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ABSTRACT: The compatibilizing effect of block copolymer addition on the interfacial tension between two 
immiscible homopolymers is studied as a function of the concentration of the additive for the ternary system 
polystyrene/l,2-polybutadiene/poly(styrene-block-l,2-butadiene). A sharp decrease in interfacial tension 
is observed with the addition of small amounts of copolymer, followed by a leveling off as the copolymer 
concentration is increased above the apparent critical micelle concentration (CMC). For concentrations below 
this critical concentration, the interfacial tension reduction is essentially linear in the copolymer content and 
compares well with the predictions of Noolandi and Hong. 

Introduction 
Polymer melt blending has proven to be a simple and 

efficient means for the development of new higher per- 
formance organic materials, starting from largely available 
monomers and polymers. In the case of immiscible sys- 
tems, the overall physicomechanical behavior depends 
critically on two demanding structural parameters: a 
proper interfacial tension leading to a phase size small 
enough to allow the material to be considered as macro- 
scopically “homogeneous”, and an interphase “adhesion” 
strong enough to assimilate stresses and strains without 
disruption of the established morphology. That is un- 
fortunately not the case for most immiscible polymer 

It is widely known that the presence of certain polymeric 
species, usually suitably chosen block or graft copolymers, 
can alleviate to some degree these problems as a result of 
their interfacial a~ t iv i ty .~ - ’~  The segments of these co- 
polymers can be chemically identical with those in the 
respective phases6J1J3-16 or miscible with or adhered to one 
of the phases.l7-lg As pointed out by Paul,20 “this type of 
surface activity should (1) reduce the interfacial energy 
between the phases, (2) permit a finer dispersion during 
mixing, (3) provide a measure of stability against gross 
segregation, and (4) result in improved interfacial adhe- 
sion21.” 

Many experimental investigations have appeared that 
attempt to study the interfacial and surfactant properties 
of block copolymers. In addition to documenting the 
compatibilizing activity in polymer blend dispersions, these 
investigations have also provided evidence of the interfacial 
activity in polymeric  system^,'^^^^-^^ surface a ~ t i v i t y , ~ ~ - ~ g  
and dispersant e f f ic ien~y~~v~l  of block copolymers. 

Patterson et al.% used a rotating drop apparatus to study 
the effect of addition of poly(dimethylsi1oxane-block- 
oxyethylene) copolymers on the interfacial tension between 
a commercial methyl terminated poly(dimethylsi1oxane) 
and a commercial poly(oxyethy1ene-block-oxypropylene) 
copolymer. Starting with an interfacial tension of 8.3 
dynlcm, a 72% reduction in interfacial tension was ob- 
tained with the addition of 2% of a 60140 poly(dimethy1 
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siloxane-block-oxyethylene) block copolymer. Increasing 
the level of polar polyether substitution from 40% to 75% 
did not result in any further reduction. It rather showed 
less interfacial activity (64% reduction in interfacial ten- 
sion). This agrees with the previous observation of max- 
imum efficiency obtained with symmetric  copolymer^.^*^,^^ 
Substitution of a propylene oxide for the poly(ethy1ene 
oxide) in the 25/75 copolymer additive reduced its capa- 
bility for reducing interfacial tension (51 % reduction). 

The effect of the concentration of the copolymer em- 
ulsifier was studied for the 60140 poly(dimethylsi1oxane- 
block-oxyethylene). A major reduction in interfacial ten- 
sion (55%) took place with the addition of.0.1790 of the 
copolymer, while 68% reduction was observed with 1% 
additive. Increasing the amount to 2% effected only a 4% 
further reduction. That is, a few percent of block co- 
polymer additive is required to essentially saturate the 
interface and reach the limiting interfacial tension. A 
linear correlation was obtained when interfacial tension 
was plotted versus the logarithm of the concentration of 
the additive expressed as grams of additive per liter of 
mixed liquids. 

Studies on star-shaped block copolymer additivesz6 
demonstrated that the limiting interfacial tension was 
identical with that for the corresponding diblock copolymer 
but that limiting behavior is achieved at  significantly lower 
copolymer concentrations. 

