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Abstract: The heterogeneous chemistry of surface-adsorbed polycyclic aromatic hydrocarbons (PAHS)
plays key roles in nanoscience, environmental science, and public health. Experimental evidence shows
that the substrate can influence the heterogeneous oxidation of surface-bound PAHs, however, a mechanistic
understanding of the role of the surface is still lacking. We examine the effects of the PAH—substrate
interaction on the oxidation of surface-adsorbed anthracene, pyrene, and benzo[a]pyrene by ozone (O3)
using density functional theory. We find that some O3 oxidation mechanisms for these planar PAH molecules
lead to nonplanar intermediates or products, the formation of which may necessitate partial desorption or
“lift-off” from a solid substrate. The energy penalty for partial desorption of each PAH from the surface is
estimated for four different substrate types on the basis of literature data and accounted for in the
thermodynamic analysis of the reaction pathways. We find that the attractive PAH—substrate interaction
may render oxidation pathways involving nonplanar intermediates or products thermodynamically unfavor-
able. The influence of the PAH—substrate interaction could contribute in part to the variations in PAH
oxidation kinetics and product distributions that have been observed experimentally. Our choice of test
molecules enabled us to identify trends in reactivity and product formation for four types of potentially
reactive site (zigzag, armchair, bridge, and internal), allowing us to infer products and mechanisms of O3
oxidation for PAHs of larger sizes. Implications for atmospheric chemistry and the stability of graphene in

the presence of O3 are discussed.

Introduction

Molecules in the polycyclic aromatic hydrocarbon (PAH)
family range in scale from a few fused benzene rings to
micrometer-scale graphene sheets. Small (six or fewer rings)
PAHSs are byproducts of combustion that are prevalent in the
environment.* PAHs consisting of three or more fused aromatic
rings have relatively low vapor pressures and will therefore
partition to atmospheric aerosol particles and other environ-
mental surfaces, where they may react with O; and other
atmospheric oxidants. Small PAHs and their oxidation products
have well-documented adverse effects on human health.> A
mechanistic understanding of the Os; oxidation of PAHS is
necessary for evaluating their environmental fates and human
exposure to them. 312
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The heterogeneous oxidation kinetics of small PAHs have
been observed to vary depending on the identity of the substrate;
however, the role of the surfaceis still unclear.®” 2 Experimental
studies of the oxidation of surface-adsorbed anthracene, ben-
zo[a]pyrene (B[a]P), and pyrene by gas-phase O3 have shown
that these systems generally follow Langmuir—Hinshelwood-
type kinetics. That is, when O5; concentrations in the gas phase
are low, the rate of PAH loss increases with increasing Os
concentration and then eventually saturates according to'®
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where K is the first-order rate constant, ki is the maximum
first-order rate constant that is observed when the surface is
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saturated with ozone, Kos is the adsorption equilibrium constant
for ozone, and [O5] is the gas-phase 0zone concentration. Despite
the similar functional dependence on [Og], the inferred rate
parameters Koz and K. have been observed to vary widely from
study to study, depending on the substrate on which the PAH
is adsorbed and the experimental method.®~*2

Kwamena et al. proposed that the polarity of the substrate
may control Oz adsorption to the surface prior to reaction (i.e.,
Kog), thus influencing the observed PAH loss kinetics.® Another
way in which the substrate may influence PAH oxidation isvia
the PAH—substrate interaction. In their lowest-energy configu-
rations, PAHs such as anthracene, benz[a]anthracene, B[a]P,
and pyrene are planar in geometry. PAH adsorption onto
graphitic surfaces including soot may be enhanced by 7—x
interactions.™* Oxidation mechanisms that necessitate partial
detachment of the PAH molecule from the substrate may incur
an energy penalty, thus affecting the thermodynamics of the
reaction pathway.

Graphene, an extended PAH that may reach microscopic
molecular dimensions, has unique and potentially useful elec-
tronic properties. > 2° Chemical processing by gas-phase species
could be an effective approach for controlled functionalization
of graphene for applicationsin nanoscale devices 3 and may
also provide new routes for fabrication of graphene sheets or
nanoribbons.?*%° Furthermore, as we move toward widespread
use of graphene in commercia applications, its stability in the
presence of atmospheric oxidants such as ozone and its
environmental fate should be evaluated.> 38 Relatively few
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studies exist on the heterogeneous chemistry of surface-
deposited graphene, but experimental evidence suggests that
interactions with the substrate may play an important role: Liu
et a. observed that O, oxidation reactions requiring “lift-off”
were inhibited for graphene when adsorbed on graphite sur-
faces.?

