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The morphology of heterogeneous polystyrene/poly(methyl methacrylate) (PS/PMMA) blends has been 
modified by the addition of diblock copolymers of PS and PMMA and investigated as a function of block 
copolymer composition, molecular weight and concentration by optical and electron microscopies. A sharp 
decrease in dispersed phase dimension is observed with the addition of a few per cent of block copolymers 
having equal segmental mass (50/50 PS/PMMA), followed by a levelling off as the copolymer content is 
increased above the critical micelle concentration. For concentrations below the critical value, the particle 
size reduction is linear with copolymer volume fraction and agrees well with the predictions of Noolandi 
and Hong. The compatibilizing efficiency of the copolymer is strongly dependent on its composition and 
molecular weight. The effects of processing conditions, such as casting solvents and compression moulding, 
on the phase morphology have also been studied. Finally, the conformation of the copolymer at the 
interface is discussed with the help of models : calculations based on the experimental results indicate that 
the compatibilizer is neither located entirely at the interface, nor penetrates completely into the 
corresponding homopolymer phases. 
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I N T R O D U C T I O N  

Most pairs of high molecular weight polymers are 
incompatible 1-5. These samples are characterized by a 
two-phase morphology, a narrow interface, and poor 
physical and chemical interactions across the phase 
boundaries. As a consequence of this, incompatible 
blends often exhibit poor  mechanical properties. This 
problem can be alleviated by the addition or the in s i t u  
formation of a compatibilizer, also called an emulsifying 
agent or an interfacial agent 6-s. It is considered that a 
properly chosen compatibilizer will preferentially locate 
at the interface between the two immiscible polymers. As 
pointed out by Paul 6, 'this type of surface activity should 
(1) reduce the interfacial energy between the phases, 
(2) permit finer dispersion during mixing, (3) provide a 
measure of stability against gross segregation and 
(4) result in improved interfacial adhesion'. In the ideal 
case, this component is a block or graft copolymer with 
segments that are chemically identical to those in the 
respective phases. However, this condition is not always 
required. The same effect can be obtained if one of the 
arms of the block or graft is miscible with or adheres to 
one of the phases. 

Several studies have been reported on the compatibiliz- 
ing action of copolymers in heterogeneous polymer 
systems. Molau e t  al. 9-11 clearly demonstrated the ability 
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of block copolymers to emulsify polymer dispersions in 
solution and thus inhibit phase separation. Riess e t  
al. 12-15 found that block copolymers are more effective 
than graft copolymers in increasing the compatibility of 
polystyrene/poly(methyl methacrylate) ( P S / P M M A )  
and PS/polyisoprene blends. In these studies, the 
compatibility was monitored by the degree of optical 
transparency of thin films cast from various solutions of 
the three components. These authors also reported 
that the best compatibilizing action is obtained with a 
block copolymer whose composition is ~ 5 0 : 5 0  and 
whose molecular weight is higher than those of the 
homopolymers. 

Gailard and co-workers 16'1v have further examined 
the surface activity of copolymers by studying the 
interfacial tension reduction in demixed polymer 
solutions. Addition of poly(styrene-b-butadiene) to 
PS/polybutadiene/styrene ternary systems showed first 
a characteristic decrease in interfacial tension, followed 
by a levelling off. The effect of addition of poly (dimethyl- 
siloxane-b-oxymethylene) on the interfacial tension 
between methyl terminated poly(dimethylsiloxane) and 
poly(oxyethylene-b-oxypropylene) has been studied by 
Patterson e t  al.  ~8. They found that < 2 %  of the block 
copolymer was sufficient to saturate the interface and 
reach the limiting interfacial tension value. Recently, 
Anastasiadis e t  al. 19 also reported on the interfacial 
tension reduction of PS/1,2-polybutadiene blends by the 
addition of the corresponding block copolymer. They 
also arrived at a similar conclusion as that of Gailard 
and co-workers  16'17 and Patterson e t  a l )  s. 
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Inoue et al. 2° reported on the mechanism of domain 
formation on a ternary system consisting of PS/poly- 
(styrene-b-isoprene)/polyisoprene. The domain structure 
was investigated by light and electron microscopies using 
an osmium tetroxide fixation technique. They concluded 
that, when the molecular weight of the homopolymer is 
much higher than that of the correspondio~ arm of the 
copolymer, the block copolymer can no lont, er act as an 
emulsifier, thus justifying the initial speculations of Riess 
et al.12-15 for the emulsifying effect of block copolymers. 
Several additional studies in the area of compatibilization 
of binary blends by the addition of copolymers have also 
been reported 21-24. For example, the studies of Coumans 
et al. 21 and Paul and co-workers 23'24 deal with the 
emulsification of heterogeneous polyethylene (PE)/PS 
blends by the addition of block copolymers. 

