
Chiral, Magnetic, and Photosensitive Liquid
Crystalline Nanocomposites Based on
Multifunctional Nanoparticles and Achiral
Liquid Crystals
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ABSTRACT: Nanoparticles serving as a multifunctional and multiaddress-
able dopant to modify the properties of liquid crystalline matrices are
developed by combining cobalt ferrite nanocrystals with organic ligands
featuring a robust photosensitive unit and a source of chirality from the
natural pool. These nanoparticles provide a stable nanocomposite when
dispersed in achiral liquid crystals, giving rise to chiral supramolecular
structures that can respond to UV-light illumination, and, at the same time,
the formed nanocomposite possesses strong magnetic response. We report on
a nanocomposite that shows three additional functionalities (chirality and responsiveness to UV light and magnetic field) upon
the introduction of a single dopant into achiral liquid crystals.
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L iquid crystalline (LC) materials are widely used due to
their ability to form defined supramolecular structures
(mesophases). Depending on the molecular structure of

the constituent mesogens, the supramolecular organization of
mesophases can be tuned by various external stimuli, such as
temperature, mechanical stress, light, and electric and magnetic
fields. To induce, for example, spatially twisted molecular
arrangements (chirality) or improve the responsiveness of
mesophases, e.g., toward light or magnetic fields, specifically
designed dopants can be added to LC hosts.

Chiral dopants, for example, inducing chirality in achiral LC
hosts, are of particular interest since certain chiral mesophases
readily respond to an applied electric field and can be utilized
for the fabrication of LC displays and other devices. A great
number of chiral scaffolds, such as lactic acid,1 1,2-dioles,2

TADDOL,3 atropisomeric biphenyls,4 helicenes,5 or Ru
complexes,6 have been implemented into the structures of
chiral additives. Currently, the utilization of chiral compounds
from the natural pool is in the spotlight due to their high
optical purity, availability on a large scale, and low cost.

Photoresponsive dopants (PDs) are added to LC hosts to
induce photoresponsivity of mesophases, since light-driven
phase transition is of high interest from both scientific and
technological points of view.7 PDs of high structural diversity

and the type of photoinduced structural change are known to
date.8 Such PDs include those with a carbon−carbon double
bond (E/Z-isomerization and [2+2] cycloaddition),9 spiropyr-
an-based systems,10,11 dithienyl ethenes (open−closed ring
isomerization),12 and materials containing a diazenyl group
(E/Z-isomerization), to name a few. Currently, the diazenyl
group is frequently used as a source of photoresponsivity,
mainly due to its chemical stability and lower energies of the
E/Z-isomerization combined with its easy introduction into a
structure through the azo-coupling reaction.8,13,14

Response toward magnetic fields is usually induced by
addition of organometallic complexes15 or magnetic nano-
objects.16−18 Miscibility of such dopants with LC hosts is a
limiting parameter for their application, which is especially
crucial for magnetic nanoparticles (MNPs). It has been shown
that for stabilization of MNPs in LC hosts their surface should
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be properly modified by ligands that mimic the structure of the
LC host.19 Ligands bearing one or more mesogenic
(promesogenic) units with various anchoring groups are
most frequently utilized.20 Although many nanocomposite
materials have been studied so far, only few studies concern
ligands that serve not only as stabilizers of the NPs but also as
the chiral dopants or PDs.21−28

Gold nanoparticles (NPs) and nanorods have been the most
frequently studied carriers for various chiral dopants and used
as functionalized additives for thermotropic LCs. BINOL,21,23

cholesterol,22,26 or naproxene units were successfully used as a
source of chirality in the developed ligands attached to the
surface of gold nanoobjects. Gold and silver NPs covered with
azobenzene-based ligands have been reported to form
photoresponsive mesophases as bulk materials.28 It has been
documented that the process of Z- to E-relaxation of the
ligands attached to the NPs is significantly faster than that of
the free ligands in a solution. In addition, a nanomaterial based
on gold NPs covered with ligands containing a diazenyl linker,
which restore its ground state mesomorphic properties even
after 10 cycles of photoinduced switching, has been reported.25

