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Abstract—The complexes of superoxide radical anions formed at the zigzag edges of curved graphene sheets
upon microwave excitation were studied by electron spin resonance and quantum chemical density functional
theory. The binding energy of the complex decreases from 700 to 42 meV as the distance between the oxygen
atom and the zigzag graphene edge increases from 1.46 to 1.64 A. The configurations and binding energies of
the complexes depend both on the topology of the underlying graphene layer (single- or double-layer, flat, or
curved) and on the type of atomic groups terminating the edge carbon atoms via 6-bonds. Complexes with
low dissociation energy (<70 meV) can be formed only at cryogenic temperatures as a result of electronic
charge transfer from the edge towards the O, molecule. The temperature behavior of the paramagnetic spin

susceptibility of the complex indicates an antiferromagnetic interaction of the spin § = 1/2 of the OE* radical

anions with the edge spins located outside the area “demagnetized” due to its depletion by the electronic
charge. At 7> 50 K, the complex irreversibly dissociates and the O, molecule is detached from the edge. The

existence of complexes with a low dissociation energy expands the views on the ionic chemical bond with a
large distance between the interacting species.
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INTRODUCTION

Graphenes and materials based on nanographene
sheets are materials with extended 7m-electron system
and unusual electronic properties [1—3]. These prop-
erties include both orbital diamagnetism [4—6], which
substantially exceeds that observed for large planar
aromatic molecules, and unusual paramagnetism
caused by the edge electronic states at the zigzag edges
[7—10]. The paramagnetism is related to the peak in
the density of electron states at the contact point
between graphene 7- and mt*-areas, while in terms of
the Clar’s aromatic sextet rule, it is associated with
unpaired T-electrons located at every third zigzag
along the zigzag edge [2, 11, 12] (Fig. 1). It is assumed
that the external 6-bonds of the graphene sheets are
saturated by functional groups: hydrogen and hydroxyl
or carboxyl groups. The unusual m-electron states of
the graphene edges account for their unusual chemical
properties, in particular catalytic properties. The edges
of specially perforated graphene efficiently catalyze
the nitrobenzene reduction to aniline [13]. This is
partly due to the fact that the edges act as w-electron
donors for molecular agents occurring in the close

vicinity and thus facilitate specific chemical reactions
of these molecular agents.

Carbon nanomaterials, including fullerenes and
multiwalled nanotubes, have been actively studied
since the 1990s. In 1996, Mitsutaka Fujita, a Japanese
Physicist, predicted the presence of unusual mt-elec-
tron edge states for the zigzag edges of graphene sheets
[14, 15]. Among the predicted unusual properties was
paramagnetism caused by the unpaired edge spins.
Over the next 15 years, edge states and Curie paramag-
netism associated with them were noted for quite a few
nanodispersed carbon materials with a high degree of
graphitization in individual sheets and nanometer-
scale fragments. These materials include nanograph-
ites, activated carbon fibers, turbostratic carbon, car-
bon nanohorns, graphene nanoflakes, and other sp?-
carbon products [16, 17]. The existence of edge states
in flat graphene sheets was proved by scanning tunnel-
ing microscopy (STM) and scanning tunneling spec-
troscopy (STS) [18, 19]. The STM images demon-
strate a clear-cut aromatic hexagonal structure as
Clar’s sextets with enhanced image brightness at the
zigzag edges. Nevertheless, the edge m-electron spin
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Fig. 1. Scheme of formation of delocalized spin states at the edges of a perfect graphene sheet representing the mt-electron subsystem
as Clar’s aromatic m-sextets. Schemes (1), (2), and (3) are equivalent resonance configurations demonstrating the presence of delo-
calized spins at the zigzag edges (one spin per three aromatic rings).

