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The gas-phase reaction of OH radicals with toluene and toldgaad reactions of the resulting OH adducts
with O, were studied in WO, mixtures at atmospheric pressure and room temperature. OH production was
performed by pulsed 248 nm photolysis of®1. Cw UV-laser long-path absorption at 308 nm was used for
time-resolved detection of OH and Otibluene adducts. The reaction GHtoluene was studied in Nand

O, and similar rate constants of (5.200.19) x 10 ?cm®s™* (N;) and (5.60+ 0.14) x 102 cm® s71 (Oy)

were obtained at 100 kPa. For toluetigthe corresponding rate constants are (5:3@.34) x 10 2cm? st

(No) and (5.47+ 0.14) x 10712 cm?® st (O,). Absorption cross-sections of (14 0.2) x 1077 cn¥? were
determined for both the OHtoluene and OHtolueneds adduct at 308 nm. Rate constants of (£7.4) x

10" cmPstand (1.8+ 0.5) x 1071°cm? s~ were determined for the OHoluene adduct self-reaction and

the OH-toluene adduct- HO, reaction, respectively. Upper limits8 x 10715 cm?® s~ were estimated for

any reactions of the OHtoluene adduct with kD, or toluene. Adduct kinetics in the presence of i®
consistent with reversible formation of peroxy radicals with an estimated rate constant-02) 10715

cm? st and an equilibrium constant of (3.25 0.33) x 101° cm?® (tolueneds: (3.1 £ 1.2) x 10°° cmd).

The effective adduct loss from the equilibrium can be explained by (i) an additional, irreversible reaction of
the adduct with @with a rate constant of (6.& 0.5) x 10716 cm?® s (tolueneds: (4.7 £+ 1.2) x 106 cm?®

s1), or (ii) a unimolecular reaction of the peroxy radical, with a rate constant of (£.8615) x 10° s*
(tolueneds: (1.54 0.4) x 10°s™%). Consequences for the atmospheric degradation of toluene will be discussed.

Introduction the adduct {R1a) can be neglected and that the adduct reacts

Volatile aromatic compounds are emitted into the atmosphere With Oz
by mainly anthropogenic sources such as combustion processes,
vehicle emissions, and solvent use. Recent model calculations adduct+ O, — products (R2)
show that in urban areas up to 40% of photochemically produced
ozone can be attributed to emissions of aromatics (benzene and
alkylbenzenes) where toluene is the most important single Although reaction with N@was found to be fask(= (3.6 +
compound: However, a reliable assessment of photochemical g 4) x 10711 cn? s71),4 Reaction 2, proceeding with a rate

ozone creation potentials depends on the knowledge of the qnstant of (5.4 0.6) x 10716 ¢ 51,4 dominates due to the
correct and complete degradation mechanism, and considerable;1iglh atmospheric concentration of,OThis conclusion was

un_ltzﬁret?ilrrlst:e;estll(l)fetﬁlesttrfgr:Srorr]r; a;ﬂ:c d(:eorpzap(;);tir]odnsbf aromatics is drawn from an extrapolation of experimental conditions {0.0
P Posp 9 0.4 kPa of Q)*5 to atmospheric conditions (20.5 kPa 0§)O

reaction with OH radicals which is generally well understééd. i ) . 5
OH reaction with toluene mainly proceeds by reversible addition @nd was confirmed by product studies at various,Nevels

leading to a methylhydroxycyclohexadienyl radical (HOsHs- However, no further information on the reaction mechanism or
CHs, species (I) in Figure 1, referred to as adduct in the the products of Reaction 2 could be derived from the kinetic
following): experiments:®

OH + CgH.CH, <> HO—C,H.CH, (Rla/~1a) Figure 1 summarizes the pathways currently under consid-

eration for Reaction 2.Product studies® showed that some
OH also reacts by H-atom abstraction which leads to benzyl 20% of the adducts (I) are converted to cresols (II) probably
radicals: by abstraction of the redundant ring H-atom byf@ming HO,.
Based on theoretical considerati®ns it was thought that the
remaining fraction of the adducts forms peroxy radicals (llI)
followed by reaction with NO or an intramolecular rearrange-
ment reaction leading to a bicyclic radical (V) which then forms

OH + C4H;CH; — C;H;CH, + H,O (R1b)

Reaction 1b accounts for about 7% at room temperature finally
yielding benzaldehyde under atmospheric conditions.

In previous studies, reactions of the adduct with RO, a bicyclic perox_y radical (V) f_oIIowed by reaction with NQ.
and NO were studied by investigating the influence of the Both peroxy radicat- NO reactions are thought to lead to high
reactants on the equilibrium (RtalR1a) by monitoring OH:5 yields of HG, in consecutive reactions with,(partly after ring

The results showed that in the atmosphere decomposition offragmentatior’. However, the intermediates (llI, 1V, V) have
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Figure 1. Reaction mechanism showing currently discussed reaction
pathways of the OHtoluene adduct- O, reaction®”10-13 Formation

of cresols (Il), toluene oxide/methyloxepin (VI), and consecutive
reactions of the epoxidealkoxy radical (VII) are leading to HOwith

no preceding NO reaction as opposed toHi@®mation via the peroxy
radicals (Ill) and (V).
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adduct+ O, < adduct-O, (R2a/-2a)

The reversibility, also indicated in Figure 1, was predicted
theoretically-1"*8and was known from liquid phasé put the
peroxy radical was found to be unexpectedly short-lived (2.5
ms in synthetic air) on account of competing loss processes of
the adduct:

adductt+ O, — other products (R2b)
and/or the peroxy radical:
adduct-O, — other products (R3)

In this work, these studies are extended and the kinetics of the
OH—toluene and OHtolueneds adducts are investigated at
high O, concentrations by long-path absorption.

Experimental Section

As in the previous studif experiments were performed in a
cylindrical 20 L glass cell in slowly flowing gas mixtures at
atmospheric pressure (1802) kPa and room temperature (299
+ 2 K) (flow-rate about 3 L/min, STP). Calibrated mass-flow
controllers (FC 260, Tylan) were used to prepagfNmixtures
with varying amounts of @ The total pressure was measured
with capacitance manometers (Baratron, MKS). The purity of
the buffer gases was 99.999%:,fNind 99.995% (&) (Messer
Griesheim). Toluene and toluedgwere introduced by purging
the liquids in a thermostated gas saturgtat T = (279.9+
0.1) K. Toluene (Aldrich, 99-) and tolueneds (Aldrich, 99+
at. % D) were used as purchased. The purity of the toluene
sample was checked by GC analysis (99.98%0.02% of
benzene).

not yet been detected directly in the gas phase and from the Reactant concentrations were calculated from the ratio of the
large variety of degradation products detected in smog chambergas flows, the total pressure, and the vapor pressure of toluene

studies it is not possible to firmly conclude on the mechanism.

