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Abstract. Kinetic isotope effects, KIEs, for hydrogen
abstraction from C,Hg and C,Dg¢ by chlorine atom have
been studied by the dual-level direct dynamics approach.
A low-level potential energy surface is obtained with the
MNDO-SRP method. High-level structural properties of
the reactants, transition state, and products were
obtained at the MP2 level with the cc-pVDZ, aug-cc-
pVDZ, and the cc-pVTZ basis sets. Using the variational
transition state theory with microcanonical optimized
multidimensional tunneling, the values of deuterium
KIE, at 300 K, range from 2.28 to 3.27, in good
agreement with the experimental values (2.69-5.88).
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Introduction

Abstraction of a hydrogen atom by chlorine is an
important step in several reactions involving combustion
and atmospheric chemistry of hydrocarbons, and
has therefore attracted attention from both experimen-
talists [1] and theoreticians [2]. In the case of the
CI(*P)+ C,H¢—C,Hs + HCl abstraction reaction, its
experimental investigation offers some difficulties be-
cause there are possible side reactions or non-adiabatic
effects, which cause a departure from linear Arrhenius
behavior at temperatures above 600 K [3]. The values for
the rate coefficient at room temperature vary from
5.51 x 107" cm® molecule™ s7! [3] to 5.9 x 107! cm®
molecule™" s™' [4]. This abstraction reaction is considered
relatively fast, although its rate constants still fall below
the values calculated using the simple collision theory [5].
Thus the barrier, although small, is not negligible.
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It is challenging to obtain balanced calculations of the
energetic features of a reaction with such a low barrier.
For instance, this reaction is exothermic by -2.2
to —2.6 kcal mol™! [6, 7], and it is almost barrierless
with forward and reverse activation energies equal to
0.3 + 0.2 kcal mol™" [3] and 1 + 1 kcal mol™" [8], re-
spectively. In a previous theoretical study [9], we have
obtained the structures and energies of all stationary
points (reactants, products, and transition state) using
MP?2 theory and the cc-pVDZ, aug-cc-pVDZ, cc-pVTZ,
and aug-cc-pVTZ basis sets [10]. Single-point calcula-
tions at the MP2, QCISD(T), and CCSD(T) levels were
also used to compute the energetic properties. We have
also examined thermal rate constants for the forward
reaction using the zero-order interpolated variational
transition state theory (IVTST-0) approach [11].

Another important and difficult chemical kinetic
property to be evaluated for hydrogen abstraction re-
actions [12] is the deuterium kinetic isotope effect (KIE)
[13]. For the CI(*P)+ C,Dg reaction, the experimental
value of the deuterium KIE ranges from 2.69 to 5.88 [14,
15] at room temperature. As far as we know, no deute-
rium KIE values have been reported for the C,D5+ DCI
reverse reaction.

In this work, our main goal is to calculate thermal
rate constants and deuterium KIEs by a dual-level ap-
proach to direct dynamics through the use of a semi-
empirical MNDO-SRP potential energy surface (PES).
The MNDO-SRP method is a combination of MNDO
general parameters [16] and specific reaction parameters
(SRP) [17,18]. This method was chosen because ab initio
calculations of the full PES are computationally too
expensive. An alternative procedure is to make use of an
analytical potential energy surface (APS) [19]. However,
this method is not feasible for large polyatomic systems,
because we need accurate and detailed data from the
vibrational potential energy such as internal-coordinate
couplings [20].

Bimolecular thermal rate constants and deuterium
kinetic isotope effects were calculated using canonical
variational transition state theory with interpolated
corrections (VIST-IC) [20, 21] including multidimen-
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sional tunneling corrections [22-25]. The C,H¢/C;Dyg
KIE is defined in this paper as the ratio ky;/kp, where ky
is the rate constant for unsubstituted ethane, and kp, is
that for the isotopomer. When the value of the KIE
is greater than unity it is called normal, otherwise it is
called inverse [13].

Methods

In our previous paper [9], geometries, electronic energies, and
harmonic vibrational frequencies for the perprotio reactants,
transition state, and products were obtained at the MP2 level, using
the cc-pVDZ, aug-cc-pVDZ, cc-pVTZ, and aug-cc-pVTZ Dunning
basis sets [10]. These basis sets, for simplicity, were called for short
bl, b2, b3, and b4, respectively. Complementing that study, values
of the vibrational frequencies and moments of inertia for the per-
deuterated stationary points are evaluated in this paper. The MP2
structural parameters were used to supply high-level information
needed for VTST-IC, also called the dual-level direct dynamics
method [20,21].

