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ABSTRACT: The miscibility of C60-containing poly(methyl methacrylate) (PMMA-C60)
with poly(vinylidene fluoride) (PVDF) was studied. Two PMMA-C60 samples containing
2.6 and 7.4 wt % C60 were found to be miscible with PVDF based on single glass
transition temperature criterion and melting point depression of PVDF. However, the
interaction parameters of the two blend systems are less negative than that of the
PMMA/PVDF blend system, showing that the incorporation of C60 reduces the ability
of carbonyl groups of PMMA to interact with PVDF. © 2000 John Wiley & Sons, Inc. J Appl
Polym Sci 75: 1393–1396, 2000
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INTRODUCTION

Blending of two or more polymers is an important
method of making new materials. The properties
of polymer blends depend strongly on the misci-
bility of the component polymers. Miscibility oc-
curs when there are specific interactions, such as
hydrogen bonding, ionic, charge-transfer com-
plexes, acid–base type interactions, etc., between
the two polymers.

Recently, the syntheses of many types of C60-
containing polymers have been reported.1–4 The
possibility of producing novel materials that com-
bine the unusual properties of C60 and those of
polymers has attracted the attention of many re-
searchers. However, with the exception of our
previous work,5 the miscibility behavior of blends
of C60-containing polymers has not been studied.
In fact, the mixing of a C60-containing polymer
with other polymers is also a route of producing

novel materials. We have reported the effect of
C60 on the miscibility of two typical miscible
amorphous/amorphous polymer blends.5 C60-con-
taining polystyrene with C60 content up to 13.6 wt
% is still miscible with poly(2,6-dimethyl-1,4-phe-
nylene oxide), but it is partially miscible with
poly(vinyl methyl ether). We have chosen a typi-
cal miscible amorphous/crystalline polymer blend
system, poly(methyl methacrylate) (PMMA)/poly-
(vinylidene fluoride) (PVDF), to study the effect of
C60 on miscibility. It has been well established
that PVDF and PMMA are miscible in the melt,
and PVDF in the blend can crystallize upon cool-
ing when the blend contains more than 60 wt %
PVDF.6–20 In recent years, the dielectric relax-
ation of PVDF/PMMA blends has been exten-
sively studied.16–20

EXPERIMENTAL

PVDF was obtained from Scientific Polymer Prod-
ucts, Inc. Two poly(methyl methacrylate-co-2-bro-
moethyl methacrylate) samples were prepared by
free radical copolymerization. The bromine
groups in the copolymers were converted to azide
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groups followed by reaction with C60 to afford
C60-containing PMMA (PMMA-C60). Details of
the synthesis of PMMA-C60 were reported previ-
ously.23 Table I lists the main characteristics of
these polymers.

The blends were prepared by solution casting
using dimethylformamide as solvent. Solvent was
first allowed to evaporate at 110°C. The blends
were then dried in vacuo at 90°C for 2 weeks.

The glass transition temperatures (Tgs) were
measured using a TA Instruments (Model 2920;
Newcastle, DE) differential scanning calorimeter
(DSC) with a heating rate of 20°C/min. Samples
were first heated to 180°C and kept at that tem-
perature for 5 min before being cooled to 2100°C.
The quenched samples were then rescanned to
180°C. The initial onset of the change of slope in
the DSC curve was taken as Tg.

The equilibrium melting point of PVDF was
determined using the Hoffman–Weeks method.24

Isothermal crystallization experiments were car-
ried out in a Perkin–Elmer DSC (Model DSC-4;
Norwalk, CT). Each sample was kept at 200°C for
10 min and then allowed to crystallize at the
desired crystallization temperature (TC) for 72 h.
After crystallization the sample was cooled to
room temperature. The melting point (Tm) was
then measured using the TA Instruments 2920
differential scanning calorimeter with a heating
rate of 5°C/min. The peak of the melting endo-
therm was recorded as Tm of the sample. The
optical clarity of the amorphous blends at 200°C
was examined using an Olympus BH2-UMA po-
larizing optical microscope equipped with a Le-
itz–Wetzlar (Wetzlar, Germany) hot stage.

RESULTS AND DISCUSSION

All PMMA-C60-2.6/PVDF and PMMA-C60-7.4/
PVDF blends were brownish in color, and the
color became deeper with increasing PMMA-C60
content in the blend. Nevertheless, all the blends

were optically clear when examined under the
microscope at 200°C.

