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Fabrication of Paraelectric Nanocolloidal Liquid Crystals

Hari M. Atkuri, Ke Zhang, and John L. West
Liquid Crystal Institute & Department of Physics, Kent State
University, Kent, OH, U.S.A.

Ferroelectric nanoparticle suspensions can enhance the properties of liquid
crystals; increasing key parameters such as clearing point, birefringence and
dielectric anisotropy. However, these suspensions are difficult to reliably prepare.
The interaction between surfactant and ferroelectric particles plays a crucial role
in determining the performance and stability of these suspensions. Here we focus
on producing ferroelectric nanoparticles using a ball milling process. Using conve-
nient Fourier Transform Infrared Spectroscopy (FTIR) we demonstrate an effective
means to monitor the surfactant distribution during the milling process. We also
found that the Curie transition from the ferroelectric to paraelectic state of the
particles is dependent on both the milling time and surfactant concentrations.

Keywords: BaTiO3; Curie transition; ferroelectricity; ferroelectric nanoparticle; FTIR;
high energy ball milling; oleic acid; surface coverage

INTRODUCTION

Dispersing particles into liquid crystals (LCs) is increasingly studied
as a method to enhance the properties of LCs and produce new
functional materials. Anchoring of LC molecules on microparticles
surface, WR (where W is anchoring coefficient, �10�6N=m and R is
the particle radius, �10�5m), is �10�11N and is of a similar order
as the elastic constant, K. As a result, this surface anchoring induces
long range orientation distortions in the LC medium which produces
intriguing defects. To minimize these distortions, the particles tend
to aggregate and thereby share their defects. This produces an ordered
colloidal assembly [1–8]. At high concentrations, these LC colloids
exhibit unique electro-optic [9,10] and viscoelastic [11,12] properties
and are promising for advanced applications. As the particles size
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shrinks to the nanometer scale, (10�7–10�9m, i.e., they are close to the
size of LC molecules), WR<<K, the surface anchoring induced elastic
distortion is diminished. The particle’s intrinsic properties therefore
become more influential in determining the properties of the LC nano-
colloids. A variety of nanoparticles of different nature, like ferromag-
netic [13,14], metal [15,16], fullerene [17,18], carbon nanotube [19],
inorganic MgO or SiO [20], and etc., have been dispersed into LCs
and brings exciting features to the LC hosts.

We studied ferroelectric nanoparticles, having enormous dielectric
constants in their single crystals [24]. By dispersing low concentra-
tions of ferroelectric nanoparticles into LCs, we have developed a novel
class of paraelectric nanocolloids liquid crystals (PNCLCs) which exhi-
bit significantly enhanced dielectric, optical properties for display
applications [21–23]. Because these nanopartilces produce no defects
the particles are uniformly dispersed in the LC host. The new PNCLCs
appear as stable and as homogenous as the pure LC. With further
development they may be used in a variety of applications, replacing
conventional liquid crystal formulations.

We have found that the properties of the ferroelectric particles are
extremely sensitive to their preparation techniques and conditions.
We are only now learning how to balance a variety of factors, like
the particle’s dipole moment, size, shape, and the surfactant’s concen-
tration and distribution, to achieve high quality ferroelectric particles.
In our study, we utilized a conventional high energy ball milling
process to obtain nano-sized ferroelectric particles used to produce
the liquid crystal dispersions. Complete surfactant coverage of the
particles reduces the particle aggregation and enhances the stability
of suspension. More importantly, we found the surfactant layer main-
tains the ferroelectricity of the particles. However, excess surfactant
suppresses the order parameter of the liquid crystal and wipes out
the effect of the ferroelectric particles. Therefore, it is important to
precisely control the surfactant concentration during the milling pro-
cess in order to optimize the properties of ferroelectric liquid crystal
colloids. In this paper, we introduce an FTIR technique to analyze
the ratio between the free-suspended or the particle-bound surfactant
molecules, and its evolution with milling time. This an important tool
to establish a reproducible fabrication process for PNCLCs.

EXPERIMENTAL

At present, no suitable ferroelectric nanoparticle materials are com-
mercially available. The commercial ferroelectric nanopowders are
usually the ingredients for making ferroelectric ceramic materials.
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They are pulverized from large crystal and sieved to nominal size
range. Most of these particles lose their polarization due to strong
mechanical collisions in this process during milling. If there is any
remaining, their strong dipolar moment can induce severe agglomera-
tion over mm scale. These powders need to be compounded with bind-
ing material and sintered at high temperature (>1000�C). Usually a
high voltage (>kV) poling is required. These post treatments help to
restore the polarization lost during pulverization process.

However, both these treatments are difficult to be realized in
PNCLCs. For these reasons, we developed our own techniques to pro-
duce fresh ferroelectric nanoparticles in house and mixed with LC
usually within hours after production to reduce the chance of aggrega-
tion, as shown in Figure 1. We selected the classic ferroelectric
material, barium titanate (BaTiO3) (Aldrich, �3 mm powder), and used
a planetary ball mill (Retsch, PM200) to achieve nanosized particles.
The ferroelectricity of the purchased BaTiO3 powder is confirmed by
the Curie (ferroelectric to paraelectric) transition seen in DSC (Differ-
ential Scanning Calorimetry) measurements, as well as the character-
istic hexagonal crystal structure revealed in XRD (X ray diffraction)
study. Our grinding samples consisted of 1 g of BaTiO3 powder, 1.5 g
of oleic acid (as surfactant, 99.9%, Aldrich), 10 g heptane (act as liquid
carrier, HPLC grade, Aldrich), and 100 g grinding balls (Retsch,
yttrium-stabilized Zirconium oxide balls, 2mm in diameter). These
were placed into the grinding jar (Retsch, 50ml jar with zirconium

FIGURE 1 Illustration of the fabrication process of the PNCLCs.
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oxide interior). The mixture was milled at 500 rpm for a designated
time (5 to 60 hours). The ground particle suspension can be directly
spin coated on NaCl plate for FTIR analysis of the oleic acid distribu-
tion. The ground particles were sedimented using centrifuge, and
weighed after evaporation of heptane. Their ferroelectricity was
assessed based on the Curie transition in the DSC measurements.

