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Abstract The reactions of OH (OD) radicals with
CF,CICCIFH (R1), CF,CICCILH (R2), CFCI,CCIFH (R3),
and CFCIL,CCl,H (R4) have been investigated theoretically
by a dual-level direct dynamics method. The optimized
geometries and frequencies of the stationary points are
calculated at the MPW1K/6-311+G(d,p) level. To improve
the reaction enthalpy and potential barrier of each reaction
channel, the single-point energy calculation is made by the
MC-QCISD method. The enthalpies of formation of the
species CF,CICCIFH, CF,CICCI,H, CFC1,CCIFH, CFCl,
CClLLH, CF,CICCIF, CF,CICCl,, CFCI,CCIF, and CFCl,
CCl, are evaluated by two sets of isodesmic reactions. Using
canonical variational transition state theory (CVT) with the
small-curvature tunneling correction (SCT) method, the rate
constants of OH and OD radicals with CF,CICCIXH (X =
F, Cl) and CFCL,CCIXH (X = F, Cl) are evaluated over a
wide temperature range of 100-2,000 K at the MC-QCISD//
MPWI1K/6-3114G(d,p) level. The calculated CVT/SCT
rate constants are consistent with available experimental
data. The results show that the tunneling correction has an
important contribution in the calculation of rate constants at
lower temperatures. For the above-mentioned four
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reactions, the kinetic isotope effects are also calculated.
Finally, the effect of fluorine or chlorine substitution on
reactivity of the C—H bond is discussed.
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1 Introduction

Chlorofluorocarbons (CFCs) contribute to two very impor-
tant global ecological consequences with their emission into
the atmosphere. One is that the photolysis of CFCs by
ultraviolet solar radiation produces chlorine atoms that can
initiate the chain destruction of ozone. The other is that
CFCs contribute to global warming by absorbing the Earth’s
infrared emission [1-3]. Partly halogenated alkanes
(HCFCs) are of interest as possible CFCs substitutes since
they retain many desirable properties of CFCs and have less
ozone depletion potential. Here, we focus our attention on
four species, i.e., HCFC-122(CF,CICCl,H), HCFC-121
(CFCI,CCI,H), HCFC-123a(CF,CICCIFH), and HCFC-
122a (CFCI,CCIFH). Among them, CF,CICCI,H and
CFCI,CCl,H are mainly used for refrigerants, foaming
agents, fire extinguishing agent, and other applications. As
to HCFC-123a (CF,CICCIFH) and HCFC-122a (CFCI,CC
IFH), they have not been applied in large scale of industrial
applications although their structures are similar to
CF,CICCI,H and CFCIl,CCl,H. However, their kinetic
parameters have also been studied here for comparison with
CF,CICCI,H and CFCl,CCl,H. HCFCs can react with the
tropospheric hydroxyl radicals and therefore have a smaller
chance for reaching the stratosphere. These reactions are the
main chemical removal processes that determine the
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atmospheric lifetime for such substances in the troposphere.
Thus, accurate data for the rate constants of above-men-
tioned four species with OH radicals and their temperature
dependence are necessary and important [4].

Owing to their importance, a few experimental kinetic
studies have been performed on the title reactions [5-8].
Orkin et al. [5] measured the rate constants of reaction
CF,CICCIFH + OH — CF,CICCIF + H,0O (R1) in a
temperature range from 298 to 460 K. Their results were
fitted to a linear Arrhenius plot with a pre-exponential factor
A = (9.223) x 107" cm’ molecule's ™" and an activation
energy E, = 2.55 & 0.17 kcal mol~'. Two experiments
were performed for the reaction of CF,CICClH +
OH — CF,CICCl, + H,O (R2) and the rate-temperature
expressions of (in cm’® molecule_ls_l) k, = (11.3f%1é) X
10~ Pexp[—(918 + 52)/T] (298-460 K) and k, = 8.3 x
10~ Pexp[—893/T] (298-363 K) were obtained by Orkin
et al. [5] and DeMore et al. [6], respectively. The results
reported by Orkin et al. are higher than those obtained by
DeMore et al., especially in the higher temperatures. Other
two groups [7, 8] studied the reaction of CFCI,CCIFH +
OH — CFCL,CCIF 4+ H,0 (R3) in a temperature range of
294460 K and got the corresponding Arrhenius expressions.
It should be noted that the result measured by Orkin et al. [8] is
unpublished. It was cited by Hsu et al. [7] in their paper for
comparison. Up to now, no kinetic information is available for
the reaction CFCl,CCl,H + OH — CFCI,CCl, + H,0
(R4). Owing to the large number of possible isomeric
compounds of HCFCs, laboratory measurement of every one
is very time-consuming. It is therefore desirable to use theo-
retical method to study these reactions and extrapolate the rate
constants to higher temperatures whenever possible.

Theoretically, Chiorboli et al. [9] used QSARSs (quanti-
tative structure—activity relationships) empirical model to
estimate the rate constants of above-mentioned four reac-
tions at room temperature. Unfortunately, they only
obtained the rate constants at 298 K, and their results
overestimated the experimental values with the maximum
error of approximately four times. Thus, a detailed theo-
retical investigation is very desirable. Moreover, no kinetic
or dynamic study has been performed for the isotopic
substitution reactions of OD radicals with above-mentioned
four species (denoted as R1’— R4’). The general purpose of
this paper is to make a systematic theory survey on the
dynamic properties of reactions of OH and OD radicals
with four HCFCs’ species. Specifically, we will focus on
the importance of tunneling, the calculation of the Arrhe-
nius parameters, and kinetic isotopic effect (KIE). Our
results can be particularly useful for reactions R4 and R1'—
R4/, for which no experimental rate constant has been
measured.

