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Orientational Coupling Amplification in Ferroelectric Nematic Colloids
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We investigated the physical properties of low concentration ferroelectric nematic colloids, using
calorimetry, optical methods, infrared spectroscopy, and capacitance studies. The resulting homogeneous
colloids possess a significantly amplified nematic orientational coupling. We find that the nematic orien-
tation coupling increases by ~10% for particle concentrations of 0.2%. A manifestation of the increased
orientational order is that the clearing temperature of a nematic colloid increases by up to 40 °C compared
to the pure liquid crystal host. A theoretical model is proposed in which the ferroelectric particles induce
local dipoles whose effective interaction is proportional to the square of the orientational order parameter.
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Colloids with LC matrices exhibit a rich set of behaviors
[1-6]. LC-microcolloidal particle (=1 wm) anchoring can
produce long-range orientational distortions around the
particles, causing strong interactions which can give rise
to well-ordered particle structures in the liquid crystal
matrix (e.g., lattices or chains) [2,3]. However, these phe-
nomena usually occur in concentrated dispersions, with
particle volume fraction c¢p, = 30%. The particle-induced
director distortions extend over macroscopic scales, caus-
ing the suspensions to scatter light strongly [5,7]. In addi-
tion, the impurities normally decrease the nematic clearing
temperature Ty [8]. These colloids cannot replace conven-
tional nematic materials in optical applications.

Ferroelectric nanocolloidal liquid crystals (FNCLCs),
consisting of a very low concentration (cpy = 1%) of
submicron ferroelectric particles suspended in a LC host,
behave very differently from classic LC colloids. We
present results here which show massive increases in Ty,
of the order of 40 °C, for mass impurity concentrations of
the order of 0.2%. But here the low concentration causes
the suspension-matrix interaction to be insufficient to dis-
turb the LC orientation. Thus FNCLCs can act like a
conventional nematic material in optical applications.

Previous work has shown hints of anomalous dielectric
anisotropy and other physical properties in FNCLCs for
display applications [9—12], in the context of application-
led studies. The new elements in this work are the follow-
ing: (a) these anomalies are general features of this class of
materials; (b) the sheer size of the effect, an increase of
40 °C in Ty at a mass concentration of 2 parts in 1000, is
unprecedented; and (c) we introduce a theoretical para-
digm which accounts for all the anomalies semi-
quantitatively.

The theoretical picture involves augmenting the stan-
dard Grandjean-Maier-Saupe (GMS) molecular field the-
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ory [13] of the nematic phase. The GMS theory posits the
existence of an effective nematic interaction energy pa-
rameter ‘U = 4.54kz Ty and an orientational contribution
to the energy per LC particle —(1/2)US?, where S is the
(scalar) nematic order parameter. Increasing ‘U increases
Tni- In our picture the colloidal nanoparticles produce
locally large electric fields, which polarize the nematic
molecules. The mean induced dipole moment is propor-
tional to the average polarizability and hence to S. The
integrated dipolar interaction between the induced dipoles
is thus proportional to S, providing an additional compo-
nent AU to the effective nematic interaction. This raises
Tn1 and also increases local order at given 7. Estimates of
AU from different experiments are consistent, verifying
the hypothesis.

Most of our experiments utilized the nematic LC MLC-
6609 from Merck (T = 91.5°C), doped with BaTiO;
nanoparticles from Aldrich. The nanoparticle dimension
was 50-100 nm, which is determined in the transmission
electron microscopy (TEM) picture shown in the inset of
Fig. 1.

The FNCLC colloid is extremely stable. The powder
from Aldrich contained macroscopic aggregates of
BaTiO;. To destroy the aggregates, the particles were
milled in a solvent in the presence of an oleic acid surfac-
tant. Occasionally, some aggregation occurred several
weeks after cell preparation. Usually, however, phase sepa-
ration did not occur over a cell life of over 1 yr. We give
details of the preparation process elsewhere [9].

The clearing temperature 7Ty was determined using
differential scanning calorimetry (DSC) at a rate of
5 Kmin~!. The resulting DSC scans for the pure MLC-
6609 and for the colloid (¢pe = 0.2%) are shown in Fig. 1.
When the BaTiO; nanoparticles are introduced, the clear-
ing temperature increases by 38.7 °C. A lower mass frac-
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FIG. 1. DSC graphs for heating and cooling of the samples

with pure LC MLC-6609 (bottom pair of the curves) and colloids

of BaTiO3; in MLC-6609 (top pair of the curves), ¢y = 0.2%.
Inset: TEM picture of ferroelectric nanoparticles.

tion (cpay = 0.05%) produced a reduced shift ATy =
23.1 °C. The changes in Ty were confirmed using polar-
ized optical microscope.