The majority of secondarily formed stable compounds (e.g., ring-

at the temperature of the saturator (1.37 kPa&ince no data
for tolueneds were available, the vapor pressures of toluene

cleavage products such as unsaturated carbonyl comp8unds)and tolueneds were measured with capacitance manometers

is very reactive toward OH and is also readily photolyzed. As

(Baratron, MKS) in a thermostated vacuum cell at about 279

a consequence, the carbon balance of typical product studiek. The vapor pressure of toluemig-was found to be higher by

on aromatics is only about 50%and the mechanism remained
highly speculative.

More recently, formation of arene oxides (V) HO; in
Reaction 2 has been propos@d? The degradation of these

compounds by OH reaction, photolysis, and thermal decomposi-

tion was found to lead to products also observed in the OH
initiated oxidation of aromatic¥:12 Moreover, an apparently
fast (not RQ + NO preceded) and virtually quantitative
formation of HQ reported in other studigscan be explained

by this mechanism. On the other hand, also a proposed formation

of an epoxide-alkoxy radical (VI1}°would (possibly after ring
fragmentation) lead to a fast formation of W@ consecutive
reactions with @115 Thus, an investigation of the formation
kinetics and yield of secondarily formed H@ the presence

of a large excess of Ocould help to assess the relative
importance of these recently proposed reaction pathways

of the kinetics of the adduct O, reaction must be known.

By means of laser long-path absorption detection it was
shown recently in this laboratof§ithat in the case of benzene
the kinetics of the adduct at higher, @oncentrations (up to
100 kPa) is consistent with a fast, reversible formation of a
peroxy radical (corresponding to radical (lll) in Figure 1,
referred to as adduct-On the following):

a factor of (1.04+ 0.01) while the absolute value for toluene
was within 5% of the literature dafd.The ratio of 1.04 was
then used to calculate toluedg-concentrations at the actual
temperature of the saturator,® was introduced by purging
a preconcentrated solution at 298K¢oncentrations ranged
between 3x 10 cm—3and 1.1x 10 cm~3. H,O, concentra-
tions were calculated from OH decay rates in the absence of
other reactants using the current NASA-JPL recommendation
for the rate constant of the O H,O, reaction (1.7x 10712
cme s71).23

OH was produced by pulsed laser-photolysis eObat 248
nm at a typical fluence of 1.5 mJ crhand a repetition rate of
0.2 s1. With the HO, concentrations used this resulted in
typical OH starting concentrations of about 510! cm~3,
Pseudo-first-order conditions are assumed to apply for OH under
all conditions. For the adduct the same assumption is made

e ) . "> except in the absence of,@/here OH starting concentrations
However, as a prerequisite for such kind of studies the details P g g

were higher (see Results section on the absorption cross section
of the adduct) and the lifetime of the adduct was long enough
to allow radicat-radical reactions to influence the time depen-
dence (see Results section on the self-reaction of the adduct).
Time-resolved monitoring of OH was made by cw UV-laser
long-path absorption on the;@Q) rotational line of the OH-
(AZZt—X200)-transition at 307.995 nm (air) with a folded path-
length of 100 m (100 reflectiond}. The typical laser power
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TABLE 1: Rate Constants of OH + C;Hg and OH + C;Dg
in Different Buffer Gases at (299+ 2) K and Atmospheric
Pressure

buffer
gas N2 [C/Hgl/10%cm™2  [H,0./10%cm3  ky/P1072cmis™t
toluene
O, 7 0.0-8.3 5.7 5.60+ 0.14
573+ 0.17
N2 7 0.0-8.3 5.9 5.82+ 0.54
5.64+0.13
average (N: 5.70+ 0.19
tolueneeds
O, 7 0.0-6.9 4.7 547+ 0.14
5.33+£0.24
N2 4 0.0-6.9 4.9 5.43+ 0.61
5.31+0.35
average (N: 5.34+ 0.34

aNumber of data points/levels of toluerfe2o error limits (statisti-
cal). ¢ kon from monoexponential fits to difference signals (total
adduct).? ko from biexponential fits to adduct signakstkoy from
biexponential fits to total signals.

was 200uW at a line-width of about 500 kHz. OHtoluene
adducts were detected0.045 nm off the OH-line. In contrast
to OH, the spectrum of the adduct is a broad continturpon

which the sharp OH lines appear (dependent on reaction time,

Bohn
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Figure 2. Time-dependent absorption signals ipwth the detection
laser tuned on the OH absorption line (a, b) (signal from-©kdduct)
and off the OH absorption line (c, d) (signal from adduct) averaged
from 20 and 40 single experiments, respectively. The differences (e
a— c, f=b — d) correspond to the OH signal. Experimental
conditions: [HO;] = 5.9 x 10 cm3, [C/Hg] = 6.9 x 10" cm3 (a,

c, e), and 1.6x 10 cm3 (b, d, f).

(c) and (d)). On the time-scale of the OH decays a decrease of
these signals is hardly recognizable.
Different methods were applied to determine the OH decay

more details are given in the Results section). OH decay curvesrates in N. First, the adduct absorption was subtracted from

were recorded by averaging over B0 single measurements.
Adduct decay curves were averaged over—200 single
measurements, dependent op @ncentration. After 1620
laser pulses, 510 min were allowed to elapse to prevent
accumulation and photolysis of reaction and/or photolysis
products.

Results

Rate Constants of OH+ Toluene.The reaction of OH with
toluene and toluends was studied in Bl and Q. These

measurements were made to rule out any difference of the OH

kinetics in N, and Q.

In O, OH signalslpoy decay monoexponentially since the
underlying adduct absorption is negligible (see subsection on
adduct kinetics in the presence of)Gand decomposition of
the adduct back to OH and toluene (Reactioha) is slow
(about 3 st at 298 KY and can be neglected on account of the
high toluene concentrations:

lon = lon,0€XPC"kout) + Cop @

In this equationtkoy is the first-order decay rate of OH and
Con is the experimental background (usually less thda® of
lon,0). Three-parameter fits of eq 1 were made for each decay

the total signal and OH decay rates were determined by fitting
eq 1 to the differences. This method is justified because the
differences exhibit no deviation from monoexponential decays
as shown in Figure 2 (curves (e) and (f)), i.e., the adduct
absorption is constant in this narrow wavelength range. The
resulting rate constantg are listed in Table 1.