@ Springer

For the molecule CF,CICCIFH, 2C atom (see Fig. 1) is a
chiral center, which has four different groups (H, F, Cl, and
CF,Cl) bonded to it. Thus, two chiral isomers of CF,
CICCIFH should be found, i.e., R-CF,CICCIFH and
S-CF,CICCIFH. Since the energies of R- and S-CF,CICC
IFH configurations are the same, the equivalent contribution
of them to the rate constants can be assumed. So only the
R-CF,CICCIFH isomer is considered in the present calcula-
tion. For the R-CF,CICCIFH configuration, three stable
conformers are located, SC,,, SC;p, and SC,.. Based on the
calculation, the energies of them are on the order of
SCia < SCyp < SCyc. SCy, only is more stable than SCyy, and
SC;. by 0.4 and 0.5 kcal mol ™" at the MC-QCISD//MPW 1K
level, respectively, so it is likely that these three conformers
have similar stability and will contribute to the overall rate
constants. These channels are defined as following:

CF,CICCIFH (SCj,) + OH — CF,CICCIF + H,0

(R1a)
CF,CICCIFH (SCyp) + OH — CF,CICCIF + H,0

(R1b)
CF,CICCIFH (SCy.) + OH — CF,CICCIF + H,0O

(Rlc)

For brevity, we will not detail the optical isomers and
conformers of molecule CFCI,CCIFH that are similar to
those of the CF,CICCIFH. The corresponding reaction
channels are denoted as R3a, R3b, and R3c, i.e.,

CFCI,CCIFH (SC3,) + OH — CFCLCCIF + H,0

(R3a)
CFCI,CCIFH (SCs) + OH — CFCL,CCIF + H,0

(R3b)
CFCI,CCIFH (SCs.) + OH — CFCLCCIF + H,0

(R3c)

Conversely, there is no chiral center in the molecule
CF,CICCI,H. Two stable conformers, SC,, and SC,,, are
located. The energy difference between SC,, and SCy, is
only 0.5 kcal mol™" at the MC-QCISD//MPW 1k level, so
both contributions coming from two conformers should be
taken into account, i.e.,

CF,CICCLH (SC3,) + OH — CF,CICCl, + H,O
CF,CICCI,H (SCy) + OH — CF,CICCI, + H,0

(R2a)
(R2b)

Likewise, the reaction channels for reaction R4 are shown
as following:

CFC1,CCLH (SC4,) + OH — CECl,CCl, 4+ H,0
CFCL,CCLH (SC4) + OH — CFCL,CCl, 4 H,0

(R4a)
(R4b)
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Fig. 1 Optimized geometries of reactants, OH radical, H,O, and »

saddle points at the MPW1K/6-311+G(d,p) level. The values in the
parentheses are experimental results [34]. Bond lengths are in
angstroms and angles are in degrees

The dual-level direct dynamics method proposed by
Truhlar et al. [10-14] is applied to investigate the dynamic
properties of the title reactions. In this approach, the
potential energy surface (PES) information is directly
obtained from DFT (density functional theory) calculations
and the rate constants are evaluated by the variational
transition state theory (VTST) [15-17].

It is well known that the knowledge of the standard
enthalpy of formation is important in determining the
thermodynamic properties, the kinetics of atmospheric
process, the stability of intermediate complexes, and the
feasibility of reaction paths. However, there are no ther-
modynamic data available for all species included in these
reactions except for species CF,CICCIFH, OH radical, and
H,O0. In the present study, we attempt to estimate the
enthalpies of formation for these species via two sets of
isodesmic reactions [18].

2 Calculation methods

All of the electronic structure calculations are made with
the Gaussian 03 program [19]. The equilibrium geometries
of all the stationary points, including the reactants, transi-
tion states (TSs), and products involved in the reactions,
are calculated by modified Perdew—Wang 1-parameter
model for kinetics (MPW 1K) [20] with the 6-3114G(d,p)
basis set (MPW1K/6-311+G(d,p)). The harmonic vibra-
tional frequencies are calculated at the same level of theory
to characterize the nature of each critical point and to make
zero-point energy (ZPE) correction. The number of imag-
inary frequencies (0 or 1) indicates whether a minimum or
a transition state has been located. To obtain more reliable
reaction enthalpies and barrier heights, high-level single-
point calculations for the stationary points are made at the
multi-coefficient correlation method based on quadratic
configuration interaction with single and double excita-
tions (MC-QCISD) level [21]. In addition, the stationary
geometries of reaction channel R1a are optimized using the
BMK [22] and M06-2X [23] functionals with the 6-311+
G(d,p) basis set. Various high-level single-point calcula-
tions are made for Rla by MCG3-DFT [24] (including
MCG3-MPWPWO1, MCG3-MPWB95, and MCG3-TPSSK
CIS), MCQCISD-DFT [24] (including MCQCISD-MP
WPWI1, MCQCISD-MPWB95, and MCQCISD-TPSSK
CIS), and MLSE-DFT [25] (including MLSE-MPW 1B95
and MLSE-TPSS1 KCIS) methods. We tested various
high-level single-point methods using the MPW1K/6-311+

