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Kinetic Study for the Reactions of Several Hydrofluoroethers with Chlorine Atoms
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The reaction kinetics of chlorine atoms with the hydrofluoroethers HFfOCH; (1), CHR,CF,OCH,CHs

(2), CHRCROCH,CF; (3), CRRCHFCEOCH; (4), and CH=CHCH,OCF,CHF, (5) were studied in the gas
phase over the temperature range 2383 K. The experiments were performed at very low pressur&s (
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 {imalecule® s, 20 uncertainties):

ki = (5.49+ 1.51) x 10712 exp(~928 & 155/), ko = (1.99+ 0.12) x 10 12 exp(—36 & 33/T), ks = (1.95

+ 0.72) x 10 2 exp(~1616+ 202/T), ky = (8.72+ 2.93) x 10 2 exp(~1112+ 186/T), andks = (5.54+

1.96) x 10 ¥ exp(8214 214/). The title reactions proceed via hydrogen atom metathesis, with the exception
of the unsaturated CHCHCH,OCRCHF, ether, where the Cl-atom addition pathway leading to,€H

CHCI is also present. The-€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 or@CH(CH;)—H < —OCH(CR)—H

< —CH,OCH,—H < —CF,0CH,—H < —OCH,CH,—H < —OCF,CF,—H < —OCk,—H. Furthermore, their
room-temperature rate coefficients correlate with the weakest Bond strengths in each molecule, according

to the expression log(in cm® molecule s™%) = (23.64 7.4) — (0.09 £ 0.02) x [C—H bond strength (in

kJ molY)]. In addition, their vertical ionization potentials were calculated at the B3LYP/6+-31G(3df,2p)

level of theory, and they also correlate with the room-temperature rate coefficients according to the expression
log(k, in cm® molecule s™1) = (4.0 + 1.7) — (1.42+ 0.15) x [ionization potential (in eV)].

Introduction In this work, the absolute rate coefficients for the reactions

Hydrofluoroethers (HFE) belong to a relatively new genera- Of chlorine atoms with the hydrofluoroethers CFR,0CH,
tion of chlorine-free compounds harmless to stratospheric ozone, CHR.CROCH,CHs, CHR.CR,OCH,CF;, CRCHFCROCH;,
which have been proposed as substitutes for chloroflurocarbonsand CH=CHCH,OCF,CHF, were measured over the temper-
(CFC) and hydrofluorocarbons (HFC), since they contain the ature range 273363 K. The experiments were performed by
ether linkage—O— that is expected to increase their reactivity USing the very low-pressure reactor (VLPR) technique which
in the troposphere and reduce their atmospheric lifetimes. has been described in detail previou3lyThe reactivity of
Therefore, their impact on global warming and climate changes several hydrofluoroethers as a function of their molecular
were anticipated to be negligible? The reactivity of a large  Structure was investigated, by correlating the room-temperature
number of hydrofluoroethers toward atmospheric oxidants and rate coefficients with the €H bond strengths and the ionization
their thermochemical properties have been studied in a numberPotentials, calculated by the cost-effective density functional
of experimentd4 and theoreticaF1® works. Although the ~ theory, with accuracies a£10 kJ mof™ %2 and +0.37 eV??
reaction with OH radicals constitutes the main tropospheric sink respectively.
of hydrofluoroethers, the reaction with the less abundant chlorine
atoms may also enhance their removal rates due to the highe
reactivity of chlorine atoms toward most organic compotifds. The absolute rate coefficients of the title reactions were
In fact, chlorine atoms have been monitored in concentrations measured by using a very low pressure reactor (VLPR)
in the order of 16 molecule cm?® over the marine boundary  apparatus, which has been extensively used in our laboratory
layer?1=24 as well as during ozone episodes in urban atmo- for studying the kinetics of fast bimolecular reactions between
sphere$> Furthermore, the reaction kinetics of hydrofluoroethers Cl atoms and a variety of molecul&3134The reactor consists
toward chlorine atoms will provide information on the tropo- of a thermostated cylindrical cell equipped with two capillary
spheric reactivity of hydrofluoroethers, and will also assist in inlets for the admission of reactants. The internal surface is
the elucidation of their degradation mechanism in the atmo- coated with a thin film of Teflon (Du-Pont Teflon FEP 120) in
sphere. The kinetic parameters of several hydrofluoroethers with order to suppress heterogeneous processes and inhibit Cl atoms
Cl atoms have been determined in a number of stGdi&%s.12630 recombination. The reaction mixture escapes through an orifice
in addition to the study of their tropospheric degradation of 5 mm to the first stage of a differentially pumped chamber.
mechanishi'?17and the reaction kinetics of several hydrofluo- An effusive molecular beam is formed by placing a conical
roethers with OH radical%,812 and O{D) atoms!3 skimmer before the second stage of the vacuum chamber. The

* Corresponding author. E-mail: panosp@chemistry.uoc.gr. beam is modulated by a tuning fork chopper with a frequency

* Present Address: Institute of Physical Chemistry, National Centre for Of 200 Hz, and analyzed by a quadrupole mass spectrometer
Scientific Research “Demokritos”, Aghia Paraskevi 153 10, Attiki, Greece. (Balzers QMG511). A lock-in amplifier is used to discriminate
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Reactions of Several Hydrofluoroethers with CI Atoms

TABLE 1: Mass Spectra of CHF,CF,OCH3,
CHF,CF,OCH,CH3, CHF,CF,OCH,CF3;, CF;:CHFCF,OCH3,
and CH,=CHCH OCF,CHF; at an Electron Energy of

19 e®

CHF,CF,OCHz
me 15 47 51 81
23 5 5 100
CHR.CFR,OCH,CHs
me 15 27 28 29 30 45 79 95 101 131
38 2 9 100 45 55 3 85 15 15
CHRCF,OCH,CF;
me 29 3. 383 51 79 83 85 101 131 149
43 70 265 12 165 100 7 195 36 18
CRCHFCROCH;
me 15 31 81 82
8 3 100 38
CH;=CHCHOCRCHF,
me 29 41 51 57 58 59 60 107 158
115 100 15 6 55 2 55 5 5

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

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 moleculed)ds determined
by following their buffer volume pressure drop. The escape rate
coefficientkescy 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, kesew Was given by the expressigi{T/M)1/2 (s™1),
where the factof$ was 2.67 or 1.86, depending on the escape
orifice diameter and the reactor volume (fty; = 109 or 168
cm?, respectively), and was the reactor temperature. The total
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rate Fs is given by the expression
IS = aSFS = aSV(:eII kesc,is]

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 was on the average 1% 10 molecule
cm~3. At high HFEs flows, the steady-state concentration of
HFEs was independent of the Cl atom presence ([HEE]
[HFE],), and the pseudo-first-order approximation for HFEs is
valid. In particular for [HFE]> 50[ClI], 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 (6:3) x 10" molecule cm® and
(0.001-3.5) x 10" molecule cm?, respectively. The uncer-
tainty in the mass spectral intensity measurements was ca. 5%
(20), leading to an accuracy of ca. 7%oj2for the ratioR =
[CIJ/ICI] = la/lc.

