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The ozonization mechanism for polycyclic aromatic hydrocarbons (PAHS) and soot is investigated by quantum
mechanical calculations carried out on molecular and periodic systems. PAHSs, interesting per se, serve also
to model the local features of the graphenic soot platelets, for which another model is provided by a periodic
representation of one graphenic layer. A concerted addition leads to a primary ozonide, while a nonconcerted
attack produces a trioxyl diradical (in which one of the two unpaired electronsdislocalized). Easy loss

of (i) O, or (ii) 20O, from either intermediate, with spin conservation, would yield stable (i) singlet or (ii)
triplet z-delocalized species which carry an epoxide group. The trioxyl diradical pathway is estimated to be
preferred, in these systems. An intersystem crossing, taking place in the trioxyl diradicals, can be invoked to
allow the even easier loss of a ground-state oxygen molecule with the formation of a ground-state epoxide
in a more exoergic and less demanding step. We propose that soot ozonization can take place by such a
process, with ultimate functionalization of the graphenic platelets by epoxide groups.

1. Introduction matter. Because of the origin and structural affinities, they are
often times found¢ and their chemistry studied, in association

Large quantities, ca. 13 Tg, of black carbon (soot, elemental " . . . -
carbon) are emitted into the troposphere during the year as aWIth carbonaceous particulate$The functionalization of PAHs

consequence of the combustion of biomass and fossil'fuel. andhtha}t of 3,00t lgou!d sha;re some mzchanlsyc fﬁat#resb
Soot aerosol contributes in a significant way to the total mass The functionalization of PAHs, and soot itself, has been

of atmospheric aerosol. It has an irregular agglomerate structureStudied both by field campaigns and by laboratory stuéfids.

of graphene layers, and both its structure and composition can'2S been observed that, while transported, different PAHs decay
vary depending on the sourée? These irregular sheets are at very different rates. As a consequence, the relative amount

clustered in globular particles, whose dimensions vary between©f carcinogenic/mutagenic primary products changes signifi-
10 and 80 nm, approximately. In any case, a relatively large cantly and other products form. Their nature is in some cases

area of the particles is available to the interactions with airborne KMOWN, in others it is not: Therefore, the transformation of

inorganic and organic molecules. In recent times, the interaction P"'Mary pollutants, either thrqugh gas phasg reactions or.by
of soot with small inorganic oxidants, as M&5 HNOs,3 H,0 heterogeneous processes (via their interaction with the fine
and Q58 as well as the oxidation of polycyclic aromatic pa_rtlculate)_, is of great interest from the _chem|cal and toxicologic
hydrocarbons (PAH&)n soot, have been investigated experi- points of view. One important aspect is that as the compound

mentally. PAHs and their derivatives (PACs, polycyclic aromatic ©" particle polarity increases, so does its water solubility anql it
compounds) are ubiquitous species, whose presence is widean Pe more easily brought into contact by the aerosol with,
spread: beyond being produced from a variety of combustion 1 instance, the lung tissues. Therefore, PAHs and PACs
sources, they are known as primary and secondary tropospheri dsort;ded on fine particles are of concern regarding human
pollutants, especially in urban arésBhis means that oxidation ~ nealth . . _

can take place either already during combustion or at a later ~The interaction of @with soot could be important for both
time, during the tropospheric transport of a combustion- ropospheric and stratospheric chemistries. On one hand,
generated particulate. As PAHs and PACs are generated in theropospheric ozone is one of the possible candidates for starting
same combustion processes at lowodncentrations that bring  the oxidation of primary soot, which plays an important role in
about the more or less disordered growing of the graphenic the atmospheric chemistry of secondary aerosol and in nucle-
layers, they share the same nature of $6@ince PACs have  ation phenomen&20n the other hand, aerosol passing in due
been detected in diesel exhaust, they have even also beefgourse through the tropopause, or produced directly in the

hypothesized to possibly originate on the surface of particulate Stratosphere, might give way to reactions with stratospheric
ozone. This point is discussed by Kamm, Mohler, Naumann,
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is negligible both in the troposphere and in the lower strato- Some of the intermediates encountered in this study have
sphere. KMNSS investigated the interaction of ozone with Palas diradical character. As already noted in previous stullies,
soot. They modeled the observed concentration and timeunrestricted DFT (UDFT) calculations on singlet diradicals
dependencies of the ozone loss rate by four quasi-elementaryconverge on incorrect closed-shell-type solutions, with zero spin
reactions: (1) rapid destruction of one monolayer equivalent densities and%’[}= 0 (io). To get a qualitatively correct picture
of ozone on pristine surface sites, (2) ozone-induced and (3)of a singlet diradical in terms of nonzero spin densities, the
spontaneous recovery of reactive sites, and (4) spontaneous sit€)DFT monodeterminantal wave function had to be handled in
passivation. It must also be mentioned that Fendel, Matter, the following way: (1) A wave function stability test was carried
Burtscher, and Schmidt-Ott (FMBSO) had previously studied, out onyy. Since it came out to be unstable with respect to orbital
in 1995, the kinetics of the initial fast step of the seozone rotations, it was allowed to relax along the instability direction
interaction’ and a new stable solution was fouh¢R) The resulting wave

