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The laser flash photolysis resonance fluorescence technique was used to monitor atomic Cl kinetics. Loss of
Cl following photolysis of CCJ and NaCl was used to determik@Cl + CeHg) = 6.4 x 1072 exp(—18.1 kJ
mol~Y/RT) cm?® molecule* s7* over 578-922 K andk(Cl + C¢Dg) = 6.2 x 10712 exp(—22.8 kJ mot¥/RT)

cm® molecule s™t over 635-922 K. Inclusion of literature data at room temperature leads to a recommendation
of k(Cl + CgHg) = 6.1 x 107 exp(—31.6 kJ motY/RT) cm® molecule® s for 296-922 K. Monitoring
growth of CI during the reaction of phenyl with HCI led kCsHs + HCI) = 1.14 x 1072 exp(+5.2 kJ
mol~Y/RT) cm® molecule? s71 over 294-748 K, k(CgHs + DCI) = 7.7 x 1012 exp(+4.9 kJ motY/RT) cm?
molecule s™1 over 292-546 K, an approximat&(CsHs + CsHsl) = 2 x 107 cm?® molecule® s™* over
300-750 K, and an upper limik(Cl + CgHsl) < 5.3 x 102 exp-2.8 kJ mof%/RT) cn?® molecule! s*

over 306-750 K. Confidence limits are discussed in the text. Third-law analysis of the equilibrium constant
yields the bond dissociation enthalpyss(CsHs—H) = 472.1+ 2.5 kJ mot™* and thus the enthalpy of formation
AfHz0(CHs) = 337.0+ 2.5 kJ mot™.

1. Introduction weakly bound adduct, which at room temperature slowly yielded
HCI. Here, we present absolute rate results derived via the flash
The phenyl radical is important in combustion chemistry photolysis resonance fluorescence technique and the first
because it is an intermediate in soot formafichhere have investigation of the temperature dependencklof
been several kinetic measurements on the reaction We have also made the first determination of the rate constant
k-, for the reverse process
Cl + CgHg — HCIl + C4Hq 1)
CgHs + HCl— Cl + CH, (-1
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 Aschmanrindicated rapid reaction

which in combination withk; data yields the equilibrium
constanKeg through which thermodynamic information about
the phenyl radical may be obtained. These results check recent
revisions to the gHs—H bond dissociation enthaliy.gs, Which

are based on the ion chemistry of Davico et @nd the

with a rate constarty = (1.5+ 0.9) x 10°** cm® molecule™  iyterpretation of several kinetic experiments by Heckmann et
s~ However, two subsequent studies yielded lower reactivities, al8 A negative activation energga is found for eq—1. Negative

upper limits tok; of <4 x 107 and <5 x 107'® cm® silyl radical reactions with HBr and Hr;14 although these
molecule’t s™%, respectively. Shi and Bernhard obtained a experiments have been criticiz&iThe present results extend
contradictory value of (1.3 0.3) x 107* cm® molecule'* s™1.° the scope of the phenomenon to aryl radical plus HCI chemistry.
The latter result is in disagreement with the most recent value  The primary kinetic isotope effects in the two reactions, for
of (1.3 £ 1.0) x 10716 cm?® molecule! s~* found by Sokolov which there are no prior data, are investigated via the equations
et al® These differences have not been resolved, although

attention has been drawn to the possibilities of secondary Cl + CgDg — DCI + C¢Dg (1b)
chemistry and interference by impurities, which may complicate
the relative rate experiment8.By a combination of time-
resolved and relative rate measurements, Sokolovettawed . —
that the reactants rapidly formed a small concentration of a Cofts + DCl = Cl + CHeD (-1¢)

and
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Figure 1. Pseudo-first-order decay coefficient for Cl in the presence
of excess EHs at 676 K and 69 mbar total pressure with Ar. Error
bars represent1o. The inset shows the signal corresponding to the
filled point.

