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The laser flash photolysis resonance fluorescence technique was used to monitor atomic Cl kinetics. Loss of
Cl following photolysis of CCl4 and NaCl was used to determinek(Cl + C6H6) ) 6.4× 10-12 exp(-18.1 kJ
mol-1/RT) cm3 molecule-1 s-1 over 578-922 K andk(Cl + C6D6) ) 6.2 × 10-12 exp(-22.8 kJ mol-1/RT)
cm3 molecule-1 s-1 over 635-922 K. Inclusion of literature data at room temperature leads to a recommendation
of k(Cl + C6H6) ) 6.1 × 10-11 exp(-31.6 kJ mol-1/RT) cm3 molecule-1 s-1 for 296-922 K. Monitoring
growth of Cl during the reaction of phenyl with HCl led tok(C6H5 + HCl) ) 1.14 × 10-12 exp(+5.2 kJ
mol-1/RT) cm3 molecule-1 s-1 over 294-748 K, k(C6H5 + DCl) ) 7.7× 10-13 exp(+4.9 kJ mol-1/RT) cm3

molecule-1 s-1 over 292-546 K, an approximatek(C6H5 + C6H5I) ) 2 × 10-11 cm3 molecule-1 s-1 over
300-750 K, and an upper limitk(Cl + C6H5I) e 5.3 × 10-12 exp(+2.8 kJ mol-1/RT) cm3 molecule-1 s-1

over 300-750 K. Confidence limits are discussed in the text. Third-law analysis of the equilibrium constant
yields the bond dissociation enthalpyD298(C6H5-H) ) 472.1( 2.5 kJ mol-1 and thus the enthalpy of formation
∆fH298(C6H5) ) 337.0( 2.5 kJ mol-1.

1. Introduction

The phenyl radical is important in combustion chemistry
because it is an intermediate in soot formation.1 There have
been several kinetic measurements on the reaction

at room temperature, made with relative rate techniques. The
motivation was to gain insight into the atmospheric chemistry
of aromatic species and to explore the utility of eq 1 in smog
chamber experiments. Equation 1 may also be significant in
the incineration of chlorine containing waste. The first measure-
ments, by Atkinson and Aschmann,2 indicated rapid reaction
with a rate constantk1 ) (1.5 ( 0.9) × 10-11 cm3 molecule-1

s-1. However, two subsequent studies yielded lower reactivities,
with the work of Wallington et al.3 and Nozière et al.4 yielding
upper limits to k1 of e4 × 10-12 and e5 × 10-16 cm3

molecule-1 s-1, respectively. Shi and Bernhard obtained a
contradictory value of (1.3( 0.3)× 10-15 cm3 molecule-1 s-1.5

The latter result is in disagreement with the most recent value
of (1.3 ( 1.0) × 10-16 cm3 molecule-1 s-1 found by Sokolov
et al.6 These differences have not been resolved, although
attention has been drawn to the possibilities of secondary
chemistry and interference by impurities, which may complicate
the relative rate experiments.5,6 By a combination of time-
resolved and relative rate measurements, Sokolov et al.6 showed
that the reactants rapidly formed a small concentration of a

weakly bound adduct, which at room temperature slowly yielded
HCl. Here, we present absolute rate results derived via the flash
photolysis resonance fluorescence technique and the first
investigation of the temperature dependence ofk1.

We have also made the first determination of the rate constant
k-1 for the reverse process

which in combination withk1 data yields the equilibrium
constantKeq, through which thermodynamic information about
the phenyl radical may be obtained. These results check recent
revisions to the C6H5-H bond dissociation enthalpyD298, which
are based on the ion chemistry of Davico et al.7 and the
interpretation of several kinetic experiments by Heckmann et
al.8 A negative activation energyEa is found for eq-1. Negative
Ea values have been observed earlier in the case of alkyl and
silyl radical reactions with HBr and HI,9-14 although these
experiments have been criticized.15 The present results extend
the scope of the phenomenon to aryl radical plus HCl chemistry.

