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We report on the use of a liquid crystalline host medium to align single-walled carbon nanotubes in
an electric field using an in-plane electrode configuration. Electron microscopy reveals that the
nanotubes orient in the field with a resulting increase in the DC conductivity in the field direction.
Current versus voltage measurements on the composite show a nonlinear behavior, which was
modelled by using single-carrier space-charge injection. The possibility of manipulating the con-
ductivity pathways in the same sample by applying the electrical field in different (in-plane) direc-
tions has also been demonstrated. Raman spectroscopy indicates that there is an interaction
between the nanotubes and the host liquid crystal molecules that goes beyond that of simple physi-
cal mixing. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4916080]

I. INTRODUCTION

Carbon nanotubes possess unique electrical and mechan-
ical properties and may be considered as one of the building
blocks for nanotechnologies. This has led to significant sci-
entific and technological activities in their exploitation.
Examples of possible applications include chemical sen-
sors,*? carbon nanotube field-effect transistors,”™ active ma-
trix organic light-emitting devices® and, most recently,
evolvable computation.” For the latter application, external
stimuli (e.g., electric fields) are applied to alter the behavior
of a material system (evolution-in-materio). However, proc-
essing strategies are needed to enable the controlled assem-
bly of the basic nano-components into larger, ordered
architectures. A key requirement is a method to align the
axes of both single- and multi-walled carbon nanotubes
(SWCNTs and MWCNTs). One technique that has been
attracting attention is the use of thermotropic liquid crystals
(LCs) as solvents for the nanotubes.®® This approach pro-
vides a simple means to control the alignment in both
SWCNT and MWCNT thin films.

The first report of carbon nanotubes dispersed in liquid
crystals was described by Lee and Chiu'® in an attempt to
exploit the composite in diffraction gratings. Subsequently,
Lynch and Patrick'' discussed the possibility of aligning the
nanotubes with liquid crystal molecules. In 2004, Dierking
and co-workers'? achieved such an oriented structure and
described electrical measurements based on the conductivity
anisotropy of the nanotubes: a relatively high conductivity
was found along the tube axes, but not across them. These
studies have encouraged other workers to investigate this
simple but versatile method to align nanotubes.'*>* The ma-
jority of the work has used sandwich cells prepared from in-
dium tin oxide (ITO) coated plates covered by a rubbed layer
of polyimide as a basis for conducting the electrical and opti-
cal measurements. Here, we describe the use of simple
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coplanar electrodes to investigate the behavior of carbon
nanotubes in a thin layer of a SWNCT/LC composite. This
approach should allow the design of electrically conductive
networks, the properties of which can be modified by exter-
nally applied fields.’

Il. EXPERIMENTAL DETAILS

Mixed semiconducting and metallic SWCNTs were
obtained from Carbon Nanotechnologies Inc. (Houston, TX,
USA) in dried powder form. The unsorted material comprises
about 2/3 of semiconducting and 1/3 of metallic nanotubes,
with lengths varying from 100 nm to 1000 nm and diameters
between 0.8nm and 1.2nm. The impurities represent less
than 15% of the material according to the supplier. The ne-
matic liquid crystal E7, a blend available from Merck Japan,
is a mixture of four different liquid crystal molecules:
4-cyano-4'-n-pentyl-biphenyl  (5CB), 4-cyano-4'-n-heptyl-
biphenyl (7CB), 4-cyano-4'-n-oxyoctyl-biphenyl (80OCB)
and 4-cyano-4’-n-pentyl-p-terphenyl (5CT). The materials
were used as received.

The SWCNTs were dispersed in E7 by stirring for 24 h
followed by 5 min of sonication, as reported by Schymura
et al*' The final concentrations of the SWCNT/LC blends
were 10~ "' mg/ml, 10 > mg/ml and 5 x 10~*mg/ml (the units
refer to milligrams of SWCNT per milliliters of liquid crys-
tal); the equivalents in mass percentage are 1 x 10 2%,
1 x 1074%, and 5 x 10 °%. No additional surfactants or sol-
vents were added to the solutions.