CF,CICCIFH(SC,,)

1.33 1092}
108.9 9}15 et 2C1
175
\“17 TT1.17097

CF,CICCIFH(SC)

1CT T
17757 71109 08

2F
CF,CICCIFH(SC)

21
IF 178

133y f%
109.3;

'y JlS} 108
a 108.33 \

CF,CICCLH(SC,,)

108.1 et 2C1

7
1c1“‘“‘/ 1481, \&

CF,CICCIH(SCyy)

1Cl1

09§

1
1.76 103,

108.1 1.53 /*Cl
2C7175

W3
IF /12 26108 25\34

CFCLCCIFH(SCy,)
1l

S

1.7
175 111 %
109.3¢” 153 /ZF

oy 1.34
I3y 108 05 o8
108.21

CFCI,CCIFH(SCyy)

1Cl
RV
176 108,678

108.6 153 S aH

v 2G7 108

A

TR 110.09
111.53\.75
3Cl

2Cl
CFCLCCIFH(SC3e)

1cl 3l
176
>1 75 1|o44» Al
108.7 19] Yo c=T75
13 106°
109.26' 0057

2C1 H

CFCl,CCLH(SCy,)

1Cl1
3F

1Cl
H
IF 1l
201 3cl
2F
H
1Cl IF
3Cl oF
201
H
IF 2c1
3c1 oF
1l

2Cl1 1C1
N
3Cl1 2F

@ Springer



Theor Chem Acc (2011) 129:73-84

76
1cl a
176 201 1l
176 110,907 u N
2C
S A T5475 108
109.85
4c1 3C1
2Cl 4C1 |
IF
CFCL,CCl,H(SC,) 0.96,
YZ2-H
Q574
. . QF 176

1430 H

H
133 109,86 70 81O
109‘0% 170.81 fmo 96 !

21

X
J 132 107 3
R 2c
1c1 W7 0 9112,
TSla
1l
171‘1@ TS2b
175 3 o @
)O
109297 2Cﬁ 75 1“
108.6 e

J
1R 30 soon s 21
13
172.9{\,
1.2

2F
3Cl

2C 17'%

109. 8110
2C1
/128 21 176.05(1—1
101'6@ 102.0?/»/ 1.30
,/0.96 el
H 0.96
TS3b . TS4a
096) O
0.96
(0.97) H (110(31‘?; H

Fig. 1 continued

G(d,p), BMK/6-3114-G(d,p), and M06-2X/6-3114-G(d,p)
geometries in order to find an affordable method for direct
dynamics calculations that have high accuracy as judged by
comparison with experimental activation energy.

Starting from the MPW 1K saddle-point geometries and
going downhill to both the asymptotic reactant and product
channels, we construct the minimum-energy path (MEP)
by the intrinsic reaction coordinate (IRC) theory. The IRC
calculations are done with an even gradient step size of
0.05 (amu)"? bohr. Along this energy path, the reaction
coordinate s is defined as the signed distance from the
saddle point, with s > 0 referring to the product side. Also,
first and second energy derivatives at geometries along the
MERP are obtained to calculate the curvature of the reaction
path and to calculate the generalized vibrational frequen-
cies along the reaction path. The dual-level potential profile
along the reaction path is further refined with the interpo-
lated single-point energy (ISPE) method [26]. As pointed
out in Chuang and Truhlar’s paper [26], at least four points
are very necessary to correct the low-level reaction path:
two points very close to the saddle point that are used to
locate the dual-level saddle point and two points close to
the turning points for the tunneling calculation. Four non-
stationary points (£0.05, around +1.0) for the present
system are used to correct the lower-level reaction path.

@ Springer

By means of the Polyrate 9.7 program [27], the rate
constants for each reaction channel is calculated using the
conventional transition state theory (TST) and canonical
variational transition state theory (CVT) [28-30], and the
tunneling correction is considered by the centrifugal-
dominant small-curvature semiclassical adiabatic ground-
state (CD-SCSAG) [31, 32] method, which is computed
with equal segments in the Boltzmann and 6 integrals, and
the number of Gauss—Legendre quadrature points is chosen
as 40 for computing the Boltzmann average. Also, the
sixth-order Lagrangian interpolation is used to obtain the
values of the effective mass for the CD-SCSAG tunneling
calculation. In the present study, all vibrations are treated
in the harmonic oscillator approximation for all reactions.
Since the vibrational partition function is very sensitive to
the low frequencies, we list the five lowest harmonic
vibrational frequencies of the reactants and saddle points
(the imaginary frequencies are also listed) in Table 1. As
shown in Table 1, reactions R1-R4 have torsions in reac-
tants and saddle points. But all of them are complicated
motions involving more than one torsion or mixtures of
torsion and bending. For example, mode 18 of the reactant
CF,CICCIFH (SCy,) in Table 1 is a complicated motion
involving two torsions, that is, simultaneous torsions by the
CF,Cl group and the CCIFH group. As mentioned by
Truhlar et al. [33], the harmonic-oscillator approximation
for this mode should be used, since no validated method is
currently available to treat this kind of complicated torsion
motion accurately. The two electronic states for OH radi-
cals, with a 140 cm ™" splitting in the “IT ground state, are
included in calculating its electronic partition functions.
The curvature components are calculated by using a qua-
dratic fit to obtain the derivative of the gradient with
respect to the reaction coordinate.

