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Specific rotations of PHB in mixtures of DCA and EDC 
at 30 “C are plotted against the volume fraction of DCA in 
Figure 11. The solid curves from the present measurements 
show a decidedly different behavior from the dashed curve 
of Marchessault et al. which demonstrates an abrupt de- 
crease in specific rotation a t  about 80 vol % DCA. 

In Figure 12, specific rotations of PHB in a DCA-EDC 
mixture of 76 vol % DCA are shown as a function of tem- 
perature. The data from our measurements decrease al- 
most linearly with the increase in temperature, whereas the 
dashed curve of Marchessault et  al. undergoes a sharp drop 
a t  about 74 “C. 

It  was from the characteristic features of the dashed 
curves in Figures 10, 11, and 12 that these authors sup- 
posed that PHB assumes a helical conformation in such 
solvents as EDC, TFE, and chloroform and becomes ran- 
domly coiled in such solvents as DCA and DMF. Our po- 
larimetric data display nothing definitive to substantiate 
their supposition nor give evidence that allows one to de- 
termine the actual conformation of PHB in these solvents. 
In such circumstances, it is reasonable to try analyzing 
given light-scattering and hydrodynamic data in terms of 
the conventional theories for nonideal solutions of random 
coil polymers, as has been done by a great many previous 
authors. In fact, we have followed this idea in the present 
article and have shown that, as far as light-scattering and 
viscosity data are concerned, the behavior of PHB in TFE 
is consistent with the random coil model. In the forthcom- 
ing article, we shall show that the dilute solution properties 
of this polymer-solvent system can be described adequate- 
ly by the two-parameter theory of random coils with vol- 
ume exclusion. 
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Compatibility in Mixtures of 
Poly(viny1idene fluoride) and 
Poly( ethyl met hacry late) 

T. K. Kwei,* G .  D. Patterson, and T. T. Wang 
Bell Laboratories, Murray Hill, New Jersey 07974. Receiued March 30,1976 

ABSTRACT: Thermal analysis of mixtures of poly(viny1idene fluoride) and poly(ethy1 methacrylate) has been car- 
ried out under a variety of controlled heating and cooling conditions. From the depression of the melting point of 
PVF2 in the mixture, the binary interaction parameter i s  found to be -0.34, comparable to the value obtained for 
PVF2-PMMA systems. Mixtures containing 80% or more PEMA are amorphous and exhibit single glass transitions. 
When the PEMA content is low, crystallization of PVF2 is observed even with rapid quenching. The crystalline re- 
gion coexists with two conjugate amorphous phases which contain -100 and -45% PVF2, respectively. The micro- 
structures of the blends are influenced strongly by the kinetics of phase separation and crystallization. 

Mixtures of several alkyl methacrylate polymers and 
poly(viny1idene fluoride) have been reported to be compatible 
over a wide range of composition.l$ These compatible blends 
have elicited a great deal of interest from both practical and 
fundamental viewpoints. First, the compositions of the blends 
can be tailored to combine the excellent chemical resistance 
of polyvinylidene fluoride with the transparency of the 
methacrylate polymers. Second, these mixtures offer a rare 
opportunity for the study of the crystallization of one polymer 
in the presence of another. 

In previous studies by several investigations, single glass 
transition temperatures were observed for mixtures of PVFz 
and poly(methy1 methacrylate). The crystallization behavior 

of PVFa is found to be influenced significantly by the com- 
position of the mixture as well as the rate of c~o l ing .~  From the 
melting point depression which increases with increasing 
PMMA content the interaction parameter between the two 
polymers was calculated to be -0.30 at  160 “C.3 

An extension of the above study to mixtures of PVF2 with 
poly(ethy1 methacrylate) appears to be natural because it 
would allow us to assess the dependence of the interaction 
parameter on chemical structure. We also wish to reexamine 
the glass transition characteristics of the blends because the 
data of Paul and co-workers’ indicate a single transition for 
each composition but the glass temperature remains nearly 
constant for blends containing more than 30% PVF2. Ex- 
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Figure 1. DSC curves of polystyrene, poly(ethy1 methacrylate), and 
poly(viny1idene fluoride). 

trapolation of their  da t a  t o  100% PVFp yields a T ,  of 33 O C  

which is at variance with t h e  commonly accepted value of 
about  -50 O C .  A better understanding of t h e  T ,  behavior of 
these mixtures is therefore desirable. 

