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Abstract: We report the spontaneous liquid crystal phase separation of nanotubes (single-walled carbon
nanotubes, SWNTSs) stabilized in aqueous biological (hyaluronic acid, HA) solutions. Sonication of SWNTs
in solutions of HA produced well-dispersed single-phase isotropic dispersions which, over time, phase
separated into dispersions containing birefringent nematic domains in equilibrium with an isotropic phase.
The time required for phase separation to occur was shown to depend on the concentration of SWNT and
HA, with the attractive interactions between the SWNT and HA shifting the onset of the phase separation
toward lower concentration. This phase separation is accompanied by an increase in the dispersion viscosity
with this increase qualitatively matching the degree of phase separation. The formation of ordered phases
in biological media can offer wide opportunities for processing conducting biomaterials with aligned and

oriented domains.

Itis expected that the integration of carbon nanotubes (CNTSs)

into biomaterials will provide enhanced properties and perfor-
mancel The integration of CNTs into materials should be
facilitated by functionalization with biological molecules such
as proteins or oligosaccharides? Such functionalization can
be achieved using either a covafémr noncovaleri£ approach.
The functionalization plays two roles in that it provides a means
to effectively disperse the CNTs in a medium that is suitable

The phase behavior of CNT dispersions is of primary
importance as the starting point for their further processing into
a number of forms such as films and composites. A number of
studies have been performed investigating the phase behavior
of CNTs dispersions using diamin¥&ssurfactant$®> DNA,16
and acid§~1° Ordered phases, in contrast to those that are
isotropic in nature, offer wide opportunities for processing
materials with aligned and oriented domains, an important factor

for processing biomaterials and the biomolecule then plays aconsidering the strong anisotropic properties of CHTH.is

