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The UV spectrum, self-reaction kinetics, and stability of the cyclohexadienyl radigldyY@ere investigated

by flash photolysis, using a novel method to generate the radical. The absolute UV spectrum was obtained
for the first time. It exhibits an intense peak of absorption at 302 nm, similar to that of other cyclohexadienyl-
type radicals, withomax= (2.55+ 0.45) x 107 cn? molecule’® at 302 nm (total uncertainty). As the radical

was generated in the absence of any other reactive species, the kinetics of the self-reaction could be investigated,
leading tok(CeH;+CsH7) = (3.1 £ 1.0) x 10! cm® molecule* s™* at 298 K. In addition, the equilibrium
constant of reaction 1, H CgHg = CgH7 (1, —1), was measured at 628 and 670 K, and the enthalpy of
reaction was derived using the third law method of analysis. The resflHfs,9g(H + CsHe — CgH7) =
—(88.4+ 12.0) kd mot! using the calculated valu®S,0(H + CsHg — CeH7) = —(80.5+ 4.0) I mott K1

(derived from DFT and BAC-MP4 type quantum calculations), correspondidHty ,95(CeH7) = 212+ 12

kJ mol . The experimental work was complemented by theoretical calculations with the objective of
establishing a scale of stability of a series of cyclohexadienyl-type radicaldg<Calculations were performed

for X =F, Cl, Br, H, OH, and ChHand the few experimental data available to date were used to validate the
results of calculations. The following sequence, from the more to the less stable radical, was established:
FCsHs > HCeHs > HOCeHs > CH3CeHgs > CICsHs > BrCgHe. The latter three radicals of this series are too
unstable for having a chance to be observed in laboratory. The important factors influencing the stability of
the XGHe radical according to the nature of X are discussed.

1. Introduction gas-phase UV spectrum was derived from a pulse radiolysis
study of Ar/H/CgsHe mixtures® However, the spectrum could
not be put on an absolute scale and the authors pointed out that
their results could not be reproduced accurately when changing
the experimental condition€onsequently, they considered that
only the general shape of the spectrum was meaningful.
Kinetic studies of the cyclohexadienyl radical reactions are
also rather scarce. The self-reaction has never been investigated,
and only relative rate constants of association reactions of the
cyclohexadienyl radical with other radicals such as methyl, ethyl,
isopropyl, andert-butyl were determinef® In those experi-

The cyclohexadienyl radical ¢B7) is formed in the gas phase
by the equilibrated reaction:

H + CgHg = CoH, 1,-1)

Very few studies have been reported so far concerning
reaction 1 and subsequent reactions of the cyclohexadienyl
radical. In contrast, the corresponding reactions of OH radicals
with benzene and the reactions of the hydroxycyclohexadienyl

radical HOGHg have been the subject of several kinetic studies, ments. the cvclohexadienvl radical was generated by hvdrogen
as a result of their atmospheric implications. ’ Y y 9 y nydrog

Cyclohexadienyl-type radicals are resonance-stabilized an dabstractlon from 1,3-cyclohexadiene using the methyl radical.

radicals resulting from the addition of an atom or radical X on  Several studies were performed on the temperature depen-
the aromatic ring of benzene can be represented by the twodence ofk;, but extrapolation of the results at 298 K yields

following resonance structures: fairly scattered values, ranging from 1.6510°141°to 6.1 x
10 cm?® molecule® s71.5 In contrast, the activation energy
X X seems fairly well-established: 1646 1.2 kJ mot 1451112
H H There has been only one study of the equilibrium -(11,)
: - . resulting in the experimental determination of the enthalpy of
H . ; L .
H reaction 1. However, this determination was derived from a

second law method of analysis and corresponds to an unrealistic

. . . . - value OfAszgg.lz
According to previous studies, a typical feature of UV absorption _ ] o
spectra of cyclohexadienyl-type radicals consists of an intense The present work provides the first determination of the
peak of absorption around 300 nm, the maximum absorption absolute UV spectrum of the ¢8; radical and the first
cross section value being in the range-2) x 1077 cn? investigation of its self-reaction kinetics. In addition, a new
molecule’1.4 Concerning the cyclohexadienyl radical, the first €xperimental determination of the enthalpy change of reaction
1 provides reliable data on the stability of this radical. This work
*To whom correspondence should be addressed. was made possible by using a novel method for generating the
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CeH7 radical, taking advantage of the absence of reaction
between benzene and the Cl atbin.

The experimental study of the stability of theHZ radical
was complemented by a more general theoretical study of the - 'A) 1 1 y 8
stability of a series of XgHg radicals. This was performed in
order to establish the relative stability according to the nature
of X, and to determine if such theoretical calculations could be
used to anticipate the stability of cyclohexadienyl-type radicals. -0.07-
Calculations were performed for thely and HOGHe radicals,
to make a comparison between the experimental and theoretical

In(Ty/T) (a)

results, and for a series of halogenated cyclohexadienyl radicals Time /ms
(X =F, Cl, Br), the stability of the ClgHg radical having been _
estimated in a separate publicatiSrnThe case of X= CHj3 In(Ie/19 (b)
was also investigated.
0 0 L wl vvI - _vwsl

2. Experimental Section

Apparatus. All experiments were performed using the flash -0.07-
photolysis technique, coupled to UV absorption detection to
monitor radical concentration in real time. The technique has
been described previouslyand can be briefly summarized as Time /ms
follows. Figure 1. Typical experimental trace recorded at 330 nm following

