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L
arge area assemblies of single-walled
carbon nanotubes (SWNTs) have nu-
merous potential applications includ-

ing strong antimicrobial coatings,1-3 arti-
ficial muscles,4 chemical sensors,5,6 electrical
wires,7,8 and high strength fibers.9-13 How-
ever, translating the remarkable mecha-
nical, thermal, and electrical properties of
individual SWNTs into macroscopic objects
is hindered by the strong van der Waals
attraction between SWNTs and the random
entanglements resulting from many syn-
thesis schemes. Lyotropic liquid crystalline
SWNT dispersions are recognized as a
key potential precursor for the fluid phase
processing of carbon nanotubes into
aligned materials with outstanding prop-
erties.9 Several research groups have
achieved lyotropic carbon nanotube liquid
crystalline phases; however, they have all
been polydomain nematics.14-19 While
shear and other forces applied during pro-
cessing can be used to anneal defects be-
tween domains, it has been shown that
dispersions with larger domain size and few-
er defects result in fewer defects in the
assembled solid material.19 The lack of a
smooth liquid crystal microstructure in most
systemshas beendeemeda key impediment
to producing macroscale materials with out-
standing properties.20 Furthermore, while
nematic liquid crystalline phases are useful
for producing aligned films and fibers, the
inability to produce cholesteric SWNTdisper-
sions has limited the range of potential
applications. An inherent property of the
cholesteric microstructure is the selective
reflection of visible light; there is growing
interest in using films produced from chole-
steric phases in security papers and passive
optical devices such as circular polarizers,
notch filters, and reflective displays.21,22 The

majority of cholesteric film research to date
has focused on cellulose nanowhiskers; until
now, it has not been possible to achieve this
microstructure with SWNTs.
In parallel to the ongoing advancements

in bottom-up assembly of liquid crystalline
nanocylinder (e.g., nanotubes, nanowires,
nanowhiskers) dispersions,23 there has
been growing interest in dispersing carbon
nanotubes in solutions of biological mole-
cules such as DNA and enzymes. These
materials are some of the best known dis-
persants for carbon nanotubes due to their
amphiphobic nature and potential for π-π
interactions;1,24,25 they also offer the advan-
tages of green chemistry, potential biocom-
patibility, andmultifunctionality. Pioneering
work by the Poulin group demonstrated
that evaporation of low concentration dis-
persions of SWNTs in single-stranded DNA
(ssDNA)15 and hyaluronic acid (HLA)16 re-
sulted in liquid crystalline phase formation.
In addition, Hobbie et al. have shown that
SWNTs dispersed in bile salts can be as-
sembled into fibrils as a result of the meso-
genic nature of the solvent and geometrical
confinement.26 It is noteworthy that, in addi-
tion to enabling carbon nanotube dispersion,
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ABSTRACT The first lyotropic cholesteric single-walled carbon nanotube (SWNT) liquid crystal

phase was obtained by dispersing SWNTs in an aqueous solution of double-stranded DNA (dsDNA).

Depending on the dispersion methodology, the polydomain nematic phase previously reported for

other lyotropic carbon nanotube dispersions could also be obtained. The phase behavior and

dispersion microstructure were affected by the relative concentrations of dsDNA and SWNT and

whether small bundles were removed prior to concentrating the dispersions. This readily controlled

phase behavior opens new routes for producing SWNT films with controlled morphology.
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many biological molecules are themselves mesogenic.
For example, tobacco mosaic virus (TMV) was the
material used in Onsager's original work on liquid
crystalline phase formation.27 More recently, the rod-
like bacteriophage fd virus has been studied as amodel
system; this research includes fascinating work exam-
ining the phase behavior of dispersions containing
both rods and spheres.28,29 In addition, the long and
stiff helical structure of dsDNA molecules enables
formation of multiple liquid crystalline phases;30,31 the
critical concentration for cholesteric formation depends
on factors such as the number of dsDNA base pairs and
the ionic strength.30-33 Cholesteric liquid crystalline
phases of dsDNA are even evidenced to form in vivo.34-36

In this work, we compare the phase behavior of
dsDNA/SWNT dispersions produced by two different
methods. Evaporation of bulk dispersions, composed
of both bundled and individual SWNTs, resulted in
nematic phase formation, while evaporation of dsDNA/
SWNT supernatants resulted in cholesteric phase for-
mation. To our knowledge, this is the first lyotropic
cholesteric SWNT liquid crystal. The origin of the
cholesteric structure can be directly attributed to the
majority of the dsDNA retaining its helical structure
during processing. This structure can be retained or
eliminated during processing into aligned films. The
potential enhanced biocompatibility of dsDNA/SWNT
and the previously never achieved cholesteric micro-
structure suggest that the range of applications that
can be processed from liquid crystalline nanotube
dispersions may be even broader than previously
thought.

