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any properties of polymer nano-

composites are determined by

the anisotropy and orientation
of the sequestered nanomaterials. In some
cases, the anisotropy of the nanomaterial is
useful only for the realization of an isotropic
system property. For example, the bulk me-
chanical properties of polymer melts may
be enhanced by the inclusion of high-
aspect ratio nanoparticles, which have a
lower percolation threshold than an equiva-
lent mass of spherical nanoparticles.! In
other cases, the anisotropy of the seques-
tered nanomaterial imparts “higher level”
anisotropy in the bulk properties of the sys-
tem. Controlled orientation of nanomate-
rial inclusions in polymer films produced
demonstrations of anisotropic
permeability,'? thermal** and electrical>®
conductivity, enhanced mechanical
properties,”® and photovoltaic activity.”'°

Current methods for controlling orienta-
tion in nanocomposite materials, however,
are limited by their effectiveness and scal-
ability. In polymeric materials containing
single-walled carbon nanotubes (SWNTs),
mechanical shear,” anisotropic flow,”'? gel
extrusion,'® melt stretching,’ magnetic
fields,’>'¢ and electric fields'” have been
used to varying effect to induce nanotube
alignment. Despite these efforts, the fabri-
cation of aligned SWNT-polymer nanocom-
posite matrices remains difficult, particularly
in thin-film geometries where vertical align-
ment of the SWNTs in polymer films is at-
tractive for applications in size and chemo-
selective transport.'8'?

We propose a general route for the fac-
ile and scalable synthesis of polymeric
nanocomposites containing oriented nano-
materials. The concept is outlined schemati-
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ABSTRACT We demonstrate a novel path for the fabrication of thin-film polymer nanocomposites containing

vertically aligned single-walled carbon nanotubes (SWNTs). Liquid crystal mesophases of hexagonally packed

cylindrical micelles orient with their long axes parallel to an applied magnetic field and template the alignment

of SWNTs sequestered in the micellar cores. The mesophase is a stable single-phase material containing monomers

that can be polymerized after nanotube alignment to form the nanocomposite polymer. The space-pervasive

nature of magnetic fields and the tunable physicochemical properties of multicomponent mesophases make this

an attractive approach that can be leveraged for application in diverse nanocomposite systems.
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cally in Figure 1. Magnetically aligned liquid
crystalline (LC) mesophases formed by sur-
factants act as structure-directing templates
for the alignment of sequestered
nanomaterials. The surfactant mesophase
is polymerizable, either inherently due to
the structure of the surfactant, or via the in-
corporation of a monomeric species in the
formulation of the mesophase. The slow re-
laxation of lyotropic phases preserves nano-
material orientation until post-alignment
photopolymerization of the system forms
the nanocomposite support matrix. The
space-pervasive nature of magnetic fields
enables simple control over orientation,
provides excellent compatibility with thin-
film geometries, and is inherently scalable
to macroscopic dimensions exceeding sev-
eral centimeters. Furthermore, the chemical
diversity of species capable of forming lyo-
tropic mesophases provides a rich param-
eter space for addressing issues related to
nanomaterial dispersion, functionalization,
and monomer/polymer compatibility. This
synthesis route may find application in rein-
forced polymeric materials, solar cells, or
aligned carbon nanotube membranes.
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Figure 1. Proposed scheme for the fabrication of vertically aligned SWNT polymer nanocomposite thin-film: (1) sequestration of SWNT
into cylindrical micelle mesophase; (2) magnetic field alignment of cylindrical micelles; (3) polymerization of mesophase to form a poly-
mer thin-film embedded with vertically aligned SWNT.

