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 The hydrogen abstraction reaction of OH radical with CH3CH2OCF2CHF2 (HFE-374pc2) is investigated theoretically by semi-classical 
transition state theory. The stationary points on the potential energy surface of the reaction are located by using KMLYP density functional 
method along with 6-311++G(d,p) basis set. Vibrational anharmonicity coefficients, xij, required for semi-classical transition state theory 
calculations, are computed at the same level of theory. The geometries are re-optimized by M06-2X/6-31+G(d,p) level. Single-point energy 
calculations are carried out by the CBS-Q combination method. Thermal rate coefficients are computed over the temperature range 200-
2000 K and they are shown to be in accordance with the available experimental data. On the basis of the computed rate coefficients, the 
atmospheric lifetime of HFE-374pc2 is estimated to be about 2 months. 
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INTRODUCTION 
 
 Global warming and ozone layer depletion have become 
two major environmental problems over the past decades 
due to the emission of a diversity of halogen-containing 
compounds at the earth’s surface and their accumulation in 
the atmosphere. A worldwide effort has been made to ban 
the stable and long-lived chlorofluorocarbons (CFC’s) and 
replace them with the more reactive hydrogen-containing 
halocarbons such as hydrochlorofluorocarbons (HCFC’s), 
hydrofluorocarbons (HCFC’s) and hydrofluoroethers 
(HFE’s) [1]. The latter halocarbons have shorter 
atmospheric lifetimes because they undergo hydrogen-
abstraction reactions with reactive atmospheric species 
especially OH radicals, known as atmospheric detergents. 
One proposed HFE as a replacement for long-lived ozone 
depleting substances is CH3CH2OCF2CHF2 with the 
commercial name of HFE-374pc2 [1]. 
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      So far, two research groups  have  measured  the  overall 
rate coefficient for the reaction of CH3CH2OCF2CHF2 with 
OH radical [2,3]. Heathfield and coworkers have employed 
a pulse radiolysis technique to produce OH radicals from 
water molecules followed by monitoring the OH radical 
concentration by its ultra-violet absorption and obtained a 
value of 4.33 × 10-13 cm3 molecule-1 s-1 for 
CH3CH2OCF2CHF2 + OH [2]. On the basis of their kinetics 
measurements, they estimated that the atmospheric lifetime 
of CH3CH2OCF2CHF2 is about 0.1 year. Kinetic 
measurements were carried out by Tokuhashi and 
coworkers [3] over the temperature range 250-430 K using a 
flash photolysis method combined with a laser induced 
fluorescence technique to monitor the OH radical 
concentration and determined the Arrhenius rate constant 
expression as k =  2.57 × 10-12 cm3 molecule-1 s-1 exp            
(-730/T). Three reaction paths can be considered for the title 
reaction: 
CH3CH2OCF2CHF2 + OH → CH2CH2OCF2CHF2

· + H2O 
                                                                                            R1 
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CH3CH2OCF2CHF2 + OH → CH3CHOCF2CHF2

·
 + H2O 

                                                                                            R2 
 
CH3CH2OCF2CHF2 + OH → CH3CH2OCF2CF2

· + H2O  
                                                                                            R3 
 
      In the present research, it is attempted to employ high-
level quantum chemical methods to explore important 
regions in potential energy surfaces (PES) of these 
hydrogen-abstraction reactions. Next, Semi-Classical 
Transition State Theory (SCTST) is used to compute the 
thermal rate constants for each channel. On the basis of the 
overall computed rate constants, an estimation on the 
atmospheric lifetime of HFE-374pc2 is made. 
 
COMPUTATIONAL DETAILS 
 
Electronic-Structure Calculations 
 In this research, first, the PES for OH + 
CH3CH2OCF2CHF2 is explored by KMLYP density 
functional theory (DFT) method [4] along with the standard 
6-311++G(d,p) basis set to locate the structures of the 
stationary points, i.e., reactants, van der Waals complexes, 
transition states and products. In the KMLYP method, the 
exchange functional is obtained by mixing Slater exchange 
and exact exchange and the correlation functional is a mix 
of Vosko, Wilk, Nusair (VWN) [5] and that of Lee, Yang, 
and Parr (LYP) correlation functionals [6]. The KMLYP 
hybrid density-functional method is assessed against 132 
energy data, including 74 barrier heights and 58 reaction 
enthalpies. It is shown that the predicted reaction barrier 
heights by KMLYP method has the same accuracy as CBS-
APNO, and transition state barriers and reaction enthalpies 
have smaller errors in comparison with B3LYP, 
BHandHLYP, and G2 [4]. The KMLYP method is used to 
calculate harmonic vibrational frequencies and xij 
vibrational anharmonicity coefficients.  
 The structures of the stationary points are re-optimized 
by M06-2X hybrid meta density functional theory 
(HMDFT) method [5] along with the recommended basis 
set 6-31+G(d,p). Various databases containing energetic 
data, bond lengths, vibrational frequencies and vibrational 
zero point energies are used to assess the performance of 
this    HMDFT     method    and   it   is    recommended    for 