The title hydrofluoroethers were commercially available and
their source and stated purity were the following: GHBF,-
OCH; (Fluorochem, 98%); CHIEFR,OCH,CH;, CHFRCF,-
OCH,CF;, and CERCHFCROCH; (Fluorochem, 97%); Ch+
CHCH,OCF,CHF; (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.

pressure inside the reactor was estimated to be in the rangeResults

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% G} in helium flowing through a quartz tube
coated with a phosphoritboric acid mixture. The conversion
of Cl, molecules to Cl atoms and HCI molecules (produced
inside the quartz tube) was almost complet®1%), and this
was verified by monitoring the intensity ate 70 (CkL™). The
electron energy in the ion source was set to 19 eV in order to
eliminate the contribution of HCI fragmentation to theée 35
(CI™) peak, which was measured to be 0.3%. The detection limit
of Cl atoms for the current experimental conditions was
determined to be ca. # 10° atoms cm3, 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, CHFH,OCH,
CHR,CF,0OCH,CH;, CHRCROCH,CF;, and CRCHFCFR-
OCH; were monitored at their prominent fragment peaksvat
81 (CHOCFR,"), me 95 (CH;CH,OCR"), m/e 83 (CRCH_"),
andm/e 81 (CHOCR"), respectively, and Cy#+=CHCH,OCF,-
CHF, was monitored at its parent peakrate 158. The rela-
tion between the mass spectrometric peak intenisjtpf a
given species and its steady-state concentration [S], or flow

Mass spectrometric analysis of the products for the title
reactions revealed the appearance of HCIn@ 36) as the
primary reaction product. In addition, for the reaction of the
unsaturated ether (5), vinyl chloride (HCHCI atm/e 62 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:

— HCI + CF,CF,OCH; (1a)
Cl + CHF,CF,OCH; ——

l—— HCl + CHF.CF,0CH, (1b)

— HCl + CF,CF,0CH,CH; (22)
Cl + CHF,CF,O0CH,CH; — > HCI + CHF,CF,OCHCH; (2b)

— HCI + CHF,CF,OCH,CH;, (2¢)

— HCI + CF,CF,OCH,CF3 (33,)
Cl + CHF,CF,OCH,CF; —

- HCl + CHF,CF,0CHCF;  (3b)

— > HCI + CF;CHFCF,0CH, (4a)
Cl +CF3CI‘IFCF20CH3 —

—— HCI + CF;CFCF,0CH; (4b)
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25 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-

20 tion for each reaction leads to the expression

":,: 15 A[Cl] kesc,CI: k[Cl][HFE]

g whereA[Cl] is the difference of the steady-state concentrations,
< 10 [Cl]o — [CI]; (subscripts 0 and r denote the absence or presence
< of HFE reactant, respectivelylfesc ciis the escape rate of Cl
c atomsk is the rate coefficient (the sum of all primary reaction

5 pathways), and [HFE] is the steady-state concentration of the
HFE. The rearrangement of the above expression leads to
N 1 N 1 N 1 N J _ —
%,oo 0.25 0.50 0.75 1.00 (R = Dkese o= KIHFE]
14 -3
[CHF,CF,OCH,] (10" molecule cm™) whereR = [Cl]/[Cl]; = 354135, Therefore, all experiments
Figure 1. Plot of (R — 1) kesc,c1vs [CHRCFR,OCH;] at T = 303 K. were performed by monitoring the mass spectral signals of both
Error bars reflect the propagated errov)2solid line is the linear least- reactants while a given flow of HFE was introduced into the
squares fit to the data. reactor. A typical plot of the above expression for the reaction

| icular. th : f H H with ether (1) afl' =303 Kis pre.sented in Figure 1.. '_I'he Iine_ar
vri]ap?hrgcf%ﬁ‘(;i/\}inz rs;ﬁx;yc;.q*c CHOCRCHF, proceeds least-squares fits to the data yield the rate coefficients with a

precision of ca. 10% @.

—— HCl + CH;=CHCH,OCF,CF, (5a) Experiments were performed at temperatures of 273, 303,

Cl + CH=CHCH,0CF,CHF, —}——» HCl + CH,=CHCHOCF,CHF; (5b) 333, and 363 K, and the rate coefficient values obtained at each
CH,CHCICH,0CF,CHF, (50) temperature are listed in Table 2. ITinear Ieastjsql_Jares fits _of

the temperature-dependent rates yield the activation energies

‘—— CICH,CHCH,OCF,CHF 5d K . . . g
A Gd and the preexponential Arrhenius factors, which are given in

The intermediate adducts in reactions 5¢ and 5d may further Table 3. Fi.nally, the Arrhenius plots of all title reactions are
undergo unimolecular decomposition via-C or C—O bond presented in Figure 2.

fission, yielding the corresponding chloroalkenes: . .
y 9 P g Theoretical Calculations of the C-H Bond Strengths and

CH,CHCICH,OCF,CHF,— CH,=CHCI + the lonization Potentials of Hydrofluoroethers
CH,OCF,CHF, (5e) The electronic structure calculations were performed with the
Gaussian 98 programs sufeSpin-restricted wave functions
CICH,CHCH,OCF,CHF,— CICH,CH=CH, + were selected for all closed-shell molecules, while unrestricted
OCFE,CHF, (5f) ones were selected for the radicals. The geometries and the

vibrational frequencies of all species were calculated by using
All experiments were performed at very low pressures{3@6  the B3P86 density theory functiod&P” in combination with
mTorr range) in order to suppress any secondary reactions. Thethe small 6-31G(J basis se#é which employs more realistic
recombination and abstraction reactions between Cl atoms andvalues for the d polarization function exponents for the first-
primary radicals leading to chlorinated products, as well as the row atoms than the commonly used 6-31G{tAlI vibrational
radicat-radical reactions, could not occur at low-pressure frequencies were scaled by 0.9723 to compensate for the
conditions. Indeed, our experiments have verified the absencedeficiencies of the B3P86/6-31GJdevel of theory32 Subse-
of any chlorinated products, with the exception of reaction 5, quently, single-point calculations were performed by employing