role in providing an appropriate interface to the biological
environment of interest. Combining the unique electronic
properties of CNTs with the biomolecular recognition capabili-
ties induced by such functionalization also provides a platform
for miniaturized biological electronics and optical devices
including sensor&?
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therefore, critical to study the interaction between CNTs and
biomolecules in solution and in particular to determine the
possibility of forming ordered phases due to the presence of
the biomolecules. In addition, major classes of biological
compounds including lipids, proteins, carbohydrates, and nucleic
acids all have been found to exist in various liquid crystalline
phase in vivo as well as in vitro under well-defined conditighs.
Their liquid crystalline structure is envisaged to have a very
important role in their biological functions and self-assembly
processed? Optimization of these dispersed assemblies under
various conditions will then lead to CNibiomolecule struc-
tures in the form of films, fibers, or coatings with controllable
mechanical and/or electrical properties.
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The phase diagram shown in Figure 2a was constructed from
COOPé | on observations made using the optical microscope immediately
6H after sonication was completed. With the use of a wide range
CH,OH of SWNT and HA concentrations it was possible to form
09  OH solutions where the nanotube bundles are homogenously
COOK dispersed forming a single-phase isotropic dispersion (hereafter
Of|oH HN CHy only referred to as isotropic). The birefringence of the isotropic
Y dispersions was also imaged using the microscope in transmis-
OH on L © An sion mode between crossed polarizers. The optical and cross-
Figure 1. Structure of hyaluronic acid (HA). polarized images of the isotropic dispersion (Figure 2b) shows
a featureless image characteristic of well-dispersed SWNTs. The
Hyaluronic acid (HA) is a glucosaminoglycan (Figure 1) jnset image is the cross-polarized image which exhibits no
distributed widely throughout connective, epithelial, and neural birefringent domains.
tissue. It is one of the chief components of the extracellular Poorly dispersed solutions result when the SWNT-HA
matrix and contributes significantly to cell proliferation and concentration ratio is not adjusted correctly (Figure 2c). The
migration. It is therefore an important molecule to investigate optical image in Figure 2c shows large aggregates of nondis-
in relation to forming biologically compatible materials based persed SWNTs that exhibit no birefringence. These poorly
on CNTs. dispersed systems were observed when the HA concentration
In this work we investigate the properties of SWNTs \as not sufficient to overcome the strong intertube van der
dispersed in solutions of HA using transmission polarized \waals attraction of the SWNTs (e.g., 0.7 wt % SWNT/0.2 wt
microscopy, dynamic light scattering, and rheology. The results o4 HA). This has also been observed in SWAONA system&®
demonstrate the remarkable dispersive properties of HA andand indicates that a well-defined minimum amount of HA has
the slow but spontaneous phase transition involving formation tg pe adsorbed onto the nanotubes in order for an isotropic
of a nematic liquid crystal phase due to organization of the CNTs gispersion to form. Poor dispersions also occur when the
in “solution”. In addition, the nanotubes are used as support concentration of HA is too great as seen for the 0.5 wt %
platforms to facilitate ordered HA-based material. SWNT/2 wt % HA dispersion. In this case the viscosity of the
Single-walled carbon nanotubes (SWNTs) made by the HiPco HA solution is too great preventing adequate dispersing of the
process were obtained from Carbon Nanotechnologies, Inc.,SWNTs. These results indicate the choice of SWNT and HA
(batch no. P0279). Hyaluronic acid HA was purchased from concentration is critical in forming homogeneous isotropic
Sigma Aldrich and used as received. All the sonication dispersions. The interaction between the SWNTs and HA is
experiments are performed in a dispersion (2 mL) containing thought to be noncovalent in nature with the HA molecule
various SWNT and HA concentrations (wt %) in Milli-Q water.  wrapping itself around the SWNTs in solution during the
The dispersions are obtained using a Branson homogenizersonication process. This wrapping phenomenon has been used
Sonifier model S-250A equipped with a 13 mm step disruptor by others to explain the dissolution of CNTs in solutions
horn ad a 3 mmtapered microtip, operating at a 20 kHz  containing large polymer moleculé3
frequency and 40 W. All dispersions were sonicated for 60 min  The efficient stabilization at low SWNT-HA concentrations
in a water-ice bath to prevent the suspension from overheating. (0.65:0.3 wt %, ratio of 1:0.47) is testimony to the remarkable
Homogeneity and birefringence of the dispersion were checkedgispersive properties of HA, with the lowest amount of HA
using an Olympus BH-2 microscope in transmission mode required to obtain a stable isotropic SWNT dispersion being
between crossed polarizers. The dynamic light scattering (DLS) 0.1 wt %. In comparison to several other dispersing agents this
experiment$' are performed at 20C on SWNT-HA suspen-  ratio is much lower. Grossiofflet al. showed, using a variety
sions, by diluting the various wt % dispersions with Milli-Q  of methods, that the minimum amount of sodium dodecyl sulfate
water filtered two times on 0.22Z«m membranes. These (SDS) required to obtain stable SWNT dispersions was 1.7 times
experiments are carried out using a Coherent Innova 90 kryptonthe amount of SWNTs (1:1.7), whereas otfReisave shown
ion laser operating at = 647.1 nm an®Paser= 70 MW and @ the optimum ratio for sodium dodecylbenzene sulfonate (NaD-
Brookhaven BI-9000AT digital autocorrelator to compute the pBS) to be 1:10. Researchers have reported that to obtain stable
scattered photons time autocorrelation function (ACF). For the swNT dispersions using biomolecules as the dispersing agent
light-scattering experiments it was necessary to allow the jt was necessary to employ a ratio of 2br 1:27 for DNA
samples to equilibrate for 2 weeks before any measurement wasgng 1:2 for chitosaf®
made, to allow any large particles that may have been present Typically for rigid polymer or rodlike particle solutions a

to sediment. Viscosity measurements were made using an Antonphase change, from isotropic to biphasic, only occurs when the
Paar (Germany) Physica MCR 301 rheometer utilizing a 20 mm

OH

parallel flat plate spindle arrangement at 5. (22) Coleman, J. N; Dalton, A. B.; Curran, S.; Rubio, A; Davey, A. P.; Drury,
Transmission electron microscopy (TEM) images were W 5’_";%3,’”;,,2@;;5333 182': Hlayan, P. M. Roth, S.; Barklie, R. C.; Blau,

recorded using a Philips CM200 HiRes TEM utilizing an (23) Curran, S. A; Ajayan, P. M.; Blau, W. J.; Carroll, D. L.; Coleman, J. N.;
. . Dalton, A. B.; Davey, A. P.; Drury, A.; McCarthy, B.; Maier, S.; Strevens,
accelerating voltage of 200 keV. A 3@ droplet of diluted A. Adv. Mater. 1998 10, 1091.

