Miscibility and Phase Structure of Binary Blends of
Polylactide and Poly(methyl methacrylate)

GUOBAO ZHANG, JIANMING ZHANG, SHENGUO WANG, DEYAN SHEN

State Key Laboratory of Polymer Physics & Chemistry, Center for Molecular Science, Institute of Chemistry, Chinese
Academy of Sciences, Beijing 100080, Peoples Republic of China

Received 2 May 2002; revised 26 September 2002; accepted 7 October 2002

ABSTRACT: Blends of amorphous poly(DL-lactide) (DL-PLA) and crystalline poly(L-
lactide) (PLLA) with poly(methyl methacrylate) (PMMA) were prepared by both solu-
tion/precipitation and solution-casting film methods. The miscibility, crystallization
behavior, and component interaction of these blends were examined by differential
scanning calorimetry. Only one glass-transition temperature (7,) was found in the
DL-PLA/PMMA solution/precipitation blends, indicating miscibility in this system.
Two isolated 7,’s appeared in the DL-PLA/PMMA solution-casting film blends, sug-
gesting two segregated phases in the blend system, but evidence showed that two
components were partially miscible. In the PLLA/PMMA blend, the crystallization of
PLLA was greatly restricted by amorphous PMMA. Once the thermal history of the
blend was destroyed, PLLA and PMMA were miscible. The T, composition relationship
for both DL-PLA/PMMA and PLLA/PMMA miscible systems obeyed the Gordon—Taylor
equation. Experiment results indicated that there is no more favorable trend of DL-PLA
to form miscible blends with PMMA than PLLA when PLLA is in the amorphous state.
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INTRODUCTION

In the family of aliphatic polyesters, polylactides
(PLAs) have been considered as one of the most
interesting and promising biodegradable materi-
als. Because of its good biocompatibility and non-
toxicity, PLAs and their copolymers have been
used for biomedical applications, such as drug-
delivery systems,! implant materials for bone fix-
ation,? and surgical surture.® These materials
have the advantage of no retrieval of the device
after usage because their degradation products
can be metabolized in the body.* The increasing
use of biodegradable polymers in medicine, to-
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gether with specific properties required for spe-
cific applications, has promoted intensive re-
search into new material with potential applica-
tions in this field. The control of the degradation
behavior and mechanical performance on the ba-
sis of the structure/morphology/property is the
driving force of these studies.

Several approaches can be used to improve the
properties of PLA including blending and copoly-
merization. Extensive effort has been devoted to
the study of the effect of copolymerization of PLA
on the physical and chemical properties of the
final products. The optimization of properties
such as the rate of biodegradation, mechanical
properties, and hydrophilic-hydrophobic balance
has been mainly achieved by copolymerization
with other monomers or oligomer of poly(ethylene
glycol) (PEG).>® For example, copolymers of PLA
and poly(glycolic acid) have been produced to con-
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trol the degradation rate, and the degradation
time of this polymeric material can be varied from
months to years through compositional modifica-
tion.'%!! Hydrophilicity can be modified by insert-
ing PEG in the backbone of PLA, and the rates of
drug release can be modified by balancing the
amount of hydrophobic—hydrophilic segments in
the copolymer chain.®

Blending of polymers is a relatively simple and
more cost-effective method as compared with co-
polymer synthesis to modify polymer properties,
and it can represent, in some cases, an alternative
to copolymerization. Generally, blends exhibit
advantageous physical and chemical properties
that each individual polymer does not possess.
Through an opportune choice and the composition
of the second component of the blend, a tailor-
made material with some specific properties can
be obtained. A number of studies have focused on
the bending of PLA with other polymers or copol-
ymers. These blends include PLA with poly(3-
hydroxybutyrate) and poly(3-hydroxybutyrate-co-
3-hydroxyvalerate),'>13 blends of PLA with
PEG,'*716 and blends of PLA with poly(e-capro-
lactone) poly(glycolide).}”*® Properties of blends
depend not only on the chemical composition of
the blend but also on the compatibility or misci-
bility of the components; however, most of the
blends are immiscible. Gajria et al.'® found that
amorphous PLA is miscible with poly(vinyl ace-
tate), but it seems immiscible with ethylene-vinyl
acetate copolymer.?° Recently, Shuai et al.?! ex-
amined the blends of PLA with poly(vinyl alcolol)
and found that the blends are partially miscible
because of the specific interaction of intermolecu-
lar hydrogen bonding.

