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The dynamical properties of the hydrogen abstraction reactions from halomethanes ef Ek@I= 0—2)

and CHCI, with Cl atoms in the temperature range 200 K are investigated theoretically. The minimum
energy paths (MEPSs) of these reactions are calculated at the BH&H-LYP/6-311G(d,p) level, and the energies
along the MEPs are further refined at the QCISD(T)/6-8GLd,p) (single-point) level. For the title reactions,

the theoretical rate constants by using improved canonical variational transition state theory incorporating
small-curvature tunneling correction are in good agreement with available experimental results. It is shown
that the vibrational adiabatic potential energy curves for these reactions have two barriers, a situation similar
to the analogous C#X + Cl (X = F, ClI, Br) reaction. For these reactions, the small-curvature tunneling
effects are found to be small and the variational effects except for the {LHCI reaction are found to be

small over the temperature range considered.

Introduction the analytical potential energy surface and just made a crude
) ) ] estimate of a 1D approach of the tunneling factor in these

The H-abstraction reactions from halogen-substituted hydro- reactions. In addition, they only reported the rate constants at
carbons by chlorine atom attack in the gas phase have been thesom temperature. The aim of this paper is to perform a direct
subject of many experimental studies. The importance of gp jnjtio dynamics study at a relatively higher level on the rate

halocarbons in atmospheric chemistry is well establistfed.  constants of the four hydrogen abstraction reactions by Cl atoms

Chloromethanes are known to be important atmospheric speciegyer the temperature range 20000 K in order to obtain more
and should be responsible for the depletion of the ozone layerprecise results.

in the stratosphere and for the greenhouse effects. These
reactions play an important role in the processes of industrial
chlorination and in the incineration of hazardous halogenated
wastes® In this paper, we focus our attention on the rate It has been previously sho##2! that the combination of
constants of four halogen-substituted hydrogen-abstraction reacBecke’s half-and-half (BH&HF with Lee—Yang—Parr (LYPY3
tions CHCE + Cl — CCl; + HCI, CHCLF + ClI — CCLF + nonlocal correlation functionals can be used cost-effectively to
HCI, CHCIF, + CI — CCIF, + HCI, and CHCI, + CI — calculate the geometries and frequencies particularly for open-
CHCl; + HCI. There have been some experimental studies shell systems. In the present work, the equilibrium geometries
available in the literature concerning rate constants for the and frequencies of the stationary points (reactants, products, and
reactions of CHG* ! CH,Clp,4 8113 CHCLF 415 and transition states) are calculated by using the BH&H-LYP method
CHCIR,.%1416 For the reactions of CHGF and CHCIF, only with the 6-311G(d,p) basis set by using Gaussian 98 program
one experimental res@lishows the temperature dependence of package® At the same level, the minimum energy path (MEP)
rate constants. For the reactions CEGInd CHCl, the is obtained by intrinsic reaction coordinate theory (IRC) with a
agreement for most of the experimental data is excellent.  gradient step size of 0.05 (am{)bohr. Furthermore, selected

In contrast to the large number of experimental data, points along the MEP, the force constant matrices as well as
theoretical studies on the kinetic parameters of these reactionghe harmonic vibrational frequencies are obtained. To obtain
are rather limited. In 1988, Tschuikow-Roux et'areported more accurate information on energy, the quadratic configuration
the semiempirical bond energypond order (BEBO) study on  interaction with single and double substitutions with a triple
the CHCI, + Cl — CHCl, + HCl reaction and gave the kinetic ~ contribution [QCISD(T)}® calculations are performed using the
parameters by using conventional transition state theory (TST). 6-3114+-G(d,p) basis set at the BH&H-LYP MEP geometries.
In 1994, Rayez et dl obtained the 298 K rate constants for By means of the POLYRATE-Version 8.4.1 progrédfithe
the title four reactions at the HF/6-31G(d,p) level followed by theoretical rate constants are calculated using the conventional
the BAC-MP4 single-point energy calculations and one- transition state theory (TST) and the improved canonical
dimensional (1D) tunneling correction. Generally, their calcu- variational transition state theory (ICVT) incorporating small-
lated rate constants are in quantitative agreement with thecurvature tunneling correction (SCT) method proposed by
experimental data. Yet, their predicted reactivity tré&(@HCls Truhlar and co-worker&’28 Improved canonical variational
+ CI) >k(CH,Cl, + CI) qualitatively contradicts with the transition state theory rate constark§YT(T), at fixed temper-
experimental results. We note that Rayez et al. did not calculateature {T) by minimizing improved generalized transition state
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theory rate constan'®T(T,9, with respect to the dividing
surface at is expressed as

