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Thermophysical and Phase Properties of Polymer/Liquid Crystal Systems:
Theoretical Aspects and Experimental Examples’

Réda Benmouna* and Mustapha Benmouna
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The thermophysical properties and phase behavior of polymer/liquid crystal systems are reviewed. These
systems, often called polymer-dispersed liquid crystals (PDLCs), have avariety of applications encompassing
electrically activated windows with controlled light transmission, display panels, fiber optics, and multiplexing
devices for telecommunication systems. Most applications rely on specific electro-optical responses that in
turn depend on the phase behavior and thermophysical properties in addition to the morphology and
dimensions of the LC domains. This is why a detailed study of thermophysical properties is necessary to
better comprehend the performance under practical conditionsin applications. This paper reviews the theories
used to understand these properties and gives some experimental examples used as tests for the theory. A
biased selection of experimental studies already reported in the literature has been chosen as a basis for
discussing the main features of the properties of polymer/liquid crystal composites and assessing the
applicability of the models. These examples use a variety of polymerswith different architectures, including

acrylates, siloxanes, and thiolene monomers, together with LCs exhibiting different kinds of order.

I ntroduction

Polymers and liquid crystal (LC) systems are interesting from
different points of view involving theoretical modeling, experi-
mental investigation, and practical applications. High-molecular-
weight polymers usually consist of long flexible chains, while
liquid crystals are small rigid molecules with orientation
properties. Under certain conditions, these molecular species
are chemically bound to form a new class of polymers known
as side- or main-chain liquid crystal polymers. When they are
simply mixed, they form yet another class, often called polymer-
dispersed liquid crystals (PDLCs). Clearly, these systems
combine the properties of polymers (with their diversity) and
LCs (with avariety of phase transitions).™? This paper reviews
the thermophysical and phase properties of PDL Cs essentially
in terms of temperature and composition, focusing primarily
on the aspects with which the authors have been involved
directly or indirectly. An exhaustive review combining other
properties of polymer/LC systems would be too broad and is
beyond the scope of this paper.

PDLCs consist of films with a Swiss cheese morphology in
which the LC molecules are confined in droplets. These droplets
are randomly dispersed, and their size spans the range from
micrometers to nanometers, depending on the materials used,
the conditions of preparation, and the application needs.
Micrometer-thick films are often used in switchable windows
with electrically activated and controlled light transmission.
When an electric field is applied, nematic domains usually aign
along the field direction, giving a transparent, weakly scattering
system. Conventional flat-panel display devices are made of
twisted nematic LCs, but these are expensive and use large
quantities of LC. PDLCs are good substitutes for these devices
with the advantages of being robust, highly performing, and
cheaper. In addition, they are easily fabricated and cover large
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areas with reflective displays that have a high efficiency and
good contrast ratio. Multiplexing capabilities can also be
obtained under certain conditions.®*

This paper is organized as follows: The next section presents
some theoretical aspects of the problem. The properties of
isotropic mixtures of polymers and LCs are described on the
basis of the Flory—Huggins lattice model.® These properties
apply to initial solutions before polymerization (i.e., uncured
monomer/L C systems) and to systemsinvolving linear polymers.
For cross-linked networks, chemical binding of chains limits
their swelling capabilities and confers rubberlike behavior to
the network, as modeled by Flory—Rehner theory.® The nematic
order is described by Maier—Saupe theory, while the smectic-A
order is introduced using McMillan theory.”® Experimental
examples are then given to illustrate the applicability of the
theory. The list of examples is limited essentially to systems
with which the authors have some familiarity. The last section
gives a brief analysis of results that highlight major effects
deduced from the confrontation of experiments and theory,
followed by a conclusion.

Theoretical Considerations

Different methods of describing the thermodynamic properties
of polymer and LC systems have been reported in the literature.
These are based essentially on the lattice model, but sometimes
other approaches have been suggested, such as the equation of
state model.® Ballauff and co-workers'® 1 applied the Flory
lattice model to a variety of systems and observed qualitative
agreement with experiments. They suggested that some quan-
titative discrepancies could be resolved by assuming a mass-
fraction-dependent interaction parameter. They observed that
polymers underwent an abrupt size reduction at the isotropic to
nematic transition with dimensions hardly exceeding those of
the dry state.

Kyu and co-workers* 1€ performed an extensive investiga-
tion of the phase behavior of PDLCsinvolving linear polymers,
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cross-linked networks, or side-chain liquid crystal polymers.
They examined nematic and smectic-A systems aswell as their
mixtures. Similar approaches to these problems were aso
reported by Benmouna and co-workers.*”° The present section
is a brief discussion of these methods.

