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The reaction kinetics of chlorine atoms with a series of partially fluorinated straight-chain alcohels, CF
CH,CH,0OH (1), CRCF,CH;0OH (2), CHR,CF,CH,0OH (3), and CRCHFCFRCH,0OH (4), were studied in the

gas phase over the temperature range of-Z63 K by using very low-pressure reactor mass spectrometry.
The absolute rate coefficients were given by the expressions @mmiecule® s™): k; = (4.424 0.48) x

10 exp(—255 = 20/T); ky(303) = (1.90+ 0.17) x 1071, k, = (2.234 0.31) x 10 exp(—1065+ 106/

T); kx(303)= (6.78 4+ 0.63) x 10713 k3 = (8.51+ 0.62) x 10 12 exp(—681 + 72/T); ks(303) = (9.00 +

0.82) x 103 andk, = (6.18+ 0.84) x 10712 exp(—736 & 42/T); ky(303) = (5.36 + 0.51) x 10713 The

quoted & uncertainties include the systematic errors. All title reactions proceed via a hydrogen atom metathesis
mechanism leading to HCI. Moreover, the oxidation of the primarily produced radicals was investigated, and
the end products were the corresponding aldehydes @RIO; R- = —CH,CF;, —CF,CF;, —CF,CHF,,

and —CFR,CHFCR), providing a strong experimental indication that the primary reactions proceed mainly
via the abstraction of a methylenic hydrogen adjacent to a hydroxyl group. Finally, the bond strengths and
ionization potentials for the title compounds were determined by density functional theory calculations, which
also suggest that the-methylenic hydrogen is mainly under abstraction by Cl atoms. The correlation of
room-temperature rate coefficients with ionization potentials for a set of 27 molecules, comprising fluorinated
C2-C5 ethers and C2C4 alcohols, is good with an average deviation of a factor of 2, and is given by the
expression lod() (in cm® molecule! s™1) = (5.8 4+ 1.4) — (1.56 &+ 0.13) x (ionization potential (in eV)).

1. Introduction to assess their impact on global warming and climate change.
At first it is very important to determine their atmospheric
lifetimes by measuring their rate coefficients with major
atmospheric reactants, such as OH radicals and Cl atoms, which
(Montreal Protocol), which have imposed restrictions on their initiate th_eir ch_emical deg_radat_ion in the_troposphere. Although
production and have stressed the need for their replacement witif"e rea}c'uon with OH radicals is the.mam r.emoval pathway of
more friendly compounds. In particular, hydrofluorocarbons HFAS in the troposphere, the reactions with less abundant CI
(HFCs) have been suggested as potential substitutes becaus@toms may also contribute to their removal due to the higher
they do not contain chlorine or bromine atoms and therefore reactivity of Cl atoms. Concentrations of chlorine atoms on the
have no contribution to the stratospheric ozone destruétion. order of 18 molecule cnm® have been detected over the marine
However, their strong infrared absorbance in the atmospheric boundary lay€r® as well as during ozone episodes in urban
window, due to the €F bonds, and their relatively long atmosphere¥ Moreover, the reaction kinetics of HFAs with
atmospheric lifetimes classify them among the anthropogenic chlorine atoms will provide (a) information about the relation-
greenhouse gasésyhich are regulated by the Kyoto Protocol,  ship between structure (position and degree of fluorination) and
and the_refore need to be replaced by environmentally friendly chemical reactivity of HFAs and (b) comparison with the
alternatives. reactivity of other CFC alternatives. In addition, it will provide
Partially fluorinated alcohols (HFAs) are considered among information about the primary reaction pathways of HFAs, and
the most promising CFC substitutes because they are expectegherefore about the degradation mechanism of HFAs in the
to have higher chemical reactivities than HFCs due to the yoposphere. Reaction kinetics of several HFAs with Cl atoms
presence of the-OH group and therefore shorter atmospheric o6 peen studied in the past by three grddp¥,in addition

!|fet|me§. HFA.S are z_;llready usgd as cleaning adqﬁswell as to the study of their tropospheric degradation mechanisms.
in a variety of industrial applicatiohsand therefore it is essential

The negative impact of chlorofluorocarbons (CFCs) and
hydrochlorofluorocarbons (HCFCs) in stratospheric ozone deple-
tion>2and global warminghas led to international agreements

The aim of this work is to measure the absolute rate
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panosp@chemistry.uoc.gr. 273—-363 K by employing the very low-pressure reactor mass
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Cl + CF,CH,CH,OH — HCI + products (1) Cl and HCI, respectively. The ratiayc/ac (see eq lll) was
also determined by performing accurate titration experiments
Cl + CF,CF,CH,0H — HCI + products (2) using the reaction of Cl atoms wittCgH14 and was found to

be 1.3+ 0.1. Thus the flow raté&c was obtained by using eq
Cl + CHE,CF,CH,OH — HCI + products (3) I

Cl 4+ CF,CHFCE,CH,0H — HCl + products  (4) 2AF¢,
F.=
141,13 x 1)

(I
Finally, quantum mechanical calculations were performed to

determine the bond strengths of-@ and O-H bonds and the The steady-state concentration of all species in the reactor

ionization potentials of the title compounds to investigate the \as determined by using the expression

relationship between structure and reactivity for straight-chain

fluorinated alcohols. ] Iy

2. Experimental Methods 3, Kosg, Ve

The absolute rate coefficients were measured by using thewherely, is the mass spectral intensity of the selected fragment
VLPR-MS apparatus, which has been presented in detail at 19 eV, Vi is the reactor volume (cnd), a,, is the mass
previously> However, a brief description of the apparatus and calibration factor determined by the linear regression of the
the experimental procedures followed in the kinetic measure- intensity of the selected mass spectrometric peaks versus the
ments are presented below. flow ratesly = ay,,Fu, andkesq, (€q IV, s7%) is the escape rate

The reactants enter the Knudsen reacig(= 107 cn?) coefficient for the species M 13), which were measured in
through separate capillary inlets to suppress back-streaming. Theseparate experiments by following the first-order decays of
double-wall reactor is thermostated, and its internal surface is selected mass peaks after an abrupt halt of their flow (eq V).

coated with a thin Teflon (Du-Pont Teflon 121A) layer to inhibit  The escape rate coefficients were determined by using the
wall reactions. The reaction mixture escapes from the reactor expressions

throuch a 5 mmorifice into the first stage of a differentially
pumped system. A conical skimmer and a tuning fork chopper T
located in the second vacuum chamber result in the formation kescM = Assc M. (V)
of a 200 Hz modulated effusive molecular beam that is
collimated into the ionization region of a quadrupole mass
spectrometer (Balzers QMG511). The modulated component of In = —Kesg, t V)
the mass spectrometric signal is discriminated and amplified Mo
by a lock-in amplifier and subsequently transferred with an A/D
card into a microcomputer, where it is stored for subsequent
analysis (Figure 1).

