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Smog chamber/FTIR techniques were used to study the kinetics and mechanism of the reaction of Cl atoms

and OH radicals with fluorobenzeneghdzF, in 700 Torr of N or air diluent at 296 K. Reaction of Cl atoms

with CgHsF proceeds via two pathways: H-atom abstraction to give HCI and ¢hlgeFQradical and adduct
formation to give the gHsF—CIl adduct. At 296 K the rate constant for the abstraction chanriel(iSl +

CsHsF) = (1.1 £ 0.1) x 1077 cnm?® molecule! s™X. The GHsF—CI adduct undergoes rapitt ¢ 10° s1)
decomposition to reform ¢ElsF and Cl atoms and reaction with Cl atoms via a mechanism which, at least in
part, leads neither to production ofslsCl nor to reformation of @HsF. As the steady-state Cl atom
concentration is increased, the fraction of th#l€-—Cl adduct undergoing reaction with Cl atoms increases
causing an increase in the effective rate constant for the reactiogHaFQvith Cl atoms. The equilibrium
between Cl atoms, 4ElsF, and the @HsF—CI adduct is established rapidly and has an equilibrium constant
estimated to bés,=[CeHsF—CI/[CeHsF][CI] = (3.2 & 2.4) x 1078 cm® molecule’®. An upper limit ofkg

< 6 x 1071 cm® molecule! s™* was established for the reaction of theHgF—Cl adduct with Q. The
reaction of OH radicals with §&1sF was studied and a rate constantk®H + CeHsF) = (7.9 £ 2.2) x

10 3 cm?® molecule! st was determined. The results are discussed with respect to the available literature
concerning reaction of Cl atoms and OH radicals with aromatic compounds. As part of this work, rate constants
for reaction of OH radicals with 2-, 3-, and 4-fluorophenol of (6:3..3) x 1072, (2.34 0.5) x 10714, and
(2.54+ 0.5) x 10 cm® molecule s were determined.

1. Introduction 2. Experimental Section

Aromatic compounds constitute a significant fraction of the ~ Experiments were performed in a 140-L Pyrex reactor
reactive hydrocarbons found in vehicle exhaust and urban air.interfaced to a Mattson Sirus 100 FTIR spectromét&he
An understanding of their atmospheric chemistry is needed to reactor was surrounded by 22 fluorescent blacklamps (GE
assess the environmental impact of vehicle emissions. Unfor- F40BLB), which were used to generate Cl atoms by photolysis
tunately, significant uncertainties exist in our understanding of of Cly:
the atmospheric oxidation mechanisms and hence environmental
impact of aromatic speciég.Atmospheric oxidation of aromatic Cl, 5l €))
compounds is initiated by reaction with OH radicals. In smog
chamber studies of the atmospheric degradation mechanismsp ragdicals were generated by UV irradiation of £MNO/
of organic compounds, it is often convenient to use Cl atoms NO/air mixtures:
as a surrogate for OH radicals to initiate the sequence of
photooxidation reactions. Kinetic and mechanistic data concern- e
ing the reaction of Cl atoms with aromatic compounds are CH,ONO— CH,0 + NO 2)
needed to design and interpret such smog chamber studies. We
have reported such data forghds,® CeHsCl,2 CsHsBr,* and
CeHsl.> To complete our investigation of the reactivity of
monohalobenzenes, we report here a study of the reaction of
Cl atoms with GHsF in 700 Torr of N diluent at 296 K. The
kinetics of the reaction of OH radicals withgldsF were also
studied as part of this work.

CH,O + O,— HCHO + HO, 3)
HO, + NO— OH + NO, (4)

Reactant and product concentrations were monitored using
in situ Fourier transform infrared spectroscopy. IR spectra were
derived from 32 coadded interferograms with a spectral resolu-

*To whom correspondence should be addressed. E-mail: twaling@ tion of 0.25 cn* and an analytical path length of 27.1 m.
ford.com. Calibrated reference spectra were acquired by expanding known
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Figure 1. Decay of GHsF versus CECIH in the presence of Cl atoms

1.0

in 700 Torr of N diluent. The steady-state Cl atom concentrations were

(in units of 132 cm3) 0.52 (diamonds), 2.0 (circles), 3.9 (filled and
open triangles), 6.3 (squares), and 8.5 (hexagons).
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shown in Figure 1. The lines through the data in Figure 1 are
linear fits which give values ofks/ks. As seen from Figure 1,
different values ofks/ks are obtained from experiments per-
formed under different experimental conditions. This observation
is not consistent with the simple chemistry depicted above in
which GHsF is consumed via reaction with Cl atoms and not
reformed in any process.

