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Magnetic hybrid materials in liquid crystals

Abstract: The integration of nanoparticles with magnetic, ferroelectric or semi-
conducting properties into liquid crystals (LCs) has attracted great interest both for
fundamental investigations and for technological applications. Here, an overview of
hybrid materials based on magnetic nanoparticles (MNPs) and thermotropic LCs is
given. After a general introduction to thermotropic LCs and LC-MNP hybrid materials,
various preparation methods established by us are presented. The synthesis of shape-
(an)isotropic MNPs, their functionalization by tailored (pro)mesogenic ligands with
linear or dendritic structures and their integration into LC hosts are discussed. The
characterization of the MNPs, (pro)mesogenic ligands and resulting MNP-LC hybrid
materials is described to show the influence of MNP functionalization on the MNP-LC
interactions including aspects such as colloidal stability and structuring in the LC host.
Overall, we show that the physical properties of the hybrid material are significantly
influenced not only by the MNPs (i.e., their size, shape and composition) but also by
their surface properties (i.e., the structure of the (pro)mesogenic ligands).

Keywords: inorganic/organic hybrid materials, magnetic nanoparticles, magneto-op-
tical properties, nematic liquid crystals, (pro)mesogenic ligands

1 Introduction

The integration of nanoparticles with magnetic, ferroelectric or semiconducting
properties in liquid crystals (LCs) has attracted a lot of interest for both fundamental
investigation and technological application [1]. Long-distance orientational interac-
tion in LCs leads to a strong influence of the dispersed particles on the mesogenic
properties of the LC and vice versa. In general, two major directions are pursued (1) the
LC host directs the organization of the particles into ordered arrays with synergistic
collective behaviors or (2) the particle dopants modulate and improve the properties of
the LC. Dopants of magnetic nanoparticles (MNPs) can effectively modify the electro-
and/or magneto-optical responses and other physical characteristics of LCs. These
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hybridmaterials reveal a great potential to improve current liquid crystal display (LCD)
technologies, for example, through new ormodified switching modes, lower operating
voltages and larger contrast-ratios [2]. Recently, hybridmaterials of LCs andMNPswith
magnetically controllable and erasable characteristics (in particular magneto-chromic
properties) were developed which could be interesting for application as magnetic
paper [3]. Magnetic fields could be directly visualized by combining the magneto-
optical and electro-optical response of ferromagnetic LCs [4]. Polymeric LCs have also
been doped with MNPs which allows for their mechanical deformation or heating by
the action of external (magnetic) stimuli [5]. Transparent magnets with flexible and
optically homogeneous properties, for example, were achieved by linking polymeric,
side-chain LCs with a siloxane backbone to MNPs [6].

LCs thermodynamically range between the highly ordered crystalline and disor-
dered isotropic liquid state and are therefore often referred to asmesophase (Figure 1a).
This mesophase combines anisotropic properties of crystals (such as optical birefrin-
gence) with flow properties of ordinary liquids. Anisotropic properties arise from
ordering of constituent entities, while fluid properties are provided by their concomi-
tant mobility in LC state. In general, molecules, macromolecules, supramolecular
aggregates or nanoparticles may act as constituent entities in LCs. Here, we focus on
LCs formed by low-molecular weight molecules. Depending on themesophase, LCs are
classified into two categories, namely thermotropic and lyotropic LCs. Lyotropic LCs
can be found in solutions of amphiphilicmolecules formingmicellar aggregates,where
concentration largely determines the type of LC phase formed. In thermotropic LCs, LC
ordering is a function of temperature (Figure 1a). Thermotropic LCs are formed by
single organic molecules as constituent entities (i. e. mesogens) or mixtures thereof,

Figure 1: (a) Organization in the crystalline, liquid crystal (LC) and liquid state with common LC
phases formed by calamitic mesogens. (b) Selected structures of mesogens forming LCs.
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which are further distinguished according to the geometric shape into calamitic (rod-
like), discotic (disc-like), sanidic (brick-like or lath-like) or bent-core (Figure 1b) [7]. LCs
are symmetry-broken, ordered fluids in which one or more angular and/or positional
degrees of freedom are frozen in. While mesogens in nematic mesophases show long-
range, orientational ordering along a preferred direction (director n), they additionally
reveal positional ordering in smectic phases. Various types of thermotropic meso-
phases occur at different temperatures; some common types formed by calamitic
mesogens are displayed in Figure 1b [7].

Already in the 1970s, Brochard and de Gennes proposed the embedding of MNPs
into LC hosts to increase the magnetic response or sensitivity, respectively, of LCs to
magnetic fields [8]. Meanwhile, a number of lyotropic and thermotropic MNP-LC hy-
brids with interesting magneto-optical properties have been realized experimentally
[9]. In this context, ferronematics represent stable colloidal suspensions of MNPs in
nematic LCs.Mertelj et al. have reported on ferromagnetic nematics by the stabilization
of ferromagnetic Sc-doped barium hexaferrite platelets in the nematic LC 4-pentyl-
4′-cyanobiphenyl (5CB) [10]. The interplay of nematic-mediated repulsive interaction
andmagnetic attraction forces lead to stabilization of theMNPs and their ferromagnetic
ordering in the LC [11]. Multiferroic properties were achieved due to the coupling of the
nematic director n and the magnetization M of the platelets [12]. The electro-optical
effect of the ferromagnetic LC, which did not differ from the pure LC, was accompanied
by an opposite magneto-electric and an (indirect) magneto-optical effect. The bire-
fringence of LCs consisting of shape-anisotropic organic pigments was controlled by
MNPs forming chain-like structures in the magnetic field [13]. As shown by molecular
dynamic simulations, the size and number of chain-like MNP clusters determined the
alignment of these pigments [14]. Recently, Stannarius, Schmidt and Eremin et al. also
demonstrated the magneto-optical response of isotropic and anisotropic fibrillous
organogels by mobile MNPs [15]. Orientational ordering is known not only to affect the
electro-optical but also the rheological properties of colloidal dispersions. Nematics,
for example, reveal a complex flow behavior which depends on the flow direction and
type and involves different viscosities (so-called Leslie coefficients). In this case,
magneto-viscous effects which have been described for ferrofluids could also open up
novel possibilities for MNP dispersions in LC hosts [16]. Just recently, an interesting
magneto-viscous effect was observed by Odenbach et al. for doping of isotropic,
micellar potassium laurate/water systems with MNPs [17]. The ternary mixture
(potassium laurate/water/decanol) also forms a lyotropic mesophase which could give
rise to interesting magneto-rheological properties [18]. In an LC mixture of magnetic
and nonmagnetic nanorods, a nonmonotonic dependence of the shear stress on the
strength of an external magnetic field was observed by molecular dynamics simula-
tions, which is in contrast to the monotonic behavior in conventional ferrofluids [19].
Recently, translational and rotational motions of ferromagnetic liquid droplets were

