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Abstract: Over the past decade we have witnessed a steady rise in contributions of computational quantum
chemistry to the understanding of reactivity of carbon materials. Several litmus tests must be applied to
this evolving body of work before it can be viewed with a sufficient degree of confidence. The results of a
crucial test are presented here: formulation of thermodynamically and kinetically plausible paths for CO,
formation in the deceivingly simple reaction C + (1 — y/2)O, = (1 — y)CO, + yCO. A mechanism is proposed
that clarifies the nature of atoms responsible for adsorption and reaction of molecular oxygen on the surface
of sp?-hybridized carbons, both flat and curved, and is also consistent with the postulate that the (re)active
sites are carbene- and carbyne-type carbon atoms at graphene edges. Using density functional theory
and representative two-dimensional graphene clusters, a direct and an indirect route to CO, formation
were identified as both necessary and sufficient to account for key experimental observations. The former
involves single-site O, adsorption on carbene-type zigzag edges. The latter includes the presence of mobile
epoxide-type oxygen on the basal plane and its insertion into an edge hexagon, analogous to the conversion
of benzene oxide to oxepin; such “unzipping” of graphene and CO, desorption is favored at oxygen-saturated
edges, thus accounting for the well-documented phenomenon of induced heterogeneity of carbon reactive

sites.

1. Introduction

The most important fundamental issue in the surface chemistry
and reactivity of sp’-hybridized carbon materials, both flat and
curved, is the exact “chemical” nature of the (re)active sites.'
Active sites are those on which chemisorption of the reactive gas
occurs, whereas at any given moment during reaction the reactive
sites are those that participate directly in the formation of products;
i.e., the former are both “spectators” and intermediates, whereas
the latter are true reaction intermediates.

There are now close to 3000 published papers with the term
“graphene” in their title (more than 1000 in the first nine months
of 2009 alone!), most of them in physics journals and very few,
if any, addressing this key issue. The litmus test for success in
its resolution is consistency with a necessary and sufficient
mechanism for the carbon—oxygen reaction, in which CO,, and
not only CO, is known to be a primary product. It is indeed
astonishing that despite decades of mechanistic studies® it is
still unknown how exactly CO, is formed during oxidation of
carbon materials:

C + (1 —y/2)0,=(1 —y)CO, + yCO (1)

This is a reaction' of the greatest technological importance
in energy and materials utilization both past and present (e.g.,
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coal or biomass combustion and gasification, oxidation resis-
tance of C/C composite materials, activated charcoal produc-
tion); its relevance for the 21st century and beyond, in terms of
energy efficiency, process effectiveness, and product selectivity,
is tied at least to the purification* and surface modification® of
carbon nanotubes or to O, reduction in carbon-based fuel cells.®’
Furthermore, because of the very high ratio of edge to basal-
plane carbon atoms in the emerging graphene materials (e.g.,
graphene nanoribbons), the understanding and control of their
chemistry is critically dependent on realistic models of edge
reactivity 510

Molecular-level engineering of carbon-based “nanomaterials”
cannot be successful until and unless this long-ignored issue is
resolved or at least clarified. Thus, for example, Beran and co-
workers used quantum chemistry to study oxygen adsorption
on graphite, modeled as pyrene or coronene, and explored the
possibilities of O, dissociation on basal plane sites''"'> even
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though it had been well established experimentally>'? that this
process occurs only on graphene edges. More recently, Yu et
al.’® used density functional theory (DFT) to study the oxidation
of a graphene nanoribbon whose edges are also terminated with
hydrogen atoms. They concluded that O, chemisorption is
endothermic, contrary to the well-known experimental fact that,
even at room temperature and on a great variety of carbon
materials, it is highly exothermic. A more careful chemical
identification of both active®'? and reactive'*'> sites is neces-
sary, especially regarding the presence and role of unpaired
electrons; indeed, Lee and Cho'® concluded recently that “more
realistic modeling of [graphene nanoribbon] edge structure will
be necessary to understand the experimental findings.” This is
arguably best accomplished using computational quantum
chemistry by analyzing small but representative two-dimensional
graphene clusters: the presence of adjacent graphene layers (at
a distance of ca. 0.34 nm) is assumed to lead to second-order
effects, whereas in many cases use of larger clusters or structures
with periodic boundary conditions has led to qualitatively similar
results. On the other hand, a key distinction between such
clusters and polycyclic aromatic hydrocarbon (PAH) molecules
is the experimental fact that not all edge sites in the former are
necessarily saturated with hydrogen.?