TABLE 1: Calculated and Experimental Geometrical
Parameters (Distances in Angstroms and Angles in Degrees)
of Stable Structures

KYT(T) = mink'®™(T,9 species  geometrical params BH&H-LYP/6-311G(d,p) expt
° CHCl5(Cs,) r(CH) 1.0738 1.100
The improved generalized transition state theory rate constant rD(g%)H 1677625 %(')7752
KCT for temperaturél and dividing surface at is CCh (C) r(CCl) 17117 1740
s P
’ T .
KEU(T,9 = ————"= exp(~Vyer9) CHCLF (C)  r(CH) 1.0763 1.099
BhQR(T) r(ccl) 1.7648 1.750
: : : : : : r(CF) 1.3315 1.367
In this equation, s is the location of the improved generalized 0CICH 108.3 109.8
transition state on the IR@;is the symmetry factor accounting OFCH 109.8
for the possibility of two or more symmetry-related reaction 7(CICHF) 119.1
paths;8 equals ksT)~* wherekg is Boltzmann's constant is CCLF (Cy) r(CCl) 1.7198
Plank’s constantQR(T) is the reactant’s partition function per rm(g::C)F 1639136
unit volume, excluding symmetry numbers for rotation; 7(CICFCI) 1371
Vmer(s) is the classical energy along the MEP overall zero of cHCIR, (Cy) r(CH) 1.0788 1.090
energy at the reactar@'¢™(T,s) is the partition function of the r(CCl) 1.7674 1.740
improved generalized transition statesadlong the MEP. To r(CF) 1.3255 1.350
include tunneling effect, the ICVT rate constant is multiplied E(F:ICCHH ﬂg'g 1.07.0
by the small-curvature tunneling (SCT) approximation, which Z(FCHCI) 120.2
is denoted ak'°VT/SCT(T). The rate constants are then calculated cci, (cy) r(CCl) 1.7302
at 200-700 K temperatures using the mass-scaled Cartesian r(CF) 1.3061
coordinate. The Euler single-step integrator with a step size of trFccl 113.7
0.0001 (amw? bohr is used to follow the MEP, and the 7(FCCIF) 127.8
generalized normal-mode analysis is performed in every 0.01 CHCL (Cz.) ;Eggl)) i%% 1'9?2
(amu}’2 bohr. OHCH 111.7 112.0
JHCCI 108.0
Results and Discussions CHCI, (Cy) r(CH) 1.0714
. ) . . r(ccl) 1.7049
A. Stationary Points. The optimized geometric parameters OHCCI 117.1
of the reactants (CHgl CHCLF, CHCIF,, and CHCI,), and 7(CICHCI) 151.2
products (CG, CCLF, CCIR,, CHCL, and HCI) at the BH&H- HCl r(HCI) 1.2757 1.27%

LYP/6-311G(d,p) level of theory are shown in Table 1. The
available experimental valu&sCare also listed for comparison.

