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ABSTRACT: The effect of block copolymer addition on the reduction of the interfacial tension between
two immiscible homopolymers is investigated as a function of the additive molecular weight and
concentration for polystyrene/polyisoprene blends in the presence of polystyrene-block-polyisoprene
copolymers using the pendant drop method. The interfacial tension decreases with the addition of small
amounts of copolymer and reaches a plateau at higher copolymer concentration, in agreement with
previous studies. However, the reduction of the interfacial tension is a nonmonotonic function of the
copolymer additive molecular weight at constant copolymer concentration in the plateau region. As the
additive molecular weight increases the interfacial tension reduction, |Ay|, goes through a maximum.
This should be related with the increased tendency of micelle formation for high copolymer molecular
weights, which is verified by small-angle X-ray scattering. The results are discussed in relation to
theoretical predictions for polymer/polymer/copolymer mixtures.

I. Introduction

Improvement of the performance of polymeric materi-
als for many important industrial applications is achieved
by mixing two or more components with complementary
properties. For the case of immiscible polymer—polymer
dispersions, one is faced with the problem of controlling
the morphology (phase structure) and the interfacial
adhesion between the phases in order to obtain an
optimized product. The phase structure (e.g., the dis-
persed particle size) as well as the equilibrium adhesive-
bond-strength between the two phases is related to the
interfacial energy and interfacial thickness between the
domains.

Suitably chosen block or graft copolymers are widely
used by the polymer industry as emulsifiers in multi-
constituent polymeric systems.»2 This is due to their
interfacial activity, i.e., to their affinity to selectively
segregate to the interface?~’ between the phase-sepa-
rated homopolymers. This partitioning of the block
copolymers at the interface is responsible for the
significant reduction of the interfacial tension between
the two macrophases,®~12 that leads to a finer and more
homogeneous dispersion during mixing,'3~16 provides a
measure of stability against gross segregation!* by
inhibiting coalescence!® of the dispersed phases, and
leads to improved interfacial adhesion!” and mechanical
properties’31® via the significant increase®® of the
interfacial thickness between the two macrophases. The
segments of these compatibilizers can be chemically
identical with those in the respective phases?=20 or
miscible with or adhered to one of the phases.?!

For the block or graft copolymers to be effective, they
must partition to the blend interface,?~7 with each block
preferentially extending into its respective homopolymer
phase.®722-25 Since block and graft copolymers are likely
to be expensive, it is of great importance to maximize
their efficiency, so that only small amounts are required.

* To whom correspondence should be addressed at the Founda-
tion for Research and Technology—Hellas.
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The tendency of the copolymeric additives to migrate
to the interface has been anticipated to depend on the
interaction parameter balance between the homopoly-
mers and the copolymer blocks,?¢ on the macromolecular
architecture/topology and composition of the copoly-
mers,?’ and, very importantly, on the molecular weights
of the copolymer blocks?528-31 relative to those of the
homopolymers. One should always keep in mind, how-
ever, that, in a typical preparation of homopolymer/
copolymer blends, the system may be diffusion-con-
trolled and the optimal conditions for the molecular
design of interfacially active copolymers obtained from
equilibrium considerations should be modified. Besides,
trapping of high copolymer concentrations at the inter-
face can be envisioned.??2 Moreover, mixing the additive
with one on the components may lead to the formation
of copolymeric micelles in the homopolymer matrix;3?
the micelles would compete with the interfacial region
for copolymer chains and the amount of copolymer at
the interface or in micelles would depend on the relative
reduction in the free energy. The effect of the existence
of micelles on the interfacial partitioning of diblock
copolymers at the polymer/polymer interface has not
been examined to a significant extent.329.31,33.34

In this report, the effect of the molecular weight (MW)
and concentration (¢adq) of compositionally symmetric
diblock copolymer additives on the interfacial tension
between two immiscible homopolymers is investigated,
using a technique based on the analysis of axisymmetric
pendant fluid drop profiles.?1012.35 The system investi-
gated is polystyrene/polyisoprene blends in the presence
of polystyrene-block-polyisoprene copolymers. A de-
crease in interfacial tension is observed with addition
of small amounts of copolymer followed by a leveling
off (plateau) as the copolymer concentration increases,
in agreement with earlier investigations.8~1? The reduc-
tion of the interfacial tension, however, is a nonmono-
tonic function of the copolymer MW at constant copoly-
mer concentration ¢aqq in the plateau regime. For low
additive MW's, the interfacial tension reduction in-