2. Methodology

2.1. Measurements of CH CgHg — HCI + CgHs. Argon
(purity 99.9997%, Air Liquide) was used as supplied as the bath
gas. Benzene (puritg99.9%) and benzene-d6 (atom purity
99.6%) were obtained from Aldrich, and tetrachloromethane
(purity =99.9%) 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-

ies1718 Briefly, in the temperature range 57824 K, atomic

Cl was generated from the pulsed photolysis of £&l 193

nm using an excimer laser (MPB PSX-100, beam cross section
7 x 8 mnA). The initial Cl concentration, [C§] was estimated
using the measured laser output enefgythe beam cross
section, and the C¢hbsorption cross section which is (&6

0.5) x 1071 cn¥ (base e) at room temperatiféVe neglected

any variation of this cross section with temperature and used a

quantum yield for Cl formation of 1.5 This calculation does
not account for the strong absorption of 193-nm radiation by
benzene and therefore yields an upper limit to {JITI]o does

not need to be known for the kinetic analysis, but an ap-
proximate assessment of its concentration is convenient for
assurance that [C¥ [CeHg]. As noted by Adusei and Fontiffd,

at higher temperatures C4b 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 ig j@th

this photolyte. The Cl atoms were monitored by time-resolved
resonance fluorescence at £330 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 l; were observed, as seen in the inset of Figure 1. We
interpret these via the relation

d[CIl/dt = —k,[CII[C Hel — K[CI] = —Kk,CI]

wherek' accounts for diffusional loss of Cl and consumption
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Figure 2. First-order rates in fit to Cl growth and decay in theHg

+ HCI reaction at 294 K and 65 total pressure with Ar. Circlds:
[HCI]; open triangles: k) [CsHs] + ks; crosses:kq{CeHs]. Error bars
representtlo. The inset shows a signal corresponding to the filled
circle.
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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 reducindgtharameter
by 30%, taken to approximate2o.

reaction products. A large excess of benzene imposed pseudo-
first-order kinetics, and the resulting exponential decay coef-
ficients kps; were derived by fitting the concentration of Cl as

a function of timet to the integrated rate law

[CI] = [Cl], exp(—kysi)

Figure 1 is an example of a plot kfs; against [GHg]. Statistical
errors in kys1 were obtained from the fitting algorith:?2
Typically, five values were employed at a given set of
conditions, from zero to [Hs]max Linear least-squares analysis,
with weighting for errors in concentration andk,2% yielded

the slope, which is equal to the second-order rate conktant
and the intercegt'. The statistical uncertainty in the slope was
combined in quadrature with the estimated reproducibility of
the gas flows, pressure, and temperaflir2.5%. The average
value of the intercept was found to lie in the range-300 s?
below 650 K but increased to over 250%sat the higher
temperatures. Experimental parameters such as the photolysis
energyF, the photolyte concentration, the total pressure, and
the average gas residence time inside the reacigy,were
varied to assess any dependence of the observed rate constants
ki upon such parameterk,, was obtained with gDg instead

by secondary processes such as reaction with photolysis orof benzene.
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TABLE 1: Summary of Measurements of the Rate Constantk; for Cl + C¢Hsg

[CC|4], 1015 [CGHG]max. 1015 [Cl] 0y 1012 kli Ok, 1013 CI’T'I3
T,K Tres S F, mJ p, mbar molecule cm? molecule cm? molecule cm? moleculet st
579 1.0 0.26 70 2.40 5.3t 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 0.3 191 0.11
577 11 0.21 145 1.63 1.120.02 0.5 2.02:0.10
578 1.49+0.10
622 0.9 0.44 67 2.00 1.8% 0.06 14 3.26 0.25
622 0.9 0.19 67 2.00 1.8% 0.06 0.6 2.7Gt 0.10
621 0.9 0.19 69 2.05 1.920.07 0.6 2.13+0.07
621 0.9 0.06 69 2.05 1.920.07 0.2 1.9G+ 0.08
619 0.5 0.09 71 121 1.64 0.05 0.2 1.6G+ 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 1.7Gt 0.06
622 2.0 0.33 145 2.62 3.250.11 1.2 2.06: 0.31
622 2.0 0.13 145 2.62 3.260.07 0.5 1.78: 0.32
622 1.60+ 0.26°
676 0.4 0.33 29 0.88 1.66 0.06 0.5 2.6H0.18
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 1.3t 0.03 0.3 2.7H 0.07
674 0.5 0.11 69 121 1.3 0.03 0.2 2.77 0.09
676 2.76+ 0.19
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 2.08 0.07 21 6.0 0.21
725 0.9 0.50 77 1.94 2.08 0.07 14 5.10t 0.23
725 0.9 0.34 77 1.94 2.08 0.07 0.9 4.60t 0.10
722 1.0 0.34 152 141 2.380.06 0.8 4.09+0.23
722 1.0 0.23 152 141 2.380.06 0.5 3.83:0.16
722 1.0 0.15 152 141 2.380.06 0.3 3.80t 0.10
724 3.14+ 0.18
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
922 5.06+ 2.14
a Average temperaturé.Extrapolation to zerd-. ¢ Mean valued NaCl used as Cl source rather than ¢CI
2.2. Measurements of @Hs + HCI — ClI + CgHe. Phenyl consume phenyl radicals. The corresponding integrated rate law

