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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);, 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 pressuret(@;), 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 presel
in the 260-340 nm spectral region, with maximum cross-sections in the range (0.8422Y cn? molecule’?. 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
oxidation products, identified in previous studies of the OH-initiated oxidation of aromatic hydrocarbons, and the results of theoretical density
functional theory (DFT) calculations indicate that one or more possible isomers of the various OH-adducts may contribute to the observed spectr:
Isomers where the OH-groupastho- (or bothortho- andipso-) to a substituent methyl-group are likely to be the most abundant but other isomers
may also be formed to a significant extent. Nonetheless, the present study provides absorption spectra of the adduct radicals formed from the g
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 ture. For example, Sauer and M4tj identified the absorption
spectra of various X-CHD radicals, along with radicals resulting
Cyclohexadienyl-type radicals are important reactive interfrom larger aromatic systems. In general, the spectra are charac-
mediates in reaction systems involving aromatic hydrocarbongerised by a strong absorption band situated in the 260-350 nm
They generally result from the addition of radical specieswavelength region exhibiting either a single or several peaks.
(including atoms) to @ aromatic rings. They exhibit strong In the gas phase, absorption spectra have mostly been
resonance stabilisation as a result of five-electrons in a cycliceported for the cyclohexadienyl radicad;CsH7 (i.e. c-
w-system, and this confers upon them specific reactivity an€sHg-H adduct)[2—4], and for the hydroxy-cyclohexadienyl
spectroscopic properties. radical, c-CgHg-OH [4—6]. The ¢-CgH7 spectrum exhibits
UV absorption spectra of cyclohexadienyl-type radicalsa single sharp band peaking at 302 nmiggh nm=2.55x
(hereafter denoted as X-CHD or, in the case of the radicals af0~17 cm? molecule’l) [4], whereas thec-CsHg-OH spec-
interest in the present work, aromatic-OH-adduct radicals) wereum, determined by two independent measurem¢bis],
first measured in the condensed-phase using pulsed radiolysis. broader with a main band peaking around 280-285nm
Several spectroscopic studies have been reported in the literér =0.8— 1.0x 10~ 1’ cn? molecule’!) and a shoulder at
310-320nm. The absorption cross-sections, including those
measured at a single wavelengdiih8] are in reasonable agree-
T Comesponding author. Tel.: +33 540 00 63 07 fax: +33 540 00 66 45, ment, the observgd differences are Withiq experimental uncer-
E-mail address. v lesclaux@lpcm.u-bordeauxfr (R. Lesclaux). tainties. The relative spectrum of the radical formed from the

1 present address: School of Chemistry, University of Reading, Whiteknightsdddition of OH to tqluene has also been repov[&ﬁ] and an
Reading RG6 6AD, UK. absolute cross-section has been measured at a single wavelength,
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308 nm, witho3pg nm= 1.1x 1017 c? molecule 1 [10], which p-CsHa(CH3),0H (315 nm)
is about twice as large as that {6CsHg-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- 0.002 -
pounds which are prevalent in the Earth’s troposphere,cviz.

CsHs5(CH3)-OH (derived from toluene); 1,2-CgH4(CHz)2-OH 0.000
(derived fromo-xylene); 1,3e-CgH4(CHs)2-OH (derived from f T T
m-xylene); 1,4e-CgHa(CHs)»-OH (derived fronp-xylene) and 0 1 2 3 4 5
1,3,5¢-CgH3(CHg3)3-OH (derived from mesitylene). Absorp- time / ms

tion cross-sections were determined relative to the well estab-

0.006

0.004

Ln(l /1)

lished UV absorption characteristics of the ethylperoxy radical, 0-006 C2Hs0, (270 nm)
C>Hs0, [11]. Cyclohexadienyl-type radicals were generated ~  o0.004 M*“W’“’WMW
from the laser flash photolysis of)®, (to produce OH) and 3 R
subsequent addition of OH to the appropriate aromatic hydro- 3’ .
carbon. B
0.000 _{ivivdeph

