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Self-Assembled Superlattices of Gold Nanoparticles in a
Discotic Liquid Crystal

D. Vijayaraghavan and Sandeep Kumar
Raman Research Institute, Bangalore, India

There is considerable interest in the inclusion of functionalised nanoparticles in
discotic liquid crystals as they exhibit interesting self-assembled structures and
electronic properties. In this view, we have carried out magnetic susceptibility,
DC conductivity and small angle X-ray diffraction studies (SAXS) on hexanethiol
covered gold nanoparticles (GNPs) in a discotic liquid crystal namely hexahex-
ylthiotripheneylene (HHTT). Our SAXS pattern for the pure HHTT in the helical
columnar liquid crystalline phase (H) showed a sharp peak corresponding to the
intercolumnar spacing between the discotic columns. On the other hand, our SAXS
pattern for the GNPs:HHTT (1:4wt%,) in the H phase of the composite showed a
broad peak. The broad peak exhibits shoulders indicating additional peaks and
they can be indexed to 2D hexagonal superlattices. Our room temperature transmis-
sion electron microscope (TEM) image of the pure hexanethiol covered gold
nanoparticles showed predominantly 1.2nm diameter GNPs along with a small
number of 2.6 nm and 4.6 nm GNPs. From our studies, we infer that the smaller
1.2nm GNPs randomly occupy positions in the liquid crystalline matrix within
the columns as well as in between the columns. The bigger nanoparticles (2.6 nm
and 4.6nm) form 2D intercalated hexagonal structure with the disc molecules.
We find about two to three orders of increase in the DC conductivity in the isotropic
and mesophases with respect to those of the pure HHTT. We attribute this increase
mainly to the insertion of 1.2 nm GNPs in the columns. We also find further increase
in the conductivity by some three orders of magnitude in the crystalline phase of the
composite with respect to its higher temperature phases. Magnetic susceptibility
studies also showed a discontinuous change near the crystallization temperature.
Enhanced core-core ordering in the crystalline phase of the composite with respect
to its higher temperature phases may be responsible for these observations.

Keywords: discotic liquid crystal; gold nanoparticles; magnetic and conductitivity
studies; SAXS; superlattices
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1. INTRODUCTION

Disc-shaped molecules composed of flat aromatic cores with flexible
aliphatic chains self-assemble into columnar discotic liquid crystals
[1-7]. In this system, the molecular cores form long-ranged columns
and the centers of the cores form rectangular or hexagonal lattice in
the plane normal to the column axis. The intercolumnar distance is
usually 2-4nm, depending on the lateral chain length and the
core-core separation along the column axis is of the order of 0.35nm
so that there is considerable overlap of 7 orbitals. This results in much
stronger interactions between the adjacent molecules within the same
column than interactions between neighboring columns and leads to
quasi- one- dimensional charge migration in these materials. Conduc-
tivity along the columns is reported to be several orders of magnitude
greater than the values perpendicular to the columns. In view of this
the columns can be considered as molecular wires and find applica-
tions in the field of organic one-dimensional conductors. On the other
hand, organic-stabilized metal nanoparticles have potential applica-
tions in the fields of catalysis, nonlinear optics, chemical and biological
sensors, nanotechnology etc. It is expected that a synergy between
these two systems may lead to novel materials with interesting
physical properties. In this view, discotic liquid crystals doped with
nanoparticles gain considerable importance. The self-assembly of
fullerenes (Cgg) in a discotic columnar liquid crystal is reported by
Bushby et al. [8]. They reported a two-dimensional hexagonal super-
lattice of fullerenes with a spacing /7 times that of the main hexago-
nal lattice of the discotic columnar liquid crystal. The fullerenes form
chains that wrap around the central column in every group of seven
columns of the discotic liquid crystal. The synthesis and thermal stu-
dies on hexanethiol stabilized gold nanoparticles (GNPs) included into
the discotic liquid crystal namely hexahexylthiotriphenylene (HHTT)
is reported by our group recently [9]. HHTT exhibits crystal (Cr), heli-
cal columnar (H), hexagonal columnar (Coly,) and isotropic (I) phases.
It is seen that increasing the amount of GNPs in this discotic liquid
crystal decreases the isotropic transition temperatures but have negli-
gible effect on the crystal to mesophase or mesophase to mesophase
temperatures. Based on this, it is suggested that the GNPs might have
been included between the aromatic cores of the discotic liquid crystal
and the n—n interactions of aromatic cores are primarily responsible
for holding the nanoparticles in the column. Further, preliminary
results on GNPs:HHTT (1:1 wt%) showed that the conductivity is 250
times enhanced with respect to that of the pure HHTT. A similar sys-
tem consisting of triphenylene covered gold nanoparticles (TP-GNPs)
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inserted in a discotic columnar matrix of hexaheptyloxytriphenylene
(H7TP) is reported by our group [10]. In this TP-GNPs system also,
a gradual decrease in the isotropic temperature upon increasing the
amount of GNPs was observed as a result of the insertion of the nano-
particles in the hexagonal columnar matrix. From the SAXS studies
on this system, it is inferred that the hexagonal order of the liquid
crystal is not disturbed by the inclusion of gold nanopaticles and the
nanoparticles are distributed in the domain gaps formed between
the discotic columns in a random disordered manner. Further, the con-
ductivity of this composite is enhanced by six orders of magnitude with
respect to that of the pure H7TP.