From Table 1 we can see that the largest deviation of the

aEperimental values from ref 29 Experimental values from ref
30.

theoretical bond lengths differing from the experimental values kcal/mol, respectively, which are in reasonable agreement with

is 0.035 A ¢(C—F) for CHCLF) and the largest deviation of
the bond angles is 228or OCICCI of CCh. It is obvious that

the corresponding experimental values-e8.4, —4.9, +0.6,
and—>5.2 kcal/moB2 Thus, the reaction exothermicity decreases

the theoretical geometric parameters are in good agreement within the order CHG > CH,Cl, > CHCLF > CHCIF,. The

the experimental da#g:3°

classical barrier heights of the CHCH# Cl, CHCLF + CI,

Geometric parameters of the transition state structures for theCHCIF, + Cl, and CHCI, + Cl reactions are 0.9, 3.0, 6.2, and
four hydrogen abstraction reactions are listed in Table 2. To 1.8 kcal/mol, respectively. The increase of the classical barrier

reflect the reactant- or product-like character of the forming
transition state, we employ the parametgf which is the ratio
between the elongation of the-&{' bond and the elongation
of the CHH' bond,L = 6r(C—H")/or(CI—H'). For the CHC}
+ Cl reaction, the transition state h@s, symmetry and. < 1.
For the remaining three reactions, the transition states Gave
symmetry, and the angles between the breakirgHCbond
and the nascent'HCI bond (JCI'H'C) for three reactions are
about 178 with L > 1.

Table 3 gives the harmonic vibrational frequencies of the

height for the H-abstraction on the order of CHG! CH.Cl,
< CHCLF < CHCIR, is just the opposite of the reaction
exothermicity changes. The increasing classical barrier heights
for the reactions CHGI+ CI, CH.Cl, + CI, CHCLF + CI,
and CHCIR, + CI are also consistent with the increasing
dissociation energies of the breaking-8' bonds within the
reactants CHGH Cl, CH,Cl, + Cl, CHCLF + CI, and CHCIR
+ CI; i.e., the correspondin®(C—H') values are 94.1, 96.9,
97.9, and 101.6 kcal/mal.

B. Minimum Energy Path. The changes of bond lengths

reactants, products, and transition states at the BH&H-LYP/ along the IRC for the ClI reaction with CH hre plotted in
6-311G(d,p) level as well as the corresponding experimental Figure 1 It is easily seen that with the proceeding of this
results’::32 For the species of reactants and products, the reaction, the active €H' (breaking) and CHH' (forming) bond
calculated frequencies are in good agreement with the experi-lengths change very smoothly up to absut —0.45 (amu)?

mental values with the largest deviation of 8%. For each

bohr. After that, both bonds change rapidly up to as&t0.5

reaction, the transition state has only one imaginary frequency. (amu}2 bohr, and later, the changes become slow again.
The reaction enthalpies and classical barrier heights calculatedHowever, the lengths of the other bond show nearly no change

at the QCISD(T)//BH&H-LYP level with ZPE correction are
listed in Table 4. For the CHgH- Cl, CHCLF + CI, CHCIR
+ CI, and CHCI, + CI reactions, the calculated reaction
enthalpies at temperature 298 K ar6.3,—2.5,+1.5, and—4.3

during the entire reaction processes. For the remaining three
reactions, i.e., CHGF + CI, CHCIR, + CI, and CHCI, + CI,

the bond length changes along the IRC are similar to reaction
CHCI; + Cl.



322 J. Phys. Chem. A, Vol. 106, No. 2, 2002

Xiao et al.

TABLE 2: Optimized Geometrical Parameters (distances in Angstroms and Angles in Degrees) of the Transition States for
Hydrogen Abstraction Reactions of CHCE, CHCI,F, CHCIF,, and CH,ClI; by CI Atoms at the BH&H-LYP/6-311G(d,p) Level

geometrical params €tH---CCl3 (C3,) Cl+++H---CCLF (Cy) Cl+++H---CCIR, (Cy) Cl:++H---CHCI; (Cy)
r(CH) 1.2923 1.3304 1.3807 1.3230
r(CH) 1.0777
r(CCl) 1.7350 1.7297 1.7286 1.7249
r(CF) 1.3120 1.3038
OCICH 104.4 105.6 106.7 106.6
OFCH 105.3 106.2
7(CICHCI) 120.0 124.2
7(CICHF) 118.4 1211
r(H'Cl’) 1.5318 1.4949 1.4574 1.5069
OCIH'C 180.0 175.0 175.1 174.9
L = or(CH)/or(H'Cl) 0.853 1.159 1.614 1.067