Photosensitive ligand mixtures attached to the surface of gold
NPs gave rise to nanomaterials exhibiting photoresponsivity at
room temperature24 or UV-light-responsive surface plasmon
resonance in a condensed state.27 However, it should be
stressed that these case studies were performed on modified
photosensitive NPs as bulk materials. In general, there is only a
limited number of studies using chiral photosensitive ligands
bonded to NPs utilized as dopants in liquid crystals.29

For the current study, we decided to develop multifunctional
additives, which induce all above-mentioned responses via
enhanced functionality of the ligands. For this purpose, we
have prepared cobalt ferrite nanoparticles (as a source of
magnetoresponse) covered with chiral photosensitive ligands.
The structures of the ligands consisted of an anchoring arm
bearing one or three promesogenic units. The anchoring arms
contained a phosphonic anchoring group, as it exhibits the
strongest binding with the surface of cobalt ferrites.19,30−35

The structure of the promesogenic units was based on chiral
photoresponsive LC materials developed earlier in our group,36

where lactic acid was utilized as the source of chirality. The
photoresponsivity of the designed ligands was assured by a
diazenyl group implemented in the central core.

RESULTS AND DISCUSSION

For this purpose, two types of ligands, linear Ia−e and trimeric
II, were prepared (Figure 1). In order to study structure−

property relationships, ligands of series I featured alkyl chains
of various lengths bearing an anchoring phosphonic group.
Lactic acid based chiral units were synthesized according to a
previously reported procedure, which was developed in our
laboratory in order to avoid racemization of the chiral building

blocks.37 Synthesis of an azobenzene-based central core and
anchoring arms was described earlier.38,39 Synthesis of the
intermediates and target structures and their spectroscopic
characterization are given in the Supporting Information.

Photoresponse of the prepared ligands Ia−c was studied
using 1H NMR spectroscopy. It was determined that the length
of the alkyl chain bearing the anchoring phosphonic group had
a negligible effect on the value of relaxation rate constants (kr =
5 × 10−5 and 7 × 10−5 s−1 for C5 and C11 spacers; see Section
4, Supporting Information). Moreover, comparing the results
with LCs of parental structure,36 the presence of the
phosphonic group in the structure, which induced an
amphiphilic character of the ligands, had only a negligible
effect on the relaxation process. A relaxation rate constant of
the ligand II in the solution was studied using UV−vis
spectroscopy at room temperature (see Section 4, Supporting
Information). The value of kr = 3 × 10−5 s−1 indicates that the
Z-form of ligand II is slightly less stable than that of ligands I.

Ligands Ic and II were used to modify the surface of cobalt
ferrite NPs covered with oleic acid using a ligand exchange
strategy. Ligand Ic was selected as a model material to
optimize the strategy (see Section 5, Supporting Information).
First, NPs were covered with ligand Ic only using a described
method.40 The modification was successful (based on Fourier
transform infrared spectroscopy (FT-IR) and elemental
analysis (EA) data); however, the resulting nanomaterial
NPs-1 aggregated. This could be caused by an adverse
orientation of the ligands in the ligand shell, namely, by
interactions of the aromatic units of ligands with the surface of
the NPs (Figure S6, Supporting Information).41

Hence, the ligand exchange strategy was further optimized
using a cosurfactant in a mixture with the promesogenic ligand.
As a cosurfactant, hexylphosphonic acid (HPA) was used since
it possesses a shorter aliphatic chain than the anchoring arm of
Ic, which should prevent its interference with the LC host.
Modification of the MNP surface was performed in a shaker
without heating (NPs-2) or in a pressure tube and heating to
85 °C (NPs-3). NPs-2 were still aggregating while NPs-3 were
practically homogeneous as derived from transmission electron
microscopy (TEM) image analysis (Figure S7, Supporting
Information). Results from elemental analysis documented that
higher ligand surface coverage was achieved in the case of NPs-
3 than for NPs-2. The ligand/cosurfactant ratio on the surface
of the NPs was calculated from the results of elemental analysis
assuming that all nitrogen atoms in the sample belonged to
ligand Ic. It should be stressed that the ligand/cosurfactant
ratio on the surface of NPs (found to be 9/1 or 10/1) differed
from their ratio in the reaction mixture (4/1). This is in
contradiction to known literature,42 where the ratio is assumed
identical in the reaction mixture and on the NPs’ surface.