iodide (purity 98%) and hydrogen chloride gas (pukt99.9%) is

from Aldrich were purified via freezepump—thaw cycles at

77 K. Phenyl radicals were generated by 193-nm photolysis of AB B
CeHsl, and the initial concentration KEls]p was estimated m(e

similarly to [Cl]o in the previous section, on the basis of the

room-temperature sl absorption cross section of approxi-

mately 6.5x 1017 cn? molecule’® (base e}4 We assumed a ~ Where

guantum vyield of 1 and therefore obtained an upper limit to

[CeHs]o. Phenyl was allowed to react with excess HClinan Ar A= [CHg], B=k_,[HCI] C=k,[CiHsl] + kg

bath gas, and the atomic Cl product of-efj was monitored as D = k,[CHI]
outlined above. The following mechanism was used to interpret aTes

the Cl fluorescence signals:

Ct_ o B+ D)t)

An example fluorescence signal is shown as the inset in Figure
k., 2. After subtraction of a constant background arising from
CgHs + HCI — Cl + CgH, (-1) scattered resonance radiation, as determined from the pretrigger
signal, the signal was fit by varying the—D parameters. ClI
profiles were obtained as a function of typically five values of
K, [HCI], and Figure 2 shows a plot of thB parameter versus
CeHsl + Cl — products (2)  [HCI]. The slope yields the reverse rate constent, and the
intercept is close to zero as expected. The uncertairByims
K estimated by seeing how much variation in this parameter could
Cl| — diffusion 3) be tolerated in fits to the Cl signal. An example is shown in
Figure 3 , which shows the effect of changimyby +30%,
K, which is taken as an estimate af or B. As may also be seen
CeHs + CgHsl — products (4)  in Figure 2,C andD are essentially constant and small compared
to B, so that errors in these terms have little impackon The
Clis formed by eq—1 and is lost by diffusion and potentially —above mechanism is based on the assumption that no other
via reaction 2 with @Hsl. Equation 4 competes with eq 1 to  photolytically produced species generate atomic Cl. A potential
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Figure 4. Dependence of observégon laser photolysis enerdy at uncertainty in these intercepts. This phenomenon set the lower
622 K (open circles) and 724 K (solid circles). Error bars represent temperature bound to our measurements, because as the intercept
+1o. becomes small the percentage uncertainty becomes large. At

the highest temperature, no systematic variation Witlvas
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 thedata, which may
represented as

interference is atomic H, which could react with HCI to make

H, + CI. Not only is this reaction too slow to interfere except

at the highest temperature we studf@tut also the yield of H

from 193-nm photolysis of gHsl appears to be small. We

photolyzed phenyl iodide while monitoring H-atoms by reso-

nance fluorescence at 121 nm and observed no H signal. Bybe

comparison with experiments where phenyl iodide was photo-

lyzed in the presence of excess Bivhich converts gHs to 15

CeHg + H), we deduce an upper limit of H-atom production to k = (6.4+2.8)x 10

be 5% of phenyl production. Absorption of 193-nm photons exp(—18.1+ 2.3 kJ mol'/RT) cm® molecule * s™*

could populate a variety of electronic states gHg whose

fate is unknown, although we speculate they may be removedover 578-922 K. This fit incorporates statistical uncertainty in

rapidly by collisional quenching, emission, or internal conver- k; and in temperaturest/T = 2%). Oneo uncertainties in the

sion. Arrhenius parameters are shown above, and together with the
The concentration of photolyte, {8sl], was not varied  covariance they yield@statistical uncertainties in the fittdd

systematically but an approximate estimatéit obtained by of between 6 and 24%. Allowance for potential systematic errors

dividing theD parameter by [gHsl]. Similarly, division of the of around 10% yields overall 95% confidence limits-626%.

