Downloaded by Forschungszentrum Julich Gmbh on 08/05/2013 09:25:42.
Published on 04 May 2011 on http://pubs.rsc.org | doi:10.1039/C1CP20334G

View Article Online / Journal Homepage / Table of Contentsfor thisissue

PCCP Dynamic Article Links °

Cite this: Phys. Chem. Chem. Phys.,2011,13,10699-10708

WWW.ISC.org/pccp PAPE R

HO, formation from the OH + benzene reaction in the presence of O,

Sascha Nehr, Birger Bohn,* Hendrik Fuchs, Andreas Hofzumahaus and
Andreas Wahner

Received 8th February 2011, Accepted 5th April 2011
DOI: 10.1039/c1cp20334g

In this study we investigated the secondary formation of HO, following the benzene + OH
reaction in N, with variable O, content at atmospheric pressure and room temperature in the
absence of NO. After pulsed formation of OH, HO, (= OH + HO,) and OH decay curves were
measured by means of a laser-induced fluorescence technique (LIF). In synthetic air the total HO,
yield was determined to be 0.69 £ 0.10 by comparison to results obtained with CO as a reference
compound. HO, is expected to be a direct product of the reaction of the intermediately formed
OH-benzene adduct with O,. The HO, yield is slightly greater than the currently recommended
yield of the proposed HO, co-product phenol (~53%). This hints towards other, minor HO,
forming channels in the absence of NO, e.g. the formation of epoxide species that was proposed
in the literature. For other test compounds upper limits of HO, yields of 0.10 (isoprene) and

0.05 (cyclohexane) were obtained, respectively. In further experiments at low O, concentrations
(0.06-0.14% in N,) rate constants of (2.4 £ 1.1) x 107" ecm® s7! and (5.6 £ 1.1) x 107"? cm?® 57!
were estimated for the OH-benzene adduct reactions with O, and Os, respectively. The rate
constant of the unimolecular dissociation of the adduct back to benzene + OH was determined
to be (3.9 £ 1.3) s~ . The HO, yield at low O, was similar to that found in synthetic air,
independent of O, and O3 concentrations indicating comparable HO, yields for the adduct + O,
and adduct + Oj reactions.

1. Introduction concentrations also unimolecular dissociation (R—1) is negligible
because of much faster loss processes for HCHD. In reactions

In the troposphere the OH-initiated photo-oxidation of with O, the HCHD radical can react irreversibly

aromatic hydrocarbons results in the formation of ozone and

secondary organic aerosol. Therefore, aromatic compounds are HCHD + O, Ko, products (R2)
important pollutants with regard to air quality.!?

Benzene is among the most abundant aromatic trace or reversibly to form a peroxy radical, HCHD-O, (Fig. 1B):
constituents of the atmosphere originating mainly from anthro- ks
pogenic sources including evaporative emissions of chemical HCHD + O, == HCHD - O, (R3/-3)
plants and storage tanks as well as incomplete combustion ks
processes.> Owing to its atmospheric lifetime of several days, which can also decompose to other products:
benzene can undergo long-range transport after emission in
urban areas and thus impacts regional air pollution levels. Under HCHD - 0, a products (R4)

atmospheric conditions benzene reacts predominantly with the
OH radical. The benzene + OH reaction proceeds via reversible ~ Both, the HCHD radical and HCHD-O, interconvert rapidly

addition to the aromatic ring yielding the hydroxycyclohexa- under atmospheric conditions (k3 ~ 1-2 x 107" cm’ 57,
dienyl radical (Fig. 1A) in the following referred to as HCHD.! Ks 3 ~ 25 x 107" cm’)** leading to roughly similar
. equilibrium concentrations. Because of this fast interconversion,
C¢He + OH \k—\_l HCHD (R1/—1) it is difficult to distinguish experimentally between reactions (R2)

—1

and (R4). On the other hand, both reactions can form the same

Hydrogen abstraction from the aromatic ring by OH radicals is p.rodu.cts: phenol + HO, (Fig. 1C), an epoxide radical (D)., ora
of negligible importance in the atmosphere.* At atmospheric O, bicyclic radical (G). D and G are thought to further react with O,

yielding additional HO, plus stable epoxides (E, F) and a bicyclic
Institut fiir Energie- und Klimaforschung IEK-8: Troposphdre, perpxy radical (H), respecpvel}f. The experimentally c.onﬁrmed
Forschungszentrum Jiilich GmbH, 52425 Jiilich, Germany. main product of these reactions is phenol. The phenol yield of the
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Fig. 1 Currently proposed OH-initiated benzene degradation mechanism."**'** For convenience, different resonance structures and possible
isomers are not shown. HO, formed with no preceding NO reaction is indicated in bold face.

during the last decade’ ! and the currently proposed value for

NO., free reaction conditions is 0.53 + 0.07.'>'* The importance
of the reaction pathways forming epoxide products'* (Fig. 1E
and F) is still uncertain. To date, there is no quantitative
experimental evidence on the formation of epoxide compounds
but species with corresponding molecular weights have been
detected.'> '8 An experimentally determined yield of HO, formed
promptly after the benzene + OH reaction, i.e. in the absence of
NO, can set a limit to the yield of these epoxides (E, F) and
conversely to the yield of the bicyclic peroxy radical (H).

