -0610756 -0.076580  1.219267 40a 1025 1400 3283
C  -0610756 -0.076580 -1219267 oo 1034 1e08 3087
H -0.632716 1.830221 2.133119
H  -0.632716 1.830221 -2.1331f9 298 1052 1523
H  -0.626392 -0.621942 2.145010 659 1064 1614
H  -0.626392 -0.621942 -2.145010 748 1081 1653
C  -0.527138 -0.807378  0.000000
H  -0.886740 -1.820143  0.000000
Cl  1.493326 -1.478927  0.000000
14.Csn-n Transition State’f’)
Cartesian Coordinates Frequencies Rotational Constant
Cl -1.774253 1.275557 0.000000 54i 881 1195 3253 3.7 16 1.4
C 0718503 -0.522637 1.388337 82 914 1218 3265
C 0.718503 -0.522637 -1.38833B7 190 1016 1220 3271
C 0713099 -1.704054 0.695183 205 1031 1396 3280
C 0718503 0.677911 0.697317 413 1035 1407 3284
C 0718503 0677911 -0.6973L7 (1o 1038 1e39 3008
C  0.713099 -1.704054 -0.695133
H 0709175 -2.639407 1.226317 0614 1057 1545
H  0.754038 1.611188 1.227843 /16 1077 1672
H 0.754038 1.611188 -1.227843 724 1091 1683
H 0709175 -2.639407 -1.226317
H 0717304 -0.521338 -2.463206
H 0717304 -0.521338 2.463226
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15. Cgy 1-N Transition State?f\;)

Cartesian Coordinates

Cl

ITIIIITOOOOOON

0.000000
0.000000
0.000000
1.194630
-1.194630
-1.194630
1.194630
0.000000
0.000000
2.126283
-2.126283
-2.126283
2.126283

0.000000
1.379440
-1.379440
0.689720
-0.689720
0.689720
-0.689720
2.455220
-2.455220
1.227610
-1.227610
1.227610
-1.227610

2.3057
-0.9332
-0.9332
-0.9332
-0.9332
-0.9332
-0.9332
-0.9332
-0.9332
-0.9332
-0.9332
-0.9332
-0.9332

Frequencies
791321

91
91
91
91
91
91
01
91
01
91
91
91

153
179
421
435
622
622
713
733

749

906
1032
1034
1035
1039
1050
1062
1091

1187
1221
1221
1369
1406
1406
1555
1701
1703

3244
3254
3254
3269
3270
3279

Rotational Constants
2.9 15 15
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C5. Parameters for thesBsCl system and thegBs-HCI Complex obtained with QCISD/6-

311G(d,p) theory.

1. DenBenzene'dyy)

Cartesian Coordinates
0.000000  1.399868
1.212321 0.699934
1.212321 -0.699934
0.000000 -1.399868

-1.212321 -0.699934

-1.212321  0.699934
0.000000 2.486896
2.153715 1.243448
2.153715 -1.243448
0.000000 -2.486896

-2.153715 -1.243448

-2.153715 1.243448

ITIITITOOOOOO

0.00000(b11 1009
0.00000(615 1017
0.00000®615 1065
0.00000(685 1065
0.000000854 1161
0.000000854 1202
0.00000®19 1202
0.000000

0.000000

0.000000

Frequencies
0.00000B96 937 1294 3212
0.00000B96 937 1380 3212
1524 3223

1524
1663
1663
3185
3195
3195

Rotational Constants
57 5.7 2.8

2. Cy Bz-Cl Complex 1By)

Cartesian Coordinates
0.000000  0.000000
0.000000  0.000000
0.000000 1.212275
0.000000 -1.212275
0.000000 1.211994
0.000000 -1.211994
0.000000 2.153748
0.000000 -2.153748
0.000000 2.153299
0.000000 -2.153299
0000000  0.000000
0.000000 0.000000
0.000000  0.000000

OIOITITITOOOOIO

Frequencies
-3.02995610 855
-4.1170427 859
-2.32993135 921
-2.32993B96 937
-0.93007897 943
-0.93007805 1009
-2.87343®615 1017
-2.87343616 1065
-0.38626%89 1066
-0.386268

-0.229492

0.856988

4.026839

1162 3185
1202 3195
1204 3198
1295 3211
1381 3216
1524 3226
1525
1663
1663

Rotational Constants
5.7 059 0.53
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3. Cyp Transition State’f)

(s

Cartesian Coordinates Frequencies Rotational Constan
C  0.000000 0.000000 -2.604435512 731 1089 1684 5.6 0.97 0.83
H  0.000000 0.000000 -3.690901 61 738 1144 3196
C  0.000000 1.213711 -1.914205 71 829 1162 3205
C  0.000000 -1.213711 -1.91420540] 838 1197 3220
C 0000000 1230426 -05140%4 ,0. goo 1249 3297
C 0000000 -1.230426 -0.514054 ,c oo 554 3550
H 0000000 2.153484 -2.460731
H  0.000000 -2.153484 -2.460731 484 965 1438
H 0000000 2.161054 0.045098 215 1023 1513
H 0.000000 -2.161054  0.045098 601 1052 1639
C  0.000000 0.000000 0.110038
H  0.000000 0.000000 1.615079
Cl  0.000000 0.000000 3.000740

4. Cy Ph-HCI Complex?A,)

Cartesian Coordinates Frequencies Rotational Constan
C  0.000000 0.000000 -2.834905 13 624 1085 2948 5.6 0.74 0.65
H  0.000000 0.000000 -3.921378 8 727 1160 3193
C  0.000000 1.213715 -2.143929 54 831 1191 3201
C  0.000000 -1.213715 -2.143929 557 @97 1248 3216
C  0.000000 1.229893 -0.742438
C  0.000000 -1.229893 -0.742438 ggg 82411 ij’ég gggg
H 0000000 2.153416 -2.6910%4
H 0000000 -2.153416 -2.6910%4 426 981 1497
H 0000000 2.164519 -0.189289 246 1031 1628
H 0.000000 -2.164519 -0.189289 600 1063 1679
C  0.000000 0.000000 -0.117484
H  0.000000 0.000000 2.234926
Cl  0.000000 0.000000 3.517522

(s
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5. Ca Phenyl Radical’A;)

Cartesian Coordinates

Frequencies

Rotational Constant]

C  0.000000 0.000000 -1.323800399 966 1481 6.3 56 3.0

H  0.000000 0.000000 -2.410452 427 981 1497

C  0.000000 1.213297 -0.631704585 1030 1631

C 0000000 122724y 0veosey 008 1062 1678

C  0.000000 -1.227247 0.769537 %g ﬂgg gigg

H  0.000000 2.152865 -1.179520

H  0.000000 -2.152865 -1.1795p0 840 1190 3213

H  0.000000 2.162505 1.321982 900 1250 3217

H 0.000000 -2.162505 1.321982 992 1321 3223

C  0.000000 0.000000 1.402389

6. C.vHydrogen Chloride’.,)

Cartesian Coordinates Frequency Rotational Constant
Cl 0.000000 0.000000 0.0708Y6 3048.7 317.0