C parameter by [6Hsl] yields an estimatedt,. Strictly, this is The range ofk; data can be extended down to 296 K by

an upper limit because of the neglect of the unknown diffusional incorporating the measurement of Sokolov €tAh unweighted

contributionks. Thek' term in the CCJ photolysis experiments  fit to the combined data set yields the recommendation

may be similar toks, but k' also includes contributions from

secondary chemistry which is likely to be different in thgHgl/ — —11

HCI system. HCI mixtures were flowed through the reactor at kg =(6.1£3.2)x 10 L s -

least an hour before experiments were begun to passivate exp(=31.6=+ 2.1 kJ mol /RT) cm” molecule s

surfaces in the apparatus. The observed constancy of the kinetics o )
over~5 h confirms that HCI was not lost significantly on the ~for 296-922 K. This line is also a reasonable fit to the present

reactor walls during the measurements. measurements, except that the smallgstalue is 1.8 times

In some experiments, DCI was used instead of HCI. Deute- !arger than the fit. This factor is outside the confidence limits,
rium chloride was synthesized by exposing a mixture of about Put thek: point at 578 K is the most vulnerable to systematic
30 mbar C} with about 60 mbar Bin a 20-L Pyrex bulb to ~ €fror because the primary reaction is least well separated from
UV radiation from a mercury pen-ray lamp for 2 days. The use Secondary processes. This secépexpression is used in the
of low pressures avoids an explosion. DCl was separated fromthermochemical analysis below because it covers a wide range

the reaction mixture by freezeoump-thaw cycles and distil-  ©f temperature. )
lation from an acetone slush at 178 K. Experiments using §Ds instead of benzene at two temper-

atures are summarized in Table 2 and Figure 5. The results fit
Results

—12
3.1. Rate ConstantsTable 1 summarizes 32 determinations Ky = 6.2x 10

of ki. At the low end of the temperature range, we observe a exp(22.8 kJ mol /RT) cm® molecule * s+
dependence of the observidvalue on the photolysis pulse
energyF. Examples are shown in Figure 4. The dependence over 635-922 K.
was extrapolated to zei® via a weighted linear least-squares For the reverse reaction, 28 measurements are summarized
fit to obtaink; in the absence of secondary chemistry, and these in Table 3. No significant dependence is found on the photolysis
values are also listed in Table 1 along with the statistical energy, initial phenyl concentration, and other parameters, which
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TABLE 2: Summary of Measurements of the Rate Constantk;, for Cl + CgDsg

[CC|4], 101 [CGDG]max. 10t [Cl] 0, 102 kib= Okib, 108 cm?
T, K Tres S F, mJ p, mbar molecule cm? molecule cm? molecule cm? moleculet st
635 0.9 0.74 71 2.54 2.340.08 2.7 211 0.14
635 0.9 0.35 71 2.54 2.340.08 1.4 1.48+ 0.17
635 0.9 0.22 69 2.47 1.8% 0.06 0.8 1.3 0.07
635 0.9 0.16 69 2.47 1.8t 0.06 0.6 1.06+ 0.06
635 0.824+ 0.08
922 0.4 0.55 42 ¢ 0.62+ 0.02 6.06+ 0.52
922 0.4 0.26 42 ¢ 0.624+ 0.02 5.52+0.19
923 0.4 0.37 42 ¢ 0.68+ 0.02 6.53+ 0.92
923 0.4 0.17 42 ¢ 0.684 0.02 7.34+0.75
922 0.4 0.75 44 ¢ 0.36+ 0.01 11.75+ 0.46
922 0.4 0.40 44 ¢ 0.364 0.02 4.99+ 0.53
921 0.3 0.72 41 ¢ 0.25+ 0.02 10.89+ 1.08
923 0.3 1.03 40 ¢ 0.21+0.01 10.22+1.28
923 0.3 0.76 40 ¢ 0.21+0.01 8.67+ 1.09
922 3.18+ 0.9%

a Average temperaturé.Extrapolation to zerd-. ¢ NaCl used as source of Cl rather than €CI

TABLE 3: Summary of Kinetic Measurements in the C¢Hs + HCI System
[CeHsl], 1018 [HCI] max 10t [CeHs]o, 1012 kfli Ok—1, 102 cm? (k2'+ Kg) + k4:|: Ok, 101 cm?

