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Abstract The potential energy surfaces of the
reactions CHF,CH3;_,F, (n = 1-3) + OH were inves-
tigated by MPWB1K and BMC-CCSD (single-point)
methods. Furthermore, with the aid of canonical varia-
tional transition state theory including the small-curva-
ture tunneling correction, the rate constants of the title
reactions were calculated over a wide temperature range
of 220-1,500 K. Agreement between the CVT/SCT rate
constants and the experimental values is good. Our
results show that the order of rate constants is CHF;
CHyF + OH > CHF,CHF; + OH > CHF,CF3 + OH.
For reaction CHF,CHyF + OH, the 1-H-abstraction
channel dominates the reaction at the whole tempera-
ture, while 2-H-abstraction channel appears to be com-
petitive with the increase of temperature.

1 Introduction

Hydroflurocarbons (HFCs) have been widely studied
because of the necessity of replacing chlorofluorocar-
bons (CFCs) in industrial applications [1-4]. Owing to
their containing at least one C-H bond, HFCs are read-
ily attacked by hydroxyl radical (OH). Thus, reactions
of HFCs present in the troposphere with OH radical
are believed to be important in determining their tropo-
spheric lifetime, and hence influence the possible deple-
tion of stratospheric ozone [6].
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The present work concerns the reactions of OH rad-
ical with fluoroethanes CHF,CH3_,,F,, (n = 1-3) which
have been studied experimentally by different groups
[5-9]. In 1979, Clyne et al. [6] primarily measured the
total rate constants for CHF,CH,F+OH — CF,CH,F/
CHF,CHF + H,0 (R1), CHF,CHF, + OH — CHF;,
CF; + H20 (R2) and CHF,CF; + OH — CF;CF3 +
H>O (R3) at 293-441, 294-434 and 293-441K. For
CHF,CH,F + OH (R1), the total rate constants mea-
sured by Barry et al. [5] [(1.61 + 0.05) x 10~*cm~3
molecule ™! s71] and Martin et al. [7] [(1.83 + 0.2) x
10~'4 cm—3 molecule ™! s~1] are consistent with each
other, while slight lower than Clyne et al. [6] [(4.9 &+
0.5) x 1074 cm =3 molecule ™' s~!] at 298 K. The Arrhe-
nius expression was obtained to be k| = 2.65 x 10712
exp [(—1542 £ 500)/T] cm~—3 molecule ' s~! by Barry
et al. [5] in the temperature range 278-323 K. For CHF,
CHF; + OH (R2), Demore et al. [8] gave the Arrhe-
nius expression as ko = 1.6x 1072 exp (—=1680/7) cm 3
molecule™' s~!, and the rate constant (5.7x 1071 cm—3
molecule ™! s~1) agrees well with the value given by
Clyne et al. [6] [(6.9+£1.9) x 10715 cm ™3 molecule ™! s7!]
at 298 K. In 1991, Talukdar et al. [9] obtained the Arrhe-
nius expression of (5.41 £ 0.83) x 10713 exp [(—1,700 +
100)/T]1ecm 3 molecule ' s~! for R3. Experimentally,
the reactions of OH radical with CHF,CH3_,F, (n =
1-3) were studied mainly below 441K, and the
branching ratio of CHF,CH,F + OH has not been
reported. Thus, to gain a deeper insight into the
reaction mechanisms and branching ratio of R1 at a
wide temperature range, further theoretical studies are
very desirable. The theoretical reaction enthalpies and
classical barriers of the title reactions have been
estimated by Martell and co-workers [10], but to the
best of our knowledge the theoretical rate constants
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for the title reactions have not yet been studied
theoretically.

Here, a dual-level (X//Y) direct dynamics method
[11-13]is applied to study the kinetics of these reactions
over a wide temperature range and the comparison
between theoretical and experimental results is
discussed. By means of the POIYRATE 9.1 program
[20], the rate constants are calculated using the varia-
tional transition-state theory (VTST) [14-16] developed
by Truhlar and co-workers.