2. Experimental methods T T T T 1

0 10 20 30 40 50

Experiments were performed using the laser flash photolysis time / ms

technigue for generating and monitoring radicals. The apparatusy. 1. Decay traces of the-xylene-OH-adduct and of the,B50, radical
and methodology used have been described more fully elsewhegenerated with the same initial OH concentration, k5@'3molecule crm3
[12], and in the context of the OH-initiated oxidation of aro- (opFical path Ien_gth:l40cm).SoIid lines are the results of simulations. The upper
matic hydrocarbons in a recent pay8}, but briefly consisted horl_zontal line, |n_the case of thexylene-OH-adduct, represents the base line

. . (residual absorption, see text).
of the following. OH radicals were generated from the laser flash
photolysis of HO, at 248 nm, using a KrF excimer laser, and
subsequent reaction of OH with the appropriate aromatic prelnd ratios given above, in determining the cross-sections of the
cursor yielded the hydroxy-cyclohexadienyl radical of interestaromatic-OH-adduct species.

For example, in the case of toluene the reactions are: Time-resolved UV absorption signals (e.g. séi. 1),
attributable to the aromatic-OH-adducts, were recorded in the
H202 + hv (248 nm) — 20H (1)  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
OH+C-C§H5(CH3) s C-CGH5(CH2) + H,0 (3) diameter and flttedWIth SupraS|I WIndOWS) .
The UV monitoring radiation was provided either by a deu-

The side-reaction(3), producing benzyl and methyl- terium lamp (single pass through the reaction cell, path length
substituted benzyl radicals, accounts for about 10%y{ene),  70cm) or a high-pressure xenon lamp (double pass through the
6% (toluene), 5%d- andm-xylene) and less than 4% (mesity- cell, path length 140 cm). UV spectra were derived from absorp-
lene), of the total OH reaction with the methyl-substituted bention decay traces recorded at various wavelengths, as indicated
zenes investigatefil3]. Both benzyl and methyl-substituted in the tables below. A typical decay trace is giverFig. 1 for
benzyl radicals exhibit similar UV spectra composed of twothe case of the-xylene-OH-adduct. Knowing the initial OH
main absorption bands at around 250 and 300@rh4,15] radical concentration, decay traces were numerically simulated
The band at 300 nm, which can in principle interfere withwith a kinetic and mechanistic representation of the gas phase
the OH-adduct spectra, is itself composed of two fairly sharpadical chemistry, and a non-linear least squares fitting pro-
features at 295 and 305.3nm for tolueredf the order of cedure to optimally adjust the aromatic-OH-adduct absorption
(1-2)x 10~ cm? molecule ). However, such sharp bands did cross-sections, at each wavelength studied. As in previous stud-
not appear clearly on the aromatic-OH-adduct spectra recordeés [5,6,8,10,16] a residual absorption was observed after the
in the present investigation, probably due to the fairly low specradical decay. This was assigned to the formation of absorbing
tral resolution used (1 nm) and to the wavelength spacing ofmolecular photoproducts resulting from the direct excitation of
individual measurement runs. Thus, any correction for benzythe aromatic compound at 248 rjtr6], since a constant absorp-
radical contributions would not be significant and would betion was obtained by excitation of the aromatic alone, in the
fairly arbitrary. Therefore, no corrections were applied to theabsence of bO,. In addition, the intensity of both the constant
measured spectra to account for the presence of benzyl-tydsorption and the residual absorption were the same, within
radicals. However, the fractional consumption of OH radicalsuncertainties, and hence the residual absorption was taken as
through reactior{3) was taken into account, using the branch-the baseline in the analysis of transient absorption signals.

OH + ¢-CgH5(CH3) — ¢-CgHs(CHz)-OH (2)
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The photolysing radiation was provided by a KrF excimer 0.014-
laser (Lambda Physik EMG 200), with=248 nm, directed ]
longitudinally through the cell by dichroic mirrors. The 0.0124

aromatic-OH-adduct concentrations were typically in the
range (2—-8x 102molecule cnt® for initial OH concentra-
tions of (4-25)x 102 molecule cn3, with laser fluences of
15-25mJ cm? pulse L. 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. ] 10 Torr O,
All experiments were carried out at 1 atm total pressure and %% 1
295K, and gas mixtures were prepared by passing known flows 0 000' :
of N2 through separate bubblers containing aqueai@$olu- o0 10 20 30 40 50
tion and the appropriate aromatic precursor (all precursors used
were liquids) before being entrained by, and mixed with, a
known fast flow of N, or N2 and Q. The resulting steady Fig. 2. Quenching of the excited toluene by molecular oxygen. Points, the ampli-
state concentration of 4D, in the reaction cell was determined tude of absorption of the adductBs(CHz)-OH at 320 nm. Solid line, fitting

by its absorption at 210 nnor & 3.57 x 10-9cnmR molecuk,fl) of_ the experimgntal point by a mpdifi_ed‘Stern—VoImer dependence (hyperbola
with a free vertical bias). Dotted line indicates 10 Torr of molecular oxygen.