T,K TesS F,mJ p, mbar moleculecm® molecule cm® molecule cm? molecule!s™? Oie+ay St moleculets™
294 12 0.27 50 1.18 1.08 0.03 0.2 9.551.15 306+ 12 2.124+0.07
294 1.2 0.40 51 1.62 0.6% 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
204 9.55+ 0.24 2.22+0.09
330 1.3 0.23 52 2.13 0.88 0.04 0.3 7.531.11 327+ 83 1.19+ 0.03
331 13 0.23 52 2.11 0.720.03 0.3 7.8 0.66 412+ 73 1.19+0.01
330 2.2 0.10 52 3.52 0.98 0.06 0.2 8.6 1.56 543+ 50 0.71+0.01
330 13 0.46 51 2.06 0.64 0.04 0.6 7.82£0.59 368+ 83 1.22+0.01
330 13 0.31 50 2.67 0.48 0.02 0.5 7.5 0.60 397+ 61 1.11+ 0.02
330¢ 7.88+0.47 1.08+0.27
407 1.8 0.36 52 3.00 1.2# 0.06 0.7 4.48+0.10 353+ 31 0.85+0.01
407 1.8 0.17 52 2.98 1.2¢ 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 5.8A 0.61 247+ 31 1.584+0.03
407 11 0.34 52 1.70 1.18 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 5.5H0.35 2224+ 20 1.61+ 0.05
407 1.0 0.18 51 1.67 0.72 0.03 0.2 5.41 0.39 242+ 33 1.59+ 0.03
407 5.13+0.58 1.33+0.37
545 1.0 0.85 51 0.63 0.58 0.02 0.3 3.08t 0.35 106+ 8 3.86+ 1.49
545 1.0 0.62 51 0.63 0.550.02 0.2 3.14-0.41 104+ 8 3.30+3.21
542 0.6 0.72 51 0.34 0.4% 0.02 0.2 3.88: 0.28 97+ 5 6.72+ 3.38
545 1.0 0.65 51 1.13 0.4% 0.02 0.5 43H 0.76 62+ 3 2.59+1.92
544 1.0 0.37 49 0.61 0.58 0.02 0.1 2.78:0.25 172+ 120 5.89+ 0.73
544 3.444+0.63 4474+ 170
749 1.0 0.84 52 2.15 0.58 0.03 11 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 2.004+0.35
745 0.5 0.24 25 1.06 0.54 0.03 0.2 1.8 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 0.58 0.03 0.3 3.1Gt 0.29 162+ 41 2.26+ 0.54
746 1.0 0.41 54 1.73 0.66 0.03 0.4 1.8G+0.21 170+ 42 1.81+0.77
750 11 0.25 53 221 0.68 0.02 0.3 2.73£0.21 213+ 56 2.13+£0.22
750 1.0 0.31 52 2.09 0.68 0.02 0.4 2.23£0.19 272+ 47 2.03+0.19
750 1.0 0.35 52 2.09 0.6k 0.02 0.5 3.14£ 0.27 233+ 38 2.27+£0.34
748 2.86+0.77 2.17+0.50

2 Average temperaturé.Average rate constant.

indicatesk-; has been isolated from secondary processes. The Eight measurements with the deuterated analdg at two
mean values at each temperature are plotted in Arrhenius formtemperatures are listed in Table 4, and the data may be
on Figure 6 and yield summarized as

K, .=77x10"
exp(4.9 kJ mol /RT) cm® molecule* s™*

over 292-546 K.
over 294-748 K. The 2 statistical uncertainties in the fitted These studies also yield information about eqgs 2 and 4, which
k-1 lie between 6 and 12%, and we propose overall confidence is summarized in Tables 3 and 4. As noted above, an upper
limits of £13%. limit to k, was estimated by dividing thB term by [GHsl].

k_,=(1.14+0.13)x 10 *
exp(5.2+ 0.3 kJ mol/RT) cm® molecule s *
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R). Dotted lines indicaté\\Hz9s = 38.0 and 43.0 kJ mot.