Here, we report our structure, magnetic and conductivity studies on
hexanethiol covered gold nanoparticles-HHTT composites. In addition
to the peaks corresponding to HHTT, our SAXS pattern for the compo-
sites revealed peaks, which can be indexed to 2D hexagonal lattices.
We infer that they are related to intercalated hexagonal structures
consisting of GNPs and disc molecules. We find the temperature
dependence of both the conductivity and magnetic susceptibility
exhibit discontinuous jumps near the crystal-liquid crystal transition
temperature in the GNs:HHTT 1:4 wt% composite. The conductivity
increases by about three orders of magnitude in the crystalline phase
of the composite with respect to its higher temperature phases.

2. EXPERIMENTAL
2.1. Synthesis

Hexanethiolate covered gold clusters (C6-GNPs) are prepared by
following the method reported by Song et al. [11]. Our room tempera-
ture TEM image showed predominantly the nanoparticles of size
1.2nm. However, few nanoparticles of sizes 2.6 nm and 4.6nm are
also seen (Fig. 1). The required binary mixtures of C6-GNPs with hex-
ahexylthiotriphenylene (HHTT) are prepared by mixing the two com-
ponents in dichloromethane followed by removal of solvent and drying
under vacuum. The details of the synthesis of GNPs-HHTT composites
are given in the Ref. [9].

2. 2. TEM Studies

One drop of freshly prepared C6-GNPs solution (0.001gmL-1) is placed
on the carbon supported copper grid, and dried at room temperature
for two hours before the measurement. TEM images are recorded with
a Hitachi H-7000 Electron microscope, operating at 100kV.
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FIGURE 1 Room temperature TEM image of the pure hexanethiol covered
gold nanoparticles (C6-GNPs). The image shows three different sizes of nano-
particles namely, 1.2nm, 2.6 nm and 4.6 nm.

2.3. X-Ray Studies

X-ray studies were carried out using a rotating anode generator
operating at 48 KV, 80 mA (Rigaku Ultra x18). CuKo radiation was
selected using a flat graphite (Huber) monochromator. Diffraction
patterns are recorded on a 2D image plate detector (Marresearch)
180 mm in diameter. The sample is filled in a glass capillary 1 mm
in diameter and flame sealed. The sample is kept in a magnetic field
of ~1 kilo Gauss. The sample temperature is controlled using a
computer-controlled temperature controller. The sample is heated
slowly to 5°C above the isotropic temperature, and the diffraction data
is collected while slowly cooling the sample (0.5°C/min).

2.4. Magnetic Susceptibility Studies

The magnetic susceptibility of these composites is measured using a
Faraday balance. The experimental set up consists of a continuous
flow cryostat (CF 1200, Oxford instruments) held between the pole
pieces of an electromagnet that provides the magnetic field and the
field gradient at the sample region. The sample is sealed in a DSC
cup and suspended from the sample port of a Sartorius balance (model
SD3V) in the magnetic field gradient region using a fine quartz fiber.
In the heating cycle, the sample is heated slowly at 0.5°C/min and
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the susceptibility data is collected. In the cooling cycle, the sample is
heated to about 10°C above the isotropic the susceptibility data is
collected while cooling the sample at 0.5°C/min. The details of our
susceptibility measurement are described elsewhere [12].

