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ABSTRACT: Polymer-dispersed liquid crystals (PDLCs), consisting of a dispersion of LC-rich domains
in a polymer matrix, are used in different types of electrooptical devices. Their efficiency can in principle
be increased if the LC domains exhibit a uniform characteristic size in the range of the wavelength of
visible light. In an attempt to generate this type of morphology, a model PDLC system based on a 50 wt
% solution of N-4-ethoxybenzylidene-4′-n-butylaniline (EBBA) in an epoxy monomer (diglycidyl ether of
bisphenol A, DGEBA) was analyzed. The polymerization-induced phase separation was performed at 80
°C, using a tertiary amine as initiator (benzyldimethylamine, BDMA). By selecting an initial concentration
located close to the critical composition to promote spinodal demixing, co-continuous morphologies were
obtained, which were rapidly fixed by gelation. The conversion of epoxy groups (p) was followed by near-
infrared spectroscopy (NIR). At p ) 0.28, phase separation took place as revealed by transmission optical
microscopy (TOM) and by the acceleration observed in the isothermal cure rate. Gelation took place at p
) 0.35, soon after the cloud point. Although the primary structure was arrested by gelation, the LC-rich
phase was continuously enriched in pure EBBA, as revealed by the increase in TNI with conversion
monitored by differential scanning calorimetry (DSC). Co-continuous structures remained unmodified
after the storage of PDLCs for several months. The nematic range of the LC-rich phase at p ) 1 was
comprised between 34 °C (melting point) and TNI ) 68 °C. A 57% of the initial LC was present in nematic
domains at 40 °C, as determined by the variation of the FTIR absorbance of a characteristic LC peak
between isotropic and nematic states. Therefore, a possible route to obtain PDLCs with a uniform
characteristic size of LC domains is to start with a composition close to the critical one and select conditions
to produce liquid-liquid demixing soon before gelation.

Introduction

Polymer-dispersed liquid crystals (PDLCs), consisting
of a dispersion of LC-rich domains in a polymer matrix,
are potential materials for electrooptical devices such
as reflective displays, optical switches, and variable
transmittance windows.1-4 They can be electrically
switched between a strongly scattering state and a
highly transparent state. The contrast ratio, switching
voltage, switching speed, and hysteresis are mainly
determined by the morphologies and compositions of
both phases. LC domains with sizes much smaller than
the wavelength of visible light do not scatter light
efficiently; domain sizes much larger than the wave-
length of visible light lead to a poor contrast ratio.
Therefore, it is desirable to generate LC domains with
a uniform characteristic size in the wavelength range
of visible light. It has been suggested that co-continuous
morphologies generated by liquid-liquid spinodal de-
mixing in the course of polymerization should exhibit
the desired uniform characteristic size of LC domains.5
The aim of this study is to explore this possibility using
a model system based on a single liquid crystal and
thermoset precursors with a relatively simple polym-
erization chemistry.

N-4-Ethoxybenzylidene-4′-n-butylaniline (EBBA) was
selected as liquid crystal (Figure 1). According to the
literature,6-9 the temperature range where the nematic
phase of EBBA is stable lies in the range comprised from
about 36 °C (Tm: melting temperature) to about 77 °C

(TNI: nematic-isotropic transition temperature). Re-
ported values of Tm and TNI vary in a range of a few
degrees around these values. Although crystallization
of EBBA prevents its use in a PDLC operating at room
temperature, it was selected to avoid the fractionation
problems present in eutectic mixtures employed in
commercial formulations. Several metastable crystal
structures are known for EBBA.6,7,9-12 Although a glass
transition temperature corresponding to a supercooled
nematic state was reported (Tg ) -54 °C),7 this state
could not be found by other authors, even when employ-
ing very fast cooling rates.9 Phase diagrams of binary
solutions of aromatic hydrocarbons,13 polystyrene and
poly(ethylene oxide)14-16 in EBBA, have been reported.
However, to our knowledge, EBBA has not been used
to generate PDLCs by polymerization-induced phase
separation (PIPS).* To whom correspondence should be addressed.