[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 passingthe rate constants used, provided the shape of the decay curve
through the bubbler containing the aromatic compound. Typwas correctly fitted. The only rate constant values that could sig-
ically, concentrations of (1-6) 10> molecule cm2 (H20») nificantly affect the determination of cross-sections are those of
and (2-6)x 10™® molecule cn (aromatic hydrocarbons) were (k2 + k3) andke, i.€. the rate constants for the initial OH reaction
employed in all experiments. with the precursor and with #D,, respectively, as the relative
Hydrogen peroxide (Aldrich, 50wt%), toluene (Aldrich, rates of these reactions determine the branching ratio for the OH
99.8%), 1,3-dimethylbenzenen{xylene) and 1,4-dimethyl- reactions. However, the values &f (+ k3) are fairly well estab-
benzene f-xylene) (Aldrich, 99%), 1,2-dimethylbenzene-( lished for the aromatic compounds studied in the present work
xylene) and 1,3,5-trimethylbenzene (mesitylene) (Aldrich,[13], and the kinetics of the reaction of OH withh&, has been
98%), ethane (AGA, 99.95%), nitrogen (Messer, 99.995%) andavell studied and the reported results critically evaludfed.
oxygen (Messer, 99.995%) were all used without further purifi- As observed in previous experiments employing laser flash
cation. Data were processed using numerical simulations gihotolysis to study the OH-initiated oxidation of both benzene
decay traces, based on the reaction mechanism already usaad toluene, an additional production of OH was observed, in
in the case of benzer[®,16] and detailed inTable 1for the the absence of oxygen, which resulted from the photosensitised

0.0104
0.008+

0.006- o

nitial Absorption

0.004+

[O,] / 1077 molecule cm=

particular case of toluene. decomposition of HO, by the aromatic compound after excita-
tion by the laser radiatiof®b,6,8,10,16] It was further shown in
3. Determination of spectra these studies, and verified in the present work for other aromatic

compounds, that this photosensitisation could be completely

UV spectra of OH-adducts were derived from kinetic simu-quenched by the addition of small amounts of oxygen (par-
lations of time-resolved absorption signafsg. 1) and relative  tial pressure 8-10 Torr). An example for the signal amplitude
cross-sections were optimally adjusted at each wavelength stutijuenching” by molecular oxygen for the toluene-OH-adduct
ied. Simulations comprised a kinetic analysis of the reactions given inFig. 2 Thus, in the present investigation, all spectra
system using the same gas phase radical reaction mechanismeere determined in the presence of 8-10 Torr oxydeg. 2
all compounds (albeit with different reaction rate constants foindicates that at such conditions the quenching is almost com-
each system). This methodology is similar to that used in previplete and that any correction for the incomplete quenching of the
ous kinetic studies of the reactions of molecular oxygen withexcited aromatic molecule would be of negligible importance.
both the benzene-OH-addui&,6,8,16] and the toluene-OH- Under such conditions, the reactions of OH-adducts with oxygen
adduct[10]. The mechanism used in the present investigatiofequilibrium (4—4) and reactiof5), Table 7 only occurred to a
for the reaction of OH with toluene is presentedTiable 1 small extent, as shown by the slowly decreasing plateau follow-
Adjusted parameters were the OH-adduct cross-section and, iag the initial decay irfFig. 2 Nevertheless, these reactions were
low oxygen concentration (see Sectinthe rate constants for included in the analysis reaction mechanism. The rate constants
radical-radical reactions which were adjusted for various experifor these latter processes have been determined in this labora-
mental conditions. It should be emphasised that the cross-sectidory using much higher concentrations of @he results of these
values derived from the simulations were not very sensitive tetudies will be reported separately).
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;aet;ls{i%)n mechanism used for analysis of experimental signals obtained in the case of OH addition to toluene

