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Abstract The mechanism, kinetics and thermochemistry of
the gas-phase reactions between CHF,OCHF, (HFE-134)
and OH radical are investigated using the high level ab initio
G2(MP2) and hybrid density functional model MPWB1K
quantum chemical methods. Two relatively close in energy
conformers are found for CHF,OCHF, molecule; both of
them are likely to be important in the temperature range
(250-1000 K) of our study. The hydrogen abstraction pathway
for both the conformers with OH radical is studied and the rate
constants are determined for the first time in a wide tempera-
ture range of 250 — 1000 K. The G2(MP2) calculated total rate
constant value of 2.9x 107" ¢cm® molecule ' s™' at 298 K is
found to be in very good agreement with the reported exper-
imental value of 2.4x 10" cm® molecule ' s at 298 K. The
heats of reaction for CHF,OCHF,+OH reaction is computed
to be -13.2 kcal mol '. The atmospheric lifetime of
CHF,OCHF,; is expected to be around 12 years.

Keywords Hydrogen abstraction - CHF,OCHF, -

OH radical - G2(MP2) - Rate constants

Introduction

The adverse environmental impact of chlorofluorocarbons

(CFCs) [1] in stratospheric ozone depletion and global
warming has led to international agreements to replace these
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compounds with more environmentally acceptable com-
pounds. The commercial production of CFCs is therefore
being phased out according to the Montreal Protocol and its
subsequent amendments and adjustments [2]. Hydrofluor-
oethers (HFE’s) have long been proposed as a new genera-
tion of alternatives for chlorofluorocarbons (CFC) and
hydrochlorofluorocarbons (HCFC) in applications such as
refrigerants, cleaning solvents, foam-blowing agents, aero-
sol propellants and fire-extinguishing agent etc. [3—7], since
they do not contain chlorine or bromine atoms and they do
not contribute to stratospheric ozone loss through the well-
established chlorine-based catalytic cycles [8]. Also HFEs
are probably more reactive in the troposphere due to the
presence of —O- ether linkage [9]. Although HFEs do not
contain Cl atom and have zero ozone depletion potential,
they are potential greenhouse gases because of their strong
absorption in the range of 1000-3000 cm ™' [10, 11]. Reac-
tions of HFEs with OH radicals constitute the main degra-
dation channel of HFEs in the troposphere [12]. Therefore, it
is important to study the reactivity of HFEs against OH
radicals for the evaluation of the atmospheric lifetime of
HFEs. Thus, there are many recent experimental and theo-
retical studies on the reactions of HFEs with OH radical
[13-22].

In this present work, we have studied in detail the hydrogen
abstraction reactions between CHF,OCHF, and OH radical
(R1) by using quantum chemical methods.
CHF,0OCHF, + OH — CHF,OCF, + H,O (Rl)

This reaction was first studied by Zhang et al. in 1992 using
a flash photolysis resonance fluorescence (FPRF) technique
and reported a rate constant of 2.53x 10™'* cm® molecule ' s
at 296 K [23]. Subsequently the reaction was studied experi-
mentally by several other authors using pump and probe laser-
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induced fluorescence [24], flash photolysis resonance fluores-
cence (FPRF) technique [25] and the relative rate method [26]
within a temperature range from 277 K to 393 K. Their
reported rate constant values vary within a range of 2.3 x
107"° t0 2.9%x107"° ecm® molecule ! s™', which is almost an
order of magnitude smaller than the value reported by Zhang
et al. [23]. Later, Wilson et al. [27] performed another exper-
imental study by using a relative method and they also
reported a rate constant value of 2.23x107 '3 ¢m?
molecule ! s™! at 298 K. Experimentally the kinetics of reac-
tion (R1) are now well established with ko =2.4x10""> cm’
molecule ' s at 298 K, and the atmospheric lifetime of
CHF,0OCHF,; has been estimated to be 15 years [28].