In this article, we describe the first time-resolved detection of
OH and HO, radicals after pulsed formation of OH in the
presence of benzene at variable levels of O, using a laser-induced
fluorescence (LIF) detection technique. We employed analytical
solutions and curve-fitting procedures to derive reaction rate
constants and HO, yields by comparison to CO reference
experiments. CO was chosen as a reference compound because
in the presence of O, the CO + OH reaction is expected to form
HO, with unity yield.

2. Experimental
2.1 Setup

The instrument used in this work was originally designed to
measure total OH reactivities koy in ambient air. The total
OH reactivity koy is a pseudo first-order rate constant and
given by the following equation:

kon = _ kxonl[X] )

[X;] denotes the concentration of a reactive trace constituent
and ky.on is the respective second-order rate constant.

koy can be determined by recording decay curves of OH after
pulsed formation by laser flash-photolysis. Details on the
instrument and its applications can be found elsewhere.'*>
A scheme of the apparatus is shown in Fig. 2. In this work the
setup was used to observe OH and HO, (= OH + HO,) decay
curves in humidified synthetic air in the presence of selected
reactants and traces of ozone produced by O, photolysis using
a penray lamp. The experiments were performed in a
tube-shaped reaction volume under laminar flow conditions
at around 298 K and atmospheric pressure. A pulsed laser
beam (266 nm, fluence ~ 1.5 mJ cm 2, pulse duration ~ 10 ns)
from a frequency-quadrupled Nd:YAG laser (Big Sky,
CFR200) was passed longitudinally through the tube (shaded
area in Fig. 2). Photolysis of O; at 266 nm followed by
reaction of O('D) with water vapour led to virtually
instantancous OH formation. Concentration levels of O3 and
H,O were about 1 x 102 ecm ™2 and 3 x 107 em ™3, respectively,
resulting in initial OH concentrations <5 x 10° cm™>.

OH radicals were detected 50 cm downstream of the tube
inlet by a laser-induced fluorescence technique. Air was
sampled from the center of the tube into a low pressure
detection cell (350 Pa) through a 0.2 mm nozzle. OH
fluorescence at 308 nm was induced with a pulsed, tunable
dye laser which was pumped by the 532 nm radiation from a
high repetition rate (8.5 kHz) frequency-doubled Nd:YAG
laser (Navigator I, Spectra Physics). The fluorescence was
detected by gated photon counting and the photon counts
were recorded by a multichannel scaler over a 1 s time interval
at a resolution of 5 ms. Signal averaging of the decay curves
was applied to improve the signal-to-noise ratio. Data from
the first 10 ms after the laser flash were discarded because the
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Fig. 2 Scheme of the experimental setup. The shaded area indicates the volume illuminated by the pulsed 266 nm photolysis laser. Time-resolved
OH detection is made in a gas expansion in the attached low pressure LIF detection cell.

signal in this interval was very noisy. This was possibly caused
by laser profile inhomogeneities or the local influence of the
nozzle on the photolysis laser beam, i.e. the initial distribution
of OH radicals, which is then diminished by the gas flow
through the reaction cell.

By adding a small flow of pure NO into the expanding gas
upstream of the detection zone, HO, can be partly converted
to OH and detected as an additional fluorescence signal
(HO, measurement mode).

HO, + NO —» OH + NO, (RS)

In this work, the NO injection—originally developed to
measure atmospheric HO, radicals?***—was implemented in
the OH reactivity instrument for the first time, in order to
alternately measure OH and HO,. Switching between the
measurement modes was possible within a few minutes. To
verify that experimental conditions remained constant, OH
decays were recorded before and after the HO, measurements.

In clean N,/O, mixtures with premixed water vapour and
ozone, background OH reactivities of k& = (2.5 + 0.3) s™!
were observed that were assigned to diffusion and wall loss.
The contribution of the O3 + OH reaction to the background
reactivity was minor (~0.1 s~'). Experiments were conducted
with excess concentrations of reactants, i.e. under pseudo first-
order conditions at koy ~ 20 s~!. Numerical simulations
showed that radical-radical reactions can be disregarded at
the estimated initial OH concentration. The content of the
reaction cell was completely changed during the time between
photolysis laser shots (2.5 s). Photolysis of reaction products
can thus be excluded as source of HO, or H-atoms. It has
been shown that H atoms are formed in the 248 nm pulsed
photolysis of benzene;* 27 tests in the absence of O3 showed
no detectable OH or H atom formation at 266 nm in the
present experiments. The same applies to the other reactants
used. The HO, background decay rate of k?{oz =
(1.740.3) s~! that was measured upon addition of CO was
attributed to diffusion and wall losses. The nature of this loss is
secondary for the analysis of this work as long as it resulted in
an exponential decay. This was the case within the noise of
the data. There was no indication that k?{oz changed upon
addition of reactants other than CO (e.g. benzene).

