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ABSTRACT A general method to prepare polymer gels containing anisotro-
pically oriented graphene oxide (GO) or reduced graphene oxide (RGO) was
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because the gel network trapped GO via noncovalent interactions and efficiently

suppressed the structural relaxation of GO. The locked structure enabled quantitative investigation on the magnetic orientation of GO using 2D small-angle
X-ray scattering, which revealed that GO nanosheets orient parallel to the magnetic field with an order parameter of up to 0.80. Systematic studies with
varying gelation conditions indicate that the present method can afford a wide range of GO-hybridized anisotropic materials, in terms of GO alignment
direction, sample shape, and GO concentration. Also by virtue of the locked structure, the orientation of GO in the hydrogel was well preserved throughout
the in situ chemical reduction of GO, yielding an RGO-hybridized anisotropic hydrogel, as well as the conversion of the hydrogel into organo- and ionogels
through the replacement of the internal water with solvents. As a preliminary demonstration of the present method for practical application, a polymer-
composite film containing RGO oriented vertical to the film surface was prepared, and its anisotropically enhanced electroconductivity along the

orientation direction of RGO was confirmed by the flash-photolysis time-resolved microwave conductivity measurement.
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he rapid progress made in nano-
Tsciences had led to the availability of

2D nanosheets with various structures
and functions.! > Among them, graphene
oxide (GO), the oxygenated form of a mono-
layer graphene platelet that can be exfoliated
in polar media, has recently attracted consid-
erable attention.5~* Due to its solution pro-
cessability and chemical modifiability, GO
serves as a precursor for various carbon-based
composite materials. Particularly, GO is readily
converted into its reduced form (reduced
graphene oxide, RGO), allowing for enhance-
ment in the electrical properties of the nano-
sheets.”""1>~ 8 Not only as a precursor of
RGO, GO can also be used as a nanofiller to
reinforce and functionalize composite mater-
ials'®~%® owing to its high mechanical proper-
ties, extremely large surface area, and abun-
dance of polar functionalities on its surface.
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For the creation of novel composite
materials hybridized with 2D nanosheets,
the anisotropic orientation of nanosheets over
a macroscopic size scale is an attractive chall-
enge* 3 Such composite materials often
show unique anisotropic features in mechan-
ical toughness,>*??%30 qptical properties,®
and thermal/electrical/ion conductivities.>*"°
For the anisotropic orientation of GO, a layer-
by-layer assembly using the Langmuir—
Blodgett technique®*'*? and vacuum filtra-
tion-assisted self-assembly”*3>~3® have been
widely used. However, these conventional
methods have a number of limitations such
as lengthy process, low scalability, poor tun-
ability of GO direction/GO concentration, and
difficulty in obtaining bulk (nonfilm) materials.
Indeed, these methods can afford only film-
shaped materials with densely stacked, in-plane-
oriented GO nanosheets. More recently, GOs
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coated with paramagnetic particles have been devel-
oped.®® Although such modified GOs can be readily
aligned using a magnetic field, the resultant materials
are inevitably contaminated with paramagnetic spe-
cies, which severely limits their application.

To develop a more general methodology for the
preparation of anisotropic GO/RGO-hybridized materi-
als, we focused on the fact that strong magnetic
fields can align anisotropically shaped diamagnetic
nanostructures, such as inorganic nanosheets*® and
platelets,*' lipid bilayers,*? organic nanocrystals,** and
proteins.** Although magnetic susceptibility of dia-
magnetic species is generally low, aromatic molecules
often show exceptionally large diamagnetic suscept-
ibility in the orthogonal direction to their planes,
because of the diamagnetic “ring-current” effect of
their z-conjugated systems. Therefore, aromatic mol-
ecules tend to orient their planes parallel to the
magnetic field.* Particularly in the case of carbon
nanoclusters composed of large numbers of ordered
aromatic rings, such as carbon nanotubes, graphene,
GO, and RGO, their magnetic orientation energy can
overcome thermal fluctuation.*® Unlike other external
stimuli (shear force, flow, gravity, electric field, etc.),
magnetic field can be applied in a nondestructive and
contactless manner without any limitation in size and
shape of samples and, therefore, is quite attractive.
However, there has been only one report regarding the
magnetic orientation of GO devoid of paramagnetic
particles, wherein the macroscopic orientation of GO in
aqueous dispersions was confirmed by polarized op-
tical microscopy.*” Thus, the quantitative characteriza-
tion and further applications of magnetically oriented
GO have hardly been reported hitherto, most likely
because such magnetically oriented materials are not
useful for analysis and fabrication. Due to the low
magnetic susceptibility and easy thermal fluctuation
of GO nanosheets dispersed in fluids, a relatively strong
magnetic field (>~0.25 T) should be continuously
applied to maintain a satisfactorily ordered structure.