However, experimental study provides mainly the total
rate constant and it is difficult to get the mechanism and
detailed picture of a reaction, especially for multichannel
reactions. Theoretical investigations, on the other hand, can
provide the mechanism and thermochemistry of this reac-
tion, and give information about the relative importance of
each channel. To the best of our knowledge, the only theo-
retical calculation on reaction (R1) was performed by Fran-
cisco et al. in 1999 using DFT based B3LYP method [29].
However, the barrier height obtained from their calculation
(0.8 kcal mol ") was far below the measured activation
barrier of 4.0 kcal mol™' by Hsu and DeMore using a
relative rate technique [26] and no rate constant calculation
was performed. Moreover, our recent study on the reaction
between CHF,OCHF, and Cl atom has revealed that
CHF,0CHF, has two possible low energy conformers and
both of them need to be considered for any kinetic study
[30]. Hence we set out to study the reaction (R1) using ab
initio G2(MP2) and DFT based MPWBIK quantum chem-
ical methods and kinetic modeling for better understanding
of this reaction.

We present here the potential energy profile (including
geometries, energies and vibrational frequencies of reactants,
transition states, products) and kinetic data for this reaction
along with the relative importance for each reaction channel.
We also report here for the first time the rate constant for the
reaction in a wide temperature range of 250 — 1000 K.

Computational method

The structures of reactants (CHF,OCHF, and OH), transi-
tion states (TS) for hydrogen abstraction reactions, radicals
(CHF,OCF,) produced after hydrogen abstraction from
CHF,OCHF, were optimized using the MPWBI1K/6-31+
G(d,p) method [31]. The MPWBI1K method is specifically
designed for kinetic and thermochemical modeling and is
known to produce reliable results [30—34].

Vibrational frequency calculations were performed at
each stationary point to characterize the minimum energy
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equilibrium structure (having all real frequencies) and transi-
tion state (with one imaginary frequency). Normal mode
analysis of the TS also confirms that the imaginary frequency
in TS correspond to the coupling of stretching modes of the
breaking C-H and forming O-H bonds. Finally high level ab
initio G2(MP2) [35] calculations were performed for all the
stationary points along the potential energy surface of the
reaction at the MPWBIK optimized structure for further re-
finement of our results. The unrestricted open-shell formalism
was used for the calculation of radicals and transition states.
The spin contamination for open-shell systems was found to
be low, with < S2>value never exceeding 0.7611 at the DFT
level and 0.7857 at the HF level. The zero point energy (ZPE)
obtained at the MPWBI1K level was used when estimating the
G2(MP2) energy [35]. This dual level calculations (G2
(MP2)/MPWBIK) is known to produce reliable kinetic data
[30, 34, 36]. All electronic structure calculations were per-
formed by using the Gaussion-03 suite of program [37].

The rate constant for hydrogen abstraction reaction was
estimated using the conventional transition state theory
(TST) equation [38]:

kBl qrs(T) o AEG/RT (1)
h qure(T).qou(T) ’

where q,(7) represents the partition function for the species
x (TS, HFE and OH) at temperature T, kg is the Boltzmann
constant, AE," is the barrier height and o, is the degeneracy
of each reaction channel. The I(T) is the correction factor
for tunneling in H-abstraction reaction. Tunneling is an
important quantum mechanical phenomenon and plays an
important role for H-atom transfer reactions. The tunneling
correction to the rate constant was estimated by using the
Eckart’s unsymmetric barrier method [39]. In this method,
the reaction path through TS is fitted first in a model
potential function

o B o)
yo o (1-y)

where y = — exp(27x/L) and x is the displacement along the
reaction coordinate and L is a characteristic length [39]. The
A and B are two parameters that depend upon forward and
reverse barrier heights. The I(T) was then estimated by
numerically integrating the tunneling factor, «(E), for this
potential function over all possible values of energy and
divided by the classical probability [40],

k(T) = 0,I(T)

Vi) =

ruqzeMW%TJefWﬂxEmuy@Ty (3)
0

The value of I(T) vary in the range of 65.8 at 250 K to
almost 1 at 1000 K for different reaction channels of this
reaction.
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Partition functions were calculated using the rigid rotor
and harmonic oscillator (HO) model and barrier height was
estimated from the energy difference including ZPE be-
tween TS and reactants. The electronic partition function
for OH radical was calculated considering the splitting of
139.7 cm™ " of the *7t ground state [41]. The low frequency
torsional motion of O-CHF, moiety was treated as HO only
since hindered rotor correction for such motion in molecule
and TS would likely to cancel each other in the TST expres-
sion and the rotation of OH in TS was suppressed by hydrogen
bonding. Moreover, the q"™/q"° correction estimated by
Truhlar’s procedure [42] was seen to be only 1.02 for the most
dominant reaction channel.