RESULTS AND DISCUSSION

The majority of DNA/SWNT dispersion research to
date has been performed using ssDNA. Similar to the
dispersion of SWNTs in ssDNA, dispersion of SWNTs in
dsDNA requires sonication; this results in high localized
temperatures and shear. In this work, an ice bath was
used to prevent significant heating of the bulk disper-
sion. In order to investigate whether sonication and/
or subsequent centrifugation affected the dsDNA

structure, we analyzed solutions of dsDNA before and
after these processing steps using fluorescence spec-
troscopy and gel electrophoresis. The absorbance ratio
at 260 and 280 nm was determined for the dsDNA raw
material. This is a typical test for purity; the measured
ratio A260/A280 = 1.86 was in the range of 1.8-2.0,
which is generally considered an indication of pure
dsDNA.37 Solutions of 0.44 vol % (0.75 wt %) dsDNA in
deionized water were characterized before sonication,
after sonication, and after both sonication and centri-
fugation. As shown in Figure 1a, the absorbances of all
three DNA solutions were almost identical. Since the
hyperchromicity of ssDNA results in a 40% increase in
absorbance relative to dsDNA,37 the absence of any
change in the absorbance spectra supports that the
solutions contained primarily dsDNA. Furthermore, for
several concentrations of each solution, fluorescence
spectroscopy was performed using picogreen, which
preferentially binds to dsDNA.38 If the processing was
creating a large amount of ssDNA, a large decrease in
the picogreen relative fluorescence units (RFU) would
be expected, but this was not observed (Figure 1b).
However, as shown in Figure 1c, sonication did sig-
nificantly shorten the dsDNA from over 10 000 base
pairs into pieces less than 750 base pairs (<0.255 μm) in
length.
The phase behavior of dispersions of 1.0 wt %

dsDNA/0.10 wt % SWNTs (10.0:1.0), 0.75 wt % dsDNA/
0.10 wt % SWNTs (7.5:1.0), and 0.50 wt % dsDNA/0.10
wt % SWNTs (5.0:1.0) were investigated using cross-
polarized microscopy and rheology. On the basis
of a SWNT density of 1.45 g/cm3, dsDNA density of
1.70 g/cm3, and a water density of 1.00 g/cm3, these
ratios corresponded to 0.59 vol % dsDNA/0.07 vol %
SWNTs (8.5:1.0), 0.44 vol % dsDNA/0.07 vol % SWNTs
(6.4:1.0), and 0.29 vol % dsDNA/0.07 vol % SWNTs
(4.3:1.0). In addition to studying the phase behavior
of the bulk dispersions, dispersions of 0.44 vol %
dsDNA/0.07 vol % SWNT were centrifuged at 17 000g
to remove bundles, and the resulting supernatants of
individual SWNTs1 were evaporated. Interestingly, re-
peated thermogravimetric analyses andmass balances

Figure 1. (a) UV-vis absorbance spectra using a 1mmpath length quartz cell for a 1:20 dilution of 0.44 vol%dsDNA aqueous
solutions before sonication (native), after sonication, and after both sonication and centrifugation. (b) Fluorescence of
successive dilutions of dsDNA solutions using picogreen. (c) Agarose gel electrophoresis of dsDNA solutions: (1) 7.5 μg of
dsDNA before sonication, (2) after sonication, (3) after sonication/centrifugation, (4) 10 μL of HiLo dsDNA marker (Bionexus)
and (5) 15 μg of dsDNA before sonication, (6) after sonication, (7) after sonication/centrifugation.
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on various concentrations of centrifuged dsDNA/SWNT
samples showed that the dsDNA/SWNT volume ratio
decreased from 6.4:1.0 to 4.4:1.0 (weight ratio of
5.1:1.0) in the supernatant.
Similar to the findings of Badaire et al.15 for ssDNA/

SWNT, the phase behavior of the bulk (noncentrifuged)
dispersions was dependent on the dsDNA/SWNT ratio;
if insufficient dsDNA was present to stabilize the
SWNTs, increasing concentration resulted in aggregate
formation. In this work, evaporation of a dispersion of
1.0:1.0 dsDNA/SWNT by weight (0.85:1.0 by volume)
resulted in the formation of visible aggregates tens to
hundreds of micrometers in diameter due to the
presence of an insufficient amount of dsDNA to coun-
teract the inherent 20-40 kBT/nm

39,40 van der Waals
attraction between SWNTs. In contrast, Badaire et al.