The reaction cell (a cylinder of 4 cm i.d., 70 cm length) could  the flash photolysis of a @H, mixture at 298 K; [Cl] = 4.5 x 10°®
be heated to 800 K, the temperature being controlled to within 27d [F] ~ 2.5 x 10'° (units of molecules cr?): () without benzene;
+3 K. Gas mixtures were prepared using calibrated flow (b) in the presence of benzene (] = 3 x 10" molecule cn).
controllers and the total flow rate was adeSted so that the ph0t0|ysis of Ci/H2/C6H6 mixtures according to the fo"owing
reaction cell be replenished between each flash, in order to avoidchemical mechanism:
secondary reactions of products. All experiments were per-

formed at atmospheric pressure 76010 Torr. Radicals were Cl,+ hwv—2Cl

generated using gphotodissociation in the presence of &hd

benzene as described below. A Pyrex tube, surrounding the flash Cl+H,—HCI+H 2

lamp, was used to filter out flash radiation/of< 290 nm, thus

preventing any direct photodissociation of benzene. H+ Cl,—HCI + CI (3)
Cyclohexadienyl radical concentrations were monitored by

UV absorption spectrometry. The analysis light, provided by a H + CgHg — CgH, 1)

deuterium lamp, passed through the reaction cell and was

detected using a monochromator/photomultiplier unit with 2 nm Cl + CgHg — products 4

band-pass. Transient signals were recorded using a digital ) ) L

oscilloscope and transferred to a computer for averaging and R€action 4 is negligible in the presence of excessad the
further data analysis. Kinetic simulations were performed by adduct ClGHs is highly unstable and the abstraction pathway,
numerical integration of the system of differential equations '€2ding to HCl:and phenyl radicals, is too slow to compete with
representing the complete reaction mechanism, and the calcul€action 2 ks = 1.3 x 107%¢ cm?® molecule™ s+ at 298 K-).

lated total absorption was fitted to the experimental traces using 1 "iS New method makes it possible to generate the cyclohexa-
nonlinear least-squares analysis. dienyl radical in the absence of any other radical species.

Benzene was introduced in the gas mixture by flowing H One difficulty of this method was the unavoidable chain
. - ; gas y Tiowing reaction consuming gland propagated by reactions 2 and 3,
into liquid benzene, and its concentration was determined from

its vapor pressure. Molecular chlorine concentrations were referred to as the “hCl, chain” in the following. Indeed, Gl
determined from the Glabsorption at 330 nms(= 2.56 x absorbs around 300 nm, where the cyclohexadienyl radical was

monitored and thus the £tlepletion resulted in distortion of

101_9 cn? molecule 15)', . ) decay traces. The depletionp of ,Ckecorded at 330 nm, is

Nitrogen (AGA Gaz Speiaux, purity>99.995%), hydrogen jjiystrated in Figure 1. Therefore, thex€l, chain had to be
(Air Gaz, purity >99.995%), nitric oxide (AGA Gaz Sp&ux,  accurately characterized to allow precise kinetic studies. This
0.96% in N, purity >99.995%), and molecular chlorine \as performed by adjusting thez#€l, chain parameters to
(Messer, 5% in B purity >99.9%) were used without further  experimental traces recorded either at 330 nm, or more generally
purification. Benzene (Aldrich, HPLC grade, purity 99-.96) at 350 nm (where only Glabsorbs without any possible
was carefully purified as described previouslyin order to interference with any radical or end-product absorption) over
avoid reactions of Cl atoms with reactive impurities. long time scales (200 ms), under otherwise identical experi-

Generation of GsH7 Radicals.Cyclohexadienyl radicals were  mental conditions to those used for kinetic studies.
formed by addition of H atoms to the aromatic ring of benzene.  The reaction of the cyclohexadienyl radical with, Geaction
The difficulty to produce H atoms “cleanly” by flash photolysis  5) can also initiate a chain reaction consuming 6y Cl atoms
was overcome in this work by taking advantage of the slow regeneration (it will be referred to as theHG/Cl, chain below).
reaction of Cl atoms with benzene, as reported in a previous
publication!® Thus, GH- radicals were generated by flash CeH; + Cl,— CH,Cl + Cl )
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Figure 2. Experimental trace recorded at 302 nm, following the flash
photolysis of a GVCgHe/H, mixture at 298 K; [Cf] = 1.0 x 10, 5
[Ha] &~ 2.5 x 10'9; [CeHg] = 3.25 x 10Y (units of molecules cn¥).

However, according to experimental traces recorded at room 280 300 320
temperature and at 350 nm, this chain reaction was found to be A/ nm
negligible at 298 K and fairly inefficient at higher temperature Figure 3. UV spectrum of the cyclohexadienyl radicakiG. The
(see below). It is seen in Figure 1 that n@ @nsumption can  dashed line represents the spectrum reported in ref 5 (under 50 atm of
be related to the £, radical disappearance at 298 K, as the argon), normalized to our spectrum. See also Note Added in Proof.
total absorption at 330 nm remains constant after the flash, in
the presence of benzene.

