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Abstract: We report a highly ordered intercalated hexagonal
binary superlattice of hydrophilically functionalized single-
walled carbon nanotubes (p-SWNTs) and surfactant (C,E;)
cylindrical micelles. When p-SWNTs (with a diameter slightly
larger than that of the C,,E;s cylinders) were added to the
hexagonally packed C,Es cylindrical-micellar system, p-
SWNTs positioned themselves in such a way that the free-
volume entropies for both p-SWNTs and C,E; cylinders were
maximized, thus resulting in the intercalated hexagonal binary
superlattice. In this binary superlattice, a hexagonal array of p-
SWNTs is embedded in a honeycomb lattice of C,Ej5 cylinders.
The intercalated hexagonal binary superlattice can be highly
aligned in one direction by an oscillatory shear field and
remains aligned after the shear is removed.

One-dimensional (1D) nanoparticles, such as single-walled
carbon nanotubes (SWNTs) and metallic, semiconducting, or
magnetic nanorods, have unique anisotropic physical proper-
ties suitable for a broad range of potential applications, such
as optical and electronic devices,"! sensing® and imaging,®!
energy storage,! and drug delivery.” The self-assembly or
guided assembly of 1D nanoparticles into highly ordered
superstructures with well-defined symmetry, direction, and
density has been of great interest as a route to collectively
enhance their physical properties and is the key to the
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practical realization of various potential applications. Many
efforts have been made with this purpose, by the use of
various methods, such as solvent evaporation,’® external fields
with patterned substrates!”! and solution-based assembly
based on various interactions.!® Among these methods,
solution-based assembly, which does not require complicated
experimental setup or extensive control of evaporation
conditions, has been of great interest.!®! For example, sol-
ubility control of functional groups,” linker-mediated inter-
actions,'” depletion attraction,'V dipole-dipole!"” and elec-
trostatic interactions,™™ and the phase behavior of amphi-
philic molecules™ have been utilized to induce the self-
assembly of ordered superstructures of 1D nanoparticles, such
as Au, PbSe, CdSe, CdSe/CdS nanorods, and SWNTs. How-
ever, these techniques are still in their early stages and have
been focused on assemblies of single-component 1D nano-
particles.

The synthesis of binary or multicomponent superstruc-
tures of nanoparticles, which may provide new properties
through synergetic coupling between different types of nano-
particles, ™™ are of great interest for various potential appli-
cations as well as its own scientific merit. Exciting progress
has been made in the fabrication of binary spherical-nano-
particle superlattices with various symmetries by using an
interplay of entropy and van der Waals, electrostatic, and
other interactions." Colloidal mixtures of 1D and spherical
nanoparticles have also been reported to self-assemble into
three-dimensional superlattices.'”” However, systematic
experimental studies on the formation of highly ordered
binary superlattices by mixtures of two different types of 1D
nanoparticles have been very rare, and the reported structures
have been limited to simple liquid-crystalline structures, such
as nematic ordering."® The main difficulties for the fabrica-
tion of binary 1D nanoparticle superlattices arise from the
high anisotropy of the interparticle interactions and the
limited availability of methods for the synthesis of highly
monodisperse 1D nanoparticles with well-controlled shape
and size. As the development of new and improved synthetic
methods for 1D nanoparticles is progressing rapidly," the
latter issue has been overcome to a certain extent. However,
the synthesis of highly ordered superlattices made of two
different types of 1D nanoparticles still remains very chal-
lenging.