TABLE 2: Rate Coefficients Measured for the Title Reactions (in 1015 cm3 molecule™® s71, 2¢ uncertainty) at the
Temperatures 273, 303, 333, and 363K

temperature
HFE 273 303 333 363 [HFEtange R — 1)kesc.cirange
CHFR,CF,0OCH; 185+ 20 236+ 49 344+ 28 421+ 52 0.2-9.0x 10% 0.4-30
CHRCF,OCH,CHjs 1750+ 220 1750+ 210 1800+ 220 1800+ 150 0.2-4.0 x 103 4-50
CHR,CFR,OCH,CF; 5.28+ 0.52 9.11+ 1.03 16.3+ 2.3 22.2+3.0 0.3-3.5x 10" 0.3-5
CRCHFCROCH;s 146+ 18 231+ 41 323+ 52 391+ 62 0.3-2.5x 10'® 0.2-7
CH,=CHCH,OCFR,CHF, 11100+ 1300 8320+ 680 6760+ 830 4950+ 990 0.3-6.8 x 102 2—-60

2The ranges of [HFE]and (R-1kesc,cifor each reaction and at all temperatures are also listed. HFE concentrations are in moleéule cm

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 Acm®molecule’l st E4RK kaog cm® molecule® st
CHRCF,0OCH; (5.49+£ 1.51)x 10712 928+ 155 (2.444+ 1.44)x 10718
CHFR,CF,OCH,CH3 (1.99+ 0.12) x 10712 36+ 33 (1.76+£ 0.22)x 10°%3
CHR.CROCH,CF; (1.95+ 0.72) x 10712 1616+ 202 (8.63+ 6.66)x 10715
CRCHFCROCH; (8.72+ 2.93)x 10712 11124 186 (2.094+1.48)x 10713

CH,=CHCH,OCF,.CHF, (5.54+ 1.96)x 10713 —821+ 214 (8.70+ 6.96) x 10712
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Figure 2. Arrhenius plots for the title reactions. Error bars reflect the
propagated errors ¢, solid lines are the linear least-squares fits to
the data.

the B3P86 functional and the extended 6-8#iG(3df,2p) basis
set40 |t is known that the B3P86 functional in combination with
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The C-H bond strengths for most hydrofluoroethers available
in the literature were calculated at B3P86/6-31{54dd 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. The only experimentally
known value of C-H bond strength is for CE¥DCHz, 393.7+
10.0 kJ mot? (calculated from the corresponding formation
enthalpies of CBDCHs, —184.14 0.50 kJ mot?! 4L, CH;OCH,,
—8.4 4 10 kJ mof1,*2 and H, 217.998+ 0.006 kJ mat! 43
which is close to the 401.9 kJ mdlvalue, derived at the highest
level of theory. In addition, the €H bond strengths were
calculated for several fluorinated dimethyl ethers and the values
obtained were similar to those in previous calculations at the
MP2/6-31H+G(2d,2p) level of theory® Finally, the reaction
enthalpy at 298.15 K for all possible pathways for the reaction
of Cl atom with CH=CHCH,OCFRCHF, 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

medium to large basis sets is a rather accurate method formolecule geometry), and these values are listed in Table 6. It
calculating molecular geometries and bond strengths for halo-has been recently shown that the B3LYP functional yields

genated speci€. Finally, zero-point energies and thermal

accurate ionization potentials for several molecules containing

corrections at 298.15 K were added to the high-level electronic first-row atoms* Indeed, the calculated ionization potentials,
energies by assuming the rigid rotor and harmonic oscillator presented in Table 6, indicate an excellent agreement with the
approximations in order to obtain the total enthalpies and the corresponding experimental values for £MHs,** CH3CH,-

bond dissociation energies at 298.15 K.

OCHs,*> CRCH,OCH;,*¢ and CHCH,OCH,CHz.®

TABLE 4: C —H Bond Strengths (in kJ mol=) at 298.15 K of Hydrofluoroethers at the B3P86/6-31G(d and B3P86/

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

B3P86/ B3P86/ B3P86/ B3P86/
bond 6-31G(d) 6-311++G(3df,2p) bond 6-31G(d) 6-311++G(3df,2p)

CHsOCH,—H 409.1 401.9 CECROCH,—H 426.7 422.7
CH,FOCH—H 399.9 395.5 cyclo-(OCEF(—H)CR) 430.4 431.9

CHsOCHF—H 394.6 394.7
CHsCH,OCH(—H)CHs 398.7 392.1
CHROCH,—H 421.1 415.7 CHCH,OCH,CH,—H 435.4 428.1

CHsOCR—H 423.3 4225
CHRCROCH,CH,—H 437.2 431.3
CF:0CH,—H 426.0 421.6 CHEER,OCH(—H)CHs 412.1 407.8
CHsCH,OCRCR—H 424.5 425.8

CH,FOCHF-H 419.3 4185
CFsCH,OCH(~H)CFs 408.9 401.0

CHROCHF-H 423.7 420.4
CH,FOCR—H 437.9 439.2 CHECROCH(-H)CFs 418.6 415.2
CF:CH,OCRCFR—H 425.2 427.2

CF:OCHF-H 4235 421.0
CF:CHFCROCH,—H 425.6 420.5
CHROCR—H 434.9 435.0 CHDCRCF(—H)CF; 419.1 415.2
CF:0CR—H 430.0 424.3 CHECRCH,0CR—H 426.0 423.2
CHRCF,CH(—H)OCHR: 413.8 399.5
CHsCH,OCH,-H 408.6 401.6 CHFOCH,CRCR—H 423.4 418.9

CHsCH(—H)OCHs 399.0 392.2
CHsOCH,CH,-H 435.6 428.3 (CH.CHOCR—H 425.6 424.7
(CFs),C(~H)OCHR 407.8 410.0

CF:CH,OCH,—H 413.0 406.4
CF:CH(—H)OCHs 399.7 392.2 n-CsF,0CH,—H 422.5 416.7
CHRCFOCH,—H 425.4 420.8 i-CsF,0CH—H 420.2 415.3

CH;0CR.CFR—H 424.0 425.8
N-C4FsOCH,—H 427.4 423.3

CF:CH,OCR—H 440.9 440.9
CF:CH(—H)OCHR 4215 416.8 N-C4FsOCH,CH,—H 437.2 432.6
N-C4FsOCH(—H)CHs 411.9 406.3

CH,FCROCF:-H 4325 429.1
CHROCR,CHF—H 423.6 419.6 Ch=CHCH,0CFRCF,—H 4245 426.3
CH,=CHCH—H)OCR.CHF, 345.8 343.1
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TABLE 5: Theoretical Reaction Enthalpies (in kJ mol=1) at 298.15 K for the Most Probable Reactions of the System
CH,=CHCH ,OCF,CHF; + Cl, at the B3P86/6-31%+G(3df,2p) Level of Theory

