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Abstract: The phase behavior of blend films of poly(methyl methacrylate ) PMMA) and
poly( vinyl acetate)( PVAc) cast from chloroform has been investigated by light scattering,
differential scanning calorimeter{ DSC), scanning electron microscopy(SEM), and Fourier
transform infrared( FTIR ) spectroscopy. The PMMA/PVAc blend cast from chloroform ex-
hibited lower critical solution temperature( LCST) behavior. The interaction energy density
(A, cal/em®) between PMMA and PVAc, was given in the functional form, A=-0.100304 +
0.000090+0.000299T, where @ is the volume fraction of PVAc and T is the temperature in
Kelvin. The thermally induced phase separation behavior was also investigated at higher tenr
peratures ahove the LCST of the blend at the 50/50 composition by weight.
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INTRODUCTION

In last two decades, the miscibility of polymer
blends has been one of the most important sub-
jects in the polymer science.!™ Miscibility of
polymer blends 1s often judged from specimens
prepared by solution casting or melt mixing
method. These two blend preparation approach-
es In most cases achieve an equilibrium state;
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however, an inappropriate choice of tempera-
ture of solvent may lead to erroneous judge-
ment about miscibility. Particularly, the mea-
sured miscibility of the blend, when prepared by
solvent casting, is strongly dependent upon the
choice of solvent; A polymer blend exhibits
clear film when cast from one solvent, but
yields an opaque film when cast from another
solvent. One of the extensive investigations to
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detrmine the absolute miscibility is the blend of
poly (methyl methacrylate)(PMMA) and poly
(vinyl acetate)(PVAc) but much work using
different solvents to obtain the blend films have
reached different conclusions on the miscibili-
1y

Though many experimental techniques have
been developed for the characterization of poly-
mer miscibility, it is now recognized that the
measured miscibility depends on the technique
used.”1® For example, a polymer blend can be
miscible using one specific method but phase-
separated using another method*® depending
on the size of the phases and the resoluton limit
of the applied technique.

In this work, the miscibility and thermally in-
duced phase separation behavior of PMMA/
PVAc blend have thus been carefully examined
using several experimental techniques such as
differential scanning calorimetry (DSC), colud-
point measurement, Fourler transform infrared
(FTIR) spectroscopy and scanning electron mi-
croscopy (SEM). For this work, the PMMA/
PV Ac blend films were cast from chloroform.

EXPERIMENTAL

Materials and Blend Preparations. PM-
MA having M, =99,300 and M, /M_ =1.53 was
obtained from the Petroleum and Polymer
Research Center of Lucky Co., Ltd. PVAc
having M,, =78,800 and M, /M, =1.46 was pur-
chased from Junsei Co. Chloroform was used
after distillation.

Blend films containing PMMA and PVAc
mixtures were dried slowly In a glass plate at
room temperature and then kept In a vacuum
oven at 60°C until constant weight 1s reached.
The thermally induced phase-separted PMMA /
PVAc blends were prepared by heating the
blend in a vacuum oven from room temperature
to a given temperature(160, 170, and 190°C) at
a rate of about 1°C/min, holding at the tempera-
ture for 10min, and then slowly cooling to
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room temperature. In this case, the blend com-
position was fixed at 50/50 by weight.

Cloud Point measurements. The blend films
were cut into discs of 1.2cm diameter and put
on a glass microscope slide. A cover glass was
applied to protect the sample. The assembly was
inserted horizontally into a rectangular alumi-
num block, heated with resistance wires wound
around its surface. The cloud point measure-
ment equipment include the light source, detec-
tor, recorder and heating system. A lower-
power 2 mW He-Ne laser was used as the light
source, and a photodiode(EG & GHAV-1000)
with a sensitivity of 7 x10° V/W at R; =20MQ
for 6328 A wevelength) was used as the detec-
tor. All measurements were performed at 1.5°C
/min.

T, Measurements and FTIR Spectrosco-
py. The glass transition &emperatures(Tg) of
samples were measured with a Perkin-Elmer
DSC 7 using a heating rate of 10°C/min. The
T, value was taken as the half-hight of the
heat capacity jump. The measured T, is the
value based on the second run after heating to
120°C. FT-IR spectra were obtained using a
Analect FX-6160 FTIR spectrophotometer.
Sixty-four scans at a resolution of 2cm™ were
signal-averaged.

Morphology. The morphology of the blend
films after cryogenic fracture was examined by
SEM with a JEOL CSM-35CF SEM microscope.
The films were coated with gold before installa-
tion in the SEM chamber.