Itis to reaction 1 of KMNSS that our theoretical investigation function has nonzero spin densities, as expected for a singlet
bears relevance. Thus, the interaction gfvdth some model diradical and %[~ 1 (y1): this results indicates that relaxation
systems is studied here also with the aim of offering an allows the triplet (0= 2) to mix in. (3) In correspondence
interpretation to the laboratory results of KMNSS, which are with the stable wave function, the critical points (minima, saddle
relevant to atmospheric chemistry. To this end, this first study points) are identified on th&; hypersurface so obtained. (4)
on PAH and soot ozonization takes into accougta@acks on Because of this spin contamination, one may want to refine the
the internal region of the model systems. Work is in progress E; values which correspond to the critical points. To this
on the complementary border reactivity, and this aspect will be purpose, the formula suggested by Yamagtiahbows one to
discussed in a forthcoming paper. Investigating the nature of get rid of the closer spin contaminant (i.e., the triplet, if a singlet
the interaction of ozone with the surface of soot particles by is concerned) and obtain the “findE, which is an approximate
theoretical means, studying in particular the mechanistic details estimate. Since this is a composite treatment (and no definition
of ozonization, could be instrumental for a better understanding of a critical point can be made in correspondenceEpthe
of some tropospheric processes and can be seen as compleefined-energy hypersurface), in the presence of sm&j
mentary to the valuable data collected experimentally. The differences, it is possible that an unpleasing reversal of the sign
present study is preceded by a first pdpan which we takes place whem\E is obtained. However, we deem this
attempted to define a suitable model for soot and examined thereversal not very important from a chemical point of view, as
features of the interaction of some small species (H, NO3,NO will be discussed in the next section. Finally, the energies were
and NQ) and the gassolid interaction by which functional-  combined with the thermochemical corrections from the vibra-
ization reactions can take place. Here, quantum mechanicaltional analysis (using unscaled vibrational frequenéiespet
calculations are first carried out on molecular PAH-type systems. estimates of the activation and reaction enthalpies and free
The reactions studied are actually gas-phase reactions, such asnergies (complete only for the two smaller systems, M16 and
those already examined in this laboratétywhich can be M24 (see below)). The relevant energy and free energy
interesting by themselves but are expected in this case to bedifferences are collected in Table 1. A more complete set of
helpful in setting up a model for the reactivity of a soot platelet. energies, enthalpies, entropies, and free energies are presented,
The computations are then further extended to a periodic together with the relevant critical point geometries and some
representation of an undefective (functionalized) graphene layer,spin densities, in the Supporting Information.
which stretches to infinity in two directions. Although it can All molecular calculations were carried out by using the
be seen as an extreme on the size scale, it is also instrumentaGAUSSIAN 2003 system of prograrss.
(by flanking the small molecular systems) to attempt to model  The periodic LCAO calculations were performed by using
a platelet belonging to a soot particle. In this respect, some recenthe CRYSTAL 2003 prograr® structures periodic in three
work along the same line can be mentiongd. (bulk crystals), two (slabs), and one dimension (polymers) can
2 Methods be treated by using Hartre€ock, density functional, and hybrid

' » . Hamiltonians. The periodicity is fully considered by using

The stable and transition structures (TS) were determined by ¢y cjic-boundary conditions: the infinite series of Coulombic
gradient procedgré@”‘ within the density functipnal thelory integrals are approximated by Ewald technid@ashile the
(DFT) and making use of the B3LYP functiondl. This infinite exchange series, representing an essentially short-range
functional is of widespread use and, even if prone to under- jyeraction, are truncated while ensuring convergence on the
estlma.te some reaptlon barriers, has generally performed We”energy and related observab®ghe solution of the effective
regarding geometries and energefftShe polarized 6-31G-  ne_ejectron Schroedinger equations is performed in the recipro-
(dy** and 6-21G(d¥ basis sets were used in the DFT (B3LYP) c4| space. The K-points are sampled on a regular mesh: for
optimizations. The 6-21G(d) basis set was applied in periodic ¢onqycting systems, the Fermi surface is calculated using a
models because it gives a larger variational freedom in optimiz- 4enser K-point mesh, using Fourier interpolation of energy
ing the external sp Gaussians in the periodic calculation. The |15n4s The symmetry is fully implemented in the direct space,
nature of the critical points was checked by vibrational analysis; 14 minimize the number of molecular integrals to compute and
Fhis was carried out only for the most important critical points 4 store, and in the reciprocal space, to perform a block
in the case of the largest system (M42, see below). In the CaS€qiagonalizatior?2 Recently, energy derivatives with respect to
of transition structures, inspection of the normal mode related ¢, position of the atoms in the unit cell have been implemented
to the imaginary frequency was sufficient to confidently establish j, CRYSTAL, and an automatic optimization of the equilibrium

its cqr_lnection with the initial and final energy minima. For one geometry, within a given crystal symmetry, is possile.
transition structure'f CD—EPO, see below), an IRC calculafiéh

helped to confirm the connection with the adjacent energy 3. Results and Discussion

minimum. For the preferred pathway (see below), the energy

evaluations were refined by using a more extended basis set, The lack of structural information on the atomic scale about
the 6-311G(2d¥%? soot and its possibly active surface sites (useful to set up a
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TABLE 1: Energies? and Free Energie$ of the Initial
Transition Structures and Intermediates

substrate '
structuré M16 M24 M42 ‘

R-PO 26.7 (39.0) 26.2 (38.8) 18.4 (30.9)

PO 16.4 (30.3) 16.4 (30.8) 5.1(19.8)