In order to further improve the homogeneity of MNPs, the
trimeric ligand II was introduced using a similar setup to that

Figure 1. Structure of ligands Ia−e and II.
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for NPs-3 (Table S2, Supporting Information). As the
anchoring arm of ligand II is longer than that of Ic, a longer
cosurfactant (dodecylphosphonic acid, DPA) was used for the
preparation of NPs-4. FT-IR spectroscopy (Figure S8,
Supporting Information) supports the presence of ligands II
on the surface of NPs-4. Results of elemental analysis have
shown that the ligand/cosurfactant ratio was 1/38 or 1/13
when calculating the ratio to one diazenyl group. Thermog-
ravimetric analysis (TGA; Figure S9, Supporting Information)
revealed high thermal stability of NPs-4 with only a negligible
weight loss (Δm = 1.2%) until 320 °C. TEM image analysis
showed that NPs-4 were perfectly homogeneous (Figure 2).

We have used homogeneous NPs-3 and NPs-4 for the
preparation of the LC nanocomposites (NCs). The detailed
procedure for the preparation of NCs is described in Section 6,
Supporting Information. It should be noted that NPs-3 and
NPs-4 were immiscible with commercial room-temperature
nematogens such as 5CB or E7, likely due to their polar
nature. Therefore, we screened several hosts, LC-A−LC-D,
with a different number of aromatic rings and lateral
substituents (Figure 3), which can be considered as structural
analogues of ligands used for MNP modification.

NPs-3 covered with the linear ligand Ic formed stable
nanocomposite materials NC-1−3 with LC-A and LC-B,
however, containing small aggregates as derived from TEM
image analysis. In the LC-C these NPs formed large aggregates
(NC-4), and they spontaneously precipitated from LC-D;
therefore NC-5 was impossible to prepare. Due to this result,
LC-D was henceforth not further pursued for NC development
(Table 1).

NPs-4 (decorated with the trimeric ligand II) were also used
as dopants in various LC hosts (Table 1): LC-A, -B, and -C.

First, NC-6 and NC-7 containing 0.5 and 1.0 wt % NPs-4 in
LC-A, respectively, were prepared. These NCs were designed
based on the results obtained for NPs-3 assuming a similar
behavior of NPs-4 and NPs-3 due to an identical
promesogenic unit in the structure of their ligand shell.
However, in contrast to this assumption, NPs in NC-6 and
NC-7 aggregated, which was apparent from polarizing optical
microscopy (POM) observations.

Further investigations have shown that NC-8 based on LC-
B, containing one lateral chlorine substituent, did not contain
aggregates (Figure 4), whereas NPs in NC-9 aggregated

because of the higher NP concentration. The introduction of
the second lateral chlorine substituent into the structure of the
host (LC-C) resulted in spontaneous aggregation of the NPs in
NC-10.

Figure 2. Schematic representation of the structure of nanoma-
terial NPs-4 (left) and its TEM image (right). In the schematic
picture (left), the promesogenic units are depicted in blue,
anchoring arms in red, DPA in green color, and the MNP as a
black sphere.

Figure 3. Structures and mesomorphic properties of liquid crystalline hosts LC-A−LC-D used for the preparation of nanocomposites.

Table 1. Nanocomposites NC-1−NC-10 Based on NPs-3
and NPs-4 Selected as Dopants

*Impossible to prepare.

Figure 4. POM image of NC-8 (left) and NC-9 (right) in glass cells
(width 12 μm).
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The photoresponsivity of stable nanocomposites NC-3 and
NC-8 was studied in glass cells (width 12 μm) upon irradiation
with UV light (λ = 365 nm) using POM. Melted samples were
cooled to their corresponding mesophases (N* or SmC*).
Both NCs have shown a similar response (changes in textures
of NC-3 are depicted in Table S4). Photos of changes in
textures of NC-8 induced by UV light (Table 2) document
that the N* phase transitioned to an isotropic phase; to
document the change, small areas of highly birefringent N*

phase are shown in the picture. The illumination of the SmC*

phase did not induce such a phase transition, but a certain
degree of reorganization of the molecules within the
mesophase is apparent from POM observations.

