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bstract

The UV absorption cross-sections and the rate coefficients for the ozonolysis of styrene, �-methylstyrene, �-methylstyrene, 2-methylstyrene
nd indene have been investigated. The absorption spectra were measured using a diode array spectrometer over the wavelength range 260–310 nm
t 328 K. Large absorption cross-sections (∼10−18 cm2 molecule−1) were observed for the investigated compounds over the wavelength range
60–280 nm, while their absorption cross-sections decreased sharply above 290 nm with values of about 10−20 to 10−21 cm2 molecule−1 around
10 nm. The rate coefficients for the reactions of the aromatic compounds studied and O3 measured in a simulation chamber using both absolute

nd relative methods at 295 ± 3 K and atmospheric pressure were (in 10−17 cm3 molecule−1 s−1): (1.5 ± 0.3), (1.8 ± 0.4), (3.1 ± 0.6) and (16 ± 4)
or styrene, �-methylstyrene, 2-methylstyrene and indene, respectively. The data obtained were used to estimate the lifetimes of the investigated
ompounds.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Aromatic compounds such as styrene and similar molecules
tructure can be emitted into the atmosphere from different
ources: solvents, combustion, buildings materials, adhesives
1–3]. In addition to their harmful human health effects, in

similar manner to other aromatics, they play an impor-
ant role in urban air pollution and are important precursors
or secondary organic aerosol formation [4]. Once in the
tmosphere, they can be degraded by photolysis and/or by
xidation via gas phase reactions with OH and NO3 radicals
nd ozone. In order to evaluate their atmospheric impacts,
he UV absorption cross-sections and chemical kinetics data

f these possible loss processes are required. In this work,
e have determined the UV spectra of a series of aromatics

styrene, 2-methylstyrene, �-methylstyrene, �-methylstyrene

∗ Corresponding author. Tel.: +33 2 38 25 76 12; fax: +33 2 38 25 50 79.
E-mail address: mellouki@cnrs-orleans.fr (A. Mellouki).
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nd indene) as well as the rate coefficients for their reactions
ith ozone:

To the best of our knowledge, there is still no avail-
ble data on the photolysis of these compounds and only
ew data exist on the ozonolysis of styrene and indene
5–8]. The available data on the OH reaction with some of
hese species indicate that this process is quite fast, the rate
oefficients being kOH = (5–7.8) × 10−11 cm3 molecule−1 s−1

8–10]. Therefore, in order to evaluate the atmospheric
mportance of other loss processes (photolysis and ozonol-

sis) we have measured their UV absorption cross-sections
nd the rate coefficients for their ozonolysis. Hence, this
nables us to discuss the atmospheric importance of different
rocesses.

mailto:mellouki@cnrs-orleans.fr
dx.doi.org/10.1016/j.jphotochem.2007.09.006
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. Experimental

.1. UV absorption cross-sections

The setup and the methodology used for data analysis have
een described in detail previously [11] and are briefly pre-
ented here. Absorption measurements were made using a
V–vis spectrophotometer (Chromex 250IS) equipped with a
800 grooves/mm grating and a 1024 element diode array detec-
or (Princeton Instrument, Inc.). The collimated output of a 30 W

2 lamp was passed through a 100 cm long double-jacketed
yrex cell with inner diameter of 2.5 cm and focused onto the
ntrance slit of the spectrometer.

The absorption measurements were performed under static
nd dynamic conditions over the wavelength range 260–360 nm
ith four central wavelengths (250, 280, 310, and 340 nm), three
verlaps (about 10 nm for each overlap) and with a resolution
etween 0.2 and 1 nm. In order to reduce the possible photode-
omposition of the investigated compounds at short wavelengths
BK7 filter was used to cut off the UV light below 260 nm. This
lter was placed between the D2 lamp and the absorption cell.