The I sotropic State. Most theoretical models used to establish
the phase diagrams and discuss the thermophysical properties
of polymer/LC mixtures were developed starting from an
expression of free energy. We first discuss the case of isotropic
mixing using the Flory—Huggins model for linear molecules
and the Flory—Rehner theory for networks exhibiting rubberlike
elasticity behavior.

For linear molecules, the free-energy density fis,° is given by
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where y is the Flory—Huggins interaction parameter, kg is
Boltzmann's constant, T is the absolute temperature, and
subscripts 1 and 2 refer to the LC and substrate (polymer or
monomer), respectively. The numbers of repeat units are N, for
the LC and N; for the substrate. Typicaly, N; = 1 while N,
depends on chain dimension. The volume fractions of LC (¢1)
and polymer or monomer (¢,) are defined as

MmNy, Ny
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in which vy is a reference volume (e.g., the volume of alattice
site) that is assumed to be the same for the LC and monomer,
n; and n, are the numbers of molecules, and the total volume
V7 is given by

Vi = (MmN + n,Np)vp = N

inwhich nr isthe total number of sitesin the lattice. Miscibility
behavior of the mixture is described in the temperature
composition frame according to the values of N, N, and .
For monomer systems, the phase diagram exhibits a standard
form since N; and N, are close to each other and y is weak.
Dissymmetry is enhanced with increasing N,, accompanied by
a reduced miscibility due to entropy loss and energy gain.

In the case of cross-linked networks, the free energy shows
an elastic contribution in addition to the mixing term. The
Flory—Rehner theory of rubber elasticity® gives fis, as
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in which N, represents the number of repeat units between
consecutive cross-links and ¢ is the polymer volume fraction
prior to cross-linking. The parameters oo and 3 are model-
dependent. According to James and Guth,?° these parameters
should be constant (0. = 1 and 8 = 1).%%?? Flory® suggested
that S should be related to the monomer functionality f as f =
2/f, while Petrovic et a.?? proposed that both o and 8 are
composition-dependent and should be expressed asa. = (f — 2
+ 2¢p)/f and f = 2¢,/f. In this theory, the Flory model is
recovered in the bulk state with ¢, = 1, while the James—Guth
model is obtained in the limit of g, = 1 and f = 2. In order to
improve the accordance between theory and experiment, the y
parameter is often assumed to depend on temperature and mass
fraction. We will come back to this point later.

The chemical potential of each component is calculated by
differentiating the total free energy F = n:f with respect to the
number of molecules n; or n,. More explicitly, we have u; =

(aF/ony)n, T and u, = (9F/any)n, 1. It is convenient to express
these derivativesin terms of volume fractions instead of numbers
of molecules as
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These results are valid for monomer systems, linear polymers
with high molecular weights (i.e., large values of N,), and cross-
linked networks [i.e., ux(network) = f — @1(dF/dgq)]. In a
miscibility gap, the chemical potentials for each component in
coexisting phases are equal, and the compositions are found by
solving the set of equations u,” = u,” and uy” = w,”, where
primes refer to the phases in equilibrium. Hence, the bimodal
curve is simply obtained by writing that f — ¢,(0f/d¢g,) and (af/
d¢,) are equa in the two phases. The spinodal curve is obtained
from the second derivative of the free energy as (8%f/d¢,%) = 0,
while the critical point isdirectly inferred by setting the second
and third derivatives of the free energy equal to zero. For a
linear polymer of size N,, the critical-point coordinates T, and
@c are

N
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®)

where the constants A and B define the temperature dependence
of x, which isgiven by y = A + B/T.

The Nematic Order. The total free energy is the sum of
isotropic and nematic contributions. The latter is modeled
according to Maier—Saupe theory’ as follows:
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where the first term on the right-hand side expresses the | oss of
entropy due to nematic order and the second term is the nematic
interaction. In thefirst term, the corresponding partition function
Zis given by

z= (e d(cos0) 7

where 0 represents the angle between an LC molecule and the
director and U(6) is the nematic interaction potential:
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In eq 8, the mean-field parameter m, has been introduced to
describe the strength of the interaction. Minimization of the free
energy yields m, = v¢;S where v is the Maier—Saupe
quadrupole interaction parameter, given by v = 4.54-T\/T, in
which Ty, is the temperature of the isotropic to nematic
transition. The order parameter Sisrelated to the first Legendre
polynomial as

—n—z]"[s cos’ 6 — 1] (8)
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where the symbol (:-+) represents an angular average with
respect to the distribution function W(6):

W(0) = Z *exp[—U(0)/KsT]

It isworth noting that the order parameter can be obtained using
the expression S= (d In Z/om,).