(2005) observed sufficient stabilization to enable liquid
crystalline phase behavior for 1:1 byweight dispersions
of ssDNA/SWNT. Since impurities are known to
stabilize SWNT dispersions by creating physical impe-
diments to reagglomeration, this discrepancy is largely
attributed to the present work using SWNT batches
with purity ranging from 92.0% to 99.7%, while Badaire
et al. used SWNTs with 80% purity.15 Differences
between the type of DNA, the dispersion preparation,
and the SWNT size distribution and surface chemistry
also likely contributed to differences in phase behavior.
Evaporation of the dispersions containing an excess

of dsDNA resulted in the phase behavior typical of
dispersions of rods.41 The dispersions were isotropic at
low concentration. With increasing concentration
(evaporation), the systems became biphasic (a liquid
crystalline phase formed in equilibrium with the iso-
tropic phase). The fraction of birefringent liquid crystal
domains increased with concentration until the sys-
tems became completely liquid crystalline at a critical
volume fraction designated φLC. Figure 2a shows that,
in the biphasic region, these dispersions exhibited

strand-like spaghetti structures similar to that ob-
served for SWNTs in superacids.18 These strands are
nematic liquid crystalline domains where the SWNTs
are free to translate along the length of the strands. In
contrast to the bulk dispersions, the initial birefringent
morphology for the dsDNA/SWNT supernatants was
narrowmoving streams of near-parallel lines indicative
of the initial stage of cholesteric liquid crystal forma-
tion (Figure 2b).
As shown in Figure 3, the differences in morphology

between the concentrated bulk dispersions and con-
centrated supernatants became evenmore dramatic at
higher concentrations. The polydomain nematic struc-
ture shown in Figure 3a for a concentrated bulk
(noncentrifuged) dispersion of 4.3:1.0 dsDNA/SWNT
at a concentration of 1.7 vol % SWNTs has a similar
microstructure to that previously observed for liquid
crystals of SWNT/102% H2SO4,

18,19 MWNTox/H2O,
14,42

and ssDNA/SWNT.15 The SWNTs were locally aligned
within each domain but are randomly oriented on a
larger length scale. The individual domains became
bright and dim as the samples were rotated between
cross-polarizers (see Supporting Information for addi-
tional images). For these dispersions, the critical con-
centration φLC for the biphasic to liquid crystal
transition depended on the initial dsDNA/SWNT ratio.
Cross-polarized opticalmicroscopywas initially used to
approximate this transition by determining the lowest
concentration at which no isotropic domains were
observed. Since this method is somewhat dependent
on the magnification and the concentrations tested,
rheology was also used for further confirmation of
liquid crystalline phase behavior and to substantiate
the estimated value of φLC. In a normal polymer solu-
tion or colloidal dispersion, the low shear viscosity
increases with concentration. However, for liquid
crystalline dispersions, viscosity does not change
monotonically with increasing concentration. The

Figure 2. dsDNA/SWNT dispersions of (a) 13.6:1.0 by volume dsDNA/SWNT (15.9:1.0 by weight) without centrifugation at a
SWNT concentration of 0.24 vol % and (b) supernatant of 4.4:1.0 by volume dsDNA:SWNT at a SWNT concentration of 0.69 vol
% under cross-polarized light.
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viscosity increases with concentration as long as the
system is predominantly isotropic. However, the in-
creasing fraction of anisotropic domains eventually
results in a decreased resistance to flow. Viscosity
therefore decreases with concentration until increas-
ing rod concentration no longer results in increased
order. Once the order can no longer be increased, the
viscosity once again increases with concentration.
Therefore, in the biphasic region, the viscosity versus

concentration curve goes through a maximum and
then reaches a minimum at approximately φLC. On the
basis of theminima shown in Figure 4, bulk dispersions
evaporated from a 8.5:1 dsDNA/SWNT have φLC ∼ 1.2
vol %, while those from 4.3:1.0 dsDNA/SWNT have φLC
∼ 1.9 vol %. This may indicate the presence of more
bundles in the 4.3:1.0 dsDNA/SWNTs since a lower
average aspect ratio would result in a higher value
of φLC.
As shown in Figure 3b, the liquid crystal formed by

