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ABSTRACT 

A theoretical study on the mechanism and kinetics of the gas phase reactions of volatile 

anaesthetic compound (CF3)2CHOCH2F (Sevoflurane) with the OH radicals have been performed 

using hybrid HF-density functional M06-2X/6-31+G(d,p) method. Three conformations are 

predicted for Sevoflurane molecule. Among three conformers, the most stable one is considered 

for detailed study. Reaction profiles are modeled including the formation of pre-reactive and post-

reactive complexes at entrance and exit channels. Single point energy calculation have been 

performed by using 6-311++G(d,p) basis set. The hydrogen abstraction from –CH2F group is 

found to be the dominant reaction channel for hydrogen abstraction by OH radicals. Theoretically 

calculated rate constant is found to be in good agreement with the experimentally measured ones. 

Using group-balanced isodesmic reactions, the standard enthalpies of formation for 

(CF3)2CHOCH2F, (CF3)2COCH2F and (CF3)2CHOCHF radicals are also reported for the first 

time. The atmospheric fate of the alkoxy radical, (CF3)2CHOCHFO is also investigated for the 

first time using same level of theory. Out of four prominent plausible decomposition channels 

including oxidation, our results clearly point out that reaction with O2 is the dominant path for the 

decomposition of (CF3)2CHOCHFO in the atmosphere involving the lowest energy barrier which 

is in accord with recent experimental finding.  

 

Keywords: Anaesthetic, Sevoflurane, Alkoxy radical, Thermal decomposition, Isodesmic 

reactions, Bond Dissociation Energy 
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I  Introduction 

 It is now well recognized fact that atomic chlorine transported to the stratosphere on 

account of release of a variety of chlorine containing compounds, particularly chlorofluorocarbon 

(CFC), are responsible for the catalytic destruction of ozone in the atmosphere.1,2 Recently, 

hydrofluoroether (HFE) and hydrochloroether (HCE) have been the focus of intense attention as 

replacement materials for CFC and hydrochlorofluorocarbon (HCFC) in applications such as 

heat-transfer fluid in refrigeration systems, cleaning agent in electronic industry, foam-blowing 

agent and also for lubricant deposition.3,4 The absence of chlorine atoms in HFEs shows that such 

compounds would have little impact on stratospheric ozone and that they possess a negligible 

ozone depleting potential (ODP).5 In recent times, some non-segregated HFE have been used to 

serve as a model complex for the anaesthetic gases6,7 to replace ethers containing Cl and/or Br 

atoms. For example, desflurane (CHF2OCHFCF3) and Sevoflurane [(CF3)2CHOCH2F] are two of 

the most common volatile anaesthetic agents, and have replaced others such as isoflurane 

(CF3CHClOCHCF2), halothane (CF3CHClBr) and enflurane (CHF2OCF2CHFCl). The total 

amount of these compounds used globally has been estimated to be in the order of 10 kilotons/per 

year.8 Segregated hydrofluoroethers are ethers with fluorocarbon on one side of the oxygen atom 

and hydrocarbon on the other. For example, C4F9OCH3 (HFE-7100), C4F9OC2H5 (HFE-7200) and 

C7F15OC2H5 (HFE-7500). Non-segregated HFEs may have both hydrogen and fluorine on one or 

both sides of the oxygen. For ex; C4F9OC2F4H, C6F13OCF2H, HC3F6OC3F6H, C3F7OCH2F, 

HCF2OCF2OCF2H, HCF2OCF2CF2OCF2H, HC3F6OCH3, HCF2OCF2OC2F4OCF2H are a class of 

non-segregated HFEs. 

It is well known that more than 80% of inhalation anaesthetic agent is exhaled unchanged 

by the patient and therefore emitted in to the lower atmosphere.9 The major atmospheric effects 

that may arise from emission of the volatile anaesthetic are their contribution to ozone depletion 
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in the stratosphere and to green house warming in the troposphere. Hence, there is a particular 

need to investigate the atmospheric chemistry of these compounds in order to determine their 

atmospheric impact. Therefore, several studies have focused on the impact of these anaesthetic 

agents on the environment to determine the most environmentally compatible anaesthetic.9-13 

Very recently, Bravo et al.14 used smog chamber/Gas Chromatography techniques to investigate 

the atmospheric degradation of fluroxene, an inhalational anaesthetic, through oxidation with OH 

and Cl radicals at 298 K and atmospheric pressure. Zierkiewicz15 theoretically investigated the 

mechanism of the reaction between desflurane (CF3CHFOCHF2) and Cl atom at the 

CCSD(T)/CBS level of theory. 

The reaction of Sevoflurane with OH radicals was first studied by Brown et al.16 in 1989 

and reported a rate constant of (7.3 ± 2.2) ×10-14 cm3 molecule-1 s-1 at 299 K. Subsequently, 

Langbein et al.8 performed another experimental study by using a relative method and they 

reported a significantly lower rate constant value of (2.7 ± 0.5) ×10-14 cm3 molecule-1 s-1 at 298 K. 

