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The gas-phase reaction of Cl atoms with benzene has been studied using both experimental and computational
methods. The bulk of the kinetic data were obtained using steady-state photolysis of mixtures contajning Cl
CsHs, and a reference compound in 22000 Torr of N> diluent at 296 K. Reaction of Cl atoms withsids

proceeds via two pathways; (a) H-atom abstraction and (b) adduct formation. At 296 K the rate constant for
the abstraction channelks,= (1.3+ 1.0) x 106 cn?® molecule* s™1. Phenyl radicals produced via H-atom
abstraction from gHe react with C} to give chlorobenzene. The main fate of theHg-Cl adduct is
decomposition to reform gEls and Cl atoms. A small fraction of thesBs—Cl adduct undergoes reaction

with Cl atoms via a mechanism which does not lead to the productioghQZ, or the reformation of gHs.

As the steady-state Cl atom concentration is increased, the fraction oftfge Cl adduct undergoing reaction

with Cl atoms increases causing an increase in the effective rate constant for benzene removal and a decrease
in the chlorobenzene yield. Thermodynamic calculations show that a rapid equilibrium is established between
Cl atoms, GHe, and the GHs—CI adduct, and it is estimated that at 296 K the equilibrium constal{ is

= [CeHes—ClI)/[CeH¢][CI] and lies in the range (#2) x 108 cm® moleculet Flash photolysis experiments
conducted using ¢/Cl, mixtures in 760 Torr of either Nor O, diluent at 296 K did not reveal any significant
transient UV absorption; this is entirely consistent with results from the steady-state experiments and the
thermodynamic calculations. The;is—Cl adduct reacts slowly (if at all) with £and an upper limit of
k(CsHs—Cl 4+ O,) < 8 x 10717 cm® molecule* s™* was established. As part of this work a valuek¢El +

CRCIH) = (1.7 4 0.1) x 10> cm® molecule* s™* was measured. These results are discussed with respect

to the available literature concerning the reaction of Cl atoms with benzene.

Introduction an unusual mechanism in which the active chain carrier is not
the free Cl atom but is instead a weakly boungHg-Cl
adductt™” The bonding in the gHg—Cl adduct reduces its
reactivity and increases its selectivity when compared to free
Cl atoms?® In the liquid phase, the reaction of Cl atoms with
benzene proceeds via addition with a rate constakt ef 1.0

x 10711 cm® molecule 571,10

The reaction of Cl atoms with benzene has a long chemical
history. In 1903 it was established that 1,2,3,4,5,6-hexachloro-
cyclohexane (HCH) was the final product of the sequence of
chlorination reactions initiated by photolysis of,Gh liquid
benzené.The first quantitative studies of the gas phase reaction
were performed by Noyes and co-workers in the early 1930s
using UV irradiation of GHg/Cl, mixtures with the course of
reaction monitored via changes in total pressure. It was deduced
that the reaction of chlorine atoms with benzene proceeds mainly
via addition, with chlorination occurring via a short-chain ~ Our interest in reaction 1 stems from a desire to quantify the
mechanism (chain length of 260) giving HCH as the major ~ atmospheric chemistry and hence environmental impact of
product and chlorobenzene as a minor prodddn the late aromatic compounds released into the atmosphere by motor
1950s Russell and co-workéré showed that the photochlori-  Vehicles. In smog chamber studies of the atmospheric degrada-

nation of organic compounds in benzene solvent proceeds viation mechanism of organic compounds it is often convenient to
use Cl atoms to initiate the sequence of photooxidation reactions.

Cl + C4Hg — products D)
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temperature in 706740 Torr of air, or N, diluents. Atkinson 2.1. Flash Photolysis System at Bordeaux:he apparatus
and Aschmann monitored the loss of benzene relative to ethaneconsisted of a cylindrical reaction cell (4 cmi.d., 70 cm length).
following UV irradiation of GHe/CyHe/Clo/air mixtures and Radicals were generated by the photolysis of molecular chlorine
derivedk; = (1.54+ 0.9) x 1071 cm® molecule! s~1.11 Relative using an argon flash lamp, surrounded by a Pyrex tube to filter
rate studies conducted at Ford Motor Company usiggeC out flash radiation of < 290 nm, preventing photodissociation
CHJ4/CI,/N2 and GHe/CD4/Clo/N2 mixtures did not reveal any  of organic precursors. Molecular chlorine concentrations; 2
evidence for the reaction of benzene with Cl atoms and upper x 10 molecule cm?3, were measured by UV absorption at
limits of k; < 4 x 10712 12andk; <5 x 10716 cm?® molecule™? 330 nm ¢ = 2.56 x 10719 cn? molecule1.19) Initial radical
s 1 13were reported. In the most recent investigation, Shi and concentrations were {510) x 103 molecule cm?, as calibrated
Bernhard irradiated §1¢/CF.CIH/Cly/air mixtures and fromthe by photolysis of GJin the presence of excess NO and measuring
relative loss rates of benzene and,CH derivedk; = (1.3 + the absorption of the CINO formeds (= 8.96 x 10718 cn?
0.3) x 10715 cm® molecule’ s71.14 molecule’l at 220 nmt® The analyzing light, provided by a
Noziere et al'® studied the loss of benzene and methane deuterium lamp, passed through the reaction cell and was
following UV irradiation of GHg/CH4/Cly/air mixtures and detected by a monochromator/photomultiplier unit with 2 nm
reported that plots of the decay of benzene versus methane werdand-pass. The signal was digitized by an oscilloscope and
curved, with decreasing benzene loss observed at longerrecorded and averaged with a computer for further data analyses.
irradiation times. Such behavior was attributed to complications Kinetic parameters were derived from simulations of the
associated with the formation of OH radicals in the system. The complete reaction mechanism fitted to the experimental traces
mechanism by which OH radicals are formed is thought to using nonlinear least-squares analysis. Gas mixtures were
involve reaction of Cl atoms with hydroperoxidésThe Cl atom prepared using calibrated flow controllers with total replenish-

initiated oxidation of methane in air produces £HOH which ment of the gas mixture in the cell between each flash to avoid
can then react with Cl atoms to give OH radicals: secondary reactions involving reaction products.
Oz, Na, synthetic air, Gl (Messer, 5% in ¥ purity > 99.9%),
Cl + CH;O00H— CH,00H + HClI (2) NO (AGA Gaz Speiaux, 0.96% in N, purity > 99.9%), and
CCl, (Prolabo, purity>99.8%) were all used without further
CH,00H— HCHO + OH ®3) purification. Chloroform (Acros Chimica, purity 9%%, stabi-

lized with approximately 0.75% ethanol) was purified by

OH radicals react more rapidly with benzene than with distillation and storage over molecular sieves. Great care was
methane and so will preferentially attack benzene, enhancingtaken in the purification of benzene (Aldrich, 99-%, glass-
its decay rate. As the irradiation proceeds, oxidation products distilled, HPLC grade).
build up and compete for the available OH radicals, causing  Ppurification of Benzene. The degree of purification of
the apparent decrease in the benzene reactivity observed bysenzene is a critical point in the determination of the rate
Nozigre et al. It seems likely that a similar explanation can constantk(Cl + CgHg) in the flash photolysis experiments
account for the anomalously high value kf reported by  pecause the reaction was found to be very slow and the method
Atkinson and Aschmant. To avoid OH radical formation  ysed was equivalent to measuring the depletion of chlorine
during oxidation of the reference Compound, Shi and Berrhard atoms (and hence is sensitive to the presence of reactive
employed CECIH as the reference compound. However, as jmpurities). The nature of impurities was determined by GC-

discussed in the Conclusions section, it is possible that OH ms. Hydrocarbons exhibiting high reactivity with chlorine
radicals are formed during the oxidation of benzene in air.  atoms, e.g., cyclohexand(Cl + CeHiz) = 2 x 10710 cnd