The set of specific reaction parameters for the MNDO-SRP
method were developed by trial-and-error [26] to provide a better
description of selected structural and energetic properties for the
full potential energy surface. The properties used in the optimiza-
tion process of the semiempirical parameters are forward classical
barrier height (AVf) vibrationally adiabatic barrier height (AVG )
geometry of the transition state, values of representative tunneling
energies along the reaction coordinate, and Arrhenius activation
energy calculated by a two-point fit at 300 K and 400 K. The
calculated values of the small and large representative tunneling
energies, in all ranges of temperatures, were used to guide the
optimization process of the semiempirical parameters because their
smooth variations are, in general, related to a suitable description
of the reaction-path curvature. The best values for the forward
classical barrier helght and for the energy of reaction were set to 4.4
and 2.9 kcal mol™', respectively.

According to the dual-level notation [20,21], a calculation which
uses MP2/cc-pVDZ (high-level) and MNDO-SRP (low-level)
methods is called MP2/cc-pVDZ///MNDO-SRP-IC. In a shorter
notation, this level of calculation is called MP2/b1///MNDO-SRP.
Calculations with the remaining basis sets are denoted similarly. Ab
initio calculations were evaluated with the GAUSSIAN 98 code
[27].

The reaction path was calculated in mass-weighted rectilinear
Cartesian coordinates, using the Page and Mclver’s method [28]
with a step size of 0.01 ay. The Hessian matrix was calculated at
every step along this reaction path. The reaction coordinate, s,
along the minimum energy path (MEP) is defined as the signed
distance from the saddle point, with s>0 corresponding to the
product direction. The units of s are bohr, and all calculations are

carried out in mass-scaled coordinates with a reduced mass p equal
to 1 amu. We use the interpolated-corrections-additive algorithm
method (ICA) [20,21] to interpolate corrections on the low-level
surface.

In transition state theory (TST) and canonical variational
transition state theory (CVT) [22] calculations, the symmetry
factors used are 6 and 1 for the forward and reverse reactions,
respectively. We have mcluded the two low-lying fine structure
electronic states, Pl,z and P;/z, in the calculations of the electronic
partition functions, which are separated by 882 cm™, to account
for spin-orbit coupling [29].

Finally, we considered the tunneling corrections. We use the
microcanonically optimized multidimensional tunneling (LOMT)
approach [25], in which, at each total energy, the larger of the SCT
and LCT tunneling probabilities is taken as the best estimate. The
unidimensional method of Wigner [30] as well as the zero-curvature
tunneling [23] and small-curvature tunneling [24] methods are also
employed in the analysis of the deuterium KIE. All dual-level rate
constants were carried out with MORATE 8.5 code [31], which is
an interface between MOPAC 5.09 mn [32] and the POLYRATE
8.5 code [33].

Results and discussion
Properties of the potential energy surface

The values of the classical barrier height (AVl) and
vibrationally adiabatic barrier height (AVG ) evaluated
at the saddle point, and the electronic energy of the
reaction (AE) and enthalpy of reaction at 0 K (AH,) are
listed in Table 1. Results from our previous paper [9] are
also summarized in Table 1. The MP4/b3//MP2/b3,
QCISD(T)/b3//MP2/b3, and CCSD(T)/b3//MP2/b3
calculations provide values for the forward adiabatic
barriers equal to —0.1, —0.4, and —0.3 kcal mol™’
respectively. These results are close to the exper1mental
activation energy of 0.3 kcal mol™'. In the previous
study we have also applied an empirical procedure [26]
to obtain the forward classical barrier and the activation
energy. Using the IVTST-0 method, the best ﬁt yields
a forward activation energy of 0.3 kcal mol™" and a
classical barrier height of 4.4 kcal mol™', which is in
good agreement with the MP4 (4.3 kcal mol™),
QCISD(T) (4.0), and CCSD(T) (4.1 kcal mol™") results
using the MP2/b3 geometries and frequencies. The MP2/
b4 calculations give values for the electronic energy of
reaction and vibrationally adiabatic barrier height equal

