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Introduction
Aromatic hydrocarbons are rated amongst the most important classes of compounds with regard
to the formation of photo-oxidants in the lower atmosphere. A recent theoretical study [1] using a
trajectory model approach estimated the aromatic hydrocarbons to be responsible for about 40 %
of the anthropogenic ozone formation in north-western Europe, their contribution to the total nonmethane hydrocarbon emissions was calculated to be 26 %.
Despite their importance, the degradation mechanisms of aromatic hydrocarbons, which
determine photo-oxidant formation, are still uncertain. This is mainly due to their far greater
complexity compared to those of other compound classes like alkanes or alkenes. This
complexity and the problems associated with it will be described in more detail below, when
different aspects of aromatic hydrocarbon photochemistry that have been studied in the
EUPHORE photochemical reaction chamber are highlighted.

Experimental
The experiments were performed in the European Photoreactor (EUPHORE), a large volume
outdoor photochemical reaction chamber located in Valencia/Spain. EUPHORE consists of two
half-spherical FEP-Teflon bags with a volume of ca. 200 m3 each. The chambers are equipped
with multiple analytical instruments for the detection of trace substances, i.e. DOAS and FTIR
spectrometers, on-line monitors for ozone, NOx, and several GC and HPLC systems. Light
intensities can be measured with J(NO2) and J(O 1D) filter radiometers and a spectral radiometer.
The experiments presented were conducted in chamber A, which is shown in Figure 1.
For more detailed descriptions of EUPHORE, including instruments not used and therefore not
mentioned in this contribution, the reader is referred to the other papers on EUPHORE present in
this volume or the EUPHORE reports compiled Becker [2] and Barnes and Wenger [3].

Fig. 1: Chamber A of the European Photoreactor (EUPHORE), with some of the instrumentation
located inside the chamber shown. In addition, sampling ports for on-line and off-line
instruments are situated in the central flanges. The circle shows two co-workers sitting on the
protective housing behind the chamber.

Results and Discussion
- Toluene photo-oxidation [4]
The objective of the study of the photo-oxidation of toluene/NOx/air mixtures was the in situ
determination of the yields of ring-retaining products by Differential Optical Absorption
Spectroscopy (DOAS) and the elucidation of their formation pathways. Experiments were
performed with toluene concentrations between 0.68 and 3.85 ppm and initial NOx concentrations
ranging from 3 to 300 ppb, i.e. down to the range actually observed in the lower atmosphere. The
ring-retaining product yields were found to be (5.8 ± 0.8) %, (12.0 ± 1.4) %, (2.7 ± 0.7) % and
(3.2 ± 0.6) % for benzaldehyde, o-cresol, m-cresol and p-cresol, respectively. Under the
experimental conditions, no dependency of the yields on the NOx concentration or the
toluene/NOx ratio could be found. The formation kinetics of the cresols are in line with a
"prompt" formation mechanism, i.e. loss of a hydrogen atom from the toluene-OH adduct. The
exact pathway could either be reaction of the adduct with molecular oxygen (toluene-OH + O2 →

cresol + HO2), or its unimolecular decomposition (toluene-OH → cresol + H), as proposed by
Bjergbakke et al. [5].
In addition, evidence was found that reaction with NO3 radicals represents an important sink for
cresols in smog chamber studies, as predicted by Carter et al. [6]. This is well illustrated by the
concentration-time profiles of toluene, benzaldehyde and the cresol isomers shown in Figures 2ac. To show the effect of NO3 radicals on these experiments, the concentration-time profiles were
simulated using a simplified chemical mechanism, in which the OH radical concentration was
fitted to the observed toluene decay. This mechanism included loss of benzaldehyde and the
cresols through dilution and OH radical reaction, but not by reaction with NO3 radicals. From
Figures 2a-c it becomes clear that this mechanism is sufficient to describe to the behavior of
benzaldehyde, but the behavior of the cresols is only described well in the experiment shown in
Figure 2c. In the experiments shown in Figure 2b, and even more so in that shown in 2a, the
simplified scheme overestimates the observed cresol concentrations. The three experiments
shown in Figure 2a-c have an increasing toluene/NOx ratio, and the apparent NO3 effect should
therefore be most significant in 2a, and least significant in 2c, which is observed. The effect of
NO3 radical reactions should be insignificant for benzaldehyde, which has an NO3 radical
reaction rate constant about 4 orders of magnitude lower than that of the cresols. This too is
observed.

