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ABSTRACT: Miscibility in binary polymer mixtures involving styrenic polymers and acrylics has been rare. Ther
mal analysis, optical and scanning electron microscopy were performed to reveal complete miscibility in the blend sys
tem ofpoly(a-methyl styrene) (Pa MS) and poly(cyclohexyl methacrylate) (PCHMA). Within the wide range of molecular 
weight (MW) of Pa MS (several thousands up to a high MW of 400000 g mol- 1), all PaMS/PCHMA mixtures were found 
to be completely miscible, with phase separation at quite high lower-critical-solution-temperatures (LCST). The FT-IR 
characterization did not reveal any specific intermolecular interactions between the pairs. Miscibility in blends of sty
renic polymers with acrylic polymers is rare and not commonly seen. Structural effects on the phase behavior in blends 
of styrenic polymer and acrylic polymers are briefly discussed. 
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Polymer miscibility in blends involving ho
mopolymeric polystyrene (PS) has not been common. It 
is easy to understand because a styrenic polymer, such 
as PS, does not possess any functional groups that are 
capable of interacting specifically with other polymer 
molecules. As a result, it is not easy to discover miscible 
blend involving homopolymeric PS. Two well-known ex
ceptions exist, in which two classical blends comprising 
PS and ether-containing polymers are known to be mis
cible. One of the most studied is the blend system of PS 
with poly(l,4-dimethyl-p-phenylene oxide) (PPO) and its 
miscibility has been demonstrated since early time. 1- 3 

Another notable example of miscible blends comprising 
PS and an ether-containing polymer is given by the clas
sical PS/poly(vinyl methyl ether) (PVME) system.4 - 6 

Unlike the well-established miscibility in PS/PPO, the 
true phase behavior in the PS/PVME system has been 
more controversial and somewhat inconclusive owing to 
its peculiar Tg behavior and significant broadening. 

Interestingly, although PS can be miscible with at 
least the above-mentioned ether-containing polymers, 
blends of PS with carbonyl-containing or methacrylic 
polymers are mostly immiscible. The literature contains 
no reports that PS can be miscible with any carbonyl
containing polymers. Additionally, homopolymeric PS is 
generally immiscible with any of acrylic or methacrylic 
polymers. Most blends of PS with acrylic or methacrylic 
polymers are phase-separated. Blends of PS with poly
(methyl methacrylate) (PMMA) have been more often 
studied, which are known to be immiscible (non
compatible) as reported in an early paper. 7 Although by 
manipulation of kinetic process of solvent removal dur
ing blend preparation (e.g., freeze-drying, etc.), the PS/ 
PMMA mixture may be temporarily locked into homoge
neous phase structure showing an apparent single-Tg, 
the blend is a two-phase mixture at thermodynamic 
equilibrium. A styrenidacrylic blend system that is clos-

est to being classified as a quasi-homogeneous mixture 
is demonstrated by the case of PS/poly(cyclohexyl meth
acrylate) (PCHMA) blend. At low molecular weights of 
PS (e.g., Mn=90000 g mol- 1), the PS/PCHMA blend sys
tem has been pronounced to be miscible in the litera
ture. 8'9 Miscibility in PS/PCHMA has been assumed 
from the "transparent-looking" of the blends and exhibi
tion of gross phase separation upon heating at about 220 
-240°C because it is difficult to assess the phase behav
ior owing to almost identical Tg of the constituent poly
mers.9 It must be noted here that micro-domains (0.1-
0.3 µm) in polymers are optically clear beyond the reso
lution limit of optical microscopy. Thus, true thermody
namic phase behavior of the PS/PCHMA blend is com
plex and beyond the scope of this paper; but it is of less 
debate that PS/PCHMA blend is miscible for low MW's 
of PS. Similar dependence of phase behavior on the mo
lecular weight (MW) has also been extensively reported 
for the classical PS/PVME blend system.4 - 6 

