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JUAN J. NÁJERA,1 RUTH WAMSLEY,1 DEBORAH J. LAST,2 KIMBERLEY E. LEATHER,1

CARL J. PERCIVAL,1 ANDREW B. HORN2

1School of Earth, Atmospheric and Environmental Sciences, Faculty of Engineering and Physical Sciences, The University of
Manchester, Manchester M13 9PL, UK
2School of Chemistry, Faculty of Engineering and Physical Sciences, The University of Manchester, Manchester M13 9PL, UK

Received 23 January 2011; revised 21 May 2011; accepted 23 May 2011

DOI 10.1002/kin.20602
Published online 14 September 2011 in Wiley Online Library (wileyonlinelibrary.com).

ABSTRACT: In this paper, a real-time laboratory study of the heterogeneous oxidation reaction
of gas-phase ozone with anthracene on surface substrates by using infrared spectroscopy in two
distinctly different experimental configurations is reported. One set of kinetic measurements
was made by attenuated total internal reflection infrared (ATR-IR) spectroscopy using approx-
imately 75-nm films of anthracene adsorbed on ZnSe, for which the reactive uptake coefficient
was determined to be (2.0 ± 1.1) × 10−7. Using an aerosol flow tube coupled to an infrared
spectrometer (AFT-IR), similar measurements were made on (NH4)2SO4 (ammonium sulfate)
aerosols coated with a 0.1-μm film of anthracene. The aerosol kinetic results as a function of the
ozone concentration are consistent with a Langmuir–Hinshelwood-type mechanism, for which
the ozone-partitioning coefficient was K O3 = (1.4 ± 1.7) × 10−16 cm3 molecule−1, and the
maximum pseudo-first-order rate coefficient was k I

max = (0.035 ± 0.016) s−1. Infrared spectro-
scopic and mass spectrometric analysis of the ozonolysis reaction in the bulk phase identified
the main ozonolysis products as dihydroxyanthrones, 9,10-endoperoxide–anthracene, 9,10-
anthraquinone, and anthrone. Larger products were also seen in the mass spectra, most likely
the result of secondary product and oligomer formation. C© 2011 Wiley Periodicals, Inc. Int J
Chem Kinet 43: 694–707, 2011

Correspondence to: Carl J. Percivale; e-mail: carl.percival@
manchester.ac.uk.
c© 2011 Wiley Periodicals, Inc.

INTRODUCTION

Polycyclic aromatic hydrocarbons (PAHs) are released
during incomplete combustion processes and have
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been identified as an important class of pollutants that
are ubiquitous in the atmosphere [1]. PAHs are known
to be carcinogenic, mutagenic, and allergenic in na-
ture [2]. After emission, the atmospheric processing
of PAHs in the gas- and condensed-phase defines their
environmental fate [3]. The most significant transfor-
mation pathway is the heterogeneous reaction with
atmospheric oxidants such as OH and NO3 radicals
and ozone. These reactions result in the formation of
oxidized polycyclic aromatic hydrocarbons (OPAHs),
which are often more toxic than the parent PAHs [4].
OPAHs such as quinones can also be emitted directly
into the atmosphere from combustion sources. The po-
tential for PAHs and OPAHs to affect human health
through direct inhalation has fuelled interest in the ox-
idation reactions of these compounds because their at-
mospheric chemistry is far from well understood [1].
A number of recent experimental studies have utilized
anthracene as a PAH proxy representative of the wider
class of aromatic species because it is present in pol-
luted atmospheres at typical concentrations [1] of ap-
proximately 6 ng m−3. Early studies of the liquid-phase
reaction of anthracene solution with dissolved ozone
by Bailey [5] identified 9,10-anthraquinone and ph-
thalic acid as the main reaction products. From these
studies, a reaction mechanism was postulated, where
9,10-anthraquinone was formed either directly by con-
secutive ozone attack of the carbons on the inner ring
of anthracene or produced indirectly by reduction of
the hydroperoxide intermediate during workup [5].
More recent studies have concentrated on character-
izing the ozonolysis mechanism and product yields for
anthracene on a variety of different substrates such as
aqueous and organic interfaces [3,6,7], film surfaces
[8], and on both organic and inorganic aerosol surfaces
[2,9]. There are, however, significant discrepancies in
both the experimentally reported reaction products and
the reported rates of reaction for ozonolysis.

In this study, real-time infrared spectroscopic stud-
ies of the oxidation reactions of anthracene by ozone
as a thin film and in the aerosol phase are reported,
supported by a qualitative product study in bulk so-
lution using both infrared spectroscopy and mass
spectrometry.