Figure 1. Chemical structures of liquid crystal (EBBA), epoxy
monomer (DGEBA), and initiator (BDMA).
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Usual thermoset precursors to generate PDLCs by
PIPS are mixtures of UV-curable multifunctional mono-
mers, including a photoinitiator.17-27 These systems
have the advantage that they permit to select indepen-
dently the curing temperature and the rate of polym-
erization. Therefore, thermodynamics and kinetics
may be decoupled. However, the analysis of the phase
separation process in the course of the fast polym-
erization requires the use of relatively sophisticated
experimental techniques (real-time FTIR spectroscopy
can provide valuable information23,24). In this study,
we selected an epoxy monomer (diglycidyl ether of bis-
phenol A, DGEBA) as thermoset precursor (Figure 1).
In the presence of a tertiary amine as initiator (benzyl-
dimethylamine, BDMA, Figure 1), DGEBA undergoes
an anionic polymerization at a relatively slow polym-
erization rate, leading to a polymer network.28 The
reaction proceeds through a living chainwise mechanism
leading to very short primary chains (2-5 epoxy units),
due to the high ratio of chain transfer/chain propa-
gation rates.29-32 Gelation takes place at advanced
conversions that depend on the initial concentration
of initiator and cure temperature.33 This favors the
possibility of producing phase separation previous to
the gel formation.

The strategy used to produce co-continuous structures
was to perform the polymerization in the isotropic region
of the phase diagram, employing an EBBA concentra-
tion located in the critical composition range. In these
conditions, a liquid-liquid spinodal demixing mecha-
nism should be favored.34,35 The next step was to search
convenient values of reaction temperature and initiator
concentration to produce gelation soon after the begin-
ning of the phase separation process. In this way, if co-
continuous structures were produced, they should be
fixed by gelation of the polymer network (although mass
transfer between phases should occur continuously
during the postgel stage). A 50 wt % solution of EBBA
was the selected composition for this study. This value
is very close to the critical composition predicted by the
Flory-Huggins equation before the start of polymeri-
zation. Although at the cloud-point conversion the
critical point is shifted to higher EBBA concentrations,36

the predicted shift is small enough to keep the system
in the critical concentration region.35

A second aim of this study was to analyze the
evolution of parameters related to the composition of
both phases in the course of the phase separation
process. The conversion of epoxy groups at the selected
reaction temperature was followed by near-infrared
spectroscopy.37-39 The increase in the glass transition
temperature (Tg) of the epoxy-rich phase and the
nematic-isotropic transition temperature (TNI) of
the LC-rich phase, measured by differential scanning
calorimetry (DSC), were used to monitor the evolution
of both phases after the cloud-point conversion.40 The
fraction of LC that was present in nematic domains at
full conversion was determined by FTIR spectroscopy.24

Finally, the evolution of the system during polymeri-
zation was visualized using a phase-transformation
diagram similar to the one described by Boots et al.41

Experimental Section
Materials. The chemical structures of liquid crystal, epoxy

monomer, and initiator are shown in Figure 1. The liquid
crystal N-4-ethoxybenzylidene-4′-n-butylaniline (EBBA, Ald-
rich, 98% purity) was used as received. The epoxy monomer,
based on diglycidyl ether of bisphenol A (DGEBA, MY790

Ciba), had an epoxy equivalent weight of 174 g/mol. The
initiator of the epoxy polymerization was benzyldimethylamine
(BDMA, Aldrich), in an amount of 0.06 mol of BDMA per mole
of epoxy groups. EBBA and DGEBA were mixed in the desired
proportions at 50 °C, and the solution was cooled to room
temperature where the appropriate BDMA amount was added.
Most of the study was performed with a 50 wt % solution of
EBBA in the mixture with DGEBA and BDMA.

Techniques. Differential scanning calorimetry (DSC, Pyris
1, Perkin-Elmer) was used to determine the temperatures of
various transitions occurring in both phases: crystallization
(TK) and melting temperatures (Tm) of EBBA, nematic-
isotropic transition temperature (TNI) of the EBBA-rich phase,
and glass transition temperature (Tg) of the epoxy-rich phase.
These temperatures were determined during a heating scan
at 10 °C/min under nitrogen, following a cooling scan at the
same rate. Both Tm and TNI were measured at the end of the
corresponding transition, and Tg was taken at the onset of the
glass transition (TK values were not analyzed). For binary
EBBA-DGEBA solutions devoid of initiator, TNI values were
also determined by placing a test tube containing the corre-
sponding solution in a thermostat and finding the clearing
temperature during a heating scan by visual inspection.
Temperature was increased in small steps, keeping it constant
for some minutes at each one of the steps. TNI was defined as
the temperature at which the solution became completely
homogeneous.