(500 times) SWNT dispersion was cast onto a lacey hole carbon(24) %gﬁ%rdé&'g van der School, P.; Meuldik, J.; Koning, CLEngmuir
copper TEM grid and allowed to dry at room temperature prior (2s) islam, M. F.; Rojas, E.; Bergey, D. M.; Johnson, A. T.; Yodh, ANano

TEM imaaqinag. Lett. 2003 3, 2.
to aging (26) Lynam, C.; Moulton, S. E.; Wallace, G. @dv. Mater. 2007, 19, 1244.
27) Cathcart, H.; Quinn, S.; Nicolosi, V.; Kelly, J. M.; Blau, W. J.; Coleman,
(21) See the Supporting Information for a brief description of the DLS method. J. N.J. Phys. Chem. Q007, 11, 66.
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Figure 2. Phase diagram of HA-stabilized SWNTs in water (a) and optical (b and c) images of the solutions taken immediately after sonication. The
symbol represents an isotropic dispersion, wheseaspresents a poorly dispersed solution. The insets of each optical image are the corresponding cross-
polarized light image (scale bar: 1@@n).

(a)

(©

Figure 3. Optical (a and c) and crossed polarized (b and d) images of 0.5:1.0 wt % S\WNTispersion taken immediately after sonication (a and b)
and 24 h after sonication (c and d) (scale bar: 461). The dispersions were sonicated for 60 min with a smal5uL) droplet of the resulting dispersion
placed between two glass coverslips followed by optical image analysis. The dispersion was set aside in an airtight sealed vial for 24 h befptbeepeati
optical image analysis.

rigid polymer or rodlike particle concentration is increased. The isotropic dispersion which exhibits no birefringence, while 24
biphasic system includes a birefringent nematic liquid crystal h later (images c and d in Figure 3) the same dispersion clearly
in equilibrium with an isotropic phase. Homogeneity and exhibits a biphasic nature that exhibits strong birefringence.
birefringence of the SWNFHA dispersions was checked using These birefringent domains coalesce when they touch each other
the microscope in transmission mode between crossed polarizerglemonstrating that they still are liquid in nature. This feature
24 h after sonication (Figure 3). The images in Figure 3 show has also been observed for SWNDNA systems at much

the phase properties of the SWNHA dispersion changing  higher concentrations and has been described as nematic
from isotropic to biphasic. Images a and b in Figure 3 show an domains in equilibrium with an isotropic phakeThe disper-

9454 J. AM. CHEM. SOC. = VOL. 129, NO. 30, 2007
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diagram was constructed using optical image analysis of SWHA
dispersions 24 h after sonication. Thesymbol represents the dispersions
that exhibit an isotropic behavior, wheretasepresents the dispersions that
have phase separated into a biphasic system. The poorly dispersed solution{s
are represented by the symbol. The dashed line represents the domain
boundary between isotropic and biphasic dispersion.

precipitation 6 months after dispersion formation. The phase- 1.0 wt % SWNT-HA and (b) 0.50:1.0 wt % SWNFHA dispersions taken

separated dispersions also showed the same stability with nommediately after sonication, no birefringence domains are visible; (c) 0.25:
. . . . .0 wt % SWNT-HA, the birefringence domains are visible; (d) 0.5:1.0
SWNT aggregations being observed under optical mlcrOSCOpywt % SWNT—HA, the birefringence domains have increased and appear

analysis. to have coalesced. Micrographs ¢ and d wereria&éeh after sonication
Rai et al’8 and Davis et at® have elegantly shown that (scale bar: 10Q:m). The dispersions were sonicated for 60 min with a
. . . small (~25uL) droplet of the resulting dispersion placed between two glass
SWNTs in superacids roughly parallel the phase behavior of . erslips followed by optical image analysis.
rodlike polymers. With increasing concentration, such systems