To evaluate the heats of formation (AH]?298) of the
above-mentioned species, we made the calculations at the
MC-QCISD/MPW 1K/6-3114+G(d,p) level using the fol-
lowing isodesmic reactions:

For CF2C1CC1FH (SC]a, SC]b, or SC]C)

RS
CF,CICCIFH + C,Hg — CH;3CF,Cl + CH3;CCIFH  (R6)
For CFzC]CC]zH (SCzaOI‘ SCzb) (R7)
CF,CICCI,H + CH4 — CH3CH,F + CFCl;
CF,CICCLLH + C,Hs — CH3CF,Cl 4+ CH;CCL,H ~ (R8)
For CFC]QCCIFH (SC3a, SC3b or SC3C) (R9)
CFCl,CCIFH + C,Hg — CH;3CCl; + CH,FCH,F  (R10)
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Table 1 The lowest five vibrational frequencies for the reactants and saddle points of R1-R4 (in cmfl) calculated at the MPW 1K/6-3114-G(d,p)

level
Mode Rla R1b Rlc R2a R2b R3a R3b R3c R4a R4b
SCia SCip SCie SCa SCap SCsy SCsp SCse SCya SCap
18 80 79 78 72 80 89 83 77 69 81
17 177 174 172 174 175 173 171 168 174 174
16 207 247 235 220 189 191 202 232 223 181
15 324 274 322 257 266 276 260 257 240 248
14 351 360 343 320 332 323 305 326 289 276
TSla TS1b TSlc TS2a TS2b TS3a TS3b TS3c TS4a TS4b
14711 15791 15551 13651 14771 14871 15141 1583i 14191 14871
23 60 60 58 67 67 61 61 63 70 67
22 72 85 73 86 94 77 92 82 98 96
21 113 109 102 101 102 114 119 108 107 101
20 142 139 132 136 137 137 147 134 140 142
19 181 177 172 178 178 173 176 170 178 177

For CFClzCCle (SC4a or SC4b)

R11
CFCIQCCle + CH4 — CH3CH2F + CC14 ( )
For CF,CICCIF, (R13)
CF,CICCIF + C,H¢ — CH,CF,Cl + CH3CCIFH  (R14)
For CFzClCClQ, (R]S)
CF,CICCl; 4+ CH4 — CH3CHF + CFCl;
CF,CICCl; + C,Hg — CH,CF,Cl1 + CH3CHCI, (R16)
For CFCL,CCIF,
(R17)
CFCI,CCIF 4 CHy — CH3;CHF + CFCl3
CFCl,CCIF + C,Hg — CH3CCl; 4+ CH,FCHF (R18)
For CFCl1,CCl,,
e (R19)

3 Results and discussion
3.1 Stationary points

The geometries of all the stationary points (reactants,
products, and transition states) are optimized at the
MPWI1K/6-3114G(d,p) level. Owing to the similarity,
only the reactants, H,O, OH radical, and transition states
TS1a, TS2b, TS3b, and TS4a as the representatives along
with the available experimental values [34] are shown in
Fig. 1. And the geometric parameters of other stationary
points (including product radicals and other transition

states) are displayed in Supporting Material (Figure S1). It
can be seen that the theoretical geometric parameters of
OH and H,O are in solid agreement with the corresponding
experimental values with maximum error of 1%. Due to the
R- and S-CF,CICCIFH configurations possessing the same
energy, only the conformers of R-CF,CICCIFH configu-
ration are considered. Three stable conformers of R-CF,
CICCIFH, SC;,, SCy, and SC;, are found. As shown in
Fig. 1, SCy,, H lies between 1F and 2F; SC;,, H lies
between 1F and 1Cl, and 3F lies between 1CI and 2F; and
SC., H lies between 1F and 1Cl, and 3F lies between 1F
and 2F. For the reactant CF,CICCIl,H, two stable con-
formers, SC,, and SC,, are found. SC,,, H lies between 1F
and 2F, with C; symmetry, and SC,,, H lies between 1F
and 1Cl, with C; symmetry. The conformers of CFCl,CC
IFH and CFCI,CCIl,H that are similarly to those of CF,
CICCIFH and CF,CICClL,H, respectively, will not be
detailed. To make these conformers clearly to be seen, the
Newman projections of them are also presented in Fig. 1.
On the contrary, only one stable conformer for each
product radical (i.e., CF,CICCIF, CF,CICCl,, CFCI,CCIF,
and CFCI1,CCl,) is located in the present study. The tran-
sition state TSla resembles the reactants more than the
products with a smaller elongation of the C—H bond for
11% compared with the C—H equilibrium bond length in
isolated CF,CICCIFH and a significant elongation of the
H-O bond for 35% with respect to the equilibrium bond
length in H,O molecule. The elongation of the forming
bond (H-O bond) is greater than that of the breaking bond
(C-H bond), indicating that the TS1a proceeds via “early”
transition state. A similar conclusion can be drawn from
other transition states.

