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We investigated the magnetic and electronic properties of nanographene and its charge transfer effect,
using near edge X-ray absorption fine structure (NEXAFS), magnetic susceptibility, ESR, and elemental
analysis, with the employment of nanoporous carbon, which consist of a three dimensional disordered

10 network of loosely stacked nangraphene sheets, in relation to the host-guest interaction with HNOj; as
electron-accepting guest. The adsorption of electron acceptor HNO; decreases the intensity of the edge
state peak in NEXAFS as a result of the charge-transfer-induced Fermi energy downshift, in agreement
with the decrease in the edge-state spin concentration, and it also induces the structural expansion, which
makes the inter-nanographene sheet distance elongated, resulting in weakening the inter-nanographene-

o

sheet antiferromagnetic interaction as evidenced by the decrease in the Weiss temperature. In addition,

the decomposition of HNOs, which takes place with the electron-rich edge state as oxidation catalyst,
results in the creation of oxygen/nitrogen-containing functional groups bonded to the periphery of the
nanographene sheets. Heat-treatment of the HNO;-ACFs under evacuation desorbs the HNO; molecules
completely, though a part of the oxygen/nitrogen-containing species remains strongly bonded to the edge
20 even at high temperature of ~800 °C, according to NEXAFS and elemental analysis results. These
remaining species participate in the charge transfer, modifying the electronic structure as observed with

the decrease in the orbital susceptibility and the strengthening of the inter-nanographene-sheet

antiferromagnetic interaction.

1. Introduction

Graphene, 2D one-atom-thick monolayer of carbon

atoms arranged in a honeycomb lattice, has recently

attracted tremendous interests from the scientific
community for both fundamental and applied
researches owing to its unconventlonal electronic

w structure of massless Dirac fermions'” which gives

rise to unprecedented physical properties such as the

room-temperature half-integer quantum Hall effect,
the extremely high mobility of its charge carriers, the
tunable band gap of graphene nanorlbbons and the
potentlal for realizing ballistic conduction.* These

unique physical properties lead graphene as a

challengmg basis for applications in electronic

dev1ces biosensors’, field effect transistors’ and fuel
cells®.

«» When an infinite graphene sheet is cut into nanoscale
size fragments, nanographene such as graphene
nanoisland or graphene nanoribbon is created.”
Here, the periphery of nanographene is described in
terms of a combination of zigzag and armchalr edges.

s According to theoretical predictions'®, the
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electronic structure of mnanographene is strongly
modified from infinite graphene depending on the
edge geometry, and importantly, an edge-state that is
localized on the zigzag-shaped edge is created, in
so spite of the absence of such state on the armchair
edge. The edge state, which is nonbonding m-orbital
at the Fermi level and has a large local density of
states in the zigzag edge region, is electronically and
chemically active. In addition, the localized spin
ss inherent of edge state is responsible for the magnetic
activity of nanographene, and it is quite sensitive to
charge transfer interaction of nanographene with
guest molecules because it is positioned at the Dirac
point, at which the conductlon n*-bands and valence
« m-bands touch each other."” Therefore in addition to
the bidirectional nature of charge transfer between
donor and acceptor, which 1s similar to the infinite
graphene and bulk graphlte the active edge-state
plays an important role in the electronic, chemical
«s and magnetic processes in nanographene.
Under the direction of these theoretical predictions,
the presence of edge state on the edges of finite size
graphene has been evidenced experimentally by using
various kinds of techniques, such as scanning
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tunneling microscopy/spectroscopy (STM/STS)**,

energy loss near edge fine structure (ELNESS)
spectra” and magnetic force microscopy
Recently near edge X-ray absorption fine structure
(NEXAFS) studies reported the observatlon of the
edge-state on the nanographene®**’, and our group
confirmed the magnetic feature of the edge state on
the basis of a combination of NEXAFS and magnetic
techniques (ESR and magnetlc susceptibility) with
graphene nanoribbons™ and fluorinated
nanographites”.

Among recent researches on the detailed electronic
and magnetic properties of edge state contributing to
the magnetism of nanographene, a focus has been
placed on the role of edge state in interaction between
nanographene and guest molecules, and interesting
magnetic features have been found in the
nanographene-based host guest systems with an
employment of activated carbon fibers (ACF S? that is
nanographene-based nanoporous carbon.””** The
structure of ACFs features a disordered flexible 3D
network of nanographite domains, each of which
consists of a loose stacking of 3 to 4 nanographene
sheets with a mean in-plane size of 2 to 3 nm. This
unique  hierarchical  structure  consisting  of
nanographene sheets is reflected on the magnetlc
structure of ACFs. Indeed, previous studies™* allow
us to understand the detalled magnetic structure as
follows.