Transmission optical microscopy (TOM) was employed to
determine the cloud-point time in the course of polymerization
(liquid-liquid phase demixing) and to follow the evolution of
generated morphologies. A Leica DMLB microscope provided
with a video camera (Leica DC 100) and a hot stage (Linkam
THMS 600), was used for these purposes. Samples were placed
between two glasses using a 0.5 mm stainless steel spacer. To
obtain optical micrographs of final morphologies with a good
contrast, PDLCs were prepared as coatings on glass surfaces.
They were cured in an oven at 80 °C for 24 h, cooled, and stored
at room temperature or -18 °C for different periods of time
(the storage at -18 °C promoted a fast crystallization of
EBBA). After cure, some of the coated glasses were treated
with 2-propanol at 60 °C, until complete elimination of the
EBBA-rich phase as revealed by the transparency of the
resultant materials. After a particular storage period (from
several hours to several months), both the untreated and the
2-propanol-treated coatings were placed in the hot stage,
heated to a temperature above TNI, and cooled to the desired
temperature. Micrographs were taken with and without
crossed polarizers.

The time to gel at 80 °C was determined from solubility tests
in tetrahydrofuran (THF). Test tubes containing the 50 wt %
EBBA formulation were placed in a thermostat at 80 °C. Each
one of them was extracted from the thermostat at different
times, and the solubility of the partially reacted material in
THF was observed. The presence of a gel was evidenced when
a fraction of the initial sample remained in a swollen state at
the bottom of the tube. A series of runs were performed to
obtain a better precision of the time at which the first
appearance of a gel fraction could be evidenced by visual
inspection.

Near-infrared spectroscopy (NIR) was used to determine the
polymerization kinetics of both the neat epoxy and solutions
with 50 wt % EBBA. An FTIR (Genesis II, Mattson), provided
with a heated transmission cell (HT-32, Spectra Tech) with
quartz windows (32 mm diameter) and a programmable
temperature controller (Omega, Spectra Tech, ∆T ) (1 °C),
was employed. The sample was placed in a polyethylene
bag inserted between the quartz windows. (Polyethylene did
not exhibit absorption peaks in the spectral range of interest.)
The reaction was carried out at 80 °C, following the height of
the absorption band at 4530 cm-1 (assigned to the conjugated
epoxy CH2 deformation band with the aromatic CH funda-
mental stretch),39 with respect to the height of a reference
band at 4621 cm-1 (assigned to a combination band of the
aromatic conjugated CdC stretch with the aromatic CH
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fundamental stretch).39 The final thickness of the cured film
was 2.3 mm.

FTIR spectroscopy was also used to determine the fraction
of EBBA present in nematic domains in the fully cured
material. As discussed by Bhargava et al.,24 nematic ordering
can be quantified by the change in the absorbance of a
characteristic band of the LC between isotropic and nematic
states. Among the EBBA bands that exhibited this behavior,
the peak at 887 cm-1 (possibly arising from vibrations involv-
ing in-phase C-C-C stretch mixed with in-plane CH3 rock)42

was selected because no overlapping with DGEBA bands was
observed in this region (Figure 2). A drop of EBBA was placed
between two KBr windows, and the FTIR spectra were
recorded at 85 °C (isotropic state) and at 40 °C (nematic state).
The absorbance of a set of peaks remained constant, meaning
that there had not been any significant change of the sample
thickness. Another set of peaks exhibited a change in the
absorbance at 40 °C with respect to the one at 85 °C. For the
peak at 887 cm-1, the relative change of the absorbance was

This change corresponds to a 100% fraction of the LC in the
nematic state. A similar ratio was determined for the fully
cured PDLC to estimate the fraction of EBBA present in
nematic domains at 40 °C. A drop of the initial formulation
containing 50 wt % EBBA was cured between two KBr
windows at 80 °C for 24 h. The fraction of EBBA in nematic
domains was calculated by