Magnetic liquid-crystalline hybrid materials 1011



precisely actuated by an external magnetic field [20]. The droplets could be reconfig-
ured into different shapes while preserving the magnetic properties of solid ferro-
magnets with classic north–south dipole interactions. Here, the droplets were built
from isotropic phases and MNP-surfactants, but this could also inspire future studies
on active matter and programmable liquid constructs based on MNP-LC hybrids.

However, the embedding of particles in LC matrices is by no means trivial. As
shown by us and others, aggregation of MNPs up to the complete phase separation is
highly challenging. The stability of MNP dispersions is typically low, and formation of
aggregates often occurs even in colloids with low MNP content. In some cases, the
stability of the colloidal LC dispersion seemed to be hardly longer than the measure-
ment time of the experiments. Visible to the eye, macroscopic MNP precipitates may
rapidly form below the isotropic–nematic transition leading to a spontaneous, com-
plete phase separation into colorless LC phase and brown MNP precipitate. MNP dis-
persions, however, can also appear macroscopically homogeneous below the
isotropic–nematic transition, whereby no precipitate is formed, while examination
with the optical microscope reveals the formation of (micro)aggregates [10, 21]. Even
microaggregate formation may affect the magneto–optical behavior of MNP disper-
sions in LCs, as demonstrated by polarizing microscopy (POM) in the magnetic field
[22]. Local response of the director n near the MNP microaggregates orienting in the
magnetic field led to a first nonthreshold region of the phase retardation, while the
collective response of the LC with the homogeneously dispersed MNPs occurred at
larger magnetic fields (≥95 mT). MNP aggregates may be removed, for example,
applying an external magnetic field gradient (Nd2Fe14B laboratory magnet), which
leads to colloidally stableMNPdispersionswhere no aggregates are detected by optical
microscopy [21]. However, this may not exclude the formation of small MNP clusters
well dispersed in the LC and not visible under the optical microscope [23]. In particular
high MNP fractions may also affect the LC viscosity and thereby the fluidity of the
sample, and even gelatinous nonfluid materials have been reported for high MNP
fractions [22]. Preparation procedures made also use of rapid thermal quench (i. e., by
rapid cooling from the isotropic to the nematic phase) to keep the particles,which are in
general better dispersible in the isotropic liquid phase, from aggregating in the nematic
phase [24].

In general, a stabilization of MNPs in LCs requires not only the compatibility of the
particles with the structure and dimensions of the LC host as well as specific surface
properties, but also a balanced interplay of LC-mediated and magnetic forces that
might occur. The coating of the MNPs with tailored (pro)mesogenic ligands is very
promising, particularly for stabilizing MNPs in thermotropic LCs. For particles of
semiconductors ormetals (in particular small Au nanoparticles [25] and nanorods up to
50 nm [26]), the use of (pro)mesogenic ligands has been successfully demonstrated.
Desymmetrization by replacing spherical Au particles by nanorods as well as the
coating with chiral ligands, induced a much tighter helical distortion and an amplifi-
cation of chirality in the LC host [26]. The functionalization of ZnO nanoparticles,
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spindle-shaped TiO2 and α-Fe2O3 particles with (pro)mesogenic ligands is also
described [27]. Surprisingly, only few examples describe the use of (pro)mesogenic
ligands for stabilization ofMNPs in LCs. As compared to oleic acid-stabilized nanorods,
nanorods coated with 4-n-octyloxybiphenyl-4-carboxylic acid revealed an enhanced
stability in 5CB [9l]. (Pro)mesogenic ligands with dendritic structure are particularly
interesting and were first exploited for the functionalization of MNPs by Dermortière
et al. [28]. Recently, stable dispersions of CdSe@ZnS quantumdots andMNPswere also
achieved in 5CB by using dendritic ligands [22, 25c, 29].

In the following, we give an overview on the synthesis of MNPs of various
elemental compositions and defined spherical or anisotropic shape as well as their
integration in low-molecular weight LCs. We report on the synthesis of various (pro)
mesogenic ligands and the successive surface engineering of the MNPs for preparing
stable colloidal dispersions in nematic LCs.

2 Discussion

2.1 Size and shape-controlled synthesis of magnetic
nanoparticles (MNPs)

In general, themagnetic properties of MNPs depend on their size, shape and elemental
composition. The size, shape, topology and the magnetic properties of the MNPs are
very important because they determine the interactions between the particles inserted
into a medium that is partially ordered such as a nematic LC. Various synthetic
methods are available to prepare uniformMNPs with a defined size, shape and various
elemental compositions, including co-precipitation [21], thermal decomposition [30],
microemulsion [31] and hydrothermal/solvothermal [32] synthesis. ExemplaryMNPs of
various sizes, shapes and elemental compositions which were obtained here are
depicted in Figure 2 [18].