exhibit transitions from dilute to semidiluted solutions. At even eyolution of the phase boundary is observed at longer times,
higher concentrations, the systems phase separate into a liquiynd this phase diagram can be considered to be at equilibrium.
crystalline nematic phase in equilibrium with an isotropic phase.  The time taken for an isotropic dispersion to separate into a
The formation of the nematic phase can be understood in piphasic system was found to be dependent on the concentration
systems of hard rods by just considering translational and of the SWNT-HA dispersion. The general trend appears to be
rotational entropie$.In the absence of interactions other than that at a fixed concentration of HA the rate of phase separation
hard core, the transition occurs at a volume fraction 0DA.3  increases as the SWNT concentration is increased. Two different
whereD andL, respectively, are the diameter and length of the g\wNT—HA dispersions were compared immediately after
rods?® However, attractive interactions can shift the onset of ggnication using optical microcopy taken between crossed
the phase separation toward lower concentra¥dANematic polarizers (Figure 5, parts a and b) and adih after sonication
nanotube phases reported so far have only been observed UPOfFigure 5, parts ¢ and d). The SWNTHA dispersion depicted
increasing concentration. The transition from isotropic to jn the micrographs a and c in Figure 5 correspond to a ratio of
biphasic system for the SWNTHA dispersion described here 0 25:1.0 wt %, whereas micrographs b and d in Figure 5
is a spontaneous process that occurs as time elapses withouorrespond to 0.5:1.0 wt %. As stated above, immediately after
any further addition of SWNTs. The vials containing the gpnjcation both dispersions were homogeneous and isotropic
dispersions were sealed with an airtight snap lock lid between yjith no birefringent domains visible. tA8 h postsonication
optical measurements to avoid unwanted evaporation of the (Figure 5, parts ¢ and d) both dispersions exhibited a biphasic
solvent, which would result in an increase in SWNT and HA  system with birefringence visible. It is clear, however, that the
concentration. To our knowledge this is the first example of proportion of the birefringence domains in micrograph d is
slow but still spontaneous phase transitions from isotropic to a greater than in c. This time dependence is also seen for HA,
biphasic system for CNT systems. This spontaneous phasenamely, when the SWNT concentration is fixed and the HA
transition is dependent on the ratio of SWNHA concentration  concentration increased of phase transition occurs more rapidly.
which is highlighted in the phase diagram presented in Figure These results indicate that it is possible to control the time of

4. This phase diagram was constructed using optical andphase separation by either varying the SWNT or HA concentra-
birefringence measurements taken 24 h after sonication. Therejgn while keeping the concentration of the other dispersion

is a distinct phase boundary separating the isotropic and biphasiccomponents fixed.

region (indicated by the dashed arrow in Figure 4). Above this  Many studies have shown that noncovalent functionalization
phase boundary the isotropic dispersions spontaneously changgf SWNTs by biological molecules facilitaté$!32the debun-

to a biphasic system within 24 h of sonication. No further dling of SWNTSs into homogeneous dispersions. By considering

(28) Grosberg, A.; Khokhlov, AAdv. Polym. Sci1981 41, 53. (31) Dalton, A. B.; Ortiz-Acevedo, A.; Zorbas, V.; Brunner, E.; Sampson, W.

(29) Savenko, S. V.; Dijkstra, Ml. Chem. Phys2006 124, 234902. M.; Collins, L.; Razal, J. M.; Yoshida, M. M.; Baughman, R. H.; Draper,

(30) Dogic, Z.; Purdy, K. R.; Grelet, E.; Adams, M.; FradenP8ys. Re. E R. K.; Musselman, I. H.; Jose-Yacaman, M.; Dieckmann, GAd. Funct.
2004 69, 051702. Mater. 2004 14, 1147.
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the following experimental facts, (i) the nanotubes are not well

dispersed at high HA concentration, (ii) nanotubes form a

nematic phase at lower concentration when HA is added (Figure
4), and (iii) the rate of phase separation increases when HA is
added, this phase separation behavior suggests that excess H
in solution induces attractive interactions between the nanotubeg
bundles. The exact nature of the attractive interaction is
unknown; however, we suggest depletion interactions between
the SWNTs mediated by the HA molecules in solutions as a N .
possible mechanism. Depletion interactions have been observedigure 6. Optical micrographs of 0.5:1.0 wt % SWNTHA dispersion

in other CNT system stabilized using surfactaiits® however, taken between crossed polarizers (a) immediately after sonication and (b)
to date no literature has reported this interaction mechanism /2 N after sonication (scale bar: 10n).