The LIF detection system exhibits cross-sensitivity to specific
RO, species as shown in this and another related paper.?

In general, RO, radicals react with NO and form RO
radicals:

RO, + NO - RO + NO, (R6)

In the case of simple alkoxy radicals (C1-C4), RO reacts with
0O, and forms HO, and a carbonyl compound:

RO + 0, » R'CHO + HO, (R7)

Because of the short reaction time and the reduced O, number
density in the gas expansion, the formation rate of HO, is slow
and further conversion into detectable amounts of OH is
negligible. However, in the case of RO, species resulting from
the reaction of OH with alkenes or aromatics, the RO radicals
formed in reaction (R6) can undergo fast decomposition
followed by rapid formation of HO,. In this case, a significant
amount of HO, is converted to OH and detected by LIF.?® The
ratio aro, of the detection sensitivities of RO, to HO, decreases
with decréasing NO. Therefore, to quantify and finally avoid the
RO, interference, the NO concentration in the LIF detection cell
was varied over a wide range. In addition to benzene, isoprene
and cyclohexane were used as test reactants that were expected to
form RO radicals with strongly different behaviour with regard
to HO, formation in secondary reactions.

2.2 Materials

N,/O, mixtures were made from highly purified (99.9999%)
liquid samples of N, and O,. In order to premix water vapour,
the gas flow passed a saturator filled with pure water (Milli-Q).
Liquid benzene (Merck), cyclohexane (Merck) and isoprene
(Aldrich, stabilized by 100 ppm of 4-tert-butylbenzene-
1,2-diol) had a stated purity of 99.8%, 99.5% and 99%,
respectively. Microlitre amounts of the liquids were injected
into a silcosteel container and pressurised to 330 kPa with
synthetic air. The gas mixture from the silcosteel container was
then introduced with a mass flow controller to the main gas
flow. The concentration of the respective VOC was estimated
from the measured OH reactivity. A 1% mixture of CO in
nitrogen was used for experiments, when CO was added
(99.997%, Messer Griesheim). Pure NO (99.5%, Linde) used
for the conversion of HO, to OH in the detection cell passed
a cartridge filled with sodium hydroxide coated silicate
(Ascerite, Sigma-Aldrich) to remove impurities.
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3. Data evaluation

HO, yields were extracted from the measured OH and HO,
decay curves in the presence of benzene and other hydrocarbons
by comparison to CO reference experiments. The CO + OH
reaction gives CO, and H atoms. The intermediately formed H
atoms react with O, to give HO, virtually instantaneously on the

time scale of the experiment (kyy &~ 6 x 10% s™! in air).
CO + OH - CO, + H (R8)
H+0,+ M- HO, + M (R9)

For the CO experiments, an exponential decay of OH is
expected:

[OH] = [OH], x exp(—kont) 2

kSH is the total OH reactivity in the presence of CO including
the background OH reactivity kd.

k6n = kco+onlCO] + kdm 3)

For HO, the reaction sequence (R8), (R9), followed by a loss
of HO,, results in the following expression:

[OH (kG — kou)$ho,

koR = Ko, )

[Hoz] =

% {exp(—ktio,1) — exp(—koun)}

ﬁ%z is the HO, yield of the CO + OH reaction. k(]llo2 is the
background reactivity of HO,.
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Fig. 3(a) shows examples of OH and HO, decay curves Soy
and Syo_ obtained in the presence of CO. Son depends on
instrument sensitivity and is proportional to the OH
concentration:

Son oc [OH] )

Sho, is given by the sum of the OH- and the HO,-signal.
However, Sho, was somewhat lower than expected because
upon addition of NO in the LIF detection cell the sensitivity
towards OH was lower by a factor of foy and the sensitivity
towards HO, was (typically) lower by a factor of fro,
compared to OH because of an incomplete conversion.

Sto, < fou([OH] + fuo[HO:)) (6)

Assuming ¢g(3)2 = 1, the fit of the data in Fig. 3(a) gives values
Of,fOH = 091 al’ld‘fHo2 = 0.45.