2.5. DC Conductivity Studies

DC conductivity studies of the GNPs-HHTT composites are carried out in
ITO coated glass sandwich cells (10 mm x 10 mm) with a separation of
10 um. Current measurements are carried out using a Keithley pico
ammeter (Model 480) along with a constant voltage source and a tempera-
ture controller. A constant voltage of 100 mV is applied across the sample
cell in series with a 50 kilo ohms resistor and the current through the cir-
cuit is measured using the pico ammeter. The sample resistance is calcu-
lated after subtracting 50 kilo ohms from the observed resistance value.

3. RESULTS AND DISCUSSION

Figure 2 shows the SAXS pattern (intensity versus scattering vector q
in nm ™) for the pure HHTT and GNPs:HHTT 1:4 wt% composite in
the helical columnar liquid crystal (H) phases at 318 K.

8

HHTT | GNPs:HHTT 1:4wt%
pure HHTT

3

g8

8

Intensity/arb.units

o

FIGURE 2 SAXS pattern for pure HHTT and the GNPs:HHTT (1:4 wt%)
composite in the helical columnar phase at 318 K. The vertical arrows indicate
the peaks corresponding to the 2D intercalated hexagonal lattices.
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HHTT exhibits a narrow and strong peak at 3nm ! corresponding
to the reported intercolumnar spacing of 2.06 nm [13]. However, the
composite exhibits a broad peak centered at 2.7nm ! and another
peak at 3.4nm™1. The broad peak also exhibits shoulders at 1.4nm™?,
2nm !, 2.4nm . The peaks at 1.4nm ! and 2.4nm ! are in the ratio
1:\/3 Similarly, the peaks at 2nm ' and 3.4nm™ ' are in the ratio
1:\/3. This indicates that there are two different 2D hexagonal lattices
in the composite besides the HHTT lattice. The arrows in Figure 2 indi-
cate the peaks corresponding to these hexagonal lattices. Figure 1
shows the TEM image of the pure hexanethiol covered gold nanoparti-
cles at room temperature. The image shows predominantly 1.2nm size
GNPs. However, the image also shows few GNPs of sizes 2.6 nm and
4.6nm. We believe that the main peak at 2.7nm ! seen in our SAXS
pattern of the composite (Fig. 2) is related to intercolumnar spacing
in HHTT. We infer that the smaller 1.2 nm GNPs are randomly distrib-
uted in the liquid crystal matrix within the columns as well as between
the columns. The latter alters the intercolumnar spacing of HHTT
marginally (from 3nm ! to 2.7nm !). The bigger 2.6nm and 4.6nm
nanoparticles independently form 2D intercalated hexagonal structure
with the disc molecules. The lattice parameters for the two intercalated
hexagonal lattices obtained from the SAXS pattern are 3.6nm and
5.2nm respectively. In another context, 2D intercalated hexagonal
structure with lattice parameter a=>5.6nm consisting of DNA and
cylindrical micelles of a cationic surfactant CTAB in aqueous solu-
tions is reported by Krishnaswamy et al. [14]. In their complex, each
cylindrical micelle is surrounded by six DNA strands with the lattice
parameter for the hexagonal lattice a=/3(R,,+Rpna), where R, is
the radius of the cylindrical micelle (~2nm) and Rpya is that of the
DNA strand (~1.25nm). In our composite, the lattice parameters for
the intercalated hexagonal lattices involve the radius of the disc
molecule (Rgis.) and that of gold nanoparticle (Rgnp) such that the
lattice parameter a=./3(Rgijsct+Ranp). Assuming Rgjee =0.6nm and
the lattice parameters obtained from SAXS studies, we have calcula-
ted the radius of the gold nanoparticles using the above said relation.
The values of Rgnp obtained are 1.4nm and 2.4nm corresponding
to the two 2D intercalated hexagonal structures with lattice param-
eters 3.6nm and 5.2nm. These values of Rgnp agree well with the
radius of the GNPs (1.3nm and 2.3nm) seen in the TEM image
(Fig. 1). A schematic diagram illustrating the intercalated hexagonal
phase, where six disc molecules surround each GNP is shown in
Figure 3. These results indicate that our composite (GNPs:HHTT
1:4 wt%) consists of intercalated 2D hexagonal lattices co-existing with
the main HHTT lattice.
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FIGURE 3 A schematic diagram illustrating the arrangement of GNPs
(2.6 nm diameter) in 2D intercalated hexagonal lattice with lattice parameter
a=3.6nm, where each GNP is surrounded by six disc molecules Similar 2D
intercalated hexagonal lattice with lattice parameter a=>5.2nm is proposed
for 4.6 nm diameter GNPs.