A slight change in the structure of the styrenic poly
mer may result in the phase behavior of such a blend go
ing closer to or farther away from miscibility. For exam
ples, poly(4-methyl styrene) (P4MS, with the methyl 
group at 4-phenyl position) is a styrenic polymer. Note 
that P4MS is similar to PS, except that a methyl group 
is attached to the 4-phenyl ring position. Blend of P4MS/ 
PCHMA has been found to be miscible according to an 
earlier study,10 with a lower critical solution tempera
ture (LCST) at ca. 250°C. To understand main factors in 
blend miscibility involving PS, it was necessary to inves
tigate relationship between structure .and phase behav
ior in PS blends. In this study, the structure of polysty
rene was altered by introducing a methyl group onto the 
a-position, i.e., PS was replaced by poly(a-methyl sty
rene). Relevant experiments other than thermal analy
sis were performed and results analyzed with care. 
Phase behavior and structural effects in blends compris-
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ing a styrenic polymer (PaMS) and a methacrylic poly
mer (PCHMA) blends were investigated. Dependence on 
the structure of the constituent polymers is discussed. In 
addition, we were aware of possible effects of MW on the 
phase behavior. In this work, we used a wide range of 
PaSM MW from 7500 to nearly 400000 g mol- 1. Effects 
of variation of MW of PCHMA on phase behavior of the 
PaSM/PCHMA blend, if any, could be expected to be 
similar; thus, it was not doubly examined. 

EXPERIMENTAL 

Materials 
Poly(cyclohexyl methacrylate) (PCHMA) was supplied 

by Scientific Polymers Product, Inc. (USA), with an ap
proximate Mw=65000 g mol- 1 (GPC), and a Tg of 110°C. 
A styrenic polymer, poly(a-methyl styrene) (PaMS), 
was also obtained from Scientific Polymers Product, Inc. 
(USA). Two different grades of PaMS (low-molecular
weight LMW=7500 g mol- 1 and high-molecular-weight 
HMW = 398000 g mol- 1 ) ( gel permeation chroma
tograph, GPC) were used for comparison. The LMW
grade Pa MS (Mw= 7500 g mol- 1) is ofa wide polydisper
sity index (Pl), with a relatively low Tg=40°C. The 
HMW-grade Pa MS, with Mn=Mw=398400 g mol- 1 and 
a narrow distribution of PI= 1.04, possesses a quite high 
T g at 17 4 °C. The as-received materials were free of addi
tives and were used without further purification. For 
references, the chemical structures of PaMS and 
PCHMA are shown as following: 

PaMS PCHMA 

CH, 

-f-ctt,-{--+o-

s 
The blend samples in this study were prepared by 

mixing in solvents followed with solution casting at two 
different temperatures (25 or 45°C). Tetrahydrofuran 
(THF) solvent was used for preparation of all blend sam
ples. The constituent polymers, PCHMA and PaMS, 
were first weighed respectively and dissolved into THF 
with continuous stirring. Subsequently, the resulting 
polymer solution was poured into a flat aluminum or 
glass mold kept at one of the two designated tempera
tures (25 or 45°C). The solvent in the cast film samples 
was first vaporized under a hood at controlled tempera
ture, followed by residual solvent removal in a vacuum 
oven for 48 h at 50-60°C. Subsequent vacuum de
gassing at an even higher temperature of 70-80°C was 
performed on the cast-film samples for two more days to 
ensure removal of residual solvent. 

Apparatus and Procedures 
Differential Scanning Calorimetry (DSC). Glass tran

sition temperatures were measured with a differential 
scanning calorimeter (Perkin-Elmer DSC-7) equipped 
with an intracooler and a computer for data acquisition/ 
analysis. All Tg measurements were made at a scan rate 
of 20°C min - 1. Tg values were taken as the onset of the 
transition (the change of the specific heat) in the ther-

14 

mograms. 
Optical Microscopy. A polarized-light microscope 

(Nikon Optiphot-2, POL) was used. The as-cast blends 
were spread as thin films on glass slides, dried properly 
in a temperature-controlled oven before they were exam
ined using the optical microscope. Cloud point measure
ment of the blends was performed by placing the sam
ples on a microscope heating stage (temperature
programmed), with a programmed heating rate of ap
proximately 2°C min- 1. from room temperature up to 
300°C. Cloud point was registered as the initiation tem
perature at which separated domains were visible in 
samples using the maximum magnification of the optical 
microscope. 

