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Configuration Transition in a Nematic Liquid Crystal Confined to a Small Spherical Cavity
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The director-field configuration of a nematic liquid crystal confined to a spherical cavity within a
urethane polymer is observed to transform from a radial- to axial-type structure as the radius of the cav-
ity, temperature, or strength of an applied electric field are varied. The phase diagram, anchoring
strength at the droplet wall, and a value of the reduced field inside the droplet are determined for

different polymer/liquid-crystal interfaces.

PACS numbers: 64.70.Md, 61.30.Gd, 68.10.Cr, 78.20.]Jq

When a nematic liquid crystal is confined to a small
cavity, a variety of unusual effects are introduced as a
result of the interplay between the ordering interactions
at the surface of the cavity wall and the elastic deforma-
tion energies of the liquid crystal inside the cavity.'™'°
The most observable are changes in the nature of the
nematic-isotropic transition,®™!' the specific director con-
figuration inside the cavity,'”>"'? and the variable angle
at which the elongated molecule is anchored at the cavity
wall.®~'% In this paper, we report the first study of the
latter two effects where a well-defined transition occurs
between two possible configurations of the director field
inside a spherical cavity with a simultaneous change in
the distribution of anchoring angles at the surface.

The studies reported here were motivated by the fact

that in studying polymer-dispersed liquid crystals'?
(PDLC) one rarely observes the radial configuration il-
lustrated in Fig. 1 for nematic droplets, and when such a
configuration is observed it is usually in a large droplet.
Radial configurations were first reported in large drop-
lets dispersed in glycerol,> and have been investigated
theoretically by a number of workers."'® Suspecting
that the surface may be the reason for their rare oc-
currence, we began to explore, first theoretically, the role
of anchoring in a spherical cavity. Limiting our treat-
ment to supramicron droplets, nematic ordering can be
assumed uniaxial and be defined by a nematic director n
and a positionally independent order parameter S.°!°
We thus express the total free energy of the confined
nematic as

F= ;—f[K”(divn)2+K22(n-rotn)2+K33(anotn)2]dV— ;-feer(E'-n)de+ ;—fWosinz(B—()o)dA ) 1)

The first three terms in Eq. (1) are the usual contribu-
tions of splay, twist, and bend deformations to the free
energy, where K;; are the appropriate elastic constants
proportional to S2.'3 The fourth term is present when
there is an applied field, E, and E' is the local field inside
the droplet and Ace is the anisotropy of the dielectric con-
stant. The final term is the contribution of the surface
where Wy is the surface anchoring strength, and 6y and 6
are the preferred and actual anchoring angles, respective-
ly.'* Other contributions to the free energy, such as the
saddle-splay term (K, and Kj4) and the mixed splay-
bend term (K3), can be reduced to surface terms and
are neglected here. The effects of these additional sur-
face terms are discussed later, but will not affect the
qualitative results presented in this Letter.

For the case where the molecules prefer to be an-
chored perpendicular to the surface and in the absence of
an applied field, the minimization of Eq. (1) yields the
total free energy of a droplet to be 87K R.! The an-
choring strength does not appear in the expression since
the molecules are normally oriented at all points on the
surface. An alternate structure for perpendicular an-
choring is the axial configuration also illustrated in Fig.

1. The free energy for this structure contains both the
elastic and surface terms, and is found to be a function
of the ratio R/d,, where R is the radius of the cavity and
d.=K/Wj is the surface extrapolation length.'> The
constant K =(K;+K33)/2 is an average elastic constant
for the axial structure. In this case the minimization of
Eq. (1) is performed numerically, yielding the result that
the equatorial defect line which makes the axial struc-
ture unstable in the strong-anchoring* case is no longer
present under weak anchoring and that with a decreasing
R/d, ratio the structure becomes more and more
aligned, as illustrated in Fig. 1. Furthermore, when the
total free energy is compared to the radial case, the axial
configuration becomes the more stable one when R/d,
<18.2.