The absence of a photoresponse of the supramolecular
structures at temperatures lower than 10 °C below the phase
transitions temperatures may indicate overheating of the
sample caused by absorption of the UV light. However, a
SmC* to N* phase transition was not observed, and, therefore,
it is assumed that the observed changes are induced by the
transformation of the predominant E-isomer present in the
ligands into the Z-isomer. The rather weak effect of UV light
observed in the SmC* phase can be related to the overall low
concentration of the nanomaterial. This is consistent with the
extent of chiral induction observed for NC-8 (vide inf ra).

LC-B as a neat material (Figure S11, Supporting
Information) and LC-B doped with NPs-4 (NC-8) were also
analyzed by circular dichroism (CD) spectropolarimetry both
in solution for neat NPs-4 (Figure S12, Supporting
Information) and in thin films of the doped bulk material
(Figure 5). Currently, advanced techniques (such as Mueller
matrix polarimetry) allowing for variation of the azimuthal
orientation of the measured thin film sample are frequently
used to determine induced chirality of a material,43−45

preferentially to CD measurements.46 However, thin film CD
of bulk materials has also been successfully used to determine
the induction of chirality, particularly in LC phases.21−23,47−50

Since the equipment for measuring induced circular dichroism
determination has been available to our team, we decided to
use this technique to assess chirality induction in the studied
sample. Figure 5 shows the thin film CD spectra collected for
LC-B doped with 0.3 wt % NPs-4 (NC-8) in thin films (∼20
μm gap) between two precleaned quartz substrates at 40 °C in
the host SmC and at 75 °C in the host N-LC phase. To
eliminate (or cancel out) contributions from linear dichroism
and birefringence of the induced N* and SmC* phases, the
interrogated sample areas were investigated at all sample
rotation angles in 45° intervals. The obtained thin films’ CD
spectra were then summed up to provide genuine CD signals
of the sample area. The circular area interrogated by the light

beam is approximately 0.4 cm in diameter (given by the
instrumental slit size and shape), which was significantly larger
than the typical size of domains in the induced N* and SmC*

phases observed by POM. Therefore, the bulk of the sample is
measured and not just individual domains. Each sum-CD
spectrum shows clearly discernible negative or positive sum-
CD signals with a maximum ellipticity centered around 320
nm, thereby supporting the assumption that NPs-4 induce a
bulk SmC* and N* phase, respectively. The thin film CD
spectra also supported the microscopy observations indicating
the aggregation of NPs-4 in LC-B above 0.3 wt %, showing
random and very noisy CD signals that could not be
interpreted.

Magnetic properties of the NC-3 and NC-8 samples were
also investigated and compared to the data obtained for the
original NPs. Temperature dependencies of the magnetization

Table 2. Example of UV-Light-Induced Changes of Planar Textures of the NC-8

Figure 5. Thin film CD spectra (film thickness: 20 μm) of LC-B
doped with 0.3 wt % NPs-4 at (a) 40 °C (in a SmC* mesophase)
and (b) at 75 °C (in a N* mesophase). For corresponding UV−vis
spectra please see Figures S13−S15, Supporting Information.
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recorded in the zero-field-cooled (ZFC) and field-cooled (FC)
modes are shown in Figure 6a.