for SWNT systems stabilized with polymers or biological Ttaple 1. Physical Characteristics of the SWNTSs in Several

molecules. We propose that the extrapolation of the dashed lineSWNT—HA Dispersions?

in Figure 4 to [HA] = 0 should correspond to the nanotube SWNT-HA dispersion 0.1:0.1 wt % 0.5:0.5 wt %
fraction n_eeded to form a nematic phase in Fhe abse_nce of average tube diameter (nfn) 1.20 1.20
attractive interactions (3[¥L). For example consider a weight average tube lengtutn)® 1.22 &0.03) 1.41 £0.04)
fractionf,, = 0.7 wt % for the phase separation at [HA]O. If aspect ratit 1017 ¢£34) 1175 ¢29)
phase property single-phase isotropic biphasic

we assume a density of 1.3 g/e# for the nanotubes, this
means that the volume fractiofi)(is 0.54%. If we take, = aThe dispersions were prepared by sonicating the SWNA solution

3.3D/L, this yieldsD/L = 1.8 x 1073 (L/D = 555). This result for 60 min using a 13 mm step disruptor horrdan3 mmtapered microtip,
operating at a 20 kHz frequenc¥The tube diameter was measured from

Is reasonable for thin bundiles of nanotubes. TEM images taken from a diluted SWNT dispersion (ref 37)he average
When HA is added, the phase transition is shifted toward tube length was determined using the DLS method (ref 8Bhe aspect
lower nanotube concentrations. This is a case of a water-basedatio was calculated by dividing the average tube length by average tube
diameter. For the liquid crystal behavior we have to take into account the
nematic SWNT phase where the phase is simply controlled by aspect ratio of the SWNT bundlesThe phase property was imaged 24 h
varying the amount of dispersing additive. This allows the after sonication.
precise control of the system where the extent of phase
separation can be chosen by the precise addition of a water-whereby long sonication times at high energy result in a decrease
soluble biological molecule. In addition, attractive interactions in length® The spontaneous phase transition observed in the
allow the formation of nematic states at very low concentrations. SWNT—HA system cannot be attributed to variations in the
Interestingly Rai et at® and Davis et al® also observed =~ SWNTs aspect ratio from sample to sample as the dimensions
variations of the onset of phase separation by changing theof the SWNTs have been shown, using DLS and TEM, to be
nature of the superacids used as solvents. Their system involvedsimilar for various SWNFHA samples (Table 1). This phase
the use of a mixture of acids to form superacids 023% separation cannot be attributed to pH effects as all of the
H.SQy) to disperse the SWNTs which has to be performed in dispersions exhibited a pH between 6.2 and 6.4 regardless of
the absence of moisture. These superacid systems require carefuvhether the dispersion remained isotropic or underwent phase
handling in an anhydrous environment, whereby the system separation.

developed by us is water soluble and can be prepared at room

temperature on a laboratory bench.

Typically for CNT systems avoiding or controlling the
aggregation is difficult due to the strong van der Waals

interactions between the tubes. We have observed that withViscosity increased.

dispersions formed from solutions where the SWNT=18.5
wt % and the HA concentration ig1.0 wt % aging of the

It has been found that the change from isotropic to the
biphasic organization is accompanied by an increase in viscosity
(Figure 7). The initial isotropic dispersions all exhibited low
viscosities; however, upon changing to a biphasic system the
It was apparent that as the degree of
birefringence increased the viscosity of the dispersion increased
to the point where the dispersion that exhibited the greatest

dispersion results in the continued evolution of nematic liquid Pirefringence (nematic liquid crystal) displayed gel-like char-
crystal domains (Figure 6). These arise due to the coalescenceéCteristics. VISCQSIt){ mea§urements were performed at various
of the nematic domains and result in the formation of larger Stages after sonication with the measurements matched to the

nematic domains in equilibrium with the isotropic phase (Figure corresponding birefringent measurements (Figure 7). As the
6b). shear rate increased the viscosity of the dispersions decreases