We observed this transition in a dispersion of nematic
droplets in a polyurethane matrix. The dispersion was
prepared by phase separating a mixture of nematic ma-
terial E7 (EM Chemicals) and parts 4 (isocyanate
prepolymer) and B (polyol blended curing agent) of po-
lyurethane TU5S0A (Conap) in a weight ratio of y:l:x
where the concentration of part B, x, was adjusted be-
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FIG. 1. Transition temperatures for the radial to axial con-
figuration for a droplet of radius R in a sample with E7, part
A, and part B of TU50A mixed in a weight ratio of 0.94:1:1.01.
The corresponding extrapolation length, d., is calculated as-
suming a transition occurs at R/d. =18.2. Inset: The calcu-
lated anchoring strengths, Wy, as a function of temperature.
Simulations of the radial and axial configurations are shown
above the figure.

tween 1.0 and 1.4 to obtain different polymer/liquid-
crystal interfaces, and the concentration of E7, y, was
varied between 0.94 and 1.10 so that all samples would
have a liquid-crystal concentration of 32% by weight.
We discovered that in order to obtain radial droplets it
was necessary that x be greater than 1, independent of
the actual liquid-crystal concentration, although the
amount of liquid crystal must be nearly one-third of the
total weight for the droplets to form. The phase-
separated E7 in the droplets was found to be heavily
doped with unreacted polyols from part B of the TUSOA,
causing the actual nematic-to-isotropic transition tem-
perature, 7. =303 K, to be reduced 30 K below the value
for purified E7. The values of the material constants of
our E7 droplet are thus rescaled according to this
transition-temperature shift. The polymer is also heavily
plasticized with E7, making it quite soft.

The director configuration was monitored by observing
droplet texture under a polarizing microscope.>® Figure
1 shows the transition temperatures for a droplet of ra-
dius R to experience a configuration transition from the
radial to the axial structure as the temperature is in-
creased in samples with a polymer matrix in which B/ A4
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FIG. 2. Calculated regions of stability for the radial and ax-
ial configurations. The type of configuration is governed by the
droplet radius R, the surface extrapolation length d., and the
effects of an electric field E, as described by the value of the
electric coherence length &.

=1.01. The corresponding surface extrapolation length
which was determined by assuming a configuration tran-
sition at R/d,=18.2 is also shown in Fig. 1. For this
sample, no droplets with the radial configuration were
observed below R=2.5 um at T=298 K, corresponding
to an extrapolation length d, of about 0.14 um. This
yields a value of 3.3x107° J/m? for the anchoring
strength Wy, which was determined using the average
value of the K, and K33 elastic constants (4.5%x10 " '2
N) of E7 at T.—T=5 K. This value of W, is compara-
ble'*'> to that reported in the literature for parallel an-
choring on planar surfaces of treated glass sub-
strates.'®!7 Using the above-mentioned rescaling of the
elastic constants along with the proportionality K «.S2,
the temperature dependence of W, is obtained; it is
presented in the inset of Fig. 1. There is a small hys-
teresis in this experiment which appears to not be more
than 0.5 K. A very slow scanning rate, ~0.05 K/min, is
needed for determination of the configuration transition
temperature.

If a uniform external field is applied, the free energies
can again be calculated for the two nematic director
configurations. The crossover free energies yield the
points of transition for a droplet of radius R as a func-
tion of the field strength. Figure 2 shows the calculated
regions of stability for the radial and axial configurations
as a function of the ratio of extrapolation length to elec-
tric coherence length, d,/£, where &=(K/Aee) V2/E".
The figure shows that for small fields a droplet is either
radial or axial according to the value of R/d, relative to
18.2, as mentioned before. For very large fields all drop-
lets will have the axial structure. There is a maximum
field for which a radial droplet will exist. The radius of
the droplet at this maximum field can be used to esti-
mate the anchoring strength at the droplet surface. This
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FIG. 3. Points of transition for the radial to axial con-
figuration transition for droplets of different sizes in the pres-
ence of an external electric field £ at T =298 K for samples
with E7, part A, and part B of TUS0A mixed in a weight ratio
of (a) 0.94:1:1.01 and (b) 0.99:1:1.10.