Gold electrodes were fabricated on 2in. borosilicate
glass wafers using etchback lithography. The metals were
deposited by thermal evaporation; a chromium seed layer
was used to aid gold adhesion to the glass. Figure 1(a) shows
the completed wafer of electrodes; each electrode pair, Fig.
1(b), has an electrode gap of 50 um x 1 mm. This area is
shown in more detail in the optical micrograph to the right,

© 2015 AIP Publishing LLC
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(b)

Fig. 1(c). A second design of electrode, produced by the
same method, was used to explore alignment with crossed
electrode pairs; this is introduced later in the paper (Figure
7). We used a micro-pipette tip to deposit the samples onto
the electrodes gap. The needle tip was first soaked in the LC/
SWCNT mixture; the electrode gap was then touched with
this tip. Consequently, 1 to 5 ul of the material was trans-
ferred to the substrate.

Raman scattering spectra were recorded using a Horiba
LabRam HR Evolution spectrometer equipped with a
charge-coupled detector, in a backscatter geometry, using
excitation wavelengths of 532nm, 633nm, and 785nm.
Spectra were recorded through a 1800 gr/mm grating, with a
spot size of 1 um through a x50 long working distance
objective. The spectral resolution is approximately 0.5 cm ™"
Five accumulations, each lasting 1s, were taken over the
range 100cm ™' to 3000cm .

Fourier transform infrared (FTIR) spectra were recorded
using a Perkin Elmer Spectrum 100 fitted with an attenuated
total reflectance accessory. The spectral resolution was
4cm™'. Scanning electron microscope (SEM) images of the
dried SWCNT/LC samples were recorded using a FEI Helios
Nanolab 600 focused ion-beam electron microscope. The
SEM micrographs were recorded at 5kV, 7000 x magnifica-
tion in secondary electron or backscattered electron mode to
study the nanotube distribution between the two electrodes.

A Vickers optical microscope with Canon EOS camera
was used for the polarized image analysis. Two polarizers
(one for incident and another one for transmitted light) were
employed for monitoring images of the domains, one being
fixed and the other used for the birefringence observations.

Current versus voltage (/-V) and current versus time (/-f)
measurements were taken in air at room temperature with a
Keithley 2635A sourcemeter, using an in-house MATLAB®
measurement routine for the data acquisition.

lll. RESULTS AND DISCUSSION
A. Microscopy

Optical polarizing microscopy and scanning electron
microscopy were used to investigate the alignment of the
SWCNTs in the composite films.** The optical images were
acquired through polarizers placed at 90°; no subsequent
software manipulation was used to enhance the images.
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FIG. 1. (a) Photograph of the gold
electrodes on a 2in. glass wafer. (b)
Photograph of an individual pair of
electrodes. (c) Close-up micrograph of
the electrode gap with a width of 1 mm
and separation of 50 pm.

Figure 2(a) shows a polarized optical microscope image col-
lected from the area between the electrodes before the appli-
cation of a voltage to a freshly-prepared sample, while
Fig. 2(b) reveals the SEM image under identical conditions.
The latter shows a random distribution of the SWCNT bun-
dles, with no preferred direction of alignment. On the appli-
cation of 7.5 V between the electrodes (1.5 x 10° V/m), both
the optical and SEM images change. The former, Fig. 2(c),
becomes much brighter and more homogeneous indicating
orientation of the liquid crystal molecules in the applied
field. This is consistent with the SEM image in Fig. 2(d)
(acquired 2-3 days after the image in Fig. 2(c)), which
clearly reveals changes in the distribution of the SWCNTSs
between the electrodes. A tendency of the nanotube bundles
to drift towards one electrode was also evident in our experi-
ments. This is probably related to the fact that the LC or