We also measured other LC properties in the colloidal
suspension, in order to check the hypothesis that the in-
crease in Ty is a consequence solely of an increased ef-
fective nematic interaction. First, we measured order pa-
rameters, using Fourier-transform infrared spectroscopy
and observing the dichroism of the characteristic func-
tional groups of the nematic matrix components. We
used the stretch vibration of C = C groups of benzene
rings (v = 1513 cm™!) because this group is oriented
along the long axis of the LC molecules. The C = C
band dichroism was measured using a Magna 550 FTIR
(Nicolet) spectrometer in NaCl cells of 16 um thickness.
The spectrometer was equipped with a hot stage and wire-
grid polarizers. The LC and the colloid were homogene-
ously aligned using a thin (<0.1 um) rubbed polyimide
alignment layer. The order parameter was evaluated using
the formula § = (D — 1)/(D + 2), where D = A|/A, is
the dichroism of absorbance parallel (A)) and perpendicu-
lar (A ) to the IR beam polarization. Figure 2 shows the
temperature dependence of the resulting order parameters,
in both the pure MLC-6609 and the ferroelectric colloid
(cpart = 0.2%). The clearing temperature increase is mir-
rored by an order parameter increase; at 30 °C the order
parameter gain, Scop/Sic = 1.2.

A further measurement compares the optical birefrin-
gence of the colloid to that of the pure nematic. We assume
the ferroelectric nanoparticles act as effective molecular
dopants. The birefringence of the colloid can then be
written as [14]
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FIG. 2. Temperature dependences of the order parameter of
MLC-6609 and the ferroelectric colloid (cpyy = 0.2%).

Cpar(YE™) with ¥5C is the LC molecular polarizability
anisotropy and Y5 is the polarizability anisotropy of the
ferroelectric particles. The birefringence gain with respect
to the pure LC is then given by
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The birefringence gain in the colloid involves three
separate components. The first is the statistical
mechanics-induced order parameter increase. The second
depends also on the effective anisotropy of both the ferro-
electric particles and LLC molecules, the values of which are
not known. Finally, the gain depends on the ratio of the
refractive indices of the LC and the colloid. We measured
these refractive indices and find that the ratio is essentially
unity.

Experimentally we obtained n,(T) using an Abbé re-
fractometer. An independent set of experiments used a re-
tardation technique measuring the phase shift between e
and o waves ¢ = wdn,/A in planar cells (d = 12 um).
The results of the two sets of measurements were in
agreement. In Fig. 3 we show the temperature depen-
dence of the birefringence in the pure LC and in one
colloidal sample (cpeq = 0.05%). At 32°C the predicted
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FIG. 3. Temperature dependence of the birefringence of MLC-
6609 and the ferroelectric colloid (cpa = 0.05%).
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nSOL/nlC = 1.2 agrees with the experimental value
Scor./Sic = 1.2. The birefringence increases in n and §
in the FNCLC are consistent. We find that at 32 °C,
eCOL /gLC = 1,54, This result is close, but not identical,
to (n§OL)?/(nk€)? = SZy; /S?- = 1.44. We speculate that
this discrepancy may be due to an extra contribution at low
frequencies from the ferroelectric colloidal particles to the
effective dielectric function of the colloid [15].

Our hypothesis is that the birefringence gain is a con-
sequence only of the increase in S. If this is the case, t
hen the ratio of the low frequency (i.e., v = 1 kHz) col-
loidal dielectric constant to that in the pure LC should be
the same as that at optical frequencies: £SO/elC =
(n§O8)2/(nLC)? = $%o, /S? . We used a Hewlett-Packard
4194 A impedance analyzer to measure the LC cell capaci-
tance. The cells were 15 wm thick, and the dielectric
anisotropy was determined by comparing results with pla-
nar and homeotropic orientation. In Fig. 4, we present
results for the temperature dependence of the dielectric
anisotropy &,(7T).

Smaller increase in the clearing point have been ob-
served for other LC host systems (for example, Z1i-2248,
ZL1-4801, and 5CB), doped with both Sn,P,S¢ and
BaTiO; nanoparticles. The increases are always accom-
panied by increases in the dielectric anisotropy and
birefringence.

All our experiments are explicable by supposing the
effective orientational interaction; ‘U increases in the
FNCLC. In our principal sample we find Ucor/ U c =
T /TES = 1.1. We now consider the orientational effect
of additional terms in the FNCLC free energy. We assume
for simplicity that the ferroelectric particles are spherical in
shape. The spontaneous polarization of the monodomain
particles is assumed the same as that of a BaTiO; mono-
crystal, 0.26 Cm™2 [16]. The permanent polarization P of
a ferroelectric particle creates a locally large electric field
~7x10° Vm™! [17]:
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FIG. 4. Temperature dependences of the dielectric anisotropy
of MLC-6609 and the ferroelectric colloid (cpe = 0.2%).

where R is the particle radius. This field induces a dipole
moment G; in a host LC molecule i with long axis I, where
G; = &yB - Ep ~ 1/r. The low frequency molecular po-
larizability tensor 8 = Byl + B, [l ® [ — (1/3)I], with B,
the anisotropic component. The mean of this quantity is
(Bag? = BoOap + (2/3)B,Qap. With the nematic order
parameter tensor Q,g = (1/2)S(3n,ng — 8,p), and with
S the scalar order parameter.

