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The reaction kinetics of chlorine atoms with the hydrofluoroethers CHF2CF2OCH3 (1), CHF2CF2OCH2CH3

(2), CHF2CF2OCH2CF3 (3), CF3CHFCF2OCH3 (4), and CH2dCHCH2OCF2CHF2 (5) were studied in the gas
phase over the temperature range 273-363 K. The experiments were performed at very low pressures (<3
mTorr) in a molecular flow system equipped with a quadrupole mass spectrometer by monitoring both reactants.
The proposed Arrhenius expressions for the studied reactions are (in cm3 molecule-1 s-1, 2σ uncertainties):
k1 ) (5.49( 1.51)× 10-12 exp(-928( 155/T), k2 ) (1.99( 0.12)× 10-12 exp(-36 ( 33/ T), k3 ) (1.95
( 0.72)× 10-12 exp(-1616( 202/T), k4 ) (8.72( 2.93)× 10-12 exp(-1112( 186/T), andk5 ) (5.54(
1.96)× 10-13 exp(821( 214/T). The title reactions proceed via hydrogen atom metathesis, with the exception
of the unsaturated CH2dCHCH2OCF2CHF2 ether, where the Cl-atom addition pathway leading to CH2d
CHCl is also present. The C-H bond strengths in several hydrofluoroethers were calculated at the B3P86/
6-311++G(3df,2p) level of theory, and they show an increase in the order-OCH(CH3)-H < -OCH(CF3)-H
< -CH2OCH2-H < -CF2OCH2-H < -OCH2CH2-H < -OCF2CF2-H < -OCF2-H. Furthermore, their
room-temperature rate coefficients correlate with the weakest C-H bond strengths in each molecule, according
to the expression log(k, in cm3 molecule-1 s-1) ) (23.6( 7.4) - (0.09( 0.02)× [C-H bond strength (in
kJ mol-1)]. In addition, their vertical ionization potentials were calculated at the B3LYP/6-311++G(3df,2p)
level of theory, and they also correlate with the room-temperature rate coefficients according to the expression
log(k, in cm3 molecule-1 s-1) ) (4.0 ( 1.7) - (1.42 ( 0.15)× [ionization potential (in eV)].

Introduction
Hydrofluoroethers (HFE) belong to a relatively new genera-

tion of chlorine-free compounds harmless to stratospheric ozone,
which have been proposed as substitutes for chloroflurocarbons
(CFC) and hydrofluorocarbons (HFC), since they contain the
ether linkage-O- that is expected to increase their reactivity
in the troposphere and reduce their atmospheric lifetimes.
Therefore, their impact on global warming and climate changes
were anticipated to be negligible.1-3 The reactivity of a large
number of hydrofluoroethers toward atmospheric oxidants and
their thermochemical properties have been studied in a number
of experimental3-14 and theoretical15-19 works. Although the
reaction with OH radicals constitutes the main tropospheric sink
of hydrofluoroethers, the reaction with the less abundant chlorine
atoms may also enhance their removal rates due to the higher
reactivity of chlorine atoms toward most organic compounds.20

In fact, chlorine atoms have been monitored in concentrations
in the order of 104 molecule cm-3 over the marine boundary
layer,21-24 as well as during ozone episodes in urban atmo-
spheres.25 Furthermore, the reaction kinetics of hydrofluoroethers
toward chlorine atoms will provide information on the tropo-
spheric reactivity of hydrofluoroethers, and will also assist in
the elucidation of their degradation mechanism in the atmo-
sphere. The kinetic parameters of several hydrofluoroethers with
Cl atoms have been determined in a number of studies,6,7,10,11,26-30

in addition to the study of their tropospheric degradation
mechanism9,11,17and the reaction kinetics of several hydrofluo-
roethers with OH radicals,3-8,12 and O(1D) atoms.13

In this work, the absolute rate coefficients for the reactions
of chlorine atoms with the hydrofluoroethers CHF2CF2OCH3,
CHF2CF2OCH2CH3, CHF2CF2OCH2CF3, CF3CHFCF2OCH3,
and CH2dCHCH2OCF2CHF2 were measured over the temper-
ature range 273-363 K. The experiments were performed by
using the very low-pressure reactor (VLPR) technique which
has been described in detail previously.31 The reactivity of
several hydrofluoroethers as a function of their molecular
structure was investigated, by correlating the room-temperature
rate coefficients with the C-H bond strengths and the ionization
potentials, calculated by the cost-effective density functional
theory, with accuracies of(10 kJ mol-1 32 and (0.37 eV,33

respectively.

Experimental Section

The absolute rate coefficients of the title reactions were
measured by using a very low pressure reactor (VLPR)
apparatus, which has been extensively used in our laboratory
for studying the kinetics of fast bimolecular reactions between
Cl atoms and a variety of molecules.10,31,34The reactor consists
of a thermostated cylindrical cell equipped with two capillary
inlets for the admission of reactants. The internal surface is
coated with a thin film of Teflon (Du-Pont Teflon FEP 120) in
order to suppress heterogeneous processes and inhibit Cl atoms
recombination. The reaction mixture escapes through an orifice
of 5 mm to the first stage of a differentially pumped chamber.
An effusive molecular beam is formed by placing a conical
skimmer before the second stage of the vacuum chamber. The
beam is modulated by a tuning fork chopper with a frequency
of 200 Hz, and analyzed by a quadrupole mass spectrometer
(Balzers QMG511). A lock-in amplifier is used to discriminate
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and amplify the modulated component of the mass spectrometric
signal, and a microcomputer is used to collect the output of the
lock-in amplifier and control the operation of the mass
spectrometer.