Fig. 2: Concentration-time profiles of toluene (❍) and its ring retaining oxidation products
benzaldehyde ("), o-cresol (#), m-cresol ($) and p-cresol (%). Estimated NO3 concentrations
are shown as broken lines. Starting concentrations were (a): 730 ppb toluene / 115 ppb NO, (b):
3850 ppb toluene / 120 ppb NO, (c) 3800 ppb toluene / 28 ppb NO. The lines represent simulated
profiles, see text for details.
In addition, concentrations of NO3 radicals could be estimated based on a steady state
approximation, where the reaction of NO2 with O3 was the only source of NO3, and sinks were
reactions with NO and the cresols and photolysis, see Klotz et al. [4] for details. Maximum
calculated NO3 concentrations are highest in 2a (1·108 cm-3), while 2b (2.5·107 cm-3) and 2c
(3·106 cm-3) show successively lower calculated NO3 concentrations, in line with the lower
observed effect attributed to NO3. Moreover, in Figure 2b the formation rate of o-cresol shows an
anticorrelation to the calculated NO3 concentration. When the NO3 concentration rapidly drops

after 11:00 h due to limited availability of NOx, the o-cresol formation rate increases again.
Similar effects are observed for m- and p-cresol, but are not as apparent as for o-cresol due to the
much lower concentrations of these isomers.
From the combined results it is inferred that reaction of the cresols with the nitrate radical is the
only viable explanation for the observed effects. Reaction with NO3 radicals is concluded to be a
significant to major sink for cresols in aromatic hydrocarbon photo-oxidation experiments
conducted under conditions of NOx concentrations above the range observed in the troposphere.
It possibly also plays a role under urban tropospheric conditions, but daytime NO3 radical
concentrations are insufficiently well known for a conclusion to be drawn at this time.
- Photolysis of arene oxides [7]
A study of the photolysis of two postulated intermediates in the OH initiated photo-oxidation of
aromatic hydrocarbons, benzene oxide/oxepin and toluene-1,2-oxide/2-methyloxepin, has been
conducted under the real light conditions of EUPHORE. The main focus of the study was on the
formation of the hydroxylated aromatic hydrocarbons, i. e. phenol from benzene oxide/oxepin
and the cresol isomers from toluene-1,2-oxide/2-methyloxepin. Photolysis frequencies were
measured relative to that of NO2, which was determined with a filter radiometer. A linear
dependency was found within the experimental errors, the ratios of the photolysis frequencies of
the arene oxides to that of NO2 were found to be (4.41 ± 0.44) · 10-2 and (3.99 ± 0.48) · 10-2 for
benzene oxide/oxepin and toluene-1,2-oxide/2-methyloxepin, respectively. The yield of phenol in
the photolysis of benzene oxide/oxepin was found to be (43.2 ± 4.5) %, independent of the light
intensity. For toluene-1,2-oxide/2-methyloxepin, an o-cresol yield of (2.7 ± 2.2) % was
determined, the formation of other cresol isomers was not observed.

Fig. 3: (a): Photolysis of benzene oxide/oxepin (#), leading to the formation of phenol (%) in
high yields. (b): Dependency of the photolysis frequency of benzene oxide/oxepin on that of
NO2.

As an example, Figure 3a shows concentration-time profiles of benzene oxide/oxepin and its
photolysis product phenol in one of the experiments conducted, Figure 3b shows the observed
dependency of the benzene oxide/oxepin photolysis frequency on that of NO2.
- Photolysis of dicarbonyls [8]
Unsaturated 1,6-dicarbonyls like 2,4-hexadienedials are ring opening products in the OH initiated
photo-oxidation of aromatic hydrocarbons. The photolysis of two isomeric hexadienedials, E,Zand E,E-2,4-hexadienedial, has been investigated under natural sunlight conditions in the
EUPHORE chamber. In the case of the E,Z-isomer, an extremely rapid isomerization into the
E,E-form was observed. Figure 4a shows concentration-time profiles for one of the experiments
conducted. A first order decay of the E,Z-2,4-hexadienedial is observed. The photoisomerization
frequency, relative to that of NO2, was found to be J(E,Z-2,4-hexadienedial) / J(NO2) = (0.148 ±
0.012).