PO- EPO 37.2 (47.9) 37.6 (48.7) 27.2 (37.6)

R-1TCD E. 19.4(29.7) 18.1 (28.8) 12.7 (23.3) M16 M24
E 17.5(27.8) 16.3 (27.0) 10.3 (20.9)

ITCD syn E: 19.3(29.5) 17.2 (27.8) 11.7
E  18.6(28.7) 16.6 (27.2) 11.2

ITCD anti E: 18.6(28.4) 17.2 (27.4) 11.6 (21.8)

E  19.1(28.9) 17.6(27.7)  11.8(22.1)

ITCD—%0CD*e E;  19.2 (28.4) 17.8(27.5)  12.2
E  20.3(29.5) 18.7(28.3)  (12.7)

50CD? 14.1 (12.1) 13.8 8.6

ITCD-EPC 22.3(31.0) 21.2(30.3) 138

18.9 (28.0)
STCD 18.1 (27.3) 16.8(26.5)  11.4 M10
STCD—-EPC! 18.2 (26.9) 16.9 (26.1)  11.7
EPC [~17.7p ~15.0 -14.5) —23.9
oxepiné’ —29.3(—28.2) —20.9 (-19.8)

M42

@ Relative to the reactants; free energies are in parentheses. Single;;igure 1. Molecular models adopted in the study: pyrene (M16)
diradicaloid structures: each first line reports the unrefined engrgy coronene (M24), and tetrabenzofhi,jk,st,uv]ovalene (M42).Fhends ’
while values in italic (second ling) are the result of the Yamaguchi - cied by ozone in our models are in bold.
energy refinement (ref 25), as outlined in the Methods section; all values
in kcal mol™. See Figure 1¢Labels, see Scheme 1. Transition
structures are identified by the labels of the minima they confA&cbm
anti-TCD. ¢ Plus®0,. f The products (EPG- 1O;) or (oxepine+ 1Oy)
would have the energy difference betwé@a and30;, (20.9 kcal mot?,
at this computational level) added to each entrijhe epoxide ring
spontaneously opens upon cleavage of theCCbond and gives an
oxepinic ring; by holding the €C bond frozen to 1.58 A, this is
prevented and the bracketed value is obtained.

computational study and for subsequent comparative purposes)
poses some difficulties in setting up adequate models. Only a
few experimental studies report on this issue to some eXfént.
Both the molecular and the periodic models considered in this
paper are in principle dimensionally inadequate, for opposite
reasons: soot is made up of finite graphene layers larger than
our PAH molecular models, yet not stretching out infinitely in
two dimensions, as our periodic models do. Nevertheless, if
these two models will provide consistent information about the Figure 2. Periodic models: 2D unit cell and supercebs 4nda, are
local chemical behavior (as was the case in our previous the fundamental lattice vectors)yf@x+/3.
paper)t3 they will be deemed helpful in describing local
chemical features of soot particles. o . .

Some aromatic hydrocarbons have been chosen as moleculafore, each periodic model is one single layer of hexagonal
models and compared. All PAH models have an even number 9raphite with cyclic boundary conditions in two dimensions.
of carbon and hydrogen atoms and share the same spinSupercells F'3x+/3 and PX3 have been analyzed, as re-

multiplicity (singlet) with the periodic models. They have been ported in the Figure 2.

labeled Mh for short, wheren is the number of carbon atoms. In the following, the possible reaction pathways will be
First comes pyrene, {gH10, labeled M16, followed by coronene, considered (Scheme 1). The intermediate and transition struc-
Co4H12, M24, and by tetrabenzolhi,jk,st,uv]ovalenegl@; s, M42 tures species have been labeled for convenience by bold