Results and Discussion
DGEBA-EBBA Phase Diagram. The phase dia-

gram of the binary DGEBA-EBBA solution devoid of
initiator was first determined (Figure 3). One-phase
regions (I, N, K) and regions of coexistence of two phases
(I + N, N + K, I + K) are indicated. No isotropic-
isotropic coexistence region was found, indicating the
high initial solubility of both components before the
start of polymerization. Tm values were determined from
DSC scans at 10 °C/min, and TNI values were measured
by visual inspection: appearance of a homogeneous
solution in the course of a very slow heating scan or
obtained from DSC scans. The dashed line giving the
boundary of nematic domains was predicted theoreti-
cally, as discussed below. The phase diagram is com-
pletely analogous to the one reported by Shaya and Yu43

for a biphenyl-MBBA system. (MBBA has a chemical
structure similar to EBBA, with a methoxy instead of
an ethoxy group.)

The nematic-isotropic transition temperature of EBBA
was TNI ) 73 °C, a few degrees lower than literature
values possibly because of impurities present in the
commercial product. Its melting temperature was Tm
) 38 °C, in agreement with values reported in the
literature.6,9 As results from the phase diagram, TNI is
much more affected by impurities than Tm. The straight
line joining Tm of EBBA with the intersection of the
calculated dashed line and the horizontal at 37 °C gives
the upper boundary of the coexistence of nematic and
crystalline phases. The observed Tm depression was
about 1 °C for DGEBA-EBBA, much less than the 5
°C found for the biphenyl-MBBA system.43

Examples of DSC thermograms are shown in Figure
4 for solutions containing 70 and 98 wt % EBBA. The
exothermic peak preceding melting for the sample
containing 70 wt % EBBA is due to the additional
crystallization produced during the heating scan. The
melting peak is extended in a relatively broad temper-
ature range. This is due to the continuous melting of
crystals required to establish equilibrium when increas-
ing temperature at a constant composition in the I + K

Figure 2. FTIR absorption bands of EBBA (LC) and DGEBA
(epoxy) in the range of 870-930 cm-1.

[AEBBA(40 °C) - AEBBA(85 °C)]/AEBBA(85 °C) ) 0.130 (1)

(1/0.130)[APDLC(40 °C) - APDLC(85 °C)]/APDLC(85 °C) (2)

Figure 3. Phase diagram of the EBBA-DGEBA binary
system showing one-phase regions (I, N, K) and regions of
coexistence of two phases (I + N, N + K, I + K). Tm values (9)
were determined from DSC scans at 10 °C/min; TNI values
were measured by visual inspection: appearance of a homo-
geneous solution in the course of a very slow heating scan (0)
or obtained from DSC scans (]). The dashed line representing
the boundary of the nematic phase was predicted from the
Flory-Huggins-Maier-Saupe model.

Figure 4. DSC thermograms obtained during a heating scan
at 10 °C/min for DGEBA-EBBA solutions containing 70 wt
% EBBA and 98 wt % EBBA. The inset shows a magnification
in the region of the nematic-isotropic transition.
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coexistence region. For EBBA concentrations lower than
85 wt %, no nematic-isotropic transition was observed
in DSC thermograms. For higher EBBA concentrations,
a broad peak of low intensity was observed due to the
nematic-isotropic transition taking place for a solution
evolving through the corresponding coexistence region.
The end of any of these transitions was assigned to a
point located in the boundary of the particular coexist-
ence region.

The boundaries of the nematic-isotropic coexistence
region may be theoretically calculated using the Flory-
Huggins theory for the free energy of mixing of isotropic
phases in conjunction with the Maier-Saupe theory for
phase transition of a nematic liquid crystal.44,45 Details
of these calculations may be found in the litera-
ture.16,36,46 What is needed is the relationship of the
Flory-Huggins interaction parameter (ø), with temper-
ature, usually written in the form ø ) a + b/T, with b
> 0 (upper critical solution temperature behavior).
Otherwise, the ø(T) relationship can be obtained from
the best fitting of the theory with the experimental data.
However, in our system the nematic-isotropic transi-
tion region is limited by the formation of a crystalline
phase. In the restricted temperature range where the
theory could be fitted to the experimental data, any ø(T)
relationship giving values comprised between 0 and 1
provided a reasonable fitting. The boundaries of the
nematic-isotropic coexistence region shown in Figure
3 (continuous and dashed lines) were calculated using
ø ) 0.5. (Curves for ø ) 0 and ø ) 1 or any ø(T)
relationship giving ø values in the 0-1 range, produced
a small shift of these curves comprised within the
experimental error range.) Therefore, the theory was
found adequate to fit the experimental external bound-
ary and, consequently, to predict the location of the
internal boundary. However, the ø(T) relationship could
not be obtained from this fitting.

