7800 J. Phys. Chem. A999,103, 7800-7810
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There are two different carbon sites inHzCl where OH addition or abstraction reactions can ocaand

p to the ClI atom, with several dissociation and isomerization products of each addition adduct. Thirteen
elementary reactions and 18 species are included in the analysis of this reaction system. Thermochemical
kinetic parameters are developed for each elementary reaction process. Chemical activation kinetic analysis
with multifrequency QRRK theory fok(E) and master equation for falloff are used to estimate overall rate
constants as functions of temperature and pressure. Thermodynamic parameters, indHiiRgS 205 and

Cp°(T) (300 = T/K = 1500), of stable species are from the literature when available or estimated by the
group additivity method. Values for CHCIOHG are determined by density functional calculation and
isodesmic reactions. Results are compared with the experimental data. Rate constar@O(BOK, in cn?

mol~! s71, E,in cal/mol) for the important addition and abstraction channels at 760 Torr are as folkows:

1.22 x 10%T-255 exp(—15000RT) for C;HsCl + OH — CHCIOHCH,; k = 1.77 x 10%°T-208 exp(—7240/

RT) for C,HsCl + OH — CHCICH,0H; k = 9.72 x 10°T? exp(—3800RT) for C;H;Cl + OH — CH,=CClI

+ H0; k = 1.69 x 107T? exp(—4390RT) for C;Hs;Cl + OH — CH=CHCI + H,0.

Introduction about+20%. Howard measured eight data points between 0.7

G h . f OH radical . anti b and 7 Torr. These data showed a pressure dependent rate
as-pnase reactions ot UH radicais are important in CombuS-.,\1ant for OH reaction with vinyl chloride (in the falloff

tion and incineration of chlorinated hydrocarbons as well as in regime), increasing from 1.2 102 cm? mol-* s~ at 0.7 Torr
atmospheric chemistry. OH is often the active radical in t0 3.0 ><, 10 e mol-L s at 7.0 Torr.

combustion environments, where it serves to initiate breakdown
of hydrocarbons, and it also reacts with CO, producing, CO
and an H atom plus energy. Here if temperature is high, the H
atom may react with @in the critically important chain
branching step H- O, — OH + O. Hydroxyl radical is also

the most important active species for initiation of atmospheric
oxidation processes. It abstracts an H atom from saturated
hydrocarbons forming radicals, which then combine with O
forming peroxy radicals. The peroxy radicals then react with
NO or undergo other reactions related to photochemical smog
formation. C-H bonds in olefin, acetylene, and aromatic ring
carbons are stronger than the-B bonds in hydrocarbons, _ L

leading to increased barriers for the OH abstraction of H. This K(CH3F + OH) = 8.91x 107exp((775: 300)RT) or
results in a change in pathway to that of addition, which has (3.35+ 0.34) x 10*at 298 K;
little or no energy barrier. OH addition to unsaturated hydro- _ 1

carbons and carbonyls form radicals which then further react k(CZHSCl + OH) = 6.87 10 exp((1045+ 300)RT) or
with O, and NO. Previous studies on OH radical reaction with (3.97+ 0.40) x 10'% at 298 K:

unsaturated hydrocarbons show that the addition reaction _ 02
predominates at low temperature, while abstraction of an H atom k(C,H3Br + OH) = 1.08 x 10“exp((1045+ 300)RT) or

Perry et af measured the absolute rate constants for reactions
of OH radical with vinyl chloride, vinyl fluoride, and vinyl
bromide by using a flash photolysisesonance fluorescence
technique over the temperature range 2926 K at total
pressure of 50 Torr (for £45Cl and GH3Br) or 100 Torr (for
C2H3F) in argon. They measured six to eight data points at three
temperature (299, 350, and 426 K) for each reaction. The
Arrhenius expressions for the rate constants (i gral~1 s71)
are listed below and show tliés decrease with the increasing
temperature:

becomes important at high temperature. (4.10£ 0.42) x 102 at 298 K.
Howard has determined the rate constant for reaction of OH ] ] )
with six different ethylene compounds 46, C;HsCl, C;HCl3, Comparing these data with the reference high-pressure rate

CCls, CH,CFy, C,CIF3) at 296 K and in 0.77.0 Torr helium ~ constant for OH+ ethylene (4.73< 10'2 cm® mol™* s™), they
buffer gas, using a discharge-flow reactor with laser magnetic obtained the following relative rate constants;HgC;H3Br:

resonance (LMR) detection of OH. The rate constants at 7.0 CzHsCl:C;HsF = 1:0.87:0.84:0.71. This appears to show a
Torr are all in the range of (1:24.2) x 1012 cm® mol-1 s, trend—the more electronegative the halogen substituent, the

except for GCls which is lower, about 1.0« 10 ¢ mol~t lower the rate constant. Perry et al. also reported that variation
s L. The accuracy of the measurements was estimated to beof total pressure from 52 to 100 Torr forKsF, and from 50
to 100 Torr for GHsCl, had no effect on the rate constants

* Corresponding author. Phone (973) 596 3459. Fax (973) 642 7179. With_i” the experi_mental errorsH5%) at room temperature.
E-mail: bozzelli@tesla.njit.edu. Liu et al2 studied the gas-phase reaction of OH radical with

10.1021/jp9904015 CCC: $18.00 © 1999 American Chemical Society
Published on Web 09/14/1999




Reaction of OH Radical with £1sCl

vinyl chloride at 1 atm of argon over 333173 K by using
pulse radiolysis, resonant absorption for OH measurement
Temperature dependence of the rate constants showed behavi
similar to that of OH+ ethylene in that the predominant reaction
changed from addition reaction below 588 K to abstraction of
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pathways for reaction of OH with vinyl chloride as functions
.of temperature and pressure. An analysis of OH addition and
abstraction reactions to the two carbon atom sites in vinyl
chloride is presented in this work. The addition reactions are
analyzed by multifrequency QRRK theory fik(E) and master

hydrogen atom above 723 K. They also observed negative equation analysis as discussed by Gilbert étfat.the falloff.
temperature dependence below 588 K and proposed the Arrhe-The abstraction reactions are analyzed using the transition-state-

nius rate constant (high-pressure limit) for the addition reaction
as 1.29x 10%%exp((700£ 120)RT) cm® mol-1 s71. Linear and
nonlinear forms of the Arrhenius rate constant for H atom
abstraction reaction were reported as 1x790%exp((—4020
+ 700)RT) and 8.43x 10°T2 exp(—1200RT) cm® mol~1 s,

theory (TST). Rate constants are calculated using these methods
for the addition reactions to specific products versus temperature
and pressure.