Scanning electron microscopy. Morphology (fracture 
surface) of blends was examined using a scanning elec
tron microscope (SEM) (Model JEOL JXA-840). The 
THF solution-cast samples, prepared at room tempera
ture and 45°C, were examined using SEM after prelimi
nary optical microscopy characterization. The blend film 
samples for scanning electron microscopy were thick 
enough so that the fracture surface of the thickness 
(cross section) could be conveniently examined. The frac
tured blend samples were coated with gold by vapor 
deposition using a vacuum sputterer. 

Infrared Spectroscopy. Fourier-transform infrared 
spectroscopy (FT-IR Nicolet Magna-560) was used for in
vestigating molecular interactions between the constitu
ents. Spectra were obtained at 4 cm -l resolution and av
erages of spectra were obtained from at least 64 scans in 
the standard wavenumber range of 400-4000 cm- 1. All 
samples were cast as thin films directly on KBr pellets 
at 45°C. 

RESULTS AND DISCUSSION 

The as-cast blend films of all compositions (at either 
20 or 45°C) were crystal-clear and completely free of any 
haziness as observed using an optical microscope. The 
solution casting temperature (20-45°C) did not seem to 
influence the result of blend clarity. After preliminary 
microscopy inspection, DSC analysis was performed on 
the samples to reveal their thermal transitions. For com
parisons based on a uniform thermal history, all DSC 
thermograms are the results of second runs after 
quenching from above the prospective blend Tg. Figure 1 
shows the DSC traces of the PCHMA/P a MS (LMW) 
blends. The DSC result revealed one apparent Tg in each 
of the PaMS/PCHMA blend samples of different compo
sitions. The thermal transitions for all blend composi
tions are reasonably sharp and not broadened. The ther
mal characterization indicated that there was no doubt 
on the complete miscibility in the PCHMA/PaMS 
(LMW) blend. It was necessary to prove that at higher 
molecular weights of Pa MS, it is still capable of forming 
a miscible blend with PCHMA. Figure 2 shows the DSC 
traces of the PCHMA/PaMS (HMW) blends, where 
HMW designates a high molecular weight of PaMS= 
398000 g mol - 1. The thermal characterization of this 
blend system again revealed one single Tg in each of the 
different blend compositions. The thermal transitions for 
all blend compositions, as shown in all DSC traces, are 
reasonably sharp and not broadened. Miscibility in the 
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Figure 1. DSC traces of PCHMA/P a MS (LMW) blends, showing 
one single Tg, 
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Figure 2. DSC traces of PCHMA/P a MS (HMW) blends, showing 
one single T g· 

PCHMA/P a MS (HMW) as well as PCHMA/P a MS 
(LMW) blends can be concluded. 

Figure 3 shows Tg-composition dependence for two 
miscible PCHMA/PaMS blend systems, in which the 
molecular weight of PaMS is (I) LMW=7500 g mol- 1 
and (II) HMW=398400 g mol- 1, respectively. Fitting 
with conventional Tg-composition models was per
formed. Fitting was performed with the classical Tg 
model of Fox equation: 1/Tg=(w1/Tg1 + w2/Tg2), or of Gor
don-Taylor equation,11 i.e., Tg=(w1Tg1 +k w2Tg2)/(0J1 +k 
w2), where wi is the mass (weight) fraction of polymer 
component i, and k is a fitting parameter. A value of k = 
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Figure 3. Tg-composition dependence for two miscible PCHMA/ 
Pa MS blend systems, in which molecular weights of Pa MS is (0) 
LMW=7500 g mol-1, and (e) HMW=398400 g mol- 1. 

