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Nanographite having open edges has a nonbonding 7r-electron state of edge origin (edge state), which causes
unconventional electronic and magnetic features. Bromine-adsorption effect on the electronic and magnetic
properties of nanoporus carbon consisting of a flexible three-dimensional random nanographite network system
is investigated by using activated carbon fibers (ACFs) as host material. The irreversible adsorption of bromine
into ACFs at room temperature gives compositions up to Br/C=0.43. The interaction between nanographite
and the adsorbed bromine is classified into three groups; charge transfer, covalent bonding, and physisorption
interactions, where the latter two are the majorities. Although the charge transfer rate from carbon to bromine
is considerably small (0.0004 per C atom at maximum), in comparison with that in bulk graphite-bromine
intercalation compounds, the downshift of the Fermi energy results in the large reduction of the localized spin
concentration of edge state and the orbital diamagnetism. This proves the important role of the edge state in the
charge transfer process. The electron spin resonance results demonstrate the contribution of the orbital char-
acter of bromine to the edge state in nanographite through orbital mixing. The physisorbed bromine accom-
modated into the nanopores induces the dielectric and structural effects on the nanographite. The former causes
the modification of the carrier conduction process due to the charging effect, while the latter results in the
magnetic switching phenomenon induced by the effective pressure of physisorbed bromine species to the

edge-state spins.
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I. INTRODUCTION

Nanosized systems have attracted great interests of physi-
cists and chemists due to their novel electronic properties
accompanied with quantum size effect, surface effect, charg-
ing effect, etc."? Especially, nanosized carbon-based materi-
als having mr-electron have been intensively investigated in
the fundamental science and applications among these.? In
the carbon-based m-electron nanosystems, typical materials
such as fullerenes and carbon nanotubes are known as
“closed” m-electron networks with no edges or with edges
playing a minor role.? In contrast, nanographite characterized
with a stack of nanosized graphene (nanographene) layers
(hexagonal mr-electron planar network) is another type of
nanosized r-electron system having “open” edges. In the
open-edge r-electron systems, the edges around their periph-
eries produce peculiar electronic features associated with the
topological origin, in entire contrast to the closed 7r-electron
systems. The circumference of an arbitrary shaped nan-
ographene sheet is described in terms of a combination of
two kinds of edges; “zigzag” edge with trans-polyacetylene
type structure and “armchair” edge with cis-polyacetylene
type structure. According to Fujita’s theoretical calculations
on ribbon-shaped nanographene sheets, the zigzag edge
causes the nonbonding 7-state (edge state) superimposed on
the 7- and 7'-bands around the Fermi level.*® The edge
state spatially localized around the peripheral region of zig-
zag edge is strongly spin-polarized, and it gives nanomag-
netic features of the localized spins. On the other hand, the
armchair edge generates no such novel electronic structure.
The presence of edge state makes the electronic structure of
nanographite essentially different from that of diamagnetic
bulk graphite.
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Among the examples of nanographite, activated carbon
fibers (ACFs) provide an important model system from ex-
perimental aspects.””!> The structure of ACFs is character-
ized as a disordered three-dimensional (3D) network of nan-
ographites, where each nanographite domain consists of a
loose stacking of 3 to 4 nanographene layers with the mean
in-plane size of 2 to 3 nm. There exists nanosized interstitial
space called “nanopore” between nanographite domains.'®!7
The presence of the nanopores in ACFs results in the accom-
modation of a large amount of various kinds of guest mol-
ecules, where the interaction between the adsorbed mol-
ecules and the nanographites plays an important role in
modifying the physical properties of the nanographite net-
work. The interaction of the guest species with the nan-
ographite network has three different types. The first one is
generated by simple physisorption of guest molecules into
the nanopores. The adsorbed molecules, which work to pro-
duce effective pressure on nanographite domains, can modify
the structure of the nanographite network due to its flexible
structure. Indeed, nanographite can be easily compressed
along the interlayer direction by the guest molecules accom-
modated into the nanopore because the interlayer distance of
nanographite (~0.38 nm)'® is considerably larger than that
of bulk graphite (~0.335 nm). In connection with the struc-
tural flexibility, previous works demonstrate that the water-
physisorbed ACFs show a magnetic switching phenomenon
in spite of the nonmagnetic nature of the water molecule,
where the effective pressure of water molecules squeezes the
nanographite domains, resulting in a stepwise reduction in
the interlayer distance and the subsequent decrease of local-
ized magnetic moments of the edge states as the water vapor
pressure increases.'® This is attributed to the enhancement in

©2006 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.73.035435

TAKAI et al.

the antiferromagnetic exchange interaction of the edge-state
localized spins between the adjacent nanographene layers in
a nanographite domain, where the effective pressure of ad-
sorbed water molecules induces the enhancement through the
compression of nanographite,?’ which works to increase the
wave function overlap between the adjacent nanographene
layers. The second one is the charge transfer interaction be-
tween guest and nanographite. Guest molecules having an
electron donating or accepting nature induce charge transfer
from them to the host nanographite, or from the host to them,
respectively. In the iodine-doped ACFs, the charge transfer
from nanographite to the iodine molecule lowers the Fermi
level, resulting in the reduction of the orbital diamagnetism
contribution.'? The last one is related to covalent bond for-
mation between the guest molecule and the carbon atom of
nanographite, which takes place when chemically active
guest species are employed. Actually, in the fluorinated ACFs
systems, the introduced fluorine atom is chemically bonded
to the carbon atom of ACFs, and destroys the wr-electron
conjugate network, resulting in the drastic changes in the
electronic structure of nanographite.'*?!

For examining these three types of host-guest interactions,
the molecules in the family of halogens are useful guest spe-
cies, where chemical activities vary in the wide range. Actu-
ally, iodine can induce only weak charge transfer, whereas
strong covalent bonding is produced in a fluorine-
nanographite system, as explained above. From this aspect,
bromine, which has chemical activities intermediate between
iodine and fluorine, is an interesting guest species which is
expected to play multilateral roles in the host-guest interac-
tion. In fact, its electronegativity stronger than iodine is ex-
pected to induce the charge-doping effect importantly modi-
fying the electronic structure of the host system. The
moderate chemical activity is expected to make bromine par-
ticipate also in the physisorption phenomenon, in contrast to
strong reactivity of fluorine which forms only covalent bond-
ing with nanographite. The liquid nature of bromine at room
temperature is a good advantage to make a large condensa-
tion of guest species in the nanopores of ACFs, which en-
ables us to generate effective pressure acting on nanograph-
ite.

In this study, the structure, and electronic and magnetic
properties of the nanographite in ACFs, which are modified
by the bromine-nanographite interaction, are investigated by
means of adsorption isotherm, thermogravimetry (TG), ther-
mal desorption spectroscopy (TDS), Raman spectroscopy,
electrical conductivity, magnetic susceptibility, and electron
spin resonance (ESR).

