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The dynamical properties for the two hydrogen-abstraction reactions of 1,1,1-trichloroethay@Q(g}tdnd
1,1,1-trifluoroethane (CHCF;) with chlorine atoms over the temperature range-20000 K are investigated
theoretically. The minimum energy paths (MEPs) of both reactions are calculated at the BH&H-LYP/
6-311+G(d,p) level, and the energies along the MEPs are further refined at the CCSD(TH&8df,2p)
(single-point) level. For both reactions, the theoretical rate constants are in good agreement with available
experimental results. Compared with the one previous theoretical investigation at the HF/6-31G(d) level
followed by BAC-MP4 single-point energy calculations, our calculated rate constants are closer to the
experimental values. The theoretical results show that for the title reactions the variational effect is small
over the whole considered temperature range and the small-curvature tunneling effect is only important in
the lower temperature range.

Introduction the experimental valu€<2.5 x 10~17 cm?® molecule* s™1, over

20 times. In addition, they did not report the rate constants at
other temperatures. To take into account the discrepancies
between experiment and theoretical investigation, one aim of
this paper is to perform a direct ab initio dynamics study at a
Jelatively higher level on the rate constants of the hydrogen-
abstraction reaction by CI over the temperature range-200
1200 K to obtain more reliable results.

The hydrogen-abstraction reactions of halogen-substituted
hydrocarbons with chlorine atoms play an important role in the
processes of industrial chlorination and atmospheric chemistry
in the lower temperature randge-igh-quality kinetic data for
these reactions, especially at elevated temperatures, are cruci
for modeling these processes accurately. Hydrochlorofluoro-
carbons (HCFCs) and hydrofluorocarbons (HFCs) are two
classes of potential chlorofluorocarbon (CFC) substitutes. To
evaluate the atmospheric effect of release of hydrochlorofluo- Calculation Methods
rocarbons and hydrofluorocarbons as substitutes for fully . .
halogenated species in industrial applications, many kinetic In our study, standard ab initio and DFT calculations are

studies have been made to determine the rate and the mechag@/fied out with the Gaussian 98 progrémEquilibrium
nisms of these reactions. In this paper, we focus our attention 9eometries and frequencies of the stationary points (reactants,

on the hydrogen-abstraction reactions for 1,1,1-trichloroethane Products, and transition states) are calculated by using Becke’s
(CHsCCly) and 1,1,1-trifluoroethane (GJ8F) by chlorine atom ~ half-and-half (BH&H) nonlocal exchange and the Lee
attack, that is, CECCls + Cl — CH,CCls + HCI and CHCFs Yang—Parr (LYP) nonlocal correlation functionals with the

+ Cl — CH,CFs + HCI. There have been some experimental 6-311GH(d,p) basis set. At the same level, the minimum energy
studies available in the literature concerning rate constants forPath (MEP) is obtained by using intrinsic reaction coordinate
the reactions CECCl; + CI2-6 and CHCF; + CI.78 For both theory (IRC) with a gradient step size of 0.05 (affupohr.

reactions, the agreement among most of the experimental datd"Urthermore, at 16 selected points (8 points in the reactant
is good. channel, 8 points in the product channel) along the MEP, the

In contrast to the large number of experimental studies, force constant matrices, as well as the harmonic vibrational
theoretical investigations on the kinetic parameters of the title frequencies (wavenumbers), are obtained. Furthermore, the
reactions are rather limited. In 1992, Senkan and Guam energies of MEP are further refined at the CCSD(T)/6-8Gk
calculated the rate constants of both reactions by using Evans (2df,2p) level. To obtain the rate constants theoretically for the
Polanyi and structureactivity relationships methods. In 1996, ~temperature range 260200 K, the POLYRATE, version 8.4.1,
Rayez and co-worketsobtained the 298 K rate constant as progrant! is employed with the aid of the conventional tran-
6.8 x 10715 cm?® molecule® s for reaction CHCCl; + Cl sition-state theory (TST) and the improved canonical variational
and 5.7x 10-16 cm® molecule' s~2 for reaction CHCF; + Cl transition-state theory (ICV#} incorporating the small-
at the HF/6-31G(d) level followed by BAC-MP4 single-point ~ curvature tunneling correction (SCT) method proposed by
energy calculations. For the reaction §3€Cl; + Cl, the rate  Truhlar and co-worker§: The rate constants are calculated
constant of Rayez and co-workers is in good agreement with @ 200-1200 K temperatures using mass-scaled Cartesian
the experimental valug7.1 x 10-5 cnm® molecule® s~1. But, coordinate. The Euler single-step integrator with a step size of

for the reaction CHCF; + Cl, their calculation overestimated 0.0001 (amu)? bohr is used to follow the MEP, and the
generalized normal-mode analysis is performed in every 0.01