Second, rise-and-fall type biexponential expressions were
fitted to the adduct absorption signals:

laga= Iadd,leXp(_lkadot) - |add,2eXp(_lkadd,F) +Caqa (2)

The adduct rising rat€%,qq are expected to correspond to the
OH decay rates and similar rate constakiswere indeed
obtained (Table 1). However, the accuracy of the rising rates is
poorer due to the lower absorption signal of the adduct compared
with OH. It should also be noted that, except from the rising
part, eq 2 is an empirical description of the adduct decays for
the present purpose only, i.e., neithefksiqg the actual decay
rate of the adduct nor i€,qq the actual background (see
subsection on the self-reaction of the adduct).

Finally, biexponential expressions (sum of two exponentials
as in eq 2+ constant) were fitted to the total signal. If eqs 1
and 2 are added arf#taqqr = kon is inserted, a biexponential
expression results with the larger decay rate corresponding to
the OH decay rate. The resulting rate constdatare again

curve, and rate constants of Reaction 1 were determined fromvery similar and given in Table 1. The latter method was also
a linear regression of OH decay rates as a function of tolueneused in ref 16 to determine the rate constant of the ©H

concentration. Rate constarkgtoluene)= (5.60 + 0.14) x
10-22cm? st andky(toluenedlg) = (5.474 0.14) x 107 12¢cm?

s™1 (20 error limits) were obtained. Concentration ranges and
experimental conditions are given in Table 1.

In N the situation is more complicated due to the underlying
absorption of the adduct. Absorption signals with the laser tuned
on the OH line clearly do not decay monoexponentially as
illustrated in Figure 2 (curves (a) and (b)). Also shown in Figure
2 are absorption traces with the laser tuned off the OH line by

benzene reaction in N

Considering the different statistical errors, weighted averages
ki(toluene)= (5.70+ 0.19) x 10712 cm?® s~ andk(toluene-
dg) = (5.34 £ 0.34) x 10712 cm? s~ were calculated for the
rate constants in N

Absorption Cross Section of the Adduct.The measurements
described so far were also used to determine the absorption cross
sections of the adducts at 308 nm from a comparison of OH
and adduct absorption signals irnp.Nr'he ratio of absorption

—0.045 nm which represent the adduct absorption alone (curvescross sections was calculated using the following equation:
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The factorsf; andf, are correcting the OH signaby (eq 1)
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TABLE 2: First-Order OH Decay Rates kou, Initial OH
Absorption Signals|on, Correction Factors for OH Signals
f1, f2 (see text) and Ratios of OH and Adduct Absorption
Cross Sectionsgon/oagq at Different Toluene Concentrations

1 a
with respect to the rise-time of the detection system and the 1'8?25 arlkf’,Hlfrl]its f, f, OonlOadd
fraction of OH which reacts with toluene (i.e., not with®4). [C/Hgl/10% 3
The rise-time €ise &~ 25 us, see Figure 2) does not affect the 0.0 1.00 148 0098 0.00
fitted OH decay rates if the first few data pointstat 0.2 ms 1.61 1.90 214 095 0.48 146
are omitted in the fits of eq 1. Howevdg o increases with i-g% 5;11 gg; g-gi 8-?2 12-?
increasing rise-time which is corrected fiy? 571 124 367 0.89 077 148
1 6.89 4.93 3.98 088 0.80 155
fi =1~ KonTrise (4) 8.29 575 399 0.6 083 142
average: 14.60.8°
f, is calculated using the data of Table 1: [C7Dgl/10Mcm3
0.0 0.83 0.94 0098 0.00 -
K,[C,Hg] 2.50 2.23 148 094 0.63 13.8
f=—=— (5) 4.72 3.40 211 092 0.76 15.0
1|<OH 6.92 4.50 269  0.89 0.82 153
average: 14.6-0.8°

f3 corrects the adduct signal with respect to the adduct rising
rate in a similar fashion a§ considersrse

fa=1- 1kadc/ 1kadd,r (6)

The f3 are very close to unity here=(0.96) sincekaqq is low.
However, in the presence of;Qwherelkyqqis increased it will
be more significant (see subsection on the adduct kinetics in
the presence of £).

Table 2 gives a summary of the data. The ratios of absorption

aFrom difference signals (total-adduct), see Tablé Hrror limit
covers largest deviation.

5 T T T T

cross sections were found to be similar for toluene and toluene-
ds adducts and independent of the reactant concentrations. The
averages were used to calculate absolute absorption cross

[add]/ 10"'em™

sections usingon = 1.57 x 10716 cn¥ at the center of the OH
Q1(2) line (100 kPa of M?7 which leads tooagq = (1.08 &
0.06) x 10717 cn? for both adducts. However, in this procedure
adduct yields of unity are assumed for Reaction 1. Benzyl
radicals are also formed with a yield of about 7%, at least in
the case of toluen&From a published spectrdfran absorption
cross section of aboutX 10718 cn¥ is estimated for the benzyl
radical at 308 nm which leads to a minor correctior+e§%.

In the case of toluends no such correction is possible since

the absorption cross section of deuterated benzyl radicals is

unknown. On the other hand, the yield of benzyl radicals is
probably lowe?28 (~2%, see Discussion section on the GH
toluenedg reaction). Considering experimental erroggq= (1.1

+ 0.2) x 10717 cn? is finally determined for the absorption
cross-sections of both adducts.

As is evident from Table 2, the initial OH concentration
increases strongly with toluene concentration. A possible
explanation for this effect (also observed with benz&his)a
sensitized dissociation of @, by electronically excited triplet
states of toluene following 248 nm excitation by the photolysis
laser. In the presence of the lowest @ncentration (0.4 kPa)
the effect vanishes while the OH kinetics and the ratio of the
absorption signals are not affected by the increase of initial OH.
Thus, it is considered a fast additional OH source not interfering
with the reactions investigated in this work.