H 0.000000 0.000000 -1.2048p4
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7. Cev Bz-HCI Adduct {A,)

Cartesian Coordinates Frequencies Rotational Constant
Cl  0.000000 0.000000 2.650128 18 616 10651660 29 1.2 1.2
0.000000 0.000000 1.371282 18 691 1065 1660

0.000000  1.400585 -1.105598 70 859 1164 3026

1212942  0.700292 -1.105598 159 859 1204 3190

1212942 -0.700292 -1.105598 150 921 1204 3200

0.000000 -1.400585 -1.105508

1212942 -0.700292 -1.1055pg 393 940 12953200

-1.212942  0.700292 -1.105508 393 940 1381 3217

0.000000 2.487382 -1.103645°04 1013 1523 3217

2.154136  1.243691 -1.103645 616 1016 1523 3227

2154136 -1.243691 -1.103645

0.000000 -2.487382 -1.103645

2154136 -1.243691 -1.103645

2154136  1.243691 -1.103645

ITIITIIITIOOOOOOI

8. Csn-Ph-HCI €A)

Cartesian Coordinates Frequencies Rotational Constant
-1.129544  1.381602 0.000000 26 619 10853023 3.0 1.2 1.2
-1.126361  2.467940 0.000000 32 733 1162 3195
-1.129317 0.689506 1.213874 66 845 1192 3202
-1.129317  0.689506 -1.2138f4 153 go4 1252 3217
-1.129317  -0.712702 122795 14c  g5a 1321 3220
1129317 -0.712702  -1.227975 300 oon a0 3997
-1.126297  1.237011  2.153262
11126297 1237011 -2.153262 426 985 1496
-1.127816 -1.265138 2.163184 279 1030 1628
-1.127816 -1.265138 -2.163184 603 1062 1676
-1.130935 -1.346276  0.000000
1.373189 -0.275765  0.000000

| 2.642817 -0.121736  0.000000

OIOIIITIITIOOOOIO
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9. Cs0-n: Adduct ¢A’)

Cartesian Coordinates Frequencies Rotational Constant
C  -0.418550 2.150873 0.000000 71 767 11783091 45 1.7 1.3
H  -0.418550 3.236285 0.000000 232 818 1202 3196
C -0.418550  1.433672 1.231156 320 898 1255 3199
C  -0.418550 1.433672 -1.231156 405 go5 1317 3217
C  -0.418550 0.065375 125472 447 945 1364 3219
C  -0.418550 0.065375 -12547]2.o3 oor 1454 3930
H  -0.418550 1.984701 2.168256
H  -0.418550 1.984701 -2.168266 286 995 1464
H  -0.418550 -0.480317 2.194062 629 1037 1562
H  -0.418550 -0.480317 -2.194052 701 1115 1618
C  -0.418550 -0.746018  0.000000
H  -1.230205 -1.480786  0.000000
Cl  1.081809 -1.834233  0.000000

10. Cs -n1 Adduct €A)

Cartesian Coordinates Frequencies Rotational Constant
C  0.000000 -0.758242 1.935580 50 868 11563196 3.6 1.5 1.3
H  0.000000 -0.758242 3.022525 71 898 1205 3207
C 1213095 -0.758242 1.240695101 951 1210 3209
C  -1213095 -0.758242 1240695395 959 1279 3223
C  1.215498 -0.758242 -0.150690

C  -1.215498 -0.758242 -0.150690 ggg 1%7100 1?;23 §§§§
H 2152382 -0.758242 1.7867V2

H  -2.152382 -0.758242 1.7867y2 61> 1019 1531

H 2153531 -0.758242 -0.6986p1 617 1068 1664

H  -2.153531 -0.758242 -0.698621 712 1076 1674

C  0.000000 -0.758242 -0.854938

H 0000000 -0.846194 -1.937073

Cl  0.000000 1.878478 -1.342669
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11.Cs o-n-n; Transition State’f\)

Cartesian Coordinates Frequencies Rotational Constant
C  -0.607837 2.034593 0.000000229 839 1159 3201 4.0 1.6 1.4
H -0.607837 3.121185 0.000000 107 901 1179 3211
C  -0.607837 1335081 1.221942 141 924 1206 3218
C 0607837 1.335081 -1.221942 351 943 1208 3228
C  -0.607837 -0.048517 1.230415

C  -0.607837 -0.048517 -1.2304015 ggé 1382 1282 gggg
H  -0.607837 1.884205 2.159283

H  -0.607837 1.884205 -2.159283 600 1038 1508

H  -0.607837 -0.600429 2.1652p3 606 1061 1599

H  -0.607837 -0.600429 -2.165223 719 1075 1625

C  -0.607837 -0.780547  0.000000

H  -0.965531 -1.804542  0.000000

Cl 1522756 -1.579249  0.000000

270



C4. Parameters for the,B4Cl system obtained with QCISD/6-311G(d,p).

1. C.HCI(*=Zh

Cartesian Coordinates Frequency Rotational Constants
Cl 0.000000 0.000000 0.0708Y6 3049 317.0 317.0
H 0.000000 0.000000 -1.204894

2. DanGoHa (Ay)

Cartesian Coordinates Frequencies Rotational Constants
C 0.000000 0.000000 0.66926830 1486 146.2 29.8 24.8
C 0.000000 0.000000 -0.6692622 1691

H 0.000000 0.926030 1.23860®68 3153

H 0.000000 -0.926030  1.2386031054 3172

H 0.000000 -0.926030 -1.2386P31241 3234

H 0.000000 0.926030 -1.2386031381 3260

3. CsGH3(%A)

Cartesian Coordinates Frequencies Rotational Constants
C 0.050534 -0.591516  0.000Q00040 1639 2309 32.3 283
C 0.050534 0.728180 0.00000(26 3097

H 0.974473 -1.166790 0.00000®25 3200

H -0.881748 -1.163207 0.0000001081 3262

H -0.699131 1510017 0.000000408

4. CsCHsCl (*A)

Cartesian Coordinates Frequencies Rotational Constants
C 1.305757 1.031828 0.00000@102 1326 57.0 6.0 5.4
C 0.000000 0.761421 0.00000®24 1425
H 2.056352 0.248343 0.000000042 1677
H 1.636754 2.065740 0.00000®01 3179
H -0.773457 1.520350 0.00000@78 3241
Cl -0.632600 -0.858466 0.0000001056 3277
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5. D.nHz (*Zg)

Cartesian Coordinates Frequency Rotational Constants
H 0.000000 0.000000  0.371745 4420 1814.3 1814.3
H 0.000000 0.000000 -0.37174