The constituent nanographene sheet with its
periphery being a combination of zigzag and
armchair edges has edge-state spins ferromagnetically
coupled with each other in a single zigzag edge
through strong ferromagnetic intra- 21gzag -edge
interaction havmg a strength of several 10° K. The
edge-state spins in one zigzag edge are interacting
with the edge-state spins in the neighboring zigzag
edges through intermediate strength
antiferromagnetic/ferromagznetic inter-zigzag-edge
interaction (several 10-10° K). As a result of the
compensation between the ferromagnetic spin
clusters in neighboring zigzag edges, between which
non-magnetic armchair edges are embedded, the
individual nanographene sheet has ferrimagnetic
structure with a non-zero net magnetic moment. The
network structure of nanographene sheets gives
another detail in the magnetic structure of ACFs in
relation to the inter-nanographene interaction and
inter-nanographite-domain interaction.’** In
individual nanographite domains of the ACF network
structure, between which nanopores are formed, weak
antiferromagnetic inter-nanographite-domain
interaction of several K couples edge-state spins
between nanographite domains. The edge-state spins
of adjacent nanographene sheets loosely stacked in an
individual nanographite domain, where the gallery
between constituent nanographene sheets is too
narrow to accommodate physisorptive  guest

« antiferromagnetic
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molecules, are coupled with each other through weak
inter-nanographene interaction,
whose strength is stronger than that of inter-
nanographite-domain interaction.

The interstitial nanopores in ACFs can accommodate
various kinds of guest molecules with the aid of van
der Waals interaction and charge transfer
interaction.””””  Among the guest molecules
investigated so far, HNO; is 8partlcularly interesting
from the followmg reasons. The adsorption of
HNO; shows a stepwise charge transfer from
nanographene to acceptor HNO;, which can be
tracked by the decrease in the edge-state spin
concentration, due to the aforementioned structural
hierarchy in ACFs.”® Here the interplay between the
charge transfer and adsorption-induced mechanical
expansion of the nanopores is responsible for this
stepwise behavior. Meanwhile the decomposition of
HNO; molecules takes place upon the interaction
with nanographene sheet, in which the active edge-
state electrons play a catalytic role, giving magnetic
NO molecules, which are strongly confined 1nto the
nanopores and dimerized at low temperature.** What
is important here in the interaction with HNO; is that
the desorption behavior of HNO; molecules is
different from that of other guest molecule cases.
Even intensive heat treatment at 200 °C cannot
completely remove the guest species, resulting in
remaining oxygen/nitrogen-containing species such
as nitro groups strongly bonded to nanographene
sheet. Due to this feature specific to HNO;, the
understanding of the electronic structure of the edge
state in the HNO; doped ACFs remains a problem at
this moment and its behavior under heat-treatment is
not clearly understood.

To understand more comprehensively the behavior of
edge-state electrons in the nanographite system, in
the present research we investigated the electronic
structure and magnetic properties of the edge-state in
relation to the host-guest interaction with HNO; as
acceptor and heat-induced decomposition of the host-
guest system using the nanographite system (ACFs),
HNO; doped nanographite (HNO; adsorbed ACFs)
and its residue compounds through element analysis,
NEXAFS, static magnetic susceptibility and ESR
measurements.

2. Experimental

Phenol-based ACFs (Kuractive FR-20, Kuraray
Chemical Co., Ltd.) with specific surface areas of
about 2000 m /g were heat- treated at 200 °C for 72 h,
in the vacuum of at least 10° Torr to remove as-
adsorbed foreign gaseous species, mainly to avoid the
magnetic oxygen which could affect the magnetic
measurements. Fuming nitric acid solution (Wako
Pure Chemical Industries, Ltd.) with a volume
fraction higher than 97% was purified by the freeze-

ns pump-thaw method prior to the adsorption process.
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Only HNO; was considered to be adsorbed into the
ACFs, as the water content was negligible in the
Vaporlzed gas from such fuming nitric acid solution.*
The nitric acid adsorbed samples (HNO;-ACFs) were
prepared by placing the ACFs in the HNO; gas
shower at room temperature and the duration of the
adsorption was at least 2 h which was enough to
reach the equilibrium. In addition, the residue
compounds (RC) were made by evacuatmg these as-
prepared HNO;-ACFs samples to ~ 10°° Torr again at
room temperature (RC-RT), 100 °C (RC-100), 200 °C
(RC-200), 300 °C (RC-300), 400 °C (RC-400), 500
°C (RC-500), 600 °C (RC-600) and 800 °C (RC-800)
for 12 hours. Meanwhile by contrast, the non-
adsorbed ACFs (ACFs-200) also went through a heat
treatment at 300 °C (ACFs-300), 400 °C (ACFs-400),
500 °C (ACFs-500), 600 °C (ACFs- 600) and 800 °C
(ACFs-800) for 12 hours under ~ 10°® Torr. Then the
element analysis (combustion method) on carbon,
nitrogen and hydrogen was carried out for the ACFs
and RC samples, where the residual content is
considered to be oxygen since the samples are simply
composited by CHNO.

