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Theoretical calculations were carried out on the H-, Cl-, and F-atom abstraction reactions from a series of

seven substituted halogenated methanes;GGHCH,Cl,, CHCL, CCl,, CHF;, CHFRCI, and CHFC)) by H

atom attacks. Geometry optimizations and vibrational frequency calculations were performed using unrestricted

Mgller—Plesset second-order perturbation theory (UMP2) with the 6+31G(d,p) basis set. Single-point
energy calculations were performed with the highly correlated ab initio coupled cluster method in the space
of single, double and triple (pertubatively) electron excitations CCSD(T) using the-6-8G13df,3pd) basis

set. Canonical transition-state theory with a simple tunneling correction was used to predict the rate constants

as a function of temperature (702500 K), and three-parameter Arrhenius expressions were obtained by
fitting to the computed rate constants for elementary channels and overall reaction.

I. Introduction values corresponding to combustion temperatures (2600
Model development of thermal degradation processes of K). However, the extrapolation procedure does not account for

halogenated compounds in flames requires detailed knowledge'ooss'b.Ie changes in the_mech_am_s_ms with the temperature and
of the mechanisms governing such reactions as well as of thetunnellng _effects that might _s_lgmflcantly change as th_e tem-
pertinent kinetic and thermodynamic data. This information is perature increases. In addition, most of the experimental

particularly invaluable in the understanding of the elementary measaurter_rllenzstr{ustt prowd(ta ovzrall ra(tjte consft?rr]]ts andhdo_ not
mechanisms involved in the incineration of hazardous industrial 9'V€ d€talls of the lemperature dependence or the mechanisms

wastes, which could aid scientists in the development of more and kinetics of the individual pathways involved in the reaction.
cost effective and efficient incineration methods that will lead QUantum chemical calculatlons n 'conjunctlon .W'th transmqn
to more favorable environmental impacts. This is particularly Staté theory (TST) can help in reliably assessing the relative
true in the case of hydrogen and halogen abstraction from importance of the elementary reactions of combustion processes

halogenated methanes by hydrogen atoms under combustiorptC1 @ the one described in eqs++4 without the need for
empirical and complicated extrapolation procedures based on

conditions
low-temperature data.
CHXYZ + H—CXYZ +H, (I-1) In this work, quantum chemical calculations and TST are used
to compute the temperature dependence of the rate constants
CHXYZ + H— CHYZ + HX (1-2) for the abstraction reactions by hydrogen atoms on the following
series of substituted halomethanes;CHCH,Cl,, CHCl, CCl,
CHXYZ 4+ H — CHXZ + HY (-3) CHFs, CHRCI, and CHFCJ. Direct measurements for some
CHXYZ + H— CHXY + HZ (1-4) of these reactions have been reported in the literdtdfelable

1 summarizes the available experimental results together with

with X, Y, or Z = H, F, or Cl, which has been known to play the corresponding references. To our knowledge, there is no
an important role in incineration processes producing toxic experimental kinetic data for the reaction CHEGt H —
materials. products. In the case of the reaction between H-atom and the

One of the most difficult problems from the experimental species CHECI and CHFC}, no theoretical study has been
point of view is the direct determination of the temperature reported in the literature. Berry et ®l.reported low level
dependence of the kinetics of these reactions over a temperaturgalculations using the G2(MP2) and the semiempirical BAC-
range wide enough to include thermal oxidation and combustion MP4 approach to compute rate constants in the temperature
processes. Most of the time, scientists rely on extrapolations range 298-2500 K for the reaction CHF+ H — products.
based on relatively low-temperature measurements-{2980 Takahashi et dl performed G2(MP2) calculations adjusting the
K) combined with modeling in order to estimate rate constant barriers to their experimental data in order to predict rate
constants for all elementary reactions in the temperature range
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TABLE 1: Experimental Rate Parameters for Abstraction Reaction by H Atoms from Halomethanes