2 Calculation methods

All the electronic structure calculations were carried
out with the GAUSSIANO3 program [17]. The equi-
librium geometries and frequencies of the stationary
points involved in these reactions were calculated at
two levels, i.e., modified Perdew—Wang and Becke’s 1995
correlation 1-parameter model for kinetics (MPWB1K)
and the restricted or unrestricted second-order Mgller—
Plesset perturbation theory (MP2), using the 6-311+
G(d,p) basis set. The zero-point energy (ZPE) contri-
butions (scaled by a factor of 0.95) were obtained at the
MPWBIK level. The minimum-energy path (MEP) was
constructed with the intrinsic reaction coordinate (IRC)
theory with a gradient step size of 0.01 (amu)!/? bohr
at the same level to confirm that the transition state
really connects with minima along the reaction path.
To yield more accurate energetic information, single-
point energy calculations of each reaction channel were
performed at the BMC-CCSD [18] level (a new
multi-coefficient correlation method based on coupled
cluster theory with single and double excitations
(CCSD) proposed by Lynch and Truhlar) using the
MPWBI1K optimized geometries. Also, we used the
same geometries for coupled cluster approach with sin-
gle and double substitutions including a perturbative
estimate of connected triples substitutions with the
6-311+G(3df,2p) basis set (CCSD(T)/6-311+G(3df,2p)).
The dual-level potential profile along the reaction path is
further refined with the interpolated single-point energy
(ISPE) method [19], in which a few extra single-point
calculations are needed to correct the lower level reac-
tion path.

By means of POLYRATE 9.1 program [20], the theo-
retical rate constants were calculated by canonical
variational transition state theory (CVT) [21] with the
small-curvature tunneling correction (SCT) [22,23] pro-
posed by Truhlar and co-workers. The CVT [21] rate
constant can be obtained by variationally minimizing the
generalized transition-state theory rate constant
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kCT(T,s) with respect to the dividing surface at s, that is,
KVI(T) = min kC1(T, )
S

where

o Q9 s)
hp OR(T)
In these equations, s is the location of the general-
ized transition state on IRC; o is the symmetry factor
accounting for the possibility of two or more symmetry-
related reaction paths; g equals (kgT)~! where kg is
Boltzmann’s constant, /4 is Planck’s constant; QR(7T) is
the reactant’s partition function per unit volume, exclud-
ing symmetry numbers for rotation; Vygp(s) is the clas-
sical energy along the MEP overall zero of energy at the
reactants; QCT(T,s) is the partition function of gener-
alized transition state at s with the local zero of energy
at VMep(s) and with all rotational symmetry numbers
set to unity. To include the tunneling effect, the CVT
rate constant is multiplied by a transmission coefficient
computed with the small-curvature tunneling (SCT) [22,
23] approximation, which is denoted by kCVT/SCT(T),
For the SCT calculations, the effective reduced mass is
obtained by a sixth-order Lagrangian interpolation. The
Euler single-step integrator with a step size of
0.0005 (amu)'/2 bohr is used to follow the MEP. The
generalized normal-mode analysis is performed for each
0.05 (amu)!/2 bohr. In the calculation of the electronic
partition functions, the two electronic states for the OH
radical, with a 140 cm~! splitting in the 2IT ground state,
were considered. The curvature components were cal-
culated using a quadratic fit to obtain the derivative of
the gradient with respect to the reaction coordinate.

kKST(T,s) = exp [—BVMEP(®)]

3 Results and discussion
3.1 Electronic structure calculations

The optimized geometries of all the reactants, prod-
ucts, and transition states optimized at the MPWB1K/
6-311+G(d,p) and MP2/6-311+G(d,p) levels along with
the available experimental values [24-26] are shown in
Fig. 1. When a comparison is possible, the geometries
of all the stationary points obtained at the MPWB1K
and MP2 levels are both in reasonable agreement with
the corresponding experimental values. As CHF,CH,F
is an asymmetrical molecule, the hydrogen atoms in
CHF,CH;F are not equivalent and can be classified
into three categories. Thus, the reaction CHF,CH,F +
OH will pass through three transition states leading
to two products CF,CH,F and CHF,CHF, i.e., Path 1
(1-H-abstraction): R1 — TSla — CF,CH;F; Path II
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Fig. 1 Equilibrium
geometries of reactants,
products, and transition states
at the MPWBI1K/6-311+
G(d,p) level. The values in
parentheses are optimized at
the MP2/6-311+G(d,p) level;
the values in the italic type
and boldface are the
experimental values [24-26],
respectively. Bond lengths are
in angstroms, and angles are
in degrees
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Table 1 Calculated and available experimental frequencies (cm~!) of the stationary points at the MPWB1K/6-311+G(d,p) level

Species MPWBI1K/6-311+G(d,p)