Chlorine atoms were produced by flowing a 5% mixture of
Cly in helium through a quartz tube, which was enclosed in a

()

whereT is the temperature of the reactd,, is the molecular
weight of the species, anil.«cis the escape factor, which for
cylindrical reactors depends only on its geometrical character-
istics and the diameter of the escape orifice. In our experiments
; - 1 i . .

2.45 GHz Evenson micro_vvave c_avity operating at 35 W. The_ \l’_l\“gr AC?IS:;CI-?ngngogHaETECIEZOCBH}:Ot:eéﬁIgCegg:Eg? f;)rr“g: .
quartz tube was coated with a dried slush of a fresh phosphoric o~ FcE cH,0H species were 0.127, 0.129, 0.230, 0.264,
acid—boric acid mixture (HPOy/H3BOg3) to inhibit the recom- .
bination of chlorine atoms on the walls. The dissociation of 0.247, and 0.290 S respectively.

e The fragmentation mass spectra of all the reactants at 19 eV
Cl, was almost complete, converted into Cl atoms and HC are shown in the Supporting Information. The concentration of

It?]SIde thte quartz tupfg.(;l'ge absgpcg oftany remalnlgtﬂ@yg each HFA was monitored by selecting its appropriate mass peak
€ reactor was verriied by monitoring the mass peaxa that does not have contribution from any possible reaction

in the abs_egce (t)fbothe:t_reafltqan_ts._AIIche k'lneI'C measuremteil;sproduct_ Therefore, several mass peaks were selected and
were carried out by Setling the 1onization €lectron energy a monitored simultaneously for each HFA. In particular, the

eV to suppress HCI fragmentation and to avoid its contribution L

S h compounds and the selected peaks were: (gGE;CH,0OH,
atm'z d35; (<0:3(V;)-tTh§ detecfl'oi‘(gm't °|f c l""to"r:fs'“ o iy?tem miz 114, 94, 69, 45, and 31; (i) GEF,CH,OH, m'z 100, 83,
was cdetermined 1o be ca. molecule cm=, WhICh IS and 31: (i) CHRCR.CH,OH, miz 112, 51, and 31; and (iv)

excellent for kinetic experiments. .
. . CRCHFCRCH,OH, m/z 113 and 31. The corresponding
HFA and Ch/He mixture were admitted to the reactor through concentrations were varied over the ranges of-0.5, 0.5-

ca. 150 cm long capillaries W|trl1 aca. 0.9 mm internal d|ameters. 48.3. 0.1-7, 0.3-20.3, and 2.940.1 in 102 molecule crm?,
Their flow rates £, molecule s) were measured by following respectively

the pressure drop in the buffer volumes as a function of time Theac, factor was frequently measured in separate calibration

m(;[rr;ﬁeagg;ls?{xp)e\:\l,i::g;arli\,%rdeisu;i;a?]?ﬁ' -arhrﬁaf_l,(;\/\é)arl?;ﬁcg experiments (Figure 2) as well as during the kinetic measure-
cl y 9 ments by using a least-squares fit of Cl atom flow rate as a

for all chlorinated species in the discharge tube and the reactory . tion of the mass spectral intensityratz 35. Thus it was

in the absence of any other reactants. The mass balance is IV€{erified that theag factors remained constant within 3% during

by the expression the course of our experiments.

The kinetic measurements were carried out over the temper-
ature range of 273363 K at very low-pressure conditions (ca.
2 mTorr). The very low-pressure conditions and the small
where 2AFc, is the change inFc, with and without the residence times of reactants and products in the reactor exclude
microwave discharge, whilEc; andF¢ are the flow rates of the possibility of any secondary bimolecular reactié&h$he

2AF¢, = Fg + Fyyg 0
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Figure 1. Schematic presentation of the Knudsen reactor and the detection/acquisition system of the VLPR/MS technique.

rate coefficients for all reactions were measured by applying 2.1. Materials. All reactants were commercially available,
the steady-state equation for both reactants and the stable produand their sources and purities were:, Qlinde, 99.8%), He
HCI. This implies that the total production rate for the species (Linde, 99.996%), @ (Linde, 99,995%) CECH,CH,OH (Al-
inside the reactor is equal to their loss rate. Therefore, the steady-drich, 98%), CECFCH,OH (Aldrich, 97%), CHLCFCH,OH
state equations for Cl atoms, HCI, and HFA are, respectively (Aldrich, 98%), and CECHFCFR,CH,OH (Aldrich, 95%). All
HFAs were degassed several times through freezenp—thaw
A[Cl] ks, = K[HFAL[CI] ; cycles at 77 K, and they were analyzed using gas chromatog-
0 raphy—mass spectrometry (GC-MS) after subjecting the samples
(b _ l)ke = K[HFA], (VI) to fractional distillation. The results of the gas chromatography
S& r analysis as well as their possible effect on kinetic measurements
are discussed in the Error Analysis subsection. HFA samples
were used undiluted. The mixing ratio of Jh He was ca.
5%, and the mixtures were prepared by condensiagCiquid

r
ICI

A[HFA]Kesg,., = KICI] [HFA] ;

|E{FA nitrogen temperature, degassing several times, and pressurizing
— 1 kese.m =K[CI], (VII) the storage bulb with the appropriate pressure of He. The mixing
Ihra ratio of the prepared mixture was also calibrated by flow-

calibration experiments using a flow of neat @k a reference.
A[HCl] ke = The results of the two different titrating techniques were in

