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We have developed a combined calorimetric/electron microscopic technique for determining several 
fundamental properties of polymer-dispersed liquid crystal (PDLC) films. Calorimetry allows us to 
determine the solubility limit of liquid crystal in the polymer matrix as well as the fraction of liquid 
crystal which is dispersed in the form of microdroplets. By combining the calorimetry results with 
electron microscopy measurements of D ,  the microdroplet diameter, we are able to calculate the 
functional relationship between the droplet number density and D .  All of these parameters are of 
considerable importance in assessing the behavior of PDLCs. The usefulness of the method is illustrated 
by applying it to thermally-cured epoxy-based systems. 

Keywords: polymer-dispersed liquid crystals; liquid crystals; phase behavior; calorimetry; 
PDLC properties 

INTRODUCTION 

Polymer-dispersed liquid crystal (PDLC) films, dispersions of micron-sized droplets 
of liquid crystal (LC) in a polymer matrix, have considerable potential for a variety 
of applications, including information displays and privacy windows. It has been 
~ h o w n l - ~  that the electro-optic properties of PDLC films depend strongly on D, 
the diameter, and nv, the volumetric number density, of the LC droplets. In forming 
a film, one seeks to optimize the electro-optic properties by proper choice of D 
and n,. 

At the same time it is, of course, desirable to minimize the amount of liquid 
crystal used in film fabrication. Thus, it is important to maximize the amount of 
LC entrapped in the microdroplets and minimize that dissolved in the polymer 
matrix. Therefore, one wishes to use a LC/polymer matrix combination for which 
A ,  the liquid crystal solubility limit in the matrix, is low. A low value of A enhances 
the degree of phase separation of LC from the cured matrix and thus helps to 
maximize a, the fraction of liquid crystal in the droplets. From this discussion, it 
is obviously important to be able to determine accurate values of A ,  a, D, and nv. 
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12 G. W. SMITH, G. M. VENTOURIS AND J. L. WEST 

It is our purpose to describe calorimetric methods which allow us to determine 
A and Q! and, in conjunction with electron microscopy measurements of D ,  to 
calculate nv. 

In the next three sections, we shall i) describe our experimental techniques, ii) 
present results of our studies of three epoxy-based PDLC systems, and iii) discuss 
the implications of these studies. 

EXPERIMENTAL ASPECTS 

Materials and Sample Preparation 

The three PDLCs were of two main types: i) two systems each composed of a 
single component liquid crystal (5CB or 7CB) and a two-part epoxy, and ii) one 
system utilizing a multicomponent LC (E7) and an index-matched epoxy. For 
system i) samples having several LC concentrations were polymerized at a single 
cure temperature (T,,,, = 40°C). Type ii) samples we prepared at three cure 
temperatures, again using several compositions. Details of sample preparation are 
described in the following paragraphs. 

The epoxy, a two part system composed of a resin (Salda Rapido A) 
and a curing agent (Salda Rapido B) was obtained from B ~ s t i k . ~  The liquid crystals 
were 4-n-pentyl-4’-cyanobiphenyl (5CB) and 4-n-heptyl-4’-cyanobiphenyl (7CB).5 
The 5CB/Bostik PDLC was of especial interest because it had been studied pre- 
viously by Golemme et al.‘ They showed that the nematic-isotropic transition changes 
from first order to continuous as droplet diameter decreases below 0.035 pm for 
LC concentrations less than about 20 weight percent. 

Our type i) samples were prepared in an identical manner to that of Reference 
6. Salda Repido parts A and B were mixed in a 1:l  ratio; various amounts of liquid 
crystals were added to give 12 samples (6 with 5CB, 6 with 7CB) having LC 
concentrations, X, of 17, 19, 21, 33, 38, and 42 weight percent. In addition, a 
sample containing no liquid crystal was prepared. After mixing, the samples were 
thoroughly stirred, centrifuged to eliminate air bubbles, poured into plastic con- 
tainers, and then placed in an oven at 40°C for four hours, resulting in fully-cured 
cylindrical sample slugs about 5 mm in diameter. Since our preparation technique 
and compositions were the same as those of Reference 6, we used their droplet 
diameter measurements in analyzing our 5CB/Bostik results. 

In this case the epoxy was a three part system, containing the following 
weight percentages of components: 15.2% Epon resin 828,’ 28.5% WC-97 resin,s 
and 56.3% Capcure 3-800 curing agent.7 This choice of epoxy composition produced 
a matrix having a refractive index well matched to the ordinary index of the liquid 
crystal. The liquid crystal E7, a four-component mixture of substituted biphenyls 
and a terphenyl, was obtained from EM Chemicals.’ Three sets of samples, each 
having E7 compositions of 0, 25,30,35,40, and 45 weight percent, were prepared. 
The same mixing and centrifuging procedure used for type i )  samples was followed. 
The three sets of samples (each in its plastic container) were then cured in ovens 

Type i. 

Type ii. 
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CALORIMETRY OF PDLC 13 

at 50"C, 70"C, and 90°C. The 50°C and 70°C sample slugs were cured over night, 
the 90°C slug for 1.5 hours. 