Fig. 4: (a): Concentration-time profiles of E,Z-2,4-hexadienedial (#) and E,E-2,4-hexadienedial
(") in an experiment on the photolysis of E,Z-2,4-hexadienedial. (b): Concentration-time profile
of E,E-2,4-hexadienedial (") in a photolysis experiment. Lines are simulated profiles using the
chemical mechanism shown in Figure 5. Aerosol number concentrations are also shown ($).
As evident from Figure 4b, the photolysis of E,E-2,4-hexadienedial did not show the behavior
expected from a first order process, indicating a different photolysis mechanism for this
compound. The behavior of E,E-2,4-hexadienedial could be described by the mechanism shown
in Figure 5. Here, a fast equilibrium is proposed to precede a comparably slow photolysis. For the
equilibrium reaction, relative frequencies of J(E,E-2,4-hexadienedial → EQUI) / J(NO2) = (0.113
± 0.009) and J(EQUI → E,E-2,4-hexadienedial) / J(NO2) = (0.192 ± 0.016) were obtained, giving
an equilibrium constant of K = (0.59 ± 0.07). For the photolysis frequencies, ratios of J(E,E-2,4hexadienedial → products) / J(NO2) = J(EQUI → products) / J(NO2) = (1.22 ± 0.45) · 10-2 were
determined.
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Fig. 5: Proposed chemical mechanism of the photolysis of the 2,4-hexadienedial isomers.
Under typical atmospheric noontime light conditions for a clear sky and low aerosol
concentrations on July 1 at a latitude of 40° N, corresponding to the time and location where the
experiments were performed, an NO2 photolysis frequency of J(NO2) = (8.5 ± 0.5) · 10-3 s-1 is
usually assumed [9]. Under those conditions, a photolysis lifetime of J(E,Z-2,4-hexadienedial) =
(13.2 ± 1.3) min can be expected. Lifetimes of E,E-2,4-hexadienedial are (17.4 ± 1.7) min for the
initial equilibrium reaction and (161 ± 60) min for the subsequent degradation under the above
conditions.
The results of the E,Z-2,4-hexadienedial photolysis are in line with those of an earlier study [10],
in which photolysis experiments were conducted with superactinic fluorescent lamps (320 nm <
λ < 480 nm, λmax = 360 nm). In contrast, no photolysis of E,E-2,4-hexadienedial was observed
under the above laboratory conditions. This disagreement is most probably due to the differences
in emission characteristics between the artificial lamps and natural sunlight. Most importantly,
the superactinic lamps do not emit light in the region from 290 - 320 nm, which is of particular
importance for the hexadienedials, as their absorption spectrum shows an exponential decay
towards longer wavelengths [10]. This shows that photolysis experiments under realistic
atmospheric conditions are an indispensable tool to reliably predict the behavior of photolytically
reactive chemicals in the atmosphere.
Similar differences between photolysis frequencies measured under irradiation with superactinic
or “black” lamps can be expected for a large number of carbonyls, as the absorption cross
sections of these compounds generally decrease exponentially from 290 nm towards longer
wavelengths.

A pronounced formation of particles was observed in the photolysis of both E,Z- and E,E-2,4hexadienedial, see Figure 4. To check for a possible influence of chamber aerosol sources, an
independent test experiment, in which the chamber was exposed to sunlight without the presence
of added reactants, was conducted. No significant particle formation was observed in this test
experiment. With the available instrumentation no size distribution measurements were possible,
so no aerosol yields can be given. However, from the available data it can be concluded that the
photolysis of 2,4-hexadienedials leads to the formation of secondary organic aerosol, which can
contribute to the aerosol formation observed in the photooxidation of aromatic hydrocarbons
[11,12].
The results indicate that the dominant fate of E,Z-2,4-hexadienedial in the atmosphere will be
photoisomerization, while for E,E-2,4-hexadienedial, both photolysis and OH radical reaction
will be important sinks. Another conclusion that can be drawn from the data is that the aerosol
formation in photolysis reactions, notably of aldehydes with longer carbon chains, deserves
increased attention from researchers.

