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Abstract The transformation mechanism and kinetics of 2-chloro-1,1,2-trifluoroethyl-difluoromethyl-ether (CTDE, CHF2OCF2CHFCl) triggered by OH radicals were researched by DFT methods and canonical variational transition state theory. The computational rate constant including small-curvature tunneling correction was in commendable agreement with the experimental data. Two hydrogen abstraction channels to form the alkyl radicals of C·F2OCF2CHFCl and CHF2OCF2C·FCl were observed, and the formation of CHF2OCF2C·FCl was more favorable than C·F2OCF2CHFCl in kinetics and thermodynamics. Subsequent evolution of CHF2OCF2C·FCl in the presence of NO and O2 indicated that the organic nitrate (CHF2OCF2CONO2FCl) was the stable product. The dechlorinate of alkoxy radical (CHF2OCF2C(O·)FCl) was the most favorable degradation channel and the estimated ozone depletion potential for CTDE relative to CFC-11 was 0.0204, which could lead to a consequence of ozone depletion. Computed atmospheric lifetime for CTDE was 3.69 years by considering the combined contributions from OH radicals and Cl atoms. The total radiative forcing and global warming potential of CTDE were respectively 0.547 W m-2 ppbv and 628.58 (100 years) at 298 K, suggesting that the contribution of CTDE to the greenhouse effect is moderate. 
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Introduction

Chlorofluorocarbons (CFCs) cause significant environmental effects including deplete stratospheric ozone, produce noxious degradation products, and contribute to greenhouse effect [1, 2]. Currently, the haloethers such as hydrofluoroethers (HFEs) are being used as the third generation replacements to CFCs. There are a few HFEs still possessing some environmental hazards, including large global warming potentials, adverse effect of exposure and flammability hazard [3]. 2-chloro-1,1,2-trifluoroethyl-difluoromethyl-ether (CTDE, CHF2OCF2CHFCl) is a prototypical species of haloethers which contain fluorine and chlorine atoms and thus may be more unfriendly to the environment than HFEs. The transformation mechanism and kinetics for the initial and subsequent processes of CTDE are more important than the HFEs because the environmental impacts of CTDE are many-sided including global warming and ozone depletion.
  Up to now, three experimental researches have been performed to investigate the temperature dependence of the rate constants for reaction of OH with CTDE. In 1990, Brown et al. [4] have measured the rates of the reaction between the CTDE and OH radical by using a conventional discharge-flow resonance-fluorescence technique. The expression is 6.1 × 10-13 exp-(1080/T) cm3 molecule−1 s−1 in the temperature range 230-423 K. In 1993, Mcloughlin et al. [5] have obtained the corresponding experimental rate constant of < 3.0 × 10-13 cm3 molecule-1 s-1 at 300 ± 3 K by relative rate technique. In 1999, Tokuhash et al. [6] have summarized the Arrhenius expressions as (7.46 ± 1.85) × 10-13 exp [-(1230 ± 80)/T] cm3 molecule−1 s−1 within 250-430 K by means of flash photolysis, laser photolysis, and discharge flow methods. In addition, Wang et al. [7] have performed a theoretical study on the kinetics of reaction of OH with CTDE within 200-1000 K. Because H-abstraction reactions dominate fuel consumption over the whole temperature range of interest for combustion systems (500-2000 K) [8]. Thus, we have calculated the rate coefficient from 220 to 2000 K. Furthermore, the ensuing reactions in the complex environment (NO and O2) need a detailed investigation so as to guide future experiment. 
To the best of our knowledge, there is no other theoretical study on the mechanisms and kinetics for the degradation of CTDE. Therefore, we have elaborated the mechanisms in detail and carried out electronic structure calculations potential energy surface for the title reaction. The rate constants over a wide temperature region of 220–2000 K were obtained by transition state theory.

Theoretical evidence and details 

The equilibrium geometries and frequencies of the reactant, products, complexes and transition states are optimized by B3LYP [9, 10], BH&H-LYP [9, 10], and M06-2X [11] methods with the standard 6-311G(d,p) basis set. The zero point energy (ZPE) corrections are obtained in the same levels. In order to acquire more reliable energies and barrier heights, high levels single point computations for these stationary points are performed by CCSD(T) [12], QCISD(T) [13] methods on basis of the optimized geometries from B3LYP, BH&H-LYP and M06-2X, respectively. Above methods were widely used in the kinetic investigations of similar systems and have been verified to be of accuracy in the calculations of similar reactions [14-18]. The reactants and products and the relevant transition states were confirmed by intrinsic reaction coordinate (IRC) calculations [19]. All the electronic structure calculations are carried out using the Gaussian 09 program packages [20]. The dynamic calculations are carried out through the Polyrate-Version 9.7 program [21] by using the canonical variational transition state theory (CVT) [22] containing the small curvature tunneling (SCT) [23] corrections. The specific details were listed in Supporting Information.

