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The dual-level direct dynamics method has been employed to investigate the H-abstraction reactign of CF
CF,CH,OH with OH radical, which is predicted to have two classes of possible reaction channels caused by
different positions of hydrogen atom attack. The minimum-energy path is calculated at the B3LYP/6-311G-
(d,p) level, and the energetic information is further refined by the MC-QCISD method. To compare the
structures, the other method MPW1K/6-311G(d,p) is also applied to this system. Hydrogen-bonded complexes
are presented in the reactant and product sides of the three channels, indicating that each reaction may proceed
via an indirect mechanism. The rate constants for each reaction channel are evaluated by canonical variational
transition-state theory (CVT) with the small-curvature tunneling correction (SCT) over a wide range of
temperatures from 200 to 2000 K. The calculated CVT/SCT rate constants are found to be in good agreement
with the available experimental values. The result shows that the variational effect is small, and in the lower-
temperature range, the SCT effect is important for each reaction. It is shown that hydrogen abstracted from
the —CH,— position is the major channel, while H-abstraction from th@H position may be neglected

with the temperature increasing.

Introduction Since the reactant GEF,CH,OH has no symmetry, the two

hydrogen atoms are not equivalent: One is located between F9
and F10, and the other is behind these two F atoms. As a result,
two distinct channels are found and denoted Rla and R1b,
respectively. The potential energy surface (PES) information

Because of the adverse effects of chlorofluorocarbons (CFCs)
and hydrochlorofluorocarbons (HCFCs) on stratospheric ozone
depletiod—2 and global warming;® an international effort has
been made to replace them with environmentally acceptable ) S . .
alternatives. 2,2,3,3,3-Pentafluoropropyl alcohol {CIHCHy- required fqr the rgte constant calculation is obtained dlrgctly
OH) has been proposed as a cleaning agent to replace the CFC om d_ensny fu_nctlon th_eory (DFT) calculation, and the high-
and HCFC$.Since CECF,CH,OH contains no chlorine, it does evel single-point energies are calculated by the MC-QCPSD
not destroy the ozone layer, while it will have a contribution to method .based on .Iow-leve.l B3LYP geometries. Then, the
the global warming. Thus, prior to a variety of industrial uses, elegtronlc structure information for_the stationary points and a
it is very necessary to evaluate the atmospheric lifetime and Series Qf extra points along the minimum-energy path_(_MEP)
the environmental impact of GERCH,OH. The main fate of is input into Polyrate 8.4%2to per_form the vanatlongl transition-
the CECRCH,OH molecule is expected to be degradation by state theory (VTSP}~22 calculations. The comparison between

the reaction with OH radicald.Two experimental studies have theoretical and experimental rate constants is discussed.
been performed to determine the rate constants for the reactionyyothods and Calculation Details

CRCFRCH,OH + OH — products: One is studied using the . . .
relative rate method (the temperature range is-2886 K) 12 All of the electronic structure calculations are carried out by

and the other is measured by the absolute technique (theth® Gaussian 03programé* As a reasonable compromise
temperature range is 25@30 K)13 The reported results are between expense and accuracy, the geometries and frequencies
consistent each other. In ref 12, the authors predicted that theof all the stationary points including reactants, transition states
reaction proceeded mainly through H-abstraction from-tf (TSs), products, and complexes are optimized by Becke's three-
group, based on the SAR model of Atkinsdr5However, no parameter nonlocal exchange functighavlith the gradient

other theoretical work has addressed the above reaction for thecOrTection of the Lee, Yang, and Pmethod with the 6-311G-
reaction mechanism as well as the branching ratio. (d.p) basis set (B3LYP/6-311G(d,p)). The minimum-energy path

