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ABSTRACT: Miscibility behavior of blends of isotactic and syndiotactic poly(methyl methacrylate) (iPMMA
and sPMMA) was investigated as a function of annealing temperature and molecular weight of the iPMMA
component. Annealing experiments clearly indicate that for the high molecular weight iPMMA sample formation
of stereocomplexes between isotactic and syndiotactic PMMAs is hindered. Annealing experiments carried out
in the temperature range 313-473 K, followed by DSC measurements, showed that iPMMA is completely miscible
with sPMMA only in a narrow temperature range around 350 K. To explain these experimental data, a simple
theoretical model for the prediction of phase behavior of polymer blends involving dispersive interactions, is
presented. This model accounts for subtle structural differences (e.g., stereoisomerism) between the repeat units
of the blend components, and by incorporating the surface to volume ratios into the original Flory-Huggins
solubility parameter approach, which makes it possible to account for packing effects on blend miscibility. The
model is able to predict the presence of both UCST and LCST experimentally observed for stereoregular PMMA
blends, without employing an equation of state approach.

1. Introduction

Over the past few years several reports on miscibility of
polymer blends in which the components differ only in
stereochemical compositions have been published.1-7 For
example, the miscibility behavior of stereoregular blends of
polypropylene1-3 and polystyrene4-6 has been extensively
studied. We have recently carried out measurements on blends
of head-to-head polypropylene with conventional head-to-tail
atactic, syndiotactic and isotactic polypropylenes.7 The main
interest in these systems stems from the fact that, since the blend
components have identical repeat units, a variation in the phase
behavior is solely a consequence of microstructural differences
between the blend components.

The miscibility behavior of isotactic/ syndiotactic poly(methyl
methacrylate) (iPMMA/sPMMA) has also generated consider-
able interet.8-10 A unique feature of this blend system is the
large difference between the glass transition temperature of the
isotactic and syndiotactic structures (Tg of iPMMA ≈ 333 K
andTg of sPMMA ≈ 408 K). Thus, in principle, one can employ
differential scanning calorimetry (DSC) to investigate blend
miscibility. However, contrasting results have been reported in
the literature.

Using dilatometry, Krause and Roman8 reported that isotactic
PMMA is miscible with the syndiotactic form while Bauer and
Bletso,9 based on dilatometry, mechanical damping, and tor-
sional modulus data, reached the conclusion that iPMMA/
heterotactic PMMA blends are immiscible. DSC measurements
carried out by Schroeder et al.10 indicated that when iPMMA
and sPMMA samples of comparable molecular weight are

mixed, miscible systems form at all compositions. By perform-
ing annealing experiments, these authors concluded that the
lower critical solution temperature (LCST) of these blends was
located above the degradation temperature of PMMA.

As reported by various authors, stereocomplexation between
iPMMA and sPMMA adds further complexity to any study of
miscibility behavior in stereoregular PMMA blends.11-18 The
idea of stereospecific interaction between isotactic and syndio-
tactic PMMAs was first proposed by Liquori et al.11 Later,
several studies were devoted to a better understanding of the
nature and structure of the stereocomplex. For example,
Bosscher et al.13 suggested that the ester group of the isotactic
chain and theR-methyl group of the syndiotactic chains are
involved in the process of complexation.

Particular attention has been paid to the determination of the
experimental conditions that favor association in solution and
in bulk. These studies are particularly relevant when dealing
with blends of steroisomeric PMMAs that may form stereo-
complexes depending on temperature, molecular weight and/
or solvent.

It was found by Challa and co-workers12 that the nature of
the solvent has considerable impact on complex formation.
Solvents for PMMA can be divided into three categories: those
strongly complexing (e.g., acetone and tetrahydrofuran); those
weakly complexing (e.g., toluene and benzene); and noncom-
plexing (e.g., chloroform and dichloromethane). Other factors,
such as temperature, polymer concentration, mixing ratio of the
stereoregular polymers, and contact time may also influence
the formation of stereocomplexes between iPMMA and
sPMMA.

DSC studies of the stereocomplexes have shown that anneal-
ing in the temperature range 403-433 K produces a melting
endotherm on subsequent heating at about 463 K, even with
samples precipitated from a noncomplexing solvent.14 However
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the formation of a complex in bulk is a less favorable process
than complexation in dilute solution since the maximum degree
of crystallinity measured for the former is half the value found
in solution prepared complexes.