One approach to the synthesis of highly ordered binary
1D nanoparticle superlattices may be to first find conditions
under which 1D nanoparticles of one type self-assemble into
a highly ordered superlattice, and then to add another type of
1D nanoparticles into the preformed superlattice so that the
second type of 1D nanoparticles can collectively self-assem-
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Hexagonal phase of functionalized SWNTs
C12Es cylindrical micelles (p-SWNTSs)

Figure 1. Mixing of two types of 1D nanoobjects. The hydrophilically
functionalized SWNTs (p-SWNTs, right) are added to the cylindrical-
micellar system in the hexagonal phase (left).

ble with the first type of 1D nanoparticles. In this study, we
investigated how hydrophilically functionalized SWNTs, the
most representative 1D nanoparticles, are self-assembled
when they are added into a hexagonally packed nonionic
surfactant cylindrical-micellar system (Figure 1). Small-angle
X-ray and neutron scattering data showed that the binary
mixture self-assembles into a highly ordered two-dimensional
intercalated hexagonal binary superlattice in which a hexag-
onal array of functionalized SWNTs is embedded in a honey-
comb lattice of cylindrical micelles. The self-assembly mech-
anism was considered in terms of the entropy-driven particle
packing of two types of 1D nanoobjects with different
diameters and the elastic-energy cost induced by the insertion
of the functionalized SWNTs into the hexagonal lattice of
cylindrical micelles. Although the hexagonally packed cylin-
drical-micellar system is not a superlattice of true 1D
nanoparticles, it consists of well-defined cylinders mimicking
true 1D nanoparticles and provides an excellent test bed to
investigate our approach to the binary 1D-nanoparticle
superlattice. The fabricated superlattice can be highly aligned
in one direction by an oscillatory shear field and remains
aligned after the shear is removed. To the best of our
knowledge, no highly ordered and highly aligned binary
superlattice of 1D nanoobjects has been demonstrated
previously.

Hydrophilically functionalized SWNTs (p-SWNTs) were
prepared and characterized in detail, as described else-
wherel™! (see the Supporting Information). In brief, HiPco
SWNTs (2 mgmL™") and the polymerizable cationic surfac-
tant cetyltrimethylammonium 4-vinylbenzoate (CTVB,
5mgmL™") were mixed in D,O and sonicated for 1h to
exfoliate bundled SWNTs. In this way, individual SWNTs
were obtained with an adsorbed monolayer of CTVB. The
CTVB monolayer on SWNTs was permanently fixed through
in situ free-radical polymerization of the counterion (VB™),
followed by ultracentrifugation and freeze drying. The p-
SWNT diameter measured by small-angle neutron scattering
(SANS) was 5.0 nm, which includes the 1.0 nm diameter of
isolated SWNTs and the 2.0 nm monolayer of polymerized
CTVB, and the p-SWNT length measured by atomic force
microscopy was approximately 500 nm. Different amounts of
p-SWNTs were added to a solution of the nonionic surfactant
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penta(ethylene glycol) monododecyl ether (C,Es) in water
with a fixed C,Es/water mixing ratio (45:55 by weight), at
which the C,Es/water solution shows a highly ordered
hexagonal phase at low temperature. For homogeneous
mixing, all the mixing was carried out at temperatures at
which the C;,Es/water mixture (45:55) was in the isotropic
phase. All p-SWNT/C,Es/D,O samples with different
amounts of p-SWNTs (0:45:55, 2:45:55, 5:45:55, 7:45:55,
10:45:55, 12:45:55, and 15:45:55) were mixed homogeneously
without any visual aggregation. The UV/Vis/NIR spectra of
all p-SWNT/C,Es/D,O samples showed sharp van Hove
transition peaks that were almost identical to those of p-
SWNTs dispersed in water, thus indicating that the p-SWNTs
in the mixed samples exist in an individually isolated form, as
they do in water (see Figure S1 in the Supporting Informa-
tion).[2!