states in combination with a relatively developed
orbital diamagnetism and a high degree of graphitiza-
tion of an sp>-hybridized material are most clearly
manifested in only one of the available materials, so-
called nanographites obtained by annealing of detona-
tion diamonds. It is known that orbital diamagnetism
is a fundamental feature of a graphite material with a
developed m-electron system, an aromatic layer struc-
ture, and the Fermi level located at the point of con-
tact between the bonding n- and antibonding
n*-bands. The text below is related to nanographites
obtained from five-nanometer nanodiamonds. Nano-
graphites obtained by this process represent a morpho-
logically complex material, i.e., an assembly of onion-
shaped carbon nanoparticles and associated split-off
graphene-like parts of diverse topologies and shapes,
including sub-nanometer ones. Therefore, in the dis-
cussion below, the elements of nanographite particles
are designated for brevity as nanographenes. The
Tt-electron states give rise to unusual paramagnetism
and an ESR signal with the g-factor of 2.0014—2.0019
and line width highly sensitive to external molecular
paramagnetic agents [20]. Indeed, in an oxygen (or
air) atmosphere, the ESR line of the edge spins of
nanographenes is considerably broadened due to the
dipole—dipole and magnetic interactions with the
triplet oxygen spins .5 = 1. Broadening depends on the
amount of oxygen sorbed on the nanoparticles [21].
The maximum amount of oxygen sorbed from air at
room temperature and normal pressure is ~55 O, mol-
ecules per nanoparticle (5—6 nm), consisting of
~11500 carbon atoms. ESR line broadening propor-
tional to the partial pressure of oxygen is the criterion
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for the presence of localized edge states in the
graphene-like carbon system.

Functionalization of the graphene zigzag edges
by carbonyl groups leads to disappearance of the edge
nt-electrons and the peak in the density of electron
states at the contact point between the m- and
m*-bands, but the edge terminated in this way is read-
ily additionally functionalized by Fe?* ions [22]
(Scheme 1). For carbonyl groups of certain configura-
tions, binding of iron(Il) ions turns on again the
m-electron edge states, and Fe2* ions can additionally
bind molecular oxygen. These systems can act as cata-
lysts and carriers of molecular oxygen released, for
example, during microwave heating.

Scheme 1.

The images of nanographene/nanographite (NG)
manufactured both by annealing of detonation dia-
monds and cleavage of acid-intercalated graphite into
single- and multilayer graphene sheets were obtained
using high-resolution transmission electron micros-
copy [13, 20, 23]. These images clearly demonstrate
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the folds and curves of nanosized graphene sheets,
areas of perfect hexagonal structure with good planar-
ity, and particle edges.

This paper presents the results of studies performed
by the authors in recent years on observation of the
graphene edges of low-temperature complexes formed
by superoxide radical anions connected to short-
length zigzag edge segments (up to 7—8 zigzags) [24].
The formation of chemical bonds and complexes with
low binding energies (<70 meV) at cryogenic tempera-
tures has not been adequately studied and, therefore,
deserves special attention. Graphene zigzag edge can
also be considered as an element of a hypothetical pla-
nar aromatic molecule saturated with one type of
atomic groups, e.g., atomic hydrogen, around the
periphery with the number of hexagonal rings N > 200.

EXPERIMENTAL

Polyhedral nanographite/nanographene with a
particle size not more than 5—6 nm was prepared using
commercially available detonation nanodiamond
(DND) purified in boiling hydrochloric acid and free
from ferromagnetic impurities. DND was annealed
under argon at a temperature not lower than 1750°C
for 35 and 110 min. The structural quality of nanog-
raphene particles was verified by Raman spectroscopy
(Aexeit = 532 nm) by observing the characteristic G and

