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Bulk liquid-crystalline polymer (LCP) material can be macroscopically aligned by seeding the growth
of LCP domains with preoriented, single-wall carbon nanotubes (SWNTs). SWNT seeds dispersed in a
columnar polyoxazoline melt were first oriented by applying an ac electric field across the molten material.
Then, cooling the material below the liquid-crystalline transition temperature yielded domains that were
oriented in the direction of the applied field. The orientation of these domains was characterized by
temperature-controlled polarized light microscopy, static birefringence, and wide-angle X-ray scattering.
These experiments demonstrate that domains can be oriented at field strengths that are orders of magnitude
lower than those used to pole anisotropic polymers alone, and that the seeded domains can grow together
to form homogeneously oriented bulk material. Because the nanotubes act only as nucleants, very little
SWNT material is required. We anticipate that this general concept could aid the fabrication of monolithic
objects with tailored anisotropic properties from SWNJolymer composites.

Introduction films to an external electric field has also been shown to
induce alignment**> The dielectric anisotropy of most
polymers is low, so high voltages are typically required; for
example, field strengths of 15080 kV/cm were reported
to be necessary to aligh100um thick samples of lamellar
PS-PI block copolymet8 Improved methods for electrically
aligning anisotropic polymers would allow thicker, more
complex objects to be fabricated in which anisotropy is
determined by a locally applied field.

Anisotropic polymers have also been aligned by contact
with nanostructured or nanopatterned surfaces, as well as

Structurally anisotropic polymer materials are technologi-
cally useful because molecular or supramolecular order in
the material often results in anisotropic physical propetties
including mechanical, ® electrical®” or opticaf anisotropy.
When this anisotropy is a result of macromolecular assembly,
rather than processing conditions, the resulting material
typically exhibits localized regions of order ranging from
nanometers to hundreds of micrometers in size. Beyond the
scale of an individual ordered domain, anisotropic properties

may not be realized in the bulk polymer due to variation in . o . -
Y holy crystalline substrates, where epitaxial ordering of a periodic

the orientation of adjacent domains. To maximize structural .
i N : . polymer structure adjacent to the surface pattern propagates
anisotropy, these individual domains must be macroscopi-:

. o ; . into the bulk!” This method has the advantage that no
cally aligned. Macroscopic alignment of anisotropic polymers

has been achieved by several techniques in which a uniformexternal force is required, but alignment typlcally only
aligning force is applied to bulk material. Domains of propagates over a short depth. To some extent, this depth

- : : depends on the relative scale of the surface features and the
anisotropic polymers are commonly aligned by shear forces

during extrusion as a fiber or sheéet3 but exposure of thin periodicity of the polymer structure. Micrometer-thick films
' of block copolymers, in which the scale of segregated
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Scheme 1 applied to align other anisotropic polymer materials. In fact,
— 1 the method reported here succeeded in aligning an LCP
| 'f\ >, kl\\_\ apply | )}I — gL I \ material tha_t, in the absence qf SWNTs, had failed to respond
- ,_r(f\(_r ~ ;: T/ (f I,_f ,\"‘:swur to electroalignment even at high field strengths. We propose
D — —— : : that dispersing and orienting nanorods within anisotropic
above T ¢ | polymer melts could provide a general method for templating
felele] i i i
Y below Twl the orientation of the polymer in complex forms and patterns.
-0 [ —— Experimental Section
g ;\ro N v Pt
OCroHar T - $ viewing Materials. Poly{ N-[3,4-bisf-decan-1-yloxy)benzoylethylene-
1 '\{ .S % L\ ¥ imine} (1),26 which forms a hexagonagf, pmm) liquid-crystalline
I

phase between 60 and 120, was synthesized{, = 6300 g/mol;
PDI = 1.12), and composited with SWNTs (Carbon Nanotech-
metric axes of a highly ordered pyrolytic graphite surface, nologies, Houston, TX; length-43 xm, diameter 0.791.1 nm) to
and this orientation propagates into the bulk pHése. form 1:SWNT as previously describéd.The concentration of
We have recently expanded this concept to demonstrateSWNTs in thel-SWNT composite was determined to be 876
that order in a bulk polymer mesophase can also propagatel0—* wt % by UV—-vis spectroscopy, using a specific absorptivity
from the surface of suspended nanorod templates. Single-Of € =0.0286 mg L* atZ = 500 nm’ _ _
walled carbon nanotubes (SWNTSs) that were suspended in _Polarized Light Microscopy (PLM). Domain formation was
the columnar LCFL were shown to template local alignment 22Sérved using an Olympus BX51 polarizing microscope equipped
. with a 1/104 Brace-Kd&hler compensator. The optical electroalign-
of self-assembled columns of polymer in the hexagonal