The investigated aromatics have relatively low vapour pres-
ures (about 0.8 Torr at 20 ◦C). To avoid adsorptions of the
romatics on the walls, the temperature of the cell was main-
ained at 328 K. A 0–10 Torr manometer was used for pressure

easurements. The typical pressure ranges of each compound
ere set from 0.1 to 0.9 Torr.
Absorption cross-sections were derived using the Beer–

ambert’s law:

(l) = ln
[(I0(λ)/I(λ)]

L × C
(1)

here σ(λ) is the absorption cross-section (cm2 molecule−1) at
avelength λ, L the path length in cm and C is the concentration

n molecule cm−3. I and I0 are, respectively, the light intensities
ith and without the aromatic compounds in the absorption cell.
ach measurement of I and I0 consisted of 10–20 scans of the
iode array and required at a maximum of 1 s to complete. The
eference spectrum I0 was recorded after purging the absorption
ell with He. For each compound, the absorption cross-sections
ere measured by two methods. In the static method, measure-
ents were conducted when the absorption cell was filled with
fixed concentration of the aromatic compounds, while in the
ynamic method a fixed pressure of the aromatic compound was
owed through the absorption cell. For each 40 nm region of the
pectrum, absorption measurements were made at 12 different
ressures, including 6 static and 6 dynamic determinations. I0
as recorded before and after each I measurement.

.2. Rate coefficients for ozonolysis

The kinetics investigations of the reactions of ozone with
he aromatic series of compounds were carried out in a 7.3 m3
hamber fabricated from Teflon at 295 ± 3 K and 760 Torr total
ressure of air, using both absolute and relative rate methods.
eactants were introduced into the chamber via a stream of puri-
ed air. The initial concentrations of the aromatics and reference

T
v
t
l
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ompounds were calculated from the amount (the volume or the
ressure) introduced. Ozone was produced either by O2 pho-
olysis via a Hg lamp or by passing O2 through an electrical
ischarge before entering the chamber. A fan made of Teflon
nside the chamber ensured rapid mixing of the reaction mixture
ithin less than 1 min.
A White mirror system installed inside the chamber and

ligned with an optical path length of 166 m was used for in
itu concentration measurements by Fourier Transform Infrared
FTIR) spectroscopy (Nicolet, Magna 5700). Infrared spectra
ere derived from the co-addition of 30–100 scans, collected
ver 70–220 min period and recorded using a resolution of
cm−1. For absolute kinetic experiments, ozone concentra-

ions were monitored by an UV absorption analyzer (HORIBA,
POA-360) and by FTIR spectroscopy while for relative

ate measurements, the concentrations of the aromatics, ozone
nd reference compounds were monitored by FTIR. The IR
ands used for analysis were as follows (in cm−1): 750–800
styrene, �-methylstyrene and indene), 725–730 and 890–940
2-methylstyrene), 980–1100 (O3), 1075–1150 (1,3-dioxolane),
12 (propene), 813 (propylvinyl ether) and 2934 (cyclohexene).
he leak rate of the chamber was determined by measuring the
ecay of SF6 (935–954 cm−1), used as a tracer, which was added
t the start of the experiments. For each experiment, the gas mix-
ure was analyzed for at least 30 min before adding the second
eactant to estimate the leakage and wall loss.

Since OH radicals can be formed from the ozonolysis of
rganic compounds [12,13], cyclohexane, dibutyl ether or 1,3-
ioxolane was added into the gas mixture to scavenge or to trace
he OH radicals formed and to establish whether or not sec-
ndary reactions involving OH radicals were significant under
ur experimental conditions.

.3. Chemicals

The sources of the liquid chemicals used and their
tated purity levels were as follows: styrene, �-methylstyrene,
-methylstyrene, indene, 1,3-dioxolane, cyclohexane, cyclo-
exene, propylvinyl ether, dibutyl ether (Fluka, 99%) and
-methylstyrene (Fluka, 95%).

. Results and discussion

.1. UV absorption cross-sections

Absorption spectra were measured between 260 and 360 nm
270–360 nm for indene) at (328 ± 2) K and different pressures
at least 12 pressures for each compound) ranging from 0.1 to
.9 Torr. Because the deviation was very large beyond 310 nm
ue to small absorption cross-sections, the cross-sections are
eported here only between 260 and 310 nm. Good linear rela-
ions between the absorbance and the pressure were found for
ll investigated aromatics, as shown in Fig. 1 at 280 and 290 nm.