CHF,CHF  116(115)%, 245(237), 439(416)%, 485(469)%, 598(564)?, 939(903)?, 1143(1090), 1166(1120)%, 1174(1133)?, 1210(1163)?,
1301(1248), 1372(1343), 1434(1413)2, 1502(1468)?, 1522(1498)?, 3147(2947)2, 3182(2995)?, 3215(3010)*

CHF,CHF, 81(82)%,201(204)2, 368(362)%, 415(413)2, 500(480)?, 562(542)2, 650(625)?, 1148(1081)?, 1180(1106)?, 1191(1125)?,
1204(1136), 1216(1149)?, 1351(1320), 1388(1335)2, 1417(1365)2, 1520(1442)?, 3184(2995)?, 3196(2995)?

CHF,CF;3 67(82)°,203(216)°, 241(246)°, 368(361)°, 428(413)°, 538(508)°, 599(523)°, 604(577), 752(725)®, 905(867)°, 1197(1111)°,
1216(1145), 1256(1198)°, 1292(1218)°, 1366(1309)°, 1411(1359)°, 1502(1393)°, 3192(3008)°

CF,CH,F 89,244, 445, 452, 606, 928, 1060, 1159, 1265, 1306, 1361, 1475, 1513, 3098, 3197

CHF,CHF 81,246, 408, 450, 570, 650, 1083, 1147, 1179, 1255, 1332, 1394, 1520, 3178, 3292

CHF,CF, 63, 198, 364, 399, 503, 566, 667, 1016, 1195, 1214, 1307, 1334, 1407, 1487, 3126

CF,CF3 55,202,221, 372, 433, 532, 607, 632, 727, 861, 1182, 1258, 1306, 1367, 1483

TSla 1451, 88, 105, 134, 234, 263, 439, 448, 501, 667, 852, 947, 1130, 1152, 1208, 1249,
1285, 1342, 1442, 1506, 1518, 3145, 3220, 3884

TS1b-a 1492i, 66, 92, 152,217, 245, 438, 487, 598, 722, 829, 960, 1138, 1170, 1193, 1203,
1224, 1352, 1418, 1462, 1474, 3166, 3195, 3895

TS1b-B 1439i, 62, 80, 142, 167, 255, 409, 461, 597, 697, 845, 945, 1152, 1172, 1190, 1206,
1298, 1326, 1402, 1453, 1509, 3188, 3199, 3898

TS2 1592, 66, 87, 120, 180, 205, 369, 391, 481, 517, 593, 686, 844, 1130, 1170, 1184,
1219, 1279, 1287, 1400, 1447, 1493, 3174, 3886

TS3 16334, 36, 58, 93, 131, 206, 247, 370, 418, 439, 560, 605, 622, 769, 814, 951, 1166, 1220, 1283, 1307, 1315, 1434, 1466, 3890

2 From Ref. [28]
b From Ref. [29]

and III (2-H-abstraction): R1 — TS1b-a/TS1b-f —
CHF,CHF. At the MPWBI1K level, for the transition
state structures of TSla, TS1b-«, and TS1b-8, the
breaking bonds C-H are all elongated by 12% compared
to the C-H equilibrium bond length in isolated CH»
FCHF;; the forming bonds O-H are stretched by 29, 34,
and 35%, respectively, with respect to the equilibrium
bond length of the molecule HyO. For TS2 and TS3, the
case is similar; the breaking C-H bonds both increase by
13% and the formed bonds are both stretched by 33%.
The elongation of the forming bonds is greater than that
of the breaking bonds, indicating that the above five
TSs are reactant-like, i.e., all these reactions proceed
via “early” transition states. The similar character can
also be concluded from the geometrical structures opti-
mized at the MP2/6-311+G(d,p) level. This behavior is in
keeping with Hammond’s postulate, since all reactions
are exothermic [27].

Table 1 lists the harmonic vibrational frequencies
(unscaled) of all the stationary points computed at the
MPWBIK level along with the available experimen-
tal values [28,29]. The calculated frequencies are in
good agreement with the available experimental data
at the MPWBIK level as shown in Table 1. The num-
ber of imaginary frequencies (0 or 1) indicates whether
a minimum or a transition state has been located. The
transition states in Table 1 are identified by normal-
mode analysis to have one and only one imaginary fre-
quency with the values of 1451 i(TS1a), 1492 i(TS1b-«),
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1439 i(TS1b-8), 1592 i(TS2), and 1633 i(TS3), respec-
tively.