After typically 20 mg sample was vacuum sealed, its
magnetic susceptibility was measured by SQUID
magnetometer (MPMSS5, Quantum Design) at 2 T
between 2 and 300 K. The sample weight could be
estimated from the weight difference between the
glass tube with the sample sealed inside and the
empty glass tube, for the latter of which the weight
was measured after the sample was taken out. ESR
spectra were investigated at room temperature with a
microwave power of 1 mW for the ACFs and RC
samples (about 2 mg) vacuum-sealed in a quartz tube
by using JEOL JES-TE200 X-band spectrometer. The
fabric axes of bundled fibers were oriented
perpendicular to the electric field direction of the
microwave in the ESR cavity (TEq; cylindrical) for
avoiding the skin depth effect of the measurements.
The accuracy of magnetic field in the ESR
measurements was calibrated by using DPPH as a
reference.

The NEXAFS spectra of carbon, nitrogen and oxygen
K-edge were measured at the soft x-ray beam line
BL-7A in the Photon Factory in the Institute of
Materials Structure Science (Tsukuba, Japan). The
as-prepared samples (non-adsorbed ACFs and HNO:;-
ACFs) were taken out from the glass tube and
mounted on a Ta plate and loaded onto the sample
holder, then this sample holder was introduced 1nt0
the chamber maintained in ultrahigh-vacuum (107
Torr) as soon as possible, and the samples are labeled
as ACFs-RT and RC-RT. NEXAFS spectra around
the carbon, nitrogen and oxygen K-edge were
obtained in total electron yield mode, and the photon
energy was calibrated with respect to the Cls-n" peak
position of highly oriented pyrolytic graphite
(HOPG) at 285.5 eV. Then in the chamber the
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samples underwent heat treatments at 100 °C (ACFs-
100 and RC-100), 200 °C (ACFs-200 and RC-200),
300 °C (ACFs-300 and RC-300), 400 °C (ACFs-400
and RC-400), 500 °C (ACFs-500 and RC-500), 600
°C (ACFs-600 and RC-600) and 800 °C (ACFs-800
and RC-800) in the vacuum of 10° Torr for 30
minutes, and the spectra of carbon, nitrogen and
oxygen K—edge were recorded respectively.

3. Results and Discussion

Figure 1(a) gives the carbon K-edge NEXAFS
spectra of the RC samples which are made at
different temperatures under evacuation, and all these
spectra are normalized by the carbon edge jump
around 350 eV for comparison, with the calibration to
the © peak posmon of HOPG. Three main features
are observed in the series of carbon spectra. Firstly all
the samples show a dominant peak at ~285.5 eV,

which agrees with the Cls-to-n (C=C) transition of
HOPG, suggesting the underlying graphitic structure
in the samples. Secondly the peak located around
292.5 eV can be attributed to the energy of Cls-to-

(C—C) transition (HOPG 291.85 eV). In addmon one
more peak (~289 0 eV) is present between the n and
o peak, which is usually assigned to the sp® carbon
connected to the carbon bonded to hetero-atoms
(X=N, O, H) in the -C=C-X configuration.”’ Such
feature is enhanced as the heating temperature
increases to over 400 °C however it is much
depressed while heated to 800 °C, indicating the
formation and removal of the aforementioned carbon
bonding configuration.

The close-up view of the Cls ©* region is given in
Figure 2 for the ACFs-RT, RC-RT and HOPG, with
the photon energy between 282 eV and 287 eV. In
addition to that a slight upshift of the n*-state peak (~
0.15 eV) is observed in the ACF-RT and RC-RT
from that of HOPG, it is clear to see that, compared
to the HOPG, a shoulder located on the low-energy
side of the n*-state peak of the ACF-RT and RC-RT
is present, demonstrating one additional unoccupied
state in the vicinity of the Ferm1 level in the ACFs
and its residue compounds.*** Moreover as shown in
Figure 2, the feature of such unoccupied state is
enhanced for the evacuated HNO;-ACFs sample at
room temperature (RC-RT).

As discussed in references 28 and 29, two potential
origins could result in this additional unoccupied
state; dangling bonds of c-electron and/or edge-state
of m-electron. Since the samples were placed in the
vapor of nitric acid which behaves as a strong
oxidizer, the dangling bonds, if they existed, must
have been consumed to form oxygen-/nitrogen-
containing functional groups. Besides the extra peak
in between 7 and o in Figure 1(a), indicating carbon
bonding with hetero-atoms, suggests the absence of
dangling bonds. Therefore, this additional unoccupied
state could be assigned to the edge-state.

This journal is © The Royal Society of Chemistry [year]
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Figure 1 The carbon (a), nitrogen (b) and oxygen (c) K-edge
NEXAFS spectra of residue compounds vacuum-heated at
different temperatures. In each figure from the bottom to the top,

s the samples are labeled as RC-RT, RC-100, RC-200, RC-300,
RC-400, RC-500, RC-600 and RC-800, respectively. The carbon
K-edge spectra of HOPG and ACFs-RT are shown, respectively,
at the top and the second from the top in (a).

v In order to understand the detailed behavior of the
edge-state, the pre-edge region in the carbon K-edge
spectrum (282-287 eV) is deconvoluted into a
combination of two Gaussian peaks corresponding to
the edge-state (284.34 ¢V, I'=1.05 e¢V) and the =n*

s state (285.47 eV, I'=1.58 eV) and a step function
(28548 eV, I'=0.54 eV) for the RC and ACFs
samples. Here the fixed energy for each function is
adopted, because the heat treatment does not change
significantly the carbon 7 electron configuration in