Here we show via a suite of density functional theory
calculations that steric effects on the PAH—substrate interaction
may influence the mechanisms and products of PAH oxidation
by O3 on surfaces. We chose anthracene, pyrene, and B[a]P as
model PAH compounds for this study because of their envi-
ronmental importance and because abundant experimental data
exist in the literature regarding the heterogeneous oxidation of
these species and their surface interactions. Furthermore, B[a]P
contains the full range of nondefect oxidation site types found
in PAHs (edge, zigzag, armchair, internal), and therefore, a
mechanistic understanding of its oxidation chemistry can provide
insight into that of larger PAHs such as graphene. We find that,
in some cases, the carbon skeleton of the oxidation products or
reaction intermediates deviates significantly from the planar
geometry of the PAH parent molecule, necessitating partial
desorption or lift-off from a solid substrate. This departure from
planar geometry may be inhibited by attractive interactions
between the PAH molecule and the underlying substrate. The
energy penaty for partial desorption from the surface for
different particle types was estimated on the basis of literature
data and incorporated into a thermodynamic analysis of the
oxidation reaction pathways. Our results suggest that PAH—
surface interactions influence their reactivity toward Oz and the
oxidation products formed.

Method

We performed a thermodynamic analysis of stable products and
intermediates along the ozone oxidation pathways for anthracene,
pyrene, and B[a]P, taking into account the PAH—surface interaction
as described in the following sections. Our goal for this study was
to screen these pathways for thermodynamic favorability; reactions
we find to be thermodynamically favorable here could be kinetically
limited. Our geometry-based analysis of the stable species nearest
in free energy to the transition state for a given reaction pathway
should also apply to that transition state.>°

Ab Initio Calculations. Geometries were optimized and vibra-
tiona frequency calculations were performed via Jaguar 6.0
(Schrodinger) using density functional theory (DFT) with the
B3LYP functional and the 6-31G** basis set. Unconstrained
geometry optimizations were performed. The ab initio calculations
are for gas-phase species and neglect any interaction of O3 or the
PAH with the underlying substrate; PAH—surface interaction was
accounted for separately, as discussed in the following section. The
free energy of each species was taken as the total Gibbs free energy,
Giot, @ 298.15 K, which includes the self-consistent field (SCF)
energy and the zero-point energy. The free energy of reaction was
calculated on the basis of the total Gibbs free energy of the reactants
and products in the usual manner:

AG‘rxn = ZviGtot,i (2)

where v; is the stoichiometric coefficient (negative for reactants,
positive for products). No further corrections were applied.
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The B3LYP/6-31G** level of theory is standard and has been
used in other studies of graphene and PAHs.*®** This method was
found to predict the geometry of anthracene well (y2 = 6.34 x
10~* A) as compared to experimental observations.*? The calculated
total enthalpy of reaction for anthraquinone formation at 298.15 K
differed from that derived using standard heats of formation from
the NIST Webbook*® by 2.6 kcal mol~'. Full details of the
comparisons with experimental data, as well as the optimized
geometries and energies for al species, can be found in the
Supporting Information.

PAH—Surface Interaction Energy. The products and/or reac-
tion intermediates of some, but not al, of the oxidation reactions
studied here exhibit nonplanar geometry that would necessitate
partial desorption or lift-off from a solid substrate. For these
systems, whether or not oxidation will be thermodynamically
favorable depends on the change in free energy of the oxidation
reaction and the free energy penalty for partial desorption of the
PAH molecule from the surface. We estimate that the partial
desorption energy is proportional to the energy of complete desorption
from the surface, AGyes, Scaled by the degree of desorption, &, which
we define as the fraction of carbon atoms that leave the plane. The
reaction will be thermodynamically favorable if

AG,, + CAG, < 0 @)

Note that in the formation of a planar product molecule from
any nonplanar intermediate, the energy penalty of partial desorption
may be recovered. The degree of desorption for a given structure
was quantified in this study as follows: the root mean squared (rms)
deviation from planarity, d, of each carbon atom was analyzed using
ChemBio3D Ultra 11.0 software (Cambridgesoft Corp.). A carbon
atom was considered to have desorbed from the surfaceif ¢ > 0.10 A.