Also in the case of the hydrocarbon + OH reactions, the
HO, formation in a first approach was assumed to be
effectively undelayed on the timescale of the experiments:

Hydrocarbon + OH + O, —» HO, + other products
(R10)

For the benzene experiments in air this assumption is justified
because the lifetime of HCHD is much shorter (kycup ~
500 s~ in air)® compared to OH. Again, an exponential
expression for the OH concentration,

[OH] = [OH], x exp(—koit) (7

10T T
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Fig. 3 Normalized Son (blue points) and Suo_ (black points) obtained in the presence of CO, benzene, isoprene and cyclohexane in synthetic air
in the absence of NO in the reaction volume. The NO concentration in the LIF detection cell was 1.2 x 10'* cm™> in each experiment (see the text).
Full lines correspond to fitted decays according to eqn (2), (4), (7) and (8). The red lines show the fitted contributions of HO; to Spo_ - (a) is the
corresponding reference experiment for (b). For (¢) and (d) these experiments are not shown.
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and a biexponential expression for the HO, concentration
were obtained.

[OH]y (k8i — kou)bHo,

kgl = Ko, ®)

[Hoz] =

X {exp(fkl‘zlo2 1) — exp(fkgﬁt)}

k&g is the total OH reactivity in the presence of the
hydrocarbon.

k8% = kuc+onlHC] + kdp ©)

282 is the yield of HO, following the hydrocarbon + OH
reaction. This yield should be considered effective because
HO, formation involves at least two elementary reactions, i.e.
the initial OH reaction and a succeeding, fast O, reaction. In
experiments with benzene under conditions with reduced O,,
the lifetime of HCHD increases and a delayed formation of
HO, is expected, as well as a biexponential decay for OH.
Accordingly, more complex formulas were derived for these
conditions (see Section 4.2).

Any formation of RO, radicals can be treated in a similar
way as for HO,. Assuming k?—IOZ = k(})zoz the time dependence
of RO, radicals is identical to that of HO,, but with a yield
¢;‘82 instead of ¢S . Because of the potential RO, inter-
ference (eqn (R6) and (R7)), Suo, may contain an additional
term compared to eqn (6): '

Sto, o fou([OH] + fuo,([HO2] +0oro,[RO:])  (10)

The additional term can be rearranged to a factor Fro,
utilising the same time-dependencies of HO, and RO,:

Stio, ofon([OH] + fizo, [HO(1 + aro, RS, /$HE,))
= fou([OH] + fi10,[HO,] Fro,)

Thus, also in the presence of RO, eqn (8) is applicable except
for a factor Fro, = 1. Fro, is expected to approach unity
upon decreasing the amount of NO added within the LIF
detection cell, i.e. for decreasing URO,-

To extract the product ¢h& Fro, = P'€ from the data, the
analytical expressions of eqn (2), (4), (7) and (8) were fitted

simultaneously to the four Sou and Suo_ decay curves
obtained in the presence of CO and the respective hydro-
carbon using a Levenberg—Marquardt least squares fitting
procedure.” Setting (/)ﬁ%z = 1, the factors fou, fHo,, the decay
rates k59 and k85 and ®H€ were determined. The separately
measured ky; was held fixed at 2.5 s~ . Fig. 3(a) and (b) show
examples of associated measurements with CO and benzene
and the corresponding fits.

The fit quality was evaluated from the weighted summed
squared residuals y*> divided by the degrees of freedom
(DOF =~ number of data points) that should range around
unity. Fitting the CO and hydrocarbon data together typically
resulted in y*/DOF & 1.3. The deviation from unity is
acceptable and indicates that the precisions of the data points
that were estimated from Poisson statistics were slightly
underestimated. To estimate errors of the fitted @M€, it
was supposed that values of 3> x 1.023 are still acceptable
within the experimental scatter. The factor 1.023 was taken
from a parametrization of values for the y*-distribution
for DOF = 792 to obtain a probability of ~0.68. " was
varied and held fixed during the fits until this quality level
was reached. The resulting ranges correspond to estimated
lo errors.

4. Results

4.1 Benzene + OH reaction in synthetic air and interferences
from peroxy radicals

Table 1 gives a summary of fitted @' and other parameters
obtained in synthetic air with the reactants benzene, isoprene
and cyclohexane at different NO concentrations in the LIF
detection cell. This NO concentration will be denoted as
[NO]p in the following to emphasise that it applies to the
detection cell and not to the main reaction volume where no
NO was present. The data of Table 1 are also plotted in
Fig. 4 as a function of [NO]p. For benzene and isoprene the
dependence of ®"€ on [NO]p hints towards a significant
contribution of interferences caused by the presence of peroxy
radicals. Thus, the limiting values of ¢ towards low [NO]p
are the phG under consideration.