In this study, we employ a dual-level (X//Y) direct dynamics (M.EP) Is calculated in mass-weighed Cartesian c_oordinat_es
method®-18to study the kinetic nature of the title reaction. There using the same electronic structure theory. The single-point
are two classes of reaction channels for this reaction: One is €% calculations for the st.at|onary points _and a few extrg
hydrogen abstraction from the methyleneQH,—) posit}on points along the MEP are carried out to establish the electronic

denoted R1. and the other is hvdrogen abstraction from the potential curve at the multicoefficient correlation method based
hydroxyl (—éH) position denote()j/ Rzg as follows: on quadratic configuration interaction with single and double

excitation (MC-QCISD) level? To validate the accuracy of the
structure and energies of the stationary points, the geometry
optimization calculations are also done using the modified
. Perdew-Wang one-parameter method for kinetics with the
CRCR,CH,OH + OH — CRCRCH,0 + H,0 (R2) 6-311G(d,p) basis set (MPW1K/6-311G(d,p))and then, the
energies are refined by the MC-QCISD meti8dzor com-

* Corresponding author. Fax:+86-431-8498026. E-mail addresses: Parison, the bond dissociation energies are also improved by
liyl21@mail.jlu.edu.cn, liujy121@163.com. the G3(MP238 method using the B3LYP and MPW1K geom-
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etries, respectively. The energy profiles are corrected with F and H atoms as well as between H and O atoms. So, the
interpolated single-point energies (ISPE) metfdd. hydrogen-bonded complexes with energies less than the reactants
On the basis of this initial information (optimized geometries, or products are located at the entrance and exit channels of
energies, gradients, and frequencies along the MEP), rate conteactions R1 and R2, respectively, which mean that the reactions
stants are calculated by VTST with the tunneling corrections. may proceed via an indirect mechanism. In the complexes, the
The specific form of VTST that we used is canonical variational hydrogen-bond lengths of-©H and H-+F are all less than the
transition state theory (CVPP 32 and the tunneling correction  sum of their van der Waals radii (2.72 and 2.67 A), and the
has been considered by the centrifugal-dominant small-curvatureother bond lengths are very close to those of the reactants and
semiclassical adiabatic ground-state (CD-SCSB@)ethod, products. For example, in complex ¢Rthe bond distances of
which is computed with one equal segment in the Boltzmann O13--H4 and H14--F9 are 2.03 and 2.28 A, respectively, less
and@ integrals, and the number of Gaudsegendre quadrature  than the sum of their van der Waals radii.
points is chosen at 40 for computing the Boltzmann average. The harmonic vibrational frequencies are calculated to con-
Also, the sixth-order Lagrangian interpolation is used to obtain firm the stationary nature and to make zero-point energy (ZPE)
the values of the effective mass for the CD-SCSAG tunneling corrections. All of the minima including reactants, products,
calculation. All the vibrational modes are treated as quantum- ang complexes possess only real frequencies, while the transition
mechanical separable harmonic oscillator approximation exceptstates are confirmed by normal-mode analysis to have one and
for two of them. These two lowest vibrational modes are con- only one imaginary frequency corresponding to the stretching
sidered the hindered rotor, and their partition functions are modes of the coupling between breaking and forming bonds.
obtained by the hindered rotor approximation of Truhlar and The calculated frequencies at the B3LYP level are displayed in
Chuang’*3> Here, the model used for the hindered rotor ap- Taple 1, along with the experimental data of &dnd HO .2
proximation is the torsional mode. The vibrations are treated  ro \cyjjated reaction enthalpiesH3,g of the three reac-
tt)n/erl?izt(!'ltirl;egalgﬁﬁart(ijcl)rr]\iteti:tEtuhlirns?nlsr:fls(zgsr%l t[()ezlrnattsc;r?/vtijtrnng tion channels.at several levels are I.isted. in Tabla 2. ltis found
step size of 0.001 (am{’ﬁ is used to follow the MEP. and the that the reactions are all exothermic, with reaction enthalpies
) ’ of —25.35 and—12.77 kcal/mol for R1 and R2, respectively,

generalized normal-mode analysis is performed every 0.01 at the MC-QCISD//B3LYP level, which agree with the results
(amu}2 bohr. In the calculation of the electronic partition func- obtained at the MC-QCISD level based or? MPWI1K geometries
tions, the two electronic states for OH radicals, with a 140%cm (—24.72 kcalimol for R1 and-12.38 kcal/mol for R2). The

splitting in the?I1 ground state, are included. All the dynamic o .
calculations are performed by means of tROLYRATE largest deviation between the two methods is only 0.7 kcal/

program. mol. . . . .
A schematic potential energy surface of the title reaction
Results and Discussion obtained at the MC-QCISD//B3LYP/6-311G(d,p) level with