. ment experiments were performed using two pieces of indium tin
1
phase:" As the LCP-SWNT composite was cooled from oxide (ITO) coated glass (Delta Technologies, Stillwater, MN)

the isotropic melt below the liquid-crystallization transition  aitached to ultra-high-temperature single-conductor wires using a
temperatureTc), the nanorods induced coaxial growth of conductive epoxy (Cepoxy 1025, AIM Solder). The sample
uniform, ellipsoidal domains with an orientation determined thickness was controlled with a 126n PTFE gasket. This cell
by the direction of the SWNT seed. The local aligning was placed in an Instec HCS402 heat stage mounted in the
influence was demonstrated at extremely low SWNT loading, microscope, and the stage temperature was controlled by an Instec
indicating that only a small amount of SWNTs are required STC200 heat controller. The electric field was generated by
to template alignment in bulk material. Although cooperative attaching the electrodes to a Hewlett-Packard 8116A function
alignment of nanotubes by small-molecule liquid crystals has 9enerator. The field was applied while the sample was heated to
been previously reportéd;2* this work demonstrates that 120 C for 15 min and then cooled to 11°Q at 0.1°C/min where
nanoscale rods could kinetically template the organization it was .held. for_5 min beforg bemg_ CO.OIEd. 10 36 at 0.1°C/min.

- . . . . Static Birefringence. In situ static birefringence measurements
of millimeter-scale domains of anisotropic material. The

. . ) . : ; were obtained by passing vertically polarized light from a HeNe
dimensions of SWNTs are ideal to induce alignment in LCPS 5501 through the sample in the optical electroalignment cell,

because the diameter-{ nm) is similar to the molecular  fo|lowed by a horizontal polarizer. The laser intensity was recorded
dimensions of the polymer and the high aspect rdtid ¢ using a photodiode placed after the horizontal polarizer. Intensity
1000) ensures one-dimensional templating of the surroundingmeasurements were obtained throughout the same heating/cooling
mesophase. However, to translate this local influence into protocol described above for the PLM experiments.

macroscopic alignment, the SWNT seeds must be universally Wide-Angle X-ray Scattering (WAXS). In situ wide-angle
aligned prior to domain growtk. scattering analyses were performed on a Bruker AXS microdif-

We report that SWNTs suspended in a columnar LCP melt fractometer using Cu & radiation ¢ = 1.542 A) from a 2.2 kw
can be oriented by an applied ac electric field, and that sealed source operating at 40 kW and 18 mA. A fixed laser pointer

b t i f thi terial belo Its i and video microscope allowed for precise alignment of the heat-
subsequent cooling of this material belolwe resufts in stage aperture with the X-ray beam. The electroalignment cell

coaxial seeding and global alignment of the LCP material ,ngisted of two pieces of 126n thick, carbon-black-filled PTFE
(Scheme 1). The field strength required to achieve bulk pewal, Saunderstown, RI) attached to the function generator by
alignment was significantly lower than what is typically alligator clips. An unfilled piece of PTFE between the two
conductive sheets acted as a spacer and prevented electrical contact.
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The heating elements were covered by 1 mil adhesive Kapton
(Bertech, Torrance, CA) to prevent electrical contact while the heat
was allowed to conduct. The heat stage was aligned with the beam
such that the beam and electric field lines were parallel. The primary
beam was collimated to 5Q@m. Scattering patterns were collected

at a sample to detector distance of 30 cm with a multiwire two-
dimensional area detector (Siemens Hi-star). The electroalignment
cell did not account for any noticeable scattering or attenuation of
the incident X-ray beam.
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Results