Table 1 Fit results of combined CO/hydrocarbon experiments in synthetic air at different NO concentrations in the LIF detection cell, [NO]p.
Results were obtained by fitting eqn (2), (4), (7) and (8) to the Son and Suo_ decay curves

Reactant [NOJp/10" cm™3 fou fro, MC = $1i6, Fro, »*/DOF
Benzene 0.04 0.85 0.23 0.69 £+ 0.10 1.09
0.12 091 0.45 0.67 £+ 0.08 1.30
0.39 0.86 0.75 0.77 £ 0.10 1.24
0.66 0.81 0.96 0.84 + 0.09 1.19
1.50 0.82 1.36 0.81 £ 0.09 1.30
2.37 0.73 1.63 0.81 £ 0.08 1.21
3.03 0.80 1.61 0.87 £+ 0.08 1.57
Isoprene 0.04 0.86 0.23 0.11 £ 0.04 1.15
0.12 0.92 0.45 0.15 £ 0.02 1.25
0.39 0.87 0.75 0.30 £+ 0.04 1.26
0.66 0.77 0.98 0.44 £ 0.06 1.33
1.50 0.79 1.39 0.69 £+ 0.10 1.62
2.37 0.73 1.63 0.93 +£0.15 1.86
3.03 0.79 1.62 0.96 £+ 0.11 2.15
Cyclohexane 0.12 0.94 0.53 0.04 £+ 0.02 1.22
3.03 0.86 1.50 0.11 £+ 0.02 1.74
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Fig. 4 Dependence of fitted @' on [NO]p, the NO concentration in
the LIF detection cell. Symbols show results of combined CO/hydro-
carbon experiments (black: benzene, red: isoprene, blue: cyclohexane).
The solid lines show the simulated [NO]p dependence of 7€ based on
the reactions in Table 2. The dashed black line indicates the presumed
contribution of A" to @M following the benzene + OH
reaction. )

N

To reproduce the increase of € with [NOJp, we applied a
numerical model for the reactions within the detection cell.
The model runs are based on an estimated reaction time of
250 ps, a total pressure of 350 Pa, a temperature of 298 K and
the assumption of ideal mixing of added NO. The reaction
time was obtained by fitting the increase of fio, with [NO]p
taking into account the reactions OH + NO and HO, + NO
and an extra factor allowing for maximum values fyo, > 1 as
found experimentally. The latter can be rationalised by greater
losses of OH at the nozzle compared to HO,. Because ideal
mixing of NO cannot be verified, the actually fitted quantity is
the product of effective NO concentration and reaction time
but that should work similarly on HO, and RO,. More details
on these aspects, as well as the influence of temperature and
nozzle size are given elsewhere.?®

The full lines in Fig. 4 show the ratios of calculated OH
concentrations obtained for the different hydrocarbons
compared with a reference case where pure HO, was entering
the detection cell. Table 2 gives an overview of the relevant
reactions for the three hydrocarbons investigated here.
For benzene an initial ¢ro,/Pno, ratio of 0.35/0.65 was
assumed,>*¢ while for isoprene and cyclohexane the model
started with pure RO,.2

In the case of benzene, the ®"C showed a slight dependence
on [NO]Jp. The increase at elevated [NO]p was assigned to
subsequent reactions of the bicyclic peroxy radicals (Fig. 1H).
The calculations quantifying the RO, conversion efficiency are in
good agreement with the experimental results. While at [NO]p
exceeding 10'> em™ the model slightly over-predicts @€, the
behaviour towards low [NO]p is in excellent agreement with
the measurements. The absolute agreement is fortunate but the
model calculations also indicate that the limiting value was
already reached in good approximation at [NO]p < 1.2 x
10 em™, e, @MC = PEIE Thus, GRVe® = 0.69 £ 0.10 s
the HO, yield following the OH + benzene reaction in synthetic
air. A further reduction of [NO]p was not useful since it resulted

in HO; sensitivity factors of fio, < 0.24, so that Soi and Spo_
hardly differed.

To ensure that the limiting behaviour was reproduced
correctly by the model, the measurements with isoprene were
consulted for comparison. The isoprene + OH reaction was
assumed to produce peroxy radicals with about unity yield in
synthetic air but no HO,? The subsequent chemistry of these
radicals in the presence of NO is expected to rapidly form HO, at
a rate comparable to that of peroxy radicals (H) from benzene. In
both cases the intermediately formed alkoxy radicals quickly
decompose with an estimated rate constant of 10° s~! (see
Table 2). The radical products of these decompositions,
HC(O)-CH-OH and CH,-OH, rapidly react with O, to form
HO, + glyoxal and HO, + formaldehyde, respectively. The
experimentally obtained @"C in the case of isoprene indeed
showed a consistent dependence on [NO]p with a value
approaching zero in good approximation at low [NO]p. The
minimum value of 0.11 + 0.04 obtained at the lowest [NO]p
could hint towards a minor, direct HO, formation with an upper
limit qﬁi:{g):ene < 0.10. On the other hand, a residual interference
from peroxy radicals not accounted for in the model calculations
can also not be excluded considering the assumptions mentioned
above (reaction time, NO mixing behaviour and temperature).

Cyclohexane was chosen as a further test reactant, since the
secondary chemistry of peroxy radicals from OH + cyclohexane
in the presence of NO was expected to form HO, significantly
slower compared to that of isoprene because of a much slower
RO + Oj; reaction with no preceding RO decomposition (see
Table 2). In accordance with that, the observed @' were very
small and hardly increased with [NO]p, although calculations
slightly underpredict the observed values. Again, this can
be explained by an upper limit qbilyg(z’hexane < 0.05 or model
deficiencies underestimating RO, interferences.