II. EXPERIMENT

Commercially available pristine ACFs (Kuraray Chemi-
cals, FR-20) were evacuated to 1 X 107 Torr at 200 °C in
order to eliminate the adsorbed species accommodated in the
nanopores and then vacuum-sealed in a Pyrex glass tube.
Bromine was purified by the freeze-pump-thaw method prior
to the adsorption process. Raman spectroscopy, ESR, and
room-temperature electrical conductivity measurements were
carried out during in situ bromine adsorption, while measure-
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ments of thermogravimetry (TG), mass spectroscopy (MS),
temperature dependence of conductivity, and magnetic sus-
ceptibility were performed for the samples to which fixed
contents of bromine were adsorbed.

The adsorption isotherm of bromine for ACFs was mea-
sured by the weight uptake method at room temperature us-
ing about 1 g of the ACFs sample. TG traces were investi-
gated by the MacScience TG-DTA spectroscopy system in
the temperature range up to 1000 °C at an argon gas flow
rate of 100ml/s, and a temperature elevation rate of
100 °C/min. TDS spectra were measured by a Spectra Mi-
crovision quadrapole-type mass spectrometer in the tempera-
ture range up to 800 °C with a temperature elevation rate of
10 °C/min. Raman spectroscopy measurements were per-
formed using Jobin-Yvon T64000 instruments with an argon-
ion laser operated at 514.5 nm with an output power in the
range of 10—30 mW in the backscattering geometry.

dc electrical conductivity measurements were performed
for a single fiber along its fiber axis in the temperature range
from 4.2 K to room temperature. Because of the high resis-
tance of the samples, a two contacts method was adopted for
all of the measurements. Prior to the measurement, the
samples were electrically contacted to gold wires with car-
bon paste and vacuum sealed in a glass cell. Magnetic sus-
ceptibility measurements were carried out by a supercon-
ducting quantum interference device magnetometer
(Quantum Design MPMSS5) in the field of 1 T between 2 and
380 K, where about 20 mg of the samples vacuum-sealed in
quartz tubes were used. At 2 and 300 K, magnetization mea-
surements were also performed in the field up to 5.5 T. ESR
spectra were measured with a conventional ESR X-band
spectrometer (JEOL JES-TE200) at room temperature for
typically 1 mg samples sealed in a quartz sample tube. In
order to prevent the surface skin depth effect, the fabric axes
of bundled fibers were oriented perpendicular to the electric
field direction of the microwave.

III. RESULTS

Figure 1 shows the bromine adsorption isotherm at
298 K with respect to relative bromine pressure p/p
(po=33.3 kPa: saturated vapor pressure at 298 K). Hereafter,
the bromine contents of the nonadsorbed ACFs and the
bromine-adsorbed ACFs (Br-ACFs) are represented by the
atomic ratio of bromine to carbon (Br/C). The adsorption
isotherm is irreversible with a large hysteresis between the
adsorption and desorption processes. In the initial adsorption
process for the virgin sample, the atomic composition ratio
for Br-ACFs shows a steep increase in the low pressure re-
gion (p/py<0.1) and reaches almost saturated value
Br/C=0.43 corresponding to 2.9 g of Br for 1 g of ACFs at
p/pp=0.5. In the desorption process, the adsorbed bromine
is hardly removed even in vacuum, and reaches a finite value
Br/C=0.27 corresponding to 1.8 g for 1 g of ACFs at
p/py=0.001. In the general cases of physisorption into
nanoporous systems, the hysteretic isotherms appear because
of the difference in the curvatures of meniscus of adsorbed
liquid in the pore between the adsorption and desorption
processes.”? However, the extremely large hysteresis behav-
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FIG. 1. The bromine adsorption isotherm for ACFs at 298 K. p,,
are the saturated vapor pressure (33.3 kPa) at 298 K. Closed circles
and open circles denote the adsorption process for the virgin
sample, and the subsequent desorption process, respectively. The
arrows indicate the sequence of the process.

ior in the present experiment is beyond the feature of the
physisorption process, where the adsorbed bromine remains
still accommodated in ACFs even under enough low pressure
condition (p/py=0.001). This suggests the irreversible
adsorption/desorption feature associated with chemical reac-
tion. The observed steep increase in the initial stage of the
adsorption process for the virgin sample also suggests the
feature of chemisorption, which does not appear in the iso-
therm for chemically inert nitrogen gas.>* The volume of the
nanopore is estimated as 0.75 cm?® (g of ACFs)~! for the
ACFs sample (FR-20).2#?° On the other hand, with the den-
sity of bulk liquid bromine dp,=3.12 gcm™ at 293 K, the
volume of adsorbed bromine in 1 g of ACFs is calculated as
0.89 and 0.58 cm?® (g of ACFs)™! for Br/C=0.43 and 0.27,
respectively. Taking the structural flexibility of nanographite
into consideration, the excess amount of adsorbed bromine
molecules [0.9 cm® (g of ACFs)~'] beyond the volume of
the nanopores [0.75 cm? (g of ACFs)~'] for Br/C=0.43 is
attributed to the expansion of the nanopores accompanied
with the shrinkage in the interlayer distance of nanographite
and/or the presence of chemisorption species adsorbed at the
edge sites of nanographite. It should be noted that the satu-
rated value for the volume of adsorbed molecules with
similar  calculation is estimated as 0.75 and
0.70 cm® (g of ACFs)™'  for  nitrogen and  water,
respectively.'®?? In the nitrogen and water adsorption cases,
the squeezing effect on the nanographite by the excess
amount of the molecules adsorbed in the nanopore is con-
firmed by the electron transport, ESR, and x-ray diffraction
studies.'®!319 The large adsorbed amount in the bromine
case suggests that guest molecules are not only simply phy-
sisorbed without any extra changes but also chemisorbed
with changes in the electronic structure of nanographite.
The TG traces and their derivatives with respect to the
temperature are shown in Figs. 2(a) and 2(b), respectively,
for the nonadsorbed ACFs (Br/C=0) and Br-ACFs with
Br/C=0.27 and 0.067. For the nonadsorbed ACFs, a slight
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FIG. 2. TG traces for nonadsorbed ACFs (closed circles),
Br/C=0.27 (closed triangles), and Br/C=0.067 (open circles).
Scan rate is 100 °C/min. (a) w vs T plot. (b) dw/dT vs T plot.
Weight change w in the vertical axis is normalized with the initial
weight at room temperature wgr=1.

