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David Johnsona,1, Séverine Raoulta, Robert Lesclauxa,∗, Lev N. Krasnoperovb
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Abstract

UV absorption spectra of five methyl-substituted hydroxy-cyclohexadienyl radicals, formed by the addition of the hydroxyl radical (OH)
to toluene (methyl benzene),o-, m- andp-xylene (1,2-, 1,3- and 1,4-dimethyl benzene, respectively) and mesitylene (1,3,5-trimethylbenzene),
have been determined at 298 K, 1 atm pressure (N2 + O2), and the corresponding absolute absorption cross-sections measured, using laser flash
photolysis and time-resolved UV absorption detection. As observed for other cyclohexadienyl-type radicals, a strong absorption band is present
in the 260–340 nm spectral region, with maximum cross-sections in the range (0.9–2.2)× 10−17 cm2 molecule−1. The shape of the band varies
significantly from one radical to the next for the series of aromatic precursors investigated. The nature and yields of hydroxylated ring-retaining
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oxidation products, identified in previous studies of the OH-initiated oxidation of aromatic hydrocarbons, and the results of theoretic
functional theory (DFT) calculations indicate that one or more possible isomers of the various OH-adducts may contribute to the observ
Isomers where the OH-group isortho- (or bothortho- andipso-) to a substituent methyl-group are likely to be the most abundant but other is
may also be formed to a significant extent. Nonetheless, the present study provides absorption spectra of the adduct radicals formed
phase addition of OH to the aromatic hydrocarbons considered, near room temperature and 1 atm pressure.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Cyclohexadienyl-type radicals are important reactive inter-
mediates in reaction systems involving aromatic hydrocarbons.
They generally result from the addition of radical species
(including atoms) to C6 aromatic rings. They exhibit strong
resonance stabilisation as a result of five-electrons in a cyclic
�-system, and this confers upon them specific reactivity and
spectroscopic properties.

UV absorption spectra of cyclohexadienyl-type radicals
(hereafter denoted as X-CHD or, in the case of the radicals of
interest in the present work, aromatic-OH-adduct radicals) were
first measured in the condensed-phase using pulsed radiolysis.
Several spectroscopic studies have been reported in the litera-
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ture. For example, Sauer and Mani[1] identified the absorptio
spectra of various X-CHD radicals, along with radicals resu
from larger aromatic systems. In general, the spectra are ch
terised by a strong absorption band situated in the 260–35
wavelength region exhibiting either a single or several pea

In the gas phase, absorption spectra have mostly
reported for the cyclohexadienyl radical,c-C6H7 (i.e. c-
C6H6-H adduct)[2–4], and for the hydroxy-cyclohexadien
radical, c-C6H6-OH [4–6]. The c-C6H7 spectrum exhibit
a single sharp band peaking at 302 nm (σ302 nm= 2.55×
10−17 cm2 molecule−1) [4], whereas thec-C6H6-OH spec
trum, determined by two independent measurements[5,6],
is broader with a main band peaking around 280–28
(σ = 0.8− 1.0× 10−17 cm2 molecule−1) and a shoulder a
310–320 nm. The absorption cross-sections, including t
measured at a single wavelength[7,8] are in reasonable agre
ment, the observed differences are within experimental u
tainties. The relative spectrum of the radical formed from
addition of OH to toluene has also been reported[2,9] and an
absolute cross-section has been measured at a single wave
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308 nm, withσ308 nm= 1.1× 10−17 cm2 molecule−1 [10], which
is about twice as large as that forc-C6H6-OH (i.e. the benzene-
OH-adduct) at this wavelength. To our knowledge, no other gas
phase spectra of X-CHD species have been reported.

New absorption spectra have been measured in the present
investigation for methyl-substituted hydroxy-cyclohexadienyl
radicals derived from the addition of OH to five aromatic com-
pounds which are prevalent in the Earth’s troposphere, viz.c-
C6H5(CH3)-OH (derived from toluene); 1,2-c-C6H4(CH3)2-OH
(derived fromo-xylene); 1,3-c-C6H4(CH3)2-OH (derived from
m-xylene); 1,4-c-C6H4(CH3)2-OH (derived fromp-xylene) and
1,3,5-c-C6H3(CH3)3-OH (derived from mesitylene). Absorp-
tion cross-sections were determined relative to the well estab-
lished UV absorption characteristics of the ethylperoxy radical,
C2H5O2 [11]. Cyclohexadienyl-type radicals were generated
from the laser flash photolysis of H2O2 (to produce OH) and
subsequent addition of OH to the appropriate aromatic hydro-
carbon.