(Figure 1). The simplest PAH, naphthalene (M10), is mentioned acronyms, as detailed in the legend. Actually, the results of our
here on occasion, just for comparative purposes (though thehypersurface study simplify to some extent the rather complex
carbons shared between the two rings are tertiary, they do notscheme: in fact, the parts included in dashed boxes correspond
correspond to completely internal positions). to structures which can be conceived but have not been found
The periodic models are set up by defining two-dimensional as energy minima or transition structures.
(2D) supercells. The substrate is represented by a number of The z-bonds directly involved in the gas-phase addition of
atomic layers. The convergence of the surface properties vs theozone to the unsaturated systems are marked in bold in Figure
number of atomic layers is normally fast, due to the exponential 1, where the M models are displayed (obviously, six equivalent
decay of the surface electrostatic field orthogonally to the positions are present in M24). The addition could take place in
surface. The neighboring layer influences only weakly the either a synchronous or asynchronous concerted way or by a
electronic structure, as can be shown by theoretical and two-step process (Scheme 1). While any concerted attack leads
experimental studies of graphite scanning tunneling microscopedirectly to the primary ozonide (PO) intermediate (with a local
images!'® On the other hand, a single graphene layer can 1,2,3-trioxolane structure, § 3.1), the latter produces an open-
describe the surface chemical properties of graghiteThere- chain trioxyl cyclohexadienyl-like diradical, TCD (§ 3.2).
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SCHEME 1: Formation of Either the Primary Ozonide TABLE 2: Periodic Calculations: Energies? of the
(PO) of the Unsaturated System or Its Trioxyl Intermediates
Cyclohexadienyl-like Diradical (TCD) and Subsequent structuré PO 3TCD EPO
Bond Breakings, Ring Closures, and @ Loss o V3% 3 80 80 Yy
Legend P3x3 -4.0 31 —23.4
03 + PO: ‘pamary szonide akcal mol?. b See Figure 2.
TCD: gl'i;)glylcaclydohexadienyl
PAH EPAD: Coeais pescsot ai range from 8 to—4 kcal moft. The molecular and periodic
R ocnzdgig;g'dohm oy models appear to provide a similar qualitative physical descrip-
R-PO EPO: (m?el tion. . L.
o %o g0 FAEROE On the other hand, it can be seen that the attacks on positions
: $ oo ted {in dashed boxes3not found close to the border (naphthalene) are definitely different. For
O RTCD M10, the barrier is 22.3 kcal mot and PO is located 6.5 kcal
mol~! higher than the reactants. For the attack on border
aconcerted || b: concerted positions (paper in preparation), the step can even be exoergic
synchronous TS (| asynchronous TS This could be attributed at least in part to the easier carbon
DA pyramidalization but could also be due to a higher electron
0/0\0 \c'? density, to which ozone (an electrophile) is sensitive.
POA;CD The difference in formation energy for the primary ozonides
S T— — in the periodic models reveals that the PO on a graphite sheet
PO TCD could have some thermodynamical stability only at very low
singlet %5 plet coverages. P33 corresponds to one ozone molecule for every
, 9 unit cells, that is each 18 carbon atoms. At a higher coverage,
PO-POD! N B pesoncered TcD{EPO the electrostatic repulsion between the ozone molecules renders
Y roeras, o o the absorbed phase too unstable. An analysis of the adsorption
d o * J conjcerted energy shows that the short-range repulsion between chemi-
PODEPAD o | PoEPO Tenloco sorbed molecules is neglibible (below 0.6 kcal mdlor the
ron - oo PV3x+/3 phase, belov_v 0.01 for_the R3 phase). On the other
. PoprO : hand, the _electrostatlc repulsmn between the adsorbgd O
POD-OCD! - 0 0, EPAMPO;_ 0 molecules is 4.0 kcal mot in the P3«3 phase but becomes
: ' 16.0 kcal mot? in the R/3x+/3 phase, so explaining the
§ i / larger part of the difference between the PO formation energy
3 Voo Ny of the periodic models.
° . 3.2. Formation of the Trioxyl Diradical. The ozone attack
to the PAH can also be nonconcerted. In this case, only one
oco ; /E EPO C—0 bond forms and a singlet trioxyl diradic&TCD) results
T with spin conservation, in which one unpaired electron is largely

on the terminal oxygen, with a smaller contribution from the
adjacent oxygen, while the second unpaired electron is delo-
calized in therr-system (as can be evinced by inspecting the
allow the ozone a}ttack on a couple of atoms shared .by four spin densities, see the Supporting Information). Since in the
benzo groups: this means that no border atoms are involvedgage of henzene it would be a trioxyl cyclohexadienyl diradical,
(naphthalene is of course an exception). ARO transition  he acronym TCD is used here also for its larger analogues
structures are found to correspond to rather synchronous cyclohexadienyl-like diradicals). Its wave function and energy
concerted additions, as witnessed by the rather simitaOC  are defined as described in the Methods section. The difference
distances, which differ in the same transition structure at most between theiE; values and the findf values obtained through

by 0.005 A and are 1.86 A for M16 and M24 and 1.87 A for Yamaguchi’'s formul® is not very different (0.40.7 kcal
M42. The primary ozonides are well-defined minima on the mol™1). Each diradical is somewhat less stable than the
potential energy surface. The energy barriers for PO formation corresponding POTCD is located ca. 1719 kcal mof* above

and the PO stability with respect to the reactants R are reportedthe reactants for M16 and M24, vs ca. 16 kcal mdbr PO.

in Table 1. The PAH models indicate an endoergic behavior, FOr M42, both values are appreciably lower -1 kcal mof*
due to the partial loss of aromatic character. The step seems t 'TCD), to be compared with 5 (PO). However, the diradical
become less endoergic as the system gets from M16 and M24formation transition structures (RTCD in Scheme 1 and Table

to the more extended M42. For M16 and M24. PO formation 1) lie at energies significantly lower than those of the corre-

. . . . sponding R-PO transition structures, by-5 kcal mol™. Yet,
requires overcoming a substantial barrier, somewhat larger than,[he barriers for the reverse process. back to R. are quite small
26 kcal mof! and the energy minima are ca. 16 kcal ol P ' ’ 4

b h he | barri ¢ for the TCD intermediates, or even nonexistent, if, instead of
above the reactants. The larger M42 presents a barrier of 18¢, 6 £ yalue obtained by the Yamaguchi energy refinerffent

keal mol™, and its PO is located only 5 kcal mdlabove the s taken (Table 1). These data suggest (by taking into account
reactants. Part of the energy cost can be attributed to thene |imitations of the computational method outlined in the
pyramidalization and change in hybridation of the attacked Methods section) that the role of the diradicals as real
carbons. As the system extends, part of the strain can beintermediates on the reaction pathway is very questionable, but
partitioned over a larger series of bonds and angles. With regardsdoes not rule out the possible importance of a “diradicaloid
to the stability of PO, the periodic models (Table 2) span the pathway”, as will be discussed in the next subsections.