weight change w (ca. —2%) is observed in the initial stage of
the heating process below 100 °C, which is followed by a
slight monotonical declination of the weight up to the highest
temperature investigated (1000 °C). The initial weight
change is caused by the desorption of adsorbed gaseous spe-
cies coming from ambient atmosphere, while the dissociation
of functional groups attached to the peripheries of nan-
ographite domains is responsible for the change at the high
temperatures. Br-ACFs with Br/C=0.27 and 0.067 show a
steep decrease around 150—250 °C in addition to the ACFs-
inherited desorption below 100 °C of adsorbed ambient
gases. This decrease is responsible for peaks appearing at
170 and 250 °C in the dw/dT vs T curves in Fig. 2(b). A
peak appears also around 410 °C in Fig. 2(b) for Br-ACFs
with Br/C=0.27 and 0.067. The weight losses calculated
based on the sample composition with an assumption of
complete desorption of bromine are 68% and 38% for
Br/C=0.27 and 0.067, respectively, where the contribution
of the adsorbed ambient gases and the dissociation of func-
tional groups (~10% ) observed in the TG trace for the non-
adsorbed ACFs are included. The observed weight losses for
Br/C=0.27 and 0.067 at 1000 °C are obtained as 45%
and 34%, respectively. Therefore there is a large discrepancy
between the experimental and calculated results in
Br/C=0.27, although the calculated value is in good agree-
ment with that experimentally observed in the sample with
Br/C=0.067. This suggests the presence of bromine species,
which cannot be removed even around 1000 °C, in the pro-
longed reaction duration with the higher vapor pressure of
bromine. In other words, a part of bromine atoms are bonded
covalently to the carbon atoms of aromatic rings with the
extreme stability against pyrolysis. This is reminiscent of the
stability of halogenated aromatic compounds such as PCB
(polychlorinated biphenyls).?® The difference between the
experimental and calculated weight losses therefore indicates
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FIG. 3. Temperature dependence of the mass fragment peak
intensity integrated in the mass number range between 79 and 82,
which are assigned to bromine atom and HBr species, for
Br/C=0.27 with a heating rate of 10 °C/min.

that ca. 35% of the adsorbed bromine remains as well-
stabilized covalent species around 1000 °C for the sample
with Br/C=0.27. In the sample with Br/C=0.067, the lower
vapor pressure in the adsorption process causes a lesser con-
tribution of the extremely stable components in the co-
valently bonded species.

Thermal desorption spectroscopy (TDS) provides more
detailed information on the adsorption state of bromine in
ACFs. Figure 3 shows the temperature dependence of the
mass fragment peak intensity integrated within the mass
numbers between 79 and 82, which are assigned to bromine
atom and its derivatives such as 79Br, H79Br, 81Br, H81Br,
with a heating rate of 10 °C/min for the Br-ACFs
(Br/C=0.27). The mass fragment intensity is peaked at four
temperatures 100, 170, 300, and 800 °C, which suggests the
presence of four desorption sites having different binding
energies. The strong peak at 100 °C accompanied with a
shoulder around 170 °C comes from physisorbed bromine
species. This peak and the shoulder correspond to the steep
drop at 170 °C in the derivative of TG trace at a rapid scan
rate of 100 °C/min, where the shoulder peak in the TDS
spectrum is completely merged into the main peak. Compari-
son of the TG traces and the TDS spectra at the different scan
rates gives an estimate of an adsorption enthalpy of
38 kJ/mol on the basis of assumption of the first-order de-
sorption process. The observed adsorption enthalpy is com-
paratively larger than that of ordinary physisorption ranging
below 30 kJ/mol, suggesting that the physisorbed bromine
species are well-stabilized through trapping by the enhanced
potential of nanographite walls.?” This is responsible for the
sticky nature of physisorbed bromine even in vacuum.

A peak around 300 °C corresponds to the small peak in
the TG trace around 410 °C at a rapid scan rate of
100 °C/min, giving an adsorption enthalpy of 62 kJ/mol,
which is in the energy range intermediate between chemi-
sorption and physisorption. Taking into account that regular
graphite forms graphite intercalation compounds through
charge transfer from graphite to bromine with an enthalpy
change of 45.6 kJ/mol,”® we can consider that the peak at
300 °C is the consequence of charge transfer (CT) interac-
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tion. The highest temperature peak (800 °C), which is in the
same energy range as the bond breaking energy for the bro-
mine of bromobenzene (e.g., 333 kJ/mol),? is attributed to
the bromine covalently bonded to carbon atoms of nan-
ographites. The peak around 800 °C consists of only the
species with the mass number 80 (H’°Br), 82 (H®'Br) in
contrast to the lower temperature peaks. From the chemical
point of view, the desorption process of the bromine atom
covalently bonded with the edge carbon atoms of an aro-
matic conjugated system is usually accompanied with the
formation of HBr.?® Moreover, considering the findings that
the edges are more chemically active than the interior in the
nanographite of ACFs,'* covalently bonded bromine is ex-
pected to be not bonded with the interior carbon atom of
nanographite but with the edge carbon atoms. This is evi-
denced by the Raman spectroscopy results as will be shown
later.

The peak intensity ratio for Br/C=0.27, where the shoul-
der is involved in the peak at 100 °C, is estimated as 7:2:1
for the peaks at 100, 300, and 800 °C. The populations of the
physisorbed, the CT, and covalent bromine species can be
estimated from the intensity ratio of the three peaks in the
TDS spectra, after the correction for the contribution
of covalent bromine species (ca. 35%) that are stable even
around 1000 °C is made. Then, the corrected populations
(Brep:Breg:Bryp) are estimated as ca. 13:42:45 for the ratio
of the CT, the covalent, and the physisorbed bromine species
for Br/C=0.27. Therefore the majority of bromine adsorbed
in the nanopore of ACFs is assigned to the physisorbed spe-
cies accommodated into the nanopore between nanographi-
tes, the second majority is covalently bonded bromine, and
the CT species are the minority.

Let us find the correlation between the amount of the CT
bromine species and the structure of nanographite. The
estimated population of the CT species corresponds to the
ratio of Brep/C=0.035(=0.13X0.27) for the sample of
Br/C=0.27. From the density of bulk liquid bromine, the
effective radius is estimated as 0.185nm for one adsorbed
bromine atom with spherical approximation. As the indi-
vidual nanographite domain in ACFs is formed with the
stack of ca. 3 graphene layers with the mean in-plane size of
2.5 nm, the bromine content necessary for completely cover-
ing the nanographite surface in ACFs is calculated as
Brer/C=0.07 on the assumption that the monolayers of bro-
mine are placed on the two graphitic surfaces of the domain
at the same density as that of bulk liquid and the nanograph-
ite is circular shaped with a diameter of 2.5 nm.

This is in good semiquantitative agreement with the ex-
perimental results of the content (0.035) of bromine with
CT-interaction. Therefore, among bromine species accom-
modated in the nanopore, only those directly faced to nan-
ographite surfaces are subjected to form weak CT bonding
with nanographite.