EXPERIMENTAL

Bulk Solution Phase

Solutions were prepared in ethyl acetate at typical so-
lute concentrations of 10 mM. The ozonolysis reac-
tion was carried out in a 5-mL reaction vessel [10],
through which ozone was bubbled at a controlled rate.
A 20-sccm flow of O2 was passed through a voltage

discharge ozone generator to produce an ozone concen-
tration of 2.4 × 104 ppm. The reaction time was varied
between 0.5 and 8 min. The gas bleed was introduced
via a medium-gauge needle and exhausted through
a second needle. Infrared spectra were recorded us-
ing a commercial diamond attenuated total inter-
nal reflection (ATR) attachment (Pike Miracle; Pike
Technologies, Madison, WI) fitted inside the sample
compartment of a Fourier transform infrared spec-
troscopy (FTIR) spectrometer (JASCO model 2400;
JASCO, Great Dunmow, UK). A micropipetted amount
(1 or 2 μL) of the sample solution was deposited, and
the solvent (ethyl acetate) was allowed to evaporate
prior to spectra being recorded. Data were recorded
for a pure anthracene solution as well as for samples
at various stages of the ozonolysis reaction. A total of
128 spectra were collected at a resolution of 4 cm−1

and coadded to create an absorbance spectrum.
Samples were also analyzed by atmospheric pres-

sure chemical ionization (APCI) mass spectrome-
try using a service instrument at the University of
Manchester. Both positive and negative ionization
spectra were recorded. The carrier gas used was nitro-
gen, and the sample was volatilized instantly at 450–
550◦C close to the probe.

ATR-IR Spectroscopy of Reactions
in Thin Films

Thin-film studies were performed using an attenu-
ated total internal reflection infrared (ATR-IR) spec-
troscopic method that has been described in detail
elsewhere [11]. Briefly, the film study was preformed
on a ZnSe internal reflection element (IRE) (Spectral
Systems LLC, New York, NY) mounted on a custom-
built ATR accessory in a Thermo-Nicolet FTIR Nexus
spectrometer (ThermoFisher Scientific, Inc., Waltham,
MA). The thin films were formed on the IRE via a
method known as casting, whereby a solution of an-
thracene was spread over the crystal, and the solvent
was allowed to evaporate. A 30-μL aliquot of a 10-
mM solution of anthracene in ethyl acetate was placed
on the crystal. The film produced allowed for an exact
volume of anthracene to be determined with highly re-
peatable spectroscopic characteristics. Once the films
were cast, ozone was flowed over the film with spec-
tra collected every minute and recorded as the sum
of 64 scans at 4 cm−1 resolution. The ozone concen-
tration was determined by measuring the absorption at
254 nm (σ = 1.15 × 10−17 cm3 molecules−1) [12] in a
laboratory-built gas cell in a Perkin–Elmer (Waltham,
MA) Lambda 25 UV–vis spectrometer. The concentra-
tion of ozone used in the thin-film kinetic experiment
was 2 ppm.

International Journal of Chemical Kinetics DOI 10.1002/kin
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Aerosol Flow Tube Studies

The aerosol flow tube (AFT) system and the FTIR
spectrometer detection system used in this work have
been described elsewhere [11,13]. Briefly an overview
of the technique will be given here with an emphasis
on the experimental conditions and procedures specific
to this kinetic study. To generate the anthracene parti-
cles, a seed particle of ammonium sulfate ((NH4)2SO4)
was required, which was coated with anthracene vapor.
The particle size distributions were then measured us-
ing a commercial-process aerosol monitor (PAM 510;
TOPAS GmbH) before entering the flow tube. Aerosol
particle dimensions were described by lognormal dis-
tributions with standard deviation σ<1.15, where their
average particle diameter (Dp) and the number of par-
ticles (N ′) were obtained [13]. The coated particles
were diluted after entering the AFT by a sheath flow.
The main AFT reactor consists of a 100-cm long, verti-
cally orientated Pyrex glass flow tube with an internal
diameter of 4.0 cm. A movable stainless steel injec-
tor, 146.5 cm long and having an internal diameter of
1.0 cm, was inserted axially down the center of the
flow tube, through which a variable oxygen/nitrogen
flow mixture was injected. In the kinetic experiments,
a total flow of 1160 sccm was used which resulted
in an average linear flow velocity of ∼1.4 cm s−1

and a Reynolds number of ∼36. The contact time
was varied by setting the movable injector to differ-
ent positions from 15 to 80 cm along the length of the
flow tube, which was equivalent to a contact time of
11–57 s.

The infrared detection system used in the kinetic
aerosol experiments has been described in detail else-
where [11]. In these experiments, the multipass long
path cell was based on a white cell configuration, which
operated at 16 passes, or 47.0 ± 0.9 cm pathlength and
was mounted perpendicular to the direction of the flow.
The aerosol flow crosses the infrared detection perpen-
dicular to the multipass optics immediately prior to
exiting the flow tube. Infrared spectra were acquired in
situ using a modified commercial FTIR spectrometer
(Nexus; Thermo Nicolet), and the spectra were mea-
sured at a resolution of 4 cm−1 from the coaddition of
256 scans. In this study, experiments were performed
at room temperature (298 K), atmospheric pressure
(1 atm), and at varying ozone concentrations.

The concentration of ozone present in the AFT
experiments was determined from three characteris-
tic bands that were observed in the infrared spectrum
of ozone: the peak height of the absorption band at
2123 cm−1, the peak area 2138–2046 cm−1 (using a
baseline 2150–2040 cm−1 for both), and area band
1072–991 cm−1 (using a baseline 1080–970 cm−1).