Adduct Kinetics in the Absence of @—Self-Reaction and
Reaction with HO,. Figure 3 shows decay curves of the adduct
absorption in M at a much longer time-scale than Figure 2.
The absorption signals were converted to absolute concentration

with the absorption cross-section obtained above. The decays

are clearly not exponential indicating the influence of an adduct
self-reaction.

adduct+ adduct— products (R4)

0.1 . . . .
50 100 150 200

t/107%s

250

Figure 3. Adduct decay curves in Naveraged from 70 single
experiments. Absolute concentrations were calculated usiner 1.1

x 107 cm?. The smooth curves show the result of a numerical fit
considering a total of nine decay curves (see text). The crossing of the
curves is attributable to a fast adduetHO, Reaction 7. Experimental
conditions: [GHg] = 1.09 x 10" cm3, [H,0;] = 5.9 x 10" cm3

(@), [H202] = 1.15 x 10 cm3 (b).

An attempt to extract the rate constant of Reaction 4 was to
use a model which, in addition to Reaction 4, considers a first-
order loss of the adduct for example by diffusion or reaction
with impurities, with rate constant’,, This leads to the
following analytical solution of the time dependence (omitting
the rising part of the decay curvestak 2 ms)6

[add], lkgdd exp(_lkgdot)
1Quat 2[addhk,(1 — exp(—kaud))

where [add] is the extrapolated adduct concentration &t 0.
Fits of eq 7 were made for nine decay curves obtained with
two toluene concentrations (5- 10 cm=2 and 1.08x 10'®
cm~3) and three HO, concentrations (3.% 10 cm3, 5.9 x

[add]= @)

S1014 cm3 and 1.14x 10 cm3) covering a range of adduct

starting concentrations of (13.2) x 101 cm~3. The averages
of the fitted rate constants, and 1k, are listed in Table 3.
1kgdd was not increased if both p&@,;] and [GHg] were
doubled from which upper limits of & 10715 cm? s1 were
estimated for the rate constants of the reactions:
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TABLE 3: Fitted Rate Constants of the Adduct + Adduct
Self Reaction 4, the Adduct+ HO, Reaction 7, and First-
Order Loss Rate Constant'kl,,from Different Methods of
Data Analysis. The Data Obtained with Benzene in Ref 16
Were Reanalyzed for Direct Comparison

kil kil 40y
fitting method 10%cmist 10 cmPs? s
toluene
single, average 6.2+ 1.8 4+ 4
single, extrapolated 414+05
totaf 7.0 0.0(fixed) 1.3
totaFd 4.7 18 4.3
4.7+ 1.4 18+ 5°
benzene
single, average 3.8+ 1.1 848
single, extrapolatéd 3.4+ 1.0
totaF 3.6 0.0(fixed) 10
totaf9 2.8 6.9 5.8
28+ 1.2 7+ 40

aUsing eq 7, error limits cover largest deviatidrzrom linear
extrapolation to [H@|¢/[add} = 0, 20-error limits. ¢ Numerical fits to
all decay curves simultaneously, see téxt? decreases by a factor of
2.0 relative to run with fixedk; = 0. ¢ Error bars estimated including
uncertainty ofoaqe " Result of ref 169 y? decreases by a factor of 1.3
relative to run with fixedk;=0.

adduct+ C,Hg — products (R5)

adduct+ H,O, — products (R6)
On the other hand, the rate constakisshowed a marked
increase with the ratio [H&/[add}, (HO, from OH + H,0y)
which indicates the influence of a fast reaction:

adduct+ HO, — products (R7)
The influence of Reaction 7 can also be recognized in Figure 3
where it leads to a crossing of the decay curves.

It is not possible to extract bo#a andk; from single adduct

decay curves. In ref 16, where the corresponding data on

benzene were analyzed, tkeobtained using eq 7 were plotted
against [HQ]¢/[add], and a linear extrapolation to [Hfy/[add]
= 0 was made to eliminate the influence of KHOFor

comparison this procedure was also adopted here (see Table 3

where a range of starting concentration ratios pld(add}, of
0.09-0.32 is covered by the nine decay curves under consid-
eration. However, on account of the stronger effect a different

method of data analysis was feasible: the decay curves were

analyzed simultaneously by applying a numerical method
(FACSIMILE)? in which the rate constants, ks, and %,
were optimized as well the initial adduct concentration and the
background of each curve. For comparison with the simpler
approach (averagdd) the fit was also made witky set to zero
which gave a rather similar rate constépts compared to the
average obtained above. Optimizing dts@mproved the quality

of the fit noticeable by a decrease of the residual sum of squares

»2 by a factor of 2 (Table 3). Rate constakis= (4.7 + 1.4)
x 10012 cm® st andk; = (1.8 & 0.5) x 10710 cm?® s were
obtained in this run. The error limits were estimated by taking

into account the strong mutual dependence of the rate constant

as well as the uncertainty of the absorption cross section.

The same procedure was repeated with the benzene adduc

data of ref 16 which leads to a minor revision of the self-reaction
rate constantk, (benzene)= (2.84 1.2) x 1011 cm3s™L In
comparison with toluene the influence of H® much smaller.
As a consequence, only a rough estimgtébenzene)= (7 +

Bohn
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Figure 4. Adduct/peroxy radical decay curves and fitted biexponential
decays (full lines) at various LOconcentrations. Backgrounds were
subtracted and the curves were normalized to the same amount of
converted OH, i.e., the absorption signal decreases with increasing O
concentration. [¢)/10%* cm™3: 1.03 (a), 3.83 (b), 6.46 (c), 11.7 (d),
and 24.3 (e). Experimental conditions are listed in Table 4.

4) x 107 cm? s~ can be derived for the rate constant of the
adduct+ HO, reaction. The self-reaction of the toluedg-
adduct was not studied.

Adduct Kinetics in the Presence of Q—Peroxy Radical
Formation. Upon addition of @, adduct concentrations decay
more rapidly indicating a reaction of the adduct with Gigure
4 shows examples of decay curves at differept@centrations.
Note the shorter time-scale as compared to Figure 3. As
mentioned above, the increase of OH starting concentrations
with toluene concentration vanishes in the presence,0A®
a consequence the influence of the adduct self-reaction can be
neglected at [g] = 2.0 x 10 cm3, and biexponential fits
according to eq 2 were made to determine rising and decay
rates. The fits are also shown in Figure 4. Measurements were
made at @ concentrations of up to 2.4 10 cm3 (18
measurements with toluene, 6 with toluethe-see Table 4),
and for each decay curve also an OH decay curve was recorded.