Gailard and c o - ~ o r k e r s ~ ~ , ~ ~  demonstrated the surface 
activity of block copolymers by studying the interfacial 
tension reduction in demixed polymer solutions. Addition 
of polybtyrene-block-butadiene) block copolymer to the 
polystyrene/ polybutadienelstyrene ternary system showed 
first a characteristic decrease in interfacial tension followed 
by a leveling off, which is similar to the evolution of in- 
terfacial tensions for oil-water systems in the presence of 
surfactants. 

The compatibilizing effect of block copolymer addition 
can therefore be demonstrated with the sharp reduction 
in interfacial tension observed with the addition of a small 
amount of the emulsifier followed by a leveling off indi- 
cative of saturation of the interface by the solubilizing 
agent. In this paper, the compatibilizing effect of diblock 
copolymer addition on the interfacial tension between two 
immiscible homopolymers is studied as a function of the 
concentration of the additive for the ternary system 
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Table I 
Characteristics of the  Materials 

chemical 
structure 

M ,  M J M ,  1,4 1,2 wt  % PS 
Psa 2200 1.06 100 
PBb 7800 1.02 95 5 0 
P(S-b-B)* 18600 1.06 95 5 49 

Polymer Laboratories, Ltd. Synthesized in house. 

po lys tyrene(PS)  / 1,2 polybutadiene(PB)  /poly(styrene- 
block-1,2-butadiene)(P(S-b-B)). T h e  interfacial  tension 
data a re  compared  to the predictions of cur ren t  theo-  
ries33-37 which t r e a t  t h e  emulsification behavior of block 
copolymers. 

Experimental Section 
Materials. Polystyrene oligomer (Polymer Laboratories, Ltd.) 

was used in this study as received. The number-average molecular 
weight is 2200, and the sample is monodisperse (M,/M,, = 1.06). 
Its characteristics are listed in Table I. 

The 1,2-polybutadiene homopolymer was anionically syn- 
thesized in house. The reaction was carried out a t  room tem- 
perature in benzene under high-purity argon by using a glass 
manifold equipped with Teflon valves. n-Butyllithium (n-BuLi) 
was the initiator and dipiperidinoethane% was used as a modifier 
a t  a molar ratio of 1O:l (m0difier:initiator) to produce homo- 
polymers with more than 95% 1,2-butadiene isomer. More details 
on the synthesis procedure are given by Owens39 and Anasta- 
siadis40 The microstructure of the butadiene sequence was 
evaluated by proton nuclear magnetic resonance spectroscopy ('H 
NMR) and showed predominantly the 1,2 isomer (95% 1,2 and 
5% 1,4). The number-average molecular weight was measured 
with membrane osmometry39 in toluene on a Knauer osmometer. 
The number-average molecular weight for our sample (sample 
PB-9 in ref 39) was found to be 7800. The polydispersity of the 
1,2-polybutadiene homopolymer measured by high-pressure 
size-exclusion chromatography (HPSEC) was M,/M,, = 1.02. 

The block copolymerization was carried out in benzene with 
dipiperidinoethane as a polar modifier to yield primarily 1,2- 
butadiene. More details on the synthesis procedure are given 
elsewhere.39@ The composition and microstructure of the diblock 
copolymer were determined by 'H NMR on a 250-mHz Bruker 
instrument. The copolymer was determined to be 49 wt % 
polystyrene and the polybutadiene microstructure was determined 
to be 95510 1,2 microstructure. The number-average molecular 
weight for the P(S-b-B) diblock copolymer, measured by mem- 
brane osmometry,39 was reported as 18 600. The polydispersity 
measured by HPSEC was 1.06. The characteristics of all the 
materials are summarized in Table I. 

The density of the PB 7800 sample used in this study was 
estimated using the density values r e p ~ r t e d ~ ~ p ~ l  for two different 
molecular weight 1,4-polybutadienes, a hydrogenated 1,2-poly- 
butadiene, and literature  value^^^^^^ for the 1,2 homopolymers. 
The estimated butadiene density value at  the temperature of the 
interfacial tension measurements (145 "C) was 0.856 g/cm3. The 
density data of Bender and G a i n e ~ ~ ~  and Fox and F 1 0 r y ~ ~  were 
used to estimate the density for the PS  2200 sample. I t  was 
estimated as 0.980 g/cm3. Thus, the density difference across 
the interface was estimated to be 0.124 g/cm3 at  the temperature 
of our experiments. I t  was also assumed that the addition of the 
very small amounts of the P(S-b-B) (less than 3.5%) does not 
affect appreciably the density difference across the interface. 