0.52 for the PCHMA/PaMS (HMW) blend and a slightly 
higher k =0.8 for the PCHMA/PaMS (LMW) blend was 
obtained, suggesting reasonably good phase homogene
ity in both miscible blend systems. Note that fitting of 
the Tg data with the Fox equation was also reasonably 
good (with only minor deviation) for both systems. The 
good fit suggests a fine segmental-mixing scale in the 
blends. 

The THF-cast (45°C) blend samples were visually and 
optically clear and free of any visibly heterogeneity do
mains when examined using the optical microscopy 
(OM). Both as-cast and annealed samples were exam
ined. Annealing at above blend Tg did not lead to differ
ence in its apparent phase structure. In addition, mor
phology characterization using SEM at higher magnifi
cations was performed to confirm homogeneity in the 
blends. Figure 4 shows the SEM graphs to illustrate the 
homogeneity scale in the miscible PCHMA/PaMS
(LMW) blend. The SEM characterization revealed no 
discernible heterogeneity in the solution-cast PCHMA/ 
PaMS blend samples in a wide composition range. Al
though the SEM characterization revealed absence of 
sub-micron fine domains, it could not be taken as direct 
indication of phase miscibility. However, this result did 
prove that as far as the resolution of SEM was con
cerned, no discernible micro-heterogeneity existed in the 
PCHMA/PaMS blend, whose miscibility was already in
dicated by the glass transition criteria. 

Changes of optical clarity (cloud point transition) of 
the blends with respect to temperature were inspected 
at step-wise elevating temperatures up to where degra
dation occurred. Figure 5 shows the cloud-point curves 
for the miscible PCHMA/PaMS (HMW and LMW) 
blend. An LCST near 295 °C is identified for the PCHMA/ 
PaMS (HMW=398400) blend, and a slightly higher 
LCST near 310-320°C for the PCHMA/PaMS (LMW= 

15 



L. L. CHANG and E. M. Woo 

Figure 4. SEM graphs showing the scale of phase homogeneity 
in the miscible PCHMA/PaMS (LMW) blend: (Al 10/90, (B) 30/70, 
(C) 50/50, and (D) 70/30. 

360 

1,,1 320 __: 

'= ·s 
"' -g 
a 2so 

240 

0 

PCHMA/PaMS O LMW 

• BMW = 398400 g mol_, 

20 40 60 80 100 

PCHMA (wt%) in PCHMA/PaMS Mixtures 

Figure 5. Cloud-point curves for the miscible PCHMA/PaMS: 
(0) LMW Pa MS, and (e) HMW Pa MS. 

7500) blend. For both miscible blend systems, the cloud 
point phenomenon was observed at quite high tempera
tures near degradation. The existence of LCST phe
nomenon in these blends further confirmed that the 
phase behavior at below the cloud point was homogene
ous and miscible. It can be concluded that the PCHMA/ 
PaMS blend is miscible that is accompanied with an 
LCST phenomenon, with phase separation only at high 
temperatures near the thermal degradation of the poly
mers. 

Effect of Structure of Styrenic Polymers 
It is of interest to compare the phase behavior of 
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PCHMA/PaMS with another methacrylic/styrenic 
blend, poly(methyl methacrylate)/PaMS, which has 
been concluded to be immiscible, except for those with 
oligomeric-molecular-weight PaMS (several thousands), 
according to an earlier report by Callaghan and Paul.12 