reactant 18 x A, cm®moleculel.s? E,, kJ.mol? k, cme.moleculel.s? T, K method ref
CHsCI (15.80+ 8.63) 31.93 8761090 T 1
6.14 38.91 506800 D/ESR 2
(18.30 4.98) (19.29+ 1.35) 298-652 T/ESR 3
(8.00+ 1.99) x 10716 298 D/ESR 4
(9.30+ 4.65) x 10716 298 D/MS 5
(22.40+ 7.50) (44.85+ 1.68) 586-839 DF/RE 6
CH,Cl, 1.79 25.53 298460 D/MS 7
(14.30+ 5.00) (35.33+ 1.53) 491787 DF/RE 6
CHCl; (13.30+ 4.30) (30.26+ 1.28) 417854 DF/RE 6
ccly (13.60+ 3.10) (24.42+ 0.76) 297-904 DF/IRFE 6
CHR; 19.30 73.17 9661300 T/IMS' 8
15.80 (64.60t 2.59) (64.60+ 2.59) 1106-1350 T/UW 9
6.13 61.20 61.20 11101550 T/UW 10
CHFRCI <2.01x 10716 298 D/ESR 11
77.20 64.27 9361160 TIMS 8

aT: thermal.? D/ESR: discharge/electron spin resonarfcBESR: thermal/electron spin resonant®/MS: discharge/mass spectrometry.
eDF/RF: discharge flow/resonance fluoresced@MS: thermal/mass spectromet&T/UV: thermal/ultraviolet spectroscopy.

Mgller—Plesset perturbation theory (PMP4) with Dunning’s and to compute zero-point energy corrections (used in the
correlation consistent doubleplus polarization cc-pVDZ basis  calculation of relative energies). Single-point energies were
set. They reported computed rate constants in the temperature&eomputed using the relatively large Pople basis set, 6F31G-
range 206-1000 K. Finally, in the case of the chloromethanes (3df,3pd)!® and the highly correlated coupled cluster method
(CH3CI, CH,Cl,, CHCL, and CC}), Bryukov et alé performed including single and double electron excitations with triple
low level calculations of the geometries and vibrational frequen- excitations computed in a perturbative manner, CCSB(T)
cies of the stationary points using unrestricted second-order Canonical transition state thed?\(TST) including semiclas-
Mgller—Plesset perturbation theory (UMP2) and the hybrid sical multiplicative tunneling correction factors was used to
B3LYP DFT functionals. This information was used together predict the temperature dependence of the rate constants.
with TST calculations in order to compute rate constants in the Accordingly, the rate constantsT), were computed using the
temperature range 298000 K. In these calculations, the following expression:

reaction barriers were obtained using the Marcus equation to

correlate the experimental rate constants and heats of reaction. T

Recently, Knyaze¥* has applied the concept of isodesmic k(T) = I'(T) x =<

reactions to indirectly estimate the barriers for these reactions. Q. (M E,
Rate constants computed with these barriers and TST calcula- TS ex __) (11-1)
tions were shown to be in reasonable agreement with the Q1 (T) QnaiomethankT) keT,

experimental results reported by Bryukov efal.

In this work, highly correlated ab initio quantum chemical whereT'(T) indicates the transmission coefficient used for the
calculations were performed in order to directly compute the tunneling correction at temperatufeand the termQrs (T),
reaction barriers for the title reactions without any further Qu(T), and QnaomethanbT) are the total partition functions for
adjustments of the energy. The energetics of these reactions waghe transition state (TS), H atom, and halomethane, respectively,
used together with TST calculations to compute rate constantsat temperaturd. In eq lI-1, the vibrationally adiabatic barrier
in the temperature range 36@500 K. For all of the reactions,  height, Ey, is computed as the difference in energies between
all possible elementary pathways are computed and their relativetransition states and reactants, including zero-point energy
importance under thermal oxidation and combustion conditions corrections, kg is Boltzman’s constant, anth is Planck’s
(700—-2500 K) are discussed. To our knowledge, this is the first constant.
time that the barriers for these reactions have been computed The calculation of the reaction rate constants using the TST
with highly correlated ab initio molecular orbital theory in a formulation given by eq Il-1 requires the proper computation
direct manner without recurring to empirical fitting schemes or of the partition functions of reactants and the transition states.
indirect methods involving isodesmic reactions. The total partition functionQx(T) of speciesX (X = H,

The remainder of this article is organized as follows. Section halomethane, or TS) can be cast in terms of the translational
| (current) presents an introduction. Computational methods areQ>T<(-|-), electronic Q§(1'), rotational QE(T)- and vibrational
reported in Section II, while the results are presented and QX(T) partition functions
discussed in Section IIl.