he obtained spectra are shown in Fig. 1, and the cross-section
alues are listed in Table 1 in 1 nm intervals. The precision of
he experimental cross-sections was calculated at each wave-
ength using the standard deviation for different measurements.
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ig. 1. UV absorption spectra and absorbance at 280 and 290 nm vs. the pressure
nd indene at 328 K.
n general, between 260 and 310 nm (270–310 nm for indene),
he standard deviation of the measured absorption cross-section
as better than 15%. At λ > 310 nm, the deviation increased

o more than 20–30% due to small absorption cross-sections.
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absorption cell of styrene, �-methylstyrene, �-methylstyrene, 2-methylstyrene
ncertainties of 5–10% in the measured concentrations of aro-
atics were added to the reported errors in the cross-sections.
ther uncertainties in path length, temperature and wavelength
ere estimated to be less than 1%.
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Table 1
Absorption cross-sections (in cm2 molecule−1) of styrene, 2-methylstyrene, �-
methylstyrene, �-methylstyrene and indene at 328 K

λ (nm) σstyrene σ2−methylstyrene σ�-methylstyrene σ�-methylstyrene σindene

260 1.6E−18 4.0E−18 2.8E−18 3.6E−18 –
261 1.4E−18 3.4E−18 2.3E−18 3.2E−18 –
262 1.3E−18 2.8E−18 1.9E−18 2.9E−18 –
263 1.2E−18 2.1E−18 1.6E−18 2.5E−18 –
264 1.2E−18 1.7E−18 1.3E−18 2.2E−18 –
265 1.2E−18 1.5E−18 1.1E−18 1.9E−18 –
266 1.2E−18 1.4E−18 9.8E−19 1.8E−18 –
267 1.2E−18 1.3E−18 8.9E−19 1.8E−18 –
268 1.2E−18 1.3E−18 8.2E−19 1.7E−18 –
269 1.2E−18 1.3E−18 7.5E−19 1.6E−18 –
270 1.3E−18 1.3E−18 7.0E−19 1.6E−18 9.3E−19
271 1.3E−18 1.3E−18 6.5E−19 1.6E−18 9.2E−19
272 1.4E−18 1.3E−18 6.1E−19 1.7E−18 8.8E−19
273 1.3E−18 1.3E−18 5.7E−19 1.8E−18 8.0E−19
274 1.3E−18 1.4E−18 5.3E−19 1.8E−18 7.4E−19
275 1.2E−18 1.4E−18 5.1E−19 1.7E−18 7.1E−19
276 1.2E−18 1.4E−18 4.7E−19 1.6E−18 7.2E−19
277 1.2E−18 1.5E−18 4.3E−19 1.5E−18 8.2E−19
278 1.4E−18 1.4E−18 3.9E−19 1.5E−18 8.7E−19
279 1.4E−18 1.4E−18 3.4E−19 1.6E−18 7.8E−19
280 1.3E−18 1.4E−18 2.8E−19 1.6E−18 6.3E−19
281 1.2E−18 1.4E−18 2.5E−19 1.6E−18 5.4E−19
282 9.6E−19 1.4E−18 2.2E−19 1.6E−18 5.0E−19
283 8.1E−19 1.3E−18 1.9E−19 1.4E−18 4.6E−19
284 7.3E−19 1.3E−18 1.7E−19 1.1E−18 4.5E−19
285 7.0E−19 1.4E−18 1.5E−19 9.7E−19 4.3E−19
286 7.3E−19 1.4E−18 1.4E−19 8.7E−19 3.5E−19
287 8.6E−19 1.3E−18 1.2E−19 8.4E−19 2.6E−19
288 9.3E−19 1.1E−18 8.8E−20 9.3E−19 2.7E−19
289 7.6E−19 10.0E−19 6.0E−20 1.1E−18 2.7E−19
290 4.9E−19 9.0E−19 4.1E−20 1.1E−18 1.8E−19
291 2.8E−19 8.1E−19 2.9E−20 8.6E−19 1.1E−19
292 1.7E−19 7.4E−19 2.1E−20 5.7E−19 6.3E−20
293 1.1E−19 6.8E−19 1.6E−20 3.5E−19 4.0E−20
294 6.9E−20 6.8E−19 1.1E−20 2.1E−19 3.1E−20
295 4.6E−20 7.3E−19 8.3E−21 1.3E−19 2.6E−20
296 3.3E−20 7.2E−19 6.4E−21 8.7E−20 1.5E−20
297 2.3E−20 5.8E−19 4.9E−21 5.9E−20 1.5E−20
298 1.6E−20 3.7E−19 4.1E−21 4.2E−20 1.7E−20
299 1.1E−20 1.9E−19 3.7E−21 3.0E−20 1.3E−20
300 8.0E−21 1.1E−19 4.4E−21 2.3E−20 9.0E−21
301 5.6E−21 6.9E−20 4.3E−21 1.8E−20 8.1E−21
302 4.0E−21 4.5E−20 4.4E−21 1.4E−20 6.1E−21
303 2.9E−21 3.2E−20 4.3E−21 1.2E−20 5.0E−21
304 2.3E−21 2.4E−20 2.8E−21 7.3E−21 4.0E−21
305 1.8E−21 2.1E−20 2.8E−21 6.3E−21 3.3E−21
306 1.4E−21 1.7E−20 2.7E−21 5.5E−21 3.0E−21
307 7.0E−21 1.6E−20 3.8E−21 8.3E−21 1.4E−21
308 5.8E−21 1.3E−20 4.1E−21 7.4E−21 1.2E−21
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09 4.7E−21 1.2E−20 4.0E−21 6.8E−21 1.0E−21
10 3.7E−21 1.0E−20 3.8E−21 6.3E−21 5.0E−22