It has been showithat the reactions of Cl atoms withsi8s
and GHsCI do not proceed via a simple mechanism such as
that depicted in reaction 5. Reaction of Cl atoms wittHE
and GHsClI proceeds via two channels, hydrogen atom abstrac-
tion and adduct formation. The adduct decomposes rapidly to
reform the aromatic compound and reacts with Cl atoms to give
products other than the aromatic reactant. yH§E we can
represent this chemistry as

Cl + CgHgF — CgH,F + HCI (5a)
Cl 4 CgHF — C;HF—ClI (5b)
CeHsF—Cl — Cl + CH.F (—5b)

CgHsF—CI + Cl — products (8a)

volumes of reference materials into the chamber. The IR featureslt is possible that some fraction of the reaction of th#igF—

used for analysis weregBisF (1238, 754, 685 cmi), CRCIH
(1312 cn1l), CDy4 (995 cntl), CeHg (674 cnrl), CoH4 (2988,
949 cml), CsHg (912 cnr?l), 2-chlorofluorobenzene (1030
cm™1), 3-chlorofluorobenzene (892, 862 th), 4-chlorofluo-
robenzene (830 cm), 2-fluorophenol (11741266 cnt?),
3-fluorophenol (1129 cmt), and 4-fluorophenol (1171 crd).
Experiments were performed at 296 K in 700 Torr of K,

or air diluent. All reactants were obtained from commercial
sources at purities>99%. Ultrahigh purity nitrogen and air

diluent gases were used as received. The samples of fluoroben-
zene, chlorofluorobenzene, and fluorophenol were subjected to

several freezepump-thaw cycles before use. In smog chamber

experiments, unwanted loss of reactants and products via
photolysis and heterogeneous reactions has to be considered.
Control experiments were performed in which product mixtures

obtained after UV irradiation of §sF/Cl/N, mixtures were

Cl adduct with Cl atoms proceeds to regenerafidsE and C},

constituting a GHsF-catalyzed recombination of Cl atoms:
CiHsF—CI + Cl — CHF + Cl, (8b)

The following differential equations describe the temporal
behavior of GHsF and GHsF—CI:

_3[C6H5F]

ot~ KdCllICeHsF] + ke CIIIC 6HsF] —
K_5o[CeHsF—CI] — kgy[CI][C gHsF—CI] (i)

I[CeHsF—CI]

= kg, [CI][C H5F] — k_5[CcHsF—CI] —
K[CIIIC gHeF—C] (i)

at

allowed to stand in the dark in the chamber for 15 min. There whereks= (Ksa+ Kap).

was no observable<2%) loss of reactants or products, showing

Application of the steady-state approximation for theHg—

that heterogeneous reactions are not a significant complicationCl] adduct gives

in the present experiments. Analysis of the IR spectra was
achieved through a process of spectral stripping in which small
fractions of the reference spectrum were subtracted incremen-

tally from the sample spectrum.

3. Results and Discussion

3.1 Relative Rate Study ok(Cl + CgHsF) in 700 Torr of
N,. The kinetics of reaction 5 were measured relative to
reactions 6 and 7:

Cl + C4H;F — products 5)
Cl + CE,CIH — products (6)
Cl + CD, — products ©)

Initial reactant concentrations were 3.8.5 mTorr of GHsF,
0.15-6.5 Torr of Ch, and 4.5-15 mTorr of either CECIH or
CD4 in 700 Torr of N diluent. Typical data showing the
observed loss of §HsF versus that of CIEIH following UV
irradiation of six different GHsF/CFRCIH/Clo/No mixtures are

ketksd Cll ss[CoHsF]
(K_sp + ke[Cl] s9)
(iii)
In the experiments performed in this work, we measure an
effective rate constant for reaction 5 given by

—3 [CeHsF]
at

= k{Cl] sCeHF] +

_B[CGHSF] .
T = Ketrectivd Cll sd CeHsF] (iv)
Hence
Cl
keffective= k5a+ kakBa[ ]SS (V)

(k_gp + ke[Cl]s9)

We can now consider the two extremes of behavior depending
on the relative magnitude &f 5, andkg[Cl]ss If kg[Cl]ss>> K_sp,

then expression v can be reducedkigecive= Ksa + kspksdks

and no dependence on Cl atom steady-state concentration would
be observed. Ikg[Cl]ss < k-sp, then the effective rate constant



Kinetics and Mechanism of the Gas-Phase Reaction J. Phys. Chem. A, Vol. 106, No. 34, 2002781

F F F
(5b)
cl + S ——— cl__, + Cly
(-50) @)
(Sa)l (aa)t cl
F FoH
+ HCl
A —H
[e]
(ml/ ch

16

—_ —_ -
o N >

. A -
K.y (107" cm® molecule™ s™)
©

6
F
4
+ Cl
2 Cl
Figure 3. Reaction scheme describing the chemistry occurring
0 I L L L following reaction of Cl atoms with gHsF. For simplicity only one
0 2 4 12 6 3 8 10 isomer is shown in reactions 5a and 8a.
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Figure 2. Effective rate constants, for the reaction of Cl atoms ~ C* molecule™ s™) versus [Cl}s Inspection of Figure 2 reveals

with CgHsF measured using GEIH (filled symbols) and CR (open that for a given [Cl}sthere is no discernible difference between

symbols) references in 700 TorrMiluent versus the steady-state CI  values Ofketteciive derived from experiments employing either

atom concentration. CHF.CI or CD, as reference compounds. As seen from Figure
2, the “effective reactivity” of Cl atoms towardsHsF increases

would be linearly dependent on [cJandkefiecive given by the  jinearly with the steady-state Cl atom concentration.