The average ozone concentration obtained from the
analysis of these bands determined the ozone concen-
tration in the AFT within 5% error. The concentrations
determined from the infrared bands were validated by
a cross calibration using a laboratory-built gas cell in
a Perkin–Elmer Lambda 25 UV–vis spectrometer. In
the aerosol kinetic experiments, the ozone concentra-
tion was varied between 150 and 750 ppm with an
uncertainty of approximately 5%.

Chemicals

All chemicals were purchased from Sigma Aldrich Co.,
Ltd. (Dorset, UK), and used without further purifi-
cation: anthracene (99%), 9,10-anthraquinone (97%),
ethyl acetate (analytical reagent 99.98% assay), and
(NH4)2SO4 (99.98%). Ozone was generated by pass-
ing a flow of pure oxygen (BOC Gases, Guilford,
UK) through either a commercial ozone generator
(BMT802; BMT Messtechnik GmbH, Berlin, Ger-
many) for both the solution and aerosol experiments
or by irradiation at 185 nm in an ozone generator with
variable UV lamp exposure (UVP LLC, Upland, CA)
for thin-film experiments. The carrier gas used in all
experiments was dry nitrogen (BOC Gases).

RESULTS AND DISCUSSION

Solution Studies of Anthracene Ozonolysis

Infrared Spectroscopy. The infrared spectra for pure
anthracene and at various stages of ozonolysis are
shown in Fig. 1a, and the main absorption bands for
pure anthracene are presented in Table I. For un-
reacted anthracene, the majority of the main bands
are associated with the vibrational modes of the
conjugated aromatic rings [14]. The principal charac-
teristic features are the C H stretching modes in the re-
gion 3070–2960 cm−1, the overtones and combination
modes between 1930 and 1720 cm−1, the skeletal C C
vibrations between 1620 and 1445 cm−1, the C H in
plane (ip) vibrations between 1315 and 1145 cm−1,
and the out of plane (oop) C H bending modes below
885 cm−1. The latter are the most intense bands in the
ATR-IR spectrum and are seen at 883 and 725 cm−1

[15].
Upon ozone exposure, a number of spectral changes

are apparent as a reaction occurs, as shown in Figs. 1b–
1g. The characteristic bands of anthracene decrease in
intensity to be replaced by a large number of new fea-
tures. In particular, the sharp aromatic ν (C H) bands

International Journal of Chemical Kinetics DOI 10.1002/kin
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Figure 1 ATR-IR spectra of anthracene ozonized in ethyl acetate solution for (a) 0 min, (b) 1 min, (c) 1.5 min, (d) 2 min,
(e) 3 min, (f) 4 min, and (g) 8 min.

in the region 3070–2960 cm−1 are lost during the re-
action with ozone and are replaced by broad, unstruc-
tured bands in roughly the same region. As the new
features are still above ca. 3000 cm−1, it seems likely
that the new species formed are also substantially aro-
matic in nature. A similar decrease in intensity can be
seen for the anthracene-specific out-of-plane δ (C H)

modes in the region 885–700 cm−1, although these
are also replaced by strong, broad spectral features
in roughly the same region. Because the anthracene-
specific bands at 3050 and 883 cm−1 are characteristi-
cally sharp and in relatively clear spectral regions, these
bands can be used for the determination of reactant loss
kinetics.

International Journal of Chemical Kinetics DOI 10.1002/kin
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Table I Summary of the Infrared-Band Assignments
for Anthracene in Solution

Band (cm−1) Assignment Additional Information

3048 Aromatic ν (C H)
3021 Aromatic ν (C H) Less intense band

different symmetry
3010, 2988 Aromatic ν (C H) Combination bands
1930–1720 Overtone or

combination bands
1618 ν (C C)
1533 ν (C C)
1488 ν (C C)
1315 δ (CH) ip
1272 δ (CH) ip
1147 δ (CH) ip
883 δ (CH) oop Carbon 9 and 10
725 δ (CH) oop Carbon 1–4 and 5–8

The presence of product species is apparent after
1 min of ozone addition, evidenced by the forma-
tion of broad overlapping bands at 1740, 1693, and
1672 cm−1, which are readily assigned to carbonyl
species. As ozone exposure continues, a large num-
ber of new features are seen to grow in. Many of
the new features are readily assigned to generally aro-
matic moieties, typically aromatic ring modes around
1595, 1480, and 1460 cm−1, and strong out-of-plane
δ (C H) modes at 753 and 702 cm−1. The presence
of oxygenated products is suggested by the growth
of a number of infrared bands in the O H stretch-
ing region (3590–3120 cm−1), O H bending (1300–
1200 cm−1), and C O stretching regions (1110–
1030 cm−1). Other reasonably easily identified features
are the broad bands at ca. 2750 and 2850 cm−1, which
are characteristic of aldehyde and carboxylic acid
species.