Bulk CoFe2O4 displays an inverse spinel structure, a high chemical and physical
stability togetherwith anunusually highmagnetocrystalline anisotropy (∼2× 105 J/m3).
Electrostatically stabilized CoFe2O4 MNPs, for example, were obtained via coprecipi-
tation of the Co2+ and Fe3+ salts [21, 33]. A NaOH solution was injected into the vigor-
ously stirred, acidic solution of the Co2+ and Fe3+ precursors to yield ultrasmall uniform
CoFe2O4MNPswith a particle size of 2.5 (±0.6) nm. As theseMNPswere electrostatically
stabilized, the (pro)mesogenic ligands could be directly bound to theMNP surface, and
no ligand exchange was required. The functionalization of MNPs is discussed in detail
below. Thermal decomposition of Co(acac)2 and Fe(acac)3 yielded 7.4 (±0.9)-nm-sized
Co0.6Fe2.4O4 MNPs stabilized by oleyl amine/oleic acid by modifying a procedure
originally described by Sun et al. (Figure 2a) [30a]. The shape of the MNPs is another
important aspect, and particles with shape anisotropy are of particular interest. While
size (and composition) determines superparamagnetic or magnetically blocked
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properties due to size-dependent spin exchange effects, shape is related to switching
properties of MNPs due to shape-induced, magnetic anisotropy [34]. If the shape of the
MNPs is anisotropic, they may further adopt a certain orientation with respect to the
nematic order. Platelet-shaped MNPs, for example, resulted in LC hybrids where an
equilibrated interplay between attractive magnetic interactions and LC-mediated
repulsive forces induced MNP alignment and ferromagnetic ordering [10]. Effects of
nanoparticle shape on transition temperature, order parameter and mobility in
LC-based dispersions were further elucidated by Monte Carlo computer simulations
[35]. In case of plasmonic Au particles, a remarkable amplification of chirality was
recently also achieved for nematic LCs by desymmetrization of spherical nanoparticles
to nanorods [26]. The synthesis of monodispersive nanorods (<100 nm) is challenging.
In order to break the structural symmetry of, for example, Fe3O4, polymers or soft,
micellar templates have to be used to induce anisotropic nanorod growth. Fe3O4

nanorods (27.0 (±9.1)× 5.5 (±1.0) nm), for example, have been synthesized via chemical
transformation of nanorod seeds (Figure 2b) [36]. The nanorod seeds already displayed
the desired anisotropic structure but they were composed of a ferri/ferro (oxide-)hy-
droxide phase and their magnetic properties were rather poor. Fe3O4/CoFe2O4 nano-
rods were further obtained by a simple seed-mediated synthesis. Nanorod seeds were
exploited here as a platform for both chemical phase change and growth of CoFe2O4 by
thermal codecomposition of cobalt(II) and iron(III) acetylacetonate precursors [36].
Fe3O4 nanocubes (Figure 2c) were obtained by thermal decomposition of Fe(acac)3 in
benzyl ether in the presence of (1,1′-biphenyl)-4-carboxylic acid at 290 °C [37]. The use

Figure 2: Transmission electron microscopy micrographs of (a) spherical Co0.6Fe2.4O4 MNPs
(7.4 (±0.9) nm) and (b) Fe3O4 nanorods (dimensions 27.0 (±9.1) × 5.5 (±1.0) nm). (c)–(d) scanning
electronmicroscopy images of (c) nanocubes (edge length 27.0 (±3.0) nm) and (d) cuboctahedra with
a particle size of 37.5 (±5.7) nm. (e)–(h) TEM micrographs of scandium-doped barium hexaferrite
nanodiscs. The higher the reaction temperature was, the bigger the as-formed nanodiscs were:
(e) 210 °C, (f) 260 °C, (g) 310 °C, and (h) 340 °C (reproduced with permission of the American Chemical
Society and Elsevier from refs. [36, 40, 41]).
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of 4′-hexyl-(1,1′-biphenyl)-4-carboxylic acid instead yielded Fe3O4 cuboctahedra
(Figure 2d).

Bulk hexaferrites such as BaFe12O19 are very attractive due to their low cost, hard
magnetic properties and stability in air [38]. They display a hexagonal crystal structure
with closed packed layers of oxygen ions. Trivalent metal cations (Fe3+) are located in
interstitial sites, while the heavy ions (e. g., Ba2+) enter substitutionally the oxygen
layers [39]. Particles of scandium-doped barium hexaferrite with disc-like shape were
obtained by hydrothermal synthesis. The lateral dimensions of the nanodiscs were
dependent on the reaction temperature and increased from 7 (±4) nm (160 °C) over 70
(±38) nm (240 °C) to 168 (±193) nm (340 °C) (Figure 2e–h) while their height was
approximately 5 nm [40]. Table 1 summarizes the magnetic properties (saturation
magnetization (Ms) and coercitivity (Hc)), sizes and composition of MNPs shown in
Figure 2.

2.2 LC matrices

LCs are composed of anisotropic building units (i.e. mesogens) which are spontane-
ously oriented along a common direction (along the so-called director n). In the
simplest case of a nematic LC, these mesogens show only orientational ordering along
the director n but no positional order (Figure 1a). LCs are usually further distinguished
into two categories, thermotropic and lyotropic LCs. The influence of different particle
parameters on the stability of lyotropic hybrid systems has been systematically
investigated and is summarized in Ref. [18]. Thermotropic LCs, where the ordering is a
function of the temperature, are typically further distinguished according to the shape
of their mesogens, e.g. calamitic (rod-like), discotic (disc-like), sanidic (brick-like or
lath-like) or bent-core mesogens (Figure 1b). Themajority of LCs is formed by calamitic
mesogens which are typically composed of a ridged core (e. g. a biphenyl group) and

Table : Summary of composition, particle sizes and magnetic properties of the magnetic nano-
particles (MNPs) shown in Figure .

MNPs Figure no. Size (nm) MS (A m kg−) HC ( K) (mT)

Co.Fe.O Figure a . (±.) . .
FeO Figure b  (±.) . .
FeO Figure c  (±.) . .
FeO Figure d  (±.) . .
Sc-doped BaFeO (Ba/Sc = :.) Figure e  (±) . 

Sc-doped BaFeO(Ba/Sc = :.) Figure f  (±) . 

Sc-doped BaFeO(Ba/Sc = :.) Figure g  (±) . 