The reactants flow into the reactor through a long capillary
resistance, and their flow rate (in molecules s-1) is determined
by following their buffer volume pressure drop. The escape rate
coefficientkesc,M of all species out of the reactor was measured
as a function of the molecular weight M, by using their mass
spectrometric signal first-order decay after an abrupt halt of their
flow. Thus,kesc,M was given by the expressionâ(T/M)1/2 (s-1),
where the factorâ was 2.67 or 1.86, depending on the escape
orifice diameter and the reactor volume (forVcell ) 109 or 168
cm3, respectively), andT was the reactor temperature. The total
pressure inside the reactor was estimated to be in the range
0.6-3 mTorr, with a partial pressure of helium of ca. 0.5 mTorr.
The residence times of Cl atoms and HFE molecules in the
reactor were ca. 0.2 and 0.5 s, respectively.

Chlorine atoms were produced by a microwave discharge in
a mixture of 5% Cl2 in helium flowing through a quartz tube
coated with a phosphoric-boric acid mixture. The conversion
of Cl2 molecules to Cl atoms and HCl molecules (produced
inside the quartz tube) was almost complete (>97%), and this
was verified by monitoring the intensity atm/e 70 (Cl2+). The
electron energy in the ion source was set to 19 eV in order to
eliminate the contribution of HCl fragmentation to them/e 35
(Cl+) peak, which was measured to be 0.3%. The detection limit
of Cl atoms for the current experimental conditions was
determined to be ca. 4× 109 atoms cm-3, based on three times
the deviation of the mean background noise.

The mass spectra of all HFEs at an electron energy of 19 eV
are shown in Table 1. The steady-state concentration of
hydrofluoroethers was determined by monitoring their prominent
mass spectrometric peaks, which do not have any contribution
from the primary radical product. In particular, CHF2CF2OCH3,
CHF2CF2OCH2CH3, CHF2CF2OCH2CF3, and CF3CHFCF2-
OCH3 were monitored at their prominent fragment peaks atm/e
81 (CH3OCF2

+), m/e 95 (CH3CH2OCF2
+), m/e 83 (CF3CH2

+),
andm/e81 (CH3OCF2

+), respectively, and CH2dCHCH2OCF2-
CHF2 was monitored at its parent peak atm/e 158. The rela-
tion between the mass spectrometric peak intensityIS of a
given species and its steady-state concentration [S], or flow

rateFS is given by the expression

whereaS is a mass spectrometric calibration factor that depends
on the selected mass peak.

The rate coefficient measurements were performed by keeping
a constant flow rate of chlorine atoms in the reactor, and varying
the flow rate of hydrofluoroethers. The initial concentration of
chlorine atoms [Cl]o was on the average 1.5× 1012 molecule
cm-3. At high HFEs flows, the steady-state concentration of
HFEs was independent of the Cl atom presence ([HFE]=
[HFE]o), and the pseudo-first-order approximation for HFEs is
valid. In particular for [HFE]> 50[Cl], the rate coefficients
could be obtained either by assuming the pseudo-first-order
condition for HFEs, or by monitoring the steady-state concen-
trations of both reactants. The two methods produced identical
results within 5%, indicating that the radical products do not
interfere with HFEs monitoring. However, the rate coefficients
were derived using the second method without relying on the
pseudo-first-order assumption.

The steady-state concentrations of Cl atoms and HFE
reactants were in the range (0.1-3) × 1012 molecule cm-3 and
(0.001-3.5) × 1014 molecule cm-3, respectively. The uncer-
tainty in the mass spectral intensity measurements was ca. 5%
(2σ), leading to an accuracy of ca. 7% (2σ) for the ratioR )
[Cl] o/[Cl] ) IClo/ICl.

The title hydrofluoroethers were commercially available and
their source and stated purity were the following: CHF2CF2-
OCH3 (Fluorochem, 98%); CHF2CF2OCH2CH3, CHF2CF2-
OCH2CF3, and CF3CHFCF2OCH3 (Fluorochem, 97%); CH2d
CHCH2OCF2CHF2 (Aldrich, 99%). However, they were further
purified by fractional distillation and degassing at 77 K,
achieving 99% purity, as indicated by GC/MS and NMR
analysis.

Results

Mass spectrometric analysis of the products for the title
reactions revealed the appearance of HCl (atm/e 36) as the
primary reaction product. In addition, for the reaction of the
unsaturated ether (5), vinyl chloride (CH2dCHCl atm/e62 and
64) was detected among the reaction products, indicating the
presence of the chlorine atom addition pathway.

Thus, all reactions proceed via a hydrogen transfer mechanism
as shown below:

TABLE 1: Mass Spectra of CHF2CF2OCH3,
CHF2CF2OCH2CH3, CHF2CF2OCH2CF3, CF3CHFCF2OCH3,
and CH2dCHCH2OCF2CHF2 at an Electron Energy of
19 eVa

CHF2CF2OCH3

m/e 15 47 51 81
23 5 5 100

CHF2CF2OCH2CH3

m/e 15 27 28 29 30 45 79 95 101 131
38 2 9 100 4.5 5.5 3 8.5 1.5 1.5

CHF2CF2OCH2CF3

m/e 29 31 33 51 79 83 85 101 131 149
4.3 70 26.5 12 16.5 100 7 19.5 36 18

CF3CHFCF2OCH3

m/e 15 31 81 82
8 3 100 38

CH2dCHCH2OCF2CHF2

m/e 29 41 51 57 58 59 60 107 158
11.5 100 1.5 6 5.5 2 5.5 5 5

a Intensities are reported relative to the intensity of the most
prominent mass spectrometric peak.