The primary kinetic isotope effects in the two reactions, for
which there are no prior data, are investigated via the equations

and

The present work also provides some kinetic information
about the reactions of phenyl iodide with Cl and C6H5. The
former process has been studied once at room temperature,16

while there appears to be no literature information for the latter.
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Cl + C6H6 f HCl + C6H5 (1)
C6H5 + HCl f Cl + C6H6

(-1)

Cl + C6D6 f DCl + C6D5 (1b)

C6H5 + DCl f Cl + C6H5D (-1c)
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2. Methodology

2.1. Measurements of Cl+ C6H6 f HCl + C6H5. Argon
(purity 99.9997%, Air Liquide) was used as supplied as the bath
gas. Benzene (purityg99.9%) and benzene-d6 (atom purity
99.6%) were obtained from Aldrich, and tetrachloromethane
(purity g99.9%) was obtained from Spectrum. The organic
materials were separated from more volatile species via freeze-
pump-thaw cycles at 77 K. We applied the flash-photolysis
resonance fluorescence approach as detailed in previous stud-
ies.17,18 Briefly, in the temperature range 578-724 K, atomic
Cl was generated from the pulsed photolysis of CCl4 at 193
nm using an excimer laser (MPB PSX-100, beam cross section
7 × 8 mm2). The initial Cl concentration, [Cl]0, was estimated
using the measured laser output energyF, the beam cross
section, and the CCl4 absorption cross section which is (8.6(
0.5)× 10-19 cm2 (base e) at room temperature.19 We neglected
any variation of this cross section with temperature and used a
quantum yield for Cl formation of 1.5.19 This calculation does
not account for the strong absorption of 193-nm radiation by
benzene and therefore yields an upper limit to [Cl]0. [Cl]0 does
not need to be known for the kinetic analysis, but an ap-
proximate assessment of its concentration is convenient for
assurance that [Cl], [C6H6]. As noted by Adusei and Fontijn,20

at higher temperatures CCl4 is unsatisfactory, and accordingly
at 922 K we employed their suggestion of NaCl(g) as the
photolytic precursor for Cl. NaCl evaporated from a porcelain
boat in the gas entry sidearm. The partial pressure of NaCl is
not known under these conditions and therefore nor is [Cl]0 with
this photolyte. The Cl atoms were monitored by time-resolved
resonance fluorescence at 130-140 nm with photon counting
and signal averaging, were excited with a microwave flow lamp,
and were observed through calcium fluoride optics. Argon bath
gas maintains thermal equilibrium and slows diffusion of atomic
Cl to the reactor walls. Exponential decays of the fluorescence
signal If were observed, as seen in the inset of Figure 1. We
interpret these via the relation

wherek′ accounts for diffusional loss of Cl and consumption
by secondary processes such as reaction with photolysis or

reaction products. A large excess of benzene imposed pseudo-
first-order kinetics, and the resulting exponential decay coef-
ficients kps1 were derived by fitting the concentration of Cl as
a function of timet to the integrated rate law

Figure 1 is an example of a plot ofkps1against [C6H6]. Statistical
errors in kps1 were obtained from the fitting algorithm.21,22

Typically, five values were employed at a given set of
conditions, from zero to [C6H6]max. Linear least-squares analysis,
with weighting for errors in concentration and inkps1,23 yielded
the slope, which is equal to the second-order rate constantk1

and the interceptk′. The statistical uncertainty in the slope was
combined in quadrature with the estimated reproducibility of
the gas flows, pressure, and temperatureT, 2.5%. The average
value of the intercept was found to lie in the range 50-100 s-1

below 650 K but increased to over 250 s-1 at the higher
temperatures. Experimental parameters such as the photolysis
energyF, the photolyte concentration, the total pressure, and
the average gas residence time inside the reactor,τres, were
varied to assess any dependence of the observed rate constants
k1 upon such parameters.k1b was obtained with C6D6 instead
of benzene.

Figure 1. Pseudo-first-order decay coefficient for Cl in the presence
of excess C6H6 at 676 K and 69 mbar total pressure with Ar. Error
bars represent(1σ. The inset shows the signal corresponding to the
filled point.

Figure 2. First-order rates in fit to Cl growth and decay in the C6H5

+ HCl reaction at 294 K and 65 total pressure with Ar. Circles:k1-
[HCl]; open triangles:k2[C6H5] + k3; crosses:k4[C6H5]. Error bars
represent(1σ. The inset shows a signal corresponding to the filled
circle.