As noted above, it is well established that the UV irradiation molecule? s-1,1%) were detected in amounts smaller than 0.15%.
of CgHe/Cl> mixtures results in a series of chlorination reactions S|mp|e distillation was inadequa[e to remove such trace impuri_
leading to hexachlorocyclohexane (HCH). Thesomer of HCH  ties and a new purification method was developed. Wids
is an insecticide known as Lindane, and the UV irradiation of dissolved in deoxygenated liquid benzene by bubbling gaseous
CeHe/Cl> mixtures has been used as a commercial synthesis forcy, (5% in nitrogen) through the sample. Chlorine atoms were
this compound. In light of its commercial importance and long generated by photolyzing £lising the radiation provided by a
history of academic interest, it is very surprising that the kinetics high-pressure mercury lamp filtered by the Pyrex vessel
of the reaction of CI atoms with benzene are so poorly containing the solution. They reacted first with reactive impuri-
understood. To provide insight into this reaction we have ties and then with benzene. This procedure converts reactive
conducted flash photolysis, relative rate, and computational jnpurities and a small fraction of the benzene into chlorinated
studies of the kinetics and mechanism of reaction 1. As shown compounds which were then eliminated by distillation under a
herein, the effective rate constant for reaction of Cl atoms with nitrogen atmosphere. Tetrachlorocyclohexene and hexachloro-
benzene in the gas phase is very small and the reaction leads t@yc|ohexane were identified among the chlorinated products,
several different products. Reaction 1 is not a promising in agreement with previous studies in liquid benz&h8These
candidate for initiating the oxidation of benzene in smog o compounds were the only products produced by the above

chamber studies of its atmospheric oxidation mechanism. photochemical reaction, using the already purified benzene,
. . thereby proving that they are formed by the reaction of chlorine
2. Experimental Section atoms with benzene. This purification procedure proved to be

Relative rate and product studies were performed at Ford very efficient; no remaining impurities<(0.01%) could be
using FTIR-smog chamber and photochemical GC-FID systems. detected by GC-MS analyses.
Absolute kinetic studies were performed at Bordeaux using a 2.2. FTIR-Smog Chamber System at Ford. A 140-liter
flash photolysis system described previouSill quoted errors Pyrex smog chamber interfaced to a Mattson Sirus 100 FTIR
are 2 standard deviations from least-squares fits; conventionalspectrometéf was used to study the kinetics and products of
error techniques were used to propagate errors where approprireaction 1. The reactor was surrounded by 22 fluorescent
ate. blacklamps (GE F15T8-BL). Chlorine atoms were generated
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by the photolysis of molecular chlorine in 700 Torr total pressure reaction of chlorine atoms with benzene: pheny€(reaction

of Nz diluent. 1a), chlorocyclohexadienylls—Cl (reaction 1b), and cyclo-
hexadienyl GH7, resulting from channel 1c and subsequent
Cl,+hw—2Cl 4) reaction of H atoms with benzene.
i ) , Cl,+hv—2Cl (4)

The concentrations of compounds were monitored by Fourier
transform infrared spectroscopy using their characteristic features Cl + CgHg— C4Hs + HCI (1a)
over the wavenumber ranges 60000 (GHs), 2180-2340
(CDq4), 1290-1330 (CRCIH), and 726-760 cnt! (CgHsCl). Cl 4 CgHg— CgHg—Cl (1b)
Infrared spectra were derived from 32 co-added interferograms
(the data acquisition time was 1.5 min) using a path length of Cl+ C4Hg— CH.Cl + H (1c)

28 m and a resolution of 0.25 crth Reference spectra were

acquired by expanding known volumes of reference materials Reaction enthalpies are in (units of kJ m9l +3321 —30

into the chamber. Experimental conditions for the kinetic study (this work, see section 3.8), areb%223for reaction channels

of reaction 1 were, 2:235.5 mTorr of GHe, 1.1-16 mTorr of 1a, 1b, and 1c, respectively. Only the-g—Cl adduct, resulting

reference (either GEEIH or CDy), and 14.8-2200 mTorr of from channel 1b, has a chance to be detected in flash photolysis

Cl2in 700 Torr of N diluent. experiments at room temperature, the other two channels being
Four sets of experiments were performed using the FTIR- too slow as a result of their endothermicity.

smog chamber. First, the kinetics of the reaction of Cl atoms  Gas mixtures, [G] = (2—5) x 10 and [GH¢] = (2—10)

with CF,CIH were studied relative to CDSecond, the kinetics ~ x 107 cm~3in N, (760 Torr), were flash-photolyzed, resulting

of the reaction of Cl atoms with benzene were investigated in initial chlorine atom concentrations of-{3.0) 13- molecule

relative to the reaction of Cl atoms with @FH and CD. CD, cm~3. The temperature was varied from 250 to 298 K, and the

and CRCIH were selected as references because their reactivitiesspectral region 226330 nm was investigated to identify any

toward Cl atoms are comparable to that of benzene and becauseransient absorption corresponding to the above radicals. The

one of them, CECIH, was used previously as a reference by phenyl radical absorbs significantly at 250 non= 2.8 x 10717

Shi and Bernhartt and so facilitates comparison of the results  cr? molecule )24 while cyclohexadienyl radicals absorb strongly

from the present work with those reported by Shi and Bernhard. around 300 nmd = 2.6 x 10~%7 cn? molecule'?).25

Third, the rate of reaction of Cl atoms with chlorobenzene was  No significant transient signals could be detected whatever

determined. Fourth, the products formed following the reaction the wavelength. Very weak absorptions were observed at 220

of Cl atoms with GHe in N> diluent were investigated. All  nm and between 260 and 280 nm, but they were too low (optical

reagents used at Ford were obtained from commercial sourceslensities< 0.001) to be significant and probably result from

at research grade quality and were used without further some remaining impurities in benzene. Neither cyclohexadienyl

purification. nor phenyl radicals were detected, indicating that reactions la
2.3. Photochemical Reactor with Gas Chromatography and 1c are too slow to be detected. In the presence of small

Analysis at Ford. The 80 cmi Pyrex reactor was cylindrical, amounts of NO (3x 10 molecule cm?3) the well-known