The critical composition of the binary DGEBA-EBBA
solution was calculated with the Flory-Huggins theory
and the knowledge of molar volumes of both components
(VDGEBA ) 298 cm3/mol, VEBBA ) 279.3 cm3/mol). This
led to a critical volume fraction of EBBA equal to 0.508
or to a corresponding mass concentration equal to 47
wt % EBBA. When these binary mixtures are subjected
to polymerization in the presence of a small amount of
initiator, the critical composition is moderately shifted
to higher mass fractions of EBBA, following the increase
of the average molar volume of the polymerizable
component.35

Reactive solutions were polymerized at 80 °C, a
temperature located above the maximum TNI of the
system, to produce an isotropic-isotropic phase separa-
tion induced by polymerization. To favor the possibility
of generating co-continuous structures through spinodal
demixing, an initial EBBA concentration of 50 wt % was
selected to produce phase separation in the critical
composition range.

Conversion vs Time Curves at 80 °C. Kinetic
results obtained from NIR spectra are shown in Figure
5 for both the neat epoxy system and the solution
containing 50 wt % EBBA. While for the neat epoxy
system the maximum conversion was limited by vitri-
fication (Tg ) 85 °C for the neat epoxy cured to complete
conversion), for the EBBA-modified epoxy, an almost
complete conversion could be attained after 24 h, within
the experimental error of NIR spectroscopy. This was
due to the plasticization effect produced by the LC that

remained dissolved in the matrix at complete conver-
sion.

The presence of EBBA produced a significant decrease
of the polymerization rate. It took about 4 h to get an
almost plateau conversion in the neat system and about
24 h for the complete disappearance of epoxy groups in
the EBBA-modified system. The kinetic curve of the
EBBA-modified epoxy exhibits a discontinuity of the
derivative at conversions close to 0.30. The polymeri-
zation rate undergoes an acceleration at this conversion,
an effect that may be related to the beginning of the
phase separation process. The partial segregation of an
EBBA-rich phase produced an increase in the monomer
concentration in the epoxy-rich phase and a decrease
in the concentration of the component that retarded the
polymerization. Both factors explain the acceleration
observed in the cure rate. A similar phenomenon has
been described for thermoplastic-modified epoxies con-
taining a relative high fraction of thermoplastic in the
initial formulation.35,47

The increase in the reaction rate produced by phase
separation constitutes a direct way to determine a cloud-
point conversion in PDLCs produced by PIPS. Another
simple method was proposed by Barghava et al.,24

related to the scattering-induced change in the FTIR
absorbance spectrum of the sample, produced by the
phase separation process. But this requires that the
formed domain size is sufficient to scatter IR radiation,
a condition that was not fulfilled in our system. In this
regard, this is a poorer method to detect phase separa-
tion than conventional light transmission or light scat-
tering techniques.24

Cloud-Point Time. A direct determination of the
cloud point in the polymerization of the 50 wt % EBBA
solution at 80 °C was made by TOM. The beginning
of a liquid-liquid phase separation was observed at
220 min, corresponding to a cloud-point conversion,
pcp ) 0.28, in very good agreement with the conver-
sion at which the acceleration in the cure rate was
observed.

Gel Conversion. The gel time obtained by solubility
measurements in THF was transformed into the corre-
sponding conversion using Figure 5. This led to pgel )
0.35. Therefore, a liquid-liquid phase separation pre-
ceded gelation in the 50 wt % EBBA-modified epoxy.

The gel conversion in ideal chainwise polymerizations
may be predicted using Stockmayer’s equation.48 For the

Figure 5. Conversion vs time curves at 80 °C, determined
by NIR, for the homopolymerization of DGEBA initiated by
BDMA (neat system) and for a solution containing 50 wt %
EBBA.
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particular case of the homopolymerization of a tetra-
functional monomer, it may be written as

where DPw is the mass-average degree of polymerization
of primary chains. The experimental value of the gel
conversion results from DPw ) 3.86, which lies in the
range of experimental values reported for the homo-
polymerization of monoepoxides in the presence of
tertiary amines.29-31

Evolution of Thermal Transitions as a Function
of Conversion at 80 °C. Samples of EBBA-modified
epoxies (50 wt % of EBBA in a solution with DGEBA/
BDMA) were cured in an oven at 80 °C. At predeter-
mined times (related to conversions through Figure 5),
samples were extracted from the oven and stored at -18
°C to arrest the polymerization reaction. They were then
scanned in the DSC from about -60 to 90 °C at 10 °C/
min. Figure 6 illustrates the observed thermal transi-
tions during heating scans for samples previously cured
to different conversions.