expression: The simplest and most plausible explanation for the behavior
KspksJCll observed in Figure 2 is that the reaction of Cl atoms wigH4E
Ketiective = Ksa + bk—ss (vi) fo_IIows the same mechanism as that of the reaction of Cl atoms
—5b with benzene and chlorobenzehidence, we postulate that the

. o reaction of Cl atoms with gHsF proceeds via two channels:
The Cl atom steady-state concentration, {Qiyas varied i~ H-atom abstraction (5a) to give HCI and theHGF radical and
the present work by changing the initial concentration of addition (5b) to give a €HsF—Cl adduct. The adduct can

molecular chlorine and the intensity of UV irradiation. The undergo decomposition to reform reactantsk) or react further
chlorine atom concentration was calculated from the observedwjith C| atoms in a manner which does not regenerajdsE

decay of the reference compounds ¢CH or CDs) using (8a). The reaction scheme is shown in Figure 3. The linearity
expression Vvii: of the plot of kefreciive Versus [Cl}s in Figure 2 indicates that
decomposition via reaction—6b) is the dominant fate of the
(Clleem 1 L, [referenced (i [CeHsF—CI] adduct.
SSTltx Keterenc [reference] Linear least-squares analysis of the data in Figure 2 gives an

intercept ofksq = (5.1 4 5.4) x 10717 cm® molecule! s~ and

wheret is the time of irradiation in second&eferenceiS the a slope of Kspksa)/k—sp = (1.714= 0.14) x 10~28cm® molecule’®
reference rate constaris(or k7), and [reference] and [refer- s1, quoted uncertainties are two standard deviations from the
ence]are the concentrations of the reference compounds beforelinear regressions. The value kf, derived in this analysis is
and after the irradiation. Use of expression vii to calculatesfCI]  indistinguishable from zero and hence we derive an upper limit
relies on the following assumptions: (1) reference compounds of ks, < 1.1 x 10716 cm® molecule s™* The value of Kspkss)/
are solely lost via reaction with Cl atoms, (2) literature values k_s, can be used to estimate the equilibrium conskapt ksy
for ks andk; are accurate, (3) UV blacklights provide uniform k_sp. Reactions of alkyl radicals (e.g., GEIC,Hs,2 and GHs?)
illumination of the reaction mixtures, and (4) Cl atoms have a with Cl atoms proceed with rate constants which are close to
lifetime which is short compared to the UV irradiation time. the gas kinetic limit, that is, @5) x 1071% cm® molecule’?
These assumptions are discussed and validated elsefvhere. and it seems reasonable to assume khais likely of similar

For a given [Cl}s variation of the initial molecular chlorine  magnitude. With this assumption, we arrive at an estimate of
concentration, UV irradiation intensity and initial reactant Ksp = ksyk—sp = (1.1 & 0.8) x 1078 cm® molecule’. The
concentrations had no systematic effect on the rate constantequilibrium between Cl atoms,g8sF, and the adduct éElsF—
ratios obtained. For example, the data shown in Figure 1 by CI lies toward Cl atoms and sF. It takes a pressure of
filled triangles were obtained in an experiment employing an approximately 30 Torr of gHsF to trap 50% of the Cl atoms
initial Cl, concentration 4 times higher and a UV irradiation in the form of the GHsF—CI adduct. Clearly, the ClI atom is
intensity 4 times lower than that used to measured the dataonly weakly bound in the gHsF—CI adduct. In contrast to the
indicated by the open triangles. The steady-state Cl atom behavior in the gas phase, it is well established that Cl atoms
concentrations, [Cl}, in the two experiments were indistin- form stable adducts with aromatic compounds in the solution
guishable within the experimental uncertainties. Even though phase. In solution phase studies, it has been observed that ClI
the initial molecular chlorine concentrations and light intensity atoms add to the aromatic ring with rate constants which are
were very different, the results from both experiments fall on close to the diffusion limit®=7 Such observations suggest that
the same line. reaction 5b proceeds with a rate constant of the order 0t°10