© 2001 American Chemical Society

Published on Web 06/19/2001



5296 Retsos et al.

Table 1. Molecular Characteristics of the
Poly(styrene-b-isoprene) Samples

previous

code My Mw/Mp  wps? NP fpst name ref
D-1 12 400 1.05 0.44 140 0.41 SI-140 37
D-2 23 300 1.04 0.50 277 047 SI(12-12) 38
D-3 36 000 1.05 0.44 432 0.41 SI(16—20) 39
D-4 57 500 1.05 0.56 679 0.53 JG-4 40
D-5 96 000 1.08 0.62 1127 059 JG-1 40
D-6 108 200 1.05 0.52 1290 0.49 41
D-7 140500 1.08 0.41 1694 0.38 JG-2 40
D-8 159 000 1.05 0.57 1876 0.54 SI-57 42
D-9 172000 1.03 0.53 2042 050 SI-53 42
PS 9860 1.05 1.00 112 1.00

Pl 4000 1.06 0.00 81 0.00 41

a Polystyrene weight fraction. ® Based on average segmental
volume. ¢ Polystyrene volume fraction

creases as the additive MW increases whereas, for even
higher MW'’s, this trend is reversed and the interfacial
tension reduction decreases. An attempt to understand
this is made by considering the thermodynamic equi-
librium among copolymer chains adsorbed at the inter-
face, homogeneously distributed in the bulk homopoly-
mers, and at micelles formed within the homopolymer
phases. At low MW's, the equilibrium is between
copolymer chains at the interface and chains homoge-
neously distributed in the bulk (regime I); increasing
the MW drives more copolymer chains to the interface,
thus decreasing the interfacial tension. However, when
micelles are present (regime I1), further increase of the
MW drives less copolymer to the interface; thus, the
interfacial tension reduction is smaller. These ideas are
further supported by small-angle X-ray scattering show-
ing the formation of micelles for copolymer MW's in the
regime Il and their absence in regime I. It is noted that
the effect of the macromolecular architecture and the
copolymer composition will be reported in a subsequent
publication.3®

The remaining of this article is arranged as follows:
Following the Experimental Section, section 11, the
results of the interfacial tension investigations are
presented in section I1l and are discussed in relation to
a theoretical attempt to predict the behavior. The
concluding remarks constitute section I1V.

1. Experimental Section

Materials. Polystyrene-block-poly(1,4-isoprene), Sl, diblock
copolymer samples were synthesized by anionic polymerization
using high vacuum or inert-atmosphere techniques. The
characteristics of the diblocks are shown in Table 1 whereas
the details of their synthesis and characterization have been
described earlier in the respective references of Table 1. It is
noted that in the present study the diblocks utilized are more-
or-less symmetric in composition.

Polystyrene (PS) homopolymer (Polymer Laboratories, Ltd.)
was used in this study as received. Polyisoprene (PI) ho-
mopolymer was anionically synthesized under argon atmo-
sphere by J. W. Mays and K. Hong and was kindly provided
to the authors. The characteristics of the PS and Pl homopoly-
mers are also shown in Table 1.

Interfacial Tension Measurements. The interfacial ten-
sion between the two different phases (with and without the
compatibilizer) is measured with the pendant drop method
using a technique based on the analysis of axisymmetric fluid
drop profiles.®%035 Because of the high viscosities and the
viscoelastic character of polymeric materials, equilibrium static
techniques, such as drop profile methods, are better suited for
measuring surface/interfacial tensions; the pendant/sessile
drop method has been proven to be the most versatile in that
respect (a comparison between different techniques was
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recently presented by Xing et al.*3). The method is based on
the principle that the shape of the profile of a drop of one fluid
into a matrix of another is governed by a force balance between
interfacial tension and gravity forces, which is described by
the Bashforth—Adams equation.** The shape is controlled by
the shape parameter B = ave = a[gAply]¥?, where a is the
radius of curvature at the drop apex, g is the gravitational
constant, y is the interfacial tension, Ap is the density
difference across the interface, and ¢ = gAp/y.