The nature of the new species formed upon ozonol-
ysis of anthracene in solution can be obtained from
an examination of the resonances in the carbonyl re-
gion. Carbonyl ν(C O) frequencies are very sensitive
to their local environment, and comparison with group-
frequency correlation tables allows the general identi-
fication of the presence of aryl ketones (1672 cm−1),
carboxylic acids (1693 cm−1), aldehydes (1710 cm−1),
esters (1730 cm−1), and acid anhydrides (1850 cm−1)
in the range of products formed. Furthermore, the rel-
ative intensities of these individual carbonyl bands
is seen to vary significantly as ozone exposure in-
creases, suggesting that different types of products are
formed at various stages through the reaction. From
the reaction mechanism proposed by Bailey [5], 9,10-
anthraquinone is likely to be formed as the major prod-

uct via ozone addition at the carbon atoms situated in
the inner ring of anthracene. 9,10-anthraquinone has a
characteristic carbonyl band at 1676 cm−1, which co-
incides with the observed band seen in the ozonized
samples at 1672 cm−1. Upon closer inspection of the
spectra of the ozonized samples, some of the other
known main bands of 9,10-anthraquinone at 1280,
1212, and 930 cm−1 can also be identified, although it
is not possible to unequivocally identify the δ(CH) oop
mode, which would be expected around 692 cm−1. The
species contributing to the acid carbonyl at 1693 cm−1

are most likely to be compounds containing acid func-
tionality adjacent to a double bond (1715–1680 cm−1)
or aromatic acids (1700–1680 cm−1) such as phthalic
acid (1685 cm−1), in line with the predictions of Bailey
[5]. Although the presence of ester- and aldehyde-type
species cannot be explained straightforwardly from the
primary mechanism proposed by Bailey [5], their for-
mation can certainly be assumed to be the result of
some sort of secondary reactions, because the produc-
tion of such species is widely documented in a num-
ber of comparable ozonized organic systems includ-
ing as oleic acid [10] and stilbene [16]. At the ozone
concentrations used in this study, it is highly likely
both that reactions involving oxidation at sites other
than the inner-ring positions occur and that further
reactions involving ozone addition across remaining
unsaturation (either aliphatic or aromatic) in any prod-
ucts are also occurring. The formation of cyclic anhy-
dride species is the most feasible explanation for the
band at 1850 cm−1, following observations by Gunzler
and Gremlich [17], who characterized these species as
having symmetric and antisymmetric coupled modes
with νs around 1870–1845 cm−1 and νas around 1800–
1715 cm−1.

Toward the end of the reaction, the spectra are
strongly redolent of those resulting from the ozonoly-
sis of stilbene in solution, in that they are dominated by
broad features characteristic of carbonyl, C O and OH
functionalities, unresolvable and strongly overlapped
because of the presence of many similar components.
As a result of the complexity of the infrared spectra, the
direct identification of reaction products (primary or
secondary) cannot therefore be made. However, there
are key bands in both the reactant and in some of the
products that can be used for kinetic studies and the
general nature of the oxidized species formed has been
reliably established.

Mass Spectrometry. The APCI technique produces
both AP+ and AP− spectra. The resulting spectra for
anthracene before and after various ozone exposures
are shown in Fig. 2. The anthracene starting material

International Journal of Chemical Kinetics DOI 10.1002/kin
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Figure 2 APCI (AP+ left and AP− right) mass spectra of anthracene exposed to ozone for (a, a′) 0 min, (b, b′) 1 min,
(c, c′) 4 min, and (d, d′) 8 min.

is seen in the AP+ spectrum as an intense peak at m/z
179 corresponding to the molecular ion (M+H+). The
addition of ozone causes the intensity of the anthracene
molecular ion to decrease rapidly (34% loss after 1 min
of ozone addition) as products are formed.

Upon exposure to ozone, a number of additional
bands became apparent in the AP+ mass spectra as
a result of product formation. Several suggested ox-
idation products for the ozonolysis of anthracene are
given in Table II. At low ozone exposures, the main
product peaks in the AP+ spectra occur at 226, 209,
194, 193, 183, 181, and 165 m/z, with the most domi-
nant peak at 211 m/z. These peaks suggest that the main
product formed is the 9,10-endoperoxide–anthracene,
with smaller contributions from 9,10-anthraquinone
and dihydroxyanthrones (see Table II). At higher
ozone exposures, the initial product peaks are ac-
companied by new peaks at 224, 212, 208, 163, and
149 m/z.

In contrast to the sparsely populated AP+ mass
spectra, the AP− spectra contain an array of peaks
for the various ozone exposures. At low ozone expo-

sures, the main peaks can be seen at 255, 241, 207,
195, and 193 m/z with the most dominant peak seen at
225 m/z. Again, this suggests that the main products
formed are dihydroxyanthrones, 9,10-endoperoxide–
anthracene, 9,10-anthraquinone, and anthrone. At
higher ozone exposures, the AP− spectra show a sig-
nificant decrease in the major products (m/z 225, 209,
and 207) with a significant increase in the population
of peaks at higher mass ions specifically in the region
559–585 m/z and 660–760 m/z. This is most likely due
to the formation of oligomers, although direct oligomer
speciation is not possible from these data alone. How-
ever, the formation of PAH oligomers from ozonolysis
is unprecedented and requires further investigation.