The UV absorption cross-sections obtained by the dynamic
ethod agree very well with those measured by the static method

ver the wavelengths range 260–310 nm with relative error less
han 10%. In general, the UV spectra of the investigated com-

ounds show similar absorption characteristics. Several obvious
ands for styrene, 2-methylstyrene, �-methylstyrene and indene
ere observed over the investigated wavelengths, but not for �-
ethylstyrene. No fine structure, characteristic of � electronic

o
t
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ransitions is detectable under our experimental conditions.
he styrene series show stronger absorption over the wave-

engths range 260–280 nm, with absorption cross-sections about
0−18 cm2 molecule−1, whereas above 290 nm, their absorption
ecreases sharply with values less than 10−20 cm2 molecule−1

round 310 nm. An obvious absorption peak around 290 nm
as observed for styrene while the absorption peaks for
-methylstyrene and �-methylstyrene shift towards longer
avelengths. The bathochromic shift by an ortho-substitution
f a methyl group is comparable to that of benzene/toluene
14] or benzaldehyde/o-tolualdehyde [15]. However, the oppo-
ite effect (hypsochromic shift) occurs for �-methylstyrene and
ndene compared to styrene.

The absorption cross-sections from this study were used to
alculate the photodissociation rate constants (J) for the aromatic
eries by using the following relationship:

=
∫

λ

σ(λ)Φ(λ)I(λ) dλ (2)

here σ(λ), Φ(λ) and I(λ) are the absorption cross-section
cm2 molecule−1), the primary photolysis quantum yield
molecule photon−1) and the actinic flux (photon cm−2 s−1) of
olar radiation at the wavelength λ, respectively.

The procedure for calculating J was identical to that of pre-
ious studies [16,17]. The calculations were carried out under
representative set of atmospheric conditions (at 12:00 on 1st

une, cloudless and at sea level and a latitude of 30◦N). The data
or the actinic flux at the Earth’s surface and zenith angle (θ = 10◦
or 1st June at 12:00) are taken from Finlayson-Pitts and Pitts
18]. Because no data on the primary quantum yields are avail-
ble for the investigated aromatics, only the upper limits for J are
alculated by assuming Φ(λ) = 1 at all wavelengths. Using the
ata obtained here and assuming that the cross-sections above
20 nm up to 360 nm to be in the order of the cross-section at
20 nm, ∼10−21 cm2 molecule−1, we estimated the upper lim-
ts for the J values of the studied species (in 10−6 s−1): 7, 7,
, 10 and 1 for styrene, �-methylstyrene, �-methylstyrene, 2-
ethylstyrene and indene, respectively. The contribution to the

hotolysis for wavelength higher than 360 nm is considered as
egligible as for other aromatic compounds [14].