2. Computational Methodology

Initial representative structures of graphene clusters were drawn
either in ChemDraw or GaussView. Gaussian'’ computational
experiments were carried out using DFT with the following
keywords: opt freq b3lyp/6-31 g(d). This level of model chemistry
is widely acknowledged to be a reasonable compromise between
computational efficiency and the degree of mathematical ap-
proximation, especially regarding electron correlation. The spin
multiplicity (M) in each case was either judiciously selected or
varied over a reasonable range. (See Supporting Information for
optimized geometries in terms of atomic coordinates and energies
of each one of the clusters analyzed.) Of greatest interest here are
the self-consistent field energies (AE), enthalpies (AH), and Gibbs
free energies (AG) of these clusters and their reactions; values
obtained at 298 K are used for meaningful comparisons. Mulliken
charge distributions and spin densities are also informative;
comparisons in a relative sense are again more important than
absolute values, given the well-known limitations of this somewhat
arbitrary formalism of electron density partition.

3. Results and Discussion

3.1. Proposed Model. Early and elegant isotope labeling
studies'® have demonstrated that CO, is a primary reaction
product and not only a result of subsequent homogeneous CO
oxidation. A reliable quantitative relationship between the CO-
to-CO; ratio, i.e., the value of y in eq 1, and either reaction
conditions or type of carbon material used (i.e., the size and
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degree of ordering of its graphene layers) does not exist yet.'
The literature does contain many disparate clues; for example,
it is known that y decreases with increasing oxygen surface
coverage, which in turn is favored by low temperatures, high
pressures, and high ratios of edge-to-basal-plane sites in the
graphene layer.! However, heretofore there have been no concise
mechanistic proposals that would be both sufficient and neces-
sary to account for the majority of experimental observations.
Using the venerable Occam’s razor principle, such a mechanism
should be equally applicable to all forms of sp*-hybridized
carbon materials, whether curved or flat: graphite, nanotubes,
pyrolytic carbons, filamentous carbons, chars, cokes, activated
carbons, soot, and perhaps even fullerenes. Here such a
mechanism is presented (reactions 2—5 below) and substanti-
ated. Its main distinguishing features are the clarification of
different roles played by the three types of sites in graphene,”
as well as the interconversion between spectators (temporarily
stable surface complexes, C,(O)) and reactive intermediates
(C(0)). Sites C,, and C,. are at zigzag and armchair edges, Ce
is an edge site (either zigzag or armchair), and C, is a basal-
plane site within the graphene layer.

adsorption (non-dissociative): C,, + O, — C(O,) (2a)
adsorption (dissociative): 2C,, + O, — 2C,(O) (2b)
adsorption (dissociative): 2C,. + O, — 2C,(O) (2¢)
surface diffusion (hopping): C.(O) <> C,(O) 3)
desorption (direct): C,(O,) — CO,(+2C,) (4a)
desorption (direct): C.(O) — CO(+2C,) (4b)
desorption (indirect): C,(O) + C,(O) — CO, + C, (4¢)
nascent site deactivation: 2C, — 2C, (5)