Stationary Points. The optimized geometric parameters of ~Zero-point energy (ZPE) corrections is plotted in Figure 2. The
the reactants, products, transition states, and hydrogen-bonde@nergy of the reactant is set to zero for reference. For reaction
complexes (HBCs) at the B3LYP/6-311G(d,p) level are shown channels R1 and R2, the hydrogen-bonded complexes are
in Figure 1, along with the available experimental valgfet. located at the reactant entrance. The energies af, Gy,
is seen that the theoretical values are in reasonable accord witrend CR are lower than those of the reactants by 3.10, 4.62,
the experimental geometries of OH andQH(given in the and 6.61 and 0.90, 1.21, and 1.40 kcal/mol at the BSLYP and
parentheses). Because there is no experimental value availablC-QCISD//B3LYP levels, respectively. Then, starting from
for other stationary points, the structures of all stationary points the complex, each reaction passes through a reactant-like
are also calculated at the MPW1K/6-311G(d,p) level, and the transition state to form another complex with relative energies
corresponding results are shown in the same figure for com- of 0.44, 6.69, and 0.81 kcal/mol below the products og-CF
parison. It can be seen that the geometries between the two level€F.CHOH (-1a and -1b)t H,0 and CRCF,CH;O + H0 at
are in good mutual agreement. With respect to the transition the MC-QCISD//B3LYP level. The potential barriers with ZPE
states, since the transition states;J@nd TSy, are both corrections are-3.52 and—3.61 kcal/mol for H-abstraction
corresponding to the H-abstraction from methyler€H,—) from the —CH,— position at the B3LYP/6-311G(d,p) level,
positions, they have similar structures except for the position while at the MC-QCISD//B3LYP level, they increase by about
of the abstracted hydrogen. Now, with {£8s an example, at 6.0 kcal/mol. In the case of R2, the hydrogen abstraction from
the B3LYP/6-311G(d,p) level, the length of the-& bond the —OH position involves a barrier of 3.82 kcal/mol with
which is broken is elongated by about 4.5% in comparison to respect to the reactants at the MC-QCISD//B3LYP level, which
the C—H equilibrium bond length of Cf£F,CH,0OH, and the is higher than the ones of R1a and R1b by 1.34 and 1.74 kcal/
forming bond H-O is longer than the HO equilibrium bond mol, respectively. Meantime, R2 is less exothermic than R1 by
length in isolated b by 56.1%. In the case of 33he breaking about 12 kcal/mol. So, reaction R2 may be thermodynamically

O—H bond is increased by 12.5%, and the forming® bond less favorable than Rla and R1b, i.e., the title reaction will
is stretched by 29.6% in comparison to the regular bond length proceed mainly through the channel of H-abstraction from the
at the B3LYP/6-311G(d,p) level. Whether in £ST S, or TS, —CH,— group, while the hydrogen abstraction from hydroxyl

the elongation of the breaking bond<{E& or O—H) is less than is a minor channel. It should be noted that we have also
that of the forming bond (HO), indicating that the three  performed the barrier height calculations at the MC-QCISD//

transition states are all reactant-like, i.e., the reaction may MPW1K level. The corresponding results are shown in Table

proceed via an “early” transition state as expected for the 2. Seen from Table 2, we can find that the energy barriers for
exothermic reaction. This early character in the TSs is in keeping the three channels obtained at the MPW1K level are quite
with Hammond'’s postulate. Also, at the MPW1K/6-311G(d,p) different from those at the B3LYP level, but they show good

level, similar results can be obtained for the three TSs. In agreement with each other when the highly correlated and more
addition, because of the high electronegativity of the fluorine accurate method MC-QCISD is used with the maximum

atom and the oxygen atom, hydrogen bonds are formed betweerdeviation within 0.8 kcal/mol. ThAE(0O K) calculated at the
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Figure 1. Optimized geometries parameters (in A and deg) of the reactants, products, transition states (TSs), and hydrogen-bond complexes at the
B3LYP/6-311G(d,p) and MPW1K/6-311G(d,p) levels, as well as available experimental ones. The values in italic and in the parentheses are obtained
at the MPW1K/6-311G(d,p) level and the experimental cfies.
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TABLE 1: Calculated Frequencies (cnt?) of the Stationary
Points at the B3LYP/6-311G (d, p) Level, along with the
Experimental Values

species
CRCFR,CH,OH

frequencies

48,111, 148, 190, 224, 262, 333, 352, 385, 463,
518, 583, 619, 635, 766, 941, 1097, 1105, 1141,
1184, 4211, 1228, 1244, 1280, 1379, 1477,