B3P86/
reaction 6-311++G(3df,2p)
CH;~CHCH,0CF,CHF, + Cl — CICH,CHCH,OCF,CHF, —105.7
CH,=CHCH,OCF,CHF, + C| — CH,CHCICH,OCF,CHF, —97.2
CICH,CHCH,OCRKCHF, — CH,CHCICH,OCRCHF, 8.5
CICH,CHCH,OCR,CHF, — CICH,CH=CH, + CHF,.CF,0 120.5
CH,CHCICH,OCRCHF, — CH,=CHCI + CHR,CF,0OCH, 99.9
CH,CHCICH,OCFK,CHF, — CH,~CHCHOCRCHF; + HCI -4.1
CH,CHCICH,OCRCHF, — CH,=CHCH,OCFRCF, + HCI 79.1
CICH,CHCH,OCF,CHF, — CH,~CHCHOCRCHF; + HCI 4.4
CICH,CHCH,OCRCHF, — CH,=CHCH,OCFRCF,; + HCI 87.6
CH,=CHCH,OCFR,CHF,; + Cl — CH,=CHCI + CHF,CF,OCH, 2.7
CH,=CHCH,OCFR,CHF,; + Cl| — CICH,CH=CH, + CHF.CF,0O 14.8
CH;=~CHCH,OCR.CHF; + Cl — CH;=CHCHOCRCHF; + HCI -101.3
CH,=CHCH,OCFR,CHF; + Cl — CH,=~CHCH,OCF.CF, + HCI —18.1
TABLE 6: Vertical lonization Potentials (in eV) of Several states of the species involved which correlate strongly with the
Hydrofluoroethers Calculated at the B3LYP/ ionization potentiat$4°® or the energies of the HOM® of
6-311+G(3df,2p) Level of Theory* HFEs. These molecular properties can be determined either
ionization potential (eV) experimentally or predicted by electronic structure calculations,
ether B3LYP/6-31H-+G(3df,2p) and can be employed in the construction of empirical strueture
CH;0CH; 9.99 (10.025+ 0.25, ref 44) reactivity relationship§-55
gﬂnggHs %‘13-28 It has been argued that the correlation between the rate
CFBCI_& 1207 coefficients and the properties affecting the ionic states of the
CH.FOCH,F 11.96 species involved (ionization potentials, electron affinities) is
CHFR,OCH;F 12.50 more accurate than the correlation with the thermochemical
gﬁoggbﬁ %g%g properties, in particular the barrier height¢® However, for
CB%CHFZFZ 13.45 the reactions of electrophilic radicals (Cl, OH) with a particular
class of compounds, the key molecular properties are all strongly
CH:CH0CH; 9.77 (9.72+ 0.07, ref 45) interrelated, leading to structureeactivity relationships of
CR,CH,OCH; 10.63 (10.53, ref 46) . . -
CHRCROCH; 11.76 comparable quality by either approach. In addition, the ther-
CF:CH,OCHFR, 12.13 mochemical approach is advantageous regarding its ability to
CRCROCH; 12.06 suggest the most likely sites of atom metathesis, by taking into
CHFCROCHR, 12.61 account the relative strengths of the variousHCbonds in a
cyclo-OCRCHFCR, 12.89 : .
molecule, besides entropic factors.
CHsCH,OCH,CHs 9.59 (9.52+ 0.07, ref 45) Experimental data indicate that for most saturated organic
gg%ﬁz%%%%m ﬁgg molecules, the presence of the ether linkag@®— increases
CHRCROCH,CF; 12.13 the molecular reactivity by significantly lowering the activation
CFRCHFCROCH; 11.80 energy of hydrogen atom metathesis react9¥8 However,
CHF,CF,CH,OCHF; 11.26 theoretical calculations have suggested that the presence of
i-CaF,0CH;s 11.23 adjacent fluorine atoms suppresses or even reverses the deac-
n-CsF7OCHs 11.49 tivating effect of the ether link, as in the case ®OCHF,
(CR;):CHOCHF, 12.20 groupl819|n addition, experiment2f62 and theoreticaf19.32.63
N-C4,FgOCHs 11.72 studies have shown that substitution by a single halogen atom
lowers the C-H bond strengths and enhances the abstraction
-CaF H 11.42 . _
M-C4FOCHCH, of adjacent hydrogen atoms, while it strengthens théi®onds
CR=CFOCk 10.43 on the vicinal carbon atoms. The effects of halogen substitution
CH=CHCH,OCRCHF 10.29 on the rate coefficient have been also discussed in terms of the
2 Experimental values are shown in parentheses. charge distribution affecting the energetics of the transition state
Discussion by the approach of the electrophilic Cl atéin.

In general, the strength of the—<& bonds in hydrofluoro-
The Arrhenius parameters and the rate coefficients at 303 K ethers depends on the interplay of two counteracting electronic
for the title reactions are presented in Table 3. The room- effects: (a) the strengthening due to the electron-withdrawing
temperature rate coefficients for hydrogen atom metathesisinductive effects of F and/or O atoms througtbonds, and (b)

reactions span the range from 9211015 for CHR,CF,OCH,- the weakening of the adjacent-El bonds due to the-electron
CRto 1.75 x 10712 cm? molecule! s71 for CHR,CF,OCH,- transfer from F or O atom to the central C atom. This general
CHs, and reach the highest value of 8.32 10712 cm? qualitative scheme, in terms of electronic interactions, may

molecule® s1 for the unsaturated CHCHCH,OCRCHF, provide an adequate explanation for the observed trend-¢f C
ether, where the Cl-addition pathway competes with the H-atom bond strengths shown in Table 4. In principle, fluoroethers may
abstraction pathway. The variation of the rate coefficients for be divided in seven types and furthermore in two main groups,
the hydrogen atom metathesis reactions can be explained eitheconsidering their structure and the strength of theHCbond,

in terms of reaction enthalpi&sthat reflect the variations in  and in accordance with the bond strength: {€)CH,CH,—

the C-H bond strengths, or in terms of ionic curve-crossing H, —OCFCF,—H, and (b)-OCFk—H, —CF,OCH,—H, —CH,-
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OCH,—H, —OCH(CR)—H, and —OCH(CH)-H. In the first o CH,CH.OCHCH,