Reaction koogk/cm® moleculel s—12 References and comments
H202 4+ hv— 20H 1)

OH + CgHs(CH3) — ¢-CgHs(CH3)-OH 2) 5.26x 10712

OH + CgH5(CH3) — ¢-CgHs(CHo) + Ho0 3) 0.34x 10712 }[13]
¢-CgHs(CHg)-OH + O — RO, 4)° 25x 10715 Adjusted (to be published)
RO, — ¢-CgHs(CH3)-OH + O (-4) 8600s? Adjusted (to be published)
c-CgHs(CH3)-OH + O, — Products (5% 6.0x 10716 Adjusted (to be published)
OH + Hz0; — H20 + HO, (6) 1.7x10°%2 [17]

OH + HO;— H0 + Oy % 1.1x107%0 [17]

HO, +HO, — Hy0,+ 0, ®) 3.8x 101 [23]
2¢-CgHs(CHz)-OH — Products 9) 4% 1071 [10]
¢-CsH5(CH3)-OH + OH — Products (10) k 10-10e Estimated
¢-CgHs(CHz)-OH + HO, — Products (11) 5-16 10711 Adjusted
¢-CgHs(CH3)-OH + RO, — Products (12) 510711 Estimated, see referenfts]
RO, + RO, — Products (13) 1.6 10-12ef [24]

RO, +HO, — Products (14) X 10 1tef [23]

The same mechanism, with appropriate rate constants, is used for other compounds.
@ Other units are indicated.
b With R =¢-CgHs(CHz)-OH.
¢ Include reactior{5a)forming cresols and all other reaction channels leading to oxidation products.
d Determined for the experimental conditions prevailing in this wWae.
€ Has a negligible influence on kinetic simulations.
f Value determined for peroxy radicals of similar structure.

Absolute absorption cross-section measurements were pdtds relatively easy to measure theld;O, transient absorption
formed near to the maximum of each absorption spectrumwith precision, as the recombination rate of this radical is rela-
Experiments involved replacement of the aromatic compoundively slow and, thus, transient signals can be recorded with good
with ethane to generate ethylperoxy radicals. Since the arasignal-to-noise ratio. The ££50, absorption was observed at
matic compounds absorb at the photolysis wavelength (248 nm270 nm Fig. 1) wheres = 2.22x 10~ 18 cn? molecule ! for this
a small correction (<5%) was applied to account for this absorpspecieg11].
tion. In order to simulate the observed transient absorption sig-
nals and to determine absorption cross-sections for the aromatig- Results and discussion
OH-adduct species studied, it was necessary to know the ini-
tial concentration of OH radicals under the conditions of each Measured cross-sections are listedTable 2and the cor-
photolysis experiment. OH concentrations were determined byesponding spectra are presentedrigs. 3—7 It can be seen
calibration using the well-known absorption characteristics othat all of the spectra comprise a main absorption band in the
the ethylperoxy radical, £450,. C;HsO, was generated under same wavelength region, 260-340 nm, as already observed for
the same conditions of total flow-rate; &, flow-rate, tempera-  other X-CHD radicals, and in particular for the benzene-OH-
ture and pressure using the OH 3t (+ Oz) reaction Fig. 1).  adduct[4—6]. It can also be seen that the shape of the band
Ethane concentrations (2-10)10'” molecule cm® were cho-  varies significantly from one aromatic system to the next for
sen such that all OH radicals were convertedibl§D,. Theref-  the series of aromatic compounds investigated. It would seem
erence UV absorption spectrum ofid50, used is based upon that the observed variations are related to the presence of two
a critical review of several determinations reported in the literapoorly resolved sub-bands, roughly situated at 280-300 and
ture made under various experimental conditions and constitutess] 0-325 nm, with different relative intensities from one com-
the most accurate spectrum presently availglg In addition,  pound to the next. The short wavelength band is the most intense
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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
A o A o A A o o
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 9.04 295 591 310 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 7.34 315 145
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
332 291 340 1.94
335 1.50
, wavelength in nme, cross-section in 108 cm? molecule .
Toluene-OH adduct
Bohn (ref. 10) K o-xylene-OH adduct
To 10 H
= 10.0 1
8
[} -
E ‘©
o~ = -
E I E 7.5
2 5 ———— [}
'S E
3 ;'EE 5.0
r Benzyl ‘& °
0 T T T T ; e 22
260 280 300 320 340
Alnm 0.0 T T T T T
Fig. 3. UV absorption spectrum of the toluene-OH-adde@sHs(CH3z)-OH. 260 280 300 320 340
Also shown are the cross-section measurement at 308 nm reported in refer- AJnm