Figure 2 shows a plot Herective (Ks/ks and ks/lk; measured ~ cm® molecule? s! in the gas phase. Proceeding on this
herein multiplied byks = 1.7 x 107%%3andk; = 6.1 x 107157 assumption leads to an estimatekof, = 9 x 10’ s™1. The
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CesHsF—CI adduct has a short (approximately $G) lifetime
in the gas phase.
3.2 Relative Rate Study ok(Cl + C¢HsF) in 700 Torr of
O,. To provide insight into the reactions occurring during the
Cl atom initiated oxidation of gHsF in air and the effect of ©
on the kinetics of reaction 5, relative rate experiments were
performed to measutg/ks in 700 Torr of Q diluent at 296 K.
The reaction mixture used consisted of 10 mTorr gfi§F, 4
mTorr CRCIH, and 2.1 Torr Glin 700 Torr of G diluent. UV
irradiation of this gas mixture led to the loss ofHgF and CF-
CIH shown in Figure 4. The solid curve in Figure 4 is a second-
order regression to aid visual inspection of the data trend. Unlike
the data obtained in Ndiluent, the relative rate plot obtained
in O, diluent shows significant curvature. The curvature in
Figure 4 indicates that either reactions 5 and 6 are not the sole
loss mechanisms for ¢8lsF and CKLCIH or that there are
unknown processes that regeneratgl§E or CRCIH. In the
presence of 700 Torr of it is difficult to imagine reactions 10 15 20 25
that regenerate ¢ElsF or CRCIH. By comparison with similar Ln([CF,CIH], /[CF,CIH])
systems,*®we believe that the most likely explanation for the ' rigyre 4. Loss of GHF versus that of CEEIH following exposure
observed curvature lies in the generation of OH radicals during to Cl atoms in 700 Torr of @
the Cl atom initiated oxidation of &isF. OH radicals react
approximately 130 times faster witheldsF than with Ck- any “enhancement” caused by reaction of theléF—Cl adduct
CIH920 and their generation will lead to an enhanced rate of with O, is modest. An upper limit foke(kea + ko) can be
CgHsF loss. As reaction products build up there will be a derived by applying the following logic. As discussed above,
competition for the available OH radicals resulting in decreased the initial rate of GHsF loss in 700 Torr air is 3.3 times that
CsHsF loss and curvature of the relative rate plot. expected for the “pure” Cl atom reactions. In the experiments
The dotted line in Figure 4 is a linear fit to the first three described above in 700 Torr ofz;he concentration of Owas
data points which gives a slope of 0.51 from which an effective 2.3 x 10'%1.2 x 10'? = 1.9 x 10’ times greater than that of
value ofks = 8.7 x 10716 cm?® molecule? s~ can be derived. Cl atoms. Ascribing the entire enhanced fluorobenzene loss to
From the rate of CFCIH loss for the experiments shown in  reaction of the adduct with it follows that a factor of 1.9«
Figure 4, the [Cl}swas calculated to be 1.2 10'2cm3. Figure 10" excess of @over Cl atoms increases the benzene loss by
2 indicates that with [Cl}, = 1.2 x 10*? cm™2 a value ofks = an additional 230%. Reaction 8a cannot proceed faster than the
2.6 x 10716 cm® molecule’ s71 is expected from the “pure”  gas kinetic limit,ksa < 5 x 1071% hencekg < 6 x 10717 cm?
Cl atom reactions. The initial rate ofs8sF loss observed in ~ molecule’* s™%. Clearly, reaction of the g1sF—Cl adduct with
experiments conducted in 700 Torr of, @& 3.3 times that O, occurs slowly (if at all).
expected on the basis of the results obtainedJuliNient. The The reactions occurring during the Cl initiated oxidation of

1.5

Ln ([CH4Fl,/[CeHSF1)

0.0 | | | | | 1

3.0 3.5

slope of the relative rate plot in Figure 4 at high consumptions
of CR,CIH and GHsF tends toward the value &/ks expected
from the “pure” Cl atom reactions. This behavior can be
rationalized in terms of increasing loss of OH radicals via
reaction with GHsF oxidation products.

The data in Figure 4 contain information concerning the

CeHsF in O, are complex and poorly characterized. The aim of
the present work was to elucidate the kinetics of the reaction
of Cl atoms with GHsF and not the detailed chemistry
associated with the subsequent reactions in air diluent. Experi-
ments in Q diluent were not pursued further.

3.3 Relative Rate Study of the OH+ CgHsF Reaction in

700 Torr of Air. The kinetics of reaction 10 were measured
relative to reactions 11 and 12:

reaction of Q with the GHsF—CI adduct. Let us consider two
possible reaction pathways:

CeHsF—Cl + 0, — C4H,FCI + HO, (92) CeHsF + OH— products (10)

C¢HsF—CI + O, — products other than &l ,FCI + HO, CgHg + OH — products (12)
(9b)

C,H, + OH — products (12)

Calibrated reference spectra for 2-, 3-, and 4-chlorofluoroben-

zene were used to search for product features attributable toReaction mixtures consisted of-34 mTorr of GHsF, 43—
CsH4FCI formed in reaction 9a. No such features were found 106 mTorr CHONO, 1-13 mTorr of reference compound
and we derive an upper limit of 2% for the yield of each of the (CgHg0r G:Hz), and 10-13 mTorr NO in 700 Torr of air diluent.
three isomers. The effect of reaction 9b would be to augment The observed loss of gElsF versus those of the reference
the loss of GHsF, and this reaction may contribute to the compounds in the presence of OH radicals is shown in Figure

“enhanced” loss of gHsF observed in @diluent. There are
two points to bear in mind when discussing the potential
importance of reaction 9. First, the,@oncentration is constant
and any enhanced rate ofldF loss would be constant during
the experiment. The experimental results shown in Figure 4
show a decrease in the rate gHgF loss for longer irradiations;
thus, reaction of the &isF—Cl adduct with Q cannot solely