A primary aim of this work was to apply an electric field
to orient SWNTs by dielectrophoresig®in the LCP melt,
prior to cooling the material and seeding domains. Previous
work has shown that applying ador ac! field across a
suspension of SWNTs will align the tubes in the direction
of the applied field. This effect has been used to orient
SWNTSs to cross an electrical gamr to direct SWNTSs in
suspension to the end of STM tipsln the case of a carbon
nanotube in a viscous polymer, the aligning field must be
strong enough to counteract the rotational rediffusion of the
tube. Using Ruoff's expression for the electric field required
to overcome Brownian motion in a nonconductive medium
(and assuming = 2.5)3% a conductive nanoscale rod with
a diameter of 1 nm and a length ofi®n would require a
minimum field strength of~90 V/cm, regardless of viscos-
ity.34 Although the polymer viscosity does not determine the
required field, it does determine the rod alignment time. We
estimated that a uniform field of 480 V/cm applied ovetO
min would be sufficient to orient an SWNT suspended in a
polymer with a viscosity of 30 Pa3334 Electrophoretic
migration of the nanotubes toward the electrodes was
minimized by applying an ac rather than a dc figldind Figure 1. PLM images ofl:SWNT cooled belowT ¢ without an applied
the paralll-plate electrode geometry ensured field homoge-14(& 0 andwih an spplec ac e of 50 and B0 i), mages
neity. Frequencies in the megahertz range have been reporte@hages due to the optical influence of a Bra¢@hler compensator placed
to have different influences on metallic and semiconducting in the optical train. The compensator also causes the isotropic material
SWNTs so only frequencies below this range were studied. SU"0unding the domains to appear gray (rather than black).

The orientation of nanotube-templated LCP domains was
first characterized by polarized light microscopy, where the [
observation and applied field axes were the same. Under
these conditions we expected both the electroaligned SWNT
seeds and the resulting ellipsoidal LCP domains to be
oriented along this vertical axis. We anticipated that, in
contrast to our previous observations of elliptical, highly
birefringent domains ofl-SWNT perpendicular to the
viewing axis?! vertically aligned domains would appear
circular and faint (nonbirefringent) under the polarized light
microscope. In the absence of an applied field, domains
formed in the electroalignment cell looked similar to those
previously reported (Figure ¥a) 2! On the other hand, when
a 480 V/cm, 80 kHz ac field was applied to a 12% thick _
sample of1-SWNT, the domains that formed beloWc : T N
appeared .eXtremer faint, circular, and mostly qnlformly light Figure 2. PLM images of al-SWNT sample cooled from isotropic at
or dark (Figure 1e-). The shade of the domains could be ¢.1°c/min to 110.8°C: (a) 120s, (b) 240 s, (c) 360 s, and (d) 600 s after

switched between light and dark, or made to disappear, by initial domain nucleation was observed. The small needle-shaped domains
that gradually grow above the large white domains are brighter and more
K K K - - brightly colored because their perpendicular orientation maximizes bire-
(28) Jones, T. BElectromechanics of ParticlesCambridge University fringence (x — ny).
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ci. Process. 76, 397-400. ; : .
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Figure 3. Time-resolved static birefringence &fSWNT as the material 2 700
is cooled througlT, ¢ (a) without an applied field and (b) with an applied g |
field of 6.0 V and 80 kHz. The sharp peak in each graph is attributed to the g 600 | l l
domain growth passing through the size that produces the maximum phase - J Ll “ |\ II
difference3® mh‘ . It :"4
ful '
k
phoretic migration of the dispersed SWNT seeds, migration 0 1°0x (deZOSees}m

of SWNTs in a uniform ac field has been previously ° . . .
observed; and here appears to have been confined to the {19 (a) In situ WAXS pattern ol-SWNT cooled without an applied
) ield. The radius of observed scattering correspondsdespacing of 3.4

edges of the material. nm, consistent with that of purk26 (b) Scattering intensity as a function

The majority of1-SWNT material appeared to have been of azimuthal angle for image a. (c) In situ WAXS pattern df-SWNT
aligned by the effect of the dispersed, field-oriented nano- gggt'tee(:i;‘g?ﬁ{eﬁgigpgﬁﬂ]ggf gf 6.0 V:and 80 kHz. (d) Angle-dependent
tubes. By contrast, the pure LCP was not observably
aligned by any applied field strength or frequeitynd coincident beam and applied field axes, and the same
exhibited the characteristic radial growth pattern previously temperature program was used. The collimated X-ray beam
reportect® Other dispersed nucleants, such as 23004 size (0.25 mr) in these experiments was large enough that
wt % spherical carbon black, reinforced radial growth one or more domains could contribute to the observed
regardless of whether a field was appl#dlectroalignment ~ scattering pattern. We anticipated that, as is typical for
of 1:SWNT was observed over a range of applied field hexagonal columnar phases, scattering peaks with 2-fold
strengths, between 300 and 800 V/cm. For applied fields radial symmetry should be observed for homogeneously
below this range, samples looked identical to those which oriented domains perpendicular to the beam axis and 6-fold
experienced no applied field. Above this range, all domains symmetry for domains parallel to this axis. Pure LGRn
appeared to be seeded by nanotubes that had been attractdfle absence of SWNTs, exhibited a radially isotropic
to the electrode surfaces. Alignment was also observed forscattering pattern on being cooled beldw, regardless of
a wide range of frequencies, from 1 Hz to 800 kHz, though Whether a field was applied or n&t.This observation is
the amount of time required to align the seeds varied over consistent with the fan-shaped and spherulitic textures
this range. observed by polarized light microscopy for this material.