The Smectic-A Order. Smectic-A isadirectional order with
asuccession of layers having an interlayer spacing d. The free-
energy contribution of these layers contains entropic and
interaction terms that can be modeled according to McMillan
theory as®

fsmectic — ﬂ
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Assuming that layers are stacked along the z direction, one can
define the order parameter o as

[—m Z+ %wpl(sz + Coz)] (10)
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The parameter £ depends on the ratio Tsy/Tyi, where Tgy is the
temperature of the nematic to smectic transition. According to
McMillan, when ¢ < 0.98, one should have the sequence of
transitions isotropic — nematic — smectic, while for £ > 0.98,
adirect transition from isotropic to smectic should occur. The
partition function in the smectic-A order reads:

zZ= fd(cos@)fdzexp[%]"(S cos’ 0 — 1) +

%(3 cos’ 6 — 1) cos 2%2 (12)
where minimization of the free energy shows that the mean-
field parameters m, and mg are given by m, = vSp; and mg =
vCog;. For { <0.98 and T < Tgy, the order parameter ¢ isfound
to decrease with the LC volume fraction, and at ¢y = Ts/T,
it drops abruptly to zero. At the same time, the nematic order
parameter S decreases sharply but remains finite until the LC
volume fraction reaches ¢y = Ty/T, where Svanishes and the
system becomes isotropic.

The Case of Binary Nematogen Mixtures. These mixtures
exhibit avariety of interesting phases depending on theintrinsic
properties of the individual components and their coupling. A
simple exampleis given by mixtures of side-chain LC polymers
and low-molecular-weight LCs in which the side-chain nem-
atogen is grafted to the polymer backbone via flexible spacers.
A large miscibility is expected if the nematogens have similar
chemical structures.®2* As the length and flexibility of the
spacers increase, the degree of coupling between the polymer
backbone and the grafted LCs weakens, approaching the
properties of smple LC mixtures. A more quantitative view of
these features can be reached by considering the free energy in
the ordered state, which is given by
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where v;; represent quadruple interaction parameters. The
diagonal terms are given by v = 4.54-Ty, /T (i = 1, 2), and
the cross term is defined as v1,°> = cr11v2, Where the coupling
constant c is related to the length and flexibility of the spacer:
if ¢ > 1, coupling is strong, and if ¢ < 1, it is weak. The
corresponding partition functions and order parameters are
defined as before, i.e., Z, = [ d(cos ;) exp[m(3 cos? 6; — 1)/2]
and § = (0 In Z/om) (i = 1, 2), while the mean-field parameters
m are obtained from minimization of the free energy as m; =
v1u@1S + v102:S and My = v0.S + vi@hS:.

In the weak-coupling limit (c < 1), the order parameters show
aminimum with respect to the LC volume fraction ¢,, and for
intermediate coupling (¢ ~ 1), they follow similar trends that
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decrease with respect to ¢;. For strong coupling (c > 1), S, and
S are quite large and change dightly with ¢, at low temperature,
but at high temperature, they show a maximum. Phase diagrams
exhibit apeculiar teapot configuration with a variety of domains.
For a system in which the polymer is the majority component,
nematic ordering is driven by the side chain; otherwise, it is
the low-molecular-weight L C that controls the phase behavior.
Interestingly, in the strong coupling regime, the diagram
becomes simple, and the nematogens show enhanced miscibility
in spite of their differences. A large domain with a single
nematic phase is possible, with arelatively narrow gap between
a nematic phase and an isotropic phase at high temperatures.
At low temperatures, a small gap of nematogens is observed.
Kyu et a.% suggested that in the strong-coupling limit, asmectic
phase should appear even when the individual LCs do not
exhibit such higher ordering. Similar trends are found in the
case of cross-linked polymers. However, the teapot configuration
is no longer observed.

Experimental Examples

The results presented in this section are essentially adaptations
from the cited references, unless otherwise specified. For this
reason, some details have been omitted in favor of genera
tendencies that capture the main features of the thermal
properties and phase behavior. A biased selection of examples
is given, but the observations apply to avariety of other systems.
Table 1 shows the structures of the monomers and LCs
considered in this review. Thisis an arbitrary selection whose
aim isto illustrate only major effects and tendencies found in
polymer/LC systems and PDLCs in particular. Except in the
case of Norland Optical Adhesive 65, only curves found using
modeling calculations will be shown with no explicit data points.
Again, this has been done in order to illustrate trends without
giving particular attention to the exact numbers, unless explicitly
specified otherwise.