D scattering bands at ~1590 and ~1345 cm™!, associ-
ated with the basal graphene sheets and linear edge
defects, respectively, and their 2D and D+G type
overtones. The minimum content of pentagons and
heptagons in aromatic hexagonal sheets was checked
from the depth of the dip between the D- and G-
bands, according to the methods described previously
[23, 25]. The intrinsic magnetic properties of nano-
graphite/nanographene were studied using powdered
samples in evacuated sealed quartz tubes with an inner
diameter of 0.8 mm and a length of not more than
45 mm, while the complexes of superoxide radical
anions with graphene edges were studied using the
same capillary tubes with the test material, but in this
case, they were sealed in air at atmospheric pressure.
The sample weight in the capillaries was not more than
0.8 mg. This weight limitation was dictated by the con-
ductivity of the powdered sample and decrease in the
resonator Q-factor in the case where the amount of the
material was above the critical value (~1.4—1.6 mg).
The two samples studied here were designated by ng35
and ngl10. The extensions “air” or “vac” in the sam-
ple designations mean the type of atmosphere (air or
vacuum) in the capillary at room temperature. The
ESR spectra were recorded on an X-band EPR JEOL
JES-FA 300 spectrometer (Japan) at a ~9.03 GHz
microwave frequency. The sample was cooled using an
Oxford Instrument ESR900 flow cryostat. The tem-
perature was stabilized to an accuracy of at least
+0.03 K in the 3—100 K range and an accuracy of
*0.1 Kin the 120—220 K range. For the ng35-air sam-
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ple, pressure inside the capillary was lowered to below
20 Torr at T < 60 K due to sorption of the major gas
components (N, and O,), accompanied by liquefac-
tion and solidification of molecular clusters on the
nanoparticles and between them. The ESR signal
intensities were corrected taking into account a small
change in the resonator Q-factor with decreasing tem-
perature and with the necessary increase in the sample
weight for increasing the signal amplitude and signal-
to-noise ratio. The change in the Q-factor was
detected by the change in the intensity of specific ESR
signals of the Mn?" : MgO standard. The intensities of
the corrected ESR signals were directly proportional
to the sample weights.

RESULTS AND DISCUSSION

Figure 2 shows the temperature dependence of the
integrated intensity of the ESR signal for NG-nanog-
raphene particles in the 5—300 K temperature range in
a vacuum. Results of this type were first obtained in
[21]. The paramagnetic spin susceptibility, which cor-
responds to the integrated intensity of the ESR signal,
consists of two parts: the temperature-independent
Pauli susceptibility ()p) and the Curie component (%)
related to the spins located at the zigzag edges; X =
C/(T — ©), where Cisthe Curie constant proportional
to the concentration of spins, © is the Weiss tempera-
ture, which is approximately —17 K for the nanog-
raphenes ngl10 and is due to weak antiferromagnetic
interaction of the edge spins with one another. The
Pauli paramagnetism is associated with the m-electron
subsystem of graphenes, and its magnitude is propor-
tional to the local density of electron states at the
Fermi level. Over a broad temperature range from 17 to
300 K, the spin susceptibility follows approximately
the Curie law; when T'= 300 K it depends on tempera-
ture only slightly and is mainly determined by the
Pauli component: % (300 K) = 1.27yp. The ESR line
width decreases with decreasing temperature in con-

formity with the Corringa law' (Fig. 2b):
AH,,(T) const + (47/1)J 2uge » D(E)’ kyT , here 7 is
the Planck constant, J,4,._, is the exchange integral
for edge spins and m-electrons, D ( Ey) is the density of
states at the Fermi level, kg is the Boltzmann constant,
T is temperature. The presence of this dependence is
indicative of the presence of localized unpaired spins
associated with exchange with charge carriers, i.e.,
n-electrons of the graphene sheet. The slope of the
AH,,(T) dependence in the 20—300 K range is dictated
by the exchange integral J .., and by the density of

states at the Fermi level. The arrow marks the inflec-
tion point in the AH,(T) plot, dividing the plot into

! Corringa law. In this experimental situation, this dependence is
however nonlinear, and has a more complicated sublinear form
at 7> 60 K and a plateau at 7< 20 K.
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two segments with different trends along the tempera-
ture axis, quasi-linear one at 7= 20—55 K and a sub-
linear one at 7> 60 K (Fig. 2b). The latter may be
attributable to the decrease in D (Ey) or a change in
the position of the Fermi level at temperatures above
60 K. With decreasing 7, the edge unpaired m-electron
is mainly localized near edges, namely, within a band
with a width of 1 or 2 aromatic rings. At 7< 17 K, the
susceptibility slightly decreases (Fig. 2a). This is
caused by antiferromagnetic interaction of some of the
edge spins with molecular oxygen remaining on NG
particles in trace amounts even after evacuation. This
feature is eliminated on further sample evacuation
with heating at ~673 K.