3.1. Formation of the Primary Ozonides.The Mn models
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SCHEME 2
19 rz
T—10 TSR-PO
N ho—-0_

0/ 0 ’ 0 18 /\’c
i T
|

L

TSR-TCD nO

PO 'TCD \
1.6
TCD (;\

3.3. Primary Ozonide-Trioxyl Diradical Interconversion. \

The PO adduct can be thought of as a vibrationally excited /\

species, PO*. The addition step entails some excess energy thal.5

can result either in a backward step or in the cleavage of a single

bond, depending on the distribution of the energy among the1 4

vibrational modes. If the €O symmetric stretchingr{ + r) '

is obviously related to the formation/decomposition of PO, then n

its antisymmetric counterpant;(— rp) would possibly connect 1.3 T T . . T T . .

PO with its singlet trioxyl diradical isoméf CD, via a possible 13 15 17 19 21 23 25 27 29 31

transition structure POTCD. Therefore, to complete the picture

of these initial steps, we have investigated the possible=PO

TCD interconversion (Scheme 2). AE fkea mol”
A thorough search for an interconversion TS gave the result 9.0 =

that this process cannot take place directly. Both PO'&i@D 0 \

can interconvert only by dissociating back to the reactants R. ™ \

The search involved several steps that can be examined with7 g

the help of Figure 3, in which the data for pyrene are displayed \

(similar results were obtained for coronene). First, a direct TS 6.0

search was attempted and failed to locate a critical point. \

However, a direction along which the energy surface presents \

a negative curvature was identified, approximately coincident 4.0

with rq, the G-0 bond to be cleaved when going from PO to \

ITCD. Then, several constrained searches for a first-order saddie3-0 \

point, carried out at different fixed values of theparameters 5 g

(ranging from 1.35 to 1.90 A) allowed us to locate a ridge, ‘\\

initially positioned in correspondence with an almost constant 1.0 \ 5 RPO
0.0 +

*ro

AR X I T Y S *r e

value ofr; ~ 2.07 A, then decreasing down to ca. 1.8 A (Figure
3a, black diamonds). Along this ridge, all forces were below ) J ' y :
the fixed threshold, with the exception of that along the L 1 15 18 L L L
coordinate. Now, if a real TS were present, then the ridge itself b
should present a minimum along This was not f(_)und. though Figure 3. (a) Map of the ridge 4, black diamonds) zone, which
the sectlp_n of the energy sprface along the rldge.(Flgl.Jre 3b) separates the dominium of PO from that®®CD (minima as black
has positive curvature, it is all the way downhill, with @  giamonds, transition structures as white squares) and (b) energy, relative
decreasing value of the force along thecoordinate. When to the R-PO transition structure, along ridge
the value ofr, is increased beyond 1.7 A, the ridge bends and
leads smoothly toward the-RPO transition structure. In other  transition structure POEPAD). EPAD could also form in two
words, if one C-O bond in PO stretches, this, instead of leading steps, via POD. Finally, both POD and EPAD could give way
toward thelTCD minimum, triggers the cleavage of the other to an epoxide EPO by the loss of an oxygen molecule. Actually,
C—0 bond as well. This behavior could be reminiscent of the the investigation of the energy surface simplified drastically this
pB-fragmentation process in radicals, since, uponCChbond rather intricate picture. The POD intermediate could not be
stretching, its two electrons decouple and an incipient unpaired found for the internal positions of the tMmodels, because an
electron is found adjacent to the other O o-bond and weakens O, moiety tends to spontaneously dissociate. Given that the
it. present work is focused on the reaction mechanisms for the
The consequence of this trait of the energy hypersurface is ozone oxidation of PAHs or soot platelets in internal positions
that the attack leading t6TCD seems at first sight favored. (i.e., oxidation of tertiary aromatic carbons), the POD structure
Yet, ITCD itself seems more inclined to back dissociate to the appears to be irrelevant to this case. With regards to the EPAD
reactants. However, the data were at that point still incomplete. intermediate, similar results have been collected. For naphtha-
Once the complete pathways were defined, a steady-statelene, it is less stable than the reactants by 9.7 kcal fn@nd
treatment was carried out, to assess their competition (seethe relevant TS POEPAD is 18.5 kcal moi! above PO).
below). Again, no such structures could be located as energy minima
Other evolutions of PO can be envisaged (Scheme 1), all of on the hypersurfaces of the rMmodels, since dioxygen
them within the singlet spin multiplicity. The cleavage of one spontaneously dissociates again, leaving an EPO structure. With
O—0 bond would possibly produce a peroxyl oxyl diradical regards to the oxyl cyclohexadienyl-like diradical, OCD, no such
POD (through the transition structure PGOD). If the same structure exists on an internal position within the singlet
O—0 bond cleavage were accompanied by a three-ring closure,multipliticy. In fact, it spontaneously gives ring closure to EPO.
the epoxide peroxyl allyl diradical EPAD would form (via the However, one could imagine the formation*6fCD from1TCD,




10934 J. Phys. Chem. A, Vol. 109, No. 48, 2005

Figure 4. Two transition structures for M24: (a) P€EPO, connecting
the primary ozonide to the final epoxide via-@ bond cleavage (and
subsequent €0 bond cleavage with the loss of singlet dioxygen) and
(b) *TCD—EPO connecting the trioxyl diradical to the final epoxide
via O—0 bond cleavage and the loss of singlet dioxygen.

Maranzana et al.