A[HCIk, excellent agreement within 1%.
SGici _ ki[HFA]r (V|||)

k[HFA],[CI], e

3. Results and Discussion

The rate coefficients were obtained by least-squares fits of
wherek (i = 1—4) are the rate coefficients for reactions4, the Re; versus [HFA] data to eq VI at different temperatures.
|g| and IﬂFA are the intensities of Cl atoms and HFA in the HFA concentrations were measured by employing eq lll. A
absence of the other reactant, atlg and Ij,-, are the typical rate determination plot 8t = 303 K for CRCH,CH,-
intensities in the presence of both reactants. For simplicity, the OH is presented in Figure 3. The precision of all measurements
quantities /1% — Dkesey (0 1ea — 1Kesein aNAA[HCI]- was always better than 3%. In addition, the rate coefficignts
Kesq,o/[Cl] ¢ will be denoted a&c), Rurai, andRyc, respectively. (i = 1-4) were also determined by using the steady-state eqs
By comparing the rate coefficients obtained by using the steady- VIl and VIII for HFA and HCI molecules, respectively. A
state equation of either reactant, one may obtain information summary of the experimental conditions and the rate coefficients
about the mass balance of the reaction and the presence ofneasured in each experiment as well as the fig@l) after
secondary Cl atoms reactions. HFAs are very unlikely to combining the experiments at each temperature and fitting the
undergo secondary reactions; thus eq VIl is not affected by data using the least-squares method are given in Tables 1 and
possible secondary Cl atom reactions. Finally, eq VIII provides 2, respectively. The quoted uncertainties in Tables 1 and 2
additional evidence about the validity of our experimental represent the@precision of the least-squares fits.
results, because HCI is the sole reaction product and is in 3.1. Kinetic and Mechanistic Investigation.Mass spectro-
excellent mass balance with both reactants. metric analysis of the reaction mixtures in title reactions
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Figure 2. Typical plot for the measurement of the calibration factor

of Cl atoms &¢)). ac is determined by the least-squares fit of the parent
mass spectral intensity of Cl atoms as a function of the flow rate of Cl
atoms inside the reactor.

confirmed HCI atm/z 36 to be the primary reaction product.
Thus, all four reactions proceed via a hydrogen metathesis
mechanism, and the possible reaction pathways are

—> HCl + CF;CH,CHOH (1a)
Cl + CFCH.CH:OH <15 HCl + CE:CHCH.OH (1b)
L—> HCl + CF;CH,CH,O (1c)
—> HCl + CF;CF,CHOH (2a)

Cl + CF;CF,.CH,OH —2]
L > HCI + CF;CF,CH,O (2b)
HCl + HCF,CF,CHOH (32)
Cl + HCF,CF,CH,OH ks HCl + CF,CF,CH,OH (3b)
HCl + HCF,CF,CH,0 (3e)
HCl + CF;CHFCF,CHOH (4a)
Cl + CF;CHFCF,CH,OH k HCl + CF;CFCF,CH,OH  (4b)
HCl + CF;CHFCF,CH,O (4¢)

The least-squares fit of the plot 8% versus [CECH,CH,-
OH]; produced identical rate coefficients by measuring the- CF
CH,CH,OH concentration based on either mass fragmes
114 (M), 94 (M — HF), 45 (M — CRt), or 31 (M — CFs-
CH,*, 100%). In particular, the parent peakraiz 114 and the
fragment peak atn/z 45 cannot have any contribution from
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Figure 3. Typical plot for the determination of the rate coefficient for
the reaction of Cl atoms with GEH,CH,OH, atT = 303 K, based on

the steady state for Cl atoms. The error bars include both precision
and accuracy of the measurement.
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Figure 4. Arrhenius plots for the reactions of Cl atoms with the title
HFAs in the temperature range @f = 273—-363 K. The error bars
include both random and systematic uncertainties at a 95% level of
confidence ().

analysis was based on the highest mass peakz31, which
is also free from any radical product contribution.

The rate coefficient for reaction 3 was obtained by monitoring
CHFR,CF,CH,0OH using either mass peakmatz112 (M — HF")
or 31 (M — CHRCF,*, 100%). However, the use of the/z
51 peak (M— CRCH,OH") yielded lower rate coefficients,
which is a clear indication that the primary radical product
contains the-CHF, group. In addition, the presence of pathway
3b should result in a systematic increase of the pealWa81

primary radical products. For comparison purposes, the above(CH,OH™) and thus to an underestimation of the rate coefficient.
four mass peaks were simultaneously monitored. The presentHowever, the rate coefficient values obtained by using mass
rate coefficients were determined by using the highest mass peakpeaks atm/z 112 and 31 were identical, which suggests that

at m/z 31. However, by using the mass peakatz 69 (M —
CH,CH,OH") the rate coefficients were systematically lower
due to the contribution to this peak by the primary radical
product. Moreover, application of the steady-state equation for
CRCH,CH,OH led to identical rate coefficient values within

the radical product does not contain the f£HH group.
Furthermore, the high ©H bond strength excludes the presence
of pathway 3c, suggesting that reaction 3 occurs primarily by
pathway 3a.

Finally, the rate coefficient for reaction 4 was obtained by

experimental error, which verifies the absence of any secondarymonitoring CRCHFCFR,CH,OH using either mass peaksrafz

Cl atom reactions.