Sc-doped BaFeO(Ba/Sc = :.) Figure h  (±) n.d. n.d.
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flexible end groups (e. g. alkyl or alkoxy chains) (Figure 3). A nitrile residue attached to
the biphenyl results in a permanent dipole moment enabling directional alignment in
the external electric field. 5CB (Figure 3), for example, is a calamiticmesogen forming a
nematic LC at ambient temperature (TCN = 18 °C; TNI = 35 °C). While the single 5CB
molecule has a length of 1.9 nm, dimerswith a length of approx. 2.5 nm are formed both
in the isotropic and nematic phase by partial overlapping of the biphenyl moieties.
Also,mixing of differentmesogensmay further enhance LC properties. For example, E7
contains mainly 5CB (51 wt%), but also 4-cyano-4′-heptylbiphenyl (7CB) (25 wt%),
4-cyano-4′-n-octyloxybiphenyl (8OCB) (16 wt%) and 4-cyano-4″-pentyl-p-terphenyl
(5CT) (8 wt%) (Figure 3) [42]. It likewise forms a nematic phase at ambient temperature
but its clearing temperature is shifted to higher temperatures (TNI = 61 °C).

LCs can be (re)oriented by electric and/or magnetic fields due to the anisotropy of
their electric permittivity (εa) or diamagnetic susceptibility (χa), respectively [43]. The
dielectric anisotropy is in the order of unity (e. g. εa,5CB = 11) and the required voltages
are in the order of a few volts [44]. Due to their very low anisotropy of the diamagnetic
susceptibility (χa ∼ 10−6–10−7), however, LCs are less sensitive to themagnetic field and
their realignment may require a large magnetic field strength being in the order of 1 T
[45]. Doping of LCs with MNPs enhances their response to the applied magnetic field,
an idea which dates back to Brochard and de Gennes [8].

2.3 Integration of MNPs in LC matrices

Entropic alignment of mesogens is the origin of the isotropic–nematic transition in an
LC. If particles are immersed in a nematic LC, deformations and topological defects
arise in the LC in response to the foreign inclusions. One important feature of LC
colloidal dispersions is that the elastic distortions of the director and/or the distur-
bance of the local order parameter in the vicinity of theMNPs in the host LC crystal lead
to LC-mediated interactions between the particles immersed in it, while such in-
teractions are absent in usual colloidal dispersions with isotropic host fluids [45].
Therefore, the tendency of MNPs to agglomerate is much stronger in the anisotropic LC
phase than in the corresponding isotropic phase. 5CB in the nematic mesophase is
shown in Figure 3a. Oleic acid-functionalized Fe3O4 MNPs (particle size 10 nm), for

Figure 3: Structure of calamitic mesogens forming nematic LCs: 4-cyano-4′-pentylbiphenyl (5CB),
4-cyano-4′-octylbiphenyl (8OCB), 4-cyano-4′-n-octyloxybiphenyl (8OCB) and 8 wt% 4-cyano-
4″-pentyl-p-terphenyl (5CT), respectively. E7 is a mixture of different mesogens, i. e. 5CB (51 wt%),
7CB (25 wt%), 8OCB (16 wt%) and 5CT (8 wt%).
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example, initially form a homogeneous, colloidally stable dispersion in the isotropic
phase of 5CB (40 °C) (Figure 3b) [33]. Under these conditions, they form a ferrofluid
which is also stable in the magnetic field. If the temperature is decreased below the
clearing temperature of 5CB (<35 °C), the nematic mesophase forms and simulta-
neously, spontaneous agglomeration of theMNPs occurs (Figure 4c–d). Aftermagnetic
separation of the MNP agglomerates, only very low concentrations of MNPs remain in
the 5CB LC host (as indicated by the pale light brownish color in Figure 4e) which
behaves comparable to undoped 5CB and shows no significant effect in the magnetic
field. This is also observed for CoFe2O4 MNPs stabilized by conventional organic acids
(such as caproic acid, lauric acid, myristic acid, palmitic acid or oleic acid) even if their
particle size is only 2.5–3 nm [33]. Thus, surfactants typically employed for preparing
conventional ferrofluids in isotropic hosts are not well-suited to colloidally stabilize
MNPs in higher concentrations in anisotropic LC hosts such as 5CB. Indeed, ferrone-
mates described in the literature are usually characterized by limited colloidal stability
and very low concentrations of MNPs [9l, 46].

The stability of MNP dispersions is typically low and formation of aggregates often
occurs even in colloids with low MNP content. In general, the size, shape, topology as
well asmagnetic and surface properties of theMNPs influence the interactions between
MNPs inserted into a medium that is partially ordered, such as a nematic LC [47].
Coagulation of the immersed MNPs is caused by LC-mediated, van der Waals and/or
magnetic dipole–dipole interactions which may lead to subsequent phase separation
by gravitational forces or magnetic field gradients. The origin of this instability de-
pends on the particle size [24, 25c, 48]: For relatively large particles (rpart > 100 nm), the
director n of the LC is distorted around the particles which gives rise to topological
defects and strong attractive orientational elastic interactions between the particles,
encouraging MNP aggregation. The elastic distortions of the host LC arise from the
anchoring of themesogens on the particle surface. The force of these interactions has a
strong topological signature [47]. For small particles (rpart ≪ 100 nm), distortion of the
LC director is not favored energetically resulting in a macroscopically uniform

Figure 4: Spontaneous agglomeration of oleic acid-stabilized Fe3O4 magnetic nanoparticles (MNPs)
(particle size 10 nm) in 5CB during phase transition from the isotropic to the nematic LC phase: (a) 5CB
reference; (b) colloidal MNPs in isotropic 5CB host (40 °C; MNP concentration 1 wt%); (c, d) phase
transition to the nematic LC phase (<35 °C) whereMNP aggregates form; (e) after magnetic separation
of the agglomerates, the MNP content in the nematic 5CB host is very low (0.003 wt%), so that the
physical properties are hardly affected [33].
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alignment and thus, orientational elastic forces do not contribute significantly to the
aggregation process. In this case, interactions due to disturbance of the local order
parameter S of the LC in the vicinity of the nanoparticles might play an important role
[25b]. However, since the behavior ofMNPs immersed in an LC ismore complex and not
only influenced by particle size alone, the transition between these two size regimes
may be fluent. In order to prevent aggregation of the MNPs and phase separation, the
surface of the MNPs must therefore be considered at the molecular level and the
particle-matrix interaction must be specifically tailored by use of suitable ligands.