In other studies, the addition of graft copolymer was 
reported as a means of improving the properties of high 
impact PS, poly (acry lon i t r i l e -co-bu tad iene-co-s tyrene)  
(ABS) and PS/PE blends 25-28. The decrease of particle 
size of the dispersed phase upon the addition of graft 
copolymer was substantiated by optical and electron 
microscopies. Ide and Hasegawa 29 studied the use of 
maleic anhydride modified isotactic polypropylene (iPP) 
in iPP/nylon 6 blends. During the melt mixing process, 
the anhydride groups react with the amino end groups 
of nylon to yield a graft copolymer. This sort of reactive 
compatibilization technique has also been followed by 
Cimmino et al. 3°, and Saleem and Baker 31. 

Recently, Teyssi6 et al. 32-4° reported a large number 
of systems, in which the beneficial effects of polymeric 
emulsifiers in polymer blends have been illustrated. For 
example, they observed a significant reduction in the 
dispersed phase size and an increase in interfacial 
adhesion as a result of melt blending PE and PS with as 
little as 2wt% of poly(butadiene-b-styrene) 34. The 
copolymer also stabilized the system against coalescence. 
Moreover, Teyssi6 et al. 4° clearly demonstrated that the 
copolymer is uniformly adsorbed at the interface between 
the two polymers. The more recent papers of van 
Ballegooie and Rudin 41, Xanthos 42, Willis and Favis 43 
and Chen et al. 44 also report on the compatibilization of 
heterogeneous polymer blends. 

Finally, Leibler 45 and Noolandi et al. 4° 49 have 
proposed statistical thermodynamic theories concerning 
the emulsifying effect of copolymers. The theory of 
Leibler 45 holds for nearly compatible systems, whereas 
the theories of Noolandi e t a / .  46-49 apply to the case of 
highly incompatible systems for concentrations below the 
critical micelle concentration ( C M C ) .  Leibler 45 developed 
a mean field formalism to study the interfacial properties 
of mixtures of two polymers, A and B, with an A B 
copolymer. Noolandi e t a / .  46-49 reported that both 
copolymer concentration and molecular weight are 
equally important in reducing the interfacial tension. The 

localization of the copolymer at the interface and the 
separation of the blocks into corresponding homo- 
polymer phases led to various phenomena such as the 
lowering of the interaction energy between the two 
immiscible homopolymers, the broadening of the 
interface between the homopolymers, the reduction in 
entropy of the system, a decrease in the energy of 
interaction of the two blocks with each other, and a large 
decrease in the interaction energy of the oriented blocks 
with homopolymers. The sum of all these contributions 
should be considered to determine the effect of 
copolymers on the surface tension between the two 
phases 48. 

Blends of high molecular weight PS and PMMA 
exhibit two-phase morphology and have been shown to 
be incompatible by different techniques 12'41'5°-54. Some 
studies have already been reported lz'41'53'54 on the 
compatibilization of PS/PMMA binary blends by the 
addition of copolymers. However, more detailed 
investigations relating the compatibilizing efficiency to 
the physical nature and concentration of the copolymer 
are lacking. The main goal of this work is to investigate 
quantitatively the effect of molecular weight, composition 
and concentration of diblock copolymer of PS and 
PMMA on the morphology of PS/PMMA binary blends. 
The experimental results are compared to the predictions 
of current theories of Noolandi and Hong. Attempts have 
been made to deduce the conformation of the 
compatibilizer at the interface from the experimental 
results. 