The Raman spectra for Br-ACFs exhibit peaks assigned to
graphite structure in the high frequency region
(1300—1700 cm™)), while the peaks for the stretching mode
of bromine molecule is observed in the low frequency region
(300-700 cm™")) especially for the sample with an excess
bromine vapor in the sample cell (Br/C=0.43). The ob-
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served peaks in the low frequency region are not attributed to
the intrinsic vibration modes for adsorbed bromine mol-
ecules in ACFs because the bromine stretching mode is as-
sociated with the bromine gas in the sample cell. Similar as
typical disordered graphite systems, the Raman spectra for
Br-ACFs in the high frequency region are composed of two
broad peaks around 1360 and 1590 cm™!, which are assigned
to the D-band peak and G-band peak in the general first-
order features, respectively.! For all of Br-ACFs, the posi-
tion of the D-band peak and the relative intensities of both
peaks are almost invariable irrespective of the composition
ratio, while the G-band peak positioned at 1590 cm™! for the
nonadsorbed ACFs is shifted up to 1597 cm™! for Br-ACFs
(Br/C=0.27), as the bromine content increases. Because the
G/D peak intensity ratio is correlated to the range of the
in-plane graphitic structural coherence, for estimating the in-
plane size, we can employ the empirical relation between the
in-plane size of the graphitic domain and the G/D peak in-
tensity ratio obtained for various disordered graphitic mate-
rials; L,=4.4 X (Intensity) (G panq)/ (Intensity) p pang)/nm.*? In-
plane size L, of graphitic domain estimated from the relation
is about 2.2 nm for Br-ACFs, which is independent of the
bromine content. The invariability of L, on the bromine con-
tent indicates that the in-plane structure of nanographite is
conserved during the bromine-adsorption process. The ad-
sorbed bromine and the carbon atom located in the interior of
nanographite plane are not coupled by strong bonding, which
otherwise contributes to fractionalizing the extended gra-
phitic 7r-electron network. Namely, the covalently bonded
bromine suggested in the TG and TDS results is associated
with the covalent bond formation of bromine atom with the
carbon atoms at the edges of nanographite domains.

For the covalently bonded bromine species, there are two
types of bonding structures. One is the bonding produced by
the substitution of the functional groups of the nanographite
edges with bromine, while the other is that produced by the
addition of bromine to the edge carbon atoms with the edge
functional group or bromine having been bonded. The latter
reduces the conjugated m-electron system since the addition
reaction destroys the hexagonal aromatic rings at the edges.
According to the Raman experiments, the size of the
m-electron system is not reduced upon the bromine uptake.
Therefore the substitution reaction at the edge is mainly re-
sponsible for the formation of the covalent-bonded bromine
species. The presence of the bromine species, which can re-
main in the pyrolysis around 1000 °C, is consistent with the
major role of the substitution reaction. From this consider-
ation, the maximum amount of the covalent-bonded species
is estimated as Brcg/C=0.17 on the assumption that all the
edge carbon atoms of a circle-shaped nanographene with a
diameter of 2.5 nm are monobrominated. The experimentally
obtained amount Brog/C=0.11(=0.42X0.27) is ca. 65% of
that calculated. Eventually, it is suggested that the circumfer-
ence of nanographene sheets are mostly terminated by the
covalent bromine species.

The peak position of the G-band (k/cm™!) is related to
the position of the Fermi energy of graphite, where the
CT rate f, per carbon atom from graphite to guest

species is described by the empirical formula;33-3*
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FIG. 4. CT rate f, per carbon atom for Br-ACFs as a function of
bromine content.

—1.63X 107%(k—1590)>=0.157f.+0.1462*+0.236f2.  CT
rates f,. for Br-ACFs at various bromine contents are shown
in Fig. 4 after being calculated with the formula. As the
bromine content increases, f.. steeply increases in the region
of Br/C<0.27, and reaches almost a saturated value
f.=0.0004 for Br/C>0.27. The saturated value at
Br/C=0.27 is about one order of magnitude smaller than that
of bulk graphite intercalation compounds (f, ~0.002).3 This
fact suggests that bromine is not well intercalated in the gal-
leries between graphene layers in individual nanographitic
domains, being consistent with the results obtained by TG
and TDS that most of the bromine species are accommodated
physisorptively in the nanopores or covalently bonded to the
carbon atom of nanographite, while only bromine species
directly faced to the graphene surfaces are subjected to the
CT with nanographite. This is also favorable for the fact that
CT takes place only between guest species and a graphene
layer being faced to each other in the higher stage graphite
intercalated compounds.>*

Figure 5(a) shows the bromine content dependence of the
conductivity for Br-ACFs at room temperature. As the bro-
mine content increases, the electrical conductivity rapidly in-
creases in the low bromine content region (0<Br/C<0.2),
and becomes almost saturated above 0.2, where the satura-
tion value is estimated as o/oy~4 (0y: the conductivity of
the nonadsorbed ACFs). Figure 5(b) shows the time depen-
dence of the conductivity for Br-ACFs (Br/C=0.43) at room
temperature during the evacuation process. When the sample
is evacuated by liquid nitrogen trap at r=0, the conductivity
starts decreasing rapidly, and it becomes almost constant in
10 min, where the value in the steady state is o/oy,~2.4
even in the long duration of evacuation. This is consistent
with the results of the adsorption isotherm shown in Fig. 1.
Indeed, the fact that the steady state conductivity is larger
than the conductivity before bromine adsorption suggests
that the bromine species remain in the interior of ACFs even
in vacuum.

The temperature dependence of the conductivity for the
nonadsorbed ACFs and Br-ACFs (Br/C=0.27) is shown in
Figs. 6(a) and 6(b). The temperature dependence of the con-
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FIG. 5. (a) The bromine content dependence of the electrical
conductivity for Br-ACFs at room temperature. (b) The time depen-
dence of the conductivity in the bromine desorption process for the
Br-ACFs (Br/C=0.43) at room temperature. The conductivity is
normalized with respect to that for the nonadsorbed ACFs o,

ductivity o for the nonadsorbed ACFs and Br-ACFs
(Br/C=0.27) obeys the In o versus 7-"? law, and the In o
versus 7-'4 law, respectively. In the case of the nonadsorbed
ACFs, the linear relation between the log o and T~ indi-
cates that the carrier conduction process is dominated by
Coulomb gap variable range hopping (CGVRH) in Anderson
insulator, taking into account the three-dimensionality of the
nanographite network. In the CGVRH conduction process,
the temperature dependence of the conductivity is described

by
T 172 6 2 1 1
0= 0, exXp —(—0) s T0=i ) (1)
T ’7TkB4’7T€r€0§

where 0., €, €, and & are the conductivity at T=c, the
relative dielectric constant representing the screening effects
on the charge at metallic islands, the permittivity of vacuum,
and the localization length of the wave function,
respectively.3®

In contrast, the linear relation in the log o vs T~ plot for
Br-ACFs (Br/C=0.27), which is characteristic of 3D vari-
able range hopping, demonstrates that the charging effect
becomes less important in the electron hopping process in
the case of Br-ACFs. According to the CGVRH conduction
model,®® the characteristic temperature, below which the
charging effect is effective in the conduction process, is de-
scribed as

_e'D(Ey)
Te= (frfo)2 & @

where D(ER) is the density of states at the Fermi level. The
difference in the temperature dependence of the conductivity
between the nonadsorbed ACFs and Br-ACFs is considered
to be the change in 7, in the conduction mechanism at low
temperatures. Namely, the temperature range investigated is
lower than 7 for the nonadsorbed ACFs, whereas it is higher
than that for Br-ACFs.
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FIG. 6. The temperature dependence of the conductivity o for
(a) the nonadsorbed ACFs obeying In o vs T-'/? law (solid line) and
(b) Br-ACFs with Br/C=0.27 obeying the In o vs T-'* law (solid
line).