The sample converted to p ) 0.17 (before the cloud-
point conversion at 80 °C) exhibits two crystallization
peaks previous to the broad melting peak. This is due
to the presence of several metastable crystalline phases
of EBBA.6,7,9-11 For p ) 0.86, the glass transition
temperature of the epoxy-rich phase (Tg), the melting
peak of EBBA (Tm), and the nematic-isotropic transi-
tion temperature of the EBBA-rich phase (TNI) are
observed. Some crystallization (exothermic peak) occurs
simultaneously with melting, a phenomenon that is
related to the transformation of metastable crystalline
phases. For p ) 0.99, Tg, Tm, and TNI are observed,
together with two crystallization peaks (one at low
temperatures and the other one superimposed with the
melting peak).

The set of thermal transitions observed in the DSC
scans of partially cured samples is plotted in Figure 7
as a function of conversion (for conversions higher than
pcp). The glass transition temperature of the epoxy-rich
phase (Tg) increased with conversion due to the increase
in the cross-link density and to the continuous segrega-
tion of LC to the EBBA-rich phase. At full conversion,
the epoxy polymer network swollen with EBBA exhib-
ited a Tg equal to 15 °C, indicating the presence of a
large plasticization effect (from 85 °C for the neat epoxy
to 15 °C for the EBBA-modified epoxy). A stable nematic

phase could be found for conversions higher than 0.55.
At this particular conversion, the EBBA mass fraction
in the LC-rich phase attains the minimum value needed
to enter the nematic-isotropic coexistence region. (Fig-
ure 3 illustrates this condition for the DGEBA-EBBA
binary system.) TNI increased continuously with conver-
sion due to the purification of the EBBA-rich phase in
the course of polymerization, in agreement with theo-
retical predictions.49 The PDLC reacted to the maximum
conversion exhibited a TNI ) 68 °C, 5 °C lower than the
transition of the starting EBBA (TNI ) 73 °C). As epoxy
groups were completely reacted (within the experimen-
tal error of NIR spectra), the observed depression in TNI
must be ascribed to a fraction of the initiator (BDMA
or BDMA-DGEBA adducts) that remains dissolved in
the EBBA-rich phase at the end of reaction. The
temperature range where a stable nematic phase was
present in the final PDLC was comprised between Tm
) 34 °C and TNI ) 68 °C. Although Tm values did not
exhibit any significant variation with conversion after
the cloud point, an increase of Tm with conversion was
indeed observed in the 0-0.30 conversion range (not
represented in Figure 7).

Residual EBBA Fraction Dissolved in the Epoxy
Network. In any PDLC produced by PIPS, a large
fraction of the LC is not segregated and remains
dissolved in the polymer network at the end of polym-
erization. A way to reduce the residual liquid crystal
solubility in the polymer has been recently described.22

The determination of the residual fraction is necessary
to establish the effectiveness of the phase separation
process.

The fraction of initial LC present in nematic domains
is usually determined from calorimetric measurements
(e.g., from the ratio of the nematic-isotropic transition
enthalpy observed in the PDLC with respect to the one
of the pure LC).50,51 For our particular system, this
method was not very accurate due to the small value of
the nematic-isotropic transition enthalpy of EBBA and
the dispersion of values observed in repeated experi-
mental determinations. Therefore, we used the method
reported by Barghava et al.,24 based on the change in
the IR absorbance of a characteristic band of the LC
between isotropic and nematic states.