The nature and variety of edge sites is determined during
the process of carbon formation: carbonization from the liquid
or solid phase, or carbon nucleation and/or deposition from the
gas phase.'® This process is a balance between kinetically and
thermodynamically limited elementary steps®® 22 that can be
described succinctly as a growth of PAH species, predominantly
fused benzene rings, whose principal characteristic is a competi-
tion between free-radical elimination of H (or of any other
heteroatom) and achievement of the most stable ground state.
Only two representative examples are presented here, as shown
in Figure 1. For C,,H,, the ground state is a triplet, loss of two
H atoms results in a spin multiplicity (M) of five (four unpaired
electrons), and exposure to O, results in the formation of two
quinone-type surface groups; alternatively, loss of 4H results
again in a structure with M = 5 rather than M = 7, by virtue of
the formation of a carbyne-type® armchair pair. Its oxidative
stabilization follows the same path as the loss of 2H. For CyoH;
the ground state is a doublet, and loss of 1H results in a triplet-
ground-state structure characterized by a carbene-like zigzag
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Figure 1. Fates of two representative PAH fragments during the (pyrolytic)
process of carbon formation in inert and/or oxidative atmosphere: (a) C»,H;»
(triplet); (b) Ci9H;; (doublet). The SCF energy values shown are in hartrees.

site, whose further stabilization requires the presence of atomic
oxygen. Such sites have been thoroughly characterized as
intermediates in organic reactions,> and their relatively high
stability (e.g., in room-temperature air) is a very fruitful postulate
for graphenes.”** An additional confirmation of its validity is
the prediction that, as the size of graphene increases from one
to four to nine hexagons (C¢H4O to C;cHsO to C3H;,0),? the

(23) Tomioka, H. In Reactive Intermediate Chemistry; Moss, R. A., Platz,
M. S., Jones, M., Jr., Eds.; Wiley: New York, 2004; pp 376—395.
(24) Jones, J. M.; Jones, D. H. Carbon 2007, 45, 677-680.
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enthalpy of adsorption of O, on the carbene site decreases from
—57 to —34 to —16 kcal/mol.

Therefore, the chemically reactive sites in carbon materials,
rather than being (as is too often assumed) either the very
unstable unadulterated radicals formed by H removal from
graphene edges or the very stable hydrogen-saturated graphene
edges, are proposed to be an isolated carbene-type zigzag carbon
atom and a carbyne-type armchair pair of carbon atoms. This
hypothesis has been shown? to account for a remarkable variety
of both “chemical” and “physical” experimental facts (e.g.,
unique amphoteric nature of carbon materials, positive thermo-
electric power, and ferromagnetism); it is also consistent with
the incisive intuitive arguments made by none other than
Coulson half a century ago.”

3.2. Formation of Reactive Sites. Figure 2 illustrates the main
possibilities of formation and fate of (re)active sites on carbon
surfaces, and Table 1 establishes the thermochemical feasibility
of these processes.

As is well known from PAH chemistry,”® an odd number of
hydrogen atoms terminating the fused benzene rings in graphene
is the origin of the presence of an unpaired (and delocalized) 7
electron, which in turn is responsible for the paramagnetism of
carbon materials.>”*® When an edge site is not terminated with
hydrogen, graphene stabilization likely occurs by formation of
a carbene zigzag site (Figure 2a), with triplet being the ground
state.” The fate of such an isolated zigzag site (site C,, in reaction
2a) in wet oxidation is the formation of a phenolic group*-*
and in dry oxidation it is postulated to be temporarily “non-
dissociatively” adsorbed O,. This single-site C(O,) intermediate
is the precursor state in direct CO, formation during carbon
oxidation, as discussed below; its existence is also consistent
with the mechanism of electrochemical oxygen reduction.®’ An
additional radical stabilization step in carbon oxidation is nascent
site deactivation (NSD, Figure 2b).>*! Formation and entrapment
of pentagons in such a process leads to curvature (and eventual
fullerene formation); however, it is in competition with pentagon
elimination (Figure 2c),*> which preserves graphene planarity.
The enthalpy changes of these two reactions are, respectively,
—94.5 and —31.6 kcal/mol, and the corresponding entropy
changes are —9 and —3 J/mol/K, in agreement with intuitive
expectations.