group, C-H bond strengths are of similar magnitude (429.2 1EA0 CH,OCH,

3.4 kJ mof ') and very strong since they cannot be affected by

the conjugative effects of the O atom. In the second groufIC GF,CH,0CH,

bonds are adjacent to O atoms, therefore they are affected by  1g-11

conjugative effects, thus the bond strengths are weaker than in“y . nC.F.OCH.CH

the first group, with the exception of theOCF,—H bond that "o e CHI,CF OCH,CH,

is the strongest (ca. 435 kJ m&) due to the inductive effects g '&12 o CHOG o

of the adjacent O and F atoms. ThRe€F,0OCH,—H bonds are ° oF (;HFCJF OCH lii * CHF,CF,0CH,
sufficiently strong (ca. 420 kJ mol) due probably to the induc- o= EA3 T T CF,OcH, e FCF,0CH,
tive effects of the RCF,O— group (R- = H, F, CHR, CF;, S, n-C,F,0CH, n-CiE,OCH, e CHF,OCHF,
CRCHF, CRCF,, CRCF,CF,). The last three types of -€H - o CF.CH,OEHF,

bonds represent the weakest members of the series with bond  1E-14 o CHF,CF,OCHEF,

strengths in the range 39217 kJ mot™. The strongest bonds

for each type are GEH,OCH,—H (406.4 kJ motl), CHF,- s

OCH(CF)—H (416.8 kJ mot?), and CHRCF,OCH(CH;)—H 380 390 400 410 420 430 440 450 460

(407.8 kJ mot?), as a result of the inductive effects of the

corresponding fluorinated groups Co_nnected tothe pxygen atom'Figure 3. Plot of all known experimental rate coefficients at room
The mass spectrom_etrlc analysis Of_ the reaction prOdLICtStemperature for Cl atoms with hydrofluoroethers versus the strength

suggests that the reaction of Cl atoms with £#€HCH,OCF,- of their weakest €H bonds (with the corresponding H atom

CHF; occurs via hydrogen atom transfer as well as via Cl atom underlined), calculated at the B3P86/6-3HG(3df,2p) level of theory.
addition pathway. The presence of the addition pathway is also

C-H Bond Dissociation Enthalpy (kJ mol'1)

indicated by the negative activation energy,— —6.8 + 1.8 "9, CH,CH,0CH,CH,

kJ mol 1. The standard enthalpy for all probable pathways were 1E-10 "'aau'cnsocm

calculated at the B3P86/6-311#G(3df,2p) level of theory, and CFZ=C'F“0¢F3

is presented in Table 5. The Cl atom addition to the terminal C ".® @ CF,CH,OCH,

atom is thermochemically more favorable by 8.5 kJ mhol __1EM o C4=CHCH,OCF CHF,

which is probably due to hyperconjugative interactions between :m oCiF,OCH,CH,

the —CH,Cl and—CH,— groups and the singly occupied carbon @ “~., @ CHF,CF,OCH.CH,
p-orbital in the CICHCHCH,OCR,CHF; adduct. The addition ~ § "* o 6H OGH.F
pathways leading to CG#CHCI and CH=CHCH,ClI are mildly 2 CHF.CF,OCH. ¢ CF CHFOF,0CH,
endothermic by 2.7 and 14.7 kJ mé| respectively; therefore "c 1E-13 nC,F,OCH, o ."'--..Qgé)fgzm
the CH=CHCI formation pathway is thermodynamically more _L:, nCFOCH:. ®GHE oCHE,

favorable and in agreement with experimental results. The o CF,CH,0CHF,

production of HCI versus the consumption of Q[HCI])/A- 1E-14 o CHF,CE,0CH,CF,

[CI]) was found to increase with temperature from 0:6®.15

at 273 K to 0.81+ 0.21 at 363 K, leading to a branching ratio 1EA5

[CH,=CHCIJ/[HCI] varying from 0.52 at 273 K to 0.23 at 363 s 10 1M 1213 14

K. Expgrimental data indicate that HCI formatiqn is the lonization Potential (eV)

predominant pathway at low pressures "’.‘”d the particular ra,ngeFigure 4. Plot of all known experimental rate coefficients at room

of temperatures. Moreover, the magnitude of the negative emperature for CI atoms with hydrofluoroethers versus their vertical

activation energy and the relatively high rate coefficient suggest ionization potentials calculated at the B3LYP/6-33+1G(3df,2p) level

that the overall reaction proceeds mainly through an intermediateof theory.

complex. The high exothermicity (ca. 100 kJ m®lfor the

complex formation process suggests that long-range attractiveexpression lodq, in cm® molecule’! s™1) = (23.6+ 7.4) — (0.09

interactions between Cl atoms and £+CHCH,OCR,CHF; + 0.02) x [BDEc-n (kJ molY)]. For several ethers, and in

molecules favor a hot complex formation, rather than a direct particular for CHECFR,OCH,CFs, CH;OCHs, CF:CH,OCHP,,

H atom abstraction. The enthalpy for the HCI elimination CHF,OCHF, and CHCH,OCH,CHs, the rate coefficients

pathway yielding the C=CHCHOCRCHR; radical is ca. 100 calculated by this empirical expression deviate more than an

kJ mol™* lower than the entropically more favorable-C bond order of magnitude from the experimental values. These devia-

fission pathway yielding Ck=CHCI. This may explain the  {jons may be due to inaccuracies of experimental and theoretical

preference_ _for HCI f_ormat|on_ that occurs mainly via the st as well as to the neglect of entropy, which is largely

decomposition of the intermediate complex. associated with preexponential factors and affects the branching
It is interesting to study the correlation between the rate (405 for molecules with various reactive sites. Therefore, for

coefficients and the €H bond strer]gths for hydrofluoroe;hers. the reactions of Cl atoms with HFEs, it is possible to have an

However, for molecules possessing more than one site of H approximate estimation of the room-temperature rate coefficients

abstraction it is reasonable to assume that the weakest C ; :
: . S " by using C-H bond strengths calculated at the computationally
bond will have the highest contribution to the overall rate, while  z1 b\ o B3P86/6-31i+G(3df,2p) level of theory.

the preexponential factors are within a small range of values. o )
Furthermore, for similar abstraction reactions of Cl atoms, itis  Similarly, the correlation between room-temperature rate
expected that the activation energy will be a linear function of Ccoefficients of Cl atom reactions with HFEs (including the
the weakest €H bond strength. A plot of logg for known unsaturated C#=CHCH,OCFR.CHF,; and CL=CFOCF; ethers)
room-temperature rate coefficients (excluding SECHCH,- and properties associated with molecular ionic states was also
OCRCHR,) as a function of the lowest-€H bond strengths examined by plotting lod) versus the calculated vertical
(calculated at B3P86/6-3%HG(3df,2p) level of theory) is ionization potentials (IP) of HFEs at the B3LYP/6-381G-
shown in Figure 3. The linear least-squares fit yields the (3df,2p) level of theory, as shown in Figure 4. A linear least-
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TABLE 7: Room Temperature Rate Coefficients of TABLE 8: Room Temperature Rate Coefficients of Most
Hydrofluoroethers with OH Radicals and Cl Atoms Common HFCs and Various HFEs with OH Radicals and Cl
Atoms (in 10715 cm? molecule’? s71), and the Corresponding