Table 1. Energenc propertles

(in keal mol™!) of the CIP)+  Method AV} AV AE AH,
C,Hg reaction
AM1 -8.2 -18.0
PM3 -12.4 -14.0
MNDO 3.1 -12 -11.7 -11.7
MNDO-SRP 4.4 0.1 -6.0 -7.3
MP2/b4? 0.7 -3.7 29 24
MP4/b3//MP2/b3* 43 -0.1 5.5 0.1
QCISD(T)//b3/MP2/b3? 4.0 -0.4 5.3 -0.1
CCSD(T)//b3/MP2/b3? 4.1 -0.3 5.3 -0.1
empirically adjusted® 4.4 0.3
Expt. 03 + 0.2° -(2.2-2.6)¢

a [9]

°[9] and see also the discussion in the text
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to 2.9 and —2.4 kcal mol™', respectively. Therefore, at
this level of the theory there is a close agreement with the
experimental enthalpy of reaction which range from
—2.2 to —2.6 kcal mol™' [6,7]. Based on these previous
results, the values of the energetic parameters used as
high-level data in the VIST-IC calculations are set as
4.4 kcal mol™! for the forward classical barrier height
and 2.9 kcal mol™" for the electronic energy of the
reaction.

Comparing all available semiempirical methods for
their predictions of energetic parameters, we found that
the MNDO Hamiltonian gives the best agreement with
the high-level data, and thus it was chosen for our re-
parametrization procedure. In the final process of opti-
mization of the MNDO semiempirical parameters, only
the Upp and fs (resonance integrals) for carbon, and the
U, parameter for chlorine atom were modified. The new
set of MNDO-SRP parameters are changed by —3%,
2%, and 5%, respectively, from their original values [16].
The MNDO-SRP values of AV% (4.4 kcal mol™") and
AVaG‘i (0.1 kcal mol™") are in close agreement with the
high-level predictions, i.e., 4.4 kcal mol™' and 0.3 kcal
mol™!, respectively (Table 1). Note that the MNDO-
SRP enthalpy of reaction (=7.3 kcal mol™) is still too
negative, but is corrected in the VIST-IC procedure of
interpolation [20, 21].

Structural parameters of the transition state structure
(symmetry C,) (Fig. 1) are listed in Table 2. The

HE
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Fig. 1. Transition state structure, C;HgCl (symmetry Cg)
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MNDO-SRP values of the C-H bond lengths are slightly
overestimated in relation to the MP2 results using the
bl, b2, and b3 basis sets. The MNDO-SRP method gives
C2-H8 (broken bond) and H8-Cl (formed bond) bonds
with practically the same distance, which is an indication
of a symmetrical curve at the top of the potential. The
abstraction angle (C2H8CI) is predicted to be almost
collinear in the MNDO-SRP calculations (179.6°), and
therefore is in reasonable agreement with the MP2
calculations.

In our previous paper [9], perprotio harmonic fre-
quencies at MP2/bl, MP2/b2, and MP2/b3 levels were
evaluate for the Cl+ C,Hg4 reaction, and the transition
state was identified as first-order because its Hessian
matrix has only one negative eigenvalue. In this present
study, we evaluated the analytical gradients for the
perdeuterated stationary points at the same levels as
previous calculations, as well as using the MNDO and
MNDO-SRP methods. The imaginary frequency gives
information of the shape of the potential, and therefore
is an important parameter to be adjusted in a dual-level
study. The MP2 harmonic frequencies of the perdeu-
terated transition states (Table 3) obtained with the bl,
b2, and b3 basis sets are equal to 780i, 6701, and
692i cm™', respectively, while the MNDO method pre-
dicts a higher value (935i cm™"). However, calculations
at MNDO-SRP level improve the MNDO results and
they give values for the imaginary frequency (7551 cm™")
and for the zero-point vibrational frequency (33.1 kcal
mol™") in better agreement with the high-level data.

Classical potential along the MEP, Vygp(s), and the
vibrationally adiabatic ground-state potential curve,
AVS(S), which is the sum of Vygp and ZPVE (zero-
point vibration energy), as a function of s are plotted in
Fig. 2. A glance at Fig. 2 shows that the AVaG potential
has dips symmetrically localized on both sides of the
saddle point.