The rate coefficient for reaction 2 was obtained by monitoring
CRCFR,CH,OH using either mass peakratz 100 (M — CR,"),
83 (M — CR0OH™), or 31 (M — CRCR,*, 100%), which all
yielded identical rate coefficient values. However, the present

113 (M— CR™) or 31 (M— CRCHFCR™, 100%), which gave
identical rate coefficient values. The M CR* fragment does
not have any contribution from radical products. However, the
kinetic measurements were mainly performed by using the
highest peak atrv/z 31.
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TABLE 1: Typical Experimental Data 2 TABLE 2: Rate Coefficients (cm® molecule™ s71) at the
T(K) [CI] Ro [HFA] K Temperatures 273, 303, 333, and 363K
CFsCH,CH,OH T(K)
273  0.14091 3.762.0 0.1+3.99 17.4:£04 273 303 333 363
273  0.14-0.86 4.46-67.7 0.16-3.44  17.4+05 CR.CH,CH,OH
303 0.16-088  2.63-73.2 0.16-4.03  18.5£0.3 K101 (RHCl) 1.68+0.15 1.85:0.10 2.13:£0.10 2.31+0.15
303 0.19-0.82  4.16-42.67 022292  18.3+06 K10 11 (RHFA) 1.69+0.09 1.97+0.07 2.07+0.12 2.12+0.09
303 0.12-0.62 2.3-47.39 0.142.63  19.1+0.7 [Cl/10t 137-906 056.881 137844 039537
333 0.16-0.77 3.76-65.28 0.153.48 19.6+0.6 no.of points 24 60 36 35
333 014072 4587735 0.143.65 21.0+0.5 CRCRCHOH
363 0.160-3.56  5.25-49.21 0.371.97 21.8£0.7 2
363 013.032 305212 016.087 222508 K103(RCl)  4.40+0.09 6.78£0.14 9.32+0.28 11.50+ 0.45

k/10-33(RHCI) 4.22+0.09 6.86+0.23 8.924+0.51 11.59+ 0.60

863 0.19°0.37 3.48-19.86 032158 22.3£ 0.7 k/1013(RHFA) 4.34+0.09 6.68+0.20 9.22+0.42 11.35+ 0.63

CRCR,CH,0H [ciy/101t 3.42-11.15 1.5%+17.17 0.7512.00 0.556.64
273 044111 0241248 1892827 0.42+0.02 [HFA)/10%2 0.74-30.18 0.3441.27 0.56-46.10 0.50-48.29
273  0.34-0.96 0.46-15.04 0.74-30.18 0.45+ 0.03 no. of points 30 56 59 59
303 0.15-055 0.46-22.84  0.3829.26 0.70+0.01 CHRE,CE,CH,OH
803 0.2-164  1.1522.27  2.00:34.04 0.68+0.01 K10¥(RCl)  7.00+0.25 9.00+0.09 11.00 0.30 13.00% 0.40
303 0.15-1.05 1.243057  0.3741.27 0.66+0.02 K103(RHCI) 7.164+0.34 9.18+040 10.6+ 050 13.21+ 0.63
303 035172 0192034 043335  0.71£0.03 KI10-13 (RHFA) 6.84+0.29 8.92+0.34 11.2+0.45 12.73 0.69
333 0.08-0.76  3.8739.71 0.8544.12 0.95:0.02 [HFA)/1012 0.40-18.74 0.27-20.33 0.65-15.48 0.3714.82
333  0.07-0.77 0.78-4553  0.80-46.10 0.94+0.03 no. of points 43 43 28 28
333  0.36-1.20 0.83-28.72  0.66-30.52 0.94+ 0.02
363 007051 0.64-60.92  0.56-48.29 1.14t 0.03 CRCHFCRCH,OH

k/10~13 (RCI) 4.20+0.12 5.36:0.10 6.72+-0.15 8.20+ 0.36
k/1013(RHCI) 4.18+0.12 5.63+0.14 6.44+0.30 8.68+0.35
k10" (RHFA) 4.22+0.29 5.42+0.34 6.90+0.45 8.33+0.69

363 0.05-0.32 2.05-36.55 0.76-24.02 1.13+0.03
363 0.1+0.50  0.58-35.96 0.78-40.79 1.18+0.05
363 0.19-0.66 0.71-30.82 0.5#33.57 1.16+0.03

[Clj/101t 6.93-23.75 4.1514.92 5.86-13.65 1.73-10.28

CHF,CF,CH,OH [HFA]/1012 2.63-36.55 2.93-40.11 2.93-27.39 2.02-28.76
273 0.39-0.68 0.30-8.68 0.46-15.12 0.66+ 0.02 no. of points 38 41 25 29
273 0.66-1.72 1.40-14.98 1.33-18.74 0.70+0.01 . . . . .
273 0.59-0.99 136-7.78 13212.92 0.68+ 0.02 2 The species to which the steady-state approximation was applied
273 0:28—0:79 0:65—9:48 0:59—16:84 0:7& 0:03 for mea_suring the rate coefficient_is_ denoted in parentheses. The quoted
303 0.25-1.33 1.05-15.49 0.76-13.85 0.93+ 0.03 uncertainties represent the precision of the measurements.
303 0.23-12.74 0.46-14.23 0.3718.08 0.91+ 0.02
303 0.32-0.99 0.85-24.23 0.12-20.33 0.90+0.01 . . .
303 076-1.29 0.96-8.11 058748 0.95+ 0.01 1/T (Figure 4). Thek; values are summarized in Table 2 and
333  0.49-1.08 2.33-16.58 1.56-15.48 1.10+ 0.02 were obtained by the least-squares fit of the plotRg@iversus
333 0.50-0.97  1.19-9.90 0.65-9.57  1.09+0.04 [HFA] at each temperature. The quoted @ncertainties take
363 023045 19F1224  05+10.09 1.27£0.03 into account both random and systematic errors. The Arrhenius

363 0.24-0.56 0.91-15.16 0.8714.82 1.25-0.02
363 0.34-0.88 0.68-17.70 0.3713.68 1.32+0.04

CR.CHFCRCH,0H _ ST
273 073153 1651238 3282923 421014 ky = (4.42: 0.48) x 10 " exp(-255:+ 201)

273 0.69-1.71 1151471  3.49-33.49 4.22+0.10

273 074237 0.7:1510  2.63-36.55 4.16+0.12 k, = (2.23+ 0.31)x 10 **exp (~1065=+ 106/T)
303 0.42-1.28 1482152  3.76-40.11 5.29+0.15