HFEs ko ref ke ref Tropospheric Lifetimes t (in years)
14 13
CF;0CH; i:(l)ixligl“ é 14x 1018 11 o Kt T P o
1.20x 10714 65 CHuF; 10 50 3.2 63 3.0
CHR0CHR, 253x 10 1 573x 10 10 CHF; 0.3 0.003 106 1.k 10° 105
23x10% 3 CHF,CH;3 35 260 0.9 12 0.8
2.47x 10715 12 CFsCHs 1.2 003 26 1Ix10° 26
CR0OCHR, 3.38x 10 1 CRCH.F 4.2 15 7.5 2112 7.5
42x101 3 CRCHR, 1.9 0.2 17 1.6< 10¢ 17
CRCH,0CHs 6.24x 10718 1 2.31x 1071 10 gEg:zgng g'g g'gf £1L056 3529 1 1%2
CHR,CR,0CH; 2.04x 10713 66 2.36x 10713 This work CF3CHT:CE 17 oos 19 7'9§ 10 19
2.24x 1074 67 ’ ’ :
CRCH,OCHF, 1.25x 1074 1 3.11x 10 10 CRCHLCRCH, 57 LT 56 2880 55
120% 104 26 CRCHFCHFCRCF; 34 - 93 - 9.3
12% 1014 27 CF:OCHs 12 140 26 23 2.4
CFRCROCH; 1.10x 107 68 1.1x 10713 28 CHROCHF, 2% 57 13 56 10
CHzFCFzOCHFg 5.50 x 1@15 69 CF3CH20C|‘b 624' 2310 0.1 1.4 0.05
CHF,CF,0CH; 22 236 14 13 1.3
CHR,.CFR,OCH,CHjs 4.33x 10718 66 1.75x 107'2 This work CFRCH,OCHR 120 31 26 102 26
2.24x 1071 70 CFsCROCH; 11 110 29 29 2.6
CHFR,CFR,OCH,CF; 9.35x 10714 66 9.11x 10715 This work CHF,CFOCH,CHs 224 1756 0.1 1.8 0.1
9.16x 10 ® 67 CHR,CR,OCH,CF; 95 91 33 348 3.3
9.5x 10 69 CF:CH,OCH,CF; 163 440 02 7.2 0.2
CRCH,OCH,CR; 1.63x 10713 12 4.40x 10713 10 CFR:CHFCROCH; 10 237 3.2 14 26
CRCHFCROCH; 1.05x 1074 67 72?3? 1§r(r1313 '?'hiswork CRCRCROCH: 10 118 8227 28
o x oLx CRCRCRCFEOC 12 q7m 2.6 33 2.4
CRCRCROCH; 1.06x 1074 68 9.1x 1014 29 CECECECEOC::ECH3 o 2700 05 12 03
13 - : -
(CR).CFOCH L 101 gg A0 28 CROCF=CF» 2600 30000 0.01 0.1 0.01
(CFy)sCHOCHR: 75%x 1014 71 CH,=CHCH,OCF,CHF, 1850¢ 832G 0.002 0.4 0.002
CHRCRCH,OCHR 1.62x 1014 69 @ Rate coefficients for the reactions of most HFCs with OH and CI

taken from ref 20° 7o, 7¢| are based on diurnal average concentrations
15 )
gggg:c%%oéo%ﬂ? fgi igl“ 62 97x 1014 6 [OH] and [CI] of 1 x 1(%,%4and 1x 10* molecule cm®,2 respectively,

’ ' and e represents the effective lifetime, according to the expression
CR:CHFCROCH,CRCHF> 1.20x 104 69 1ftett = Lhton + 1ltcl. © Ref 73.9 Ref 74.¢ Ref 75.1 Ref 65.9 Ref 12.

CRCRCRCROCH,CH; 6.4x 1074 7 27x1012 7 hRef 1.' Ref 67. Ref 68.XRef 70.' Ref 69.mRef 6." Ref 7.° Ref
(CR3),CFCROCH,CH3 77x10% 7 27x1012 7 30.P Ref 66.9Ref 11." Ref 10.5 This work.! Ref 28.
CRCRCRCRCROCH; 1.03x 10713 28
Cl, with lifetimeston andtc, respectively:

cyclo-(CRCHFCR0) 251x 1015 1
cyclo-(CRCRCR0) <2x 1016 1 :|_/»[eff — 1/tOH + 1/t<:|
CROCF=CF, 2.96x 10712 72 3.0x 101! 30

2.6x 10712 30 whereton = 1/kon[OH] andte = 1/kg[Cl], at room temperature,
CH;=CHCHOCRCHF,  1.85x 107! 66 8.32x 10'? This work by using a spatially uniform diurnal global average for [OH]
CHFCICROCH: 165% 10-1% 66 and [Cl] of 1 x 10° ® and 1 x 10* molecule cm??

376x 104 70 respectively. For several reactive HFEs, the reaction with ClI
CHFCICROCHR, 1.6x 107 71 43x10% 26 atoms contributes to more than 10% of their total tropospheric
CRCHCIOCHR, 21x101 71 43x10 26 removal. Since HFCs and HFEs are widely thought to be benign

5.4x 1U1515 27 to stratospheric ozone, their presence in the atmosphere is mainly

CRCHOCCIR 285x 107 26 associated with the problem of global warming. However, the
squares fit yields the expression lkgin cm® molecule™? s71) lower tropospheric lifetimes of HFEs minimize their contribution
= (4.0£ 1.7)— (1.42+£ 0.15) x [IP(eV)]. to the greenhouse effect, suggesting that they probably constitute

The room temperature rate coefficients with OH radicals and a more environment-friendly class of CFC substitutes than
Cl atoms for all hydrofluoroethers available in the literature are HFCs. Furthermore, the final product analysis has shown that
shown in Table 7, to allow the comparison of their reactivity the tropospheric degradation of HFEs results in the formation
with these significant tropospheric species. In general, the Cl of fluorinated esters and aldehydes, GOfF and CQ.6-9.11.13
atoms react faster than OH radicals with HFEs, with the Besides photolysis, the polar nature of esters and aldehydes
exception of the heavily halogen-substituted ethers £CH- suggests that wet or dry deposition is a possible removal process
OCH,CFR;, CHFCICROCHF,, CRCHCIOCHR, and the unsat-  for these species from the atmosphere; therefore their contribu-
urated CH=CHCH,OCF,CHF; ether, and the ratitci/kon is tion to global warming is expected to be rather small.
decreasing as the-H bonds become stronger, as observed  The results of the present study suggest that saturated HFEs
for most halogenated hydrocarbdiis. containing groups such alOCH,CHs, —OCH,CF;, and—CH,-