Another difficulty was due to the relatively slow reaction of

TABLE 1: UV Absorption Cross Sections of the
Cyclohexadienyl Radical

Cl atoms with H (k; = 1.65 x 10714 cm?® molecule! s71 19 0(CeHy) o(CeHy)

which necessitated the use of large excess pfrdarly 760 Alnm /10" cn¥ molecule®  A/nm _ /107% cn¥ molecule ™

Torr). Consequently, Hwas used as the buffer gas in all 280 4.38 300 23.0

experiments. Note that the large excess ptised had the effect ggg ;éi ggg fgi

of rapidly scavenging Cl atoms, thus preventing their recom-  5g, 11.8 307 115

bination with other radical species. 205 13.8 310 9.6
Experimental conditions had to be properly chosen in order 298 18.3 315 3.3

to minimize the influence of the #Cl, chain and the resulting

distortion of decay traces around 300 nm. This was achieved around 4x 10'6 molecules cm?, so that less than 2% of Cl
by using sufficiently high concentrations of benzene, in order atoms were lost by reaction with CINO. The constant absorption
to favor reaction 1 at the expense of reaction 3. High concentra- of CINO was observed at 220 nm, where the absorption cross
tions of benzene had also the advantage of minimizing the section is known to be = 8.96 x 10718 cm? molecule1.15

influence of the recombination reaction (HCgH>) by rapidly Care was taken to keep the same &@incentration in the gas
scavenging H atoms through reaction 1. mixture.

Typical concentrations were (units of molecules €émn The resulting values of the absorption cross sections of the
[CeHe] = (3.25-6.5) x 107, [Cl] = (0.5—2) x 10, leading cyclohexadienyl radical are reported in Table 1. The UV
to initial radical concentrations of {46) x 10 molecules cm@. spectrum of the gH7 radical is represented in Figure 3 and it

H, was usually used as the buffer gas, except when experimentsvas found to be in fairly good agreement with the relative
aimed at verifying that results did not depend on the H spectrum previously reported by Sauer et WaRBbth spectra
concentration, Blbeing then used to balance the total pressure exhibit an intense peak of absorption around 300 nm, which
at 760 Torr. seems to be a typical feature of cyclohexadienyl-type radfcals.
Results and DiscussionJV Spectrum of the Cyclohexadienyl In this work, the maximum of absorption was located at 302
Radical. The UV spectrum of the cyclohexadienyl radical was nm, and the corresponding absorption cross section value was
determined in the range 27@15 nm, from the initial absorption  determined to be (2.5% 0.10) x 10-17 cn? molecule’! (10).

of decay traces, resulting from the flash photolysis of &/ Only one relative UV spectrum of the cyclohexadienyl radical,
CsHes mixtures, at room temperature and atmospheric pressure.determined in the gas phase by pulse radiolysis, had been
A typical signal is presented in Figure 2. reported in the literatureand thus no comparison of absolute

Because of the scattered light from the flash, no information cross sections can be made. The position of the maximum and
could be obtained for about 206 after the flash, and for an  the shape of our spectrum are in fairly good agreement with
accurate determination of the initial absorption, decay traces the previous determination, but the peak of absorption deter-
had to be extrapolated to zero time. Extrapolation was performedmined in the present work is much narrower than that reported
by simulation of decay traces obtained on short time scales (20by Sauer and WarélThe most likely reason for the difference
ms), using the same reaction mechanism and the same proceduris the much higher pressure at which the spectrum of Sauer
as described below for the kinetic study of the self-reaction. and Ward was recorded, 50 atm argon, instead of 1 atrimH
An accurate determination of absorption cross sections couldthe present experiments, which may have resulted in significant
not be performed at wavelengths shorter than 270 nm becauseéroadening of the peak. The narrow shape of our spectrum points
of the overlap of benzene absorption which resulted in poor out that our method must be a clean source of tgié,Cadical.
signal-to-noise ratios. A good reproducibility was observed for the absorption cross-

Absolute cross sections were determined against those ofsection values when changing the reactant concentrations in the
CINO. The total initial radical concentration was calibrated by ranges given above. This shows that the procedure used to
substituting NO for benzene and for H, in the gas mixture, account for the Gl consumption by the KCI, chain was
under otherwise identical conditions. NO concentrations were appropriate.
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TABLE 2: Reaction Mechanism Used in Simulations

kaggC®
reaction no. molecule! st k(T)/cm?® moleculet st ref
Cl+ Hy—HCl+H 2 1.65x 1074 3.7 x 1071 x exp(—2300M) 16
H + C¢Hg — CsH7 1 2.0x 10714 1.65x 107 x exp(=2000m) a
H + Cl,— HCI + Cl 3 2.0x 1071 8 x 10711 x exp(~416/T)° this work
Cl + CgHgs — products 4 1.3« 10716 13
CeH7 + Cl, — CgH,CI + CI 5 <10x 1074 6.2x 10 at 628 K see text
1.3x 10*2at670K
H + CeH7 — CgHs 6 2x 10710 constant estimate
CsH7 + CgH7 — products 7 3.x 10712 3 x 10711 x (T/298)* (estimate) this work
Cl + CgH; — CICsH7 8 1x 10710 constant estimate
CsH7— H + CsHs -1 negligible k = (65004 2000) st at 628 K this work

k= (1.4+0.4)x 10*stat 670 K at 760 Torr of Kl

a Average of the values listed in NIST kinetic databdsgdjusted to fit the Gl consumption in the present experiments between room temperature
and 600 K; this expression is in good agreement with that recommended by Baulch et al.