 
 
applications involving main-group thermochemistry, 
kinetics and noncovalent interactions [5]. In order to 
compute accurate barrier heights and reaction energies, 
single-point energy calculations are performed with CBS-Q 
combination method [6] on the geometries optimized at the 
M06-2X/6-31+G(d,p) level of theory. The energy computed 
by the CBS-Q method is a combination of single point 
energy calculations at CCSD(T), MP4 and MP2 levels and 
is proved to have good accuracy for thermochemical 
calculations (mean absolute error of 0.87 kcal mol-1). 
Gaussian 09 packages are used to carry out all quantum 
chemical calculations [7].   
 
Dynamical Calculations 
 In this research, SCTST is used to compute the thermal 
rate constants for OH + CH3CH2OCF2CHF2 reaction. In 
SCTST [8-11], canonical rate constant is computed 
according to the following equation: 
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where h is Planck’s constant, kB is Boltzmann’s constant, T 
is the temperature, Qre is the total partition function of the 
reactant(s), and G‡(E) is the cumulative reaction probability 
(CRP). The rotations and vibrations of a molecule can be 
decoupled at moderate temperatures and the Eq. (1) is 
reduced to 
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In the above equation, tQ , 

rQ and vQ are the translational, 

rotational and vibrational partition functions of the 
reactants, respectively; and the ‡

tQ  and ‡
rQ  represent 

corresponding values for transition state. Integration is 
made over vibrational energy of transition state. The 
cumulative reaction probability, which is the sum of 
probabilistic quantum pathways leading to the product, is 
defined as 
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The semiclassical tunneling probability, Pn, in the above 
equation is expressed as 
 

 )]E,n(2exp[1
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                                              (4) 

 
where θ(n,T) is the barrier penetration integral and is given 
by 
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ΔE and F , needed for computing θ(n,T), are given by the 

following expressions: 
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In the equations 6-8, F is the number of vibrations in the 
transition state, ωk is the harmonic vibrational frequency of 
the kth vibration, ωF is the saddle-point imaginary 
frequency, xkl

,s are the elements of the vibrational 
anharmonicity constants matrix for the degrees of freedom 
orthogonal to the reaction coordinate, xkF’s are the (pure 
imaginary) anharmonicity constants between the reaction 
coordinate and the orthogonal degrees of freedom, xFF is the 
(pure real) anharmonicity constant for the reaction path, and 
ΔV0 is the classical barrier height.  
 SCTST formalism was developed by Miller and 
colleagues in 1970’s and it was applicable only for the small 
systems because it was computationally demanding [8-11]. 
Recently, Barker and coworkers have developed an 
algorithm by which SCTST can be applied to saddle-points 
with more than ten atoms [12-14]. Barker et al. have 
improved the Basire et al. algorithm [15] and applied it for 
computing the density of states and cumulative reaction 
probabilities in chemical kinetics. Basire and coworkers 
have    considered    the    vibrations   as   a   fully    coupled 

 
 
anharmonic system and used a perturbation theory 
expansion to compute quantum density of states. The Besire 
et al. algorithm is in turn based on the Wang and Landau 
[16-17] algorithm which is a Monte Carlo algorithm using a 
random walk in energy space to obtain an accurate estimate 
of the density of states for classical statistical models. In the 
SCTST formalism, the coupling between all of the 
vibrational degrees of freedom including reaction 
coordinate are considered. Zero point energy and quantum 
mechanical tunneling along the curved reaction path in 
hyperdimensional space is also accounted for. 
 Barker and colleagues have developed the 
MULTIWELL computer program package [18] which 
includes the programs ADENSUM, SCTST, THERMO and 
some other useful programs for computing the partition 
functions of the reactants, the CRPs of transition states and 
the thermal rate constants. In this research work, rate 
coefficients are computed by MULTIWELL program 
package. 
 