Methodology

respectively. However, no measurement was made between 588 4 Thermodynamic Properties (Table 1).Thermodynamic

and 723 K.
Villa et al* used canonical variational transition state theory
for the rate constant of OH addition telds. Their results show

a parabolic form for the addition rate constant versus temperature

at PMP4sdtq/6-3HG(d,p)//MP4sdg/6-3HG(d,p)[MP2(FULL)/
6-311+G(d,p)] level of calculation. The activation energy is
calculated to be—0.92 kcal/mol at 298 K. As temperature
increases, the activation energy goes to zetf®6b K) and then
becomes positive. The reactions of OH witpHz, C;HsF, and
C,H3Cl were also recently studied via ab initio calculation at
the UMP2/6-31%G(2d,p) leveP calculational data including
structures of reactants, pre-reaction complexes (van der Waal

complexes), transition-states, and radical products. The forma’reaotions are calculated by MOPAC6/PME7

parametersAHi®ags, S’20¢, Cp°(T) (300 < T/K =< 1500), for the
reactants, intermediate radicals, and products as well as the
corresponding transition state species are listed in Table 1. They
are obtained primarily from evaluation of the literature. Ther-
modynamic properties for some of the oxychlorocarbon species
have not been previously measured or calculated; we estimate
them using the “THERM” computer code which is based on
modified group additivity2~12 Bond dissociation energies are
from the literaturé? Hydrogen bond dissociation groups
developed by Lay et dP are used to calculate thermodynamic
properties of the respective radica$,gs and C,°(T) (300 =

ST/K < 1500) of transition states species in the unimolecular
where internal

tion of van der Wa_als com_plexes was suggested asareason " stor contributions to entropies and heat capacities are included
the negative reaction barriers. The enthalpy of the |ntermed|ateby the method of Pitzer and GwirA-2L

van der Waals complex was 1.68 kcal/mol lower than the
reactants for gHzCl + OH addition reaction. Results from

several calculation levels were compared and showed that the

reaction barriers were sensitive to the calculation methods.
Kinetic and absolute thermodynamic property data were not
reported.

Kleindienst et af studied production of chlorine atoms from
hydroxyl radical addition to chlorinated ethylene using ethylene

or propylene as Cl atom scavengers as a means to determine

thea to 5 addition ratio. Mixtures of chloro-unsaturates in 10-
fold excess ethylene or propylene/air/NGHsONO were
photolyzed, and products of chlorine atom reaction addition with
ethylene or propylene were determined.

C,H,Cl + OH — [CHCIOH—CH,*] — CH,=CHOH + CI
Cl + C,H, — CH,CICH, — (+ O,, NO)—
CH,CICH,O" — (+0,) — CH,CICHO + HO,

Here the stable aldehyde or ketone was monitored. Separat
experiments were carried out to calibrate the Cl atoethylene
and propylene reactions in order to account for the complexities.
Kleindienst et al. reported Cl yield from OH reaction with vinyl
chloride of 4+ 1%. This reaction system is complex with
complications from the following: short lifetimes resulting in
dissociation of the chloroethylene addudtgsfociation~ 7.5 x
10 s71); CIO formation due to CH- ROO; HQ, reactions; Cl
reaction with NQ, etc.

C.HsCl + OH addition reactions are complex and nonele-
mentary. OH can add to either or g-carbon. In each case, an
adduct is formed, which can undergo stabilization via collisions,
or before stabilization it may undergo unimolecular reaction to
products, or reverse reactiedissociation back to reactants.

Gas phase thermodynamic parameters for CHCIOEi&l
CHCIOHCH, are calculated at B3LYP/6-31G(d,p) level and the
isodesmic reactionsHlV, since proper groups for this radical
are not available.

CHCIOHCH, + C,H; — C,H,OH + C,H.Cl ()
CHCIOHCH, + C,H.Cl — C,H.OH + CH,CHCI, (II)
CHCIOHCH, + C,H, — C,Hs + CHCIOHCH, (11l

CHCIOHCH, + CH,CHCI, —
CH,CHCI, + CHCIOHCH, (IV)

Application and advantages of the isodesmic reaction method
are described by Lay and Bozzélliand by Yamada et &k
Reactions | and Il are for CHCIOHGHreactions Il and IV
are for CHCIOHG,. Energies at 0 K, zero point energies,
thermal corrections, and total energies at 298 K for all species
aén the four isodesmic reactions are listed in Table 2. The
established literature enthalpies (in kcal/mol) ai20.2G* for
C2H6, —26.803 for C2H5C|, —56.174 for C2H5OH, —31.1%4
for CHsCHCl,, 25.8%4 for C,Hs, and 19.38* for CH,CHC,.
From reaction |, we obtain:

AH¢°20§ CHCIOHCH;) = —56.17 + (—26.80) — (—20.20)

— 627.51x [(—154.962822) (—539.362542)- (—79.760847)
— (—614.575457)F —69.64 kcal/mol

Calculation for reaction Il yield&\H¢°29g CHCIOHCH;) =
—70.24 kcal/mol. Sa\H¢°,9g of CHCIOHCH; is —69.94 kcal/
mol from the average of reactions | and IAH;°,9s Of
CHCIOHCH; is calculated as-21.69 kcal/mol from reactions
Il and IV. The entropy and heat capacities of CHCIOHC
are calculated based on frequencies and moments of inertia of

There are also two abstraction reactions which can occur: OHthe optimized B3LYP/6-31G(d,p) structure. Contribution of

can abstract either am- or a 3-H atom.
It would be helpful for both combustion and atmospheric
kinetic modeling to know the rate constants and reaction