TABLE 3: Rate Constant of the Cyclohexadienyl Radical Recombination ReactionR = 760 Torr, M = H,) at Room
Temperature

[radicals] k(CeH7+CgH7)/cm?
[CeHe]/molecule cnt?® [Cl2)/molecules cm?® /molecules cm?® Alnm molecule* st

3.25x 10v 2 x 106 4.7 x 101 280 3.08x 10°1*
3.25x 10v 2 x 10 4.7 x 1013 285 2.13x 10711
3.25x 10v 2 x 106 4.7 x 1013 290 2.41x 1071t
3.25x 10Y 2 x 10 4.7 x 1013 292 3.45x 1071t
3.25x 10v 2 x 106 4.7 x 1013 295 3.17x 10°1*
3.25x 10Y 2 x 10 4.7 x 1013 298 3.36x 1071t
3.25x 10v 2 x 106 4.7 x 1013 300 3.64x 10°1*
3.25x 10Y 2 x 10 4.7 x 1013 302 3.00x 10°1*
3.25x 10v 2 x 106 4.7 x 1013 305 2.90x 1071t
3.25x 10v 2 x 10 4.7 x 1013 310 3.92x 1071t
3.25x 10v 2 x 106 4.7 x 1013 315 2.97x 10°1*
3.25x 10v 1x 10 2.5x 108 302 3.80x 1071t
3.25x 10v 5 x 10 2.8 x 101 302 2.19x 10711
3.25x 10v 6 x 1015 1.3x 10 302 3.38x 10°1*
6.5 x10v 1 x 106 2.5x 101 302 3.27x 1071*

average (3.1& 1.0)x 10°1*

Uncertainties arose from the errors on the total initial radical it was verified that the value derived f&f was independent of
concentration (10%, resulting from 10% uncertainty on the (i) the initial radical concentration, (ii) the concentrations of
CINO absorption cross section), from statistical error (6%) and Cl, and GHs when varied over the ranges quoted above, and
to a negligible extent from the uncertainty of the rate constants (iii) the wavelength. The values derived from simulations under
of reactions 1 and 6 (20% uncertainty bnandks resulting in various experimental conditions and at several wavelengths are
5% and 4% uncertainty am(CgHy7), respectively). The influence  reported in Table 3, the final result being
of uncertainties orks andkg had a negligible influence oky.

An analysis of propagation of erréfs’ resulted in 18% for k, = (3.1% 1.0) x 10 cm® molecule * s * at 298 K
the global uncertainty on the absorption cross sections of the !
cyclohexadienyl radical.

Kinetics of the Cyclohexadienyl Radical Self-Reactibime
rate constant corresponding to the cyclohexadienyl radical self-
reaction

The quoted uncertainty represents the statistical dispersion
of measurements at various wavelengths. Major sources of
systematic uncertainties are the initial radical concentration
(~10%), the uncertainty on the absorption cross section (18%

CgH; + CgH, — products (7) global uncertainty as described above), and the rate constant of

reaction 6 £50%). Minor sources of uncertainty are the rate

has never been measured before. In this work, decay tracesonstants of reactions 1 and 3 (a 20% uncertainticemdks
were recorded over 20 ms, by flashing @i the presence of  both resulting in an about 10% uncertaintyleh It was found
benzene, at 760 Torr, hydrogen being used as the buffer gas irthat the rate constants of reactions 2 and 8 had no significant
all experiments. The kinetics were close to second order but atinfluence onk;. From a propagation of errors analy$is; the
longer reaction times, the total absorption was observed to systematic error was estimated at 29%, and thus the global
become negative, due to the,Glonsumption by the chain  uncertainty ork; at ~42%.
reactions. Thus, concentrations of reactants had to be properly The reaction products were not investigated in this work, but
chosen, as detailed above, for accurate analyses of decay tracesccording to previous work performed in the gas pttedegth

A typical signal is depicted in Figure 2. the association and disproportionation reaction pathways have
Decay traces were simulated using the reaction mechanismbeen observed to occur. The former yields the different possible
presented in Table 2. Based on the consumption pbk¥erved isomers of the dimer, corresponding to the two resonance

at 350 nm, over long time scales (200 ms), the parametersstructures of the gH; radical (see introduction), and the latter

corresponding to the #4Cl, chain (essentiallis) were adjusted yields essentially 1,4-cyclohexadiene (and small amounts of 1,3-
in the presence of benzene, under exactly the same experimentatyclohexadiene) along with benzene. The 1,4-cyclohexadiene
conditions as those used for the determinatiok;ofn addition, is formed in greater amounts than the 1,3-cyclohexadiene, in



Spectra of Cyclohexadienyl Radical

agreement with the principle of least motion, previously
described® Sauer et War@ estimated the association rate to
be about twice that of disproportionation at room temperature.

H H
H
H H H
H H + isomers
H
I + H
SR @)
H
benzene 1,4 cyclohexadiene

The unique measurement of theH; recombination rate
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The system was found more difficult to analyze than at room
temperature, because of the enhancement of thed@lsump-
tion. This mainly resulted from the higher H atoms concentration
due to the equilibrium (propagating the/Bl, chain) and, to a
lesser extent, from the enhancement of th#Qh chain rate
resulting from the positive temperature dependendce.of he
value ofks, derived from the rate expression recommended by
Baulch et al2° was found slightly too high to properly simulate
the Ch consumption rate. This was not surprising as the
temperature-dependent rate expressioks bears a fairly large
uncertainty. ks was then adjusted, under our experimental
conditions, at low benzene concentration and for temperatures
where the occurrence of the equilibrium was negligitle<{