IS ) aSFS ) aSVcell kesc,S[S]
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In particular, the reaction of CH2dCHCH2OCF2CHF2 proceeds
via the following pathways:

The intermediate adducts in reactions 5c and 5d may further
undergo unimolecular decomposition via C-C or C-O bond
fission, yielding the corresponding chloroalkenes:

All experiments were performed at very low pressures (0.6-3
mTorr range) in order to suppress any secondary reactions. The
recombination and abstraction reactions between Cl atoms and
primary radicals leading to chlorinated products, as well as the
radical-radical reactions, could not occur at low-pressure
conditions. Indeed, our experiments have verified the absence
of any chlorinated products, with the exception of reaction 5,

where the Cl atom addition pathway is present. Therefore,
secondary reactions of Cl atoms were not included in the above
reaction schemes, and application of the steady-state approxima-
tion for each reaction leads to the expression

where∆[Cl] is the difference of the steady-state concentrations,
[Cl] o - [Cl] r (subscripts o and r denote the absence or presence
of HFE reactant, respectively),kesc,Cl is the escape rate of Cl
atoms,k is the rate coefficient (the sum of all primary reaction
pathways), and [HFE] is the steady-state concentration of the
HFE. The rearrangement of the above expression leads to

whereR ) [Cl] o/[Cl] r ) I35,o/I35,r. Therefore, all experiments
were performed by monitoring the mass spectral signals of both
reactants while a given flow of HFE was introduced into the
reactor. A typical plot of the above expression for the reaction
with ether (1) atT ) 303 K is presented in Figure 1. The linear
least-squares fits to the data yield the rate coefficients with a
precision of ca. 10% (2σ).

Experiments were performed at temperatures of 273, 303,
333, and 363 K, and the rate coefficient values obtained at each
temperature are listed in Table 2. Linear least-squares fits of
the temperature-dependent rates yield the activation energies
and the preexponential Arrhenius factors, which are given in
Table 3. Finally, the Arrhenius plots of all title reactions are
presented in Figure 2.

Theoretical Calculations of the C-H Bond Strengths and
the Ionization Potentials of Hydrofluoroethers

The electronic structure calculations were performed with the
Gaussian 98 programs suite.35 Spin-restricted wave functions
were selected for all closed-shell molecules, while unrestricted
ones were selected for the radicals. The geometries and the
vibrational frequencies of all species were calculated by using
the B3P86 density theory functional36,37 in combination with
the small 6-31G(d′) basis set,38 which employs more realistic
values for the d polarization function exponents for the first-
row atoms than the commonly used 6-31G(d).39 All vibrational
frequencies were scaled by 0.9723 to compensate for the
deficiencies of the B3P86/6-31G(d′) level of theory.32 Subse-
quently, single-point calculations were performed by employing

Figure 1. Plot of (R - 1) kesc,Cl vs [CHF2CF2OCH3] at T ) 303 K.
Error bars reflect the propagated error (2σ), solid line is the linear least-
squares fit to the data.

CH2CHClCH2OCF2CHF2 f CH2dCHCl +
CH2OCF2CHF2 (5e)

ClCH2CHCH2OCF2CHF2 f ClCH2CHdCH2 +
OCF2CHF2 (5f)

TABLE 2: Rate Coefficients Measured for the Title Reactions (in 10-15 cm3 molecule-1 s-1, 2σ uncertainty) at the
Temperatures 273, 303, 333, and 363 Ka

temperature

HFE 273 303 333 363 [HFE]o range (R - 1)kesc,Clrange

CHF2CF2OCH3 185( 20 236( 49 344( 28 421( 52 0.2-9.0× 1013 0.4-30
CHF2CF2OCH2CH3 1750( 220 1750( 210 1800( 220 1800( 150 0.2-4.0× 1013 4-50
CHF2CF2OCH2CF3 5.28( 0.52 9.11( 1.03 16.3( 2.3 22.2( 3.0 0.3-3.5× 1014 0.3-5
CF3CHFCF2OCH3 146( 18 231( 41 323( 52 391( 62 0.3-2.5× 1013 0.2-7
CH2dCHCH2OCF2CHF2 11100( 1300 8320( 680 6760( 830 4950( 990 0.3-6.8× 1012 2-60

a The ranges of [HFE]o and (R-1)kesc,Cl for each reaction and at all temperatures are also listed. HFE concentrations are in molecule cm-3.