- Chemical simulations using a box model
One aim of simulation chambers like EUPHORE is to increase the database on hydrocarbon
photo-oxidation experiments that can be used to verify the chemical mechanisms used in models
of tropospheric photo-oxidant formation. Particular uncertainties still exist regarding the
degradation channels of aromatic hydrocarbons, with several different schemes being proposed
by different authors. An overview of the currently proposed mechanisms is given in Figure 6.
The classic pathways [13,14] are shown as (a) and (b) in Figure 6. A detailed description of the
various mechanisms will not be given here, the reader is referred to existing literature for a
review [15]. Pathway (a) involves formation of a 1,3-oxygen-bridged alkyl radical, which
subsequently adds O2 and reacts with NO, followed by three β-scissions and reaction with O2 to
give HO2 and 1,2- and unsaturated 1,4-dicarbonyls. These compounds currently represent the
largest ring-fragmentation products for which quantitative determinations exist in the literature
[15,16]. Their further oxidation is not shown for simplicity.
The same 1,2- and unsaturated 1,4-dicarbonyls can also be formed through pathway (b), by
further oxidation of an unsaturated 1,6-dicarbonyl. Such unsaturated 1,6-dicarbonyls have been
identified in the OH-initiated oxidation of aromatic hydrocarbons [17,18], though their yields and
consequently their importance remain unknown.
Unsaturated 1,6-dicarbonyls like those formed in pathway (b) can also be formed through the
further oxidation of arene oxides, as proposed in pathway (d) [19]. The unsaturated 1,6dicarbonyl would again react on to give the 1,2- and unsaturated 1,4-dicarbonyls already
observed from pathways (a) and (b).

Fig. 6: The different degradation pathways currently proposed for the addition channel in the OH
initiated oxidation of aromatic hydrocarbons. For simplicity, benzene is taken as an example.
It has to be noted at this point that though pathways (a), (b) and (d) result in the same products,
their formation is successively delayed in (b) and (d) by the occurrence of stable intermediates.
This difference will have important implication for atmospheric chemistry modeling studies, as
will be shown later.
Pathway (c) has recently been proposed based on theoretical calculations [20], and experimental
evidence for the formation of the proposed multifunctional compounds has been reported in the
literature [21]. These compounds may, however, also be formed by the OH-initiated oxidation of
the benzene oxide shown in pathway (d) [19].
It becomes clear from the above discussion that different mechanisms with different
intermediates are currently being considered feasible for the OH-initiated oxidation of aromatic
hydrocarbons. However, since these mechanisms basically all lead to the same set of ringfragmentation products, i.e. 1,2- and unsaturated 1,4-dicarbonyls, it has to be asked why it is
important to understand the exact chemistry.
It is well known that the OH initiated photo-oxidation of aromatic hydrocarbons results in a
significant enhancement of radical production compared to alkanes or alkenes which possess
equal OH reaction rate constants [22]. These secondary radicals are produced in the photolysis of
carbonyl compounds, especially the dicarbonyls formed in the OH initiated oxidation of aromatic
hydrocarbons, see Figure 6.

Amongst the dicarbonyls shown in Figure 6, the 1,2- and unsaturated 1,4-dicarbonyls are
expected to contribute to photolytic radical formation. The unsaturated 1,6-dicarbonyls proposed
in pathways (b) and (d) of Figure 4 are thought to photolyze without significant radical formation
[8].
The photolysis of 1,2-dicarbonyls (glyoxal and its methylated derivatives) has been studied to
some extent [23,24] and can be described reasonably well. Some knowledge of the photolysis of
unsaturated 1,4-dicarbonyls is also available, but this is largely confined to photolysis
frequencies. Notably the radical yields in the photolysis of unsaturated 1,4-dicarbonyls are
currently not known.

Fig. 7: Reactivity differences of different combinations of toluene ring-opening mechanisms, see
text for details. (A): 10 % of ring-opening proceeds through channel a in Figure 4, the rest
through channel d. (B): 30 % channel a and 70 % channel d. (C): 50 % channel a and 50 %
channel d. (D) RACM mechanism [25]. Legend: toluene (diamond, line), NO (filled circle, dotted
line), NO2 (filled diamond, dashed line), ozone (filled triangle, long dashed line). Symbols
represent experimental data, lines show the results of the simulations.