The pendant drop is formed in a heated cell with temper-
ature control up to 300 °C with accuracy +1 °C. The optical
system includes a motorized zoom lens with highest magni-
fication such that a 1 mm subject at distance 10 cm covers an
11-in. screen of the video monitor. The video image of the drop
is digitized by an AT&T Targa frame grabber resident within
a microcomputer (the instrument described in ref 35 has been
commercialized by Materials Interface Associates). The result-
ing image is processed using global thresholding and near-
neighbor analysis to extract the experimental drop profile. This
profile is, then, analyzed with a robust shape comparison
algorithm, which utilizes the repeated median concept that
reduces the five variable optimization (usually needed for
shape comparison) to a single variable search of the shape
parameter B (the other parameters can be calculated inde-
pendently®®). The interfacial tension, v, is calculated from the
value of the magnification at the best-fit value of B, 7*, since
™ = UVe = [y/(gAp)]*2

The copolymers are premixed at certain concentrations with
the PS homopolymer in toluene followed by slow evaporation
of the solvent. Fluid drops of the mixtures are, then, formed
at the tip of a glass capillary tube of a Drummond positive
displacement syringe in a fluid matrix of the Pl phase, i.e.,
the copolymer is, essentially, 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 reach the polymer/polymer
interface.’? The same preblending procedure was also adopted
before not only for interfacial tension studies!®!! as well as
for the preparation of specimens for transmission electron
microscopy experiments.?'4 For symmetric diblock copolymer
additives, it is expected that, at equilibrium, the resulting
interfacial tension should be insensitive to whether the addi-
tive is preblended with homopolymer A or B or both; to check
this expectation, for one of the systems (to be discussed below),
the additive was introduced either to PS or to PI or half-and-
half to both homopolymers.

Images of each drop formed are digitized every 10 min for
long periods of time and the profiles are analyzed. Viscoelastic
and interfacial equilibrium is considered to have been attained
when the extracted values of the interfacial tension do not
change with time.'? Caution is always taken to avoid degra-
dation of (especially) the PI for long times at 140 °C, where
all the measurements reported herein were taken. The samples
are always under inert (nitrogen) atmosphere and in most
cases the viscosity of the Pl matrix is checked after the end of
the measurements.

Figure 1 shows the step-by-step performance of the routine
for the analysis of the profile of a typical drop of PS in the
matrix of Pl at 140 + 1 °C. Following the digital image
processing of the actual pendant drop, the present method for
the determination of interfacial tension uses a certain number
of points along the drop profile (for example the 41 points
shown in Figure 1) which are selected by the routine as the
experimental (x;, zj) points to be used in the comparison with
the calculated profiles. The routine is then performing a one-
parameter search along the shape parameter B (Figure 1, parts
a—d) where the shape parameter B values are 0.370, 0.543,
0.584, 0.609; Figure 1e shows the best fit obtained for the B =
0.625. Utilizing the magnification factor t* that corresponds
to the optimum B value and knowing the densities of the drop
and the matrix phase allows calculation of the interfacial
tension y.

Densities: Literature values were used for the calcula-
tion of the densities of PS and Pl homopolymers. The density
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Figure 1. Step-by-step performance of the pendant drop analysis routine: (x) experimental 41 data points selected from the
extracted pendant drop profile of a drop of PS in the matrix of Pl at 140 + 1 °C. The lines are the simulated profiles for B = 0.370
(a), 0.543 (b), 0.584 (c), and 0.609 (d). The best fit between the experimental profile and the calculated one is obtained for B =
0.625 (e).
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Table 2. Interfacial Tension at Saturation and
Characteristic Concentration wenar

copolymer code ysat (dyn/cm) Wehar (Wt %)
D-1 1.60 + 0.015 a
D-2 1.52 +0.015 0.39 + 0.05
D-3 1.48 £ 0.020 a
D-4 1.41 +0.020 0.31+0.07
D-5 1.31 + 0.020 0.30 + 0.05
D-6 1.33 +0.020 a
D-7 1.40 £+ 0.020 a
D-8 1.45 +0.025 0.39 + 0.07
D-9 1.63 + 0.025 a

a Not enough data points at low concentrations were measured
for these copolymers in order to extract values for Wehar.