303 075149 1191052  2.93-20.83 5.41+0.10 1

303 0541333 3.88-18.05  5.82-32.88 5.39+ 0.08 ks = (8.51+ 0.62) x 10 “exp(—681+ 72/T)
333 0.60-1.32 2.36-16.02  2.9322.49 6.80+0.11

expressions obtained for all four reactions are given below

333 0.48-1.12 1.92-18.97 3.39-27.39 6.63+0.16 _ —12 =

363 0.170.53 1.36-26.27 2.09-25.90 8.01+0.25 k4 =(6.18+0.84) x 10 ~“exp(~736+ 42/T)

363 0.36-0.58 5.69-22.191 10.7528.76 7.92+0.36 o _ _
363 0.42-10.28 1.63-18.02 2.02-22.31 8.30+0.30 The uncertainties in the exponential part of the Arrhenius

a Steady-state concentrations of Cl atoms and HFA are expressed inexpressmns rEﬂF."Ct. th(?‘OZpFECISIOH of 'the Ieast-squares.flts,
102 molecule cm®. Rg = ([C/[Cl]; — Dkesey = (Ioiley — Dkesgy while the uncertainties in pre-exponential factors were estimated

(s™), where the subscript 0 denotes the steady-state concentration inby the expressionAl= A x d In A, taking also into account

the absence of HFA. The quoted uncertainties in rate coeffici&rits ( the systematic errors of the measurements.

10"*?cm® molecule™ s™) represent the@precision of the least-squares The uncertainties of our measurements are also expressed in
fits. terms of the NASA/JPL recommendatidrusing eq IX

In general, for all four reactions, the absence of contributions
to the peak atn/z 31 suggests that the radical products do not f(T) = (303 K) exp ‘ -|- 303)‘ (1IX)
contain the—CH,OH group; therefore the abstraction of a
methylenic hydrogen adjacent to theOH group is the most  For reactions 14 the estimatedy values areg; = 40, gz =
likely reaction pathway?13.14 35, g3 = 40, andgs = 45, while for all four reactions the
3.2. Temperature DependenceThe kinetic experiments  uncertainty of our measurementslat 303 K was considered
were performed at four different temperatures: 273, 303, 333, to be 11%,; therefor§303 K) = 1.11.
and 363 K. The temperature dependence of the rate coefficients A comparison with the available data in the literature is
was determined by the least-squares fits of the plot &fhersus presented in Table 3. The quoted uncertainties representthe 2
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TABLE 3: Kinetic Parameters and Rate Coefficients atT = 303 K for the Reactions of Cl Atoms with the Partially
Fluorinated Alcohols of the Present Study and Comparison with Available Literature Data atT = 298 K2

reaction ke A EJ/R technique/reference

Cl + CRCH,CH,OH 19.0+ 1.7 4.42+ 0.48 255+ 20 this work
224+ 4.0 RR-GC—FID/FTIR
159+ 2.0 RR-FTIR!?

Cl + CRCFRCH,0OH 0.684 0.07 2.23+0.31 1065+ 106 this work
0.654+0.05 RR/FTIRS

Cl + HCF, CR,CH,0OH 0.904 0.08 0.85+ 0.06 6814 72 this work

Cl + CRCHFCRCH,OH 0.54+ 0.05 0.62+ 0.08 736+ 42 this work

2 Rate coefficients are in I& cm?® molecule* s™1, pre-exponential Arrhenius factors are in"30cm® molecule s, andE4/R are in K. The
guoted uncertainties represent thedhd include both systematic and random errors (RR-GC-FID/FTIR, relative rate gas chromatography flame
ionization detector/Fourier transform infrared; RR-FTIR, relative rate/Fourier transform infrared).

TABLE 4: lon Fragments Detected after Oxidation of the where R = —CH,CF;, —CFCF;, —CF,CHF,, and —CH,-
Primary Dehydrogenated Radicals CHFCFR.
oxidation products 3.4. Error Analysis. The precision of the kinetic measure-

parent alcohol aldehydes  miz(M*)  m/zdetected ments was always better than 3% including both repeatability
CRCH,CH,OH CRCH.CH,C(OH 112 112 (M) and reproducibility at a 95% level of confidenc@f2Moreover,
CRCRCH,0H CRCRC(O)H 148 79 (M- CFs) the uncertainties in the measured mass spectral intensities under
CHFR,CF,CH,OH CHR,CFRC(O)H 130 79 (M— CHR;") steady-state conditions, the temperatures employed, and the
CRCHFCRCH,OH CRCHFCRC(OH 180 111 (M-CR") volume of the reactor were less than 1%. The major error in

precision of the fits. To our knowledge, the present study is the the concentration of HFA is attributed to the flow rates measured
) ' and is reflected in the mass spectrometric calibration feagjor

first temperature-dependent absolute rate coefficient measure- . < ecies M. Taking into account the precision in measurin
ment for reactions 44. Reaction 1 has been studied by Kelly P ) 9 P 9

et all! and Hurley et al? at room-temperature conditions using pressures during. flow-calibratio(r)l experiments, the uncertaipty
relative rate techniques, and our result is in reasonably good'nf"’l""h was determined tofl}ge.ca. :M)f' Fhurtherm.ore, the gncertamty
agreement with both studies. The deviation of 30% between oot € escape ratg coefficients of the spgueskMQﬁ s ca.
the two available relative rate studies might be due to the 2%. Thus., we estimate th?t the 8ystematic uncertainties in
different reference reactions that they used, which is discussed®!r &xperiments are ca. 9/0'. )
extensively by Hurley et al. As far as reaction 2 is concerned, ~ Other sources of uncertainties may stem from secondary
there is only one study in the literature by Hurley ef3ht reactions of CI atoms with wall surfaces or minor sample
296 K. The measured rate coefficients at room temperature fromimpurities. All four samples were subjected to GC-MS analysis,
both studies are in excellent agreement within experimental evealing that the purity was always higher than 99.5%, and no
uncertainties. For reactions 3 and 4, there are no available datdMPurity was quantified at levels higher than 0.2%. We were
in the literature to be compared with our measured values. ~ Not able to identify the nature of these minor impurities and