Small-angle X-ray scattering (SAXS) measurements of
the p-SWNT/C,Es/D,O samples with different amounts of p-
SWNTs were made as the temperature was increased from 10
to 65°C (Figure 2a,b; see the Supporting Information for the
SAXS intensities at other mixing ratios). The C,,Es/D,O
(45:55) mixture went through the hexagonal phase (as
indicated by the peak-position ratio of 1:1/3:2:/7:3), the
isotropic wormlike-micellar phase, and the lamellar phase (as
indicated by the peak-position ratio of 1:2) as the temperature
increased (Figure 2a), in agreement with a previous study.””
The SAXS intensities for the hexagonal phase are very sharp
and show higher-order peaks up to the fifth order, thus
indicating that the hexagonal phase is highly ordered. The
diameter of C,,E5 cylindrical micelles in the hexagonal phase
was 4.44 nm, which was estimated from the lattice parameter
of the hexagonal phase (6.07 nm), the density, and the
concentration of C;,Es.! In the lamellar phase, the lamellar
spacing was 6.27 nm with a water gap of 3.23 nm.

As p-SWNTs were added to C,Es/D,O (45:55), two clear
changes were observed in the SAXS intensities (Figure 2b;
see also Figure S2). First, both the hexagonal-to-isotropic and
the isotropic-to-lamellar phase-transition temperatures were
increased. Second, in the hexagonal-phase region, new sharp
peaks appeared, as indicated by arrows, and their intensities
increased with the concentration of p-SWNTs. The increase in
the hexagonal-to-isotropic phase-transition temperature indi-
cates that the p-SWNTs help to maintain the hexagonal phase
up to higher temperatures. Since melting of the hexagonal
lattice is induced by the increased undulation of cylinders,*!
the increase in the hexagonal-to-isotropic phase-transition
temperature can be attributed to the long and rigid nature of
p-SWNTs. However, the p-SWNTs disturb the formation of
the lamellar phase. This effect can be attributed to the fact
that the diameter of p-SWNTs (5nm) is larger than the
thickness of the water layer (3.23 nm) in the lamellar phase.

The most interesting aspect of the SAXS intensities is the
appearance of new sharp peaks in the hexagonal-phase region
upon the addition of p-SWNTs. To understand the structures
of the p-SWNT/C,Es/D,O systems at low temperature, we
compared the SAXS intensities of C;,Es/D,O (45:55) and p-
SWNT/C,Es/D,O (15:45:55) at 10°C in detail (Figure 2¢).
Interestingly, for p-SWNT/C,Ey/D,O (15:45:55), the new
peak at ¢ =0.736 nm~' and the peak at g =1.275 nm~! (which
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Figure 2. SAXS intensities of a) C;,E;/D,O (45:55) and b) p-SWNT/
C,,Es/D,0 (15:45:55) at different temperatures, and c) comparison of
SAXS intensities of C,Es/D,0 (45:55) and p-SWNT/C,,Es/D,O
(15:45:55) at 10°C. Scattering intensities are shifted vertically for
visual clarity.
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corresponds to the first-order peak of C,Es/D,O (45:55))
show a peak-position ratio of 1:1/3. Another new peak at g =
1.949 nm ™! shows a peak-position ratio of v/7 with respect to
the new peak at ¢ =0.736 nm™". In fact, all the SAXS peaks of
p-SWNT/C,Es/D,O (15:45:55) are directly coupled to each
other with specific peak-position ratios, and can be indexed by
two sets of the same  peak-position  ratio
(1:v/3:2:v/7:3:v/12:/21), as indicated by the red and black
numbers in Figure 2c. This result suggests that at low
temperature, p-SWNT/C,Es/D,O (15:45:55) forms a hier-
archical hexagonal structure in which two hexagonal arrays
are directly coupled to each other. The nearest center-to-
center distance in the hexagonal arrays indicated by the peak-
position ratio in red is 9.87 nm, and that in the hexagonal
arrays indicated by the peak-position ratio in black is 5.70 nm.
(The scattering peak positions and corresponding lattice
parameters of p-SWNT/C,Es/D,O with different amounts of
p-SWNTs at 10°C are summarized in the Supporting Infor-
mation in Table S1 and Figure S3, respectively).