In the nonadsorbed ACFs, the susceptibility is described
with a combination of a Curie-Weiss term Y. and a
temperature-independent term x,, as represented by the fol-
lowing equation:

X=Xc+Xo= + Xo> (3)

-0
where C and O are the Curie constant and the Weiss tem-
perature, respectively. For Br-ACFs, as will be discussed
later, the spin magnetism given by x. is affected mechani-
cally by the physisorbed bromine in the higher temperature
region, although the observed susceptibility obeys Eq. (3).
Thus x, is obtained by fitting the susceptibility to Eq. (3)
in the temperature range of 100-200 K, in which the
physisorbed bromine freezes. Figure 7 shows the reciprocal
susceptibility )(;1 versus T plots for Br-ACFs (0<Br/C
=<0.27). As seen in the figure, the deviations from the linear-
ity in the Xgl versus 7 plots are observed at high temperature
for the bromine-adsorbed samples, where the deviation is
enhanced with the increase in bromine content. The gradients
of the )(;1 versus T plots for Br-ACFs are changed around 80
and 230 K as schematically shown by the inset of Fig. 7,
which suggests the presence of three temperature regions;
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FIG. 7. le vs T plots for Br-ACFs (0<Br/C=<0.27). @, ], A,
V, ¢, O, B and A denote the data for the nonadsorbed ACFs and
Br-ACFs with Br/C=0.038, 0.067, 0.083, 0.10, 0.14, 0.16, and
0.27, respectively. The inset shows schematically three divided tem-
perature regions (L, M, H), which are obtained based on the differ-
ence in the susceptibility behavior.

“L” (T'$80 K), “M” (805 75230 K), and “H” (T £ 230 K).
This appears more clearly in the x.T vs T plots shown in Fig.
8(a). In the temperature regions H and L, the values of x.T
strongly depend on the temperature. This suggests that the
conventional analysis with the X;] vs T plot is valid only in
the region M for obtaining the value of the Curie constant. In
addition, the decreasing trends in the value of x.7 in the
regions L and H are suggestive of the reduction in the mag-
netic moments associated with antiferromagnetic spin fluc-
tuations.

The observed localized spins from the Curie-Weiss term
are considered to have S=1/2, judging from the behavior of
the magnetizations. The bromine content dependence of the
localized spin concentration N obtained from the Curie con-
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FIG. 8. (a) x.T vs T plots for Br-ACFs (0<Br/C=<0.27). @, [,
A V., ¢, O M and A denote the data for the nonadsorbed ACFs
and Br-ACFs with Br/C=0.038, 0.067, 0.083, 0.10, 0.14, 0.16, and
0.27, respectively. (b) The temperature dependence of the mass den-
sity of bulk bromine (Refs. 40 and 41).
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FIG. 9. The bromine content dependence of the localized spin
concentration N. The solid lines are the guide for the eyes.

stant is shown in Fig. 9 for the intermediate region M. The
spin concentration rapidly decreases with the increase in the
bromine content in the early stage of bromine adsorption up
to ca. Br/C~0.05, while the decrease becomes moderate
above that bromine content.

Temperature-independent term Y, consists of mainly the
core diamagnetism and the orbital magnetism y,4 of the
m-electron on the graphitic plane, where the Pauli suscepti-
bility is more than one order of magnitude smaller than the
orbital susceptibility in the graphitic system."

Figure 10 shows the bromine content dependence of the
orbital susceptibility, which is obtained by subtracting the
contribution of the Pascal core diamagnetism from the ob-
served value of y,. Taking into account that the observed
orbital susceptibility is directionally averaged in the 3D nan-

x 107
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5
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=
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FIG. 10. The bromine content dependence of the orbital suscep-
tibility x,g in the field perpendicular to the graphitic plane. The
value of x, is obtained by multiplying the observed temperature
independent term x, by 3 after the subtraction of the Pascal dia-
magnetic susceptibility. The value of x, has ambiguity of less than
10% due to the contribution of the Pauli paramagnetism. The solid
line is the guide for the eyes.
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ographite network of ACFs, the in-plane orbital susceptibil-
ity Xom 1 obtained after multiplied by 3. x4, is diamagnetic
and increases steeply in the initial stage of bromine adsorp-
tion upon the increase of bromine content up to ca.
Br/C~0.1, above which x, becomes negligible.

The magnetizations are less than those expected from the
Brillouin curve for noninteracting spins with S=1/2 at low
temperatures for all the Br-ACFs with the various bromine
contents, suggesting the presence of antiferromagnetic inter-
action.

The ESR signal of Br-ACFs appears as a broad single
Lorentzian peak at room temperature in the range of
0=Br/C=0.23. On the other hand, the signal is not observ-
able for Br/C>0.23 because of a considerable reduction in
the Q-value of the microwave cavity associated with the in-
crease in the conductivity upon bromine adsorption, in addi-
tion to the broadening of the signal. In the nonadsorbed
ACFs, the Lorentzian line shape suggests the homogeneity of
the spin system, in which the exchange narrowing mecha-
nism is at work between the localized spins. This is consis-
tent with the feature of edge-state spins, since the
m-conduction electron can mediate interactions between the
localized spins. The observed localized spin concentration
~6 X 10" spins g~! for the nonadsorbed ACFs gives an es-
timate of the dipolar width less than 0.1mT, if the spins are
homogeneously distributed in space. The estimated width is
an order of magnitude smaller than the observed linewidth of
6.2 mT. This implies an inhomogeneous spatial distribution
of the localized spins, which can be understood on the basis
of the hierarchical structural feature of ACFs. Actually, the
ACEF structure consists of a 3D network of nanographite do-
mains, each of which is formed by the stacking of 3 to 4
nanographene layers. An edge-state spin on a layer interacts
with another spin on an adjacent layer in the same nan-
ographite domain, in which the distance between the two
spins is considerably shorter than the mean spin-spin dis-
tance. The antiferromagnetically coupled spins between ad-
jacent layers give an effective magnetic moment on a nan-
ographite domain, which interacts weakly with that on the
adjacent nanographite domain. Thus the interplay between
the dipolar interaction and the exchange interaction in this
inhomogeneous structure is responsible for the linewidth and
line shape observed in the nonadsorbed ACFs. Figure 11
shows bromine content dependence of the linewidth AH,,
and g-value for Br-ACFs, at room temperature.

The linewidth AH,,, drops slightly in the initial stage of
bromine adsorption. Such trend in the ESR linewidth is ob-
served also in the oxygen adsorbed ACFs,!? and is consid-
ered as the common effect of the chemisorbed guest species
on the ACFs. As the bromine content increases, Apr in-
creases linearly and it reaches about 12 mT at Br/C=0.23.
The g-value is estimated at 2.0004 at Br/C=0, which is
much less than that of free electron spin value g,=2.0023,
and it is in the same range as that of the edge-state spins
observed in the nanographite prepared by heat treatment-
induced graphitization of nanosized diamond.!! It decreases
with the elevation of bromine content, and it approaches 1.99
at Br/C=0.23.
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FIG. 11. The bromine content dependence of the ESR linewidth
AH,, (a) and the g-value (b) at room temperature. The g-value is
denoted as the difference from that of the free electron spin
(Ag=g-2.0023).