An analysis of the orthogonal modes around the
saddle point shows that various vibrational modes are
coupled with the reaction path in the range of —0.1 to
0.1 ag. Absolute values of the coupling terms, |B,g| (s),
[22] (Table 4) are calculated using both the original
VTST algorithm, which takes the variational dividing
surface as a hypersurface normal to the gradient [20],
and employing the reorientation of the dividing surface
(RODS) algorithm [34, 35]. In the text, the original
VTST algorithm is called normal dividing surface
(NDS). The RODS method is used to extract a stable

Table 2. Values of the bond

distances (in A) and angles (in Parameter MP2/bl MP2/b2 MP2/b3 MNDO MNDO-SRP

degrees) for the transition state

structure Cl-C2 1.502 1.505 1.485 1.503 1.502
CI-H3 1.105 1.103 1.086 1.112 1.113
Cl-H4 1.099 1.097 1.081 1.109 1.108
C2-H6 1.097 1.095 1.077 1.099 1.092
C2-H8 1.358 1.315 1.330 1.337 1.476
H8-Cl 1.464 1.499 1.464 1.517 1.463
C2C1H3 109.7 109.1 109.7 109.6 108.5
C2C1H4 111.3 111.3 111.3 111.7 112.4
CIC2H6 117.0 116.7 117.3 100.3 98.0
CIC2H8 105.2 105.3 107.9 108.2 108.3
C2HS8Cl 175.6 176.9 176.6 180.0 179.6
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Table 3. Vibrational

frequencies (in cm~') and zero-  Mode MP2/bl MP2/b2 MP2/b3 MNDO MNDO-SRP

point vibrational frequencies, -

ZPVE, (in keal mol) for the 14" 2429 2410 2426 2478 2489

transition state (CaDeCl) 2a 2382 2363 2376 2432 2443
3a’ 2347 2326 2341 2413 2415
4a’ 2294 2277 2312 2404 2401
5a’ 2217 2201 2235 2387 2371
6a’ 1220 1208 1231 1353 1363
Ta” 1084 1083 1100 1112 1121
8a’ 1062 1066 1083 1084 1097
9a’ 1060 1058 1077 1051 1072
10a’ 994 986 1007 1041 1066
11a” 983 976 1001 950 956
12a’ 907 904 918 920 917
13a” 735 751 754 776 756
14a’ 717 749 747 718 631
15a” 590 601 613 634 614
16a’ 585 598 607 580 501
17a’ 441 419 440 456 496
18a’ 297 322 326 238 245
19a’ 120 140 131 118 120
20a’ 105 114 118 94 69
21a’ 7801 6701 6921 9351 7551
ZPVE 323 32.2 32.7 33.2 33.1

50 -
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£
o
=
= 20
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~
= |
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Fig. 2. Classical potential energy-curve (Vmep) and vibrationally
adiabatic ground-state potential curve (AV,dG) as a function of
reaction coordinate s calculated using the original VTST algorithm

CVT free energy of activation from an unstable or not
well-converged MEP [34, 35]. Calculations using the
original VTST method give high values for the Bsg, Bgr,
and Bjor coupling terms at values of s equal to —0.01,
—0.06, and —0.05 ay, respectively. These high values of

coupling terms between the reaction path and the
orthogonal modes are caused by the sudden variation of
the gradients at the flat region of the saddle point.
However, calculations using the RODS algorithm elim-
inate these unphysical perturbations on the generalized
frequencies (Table 4), and they give a smooth variation
of the AVaG potential (Fig. 3). The maximum of the
ground-state vibrationally adiabatic potential curve ap-
pears at s = —0.001, thus with a negligible variational
shift.

To complement this study, generalized normal-mode
vibrational frequencies along the MEP are shown in
Fig. 4. At the asymptotic limit of the reactants, the 5a;
and 6a; modes correspond to the C-H stretching modes
of C,Hg [36]. The reactive 6a; mode suffers a sharp
variation near the saddle point, as is typical of hydrogen
transfer reactions [20]. It is directly involved in the hy-
drogen transfer and with the H-Cl stretching mode at the
products side. The other 5a; modes stay practically
constant along the reaction path. Finally, the two lowest
frequencies 19a; and 20a; are the transition modes, and
they are imaginary along the MEP. As discussed else-
where [21, 37], this may occur because of the unphysical
nature of the Cartesian coordinate system. Therefore,
these transition modes were interpolated directly from
the frequencies at the transition state, reactants, and
products using the IVTST-0 approach [21].