2. Experimental methods

Experiments were performed using the laser flash photolysis
technique for generating and monitoring radicals. The apparatus
and methodology used have been described more fully elsewhere
[12], and in the context of the OH-initiated oxidation of aro-
m d
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Fig. 1. Decay traces of thep-xylene-OH-adduct and of the C2H5O2 radical
generated with the same initial OH concentration, 1.50× 1013 molecule cm−3

(optical path length: 140 cm). Solid lines are the results of simulations. The upper
horizontal line, in the case of thep-xylene-OH-adduct, represents the base line
(residual absorption, see text).

ing ratios given above, in determining the cross-sections of the
aromatic-OH-adduct species.

Time-resolved UV absorption signals (e.g. seeFig. 1),
attributable to the aromatic-OH-adducts, were recorded in the
wavelength range 260–350 nm. The gas mixture, prepared using
calibrated mass flow controllers, was flowed through the reactor,
a cylindrical glass reaction cell (70 cm in length, 1.8 cm internal
diameter and fitted with Suprasil windows).

The UV monitoring radiation was provided either by a deu-
terium lamp (single pass through the reaction cell, path length
70 cm) or a high-pressure xenon lamp (double pass through the
cell, path length 140 cm). UV spectra were derived from absorp-
tion decay traces recorded at various wavelengths, as indicated
in the tables below. A typical decay trace is given inFig. 1 for
the case of thep-xylene-OH-adduct. Knowing the initial OH
radical concentration, decay traces were numerically simulated
with a kinetic and mechanistic representation of the gas phase
radical chemistry, and a non-linear least squares fitting pro-
cedure to optimally adjust the aromatic-OH-adduct absorption
cross-sections, at each wavelength studied. As in previous stud-
ies [5,6,8,10,16], a residual absorption was observed after the
radical decay. This was assigned to the formation of absorbing
molecular photoproducts resulting from the direct excitation of
the aromatic compound at 248 nm[16], since a constant absorp-
tion was obtained by excitation of the aromatic alone, in the
absence of HO . In addition, the intensity of both the constant
a ithin
u en as
t .
atic hydrocarbons in a recent paper[5], but briefly consiste
f the following. OH radicals were generated from the laser
hotolysis of H2O2 at 248 nm, using a KrF excimer laser, a
ubsequent reaction of OH with the appropriate aromatic
ursor yielded the hydroxy-cyclohexadienyl radical of inter
or example, in the case of toluene the reactions are:

2O2 + hν (248 nm) → 2OH (1)

H+ c-C6H5(CH3) → c-C6H5(CH3)-OH (2)

H+ c-C6H5(CH3) → c-C6H5(CH2) + H2O (3)

The side-reaction(3), producing benzyl and methy
ubstituted benzyl radicals, accounts for about 10% (p-xylene),
% (toluene), 5% (o- andm-xylene) and less than 4% (mesi

ene), of the total OH reaction with the methyl-substituted b
enes investigated[13]. Both benzyl and methyl-substitut
enzyl radicals exhibit similar UV spectra composed of
ain absorption bands at around 250 and 300 nm[9,14,15].
he band at 300 nm, which can in principle interfere w

he OH-adduct spectra, is itself composed of two fairly s
eatures at 295 and 305.3 nm for toluene (σ of the order o
1–2)× 10−17 cm2 molecule−1). However, such sharp bands
ot appear clearly on the aromatic-OH-adduct spectra rec

n the present investigation, probably due to the fairly low s
ral resolution used (1 nm) and to the wavelength spacin
ndividual measurement runs. Thus, any correction for be
adical contributions would not be significant and would
airly arbitrary. Therefore, no corrections were applied to

easured spectra to account for the presence of benzy
adicals. However, the fractional consumption of OH radi
hrough reaction(3) was taken into account, using the bran
e
2 2

bsorption and the residual absorption were the same, w
ncertainties, and hence the residual absorption was tak

he baseline in the analysis of transient absorption signals
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The photolysing radiation was provided by a KrF excimer
laser (Lambda Physik EMG 200), withλ = 248 nm, directed
longitudinally through the cell by dichroic mirrors. The
aromatic-OH-adduct concentrations were typically in the
range (2–8)× 1012 molecule cm−3 for initial OH concentra-
tions of (4–25)× 1012 molecule cm−3, with laser fluences of
15–25 mJ cm−2 pulse−1. For each individual measurement, at a
given wavelength, 100–300 decay traces were digitally recorded
and averaged to improve the signal-to-noise ratio. Sufficient time
was allowed between successive laser pulses for the contents
of the reaction cell to be completely replenished with reac-
tants/radical precursors.