OT

6. CsPB-CoH4Cl (CA)

Cartesian Coordinates Frequencies Rotational Constants
Cl -0.712457 -0.824097  0.0000p0218 1102 3174 41.7 55 5.0
C 0.000000 0.861796  0.00000(B08 1290 3187

C 1.478809 0.805591 0.00000®02 1325 3285

H -0.394423 1.346390 0.893426685 1485

H -0.394423 1.346390 -0.8934R6791 1516

H 2013881 0.656276 -0.9318941101 3125

H 2013881 0.656276 0.931894

7. C]_ G-CzH4C| (ZA)

Cartesian Coordinates Frequencies Rotational Constants
H -1.587784 -1.094468 -0.706178L77 1135 3097 32.7 5.7 52
C -1.649970 -0.268304 0.01088330 1339 3139

C -0.444212 0.607940 -0.08139@38 1437 3239

H -1.756295 -0.707740 1.0145(1755 1488

H -2.550351 0.316884 -0.2035431025 1504

H -0.456770 1.652557 0.204984061 3020

Cl 1.112723 -0.129709 0.006659

8. C.B-Disp TS (A)

Cartesian Coordinates Frequencies Rotational Constants
C -1.616602 -0.368387 0.0114B91069 872 3180 36.9 57 53
C -0.555520 0.451466 -0.1729D2388 997 3240

H -2.616293 0.003115 -0.1907R1461 1060 3283

H -1.504196 -1.357979  0.4408R7468 1305

H -0.622686  1.388956 -0.711942617 1407

Cl 1.082410 -0.123021 0.00516738 1588

H -0.625072  1.558786  1.342481
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9. C,a-Disp TS €A)

Cartesian Coordinates

C 0.475636 0.556653
C 1.580658 -0.169034
H 0.497054  1.595041
Cl-1.118279 -0.121199
H 2545956  0.327045
H 1517396 -1.186300

0.04041392 931 3180 38.9 55 5.1
-0.2151p68245 970 3244

0.34839871 1063 3281

-0.000454407 1319

-0.233303683 1412

-0.586762750 1613

H 2112579 -1.001117 1.527914
10.C; Elim TS €A)
Cartesian Coordinates Frequencies Rotational Constants

C 1.727901 -0.393084
C 0.947439 0.716214
H 1.723178 -1.231290
H 2.468218 -0.399356
H 0.917343  1.582790
H 0.430945 -0.436406
C

0.0166021397% 1050 3125 34.4 44 4.0
-0.222713@47 1149 3217

-0.6776[L7385 1155 3232

0.817562389 1386

0.43400832 1507

0.404085892 1636

Frequencies Rotational Constants

-1.270101 -0.085560 0.015218
11.C; Iso TS A)
Cartesian Coordinates Frequencies Rotational Constants

H 1.297882  0.323507
C 1.676220 -0.321697
C 0.492499 0.565718
H 1535191 -1.385487
H 2569548 0.043952
H 0568171 1.578653
Cl-1.116653 -0.119103

1.04235@2154 1052 3173 43.2 5.5 5.0
-0.047648312 1178 3225

0.05798173 1275 3300

0.098684719 1346

-0.542544735 1449

-0.320469771 2219

-0.020002

D

12.C; Abs TS (A)

Cartesian Coordinates

C -2.061235 -0.436022
H -1.684075 -1.455914
H -3.144242 -0.300071
C -1.255316 0.608939
H 0.165635 0.287112
H -1.385572 1.685266
Cl 1.526327 -0.073759

Frequencies Rotational Constan
0.00000@841 826 3127 41.8 3.1 28
-0.000007122 932 3227

0.0000(L1284 942 3255

-0.00000827 1183

-0.00000B45 1406

0.00000372 1661

0.000000

(s
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13.Cs Add TS ¢A))

Cartesian Coordinates

Frequencies

Rotational Constan

(s

(s

C 0.657715 -1.511599 0.00000@31 1012 3185 25.8 46 4.1
C -0.655487 -1.169911 0.00000048 1244 3262

H 1.208948 -1.625673 0.92873831 1351 3287

H 1208948 -1.625673 -0.928734834 1485

H -1.215630 -1.098404  0.9269pR6933 1630

H -1.215630 -1.098404 -0.9269261005 3171

Cl 0.000000 1.266895 0.000000

14.Cy AL (A1)

Cartesian Coordinates Frequencies Rotational Constan
Cl 0.000000 0.000000 1.302141134 1019 3181 24.5 44 3.9
C 0.000000 0.674728 -1.38240234 1241 3255

C 0.000000 -0.674728 -1.38240255 1372 3280

H 0.927734 1.239452 -1.38689@34 1486

H -0.927734  1.239452 -1.3868PM76 1658

H -0.927734 -1.239452 -1.38689(M95 3167

H 0.927734 -1.239452 -1.386890

15.Cs A2 (A)

Cartesian Coordinates Frequencies Rotational Constan
C 0.705615 -2.229440 0.00000@4 807 3098 34.4 22 20
H -0.379840 -2.145766  0.00000085 929 3200

H 1119141 -3.241963 0.00000@3 1078 3268

C 1.492939 -1.171951  0.000Q00@29 1409

H 0.000000 0.695792  0.00000285 1640

H 2556470 -0.967904 0.000Q0040 2966

Cl -0.969829 1.533423 0.000000

(s
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16. Cs a-Chloroethyl Torsion TS?A")

Cartesian Coordinates

H
C
C
H
H
H

-1.928186
-1.493397
0.000000
-1.863933
-1.863933
0.642010

Cl 0.822025

-0.203862
0.799274
0.730916
1.333899
1.333899
1.601305

-0.779199

Frequencies

0.000000201i
0.0000D0183
0.000000369
0.885774752
-0.8857[74997
0.0000001057
0.000000

1132 3079 43.6
1351 3147
1437 3257
1488

1508

3029

Rotational Constantg

54 4.9

D

17.Csa-Chloroethyl Inversion TSA”)

Cartesian Coordinates

H
C
C
H
H
H
C

1.848362
1.491298
0.000000
1.898579
1.898579
-0.635909

| -0.821023

1.800392
0.765688
0.746421
0.257029
0.257029
1.620305
-0.765142

0.0000
0.0000
0.0000
0.8847;
-0.8847
0.0000
0.0000

Frequencies

D0282
DO175
D0345
3758
231015
D01068
DO

1138
1333
1439
1484
1507
3029

3080 42.1
3137
3266

Rotational Constantg

5.5 5.0

D

18. Cs B-Chloroethyl Torsion TS?A")

Cartesian Coordinates

Cl -0.720804
0.000000
1.492358

-0.386484

-0.386484
2.041957
2.030525

C
C
H

H
H
H

-0.816277
0.824575
0.780895

1.342711
1.342711
1.716965
-0.158502

0.0000
0.0000
0.0000

0.8847

-0.8847
0.0000
0.0000

D0220
0B64
0®B67
DO706
00899
0aoo7
DO

Frequencies

1118
1182
1358
1477
1489
3065

3104 359
3179
3298

Rotational Constants

58 5.1
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APPENDIXD

GUIDE TO THE OPERATION OF THE MULTIWELL 2008.3 PROGRAMJ$TE
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D1. Overview

The use of the Multiwell Program Suite (version 2008 ®) obtain thermal rate
constants for recombination reactions from the kireatiglysis of an adduct assumed to be
formed with the initial energy distribution corresparglio chemical activation is outlined in
this appendix. It should be noted that this appendix isntenided to substitute the user manual
for Multiwell, which can be obtained from the websitmtained in the above Multiwell
reference, but rather to provide specific exampleb@implementation of this software to the
specific reactions studied in this dissertation. 3Junge of programs can be obtained from the
same website, which is composed of the Multiwell, DemsMominert, and Thermo programs.