1507, 3007, 3055, 3856

49, 85, 174, 214, 250, 297, 343, 367, 385, 434,
467, 532, 582, 630, 680, 774, 1027, 1106, 1178,
1197, 1207, 1244, 1275, 1308, 1491, 3202, 3844
34, 86, 182, 213, 225, 285, 341, 370, 383, 435,
472, 525, 583, 644, 650, 769, 1028, 1085, 1177,
1198, 1208, 1219, 1279, 1352, 1490, 3198, 3844
40, 105, 178, 215, 245, 314, 353, 383, 455, 511,
544, 582, 642, 665, 769, 989, 1092, 1134, 1169,
1192, 1212, 1244, 4338, 1357, 1398, 2928, 2968
3705 (3735)

1638, 3810, 3907 (1595, 3657, 3756)

131i, 40, 62, 90, 144, 198, 216, 225, 261, 268,
343, 360, 384, 462, 523, 582, 616, 631, 677, 711,
933, 1094, 1121, 1140, 1186, 1206, 1231, 1259,
1280, 1344, 1397,1469, 2100, 3058, 3726, 3844
140i, 33, 50, 93, 132, 191, 197, 225, 263, 284,
332, 352, 387, 465, 517, 580, 616, 627, 672, 765,
957, 1088, 1111, 1141, 1172, 1205, 1221, 1237,
1243, 1372, 1455, 1460, 2077, 3022, 3732, 3839
1032i, 57, 74, 99, 148, 203, 218, 256, 257, 331,
351, 383, 451, 465, 524, 582, 610, 648, 766, 773,
920, 1078, 1109, 1138, 1190, 1201, 1217, 1263,
1311, 1378, 1413, 1447, 1622, 3016, 3090, 3772
27,33, 53, 109, 125, 178, 193, 221, 230, 366,
336, 340, 357, 386, 463, 520, 583, 620, 633, 766,
944, 1086, 1110, 1135, 1185, 1211, 1228, 1255,
1282, 1377, 1469, 1487, 2912, 3048, 3711, 3853
46,59, 75, 83, 131, 178, 198, 220, 265, 282, 323,
346, 370, 394, 410, 467, 514, 570, 594, 621, 665,
768, 987, 1074, 1154, 1201, 1211, 1222, 1277,
1380, 1501, 1658, 3193, 3805, 3843, 3889
42,53, 81, 108, 125, 164, 194, 225, 246, 311,
345, 357, 361, 385, 457, 526, 579, 611, 347, 764,
929, 1072, 1100, 1114, 1181, 1196, 1215, 1265,
1368, 1407, 1435, 1497, 3045, 3108, 3703, 3838
32,44, 65, 83, 116, 159, 212, 224, 266, 280, 305,
336, 357, 392, 432, 469, 534, 582, 631, 686, 776,
867, 1025, 1112, 1184, 1197, 1203, 1258, 1301,
1369, 1520, 1631, 3195, 3507

51, 55, 73, 99, 165, 196, 218, 219, 252, 310, 328,
352, 385, 458, 485, 527, 582, 614, 644, 766, 916,
1087, 1111, 1127, 2291, 1198, 1214, 1267, 1312,
1387, 1444, 1482, 3028, 3103, 3603, 3737
49,62, 94, 120, 148, 189, 196, 216, 249, 277,
318, 353, 383, 410, 460, 524, 580, 592, 655, 754,
784, 1017, 1087, 1135, 1179, 1187, 1206, 1244,
1343, 1360, 1410, 1642, 2949, 3012, 3805, 3894

CRCFRCHOH-1a
CRCRCHOH-1b
CRCFRCHO

OH
H20
TS1a

TSip

TS

CRla

CPra

CRup

CPyp

CR;

CPk,

aFrom ref 37.