SCHEME 3: Outline of the Possible Flanking of the
Original Singlet Pathway by a Triplet Pathway
Generated by an Intersystem Crossing

possible ISC zone

r N

'Tcp
3TCcD

toward 102 + singlet product

singlet reactants
toward 302 + singlet product

angle, which is closing to give the epoxide ring, is still 80.8
wide (M24) and 80.0 (M42), which can be compared to the
final values in the epoxides, 56.and 58.8, repectively. For
M16 (initial DOCC value, 82.9), the situation is somewhat
different, because the epoxidic structure is unstable andt@ C
bond cleaves, giving an oxepinic ring (firaADCC value, 39.9.

3.5. Diradicaloid Pathways to the Epoxide (oxepine)An
alternative pathway can go through #ieCD diradical, or given
that its existence as a real intermediate appears dubious, we
could more loosely say “through a corresponding diradical
region” and avoid making explicit reference to an intermediate.
However, for the sake of simplicity, reference will be plainly
made in the following tdTCD, with that caveat in mind. From
ozone and the PAH (both singletsyTCD can form with
conservation of the total spin. FrofiCD, dioxygen loss takes
place rather easily (WithE; barriers of 3.7 kcal motft for M16,
vs 4.0 for M24, and 2.2 for M42 with respect to the energy
minimum). These values correspond to overall barriers of 22,
21, and 14 kcal mot, respectively. The use of the refinade
values for the barriers is limited to coronene, since the other
two systems present significantly contaminated triplets for TS
ITCD—'EPO, which do not allow the use of the procedure.

If spin is conserved, ®must form fromTCD in a singlet
state (TS TCD—1EPO), unless the triplet multiplicity is induced
in the -system of the product epoxide by the formation of
ground-state @ (the two triplets coupled to give an overall
singlet, TSITCD—SEPO). However, the energies involved are
substantial (more than 30 kcal mélas difference between
1IEPO andPEPO). Otherwise, triplet dioxygen and a triplet oxyl
cyclohexadienyl diradical®QCD) could form, coupled again
to an overall singlet (Table 1). Still another evolution of the
system is possible, fTCD undergoes an ISC prior to the-@

as a consequence of the detachment of triplet dioxygen. Tablebond cleavage (givingTCD) or in the course of it (Scheme 3).

1 shows that the barrier for the transformatiarCD—30CD
(+ 20y) would be low. Once formedOCD could close to EPO
only if an intersystem crossing occurs.

3.4. From the Primary Ozonides to the EpoxidesThese

As a consequence of ISETCD could give way to both
ground-state triplet oxygen and &8PO molecule (TSTCD—
1IEPQO). Given the comparable energy of the singlet and triplet
TCD diradicals, the close similarity of their geometries, and

results leave the fully concerted “dioxygen loss and closure of the closeness of their vibrational frequencies, ISC appears to
one epoxide ring” step as the only possible functionalization be a realistic possibility. The quantitative study of this aspect
pathway originating from PO. However, the related barrier is is currently under way and will be published separaté§r.CD

significant in all cases, since the PEGPO transition structure
is higher than PO by 20.8 kcal mdlin terms ofE and 17.6 in

terms of G (M16), by 21.2 and 17.9 (M24), and by 22.E, (

M42). The transition structurtPO—1EPO is shown in Figure
4a for M24.

could also give singlet dioxygen af@CD, but this is by far
less energetically advantageous than produéidg and the
ground-state epoxide.

The actual product is an ether in all cases. However, if the
EPO structure is stable for M24 and M42, then only an oxepine

With regards to the geometric features of this transition can be found for the smaller M16 because the cartmambon
structure, one can notice that the three main changes which takeébond potentially involved in the epoxidic cycle spontaneously
place in a concerted manner do not appear to be synchronouscleaves. Just to assess the energy of an epoxidic structure, a

The breaking G-O bond is significantly stretched: 2.445 A
(M16), 2.558 A (M24), and even 2.981 A (M42). By contrast,
the C-0 bond, which is also cleaved, is only 1.575 A long
(M16), 1.583 A (M24), and 1.668 A (M42). Similarly, that OCC

constrained optimization was also carried out for M16 (see Table
1).

With regards to the main geometric features of the mentioned
transition structures, that is, the oxygeoxygen distance for
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TABLE 3: Main Geometrical Parameters? for the O, Loss TABLE 4: 6-311G(2d) Energie€ and Estimates of the Free
Transition Structures from TCD Energies for the Preferred Pathway
substrate M16 M24 M42 substrate
ITCD—EPCO structuré M16 M24 M42
868(: aoo® 9%)'?89 o 120 R—ITCD E. 21.1(3l4) 19.8(30.4) 13.7 (24.3)
TeD—0CD : : : E  19.2(29.5) 17.9(28.6) 11.4(21.9)
- ITCD anti E: 20.4(30.2) 189(29.1) 12.9(23.1)
0-0 1.758 1.756 1.753 E  209(30.7) 19.3(295) 13.1(23.3
gocc 96.8 96.3 95.9 1 -9(30.7) 3(29.5) 1(23.3)
TChEPG TCD-EPC' E  23.6(23.6) 225(31.6) 14.7(24.3)
0-0 1.696 1.706 1.730 aRelative to the reactant&;, andE values, see footnote in Table
oocc 94.5 94.3 94.6 1. All values are in kcal mof. The estimate of the free energies (in

parentheses) are obtained by combining the 6-31G(d) data from the
vibrational analysis with the 6-311G(2d) energigSee Figure 1.