The reaction is seen to proceed through the formation of
pre- and post-reaction complexes (discussed in the next
section). In order to take into account the effect of pre-
and post-reactive complex on reaction kinetics, we have
followed the proposal made by Singleton and Cvetanovic
[43] and elsewhere [36]. As discussed, the reaction follows a
general path where two reactants (HFE and OH) first form a
complex (HFE..OH):

HFE + OH < HFE..OH — Products

If kr and k, are the rate constants for the forward and
reverse reactions of the first step (complex formation), re-
spectively, and k; is the rate constant for the second step,
then a steady state analysis gives the total rate constant (k)
for the overall reaction as,

_ Kk
Tkt

(4)

Following the argument of Singleton and Cvetanovic
[43] and others [44], one can expect k, to be considerably
greater than k; and this leads to,

k= kfkl _ ApA, o~ (AE/+AE —AE,)/RT
k, A,

ksT O1s _(gp—
— PIBLETS o (Er—En)/RT 5

where A’s are the pre-exponential factors, AE;and AE, are
the barrier heights for the forward and reverse reaction of the
first step (complex formation) and AE; is the barrier height
for the second step. Thus apparently the final expression
(Eq. 5) for estimating rate constant and barrier height turns
out to be the usual TST expression (Eq. 1) for the estimation
of rate constant and barrier height of a direct reaction,
irrespective of the energy of pre-reactive complex. Of
course, the formation of pre- and post-reaction complex
modifies the shape of potential energy surface for the reac-
tion and hence affects the tunneling factor (I') and as a result
the rate constant for hydrogen abstraction also changes.
Therefore Eq. 1 was used for the rate constant calculation

taking into account the effect of pre- and post-reaction
complexes on tunneling factor.

Results and discussion
Structure and energetics

Geometry optimization of CHF,OCHF, molecule predicts
two possible conformers (SC1 and SC2) and their structures
are shown in Fig. 1. Among these two conformers of
CHF,0CHF,, SC1 is the more stable conformer and SC2
is seen to be relatively close in energy (~1 kcal mol™"). The
two H-atoms in SC1 conformer are stereographically non-
equivalent, whereas SC2 has a C, symmetry and both the H-
atoms are equivalent. Since these two conformers of
CHF,OCHF, are closer in energy, both of them (SC1 and
SC2) need to be considered while studying reaction (R1).
On the other hand, two conformers for the CHF,OCF,
radical are observed from our calculations. Both of them
are of almost equal energy and therefore should exist in
equal population in an equilibrium mixture.

A schematic diagram of the reaction energy profile of the
reaction between CHF,OCHF,+OH is shown in Fig. 2. We
could locate one transition state (TS) each for hydrogen
abstraction by OH radical from the C2-H4 (TS1gc;) and C3-
H7 (TS2g¢;) bond of the SC1 conformer of CHF,OCHF,.
These two reaction channels originating from the SCI con-
former of CHF,OCHF, are henceforth designated as RP1gc¢;
and RP2gc, respectively. Meanwhile, only one TS (TSgc»)
was found for hydrogen abstraction from the SC2 conformer
of CHF,0OCHF,, since both the H-atoms are equivalent and
this channel is marked as RP3gc,. The MPWBIK optimized
structures for all the TS and product radicals are also given in
Fig. 1 along with some key geometrical parameters, whereas
the detailed structures are given in Table 1. The breaking C-H
bond and the forming O...H bond in TS structures are found
to be 14 % and 30 % longer than the C-H bond length in
isolated CHF,OCHF, and in H,O molecule, respectively. It
indicates the formation of an early TS which is consistent
with the exothermic nature of this reaction and with the
Hammond’s postulate [45] that predicts reactant-like TS for
exothermic reaction.

As shown in the reaction energy profile diagram (Fig. 2),
the reaction takes place through the formation of pre-reactive
(CR) and post-reactive (CP) complexes. The optimized struc-
tures of these complexes are given as Supplementary infor-
mation in Table S.I.1. Three CR complexes associated with
the three reaction channels were located during our calcula-
tions. These complexes are resulted from the weak interac-
tions between the HFE and OH radical through the OH...O/F
and C-H...O hydrogen-bonding. The OH...O distance is
almost 2.3 A, which is far longer than the usual hydrogen
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Fig. 1 MPWBI1K/6-31+G(d,p) optimized structures of the two con-
formers of CHF,OCHF, (SC1, SC2) and CHF,OCF, radical (RC1,
RC2), transition states for hydrogen abstraction by OH radical from

bonded OH...O distance of ~2.0 A indicating weaker inter-
actions than in water dimer. The post-reactive CP complexes
are formed due to the weak hydrogen bonding interactions
between the product radical and H,O molecule.