Polystyrene. The first example describes the phase behavior
and thermophysical properties of linear polystyrene (PS) and
4-cyano-4’-n-octylbiphenyl (8CB). This exampleillustrates the
effects of the polymer molecular weight and the smectic order
of the LC. References 26 and 27 describe how a combination
of solvent-induced phase separation (SIPS) and thermally
induced phase separation (TIPS) was used to prepare the
samples. To summarize the method, blends of polymer and LC
at different compositions were dissolved in tetrahydrofuran
(THF) at a mass fraction of 0.50 and then stirred mechanically
for over 12 h. The phase diagrams were established by
differential scanning calorimetry (DSC) and validated by
polarizing optical microscopy (POM). All of the details of
sample preparation and measuring devices are given in refs 26
and 27. Reference 28 reports a small-angle neutron scattering
study of the same blend to characterize its structural properties.

The phase diagrams in Figure 1 are of the upper critica
solution temperature (UCST) type.?®?” The critical point
conformed well with theoretical predictions, except in the case
of the low-molecular-weight system, for which the diagram
shows a distortion due to nematic order. The isotropic-liquid-
like gap also was not observed in this case. Larger miscibility
gaps appear with higher PS sizes, and clear isotropic — nematic
— smectic — crystalline sequences are found. The temperature
range shown in this figure does not cover the last transition.

These sequences take place at the same temperatures regard-
less of the PS size, supporting the view that ordered phases are
made of pure LC. Some tendency toward a decrease in Ty, is
seen in the lower range of LC mass fraction, which could be



1762 Journal of Chemical & Engineering Data, Vol. 55, No. 5, 2010

Table 1. Chemical Structures of (a) Monomers and (b) Liquid
Crystals Cited in the Experimental Examples?

(a) Monomers

- Acrylates
ik
CH=CH—C{0—CH,—CH Yo-C—CH=CH, CHFCH—ﬁ—O—CHz—tI:H {on, )3 CHy
1| LI
o] o o CHs

poly(ethylhexyl acrylate) (PEHA)
tripropylene glycol diacrylate (TPGDA)

- Siloxanes

O
1l

poly(methylphenylsiloxane) (PMPS)

™ o

CH-0O
° CHy CHy—0 —CHy

|
O—CH—CH, ~O—CH
CH;—0 —CH,

I )
CH-0 Z
CH;

glycol propyl triacrylate (GPTA)

I
cu,:cn—:l:l—o(Csz-o—ﬁ—CH =CH, s—o
o o [
CH, n

[,6-hexanediol diacrylate (HDDA)

L

poly(dimethylsiloxane) (PDMS)

- Polystyrene

=0

! Lo—on]
O

(CHz)s

CH;

lyst PS
poly(n-buty! acrylate) polystyrene (PS)

(b) Liquid Crystals

- Nematic LC
cHy(CH—{_)— )—C=N

4-cyano-4’-n-pentylbiphenyl (SCB)
Tkn=296K; Tni=308.3K

N 51%

5CB: CHg—(CHz)‘C
7CB: CHa—(CHz)ec =N 2% E7 mixture
soce:  CHrOH—0~)<)—c=N 1% | 1 _333
SCT: cm—(cm)A C=N 3%

- Smectic LC

CHs(CHa)r c=N

4-cyano-4’-n-octylbiphenyl (8CB)
Tks =294.5K; Ten=306.5K;
Tm=313.5K

2 Abbreviations: Ty, nematic to isotropic transition temperature; Tk,
crystalline to nematic transition temperature; Tgs, crystaline to
smectic-A transition temperature.

attributed to the proximity of the polymer glass transition
temperature, Ty. We again stress the fact that these curves were
calculated using the formalism above. They clearly show the
trends characterizing the phase behavior of such blends. In the
theory, it is more convenient to use volume fractions (¢), but
in the experimental diagrams, these have been transformed into
mass fractions (w).

DSC andysis gives direct access to important thermal events,
in particular to Ty and the enthalpy changes at transitions. A

particular example of T, asafunction of LC mass fraction w(L C)
is shown in Figure 1d. This temperature is found to decrease
first rapidly as asmall amount of LC is added and then steadily
from (383 to 303) K as the mass fraction of 8CB increases from
zero (pure PS) to 0.30. Such a plasticizing effect has important
consequences for the system performance, mechanical strength,
and aging behavior. It implies that the amount of LC remaining
in the polymer matrix (o) must be precisely evaluated. Figure
le shows that o increases substantially with w(L C) because of
the reduced miscibility and drop in Tq. The enthalpy exchanges
at transitions are readily deduced from the peaks of DSC
thermograms. The heat exchange at the smectic — nematic
transition is quite low in comparison with that for the nematic
— isotropic transition, as shown in Figure 1f. However, the
intersection with the x axis consistently gives the same result.