2.3.1 Synthesis of long-chain, (pro)mesogenic ligands

General concepts for stabilization of MNPs in conventional isotropic hosts can’t be
simply transferred to LC hosts. In ferrofluids, for example, the surface of the MNP
surface is typically coated by conventional surfactants (such as oleic acid) to increase
the (electro)steric repulsion radius and thus kinetically stabilize the MNPs in the
isotropic host. In the case of nematic LC hosts, however, the interaction of the sur-
factants with theMNP surface and the LC host needs to be specifically tailored in such a
way that the disturbance of the LC order in the proximity of the particles isminimized as
much as possible. This may be achieved by use of (pro)mesogenic ligands. The role of
these (pro)mesogenic ligands is not only steric repulsion by a large exclusion volume,
but also to smooth out the disturbance of the local LC director at the MNP-LC interface
[25c]. (Pro)mesogenic ligands are typically composed of three structural parts: (1) a
functional group that allows for binding to the respective MNPswhich is linked by (2) a
flexible spacer to (3) the (pro)mesogenic structural unit.

A series of long-chain, (pro)mesogenic ligands (1–8) was synthesized in which the
(pro)mesogenic structural unit was either cyanobiphenyl or octylbiphenyl. This (pro)
mesogenic unit was linked via an alkyl chain of different lengths (–(CH2)n–with n= 6, 7,
14, 15, 16, 17, or 25) to a functional group for nanoparticle binding (a carboxylate,
phosphate or amino group) (Figure 5) [21]. Ligands 1–3 were obtained with a yield of

Figure 5: Synthesis of the long-chain, aliphatic, (pro)mesogenic ligands 1–8 [21, 49].
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76–79% via etherification. A Gabriel reaction with an imide, followed by deprotection,
gave the amine-functionalized ligand 4. The organophosphate ligand 5was received in
a yield of 47%. For n= 17 and 25, amodifiedNegishi couplingwas employed to yield the
ligands 6 and 7. The corresponding carbonic acids, however, were insoluble in com-
mon organic solvents and thus, only 6 has been deprotected and used without further
characterization for the coating of MNPs [49]. Ligand 8was synthesized in a three-step
procedure using (1) a Sonogashira cross-coupling, (2) followed by a Pd-catalyzed
reduction of the triple bond with hydrogen and (3) an etherification [49].

2.3.2 Synthesis of dendritic, (pro)mesogenic ligands

The tendency of MNPs to aggregate in LC hosts can be considerably reduced by use of
long-chain (pro)mesogenic ligands enabling the preparation of homogeneous,
colloidal dispersions of very small MNP in 5CB (see below). If theMNPs are immersed in
the nematic LC, however, the mutual molecular alignment not only disturbs the local
order of the LCs in the vicinity of the MNPs, but also the originally isotropic, spherical
ligand shell at the MNP surface (Figure 5a). The (pro)mesogenic ligands get aligned
parallel to the local director field leading to an increased ligand density at the MNP
poles and to their equatorial depletion. The distortion of the ligand shell from spherical
to tactoidal further encourages MNP agglomeration (Figure 6b) [25b]. In general,
however, the process of agglomeration in these systems seems to be more complex.

(Pro)mesogenic ligands with dendritic structure reduce the distortion of the ligand
shell and prevent equatorial ligand depletion, thus minimizing the tendency for MNP
agglomeration [22, 25c]. However, the preparation of these (pro)mesogenic dendritic
ligands typically requires multistep synthetic procedures which yield only small
amounts of the target ligands [50]. In this context, we developed a convergent synthetic
procedure for different ligands with mesogenic structural units and dendritic structure

Figure 6: Simplified, schematic representation of ligand-functionalized MNPs in 5CB: (a) The
alignment of (pro)mesogenic ligands at the MNP surface induces a tactoidal morphology with
increased ligand density at the particle poles and equatorial depletion,which (b) favors the formation
ofMNP clusters. In general, however, the overall agglomeration process in these systems seems to be
complex. (c) Dendritic-ligand-functionalized MNPs further increase the exclusion volume leading to
an increased stability in 5CB.
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(Figure 7) [49]. A three-step sequence of etherification, Sonogashira cross-coupling and
esterification or deprotection the (pro)mesogenic dendritic ligands in overall good
yields. Starting from literature known 5-iodobenzene-1,2,3-triol, for example, yielded
the dendritic ligand 10 with an overall yield of 77 %. Since this procedure is highly
versatile, it could be further extended to dendritic ligands with different spacer lengths
and MNP binding groups, e.g. 11 (Figure 7). In preliminary experiments, electrostati-
cally stabilized MNPs with larger diameter were coated by these dendritic ligands and
stabilized in the nematic phase of 5CB. These experiments are very promising with
regard to the future stabilization of larger (anisotropic) MNPs.

In order to get insights into the temperature-dependent, LC behavior of the den-
dritic ligands 10 and dendrimer 11, we investigated both compounds via POM. For 10, a
mesophasewas formedbut it was stable only in a small temperature range (ΔT=0.2 °C):
The transition from the isotropic to the smectic A-phase took place at TSmA I = 88.2 °C
(Figure 8a), while the crystalline phase was formed at TCr SmA = 88.0 °C. The charac-
teristic, fan-shaped textures of the smectic A-phasewas also observed for dendrimer 11,
but the textures were much more pronounced (Figure 8b) [51]. In case of dendrimer 11,
the transition from the isotropic to the smectic A-phase occurred atTSmA I = 104.9 °Cand
at TSmC SmA = 98 °C a smectic C-phase was formed (Figure 8c). In addition to the fan-
shaped textures, star-like defects were observed [51]. The smectic C-phase was main-
tained down to TCr SmC = 86 °C.