This study and earlier studies showed that a methacrylic 
polymer (PCHMA) can be miscible with a range of differ
ent styrenic polymers whose structures are varied 
within a limited range. It is interesting to compare the 
trend of variation of LCST in the miscible PCHMA/ 
Pa MS blend to those for the blends of PCHMA/PS, 
PCHMA/P4MS reported in earlier papers. 10 Blends of 
PCHMA with one of three different styrenic polymers 
were compared at comparable MW's. The lower critical 
point of the cloud point curve (phase separation upon 
heating) is labeled as LCST. The blend system of PS (no 
methyl group) with PCHMA has been declared to be a 
miscible system as long as the PS possesses low molecu
lar weights (100000 or lower),8'9 which exhibits an LCST 
of ca. 23O°C.9 By introducing a methyl group to the re
peat unit, e.g., to the 4-position of the PS phenyl ring, 
P4MS is resulted. In an earlier study, the PCHMA/ 
P4MS blend has been demonstrated to be miscible 
within the full composition range, which exhibits an 
LCST at ca. -245°C. 10 Pa MS, with the methyl group in 
the a-position, is an isomer to P4MS. This study further 
proved that PCHMA/PaMS is miscible within the full 
composition range with the LCST being at quite high 
temperatures. When directly compared at equivalent 
molecular weights of the comprising constituents, the 
P4MS/PCHMA system is miscible with a LCST at 24O-
25O0C, while PCHMA/PaMS is also miscible with a 
higher LCST (LCST=29O-32O°C). The miscibility of 
the PCHMA/PaMS blend was found to be quite stable, 
as its phase behavior did not seem to be influenced by 
different solvents or casting temperature. The slight 
variation (e.g., methyl substitution) in styrenic polymers 
does not cause major difference in the blend miscibility 
behavior in the blends of PCHMA with one of the three 
styrenic polymers (PS and P4MS in earlier studies, or 
PaMS in this study). However, it does change the tem
perature of phase separation upon heating (LCST). It 
has been suggested that a higher LCST in a miscible 
blend may suggest a better scale of mixing or greater in
teraction strength if blend systems are compared at com
parable MW's and similar structural series (e.g., blends 
comprising copolymers with varying A/B ratios). 13 Vise 
versa, a lower LCST most likely indicates a state of 
phase approaching the border of miscibility
immiscibility transition. 

Possible inter-molecular interactions through specific 
cites in the constituent polymers (PCHMA or PaMS) 
were examined using FT-IR. For the extensively studied 
blend of PPO with PS, it has been proposed that a likely 
site for mutual interaction may involve the phenyl ring 
of PS and/or ether group of PPO. Similarly, a spectros
copy study on PS/PVME blends prepared in compatible 
or non-compatible state has concluded that the vibra
tions most sensitive to change in molecular environment 
of compatibility are C-H out-of-plane bending (at 700 
cm-1) in PS and C-O-CH3 stretching (1100 cm-1) of 
PVME. 14 Extents of peak shifting for these two known 
miscible systems are reportedly small. It was of interest 
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Figure 6. IR absorbance peaks of(A) the pendant carbonyl group 
(in PCHMA) and (B) aromatic C-H bending (in PaMS) for the 
PCHMA/PaMS blends of five different compositions (wt. ratios), 
as indicated. 

to compare the IR results to those found in other blend 
systems involving styrenic polymers. For the PCHMA/ 
Pa MS system, we thus also focused on examining IR ab
sorbance peaks of these likely sites for evidence of inter
actions. Figure 6 shows the IR absorbance peaks of 
(Diagram-A) the spectra with the carbonyl (C=O); and 
(Diagram-B) phenyl C-H bending: (I) neat PCHMA, and 
(II) PCHMA/PaMS blend (30/70), (III) 50/50, (IV) 70/30, 
and neat PaMS. The absorption peak (for C=O) is seen 
at approximately 1724 cm - l for all compositions, but the 
peak shifted slightly by about 2 cm -l with changes in 
the composition. The minor peak shifting suggests that a 
relatively low level of specific interactions may be pre
sent, although it may not be significant. The polar car
bonyl group of PCHMA may interact with the slightly 
polar phenyl ring in Pa MS. Absorption peaks other than 
the carbonyl were also examined. For examples, the 
spectra in the wavenumber range where the absorbance 
peaks of ether group (1121 cm- 1) of PCHMA were also 
compared and analyzed. The peak of the ether (C-O-C) 
group in the PCHMA polymer chain does not show sig
nificant shifting with respect to blend composition. In 
this PCHMA/PaMS blend, the phenyl C-H bending of 
Pa MS molecules is seen to shift slightly from 697 cm -l 

for neat Pa MS to 700 cm -l for PCHMA/PaMS (70/30) 
blend. The shifting, however, may not be significant, and 
it can be viewed that the C-H bending absorbance peak 
stays at about the same wavenumber regardless of com
position changes. The IR result in this study shows that 
possible interactions between likely functional groups in 
PaMS and PCHMA are present but low or non-specific. 
The low level or non-specific interactions often typifies 
the molecular miscibility in blends comprising styrenic 
polymers. The FT-IR analysis suggests that relatively 
low intermolecular interactions, mostly non-specific, are 
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present in the PCHMA!PaMS system. 