EXPERIMENTAL 

PS and PMMA were supplied by Polysar Corporation 
and Pressure Chemicals, respectively. The four copolymers 
used, of different molecular weights and compositions, 
were synthesized at the University of Li6ge, Belgium. The 
copolymers are designated as COP-170E, COP-200E, 
COP-750E and COP-200U where the number indicates 
the molecular weight (kg mol-1) and the letters E and 
U refer to the copolymers having equal and unequal 
segmental mass, respectively. The characterization data 
of the polymers are given in Table 1. An interesting 
feature of the block copolymers is that, depending on the 
ratio of the length of the two blocks, the microdomain 
structure may show different shapes. The 89/11 
PS/PMMA block copolymer (COP-200U) has spherical 
morphology while copolymers having equal lengths of 
the two blocks have a lamellar morphology as. 

Blends are designated as P30, P50, P70, P30C, P50C 
and P70C, where the number indicates the weight per 
cent of PS in the blend and the letter C indicates systems 
containing compatibilizer. Blends were prepared by 
solvent casting from 1,2-dichloroethane (DCE). A few 
compositions were cast from chloroform. The solvent was 

Table 1 Characterization data of the polymers 

Polymer Mw Mw/M. PMMA (wt%) PS (wt%) ~ fl 

PS 50 000 1.02 
PMMA 49 000 1.06 
COP- 170E 170 000 1.09 50 50 0.58 0.57 
CO P- 200E 200 000 1.08 50 50 0.45 0.44 
COP-750E 750 000 1.04 50 50 0.13 0.13 
COP-200U 200000 1.03 11 89 0.28 2.22 
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allowed to evaporate slowly for 2 days at room 
temperature. The films were further dried under vacuum 
at 80°C for 2 weeks, followed by heating at 120°C for 
48 h to remove the last traces of solvent. Morphology of 
the blends was studied using a phase contrast microscope 
(Polyvar, Reichert-Jung). Cast films (10 pm thick) were 
used for optical microscopy studies. For scanning 
electron microscopy (Jeol model JSM-25S3) studies, the 
dispersed phase (PS or PMMA depending on the 
composition) was preferentially extracted. Cyclohexane 
was used for the preferential extraction of PS and acetic 
acid was used for the PMMA phase. Dispersed phase 
diameter was measured from the photomicrographs of 
,-~ 100 particles. 

D.s.c. measurements were carried out with a Perkin 
Elmer DSC-4 apparatus equipped with a TADS 
microcomputer. The calibration of the apparatus was 
carried out using indium. The glass transition tempera- 
tures (T,s) were recorded at the half-height of the 
corresponding heat capacity jump. The first scan was 
made at a heating rate of 20°C min- ~ up to 200°C. The 
sample was kept at that temperature for 1 min and then 
quenched at 25°C. Subsequent scans were made at a 
heating rate of 10°C min -~. D.s.c. traces were always 
recorded during the third scan. Dynamic mechanical 
properties were measured on a Polymer Laboratories 
DMTA-MKll  apparatus equipped with an IBM 
microcomputer and a liquid nitrogen cooling system. The 
dynamic mechanical testing was performed at a heating 
rate of I°C min- ~ and at a strain of 64 pm. The frequency 
of testing was 10 Hz. 

RESULTS 

Effect of copolymer on dispersed phase size 
The influence of the compatibilizer on the phase 

morphology of heterogeneous polymer blends is due to 
the ability of the compatibilizer to reduce the interfacial 
tension between the dispersed phase and the matrix. The 
efficiency of this process depends on various factors such 
as mixing conditions, interaction of the compatibilizer 
with the dispersed phase, molecular weight and 
composition of the compatibilizer, and rate of absorption 
and orientation of the compatibilizer at the interface. 