3.2. Thermochemistry.The ratioky/k-;1 equals the equilib-
rium constanKeq = 53.5 exp(-4430K/T) in the overlapping
temperature range 29§48 K. We evaluatedKeq at 10
temperatures from this expression and used a van't Hoff plot
(Figure 8) to deriveAHzgs for eq 1 via a third-law method.
This plot includes a temperature correcfibrof —(ASr —
ASe9/R + (AHT - AH299)/RT to In Keq The correction is
<0.14. The temperature dependencesAS and AH were
evaluated viaAC, for eq 1, which was derived as follows.

0.1 s L

1.0 1.5

Il n
2.0 25

1000K/ T

3.0 3.5

Thermochemical data for Cl and HCI were taken from the
JANAF tables?® while data for GHg and GHs were calculated
via standard relatiod%from moments of inertia and vibrational
frequencies and are listed in Table 1S of the Supporting

Figure 7. Arrhenius plot ofk; for the Cl+ C¢Hsl reaction, solid circles
(upper limit) and line, an&, for the GHs + CgHsl reaction, open circles
with 1o error bars.

with both HCl and DCI, are plotted in Arrhenius form on Figure
7 and can be approximately expressed as

k, < 5.3x 107
exp(-2.8 kJ mol/RT) cm® molecule * s

over 300-750 K. Given the scatter, an uncertainty of at least a
factor of 1.5 ink; is suggested. Figure 7 also showskhgalues
from both sets of experiments, which exhibit considerable
scatter. These data may be summarized approximatédy =as

(2 £ 1) x 10711 cm?® molecule® s71 over 3006-750 K.

Information. Frequencies for¢8s were taken from Shiman-
ouchi’s tabulatioA” and frequencies for ¢Els were taken from
the work of tapirski et al2®8 We computed the product of the
moments of inertia for gHs to be 5.61x 107135 kg® mé using
The lowest values obtained at each temperature, in experiment2CI1SD/6-31G(d) theory, which was chosen because it repro-
duced the known value forgBlg to within 0.2%. The linear fit

to the van't Hoff plot was constrained to have an intercept equal
to our derivedASes = 41.50 J Kt mol~ divided byR. The
slope of this line is=AH29¢R, from which we obtaim\Hzgg =
40.5 kJ mot?!. The maximum deviation from the fit in Figure

8 is 0.5. The uncertainty inHgg is estimated via an assumed
factor of 2 uncertainty in the centreq value, arising mainly
from uncertainty irk;. This leads to confidence limits fadxHgg

of £2.5 kJ mot?, and this is shown graphically in Figure 8.
Addition of the bond dissociation enthalPgeg(H—CI)28 yields
D2gg(CeHs—H) = 472.14 2.5 kJ motl. Combination of this
quantity with the enthalpies of formatiakyHzeg(CeHe)2° = 82.9

TABLE 4: Summary of Kinetic Measurements in the C¢Hs + DCI System

[CeHsl], 10 [DCl]max 10

[CeHglo, 1042

K-1p% Ok-1p, 10712 Ccm?  (Koy + kap) = Kap = Oian, 10711 cm®

T,K TwesS F,mJ p, mbar moleculecm® molecule cm® molecule cm? molecule!s™ O+ kaby S * molecule!s™
292 0.7 0.64 25 2.44 0.380.01 1.0 493t 1.73 345+ 52 2.16+ 0.02
292 0.7 0.36 25 2.44 0.380.01 0.6 5.6 1.58 329+ 104 4.17+0.03
292 09 045 25 2.50 0.26 0.01 0.7 7.72£0.76 432+ 43 7.41+ 0.04
292 09 032 25 2.51 0.26 0.01 0.5 5.99t1.12 4414 42 2.22+0.01
292 0.7 059 25 2.38 0.460.01 0.9 5.06t 0.75 513+ 74 1.174+0.01
202 5.85+1.13 3.43+2.48
546 05 0.89 25 1.38 0.260.01 0.8 2.19-0.34 190+ 18 2.82+ 0.27
546 05 0.39 25 1.38 0.26 0.01 0.3 2.46t 0.22 191+ 15 3.014+0.36
546 04 048 25 1.41 0.280.01 0.4 2.19-0.44 206+ 9 3.50+0.21
546 2.28+0.18 3.11+0.3%