ence[10] and the spectra roughly reproduced from the figures in refef®hce

¢-CgHs5(CHg)-OH (dashed line) and benzyl radical (scaled by its yield). SeeFig. 4. UV absorption spectrum of the»-xylene-OH-adduct, 1,2-
comments in the text.

CsH4(CHj3)2-OH.
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m-xylene-OH adduct Mesitylene-OH adduct
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Fig. 5. UV absorption spectrum of then-xylene-OH-adduct, 1,3-
CsH4(CH3)2-OH. Al nm

'J:ig. 7. UV absorption spectrum of the mesitylene-OH-adduct, 13,5-

for the p-xylene-OH-adduct, somewhat similar to the case fo CoHs(CHs)3-OH.

the benzene-OH-addufi,6], whereas the reverse situation is
observed for the-xylene-OH,m-xylene-OH and mesitylene-
OH-adducts. For the toluene-OH-adduct both absorption ban ), (7)and(10). Despite reactiof2) being dominant, errors in

are nearly equalin magnitude. It should be noted thatin all cas fate constants, and in concentrations of the species involved,

absorption cross-sections are fairly high, with maximum values . : ; h
in the range (0.9-2.2) 10-17 e molecule™L, resulted in an estimated uncertainty of the aromatic-OH-adduct

Uncertainties in the cross-sections essentially result from thgoncentration of around 15%. The error in the reference cross-
y ection of GHs0, is of the order of 5%. As indicated above, the

determination of radical concentrations in the experiments an§ . .
ase line of decay traces was assumed to be equal to the resid-

from the determination of the base line of the transient absorp- . S :
. . S i . "ual absorption measured at long reaction times, where radicals
tion signals (which is complicated by the constant absorption . ) .
o . have all recombined. This was based on the observation that the

generated by the laser excitation of the aromatic). The OH- " : X
R . : . residual absorption was nearly equal to the constant absorption

adduct concentration is obtained by simulation of the exper-

iments employing an initial OH concentration determined b obtained by the laser excitation of the aromatic compound in

y .
. : L o the absence of 0O, (only extremely small, and fast decaying,
calibration (which is equal to the initial [E150,] generated transient absorptions could be seen under such conditions and

under the same condition of OH radical precursor concentra- . . ;
tion) and from the rates of the various reactions consuming O ence were neglected). The residual absorptlon was small in the
¢ase of the-xylene-OH-adduct, as shownlkiig. 1, but could be
significantly larger (up to three to four times) in the case of other
p-xylene-OH adduct 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
7.5+ " to the experimental error. It should again be emphasised that
the decay traces recorded were reasonably well simulated with
the reaction mechanism givenTable 1 using realistic values
for the rate constants of radical-radical reactions. This indicates
that large errors in determining the absorption baseline did not
254 occur. The corresponding error in the aromatic-OH-adduct con-
centration is estimated to be around 10-15%. Thus, a global
uncertainty of the order of 20-25% is estimated and this reflects
0.0 T T T T T the difficulty in making the present measurements.
260 280 300 320 340 To date, very few data have been reported in the litera-
A/nm ture, which can be compared to the present results. Only two
Fig. 6. UV absorption spectrum of the-xylene-OH-adduct, 1,4-  Investigations have been reported concerning the toluene-OH-
CgH4(CHsz)2-OH. adduct[9,10]. The single-wavelength absorption cross-section

rincipally, reaction$2) and(6), and, to a lesser extent, reactions

10.0

-1
lecule

5.0+ .