The vibrational frequencies for both the conformers of
CHF,OCHF, molecule, CHF,OCF, radical, all the transition
states involved in reaction (R1), OH radical and H,O mole-
cule are given in Table 2 along with the rotational constants.
The vibrational frequencies for the pre- and post reaction
complexes are provided as Supplementary information in
Table S.I.2. These data can be useful for further thermo-
kinetic modeling of other reactions involving these species.

The relative energies (including ZPE) for all the species
involved in reactions (R1) are given in Table 3, whereas the
same is also indicated in a schematic diagram of the poten-
tial energy profile as shown in Fig. 2. The energy difference
between the two conformers of CHF,OCHF, is calculated to
be 0.87 kcal mol™" at the G2(MP2) level, respectively. This
small energy difference between SC1 and SC2 implies that
population of SC2 will be about 19 % at 298 K and almost
40 % at 1000 K. Hence hydrogen abstraction from both the
conformers needs to be considered while estimating the total
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two conformers of CHF,OCHF, and pre- and post-reaction complexes
for CHF,OCHF,+OH reactions. Bond lengths and angles are given in
A and degrees, respectively

rate constant for reaction R1. The G2(MP2) calculated bar-
rier heights (TS1gc; and TS2g¢;) for hydrogen abstraction
from the SC1 conformer of CHF,OCHF, are 5.33 and
6.08 kcal mol ', respectively, whereas these values are
5.27 and 5.96 kcal mol ' at the MPWBIK level. On the
other hand, the barrier height (TSgc,) for hydrogen abstrac-
tion from the SC2 conformer of CHF,OCHF, is 4.32 and
4.04 kcal mol™' at the G2(MP2) and MPWBIK level, re-
spectively. The barrier heights obtained from the G2(MP2)
results are only 0.06 to 0.28 kcal mol™' higher than that
obtained at the MPWBI1K level. We have observed from our
previous studies [33, 34, 36] and the present results that the
G2(MP2) results always provide slightly better agreement
with experiment than the MPWBI1K results and henceforth
we discuss mainly the results obtained at the G2(MP2) level.

The enthalpy of reaction (AH»os”) values tabulated in
Table 3 for RP1gc; and RP3gc, show that both the reactions
are significantly exothermic in nature at 298 K and thus
thermodynamically facile. Our G2(MP2) calculated AHyo8°
values amount to -13.01 and -13.83 kcal mol ! for RP1g¢; and
RP3gc,, respectively. Considering the relative population of
the SC1 and SC2 conformers of CHF,OCHF,, the weighted
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Fig. 2 Schematic diagram of the potential energy profile for the reaction between CHF,OCHF, and OH radical

average of AHyog” values for SC1 and SC2 conformers gives
AH,o5” value of -13.16 kcal mol ! at 298 K for the reaction
(R1). The AH,o5” value for (R1) obtained from the reported
heats of formation values for CHF,OCHF, (-259.1 kcal mol ")

Table 1 MPWBIK optimized geometrical parameters of the two con-
formers of CHF,OCHF, molecule (SC1 and SC2), transition states for
hydrogen abstraction by OH radical from SC1 (TS1gc; and TS2gc)

[46], CHF,0OCF, (-205.1 kcal mol ') [46], OH
(9.32 keal mol ") [47], and H,O (-57.79 kcal mol ') [47]
amounts to -13.1 kcal mol ™', which is quite close to our
calculated value.

and SC2 (TSgc;) and two conformers of CHF,OCF, radical (RC1,
RC2). Bond lengths and angles are given in A and degrees, respec-
tively. See Fig. 1 for atom numbering