With the objective of overcoming such limitations,
we report herein a conceptually novel approach to
investigate and fabricate magnetically oriented GO in
aqueous dispersions by locking the ordered structure
using in situ hydrogelation (Scheme 1)304248-31 gy
taking advantage of the benefits of magnetic treat-
ment, as described above, GO could be oriented with-
out any limitation in orientational direction and sample
shape. In the resultant hydrogels, the structural order
of GO was preserved in the absence of the magnetic
field, thereby allowing for a detailed analysis of the
structure of oriented GO using 2D small-angle X-ray
scattering (2D SAXS). Owing to the excellent stability
of the gel network, the ordered structures of GO
nanosheets were well preserved even after treatment
with chemicals, affording various GO-hybridized com-
posite gels with macroscopic anisotropy. In particular,
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Scheme 1. Preparation of composite gels with macrosco-
pically oriented GO/RGO via cross-linking polymerization of
acrylamide derivatives in a magnetic field and subsequent
chemical reduction of GO.

the in situ reduction of GO nanosheets readily proceeded
to yield composite gels containing macroscopically
oriented RGO nanosheets (Scheme 1).

RESULTS AND DISCUSSION

Preparation and Characterization of the Anisotropic
GO-Hybridized Hydrogel. An aqueous dispersion of GO
(average size = ~50 um, [GO] = 0.2 wt %)°>*> was
converted into an anisotropic GO-hybridized hydrogel
by in situ cross-linking polymerization of an acryl
monomer (N,N-dimethylacrylamide, 3.0 wt %) and a
cross-linker (N,N’-methylenebis(acrylamide), 0.16 wt %)
in a 10 T magnetic field (see Experimental Methods).
The cross-linking polymerization proceeded almost
quantitatively to yield a brown, transparent, and free-
standing hydrogel (Figure 1a). As confirmed by polar-
ized optical microscopy (POM), GO nanosheets were
unidirectionally oriented over an entire region of the
resultant hydrogel. The POM image of the hydrogel
(1 mm thick) under crossed polarizers showed a con-
trast at every 45° on rotation, giving a completely dark
image when the azimuthal angle between the polar-
ized direction of the incident light and the magnetic
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Figure 1. (a) Picture of a GO-hybridized hydrogel (~50 um-sized
GO/monomer/cross-linker = 0.20/3.0/0.16 wt %, 1 mm thick,
prepared in a 10 T magnetic field). (b) POM images of the
GO-hybridized hydrogel (1 mm thick) obtained by varying
the angle between the direction of the analyzer and that of
the applied magnetic field (0°, 45°, 90°, and 135°). B: magnetic
field.
flux line was either 0° or 90° (Figure 1b). This indicates
that the GO nanosheets oriented either parallel or
orthogonal to the applied magnetic field. The same
trend was observed at arbitrarily selected viewing
fields in the hydrogel, proving that the domain con-
taining oriented GO was developed over the entire
sample. The SEM/EDS measurements of the GO pow-
der at the start suggested that the amount of the
contaminated paramagnetic species was negligibly
small, excluding the effect of the paramagnetic impu-
rities on the present magnetic orientation (Figure S4).
For the quantitative evaluation of the orientation of
GO, 2D SAXS analysis was performed (Figure 2). Upon
exposure to an X-ray beam orthogonal to the applied mag-
netic field, the GO-hybridized hydrogel (~50 um-sized
GO/monomer/cross-linker = 0.20/3.0/0.16 wt %), pre-
pared in a 10 T magnetic field, exhibited an elliptical
diffusive pattern that oriented its longer axis orthogo-
nal to the direction of the magnetic field (Figure 2a).
Meanwhile, when exposed to an X-ray beam parallel to
the magnetic field, the hydrogel yielded an isotropic
scattering (Figure 2b). This scattering supposedly did
not originate from the polymer matrix but rather from
GO nanosheets because the scattering of the GO-free
hydrogel matrix was negligibly weak (Figure S8a). In
principle, 2D nanosheets can take a parallel or ortho-
gonal orientation to the applied field, and the present
data unambiguously proved that the GO planes in the
hydrogel oriented parallel to the magnetic field,>
similar to previous reports on the magnetic alignment
of 2D nanosheets.**~** Accordingly, the azimuthal
angle (@) plot of the 2D SAXS pattern measured from
the orthogonal direction to the magnetic field has two
peaks, at 8 = 90° and 270° (Figure 2¢, red), whereas the
measurement parallel to the magnetic field shows
a single plateau (Figure 2c, blue). On the basis of
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Figure 2. (a, b) 2D SAXS images of a GO-hybridized hydro-
gel (~50 um-sized GO/monomer/cross-linker = 0.20/3.0/
0.16 wt %, prepared in a 10 T magnetic field). The hydrogel
was exposed to an X-ray beam from the orthogonal (a) and
parallel (b) directions to the applied magnetic field. (c)
Azimuthal angle (@) plots for the 2D SAXS images in (a)
and (b).