Figure 4 shows the SAXS pattern for the GNPs:HHTT 1:1wt%
composite in the helical columnar phase at 318 K. In this composite,
the peaks at 1.4nm™', 27nm ! and 3.4nm ! are seen but the
shoulders are not discernable (Fig. 2). This may be related to the
broadening of the HHTT peak at 2.7nm ! on increasing the GNPs
concentration. This indicates that the increasing the concentration
of the GNPs in the discotic liquid crystal strains the hexagonal lattice
of the liquid crystal.

The temperature dependence of the SAXS pattern for 1:2 composite
(in the cooling cycle) is shown in Figure 5. It shows that the over all
structure remains the same for a wide temperature range studied cov-
ering the liquid crystalline and crystalline phases (from 343K to
300 K). Similar temperature dependence of the SAXS pattern is seen
for our other composites also.

We have carried out magnetic susceptibility and DC conductivity
studies on GNPs:HHTT 1:4 wt% composite. The phase sequences of
the 1:4 composite are as follows [9]:

Cr339.4H347.1C0l;,363.11 (heating scan)

and

I359C01,338.7TH309Cr (cooling scan).
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FIGURE 4 SAXS pattern for 1:1 composites at 318 K. Weakening of the peaks
in the 1:1 composite with respect to 1:4 composite may be related to the broad-
ening of the HHTT peaks on increasing the GNPs concentration in HHTT.

Figure 6 shows the temperature dependence of magnetic suscept-
ibility for both the pure HHTT and the 1:4 composite on cooling from
the isotropic phase.

In both cases, the susceptibility increases with decrease in
temperature. However, in the composite, the susceptibility exhibits
a discontinuous jump near the mesophase-crystal transition tempera-
ture (near 300 K). The orientational order parameter of the discotic
columnar liquid crystals obtained through infrared studies is
reported by Orgasinska et al. [15]. Comparing the temperature
dependence of the magnetic susceptibility of HHTT with that of the
reported order parameter for the other triphenylene based discotic
liquid crystals like H7T and H5T, we can infer that the susceptibility
may be directly related to the core-core ordering in these liquid crys-
tal systems. Then, the discontinuous jump in the susceptibility seen
in the composite near the crystalline phase can be considered to be
due to an enhancement in the core-core ordering. Figure 7 shows
the temperature dependence of susceptibility in the heating cycle
for 1:4 composite.

Again, we find a discontinuous change near the crystal (Cr) to
helical columnar (H) phasetransition (at 340 K) In this case also the
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FIGURE 5 SAXS pattern as a function of temperature for 1:2 composite.

susceptibility in the crystalline phase is markedly higher than those in
the liquid crystalline phases indicating enhancement in the core-core
ordering along the columns in the crystalline phase.

The temperature dependence of DC conductivity of the 1:4 compo-
site in the heating cycle is shown in Figure 8.

In the crystalline phase, there is a small decrease in conductivity on
increasing the temperature and near the melting temperature the
conductivity decreases rapidly. The conductivity is about three orders
of magnitude less near the onset of the helical columnar (H) phase. In
this H phase, the conductivity increases slightly with increase in
temperature and then decreases gradually in the high temperature
hexagonal columnar (Col;) and isotropic (I) phases. In the cooling
cycle also, the conductivity exhibits a similar behavior as shown in
Figure 9.
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380

FIGURE 6 Magnetic susceptibility as a function of temperature for pure
HHTT and 1:4 composite in the cooling cycle. The increase in the susceptibility
with decreasing temperature is related to the core-core ordering of the mole-
cules along the columns. The discontinuous jump seen in the crystalline phase
(near 300 K) indicates a large enhancement in the ordering of the molecules.
The solid lines are guide to the eyes.
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FIGURE 7 Magnetic susceptibility as a function of temperature for 1:4
composite in the heating cycle. A discontinuous change is seen near the crystal
to mesophase transition temperature. The solid lines are guide to the eyes.
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FIGURE 8 DC conductivity as a function of temperature on heating the 1:4
composite. A discontinuous jump is seen near 340 K. The solid lines are guide
to the eyes.