Parameter ~ CHF,OCHF, (SC1)  CHF,OCHF, (SC2)  TSlse;  TS2sci TSsca CHF,OCF, (RC1)  CHF,OCF, (RC2)
Cy-H, 1.0849 1.0857 1.2416 1.0854 12334 - -
Cy-H, 1.0816 1.0857 1.0817 1.2483 1.0851  1.0820 1.0855
0,.C, 1.3720 1.3463 1.3642 13800 13551  1.3488 1.3406
0,-C; 1.3531 1.3463 1.3575 1.3445 13685 13567 1.3751
C2-F5/F4 13337 1.3236 1.3169 1.3280 13127 1.3160 1.3051
C2-F6/F5 13316 1.3469 1.3240 1.3308 13343 1.3093 1.3281
C3-F8/F7 1.3428 1.3236 1.3481 1.3305 13214 13355 1.3237
C3-FO/F8 13442 1.3469 1.3340 1.3292 13462 13357 1.3353
H,-O10 - - 12406 - 12535 - -
H,-O10 - - - 12182 -- - -
C,0,Cs 116.6 115.8 118.7 117.0 116.8 116.9 116.1
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Table 2 Harmonic vibrational frequencies (cm™') and rotational constants (GHz, within bracket) calculated at MPWB1K/6-311+G(d, p) level for

CHF,OCHF,+OH system

System Frequencies (cm ') <§%>*

CHF,OCHEF, (SC1) 17, 81, 199, 409, 469, 541, 600, 648, 816, 1072, 1157, 1204, 1214, 1227, 0
1291, 1407, 1417, 1448, 1488, 3233, 3277 [4.68572, 1.94347, 1.54572]

CHF,OCHF, (SC2) 55, 106, 186, 374, 483, 545, 601, 638, 795, 1128, 1146, 1201, 1222, 1264, 0

1280, 1412, 1443, 1450, 1491, 3226, 3228 [5.32430, 1.59785, 1.49942]

0.7611 (0.7840)

0.7610 (0.7857)

TSlscy 17591, 36, 93, 125, 155, 172, 209, 402, 404, 490, 549, 601, 711, 805, 856, 1083, 1163,
1183, 1214, 1253, 1272, 1323, 1411, 1452, 1470, 3276, 3906 [2.46249, 1.55277, 1.37522]
TS2sc) 18071, 17, 51, 78, 90, 134, 204, 408, 418, 472, 549, 599, 660, 792, 895,
1080, 1138, 1203, 1217, 3226, 3897 [2.88583,1.13394,1.11339]
TSsca 1663i, 13, 108, 119, 128, 185, 204, 373, 439, 512, 550, 582, 662, 800, 862,

0.7609 (0.7824)

1133, 1162, 1202, 1218, 1253, 1263, 1354, 1423, 1456, 1503, 3235,

3894 [2.53647, 1.42451, 1.10338]
CHF,OCF, (RC1)

45, 92, 194, 402, 470, 542, 596, 661, 819, 1045, 1191, 1199, 1253, 1294,

0.7520 (0.7542)

1345, 1418, 1466, 3269 [4,79983, 1.97912, 1.57587]

CHF,OCF, (RC2)

34,76, 184, 375, 508, 550, 564, 645, 784, 1095, 1183, 1215, 1247, 1299,

0.7522 (0.7840)

1378, 1437, 1462, 3228 [5.40478, 1.53592, 1.52010]

OH 3869 [569.590503]

0.7528 (0.7547)

H,O 1637, 3972, 4098 [861.61211, 431.50132, 287.51288] 0

The values within parenthesis correspond to the < S? >values at the HF/6-311G** level

Rate constant calculations

The rate constant for each reaction channel of reaction (R1)
is estimated, as described before, in the temperature range of

Table 3 Relative energies (AE,q in kcal mol ! including ZPE) for all
species involved in reaction channels (RP1gc;, RP2gcjand RP3gc;) of
CHF,0OCHEF, reactions with OH radical. Reaction enthalpy (Aerggo)
and bond dissociation enthalpy (nggo) at 298 K as obtained at the G2
(MP2) and MPWBIK level. Data are in kcal mol ™’

G2(MP2) MPWBIK
AEq

CHF,OCHF, (SC1) 0 0
CHF,OCHF, (SC2) 0.87 1.12
CR, -1.67 -2.50
CR, -0.73 -0.63
CRj 0.56 0.27
TSlsc 5.33 527
TS2s¢ 6.08 5.96
TSsc2 5.19 5.16
CP1 -13.91 -11.45
CP2 -16.11 -14.21
AHos°

