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Magnetic Tilting in Nematic Liquid Crystals Driven

by Self-Assembly

Martin Hdhsler, Hajnalka Nddasi, Martin Feneberg, Sebastian Marino,
Frank Giesselmann, Silke Behrens,* and Alexey Eremin*

Self-assembly is one of the crucial mechanisms allowing the design multifunc-
tional materials. Soft hybrid materials contain components of different natures
and exhibit competitive interactions which drive self-organization into struc-
tures of a particular function. Here a novel type of a magnetic hybrid material
where the molecular tilt can be manipulated through a delicate balance between
the topologically-assisted colloidal self-assembly of magnetic nanoparticles and
the anisotropic molecular interactions in a liquid crystal matrix is demonstrated.

1. Introduction

Soft materials with stimuli-responsive behavior generated sig-
nificant interest over the past few years for constructing smart
and functional systems.*?! In particular, hybridization of liquid
crystals (LC) with magnetic nanoparticles (MNPs) opens new
avenues for designing novel magneto-responsive materials and
devices for transparent magnets,’! actuators,¥ sensors, data
storage,®! and direct visualization of magnetic fields.”) LCs are
characterized by the combination of fluidity of ordinary liquids
with the anisotropic electro- and magneto-optical properties of
crystalline materials.®l The symmetry of nematic LCs (N-LC)
is uniaxial where rod-shaped molecules (mesogens) orient
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along a common direction, the director n.
Optical properties of LCs (e.g., in liquid
crystal displays) are typically controlled by
the (re)orientation of mesogens in elec-
tric fields. As an alternative to electrical
control, N-LCs can also be manipulated
by magnetic fields; however, due to the
low diamagnetic anisotropy of the meso-
gens, magnetic actuation requires strong
magnetic fields. The contactless nature of
magnetic manipulation and versatility of
magnetic, magneto-optical, and magneto-electro-optical effects
are extremely attractive and have motivated numerous studies
on magnetic LC hybrid materials in this field. Doping of N-LCs
with MNPs, for example, not only led to enhanced sensitivity
to the magnetic field in ferronematics®!% but also to ferromag-
netic nematics with residual magnetization, which were only
recently discovered in dispersions of magnetic platelets.>”!
The highly interesting, stimulus-responsive properties of these
materials are based on a complex interplay between magnetic
dipolar and LC-mediated elastic interactions and coupling of
the nematic director n to the magnetization M of the MNPs.
These effects not only critically influence the stability of the
material but also its magnetic, magneto- and electro-optical
properties and response dynamics, but are yet not well under-
stood.’l While typical ferronematics with weak anchoring of the
nematic director at the MNP surface behave as superparamag-
netic even though the MNPs are ferromagnetic, in so-called fer-
romagnetic nematics the director strongly anchors at the MNPs
and stabilizes the ferromagnetic colloidal order.

The interface between MNP and LC host (i.e., the chemical
surface properties of the MNPs) are of utmost importance.
Various types of mesogenic ligands have been designed which
are typically composed of: 1) a functional group that allows for
binding to the MNPs which is linked by 2) a flexible spacer to
3) the mesogenic entity (e.g., a cyano-biphenyl entity). These
ligands may or may not form a LC phase themselves (meso-
genic ligands or pro-mesogenic ligands, respectively). Dendritic
ligands with mesogenic entities not only kinetically stabilize the
MNPs but also reduce both the disturbance of the LC order in
the proximity of the MNPs as well as the axial distortion and
equatorial depletion of the the flexible ligand shell, preventing
MNP agglomeration and phase separation.213! Additionally,
the mesogenic ligands critically control the coupling strength
between the LC host and the magnetic moments m of the
MNPs. Recently, also a remarkable, through-space amplifica-
tion of chirality was observed for minute amounts of nanorods
capped with chiral ligands in an achiral N-LC."™ Self-assembly
of embedded nanoparticles into 3D structures may further
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affect the global ordering of the LC. The formation of modu-
lated phases often occurs as a result of the competition between
two or more ordering mechanisms favoring different equilib-
rium states. Various systems where composition,[”! molecular
tilt, and surface curvature 1%V are modulated are found in
nature. However, hybrid materials of a nematic LC-phase and
dendronized MNPs, where the tilt of the nematic director can
be adjusted by magnetically induced self-assembly and with
controllable magnetic properties remain unknown.