Poly(viny1idene fluoride) and Poly(ethy1 methacrylate) 78 1 

Experimental Section 
Materials. Poly(viny1idene fluoride) resin, Kynar 821, was supplied 

by Pennwalt Corp. in powder form. It was the same polymer as used 
in ref 3. The average molecular weights obtained from gel permeation 
chromatography are M ,  = 2.16 X 105, MW = 4.04 X lo5, and M ,  = 6.61 
X 105.8 Poly(ethy1 methacrylate), prepared by suspension polymer- 
ization, was obtained from Haven Chemical Inc. The intrinsic vis- 
cosity of the PEMA in 2-butanone at  23 "C was 0.74 dl/g from which 
the viscosity average molecular weight was computed to be 3.91 X 105.9 
Films were cast from 3% solution in dimethylformamide using the 
procedure described previ~usly.~ For the purpose of comparison, one 
sample containing 8Wo PVFz was prepared by melt blending the two 
polymers in a Brabender Plasticorder at  180 O C  for 10 min and then 
molding them into a sheet in a press at  150 "C. Blend compositions 
are reported as weight percentages throughout this paper. 

Measurement of Thermal Transitions. A Du Pont Thermal 
analyzer, Model 990 with a DSC cell, and a Perkin-Elmer differential 
scanning calorimeter, Model DSC 11, were used. Sample weights were 
15 f 2 mg for fusion studies. Owing to the high degree of crystallinity 
of PVFz, the increase in specific heat accompanying the glass tran- 
sition is small and unequivocal identification of T ,  calls for more 
careful experimentation than is customarily necessary. To this end, 
the thermogram of polystyrene which was featureless from -100 to 
80 "C was used for comparison. A variety of heating rates, for 5 to 50 

Table I 
Thermal Transitions of PVFz-PEMA Blends Measured by Du Pont Thermal Analyzera 

Transition temp, "C Heating rate, 
% PVF2 History OC/min Below 0 "C Above 0 "C T ,  AH Ratio 

100 

88.6 

80 

80 

77.2 

70 

60 

58.7 
48 

40 

20 

0 

As cast 
2 OC/min 
10 OC/min 
50 OC/min 
50 OC/min 
Liq Nz 
Liq N2 
As cast 
50 OC/min 
50 OC/min 
Liq Nz 
Liq N2 
As cast 
50 OC/min 
50 OC/min 
Liq N2 
Milled 
50 OC/min 
As cast 
50 OC/min 
As cast 
50 "C/min 
50 OC/min 
Liq N2 
Liq Nz 
As cast 
50 "C/min 
50 OC/min 
Liq N2 
As cast 
As cast 
50 OC/min 
50 OC/min 
Liq Nz 
As cast 
2 OC/min 
50 OC/min 
50 OC/min 
As cast 
As cast 
As cast 
As cast 
50 OC/min 
50 OC/min 

10 
10 
10 
10 
20 
10 
20 
10 
10 
20 
10 
20 
10 
10 
20 
10 
10 
10 
10 
10 
10 
10 
20 
10 
20 
10 
10 
20 
10 
10 
10 
10 
20 
20 
10 
10 
10 
20 
10 
20 
10 
20 
10 
20 

-54 
-53 
-53 
-56 
-55 
-54 
-53 
-46 
-50 
-54 
-50 
-54 
-45 
-51 
-54 

.48, -19 (VW) 
-40 
-50 

-46 
-50 
-54 

-52, -10 
-52, -19 

-42 
-52 
- 50 
- 50 

-42 

-42 

48 
34 (w) 
37 (w) 

38 
30 
2 1  

15* cryst 28 
18* cryst 24 

24 
25 
26 

17* cryst 30 
30 
28 

38 
30 
28 

Cryst 0 
5* cryst 27 

42 
10, cryst 40 
14, cryst 40 
10, cryst 40 

22 
25 
26 
30 
42 
35 
32 
32 
50 
50 
62 
65 
64 
67 

170.6 
169.5 
165.7 
165.7 

169.5 
165.3 

165.0 

168.1 
165.3 

162.8 
166.1 
165.6 
167.5 
163.3 
165.5 
162.5 

162.0 

162.2 
161.0 

160.7 
161.9 
158.5 
157.5 

155.8 
NC 
NC 
NC 
NC 
NC 

1.0 
0.83 
0.80 
0.78 

0.80 
0.65 
0.65 

0.71 
0.58 

0.65 
0.53 
0.63 
0.50 

0.51 

0.47 
0.42 
0.025 

(I NC = noncrystalline; w = weak; vw = very weak. 
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Figure 2. AH ratios of PVFz-PEMA mixtures. 