As described in the Experimental Section, the par-
ticular band of EBBA at 887 cm-1 was selected, exhibit-
ing a relative increase in the absorbance of 13.0%

Figure 6. DSC thermograms obtained during heating scans
at 10 °C/min, for 50 wt % solutions of EBBA in DGEBA/BDMA,
converted to p ) 0.17, 0.86, and 0.99 at 80 °C.

pgel ) 1/(DPw - 1) (3)

Figure 7. Thermal transitions (Tg of the epoxy-rich phase;
Tm and TNI of the EBBA-rich phase) observed in the course of
DSC heating scans at 10 °C/min for samples containing 50 wt
% EBBA partially cured at 80 °C.
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between isotropic and nematic states (higher absorbance
in the nematic state). The change in the relative
absorbance of this peak in the fully cured PDLC was
7.4%. This means that the fraction of EBBA present in
nematic domains was 7.4/13 ) 0.57 of the initial
amount. The residual 43% remained dissolved in the
epoxy network, giving a mass fraction of EBBA equal
to 0.30 (0.43/1.43).

To check this calculation, samples containing 0, 5, 10,
20, 30, and 50 wt % EBBA in the solution with DGEBA/
BDMA were cured at 80 °C for 24 h in the hot stage of
the transmission optical microscope. Phase separation
was only observed for formulations containing 30 and
50 wt % EBBA. Another set of samples was cured in an
oven under the same conditions, and glass transition
temperatures (Tg) of the cured materials were deter-
mined by DSC (onset values obtained in a second
heating scan). Figure 8 shows the Tg values of the epoxy
network as a function of the wt % EBBA in the initial
formulation. Values in the range 0-20 wt % EBBA
could be fitted with the Fox equation:52

The glass transition temperature of the liquid crystal,
Tg,LC, is a virtual value corresponding to an isotropic
glassy state (a nematic glassy has been reported7

although its existence has been questioned9). By using
the experimental value of Tg,E (358 K) and taking Tg,LC
) 187.3 K as a fitting parameter, the curve shown in
Figure 8 was plotted. A reasonable fitting resulted for
samples that did not exhibit phase separation. The other
two samples may be shifted to the curve by assuming
that the residual concentration of EBBA is 23.3 wt %
for the sample initially containing 30 wt % EBBA and
26.6% for the sample with 50 wt % EBBA. The last
value is close to the value estimated from the change
in the IR absorbance of a characteristic peak (30 wt %).

However, it is still necessary to explain the observed
decrease in Tg for the formulation with 50 wt % EBBA
with respect to the one with 30 wt % EBBA. This means
that when the polymerization is performed in a more
diluted solution (a higher wt % of EBBA), the resulting
polymer network is able to dissolve more LC at full
conversion. The increase of the swelling capacity may
be ascribed to the increase in the concentration of
intramolecular cycles with dilution and the correspond-

ing decrease in cross-link density. This can reconcile the
fact that polymerizing a 50 wt % EBBA solution led to
a residual mass fraction of EBBA in the epoxy equal to
30 wt %, while polymerizing a 30 wt % EBBA solution,
under the same conditions, produced phase separation
in the course of reaction. As a corollary, it may be stated
that the estimation of the residual LC mass fraction in
the polymer network, based on experimental measure-
ments for samples containing different LC amounts, has
to be made with caution due to the variation of the
network topology with dilution.

Transformation Diagram Describing the Phase
Separation at 80 °C. The isotropic-isotropic phase
separation process taking place at 80 °C may be visual-
ized in a triangular diagram as the one shown in Figure
9.41 This simplified description of the system is made
on the basis of three components: the monomer (DGE-
BA), the LC (EBBA), and the polymer. This last one is
in fact composed of a distribution of species, which are
finite in the pregel stage and include one “infinite”
species (the gel) in the postgel stage. Therefore, the
triangular diagram presented in Figure 9 should not be
regarded as a phase diagram. A thermodynamic analy-
sis of the phase separation process must take into
account the fractionation of the polymer population
between both phases at any conversion in the polym-
erization reaction.36,49

In the simplified description illustrated by Figure 9,
the system evolves along the horizontal line located at
50 wt % EBBA, starting in the EBBA-DGEBA side and
ending in the EBBA-polymer side at full conversion.
For a particular conversion p, the residual fraction of
unreacted DGEBA is proportional to (1 - p)2 (simulta-
neous probability that both epoxy groups of the same
molecule remain unreacted, assuming that they react
independently). Therefore, the fraction of polymer is 1
- (1 - p)2. The cloud point (CP) is located at a DGEBA
fraction equal to (1 - 0.28)2 ) 0.518, and gelation takes
place when the DGEBA fraction is equal to (1 - 0.35)2