*To whom correspondence should be addressed. (amu}“2 bohr. The curvature components are calculated using
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TABLE 1: Calculated and Experimental Geometrical TABLE 2: A Comparison of the Calculated Geometrical
Parameters (Distance in A and Angle in deg) of Stable Parameters (Distance in A and Angle in ded)of the
Structures Transition States for the Selected Hydrogen-Abstraction
: Reactions (X= Cl or F)
species geom params céted expP
CHyCCh (Ca0) Rec 1508 1.460 geom params  CH:-*CH,CCl; (C)®  Cl++*H++-CH,CF; (Cy®
Rece 1.783 1.771 Rce 1.489 1.490
Ren 1.083 1.090 Rex 1.772 1.326
OHCC 109.5 108.9 Ron 1.412 (1.403) 1.439 (1.411)
gclcc 110.0 109.6 Rici 1.443 (1.469) 1.424 (1.460)
CH,CCl3 (Cy) Rec 1.465 Rew 1.079 1.078
Recr 1.809 Rex 1.796 1.336
Reci 1.781 gaxcc 110.7 111.9
Ren 1.073 OHCC 110.8 114.9
gcrec 109.5 OH'CC 108.4 106.0
gcicc 110.6 OCHCI 174.6 177.0
B:gﬁ i%fg aQbtained at the BH&HLYP/6-3116(d,p) level.’ Values in
CH:CF3(Ca) Rec 1.493 1.494 parentheses are from ref 6 obtained at the HF/6-31G(d) level.
ECCF i'ggg %'ggg TABLE 3: Calculated and Experimental Frequencies
DI—TCC 109.2 112.0 (Wavenumbers, cnt?) at Stationary Points for the Two
OFcC 111.9 119.2 Reactions
CH.CF; (Cy) Rec 1.472 species BH&H-LYP/6-311&(d,p) expt
e 13 CH,CCl 254, 254, 323, 359, 359,
RCF 1073 362, 547, 753, 753,
OFce 112.1 1127, 1152, 1152,
OFCC 111..8 1478, 1530, 1530,
OHGC 1188 3144, 3230, 3230
OHCH 121.8 CH,CCly 152, 245, 254, 338, 359,
HClI Reci 1.275 1.275 870,550, 599, 745,
745,1121, 1173,
2 Calculated at the BH&H-LYP/6-3116(d,p) level.? The experi- 1496, 3251, 3379
mental values are taken from ref 15. Cl---H---CH,CCl; 1268, 55, 67, 213, 253,
305, 358, 364, 462,
a quadratic fit to obtain the derivative of the gradient with 474, 566, 740, 763,

929, 961, 1141, 1156,
1219, 1496, 3205, 3312

_ _ CH:CFs 238, 377, 377, 562, 562, —, 365, 365, 541,

Results and Discussions 621, 868, 1021, 1021, 602, 830, 970,

1291, 1291, 1346, 1498, 1233, 1233, 1280,

respect to the reaction coordinate.

A. Stationary Points. The optimized geometric parameters
of the reactants (C¥CCl; and CHCF;) and products (CH éggg 1696, 3152, 3239, %Sgg: éggg: %ggg'
CCls, CH,CF3, and HCI) at the BH&H-LYP/6-311&(d,p) level CH,CF; 111, 357, 388, 520, 556,
of theory are shown in Table 1. The available experimental 624, 638, 892, 978,
valued5 are also listed for comparison. The theoreticat@ é%? éggi 1354, 1503,
and C-C bond lengths differ from the experimental values just '
by up t0 0.012 ARc ¢ for CH;CCh) and 0.048 ARc cfor  CHCHCR 120852, 73 323, 358
CH3CCls), respectively. For bond angles, the optimized value 847 894 9171016,
of OFCC in CHCF; at BH&H-LYP level, 111.9, differs from 1149, 1242, 1319, 1355,
the experimental one, 119,% by about 7. The other theoretical 1504, 3219, 3327
values of JFCC in CHCFs at MP2/6-3#-G(d) level by Sheng ~ HCI 3045 2992
et al’® and HF/6-31G(d) level by Rayez and co-workease aExperimental values from ref 18Experimental values from