600 K), to fit the observed Glconsumption rate. The resulting
rate expression is given in Table 2. It should be noted that it
remains in agreement with the expression recommended by

constant has been performed in the present work. The temperBaulch2® within uncertainties. The rate expression was then
ature dependence was not investigated because it is expectedxtrapolated to the temperature range of the equilibrium study

to be small and measurements could possibly be slightly
influenced by the enhancement of thg/€l, and the GH-/Cl,

(up to 670 K).
Reaction 5 (gH; + Cly) also contributes slightly to the

chain rates when increasing the temperature. NeVertheleSSConsumption of QL but no data are available Concerning the

according to the experiments performed at 628 and 670 K for
the equilibrium study (see below), a variation closétd can
be estimated fok;. No significant pressure effect is expected
for the association reaction of two species of the size of the
CeH7 radical and thus, it was not investigated.
Stability of the GH; Radical.
H + C;H; = CH, (1,-1)

As the cyclohexadienyl radical can potentially be formed in
combustion systems involving aromatic compounds, it is of
interest to know in which conditions of temperature it can exist.
The thermochemical parameters of reaction 1 have been
determined in this work by investigating the equilibrium {11).

The equilibrium has only been investigated once by Nicovich
and Ravishankar, in the range 515570 K, H atoms being
generated by directly photolyzing benzene. The valu&téf,gg
was then derived from their experimental results, using the
second law method of analysis. However, it should be noted
that their determinationAH®,9s 110 kJ mot?, must bear
a fairly large error since the corresponding valueA&,gs is
unrealistic, as it cannot be accounted for by the structure of the
CeH7 radical. From those data, Tsang performed a third law
analysist® using only the value of the equilibrium constant
measured at 550 K, the mean temperature of the rang
investigated. This yieldedH®,0s = —92 kJ mof ™. The present
work aimed at providing a new experimental determination of
AH®398

ResultsThe equilibrium was investigated at temperatures up
to 670 K. At each temperature, traces were recorded for about

e

temperature dependencelef The contribution of this reaction
was difficult to separate from that of the,/&l, chain, but it
could be roughly estimated from the shape of the decay curve
at the highest benzene concentrations. It should be noted that
the value ofks had little influence on the determination of the
equilibrium constant, as it influences essentially the shape of
the simulated decay curve at longer reaction times, whereas the
equilibrium constant value is essentially determined by the
beginning of the decay.

From the simulation of experimental traces, the rate constant
ks for CgH7 radical recombination was estimatedket x 10-11
cm® molecule® s71, which corresponds roughly to @ !
temperature dependence according to the determination at 298
K. This temperature dependence is reasonable but it is no more
than a rough estimate as this rate constant was not a sensitive
parameter in simulations.

No evidence of the occurrence of an equilibrium could be
detected below 600 K. Only at 628 and 670 K decay traces
showed unambiguously the presence of an equilibrium, because
of a significant enhancement of the,€bnsumption due to the
persistence of H atoms at equilibrium. This enhancement was
indeed much larger than that expected from the normal increase
of ks and ks with temperature. Decay traces could only be
properly simulated by introducing the reverse reactiet)( as

illustrated in Figure 4.

The equilibrium constant was determined by adjusting
in simulations, for various benzene concentrations. In reality,
the only important parameter in simulations was the rktio
k-1 and not the individual values &f andk-;. The results are

10 values of the benzene concentration, which was varied by agiven in Table 4. The global uncertainties on the equilibrium

factor of 8-15. At the highest temperature, it was verified that

constant values were estimated at-80%, using the method

the UV spectrum corresponding to the observed transient signalsof propagation of error¥:*” As stressed above, the principal
was the same as that determined at room temperature for thesources of errors were the parameters describing t€lH

CeH7 radical.

Typical concentrations of reactants were (units of molecules
cm™3): [Hy] = (1.1-1.3) x 10, [CeHg] = (0.2—8.0) x 107,
[Cl;] = (6—7) x 10%, leading to initial radical concentrations
of ~ 1 x 10 molecules cmd. The initial radical concentration
was determined by simulation of the initial absorption due to

chain, particularly the value oks. The other important
parameters were the concentration of benze(@sH7), ando-
(Cly). The errors on the values d& were not significant
compared to others.

No more than two experimental values of the equilibrium
constant could be obtained as, under our experimental condi-

the GH- radical just after the flash, in the presence of large tions, the equilibrium could not be seen below 600 K, and
excess of benzene. The chemical system used in simulationscomplications arose at temperatures higher than 670 K, probably
was the same as before, and the relevant rate constants are listeals a result of Gl thermolysis. With no more than two

in Table 2.

experimental points on the Van't Hoff plot, only the third law
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In(Iy/I;) 298 K and the temperature range of measurements was
calculated to be negligible compared to uncertainties.
The corresponding expression of the equilibrium constant is

In(Kc/em® molecule ™) = — (52.8+ 1.0)+
[(9.03+ 1.20) x 10°K/T]

The enthalpy of formation of thegll; radical at 298 K can
be derived from the above value AH°,9g and the known values
of the enthalpy of formation of H atoms and of benzene, 218
and 82.8 kJ molt, respectivel\?122

Time / ms

Figure 4. Experimental trace recorded at 302 nm following the flash ° — 1
photolysis of a GYCsHe/H mixture at 670 K; [C}] = 5 x 10 [CeHe] AH®; 595(CeH7) = 212+ 12 kI mol
= 2.5 x 10Y; [Hy] = 1.6 x 10* (units of molecules cn¥). The solid . . .
line represents the fit of experimental data when considering the It happens that this value is in very good agreement with

presence of the equilibrium and the dashed line represents the simulatiorfat Proposed by Tsarl§,208.9 kJ mot*, derived from a third

obtained when ignoring the presence of the equilibridm & 0). law method of analysis of the previous determination of the
Dotted lines represent the contribution of the absorption efadd equilibrium constant at 550 K (average of the temperature range)
CsHy radical to total absorption. by Nicovich and Ravishankat8This is quite satisfying, given

the rather large uncertainty on the equilibrium constant deter-
minations, both in the present and previous wdfkhlote, in
addition, that this value is consistent with that derived from
guantum calculations, as shown below.