(a)

electrode

7.5 Volts ON

FIG. 2. Polarized optical microscope and SEM images. (a) A SWCNT/LC
composite 10~ mg/ml is placed on the electrode gap (50 um) by drop cast-
ing; the optical image is acquired from the gap region before the voltage is
applied. (b) SEM image from the sample under the same conditions. (c)
Polarized optical image collected 30 s after the application of 7.5V, and (d)
SEM image collected after the application of the electric field.
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SWCNT are charged species. Older LC displays, operated
under DC voltages, exhibited polarization phenomena (lead-
ing to their AC operation).”® Following removal of the elec-
tric field, the original (dark) optical image is observed
suggesting that the LCs have relaxed to their previous ran-
dom configuration. Video recordings showing the alignment
process for both the pure LC (video 1-control experiment)
and the 10~ mg/ml composite (video 2) are provided as sup-
plemental data.**

B. Electrical properties

Figure 3 shows [-V data for the three SWCNT/LC com-
positions (10~ 'mg/ml, 10 *mg/ml, and 5 x 10~ *mg/ml)
over the voltage range OV to 12 V. The symbols represent
three measurements, taken in sequence, from a freshly-
prepared sample: circles represent the first sweep, triangles
the second and squares the third. Each scan took about 5.
Electrical measurements undertaken with the pure E7 (as a
control) revealed negligible in-plane conductivity (data not
shown). As a general observation, it is evident that all sam-
ples possess non-linear current versus voltage behavior.
Furthermore, the electrical conductivity of each sample
increases in the subsequent voltage scan, indicating a time-
dependent effect. The greater the SWCNT concentration, the
higher the conductivity of the composite is, suggesting that
the electrical conduction pathway is through the network of
carbon nanotubes. Although the average lengths of the indi-
vidual semiconductive and metallic nanotubes (~1 um) are
significantly less than the electrode gap (50 um), the

400n 4 (A) 5x10* mg/mL
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SWCNTs will form bundles, or ropes, that are able to provide
a percolation path between the electrodes.

We suggest that the time-dependent effects are associ-
ated with the movement of the carbon nanotubes in the
SWCNT/LC composite film. In our work, the samples were
subjected to electric fields up to 2.4 x 10° V/m (correspond-
ing to 12'V), a similar value reported by Dierking et al.'* for
the alignment of carbon nanotubes dispersed in LC using tra-
ditional sandwich cells (electrode separations of about
6 um). The movement of the liquid crystal may be imparted
to the SWCNTs so that aligned nanotube bundles can be
achieved.'>? In this case, the nanotubes follow the reorien-
tation of LC director and demonstrate the guest-host effect
known for molecular solutions and dispersions of anisotropic
nanoparticles in LC hosts.?**’” However, the lengths of the
SWCNT bundles are significantly greater than the dimen-
sions of individual LC molecules. An additional (perhaps
dominant) effect, therefore, is that the nanotube bundles
align directly in the applied electric field. The role of the lig-
uid crystal host is simply to provide a low viscosity matrix,
which facilitates the orientation of the nanotubes.

The time dependence of the electrical conductivity was
further examined by measurements at a fixed applied voltage.
Figure 4 shows three /-t curves for the different concentration
mixtures with 7.5 V (1.5 x 10° V/m) applied for 30 min; the
insets in each graph reveal expanded regions showing the
current values on the first few seconds of the measurement.
For all concentrations, an abrupt increase of the current is
observed in the first few minutes; in the case of the lower
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FIG. 3. Current-voltage characteristics (I-V curves) for three measurements taken in sequence using freshly prepared solutions with SWCNT concentration of

(a)5 x 1074, (b) 10 % and (c) 10~ ' mg/ml.
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FIG. 4. Current-time measurements (/-¢ curves) for 7.5 V applied for 1800 s. The measurements were performed for solutions (a) 5 x 1074, (b) 1073 and (c)

10~ " mg/ml.

SWCNT concentrations (5 X 10~* and 1073 mg/ml), a short
delay is noted before the current begins to increase. This is
followed by a more gradual increase in the current towards a
saturation value. For the 5 x 1074, 1073, and IO*Img/ml
concentrations, the maximum currents reached were approxi-
mately 23 pA, 32 uA, and 110 pA. This maximum current is
approximately proportional to the cube root of the SWCNT
concentration. Following removal of the applied voltage, the
current immediately reverts to zero (“Voltage off” in the
figure).