Figure 3. Example of fit to Cl growth and decay signal (background
subtracted) at 294 K. The central line is the best fit, and the upper and
lower lines represent the effect of increasing or reducing theB parameter
by 30%, taken to approximate(2σ.

d[Cl]/dt ) -k1[Cl][C6H6] - k′[Cl] ) -kps1[Cl]

[Cl] ) [Cl] 0 exp(-kps1t)
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2.2. Measurements of C6H5 + HCl f Cl + C6H6. Phenyl
iodide (purity 98%) and hydrogen chloride gas (purityg99.9%)
from Aldrich were purified via freeze-pump-thaw cycles at
77 K. Phenyl radicals were generated by 193-nm photolysis of
C6H5I, and the initial concentration [C6H5]0 was estimated
similarly to [Cl]0 in the previous section, on the basis of the
room-temperature C6H5I absorption cross section of approxi-
mately 6.5× 10-17 cm2 molecule-1 (base e).24 We assumed a
quantum yield of 1 and therefore obtained an upper limit to
[C6H5]0. Phenyl was allowed to react with excess HCl in an Ar
bath gas, and the atomic Cl product of eq-1 was monitored as
outlined above. The following mechanism was used to interpret
the Cl fluorescence signals:

Cl is formed by eq-1 and is lost by diffusion and potentially
via reaction 2 with C6H5I. Equation 4 competes with eq 1 to

consume phenyl radicals. The corresponding integrated rate law
is

where

An example fluorescence signal is shown as the inset in Figure
2. After subtraction of a constant background arising from
scattered resonance radiation, as determined from the pretrigger
signal, the signal was fit by varying theA-D parameters. Cl
profiles were obtained as a function of typically five values of
[HCl], and Figure 2 shows a plot of theB parameter versus
[HCl]. The slope yields the reverse rate constantk-1, and the
intercept is close to zero as expected. The uncertainty inB was
estimated by seeing how much variation in this parameter could
be tolerated in fits to the Cl signal. An example is shown in
Figure 3 , which shows the effect of changingB by (30%,
which is taken as an estimate of 2σ for B. As may also be seen
in Figure 2,C andD are essentially constant and small compared
to B, so that errors in these terms have little impact onk-1. The
above mechanism is based on the assumption that no other
photolytically produced species generate atomic Cl. A potential

TABLE 1: Summary of Measurements of the Rate Constantk1 for Cl + C6H6

T, K τres, s F, mJ p, mbar
[CCl4], 1015

molecule cm-3
[C6H6]max, 1015

molecule cm-3
[Cl] 0, 1012

molecule cm-3
k1 ( σk1, 10-13 cm3

molecule-1 s-1

579 1.0 0.26 70 2.40 5.31( 0.18 0.9 2.16( 0.06
578 1.0 0.24 71 1.48 1.36( 0.05 0.5 2.20( 0.18
578 1.0 0.16 71 1.48 1.36( 0.06 0.3 1.91( 0.11
577 1.1 0.21 145 1.63 1.12( 0.02 0.5 2.02( 0.10
578a 1.49( 0.10b

622 0.9 0.44 67 2.00 1.87( 0.06 1.4 3.26( 0.25
622 0.9 0.19 67 2.00 1.87( 0.06 0.6 2.70( 0.10
621 0.9 0.19 69 2.05 1.92( 0.07 0.6 2.13( 0.07
621 0.9 0.06 69 2.05 1.92( 0.07 0.2 1.90( 0.08
619 0.5 0.09 71 1.21 1.64( 0.05 0.2 1.60( 0.08
623 0.9 0.35 70 2.02 2.96( 0.10 1.0 1.99( 0.12
623 0.9 0.16 70 2.02 2.96( 0.06 0.5 1.70( 0.06
622 2.0 0.33 145 2.62 3.25( 0.11 1.2 2.00( 0.31
622 2.0 0.13 145 2.62 3.25( 0.07 0.5 1.78( 0.32
622a 1.60( 0.26b

676 0.4 0.33 29 0.88 1.66( 0.06 0.5 2.61( 0.18
676 0.4 0.14 29 0.88 1.66( 0.06 0.2 2.35( 0.15
677 0.9 0.21 70 1.23 2.69( 0.09 0.5 2.79( 0.36
677 0.9 0.14 70 1.23 2.69( 0.07 0.3 2.75( 0.23
674 0.5 0.17 69 1.21 1.31( 0.03 0.3 2.71( 0.07
674 0.5 0.11 69 1.21 1.31( 0.03 0.2 2.77( 0.09
676a 2.76( 0.19b