IV. DISCUSSION

There are three types of host-guest interactions, which
govern the bromine adsorption process in ACFs. Actually,
the experimental findings indicate that the interactions pro-
duce the following three kinds of bromine species: (1) bro-
mine atoms bonded to the edge carbon atoms with covalent
bondings (CB), which are produced through substitution re-
action, (2) bromine species subjected to the charge transfer
(CT) with nanographite, where the bromine species are faced
to the outer surface of nanographite domains, and (3) bro-
mine molecules simply physisorbed (AD) in the nanopores
between nanographite domains. The TG and TDS results of
the Br-ACFs with Br/C=0.27 give information on the ratio
of these species, which is given as Brer:Breg:Brap
=13:42:45. The interaction with the host nanographites is
strongest in the covalently bonded bromine species, whereas
the physisorbed bromine molecules are subjected to the weak
van der Waals interaction.

The changes of the electron transport and magnetic prop-
erties upon bromine uptake into the nanographite network is
the consequence of these three kinds of interactions. Here, it
is worth summarizing the electronic structure of the 3D ran-
domly networked nanographite domains in ACFs, as the
starting material before bromine uptake. The electronic struc-
ture of nanographite domains, which are composed of a
loose stacking of 3 to 4 nanographene layers, is governed by
an individual constituent nanographene layer because of the
considerably weak intergraphene-layer interaction associated
with the significantly larger interlayer distance (~0.38 nm)
than that of bulk graphite. The electronic structure of indi-
vidual nanographene is featured with the edge state of non-
bonding r-electrons, which is superimposed on the linear 7r-
and 7 -bands around the Fermi energy.!> Accordingly, the
magnetism of ACFs is characterized with the localized spins
of the edge state and the large orbital diamagnetism of the
conjugated m-electron system delocalized on the whole area
of the graphene layer. In the meantime, the hopping conduc-
tion of the carrier between the metallic nanographite do-
mains dominates the electron transport of ACFs.!?
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FIG. 12. The schematical band structure of actual nanographite
in ACFs. 7 and 7" are the graphitic linear bonding and antibonding
bands with the density of states D(E)=8|E|/3ma’cy3, respectively.
The Gaussian function with half width W and the peak height D(0)
in the density of states is assumed for the edge-state band. The
vertical dashed and solid lines denote the position of the Fermi
energy Er, and the degenerate point, respectively. Eg is measured
by the shift from the degenerate point. Dotted lines denote the char-
acteristic points of the electronic structure.

A. Charge transfer interaction in nanographite

The first place of the discussion is devoted to the CT
bromine species, which work to shift the Fermi energy of the
nanographites. Judging from the trend in the CT rate depend-
ing on the Br/C ratio, the CT bromine species are produced
in the Br/C range up to 0.27 as revealed in Fig. 4. CT affects
the feature of the localized spin of edge state. Actually, the
localized spin concentration shown in Fig. 9 decreases in the
initial stage of bromine adsorption up to Br/C~0.05 with
the increase in the bromine content. These findings therefore
imply that the change in the localized spin concentration is
simply related to CT. The edge state of nanographite respon-
sible for the localized spins is almost dispersionless with its
density-of-states peak around the degenerate point of the -
and 7"-bands.!? In the nonadsorbed ACFs, the Fermi energy
is located around the degenerate point. The downshift of the
Fermi energy in nanographite, which is induced by CT from
graphite to bromine, suppresses the edge-state contribution
to the electronic states around the Fermi energy, resulting in
the reduction in the localized spin concentration N,. Consid-
ering that theory predicts the flatband feature of the edge
state having an extremely narrow bandwidth,? the localized
spins are expected to disappear steeply with only a slight
bromine uptake. This contradicts with the experimental find-
ing that shows a moderate decrease of spin concentration
upon the increase in the bromine content. In the case of
actual nanographite in ACFs, the bandwidth of the edge state
becomes broadened, as the nanographene edges are covered
with various kinds of functional groups giving the perturba-
tion potentials to the edge states. In addition to this, the
boundary scattering of electrons in nanographites works as
another contribution to the level broadening. Consequently,
deviating from the theoretically predicted sharp peak of the
edge state, the edge state of the actual nanographite has a
moderately broadened peak in the density of states at the
degenerate point as schematically described in Fig. 12,
where, for simplicity, the density of states of the edge state is
represented by a Gaussian function with half width W and
peak height D(0)=D(E=0), while the 7r- and 7"-bands have
linear energy dependence in the density of states.?’
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Here, we analyze the CT effect on the edge-state spins on
the basis of this schematic model on the assumption that the
nanographite mass density is the same as that of bulk graph-
ite. This assumption causes an error of ca. 10% in the values
of the density of states and the localized spin density. The
shift of the Fermi energy Ey by CT is measured from the
degenerate point (see the vertical dashed line in Fig. 12).
Then, taking the number of carbon atoms per unit area of
graphene into consideration, the localized spin density n, per
gram of carbon and the CT rate f. per carbon atom are de-
scribed as

\Eazc Ny Er E?
ng= 1 ﬁ B D(0)exp| — Z_W/Z dE, (4)
2 0 2 2
ac E 2Eg
fe= —f D(O)exp(— —)dE+ , (5)
2 g, 2W? 37y

where yy=3.12 eV’ a, ¢, M, and N, are the in-plane trans-
fer integral, the in-plane and interplane lattice constants for
bulk graphite, the atomic weight of carbon, and the
Avogadro’s number, respectively. The first and second terms
in Eq. (5) represent the contributions of the edge state, and
the linear 7- and 7 -bands, respectively. The trend in the
observed CT rate dependence of the localized spin density 7,
is expected to be explained using this electronic structure
model.