Except for reactant CF,CICCIFH, there are no available
experimental enthalpies of formation (AHsz%) for other
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Table 2 Calculated enthalpies of formation at the MC-QCISD//
MPW1K/6-3114+G(d,p) level along with available experimental
results at 298 K (in kcal mol™")

Table 3 Enthalpies (in kcal molfl) at the MPW1K/6-3114+G(d,p)
and MC-QCISD//MPW1K/6-3114+G(d,p) Levels

MPWI1K/ MC-QCISD//MPW 1K/

Average value Experiment 6-3114+G(d,p) 6-311+G(d.p)

and deviation AH(Z)98 AHg98
CF,CICCIFH(SC,,) —169.9 £ 46 —175.97, —171.26°  CF,CICCIFH(SC,,) + OH —16.5 —212
CF,CICCIFH(SCy,) —169.5 £ 4.6 CF,CICCIFH(SCy,) + OH  —16.5 —-21.7
CF,CICCIFH(SC,.) —169.5 £ 4.6 CF,CICCIFH(SC,.) + OH -—16.8 —21.7
CF,CICCLH(SC5,) —127.0 £ 43 CF,CICCLH(SCy,) + OH  —20.2 -25.1
CF,CICCLH(SCap) —126.5 + 4.3 CFE,CICCLH(SCy,) + OH  —20.5 ~256
CFCLCCIFH(SC3,) —121.9 £+ 3.0 CFCL,CCIFH(SC;,) + OH —14.8 -19.7
CFCI,CCIFH(SC3p) —121.8 £ 3.0 CFClL,CCIFH(SC3p) + OH  —14.7 —19.7
CFCL,CCIFH(SC;.) —121.5 £ 3.0 CFCLCCIFH(SC;,) + OH  —15.1 —20.1
CFCl1,CCI,H(SCy4,) —-79.6 £ 3.0 CFCl,CCI,H(SCy4,) + OH —18.0 —234
CFCL,CCLH(SCa) —79.1 £3.0 CFCL,CCLH(SCy,) + OH  —18.6 239
CF,CICCIF —123.5 £ 4.6
CF,CICCL, 844 £43 energies of Rla, R1b, and Rlc are very close (since the
CFCLCCIF —740 £33 product radical of each reaction channel is the same, the
CFCI,CCl, —355+46

% From Ref. [39]
® From Ref. [40]

species involved in the title reactions. Thus, in the present
study, their AH})298 values are estimated by using two sets
of isodesmic reactions R5—R20. First, the reaction enthal-
pies of R5-R20 are calculated at the MC-QCISD//
MPW1K/6-311+G(d,p) level. Secondly, these theoretical
results are combined with the known enthalpies of forma-
tion [35-39] to estimate the required enthalpies of forma-
tion of target species at 298 K. (The heats of formation of
the reference compounds are listed in Table S1.) The cal-
culated results are presented in Table S2. The enthalpies of
formation of all species estimated by two sets of isodesmic
reactions are well consistent with each other. Table 2
presents the average values and available results in the
literature [40, 41]. Note that the error limits are computed
by adding the maximum uncertainties of AHJQZQ8 values of

the reference compounds taken from the literature. The
calculated AHJnggof three conformers of R-CF,CICCIFH
configuration, —169.9 £ 4.6 kcal mol~! for SC,, —169.5 +
4.6 kcal mol ™" for SCp, and —169.5 £ 4.6 kcal mol ™' for
SCi., agree well with the results —175.97 and —171.26 kcal
mol ™! reported by AIChE [40] (American Institute of
Chemical Engineers) and Vatani et al. [41], respectively.
Thus, it is reasonable to believe that the AH}9298values for
other species predicted at the same level are reliable.

The reaction enthalpies (AHS%) of CF,CICCIFH + OH
(R1), CF,CICCL,H + OH (R2), CFCL,CCIFH + OH (R3),
and CFCI1,CCl,H + OH (R4) calculated at the MPW 1K/
6-3114+G(d,p) and MC-QCISD/MPW1K/6-3114+G(d,p)
levels are summarized in Table 3. Since the reaction
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difference just comes from the different conformers of
reactant. Moreover, the difference of different conformers
of reactant is small.), here we select R1a, which possesses
the lowest barrier height among them to compare with
other reactions. Similarly, the reaction channels R2b, R3b,
and R4a are chosen as the representative of reactions R2,
R3, and R4, respectively. At the higher level, the calculated
enthalpy of Rla (—21.2 kcal mol™") is larger than that of
R2b (—25.6 kcal molfl). According to the Evans and Po-
lanyi suggestion [42], the barrier heights for the atom
transfer reactions should decrease with the exothermicity
increasing. Thus, the barrier height of R2 should be lower
than that of R1. The similar result can be got between R3
and R4. Is this estimation consistent with the change of the
barrier height?

Schematic potential energy surface of the title reactions
with zero-point energy (ZPE) corrections is plotted in
Fig. 2a—d. Note that the energy of respective conformer is
set to zero as areference. Itis obviously seen from Fig. 2a, b,
the barrier heights of reaction R1 (including three channels,
2.87 kcal mol™! for Rla, 2.91 kcal mol™' for Rl1b, and
3.02 kcal mol ™" for R1c) are higher by about 1 kcal mol ™
than those of reaction R2 (including two channels,
2.03 keal mol ™' for R2a and 2.02 kcal mol ™' for R2b), i.e.,
AER1) > AE(R2). So the barrier height increases when one
hydrogen atom of CF,CICCIHj is substituted by a fluorine
atom, than when substituted by a chlorine atom. Similarly,
the barrier heights of reaction R3 are larger than the ones of
reaction R4. This result is in line with the change in the
dissociation energy (Djs) of C-H bond. The C-H bond
dissociation energy of CF,CICCIFH (99.8 kcal mol™") is
larger than that of CF,CICCI,H (96.0 kcal mol_l) at the
MC-QCISD//MPWI1K level. Note that the conformer with
the lowest energy is used to calculate the C-H bond
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Fig. 2 a Schematic potential energy surface of the reaction
CF,CICCIFH + OH (R1) with zero-point energy (ZPE) corrections
at the MC-QCISD//MPW1K/6-311+G(d,p) level is in kcal mol ™.
The values in parentheses are those obtained at the MPWI1K/6-
3114G(d,p) level. b Schematic potential energy surface of the
reaction CF,CICCL,H + OH (R2) with zero-point energy (ZPE)
corrections at the MC-QCISD/MPW1K/6-3114+G(d,p) level is in
keal mol™!. The values in parentheses are those obtained at the
MPW1K/6-3114G(d,p) level. ¢ Schematic potential energy surface of