DiscussionThe equilibrium constant could only be measured
in a narrow temperature range. However, we consider that the
experimental results are significant as experiments performed
using various benzene concentrations yielded similar values for
the equilibrium constant at a given temperature. In addition,
our experimental measurements of the equilibrium constant are

In(Kp /atm-1)

111

104/ (T/K)
T

741

14 16 18 20 in fair agreement with those obtained previously at lower
Figure 5. Experimental values of i) against IT: (M) this work; temperatures by Nicovich and Ravishank&rashould be noted
(O) experimental results of Nicovich and Ravishankérmsert: @) that, as shown in Figure 5, the agreement is better in the upper

calculated value of the intercepiS’»odR; The solid line is the Van't
Hoff line resulting from a third law analysis of our experimental data
(see text).

end of the temperature range investigated by these authors,
whereas experimental points obtained at lower temperatures
deviate from the regression line. In addition, extrapolating their
| results obtained in the temperature range-5880 K to the
temperatures of the present study would yield equilibrium
constant values about twice lower than our values. Considering
the difficulties of measurements and the very different chemical
systems used, the difference is reasonable. Indeed, our final

method could allow us to derive reliable thermochemica
parameters for reaction 1. This method consists in calculating
the value of AS’,93 using statistical thermodynamics and
deriving AH®,9g from the experimental values of the equilibrium
constant, from the slope of the Van't Hoff line, forced to pass o h
through the calculated value &S »ogR. resn_JIt for AH®,0g |% in very _gooq agreement with the value
The entropy variation of reaction 1 was calculated using both deered by Tsang? In addition, it is shown below that the
DFT and ab initio (BAC-MP4 type) calculations, those methods AH"208 yalue is consistent with that derived from quantum
being described below (see section 3). The DFT and BAC-MP4 calculations. .
methods yielded-82.5 and—78.3 J KX mol-%, respectively, _It sh_ou_ld be noted _that thé factor for zthe_1QH7 radical
for AS°,98 As both methods yielded a similar value 8’2, dissociation was estimated at5 x 10'* s™* from our

the average was chosen to apply the third law method to Ourexperimental results ok, using an average activation barrier
experimental data, i.e of 16.5 kJ moft?. This is also in reasonable agreement with the

value derived by Tsad§ (A~ 1 x 10's™1). In addition, this
result is also consistent with those found for reactions of H-atom
elimination from other radicals, th& factor being~5 x 1012
s 1in the case of the isopropyl radical and in the range 4
The quoted uncertainty was calculated from uncertainties 10'2to 8 x 10'3s for butyl-type radicald® However, it should
estimated for the lowest vibrational frequencies. The Van't Hoff he noted that our determination lof; is not an absolute value,
plot, obtained using the experimental data of the equilibrium gas individual values foik; and k-; were not necessary to
constant and the calculated valueAd® »qq, is shown in Figure  determine the equilibrium constant, only the rakitk_; being

AS,05= —(80.54 4.0) Imol ' K™*

5. The resulting enthalpy of reaction 1 is used in simulations. As the valueslafreported in the literature
510-12 differ by at least a factor of 2 in the temperature range
AH®,ge= —(88.44 12.0) kJ morl? of interest, this uncertainty adds to that on our determination
of k_l.

The uncertainty quoted here combines that estimated on the . . . . )
calculated value 0AS’,9g and the experimental uncertainty on i %‘Zg'rlgzc(; %tiznes of Cyclohexadienyl-type Radicals:
the equilibrium constant, mainly resulting from the absorption y
cross section of the ¢El; radical and from the characterization The experimental work presented in section 2 was comple-
of the H/CI, chain. The variation of reaction enthalpy between mented by quantum calculations of thermochemical parameters
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TABLE 4: Measured Values of the Equilibrium Constant at 628 and 670 K for Reaction 1

[CeHe] no. of
T/IK /molecules cm® expt k:&cm?® molecule* st kst Kd/cm?® molecule'® Kp/atnrt
628  (25-37.7)x 10 10 6.8x 10713 (6.5£20)x 100 (1.05'%%) x 10 (1.22°4%) x 10°
670 (9.6-77.0) x 1016 12 8.4x 10713 1.6+ 0.4) x 10¢ (5.2579 x 107 (5.75139 x 17

a Calculated from the expression given in Table 2.