We assume here that the substrate is planar on the length scale
of the PAH molecule. Atmospheric aerosol particles may have a
variety of morphologies including spheres, crystals with planar
faces, or irregular shapes.* However, the relatively large size of
most particles compared to a small PAH molecule suggests that it
is reasonable to assume that the reaction siteislocally planar. This
analysis does not take into account the effects of nanoscale surface
roughness or inhomogeneities such as step edges. We aso note
that, besides surface adsorption, PAH molecules may also partition
to atmospheric aerosols via absorption into an aerosol organic phase,
a scenario that is not considered here.**

AGges vaues for anthracene and pyrene desorbing from different
particle types were derived from literature data as described in the
following paragraphs. The AGg data are summarized in Table 1.
Following the Langmuir model convention and assuming barrierless
adsorption, we can write the Arrhenius expression for desorption as*

AGdS)

o = A~ @

where Ky iS the desorption rate constant, R is the gas constant, T is
temperature, and A is the Arrhenius prefactor. Thus, it follows that
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Table 1. Desorption Energies for Anthracene and Pyrene from
Different Particle Types, Calculated As Described in the Text

PAH particle type  AGes (kcal mol™") ref
anthracene kerosene soot  21.0+0.8 47
fly ash 24.3 48
NaCl 180+ 1.0 a
phenanthrene/anthracene urban aerosol 18.9 49, 51
pyrene kerosene soot  22.7+04 46
fly ash 26.6 48
NaCl 196 £ 0.9 a
urban aerosol 20.4 49, 51
benzo[a]pyrene kerosene soot 291+11 47
fly ash 31.24+08 °
NaCl 228+05 °
benzo[a] pyrene/benzo[e]pyrene urban aerosol 22.3 49, 51

@ Estimated on the basis of data for perylene from refs 52 and 53.
b Extrapolated from data for anthracene and pyrene. See the text for
details.

AGy

InK = a, + —— ©)

where K is the adsorption equilibrium constant, Kags/Kges: GUil-
loteau et al. measured the desorption of anthracene, pyrene, and
B[a]P from kerosene soot surfaces.*®4” On the basis of their
dataand eq 5, we find that AGges = 21.0 + 0.8, 22.7 & 0.4, and
29.1 £+ 1.1 kcal mol™* for anthracene, pyrene, and B[a]P,
respectively (the uncertainties reflect the reported uncertainties
in the experimental data).*®*” Applying eq 5 to the data of Lee
et al. for anthracene and pyrene desorption from municipal
incinerator fly ash, we calculated AGges = 24.3 kcal mol ™~ for
anthracene and 26.6 kcal mol~* for pyrene.*®

AGyes values may also be extracted from temperature-dependent
gas-particle partitioning data from atmospheric aerosol studies. Data
analysis in these studies generally follows the convention of
Pankow’s gas-particle partitioning theory for the adsorption of
semivolatile compounds to solid particles®=°

log, K = n—_;p + b, (6)

where m, and b, arefit parameters that can be related to the enthal py
of desorption, aerosol surface area, and properties of the adsorbate.
Converting the base 10 logarithm to natural logarithm and compar-
ing egs 5 and 6 we find that

AGge = 2.303Rm, @

On the basis of Pankow’s reanalysis of the data of Yamasaki et
al. for gas-particle partitioning of PAHs to ambient urban aerosol
of mixed composition, we calculate AGges values of 18.9 kcal mol 1
for anthracene, 20.4 kcal mol~* for pyrene, and 22.3 kcal mol !
for B[a]P.>"*°

To our knowledge, no studies exist in the literature of anthracene
and pyrene surface adsorption onto NaCl or other inorganic salt
particles. Steiner and Burtscher found that the enthalpy of desorption
for perylene, a five-ring PAH, from 60 nm NaCl particles was

(46) Guilloteau, A.; Nguyen, M. L.; Bedjanian, Y.; Le Bras, G. J. Phys.
Chem. A 2008, 112, 10552-10559.