Schomaker and Challa15 investigated the process of stereo-
complexation between isotactic and syndiotactic PMMA in the
bulk, as a function of annealing temperature, annealing time
and molar mass using DSC and WAXS. At low annealing
temperatures (≈383 K), the authors observed multiple endot-
herms with different characteristics. The same authors also
performed annealing experiments at 413 K as a function of the
iPMMA (weight-average molar mass,Mw equal to 3.2× 10-4

and 7.4× 10-5 g mol-1) and sPMMA molar mass (Mw )
8.5 × 10-4 and 6.2× 10-5 g mol-1) and concluded that
low molar mass is necessary for complexation, favoring chain
mobility. However, a systematic study of stereocomplexation
and how this is affected by changing the molecular weight of
one of the blend components, e.g., iPMMA, has yet to be
performed.

Recently, Lemieux et al.18 while investigating the crystal-
lization behavior of the stereocomplexes as a function of
annealing temperature, observed two distinct glass transitions
corresponding to theTgs of the pure components. This led to
the conclusion that an heterogeneous phase is formed, as
indicated by the twoTgs.

While contradictory reports have appeared on the phase
behavior of iPMMA/sPMMA blends, one should note that this
contradiction may be due to differences in the sample’s molar
mass or its tacticity, often not reported.

In this paper, we investigate systematically the miscibility
behavior of narrowly distributed iPMMA/sPMMA blends as a
function of annealing temperature and iPMMA molar mass.
Thus, the phase behavior of 50/50 wt % blends of low, medium
and high molecular weight isotactic PMMA blended with
sPMMA is investigated using DSC and dynamic mechanical
thermal analysis (DMTA).

The experimental data are compared with theoretical predic-
tions from a newly developed, simple theoretical model which
is described in this paper, for the first time.

2. Experimental Section

2.1. Materials. The iPMMA1 sample was purchased from
Polysciences and used as received while iPMMA2 and iPMMA3
were obtained by fractionating a iPMMA sample from Polysciences.
The sPMMA sample was kindly supplied by Professor Julia Higgins
(Imperial College, U.K.). Sample tacticities (%) were determined
by 13C NMR measurements at 373 K, using a 400 MHz Bruker
spectrometer (Table 1). Polymer solutions for13C NMR measure-
ments were prepared in deuterated tetrachloroethylene.

2.2. Molecular Weight Determination. Polymer molecular
weights were determined by gel permeation chromatography
(Waters) in THF solution using two Polymer Laboratories 5µ
mixed-C columns operating at a flow rate of 1.0 mL min-1.
Calibration was performed by narrow molecular weight polystyrene
(PS) standards. Values of weight-average molar mass,Mw, and
polydispersity are given in Table 1.

2.3. Blend Preparation.For iPMMA/sPMMA blends, the choice
of solvent is critical in minimizing the possibility of stereocomplex
formation between the stereoisomers. As a result, dichloromethane

was employed as the solvent for blend preparation.12 The resulting
solution was coprecipitated by dropwise addition to a nonsolvent
(petroleum ether). The precipitated polymer was dried in a vacuum
oven at room temperature for 3 days to ensure complete solvent
removal.

2.4. DSC Measurements.Glass transitions (Tg) were determined
using a TA Instruments DSC 2010 with both heat flow and
temperature scales calibrated against indium metal. Nitrogen was
used as purge gas and samples were scanned at 20°C min-1. All
Tg values listed in Table 1 refer to the midpoints of the inflection
in the DSC traces.

For the blends, prior to the DSC measurements, samples were
heated above the melting point of the stereocomplex (363 K) for
20 min, and this was followed by quenching to the desired annealing
temperature. This procedure was adopted for all samples, including
the pure components. The same sample was used for all annealing
experiments.

2.5. DMTA Measurements.Three DMTA measurements were
carried out on the iPMMA2/sPMMA blend. A sample was prepared
by melt pressing at 473 K to prevent stereocomplex formation, and
it was annealed for half an hour atT ) 473 K and then quenched
to room temperature. Three different samples were then cut from
this initial film for the subsequent DMTA measurements. One of
the samples was measured as prepared whereas the other two
samples were annealed at 353 and 313 K, respectively, for 12 h.
After annealing, they were quenched to room temperature and used
for DMTA measurements. A typical sample size was 1.2 cm× 1
cm× 0.08 cm. Single cantilever DMTA measurements were carried
out using a heating rate of∼2 K/min and a frequency of 1 Hz.

3. Theoretical Model

The theoretical model developed here is based on the idea
proposed by Staverman that differences in segmental surface
areas of the components are of utmost importance to correctly
predict phase behavior of mixtures of small molecules.19 As
detailed below, Staverman’s idea is here incorporated into the
classical Flory-Huggins (FH) theory and therefore extended
to polymer mixtures.