Samples for calorimetry were prepared by 
slicing and trimming a small quantity of each PDLC to fit into an aluminum DSC 
pan which was then hermetically ~ e a l e d . ~ ~ l ~  Sample weights ranged from about 8 
mg to 17 mg. 

Preparation of samples for DSC. 

Calorimetric Techniques 

The differential scanning calorimeter used in these studies was a Perkin-Elmer 
DSC2 described p r e v i ~ u s l y . l , ~ , ~ - ~ ~  The instrument was operated in its temperature 
scanning mode9 in which the sample temperature was programmed linearly over 
the range of interest while changes in the sample's heat absorption rate, dQldt, 
were recorded. Sample temperatures as low as 190 K ( -  83°C) were attained by 
use of a Perkin-Elmer Intracooler IIl0 refrigeration system. Glass transitions and 
first order phase transitions were analyzed using the instrument's thermal analysis 
data station and associated computer programs.9-12 

Program (scanning) rates of 10 Klmin and 20 K/min were used. [The slower rate 
was preferred for type i) samples based on 5CB and 7CB for which the nematic- 
isotropic transition temperatures were only slightly higher than the glass transition 
temperature of the matrix. The slower scan made it possible to resolve the glass 
and nematic-isotropic transitions fairly well (see below) .] Plots of the heat absorp- 
tion rate as a function of sample temperature then allowed us to determine phase 
transition temperatures and their associated transition enthalpies or specific heat 
changes, We shall illustrate the techniques by examining three DSC thermal spectra: 
one for a cured Bostik epoxy containing no LC, one for the pure 5CB LC, and 
one for a type i) PDLC formed by curing a mixture of the epoxy precursors with 
5CB. 

In Figure 1 is a DSC temperature scan for a sample of Bostik epoxy cured at 
40°C. Only one feature is observed, a baseline shift associated with the glass tran- 
sition of the polymer matrix material. The transition temperature, T,(Matrix) [in 
this case 295 K (22"C)], is taken to be the temperature at which dQldt is half-way 
between baselines extrapolated from well below and well above the transition 

i '  1 0.9 SCAN RATE = 10 Wmin 
I I 

200 250 300 350 

TEMPERATURE (K) 

FIGURE 1 
A single glass transition is observed. 

Differential scanning calorimetry (DSC) thermal scan for a Bostik epoxy cured at 40°C. 
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14 G. W. SMITH, G. M. VENTOURIS AND J .  L. WEST 

region. The magnitude of the increase in specific heat is ACMatrix = 0.114 cal/(g- 
K), as measured between the baselines. By convention, endothermic transitions in 
the DSC scans are plotted as upward-going. 

Figure 2 shows a scan for the pure, single-component liquid crystal, 5CB. Several 
transitions are visible. Starting at low temperatures they are: i) a glass transition 
at T,(LC) = 209 K (- 64°C) with an associated specific heat increment ACLc = 
0.095 cal/(g-K); ii) a crystallization exothermic peak at about 254 K ( -  19°C); iii) 
a melting endothermic peak at about 284 K (11°C); a small unidentified endotherm 
at about 290 K (17°C); and iv) a nematic-isotropic transition endotherm at TNI = 
309 K (36°C) with an associated transition enthalpy AHNI = 0.85 cal/g. The nematic- 
isotropic transition enthalpy was obtained from the peak area as measured between 
points of departure from the baselines above and below the transition. A few 
additional remarks may be helpful. It was possible to obtain the low temperature 
glassy state of 5CB merely by rapidly cooling the sample to 190 K at the ballistic 
cooling rate of the DSC. [As will be seen below, it was necessary to use a liquid 
nitrogen quench to obtain the glassy state of 7CB.l At the 254 K exotherm of 
Figure 2, the LC transformed from the metastable glassy state to a crystalline 
phase. The small peak at about 290 K was observed on only two of three scans, 
suggesting that it may be due to a metastable crystalline or smectic phase. 

In Figure 3 is given a DSC scan for a SCB/Bostik sample containing 33 weight 
percent liquid crystal. Only three transitions are observed: i) a LC glass transition 
at about 204 K (-69°C) with an associated ACLc = 0.019 cal/(g-K); ii) a matrix 

200 250 300 350 
TEMPERATURE (K) 

FIGURE 2 DSC scan for pure 5CB liquid crystai. The five transitions are discussed in the text. 

- 5 1.6 

6 

0 

2 1.2 

Ii 0.8 
SWI RITE - 10 Wiin 

L 

8 200 250 300 350 
TEMPERATURE (K) 

FIGURE 3 DSC scan for a SCB/Bostik PDLC cured at 40°C. Liquid crystal concentration is 33 weight 
percent. 
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CALORIMETRY OF PDLC 15 

glass transition at T,(Matrix) = 303 K (30°C) with ACMatrjx = 0.098 cal/(g-K); and 
a nematic-isotropic transition peak at 314 K (41°C) with AHNI = 0.105 cal/g. Both 
the NI transition peak and the low temperature glass transition are due solely to 
liquid crystal contained within the microdroplets; the magnitudes of AHNI and ACLC 

thus measure the amount of LC in the droplets. Of considerable interest in Figure 
3 is the absence of both the crystallization exotherm and the melting endotherm. 
It appears that confinement of the LC in the microdroplets tends to inhibit its 
crystallization for all samples of this system. The use of a scan rate of 10 K/min 
made it possible to resolve fairly well the matrix glass transition and the nematic- 
isotropic transition. [We hoped that even better resolution would be obtained for 
PDLC systems based on 7CB, with its slightly higher TNI. However, as will be 
seen, only slight improvement in resolution was obtained.] 