dissociation energy. The value of CFCl,CCIFH (101.4 kcal
mol™!) is larger than that of CFCI,CClL,H by about
4 kcal mol™" at the same level. However, the differences in
C-H bond dissociation energy between CF,CICCIFH and

b
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S
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d
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- _"’/ \\\\\\
CFC1,CClLH(SC,,)+OH
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sk
4 A
201
“—
CFC1,CCl+H,0(R4a) -23.8 (-18.5)
CFCl,CCl,+H,0(R4b) -24.4 (-19.1)

the reaction CFC1,CCIFH + OH (R3) with zero-point energy (ZPE)
corrections at the MC-QCISD/MPW1K/6-3114+G(d,p) level is in
kcal mol™!. The values in parentheses are those obtained at the
MPW1K/6-3114+G(d,p) level. d Schematic potential energy surface
of the reaction CFCL,CCI,H 4+ OH (R4) with zero-point energy
(ZPE) corrections at the MC-QCISD/MPW 1K/6-3114+G(d,p) level is
in kcal mol™'. The values in parentheses are those obtained at the
MPW1K/6-311+G(d,p) level

CFCI1,CCIFH and between CF,CICCL,H and CFCl,CCl,H
are not very large. Thus, the fluorine or chlorine substitution
has almost no effect on the reactivity of H linking with the
other carbon.
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Table 4 Calculated barrier heights and activation energies (in
kcal mol_l) for Rla

Levels AE E, 208
MC-QCISD//MPW 1K/6-311+G(d,p) 2.9 1.5
MC-QCISD//BMK/6-311+G(d,p) 33 2.0
MC-QCISD//M06-2X/6-3114+G(d,p) 33 2.1
MCG3-MPWPW91//MPW 1K/6-3114+G(d,p) 1.1 —-0.4
MCG3-MPWPW91//BMK/6-311+G(d,p) 1.5 0.3
MCG3-MPWPW91//M06-2X/6-311+G(d,p) 1.7 04
MCG3-MPWB95//MPW 1K/6-311+G(d,p) 0.9 —-0.5
MCG3-MPWB95//BMK/6-311+G(d,p) 1.3 0.1
MCG3-MPWB95//M06-2X/6-311+G(d,p) 1.5 0.3
MCG3-TPSSKCIS//MPW 1K/6-3114+G(d,p) 1.0 —-0.4
MCG3-TPSSKCIS//BMK/6-311+G(d,p) 1.4 0.2
MCG3-TPSSKCIS//M06-2X/6-311+G(d,p) 1.6 0.3
MCQCISD-MPWPW91//MPW 1K/6-3114+G(d,p) 1.1 -0.3
MCQCISD-MPWPW91//BMK/6-311+G(d,p) 1.6 0.3
MCQCISD-MPWPW91//M06-2X/6-311+G(d,p) 1.7 0.5
MCQCISD-MPWB95//MPW 1K/6-311+G(d,p) 1.0 -0.5
MCQCISD-MPWB95//BMK/6-311+G(d,p) 1.4 0.1
MCQCISD-MPWB95//M06-2X/6-3114+G(d,p) 1.6 0.3
MCQCISD-TPSSKCIS/MPW 1K/6-311+G(d,p) 0.9 -0.6
MCQCISD-TPSSKCIS//BMK/6-3114G(d,p) 1.3 0.1
MCQCISD-TPSSKCIS//M06-2X/6-3114+G(d,p) 1.5 0.2
MLSE-MPW 1B95//MPW 1K/6-311+G(d,p) 1.2 -0.2
MLSE-MPW 1B95//BMK/6-311+G(d,p) 1.5 0.2
MLSE-MPW 1B95//M06-2X/6-3114+G(d,p) 1.7 04
MLSE-TPSS1 KCIS/MPW 1K/6-311+G(d,p) 1.4 —0.01
MLSE-TPSS1KCIS//BMK/6-311+G(d,p) 1.7 0.4
MLSE-TPSS1KCIS//M06-2X/6-311+G(d,p) 1.9 0.7

In addition, the barrier height of reaction channel R1a is
refined by nine multi-coefficient composite methods using
the MPWI1K/6-3114-G(d,p), BMK/6-311+G(d,p), and
MO06-2X/6-3114-G(d,p) geometries, respectively. The cor-
responding results are listed in Table 4. As can be seen
from Table 4, the barrier heights refined by the same
composite method on the geometries optimized by differ-
ent density functionals are well consistent with the maxi-
mum error within 0.6 kcal mol™'. So the geometries
optimized by the MPWI1K functional are reliable in the
present study. Let us turn our attention to find which multi-
coefficient composite method is suitable for reaction
channel Rla. Among the tested various methods, MC-
QCISD method predicts slightly higher barrier height than
others. If we use the formula E,,93 = AE* + nRT =
V*# 4+ AZPE + AE(T) 4+ nRT as a simple estimation of the
activation energy [43], where V*, AZPE, R, T, and
AE(T) represent the potential barrier height, zero-point
energy correction, gas constant, temperature, and thermal
energy correction, the estimated activation energies at the