Magnetic field alignment of materials is driven by
anisotropy of magnetic susceptibility, expressed coher-
ently on a length scale sufficient to create a free energy
difference between aligned and unaligned states that
is significant with respect to thermal energy, kT. In this
respect, magnetic alignment is analogous to electric
field alignment. The magnetic free energy difference
AFy scales as AxB?, where Ay is the anisotropy of mag-
netic susceptibility and B is the field strength, whereas
the electric free energy AFe scales as AeE?, where Ag is
the anisotropy of dielectric permittivity and E the field
strength. In practical application, however, magnetic
fields possess a number of advantages over electric
fields. The space-pervasive nature of magnetic fields,
the absence of electrode contact issues, and the inde-
pendence from dielectric breakdown concerns allow for
magnetic alignment of diamagnetically anisotropic ma-
terials without severe constraints on the geometry or
form factor of the system.?°

For nanocomposite systems with low intrinsic ani-
sotropy or small correlation volumes, direct magnetic
alignment requires field strengths that are impractical
for commercial processes. Direct alignment of nano-
tubes requires magnetic field strengths between 10 and
35 7,222 depending on the chirality and diameter of
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Figure 2. Chemical structures of (A) hydroxyethylmethacrylate (HEMA); (B)
sodium taurodeoxycholate (TDOC); (C) dodecyltrimethylammonium bromide

(DTAB); (D) Photoinitiator Darocure TPO (Ciba Specialty Chemicals). (E) Po-
lymerization reaction of HEMA to form poly(hydroxyethylmethacrylate).
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the SWNTs,2 due to the large competing effect of ther-
mal forces on the single tube length scale.?* One conve-
nient alternative is to template the alignment of the
nanomaterial via sequestration in an appropriate lyotro-
pic or thermotropic mesophase, which can be aligned
at lower field strengths of 1—5 T. The alkyl tails of pro-
totypical ionic surfactants, such as dodecyltri-
methylammonium bromide and sodium dodecyl sul-
fate, and of nonionics such as Brij possess a negative
diamagnetic anisotropy and align perpendicularly to an
applied magnetic field.?>? Self-assembly of the surfac-
tant molecules into cylindrical micelles imparts a posi-
tive diamagnetic anisotropy to the micelle as a whole,
due to the orthogonality of the alkyl tail to the long axis
of the cylindrical structure. Thus, in the hexagonal or
H, phase, the long axes of the hexagonally packed cylin-
drical micelles orient parallel to the applied magnetic
field.?~2°

In a nanocomposite mesophase containing anisotro-
pic nanomaterials, the free energy minimum is pro-
duced by parallel alignment of the nanomaterials with
respect to the mesophase director field, as this arrange-
ment minimizes elastic distortions of the mesophase.
Sequestration of SWNTs within the mesophase tem-
plate thus enables nanotube alignment concurrent with
the alignment of the mesophase.’ The final consider-
ation in mesophase alignment is the kinetic limitation
to mesogen orientation. While the thermodynamic
preference for materials with positive diamagnetic ani-
sotropy is to align parallel to the applied magnetic field,
the slow kinetics in viscous systems can prolong the
LC matrix in a nonequilibrium, unaligned state. Efficient
or rapid alignment of the mesophase is enabled by
the imposition of the magnetic field during the ther-
mally driven disorder-to-order transition of the system.
In the vicinity of this transition temperature, Topr, the
evolution of the structure is strongly coupled to align-
ment as ordered material nucleates in the presence of
the field and the thermally enhanced mobility of the
system facilitates fast alignment.

Here, we report on the phase behavior and align-
ment of a stable single-phase multicomponent system
that simultaneously forms the required anisotropic lyo-
tropic mesophase and supports the inclusion of poly-
merizable species. Importantly, the system possesses a
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Figure 3. Phase behavior of stable mesophase. (A) Scattering intensity versus scattering vector plotted from WAXS demonstrates hex-

agonal packing of cylindrical micelles in the mesophase; (inset A) 2D scattering from WAXS image plate; (B) temperature dependent SAXS
confirms temperature region of order—disorder transition; (C) transmitted intensity of polarized light as a function of temperature illus-
trates order—disorder transition at 45 °C; (D) polarized optical micrographs depicting liquid crystalline texture of the mesophase as a func-

tion of temperature.

thermally accessible order—disorder transition to facili-
tate rapid alignment, and the system also includes dis-
persants to stabilize nanotubes against aggregation.
Magnetic field strengths as low as a few Tesla direct the
alignment of hexagonally packed cylindrical micelles
on time scales less than 1 h, and these micelles tem-
plate the alignment of the sequestered carbon nano-
tubes. Polymerization of the mesophase by exposure to
365 nm UV light produces a mechanically robust poly-
mer film that maintains the aligned structure imposed
by the magnetic field on the precursor phase. We show
that this approach can be used to fabricate polymer
films in which SWNTs are aligned with their long axes
perpendicular to the film surface.