"C/min, were employed although a majority of experiments were 
conducted at heating rates of 10 and 20 "C/min, respectively. Different 
sample sizes were tried and a weight of 20 to 25 mg was found to be 
suitable for our purpose. The uncertainty in T, measurement is f2 
"C unless otherwise stated. Typical thermograms are shown in Figure 
1. 

The thermal histories of the films were varied by maintaining the 
samples in the DSC cell at 180 "C for 10 min followed by cooling at 
a constant rate. In several experiments, a melted film in a sample pan 
was removed from the DSC cell and immersed directly in liquid ni- 
trogen. A stream of nitrogen gas was used to dry the sample pan which 
was then placed immediately back in a DSC cell precooled to -120 
"C. 

Results 
Fusion. The melting endotherms of blends of PVFz with 

PEMA are similar to those reported previously for PVFz- 
PMMA and therefore are not shown here. The melting tem- 
peratures, T,, are generally reproducible to f0.5 "C and are 
in good agreement with the results of PauL7 The small dif- 
ferences, less than 1 "C, between the two sets of data can be 
attributed to the different methods of sample preparation. 
As-cast film containing 40% or more PVFz is crystalline but 
the 20% PVF2 film is not. Although the melting temperature 
identified by a DSC experiment is not an equilibrium value, 
the magnitude of melting point depression which is our pri- 
mary concern is generally believed to be reasonably accurate. 
The melting point data are recorded in Table I, in which the 
last column gives the ratio of the endothermic area per gram 
of film to that of the as-cast PVF2. The AH ratios decrease 
linearly with decreasing PVFz concentration in the as-cast 
films (Figure 2). 

Glass Temperatures. The T ,  of PEMA is between 62 and 
67 "C and can be detected without difficulty (Figure 1). The 
glass transition of PVFz occurs at  about -54 "C, in accordance 
with literature values. The change in specific heat is small and 
the transition is broad. In addition to the glass transition, the 
thermogram of the as-cast PVFz film exhibits a baseline shift 
(endothermic) at 48 "C (Figure 1). This endothermic response 
was designated as an "upper glass transition", T,(U), by Paul 
but we wish to reserve judgment on their interpretation. The 
presence of this endothermic event, however, interferes with 
the identification of the T ,  of blends which also show endo- 
thermic responses in the same temperature range. One cannot 
be certain that any transition occurring near 40 "C in the 
blends is originated from lowering of the T ,  of PEMA as a 
result of mixing with PVFz, rather than from PVFz itself. 
Therefore we attempted to vary the thermal history of PVFz 
in the hope of altering its response in this temperature range. 
Films cooled a t  2 and 10 "C/min from the melt showed en- 
dothermic responses at 32 "C which were eliminated when the 
cooling rate was increased to 50 "Clmin or higher. These 
curves are also shown in Figure 1. Consequently, we believed 

I 

I I I I I I 
-100 -80  -60 - 4 0  -20 0 20 40 60 80 100 

T ("C) 

Figure 3. DSC curves of PVFz-PEMA mixtures. Compositions are 
expressed as the weight ratio of PVFz to PEMA. Heating rates are 
indicated for each scan. 

Table I1 
Low-Temperature Transitions of PVF2-PEMA Blends 

Determined by Perkin-Elmer DSC I1 
~~ 

Cooling Heating 
% rate, rate, 

PVFz "C/min "Clmin Tg, "C 

100 320 40 -60 f 5 
88.6 320 40 -60 f 5 
80 320 40 -70 f 5 
70 320 40 -60, -20 
60 320 40 -60, 10 
48 320 40 30 
0 320 40 69 

that it was advantageous to compare the thermograms of 
quenched films. 

Quenched films containing 60% or more PVFz exhibited 
more than one glass transition. Common to these films was 
the transition near -50 "C which could always be detected at 
a variety of cooling and heating rates. The location of the 
second or third transition depended strongly on the thermal 
history of the sample. In several cases, the onset of crystalli- 
zation near room temperature overlaps the transitions in the 
same region. These overlapped transitions which cannot be 
identified with confidence are denoted by asterisks in Table 
I. Two glass transitions were also detected, at  -40 and 30 "C, 
respectively, for the melt-blended sample containing 80% 
PVFz, in general agreement with the results found for the 
solvent cast film of the same composition. 

The best resolution of the many thermal transitions was 
achieved, with the Du Pont instrument, at  a cooling rate of 50 
OC/min and a heating rate of 20 "C/min. Representative 
thermograms are shown in Figure 3. Quenching in liquid ni- 
trogen did not result in a single transition for these composi- 
tions; instead, the thermograms became more complex. 