¢ Labels, see Scheme 1. Transition structures are identified by the labels
of the minima they connect.From anti-TCD.¢ Plus30,.

aAngstroms and degreesPlus singlet dioxygerf. Plus triplet
dioxygen.

the breaking bond and the OCC angle which is closing upon
the formation of the epoxide ring, Table 3 shows that little galization. It can be expressed by the angle biEh the two
variations are found in going from one model to the other. The zdjacent carbons, CC, which is 117 wide, so departing a little
transition structurdTCD—'EPO is shown in Figure 4b for M24.  from the 120 value of graphite. Therefore, both the molecular
and periodic models confirm that oxygen chemisorption cor-
responds to an epoxidic structure. In Table 5, the formation
energies of the epoxidic structures (EPOs) are reported.

TABLE 5: Formation Energies? of the Epoxide Structures

substrate AE (EPOY AE (defy!
M10 —16.5 27.4
M16 -17.F 27.2
M24 —15.0 27.7
) ) ) » M42 —23.9 21.9
One point of interest is to assess the extent of competition PV3x/3 —227 20.5
between the pathway going through the primary ozonide and P3x3 —23.4 15.6

that involving the peroxyl diradical (energy profiles in Figure
5). If the rate of formation for EPO is defined asro = v1cp
+ vpo, disregarding pathways affected by an ISC, a steady-
state treatment of the-RTCD—EPO vs R-PO—EPO pathways The reaction energy for R1 provides an indication of the
(Supporting Information) provides an estimate of thep/vpo stability of the EPO structure for all the substrates. Though
ratio of 139—10'. The only important way of functionalizing  different epoxide isomers are possible for oun Models, only
PAHson internal positionseems to be described by the trioxyl  the most internal one has been considered in this paper, in which
diradical pathway. a surface adsorption process is investigated (naphthalene, the
3.5. Refinement of the Molecular CalculationsThe energy  simplest PAH, cannot present a solely internal bond for ozone
barriers relevant to the preferred pathway were reassessed by attack and is presented here only for comparative purposes).
series of computations with a more extended basis set (Table The second column of Table 5 reports the deformation

akcal molL. P See Figures 1 and 2Energy for epoxide formation.
d Deformation energy of the substrate (see text).

4). energies, calculated as the difference in substrate energies
3.6. Comparison with Experiments.In their careful experi- between the EPO geometry (without oxygen) and the free PAH
mental study on the reaction of 30with soot, KMNS$ geometry. These data suggest some importance of geometric
considered several reactions involving soot and ozone. Follow- and electronic factors in the PAH series upon functionalization.
ing KMNSS, the very first step is the process The smaller PAHs present, with respect to M42, a larger

deformation energy and, in a parallel fashion, a smaller reaction
SS+ 0;—SS0+ 0, (R1) energy. Though the originally planar&parbon atoms undergo

pyramidalization upon epoxidation in all systems, the electronic

which is fast relative to other subsequent reactions (which will perturbation of the aromatic situation is distributed on more
be further examined by us in our forthcoming work). In R1, SS extended molecular orbitals.
is a surface site and SSO is the corresponding oxidized surface Finding an epoxide structure as the stable reaction product
site. KMNSS measured the concentration of the oxidized surfaceof ozone with undefective soot models, both molecular and
site, by determining the Qproduction by mass spectroscopy, periodic, is also coherent with the conclusions of the experi-
while knowing the surface area of the soot specimen. The mental study of the ozonization of fullerefe.
measured surface concentration of SSO sité,isvith respect Finally, we have attempted to estimate the sticking coefficient
to the surface carbon atoms, assuming a graphitic model of sootor reaction probability. The sticking coefficient is defined in
for the surface. This large concentration of SSO sites indicatessurface chemistry (see the IUPAC Compendium of Chemical
that all the graphitic surface is involved by the oxidation process. Terminology, 2nd Ed., 1997) as the ratio of the rate of adsorption

Within our 2D periodic ab initio model, we could find a single  to the rate at which the adsorptive strikes the total surface, that
energy minimum, an epoxidid§><x/§ structure, described in  is, covered and uncovered. As such, it is usually a function of
Figure 6. The structure shown has-O bond lengths of 1.457  surface coverage, of temperature, and of the details of the surface
A, and the G-C bond of the triatomic ring is 1.350 A (while  structure of the adsorbent. This coefficient was estimated in the
the C-C distance in the graphite substrate is 1.423 A). The C experimental studies of FMBSQnd of KMNSS as yeyx, =
atoms belonging to the triatomic rings show a slight pyrami- 3.3 x 1072 (compare formula 1 in ref 8), relative to the initial
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Figure 5. Energy profiles for the two reaction pathways defined (a) through the primary ozonides to the epoxides and (b) through the diradicals
to the epoxides.