internal rotors to entropy and heat capacities are calculated
separately based on rotational barrier height, foldness, and
reduced moments of inertia using the method of Pitzer and
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TABLE 1: Thermodynamic Properties?
Cy°
species AH¢°208 S 300K 400K 500K 600K 800K 1000K 1500K elements ref
H 52.10 27.39 4.97 4.97 4.97 4.97 4.97 4.97 4.97 H1 b
Cl 29.02  39.45 5.23 5.38 5.44 5.45 5.39 5.32 5.18 Cllc
HCI —22.06  44.65 6.96 6.97 7.00 7.07 7.29 7.56 8.14 H1 Clib
OH 9.32  43.96 7.15 7.08 7.06 7.06 7.16 7.34 7.89 H1 O1 c
CH,O —25.98 5231 8.48 9.39 1046 1153 13.38 14.82 1702 Cl1 H2 01 b
CH,CI 29.10 5724 10.08 1145 1253 13.38 14.66 15.64 1729 Cl1 H2 Cld
C,H3Cl 5.06 63.01 13.00 1556 17.81 19.70 22.37 24.37 2744 C2 H3 Cla
CH,=CHOH —-29.61 6291 1415 1732 1997 22.08 25.19 27.44 31.09 C2 H4 O1 e
CH,=COHCI -39.74 7171 17.40 19.26 20.83 22.73 25.29 27.28 C2 H3 01 Clg
CHOH=CHCI  —37.07 70.70 16.95 20.16 22.76 24.78 27.42 29.27 3215 C2 H3 01 Ck
CH,CHO 3.12 6040 1292 1531 1744 19.24 22.10 24.12 C2 H3 01 e
CH,CICHO —-4441 7263 1587 1861 21.00 23.15 26.35 28.77 C2 H3 01 Clg
CH>CICHOH —20.90 77.82 1836 2159 2418 26.30 29.61 32.02 C2 H4 O1 Clg
CHCICH,OH —-18.30 79.05 18.61 21.60 24.30 26.17 29.48 31.88 C2 H4 01 Clg
CH,CICH,O* —-10.84 7558 17.05 2059 2359 26.08 29.90 32.61 C2 H4 O1 Clg
CHCIOHCH, 70.05 16.05 19.25 2192 24.09 27.36 29.76 33.66 (TVR)
9.09 2.71 2.46 2.31 2.23 2.14 2.09 2.04 (internal rotor)
—-2169 79.14 1876 21.71 2423 26.32 29.50 31.85 3570 C2 H4 O1 CH
TS2 (—16.54) 74.44 16.43 19.75 2252 2477 28.17 30.68 3466 C2 H4 O1 @h
TS3 (-2.84) 7593 16.81 19.86 22.49 24.67 28.03 30.54 3458 C2 H4 01 dh
TS4 (-1.86) 77.21 17.09 20.05 22.62 24.77 28.10 30.59 3460 C2 H4 O1 dh
TS5 (18.48) 75.30 1790 21.36 24.18 26.41 29.69 32.00 3553 C2 H4 O1 @l
TS6 (7.84) 7471 1582 19.16 22.07 2450 28.27 31.02 3517 C2 H4 O1 @h
TS8 (22.92) 70.34 16.28 20.27 23.63 26.33 30.25 32.93 3678 C2 H4 01 @b
TS9 (7.93) 7495 16.51 19.88 22.74 25.06 28.58 31.16 3516 C2 H4 O1 @h
TS10 (7.55) 80.70 20.51 23.98 26.80 29.04 32.35 34.68 3815 C2 H4 O1 @b
TS11 (23.54) 75.06 18.83 2225 2500 27.18 30.37 32.60 3594 C2 H4 O1 @

aRadical sites are designated by overhead or superscript blllé{Sisg in kcal/mol; S’z andCy°(T) in cal/motK. TST numbers above correspond
to reaction number in Table 8Reference 23¢ Reference 419 Enthalpy is from ref 48. Entropy and heat capacities are from MOPAC6/P¥3,
and the comparison with ref 49 shows good agreentéfHERM computer cod&® f Total TVR internal rotor (see text). TVR is the sum of
contributions from translations, external rotations, and vibrations. 18 frequencies based on the optimized B3LYP/6-31G(d,p) structurE0&re 243.2
265.2100, 314.4401, 424.8357, 447.7203, 507.8623, 667.9922, 939.0599, 1072.1868, 1163.2286, 1234.8179, 1299.7676, 1436.5185, 1507.6935,
3114.2617, 3188.9373, 3307.0414, and 3810.6613.chiMOPAC6/PM3 plus contributions from internal rotors calculated by Pitzer and Gwinn’s

method!®-2 " Enthalpies of TS calculated by MOPAC6/PM3 are not used in the rate constant calculations, only shown here as references. For
reaction barriers, see Figure 1a,b and Table 3.

TABLE 2: B3LYP/6-31G(d,p) Calculations for Species in Isodesmic ReactionsH1X?2

species total energy at 0 K ZPVE thermal correction total energy at 298 K
CoHs —79.838738 0.073470 0.004420 —79.760847
CoHs —79.165207 0.058276 0.004902 —79.102029
CHsCl —539.433041 0.065525 0.004974 —539.362542
CH;CHCl, —999.021892 0.056489 0.005783 —998.959620
C:HsOH —155.046670 0.078669 0.005180 —154.962822
CH,CHCl, —998.344990 0.041131 0.005533 —998.298326
CHCIOHCH; —614.651442 0.070115 0.005870 —614.575457
CHCIOHCH, —613.979167 0.055727 0.006167 —613.917273

aUnits in hartree; 1 hartrees 627.51 kcal/mol® Scaled. Scaling factor is recommended as 0.9806 by Scott and Radom.

Gwinn18-21 The thermodynamic parameters for CHCIOHC

corresponding to each reduced frequency are explicitly con-
are listed in Table 1.

. . N volved into a relative density of stateg(E)), which are
~ Potential energy diagrams for- and f-addition are shown  normalized by the partition functiorQ). The inclusion of one
in Figures 1a and 1b. Well depths@f andf-addition are 36.24  external rotation, corresponding to the symmetric top, is

and 32.68 kcal/mol at 300 K, and show good agreement with jncorporated into the calculations by convolving the vibration

data of Sekiak et al’ density function with the proper rotational density function. A

2. QRRK Calculations for Analysis of Addition Reactions detailed descripti ; ; :
o ) ption of this and comparisons of ratios of these
(Table 3). A modified QRRK (quantum RiceRamsperger (E)/Q with direct countp(E)/Q are presented in refs 25 and

Kassel) analysis we use in this paper is described by Chang e 6. Falloff is incorporated via master equation analysis.

al?® It is shown to yield reasonable results and provides a . . . .
framework by which the effects of temperature and pressure (AE)down Of 1200 cal/mol is used for master equation analysis,

can be evaluated in complex reaction systems. The current'N2iS third body. In this paper we calculate the branching ratios
version of the QRRK computer code utilizes a reduced set of for C2HsCl + OH addition reactions at different temperatures

vibration frequencies (usually a set of three frequencies, eachand pressures using the above QRRK chemical activation/falloff
degenerate, totalingn3— 6), which accurately reproduce the ~analysis. Nonlinear Arrhenius effects resulting from changes
molecule (adduct) heat capacity data. Molecular density of statein the thermodynamic properties of the respective TST's relative
functions are constructed through direct convolution of single to the adduct with temperature are incorporated using a two-
frequency density functions on a 10 chyrid. The functions parameter Arrhenius preexponential factdr i) in AT
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TABLE 3: Input Parameters for the QRRK Calculation of C ;H3Cl + OH Addition Reactions* ¢

reaction A n E

Ky C:HiCl + OH— CHCIOHCH, 2.83x 104 0 0

kg CHCIOHCH; — C,HsCl + OH 1.98x 10% 0 34.36

ko CHCIOHCH; — CH.CICHOH 1.88x 101 0.22 6.2

ko CH,CICHOH — CHCIOHCH, 9.13x 10% 0.22 5.36 o

ks CH,CICHOH — CH,=CHOH + ClI 5.23x 10% 0.42 19.03

Kq CHCIOHCH,; — CH,=CHOH + ClI 9.36 x 10" 0.19 19.88

Ks CHCIOHCH; — CH,=COHCI+ H 2.32x 1¢° 1.06 36.37

ks CHCIOHCH; — CH,CHO + HCI 1.75x 101 0.23 22

ks C,HsCl + OH — CHCICH,OH 7.19x 101t 0 —-0.92 <500 K
2.78x 10 0 0 500-700 K
4,42 x 1012 0 0.92 >700 K

k7 CHCICH,OH — C,HsCl + OH 2.52x 1012 0 30.94 <500 K
9.74 x 10%? 0 30.94 506-700 K
1.55x 1018 0 31.86 >700 K