The results from these solution-phase experiments
therefore allow several products to be identified,
which are consistent with the mechanism proposed by
Bailey [5]. Evidence in both the infrared and mass
spectra strongly suggests the formation of 9,10-
anthraquinone, in agreement with a number of other
studies in the condensed phase [5], at the air–aqueous
interface [8], on surface films [3,6], and on sodium

International Journal of Chemical Kinetics DOI 10.1002/kin
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Table II Suggested Structures for Products Responsible for Ions Observed in AP+ and AP− Spectra of Ozonized
Anthracene

m/z Name Possible Structure

150 2-Formyl-benzoic acid; Bailey [5] O

H

O

OH

166 Phthalic acid; Kwamena et al. [8] O

OH

O

OH

178 Anthracene

194 Anthrone; Gloaguen et al. [9] O

208 9,10-Anthraquinone; Bailey [5], Gloaguen et al. [9],
Mmereki et al. [3], Kwamena et al. [8]

O

O

210 9,10-Endoperoxide—anthracene; Gloaguen et al. [9]
O

O

226 Dihydroxyanthrones H

H

O
O

O

chloride particles [9]. It has previously been proposed
that 9,10-anthraquinone can either be formed directly
by ozone addition at the two inner-ring carbon atoms
of anthracene or indirectly by decomposition of a hy-
droperoxide intermediate [5]. In this study, the mass
spectra contain strong evidence for the formation of
dihydroxyanthrones species, which have previously
been detected by Gloaguen et al. in experiments utiliz-
ing vacuum ultraviolet aerosol mass spectrometry [9].
Many of the lower intensity peaks in the solution mass
spectra can potentially be attributed to the formation of
phthalic acid (at 165 m/z) and anthrone (at 194 m/z),
species, which have been detected in previous studies
[5,8,9]. In the reaction mechanism proposed by Bailey,
anthrone is an intermediate that subsequently forms
9,10-anthraquinone [5]. This mechanism and previous
studies can account for a substantial proportion of the
products formed in the solution-phase experiments but

does not provide a route to the formation of higher mass
species, which arise from secondary reactions and/or
oligomer fragments. As noted earlier, the formation of
oligomers occurs mainly in bulk solution [10,18] and
thus does not reflect physical mass transport of ma-
terial in interfacial regions associated with gas-phase
and condensed-phase processes.

The relatively crude APCI method used in these
studies produces a significant amount of fragmenta-
tion, and the spectra thus obtained are not amenable
to a more sophisticated analysis of the nature of
oligomeric products. Indeed, direct observation and
characterization of the oligomers formed in oleic acid
ozonolysis in previous studies has only been effective
through the use of ion-trap mass spectrometry with
sufficient sensitivity and selectivity separate and struc-
turally characterize the high-molecular-weight species
[18].

International Journal of Chemical Kinetics DOI 10.1002/kin
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Figure 3 Decay of anthracene ν (C H) (gray circle) and δ (C H) (black triangle) bands under exposure to 2 ppm ozone over
the course of 4.5 h. The error bars are derived from the mean of three spectra. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Kinetics of the Ozonolysis Reaction
in a Thin Film

From the solution-phase reaction studies, two infrared
bands suitable for monitoring the kinetics of an-
thracene loss upon ozonolysis were identified, namely
the ν (C H) band at 3050 cm−1 and one of the
δ (C H)-oop bands at 883 cm−1. For quantification
purposes, the ν (C H) band was integrated between
3070 and 3032 cm−1, and the δ (C H) band between
897 and 866 cm−1. Kinetic studies were performed
under pseudo-first-order conditions with ozone as the
excess reagent (using ozone concentrations of 5 × 1013

molecules cm−3 with a corresponding total anthracene
concentration of 1.4 × 1012 molecules cm−3 in the
cast film). (Note that this is a rather crude estimate, be-
cause the majority of the anthracene molecules present
are located within the bulk of the thin film, making
them inaccessible to the incoming ozone. As a result,
the actual excess of ozone molecules over anthracene
molecules in the reaction zone is likely to be several or-
ders of magnitude greater than this ratio.) For any given
anthracene band, the reactant loss can be determined
using

ln
At

A0
= −k′

1t (1)

where A0 is the initial absorbance determined as the
anthracene-integrated band area before the addition of
ozone, At is the absorbance at a given time t , and

k′
1 is the pseudo-first-order rate constant. A plot of

ln (At /A0) versus t for this reaction will therefore
yield a straight line with the gradient equal to the
pseudo-first-order rate constant. The logarithmic de-
cay for the integrated ν (C H) and δ (C H) bands
of anthracene is shown in Fig. 3. The error bars are
derived from the mean of three experiments. Quanti-
tative agreement was observed by both methods, al-
though the δ (C H) band is preferred, as the signal-
to-noise ratio is higher and consequently less scatter
in the data points. The value of the pseudo-first-order
constant, k′

1, for the ozonolysis of anthracene after cor-
rection for wall losses, was determined as (2.5 ± 1.3) ×
10−6 s−1.

As observed in other studies [11,16], a reactive up-
take coefficient (γ ) can be calculated assuming that
the ozonolyis reaction takes place only at the surface
by

γ = 4RT

c̄

V

SA

k′
1

PO3

[Anthracene] (2)

where T is the temperature (298 K), c is the mean
molecular speed of ozone (360 m s−1), V is the volume
of the film, SA is the surface area of the film (the ratio
V /SA is the film thickness, i.e., 75 nm), PO3 is the partial
pressure of ozone (1.8 × 10−6 atm), and [Anthracene]
is the concentration of anthracene (7.01 mol L−1) based
on the density and molecular weight. The surface re-
active uptake for anthracene was thus determined to be
(2.0 ± 1.1) × 10−7.