The fate of two contiguous radical sites in an armchair
configuration (Figure 2d) and of two adjacent radical sites in a
zigzag configuration (Figure 2e) is the same: formation of
quinone-type surface groups in dry O, and phenolic groups in
wet oxidation, and the 2-electron interconversion of these two
functionalities (quinone/hydroquinone equilibrium) is well
documented in the carbon electrochemistry literature.®* The
nascent site deactivation (NSD) process in the case of armchair
sites is very different from that of zigzag sites: the ground state
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Figure 2. Prototypical reactions responsible for the formation of carbon
active sites at graphene edges: (a) oxidation at (isolated) zigzag site; (b)
deactivation of nascent active sites; (c) elimination of a pentagon; (d)
oxidation at an armchair site (pair); (e) oxidation at adjacent zigzag sites.

Table 1. Free Energies of the Reactions Shown in Figure 2

panel of

Figure 2 reaction AG, keal/mol
(a) CyHyjo (M =3) + OH™ = C;yH;(,OH (M = 2) —98.1
CioHig (M = 3) + Oy = Ci9H00, (M = 1) —50.1
()  CisHip (M =3) = CigHip M = 1) —91.8
(c) CiHg (M = 2) = CyHo (M = 2) —30.6
(d)  CyuHip (M =3)=CulHiyM=1) =327
C24H10 (M = 3) + 20H™ = C24H10(OH)2 (M = 1) —207
CyHjg (M = 3) + Oy = CoyyH g0, (M = 1) —162
C24H10 (M = l) + Og = C24H]002 (M = 1) —129
(e)  CypsHigO (M = 5) + Oy = CpsH,003 (M = 1) —170

of the carbyne-type site® is a singlet, rather than a triplet. This
provides a simple explanation for the persistent literature
reports®>* of ferromagnetic behavior at zigzag edges.

It is clear from this analysis that structure I in Figure 2a is
the only precursor state that can lead “directly” to CO,
formation. Its existence, while consistent with isotope labeling
studies,"® also accounts for the heretofore intriguing report’
that reaction of carbon with “oxygen-18 did not show complete
statistical mixing of the isotopes in the CO, product, suggesting
that a significant portion of the CO, product was formed by a
direct reaction of surface carbon with molecular oxygen.” An
“indirect” route to CO, formation must also exist, however,
because it is well known that dual-site, dissociative O, chemi-
sorption is important in carbon reactions.' The decisive clue
for postulating a plausible indirect route (see below) is a
consequence of the fact'* that more oxygen is often found on
the carbon surface (especially for nongraphitic carbons such as
chars, carbon blacks, and “amorphous” carbons) than can be
accounted for by the concentration of edge sites.

3.3. Direct Route to CO,. Figure 3 summarizes the proposed
mechanism of CO, formation on the carbene-type zigzag sites.
Such electrophilic oxidation is consistent with the charge and
spin density distribution for this prototypical cluster, which is
shown in Figure 4: even the relatively “unsophisticated”
Mulliken population analysis clearly distinguishes between basal
plane and edge sites and confirms the carbene nature of the
reactive site (accumulation of ca. 1.4 electrons on site 10 in
Figure 4b). The free energies of O, adsorption, oxygen desorp-
tion as CO,, and nascent site deactivation are —50.1, 11.5, and
—91.8 kcal/mol, respectively. The kinetics of this process will
be discussed in detail elsewhere; suffice it to anticipate here
that the activation energy of adsorption (step (i) — (ii)) is as
low as ca. 20 kcal/mol (see Supporting Information, Figure S1,
for the geometry of a typical transition state), which is well
within the range of experimentally determined values for many
carbon materials,?'*-°

3.4. Indirect Route to CO,. It has long been known
that O, adsorption on basal plane sites does not lead to carbon
gasification, and yet the existence of a mobile oxygen on the
graphene surface,’® i.e., oxygen that resides on a basal plane
site but cannot directly produce CO or CO,*® by removing basal-