Ks CHCICH,0OH — CHyCICHOr 2.63x 10 1.26 29.80 I}

K_g CH,CICH,O* — CHCICH,OH 1.68x 10° 1.26 22.18

Ko CH,CICH,O* — CH,0 + CH,CI 3.52x 10%? 0.042 18.51

K10 CH,CICH,O* — CH,CICHO+ H 1.94x 10° 1.88 20.03

ki1 CHCICH,OH — CHOH=CHCI+ H 3.10x 10/ 1.69 37.65

ke A, is taken half of E)-CHCI=CHCI + OH;? E,,is estimated to be 0 kcal/mol.

ko1 from ki, as well as the thermodynamics and microscopic reversitiltg(]

ka A from TST; Eq = 6.2 kcal/mot®

k-2 from k; and MR

ks Az from TST; Eazfrom E,—3; E4—3 is estimated to be 0

kg A4 from TST; Eas from E,—4; Ea-4 is estimated to be 0

Ks As from TST; Eas from Ea—s; Ea—s is calculated to be 3.56 kcal/mol (see text)

ks As from TST; Eae from k(CICH,OH — CH,O + HCI)> = 1.6 x 1072 and we assuma = 103

ks from Villa et al* and Yamada et &k

k7 from k; and[MRO

ke Ag from TST; Eas= 29.80 kcal/mott

kg from kg and MR

ko Ag from TST; Egofrom Ea—g; Ea—g= 7.3 from GH4 + CH5*’

k1o Ago from TST; Eazofrom Ea-10; Ea—10= 2.4 from CHCHO + H5?

ki1 Aq1 from TST;Eaia from Ea-11; Ea-11 is calculated to be 4.56 kcal/mol (see text)

a Ain cm*mol1stor s'% E,in kcal/mol.? Lennard-Jones parameters= 4.55 A; e/k = 576.7 K3233¢ Reduced frequency sets (ch (from
CPFIT) are shown below:

CHCIOHCH, CH,CICHOH CHCICH,OH CH,CICH,O*
vibration freq modes freq modes freq modes freq modes
1 375.1 6.383 396.7 6.046 250.5 4.652 519.0 6.761
2 1292.2 6.743 1180.6 6.515 1062.2 7.603 1380.4 7.207
3 3390.6 3.873 3051.1 4.439 3022.4 4.745 3234.8 3.5632
mean 1011.7 17.000 1026.4 17.000 957.9 17.000 1123.4 17.500

High-pressure limit rate constants for input to the QRRK o-adduct ks) are from literature; (i, for Cl atom elimination
calculation are listed in Table 3. Preexponenfidhctors and reactions Ks, ks) andkg are calculated from the evaluation of
E4's for the bimoleculan- and-addition reactionskg, k;) are literatureE, for the reverse addition/association reactions; (iii)
obtained from the evaluation of literature. The reverse reactionsks and k;; are H atom elimination reactions with=€C bond
(k-1, k-7) are obtained by the analysis of thermodynamic formation. The barriers for these two reactions are obtained from
properties of the relevant species and the application of the reverse addition reactions alldR[C] We calculatee, for H
microscopic reversibilityMRL] addition reactions to the <€€C bonds by density functional

Unimolecular reactions of the adducks o ks, ks to ki1) are methods at the B3LYP/6-31G(d,p) SCE tight level in
analyzed via TST antMRCl Preexponential A factors for these = Gaussian 94. Frequencies are obtained at the same level and
unimolecular reactions are calculated with= (ekTh)expAS'/ optimized geometry. The barrier for GHCOHCI + H addition
R). PM3 method in MOPAC®%7is used to obtain the transition  reaction Eas)) is calculated as 3.56 kcal/mol, it is higher than
state structures and vibrational frequencies. The calculatedthat for GH, + H which is between 2 and 3 kcal/m&lDetails
transition state is identified by the presence of one negative on specific reaction rates are described below.
frequency, analysis of geometry for that TS, and motion of the  2a.a-Addition. The high-pressure limit rate constant for OH
frequency. The imaginary frequency plus frequencies corre- addition at thex-carbon of GH3Cl (ki) is obtained as follows:
sponding to low-energy intramolecular rotors are excluded from The Arrhenius preexponential factor is taken as one-half of
the MOPAC entropy and heat capacity calculations. Contribu- literature value for £)-CHCI=CHCI + OH?8 since the two
tions to entropy and heat capacity from internal rotations using carbon sites are identical iE{-CHCI=CHCI. Ej; is estimated
the method of Pitzer and Gwikt?! are then incorporated. to be O kcal/mol because there is no observed barrier in
There are three methods to obtain the activation energies forexperiments on OH addition to this double bond. Tkisis
these unimolecular reactions: ) for a-adduct isomerization  slightly less than 10% of the overall additiok; (+ k;) and
(k2), f-adduct isomerizationk§), and HCI elimination from slightly higher than Kleindienst et &l.
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a [28.36],|I Ea/R (Ea in cal/mol, R = 1.99 cal/mol K)
2500

C,H,;Cl + OH
(14.38)

A18.16] 2000 °
IR
TSI buliaadebdeled ' [2-?4] CH,CCY,
. 4 il L
I ) v ¥ CH;+_CHCIO_ CH,CI
: \ ' (-4.10) F
! SCH;CHCIO! pm w o = = = = = =
1 (s =2 [T CHCHO+ €I 1500 —
Hlcmeno + mal A% €13349) (-10.28)
CHCIOHC.H, | (-18.94) ocTon
,CIC.
(2169) (-20.90)
CH,CL,
(1959 1000 — )
C,H,C1 + OH CHOH-CHC1 +H CHCI
(14.38) (15.03) CHCl,
’ [1009], L] CH,CICHCI,
[10.42] 'H,CICHO + H(7.69) Py .
500 —
CH,0 + CH,Cl (3.12) CH,CHCI,
CH,CICH,0.
(-10.84) 0
(-18.30) T T T
. . . i, . 90 95 100 105 110
Figure 1. (a) Potential energy diagram ofaddition reaction system BE (keal/mol)
(kcal/mol). (b) Potential energy diagram @faddition reaction system

Figure 2. Modified Evans-Polanyi plot for OH abstraction of H atom
from chlorinated hydrocarbons. PlotBfR vs carbor-hydrogen bond
energy.E4/R = 86.8(BE— 86.1).

(kcal/mol).