TABLE 3: Kinetic Parameters and Rate Coefficients at 298 K (interpolated by the corresponding Arrhenius expressions) for
the Reactions of Cl Atoms with the Hydrofluoroethers of the Present Study

HFE A cm3 molecule-1 s-1 Ea/RK k298 cm3 molecule-1 s-1

CHF2CF2OCH3 (5.49( 1.51)× 10-12 928( 155 (2.44( 1.44)× 10-13

CHF2CF2OCH2CH3 (1.99( 0.12)× 10-12 36 ( 33 (1.76( 0.22)× 10-13

CHF2CF2OCH2CF3 (1.95( 0.72)× 10-12 1616( 202 (8.63( 6.66)× 10-15

CF3CHFCF2OCH3 (8.72( 2.93)× 10-12 1112( 186 (2.09( 1.48)× 10-13

CH2dCHCH2OCF2CHF2 (5.54( 1.96)× 10-13 -821( 214 (8.70( 6.96)× 10-12

∆[Cl]kesc,Cl) k[Cl][HFE]

(R - 1)kesc,Cl) k[HFE]
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the B3P86 functional and the extended 6-311++G(3df,2p) basis
set.40 It is known that the B3P86 functional in combination with
medium to large basis sets is a rather accurate method for
calculating molecular geometries and bond strengths for halo-
genated species.32 Finally, zero-point energies and thermal
corrections at 298.15 K were added to the high-level electronic
energies by assuming the rigid rotor and harmonic oscillator
approximations in order to obtain the total enthalpies and the
bond dissociation energies at 298.15 K.

The C-H bond strengths for most hydrofluoroethers available
in the literature were calculated at B3P86/6-31G(d′) and B3P86/
6-311++G(3df,2p) and are presented in Table 4. It is interesting
to note that both levels of theory yield comparable values of
C-H bond strengths within 8 kJ mol-1. The only experimentally
known value of C-H bond strength is for CH3OCH3, 393.7(
10.0 kJ mol-1 (calculated from the corresponding formation
enthalpies of CH3OCH3, -184.1( 0.50 kJ mol-1 41, CH3OCH2,
-8.4 ( 10 kJ mol-1,42 and H, 217.998( 0.006 kJ mol-1 43)
which is close to the 401.9 kJ mol-1 value, derived at the highest
level of theory. In addition, the C-H bond strengths were
calculated for several fluorinated dimethyl ethers and the values
obtained were similar to those in previous calculations at the
MP2/6-311++G(2d,2p) level of theory.18 Finally, the reaction
enthalpy at 298.15 K for all possible pathways for the reaction
of Cl atom with CH2dCHCH2OCF2CHF2 were also calculated
and are presented in Table 5.

The vertical ionization potentials of most hydrofluoroethers
available in the literature were calculated at the B3LYP/6-
311++G(3df,2p) level of theory by taking the difference
between the absolute electronic energies of the title ether and
the corresponding singly ionized cation (retaining the parent
molecule geometry), and these values are listed in Table 6. It
has been recently shown that the B3LYP functional yields
accurate ionization potentials for several molecules containing
first-row atoms.33 Indeed, the calculated ionization potentials,
presented in Table 6, indicate an excellent agreement with the
corresponding experimental values for CH3OCH3,44 CH3CH2-
OCH3,45 CF3CH2OCH3,46 and CH3CH2OCH2CH3.45

Figure 2. Arrhenius plots for the title reactions. Error bars reflect the
propagated errors (2σ), solid lines are the linear least-squares fits to
the data.

TABLE 4: C -H Bond Strengths (in kJ mol-1) at 298.15 K of Hydrofluoroethers at the B3P86/6-31G(d′) and B3P86/
6-311++G(3df,2p) Levels of Theory

bond
B3P86/

6-31G(d′)
B3P86/

6-311++G(3df,2p) bond
B3P86/

6-31G(d′)
B3P86/

6-311++G(3df,2p)

CH3OCH2-H 409.1 401.9 CF3CF2OCH2-H 426.7 422.7
CH2FOCH2-H 399.9 395.5 cyclo-(OCF2CF(-H)CF2) 430.4 431.9
CH3OCHF-H 394.6 394.7

CH3CH2OCH(-H)CH3 398.7 392.1
CHF2OCH2-H 421.1 415.7 CH3CH2OCH2CH2-H 435.4 428.1
CH3OCF2-H 423.3 422.5

CHF2CF2OCH2CH2-H 437.2 431.3
CF3OCH2-H 426.0 421.6 CHF2CF2OCH(-H)CH3 412.1 407.8

CH3CH2OCF2CF2-H 424.5 425.8
CH2FOCHF-H 419.3 418.5

CF3CH2OCH(-H)CF3 408.9 401.0
CHF2OCHF-H 423.7 420.4
CH2FOCF2-H 437.9 439.2 CHF2CF2OCH(-H)CF3 418.6 415.2

CF3CH2OCF2CF2-H 425.2 427.2
CF3OCHF-H 423.5 421.0

CF3CHFCF2OCH2-H 425.6 420.5
CHF2OCF2-H 434.9 435.0 CH3OCF2CF(-H)CF3 419.1 415.2
CF3OCF2-H 430.0 424.3 CHF2CF2CH2OCF2-H 426.0 423.2

CHF2CF2CH(-H)OCHF2 413.8 399.5
CH3CH2OCH2-H 408.6 401.6 CHF2OCH2CF2CF2-H 423.4 418.9
CH3CH(-H)OCH3 399.0 392.2
CH3OCH2CH2-H 435.6 428.3 (CF3)2CHOCF2-H 425.6 424.7

(CF3)2C(-H)OCHF2 407.8 410.0
CF3CH2OCH2-H 413.0 406.4
CF3CH(-H)OCH3 399.7 392.2 n-C3F7OCH2-H 422.5 416.7
CHF2CF2OCH2-H 425.4 420.8 i-C3F7OCH2-H 420.2 415.3
CH3OCF2CF2-H 424.0 425.8

n-C4F9OCH2-H 427.4 423.3
CF3CH2OCF2-H 440.9 440.9
CF3CH(-H)OCHF2 421.5 416.8 n-C4F9OCH2CH2-H 437.2 432.6

n-C4F9OCH(-H)CH3 411.9 406.3
CH2FCF2OCF2-H 432.5 429.1
CHF2OCF2CHF-H 423.6 419.6 CH2dCHCH2OCF2CF2-H 424.5 426.3

CH2dCHCH-H)OCF2CHF2 345.8 343.1
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Discussion