13,14,37
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(37) Thomas, J. M. In Chemistry and Physics of Carbon; Walker, P. L.,
Jr., Ed.; Marcel Dekker: New York, 1965; Vol. 1, pp 121—202.
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Figure 3. (a) Direct path to CO, formation at a carbene-type zigzag site:
(i) CioHyo (M = 3), (ii) C19H;002 (M = 1); (iii) CisHio (M = 3); (iv) CisHio
(M = 1). (b) Optimized geometry of CioH;0O, (M = 1).
plane carbon atoms, is also well documented.'***° The process
of formation of an epoxide-type oxygen on the basal plane is
still an unresolved issue,'®*!'~** but circumstantial evidence for
its presence there is compelling. It is not likely to occur as a
consequence of O, interaction with two basal plane sites because
O, has been shown to chemisorb dissociatively only at graphene
edges.>*”* Figure 5 summarizes one thermochemically feasible
path to epoxy formation. Each one of these clusters is a ground
state. It is noteworthy that structure 5d, containing a quinone
and an epoxy-type oxygen, is more stable by some 30 kcal/mol
than structure S5c (see Figure 3b), corresponding to oxygen
adsorbed on the carbene site and in which the O—O bond
distance is 0.15 nm (i.e., O, is not completely “dissociated”).
The transition states connecting these stable structures will be
discussed elsewhere.

The details of oxygen spillover, i.e., migration of oxygen
atoms chemisorbed on graphene edge sites onto the basal plane,

(39) Yang, R. T.; Wong, C. J. Chem. Phys. 1981, 75, 4471-4476.

(40) Chen, S. G.; Yang, R. T.; Kapteijn, F.; Moulijn, J. A. Ind. Eng. Chem.
Res. 1993, 32, 2835-2840.

(41) Chan, S.-P.; Chen, G.; Gong, X. G.; Liu, Z.-F. Phys. Rev. Lett. 2003,
90, 086403.

(42) Li, J.-L.; Kudin, K. N.; McAllister, M. J.; Prud’homme, R. K.; Aksay,
1. A.; Car, R. Phys. Rev. Lett. 2006, 96, 176101.

(43) Sanchez, A.; Mondragoén, F. J. Phys. Chem. C 2007, 111, 612-617.

(44) Orrego, J. F.; Zapata, F.; Truong, T. N.; Mondragén, F. J. Phys. Chem.
A 2009, 113, 8415-8420.

(45) Yang, R. T. In Chemistry and Physics of Carbon; Thrower, P. A.,
Ed.; Marcel Dekker: New York, 1984; Vol. 19, pp 163—210.

(46) Skokova, K.; Radovic, L. R. In Preprints of the 211th National
Meeting, Div. Fuel Chem.; American Chemical Society: Washington,
DC, 1996; Vol. 41(1), pp 143—147.

(47) Hayes, D. M.; Nelson, S. D.; Garland, W. A.; Kollman, P. A. J. Am.
Chem. Soc. 1980, 102, 1255-1262.
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Figure 4. Mulliken population analysis of structure I (see Figure 2a): (a)
charges; (b) spin densities of the triplet ground state.

(a) o=—o0 (b) 0

Escr = -880.3286 hartrees

Escr = -880.4164 hartrees

(d) 0
*

Egcp =-880.4837 hartrees

Egcr = -880.4328 hartrees

Figure 5. Selected thermodynamically stable graphene clusters (Cj9H;0)
that illustrate a likely path for the formation of an epoxide-type functionality
on the graphene basal plane subsequent to O, chemisorption on a carbene-
type edge site.

have yet to be clarified, but once there the fate of C,(O) turns
out to be straightforward. Figure 6 illustrates a plausible pathway
of CO, formation,*® implicating epoxide-type oxygen, which
is remarkably analogous to the well-known O-insertion mech-
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Figure 6. Optimized geometries of carbon clusters representing the indirect
path to CO, formation: (a) C;oH;00(01), M = 1; (b) C19H;00(0,), M = 1;
(c) C19H;00(03), M = 1. For their SCF energies, see Supporting Informa-
tion.

anism of oxepin/benzene oxide tautomerism.*’*®* Mondragén
and co-workers** recently arrived at essentially the same
conclusion in their analysis of oxidation of aromatic hydrocar-
bons with atomic oxygen.

Surface diffusion in carbon materials (represented somewhat
simplistically as reaction 3) is a well-established concept, both
experimentally®**>*° and theoretically.****° The driving force,

(48) Pye, C. C.; Xidos, J. D.; Poirier, R. A.; Burnell, D. J. J. Phys. Chem.
A 1997, 101, 3371-3376.