OH addition to thea-carbon k;) forms the CHCIOHE*
energized adduct. This adduct has three dissociation channels: 2p. g-Addition. The rate constant for OH addition at the
Cl elimination &), HCI elimination reaction Ks), and H  p-carbon k;) is referenced to the ab initio calculation on
elimination ks) which has a higfAHr,, and therefore a much  ethylene+ OH addition reaction by Villaet al# Their results
higher barrier, and is not important when this adduct is formed. showed that the rate constant parameters are strongly dependent
This adduct can also Undergo a 1,2-Ch|0|’ine atom migl’ation on temperature_ We take the preexponerﬂimctor andEa(T)

reaction ko). H elimination migration product, CG#ICHOH, from Villa et al* (see also Yamada et#). The reverse reaction
has a low-energy dissociation channel: CI eliminatidg), ( (k_7) is calculated fromk; and IMRL]
which yields the same products ks OH addition to theS-carbon of GHiCl (k;) forms the

It can be seen from Figure la that Cl migratidag, is the CHCICH,OH" energized adduct. This adduct can undergo a
lowest energy channel for thieaddition adduct: CHCIOHB,* hydroxyl H atom migration reactioks. Ag, ng are obtained from

— CH,CICHOH; E, for the Cl atom migration are calculated the TS in MOPAC6/PM3Eg = 29.80 kcal/mol is from the ab

as 6.2 kcal/mol by Skell et al. using the multireference initio calculation3! There are three elimination/dissociation
configuration interaction calculation meth&dPerry et al. channels available for thi§-adduct: ko, kio, andksi. Unimo-
estimated thi&, as 3-5 kcal/mol2 Thermochemical estimation  lecular isomerizatiorkg requires energy similar to that of the
for this 1,2-Cl atom migration through a three-member cyclic initial reactants. Relative small fractions of this adduct will
transition state involving a third-row atom might be 12 to 19 isomerize kg) and further react even at higher temperature, due
kcal/mol® The shift is not a critical step as the two important to the barrier and the tight transition state. The adduct is either
reactions are Cl atom elimination, both resulting in vinyl alcohol stabilized or it dissociates back to the reactant$i¢Cl + OH)

+ CI, and having similar energies. The subsequent Cl elimina- via a loose transition state.

tion reactiorks, together withks, make vinyl alcohol- Cl atom Lennard-Jones parameters in Table 3 are obtained from
the dominate products of this adduct’s formation under most tabulationg? and a calculation method based on molar volumes
conditions (308-2000 K and 10—10 atm). Other dissociations and compressibility3

of this adduct k-1, ks, andks) require higher energy thaa or 3. Transition-State-Theory Calculations for the Abstrac-

ks. E4 of the HCI elimination Ke) is 22 kcal/mol (see Table 3), tion Reaction of C;H3Cl + OH. The a- and S-abstraction

the ClI atom elimination reactiork{ or ks) have lower barriers reactions are

(19-19.8 kcal/mol), and these two reactions have similar

preexponentialA factors, so in this case the HCI elimination C,H,Cl + OH— CH,~CCI + H,0 (a)
reaction has little effect on the overall rate constant. We note Y-

this HCI elimination may be important in a system where no CHCl + OH— CH=CHCI + H,0 (b)
lower energy path is present. 3a. Estimation of Eof Abstraction Reaction# widely used

Several other possible reaction channels (shown in dashedmethod for estimating activation energy is offered by Evans
lines in Figure 1a) are omitted due to their low contribution to  and polany#*
the total rate constant. For example HCI elimination via a four-
membered ring requires ca. 50 kcal/mol activation enétgine E,=aAH,,+b
barrier for hydroxyl H atom migration to the radical site via a
four-membered ring is estimated to be 29.80 kcal/mol by ab wherea andb are constants\Hx, is assumed to be proportional
initio calculations at CBS-q levél to the bond dissociation energy (BE) for a homologous reaction
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TABLE 4: Summary of Contributions to ASF for C,H3Cl + OH Abstraction Reaction 2b

type ASra\ns AS/ib AS(o't ASr A&I AS; AS1 2AS ASt
o-abs 0.72 1.30 3.48 9.05 1.38 0 0 15.93 —28.03
p-abs 0.72 1.30 3.20 9.05 1.38 0 0 15.65 —28.31

2Allin cal/mol-K. PAS = S — S0 — Son = SAS — Sop; see Table 1 foSop.

series; then
E/R=aBE+D

A modified Evans-Polanyi plot for OH abstraction of H atom
from chlorinated hydrocarbons is illustrated in Figure 2. The
EJ/R values are obtained from Cohen and Berf8avith bond

The external symmetry and the number of optical isomers of
TST complex are unchanged fromHzCl, soAS, = R In(a/

") = 0, andAS, = R In(nf/n) = 0.

The contribution of the vibration frequenciesS,, and
internal rotationsAS; to entropies and heat capacities of the
activated complex are calculated by using a small computer code
developed for this purpose. The frequency changes are obtained

dissociation energies from the evaluation of the literature, which from tables of Bensdrand Coher#® Corrections to the entropy

is described by Lay et &P The regression result yields:
E/R=86.8(BE— 86.1)

HereE, in cal/mol,R = 1.99 cal/moiK, so Ey/R is in units
of K. BE is the C-H bond energy in kcal/mol.

The bond dissociation energies are evaluated to be 108.1 an

111.5 kcal/mal® for a- and S-abstraction of gH3Cl + OH,

respectively. From the above correlation we calculate the

activation energies of 3.80 kcal/mol forabstraction and 4.39
kcal/mol for 3-abstraction.

3b. Evaluation of Preexponential A Factors on Abstraction
ReactionsThe calculation ofA factors for bimolecular abstrac-

tion reactions using transition-state-theory (TST) is described

in detail by Cohen and co-worket6:3” For H atom transfer
reactions, they suggest:

K(T) = 1.3 x 10°T? exp(ASTR)exp(—E/RT) x
reaction degeneracy

The calculation for entropy of activatiorAE) requires
knowledge of the activated complexghCl---H---OH (its bond

lengths and angles, vibration frequencies, internal rotor param-
eters, electronic degeneracy, and symmetry properties) along

with similar parameters of the reactantsiigCl and OH).
AS =S - Sl ~ Sons
whereS' is the entropy of TST complex

We choose @H3Cl as a model compound and then make
corrections to the various degrees of freedom to obBit?

§ = S:ZHSCI + (ASrans+ AS/ib + AS‘rot_|_ ASr +
AS,+ AS, + AS) = Sy o + ZAS

The calculation procedures are briefly described below, and

the results are summarized in Table 4.

ASrans depends only on the mass change between the TST

complex and model compound, i.&ASrans = 1.5R In(M*/M)
= 0.72 cal/moiK.