RESULTS AND DISCUSSION

Optical Clarity and T, Behavior. From
the standpoints of optical clarity, the PMMA/
PVAc blends cast from chloroform solutions
showed muscibility over the whole composition
range examined in this study at room tempera-
ture, since the PMMA/PVAc blends yielded
clear films when cast from chloroform solutions
over all the blend compositions at room temper-
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ature. The chloroform cast blend showed one
single T, on DSC thermograms over the entire
blend compositions. Fig. 1 shows the dependence
of T, of the chloroform cast PMMA/PVAc
blends on the blend compositions. The solid line
drawn in Fig. 1 was obtained from the Gordon-
Taylor equaton (1) with parameter k. The fig-
ure shows that the Tg of the PMMA/PVAc
blends observe the Gordon-Taylor equation
very well and k is determined as 0.52 for the
blends by nonlinear regressions.

W T + kw T
T, = Wpvac 1gPvac PMMA gPMMA 1y

Wpyae T K Wpvma

where wpya and wpy,, are the weight frac-
tions of PMMA and PVAc, respectively, and
Tepmma and Tgpys. are T, of PMMA and
PVAc, respectively. k is the ratio between the
volume expansion coefficients of the homopoly-
mers of the blend. The k value (0.52) obtained
in this work may be thought reasonable, consid-

140

120

100

80

60

Temperature (°C)

40

20r

0 A A A L

0 20 40 60 80 100
wt% PVAc

Fig. 1. Glass transition temperatures of the chloro-
form cast PMMA/PVAc blends as a function of
PVAc compositions. The dotted line denotes simple
additivity rule. The solid line shows that the depen-
dence of Tg on the blend compositions observes the
Gordon-Taylor equation with k equal to 0.52.
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ering the volume expansion coefficient of PVAc
(6.7x10* K™) and that of PMMA in the range
of 2.55x10%~5.80x10* K™ depending on the
Tg.“

Phase Diagram. Fig. 2 shows a cloud point
data as a function of PVAc composition. The
chloroform cast blend showed typical lower crit-
ical solution temperature(LLCST) behavior. The
data were fitted by a binodal curve calculated
on the basis of the Flory-Huggins free energy
of mixing, given below, with A regarded as an
adjustable parameter.?

4Gy =R | (Vil) 00, + (\%@ na)|
+ A0, 0, (2)

where 4Gy is the free energy per unit volume
of the mixture, V; and V, are the molar vol-
umes of polymer 1 and 2, and @ and @, are the
volume fractions of the two polymers. The quan-
tity /1, denoting the polymer-polymer interation
energy density, may depend moderately on hoth
the temperature and the composition of the
blend. We take the simplest functional form in-
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Fig. 2. Cloud-points for the PMMA/PVAc films
cast from chloroform.
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corporating these dependencies as
A=+ 40 +4 T (3)

The values of the constants 4, 4, and A giving
the best fit to experimentally determined cloud
points were evaluated by the method of
nonlinear least squares. The solid curve drawn
for PMMA/PVAc data in Fig. 2 was calculated
by equation (2) with the following A value:

/A= -0.100304 + 0.00009@ + 0.000299T (3)

where Ais in cal/cm® , @ is the volume fraction
of PVAc, and T is in Kelvin. The equation (3)
gives 1=0.023 cal/cm® at 150°C for 50/50 by
weight PMMA /PVAc¢ blend. Considering A=
0.011 cal/cm® for the well known miscible poly-
styrene(PS)/poly(vinyl methyl ether)(PVME)
blend at the comparable temperature and com-
position,'? the interaction between PMMA and
PVAc i1s not so much strong as that between
PS and PVME. The specific interaction be-
tween PS and PVME, giving rise to their misci-
bility, was reported 1o reside on the phenyl
group of the styrene monomer and COCHy of
PVME.}*~15

No work has yet been reported on the exact
nature of the intermolecular interaction be-
tween PMMA and PVAc. One of the difficulties
comes from the similar molecular structure of
PVAc and PMMA. It may be, however, thought
that their electron donor/electron acceptor in-
teraction is slightly different. PMMA behave ei-
ther as a proton acceptor through the negative
oxygen or as a proton donor owing to the influ-
ence of the positive carbon atoms of the carbon-
yl groups. The carbonyl carbons in PVAc, how-
ever, can be strongly positive and thus the
methyl group on the side chains may act as a
proton donor.'® Thus, the molecular interaction
between PMMA and PVAc may be presumably
due to the interaction between proton donor and
acceptor.
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The A values can be utilized as a semiquanti-
tative tool to estimate the interaction energy
density between polymer pairs interaction not
only through nonpolar forces but through other
types of forces, such as polar or hydrogen bond-
ing forces, as well.® It is interesting to note that
the temperature coefficient Ay of the interaction
energy density A (A /A, or more exactly, din A
/dT) is positive (0.013 for this work). Roe and
Zin® applied the equation-of-state considera-
tions to analyze the value of the polymer-poly-
mer Interaction energy density and its tempera-
ture dependence obtained in their work. They
explained that the blends exhibiting a UCST be-
havior have a positive /A value at low tempera-
ture, which in general decreases as the tempera-
ture 1s increased. Similarly, it may be assumed
that blends exhibiting an LCST behavior have
either a negative or a small positive A value at
low temperature, which increases rapidly with
increasing temperature. Thus, it i1s not surpris-
ing that the A;/A 1s positive for our miscible
PMMA /PVAc systems.