TABLE 2: Enthalpies and Relative Energies (in kcal/mol)
Calculated at Various Levels

AHSgq AE
method Rla R1b R2 Rla Ri1b R2
B3LYP/6-311G(d,p) —21.46 —21.32 —13.69 —3.52 —3.61 —6.61
MPW1K/6-311G(d,p) —21.77 —21.66 —12.60 0.59 0.59 0.60
MC-QCISD//B3LYP —25.35 —25.03 —12.77 2.48 2.08 3.82
MC-QCISD//MPW1K —24.72 —24.32 —12.38 1.66 1.61 4.24

MC-QCISD/MPWI1K level also indicates that the major channel
is H-abstraction from the-CH,— position. Unfortunately, our
result is quite different from the estimation of SAR (structure
activity relationships) by Chen and Fukuda et?dh that paper,
they think the H-atom abstraction from the-® bond of Ck-
CF,CH,OH producing the C§EF,CH,0 radical, i.e., channel
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Figure 2. Schematic potential energy surface for the reaction- CF
CRCH,OH + OH. Relative energies with ZPE at the MC-QCISD//
B3LYP/6-311G(d,p) level are in kcal/mol.
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Figure 3. Classical potential energy curve/ep), ground-state

vibrationally adiabatic energy curv¥Y), and zero-point energy curve

(ZPE) as functions of s (amtd bohr at the MC-QCISD//B3LYP/6-

311G(d,p) level for reaction GEF,CH,OH + OH — CRCFR,CHOH-

1b + H0.

TABLE 3: Bond Dissociation Energies (in kcal/mol) at the
MC-QCISD//B3LYP, G3(MP2)//B3LYP, MC-QCISD//
MPW1K, and G3(MP2)//MPW1K Levels

C-H4 C—H5 O-H
MC-QCISD//B3LYP 97.33 97.66 109.92
G3(MP2)//B3LYP 96.57 96.87 106.51
MC-QCISD//MPW1K 96.32 96.72 108.66
G3(MP2)//MPW1K 95.59 95.94 105.31

QCISD//MPW1K, G3(MP2)//B3LYP, and G3(MP2)//MPW1K
are also applied to calculated the bond dissociation energies.
The results are all listed in Table 3. It is clearly seen that the
results obtained at four higher levels are mutually consistent,
and the dissociation energy of the bond-B is higher than
that of the bond €&H by about 10 kcal/mol, which suggests
that H-abstraction from the CH,— position should predominate
the reaction. This conclusion can be supported by the rate
constant calculation in the following section.

Reaction Path Properties.The minimum-energy path (MEP)
is calculated by the intrinsic reaction coordinate (IRC) theory

R2, is the main degraded channel. To further prove which is at the B3LYP/6-311G(d,p) level from the transition state to the
more reasonable, we use another method to estimate the resultggactant and product, respectively. The potential profiles are
i.e., by calculating the bond dissociation energies (BDEs) of further refined at the MC-QCISD level. Figure 3 shows the plots

the breaking €H bond and the ©H bond at the MC-QCISD//
B3LYP level. To avoid the error caused by method, MC-

of the classical potential energywep, the ground-state vibra-
tional adiabatic potential energyg’, and the zero-point energy
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Figure 4. Changes of the generalized normal-mode vibrational
frequencies as functions of s (arff&ipohr at the MC-QCISD//B3LYP/
6-311G(d,p) level for reactions: (a) @~CH,OH + OH — CFKs-
CRCHOH-1a+ H,0; (b) CRCRCH,0H + OH — CRCF,CHOH-
1b + H,0; (¢) CRCRCH,OH + OH — CRCRCH,0 + H.0.

curves (ZPE(s)) for R1b as functions of the intrinsic reaction
coordinate (s) at the MC-QCISD//B3LYP level, WhéV§ =
Vmep + ZPE. Because of the similarity, the corresponding plots
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kia kin, OF ko, and available experimental values (inTmolecule®
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temperature range 26@000 K for reaction CECFR,CH,OH + OH —
products. (b) Calculated branching ratios vs 1008tween 200 and

for R1a and R2 are depicted in Figure S1 (Supporting Informa- 2000 K for reaction CFCFRCH,OH + OH — products.

