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A calorimetric study was carried out on blends of poly(vinylidene fluoride) (PVF5), and isotactic,
atactic and syndiotactic poly{methyl methacrylate) (i-, a-, and s-PMMA). The occurrence of single
glass transitions over a broad composition range, as well as the lowering of the crystallization and
melting temperatures of PVF5, indicated a complete compatibility of PVF5 with i-, a-, and s-PMMA.
The measured T4 values followed Gordon—Taylor's rule with k values of 2.38, 1.72, and 1.39 for the
systems of PVF5 with i-, a-, and s-PMMA, respectively, leading to new values of the jump Ae of the
thermal specific expansivity at the glass transition: 1.9 x 10~4 cm3/g K for PVF, and 2.6 x 104 for
s-PMMA. From the melting point depressions of PVF5 crystals, it appeared that the interaction of
PVF, segments with i-PMMA segments is stronger than with s-PMMA segments. A thermodynamic
analysis of the melting point depressions after crystallization of PVF5 at a constant relative under-
cooling of 0.07 resulted in values of the binary interaction parameter of about —0.1 and 0 for PVF2

with i- and s-PMMA, respectively.

INTRODUCTION

The compatibility of poly(vinylidene fluoride) (PVF,) with
commercial poly(methyl methacrylate) (PMMA) has been
reported by several authors' ™.

The occurrence of a single glass transition in the blends
and the negativity of the interaction parameter were con-
sidered as proof of compatibility. We found it interesting
both from a practical and a theoretical point of view to
study the mixing behaviour of PVF, with PMMAs of differ-
ent tacticities.

The strongly different glass transition temperatures of
PVF, (-45°C) on the one hand and i- or s-PMMA (50° and
130°C, respectively) on the other hand, enabled us to study
the blends over a broad temperature range. Moreover, the
PVF;/i-PMMA system offers a unique possibility of studying
the crystallization behaviour of a mixture of two compatible
and crystallizable polymers.

The influence of tacticity on the compatibility of two
polymers has already been qualitatively studied for the
PMMA/PVC system®. With a crystallizable component like
PVF,, the occurrence of melting point depression offers the
possibility of studying the influence of tacticity in a semi-
quantitative way also.

EXPERIMENTAL

The polymers i- and s-PMMA were prepared according to
known procedures®>®, a-PMMA was an ICI product
(Diakon M0O/900), and the PVF; resin (KF polymer) was
obtained in granular form from the Kureha Chemical
Industry Co. Ltd. The tacticities of the PMMA samples
were measured on 5% solutions in o-dichlorobenzene at
160°C by 60 MHz n.m.r. spectroscopy with a Varian A60

instrument”. [n] of the PMMA samples were determined
in chloroform at 25°C. For the calculation of M, we used
the relationship®: [n] = 4.8 X 10-5 M,%-8. [n] of our
PVF, was determined in N,N-dimethylformamide at 25°C
and amounted to 1.03 dl/g.

Blends of PMMA and PVF;, were prepared by coprecipit-
ation from a common 3 wt % DMF solution in a hundred-
fold volume of water. After washing with water, the samples
were dried for 24 h at 50°C under reduced pressure, and
heated for about 30 min at 200°C to remove the solution
history. The melting and crystallization temperatures, T3,
and T, were measured with a Perkin—Elmer differential
scanning calorimeter (DSC I B) at a heating rate of 8°C/min.
The maximum of a melting endotherm was taken as melting
temperature. A Perkin—Elmer DSC II was used to measure
the glass transition temperatures T, at a heating rate of
10°C/min. The inflection point of the cp curve was taken
as T, g9. Reproducible results were obtained after a first
scan.

RESULTS

Ty measurements of quenched samples

Figure 1 shows some characteristic thermograms of
PVF,/i-PMMA blends after quenching from the melt in
liquid nitrogen.