Qu (M = Q¥ (MQXMQR(M QM) (11-2)

Il. Computational Methods®®

Ab initio molecular orbital calculations were performed using
the Gaussian 98 suite of programs on a 4-processor Compaq
PC, 32-processor NEC SX-5, and 32-processor Silicon Graphics
Origin 2000 parallel computers. All equilibrium geometries were
fully optimized with the UMP2 methdd (unrestricted second- 2\
order Mgller-Plesset perturbation theory) and the 6-3#1G- m=1+ 1 (hL) 11-3)
(d,p) basis set Harmonic vibrational frequencies of all species 24\kgT
were calculated at the same level in order to characterize the
nature of the stationary points on the potential energy surfacewherev™ is the imaginary frequency at the saddle point.

In this work, we adopt the simple and computationally
inexpensive Wigner methétin the calculation of all tunneling
corrections for the reactions reported here
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TABLE 2: Essential Structural Parameters® and Imaginary the transition state becomes more and more reactant-like as the
Vibrational Frequencies for the Transition States of Each number of chlorine atoms in the reactant is increased in the
Reaction the MP2/6-31%+G(d,p) Level of Theory series of chloromethanes (@&, CH,Cl,, CHCL, and CCJ)
H atom and fluorochloromethanes (CEFCHRCI, CHFC), and CHCY).
abstraction r(C—Hg) r(H-Hr) 6(HH:C) L° »~, cm? The Cl atom abstraction pathways show “early” (reactant-like)
CHsCI 1.370 0.893 178.6 1.813  1803i transition state structures on the potential energy surface
CHxCl, 1.341 0.907 1790 1509 1899 characterized by values @fsmaller than 1, whereas the other
8:&'3 i-ﬁg 8-3%2 128-8 %igz iggg: pathways studied (H and F atom abstractions) are characterized
CHECI 1372 0.888 1755 1000  1856i by “Iat_e” (product-like) transition state structures with corre-
CHFCb 1.341 0.904 176.1  1.536  1905i sponding larget. parameters.
Clatom Vibrational FrequenciesAccording to the simple Wigner

tunneling formalism adopted in this work, the values of the

i — — b ¥ —1
abstraction r (C=Clg) r(H=Cls) 0(HCIC) L> " cm imaginary frequencies computed for each transition state, suggest

CHCl 1.951 1.563 180.0  0.600 1373  that tunneling through the barrier may be important at atmo-
CH.Cl 1.931 1.588 176.3 0.519 1405 spheric temperature§'(T) > 2 for T < 700 K). In all cases,
CHCl, 1.915 1.618 176.2  0.435  1420i th i dinate is ch terized by the miarati tih
ccl, 1907 1654 180.0 0354  1410i e reaction coordinate is characterized by the migration of the
CHRCI 1.933 1.563 176.3 0.617 1388i abstracted atom _from the ca_lrbon in the molecular substrate
CHFCh 1.921 1.589 174.1 0.516  1416i toward the attacking free radical hydrogen atom.