a Average temperaturé Average rate constant.
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There are no priok—; measurements for comparison. The
analogous gHs + HBr reaction has been investigated by Yu
and Lin2° who found a similar order of magnitude for the rate
constant withEy = 4.6 & 1.7 kJ mof%, which by contrast tdc,
for eq—1 is a positive value. Our results might be rationalized
in terms of a potential surface qualitatively similar to that
discussed for Ck+ HBr,3! 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 ClI
and GHg has been discussed, but the binding energy in the

Supporting Information Available: Thermodynamic func-
tions for benzene and phenyl as a function of temperature. This
material is available free of charge via the Internet at http://
pubs.acs.org.

References and Notes

chlorocyclohexadienyl addifoof 30 + 10 kJ mot? is too small (1) Miller, J. A.; Pilling, M. J.; Troe, JProc. Combust. Ins2005 30,

for the adduct to be significant at elevated temperatures. The43.

kinetic isotope effecku/ko > 1 for bothk-; andk; is consistent (2) Atkinson, R.; Aschmann, S. Mnt. J. Chem. Kinet1985 17, 33.

with a mechanism where-€H bond breaking is rate-limiting. (3) Wallington, T. J.; Skewes, L. M.; Siegl, W. Q. Photochem.

Photobiol., A1988 45, 167.

The room-temperature values kf determined by Shi and (4) Nozige, B.; Lesclaux, R.; Veyret, BJ. Phys. Chem199Q 98
Bernhard and Sokolov et dt.divided by ourk-; yield Keqand 2864.
thus AG, which together with our calculatedsS yields AH. (5) Shi, J.; Bernhard, Mint. J. Chem. Kinet1997, 29, 349.
Their results implyD,gg(CsHs—H) = 466+ 1 and 472+ 3 kJ _ (6) Sokolov, O HurIey,_M. D.; Walling_ton, T. J.; Kaiser, E. W.; Platz,
mol~%, respectively. For comparison, a recent assessment isiég'\gellf)%n'lgéfl" Berho, F.; Rayez, M.-T.; LesclauxJRPhys. Chem. A
4749+ 2.5 kJ mofl” Therefore, thg Shi and Bernhard rate (7) Davico, G. E.; Bierbaum, V. M.; DePuy, C. H.; Ellison, G. B.;
constant appears somewhat too high, and we employed theSquires, R. RJ. Am. Chem. S0d.995 117, 2590.
Sokolov et al. value in our recommendation kgrabove. This (8) Heckmann, E.; Hippler, H.; Troe, Proc. Combust. Inst1996

k; and ourk_ yield AHzgg(CsHs) kJ molt = 337.0+ 2.5 kJ 26, 5;‘3-R 133 Seetula. 1. A GutmanJoAm. Chom. Sods
mol%, a result which is in agreement with the recent determina- 11q(3)092f'sse +J. 3 Seetula, J. A; Gutman,JDAm. Chem. Sod 98§

tions Of 339.4:2.5and 33&: 3kJ m0F1.7~8Thus, we support (10) Seakins, P. W.; Pilling, M. J.; Niiranen, J. T.; Gutman, D.;
a revision upward from prior recommendations, for example, Krasnoperov, L. NJ. Phys. Chem1992 96, 9847.
those of 328.9t 8.4 kJ mof ! by McMillen and Golde? and (11) Nicovich, J. M.; Van Dijk, C. A.; Kreutter, K. D.; Wine, P. H.