TABLE 3: Calculated and Experimental Frequencies (cnt?) at Stationary Points for the Four Reactions

species BH&H-LYP/6-311G(d,p) expt
CHCl; 277,277, 384, 696, 803, 803, 1309, 1309, 3289 261, 261, 363, 680, 774, 774, 1220, 1220, 3034
CClg 289, 289, 332, 508, 933, 933 266, 266, -, 487, 8982898
Cl--+H---CCl; 1443, 92, 92, 237, 287, 287, 448, 761, 863, 863, 1085, 1085
CHCLF 291, 387, 476, 764, 837, 1172, 1329, 1408, 3271 270, 368, 455, 741, 806, 1079, 1242, 1313, 3023
CClLF 297, 401, 476, 632, 905, 1246 747,919, 1208
Cl-+-H---CCLF 1424, 89, 107, 247, 306, 402, 527, 834, 909, 1059, 1083, 1233
CHCIR, 382, 429, 624, 837, 1182, 1219, 1395, 1452, 3258 400, 417, 598, 812, 836, 1108, 1312, 1350, 3024
CCIR, 381, 440, 620, 799, 1228, 1309 599, 761, 1148, 2208
Cl-++H---CCIF, 1332, 91, 113, 278, 386, 454, 673, 909, 1015, 1021, 1234, 1320
CH,Cl, 298, 738, 783, 936, 1238, 1362, 1516, 3223, 3302 282,717, 748, 898, 1158, 1268, 1467, 2999, 3054
CHCl, 317, 485, 779, 921, 1305, 3324 902, 1226
Cl--+H---CHCl, 1374, 89, 157, 308, 402, 794, 866, 918, 1037, 1191, 1314, 3259

HCI

3046

a Experimental values from ref 32 Experimental values from ref 32.

TABLE 4: Reaction Enthalpies (AH3,9) and Forward
Classical Barrier Height (AEf) (kcal/mol) with ZPE
Correction for the Four Reactions

BH&H- QCISD(T)// E i0 ]
LYpa DFT®  expt % ]
CHClL+ Cl—CClh+ HCl  AHg,, —5.7 -6.3 -8.4 J 164
AEf 4.6 0.9 £ 15

CHCLF + Cl— CCLF + HCl AHS,, —1.7 -25 -4.9 =
AE 5.7 3.0 > 14
CHCIR, + Cl— CCIR, + HCl AHS,, 2.1 15 0.6 5 .
AEf 7.7 6.2 @ 134
CH,Cl, + Cl— CHChL + HCl AHS,, —3.1 -4.3 -5.2 121
AE 4.3 1.8 ]

aCalculated by using the 6-311G(d,p) basis &&ingle point
QCISD(T)/6-311#G(d,p) energy calculations at the BH&H-LYP/6-
311G(d,p) geometrie$.The experimental values from ref 33.

2991

s(amu'“bohr)

Figure 2a-d depict the classical potential energy CUIVeS iy e 1. changes of the bond lengths along the BH&H-LYP/6-311G-
(Vmer(s)) and the ground-state vibrational adiabatic potential (d,p) minimum energy path for the CHCH Cl — CCl; + HCl reaction

energy curves\@(s)) as functions of the intrinsic reaction

coordinates at the QCISD(T)//BH&H-LYP level together with

the zero-point energy curves (ZBg(for the four reactions.

plotted vs the reaction coordinagen the mass weighted coordinates.

the largest variational effect, as will be confirmed by the rate

We can interestingly find that for each of these reactions, the ¢onstant calculations in section 3.C. Note that such a two-barrier

ground-state vibrational adiabatic potential surface has two

shape ofVC has been revealed for the analogoussKH- Cl

barriers, one higher barrier at the entrance valley and another(x = F3* Cl,35 Br) reactions.
one at the transition stats & 0 (amu}’2 bohr) of the MEP.