All experiments were carried out at 1 atm total pressure and
295 K, and gas mixtures were prepared by passing known flows
of N2 through separate bubblers containing aqueous H2O2 solu-
tion and the appropriate aromatic precursor (all precursors used
were liquids) before being entrained by, and mixed with, a
known fast flow of N2, or N2 and O2. The resulting steady
state concentration of H2O2 in the reaction cell was determined
by its absorption at 210 nm (σ = 3.57× 10−19 cm2 molecule−1)
[17] and aromatic hydrocarbon concentrations were calcu-
lated from their vapour pressures (n.b. the bubbler contain-
ing the aromatic hydrocarbon was thermostatted using a bath
of melting ice/water) and the fractional flow-rate passing
through the bubbler containing the aromatic compound. Typ-
ically, concentrations of (1–6)× 1015 molecule cm−3 (H O )
a re
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Fig. 2. Quenching of the excited toluene by molecular oxygen. Points, the ampli-
tude of absorption of the adduct C6H5(CH3)-OH at 320 nm. Solid line, fitting
of the experimental point by a modified Stern–Volmer dependence (hyperbola
with a free vertical bias). Dotted line indicates 10 Torr of molecular oxygen.

the rate constants used, provided the shape of the decay curve
was correctly fitted. The only rate constant values that could sig-
nificantly affect the determination of cross-sections are those of
(k2 + k3) andk6, i.e. the rate constants for the initial OH reaction
with the precursor and with H2O2, respectively, as the relative
rates of these reactions determine the branching ratio for the OH
reactions. However, the values of (k2 + k3) are fairly well estab-
lished for the aromatic compounds studied in the present work
[13], and the kinetics of the reaction of OH with H2O2 has been
well studied and the reported results critically evaluated[17].

As observed in previous experiments employing laser flash
photolysis to study the OH-initiated oxidation of both benzene
and toluene, an additional production of OH was observed, in
the absence of oxygen, which resulted from the photosensitised
decomposition of H2O2 by the aromatic compound after excita-
tion by the laser radiation[5,6,8,10,16]. It was further shown in
these studies, and verified in the present work for other aromatic
compounds, that this photosensitisation could be completely
quenched by the addition of small amounts of oxygen (par-
tial pressure 8–10 Torr). An example for the signal amplitude
“quenching” by molecular oxygen for the toluene-OH-adduct
is given inFig. 2. Thus, in the present investigation, all spectra
were determined in the presence of 8–10 Torr oxygen.Fig. 2
indicates that at such conditions the quenching is almost com-
plete and that any correction for the incomplete quenching of the
excited aromatic molecule would be of negligible importance.
U ygen
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s llow-
i ere
i stants
f bora-
t e
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2 2
nd (2–6)× 1015 molecule cm−3 (aromatic hydrocarbons) we
mployed in all experiments.

Hydrogen peroxide (Aldrich, 50 wt%), toluene (Aldric
9.8%), 1,3-dimethylbenzene (m-xylene) and 1,4-dimethy
enzene (p-xylene) (Aldrich, 99%), 1,2-dimethylbenzeneo-
ylene) and 1,3,5-trimethylbenzene (mesitylene) (Aldr
8%), ethane (AGA, 99.95%), nitrogen (Messer, 99.995%)
xygen (Messer, 99.995%) were all used without further pu
ation. Data were processed using numerical simulation
ecay traces, based on the reaction mechanism already

n the case of benzene[5,16] and detailed inTable 1for the
articular case of toluene.