20 cm in length, and 2.5 cm in diameter and was irradiated by absorption of CINO was observed at 220 rum= 8.96 x 1018

a single Sylvania F6T5 BLB fluorescent lamp (1.2 cm diameter), cm? molecule™?); the addition of benzene in concentrations of

positioned 3.3 cm from the center of the reactor. The reactants,up to 5x 10" molecule cm?® had no discernible impact(0%)

containing C, CsHg, Clp, and N, were premixed in a separate  on the measured CINO absorption, showing that Cl atoms react

flask, and the reactor was filled to 120 Torr. The mixture was preferentially with NO rather than with benzene. Experiments

irradiated for a predetermined time after which the contents of performed using CGlin place of C} as the chlorine atom

the reactor were analyzed by gas chromatography using flame-precursor gave the same result.

ionization detection (GC-FID). The percentage consumption of ~ To check whether the conditions were really suitable to form

CeHs and CDOy was varied by a factor of -36 during these cyclohexadienyl-type radicals, £0CsHgs mixtures were photo-

experiments with no discernible impact on the measured ratelyzed using H (700 Torr) as the carrier gas. The chemical

constant ratios. The initial mixture contained 90 mTogHg; system, forming the cyclohexadienyl radicajHz, was:
17—21 mTorr CDO, and 0.6-17 Torr Ch, with the balance N

The initial Ch density was varied to obtain different steady- Cl, +hv—2Cl (4)
state Cl atom densities in the reactor while using a constant

radiative flux. An additional set of experiments using the above Cl+H,—~HClI+H ®)

mixture with C}, fixed at 3.1 Torr was performed in which the

distance between the center of the lamp and reactor center was H+Cl,—~HClI+Cl (6)
varied from 3.3 to 16.5 cm, causing the steady-state Cl atom

density to change while keeping the mixture composition H + CeHg — CeHy @)
constant. As the reactor is irradiated from one side only, the Cl + C.H, — products 1)

steady-state Cl atom concentration will vary somewhat across

the diameter of the reactor, particularly when the lamp is close, Reaction 5 occurs with a rate constant ofx2 10-14 ¢

2239?%2?;{56@96 Cl atom densities can be calculated in these, o . 11 5126 | the absence of benzene, a chain reaction

consuming G is initiated as observed at 330 nm by the
depletion of the Gl absorption. In the presence of benzene, a
strong absorption was observed around 300 nm (Figure 1),
3.1. Flash Photolysis Study of the CH CgHg Reaction in consistent with the published UV spectrum of the cyclohexa-
the Absence of Q. The aim of the experiments performed at dienyl radicalk’” The experimental signals could be simulated
Bordeaux was to identify the possible radical products of the by only taking into account the absorption corresponding to

3. Results
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Figure 1. Typical decay trace recorded at 302 nm following flash
photolysis of CJ/C¢He/H, mixtures at room temperature and atmo-
spheric pressure. Experimental conditionssHg} = 3.25 x 10Y, [Hy]

=2.5x 10, [Cl,] = 1 x 10%, leading to [GH7]o = 2.5 x 10 (units 0.0 ! L '

of molecule cm?); the solid line is a simulation of the data. Negative 0.0 0.5 1.0 1.5 20
values of In[,/I;) at longer reaction times arise from,@epletion (see

text for details). The insert shows the UV absorption spectrum of the Ln([CD4]to/[CD4]t)

CgH- radical.

Figure 2. Decay of CKLCIH versus CRR when mixtures containing
these compounds were exposed to Cl atoms in 700 Torr total pressure

cyclohexadienyl radicals (with = 2.6 x 10_.17 cn? molecule™ ~ of Ny at 296 K. Circles were obtained using mixtures of JGF 46
at 302 nn#®) without considering the reaction of Cl atoms with  mTorr, [CRCIH] = 7 mTorr, and [CG] = 18 mTorr. Triangles were
benzene. obtained using mixtures of [g}l= 2.07 Torr, [CRCIH] = 7 mTorr,

From the flash photolysis experiments, it can be concluded [CD4 = 16 mTorr, and [@He] = 3.7 mTorr.
that the reaction Ci+ CgHg is either very slow, which was ) . 15 1 o
expected for channels 1a and 1c or equilibrated (equilibrium 91Vesks = (1.7+0.1) x 10"*>cm® molecule** s *. This r??g!}t
largely shifted toward the reactants) so that chlorine atoms S consistentwith previous measurementisgof 2.0 x 10
remain available to react irreversibly with NO and. Frhis is and kg = 1.7 x 107 cm® molecule™ s7%3 providing
certainly the case for the addition pathway (reaction 1b), as the confidence in the experimental procedures used herein.
rate constant for addition is expected to be large. Theoretical __3-3- Relative Rate Study of the CH CeHe Reaction in
calculations failed to find any barrier on the addition pathway 700 Torr of N2. Relative rate studies were performed using
(see section 3.8), and thus a rate constant value betweéa 10 he FTIR-smog chamber and photochemical reactor GC-FID
cm® molecule® s1 (as for OH+ benzen®) and 10 cm@ systems at Ford. The loss (_)felﬂ‘ﬁ was n”_nonltt_)red relative to
molecule® s2, as observed in the liquid phais expected. that of CRCIH or CD; following the QV irradiation of @_He/
Assuming that the g4s—Cl radical behaves like other cyclo- ~ CFCIH/Cl/N2 and GHg/CD4/CIo/N, mixtures. The experimen-
hexadienyl radicals and absorbs around 300 nm with an tal co_nd|t|ons used are given in sections 2.2 and 23 Control
absorption section af ~ 1017 cr? moleculer,28 we can derive experiments were performed to check for co_mpllcatlons caused
an order of magnitude estimate for the upper limit<afu, < by photolysis, heterogene.ous loss, and reactloanﬂh.CeHs,
1018 ¢ molecule™® from the flash photolysis experiments. CF2CIH, and CD; no evidence for such complications was

3.2. Relative Rate Study of k(ClH CF,CIH). Prior to the ~ ©bserved. Typical data showing the observed lossBsUersus
FTIR study of reaction 1, experiments were performed to CPafollowing UV irradiation of GHe/CD4/Clo/N2 mixtures in

measure the reactivity of Cl atoms towardCH. A relative the FTIR-smog chamber are given in the insert in Figure 3B.
rate method was used to measkyeelative tok, using the 140 Variation of the initial molecular chlorine concentration, UV

liter FTIR—smog chamber at Ford. The experimental techniques irradiation intensity, and initial reactant concentrations had no
are described elsewhet@. systematic effect on the values &f/kg and ki/kg obtained

(providing [Cl]ss does not change). Interestingly, however, the

Cl + CF,CIH — products (8) measured values t&i/ks andky/ke varied in a systematic fashion
with changes in the Cl atom steady-state concentration in the
Cl + CD, — products (9) individual experiments. The steady-state Cl atom concentration,

[Cl]ss was calculated from the observed rate of decay of the

Control experiments were performed to check for complica- 'éférence compounds (@IH or CDy) using the expression:
tions caused by photolysis, heterogeneous loss, and reaction of [Reference]
Cl, with CRCIH and CD; no evidence for such complications [Cl]..= 1 Ln &
was observed. The experimental conditions used to mekgure S5\t X K [Reference]
ko were [Cb] = 46 mTorr, [CRCIH] = 7 mTorr, [CDy] = 18
mTorr, in 700 Torr of N diluent at 296 K. The observed loss wheret is the time of irradiation time in secondkes is the
of CRCIH versus that of CB following UV irradiation of reference rate constankg( or kg), and [Reference] and
CR,CIH/CD4/CI,/N, mixtures is shown in Figure 2. The triangles [Referenceg]are the concentrations of the reference compound
in Figure 2 are data obtained in the presence of benzene (sedefore and after the irradiation. The assumptions inherent in
section 3.3 for details). Linear least-squares analysis of the datathe use of this expression are the following: (i) the reference
in Figure 2 givekg/kg = 0.284- 0.02. Usingko = 6.1 x 107152° compounds are lost solely via reaction with Cl atoms and are
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3 CR,CIH/CD4/CIy/N, mixture with [GHe] = 3.70 mTorr, [C}]