tion). As can be seen from Figure 3, the ZPE curve shows very

little change withs, and theViyep and VS curves are similar in

and in the product region at about 2.0 (affujohr, the

shape. This analysis indicates that, for the three reactions, thefrequencies correspond to those of the product complex. In the

variational effect will be small or almost negligible.

process of the reaction, most of those frequencies do not change

Figure 4 shows the variation of the generalized normal-mode significantly in going from the reactants to the products, but

vibrational frequencies along the MEP for reactions R1a, R1b,

and R2. In Figure 4, in the negative limit sf(s = —), the

the frequency of mode 1, shown as the solid line in bold in
Figure 4, which connects the stretching vibrational mode of the

frequencies are associated with those of the reactant complexpreaking and forming bonds, has a dramatic drop as the reaction
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TABLE 4: Calculated Rate Constants (in cn? molecule™® s1) for the Reaction CF3CRCH20H + OH — Products in the
Temperature Range 206-2000 K at the MC-QCISD//B3LYP/6-311G(d,p) Level of Theory.

T Rila R1b R2 total total total

(K) CVT/SCT CVT/SCT CVT/SCT CVT CVT/SCT CVT/ZCT exptl.

200 6.03x 10715 2.31x 10714 1.92x 10714 3.91x 10715 4.83x 10714 2.24x 10714

220 8.9x 10715 2.98x 10714 2.05x 10714 7.14x 10715 5.92x 10714 3.06x 10714

250 1.48x 10714 4.2x 10714 2.31x 10714 1.50x 10714 7.99%x 10714 4,69x 10714 (6.42+0.27) x 10714b
(6.31+£0.21) x 10714b

273 2.08x 10714 5.33x 10714 2.56x 10714 2.40x 10714 9.97x 10714 6.30x 10714 (8.014+0.27) x 10714b

298 2.9x 10714 6.76x 10714 2.87x 10714 3.72x 10714 1.25x 10713 8.44x 10714 (1.05+ 0.05) x 10713b

(0.9784 0.04x 10-13b
(0.9744 0.04x 10°13b
(1.164 0.08) x 107132
(1.154 0.08) x 107132
(1.124 0.08) x 10-13a
320 3.78x 1014 821x 104  3.18x 104  523x10%  152x1018  1.07x 1013  (1.38+0.10)x 10132
(1.254 0.09) x 10-132
(1.3140.09) x 107132
(1.4340.10) x 107132
(1.284 0.09) x 10-13a
331 427x 104 901x 104  335x 10  6.12x 104  1.66x 1013  120x 1013  (1.21+0.04)x 10°13b
341 476x 1074 978x 104  351x 10  7.02x 104  1.81x 1013  132x 103  (1.55+0.11)x 10132
(1.654 0.12) x 107132
(1.604 0.12) x 107132
(1.624 0.11) x 10-13a
356 5.55x 10°14 1.1x 10713 3.77x 104  850x 104  203x 1018  152x 10713  (1.93+ 0.14)x 10132
(1.964 0.14) x 107132
(1.904 0.14) x 107132
(1.95+ 0.14) x 10-13a

375 6.67x 10°14 127x 1008 412x 1014 1.06x 10713 2.35x 10713 1.81x 10713 (1.76+£ 0.07) x 10°13b

430 1.07x 1013 1.85x 10713 5.32x 1014 1.87x 10713 3.45% 10713 2.81x 10713 (2.344 0.09) x 10-13b
(2.364 0.07)x 10713b

500 1.78x 10713 2.81x 10713 7.26x 1074 337x 10713 5.32x 10713 454x 10713

800 7.96x 1013 1.03x 10712 2.28x 10713 1.71x 10712 2.05x 10712 1.92x 10712

1000 1.57x 10712 1.92x 10012 420x 1013 3.47x 10712 3.91x 10712 3.73x 10712

1200 2.7x 10712 2.72x 10712 7.07x 103 6.01x 10712 6.13x 10712 5.92x 10712

1500 5.13x 10712 5.01x 10712 1.35x 10712 1.15x 10°1* 1.15x 10°1* 1.12x 10°1*
1800 8.51x 10712 8.17x 10712 2.28x 10712 1.91x 1071 1.90x 1071 1.87x 10711
2000 1.13x 1071* 1.08x 1071* 3.07x 10712 2.54x 10711 2.52x 1071t 2.47x 10711

aFrom ref 12.° From ref 13.