The reaction enthalpies (A H?5yg) of the title reactions
were calculated at three levels, i.e., MPWB1K/6-311+
G(d,p), BMC-CCSD//MPWBIK and CCSD(T)/6-311+
G(3df2p)//MPWBI1K. The corresponding results and
the experimental data are listed in Table 2, in which
the experimental results of —16.7+5.7 kcal mol ™! (R1a),
—15.2 + 5.7kcal mol ' (R1b), —15.6 + 6.6 kcal mol~!
(R2), and —15.7 £ 4.07 kcal mol ! (R3) were derived
from the knowledge of the standard heats of forma-
tion (CH,FCHF, — 159.0 £ 2.0kcal mol~! [30]; CHF,
CHF;, —210.0 + 1.0 kcal mol ™! [30]; CF3CHF; — 264.0 +
1.0 kcal mol ™! [30]; CH,FCF, — 107.5 + 3.6 kcal mol ™!
[31]; CHFCHF, — 109.0 + 3.6kcal mol™! [31]; CF,
CHF, —158.9 + 4.5 kcal mol~! [31]; CF3CHF, —213.0 +
2.0kcalmol™' [30]; H,O — 57.8kcalmol™' [32];
OH8.91 + 0.07kcal mol™! [33]). From Table 2, it is
known that the calculated results for the reaction enthal-
pies obtained at the CCSD(T)/6-311+G(3df,2p) level are
obviously less negative than the corresponding
BMC-CCSD//MPWBIK results, and the better agree-
ment between theory and experiment is obtained at the
BMC-CCSD//MPWBI1K level. Thus, in this investiga-
tion, the BMC-CCSD method is adopted to refine the
energies along the MEP as well as the potential energy
barriers, and the results at the BMC-CCSD/MPWB1K/
6-311+G(d,p) level are employed to study the rate con-
stants.
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Table 2 Enthalpies (in kcal mol~!) at various levels and available experimental values

levels CH,FCHF, + OH

— CH,FCF, + H,O

CH,FCHF, + OH
— CHFCHF, + H,O

CHF,CHF, + OH
— CF,CHF; + H,O

CF;CHF, + OH
— CF3CF, + H,O

MPWBI1K/6-311+G(d,p) —13.65 —14.45 -12.41 -12.57
BMC-CCSD//MPWB1K -17.40 —-18.64 -16.18 -16.27
CCSD(T)//MPWB1K —14.63 -15.59 -13.41 -13.42
Exptl.2 —16.7+5.7 —152 457 —-15.6 £ 6.6 —-15.7+41
2 From Refs. [30-33]
. (4.40)°
(4.27) 271% -
304 2.44° — 2 B2 t%
4 TS2 o= e TSIbg :3) ﬁi:\*\
i TSIb S =SS 207 2
R 20 e T R AN \ﬁ<$§§§
% 5 \ m\m *\M\A\
= = S~ T A
3 § 1E-14 RN ~u *
g Z U
@ 3 \g& —~
N 2 1E-15 e
% & \ °
L:% L (1273)° \
16.0 %y, -16.50° 1E-16 %
- \“::gHFZ +H20 T T T T T T T T T T T T T T T T 1
CF3CFaZ +H20 05 10 15 20 25 30 35 40 45 50
17.0] \ e 1000/T (K™
- N —&—TST,, —+—TST,, ,, — 1= TSTyp
18.0 @%:‘Fz +H20 —¥—CVT,, —0=CVI,,  —e—CVT,,
| (1308 —0—CVI/SCT,, —0—CVT/SCT,,,, ——CVT/SCT},
190 —
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*Calculted at the BMC-CCSD//MPWB1K/6-311+G(d,p) level
bCalculted at the MPWB1K/6-311+G(d,p) level

Fig. 2 Schematic pathways for the reactions R1-R3

Figure 2 shows a schematic potential energy surface of
each reaction with zero point energy (ZPE) corrections,
and the energy of reactant R is set zero for reference.
The potential barrier heights with ZPE correction are
2.76, 3.31, and 3.79kcal mol~! for Rla, R1b-a, and
R1b-B, respectively, at the MPWBIK level, while they
all decreased by about 1.5 kcal mol~! at the BMC-CCSD
level. Even at the BMC-CCSD level the barrier heights
of Rla taking the value of 0.6-1.0kcal mol~! is lower
than that of other channels, indicating that 1-H-abstrac-
tion channel is more favorable than 2-H-abstraction
channel. For the reactions CHF,CHF; + OH (R2) and
CF;CHF, + OH (R3), the potential barrier heights with
ZPE correction are 4.27 and 4.40kcal mol~! at the
MPWBIK level, while at the BMC-CCSD/MPWB1K
level, the corresponding values are 2.44 and 2.71 kcal
mol !, respectively.

