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Abstract: The properties of liquid-crystalline (LC) hybrid
systems made of inorganic nanoparticles grafted with photo-
sensitive azo compounds are presented. For materials with
a large density of azo ligands at the surface, the LC structure
can be reversibly melted by UV light, and the return to the LC
state does not require the absorption of visible light. For
systems with a lower density of azo ligands, UV light causes
shortening of the distance between metal sublayers in the
lamellar phase. Interestingly, the azo derivatives attached to the
nanoparticle surface show very different kinetics of cis/trans
conformational change as compared to the free molecules. The
cis form of free ligands in solution is stable for days, whereas
the isomerization of molecules attached to the nanoparticle
surface to the trans form takes only a few minutes. Apparently,
owing to the crowded environment, azo ligands immobilized at
a metal surface behave as they would in the condensed state.

P hotoisomerization phenomena open the possibility of the
creation of new materials with phototunable properties.
Azobenzene derivatives are the most thoroughly studied
photochromic molecules. The thermodynamically stable
trans-azobenzene unit undergoes isomerization to the cis
conformer upon the absorption of UV light, and cis-to-trans
isomerization can occur thermally or upon the absorption of
visible light. Soft materials, such as polymers, elastomers, and
liquid crystals, constructed from molecules containing azo-
benzene moieties have been used in applications such as
photomechanical motion,? rewritable holograms or tunable
gratings,”>! and photoinduced alignment.**” Some examples
of photoswitchable hybrid materials made of inorganic nano-
particles (NPs) grafted with azobenzene derivatives were also
described.®l UV light triggers the melting of supercrystals of
such hybrids into amorphous aggregates. It was shown that
this process can be reversed by the absorption of visible light.
Since the plasmonic properties of NPs depend on the
interaction between metallic cores, the ligand-mediated
melting/deformation of NP structures offers an opportunity
to tune plasmon resonance by light absorption. In future,
light-reconfigurable metallic circuits'” or programmable opti-
cal media” could be obtained.
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Herein we present the properties of liquid-crystalline
hybrid systems made of inorganic nanoparticles (gold and
silver) coated with photosensitive, mesogenic azo compounds.
In our studies, we employed a two-step approach for the
synthesis of grafted nanoparticles. The spherical gold clusters
(AuCg) were obtained by the slightly modified Brust—
Schiffrin method!""'? by using n-hexanethiol to passivate
the metallic surface. A primary coating of n-alkyl thiols
improves the solubility of NPs and prevents their aggregation.
The size of the metal center, (2.5 +0.4) nm, was determined
by transmission electron microscopy (TEM) imaging and
small-angle X-ray scattering (SAXS) of particles dissolved in
toluene. The results were confirmed by analysis of the size-
dependent broadening of wide-angle diffraction signals
related to the gold crystal lattice. No long-range order was
observed for AuCq NPs, probably owing to their relatively
broad size distribution (see the Supporting Information). A
previously described method was modified for the prepara-
tion of silver nanoparticles covered with n-hexanethiol
(AgCy).*'"1 TEM and SAXS studies of AgC, provided
a silver-core diameter of 4.2nm with a distribution of
0.3 nm, and showed a clear tendency of AgCs NPs to pack
into a 2D hexagonal structure (see Figure S7 in the Support-
ing Information). In the next step, some of the primary
grafting thiol molecules were replaced with promesogenic,
photochromic molecules by a ligand-exchange reaction.™
Four promesogenic ligands L1-L4 were used (Scheme 1; see
the Supporting Information for their synthesis and spectral
characterization). Molecules L1-L4 have the same mesogenic
unit, built of two aromatic rings joined by an azo group
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Scheme 1. Molecular structures of promesogenic thiols used for graft-
ing on gold and silver metallic clusters.
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(azobenzene derivatives), and differ only in the chain length
of the substituents on this mesogenic unit and the way in
which these terminal chains are connected to the core
structure. Covalent bonding of the ligand molecules to the
nanoparticle surface was assured by a thiol group at the end of
one of the terminal chains. No mesomorphic behavior was
observed for these ligands. However, synthetic intermediates
with a bromine atom instead of the thiol group formed
smectic phases (see the Supporting Information).

To determine the exact composition of organic coronas of
the studied nanoparticles, we used various analytical tech-
niques, including thermogravimetric analysis (TGA), TEM,
'"H NMR spectroscopy, and XPS (see the Supporting Infor-
mation). According to the results obtained and on the basis of
theoretical predictions reported by Murray and co-workers,!'°]
we estimated that on average each gold nanoparticle is
covered with 92 ligands and each silver nanoparticle is
covered with 410 ligands. The ratio of mesogenic to n-alkyl
thiols is approximately 1:1 (see the Supporting Information
for the composition of organic coronas of the hybrid systems
studied).

The liquid-crystalline properties of the hybrid nanopar-
ticles were investigated by XRD and TEM. Homogenously
aligned samples were obtained by shearing a small amount of
the material at a slightly elevated temperature (ca. 70°C) on
a Kapton tape. All hybrid materials composed of gold
nanoparticles covered with n-hexanethiol and promesogenic
ligands exhibited long-range positionally ordered structures,
of either the lamellar or the columnar type (Table 1).