Poly(methyl methacrylate) (PMMA) is a syn-
thetic polymer with good chemical and physical
properties. In this article, the blends of both
poly(L-lactide) and poly(DL-lactide) with PMMA
were investigated. Miscibility, crystallinity, and
the morphological structure of two components
are the key factors that determine the properties
of the blends. This article centers on these sub-
jects. It is expected that blending of PLA and
PMMA may be an effective method for obtaining
PLA-based materials with improved properties as
compared with PLA.

EXPERIMENTAL

Materials

The PLLA samples used in this study were syn-
thesized in our laboratory according to the liter-

ature.?? The viscosity-average molecular weight
was 55 kg/mol, as determined by measuring the
intrinsic viscosity [7n] in chloroform solution at 30
°C. DL-PLA and PMMA were purchased from
Sigma and used as received. The weight-average
molecular weights of DL-PLA and PMMA were
150 and 1000 kg/mol, respectively, relative to
polystyrene standards of narrow dispersity, as
determined by gel chromatography (GPC) with a
PL-210 GPC with tetrahydroforan as the eluent.

Sample Preparation

Three polymer solutions in dioxane were pre-
pared separately at a concentration of 1% (w/v).
Predetermined amounts of the solutions were
mixed and precipitated into magnetically stirred
fivefold volume petroleum ether. After decanting,
the polymer was dried in vacuum at about 50 °C
for 48 h and then stored in a desiccator until use.
Samples prepared by casting from chloroform so-
lution were also used.

Measurement

A Mettler-Toledo-822¢ differential scanning cal-
orimeter (DSC), calibrated with indium, was used
to analyze the thermal properties of the blends.
The samples were first heated from room temper-
ature to 200 °C at the heating rate of 20 °C/min
and were annealed for 1 min at this temperature
to erase previous thermal history followed by
quenching in liquid nitrogen. The samples were
subsequently heated again to 200 °C at the heat-
ing rate of 10 °C/min. The thermograms of the
first and second DSC heating runs were both re-
corded. The glass-transition temperature (T,) was
taken as the temperature at the midpoint of the
corresponding heat-capacity jump in the second
heating runs. The melting temperature (7',,,) and
the apparent enthalpy of fusion (AHy) of each
sample were determined from the maximum and
the area of the melting endothermic peaks in the
first scans, respectively. All the DSC measure-
ments proceeded under N, of 20 mL/min.

RESULTS AND DISCUSSION

DL-PLA/PMMA Blends

For polymer blends, samples prepared by differ-
ent methods will have different results. In this
work, blends prepared by both solution/precipita-
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Figure 1. DSC thermograms in the second heating
runs for solution/precipitation DL-PLA/PMMA blends
with compositions from 100:0 to 0:100.

tion methods and solution-casting films are dis-
cussed. Figure 1 illustrates the thermograms ob-
tained in the second DSC heating run for DL-
PLA/PMMA solution/precipitation blends with
different compositions.

The T, of a polymer blend is one of the most
important criteria for the miscibility of compo-
nents. Miscibility between any two polymers in
the amorphous state is detected by the presence
of a single T, intermediate between those of the
two component polymers. Immiscibility of two
polymers is demonstrated by the retention of the
T, values of both individual components. In Fig-
ure 1, the blends of two polymers exhibit a single
T, in the whole composition range situated be-
tween the T’s of the individual components. The
location of the blend T, appears to be more or less
proportional to the composition of the blend. This
is a clear indication of miscibility of the two poly-
mers.

For ideal systems that are miscible and amor-
phous over the whole composition range, the re-
lationship between the T, and the composition of
the blend can be predicted by simple equations,
for example, the Gordon—-Taylor equation®®

Tg = Tgl + ka(Tg2 - Tgl)/(wl + ka) (1)
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where w; refers to the weight faction of compo-
nent i,and Ty, is its glass-transition temperature.
Subscripts 1 and 2 are used to designate compo-
nents 1 and 2. In this article, 1 and 2 represent
PLA and PMMA, respectively. & is an adjustable
parameter that has often been interpreted as a
miscibility measure because it has been related to
the interaction strength between the components
in a blend.

Figure 2 shows the variation of the observed
and calculated T, data (with the Gordon-Taylor
equation) as a function of the percentage of
PMMA in DL-PLA/PMMA solution/precipitation
blends. Where the solid line corresponds to the
Gordon—Taylor prediction for this system with %
= 0.5, the dashed line represents the weight av-
erage and the solid circles are the experimental
results. The figure demonstrates that the ob-
served and calculated values agree. The % value is
a miscibility measure that can be used to repre-
sent the interaction between two polymers. The
low % value (<1) often indicates weak interaction
between two polymers. From the experimental
results, all T, values are below weight average.
On the basis of the lower £ values and negative T,
deviation from the weight average, although the
blend system is miscible, no stronger interaction
occurs between DL-PLA and PMMA.