For the first time, we report on a magnetic LC material where
self-assembly of MNPs modulates the tilt of the director n with
respect to a magnetic field. Consequently, some of the impor-
tant issues we are addressing here are the coupling of the MNP
subphase to the LC matrix and the magneto- and electro-optical
behavior of the N-LC hybrid materials. Stable dispersions of MNPs
in a N-LC are achieved by functionalizing the MNPs with a meso-
genic dendron. In the magnetic field, the mesogens align tilted to
the direction of the magnetic field. This effect can not be explained
by the common model of the magnetic Fréedericksz transition for
ferronematics with uniform MNP distribution in the N-LC matrix
and indicates the self-assembly of functionalized MNPs into super-
structures, which in turn seem to induce the inclined orientation of
the nematic director n. Detailed characterization of the magneto-/
electro-optical properties and structure by impedance spectroscopy,
polarized optical microscopy (POM), small- and wide-angle X-ray
scattering (SAXS, WAXS), and Raman spectroscopy is reported.

2. Results and Discussion

In a first step, the synthesis of MNPs and their chemical sur-
face properties were addressed to prepare a magnetic LC
hybrid material with high colloidal stability in the N-LC host
and strong sensitivity to the magnetic field. 4-cyano-4-pentyl-
biphenyl (5CB), a commercial N-LC with the calorimetry data
shown in Figure S16, Supporting Information, was employed
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as N-LC host. Uniform, 4.6 nm CFO-MNPs were synthesized
Dby reaction of Fe(acetylacetonate); and Co(acetylacetonate), with
1,2-hexadecanediol in the presence of oleic acid and oleylamine
(see Supporting Information).'®1% Cobalt ferrite (CFO) reveals
a high chemical and physical stability together with an unusu-
ally high magnetic anisotropy (=2 x 10° ] m~) and a superpara-
magnetic limit at = 8 nm. As previously shown by us, aliphatic,
mesogenic ligands disperse very small MNPs in 5CB, but col-
loidal stability decreases with increasing MNP size and is very
limited for MNPs larger than =3 nm.[% In this work, a sterically
demanding, mesogenic ligand with dendritic structure (see
Figures S1 and S2, Supporting Information) was introduced to
functionalize the surface of the 4.6 nm size MNPs and ensure
their colloidal stability in the N-LC host. The dendritic ligand
forms a mesophase in a very small temperature range (AT =
0.2 K). The transition from the isotropic to the smectic A-phase
takes place at T(SmA-I) = 88.2 °C, while the crystalline phase
is formed at T(Cr-SmA) = 88.0 °C.12% The nature of the ligand
critically influences the coupling to the surrounding LC host. A
ligand exchange reaction of 4.6 nm CFO-MNPs with a dendron
yielded dendronized MNPs (Dend-MNPs).2l Dend-MNPs were
added to the 5CB host, sonicated at 60 °C and quenched to the
N-LC phase (T = 25 °C). After removal of larger aggregates
via centrifugation, the homogeneous Dend-MNP-5CB-hybrid
material was obtained (Figure 1). No residual (micro)aggregates
were detected by optical microscopy. The size of the MNPs and
the clearing point of the N-LC were not affected by the disper-
sion step (Ad = 0.04 nm; AT = 0.0 K).

The coupling effect of the magnetic subphase with the LC
matrix strongly affects the magneto-optical behavior of a hybrid
LC material. The Fréedericksz transition (FT) constitutes the
response of the nematic director to an applied electric or magnetic
field, where the dielectric and diamagnetic torques counteract the
elastic torque of the nematic director.”?2 Our ferronematic (Dend-
MNP-5CB-hybrid material) and the non-doped LC show nearly
identical behavior of the critical voltage U, (Figure S5, Supporting

Dend-MNP-5CB-hybrid material
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Figure 1. (Top left) TEM images of the MNPs; (bottom) schematics of a functionalized nanoparticle; (top right) a dispersion of the MNPs in 5CB

(Dend-MNP-5CB-hybrid material).
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Information). The negligible difference in electro-optical behavior
indicates that the Dend-MNPs in the nematic host 5CB do not
significantly affect neither the order parameter S nor the splay
elastic constant by an E-field. By contrast, the realignment of the
nematic director n in a magnetic field becomes very sensitive to
the presence of the MNPs (Figure 2; Figure S6, Supporting Infor-
mation). A magnetic field applied perpendicular to the cell plane
destabilizes the planar state even further by shifting the magnetic
FT threshold (Figure 2a). The critical field B. for the magnetic FT
decreases with the increasing mass fraction of MNPs. Thus, the
ferronematic exhibits a positive director-magnetization coupling
favoring parallel alignment of n and M.