The function of the Mominert program is to calculatenments of inertia for a species
from its Cartesian Coordinates and, if so desired, redowaments of inertia for torsion around
specified bonds of interest. The Densum program, whaphines the one-dimensional moment
of inertia and a listing of the vibrational frequenashe species in question (the K-rotor), is
used to calculate the sums and densities of states jratheular species in question, and it uses
the Stein-Rabinovitcli adaptation of the Beyer-Swinelarxact count algorithm. Following
the suggestion of Barker et &l.an energy grain of 10 ¢hrand a maximum energy of 85,000
cm® were used, and as a precaution, the number of arragetend its size (Imax1 and Isize)
were usually optimized until fluctuations of less thani&%he density of states of each species
were achieved. The two dimensional moments of iner¢ianat included in the Densum
calculation, instead, they are plugged directly in thetiall input files. Each species is
assumed to be a symmetric top, such that the two-diowad external inactive moment of
inertia composing the J-Rotor is obtained from the gearreterage of the two degenerate or

near-degenerate moments of inertia in each spegiaadlt. The Thermo program can be used
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for a variety of purposes, including the calculatioe@dilibrium constants, Gorin-type TS
analyses, and TST calculations.

Finally, the Multiwell program is used to obtain the gyespecific microcanonical rate
constants at the specified temperature and pressure,vatbripe fractional distribution of each
of the product channels, which can then be used to ob&itérmal recombination rate
constants via equation 3.28. The MultiwWell program sadvigbrid master equation via the
implementation Gillespie’s stochastic metfdevhich has been shown to lead to the exact
solution of a set of ordinary differential equationshesnumber of stochastic trials approaches
infinity. In principle, convergence tests should beiedrout to ensure that the number of
stochastic trials used produces good statistics, andsimvtitk, it was found that the use of
1,000,000 trials accomplishes this feat. It was also foleudih general, no less than 10,000
trials should be used. The extent of collisional gnpéransfer also depends on reasonable
convergence with respect to either time or numbeobisions, and it was consistently found
that the use of 100 collisions leads to fractional pdmrla that appear to have stabilized.

Selected Mominert, Densum, Thermo, and Multiwell inplesfpertaining to the $$ClI
reaction system are given in section D2. Sectiod®is-D5 contain sample input files for the
NH3Cl, GHsCl, and GH4CI systems, respectively. It should be noted that ieiggnMominert
files are unnecessary since the same information cabtbeed directly fronaussian 03
output files, and as such, the Mominert program was us®y for the ¢H,Cl system, in order to
obtain the reduced moments of inertia for torsion ardbegartial double bond in tlee andf3-
chloroethyl radicals. The corresponding chapters shioellconsulted for nomenclature

conventions, elaboration on the selection of the hetdones and energy transfer parameters,
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and the ensuing results of these Multiwell-based RRKitic analyses. All of the sample

input files pertain to room temperature calculations.

D2. Sample input files for the Multiwell-based kietinalysis of the }8Cl reaction system

D2.1. Sample Mominert input files

Disp_TS

4

S 1 1.015611 -0.016261 -0.044859
H 2 0.893582 1.669869 0.319693
H 3 1.017778 -1.310546 0.416333
Cl 4 -1.068303 -0.005832 -0.001076
00

D2.2. Sample Densum input files

Addition Elimination Adduct Addition Elimination T¢
'‘Al' 'AddElim_TS'

7 0 'HAR' 6 0 'HAR'

10. 3000 6000 85000. 10. 3000 6000 85000.
1 vib 129.9 0.1 1 vib 191.7 0.1
2 vib 271.1 0.1 2 vib 383.6 0.1
3 vib 2825 0.1 3 vib 9473 0.1
4 vib 1171.6 0.1 4 vib 1066.4 0.1
5 vib 2634.2 0.1 5 vib 2630.3 0.1
6 vib 2650.2 0.1 6 qro 1.9677 1.1
7 qro 3.5071 1.1

Loose T¢ Gorin TS

'‘Loose_TS' ‘Gorin_TS'

6 0 'HAR' 50 'HAR'

10. 3000 6000 85000. 10. 3000 6000 85000.
1 vib 726 0.1 1 vib 11740 00 1
2 vib 76.0 0.1 2 vib 2639.2 0.0 1
3 vib 1168.0 0.1 3 vib 26545 0.0 1
4 vib 2630.6 0.1 4 gqro 1.365 1. 2
5 vib 2651.2 0.1 5 gro 3.4360 1. 1
6 qgro 3.4155 1.1
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D2.3. Sample Thermo input files

Equilibrium Constant Calculation

KJOU MCC

7

298, 350, 400, 500, 700, 1000, 1500

3

reac H2S 29.0 34.0 2 1 1 5 'HAR'
H2S

00 1

1 vib 1174.0 0.

2 vib 2639.2 0.

3 vib

4 gro 3.5076 1.
5 qro 1.7496 1.

reac Chlorine 0.0 35,01 1 2 O 'HAR'
Chlorine

0.0

4

1
1
26545 0. 1
1
2

882.36 2

prod A1 0.0 6901 1 1 8 'HAR

Al
0.0

coO~NOOT A WNPE

2
vib
vib
vib
vib
vib
vib
gro
gro

129.9 0.1
271.1 0.1
282.5 0.1
1171.6 0.1
2634.2 0.1
2650.2 0.1
3.5113 1.1
140.4063 1.2
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Transition State Calculation

KJOU MCC

17

100, 200, 298, 350, 400, 500, 600, 700, 800, 900, 1000, 1200, 1500, 1800, 2000, 2400, 3000
3

reac H2S 29.0 340 2 1 1 5 'HAR'

H2S

0.0 1

1 vib 11740 0. 1

2 vib 2639.2 0. 1

3 vib 26545 0. 1

4 gro 35076 1. 1

5 gro 1.7496 1. 2

reac Chlorine 0.0 35,01 1 2 O 'HAR'
Chlorine

0.0 4

882.36 2

ctst 'AddElim_TS'-3.669.01 1 1 7 'HAR'
Addition Elimination TS

0.0 2

vib 191.7 0.1

vib 383.6 0.1

vib 947.3 0.1

vib 1066.4 0.1

vib 2630.3 0.1

gro 1.9677 1.1

gro 149.48 1.2

~NOoO O WNERE
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Gorin-type TS Calculation