A series of DSC scans (at least two for each sample) like that of Figure 3 allowed 
us to determine values of T,(LC), ACLC, T,(Matrix), ACMatrix,  TNI, and AHNI for 
the various PDLC samples of types i) and ii). Results will be presented below, 
along with analyses of the data which yield information regarding the fraction of 
LC in the droplets and the droplet number density (for 5CB-based systems). 

Electron Microscopy 

Droplet diameters for 5CB/Bostik PDLC samples (prepared using a procedure 
which we copied) had been measured by Golemme et a1.6 by means of electron 
microscopy (scanning and transmission). In our analysis we made use of their results 
(Figure 4). 

EXPERIMENTAL RESULTS AND ANALYSIS 

5CBiBostik System 

Phase diagram. Figure 5 shows a phase diagram for the SCBiBostik system. 
Transition temperatures are plotted as a function of X, the liquid crystal concen- 
tration in the PDLC (weight percent). All aspects of the figure are surprising: 1) 
The LC glass transition temperature increases slightly with LC content. We would 

h 

E 2  a 
1 

0.5 

v 

2 0.2 

0 10 20 30 40 50 
LC CONCENTRATION (W. PCT.) 

FIGURE 4 Microdroplet apparent diameter as a function of liquid crystal concentration for a 5CB/ 
Bostik PDLC cured at 40°C. (From data of Reference 6). 
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16 G. W. SMITH, G. M. VENTOURIS AND J .  L. WEST 

0 20 40 60 80 100 

LC CONCENTRATION (WT. PCT.) 

FIGURE 5 Phase diagram lor a system of SCBiBostik PDLCs cured at 40°C. 

0.14 

2 0.12 

I 0.1 

0.08 
0.06 
0.04 

-4 0.02 
0 

'1. 
v 

LC CONCENTRATION (W. PCT.) 

FIGURE 6 Specific heat increments at the glass transitions for liquid crystal in the microdroplets and 
for the polymer matrix of several 5CBiBostik PDLCs cured at 40°C. 

have expected T,(LC) to decrease with a decrease in concentration of matrix 
oligomer molecules dissolved as impurities in the LC. 2) The matrix glass transition 
temperature appears to increase with LC content. Usually liquid crystal acts as a 
plasticizer, thereby decreasing T,(Matrix). (There may actually be a slight down- 
ward trend for concentrations above 30%.) 3 )  The decrease in T N I  with LC con- 
centration is contrary to expectations. We anticipated that, for low LC content, 
TNI would be depressed due to dissolved impurity matrix molecules and that the 
magnitude of this depression would decrease as liquid crystal concentration in- 
creased. Indeed, the behavior of T,(Matrix) and T N I  for the SCB/Bostik system 
are contrary to that reported for a polyurethane-based PDLC containing a multi- 
component liquid crystal." [It should be kept in mind that possible interference 
between the matrix glass transition and the nematic-isotropic transition may, in 
part, account for discrepancies 2) and 3 ) . ]  

Of greater interest than the transition temperatures are the 
specific heat increments at the glass transitions and the nematic-isotropic transition 
enthalpy. Figure 6 plots both ACL, and AC,,,,,, as a function of the liquid crystal 
concentration. The matrix increment, ACMatnx, remains roughly constant for low 
values of X and then decreases linearly to zero at X = 100%. In contrast, AC,, 
increases linearly with Xabove an intercept A = 14%. This intercept is the solubility 
limit of liquid crystal in the matrix. Figure 7 shows the dependence of A H N I  on 

ACLc  and AHNI.  D
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CALORIMETRY OF PDLC 17 

0.9 
0.8 

n 0.7 < 0.6 
0.5 

- 0.4 
I 0.3 

0.1 
0 

v 

z 

Q 0.2 

0 20 40 60 80 100 

LC CONCENTRATION (WT. PCT.) 

FIGURE 7 Nematic-isotropic transition enthalpy for liquid crystal in the microdroplets of several 
SCBiBostik PDLCs cured at 40°C. 

LC concentration. As for AC,,, a linear dependence is seen, but with a somewhat 
higher X-axis intercept (about 19%). 