3.3. Analysis of Oxidation End ProductsFor the oxidation ~ consequently to know their relative reactivity toward Cl atoms.
experiments, a three-inlet reactor was used to allow the separatd herefore, we performed separate experiments by using the
admission of molecular £o the reaction mixture. The volume ~ Stéady-state equation for HFA (eq VII), a scheme that is
of the reactor was 290 cinand the escape aperture was set to independent of minor sample impurities or any secondary Cl
2 mm to increase the residence time of reactants and to enhanc&LOms reactions. The rate coefficients obtained were in very good
the presence of secondary reactions. These experiments wer@greement (within 5%) of those obtained by using the steady-
conducted by using high HFA concentrations to ensure high State equation for Cl atoms (eq V1), indicating that HFA samples
radical yields and an excess of @olecules (ca. 8 molecule were sufficiently pure and any interference of secondary
cm3). The end reaction products were analyzed by mass chemistry was negligible. In addition, there was a very good
spectrometry. The electron voltage in the ionization region was agreement among the kinetic results obtained by using the
varied between 70 and 19 eV to counterbalance sensitivity Steady-state equations of HFA, CI atoms, or HCI, indicating
versus fragmentation and obtain the optimum conditions for the the absence of wall reactions.
final oxidation product detection. 3.5. Theoretical Calculations of the C-H Bond Strengths

In all four cases, fluorinated aldehydes were detected as theand the lonization Potentials of Partially Fluorinated Alco-
primary final oxidation products (Table 4). In particular,4&£F  hols. All calculations were performed with the Gaussian 98
CH,CHO was verified by the appearance of a new mass peakprogram suit&® by using three density functional theory
atm/z 112 (M%) and the increase afVz 29 (M — CRCH,™). functionals in combination with a variety of basis sets. The
The absence of any other products indicates that the primaryB3P86 functiondP-2°was employed in all geometry optimiza-
reactions proceed mainly via the abstraction ofdhmethylenic tions, vibrational frequency calculations, and the calculation of
hydrogen. The results for all four reactions were consistent with the C—H and O-H bond strengths. The B3P86 functional has
this mechanism, and the fragments detected, apart from that abbeen shown to yield reliable bond strengths of closed-shell
m/iz 29 (M — Re") which was present in all cases, are species with an average deviation from experimental values on
summarized in Table 4. Thus, the overall Cl-atom-initiated the order of 5 kJ molt.?1?2 The calculation of ionization
oxidation mechanism for the title HFAs may be given by the potentials was performed by the B3LYP and B3PW91 func-

following reaction scheme tionals1920.23.24yhich have been shown to be sufficiently reliable
for the calculation of molecular ionic properti€=?® For all
Re—CH,OH + Cl — R.—CHOH + HClI (5) closed-shell parent species, the calculations were performed

using restricted wavefunctions, while unrestricted wavefunctions

Rg~CHOH + O, =~ Re—C(O)H + HO, (6) were used for the open-shell radical species. To correct for the
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deficiencies of the B3P86 electronic structure calculations for

Papadimitriou et al.

two hydrogen atoms lie on the same side. When the OH group

open-shell species, the absolute electronic energies of all radicaldecomes perpendicular to the-C—O plane, the electronic

were increased by the amountMf x 9 x 1075 hartree, where

energy rises with a maximum of ca. 30 kJ miofor the Ck-

Ne is the total number of electrons, as has been suggested in &CF,CHOH radical. In addition, the intermolecular-E-H—-0O

previous study!

interactions are even stronger in these hydroxyl radicals, and

Several kinds of basis sets were used to examine the effectsan energy increase of 13.5 kJ mblis calculated when the
of the basis set size and the presence of diffuse functions onhydroxylic hydrogen faces in the opposite direction of the
the computational accuracy and furthermore to ensure the —CF— group for the CECR,CHOH radical.
convergence of the calculated properties to a narrow range of All C—H and O-H bond strengths for the title alcohols and
values. Two kinds of basis sets were used: (a) variants of thethe corresponding nonfluorinated ones as well as for several
6-311G basis set, augmented with d/f polarization functions and fluorinated C1 and C2 alkanes and alcohols were calculated at

diffuse functions, denoted by 6-3t#G(2d,p) and 6-31t+G-
(3df,2py5-28 and (b) correlation-consistent basis sets, of double
and triple€ quality, namely, aug-cc-pVDZ, cc-pVTZ, and aug-
cc-pVTZ2Owhere the prefix aug stands for the diffuse function
augmented variants.

The geometry optimizations and vibrational frequency cal-
culations were carried out at the B3P86/aug-cc-pVDZ level of

five levels of theory, all comprising of the B3P86 functional in
combination with the basis sets aug-cc-pVDZ, cc-pVTZ, aug-
cc-pVTZ, 6-31H+G(2df,p), and 6-311+G(3df,2p). The
average deviation of the calculated from experimentally known
values (inferred from the experimental enthalpies of forma-
tion'”:3) was improved from ca. 4 to 2 kJ mdlby the empirical
adjustment of the UB3P86 energfés-urthermore, the variation