Since the new scattering peaks show up upon the addition
of p-SWNTs and their intensities increase with the amount of
p-SWNTs added, we expect that the new scattering peaks in
the p-SWNT/C,Es/D,O (15:45:55) sample arise from corre-
lations between p-SWNTs. To clearly confirm this hypothesis,
we performed a contrast-matched small-angle neutron scat-
tering (SANS) experiment in which the neutron-scattering
length density (SLD) of water was matched with that of C,E;
by using a mixture of H,O and D,0O. The SLD of p-SWNTs
was adjusted by using a mixture of nondeuterated CTVB and
deuterated CTVB (with fully deuterated hydrocarbon tails)
for the encapsulation of SWNTs so that the contrast between
p-SWNTs and the contrast-matched mixture of C,Es/water is
enhanced (see Figure S4). In this way, only the correlation
between p-SWNTs is measured.

The SANS intensities of the contrast-matched C,,Es/water
mixture (45:55) and the partially deuterated p-SWNTs mixed
with contrast-matched C,,Es/water (15:45:55) were compared
with the SAXS intensity of p-SWNT/C,Es/water (15:45:55)
(Figure 3a). The temperature was 10°C for all measurements.
Whereas the SANS intensity of the contrast-matched Cj,E4/
water shows essentially no correlation peaks, as expected, the
SANS intensity of the partially deuterated p-SWNTs mixed
with contrast-matched C;,Es/water clearly shows two peaks.
The first peak coincides with the first new peak (¢=
0.736 nm™') of the SAXS intensity, and the second peak
coincides with the second peak (g =1.275 nm™") of the SAXS
intensity, with a peak-position ratio of 1:1/3. This result clearly
indicates that the new peaks in the SAXS intensity originate
from p-SWNTs that form hexagonal arrays with a center-to-
center distance of 9.87 nm and suggests that the hierarchical
structures formed by p-SWNT/C,,Es/water (15:45:55) can be
represented by the illustration shown in Figure 3b. In this
structure, p-SWNTs form a two-dimensional hexagonal
lattice with each p-SWNT surrounded by six cylindrical
micelles of C,Es. In other words, a hexagonal lattice of p-
SWNTs is embedded in a honeycomb lattice of C,Es
cylinders to form an intercalated hexagonal binary super-
lattice.
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a) —8— p-SWNT/C,Es/D0 (15:45:55)
—8— partially deuterated p-SWNT/C,Es/water (15:45:55)
8 —e— Contrast matched C,,Es/water (45:55)

Scattering Intensity

Figure 3. a) SANS intensities of contrast-matched C;,Es/water (45:55)
and partially deuterated p-SWNTs mixed with contrast-matched C;,Es/
water (15:45:55), and SAXS intensity of p-SWNT/C,,Es/D,O (15:45:55)
at 10°C. Scattering intensities are shifted vertically for visual clarity.

b) Schematic illustration of the intercalated hexagonal binary super-
lattice of p-SWNT/C,,Es/water.

The SAXS and SANS measurements provide strong
evidence for the proposed intercalated hexagonal binary
superlattice. To unequivocally identify the structure, we
carried out additional SAXS measurements for the samples
under an oscillatory shear field, which aligned the interca-
lated hexagonal binary superlattice in one direction. For the
shear experiments, the p-SWNT/C,Es/D,O (10:45:55)
sample was loaded in a temperature-controlled Searle-type
polycarbonate shear cell with a gap of 1 mm and a wall
thickness of 100 um at the beam position. The sample was
slowly cooled down from the isotropic phase (ca. 30°C) to the
intercalated hexagonal phase under an oscillatory shear with
a shear stress of 500 Pa and a shear frequency of 5 Hz. Once
the sample had cooled down well into the intercalated
hexagonal phase (ca. 19°C), the shear was removed, and the
2D SAXS patterns along the radial and tangential directions
were measured (Figure 4).
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The 2D SAXS pattern measured along the radial direction
is highly anisotropic; all the scattering peaks were found along
the direction perpendicular to the flow direction (Figure 4 a).
The scattering peaks show a position ratio of 1:v/3:3:1/12,
which corresponds to the (10), (11), (30), and (22) reflections
of the intercalated hexagonal binary superlattice. This result
clearly indicates that the sample is unidirectionally oriented in
such a way that the axes of the p-SWNTs and C,E; cylindrical
micelles are parallel to the flow direction. In this intercalated
hexagonal binary superlattice, the (10) reflection corresponds
to the first-order hexagonal peak of the p-SWNTs, and the
(11) reflection corresponds to the second-order hexagonal
peak of the p-SWNTs as well as the first-order peak of the
C,E5s honeycomb lattice (inset). The azimuthally averaged
scattering intensities at the (10) and (11) reflections show very
sharp peaks at 90 and 270° with a full width at half maximum
of 8.1 and 8.0°, respectively, thus indicating that the degree of
orientation is exceptionally high.