1 ; 3 Phys. Chem1991, 95, 9890.
330.1+ 3.3 kJ mott by Berkowitz et aP® Our value agrees (12) Niranen, 3. T.. Gutman, D.; Krasnoperov, L. X.Phys. Chem.

with an early kinetic value of 334.% 4.2 kJ mot? obtained 1992 96, 5881.

by Rodgers et a4 who combined their measured activation (13) Kalinovski, I. J.; Gutman, D.; Krasnoperov, L. N.; Goumri, A.;
energy for GHsl + | — CgHs + I, with an assumed & 4.2 kJ Yuan, W.-J.; Marshall, PJ. Phys. Chem1994 98, 9551.

mol~! activation energy for the reverse reaction. This assumption ~ (14) Seetula, J. APhys. Chem. Chem. Phy2003, 4, 455.

Sopets 1o b vl (19 semon .4 G G s crem stz i
L - 1 v, D. A.; Nielsen, O. J.; Hurley, M.
Our ky expression y|eld§ an upper I|m|t of 17 10711 cmd D.; Wallington, T. J.Chem. Phys. Let2001, 350, 423.
molecule! s~ at 296 K, with an uncertainty of a factor of 1.5. (17) Shi, Y.; Marshall, PJ. Phys. Chem1991, 95, 1654.

Because diffusion of atomic Cl is likely modest compared to  (18) Ding, L.; Marshall, PJ. Phys. Chem1992 96, 2197.

this reactionk, may be close to this limit. There is reasonable (19) Hanf, A.; Laitter, A.; Volpp, H.-R.Chem. Phys. Let2003 368
accord with the smog chamber measurement of 3@&7) x 445. , )

101 e molecule 116 Andersen et al. speculated that the ~ (29) Adusei, G. Y., Fontijn, AProc. Combust. Inst1994 25, 801.

. . . (21) Marshall, PComput. Chem1987 11, 219.
mechanism for eq 2 involves addition of Cl tgHGl followed (22) Marshall. PComput. Chem1989 13, 103.

by elimination of I. The small negativE, proposed here is (23) Irvin, J. A.; Quickenden, T. IU. Chem. Educl983 60, 711.
consistent with a barrierless addition step. There are no prior  (24) Pence, W. H.; Baughcum, S. L.; Leone, SJRPhys. Chenl981,
data with which to compare our approximate estimatekior 85, 3844.

for the phenyH phenyl iodide reaction. The magnitude suggests ~ (25) Adusei, G. Y.; Fontijn, AJ. Phys. Cheml1993 97, 1409.

: ; ; (26) NIST-JANAF Thermochemical Tablesh ed.; Chase, M. W., Jr.,
lide or no energy barrier, and plausible products by analogy Ed.; American Chemical Society and the American Institute of Physics:

with eq 2 are biphenyt- | atoms. Woodbury, New York, 1998.
(27) Shimanouchi, TTables of Molecular Vibrational Frequencies
5. Conclusions National Bureau of Standards: Gaithersburg, Maryland, 1972; Consolidated
Volume I.

The reaction of phenyl with HCI has been studied for the  (28) tapitski, A.; Spanget-Larsen, J.; Langgérd, M.; Waluk, J.; Radz-
first time, and a negativé&, is found. A recommended rate  iszewski, J. GJ. Phys. Chem. 2001, 105 10520.
constant for CH- benzene is derived from our high-temperature Stéﬁg)lgigsgg'g;-; Johnson, W. H.; Rossini, F.JDRes. Natl. Bur.
measurements and I|t_erature f:lata_ at room temperature. _The (30) YU, T.;'Lin, M. C.Int. J. Chem. Kinet1994 26, 771.
kinetic isotope effects in both directions support an abstraction (31) Krasnoperov, L. N.; Peng, J.; Marshall, PPhys. Chem. 2006
mechanism. Third-law analysis of the equilibrium constant 110, 3110.
yields thermochemistry in accord with other recent determina-  (32) McMillen, D. F.; Golden, D. MAnn. Re. Phys. Chem1982 33,
tions of the enthalpy of formation of &8ls. Our k; and k_; 493. N .
measurements, the room-temperature resulkfdyy Sokolov 98‘(337)45”'(0""”2’ J; Ellison, G. B.; Gutman, 0. Phys. Chem1994

et al.8 and recommended thermochemistry fgHg! -8 together (34) Rodgers, A. S.: Golden, D. M.; Benson, S. %Am. Chem. Soc.
form a consistent picture. 1967, 89, 4578.