These data show typical effects of the polymer size and the
smectic-A ordering in the LC. They are useful for assessing
the general tendencies of the phase behavior of similar systems
and apprehending performance under practical conditions in
applications. Polymer supports are required to fulfill certain
conditions of mechanical strength, aging, optical clarity, and
dielectric quality. They host the LC component according to
the needs in terms of responses to variations of temperature,
composition, and external activation due to electric or magnetic
fields, shear stress, and other excitations. The knowledge of Ty
is of primary importance, and dispersion of the LC in the
polymer directly modifies its value. Therefore, its amount should
be reduced as much as possible to improve the mechanical
strength of the system together with its optical and dielectric
properties. Heat exchange is related to major thermodynamic
events such as phase separation and the miscibility limit of
similar interacting species. For example AHy, becomes nonzero
at a certain mass fraction of LC where the system develops a
new ordered phase. Finally, the mean-field theories presented
in Theoretical Considerations seem sufficient to describe the
main features of these findings.

Polysiloxanes. Experimental studies involving linear poly-
siloxanes are reported in refs 29—31. They include both
poly(dimethylsiloxane) (PDMS) and poly(methylphenylsiloxane)
(PMPS) together with the LCs E7 and 4-cyano-4’-n-pentylbi-
phenyl (5CB). The same sample preparation protocol was used
as in the case of PS. Blends of polymer and LC at given
compositions were dissolved in a common solvent (THF) at
w(LC) = 0.55, except for the system with the highest PDMS
molecular mass, for which w(LC) = 0.70. The mixtures were
then stirred mechanically for several hours, after which the THF
was alowed to evaporate at ambient temperature. The phase
diagrams were established by a combination of DSC and POM.
Here we present a selected part of the reported results. Figure
2a—c shows the theoretical diagrams for PDMS and 5CB for
different molecular masses. Results for a cross-linked network
synthesized in the presence of tripropylene glycol diacrylate
(TPGDA) are given in Figure 2d. These curves confirm the
expected tendencies of enhanced miscibility gap with increasing
M,, and the neat difference between linear and cross-linked
polymers. Since E7 and 5CB have widely different transition
temperatures, it is clear that they should cover different domains
in the phase diagram. While E7 offers a large temperature
window extending from 213 K (Tg) to 333 K (Ty) with no other
transitions in between, 5CB exhibits a nematic transition at 308
K and crystallizes at 296 K. Because of alack of space, neither
the results for E7 nor those involving PMPS will be given here.
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Figure 1. (a—c) Phase diagrams of the PS/8CB system for different molecular weights of PS: (8) My, = 4 kg-mol ™%, Ny = 1, N, = 2, y = —4.558 + (1733.14
K)/T; (b) My, = 44 kg-mol ™%, Ny = 1, N, = 32, y = —2.408 + (1010.76 K)/T; (c) My, = 200 kg-mol %, N; = 1, N, = 361, y = —4.558 + (1733.14 K)/T.
The transition temperatures characterizing 8CB are Tsy = 306.5 K and Ty, = 313.5 K, and the interaction parameter for smectic order is ¢ = 0.9375. I, N,
and S denote the isotropic, nematic, and smectic-A phases, respectively. (d) Ty vs LC mass fraction w(LC) for the PS/8CB system. (€) Fractional amount of
LC segregated (o) vs W(LC). (f) AHn and AHgy vs w(LC). In al of the diagrams presented here, N;, Ny, and y are fit parameters in the theory.

Polyacrylates. Table 1 gives a list of some acrylates with
different functionalities. Monofunctional monomers yield linear
polymers, while di- and trifunctiond ones yield cross-linked
networks.

The phase diagram of poly(n-butyl acrylate) and E7 reported
in ref 32 exhibited a certain anomaly between w(E7) = 0.40
and w(E7) = 0.80 that was attributed to a phase separation of
the E7 eutectic mixture and preferential solvation of some
of its components to poly(n-butyl acrylate). A detailed analysis
of the morphology and distribution of droplets throughout the
phase diagram was reported in this reference, showing that the
mean diameter of the droplets increased linearly with w(LC).