L = 2.07 Torr, [CRCIH] = 7.55 mTorr, and [Cl] = 15.5 mTorr,

in 700 Torr of N, diluent at 296 K. As shown by the triangles
in Figure 2, the relative decay rates of {H and CD were

not impacted by the presence of benzene or its reaction products.
As a test for possible complications caused by reaction of
benzene with products from reaction 8, experiments were
performed using comparable [Gfyalues with [CELCIH] varied

by a factor of 7. There was no discernible effect of }CH]

on the measured value d&f/ks. We conclude that the first
assumption is valid.

Second, the results presented in section 3.2 suggest that the
values used fok.t are accurate. Third, fluorescent blacklamps
were used as the UV source; typical periods of UV illumination
were 1-15 min. Prior to their use the UV lamps were switched
0 I L L L on for 10 min to “warm”. It seems reasonable to assume that

0 2 4 12 3 8 10 the output of the lamps does not change greatly during the course
[Cl], (10° cm™) of an experiment. Fourth, for the concentrations of reactants
used in the present work it can be calculated that the Cl atom
lifetime is at least 2 orders of magnitude less than the UV
irradiation times. Fifth, the measured [Gldid not change
appreciably £10%) with the amount of the reactants consumed.
All assumptions inherent in the calculation of [Glseem
reasonable.

Figure 3A,B shows the measured valueskgks and ki/kg
plotted versus [Cl}; for both FTIR and GC-FID experiments.
As seen from Figure 3 the apparent reactivity of Cl atoms toward
benzene increases linearly with the steady-state Cl atom
concentration. The results from both the GC and FTIR experi-
ments fall on the same line even though the initial reactant
0.0 , | concentrations for these two techniques are very different (FTIR

00 05 1.0 1.5 conditions were: [ClQlo = 5.2-11.4 mTorr, [GHe] = 2.2—

Ln([CD,]/ICD,}) 3.7 mTorr, [C] = 0.044-2.0 Torr, GC conditions were: [CR
! ! = 17-21 mTorr, [GHe¢] = 90 mTorr, [Ch] = 0.6—17 Torr).
4 6 8 10 This provides strong support for ascribing this effect to the ClI
12 -3 : -
[Cl],, (10 cm™) atom concentration rather than to any of the initial reactant
Figure 3. Effective rate constant for the reaction of Cl atoms with concentratio'ns -SUCh asLl i P
CsHs measured relative to the rate constants for reaction of Cl atoms The plots in Figure 3A,B have positiyeaxis intercepts. The

with CRCIH (A) and CD, (B) plotted versus the steady-state Cl atom simplest explanatio_n for the behavior_ shown in Figure 3 is tc_)
concentration in experiments in 700 Torr total pressure paN296 postulate that reaction of Cl atoms with benzene proceeds via

K. Open symbols were obtained using the GC-FID apparatus at 120 two channels: H-atom abstraction and addition to givetds€
Torr, closed symbols with the FTIR system at 700 Torr. The diamonds Cl adduct which can either undergo decomposition back to
show results obtained using a constant light intensity with varyig;[Cl  reactants, or react further with Cl atoms in a manner that does

N

K(CI+CH,)/k(CI+CF,CIH)

0.7

0.6 B

0.5

0.4

0.3

0.2

K(CHCHg)/k(CI+CD,)

Ln([CHJICHL) O

0.1

0.0 :
0 2

open circles show results obtained at a constand] [@ikh the light

intensity varied. The insert in panel B shows the observed losgHf C not regenerate benzene.

versus that of CRfollowing the UV irradiation of a mixtures of 3.7 .

mTorr of GHe, 11.1 mTorr of CD, and 204 mTorr of Gl(triangles) Cl+ CgHg — CHs + HC (1a)
and 3.8 mTorr of @Hs, 10.9 mTorr of CI3, and 2 Torr of Cf (inverted

triangles) in 700 Torr of Mdiluent in the FTIR-smog chamber. Cl + CgHg — CgHg—Cl (1b)
not reformed in any process, (ii) the values usedKerare CgHg—Cl— Cl + C4Hq (—1b)
accurate, (i) the UV light source provides a constant illumina-

tion of the reaction mixtures, (iv) the lifetime of Cl atoms is C¢Hs—Cl + ClI — products (12a)

short compared to the irradiation time, ang (he [Cl]ss is

constant throughout the irradiation period. Let us consider these Because of the substantial endothermicity of reaction 1c, it

assumptions in turn. is ignored in the above mechanism. It is possible, even likely,
First it is not difficult to conceive of reactions by which that some fraction of the reaction of Cl atoms with thgie-

benzene or the reference compounds are lost which do notCl adduct proceeds to regeneratgHg and Ch which then

involve Cl atoms, e.g., constitutes benzene-catalyzed recombination of Cl atoms.
C¢Hs+ CF,CIH — C;Hs+ CF.CI (10) CeHg—Cl + Cl— CgHs + Cl, (12b)
CF,Cl + C4H; — products (11) The relevant differential equations are

To test for loss of CFCIH or CDy via reactions with products ~d[CeHel/dt = ky JCIC gHgl + Ky [CIICeHel —
from reaction 1 experiments were performed using ¢l¢C K_1[CeHg—CIl — ki2dCeHg—CIIICI]
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d[CeH—Cl)/dt = ky [CN[C¢He] — k1 [CsHs—CI] — 2.5
Ky [ CeHe—CI[CI]
where k12 = (k12a + kle).
Application of the steady-state approximation for theHg—
Cl] adduct gives
—d[CHgl/dt = k, [CI] JCH{] +
KK12d ClT 2 CeHel/(K_11kiACTT o

—_—
In our experiments we measure an effective rate constant for ()
reaction 1 given by -0

-d[CeHgl/dt = k4[Cl] s JCeHgl

hencekeff = kla + klbklze{CI] SJ(kflb + k12[C|] ss)-

We can consider two extreme behaviors depending on the
relative magnitudes d€_1, andk;5[Cl]ss Whenk;J[Cl]ss> k-1p
the expression reduces tag = kia + kipkizdkiz and no

n
[=)

/K(CHCF,CIH)

1.0

K(C+C H

0.0 ! I | | | | |

dependence on the Cl atom steady-state concentration will be 0 1 P 3 4 5 6 7 8
observed. Wheky,|Cl]ss < k_1p the effective rate constant will 12 3
have a linear dependence on [CI] akg is given by [Cl], (10 cm™)
keﬁz kl + (klbklza[CI] glk 1 Figure 4. Effective rate constant for the reaction of Cl atoms with
a S —