2
cm mo

/1078
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measurement (308 nm) of BolhO] is 15% larger than that oxal, for example), which result from ring-fragmenting reaction
measured in this workHig. 3), but, given the experimental pathwayq13], may be formed from more than one possible iso-
uncertainties, the agreement is reasonable. A spectrum of theer of a given OH-adduct, and thus do not provide any specific
toluene-OH-adduct has also been reported by Markert and Pagsformation about the initial radical-adducts from which they are
berg[9] which exhibits a similar shape in the long wavelengthformed. That said this is not true in the case of compounds bear-
part (. >300nm) but with cross-section values nearly half ofing two adjacent methyl-groups-kylene in the present study)
those measured in this work. Significant differences in the shapghere biacetyl is produced, as discussed below. The phenol-
of the spectra are evident at shorter wavelengths Egge3).  type product (cresol in the example case of toluene) is formed
The differences can probably be explained by the contributiomccording to reactio(ba)

of other absorbing species produced by pulse radiolysis in the

study of Markert and Pagsberg. These may include benzyl radi-CgHs(CH3)-OH + Oy — ¢-CgH4(CHz)-OH + HO,  (5a)

cals, H-toluene-adduct species and, perhaps, other unidentified

species. It can be seenfig. 3that the sharp absorption line of by direct abstraction of the H-atom attached to the carbon atom
the benzyl radical, at 305.3 nm, does not appear in our spectrurhearing the OH-groujpl6]. Thus, the structures and yields of
Several reasons can be given to account for this: the spectral rggaenolic-type products provide an indication of the site of the
olution used in this investigation is lower than that employed ininitial OH-addition assuming that the rate constants for reaction
ref. [9]; none of our experiments corresponded in wavelengtl{5a) are similar for all isomers. That said, however, no indica-
to the maximum of this absorption line; the small contributiontion of the occurrence of OH-addition at thgo-position can
expected for this benzyl absorption may be hidden by a smalbe gained from such product studies due to the absence of an
minimum in thec-CgHs(CHs)-OH spectrum at this wavelength. abstractable H-atom at this position of the ring.

The addition of OH to the ring of the methyl-substituted ben-  OH addition at thepso-position is generally not considered
zenes investigated in this work can yield different isomers of thén the oxidation mechanisms of methyl-substituted aromatics
aromatic-OH-adducts, according to the relative position of th¢13] and yet no clear argument for this is found in the literature,
attached OH-group and the methyl-group(s). For example, fouexcept for the possible role of steric hindrafi2@]. In the theo-
isomers of the toluene-OH-adduct can be produced, correspontktical studies of Uc et aJ21,22], of the OH addition to toluene,
ing to OH addition aipso-, ortho-, meta- or para-positions. In it was concluded that botiso- andortho-isomers are the most
contrast, only two isomers can be obtained in the casgs of stable and can be formed in significant yields. It should be
xylene and mesitylene (addition atso- andortho-positions).  noted, however, that the calculated energy differences between
Thus, itis of interest to identify which isomers are preferentiallythe isomer structures were within the calculation uncertainties
formed by the addition of OH to the aromatics studied in the(5—7 kJ mot1). In contrast to this latter, DFT calculations car-
presentinvestigation, in order to assign a particular spectrum torded out in this laboratory indicate that theso-isomer is less
specific (or dominant) isomer or a distribution of isomers. To thisstable than the other isomers (for OH-adducts of toluene and the
end, we have used the results of experimental measurementsather methyl-substituted aromatics), although again it should be
yields of stable ring-retaining products of the OH-initiated oxi- noted that the energy differences are within calculation uncer-
dation of the aromatic hydrocarbons of interest (these data atainties. The present calculations also indicate that addition at
essentially summarised in refererjt8]) along with theoretical the ortho-position is slightly energetically favoured over all
chemical methods to estimate which isomers are preferentiallgther positions for toluene and for the other methyl-substituted
formed. aromatics.