C. Rate ConstantsICVT rate calculations including small-
According to the expressiow(s) = Ver(s) + ZPEG), the curvature tunneling (SCT) contribution are carried out for the
nonregulaVs shape may be attributed to the combination of forward direction of the four H-abstraction reactions in the
two different factors: the low-energy barrier and the relatively temperature range 26000 K. Figure 3ad displays the
large early drop of the zero-point energies (ZPE) prior to the calculated rate constants and experimental results for the four
saddle point zon& Specifically, when the large early drop of H-abstraction reactions. For the reaction CHEICI — CCls

ZPE is combined with a broadyep that has a low classical 4 HCI (see Figure 3a), there are seven experimental measure-
barrier height, a large variational effect will be caused. Figure ment$->7-11 on the rate constants, which agree well with each
2a—d show that the reaction CHEE Cl has a flateWyegp than other. The numerical agreement between our ICVT/SCT rate
reactions CHGF + Cl, CHCIR, + CI, and CHCI, + Cl. This constants and the experimental ones is very good, i.e., the
suggests that among the four reactions, GHEICI may have k(ICVT/SCT)k(expt) falls within the range 0:52. Yet, the
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Figure 2. Classical potential energ¥(ep), zero-point energies (ZPE), and vibrational adiabatic potential en&ﬁ))a(s a function of the reaction
coordinates, at the QCISD(T)//BH&H-LYP level for the (a) CHgH Cl — CCl; + HCI, (b) CHCLF + CI — CClL,F + HCI, (c) CHCIR, + CI
— CCIF, + HCI, and CHCI, + Cl — CHCI, + HCI reactions.

theoretical temperature dependence of the rate constants is> CHCIF,. Such a reactivity trend of these reactions is well

somewhat steeper than that of the measured bheiFor the consistent with the experimental fact, the measured 298 K values

CHCI,F + Cl — CCLF + HCl and CHCIR + Cl — CCIR, + of k by Orlandd! are 3.25x 10713 and 1.19x 10712 cn?®

HCI reactions (see Figure 3b,c), there is only one experimental molecule* s™1 for CH,Cl, and CHC} reactions, respectively,

resulf that gives the temperature dependence of rate constantsand those by Talhaolare 7.6x 10714, 1.9 x 10714 and 1.4

and the other experimental results are just measured at 298 K.x 10715 cm?® molecule! s1 for CHCls, CHCLF, and CHCIE

Our theoretical rate constants are in reasonable agreement withreactions, respectively. It should be pointed out that Rayez et

available experimental ongand the ratikk(ICVT/SCT)k(expt) al.l” have calculated the 298 K rate constants for the GHCI

is within 2—4 for the CHC}F reaction and 0:20.5 for the and CHCI, reactions to be 2.4 101 and 1.3x 10713 cm?®

CHCIR; reaction in the measured temperature range. The ICVT/ molecule’? s71, respectively, at the BAC-MP4//HF/6-31G(d,p)

SCT slope is in general agreement with the curved experimentallevel, which yields a reactivity trenfl(CHCI3) > k(CH,CI,).

plot. Finally, for the CHCI, + CI — CHCI, + HCI reaction Surely, their obtained reactivity trend is quite different from

(see Figure 3d), there are seven available experirheh#s +13 available experimental results and our calculations. The possible

about the rate constants, and these experimental values agreeeason may be that Rayez et al. just performed TST calculations

well with each other except for the rate constant obtained by followed by a crude estimate of a one-dimensional (1D)

Clyne et al,® which was somewhat larger than that of the other approach of the tunneling factor in the reaction instead of

ones. The rate constant by Clyne efé 7.52 x 10713 cm?® calculating the analytical potential energy surface, which is very

molecule’! st and the other ones are about 3:28.0713 cm?® important for determination of the reaction rate constants. In

molecule! st at 298 K, which is in good agreement with our addition, Rayez et al. did not report the rate constants at the

result 3.87x 10713 cm?® molecule® s™%. From Figure 3d, we  other temperatures besides 298 K. Our results within-2m

can see that our calculated rate constants are in excellentK may present a useful comparison for further experiments.

agreement with the experimental values and the iqtoVT/ From Figure 3a, we can also see that the variational effect is