. Determination of spectra

UV spectra of OH-adducts were derived from kinetic si
ations of time-resolved absorption signals (Fig. 1) and relative
ross-sections were optimally adjusted at each wavelength
ed. Simulations comprised a kinetic analysis of the reac
ystem using the same gas phase radical reaction mechan
ll compounds (albeit with different reaction rate constant
ach system). This methodology is similar to that used in p
us kinetic studies of the reactions of molecular oxygen
oth the benzene-OH-adduct[5,6,8,16] and the toluene-OH
dduct[10]. The mechanism used in the present investiga

or the reaction of OH with toluene is presented inTable 1.
djusted parameters were the OH-adduct cross-section a

ow oxygen concentration (see Section4), the rate constants f
adical–radical reactions which were adjusted for various ex
ental conditions. It should be emphasised that the cross-s

alues derived from the simulations were not very sensitiv
at

-
n

nder such conditions, the reactions of OH-adducts with ox
equilibrium (4,−4) and reaction(5), Table 1) only occurred to
mall extent, as shown by the slowly decreasing plateau fo
ng the initial decay inFig. 2. Nevertheless, these reactions w
ncluded in the analysis reaction mechanism. The rate con
or these latter processes have been determined in this la
ory using much higher concentrations of O2 (the results of thes
tudies will be reported separately).
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Table 1
Reaction mechanism used for analysis of experimental signals obtained in the case of OH addition to toluene

Reaction k298 K/cm3 molecule−1 s−1a References and comments

H2O2 + hν → 2OH (1)

OH + C6H5(CH3) → c-C6H5(CH3)-OH (2) 5.26× 10−12 }
[13]

OH + C6H5(CH3) → c-C6H5(CH2) + H2O (3) 0.34× 10−12

c-C6H5(CH3)-OH + O2 → RO2 (4) b 2.5× 10−15 Adjusted (to be published)

RO2 → c-C6H5(CH3)-OH + O2 (-4) 8600 s−1 Adjusted (to be published)

c-C6H5(CH3)-OH + O2 → Products (5)c 6.0× 10−16 Adjusted (to be published)

OH + H2O2 → H2O + HO2 (6) 1.7× 10−12 [17]

OH + HO2 → H2O + O2 (7) 1.1× 10−10 [17]

HO2 + HO2 → H2O2 + O2 (8) 3.8× 10−12d [23]

2c-C6H5(CH3)-OH → Products (9) 4.7× 10−11 [10]

c-C6H5(CH3)-OH + OH → Products (10) 1× 10−10e Estimated

c-C6H5(CH3)-OH + HO2 → Products (11) 5–10× 10−11 Adjusted

c-C6H5(CH3)-OH + RO2 → Products (12) 5× 10−11 Estimated, see reference[16]

RO2 + RO2 → Products (13) 1.6× 10−12e,f [24]

RO2 + HO2 → Products (14) 2× 10−11e,f [23]

The same mechanism, with appropriate rate constants, is used for other compounds.
a Other units are indicated.
b With R =c-C6H5(CH3)-OH.
c Include reaction(5a)forming cresols and all other reaction channels leading to oxidation products.
d Determined for the experimental conditions prevailing in this work[24].
e Has a negligible influence on kinetic simulations.
f Value determined for peroxy radicals of similar structure.

Absolute absorption cross-section measurements were per-
formed near to the maximum of each absorption spectrum.
Experiments involved replacement of the aromatic compound
with ethane to generate ethylperoxy radicals. Since the aro-
matic compounds absorb at the photolysis wavelength (248 nm),
a small correction (<5%) was applied to account for this absorp-
tion. In order to simulate the observed transient absorption sig-
nals and to determine absorption cross-sections for the aromatic-
OH-adduct species studied, it was necessary to know the ini-
tial concentration of OH radicals under the conditions of each
photolysis experiment. OH concentrations were determined by
calibration using the well-known absorption characteristics of
the ethylperoxy radical, C2H5O2. C2H5O2 was generated under
the same conditions of total flow-rate, H2O2 flow-rate, tempera-
ture and pressure using the OH + C2H6 (+ O2) reaction (Fig. 1).
Ethane concentrations (2–10)× 1017 molecule cm−3 were cho-
sen such that all OH radicals were converted to C2H5O2. The ref-
erence UV absorption spectrum of C2H5O2 used is based upon
a critical review of several determinations reported in the litera-
ture made under various experimental conditions and constitutes
the most accurate spectrum presently available[11]. In addition,

it is relatively easy to measure the C2H5O2 transient absorption
with precision, as the recombination rate of this radical is rela-
tively slow and, thus, transient signals can be recorded with good
signal-to-noise ratio. The C2H5O2 absorption was observed at
270 nm (Fig. 1) whereσ = 2.22× 10−18 cm2 molecule−1 for this
species[11].