Figure 7: Synthetic procedure for different dendritic ligands with mesogenic structural units. In
general, this strategy may be exploited for further tailoring the structure of dendritic ligands
(e.g. in terms of spacer length, MNP binding group and (pro)mesogenic structural unit) or to obtain
also dendrimers as shown for 11 [49].
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2.3.3 Coating of magnetic nanoparticles with (pro)mesogenic ligands

The absence of strongly coordinating ligands in case of electrostatically stabilizedMNPs
facilitates post-synthetic surface engineering of the MNPs. Electrostatically stabilized
MNPs (e. g. Fe3O4, CoFe2O4, CuFe2O4, NiFe2O4, ZnFe2O4) with very small particle sizes

Figure 8: Polarizing microscopy (POM) images (under crossed polarizers) of dendritic ligand 10 and
dendrimer 11: The samples (a) 10 and (b) dendrimer 11were placed between glass slides and show the
characteristic, fan-shaped texture of a smectic A-phase. (c) The POM image of dendrimer 11 in an LC
test cell (10 µm; planar cell rubbing) shows the characteristic texture of the smectic C-phase
(Characteristic phase transition temperatures: 10: TSmA I = 88.2 °C, TCr SmA = 88.0 °C; dendrimer 11:
TCr SmC = 86 °C, TSmC SmA = 98 °C, TSmA I = 104.9 °C) [41].

Figure 9: Functionalization of CoFe2O4 MNPs with conventional aliphatic and (pro)mesogenic
ligands: (a) Schematic representation of the approach followed to generate functionalized MNPs.
(b) Comparison of IR spectra confirmed a successful functionalizationwith (pro)mesogenic ligand 3 of
CoFe2O4 MNPs. (c) Ligand exchange-based approach was exploited to functionalize different MNPs,
e. g. 5.3 nm Fe3O4@oleate MNPs to yield 5.3 nm Fe3O4@Lig3-MNPs. The exchange reaction and the
purity of the as-synthesized MNPs was verified via IR spectroscopy.
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were functionalized and purified modularly with the (pro)mesogenic ligands using a
process developed by us (Figure 9a) [21, 33]. DMFwas used in the coating procedure as a
solvent for the electrostatically stabilized MNPs and the (pro)mesogenic ligands. The
MNPs coated with ligands were then thoroughly purified by repeated magnetic separa-
tion. IR spectra demonstrate the successful functionalization of the MNPs and the
attachment of the ligands to the particle surface (Figure 9b). The amount of ligand
loading on the MNP surface was determined by thermogravimetry (TGA). The saturation
magnetization of the particles was small due to the small particle size and the large
surface-to-volume ratio. Spin canting at theMNPsurface, crystal defects or formation of a
nonmagnetic dead layer usually lead to lower saturation magnetizations in MNPs
compared to bulkmaterial.M1T (298 K) of the 2.5 nm size, ligand coatedMNPswas in the
range of 2.4–5.5 A m2 kg−1 depending on the type of ligand coating (in some cases, no
saturation was reached for the applied magnetic field (1 T)).

Thermal decomposition of metal precursors, e.g., at high reaction temperatures in
the presence of strongly coordinating ligands yields MNPs of high crystallinity and
often, enhanced magnetic properties. In general, these ligands control nucleation and
growth processes in the synthetic procedure and they stabilize the as-formed MNPs.
Any change to this reaction parameter will critically influence the quality of the final
MNPs. Therefore, in case ofMNPswhere the synthesis required the presence of strongly
coordinating ligands, another strategy had to be pursued to functionalize the MNPs by
(pro)mesogenic ligands. In this case, the (pro)mesogenic ligands were introduced via
post-synthetic ligand exchange (Figure 9c). This ligand exchange reaction critically
depends on various reaction parameters (e. g. binding group, solubility and size of
MNPs) and needs to be optimized for every MNP-(pro)mesogenic ligand system.
Chloroform at 60 °C, for example, turned out to be a suitable medium to functionalize
5.3 nm, oleic acid-stabilized Fe3O4 MNPs with the (pro)mesogenic ligand 3 (corre-
sponding IR spectrum is not shown here). Purification of the MNP functionalized with
(pro)mesogenic ligands is important and none of the conventional ligand used for
previous MNP synthesis and also no free (pro)mesogenic ligands should remain in the
sample.

2.3.4 Influence of the structure of the (pro)mesogenic ligands on the interaction of
the MNPs with the LC host

The MNPs which were coated with (pro)mesogenic ligands were then integrated in the
LC host. After ultrasonic treatment, 2.5 nm sized CoFe2O4 MNPs coated with (pro)
mesogenic ligands, for example, formed a colloidal dispersion in the isotropic phase of
5CB (Figure 10b). During the transition to the nematic 5CB phase, some macroscopic
agglomerates were formed, which could be easily separated with a laboratory magnet
(Figure 10c,d). A brown-colored, colloidal MNP dispersionwas obtained in the nematic
5CB phase, which was stable in a magnetic field gradient (laboratory magnet) and also
showed long-term colloidal stability in the LC host (>5 months) (Figure 10e). No
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macroscopic agglomerates were observed under crossed polarizers. For CoFe2O4 MNPs
coatedwith 3 (M1T (298K) = 5.5Am2 kg−1), for example, a colloidally stable CoFe2O4-5CB
hybridmaterial with a concentration of 0.12 wt% could be synthesized. More details on
magnetic properties and magnetization curves of CoFe2O4 MNPs coated with 3 are
reported in refs. [21, 33]. While the undoped 5CB exhibited the usual diamagnetic
behavior with identical magnetization curves in the nematic and isotropic phases, the
magnetic CoFe2O4-5CB hybrid (0.085 wt%) behaved as a superparamagnet at low
magnetic field (displaying no hysteresis) with a sharp knee in the magnetization curve
[23]. Due to interaction between mesogens and MNPs via ligands, the change of the
mesogen orientation also reorients the MNPs, a behavior observed as a sharp knee in
themagnetization curve. No significant increase of the clearing temperatureTN−I (0.5 °C
via differential scanning calorimetry (DSC) was observed after doping 5CB with MNPs.
The structure of the (pro)mesogenic ligands was highly important and influenced the
MNP content of the final colloidal MNP dispersion in the LC host. We could show, for
example, that carboxylate binding groups were suitable for binding of (pro)mesogenic
ligands to the surface of e. g. CoFe2O4 MNPs. Ligand loadings of up to 50 wt% were
achieved for CoFe2O4MNPs using ligand 3 [33]. If the size of the 3-coated CoFe2O4MNPs
was slightly increased from 2.5 nm over 3.0 –4.4 nm, the MNP concentration decreased
from 0.12 wt% over 0.08 to 0.04 wt%, respectively. It is important to note here, that
only MNPs were considered that remained colloidally stable and dispersed in the
nematic phase of the 5CB host after exposure to a magnetic field gradient. As shown in
Figure 10f, the length of the flexible linker (–(CH2)n–) also influenced the effective