4.2 Benzene + OH reaction at low O, concentration

In addition to the experiments in synthetic air, we investigated
the secondary HO, formation following the benzene + OH
reaction at reduced O, concentrations. [NO]p was kept low at
1.2 x 10" cm™® to avoid any RO, interference. Under
conditions with low O,, a delayed formation of HO, was
expected. The question was if the HO, yields are similar and if
the rate constant of HCHD + O, can be determined. As was
shown previously, the existence of the equilibrium (R3, —3)
does not influence the HCHD + O, kinetics at low O-.
Regardless of the actual mechanism, possibly involving
reactions (R2), (R3, —3) and (R4), the HCHD loss is correctly
described by an effective second-order rate constant
k/2 =k, + K3k4.5

Two test experiments at different O, concentrations were
made to determine k5 and the HO, yields. However, it turned
out that the results were inconsistent with O, being the only
reactant forming HO,. A further experiment at increased O3
concentration revealed that also the reaction

HCHD + 05 ™ products (R11)

significantly contributed to the HCHD loss rate constant and
to secondary formation of HO.
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Table 2 Relevant reactions and reaction rate constants for radical conversions in the LIF detection cell to model interferences from peroxy
radicals. Rate constants are calculated for a temperature of 298 K

Reaction k
HO, + NO —» OH + NO, 8.1 x 1072 em?s7 1@
OH + NO - HONO 57 x 107 cm? g7
OH + NO, —» HNO, 1.4 x 107 cm3 s~ 10
Benzene Isoprene Cyclohexane
RO, + NO —» RNO; 6.8 x 107 cm? s !¢ 8.5 x 1072 em? s !¢ 6.6 x 1072 cm’ s !¢
RO, + NO - RO + NO, 78 x 1072 em? s71¢ 7.7 x 1072 em? s71¢ 7.8 x 1072 em?s71¢
RO — fragments 1 x 106571 1 x 106s7!¢ —
RO, fragments + O, -» HO, 9.1 x 1072 em’®s™V 9.1 x 1072 cm?s7!¢ 77 x 107 em® s

“ NASA recommendation.*® # Calculated for a total pressure of 350 Pa. * MCM recommendations®' based on values for C3—C5 alkyl peroxy
radicals.’> 3> ¢ MCM recommendation®' for RO —» C,4H40, + C,H;0,. C4H,0, represents 2-butenedial and 2(5H)-furanone formed with a
branching ratio of 0.5 each, C,H;0, is a radical/

¢ MCM recommendation®' for RO — products + CH,OH (assumed main reaction). - C,H30, + O, — glyoxal + HO,, rate constant assumed
similar to CH,OH + O,. ¢ NASA recommendation®® for CH,OH + O, -» HCHO + HO,.”" MCM recommendation®' for RO + O, —
cyclohexanone + HO,.

Fig. 5 shows a semilogarithmic comparison of OH and HO, . k'gf;}zené + kucup
decay curves obtained in synthetic air and at a low O, 12 = 2
concentration ([O,] ~ 1.4 x 10'® cm™%). The most obvious
difference is evident for the OH decays which became " (kgii‘lm - kHCHD>2 T (kbsEne _ g0 e (14)
biexponential because dissociation of HCHD back to OH + 2 OH On/%-
benzene was no longer negligible at low O,. The following
expressions were derived in the literature for the general time- kncup is the total loss rate coefficient for the HCHD inter-
dependencies of OH and HCHD under such quasi-equilibrium mediate, in this case:
e 3738
conditions: [ k’2 [05] + it [0] + Ky + kOHCHD
kt(y)e&zene _ .L.El 4 0 (15)
[OH] = [OH], x {WCXP(*‘H ) = kr + k-1 + Kycup
=1 _ benzene (12) Because in single experiments no distinction can be made
+%exp(—rz’l Z)} between the contributions of reactions (R2) and (R11), a total
1 2

rate constant kg was introduced. For HO, the following
differential equation was supposed to apply:
[OH], (AGH" — kow)

g7l d[HO

i (13) RO~ (95,410 + ik [O5) HCHD]

x {exp(—7; 1) —exp(—7; ')} — k}i0,[HO:] (16)

[HCHD] =

A unity yield of HCHD in reaction (R1) was assumed here.