SCT)k(expt) is in the range 0-71.2. large and the small-curvature tunneling effect is small on the
From Table 5 where our ICVT and ICVT/SCT rate constants rate constants for the CHE teaction. From Figure 3bd, we

for the four forward reactions are listed, we can find that both can easily find that the curves of TST, ICVT, and ICVT/SCT

k values decrease in the order of &Hp, > CHCl; > CHCLF are nearly the same, which indicates that the variational effect
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Figure 3. Computed TST, ICVT, and ICVT/SCT rate constants as a function #Tldhd available experimental values for the (a) CHEICI
— CClz + HCI, (b) CHCLF + Cl — CCLF + HCI, (c) CHCIR, + Cl — CCIF, + HCI, and (d) CHCI, + Cl — CHCl, + HCI reactions.
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TABLE 5: ICVT and ICVT/SCT Forward Reaction Rate Constants (cm? molecule® s71) for the Selected Hydrogen
Abstraction Reactions

CHCI; + Cl — CClz + HCI

CHCLF + Cl — CCLF + HCI

CHCIF; + Cl — CCIR; + HCI

CHxClI, + Cl — CHCI, + HCI

T (K) ICVT ICVT/SCT ICVT ICVT/ISCT ICVT ICVT/ISCT ICVT ICVT/SCT
200.0 5.28x10'® 7.66x 107> 9.99x 10716 2.19x 1071 5.72x 1071 1.14x 10718 2.03x 1074 3.60x 1074
250.0 3.30x 10* 4.15x 10* 8.16x 10°% 1.33x 1074 1.85x 1077 2.88x 10°Y 1.01x 10713 1.46x 10713
298.0 1.12x10% 1.32x10%*¥ 3.21x10% 451x 1074 1.86x 10716 2.54x 10716 3.00x 10713 3.87x 1071
300.0 1.17x 10 137x 10 3.37x10% 4.71x 1074 2.02x 10716 2.75x 10716 3.12x 10718 4.01x 10°%
350.0 293x 10 3.29x 10 9.52x 107 1.22x 10713 1.18x 10°%° 1.48x 1071° 7.28x 10713 8.75x 10713
400.0 5.84x 10'® 6.38x 1071® 2.13x10°% 2.57x 10718 4.62x 10715 5.50x 10715 1.43x 10712 1.64x 10712
450.0 1.00x 102 1.07x 10 4.11x 1073 4.77x 10713 1.39x 10714 1.59x 10714 2.49x 10712 2.78x 10722
500.0 1.55x 107%? 1.64x 10 7.11x10% 8.02x 10713 3.44x 1074 3.85x 1074 4.00x 107%2 4.37x 10°%2
600.0 3.04x 10?2 3.16x 10* 1.72x 10°%? 1.86x 10712 1.43x 10713 1.55x 10713 8.63x 10712 9.19x 10722
700.0 5.12x 107%? 5.27x 10%?* 3.42x10% 3.63x 10712 4.22x 1071 4.47x 1073 1.59x 10°¢ 1.67x 10°1¢

and small-curvature tunneling effect are small on the rate typical reaction A+ BC — AB + C, the skewed anglé of
constants for the CH@F, CHCIR, and CHCI, reactions. The  the reaction path curvature is defined by the expressiorfcos

variational effect discrepancies may originate from the flagd/ — \/mAmC/(mA_i_mB)(mB_i_%) (m is the effective mass.). For

with a lower classical barrier height for reaction CHG1 CI the H-abstraction reactions CHGF Cl, CHCLF + Cl, CHCIF,
compared to the other three reactions, as is discussed in sec;tior]r Cl. and CHCl, + CI. the 6 value i’s small as 1609 117

3.B. The small-curvature tunneling effect on the rate constants
can also be reflected in Table 5. Particularly, for the reactions ' . .
CHCl; + Cl and CHCI, + Cl, the ratiok(ICVT/SCT)K(ICVT) curvature tunneling may have some |nf|uenpe on the calculation
falls within the range 1.031.45 and 1.051.77, respectively. of the rate constgnts for the four title reactions. Unfortunately,
In the above discussions, the small curvature tunneling (SCT) the LCT correction can only be made where an analytic
correction is used. Yet, when the reaction path is acutely curved, representation of the potential energy surface (PES) for a
as in the H-abstraction between two heavy fragments, the reaction is availablé® Different from the SCT effect, the LCT
contribution from the large curvature tunneling (LCT) correction effect cannot be directly calculated by means of the ab initio
should be considered especially at low temperattirésr a PES. Since the skewed andleis almost the same, the LCT