J ;;};) {
J. J/‘) o |
ﬂ;"{,)

Egcp = -690.88769 Egep=-690.83216 Egcp = -690.90622
Figure 7. A mechanism for O-hopping (surface diffusion) on the graphene
basal plane: (left) C;¢H;o(O1), M = 1; (middle) optimized geometry of the
transition state; (right) CisH;0(O,), M = 1. The energies shown are in
hartrees.

(@) o—9

Figure 8. Thermochemistry of CO, desorption from two prototypical
graphene clusters: (a) C1oH;0O, (M = 1) — CygH;o (M = 3) + CO, (direct
route); (b) CioH 00, (M = 1) — C;gHyo (M = 3) + CO, (indirect route).
The AE values shown are in kcal/mol.

as well as the energetic barrier and the occurrence of “unzip-
ping” of graphene,** depends on the details of electron distribu-
tion and requires further study. The main point of interest here
is that there is no unzipping in Figure 6a and b: the epoxide
C—C bond lengths are 0.151 and 0.155 nm, respectively.
However, when the epoxy oxygen approaches the edge quinone-
type site, its insertion does occur (Figure 6¢); the epoxide C—C
bond is 0.237 nm. The free energy of O insertion is —24.6
(Figure 6a) or —40.9 (Figure 6b) kcal/mol and that of subsequent
desorption of CO, is 67.5 kcal/mol (vs 11.5 for direct CO,
formation). As another example of a feasible mechanism, shown
in Figure 7, hopping of epoxy oxygen in pyrene is energetically
downhill (—11.0 kcal/mol) from the central to a peripheral bond,
and the activation energy is ca. 35 kcal/mol; the transition state
(Figure 7b) has the correct bond vibrational frequency (1720
cm™!) with O on top of the C atom.

3.5. Product Desorption and the Role of Adsorbed
Oxygen. Figures 8 and 9 summarize the most straightforward
processes of CO, and CO desorption, subsequent to the initial
adsorption of O, on carbon surfaces. The presence of dioxiranyl
oxygen’' (Figure 8a) is seen to be more advantageous for CO,
formation than that of a cyclic ether (Figure 8b); the respective
AG and AH changes are 11.5 vs 72.4 and 25.8 vs 85.7 kcal/
mol.

(49) Miessen, G.; Behrendt, F.; Deutschmann, O.; Warnatz, J. Chemosphere
2001, 42, 609-613.

(50) Hayns, M. R. Theor. Chim. Acta. 1975, 39, 61-74.

(51) Barckholtz, C.; Fadden, M. J.; Hadad, C. M. J. Phys. Chem. A 1999,
103, 8108-8117.
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Figure 9. Thermochemistry of CO desorption from five prototypical
graphene clusters: (a) C;sHgO (M = 1) — Cy4Hg (M = 3) + CO; (b) Ci5H;00
(M =1) = Cy7H;o (M = 5) + CO; (¢) CioH1gO (M = 1) — CysHyp (M =
3) + CO; (d) Cy¢HsO (M = 3) — CysHg (M = 5) + CO; (e) CHsO, (M
=1)— C;sHsO (M =5) + CO; C;sHgO (M =5) — CyHg (M = 1) + CO.
The AE values shown are in kcal/mol.

An armchair cyclic ether, contiguous to a carbene-type carbon
(Figure 9a), is seen to be the preferred path to CO formation.
The ground state of the cluster shown in Figure 9a is a singlet
rather than a triplet (with AEsr = 21.1 kcal/mol); the latter is
more common when oxygen is absent from the ring system,
e.g., in Figure 9d with AEsr = —15.3 kcal/mol. Even for a
larger such cluster, a six-ring C, H;0O (not shown), the
thermodynamic barrier for CO desorption is relatively low, AE
= 72 kcal/mol. Its initial presence in oxygen-rich biomass-
derived chars, as opposed to, say, coal-derived chars, may be
responsible for their higher reactivity when compared with chars
obtained from other precursors at the same heat-treatment
temperature.