The reactivity of hydrofluoroethers toward OH radicals OCH;, present the highest reactivity toward OH radicals and
and Cl atoms has been measured to be higher than thoseCl atoms, thus they constitute the most appropriate substitutes
of most commonly used hydrofluorocarbons, and the pertinent of CFCs as far as their persistence in the atmosphere is
data are presented in Table 8. Their tropospheric lifetitges  concerned. Therefore, hydrofluoroethers of the general types
were calculated by assuming that their removal from the RrOCH,CHs; R-FOCH,CF;, and RCH,OCH; may be considered
atmosphere occurs only via chemical reactions with OH and to be environment-friendly compounds while their physical
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properties may be tuned for certain applications by varying the
chain length, branching, and the degree of fluorination of the
Rr moiety.

Acknowledgment. This work was funded by the European
Commission within the Environment and Climate Program
(Fourth Framework Program, F-Ethers project, ENV4-CT95-
0041) and the Program for Research, Technological Develop-
ment and Demonstration on “Energy, Environment and Sus-
tainable Development, 1998-2002" (Fifth Framework Program,
IAFAEE project, EVK2-CT-1999-00009). It was also partially
supported by the “Excellence in the Research Institutes”
Program, Action 3.3.1, funded by the Greek Ministry of

Development (GSRT). The assistance of the graduate student
Aristotelis M. Zaras, Vassileios G. Stefanopoulos, losif P.

Efremidis, and Dimitrios K. Papanastasiou is gratefully ac-
knowledged.

References and Notes

(1) Zhang, Z.; Saini, R. D.; Kurylo, M. J.; Huie, R. B. Phys. Chem.
1992 96, 9301-9304.

(2) Cooper, D. L.; Cunningham, T. P.; Allan, N. L.; McCulloch, A.
Atmos. Emiron. 1992 26A 1331-1334.

(3) Hsu, K.-J.; DeMore, W. BJ. Phys. Chen1995 99, 11141-11146.

(4) Zang, Z.; Saini, R. D.; Kurylo, M. J.; Huie, R. H. Phys. Chem.
1992 96, 9301-9304.

(5) Garland, N. L.; Medhurst, L. J.; Nelson, H. H. Geophys. Res.
1993 98, 2310723111.

(6) Wallington, T. J.; Schneider, W. F.; Sehested, J.; Bilde, M.; Platz,
J.; Nielsen, O. J.; Christensen, L. K.; Molina, M. J.; Molina, L. T,
Wooldridge, P. W.J. Phys. Chem1997, 101, 8264-8274.

(7) Christensen, L. K.; Sehested, J.; Nielsen, O. J.; Bilde, M.;
Wallington, T. J.; Guschkin, A.; Molina, L. T.; Molina, M. J. Phys. Chem.

A 1998 102 4839-4845.

(8) Nolan, S.; O'Sallivan, N.; Wenger, J.; Sidebottom, H.; Treacy, J.
Proceedings of the EUROTRAC Symposium '98, Garmisch-Partenkirchen,
Germany,1998.

(9) Wallington, T. J.; Guschkin, A.; Stein, T. N. N.; Platz, J.; Sehested,
J.; Christensen, L. K.; Nilesen, O. J. Phys. Chem. A998 102 1152-
1161.

(10) Kambanis, K. G.; Lazarou, Y. G.; Papagiannakopoulog, Phys.
Chem. A1998 102 8620-8625.

(11) Christensen, L. K.; Wallington, T. J.; Guschkin, A.; Hurley, M.
J. Phys. Chem. A999 103 4202-4208.

(12) Orkin, V. L.; Villenave, E.; Huie, R. E.; Kurylo, M. 1. Phys.
Chem. A1999 103 9770-9779.

(13) Good, S. A,; Francisco, J. 3. Phys. Chem. A999 103 5011
5014.

(14) Sekiya, A.; Misaki, SJ. Fluorine Chem200Q 101, 215-221.

(15) Good, S. A,; Francisco, J. 3. Phys. Chem. A998 102, 1854~
1864.

(16) Good, S. A,; Francisco, J. 3. Phys. Chem. A998 102, 7143~
7148.

(17) Good, S. A.; Kamboures, M.; Santiano, R.; Francisco, J. Bhys.
Chem. A1999 103 9230-9240.

(18) Lazarou, Y. G.; Papagiannakopoulos(hem. Phys. Lettl999
301 19-28.

(19) Chandra, A. K.; Uchimaru, TThem. Phys. Let2001, 334, 200—
206.

(20) DeMore, W. B.; Sander, S. P.; Golden, D. M.; Hampson, R. F,;
Kurylo, M. J.; Howard, C. J.; Ravishankara, A. R.; Kolb, C. E.; Molina,
M. J. Chemical Kinetics and Photochemical Data for Use in Stratospheric,
JPL Publication 97-4,1997.

(21) Finlayson-Pitts, B. J.; Ezell, M. J.; Pitts, J. NNAture1989 337,
241-244.

(22) Rudolph, J.; Koppmann, R.; Plass-DulmerA@nos. Eniron. 1996
30, 18871894.

(23) Spicer, C. W.; Chapman, E. G.; Finlayson-Pitts, B. J.; Plastridge,
R. A.; Hubbe, J. M.; Fast, J. D.; Berkowitz, C. Mature1998 394, 353—

356.

(24) Vogt, R.; Crutzen, P. J.; Sander, Rature 1996 383 327—330.

(25) Tanaka, P. L.; Oldfield, S.; Neece, J. D.; Mullins, C. B.; Allen, D.
T. Enwiron. Sci. Technol200Q 34, 4470-4473.

(26) Hickson, K. M.; Smith, I. W. M.Int. J. Chem. Kinet2001, 33,
165-172.

(27) Wallington, T. J.; Hurley, M. D.; Fedotov, V.; Morrell, C.; Hancock,
G. J. Phys. Chem. 002 106, 8391-8398.

D.

J. Phys. Chem. A, Vol. 108, No. 14, 2002673

(28) Nohara, K.; Toma, M.; Kutsuna, S.; Takeuchi, K.; Ibusuki, T.
Environ. Sci. Technol2001, 35, 114-120.