) 0.422. Both points are represented along the hori-
zontal trajectory. At full conversion, the system is
represented as being composed of pure EBBA (actually
the LC-rich phase is contaminated by the initiator or
its adducts with DGEBA) and a polymer network with
30 wt % residual EBBA. The dashed envelope traced in
a qualitative form encloses the two-phase region. In this
simplified analysis it was assumed that the LC-rich

Figure 8. Glass transition temperature of the epoxy network
as a function of the wt % EBBA in the initial formulation
(onset values determined in a second heating scan at 10 °C/
min).

1/Tg ) wLC/Tg,LC + (1 - wLC)/Tg,E (4)

Figure 9. Transformation diagram representing the evolution
of the system as a function of conversion.
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phase only contains DGEBA. In fact, a fractionation of
the polymer occurs with other low molar mass species
being present in the LC-rich phase. However, the
residual monomer is the most significant species frac-
tionated with the LC.36,49 Tie lines represent the esti-
mated composition of both phases for different particu-
lar conversions. The composition on the DGEBA-EBBA
side was estimated from the particular TNI(p)/TNI(p)1),
read from Figure 7. The resultant ratio was used in
Figure 3 to estimate the amount of DGEBA in the
EBBA-rich phase. Although this representation consti-
tutes an oversimplified description of the phase separa-
tion process, it permits a simple visualization of the
evolution of the system along reaction. The diagram is
exclusively valid for the selected values of initial
composition and reaction temperature.

Morphologies Generated. The evolution of mor-
phologies was followed by TOM in the course of polym-
erization at 80 °C. Co-continuous structures were
generated and remained stable at full conversion. The
observed morphology did not change after prolonged
periods of storage (several months) at -18 °C or at room
temperature. As an example, Figure 10a,b shows trans-
mission optical micrographs obtained at 40 °C without
polarizers for the fully cured PDLC. Both phases are
co-continuous and exhibit a relatively uniform charac-
teristic size (Figure 10a). After leaching EBBA with

2-propanol (Figure 10b), no collapse of the epoxy net-
work was observed. The resulting material is a glassy
epoxy foam with a continuous micropore-network struc-
ture. This type of material might have applications in
the field of low-dielectric coatings.

Therefore, the strategy used to generate stable co-
continuous structures in PDLCs was successful. It
consisted of starting with a composition located in the
critical range, inducing phase separation by polymeri-
zation at T > TNI, and selecting conditions to produce
gelation soon after the beginning of phase separation.
In this way, co-continuous structures, possibly gener-
ated by spinodal demixing, could be fixed in the fully
cured PDLC.

Conclusions

An experimental verification of the possibility of
generating stable co-continuous structures in PDLCs by
polymerization-induced phase separation was pre-
sented. The strategy was based on selecting an initial
concentration in the critical range to promote a liquid-
liquid phase separation by spinodal demixing. The
resulting primary structure was fixed by gelation of the
polymer network that took place soon after the begin-
ning of phase separation. Co-continuous structures may
be useful to generate nematic domains with a uniform
characteristic size in the wavelength range of visible
light. By leaching the LC with an adequate solvent, a
polymer network foam with a continuous microporous
structure could be generated.

In the course of the study, the application of different
experimental techniques led to some interesting find-
ings. Because of the high fraction of LC used to generate
a PDLC, the reaction rate should undergo an instanta-
neous acceleration at the beginning of the phase separa-
tion, simply due to the rapid increase in the concentra-
tion of the reactants when the LC solvent is phase-
separated. (The effect is not compensated by the slower
reaction of the polymer fraction segregated with the LC.)
Although this effect has been reported for thermoplastic-
modified thermosets,47 it has not been previously used
to detect the beginning of phase separation in PDLCs
formed by PIPS. It was also established that the
residual fraction of LC in the polymer network can be
conveniently estimated using the change in the absor-
bance of a LC characteristic peak between isotropic and
nematic states.24 Methods based on the extrapolation
of experimental measurements made on samples con-
taining different LC concentrations should be applied
with caution due to the variation of network topology
with dilution (fraction of intramolecular cycles, cross-
link density, etc.). This affects the swelling capacity of
the fully cured network.
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