Recently, this reaction has been studied experimentally by Andersen et al.17 using a smog 

chamber and FTIR technique. The experimental rate constants was derived as k(OH + 

(CF3)2CHOCH2F) = (3.9 ± 0.3) ×10-14 cm3 molecule-1 s-1 at 298 K. In other reports, Chen et al.18 

studied the kinetics of the reactions of OH radical with a similar HFE, (CF3)2CHOCH3 using a 

smog chamber and FTIR technique at 298 ± 2 K and atmospheric pressure (760 ± 10 Torr). The 

atmospheric lifetime of Sevoflurane with OH radicals has been estimated to be 1.8 years.12 

However, the total lifetime (including OH reaction, ocean loss and stratospheric loss) of 

Sevoflurane has been reported to be 2.2 years.19-20 Moreover, experimental studies provided only 

the total rate constant and it is difficult to predict the detailed mechanism, thermochemistry and 

contribution of each reaction channels towards overall rate constant. Thus, for better 

understanding of mechanistic pathways, kinetics and thermo chemistry we must rely on quantum 
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chemical methods. In the present work, we have investigated the hydrogen abstraction reactions 

between Sevoflurane and OH radicals at DFT method. To the best of our knowledge, this is the 

first detailed theoretical study of the above mentioned H-abstraction reactions of Sevoflurane with 

OH radicals. Our calculation indicates that three reaction channels, one from –CH(CF3)2 group ( -

CH attached to two -CF3 groups) and two reaction channels from –CH2F group are feasible for 

the (CF3)2CHOCH2F + OH  reactions as given below: 

(CF3)2CHOCH2F + OH  (CF3)2COCH2F + H2O  (1) 

(CF3)2CHOCH2F + OH   (CF3)2CHOCHF + H2O  (2a & 2b) 

A general mechanism of OH-initiated tropospheric degradation of Sevoflurane 

((CF3)2CHOCH2F) is shown in Scheme 1 leading to the formation of haloalkoxy radical 

((CF3)2CHOCHFO). The chemistry of haloalkoxy radicals has been a subject of extensive 

experimental and theoretical investigations as these species are interesting intermediates in the 

atmospheric oxidation of halogenated hydrocarbons.21-26 Due to the significant role played by 

haloalkoxy radicals formed in the destruction of a variety of organic compounds released into the 

atmosphere, studying the fate of (CF3)2CHOCHFO formed from Sevoflurane is needed from the 

viewpoint of understanding its role in the atmospheric chemistry. To the best of our knowledge, 

no theoretical study has been performed to elucidate the dissociative pathways of 

(CF3)2CHOCHFO radical derived from one of the important classes of anaesthetic agent, 

Sevoflurane. Thus, there is a desirable need to perform quantum mechanical calculations to 

determine the energetics involved during the decomposition of (CF3)2CHOCHFO radical. 

There are four potential pathways of decomposition of (CF3)2CHOCHFO radical 

produced from Sevoflurane that involve bond scission and oxidation processes. These are 

represented as follows: 
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(CF3)2CHOCHFO   (CF3)2CHO + CHFO  (3) 

      (CF3)2CHOCHO + F  (4) 

     (CF3)2CHOCFO + H  (5) 

           + O2   (CF3)2CHOCFO + HO2 (6) 

The thermochemical studies have been performed to analyze the stability of all the species 

involved in the reactions. To have a clear picture of the total reaction mechanism, we have treated 

the whole reaction step by step. In addition, the knowledge of accurate enthalpy of formation 

(∆fH°298) for (CF3)2CHOCH2F and radicals generated (CF3)2COCH2F and (CF3)2CHOCHF is of 

vital importance for determining the thermodynamic properties and the kinetics of atmospheric 

process. However, no theoretical or experimental study on standard enthalpy of formation has 

been reported so far for these species. Here, we predict the enthalpies of formation using 

isodesmic reactions at the M06-2X/6-31+G(d,p) level.  

II   Computational methods 

Electronic structure calculations were performed with the Gaussian 09 suite of program.27 

The geometries of all molecular species involved in this study are fully optimized by employing 

density functional M06-2X28 method in conjunction with the 6-31+G(d,p) basis set for all the 

elements. Zhao and Truhlar28 recently developed the M06 family of local (M06-L) and hybrid 

(M06, M06-2X) meta-GGA functional that show promising performance for the kinetic and 

thermodynamic calculations without the need of refining the energies by post Hartree−Fock 

methods, and these functional have been applied successfully in the recent studies.29-35 The 

formation of pre- and post-reactive complexes along the entry and exit of each reaction channels 

has been observed. Hessian calculations for obtaining the vibrational frequencies were performed 

at the same level of theory as that for the geometry optimization to check whether the optimized 

geometrical structure is an energy minimum (with no imaginary frequency) or TS (with one and 
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only one imaginary frequency). To ascertain that the identified transition states connect reactant 

and products smoothly, intrinsic reaction coordinate (IRC) calculations36 were also performed at 

the M06-2X/6-31+G(d,p) level. To obtain more accurate energies and barrier heights, the energies 

are further refined by using Pople’s split-valence triple-ζ quality 6-311++G(d,p) basis set based 

on M06-2X/6-31+G(d,p) optimized geometries.  

III   Results and discussion 

A. Structure and energetics 

The conformational landscape of Sevoflurane was recently investigated by Freitas et al.37 

Lesarri et al.38 and Tang et al.39 by means of experimental and theoretical tools. We have chosen 

the lowest energy conformer (SC1) for the present study since the population of other conformers 

is likely to be small at normal temperature. The optimized structure of the lowest energy 

conformer is shown in Fig. 1. Our resulted geometrical parameters for SC1 are in a reasonable 

agreement with the values calculated at B3LYP/6-311+G(2d, p) by Tang et al.39 and Singh et al.40  

The bond distances of the optimized structure of Sevoflurane calculated during the present study 

are also close to the average bond distance values taken from CRC Handbook of Physics and 

Chemistry reported by Tang et al.39 The calculated enthalpy of reactions (∆rH°) at 298 K for the 

reaction of (CF3)2CHOCH2F with OH radicals are recorded in Table 1. Thermal corrections to the 

energy at 298 K were included in the determination of these thermodynamic quantities. The 

reaction enthalpy (∆rH°) values for reactions (1-2) as given in Table 1 show that all reaction 

channels are significantly exothermic in nature and thus thermodynamically facile.  