4. Results and discussion

Measured cross-sections are listed inTable 2and the cor-
responding spectra are presented inFigs. 3–7. It can be seen
that all of the spectra comprise a main absorption band in the
same wavelength region, 260–340 nm, as already observed for
other X-CHD radicals, and in particular for the benzene-OH-
adduct[4–6]. It can also be seen that the shape of the band
varies significantly from one aromatic system to the next for
the series of aromatic compounds investigated. It would seem
that the observed variations are related to the presence of two
poorly resolved sub-bands, roughly situated at 280–300 and
310–325 nm, with different relative intensities from one com-
pound to the next. The short wavelength band is the most intense



102 D. Johnson et al. / Journal of Photochemistry and Photobiology A: Chemistry 176 (2005) 98–106

Table 2
Details of cross-section measurements for the OH-adducts investigated

Toluene-OH o-Xylene-OH m-Xylene-OH p-Xylene-OH Mesitylene-OH

λ σ λ σ λ σ λ σ λ σ

267 1.35 274 1.90 277 3.54 272 1.12 265 5.11
270 1.96 276 2.88 280 5.30 275 2.18 270 7.02
272 3.06 277 3.47 282 6.52 280 4.12 272 7.76
275 4.06 278 3.54 285 6.20 282 5.14 275 8.00
277 5.78 280 4.66 287 8.21 285 5.93 277 8.69
280 6.96 282 5.17 290 8.81 290 7.66 280 6.45
282 8.77 284 5.68 292 9.39 292 7.84 282 6.18
287 9.26 285 6.16 295 9.96 295 8.04 285 5.58
290 8.81 286 5.71 297 10.6 300 8.26 287 5.01
292 9.18 287 5.60 300 11.6 302 8.11 290 5.79
295 9.33 288 5.36 302 10.9 305 8.11 292 6.44
297 9.02 290 5.60 305 11.7 307 8.57 295 6.98
300 8.90 292 5.89 307 11.8 310 8.26 297 6.96
302 9.04 295 5.91 310 13.0 312 7.84 300 7.33
305 9.13 296 5.92 312 13.9 315 7.17 302 8.85
307 9.52 297 6.37 315 15.6 317 6.66 305 10.9
310 9.66 300 6.20 317 15.6 320 6.54 307 12.7
312 9.63 302 6.52 320 16.7 322 6.70 310 14.4
315 9.63 305 6.72 322 16.5 323 6.74 312 14.2
317 9.91 307 6.81 325 13.8 325 7.34 315 14.5
320 9.58 310 7.69 327 11.4 327 6.81 317 13.8
322 8.49 312 7.65 330 8.00 329 5.87 320 16.1
325 8.19 315 8.47 332 4.95 330 5.36 322 18.6
327 7.39 317 8.82 337 1.58 331 5.04 325 21.9
330 4.36 320 8.52 332 5.63 327 20.9
332 1.78 322 8.37 333 5.76 330 18.9
335 0.98 325 7.69 338 2.52 332 13.4

327 7.00 335 8.38
330 4.66 337 4.33
332 2.91 340 1.94
335 1.50

λ, wavelength in nm;σ, cross-section in 10−18 cm2 molecule−1.

Fig. 3. UV absorption spectrum of the toluene-OH-adduct,c-C6H5(CH3)-OH.
Also shown are the cross-section measurement at 308 nm reported in refer-
ence[10] and the spectra roughly reproduced from the figures in reference[9]:
c-C6H5(CH3)-OH (dashed line) and benzyl radical (scaled by its yield). See
comments in the text.

Fig. 4. UV absorption spectrum of theo-xylene-OH-adduct, 1,2-c-
C6H4(CH3)2-OH.
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Fig. 5. UV absorption spectrum of them-xylene-OH-adduct, 1,3-c-
C6H4(CH3)2-OH.

for the p-xylene-OH-adduct, somewhat similar to the case for
the benzene-OH-adduct[5,6], whereas the reverse situation is
observed for theo-xylene-OH,m-xylene-OH and mesitylene-
OH-adducts. For the toluene-OH-adduct both absorption bands
are nearly equal in magnitude. It should be noted that in all cases
absorption cross-sections are fairly high, with maximum values
in the range (0.9–2.2)× 10−17 cm2 molecule−1.