» the nanographite system. Figure 3 gives these
deconvolution results of non-adsorbed ACFs (ACFs-
200) and the residue compounds (RC-RT and RC-
800), which clearly show that the contribution of
edge-state is much depressed due to the heating under

»s vacuum for the RC samples. Such suppressive effect
becomes more visible in the Figure 4(a), where the
edge-state intensity is shown. Here, the edge-state
intensity is defined as the area of peak corresponding

to the edge state in NEXAFS spectra. When the
» ACFs samples are heated up to 800 °C, the strength
of the edge-state with respect to that of the ©* state
fluctuates around the average value ~0.12, which
again confirms the thermal stability of nanographite
against heating, mainly because it has already
s experienced high temperature activation at 800 °C.*
The RC-RT sample gives the largest value of edge-
state strength (~0.31%0.06). Taking into account that
the strength of the peak represents the ratio of states,
which are not occupied, the largest value
«» demonstrates that the edge state is most vacant in the
RC-RT sample. The introduction of HNO; into ACFs
leads to the downshifted Fermi energy through the
charge transfer from nanographene to HNO;,
resulting in the increase of the unoccupied state in the
s edge-state due to the creation of vacancies. This
experimental finding suggests that, even after
evacuation at room temperature, the remaining HNO;
acceptor molecules grab electrons from the edge
states, giving the largest contribution of the edge state
s in the NEXAFS spectrum of the RC-RT sample.
Interestingly, when the heating temperature to the RC
samples increases, the relative edge-state intensity is
weakened from ~0.31 (room temperature) to ~0.07
(800 °C), and the latter one is close to the average
ssvalue of the non-adsorbed ACFs samples. This
behavior indicates that the vacuum heating could
remove the charge-transfer species, namely the Fermi
energy of nanographene shifts back to the Dirac point,
and then the electronic structure is recovered to be the
o same as the non-adsorbed ACFs.

3
F
S5 24
(]
~~
>
—
) i
2
9 —=—HOPG
E —e— ACFs
—a— RC-RT)|
0- T T T T
282 283 284 285 286 287
Enerqgy / eV

Figure 2 The close-up of the carbon K-edge NEXAFS in the ©*

region of the carbon 1s edge between 282 eV and 287 eV for the

ACFs (ACFs-RT), the residue compound treated at room
os temperature (RC-RT) and HOPG.

The nitrogen and oxygen K-edge NEAXFS spectra
(Figures 1(b) and (c), respectively) could be easily
understood with the help of the element analysis
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results for the ACFs, HNO;-ACFs and RC samples,
which are converted to the atom number of hydrogen,
nitrogen and oxygen on a piece of nanographene
sheet constituted by around 350 carbon atoms (in-
plane size of ~3 nm) in Figure 5. As shown in Fig.5,
the saturation of HNOj; into the ACFs (HNO;-ACFs)
gives around 22 nitrogen atoms due to the adsorption
and intercalation of HNO; molecules”, in contrast to
the absence of nitrogen in the non-adsorbed ACFs
since the nitrogen-free phenol based precursor®. Here
the estimated atom ratio between nitrogen and carbon
is about 0.06, which is much lower than the
maximum HNO; concentration HNO;/C ~ 0.204 in
the previous report.”’ This may be because either
such high HNO; concentration in the latter sample is
achieved through absorption at the boiling point of
HNO; or desorption takes place in the former one
while the sample exposed to the air in a short time. In
the nitrogen K-edge NEXAFS spectra (Fig. 1(b)), in
addition to the Nls-to-c* transition peak at 412 eV,
the N1s-to-n* transition gives two peaks at 402.4 and
403.8 eV, which become silenced above the RC-800
and RC-300 sample, respectively. The feature of
sharp ©* peak and large gap between n* and c*
resonances are reported for cases of nitrate (- NO31)
and nitro group (- NO,), the latter of which is more
strongly bonded than the former.* In connection with
the fact (given in reference 39 and evidenced in
Fig.5(b)) that in the RC-RT/RC-200, a part/almost all
of NO and HNO; molecules are removed, the peak at
403.8 ¢V which disappeared in the RC-300 could be
assigned to be the nitrate groups. Then another peak
at 402.4 eV is attributed to be the nitro groups™,
which could be removed after 800 °C heating as
shown in Fig.1(b). Due to the low intensity of the
measured spectra, up to now the quantitative analysis
is too difficult to perform, however it is obvious that
as the heating temperature elevates to 800 °C, the
intensity of all these peaks is depressed and vanished,
demonstrating almost all of the nitrogen is removed
from the RC samples. It should be noted that this is
somehow a contradiction with the element analysis
results that a very few amount of nitrogen survived in
the RC-800 sample. A trace of nitrogen present as
evidenced here plays a role in the modification of
magnetic behavior of edge-state spins, as we will
discuss later.