The 2D SAXS pattern measured along the tangential
direction shows clear sixfold symmetries. Each hexagonal
pattern has a specific shift (30°) of the azimuthal angle
relative to its neighboring hexagonal patterns (Figure 4b).
This shift of the azimuthal angle between neighboring sixfold
symmetries is clearly shown in the azimuthally averaged
scattering intensities for the (10) and (11) reflections. These
results unarguably confirm that the p-SWNT/C,Es/water
sample indeed forms the intercalated hexagonal binary
superlattice. When the intercalated hexagonal structure was
aligned under the shear field, the alignment was maintained
more than 24 h (see Figure S5). Although there have been
many examples of highly oriented SWNT systems, most of
which had no specific symmetry in the cluster of SWNTs,!"2¢]
this structure is the first example of a highly oriented SWNT
superstructure with hexagonal symmetry.

Such intercalated hexagonal structures have been
observed in a cationic liposome-DNA complex™ and
a cationic surfactant-DNA complex®! at isoelectric points.
In these cases, the cylindrical lipid or surfactant micelles form
hexagonal arrays, with each cylindrical micelle surrounded by
six DNA rods (with a smaller diameter than that of the
cylindrical micelles). In both cases, the self-assembly of the
structure is driven by the release of counterions as cationic
lipids (or cationic surfactants) and negatively charged DNA
molecules compensate each other electrostatically. Since
C,,E5 is a nonionic surfactant and p-SWNT is close to neutral
(or weakly positive) in charge,""! the formation mechanism
for the intercalated hexagonal structure in the p-SWNT/
C,Es/water system is expected to be different from that of the
complexes discussed above.

The hexagonal phase of surfactant/water systems is known
to be stabilized by the excluded-volume interaction between
cylindrical micelles.***?! The diameter of cylindrical C,,Es
micelles in the hexagonal phase of C,,Es/water (45:55) is
4.44 nm, and the diameter of p-SWNTs is 5 nm. Since the
center-to-center distance between neighboring micelles is
6.07 nm, which results in an interstitial space of 2.57 nm in
diameter, p-SWNTs cannot simply move into the interstitial
space. Instead, p-SWNTs replace some of the C,Es cylin-
drical micelles in a systematic way to form a hexagonal array
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Figure 4. 2D SAXS patterns of p-SWNT/C,,Es/D,0 (10:45:55) aligned with an oscillatory shear. The measure-
ments were performed along a) the radial and b) the tangential beam directions. The azimuthally averaged
scattering intensities along the (10) and (11) reflections are shown on the right together with the scattering
geometries. The 1D SAXS intensity without shear alignment is shown in the 2D SAXS pattern of (a) as

reference information.

of p-SWNTs embedded in the honeycomb lattice of C,E;
cylindrical micelles. In the case of binary superlattices of
spherical nanoparticles with two different diameters, the
entropy-driven particle packing to maximize the free-volume
entropy of the particles has often been considered to be the
most important factor to explain their formation mechanism,
although all other interactions involved (such as electrostatic,
van der Waals, and so on) need to be considered for a full
understanding."®*"! Simulations showed that AB,- and AB;-
type structures of hard spheres can be driven by entropy
alone, without consideration of any energetic interactions
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between the particles.['231]