The trend corresponds very well to the CoFe2O4 NPs
prepared via the same method and functionalized with oleic
acid or organic ligands of similar dimensions.52 The ZFC
curves follow a typical trend with a log-normal distribution of
the blocking temperatures (TB) originated from the distribu-
tion of the particle volumes and effective energy barriers.53,54

The FC curves show a saturation at low temperatures, which is
usually assigned to the interparticle interactions. This behavior
is a common fingerprint of FC curves in dense systems of NPs,
like powders and concentrated ferrofluids.54,55

Upon closer inspection, we can unravel moderate changes in
the TB. The original NPs functionalized with oleic acid reveal
the lowest value of the TB at the maximum of the ZFC curve of
∼230 K, while the NC-3 and NC-8 samples show TB values of
∼250 and ∼268 K, respectively. Complete analysis of the ZFC
curve using the fit of the log-normal distribution confirmed the
same trend for the mean TB values (please see Table S5).
Furthermore, the distribution width is comparable for all three
samples, suggesting that the particle size distribution was not
affected during the ligand exchange procedures. Thus, the
observed changes can be solely attributed to the modification
of the surface layer and interparticle distance in the powder;
both effects induce a change of the effective magnetic
anisotropy (represented by the effective anisotropy constant,
Keff) of the particles.54 (For details of the analysis and complete
set of results, please see Section 7, Supporting Information.)

The suggested scenario is also supported by the character of
the magnetization isotherms measured in the blocked (T < TB)
and superparamagnetic (T > TB) regime (Figure 6b and c).
Hysteresis loops clearly open in the blocked state. The coercive
field, HC

10K, increases moderately from 0.75 T for the
precursor NPs to 0.82 and 1.04 T for the NC-8 and NC-3
samples, respectively. The increase of the coercivity in single-
domain CoFe2O4 NPs is typically associated with the
strengthening of the interparticle interactions and enhance-
ment of the Keff due to the surface spin layer modification.48

An additional signature of the later effect is the dramatic
change of the loop shape. While the original particles show a
common shape of the hysteresis loop with a squareness value
of ∼0.75, which is typical for the CoFe2O4 NPs of a
comparable size,52,55 the magnetization curves of the NC-8

and NC-3 samples show an additional strong paramagnetic-like
contribution. The same term also dominates the magnetization
isotherms of these samples in the superparamagnetic regime
(Figure 6c), while the magnetization of the original particles
shows a common Langevin-type shape.56

Besides the coercivity, another important parameter one can
obtain from the analysis of the magnetization curves is the
saturation magnetization, Ms. In our samples, the Ms of the
precursor NPs reaches 70 Am2/kg at 300 K, which is in very
good agreement with the values reported for the CoFe2O4 NPs
of similar size produced by the hydrothermal method.52 The
Ms values of the NC-8 and NC-3 samples (obtained from the
extracted Langevin component at 300 K; please see Figure 6c
and Section 7, Supporting Information, for details of the
analysis) were found to be 12 and 18 Am2/kg. The obtained
results suggest that the content of the magnetic phase is about
17 and 25 wt % in the NC-8 and NC-3 samples, respectively.
However, in fine particles with a surface coating, the absolute
Ms values are strongly influenced by the uncertainty in the
organic content determination; thus, they are not relevant for a
deeper discussion of the coating effect on the spin structure.

Let us turn our attention to the extra paramagnetic-like
contribution, which is a striking difference between the
magnetization isotherms of the original particles and the
composites. Such “lack of saturation” is often associated with
the surface spin layer of the particles, which retains
considerable spin disorder and frustration.57−59 The reason is
that surface spins are easily influenced by either bonding or
nonbonding interactions with the surroundings such as the
ligands, adsorbates, and other magnetic nanoparticles. Also, the
intrinsic surface effect due to the dangling bonds and local
symmetry breaking giving rise to the nonzero orbital
contribution to the magnetic moment contribute to the
increase of the Keff and force the spins to decline from the bulk
magnetic structure. On the other hand, it has been shown
recently that the spin canting can also propagate through the
whole volume of the particles, in the hard spinel ferrites with
extremely good crystallinity.60,61

In order to decide on the dominant mechanism behind the
observed changes, we carried out further analysis of the
magnetization isotherms above the TB. As an important
parameter, we evaluated the mean value of the magnetic
moment per particle (μm) using two complementary