11.#, and 11.4, respectively. This indicates that the large
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effect is expected to be similar for the four H-abstraction
reactions; i.e., inclusion of LCT may not change the qualitative
results for the four reactions. Moreover, while our calculated

J. Phys. Chem. A, Vol. 106, No. 2, 200225

(10) Brahan, K. M.; Hewitt, A. D.; Boone, G. D.; Hewitt, S. At. J.
Chem. Kinet1996 28, 397.

(11) Orlando, J. Jint. J. Chem. Kinet1999 31, 515.

(12) Tschuikow-Roux, E.; Faraji, F.; Paddison, S.; Niedzielski, J.;

rate constants with SCT correction are in good agreement with Miyokawa, K. J. Phys. Chem1988 92, 1488.

available experimental values, we expect that the LCT effect
correction may not change quantitatively the results too much.

Conclusions

In this paper, the hydrogen abstraction reactions from
CHCls—nFy (n = 0—2) and CHCI, by chlorine atoms are

investigated theoretically. Dynamical calculations are based on

a full improved canonical variational transition state theory plus
multidimensional semiclassical tunneling correction with the
potential energies information calculated directly from a com-
bination of QCISD(T) and BH&H-LYP DFT methods. It is
found that the classical barrier height for the H-abstraction
reactions is in the order CHEK CH,Cl, < CHCLF < CHCIR,

(13) Niki, H.; Maker, P. D.; Savage, C. M.; Breitenbach, L.IR. J.
Chem. Kinet198Q 12, 1001.

(14) Jourdain, G. L.; Poulet, G.; Barassin, J.; Lebras, G.; Combourieu,
J.J. Pollut Atmos 1977, 75, 256.

(15) Tauzon, E. C.; Atkinson, R.; Corchnoy, S.IBt. J. Chem. Kinet
1992 24, 639.

(16) Sawerysyn, J. P.; Talhaoui, A.; Meriaux, B.; DevolderCRem.
Phys. Lett1992 198 197

(17) Rayez, M. T.; Rayez, J. C.; Sawerysyn, JJARPhys. Chenil994
98, 11342.

(18) Duncan, W. T.; Truong, T. Nl. Chem Phys 1995 103 9642.

(19) Truong, T. N.; Duncan, W. T.; Bell, R. L. i8hemical Applications
of Density-Functional TheoryAmerical Chemical Society: Washington,
DC, 1996; p 85.

(20) Truong, T. N.J. Chem Phys 1994 100, 8014.

(21) Maity, D. K.; Duncan, W. T.; Truong, T. NJ. Phys Chem A
1999 103 2152.

whereas the exothermicities of the reactions decrease in the (22) Becke, A. D.J. Chem. Phys1993 98, 1372.

opposite order. By analyzing the reaction path of the title
reactions, it is shown that the vibrational adiabatic potential

(23) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.
(24) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;

energy curves for the title reactions have two barriers, a situation Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.

similar to the analogous reactions @H(X = F, ClI, and Br)
+ Cl.

D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,

The calculated rate constants of these reactions are in good. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
agreement with the experimental values over the measured©"tiz, J. V.; Boboul, A. G.; Stefnov, B. B.; Liu, G, Liashenko, A., Piskorz,

P.; Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-

temperature range, alth(_)ugh the theoretical temperature_depenLaham, M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe,
dence of rate constants is slightly steeper than the experimentaM.; Gill, P. M. W.; Johson, B.; Chen, W.; Wong, M. W.; Andres, J. L.;

ones. It is found that the variational effect is significant for the
CHCI; + Cl reaction and small-curvature tunneling effects are
small on the rate constants for all the title reactions. Our
theoretical results may be useful for further revealing the
dynamical properties of this kind of hydrogen abstraction
reaction.
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