The Arrhenius parameters and the rate coefficients at 303 K
for the title reactions are presented in Table 3. The room-
temperature rate coefficients for hydrogen atom metathesis
reactions span the range from 9.11× 10-15 for CHF2CF2OCH2-
CF3 to 1.75× 10-12 cm3 molecule-1 s-1 for CHF2CF2OCH2-
CH3, and reach the highest value of 8.32× 10-12 cm3

molecule-1 s-1 for the unsaturated CH2dCHCH2OCF2CHF2

ether, where the Cl-addition pathway competes with the H-atom
abstraction pathway. The variation of the rate coefficients for
the hydrogen atom metathesis reactions can be explained either
in terms of reaction enthalpies47 that reflect the variations in
the C-H bond strengths, or in terms of ionic curve-crossing

states of the species involved which correlate strongly with the
ionization potentials48,49 or the energies of the HOMO50 of
HFEs. These molecular properties can be determined either
experimentally or predicted by electronic structure calculations,
and can be employed in the construction of empirical structure-
reactivity relationships.51-55

It has been argued that the correlation between the rate
coefficients and the properties affecting the ionic states of the
species involved (ionization potentials, electron affinities) is
more accurate than the correlation with the thermochemical
properties, in particular the barrier heights.48,49 However, for
the reactions of electrophilic radicals (Cl, OH) with a particular
class of compounds, the key molecular properties are all strongly
interrelated, leading to structure-reactivity relationships of
comparable quality by either approach. In addition, the ther-
mochemical approach is advantageous regarding its ability to
suggest the most likely sites of atom metathesis, by taking into
account the relative strengths of the various C-H bonds in a
molecule, besides entropic factors.

Experimental data indicate that for most saturated organic
molecules, the presence of the ether linkage-O- increases
the molecular reactivity by significantly lowering the activation
energy of hydrogen atom metathesis reactions.20,56 However,
theoretical calculations have suggested that the presence of
adjacent fluorine atoms suppresses or even reverses the deac-
tivating effect of the ether link, as in the case of-OCHF2

group.18,19In addition, experimental56-62 and theoretical18,19,32,63

studies have shown that substitution by a single halogen atom
lowers the C-H bond strengths and enhances the abstraction
of adjacent hydrogen atoms, while it strengthens the C-H bonds
on the vicinal carbon atoms. The effects of halogen substitution
on the rate coefficient have been also discussed in terms of the
charge distribution affecting the energetics of the transition state
by the approach of the electrophilic Cl atom.61

In general, the strength of the C-H bonds in hydrofluoro-
ethers depends on the interplay of two counteracting electronic
effects: (a) the strengthening due to the electron-withdrawing
inductive effects of F and/or O atoms throughσ-bonds, and (b)
the weakening of the adjacent C-H bonds due to theπ-electron
transfer from F or O atom to the central C atom. This general
qualitative scheme, in terms of electronic interactions, may
provide an adequate explanation for the observed trend of C-H
bond strengths shown in Table 4. In principle, fluoroethers may
be divided in seven types and furthermore in two main groups,
considering their structure and the strength of the C-H bond,
and in accordance with the bond strength: (a)-OCH2CH2-
H, -OCF2CF2-H, and (b)-OCF2-H, -CF2OCH2-H, -CH2-

TABLE 5: Theoretical Reaction Enthalpies (in kJ mol-1) at 298.15 K for the Most Probable Reactions of the System
CH2dCHCH2OCF2CHF2 + Cl, at the B3P86/6-311++G(3df,2p) Level of Theory

reaction
B3P86/

6-311++G(3df,2p)

CH2dCHCH2OCF2CHF2 + Cl f ClCH2CHCH2OCF2CHF2 -105.7
CH2dCHCH2OCF2CHF2 + Cl f CH2CHClCH2OCF2CHF2 -97.2

ClCH2CHCH2OCF2CHF2 f CH2CHClCH2OCF2CHF2 8.5

ClCH2CHCH2OCF2CHF2 f ClCH2CHdCH2 + CHF2CF2O 120.5
CH2CHClCH2OCF2CHF2 f CH2dCHCl + CHF2CF2OCH2 99.9

CH2CHClCH2OCF2CHF2 f CH2dCHCHOCF2CHF2 + HCl -4.1
CH2CHClCH2OCF2CHF2 f CH2dCHCH2OCF2CF2 + HCl 79.1
ClCH2CHCH2OCF2CHF2 f CH2dCHCHOCF2CHF2 + HCl 4.4
ClCH2CHCH2OCF2CHF2 f CH2dCHCH2OCF2CF2 + HCl 87.6

CH2dCHCH2OCF2CHF2 + Cl f CH2dCHCl + CHF2CF2OCH2 2.7
CH2dCHCH2OCF2CHF2 + Cl f ClCH2CHdCH2 + CHF2CF2O 14.8
CH2dCHCH2OCF2CHF2 + Cl f CH2dCHCHOCF2CHF2 + HCl -101.3
CH2dCHCH2OCF2CHF2 + Cl f CH2dCHCH2OCF2CF2 + HCl -18.1