There are two potential hydrogen abstraction sites of (CF3)2CHOCH2F namely the – 

CH(CF3)2 group and –CH2F group. However, as can be seen from the geometrical parameters and 

stereographical orientation the hydrogen atoms in the –CH2F group are not equivalent. One H-

atom is different from the other two in the – CH2F group. Three transition states (TS) are 

therefore located for the reactions (CF3)2CHOCH2F + OH; one TS (TS1) for H-abstraction from 
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the –CH(CF3)2  group and two TSs for the same from the – CH2F group (TS2a and TS2b). 

Therefore three H-abstraction reaction channels exist for the reactions studied here. 

In the entrance channels, pre- reactive complex has been validated in the present work and 

designated by prefix RC followed by a number. In the exit channels, there are also product 

complexes occurring before the release of the final products, which are labeled with the prefix PC 

and a number to follow. The optimized geometries of reactants, reactant complexes, transition 

states, product complexes and products along with structural parameters obtained at M06-2X/6-

31+G(d,p) level are shown in Fig. 1. On the reactant sides of reaction channels (1-2) three 

hydrogen-bonded complexes (RC1, RC2a and RC2b) are located. In complexes RC1, RC2a and 

RC2b, hydrogen bonding interactions can be found from the interatomic distances as shown in 

Fig. 1. At the same time, the product complexes (PC1, PC2a and PC2b) with energies less than 

the corresponding products are located at the exits of the two reaction channels. So it is clear that 

all the reaction channels (1-2) may proceed via indirect mechanisms. The search was made along 

the minimum energy path on a relaxed potential energy surface. Visualization of the optimized 

geometries reveals that the breaking C-H bond and the forming O…H bond in TS1 are 

respectively 16.33% and 35.37% longer than the C-H bond length in (CF3)2CHOCH2F and in 

H2O, whereas the same values amount to 07.86%  and 45.26% for TS2a. While for the transition 

states TS2b, the elongations of the breaking C-H bonds are found to be 10.20% and 36.73%. 

These values indicate the reactions (1-2) proceed via early transition state structure expected for 

an exothermic hydrogen abstraction reaction. 

Harmonic vibrational frequencies of all the stationary points involved in reactions (1-2) 

are listed in Table S1 in supporting information. All the reactants, reactant complexes, product 

complexes and products were identified with all positive frequencies while each transition state 

was characterized with only one imaginary frequency. The imaginary frequency values for TS1, 
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TS2a and TS2b are 2118i, 1822i and 1370i cm-1, respectively. Intrinsic reaction coordinate 

(IRC)31 calculations have also been performed for each transition states at the same level of 

theory using the Gonzalez-Schlegel steepest descent path in the mass-weighted Cartesian 

coordinates with a step size of 0.01(amu1/2- bohr). The IRC plots for transition states reveal that 

the transition state structures connect smoothly the reactant and the product sides.  

The relative energies including ZPE for all species and transition states involved in the 

reactions (1-2) calculated at M06-2X/6-311++G(d,p) level are presented in Table S2 in 

supporting information. The calculated barrier heights at M06-2X/6-311++G(d,p) level for TS1, 

TS2a and TS2b are 1.52, 1.42 and 3.50 kcal mol-1, respectively. The barrier height values show 

that hydrogen abstraction by OH radicals from the terminal –CH2F group is more facile than that 

from the -CH attached to two –CF3 groups. This finding contradicts with the observation of Chen 

et al.
18 that the CH attached to two –CF3 groups is more reactive than the terminal –CH3 towards 

hydrogen abstraction reactions by OH radical in a similar compound, (CF3)2CHOCH3.  

Literature survey reveals that there is no experimental data available for the comparison of 

the energy barrier for the H-atom abstraction reaction of (CF3)2CHOCH2F by OH radicals. 

However, In order to ascertain the reliability of the calculated barrier height values, we compared 

our results with the values calculated by Singh et al.40 for the H-atom abstraction reaction from –

CHO and –CH2F sites in (CF3)2CHOCH2F + Cl reactions. The optimized geometries of two 

transition states (TS7 and TS8) are given in Figure S1 in supporting information. Our calculated 

barrier heights amount to be 8.70 and 3.63 kcal mol-1 at M06-2X/6-311++G(d,p) level of theory 

for –CHO and –CH2F sites, respectively; whereas the same obtained from the M06-2X/6-

31+G(d,p) calculations amount to be 8.60 and 3.51 kcal mol-1. Our calculated barrier heights at 

both levels are in excellent agreement with the reported values of 8.8 and 3.4  kcal mol-1 at 

CCSD(T)/6-311G(d,p) level of theory by Singh et al.40 Thus, the calculated energy barriers for 
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the title reactions studied here at M06-2X/6-311++G(d,p) can be relied upon. This gives us a 

confidence that energy barrier calculated using M06-2X/6-311++G(d,p) method on the 

geometries optimized at M06-2X/6-31+G(d,p) yields reliable values for the hydrogen abstraction 

channels considered in the present study. 