KJOU MCC

7

298, 350, 400, 500, 700, 1000, 1500
3

reac H2S 0.0 340 2 1 1 5 'HAR'
H2S

0.0 1

1 vib 11740 0. 1

2 vib 2639.2 0. 1

3 vib 26545 0. 1

4 gro 35076 1. 1

5 gro 1.7496 1. 2

reac Chlorine 0.0 35,01 1 2 O 'HAR'

Chlorine

0.0 4

882.36 2

ctst Gorin. TS 0.0 69.0 1 1 1 6 'HAR'
Gorin_TS

0.0 2

1 vib 11740 00 1
2 vib 2639.2 00 1
3 vib 26545 0.0 1
4 fit 1.7496 1. 2
5 go 34360 1. 1
6 gor 31795 1. 2

6.12E-10 5.99E-10 5.95E-10 5.98E-10 6.21E-10 6.49E-10 6.29E-10
MORSE

136.1835

33.0

2.8323916
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D2.4. Sample Multiwell input files

Sum of States Calculation

H2S + Cl Addition Elimination

10. 3000 6000 85000. 2113989025

'BAR' 'KJOU'

298.0 298.0

1

0.03

12

1'A1'0.0 140.4063121

2 'H2S+ClI' 29.0

3 'SH+HCI' -20.5

3.47 114. 40. 69. IAr

14.64400.0 1040.00.161.00.00.00.00.00.0

Ly

2

12'Coll_ TS'317.951214.72e+13 29.0 'REV' 'FAST' 'NOTUN' 'NRTESUM'
1 3'AddElim_TS'150.47 12 1 5.26e+12 25.4 'NOREV' 'FAST' 'NOTNRCENT' 'SUM'

Inverse Laplace Transform Calculation (ILT)

H2S + Cl Addition Elimination

10. 3000 6000 85000. 2113989025

'BAR' 'KJOU'

298.0 298.0

1

0.03

12

1'A1'0.0 140.40631 21

2 'H2S+ClI' 29.0

3 'SH+HCI' -20.5

3.47 114. 40. 69. IAr

14.64400.0 1040.00.161.00.00.00.00.00.0

Ly

2

12'Coll_TS'317.951 21 4.72e+13 29.0 'REV' 'FAST' 'NOTUN' 'NOCHLT'
1 3'AddElim_TS'150.47 12 1 5.26e+12 25.4 'NOREV' 'FAST' 'NOTNRCENT' 'SUM'
1000000 'COLL' 100 'CHEMACT'120.0
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Gorin-type TS Calculation

H2S + Cl Addition Elimination

10. 3000 6000 85000. 2113989025

'BAR' 'KJOU'

298.0 298.0

1

0.03

12

1'A1'0.0 140.4063121

2 'H2S+ClI' 29.0

3 'SH+HCI' -20.5

3.47 114. 40. 69. IAr

14.64400.0 1040.00.161.00.00.00.00.00.0

Ly

2

12'Gorin_TS'711.991 21 4.72e+13 29.0 'REV' 'FAST' 'NOTUNCHERT' 'SUM'
1 3'AddElim_TS'150.47 12 1 5.26e+12 25.4 'NOREV' 'FAST' 'NOTNRCENT' 'SUM'
1000000 'COLL' 100 'CHEMACT'120.0
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D3. Sample input files for the Multiwell-based kiwetinalysis of the NCI reaction system

D3.1. Sample Densum input files

A2
IA2I
10 0 'HAR'

10.

1

2
3
4
5
6
7
8
9
1

vib 148.0 0.01
vib 155.0 0.01
vib 206.0 0.01
vib 541.0 0.01
vib 554.0 0.01
vib 1499.0 0.01
vib 2655.0 0.01
vib 3303.0 0.01
vib 3399.0 0.01

0qro1.33 101

Gorin TS
'‘Gorin_TS'
7 0 'HAR'

10.

1vib 1502.0 0.0 1
2vib 3276.00.0 1
3vib 3368.00.0 1
4vib 2916.00.0 1
5qr00.89 1.02
6qro0.88 1.02
7qr01.33 101

1000 2000 85000.

1000 2000 85000.

Abstraction T!

'‘Abs TS’

90 'HAR'

10. 1000 2000 85000.
vib 393.0 0.01
vib 428.0 0.01
vib 665.0 0.01
vib 1038.0 0.01
vib 1124.0 0.01
vib 1523.0 0.01
vib 3325.0 0.01
vib 3424.0 0.01
qro2.08 1.01

O©CO~NOOUITA,WNPEF
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D3.2. Sample Thermo input files

Equilibrium Constant Calculation

KJOU MCC

5

290, 350, 400, 500, 600
3

reac NH2 0.0 16.0 2 1 1 5 'HAR'
NH2

00 2

1vib 1502.0 0.0 1

2vib 3276.00.0 1

3vib 3368.00.0 1
49r00.72 1.01
5qr01.62 1.02

reac HCI 17.7 36.01 1 1 2 'HAR
HCI

00 1

1 vib 2916.0 0. 1
2 go 160 1. 2
prod A2 0.0 520 2 1 1 11 'HAR
A2

00 2

1vib 148.00.01

2vib 155.00.01

3vib 206.00.01
4vib541.0001

5vib 554.00.01

6 vib 1499.00.0 1

7 vib 2655.00.0 1

8vib 3303.00.01

9vib 3399.00.01
10qr01.33 1.01

11 qro 123.43 1.02
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Gorin-type TS Calculation

KJOU MCC

5

290, 350, 400, 500, 600

3

reac NH2 0.0 16.0 2 1 1 5 'HAR'
NH2

00 2

1vib 1502.0 0.0 1

2vib 3276.00.0 1

3vib 3368.00.0 1

49r00.72 1.01

5qr01.62 1.02

reac HCI 0.0 36,01 1 1 2 'HAR
HCI

00 1

1 vib 2916.0 0. 1

2 go 160 1. 2

ctst Gorin_TS 0.0 520 2 1 1 8 'HAR
Gorin_TS

00 2

1vib 1502.0 0.0 1

2vib 3276.00.01

3vib 3368.00.0 1

4vib 2916.00.0 1

5fit1.62 1.02

6 fit 1.60 1.02

7qr01.33 1.01

8gor123.41.02

4.3E-10 4.7E-10 5.1E-10 5.6E-10 6.2E-10

MORSE
159.0
25.9
3.24385
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D3.3. Sample Multiwell input files

Sum of States Calculation Based on Gorin-type TS

NH2 + HCI Abstraction

10. 1000 2000 85000. 2113989025

'BAR' 'KJOU'