Table 1 Data for PMMA polymers used

Triads
[n] _
(dijg} M, x1073 | H S
i-PMMA 0.77 180 92 6 2
a-PMMA 0.40 80 5 32 63
s-PMMA 1.86 540 1 9 90
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Figure 1 Thermograms of PVF,/i-PMMA blends recorded by d.s.c.
at a heating rate of 10°C/min, after quenching from the melt in
liquid nitrogen. Ratio PVF,: i-PMMA: A, 100:0; B, 80:20; C,
60:40; D, 40:60; E, 20:80; F, 0:100
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Figure 2 Glass transition temperatures (Tg) of PVF,/i-PMMA
blends after quenching from the melt in liquid nitrogen

The glass transition temperatures were derived from
such thermograms and are represented in Figures 2, 3 and
4 as a function of the weight percentage of i-, a-, and s-
PMMA, respectively. Up to about 65 wt% of PVF;, a
single T was found which decreased smoothly with com-
position. However, at still higher contents 7 did not
decrease further and was accompanied in some of the
blends by a new broad transition at about —45°C. T of
pure PVF, was also found at —45°C, and Tg of pure i-, a-,
and s-PMMA at 51°, 115° and 130°C, respectively, in good
agreement with values from the literature®.

Repeated crystallization and melting

Samples were cooled from the melt with a constant
cooling rate in the d.s.c. apparatus and after crystallization
heated again with the same rate till melting was completed.
This procedure could be repeated and gave fully reproduc-
ible crystallization and melting temperatures of the PVF;
component (Figure 5). All three types of blends show a
depression of both the melting temperature and the
crystallization temperature. At a cooling rate of 8°C/min
PVF; crystallizes from blends containing up to 60 wt%
i-PMMA, 50 wt% a-PMMA, and 40 wt % s-PMMA.
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Isothermal crystallization

Samples of the three types of blends were crystallized at
constant temperatures between 95° and 165°C in the d.s.c.
apparatus. For a crystallization temperature of 155°C, the
corresponding melting point curves are shown in Figure 6.
From this Figure it is clear that the largest melting point
depression is found in the blends with i-PMMA, in agree-
ment with the T}, curves in Figure 5 for the repeated scann-
ing experiments. Although the melting point depressions
are dependent on crystallization conditions, the largest
melting point depressions of PVF; are always found in the
blends with i-PMMA.
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Figure 3 Glass transition temperatures (Tg) of PVF,/a-PMMA
blends after quenching from the melt in liquid nitrogen
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Figure 4 Glass transition temperatures (Tg) of PVF,/s-PMMA
blends after quenching from the melt in liquid nitrogen
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Figure 5 Crystallization and melting temperatures, Teand Ty,
of PVF, in PVF,/PMMA blends measured during repeated cooling
and heating in d.s.c. at 8°C/min. A, Tp,; B, T,. A PVF,/i-PMMA;
®, PVF,/a-PMMA; B, PVF,/s-PMMA

DISCUSSION

Glass transitions of the blends

After quenching from the melt blends of PVF; with i-,

a-, and s-PMMA showed only a single T for PVF; contents
up to about 65 wt % (Figures 2, 3 and 4). So, PVF; proves
to be compatible with each of the three kinds of PMMA in
the melt phases of these blends.

Blends containing more than about 65 wt % of PVF,
partly crystallized during quenching and could not be
obtained in a completely amorphous state.

This stronger crystallization tendency of our blends
compared with those of Nishi and Wang®, might be caused
by a higher content of head-to-tail units in our PVF;. So,
during scanning of a quenched blend with 30 wt % a-PMMA
we found successively a broad glass transition at -45°C, a
small glass transition at 15°C, only a small crystallization
exotherm at 50°C, and a normal melting endotherm at
175°C. From such thermograms we concluded that a part
of PVF; in these quenched blends was already crystalline
before the scanning started. On the other hand, a quenched
blend with 50 wt % a-PMMA produced a crystallization
exotherm at 140°C with about the same area as that of the
subsequent melting endotherm, indicating that PVF, in this
case was completely amorphous after quenching.