The timescale of the data presented in Fig. 4 should be
contrasted to that of the experiments above (i.e., Fig. 3). In
the latter case, by the end of the three sweeps, each of the
samples had been subjected to the applied electric field for
only about 15s. This explains the significantly lower current
values shown in Fig. 3 and provides further confirmation of
the time dependence of the conductivity. This also suggests
that longer exposure to an electrical field is most likely to
lead to a greater number of conduction paths between the
electrodes by virtue of the nanotubes aligning along the field
direction.

Figure 5 shows the same conductivity data, but in a nor-
malized format. Figure 5(a) compares the /-¢ curves for all
concentrations subjected to a 1.5 x 10° V/m electric field. In
contrast, Figure 5(b) reveals -t curves for the 10_3mg/ml
solution exposed to different values of electric field. It is evi-
dent that both the nanotube concentration and voltage
applied play important roles in the alignment process. We
have attempted to fit the time-dependent conductivity data to

a number of mathematical functions. The best fits were
achieved using an exponential with two time constants, pos-
sibly associated with small and large bundles of nanotubes
attempting to move under the influence of the applied elec-
tric field, i.e.,

Y =y + Al —e M)+ Ar(1—e2), (D)
where ¢, and ¢, are the two time constants, A; and A, are the
amplitudes and y, represents an offset. The fits were chosen
so that the R? factors (correlation coefficient) always
exceeded 0.99. The time constant characterizing the initial
fast rise of the signal (#;) was found to depend on both the
concentration of SWCNTSs and the value of the electric field,
as shown by the figures listed in Tables I and II. The initial
amplitude A; also varied with both parameters, but not in a
systematic way. The time constants controlling the slower
part of the build-up (,), as well as their associated signal
amplitudes A,, were more difficult to determine reliably and
their values exhibited somewhat irreproducible behavior. It
is evident from Table I that the 10" mg/ml solution exhibits
the fastest time constant for the first stage of alignment,
while the 10> mg/ml composition is the one that reaches the
highest maximum value. The data for different applied fields
(Table II) show that an applied voltage of 10V (2.0 x 10° V/
m) produced the fastest and larger alignment for the first pro-
cess, although the results are comparable to 7.5V (1.5 x 10°
V/m). These findings suggest that the time constants of the
SWCNT/LC composite might be tailored for particular
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FIG. 5. (a) Normalized /-t curves for 7.5 V. (b) Normalized /—t curves for 5, 7.5, and 10 V applied to a thin film with a SWCNT concentration of 10_3mg/m1.

applications, e.g., materials for memresistors® or evolution-
ary computation.”’

The polarized microscopy experiments described ear-
lier (see also supplemental data®*) have suggested that the
relatively small LC molecules can change their orientation
when the electrical field is applied, but also when it is
removed. One important question is does the induced
alignment of the SWCNT molecules remain once the
applied electric field has been removed? To address this,
the samples were re-measured, and three /-V scans taken
in rapid succession (5s each, as before) following the I-¢
experiments (i.e., the samples had already been exposed
for 30min to an electric field of 10° V/m). The results are
given in Figure 6. Figure 6(a) shows data for the 10> mg/
ml thin film. The individual scans are very similar (unlike
the data in Fig. 3), suggesting that the SWCNTs have
been permanently aligned. The same study was repeated
45 days later following the storage of the samples in air
with no field applied (the samples were still in their liquid
form); the measured data (not shown) were very similar to
those in Fig. 6(a), indicating that the nanotube alignment
had been retained for, at least, six weeks.