International Journal of Chemical Kinetics DOI 10.1002/kin
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Kinetic Studies of the Ozonolysis Reaction
of Anthracene Aerosols

Characterization of Anthracene-Coated (NH4)2SO4

Particles. The vapor pressure of anthracene below
200◦C is insufficient to form aerosols through ho-
mogeneous nucleation [11], and so a heterogeneous
method in which an (NH4)2SO4 seed is used as a
nucleation substrate was adopted [16]. Once coated,
the aerosol particles were then characterized using
a TOPAS particle-size analyzer before entering the
AFT. Typically, the mean particle diameter for the
seed particles was 0.7 μm. When coated, the parti-
cle diameter increases to 0.9 μm; hence the parti-
cles are coated with a 0.2-μm shell of anthracene.
The number density of coated particles was typi-
cally 11.0 × 105 particles cm−3. The particles are di-
luted on entering the AFT by the additional sheath
flow, giving a particle number density within the AFT
of 3.2 × 105 particles cm−3, which equates to an
anthracene concentration of 1.2 × 1013 molecules
cm−3.

Representative infrared spectra of the (NH4)2SO4

seed, coated particle, and ozonized coated particle are
shown in Fig. 4. The (NH4)2SO4 aerosol spectrum is
characterized by the ν (NH+

4 ) mode between 3350 and
2650 cm−1, the δ (NH+

4 ) mode between 1470 and
1395 cm−1, the ν (SO2−

4 ) mode between 1180 and
1050 cm−1, and the weak δ (SO2−

4 ) mode between
634 and 605 cm−1. When coated, the main charac-
teristic bands of anthracene are seen superimposed on
the (NH4)2SO4 spectrum. Although ozonolysis at short
contact times with low ozone concentrations results in
the formation of only a small amount of product, some
new weak features are nevertheless discernible in the
oxidized aerosols. The most obvious new band is the
carbonyl stretch at around 1700 cm−1, just discernible
above the noise. Another significant feature is seen
at approximately 690 cm−1, most likely due to a δ

(CH) oop mode of one of the products. The ν (C H)
mode of anthracene is not very distinct in these dilute
conditions and hence the kinetics of the ozonolysis re-
action can only be followed via the δ (C H) band.
For quantification purposes, this band was integrated
between 893 and 872 cm−1 and normalized to the inte-
grated intensity of the δ (NH+

4 ) band of the seed species
[16].

Kinetics of the Ozonolysis Reaction of Anthracene
Aerosols. Kinetic studies were performed under
pseudo-first-order conditions with ozone as the ex-
cess reagent, with ozone concentrations in the range of
0.4–1.8 × 1016 molecules cm−3 (as compared with

the anthracene concentration of 1.2 × 1013 molecules
cm−3 in the particle phase). As for the thin-film studies,
a plot of ln (At /A0) versus time yielded a straight line
with the gradient equal to the observed rate constant,
in this case denoted as kobs. The errors associated with
kobs were obtained to the 1σ level from the linear re-
gression of the plots. The values of kobs obtained from
the anthracene–aerosol experimental data as a function
of ozone concentration are shown in Fig. 5.

Although the scatter in the data is quite large (and
could feasibly be fitted by a straight line, although
such a line would not intercept the origin), the data
were fitted on the basis of a Langmuir–Hinshelwood–
type mechanism for comparison with other similar ex-
perimental studies [2,19,20]. This mechanism is based
upon the simple premise that the reaction occurs on the
surface between two adsorbed reactants. In this case,
one reactant is permanently adsorbed (anthracene)
and the surface concentration of the second reac-
tant (ozone) is determined by an adsorption/desorption
equilibrium (based loosely on the Langmuir adsorption
isotherm). The parameters that describe the Langmuir–
Hinshelwood mechanism are the partitioning coeffi-
cient for ozone onto the aerosol surface (KO3) and
the maximum pseudo-first-order rate coefficient for
the surface reaction between anthracene and adsorbed
ozone (kI

max) [19,21,22]. As the ozone concentration
in the gas phase increases, the number of surface
sites available for ozone adsorption becomes satu-
rated, which allows a maximum reaction rate to be ob-
served. The experimentally observed reaction rate co-
efficient, kobs, is related to these parameters as follows
[21,22]:

kobs = kI
maxKO3 [O3(g)]

1 + KO3 [O3(g)]
(3)

where [O3(g)] is the concentration of ozone. The val-
ues of kI

max and KO3 can be determined using a non-
linear least-squares fit of Eq. (3) (using a rectangular
hyperbola function) to the experimental kobs data as
a function of the ozone concentration. For the data in
Fig. 5, kI

max was found to be 0.035 ± 0.016 s−1 and KO3

to be (1.4 ± 1.7) × 10−16 cm3 molecules−1 as shown
in Table III, where the reported errors are at the 1σ

level. Table III also summarizes the literature values for
heterogeneous ozonolysis of anthracene on different
aerosol substrates. On the assumption of a Langmuir–
Hinshelwood reaction mechanism, the [O3]-dependent
reactive uptake coefficient, γ , for anthracene-coated
(NH4)2SO4 aerosols can also be obtained from this
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(d)

(c)

(b)

(a)

Figure 4 AFT–FTIR spectra of aerosol particles: (a) (NH4)2SO4 seed, (b) anthracene-coated seed, (c) initial ozone addition,
and (d) final ozone addition.

data using Eq. (4) if the ozone concentration is known.