As in the case of benzetfahe obtained data are inconsistent
with an irreversible adduet O; reaction. First, the decay rates
increase nonlinearly with £concentration which is shown in

igure 5. Only at [@] = 2.0 x 108 cm3 the increase is
approximately linear in accordance with the results of other
studies made at low £roncentratiorn’s® (dashed line in Figure
5). Second, the apparent absorption cross sections (obtained
using eq 3) decrease nonlinearly with & shown in Figure 6
and also recognizable in Figure 4. Both effects can be explained
by the reaction model already outlined in the Introduction
section, i.e., a reversible formation of a peroxy radical. With
increasing @ concentration the equilibrium is shifted toward
the peroxy radical which leads to a decrease of absorption
signals since this species absorbs less strongly at 308 nm.
Correspondingly, the measured decay rates are effective first-
order loss rate constants of both species in equilibrium caused
by either competing adduct O, reactions (summarized as
Reaction 2b) or decomposition reactions of the peroxy radical
not leading back to the adduct (Reaction 3).

S

It:_ffective Decay Rates

Assuming a fast equilibrium, i.e., if Reactions 22a are
much faster than Reactions 2b or 3, a simplified expression can
be derived for the effective adduct/peroxy radical decay rates
as a function of @ concentratior®
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TABLE 4: First-Order Effective Loss Rate Constants keff
and Effective Ratio oon/o® of OH and Adduct/Peroxy
Radical Absorption Cross Sections at Different Q
Concentrations

[0a)/ [C/Hgl/ [H205)/ kel
108cm3 10tcm3 10%cm3 10Ps? oonlo®f
0.00 0.004 14.8
0.0995 5.7 5.7 0.053 15.3
0.211 5.6 57 0.129 16.9
0.327 5.6 5.7 0.170 17.4
0.439 5.6 57 0.234 18.5
0.597 5.7 6.3 0.323 16.7
0.991 5.6 11.3 0.414 16.3
1.03 5.7 6.3 0.462 18.6
1.48 5.6 6.3 0.607 21.5
1.88 5.7 6.3 0.791 22.2
2.29 5.7 11.3 0.800 20.0
3.53 5.6 11.3 0.933 25.3
3.83 5.7 6.3 1.02 28.2
4.88 5.2 4.3 1.08
6.46 5.7 6.3 1.26 35.6
11.7 10.8 10.4 1.51 52.6
11.9 5.7 6.3 1.41 58.5
24.2 10.7 10.4 1.67 90.9
24.3 10.7 10.4 1.66 90.9
[0a)/ [C:Dgl/ [H.0.)/ kel
108cm3 10tcm3 10%cm3 103st oonlo®f
0.00 14.6
0.401 5.9 6.1 0.194 14.6
0.779 5.9 6.1 0.279 17.3
1.26 5.9 6.1 0.461 20.8
1.76 55 5.7 0.547 22.6
4.89 5.7 5.9 0.849 34.5
11.5 55 5.7 1.21 62.9

aSee Table 3% See Table 1¢20 kPa total pressure.
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Figure 5. O, concentration dependence of effective decay rates from
biexponential fits. Full lines are fits to eq 8. (a) Toluene, (b) toluene-
ds, (c) benzene (ref 16). The dashed line (d) indicates the limiting slope
at low O, (toluene) corresponding to a rate constant of £.00°16

cmi s

[0,](Kpa'ks + Ky)

1 eff
kK" = 8
1+ K,JO,)] ®
whereKz, is the equilibrium constant:
k2
Kopa= 17— ©9)
k72a

Fits of eq 8 to the rate constants listed in Table 4 gave
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Figure 6. O, concentration dependence of effective absorption cross
sections obtained using eq 3 and literature valuesf (including

the weaker pressure broadening ig).& (a) Toluene, (b) toluends,

(c) toluene, not considering the unknown background signal (see text).
The full lines are fits to eq 10, the dashed line shows the expected
behavior with negligible absorption by the peroxy radical, &ag=

3.25 x 10719 cm?® (see text).

equilibrium constants,,(toluene)= (3.25 4 0.33) x 10719
cm?® and Kpg(toluenedg) = (3.1 & 1.2) x 10719 cm®. For the
loss terms Koa'ks + kop) in the numerator of eq 8, (68 0.5)
x 10716 cm® s71 (toluene) and (4.7 1.2) x 10716 cm® s71
(tolueneds) were obtained (@ error limits). The full lines in
Figure 5 show the corresponding fits.

It should be noted that Reactions 2b and 3 cannot be
distinguished because the sum ter®{ks + ko) cannot be
separated, i.e., it cannot be decided on which side the loss occurs
if the equilibrium between the radical species is fast. Assuming
ks = 0 leads to an upper limky, = (6.0 & 0.5) x 10716 cm?®
s 1 while assumingkz, = 0 leads to an upper limiks = (1.85
+ 0.15) x 10 s™1. Any intermediate case is possible.

An upper limit of 1x 107" cm?® s 1 is estimated for the rate
constant of any reaction of the peroxy radical with O

adduct-Q + O, — products (R8)
which would lead to a linear increase of the effective rate
constants also toward high,@oncentration® A spot check
measurement at a total pressure of 20.5 kPa in purga@e a
similar decay rate as in synthetic air at atmospheric pressure,
i.e., in this range the total pressure does not affect the kinetics.
Nevertheless, the decay rates listed in Table 4 could be biased
by three effects.

First, there is an unknown background signal. An example
of the magnitude of this signal (subtracted in Figure 4) is shown
in Figure 7. The background did not increase withddncen-
tration but its relative importance increases withdoncentra-
tion since the adduct/peroxy radical absorption decreases. In
the case of benzene a similar signal was observed but it was
lower8 The nature of the background is unknown and there is
no way to separate it from the adduct/peroxy radical absorption
at short times. Also in the absence of®3 a small signal was
observed which appeared within 0.5 ms after the laser pulse.
However, its contribution to the background observed in the
presence of kD, is not more than 20%. Thus, the background
results mainly from products of an OH reaction or from more
stable secondary products of adduct or peroxy radical reactions.
In the first case (OH reaction) it would rise quickly and would
not influence the decay of the adduct, in the latter case its rising
rate would be similar to the adduct decay rate and a biexpo-
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0.3 , , , - of the experimental curve is attributed to a product of the adduct/
peroxy radical loss reaction. The rising concentration of this
product is also simulated in Figure 7 (upper panel) and its
absorption signal is scaled to match the final height of the
experimental data. The simulated total absorptions correspond
to the sum of adduct and background signals. However, the
heights of the adduct signals were not adjusted to the experi-
mental data. They result from the amount of OH produced in
the experiment (known from the OH decay curve), the yield of
the adduct (dependent on the toluenglkiconcentration ratio)
and the absorption cross section of the adduct. A possible
01 oS ] absorption by the peroxy radical is neglected here because it is
XS expected to be minor (see below). In the simulations the rate
/ constants, and?k_,, (= ko K25 Were changed to investigate
| the influence on the decay curves dependent on the mechanism
0.01 RO L (loss via Reaction 2b or 3). The results show that a marked
R NN X deviation from biexponential behavior is evidentkat = 1 x
10-15cm3 s71if the loss takes place via Reaction 2b. The other
. \\ o curves are essentially biexponential with increased rising rates
. compared with the OH decay rates. The experimental curve is
~ best represented (signal height and time at maximum) by the
t/107s simulation withkya = 2 x 10715 cm?® s71 and the loss taking
Figure 7. Experimental and simulated absorption traces at an O place via Reaction 3. On the other hand, experimental curves