For the nanographene sample NG-air (ng35)

sealed in a capillary with air,? lowering the tempera-
ture in the range from 293 to 145 K leads to broadening
of the ESR signal of the edge m-electron states caused
by the progressing sorption of paramagnetic oxygen on
the basal planes and dipole—dipole mechanism of
ESR line broadening (Fig. 3). At T= 125 K, the line is
broadened to become almost non-observable, so that
a narrow singlet with g = 2.0024 and the width AH, =
0.48 mT, corresponding to defects such as dangling 6-
bonds in the nanographene lattice or perhaps their
oxygen complexes stable at room temperature,

becomes visible against the background of this line?
(Fig. 3, spectra at T'= 125—135 K). Remarkably, this
singlet is barely sensitive to the presence of triplet oxy-
gen physisorbed on the material. On further lowering
of the temperature to below 100 K, the broad signal is
no longer detected, while the intensity of the narrow
signal increases in the amplitude, but not quite
according to the Curie—Weiss law (Fig. 3, spectra at
T =73—93 K). The width of the narrow signal does not
depend on temperature and amounts to ~0.45 mT. In
what follows, we analyze the temperature behavior of
the narrow signal both during the gradual decrease in
temperature down to 3—4 K and during the subse-
quent smooth heating of the capillary with the NG-air
sample to 70—80 K after the formation of new para-
magnetic complexes responsible for the generation of
the “new” ESR signal with the same g-factor and line
width, upon the microwave irradiation.

During thorough ESR studies of this system, we
found unusual complexes formed by superoxide radi-
cal anion with the edge of the graphene sheet. These
complexes were first experimentally observed in [26],
while in [27], their formation was interpreted by quan-
tum chemistry methods. The complexes appear when
nanographenes located in a sealed capillary with air
are cooled down to helium temperatures (7= 5 K) and

2 The electronic and magnetic properties of the nanographene
powder in air (NG-air) differ appreciably from those for nanog-
raphene in a high vacuum (NG) due to adsorption of a large
amount (up to 1.3 wt % or even more) of paramagnetic oxygen.

3 The narrow signal is visible against the broad signal even at 7=
154 K.
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Fig. 2. Temperature dependence of the (a) integrated
intensity and (b) width of the ESR signal for an evacuated
nanographite sample ngl110-vac linked to the edge mt-elec-
tron states. Panel (a): dashed line is the temperature-inde-
pendent Pauli component (xp) of the paramagnetic sus-

ceptibility and continuous line is the Curie law smoothen-
ing (x. =
component ). Pressure in the capillary: ~2 X 10~° Torr.
Microwave power: Py = 0.02 mW. Frequency: v =
9.081 GHz.

(T —G))A) for the temperature-dependent

then the powder in the capillary is necessarily excited
by microwave radiation with a power of up to 200 mW
and an abrupt drop in the power to ~0.1 mW. The par-
ticipation of oxygen in the formation of “new” para-
magnetic centers is critical. According to [26], the
complex is formed only in an oxygen-containing
atmosphere upon electrostatic charging of powder
nanoparticles and simultaneous heating by microwave
eddy currents; during heating, the previously phy-
sisorbed molecular oxygen (S = 1) is first desorbed
from the particle surface as a result of system overheat-
ing by 50—70 K and then is suddenly adsorbed again as
the “heating” source is rapidly switched off. After the
fast reverse sorption, some of the oxygen molecules
are trapped at the edges to form new paramagnetic
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Fig. 3. Temperature dependence of the ESR signal for the
nanographite sample ng35-air located in a sealed capillary
in the air atmosphere (oxygen partial pressure ~150 Torr)
measured during gradual temperature decrease from the
room temperature to ~70 K (the curves show the tempera-
ture in Kelvins; microwave power: Py = 0.1 mW; fre-
quency v = 8.941 GHz).