290.0 290.0

1

0.1

12

1'A2'0.0123.43221

2 'NH2+HCI' 17.7

3'NH3+CI'1.1

3.47 114. 40. 52. IAr

14.29400.0 1040.00.261.00.00.00.00.0 0.0

Ly

2

12'Gorin_TS'474.032 21 1.18e+15 17.7 'REV' 'FAST' 'NOTUNCHERT' 'SUM'
13'Abs TS'82.961 21 1.08e+12 15.0 'NOREV' 'FAST' 'NOTUN' TENUM'
1000000 'COLL' 100 'CHEMACT'120.0
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D4. Sample input files for the Multiwell-based kietinalysis of the §HsCl reaction system

D4.1. Sample Densum input files

Pi Adduc
'Pi_Ph_HCI
340 'HAR'

10. 250 500 85000.

vib 245 001

vib 30.3 001

vib 63.0 0.01

vib 117.0 0.0 1

vib 138.3 0.01

vib 378.3 0.01

vib 406.3 0.0 1

vib 552.0 0.0 1

vib 574.9 0.01

10 vib 590.1 0.01
11vib 699.6 0.01
12 vib 806.4 0.01
13 vib 862.5 0.01
14 vib 910.3 0.01
15vib 922.8 0.01
16 vib 939.4 0.01
17 vib 982.5 0.01
18 vib 1012.90.01
19 vib 1034.6 0.0 1
20 vib 1108.6 0.0 1
21vib 1136.70.01
22vib 1193.90.01
23 vib 1260.50.0 1
24 vib 1412.20.01
25vib 1427.30.01
26 vib 1553.50.0 1
27 vib 1598.7 0.0 1
28 vib 2883.90.0 1
29 vib 3048.0 0.0 1
30 vib 3055.10.01
31 vib 3068.6 0.0 1
32vib 3072.30.01
33 vib 3078.50.01
34qro171.1 101

O©CO~NOOUITA,WNPEF

Abstraction T!
'‘Abs TS’
330 'HAR'

10. 250 500 85000.

vib58.2 0.01

vib 67.7 0.01

vib 382.6 0.01

vib 385.4 0.01

vib 436.0 0.0 1

vib 461.7 0.0 1

vib 491.3 0.01

vib 573.4 0.01

vib 697.4 0.01

10vib 704.1 0.01
11vib 790.9 0.01
12 vib 799.5 0.01
13 vib 856.7 0.01
14 vib 911.1 0.01
15vib 920.6 0.01
16 vib 975.9 0.01
17 vib 1003.6 0.0 1
18 vib 1038.90.01
19vib 1091.40.01
20 vib 1108.50.0 1
21vib 1141.90.01
22vib 1191.50.01
23vib 1263.10.01
24 vib 1419.6 0.0 1
25vib 1443.40.01
26 vib 1563.6 0.0 1
27 vib 1606.5 0.0 1
28 vib 3049.00.0 1
29 vib 3057.6 0.0 1
30 vib 3071.90.01
31 vib 3078.6 0.0 1
32vib 3081.40.01
339ro090.6 101

O©CO~NOOUTAWNPEF
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Gorin TS
‘Gorin_TS'
310 'HAR'

10. 250 500 85000.

1vib 380.6 0.0 1
2vib 407.40.01
3vib558.10.01
4vib 575.30.01
5vib 589.60.01

6 vib 695.50.01
7vib 8014001
8vib 858.60.01
9vib 908.20.01
10vib921.60.01
11vib935.90.01
12 vib 982.6 0.0 1
13vib 1013.10.01
14 vib 1034.10.01
15vib 1106.6 0.0 1
16 vib 1135.30.01
17 vib 1192.50.01
18 vib 1260.2 0.0 1
19vib 1412.90.01
20 vib 1428.10.01
21 vib 1556.0 0.0 1
22 vib 1600.8 0.0 1
23 vib 3042.30.01
24 vib 3049.90.01
25vib 3065.2 0.0 1
26 vib 3069.0 0.0 1
27 vib 3074.70.01
28 vib 2908.5 0.0 1
299ro49.13 1.02
309ro0.92 102
31qro171.101.01



D4.2. Sample Thermo input files

Equilibrium Constant Calculatit

KJOU MCC KJOU MCC

11 5

100, 200, 294, 298.15, 330, 407, 544, 748, 1000,294, 330, 407, 544, 748

1500, 2000 3

3 reac Phenyl 0.0 77.0 2 1 1 29 'HAR'

Gorir-type T¢£ Calculatior

reac Phenyl 13.1 77.0 2 1 1 29 'HAR' Phenyl
Phenyl 00 2
00 2 1vib 380.6 0.0 1

1vib 380.6 0.0 1
2vib 407.40.01
3vib558.10.01
4vib 575.30.01
5vib 589.60.01

6 vib 695.50.01
7vib 8014001
8vib 858.60.01
9vib 908.20.01
10vib921.60.01
11vib935.90.01
12 vib 982.6 0.0 1
13vib 1013.10.01
14 vib 1034.10.01
15vib 1106.6 0.0 1
16 vib 1135.30.01
17 vib 1192.50.01
18 vib 1260.2 0.0 1
19vib 1412.90.01
20 vib 1428.10.01
21 vib 1556.0 0.0 1
22 vib 1600.8 0.0 1
23 vib 3042.30.01
24 vib 3049.90.01
25vib 3065.2 0.0 1
26 vib 3069.0 0.0 1
27 vib 3074.70.01
28qro171.0 101

2vib 407.40.01
3vib558.10.01
4vib 575.30.01
5vib 589.60.01

6 vib 695.50.01
7vib 8014001
8vib 858.6 0.01
9vib 908.20.01
10vib921.60.01
11vib935.90.01
12 vib 982.6 0.0 1
13vib 1013.10.01
14 vib 1034.10.01
15vib 1106.6 0.0 1
16 vib 1135.30.01
17 vib 1192.50.01
18 vib 1260.2 0.0 1
19vib 1412.90.01
20 vib 1428.10.01
21 vib 1556.0 0.0 1
22 vib 1600.8 0.0 1
23 vib 3042.30.01
24 vib 3049.90.01
25vib 3065.2 0.0 1
26 vib 3069.0 0.0 1
27 vib 3074.70.01
28qro171.0 101
29gro 854 102

29 qro 85.4 1.02 reac HCl 0.0 3601 1 1 2 'HAR'
reac HCl 0.0 3601 1 1 2 'HAR' HCI

HCI 00 1

00 1 1 vib 29085 0. 1

1 vib 29085 0. 1 2 gqo 16 1. 2

2 gqo 16 1. 2 ctst Gorin_TS 0.0 113.0 1 1 1 32 'HAR'
prod Pi_ Ph_ HCl 0.0 1130 1 1 1 35 'HARGorin_TS