2. Energetics and Reactivity TrendsReaction Enthalpies.

F atom Table 3 lists the reaction enthalpied ) computed at the

abstraction r (C—Fg) r(H-Fg) 6 (HFRC) L v, comt r

) CCSD(T)/6-313%+G(3df,3pd)//UMP2/6-311+G(d,p) level of
g:ECI 1'223 iig% ggg ﬁég g;gg: theory for all studied abstraction channels. Calculated reaction
CHECh 1638 1214 176.7 0949  2690i enthalpies are very close to the literature values based on the

heats of formationAsH®, at 298 K of the species of interest
the atom involved in the abstraction is notégl ® The transition-state (see Table 8S in the Su_pporting Information for daFa f’md relevant
parametet is defined as the ratio of the increase in the length of the referencgs) espeCIaIIy if the experimental uncerta!ntles are tal.(en
bond being broken and the elongation of the bond being formed, eachiNto consideration. Our results show that progressive substitution
with respect to its equilibrium value in the reactant and the product. Of H atoms in the incipient methane moiety by chlorine atoms

favors the exothermicity of the H- and Cl-abstraction reactions,

This choice seems to be appropriate to the tunneling correc-whereas the substitution of chlorine by fluorine strengthens the

tions applied to rate constants at typical incineration/combustion endothermicity of the H- and F-abstraction reactions. These
temperatures (7662500 K) for which the values of transmission  trends can be explained by the relatively largacceptor and
coefficientsI'(T) are small to moderate<(2).22 More sophis- m-donor characters of fluorine when compared to chlorine.
ticated and computationally demanding algorithms such as theAccordingly, the interaction between two or more adjacent
ones developed by Truhf&and Mille?4 should be used if more ~ fluorine atoms stabilizes the fluoromethane, while similar
accurate results are necessary. In these methods, detailednteractions between chlorine atoms have a negligible stabilizing
knowledge of the reaction path is needed, making the computa-effect. In addition, geminal interactions between fluorine and
tion of tunneling corrections of relatively large electronic chlorine atoms on the same halomethane lead to a weak
structure systems such as the ones containing chlorine atomstabilization?’
very time-consuming. In this work, rate constant calculations  Barrier Heights.Table 4 shows the computed vibrationally
were performed over the temperature range of interest usingadiabatic barrierss, for the seven reactions under study. The
the Turbo-Opt prograrf® following relation defines these barriers:

a2Bond lengthg are in angstroms, and bond angles@ie degrees;

1. Results and Discussion Ey, = E;s — Ex + ZPE s — ZPE; (I11-1)

1. Geometric Parameters and Vibrational Frequencies.
Geometric ParametersTable 2 lists the relevant structural WhereErs and Er are the computed ab initio energies of the
parameters (including geometries and imaginary frequencies)transition state and reactants, whereas#Riad ZPI are their
calculated for the transition states. More detailed information corresponding zero-point energy corrections. In the case of all
regarding optimized geometric parameters and vibrational of the chloromethanes, the results listed in Table 4 indicate that
frequencies for reactants, transition states, and products areprogressive substitution of H by CI in the halomethane’s
presented in the Tables 1S-7S of the Supporting Information. structure tends to decrease the barrier, leading to more “reactant-

The geometries of the transition states, predicted at the UMP2/like” transition structures, in keeping with Hammond'’s postu-
6-311-+G(d,p) level of theory, are characterized by the late?® However, in the case of the chlorofluoromethanes, the
collinearity of the breaking €X (X = H, F, or Cl) bond and two effects (increasing F substitution and decreasing Cl substitu-
the nascent HX bond. The main change in the geometrical tion when going from CHGIto CHFs in the series) increase
structure of the transition state can be characterized by the the barrier height, leading to less “reactant-like” transition
parameter, defined as the ratio of the increase in the length ofstructures.
the bond being broken and the elongation of the bond being Reactvity Trends: Fukui Function Analysig.o understand
formed?® This parameter provides a reliable measure of the the chemistry governing the trends in the potential energy
reactant- or product-like character of the concomitant transition barriers obtained in this work, we correlate these barriers with
state. Large: values correspond to product-like transition states two highly useful reactivity indexes: Fukui functiofbased
while smaller values correspond to reactant-like TS’s. The on the electronic structure of the reactants and the more
resulting values are reported in Table 2 (column 5). The empirical Evans-Polanyi relations which correlate barriers with
observed trends in the evolution of thgparameter suggest that  heats of reactions.
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TABLE 3: Reaction Enthalpies A;H Calculated at 298 K in kJ mol~! at CCSD(T)/6-311+G(3df,3pd)//UMP2/6-311-+G(d,p)