RESULTS AND DISCUSSION

We sequester and align SWNTs within a stable lyotro-
pic LC mesophase composed of surfactant dodecyltri-
methylammonium bromide (DTAB), monomer hydro-
xyethyl methacrylate (HEMA), solvent (water), cross-linker
poly(ethylene glycol)-400 dimethacrylate, and photoiniti-
ator Darocure TPO (Figure 2). A systematic survey of the
phase behavior of our multicomponent system was con-
ducted as a function of temperature and composition. Po-
larized optical microscopy (Zeiss Axiovert 200 M with
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crossed polarizers) was used to record textures of birefrin-
gent samples and X-ray scattering (Rigaku S-MAX 3000
with 2D small-angle (SAXS) and wide-angle (WAXS) detec-
tors) was used to characterize periodicities for phase iden-
tification. We isolated the H, phase space by using a polar-
ized optical microscope at room temperature to
categorize LC textures. X-ray scattering revealed the char-
acteristic 1:3:4 ratios of the square of scattering vector
peak locations seen for hexagonally packed structures
(Figure 2A). The primary reflection was at g = 0.191 A™",
corresponding to a d-spacing of 3.3 nm and a cylinder-to-
cylinder spacing of 3.7 nm.

Temperature dependent SAXS was used to deter-
mine Topr from the decay of the primary scattering
peak of the hexagonal structure with increasing tem-
perature. A smooth, hysteresis-free transition from the
hexagonally packed H, phase to a disordered micellar
phase occurs around 42 °C (Figure 3B). This is confirmed
by temperature-dependent optical microscopy in
which a plot of transmitted light intensity as a function
of temperature displays an ODT near 45 °C (Figure
3C,D). This relatively low temperature, with respect to
the boiling point of the solvent (water), affords a non-
trivial benefit over the use of surfactants such as sodium
dodecyl sulfate, which do not display a thermally acces-
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Figure 4. SAXS patterns of pre- and postpolymerized aligned samples. The arrows and cross indicate the direction of the
applied magnetic field in the plane and out of the plane, respectively: (A) in-plane alignment of sample before polymeriza-
tion; (B) out-of-plane alignment of sample before polymerization; (C) scattering from in-plane aligned sample after polymer-
ization shows that the system retains its alignment after polymerization of the host matrix; (D) integrated SAXS data show
that the pre- and post-polymerized samples have similar d-spacings of 3.2 and 3.3 nm, respectively.

sible clearing temperature in aqueous lyotropic assem-
blies. The phase boundary at 42 °C enables facile, com-
plete, and rapid alignment of the host matrix when
slowly cooled across this transition under the applied
field. In the absence of the field, however, the matrix is
sufficiently viscous at room temperature to preserve
alignment during characterization and subsequent po-
lymerization of the gel. These are crucial features of the
multicomponent system for the efficient realization of
magnetically aligned nanocomposites.

Prior work on the phase behavior of binary lyotro-
pic mesophases consisting of DTAB and water identi-
fied the existence of an H, phase between 56% and 73%
DTAB by weight, and a coexistent region of hexagonal
and micellar phases between 56% and 20% (w/w).3° No
order—disorder transition was reported for the H, phase
on increasing temperatures up to the boiling point of
the solvent (water) at 100 °C. The phase behavior of the
ternary DTAB, HEMA, and water system explored in
this work differs from the phase behavior of the binary
system in two critical aspects. First, the ternary system
possesses an order—disorder transition at moderate
temperatures (<50 °C) between a birefringent hexago-
nal phase and a non-birefringent isotropic micellar
phase. Second, the H, phase of the ternary system is
shifted to lower DTAB concentrations. One of the criti-
cal drawbacks in the utilization of lyotropic surfactant
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mesophases is the typically large volume fraction occu-
pied by the surfactant in the system. In the H, phase of
the binary DTAB and water system, for example, the sur-
factant can account for up to 73% of the total volume,
leaving only 27% of the phase space available for a sol-
vent phase that serves as a vehicle for introducing the
nanomaterial. The shift of the H, phase to lower DTAB
concentrations in the ternary system increases the vol-
ume of the system available for the inclusion of other
functional components. The phase behavior observed
here is consistent with that reported for amphiphilic
cationic monomers based on DTAB.?'