A zigzag cyclic ether™ (Figure 9b) is seen to be an unlikely
site for the initiation or propagation of CO desorption, whereas
the decomposition of the most common quinone functionality
at either zigzag (Figure 9c) or armchair sites (Figure 9d and e)
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Figure 10. Optimized geometries of graphene cluster C»H,(O5 that
illustrate the role of chemisorbed oxygen in lowering the activation energy
of CO, desorption: (a) ground state (M = 1); (b) transition state (M = 1).
See Supporting Information for their SCF energies.

exhibits an intermediate thermodynamic barrier. It is interesting
to note, in agreement with intuitive expectations, that desorption
of one CO molecule from an armchair site (Figure 9e), although
quite endothermic, leads to a structure that only formally has
two unpaired electrons; subsequent desorption of the other CO
molecule is indeed exothermic. The ground state of C;5HgO is
actually a quintet. The corresponding triplet state does not
converge easily, even when force constants are calculated and
quadratic convergence method is used.”” Interestingly, however,
the distance between the atoms with the unpaired electrons is
much closer to that found for the singlet, 0.153 nm, than for
the quintet, 0.291 nm. (The distribution of spin densities is
shown in Figure S2; see Supporting Information.) This process
of nascent site deactivation (see also Section 3.2) will be
analyzed at length elsewhere. For the current discussion, it is
sufficient to make a comparison of the distribution of spin
densities in the intermediate product C;sHsO (Figure 9e; see
also Figure S2a in Supporting Information) to that found for
the product of desorption of CO from a graphene cluster
containing a cyclic ether (Figure 9b), which also has four
unpaired electrons but in a more intuitively obvious fashion (as
indicated by the four dots in Figure 9b vs two dots in Figure
9e), and with the equally intuitive quintet structure in Figure
9d. In the latter two (C;7Hyy and C;sHg) spin density is

(52) Frisch, A.; Frisch, M. J.; Trucks, M. Gaussian 03 User’s Reference,
2nd ed.; Gaussian, Inc.: Wallingford, CT, 2005.
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Figure 11. (a) Optimized geometry of the curved graphene cluster 10,0-CNT C4H;30 (M = 1) containing a zigzag active site. (b) Comparison of charge
distributions in flat and curved graphene clusters containing a zigzag active site: (i) C4H2,0; (ii) 10,0-CNT CyoH ;30 (M = 1).
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concentrated according to expectations, whereas in C;sHgO the
unpaired electrons are more delocalized.

The power of computational quantum chemistry is most
clearly displayed in the analysis of induced energetic hetero-
geneity of reactive sites in graphene.' It has long been known
that, upon accumulation of surface oxygen, there is a change
in both the reactivity and the number of active sites, but their
experimental quantification has been elusive. A prototypical
example is analyzed here. In Figures 6 and 8b the indirect
pathway (reactions 2b, 2c, 3, and 4c) to CO, was illustrated,
analogous to O-insertion mechanism in the conversion of
benzene oxide to oxepin.*® Figure 10 illustrates the kinetics of
the process for a graphene cluster. In the absence of the adjacent
quinone group (for the reaction C9H,00, = CisHiy + CO,),
the activation energy of CO, desorption is 193 kcal/mol, and
in its presence (for the reaction C»,H;00; = C,1H;00 + COy) it
is lowered to 61 kcal/mol; the epoxide C—C bond length in
this case (compare with Figure 6¢) is 0.232 nm. This remarkable
decrease in activation energy is consistent with the well-
documented increase in the reactivity of carbon as its gasification
proceeds.'>3 It can also be used profitably to explain a wide
variety of seemingly unrelated phenomena:> the effectiveness
of coal hydrogasification vs hydropyrolysis,** O,-enhanced NO
reduction by carbons,”° and the enhancement of hydrogas-
ification reactivity of carbons by nitric acid treatment.’’