The interaction between the electric field Ep and the
induced LC molecular dipole G; is given by Ujc_p ~
> €oB; * Ep(r;))Ep(r;). The magnitude of the interaction
between the induced dipoles is

G; G; (G; - Ar; )Ar; ;
add i i J i,j) AT
UcoL Z [ |Ar,, P }

5
particles,i# j |Ari,j|

47TSO
4)

where r; —r; = Ar; ;.

We now suppose the most important contributions come
from the z nearest neighbor molecules, separated by dis-
tance L. We average Eq. (4) over all LC molecule orienta-
tions. There is a contribution depending on B, which is
independent of the degree of orientation in the system. We
select the contribution of order B2. After averaging, this

provides a contribution of order S? [18] and is
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U
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particles, i

where the factor of 1/2 avoids double counting. The quan-
tity 3 paricles,{(Ep(r;))* can be determined by integrating
Ep calculated from Eq. (3). The integration occurs outside
the ferroelectric particles, which are assumed to be spheri-
cal and of radius R; the cross terms in the square cancel.
There is now a power-counting argument, leading to the
following result:

477 P2R3

Z (Ep(r))* = NLCTS(Q)

particles, i

: (6)

with Nj the LC molecular concentration. Hence we find
U, ~ —(1/2)eS?, with

BaP? (E)Z’ _ 2N cBaP? 7

1
¢ g7 e T AL 367l

with Ny, and 7 the colloidal particle volume concentra-
tion and fraction, respectively. The key parameter e is the
proportionality coefficient characterizing the response of
the intermolecular interaction to the field due to the ferro-
electric particle. The shift in the Maier-Saupe parameter U
is given by e = Ny AU, which directly yields the shift in
the clearing point AU = 4.54kgATy;. At fixed 7, in this
approximation, the effect is independent of particle size.
To make quantitative estimates, we take P =
0.26 Cm2, Nparge = 7 X 10" m=3, Njc =2 X 10 m~3,
N =6, R =50 nm, and L = 0.5 nm. Using B8,Nic = g,
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[14] and £, = 1, we find e = 0.9 X 107 Jm™3. The result-
ing shift ATy; = 70 °C s in qualitative agreement with our
experimental observations.

Our model does not take into account other possible
contributions to the intermolecular interaction. There
may be image forces or quadrupole interactions that re-
main important even above the Curie temperature. These
may be significant as a result of the high nanoparticle
dielectric constant, causing ATy to be underestimated.

The observed effect requires e as large as possible at
fixed 7. In the calculation of e the key step lies between
Egs. (4) and (5). This step replaces a scalar product of
fields at neighboring points by the square of a local field.
Mathematically this requires a perturbation in a small
parameter (L/R), which is zero in the large colloidal limit.
In the molecular impurity limit, by contrast, this quantity is
of the order of unity. Thus the supramolecular size of the
impurity particles causes the huge effect. In principle, this
conclusion is testable by varying the particle size.

The effect is proportional to the nanoparticle volume,
but should not grow without limit. Large particles generate
orientational defects in their neighborhood, which destroy
the colloidal homogeneity and lower orientational order.
We estimate the critical particle size R, ~ { = K/W, the
so-called surface extrapolation length [2], where K is a
Frank constant. For typical values K ~ 10~!! N and W ~
1074 Jm™2, R,,,x should be of the order of 100 nm.

In sufficiently large colloidal particles, the ferroelectric
material is expected to form a polydomain structure. In
small systems, the ferroelectric mean field will be insuffi-
cient to maintain a ferroelectric ground state. Despite on-
going debates, ferroelectricity is thought to vanish for
particles of dimensions smaller than ~10 nm [19]. We
therefore speculate the optimal size of the ferroelectric
particles in homogeneous LC colloids to be in the range
10—-100 nm. In addition, for small colloidal particles the
orientational entropy of the colloidal particles plays a
further role which reduces the effective polarization.

In conclusion, our results clearly show the unique prop-
erties of ferroelectric nanoparticles/LC colloids. Since the
size of the particles is much larger than the LC molecu-
lar dimension, the strong electric field from the particles
influences a large number of neighboring LC molecules
(~10%). The huge ferroelectric dipole moment of the nano-
particles produces a powerful field inducing dipolar inter-
molecular interactions that compete with the spontaneous
intermolecular interaction. The additional interaction then
leads to a dramatic increase in the LC mean field interac-
tion and then to a giant increase in the clearing tempera-
ture. This statement remains true even for very low
colloidal particle concentrations.

The dramatic effects seem to occur when the colloidal
particle sizes are large enough to directly influence a large
number of molecules, but small enough that they do not
disturb the director field. The optimal range for the particle

size is 10—100 nm. The presence of larger particles would
destroy the LC colloid homogeneity, whereas smaller par-
ticles are not ferroelectric. The increased nematic mean
field interaction causes the homogeneous ferroelectric LC
colloid to have a higher birefringence, dielectric anisot-
ropy, and order parameter than the pure LC material. These
results are not only true in the model systems which we
have investigated in detail, but are also a general feature of
colloidal suspensions made from ferroelectric colloidal
particles dispersed in thermotropic liquid crystal matrices.
As a result ferroelectric nanoparticles/LC colloids offer an
innovative simple and effective means to control precisely
the physical properties of liquid crystalline materials.
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