Figure 6. Magnetic properties of the NPs, NC-8, and NC-3 samples. Please note the different scale in the y-axis for the NPs as well as NC-8
and NC-3 samples, as shown by the black, red, and blue arrows in panel (a). The temperature dependencies of zero-field-cooled (ZFC) and
field-cooled (FC) magnetization recorded at 10 mT are presented in panel (a). The solid lines correspond to the fit using eq S1.
Magnetization isotherms measured at 10 and 300 K are shown in panels (b) and (c), respectively. The solid lines in panel (c) correspond to
the best fit using the nonregularized inversion method (eq S4 and MINORIM51), and the dashed lines show the pure Langevin component
after subtraction of the linear contribution (samples NC-8 and NC-3 only).
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approaches (please see Section 7, Supporting Information).
The μm values reach about 2 × 103 μB for the original particles
(NPs), and we note a decrease of about 20% for the NC-3 and
NC-8 (exact values are given in Table S4). The reasonable
variations of the particle magnetic moments suggest that the
majority of the particle volume remains intact during the
functionalization procedures. As we do not detect any extra
paramagnetic phase in the samples (the ZFC and FC curves
show strictly a single magnetic component), a rational
explanation is that anchoring different ligands to the surface
of the NPs causes changes to the spin structure in the surface
layer, giving rise to the additional nonsaturating term in the
magnetization isotherms and the about 20% decrease of the
corresponding active “magnetic volume” (evidenced by the
decrease of the μm). Alternatively, this observation can be
attributed to the reduction of the mean physical size of the
NPs during the coating procedure in comparison to the
originally synthesized NPs. Such partial dissolution of the NPs
and formation of Fe(III)-phosphonates due to strong
interaction of phosphonic acid ligands and cosurfactants with
Fe(III) surface ions was reported previously, and it could lead
to high responsivity toward a magnetic field.62 However, such
dramatic overall reduction of the crystallite size was not
observed in our samples (see the Supporting Information,
Section 7). Also, the presence of the significant paramagnetic
term in the magnetization isotherms of the modified NPs
rather corroborates the ligand effect scenario.

Nevertheless, we would like to point out that the TB ∼ KeffV,
where V is the magnetically active volume of the particle
proportional to the μm; thus a higher TB for particles with a
larger μm is expected. Moreover, the TB typically decreases
upon dilution of the magnetic NPs due to the increasing
interparticle distance and thus the dipolar interparticle
interactions. However, the increase of the TB and the coercivity
for the NC-8 and NC-3, which have about 20% lower values of
the μm, suggest that the ligand exchange causes significant spin
disorder in the surface shell and enhancement of the Keff. To
our best knowledge, the observed “effect of coating” is among
the most pronounced ever reported for nanoparticles modified
with various organic ligands, including magnetic mole-
cules.52,63,64

CONCLUSIONS

In this contribution, we report on a multistep synthesis of a
chiral photosensitive trimeric ligand, which, in combination
with a cosurfactant, efficiently stabilizes magnetic cobalt ferrite
nanoparticles, giving rise to a stable non-aggregated nanoma-
terial. Upon doping into an achiral liquid crystalline host, the
nanomaterial induces a chiral arrangement of mesophases of
the liquid crystalline host, which has been documented by
induced circular dichroism measurements. Moreover, the
formed nanocomposite responds to illumination with UV
light, which enables tuning of the supramolecular structures
and, eventually, their transition to an isotropic liquid. The
magnetic properties of the nanocomposite are rather weak due
to the low concentration of the nanomaterial in the liquid
crystalline host; however, we have observed an extremely
strong effect of coating, which is unexpected among nano-
particles modified with organic ligands. In conclusion, the
reported nanomaterial gives rise to chirality, photosensitivity,
and magnetic properties in a liquid crystalline host at the same
time. We propose that this type of magnetic NP-based dopants
could be more efficient in modulating the properties of liquid

crystals in comparison to a mixture of several dopants with the
requested functionality. The resulting multifunctional liquid
crystalline materials will enable dynamic tuning of their
electromagnetic response via several stimuli, which is an
important, yet unexplored, parameter to realize future
applications of nanocomposites.