theory for all species. Several conformations were selected for Of calculated bond strengths at those levels of theory was small
the parent molecules and their singly dehydrogenated radicalsand never exceeded 4 kJ mglwhich suggests that sufficient
as the initial structures prior to the geometry optimization to convergence to a narrow range of values has been achieved.
locate all possible local minima on the potential energy surfaces. However, a negligible dependence on the size of the basis set
For all stationary points, the absence of imaginary vibrational Was noted, and the accuracy of the calculated bond strengths
frequencies indicated that they correspond to true minima at was slightly improved by the presence of diffuse functions. The
the B3P86/aug-cc-pVDZ potential energy surface. The electronic average values of the empirically corrected results at the three
energies of all local minima were further refined by single- most accurate levels of theory (B3P86/aug-cc-pVTZ, B3P86/
point calculations using a larger basis set at the B3P86/aug-cc-aug-cc-pVDZ, and B3P86/6-3%H-G(2df,p)) are shown in the
pVTZ level of theory, and those with the lowest energies were Supporting Information. The largest deviation from experimental
chosen to represent the global potential energy minima. values (10 kJ mot') was presented by the+HCH,CH,OH bond,
However, the energy differences between the various minimaand all remaining deviations were lower than 6 kJ mol
for all species were always lower than 10 kJ molith the Therefore, the uncertainty of the reported bond strengths-¢i1 C
exception of a 15 kJ mot difference for the CECHFCRCH,O and O-H bonds in fluorinated alcohols is estimated to-b#0
radical conformers. The optimized structural parameters of all kJ mof™L.
species and their harmonic vibrational frequencies are shown As shown in the Supporting Information, the—€& bond
in the Supporting Information (Tables 1 and 2, respectively). strengths are lowest for the methylene group next to the oxygen
Absolute electronic energies for all species at higher levels atom, as expected on the basis of the stabilizing effect of the
of theory comprising the B3P86, B3LYP, and B3PW91 func- m-electron donation from the oxygen atom to the adjacent
tionals with larger basis sets were obtained by single-point carbon-centered radical. The presence of fluorine atoms close
calculations using the optimized geometries. The zero-point andto the—CH,OH moiety tends to strengthen the methylenielT
the thermal energies at 298.15 K were derived by considering bonds due to the electron-attracting effect of F atoms. However,
the rigid-rotor and the harmonic oscillator approximations after the variation in the bond strengths is relatively small, ranging
scaling all vibrational frequencies by 0.9723These enthalpic ~ from 396.0 kJ mot! for CH;CH(—H)OH to 411.6 kJ mott
corrections were subsequently added to the absolute electronidor CRsCHFCR,CH(—H)OH. Higher C-H bond strengths are
energies to yield the absolute enthalpies for each species andnoted for all other groups, ranging from 416.2 kJ micfor
finally, the C—H and O-H bond strengths. The ionization =~ CHsCH(—H)CH,CH,OH to 442.7 kJ mol* for CF(—H)CF,-
potentials (IPs) were calculated as the difference between theCH,OH. The G-H bonds possess the highest strengths, which
sum of absolute energies for the parent alcohol and its singly are significantly affected by their distance from the fluorine
ionized radical cation. atoms, ranging from 433.7 kJ mdlfor CH;CH,O—H to 482.7
The absolute electronic energies for all species were found kJ mol* for CRCFRCH0—H and finally to 504.8 kJ mof*
to depend on the arrangement of th®H group, as noted for CRO—H.
previously* For CHCH,OH and CHCHOH, there is a slight Besides the combined electronic effects of fluorine and
increase of the energy by ca. 1 kJ molvhen the—OH group oxygen atoms, the presence of intramolecular hydrogen bonds
is arranged toward the CHs group due to the unfavorable steric  in fluorinated alcohols can also affect the calculated bond
repulsions. However, for all HFAs and their hydroxy radicals, strengths. A closer look at the structures of fluorinated alcohols
there is an energy decrease when-#@H group is facing the and their carbon-centered radicals reveals that they adopt an
F atoms due to the attractive intramolecular-fE-H—0O arrangement that permits the hydroxylic H atom to approach
interactions. The energy barrier of the OH internal rotation fluorine atoms (preferably on thg-carbon), thus gaining an
depends on the degree of substitution by fluorine atoms, reachingextra stabilization by the formation of an intramolecular @

a maximum of ca. 12 kJ mol for CRsCFR,CH,OH. In the case
of the radicals R—CHOH, the rotation of the OH group around

~-F—C hydrogen bond. However, the structural changes ac-
companying radical formation may alter the-Fdistance with

the C-0 bond is accompanied by even greater energy changesa significant effect on the electronic energy of the radical and

due to the stabilizing effect of a-type orbital overlap in the
C—0 bond. This overlap is maximized when all atoms in the
—CHOH moiety lie on the same plane, and furthermore the

finally on the C-H bond strength. For example, the~H
distance drops from 2.42 A in GER,CH,OH to 2.17 A in CE-
CFR,CHOH, compared to the smaller relative decrease from 4.40
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Figure 5. Logarithmic plot of the room-temperature rate coefficients
(in cm® molecule® s7) of chlorine atoms with C2C4 alcohols vs
the strength of their weakest-&H bond (in kJ mot?).

A'in CF3CH,CH,0H to 4.19 A in CECH,CHOH. In the latter
case, the hydroxylic H atom is too far from the F atoms to gain
any substantial stabilization at a distance of this magnitude.
Indeed, when the H atom is directed opposite to tHeF—
group in CRCF,CHOH, the electronic energy rises by 13.5 kJ
mol~1, in contrast to a much smaller increase of 2.6 kJThol
in CRCH,CHOH. Therefore, the absence of stabilizing in-
tramolecular hydrogen bonds in the fluorinated alkoxy radicals
may significantly contribute to the wide range of RB (R =
alkyl group) bond strengths. For all other radicals and in
particular RCHOH, the energetically favorable arrangement of
the hydroxyl group toward fluorine atoms compensates for the
inductive effects of the latter on bond strengths, becausel-O
~F distances become shorter and, as a result, stronger.

The ionization potentials of the title alcohols and the

J. Phys. Chem. A, Vol. 111, No. 45, 200171615
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Figure 6. Logarithmic plot of room-temperature rate coefficients (in
cm® molecule® s7%) of chlorine atoms with C2C4 alcohols vs their
ionization potential (in eV).

where E; is the activation energy of a reactionH; is the
reaction enthalpy, and andf are empirical parameters. It has
been recently discussed that reaction barriers are most greatly
affected by the ionic states of the molecules involved in a
chemical reaction, and as a result, ionization potentials and
electronic affinities should be better employed for structure
reactivity correlationg#3> However, for hydrogen metathesis
reactions of an electrophilic radical (Cl or OH) with a series of
molecules possessing similar structural characteristics, these two
types of correlation are expected to converge, because trends
in the lowest C-H bond strengths and the corresponding
ionization potentials are generally simif&r.Furthermore,
examination of all G-H bond strengths in a molecule may
indicate the most probable sites of the initial hydrogen atom
abstraction and, consequently, the final atmospheric oxidation
products.

corresponding nonfluorinated ones as well as of several simple  The correlation of all available room-temperature rate coef-
C1 and C2 fluorinated alkanes and alcohols were calculated atficients of chlorine atoms with C2C4 alcohols versus the