concentration of 6.46< 10'® cm=3. Full lines show simulated curves ; ; ~
for different values okza and k., (= ko K24 and the limiting cases i‘};‘;?gﬁ; 2_So$ﬁﬁ2tLatlgn gri 2ette{0r_%grg:# g?ld :f a;ou4h>l<
ks = 0 orkap, = 0. From top to bottom: kpa= 1 x 1075 cm® s72, kg ) kaa= ( x gnly

02 Hf

0.1

0.0

rel. absorption signal

0.001

=0), (kea=2 x 105cmE s 2, koo = 0), (kea=1 x 105 cmP s, %y estimated which corresponds to a decomposition rate constant
=0), (kea=2 x 10 5cmPs %, %ks = 0). Dashed line: limiting behavior ~ Of *k-2a= (9 &+ 6) x 10 s™%
for both cases at largk:, and *k—24 (fast equilibrium). Upper panel: More accurate estimates are not possible due to the uncertain-

Linear plot showing simulated total absorption signals as well as the ties concerned with the background signal, a possible contribu-
magnitude of the experimental background absorption and its simulatedtion of a peroxy radical absorption (see below), and the unknown

built-up as a product of Reactions 2b or 3. Lower panel: Semiloga- .
rithmic plot with the final background subtracted. The differences in nature of the loss process. However, it should be noted that

the final slopes indicate the influencetof, andk »,0n effective decay ~ any absorption by the peroxy radical is expected to decay with
rates obtained from biexponential fits. the same rate as the adduct, i.e., it would influence the signal

height rather than the decay of the curves.
nential fit would s_tiII give the correct decay rate (as in_the case  Agis evident from the Figure 7 (lower panel), after subtraction
of the biexponential fit to the total signal (OHadduct) in N, of the final background, the decay rates of the curves are only
see subsection on OHt toluene reaction). This possible time  gjightly affected by the magnitude & i.e., the rate constants
behavior is shown in Figure 7 (see below). However, a delayed gerived from biexponential fits to the experimental data should,
formation of the background cannot be excluded. Such a delayin good approximation, represent the effective rate constants
would have two effects: the fitted decay rates would be larger a¢cording to eq 8. The deviations can lead to decay rates which
and the decay curves would exhibit a minimum. Since no gre systematically lower by no more than 30%.
minimum was observed within experimental scatter, thg possible Third, Figure 4 shows that there is also a slight tailing of the
increase of the decay rates due to a delayed formation of the ey curves which cannot be explained by the factors discussed
background is estimated to be below 30% at the highest O 4 tar These deviations could be due to the presence of more
concentration where the relative influence of the background .o one adduct isomer (and the corresponding peroxy radicals)

is strongest. s with slightly different kinetic properties which will be addressed
Second, there are indications that the rate constentsnd in the Discussion section.

k-, are not large enough to produce the idealized fast
equilibrium needed to derive eq 8. In the absence pft@
adduct rising rates were similar to the OH decay rates (see
subsection on OH- toluene reaction). This is also expected in The absorption cross sections listed in Table 4 are those of
the presence of £f the equilibrium (2a#-2a) is fast. However,  the adduct and the peroxy radicals weighted by their relative
a deviation from this behavior was observed which became moreconcentrations at the different,©@oncentrations. A not ideally
pronounced with increasing @oncentration and led to fitted  fast equilibrium also influences the magnitude of these effective
rising rates significantly higher (up to a factor of 2) as compared absorption cross sections which would be higher or lower if
to the OH decay rates (obtained independently from the OH the loss occurs via the peroxy radical or the adduct (Figure 7).
decay curves). On the other hand, within experimental scatter Moreover, it is not clear what fraction of the background must
there was no significant deviation from a biexponential time be added to the (extrapolated) absorption signals. If the time
dependence. The question arises if this departure from a fastbehavior of the background is described correctly by the
equilibrium also affects the fitted decay rates. simulations in Figure 7, the background must be added
In Figure 7 an experimental decay curve and numerical completely. Accordingly, the data listed in Table 4 are contain-
simulations (FACSIMILE3}® are shown which aim to estimate ing the background (circles in Figure 6). Also shown in Figure
koo and’k-,, The simulations are based on the results obtained 6 (squares) are the effective absorption cross sections if the
above, i.e.Kza = 3.25 x 1071° cm? and the limiting casekgp background is not added and these data are quite different.
=6.0x 108 cméstorlks=1.85x 10°®sL. The background Nevertheless, the decrease of the signal wigtc@centration

Effective Absorption Cross Sections
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can serve as an independent measure for the equilibrium300 nm. This cross section was derived from a transient
constant. The effective absorption cross sections can bespectrum of products formed by a reaction of similar amounts
expressed in terms of the absorption cross sections of the adducof OH radicals and H atoms with toluene. The cross-section

(0aad and the peroxy radicabrpey: from Markert and Pagsbetfyis a factor of 2 smaller than
determined in this workgagd308 nm)= (1.1+ 0.2) x 107/
eif _ Oadd T pelod Ol cn?. The reason for the difference is not known.
14+ K,JO,] (10) The absorption cross-section of the ©bkenzene adduct

determined in ref 16 is about a factor of 2 lower at 308 nm,
A fit of eq 10 to the data in Figure 6 vield = (0.94+ 1.3 (5.8+ 1.5) x 1078 cn?. The relative error of the cross section
« 1@18(1mz and Koy = (2.Gi 0.9))>l< 1ﬁ§rcmg (20 erro)r is higher because the method to obtain OH and adduct
limits) with caqq being held fixed at the value determined in 2PSorption signals was improved in this work by pre-triggering

the absence of OIf the background signal is not added to the the experiment allowing a more accurate determination of
absorption signals the same fits yieldg, = (0.3 + 1.5) x experimental background. It should be noted that the correctness