Pi_Ph_HCI 0.0 2

0.0 2 1 vib 380.6 0.0 1

1 vib24.5 0.01 2 vib 407.4 0.0 1
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vib 30.3 0.0

vib 63.0 001
vib 117.0 0.0 1
vib 138.3 0.01
vib 378.3 0.01
vib 406.3 0.0 1
vib 552.0 0.0 1
vib 574.9 0.01
10 vib 590.1 0.01
11vib 699.6 0.01
12 vib 806.4 0.01
13 vib 862.5 0.01
14 vib 910.3 0.01
15vib 922.8 0.01
16 vib 939.4 0.01
17 vib 982.5 0.01
18 vib 1012.90.01
19 vib 1034.6 0.0 1
20 vib 1108.6 0.0 1
21vib 1136.70.01
22vib 1193.90.01
23 vib 1260.50.0 1
24 vib 1412.20.01
25vib 1427.30.01
26 vib 1553.50.0 1
27 vib 1598.7 0.0 1
28 vib 2883.90.01
29 vib 3048.0 0.0 1
30 vib 3055.10.01
31 vib 3068.6 0.0 1
32vib 3072.30.01
33 vib 3078.50.01
34qro171.1 101
3579ro 430.7 1.02

O©CoO~NOUITAWN

3vib 558.1 0.0
4vib 575.30.01
5vib 589.60.01

6 vib 695.50.01
7vib 8014001
8vib 858.6 0.0 1
9vib 908.20.01
10vib921.60.01
11vib935.90.01
12 vib 982.6 0.0 1
13vib 1013.10.01
14 vib 1034.10.01
15vib 1106.6 0.0 1
16 vib 1135.30.01
17 vib 1192.50.01
18 vib 1260.2 0.0 1
19vib 1412.90.01
20 vib 1428.10.01
21 vib 1556.0 0.0 1
22 vib 1600.8 0.0 1
23 vib 3042.30.01
24 vib 3049.90.01
25vib 3065.2 0.0 1
26 vib 3069.0 0.0 1
27 vib 3074.70.01
28 vib 2908.5 0.0 1
291it85.4 1.02
30fit1.6 1.02
31gqro171.1 101
32 gor 430.7 1.02

9.55E-12 7.88E-12 5.13E-12 3.44E-12 2.86E-12

MORSE
66.0
15.3
3.773

201



D4.3. Sample Multiwell input files

Sum of States Calculation Based on Gorin-type TS

Phenyl + HCI Abstraction

10. 250 500 85000. 2113989025

'‘BAR' 'KJOU'

294.0 294.0

1

0.1

12

1'Pi_Ph_HCI'0.0430.7121

2 'Ph+HCI' 13.1

3 'Bz+Cl' -27.6

3.47 114. 40. 113. IAr

15.99 400.0 10 40.00.351.00.00.00.0 0.0 0.0

Ly

2

12'Gorin_TS'1300.91121 3.11e+11 13.1 'REV' 'FAST' 'NOTUNCERT"' 'SUM'
13'Abs_TS'562.6 22 15.766e+3 -2.4 'NOREV' 'FAST' 'NOTUBRNT 'SUM’
1000000 'COLL' 100 'CHEMACT'1 2 0.0
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D5. Sample input files for the Multiwell-based kietinalysis of the £1,Cl reaction system

D5.1.

o
@
24
Y

ANTIITIITOOON
w

onN
(N
SN
(3]

N

ITOIITON>
N

ocuNn b
o~ o

Sample Mominert input files

-0.712457
0.000000
1.478809

-0.394423

-0.394423
2.013881
2.013881

0.705615
-0.379840
1.119141
1.492939
0.000000
2.556470
-0.969829

-0.824097
0.861796
0.805591
1.346390
1.346390
0.656276
0.656276

-2.229440
-2.145766
-3.241963
-1.171951
0.695792
-0.967904
1.533423

0.000000
0.000000
0.000000
0.893426
-0.893426
-0.931894
0.931894

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

>
©
0
QD

ANOIITIITIOOIN
o =
~ouahrwNBRr

2145

o
o

P
o
(7]
—
n

-

OTTOITTON

~No o WNE

SCUIN b~
o~ ()]

293

-1.587784
-1.64997
-0.444212
-1.756295
-2.550351
-0.45677
1.112723

-1.094468
-0.268304
0.60794
-0.70774
0.316884
1.652557
-0.129709

-0.706178
0.010883
-0.08139
1.014571

-0.203543
0.204984

0.006659

-2.061235
-1.684075
-3.144242
-1.255316

0.165635
-1.385572

1.526327

-0.436022
-1.455914
-0.300071
0.608939
0.287112
1.685266
-0.073759

0.000000
-0.000007
0.000011
-0.000003
-0.000001
0.000003
0.000000



D5.2. Sample Densum input files

Beta Chloroethyl Radic Abstraction T
'‘Beta_Rad' '‘Abs_TS'

16 0 'HAR' 150 'HAR'

10. 500 1000 85000. 10. 1000 2000 85000.
1 hra 208.0 1.755 2 1 hra 117.0 0.09 1
2 vib 293.0 0.1 2 hra 271.0 0.09 1
3 vib 575.0 1 3 vib 598.0 0. 1
4 vib 653.0 0.1 4 vib 6150 0. 1
5 wvib 754.0 0.1 5 vib 737.0 0. 1
6 vib 1050.0 0.1 6 vib 788.0 0. 1
7 vib 1051.0 0.1 7 vib 889.0 0. 1
8 vib 1230.0 0.1 8 vib 899.0 0. 1
9 vib 1264.0 0.1 9 vib 1129.0 0. 1
10 vib 1416.0 0.1 10 vib 13420 0. 1
11 vib 1446.0 0.1 11 vib 1585.0 0. 1
12 vib 2981.0 0.1 12 vib 2983.0 0. 1
13 vib 3028.0 0.1 13 vib 3079.0 0. 1
14 vib 3041.0 0.1 14 vib 31050 0. 1
15 vib 3134.0 0.1 15 gro 121 1. 1
16 gro 15.50 1.1

Gorin TS (GH4 + Cl =3, 293K) A2 Gorin TS(C;Hs + HCI = A2, 298K)
‘Gorin_TS' ‘A2 ‘Gorin_TS'
14 0 'HAR' 16 0 'HAR' 130 'HAR'
10. 500 1000 85000. 10. 1000 2000 85000.10. 1000 2000 85000.
1 vib 7920 0. 1 1 hra 32.0 1.8 11 vib 706.0 0. 1
2 vib 879.0 0. 1 2 hra 34.0 1.8 12 vib 788.0 0. 1
3 vib 923.0 0. 1 3 hra 79.0 1.8 13 vib 8830 0. 1
4 vib 1005.0 0. 1 4 vib 218.0 0. 14 vib 10310 0. 1
5 vib 1183.0 0. 1 5 vib 272.0 0. 15 vib 13440 0. 1
6 vib 1318.0 0. 1 6 vib 706.0 0. 16 vib 1564.0 0. 1
7 vib 1418.0 0. 1 7 vib 770.0 0. 17 vib 2955.0 0. 1
8 vib 1613.0 0. 1 8 vib 886.0 0. 18 vib 30520 0. 1
9 vib 3008.0 0. 1 9 vib 1028.0 0. 19 vib 31120 0. 1
10 vib 3026.0 0. 1 10 vib 1344.0 0. 110 vib 2908.0 0. 1
11 vib 3085.0 0. 1 11 vib 1564.0 0. 111 gro 814 1. 2
12 vib 31100 0. 1 12 vib 2829.0 0. 112 gro 078 1. 2
13 gro 6.60 1. 2 13 vib 2956.0 0. 113 gqro 147 1. 1
14 go 155 1. 1 14 vib 3053.0 0. 1
15 vib 3117.0 0. 1