The occurrence of the two glass transitions in quenched
PVF3-rich blends can now easily be explained. Part of PVF;
is already crystalline before scanning. At higher PVF; con-
tents this crystallization during quenching may proceed to a
larger extent, so that the remaining amorphous phase
becomes richer in PMMA, leading to a higher T, instead of a
lower one. The broad transition at about —45°C can then be
attributed to cilia at the PVF; crystal surfaces, whereas the
much sharper transition in pure PVF, at —45°C is caused by
the totally amorphous part of PVF;: both cilia and rejected
moleculesll The melt viscosity of a polymer decreases with
decreasing M;, and decreasing T,11, which are both lower
for i-PMMA than for ssPMMA. The differing behaviour of
PVF in blends with i-PMMA, s PMMA and a-PMMA
appears to be related more to Ty than M, since blends with

a-PMMA show intermediate behaviour, while a-PMMA has
the lowest value of M,,. In view of the lower melt viscosity
of i-PMMA in comparison with s-PMMA, one should expect
a higher crystallization rate of PVF> in blends with i PMMA.
This may explain why PVF; starts to crystallize from
blends with i-PMMA at a lower PVF, content than from
blends with s-PMMA. This is corroborated by the higher
crystallization temperatures 7, found in mixtures with
i-PMMA during repeated scanning as shown in Figure 5.
The same influence of melt viscosity on the crystallization
rate of PVF; in PMMA containing blends, was also clearly
demonstrated by Wang and Nishi'2.

An alternative explanation of the two T values in quenched
PVF;-rich samples could be found in liquid—liquid phase
separation, followed by crystallization of PVF; in the PVF;-
rich phase. The phase diagram of PVFy with the PMMA’s
could show an upper critical solution temperature as
proposed for the PVF/poly(ethyl methacrylate) system'®,
or a lower critical solution temperature as theoretically
predicted and observed by several authors'* ¢, In the case
of liquid—liquid phase separation, PVF» has to crystallize
in the PVF,-rich phase either during quenching or later
when the quenched sample is scanned in the d.s.c. The
latter process can only be observed for PMMA contents in
the range of 20—50 wt % and the crystallization tempera-
ture should be independent of the overall composition, since
the separated phases have constant composition. However,
the crystallization temperature of quenched PVF,/a-PMMA
samples shows a tremendous dependence on the composi-
tion (Figure 7}, so we conclude that liquid—liquid phase
separation of these polymers is very unlikely.

By means of curve fitting the single Tg values in Figures
2, 3 and 4 can be adapted to the Gordon—Taylor relation!”,
originally derived for copolymers:

r 2Ty, te1kTy,
& cy t a1k

In this study subscript 1 indicates the polymer with the
higher T, (PMMA) and 2 the polymer with the lower T
(PVF3), ¢ = weight fraction, k = Aje/Ase =
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Figure 6 Melting temperatures of PVF, in PVF,/PMMA blends
isothermaliy crystallized at 166°C. A, PVF,/i-PMMA; ®, PVF,/
a-PMMA; B, PVF, /s-PMMA
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Figure 7 Crystallization temperatures of PVF, in blends with
a-PMMA recorded with d.s.c. at a heating rate of 10°C/min, after
quenching from the melt in liquid nitrogen

(e1 — ep)1/(e1 — egh, €16 = (9v/dT)p, the thermal specific
expansivity in the liquid and the glassy state, respectively
(dim. cm3/g K).