(47) Guilloteau, A.; Bedjanian, Y.; Nguyen, M. L.; Tomas, A. J. Phys.
Chem. A 2010, 114, 942-948.

(48) Lee, W. M. G.; Chen, J. C. Environ. Int. 1995, 21, 827-831.

(49) Pankow, J. F. Atmos. Environ. 1991, 25, 2229-2239.

(50) Pankow, J. F. Atmos. Environ. 1987, 21, 2275-2283.

(51) Yamasaki, H.; Kuwata, K.; Miyamoto, H. Environ. Sci. Technol. 1982,
16, 189-194.

(52) Steiner, D.; Burtscher, H. K. Environ. Sci. Technol. 1994, 28, 1254—
1259.

(53) Hueglin, C.; Paul, J.; Scherrer, L.; Siegmann, K. J. Phys. Chem. B
1997, 101, 9335-9341.



Ozone Oxidation of Surface-Adsorbed PAHs

ARTICLES

o (1t) o
I

L) e O
A O A (1)

(1a) |

+O oH _02 +O3
O 'HZO o

= PP PN
|
g
\/\/j\J AN N
1
10, -H0
. /A\V/\l\j\ S
(2a) T (2b)
AN

Figure 1. Production of anthraquinone, based on the reaction mechanism
suggested by Bailey.%®

approximately 4 kcal/mol lower than that for desorption from carbon
(soot) particles or combustion particles of similar size.®> Hueglin
et al. found a smaller difference in the desorption energies of
perylene from NaCl and carbon particles; their results for carbon
particles could be described by using a model of two types of
equally populated surface sites, one type having the same AGges
as NaCl and the other having 4% higher AGges.>® On the basis
of these two studies, we expect that the difference in desorption
energies between these two substrates for anthracene and pyrene
is <4 kcal/mol. That is, referring to the data from Guilloteau et
al. for the desorption of anthracene and pyrene from soot, for
an NaCl substrate, we calculate AGges = 17.0 kcal mol~* for
anthracene and AGges = 18.7 kcal mol~! for pyrene.*®*” It is
also expected that these PAHs will exhibit weaker binding to
NaCl than to urban aerosol such as that studied by Y amasaki et
al., whichislikely to consist of a mixture of many particle types
including inorganic salts and combustion aerosol.>* We can use
the desorption energies for anthracene and pyrene from urban
aerosol that we derived from the data of Y amasaki et al. as upper
bounds for the NaCl desorption energies. Therefore, on the basis
of the available data, we estimate AGgyes for desorption from NaCl
to be 18.0 & 1.0 kcal mol~* for anthracene and 19.6 4 0.9 kcal
mol~* for pyrene.

Experimental data are also lacking for B[a]P desorption from
NaCl or fly ash substrates. We observed that AGges follows alinear
dependence on the number of carbon atoms in the PAH molecule
for the other two particle types studied here. Thisis consistent with
experimental studies of the adsorption of alkyl acohols and simple
akanes on graphite or metals, which show alinear dependence of
the desorption energy on carbon number for species with 20 or
fewer carbon atoms.>* >’ Therefore, using linear extrapolations
from the anthracene and pyrene data, we estimate AGges = 22.8 +
0.5 kcal mol~* for B[a]P on NaCl and AGge= 31.2 & 0.8 kcal
mol ! for B[a]P on fly ash.

Results and Discussion

Mechanism of Anthraquinone Formation. Mmereki et al.
presented a two-pathway mechanism, originally proposed by
Bailey, for anthracene (AN) oxidation to form 9,10-an-
thraguinone (AQ), shown in Figure 1.**°® Pathway 1 involves
the formation of hydroxyl intermediates and three successive

(54) Zhang, R. M.; Gellman, A. J. J. Phys. Chem. 1991, 95, 7433-7437.
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York, 1982.
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6005-6017.