The traditional FH theory is frequently employed in calcula-
tions of polymer-polymer phase diagrams. The Gibbs free
energy of mixing is given by the well-known expression20

whereæ1 is the volume fraction andmi the number of repeating
units in each polymer chaini. ø is the FH interaction parameter
which can be estimated fromBVref/RT, whereB is the solubility
parameter difference (δ1 - δ2),2 Vref is the reference volume,R
is the gas constant, andT is the temperature.

Various factors such as chain connectivity,21 chain stiffness,22

free volume,22,23 and interactions between blend components24

are known to contribute to the Gibbs free energy of mixing,
leading to nonideality. Traditionally, these effects have been
collectively accounted for in some manner, for example, by
makingø both temperature and composition dependent. Thus,
for a reasonably accurate prediction of blend phase behavior
both temperature and composition dependence of the dominant
factors affectingø must be included in eq 1.

3.1 Relationship between Solubility Parameter Difference
[(δ1 - δ2)2] and Surface to Volume Ratio (s). The FH theory
is able to predict miscibility due to apparent energetic interac-
tions but it neglects packing effects. In order to describe the
effect of packing on enthalpy due to structural variations
(e.g., stereo and structural isomerism), the solubility para-
meter differenceB can be related to the surface to volume ratios

Table 1. Characteristics of PMMA Samples Used in This Work

polymer Mw/g mol-1 Mw/Mn Tg/K tacticity

sPMMA 85 100 1.14 408 ≈88% rr
iPMMA1 300 000 1.66 342 ≈74% mm
iPMMA2 100 000 1.14 334 ≈90% mm
iPMMA3 48 000 1.22 329 ≈90% mm

∆Gm )
æ1ln æ1

m1
+

(1 - æ1)ln(1 - æ1)

m2
+ øæ1(1 - æ1)

(1)

1668 Ragupathy et al. Macromolecules, Vol. 40, No. 5, 2007



(s ) surface/volume) of the corresponding molecules,s1 and
s2, in the mixture by using the van Laar heat of mixing.25

wheresj ) s1æ1 + s2(1 - æ1).
Since the term on the RHS of eq 2 represents the solubility

parameter differenceB, if we defineν ) s1/s2 and rearrange,
we obtain

3.2. Relationship betweensand Chain Conformation. The
surface to volume ratio can be calculated using the Bondi’s26

group contribution method. For polymers,s calculated in this
manner will not reflect the effect of the surrounding environment
or chain size. Hence, it is necessary to incorporate the influence
of the surrounding molecular environment ons, and here we
introduce a definition based on the random coil conformation
of the polymer chains

whereRg is the radius of gyration of the polymer chain andV
the corresponding volume.

The radius of gyration,Rg, is identified with the unperturbed
chain dimension and is defined in terms of the Kuhn segment
length, which is in turn related to the characteristic ratio,C∞.
Coincidentally, this definition ofs is closely related to the
structural parameterâ2 ) Rg

2/V defined by Helfand and Sapse.27

For defining chain conformation quantitatively, it is conve-
nient to conform to the procedure of Wu who has identified
elementary rotational units for a large number of polymers.28,29

Hence, using Wu’s analysis, the radius of gyration of a real
chain can be written as follows:

wherebk ( ) C∞〈lV〉) is the Kuhn length,n is the number of
elementary or statistical skeletal units in a chain, and〈lV〉2 is
the mean square length of a statistical skeletal unit. Subtle
changes in the structure of the elementary units can alterC∞
(and henceRg, thus affectings and so the phase behavior).

Using eqs 4 and 5 and the definition of Kuhn segment volume
Vb ) Vbk/nlV, whereV is the volume of the polymer chain, the
surface to volume ratio in the bulk can be defined as follows.

By considering a cylindrical unit (Vb ) πr2h) of lengthbk and
diameterd, it follows that

Using these relationships, from the solubility parameter differ-
ence to the characteristic ratio, and applying the spinodal

condition (∂2∆Gmix/∂æi
2 ) 0), a phase diagram of temperature

(T) vs volume fractions (æ1) can be generated.

4. Results and Discussion

Figure 1 shows the DSC traces of iPMMA1, iPMMA2,
iPMMA3, and sPMMA. The midpointTgs of iPMMAs and
sPMMA were observed to be in the range 330-340 K and at
408 K, respectively (Table 1) and so results are in good
agreement with values reported in the literature.18 It is likely
that the higherTg value for iPMMA1 may be due to the lower
isotacticity of this sample compared to iPMMA2 and iPMMA3.