the fitting of the azimuthal angle plot for Figure 2a
(Figure 2c¢, red) to a Maier—Saupe distribution function,
the orientation order parameter was estimated to be
0.80,°*%> which is relatively high compared with other
magnetically oriented 2D nanosheets.**~*> Note-
worthy, the orientation of GO was hardly influenced
by the direction of gravity (Figure S5) and sample
shape (Figure S6), which is one of the most prominent
features of the present method compared to the
conventional GO orientation methods.”' 39

In the anisotropic GO-hybridized hydrogels, the
alignment of GO nanosheets was preserved after the
magnetic field was removed or even when the hydro-
gel was placed in magnetic fields that were not parallel
to the orientation direction of GO nanosheets (Figure S10),
indicating that the GO nanosheets strongly interacted
with gel networks composed of acryl polymer chains so
that their structural relaxation was efficiently sup-
pressed. Such strong interactions between the GO nano-
sheets and gel networks were also implied by the unique
mechanical properties of the GO-hybridized hydrogels,
wherein the GO served as a nanofiller to reinforce the
hydrogel in an anisotropic manner. As shown in Figure 3,
elastic moduli (G') of the GO-hybridized hydrogel (blue
and red circles, G’ = 1200—2300 Pa) were 20—40 times
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Figure 3. Rheological properties of an anisotropic GO-
hybridized hydrogel (~50 um-sized GO/monomer/
cross-linker = 0.20/3.0/0.16 wt %) prepared in a 10 T mag-
netic field sheared in the directions orthogonal (red circles)
and parallel (blue circles) to the orientation vector of GO
nanosheets), an analogous hydrogel prepared without mag-
net (green circles)) and a GO-free hydrogel (monomer/
cross-linker = 3.0/0.16 wt %; black circles). Storage moduli
(G') on frequency sweep (0.01—10 rad s~ ") at a fixed strain
(0.5%). Ogo: orientation vector of GO nanosheets.

greater than that of a GO-free hydrogel (monomer/
cross-linker = 3.0/0.16 wt %, black circles; G’ = 65 Pa). In
addition, between the G’ values for shear orthogonal (red
circles) and parallel (blue circles) to the orientation vector
of GO nanosheets, the GO-hybridized hydrogel showed a
nonnegligible difference (2300 and 1200 Pa, respectively).
An analogous hydrogel with randomly oriented GO
nanosheets, prepared without magnet, showed G’ values
(green circles) at an intermediate level between those of
the anisotropic GO-hybridized hydrogel measured in the
directions parallel and orthogonal to the orientation
vector of the GO nanosheets. These observations clearly
indicate that the mechanical anisotropy of the hydrogel
originates from the anisotropic alignment of GO nano-
sheets. Such an efficient (20—40 times enhancement by
0.20 wt % doping) and anisotropic reinforcement implies
strong interaction between GO nanosheets and the gel
network. In relation to this, we also measured SEM images
of the xerogel of the anisotropic GO-hybridized hydrogel
and found that polymeric fibers were oriented parallel to
the applied magnetic field (Figure S11).

Scope and Limitation of Magnetic GO Orientation. To clarify
the scope and limitation of the present method for the
orientation of GO nanosheets, the effects of the param-
eters (magnetic field intensity, GO concentration, and
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GO size) on the orientation order parameters, which
can be unambiguously estimated based on 2D SAXS as
shown in Figure 2, were systematically investigated
(Figure 4 and Figures S7—S9).