concentrating the dsDNA/SWNT supernatants has a

dramatically different microstructure than previously
obtained lyotropic SWNT liquid crystals. The classical
fingerprint texture43 consisting of dark and light strips
under a cross-polarized light microscope indicates a
cholesteric structure in which the molecules are re-
spectively normal to, and in the plane of, the polari-
zer.32,43 Figure 5 shows the evolution of the cholesteric
microstructure and dispersion viscosity with increasing
concentration (additional images in Supporting
Information). A cholesteric oily streak texture of thin
near-parallel lines started to appear at 0.69 vol % of
SWNTs (3.6 vol % dsDNA) due to the amount of excess,
or free, dsDNA which was not strongly interacting with
the SWNTs. Large birefringent domains were observed
at 1.5 vol % SWNTs, where the viscosity was at its
maximum value of 2165 Pa 3 s. Still further increasing
the concentration resulted in the domains of near-
parallel set of swirling lines growing larger and the
appearance ofmany compactly distributed small sphe-
rical swirling lines resembling fish scales. Areas without
obvious fingerprint textures resembled oil paint and
also exhibited strong birefringence under polarized
light. Further increasing concentration resulted in ex-
tending birefringent domains; iridescent colors ap-
peared at the concentrations near the viscosity
minimum at 2.2 vol % SWNT. Moreover, when the
polarizer was extracted, all of these textures disap-
peared and the sample was a uniform gray. This
indicated uniform dispersion throughout the sample
without any noticeable aggregates or clusters. When
rotating the specimens relative to the polarizers, dif-
ferent domains of the cholesteric phases changed
colors, resulting in white, beige, orange, purple, light
green, and blue regions. This was due to pseudo-Bragg
reflections, which are one of the characteristic optical
properties of a cholesteric phase.43 The color variation
became more obvious with increasing concentration

Figure 4. Relationship between viscosity and concentration
at a shear rate of 0.1 s-1 and a temperature of 10 �C for bulk
(noncentrifuged) dsDNA/SWNT dispersions obtained from
8.5:1.0 (solid squares) and 4.3:1.0 (open squares) dsDNA/
SWNT by volume. Error bars are given for all points but are
smaller than the data markers in many cases. The largest
error bars are in the biphasic region at the peak in viscosity;
this is consistent with previous research on lyotropic rod-
like polymers and SWNTs in superacids.

Figure 3. Comparison of dsDNA/SWNT dispersions of (a) noncentrifuged 4.3:1.0 by volume dsDNA/SWNT at a SWNT
concentration of 1.7 vol % SWNT and (b) supernatant of 4.4:1.0 by volume dsDNA/SWNT at 2.3 vol % SWNT under
cross-polarized light.
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in response to variations in the helical pitch. The pitch
of the dsDNA/SWNT dispersions decreased linearly
from 3.45 ( 0.25 to 2.65 ( 0.15 μm when the con-
centration of SWNTs increased from 1.2 to 2.0 vol %;
this is in the transition range from the biphasic region
to single-phase liquid crystal and indicates a more
ordered alignment of molecules in the cholesteric
phase with increasing concentration. With a further
increase in concentration to 2.9 vol %, the pitch
increased to 3.38 ( 0.53 μm. At even higher concen-
trations, the fingerprint texture was absent due to the
development of a more solid-like phase; this is sup-
ported by a plateau in rheological measurements of
storage modulus versus frequency for these disper-
sions.
The surprising difference between the microstruc-

tures obtained fromconcentrated bulk dispersions and
concentrated supernatants is related to the cholestero-
genic nature of dsDNA (Figure 6a) and the initial
dispersion state of the SWNTs. Aqueous dsDNA solu-
tions prepared by the same procedure, but without the
addition of SWNTs, exhibited cholesteric phase behav-
ior. They became biphasic at 6.2 vol % and fully liquid
crystalline at φLC ∼ 12.6 vol %. These values are
markedly higher than those obtained in the presence

of SWNTs; this indicates that the presence of the
higher aspect ratio more rigid SWNTs facilitated liquid
crystalline phase formation. The pitch of the dsDNA
solutions monotonically decreased from 4.35( 0.38 to
3.02 ( 0.20 μm, while the concentration increased
from 8.1 to 19.3 vol %; these values are slightly higher
than those for the concentrated dsDNA/SWNT. The
structure and pitch of DNA cholesterics are dependent
on many factors such as the molecular length of DNA
fragments, interaxial spacing of molecules, and solvent
conditions such as osmotic pressure and ionic
strength. In addition, steric, van der Waals, and hydra-
tion forces may also contribute tomacroscopic proper-
ties of DNA cholesterics.44-46