RESULTS AND DISCUSSION  
 
 On the basis of computed energies at the CBS-
Q//M062/6-31G(d,p) level of theory, the mechanism of the 
hydrogen-abstraction reactions from CH3CH2OCF2CHF2 by 
OH radical can be described as follows. The reaction 
proceeds through a van der Waals complex, denoted as 
vdWi, with an energy of 10.41 kJ mol-1 lower that the 
reactants. Next, hydrogen atoms transfer from 
CH3CH2OCF2CHF2 to OH radicals through the transition 
state structures TS1, TS2 and TS3 leading to van der Waals 
complexes vdWf1, vdWf2 and vdWf3, respectively. The 
energies of the transition states TS1, TS2 and TS3 relative 
to reactants are 6.41, -0.63 and 13.61 kJ mol-1, respectively. 
In the latter van der Waals complexes, water molecules are 
attached to the produced radicals via weak interactions. The 
relative energies of the complexes vdWf1, vdWf2 and 
vdWf3 are -96.88, -98.33 and -85.04 kJ mol-1. The products 
of relevant complexes are CH2CH2OCF2CHF2 + H2O (P1), 
CH3CHOCF2CHF2 + H2O (P2) and CH3CH2OCF2CF2 + 
H2O (P3), respectively. The products P1, P2 and P3 are 
67.22, 85.94 and 64.65 kJ mol-1 more stable than the 
reactants, respectively. The potential energy profile of the 
reaction  is depicted in Fig. 1. It shows the  relative energies  
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Fig. 1. Relative energies of the stationary points located on the doublet ground-state potential energy surface of  
           the CH3CH2OCF2CHF2 + OH reaction. The energy values are given in kJ mol-1 and are calculated using  
            CBS-Q/M06-2X theory. 
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Fig. 2. The geometries of the reactant and transition states for the reaction paths R1, R2 and R3, calculated at  
              the KMLYP/6-311++G(d,p) (top values) and M06-2X/6-31+G(d,p) (bottom values). 
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of the species arising from the reaction OH + 
CH3CH2OCF2CHF2. The ∆H for the reaction channels R1, 
R2 and R3 are found to be -63.54, -82.40 and -61.44          
kJ mol-1, respectively. It shows that the reaction OH + 
CH3CH2OCF2CHF2 is an exothermic process. 
 The  geometries  of  reactant,  van der Waals  complexes  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
and transition states are shown in Fig. 2. The corresponding 
z-matrices are given in the Supplemental Information. The 
principal moments of inertia and the harmonic vibrational 
frequencies of the reactants and transition states, calculated 
at the KMLYP/6-311++G(d,p) level of theory, are given in 
Table  1.   The   anharmonicity    constant  matrices  for  the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

     Table 1. Vibrational Wave Numbers  and Moments of Inertia Ii for  the  Reactant and  Transition  States of  the  
                    Reactions R1, R2 and R3 Calculated with KMLYP/6-311++G(d,p)  
 

 The vibrational frequencies  
(cm-1) 

The principal moments of 
inertia 
 (amu Å2) 

CH3CH2OCF2CHF2 3260.0,3254.3,3251.0,3231.9,3183.2,3166.9,1592.1,
1562.9,1558.8,1541.8,1508.0,1466.3,1451.1,1387.1,
1377.7,1364.6,1254.8,1241.1,1238.8,1217.2,1181.9,
1136.6,977.4,910.1,857.7,827.2,644.4,612.1,569.4,
442.9,389.5,356.6,281.4,264.4,248.9, 
134.2,105.6,73.7,45.5 
 

169.9266,477.9314,543.5296 

TS1 1734.7i,3979.9,3301.9,3254.2,3236.5,3215.4,3171.2,
1577.1,1557.5,1520.9,1502.9,1482.7,1453.3,1389.0,
1366.8,1356.8,1309.5,1258.6,1241.5,1225.0,1210.4,
1188.8,1136.1,984.7,950.9,902.5,881.4,825.0,683.5,
638.4,609.7,569.8,447.8,419.6,389.1,355.0,314.4,279
.0,248.9,165.0,131.4,114.1,78.4,46.8,26.2 
 

259.8540,601.1399,752.3667 

TS2 1330.0i,3992.9,3264.5,3254.7,3244.8,3227.1,3161.8,
1556.7,1550.5,1535.5,1509.9,1466.1,1452.2,1420.4,
1406.6,1391.1,1364.3,1259.0,1244.0,1218.9,1207.5,
1181.3,1176.0,997.8,940.3,913.8,835.5,811.7,685.0,
641.6,610.7,571.9,442.4,387.1,361.8,283.0,259.0,
248.7,228.9,164.4,126.6,120.7,101.4,63.5,28.9 
 

247.5185,615.5105,741.0770 

TS3 1924.5i,3979.3,3260.2,3251.6,3235.3,3187.3,3166.2,
1591.7,1567.5,1560.3,1543.0,1513.0,1476,4,1464.7,
1379.3,1360.1,1342.0,1280.4,1254.0,1239.0,1190.1,
1182.4,1131.6,1003.8,956.1,877.1,856.1,799.6,663.6,
631.1,580.7,453.4,418.8,393.3, 
352.7,286.7,264.7,263.1,249.0,148.1,122.3,101.3,
85.4,59.7,31.9 
 