To investigate the effect of magnetic-field intensity,
four kinds of GO-hybridized hydrogels (~50 um-sized
GO/monomer/cross-linker = 0.20/3.0/0.16 wt %) were
prepared using the aforementioned procedure and
varying the intensity of the applied magnetic field
(0, 1,5, and 10 T). Upon decreasing the field intensity
from 10 T to 5T, the orientation order parameter hardly
changed (from 0.80 to 0.78; Figure 4a and d, red and
blue). However, a further decrease in the magnetic-
field intensity caused a significant drop in the orienta-
tion order parameter (Figure 4a and d, green). Thus,
~5 T was found to be the critical intensity to realize the
maximum degree of orientation.

Next, the effect of GO concentration was studied
using hydrogels with different GO content (0.02, 0.05,
0.10, and 0.20 wt %), which were prepared using the
aforementioned procedure (monomer/cross-linker =
3.0/0.16 wt %) in a 10 T magnetic field. The 2D SAXS
studies of these hydrogels indicate that the orientation
order parameter was well retained through dilution
(Figure 4e); upon decreasing GO concentration from
0.20 to 0.02 wt %, the half-widths of the two peaks in
the azimuthal angle plot were essentially unchanged,
although their heights became smaller in proportion to
GO concentration (Figure 4b). This clearly proves that
the present method can afford highly oriented com-
posite materials even at an extremely low GO concen-
tration, unlike other conventional methods used for
GO orientation.

In the above investigations, GO nanosheets with
relatively large size (~50 um) were employed. To clarify
the scope and limitation of the magnetic orientation
method in terms of GO size, another GO sample
with smaller average size (~0.3 um) was prepared from
a graphite source with an average size of 45 um
(Figures S1—S4). By using an aqueous dispersion of
the smaller GO, we prepared a hydrogel (~0.3 um-
sized GO/monomer/cross-linker = 0.10/3.0/0.16 wt %)
in a 10 T magnetic field using the same procedure. 2D
SAXS measurement revealed that the smaller GO
attained only a moderate level of orientation with an
order parameter of ~0.4 (Figure 4c and f, blue). Such a
drastic effect of GO size on the degree of orientation is
elucidated as follows. First, the increment of GO size is
accompanied by the reduction of thermal fluctuation
and enhancement of shape anisotropy, both of which
yield a favorable effect on the magnetic orientation of
GO.*° In addition, GO size is known to be a crucial factor
for the liquid crystalline behavior of its aqueous dis-
persions,*”>”>8 which is also anticipated to impact the
orientability of GO. Indeed, upon reducing the GO
concentration from 0.20 wt % to 0.01 wt %, the aqueous
dispersions of the larger GO (average size = ~50 um)
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Figure 4. (a—c) Azimuthal angle plots for 2D SAXS images (X-ray L B) of GO-hybridized hydrogels (GO/monomer/cross-linker =
0—0.20/3.0/0.16 wt %) prepared by varying magnetic-field intensity (a), GO concentration (b), and GO size (c). (d—f) Plots of the

orientation order parameter of GO nanosheets to magnetic-field intensity (d), GO concentration (e), and GO size (f).

always exhibited a nematic phase, whereas those of the
smaller GO (averaged size = ~0.3 um) were isotropic
(Figure S12).

Through the above studies, optimal conditions
were established for the preparation of GO-hybridized
hydrogels with a high degree of GO orientation. In
the following sections, the GO-hybridized hydrogel
(~50 um-sized GO/monomer/cross-linker = 0.20/3.0/
0.16 wt %, prepared in a 10 T magnetic field), exhibiting
the highest orientation order parameter of 0.80, was
employed.

In Situ Chemical Reduction of GO to RGO in the Anisotropic
Hydrogel. With anisotropic GO-hybridized hydrogels in
hand, we next attempted to convert GO in the hydro-
gels into reduced GO, in order to enhance its electrical
properties.’>~ '8 Since harsh conditions are not suitable
for our hydrogel-based materials, we chose a chemical
reduction method that was recently reported.>®%° For
example, the anisotropic GO-hybridized hydrogel was
successively treated with aqueous solutions of KOH
(1.6 M) and HI (55%). As a result, the brown-colored gel
turned black (Figure 5a and b, top), suggesting that the
graphitic domains in the nanosheets were increased
by the reduction of the defects of oxygen-containing
functionalities. To estimate the reduction degree of
RGO, X-ray photoelectron spectroscopy (XPS) of the
xerogel of the resultant hydrogel was performed
(Figure 5a and b, bottom). Although the polymer net-
work contained C=0 groups and therefore this mea-
surement inevitably suffered from background signals,
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Figure 5. Pictures (1 mm thick, top) and XPS spectra (bottom)
of GO/RGO-hybridized hydrogels. (a) GO-hybridized hydrogel
(~50 um-sized GO/monomer/cross-linker = 0.20/3.0/0.16 wt %,
prepared in a 10 T magnetic field). (b) RGO-hybridized
hydrogel obtained by the chemical reduction of GO in the
GO-hybridized hydrogel.