Smith’l has derived an expression for the dependence of the nematic-isotropic 
transition enthalpy on LC concentration: 

P = ( X  - A)/(100 - A )  (X 2 A ) ,  (1) 

where P = AHNI(X)/AHNI(LC), the ratio of the nematic-isotropic transition en- 
thalpy for a sample containing X weight percent LC to that for the pure liquid 
crystal. He also showed that experimental data for a polyurethane-based PDLC 
are fairly well described by equation (1). Although originally derived for the ne- 
matic-isotropic transition enthalpy, equation (1) is equally valid for the LC specific 
heat increment. [The corresponding expression for the specific heat increment uses 
P = AC,,(X)/AC,,(LC).] The derivation was based on two assumptions: 

1) Only LC which is not dissolved in the matrix contributes to A H N I  and to 
AC,,. For low enough liquid crystal concentrations (depending on the PDLC, the 
limiting X could be on the order of or less than 45%) this undissolved LC is 
essentially all contained within the microdroplets. 

2) The amount of LC which a given mass of matrix can dissolve is the same 
everywhere along the curve of P versus X for X 2 A .  

Within the limits of these assumptions, equation (1) is exact if X is expressed as 
a weight percent. For X as a volumetric percent, equation (1) is a good approxi- 
mation, providing the polymer and LC densities are roughly equa1.l’ 

The fact that ACLC and AH,, (Figures 6 and 7) are well described by straight 
lines, is taken as strong support for the validity of equation (1) and its underlying 
assumptions. For low LC concentrations both ACLC and AHNI are proportional to 
the amount of liquid crystal in the microdroplets. For higher X values, where a 
“reversed” or “polymer ball m~rphology”’~ would be observed, equation (1) would 
still be valid. However, P would no longer be proportional to the amount of LC 
contained in the microdroplets; instead, it would be a measure of all liquid crystal 
not dissolved in the matrix (and would thus include “puddles” and  pool^" of LC). 
It should be stressed that in Golemme’s 5CB/Bostik PDLCs droplet morphologies 
were always observed, even for the largest LC concentrations.6 
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18 G. W. SMITH, G. M. VENTOURIS AND J .  L. WEST 

The linear regression fit for ACLC (Figure 6) is slightly better than that for AH,, 
(Figure 7); r2 = 0.996 for the former, 0.992 for the latter. The standard error of 
estimate for ACLC is 0.0023 cal/g-K; that for AH,, is 0.029 cal/g. The lower value 
of A from AC,, (A = 14) than from AHNI ( A  = 18.9) is probably due to the 
intrinsic temperature dependence of the LC solubility in the matrix (see DISCUS- 
SION). 

From ACLc and AHNI it is possible to estimate 
u, the fraction of liquid crystal contained within the microdroplets. However, this 
determination is subject to the restriction that the LC concentration must fall within 
the range for microdroplets rather than for “reversed morphology.” The basic 
expression for the calculation of u from AHNI (or AC,,) was given by Smith and 

Fraction of LC in Microdroplets. 

Vaz9: 

u = (1 + F ) P ,  (2) 

where F = m,/mLc, the ratio of polymer liquid crystal mass in the sample. Equation 
(2) can be rewritten as 

Combining equations (1) and (3) gives 

OL = 0 ( X < A )  

(4) OL = (lOO/X)(X - A)/(100 - A) ( X  2 A ) .  

Of considerable importance is the fact that equation (4) predicts that the fraction 
of liquid crystal contained within the microdroplets is a function only of X and the 
solubility limit, A.  

In Figure 8 are plotted OL values derived from the LC specific heat increment 
and from the transition enthalpy . The points were calculated by substituting mea- 
sured values of ACLC and AHNl into equation (3). The smooth curves are plots of 

4 
I n a 0.4 1 

sull RAE - 10 Wnln 

0 10 20 30 40 ! 
LC CONCENTRATION (WT. PCT.) 

3 

FIGURE 8 Fraction of liquid crystal contained in microdroplets for a SCBlBostik PDLC system cured 
at 40°C. 
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CALORIMETRY OF PDLC 19 

equation (4) using A-values derived from the linear fits to the data of Figures 6 
and 7. The smooth curves are much more reliable estimates of the fraction of liquid 
crystal in the droplets than are the points. The reason for this is straightforward: 
As can be seen from Figures 6 and 7, the raw data for ACLC and AHNI are fit 
extremely well by equation (l) ,  yielding reliable values of A from which (Y can be 
determined using equation (4). On the other hand, computation of (Y by substituting 
raw data directly into equation (3) has greater uncertainty since, for low LC con- 
centrations, the experimental error (as estimated by the standard error) is com- 
parable to the measured values of ACLC or AHNI. 

Smith,ll from an analysis of calorimetric 
data and an examination of SEM micrographs for two different PDLC systems, 
found the following relation for volumetric droplet number density: 

Estimate of droplet number density. 

nv = const x D - z ,  ( 5 )  

where z = 1.9 to 2 for a polyurethane-based PDLC and z = 2.48 to 2.75 for an 
epoxy-based system. From the droplet size data of Reference 6 and our ACLc and 
AHNI results, we can calculate corresponding expressions for the SCB/Bostik sys- 
tem. To do this, we need to know the functional relationships (if any) of ACLc 
and AHNI to D. [That such relationships exist is reasonable, since the calorimetric 
quantities are proportional to the mass of LC in the droplets. Even if there are no 
functional relations between the DSC quantities and D, the equation we shall derive 
will allow us to compute n, from ACLc and AHNI.] 