Figure 3 outlines the thermograms obtained in
the second DSC heating run for DL-PLA/PMMA
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Figure 2. T, versus composition in solution/precipi-
tation DL-PLA/PMMA blends. (®) Experimental re-
sults. Line A corresponds to the weight average, and
line B is drawn according to eq 1 with 2 = 0.5.
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solution-casting blends with different composi-
tions. Two isolated 7, series exist that correspond
to the DL-PLA-rich phase and the PMMA-rich
phase, respectively, suggesting that DL-PLA/
PMMA blends prepared by solution-cast film are
immiscible. For an immiscible blend showing par-
tial miscibility, the T, value of each component
phase should be affected by the other one, and
they should be shifted toward each other. Such
behavior is due to some degree of molecular mix-
ing at the interface between the two polymeric
phases. Figure 4 portrays the composition depen-
dence of T, for DL-PLA/PMMA. The T, values of
the DL-PLA-rich phase increase slowly with an
increasing PMMA content in the blends, suggest-
ing the presence of PMMA in the DL-PLA phase.
The T, values of the PMMA-rich phase relevant
to the blend compositions are very particular. The
blend with a higher DL-PLA content does not
indicate a lower T, value as compared with those
of lower DL-PLA content blends. Its lowest value
seems to exist when the DL-PLA content is 10%
in the blend.

In the case of partial miscibility, Fox’s law
could be used to determine the composition of the
phases.?* Because two T, values were discovered
in the DL-PLA/PMMA blends, DL-PLA-rich
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Figure 3. DSC thermograms in the second heating
runs for solution-cast DL-PLA/PMMA blends with com-
positions from 100:0 to 0:100.
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Figure4. T, versus compositions in solution-cast DL-
PLA/PMMA blends. Lines A and B correspond to the
PMMA-rich and DL-PLA-rich phases, respectively.

phases and PMMA-rich phases were assumed.
The compositions of these two phases are com-
puted in Fox’s equation

1T, =Wi/Ty + Wo/Ty, (2)
where Ty, Ty, Ty, W1, and W, have the same
meaning as before. Equation 2 can be rearranged
as

Wy =TTy = TN T(Ty, — Tey)] 3)

W2 = TgQ(Tg - Tgl)/[Tg(TgZ - Tgl)] (4)
Applying eqs 3 and 4 to the T, values of DL-PLA/
PMMA blends, the weight fractions of DL-PLA in
the DL-PLA-rich phase (W;) and PMMA in the
PMMA-rich phase (W,) were calculated. The re-
sults are listed in Table 1. The blends with DL-
PLA compositions ranged from 80 to 20%; the
blends behave similarly and separate into a DL-
PLA-rich phase, with DL-PLA compositions of
86.7-76.8%. For the DL-PLA/PMMA blends with
a high DL-PLA concentration (>80%), the blends
are miscible. Similarly, when blends with PMMA
compositions range from 80 to 40%, PMMA-rich
phases can be observed with PMMA compositions
0f 94.3-97.2%. However, when PMMA concentra-



tions are higher than 90%, the DL-PLA domain
may be segmentally dispersed in the continuous
PMMA phase; as a result, a miscible blend is
observed.

The question is why DL-PL/PMMA blends pre-
pared by different methods present totally differ-
ent thermal-analysis results. In polymer—polymer
mixtures, the entropy of mixing is very small
because of the small number of molecules in-
volved. Miscibility generally requires some favor-
able interactions such as hydrogen bonding, do-
nor—acceptor interaction, charge transfer, and so
forth, resulting in a negative exchange interac-
tion contribution to the free energy of mixing.
However, for the DL-PLA/PMMA blends, no such
strong specific interaction exists; only some kind
of weak dipolar interaction could take place owing
to the chemical structure of two polymers.