As a representative sample, Figure 1 shows the tan 6 
values of COP-170E copolymer as a function of 
temperature. It shows two well defined transitions at 112 
and 140°C which correspond to the glass transitions of 
PS and PMMA blocks, respectively. D.s.c. also showed 
two transitions at 109 and 132°C corresponding to PS 
and PMMA blocks, respectively. This type of phase 

2 

~o 140°C 

I 

O 50 IOO 150 
Temperoture (°C) 

Figure 1 Dynamic mechanical spectroscopy of COP-170E block 
copolymer at 10 Hz 

segregation is essential for the location of the block 
copolymer at the interface 6. 

Figure 2a shows the morphology of P30 blend 
containing no compatibilizer. The morphology of P30C 
containing 2.5 wt% COP-170E, COP-200E, COP-750E 
and COP-200U copolymers is given in Figures 2b, c, d 
and e, respectively. The effect of molecular weight, 
composition and concentration of the copolymer on the 
dispersed phase domain diameter of 30/70 PS/PMMA 
blend is given in Figure 3. It is seen that all the curves, 
except that with COP-200U, show a similar trend : there 
is a sharp decrease in dispersed phase dimension with 
the addition of small amounts of copolymer (2.5- 5 vol % ), 
followed by a levelling off as the copolymer content is 
increased above this equilibrium concentration which can 
be considered as the so-called apparent CMC, i.e. the 
concentration at which micelles are formed. In this 
context, it is important to mention that generally CMC 
is estimated from the plot of interfacial tension versus 
copolymer concentration 19. Since the interfacial tension 
is directly proportional to the domain size 55, the 
estimation of CMC from the plot of domain size versus 
concentration is warranted. It is interesting to note that, 
at concentrations below the CMC, the particle size 
reduction is linear with increasing copolymer content. 
Noolandi and Hong 47 pointed out that the reduction in 
interfacial tension with increasing copolymer con- 
centration and molecular weight could be accounted for 
by the reduction in interaction energy of the block 
copolymers at the interface, taking into account the 
associated entropy loss of the localized chains. The 
levelling off of particle dimension at high block 
copolymer concentration in these blends is an indication 
of interfacial saturation. The addition of more copolymers 
may be wasteful since it does not modify the interfacial 
zone but rather produces copolymer micelles in 
homopolymer phases. The 50/50 and 70/30 PS/PMMA 
blends also showed a similar behaviour upon the addition 
of copolymer. 

In the case of COP-200U copolymer, no compatibilizing 
action is observed (Figure 3). This is associated with the 
preferential solubilization of the copolymer in the PS 
phase of the binary blend 6'12. As pointed out by Riess 
and Jolivet 15, the emulsifying efficiency of different 
copolymers can be compared by defining the ratio of the 
molecular weight of the homopolymer and of the block 
copolymer as follows: If 

mol. wt ofPS homopolymer 
= ( 1 )  

mol. wt of PS homopolymer 

mol. wt ofPMMA homopolymer 
/3 = (2) 

mol. wt of PMMA component of the copolymer 

then, the copolymer is less efficient as an emulsifier if 
> 1 and /3 > 1. The emulsifying properties of the 

copolymer are at an optimum when ~ < 1 and/3 < 1. In 
an ideal case, when :~ =/3 < 1, the copolymer has no 
preferential solubility. The ~ and /3 values of the 
copolymers used are given in Table 1. In the case of 
COP-200U copolymer, there is a large difference in 
and fl values because of the unequal segmental mass, and 
/3 is much higher than unity. This clearly indicates the 
preferential solubilization of the copolymer by the PS 
phase of the blend. As a consequence of this, the 
copolymer cannot stay at the interface. This accounts for 
the absence of compatibilizing property in COP-200U 
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'12 ~m 

copolymer. On the other hand, block copolymers 
COP-170E, COP-200E and COP-750E with equal 
segmental mass show remarkable compatibilizing action 
(Figure 3). From c~ and fl values of these copolymers 
(Table 1), it is expected that they have no preferential 
solubility in either of the phases, and that these 
copolymers are more or less located at the interface. This 
is shown schematically in Figure 4 where the copolymer 
having equal segmental mass is represented at the 
interface between PS and PMMA phases. This behaviour 
leads to a large reduction in interfacial tension and 
domain size, and an increase in interfacial thickness. In 
contrast, due to its unequal segmental mass, the 89/11 