5. Least-squares analysis of the data in Figure 5 divge 1 =
0.69+ 0.05 andk;¢/k;2 = 0.0864 0.006, quoted uncertainties
are two standard deviations from the linear regressions. Using
kip = (1.22 4+ 0.24) x 1021 and kyp = (8.52 + 1.28) x
101221 ¢ molecule s71 giveskyp = (8.4 + 1.7) x 10718

and (7.3% 1.2) x 10718 ¢cm® molecule® s71. We choose to
quote a final value forkyp which is the average of those

explain the experimental observations. Second, in absolute termsdetermined using the two different reference compounds together
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with error limits which encompass the extremes of the individual 0.30
determinations. Hencek;o = (7.9 &+ 2.2) x 1013 cn?
molecule s71,
There have been two previous determinationg;ef Ohta
and Ohyam# used relative rate methods techniques to study
reaction 10 in atmospheric pressure of air at ambient temper-
ature. Ohta and Ohyarffaeported a rate constant ratiokgOH
+ CgHsF)/k(OH + n-hexane)= 0.16 + 0.02 and used a value
of k(OH + n-hexane)= 5.9 x 102 to derive the bimolecular
rate constank(OH + CgHsF) = (8.7 £ 0.3) x 10713 cm?®
molecule’® s71. Unfortunately, there is an internal inconsistency
in the data reported by Ohta and Ohyathd@he reference rate
constant used by Ohta and Ohyafia correct. However, the
rate constant ratio and bimolecular rate constky, are not
consistent (the product of 0.16 and 59107 12is 9.4 x 10712
not 8.7 x 10712, It is unclear whether the error lies in the rate =
constant ratio or bimolecular rate constaki. We will not 0.00 . . . ,
consider the work of Ohta and Ohyathdurther. 0.0 0.4 0.8 12 1.6
Wallington et al*® used flash photolysis resonance fluores- Ln ([Reference],,/[Reference],)
cence teChmque_s _to determikg = (6.31+ _0'81) x 10783 Figure 5. Decay of GHsF versus the reference compoundgHg
cm® molecule™ s™* in 25-50 Torr of argon diluent at 296 K. (gircles) and GH, (squares) in the presence of OH radicals in 700 Torr
The present determination &fo = (7.9 & 2.2) x 10713 cm?® of air.
molecule® s is consistent with the previous findings of
Wallington et alt® The consistency of the valueslaf measured
in 700 Torr of air and 2550 Torr of argon diluent indicates
that the kinetics of reaction 10 are insensitive to total pressure
and the nature of the diluent gas over the range studied.
3.4 Relative Rate Study ok(OH + Fluorophenol) in 700
Torr of Air. Prior to investigating the products of the reaction
of CgHsF with OH radicals (see section 3.5), relative rate
technigues were used to investigate the reactivity of OH radicals
toward fluorophenol. The kinetics of reactions 13, 14, and 15
were measured relative to reactions 12 and 16:

OH
’ (13)
+ OH — products

OH

(14)

0.25

0.15

Ln ([CeHsF1/[CsHsFT)

0.05

+ OH — products

F

Ln ( [fluorophenol],, / [fluorophenol], )

+ OH - products (15)
¢
C,H, + OH— products (12)
C;Hg + OH — products (16)

Control experiments were performed to check for complications
caused by photolysis or heterogeneous loss; no evidence for
such complications was observed.

The experimental conditions used in the study of reactions
13-15 were 2.6-3.6 mTorr of fluorophenol, 1433 mTorr 0.0

CH;ONO, 2.8-15 mTorr of reference compound 4 or Q?.n([%zefere(r){:e]to /ofgefer(;?\ce] )1 9
t

CoHa), and 0-15 mTorr NO in 700 Torr of air diluent. The Figure 6. Decay of 2-fluorophenol, 3-fluorophenol, and 4-fluorophenol
observed Ioss of fluorophenol versus_thosg of the r_efer_enceversus the reference compoundgt-’lqj(open squarés) andsBs (solid
compounds in the presence of OH radicals is shown in Figure cjrcles) in the presence of OH radicals in 700 Torr of air.

6. Rate constant ratios obtained by linear least-squares analysis
of the data in Figure 6 are given in Table 1. Quoted uncertainties ki = (8.52+ 1.28) x 10712 andkyg = (2.634- 0.39) x 1071121
are two standard deviations from the linear regressions. Usinggiveskyz = (6.1 £ 1.0) x 10712 and (6.44 1.2) x 10712 ky4

1 1 1 1




7784 J. Phys. Chem. A, Vol. 106, No. 34, 2002 Sulbaek Andersen et al.

TABLE 1: Rate Constant Ratios, k(OH + Fluorophenol)/ 0.6
k(OH + Reference), Measured in 700 Torr of Air Diluent i W]U A: Before irradiation
04
reference
aromatic GH4 CsHs 021
2-fluorophenol 0.718t 0.053 0.243+ 0.026 0.0 -
3-fluorophenol 2.59%0.19 0.861+ 0.014 VIV B: After irradiation
4-fluorophenol 2.87 0.25 0.912+ 0.082 04l : :
=(2.240.4) x 10 and (2.3% 0.4) x 1071, andk;s = (2.5 02