In the non-adsorbed ACFs, the presence of hydrogen
and oxygen atoms (Figs. 5(a) and 5(c)) suggests that
the peripheries of the constituent nanographene sheet
are decorated with oxygen/hydrogen-containing
functional groups. This is consistent with the mass
spectra in the decomposition process of the non-
adsorbed ACFs at 200 °C, as it indicates that strongly
bonded functional groups such as phenol (-OH) and
carbonyl (>C=0) groups remain bonded after heat-
treatment though most carboxyl (-COOH) groups are
removed.* In addition, the slightly shifted contents of

the hydrogen and oxygen in the ACFs series samples

« due to the heating up to 800 °C are consistent with the
fact that the samples have already experienced
thermal annealing at 800 °C.*

ACFs-200

Intensity / a.u.

0 1
282

284 285 286 287
Bonding Energy / eV
s Figure 3 The close-up view of the n* region of the carbon 1s edge
between 282 eV and 287 eV for the (a) non-adsorbed ACFs
(ACFs-200), and residue compounds (b) RC-RT and (c) RC-800.
The data points are indicated in solid circles and the convoluted
curve fit is presented by the thick red line. The deconvolution of
the spectra comprises two Gaussian peaks corresponding to the
edge-state (shadowed, 284.34 ¢V) and the n* state (unshaded,
285.47 eV), and a step-function (dash curve, 285.48 eV).
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For the HNO;-ACFs, largely elevated contents of
hydrogen and oxygen, which are much more than the
increment of nitrogen, are observed and they can be
understood on the basis of the oxidation of the edge
carbon atoms due to the strong oxidizability of HNO;.
Typically one round piece of ~3 nm nanographene
sheet is constituted by ~ 350 carbon atoms, in which
about 1/4 namely ~ 90 atoms are distributed on the
periphery. Therefore such high H and O contents for
the HNOs-ACFs suggest that the nanographene edges
at which carbon atoms are decorated with oxygen-
containing functional groups having affinity to water
are subjected to the adsorption of a large amount of
water. This conjecture is verified by the fact that the
heat treatment of the HNO;-ACFs up to 300 °C under
vacuum results in rapid reduction in large amounts of
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hydrogen and oxygen contents, in which the atom
number ratio between them at RT - ~200 °C is 1.5-1.8
close to 2, as shown in Fig.5. The deviation from 2
might indicate the removal of some other functional
s groups such as carboxyl (—-COOH), accompanied
with the nitrogen-containing guest molecules or
groups. Then such reduction becomes moderate and
the contents of hydrogen and oxygen are recovered to
those of the non-adsorbed ACFs when the heating
o temperature is above 300 °C for the residue

compounds.
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Figure 4 The derived intensity ratio of edge-state to n* state (a),
temperature-independent magnetic susceptibility term y, (b),
15 orbital magnetic susceptibility (c), the concentrations of edge-
state spins (Ng) (d), Weiss temperature (e), and ESR linewidth
(4Hy,p) (f) as a function of heating temperature for the non-
adsorbed ACFs (grey solid squares) and the residue compounds
(colored solid circles). The corresponding value of the HNO;
20 saturated ACFs is also shown in the figure as the orange ring. The
solid lines are guides for the eyes. The dashed line in (a) denotes
the average value of ACFs samples heat-treated at temperatures
0f'400-800 °C.
The oxygen K-edge spectra for the RC samples
»s shown in Fig.1(c) display two peaks, 527.2 ¢V and
536.5 eV, which are assigned to the Ols-to-n*
transition and Ols-to-c* transition, respectively. The
intensities of both peaks are reduced due to the