complexes, that is, ZE-O, dimers (Sz

1/2...S[O;] = 1/2). Figure 4 shows the temperature
dependence of the integrated intensity of the ESR sig-
nal of the NG-air sample measured in two modes:
gradual lowering of the temperature from 290 to 5 K,
with the spectra being recorded at low power Pyyw =
0.1 mW (curve /) and under microwave irradiation of
the sample at 7= 5 K with the field of the cavity elec-
tromagnetic wave at the highest power (Pyw =
200 mW) followed by power drop to the initial value
Pyiw = 0.1 mW, with the spectra being recorded during
gradual temperature rise to 7= 90 K (curve 2). The
difference between the integrated intensities (DIN) of
signals / and 2 depending on the temperature
describes the temperature behavior of the ESR signal
corresponding to the low-temperature chemical com-
plex, with the temperature of dissociation (destruc-
tion) of the complex being approximately 50 K. At
temperatures above 50 K, the oxygen molecule is
detached from the edge and the electron returns from

O, to the zigzag edge (ZE). The complex is formed by
the ionic bond upon the transfer of an electron from
the edge (substrate) to an oxygen molecule that occurs
near this edge. The ZE acts as the electron donor,
while the oxygen molecule is the electron acceptor.
Table 1 and Fig. 5 show the binding energies and some
typical patterns of oxygen molecule fixing near the
graphene edge calculated by the electron density func-
tional theory for hydrogen- or hydroxyl- and carboxyl-
terminated edges for sheets with different curvatures.
The calculation details and the approximations used
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were described previously [27]. For the chosen com-
plexes with the binding energy of up to 720 meV, the
distances from the underlying graphene layer to the

nearest oxygen atom (d._,) and the magnetic

moments of O, were also calculated. As can be seen
from Table 1, the lowest binding energies are inherent

in ZE-O, complexes located near the curved surface
of single- and/or double-layer graphene terminated by
carboxyl groups and atomic hydrogen. The distance
between the edge and one of the atoms of the oxygen
molecule is longer (1.60—1.64 A) than that for

the same ZE-O, complex formed at a flat graphene
sheet (1.46—1.50 A), but shorter than that for the trip-
let oxygen molecule adsorbed on a flat graphene sheet

via van der Waals forces (3.7 A). Note that the ZE-O,
complex is formed by the superoxide radical ion
chemically bonded to the graphene edge. This bond is
jonic for C—O distances of 1.60—1.64 A and nearly
covalent for distances of 1.46—1.53 A. This is con-
firmed by comparison of the C—O distances with typ-
ical covalent C—O bond lengths (1.43 A for most com-
pounds and 1.54 A for some molecules [28]). The
electron transfer from the substrate to the oxygen mol-

ecule gives rise, as shown in [27], to a demagnetized*
region shaped as a semicircle around the carbon site
with the complex. Indeed, in the first row of carbon
atoms along the zigzag, the magnetic moments in the
lattice points are markedly reduced (by 0.25 g for the
central point forming the chemical bond and by 0.21,
0.15, and 0.1 ug, respectively, for the first, second, and
third points spaced apart from the first one by 2.4, 5.0,
and 7.3 A along the radius vector).