@ Springer

MC-QCISD level are closest to the experimental value of
2.55 4 0.17 kcal mol™' for R1 [5] (Since channel Rla
possesses the lowest barrier height among three channels of
reaction R1, the disparity will become smaller after con-
sidering other two channels with higher barrier heights.),
which indicates that the MC-QCISD method is a good
choice to refine the energies for these systems. Thus, in the
present study, we employ the MC-QCISD/MPWI1K
method to refine the potential energy surface and to cal-
culate the rate constants.

3.2 Dynamics calculations

Dual-level (X//Y) direct dynamics calculations are made
for these reactions by using the variational transition state
theory with interpolated single-point energy (VTST-ISPE)
approach. The rate constants for each reaction are evalu-
ated by using the conventional transition state theory
(TST), canonical variational transition state theory (CVT),
and CVT with the small-curvature tunneling correction
(SCT).

The TST, CVT, and CVT/SCT rate constants of reac-
tion Rla are presented in Fig. 3. As can be seen from
Fig. 3, the TST and CVT rate constants are nearly the same
over a whole temperature range, which indicates that the
variational effect on the rate constants is very small or
almost negligible. However, the CVT/SCT rate constants
are quite larger than those of TST and CVT at lower
temperatures. The ratios of kcyrscr/keyr are 1,084 at
150 K, 104 at 200 K, 2.7 at 500 K, and 1.0 at 1,000 K for
reaction Rla. Thus, small-curvature tunneling (SCT) cor-
rection plays an important role for reaction Rla at lower
temperatures. The similar conclusion can be got from other
reaction channels.

The CVT/SCT rate constants of k;,, k1, k1. and the total
rate constants k; = k1. + ®O1pk1p + 01k along with the
available experimental values [5] are shown in Fig. 4a, where
W1, W1p, and w;. are the weight factors of each conformer
calculated from the Boltzmann distribution function. Our
calculated CVT/SCT rate constants agree well with the
experimental results [5] in a temperature range of 298-460 K.
Two experiments [5, 6] were performed for the reaction of
CF,CICCL,H + OH — CF,CICCl, + H,O (R2). The cal-
culated results k, = wy.kr, + Wopko,, Which are listed in
Fig. 4b, are in reasonable agreement with both experimental
ones except for the values at 370 K and 460 K reported by
Orkin et al. [5] These two experimental values are obviously
higher than other values. As shown from Fig. 4c, where the
rate constants of reaction R3 (k3 = wsakz, + W3pksp +
wsckse) are plotted, the calculated rate constants of reaction
R3 agree well with two sets of experimental results. The
ratios of k((CVT/SCT)/k(experiment.) remain within a factor
of 0.8 to 1.2 from 294 to 362 K. Moreover, the activation
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energies of 1.2 kcal mol ™' (294-362 K) and 1.4 kcal mol ™'
(298-460 K) agree well with the corresponding experi-
mental ones of 2.3 and 2.5 kcal mol ™", respectively [7, 8].
Furthermore, the present results calculated by dual-level
direct dynamics method match better with the experimental
ones than the values estimated by QSARs method [9]. Since
the calculated rate constants of above three reactions
produce well with the available experimental values, it is
reasonable to infer that the rate constants of reaction R4
calculated at the same level are reliable, which are shown in
Fig. 4d.

Another point concerns the kinetic isotope effect (KIE).
The studies of the OH/OD kinetic isotope effect (KIE),
which is defined as the ratio of OH and OD reactions rate
constant, are shown in Table 5. The corresponding rate
constants of OD radicals with above-mentioned four spe-
cies, i.e., R1'= R4/, are shown in Fig. 5. By definition, a
KIE is normal if it is greater than unity when the rate
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ks, the total rate constants k3 and the available experimental values
versus 1,000/T between 100 and 2,000 K. d Plot of the calculated
individual rate constants ky,, k45, the total rate constants k4, and the
available experimental values versus 1,000/ between 100 and
2,000 K
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Table 5 The ratios of ky/kp in a temperature range of 100-2,000 K

T(K) kilky kolky' kalks' kalky/
100 0.4 1.5 1.2 1.2
200 0.6 1.0 1.2 1.1
298 0.8 1.0 1.1 1.1
300 0.8 1.0 1.1 1.1
400 0.9 1.0 1.1 1.1
500 0.9 1.0 1.1 1.1
600 1.0 1.0 1.1 1.1
700 1.0 1.0 1.1 1.1
800 1.0 0.9 1.1 1.1
1,000 1.0 0.9 1.1 1.1
1,200 1.0 1.0 1.1 1.1
1,500 1.0 1.0 1.0 1.1
2,000 1.0 1.0 1.0 1.0
 m— kl‘
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Fig. 5 Plot of the CVT/SCT rate constants calculated at the MC-
QCISD//MPW1K/6-3114+G(d,p) level versus 1,000/ between 100
and 2,000 K for the reactions R1’'-R4’

constant for the lighter isotope is in the numerator, and it is
an inverse isotope effect if it is less than unity. Reaction R1
exhibits inverse kinetic isotope effect at lower tempera-
tures, whereas KIE increases with the increasing temper-
ature. Conversely, other three reactions have slight and
almost negligible inverse KIEs. Up to now, no experi-
mental rate constant for reactions R1’-R4’ is available.
Thus, to check the present deduction concerning the rate
constants and KIEs, a deeper experimental study will be
advisable.