An ideal structure directing mesophase should ex-
hibit both strong diamagnetic anisotropy of susceptibil-
ity and efficient dispersion of the nanomaterial. In the
present work, alignment of the nanotubes is enabled by
their sequestration into the micellar cores of the dia-
magnetically anisotropic DTAB cylindrical micelles. The
alkyl tails of the surfactant adsorb to the hydrophobic
SWNTs to simultaneously disrupt the van der Waals at-
tractive forces between SWNTs and confine the indi-
vidual nanotubes within the cylindrical micelles.3? En-
thalpically favorable interaction between the nanotube
and the cylindrical micelle couples the orientation of
these two uniaxial species, such that alignment of the
SWNTs results from alignment of their confining me-
sophase structures. The dispersion of the nanotubes,
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that is, their stabilization in the micellar cores, repre-
sents a secondary role for the surfactant molecules
comprising the host matrix. The efficiency with which
the surfactant disperses the nanotubes in solution en-
forces a limit on the density of single dispersed SWNT in
the final nanocomposite. In the present system, we
overcame the limited efficacy of DTAB as a dispersing
agent by first debundling the SWNTSs in a 1% solution of
sodium taurodeoxycholate (TDOC) (Supporting Infor-
mation, Figure S1). The sharp absorbance peaks (van
Hove singularities) of the near-IR spectra at 785 nm ex-
citation wavelength suggest effective dispersion of the
SWNTs*3*3% in the TDOC solution and the supporting
matrix, though other researchers have also employed
small angle neutron scattering (SANS) as a metric for
quantifying SWNT dispersion.> In lieu of SANS experi-
ments, we further corroborated SWNT dispersion by
comparing transmission electron microscopy (TEM) im-
ages before and after the surfactant-aided debundling
of the SWNTSs (Supporting Information, Figure S2).

Alignment was conducted in a superconducting
magnet with tunable static field strengthup to 6 T
(AMI - American Magnetics, Inc.). The magnet features
orthogonal room-temperature bores, one of which
housed the apparatus for these experiments. The
sample chamber is isolated from the ambient condi-
tions of the bore and is temperature controlled to
+0.1 °C for precise thermal treatment of samples. Ma-
terial was loaded at room temperature into circular
sample cells 1—2 mm thick and 5 mm in diameter. To
perform alignment, the composite mesophase was
heated above its order—disorder transition tempera-
ture into the isotropic micellar phase, and slowly cooled
at 0.5 °C/min back into the H, phase in the presence of
a 5T field.

After alignment, the sample holder was transferred
from the magnet to the SAXS instrument for character-
ization of the mesophase alignment. Two-dimensional
SAXS patterns demonstrate controlled in-plane and
out-of-plane alignment of the system. In Figure 4A, the
concentration of the scattered intensity along the equa-
torial direction indicates that the cylindrical micelles
are aligned with their long axes along the field direc-
tion, which is indicated by the arrow. In Figure 4B, data
are presented for the same sample after physical rota-
tion and realignment in the field. The scattering plane is
now perpendicular to the field line. The image shows
two 6-fold symmetric patterns, indicating that there are
contributions from 2 large grains with slightly different
angular orientations in-plane, with the hexagonally
packed cylinders aligned along the field direction. The
X-rays sample a region roughly 0.5 mm in diameter, so
the alignments produced here are coherent over that
length scale. Polarized optical microscopy was also used
to confirm the production of large area monodomains
(Figure 5).
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135°

Figure 5. Angle-dependent polarized optical micrographs
of aligned system showing near uniform extinction and pas-
sage of light over large areas.