Previous research has shown that CNT solutions can exhibit®YPical of a non-Newtonian fluid, and at all shear rates the
liquid crystalline ordering and rich rheological behavior, which Viscosity of the dispersion increased with aging. Itis clear from
is expected to depend on the tube or bundle aspect ratio.Figure 7 that as the dispersion aged the viscosity increased. As

Sonication has been shown to affect the dimensions of SWNTs Mentioned above, the phase separation displayed by the
SWNT—HA dispersions occurs spontaneously at room temper-

ature and upon aging. Therefore, in order to compare the
characteristic viscosity for each dispersion we chose the viscosity
value measured at a shear rate of 0.2 Fhis shear rate was
chosen in order to eliminate any artificial viscosity variation

(32) Zorbas, V.; Ortiz-Acevedo, A.; Dalton, A. B.; Yoshida, M. M.; Dieckmann,
G. R.; Draper, R. K.; Baughman, R. H.; Jose-Yacaman, M.; Musselman, I.
H. J. Am. Chem. So@004 126, 7222.

(33) Wang, H.; Zhou, W.; Ho, D. L.; Winey, K. I.; Fischer, J. E.; Glinka, C. J.;
Hobbie, E. K.Nano Lett.2004 4, 1789.

(34) Islam, M. F.; Rojas, E.; Bergey, D. M.; Johnson, A. T.; Yodh, ANano
Lett. 2003 3, 269.

(35) Vlgolo .; Coulon, C.; Maugey, M.; Zakri, C.; Poulin, Bcience2005

920.

(36) Badaire, S.; Poulin, P.; Maugey, M.; Zakri, Gangmuir2004 20, 10367.
(37) The TEM image is presented in the Supporting Information.
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0.5:0.5 wt % SWNTF-HA dispersion. The 0.25:0.25 wt %
SWNT—HA dispersion exhibited no birefringence 5 or 24 h
after sonication. The viscosity of the 0.25:0.25 wt % SWNT
HA dispersion increased slightly in the first 5 h, then remained
constant. For this sample the attractive interaction (as indicated
by the increase of viscosity) was not sufficient to induce a phase
separation.

In summary, we have shown the slow but spontaneous phase
separation of isotropic SWNTHA dispersions into biphasic
dispersions. This transition occurs upon standing at room
temperature without any further addition of SWNTs to the
dispersion. In addition, it is possible to tune the phase separation
of the system by addition of the biological additive. These
Time (hrs) biphasic systems exhibited liquid crystalline nematic phases in

Figure 7. (a) Viscosity measurements of 0.5:0.5 wt % SWAFA (M), equilibrium with the isotropic domains. Upon standing, the

0.25:0.25 wt % SWNT-HA (@), and 0.5 wt % HA &) (recorded at a viscosity of thg dispersio_n_increased corresp(_)nding with the
shear rate of 0.2°3) recorded at = 0, 5, and 24 h after sonication, measured extent of birefringence arising from the formation of nematic
at 25 °C. The error bars represent the standard deviation obtained by phase domains. Further studies are currently taking place to
measuring at least four different samples. The dispersions were sonicatedelucidate the nature of the attractive interactions between the
for 60 min, then placed in an airtight vial and left to age for the designated . . .
time. The viscosities were recorded on a 0.250 mL aliquot of the respective SWNTs and HA as well as the microenvironment surrounding

dispersion. Optical micrographs of 0.5:0.5 wt % SWAHA (b and c) the SWNTSs during the phase separation process.
and 0.25:0.25 wt % (d and e) dispersion taken between crossed polarizers )
at5 h (b and d) and 24 h (c and after sonication (scale bar: 1Q0n). Acknowledgment. The authors acknowledge the Australian
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