Results and discussion. 

3.1 Geometries and mechanism analysis. 
The structural parameters of all the stable points involving two reaction channels, reaction R1 and R2, which are calculated at the B3LYP, BH&H-LYP, and M06-2X/6-311G(d, p) levels along with the scanty experimental value, are displayed in Figure 1, from which we can find that the parameters acquired at above three levels are in line with each other. For example, the largest discrepancies are 0.30 Å (O-H distance in EP2) for the calculated bond lengths and 2.4° for the bond angles (∠COC in CHF2OCF2CHFCl and CF2OCF2CHFCl), suggesting that above three levels can be used for investigating the title reactions. The lengths of breaking C-H bond and the forming O-H bond in TS1 are 1.200 and 1.338 Å, respectively, which are 10.3% and 39.1% longer than the corresponding equilibrium bond lengths. Furthermore, the breaking C-H bond length is 1.234 Å, which is elongated by 13.4% than the equilibrium bond length of C-H bond in CTDE, and the formed O-H (1.266 Å) is 31.5% longer than the equilibrium bond lengths of O-H bond in H2O. The elongation of the breaking bond is smaller than that of the forming bond, that is, this reaction will proceed via an indirect mechanism through an early transition state, which is similar with the conditions in the OH-degradation of CHF2CHFOCF3 [24], CHF2OCF2CHF2 [25], (CF3)2CFOCH3 [26], (CF3)2CHOCH3 [27], and (CF3)2CHOCF3 [28]. The early transition states is in keeping with the perspective of Fisher and Radom [29] that an exothermic reaction corresponds to an “early” transition state. At the BH&H-LYP and M06-2X/6-311G(d,p) levels, similar results can be obtained for reactions R1 and R2. The harmonic vibrational frequencies of the all the stationary points of the reactions calculated at the B3LYP/6-311G (d,p) level are listed in Table S1, along with the experimental data of OH and H2O. 

The schematic PES of the title reactions obtained at the CCSD(T), QCISD(T)//B3LYP/6-311G(d,p) level is plotted in Figure 2. The relative energies acquired at CCSD(T) and QCISD(T) based on the B3LYP, BH&H-LYP, M06-2X//6-311G(d, p) levels are listed in Table 2, from which we can find that the energies obtained at CCSD(T) and QCISD(T) methods are all in line with each other. Like the reactions of CH3CH2OCF3 [30] and CHF2CF2OCH2CF3 [31] with OH radicals, there are two reactant intermediates (ER1 and ER2) formed with 1.83 (1.82) and 2.55 (2.54) kcal/mol energies lower than the reactants for the title reactions. The energies of the hydrogen-bonded complexes, EP1 and EP2, are nearly 3.13, 3.80 kcal/mol relative to the corresponding products, CHF2OCF2CFCl + H2O and CF2OCF2CHFCl + H2O, respectively. The barrier height (considering the effect of reactant intermediates) for R2 (9.04 kcal/mol) is higher than that of R1 (5.92 kcal/mol) at the CCSD(T)//B3LYP/6-311G(d,p) level, indicating that the rate constant of R1 may be faster than R2. 
  The reaction enthalpies (
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) for R1 and R2 are calculated at the B3LYP/6-311G(d,p), BH&H-LYP/6-311G(d,p), M06-2X/6-311G(d,p) and further refined by CCSD(T), QCISD(T) theories, which are listed in Table 3. The 
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 of R1 is -12.8 kcal/mol lower than that of R2 (-7.7 kcal/mol). Similar to 
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of R1 is also more negative than (~5.0 kcal/mol) that of R2, respectively. Comparing the 
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 of R1 with R2, it can be found that both the exothermic energy and spontaneous tendency of R1 are larger than R2. 