4.1. Formation of Stereocomplexes in iPMMA/sPMMA
Blends. The optimum temperature for formation of a stereo-
complex between isotactic and syndiotactic PMMA is 408 K,
as reported by Feitsma et al.14 Figure 2 gives the DSC scans
for 50/50 wt % blends of iPMMA1/sPMMA, iPMMA2/
sPMMA, and iPMMA3/sPMMA, annealed at 408 K for 12 h.
As shown in Figure 2, the large endothermic peak observed at
∼460 K for the iPMMA2/sPMMA and iPMMA3/sPMMA
samples corresponds to melting of the stereocomplexes.15 Values
of the endothermic peak maxima and∆Hm (associated with at
least a(5% uncertainty) are listed in Table 2. They are in good
agreement with literature data.14,15

Because of the presence of a large endothermic peak, all glass
transitions are ill defined, in a similar way to semicrystalline
polymers where the glass transition is often barely discernible
in the DSC trace, due to high levels of crystallinity.

∆Hm

æ1(1 - æ1)
) [δ1(s2

sj )1/2

- δ2(s1

sj )1/2]2

(2)

B )
(δ1 - δ2xν)2

æ1ν + (1 - æ1)
(3)

s )
4πRg

2

V
(4)

Rg
2 ) 1

6
C∞n〈lV〉

2 ) 1
6
bkn〈lV〉 (5)

s )
2πbk

2

3Vb
(6)

s )
8bk

3d2
(7)

Figure 1. DSC thermograms of pure PMMAs. Each trace is displaced
vertically for clarity.

Figure 2. Effect of molecular weight on stereocomplex formation for
50/50 iPMMA/sPMMA blends annealed at 408 K. Each trace is
displaced vertically for clarity.

Table 2. Endothermic Peak Characteristics of iPMMA/sPMMA
Samples after Annealing at 408 K

blends Tm/K ∆Hm/J g-1

iPMMA3/sPMMA 449 22
iPMMA2/sPMMA 463 20
iPMMA1/sPMMA
30 h 461 4
3 days 466 6
14 days 468 9
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Surprisingly, no endothermic peak is observed for the
iPMMA1/sPMMA sample after 12 h annealing, suggesting that
the high molecular weight iPMMA1 does not form stereocom-
plexes with sPMMA. However, after increasing annealing time
to 30 h, a small endothermic peak was observed at∼460 K.
The intensity of this peak further increases upon annealing for
3 and 14 days (Figure 3). The peak maxima and the estimated
∆Hm values are given in Table 2.

These observations are consistent with work of Schomaker
and Challa15 who reported that highMw hinders the lamellar
crystallization of the stereocomplexes when annealing at 413
K. In the present study, theMw of the iPMMA sample is 3.5
times higher than that of sPMMA, which might explain why
the stereocomplexation does not take place during short an-
nealing times (∼12 h).

4.2. Miscibility Studies of 50/50 iPMMA1/sPMMA. Figure
4 shows the DSC traces obtained after annealing the 50/50 wt
% iPMMA1/sPMMA blend from 313 to 473 K (Tann). The
observed midpointTg together with the∆T values, correspond-
ing to the difference betweenTg onset and final, are given in
Table 3.

For annealing temperatures,Tann, in the range 313-343 K,
stereocomplexation is negligible as indicated by the absence of
the endothermic peak around∼460 K in Figure 4. In addition,
the blends exhibit twoTgs indicating phase separation of the
iPMMA1 and sPMMA components. With increasingTann from
313-343 K, the difference betweenTgs decreases and this is

accompanied by decreasing∆T values forTg2 (Table 3). These
results suggest that miscibility of iPMMA with sPMMA
increases gradually when increasingTann from 313 to 343 K.

At Tann ) 353 K, a singleTg ()371 K) is observed with a
small ∆T of 10, clearly indicating that iPMMA is completely
miscible with sPMMA. This is in good agreement with the
calculatedTg value (373 K) using the Flory-Fox equation31

where w1 and w2 are the weight fractions of the blend
components with glass transitionsTg1 andTg2, respectively, and
Tg12 is the blend glass transition. Flory-Fox behavior is typically
expected for one-phase systems with little or no interaction
between the components.