Table 1: Phase sequence of the hybrid nanoparticles.

Compound Phase sequence
Aul1 Lam 160°C Iso
AulL2 Lam 160°C Iso
Aul3 Lam 165°C Iso
Aul4 Col 155°C Iso
Aul2L5 Lam 165°C Iso
AglL1 no LC phase
Agl2 no LC phase
Agl3 no LC phase
AglL4 Lam 157°C Iso

Lam =lamellar phase, Col =columnar phase, Iso =isotropic liquid.

Gold particles coated with ligands L1, L2, and L3 formed
lamellar phases, in which layers of metallic clusters were
separated by organic layers formed mainly by mesogenic
ligands. Their X-ray diffraction patterns showed commensu-
rate, sharp Bragg reflections corresponding to layer perio-
dicity along the direction perpendicular to the shearing, and
a weak, diffused signal at the equatorial position owing to the
short-range order of particles within the metal-rich layer. The
distance corresponding to the diffused signal is similar to the
interparticle distance measured for nanoparticles before the
ligand-exchange reaction; apparently, promesogenic ligands
only weakly contribute to the in-plane separation of nano-
particles. Thus, it can be assumed that the lamellar phase is
obtained by redistribution of the secondary grafting mole-
cules around the metallic cluster, the mesogenic cores of
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secondary ligands are collected mainly above and below the
clusters. For the material Aul4, the X-ray diffraction pattern
is characteristic of a columnar structure (see Figure S8), which
is formed by chains of metal spheres surrounded by meso-
genic ligands collected mainly at the equatorial plane of each
metal sphere. When heated, the lamellar and columnar phases
reversibly melted to the isotropic liquid; in the isotropic
phase, a single diffused signal related to the average distance
between particles was observed in the X-ray diffraction
pattern. The transition between the isotropic liquid and the
positionally ordered phases is triggered by changes in the
distribution of mesogenic ligands around the metal cluster.

The lamellar phase was also observed for AuL2LS5,
a hybrid material with a low density of photoactive ligands
in the organic corona. AuL2LS is composed of gold nano-
particles grafted with two promesogenic ligands: the azo
derivative L2 and the biphenyl derivative LS, which was
described previously as a promesogenic agent that promotes
liquid-crystalline polymorphism of gold nanoparticles.!”
Silver-based hybrid materials with promesogenic ligands
L1-L3, which have 8 or 10 methylene groups between the
thiol functionality and the mesogenic core, exhibited only
short-range order. Apparently, in the case of larger metallic
clusters, such a linkage is too short to assure sufficient
flexibility of the grafting layer for the formation of an ordered
structure. However, when the spacer between the metal
surface and the ligand core was extended to 16 methylene
groups, as in AgL4, the lamellar phase was observed. In
contrast to gold-based hybrids, the lamellar phase of AgL4
showed weak optical birefringence (see Figure S5) as evi-
dence of some degree of orientational order of the mesogenic
cores in the organic sublayers.

All mesophases of hybrid nanoparticles were photores-
ponsive owing to the presence of photoactive azo units in
their organic coronas. The liquid-crystalline ordered struc-
tures formed by NPs could be reversibly melted by irradiation
of the sample with UV light (wavelength 365 nm), which led
to the isomerization of azo units from the trans to the cis
conformation. Apparently, ligand isomerization to the kinked
cis form disturbed the reshaping of hybrid NPs into aniso-
tropic objects as required for their self-assembly into the LC
phase. The process could be followed by X-ray diffraction:
Under UV irradiation, the XRD signals related to the LC
phase of the hybrid NPs disappeared, and a diffused signal
corresponding to the average distance between NPs in the
isotropic liquid appeared that indicated a slightly smaller
distance than in the temperature-induced isotropic phase. The
difference can be attributed to the different length of ligand
molecules in the cis and trans conformations. When the UV
light was turned off, the LC phase was restored immediately,
with layer periodicity the same as before irradiation
(Figure 1). No absorption of visible light is even necessary
to restore the trans conformation of the azo groups;
apparently, in the condensed state, the linear, trans confor-
mation of ligand molecules is strongly favored over the
kinked, cis conformation.

For comparison, we also studied the hybrid material
AuL2L5, in which the density of photoactive units in the
secondary grafting layer was lowered by the use of coligands
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Figure 1. XRD patterns obtained for gold NPs AuL3. a) Sample ori-
ented by shearing; the sharp reflections correspond to a layer thick-
ness d=78 A. b) Sample irradiated with UV light; the diffused signal
corresponds to the average distance between NPs (43 A). c) Sample
after switching the UV light off; the lamellar structure has been
restored. d) Intensity of XRD signals as obtained by integration of the
above patterns over the azimuthal angle.