3.2 Kinetic calculations and product branching ratios.
  The rate constants are obtained by TST and CVT from 220 to 2000 K by considering the SCT correction. The TST, CVT, CVT/SCT rate constants for the pathways R1 and R2 are respectively presented in Figures 3a and 3b. Figures 3a and 3b show that the variational effect is not important for R1 and R2 because the curves of TST and CVT are closely coincident. In contrast, the tunneling effect for rate constants of R1 and R2 is obvious. It can be seen from Figure 3a that the tunneling effect for k1 is not negligible until 2000 K. The tunneling effect for k2 is impotent from 220 to 1000 K, and becomes negligible when the temperature is higher than 1000 K. For example, the ratios of k1(CVT/SCT)/k1(CVT) are 7.64 × 102, 1.26 × 102, 24.17, 4.50, and 1.31 at 298 K, 375 K, 500 K, 800 K, and 2000 K, respectively. Meanwhile, the ratios of k2(CVT/SCT)/k1(CVT) are 9.47 at 298 K, 4.61 at 375 K, 2.47 at 500 K, 1.39 at 800 K and 0.99 at 2000 K. Therefore, the tunneling effect plays an important role in the moderate temperatures.
   Figure 4 presents the single channel rate constants (k1 and k2) and the total rate constant k (k1+k2) along with the available experimental data. The calculated total k(CVT/SCT) = 8.30 × 10-15 cm3 molecule-1 s-1 is almost the same with the experimental value (1.14 ± 0.09) × 10-14 cm3 molecule-1 s-1 at 298 K. The theoretical rate constants at other temperatures are also in good agreement with the corresponding experimental values within a factor of 0.7-2.3 in the temperature range 250-430 K [6]. Thus, the rate constants acquired at QCISD(T)//B3LYP/6-311G(d,p) level are trustworthy over the entire temperature range. The temperature dependence of the branching ratios (k1/k and k2/k) is exhibited in Figure 5. As shown in Figure 5, we can find that the H-abstraction from -CHFCl group (R1) is the predominant pathway for the title reaction. The contribution of k1 to the total rate constant decreases with temperature, however k2 increases with the  temperature. For example, the ratios are 98% at 298 K, 93% at 500 K, 85% at 1000 K and 82% at 2000 K for k1. To give a further estimation for the reaction of CTDE with OH, the fitted three-parameter is given as expressions with 220-2000 K (cm3 molecule−1 s−1): k (T) = 9.22 × 10−24 T 3.43 exp (154.37/T), k1 (T) = 5.18 × 10−24 T 3.47 exp (297.74/T), and k2 (T) = 1.02 × 10−22 T 2.96 exp (-994.14/T).

3.3 Transformation of the preoxy radical in the presence of NO.

   The chemically activated alkyl radical (CHF2OCF2C·FCl) can subsequently react with main atmospheric oxidant such as O2 along with the formation of preoxy radical (IM1), which plays a central role in the chemistry of the Earth’s lower atmosphere. The subsequent chemistry of preoxy radicals could exert a regulatory influence on the cycling of reactive radicals, and the production of ozone and secondary pollutants [32]. Here, the reaction mechanism of IM1 with NO is explored and the corresponding schematic potential energy surface as well as geometries of some important intermediates and transition states are shown in Figure 6. The initial combination of IM1 and NO resulting in two different adducts (trans-form nitrite IM2 and cis-form nitrite IM3) is barrierless, just like the reactions of other preoxy radicals with NO [33, 34]. The trans-form IM2 can convert to the cis-form IM3 via TSIM1. The cis-form IM3 can isomerize via TSIM2 to form nitrate. Importantly, the dissociation of the chemically activated IM2 to CHF2OCF2CO·FCl (IM5) + NO2 proceeds via the pathways for which the transition states are at least 7.77 kcal/mol above the reactants. This dissociation transition state TSIM3 is not comparable in energy to TSIM2 (isomerization transition state). Thus, the reaction pathway via the intermediate IM4, finally forming organic nitrate (IM4, CHF2OCF2CONO2FCl), is the most favorable for the reaction IM1 + NO. The subsequent reactions of alkoxy radical (IM5) including C-C bond breakage (R-C), dechlorinate (R-Cl), and defluorination (R-F) processes are also investigated to provide evidence for the following experiment. The energy barriers for the reactions of R-C, R-Cl, and R-F are respectively 4.57, 0.82, and 28.38 kcal/mol, suggesting that the dechlorinate is the most favorable degradation pathway for IM5, leading to inevitable consequence of ozone depletion.

3.4 Ozone depletion and global warming potentials 

In fact, OH- and Cl-initiated reactions determine the atmospheric lifetime of saturated volatile organic compounds. Therefore, the lifetimes (τ) of CTDE can be estimated by the following expression:
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The rate constants for OH and Cl with CTDE are 8.30× 10-15 and 2.90× 10-15 cm3 molecule-1 s-1 at 298 K [35], respectively. The lifetime of CTDE is estimated to be 3.69 years at 298 K. The estimated lifetime is in good agreement with the experimental value [36]. A semiempirical approach developed by Solomon and Albritton [37] was applied to the assessment of ozone depletion potentials (ODP) of CTDE  relative to the CFC-11 (CFCl3):