sus 1000/ T between 220 and 1,500K for CH,FCHF; + OH —
CH,FCF, + H,O, CH,FCHF, + OH "2%® CHFCHF, + H,O0,

and CH,FCHF, + OH 25" CHFCHF, + H,0

4 Rate constants calculation

Dual-level (X//Y) direct dynamics calculations are car-
ried out for Rla and R2a using the variational transi-
tion-state theory (VTST) [13-15] approach. The PES
information of each reaction obtained at the BMC-
CCSD//MPW1K/6-311+G(d,p) level is put into the
POLYRATE 9.1 [18] program to calculate the VTST
rate constants over the temperature range from 220 to
1,500 K.

The TST, CVT, and CVT/SCT rate constants for Rla,
R1b-o and R1b-p are presented in Fig. 2. Figure 2 shows
that the variational effect is important for Rla and R1b-
« at lower temperatures and becomes less important in
the high temperature range. For R1b-g8, the ratios of
k(CVT)/k(TST) are 0.04, 0.29, and 0.48 at 220, 550, and
1,500 K, respectively, and this indicates that the varia-
tional effect is very large in the whole temperature range.
By comparing the results between CVT and CVT/SCT,
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Table 3 Calculated CVT/SCT rate constants along with the experimental data for the reaction CH,FCHF, + OH

T(K) kia kib—a kib—p kv ki Exptl.

220 3.04 x 10713 3.73 x 10716 3.53 x 10710 7.26 x 10716 377 x 10713

250 452 x 1071 6.62 x 10710 6.10 x 10716 127 x 1071 579 x 1071

293 7.98 x 10713 1.44 x 10715 132 x 10715 276 x 10713 1.07 x 10714 ©(4.98 +0.82) x 10714

294 8.08 x 10713 1.46 x 1015 135 x 10715 2.81 x 1071 1.09 x 10~14 ©(4.68 +0.4) x 10714

298 8.49 x 1071 1.57 x 10~15 1.44 x 10715 3.01 x 1071 1.15 x 10714 3(1.61 £ 0.05) x 10714
b(1.83+0.2) x 10714
©(4.90 +£0.5) x 10714

335 132 x 1071 2.80 x 10713 2.65%x 10713 545 x 1071 1.87 x 10714 ©(6.74 +£0.43) x 10714

383 2.18 x 10714 537 x 10713 524 x 1071 1.06 x 10~14 324 x 10714 €(9.09 + 0.42) x 10~

441 3.67 x 10714 1.01 x 1074 1.04 x 1071 2.05 x 10714 5.72 x 10714 €(1.89 + 0.06) x 1013

550 7.85 x 10714 249 x 10714 2.85x 10714 5.34 x 10714 132 x 10713

700 1.79 x 1013 6.22 x 10714 7.61 x 10714 1.38 x 1013 3.17 x 10713

900 4.19 x 10713 1.55 x 10~13 1.96 x 10~13 3.51 x 10713 7.70 x 10713

1000 5.96 x 10713 225 % 10713 2.87 x 10713 512 x 10713 1.11 x 1012

1200 1.09 x 1012 427 x 10713 5.46 x 10713 9.73 x 10713 2.06 x 10712

1300 1.42 x 1012 5.63 x 10713 7.18 x 10713 1.28 x 1012 270 x 10712

1400 1.81 x 10712 727 x 10713 9.24 x 10713 1.65 x 10712 3.46 x 10712

1500 2.27 x 10712 920 x 10713 1.17 x 10712 2.09 x 10712 436 x 10712

4 From Ref. 5]
b From Ref. [7]
¢ From Ref. [0]

the SCT correction should be taken into account in the
rate constant calculation for three channels of R1 at low
temperature range as can be seen from Fig. 3. For R1,
as represented in Fig. 3, we can find that the CVT rate
constants are always larger than the CVT/SCT values
and this may come from the quantum effect. As pointed
out by Taghikhani and Parsafar [34] the quantum effect
decreases the rate constant. This is an unusual case of
dynamics calculation in which quantum effects preclude
particles (supermolecules) to pass over the classical bar-
rier. And this is a special case in which the nonclassical
reflection effect, at energies above the barrier, over-
comes the tunneling through the classically forbidden
region of the barrier. This makes the CVT/SCT rate
constants decrease.