Figure 13(a) shows the observed CT rate dependence of
the localized spin density n,, which is obtained from the
results in Figs. 4 and 9, where the flat region M is employed
since the mechanical effect of the guest bromine is absent in
this temperature region as will be shown later. The experi-
mental results are fitted to Egs. (4) and (5) as shown with a
solid line in Fig. 13(a). In the calculation, it should be noted
that the spin density in the nonadsorbed ACFs uniquely de-
termines the maximum value of f,, above which the local-
ized spins disappear since only the edge states are respon-
sible for the localized spins. There is an apparent large
discrepancy in the fitting between the observed and calcu-
lated f,. dependence of n,. Indeed, in the experiment, the spin
density decreases steeply as the CT rate is elevated up to
f.~0.0001, in addition to the fact that there is a CT-
independent contribution, which is about 50% of the spin
density in the nonadsorbed ACFs at f.=0, as shown by the
dashed line in the figure. In contrast, the calculated result
shows a moderate and monotonical decrease. This discrep-
ancy is associated with the too simplified model employed in
the calculation. The discrepancy can be understood on the
basis of the inhomogeneous charge distribution between the
graphene layers as shown in Fig. 14. The nanographite do-
main consists of stacking of 3 to 4 nanographene layers as
described before. According to the results of TG and TDS
experiments, the CT bromine species are adsorbed only on
the outer surface of the graphene layers faced to the nanop-
ore, whereas the graphene layers in the interior of the domain
are intact. As we know from the charge transfer feature in
bulk higher stage graphite intercalation compounds, the
charge transfer takes place at the graphene sheets faced to the
intercalates (bounding layers), whereas the screening effect
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FIG. 13. The CT rate f. dependence of (a) the localized spin
density ng per gram of carbon in the intermediate temperature range
M, (b) the Fermi energy, and (c) the orbital susceptibility x.s per
gram of carbon. The experimental data (full circles) in (a) and (c)
are obtained after Figs. 4, 9, and 10. The horizontal dashed line in
(a) is the CT-independent contribution of the localized spins. The
solid curve in (a) is the fitting curve to the model shown in Fig. 12
(see text). The calculated ng is obtained on the assumption that the
nanographite mass density is the same as that of bulk graphite
2.25 gecm™ (Ref. 31). The solid curve in (b) is obtained from the
fitting (solid curve) in (a). The Ep vs f, plot in the case of the
absence of the edge state is denoted as the dashed line in (b). The
solid curve in (c) is the x4, at 300 K calculated with the results in
(b) based on McClure’s theory (Ref. 39). The values for x,y, in (c)
are corrected with respect to the systematic experimental error (see
text).

associated with the electrostatic forces makes the interior
graphene layers less affected by the charge transfer.’® There-
fore the edge states only on the bounding layers are consid-
ered to be subjected to the charge transfer, with those on the
interior layers remaining around the original Fermi energy.

Inhomogeneous
charge distribution

BL ﬁ_}‘ Br 2 .
IL > 7
BL 7‘—77“

Nanographite domain

FIG. 14. The schematic description of the inhomogeneous
charge transfer between nanographite and bromine. BL and IL de-
note the bounding layers faced to bromine, and interior layers of
nanographite, respectively. The edge-state spins and bromine are
schematically shown as the straight arrows and circles, respectively.
The edge-state spins disappear on the bounding layers due to the
charge transfer.
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The CT-independent contribution of the localized spin den-
sity is accordingly assigned to the edge-state spins on the
interior layers. The contribution of the edge-state spins on
the interior layers, which is experimentally estimated as ca.
50% of the total spin density, therefore can be related to the
number of the interior nanographene layers. In the meantime,
the information on the structure suggests that the mean frac-
tion of the interior nanographene is estimated as 30%-50%
of the total number of nanographenes, as each nanographite
domain consists of 3 to 4 nanographene layers. Therefore the
estimation is in good agreement with the experimental result.
Another feature in the discrepancy is that the spin density
drop steeper than that calculated in the small f_ region. This
can be explained by that only the outer graphene layer can
donate the charges to the adsorbed bromine species facing it.
Namely, the charge transfer process in the outer graphene
layers is responsible for the steep drop.

From the fitting of the observed spin density to Egs. (4)
and (5), the half width and the density-of-states peak
height of the edge state are obtained as W=0.04 eV, and
D(0)=8 X 10%states eV~ cm™, respectively. Thus the edge
state in the actual nanographite in ACFs is found to have a
bandwidth, which ranges around the thermal energy at room
temperature.

The CT rate dependence of the Fermi energy is derived
using the obtained bandwidth and the density of states peak
of the edge state on the basis of Eq. (5). The calculated Ef
given in Fig. 13(b) shows a small downshift upon the in-
crease in f. up to f.~0.0005, above which the edge-state
spins disappear. Then, the slope of the Eg vs f. curve be-
comes steep in the large f. region. A similar downshift effect
of the Fermi energy by the bromine adsorption is also re-
ported in the ESR study for nanographite particles obtained
by heat-treatment of nanosized diamond." In the case that
the edge state is absent, the Fermi energy is proportional to
the square root of f, due to the contribution of the charge
transfer from the linear m-bands as represented in the second
term of Eq. (5) and the dotted line in Fig. 13(b). Accordingly,
a large deviation of the E vs f, curve from \f, dependence
is the consequence of the contribution of the edge state in the
charge transfer process. In other words, it suggests the im-
portant role of the edge state in the electronic properties in
comparison with the 77- and 7r"-bands in spite of the fact that
the edge-state localized spin density is about several spins
per nanographite domain, which corresponds to one spin per
800-1000 carbon atoms involved in a nanographite domain
(3 to 4 nanographene layers with the mean in-plane size of
2 to 3 nm).

The orbital susceptibility is also a charge-transfer sensi-
tive parameter. The observed orbital susceptibility shows a
steep decrease in its absolute value in the CT rate range up to
0.0001 as shown in Fig. 13(c), where the f. dependence of
Xomb 18 calculated from a combination of the results in Figs. 4
and 10. In general, the change in the orbital susceptibility is
considered to be explained simply in terms of the CT process
in graphite.® Therefore the change in x,. can be treated
similarly also in the present case on the basis of the CT
process. The orbital susceptibility y,s originates from the
interband transition between the 7r- and 7" -bands in the con-
jugated 7r-electron system of nanographite, resulting in its
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sensitivity upon the change in the Fermi energy, when the
Fermi energy is in the vicinity of the degenerate point. Ac-
cording to McClure’s theory, the orbital diamagnetic suscep-
tibility of graphitic systems is given by the following
equation:

1.36 X 1072 E
Xorb(€mu g_l) == T SeCh2< Zkl:T) . (6)

Using the relation between f, and Er shown in Fig. 13(b),
and Eq. (6), the calculated result for the CT dependence of
Xorb 1S given as a solid line in Fig. 13(c). The calculated y,,
is insensitive to the change in f. in the small CT region,
shows a steep drop around f.~0.0005, and then becomes
negligible above that f. value. Accordingly, there is a large
quantitative disagreement between the theory and the experi-
ments; the calculated f, value at which x,4 shows a steep
drop is shifted up to f,~0.0005 in contrast with the experi-
mental behavior showing a steep drop in the initial change of
fo- The energy level broadening of the 7r-bands might be
responsible for the discrepancy between the theoretical esti-
mation and the experimental results for y,4 in nanographite.
The presence of the energy level broadening significantly
reduces the sensitivity of x,., to the Fermi energy shift. The
inhomogeneous charge distribution, which has been dis-
cussed in the behavior of the edge-state spins, induces the
inhomogeneous shifts of the Fermi levels with respect to the
- degenerate point, where only a graphene sheet, whose
Fermi level is in the vicinity of the degenerate point, can
contribute to the orbital susceptibility. The finite size effect
of nanographite works also to reduce the absolute value of
the orbital susceptibility to a large extent from that expected
for the bulk graphite. In addition, the mixing of the energy
level of CT bromine species with the graphitic bands, which
will be shown later, can work to modify the feature of the
orbital susceptibility.