If the ring-opening channels (a), (b) and (d) in Figure 6 are compared, it becomes clear that the
radical producing products are formed directly, i.e. without a non-radical intermediate, only in
channel (a). In channel (b) they are formed through the further oxidation of an unsaturated 1,6dicarbonyl, while in channel (d) two non-radical intermediates, an arene oxide and an unsaturated
1,6-dicarbonyl, need to be oxidized to give the 1,2- and unsaturated 1,4-dicarbonyls.
When used in computer aided kinetic simulations of the atmospheric degradation of aromatic
hydrocarbons, these differences result in significant differences in reactivity. Figure 7 shows
simulations of a toluene/NOx photo-oxidation experiment using a simplified toluene oxidation
scheme. The model is based on the RACM mechanisms published by Stockwell et al. [25], in
which the toluene oxidation scheme has been updated to the current state of knowledge as shown
in Figure 6. There are two main differences between the RACM and the mechanism employed in
this study. The first is the incorporation of a direct cresol formation mechanism, shown as
channel (e) in Figure 6, utilizing the cresol formation yields recently reported [4,16,26]. The
second main difference is the replacement of the ring-opening reactions employed in the RACM
by channels (a) and (d) of Figure 6. Channel (b) was omitted since, for the purposes of this study,
it only represents an intermediate between (a) and (d). The original RACM ring opening scheme
was based on channel (a) alone. The degradation of the unsaturated 1,4-dicarbonyls has been
updated based on the results of Bierbach et al. [27] and Sørensen and Barnes [28], no changes
were made to the degradation chemistry of the 1,2-dicarbonyls.
Simulations performed with this scheme are shown in Figures 7a-d. Lines represent simulated
concentration/time profiles, while symbols represent experimental data. All 4 panels of Figure 7
show the same experimental data, the starting concentrations were 700 ppb of toluene and 115
ppb of NOx (mainly in the form of NO). The corresponding experiment was performed in
EUPHORE. The different graphs in Figure 7 represent calculations using different branching
ratios between the channels (a) and (d). In graph A, the ring opening is assumed to proceed
almost exclusively through the arene oxide channel (d), a ratio of ring opening between the
channels (a) and (d) of 10:90 has been employed here. This ratio is successively increased in
graphs B (30:70) and C (50:50) of Figure 7. Graph D shows a calculation with the original
RACM scheme.
It becomes clear from Figure 7 that changing the branching ratio between channels (a) and (d) in
favor of (a) greatly increases the reactivity of the system. This reflects the much faster formation
of photolytic radical producers like 1,2- and unsaturated 1,4-dicarbonyls in channel (a). Thus, the
reactivity of the system is governed by the branching ratio between the “fast” and “delayed”
formation mechanisms of 1,2- and unsaturated 1,4-dicarbonyls.
For comparison, a simulation run employing the original RACM mechanism is also included in
Figure 7. The RACM scheme leads to a significantly increased reactivity of the system. This is
expected as the RACM toluene degradation mechanism is based on channel (a) shown in Figure
6.

As a consequence of these differences in reactivity, the aromatic hydrocarbon degradation
pathways employed in chemical computer models of atmospheric photo-oxidation systems are
expected to have an influence on the reactivity of the entire system. The RACM mechanism [25],
for example, is based on channel (a) for ring-opening and should predict a much higher reactivity
than the Master Chemical Mechanism (MCM) developed by Saunders et al. [29]. The MCM is
based on channel (d).
Since these models are primarily used to calculate/predict photo-oxidant concentrations in the
atmosphere, the aromatic hydrocarbon degradation scheme employed in a certain model will have
consequences for the outcome of such predictions.
It becomes clear that a detailed knowledge of the degradation channels actually occurring in the
OH initiated oxidation of aromatic hydrocarbons is of considerable importance for the accuracy
of models of photo-oxidant formation. Additional research is needed to identify the pathways that
actually occur in the OH initiated oxidation of aromatic hydrocarbons and their branching ratios.
In addition, our understanding of the chemistry, notably the photolysis, of unsaturated
dicarbonyls needs to be significantly improved.

Summary
Different aspects of aromatic hydrocarbon photochemistry have been investigated in the
EUPHORE reaction chamber. These include determinations of toluene ring retaining product
yields with in situ spectroscopic methods and an array of photolysis studies. Besides providing
new data on photolysis frequencies and -products, the photolysis studies showed that the
superactinic or “black” lamps often used in indoor experiments can lead to significantly different
results compared to real sunlight. Such data can therefore not be readily extrapolated to
tropospheric conditions. Another aspect of the photolysis experiments is the observed formation
of secondary organic aerosol, which requires further studies.
A simple modeling study showed that the different proposed degradation schemes for aromatic
hydrocarbons result in large differences in the reactivity of aromatic hydrocarbon/NOx systems as
calculated by these models. The photolysis of small 1,2- and unsaturated 1,4-dicarbonyls, and the
pathways by which these compounds are formed, apparently govern reactivity. In particular,
significant differences between the predictions of the commonly employed mechanisms RACM
[25] and MCM [29] are expected. The RACM is based on a rapid mechanism for dicarbonyl
formation and should thus lead to a significantly higher reactivity than the MCM, which is based
on a delayed formation mechanism for the dicarbonyls.
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