When the weight percent of PVFz was less than 48% in the 
mixture, only one transition was observed. for the quenched 
material (Figure 3). The as-cast film containing 20% PVFz was 
not crystalline and exhibited a single T,. The T ,  data are re- 
corded in Table I. 

Since it was crucial to establish beyond doubt the existence 
of the low-temperature transition near -50 "C a second in- 
strument, a Perkin-Elmer DSC 11, was used to confirm the 
results obtained with the Du Pont thermal analyzer. A 
quenching rate of 320 "C/min and a heating rate of 40 "Clmin 
were employed. The low-temperature transition characteristic 
of PVFz was always prominent for mixtures containing 60% 
or more PVFz (Table 11). The data for 60 and 70% PVFz films 
were in excellent agreement with the results obtained with the 
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Figure 4. Melting point depression of PVF2. 

Du Pont instruments for the same films quenched in liquid 
nitrogen. The presence of the transition near -55 to -60 "C 
in PVFZ-rich films was therefore firmly established. 

Discussion 
( 1 )  Melting Temperature. In the study of Nishi and 

Wang, the melting temperature of a crystalline polymer 
(component 2) in the presence of a polymeric diluent (com- 
ponent 1) was analyzed using Scott's expressionlo for chemical 
potentials in a binary polymer mixture. The resulting equation 
for melting temperature depression is: 

where Tm0 is the melting temperature of the undiluted crys- 
talline polymer, AT, is the lowering of melting point, $ is the 
volume fraction of the polymeric diluent, PzU and M z ,  are 
the molar volume and heat of fusion per segment, and Blz is 
related to the binary interaction parameter by the equa- 
tion," 

Here x12 is the Flory interaction parameter, x is the number 
of segments, and VI, is the molar volume per unit of compo- 
nent 1. (We prefer to use ~ ' 1 2  to avoid future confusion; x l z  

in ref 3 is identical with ~ ' 1 2  in this paper.) 
A convenient graphical representation of melting point data 

makes use of the plot of ATm/$1Tmo vs. $1. This is shown in 
Figure 4. The experimental results are represented by a 
straight line which intersects the ordinate axis near zero, as 
predicted by eq 1. From the slope of the straight line, we ob- 
tain (PZ, = 36.4 cm3/mol, A H z U  = 1.6 kcal/mol, = 101.9 
cm3/mol), 

Bl2 = -2.86 cal/cm3 of PEMA 

~ ' 1 2  = -0.34 a t  160 "C 

The negative sign of BIZ indicates that the polymer pair can 
form thermodynamically stable single-phase mixtures at  
temperatures near the melting point of PVF2. The magnitude 
of B12 agrees rather well with the result of Paul7 and is nearly 
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identical with the value of -2.98 obtained for PVFrPMMA.3 
The addition of a methylene group to the side chain of the 
methyl methacrylate polymer does not seem to have a sig- 
nificant influence on its compatibility with PVFz at  elevated 
temperatures. 

The possibility exists that the depression in melting point 
may also arise from morphological changes such as imper- 
fections in the crystals and reduction in lamellar thickness. 
However, some clues can be found in the study by Nishi and 
Wang3 who conducted extensive investigation of the crystal- 
lization and fusion characteristics of PVFz-PMMA mixtures. 
In their study of isothermally crystallized samples, a linear 
relationship was observed between T ,  and T,, the crystalli- 
zation temperature. The stability parameter $, which was in 
fact a morphological parameter, was independent of compo- 
sition. This would not be the case if the melting point de- 
pression was mainly a result of morphological changes. This 
conclusion is probably applicable to the present system al- 
though we have not performed similar experiments. 

(2) Glass Transitions. An obvious conclusion to be drawn 
from the observation of the melting endotherm described in 
the preceding section is the presence of crystalline regions in 
many mixtures. In this section we direct our discussion to the 
amorphous phases. Although PVF2 and PEMA are compat- 
ible at elevated temperatures, as indicated by a negative value 
of the interaction parameter, compatibility should not be 
taken for granted at  lower temperature for all compositions 
because an upper critical solution temperature may exist for 
the mixtures. The data in Table I indicate single glass tran- 
sitions only for PEMA-rich mixtures. Blends containing 60% 
or more PVF2 exhibit more than one transition even in the 
quenched state. For the moment, we shall focus our attention 
on the T, data for these films (PVF2 2 60%) cooled from the 
molten state at  50 "C/min to -120 "C and heated at  20 "C/min 
(Figure 3). The low-temperature transition which occurs near 
-50 "C in each mixture suggests the presence of an amorphous 
phase comprised of nearly pure PVF2. Correspondingly, the 
higher temperature transitions must arise from segmental 
motions of phases relatively rich in PEMA. Therefore, the 
microstructure of these films can be depicted as a composite 
of crystalline regions coexistent with two amorphous 
phases. 