Figure 10: Integration of 2.5 nm size CoFe2O4 MNPs coated with (pro)mesogenic ligand 3 in 5CB:
(a) 5CB, (b) colloidalMNP dispersion in the isotropic 5CB phase, (c) after transition to the nematic 5CB
phase, (d) magnetic separation of macroscopic agglomerate and (e) stable colloidal MNP
dispersion (0.12 wt%) in the nematic phase of 5CB. The corresponding POM images (under crossed
polarizers) of the thin film samples in a LC test cell (25 µm, parallel cell rubbing) are shown
below (Reproduced from Ref. [20] with permission from the Physical Chemistry Chemical Physics
Owner Societies). (f) The concentration of MNPs (mass fraction of cobalt ferrite as determined by
inductively coupled plasma optical emission spectroscopy (ICP-OES)) in their stable colloidal
dispersion in the nematic 5CB phase depends on the chain lengths of the (pro)mesogenic ligand [41].
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particle concentration in the stable colloidal MNP dispersion after magnetic separation
(n = 7, 14, 15, 17 for 1, 2, 3 and 6, respectively).

For CoFe2O4 MNPs, the particle content of the 5CB LC increased with the chain
length of the linker (Figure 10f). However, it seemed to reach amaximum for n = 15 and
further increase of the alkyl chain length to n = 17 did not allow for stabilizing higher
MNP concentrations in the 5CB LC. As the length of the alkyl chain increases, the
flexibility of the (pro)mesogenic units of the ligands on the MNP surface is improved.
This does not only increase the steric MNP repulsion by a larger exclusion volume but
also seemed to effectively smooth out the disturbance of the LC in the vicinity of the
MNPs. However, the longer the ligands get, the less they resemble also the structure of
5CB which counteracts the stabilization by the bigger exclusion volume. Moreover, the
structure of the mesogenic unit influences the MNP stability in the nematic phase of
5CB. MNPs functionalized by (pro)mesogenic ligands with either octylbiphenyl (8) or
cyanobiphenyl group (3) and otherwise similar structure showed a significantly
different behavior when immersed in 5CB (Figure 11). No MNPs remained in the 5CB LC

Figure 11: Influence of the end group on the stability: schematic representation and photograph,
respectively, of the hybrids. The comparison of (pro)mesogenic ligands with different group on the
biphenyl moiety shows that ligands with nitrile groups stabilizes the MNPs more efficiently in 5CB.
Here, also the influence of coligands (caproic acid, lauric acid) and mixed (pro)mesogenic ligands
(ML1/ML3; ML3/ML8) on the colloidal stability of the MNPs in 5CB is shown. This illustrates the
importance of MNP-matrix interactions in these systems and the need for a highly specific surface
engineering of the MNPs [41].
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after magnetic separation of the 8-coated MNPs, while the brown color of the sample
indicates the successful stabilization of the MNPs coated by 3. Interestingly, if the
MNPs were coated with a mixture of both ligands 3 and 8 (Figure 11), even higher MNP
concentrations were achieved.

The additional use of smaller co-ligands was reported to allow for increasing and
optimizing the contact area between the LC mesogens and the mesogenic structural
units on the surface of the MNPs [25a, 25c]. They also increase the angle-dependent
mobility of the (pro)mesogenic ligand, enabling their optimized alignmentwith respect
to the 5CB host. Both the molar ratio of the (pro)mesogenic ligand/coligand and their
relative lengths play a role here. In a systematic series of experiments, the influence of
different coligands (caproic acid, lauric acid) and molar ratios (1:1; 1:2) on the stability
of MNPs in 5CB was investigated (Figure 11). In these experiments, however, it turned
out that the correlation between the functionalized surface and the stability in 5CB is
complex.

2.4 Characterization of MNPs in LC hosts

Themagneto-optical properties of theMNP-5CB hybrids were investigated in electric (n
⊥ E), magnetic (n ⊥ B) and combined fields (n ǁ B ⊥ E and n ⊥ B ǁ E) in collaboration
with R. Stannarius and A. Eremin [21]. The Fréedericksz transition in the electric and/or
magneticfieldwas investigated by capacitance and opticalmeasurements of the 2.5 nm
size CoFe2O4 MNPs coated by linear, (pro)mesogenic ligands (1, 3, 4, 5) in commercial
LC test cells. For MNPs with different linear, (pro)mesogenic ligands (1, 3, 4, 5) and
different concentrations in 5CB (0.03–0.12wt%), the electrical Fréedericksz transitionwas
not significantly affected by the embedding of theMNPs in the LC. Also the birefringence
of theMNP-5CB hybrids was the same as for pure 5CB. A decrease of the threshold for the
magnetic Fréedericksz transition, however, was observed in the external magnetic field.
For MNPs with the same particle size (2.5 nm) and different ligands (1, 3, 4, 5), the
magnetic Fréedericksz threshold Bc linearly decreased with increasing MNP