725 1.2 0.53 76 2.59 1.96( 0.09 2.0 5.66( 0.32
725 0.9 0.74 77 1.94 2.03( 0.07 2.1 6.07( 0.21
725 0.9 0.50 77 1.94 2.03( 0.07 1.4 5.10( 0.23
725 0.9 0.34 77 1.94 2.03( 0.07 0.9 4.60( 0.10
722 1.0 0.34 152 1.41 2.33( 0.06 0.8 4.09( 0.23
722 1.0 0.23 152 1.41 2.33( 0.06 0.5 3.83( 0.16
722 1.0 0.15 152 1.41 2.33( 0.06 0.3 3.80( 0.10
724a 3.14( 0.16b

922 0.4 0.99 41 d 0.57( 0.02 7.84( 0.57
922 0.4 0.46 41 d 0.57( 0.02 5.75( 0.59
922 0.4 0.60 41 d 0.94( 0.05 2.70( 0.55
922 0.4 0.28 41 d 0.94( 0.05 2.58( 0.56
921 0.4 0.83 43 d 0.48( 0.02 6.77( 1.65
921 0.4 0.38 43 d 0.48( 0.02 4.73( 0.40
922a 5.06( 2.14c

a Average temperature.b Extrapolation to zeroF. c Mean value.d NaCl used as Cl source rather than CCl4.

C6H5 + HCl 98
k-1

Cl + C6H6
(-1)

C6H5I + Cl 98
k2

products (2)

Cl 98
k3

diffusion (3)

C6H5 + C6H5I 98
k4

products (4)

AB
(B + D) - C

(e-Ct - e-(B + D)t)

A ) [C6H5]0 B ) k-1[HCl] C ) k2[C6H5I] + k3

D ) k4[C6H5I]
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interference is atomic H, which could react with HCl to make
H2 + Cl. Not only is this reaction too slow to interfere except
at the highest temperature we studied,25 but also the yield of H
from 193-nm photolysis of C6H5I appears to be small. We
photolyzed phenyl iodide while monitoring H-atoms by reso-
nance fluorescence at 121 nm and observed no H signal. By
comparison with experiments where phenyl iodide was photo-
lyzed in the presence of excess H2 (which converts C6H5 to
C6H6 + H), we deduce an upper limit of H-atom production to
be 5% of phenyl production. Absorption of 193-nm photons
could populate a variety of electronic states of C6H5I whose
fate is unknown, although we speculate they may be removed
rapidly by collisional quenching, emission, or internal conver-
sion.

The concentration of photolyte, [C6H5I], was not varied
systematically but an approximate estimate ofk4 is obtained by
dividing theD parameter by [C6H5I]. Similarly, division of the
C parameter by [C6H5I] yields an estimatedk2. Strictly, this is
an upper limit because of the neglect of the unknown diffusional
contributionk3. Thek′ term in the CCl4 photolysis experiments
may be similar tok3, but k′ also includes contributions from
secondary chemistry which is likely to be different in the C6H5I/
HCl system. HCl mixtures were flowed through the reactor at
least an hour before experiments were begun to passivate
surfaces in the apparatus. The observed constancy of the kinetics
over∼5 h confirms that HCl was not lost significantly on the
reactor walls during the measurements.

In some experiments, DCl was used instead of HCl. Deute-
rium chloride was synthesized by exposing a mixture of about
30 mbar Cl2 with about 60 mbar D2 in a 20-L Pyrex bulb to
UV radiation from a mercury pen-ray lamp for 2 days. The use
of low pressures avoids an explosion. DCl was separated from
the reaction mixture by freeze-pump-thaw cycles and distil-
lation from an acetone slush at 178 K.

Results

3.1. Rate Constants.Table 1 summarizes 32 determinations
of k1. At the low end of the temperature range, we observe a
dependence of the observedk1 value on the photolysis pulse
energyF. Examples are shown in Figure 4. The dependence
was extrapolated to zeroF via a weighted linear least-squares
fit to obtaink1 in the absence of secondary chemistry, and these
values are also listed in Table 1 along with the statistical

uncertainty in these intercepts. This phenomenon set the lower
temperature bound to our measurements, because as the intercept
becomes small the percentage uncertainty becomes large. At
the highest temperature, no systematic variation withF was
found, and instead the measurements were averaged. Variation
of other parameters such as pressure and residence time had no
consistent influence, which indicates that mixing or thermal
decomposition had no large effect.