In Figures 9 and 10 are given logarithmic plots of ACLc and AHNI versus the 
droplet size data of Reference 6. The solid lines are linear fits to all five data 
points; the dashed lines are fits which exclude the data point for the smallest droplet 
(D = 0.02 pm). It is valid to exclude this point for which the magnitudes of ACLc 
and AH,, are so small that they are comparable to the experimental errors. The 
dashed lines are much better fits to the four data points (r2 = 0.988 for Figure 9; 
r2 = 0.999 for Figure 10) than are the solid lines to the five points (r2 = 0.893 
and 0.845 for Figures 9 and 10 respectively). We shall restrict our attention to the 
four-point fits. 

0.03 - 
Y 

Q YM ME = 10 Wmin 

0.005 
0.02 0.05 0.1 0.2 0.5 1 2 

DROPLET DIAMETER ( p  m) 

FIGURE 9 Liquid crystal specific heat increment as a function of droplet diameter for a SCBIBostik 
PDLC system cured at 40°C. Droplet diameters are from Reference 6 .  
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20 G. W. SMITH. G .  M. VENTOURIS AND J .  L. WEST 

SIN UTE = 10 WnIn 
0.01 

0.02 0.05 0.1 0.2 0.5 1 2 
DROPLET DIAMETER ( p  m) 

FIGURE 10 Nematic-isotropic transition enthalpy as a function of droplet diameter for a 5CBiBostik 
PDLC system cured at 40°C. Droplet diameters are from Reference 6. 

The data of Figure 9 (dashed line) are well expressed by 

ACLC = 0.0234 X Dz.219 (0, in Fm), (6) 

and the data of Figure 10 (dashed line) by 

AHNl = 0.149 x D:.326 (D ,  in Fm), (7) 

where D, is the “apparent” droplet diameter as measured by electron microscopy. 
As pointed out the apparent diameter is related to the “true” droplet 
diameter, D,, by D ,  = .rrD,l4. 

It is a simple matter to use equations (2) and (6) [or (2) and (7)] to derive an 
expression for nv Equation (2) can be rearranged to give 

(8) 
m?c AC,<r(X) = - ACLC(LC). 
mtot 

where mEc is the mass of LC in the droplets and mtot is the total PDLC mass. The 
mass of LC in the droplets is 

where V ,  is the volume of a droplet, N D  is the total number of droplets, D,  is the 
true droplet diameter, and pLC is the liquid crystal density. The total PDLC mass 
is 

mtot = PPDLC X Vmt, (10) 

where ppDLC is the PDLC density and VtOt is the total PDLC volume. Substituting 
equations (9) and (10) into equation (8) gives 
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CALORIMETRY OF PDLC 21 

Thus , 

Here we have used the fact that n, = ND/Vt,,; also, the "=" sign is due to the 
assumption that the densities of the LC and the PDLC are approximately equal. 
A similar expression for the nematic-isotropic enthalpy is obtained by replacing 
ACL, by AH,, in numerator and denominator. 

Substituting equation (12) into equation (6), rearranging and using the relation 
between D, and D,, gives the desired expression for n,: 

n, = 0.23 x D;2.7s ~ m - ~  (from AC,,, D, in km) (13) 

= 1.74 x D;2.78 cmd3 (D, in cm). (134 

The corresponding equation derived from A H N I  is 

nv = 0.31 X D;2.67 t.~.m-~ (from AH,,, D, in pm) (14) 

We have written the equations in terms of D, since that is the droplet diameter as 
measured from SEMs. It is noteworthy that the two sets of equations are quite 
similar in the magnitudes of their coefficients and exponents, in spite of the dif- 
ferences in equations (6) and (7). The previous calorimetric/SEM study of an E7/ 
epoxy PDLC system'l yielded the following relation: 

n ,  = 2.68 x D;2.75 (D,  in cm). (15) 

It should be emphasized that the procedures for varying droplet size and number 
density in Reference 11 were quite different from those of the present work. In 
the previous study, LC concentration was held constant while cure rate was varied 
by adjusting the cure temperature. In the present case, cure temperature was held 
constant while LC concentration was varied. The fact that, in spite of these dif- 
ferences in sample preparation and composition, there is good agreement between 
equation (15) and equations (13a) and (14a) suggests that the relationship between 
number density and droplet size may be rather general. Smith1' also determined 
a relation between n,  and D for the E7/epoxy PDLC system from a droplet count 
of SEM micrographs, obtaining a slightly lower exponent ( z  c- -2.5). Considering 
the experimental uncertainties in both DSC and micrography, we feel that the 
results from the various analyses are fairly consistent. 

7CWBostik System 

As mentioned above, pure 7CB and its PDLC systems exhibit phase behavior 
which differs to some extent from that of 5CB and its PDLCs. The glassy state of 
pure 7CB could only be attained by quenching the liquid crystal (encapsulated in 
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22 G. W. SMITH, G. M. VENTOURIS AND J. L. WEST 

its aluminum sample pan) to liquid nitrogen temperature and then immediately 
placing it in the calorimeter at 190 K, using cold tweezers. The DSC thermal 
spectrum was then obtained by scanning the temperature at 10 Wmin. Figure 11 
shows a resulting spectrum. Six transitions are apparent: the LC glass transition at 
T,(LC) = 209 K (-64°C) with ACLC = 0.088 cal/g-K; three successive exotherms 
at about 225 K ( - 48"C), 240 K ( - 33 K), and 270 K ( - 3°C); a melting endotherm 
at about 306 K (33°C); and the nematic-isotropic transition at TNI = 315 K (44"C), 
with AH,, = 1.16 cal/g. 