Figure 6(b) shows I-V curves for each concentration fol-
lowing the /-t experiments described above. The plots are in
the form of Log(l) versus Log(V). Two reasonably good
straight lines (shown as full lines in Fig. 6(b)) can be fitted to
each set of data; one for lower fields exhibiting a slope of
1.0 = 0.1, and the second for higher fields with a slope of
2.0 = 0.1. The lower conductivity regime can be accounted
for by simple ohmic behavior. The break point between the

TABLE 1. Fast time constant and amplitude values extracted from the /-t
curve fitting for different SWCNT concentrations (Fig. 5(a)).

high and low conductivity regimes is dependent on the
SWCNT concentration, increasing in voltage with increasing
nanotube concentration. This suggests that the conductivity
process at high fields is dominated by space-charge effects,
which generally exhibit a current versus voltage dependence
of the form

[oc V", 2)

where 7 is an integer. In the case of single-carrier injection
n=2. The break point between the linear and quadratic
regimes is determined by the intrinsic carrier concentration,
ng, in the thin film and for a simple single-carrier injection
model, the voltage at which this occurs, V, is given by30

V, = enys’ /O¢,e0, 3)

where s is the distance between the electrodes, ¢, is the rela-
tive permittivity of the material and 0 is the ratio of free to
trapped charge. When the applied field is sufficiently high,
the injected charge concentration becomes greater than the
intrinsic charge density in the thin film, and superohmic con-
ductivity is revealed. Clearly, the value of V. does not scale
with the nanotube concentration (Fig. 6). Other factors (0, &,)
must therefore be significant in determining the electrical
behavior of our SWCNT/LC composite films.

We have also attempted to fit our data to other conduc-
tivity models, including Schottky emission and Poole-
Frenkel conduction. The curves for one sample—corre-
sponding to the 10 *mg/ml concentration—were found to

TABLE II. Fast time constant and amplitude values extracted from the /-¢
curve fittings for different electric fields applied to the 10~>mg/ml solution
(Fig. 5(b)).

SWCNT concentration (mg/ml) t; (s) A, Applied voltage (V) (electric field (V/m)) t; (s) A
5x 1074 407 0.55 5(10%) 309 0.34
1073 209 0.89 7.5 (1.5 x 10°) 209 0.89
107! 32 0.48 10 (2.0 x 10°) 196 0.92
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~0—5.0x10* mg/mL

2 Volts

FIG. 6. Three /-V measurements taken
in sequence following the /-t experi-
ments using the 107> mg/ml SWCNT

concentration sample. The samples
were first polarized for 30 min with an
electric field of 10° V/m, and then the
I-V  measurements measured in
sequence. (b) Power law plot for /-V
measurements (following /-t measure-
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exhibit an almost linear relationship between log (é) and V72,
characteristic of Poole-Frenkel conduction.>! However, the
figures obtained for the permittivity were unrealistic (with
values much less than unity). The best fits over all our data
sets were achieved using the above model of space-charge
limited conduction.

(a)

0
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We have also explored the effect of applying an electric
field in a different alignment direction. The experimental
arrangement and experimental results are depicted in Figure
7. Figure 7(a) shows the crossed planar electrode architecture
developed to measure the current in two perpendicular direc-
tions, defined as direction X and direction Y. The inset shows

(b)
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FIG. 7. (a) Four crossed electrodes utilized to investigate the conductivity in perpendicular directions, represented by direction X (between electrodes 1 and 3)
and direction Y (electrodes 2 and 4). The gap between the electrodes is better seen in the inset: 25 um with the electrode “fingers” 5 um wide. (b) /-¢ curves for
10V applied initially in direction X (square symbols), and then in direction Y (circle symbols). (c) The measurements repeated for the new sample, but now

first in direction Y (circles) followed by direction X (squares).
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the dimensional details for the electrode gap: 25 um separa-
tion with an electrode track of 5 um width. Current versus
time data for 10V (4.0 x 10° V/m) applied initially in direc-
tion X are shown by the square symbols in Fig. 7(b); the cur-
rent reaches a value of about 4 uA after 30 s. The current was
then monitored in direction Y with a voltage of 10V applied
in the same direction. In this case, the maximum current
attained was ca. 2 uA. The shorter time for the currents to
reach saturation in these experiments (i.e., compared to Fig.
4) is noteworthy. The most significant difference is the width
of the electrodes: 5 um in this measurement compared with
1 mm for the measurements shown in Fig. 4. We have previ-
ously suggested that the long time constant noted for the Fig.
4 data is related to large bundles of nanotubes attempting to
move under the influence of the electric field. It is plausible
that the much smaller electrodes used to obtain the data in
Fig. 7 do not “support” these large bundles of nanotubes and
that the time dependence of the conductivity simply reflects
the faster movements of small bundles of SWCNTs.