TABLE 6: Vertical Ionization Potentials (in eV) of Several
Hydrofluoroethers Calculated at the B3LYP/
6-311++G(3df,2p) Level of Theorya

ether
ionization potential (eV)

B3LYP/6-311++G(3df,2p)

CH3OCH3 9.99 (10.025( 0.25, ref 44)
CH2FOCH3 10.48
CHF2OCH3 11.49
CF3OCH3 12.07
CH2FOCH2F 11.96
CHF2OCH2F 12.50
CF3OCH2F 13.12
CHF2OCHF2 12.79
CF3OCHF2 13.45

CH3CH2OCH3 9.77 (9.72( 0.07, ref 45)
CF3CH2OCH3 10.63 (10.53, ref 46)
CHF2CF2OCH3 11.76
CF3CH2OCHF2 12.13
CF3CF2OCH3 12.06
CH2FCF2OCHF2 12.61
cyclo-OCF2CHFCF2 12.89

CH3CH2OCH2CH3 9.59 (9.52( 0.07, ref 45)
CHF2CF2OCH2CH3 11.39
CF3CH2OCH2CF3 11.06
CHF2CF2OCH2CF3 12.13
CF3CHFCF2OCH3 11.80
CHF2CF2CH2OCHF2 11.26

i-C3F7OCH3 11.23
n-C3F7OCH3 11.49
(CF3)2CHOCHF2 12.20

n-C4F9OCH3 11.72

n-C4F9OCH2CH3 11.42

CF2dCFOCF3 10.43
CH2dCHCH2OCF2CHF2 10.29

a Experimental values are shown in parentheses.
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OCH2-H, -OCH(CF3)-H, and -OCH(CH3)-H. In the first
group, C-H bond strengths are of similar magnitude (429.2(
3.4 kJ mol-1) and very strong since they cannot be affected by
the conjugative effects of the O atom. In the second group, C-H
bonds are adjacent to O atoms, therefore they are affected by
conjugative effects, thus the bond strengths are weaker than in
the first group, with the exception of the-OCF2-H bond that
is the strongest (ca. 435 kJ mol-1) due to the inductive effects
of the adjacent O and F atoms. The-CF2OCH2-H bonds are
sufficiently strong (ca. 420 kJ mol-1) due probably to the induc-
tive effects of the RFCF2O- group (RF ) H, F, CHF2, CF3,
CF3CHF, CF3CF2, CF3CF2CF2). The last three types of C-H
bonds represent the weakest members of the series with bond
strengths in the range 392-417 kJ mol-1. The strongest bonds
for each type are CF3CH2OCH2-H (406.4 kJ mol-1), CHF2-
OCH(CF3)-H (416.8 kJ mol-1), and CHF2CF2OCH(CH3)-H
(407.8 kJ mol-1), as a result of the inductive effects of the
corresponding fluorinated groups connected to the oxygen atom.

The mass spectrometric analysis of the reaction products
suggests that the reaction of Cl atoms with CH2dCHCH2OCF2-
CHF2 occurs via hydrogen atom transfer as well as via Cl atom
addition pathway. The presence of the addition pathway is also
indicated by the negative activation energy,Ea ) -6.8 ( 1.8
kJ mol-1. The standard enthalpy for all probable pathways were
calculated at the B3P86/6-311++G(3df,2p) level of theory, and
is presented in Table 5. The Cl atom addition to the terminal C
atom is thermochemically more favorable by 8.5 kJ mol-1,
which is probably due to hyperconjugative interactions between
the-CH2Cl and-CH2- groups and the singly occupied carbon
p-orbital in the ClCH2CHCH2OCF2CHF2 adduct. The addition
pathways leading to CH2dCHCl and CH2dCHCH2Cl are mildly
endothermic by 2.7 and 14.7 kJ mol-1, respectively; therefore
the CH2dCHCl formation pathway is thermodynamically more
favorable and in agreement with experimental results. The
production of HCl versus the consumption of Cl (∆[HCl]/∆-
[Cl]) was found to increase with temperature from 0.66( 0.15
at 273 K to 0.81( 0.21 at 363 K, leading to a branching ratio
[CH2dCHCl]/[HCl] varying from 0.52 at 273 K to 0.23 at 363
K. Experimental data indicate that HCl formation is the
predominant pathway at low pressures and the particular range
of temperatures. Moreover, the magnitude of the negative
activation energy and the relatively high rate coefficient suggest
that the overall reaction proceeds mainly through an intermediate
complex. The high exothermicity (ca. 100 kJ mol-1) for the
complex formation process suggests that long-range attractive
interactions between Cl atoms and CH2dCHCH2OCF2CHF2

molecules favor a hot complex formation, rather than a direct
H atom abstraction. The enthalpy for the HCl elimination
pathway yielding the CH2dCHCHOCF2CHF2 radical is ca. 100
kJ mol-1 lower than the entropically more favorable C-C bond
fission pathway yielding CH2dCHCl. This may explain the
preference for HCl formation that occurs mainly via the
decomposition of the intermediate complex.