Figure 5 shows an Arrhenius plot of thek1 data, which may
be represented as

over 578-922 K. This fit incorporates statistical uncertainty in
k1 and in temperature (σT/T ) 2%). Oneσ uncertainties in the
Arrhenius parameters are shown above, and together with the
covariance they yield 2σ statistical uncertainties in the fittedk1

of between 6 and 24%. Allowance for potential systematic errors
of around 10% yields overall 95% confidence limits of(26%.
The range ofk1 data can be extended down to 296 K by
incorporating the measurement of Sokolov et al.6 An unweighted
fit to the combined data set yields the recommendation

for 296-922 K. This line is also a reasonable fit to the present
measurements, except that the smallestk1 value is 1.8 times
larger than the fit. This factor is outside the confidence limits,
but thek1 point at 578 K is the most vulnerable to systematic
error because the primary reaction is least well separated from
secondary processes. This secondk1 expression is used in the
thermochemical analysis below because it covers a wide range
of temperature.

Experiments using C6D6 instead of benzene at two temper-
atures are summarized in Table 2 and Figure 5. The results fit

over 635-922 K.
For the reverse reaction, 28 measurements are summarized

in Table 3. No significant dependence is found on the photolysis
energy, initial phenyl concentration, and other parameters, which

Figure 4. Dependence of observedk1 on laser photolysis energyF at
622 K (open circles) and 724 K (solid circles). Error bars represent
(1σ.

Figure 5. Arrhenius plot ofk1 andk1b. Open circles and square: Cl+
C6H6, this work and Sokolov et al.;6 filled circles: Cl + C6D6, this
work. Error bars represent(2σ.

k1 ) (6.4( 2.8)× 10-12

exp(-18.1( 2.3 kJ mol-1/RT) cm3 molecule-1 s-1

k1 ) (6.1( 3.2)× 10-11

exp(-31.6( 2.1 kJ mol-1/RT) cm3 molecule-1 s-1

k1b ) 6.2× 10-12

exp(-22.8 kJ mol-1/RT) cm3 molecule-1 s-1

Kinetics of Cl + C6H6 ) HCl + C6H5 J. Phys. Chem. A, Vol. 111, No. 19, 20073973



indicatesk-1 has been isolated from secondary processes. The
mean values at each temperature are plotted in Arrhenius form
on Figure 6 and yield

over 294-748 K. The 2σ statistical uncertainties in the fitted
k-1 lie between 6 and 12%, and we propose overall confidence
limits of (13%.

Eight measurements with the deuterated analog-1c at two
temperatures are listed in Table 4, and the data may be
summarized as

over 292-546 K.
These studies also yield information about eqs 2 and 4, which

is summarized in Tables 3 and 4. As noted above, an upper
limit to k2 was estimated by dividing theB term by [C6H5I].

TABLE 2: Summary of Measurements of the Rate Constantk1b for Cl + C6D6

T, K τres, s F, mJ p, mbar
[CCl4], 1015

molecule cm-3
[C6D6]max, 1015

molecule cm-3
[Cl] 0, 1012

molecule cm-3
k1b( σk1b, 10-13 cm3

molecule-1 s-1

635 0.9 0.74 71 2.54 2.34( 0.08 2.7 2.11( 0.14
635 0.9 0.35 71 2.54 2.34( 0.08 1.4 1.48( 0.17
635 0.9 0.22 69 2.47 1.81( 0.06 0.8 1.31( 0.07
635 0.9 0.16 69 2.47 1.81( 0.06 0.6 1.06( 0.06
635a 0.82( 0.08b

922 0.4 0.55 42 c 0.62( 0.02 6.06( 0.52
922 0.4 0.26 42 c 0.62( 0.02 5.52( 0.19
923 0.4 0.37 42 c 0.68( 0.02 6.53( 0.92
923 0.4 0.17 42 c 0.68( 0.02 7.34( 0.75
922 0.4 0.75 44 c 0.36( 0.01 11.75( 0.46
922 0.4 0.40 44 c 0.36( 0.02 4.99( 0.53
921 0.3 0.72 41 c 0.25( 0.02 10.89( 1.08
923 0.3 1.03 40 c 0.21( 0.01 10.22( 1.28
923 0.3 0.76 40 c 0.21( 0.01 8.67( 1.09
922a 3.18( 0.95b

a Average temperature.b Extrapolation to zeroF. c NaCl used as source of Cl rather than CCl4.