Rlscy -13.01 -10.91
Rlscs -13.83 -11.57
Average® -13.16 (-13.1)° -11.03
[)2980

H,0—>HO+H 119.2 (119.0)° 1125

# Weighted average according to the population of SC1 and SC2 conformers

® Calculated from reported heats of formation values. ¢ Experimental
value from ref [47]
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250 -1000 K using the TST expression (Eq. 1) and Eckart’s
unsymmetric barrier method for tunneling correction taking
into account the existence of pre- and post-reaction complexes
(as discussed while deriving Eq. 5). As mentioned before and
shown in Fig. 2, reaction between the SC1 conformer of
CHF,OCHF, and OH radicals goes through two different
channels RP1gc; and RP2g¢; passing through TS1gc; and
TS2gc,, respectively. Therefore the rate constant for SC1
conformer is estimated as the sum of the rate constants for
these two channels (klgc; and k2gcq). On the other hand,
reaction between the SC2 conformer of CHF,OCHF, and OH
radicals (RP3gc») has only one reaction channel. The o, value
in Eq. 1 is taken as 2 for this reaction channel due to the
presence of two equivalent H-atoms. The rate constant values
calculated from the G2(MP2) barrier heights for reaction
channels RPlSCl and RPZSCI (kSCl:kISC1+kZSC1) and
RP35c; (kseo) are listed in Table 4.

The total rate constant (koyy) at any temperature T is then
estimated from the weighted average of the rate constant
values for kgc; and kg, as:

k(T) = wser(T)[klsci (T) + k2sc1(T)]

+ wsca(T) ksca(T) (6)

The wgc; and wgc, are the temperature dependent weight
factors estimated from the Boltzmann population distribution
law [48]. The wgc, is calculated as (1/(1+exp(-AE/RT)),
where AE is the energy difference between the SC1 and
SC2 conformer; and wgco=1 — wgc;. The calculated total rate
constant (koy) values for hydrogen abstraction reactions of
CHF,0OCHF, and OH radical within a range of 250 — 1000 K
are presented in Table 4. The rate constant values for the SC1
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Table 4 Rate constant values (cm3 molecule™ sfl) for hydrogen
abstraction reactions of SC1 (ksci=klgci+k2sc;) and SC2 (kscz)
conformers of CHF,OCHF, with OH radical and total rate constant
values (kop) for reaction (R1) using G2(MP2) barrier height

T (K) ksc1%10" kscax 10" konx10"
250 0.385 0.715 0.138
298 0.645 1.27 0.289
350 1.24 2.30 0.607
450 4.29 6.30 2.03
550 12.4 14.5 5.36
650 30.1 29.2 11.8
750 63.6 53.0 23.0
850 120.0 88.8 40.7
950 209.0 140.0 66.8
1000 269.0 172.0 83.6

and SC2 conformers and the total rate constant (ko) value are
also shown in Fig. 3 along with the experimental results. For
the reaction of CHF,OCHF, with OH radical, the calculated
kon value from the G2(MP2) barrier heights amounts to 2.9 x
107" cm® molecule ' s ™' at 298 K, which agrees well with the
reported experimental value of 2.4x 10" cm® molecule ' s~
[27, 28]. The koy value obtained from the MPWBIK results
at298 K is 3.7x10' cm® molecule ' s™'. Figure 3 shows that
the agreement between our calculated value and the available
experimental results is quite good in the entire temperature
range of experimental study. The rate constant (k¢;) value for
the CHF,OCHF,+Cl reaction has recently been estimated as
5.9x10"® cm® molecule ' s at 298 K [30] which is almost
five times lower than our calculated koy value. In fact, rate
constant for the reaction of HFEs with OH is generally higher
than the reaction between HFE and CI atom [14].

The Arrhenius equation obtained from the calculated koy
value in the temperature range of 275-410 K is: k(T)=5.3%

1.8x10™ 1
1.6x10" - K
ok
1.4x10% e .
"0 1.2x10" - 5 el
"o 1.0x10™ - ' Exptv
3 ) Expt
2 sox10™4
L]
-\E 6.0!10-“ 7 AA L ]
E 4.0x10™ t: N
* 2ox10m] Ty 4"
" ..-' )A .
g g t : 1
0.0 - sa b e S v vo0 w2

1.0 1.5 2.0 2:5 3.0 3.5 4.0
1000/T (K™")

Fig. 3 Rate constants for hydrogen abstraction reactions of two con-
formers (SC1 and SC2) of CHF,OCHF, with OH radical and total rate
constant (kop) for the CHF,OCHF,+OH reaction “Ref [25] (JPCA
1999, 103, 9770); "Ref [27] (JPCA 2001, 105, 1445)

1073 exp (-1559/T) cm® molecule ' s™! and is found to be in
good agreement with that reported by Orkin et al. (0.82x 10"
exp(-1730£110)/T ) [25] and Garland et al. (5.4+3.5)x10 '3
exp(-1560+200)/T ) [24]. The activation energy, E,, value
obtained from our equation (3.1 kcal mol™") is also close
to the experimental value reported by Garland et al.
(3.1 keal mol ") [24] and Hsu et al. (4.0 kcal mol ") [26].