Figure 2 Phase contrast optical micrographs showing the morph- 
ology of: (a) P30; (b) P30C containing 2.5wt% COP-170E; 
(c) P30C containing 2.5wt% COP-20OE; (d) P30C containing 
2.5 wt% COP-750E; (e) P30C containing 2.5 wt% COP-200U 

PS/PMMA copolymer is dispersed in the PS phase and 
consequently no improvement in interfacial properties is 
observed. Ramos and Cohen 22 also observed that 
diblocks with unequal segmental mass are not effective 
in promoting miscibility. To complete the analysis, 
Figure 5 shows the particle size distribution of both 
compatibilized (containing 2.5wt% COP-170E) and 
uncompatibilized 30/70 PS/PMMA blend. In both cases, 
the dispersed phase has a broad distribution. The 
distribution of the uncompatibilized sample is not 
significantly broader, except for a tail which was never 
observed after the addition of the copolymer. 

Effect of processing conditions on phase morphology 
Table 2 shows the effect of processing conditions on 

the morphology of PS/PMMA blends. Films cast from 
chloroform have a coarser morphology than those cast 
from DCE. It has been observed in various systems that 
the same polymer blend can give different morphologies 
depending on the solvent from which the film is cast 56-59. 
This is associated with the preferential interaction of the 
solvent with one of the components in the mixture 6°'6~. 
The particle size of the films cast from DCE is nearly 
half the size of chloroform cast films. In both cases, the 
addition of compatibilizer reduces the dispersed phase 
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Figure3 Effect of per cent volume fraction (q~o) of different 
copolymers on the domain diameter and the domain diameter 
increment (AD) of 30/70 PS/PMMA blends: ( x )  COP-170E; 
(A)  COP-200E; (O)  COP-750E; (O) COP-200U 

dimension. However, the percentage reduction in phase 
dimension upon the addition of the compatibilizer in film 
cast from DCE is 75°/'o while that cast from chloroform 
is 50%. This indicates that selection of the solvent for 
the blend preparation is also an important parameter 
controlling the compatibilizing efficiency. The chloro- 
form cast films were further compression moulded. The 
particle size of the compression moulded samples is 
nearly the same as that of chloroform cast films 
(Table 2). This is because the shear forces involved in 
compression moulding are negligible. Hence, the original 
morphology is retained. 

Effect of copolymer on blend miscibility 
D.s.c. and d.m.t.a, studies of the compatibilized 

(containing 5 wt% COP-170E) and uncompatibilized 
blends indicated the existence of two transitions 
corresponding to PS and PMMA phases. The compati- 
bilized blends did not show any appreciable shift in the 
Tg values. This indicates that addition of the compati- 
bilizer does not alter the level of miscibility. In other 
words, incorporation of the compatibilizer does not 
promote molecular level miscibility. This is in agreement 
with the conclusions made by Paul 6, who suggested that, 
if two polymers are far from being miscible, then no 
copolymer is likely to make a one-phase system. In a 
completely immiscible system, the main role of the 
copolymer is to act as an interfacial agent. 

PS 

50 

 MA/ OO/ 

- I~  PS 

PMMA 

Large interfaciol tension 

Narrow interface 

Big dispersed phase size 

II 

PS 
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PMMA 41- 
Copolymer 41- 
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0 
© PS 

-I~ PMMA 

• Copolymer 

Small interfocial tension Large interracial tension 
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Small dispersed phase size Big dispersed phase size 

Copolymer located Copolymer dispersed 
at the interface in the PS phase 

Figure 4 Speculative model representing the behaviour of copolymers having different 
compositions 
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Figure 5 Effect of copolymer (2.5 wt% COP-170E) on the domain 
size distribution of 30/70 PS/PMMA blends: ((3) P30; ( 0 )  P30C 

Table 2 Effect of processing conditions on dispersed phase diameter 
(~m)" 