In Figure & the solid curves represent the Gordon—
Taylor relation with k& = 2.38 for PVF3/i-PMMA k= 1.72
for PVF,/a-PMMA and & = 1.39 for PVF;/s-PMMA. Clearly,
the experimental data are described quite well by these
theoretical curves. From the adapted & values in the
Gordon—Taylor relation for i-, a-, and s-PMMA, it can be
concluded that Ae, the jump in thermal specific expansivity
around Ty, has the highest value for i-PMMA and the
lowest for ssPMMA. The observed difference in Ae of i- and
s- PMMA confirms the results of other investigators'® and
can be explained by assuming that the a-transition (the
main chain rotation) of the isotactic chains coincides with
the general -transition (the ester group rotation) of PMMA
as has been previously suggested by Heyboer'?. He found
by dynamic—mechanical measurements the §-transition of
25°C, which is sufficiently apart from Tg of ss=PMMA
(130°C) but rather close to Tg of i-PMMA (51°C).

From literature'® we know that Ae =4.3 X 104 for
i-PMMA and Ae = 3.3 X 10—4 for a-PMMA. With ourk

values of 2.38 and 1.72 for PVF;/i-PMMA and PVF;/a-
PMMA, respectively, we could calculate then for PVF;:
Ae=19%0.1 X 10—4. Finally, this result enabled us to
calculate from our value k = 1.39 for PVF;,/s-PMMA a more
reliable value Ae = 2.6 £ 0.1 X 10-4 for s-PMMA. (s-PMMA
in literature'® showed too low a value of 7}.)

Melting point depressions in the blends

From the single glass transitions of quenched samples, it
has already been concluded that PFV; is compatible with
each of the three kinds of PMMA. Other indications for
compatibility in the melt phase are the depressions of the
melting point of PVF5 by PMMA observed during repeated
scanning (Figure 5) and isothermal crystallization (Figure 6),
as well as the lowering of the crystallization temperature
during repeated scanning (Figure 5).

As for low molecular weight solvents, the melting point
depression exhibits a quantitative measure for the binary
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interaction parameter. For a mixture of two polymers
Nishi and Wang? derived a relation between the melting
point depression and the interaction parameter based upon
Scott’s thermodynamic theory for a mixture of two
polymers?°:

1 R Vi, , 1
= X12 V1 +Fj— M

m

T, AHp, Vo,

where V1, = molar volume of the repeating units in PMMA
(82.0, 83.3, and 84.0 cm3/mol for i-, a-, and s-PMMA,
respectively)?' ; ¥, = molar volume of the repeating units
in PVF; = 35.6 cm3/mol %; R = universal gas constant
=1.99 eal/mol K; AHf, = molar heat of fusion of the
repeating units in PVF; = 1.60 kcal/mol 22; T}, = melting
point of PVF; crystals in the mixture; T9, = melting point
in pure PVF;; 17 = binary interaction parameter; vy =
volume fraction PMMA.

The binary interaction parameter is temperature
dependent:

BV,
= 2
X12= (2
Substitution in equation (1) results in:
1 VauBv? 1
_  — 4+ — (3)

The interaction energy density B can thus be calculated
from the slope of the plot 1/T,, as a function of v%/Tm.
Equation (3) is entirely based on thermodynamics and
does not take into account morphological effects such as
size and perfection of the crystals, which can give rise to
large deviations in the melting points of polymers?3.

So, one should finally prefer to study the influence of
different tacticities of PMMA on the interaction of PVF,
under mutually comparable crystallization conditions.
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Figure 8 Giass transition temperatures (Tg) of amorphous PVF3/
PMMA blends after quenching from the melt in liquid nitrogen.

A PVF,/i-PMMA; ®, PVF,/a-PMMA; B, PVF,/s-PMMA. .
are calculated with the theoretical Gordon—Taylor relation
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Figure 9 Depression of melting point Ty, of PVF; in PVF3/i-PMMA
blends (&), PVF,/a-PMMA blends (®) and PVF,/s-PMMA blends

(®), crystallized at a constant temperature of 155°C {plotted
according to equation (1); v; = volume fraction i-, a-, or s-PMMA).
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Figure 10 Depression of melting point Ty, of PVF, in PVF,/i-
PMMA blends (&) and PVF,/s-PMMA blends (®), crystallized at a
constant relative undercooling of 0.07, (plotted according to equa-
tion (3); v; = volume fraction i- or s-PMMA)}