CesHsCl measured relative to the reaction of Cl atoms with,CIH
plotted versus the steady-state Cl atom concentration in experiments

As seen from Figure 3, the experimental observations show ;."2qq 1orr total pressure of Nat 296 K.

a linear dependence & on the Cl atom concentration which

is consistent with the simple model above with decomposition ingly, we choose to quote final values lof, = (1.3 + 1.0) x

via reaction—1b being the dominant fate of theglds—Cl 10716 cm3 molecule? s* based upon the GEIH data and

adduct. The data in Figure 3B using ¢Deference were  (kydgo)/(k 1) = (4.5 £ 1.1) x 10°28 cnf molecule? st

obtained from experiments conducted in both the 140 liter FTIR- (average from CFCIH and CD, experiments).

smog chamber facility (filled symbols) and the 80%photo- We can use the measured value kafKi29)/(k-1p) to provide

chemical reactor- GC-FID system (opened symbols). Indis- an estimate of the equilibrium constaiit 1o = kiy/k_1p. By

tinguishable results were obtained in the two systems. In both comparison with reactions of other alkyl radicals with Cl at&ms

experimental systems variation of [Gfjvas achieved by either it seems likely that reaction 12a proceeds with a rate constant

maintaining a given UV intensity and varying [Tlor by which is close to the gas kinetic limit, i.ek00 = (2—4) x

keeping [C}] constant and varying the UV intensity (see sections 10-10 cm3 molecule’ s~1. Hence, we estimatéc 1p = kiy/k_1p

2.2 and 2.3 for details). This is illustrated by the GC-FID data = (1—2) x 10-18 cm? molecule'?. This result is consistent with

in Figure 3B. This figure shows rate constant ratios obtained the conclusion from the flash photolysis experiments (section

with the same initial reaction mixture but with different light 3 1) thatK, 15 is of the order of 1x 10718 cm® molecule’® or

intensity (open circles) as described in section 2.3. This changesess.

the [Cl]ss as expected. Also shown are data at constant light  Reaction 1a is endothermic by 33 kJ mio# The calculations

intensity but differing [C}] (open diamonds). The method by  presented in section 3.8 show that this reaction proceeds with

which the [Cl}s was varied had no discernible effect on the an activation barrier close to the reaction endothermicity. We

measured value . can use the value ok;; measured above to arrive at a
Linear least-squares analysis of the data in Figure 3A gives preexponential A factor of & 10~ c® molecule’: s~1. This

an intercept= kidks = 0.0737+ 0.0560 and a slope (Kipkiz2g)/ result is very reasonable for hydrogen abstraction by Cl atoms

(k-1tks) = (0.231+ 0.023) x 102 cm® molecule?, usingks which typically have A factors of 410 x 10~ cm® molecule'?

= (1.7+ 0.1) x 1075 cm® molecule st giveskja = (1.3+ 5116

1.0) x 107*° cm® molecule s™* and (pki2g/(k-10) = (3.9 + 3.4. Relative Rate Study of the CH CgHsCl Reaction in
0.5) x 10-% cm® molecule? s™*. Similar analysis of the data 700 Torr of N, Prior to a product study of reaction 1,

in Figure 3B gives an intercept kifky = 0.0688=+ 0.0402 experiments were performed using the FTIR-smog chamber

and a slope= (kigki29)/(K-16 ko) = (0.0813+ 0.0080)x 10°'2 system to measure the kinetics of reaction 13 relative to reaction
cm® molecule®. Usingky = 6.1 x 10715 cm3 molecule’l s1 29 8.

gives ki = (4.2 £ 2.4) x 10716 cm® molecule! s™! and

(Kipka29)/(K-1p) = (4.9 £ 0.5) x 10728 cm® molecule? s Cl + C¢HsCl — products (13)
Within the admittedly large uncertainties (particularly for the

intercept), consistent data are obtained from experiments using CF,CIH + Cl — products (8)

the two different reference compounds. As seen in Figure 3 the

data obtained using Cas reference are more scattered than  As with the reaction of Cl atoms with benzene, the effective
those obtained using GEIH. This extra scatter reflects the rate constant for reaction of Cl atoms with chlorobenzene
inherent difficulties associated with measurement of rate increased with the steady-state chlorine atom concentration.
constant ratios which deviate markedly from unity. Data were Figure 4 shows a plot of the measured value&;gks versus
collected using CJCIH as reference at lower values of [Gl] [Cllss As discussed in the previous section, the simplest
which provides a more accurate determinatiorkgf Accord- chemical mechanism that can explain the observed behavior is
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Cl + C4H;Cl — C;H,Cl + HCI (13a) 0.16
Cl 4 C;H.Cl — C;H.CI—ClI (13b) 008 \ A : Before 1rrad|at|onJ\A/
C¢HsCI—CI + Cl — products (14a) B

0.00

C4H<CI—Cl + Cl — C¢H.Cl + Cl, (14b)

B : After irradiation

Linear least-squares analysis of the data in Figure 4 gives an
intercept= kjzdks = 0.015+ 0.120 and a slopes (kizkia9)/
(k—13ks) = (0.314 0.03) x 1072 molecule™* cm?, usingks =
(1.7 £ 0.1) x 107 cm® molecule® s71 giveskyza < 2.5 x
10716 cm?® molecule s71 and Kiskiag/(K-130) = (5.3 £ 0.6)

x 10728 cmPf molecule? s71. Within the experimental uncer-
tainties, there is no evidence for a direct bimolecular component
of the reaction of Cl atoms with chlorobenzene.

3.5. Study of the Products Formed Following the UV 0.0 L /J,\
Irradiation of Cl ,/CgHg/N, Mixtures. To provide insight into ’
the mechanism of the reaction of Cl atoms with benzene, 0.08-
experiments were performed to determine the products following
UV irradiation of Cb/CgHe/N2 mixtures using the FTIR-smog
chamber facility. Figure 5 shows typical IR spectra obtained 0.04

4
4
T

C : Chlorobenzene

Absorbance,,
[=] o
N [=)
T T

D : residual spectrum

before (A) and after (Ba 2 min irradiation of a mixture of 2.6 ! ) 1 I
Torr of Cl, and 36.4 mTorr of gHg in 700 Torr of N, at 296 700 800 900 1000
K. Comparison of the features in panel B with the reference Wavenumber (cm'1)

spectrum of chlorobenzene given in panel C clearly shows the _ _
formation of chlorobenzene. Chlorobenzene was observed as digure 5. IR spectra obtained before (A) and after)(B 2 min
product in all experiments. The insert in Figure 6 shows the irradiation of a mixture of 2.6 Torr of Gland 36.4 mTorr of gHg in

. . 700 Torr of N at 296 K. Panel C is a reference spectrum of
formation of chlorobenzene versus loss of benzene following chlorobenzene. Unidentified product features obtained by subtraction

irradiation of a mixture containing 38.5 mTorr of £130.6 of features attributable tod8ls and chlorobenzene from panel B are
mTorr of GsHe, and 1.18 mTorr of CFIH in 700 Torr of Nb. shown in panel D.