A similar investigation using poly(ethylhexyl acrylate) (PEHA)
and E7 was reported in ref 33. In this case, the polymerization
was implemented by UV exposure in the presence of an initiator
(Darocur). Both monomeric and polymerized samples were
investigated in ref 33, and Figure 3 reproduces some results.
Figure 3a shows the diagram of UV-cured PEHA/E7, while (b)
shows AHy,; as afunction of w(LC). In comparison, the case of
the difunctional monomer 1,6-hexanediol diacrylate (HDDA)
was investigated in ref 34 and requires some attention here.
Polymerization was implemented under UV curing in the
presence of Darocur, and the results shown in Figure 4aindicate

a typical behavior for cross-linked networks. As the solvent
uptake reaches an upper limit, any excess forms a pure phase.
Thisistypical behavior that yields an upturn in the curve above
Twi- In order to improve the data fit, the rubberlike elasticity
parameters o. and 5 should be treated as functions of monomer
functionality and LC mass fraction. Figure 4b gives AHy, and
AC, as functions of w(LC). AHy, for the monomer system is
smaller than that for the cured system, and the AC, curve
predicts a lower limit of LC solubility. Figure 4c shows that
the amount of segregated L C is different depending on whether
one considers AC, or AHy;, confirming the fact that AC,, yields
systematically higher o values than AHy.

The trifunctional acrylate glycol propyl triacrylate (GPTA)
was also investigated along the same lines, including monomer
and cured systems with 5CB, 8CB, and E7 (Figure SI1 in the
Supporting Information).3~3” The phase properties involved a
variety of textures exhibiting nematic and smectic-A ordersin
addition to liquid—liquid miscibility gaps. Samples with GPTA
were exposed to electron beam irradiation, a technique known
to be highly efficient, especiadly in avoiding the use of an
initiator to trigger the polymerization process.

Norland Optical Adhesive 65. Unlike athe examples above,
the following results for Norland Optical Adhesive 65 (NOAGB5)
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Figure 2. (a—c) Phase diagrams of the PDMS/5CB system for different molecular weights of PDMS: (a) My, = 44 kg-mol ™%, N; = 1, N, = 80, y = —4.4
+ (1950 K)/T; (b) My, = 5.5 kg-mol ™%, N; = 1, N, = 16, y = —0.7 + (565 K)/T; (c) My, = 0.8 kg-mol ™%, N; = 1, N, = 5, y = —2.65 + (1073 K)/T. (d)
Phase diagram for a PDMS network cross-linked with TPGDA: Ny = 1, N; = 5, y = —0.87 + (687 K)/T, o = (f — 2 + 2¢,)/f, f = 2¢./f, f = 3. The

transition temperature for 5CB is 308.3 K.
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Figure 3. (a) Phase diagram of the PEHA/E7 system: M,, = 108 kg-mol; N; = 1, N, = 16, y = —2.49 + (1123 K)/T. (b) AHy, vs W(LC) for the same

system. The intersection with the x axis yields the limit of solubility.

have not been previously reported in the literature and will be
presented here in greater detail. First, we note that NOA is a
commercia system whose composition is protected and only
partialy disclosed in the literature. It contains trimethylol propane
dialyl ether, trimethylolpropane tristhiol, and isophorome
diisocyanate ester, and the mass fraction of benzophenone
photoinitiator is w = 0.05.%8° |t has mercaptan dopants used
in many adhesives and shows excellent adhesion and ability to
cure epoxies rapidly under ambient conditions with very low
toxicity in comparison with ordinary hardeners. In this work,
we used the specific product NOAG5, which is characterized
by aglasstransition at T((NOAG5) = 213 K. The properties of
NOAG65 and E7 compounds were studied before and after
exposure to a laser beam in an effort to establish correlations
between the conditions of preparation and thermophysical
behavior (see section SI2 in the Supporting Information).
Figure 5 shows the phase diagram of the monomeric NOAB5/
E7 system. Symbols represent experimental data obtained by
DSC (O) and confirmed by POM (a); the solid line was
obtained from theoretical modeling using the formalism pre-
sented in Theoretical Considerations. Essentially two distinct

regions can be identified: On the left-hand side of the solid line,
the system presents a homogeneous isotropic state. On the right-
hand side, the system shows a gap of miscibility wherein a
monomer-rich liquid isin equilibrium with a nematic phase. A
typica practical situation at ambient temperature and W(E7) =
0.70 is indicated by the small sguare in Figure 5, where the
system exhibits the morphology shown in the inset. This phase
behavior corresponds to a real situation encountered in com-
mutable windows and controlled-light-transmission devices.