We hope our calculated results will provide a good
estimate for the kinetics of the reactions in other temper-
ature range, which will be useful for the atmospheric
modeling calculations and help to assess their atmospheric
lifetimes of HCFCs. For convenience of further experi-
mental measurements, the three-parameter expressions
fitted for CVT/SCT rate constants for the reactions within
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and 2,000 K for the reactions R1-R4

Table 6 Arrhenius parameters for the title reactions

A (em®s7h E, (kcal mol™!)
CF,CICCIFH + OH (R1) 1.1 x 10713 1.1
CF,CICCLH + OH (R2) 13 x 10713 0.6
CFC1L,CCIFH + OH (R3) 1.1 x 10713 1.1
CFCL,CCLH + OH (R4) 1.0 x 10713 0.7

In a temperature range of 200-500 K

100-2,000 K are given as follows (in cm>molecule!s™1):
ki = 2.38 x 107 27%2exp(404.2/T), k» = 9.53 x 1072
T>8lexp(467.9/T), ks = 2.67 x 10~ >T>%exp(439.3/T), and
kq = 7.14 x 107 2T*%%exp(436.3/T).

3.3 Reactivity trends

The effect of fluorine or chlorine substitution on the reac-
tivity of the C-H bond is evaluated by comparing CVT/
SCT results that are plotted in Fig. 6. The pre-exponential
factors (A) and activation energies (E,) are fitted based on
the calculated CVT/SCT rate constants in a temperature
range of 200-500 K, which are summarized in Table 6. The
CVT/SCT rate constants of R2 are about 2—4 times larger
than those of R1 in a temperature range of 200-500 K. The
calculated activation energy of R2 (0.6 kcal mol™') is
almost half of that of R1 (1.1 kcal molfl), whereas the pre-
exponential factors (A) are very close (1.3 x 1071 vs.
1.1 x 107" cm? sfl) to each other. Thus, the increase in
k mainly stems from the corresponding decrease in activa-
tion energy. The same conclusion can be got when com-
parison is made between R3 and R4. Our calculation
indicates that C—H bond activity decreases when one
hydrogen atom of CF,Cl;_,CCIH, (n = 1, 2) is substituted
by a fluorine atom, than when substituted by a chlorine atom.
It is easily seen that both pre-exponential factor (A) and
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activation energy (E,) do almost not change when compar-
ison is made between R1 and R3. Thus, the rate constants of
R1 and R3 are almost equal. The rate constants of R2 and R4
display the similar conclusion. Thus, the fluorine or chlorine
substitution has almost no effect on the reactivity of H atom
linking on the other carbon.

This conclusion is in line with the results obtained from
the similar reactions that have been previously studied. Lots
of experimental and theoretical studies have been performed
for the hydrogen abstraction reactions of CF;CCIFH and
CF;CCL,H with OH radicals [44, 45], Cl atoms [46—49], and
F atoms [50-52]; among them, CF;CCIL,H are the structural
isomer of CF,CICFCIH. All the results show that the rate
constants increase with the increase in chlorine substitution.
Conversely, no kinetic information is available for the
reactions of CCI3;CF,H and CCI;CFCIH, which are the
structural isomers of CF,CICCI,H and CFCI,CCl,H,
respectively. Thus, the question arises: will the reactivity of
C-H bond increase or decrease with the increase of chlorine
substitution? It needs further studies to clarify this question.

4 Conclusion

In this paper, the hydrogen abstraction reactions of
CF,CICCIXH (X = F, Cl) and CFCI,CCIXH (X = F, Cl)
with OH radicals are studied by dual-level direct dynamics
method, along with four reactions of them with OD radi-
cals. Dynamics calculations are made by using the varia-
tional transition state theory with interpolated single-point
energies method (VTST-ISPE) at the MC-QCISD//
MPWI1K/6-3114-G(d,p) level. For all the reactions, the
variational effect is small and negligible at the whole
measured temperatures, while the small-curvature tunnel-
ing effect plays an important role in a lower temperature
range. We have provided reasonable theoretical values for
the rate constants, which are especially useful in the case of
the reaction R4 for which there are no well-determined
experimental rate constants, along with the corresponding
kinetic isotope effects. Our present study indicates that the
fluorine atom substitution for one hydrogen atom of
CF,Cl;_,CCIH, (n = 1, 2) leads to a decrease in the C-H
bond reactivity when compared with the chlorine
substitution.

On the other hand, the values of enthalpies of formation
for CF,CICCIFH, CF,CICCIl,H, CFC1,CCIFH, CFCI,CCl,
H, CF,CICCIF, CF,CICCl,, CFCI,CCIF, and CFCI,CCl,
are calculated at the MC-QCISD//MPW 1K/6-311+4G(d,p)
level by two sets of isodesmic reactions. Finally, the three-
parameter expressions (in cm® molecule”'s™") within
100-2,000 K are given: k; = 2.38 x 107 2*T°*%exp(404.2/T),
kr = 9.53 x 107 27*¥exp(467.9/T), ks = 2.67 x 107%
T22%exp(439.3/T), and k, = 7.14 x 107 2T>%%exp(436.3/T).
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