The schematic potential energy profile of (CF3)2CHOCH2F + OH reactions obtained at the 

M06-2X/6-311++G(d,p)//M06-2X/6-31+G(d,p) level with ZPE corrections are shown in Fig. 2. 

In the construction of energy diagram, zero-point energy corrected relative energies as recorded in 

Table S2 in supporting information are utilized. These energies are plotted with respect to the 

ground state energy of (CF3)2CHOCH2F + OH arbitrarily taken as zero. Spin contamination is not 

important for the open shell radicals involved in (CF3)2CHOCH2F + OH reactions because <S2> 

is found to be 0.76 at M06-2X/6-31+G(d,p) before annihilation that is only slightly larger  than 

the expected  value of  <S2> = 0.75 for doublets.  

The calculated bond-dissociation energies, BDE (D0
298) of the C-H bonds of 

(CF3)2CHOCH2F molecule are given in Table 2. The D0
298 values obtained from M06-2X/6-

311++G(d,p) results amount to be  102.59 and 102.38 kcal mol-1, respectively. Moreover, our 

calculated (D0
298) values for the C–H bonds is found to be somewhat higher than that of 98.4 and 

97.7 kcal mol-1, respectively for –CHO and –CH2F sites of (CF3)2CHOCH2F  reported by Singh et 

al.40 To check whether this is an artifact of our calculation, we have also calculated D0
298 values 

using MPWB1K/6-31+G(d,p) and BHandHLYP/6-311G(d,p) methods and the results are 

recorded in Table 2. From Table 2, it is seen that the calculated BDE values at MPWB1K/6-

31+G(d,p) and BHandHLYP/6-311G(d,p) methods are found to be in a good agreement to the 

values obtained at M06-2X/6-31++G(d,p) level of theory. This reveals that our calculated D0
298 

values at M06-2X level are reliable. Recently, it has been reported that this functional (M06-2X) 

yields reliable results for bond dissociation enthalpies.41-44 However, our calculated D0
298 value 
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for the C-H bond in the -CH(CF3)2  group (102.59 kcal mol-1) of (CF3)2CHOCH2F is in 

reasonable agreement with the reported D0
298 value for the C-H bond in the -CH(CF3)2 group 

(99.4 kcal mol-1) of (CF3)2CHOCH3 reported by Devi and Chandra.45  

The standard enthalpy of formation (∆fH°298) at 298 K for (CF3)2CHOCH2F and the 

radical generated from hydrogen abstraction, (CF3)2COCH2F and (CF3)2CHOCHF can be 

valuable information for understanding the mechanism and thermochemical properties of their 

reactions and most importantly for atmospheric modeling, but these values are not yet reported.  

The group-balanced isodesmic reactions, in which the number and types of bonds are conserved, 

are used as working chemical reactions herein to calculate the ∆fH°298 for (CF3)2CHOCH2F and 

radicals generated from hydrogen abstraction reactions. Here, following isodesmic reactions are 

used to estimate the enthalpies of formation of these species: 

(CF3)2CHOCH2F + CH4 + CH3F  CF3CH2CF3 + CH3OCH3 + CH2F2  (7) 

(CF3)2CHOCH2F + CH4           (CF3)2CHOCH3 + CH3F   (8) 

All geometrical parameters of the species involved in the isodesmic reactions (7-8) were 

optimized at the M06-2X/6-31+G(d,p) level and energies of the species were then refined at the 

M06-2X/6-311++G(d,p) level of theory. At first we have calculated the reaction enthalpies 

(∆rH°298) of the isodesmic reactions (7-8) as mentioned above using total energies of the species 

obtained at different levels including thermal correction to enthalpy estimated at M06-2X/6-

31+G(d,p) level. Since, the ∆rH°298 value corresponds to the difference of the enthalpy of 

formation (∆fH°298) values between the products and the reactants, the ∆fH°298 values of the 

reactant and product species can be easily evaluated by combining them with the known 

enthalpies of formation of the reference compounds involved in our Isodesmic reaction schemes. 

The experimental ∆fH°298 values for CH4: -17.89 kcal mol-1, CH3OCH3: -44.08 kcal mol-1, CH3F: 
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-55.99 kcal mol-1, CH2F2: -107.71 kcal mol-1, were taken from Ref. 46 and that for CF3CH2CF3: -

336.50 kcal mol-1 and (CF3)2CHOCH3: -364.20 kcal mol-1 were taken from Ref. 47 and Ref. 45, 

respectively to evaluate enthalpies of formation. The calculated values of enthalpies of formation 

are listed in Table 1. As can be seen from Table 1, the values of ∆fH°298 for the species obtained 

from the two isodesmic reactions at the two level of theories are very consistent with each other. 

The average ∆rH°298 values obtained from our calculations for (CF3)2CHOCH2F is -414.81 kcal 

mol-1 at M06-2X/6-311++G(d,p). The ∆rH°298 values for (CF3)2COCH2F and (CF3)2CHOCHF 

radicals can also be easily calculated from the reported ∆rH°298 values for reactions (1-2) as 

reported in Table 1, the calculated ∆fH°298 value for (CF3)2CHOCH2F and the experimental 

∆fH°298 values for H2O (-57.8 kcal mol-1) and OH (8.93 kcal mol-1) radical.48 The ∆rH°298 values 

for (CF3)2COCH2F and (CF3)2CHOCHF radicals calculated from M06-2X/6-311++G(d,p) 

amounts to be -364.36 and -364.57 kcal mol-1, respectively. Moreover, because of the lack of the 

experimental values for the ∆fH°298 of the species involved in the title reactions, it is difficult to 

make a direct comparison between theoretical and experimental enthalpy of formation. 