From the above discussion, it is expected that the compo- 
sitions of the two amorphous phases remain the same, a t  
equilibrium, regardless of the initial composition of the film. 
We have already indicated that one of the phases always 
consists of nearly 100% PVF2. The composition of the second 
phase can be estimated from the locations of the upper T,'s, 
namely, 21,26,28, and 14 "C for the 88.6,80,70, and 60% PVF2 
films, respectively. Except for the 60% film which shows re- 
crystallization near 40 "C and will be discussed further in a 
later section, the variation in T ,  is within experimental error. 
Therefore we conclude, as a first approximation, that the 
second amorphous phase in these films indeed has a constant 
composition, in accordance with the requirement of conjugate 
phases. 

If the T ,  of the second amorphous phase is taken as -27 "C, 
then the phase composition is estimated to be about 45% 
PVF2, from Figure 5 .  (Only about 5% of the PVF2 in the 48% 
PVF2 film crystallized while the 40% PVF2 film is noncrys- 
talline.) The probable shape of the phase diagram is given in 
Figure 6. The phase diagram predicts stable, signle-phase 
structure at  room temperature when the PEMA content in the 
quenched film is in excess of 55%. The single-phase character 
is expected to be retained even at  temperatures below the 
phase boundary because the rate of phase separation becomes 
negligible below T,. Thus, the major features of the T ,  be- 
havior of the blends are embodied in Figure 6. 

In comparing our data with those by Paul and co-workers, 
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Figure 5. Glass transition temperature of PVF2-PEMA mixtures. 

the similarity of their results with the high-temperature 
portion of Figure 5 is evident. I t  is difficult to ascertain the 
reason for the divergence of low-temperature observations but 
we recognize the differences in the molecular weights of the 
polymers and in the thermal histories of the samples used in 
the two studies. The two transitions detected in our as-cast 
films may also be real although the arguments used for the 
phase relationship in a binary system cannot be transferred 
directly to precipitation in a ternary mixture containing a 
solvent. I t  may be mentioned in passing that the T ,  data of 
the as-cast PVF2-PMMA films3 can perhaps be rationalized 
in a similar manner. 

Aside from the various approximations used to arrive at 
Figure 6, the proposed diagram is useful only for the predic- 
tion of phase composition a t  equilibrium. At very high 
quenching rates, for example, immersion in liquid nitrogen, 
the kinetics of phase separation may dominate. Incomplete 
phase separation manifests itself in more than two glass 
transitions in several cases. Furthermore, the rates of phase 
separation and crystallization are also dependent on compo- 
sition. The observation that the high-temperature transition 
for the 60% PVF2 film cooled at  50 "C/min appears to corre- 
spond to phase composition somewhat inside the phase 
boundary of Figure 6 reflects incomplete phase separation and 
crystallization under the experimental conditions. This is 
confirmed by the crystallization phenomenon a t  40 "C upon 
heating. The uncrystallized PVFz trapped with PEMA lowers 
the T ,  of the second amorphous phase to 14 "C, instead of the 
predicted value of 27 "C. 

Finally, we address briefly the different behaviors of 
PMMA and PEMA blends with PVF2. The former can be 
quenched more readily to a single phase, noncrystalline 
structure. The difference in crystallization rate may be as- 
cribed in part to the large difference in the viscosities of the 

"1 r 

. 8  1.0 0 .2  .A .6 

WEIGHT FRACTION PEMA 

Figure 6. Proposed phase diagram. 

two methacrylate polymers at  the crystallization temperature. 
Although PEMA has a higher molecular weight it has a lower 
melt viscosity at  170 "C, 1 X 105 vs. 3.4 X lo5 P at  a shear rate 
of 10 s-l, because its T ,  is lower. At a crystallization temper- 
ature of about 130 "C, the viscosity of PMMA is too high to 
be measured by capillary rheometer. 

Conclusion 
PVFz and PEMA form stable single-phase mixtures in the 

melt. The binary interaction parameter is -0.34 at  160 O C ,  

comparable to the value for PVF2-PMMA blends. Mixtures 
containing 80% or more PEMA are amorphous and exhibit 
single glass transitions. When the PEMA content is below 
40%, crystallization of PVFz prevails even at  high cooling rates. 
In addition, two conjugate amorphous phases, one consisting 
of nearly 100% PVF2 and the other about 45%, are present. 
The microstructures of these mixtures are influenced strongly 
by the kinetics of phase separation and crystallization. 
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