The glassy state of all our 7CB/Bostik PDLC samples was attainable merely by 
cooling to 190 K at the DSC instrument's fastest ballistic rate. For PDLCs with 
LC concentrations greater than 33 weight percent, it was possible to crystallize (at 
least to some extent) the liquid crystal in the microdroplets. Evidence for this 
behavior is seen in Figures 12 and 13. The DSC spectrum for a sample with X = 
42% (Figure 12) exhibits two low temperature exotherms, the lowest of which 
involves a transformation from the glassy state. Two large endotherms (at about 
295 K and 307 K) are probably due to crystal-crystal and crystal-nematic transitions. 
The small high temperature endotherm is due to the nematic-isotropic transition. 
Figure 13 (for X = 38%) shows the LC glass transition, one or two weak exotherms, 
the 295 K endotherm (considerably reduced from that of Figure 12), and the NI 
peak. The fact that LC could be crystallized in samples of 7CB/epoxy PDLCs 

200 250 300 350 
TEMPERATURE (K) 

FIGURE 11 DSC scan for pure 7CB. Phase transitions are discussed in the text. 

$ 1  
5 
W 

0.5 - n 
200 250 300 350 

TEMPERATURE (K) 

FIGURE 12 
weight percent. 

DSC scan for 7CB/Bostik PDLC cured at 40°C. The liquid crystal concentration was 42 
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CALORIMETRY OF PDLC 23 

IL: 

2 1  

200 250 300 350 
n 

TEMPERATURE (K) 

FIGURE 13 DSC scan for 7CBIBostik PDLC cured at 40°C. The liquid crystal concentration was 38 
weight percent. 

h 

1 T,= 318 K d 
200 250 300 350 

TEMPERATURE (K) 

FIGURE 14 DSC scan for 7CBIBostik PDLC cured at 40°C. The liquid crystal concentration was 33 
weight percent. 

having large X-values is in marked contrast with the behavior for 5CB/epoxy sam- 
ples, for which the LC did not crystallize. 

It is clear from Figures 12 and 13 that the large endotherms make it difficult to 
determine the temperature and specific heat increment of the matrix glass transi- 
tion; furthermore, the 307 K endotherm partially obscures the nematic-isotropic 
transition. In order to fully reveal both the matrix glass transition and the nematic- 
isotropic transition of these two samples, it was necessary to suppress crystallization 
in the samples with X = 38% and 42%. This was accomplished by cooling from 
room temperature to about 260 K [below T,(Matrix) but above the crystallization 
temperature] and subsequently carrying out a DSC scan. 

No indication of a crystalline phase is seen in the DSC spectrum for X = 33% 
(Figure 14). In fact, crystallization is not detected for any sample with X < 33%. 
Evidentially crystallization is suppressed in sufficiently small droplets. The possi- 
bility of an induced smectic phase must not be ruled out for intermediate concen- 
trations ( X  > 35%). 

Phase diagram. The phase diagram of the 7CBIBostik system (Figure 15) shows 
some of the same unexpected behavior as the 5CB-based PDLC (Figure 5) .  Both 
glass transition temperatures appear to increase with increasing LC concentration. 
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FIGURE 15 Phase diagram for 7CBiBostik PDLC system cured at 40°C. 

0.12 
4 - 9  

0.08 ~ 

0.06 - 

\ 
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0 20 40 60 80 100 

LC CONCENTRATION (WT. PCT.) 

FIGURE 16 Specific heat increments at the glass transitions for liquid crystal in the microdroplets 
and for the polymer matrix of several 7CBIBostik PDLCs cured at 40°C. 

1.2 

1 

0.8 

0.6 

0.4 

0.2 

n ., 
0 20 40 60 80 100 

LC CONCENTRATION (WT. PCT.) 

FIGURE 17 Nematic-isotropic transition enthalpy for liquid crystal in the microdroplets of several 
7CBiBostik PDLCs cured at 40°C. 

[Once again T,(Matrix) appears to decrease slightly above X = 30%.] TNI remains 
essentially constant over the entire range of concentration. 

The concentration dependences of the specific heat increments 
and the nematic-isotropic transition enthalpy (Figures 16 and 17) are similar to 
those for the 5CB-based system. Linear regression analyses of ACLc and AHNI 
yield excellent fits; r2 = 0.995 for the former, 0.996 for the latter. The standard 

AC,, and AH,,. 
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CALORIMETRY OF PDLC 25 

error of estimate for AC,, is 0.0021 cal/g-K; that for AHNI is 0.025 cal/g. Both 
errors are comparable to those for the 5CB/Bostik system. As for the 5CB PDLCs, 
AC,, gives a lower value of A ( A  = 9) than does AH,, ( A  = 13.6), probably due 
to the temperature-dependent solubility. The fact that the A-values for the 7CB/ 
epoxy system are somewhat lower than the corresponding ones for the 5CB PDLCs 
suggests that 7CB is slightly less soluble in the matrix than is 5CB. This result may 
be ascribable to the higher molecular weight of 7CB. 