It is interesting to study the correlation between the rate
coefficients and the C-H bond strengths for hydrofluoroethers.
However, for molecules possessing more than one site of H
abstraction it is reasonable to assume that the weakest C-H
bond will have the highest contribution to the overall rate, while
the preexponential factors are within a small range of values.
Furthermore, for similar abstraction reactions of Cl atoms, it is
expected that the activation energy will be a linear function of
the weakest C-H bond strength. A plot of log(k) for known
room-temperature rate coefficients (excluding CH2dCHCH2-
OCF2CHF2) as a function of the lowest C-H bond strengths
(calculated at B3P86/6-311++G(3df,2p) level of theory) is
shown in Figure 3. The linear least-squares fit yields the

expression log(k, in cm3 molecule-1 s-1) ) (23.6( 7.4)- (0.09
( 0.02) × [BDEC-H (kJ mol-1)]. For several ethers, and in
particular for CHF2CF2OCH2CF3, CH3OCH3, CF3CH2OCHF2,
CHF2OCHF2, and CH3CH2OCH2CH3, the rate coefficients
calculated by this empirical expression deviate more than an
order of magnitude from the experimental values. These devia-
tions may be due to inaccuracies of experimental and theoretical
data as well as to the neglect of entropy, which is largely
associated with preexponential factors and affects the branching
ratios for molecules with various reactive sites. Therefore, for
the reactions of Cl atoms with HFEs, it is possible to have an
approximate estimation of the room-temperature rate coefficients
by using C-H bond strengths calculated at the computationally
affordable B3P86/6-311++G(3df,2p) level of theory.

Similarly, the correlation between room-temperature rate
coefficients of Cl atom reactions with HFEs (including the
unsaturated CH2dCHCH2OCF2CHF2 and CF2dCFOCF3 ethers)
and properties associated with molecular ionic states was also
examined by plotting log(k) versus the calculated vertical
ionization potentials (IP) of HFEs at the B3LYP/6-311++G-
(3df,2p) level of theory, as shown in Figure 4. A linear least-

Figure 3. Plot of all known experimental rate coefficients at room
temperature for Cl atoms with hydrofluoroethers versus the strength
of their weakest C-H bonds (with the corresponding H atom
underlined), calculated at the B3P86/6-311++G(3df,2p) level of theory.

Figure 4. Plot of all known experimental rate coefficients at room
temperature for Cl atoms with hydrofluoroethers versus their vertical
ionization potentials calculated at the B3LYP/6-311++G(3df,2p) level
of theory.
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squares fit yields the expression log(k, in cm3 molecule-1 s-1)
) (4.0 ( 1.7) - (1.42 ( 0.15)× [IP(eV)].

The room temperature rate coefficients with OH radicals and
Cl atoms for all hydrofluoroethers available in the literature are
shown in Table 7, to allow the comparison of their reactivity
with these significant tropospheric species. In general, the Cl
atoms react faster than OH radicals with HFEs, with the
exception of the heavily halogen-substituted ethers CHF2CF2-
OCH2CF3, CHFClCF2OCHF2, CF3CHClOCHF2 and the unsat-
urated CH2dCHCH2OCF2CHF2 ether, and the ratiokCl/kOH is
decreasing as the C-H bonds become stronger, as observed
for most halogenated hydrocarbons.20

The reactivity of hydrofluoroethers toward OH radicals
and Cl atoms has been measured to be higher than those
of most commonly used hydrofluorocarbons, and the pertinent
data are presented in Table 8. Their tropospheric lifetimesteff

were calculated by assuming that their removal from the
atmosphere occurs only via chemical reactions with OH and

Cl, with lifetimes tOH and tCl, respectively:

wheretOH ) 1/kOH[OH] andtCl ) 1/kCl[Cl], at room temperature,
by using a spatially uniform diurnal global average for [OH]
and [Cl] of 1 × 106 64 and 1 × 104 molecule cm-3,23

respectively. For several reactive HFEs, the reaction with Cl
atoms contributes to more than 10% of their total tropospheric
removal. Since HFCs and HFEs are widely thought to be benign
to stratospheric ozone, their presence in the atmosphere is mainly
associated with the problem of global warming. However, the
lower tropospheric lifetimes of HFEs minimize their contribution
to the greenhouse effect, suggesting that they probably constitute
a more environment-friendly class of CFC substitutes than
HFCs. Furthermore, the final product analysis has shown that
the tropospheric degradation of HFEs results in the formation
of fluorinated esters and aldehydes, COF2, HF and CO2.6-9,11,13

Besides photolysis, the polar nature of esters and aldehydes
suggests that wet or dry deposition is a possible removal process
for these species from the atmosphere; therefore their contribu-
tion to global warming is expected to be rather small.

The results of the present study suggest that saturated HFEs
containing groups such as-OCH2CH3, -OCH2CF3, and-CH2-
OCH3, present the highest reactivity toward OH radicals and
Cl atoms, thus they constitute the most appropriate substitutes
of CFCs as far as their persistence in the atmosphere is
concerned. Therefore, hydrofluoroethers of the general types
RFOCH2CH3, RFOCH2CF3, and RFCH2OCH3 may be considered
to be environment-friendly compounds while their physical

TABLE 7: Room Temperature Rate Coefficients of
Hydrofluoroethers with OH Radicals and Cl Atoms

HFEs kOH ref kCl ref

CF3OCH3 2.14× 10-14 1 1.4× 10-13 11
1.0× 10-14 3
1.20× 10-14 65

CHF2OCHF2 2.53× 10-14 1 5.73× 10-14 10
2.3× 10-15 3
2.47× 10-15 12

CF3OCHF2 3.38× 10-15 1
4.2× 10-16 3

CF3CH2OCH3 6.24× 10-13 1 2.31× 10-11 10
CHF2CF2OCH3 2.04× 10-13 66 2.36× 10-13 This work