TABLE 3: Summary of Kinetic Measurements in the C6H5 + HCl System

T, K τres, s F, mJ p, mbar
[C6H5I], 1013

molecule cm-3
[HCl]max, 1015

molecule cm-3
[C6H5]0, 1012

molecule cm-3
k-1 ( σk-1, 10-12 cm3

molecule-1 s-1
(k2′+ k3) (
σ(k2′+k3), s-1

k4 ( σk4, 10-11 cm3

molecule-1 s-1

294 1.2 0.27 50 1.18 1.00( 0.03 0.2 9.55( 1.15 306( 12 2.12( 0.07
294 1.2 0.40 51 1.62 0.67( 0.02 0.4 9.79( 0.77 319( 11 2.26( 0.07
294 0.6 0.49 25 1.37 0.22( 0.01 0.4 9.32( 0.69 309( 13 2.28( 0.14
294a 9.55( 0.24b 2.22( 0.09b

330 1.3 0.23 52 2.13 0.88( 0.04 0.3 7.53( 1.11 327( 83 1.19( 0.03
331 1.3 0.23 52 2.11 0.70( 0.03 0.3 7.87( 0.66 412( 73 1.19( 0.01
330 2.2 0.10 52 3.52 0.98( 0.06 0.2 8.67( 1.56 543( 50 0.71( 0.01
330 1.3 0.46 51 2.06 0.84( 0.04 0.6 7.82( 0.59 368( 83 1.22( 0.01
330 1.3 0.31 50 2.67 0.40( 0.02 0.5 7.51( 0.60 397( 61 1.11( 0.02
330a 7.88( 0.47b 1.08( 0.21b

407 1.8 0.36 52 3.00 1.21( 0.06 0.7 4.48( 0.10 353( 31 0.85( 0.01
407 1.8 0.17 52 2.98 1.21( 0.06 0.3 4.45( 0.12 367( 14 0.85( 0.01
406 1.0 0.29 50 1.64 1.06( 0.05 0.3 5.87( 0.61 247( 31 1.58( 0.03
407 1.1 0.34 52 1.70 1.10( 0.05 0.4 5.05( 1.15 245( 26 1.50( 0.02
407 1.0 0.22 51 1.65 1.02( 0.05 0.2 5.51( 0.35 222( 20 1.61( 0.05
407 1.0 0.18 51 1.67 0.75( 0.03 0.2 5.41( 0.39 242( 33 1.59( 0.03
407a 5.13( 0.58b 1.33( 0.37b

545 1.0 0.85 51 0.63 0.55( 0.02 0.3 3.08( 0.35 106( 8 3.86( 1.49
545 1.0 0.62 51 0.63 0.55( 0.02 0.2 3.14( 0.41 104( 8 3.30( 3.21
542 0.6 0.72 51 0.34 0.47( 0.02 0.2 3.88( 0.28 97( 5 6.72( 3.38
545 1.0 0.65 51 1.13 0.41( 0.02 0.5 4.31( 0.76 62( 3 2.59( 1.92
544 1.0 0.37 49 0.61 0.53( 0.02 0.1 2.78( 0.25 172( 120 5.89( 0.73
544a 3.44( 0.63b 4.47( 1.76b

749 1.0 0.84 52 2.15 0.55( 0.03 1.1 3.43( 0.34 305( 56 1.25( 0.11
749 0.6 0.47 54 1.26 0.48( 0.02 0.4 3.32( 0.32 208( 55 2.00( 0.35
745 0.5 0.24 25 1.06 0.54( 0.03 0.2 1.87( 0.64 226( 64 2.79( 0.34
746 0.5 0.79 26 1.10 0.52( 0.02 0.6 4.12( 0.35 163( 31 2.95( 0.46
747 0.5 0.46 27 1.14 0.53( 0.03 0.3 3.10( 0.29 162( 41 2.26( 0.54
746 1.0 0.41 54 1.73 0.66( 0.03 0.4 1.80( 0.21 170( 42 1.81( 0.77
750 1.1 0.25 53 2.21 0.68( 0.02 0.3 2.73( 0.21 213( 56 2.13( 0.22
750 1.0 0.31 52 2.09 0.65( 0.02 0.4 2.23( 0.19 272( 47 2.03( 0.19
750 1.0 0.35 52 2.09 0.65( 0.02 0.5 3.14( 0.27 233( 38 2.27( 0.34
748a 2.86( 0.77b 2.17( 0.50b

a Average temperature.b Average rate constant.

k-1 ) (1.14( 0.13)× 10-12

exp(+5.2( 0.3 kJ mol-1/RT) cm3 molecule-1 s-1

k-1c ) 7.7× 10-13

exp(+4.9 kJ mol-1/RT) cm3 molecule-1 s-1
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The lowest values obtained at each temperature, in experiments
with both HCl and DCl, are plotted in Arrhenius form on Figure
7 and can be approximately expressed as

over 300-750 K. Given the scatter, an uncertainty of at least a
factor of 1.5 ink2 is suggested. Figure 7 also shows thek4 values
from both sets of experiments, which exhibit considerable
scatter. These data may be summarized approximately ask4 )
(2 ( 1) × 10-11 cm3 molecule-1 s-1 over 300-750 K.