296.8848,538.6320,632.4851 
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transition states TS1, TS2 and TS3 computed by KMLYP 
method are provided in the Supplemental Information 
(Table 2S to 4S). The low vibrational frequencies in the 
CH3CH2OCF2CHF2 and transition states (underlined in 
Table 2) corresponds to hindered internal rotations along C-
C and C-O bonds. It is attempted to compute the sum of 
states for these degrees of freedom, by employing the ro-
vibrational G matrix-based algorithm of Harthcock et al. 
[19] for the effective reduced masses for one-dimensional 
torsions. However, it is found that the low-vibrational 
frequencies correspond to very similar motions in the 
CH3CH2OCF2CHF2 and the transition states of the reactions 
R1, R2 and R3 and their corresponding partition function 
cancel from the numerator and denominator of the Eq. (2).  
 Having the barrier heights, the principal moments of 
inertia, the harmonic vibrational frequencies and 
anharmonicity constant matrices for the transition states 
TS1, TS2 and TS3, the corresponding CRP’s are calculated 
according to Eqs. (3) to (8) employing SCTST program in 
MULTIWELL. Next, having the principal moments of 
inertia  and the  harmonic  vibrational   frequencies   of    the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
reactants, the thermal rate coefficients for the reaction paths 
R1, R2 and R3 are computed by THERMO over the 
temperature range 200-2000 K. The computed rate 
coefficients for the reaction channels R1, R2, R3, the 
overall rate coefficient and the available experimental data 
are shown in Fig. 3. It is revealed that the computed rate 
constants are in more agreement with the experimental data 
of Heathfield and coworkers [2]. Nonetheless, the present 
theoretical results predict a slightly lower activation energy 
in comparison with the latter experimental data.  
     Regarding the atmospheric implications, the lifetime of 
the HFE-374pc2 could be estimated via the overall rate 
constant for the reaction HFE-374pc2 with OH radicals at 
272 K. The rate constant at 272 K and tropospheric lifetime 
of CH3CCl3 are usually considered as benchmark quantities 
for estimating the lifetime of atmospherically important 
compounds [20]. The lifetime of the HFE-374pc2 is 
obtained by the following equation: 

 33
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Fig. 3. The computed rate coefficients for the reaction channels R1 (dotted line), R2 (dash line), R3 (dash- 
           Dotted  line)  and the  overall  rate  constant  (solid line)  over  the  temperature  range 200-2000 K.  

        Experimental data are given for the purpose of comparison. () from Ref. [2], () from Ref. [3]. 
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kCH3CCl3 and kHFE-374pc2 are the rate coefficients for the 
reactions of CH3CCl3 and HFE,374pc2 with OH radicals at 
272 K, respectively. τCH3CCl3 and τHFE-374pc2 are the 
tropospheric lifetimes of CH3CCl3 and HFE-374pc2, 
respectively. The literature values for kCH3CCl3 at 272 K and 
τCH3CCl3 are 6.0 × 10-15 cm3 molecule-1 s-1 [21] and 5.99 years 
[22], respectively. According to the present calculations, the 
lifetime of HFE-374pc2 is estimated to be about 2 months.  
 Finally, it is attempted to show the temperature 
dependence of overall reaction by the following four-
parameter equation proposed by Zheng and Truhlar [23]: 
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Therefore, the computed rate constants for the overall 
reaction is fitted to the Eq. (11) and for the temperature 
range 200-2000 K, the parameters A, n, E and T0 are found 
to be 1.81 × 10-14 cm3 molecule-1 s-1, 0.75, 885.6 K and 
610.5 K, respectively.  
 
CONCLUSIONS  
 
 In this research, the rate coefficients for the H-
abstraction reaction of HFE-374pc2 with hydroxyl radical is 
computed by SCTST. The energies and other molecular 
properties of the stationary points on the potential energy 
surface of the reaction is computed by using high-level 
electronic structure theories. The geometry optimizations, 
and calculations of vibrational frequencies and vibrational 
anharmonicity constants are performed at the KMLYP/6-
311++G(d,p) level of theory. Better estimations of the 
barrier heights of the reaction path are obtained by single-
point energy calculations at the CBS-Q level of theory on 
the optimized geometries at the M06-2X/6-31+G(d,p) level. 
The calculated rate constants are in good agreement with the 
available experimental data. On the basis of the present 
calculations, the lifetime of HFE-374pc2 is estimated to be 
about 2 months. 
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