Similar results were obtained on annealing at 363 and 373
K, but in this case the observed breadth of theTg values was
18 and 35 K respectively, suggesting that samples are only
marginally miscible at these temperatures. But, Lemieux and
Prud’homme18 observed twoTgs at these annealing temperatures
(363 and 373 K) and concluded that iPMMA and sPMMA are
immiscible. The apparent contradiction between our results and
those of Lemieux and Prud’homme18 is likely to be a result of
molecular weight and polydispersity differences between samples
as well as differences in blend composition.

Once again, atTann) 383 K, two transitions, at 374 and 406
K, were observed (Figure 4). The breadths of these transitions
are 41 and 8 K, respectively (Table 3). The second transition at
406 K was attributed to the decomplexation of complexed
sections formed during scanning by Schomaker and Challa.15

However, one should note that a similar transition was not
observed at any other annealing temperatures, which suggests
that there may be a low degree of stereocomplexation occurring
only at 383 K.

Annealing experiments carried out at higher temperatures,
i.e., above 408 K (Figure 4) reveal singleTgs at all annealing
temperatures. The relatively large breadth of these transitions
compared to those of the pure polymers indicates that these may
only be marginally miscible at these temperatures.

4.3. Miscibility Studies of 50/50 iPMMA2/sPMMA. The
effect of annealing on the miscibility of 50/50 wt % iPMMA2/
sPMMA is shown in Figure 5.Tg and ∆T values ((5%
uncertainty) are summarized in Table 4.

At Tann ) 313 K, no stereocomplexation takes place, as
suggested by the absence of a peak around 463 K. In addition,
the blend exhibits twoTgs indicating phase separation of
iPMMA2 and sPMMA. Similar results are obtained at 323 and
333 K where again no stereocomplexation takes place and two
distinct Tgs are observed. For this system, whileTg1 is very

Figure 3. Effect of annealing time on a 50/50 iPMMA1/sPMMA
samples, at 408 K. Each trace is displaced vertically for clarity.

Figure 4. DSC thermograms of 50/50 iPMMA1/sPMMA blends as a
function of annealing temperature. Arrows indicate thermal transitions
and each trace is displaced vertically for clarity.

Table 3.Tg and ∆T Values Obtained after Annealing 50/50
iPMMA1/sPMMA Blend Samples

Tg1/K Tg2/K

Tann/K Tg ∆T Tg ∆T

313 342 11 364 27
323 350 10 373 22
333 349 10 375 23
343 363 10 381 10
353 371 10
363 377 18
373 367 35
383 374 41 406 8
408 373 40
423 366 36
473 373 27

1
Tg12

)
w1

Tg1
+

w2

Tg2
(8)
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pronounced,Tg2 is not well-defined, but a small transition around
390 K can be detected. Moreover, theTg values move closer
together whenTann increases from 313 to 333 K. The breadth
of Tg2 decreases upon annealing from 19 to 5 K whereas values
for Tg1 increase from 6 to 9 K. These results suggest slow
diffusion of sPMMA into iPMMA and hence miscibility
between the two polymers increases gradually when increasing
Tann from 313 to 333 K.

Unlike the iPMMA1/sPMMA blend, a single phase was
observed for iPMMA2/sPMMA atTann ) 343 K, with a single
Tg at 362 K (∆T ) 10 K). This is in good agreement with the
calculatedTg value (367 K) using the Flory-Fox31 eq 8. At
Tann ) 353, even though a slight broadening of the iPMMA2/
sPMMA glass transition is evident (∆T ) 16 K), the system is
still one-phase. WhenTann reaches 363 K, the observed single
Tg is broader (∆T ) 28 K) than at lower annealing temperatures,
suggesting a marginal miscibility of iPMMA2 with sPMMA.
Moreover, a broad endothermic peak is observed around 450
K, indicating the melting of stereocomplexed sections of the
polymer chains.15 Here again the observed miscibility behavior
is in contradiction with the Lemieux and Prud’homme18

annealing experiments.
As shown in Figure 5, annealing at and above 373 K causes

a broadening of theTg and appearance of two overlapping

endothermic peaks in the region 425-460 K. Using a mecha-
nistic model, Schomaker and Challa15 identify these two
endotherms with (a) the decomplexation of sections partly
organised into fringed-micellar clusters (forTm ) 430 K) and
(b) the simultaneous decomplexation and melting of lamellarly
crystallized complexes (forTm ) 463 K).

At Tann ) 408 K, theTg is almost undetectable and a strong
endothermic peak is observed at∼463 K due to melting of
stereocomplexes. As indicated by Schomaker and Challa,15 at
low annealing temperatures (Tann) 373 and 383 K), the rate of
complexation is faster than the subsequent crystallization and
this results in an endotherm around 430 K. At higher annealing
temperature, (Tann ) 408 K) lamellar crystallization occurs
directly and is observed as an endothermic peak at 463 K.