As our electrode arrangement is symmetrical, the most
likely explanation for the above direction-dependent data
originates from the anisotropy in the conductivity of the
SWCNTs. For the initial experiment, a significant number of
the SWCNT bundles become aligned in the direction of the
applied DC field and the conductivity is measured predomi-
nantly along the tube axes (direction X). Subsequent applica-
tion of the field in an orthogonal direction results in a lower
current, probably originating from two contributions: (i) the
conductance of the originally aligned tubes across their
lengths (radial conductance) and (ii) conductivity related to a
few of the nanotube bundles that attempt to align in the new
field direction.

To eliminate any interpretation due to possible inherent
asymmetry in the electrode architecture, fresh samples were
prepared. The electrical measurements were then conducted,
first in direction Y and subsequently in direction X. The

(@)

J. Appl. Phys. 117, 125303 (2015)

resulting data, Figure 7(c), confirm that the first measure-
ment (either X or Y) always shows higher values of current.
These results were reproducible over a period of several
weeks and with experiments on more than ten samples. The
conductivity measured in the first direction, be it X or Y,
was always the higher.

C. Raman scattering and FTIR measurements

Fourier transform infrared and Raman spectroscopies
were used to investigate the structural properties (chemical
environment) of the LC/SWCNT composites, in an attempt
to elucidate the possible interactions between the liquid crys-
tal and SWCNT molecules. We have used the laser line at
633 nm to conduct the Raman scattering measurements since
the vibrational characteristics of both molecules (E7 and
SWCNT) reveal excellent definition at this excitation. Figure
8(a) shows Raman spectra collected for the three samples
studied: pure E7, pure SWCNTs and the composite E7/
SWCNT at a nanotube concentration of 10~ " mg/ml. Figure
8(b) shows the main bands in the low frequency range.

The spectrum of pure SWCNT differs considerably
from other forms of carbon-based materials. The low-
frequency bands in the region 100-300cm ' arise from the
radial breathing modes (RBMs), which are the main charac-
teristic of single- or few-walled carbon nanotubes (not pres-
ent in graphite). The presence of multiple components at
higher frequency, around 1500-1600cm ', are associated
with the lateral vibrational modes of the SWCNTs and are
also a characteristic of this type of nanomaterial. In our sam-
ple, the individual components are the G* band, present at
ca. 15800m71, and the G~ band at ca. 1544cm™'. These
Raman features may be considered as spectral signatures of
SWCNTs and have previously been used to characterize
nanotube samples from their earliest stage of identifica-
tion.>?® The other highlighted bands in the spectra are the
D band and the G’ band, which are assigned to the disorder-
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FIG. 8. (a) Raman scattering spectra using 633 laser line for pure liquid crystal E7, pure SWCNT and the composite E7 +SWCNT at 10" mg/ml. (b) The

spectral region of the highest intensity peaks is enlarged to the left.
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FIG. 9. FTIR spectra acquired for pure liquid crystal E7 and the composite E7 +SWCNT at 10~ ' mg/ml.

induced in the nanotubes (D-band) between 1250 and
1450cm ™" and its second-order band (G’ band) usually
appearing between 2500 and 2900 cm ™' in Raman spectra of
sp2 carbon.”’ Although the D, G, and G’ modes are found in
graphite, the RBM is specific to SWCNTs and may be
exploited to determine their diameter and chirality.