Subtraction of IR features attributable to benzene and chloro-
benzene from panel B gives the residual IR features at 743, 1.0
794, 827, 894, 997, and 1020 chshown in panel D. We are
unable to identify the product(s) responsible for these residual
features. Likely candidates for the unknown product(s) include
various isomers of dichlorocyclohexadiene, tetrachlorocyclo- : 12
hexene, and hexachlorocyclohexane. In the absence of authenthg 0.7 ’
samples of these compounds which we can introduce into the ©@
chamber we are unable to establish their yields. Small correc- > 44
tions were applied to account for loss of chlorobenzene via OLn
reaction 13. As seen from Figure 6, the yield of chlorobenzene I g5
varied inversely with the Cl atom steady-state concentration. Q‘°
The following simple model was used to rationalize the kinetic = 0.4
data in section 3.3. 3

0.9 |-

04

A [CH,CI] (mTorr)

1 2 3
A[CgHg] (mTorr)

T
o

Cl + CgHg — C4Hs + HCI (1a)

Cl+ CgHg — CgHg—Cl (1b)

CGHG_CI e C| + C6H6 (—1b) 0.0 1 1 | | | | ] |
0 1 2 3 4 5 6 7 8 9

CgHg—Cl + Cl — products (12) [CI] (1012 cm'3)
)

The phenyl radicals produced in reaction 1a are expected toFigure 6. Yield of chlorobenzene following UV irradiation ofsfls/
react rapidly with Ci to give chlorobenzene. Cl/N2 mixtures plotted versus the steady-state Cl atom concentration.

The insert shows the observed increase in chlorobenzene versus loss
. of CgHs following UV irradiation of a mixture of 30.6 mTorr of s,
CeHs + Cl CﬁHSCl +Cl (15) 1.18 mTorr of CECIH, and 38.5 mTorr of G| in 700 Torr of N diluent,
the steady-state Cl atom concentration calculated for this experiment
If we assume that all phenyl radicals react via reaction 15 was 0.44x 102 cm 3,
and tha.t there are no o'Fher sources of chlorobenzene, then its Consistent with the experimental observations shown in
molar yield should be given by Figure 6, the above expression predicts that the yield of
chlorobenzene will vary inversely with the Cl atom steady-state
Ky Kt = Ki{Kiat (Kypky o CI)/ K1} concentration. The simple model given above predicts that as
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[Cl]ssincreases, the yield of chlorobenzene should tend toward cannot be assigned to thesHzO, radical since no phenyl
zero which is consistent with the data given in Figure 6. Also radicals could be observed in the absence of oxygen). These
the model predicts that as [GJpproaches zero the chloroben- observations might be consistent with a reaction of thide&

zene yield should approach unity. Experimentally we observe Cl adduct with Q, alternatively the observed transient signals
that the chlorobenzene yield increases with decreasings[Cl] might be due to the reaction of chlorine atoms with remaining
but does not appear to quite reach unity. The largest chloroben-impurities in the benzene sample (0.01% would be enough).
zene yield was 78%. There are three possible explanations for - Because of the equilibrium of the addition pathway (reactions
the apparent 22% shortfall in the chlorobenzene yield at the 1 —1p), it is difficult to measure the rate constant of the
lowest values of [C; First, the simple model above could be  5ddition reaction of Cl atoms with¢Bls (ki). In principle, this
deficient in a small loss of the ¢gls—Cl adduct which is not  should be possible provided the adduct can be readily eliminated
dependent on Cl atoms and which does not lead to chloroben-py reaction with a radical scavenger such as We have
zene product. Second, the model could be deficient in a loss of 5ttempted to measure the rate constagin the presence of a
phenyl radicals other than reaction 15. Third, there could be a 3rge excess of oxygen, using a relative method, the reference
systematic calibration error in our measurement of the chloro- reaction being CH CHC. It is well-known that chloroform
benzene yield or a systematic underestimation ofs{Ql}ith is oxidized into phosgene via a chain reactidihe reaction
regard to the second point, on the basis of the database for othegy | a10ms with benzene was used as a termination of the chain
alkyl radical$? it seems reasonable to assume that reaction 15 64tion and the rate constant was derived from simulations of
proceeds with a rate constant of the order of #0cm?® the time-resolved phosgene build-up signals at 240 nm, for
molecule™ s™* and in the presence of 0.038.0 Torr of Cb it different benzene concentrations. The result was (9.8 +

is difficult to imagine any competing loss mechanisms for 4.1) x 10715 cm® molecule? 1, using k(Cl+ CHCly) = (1.1
phenyl radicals. We estimate that possible systematic errors__ 0.4) x 1013 crm® molecule'? s at 298 K17 However, the
associated with calibrations of the reference spectra of benzeng ;o constant value was found unchanged when the oxygen
and chlorobenzene together contribute a 15% uncertainty in ., antration was decreased to values as low Hsmélecule
measurement of the chlorobenzene yield. After subtraction of ..-3 \\nhich is totally inconsistent with the value of the
the chlorobenzene features from the product spectra Ob'["J‘inedequilibrium constant estimated in sections 3.1 and 3.3. For the

in gxperlments using high values of [Jlresidual IR features lowest G concentrations, it would require the rate constant value
attributed to one or more unknown product(s) were observed. for the reaction of the adduct with,@o be larger than the gas

These residual features decrease progressively for experiment%netic limit. We conclude that the measured rate constant cannot

with Ipwer yalues OT [CHs At the very lowest [Clgs.there are be that of the addition channel. Because of the possible presence
no dls_cernlble residual features after subtraction of those of remaining impurities in benzene it rather corresponds to an
belonglng to benzene and chlorobenzene_. We cannot excmd%pper limit of the overall rate constant, in agreement with other
the possibility that an undetected product is formed at the 10 results reported in this paper. This result implies that even in

o o ; )
e et Sonducted ot he vesdOl  the presence of 70D Torr of Canyreacion btween hek -
) ’ y Cl adduct and @is slow.

complication and for simplicity we will proceed on the . .
assumption that the apparent shortfall in the chlorobenzene_ 3-7- Relative Rate Study of the Ch- C¢He Reaction in
700 Torr of Air. To provide insight into the reactions occurring

reflects a calibration error. Rearranging the expression given ‘“~* S g 7 2
during the Cl-atom-initiated oxidation of benzene in air and to