TABLE 5: Calculated Thermochemical Parameters for Reactions X+ CgHg — XCgHg

AHC509kd mol? AS50dd K- mol1 d(C — X)/A
DFT DFT DFT

X (B3LYP) BAC-MP4 AM1 (B3LYP) BAC-MP4 AM1 (B3LYP) BAC-MP4 AM1
Br a a —14.3 a a —96.1 a a 1.99
Cl —43.4 —-30.1 —-71.0 -77.9 -91.7 —98.4 2.57 1.86 1.79
CH; —41.3 —41.9 —68.49 —127.9 —125.6 —137.5 1.55 1.54 1.52
OH -70.2 —73.7 —142.6 —116.5 —112.5 —124.1 1.45 1.41 1.42
H —99.4 —88.7 —145.8 —82.5 -78.3 —84.1 1.11 1.09 1.13
F —150.2 —138.9 —-178.1 —100.8 -97.7 —105.1 1.42 1.39 1.39

aNot calculated using this methotiResults are in better agreement with those derived from BAC-MP4 calculations when using another functional
(see text).

of a series of cyclohexadienyl-type radicals gkig, with the and BAC-MP4 methods would have cost too much calculation
objective of establishing a scale of stability of those radicals as time, given the number of electrons involved.

a function of the nature of the substituent X. Calculations were  Results and Discussion.The results of calculations are
performed for X= F, Cl, Br, H, OH, and CH, which represent  reported in Table 5 for the series of radicals investigated. They
various classes of substituents. The few experimental datahave led to various conclusions which are discussed below.
available were used to validate the results of quantum calcula-  optimized GeometryThe optimized structure of Xé&ls

tions. In addition to the present determination of the cyclohexa- ragjcals studied here was found to be the following, whatever
dienyl radical stability, two other determinations of the stability ine nature of X

of cyclohexadienyl-type radicals, i.e., HgH 23 and CIGHg,'3
have been reported in the literature:

AH®,0fH + CgHg — C¢H,) = — 88 kJ mol* (this work)
AHC,6(OH + CgHz — HOCH,) = — 69 kJ mol * (ref 23)

AHC,6fCl + CgHg — CICH) ~ —35 kJ moT * (ref 13)

In addition, it has been shown that the BKHg radical must
be unstable but no quantitative data could be obtaffed.

Methods. Calculations were performed using DFT, ab initio
(BAC-MP4), and semiempirical (AM1) methods. Using various

G Co

e

Ce Cs

(1) a slight lengthening compared to the-C bond length
in benzene (1.39 A) was observed for the-C4 and G—Cs
bonds @ = 1.42 A);

(2) a slight shortening compared to the-C bond length in
benzene (1.39 A) was observed for the-Cs; and G—Cs bonds
(d = 1.37 A); these bonds thus reflect a stronger@double
bond character;

calculation methods made it possible to estimate a reasonable (3) a greater distortion was observed for the-C, and G—
uncertainty range for the calculated thermochemical parametersc, honds @ = 1.51 A), these bonds being close to simple©

for reactions 9:

X + CgHg = XC¢H; 9)
The density functional theory (DFT) calculations were

performed using Becke’s three-parameter funcidand the

nonlocal correlation provided by the LYP expression (B3L2#P)

bonds;

(4) all C—H bonds are similard = 1.07-1.09 A);

(5) lengths of C-X bonds are similar to those usually
observed in molecular species (Table 5) (except for thelddC
radical, according to DFT calculations as discussed below);

(6) the cycle remains nearly flat, only a very slight distortion

together with the 6-31G(d) basis set. This method usually gives Was observed;

reliable values for geometries, vibrational frequencies, and

energies for stable species. The BAC-MP4 methdd adds
bond energy corrections to correlated ab initio MoH@lesset

It should be noted that DFT/B3LYP calculations lead to an
erroneous geometry for the GJds radical, as the calculated
C—Cl distance is 2.57 A, whereas a value of about 1.8 A is

MP4(SDTQ) energies in order to account for basis set truncation. expected for such a bond. It was noticed that structures with
For open-shell systems, as those we are dealing with here, theshorter C-ClI distances were spin contaminated (not pure ground
method provides an additional correction for spin contamination state), leading to energies higher than expected. Following a

of the ground state by electronic excited states. DFT and MP4- recent publication of Biaa et al 33 we tried another functional,

(SDTQ) calculations were performed with the Gaussian 94
program packag®. The BAC-MP4 corrections were calculated
with C. Melius BAC progrant’~2° The AM1 semiempirical
method3! has been applied using the AMPAC progrém.

In the case of the addition of Br atom to the aromatic ring,
only AM1 semiempirical calculations were performed as DFT

namely, the BH&HLYP* which leads to a better description
of two-center/three-electron bonding, as for radicals we are
dealing with. Using this functional, the-€Cl distance was found
equal to 1.92 A, i.e., closer to the expected value, and the
corresponding spin contamination was also found low. Such
complications were not observed for the other radicals, as the
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TABLE 6: BDE(X —CgHg): Comparison between
Experimental and Theoretical Results

X exptl (kJ mol?) theor (kJ mot?)
Br low?a <14
Cl ~35° 3¢
CH3 e 42
OH 69 7074
H 88 89—-99
F h 139-150

a|n agreement with ref 24 Estimated from AM1 calculations.
¢ From the equilibrium constant estimated in ref X3(Cl + CsHs =
CICeHe) = (1—2) x 1078 cm® molecule). 4 BAC-MP4 result only.
¢ Not available but a low value is expect®#d. Reference 23¢ This
work. " Not available.

distance of the €X bond is close to that usually observed in
organic molecules.