Figure 6 shows several of the DSC thermograms used to
obtain the O data in Figure 5. These thermograms cover the
full range of compositions, including pure NOAG5. The top
curve [W(E7) = 0.90] exhibits two peaks corresponding to the
N — | transition near 323 K and the glass transition near 213
K. Upon addition of monomer NOAG5, the NI transition shifts
to lower temperatures. The peak area yields the amount of heat
exchange at the transition for different compositions, providing
key information on the miscibility limit and the amount of
segregated LC.

The Flory—Huggins interaction parameter used to calculate
the phase diagram is plotted against T~ in Figure 7 for both
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Figure 4. (a) Phase diagram of the UV-cured HDDA/E7 system: N; = 1,
Ne=05,x = —1.6+ (823 K)/T, a = (f — 2+ 2¢,)/f, f = 2¢,/f, f = 3. The
upturn above Ty, is characteristic of a cross-linked network. Reference 34
shows certain discrepancies with the experimental data above Ty, = 333 K
for reasons that remain to be elucidated. (b) AC, (top curve) and AHy,
(middle curve) vs w(LC) for the UV-cured HDDA/E7 system. The bottom
curve is AHy; vs w(LC) for uncured HDDA/E?. (¢) Amount of segregated
LC (o) vs w(LC). The upper curve was obtained from AC; and the lower
one from AHy.
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Figure 5. The phase diagram of monomer NOAB5/E7 system. Triangles
represent POM data (A) and circles DSC data (O). The solid line is a
theoretical modeling. | means isotropic and N nematic. The square inside
diagram corresponds to a particular situation with T= 293 K and w(E7) =
0.70. The micrograph shows the morphology under this situation.

the monomer and polymer systems. The decrease in y upon
heating is much steeper in the polymer case. Both lines tend to
meet in the high-temperature range, but the polymer remains
much less compatible with the LC.
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Figure 6. DSC thermograms giving heat flow (in arbitrary units) vs
temperature for the monomer NOABS/E7 system for several LC mass
fractions w(E7) in descending order: 0.90, 0.70, 0.50, 0.30, 0.
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Figure 7. Interaction parameter for isotropic mixing () vs T-* for the
polymer (upper line) and monomer (lower line) NOAGS/E7 systems.
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Figure 8. Nematic order parameter S vs temperature for the NOAG5/E7
polymer system at three LC mass fractions w(E7) (0.85, 0.90, and 0.95
from left to right). The sudden decrease in Sto zero indicates a first-order
transition from the nematic state to the isotropic state.

A typical temperature profile for a PDLC film would be T(x)
=T+ [(Ti — T)/L]X, where L is the film thickness and T; and
T, are the temperatures at x = L and x = 0, respectively. This
profile shows a temperature drop from To = 308 K to T, = 293
K that influences the electro-optical responses and order
parameters for the segregated L C. LC moleculesin droplets and
in the polymer network would respond differently, since the
temperature experienced by molecules located on one side of
the film is near 308 K, while that for molecules on the other
side is near 293 K. Therefore, the orientation behavior of LC
molecules is not uniform throughout the thickness L, and this
may be quantified by examining the variation of the nematic
order parameter with temperature.

It should be noted that the nematic interaction becomes
effective only when the LC mass fraction exceeds a certain
threshold roughly near T/Ty;, which means that the order
parameter Smust exceed a minimum value. These features are
illustrated in Figure 8, where the temperature dependence of S
is shown for different LC mass fractions. A sudden decrease in
S takes place at the temperature where the LC mass fraction
reaches the threshold, indicating a first-order transition from
the nematic state to the isotropic state. This means that
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temperature drifts throughout the medium induce modulated
responses of LC molecules, which are often ignored in the
calculation of phase diagrams. As the temperature increases,
more LC molecules diffuse into the polymer matrix, strengthen-
ing the plasticizing effect.

Discussion and Conclusion

This paper has dedt with the thermophysicd and phase
properties of PDLC systems. These properties have been the subject
of particular attention for decades and are till being investigated
actively in the literature®®—** because of the importance of PDLCs
from the fundamental point of view and the large prospects for
their novel application in modern technologies.

The theoretical framework reported here was developed to
rationalize experimental data in a simple and effective way. It
allows one to analyze quite successfully the phase behavior and
thermophysical properties of PDLC systems. For monomers and
linear polymers, the Flory—Huggins lattice model is sufficient
to rationalize data in the isotropic state. This theory provides a
clear picture with physical parametersthat are readily accessible
to experimental evaluation. For example, coordinates of the
critical point give a relationship between N; and N,. For LCs,
one may reasonably put N; = 1 (a single unit), so N, can be
deduced from ¢. If the critical point is not well-defined in the
phase diagram, then N, can be deduced from molar masses or
volumes. Only one constant of the critical parameter, y. = A +
B/T. remains to be determined by data fitting.