Table 2 Interaction parameters derived from melting point depres-
sions at constant relative undercoolings

Interaction energy Difference

Relative density 8 {cal/cm3) in
undercooling, interaction,
(T =T ThH i-PMMA/PVF, s-PMMA/PVF, AB

0.10 —~2.20 —-t1.21 1.0

0.09 ~2.07 —0.90 1.2

0.08 -1.80 —0.54 1.3

0.07 -1.71 —-0.27 1.4

0.06 —1.26 0 1.3

The results of the repeated scanning procedure
(Figure 5) produce a first indication of a stronger inter-
action of PVF; with i-PMMA. In spite of the higher
crystallization temperatures, resulting in more perfect
crystals, the melting temperatures of PVF; are lower in
the i-PMMA containing blends than in those with a- and s-
PMMA. According to equation (1) this means that the

binary interaction parameter x17 is lowest for i-PMMA/PVF,.

However, because of the kinetic effects on polymer crystal-
lization during cooling, large differences in crystallization
temperatures are found for the three blends (Figure 5).

PVF; needs a larger undercooling for crystallization in
our s-PMMA containing blends than in i-PMMA and
a-PMMA containing blends. due to the higher melt viscosity,
as discussed before. Therefore, it is clear that the results of
such dynamic crystallization experiments are unsuitable for
a quantitative analysis of melting point depressions.

A first improvement was obtained by applying constant
crystallization temperatures. The results of such isothermal
crystallization also indicate a stronger interaction of
i-PMMA with PVF», since all crystallization temperatures
between 95° and 165°C produce the largest melting point
depressions in the i-PMMA containing blends. The results
of isothermal crystallization at 155°C are shown in Figure
6 and clearly demonstrate that the absence of kinetic
effects drastically diminishes the melting point depression.
Because of the rather low crystallization temperature the
undercoolings did not differ strongly, which permitted us
to evaluate the data from Figure 6 in terms of equation (1).
The result is shown in Figure 9 and leads to the following
values of x)2at melting temperatures around 177°C:
x12 = —0.13 for i-PMMA/PVF»; x| = —0.10 for
a-PMMA/PVF,; x12 = —0.06 for s-PMMA/PVF;.

For a better estimation of the differences in interaction
parameter of i- and s-PMMA with PVF,, we tried to reduce
even more the influence of the crystal morphology on the
melting points by choosing small and constant relative
undercoolings (T7% — T.)/T} for these blends. Here T3
is the equilibrium melting point of PVF» crystals in a blend
as found by extrapolation in a T},, — T, diagram according
to Hoffman and Weeks?®. For undiluted PVF, we found
T3, = 183.8° £ 0.5°C, in good agreement with literature
values?#>2%. In our study all PVF5 crystals were in the low-
melting form II, as has been confirmed by X-ray
diffraction®®.

In Figure 10 we plotted 1/T, vs. v%/ T}, according to
equation (3) for a constant and small relative undercooling
of 0.07. A least squares fit resulted in slopes of 0.038 and
0.006, corresponding to B values of —1.71 and —0.27
cal/cm?, for i-PMMA/PVF; and s-PMMA/PVF, respectively.
Table 2 shows that the interaction of PVF, with i-PMMA
is stronger than with s-PMMA, irrespective of the relative
undercooling. Although both B values are decreasing with
increasing relative undercooling, their difference AB
remains fairly constant.

From this temperature dependence it is clear that these B
values obtained for constant relative undercooling include
still some contributions of morphological effects. However,
the constant difference AB between s-PMMA/PVF; and
i-PMMA/PVF, should represent the difference in thermo-
dynamic interaction. Substitution of B into equation (2)
yields the following X7 values for T=175°C: x12 = —0.1
for i-PMMA/PVF3; x12 = 0 for s-PMMA/PVF,.

The difference with the values obtained from isothermal
crystallization experiments is clear and has to be attributed
to larger contributions of non-thermodynamic effects in
these experiments.
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