Entropy. The values of the entropy change for reactions 9,
derived from DFT/B3LYP, BAC-MP4, or AM1 calculations,
were found to be in satisfying agreement irrespective of the
nature of X, except in the case of % Cl (Table 5). This is

consistent with the unexpected optimized geometry derived from

DFT/B3LYP calculations, as discussed above. Using the

BH&HLYP functional yielded an entropy variation 6f91.6 J

mol~1 K1, in good agreement with BAC-MP4 and AM1 results.
Reaction Enthalpies and Stability of ¥ Radicals.The

results obtained from\H°®,9g calculation for reactions 9, listed

in Table 5, yielded the following order of stability, from the

more stable radical to the less one:

FC4Hg > HC;H > HOC4H, > CH,CgHg > CIC,H, >
BrCH,

Qualitatively, this is in good agreement with experimental
data: CIGHes and BrGHg could never be observed in laboratory
studie$®2*whereas the equilibrium constant could be measure
experimentally for the cyclohexadienyl radical (this work) and
for the hydroxycyclohexadienyl radic#.In the case of the
fluorocyclohexadienyl radical, the (F CgHe) reaction path is
not clear at the moment, as both abstracficand additioR®
were suggested. For the (gH CgHg) reaction, a very low
rate constant was measured in the range-382 K7 indicating
that the addition channel is inefficient and, thus, that the
CHsC¢He radical is unstable. This is consistent with the results
of calculations which show that the stability of @E¢He is close
to that of CIGHe. As already shown for the lattét, the

CH3CsHg radical has no chance to be observed in the laboratory,

according to our calculations.
Quantitatively, the comparison between experimental an

theoretical data concerning the bond dissociation energies, BDE-

(X—CgHg), is given in Table 6. The calculated enthalpy of
reaction is in fairly good agreement with the experimental value
for the GH- radical (this work) and for the HOEle radical?3

In the case of the ClgHg radical, only the BAC-MP4 value is

considered for the reasons explained above, but it should be

noted that the enthalpy value derived from the DFT/BH&HLYP
calculations(AH®,9s = — 20.1 kJ mot?) confirms the results
derived from BAC-MP4 calculations, which indicates that the
CICgHg radical is highly unstable. In the case of the Big
radical, the theoretical value derived from AM1 calculations
(AH®298 ~ —14 kJ moft) must be an upper limit, since the

AM1 values are systematically greater than those obtained by

DFT or BAC-MP4 calculations, as shown in Table 5.
The principal conclusion of those results is that none of the
Cl, Br, and CH species can add efficiently to the benzene

Berho et al.

aromatic ring, as a result of the too high instability of the
ClICgHs, BrCsHs, and CHCsHs radicalst®2437This is consistent
with experimental observations concerning gHiigand BrGHs
radicals!®24 Considering the fairly good agreement observed
between experimental and theoretical results when both data
are available, it is suggested that the calculated results obtained
for the other radicals (F§Es, CH3sCgsHe) are reliable, with an
uncertainty smaller than 10 kJ mél Thus, it is also shown in
this work that such calculations can be extended to other
cyclohexadienyl-type radicals in order to anticipate their relative
stability (qualitative aspect) but also to yield fairly reliable values
of their thermochemical parameters.

From the relative stability obtained in the series of radicals
investigated, it seems that electronic effects do not play any
part in the stability of those radicals. Indeed, the optimized
geometry for the X@Hg radicals studied here is similar whatever
the substituent X, this suggesting that there is little interaction
between X and the-electron system. As a result, the resonance
stabilization energy (RSE) should be nearly the same for all
those radicals, as theelectrons are delocalized identically over
five carbon atoms of the ring. This has already been suggested
for a series of hydroxycyclohexadienyl-type radiciighe
proposed RSE value being 68 21 kJ motl. The authors
pointed out that a greater value is admitted for the cyclohexa-
dienyl radical GH7 (=100 kJ mot? 9), but no explanation for
this higher value can be proposed at the moment.

Conclusion

The results reported here provide new experimental data
concerning the gH7 radical, to be compared with those of other
cyclohexadienyl-type radicals. It is shown that they exhibit
similar UV spectra, with an intense peak of absorption around
300 nm, and this is the first time absolute cross sections are
determined for the gH7 radical. In addition, it was shown that

d the GHy radical is more stable than the HGH radical, which

is in good agreement with theoretical calculations performed
in this work. A new experimental determination of the enthalpy
of reaction 1 is reported, in good agreement both with a previous
determination derived from experimental d&tand with
theoretical results.

Experimental data on thegB; radical were complemented
by a more general theoretical study on the stability of a series
of XCgHg radicals. The scale of stability derived from theoretical
calculations is qualitatively consistent with experimental ob-
servations, and, in addition, the calculated values of thermo-
chemical parameters are in fairly good agreement with the few
experimental data available. As a result, it is shown in this work

d that such calculations can be extended to other cyclohexadienyl-

type radicals in order to calculate their thermochemical param-
eters with a good degree of confidence.

Theoretical calculations also showed that Cl and Br atoms
cannot add to the aromatic ring because the corresponding
adduct is very unstable. This is consistent with the fact that at
room temperature, the reactions (€l toluene) and (CH
phenol) proceed 100% via abstraction of an H atom from the
substituent (leading respectively to benzyl and phenoxy radicals),
and also with the fact that Cl atoms do not react with
chlorobenzene, as reported by Sokolov €fal.
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Note Added in Proof. The GH- spectrum was also reported
by E. Bjergbakke, A. Sillesen and P. PagsbedgPtys. Chem.
1996 100, 5729); the shape is in fairly good agreement with
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the shape of our spectrum but the absorption cross section is a (22) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,

factor five smaller.
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