In the case of cross-linked networks, the Flory—Rehner theory
is used to describe the rubberlike elasticity of the network and
the effects of cross-links in inhibiting polymer swelling. In
addition to the average number of monomers between consecu-
tive cross-links, N,, parameters such as a and S should be
determined to complete the description of polymer elasticity.
Flory®>® and Petrovic®? suggested that o. and 3 should be related
to monomer functionality and composition. The problem is
somewhat subtle, since the conditions of network preparation
and in particular the compositions prior to polymerization have
an important impact on the system properties.

With avery large degree of polymerization, entropic contri-
butions are significantly reduced and the network can be viewed
as a single molecule. When swelling reaches an upper limit, a
pure solvent phase appears, and determination of the composi-
tion of the coexisting phases is simplified because a single
equation can be solved by equating the polymer chemical
potential to zero. In order to improve the accordance between
theory and experiment, the interaction parameter is often treated
as both temperature- and composition-dependent, unlike the case
of linear polymers, where the temperature dependence is
normally sufficient.

The nematic-order contribution to the free energy can be
modeled according to the Maier—Saupe mean-field theory of
thermotropic LCs. Extension of this theory to smectic-A order
was implemented by McMillan in a straightforward manner.
Concrete examples with 8CB demonstrated the usefulness of
the McMillan theory to rationalize experimental findings.
Interestingly, a coupling parameter permitted the case of a direct
transition from isotropic to smectic-A order as well as a
succession of transitions from isotropic to nematic to smectic
phases to be treated. For nematogen mixtures, the strength of
coupling governs the departure from pure LC properties, and
higher-order smectic-A structures may be induced, as explained
by Kyu and co-workers.*®

A variety of thermophysical properties have also been
considered in addition to the phase diagrams. LC molecules
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Figure 9. Ty vs w(LC) for the NOAGS/E7 system obtained using DSC (O)
and mechanical measurements (O).

dispersed in the polymer lead to a drop in Ty and plasticizing
effects that have important implications for mechanical strength,
polymer aging, and other properties, including optical and
dielectric properties. In order to quantify these effects, the
amount of segregated LC in droplets must be determined and
the conditions of segregation must be controlled. The analysis
can be implemented using either the heat exchange at the
transition or the thermal capacity AC,. The qualitative tendencies
obtained from these two analyses are consistent, but quantitative
discrepancies do exist (e.g., Figure 4b).

Likewise, the glass transition temperature can be deduced
either from DSC or mechanical data. While the calorimetric
method is in principle more appropriate for a thermodynamic
property such as T, it is dways useful to validate the results
by other means, such as a thermomechanical technique. An
example of this comparison isgiven in Figure 9. Both techniques
predict a linear decrease in Ty upon dilatation by the LC, but
the thermomechanical data underestimate T, Systematically over
the whole range of LC mass fraction.*®

The problem of crosslinked networks raises a variety of
questions distinct from those of linear-chain systems. The cross-
links oppose swelling beyond a certain limit, leading to a pure
solvent phase. Hence, the theoretical analysis requires a model of
rubberlike elasticity with additional physical parameters. A higher
cross-linking density yields atougher network, which is expressed
by N, the number of monomers between consecutive cross-links.
A larger vadue of N, means a looser network. This parameter can
be inferred from mechanical data. On the other hand, the thermo-
physical properties are different depending on whether polymer-
ization ismadein amelt or in solution. Unavoidable heterogeneities
in cross-linking lead to different network structures. Highly cross-
linked regions swell less than loose ones, further complicating the
andysis of the phase behavior. Moreover, the cross-linking density
increases with the monomer functionality, and the phase diagrams
show larger gaps of miscibility for monomers with higher func-
tionalities and molar masses. Typica examples illustrating these
features have been given.

In conclusion, this paper has reviewed the current situation
concerning the phase behavior and thermophysica properties of
PDLCs. These materids are increasingly important because they
open up wide areas of applications in a variety of modern
technologies, including communication systems and display de-
vices. Both initial mixtures and cured systems have been considered
in order to see the impact of curing on the properties. Because of
a lack of space, time evolutions between initid and fina states
have been omitted. Such a study would have required detailed
analyses of the kinetics of polymerization/cross-linking and phase
separation that are beyond the scope of the present work. For the
same reason, we have omitted discussion of eectro-optical proper-
ties, which are the basis for most applications of PDLCs. For more
details on these issues, the reader is referred to refs 47 and 48.
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