B. Atmospheric fate of alkoxy radical 

The fate of fluoroalkoxy radical (CF3)2CHOCHFO produced during its thermal 

decomposition in the atmosphere is envisaged to occur via reactions (3-6). The detailed 

thermodynamic calculations performed at M06-2X/6-31+G(d,p) level for  reaction enthalpies 

(∆rH°298), free energies (∆rG°298) and free energies of activation (∆G#), associated with reaction 

channels (3-6) are listed in Table S4 in supporting information. Results show that reaction 

channel (6) proceeds with an exothermicity of 41.48 kcal   mol-1 along with a negative free energy 

change of 42.74 kcal mol-1. This envisages that reaction channel (6) is thermodynamically most 

favorable decomposition channel in comparison to reaction channels 3, 4 and 5. Optimized 

geometries of reactant, products and transition states obtained at the M06-2X/6-31+G(d,p) level 
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are shown in Fig. S1 in supporting information. Transition states obtained on the potential energy 

surfaces of reactions (3-6) are characterized as TS3, TS4, TS5 and TS6, respectively. The search 

was made along the minimum energy path on a relaxed potential energy surface. The geometrical 

parameters of the optimized structure of each species involved in reactions (3-6) are listed in Fig. 

S1 in supporting information.  In the optimized structure of TS3 the elongation of the C-O bond 

(C1-O1) is found to be 1.391 to 1.791 Å (about 28% increases) with a simultaneous shrinkage of 

the C1-O2 bond. This decrease has been found to be almost 8% (1.334 to 1.229 Å). Similar 

analysis made on the optimized structure of TS4 reveals the elongation of C1-F1 bond length 

from 1.373 to 1.883 Å resulting in an increase of about 37% accompanied with a shrinkage of the 

C-O bond (C1-O2) 1.334 to 1.241 (~7%). The cleavage of the C-H bond (channel 7) leads to 

atomic hydrogen and (CF3)2CHOCFO and the corresponding transition state TS5 shows major 

structural changes i.e., a substantial elongation (45%) in the C1-H2 bond and a shortening (~ 

11%) of the C-O bond (C1-O2). Similarly the results obtained for the optimized structure TS6 for 

reaction with O2 reveal that C-H bond (C1-H2) increases from 1.107 to 1.270 Å (approx. 14%). 

Harmonic vibrational frequencies for reactant, products and transition states involved in 

reactions (3-6) are recorded in Table S5 in supporting information. These result shows that the 

reactant and products have stable minima on their potential energy surface characterized by the 

occurrence of only real and positive vibrational frequencies. On the other hand, transition states 

are characterized by the occurrence of only one imaginary frequency obtained at 673i, 564i, 1087i 

and 1128i cm-1 for TS3, TS4, TS5 and TS6, respectively. Visualization of the listed imaginary 

frequencies gives a qualitative confirmation of the existence of transition states connecting 

reactant and products. The existence of the correct transition state on the potential energy surface, 

however, is ascertained by intrinsic reaction coordinate (IRC) calculation31 performed at the same 

level of theory. The associated energy barriers corresponding to reactions (3-6) are recorded in 
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Table S5 in supporting information. No experimental or theoretical data are available in the 

literature to compare the energy barriers associated with the decomposition channels of 

(CF3)2CHOCHFO considered during the present investigation. The zero-point corrected total 

energies are used relative to the ground state energy of (CF3)2CHOCHFO taken as zero and an 

energy diagram is constructed as shown in Fig. 3. The barrier height for reaction with O2 is 

considerably lower than that for other decomposition pathways and the dominance of the 

oxidative pathways of this alkoxy radical in the atmosphere is thus envisioned which is in a good 

agreement with the experimental findings of Andersen et al.17 

C. Rate constant calculations 

 The rate constant for reactions (1-2) is calculated using Canonical Transition State Theory 

(CTST)49 that involves a semi-classical one-dimensional multiplicative tunneling correction 

factor given by the following expression: 

                                               (9) 

Where, σ is the degeneracy of the each reaction channel, Γ(T) is the tunneling correction factor at 

temperature T. QTS, QA and QB are the total partition functions for the transition states and 

reactants per unit volume respectively. ∆E, kB and h are the barrier height including ZPE, 

Boltzmann’s and Planck’s constants, respectively. Barrier heights, ∆E obtained from the M06-

2X/6-311++G(d,p) level are used in rate constant calculations. Calculation for the tunneling 

correction factor Γ(T) was made using the Wigner’s empirical formula.50 The partition functions 

for the respective transition states and reactants at 298 K are obtained under the rigid rotor, 

harmonic oscillator approximations and from the data calculated at the M06-2X/6-31+G(d,p) 

level. However, the hindered-rotor approximation of Chuang and Truhlar51 was used for 

calculating the partition function of lower vibration modes. It has been observed that H-
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abstraction by OH radical proceeds via two step mechanism. The first step involves a formation 

of the pre-reactive complexes (RCs) with pre-equilibrium rate constant (Keq) and the second step 

yielding the corresponding radical and water with the rate constant . The overall rate constant 

including equilibrium constant (Keq) and rate constant ( ) are given by,  

    (10) 