Further annealing at 423 K leads to a broad glass transition
(∆T ) 35 K) and comparatively small endothermic peak around
463 K whereas at 473 K, the DSC trace shows evidence of two
glass transitions, indicating phase separation of iPMMA2 and
sPMMA.

4.4. Miscibility Studies of 50/50 iPMMA3/sPMMA. An-
nealing experiments for the 50/50 wt % iPMMA3/sPMMA
sample were carried out in the temperature range 313-473 K
and the DSC traces are shown in Figure 6 whileTg and ∆T
values are reported in Table 5.

As observed for the other blends, the miscibility behavior
and stereocomplex formation are highly dependent upon the

Figure 5. DSC thermograms of 50/50 iPMMA2/sPMMA blends. Each
trace is displaced vertically for clarity. Arrows indicate thermal
transitions.

Table 4.Tg and ∆T Values Obtained after Annealing the 50/50
iPMMA2/sPMMA Sample

Tg1/K Tg2/K

Tann/K Tg ∆T Tg ∆T

313 343 6 363 19
323 348 7 366 14
333 355 9 389 5
343 362 10
353 370 16
363a 374 28
373a 406 41
383a 356 30
408b

423 347 35
473 353 10 367 13

a Stereocomplexation occurs and is followed by lamellar crystallization
while increasing annealing temperatures from 363 to 408 K.15 b Melting
of lamellarly crystallized stereocomplexes at 463 K (peak maximum).

Figure 6. DSC thermograms of 50/50 iPMMA3/sPMMA blends as a
function of annealing temperature. Arrows indicate thermal transitions.
Each trace is moved vertically for clarity.

Table 5.Tg Values after Annealing a iPMMA3/sPMMA (50/50 wt
%) Sample

Tg1/K Tg2/K

Tann/K Tg ∆T Tg ∆T

313 341 8 359 19
333 353 8 371 6
353 366 20
363a

408b

423 360 29 c
473 355 38

a Stereocomplexation followed by lamellar crystallization occurs, peak
maxima are at 407 and 449 K, respectively.b Lamellar crystallization occurs,
which melt at 449 K.c Lamellar crystallization occurs, melting observed
at 460 K.
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annealing temperature. At lowTann, two glass transitions are
observed indicating immiscibility up to 333 K for this blend
system. As mentioned for the other blends, the twoTgs move
closer together with increasingTann and changes in∆T values
associated withTg2 are observed.

This blend is miscible at 353 K, although the singleTg is
associated with a∆T value (20.2), which is higher than that of
the individual PMMA components. Moreover, the observation
of a small shoulder locates the onset of stereocomplexation
between iPMMA3 and sPMMA at 450 K.

At Tann ) 363 K, theTg is almost undetectable and the two
melting peaks at 407 and 450 K indicate formation of stereo-
complexes followed by crystallization.15 For iPMMA1/sPMMA
and iPMMA2/sPMMA, no melting peaks were observed upon
annealing at 363 K. This apparent contradiction is a result of
differences between the molecular weights of the iPMMA
samples used and our DSC results indicate that low molecular
weight iPMMA enhances the formation of stereocomplexes
between iPMMA and sPMMA.15

At Tann ) 408 K, similar to iPMMA2/sPMMA, theTg

becomes undetectable due to lamellar crystallization of stereo-
complexed iPMMA3/sPMMA while a broad glass transition
(∆T ) 29 K) is evident at 423 K alongside a small endothermic
peak at∼ 450 K. Finally when the sample is annealed at 473
K, a single, broadTg is clearly observed indicating once again
a low degree of miscibility between iPMMA3 and sPMMA.

4.5. DMTA Measurements on iPMMA2/sPMMA. The
annealing experiments described in the previous sections do
suggest that iPMMA1, iPMMA2, and iPMMA3 are miscible
with sPMMA over a relatively narrow temperature range around
350 K. All the 50/50 wt % blends appear to be phase separated
for Tann e 340 K, while for Tann g 360 K, in the iPMMA
samples, the increased width of the blend glass transition
suggests an increased level of microheterogeneity in the system.
This in turn appears to indicate that the iPMMA samples are
marginally miscible with sPMMA at these temperatures.

To confirm these results, DMTA experiments on 50/50
iPMMA2/sPMMA were carried out. Three representative an-
nealing temperatures, i.e., 313, 353, and 473 K, were selected,
corresponding to samples which were found to be immiscible,
miscible, and then again immiscible by the DSC measurements.