We must note that the Arrhenius plot of the total rate
constant k exhibits significant non-linear behavior, mainly
due to significant tunneling contribution at lower tempera-
ture range and because of contribution from different reac-
tion channels, which makes pre-exponential factor highly
temperature dependent. It is therefore better to fit the rate
constant in a model equation. As a general practice, hydro-
gen abstraction rate constant is generally expressed by a
three parameter model equation:

k(T) = A T" exp(—AE’/RT), (7)

where A, n and AE° are the adjustable parameters. The AE"
can be taken as a hypothetical reaction barrier at 0 K and is
related to the activation energy as,

E, = AE’ + nRT. (8)

However, this three parameter model Eq. (7) could not be
used for CHF,OCHF,+OH system because of high limit of
errors in the fitting parameters. Therefore, hydrogen abstrac-
tion rate constant for this reaction is expressed by another
three parameter model equation [49]:

(- can|- (o0 2)m]. o

where C, D; and D, are fitting parameters (D;>0 and D,>0),
and R is the gas constant. Then, the corresponding activation
energy, E,, is given by:

Ea = D] - T . (10)

The calculated rate constant for the reaction of
CHF,0CHF, with OH radical in the temperature range of
250-1000 K is fitted in model Eq. 9 and found to be best
described by the following equation:

kon = 4.42 x 10~ "exp{—(4574.5 — 500436/T)/T}. (11)

The activation energy, E,, value calculated from Eq. 8 is
2.42 keal mol ™" at 298 K.

The tropospheric lifetime (t.¢) of CHF,OCHF, can be
estimated by assuming that its removal from the atmosphere
occurs only through reaction with OH radicals. Then the T
can generally be expressed as [12],

Teff =~ TOH,
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where Ton=(kon*[OH])"' and [OH] is the global average
OH radical concentration in atmosphere. Using the 298 K
value of kog=2.9%10""> cm> molecule ' s! and the global
average atmospheric OH radical concentration of 8.8x
10° molecules/cm® [50], the atmospheric lifetime for
CHF,OCHF, is estimated to be around 12 years. Our esti-
mated atmospheric lifetime value is lower by about 3 years
from the experimentally predicted value because the calculat-
ed koy value is slightly higher than that predicted from
experiment.

Conclusions

Theoretical investigations have been carried out for the
hydrogen abstraction reactions of CHF,OCHF, with OH
radical using ab initio G2(MP2) and DFT based MPWBI1K
method. This is the first detailed theoretical kinetic study of
this important reaction in a wide temperature range of
250-1000 K. The CHF>OCHF; molecule has two relatively
close in energy conformers (SC1 and SC2). The reaction is
found to follow an indirect path through the formation of
pre- and post-reactive complexes. Three important reaction
channels have been identified for the reaction: two channels
originating from the SCI conformer of CHF,OCHF, and
the third channel from the SC2 conformer. Our calculated
total rate constant value kop=2.9% 10" cm® molecule ' s !
at 298 K at the G2(MP2) level is found to be in good
agreement with the reported experimental results. Moreover,
our results are seen to agree well with the experimental
results in the entire temperature range of 250-400 K. The
rate constant value obtained from the MPWBI1K method
(3.1x107"° cm?® molecule™ s7') is found to be slightly
higher than the G2(MP2) and available experimental results.
We report the rate constant values for CHF,OCHF,+OH
reactions for the first time in a wide temperature range of
250 — 1000 K. To this end, a three parameter model equa-
tion kop=4.42x 107" exp{-(4574.5 - 500436/T)/T} has been
proposed to describe the rate constants in this temperature
range. The AH',os values for CHF;OCHF >+ OH reaction
is calculated to be -13.2 kcal mol ', Atmospheric lifetime of
CHF,0CHF; is estimated to be around 12 years.
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