The CVT/SCT rate constants k1, and kq, and the
total rate constant k; along with the available experi-
mental values are listed in Table 3. Theoretical rate con-
stants are plotted against 1,000/T (K~!) in Fig. 4a, and
the temperature dependence of the ki,/k; and kp/k;
branching ratios is exhibited in Fig. 4b. It is found that
the 1-H-abstraction leading to the product CH,FCF; +
H;O dominates the reaction at the whole temperature
range, while the contribution of 2-H-abstraction
becomes competitive at higher temperature. For exam-
ple, the kiy,/kq ratios are 19% at 220K, 40% at 550K,
and 48% at 1,500 K. It appears that the total CVT/SCT
rate constants shown in Table 3 are in better agree-
ment with reliable experimental data given by Barry
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et al. [5] and Martin et al. [7], while the calculated
data is lower than the result obtained by Clyne et al.
[6] at 298 K. Moreover, the Arrhenius expression of
ky=711x10"13 exp (—1,226.9/7) cm > molecule ' s~
fitted by the CVT/SCT rate constants in the temperature
range 278-323 K is in good accord with that reported
by Barry et al. [5] k; = 2.65 x 1072 exp [(—1,542 +
500)/T]cm—3 molecule 's™!.  The three-parameter
expressions by fitting the CVT/SCT rate constants in
range of 220-1500K for three channels of R1 are
obtained and expressed as ki, = 1.13 x 107227326
exp (116.4/T), kip_o = 3.78x 10722 T3 exp (555.2/T),
kip—g = 1.41 x 10722 T3 exp (568.4/T), and ky, =
4.40 x 10722 7310 exp (560.1/T) cm~3 molecule ' s71.
As shown from Fig. 5, in which the rate constants of
TST, CVT, and CVT/SCT for CHF,CHF, + OH (R2)
are plotted, the large difference between the TST and
CVT rate constants appears and this implies that the
variational effect is important for this reaction as well.
On the other hand, by comparing the results of the CVT
and CVT/SCT, the SCT correction should be taken into
account in the rate constant calculations for R2 at low
temperature range, with the kcvt/scr)/kcvT) ratios of
2.40 at 220 K, and the same conclusion can be obtained
for R3. The CVT/SCT rate constants of R2 and R3 along
with the available experimental values [6-9] are listed
in Table 4. For R2, our calculated rate constants are
consistent with the experimental ones with the largest
deviation within a factor of 2.5. In the temperature range
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Fig. 4 a Plot of the calculated individual rate constants
k1a and kqy, and the total rate constants k; versus 1000/ T between
220 and 1,500K. b Calculated branching ratio versus 1000/T
between 220 and 1,500 K

298-358 K, the Arrhenius expression fitted by the
CVT/SCT results is ky = 3.63 x 10~ 12 exp (—1,808/T)
cm~3molecule ' s~!, and is in good agreement with that
given by Demore etal. [8],ky = 1.6x10~2exp (—1,680/
T)em™3 molecule ' s~L. Similar to reaction R2, the fit-
ted two-parameter expression from the CVT/SCT rate
constants for R3 in 220-360K is k3 = 5.46 x 10712
exp (—2,187/T) cm 3 molecule ™! s~1, in line with the
experimental expression of k3 = (5.41 £ 0.83) x 10713
exp [(—1,700 £ 100)/T] cm—3 molecule ' s~! given by
Talukdar et al. [9]. The theoretical rate constants
decrease in the order of k| > kp > ks, thus, the reactiv-
ity decreases with fluorine substitution increase at the
CH;F group position of fluoroethane.