Uncertainties in the cross-sections essentially result from the
determination of radical concentrations in the experiments and
from the determination of the base line of the transient absorp-
tion signals (which is complicated by the constant absorption
generated by the laser excitation of the aromatic). The OH-
adduct concentration is obtained by simulation of the exper-
iments employing an initial OH concentration determined by
calibration (which is equal to the initial [C2H5O2] generated
under the same condition of OH radical precursor concentra-
tion) and from the rates of the various reactions consuming OH,

F
C

Fig. 7. UV absorption spectrum of the mesitylene-OH-adduct, 1,3,5-c-
C6H3(CH3)3-OH.

principally, reactions(2)and(6), and, to a lesser extent, reactions
(3), (7)and(10). Despite reaction(2) being dominant, errors in
rate constants, and in concentrations of the species involved,
resulted in an estimated uncertainty of the aromatic-OH-adduct
concentration of around 15%. The error in the reference cross-
section of C2H5O2 is of the order of 5%. As indicated above, the
base line of decay traces was assumed to be equal to the resid-
ual absorption measured at long reaction times, where radicals
have all recombined. This was based on the observation that the
residual absorption was nearly equal to the constant absorption
obtained by the laser excitation of the aromatic compound in
the absence of H2O2 (only extremely small, and fast decaying,
transient absorptions could be seen under such conditions and
hence were neglected). The residual absorption was small in the
case of thep-xylene-OH-adduct, as shown inFig. 1, but could be
significantly larger (up to three to four times) in the case of other
aromatics and under different experimental conditions. Absorb-
ing products from radical recombination reactions may also have
contributed to the residual absorption. This could not be clearly
characterised, however, but nevertheless, may have contributed
to the experimental error. It should again be emphasised that
the decay traces recorded were reasonably well simulated with
the reaction mechanism given inTable 1, using realistic values
for the rate constants of radical–radical reactions. This indicates
that large errors in determining the absorption baseline did not
occur. The corresponding error in the aromatic-OH-adduct con-
c lobal
u ects
t

tera-
t two
i -OH-
a tion
ig. 6. UV absorption spectrum of thep-xylene-OH-adduct, 1,4-c-

6H4(CH3)2-OH.
entration is estimated to be around 10–15%. Thus, a g
ncertainty of the order of 20–25% is estimated and this refl

he difficulty in making the present measurements.
To date, very few data have been reported in the li

ure, which can be compared to the present results. Only
nvestigations have been reported concerning the toluene
dduct[9,10]. The single-wavelength absorption cross-sec
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measurement (308 nm) of Bohn[10] is 15% larger than that
measured in this work (Fig. 3), but, given the experimental
uncertainties, the agreement is reasonable. A spectrum of the
toluene-OH-adduct has also been reported by Markert and Pags-
berg[9] which exhibits a similar shape in the long wavelength
part (λ > 300 nm) but with cross-section values nearly half of
those measured in this work. Significant differences in the shape
of the spectra are evident at shorter wavelengths (seeFig. 3).
The differences can probably be explained by the contribution
of other absorbing species produced by pulse radiolysis in the
study of Markert and Pagsberg. These may include benzyl radi-
cals, H-toluene-adduct species and, perhaps, other unidentified
species. It can be seen inFig. 3that the sharp absorption line of
the benzyl radical, at 305.3 nm, does not appear in our spectrum.
Several reasons can be given to account for this: the spectral res-
olution used in this investigation is lower than that employed in
ref. [9]; none of our experiments corresponded in wavelength
to the maximum of this absorption line; the small contribution
expected for this benzyl absorption may be hidden by a small
minimum in thec-C6H5(CH3)-OH spectrum at this wavelength.