For the calculated ZE-O, complexes presented in
Table 1, the binding energies were plotted versus the

C—O distance and the magnetic moment of the O,
ions (Figs. 6a, 6b). As the C—O distance increases

from 1.46 to 1.64 A and the O, magnetic moment
increases from 0.86 to 0.965 g, the binding energy
smoothly decreases from ~700 down to ~45 meV, in
conformity with the trend of formation of low-tem-
perature complexes with a low binduing energy and

the spin §' = 1/2 of the O, component. The low bind-
ing energy of some of the complexes (<100 meV) and
elongated C—O bond account for a moderately weak
interaction between the ionic type agents, with only
the van der Waals contact between the O, molecule
and the flat graphene sheet being weaker than this

contact. The binding energies, C—O distances, and O,
magnetic moments corresponding to “conventionally
low-temperature” complexes are encircled by dashed
lines in Figs. 6a and 6b.

4 This region is shaped as a semicircle, in each point of which the
absolute magnetic moment of the carbon electron system is
decreased by 1—-25% relative to the total initial value.
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The temperature dependence of the intensity of the
ESR signal of the complex shown in Fig. 4 (curve 2)
can be described quite adequately in the 7 < 55 K
range by the Bleaney—Bowers equation for complexes
consisting of neighboring spins of 1/2, which are anti-
ferromagnetically coupled and occur in the singlet
ground state (S = 0) at zero T in terms of the singlet—
triplet model [29]. It is assumed here that the complex
consists of two component spins of 1/2, one of which

is the O," radical anion spin and the other of which is
the edge spin more remote from the first one along the
edge. Since the amount of complexes sharply
decreases at T > 50 K due to their dissociation or
detachment of the superoxide radical anions from
the edge, then DIN(7) should be described using
the product of the Bleaney—Bowers function and
an empirical coefficient of filling of the edge
adsorption sites by oxygen molecules (S(7)). The lat-
ter is a smoothened step function with broadening
of about AT = 7 K near Ty = 47-50 K:

S(T) =[exp[(T - T,)/AT]+1]"", where T, is the

effective desorption temperature of the O,* radical
anions from the edge adsorption sites at which the
molecule becomes neutral and quasi-free in two or
three dimensions. In our case, .S (7") describes the rel-
ative number of chemically adsorbed agents on the
surface of a solid in comparison with the number of
specific adsorption sites that are completely filled in a
particular sorption process, depending on the tem-
perature. The singlet—triplet energy gap parameter
found during fitting of the theoretical curve to experi-

mental one is 2J/ ky = —22 K.

Dissociation and degradation of the complex at
temperatures above 50 K means that only few config-
urations with the curved graphene sheet, both single-
and double-layer, and hydrogen- or carboxyl-termi-
nated edge can provide for this behavior of the com-
plexes. The binding energies for these four configura-
tions are summarized in Table 1. The complexes with
binding energies of ~70 meV are characterized by dis-
sociation temperature of ~45 K, while for complexes
with binding energy of 42—46 meV, these temperatures
are at least 10 K lower. The estimates were referred to
water vaporization energy, 0.46 eV/molecule at 7 =
290 K and a pressure of ~15 Torr. Note that going from
the multielectron to the single-electron model of the
complex in terms of the electron density functional
theory method is accompanied by a number of
approximations and, hence, direct substitution of the
calculated binding energies into thermodynamic rela-
tions becomes ill-posed. However, the temperature of
dissociation can be estimated by indirect methods
[30]. One of these methods is comparison of the bind-
ing energy calculated for the given case with the energy
calculated for a system with known phase transition
temperature and specific heat of vaporization of
vaporization and with calculated intermolecular inter-
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Fig. 4. Temperature dependences of the ESR signal of the

ZE-O; complex in the nanographite sample ng35-air
measured (curve 2) after microwave irradiation at 7= 5 K
at 200 mW and (curve /) without irradiation. Curve 2
demonstrates the irreversible decomposition of complexes
with a low binding energy (<70 meV) at 7 = 50-52 K,
Pyw = 0.1 mW. Frequency: v = 8.941 GHz.

action energies. One of the systems with the modeled
liquid—vapor transition is water. In this case, vapor-
ization energy is spent for the destruction of collective
hydrogen bonds between structural elements, that is,
water molecules or clusters. The calculated averaged
binding energy between two water molecules (~0.4 €V)
coincides with the experimental specific heat of

Table 1. Binding energies of ZE-O, calculated by electron
density functional theory for graphene sheets with different
edge thickness and type*

Number of layers

1 Flat

Morphology |Binding energy, meV

4052
370°
718¢

728
68°
478°¢
1607
142°
208¢
46°
42b
398¢
* Functional groups at the edge:  —H, ® —COOH, ¢ —OH.