3.2. Thermochemistry.The ratiok1/k-1 equals the equilib-
rium constantKeq ) 53.5 exp(-4430K/T) in the overlapping
temperature range 296-748 K. We evaluatedKeq at 10
temperatures from this expression and used a van’t Hoff plot
(Figure 8) to derive∆rH298 for eq 1 via a third-law method.
This plot includes a temperature correction13 of -(∆ST -
∆S298)/R + (∆HT - ∆H298)/RT to ln Keq. The correction is
e0.14. The temperature dependences of∆S and ∆H were
evaluated via∆Cp for eq 1, which was derived as follows.
Thermochemical data for Cl and HCl were taken from the
JANAF tables,26 while data for C6H6 and C6H5 were calculated
via standard relations26 from moments of inertia and vibrational
frequencies and are listed in Table 1S of the Supporting
Information. Frequencies for C6H6 were taken from Shiman-
ouchi’s tabulation27 and frequencies for C6H5 were taken from
the work of Łapiński et al.28 We computed the product of the
moments of inertia for C6H5 to be 5.61× 10-135 kg3 m6 using
QCISD/6-31G(d) theory, which was chosen because it repro-
duced the known value for C6H6 to within 0.2%. The linear fit
to the van’t Hoff plot was constrained to have an intercept equal
to our derived∆S298 ) 41.50 J K-1 mol-1 divided byR. The
slope of this line is-∆H298/R, from which we obtain∆H298 )
40.5 kJ mol-1. The maximum deviation from the fit in Figure
8 is 0.5. The uncertainty in∆H298 is estimated via an assumed
factor of 2 uncertainty in the centralKeq value, arising mainly
from uncertainty ink1. This leads to confidence limits for∆H298

of (2.5 kJ mol-1, and this is shown graphically in Figure 8.
Addition of the bond dissociation enthalpyD298(H-Cl)26 yields
D298(C6H5-H) ) 472.1( 2.5 kJ mol-1. Combination of this
quantity with the enthalpies of formation∆fH298(C6H6)29 ) 82.9

Figure 6. Arrhenius plot ofk-1 andk-1c. Open circles: HCl+ C6H5;
filled circles: DCl + C6H5. Error bars represent(1σ.

TABLE 4: Summary of Kinetic Measurements in the C6H5 + DCl System

T, K τres, s F, mJ p, mbar
[C6H5I], 1013

molecule cm-3
[DCl]max, 1015

molecule cm-3
[C6H5]0, 1012

molecule cm-3
k-1b( σk-1b, 10-12 cm3

molecule-1 s-1
(k2b′ + k3b) (
σ(k2b′+ k3b), s-1

k4b( σk4b, 10-11 cm3

molecule-1 s-1

292 0.7 0.64 25 2.44 0.35( 0.01 1.0 4.93( 1.73 345( 52 2.16( 0.02
292 0.7 0.36 25 2.44 0.35( 0.01 0.6 5.61( 1.58 329( 104 4.17( 0.03
292 0.9 0.45 25 2.50 0.26( 0.01 0.7 7.72( 0.76 432( 43 7.41( 0.04
292 0.9 0.32 25 2.51 0.26( 0.01 0.5 5.99( 1.12 441( 42 2.22( 0.01
292 0.7 0.59 25 2.38 0.40( 0.01 0.9 5.00( 0.75 513( 74 1.17( 0.01
292a 5.85( 1.13b 3.43( 2.48b

546 0.5 0.89 25 1.38 0.20( 0.01 0.8 2.19( 0.34 190( 18 2.82( 0.27
546 0.5 0.39 25 1.38 0.20( 0.01 0.3 2.46( 0.22 191( 15 3.01( 0.36
546 0.4 0.48 25 1.41 0.23( 0.01 0.4 2.19( 0.44 206( 9 3.50( 0.21
546a 2.28( 0.16b 3.11( 0.35b

a Average temperature.b Average rate constant.