Interfacial  Tension Measurements. Interfacial tension for 
the binary homopolymer blend and the ternary systems containing 
the block copolymer additive were measured by using the auto- 
mated pendant drop apparatus,& which utilizes video digital image 
processing techniques. The copolymer emulsifier was preblended 
with PS  and a fluid drop of the mixture was formed, a t  the tip 
of a glass capillary tube of a Drummond positive displacement 
syringe, in a fluid matrix of the PB phase. That is, the copolymer 
was preblended with the dispersed phase in order to control more 
precisely the amount that can diffuse to the interface and to 
minimize the distance traveled by the copolymer molecules to 
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Figure  1. Interfacial tension for the system PS/PB/P(S-b-B) 
a t  145 "C as a function of P(S-b-B) diblock copolymer concen- 
tration. 

reach the polymer/polymer interface. The same preblending 
procedure was also adopted by Fayt and c o - w o r k e r ~ ~ ' * ~ ~ - ~ ~  in 
preparation of specimens for transmission electron microscopy 
experiments. The microcuvette containing the polymer matrix 
was placed in a Rame-Hat C-2033 environmental chamber under 
argon atmosphere. The temperature was controlled a t  145 "C. 
Details regarding the experimental setup and data aquisition 
procedure are discussed e l ~ e w h e r e . ~ , ~ '  Images of the drops were 
recorded every 15 min for a period of time of more than 1 h. The 
drop profiles were then analyzed by using a robust shape com- 
parison algorithm.& When the calculated interfacial tension did 
not change with time, equilibrium was considered to be attained. 

Results and Discussion 
Interfacial Tension Data. The interfacial tension data 

for t h e  PS 2200/PB 7800/P(S-b-B) system as a function 
of t he  copolymer concentration, at a constant temperature 
of 145  "C ,  appea r  in  Figure 1. The copolymer concen- 
t ra t ion  is expressed as weight of copolymer per  weight of 
the PS. The average standard deviation of the data is 
3.0%, whereas the maximum s t anda rd  deviation is 5.1 70. 
A sharp decrease in the interfacial tension is observed with 
addition of a small  amount of copolymer (40% reduction 
with 1.29% addition),  i l lustrating the surfactant-l ike be- 
havior of the diblock copolymer. The interfacial tension 
levels off as the copolymer concentration is increased (50% 
reduction wi th  addi t ion  of 3.5% copolymer). 

Similar behavior was observed by  Pa t te rson  et al.25 and 
by  Gailard e t  al. , 1 4 3 2 4  as discussed in  the Introduction. 
Thei r  results, however, indicate a much  higher reduction 
obta ined  by  the addi t ion  of the copolymer to the phase- 
separa ted  system. Pa t t e r son  et al. do no t  provide infor- 
mat ion  on  the molecular weights or the polydispersities 
of the polymers they used, so one cannot  really assess why 
they  achieved higher reductions. It may  be a t t r ibu ted  to 
t h e  specific interactions that might  be  present i n  the 
poly(  d ime thy l s i loxane )  / poly(oxyethy1ene-block-oxy- 
propylene)  lpoly(dimethylsi1oxane-block-oxyethylene) 
system, especially since t h e  reduction was lower when the 
oxyethylene sequence was replaced by  oxypropylene. T h e  
augmented  reduction (68% wi th  2.6% copolymer) ob- 
served by  Gailard e t  al. may also be associated with either 
t h e  high molecular weight of the copolymer used ( M ,  = 
225000,48% PS), compared to that of t h e  homopolymers 
[ P S  ( M ,  = 76200, M,/M, = 1.1) and commercial  poly- 
butadiene (M,  = 120 OOO)] or to t h e  interactions (e.g., ex- 
cluded volume) that a r e  caused b y  the presence of the 
s tyrene  solvent in  t h e  polystyrene/polybutadiene/poly- 
(styrene-block-butadiene)/styrene system. 

