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One of the great challenges in the physics and chemistry of
nanomaterials is the development of efficient methods for the
fabrication of ordered structures. Structured nanomaterials
are desired owing to potential applications based on their
unusual optical properties, such as a negative refractive
index[1] or plasmon waveguiding.[2] The regular networks of
constituents of an appropriate shape and size are usually
fabricated by nanolithography;[3] however, this method based
on a top-down approach is time consuming, costly, and usually
limited only to 2D structures. Thus, the development of other,
bottom-up methods, in which the nanoelements self-organize
spontaneously into 3D structures, is being
pursued intensively.[4]

In the case of metal nanoparticles (NPs),
the most promising method is a chemical
approach in which appropriate organic mol-
ecules are grafted onto a metal cluster. Such
supermolecules can be described as having a
rigid metallic center surrounded by a soft,
deformable organic shell. Numerical simula-
tions show that the elements, despite their
spherical shape, are able to form variety of
assemblies as a result of softening of the
interparticle potential.[5] Although at first
glance this strategy is very attractive, in
reality, owing to problems with choosing the
appropriate organic coating and the nonun-
iformity of metal-particle size, the nanopar-
ticles obtained yield amorphous aggregates in
most cases and only occasionally form crys-
tals with packing typical for hard spheres.[6] It
seems that to promote the formation of
complex structures, the organic coating has
to tune specific interactions in the system. In the last few

years, a few attempts to use mesogenic molecules for grafting
onto metal clusters were motivated by the successful forma-
tion of liquid crystals from fullerene derivatives.[7] For small
gold nanoparticles, Cseh and co-workers[8] and Kanayama
et al.[9] reported a nematic phase, whereas Donnio et al.
reported a cubic phase.[10] Herein, we show that properly
functionalized NPs can exhibit smectic or columnar phases.
Recently, it was predicted that such densely packed layers/
columns of metallic particles are excellent candidates for
future metamaterials that function at optical frequencies.[11]

Passivated gold nanoclusters were produced by the Brust–
Schiffrin method[12] with simple n-alkyl thiols as ligands. In a
ligand-exchange reaction,[13] the n-alkyl thiol molecules were
then substituted by mesogenic thiols with either rodlike or
bent cores (Scheme 1).

The size of the metal center, 2 nm with a distribution of
0.2 nm for all samples studied, was determined by direct TEM
imaging, by X-ray scattering of a diluted NP solution, or from
the Debye–Schererr broadening of X-ray diffraction signals
from the gold crystal lattice. We deduced from NMR
spectroscopic and elementary analyses that approximately
65% (for details, see the Supporting Information) of the
metal surface was coated by the thiols, with the ratio of
mesogenic to n-alkyl thiols varying from 1:2 to 1:1, depending
on the reaction time for the exchange. This result indicates
that between 25 and 40 mesogenic groups are attached to a
single gold particle. We tested several samples to check the

Scheme 1. Molecular structure and phase properties of mesogenic thiols used for grafting
to gold clusters. Cry = crystalline, Sm = smectic, Iso = isotropic, Colhex = columnar hexag-
onal.
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reproducibility of the results and found that the type of
nanoparticle organization is not affected by the number of
mesogenic pendants within the limits given above. The type of
mesogenic molecule in the metal coating had a profound
influence on gold-cluster self-assembly.

The most interesting results were obtained for particles
passivated by rodlike molecules 1, with a long, forklike end
group. The 2D X-ray pattern (Figure 1) of a homogenously

aligned sample (with the layer wave vector oriented parallel
to the substrate) shows a series of sharp Bragg reflections
along the longitudinal direction and a diffused signal in the
equatorial direction, and is typical for the smectic A phase.[14]

The homogenously aligned sample with monodomains of
approximately millimeter size was obtained readily by shear-
ing a small amount of the material onto a solid (mica)
substrate at a slightly elevated temperature (ca. 80 8C). This
technique is commonly used for the aligning of liquid crystals
and results in a perpendicular orientation of the layer normal
to the shearing direction. The thickness of the obtained
smectic layer was approximately 8 nm, and the average
interparticle distance inside the layer was approximately
3 nm. Both interlayer and inlayer periodicities were nearly
temperature-independent.

This material can also be made to undergo homeotropic
alignment (with the layer wave vector orientated perpendic-
ular to the substrate) by melting of the structure on the solid
substrate and subsequent fast cooling. For a homeotropic
sample, up to six commensurate signals with apparatus-
limited resolution were detected, which shows that the
electron-density profile across the layer is strongly nonsinu-
soidal, as expected for layers of metal clusters separated by
organic sublayers (see the Supporting Information for an
electron-density profile). An X-ray rocking experiment
showed that the layers can be aligned extremely well, with
the layer normal orientated exactly perpendicular to the
surface; the mosaicity of some samples was less than 0.1 8.

The much smaller thickness of the organic sublayer (ca.
6 nm) relative to the particle distance inside the layer (ca.
3 nm) implies some redistribution of the mesogenic groups

around the metal centers (Figure 2); however, since the
organic sublayer is much shorter than twice the length of the
mesogenic molecule, we assume that the mesogenic cores
remain orientationally and positionally disordered and prob-

ably partially interdigitated. The liquidlike character of the
organic layer was further confirmed by the presence of a
diffused signal at approximately 0.45 nm in the X-ray
pattern.[4] The orientational disorder of molecules inside the
organic layer is consistent with nonmeasurable optical
birefringence (Dn< 0.002) of the smectic samples. The lack
of birefringence of the smectic phase described herein should
not be surprising, since the birefringence of liquid crystals
made of rodlike (or disklike) molecules results mainly from
the orientational order of mesogenic cores.[15] The smectic
phase melts reversibly at about 110 8C. In the molten state, the
single diffused signal is observed at 54 �, which corresponds
to the average distance between the particles in the short-
range structure.