+ 0.4) x 10 and (2.44 0.4) x 10711 cm® molecule’! s

o
We choose to quote values flys, ki4, andkis which are the Qo oor
averages of those determined using the two different reference £ 4401 C: Residual spectrum
compounds together with error limits which encompass the g
extremes of the individual determinations. Herlgg = (6.3 + 5 %
1.3) x 10712, kg = (2.34 0.5) x 10711, andkys = (2.5+ 0.5) 2wl
x 10711 cm® molecule® s™1. There have been no previous <

determinations ok;3—kis. D: 3-chlorofluorobenzene
The rate constants for the reactions between OH radicals and
3-fluorophenol and 4-fluorophenol, respectively, are 30 times
faster than that of the reaction oldsF with OH radicals and
close to the rate constant for the reaction of OH radicals with
phenol (2.7x 10711 cm?® molecule* s719). It is interesting that E: 4-chlorofluorobenzene
the reactivity of 2-fluorophenol toward OH radicals is ap-
proximately 4 times lower than those of 3-fluorophenol and
4-fluorophenol. While there is significant intramolecular hy-
drogen bonding between theOH and —F substituents in ) | ) r : :
2-fluorophenok? the molecular geometry in 3- and 4-fluoro- 800 820 840 860 880 900 920
phenol precludes such interaction. It seems likely that the Wavenumber (cm'1)
additional stability conferred by intramolecular hydrogen bond- ) )
ing in 2-fluorophenol lowers its reactivity toward OH radicals. F19uré 7. IR spectra acquired before (A) and after (B) a 70-min
A ; . irradiation of a mixture containing 138 mTorgldsF, 2.7 mTorr Ck-
Similar behavior has been reported for the reaction of Cl atoms CIH, and 148 mTorr Glin 700 Torr of N diluent. Subtraction of
with chlorophenol isomerd! features attributable togBlsF and CECIH gives the product spectrum
The reactivity of OH radicals toward fluorobenzene and shown in panel C. Reference spectra of 3- and 4-chlorofluorobenzene
fluorophenol measured here can be compared to the reactivityare shown in panels D and E.
predicted from the structure activity relationship (SAR) devel-
oped by Kwok and Atkinsott and Zetzscl® Reaction of OH 1.6
radicals with fluorobenzene and fluorophenol is expected to
proceed essentially exclusively via addition to the aromatic ring.
The rate of the addition channel is related to the sum of the

electrophilic substituent constantso") by the expressiof? . 12
1 S
log k4q(cm® molecule® s7) = —11.71— 1.3456" E
Using literature values af ™27 giveskaqg= 2.44 x 10712, 1.12 :‘:’; 0.8
x 10711 4.17 x 1071, and 1.12x 107 cm® molecule! s71 3
for fluorobenzene, 2-fluorophenol, 3-fluorophenol, and 4-fluo- o
rophenol, respectively (in the absence of an availatlémeta) o,

value for the—OH substituent we assume ortho/para addition). 0.4
These results differ from the measured values by factors of 3.1,
1.8, 1.8, and 0.4, respectively. Differences of this magnitude
are not uncommon when SAR techniques are used to predict
kinetic data. 0.0¢
3.5 Product Studies of the Reactions of Cl Atoms and OH 0 4 8 12 16
Radicals with CgHsF. To provide insight into mechanism of A [CSHSF] (mtorr)
the reaction of Cl atoms and OH radicals witbHgF, experi- Figure 8. Formation of 3- and 4-chloro fluorobenzene versus loss of
ments were performed to determine the products formed CeHsF following successive UV irradiations of a reaction mixture
following UV irradiation of GHsF/CFCIH/Clo/N, and GHsF/ containing 138 mTorr €HsF, 2.7 mTorr CECIH, and 148 mTorr Gl
CHsONO/NO/air mixtures, respectively. in 700 Torr of N: diluent.
Figure 7 shows typical spectra observed before (A) and after
(B) a 70-min irradiation of a mixture containing 138 mTorr E shows that these products are formed. Figure 8 shows a plot
CeHsF, 2.7 mTorr CECIH, and 148 mTorr Glin 700 Torr N of the observed formation of 3- and 4-chlorofluorobenzene
diluent. Panel C shows the product spectrum obtained by versus the loss of gisF following successive UV irradiations
subtracting IR features attributable tgHgF and CECIH from of the GHsF/CF,CIH/CI,/N, described above. Linear least-
panel B. Comparison of the features in panel C with reference squares analysis gives molar yields for 3- and 4-chlorofluoro-
spectra of 3- and 4-chlorofluorobenzene given in panels D and benzene of 11 1% and 4.1+ 0.3%, respectively. There was
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TABLE 2: Values of ks, and (Kspksa)/k—sp for Gas-Phase Reactions of Cl Atoms with Aromatic Compounds

aromatic ks (Kspksa)/K-sp° Ksp = (Ksp)/K-s51° K_spd reference
CeHs 1.3+1.0 45+ 1.1 3.2+ 24 3x 10 3
CeHsF 0.11+0.01 1.71+0.14 1.1+ 0.8 9x 10 this work
CeHsCl <25 5.3+ 0.6 3.4+25 3x 10 3