The leveling off of interfacial tension observed at high 
block copolymer concentrations in  these te rnary  sys tems 
is a n  indication of interfacial saturation by the copolymer. 
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The addition of more copolymer is wasteful, since it does 
not affect the interfacial situation but rather produces 
micelles of the copolymer dispersed in the homopolymer 
phases.35 The critical micelle concentration (CMC), de- 
fined as the concentration a t  which micelles are formed, 
can be estimated from Figure 1. For block copolymers in 
solutions, the CMC is evaluated using surface tension data 
of the solutions versus the copolymer concentration. As 
reported by Nakamura et al.50 and Riess and co-work- 
e r ~ ~ ~ , ~ ~ * ~ ~  the surface tension of block copolymer solutions 
decreases linearly with increasing concentration below the 
CMC and attains an almost constant value when the 
concentration exceeds the CMC. If the same approxima- 
tion is used for the polymer A/polymer B/copolymer in- 
terfacial tensions, a CMC of ca. 1.6 g of copolymer per gram 
of PS can be estimated. Clearly, at  concentrations higher 
than the CMC, there is a coexistence equilibrium between 
copolymer at  the saturated interface and copolymer mi- 
celles dispersed within the two homopolymer phases. 

Comparison with Theory. Statistical thermodynamic 
theories considering the emulsifying effect of compolymers 
have recently been proposed by Noolandi and co-work- 
e r ~ ~ ~ - ~ ~  and Leibler.37 

Hong and Noolandi previously constructed a general 
the0ry5~9~~ of inhomogeneous systems, beginning with the 
functional integral representation of the partition function 
as introduced by Edwards." The free-energy function was 
minimized by the saddle-function method, including the 
constraints of no volume change upon mixing and a con- 
stant number of molecules of each component, to obtain 
the mean-field equations for the fundamental probability 
distribution functions for a system of two immiscible 
homopolymers A and B diluted with solvent in the pres- 
ence of a diblock copolymer AB. These equations were 
solved numerically to obtain the polymer density profiles 
in the interfacial region. The difference between the total 
free energy and that of the bulk polymers was used to 
evaluate the interfacial tension. 

The assumption was made that the part of the co- 
polymer that does not localize itself a t  the interface will 
be randomly distributed in the bulk of the homopolymers. 
Because of this assumption, their results34 should be re- 
liable only for low copolymer concentrations below the 
critical micelle concentration. Numerical solutions of their 
m 0 d e 1 ~ ~ 1 ~  were used to identify the relative importance of 
the various contributions that affect the interfacial tension 
reduction. For a symmetric diblock copolymer, homo- 
polymers of infinite molecular weight, and a symmetric 
solvent, they found that the interfacial tension reduction, 
Ay, with increasing copolymer molecular weight and con- 
centration arose mainly from the energetically preferred 
orientation of the blocks at  the interface so as to extend 
into their respective compatible homopolymers. The main 
counterbalancing term in the expression for Ay is the en- 
tropy loss of the copolymer that localizes at  the interface. 
The loss of conformational or "turning back" entropy of 
both the copolymer and homopolymer chains a t  the in- 
terface was shown to contribute little to Ay. 

Neglecting, thus, the loss of conformational entropy, 
they were able to obtain an analytical expression for the 
interfacial tension reduction, given by 
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d is the width a t  half height of the copolymer profile, 
reduced by the Kuhn statistical segment length. Nu- 
merical calculations showed that d was almost constant 
for varying copolymer molecular weights. 4c denotes the 
bulk copolymer volume fraction of the copolymer in the 
system, which is very close to the nominal amount of the 
block copolymer present,% whereas 4,(0) is the copolymer 
volume fraction a t  the interface. 4, is the bulk volume 
fraction of polymer A or B (assumed equal), Z, is the 
degree of polymerization of the symmetric Copolymer, and 
x is the Flory-Huggins interaction parameter between A 
and B segments. I t  was assumed that x~ = XBS = 0, 
between the solvent and segments A and B, respectively. 
The simplified theory does not provide an expression for 
d directly, and thus, it is left as an adjustable parameter. 
For Z,x$, << 1, eq 1 reduces to 

The total amount of the copolymer residing at  the interface 
was shown to be 

dctO) 2 4, exp(ZCx4,/2) (2) 

(3) 

The important features of the approximate relations (1 
and 3) were verified by the exact numerical calculations. 
An exponential dependence of the interfacial tension re- 
duction on the block copolymer molecular weight, as well 
as the total homopolymer volume fraction, is predicted that 
can explain the remarkable effectiveness of using large 
molecular weight diblocks as surfactants for concentrated 
mixtures of immiscible homopolymers. For small Z,, a 
linear dependence of Ay on 2, (eq 3) was predicted by the 
exact numerical calculations, as well. A linear dependence 
of AT on the block copolymer volume fraction was pre- 
dicted by the exact numerical solution in agreement with 
(1) and (3). 