Table 2. Energetics of Anthracene Oxidation Pathways Shown in
Figures 1 and 2

AGyn + EAGges (kcal mol™)

AGy, (kcal mol™")  degree of urban

reaction B3LYP/6-31G**  desorption, {  fly ash soot NaCl aerosol

la —415 0 —415

1 —1.09 3/14 +411 +340 +276 +295

1b —40.5 0 —40.5

1c —60.3 0 —60.3

2a —-21.3 10/14 -394 -63 -844 78

2b —138.6 —-10/14 —156.0 —-153.6 —1515 -—152.1

additions of O; to anthracene, to result in the following
overall stoichiometry for the pathway:

AN + 30, — AQ + 30, + H,0 (R1)

In the second pathway, ozone bonds to C9 and C10 of the
anthracene to form a bridgelike intermediate which then
decomposes to form AQ and H,O. The stoichiometry is

AN + O, — AQ + H,0 (R2)

We performed energy calculations for both pathways. The
results of the calculations are summarized in Table 2. Both
pathways are thermodynamically favorable, with a net AG,
of —143 and —160 kcal mol~* for pathways 1 and 2, respectively
(they are not the same due to the different stoichiometry of the
two pathways). However, the optimized geometry for the bridge
intermediate in pathway 2 is nonplanar, with all but four carbon
atoms lifting from the surface (see Figure 2). AG,, for the
formation of this intermediate is calculated to be —21.3 kcal
mol 1. When the energy penalty for partial desorption is taken
into account, the total energy change for the process is smaller
in magnitude but still negative for each particle type studied,
with AGyn + CAGges = —6.3 kcal mol™ for kerosene soot
particles. The intermediates in pathway 1 of the Bailey mech-
anism as well as the 9,10-anthraquinone product are planar.

The Bailey mechanism was recently updated by Ardura and
Donaldson on the basis of insight provided by ab initio
calculations.® They found that pathways 1 and 2 of the Bailey
mechanism both involve the formation of hydroxyl intermediates
and three successive additions of O3 to anthracene, such that
each pathway has the overall stoichiometry of eq R1R1.

A schematic of the first Oz addition steps for both pathways
is shown in Figure 2. In pathway 1, each Os attacks a double
bond in the center ring of anthracene. Pathway 2 proceeds via
the formation of a bridgelike intermediate as in the Bailey

mechanism.
e \
3&ﬂ

pooat)g\ ’L \\L\’
Figure 2. Initiation of anthracene oxidation by Oz, based on the reaction
mechanism suggested by Ardura and Donaldson.>®
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Table 3. Products of the Ozone Oxidation of Surface-Bound
Anthracene Proposed by Gloaguen et al.** Which Were Predicted
To Have Planar Geometry®

Molecule AGya (keal mol™)

B3LYP/6-31G**

[+
a) -
[+]

-143 (pathway (1))
b)
-160 (pathway (2))
o
(5 (‘:H
OH [} (‘)H

2 AGyn values calculated in this study are shown.

On the basis of our calculations, the initial Oz addition
reaction for pathway 1 as proposed by Ardura and Donaldson
is thermodynamically favorable, with AG,, = —1.09 kca
mol~%. The optimized geometry is nonplanar, although the
distortion is not as significant as for the pathway 2 intermediate
(see Figure 2). However, because of the relatively small
magnitude of AG,, we find that AG, + AGges IS positive
(i.e., not thermodynamically favorable) for each particle type
studied. This suggests that pathway 1 for 9,10-anthraguinone
formation will be inhibited for anthracene adsorbed to a soot,
NaCl, fly ash, or urban aerosol surface.

Inhibition of one anthracene—ozone oxidation pathway could
result in a reduction in the observed rates of anthraguinone
formation and anthracene loss. Therefore, the PAH—substrate
interaction could contribute in part to the wide variation in
anthracene loss kinetics that has been observed experimentally.®
In the context of the Langmuir—Hinshelwood mechanism, the
PAH—substrate interaction will influence kln. Perraudin et al.
found that the second-order rate constant (Kil = khKos) was
significantly higher for the ozone oxidation of anthracene
adsorbed on silica particles as compared to graphite particles.®
Silica, amore polar substrate, is predicted to have alower value

of Kos than graphite, thus suggesting alower K value for silica.®
However, the anthracene—silica interaction is predicted to be
weaker than the anthracene—graphite interaction, which is
enhanced by w— stacking. This, in the context of our results,
suggests a higher value of K for silicathan graphite, consistent
with the observations of Perraudin et al.