γ = 4kI
maxKO3

σorgcO3 (1 + KO3 [O3])
(4)

where the terms have their previously described
meanings.

Discussion

From the above results, it is therefore clear that the
ozonolysis of anthracene produces a wide range of
products that can be detected by infrared spectroscopy
and mass spectrometry, although quantitation and di-
rect speciation of these products is challenging. There
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Table III Comparison of Langmuir–Hinshelwood Parameters Obtained for the Heterogeneous Reaction of Ozone
with Anthracene on Aerosol Seeds

σMolecule KO3 Dp/(nm)
(cm−2) Aerosol Seed kI

max (s−1) (cm3 molecule−1) (Seed) γ

Kwamena [2] 3.33 × 10−14 Phenylsiloxane 0.010 ± 0.003 (1.0 ± 0.4) × 10−13 175 (1.4–0.2) × 10−6

oil
Kwamena [2] 3.33 × 10−14 Azelaic acid 0.057 ± 0.009 (2.2 ± 0.9) × 10−15 145 (3.8–2.0) × 10−7

This work 5.9 × 10−15 Ammonium 0.035 ± 0.016 (1.4 ± 1.7) × 10−16 600 (5.6–3.1) × 10−8

sulfate

Figure 5 Pseudo-first-order reaction rate constant for anthracene coating on (NH4)2SO4 aerosol particles as a function of
the ozone concentration. The solid line shows a fit of the data to the Langmuir–Hinshelwood mechanism using nonlinear
least-squares fit of Eq. (3) based on a rectangular hyperbola function.

seems to be little variation in product distribution be-
tween solution, aerosols, and thin films as far as can
be identified from these experiments. The main fea-
ture of the results comes from an analysis of kinetic
trends. The kinetics of ozone uptake on thin films of
anthracene on a variety of substrates has been mea-
sured previously in a number of studies. Figure 6
shows a summary of all currently available experi-
mental data for reactive uptake coefficients from both
thin films and aerosols. Uptake coefficients ranging
between (6.6–0.7) × 10−8 and (23–0.7) × 10−8 have
been obtained for air–organic (octanol and decanol)
[7] and air–aqueous (uncoated water, 1-octanol, hex-
anoic, octanoic and stearic acid) interfaces [3], respec-
tively, and an uptake coefficient of (6.2–0.5) × 10−8

has been reported for anthracene adsorbed on Pyrex
tubes [8]. All studies show a significant dependence

of the uptake coefficient on the ozone concentration,
again likely to be the result of ozone partitioning. There
is a notable increase in the experimentally determined
γ values as the ozone concentration decreases. The
ozonolysis of anthracene is significantly slower than
that obtained from the ozonolysis reaction of other
PAH systems, such as benzo(a)pyrene. Aerosol exper-
iments of benzo(a)pyrene coated on azelaic acid and
soot particles determined reactive uptakes of 5 × 10−7

and 2 × 10−5, respectively [19,20]. The reactive uptake
of ozone onto anthracene is also significantly slower
in comparison with other organic compounds cast onto
IRE crystals (cf. oleic acid 7.5 × 10−5 [11] and stilbene
7.8 × 10−5 [16]), although this is hardly surprising,
given that they contain accessible olefinic C C bonds.

As can be seen from Fig. 6, there appears to be a sig-
nificant variation (by a factor of around 5–10) between
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Figure 6 Summary of the apparent reactive uptake for the ozonolysis reaction of anthracene on different surface substrates.
The γ values determined here for anthracene on ZnSe and (NH4)2SO4 aerosols are shown as black triangles and black circles,
respectively. The γ values were adapted from Mmereki and Donaldson [6] (red squares for water and dark yellow triangles for
1-octanol), Mmereki et al. [3] (dark-green squares for stearic acid, green triangles for octanoic acid and purple triangles for
hexanoic acid), Kahan et al. [7] (gray squares for octanol/decanol), Kwamena et al. [8] (pink triangles for Pyrex), and Kwamena
et al. [2] (blue circles for phenylsiloxane oil aerosols and dark-blue circles for azelaic acid aerosols). See Tables III and IV for
details. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

the trends in thin-film and aerosol kinetic data. For the
reaction of a thin film of anthracene on a ZnSe surface
reported here, the γ value obtained at lower ozone con-
centrations is somewhat smaller at (2.0 ± 1.1) × 10−7