The addition of OH to the ring of the methyl-substituted ben-
zenes investigated in this work can yield different isomers of the
aromatic-OH-adducts, according to the relative position of the
attached OH-group and the methyl-group(s). For example, four
isomers of the toluene-OH-adduct can be produced, correspond-
ing to OH addition atipso-, ortho-, meta- or para-positions. In
c of
x .
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oxal, for example), which result from ring-fragmenting reaction
pathways[13], may be formed from more than one possible iso-
mer of a given OH-adduct, and thus do not provide any specific
information about the initial radical-adducts from which they are
formed. That said this is not true in the case of compounds bear-
ing two adjacent methyl-groups (o-xylene in the present study)
where biacetyl is produced, as discussed below. The phenol-
type product (cresol in the example case of toluene) is formed
according to reaction(5a)

c-C6H5(CH3)-OH + O2 → c-C6H4(CH3)-OH + HO2 (5a)

by direct abstraction of the H-atom attached to the carbon atom
bearing the OH-group[16]. Thus, the structures and yields of
phenolic-type products provide an indication of the site of the
initial OH-addition assuming that the rate constants for reaction
(5a)are similar for all isomers. That said, however, no indica-
tion of the occurrence of OH-addition at theispo-position can
be gained from such product studies due to the absence of an
abstractable H-atom at this position of the ring.

OH addition at theipso-position is generally not considered
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[13] and yet no clear argument for this is found in the literature,
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rate constant of reaction(5a) for the different OH-adduct iso-
mers are similar.

Similar calculations could not be performed in the cases of
other compounds, as they would involve prohibitively exagger-
ated computational time. The above results obtained for toluene
suggest that the situation is similar for other compounds, the
ortho-isomers of OH-adducts being the most abundant and
addition at theipso-position being a minor process. However,
it has been observed in the particular cases ofo-xylene and
other methyl-substituted aromatics with two adjacent methyl-
groups (1,2,3-trimethylbenzene and 1,2,4-trimethylbenzene),
that biacetyl (butane-2,3-dione) is produced in relatively large
yield, at least as large as the total yield of phenol-like prod-
ucts[13]. Now, considering the presently accepted ring-opening
mechanism for�-dicarbonyl production[13], biacetyl formation
can only result from OH-addition at theipso-position. Thus, OH-
addition at this site of the ring appears to be a major process in
these particular cases. This is difficult to explain but may be due
to the fact that addition at this type ofipso-site is favoured as it is
alsoortho- to an alkyl-substituent as the two methyl-substituents
are adjacent.

In other cases, where the OH-addition at theipso-site is of
minor importance, the isomer distributions of the phenol-type
products, obtained in the OH-initiated oxidation of methyl-
substituted aromatics, provide an indication of the isomer distri-
butions of the initial OH-adducts. These product distributions,
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distribution is given inTable 3. Nonetheless, they correspond to
resultant spectra of the species obtained by OH-addition to the
aromatic precursors considered, under conditions close to those
encountered in the lower Earth’s atmosphere.

5. Conclusions

UV absorption spectra have been measured for five dif-
ferent methyl-substituted hydroxy-cyclohexadienyl radicals.
Each spectrum exhibits a strong absorption band in the
260–340 nm wavelength region, as observed previously for other
cyclohexadienyl-type radicals. The shape of the band and the
maximum cross-section vary significantly from one radical to
the next in the series of aromatic hydrocarbons investigated,
and thus unfortunately, the present results cannot be extrapo-
lated in order to estimate the UV absorption characteristics of
radical adduct species formed in analogous reaction systems.
Examination of the yields of ring-retaining, phenol-type oxi-
dation products, identified in previous studies of OH-initiated
oxidation of aromatics, combined with DFT calculations, indi-
cate that one or more isomer of the OH-adducts may contribute
to the observed absorption spectra. For all systems studied in the
present investigation, isomers where the OH-group isortho- or
bothortho-/ipso- to a substituent methyl-group are indicated to
be the most abundant, but other isomers may also be present to
a significant extent (Table 3).
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recursor Phenol-like product Yield Percentage of to
phenol-like product

oluene 2-Methyl phenol 0.12 70
4-Methyl phenol 0.03 18
3-Methyl phenol 0.02 12

-Xylene 2,3-Dimethyl phenol 0.10 62
3,4-Dimethyl phenol 0.06 38

-Xylene 2,6-Dimethyl phenol 0.11 48
2,4-Dimethyl phenol 0.09 39
3,5-Dimethyl phenol 0.03 13

-Xylene 2,5-Dimethyl phenol 0.13 100
esitylene 2,4,6-Trimethyl phenol 0.04 100

he percentage of corresponding initial OH-adduct isomers should be the
f one neglects addition at theipso-position. In the case ofo-xylene, howeve
he percentage of addition at theipso-position is quite significant, at least eq
o or larger than that quoted for theortho-phenol-type product (see Section4).
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