above fork;dkest and including an arbitrary calibration factor ! X ! " ! !
“CF” we can derive: provide a direct comparison with the previous study of Shi and
Bernhard}* relative rate experiments were performed to measure
chlorobenzene yiele: ki/kg in 700 Torr of air diluent at 296 K. Two reaction mixtures
CF x 1 1+ (KyKyodCIY/(K_ ;0K )} were used with initial concentration ratiosgids]o/[CF>CIH],
chosen to be comparable to those employed by Shi and
The smooth curve in Figure 6 shows a fit of the above Bernhard: Figure 7 shows the observed loss afHg versus
expression to the data which gives GF0.76 + 0.10 and  that of CRCIH following UV irradiation of GHe/CFCIH/Cl,/
(Kapk2a)/(k—1pk1a) = (2.2 + 0.9) x 10712 cm® molecule’™. This air mixtures (for initial conditions see figure caption). As seen
result can be combined with the value kfki2d/(k-1) = (4.5 from Figure 7, variation of [€Hs]o/[CF.CIH], by a factor of 6
+ 1.1) x 10728 cmf molecule2 s™1 from section 3.3 to give ~ had no discernible effect on the relative decay rates gfsC
kia = (2.0 £ 1.0) x 10716 cm® molecule! s which is and CRCIH. The relative rate plot in Figure 7 shows modest
consistent with the value df, = (1.3 £ 1.0) x 10716 cnm? but significant curvature. The line in Figure 7 is a linear fit to
molecule’! s71 derived from the intercept in Figure 3A. It is the first 6 data points which gives a slope of 0.71 which is
gratifying to note that the simple model of the Cl-atom-initiated similar to the value oki/kg = 0.757+ 0.024 reported by Shi
chlorination of benzene presented in section 3.3 provides a self-and Bernhard? The curvature in Figure 7 indicates that either
consistent qualitative and quantitative explanation of both the reactions 1 and 8 are not the sole loss mechanisms didg C
observed kinetic behavior and product distribution of the system. and CRCIH, or that there are processes that regenerght C
3.6. Flash Photolysis Study of the CH CgHg Reaction in or CRCIH. In the presence of 700 Torr of air it is difficult to
the Presence of Q. In the presence of excess oxygen, transient imagine reactions that regeneratgHgor CR.CIH. We believe
signals could be observed at wavelengths between 220 and 290hat the most likely explanation for the observed curvature lies
nm. However, these signals were very low in intensity and were in the generation of OH radicals during the Cl-atom-initiated
at the detection limit of the system (approximately 0.2% oxidation of GHs. OH radicals react 300 times faster with
absorption), and the corresponding absorption spectrum did notbenzene than with GEIH,6:34and their generation will lead
exhibit any well-characterized maximum. Despite some similar- to an enhanced rate of benzene loss. As reaction products build
ity of the spectrum with those generally observed for peroxy up there will be a competition for the available OH radicals,
radicals, no information about the nature of the products of the resulting in decreased benzene loss and curvature in the relative
reaction could be derived from these absorption signals (they rate plot. From the rate of GEIH loss the [Cl]sis calculated
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1.2 ‘ The effect of reaction 17 is to augment the loss of benzene,
o and this reaction may contribute to the “enhanced” loss of
benzene observed in experiments conducted in air diluent. The
yield of chlorobenzene was small{8%) and any contribution
by reaction 17a is correspondingly small. It can be argued that
the reaction of the gHs—Cl adduct with Q proceeds via more
than one reaction channel and so makes a larger contribution
to the “enhanced” benzene loss. While this may be true there
are two points to bear in mind when discussing the potential
importance of reaction 17. First, the Goncentration is constant
and any enhanced rate of benzene loss would be constant during
the experiment. The experimental results shown in Figure 7
show a decrease in the rate of benzene loss for longer
irradiations; thus reaction of the;8s—Cl adduct with Q cannot
solely explain the experimental observations. Second, in absolute
terms, any “enhancement” caused by reaction of tktdsECI
adduct with Q is modest. An upper limit foky7, (k17a+ Kizp),
can be derived by applying the following logic. As discussed
0.0 1 | | | | above, the initial rate of benzene loss in 700 Torr air is 2.5
0.0 05 10 15 20 25 30 times that expected for the “pure” Cl atom reactions. In the
experiments described above in 700 Torr of air the concentration
Ln([CFZCIH]to/[CFZCIH]t) of O, was 4.8x 10%%/8 x 10" = 5.9 x 10f times greater than
Figure 7. Decay of GHs versus CECIH when mixtures containing that o_f Cl atoms. Ascribing thg entire enhanced benzene loss to
these compounds were exposed to Cl atoms in 700 Torr total pressure@@ction of the adduct with Qit follows that a factor of 5.9«
of air at 296 K. Open symbols were obtained using mixtures of [CI ~ 10° excess of @over Cl atoms increases the benzene loss by
= 370 mTorr, [CECIH] = 7.4 mTorr, and [GH¢] = 4.4 mTorr. Filled an additional 150%. Reaction 12a cannot proceed faster than
symbols were obtained using mixtures of Gk 370 mTorr, [CRCIH] the gas kinetic limitkizq < 3 x 10710 hencek;7 < 8 x 1077
=4 mTorr, and [GHg] = 15 mTorr. cm? molecule’! s7L. It is clear that reaction of the ¢8g—Cl

to be 8x 10 cm3, by reference to Figure 3A it can be seen adduct with Q occurs slowly (if at all).
that at this steady-state Cl atom concentration a value/k§ To provide insight into the dependence of thgHeCl yield
= 0.3 is expected from the “pure” Cl atom reactions. The initial ©n the Q concentration, six experiments were performed using
rate of GHe loss observed in experiments conducted in 700 Mixtures of 50 mTorr of €Hs, 2 mTorr of CRCIH, 100 or 500
Torr of air is 2.5 times that expected on the basis of the results mTorr of Ch, and 10, 147, or 700 Torr of On 700 Torr total
obtained in N diluent. It is worth noting that the slope of the Pressure made up withNliluent as appropriate. The results
relative rate plot in Figure 7 at high consumptions of,CIF are given in Table 1. The molar yields otsCl were small.
and GHs tends toward the value é6/ks = 0.3 expected from  The [Cllssconcentrations were calculated from the observed loss
the “pure” Cl atom reactions. This behavior can be rationalized rate of the CECIH tracer. The increase in thegksCl yield
in terms of loss of OH radicals via reaction with benzene With increasing [Q] for the experiments conducted using {CI
oxidation products. = 100 mTorr, although small, was significant and since][O
Chlorobenzene was observed as a minor product (molar yieldwas the only parameter that was changed significantly it seems
of 6—8%) in the relative rate experiments described above. The reasonable to speculate that reaction 17a makes a small
origin of the chlorobenzene product observed in experiments contribution. It should be stressed that the magnitude of the
conducted in Mdiluent (see section 3.4) is reaction 1a followed sensitivity of the GHsCl yield to a 70-fold change in [ is
by reaction 15: very small and that even in the presence of 700 Torr Hfa@y
role played by reaction 17a is minor. The reactions occurring
Cl + C¢Hg — CgHs + HCI (1) during the Cl-initiated oxidation of benzene in the presence of
O, are complex and poorly characterized. The aim of the present
Cl + C4Hg —~ CeH—Cl (1b) work was to elucidate the kinetics of the reaction of Cl atoms
with benzene, not the detailed chemistry associated with the
CgHs + Cl, — C4H:Cl + ClI (15) subsequent reactions in air diluent. ExperimentsOpdiluent
were not pursued further.
Unlike our data shown in Figure 7, Shi and BernHéard
observed linear behavior in their relative rate plots. Furthermore,

C.H. 4+ O, 4+ M — C.H.O, + M 16 in apparent contrast to our results, Shi and BernHameport
6 2 6572 (16) that “no significant GHsCl was observed in the ¢El¢/Cl./air

The mechanism by which chlorobenzene is formed in the system despite extensive efforts for its identification by FTIR
experiments conducted in air is different from that operative in SPECtroscopy”. The origin of the different behavior observed in

N diluent. One possible explanation is that @acts with the ~ the two studies is unclear.