_ R 0
The decay rate coefficients ;' and 75 ' are given by: = kr¢io,[HCHD] — kyyo,[HO

1.00 1.007
T T
[y c
= D
w w
w w
- / |
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Fig. 5 Semilogarithmic plot of normalized Son (blue points) and Suo_ (black points) obtained in the presence of benzene. Decay curves were
recorded at O, concentrations of 5.2 x 10" cm™> (panel a) and 1.4 x 10'® cm ™ (panel b), respectively. The NO concentration in the LIF detection
cell was 1.2 x 10" em ™ in each experiment. Full lines correspond to fitted decays according to eqn (2), (4), (7), and (8) for (a) and accordingly (12)
and (18) for (b). The red lines show the fitted contributions of HO, to Suo, -
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In the second term an effective HO, yield from reactions (R2)
and (R11) was defined:

R PHo,K5[00] + b0,k [Os]
Pro, = s (17)

Inserting [HCHD] from eqn (13) and setting [HO;]p = 0
eqn (16) was solved:

0, OH ™™ — Kk,
2 ol — !

kO _.L.l—l kO _.L.l—l (18)

eXp(—k?.;ozl) exp(—17'1)
HO,

HO,

—1

exp(—15'1) B exp(—kglo2 )
k(l)-loz -5 k(liloz -7

In order to analyse the experimental data, the analytical
expressions of eqn (2), (4), (12) and (18) were again fitted
simultaneously to four Soi and Sy, decay curves obtained in
the presence of CO and benzene. CO experiments at low O,
were treated like those in synthetic air, because the lifetime
of the intermediately formed H-atoms was still negligible
(kg ~ 15000 s~ ). Besides gbﬁo7 and kg, tWwo more parameters
were fitted: the rate constant of HCHD decomposition k_;
and the HCHD background loss rate constant kVienp. The fit
results for the three experiments are listed in Table 3. The 1o
errors were assessed as described in Section 3. Mean errors
were listed when upper and lower limits were different. The
relatively large errors reflect the strong mutual dependencies of
fit parameters.

Within the errors the parameters k_; and kYcup are the
same in all experiments. In experiment (I) where kycpyp was at
a minimum, k_; was determined with the greatest accuracy to
be (3.9 + 1.3) s™ . kYcnp ranged around (1.5 £ 0.2) s~ in all
experiments. To estimate the rate constants k5 and ky, the
differences in k r of experiments I and 1T and experiments I and
IIT were calculated and divided by the differences in O, and O3
concentrations, respectively. This led to k) = (2.4+1.1) x
107 em3 st and ky; = (5.6 + 1.1) x 1072 cm?® s™!. Because
the ‘/’Eloz showed no difference upon increasing O, or Os, a
calculation of the individual HO, yields of reactions (R2) and
(R11) was not feasible. Within the error limits the effective
yields in all three experiments are the same and very close to
that obtained in synthetic air. Thus, O, and O; seem to behave
similarly with regard to HO, formation, except for the
strongly different rate constant.

5. Discussion

In the experiments described above, an HO, yield of

]bfgie“e =0.69£0.10 was obtained following the OH +
benzene reaction in synthetic air in the absence of NO. This
yield is similar to a phenol yield of 0.53 £ 0.07 determined in
chamber experiments® and to phenol yields determined in
flow-tube experiments of 0.61 + 0.07'° and 0.51 + 0.04.'!
Because HO, is the expected co-product of phenol formation,
this result is consistent with the currently proposed mechanism.
Moreover, the remainder 1 — }q‘ﬁgZ;“e = 0.31 £ 0.10 corresponds
very well to an observed yield of glyoxal of 0.35 + 0.10 from
chamber experiments by Volkamer et al*® under low NO,
conditions and a glyoxal yield of 0.29 4+ 0.10 by Berndt and
Boge'® from flow-tube experiments in the presence of NO.
Glyoxal is a secondary product of the proposed bicyclic
peroxy radical H upon reaction with NO (Fig. 1) and thus
HO, is not a co-product associated with glyoxal.

On the other hand, based on the data of Volkamer e al.,33¢
Bloss et al."® determined a yield of epoxides E and F (Fig. 1) of
0.12, in order to close the budget for the OH-initiated
degradation of benzene. Taking the data by Berndt and
Bége,10 a similar yield of about 0.10 is obtained. Because
formation of epoxides is also associated with HO, formation
with no preceding NO reaction, the approach by Bloss et al.'?
is in accordance with the results of this work. However, given
the errors of ¢$§3§e“e we interpret our result merely as a hint
towards a minor, but potentially significant (> 10%) epoxide
formation. A direct, quantitative detection of these species is
needed to clarify this point. The experimental method used
here could nevertheless help to reduce budget uncertainties for
other aromatic compounds. Examples are the xylene and
trimethylbenzene isomers where formation of phenolic
compounds is of less importance and the yields of epoxides
estimated by Bloss er al.'® range between 0.15 and 0.30.
Accordingly, for these compounds the HO, yield should
be significantly greater than the yield of the corresponding
phenolic compounds.