than those for anthracene on phenylsiloxane aerosols at
comparable [O3] [2], but lies firmly on an extrapolation
(green dashed line) of other thin-film measurements
made at higher [O3]. The γ -coefficients for the reaction
of anthracene on (NH4)2SO4 aerosols are also plotted
in Fig. 6, decreasing from 5.6 × 10−8 to 3.1 × 10−8 as
the ozone concentration increases. Although these val-
ues lie considerably above those obtained by Mmereki
et al. for stearic, octanoic, and hexanoic acids and
octanol at aqueous interfaces in this [O3] range [3], they
lie directly along an extrapolation (blue dashed line) of
data from anhydrous experiments by Kwamena et al.
at lower [O3] [2]. Supporting this observation, direct
comparison of the aerosol Langmuir–Hinshelwood pa-
rameters with those from other studies (summarized in
Tables III and IV) shows that the kI

max values for an-
thracene on (NH4)2SO4 aerosols lie directly between
those for anthracene adsorbed on phenylsiloxane oil
and azelaic acid aerosols, which are, in comparison,
about an order of magnitude higher than those for an-
thracene at aqueous (organic) interfaces and on Pyrex.

No such order exists between the tabulated KO3 values;
however, the value obtained for (NH4)2SO4 aerosols is
one order of magnitude lower than for azelaic acid
and three orders of magnitude lower than for phenyl-
siloxane oil aerosols. Kwamena et al. [2] previously
suggested that for various PAHs on different aerosol
substrates, the values of kI

max would be similar whereas
the partitioning of ozone, i.e., KO3, would vary sig-
nificantly depending on the substrate used. The results
from this study support this latter notion, in that the KO3

values cover a wide range. The most plausible expla-
nation for the rather small value of KO3 for (NH4)2SO4

particles is high surface polarity, given that it is well
known that gas-phase ozone will partition efficiently
to nonpolar substrates. The ionic nature of (NH4)2SO4

aerosol and the likely presence of strongly adsorbed
water give it a low affinity for ozone, comparable to
that of aqueous interfaces. It seems likely, however,
that there are other, larger factors that affect kI

max val-
ues, including surface geometry (flat surface versus
curved aerosol) and adsorbate morphology (monolay-
ers versus multilayers/islands). This trend has also been
observed for oleic acid, in that rate constants obtained
on thin films are generally smaller than those obtained
from aerosols [11].
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CONCLUSIONS

In this study, a number of the products formed dur-
ing the ozonolysis reaction of anthracene in the bulk
phase were identified by infrared spectroscopy and
APCI mass spectrometry. These results reveal the
formation of a diverse array of species with var-
ious oxygenated functionality, including aldehydes,
aryl ketones, esters, acids, and anhydrides (which
are most likely cyclic in nature). The main identifi-
able ozonolysis products were anthrone, phthalic acid,
9,10-anthraquinone, 9,10-endoperoxide—anthracene,
and dihydroxyanthrones, in good agreement with other
studies of anthracene ozonolysis [8,9,23]. The mass
spectrometric results at longer ozone exposure times
show strong evidence for substantial anthracene-ring
opening. Such reactions could lead to the formation
of secondary products and oligomers, for which there
is also evidence in the mass spectra. Existing mecha-
nisms for anthracene reported in the literature [5] can-
not account for either the high-molecular-mass species
or the formation of ester and aldehyde functional com-
pounds. To determine the exact structure of the larger
molecular weight products and further develop the an-
thracene reaction mechanism, other more structurally
resolved analytical techniques (such as ion-trap mass
spectrometry, previously used for oleic acid oligomer
characterization [18]) are required.

The ATR-IR method utilized in the thin-film ex-
periments enabled the anthracene loss to be monitored
directly via the δ (C H) band, thus allowing for a
pseudo-first-order rate constant to be determined. A
reactive uptake coefficient of (2.0 ± 1.1) × 10−7 was
obtained for anthracene ozonolysis assuming a surface
reaction. This is significantly slower than that for oleic
acid [11] and cis-stilbene [16] ozonolysis measured
in the same experimental system and also for several
other PAH system investigated in thin films [19,20,24].
However, the value obtained in this study is in good
agreement with values reported in the literature for an-
thracene on various other aerosol substrates [3, 6–8].

Direct measurements of the reactive uptake coeffi-
cient for anthracene films on (NH4)2SO4 aerosols ob-
tained by infrared spectroscopy produced values in the
range 5.6 × 10−8 to 3.1 × 10−8. The data obtained as a
function of the ozone concentration give a pseudo-
first-order maximum surface rate constant, kI

max, of
3.5 × 10−2 and an ozone partition coefficient, KO3,
of 1.4 × 10−16. Comparison of these values with liter-
ature data on other substrates reveals that the principal
factor affecting the rate is the ozone partitioning, which
is known to be affected by the polarity of the substrate
[2,25].
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A comparison of the reactive uptake coefficients
for ozone on a wide range of substrates as a function
of the ozone concentration shows a pronounced trend,
with the majority of experimental data (including that
reported in this paper) falling onto one of two trend
line on a log–log plot of γ versus [O3]. In general, rate
constants and uptake coefficients from measurements
on aerosols are found to be 5–10 times faster than those
measured on thin films. Reasons for this behavior are
far from obvious, but could include the effect of surface
curvature, adsorbate morphology, and/or the ability of
ozone to penetrate or diffuse within the reactant layer.
Further experiments are needed to resolve this issue.
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