Figures 7 and 8 show plots of the loss factor (tanδ) and
storage modulus as a function of annealing temperature. The
blend sample annealed at 353 K displays a tanδ peak at 392 K
(corresponding to the tanδ maximum), whereas the samples
annealed at 313 and 473 K show main tanδ peaks at 388 and

384 K, respectively. Close inspection of the tanδ and storage
modulus traces, reveal the presence of additional processes,
evidenced as a shoulder to the main tanδ peak, around 350 K.
This is attributed to a relaxation process associated with the
glass transition of iPMMA2. However, the intensity of this
shoulder is comparatively less for the sample annealed at 353
K (Figure 7). The storage modulus as a function of temperature
shows additional processes for the samples annealed at 313 and
473 K (Figure 8). All these results support the conclusion from
the DSC measurements that iPMMA2 is more miscible with
sPMMA at 353 K than at 313 and 473 K.

4.6. Calculated Phase Diagrams of iPMMA/sPMMA
Blends. Calculations of phase diagrams were also carried out
for iPMMA/sPMMA blends using the model described in
section 3. Various parameters are required to obtain the
theoretical phase behavior and these are listed in Table 6. The
molar volumes refer to experimental values while solubility
parameters are calculated using the group contribution method
of Small.32 The length of the statistical skeletal units,〈lV〉, equal
those previously determined by Wu.29

For the iPMMA/sPMMA system, the temperature dependence
of the conformational changes as described by d(lnC∞)/dT has
been incorporated into the model.33 Many authors have reported
values of unperturbed dimensions for stereoregular PMMAs.
For example,C∞ values derived from SANS experiments are
available in the literature. Other literature values are also listed
in Table 6 and are discussed below.

Using small and intermediate angle neutron scattering, Reilly
et al.34 reportedC∞ values of 10.7 and 9.2 for isotactic and
syndiotactic PMMAs, respectively. TheC∞ value of iPMMA
is in very good agreement with that measured by Jenkins and
Porter35 (C∞ ) 10.2) from solution measurements carried out
using a GPC coupled with an on-line low angle laser light
scattering photometer. However, the same authors reported a
lower value of 7.3 for sPMMA. Unperturbed dimensions were
obtained by means of viscosity plots and the authors concluded
that isotactic PMMA is 30% more extended than syndiotactic
PMMA, in its unperturbed state. By performing conformational
energy calculations, Sundararajan and Flory33,36foundC∞ values
that were within the range of the experimental ones, i.e.,
9.2-10.7 for iPMMA and 7.3-8.4 for sPMMA, as reported
by Sakurda et al.37 and Schulz et al.,38 respectively.

As mentioned earlier, Wu29 developed a method to predict
C∞ values from the polymer chemical structure, using group
additivity. For stereoregular PMMAs, the predictedC∞ values
are 10.6 for iPMMA and 8.1 for sPMMA, in agreement with
results of Jenkins and Porter.35

Overall, for iPMMA, SANS, solution measurements and
calculations are in good agreement, giving similarC∞ values.

Figure 7. tan δ as a function of annealing temperature for 50/50
iPMMA2/sPMMA. Data have been normalized and shifted horizontally
by an amount dT equal to theTg difference, to overlap the peaks. Arrows
indicate the presence of shoulders and differentiate between data at
different T.

Figure 8. Storage modulus as a function of temperature for 50/50
iPMMA2/sPMMA. Arrows indicate the presence of shoulders.
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A greater variation amongC∞ values from different techniques
can be noted for the syndiotactic PMMA. In this case, we have
selected the SANS value, which should provide an accurate
measure of polymer conformation.

The reported temperature dependence ofC∞ for isotactic and
syndiotactic PMMA is also given in Table 7. For isotactic
PMMA, the temperature coefficient has been found to be
negative, whereas it is positive for the syndiotactic chains.
Comparison between experimental and calculatedC∞ values
clearly indicates that the temperature coefficients for both the
isotactic and syndiotactic chains may vary widely. The calcula-
tions to be reported here are based on the experimental
temperature dependence ofC∞ reported by Sakurda et al.37

The temperature dependence ofC∞ is incorporated into the
model through the Kuhn segment length, which is given by

whereTref is the reference temperature (in this case, e.g., 298.15
K). Using eq 9, the Kuhn segment length can be calculated for
the two polymers, as a function of temperature. By substituting
into eq 7, one can then evaluate the surface to volume ratio of
the individual polymers, from which the temperature coefficient
of the interaction parameter can be obtained.