10 levels of theory, comprising of the B3LYP and B3PW91

strength of their weakest €H bond and their ionization

functionals and the five basis sets reported above. The meanpotential was attempted. Wherever possible, the experimentally

deviations from experimental valiisvere rather insensitive
to the level of theory, on the order of 0:2R.20 eV. The lowest

available values of the molecular properties were employed;
the values derived theoretically in the present study were

deviations were presented by the B3PW91 functional, and the employed in all other cases. The logarithmic plot of the rate

agreement with experimental values was slightly deteriorating

coefficients versus the-€H bond strengths is shown in Figure

by the presence of diffuse functions in the basis sets. The 5. A linear least-squares fit of the data yields the expression
average values of the ionization potentials at the three mostlog(k) (in cm® molecule? s™1) = (29.74 15.9)— (0.104 0.04)

accurate levels of theory (B3PW91l/cc-pVTZ, B3PW91/6-
311++G(3df,2p), and B3LYP/cc-pVTZ) are shown in the
Supporting Information. By excluding GHind CHCHs, whose

x (C—H bond strength (kJ mo})). The deviations from the
fit are rather large, and the rate coefficients for GEH,OH
and CRECH,OH deviate almost by an order of magnitude. As

calculated values of IPs presented the largest deviations fromdiscussed by Kelly et atl the divergence in the measured rate

experiment values (0-71.5 eV), the calculated values for the

coefficients between alcohols and hydrocarbons in general,

heavier molecules were much closer to experiment, suggestingpossessing a different positioning and degree of fluorination,
that the errors in the reported IP values of the present study arecannot be interpreted considering only the inductive effects of

on the order of:0.5 eV. The ionization potentials of the title
compounds fall in the narrow range of 10-971.33 eV with a

F atoms and the subsequent strengthening of thél ®onds.
For instance, although the gEHFCRLCH(—H)OH and Ck-

weak dependence on the number of fluorine atom substituents.CH,CH(—H)OH bond strengths differ by ca. 5 kJ mé| their

3.6. Structure—Reactivity Correlations. The quantitative
correlation of intrinsic molecular properties with kinetic pa-

rate coefficients differ by a factor of ca. 35. It is more likely
that the electronic and steric effects of F substituents affect

rameters has been considered as a handy tool for the predictiordirectly the transition state with a subsequent effect on, among

of rate coefficients, leading to empirical expressions describing
structure-reactivity relationships. As appealing to chemical

others, the activation entropy of the systeXsf, which is
entirely neglected in correlations employing bond strengths.

intuition, reaction enthalpy has been commonly employed, Positioning and degree of fluorination can potentially have both
sometimes expressed as the linearly dependent strength of theynergetic as well as contradictory roles in the stabilization of
bond broken during the course of a chemical reaction, in the the transition state, resulting in a complicated effective function
form of the Evans-Polanyi relationshig? E, = o(—AH,) + j, for the prediction of rate coefficients. The last statement can
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5

10° strengths, and thus it should be the preferred tool for the
® g0 & generation of sufficiently accurate structtreactivity empirical
expressions.
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Figure 7. Loglarjtlhmic pIot_ of room-temperature rate coefficients (in temperature rate coefficienks; andke were considered along
g? mﬁlew'e hs ') of chlorine atoms "I‘"t.h C%/C‘l alcohols and G2 with a spatially uniform diurnal global average for [OH] and
sthers vs thelr fonization potential (in V). [Cl] of 1 x 10 %8 and 1x 10* molecule cm3"-3respectively.

TABLE 5: Room-Temperature Rate Coefficients for Several In particular, for larger alcohols, the Cl atom reactions contribute
Hydrofluorocarbons and Fluorinated Alcohols with OH to about 20% of their total tropospheric removal. This indicates
Radicals and CI Atoms (in 10> cm® molecule™ s %) and the the importance of atmospheric oxidation processes initiated by
Corresponding Tropospheric Lifetimesz (in years) chlorine atoms, especially in coastal areas, where Cl levels are
kow® ke ToH’ e Tert” established with increased confidence. Oxygenated HFCs are
CH,F>» 10 50 32 63 3.0 considered to be harmless to stratospheric ozone; therefore the
CHR; 0.3 0.003 106 1.k 10° 105 presence of HFAs in the atmosphere may only slightly contribute
CHRCHa 35 260 09 12 0.8 to global warming. In addition, the presence of a hydroxyl group,
CHCHs 1.2 0.03 s 110 26 apart from their tropospheric reactivity, also enhances their
CRCH.F 4.2 15 75 2112 7.5 S e
CR:CHFR 1.9 0.2 17 16 100 17 hyd_roph|I|C|t_y c_ompared to HFCS_, V\{hlch may further decrease
CF;CH,CHF, 7.0 6.9 45 459 45 their actual lifetimes, allowing their diffusion into cloud droplets
CRCH,CFR; 0.3 0.0% 106 3.2x 10° 106 or adsorption onto atmospheric aerosols, speeding up their
CRCHFCR 17 0.04 19 79x 10" 19 removal via wet or dry deposition. The tropospheric oxidation
gEg:i:CC':lz-l(l::HC3ECF3 2471 LY %63 2880 335» products for alcohols of the general type-FCH,OH are the
CH,FCH,OH 1710 19406 002 0.16 0.02 corresponding aIdehyde&RCH_=O, which, being suf_ﬂ_(:lently _
CHR,CH,OH 259 2000 013 1.09 011 polar, may be also removed via wet or dry deposition or via
CRCH,0OH 103 600 031 5.3 0.29 further degradation by sunlight photolysis. Moreover, there is
CRCH,CH,OH 19000 0.17 a debate whether long-chair 8C) fluorotelomer alcohols pose
CRCF.CH,0H 104 6800 031 047 0.18 a threat to the environme#it#°because they consist of a likely
gg%ﬁ?ggé?_":OH 130 3288 024 %%% 017 ?glligpe\ Sf)or the potentially toxic perfluorinated carboxylic acids

a Rate coefficients for the reactions of most hydrofluorocarbons with

OH and Cl are taken from ref 1¥zo4 andzc are based on diurnal . . . “
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