We estimate the geometry of TST complex, th&8 is
calculated knowing the product of moments of inertia of the
complex and the reagenif, andl, so:

AS, .= 0.5R In(1,7/1) = 3.48 cal/moiK for a-abstraction
ASyp= 0.5RIn(l o /1) = 3.20 cal/moiK for p-abstraction

due to changes in the barrier to internal rotation are interpolated
from tables developed by Pitzer and co-work&r€ohen and
Bensor® analyzed the reactions of OH with haloalkanes and
proposed that the entropy of free rotation about thelCbond
is 4.5 cal/moilK and H--O bond is 4.3 for halomethanes. They
eported values of 4.7 and 4.6 cal/nt6ffor C---H and H--O

onds, respectively, in haloethanes. We take the average value
of halomethanes and haloethanes for the K& bond

AK..u=(4.5+4.7)/2=46
and the H--O bond
AS,..o=(4.3+4.6)[2=4.45

Unlike the haloethanes, we do not have internal rotation about
the CG=C double bond. We assume:

AS, = AS...y T AS,.0=4.6+4.45=
9.05 cal/moiK at 300 K

The rate constants we obtain for the two abstraction channels
(Table 4) arek, = 9.72 x 10°T? exp(—3800RT) andk, = 1.69
x 107T? exp(—4390RT). The ratio of these two abstractions is
ko'ka = 1.74 exp488IT).

A second method to estimate the Arrhenitidactors for
specific H atom sites is to separate the observed experimental
value for all H atoms into a sum where each term represents
the contribution from specific H atom sites. Cohen suggested:
“The probability of OH colliding with H is proportional to total
cross section divided by number of available H atodfs”.
Incorporating this, the preexponentiAl factors for a- and
[-abstraction from vinyl chloride are proportional to the number
of available H atoms.

AfA=2
This compares well with the ratio estimated from TST, 1.74.

Results and Discussion

The calculated rate parameters to all specific product sets are
listed in Table 5.

Howard has predicted that elimination of Cl from the adduct
with formation of vinyl alcohol dominates for the-addition
due to the weaker €CI bond. Perry et al.and Liu et aP
estimate the rate constant of this channel as a relatively minor
reaction pathway of total rate constant. Our evaluation shows
that OH addition to thex-carbon is a low fraction, ca. 10%, of

The electronic degeneracy of the TST complex is 2 so that that for addition to thegs-carbon at room temperature under 1

AS )= RIn 2.

atm; which is in agreement with the estimations of Perry et al.
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TABLE 5: Overall Rate Constants k = AT"exp(—EJ/RT) at Different Pressures-b
reaction A n E remark

. (a) 0.076 Torr
C;H3Cl + OH — CH,=CCI + H,O 9.72x 10° 2 3.80 a-abstraction
C;HsCl + OH — CH=CHCI + H,0 1.69x 107 2 4.39 p-abstraction
CzHsCl + OH — CHCIOHCH, 6.48x 1074 —-2.26 —1280 a-addition
C,H3Cl + OH — CH,CICHOH 8.39x 1072 —-2.80 —213
C2HsCl + OH — CH;=~CHOH + Cl 6.15x 101 -0.12 103
CHsCl + OH — CH,=COHCI+ H 8.64x 1073 3.72 1870
C;HsCl + OH — CH,CHO + HCl 1.54x% 10° 0.37 -171
C,HsCl + OH — CHCICH,OH 6.12x 10 -10.9 3550 S-addition
C;HsCl + OH — CH,CICH,O 9.33x 102 -11.5 3510
C;HsCl + OH — CH,0+CH,CI 7.00x 10° —0.46 —1930
C;HsCl + OH — CH,CICHO + H 1.04x% 10° 1.80 —2010
CoHsCl + OH — CHCI=CHOH + H 5.98x 10 1.93 5160
CHCICH,0H — CH,CICH,O* 2.18x 1073 3.14 22200
CHCICH,0H — CHCI=CHOH+ H 6.75x 10784 25.4 659

. (b) 0.76 Torr
C2HsCl + OH — CH,=CCI + H,0 9.72x 1 2 3.80 a-abstraction
C,HsCl + OH — CH=CHCI + H,0 1.69x 107 2 4.39 S-abstraction
C;HsCl + OH — CHCIOHTH, 9.46x 101 —0.09 —7500 a-addition
C2HsCl + OH — CH,CICHOH 1.79x 10°8 —0.67 —6260
C,H3Cl + OH — CH,=CHOH + CI 6.09 x 10 -0.12 100
CzHsCl + OH — CH,=COHCI+ H 8.66x 1073 3.72 1870
CH3Cl + OH — CH,CHO + HCI 1.54x 10° 0.37 -171
C2HsCl + OH — CHCICH,OH 2.67x 10 -10.7 4740 B-addition
C,H3Cl + OH — CH,CICH,O* 4.87 % 10% -11.3 4150
C2HsCl + OH — CH,0+CH,CI 4.05x 1012 -1.25 —-196
CH3Cl + OH — CH,CICHO + H 5.48x 107 1.02 —328
CzHsCl + OH — CHCI=CHOH + H 6.18x 10° 1.93 5160
CHCICH,OH — CH,CICH,O* 1.13x 10%2 —7.40 34200
CHCICH,OH — CHCI=CHOH+ H 1.73x 10 —5.48 32900

. (c) 7.6 Torr
C,H3Cl + OH — CH,=CCl + H,0 9.72x 108 2 3.80 a-abstraction
CoHsCl + OH — CH=CHCI + H,0 1.69x 107 2 4.39 B-abstraction
C;HsCl + OH — CHCIOHTH, 5.04x 10° —5.05 —8850 o-addition
C;HsCl + OH — CH,CICHOH 4.50% 10° -4.07 —9670
C;HsCl + OH — CH,~CHOH + Cl 6.09x 10 -0.12 100
CzHsCl + OH — CH;=COHCI+ H 8.83x 1073 3.72 1880
C2HsCl + OH — CH,CHO + HCl 1.55% 10° 0.37 —-170
C;HsCl + OH — CHCICH,OH 3.63x 10% -10.7 6210 S-addition
C2HsCl + OH — CH,CICH,O* 5.04x 10% -11.4 4710
C,H3Cl + OH — CH,O+CH,ClI 1.78x 10 —-2.28 2270
C2HsCl + OH — CH,CICHO + H 2.82x 101 -0.03 2140
C;HsCl + OH — CHCI=CHOH + H 4.19x 108 1.69 5640
CHCICH,0H — CH,CICH,O* 4.20x 10%2 -7.32 35200
CHCICH,OH — CHCI=CHOH+ H 1.97 x 10% —8.00 38300