2.24× 10-14 67
CF3CH2OCHF2 1.25× 10-14 1 3.11× 10-14 10

1.20× 10-14 26
1.2× 10-14 27

CF3CF2OCH3 1.10× 10-14 68 1.1× 10-13 28
CH2FCF2OCHF2 5.50× 10-15 69

CHF2CF2OCH2CH3 4.33× 10-13 66 1.75× 10-12 This work
2.24× 10-13 70

CHF2CF2OCH2CF3 9.35× 10-14 66 9.11× 10-15 This work
9.16× 10-15 67
9.5× 10-15 69

CF3CH2OCH2CF3 1.63× 10-13 12 4.40× 10-13 10
7.1× 10-13 9

CF3CHFCF2OCH3 1.05× 10-14 67 2.31× 10-13 This work
CF3CF2CF2OCH3 1.06× 10-14 68 9.1× 10-14 29

1.18× 10-13 28
(CF3)2CFOCH3 1.45× 10-14 68
(CF3)2CHOCHF2 7.5× 10-14 71
CHF2CF2CH2OCHF2 1.62× 10-14 69

CF3CHFCF2OCH2CF3 8.9× 10-15 69
CF3CF2CF2CF2OCH3 1.2× 10-14 6 9.7× 10-14 6

CF3CHFCF2OCH2CF2CHF2 1.20× 10-14 69
CF3CF2CF2CF2OCH2CH3 6.4× 10-14 7 2.7× 10-12 7
(CF3)2CFCF2OCH2CH3 7.7× 10-14 7 2.7× 10-12 7
CF3CF2CF2CF2CF2OCH3 1.03× 10-13 28

cyclo-(CF2CHFCF2O) 2.51× 10-15 1
cyclo-(CF2CF2CF2O) <2 × 10-16 1

CF3OCFdCF2 2.96× 10-12 72 3.0× 10-11 30
2.6× 10-12 30

CH2dCHCH2OCF2CHF2 1.85× 10-11 66 8.32× 10-12 This work

CHFClCF2OCH3 1.65× 10-13 66
3.76× 10-14 70

CHFClCF2OCHF2 1.6× 10-14 71 4.3× 10-15 26
CF3CHClOCHF2 2.1× 10-14 71 4.3× 10-15 26

5.4× 10-15 27
CF3CH2OCClF2 2.85× 10-15 26

TABLE 8: Room Temperature Rate Coefficients of Most
Common HFCs and Various HFEs with OH Radicals and Cl
Atoms (in 10-15 cm3 molecule-1 s-1), and the Corresponding
Tropospheric Lifetimes t (in years)

kOH
a kCl

a τOH
b τCl

b τeff
b

CH2F2 10 50 3.2 63 3.0
CHF3 0.3 0.003 106 1.1× 106 105
CHF2CH3 35 260 0.9 12 0.8
CF3CH3 1.2 0.03 26 1.1× 105 26
CF3CH2F 4.2 1.5 7.5 2112 7.5
CF3CHF2 1.9 0.2 17 1.6× 104 17
CF3CH2CHF2 7.0 6.9c 4.5 459 4.5
CF3CH2CF3 0.3 0.01d 106 3.2× 105 106
CF3CHFCF3 1.7 0.04e 19 7.9× 104 19
CF3CH2CF2CH3 5.7 1.1d 5.6 2880 5.5
CF3CHFCHFCF2CF3 3.4 - 9.3 - 9.3
CF3OCH3 12f 140q 2.6 23 2.4
CHF2OCHF2 2.5g 57r 13 56 10
CF3CH2OCH3 624h 2310r 0.1 1.4 0.05
CHF2CF2OCH3 22i 236s 1.4 13 1.3
CF3CH2OCHF2 12h 31r 2.6 102 2.6
CF3CF2OCH3 11j 110t 2.9 29 2.6
CHF2CF2OCH2CH3 224k 1750s 0.1 1.8 0.1
CHF2CF2OCH2CF3 9.5l 9.1s 3.3 348 3.3
CF3CH2OCH2CF3 163g 440r 0.2 7.2 0.2
CF3CHFCF2OCH3 10i 231s 3.2 14 2.6
CF3CF2CF2OCH3 10j 118t 3.2 27 2.8
CF3CF2CF2CF2OCH3 12m 97m 2.6 33 2.4
CF3CF2CF2CF2OCH2CH3 64n 2700n 0.5 1.2 0.3
CF3OCFdCF2 2600o 30000o 0.01 0.1 0.01
CH2dCHCH2OCF2CHF2 18500p 8320s 0.002 0.4 0.002

a Rate coefficients for the reactions of most HFCs with OH and Cl
taken from ref 20.b τOH, τCl are based on diurnal average concentrations
[OH] and [Cl] of 1× 106,64 and 1× 104 molecule cm-3,23 respectively,
and τeff represents the effective lifetime, according to the expression
1/τeff ) 1/τOH + 1/τCl. c Ref 73.d Ref 74.e Ref 75. f Ref 65.g Ref 12.
h Ref 1. i Ref 67. j Ref 68.k Ref 70. l Ref 69.m Ref 6. n Ref 7. o Ref
30. p Ref 66.q Ref 11. r Ref 10.s This work. t Ref 28.

1/teff ) 1/tOH + 1/tCl
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properties may be tuned for certain applications by varying the
chain length, branching, and the degree of fluorination of the
RF moiety.
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