In the presence of SWNTs, there appears to be a
competition between the tendency of the dsDNA to
form a cholesteric liquid crystal and the tendency of
the SWNTs to form a nematic liquid crystal. When the
initial dispersion is a dsDNA/SWNT supernatant con-
sisting of individual SWNTs,1 the natural tendency of
dsDNA to form cholesteric phases dominates; this
indicates that the majority of dsDNA retains its helicity
over time. The majority of bulk dispersions exhibited
the previously described polydomain nematic texture
that has been characteristic of all lyotropic carbon

Figure 5. Relationship between viscosity and concentration for concentrated supernatants of 4.4:1 by volume dsDNA/SWNT
at a shear rate of 0.1 s-1 and temperature of 10 �C. Images were taken under cross-polarized light. The SWNT concentrations
were (a) 0.69 vol %, (b) 1.5 vol %, (c) 2.0 vol %, (d) 2.3 vol %, (e) 2.5 vol %, and (f) 3.4 vol %. The scale bars are 30 μm.
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nanotube liquid crystals to date. However, in the case
of some bulk dsDNA/SWNT dispersions, such as the
6.4:1.0 dispersion concentrated to 1.3 vol % shown in
Figure 6b, small fingerprint regions were observed due
to the excess amount of free dsDNA. However, these
small regions did not form continuous domains and
were not visible at higher concentration. We believe
that, in the bulk dispersions, the presence of SWNT
bundles physically impedes the formation of continu-
ous cholesteric domains. In addition, Cathcart et al.47

have suggested that dsDNA denatures in the process
of debundling SWNTs over a time period of approxi-
mately 30 days. Therefore, the presence of SWNT bun-
dles in the bulk dispersion may result in some dsDNA
denaturation during the evaporation process and a
reduction in the driving force for cholesteric phase
formation.
It has previously been shown that processing ne-

matic liquid crystalline dispersions is a promising route

for producing aligned solid materials such as films and
fibers.9,10,19,48 Considerably less is known about pro-
cessing lyotropic cholesteric dispersions.49 Research
on cellulose nanowhisker liquid crystals has shown that
retention of helicity during processing can enable films
with controllable optical properties that can be used
for such circular polarizers, reflective displays, and
security papers.21,22 Spreading cholesteric dsDNA/
SWNT dispersions (2.0 vol % SWNT) onto copper tape
by roller coating, allowing the coating to dry, and
removing the substrate resulted in approximately
20 μm thick films which were translucent over ambient
light (Figure 7a). Under cross-polarized light, they
appeared either bright or dark depending on the
orientation of the polarizer. SEM of these films
(Figure 7b,c) revealed an aligned densely packed
structure composed of dsDNA/SWNT bundles ranging
from 8 to 22 nm in diameter; the alignment and
packing in this microstructure is far superior to our

Figure 6. Fingerprint texture in (a) 19.3 vol % of dsDNA solution and (b) bulk 6.4:1.0 by volume dsDNA/SWNT dispersion at a
SWNT concentration of 1.3 vol %.

Figure 7. (a) Translucent film obtained from a 4.4:1.0 by volume supernatant of dsDNA/SWNT dispersion (∼2.0 vol % of
SWNTs) by shearing at approximately 500 s-1 and (b,c) corresponding SEM images. (d-f) Cross-polarized optical microcopy
images of films preparedwithout applied shear. The colors vary as the sample is rotated in (d) 0�, (e) 40�, and (f) 90�. The scale
bars are (b) 10 μm, (c) 200 nm, and (d-f) 50 μm.
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previously reported aligned dsDNA/SWNT films pro-
duced from dilute dispersions using layer-by-layer
assembly and directed air streamdrying.1 These results
may indicate the shear applied during processing
induced in a cholesteric to nematic transition such as
that previously proposed for rod-like polymer solu-
tions. Since the effects of shear on cholesteric liquid
crystals are not as well understood as the effects of
shear on nematic liquid crystals, future rheo-optical
characterization and theoretical modeling of this sys-
tem may provide new insights into the shear induced
unwinding of cholesteric phases into nematic phases.
Producing the films by simply dropping the cholesteric
dispersions onto the tape and not applying any shear
also resulted in materials that were translucent under
ambient light. However, under cross-polarized light,
these films showed bright birefringent bands indica-
tive of the retention of cholesteric structure
(Figure 7d-f). These films are similar in appearance
to those obtained by Lee et al.50 for films produced
from a helical liquid crystalline phase of Au-antistrep-
tavidin M13 virus.