Figure 7. Arrhenius plot ofk2 for the Cl+ C6H5I reaction, solid circles
(upper limit) and line, andk4 for the C6H5 + C6H5I reaction, open circles
with 1σ error bars.

k2 e 5.3× 10-12

exp(+2.8 kJ mol-1/RT) cm3 molecule-1 s-1

Figure 8. van’t Hoff plot for the equilibrium constant of Cl+ C6H6

) HCl + C6H5 (solid line, experiment; dashed line, third-law fit with
∆rH298 ) 40.5 kJ mol-1 constrained to pass through computed∆S298/
R). Dotted lines indicate∆rH298 ) 38.0 and 43.0 kJ mol-1.
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( 0.5 and∆fH298(H)26 ) 218.0 kJ mol-1 yields ∆fH298(C6H5)
) 337.0( 2.5 kJ mol-1.

4. Discussion

There are no priork-1 measurements for comparison. The
analogous C6H5 + HBr reaction has been investigated by Yu
and Lin,30 who found a similar order of magnitude for the rate
constant withEa ) 4.6( 1.7 kJ mol-1, which by contrast toEa

for eq-1 is a positive value. Our results might be rationalized
in terms of a potential surface qualitatively similar to that
discussed for CH3 + HBr,31 which involved formation of a
bound intermediate followed by dissociation to final products
over a barrier below the initial reactants. Computational studies
are under way to test this idea. Adduct formation between Cl
and C6H6 has been discussed, but the binding energy in the
chlorocyclohexadienyl adduct6 of 30( 10 kJ mol-1 is too small
for the adduct to be significant at elevated temperatures. The
kinetic isotope effectkH/kD > 1 for bothk-1 andk1 is consistent
with a mechanism where C-H bond breaking is rate-limiting.

The room-temperature values ofk1 determined by Shi and
Bernhard5 and Sokolov et al.6 divided by ourk-1 yield Keq and
thus ∆G, which together with our calculated∆S yields ∆H.
Their results implyD298(C6H5-H) ) 466( 1 and 472( 3 kJ
mol-1, respectively. For comparison, a recent assessment is
474.9( 2.5 kJ mol-1.7 Therefore, the Shi and Bernhard rate
constant appears somewhat too high, and we employed the
Sokolov et al. value in our recommendation fork1 above. This
k1 and ourk-1 yield ∆fH298(C6H5) kJ mol-1 ) 337.0( 2.5 kJ
mol-1, a result which is in agreement with the recent determina-
tions of 339.4( 2.5 and 338( 3 kJ mol-1.7,8 Thus, we support
a revision upward from prior recommendations, for example,
those of 328.9( 8.4 kJ mol-1 by McMillen and Golden32 and
330.1( 3.3 kJ mol-1 by Berkowitz et al.33 Our value agrees
with an early kinetic value of 334.7( 4.2 kJ mol-1 obtained
by Rodgers et al.,34 who combined their measured activation
energy for C6H5I + I f C6H5 + I2 with an assumed 0( 4.2 kJ
mol-1 activation energy for the reverse reaction. This assumption
appears to be valid.

Our k2 expression yields an upper limit of 1.7× 10-11 cm3

molecule-1 s-1 at 296 K, with an uncertainty of a factor of 1.5.
Because diffusion of atomic Cl is likely modest compared to
this reaction,k2 may be close to this limit. There is reasonable
accord with the smog chamber measurement of (3.3( 0.7) ×
10-11 cm3 molecule-1 s-1.16 Andersen et al. speculated that the
mechanism for eq 2 involves addition of Cl to C6H5I followed
by elimination of I. The small negativeEa proposed here is
consistent with a barrierless addition step. There are no prior
data with which to compare our approximate estimate fork4

for the phenyl+ phenyl iodide reaction. The magnitude suggests
little or no energy barrier, and plausible products by analogy
with eq 2 are biphenyl+ I atoms.

5. Conclusions

The reaction of phenyl with HCl has been studied for the
first time, and a negativeEa is found. A recommended rate
constant for Cl+ benzene is derived from our high-temperature
measurements and literature data at room temperature. The
kinetic isotope effects in both directions support an abstraction
mechanism. Third-law analysis of the equilibrium constant
yields thermochemistry in accord with other recent determina-
tions of the enthalpy of formation of C6H5. Our k1 and k-1

measurements, the room-temperature result fork1 by Sokolov
et al.,6 and recommended thermochemistry for C6H5

7,8 together
form a consistent picture.
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