1018 crr? andKpa = (4.1+ 1.8) x 10729 o, Thus, although of the absorption cross sections is crucial for_the determination
less accurate, the data are consistent with the equilibrium ©f the rate constants of the adduct self-reaction and the adduct
constant obtained from the effective decay rates. If it is assumed T HO2 Reaction 7, i.e., the quantities actually determined in
that the absorption cross section of the peroxy radical is € Kinetic experiments are the ratikgoadd andki/oads
negligible at 308 nm which is not unreasonable considering The self-reaction of the OHtoluene adduct has not been
typical absorption spectra of peroxy radicals, the expected studied before. A recently measured rate constant of the self-
decrease can be calculated for an equilibrium condtant reaction of the H-benzene adduct ¢Bl7) by Berho et af* is

3.25 x 10719 cn?® (from the effective decay rates). The Of similar magnitude: (3.1 1.0) x 10~** cm®s™%, based on
calculation gave the dashed line in Figure 6 which matches the 9(CeH7) = (2.55+ 0.45) x 1077 cn? at 302 nm?* The rate
experimental data reasonably well if the background signal is constant of the self-reaction of the Gtdenzene adduct was
neglected. However, as mentioned above, #fé could be reevaluated in this work from the data of ref 16 by accounting
biased toward higher or lower values dependent on the naturefor the adductt HO; reaction. However, compared with the
of the loss process. Thus, no estimate is made for the absorptiorfarlier result® the present rate constant is only slightly smaller

cross section of the peroxy radical. by about 15% (see Table 3).
While the adductt HO, and adductt+ adduct reactions are
Discussion certainly unimportant for the atmospheric degradation of

aromatics, they may be of importance in laboratory studies as
has recently been shown by Berndt ef%lhe rate constant
determined in this work for the OHtoluene adductt HO,
reaction is very fastk;(toluene)= (1.8 & 0.5) x 10710 cm?

Rate Constants of OH+ Toluene. The rate constants of
the OH + toluene reaction (Table 1) are in good agreement
with literature data. Atkinso¥® has recommendek (298 K)
= 6.0 x 10712 cm® s where the review is covering data

. ~1. Since the reaction of HOwith OH is comparatively fast
ublished before 1994. More recent, partly temperature-de end> n L
enfo studies by Semaden et & k(298 K) — (6.0 0.3) (L1 x 1071 ce s it is assumed that the products of

x 10712 cm? 571, Anderson and Hite® ki(298 K) = (5.8 + Reaction 7 are toluene,zﬂ_, gnd Q, i.e., toluene is thought to
1.5) x 1022 cd 574, and Kramp and Paulséaky(296 K) = merely enhance the reactivity of the loosely bound_OH radlcql.
(5.5+ 0.5) x 10-12cm? s°1, obtained by relative methods, are Up to now the a_d_duct has been re_ga_rded as a single species.
also in good agreement with the recommendation by Atkitigon However, OH addition to the aromatic ring can proceed at four

and the data of this work. distinct positions: ortho- (two stereoisomers), meta- (two
There are two previous determinations of rate constants of St€reoisomers), para-, and ipso- relative to the-€group. The

OH + tolueneds by Perry et af® and Tully et ak® Also in experiments described here cannot distinguish between these

these studies the room-temperature rate consta(tsiuene) isomers and therefore the determined absorption cross-sections

and ki(tolueneds) were similar within their error limits. and rate constants are averaged quantities. Theoretical calcula-

However, at higher temperature$ & 400 K), where the tions by Bartolotti and Edné_9 and Andino et a}:l show that
abstraction Reaction 1b dominates, significant differences werethe ortho- adduct (Figure 1) is the most stable isomer which is
observed®33 Tully et al28 derived Arrhenius expressions for consistent wltho-cresol QOmlnatlng in product studfess
Reaction 1b for toluene and toluedg-By extrapolation of these  "ecently confirmed by Smith et 8t.and Klotz et af However,
expressions, a benzyl radical yield of 2% can be estimated for @0 increased-cresol yield could also be explained by a higher
tolueneds at room temperature, compared with 7% in the case €S0l yield of the ortho- adduet O in Reaction 2b.
of toluene3 Atkinsor? has given an empirical expression of the ~ Adduct Kinetics in the Presence of Q. The data presented
kinetic isotope effect of Reaction 1 at elevated temperatures in Figures 5 and 6 indicate that the reaction of the adduct with
which, extrapolated to room temperature, results in a similar Oz is reversible. Although the peroxy radicals were not detected
yield of benzyl radicals for toluends. Thus, the slightly lower  directly, Figures 5 and 6 show two independent quantities whose
ki determined for toluends (Table 1) can be explained by a dependencies onroncentration are consistent with revers-
lower rate constant of Reaction 1b. However, the difference is ibility. Qualitatively the behavior is similar to that observed with
not significant within the error limits of the rate constants which benzene but the loss processes (Reactions 2b and/or 3) are
are also dependent on a correct vapor pressure determinationStronger in the case of toluene. The latter result is in accordance
The k; measured in Mand Q are similar for both toluene  with the (effective) rate constants for the addtdD, reactions
and tolueneds. This means that there are no secondary reactions measured by Knispel et dlk,,(300 K) = (5.4 + 0.6) x 10716
of the adduct with @leading to a direct regeneration of OH. ¢m® s ! and Zetzsch et af kxp(295 K) = (6 & 1) x 107 *¢cm?®
Adduct Absorption Cross Section, Adduct Self-Reaction. S %, using resonance fluorescence detection of OH at law O
Markert and Pagsbefgdetermined an absorption cross section concentrations.
of the OH-toluene adduct of (5.8 2.0) x 10718 cn¥ at around A variety of peroxy radical isomers is possible for each adduct
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isomer discussed in the previous section. For example, for the(Ka ~ 1 x 10724 cm?), this would suggest a loss reaction of
most stable ortho- adduct (Figure 1), three isomeric peroxy the orderk; ~ 5 x 10° s (eq 8) making the discussion of a
radicals are possible (four sterecisomers each). Bartolotti andconsecutive reaction of the peroxy radical with NO obsolete.
Edney? predicted the peroxy radical with the;@ position 3 In a recent work by Ghigo and Tonachiha rate constant
(ortho- to the OH- and meta- to the Ckt substituent) as shown  of 260 st is predicted for internal ring-closure of the peroxy
in Figure 1 to be the most stable. Andino etatame to the radical (lll) to give the bridged species (IV) in the case of
conclusion that all isomers are equally likely to form and should benzene. This rate constant is in reasonable agreement with the
be considered in the mechanism. With respect to the experimentsexperimentally observed adduct 1684° considering the ex-
made here, the existence of peroxy radical isomers means thaperimentally determined equilibrium constahtlowever, in the
the measured equilibrium constants and effective loss ratesame study a positive free energy change for Reaction 2a is
constants correspond to summarized quantities overNthe  predicted AG2a = 44 kJ moi1)37 from which an equilibrium
peroxy radical isomers: constantK,, = 8 x 10728 cm?® can be calculated, i.e., the
equilibrium would be completely on the side of the adduct even
at atmospheric levels of OThus, a rate constafks = 260
s 1 would result in a negligible effective second-order rate
constant ofky, ~ 2 x 10725 cm?® s71 (eq 8).
(12) .
N Nevertheless, the estimated small rate constants of peroxy
1+ ) Ky O, radical formation for both toluene and benz&re, ~ (2—3)
= ’ x 10715 cmé s71, are in qualitative agreement with a barrier for
these processes as predicted by Andino ét ahd Ghigo and
On the other hand, considering the adduct isomers, they areTonachinil837
weighted averages if the isomers do not behave too differently. Recently Molina et a#8 investigated the intermediates of the
Otherwise this could lead to deviations from simple exponential OH + toluene reaction in the presence of ® chemical
decays. ionization mass spectrometry. A mass peak = 141 was
For toluenesdg the adductt- O, reaction has not been studied  attributed to the peroxy radical (I1) while cyclization forming
before. The data show that there is an isotope effect resultingthe bridged species (IV) was assumed to be unimportant due to
in an effective loss of the adduct about 20% lower compared the short residence tin#.However, at the @ concentration
with toluene. This effect can be attributed to a lowered rate used (1x 10 cm~3),38 the results of this work imply that the
constant of cresol formation by abstraction of a ring D-atom equilibrium (R2af-2a) is strongly shifted toward the adduct
by O (Figure 1) not inconsistent with the typical cresol yield ([peroxy]/[add]~ 3 x 1073). Thus, the probed intermediate is