Density functional theory (DFT) calculations were carried In the case of toluene, the present calculations of kinetic
out using the B3LYP/6-31G(d) method in order to obtain chem-parameters, using combined DFT and statistical methods, give
ical energies, and these were then used in transition state thgields of 54, 25, 18 and 3% for thertho-, para-, meta- and
ory (TST) calculations to obtain kinetic data. A more detailedipso-isomers, respectiveljd9]. The low value obtained for the
description of such calculations has been given in a precedingso-isomer is essentially due to a higher barrier on the reac-
publication[16]. OH addition to aromatics involves the forma- tion path from the pre-reactive complex to the OH-adduct.
tion of a pre-reactive complex, as shown in theoretical studiegxperimentally determined cresol branching ratios are 0.12,
of the formation of the benzene-OH-addyt&8] and of the 0.03 and 0.02 fovrtho-, para- andmeta-isomers, respectively
toluene-OH-addudtl9]. Statistical methods were used in order [13], corresponding to a distribution of 70, 18 and 12%, respec-
to calculate decomposition rates of the toluene-OH pre-reactiviively, for these phenol-type products if one neglectsithe-
complex for the determination of the branching ratios for theisomer. The agreement between the calculated and experimen-
formation of OH-aromatic-adduct isomgf9]. tally determined distributions is reasonable, taking the fairly

Perhaps, the mostinformative experimental data are the strutarge uncertainties in both calculated and experimental values
tures and relative formation yields of the various phenol-typento account, and suggests that OH-addition atjke-position
products (i.e. the ring-retaining, hydroxylated aromatic prod-is of minor importance and can be neglected in this partic-
ucts of the addition reactions of OH with aromatic hydrocarbonsllar case. Thus, the observed distribution of cresol isomers
formed in the OH-initiated oxidation of the aromatics considerecprovides a good indication of the isomer distribution of the
in the present study. Certain other oxidation products (for whictioluene-OH-adducts, and hence their contribution to the tran-
formation yields have been reported, glyoxal and methylglysient absorption spectra observed. This also indicates that the
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rate constant of reactiofba) for the different OH-adduct iso- distribution is given inTable 3 Nonetheless, they correspond to

mers are similar. resultant spectra of the species obtained by OH-addition to the
Similar calculations could not be performed in the cases ofromatic precursors considered, under conditions close to those

other compounds, as they would involve prohibitively exaggerencountered in the lower Earth’s atmosphere.

ated computational time. The above results obtained for toluene

suggest that the situation is similar for other compounds, thé. Conclusions

ortho-isomers of OH-adducts being the most abundant and

addition at thepso-position being a minor process. However, UV absorption spectra have been measured for five dif-

it has been observed in the particular cases-aflene and ferent methyl-substituted hydroxy-cyclohexadienyl radicals.

other methyl-substituted aromatics with two adjacent methylEach spectrum exhibits a strong absorption band in the

groups (1,2,3-trimethylbenzene and 1,2,4-trimethylbenzene®60—-340 nm wavelength region, as observed previously for other

that biacetyl (butane-2,3-dione) is produced in relatively largecyclohexadienyl-type radicals. The shape of the band and the

yield, at least as large as the total yield of phenol-like prod-maximum cross-section vary significantly from one radical to

ucts[13]. Now, considering the presently accepted ring-openinghe next in the series of aromatic hydrocarbons investigated,

mechanism fow-dicarbonyl productiofiL3], biacetyl formation  and thus unfortunately, the present results cannot be extrapo-

can only result from OH-addition at thgso-position. Thus, OH-  lated in order to estimate the UV absorption characteristics of

addition at this site of the ring appears to be a major process iradical adduct species formed in analogous reaction systems.

these particular cases. This is difficult to explain but may be du&xamination of the yields of ring-retaining, phenol-type oxi-

to the fact that addition at this type pfo-site is favoured asitis  dation products, identified in previous studies of OH-initiated

alsoortho- to an alkyl-substituent as the two methyl-substituentsoxidation of aromatics, combined with DFT calculations, indi-

are adjacent. cate that one or more isomer of the OH-adducts may contribute
In other cases, where the OH-addition at the-site is of  to the observed absorption spectra. For all systems studied in the

minor importance, the isomer distributions of the phenol-typepresent investigation, isomers where the OH-group-iko- or

products, obtained in the OH-initiated oxidation of methyl- bothortho-/ipso- to a substituent methyl-group are indicated to

substituted aromatics, provide an indication of the isomer distribe the most abundant, but other isomers may also be present to

butions of the initial OH-adducts. These product distributionsa significant extentTable 3.

taken from referencgl3], are reproduced iffable 3where it
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