112.0 and 111.8, respectively, and the difference between their ref 17.

theoretical results and experimental values is also abbfdr7

OFCC. The other bond lengths and bond angles obtained atresults!’18 For the species C4€F; and HCI, the calculated

BH&H-LYP/6-311G+(d,p) level are in good agreement with  frequencies (wavenumbers) are in excellent agreement with the

the experimental results. experimental values, the largest deviation being 7%. The
Geometric parameters of the transition-state structures for bothtransition states are confirmed by normal-mode analyses, which

hydrogen-abstraction reactions are listed in Table 2. Both have only one imaginary frequency and the eigenvector of which

transition states haw@s symmetry, and the angles between the corresponds to the direction of the reaction.

breaking C-H' bond and the nascent'HCI bond (QCH'CI) The reaction enthalpies and potential barriers calculated at

are 174.8 for the reaction CHCCI; + Cl and 177.0 for the the CCSD(T)//BH&H-LYP level with ZPE correction are listed

reaction CHCF; + CI. These results are in good agreement in Table 4. For CHCCl; + Cl — CH,CCl; + HCI and Ch-

with those obtained by Rayez and co-worKefsr the title CFR; + Cl — CH,CF; + HCl reactions, the calculated reaction

reactions. The CtH' bond lengths of transition states calculated enthalpies at temperature 298 K are 2.29 and 4.56 kcal/mol,

by Rayez and co-workers are slightly larger, and theHCbond respectively, which are in general agreement with the corre-

lengths are somewhat smaller than our corresponding resultssponding experimental values of 0.0 and 4.0 kcal/#dihe
Table 3 gives the harmonic vibrational frequencies (wave- reaction potential barriers at the CCSD(T)//BH&H-LYP level

numbers) of the reactants, products, and transition states at thare 5.24 kcal/mol for CECCl; + Cl — CH,CCl; + HCl reaction

BH&H-LYP/6-311G+(d,p) level, as well as the experimental and 8.58 kcal/mol for CkCF; + Cl — CH,CF; + HCI reaction.
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TABLE 4: Reaction Enthalpies (AH®,9g) and Forward

Potential Barriers (AE") (kcal/mol) with ZPE Correction for

the Two Reactions

CH3CCls + Cl — CH:CR + Cl—
CH,CCl; + HCI CH,CR; + HCI
AE'2 8.28 10.95
AEfP 5.24 8.58
AH® 20 2.56 5.16
AH®20d 2.29 4.56
expt 0.00 4.00

a Calculations at the BH&H-LYP/6-3HG+(d,p) level.P Single-
point CCSD(T)/6-313G(2df,2p) energy calculations at the BH&H-
LYP/6-3114+-G(d,p) geometries: The experimental values from ref
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Figure 1. Changes of the bond lengths along the BH&H-LYP/6-
311+G(d,p) minimum energy path plotted vs the reaction coordinate
sin the mass-weighted coordinates: (a){Ci€l; + Cl — CH,CCl; +

HCI reaction; (b) CHCF; + Cl — CH,CF; + HCI reaction.

For both reactions, the calculat&d values at the CCSD(T)//
BH&H-LYP level are lower than those at the BH&H-LYP level,
indicative of the overestimate of the energy barriers for the two
H-abstraction processes by the BH&H-LYP method. This
highlights the importance of carrying out higher-level single-

point energy computations.

B. Minimum Energy Path. The changes of bond length
along the IRC for Cl with CHCCl; and CHCF; are plotted in
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Figure 2. Classical potential energyep), zero-point energies (ZPE),
and vibrational adiabatic potential energ\yfl as a function of the
reaction coordinates, at the QCISD(T)//BH&H-LYP level: (a)
CHsCCl; + ClI — CH,CCl; + HCI reaction; (b) CHCR + CI —
CH,CF; + HCI reaction.

become slow again. However, the remaining bond lengths show
almost no change in the entire reaction processes.