Noolandi and H o n F =  pointed out that both copolymer 
concentration and molecular weight are equally important 
in reducing the interfacial tension. They noted, however, 
that the interfacial tension surface (y plotted against Z, 
and 4,) is bounded by a critical micelle concentration 
(CMC) curve, since blocks of large molecular weight tend 
to form micelles in the bulk of the homopolymers, rather 
than congregating at  the interface. Their theoretical 
treatment is valid for concentrations well inside the CMC 
boundary. 

Leibler3' developed a mean-field formalism to study the 
interfacial properties of nearly compatible mixtures of two 
homopolymers, A and B, and a copolymer AB. The free 
energy was expressed in terms of monomer concentration 
correlation functions that were calculated in a self-con- 
sistent way within the random-phase a p p r o ~ i m a t i o n . ~ ~ ~ ~  
For the very broad interface of nearly miscible systems, 
a gradient expansion was carried out giving a generalization 
of the Cahn-Hilliard theorye5' As mentioned by Noolandi 
and H ~ n g , ~ ~  with the gradient expansion in Leibler's 
theory, the diblock copolymer was effectively treated as 
a small-molecule solvent compared to the large width of 
the interfacial region, and the structure of the copolymer 
became irrelevant. The system, thus, behaved as a mixture 
of two homopolymers driven to the consolute point by the 
addition of an excess of solvent. For the nearly compatible 
species (2 < XN < 4(2)1/2), two mechanisms of the inter- 
facial activity of the copolymer chains were distinguished: 
(i) species A and B, which are more closely mixed as co- 
polymer chains, are present in both phases, and (ii) the 
copolymer chains have a certain tendency to locate at  the 
interface. In the case of nearly miscible species (near the 
consolute point), the first mechanism dominates, whereas 
for the highly incompatible case the second is the most 
important. 

To summarize, the mechanisms thought to control the 
decrease in interfacial tension in highly immiscible systems 



1452 Anastasiadis et al. Macromolecules, Vol. 22, No. 3, 1989 

compared to nearly compatible blends are quite different. 
In the first case, it is the surfactant activity of the block 
copolymer chains that causes the interfacial tension re- 
duction, whereas it is the presence of copolymer molecules 
dissolved in the bulk homopolymer phases that causes the 
compatibilizing behavior in the second. These theories 
remain relatively untested to date, primarily as a result 
of the scarcity of data on homopolymer/copolymer in- 
terfaces. 

The theory of Leibler37 holds for nearly compatible 
polymer systems, whereas the theories of Noolandi and 
Hang%-% apply to the case of highly incompatible systems 
for concentrations less than the critical micelle concen- 
tration (CMC) of micelle aggregation. For concentrations 
below the CMC, interfacial tension is expected to decrease 
linearly with copolymer concentration, whereas for con- 
centrations higher than the CMC a leveling off is expected, 
as observed in Figure 1. For the immiscible system 
polystyrene/ polybutadiene, the theories of Noolandi and 
Hong will be examined for their applicability in predicting 
the interfacial tension reduction upon the addition of the 
diblock copolymer. 

The Flory-Huggins interaction parameter for this sys- 
tem has been determined by Owens39 by small-angle X-ray 
scattering analysis of the disordered state of poly(sty- 
rene-block-1,2-butadiene) diblock copolymer (the same 
sample used in our study), using the theory of Leibler.58 
It was found to be given by the expression 

(4) 
in very good agreement with the data of Hewel and Ru- 
land,59 where T is the absolute temperature. For the 
temperature of 145 OC of our experiments, x = 0.0388. The 
degree of polymeri~at ion~~ of the diblock is Z, = 261. 