16 qro 14.7 1. 1
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D5.3. Sample Thermo input files

Equilibrium Constant Calculation ¢8z + HCI = A2)

KJOU MCC

7

298.15, 350, 400, 500, 700, 1000, 1500
3

reac Vinyl 8.2 270 1 1 1 11 'HAR'
Vinyl Radical

00 2

1 vib 706.0 0. 1

2 vib 788.0 0. 1

3 vib 883.0 0. 1

4 vib 1031.0 0. 1

5 vib 13440 0. 1

6 vib 1564.0 0. 1

7 vib 2955.0 0. 1

8 vib 3052.0 0. 1

9 vib 3112.0 0. 1

10 gqo 22 1. 1

11 qro 16.7 1. 2

reac HCI 0.0 36,01 1 1 2 'HAR
HCI

00 1

1 vib 2908.0 0. 1

2 qo 16 1. 2

prod I_Abs 0.0 6301 1 1 17 'HAR
Abstraction Adduct

0.0 2

1 hra 32.0 18 1
2 hra 34.0 18 1
3 hra 79.0 18 1
4 vib 218.0 0. 1
5 vib 272.0 0. 1
6 vib 706.0 0. 1
7 vib 770.0 0. 1
8 vib 886.0 0. 1
9 vib 1028.0 0. 1
10 vib 1344.0 0. 1
11 vib 1564.0 0. 1
12 vib 2829.0 0. 1
13 vib 2956.0 0. 1
14 vib 3053.0 0. 1
15 vib 3117.0 0. 1

16 qro 14.7 1. 1
17 qro 240.4 1. 2

295



Gorin-type TS Calculation

KJOU MCC

"

298.15, 350, 400, 500, 700, 1000, 1500
3

reac Vinyl 0.0 27.0 1 1 1 11 'HAR'
Vinyl Radical

00 2

vib 706.0 O.
vib 788.0 O.
vib 883.0 0.
vib 1031.0
vib 1344.0
vib 1564.0
vib 2955.0
vib  3052.0
vib 3112.0
10 gqo 22 1. 1

11 qro 16.7 1. 2

reac HCI 0.0 36,01 1 1 2 'HAR

HCI

00 1

1 vib 2908.0 0. 1

2 qo 16 1. 2

ctst Gorin_TS 0.0 63.01 1 1 14 'HAR
Gorin_TS

00 2

vib 706.0 0. 1

vib 788.0 0. 1

vib 8830 0. 1

vib 1031.0
vib 1344.0
vib  1564.0
vib 2955.0
vib  3052.0
vib 3112.0
10 vib 2908.0 0. 1
11 fit 16.7 1. 2
12 fit 1.6 1. 2
13 qgqo 147 1. 1
14 gor 1170 1. 2

©O~NOUTAWNER
PRrRrRrRrRpPEER

©Cooo0o0o

O©CO~NOOUITEAWNPEF

cooopoo
RPRRRPRR

4.9E-10 5.3E-10 5.7E-10 6.3E-10 7.5E-10 9.0E-10 1.1E-10
MORSE

83.3

8.9

3.83937
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Equilibrium Constant Calculation ¢84 + Cl =[-Chloroethyl)

KJOU MCC
13

293, 298.15, 345, 378, 400, 430, 551, 611, 676, 798, 901, 1007, 1055
3

reac C2H4 73.6 28.0 4 1 1 14 'HAR'

C2H4

0.0 1

vib 7920 0. 1

vib 879.0 0. 1

vib 923.0 0. 1

vib 1005.0 0.
vib 1183.0 0.
vib 1318.0 0.
vib 1418.0 0.
vib 1613.0 0.
vib 3008.0 0.
10 vib 3026.0 0. 1

11 vib 3085.0 0. 1

12 vib 3110.0 0. 1

13 qgo 346 1. 1

14 qo 186 1. 2

reac Chlorine 0.0 35,01 1 2 O 'HAR'
Chlorine

0.0 4

882.36 2

prod Beta_Rad 0.0 63.0 1 1 1 17 'HAR'
Beta Rad

0.0 2

1 hra 208.0 1.
2 vib 293.0
3 vib 575.0
4 vib 653.0
5 wvib 754.0
6

7

8

9

O©CoO~NOOUITAWNBE

1
1
1
1
1
1

]
($)]
N

5

vib  1050.0
vib 1051.0
vib 1230.0
vib 1264.0
10 vib 1416.0
11 vib 1446.0
12 vib 2981.0
13 vib 3028.0
14 vib 3041.0
15 vib 3134.0
16 qgro 15.5
17 qgro 92.5

[cNoNoNe
PP ooo0o00oP222 T T T
NP R RprRrRrRprPRRRE
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D5.4. Sample Multiwell input files

Sum of States Calulation Based on Gorin-type TS WitBath Gas

C2H4 + CIl Addition

10. 500 1000 85000. 2113989025

'BAR' 'KJOU'

293.0 293.0

1

0.027

11

1'Beta Rad'0.0925121

2 'C2H4+Cl' 73.6

3.74 82. 28. 63. IN2

14.94 400.0 10 40.00.1961.00.00.00.00.0 0.0
Ly

1

12'Gorin_TS'170.641 21 2.52e+13 73.6 'REV' 'FAST' 'NOTUNCHERT' 'SUM'
1000000 'COLL' 100 'CHEMACT'120.0

Sum of States Calculation Based on Gorin-type TS

C2H3 + HCI Abstraction

10. 1000 2000 85000. 2113989025

'BAR' 'KJOU'

298.15 298.15

1

0.1

12

1'A2'0.02404121

2 'C2H3+HCI' 8.2

3'C2H4+CI' -23.0

3.47 114. 40. 63. IAr

14.94 400.0 10 40.00.571.00.00.00.00.0 0.0

Ly

2

12'Gorin_TS'593.211 21 1.18e+14 8.2 'REV' 'FAST' 'NOTURNCHENT' 'SUM'
13'Abs TS'171.4121 1.08e+13 1.0 'NOREV' 'FAST' 'NOTUN' TEBUM'
1000000 'COLL' 100 'CHEMACT'120.0
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