Other Anthracene Oxidation Products. We have applied the
desorption penalty approach to investigate the products proposed
by Gloaguen et a. for the ozone oxidation of anthracene
adsorbed on dry NaCl particles.®* The results are summarized
in Tables 3 and 4. The species listed in Table 3 are planar, and
their formation is net thermodynamically favorable. While we
have not done detailed studies on the formation mechanisms
for these species from the reaction of anthracene with Os;, we
anticipate that the mechanisms are anal ogous to the mechanisms
proposed in the literature for 9,10-anthraquinone formation.
Therefore, nonplanar intermediates may be involved, and the
PAH—surface interaction may influence the formation of these
species. The epoxide and endoperoxide species in Table 4 are
nonplanar, and AG, + CAGges Values for their formation are
positive for each particle type analyzed here, including NaCl.
Therefore, our calculations do not support the formation of the
specieslisted in Table 4 in the experimenta system of Gloaguen
et a.% It is more probable that the isomers of these species,
molecules aand c in Table 3, are responsible for the observed
peaks in the mass spectra.

Ozone Oxidation of Surface-Adsorbed Pyrene. O; oxidation
has been reported to result in ring-opening via a Criegee
mechanism for benz[a]anthracene and pyrene.®®? % To our
knowledge, open-ring products have not been observed experi-
mentally to result from the reaction of anthracene with Oz. The
formation of a Criegee intermediate (shown in Figure 3) results
in significant lift-off from the substrate surface. Therefore, we
hypothesize that this pathway may be inhibited when the
PAH—substrate interaction is sufficiently strong.

The results of our energy calculations for pyrene ozonolysis
via the Criegee mechanism are summarized in Table 5. AGy,
for the second step in the Criegee mechanism (the formation
of the Criegee intermediate from the primary ozonide) is
positive, even though the resulting molecule is a lower-energy
state than the reactants (pyrene and Os). A free energy diagram
for this reaction pathway is shown in Figure 4. Significant
distortion of the molecule occurs when the Criegee intermediate
isformed, such that most of the carbon atoms must lift off from
the surface. The energy penalty for partial desorption from any
particle type is sufficient to increase the free energy of the
Criegee intermediate to higher than that of the reactants (pyrene
and O3), that is, ring-opening may be inhibited for surface-

Table 4. Products of the Ozone Oxidation of Surface-Bound Anthracene Proposed by Gloaguen et al.®* Which Were Predicted To Have

Nonplanar Geometry®

1
AGren (keal mol'l) Degree of AGw+CAGyes (keal mol™)
Molecule B3LYP/6-31G** | desorption, Urban
4 Fly ash | Soot | NaCl
aerosol
©) Og‘ 782 10/14 1954 | 4718 | +5.04 | +5.68

& AGy, values calculated in this study are shown, alone and accounting for the energy penalty of partial desorption. See the text for details.
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Figure 3. Pyrene ozonolysis via the Criegee mechanism. Each species is
shown in profile to demonstrate the distortions from the planar geometry
of pyrene. Note that other products besides the secondary ozonide may
form from the Criegee intermediate.

Table 5. Energetics of Pyrene Oxidation Reaction Steps Shown in
Figure 3

AGyn + EAGges (kcal mol™)

AGyy (kcal mol™) degree of urban
reaction B3LYP/6-31G** desorption, & fly ash soot NaCl aerosol
1 —234 0 —234
2 +14.8 10/16 +314 +289 +270 +275
3 —55.2 0 —55.2

adsorbed pyrene. Gao et a. observed the formation of hydroxy-
pyrene in addition to ring-opening products after exposing
pyrene-coated NaCl particles to ozone.® In Figure 5, we propose
a formation pathway for hydroxypyrene from the primary
ozonide. This pathway is represented in Figure 4 as ablue line.
No significant distortion of the pyrene backbone is necessary
in this mechanism, which is consistent with the observation of
hydroxypyrene formation from pyrene adsorbed on NaCl
particles. Hydroxypyrene is a higher-energy product than the
secondary ozonide and other possible products formed by the Crie-
gee mechanism,®® indicating that in the absence of the
PAH—surface interaction its formation would be less favorable.
Hydroxypyrene was not reported as a product for the ozone
oxidation of pyrene dissolved in acetonitrile/water solution.®*

(61) Gloaguen, E.; Mysak, E. R.; Leone, S. R.; Ahmed, M.; Wilson, K. R.
Int. J. Mass Spec. 2006, 258, 74-85.