heating, suggesting the removal of oxygen from the
» system, which is consistent with the element analysis
results in Fig. 5(c). Meanwhile upon the heating, the
spectra give two features; small upshift of the n* peak
and the sharpening of the o* peak especially above
300 °C. In the case of graphene oxide membranes, it
5 18 reported that the n* excitation energy of C-O (534
eV) is higher than that of C=0 (531.5 eV), in spite of
the opposite trend for the o* excitation energy (540
and 542 e¢V).* In addition the enhanced middle peak
(~289.0 ¢V) in the C K-edge spectra (Fig. 1(a)) upon
« the rising temperature up to 600 °C suggests the
increment of carbon which is single bonded.
Therefore the behavior of O K-edge for the RC
samples indicates that the heating in this temperature
range works to create C—O at the expense of C=0. In
»s other words, the majority of oxygen-containing
functional groups bonded to edge carbon atoms
becomes evolved from carbonyl-type to phenol-type
in the heat-treatment temperature range up to 600 °C.
Moreover, the decrease in the middle peak in the C
s K-edge spectra above 600 °C is understood as the
change in the edge decoration from phenol-bonded
edge to hydrogen-terminated edge.
Let us discuss the magnetic properties which vary
upon interplay between the reaction with HNO; and
ss the subsequent heat treatment. Figure 6 shows the
temperature dependence of the static magnetic
susceptibility of the non-adsorbed ACFs and the
residue compounds, both of which are heat-treated up
to 800 °C, together with that of the HNOs-ACFs. As
« discussed comprehensively in the previous reports®*,
the observed static magnetic susceptibility (y,ps) of
the heat-vacuumed non-adsorbed ACFs is represented
as a combination of temperature-dependent spin term
Xs(T) and temperature-independent term . Here the
o edge-state spin governs the spin susceptibility, which
follows the Curie-Weiss law xs(T) = C/(T-0) (C;
the Curie constant, ®; the Weiss temperature), and the
term ¥, consists of orbital magnetism Y, and core
diamagnetism. Figure 4 summarizes the heat-
» treatment temperature dependence of the magnetic
data for the ACFs and the residue compounds. Here
we focus first on the orbital susceptibility y,,, for
investigating the variation of the electronic properties
upon the sample treatments. The orbital susceptibility
5 Yorb » Which is obtained by subtracting the core
diamagnetism from the observed ¥, on the basis of
the Pascal rule and the elemental analysis (Fig.5), is
given in Fig.4(c) as a function of heat treatment
temperature together with y, (Fig.4(b)). tom 1S
» negative, and its absolute value is independent of the
heat treatment temperature above 300 °C for the non-
adsorbed ACFs and is always larger than that of the
residue compounds and HNO;-ACFs. The large
negative value indicates that extended m-conjugated
ss system features the electronic structure of the
constituent nanographene sheets in the non-adsorbed
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ACFs independent of the heat treatment temperature.
In the heat treatment temperature range above 300 °C,
most of the oxygen-containing functional groups are
removed as evidenced in the elemental analysis in
Fig.5. Accordingly the Fermi level can be located in
the vicinity of the Dirac point due to the weakened
charge transfer from the nanographene sheets to these
functional groups bonded to the edge carbon atoms.
Theoretical works®® on the orbital susceptibility of
graphene proves that the absolute value of y,. is
maximum when the Fermi level is placed at the Dirac
point and it sharply decreases as it goes far from the
Dirac point. The trend in x4, with the comparison
between the non-adsorbed ACFs, and the residue
compounds and HNO;-ACFs, where the latter two are
subjected to the charge transfer to the
oxygen/nitrogen-containing functional groups and
HNO; guest molecules, confirms the behavior
predicted by the theory. Here, let us see the detailed
behavior of the orbital susceptibility of the residue
compounds and HNO3-ACFs. The smallest absolute
value in the HNO;-ACFs indicates the presence of
strong charge transfer effect with strong acceptor
HNO; molecules intercalated into the galleries of
nanographene sheets and accommodated into the
nanopores. The vacuum heat treatment, which works
to remove the HNO; molecules, increases the
absolute value of . . The absolute value is
increasing monotonically as the heat treatment
temperature is elevated. This proves that
oxygen/nitrogen-containing functional groups, which
act as electron accepting species, are removed
successively. However, the value is still smaller than
that of the non-adsorbed ACFs even at 800 °C.
Taking into account the elemental analysis result
shown in Fig.5, this importantly suggests the
presence of a trace of oxygen/nitrogen-containing
functional groups, which operates in the charge
transfer from the constituent nanographene sheets.

The charge transfer effect with HNO; and
oxygen/nitrogen-containing functional groups, which
we observed in the orbital susceptibility, is confirmed
by the result of the edge-state intensity in the
NEXAFS spectra as already discussed with Fig.4(a).
Indeed, the NEXAFS spectra together with the
elemental analysis indicate the following scenario on
the charge transfer and the modification of the
electronic structure. In the low temperature range
below 200-300 °C, strong acceptor species of
NO; ions accommodated in the galleries of
nanographene sheets and nanopores participate in the
charge transfer in addition to the contribution of
oxygen-containing functional groups such as -COOH
and >C=0 bonded to edge carbon atoms, while,
above that temperature range, functional groups such
as —OH and —NO, participate in the charge transfer
process. However, in the higher temperature range
around 800 °C, the contribution of these groups
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becomes small, and only nitrogen atoms strongly
bonded to the edge carbon atoms and incorporated
into the graphene sheet modify the electronic
strucagre, resulting in the less conjugated m-electronic
state.
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Figure 5 The elementary analysis results of the ACFs and residue
compounds samples, it is conversed to the atom number of
hydrogen (a), nitrogen (b) and oxygen (c) on a nanographene
sheet whose in-plane size is 3 nm (about 350 carbon atoms). The
data of HNOj; saturated ACFs is plotted here for comparison.