. (d) 76 Torr
C;H3Cl + OH — CH,=CCI + H,O 9.72x 10F 2 3.80 a-abstraction
C;HsCl + OH — CH=CHCI + H,0 1.69x 107 2 4.39 p-abstraction
CzHsCl + OH — CHCIOHCH, 1.80x 10°8 -22.7 7500 a-addition
C,H3Cl + OH — CH,CICHOH 3.95x 1066 —22.2 6900
C;HsCl + OH — CH;=CHOH + Cl 6.09x 101 -0.12 100
CHsCl + OH — CH,=COHCI+ H 1.08x 102 3.69 1930
C2HsCl + OH — CH,CHO + HCl 1.59% 10° 0.37 -162
C,HsCl + OH — CHCICH,OH 1.48x 10% -10.3 7190 S-addition
C;HsCl + OH — CH,CICH,O 3.17x 10% —-10.9 4200
C2HsCl + OH — CH,0+CH,CI 2.25x 10t -3.13 4880
C;HsCl + OH — CH,CICHO + H 6.40x 104 -0.96 4830
CoHsCl + OH — CHCI=CHOH + H 2.03x 10 0.63 7830
CHCICH,0H — CH,CICH,O* 1.64x 10% -7.58 36500
CHCICH,0H — CHCI=CHOH+ H 5.85x 10% —-9.70 43400

. (e) 760 Torr
C2HsCl + OH — CH,=CCI + H,0 9.72x 1(° 2 3.80 a-abstraction
CoHsCl + OH — CH=CHCI + H,0 1.69x 107 2 4.39 S-abstraction
C:HsCl + OH — CHCIOHH, 1.22x 1084 —-255 15000 a-addition
C2HsCl + OH — CH,CICHOH 1.27x 1084 —25.5 14900
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reaction A n E remark
(e) 760 Torr (Continued)
C,HsCl + OH— CH,=CHOH + CI 1.22x 10%2 -0.20 274
C;HsCl + OH — CH,=COHCI+ H 5.70x 102 3.49 2380
C.HsCl + OH— CH,CHO + HCI 4.13x 10° 0.25 87
C,HsCl + OH — CHCICH,OH 1.77x 10% —9.08 7240 SB-addition
C.H3Cl + OH — CH,CICH,O* 1.11x 10% —-12.7 7150
C,H3Cl + OH — CH,O+CHCI 7.76 x 10%° —-3.22 6740
C.H3Cl + OH— CH,CICHO + H 5.89x 101 —-1.17 6850
C;HsCl + OH — CHCI=CHOH+ H 2.54x 10 —-0.52 10800
CHCICH;0OH — CHxCICH,Or 2.12x 10 —6.48 36300
CHCICH,OH — CHCI=CHOH+H 1.01x 10% —9.16 45400
. (f) 7600 Torr

C,HsCl + OH — CH,=CCI + H,0 9.72x 10° 2 3.80 a-abstraction
C,HsCl + OH — CH=CHCI + H,0 1.69x 107 2 4.39 [-abstraction
C,HsCl + OH— CHCIQHCHZ 1.25x 10% —23.7 18500 o-addition
C,HsCl + OH — CH,CICHOH 1.22x 10% —23.7 18300
C,HsCl + OH— CH,=CHOH + ClI 6.75x 10" —0.98 2090
C,HsCl + OH — CH,=COHCI+H 14.0 2.81 4050
C,HsCl + OH— (:ZHZCHO+ HCI 1.78 x 10%? —0.50 1880
C.H3Cl + OH — CHCICH,OH 3.56x 10%4 —-7.11 6190 f-addition
C,H3Cl + OH — CH,CICH,O* 1.05x 10% —-12.9 10400
C,H3Cl + OH — CH,O+CHCI 3.86 x 10Y —2.46 7820
C,HsCl + OH— CH,CICHO+ H 6.64 x 1013 —-0.52 8080
C>H3Cl + OH — CHCI=CHOH + H 3.92x 10 —0.50 12500
CHCICH;OH — CHxCICH,Or 1.35x 10% —4.71 35300
CHCICH,OH — CHCI=CHOH + H 4.04x 1034 —7.08 45100

akandAin cm® mol~t st or s%; T in K; Ea in cal/mol; andn is unitless.? 300—2000 K.

logk (cm

3mol'ls'l)

12

11

10

kC HCICH,0H

and Liu et al. Formation of th@-adduct (stabilized) is the

1000/T (K)
Figure 3. Addition rate constants vs temperature at 1 atm.

dominant addition product at 1 atm and 29800 K.
Figure 3 shows the calculated rate constants versus temperagreement with previous studi&$ As temperature increases,

ature for bothu- and-addition paths at 1 atm. Addition at the
p-carbon and ECICH,OH adduct stabilization is the most
important channel below 1000 K at 1 ato-Addition is about

100 times slower thap-addition between 3062000 K. The
p-stabilization rate constant decreases with increasing temper-
ature (falloff), while thex reaction which goes to the low-energy
vinyl alcohol + CI product remains near constant. Reverse
reaction of the3 adduct, dissociation to vinyl chloridé OH,
increases with temperature and dominates stabilization above
ca. 800 K (experimentally observed as reduced reaction rate or
negative activation energy), as previously reported by Liu et
al3

Theo-adduct channel behaves differently thtaaddition due
to the low-energy reaction channels available to this adduct
most of theo-adduct rapidly undergoes CI elimination, or Cl
shift, and then elimination of Cl, both paths resulting in vinyl
alcohol+ Cl atom products. We calculate that the vinyl alcohol
+ Cl atom products dominate for theaddition channel at 300
to 2000 K and 10* to 10 atm. The energy barrier for Cl
elimination from theoi-adduct is 19.88 kcal/mol relative to the
stabilized adduct, with the estimated preexponential factor of
9.36 x 10' s1 (see Table 3); this provides a half-life of ca. 90
s at 298 K. This half-life is sufficient that the-adduct, if
stabilized, will react with @ under atmospheric conditions to
form a chloro-hydroxyl peroxy radical. When temperature
increases to 950 K, the half-life of this Cl elimination decreases
to ca. 108 second so that dissociation occurs before reaction
with O, under combustion conditions. The vinyl alcohblCI
channel dominates all other product reactions faomaddition,
and all new products resulting frofhaddition in the temperature
range 300-1500 K (excludings-adduct stabilization). A small
fraction, near constant 10%, of the overall reaction proceeds to
vinyl alcohol+ CI product below 1000 K due to thee-addition
rate constant. This fraction of the overall rate constant is in

other product channels start to show importance. CHGHCI
+ His an important product channel above 1500 K which results
from S-adduct elimination of H atom.
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Figure 4. (a) Comparison of model with experiment (Liu etgl. g § g
temperature-dependent rate constants at 1 at®): addition; () g At ;)
abstraction. (b) Comparison of model with experiment (Howard 5 . | | | ré’/é) =
temperature-dependent rate constants at &4m ©) at 7 Torr. 0.1 ) 10 100 1000 10000

Figure 4a compares calculated rate constants of the important P (torr)

addition channels with the experiments over the temperatureFigure 5. (a) Addition rate constants vs pressure at 300 K. (b) Addition
range 306-2000 K at 760 Torr. The sum of abstraction rate rate constants vs pressure at 1000 K.

constantsk; + kp) calculated by transition-state-theory are also

shown in Figure 4a. The abstraction reactions starts to dominate

over addition from 810 K, while Liu et &.reported that it Figure 4b compares calculated rate constants vs temperature
dominates above 723 K. The overall rate constauaidition plus at 0.01 atm and again shows good agreement with the
abstractior-is shown to be in agreement with the experimental experimental data. Vinyl alcohet Cl is the most important
data. addition product channel at low and moderate temperature, while
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dependent rate constants at 300 Koward} O Perry et al2 A Liu
et al®). (b) Comparison of model with experiment (Liu efpl.pressure
dependent rate constants at 10000 at 1033 K.