The DSC curves of various PMMA-C60-2.6/
PVDF blends are shown in Figure 1. Although
PMMA-C60-2.6 showed a distinct glass transition
at 132°C, PVDF showed a weak glass transition
at 243°C. Blend containing 25, 40, or 50 wt %
PVDF also showed a single glass transition. The
transition became broader and the Tg value
moved to a lower temperature with increasing
PVDF content in the blend. Thus, the optical clar-
ity of the melt and the existence of a single glass
transition show that these blends are miscible.
Blends containing 60 and 75 wt % PVDF are
semicrystalline as shown by the appearance of
melting endotherms in the DSC curves. The melt-
ing point of PVDF in the two blends are signifi-
cantly lower than that of PVDF. However, the
glass transitions of the two semicrystalline blends
were difficult to detect. Nevertheless, the optical
clarity of the melt and the melting depression of
PVDF by PMMA-C60-2.6 also suggest that the two
polymers are miscible in the melt.

The DSC curves of various PMMA-C60-7.4/
PVDF blends are shown in Figure 2. The features
of these DSC curves are similar to those of the
PMMA-C60-7.4/PVDF blends. As compared to
PMMA-C60-2.6, the glass transition temperature
of PMMA-C60-7.4 is higher, but the glass transi-
tion is broader. PMMA-C60-7.4/PVDF blends con-
taining 25, 40, and 50 wt % PVDF each showed a
broad glass transition, and the Tg value decreased
with increasing PVDF content in the blend.
Blends containing 60 and 75 wt % of PVDF are
semicrystalline, and the melting point of PVDF in
the blends also are depressed. Therefore, the

Figure 1 DSC curves of PMMA-C60-2.6/PVDF
blends: (a) 100, (b) 75, (c) 60, (d) 50, (e) 40, (f) 25, and (g)
0 wt % PVDF.

Table I Characteristics of Polymers

C60

Content
(wt %)

1023

Mn

1023

Mw

Tg

(°C)

PVDF 28 40 243
PMMA-C60-2.6 2.6 32.3 118.5 132
PMMA-C60-7.4 7.4 41.2 160.9 148
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PMMA-C60-7.4/PVDF blends also are judged to be
miscible.

For a miscible crystalline/amorphous polymer
blend system, the melting point depression of the
crystalline polymer by the amorphous polymer
can be used to calculate polymer–polymer inter-
action parameter x.7 For polymers with suffi-
ciently high molecular weights, x can be calcu-
lated using the expression:

1
Tm

2
1

Tm
0 5 2

RV2u

DH2uV1u
xf1

2

where Tm° and Tm are the equilibrium melting
temperatures of PVDF in the pure state and in
the blend, respectively; V1u and V2u are the molar
volumes of the repeating units of PMMA-C60 and
PVDF, respectively; DH2u is the molar melting
enthalpy of PVDF and f1 is the volume fraction of
PMMA-C60 in the blend. A plot of (1/ Tm 2 1/Tm°)
against f1

2 enables the calculation of from the
slope of the straight line. To remove the morpho-
logical effect on melting temperature, Tm and Tm°
are commonly determined using the Hoffman–
Weeks method, which involves the crystallization
of a sample at various crystallization tempera-
tures (TCs). Extrapolation of the experimental Tm
versus TC line to the Tm 5 TC line gives the
equilibrium melting temperature.

The Hoffman–Weeks plots of the two blend
systems are shown in Figures 3 and 4, and the
melting point depression plots are shown in Fig-
ure 5. The densities of the two PMMA-C60 sam-
ples are assumed to be the same as that of PMMA
(1.20 g/cm3).7 Using DH2u 5 1.6 kcal/mol25 and
V2u 5 36.4 cm3/mol,26 the x values were found to

be 20.25 and 20.16 for PMMA-C60-2.6/PVDF and
PMMA-C60-7.4/PVDF, respectively. The lack of
PMMA-C60 samples precluded the inclusion of
additional points in Figure 5. Therefore, the x
values provide only a rough estimation on poly-
mer-polymer interaction between PVDF and
PMMA-C60. Nevertheless the x values are sub-
stantially less negative than the reported x values
(20.2957) or interaction energy densities (22.98
cal/cm3,7 22.93 cal/cm3,27 217 J/cm3 28), deter-
mined by the melting point depression for the
PMMA/PVDF system. It appears that the inter-
action between PVDF and PMMA-C60 is weaker
than that that between PVDF and PMMA. The
miscibility of the PVDF/PMMA blends arises
from specific interaction involving the carbonyl
groups of PMMA and PVDF.13–15 It is reasonable
to conclude that the incorporation of C60 onto
PMMA must have reduced the ability of the car-
bonyl groups to interact with PVDF.