RESULTS

In earlier papers [25,26] we have proposed that the enhancement of
liquid crystal properties (like phase transition temperature, dielectric
anisotropy, and birefringence) may be caused by the increase of the
order parameter resulting from liquid crystal molecules being aligned
by the strong local electric field associated with ferroelectric nanopar-
ticles. In order to achieve this effect, several conditions need to be met
simultaneously: 1) the particles need to be large enough to possess
significant dipole moment; 2) this dipole moment can be felt by the
neighboring liquid crystal molecules; the particles need to be small
enough to avoid the formation of defects 3) their must be enough sur-
factant to coat the particles 4) there must not be excess free surfactant
which will reduce the order parameter.

Here we focus on how to optimize the amount of surfactant included
in the mixture. The strong C¼O stretch of oleic acid serves a conveni-
ent probe for quantitative FTIR analysis. We observe the absorption
peak of C¼O appear at �1700 cm�1, �1750 cm�1, �1500–1600 cm�1

when oleic acid presents as a dimer, monomer, or complex conjugate
with BaTiO3 (as shown in Figure 2), respectively [27–29]. No interfer-
ence absorption can be found from heptane in 1500�1800 cm�1 range,
which greatly simplified and accelerated the sample analysis.

During grinding, the particle size decreases and the total surface
area increases. As a result, more oleic acid molecules bond to the par-
ticle so the 1550 cm�1 absorption (A1550) increases while the 1700 cm�1

dimeric absorbance (A1700) decreases. As shown in Figure 3, the ratio
of the two absorbance A1700=A1550 decreases with grinding time reach-
ing a minimum after �15 hours of milling. This indicates that all the
oleic acid molecules is bound to the BaTiO3 after 15 hours. Similarly,
one can also monitor the ratio of A1550=(A1700þA1550) which increases
with grinding and saturates after 15 hours. Because unbound
(dimeric) oleic acid suppresses the liquid crystal order, it is clear one
should disperse the ground particle suspension with liquid crystal at
or after the saturation point.

Another important parameter we can use to monitor is the particle’s
ferroelectricity. It was widely agreed that below a critical size, the

186/[548] H. M. Atkuri et al.
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FIGURE 2 FTIR analysis of ground BaTiO3. Pure oleic acid (a) and heptane
(b) shows no absorption peak in 1500 to 1650 cm�1 range. In pure oleic acid,
strong hydrogen bonding results the formation of dimers (e), which shows
C¼O stretch at �1700 cm�1 (d). When oleic acid forms complex conjugate with
BaTiO3, the C¼O stretch was shifted to �1550 cm�1. A typical ground particle
suspension contains three status of oleic acid molecules is shown as d.

FIGURE 3 The state of oleic acid changes with milling time. The ratio of
dimer vs bound oleic acid (A1700=A1550, ~) decrease as grinding time
increase and saturate at �0 in after 15 hours of grinding. Another ratio of
bound vs bound plus dimer state (A1550=[A1700þA1550], &) increase with
grinding time and equilibrate after 15 hours of grinding.
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particle can not been poled, even in a single domain crystal. On the
other hand, we found the the Curie transition of the particles can dis-
appear by high energy ball milling if no surfactant is present. For
these reasons, we need to optimize both the milling time (to achieve
small particle size and narrow size distribution) and surfactant con-
centration (to maintain the ferroelectricity during milling). Using
DSC, we directly analyzed the Curie transition of the particles as a
function of milling time. We observed, as demonstrated in Figure 4,
the TCurie first increases with milling, then reaches its peak value
and declines after further milling. It is also clear that the Curie transi-
tion peak become more prominent and narrower as TCurie is higher. It
is worth noticing that the TCurie peaks at �35 hours of milling, which
is different with the saturation point for oleic acid coverage shown in
Figure 3. We are currently trying to optimize both TCurie with oleic
acid simultaneously. Also further investigations were targeted at the
relationship between the particle size, spontaneous polarization and
Curie transition.

SUMMARY

We demonstrated that FTIR and DSC are effective tools to analyze the
properties of the ferroelectric particle suspension before dispersed into
the liquid crystal host. The FTIR study shows C¼O stretching band
from dimeric, monomeric and conjugated oleic acid serve as a powerful

FIGURE 4 DSC study of Curie transition of ground BaTiO3 particles after
different milling times. The ratio of oleic acid to BaTiO3 here is 1.5 to 1 for
all the curves. The TCurie also increases with grinding time, reach a maximum
at �35 hours of grinding and decrease eventually.
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probe to quickly and effectively identify and quantify the status of oleic
acid. Meanwhile, DSC study demonstrate the a maximum TCurie.
Using both FTIR and DSC we can optimize the particle size, oleic acid
concentration, and particle ferroelectricity to produce the maximum
effect defined by the point where the oleic acid just enough to cover
the entire particle surface and protect ferroelectricity.
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