 

 and   can be obtained from TST in the from 

 

   (11) 

The rate constant for H-abstraction via reactions (1-2) are then obtained by the following 

expression, 

(12) 

where, QA, QB, QRC and QTS represents the total partition functions (per unit volume) of the 

reactants, reaction complexes and transition states, respectively. ETS, ERC and ER are the total 

energies (ZPE corrected) of transition state, reaction complexes and reactants, respectively. Thus 

it seems that the final expression (Eqn. 12) for estimating rate constant and barrier height turns 

out to be the usual CTST expression (Eqn. 9) used for the determination of rate constant and 

barrier height of a direct reaction, irrespective of the energy of pre-reactive reactant complexes 

(RC1, RC2a and RC2b). However, the formation of pre- and post reaction complex affects the 

tunneling factor by modifies the shape of the potential energy surface and change the tunneling 

factor to some extent. In the calculation of reactant electronic partition function, the excited state 

of the OH radical is included, with a 140 cm-1 splitting due to spin-orbit coupling. 
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The calculated rate constant values in the temperature range of 250 –1000 K are listed in 

Table 3 and also plotted in Fig. 4 along with the available experimental values. The rate constant 

for H atom abstraction reaction of (CF3)2CHOCH2F by OH radical for reactions 1 and 2 are 

calculated to be k1 = 1.64.×10-14 and k2 = 2.04×10-14  cm3 molecule-1 s-1, respectively at 298 K. It 

gives a total rate constant value of kOH = 3.68×10-14 cm3 molecule-1 s-1 which is in good 

agreement with the experimental value of (3.9 ± 0.3) × 10-14 cm3 molecule-1 s-1 at 298 K reported 

by Andersen et al.17 Moreover, our calculated rate constant values agree quite well the in the 

temperature range of the available experimental data indicating the reliability of our calculation 

for this reaction. The calculated rate constant values at 298 K show that H-abstraction from the     

–CH2F site has greater contribution to the total rate constant than that from the –CH(CF3)2 of 

Sevoflurane molecule and the relative contribution of the former site increases further with the 

increase in temperature. For example, the contribution of the –CH2F site to the total rate constant 

becomes almost 11 times greater than the contribution of the –CH(CF3)2 site at 1000 K. This 

result is in accord with the mechanism proposed by Andersen et al.17 which is based on his 

experimental observation that atmospheric oxidation of Sevoflurane initiated by OH radicals and 

Cl atoms proceed with the abstraction of H-atom from the –CH2F end of the molecule and the 

resulting products retained the H-atom from the (CF3)2CHO site. 

Owing to non-Arrhenius behavior due to tunneling and existence of multiple channels, the 

temperature variation of rate constant for this type of reaction is generally expressed by a three 

parameter model equation: 

k(T) = A Tn exp(-∆E0/RT)                               (13) 

Where A, n and ∆E0 are the adjustable parameters to obtain best fitting. The activation energy can 

be obtained from the expression: 

           Ea = ∆E0 + nRT                                                (14) 
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Our calculated rate constants (kOH) in the temperature range 250–1000 K is seen to be best 

described by the following model equation: 

          kOH = 1.33x 10-27 T4.94 exp(832/T)                    (15) 

The activation energy estimated from equation (14) at 298 K is 1.27 kcal mol-1. 

D. Atmospheric implications 

i. Atmospheric lifetime 

The lifetime of inhaled anaesthetics in the atmosphere is thought to depend almost completely 

on reaction with hydroxyl radicals.10 In general, tropospheric lifetime (τeff) of (CF3)2CHOCH2F 

can be estimated by assuming that its removal from troposphere occurs mainly through the 

reactions with OH radicals.  Then (τeff) can be expressed as52  

   

However, this equation does not take into consideration the errors due to the vertical temperature 

profile of the troposphere. When calculating OH-based lifetimes, the use of 272 K as an average 

tropospheric temperature and methyl chloroform (CH3CCl3), as a chemical of well known source 

and sink, has been suggested53 to minimize the errors resulting from neglecting the specific 

temperature dependences. Thus, lifetime estimations for HFEs are generally calculated on the 

basis of gas-phase removal by OH only and with methyl chloroform (MCF) as reference: 

 

 

where is the lifetime for Sevoflurane, kSevo and kMCF are the rate constants for the reactions 

of OH radicals with Sevoflurane and methyl chloroform (MCF), respectively at T = 272 K and 

= 5.99 years.53  Taking the values of rate constants for kMCF = 6.14×10-15 from Ref. 53 and 

calculated rate constant of Sevoflurane kSevo = 3.03×10-14 cm3 molecule-1 s-1, at 272 K, the 
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estimated lifetime is found to be 1.2 years which is in agreement with the reported value of 2.2 

years20 and 1.8 years.12 

ii. Global Warming potentials (GWPs):  

Global-warming potential (GWP)54 is a relative measure of how much heat a greenhouse gas 

traps in the atmosphere. The Global warming potential is generally predicted based on the time-

integrated radiative efficiency from the instantaneous emission of 1 kg of a compound relative to 

that of 1kg of a reference gas (CO2). It can be expressed as an absolute GWP for a gas i (AGWPi) 

or as a dimensionless value by dividing the AGWPi by the AGWP of a reference gas (CO2). Here, 

GWPs for Hydrofluoroethers are estimated (relative to CO2) using the expression given by 

Hodnebrog et al.20 as: 

 

 

 

 

 If Ai is the radiative forcing efficiency (RE in W m-2 ppb-1), �i  is the lifetime for a gas i and H is 

the time horizon, then assuming its removal from the atmosphere can be represented by 

exponential decay, the integrated radiative forcing efficiency up to H is taken as:20 

    















−−=

τ
τ

H
AHAGWP ii exp1)( . 