The activation energies (E,) obtained from the CVT/
SCT results by several two-parameter expression fits
along with the available experimental values [5,6,8,9]
are listed in Table 5. The theoretical results of E, for
the reactions CH,FCHF, + OH (R1) and CHF,CHF,
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Fig. 5 Plots of the TST, CVT, and CVT/SCT rate constants cal-
culated at the BMC-CCSD//MPWB1K/6-311+G(d,p) level ver-
sus 1000/ T between 220 and 1,500K for CHF,CHF; + OH —
CHF,CF; + H,O

+ OH (R2) are in good agreement with the experimen-
tal ones for the considered temperature regions. For the
CF3CHF, + OH reaction, our calculated E, deduced
from the CVT/SCT rate constants are closer to that of
Talukdar and co-workers [9], in the measured tempera-
ture range 220-360. Also, the discrepancy of £, between
our calculated values and that of Clyne and co-workers
[6] is about 2.1 + 0.2 kcal mol~!. The good agreement
between theoretical and experimental rate constants
and between theoretical and experimental activation
energies indicates that the present calculations can pro-
vide reliable predictions of the rate constants for the title
reactions at higher temperatures, which will be useful for
the atmospheric modeling calculations.

Finally, to provide estimate for the rates of the reac-
tions in higher temperatures where no experimental val-
ues are available, three-parameter fits were made for the
title reactions over the range 220-1,500 K; these fits give
the following expressions (in cm 3 molecule™! s~1):

ky = 1.61 x 10722 7331 exp (215.6/7),
ko =327 x 10721 7305 exp (747.3/T),
k3 =321 x 10722 T3* exp (955.8/ 7).

5 Conclusion

In this paper, we employ density functional theory to
study three hydrogen abstraction reactions of CHF;
CHs_,F, (n = 1-3) with OH radical. The potential
energy surface information is obtained at the MPWB1K/
6-311+G(d, p) level and the energies of the station-
ary points are corrected at the BMC-CCSD level. The
rate constants are calculated using variational transition
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Table 4 Calculated CVT/SCT rate constants with the experimental data for the reactions CHF,CHF; + OH and CF3CHF; + OH

T (K) CHF,CHF, + OH — CF,CHF; + H,O T(K) CF;CHF; + OH — CF;CF, + H,0
CVT/SCT Exptl. CVT/SCT Exptl.
220 1.73 x 10715 220 454 x 10710
250 322 x 1071 293 320 x 1071 b5.0+£22) x 1071
294 7.82 x 1071 b(53+1.5) x 10713 294 327 x 1071 b(4.90 £+ 0.05) x 1071
298 843 x 101 a570 x 1015 298 3.57 x 10713 €(2.49 £0.05) x 1013
%6.90 +1.9) x 101 b5.0+£1.0) x 1071
333 1.57 x 10714 b(1.88 £0.27) x 10~14 336 7.67 x 1071 b6.20+1.8) x 1071
389 3.63 x 10714 (212 £041) x 10714 378 1.6 x 10714 b(1.13 £0.33) x 10714
434 6.38 x 10714 (4.82 +0.36) x 10714 441 403 x 10714 (158 +0.29) x 1014
550 1.98 x 10713 550 1.36 x 10713
700 5.62 x 10713 700 4.57 x 10713
900 1.51 x 10712 900 1.45 x 10712
1000 222 x 10712 1000 229 x 10712
1200 422 x 10712 1200 4.89 x 10712
1300 5.54 x 10712 1300 6.73 x 10712
1400 7.08 x 10712 1400 8.99 x 10712
1500 8.87 x 10712 1500 1.17 x 1071
2 From Ref. [8]
 From Ref. [6]
¢ From Ref. [7]
Table 5 Reaction activation energies E, (kcalmol~!) for the title reactions
CH,FCHF, + OH CHF,CHF, + OH CF;CHF, + OH
T range (K) 278 - 323 293 — 441 294 — 434 298 - 358 294 — 441 220 - 360
BMC-CCSD 2.44 2.86 3.76 3.59 434 435
Exptl. 3.06 & 1.0 1.98 £0.2° 3.58+0.3b 3.34¢ 2.184+0.2° 338+ 0.24
2 From Ref. 3]
® From Ref. [6]
¢ From Ref. [8]
d From Ref. [9]

state theory (VTST) at the BMC-CCSD/MPWBI1K
level over a wide temperature range of 220-1,500 K. The
calculated results show that the reactivity decreases with
increasing fluorine substitution at the CH,F group posi-
tion of fluoroethane, and the order of rate constants is
k1 > kp > k3. Theoretical rate constants are in good
agreement with the available experimental values. The
three parameter expressions (in cm? molecule ™! s~ 1) for
three reactions within 220-1,500K are k; = 1.61 x
1072 733exp (215.6/T), ky = 3.27 x 10721 3% exp
(747.3/T), and k3 = 321 x 10722 T3* exp (955.8/T),
respectively.
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