without azo groups. In this case, instead of melting of the
lamellar phase, UV light causes shortening of the distance
between metal-rich planes (Figure 2). Such a change in layer
thickness should produce instability in the system and thus
lead to defects, as observed for smectic phases under sudden
stress:!'¥l however, since the lamellar phase of AuL2L5 is not
birefringent, the defects are not easy to observe. The original,
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after UV irradiation
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Figure 2. XRD diffractograms obtained for AuL2L5 hybrid NPs func-
tionalized with the azo derivative L2 and the biphenyl derivative L5.
Solid line: Fresh sample. The sharp reflections correspond to a layer
thickness of d=83.3 A. Dashed line: Sample irradiated with UV light.
The Bragg signal corresponds to the lower distance between layers of
d=76.8 A. The presence of the signal for the original layer thickness is
due to the large sample thickness, which prevented the bulk absorp-
tion of UV light. Dotted line: Sample irradiated with visible light. The
lamellar structure with a periodicity of 83.3 A has been restored.
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larger distance between metal-rich planes can be restored by
thermal relaxation or through the absorption of visible light.

The trans—cis photoisomerization of azo units in hybrid
materials was also monitored by visible-light absorption
spectroscopy and compared to the behavior of free ligands.
In solution, all azo derivatives L1-L4 show strong m—m*
absorption at 350 nm, as typical for the trans form; in the solid
state, this absorption is strongly blue-shifted to 300 nm
(Figure 3). Hybrid NPs containing azo ligands are in the
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Figure 3. UV/Vis spectra for ligand L4 in the crystal phase at room
temperature (solid line) and molten at 100°C (dashed line; top
graph); for AgL4 (hybrid silver nanoparticles covered with ligand L4) at
room temperature (solid line) and in the lamellar phase (dashed line)
at 150°C (middle graph; the absorption band at approximately 450 nm
is due to the surface plasmon resonance of silver); and for AuL4
(hybrid gold nanoparticles covered with ligand L4) at room temper-
ature (solid line) and in the lamellar phase at 150°C (dashed line;
bottom graph).

condensed state (lamellar or columnar phase) at room
temperature, and the position of their m—n* absorption band
depends on the type of metal surface: For Au particles, the
absorption maximum is at 350 nm, whereas for Ag particles it
is at 300 nm (Figure 3). Apparently, at low temperatures,
ligands form a nearly crystalline structure in the grafting layer
at the silver surface. This solid structure of the ligands in the
organic corona of silver-based hybrid particles melts (the m—
mt* absorption band at 300 nm is replaced by a band at
350 nm; Figure 3, middle graph) at around 150°C, which
correlates well with the temperature of structure annealing
(sudden increase in the intensity of the X-ray diffraction
signals due to the lamellar phase). Apparently, temperature-
mediated flexibility of ligand molecules at the metal surface
promotes the formation of a long-range lamellar structure.
When hybrid NPs containing azo ligands were dissolved in
an organic solvent (chloroform), the m—m* absorption band
was observed at 350 nm, as for free molecules. This result
shows that the azo ligands remained in the “liquidlike” state,
despite being immobilized at the NP surface. However, the
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kinetics of the cis—trans conformational changes of ligand
molecules in the grafting layer of the metal particles is very
different from that of the free molecules. By monitoring the
sample absorption in the visible range, we found that in
solution the cis form of free azo ligand was stable for hours
after the UV light was switched off, as confirmed by the
nearly constant intensity of the m—x* absorption at 325 nm
that is characteristic of the cis form of the azo compound. The
absorption of visible light was necessary to induce isomer-
ization back to the trans conformation. In contrast, for azo
molecules attached to the nanoparticle surface, the cis
conformation formed upon UV irradiation was strongly
unstable, and the trans conformation was spontaneously
restored within few minutes when the UV light is turned off
(Figure 4). Apparently, as a result of the crowded environ-
ment, azo ligands at the metal surface show kinetics
characteristic for the condensed state.

L4

fresh sample
10 h after UV

Aul4

fresh sample
...... 30 s after UV
............ 300 s after UV

Absorption

300 400 500
A/nm

Figure 4. UV/Vis spectra for ligand L4 (c=10"°m) dissolved in chloro-
form before UV irradiation (solid line) and 10 h after the UV light was
turned off (dashed line; top graph); and for gold NPs AuL4 dissolved
in chloroform before irradiation (solid line), 30 s after the UV light was
turned off (dashed line), and 300 s after the UV light was turned off
(dotted line; bottom graph).

In summary, we have obtained phototunable liquid-
crystalline structures made of metallic clusters (gold and
silver) coated with photosensitive azo molecules. These
nanoparticles are the first reported to form either a lamellar
or a columnar phase that can be reversibly melted by UV
light. In the case of particles with a low density of photo-
sensitive ligands in the organic corona, dynamic control of
layer spacing was observed as a result of light-induced
conformational changes of the azo ligands in the organic
sublayer. The kinetics of the transition is fast, and the

restoration of the original structure does not require irradi-
ation with visible light. These results suggest the design of new
LC plasmonic materials with light-controlled optical proper-
ties. Such photodriven switching between LC phases could
lead to the control of plasmonic properties in future
metamaterials, since it offers a feasible way of changing the
nearest-neighbor distance between the metallic cores of
nanoparticles. This ability to change the distance between
nanoparticles in turn translates into tunability of the aggre-
gate permittivity, as has been shown recently.!'”)
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