Figure 9 shows the predicted phase behavior for iPMMA1/
sPMMA, iPMMA2/sPMMA, and iPMMA3/sPMMA blends.
The model clearly reproduces the main feature of the iPMMA/

sPMMA in that it displays both upper and lower critical solution
temperatures. Moreover, the model predicts that miscibility of
iPMMA and sPMMA should be limited to a narrow temperature
range around 350 K. In other words, the incorporation of the
temperature dependence ofC∞ is responsible for the appearance
of two critical temperatures (UCST and LCST) in the blend
phase diagram.33

To the best of our knowledge, this is the first time that a
solubility parameter type model has been utilized to predict an
LCST without employing an equation of state approach. It is
also encouraging to note that the model reproduces the tem-
perature range over which blend miscibility is occurs reasonably
well.

5. Conclusions

In agreement with other studies reported in the literature,
annealing experiments at 408 K indicate that formation of
stereocomplexes between iPMMA and sPMMA is molecular
weight dependent. The low and medium molecular weight
iPMMA samples used here formed stereocomplexes with
sPMMA. However, for the high molecular weight iPMMA
sample, stereocomplexation with sPMMA required very long
annealing times, 3-14 days.

A series of annealing experiments showed that the miscibility
of iPMMA with sPMMA gradually increased with increasing
annealing temperature from 313 to 343 K, completely miscibility
being observed around 340-350 K.

A simple model has been proposed which provides an
extension to the Flory-Huggins theory as it incorporates
Staverman’s ideas introduced for small molecules into a polymer
theory. We have shown that experimentally determined phase
diagrams and calculations are in good agreement. By accounting
for the temperature dependence ofC∞ it has been possible to
reproduce the main feature of the experimental data that is the
presence of two critical temperatures (UCST and LCST).
Moreover, calculations indicate that a decrease of the iPMMA
molecular weight from 300 to 48× 103 g mol-1, should lead
to widening of the miscibility gap.

The annealing experiments have suggested that the optimum
temperature to observe miscibility between iPMMA1 and
sPMMA is around 350 K. This is molecular weight dependent,
and for the iPMMA2/sPMMA sample, it is located at 340-
350 K.

The calculated phase diagrams reported in Figure 9 also
indicate that the blend should be immiscible above 360 K.
However, annealing experiments show a low degree of miscibil-
ity or partial miscibility when the iPMMA/sPMMA samples
are annealed above 360 K. Such a discrepancy between

Table 6. Parameters Used for the Calculations of Phase Diagrams of iPMMA/sPMMA Blends

polymer V (cm3/mol) δ (cal/cm3)0.5 〈lv〉 (Å) C∞ d(ln C∞)/dT refs

iPMMA 85.6 8.9 1.53 10.7 -0.0023 29, 32, 34, 37
sPMMA 85.6 8.9 1.53 9.2 0.0014 29, 32, 34, 37

Table 7.C∞ Values and Their Temperature Dependence for PMMA Stereoisomers

polymer C∞ method d(lnC∞)/dT × 103 method

iPMMA 10.7 neutron scattering34 -2.3 solution experiments37

10.2 solution experiments35 -0.9 to-1.5 calculation36

9.2-10.7 solution experiments37,38

10.6 group contribution29

sPMMA 9.2 neutron scattering34 0a solution experiments39

7.3 solution experiments35 1.4 solution experiments39

7.3-8.4 solution experiments37,38 2.4 solution experiments38

7.2 group contribution29 4.0 solution experiments40

a For conventional PMMA, i.e., 80% sPMMA.

Figure 9. Phase diagrams of iPMMA/sPMMA blends; decreasing
iPMMA molecular weight from 300 to 48× 103 g mol-1 leading to
broadening of the miscibility gap in iPMMA/sPMMA blends. Experi-
mental results from 50/50 iPMMA2/sPMMA blends are included (b
is immiscible,O is miscible, and2 is partially miscible regions).

bk ) 〈lV〉 × e[d(lnC∞)/dT(T-Tref)] (9)

Macromolecules, Vol. 40, No. 5, 2007 Poly(methyl methacrylate) Blends1673



experiments and calculations is perhaps not surprising. The
theoretical model accounts for packing effects in a system where
only dispersive interactions are active between components. For
iPMMA/sPMMA blends, miscibility is due to both specific and
dispersive interactions, since the polymers possess polar groups.
Despite this discrepancy, it is perhaps remarkable that such a
simple model is able to reproduce all the relevant feature of
this complex system.
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