the integrated intensity of the three peaks with bind-
ing energies of 285.6, 287.0, and 288.3 eV, attributed to
C—0, C=0, and O=C—0, respectively, was decreased
from 49% to 34% through the reduction.®’ Further-
more, a model reaction was performed by using an
aqueous GO dispersion ([GO] = 0.20 wt %), in place of
the GO-hybridized hydrogel ([GO] = 0.20 wt %), where
carbon clusters (GO and RGO) could be quantitatively
recovered from the reaction mixture. In the elemental
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analysis of the recovered carbon clusters, the oxygen
content was decreased from 37% to 23%. These ob-
servations suggest that the reduction of GO in the
present hydrogel proceeded at a satisfactory level.

Interestingly, the ordered structure of GO was well
preserved throughout the reduction, wherein the or-
ientation order parameter, estimated from the azi-
muthal angle plot of the 2D SAXS image (Figure 6a
and Figure S13), decreased from 0.80 to 0.76 (Figure 6b).
As in the case of the precursor GO-hybridized hydro-
gels, the RGO-oriented domain developed over the
entire sample, as confirmed using POM (Figure S14).
Such a homogeneous and anisotropically structured
RGO-hybridized hydrogel could not be obtained by a
“prereduction” approach. Thus, when an aqueous dis-
persion of GO was treated with the reducing agents,
the system immediately started to generate precipi-
tates of RGO (Figure S15a). Although samples of RGO
with relatively small sizes are processable in solution,”®’
those with ca. micrometer sizes, as we used in this work,
are hardly dispersible in aqueous media and exist as
aggregates of randomly oriented RGO nanosheets.
Therefore, when the resultant mixture was subjected to
the in situ hydrogelation under a 10 T magnetic field in
the same manner as the preparation of anisotropic GO-
hybridized hydrogels, a hydrogel containing heavily
stacked RGO sheets with essentially no anisotropic or-
ientation was afforded (Figure S15b).

Conversion of the Anisotropic RGO-Hybridized Hydrogel into
Organo- and lonogels. Importantly for practical applica-
tions, the anisotropic orientation of RGO was well
preserved even when the internal water of the hydro-
gel was replaced with other fluids, owing to the stable
gel network. For example, the RGO-hybridized hydro-
gel, prepared by the chemical reduction of GO in the
GO-hybridized hydrogel, was immersed in ethanol
(EtOH) at 20 °C for 12 h three times in a fresh solvent
(1000 vol %), wherein internal water was replaced with
EtOH to afford a homogeneous, tough material (Figure 7a).

It is worth noting that the thorough replacement
of internal fluids brought only slight deterioration in
the orientational order of RGO, as confirmed by 2D
SAXS studies (Figure 7b and c and Figure S16). As
shown in Figure 7b and c (blue), the orientation order
parameter of the resultant gel was comparable to that
of the original hydrogel. Not only EtOH but also other
solvents such as ethylene glycol (EG) and an ionic
liquid (1-butyl-4-methylimidazolium tetrafluoroborate,
BMImBF,) could replace the gelling water, affording
tough organogels and ionogels, although a rather re-
markable volume contraction took place in the case of
the ionogel (Figure 7a). Again, the resultant material
retained the anisotropically oriented structure of RGO
(Figure 7b and ¢, green and black). Needless to say, the
GO-hybridized hydrogel could also be converted into
organo- and ionogels without a drastic decrease in
anisotropy (Figure S17), under the conditions otherwise
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Figure 6. (a, b) Azimuthal angle plots for 2D SAXS images
(X-ray L B) (a) and orientation order parameters (b) of GO/
RGO-hybridized hydrogels. Red: GO-hybridized hydrogel
(~50 um-sized GO/monomer/cross-linker = 0.20/3.0/
0.16 wt %, prepared in a 10 T magnetic field). Blue:
RGO-hybridized hydrogel obtained by the chemical reduc-
tion of GO in the GO-hybridized hydrogel.

identical to those used for the GO-hybridized hydrogels.
Considering the limited volatility of EG and BMIMBF,, the
organogels and ionogels hybridized with macroscopi-
cally oriented GO/RGO would have multiple applications.