As the crystallization occurs at 309 K on cooling the sample, the con-
ductivity jump is seen near the room temperature in the Figure 8.
Further, the conductivity of the 1:4 composite is about two to three
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FIGURE 9 DC conductivity as a function of temperature on cooling the 1:4

composite. A discontinuous jump is seen near 300 K. The solid lines are guide
to the eyes.
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orders of magnitude higher with respect to that reported for pure
HHTT in the liquid crystalline and isotropic phases [16].

It is interesting to compare the conductivity behavior with the
radiation induced conductivity reported for the porphyrin based disco-
tic columnar liquid crystals [17]. In these liquid crystals also, the
charge migration is along the axis of column stacked n-systems. In
the zinc porphyrin liquid crystal, the conductivity in the mesophase
drops about a factor of three with respect to that in the crystalline
solid. Conductivity increases slightly in the mesophase and then sud-
denly drops to zero at the clearing point. From the observation of zero
conductivity in the isotropic phase and considerable conductivities in
the solid and liquid crystalline phases, Schouten et al. [17] concluded
that the long-range columnar order of porphyrin moieties is essential
for the conductive properties. We find many similarities in the conduc-
tivity behavior of our system (Figs. 7 and 8) with the zinc porphyrin
system [17] like higher conductivity in the crystalline phase and slight
increase of conductivity in the mesophase with increase in tempera-
ture. However, instead of a sharp drop to zero, at the clearing point,
we find a gradual decrease in conductivity in the isotropic phase. This
different behavior suggests the presence of columnar order even in the
isotropic phase of our system. In fact, there is some evidence that
the discotics retain some order well in the isotropic phase [18]. Even
in the hexahexyloxytriphenylene (HAT6) doped with AlCl; discotic
columnar liquid crystal, the conducting molecular stacks is found to
persist well into the isotropic liquid phase [19]. The decrease in con-
ductivity on going from the crystalline solid to the mesophase in the
zinc porphyrin system is attributed to lower charge mobility related
to an increase in positional disorder of the porphyrin moieties on melt-
ing of the hydrocarbon mantle [17]. In phthalocyanine based columnar
liquid crystals also a marked decrease in the conductivity in the meso-
phase is observed [20]. Perturbations like molecular tilting, rotations
about the columnar axis and lateral and longitudinal displacement
within the column affect the ideal columnar stacking and increase
the resistivity toward charge migration. Since these perturbations
increase on melting, the conductivity is expected to decrease in the
mesophase. In other words, the conductivity depends on the ordering
of the disc molecules in the columns. The observation of three orders of
magnitude increase in the conductivity in the crystalline phase of the
1:4 composite suggests an enhanced ordering of molecules in this
phase. This inference agrees well with our magnetic susceptibility
studies that indicate a large enhancement of core-core ordering in
the crystalline phase of the composite with respect to its higher
temperature phases.
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4. CONCLUSIONS

We have carried out SAXS, magnetic susceptibility and DC conduc-
tivity studies on hexanethiol covered gold nanoparticles-HHTT compo-
sites. Our TEM image showed the nanoparticles are predominantly of
size 1.2nm. However, there are few GNPs with sizes 2.6nm and
4.6 nm. We inferred from our SAX studies that the smaller 1.2nm
GNPs are randomly distributed in the liquid crystal matrix within
the discotic columns as well as between the columns and strains the
hexagonal lattice of the liquid crystal. The nanoparticles between
the columns in the composite shifts the SAXS pattern to the low q
region indicating an increase in the intercolumnar spacing. The bigger
2.6 and 4.6nm particles independently form 2D intercalated hexa-
gonal lattices with the disc molecules of HHTT. These intercalated
hexagonal lattices co-exist with the HHTT lattice. We believe that
the 1.2 nm GNPs within the discotic columns are held between the aro-
matic cores of the disc molecules due to n—n interactions between the
aromatic cores. The magnetic susceptibility increases with decrease in
temperature in both the pure HHTT and 1:4 composite. We have
related the temperature dependence of magnetic susceptibility to the
ordering of the triphenylene cores along the columns. We find a
marked increase in the susceptibility and about three orders of magni-
tude increase in the conductivity in the crystalline phase of the
GNPs:HHTT (1:4 wt%) composite. We believe that large enhancement
in the core-core ordering along the column axis in the crystalline phase
of the composite with respect to its high temperature phases may be
responsible for this behavior.
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