.2. Rate coefficients for ozonolysis

.2.1. Absolute method
The reaction rate coefficients were determined by monitoring

he O3 concentration in the presence of known concentrations
f the aromatics in large excess. In our experimental conditions,
3 is lost through the following reactions:

3 → wall loss and leak kw

3 + aromatic → products kar

here kw represents the first-order leak and wall loss rates of

zone while kar is the reaction rate coefficient of the ozone with
he aromatics to be measured. The initial concentrations were
n the ranges 70–310 ppbv and 0.6–5.2 ppmv for ozone and the
romatics, respectively. The concentrations of aromatics were in
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Table 2
Experimental conditions and results for the absolute kinetic studies of O3 reac-
tion with aromatics at 295 ± 3 K and atmospheric pressure (k′ = ktot − kw)

[Aromatic]0 (ppmv) [O3]0 (ppbv) kw (10−5 s−1) k′ (10−4 s−1)

Styrene
1.1a 137 7.5 ± 0.4 4 ± 1
1.9 160 5.1 ± 0.1 7 ± 1
2.3 190 6.0 ± 0.1 9 ± 1
3.2 177 5.3 ± 0.1 11 ± 1
4.6 220 4.0 ± 0.1 18 ± 2
5.2 200 5.7 ± 0.1 18 ± 2

�-Methylstyrene
0.7 98 8.6 ± 0.1 3 ± 1
1.0 91 4.2 ± 0.1 5 ± 1
1.0 84 3.2 ± 0.1 5 ± 1
1.0 82 3.7 ± 0.1 6 ± 1
1.1 170 5.1 ± 0.1 5 ± 1
1.3 138 9.1 ± 0.1 6 ± 1
1.5 143 7.8 ± 0.1 7 ± 1
2.6 211 6.0 ± 0.1 12 ± 1
3.8 307 3.5 ± 0.1 15 ± 2

2-Methylstyrene
0.9 180 4b 6 ± 1
1.3c 180 4.7 ± 0.1 9 ± 1
1.6d 140 4b 11 ± 1
2.5 200 6.0 ± 0.1 17 ± 2
3.5 320 3.8 ± 0.1 26 ± 3
3.9 140 4b 32 ± 4
4.3 140 4b 34 ± 4
5.2 190 4b 38 ± 5

Indene
0.6d 75 4b 25 ± 3
0.8e 96 4b 28 ± 3
0.8 47 4b 30 ± 3
1.0 100 4b 41 ± 5
1.1d 75 4b 45 ± 5
1.5d 118 4b 61 ± 7
1.6 70 4b 53 ± 6
1.9d 110 4b 80 ± 10
2.5e 110 4b 100 ± 10
2.8d 110 4b 100 ± 10

a 27 ppmv cyclohexane added as OH scavenger.
b Estimated value.
c 65 ppmv 1,3-dioxolane added as OH scavenger.
d 0.6 ppmv 1,3-dioxolane used as OH tracer.
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ll cases at least 8 times higher than those of O3. The observed
ecay of ozone was given by the expression:

−d[O3]

dt
= kar[Aromatic][O3] + kw[O3] (3)

zonolysis rate coefficients kar are thus derived from the fol-
owing equation:

n

(
[O3]0

[O3]t

)
= ktot × t (4)

here

tot = k′ + kw and k′ = kar[Aromatic] (5)

Hence, the rate coefficients for the ozonolysis of the aro-
atics can be derived from the decay of ozone measured by

he UV analyzer and in some runs also checked by FTIR.
he ozone analyzer showed a slight response to the aromat-

cs since these species have an important absorption at 254 nm
i.e. σ ≈ 10−18 cm2 molecule−1), ozone being monitored at this
avelength. The additional signal due to aromatics becomes

onstant after 5–10 min and depends on their initial concentra-
ion. Consequently, only data obtained after this stabilization
ime are used to derive the reactions rate coefficients.