Rate constants and KIE

We have previously found [9] that, despite the low value
of the forward activation barrier (0.3 + 0.2 kcal mol™),
unidimensional tunneling effects are important for the
evaluation of the thermal rate constants. In this study,
using a full potential energy surface we found that large
corner cutting tunneling effects dominated most of the
reaction path. Thus, our reported CVT rate constants
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Table 4. Absolute values of the

reaction-path curvature s(0) NDs* RODS"
components By (in ag!) vs the
arc 1l;ngth alorx;gt(he ré)agﬁon IBsgl IBeFl [BioF| IB12F| [Bsgl IBeFl [BioF| IB12F|
coordinate formodes 5. 6. 10. o1 000 187 1.28 100 0.00 1.84 0.05 0.01
-0.09 0.00 1.72 2.67 1.72 0.00 1.68 0.02 0.07
-0.08 0.00 1.50 6.02 3.08 0.01 1.44 1.72 0.19
-0.07 0.00 1.08 12.90 5.46 0.48 0.39 1.30 0.79
—-0.06 0.02 0.48 19.52 8.62 0.03 0.09 0.58 0.70
-0.05 0.02 0.15 14.7 10.99 0.15 0.04 0.10 0.65
-0.04 0.51 0.02 6.31 8.51 0.48 0.03 0.05 0.04
-0.03 2.24 0.04 2.83 5.34 0.48 0.05 0.06 0.04
-0.02 7.66 0.05 1.58 3.42 0.02 0.00 0.09 0.24
-0.01 11.94 0.29 0.97 2.30 0.02 0.24 0.91 0.31
0.01 6.71 0.46 0.14 0.06 0.03 0.20 0.90 0.10
0.02 7.30 0.37 1.58 3.50 0.03 0.70 1.05 0.18
0.03 2.20 0.11 2.84 5.44 0.08 0.11 0.22 0.03
0.04 0.59 0.26 6.48 8.38 0.20 0.12 0.35 0.21
0.05 0.08 0.57 12.93 8.80 0.09 0.30 0.49 0.06
0.06 0.02 1.13 13.72 5.86 0.17 1.05 0.85 0.29
0.07 0.02 1.80 10.13 3.78 0.00 1.73 0.33 0.22
0.08 0.01 2.20 6.44 2.52 0.00 1.82 0.03 0.12
0.09 0.01 2.30 3.93 1.72 0.00 1.94 0.00 0.06
0.10 0.00 2.27 2.41 1.20 0.00 1.90 0.02 0.03
“Normal diving surface
®Reorientation of the dividing surface
50 - 3200 —
P I 3000 - i
| — ] a
\Ys G 2800 4
a {4 MP2/b1///MNDO-SRP
40 1 2600 -
| MP2/b1//MNDO-SRP(RODS) 24005
2200
= 2000 -
& Ea ]
= 'S 1800+ / 6a
< 13} |
31 L
v/ 1600 4
= 20 2 ] 4
= S 1400 4
g ) |
s 2. 1200
- L E
£ 1 = 1000 -
Cl+ C2H6 C2H5 +HCl 800 _:
T 600 -
400
0 VMEP i
200 1 B 1o
T T r T r T T ] 0 ';;{::'I.,:’.,_I» 2()a7' “:1\::“::
-1.0 -0.5 0.0 0.5 1.0 1o T 015 T 010 o T ]I()
S (bOhr) S (bOhI‘)

Fig. 3. Classical potential energy-curve (VMEP) and vibrationally
adiabatic ground-state potential curve (AV,S') as a function of
reaction coordinate s calculated using the RODS algorithm

for the CI(*P)+ C,H; reaction (Table 5) include micro-
canonical optimized multidimensional tunneling cor-
rection (WOMT) [25]. In general, the CVT/uOMT

Fig. 4. Selected generalized normal-mode vibrational frequencies
as a function of reaction coordinate s calculated using the RODS
algorith

calculations agree with experiment within a maximum
factor of 4. The results also show that there are sensitive
differences in the values of rate constants when the
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Table 5. CVT/uOMT rate constants for the CI(*P) + C,Hg abstrac-
tion reaction

T(K) MP2/bl  MP2/b2 MP2/b3  Exp.? Exp.?
250 1.6(-11)¢  1.0(-11) 1.O(-11) 5.0(-11)  5.5(~11)
300 1.9(-11)  1.2(-11)  LI(-11) 55(=11) 5.9(-11)
350 2.2(-11)  L.5(-11)  L4(-11) 59(-11) 6.2(-11)
400  2.5(-11)  1.8(=11) L6(-11) 6.1(=11)  6.4(~11)
500 341(=11)  2.5(-11) 23(-11)  6.6(-11)  6.7(~11)
600  4.6(-11)  34(-11) 3.1(-11) 7.1(=11) 6.9(-11)
800 7.7(-11)  59(-11) 53(-11) 8.2(-11) 7.2(-11)
1000 1.2(-10)  9.2(-11)  8.2(-11)

1500 2.7(=10)  2.1(=10)  1.9(-10)

‘4]

°[3]

°1.6(~11) stands for 1.6 x 107'! in cm® molecule™ s!