MATERIALS AND METHODS

Ligand Synthesis and Characterization. All reagents and dry
DMF were purchased from commercial sources (Merck, TCI
Chemicals, Acros Organics, Fluorochem Ltd., LachNer) and used
without further purification. Tetrahydrofuran (THF) was distilled
from sodium with the addition of benzophenone. For acylation
reactions, dichloromethane (DCM) and toluene from a solvent
purification system (PureSolv MD7) were used. Silica gel 60−100 μm
(Merck) was used for column chromatography. For thin layer
chromatography, TLC plates prepared in our laboratory using silica
gel GF254 (Merck) or commercial TLC on a glass substrate from
Merck was used. The structure of intermediates and final products
was confirmed by IR spectroscopy (Thermo Scientific Nicolet iS10
FT-IR spectrometer on KBr discs indicated as KBr or using Bruker
ALPHA FT-IR by the ATR technique indicated as film), NMR
spectroscopy (Agilent 400-MR DDR2 spectrometer), mass spectrom-
etry (LTQ-Orbitrap Velos from Thermo), and elemental analysis
(PerkinElmer 2400 instrument). Melting points were measured using
a Boetius apparatus from Leova.
Nanoparticles. Modification of NPs was performed using a

Sonopuls HD 3200 ultrasound homogenizer. Modified NPs were
investigated by elemental analysis (PE 2400 Series II CHNS/O
analyzer), IR spectrometry (Nicolet 6700 spectrometer using the
ATR technique, indicated as “film-NP”), TEM (JEOL JEM-1010
microscope with a SIS MegaView III digital camera), and TGA
(Stanton-Redcroft TG 750, platinum container, in an inert nitrogen
atmosphere with a heating rate of 5 °C·min−1).
Nanocomposites. A solution of nanoparticles (0.15 mg) in

CHCl3 (2 mL) was sonicated at cooling using a US homogenizer for
15 min. An NP suspension was filtered through a syringe filter and
added to the solution of an LC host (50 mg) in CHCl3 (2 mL). The
solvent was evaporated at 80 °C under an argon stream during 15 min
of sonication in a US bath.
Induced Circular Dichroism Measurements. Solution CD and

thin film CD spectropolarimetry were performed using an OLIS
DCM 17 spectrophotometer suite using either a quartz cuvette (path
length: 1 cm) for solution or flat precleaned quartz substrates for thin
film experiments, respectively. Thin films for ICD spectropolarimetry
were prepared between two quartz substrates separated by ∼10 μm
Kapton tape spacers. Samples were rotated in 45° intervals from 0° to
315° (in the plane normal to the light beam) in order to differentiate
CD absorption (reflection) from linear dichroism and birefringence.21

Photosensitivity. The E/Z-isomerization process was charac-
terized by performing 1H NMR measurements (Agilent 400-MR
DDR2) of solutions (1.0×10−2 mol/L) during heating in NMR tubes
or by UV−vis measurements (Varian Cary 50 UV−vis in quartz
cuvettes). For UV−vis measurements, solutions of different
concentrations of nanocomposites were prepared by dilution of a
stock solution (1.5×10−3 mol/L) in chloroform (HPLC grade).
TEM Measurements. A drop of nanoparticle solution was

deposited on a copper carbon-coated electron microscopic grid
(400 mesh), and NPs were allowed to adhere for about 5 min. An
excess of solution was removed by blotting the grid on filtration paper.
After drying at room temperature, the grid was inserted into a JEOL
JEM-1010 transmission electron microscope (JEOL, Japan), operated
at 80 kV, and visualized by a Megaview III CCD camera and AnalySIS
v 2.0 software (Olympus, Germany).
Magnetic Measurements. Bulk magnetic properties of the

samples were measured using a properly calibrated MPMS XL-7
device (SQUID magnetometer, Quantum Design). The sample was
placed in a gelatin capsule and fixed by polystyrene in a sample holder
with a negligible background signal. The temperature dependence of
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the ZFC and FC magnetization, M(T), was recorded in the constant
magnetic field of 10 mT with a step of 2 K after cooling the sample in
the remnant field of the superconducting coil (below 0.5 mT). The
magnetization isotherms were measured at 10 K and 300 K up to ±7
T. All magnetization data were normalized to the total mass of the
measured sample to avoid an additional increase in the experimental
error due to the normalization based on the cobalt ferrite content
obtained by other analytical methods.
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