(29) Ninomiya, Y.; Kawasaki, M.; Guschin, A.; Molina, L. T.; Molina,
M. J.; Wallington, T. JEnwiron. Sci. Technol200Q 34, 2973-2978.

(30) Mashino, M.; Kawasaki, M.; Wallington, T. J.; Hurley, M. D.
Phys. Chem. £200Q 104, 2925-2930.

(31) Lazarou, Y. G.; Michael, C.; Papagiannakopoulos, Phys. Chem.
1992 96, 1705-1708.

(32) Lazarou, Y. G.; Prosmitis, A. V.; Papadimitriou, V. C.; Papagian-
nakopoulos, PJ. Phys. Chem. 2001, 105 6729-6742.

(33) zhan, C.-G.; Nichols, J. A.; Dixon, D. Al. Phys. Chem. 2003
107, 4184-4195.

(34) Kambanis, K. G.; Lazarou, Y. G.; Papagiannakopoulo$nt?.J.
Chem. Kinet1995 27, 343-349.

(35) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;

tratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.

.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-
Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe,
M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.;
Gonzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, JGAussian
98, Revision A.7; Gaussian, Inc., Pittsburgh, PA, 1998.

(36) Becke, A. D.J. Chem. Phys1993 98, 5648.

(37) Perdew, J. PPhys. Re. B 1986 33, 8822.

(38) Petersson, G. A.; Al-Laham, M. A. Chem. Physl991, 94, 6081.

(39) Binning, R. C. J.; Curtiss, L. Al. Comput. Chen99Q 11, 1206.

(40) McLean, A. D.; Chandler, G. §. Chem. Phys198Q 72, 5639.

(41) Pilcher, G.; Pell, A. S.; Coleman, D.Trans. Faraday Socl964
60, 499-505.

(42) Benson, S. WThermochemical Kinetic2nd ed.; Wiley-Inter-
science, New York1976.

(43) Cox, J. D.; Wagman, D. D.; Medvedev, V. BODATA Key Values
for ThermodynamicsHemisphere Publishing Corp.: New York, 1984.

(44) Butler, J. J.; Holland, D. M. P.; Parr, A. C.; Stockbauer|riR. J.
Mass Spectrom. lon Processe384 58, 1.

(45) Bowen, R. D.; Maccoll, AOrg. Mass Spectronil984 19, 379.

(46) Molder, U. H.; Pikver, R. J.; Koppel, I. rg. React. (N. Y. Engl.
Transl.) 1983 20, 208.

(47) Evans, M. G.; Polanyi, MTrans. Faraday Socl938 34, 11.

(48) Donahue, N. M.; Clarke, J. S.; Anderson, J.JGPhys. Chem. A
1998 102 3923-3933.

(49) Donahue, N. MJ. Phys. Chem. 2001, 105, 1489-1497.

(50) Bartolotti, L. J.; Edney, E. AQnt. J. Chem. Kinet1994 26, 913~
920.

(51) Atkinson, R.Chem. Re. 1985 85, 69—201.

(52) Kwok, E. S. C.; Atkinson, RAtmos. Emiron. 1995 29, 1685-
1695.

(53) Cohen, N.; Benson, S. W. Phys. Chem1987, 91, 171-175.

(54) Chiorboli, C.; Piazza, R.; Tosato, M. L.; CarassitiGtord. Chem.
Rev. 1993 1993 241-250.

(55) Klamt, A. Chemospherd993 26, 1273-1289.

(56) Michael, J. V.; Nava, D. F.; Payne, W. A.; Stief, L.Jl.Phys.
Chem.1979 70, 3652-3656.

(57) Wine, P. H.; Semmes, D. H. Phys. Cheni983 87, 3572-3578.

(58) Tschuikow-Roux, E.; Yano, T.; Niedzelski,J.Phys. Chenl984
88, 1408-1414.

(59) Tschuikow-Roux, E.; Niedzelski, J.; Faraji,&an. J. Chem1985,
63, 1093-1099.

(60) Senkan, S. M.; Quam, D. Phys. Cheml992 96, 10837-10842.

(61) McLoughlin, P.; Kane, R.; Shanahan|rt. J. Chem. Kinet1993
25, 137-149.

(62) Miyokawa, K.; Tschuikow-Roux, BEl. Phys. Chenil99Q 94, 715—
717.

(63) Lazarou, Y. G.; Papadimitriou, V. C.; Prosmitis, A. V.; Papagian-
nakopoulos, PJ. Phys. Chem. 2002 106, 11502-11517.

(64) Kley, D. Sciencel997, 276, 1043-1045.

(65) Chen, L.; Kutsuna, S.; Nohara, K.; Takeuchi, K.; IbusukiJT.
Phys. Chem. 2001, 105 10854-10859.

(66) Heathfield, A. E.; Anastasi, C.; Pagsberg, P.; McCullochitmos.
Environ. 1998 32, 711-717.

(67) Tokuhashi, K.; Takahashi, A.; Kaise, M.; Kondo, S.; Sekiya, A,;
Yamashita, S.; lto, HJ. Phys. Chem. £00Q 104, 1165-1170.

(68) Tokuhashi, K.; Takahashi, A.; Kaise, M.; Kondo, S.; Sekiya, A,;
Yamashita, S.; Ito, Hint. J. Chem. Kinet1999 31, 846-853.

(69) Chen, L.; Kutsuna, S.; Tokuhashi, K.; Sekiya, A.; Takeuchi, K.;
Ibusuki, T.Int. J. Chem. Kinet2003 35, 239-245.



2674 J. Phys. Chem. A, Vol. 108, No. 14, 2004 Papadimitriou et al.

(70) Tokuhashi, K.; Takahashi, A.; Kaise, M.; Kondo, 5.Geophys. (73) Chen, J.; Young, V.; Niki, H.; Magid, Hl. Phys. Chem. A997,
Res.1999 D15, 18681. 101, 2648-2653.

(71) Brown, A. C.; Canosa-Mas, C. E.; Parr, A. D.; Wayne, RAthos. (74) Barry, J.; Locke, G.; Scollard, D.; Sidebottom, H. T., J.; Clerbaux,
Environ. 199Q 24A 2499-2511. C.; Colin, R.; Franklin, Jint. J. Chem. Kinet1997, 29, 607—617.

(72) Tokuhashi, K.; Takahashi, A.; Kaise, M.; Kondo, S.; Sekiya, A,; (75) Mogelberg, T. E.; Sehested, J.; Bilde, M.; Wallington, T. J.; Nielsen,

Fujimoto, E.Chem. Phys. LetR00Q 325 189-195. 0. J.J. Phys. Chem1996 100, 8882-8889.