Level of Theory

H abstraction

Cl abstraction F abstraction

H + CH4Cl —19.0—18.3+ 3.8)
H + CH,Cl, —30.9-33.6+ 3.8)
H + CHCl; —40.0(—44.0+ 3.3)
H + CCl,

H + CHF; 12.69.2+ 4.2)

H + CHRCI ~7.5-12.2+ 8.0)
H + CHFCb —24.3(—22.1+ 19.0)

TABLE 4: Vibrationally Adiabatic Barriers E, Calculated
in KJ Mol ~1 at CCSD(T)/6-31H+G(3df,3pd)//UMP2/
6-3114++G(d,p) Level of Theory

—85.3—80.9+ 1.8)
—102.2(—97.6+ 4.0)
—120.2(—118.4+ 3.9)
—143.3-145.2+ 6.6)
~36.9(—37.4+ 6.8)
—71.7—64.5+ 4.1) —74.0(—67.5+ 10.7)
—94.5-86.3+ 19.1) —~114.4(—117.3£ 12.7)

TABLE 5: Fukui Function Condensed to Atoms** and
Corresponding Abstraction Classical Barriers’) (in kJ mol 1)
for All Halomethanes Considered in This Study

H abstraction Cl abstraction F abstraction

H + CHsCl 46.8 40.3
H + CHxCl, 38.2 36.1
H + CHCl; 31.0 30.3
H+ CCly 23.7
H+ CHR; 60.3 177.2
H + CHRCI 47.1 44.3 155.5
H + CHFChL 38.0 36.9 135.7

The Fukui functiong? f(r), provide a robust and efficient way
to capture the physics governing chemical reactivity. Within
the density functional theory (DFT) formalism, the Fukui
function (FF) is defined &8

7y = |0 ]
f(F) [MT) | (11-2)

whereu is the chemical potential(r) is the external potential,
and N is the total number of electrons. Applying Maxwell’s
relations of the derivatives and assuming that the tota
energy of a molecular system is a function Nf eq IlI-2
becomes

op

(=35

(I11-3)

v

wherep is the electron density. In the frozen orbital approxima-
tion,2°the FF becomes equal to the Keh8ham frontier orbital
density, and the following functions can be defirféd:

t'(F) = 1¢"()I° (I11-4)
wherey = HOMO or LUMO and¢*(F) is the corresponding
Kohn—Sham frontier molecular orbital. Whenm = HOMO
(LUMO), eq llI-4 quantifies the susceptibility of the molecule

toward electrophilic (nucleophilic) attacks. A measure of the
susceptibility toward radical attacks is given by

(fHOMO(F) 4 £LUMO(F))
2

fYF) = (I11-5)
Contreras et a? have developed a method that allows their
values to be computed, condensed to a particular atmmthe
molecule. According to this method, the condensed Fuku
function at an atonm is given by

AO AO
=3 |lc.+ cmzcwsm] (I1-6)

UE | KZU

wherec,, are the molecular orbital coefficients, AQO is the total
number of atomic orbitalsS,, is the atomic orbital overlap
matrix, andv indicates the frontier molecular orbital HOMO

molecule ﬂ—iad f rCald f ::ad E}tLabs Eélfabs Elzfabs
CHsCI 0.4875 0.7972 52.7 41.2
CHCl, 0.3024 0.5013 44.2 35.3

CHCl; 0.0816 0.3538 36.4 28.5

CCly 0.2666 215

CHFCL 0.1880 0.4729 0.0113 437 34.9 133.9
CHRCI 0.6646 0.7567 0.0158 53.6 42.3 153.9
CHF; 1.2385 0.1257 67.6 176.2

aWhen more than one atom of the same type, an average is taken.
b Computed at the B3LYP/6-331+G(3df,3pd)//UMP2/6-31++G(d,p)
level of theory.c Computed at the CCSD(T)/6-3+H%G(3df,3pd)//
UMP2/6-311-+G(d,p) level of theory.