N
[O](kyp + Y Kaaiks)

lkef'f ~

of about 20% obtained with toluedd¢lowever, an isotope effect

more likely the bridged peroxy radical (IV) or the epoxide

of other possible adduct or peroxy radical reactions (Figure 1) alkoxy radical (VII). On the other hand, formation of a species

cannot be excluded.

The equilibrium constant&,, are similar for toluene and
tolueneds. Moreover, the equilibrium constant for benzeKg,
= (2.7 £ 0.4) x 1071° cm3,16 is similar within the combined

atm/e = 173 corresponding to the peroxy radical (V) was not
reported which is inconsistent with the assumption of this work
of a fast consecutive formation of this peroxy radical. However,
the study by Molina et &8 was performed at a low total pressure

error limits. Given the expected strong temperature dependencg1.9 kPa) where the mechanism might be different. Clearly, more

of the equilibrium constan®$,this indicates a similar thermo-
chemistry of Reactions 2ala if toluene and benzene are
compared.

The experimentally obtainegh, values show that theoretical

work is needed to directly identify the intermediates.
Implications for the Tropospheric Degradation of Aro-

matics. The results of this work show that under typical

tropospheric conditions the peroxy radical (lll) is short-lived

calculations of the reaction enthalpies are often not precise and will therefore not react with NO, i.e., this reaction pathway
enough for a reliable prediction of equilibrium constants. can be excluded from the tropospheric degradation mechanism.
Although all calculations are consistent with Reaction 2a being Since the equilibrium constants measured with benzene and

an exothermic process, the predicted reaction enthalfjels,,

toluene are very similar and rate constants of adddoD,

vary strongly. In ref 16 it was shown that in the case of benzene reactions measured for other alkylbenzenes are even Higher,

the thermochemical data for Reaction 2aH,, A/S5) calcu-
lated by Lay et al? are in reasonable agreement with the
measured equilibrium constalftAtkinson and Lloyd have
estimated A/H,, = —42 kJ moft?! for toluene which is
comparable with the result of Lay et'dland therefore consistent
with the data of this work.

Considering the zero-point vibrational correction by Andino
et al.1* and using the relationHz, ~ AUz, — RT, the reaction
energies predicted by Bartolotti and EdH&lead to a stronger
exothermicity inconsistent with the experimentally observed
reversibility (also for Reaction 1a§.0n the other hand, the
exothermicity predicted by Andino et &lis smaller and would
lead to an equilibrium constaiba~ 1 x 10724 cm? (based on
an estimated\;$; calculated by Lay et df for the correspond-
ing benzene reaction). Andino et'alargue that the slow rate
constant of the adduet O, reaction observed by Knispel et
al* (6 x 10716 cm?® s71) is consistent with their calculated
barrier for peroxy radical formation. However, considering the
rapid back-reaction (R2a) forced by the equilibrium constant

this result probably holds for the whole group of alkylbenzenes.

However, smog chamber experiments performed at elevated NO
levels may have to account for the reaction of the peroxy radical
with NO,

adduct-O, + NO — products (R9)
and its byproducts (e.g., muconaldehydés).

In ref 16 it has been shown that in the case of benzene a
strong influence of temperature on the equilibrium (R2zd)
and on secondary product yields can be expected. The same
applies for toluene and other alkylbenzenes. For the most
important alkylbenzenes temperature-dependent studies of the
equilibrium constants are needed to determine the reaction
enthalpies of the Reactions 2a. Product yields for example of
cresols in the case of toluene as a function of temperature would
be an interesting additional information.

In conclusion, important aspects concerning the ad¢tuOb
reactions are now believed to be clarified. However, concerning
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the consecutive reactions the mechanism of the OH initiated P., Cvitas, T., Seiler, W., Eds.; SPB Academic Publishing: The Hague,
degradation of aromatics remains poorly understood. More work 1994: p 115.

is needed to produce and detect some of the proposed

intermediates more directly to clarify the overall mechanism.
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