aUnits of 10716 cm® molecule s72. P Units of 10728 cmf molecule? s7. € Units of 10718 cm® molecule™, estimated assuminig, = (1—5) x
1071° cm® molecule st 9 Units of s°%, estimated assuminig, = 101° cm?® molecule® s

no observable formation of 2-chlorofluorobenzene. The detection the fluorine atom destabilizing radical centers close to it. In
limit for the 2-chloro isomer (determined by intensity and addition to chlorofluorobenzene IR product features of unknown
position of IR features) was greater than that for either the 3- product(s) were observed at 1025, 1800, and 1866'cm

or 4-chloro isomers; we derive an upper limit of 5% for the To investigate the products of the OH radical, initiated
molar yield of the 2-chloro isomer. From the observed loss of oxidation of GHsF in 700 Torr of air experiments were
CF.CIH, it was calculated that for this experiment [GH 3.4 conducted using mixtures of 16@43 mTorr of GHsF, 77—

x 10" cm3 (the lowest used in this study), and from the 155 mTorr of CHONO, and 15 mTorr of NO and with 3.0
observed loss of gHsF, a rate constant ratio d/ks = 0.043 mTorr of propene added as a OH radical tracer compound.
+ 0.003 was derived givingesr = (7.3 + 0.5) x 1077 cm?® Consumption of propene was measured and used to calculate
molecule? s1. Chlorofluorobenzene is formed via the reaction the consumption of gHsF. In all experiments, gHsF consump-

of fluorophenyl radicals, gHsF, with Ch and provides a  tion was limited to<3%. Using reference spectra of 2-, 3-, and
measure of the fraction of reaction 5 that proceeds via channel4-fluorophenol and appropriate corrections for secondary reac-

ba: tions with OH radicals (see section 3.4), we were able to
determine a yield of 16 3% for the 4-fluorophenol and upper
Cl + CgHgF — CgH,F + HCI (5a) limits of 3% for both 2-fluoro and 3-fluorophenol. 4-fluoro-
phenol was the only observed product following the reaction
CeH,F + Cl, —~ CH,FCI + Cl (17) of OH radicals with fluorobenzene.

The sum of the yields of 3- and 4-chlorofluorobenzene, #5.1 4. Discussion
1.3%, combined with the value &t = (7.3 & 0.5) x 1077

givesksa= (1.1+ 0.1) x 10-17 cm® molecule’ s, This result 4.1 Reaction of Cl Atoms with GHsF. The present work
is consistent with the upper limit dfsa < 1.1 x 10716 cn? completes our study of the kinetics and mechanisms of the gas-
molecule’? s~ derived in section 3.1. phase reaction of Cl atoms with benzene and the series of

The values ofksa and kspkes)/k_s, measured herein are monohalobenzenes. As discussed in section 3.2, the kinetics and

compared to previous measurements of such parameters for th&'€chanism (see Figure 3) of the reaction of CI atoms with
reaction for Cl atoms with &g and GHsCl in Table 2. It can CgHsF are very similar to those for reacthn of Cl atoms with
be seen from Table 2 that Cl atoms abstract hydrogen from CeHs and GHsCl (see Table 2). Such reactions proceed slowly
CeHe, CeHsCl, and GHsF with a rate constant of the order of with effective rate constants of the order of 1® cm?® _
10-17—10-16 cmd molecule s~L. Hydrogen abstraction from molecule’l s71via tyvo re_actlon channels: hydrqgen apstractlon
benzene by Cl atoms is endothermic by 32 kJ Thét While and' gdduct formation with the adduct undergomg rapid decom-
there are no available data concerning the thermochemistry ofPOSition to reform the reactants. In dramatic contrast, the
reaction 5a, it seems likely that the thermochemistry of this réactions of Cl atoms with @5'5?{ and GHsl proceed rapidly
reaction is similar to that of the corresponding reaction with (kC'LCBH5Bf: 13+ log)lx 107, kervconst = (3.3 £ 0.7) x
benzene. It has been shown previously that reaction 18 proceedd¥ " cm* molecule™ s™) to give GHsCl in a yield indistin-

with an activation barrier close to the reaction endothermicity. 9uishable from 100%> At first sight, it appears that the
reactions of Cl atoms with sBr and GHsl proceed via a