Anisotropic Electroconductivity of the RGO-Hybridized Gel.
As described in the introductory part, RGO—polymer
composites have attracted increasing attention as
electroconductive soft materials. In particular, the vac-
uum filtration-assisted self-assembly of RGO is known
to yield film-shaped materials with densely stacked, in-
plane-oriented RGO nanosheets, which show anisotro-
pically enhanced electroconductivity along the film-
surface direction.®® Meanwhile, for RGO-hybridized
films with vertically oriented RGO nanosheets, only a
few examples have been reported,**5>%3 and the prepara-
tion of such films by a generalizable methodology still
remains an attractive challenge. Since the present method
can control the orientation direction of RGO nanosheets
without any limitation in sample shape, a film-shaped
RGO-hybridized hydrogel (~1 mm thick) containing verti-
cally oriented RGO nanosheets could be successfully
prepared by the aforementioned method, i.e, the chemi-
cal reduction of GO in a GO-hybridized hydrogel film
(~50 um-sized GO/monomer/cross-linker = 0.20/3.0/
0.16 wt %) prepared in a 10 T magnetic field that was
directed orthogonal to the film surface.

To demonstrate the potential utility of this film,
we attempted to evaluate the anisotropy in its
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Figure 7. (a) Pictures (5 mm thick), (b) azimuthal angle plots
for 2D SAXS images (X-ray L B), and (c) orientation order
parameters of RGO-hybridized hydro-, organo-, and iono-
gels. An RGO-hybridized hydrogel, prepared by the chemi-
cal reduction of GO in a GO-hybridized hydrogel (~50 um-sized
GO/monomer/cross-linker =0.20/3.0/0.16 wt %, prepared in
a 10 T magnetic field), was immersed in ethanol (EtOH),
ethylene glycol (EG), or 1-butyl-4-methylimidazolium tetra-
fluoroborate (BMImBF,) at 20 °C for 12 h three times in a
fresh solvent (1000 vol %).

electroconductivity by using the flash-photolysis
time-resolved microwave conductivity (FP-TRMC)
measurement, which allows for evaluating intrinsic
carrier transport properties of materials without elec-
trodes.®*®° Since the FP-TRMC technique is not applic-
able to samples containing dielectric solvents, the
RGO-hybridized hydrogel film was converted into a
water-free polymeric material by the replacement
of internal water with an acrylamide monomer
(N,N-dimethylacrylamide) and subsequent polymeriza-
tion of the monomer. The resultant polymer film was
placed in a microwave cavity in such a way that the
electric-field vector (E) of the microwave can be polar-
ized orthogonal or parallel to the film surface. Upon
laser flash, the film displayed rise and decay profiles of
the transient conductivity, given by ¢>u (Figure 8,
inset), where ¢ and Yu represent photocarrier genera-
tion yield and sum of the mobilities of generated
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Figure 8. Maximum transient conductivities (p3u: ¢ =
photocarrier generation yield, 3 = sum of the mobilities
of generated charge carriers) of an anisotropic RGO-hybri-
dized polymer film observed along the orthogonal (red)
and parallel (blue) directions to the film surface, upon
laser excitation at 355 nm (photon density, 9.1 x 10"
photons cm?) with a pulse duration of 5—8 ns at 25 °C.
Inset: Time-resolved decay profiles of the photogenerated
charge carriers.

charge carriers, respectively. From the FP-TRMC pro-
files, the maximum transient conductivities (¢ may) of
the film along the orthogonal (Figure 8, red) and
parallel (blue) directions to the film surface were
evaluated as 2.2 x 10 *and 1.3 x 10 *cm? V' s,
respectively. Worth noting is that a meaningful degree
of anisotropy (~1.7) was observed for the electrocon-
ductivity of the RGO-hybridized hydrogel film, even
though the amount of RGO was less than 0.5 wt %.

CONCLUSIONS

Under a magnetic field (5—10 T), the aqueous dis-
persions of graphene oxide (GO, 0.02—0.2 wt %) were
successfully converted into composite hydrogels con-
taining anisotropically oriented GO, using an in situ
polymerization process involving an acryl monomer
and a cross-linker. Unlike the conventional methods
used for the preparation of composite materials
with anisotropically oriented GO, the present method
can orient intact GO with essentially no limitation in
orientation direction and sample shape.