As the observed intercalated
hexagonal binary superlat-
tice is a two-dimensional
analogy of the AB, structure

‘.B of binary spherical particles
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the free-volume entropy of
particles can be maximized
by the formation of the
superlattice (which provides
more space for local motions
of particles) and may com-
pensate the decrease in the
configurational entropy.**?
The formation of the inter-
calated hexagonal structure
may be considered from the
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ter of a p-SWNT is larger
than that of a C,,E;5 cylinder,
p-SWNTs (which replace

<
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10 ;“, : some of the hexagonally
1 (10) H ';’“ X 20 packed C,Es cylinders)
—/U ‘\./\\ may act as impurity particles
d ] ] 1 and induce the formation of
0 100 200 300 stressed regions in their

Azimuthal angle (degrees)  vicinity. The minimization
of the energy cost due to
the insertion of p-SWNTs
may also contribute to the
formation of the intercalated
hexagonal superlattice. Full
understanding of the super-
lattice formation mecha-
nism, however, requires
a more detailed theoretical investigation.

To form the intercalated hexagonal binary superlattice,
the number ratio of two different cylinders should be 1:2.
However, the number ratio of p-SWNT and C,,Es cylinders
are 1:12.6, 1:9.0, 1:6.3, and 1:4.2 for the p-SWNT/C,,Es/water
samples of compositions 5:45:55, 7:45:55, 10:45:55, and
15:45:55, respectively. In this study, the number ratios were
estimated from the compositions, mass densities, and diam-
eters of p-SWNTs and C,,E; cylinders with the assumption
that the lengths of the two types of cylinders are the same. The
intercalated hexagonal binary superlattice was observed for
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the sample with a number ratio as low as 1:9.0. This result may
indicate that although the average number ratio is far less
than 1:2, there are regions where the number ratio is close to
1:2. Possibly, p-SWNTs were not homogeneously mixed
during sample preparation, or the defects formed by p-
SWNTs in the hexagonal arrays of C,,Es cylinders (which
were homogeneously distributed at the beginning) were
driven to local regions, thus making the local number ratio
close to 1:2. Since any experimental evidence of inhomoge-
neous mixing during sample preparation was not observed,
however, the latter scenario may be more probable and may
be understood as due to the entropy-driven attraction of p-
SWNTs, which is similar to the depletion attraction in its
nature. The domain sizes of the intercalated hexagonal binary
superlattice as estimated from the full width at half maximum
of the (10) peak (at 10°C) by using the Scherrer equation are
137 (7:45:55), 297 (10:45:55), 332 (12:45:55), and 294 nm
(15:45:55) for the samples with different compositions. The
domain size in the C,,Es/water (45:55) sample as estimated
from the first-order peak (at 10°C) is 313 nm.

In summary, we report for the first time a highly ordered
intercalated hexagonal binary superlattice of p-SWNT/C,,E;
cylindrical micelles in which a hexagonal array of p-SWNTs is
embedded in a honeycomb lattice of C,Es cylindrical
micelles. When p-SWNTs, which have a diameter slightly
larger than that of C,Es cylinders, are added to the
hexagonally packed C,Es cylindrical-micellar system, some
C,E; cylinders are replaced with p-SWNTs in such a way that
the free-volume entropies for both p-SWNTs and C,,E;
cylinders are maximized, thus resulting in the intercalated
hexagonal binary superlattice. The binary superlattice of the
p-SWNT/C,Es/water system can be highly aligned in one
direction by an oscillatory shear field and remains highly
oriented for more than a day after the shear field is turned off.
This method provides a new route for fabricating highly
ordered and highly oriented SWNT superstructures. The
understanding obtained in this study may provide new insight
for designing methods for the synthesis of highly ordered
binary superlattices of 1D nanoparticles (such as metallic,
semiconducting, and magnetic nanorods, which are of great
current interest) with new synergetic functionalities.
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