Now our task on the magnetism is the role of edge-
state spins. Figures 4(d) and (e) show the heat-
treatment temperature dependence of the spin
concentration s and the Weiss temperature O ,
respectively for the non-adsorbed ACFs, HNO;-ACFs
and the residue compounds. In the non-adsorbed
ACFs, the spin concentration increases monotonically
from 4.5 to 6.2x10" g' when heat treated from 300
to 800 °C. This indicates that a trace of oxygen-
containing functional groups, which are still bonded
to the edge carbon atoms and consequently work to
take electrons from the interior of nanographene
sheets, are removed in the heat-treatment above 300
°C. The edge-state spin concentration accordingly
becomes increased as the Fermi level approaches the
Dirac point. The weakly antiferromagnetic Weiss
temperature © ~ [J4 K, for which the inter-
nanographite-domain interaction is responsible, is
independent of the heat treatment temperature in the
entire temperature range.” The inter-nanographite-
domain antiferromagnetic interaction is not seriously
affected by the heat treatment in this temperature
range because the environment surrounding the
nanographite-domains does not change so seriously
as evidenced by the fact that the amount of oxygen-
containing functional groups bonded to the edge
carbon atoms does not vary so much (Fig.5).

This journal is © The Royal Society of Chemistry [year]
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Similar to the ACFs samples, the HNO;-ACFs and Figure 6 The temperature dependence of the reciprocal spin

RC samples exhibit the Curie-Weiss behavior of their susceptibility )('S1 and the product of xgT for the ACFs (a, b) and

magnetic susceptibility except the presence of an  residue compounds samples (c, d) which are vacuumed and

additional contribution which increases above 200 K heated at different temperatures. The spin susceptibility yg is

s for HNO;-ACFs and RC-RT as shown in Fig.6(d). obtained after subtracting the temperature-independent term x,
The additional contribution is assigned to magnetic from the observed susceptibility.

NO molecules (S=1/2) created in the decomposition

of HNO; molecules, in which the electron-rich edge  Figures 4(d) and (e) summarize the spin

state plays an important catalytic role, as discussed in s concentration and the Weiss temperature of the

o the previous report.” The behavior exhibited in Fig. residue compounds and HNO;-ACFs. The edge-state

6(d) proves that the NO molecules are completely  spin concentration N, is sharply depressed from

removed when the sample is heat treated above 200  ~4.5x10" to ~ 0.8x10" g, after the introduction of

°C. HNO; into ACFs (Fig. 4(d)) as a result of charge

10 v » transfer interaction from nanographene to strong

(a) R electron acceptor HNO;. Evacuation at room

T temperature and 100 °C works to bring HNO;-ACFs

& 00 O back to the non-adsorbed state in spite that a small

&0° amount of NO; species having acceptor nature

61 o¥o” o° ;s remain participating in the charge transfer, as we

oo o 3 p pating g )
1 #3500 observe that the spin concentration increases toward
4 - §§ 0% that of the non-adsorbed ACFs. Above 300 °C, the

oo
I
) @&
[
b

ACFs-200
gﬁ{&& :::QEES-SOO spin concentration goes back to that of the non-
' b A adsorbed ACFs. This is consistent with the finding
] : —O— ACFs-800 « that most of oxygen, hydrogen and nitrogen contents
0- which are associated with the functional groups of the
I ' I = I = I HNO; guest origin, are removed in this low

O000IO000000006000c temperature range. The spin concentration (5.5%10"

(b)
1 «° : ) is almost independent of the heat treatment
00 HpODOoNoEIENEEnaLanD g") is almost independent of the heat treatmen
3- §a§gWW s temperature in the higher temperature range above

/10°emu’.g
o,
S
OO

-1

s
N
1
Q@'g»
S

o

m 300 °C, where the chemical environment becomes
stabilized with less functional groups bonded to the
. _ . _ . edge carbon atoms. What is interesting here is the
0 100 200 300 heat-treatment-induced change in the Weiss
s temperature and the decrease of the Weiss

T/K temperature in the residue compounds and the HNO;-

12 . = ACFs, respectively. The HNO;-ACFs have a Weiss
(c) 2% temperature of [12 K, whose absolute value is smaller

T than that of the non-adsorbed ACFs. The HNO;
ss molecules accommodated in the nanopores between
nanographite domains and the galleries between
nanographene sheets act to make nanographene
sheets apart from each other. Accordingly, the

; decrease in the absolute value of the Weiss
: r !’ég@A?AAA  HNO,-ACFs o temperature, which represents the strength of inter-
i §§ 'ggAA e nanographite-domain antiferromagnetic interaction,
@§ 0~ RC-400 —0—RC-500 can be explained in terms of this structural expansion

SRl SeSReu induced 13)353the adsorption of HNO; guest

2T/10° emug” K

7 110°emu’ g

molecules. ® The absolute value of the Weiss
s temperature in the residue compound obtained at
room temperature evacuation is larger than that of
HNO;-ACFs. This is in good agreement with this
explanation. However, it should be noted that the
remaining HNO; (NO;) and H,0O molecules, the latter

. . » of which are created in the oxidation process, still

0 100 200 300 contribute to the structural expansion, resulting in the
T/K inter-nanographite-domain antiferromagnetic

13 interaction being smaller than that of non-adsorbed
ACFs. The heat-treatment at higher temperature