NoolandiGO suggested that the theory can be applied to 
the system PS/PB/P(S-b-B), i.e., to a concentrated system 
without solvent, by letting the total polymer volume 
fraction, &, go to 1. In this case, (1) reduces to 

x = -0.021 + 25/T 

or, by use of the values for x and Z,, 
A? -0.583d4, (6) 

with d being the width at the half height of the copolymer 
profile in units of b, which is essentially a parameter not 
determined by the simplified theory. It is related to the 
thickness of the interface. 

In order to compare our data with the Noolandi and 
Hong theory, we need the bulk volume fractions of the 
copolymer. We assume that the same volume fraction of 
copolymer exists in both bulk phases. By use of the 
densities of PS and PB used earlier (pps = 0.980 g/cm3 and 
ppB = 0.856 g/cm3), the copolymer bulk volume fraction 
is related to the concentration, c ,  used in Figure 1, by 

1.959 -' 
4, = (1 + c) (7) 

The interfacial tension reduction or increment Ay is re- 
ferred to the average value of the interfacial tension for 
the binary blend without the copolymer (0.60 dyn/cm). 

The plot of interfacial tension increment as a function 
of the copolymer volume fraction, calculated as discussed 
above, appears in Figure 2, together with the linear fit of 
the data for low concentration (less than the CMC) of the 
copolymer additive. The slope of this line is -37.0, and 
thus, by the use of eq 6, d = 63.5b, or by the use of the 
geometric mean of the Kuhn statistical segment lengths 
of the two segments39 as 0.6 nm, it is found that d = 38 

0.05 1 t I 

4.05 ""'f\ 
I \  I 

<' 4.25 I \ 
4.30 \ "  
4.35 1 I I I I 

0 0  0.5 1 .o 1.5 2.0 

o c  x 100 

Figure 2. Interfacial tension reduction versus copolymer volume 
fraction for the system PS/PB/P(S-b-B) at 145 "C. Solid line 
is the linear fi t  of the data for concentrations below the CMC, 
according to the theory of Noolandi and Hang.% 

nm. This value of d (-63.5 monomer units) is about 24% 
of the contour length of the copolymer chains (degree of 
polymerization of 261) and, thus, is very reasonable for our 
system. A similar extended configuration of the chains has 
been found for diblock copolymers adsorbed onto mica 
surfaces, with the solvent being a good solvent for one 
block and a nonsolvent for the other.6l The approximate 
theory, however, should be considered reliable only for 

xzc4, 5 2 (8) 

For larger values of this parameter (as in our system xZ,@, 
= lo), the effects shown in the calculations are 
"accentuated but they have to be interpreted with care, 
because of the possibility of third-phase formation in the 
system".36 

More experiments with carefully tailored systems are 
needed, both for highly immiscible and for nearly com- 
patible polymer systems, in order to fully test the appli- 
cability of the thermodynamic theories for the homo- 
polymer/copolymer interfaces and thus gain the funda- 
mental ability to optimize interfacial activity in these 
systems. 

Summary 
An initial study has been performed on the effect of low 

amounts of diblock copolymer compatibilizing agents on 
the interfacial tension between two immiscible homo- 
polymers. The effect of addition of poly(styrene4lock- 
1,Zbutadiene) in reducing the interfacial tension between 
polystyrene and 1,2-polybutadiene is investigated as a 
function of copolymer concentration. 

The interfacial tension data demonstrate the surfac- 
tant-like behavior of the added diblock copolymer. A sharp 
decrease in interfacial tension is observed with addition 
of a small amount of copolymer (40% reduction with 
1.29% additive), followed by a leveling off as the copolymer 
concentration is increased (50% total reduction with 3.5% 
copolymer). The leveling off at  higher concentrations is 
an indication of interfacial saturation by the copolymer 
and subsequent formation of copolymer micelles dispersed 
in the homopolymer phases. An estimate of the critical 
micelle concentration (CMC) of 1.6 g of copolymer per 
gram of polystyrene can be extracted from these data. 

For concentrations less than the CMC, the theories of 
Noolandi and Hong predict a linear decrease of interfacial 
tension with copolymer volume fraction in agreement with 
the data, with a slope that depends on the configuration 
of the copolymer at  the homopolymer/homopolymer in- 
terface. The comparison with theory suggests that the 
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copolymer chains adopt extended configurations a t  the 
interface. 
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