The experimental conditions and the results for kw and k′ are
isted in Table 2 and an example of the typical plots according
o Eq. (4) is shown in Fig. 2. The leak rate constant derived from
he loss of SF6 was found to be about 2 × 10−5 s−1 and the loss
f ozone due to leak and wall adsorption was calculated from
ts decay before the introduction of the aromatic compound and
s 3–9 × 10−5 s−1. When ozone was added after the aromatic,
w was assumed to be 4 × 10−5 s−1. The ozone decay rates ktot
easured in the presence of the aromatic compound were used to

alculate the decay k′ = (ktot − kw) due to the ozonolysis. Ozone
oncentrations monitored by FTIR spectroscopy were found to
e in good agreement with those monitored by the analyzer,
s illustrated in Fig. 2c for the mixture of 2-methylstyrene and
zone. Experiments where ozone was injected in the chamber
efore the aromatics are also in accordance with those conducted
he other way (ozone was introduced after the aromatics). Fig. 3
resents the linear plots of k′ versus the concentration of each
romatic compound and the slopes are equal to the ozonolysis
eaction rate coefficients kar given in Table 4. The quoted errors
or kar determined in this work include statistic uncertainties 2σ

rom the least-squares analysis, the estimated systematic error
5–10%) in the measured concentrations and the uncertainties
n the time intervals.

A number of experiments have been carried out in
he presence of OH scavenger (27 ppmv of cyclohex-
ne or 44–65 ppmv of 1,3-dioxolane) whose reactivity
owards ozone is negligible. The reaction rate coefficients
f OH radicals with cyclohexane and 1,3-dioxolane are
cyclohexane+OH = 7.2 × 10−12 cm3 molecule−1 s−1 [19] and
1,3-dioxolane+OH = (1.11 ± 0.09) × 10−11 cm3 molecule−1 s−1
20]. The difference between the rate coefficients obtained in
he absence and in the presence of OH scavenger was found to
e less than 20% (see Figs. 2d or 3). Some experiments have
een conducted in the presence of 1,3-dixolane (∼600 ppbv)

s
t
w

e 45 ppmv 1,3-dioxolane added as OH scavenger.

s OH tracer (see Fig. 2c for example). The tracer decay rate
as about 2 × 10−5 s−1 which is nearly the same as the leak

ate. This enabled us to estimate the loss of 1,3-dioxolane due
o OH reaction to be less than 1 × 10−5 s−1 from which we
ould derive an upper limit of the OH concentration which
as found to be ≈1 × 106 cm−3. Therefore, it was concluded

hat the reactions involving OH radicals were not significant
ompared those of O3 reactions under our experimental
onditions.
Although experiments were reproducible, additional mea-
urements were performed using the relative method in order
o check any systematic errors due to the interferences observed
ith the ozone UV analyzer as described above.
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Fig. 2. (a–d) Kinetics O3 + aromatics (absolute method): Examples of ozone (and 1,3-dioxolane when present) decays vs. reaction time (the lines represent the best
fi
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t to the experimental data, see text).

.2.2. Relative method
The relative rate coefficients were determined by compar-

ng the reaction rate of ozone with the aromatics to that with a
eference compound:

3 + aromatic → products (kar)

3 + reference → products (kref )

here kar and kref are the rate coefficients of O3 reaction with
romatic compounds and reference, respectively. Assuming that
he reaction with O3 is the only significant loss process for both
romatic and reference after correction of the concentrations due
o the leak and wall losses, kar can be derived from the following
quation:

n

(
[Aromatic]0

[Aromatic]t

)
=

(
kar

kref

)
× ln

(
[Ref]0

[Ref]t

)
(6)
here the subscripts 0 and t indicate concentrations at the begin-
ing of the experiment and at time t, respectively.

At least two runs were conducted for each aromatic comp-
und in the presence of 85 ppmv of dibutyl ether to scavenge OH

l
t
(
O

adicals (kdnBE = (2.69 ± 0.22) × 10−11 cm3 molecule−1 s−1

21]). Propene was chosen as the reference compound
or the ozonolysis of styrene, �-methylstyrene and 2-
ethylstyrene and propylvinylether and cyclohexene as

he references for the ozonolysis of indene. The initial
oncentrations were in the range 1–4 ppmv for ozone
nd around 4–5 ppmv for the aromatics and references.
he experimental conditions and the results are listed in
able 3.