The type of nanoparticle lattice is altered by modification
of the organic coating. The nanoparticles with the same metal
centers but with ligand 2, which has a shorter forklike tail, and
with ligand 3, which has a 2-octyl end chain, exhibit a phase in
which the gold particles are arranged into columns. The
structure gives rise to several incommensurate X-ray signals
of a width typical for the long-range order (Figure 1). The
signal positions do not correspond to either fcc or hcp lattices,
which are commonly observed for the packing of hard
spheres. The pattern was indexed by assuming a body-
centered orthorhombic unit cell with dimensions a� 83, b
� 48, c� 67 �. The ratio between the a and b cell parameters
(a=b �

ffiffiffi

3
p

) suggests that the arrangement of particles in the
ab crystallographic plane is very close to hexagonal. The
presence of the signal (101), which is positioned neither along

Figure 1. Left: X-ray pattern of an oriented sample of Au@1 in the
smectic phase. The Bragg signals result from the layer structure,
whereas the diffused signal results from the liquidlike in-plane order of
gold particles inside the layers. The plot of intensity against the q
vector was obtained by integration of the pattern along the azimuthal
angle. Right: X-ray pattern of the columnar phase of an oriented
sample of Au@2. A columnar orthorhombic body-centered lattice was
chosen for indexing of the signals (see the Supporting Information).

Figure 2. Schematic drawing of the arrangement of nanoparticles in
the columnar phase, as viewed from above (top, left) and from the
side (bottom, left); a, b, and c are the crystal-lattice parameters. A
gold cluster is located at the center of each cylinder, and the cylinder
is filled by orientationally and positionally disordered n-alkyl and
mesogenic thiol molecules redistributed around the gold cluster. The
two colors distinguish particles with their mass center (gold cluster)
positioned at different levels along the c direction. Bottom: The
smectic structure can be obtained from the columnar phase through
movement of the particles from the intermediate layer along the
column axis and decoupling of the layers.
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the equatorial nor along the meridian direction, proves that
the particles along the columns are positionally correlated. A
body-centered orthorhombic lattice can be obtained by
modification of the simple hexagonal columnar phase, that
is, by shifting every second row of objects a distance half the
side length of the unit cell along the column axis (Figure 2).
Shifting produces vacancies in the layers of metal clusters.
These vacancies are filled by the organic molecules attached
to metallic cores in the layer below or above. The crystal
superlattice melts reversibly at about 150 8C. If one compares
the structures of the two types of materials, that is, the
structures Au@2 and Au@3, which form a columnar phase, to
the structure of Au@1, which forms a smectic phase, it seems
that they are closely related: The smectic phase can be
obtained by moving the particles along the column axis and
decoupling of the obtained layers (Figure 2).

Apart from rodlike molecules, bent-core molecules 4 were
tested for coating the gold clusters. Interestingly, in this case
neither columnar nor smectic long-range order was found. In
the small-angle X-ray pattern of the Au@4 sample, two
diffused signals were registered, irrespective of sample
preparation and temperature (up to the decomposition of
the nanoparticles at approximately 200 8C). The ratio of signal
positions (q1/q2� 1.6–1.7) was similar to those observed for
some molten metals and suggests that for the material Au@4 a
possible arrangement of the particles is short-range fcc or
distorted icosahedral.[16]

In summary, chemical variation of a grafting layer formed
from different mesogenic molecules can produce a variety of
metal-particle assemblies. The formation of multilayer met-
allic–dielectric stacks (smectic phase), coupled metal wires
(columnar phase), and a disordered phase confirmed the
theoretical prediction[5] that softening of the interparticle
potential is sufficient for the production of different type
morphologies, whereas the shape anisotropy and orienta-
tional order might be only secondary factors for nanoparti-
cles.

Received: March 3, 2009
Published online: June 3, 2009

.Keywords: gold · liquid crystals · nanomaterials · thiols ·
X-ray diffraction

[1] a) J. B. Pendry, Phys. Rev. Lett. 2000, 85, 3966 – 3969; b) C. G.
Parazzoli, R. B. Greegor, K. Li, B. E. C. Koltenbah, M. Tanie-
lian, Phys. Rev. Lett. 2006, 96, 107401.

[2] a) S. A. Maier, M. L. Brongersma, P. G. Kik, S. Meltzer, A. A. G.
Requicha, H. A. Atwater, Adv. Mater. 2001, 13, 1501 – 1505;
b) M. L. Brongersma, J. W. Hartman, H. A. Atwater, Phys. Rev.
B 2000, 62, R16356 – R16359; c) D. S. Citrin, Nano Lett. 2004, 4,
1561 – 1565.

[3] a) H. J. Lezec, N. A. Dionne, H. A. Atward, Science 2007, 316,
430 – 432; b) V. M. Shalaev, Nat. Photonics 2007, 1, 41 – 48; c) J.
Valentine, S. Zhang, T. Zentgraf, E. Ulin-Avila, D. A. Genov, G.
Bartal, X. Zhang, Nature 2008, 455, 376 – 380.

[4] D. A. Pawlak, K. Kolodziejak, S. Turczynski, J. Kisielewski, K.
Roniatowski, R. Diduszko, M. Kaczkan, M. Malinowski, Chem.
Mater. 2006, 18, 2450 – 2457.

[5] a) M. A. Glaser, G. M. Grason, R. D. Kamien, A. Košmrlj, C. D.
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