surface adsorption of ozone. Such a large value is interpretedpartition functions of the transition state (critical dividing surface
as a fast process. The following analysis of the chemisorption of the potential energy surface) and the molecular partition
process makes use of the kinetical analysis of the reaction, assurface of the reactant. In the case of RCD transition state
described above. We estimate the sticking coefficiqmnt, by of the M42 model,g*/gr = 6.7 x 10715 This value comes
transition state theory (TST) following methods described by essentially from the product of the ratio between the vib-
Pitt, Gilbert, and Ryai#? and by Chorkendorff and Niemants- rotational partition functions of the {dnolecule in the transition
verdriet3® Thus, we adopt a Langmuir model, which is based state and free in the gas phase (461074 times the ratio

on the following assumptions: (i) there are no interadsorbate between the 2D and the 3D translational partition function of
interactions, (ii) the adsorbates are localized in equivalent sites Os, for unit volume and surface (1.6 10'Y). Then,AE* is the

on a homogeneous surface, (i) the occupation of a site excludesactivation energy barrier with respect to the reactants corrected
further adsorption in that site, and (iv) only a monolayer for the zero point energy. For the-R'CD transition structure
adsorption is possible. If we hypothesize a Langmuir adsorption, in the case of the M42 modeAE* = 13.1 kcal mot 2. Finally,
considering a reaction barrier, for the rate-determining step (via v is the mean velocity of the £molecule perpendicular to the
R—TCD) of 12.9 kcal mot?! (for the largest M42 substrate), adsorbent surface. At room temperatures 9.1 x 10t ms™..

we obtain a sticking coefficientmeor of the order of 1013, If These values givemeor= 1.2 x 10718, in evident contrast with

we make the assumption of a Langmuir adsorption, using TST the experiments. If, on the other hand, we hypothesize an initial
theory, then the sticking coefficiemneor can be calculated as  van der Waals barrierless physisorption of ozone on the
Vineor = (ks T/h)g*/0r exp(—AE#ksT)/v. In this formula,kg is graphene surface (phys), we estimateor = 4.1 x 1073, A

the Boltzmann constan®, the absolute temperature, ahds van der Waals complex between the graphenic substrate and
the Planck constantj/gr is the ratio between the molecular the ozone molecule has been well characterized for the M42
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substrate (see the Supporting Information). The distance betweer &
the surface and ©s 3.6 A (close to the interlayer distance in ﬁ )

graphite). The binding energy of thez@ 2.8 kcal mof?,
obtained by summing 0.3 kcal md| calculated at the DFT-
(B3LYP)/6-31G(d) level, and corrected for the basis set
superposition error by the counterpoise method, plus 2.5 kcal
mol~1! of dispersion energy, obtained by molecular mechaffics.
In the case of barrierless physisorption, the sticking coefficient
y can be calculated gs = (kg T/h)(qw/ar)(1/v). Here,qy/0r is

the ratio between the molecular partition functions of the
physisorbed system and reactamjgor is the product ot/

qvr the ratio between the vib-rotation partition function of the
O3 molecule in the physisorbed and gas phases, and its value is
4.1 x 1073 (due to the hindrance in the rotation along two axes
parallel to the surface), times the ratio between the 2D and the
3D translational partition function of ©These values set the
sticking coefficient atymeor = 4.1 x 10°. Then, reaction R1
can be interpreted by the following mechanism

O; (gas)— O; (phys)

Vineor= 4.1 x 107, =3.3x10°

yexp
O, (phys)— TCD

TCD— EPO+ O,

To conclude, the adsorption mechanism cannot be of Langmuir
type, which gives a on the order of 103,

Making reference to the work of KMNSSwe can put
forward, on the basis of computational results, a theoretical b
hypothesis on the preferred reaction pathway and on the Figure 6. 2D periodic ab initio model of the graphenic plate with
adsorbed phase (as described by our Figure 6, compare Figurexygen atoms chemisorbed to give an epoxidic functionalization: (a)
6 of ref 8). However, our theoretical hypothesis on the top view, (b) side view.
adsorption mechanism (line | in Table 2 of ref 8) is that the
initial step is a van der Waals barrierless adsorption. Finally, that ozonization of internal positions has to pass through a region
we can suggest that the stable species described and th@f the energy hypersurface where the system has diradical
chemiluminescence related to the generation of singlet dioxygencharacter.

could be observed in a laboratory study. If an atmospheric process is considered, then the barriers for
_ the first attack appear to be too high to allow the ozonization
4. Conclusions of internal positions in a significant way, at least for the smallest

t PAHs and soot platelets. On the other hand, in an experiment
platelets or PAHs can undergo as a consequence of an€Mploying large ozone concentrations, we can surmise that it
electrophilic attack by ozone. The graphene elements are€@n take place, but border ozonization should precede the
modeled by PAHs and periodic calculations. Both molecular Massive ozonization of the internal positions. This point will
and periodic simulations of the oxidation processes of these P& addressed in a follow-up paper.

This study deals with the oxidative functionalization that soo

substrates involve only theinternal positions that is, they If the spin multiplicity is conserved, either &\ oxygen
exclude the carbon atoms located along the perimeter of themolecule moves off the singlet functionalized substrate or, as
platelet (object of a forthcoming paper). an alternative, ground-state dioxygen and-&iplet epoxide

Though some different possible pathways are considered, onlymight form. However, an ISC possibly occurs in correspondence
the PO and the TCD are found as energy minima (intermedi_ of the trioxyl diradical intermediate, as suggested by the fact
ates). Actually, the intervention of the diradical as a real thatthe triplet and singlet states of this intermediate have very
intermediate is questionable, due to its easy redissociation:Similar energies, geometries, and vibrational frequencies. If this
rather, we can imagine that a “diradicaloid zone” of the energy Were the case, ISC would give way to the production of both
hypersurface is probed by the reacting system. In both casesground-state dioxygen and epoxide.
upon exoergic dioxygen loss, an overall energy barrier is
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