Here, it is worth discussing the feature of the ESR signal,
which is strongly affected by the chemisorbed and CT bro-
mine species. The ESR linewidth steeply increases almost in
proportion to the bromine content, and it reaches twice at
Br/C=0.23 as large as that of a nonadsorbed sample as
shown in Fig. 11. The absolute value of the g-value deviation
increases with the increase in the bromine content. These
changes in the ESR signal upon bromine uptake is attributed
to a large spin-orbital coupling coefficient (\=1842 cm™') of
bromine. The observed large g-value deviation and large line
broadening upon bromine adsorption suggests the mixing of
the energy levels between the nanographite and chemisorbed
and charge transfer bromine species. Namely, the edge state
and other graphitic bands contain more character of the bro-
mine orbital as the bromine content is elevated.

B. Mechanical and dielectrical effects of physisorbed bromine
in nanopores

Next, the effect of the physisorbed bromine species on the
electronic properties is discussed. In the typical case of phy-
sisorption, almost no electronic effects on host materials are
expected because the adsorbed molecules interact with the
host only through weak van der Waals interaction. However,
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recent experiments'>?? on water adsorption into ACFs have

proved that even physisorbed molecules in the nanopore can
modify the electronic properties of the host ACFs through a
mechanical process due to their soft and flexible structure.

In the water-adsorption process, the water molecules ac-
commodated in the nanopore squeeze nanographite domains,
resulting in the reduction in the intergraphene-layer distance
in individual nanographite domains.'” Thus the effective
pressure from the guest water molecules enhances the anti-
ferromagnetic exchange interaction between the edge-state
spins placed on the adjacent graphene layers through the in-
crease in the wave function overlap, ensuing the reduction in
the effective magnetic moment upon the water physisorption.
In Br-ACFs, the change in the .7 in Fig. 8 above 230 K can
be ascribed to the similar mechanical effect of physisorbed
bromine species, taking into account that the melting point of
bulk bromine molecules is at 266 K. Because the value of
x.T corresponds to the effective spin density, Fig. 8 indicates
a gradual decrease in the spin concentration in the tempera-
ture region H as the temperature is elevated. The decrease in
the effective spin density in the H region is considered to be
associated with the enhancement of the antiferromagnetic ex-
change interaction through the volume expansion of bromine
induced by melting of frozen bromine in the nanopore. The
density of bromine abruptly drops by ca. 20% at the melting
transition from the solid to the liquid phase as shown in Fig.
8(b). The large volume expansion of the guest bromine as-
sociated with the density drop works to reduce the
internanographene-layers distance in the nanographite do-
main, resulting in the enhancement in the exchange interac-
tion. In contrast with this, in the freezing process to region
M, physisorbed bromine becomes solidified with a release of
the chemical pressure induced by volume contraction. There-
fore the release of the chemical pressure causes the reduction
of the exchange interaction between localized spins. The dif-
ference between the bulk melting point 266 K and the tem-
perature, at which the change in the effective magnetic mo-
ment ends, can be explained in terms of the size effect on the
melting transition and the interaction with nanographite. The
condensed phase of physisorbed bromine molecules form
nanoclusters in the nanopores, whose size is in the range of
ca. 1 to 2 nm. The decrease in the size of the bromine con-
densed phase and interaction with nanographite can make the
melting point considerably reduced, as observed in the ex-
periments.

The change in the effective moment between the interme-
diate (M) and low temperature ranges (L) also has to be
addressed. In the nonadsorbed ACFs, which is the host ma-
terial for Br-ACFs, the localized spins distribute inhomoge-
neously with clusterlike structure because they are localized
on the edges of nanographene layers, and each nanographite
is spatially separated from each other by a nanopore. So the
localized spins in the same nanographite domain, which are
close to each other, can interact with each other, while the
interaction between the spins on different nanographite do-
mains is considered to be weaker than the intradomain inter-
action. This is evidenced in the observed ESR linewidth in
the nonadsorbed ACFs as discussed in the last section.
Therefore the larger intradomain interaction works to form
short range order of antiferromagnetic spin clusters in the
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low temperature region L in spite of the observed paramag-
netic behavior, where antiferromagnetic clusters are interact-
ing with each other through the weak interdomain interac-
tion.

Finally, the dielectric effect of the physisorbed bromine
species on the electronic transport of the nanographite net-
work is commented. As the experimental observations sug-
gested in the last section, the internanographite domain hop-
ping process is modified upon bromine uptake. Indeed, the
electron hopping transport featured with the Coulomb inter-
action in the nonadsorbed ACFs is changed to the hopping,
in which charging energy is less important, in Br-ACFs. Ac-
cording to Eq. (2), the increase in the dielectric constant in
the medium between the nanographite domains upon bro-
mine uptake reduces the importance of the charging energy
associated with the Coulomb interaction. The accommoda-
tion of physisorbed bromine species, which have consider-
ably large dielectrical constant (e/€,~ 3.2),* is responsible
for the modification in the charging effect in the electron
hopping process.

V. CONCLUSION

The effect of bromine adsorption on the magnetic and
electronic properties in a nanographite network system is in-
vestigated by using ACFs as a host material. The structure of
ACFs consists of a flexible 3D random network of nan-
ographite domains, each of which consists of stacking 3 to 4
nanographene layers. The electronic structure of nanograph-
ite is described in terms of a combination of the edge state
and the graphitic linear 77- and 7"-bands, where the former is
located at the degenerate point between the 7r- and 7" -bands.
Adsorption isotherm, TG, and TDS results reveal that the
adsorbed bromine species are classified into the three groups
with respect to the interaction with nanographite; charge
transfer species, covalent bonding species, and physisorption
species.

The formation of C-Br covalent bondings takes place
through substitution reaction only at the edges of nan-
ographene layers. This suggests that the extension of the gra-
phitic conjugate r-electronic structure remains unchanged
by the formation of the covalent bondings due to the inactiv-
ity of the carbon atoms in the interior of nanographite in the
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substitution reaction. However, the mixing of the graphitic
and bromine electronic states around the peripheral region of
nanographite is found to affect the feature of the edge-states
spins.

The CT interaction plays an important role in the elec-
tronic properties of nanographite network through the down-
shift of the Fermi energy. The charge transfer rate depen-
dence of the localized spin density is well explained with the
simple electronic structure model consisting of the combina-
tion of the linear 7- and 7r"-bands and edge-state band hav-
ing a narrow bandwidth comparable to the thermal energy at
room temperature. This proves that the edge state plays a
role of the electron reservoir in the CT process, resulting in
the modification of the behavior of orbital diamagnetism in
contrast to the case of a bulk graphite system.

The physisorbed bromine species are accommodated in
the nanopore space, and work as effective pressure to the
nanographite domains. Squeezing the nanographite domains
by the effective pressure reduces the intergraphene-layer dis-
tance, resulting in the enhancement in the antiferromagnetic
exchange interaction between the edge-state spins on the ad-
jacent nanographene layers. Bromine has a large volume
change at the melting transition. Therefore, the bromine lig-
uid phase having a larger specific volume in the nanopore
generates higher effective pressure than the solid phase at
low temperatures. The melting/freezing transition is found to
trigger a low spin/high spin transition in the edge-state spins.
This is an unconventional magnetic switching effect of the
nanomagnetism in the soft and flexible nanographite net-
work.
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