Although such a destabilization effect, attributed to the sur-
face anchoring of the director at the MNP surface, has also been
observed in other ferronematic systems,?*2°! the character of
the transition in this system is very different. For an increasing
magnetic field, we observe a systematic decrease of the dielec-
tric permittivity tensor component g, parallel to the director.
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Figure 2. Electro and magneto-optical behavior of the ferronematic
Dend-MNP-5CB-hybrid material: a) magnetic FT in a planar 25 um cell;
b) dielectric permittivity measured in a homeotropic 10 um cell as a func-
tion of the applied magnetic field. The sketches show the initial device
geometry and the orientation of the applied fields.
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Experiments combining E- and B-fields shed more light
on the peculiar behavior of the ferronematic. Figure Sé6a,
Supporting Information, shows the electric FT for w =
0.20 wt% in a magnetic field bias aligned parallel to the unper-
turbed alignment direction of the (B || n L E). The threshold
U, shifts to the lower voltage contradicting the conclusion of
the positive n-M coupling from the observation of the pure
magnetic FT. Here, the magnetic field, parallel to the director
n, has a destabilizing tendency. Also, the shape of the curve
€.7(U) deviates from the shape determined by the effective elec-
tromagnetic torque. This unusual step-like behavior is stronger
pronounced at higher mass fractions of MNPs (Figure S5,
Supporting Information). When the magnetic field is applied
parallel to the electric field in a planarly aligned nematic, the
threshold of the electric FT decreases and the transition softens
(Figure S6b, Supporting Information). This suggests that the
magnetic field has a destabilizing effect even in this geometry.

Since the magnetic and the electric torques scale with crit-
ical fields as B? and U?, respectively, it is useful to plot the
threshold values in a U?/B? diagram for B || n L E configura-
tion (Figure S6c, Supporting Information). For the nematic
host, the experimental points collapse on a straight line with
a slope determined by the ratio of the dielectric to diamagnetic
anisotropies of the mesogens.!”! In the case of the hybrid mate-
rial, B has a destabilizing effect despite the positive diamag-
netic anisotropy. U?(B?) is nonlinear and exhibits a saturating
behavior at a high B. In the case of the electric FT in a magnetic
bias applied parallel to the electric field (n L B || E), the same
destabilizing tendency was observed (Figure S6b, Supporting
Information). The transition sets off at lower voltages and g
decreases with increasing magnetic field. To test this assump-
tion that the dielectric permittivity decreases along the mag-
netic field, we considered a different geometry, where the initial
state is homeotropic and both fields are applied parallel to the
director n || B || E (Figure 2b). No change of the director ori-
entation is expected in such a configuration. Indeed, the effec-
tive dielectric permittivity €. = €| of the undoped nematic dis-
plays no significant change. In the absence of a magnetic field,
the same is true for the Dend-MNP-5CB-hybrid material. In
a magnetic field, however, we observe a substantial reduction
of g in agreement with the measurements in the planar cell
(Figure 2a). This effect strongly depends on the concentration
of the MNPs as shown in Figure S5, Supporting Information.
The decrease of the g can be related to a tilt of the mesogens or
a decrease of the orientational order. The tilt of the molecules
would affect the alignment of the mesogens with respect to the
director n of the undoped nematic. The decrease of the orien-
tational order would be attributed to a global distortion of the
nematic order at the nanoscale. To explain the peculiar behavior
of g, we investigated the orientational order parameter and
molecular tilt using X-ray scattering and Raman spectroscopy.

Small- (SAXS) and wide-angle (WAXS) X-ray scattering gives
insight into the orientational order and correlations of the mes-
ogens in the nematic phase. In the absence of an external field,
the scattering diagram shows no orientation for the pure LC.
Surprisingly, the ferronematic samples exhibit pre-oriented pat-
terns even without an external field (Figure 3a—d and Figure S7,
Supporting Information). The director orientation found by
WAXS is arbitrarily chosen and appears to be independent on

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. 2D wide-angle X-ray scattering patterns of 5CB with MNP concentration of 0.000, 0.067, 0.133, and 0.200 wt% in the nematic phase at
T =25°C. Each row illustrates 2D-XRD-patterns of a certain setup: without an applied B-field in (a—d), a permanent applied magnetic field orthogonal
to the incoming X-ray beam kg in (e-h) and the samples pre-oriented in a magnetic field of 800 mT and measured with k¢ parallel to B in (i— ).