1,2-Dichloroethane Chloroform Compression 
Mix no. cast film cast film moulded 

P30 4 _+ LO b 8 + 4.0 6 + 3.0 
P30C c 1.0 + 0.2 4.0 _+ 0.4 3.8 + 0.8 
P70 2.0 + 0.9 6.0 _+ 1.2 5.0 + 1.5 
P70C c 0.6 -+- 0.2 3.0 +_ 0.5 2.7 ___ 0.8 

° Arithmetic mean diameter 
b Standard deviation 
c Contains 5 wt% COP-170E 

DISCUSSION 

Many experimental studies have been reported on the 
interfacial saturation of binary polymer blends by the 
addition of copolymers 16-19'34'43. Anastasiadis et al. 19 
have observed a sharp decrease in interfacial tension with 
the addition of small amounts ( 1.5 wt% ) of poly (styrene- 
b-butadiene) in PS/1,2-polybutadiene blends, followed 
by a levelling off at higher copolymer concentrations. 
The C M C  was estimated from the plot of interfacial 
tension versus block copolymer concentration. They 
concluded that further addition of the compatibilizer 
beyond the C M C  would not modify the interface any 
more. Fayt et al. 34 observed an equilibration in 
the dispersed phase dimension with increasing block 
copolymer concentration in PE/PS blends. In this case, 
the major reduction in phase dimension occurred from 
0.5 to 1 wt% of the compatibilizer. Willis and Favis 43 
also reported that an equilibrium concentration of 5% 
of ionomer (based on the dispersed phase) was sufficient 
to compatibilize polyolefin/polyamide blends. All these 
experimental observations suggest that there is a 
maximum quantity of compatibilizer which can saturate 
the interface. Addition of compatibilizer beyond this 
point will not modify the interface any more. 

The theories of Noolandi and Hong 46'47 can be applied 
to highly incompatible systems, such as PS/PMMA 

blends, for concentrations less than the CMC. According 
to their theories, for concentrations smaller than the 
CMC, the interfacial tension is expected to decrease 
linearly with copolymer concentration, whereas above 
the C M C  a levelling off is expected. In the absence 
of a solvent, for a ternary system A/A-b -B /B ,  the 
interfacial tension reduction or increment (AT), upon 
the addition of the copolymer, is given by the following 
expression 46,47 : 

AT-- dqSc[1/2Z + 1/Zc - 1 /Z  cexp ( zcZ /2 ) ]  (3) 

where d is the width at half-height of the copolymer 
profile reduced by the Kuhn statistical segment length, 
~bc is the bulk volume fraction of the copolymer in the 
system, Z is the Flory-Huggins interaction parameter 
between A and B segments of the copolymer, and Z¢ is 
the degree of polymerization of the copolymer. According 
to this equation, the plot of interfacial tension reduction 
versus (o~ should yield a straight line. Since interfacial 
tension reduction is directly proportional to the particle 
size reduction 55, it can be argued that 

AD ~- Kdc~[1/2Z + 1/Z~ - 1 /Z~exp(Zcz /2 ) ]  (4) 

where AD is the particle size reduction or increment upon 
the addition of the compatibilizer, and K is a 
proportionality constant. The plot of experimental values 
of AD as a function ofcopolymer volume fraction appears 
in Figure 3. It can be seen that at low copolymer 
concentrations (below the CMC),  AD decreases linearly 
with increasing copolymer volume fraction whereas, at 
higher concentrations (above the CMC),  it levels off, in 
agreement with the theories of Noolandi and Hang. 

C M C  values were then estimated from the intersection 
of the straight line drawn in Figure 3 at low 
concentrations and the levelling off line at high 
concentrations. Values of 5.2, 4.3 and 2.2% were found 
for COP-170E, COP-200E and COP-750E, respectively 
(Figure 3). It can be concluded that, below the CMC, 
the high molecular weight copolymer (COP-750E) is 
more efficient as a compatibilizer than its low molecular 
weight counterparts (COP-170E and COP-200E). This 
suggests that there are two choices to compatibilize a 
heterogeneous system; either to select a relatively high 
concentration of a small molecular weight copolymer 
(but it must be higher than the molecular weight of the 
homopolymers) or, conversely, a small amount of high 
molecular weight block copolymer. Obviously, it would 
be preferable at the industrial scale to add a very high 
molecular weight block copolymer. However, if the 
molecular weight becomes extremely high, the large 
molecules of copolymer will form micelles. Moreover, 
there can be dispersion problems due to high viscosity. 
In such a case, the compatibilizing effect cannot be 
obtained. 