CHOH=CHCI + H starts to dominant when temperature
approaches 2000 K.

The rate constants versus pressure at 300 K for the addition
reaction channels are illustrated in Figure 5a. Phaddition
channel is dominate at high pressure and in the falloff regime
as suggested by previous researchetsrigure 5b illustrates

this rate constant versus pressure at 1000 K. The rate constan

for f-adduct formation, 6CICH,OH undergoes rapid falloff
with decreasing pressure. Vinyl alcohblCl and CHOHR=CHCI

J. Phys. Chem. A, Vol. 103, No. 39, 1998809

+ H from H elimination of theg-adduct are the dominant
products below 760 Torr.

The comparison of calculated rate constants with experimental
datd—2 at 300 K versus pressure is shown in Figure 6a. The
experimental data (0.7 to 7 Torr) of Howandas extrapolated
using a curved Lindemann pfaind estimated dgns ~ 4.20 x
10 cm® mol~! s71 at 100 Torr for the reaction of OH with
C,H3Cl. Perry et ak observed no pressure dependence and
proposed that their work at 50 Torr were at the high-pressure
limit and estimated a value &f~ 3.97 x 102 cm® mol~t s,

Liu et al® measured this rate constant to be 4:68.0'? cm?

mol~t s71 at 760 Torr. The model shows the same pressure
dependence as these research groups. We predict the reaction
is at 95% of high-pressure limit by 7 Torr with a small, ca. 5%
increase, between 7 and 760 Torr as illustrated in Figure 6a.

The calculated important rate constants at 1000 K versus
pressure are plotted in Figure 6b. Experimental data by Liu et
al2 at 1033 K are also shown. Abstractions ¢ k,) are the
dominate reaction channels, when the temperature increases to
1000 K.

Data in Figures 36 illustrate that thes-addition adduct is
one of the most important species at 3AM00 K and 104—

10 atm; so it is of value to study its fate under different
conditions. Under atmospheric conditions fhiadduct GCICH,-

OH is stable and will react with £and then nitric oxide to
form a chloro-alkoxy radical (CWODHCHCICO). This chloro-
alkoxy radical has two low-energy channels for unimolecular
dissociation, both involving carbonyl formation: (i) HCI
elimination to HCH CH,OHC=0, and (ii) Cl atom elimination

to Cl + CH,OHCHO. Kaiser and Wallington indicate HCI
elimination is dominant in the methyl analog#fe®

The enthalpies of important species are critical to our kinetic
calculation (see Table 1). The kinetic estimates on several
reaction paths are, therefore, dependent on correct product and/
or reactant enthalpieAH;°,93 of C,H3Cl is evaluated to be 5.06
kcal/mol, which differs from literature data: 6:8lor 8.40%2
but our value is in good agreement with Melius’s BAC-MP4
result (4.742 and Colegrove’s G2 calculation (5.08)Colegrove
also suggested that the reported experimental values of
AH;°209(CoH3Cl)*142 need to be reexamined. Vinyl alcohol is
calculated as-29.95 and-29.46 kcal/mol by CBS-APNO and
G2 methods, respectively Turecek et af® reported theAH;°,08
of vinyl alcohol as—29.6 kcal/mol using G2MP2. Smith et4l.
calculated energy of vinyl alcohol relative to acetaldehyde using
G1, their calculation result is 11.23 kcal/mol above acetaldehyde,
which placesAH;°,9g Of vinyl alcohol at—28.53 kcal/mol. Our
evaluation -29.61 kcal/mol) is consistent with above values.
The errors inAH;°,g5 of vinyl alcohol and &,CHOH radical
are estimated to be less tharl.5 kcal/mol*l12 The barrier
height of H atom migration reactiot{g) from CBS-q calcula-
tion is estimated having-2 to +1 kcal/mol error baf! This
error does not have much effect on the rate constants of
dissociation products: CGIEICHO + H and CHO + CH,CI
becauseE, is predominantly controlled bAHx,. The uncer-
tainty for H atom addition to a carbertarbon double bond
(such ass,s5) andEy-11) in this work) is estimated as1 kcal/
mol. Eg's for H addition in the literatur€ range from up to 3
kcal/mol for ethylene to 0 kcal/mol for isobutene. Barriers and
reaction enthalpies are noted in the text and in the listed reaction
kinetic parameters for input to QRRK calculations.

?ummary

The reaction system of vinyl chloride with OH radical is
complex: It involves four initial reaction pathwaysi- and
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(20) Pitzer, K. S.; Gwinn, W. DJ. Chem. Phys1942 10, 428.

fp-addition ando- andS-abstraction plus nine isomerization or
dissociation channels of the adducts formed via the additions.
The two abstraction paths are analyzed using a modified Evans  (21) ilpatrick, J. E.; Pitzer, K. SJ. Chem. Phys1949 11, 1064.
Polanyi relation for activation energy and transition-state-theory  (22) Yamada, T.; Bozzelli, J. W.; Lay, Tiwenty Seenth Symp. (Int.)
for ArrheniusA factors. Addition reactions are analyzed using CO(fgg)USé-t [ﬁf%c-]é99§ 20h1-t LOANAF Th hemical Tableznd ed

H : : : : ull, D. R.; Propnhet, ermocnemical 1al ed.;
Chemlcal activation formalism based ona multlfrequency QRRK (NSRDS-NBS 37J.S. Government Printing Office: Washington D.C.,
calculation fork(E) and master equation analysis for falloff. 1971
Rate constants and reaction paths are predicted versus temper- (24) Frenkel, M.; Kabo, G. J.; Marsh, K. N.; Roganov, G. N.; Wilhoit,

ature and pressure and compared with experimental data. The}. C- Thermodynamics of Organic Compounds in the Gas Stegas

calculations serve as useful estimates for rate constants an

&M Research Center: College Station, TX, 1994.
(25) Chang, A. Y.; Bozzelli J. W.; Dean, A. M., submitted for

reaction paths in applications of combustion and atmospheric publication.

modeling (pressure and temperature) regimes, where experi-

mental data are not available.
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