The aligned samples were polymerized by expo-
sure to UV light (365 nm) to form a poly(hydroxylethyl
methacrylate) polymer film containing surfactant-
coated aligned SWNTs. Crucially, the alignment and pe-
riodicity of the mesostructure in the polymer film are
unchanged relative to those of the lyotropic precursor.
The 2-D SAXS pattern taken from the polymerized
sample shows a well maintained alignment of struc-
tures along the field direction (Figure 4C). The primary
reflection is at g = 0.189 A~", corresponding to a
d-spacing of 3.3 nm, which is only slightly increased
relative to the 3.2 nm of the hexagonally ordered pre-
cursor (Figure 4D). The film produced is mechanically
robust and has a clear, uniform appearance (Figure 6).

X-ray scattering cannot provide a viable measure of
nanotube alignment here due to the low concentration
of nanotubes and limited electron density contrast be-
tween the SWNTs and the host mesophase. Instead, po-
larized Raman spectroscopy was used to provide a statis-
tically relevant indication of SWNT alignment within the
polymer nanocomposite. The distinct Raman modes of
the SWNT and host matrix (Figure 7A) were used to as-
sess alignment using polarized Raman spectroscopy.

SWNTs display characteristic peaks at Raman shifts of
1350 and 1590 cm ™', corresponding to the first order
peaks of amorphous carbon and 2-D graphite, respec-
tively. These Raman modes show maximum intensity

Figure 6. Polymer film containing vertically aligned SWNT.
Film thickness is roughly 1 mm.

VOL.4 = NO.11 = 6651-6658 = 2010 a@%@”%

)\

6655



6656

A —;LC matrix without SWNT B 0° C ..
—— SWNT
— 90° % 0.94
J— o c 084
- - 180 L o
=] S < 07
A2 &~ < 06+
2 2 & o5
7]
2 c T 04
kol 2 S 05
[= = 0.3
£ = s | ©
W £ ©
0.14
Z
T T T T T 1 T T T T T T T 1 0.0 T T T T T T T T T T 1
1200 1300 1400 1500 1600 1700 1800 1500 1525 1550 1575 1600 1625 1650 1675 1700 -20 0 20 40 60 80 100 120 140 160 180 200

Raman Shift (cm™)

Raman Shift (cm™)

Rotation in Degrees
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composite material; (C) normalized peak intensity calculated from the magnitude of the characteristic G band peak (1590 cm™") for SWNT
and normalized to average baseline intensity between 1510 and 1540 cm™".
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when the polarization of the incident radiation (electric
field oscillation) is parallel to the nanotube long axis, such
that a matrix of aligned SWNTSs will exhibit peak-to-valley
variations in the Raman intensity as the sample is rotated
in 90° increments.® At 0°, or when the long-axis of the
nanotube is perpendicular to the polarization of the exci-
tation laser’s oscillating electromagnetic field, the Raman
scattering from the SWNTSs should display a minimum. At
90°, however, the Raman signal intensity of the SWNT
peaks is maximized due to enhanced absorption, molec-
ular polarization, and optical conductivity along the long-
axis of the nanotube.?” Rotation of the sample by a fur-
ther 90° should result in a drastically reduced signal as the
SWNT long axes again become orthogonal to the direc-
tion of electric field oscillation of incident light. This is pre-
cisely what is observed. Raman scattering intensities
were recorded at three sample orientations, spaced by
90°, with respect to the polarization of incident light (Fig-

MATERIALS AND METHODS

Preparation of Lyotropic Matrix. A stable lyotropic LC mesophase
is formed of 47.5% dodecyltrimethylammonium bromide
(Sigma-Aldrich, St. Louis, MO), 33% deionized water, 18%
hydroxyethyl methacrylate (Sigma-Aldrich, St. Louis, MO), 1%
poly(ethylene glycol)-400 dimethacrylate (Sigma-Aldrich, St.
Louis, MO), and 0.5% Darocure TPO (Ciba, Basel, Switzerland).
The sequestered nanomaterials, in this case single-walled car-
bon nanotubes (SWNTSs), are introduced to the system via dis-
persal in the agueous phase.