The minimum energy path (MEP) based on the intrinsic
reaction coordinate theory (IRC) is calculated at the BH&H-
LYP level. The potential profile is further refined by the CCSD-
(T)//BH&H-LYP method. The classical potential energy curves
(Vmer(9)) and the ground-state vibrational adiabatic potential
energy curves\@(s)) as functions of the intrinsic reaction
coordinates at the CCSD(T)//BH&H-LYP level together with
zero-point energy curves (ZPg for two reactions are shown
in Figure 2a,b. For both reactions, the maximum positions of
V¢ and Viwep curves are the same, which implies that the
variational effect will be small or almost negligible.

C. Rate Constants. The rate constants of the forward
reactions are calculated by using conventional transition-state
theory (TST) and improved canonical variational transition-state
theory (ICVT) with a small-curvature tunneling (SCT) correction
for both hydrogen-abstraction reactions over a wide temperature
range from 200 to 1200 K at the CCSD(T)//BH&H-LYP level.
For the two reactions, the comparison between our theoretical
and the experimental rate constants is shown in Table 5, sections

Figure 1, parts a and b, respectively. It is easily seen that with a and b, and Figure 3a,b. There are three available experi-

the proceeding of both reactions, the active K€ (breaking)

and CHH' (forming) bond lengths change very smoothly up
to s = —0.65 (amu¥? bohr. After that, both bonds change
rapidly up to abous = 0.30 (amu¥2 bohr, and later, the changes

ment$46 about the rate constants of the reactionsCHBl; +
Cl — CH,CCl; + HCI, and these experimental valdésagree
well with each other. Only the values of Wine et3ahre
somewhat larger than the other two. Our calculated rate
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TABLE 5: Forward Reaction Rate Constants (cn? molecule™® s™1) for the Temperature Range 200-1200 K

a. CHCCl; + Cl — CH,CCl; + HCI
T(K) TST ICVT ICVT/SCT? ICVT/SCTP ref 3 ref 4 ref 6

200.0 3.00x 1077 2.36x 10°Y7 1.85x 10716 8.32x 10719
222.0 1.27x 10716 1.02x 10716 5.46x 10716 4.29x 1018
259.0 8.50x 10716 7.04x 10716 2.44x 10715 3.93x 10°Y7 2.40x 10714

298.0 3.96x 10°1° 3.35x 107 8.63x 1071 2.41x 1071 3.68x 1074 7.10x 1071
300.0 4.24x 10715 3.59x 1071 9.15x 1071 2.62x 10716

323.0 8.91x 10715 7.62x 10715 1.71x 1074 6.34x 10716 1.58x 10714

331.0 1.13x 10 9.68x 10715 2.09x 104 8.42x 10716 1.81x 10714 1.23x 10714
356.0 2.23x 1071 1.93x 10714 3.76x 1074 1.90x 10°1° 7.47x 10714 2.65x 10714

361.0 2.53x 10714 2.19x 107 4.20x 107 2.21x 10715 2.85x 10714 1.97x 10744
390.0 4.98< 10714 4.35x 1071 7.60x 1074 5.00x 10715 4.13x 104 2.61x 104
400.0 6.17x 10714 5.40x 104 9.18x 1074 6.47 x 10715 4.63x 10

403.0 6.57x 10714 5.75x 1074 9.70x 1074 6.98x 10715 4.79x 104

418.0 8.88x 1014 7.80x 10 1.27x 10713 1.00x 107 5.62x 10 4.14x 10
423.0 9.79x 10714 8.60x 1074 1.38x 10713 1.13x 10 5.91x 10

500.0 3.53x 10713 3.14x 1018 441x 10 5.30x 10724
600.0 1.24x 10712 1.11x 10712 1.41x 10712 242x 10718
800.0 7.11x 1012 6.41x 10712 7.33x 10712 1.95x 10712
1000.0 2.33x 107 2.10x 10 2.29x 1071 7.92x 10712
1200.0 5.59% 101 5.03x 101 5.34x 101 2.21x 101

b. CHCF; + Cl — CH,CF; + HCI

T (K) TST ICVT ICVT/SCT? ICVT/SCT? ref 7
200.0 9.59x 102 6.93x 10°% 4.27x 10720 5.97x 1022

240.0 4.30x 1072 3.23x 1071 1.14x 10718 3.42x 102

255.0 1.34x 10718 1.01x 1018 3.11x 10718 1.16x 10°1°

281.0 7.26x 10718 5.60x 10718 1.41x 107V 7.33x 1071 1.10x 107/
298.0 1.89x 1077 1.47x 1077 3.36x 1077 2.09x 10718 2.49x 10°Y
300.0 2.10x 1077 1.64x 107 3.69x 1077 2.34x 1078 2.72x 10°Y
368.0 4.09x 10716 3.26x 10716 5.62x 10716 6.14x 1077 3.21x 107
400.0 1.20x 10715 9.66x 1076 1.53x 10°1® 2.02x 1076