Fig. 3 shows T, behaviors for 50/50 by
weight PMMA/PVAc blends after heating to
various temperatures. It can be seen that the
two separated T,s of the blend shifts toward
that of each component polymer when anneal-
Ing temperature is above 170°C, being higher by
about 15°C than the LCST(The LCST for 50/50
by weight PMMA/PVAc blend was measured
as 156°C, as shown in Fig. 2). The degree of
shift in T, can be utilized as an indirect mea-
sure of the degree of phase separation.

SEM Micrographs. The miscibility of the 50
/50 by weight PMMA /PVAc blend cast from
choloroform is more clearly seen in SEM micro-
graph. Fig. 4(a) shows a typical SEM micro-
graph of the 50/50 by weight blend casting
from chloroform. The chloroform cast blend
showed very fine morphology implying miscible
blend. The phase separation behavior of the ini-
tially miscible chloroform cast blends with dif-
ferent heat treatment temperatures are also
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Fig. 3. DSC thermograms for 50/50 by weight
PMMA /PVAc blends cast from chloroform solution
after heating to various temperatures; A : as-cast,
B:160¢C,C:170C,and D : 1907C.

©)

seen in Fig. 4. The result is in accordance with
the DSC thermograms shown in Fig. 3. Thus,
the PVAc domain size of the thermally induced
phase separated blend becomes larger as the
heat treatment temperature increases. In this
case, PMMA forms continous phase and PVAc
consists of domain. It is more easily seen if one
take the SEM micrographs of the blend after ex-
traction with methanol which is a good solvent
for PVAc only.

FT-IR spectroscopy has long been recognized
as a powerful tool for the elucidation of struc-

I3~1517.18  The position, inten-

tural information.
sity, and shape of vibrational bands are useful
in clarifying conformational and environmental
changes of polymers at the molecular level
When two polymers are completely miscible,
there is a chemical interaction between the two
different polymers. This interaction leads to a

considerable difference between the spectrum of
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Fig. 4. SEM micrographs of chloroform cast films after heating to various temperatures; Alas-cast, B:1160C,

C:170, and D:1907C.
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the polymer in the blend and that of a pure
component. This interaction leads to consider-
able difference between the spectrum of the
polymer in the blend. Fig. 5 shows the FTIR
spectra of the (a) as-cast 50/50 by weight
blend and (b) 50/50 by weight blend after
heated at 170°C. The frequency of the C-O
band of PMMA was observed in a little differ-
ent position for the as-cast blend, which showed
miscibility based on the optical clarity and T,
behaviors.

The frequency shift of the peak due to
the C-O band of PMMA around 1146.9cm™
(4,:4.5cm"1) for the as-cast miscible blend im-
plies that there is a specific interaction between
PMMA and PVAc, which is already discussed
above. The small frequency shift, however,
means that the intermolecular interaction is not
strong. The frequency shift of the peak due to
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Fig. 5. FTIR spectra of the as-cast 50/50 by weight
PMMA /PVAc blend and the blend after heated at
170°C for 10 min. As a reference, the FTIR spectra
of the same blends before substracting the cantribu-
tion of PVAc from that of the blend system are also
lustrated.

940

the C-O band of PMMA became smaller as 4,
=2.5cm™ for the thermally induced phase sepa-
rated blend by heating it at high temperature
when compared to that of the as-cast blend. As
a reference, Fig. 5 also shows the FTIR spectra
of the (a) as-cast 50/50 by weight blend and
(b) 50/50 by weight blend after heated at 170
C before substracting the contribution of PVAc
from that of the blend system.

CONCLUSIONS

In this work, the PMMA/PVAc blends were
found to be miscible and exhibited LCST behav-
1or over the entire composition ranges when
they are cast from chloroform. The miscibility
of the blends was determined in terms of optical
clarity, Tg behavior, SEM micorgraphs, and
FTIR spectroscopy within the resolution limits
ranging from ca. 102 1to ca. 107 pm.”* It was
found that the interaction energy density(, cal
/em® ) between PMMA and PVAc, was given in
the functional form, A= -0.100304+0.00009 @
+0.000299T, where @ is the volume fraction of
PVAc and T is the temperature in Kelvin. The
FTIR spectral results showed that PMMA and
PVAc had weak molecular interactions. When
the 50/50 by weight PMMA/PVAc blend was
annealed at higher temperature than the LCST,
the thermally induced phase separation became
larger as the annealing temperature increased.
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