Figure 12: Electro- and magneto-optical effects of CoFe2O4 MNPs coated with a linear, (pro)
mesogenic ligand (3): (a) Dependence of the electric threshold on the magnetic induction B for
crossed fields (n ǁB⊥ E). Cartoon illustrating the potential behavior of anisotropicMNP aggregates in
(b) crossed (n ǁB⊥ E) and (c) parallel (n⊥B ǁ E)fields (Reproduced fromRef. [21] with permission from
the PCCP Owner Societies).
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concentration in 5CB. This indicated that the magnetic properties of the MNPs and their
interaction with the 5CB host were responsible for the observed shifts. The electrical
Fréederick transitionwas also investigated under a biasmagneticfield either parallel (n⊥
B ǁ E) or perpendicular (n ǁ B⊥ E) to the applied electric field. In this case, the alignment
of the directorn of the LC host lead either to an increase (n ǁB⊥E) or decrease (n⊥B ǁE)
of the electric thresholdfield. If themagneticfieldwasperpendicular to theelectricfield (n
ǁ B ⊥ E), the MNPs seemed to counteract the influence of the external magnetic field on
the alignment of the 5CBmesogens (Figure 12a). Basedon the Burylov-Raikher theory, the
formation of anisotropically-shaped MNP clusters in the 5CB was suggested to explain
this counterintuitive behavior (Figure 12b,c). Due to the small size of theMNPs, formation
of the anisotropic aggregates should not be induced by magnetic dipole interaction but
rather by interaction of the MNPs with the surrounding LC host.

Based on these results, the interaction of the LC with the MNPs was further
investigated by small-angle X-ray scattering (SAXS) and by a superconducting quan-
tum interference device magnetometer (SQUID) [23] In SAXS measurements of 3 nm
sized, 3-coated CoFe2O4MNPs in 5CB, a strong signal was observed for MNPs at smaller
scattering vectorsqbesides the scattering contribution of 5CB (Figure 13). Interestingly,
this signal was anisotropic and pointed to the direction of the LC nematic director n. If
the LC was heated above the clearing point TNI (40 °C), where it forms the isotropic phase,
the SAXS patterns became also isotropic. If the sample was cooled below TNI, the SAXS
pattern became anisotropic again, but to a lesser extent. Refinement of the SAXS data
yieldedameansizeof theMNPsof 3.8nm,whichwas ingoodagreementwith the results of
the analysis of theMNPs by TEMand dynamic light scattering. However, the characteristic
shape of the pair-distance distribution function and the anisotropic scattering pattern in
the nematic 5CB phase also strongly pointed to the formation of small, anisotropically-
structuredMNPaggregates (with a longaxis of approximately 100nm).Overall, the 5CBLC
waswell orientedwith the long axis of theMNP clusters oriented perpendicular to the 5CB
long axis (Figure 13). Magnetic measurements of the MNPs in 5CB revealed the typical
behavior of a superparamagnetic systemup to afield strength of approximately 557 kAm−1

Figure 13: Temperature-dependent SAXS intensity of (a) the 5CB reference and (b) 3 nm sized,
3-coated CoFe2O4 MNPs in 5CB. (c) Ab initiomodel showing aggregate orientation with respect to the
5CB dimers. (d) 2D SAXS pattern at T = 20 °C (reproduced with permission of the Royal Society of
Chemistry from ref. [23]).
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where the magnetic order seemed to change. As the magnetic field strength was further
increased, only the diamagnetic contribution from 5CB was observed.

3 Conclusion and outlook

Hybridization of MNPs and LCs can effectively modify the electro- and magneto-optic
responses and other physical characteristics of the LCs. TheMNP-matrix interactions in
these systems, however, are highly complex and depend on various parameters related
to the size, shape, topology, surface structure and magnetic properties of the MNPs on
one side and the structure and dimensions of the LCmesogens on the other side. Elastic
distortions of the host LC crystal canmediate attractive interactions between theMNPs,
while such interactions are absent in usual colloidal dispersions with isotropic ferro-
fluids. Therefore, the tendency of MNPs to agglomerate is much stronger in the
anisotropic LC phase than in the corresponding isotropic phase. Surface engineering of
MNPsusing tailored (pro)mesogenic ligands can tackle this challenge. In this context, a
library of different (pro)mesogenic ligands has been established where the structural
parts (i. e., MNP binding group, spacer length of alkyl chain and mesogenic unit) were
systematically addressed and varied. The structure of the (pro)mesogenic ligands
critically influences theMNP–matrix interactions and the stability of the colloidal MNP
dispersion in the LC host. The increase in spacer length to up to 15 C atoms increased the
overall MNP stability in 5CB, while its further increase decreased stability. Moreover, the
structure of themesogenic unit was highly important and a nitrile groupwas shown to be
beneficial for MNP stabilization. Small MNPs were functionalized by these (pro)meso-
genic ligands and stabilized in the nematic phase of 5CB. The doping of 5CB LCwith these
MNPs leads to a decrease of the magnetic Fréedericksz transition threshold. As shown by
SAXS measurements, the MNPs formed anisotropic structures in 5CB which lead to an
interesting behavior particularly in crossed electric and magnetic fields. However, with
these ligands the stabilization in 5CBwas restricted to small MNP sizes. If the particle size
was further increased, colloidal dispersions of lower MNP content were achieved. In this
context, sterically more demanding, (pro)mesogenic ligands with dendritic structures
might be highly interesting. This may enable the functionalization of larger (anisotropic)
MNPs and their successive stabilization in 5CB, where interesting effects on themagneto-
optical properties may be expected.

The contactless nature of magnetic manipulation and versatility of magnetic,
magneto-optical and magneto-electro-optical effects are extremely attractive for
various applications (e. g. in LCDs or sensors). In this context, further enhancement of
the sensitivity to the magnetic field and decrease of the magnetic Fréedericksz
threshold may be achieved by long-term colloidal stabilization of larger MNPs with
improved magnetic properties (e. g. higher Ms). In addition, the stabilization of MNPs
with anisotropic shape (such as nanorods) may further enhance the switching prop-
erties. Here, also the modulation of the LC structure (e. g. in terms of chirality) is
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certainly another very interesting aspect. Moreover, LC-mediated assembly of nano-
particles has recently attracted a lot of interest. It may not only lead to LCs with
ferromagnetic properties but also to novel and complex, nanoparticle-based super-
structures. The parameter space is large here which opens up many possibilities for
future studies on active matter and programmable liquid constructs.
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