ODPCTDE=
[image: image11.wmf]3

3

3

ClCTDECFCl

CFClCTDE

nM

M

t

t


where M denotes the molecular weight, nCl is the number of chlorine atom in the CTDE, and τ is the atmospheric lifetime. The ODPCTDE is 0.0204, illustrating that CTDE can damage the ozone layer. In addition, the global warming potential (GWPs) of CTDE to CO2 is computed at different time horizons of 20, 100, and 500 years. The GWPs for CTDE are assessed by the following formula: 
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The physical meaning of the symbols in above formula can be found in the reference [28]. The total radiative forcing for CTDE is 0.547 W m-2 ppbv. The GWPs of CTDE at time horizons of 20, 100, and 500 years are respectively 2045.15, 628.58, and 196.32, which portend that CTDE may contribute to the greenhouse effect to some extent.
4. Conclusions

In this work, the OH-triggered degradation reaction of CHF2OCF2CHFCl is studied by the B3LYP/6-311G(d,p), BH&H-LYP/6-311G(d,p), M06-2X/6-311G(d,p) levels. Two H-abstraction paths are identified and the calculated results show that the tunneling effect plays an important part and the variational effect is so small that it can be negligible. All the rate constants increase with the increasing of the temperature, that is to say, the rate coefficients have positive temperature effect in the temperature of 220-2000 K. The transformation mechanisms of the preoxy radical CHF2OCF2C(OO·)FCl and alkoxy radical CHF2OCF2C(O·)FCl are investigated. The atmospheric lifetime, ozone depletion, and global warming potentials for CHF2OCF2CHFCl are also estimated. This work would be useful to understand the transformation and environmental impact of the haloethers.
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Table 1. Relative energies of all species for reactions R1 and R2 at the B3LYP/6-311G(d,p), BH&H-LYP/6-311G(d,p), M06-2X/6-311G(d,p) and CCSD(T), QCISD(T) methods based on the three levels (kcal/mol) with the ZPE (a.u.) correction.

	Species
	ZPE(B3LYP)
	B3LYP
	CCSD(T)//B3LYP
	QCISD(T)//B3LYP

	R+OH
	0.069812


	0.00
	0.00
	0.00

	ER1
	0.071168


	-4.26
	-1.83
	-1.82

	TS1
	0.066666


	-2.22
	4.09
	3.91

	EP1
	0.070860

	-18.46
	-15.97
	-16.12

	1P1+H2O
	0.069972


	-15.85
	12.83
	-13.07

	ER2
	0.071231


	-4.02
	-2.55
	-2.54

	TS2
	0.065752


	-1.10
	6.49
	6.29

	EP2
	0.070720

	-13.06
	-11.59
	-11.72

	1P2+H2O
	0.069658


	-10.16
	-7.79
	-8.00

	　
	ZPE(BH&H-LYP)
	BH&H-LYP
	CCSD(T)//BH&H-LYP
	QCISD(T)//BH&H-LYP

	R+OH
	      0.073278


	0.00
	0.00
	0.00

	ER1
	      0.075001


	-4.05
	-3.73
	-3.75

	TS1
	      0.069824


	6.85
	3.90
	3.62

	EP1
	      0.074592
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	      0.074056
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	1P2+H2O
	      0.071150

	-9.74
	8.10
	8.28
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Figure captions
Figure 1. Optimized geometries of the reactant, products, transition states, and complexes at the B3LYP/6-311G(d,p), BH&H-LYP/6-311G(d,p) (in parenthesis), M06-2X/6-311G(d,p) (in square brackets), and the corresponding experimental values (in curly brackets). Bond lengths are in angstroms and angles in degrees.

Figure 2. Schematic potential energy surface for the OH-mediated reaction of CTDE at the CCSD(T)//B3LYP/6-311G(d,p) and QCISD(T)//B3LYP/6-311G(d,p) levels (in parenthesis).

Figure 3. Computed TST, CVT, and CVT/SCT rate constants versus 103/T between 220 and 2000 K (a) for channel R1, (b) for the channel R2.
Figure 4. The single rate constants (k1 and k2) and total rate constant (k=k1+k2) for the reaction of CTDE with OH at the QCISD(T)//B3LYP/6-311G(d,p) level along with the experiment data.

Figure 5. Computed branching ratios versus 103/T between 220 and 2000 K for the reaction the reaction of CTDE with OH.

Figure 6. Profiles of the potential energy surface for the subsequent reaction pathways of the CHF2OCF2C(OO·)FCl (IM1) in NO-rich environment.
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Figure 3.

[image: image24.png]Rate constants (cm3molecule'ls'l)

1E-12

._.
=
—_
~

1E-16

2

3
1000/T(K™1)




Figure 4.
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  Figure 5.
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Figure 6.
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