It is possible to estimate the area a occupied by a 
compatibilizer molecule at the interface by deriving an 
equation which relates it to the volume fraction and the 
dimension of the dispersed phase, to the molecular weight 
of the compatibilizer, and to the amount of compatibilizer 
needed to saturate the interface T M .  Let us consider a 
binary blend that contains a volume fraction q5 A of 
polymer A as spherical domains of radius R in a B matrix. 
The total interfacial area per unit volume of the original 
blend is equal to 3dpa/R. If each copolymer molecule 
occupies an area a at the interface, then the mass, m, of 
the block copolymer required to saturate per unit volume 
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Table 3 Diameter (2R, #m) of the dispersed phase at the C M C  

Composition P30C P50C P70C 

COP-170E 1.0 2.0 0.6 
COP-200E 0.6 1.6 1.0 
COP-750E 0.5 1.0 0.5 

Table 4 a values of the copolymer systems at different blend ratios 

Lateral random a (nm 2) 
coil surface area 

Copolymer (nm 2 ) P30C P50C P70C 

COP-170E 200 10 8 16 
COP-200E 260 23 14 23 
COP-750E 810 204 170 204 

of the blend is given by the following equation TM : 

a = 3e~AM/mRN (5) 

where M is the molecular weight of the copolymer and 
N is Avogadro's number. In the present study, since 
the CMC is the interfacial saturation point, it would be 
reasonable to consider the CMC as the value for m. As 
indicated above, the values of CMC are 5.2, 4.3 and 2.2% 
for COP-170E, COP-200E and COP-750E, respectively. 
R is the radius of the dispersed phase at the CMC which 
was measured by microscopy (Table 3). Table 4 shows 
the a values of the copolymer systems at different blend 
ratios. In this calculation, the CMC values are crudely 
estimated from Figure 3. However, even an error by a 
factor of two, which is the most pessimistic hypothesis, 
would not modify the following conclusions. 

It is now possible to deduce the conformation of the 
compatibilizer at the interface based on the a values. Two 
physical models illustrating the conformation of the 
compatibilizer at the interface are given in the 
literature 6'61'63. One model visualizes the blocks as 
extending into the corresponding homopolymer phases 
as shown in Figure 6a. In such a case, the occupied area 
at the interface is the cross-sectional area of the extended 
copolymer molecule. In the case of poly (styrene-b-methyl 
methacrylate), the theoretical average cross-sectional 
area of the extended copolymer molecule and, therefore, 
the area it occupies at the interface is ~ 0.5 nm 2. In the 
second model (Figure 6b), the copolymer lies almost 
completely flat at the interface, in which case the occupied 
area is the lateral surface area of the entire copolymer 
molecule 63. By considering each block of the copolymer 
as a spherical random coil, we have calculated the lateral 
surface areas of the copolymers (Table 4) using the 
experimental values of root mean square radius of 
gyration of the PMMA block reported in the 
literature 64'65, which are 8.0, 9.1 and 16nm, for 
COP-170E, COP-200E and COP-750E, respectively. 

In order to test the applicability of these models, a 
comparison could be made between the a values obtained 
from equation (5) (Table 4) and those calculated from 
the two physical models. For example, in the 30/70 
PS/PMMA blend, the area occupied by the COP-170E 
copolymer molecule, as calculated from equation (5), is 
10nm 2. This value is intermediate to those values 
obtained from the two models (0.5 and 200 nm 2). This 
suggests that neither of these models represent the actual 

situation. The behaviour of the copolymers is inter- 
mediate to those of the two models and can be 
represented by a third model which is a combined form 
of the two earlier models (Figure 6c). In other words, 
the copolymers cannot penetrate completely into the 
corresponding homopolymer phases. A substantial part 
of the copolymer molecule stays at the interface between 
the PS and PMMA phases. The extent of penetration of 
the different copolymers is in the order COP- 
170E > COP-200E > COP-750E, which is dependent on 
their molecular weight. This can be easily understood 
from Table 4. For example, in the case of P30C blend, 
COP-170E occupies an area which is 4.5% of its lateral 
surface area, while COP-750E occupies an area which is 
25% of its lateral surface area. 