From the viewpoint of fundamental science, hydro-
gels developed here will serve as useful samples for
the study of the magnetic orientation of GO. Through
the systematic investigation of the hydrogels using
2D SAXS, the following insights were gleaned. (i) GO
planes are oriented parallel to the applied magnetic
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field. (ii) Under optimal conditions, excellent orienta-
tion can be achieved (orientation order parameter =
0.80). (iii) Effects of magnetic-field intensity, GO con-
centration, and GO size on the orientational order are
clarified. (iv) The present method is applicable over an
unprecedentedly wide range of GO concentrations
(0.02—0.2 wt %).

For practical applications, our composite hydrogels
underwent the following conversions without a drastic
deterioration in the gel network and oriented structure

EXPERIMENTAL METHODS

Materials. Expandable graphite (GRAFGuard 160-50N,
averaged size = ~350 um) was given by TOMOE Engineering
Co., Ltd. Synthetic graphite powder (SGO-45, averaged size =
~45 um) was purchased from SEC Carbon, Ltd. All chemicals were
used as received.

General Procedures. Raman spectra were recorded using a
Jobin-Yvon model LabRAM H-800 spectrometer equipped with
a 514 nm Ar-ion laser as the excitation source. Infrared (IR)
spectra were recorded at 25 °C on a JASCO model FT/IR-4100
Fourier transform infrared spectrometer. Atomic force micro-
scopy was performed by a JEOL JSPM-5200 scanning probe
microscope under tapping mode (phase imaging). Scanning
electron microscopy with energy dispersion X-ray spectrometry
(SEM/EDS) was carried out on a JEOL JSM-6330F/JED-2200.
A JASTEC JMTD-10T100 superconducting magnet with a vertical
bore of 100 mm was used for the preparation of hydrogels with
magnetically oriented GO nanosheets. Polarized optical micro-
scopy was performed under crossed polarizers by using a Nikon
model Eclipse LV100POL optical polarizing microscope. Rheo-
logical tests of hydrogels were carried out at 25 °C by using an
Anton Paar model MCR-301 rheometer, with a 25 mm diameter
parallel plate attached to a transducer. The gap was setat 5 mm.
X-ray photoelectron spectroscopy was carried out using a
Thermo Fischer Scientific KK model ESCALAB 250 spectrometer.

Preparation of Graphene Oxide Samples. For the preparation of a GO
sample with larger average size (~50 um), expandable graphite
(average size = ~350 um) was pretreated with a microwave and
then oxidized and exfoliated by using a modification of Hummers's
method.*? Briefly, concentrated H,SO, (138 mL), NaNO; (3.0 g),
and KMnOy, (18.0 g) were successively added to graphite (3.0 g) at
0 °C. After being allowed to warm to 35 °C, the mixture was treated
with water (240 mL), heated to 90 °C, and then treated with
30% H,0; (9.0 mL) to afford a suspension of a yellow paste. The
solid mass was collected by ultrahigh-speed centrifugation
(1 x 10* rpm) and successively washed with aqueous HCl (30%,
3 x 100 mL) and deionized water (100 mL). The resultant solid was
dried in air to afford GO as a black powder (2.8 g). A GO sample
with smaller average size (~0.3 um) was prepared from the
synthetic graphite powder sample with an average size of 45 um
(SGO-45), by using the modification of Hummers's method®? as
above. Characterizations of the resultant GO samples are given in
the Supporting Information (Figures S1—S54).

Preparation of GO-Hybridized Hydrogels. Typically, an aqueous
GO dispersion was prepared by sonication of a mixture of water
and GO powder (average size = ~50 um; 0.20 wt %).3'°>*3 To
the aqueous GO suspension (6.0 mL) were added an acryl
monomer (N,N-dimethylacrylamide, 200 mg) and a cross-linker
(N,N'-methylenebis(acrylamide), 10 mg) and dissolved. The
mixture was left to stand in the bore of a superconducting
magnet (10 T) at 20 °C for 30 min and then successively treated
with an aqueous solution of potassium persulfate (50 mg mL™",
20 uL) and N,N,N',N'-tetramethylethylenediamine (10 uL). The
resultant mixture was allowed to stand at 20 °C in the 10 T
magnetic field for 12 h to afford a GO-hybridized hydrogel.