Cl 4 C¢gHg — C4H; + HCI (18) different mechanism from those withgdsF and GHsCI.
However, consideration of the thermochemistry associated with
We can use the value &, measured herein and an activation these reactions suggests that this might not be the case. The
energy of 32 kJ mott for reaction 5a to arrive at a preexpo- displacement reactions have different thermochemistry. Dis-
nential A factor of 7x 10-12 cm?3 molecule’® s~1 for reaction placement of the fluorine atom in fluorobenzene is endothermic,
5a. This result is reasonable for hydrogen abstraction from Will not occur to any significant degree spontaneously, and is
organic compounds by Cl atoms which typically have A factors not observed experimentally. Displacement of a chlorine atom
of 0.5-10 x 10~ crm? moleculel 518 in chlorobenzene is thermoneutral, could occur, but would not
From Table 2 it can be seen that the equilibrium constant for be detected experimentally (unless the Cl atoms were isotopi-
reactions 5b anet5b is smaller than those for the corresponding cally labeled, denoted as CI* below). Displacement of bromine
adduct formation in the reactions withsids and GHsCI. Such and iodine atoms in bromobenzene and iodobenzene are
behavior presumably reflects the strong electron-withdrawing €xothermic, can occur spontaneously, and are observed experi-
effect of the fluorine substituent which destabilizes the adduct. mentally.
It is of interest that the yields of the 2-, 3-, and 4-chloro-
fluorobenzene isomers are in the approximate ratio2:1. If Cl+ CHsF — CHsCI+F  AH =+128 kI mol* (5c)
hydrogen abstraction from each possible site dH4E occurred
statistically then the o/m/p isomer ratio would be expected to Cl + C;HCI* — CH:CI + CI* AH=0kJmol" (19)
be 2:2:1. The relative abundance of the 3- and 4-chloro isomers
reflects that expected from purely statistical considerations while Cl + CgHsBr — CHsCl + Br ~ AH = —59 kJ mol* (20)
the 2-chloro isomer is less abundant than expected. The lower 1
yield of the 2-chloro isomer may reflect the inductive effect of Cl + CgHgl — CgHsCl + | AH = —125kJmol~ (21)
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cl and in the atmosphere is reaction with @ NO,.1 At ambient
temperature and pressure, the OH-aromatic adducts studied to
+X date (benzene-OH, toluene-OH, phenol-Qkylene-OH,m-

xylene-OH, and aniline-OH) react with,@nd NQ with rate
T constants which lie in the range (6:8.0) x 10714 and (3-5)
o x 10711 cm? molecule s71, respectivel}2°-3%, Assuming that
X X the reactivity of the @HsF—OH adduct toward @and NG is
o+ @ S — @ o, @ + Ch within the range of those adducts measured previously it follows
that kzg/kzz = (04—25) x 108,
k Cl

l C¢HsF—OH + O, — products (22)
X X # CgHsF—OH + NO, — products (23)
Cl
+ HCI
@' CE” During the present experiments, the concentration ratig/ [O
ch [NO;] was (1.5-15) x 10% In polluted urban air, the NO
concentration is typically £100 ppb, and so the ED[NO;]
X ratio is (2-200) x 1(P. Likely, reaction 22 is the dominant fate
@ of the GHsF—OH adduct in both the present work and in urban
+ ¢ air.
Cl

Figure 9. General reaction scheme describing the reaction of Clatoms 5 conclusions

with monosubstituted aromatic compounds. For simplicity only one

product isomer is shown. The results from the present work and previous studies from

our laboratories and elsewhere provide a consistent picture of

It has been suggested that the displacement reactions 20 anghe kinetics and mechanism of the reaction of Cl atoms and

21 occur via the formation of a ¢8sX—Cl adduct which  OH radicals with GHsF. Under ambient conditions, both

decomposes to givegBsCl and X*° Thermochemical consid-  reactions proceed predominantly via the formation of an adduct.

erations noted above preclude such a fate for thidsE—Cl The fate of the adducts is however very different. Thel$E—

adduct. On the basis of the considerations given above, wec| adduct decomposes to regenerate the reactants on a time scale

propose that the reactions of Cl atoms with the monohaloben-which is very short (ca. 16 s). In contrast, the gisF—OH

zenes proceed via the general mechanism given in Figure 93dduct is stable over a time scale of at least21€t® There is

X atom elimination. Hydrogen atom abstraction proceeds with ypper limit ofk(CgHsF—Cl + O,) < 6 x 1017 cm?® molecule':

a rate constant of the order of 70-107'¢ cm® molecule™* s 1 was derived herein. In contrast, assuming behavior similar
s * from CetisX while formation of the @HsX—Cl adduct o that of other aromatic-OH adducts, theHgF—OH adduct
proceeds with a rate constant of the order of*P0cm® is expected to react with Qvith a rate constant of the order of

molecule® s™*. The GHsX —Cl adduct decomposes rapidly to  10-14 cn® molecule? sL.12%-31 The atmospheric chemistry of

reform reactants or to give ¢8sCl and X atoms. Several the GHsF—Cl and GHsF—OH adducts is very different. It
interesting predictions arise from the mechanism predicted yould be interesting to conduct ab initio quantum mechanical
above. First, it would be predicted that in the reactions of Cl stydies to provide insight into the fundamental reasons for the
atoms with GHsBr and GHsl the hydrogen atom abstraction  giferent behaviors of the two adducts. Unfortunately, such
channel accounts for approximately 1910~* = 10~° of the studies are beyond the scope of the present work. In light of
total reaction at 296 K. Second, the abstraction channel will the dramatically different atmospheric fates of the adducts
have a positive temperature dependence while adduct formationgiscussed above, reaction 5 is not a suitable candidate for
will have a negative temperature dependence. Hence, the relativenitiating the oxidation of GHsF in smog chamber studies of
importance of the abstraction channel is expected to increasejts atmospheric oxidation mechanism.

sharply with increasing temperature. Future studies would be

of interest to confirm or refute these predictions. Acknowledgment. We thank Christian Lohse (University
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