Figure 2 DSC curves of PMMA-C60-7.4/PVDF
blends: (a) 100, (b) 75, (c) 60, (d) 50, (e) 40, (f) 25, and (g)
0 wt % PVDF.

Figure 3 Hoffman–Weeks plots of PMMA-C60-2.6/
PVDF blends: (a) 100, (b) 75, and (c) 60 wt % PVDF.

Figure 4 Hoffman–Weeks plots of PMMA-C60-7.4/
PVDF blends: (a) 100, (b) 75, and (c) 60 wt % PVDF.

MISCIBILITY OF PMMA-C60/PVDF BLENDS 1395



REFERENCES

1. Hirsh, A. Adv Mater 1993, 5, 859.
2. Geckeler, K. E. Trends Polym Sci 1994, 2, 355.
3. Patil, A. O. In Polymeric Materials Encyclopaedia;

Salamone, J. C., Ed.; CRC Press, Boca Raton, FL,
1996.

4. Chen, Y.; Huang, Z. E.; Cai, R. F.; Yu, B. C. Eur
Polym J 1998, 34, 137.

5. Zheng, J. W.; Goh, S. H.; Lee, S. Y. Macromolecules
1997, 30, 8069.

6. Noland, J. S.; Hsu, N. N. C.; Saxon, R.; Schmitt,
J. M. Adv Chem Ser 1971, 99, 15.

7. Nishi, T.; Wang, T. T. Macromolecules 1975, 8, 909.
8. Wendorff, J. H. J Polym Sci Polym Lett 1980, 18,

439.
9. Tekely, P.; Laupretre, F.; Monnerie, L. Polymer

1981, 26, 1081.
10. Eijkelenboom, A. P. A. M.; Mass, W. E. J. R.; Vee-

man, W. S.; Werumeus Buning, G. H.; Vankan,
J. M. J. Macromolecules 1992, 25, 4511.

11. Papavoine, C. H. M.; Mass, W. E. J. R.; Veeman,
W. S.; Werumeus Buning, G. H.; Vankan, J. M. J.
Macromolecules 1993, 26, 6611.

12. Paul, D. R.; Altamirano, J. O. Adv Chem Ser 1975,
142, 371.

13. Coleman, M. M.; Zarian, J.; Varnell, D. F.; Painter,
P. C. J Polym Sci Polym Lett Ed 1977, 15, 745.

14. Roerdink, E.; Challa, G. Polymer 1980, 21, 590.
15. Leonard, C.; Halary, J. L.; Monnerie, L. Polymer

1985, 26, 1507.
16. Hahn, B.; Wendorff, J.; Yoon, D. Y. Macromolecules

1985, 18, 718.
17. Narula Rashmi, G. K.; Pillai, P. K. C. J Macromol

Sci Phys 1987, B26, 185.
18. Ando, Y.; Yoon, D. Y. Polym J 1992, 24, 1329.
19. Mijovic, J.; Sy, J. W.; Kwei, T. K. Macromolecules

1997, 30, 3042.
20. Aihara, T.; Saito, H.; Inoue, T.; Wolff, H. P.; Sluhn,

B. Polymer 1998, 39, 129.
21. Saito, H.; Sluhn, B. Polymer 1994, 35, 475.
22. Linares, A.; Acosta, J. L. Angew Makromol Chem

1998, 257, 23.
23. Zheng, J. W.; Goh, S. H.; Lee, S. Y. Polym Bull

1997, 39, 79.
24. Hoffman, J. D.; Weeks, J. J. J Chem Phys 1965,

142, 371.
25. Nakagawa, K.; Ishida, Y. J Polym Sci Polym Phys

Ed 1973, 11, 2153.
26. Joshi, R. M. In Encyclopedia of Polymer Science

and Technology; H. F. Mark, et al., Eds. Inter-
science: New York, NY, 1970; Vol. 13, p 788.

27. Gan, P. P.; Paul, D. R. J Polym Sci Part B Polym
Phys 1995, 33, 1693.

28. Jo, W. H.; Kwon, I. H. Macromolecules 1991, 24,
3368.
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