(62) Moriconi, E. J.; Oconnor, W. F.; Wallenberger, F. T. J. Am. Chem.
Soc. 1959, 81, 6466-6472.

(63) Yao, J. J; Huang, Z. H.; Masten, S. J. Water Res. 1998, 32, 3235—
3244.

(64) Yao, J. J; Huang, Z. H.; Masten, S. J. Water Res. 1998, 32, 3001—
3012.

(65) Epstein, S. A.; Donahue, N. M. J. Phys. Chem. A 2008, 112, 13535~
13541.
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Figure 4. Freeenergy diagram for hydroxypyrene (blue line) and secondary
ozonide formation (red line, PAH adsorbed on NaCl surface; black line,
no PAH—surface interaction) from pyrene + Os.

Ozone Oxidation of B[a]P. B[a]P has been observed to form
diones, hydroxy species, and the epoxide species B[a]P-4,5-
oxide upon exposure to Os in laboratory studies and in
atmospheric aerosol (refer to Figure 6 for the B[a]P labeling
scheme).*®5~% B[a]P diones likely form via an O oxidation
mechanism related to pathway 1 for anthracene, with carbonyl
formation at a given site initiating with Oz addition to an
adjacent C=C bond to form a primary ozonide. Hydroxy-B[a]P
and B[a]P epoxides may also form via decomposition of the
primary ozonide.

Table 6 lists the energetics of primary ozonide formation at
different reaction sites on B[a]P, illustrated in Figure 7. As
expected on the basis of our observations for anthracene and
pyrene, formation of the primary ozonide at zigzag sites (see
species b and ¢ in Figure 7) requires some deformation from
planar geometry, but addition of O3 to edge sites does not (e.g.,
species a, Figure 7). Addition at the edge site e and at the zigzag
site g isthermodynamically favorable, with AG.x, = —26.5 kcal
mol~! and —8.51 kcal mol~2, respectively. Since the primary
ozonide formed by addition at site g (species b in Figure 7) is
only dlightly distorted from the planar geometry of B[a]P, the
energy penalty incurred for partial desorption is small. Thus,
this pathway is thermodynamically favorable for each of the
particle types studied here. O; addition to the zigzag site h, the
armchair site at position n, or the internal bond (species c, d,
and e in Figure 7) is not thermodynamically favorable, and the
primary ozonides formed are nonplanar, further increasing AG.
Therefore, we conclude that dione, hydroxy, and epoxide
formation is most likely to occur at edge sites or the zigzag
site at position g. Thisis consistent with observations of B[a]P-
4.5-oxide and B[a]P-6,12-dione in atmospheric particles.*®®

L actone formation has also been observed for B[a] P deposited
on glass fiber filters.®® Like open-ring compounds, lactone
formation proceeds via the formation of a Criegee intermediate.
On the basis of the observations of Letzel et a., and by analogy
to pyrene, O3 attack followed by Criegee intermediate formation
will occur at the edge site e. On the basis of our calculations,
Criegee intermediate formation at that position is thermody-

(66) Allen, J. O.; Dookeran, N. M.; Taghizadeh, K.; Lafleur, A. L.; Smith,
K. A.; Sarofim, A. F. Environ. Sci. Technol. 1997, 31, 2064—2070.

(67) Pitts, J. N.; Vancauwenberghe, K. A.; Grosiean, D.; Schmid, J. P;
Fitz, D. R.; Belser, W. L.; Knudson, G. B.; Hynds, P. M. Science
1978, 202, 515-519.

(68) Letzel, T.; Rosenberg, E.; Wissiack, R.; Grasserbauer, M.; Niessner,
R. J. Chromatogr. A 1999, 855, 501-514.
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Figure 5. Proposed pyrene ozonolysis mechanism for the formation of hydroxypyrene.

Figure 6. IUPAC labeling scheme for benzo[a]pyrene. For clarity, only
edge sites discussed in the text are specified here.