or LUMO as defined before. In addition, the radical Fukui

function condensed to atoiris given by

(fiHOMO + f:_UMO)

frad= 5 (I1-7)

| The condensed FF’s have been found to be a reliable tool in
the interpretation of a wide variety of problefisGiven that
firad provides a quantitative index of the susceptibility of atom
i toward radical attacks, we calculate these indices for all of
the reactants treated in this study in order to provide insight in
the chemistry governing the trends obtained in the computed
barriers for all of the abstraction channels considered in this
work. The condensed FF methodology (egs IlI-6 and 111-7) has
been implemented in a subroutine within a modified version of
the Gaussian 98 package. The Fukui functions were computed
by performing single-point calculations on the geometries
optimized at the UMP2/6-31+G(d,p) level of theory with
the 3-parameter DFT “hybrid” exchange-correlation functional
B3LYP34 using the 6-31%++G(3df,3pd) basis (B3LYP/6-
311++G(3df,3pd)//UMP2/6-311+G(d,p)). Table 5 shows the
results of these calculations as well as the corresponding
classical barrier heights for the different abstraction channels.
Analysis of the condensed FF results indicates that there is a
clear correlation between the size of the Fukui function
condensed to a particular atom and the corresponding barrier
height for its abstraction by H atoms. Thus, the fact that chlorine
abstractions exhibit lower barriers than hydrogen abstractions
correlates with the larger condensed FF values for chlorine when

_ compared to the corresponding values for hydrogen. In addition,

I the significantly larger barriers for fluorine abstractions correlate
with its considerably lower condensed Fukui values. Overall,
the results listed in Table 5 lead to the conclusion that the lower
barriers observed in the case of chlorine abstractions (as
compared to H- and + abstractions) are the result of its
relatively high susceptibility to attacks by radicals such as H
atoms. By the same token, the significantly higher barriers in
the case of F-atom abstractions are the result of its poor
susceptibility to radical attacks.
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Figure 2. Temperature dependence of the overall rate constant of
reaction H+ CH;Cl — products. Dashed line correspond to the
calculated values of the rate constant at the CCSD(T)/6+31G-
(3df,3pd) level of theory.

Figure 1. Quadratic variation of the vibrationally adiabatic barriers
Eo versusAH®° (298 K).

Reactvity Trends: BEans—Polanyi Relations.Figure 1
depicts the predicted Evan®olany?® plot for all abstraction 109 4 . . .

reactions considered in this study. For each type of X-abstraction <,
channel (X=H, F, or Cl), a polynomial fit (with am? equal to o 10704 3
0.99) to the data leads to the following Evans-Polanyi relation 3 1011 \ i
for Eo (in kJ mol1): 8 Y
g 10 1
E, (H-abstraction)= e g ref. 6
—4 2 ] 3
—4.244% 10 " A,H" + 0.526AH + 53.33 (llI-8) "% 1] ref. 7 i
3)
E, (Cl-abstraction)= ' 105] \
o
2.728x 10 ° A H? + 0.287AH + 64.71 (11I-9) 2 el ~!
< 10»17 . . . .

E, (F-abstractiony
1.229x 1072 A H? + 0.720AH + 202.10 (I1l-10)

0.5 1.0 1.5 2.0 25 3.0

1000/T , K'

: B _ ; : Figure 3. Temperature dependence of the overall rate constant of
Equations I11-8-111-10 show a weak quadratic behavior of the reaction H~+ CH,Cl, — products. Dashed line correspond to the

vibrationally adiabatic barriers dependence on the regction calculated values of the rate constant at the CCSD(T)/6-31G-
enthalpies at 298 KAH, for the H-, Cl-, and F-abstraction  (34f,3pd) level of theory.