CONCLUSION 

Miscibility is quite rare for blends comprising styrenic 
polymers and acrylic/methacrylic polymers or other 
carbonyl-containing polymers. In this study, miscibility 
and phase homogeneity was discovered for the first time 
in the blend comprising a methacrylic polymer
(PCHMA) and styrenic polymer (PaMS) in the full com
position range. PaMS of a wide range of molecular 
weights from very low MW (several thousands) up to 
400000 g mol- 1 were found to be miscible with PCHMA. 
The miscible PaMS/PCHMA blend showed quite high 
phase separation temperatures (290-320°C) upon heat
ing, which was near the decompositions. The critical 
point (LCST) of phase separation upon heating was ex
pectedly higher for the blends with lower molecular 
weight of PaMS. Evidence of miscibility was certain 
from thermal analysis, optical and scanning electron mi
croscopy characterization. Furthermore, intermolecular 
forces between the chain segments of these two polymers 
were discussed. The FT-IR result for the miscible 
PCHMA/PaMS blend suggests that the intermolecular 
interactions between the pairs are likely non-specific 
and not particularly strong. However, the average ex
tent of interactions in the miscible PCHMA/PaMS blend 
as judged from the peak shifting is slightly greater than 
those in the miscible PCHMA/P4MS. 10 This trend is in 
agreement with the that ofLCST for these two systems. 

Acknowledgment. This study has been sponsored by 
research grants provided by Taiwan's National Science 
Council (#NSC 89-2216-E006-014 & NSC 89-2216-E 
006-015). 

REFERENCES 

1. J. Stoelting, F. E. Karasz, and W. J. MacKnight, Polym. Eng. 
Sci., 10, 133 (1970). 

2. A. R. Shultz and B. M. Beach, Macromolecules, 7, 902 (1974). 
3. W. M. Prest, Jr. and R. S. Porter, J. Polym. Sci, Part A-2, 10, 

1639 (1972). 
4. T. K. Kwei, T. Nishi, and R. F. Roberts, Macromolecules, 7, 

667 (1974). 
5. M. Bank, J. Leffingwell, and C. Thies, Macromolecules, 4, 43 

(1971). 
6. M. Bank, J. Leffingwell, and C. Thies, J. Polym. Sci, Part A-2, 

10, 1097 (1972). 
7. A. R. Shultz and A. L. Young, Macromolecules, 13,663 (1980). 
8. C. Friedrich, C. Schwarzwalder, and R.-E. Riemann, Polymer, 

37, 2499 (1996). 
9. M. Nishimoto, H. Keskkula, and D. R. Paul, Macromolecules, 

23, 3633 (1990). 
10. E. M. Woo and F. H. Jang, Polymer, 40, 3803 (1999). 
11. M. Gordon and J. S. Taylor, J. Appl. Chem., 2, 493 (1952). 
12. T. A. Callaghan and D. R. Paul, Macromolecules, 26, 2439 

(1993). 
13. E. M. Woo, T. K. Mandal, and L. L. Chang, Macromolecules, 

33, 4186 (2000). 
14. F. J. Lu, E. Benedetti, and S. L. Hsu, Macromolecules, 16, 

1525 (1983). 

17 


	Miscibility, Morphology, and Thermal Characterization of an Acrylic/Styrenic Blend System. Poly(cyclohexyl methacrylate) and Poly(α-methyl styrene)
	EXPERIMENTAL
	RESULTS AND DISCUSSION
	CONCLUSION
	REFERENCES