Table 6. Energetics of Benzo[a]pyrene Primary Ozonides Shown
in Figure 7

AGyn + EAGues (kcal mol™)

AGyn (kcal mol™")  degree of urban
species  B3LYP/6-31G**  desorption, ¢ fly ash soot NaCl aerosol
a —26.5 0 —26.5
b —8.51 1/20 -6.95 —-7.06 -—737 —7.40
c +9.21 2/20 +123 +121 +115 +114
d +22.3 11/20 +39.5 +384 +349 +346
e +27.9 3/20 +326 +323 +31L3 +31.2

namically favorable, with AG,,,, = —26.6 kcal mol~* compared
to the reactants (B[a]P and O3). The Criegee intermediate is
nonplanar (¢ = 0.8), resulting in an energy penalty of 23.3 kcal
mol~! for B[a]P on soot (the substrate with the strongest
B[a]P—surface interaction). The energy penalty is similar in
magnitude to AGx,, but Criegee intermediate formation at this
position is still predicted to be thermodynamically favorable
when B[a]P is adsorbed on soot, fly ash, urban aerosol, or NaCl.
That B[a]P lactone has not, to our knowledge, been observed
in atmospheric aerosols suggests that its formation may be
kinetically limited.

Insights for Graphene. Benzo[a]pyrene is a useful model
compound for understanding graphene oxidation because it
contains each of the nondefect oxidation site types present in
graphene (edge, zigzag, armchair, internal). On the basis of this
study, and B[a]P O3 oxidation products reported in the literature,
O; addition is expected to occur primarily at edge and zigzag
sites for graphene. Functional groups expected to form during
exposure of surface-deposited graphene to O include carbonyl
groups, edge epoxides, hydroxyl groups, and possibly lactones.
The variety of possible functional groups suggests that Os
oxidation is unlikely to be useful for targeted functionaliza-
tion of graphene. Graphene is commonly assumed to be
decorated on the edge with carboxylic acid groups.®" This

(69) Fuente, E.; Menendez, J. A.; Diez, M. A.; Suarez, D.; Montes-Moran,
M. A. J. Phys. Chem. B 2003, 107, 6350-6359.
(70) Al Agtash, N.; Vasiliev, I. J. Phys. Chem. C 2009, 113, 12970-12975.
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has been observed to be true for graphene sheets prepared via
oxidation of carbon nanotubes in solution.” "2 If the graphene—
substrate interaction is sufficiently strong, the formation of
lactones, carboxylic acid groups, or other open-ring moieties
after surface deposition may not be thermodynamically favorable.
On the basis of our findings, we predict that graphene should
be relatively stable when subject to atmospheric aging by Os.
The O3 oxidation reactions studied here would not lead to
extensive carbon loss (lactone formation may result in loss of
one carbon atom), and the sample will become passivated once
the edge and zigzag sites are functionalized. However, Lee et
al. found that that ozone chemisorption on the graphene basal
plane resulting in epoxide formation would be weakly thermo-
dynamically favorable (AG,,, = —1.85 kcal mol %) and observed
graphite surface modification after exposure to very high gas-
phase concentrations of O; (22 wt %) at 500 K.”® This is in
contrast to observations of B[a]P oxidation at atmospherically
relevant conditions in the literature and our calculations, which
indicate that the internal bond of B[a]P is stable. Further
investigation into the oxidative aging of graphene by Os; at
environmentally relevant conditionsis warranted. Oxidation by
the hydroxyl radical (OH) should aso be investigated for
determining the environmental stability of graphene. OH has
been observed to result in the volatilization via carbon loss of
atmospheric aerosol organics, including pyrene.”* "¢

Conclusion

We have shown for the first time that steric effects on the
PAH—substrate interaction may influence the mechanisms and
products of PAH oxidation by Os on surfaces. We find that the
formation of intermediates or products that do not conform to
the planar geometry of the parent PAH molecule may be
inhibited by attractive interactions with the underlying
substrate. PAH—aerosol interactions may influence the
atmospheric lifetimes of PAHs and the oxidation products
formed. Our results also suggest that the oxidative aging of
graphene by O; may result in a variety of functional groups
at edge and zigzag sites.

(71) Yuge, R.; Zhang, M. F.; Tomonari, M.; Yoshitake, T.; lijima, S;;
Y udasaka, M. ACS Nano 2008, 2, 1865-1870.
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Figure 7. Primary ozonides for benzo[a]pyrene.
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