the capillary (substrate) orientation. Application of a magnetic
field results in macroscopic alignment. The WAXS scattering
maxima remain on the equator of the pattern in the pure LC,
suggesting that n || B (Figure 3e). In the ferronematic, on the
other hand, the director becomes tilted away from the direction
of B (Figure 3f-h). The tilt direction is chosen arbitrary and
depends on the position in the sample. The tilt angle v, how-
ever, depends on the mass fraction of MNPs (Figure S8, Sup-
porting Information). The scattering patterns with X-ray beam
ko || B show an isotropic intensity distribution indicating no
preferred in-plane order of the tilt (Figure 3i-1).

Considering the scattering profiles I(y) with the orientation
ko L B in (Figure S8, Supporting Information), the director
tilt v to the magnetic field B increases from 1.2° to 25.5°
with increasing MNP mass fraction. In addition, Figure S8,
Supporting Information, reveals peak broadening and a
reduction of the scattering intensity with increasing MNP con-
centration. This broadening indicates a reduction of the effec-
tive nematic order in B. In the isotropic phase, the intensity
distribution in the 2D-XRD-patterns remains uniform, sug-
gesting no influence of the MNPs on the molecular order above
the clearing point (Figure S10, Supporting Information). The

Adv. Funct. Mater. 2021, 2101847 2101847 (4 Of7)

scattering from the MNPs appears at small angles (in SAXS).
The X-ray diagrams show a strong increase of the forward
scattering intensity caused by the MNP form factor in ferrone-
matic samples (Figures S11 and S12, Supporting Information).
Furthermore, no scattering was observed in the SAXS-region
of pure 5CB (Figure S12, Supporting Information). The azi-
muthal dependence of the scattering profile shows an ani-
sotropy suggesting that the particles form aligned structures.
Furthermore, no scattering was observed in the SAXS-region
of pure 5CB.

Thus, it can be concluded that the origin of this scattering is
the appearance of the MNPs with a size of about 75 nm. It is
also of no importance whether the nanoparticles are embedded
in a nematic or even an isotropic environment as illustrated in
Figure S12, Supporting Information, the differences in the scat-
tering profiles I(g) are negligible.

As demonstrated above, the behavior in a magnetic field
does not have a straightforward explanation by Burylov—Raikher
theory of ferronematics,?°281 where a magnetic coupling to
ferromagnetic particles is assumed. The reduction of the effec-
tive dielectric permittivity occurs in the direction of the mag-
netic field independently of how the electric field was applied.

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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A reasonable explanation could be a reduction of the orienta-
tional order parameter S caused by the presence of the MNPs.
However, the birefringence, which is proportional to S, does
not change significantly. Frank elastic constants in the ferrone-
matic remain nearly the same as in the pure LC host. Also, the
Raman scattering data do not show any markable effect of the
MNPs on the orientational order parameter (Figure S13, Sup-
porting Information). Instead, the director forms a macroscopic
tilt to the magnetic field direction, as demonstrated by X-ray
scattering. Molecular tilt explains the behavior of the effective
dielectric permittivity in cells with planar and homeotropic con-
ditions in a magnetic field. The tilted configuration appears to
be stable in the limit of high B.

Such an equilibrium requires an additional stabilization
mechanism preventing the reorientation of the mesogens via
the anisotropic diamagnetic coupling. The characteristic length-
scale should lie in a mesoscale range but remain long enough
not to disturb the microscopic nematic order. To explain
the tilt, we propose a model where the MNPs self-assemble
into chainlike structures which exhibit a sufficiently strong
oblique anchoring to the nematic director. The key element
of the model is the stabilization via topological constraints on
the director field. Indeed, the magnetic interactions between the
superparamagnetic NPs are too small to drive the self-assembly,
at least in weak magnetic fields (see Figure S3, Supporting
Information, for magnetic properties of the MNPs). However,