450.0 4.91x 10715 3.98x 10715 5.74x 10715 9.60x 10716

500.0 1.56x 1014 1.28x 10714 1.72x 1071 3.46x 1071

600.0 9.53x 1014 7.83x 107 9.62x 10724 2.57x 1074

800.0 1.09x 10712 8.94x 10713 1.00x 10712 3.78x 10713

1000.0 5.38x 10712 4.42x 1012 4.76x 1012 2.19x 10712

1200.0 1.70< 101t 1.39x 1071 1.47x 10711 7.71x 10712

aValues are calculated at the CCSD(t)/6-3T(2df,2p)//BH&H-LYP/6-311G-(d,p) level.” Values are calculated at the BH&H-LYP/6-316(d,p)
level.

constants are in good agreement with the experimental onesconstant is larger than the experimental vali@&49 x 1017
that is, the ICVT/SCT rate constants are factors of 1.2, 1.7, and cm?® molecule’® s™1, and the activation energy is smaller than
1.4 higher than the experimental valieat 298, 331, and 356  the experimental value, 7.90 kcal/mol. Our 298 K results
K, respectively, and are 2.1, 2.9, and 3.1 times over the (3.36x 10717 cm® molecule’! s~ and 8.70 kcal/mol) are much
corresponding experimental vafuat 361, 390, and 418 K, closer to the experimental valuésn addition, Rayez and co-
respectively. However, the temperature dependence of rateworkers did not report the rate constants at other temperatures
constants is somewhat steeper than the measured one. Frorbesides 298 K.
Figure 3a and Table 5, section a, we can see that our calculated From Table 5, section a and b, we can see that the ICVT/
rate constants are somewhat lower than the experimental Values,TST ratios are less than 1.4, and this indicates that the variational
but they are in better agreement with the other experimental effects are small on the rate constants for the two reactions.
ones obtained by Tschuikow-Roux et‘and Rayez and co-  For the SCT effect, at 200, 300, and 400 K, the ICVT/SCT
worker$ Our calculated rate constant at 298 K is also in good rate constants at CCSD(T)/6-31tG(2df,2p)//BH&H-LYP/
agreement with other theoretical result, 68 10> cm?® 6-311+G(d,p) level are about 7.8, 2.5, and 1.7 times over the
molecule! s™%, obtained by Rayez and co-workers. ICVT values for the reaction CG4€Cl; + Cl and 6.2, 2.3, and

For the reaction CkCF; + Cl — CHCF; + HCI, our 1.6 times over the ICVT values for the reaction 4CHF; + Cl,
calculated rate constants are in good agreement with therespectively, whereas between 800 and 1200 K, the differences
experimental ones in the whole temperature range measured an@etween ICVT and ICVT/SCT rate constants become very small,
the ICVT/SCT rate constants are factors of 1.3, 1.3, 1.4, and which indicates that the small-curvature tunneling effect is only
1.7 higher than the experimental valtes$ 281, 298, 300, and important in the lower temperature range.
368 K, respectively. The theoretical temperature dependence

of rate constants agrees well with the experimental ‘0@er Conclusions

results within 206-1200 K may present a useful comparison

with available experiments. It is worthy of note that for thegH In this paper, the hydrogen-abstraction reactions from 1,1,1-
CR: + Cl reaction, Rayez and co-workérsave obtained the trichloroethane and 1,1,1-trifluoroethane by chlorine atoms are
298 K rate constant as 5 10716 cm® molecule® s™1 with investigated theoretically. The respective forward potential

the activation energy of 6.11 kcal/mol at the BAC-MP4//HF/ barriers for both reactions, calculated at the CCSD(T)//BH&H-
6-31G(d,p) level using ISO-M method. Their value of rate LYP level, are 5.24 and 8.58 kcal/mol, and the respective
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reaction.

N
N
o

reaction enthalpies are 2.29 and 4.56 kcal/mol. Both transition
states hav€s symmetry. The rate constants in the temperature

range 206-1200 K are calculated by the conventional transition-

state theory (TST) and improved canonical variational transition-

state theory (ICVT) with a small-curvature tunneling (SCT)
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