1.0

0.2

In the presence of &he phenyl radicals produced in reaction
1a will be efficiently scavenged via reaction 36.

CgHe—Cl adduct: Theoretical Calculations. The value of the equilibrium
constantK. i, of the addition channel is a critical parameter
CiHg—Cl + O, — C;HCl + HO, (17a) for interpreting the present results. Experimental results can
provide rough estimates of th&. 1, value, but we have found
CgHg—Cl + O, — products other than &1;Cl + HO, it important to assess the consistency of these estimated values

(17b) with the thermochemical parameters that can be derived from
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TABLE 1: Molar Yields of C sHsCl Observed Following the UV Irradiation of Mixtures of 50 mTorr of C gHe, 2 mTorr of
CF.CIH (added as a Cl atom tracer), and 100 or 500 mTorr of C} in N,/O, Diluent at 700 Torr Total Pressure and 296 K

O, (Torr)
Cl, (mTorr) 10 147 700
100 Y(CeHsCl) = 3.9% Y(CsHsCl) = 5.2% Y(CeHsCl) = 6.3%
[Cllss= 3.6 x 10" cm™3 [Cllss=3.1x 101 cm™2 [Cllss= 3.0 x 10 cm™2
500 Y(CeHsCl) = 6.3% Y(CsHsCl) = 6.4% Y(CsHsCl) = 9.8%

[Cllss= 1.0 x 102 cm™3 [Cllss= 8.0 x 101t cm™2 [Cllss= 6.0 x 10t cm™2
TABLE 2: Calculated and Experimental Thermochemical
Parameters of the Cl4+ CgHg Reaction; the Parameters for
the Addition Channel of H and OH to CgHg Are Included

for Comparison

in Table 1 lies in the range:

Ke1p=10"""— 10"* cm’ moleculé * at 298 K

calculated (BAC-MP4)

AS,es  €XPperimental confirming that the equilibrium is largely shifted toward the
AH°2s  (Imol! — AH%gs reactants at room temperature. The flash photolysis experiments
(kJmolt) K™Y (kJ molt) described in section 3.1 suggest thatyis of the order of 108
Cl+ CeHs— HCI + CeHs (1) +48 a 133 cn® molecule™, or less. The FTIR experiments described in
Cl + CgHg — CsHs—Cl (1b) -30 -92 a section 3.3 suggest thit 15 lies in the range (32) x 10718
Cl+ CeHs— H + CeHsCl (1c)  +60 a +69% cm® molecule’™. It is gratifying that the experimental and
H 4 CeHs — CeHy —79 —89 -9 computational results are consistent. Based upon the FTIR
OH + CgHs — CsHg—OH —74 —-112 -6

results we conclude thdt. iy lies in the range (#2) x 10718
cm® molecule’L.

Calculations were also performed to search for a possible
qguantum calculations. For comparison calculations were also barrier for the addition pathway. As the Cl atom approaches
performed to characterize the adducts of H atoms and OH the benzene molecule the energy of the system was always lower
radicals with benzene. than the energy of the separated reactants. The same result was

The heats of formation of the different compounds involved Obtained using other ab initio (DFT) or semiempirical (AM1)
in this study were calculated using the Melius BAC-MP4 methods; there is no barrier on the addition pathway (channel
method. Stationary points were fu”y Optimized at the HF/6- lb) This flndlng is consistent with the hlgh rate ConstanrH.O
31G(d) level of theory using the GAUSSIAN94 package of cm® molecule s71) found for this reaction channel in liquid
programs. Vibrational frequencies were systematica”y scaled benzené? Similar calculations were performed to search for a
down by a factor of 0.89, and thermochemical parameters werebarrier on the hydrogen abstraction pathway (1a); none was
calculated. Electronic correlation was taken into account by found.
performing MP4(SDTQ) single-point calculations using the As shown in Table 2, the chlorocyclohexadienyl radical is
6-31G(d,p) basis set. In a second step, the Melius BAC much less stable than cyclohexadienyl and hydroxycyclohexa-
i:)rogrgguﬁ(‘f?ﬁ8 improves the energetical results by empirical dienyl radicals, all values being calculated using the same
corrections using boneadditivity approximations accounting ~ method. The values for the cyclohexadienyl and hydroxycyclo-
for the systematic errors resulting mainly from basis set hexadienyl radicals given in Table 2 are consistent with the
truncation. Additional corrections for electron-spin contamina- €xperimentally measured paramet&& providing confidence
tion, related to open-shell and/or unsaturated systems, are als¢hat the thermochemical data reported in Table 2 are reliable.
included. )

For the species involved in channels 1a and 1c, the values of4- Conclusions
the heats of formation, calculated using the same method, were A large and self-consistent body of experimental data is
directly taken from Melius’ result¥ 38 The reaction enthalpies  presented which suggests that the gas-phase reaction of Cl atoms
calculated for each reaction pathway 1a, 1b, and 1c are reportedyith benzene proceeds via two channels: H atom abstraction
in Table 2 along with the corresponding experimental values and GHg—Cl adduct formation. The rate of the abstraction
for channels 1a and 1c, taken from thermochemical t#Bi€5.  channel,k;s = (1.3 + 1.0) x 106 cm® molecule® s, is
We were unable to characterize any stailadduct between  consistent with that expected on the basis of thermochemical
Cl atoms and &He; the bonding in such a-adduct is less than  arguments assuming the activation energy is equal to the reaction
12 kJ mof™. The z-adduct cannot survive more than a few endothermicity (see section 3.8). In the liquid-phase reaction,
picoseconds at ambient temperature and is too short-lived tojt has been established that addition of Cl atoms to benzene to
play any role in the chemical system. The thermodynamic results give the GHs—Cl adduct proceeds rapidly with a rate constant
shown for reaction 1b in Table 2 are for theadduct. of 1.0 x 10~ cm® molecule® s~1.19 |n view of the size of the

Despite a difference of 15 kJ mdlbetween the calculated adduct and the presence of 700 Torr ofdiluent in the present
and the experimental values for the hydrogen abstraction experiments it seems likely that the addition channel (1b) will
channel, the calculations are consistent with the measuredbe close to the high-pressure limit akgh will be comparable
endothermicity of channels 1a and 1c. This is consistent with to that measured in the liquid-phase studies. Combining an
the low rate constant measured for the hydrogen abstractionestimate ok;, = 1.0 x 10-1* cm?® molecule’? s~ with the fact
reaction. Given the substantial endothermicity of channel 1c that the effective overall rate constdag for reaction 1 observed
this channel can be ignored. Channel 1b is calculated to behere is of the order of £835—1071%cm?® molecule'! s71, it must
exothermic by 30 kJ mol with an estimated uncertainty of  be concluded that the overwhelming fate of thgl&-Cl adduct

aNot determined® Refs 21 and 22¢ Ref 28.9 Ref 40.

+10 kJ mofL; this result is consistent with the value AH5gg
= —33 kJ mot? reported by Ritter et & The equilibrium

under the present experimental conditions is decomposition back
to reactants. As discussed in section 3.2, the linearity of the

constant, derived from the thermochemical parameters givendata in Figure 3A,B is also consistent withip > kio[Cl]ss
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