the radial orientation of the mesogenic groups in the dendron
shell favors the nematic director’s radial anchoring. One of the
crucial questions in describing the magnetic nanoparticles’
dispersions is the coupling between the director in the bulk and
the particles. In the case of micrometre-sized inclusions, the
coupling occurs via anchoring of the director at the particles’
surfaces and occurrence of the topological defects. The director’s
distortions caused by the particles’ presence result in interac-
tions tending to minimize the distortion energy. Those inter-
actions drive the self-assembly of particle-defect states in the
nematic matrices. When the particle size is on the nanometer
scale, the anchoring is much weaker, and the defects-bound
states are not expected. Still, the director’s perturbations caused
by the nanoparticles can drive the self-assembly by minimizing
the distortion energy and maximizing the fluctuations. In
case of our functionalized nanoparticles by the mesogenic-like
dendron shell, the director is radially anchored at the MNPs sur-
face (Figure 4a,b). To relieve the topological constraint, the den-
dron shell becomes deformed taking a tactoidal shape, which is
similar to the case when a Saturn-ring defect loop collapses to
a surface ring on the particle, in case of the weak anchoring.l*’!
As demonstrated by theory,??3% the surface ring configuration
corresponds to the absolutely stable director configurations for
small particles. This deformation has a quadrupolar character
and leads to the spontaneous self-assembly into kinked chains
perpendicular to the mean director (Figure 4d).?Y The director’s

splay

Figure 4. Schematics illustrating the self-assembly mechanism of the MNPs and tilt stabilization in the case of infinitely strong anchoring: a) the
dendron branches are radially aligned at the particle core; b,c) in the LC, the MNPs form a quadrupole with a splay deformations at the poles and the
bend deformation at the equator. d) Director-mediated interactions result in the formation of chains in a uniform director field. e) The chains align
along the field resulting in an oblique alignment of the director.The vector k designates the orientation of the long axis of the chain, making an angle
o with a local director orientation.
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bend regions overlap to reduce the elastic energy. Due to the
smallness of the director deformation, we can use the far-field
potential for a pair of interacting particles with quadrupole
moments c,

_ 167Kc’
9r°

u(r)

(9—90cos? 6 +105cos* ) (1)

where r is the interparticle distance and 6 is the angle with
respect to n, und K is the effective elastic constant.?”! The
MNPs do not create defects, instead, they perturb the director
field. The director-mediated interactions can also lead to 2D or
3D structures,Y but for short chain with fewer kinks, 1D struc-
tures will be favorable. This results in a coupling between the
director and the chain’s orientation.

Application of the magnetic field results in the magnetiza-
tion of the superparamagnetic particles. Since the particles
have isotropic shapes, there is no preferred direction for the
chains. However, magnetic interactions of the particles give
rise to the magnetic anisotropy. The chains magnetize easier
when the field is parallel to the chain axis. As a result, the
magnetic torque will align the chains along the field, and
the director aligns obliquely (Figure 4e). Both torques have the
same asymptotic field dependence proportional to B2 Hence,
an equilibrium tilt can be induced. The mean interparticle
distance dy, is in the range of 95 nm (0.04 wt%) and 55 nm
(0.20 wt%), which is in about ten molecular lengths of the
5CB mesogens. Thus, MNPs create mesoscopic confine-
ment for the nematic. It is important to stress that it is the
director mediated interactions and dendron-LC interactions
(effective anchoring), that are responsible for self-assembly.
These interactions do not require a magnetic field. The mag-
netic chains are present already in the field-free state and
improve the alignment of the director, which was confirmed
by X-ray analysis.

3. Conclusion

In summary, we demonstrated the manipulation of the
optical properties of a soft colloidal LC-hybrid material using
a delicate balance between the topologically-assisted colloidal
self-assembly of MNPs and the anisotropic molecular interac-
tions. The key feature in the design of these materials is the
functionalization of the MNPs, allowing an effective coupling
between the magnetic particles and the LC matrix. The fer-
ronematic hybrid materials with dendron-functionalized MNPs
showed a magnetically-induced tilt of the nematic director. We
explain this tilt by the formation of mesoscopic, topologically-
driven self-assembled chain-like structures of MNPs stabilized
through the long-range, director-mediated interactions. The
magnetic alignment of these structures is responsible for the
reorientation of the liquid crystal director.

In general, reorientation of mesogens and self-assembly
of MNPs in such hybrid materials in response to electric
or magnetic fields offer new avenues for tunable metama-
terials or complex, hierarchical nanostructures which are
unavailable by conventional synthesis. In particular, incor-
porating the MNPs in other types of LCs with chiral or

Adv. Funct. Mater. 2021, 2101847 2101847 (6 of 7)

smectic order could provide hybrid materials exhibiting novel
magneto-optical phenomena.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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