To facilitate this dispersion we prepare a 1% sodium taurode-
oxycholate hydrate solution initially containing 1 g/L SWNTSs pre-
pared by CO disproportionation over highly dispersed cobalt
substituted MCM-41 and an amorphous silica catalyst at 600 °C.
The solution is suspended in an ice bath and probe sonicated for
1 h. After sonication, the solution is centrifuged in a Sorvall RC
6+ Centrifuge (Thermo Fisher, Waltham, MA) at 25000g for 1 h
to separate aggregated SWNTs. In the event of persistent aggre-
gation, the sonication and centrifugation procedure is repeated.
The solution visibly decreases in SWNT density, but the near-
infrared data demonstrate singly dispersed SWNTs at the conclu-
sion of this procedure (Supporting Information, Figure S1). De-
tails on the SWNT diameter and chirality are published
elsewhere,*® but, on average, the SWNT samples were 93%
semiconducting and 7% metallic. The dispersed SWNTs are sub-
stituted for deionized water in the preparation of the
mesophase —SWNT nanocomposite. Dispersion was maintained
across the range of weight percent SWNT in matrix that we
tested, approximately 0.028%—0.076% (Supporting Informa-
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ure 7B,C). The variation in Raman signal intensity was con-
sidered by appropriate normalization of the SWNT peak
at 1590 cm ™" to the baseline average between 1525 and
1550 cm ™.

CONCLUSION

We have demonstrated a facile method for the fab-
rication of a vertically aligned SWNT composite film us-
ing magnetic field aligned polymerizable lyoptropic
surfactant mesophases as structure directing templates.
X-ray scattering was used to characterize the field-
guided assembly process, and polarized Raman spec-
troscopy demonstrated alignment of the SWNTs. The
present approach could be of broad utility in applica-
tions ranging from membrane synthesis to photovolta-
ics, where aligned nanomaterials and periodic inter-
faces play a key role in determining the properties of
the system.

tion, Figure S3). The effects of 0.33% of TDOC on the phase be-
havior of the LC mesophase were undetectable.

Magnetic Alignment of LC Mesophase. Aligned LC mesophase
samples were prepared in both thin-film (roughly 0.1—0.25 mm
thickness) and bulk (1—3 mm thickness) geometries. The align-
ment and phase behavior between the two sample geometries
were consistent, demonstrating that surface effects were unde-
tectable or otherwise negligible in our experiment. Alignment
was conducted in a superconducting magnet with tunable static
field strength up to 6 T (American Magnetics, Oak Ridge, TN).
The temperature of the samples in the magnetic field is manipu-
lated through a programmable temperature controller (Omega,
Stamford, CT) that provides temperature control within 0.1 °C of
set points. The LC mesophase is heated to 65 °C and held at
that temperature for 1 min before cooling through Topr to 35 °C
at a rate of 0.5 °C/min. Two hours of sample annealing under
the field between 30 and 35 °C further improved the orienta-
tional order in the system. Alignment of the mesophase is con-
firmed via X-ray scattering on a Rigaku S-MAX 3000 (Tokyo,
Japan) with 2D small-angle (SAXS) and wide-angle (WAXS)
detectors.

Polymerization. The aligned mesophase is polymerized under
a 365 nm ultraviolet lamp with an intensity of 500 wW/cm? (UVP,
Upland, CA).

Polarized Raman Spectroscopy. The alignment of sequestered
SWNTs is determined using a Renishaw inVia confocal Raman
microscope (Renishaw, Gloucestershire, United Kingdom)
equipped with a polarizer and a half wave plate for orienta-
tional analysis. Using an excitation wavelength of 488 nm, we ob-
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tain the Raman shift of the sample over the region of interest
from 1250 to 1750 cm ™" at sample rotations of 0°, 90°, and 180°.
The variation in Raman signal intensity of the characteristic
graphene (G) band peak at 1590 cm ™" is considered by appropri-
ate normalization of the G-band peak intensity to the average
baseline intensity between 1525 and 1550 cm™".
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