At low O, concentration, the obtained secondary HO, yield
was the same as in synthetic air. Despite the potentially
complex mechanism of HO, formation involving reactions
(R2), (R3/-3) and (R4), the ratio of products formed in (R2)
and (R4) should be independent of the O, concentration. This
is in line with the experimental result. The additional rate
constants extracted from the decay curves at low O, are in
good agreement with literature data. Knispel et al.,** Bohn
and Zetzsch,® and Raoult er al.® consistently reported values of
Ky of (1.6 + 0.6), (2.1 + 0.2) and (2.5 + 0.4) x 10 ' cm’ s~
around room temperature. Also the rate constant of HCHD
decomposition is in good agreement with available literature

Table 3 Fit results of combined CO/benzene experiments at low O, concentrations. Results were obtained by fitting eqn (2), (4), (12) and (18) to
the Soy and Sto, decay curves. The NO concentration in the LIF detection cell was [NO]p = 1.2 x 10" cm 3. Errors are means of upper and lower

limits

Experiment 0,/10'% cm™ 05/10% cm™ kicnp/s ™! k_yfs! kg/s™! b0, 2>/DOF
I 1.4 0.86 1.6 +0.2 39413 6.6+ 1.5 0.83 +0.22 1.19

I 3.5 0.86 15402 49+ 3.4 11.6 + 3.9 0.68 + 0.18 1.22

11 1.4 2.09 1.540.1 54423 135+ 28 0.67 +0.12 1.36
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data by Wahner and Zetzsch,”” Witte er al.*® and Knispel
et al®® that range around 3-4 s~ .

The situation at low O, was complicated by the unexpected
influence of the HCHD + Oj; reaction. So far no rate constant
has been reported for this reaction which is much faster than
the O, reaction but slower by a factor of about five compared
to the HCHD + NO, reaction.** The HO, yield of the
HCHD + O; reaction is apparently similar to that of the O,
reaction. Possible co-products of HO, are benzene and O,:

HCHD + O3 - HO, + O, + benzene (R12)

No evidence was found for the formation of OH, e.g. via

HCHD + O3 - OH + O, + phenol (R13)
because that would have led to an apparent increase of the rate
constant k_;. However, given the errors of the fitted
parameters this reaction cannot be ruled out completely.
Overall, the HCHD + Oj reaction is not expected to be of
relevance in the atmosphere because of the dominating role of
O, despite the small rate constant of the HCHD + O,
reaction.

It should be noted that also for OH + isoprene reaction in
air a direct formation of HO, from peroxy radicals was
postulated in the recent literature,*'"* with rate constants
ranging from 0.1 s to 857 Except for the upper limit for
a fast HO, formation determined above, we can exclude a
significant ( > 10%) formation of HO, with a rate constant
> 0.5s™". Smaller rate constants were beyond the scope of the
current apparatus.

The results regarding the secondary HO, yields discussed
above were obtained under conditions where interferences of
the HO, detection by peroxy radicals were estimated negligible
based on the characterisation of the instrument shown in
Fig. 4. When this study began we were not aware of the
importance of these interferences for an accurate measurement
of HO, by the LIF method. This also applies for
measurements of atmospheric HO,. The implications go far
beyond the scope of this study and stimulated extensive tests
with a number of hydrocarbons using an instrument dedicated
for atmospheric HO, measurements. The results are
reported in a separate paper by Fuchs er al.*® Moreover, the
effects on the analysis of existing data sets from recent field
measurements are accounted for in a further publication by
Lu ef al®

Despite these problems, radical detection by LIF in a gas
expansion applied in this work has several advantages for
kinetic experiments. Firstly, in contrast to classical OH
detection schemes via resonance fluorescence or laser-induced
fluorescence, OH can be detected at atmospheric pressure
and O, levels because the gas expansion strongly reduces
fluorescence quenching. Secondly, the sensitivity is great
enough to obtain high quality OH decay curves at OH starting
concentrations where radical-radical reactions can be
neglected in good approximation. Thirdly, the possibility of
an associated detection of HO, at such low radical concen-
trations is an option that has so far not been utilised for kinetic
experiments.

6. Conclusions

In this work a direct formation of HO, following the OH +
benzene reaction in synthetic air in the absence of NO was
observed for the first time. Interferences of the HO, LIF
detection method in the presence of peroxy radicals were
quantified and avoided by reducing the necessary NO addition
within the LIF detection cell. The HO, yield was determined
to be 0.69 £ 0.10 in accordance with currently proposed
mechanisms for the OH-initiated benzene degradation. By
comparison with phenol yields from the recent literature, a
minor ~10% formation of other HO, co-products, e.g.
epoxides, is possible within the error limits. Measurements at
low O, concentration (0.06-0.14% in N,) gave similar HO,
yields and rate constants for the benzene—OH adduct reactions
with O; and O,, and the thermal decomposition of the adduct
back to OH + benzene. The latter two rate constants are
in good agreement with the literature, the rate constant of
(5.6 £ 1.1) x 107"? cm® s7! for the adduct + O reaction was
not reported before.
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