To obtain theoretical estimation of RE for Sevoflurane, the infrared intensities and the wave 

numbers of harmonic vibrational modes were obtained at the B3LYP/6-31G** level of theory as 

suggested by Bravo et al.55,56 The calculated vibrational wave numbers were then scaled using the 

expression 664.11977.0 += νν calcscal  cm-1 as suggested by Bravo et al.55, so that calculated vibrational 

modes can be related to the positions of the important experimental absorption bands.  Using data from 

)(

)(
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)(
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the same level of theory and the method outlined by Pinnock et al.57, the radiative efficiency of 

HFE molecule was calculated using the relationship: 

)( k

k

kFARE ν∑=  

where Ak is the absorption cross-section in cm2 molecule-1 averaged over a 10 cm-1 interval 

around the wave number )( kν  and F )( kν  is the instantaneous, cloudy sky, radiative forcing per 

unit cross section per wave number ( W m-2 cm (cm2 molecule-1)-1) evaluated at the band scaled 

center wave number )( kν . It is known that REs derived from the Pinnock et al.57 method are 

within 10% of those obtained from the more detailed models.55 Table 4 provides the tropospheric 

lifetime, radiative efficiency and GWPs value of 100 year time horizon for Sevoflurane along 

with the available reported results. Our computed GWP value of 132 is in good agreement with 

the reported value of 106 by Ryan and Nielsen10 and 130 by Andersen et al.17 Our calculated 

radiative efficiency value of 0.337 W m-2 ppb-1 is also seen to be in good agreement with the 

literature value of 0.351 W m-2 ppb-1 reported by Andersen et al.17  

iii. Fate of fluorinated ester 

It is well known that fluorinated esters (FESs) are the primary products of the atmospheric 

oxidation of hydrofluoroethers.58 Like HFEs, FESs also undergoes photochemical oxidation in 

troposphere with atmospheric oxidants, OH radicals or Cl atoms. However, recent studies have 

also shown that wet deposition might not be an important sink for all FESs and the OH radicals 

being the most dominant oxidant.59,60 In present study we have also study the OH radical and Cl-

atom initiation hydrogen abstraction reaction from (CF3)2CHOC(O)F. The optimized geometries 

of two transition states (TS9 and TS10) are shown in Fig. S1 in supporting information. The 

calculated barrier heights for hydrogen abstraction by OH- radicals and Cl atoms are found to be 

4.22 and 8.12 kcal mol-1, respectively. This suggests that OH-initiated hydrogen abstraction of 
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(CF3)2CHOCFO is the dominant pathways. However, further detail study is required for OH and 

Cl initiated degradation of ester to determine the atmospheric fate of it and can be a subject for 

further work.  

IV   Conclusions 

The potential energy surface and reaction kinetics for the Sevoflurane + OH reactions are 

investigated at the M06-2X/6-31+G(d,p) level of theory. The hydrogen abstraction reactions of 

Sevoflurane with OH radicals proceed by a complex indirect mechanism involving the formation 

of reactant complexes in the entrance channel and product complexes in the exit channel. The 

barrier heights for dominant reaction pathways calculated at M06-2X/6-311++G(d,p) level are 

found to be 1.42 kcal mol-1. The thermal rate constant for the H atom abstraction of 

(CF3)2CHFOCH2F by OH radicals is found to be 3.68× 10-14 cm3 molecule-1 s-1, respectively at 

298 K which is in very good agreement with the available experimental data. Our calculations 

suggest that the H abstraction from–CH2F group is kinetically and thermodynamically more 

favorable than the –CH group attached to two -CF3 groups for OH reactions. The ∆fH°298 values 

for (CF3)2CHOCH2F, (CF3)2COCH2F and (CF3)2CHOCHF radicals calculated from M06-2X/6-

311++G(d,p) results are predicted to be -414.81, -364.36 and -364.57 kcal mol-1, respectively. 

The atmospheric lifetime and GWPs at 100 year horizon of Sevoflurane are estimated to be 1.2 

years and 132, respectively. The atmospheric fate of thermal decomposition of (CF3)2CHOCHFO 

radical is investigated at M06-2X/6-31+G(d,p) level of theory. Our results reveal that the most 

dominant decomposition pathway for (CF3)2CHOCHFO radical is the reaction with O2 that 

occurs with a barrier height of 4.91 kcal mol-1 as obtained from the M06-2X/6-311++G(d,p) 

method. The dominance of oxidative pathways in decomposition of (CF3)2CHOCHFO radical 

established during the present investigation is in accord with the results obtained by Andersen et 
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al.
17 The present results provide assistance for understanding the experimentally observed fate of 

thermal decomposition and oxidation of the title alkoxy radical. 
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(CF3)2CHOCH2F

+OH -H2O

(Haloalkyl radical)

+O2

+NO

h ν

+HO2
+NO2

Haloalkoxy Radical

-NO2

-O2

(CF3)2CHOCHFO

(CF3)2CHOCHF

(Sevoflurane)

(CF3)2CHOC(OO)HF(CF3)2CHOC(OONO2)HF (CF3)2CHOC(OOH)HF

-OH
-NO3

h ν

Scheme 1 Tropospheric degradation of Sevoflurane initiated by OH radicals.  
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 Table 1. Reaction enthalpy (∆rH
0

298) for reaction channels (1-2) and enthalpies of formation 

(∆fH
0

298) for species at 298 K. All values are in kcal.mol-1. 