3.6. Comparison of Flat and Curved Graphene Clusters.
Using again the Occam’s razor argument (see Section 3.1), there
is no reason to assume that the (re)active sites in carbon
nanotubes (CNTs), as well as the processes of O, adsorption
on them and CO or CO, desorption from them, are substantially
different from the ones presented above for flat graphene
clusters. Thus, Figure 11 highlights the analogies between a
flat and a curved graphene cluster containing a zigzag active
site: the distinction between basal plane and edge sites in the
10,0-CNT (formed by “wrapping” the C4,H,,0O cluster at the
C1—C2/C41—C40 edge) is qualitatively identical to that
observed for the flat graphene cluster, as is the charge
“perturbation” in the vicinity of the carbene-site-containing ring.

The same analogy holds true for the armchair sites. For the
5,5-CNT containing a carbene site contiguous to a cyclic ether
oxygen (CsoH;30) (compare with Figure 9a) singlet is the ground
state, with AEgr = 24.0 kcal/mol. In contrast, triplet is the
ground state (AEs;r = —10.2 kcal/mol) for the 5,5-CNT with a
carbene site (compare with Figure 9d) contiguous to a quinone
oxygen functionality (C4H;50); the spin density distributions
(Figure 12) show qualitatively and quantitatively comparable
charge accumulation (ca. 1.3—1.5 electrons) on the carbene site
in both flat and curved clusters.

The charge distribution for the armchair 5,5-CNT (see
Supporting Information, Figure S3) highlights the similarities
and some differences with respect to its zigzag isomer (Figure
11b). Apart from the clear distinction between basal plane and

(53) Lizzio, A. A.; Jiang, H.; Radovic, L. R. Carbon 1990, 28, 7-19.

(54) Johnson, J. L. Kinetics of Coal Gasification: A Compilation of
Research; Wiley: New York, 1979.

(55) Yamashita, H.; Yamada, H.; Kyotani, T.; Radovic, L. R.; Tomita, A.
Energy Fuels 1993, 7, 85-89.

(56) Illan-Gémez, M. J.; Linares-Solano, A.; Radovic, L. R.; Salinas-
Martinez de Lecea, C. Energy Fuels 1996, 10, 158-168.

(57) Treptau, M. H.; Miller, D. J. Carbon 1991, 29, 531-539.

edge sites in both cases and the accumulation of charge at the
quinone functionality, the ratio of average negative charge to
average positive charge is three times smaller for the latter. Also,
the zigzag CNT is less “stable” (by 10.6 kcal/mol) than the
armchair CNT: their SCF energies are —1610.09865 and
—1610.11549 hartrees.

Analysis of the singlet—triplet transitions in zigzag CNTs will
be discussed in an upcoming publication. Suffice it to note here
that stabilization of a triplet ground state in the presence of a
quinone functionality is not as favorable for curved graphenes
as it is for flat ones. Both the 9,0- and 10,0-CNT (Cs6H ;4,0 and
C4H;30) converge to a singlet much more readily than to a
triplet. The same is true, surprisingly (based on a comparison
with the corresponding flat graphene clusters), for the 9,0-CNTs
containing one or two adjacent quinone functionalities with their
corresponding H-free (and presumably carbene-type) active sites.
The reasons for these differences are the subject of our ongoing
research.

4. Summary and Conclusions

The chemical nature of carbon atoms at graphene edges and
at nanotube ends, as well as at various types of defects within
the basal plane of sp>-hybridized carbon materials, has been
clarified. The basal-plane sites are neither as inert as previously
held®'*'3 nor as (re)active as boldly postulated in some of the
recent nanotube literature:>® their activity is limited to providing
a “reservoir” of mobile but nondesorbable carbon—oxygen
surface complexes (e.g., of the epoxide type) that are crucial
for eventual desorption of CO, from graphene edges. Oxygen
insertion (graphene unzipping) and its desorption as CO, is
favored at oxygen-saturated edges, thus accounting for the well-
documented phenomenon of induced heterogeneity of carbon
surfaces. Now that experimentally meaningful and thermody-
namically feasible pathways to CO, formation have been
formulated, a fruitful kinetic analysis will allow us to identify
the evolution of reaction products as well as the changes in
(re)active site concentration with reaction conditions, whose
experimental determination has been moderately successful®
but is often tedious.>
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