To characterize macroscopic alignment in field-oriented WAXS patterns from composite SWNT, on the other hand,

1-SWNT, bulk birefringence foa 4 mn? region of the developed multiple sharp peaks as the sample was cooled
electroalignment cell was monitored as the sample was Pelow 113.0°C that could be ascribed to homogeneously
cooled. On the basis of our microscope images, this volume ©fiented liquid-crystalline domains. In the absence of an
should contain approximately 1000 seeded domains. Asapplied field, the density of peaks (and presumably domains)
indicated above in Figure 1, the collective birefringence of Was high enough that it was difficult to pair them or assign
these domains should be minimized when aligned parallel Symmetry or direction to the component domains (Figure
to the optical axis. The total birefringence of the sample along 42)- Presumably, the domains observed in these experiments
the axis of the applied field was roughly 4 times lower when Were randomly oriented as observed previously by polarized
a field was applied than in the absence of a field (Figure 3). light microscopy?*
If we assume that domains are randomly oriented in the When a 480 V/cm, 60 kHz field was applied ISWNT
absence of a field, but aligned either parallel or perpendicular@s it was cooled from the isotropic phase, the scattering
to the optical axis after a field is applied (consistent with Profiles contained sharp peaks with unmistakable 6-fold
the microscope images in Figures 1 and 2), then over 80%Symmetry (Figure 4b). We attribute this pattern to the
of the material in the field-oriented sample is vertically Nhexagonal packing of cylinders in a single growing domain
aligned3* parallel to the X-ray beam. These 6-fold symmetric patterns
The growth and orientation of LCP domains were also Were observed consistently for electroaligned samplds of
monitored by WAXS. For these experiments, the same SWNT, and were never observed for any samples of

electroalignment cell used for polarized light microscopy and for 1-SWNT without an applied field. Symmetric peaks were
bulk birefringence was mounted in the X-ray line with also not observed fdr composited with other nucleants such

as carbon black The unequal peak intensities in Figure 4b

(37) Bubke, K.; Gnewuch, H.; Hempstead, M.; Hammer, J.; Green, M. L. &€ probably due to slight tilting or misalignment of the
H. Appl. Phys. Lett1997 71, 1906-1908. symmetry axis relative to the bea¥°The 6-fold symmetry
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b 1100 tilt angles (Figure 5). These data confirm that orienting
! I SWNT seeds dispersed Inwith an applied ac electric field

(- | " ' | results in large, homogeneous LC domains that are primarily

! \

1 1\

| ‘M‘ | | oriented along the field axis.
” 'n 110" i
I /Jf lI N'MV Conclusion
In conclusion, we have demonstrated that applying an
100 200 300

X (degrees) electric field to preorient SWNTSs dispersed in a model LCP
melt results in domain formation parallel to the electric field.

d 2 * Macroscopic alignment was achieved using a low-voltage
2 . electric field and an extremely small concentration of
2 dispersed SWNT seeds. We anticipate that this method may
g 100 apply to other polymers that cannot be aligned by melt
ﬂ dielectrophoresis or that are oriented only under large field
50 strengths! We are currently investigating SWNT alignment
0 100 200 300

of other materials, including nematic-phase liquid-crystalline
polymers and anisotropic block copolymers, in which
Figure 5. X-ray scattering data from an electroaligned sample cooled to complementary assembly of materials and nanorods leads

room temperature, with the alignment axis (a) parallel to the X-ray beam {5 templated structural and physical anisotro
and (c) tilted 65 with respect to the X-ray beam. (b, d) Scattering intensity P phy by

as a function of azimuthal angle for images a and c, respectively. Of )
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