2D Small-Angle X-ray Scattering Measurement. 2D SAXS was car-
ried out at BL45XU in SPring-8 (Hyogo, Japan)®® with a Rigaku
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of GO: (i) GO in the hydrogel was readily converted into
RGO by treatment with reductants; (ii) internal water of
the hydrogels hybridized with anisotropically oriented
GO/RGO was replaced with organic solvents and an
ionic liquid to afford organogels and ionogels, respec-
tively. Given the easy preparation, generality in terms
of sample shape and GO concentration, and excellent
orientation order, the present GO/RGO-hybridized hy-
drogels could potentially serve as novel carbon-based
soft materials.

imaging plate area detector model R-AXIS IV++-. The scattering
vector q [q = 4 sin 6/4; 26 and 1 are scattering angle and
wavelength of the incident X-ray beam (1.00 A), respectively]
and the position of an incident X-ray beam on the detector were
calibrated using several orders of layer reflections from silver
behenate (d = 58.380 A). The sample-to-detector distance was
2.5 m. A hydrogel sample was sliced into films with a thickness
of ~1 mm just before SAXS measurements. For azimuthal angle
(see Figure 2, @) plots, scattering in 2D SAXS images at g =
0.08—0.44 nm™~" was integrated for every 5° in azimuthal angle,
by using Rigaku model R-AXIS Display software.

Chemical Reduction of GO to RGO in the Anisotropic Hydrogel (refs 59,
60). A GO-hybridized hydrogel (~50 um-sized GO/monomer/
cross-linker = 0.20/3.0/0.16 wt %, 1.0 g) was immersed in an
aqueous solution (10 mL) of KOH (1.6 M) at 20 °C for 2 h and then
in an aqueous solution (10 mL) of HI (55%) at 20 °C for 12 h.
Then, in order to remove excess chemicals, the resultant
material was soaked in fresh water (20 mL) twice for 12 h
at 20 °C.

Conversion of GO/RGO-Hybridized Hydrogels into Organo- and lonogels.
A GO-hybridized hydrogel (~50 um-sized GO/monomer/cross-
linker = 0.20/3.0/0.16 wt %, 1.0 g) was immersed in 10 mL of a
fresh solvent (EtOH, EG, or BMIMBF,) three times for 12 h at
20 °C. Likewise, an RGO-hybridized hydrogel, prepared by the
chemical reduction of GO in the GO-hybridized hydrogel, was
converted into the organo- and ionogels.

Preparation of an RGO-Hybridized Polymer Film. A film-shaped GO-
hybridized hydrogel film (1 mm thick, 10 mm x 20 mm width,
~50 um-sized GO/monomer/cross-linker = 0.20/3.0/0.16 wt %)
was prepared in a 10 T magnetic field that was directed
orthogonal to the film surface. The resultant GO-hybridized
hydrogel film was subjected to the chemical reduction as
described above to afford an RGO-hybridized hydrogel film
(~1 mm thick). The RGO-hybridized hydrogel film was im-
mersed in N,N-dimethylacrylamide (10 mL) containing 2,2-
diethoxyacetophenone (1 wt %) at 20 °C for 12 h three times
in a fresh mixture of N,N-dimethylacrylamide and 2,2-diethox-
yacetophenone. The gel film was exposed to a 500 W high-
pressure mercury arc light (>360 nm) at 20 °C for 30 min,
whereupon radical polymerization of N,N-dimethylacrylamide
proceeded. The resultant polymer film was extensively washed
with acetone and then air-dried.

Flash-Photolysis Time-Resolved Microwave Conductivity Measure-
ments. FP-TRMC measurements were carried out at 25 °C in
air, where the resonant frequency and microwave power
were properly adjusted to 9.1 GHz and 10 mW, respectively.
The RGO-hybridized polymer film was placed on a quartz
substrate. Charge carriers were photochemically generated
upon exposure to a 355 nm laser pulse from a Spectra Physics
model INDI-HG Nd:YAG laser with a pulse duration of 5—8 ns.
The photon density was 9.1 x 10'> photons cm™2. The ¢3u
value was evaluated according to p3u = Ad/(eFiignhio), where ¢,
31, € Fiight lo, and Ao represent charge carrier generation yield,
sum of charge carrier mobilities, elementary charge, correction
factor, photon density of incident laser pulse, and transient
photoconductivity, respectively.
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