The E7 liquid crystal is a multicomponent nematic mix-
ture made by substituted 4-cyanobiphenyls (Sec. II).>® The
related Raman spectra collected using a 633 nm laser on a
randomly aligned liquid crystal are also shown in Fig. 8§,
where the main vibrational modes are observed. The higher
intensity Raman bands are assigned to the biphenyl ring
deformations and the assignment of such modes has been
performed by taking into account that biphenyl belongs to
the C,, point group.>® The mode at 2226 cm ™' is assigned to
CN stretching, while the mode at 1606 cm ™" is assigned to
C=C stretching in the rings. The modes at 1178 and
1284 cm ™! are both assigned to C-H bending plus deforma-
tion of the biphenyl rings.*’

By comparing the spectrum of the composite with those
from the pure materials, we note a shift on the G* band from
1580 to 1588cm ' and in the G~ band from 1544 to
1555cm~' when the nanotubes are dispersed in E7. This,
combined with changes in the RBMs, suggests molecular
interaction between the SWCNTs and components of E7.%2°
Conveniently, the band at 1606 cm~! from E7, seen in the
bulk and in the composites, can be used as an internal refer-
ence as it remains unchanged across the samples. The E7
1606 cm ™' band does not change as the majority of the liquid
crystal remains in the bulk, remote from the SWCNT surface

Scalia et al. examined the interaction of SWCNTs and
5CB, a cyano bearing biphenyl and a component of E7.%°
The nature of the interaction was attributed to n-m stacking
between the aromatic biphenyl and SWCNTs. Similarly
Kimura et al also attributed 7-7 as the mechanism of interac-
tion between carbon nanotubes and biphenyl cyano termi-
nated oligo(phenylenevinylene).*' Indeed, Beless er al.
demonstrated that substituted biphenyl compounds, such as
those in E7, are able to adsorb efficiently onto carbon

nanotubes provided the aromatic rings were not sterically
hindered against entering a plane with each other.*?

The electron deficient cyano group, present on all the
components of E7, are known to interact with SWCNTs*****
via the formation of a charge transfer complex. Harrison
et al. reported cyano—SWCNT charge-transfer complexes to
be the cause on upshifts in the SWCNT G band of
+4 cm™ % This is consistent with earlier work, which dem-
onstrated that electron withdrawal from SWCNTs results in
an upshift in the G bands.*®*’ In contrast, 7-7 interactions in
pyrene SWCNT systems generally report little or no change
in the G band.*”

It should be noted that the RBMs are more usually stud-
ied in 7-7 interactions. The RBMs of the SWCNT (633 nm
excitation) were observed to upshift when in the presence of
E7. However, upshifts have been reported for both n-m
(Refs. 49 and 50) and charge-transfer interactions.*® In addi-
tion, the RBMs are known to shift and change resonance in
response to the degree of bundling.*” Consequently, the
RBMs do not provide any additional information other than
there is an interaction between the E7 and SWCNTs. It is
likely that the cyano groups are at least in part responsible
for the strong interaction between the E7 and SWCNTs.
Regardless of the mechanism, it is clear that there is an inter-
action between E7 and SWCNTs that goes beyond that of
simple physical mixing. The fine chemical interaction
between SWCNT and liquid crystal molecules might be, at
least, important for the alignment process reported earlier.

FTIR absorption was also used to study the behavior of
E7 in the composite film. Figure 9 contrasts the spectra for
pure E7 and E7 + SWCNT collected in transmission mode.
Apart from the small feature at around 1700 cm™ !, which is
currently subject to further study, the FTIR data reveal no
major changes in E7 when this material is present in the
composite, corroborating the Raman results.

IV. CONCLUSION

We have reported on the alignment of single-walled car-
bon nanotubes in a matrix of a commercial liquid crystal
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mixture. Optical and electron microscopies showed that the
SWCNT ropes (or bundles) can be oriented by an in-plane
electric field, although the precise role played by the LC
molecules is unclear. Current versus voltage measurements
on the composite revealed a nonlinear behavior, which was
modelled using single-carrier space-charge injection. The
possibility of manipulating the conductivity pathways in the
same sample by applying the electrical field in different (in-
plane) directions has also been demonstrated. The main
Raman bands of the SWCNTs exhibited a shift to higher fre-
quencies in the composite, indicating that the SWCNTSs and
E7 interact at the molecular level. Further experiments are
ongoing to understand the precise role played by liquid crys-
talline molecules in the nanotube alignment process.
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