Curved

2 Flat

Curved
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Fig. 5. Stereometric configurations calculated by electron
density functional theory for (a) physisorbed O, molecule
near the single-layer graphene edge (2.459 A above the
plane), (b) ZE-O, complex (binding energy: 1001 meV)
and three nitrogen molecules physisorbed on the single-
layer graphene edge, (c) ZE-O, complex with low dissoci-
ation energy (46 meV) on a curved two-layer graphene
sheet. White color marks hydrogen atoms terminating the
edge of the graphene sheet. The configurations were con-
structed using the Mercury program deposited at the
Cambridge Crystallographic Data Centre (CCDC).

vaporization to an accuracy of ~15%. Some details of
this comparison are reported in [31, 32].

The oxygen molecule associated with the ZE edge
of a flat single-layer graphene sheet has the highest
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Fig. 6. DFT-calculated dependence of the binding energy of
the ZE-O, complex formed at the graphene edge on the

C—O0 bond length (a) and magnetic moment of the O, rad-
ical anion (b) for configurations with different ZE topology
and types of functionalization of atomic groups. The dots
encircled by a dashed line correspond to configurations of
several complexes with binding energy of <160 meV (based
on double- and single-layer curved graphene sheets with —
H- and —COOH-functionalized edge).

binding energy in the range from 0.37 to 0.72 eV, irre-
spective of the type of surface functional groups (—H,
—COOH, or —OH). For edges saturated only with OH
groups, the binding energies are higher (~0.40—
0.47 eV) even in the case of curved graphenes. These
complexes are stable at room temperature and disap-
pear only at 7> 373 K or at higher temperatures (up to
500 K), e.g., simultaneously with the removal of
sorbed water or other weakly bound adsorbates. Com-
plexes with a low binding energy (<72 meV) cannot
appear at room temperature, while having appeared,
e.g., under microwave or laser irradiation of the sam-
ple, they exist only at cryogenic temperatures (7 <
50 K). The difference of O, chemisorption on the edge
from the physisorption on basal graphene planes is
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that the chemisorption by the above mechanism is
accompanied by transfer of an almost total electron
charge (0.77—0.88 ¢) from the edge to the oxygen mol-
ecule. This changes the magnetic moments of both the
oxygen molecule and at least three dozens graphene
carbon atoms located under the oxygen molecule.

Thus, zigzag edge of the graphene sheet can form
complexes with an oxygen molecule via m-electron
transfer from the edge to oxygen. The complex forma-
tion and electron transfer from one component to the
other take place at low temperature (7' = 5 K) under
microwave irradiation and electrostatic charging of
some of the particles by eddy currents. The magnetic
moments of components change when the complex is
formed; the spin of the oxygen molecule decreases
from 1 to 1/2 (due to the change in the charge state). A
region of the graphene lattice located under the com-
plex is “demagnetized.” The dissociation energy of the
complex depends on the curvature of the graphene
sheet and on the number of graphene layers. The low-
est binding energy (<72 meV) is inherent in a curved
graphene sheet with atomic hydrogen- or carboxyl-
terminated edge. Planar graphene sheets form more
stable complexes with oxygen with binding energy of
~0.37—0.72 eV. These complexes are stable at room
temperature and can dissociate with the release of
molecular oxygen in the range from ~400 to 500 K.

This effect may find application for trapping and
storage of superoxide radical anions in nanographene
powders at low temperatures for the subsequent con-
trolled desorption of oxygen molecules.
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