MP2/bl, MP2/b2, and MP2/b3 structural properties are
used as high-level corrections in the dual-level calcula-
tions.

In a previous study of the C,Hy/C,D¢ KIE, Tschui-
kow-Roux et al. [14] have computed the so-called theo-
retical maximum isotope effect equal to 8, which is too
large when compared to the experimental values (2.69—
5.88) [14, 15]. That theoretical estimation of the KIE is
based on a one-dimensional three-particle model which
ignores any tunneling correction [14]. In the present
study, we have calculated the deuterium KIE using
several levels for estimating the semi-classical tunneling
contributions (Table 6). At the MP2/b3///MNDO-SRP
level, the values of KIE increase in relation to the con-
ventional TST calculations using the unidimensional
tunneling approximation of Wigner [30]. These results
are similar to those ones found in the Cl+CH,4 ab-
straction reaction [38]. CVT calculations of the deuteri-
um KIE do not change the results in relation to TST
method because the dual-level surfaces do not predict
variational shift. The importance of multidimensional
tunneling corrections is shown by a consistent im-
provement in the values of KIE obtained at the ZCT,
SCT, and pOMT levels. At the MP2/b3///MNDO-SRP
level, the values of deuterium KIE are equal to 8.33,
6.74, and 2.28 using the ZCT, SCT, and pfOMT methods
of multidimensional tunneling corrections (Table 6). At
300 K, the values of deuterium KIE calculated with the
HLOMT multidimensional method (Table 7) range from
2.21 to 3.27, in good agreement with the experimental
values (~2.69-5.88) [14,15]. Note that the similar
CI(*P)+ CH, abstraction reaction presents hi%her values
of deuterium KIE, (~11-18) [2]. The Cl (“P)+ C,Hg
abstraction reaction also show normal values for deu-
terium KIE (> 1) in the range of 250-1500 K.

Conclusions

Dual-level direct dynamics calculations for the
C1(2P)+C2H6—>C2H5+HCI abstraction reaction were
carried out using a low-level MNDO-SRP surface.
Structural and energetic properties of the stationary
points, used in the interpolated corrections, were
obtained by employing the MP2 method and several

Table 6. MP2/b3///MNDO-SRP values of the C,Hg/C,Dg¢ KIE

T(K) TST TST/W CVT ZCT SCT pOMT
250  17.67 22.63 17.69 12.14 7.10 2.36
300 10.86  13.26 10.90 8.33 6.74 2.28%
350 7.64 8.97 7.65 6.25 5.33 2.19
400 5.83 6.66 5.84 4.98 4.40 2.10
500 3.98 4.37 3.98 3.58 3.30 1.95
600 3.08 3.32 3.09 2.86 2.70 1.82
800 2.27 2.36 2.27 2.17 2.10 1.65

1000 1.91 1.96 1.91 1.85 1.81 1.55

1500 1.57 1.59 1.57 1.55 1.53 1.42

4 Experimental (2.69-5.88) [14,15]

Table 7. CVT/pOMT values of the C;Hg/C,Dg KIE

T(K) MP2/bl MPb2/b2 MP2/b3
250 3.65 2.29 2.36
300 3.27 2.21 2.28%
350 297 2.13 2.19
400 2.73 2.05 2.10
500 2.37 1.91 1.95
600 2.13 1.80 1.82
800 1.83 1.65 1.65

1000 1.67 1.55 1.55

1500 1.48 1.44 1.42

4 Experimental (2.69-5.88) [14,15]

correlation consistent polarized-valence basis sets of
Dunning. Variational transition state theory with micro-
canonical optimized multidimensional tunneling contri-
butions was employed to obtain thermal rate constants
and deuterium kinetic isotope effects (KIEs). Computed
rate constants in the range 250-1500 K differ from
experiment by, at most, a factor of 3.6 using the MP2/cc-
pVDZ///MNDO-SRP-IC method. At 300 K, the calcu-
lated values of the KIE obtained using the cc-pVDZ,
aug-cc-pVDZ, and cc-pVTZ basis sets are equal to 3.27,
2.21, and 2.28, respectively, in good agreement with the
experimental values (~2.69-5.88) [14,15]. We hope these
calculations will be useful for advancing the understand-
ing and accurate modeling of the chemical kinetics of
atmospheric and combustion reactions involving chlo-
rine and hydrocarbons or other species containing C-H
bonds.
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