channels. In principle, if information regarding the vibrationally

adiabatic barrier for a similar abstraction reaction is needed, 10° : : : : :

equations (I11-8)— (l11-10) can be used in order to predict the "

correspondingEy from its theoreticalA\H computed at the "o 107 N 3

CCSD(T)/6-31#+G(3df,3pd)//UMP2/6-311+G(d,p) level of 3

theory. < 1071 3
3. Kinetic Parameters Calculations.Rate ConstantsTST £

]

calculations using Wigner tunneling corrections were performed “g 102 | L
in order to compute reaction rate constants for each reaction ©
channel over the temperature range 3@600 K. For each g’ 103 4 L
overall reaction, the global rate const&(if) was calculated at I
each temperature taking into account the path degeneracy of @ 1014 4 L
each contributing channel. Figures-2 present the results of

the overall rate constant calculations together with the available *~ 105 L . ' .
experimental data for comparison purposes. Overall, the results 0.5 10 15 20 25 30
in Figures 2-7 show a marked curvature of the Arrhenius plots 4
over the temperature range of interest, possibly as a result of 1000/T . K
tunneling effects and/or changes in the relative importance of Figure 4. Temperature dependence of the overall rate constant of
the individual channels. With the exception of the reactionsg-CH "eaction H+ CHCl; — products. Dashed line correspond to the
Cl + H — products and ChC, + H — products, excellent fg&?gsga)dle\czllugftﬁé;pye_ rate constant at the CCSD(T)/6-31G-
agreement between the comput€d)’s and the experimental
values is observed (Figures-Z). Westenberg and DeHaaas well as with the ones reported by

In the case of the reaction of H atoms with §CH the results Bryukov et al® However as Figure 2 shows, our theoretical
shown in Figure 2 and Table 2 indicate that our calculated valuesresults are in significant disagreement with the temperature
are in excellent agreement with the experimental results of dependence of the experimental measurements reported in refs
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Figure 5. Temperature dependence of the overall rate constant of
reaction H+ CCl, — products. Dashed line correspond to the calculated
values of the rate constant at the CCSD(T)/6-8315(3df,3pd) level

of theory.

Figure 8. Temperature dependence of the branching dtim % of
H- and Cl-abstraction of the chlorine containing halomethanes.

the reliability of the results of Westenberg and DeHaeswell
as the ones reported by Bryukov etseem to provide strong
arguments in favor of the validity of our theoretical predictions.
In the case of the reaction of H atoms with &Hp, our
calculated values are in excellent agreement with the experi-
mental determinations (see Figure 3) of Bryukov ef alt
relatively low temperatures however, it is observed that the
experimental rate constants obtained by Combourieu edra.
consistently higher than our computed values (Figure 3) with a
smaller slope in the Arrhenius plot. These discrepancies can be
attributed at the interference caused by secondary reactions in
the experiment that tends to consume the molecular reactant as
well as H atoms, as previously discussed by Bryukov ét al.
s Finally, the computed overall rate constants for the reaction
10 W 0'6 0'8 1'0 1'2 1'4 of H atoms with CCJ were found to be systematically higher
’ ’ : ’ : ’ than those measured by Bryukov ef Al a factor of 2.5 (Figure
1000/T, K-1 5). However, over the temperature range (3000 K), the slope
Figure 6. Temperature dependence of the overall rate constant of (—E4/R) of our predicted Arrhenius plot{2985 K) is very close
reaction H+ CHF; — products. Dashed line correspond to the to the experimental one reported in ref-62937 K).

10"

1012 4

1013 4

1014 -

k(H+CHF,), cm’.molecule™.s™

Cgé?lgatdeﬂ valluefs Isf the rate constant at the CCSD(T)/6-31G- Branching RatiosFor an abstraction reaction by H atom and
(3df,3pd) level of theory. a moleculeM, we define the branching ratidA" (in %) as the
10-10 ratio of the rate constant for the X-abstraction pathway to that
"'u! of the overall rate constant of the reaction. For example, in the
Yo 10713 \ E case of the CHEEI, the branching ratio for the H-abstraction
E 1012 | channel is given by the following equation:
@ \
o
1013 ] ref. 8 L CHF,CI
”2 -14 \ IEHFZO(T) ~ LCHRCI kgH C|(T) CHFR,CI x 100%
5 10" . - KM + kM + kM
= 405 ] ref. 11 i (mn-11)
&‘) \ (upper limit)
& 10 N ° i where k57T, KEF(T), and kKEHEY(T) are the rate con-
Q \ stants for the H-, Cl-, and F-abstraction channels at temperature
1017 4 E . . - :
z N T respectively. The branching ratios of H-, Cl-, and F-abstraction
< 4o : : : : : channels calculated over the temperature range<{2600 K)
0.5 1.0 1.5 2.0 25 3.0 35 are reported in Table 9S of the Supporting Information. The