First, the gas mixture (aromatic, reference and scavenger)
as maintained in the chamber without ozone for at least 1h

n order to quantify the possible loss on the Teflon walls of
he chamber. The corresponding rates were found to be close
o the leak rate, about (2 ± 1) × 10−5 s−1. Then ozone was
dded and its concentration quantified by FTIR spectroscopy.
fter correction for the leakage, plots presented in Fig. 4
f experimental data for ln([Aromatic]0/[Aromatic]t) versus

n([Ref]0/[Ref]t) exhibit straight lines and the slopes are equal
o kar/kref and listed in Table 3. Using a rate coefficient of
0.94 ± 0.06) × 10−17 cm3 molecule−1 s−1 for the reaction

3 + propene [22], (2.34 ± 0.48) × 10−16 cm3 molecule−1 s−1
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ig. 3. (a–d) Kinetics O3 + aromatics (absolute method): plots of the ozone pseu
lopes are equal to the ozonolysis rate constants kar (Eq. (5), see text).

or the reaction O3 + propylvinyl ether [23] and
−16 3 −1 −1
0.8 ± 0.2) × 10 cm molecule s for the reaction

3 + cyclohexene [24], the resulting values of kar and are listed
n Table 3, are in good agreement with those obtained by the
bsolute method (see Table 4).

a
1
a

able 3
xperimental conditions and results for the relative kinetic studies of O3 reactio
0−17 cm3 molecule−1 s−1)

Aromatic]0 (ppmv) [Ref]0 (ppmv) [O3

.3c 4.1d 1.5

.3c 5.2d 4

.0e 5.0d 4 (+

.0e 5.1d 4

.1f 5.2d 4

.1f 4.9d 4

.1f 5.0d 1 (+

ndene PVEg CYCLOg [O3]0 (ppmv)a

.0 5.9 6.0 0.7 (+1.3 + 2)

.0 5.9 6.0 0.7 (+1.3 + 2.2 + 3)

a [O3]0 is the maximum O3 concentration given by FTIR spectroscopy at the introd
b kpropene = (0.94 ± 0.06) × 10−17 cm3 molecule−1 s−1 [22]; kPVE = (2.34
0−16 cm3 molecule−1 s−1 [24].
c Styrene.
d Propene.
e �-Methylstyrene.
f 2-Methylstyrene.
g PVE is propylvinyl ether and CYCLO is cyclohexene.
rst-order rate constants k′ vs. the concentration of the aromatic compound. The

.2.3. Discussion

The average rate coefficients for the reactions of the studied

romatics and O3 at 295 ± 3 K and atmospheric pressure are (in
0−17 cm3 molecule−1 s−1): (1.5 ± 0.3), (1.8 ± 0.4), (3.1 ± 0.6)
nd (16 ± 4) for styrene, �-methylstyrene, 2-methylstyrene and

ns with aromatics at 295 ± 3 K and atmospheric pressure (kar is given in

]0 (ppmv)a kar/kref kar
b

(+3) 1.6 ± 0.1 1.5 ± 0.3
1.6 ± 0.1

1) 2.1 ± 0.2 2.0 ± 0.4
2.2 ± 0.2

3.4 ± 0.2
3.2 ± 0.3 3.1 ± 0.6

1) 3.3 ± 0.4

PVE CYCLO kar
b

0.83 ± 0.02 2.20 ± 0.06 1.8 ± 0.5
0.80 ± 0.02 2.04 ± 0.02 1.7 ± 0.4

uction of O3.
± 0.48) × 10−16 cm3 molecule−1 s−1 [23]; kCYCLO = (0.8 ± 0.2) ×
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Fig. 4. Kinetics O3 + aromatics (relative method): plots of ln([Aromatic]0/[Aromatic]t) vs. ln([Ref]0/[Ref]t) using FTIR. According to Eq. (6), the slopes are equal
to kar/kref (PVE, propyl vinyl ether; CYCLO, cyclohexene, see text).

Table 4
Rate constants for the ozonolysis of styrene, �-methylstyrene, 2-methylstyrene and indene obtained by absolute and relative methods at 295 ± 3 K and atmospheric
pressure

Aromatic compound Rate constant kar (10−17 cm3 molecule−1 s−1) Reference

Styrene 1.4 ± 0.3 This work, absolute method
1.5 ± 0.3 This work, relative method
2.16 ± 0.46 [5]
1.71 ± 0.18 [6]
7.9 [7]

�-Methylstyrene 1.5 ± 0.3 This work, absolute method
2.0 ± 0.4 This work, relative method