In Figure 18 are plotted the dependences of 
a on LC concentration as determined from ACLC and AHNI. Once again the points 
represent values calculated directly from equation (3) using measurements of A C,, 
and AHNI. The smooth curves, determined from equation (4) are, of course, more 
reliable. As for the 5CB systems, the agreement of the two curves is felt to be 
acceptable, considering experimental uncertainties. 

Fraction of LC in microdroplets. 

E7JEpoxy System 

As mentioned above, the liquid crystal used in this system was E7, a four component 
mixture. Since E7 was slow to crystallize upon cooling, its DSC spectrum (taken 
at a scan rate of 20 Wmin) exhibited only a low temperature glass transition [T, 
(LC) = 213 K (-60°C), ACLC = 0.095 cal/g-K] and a nematic-isotropic transition 
[TNI = 334 K (61"C)I. In the present study we re-measured AHNI(LC) to be 1.09 
cal/g, somewhat higher than reported previously (0.91 ~ a l / g ) . ~  

The glass transition temperature of the index-matched epoxy (T,(Matrix) = 260 
K ( -  13"C)I is considerably lower than that of the Bostik epoxy. Furthermore, the 
corresponding specific heat increment [AC(Matrix) = 0.16 cal/g-K] is somewhat 
larger than that of Bostik. Both of these facts suggest that the Bostik is more fully 
cross-linked than the index-matched epoxy. 

As seen in Figure 19, the DSC spectra of the E7/epoxy PDLC systems exhibit 
only three transitions: a low temperature glass transition due to LC in the mi- 
crodroplets, a matrix glass transition, and a nematic-isotropic transition peak. The 
details of these phase transitions will be reported in the next sections. 

Figure 20 shows the dependence of the E7/epoxy transition Phase diagram. 

0.8 - 

0.6 - 
a 
I ' A = 9  A = 13.6 2 0.4 ~ 

a I 

0.2 ~ 

SUN RATE - 10 Wmln I 
I 

/ 

0 10 20 30 40 50 

LC CONCENTRATION (WT. PCT.) 

FIGURE 18 Fraction of liquid crystal contained in microdroplets for a 7CB/Bostik PDLC system 
cured at 40°C. 
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h 5 1.4 
TNI = 336 K 

5 
I- 

SUW MlE - 20 WmIn 

200 250 300 350 
TEMPERATURE (K) 

FIGURE 19 DSC scan for a PDLC containing 25 weight percent E7 in an index-matched epoxy 
matrix. Cure temperature was 70°C. 

350 

2 325 

2 0 0 ' .  " ' " " " 
o 20 40 60 ao 100 

LC CONCENTRATION (WT. PCT.) 

FIGURE 20 Phase diagrams for E7lepoxy PDLC systems cured at three different temperatures. 

temperatures on liquid crystal concentration and cure temperature. It is clear that 
T,(LC),T,(Matrix), and TNI are all relatively insensitive to both of these variables. 
The behavior of T,(Matrix) and TNI is dissimilar to that for a polyurethane-based 
PDLC system'l for which the matrix glass transition temperature decreases appre- 
ciably with X ,  while the nematic-isotropic transition temperature increases. 

ACLC and AHNI. The dependences of the specific heat increment on LC con- 
centration are shown in Figure 21. Although the scatter in ACMatrix is sizable, the 
matrix specific heat increment exhibits the same general trend as for the Bostik- 
based samples. It appears that ACLC is rather insensitive to cure temperature, with 
one exception: for X = 45% and T,,,,, = 50°C, the LC specific heat increment is 
too low. Therefore, this point was excluded in carrying out the regression which 
yielded the linear fit of Figure 21. The best fits for the three cure temperatures all 
gave similar values of the solubility limit, A ,  which ranged from 12 to 15. 

Figure 22 plots the concentration-dependence of the nematic-isotropic transition 
enthalpy for the E7/epoxy systems. In this case, the data for T,,,, = 90°C yield 
the highest value of A .  Once again the data point for X = 45% and T,,,, is much 
too low and was ignored in the linear regression. The low values of both AC,, and 
AHNI for this sample (prepared with the highest LC concentration and at the lowest 
cure temperature) suggest that a large fraction of the liquid crystal is dissolved in 
the matrix. This may possibly be due to a low degree of cure for this sample. 
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FIGURE 21 LC and matrix specific heat increments for E7iepoxy PDLCs cured at three different 
temperatures. 
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FIGURE 22 Nematic-isotropic transition enthalpies for LC in the microdroplets of E7/epoxy PDLCs 
cured at three different temperatures. 