The differential solubility parameter (A§), de-
fined as the difference between the solubility pa-
rameters of the components of the blend, is often
used to estimate the miscibility of two compo-
nents.?® According to this concept, if two materi-
als are thermodynamically miscible, the critical
difference A8 should not exceed 0.5. Because the
value of 6 for DL-PLA is 10.1 and the value for
PMMA is 9.35 (calculated with the group contri-
bution method), DL-PLA/PMMA should not be
miscible. This seems to be congruence with the
thermal behavior of solution-cast blends. How-
ever, experimental evidence suggests that the
DL-PLA/PMMA solution/precipitation blend is
apparently miscible. Maybe these homogeneous
blends do not attain their equilibrium state.

Annealing experiment of polymer blends can
be used to examine polymer—polymer phase be-
havior. After annealing an immiscible blend for a
long time above T, each polymer relaxes toward
its equilibrium. Figure 5 displays the DSC ther-

Table 1. Phase Composition of DL-PLA/PMMA
Blends

DL-PLA/PMMA DL-PLA-Rich PMMA-Rich
(wq/ws) Phase W,% Phase W,%
10/0 100 —
9/1 91.5
8/2 86.6 —
6/4 83.6 97.2
4/6 80.6 96.7
2/8 76.8 94.3
1/9 — 91.8
0/10 — 100
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Figure 5. DSC thermograms of solution/precipitation
DL-PLA/PMMA blends (60/40) annealed at 115 °C for
different times.

mograms of DL-PLA/PMMA 60/40 annealed at
115 °C for different times. Only one 7', is observed
even when annealed for 48 h, indicating that the
blend is still miscible. Considering that the differ-
ential solubility parameter (A8) of DL-PLA and
PMMA is 0.66, which is close to the critical value
of miscibility, if some adequate mixing treat-
ments are applied, the miscible blend could be
obtained. The solution-casting samples are two-
phase segregated. This is because chloroform is a
better solvent for PMMA (6 = 9.3); with evapora-
tion of solvent, DL-PLA precipitates first and
then a two-phase blend is formed.

PLLA/PMMA Blends

The results of the DSC measurements for PLLA/
PMMA solution/precipitation blends are shown in
Figures 6—8. Figure 5 displays melting thermo-
grams obtained in the first heating runs for sam-
ples with compositions of 100:0—30:70. In con-
trast with the thermal behavior of DL-PLA/
PMMA blends, the blends exhibit a multiphase
structure. PLLA is of good crystallinity, and the
crystallization tendency of PLLA acts as a driving
force for phase segregation and the formation of a
segregated crystalline microdomain. In Figure 6,
the pure PLLA sample gives a relatively sharp
melting endotherm with a peak maximum at 160
°C. With an increasing PMMA content in the
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Figure 6. DSC thermograms in the first heating runs
for solution/precipitation PLLA/PMMA blends with
compositions from 100:0 to 30:70.

blends, the endothermic peak tends to lose its
prominence with an accompanying systematic de-
pression in the T, values. At a blend composition
of 30:70, it was difficult to detect the melting
endotherm with DSC. The apparent dispropor-
tionate reduction in the magnitude of the endo-
thermic peak area corresponds to a rapid de-
crease of the degree of crystallinity of PLLA in the
blends.

Table 2 summarizes the DSC measurement re-
sults of blends of PLLA/PMMA in the first and
second heating runs. The degrees of crystallinity
of L-PLA are calculated by the following equation:

X. = AH/(AHW) (5)

where AH;is the apparent enthalpy (indicated in
the DSC thermograms as melting enthalpy per
gram of blends) of fusion corresponding to the
component, W is the weight fraction of the weight
fraction of component, and AH? is the enthalpy of
fusion per gram of component in its completely
crystalline state (93 J/g for PLLA?%). The data in
Table 2 suggest that the crystalline degree of
PLLA decreases with an increasing concentration
of PMMA.

T, of the crystalline component in a blend de-
pends on both morphological and thermodynamic
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Figure 7. DSC thermograms in the second heating
runs for solution/precipitation PLLA/PMMA blends
with compositions from 100:0 to 0:100.

factors. On blending semicrystalline polymers
with other polymers, a decrease in 7', is evidence
of some degree of miscibility between the compo-
nents of a blend. As shown in Table 2, the T,
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Figure 8. T, versus composition in solution/precipi-
tation PLLA/PMMA blends. (®) Experimental results.
Line A corresponds to the weight average, and line B is
drawn according to eq 1 with £ = 0.5.
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Table 2. DSC Measurement Results of PLLA and PMMA Blends in the First and Second Heating Runs

First Heating Run

Second Heating Run

PLLA/PM T, AH, X, T, T, T, AH, X,
MA (w/w) °C) J/g) (%) C) °C) °C) J/g) (%)
10/0 160 39.6 42.5 56 122 160 39.2 42.2
a1 159 32.7 35.2 61 — 159 5.2 6.3

/3 157 18.3 28.3 68 — — — —

5/5 156 10.8 23.4 72 — — — —

3/7 — — — 92 — — — —

1/9 — — — 104 — — — —

values of the PLLA phase were slightly decreased
with an increasing PMMA content. This 7', com-
position dependence phenomenon indicates that
there is some interaction between PLLA and
PMMA.