 

∆rH°298 M06-2X/ 

6-311++G(d,p) 

Reaction 1 -16.28 

Reaction 2 -16.49 

∆fH°298  

Species Isodesmic 

reactions 

M06-2X/ 

6-311++G(d,p) 

(CF3)2CHOCH2F 7 -415.49 

 8 -414.13 

Average  -414.81 

(CF3)2COCH2F  -364.36 

(CF3)2CHOCHF  -364.57 
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Table 2. Bond Dissociation Energy (D0
298) calculated at different levels of theory. All values are 

in kcal mol-1. 

Bond dissociation type M06-2X/6-

311++G(d,p) 

BHandHLYP/ 

6-311G(d,p) 

MPWB1K/6-

31+G(d,p) 

C-H bond 

(CF3)2CHOCH2F           (CF3)2COCH2F + H  

(CF3)2CHOCH2F           (CF3)2CHOCHF + H                                                                                                                 

 

102.59 

102.38 

 

102.95 

100.37 

 

103.71 

101.72 
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 Table 3. Rate coefficients values (in cm3 molecule-1 s-1) for hydrogen abstraction reactions of 

(CF3)2CHOCH2F with OH radicals and total rate coefficients (kOH) values as calculated using M06-2X 

/6-311++G(d,p) level. 

Temp. Range M06-2X 

T(K) kTS1 ×1014 kTS2a ×1014 kTS2b ×1014 kTS2 ×1014 kOH ×1014 

250 1.24 1.18 0.13 1.31 2.55 

298 1.64 1.63 0.42 2.05 3.68 

300 1.65 1.64 0.43 2.07 3.74 

350 2.11 2.17 1.06 3.23 5.35 

400 2.62 2.78 2.18 4.96 7.59 

450 3.19 3.48 4.01 7.49 10.69 

500 3.85 4.27 6.78 11.05 14.91 

550 4.59 5.18 10.77 15.95 20.55 

600 5.43 6.19 16.30 22.49 27.93 

650 6.37 7.33 23.72 31.05 37.43 

700 7.42 8.60 33.41 42.01 49.43 

750 8.59 9.99 45.78 55.77 64.36 

800 9.87 11.53 61.27 72.8 82.67 

850 11.29 13.20 80.35 93.55 104.8 

900 12.83 15.02 103.5 118.52 131.4 

950 14.51 16.99 131.3 148.29 162.8 

1000 16.33 19.12 164.2 183.32 199.6 
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Table 4. Atmospheric lifetime of Sevoflurane at 272 K and its GWPs at 298 K estimated using 

the results from B3LYP/6-31G** level.  

 

Atmospheric 

lifetime 

(years) 

Radiative efficiencies 

(Wm-2 ppbv-1) 

Global Warming 

Potentials w.r.t. CO2 for 

100 year time horizon 

References 

1.1 0.351 130 Andersen et al.17 

1.8 0.351 210 Andersen et al.12 

1.2 0.365 106 Ryan and Nielsen10 

4.0 -- 218 Langbein et al.8 

1.2 0.337 132 This  work 
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 Fig. 1. Optimized geometries of reactants, reactant complexes, transition states, product complexes 

and  products involved in the H-atom abstraction reactions of Sevoflurane by OH radicals at M06-

2X/6-31+G(d,p) method. Bond lengths are in angstroms. The italic values and values in parenthesis 

are taken from Refs. 38 and 39, respectively.  
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Fig. 2. Schematic potential energy diagram for the (CF3)2CHOCH2F + OH reactions. Relative 

energies (in kcal mol-1) are calculated at the M06-2X/6-311++G(d,p) + ZPE level.  
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Fig. 3. Schematic potential energy diagram for the thermal decomposition and oxidation 

pathways of (CF3)2CHOCHFO radical at the M06-2X/6-311++G(d,p) + ZPE level. All values are 

given in kcal mol-1. 

Page 33 of 36 New Journal of Chemistry

N
ew

Jo
ur

na
lo

fC
he

m
is

tr
y

A
cc

ep
te

d
M

an
us

cr
ip

t



 34 

 

 

Fig. 4. Rate constants for hydrogen abstraction reactions of (CF3)2CHOCH2F with OH radicals 

and total rate constant (kOH) for the (CF3)2CHOCH2F + OH reactions. aRef. [17] (JPCA 2012, 116, 

5806). 
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Optimized geometries of reactants, reactant complexes, transition states, product complexes and  products 
involved in the H-atom abstraction reactions of Sevoflurane by OH radicals at M06-2X/6-31+G(d,p) method. 
Bond lengths are in angstroms. The italic values and values in parenthesis are taken from Refs. 38 and 39, 

respectively.  
194x379mm (96 x 96 DPI)  
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Relative energy diagram (kcal mol
-1
) for the thermal decomposition and oxidation pathways 

of (CF3)2CHOCHFO radical at M06-2X/6-311++G(d,p) level of theory. 
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