The A-values from ACLC and AH,, are comparable in magnitude for the samples 
cured at 70°C and 90°C. For the one cured at 50°C the A-value from ACLC is 
appreciably smaller than that from AHNI.  This discrepancy may be due, in part, 
to incomplete cure at the lower temperature. Furthermore, the fact that the liquid 
crystal (E7) is a four-component system may result in preferential solution of some 
of its components in the matrix, which would complicate the determination of A 
from the DSC measurements. 

As for both Bostik-based samples, the best 
estimates of a are calculated from equation (4) using A-values obtained from the 
linear fits to the data for AC,, and AHNI. The results are shown as smooth curves 
in Figures 23-25. Also shown, as points, are values determined from equation (3) 
and the raw DSC data. The agreement of a-values for the two highest cure tem- 
peratures is reasonably good. The disagreement for samples cured at 50°C may be 
due to a cure which was possibly incomplete. 

Fraction of LC in microdroplets. 

DISCUSSION 

Calorimetric studies are extremely valuable in helping us to assess and optimize 
PDLC properties. From the linear dependence of both AC,, and AHNI on LC 
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FIGURE 23 Fraction of liquid crystal contained in microdroplets for an E7/epoxy PDLC system cured 
at 50°C. 
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FIGURE 24 Fraction of liquid crvstal contained in microdroulets for an E7/epoxy PDLC system cured 
at 70°C. 
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FIGURE 25 
at 90°C. 
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LC CONCENTRATION (WT. PCT.) 

Fraction of liquid crystal contained in microdroplets for an E'liepoxy PDLC system cured 

concentration [equation (l)] we can obtain A ,  the solubility limit of the liquid 
crystal in the matrix.15 This one parameter then allows us to compute a, the fraction 
of LC in the microdroplets. When coupled with electron microscopy measurements 
of droplet sizes, the DSC results also allow us to calculate droplet number densities. 

The ideal PDLC would be one in which all the liquid crystal is contained in the 
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CALORIMETRY OF PDLC 29 

microdroplets and none in the matrix. Such a system is, of course, unattainable, 
but calorimetric studies of various LC/matrix candidates would allow us to choose 
a combination for which phase separation is most complete. Equation (4) can 
provide some guidance in the choice. We rewrite the equation in the form 

x [(loo - A/100)] = 1 - A/X, (16) 

and plot it in Figure 26. This expression is a function only of A and X, the liquid 
crystal concentration. It is apparent that a low value of A is needed in order to 
maximize phase separation. For example, if A < 5 ,  an a value on the order of 
0.95 can be achieved for X = 50%. For A = 3 ,  the same degree of separation 
could be attained with X =I 36%. Obviously, for A = 0, a would always equal 1. 
For our thermally-cured epoxy-based PDLCs, the lowest A value attained was 
about 8 weight percent. The selection of liquid crystal/polymer matrix combinations 
with lower A values could, perhaps, be assisted by solubility theoryl6>l7; DSC mea- 
surements of ACL, and AH,, could then provide an empirical check on the pre- 
dictions of the theory. 

At a recent symposium on PDLCP there was some discussion of the discrepancy 
between the A-values derived from ACLC and A H N I .  It was suggested that this 
difference is due to the temperatures at which the quantities were determined. 
Since ACLc was measured near 200 K and A H N I  about 100 K higher, a lower LC 
solubility in the matrix would be expected at the lower temperature, in agreement 
with the A-values found for the 5CB and 7CB PDLCs. It should be pointed out 
that the PDLC phase diagram calculated by Hirai et al l9  can be interpreted to 
predict an A-value which increases with temperature. 

The present study confirms that droplet number density has a simple dependence 
on droplet diameter [equation (5 ) ] .  For thermally-cured epoxy-based PDLCs, this 
expression seems to be fairly insensitive to methods of sample preparation; similar 
results were obtained for samples in which n, and D were varied by quite different 
techniques. For good PDLC light scattering properties n, should be as large as 
possible. Equation ( 5 )  indicates that a large number density can be achieved by 
decreasing droplet diameter; however, previous work3 has shown that there is an 
optimum droplet diameter for best electro-optic performance. Thus, a compromise 
may have to be made in the choices of nv and D.  

' 0.6 

5 0.4 

0 
0 

X 

d 0.2 
a I 
a 0  

0 2 4 6 8 10 12 14 16 18 20 

X/A 

FIGURE 26 Theoretical dependence of a X (100 - A)/100 on XIA. 
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30 G .  W. SMITH, G .  M. VENTOURIS AND J. L. WEST 

In this paper we have not focussed on ACMatrix, the specific heat increment at 
the matrix glass transition, although from Figures 6, 16, and 21, it is apparent that 
is is also sensitive to LC concentration. There may be additional information to 
extract from this parameter, particularly for non-mesogenic systems (see below). 
For PDLCs, we feel that ACLc and AHNI are more useful. 

It should be pointed out that our methods may be of value in studying phase 
separation in microdispersions of non-mesogenic systems. Such studies would not, 
of course, involve determinations of AHNI. However, if the dispersed liquid has 
an accessible glass transition, it would be possible to measure the concentration- 
dependence of the associated specific heat increment and use it to compute A and 
a values for the system. Furthermore, the concentration dependence of ACMatrix 
could provide useful information. 
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