- results of these calculations are summarized in graphical form
1000/T, K g :
) in Figure 8, where the temperature-dependence of the branching
Figure 7. Temperature dependence of the overall rate constant of ratios of the relevant channels (H- and Cl-abstraction) is

reaction H+ CHFRCI — products. Dashed line correspond to the depicted. At tvpical inci tion/ bustion t ¢
calculated values of the rate constant at the CCSD(T)/6+31G- epicted. ypicalincineration/combustion temperatures, we

(3df,3pd) level of theory. found that the F-abstractions exhibit very IaxM values (at
most 1% at 2500 K) indicating that they are not competitive
1 and 3-5. Given the marked differences in trends shown by with the other abstraction channels in the consumption of the
the experimental data, an unambiguous assessment of the qualitparent halomethane undergoing thermal degradation. For all the
of our theoretical predictions is difficult. However, the critical studied species, Cl-abstraction is consistently the most important
analysis of the experimental data discussed in ref 6 supportingchannel over the whole temperature range. The results indicate



10592 J. Phys. Chem. A, Vol. 108, No. 47, 2004 Louis et al.

TABLE 6: Summary of the Arrhenius Parameters of Elementary Channels Calculated over the Temperature Range 762500
K

H abstraction Cl abstraction F abstraction

B2 n E/R (K) Ba n E/R (K) B2 n E/R (K)
H + CH;CI 2.5x 107 2.073 4370 6.1 10716 1.731 4315
H + CH,Cl, 1.5x 10°Y 2.068 3325 7.% 10716 1.693 3690
H + CHCl; 7.7x 10718 2.033 2460 1.2 10715 1.664 2945
H+ CCly 2.6x 101 1.632 2185
H + CHR; 1.3x 107 2.062 6190 3.5¢ 10716 1.769 20030
H + CHFRCI 1.1x 107V 2.050 4520 3. 10716 1.661 4605 2.3« 10716 1.748 17420
H + CHFCh 9.4x 10718 2.030 3345 6.5¢ 10716 1.658 3715 1.2 10716 1.745 15050

aUnits in cn? molecule! s™1

TABLE 7: Summary of the Arrhenius Parameters of and the “Fonds Eurdes de Deeloppement Economique des
Overall Reaction Calculated over the Temperature Range Réegions” (FEDER) for partial funding of this work and for
700-2500 K supporting CERLA. The authors would also like to thank Dr.
B® n E/R(K) Denis Lehane for his invaluable help with the computations
H + CHsCl 3.6 x 10716 1.859 4305 performed in Central Computer Facilities at NIST and Dr. Yamil
H + CH.Cl, 4.8x 10716 1.794 3590 Simon-Manso (CSTL, NIST) for fruitful discussions.
H + CHCl; 1.1x10% 1.696 2905
H -+ CCl 2.6x 10 1.632 2185 Supporting Information Available: Computed optimized
H+ CHI 11x 1077 2.090 6160 eometry parameters and vibrational frequencies for all reac-
H + CHR.CI 1.2x 1071 1.849 4525 g Y Pa que or &
H -+ CHFCb 4.0 % 1016 1.750 3625 tants, transition structures, and products considered in this study.
e - The literature values of the heat of formation corresponding to
Units in cnf molecule™ s the reactants and products under study as well as the branching

ratio of H-, Cl-, and F-abstraction channels as a function of the

that progressive substitution of H or F by Cl in the series of (o mperature are also listed. This material is available free of
halomethanes considered in this study tends to increase thecharge via the Internet at http://pubs.acs.org.
branching ratiar. These trends are in accord with the results
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