2-Methylstyrene 3.1 ± 0.5 This work, absolute method

3.1 ± 0.6 This work, relative method

Indene 15 ± 3 This work, absolute method

18 ± 5 This work, relative method
17 ± 5 [8]
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ndene, respectively. This work provides the first measurement
f the ozone reaction rate coefficients with 2-methylstyrene and
-methylstyrene. For styrene, our measured value is in good
greement with that reported earlier by Tuazon et al. [6] but
lightly lower than that of Atkinson et al. [5]. However, the
greement can be regarded reasonable when the uncertainties
n both measurements are considered (see Table 4). The rate
oefficient value reported by Zhang et al. [7] is almost four times
igher than determined in this work. However, the measurement
f Zhang et al. [7] represents the result of a single experiment.
egarding the rate coefficient of ozone with indene, our data

s in good agreement with the value reported by Kwok et al.
8].

The O3 reactions with alkyl benzenes and indane are
uite slow (e.g. k(O3 + toluene) < 10−21 cm3 molecule−1 s−1,
(O3 + 1,3,5-trimethylbenzene) < 10−20 cm3 molecule−1 s−1

nd k(O3 + indane) < 3 × 10−19 cm3 molecule−1 s−1) [25]
ompared to alkene benzenes and indene studied here. On
he other hand, the reaction rate coefficients for each of the
romatic compound investigated in this work are close to
hose of the alkene (in cm3 molecule−1 s−1): kstyrene ∼ kpropene
1.0 × 10−17), k�-methylstyrene ∼ kisobutene (1.0 × 10−17) and

indene ∼ kcis-pent-2-ene or cis-but-2-ene (1.3 × 10−16) [24,26]. This
bservation indicates that the reaction of ozone with the unsat-
rated aromatic compounds studied here occurs essentially
hrough the addition of O3 to the double bond of the alkene
roups. The phenyl group might be expected to slow down
he reaction by electron-attractive mesomeric effect, but it
oes not seem to have much influence for the investigated
romatics. A methyl group on �-position seems to have a
ittle or no effect for O3 addition on the alkene bond since
�-methylstyrene ∼ kstyrene similarly to kisobutene ∼ kpropene. The
eaction rate coefficient of ozone with 2-methylstyrene is a
actor 2 higher than that with styrene. The reason might be
ue to the electron-donating inductive effect of the ortho-
ethyl group. This does not exclude that the steric effects
ay also be important in these reactions. Indene is much
ore reactive towards ozone than styrene and the other

wo methyl styrenes (�-methyl and 2-methyl) studied here.
owever, indene is less reactive than cyclopentene, indi-

ating that the phenyl group has an effect on the reactivity
owards O3 (kcyclopentene = 5.7 × 10−16 cm3 molecule−1 s−1

27]).

. Atmospheric implications

The tropospheric lifetimes of the investigated aromatics cor-
esponding to each loss pathway (τ� = 1/J, τOH = 1/(kOH[OH]),
O3 = 1/(kO3[O3]) and τNO3 = 1/(kNO3 [NO3]) were estimated
ased on the parameters measured in this study for
he photolysis and ozonolysis and the reported values
n the literature for the reactions of OH and NO3

adicals with the aromatics. The average concentrations
f OH, O3 and NO3 are taken as 2 × 106 cm−3 [28],
× 1011 molecule cm−3 [29] and 5 × 108 cm−3 [30], respec-

ively. The rate coefficients values used for the cal-

[

[
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ulations are (in cm3 molecule−1 s−1) (5.8 ± 0.1) × 10−11

10], (5.3 ± 0.6) × 10−11 [9] and (7.8 ± 0.3) × 10−11 [8] for
he reactions of OH with styrene, �-methylstyrene and
ndene, respectively. They are (1.51 ± 0.04) × 10−12 [10] and
4.08 ± 0.26) × 10−12 [8] for the reactions of NO3 with styrene
nd indene, respectively. The calculated lifetimes are in the
anges 2–3 h, <1 h, 2 h–1 day and >1–10 days for the OH, NO3,

3 reactions and for the photolysis, respectively. This clearly
hows that reactions with OH, NO3 and O3 are all important as
tmospheric loss processes for the studied aromatics in the gas
hase. Hence, products studies of these three processes are of
rucial importance in order to assess the real impact of this type
f species on air quality.
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