proceeds. Therefore, mode 1 is referred to as the “reactivereaction channels. This indicates that, for H-abstraction from
mode”. These behaviors are known to be typical of the hydrogen either the C-H or the O-H position, the variational effect is
transfer reactiof® Also, we can see from Figure 4a that the negligible. On the other hand, we find that the small-curvature
lowest harmonic frequencies for Rla are all real, and the effect plays an important role at low temperature, while it can
imaginary frequencies for both R1b and R2 are much smaller, be negligible with the increase of temperature in the rate constant
with the largest one less than 138i chior R1b and 55i cm?t calculation. For example, thgCVT/SCT)k(CVT) ratios are
for R2 at the product sides. Thus, it is reasonable for these 8.31 and 0.94 at 200 and 2000 K for R1b, respectively. To
reactions to perform generalized normal-mode analysis usingfurther estimate the tunneling effect, we also calculated the rate
rectilinear coordinates in the present study. constant with the ZCT (zero-curvature tunneling) method. The
Rate Constants Calculation.Dual-level dynamics calcula-  corresponding total rate constants are listed in Table 4. It can
tions of the hydrogen abstraction reactions R1a, R1b, and R2be seen that the CVT/SCT rate constants are greater than the
are carried out with VTST-ISPE approach, in which six extra CVT/ZCT values at lower temperature, which means that the
MC-QCISD//B3LYP/6-311G(d,p) energies are used to refine tunneling factor in the SCT method enlarges the rate constants.
the classical energy profile obtained at the B3LYP level. The For example, at 200 K, the CVT/SCT rate constant is 4x83
rate constants are evaluated by the conventional transition statel0-14 cm?® molecule® s, whereas the CVT/ZCT rate constant
theory (TST) and canonical variation transition state theory is 2.24 x 10-1* cm?® molecule! s71. The former is 2.2 times
(CVT) over a wide temperature region from 200 to 2000 K. larger than the latter. While with the temperature increasing,
Tunneling is included by means of the small-curvature tunneling the CVT/ZCT rate constants are asymptotic to the CVT/SCT
(SCT) correction. The plots of TST, CVT, and CVT/SCT rate rate constants, for example, at 2000 K the CVT/SCT and CVT/
constants for channel R1b is shown in Figure 5, and the ZCT rate constants are 2.52 107! and 2.47x 10711 cm?
corresponding plots of R1a and R2 are shown in Figure S2 molecule’! s™1, respectively. By comparing the CVT, CVT/
(Supporting Information) as functions of the reciprocal of the ZCT, and CVT/SCT results presented in Table 4, we found that
temperature. The total rate constants for the reaction are obtainedhe CVT/SCT rate constants are in better agreement with the
from the sum of the individual rate constants associated with experimental values with factors of 1.2 at 250 K and 1.4 at 430
the three channelk (= kia + kip + ko). The CVT/SCT rate K. Thus, the SCT correction is considered for the reaction.
constants together with the corresponding experimental data ard~urthermore, the calculated CVT/SCT rate constants in the-250
displayed in Table 4 and Figure 6a. 430 K range are fitted to bk = 2.34 x 10712 exp(—8621)
Seen from Figure 5, the TST and CVT rate constants for cm?® molecule? s, which is in reasonably good accord with
H-abstraction from the -Ci+ position (R1b) have a little  the expressiok = (1.40+ 0.27) x 1012 exp[(—7804 60)/T]
discrepancy, but are still very close in the lower temperature, cm?® molecule’® s~ proposed by Tokuhashi et &lIn the 298-
and with the temperature increasing, they have almost the same356 K range, the fitted expression bf= 2.40 x 10712 exp-
values. The same observation can be made for the other two(—882/T) cm® molecule! s also agrees well with the
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expression ok = (2.27°533) x 10712 exp[(—900+ 70)/T] cm?
molecule® s71 proposed by Chen et &.
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