2T/ 10° emug’K
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increases more the absolute value of the Weiss
temperature, and it is larger than that of the non-
adsorbed ACFs at 800 °C. In the residue compound
treated around this temperature, edge carbon atoms
are less decorated by bulky functional groups, and
importantly the edge states are subjected to charge
transfer and electronic structure modification, in
which a small concentration of nitrogen strongly
bonded to the edge carbon atoms and incorporated
into the participating graphene sheets,"” as evidenced
by the presence of a trace of nitrogen (Fig.5(b)) and
the absolute value of the orbital susceptibility being
smaller than that of the non-adsorbed ACF (Fig.4b)).
The edge state is localized at the zigzag edges when
the Fermi energy is located at the Dirac point, while it
becomes less localized at the edges and more
extended to the interior of nanographene sheet when
the Fermi level is shlfted down from the Dirac point
by charge transfer.'® It is considered that the rather
extended feature in the edge state can enhance the
inter-nanographite-domain antiferromagnetic
interaction, ensuing in the increase in the absolute
value of the Weiss temperature in the RC-800
sample.
Finally we comment the behavior of the ESR spectra
which give important information on the interaction
of edge-state spins. For the non-adsorbed ACFs,
residue compounds and HNO;-ACFs, the ESR
spectra show one single Lorentzian-shaped curve,
indicating the edge-state spins are coupled with each
other through exchange interaction. The derived
linewidth (AH p) is plotted as a function of heating
temperature in the Figure 4(f). When the heating
temperature increases from 200 °C to 800 °C, the
of the non-adsorbed ACFs increases from ~5
rnTpto ~22 mT. This could be explained in terms of
strengthening the exchange interaction within the
individual nanographene sheet. According to the
previous report, fast electron hopping at room
temperature between nanographene sheets makes the
inhomogeneous line width of inter-nanographene-
sheet interaction origin disappear due to motional
narrowing.”® As a result, the line width can be
explained only in terms of intra-nanographene-sheet
interaction (intra-zigzag-edge and inter-zigzag-edge
1nteract10ns) The line width here obeys the Korringa
relation;”® the line width is inversely proportional to
the square of the interaction J,.q. between the edge-
state spin and the conduction m-electron spin. The
strength of J .4 increases as the Fermi level
approaches the Dirac point upon the decrease in
charge transfer with the oxygen-containing functional
groups. Consequently the line width increases as the
heating temperature is eclevated, as we see in the
experimental result shown in Fig. 4(f).
In the residue compounds, the increase in the line
width is weaker than that in the non-adsorbed ACFs.
This can be related to the charge transfer to a trace of
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oxygen/nitrogen-containing functional groups
strongly bonded to the edge carbon atoms even at 800
°C. The Fermi level slightly downshifted from the
Dirac point weakens the strength of J; cqee, resulting
in the line width narrower than that in the non-
adsorbed ACF at the same temperature.

4. Conclusion

As an important feature in nanographene, the
graphene edge is chemically, electronically and
magnetically active due to the presence of
nonbonding edge state having a large local density of
states with a localized spin. As the edge state is
located at the Dirac point, at which the conduction &
and valence m* band touch each other, the magnetic
and electronic properties of nanographene are
seriously affected by charge transfer. By using
nanographene-based nanoporous host ACFs, the
electronic properties together with the behavior of
edge state are examined through element analysis,
SQUID, NEXAFS and ESR spectra in relation to the
host-guest interaction with HNO; as acceptor-type
guest and its vacuum-heat-treatment effect.

The adsorption of HNO; into ACFs depresses the
edge-state contribution to the electronic properties
owing to the charge transfer from nanographene to
acceptor HNO; molecules, which are intercalated in
the galleries of nanographene sheets and also
adsorbed in the nanopores between the nanographite
domains. In addition, a part of the adsorbed HNO;
molecules are decomposed with the aid of electron-
rich edge state as oxidation catalyst into
oxygen/nitrogen-containing functional groups bonded
to edge carbon atoms of nanographene and magnetic
NO molecules as a result of the oxidation of graphene
edges. This change upon HNO; adsorption is tracked
in the behavior of magnetic properties; the decrease
in the orbital susceptibility, the decrease in the edge-
state spin concentration and the creation of additional
magnetic NO molecules.

The evacuation of the HNO;-ACFs at 200 °C can
remove the HNO; molecule species due to its bad
thermal stability, producing a residue compound, in
which a part of oxygen/nitrogen-containing
functional groups remain still bonded. The further
heating up to 800 °C under vacuum cannot remove a
trace of nitrogen-containing species strongly bonded
to the nanographene edges, and accordingly it cannot
free the edge-state spins from the charge transfer and
electronic structure modification induced by the
residual oxygen/nitrogen-containing species. The
presence of such oxygen/nitrogen-containing species,
which is evidenced by the orbital susceptibility
weaker than that of the pristine ACFs, makes the
edge state less localized, resulting in the enhancement
of the inter-nanographite-domain antiferromagnetic
interaction and the weakening of the intra-
nanographene-sheet exchange interactions..

This journal is © The Royal Society of Chemistry [year]
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The magnetism of HNO; doped nanographene sheets is affected seriously
through charge transfer and structural compression, but heating under
vacuum leads to the recovery.
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