CONCLUSION

When dsDNA/SWNT liquid crystals were produced
from a bulk dispersion, the presence of SWNT bundles
appeared to inhibit cholesteric phase formation;
this resulted in the nematic texture typical of other
SWNT liquid crystals. When the liquid crystal was
produced from a supernatant composed only of
individual SWNTs, the helicity of the dsDNA was able
to drive the assembly of a cholesteric liquid crystal.
To the authors' knowledge, this is both the first report
of a lyotropic cholesteric SWNT liquid crystalline
phase and one of very few systems capable of forming
either cholesteric or nematic phases. The ultimate
microstructure of films produced from cholesteric
dispersions appears to be shear dependent. These
results will enable new fundamental investigations
comparing nematic and cholesteric liquid crystalline
phase behavior and shear response. In addition, they
potentially provide a foundation for previously unac-
hievable applications that utilize both the intrinsic
properties of SWNTs and the controlled optical prop-
erties of cholesteric films.

METHODS
Two batches of purified HiPco SWNTs were obtained: one

from Rice University (Houston, TX) and the other from Unidym,
Inc. (Menlo Park, CA). The purities were 99.7% and 92.0%,
respectively. Lyophilized salmon testes dsDNA with 5.4% so-
dium salt was purchased from Sigma-Aldrich, Inc. (St. Louis,
MO). The length of dsDNA fragments before and after sonica-
tion and centrifugation was measured by running dsDNA
samples on 1% agarose gel in 0.5� TAE buffer with Bionexus
HiLo dsDNA marker. Ethidium bromide was stained for visuali-
zation. The dsDNA fragments were determined to be double-
stranded even after sonication and centrifugation using both a
UV-vis absorbance spectrophotometer and fluorometric quan-
tification. The dsDNA samples with starting concentrations of
7.5 μg/μL were diluted in TE to create different concentrations
of solutions. After plating 100 μL of dsDNA samples in duplicate
on a 96-well plate, 100 μL of picogreen working solution (25 μL
picogreen stock in 5 mL of TE) was added to each well. The
relative fluorescence units (RFU) of dsDNA assayed with pico-
green reagent (Invitrogen, Cat#P11495) were measured by
using SPECTRAFluor Plus fluorescence spectroscopy (TECAN,
Instrument serial number 94385). RFU was normalized by
subtracting off TE only (blank) RFU from all measurements
before graphing.
Optical microscopy was performed on a Nikon (Melville, NY)

Eclipse 80i optical microscope using precleaned glass slides and
coverslips. Liquid crystal images were taken in transmission
with and without cross-polarized light on a Nikon Eclipse 80i
using a Plan Apo VC 60�/1.4 NA oil immersion objective; in
some cases, additional magnification was used in front of the
camera. Films were imaged on the samemicroscope using a LU
Plan Fluor 20�/0.45 objective with 1.5� additional magnifica-
tion in front of the camera. Rheological data were acquired on
an Anton Paar (GmbH) Physica MCR 301 rheometer at 10 �C. A
double gap Couette geometry was used for rheological char-
acterization of dispersions with SWNT concentrations below 0.6
vol %; 25 mm parallel plates were used for higher concentra-
tions. The morphology and thickness of transparent films
obtained from the supernatant of concentrated dsDNA/SWNT

were determined using a JEOL 7000F FE scanning electron
microscope (SEM).
To calculate the volume fractions of SWNTs, 1.45 and 1.70 g/

cm3 were used as density of SWNTs and dsDNA, respectively. In
a typical experiment, dsDNA was dissolved in water at 35 �C for
about 45 min using a magnetic bar. The SWNTs were then
added, and the mixtures were sonicated for 30 min at a power
level of 50 W using a standard probe (13 mm diameter); an ice
bath was used for cooling. The dsDNA/SWNTs dispersions
were placed on an orbital mixer and allowed to evaporate at
ambient conditions over several weeks. Samples were collected
at different time intervals, and the concentrations of nano-
tubes were determined using an Ultrospec 2100Pro UV-vis
spectrophotometer for dilute dispersions and a TA Instruments
Q500 thermogravimetric analyzer under a nitrogen atmosphere
for more concentrated dispersions. Care was taken to ensure
that concentrations obtained by the two methods agreed for
intermediate concentrations and that a mass balance was
obtained. Additional information on the TGA and UV-vis
spectroscopy of the dispersionsmay be found in the Supporting
Information.
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