It is important to consider one more point supporting 
this argument. Gaylord s has suggested that, in the case 
of high molecular weight copolymers where the molecular 
weight of the copolymer is > 150000, macromolecular 
interactions such as chain entanglements hinder the 
complete penetration of each segment into the 
corresponding homopolymer phases. This further sug- 
gests that the copolymers cannot penetrate completely 
into the homopolymer phases and, therefore, it is 
expected that part of the copolymer may be staying at 
the interface. This could lead to an increase in interfacial 
thickness and this would be maximum in the case of 
COP-750E which occupies the maximum area at the 
interface. Recently, Russell et al.  66 have reported that 
the addition of copolymer increases the interfacial 
thickness of PS/PMMA blends, which is in agreement 
with our own results 67. In this study, the interfacial 
thickness was measured by neutron reflectivity. In the 
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Figure 6 Physical models illustrating the conformation of the 
copolymer at the interface 
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case of compatibilized blends, the effective width of the 
interface was found to be 7.5 nm which was 50% larger 
than that of the uncompatibilized PS/PMMA interface. 
According to Wu 55, interracial tension (712) and 
interracial thickness (L) are related by the following 
equation : 

712 = 7.6/L°86 (6) 

This indicates that the superior compatibilizing action 
of the COP-750E copolymer compared with other 
copolymers is associated with the larger increase in 
interfacial thickness and a consequent reduction in 
interfacial tension. Recent experimental investigations of 
Anastasiadis et al. 19 on the compatibilizing action of 
poly (styrene-b- 1,2-butadiene ) in PS/1,2-polybutadiene 
blends clearly showed that ~ 24% (63.5 monomer units) 
of the contour length of the copolymer chain (degree of 
polymerization of 261 repeat units) is located at the 
interface and this corresponds to a length of 38 nm. This 
sort of conformation of the compatibilizer can be 
explained only based on the model of Figure 6c. 

CONCLUSIONS 

The results presented show that the addition of properly 
chosen diblock copolymer has a great influence on the 
morphology of binary PS/PMMA blends. The extent 
and the influence of this beneficial effect on the final 
morphology seem to be strictly related, as shown by 
experimental data, to the composition, molecular weight 
and concentration of the copolymer. The domain size of 
the dispersed phase decreases sharply with the addition 
of small amounts (2.5 5%) of copolymer, followed by 
a levelling off as the copolymer content is increased, 
which is an indication of interfacial saturation by the 
copolymer. For concentrations less than the C M C ,  the 
theories of Noolandi and Hong predict a linear decrease 
of interfacial tension with copolymer volume fraction. 
Considering that interfacial tension is directly pro- 
portional to the domain size, it is demonstrated that the 
experimental data are in agreement with these theories. 
Of the various copolymers studied, 50/50 PS/PMMA 
copolymer having a molecular weight of 750000 was 
found to be the most efficient one. This behaviour is 
related to its conformation at the interface. The absence 
of compatibilizing action in 89/11 PS/PMMA copolymer 
is due to the preferential solubilization of the copolymer 
in the PS phase. 

Applicability of different models to illustrate the 
conformation of the compatibilizer at the interface has 
been discussed. It has been noticed that the actual 
conformation of the copolymer at the interface is different 
from those models reported in the literature. The 
copolymers neither stay completely at the interface 
between PS and PMMA phases nor penetrate completely 
into the corresponding homopolymer phases. The actual 
conformation is better represented by a combined model 
in which part of the copolymer molecule stays at the 
interface and the rest penetrates to the corresponding 
homopolymer phases. Among the various copolymers, 
the one having the highest molecular weight occupies the 
maximum area at the interface. 
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