estimation is independent of the actual field needed to in-
duce the transition. The radius described here is ~4 um
for this sample which at 7, — 7 =5 K yields a surface
anchoring strength of ~3.9%10~° J/m2. This is ap-
proximately the same value as that calculated from the
data in Fig. 1. Figure 3 shows the points of transition
from radial to axial for this sample, and another with
B/ A=1.10, as the strength of an external electric field is
increased. The electric field was created by applying a
1-kHz ac voltage across the 25-um-thick samples. The
magnitude of the electric field is plotted on the upper
horizontal axis. The data in Fig. 3 have been rescaled to
dimensionless parameters for comparison with Fig. 2 and
are plotted along the lower horizontal axis. The material
constants used to calculate the coherence length were
K=45%x10"'2 N and Ae=7.3¢. A reduction of ap-
proximately 0.2 V/um in the field strength for the transi-
tion was measured when the field was being decreased.
This corresponds to a reduction of 0.01 in the parameter
d./E as well.

The difference between the values of d,/ in Fig. 3 and
those calculated in Fig. 2 can be used to determine the
local field within the droplet. Reducing the value of the
applied field E (shown in Fig. 3) by factors of 7.4 for
B/A=1.01 and 5.7 for B/A=1.10 will match the data
to the theory. The local field E’' is reduced because of
the dielectric and resistive properties of the materials in-
volved. An isolated droplet of isotropic material sus-
pended in a polymer with dielectric constants €c and ¢,
respectively, will have E'=3E/(ei/e,+2). The dielec-
tric constant for materials with nonzero conductivities
can be written as e =¢'+j/pw, where ¢ is the dielectric
permittivity, p is the resistivity, and o is the frequency of
an applied ac voltage. In the dc limit (€'eppw < 1), for
materials with low resistivities, the resistive nature dom-
inates, yielding the expression E'=3E/(p,/pic+2),
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FIG. 4. Surface anchoring strengths at 7=298 K for sam-
ples with 32% E7 and 68% TUS0A by weight, where the rela-
tive weights of parts 4 and B were varied.

where p, and pic are the resistivities of the polymer
binder and droplet material, respectively. The samples
in this study have p, ~ 10° @ cm, yielding €'eopw~10 ~".
We are in the resistive regime and values of 20 (B/A
=1.01) and 15 (B/A4=1.10) for p,/pic will account for
the reduced local field.

Data like those shown in Fig. 3 were obtained for
several samples with different values of B/ A4 up to 1.33.
The corresponding surface anchoring strengths are
shown in Fig. 4. When B/ A > 1.4 the droplet diameter
was larger than the spacing between the substrates. The
relationship between droplet size and cure kinetics is dis-
cussed in Ref. 18.

It is demonstrated that the director configuration de-
pends upon droplet size as well as on the orientation and
strength of molecular anchoring at the droplet wall.
External fields and temperature changes can be used to
induce transitions in the director configuration, and these
transitions can also be used to obtain a measure of the
surface anchoring strength, Wy It is interesting that
perpendicular anchoring is achieved only when there is
an excess of OH-R-OH (part B), indicating that it is
necessary for some chains to terminate with OH groups
for this condition. An increase in OH terminal groups is
shown to increase the anchoring energy for perpendicu-
lar ordering.

An explanation of the need for larger applied electric
fields to induce the radial-to-axial transition is given
based on the resistivity ratio for the materials used. Be-
cause the droplets are formed from phase-separation pro-
cesses, the ionic content of the droplet and matrix is
probably similar; however, the mobility of the ions in the
plastic matrix is no doubt lower, increasing the resistivity
of the matrix over that of the droplet. The ratio p,/pic
=20 is not an unreasonable value and a plausible ex-
planation to the reduced value of the electric field inside
the droplet. The experiment presented here can be used
as a way of studying the differences between the applied
electric field and the local electric field within the drop-
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let. Experiments are under way for the use of magnetic
fields to check this point. More experiments on different
types of PDLC’s are planned, as well as studies of the
effects of droplet shape on director configurations and
configuration transitions.

As mentioned earlier, the surface contributions of the
saddle-splay term and the mixed splay-bend term were
neglected in Eq. (1) because of the lack of information
about the K3 and K4 elastic constants.'!® Theoretical
calculations including different values for all elastic con-
stants and the previously omitted surface contributions
are in progress. The resulting phase diagrams have qual-
itatively the same shape, but scales may differ by a fac-
tor of 2 depending upon the values of the elastic con-
stants.
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