More direct proof of polymer miscibility in
blends can be obtained by observing the behavior
of the T\, with composition. Figure 7 depicts the
DSC thermograms obtained in the second heating
runs for samples with compositions of 100:0-30:
70. The DSC thermograms of the second heating
runs are completely different from those of the
first heating runs. The PLA melting point disap-
pears, only one T, is observed, and its evolution
can be described by the Gordon—-Taylor law indi-
cating that PLLA and PMMA are miscible in the
blends. This result suggests that there is an effect
of different DSC runs on the miscibility degree of
the polymers. Once the crystalline phase has been
melted, high temperature allows two components
mixing together.

From the DSC thermogram of pure PLLA in
Figure 6, we also see an exothermic peak at about
122 °C; this peak is assigned to the cold crystal-
lization of PLLA. Double melting peaks appear at
155 and 160 °C in a pure PLLA sample, suggest-
ing that two populations of crystals with different
lamella thicknesses exist. The lower-temperature
peak is due to the melting of less thick crystals
than crystals corresponding to the high tempera-
ture. According to high-temperature X-ray dif-
fraction measurement performed up to 180 °C,
the diffraction pattern of the sample did not
change up to T,,; therefore, phase transition did
not occur.?’

One phenomenon is that the melting peaks of
PLLA in the second heating runs decrease dras-
tically with an increasing PMMA content. In fact,
only when PLLA contents in the blend are higher

than 90%), it is possible to observe the crystalliza-
tion and melting of PLLA crystals in the second
run, indicating that the crystalline kinetics of
PLLA was highly restricted by amorphous
PMMA. This phenomenon could be considered as
a typical example of a miscible blend in the amor-
phous state with a T, higher than that of the
crystalline compounds. In Figure 6, PMMA pre-
vents the crystallization in such a way that only
when the content of PLLA in blends is higher
than 90%, some degree of crystallization could
take place, similar to that obtained in the first
run with 30% PLLA.

In Figure 8, the T, observed in the second
heating run versus composition data on PLLA/
PMMA blends are replotted and compared with
the simple prediction of the Gordon-Taylor equa-
tion. Where the solid line corresponds to the Gor-
don—Taylor prediction for this system, the dashed
line represents the weight average and the solid
circles are the experimental results. The behavior
of the PLLA/PMMA blends resemble that of DL-
PLA/PMMA blends. When applying eq 1 to the
experimental results, a value of K = 0.5 was ob-
tained. The figure agrees with the observed and
calculated values. This suggests that there is no
more favorable trend of DL-PLA to form miscible
blends with PMMA than PLLA does when PLLA
is in the amorphous state.

CONCLUSIONS

Blends prepared by different methods appear to
exhibit different thermal behavior. On the basis
of the DSC results, in solution/precipitation
blends, DL-PLA is miscible with PMMA because a
single T, suited between the T\’s of the two pure
components at every composition is observed. In
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contrast with the behavior of solution/precipita-
tion blends, two isolated T’s appear in DL-PLA/
PMMA solution-casting film blends, suggesting
two segregated phases in the blend system, al-
though evidence shows that two components are
partially miscible.

In the PLLA/PMMA blend, the crystallization
tendency of PLLA acts as the driving force for
phase separation. However, the crystallization of
PLLA was greatly restricted by amorphous
PMMA; this is a typical example of a miscible
blend in the amorphous state with a T, higher
than that of semicrystallization components. Ev-
idence shows there is an effect of different DSC
runs on the miscibility degree of the polymers.
Once the crystalline phase has been melted, high
temperature allows two components mixing to-
gether. In addition, the T, composition relation-
ship for both DL-PLA/PMMA and PLLA/PMMA
miscible systems obeys the Gordon—Taylor equa-
tion. Experimental results suggested that there is
no more favorable tendency of DL-PLA to form
miscible blends with PMMA than PLLA does
when PLLA is in the amorphous state.

The authors are indebted to the Basic Science Research
and Environment Grant of China for their financial
support (973 Project G1999054306).
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