of PS is estimated from#®

1/pps = 0.9199 + 5.098 x 10 4(T — 273) + 2.354 x
32.46 + 0.1017(T — 273)

MW,PS

107(T — 273)* + (1)

where pps is in g/cm3, T in K, and My ps the weight-average
molecular weight of PS. The density of Pl is similarly esti-
mated from*6

1pp, = 1.0771 + 7.22 x 10™%(T — 273) + 2.346 x
1077 (T — 273)% (2)

where pps is in g/lcm?3. Since the weight fractions of copolymers
added is always small (less or equal to 4%), it is assumed that
the addition does not affect appreciably the density difference
across the interface. The maximum possible uncertainty this
assumption introduces is less than 2.7% for all the concentra-
tions investigated and less than 1.4% for the 2 wt % concen-
tration; this is well within the error bars of the measurements
(see for example Table 2). It should be noted that the accuracy
in the extracted values of the interfacial tension is directly
proportional to the accuracy in the estimation of the density
difference Ap.

Small-Angle X-ray Scattering: Small-angle X-ray scat-
tering (SAXS) experiments were performed on mixtures of
polyisoprene with the various polystyrene-block-polyisoprene
copolymers utilizing a Rigaku 2263A3 camera with slit colli-
mation (slits 0.03 mm at distance 112 mm apart) equipped
with an one-dimensional position sensitive detector (straight
metal wire). The sample to detector distance is such that
scattering wave vectors q = (4x/1) sin (6/2) as low as 0.012
A-1can be measured without interference from the beam stop
(6 is the scattering angle and 1 is the wavelength of the
X-rays). The X-rays were produced by a Rigaku 12 kW rotating
anode X-ray generator and the Cu Ka radiation was used (4
= Jcuke = 1.54 A). The smeared intensities were collected in
a multichannel analyzer and transferred to an HP workstation
for further analysis. The data have been corrected for absorp-
tion, background scattering, and slit-length smearing. The
background correction was made by subtracting from the total
intensity the contribution of density fluctuations evaluated
from measuring pure PS and pure Pl (at the same tempera-
ture) and calculating the weighted average based on the
composition of the sample in PS and PIl. Desmearing was
performed (when explicitly stated) using an algorithm by
Strobl.*” In principle, analysis of the SAXS data can be
performed following the method outlined by Roe and co-
workers“® for the determination of the micelle characteristics.
However, the micelles were too large for the scattering vector
range of our SAXS camera and, therefore, it was not possible
to extract information on their size.

I11. Results and Discussion

Experimental Interfacial Tension Data. Figure
2 shows the interfacial tension data y for the PS/SI/PI
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Figure 2. Interfacial tension for the PS/SI/PI systems as a
function of copolymer concentration added to the polystyrene
phase at a constant temperature of 140 + 1 °C for four different
diblock molecular weights: (a) D-2, (O) D-4, (O) D-5, and (®)
D-8. The lines are fits to eq 4 with the parameters of Table 2
whereas (W) denotes the PS/PI interfacial tension in the
absence of the diblock.

systems as a function of copolymer concentration at a
constant temperature of 140 4+ 1 °C for four different
diblock molecular weights. The copolymer concentration
is expressed as weight of the copolymer per weight of
the PS. A sharp decrease in the interfacial tension is
observed with addition of small amounts of diblock
copolymer, once more illustrating the expected surfac-
tant-like behavior of the copolymer. The interfacial
tension levels off as the additive concentration increases
to a value ysa; this is usually attributed to interfacial
saturation and/or to micelle formation by the copolymer.
These observations are in agreement with previous
investigations on other systems®=12 and go along with
observations of the behavior of the dispersed phase
dimension in heterogeneous blends in the presence of
diblock copolymer additives.’®> The concentration de-
pendence can be described with an empirical equation
proposed by Tang and Huang'® and also used by Jorzik
and Wolf,1b written here in terms of the additive weight
fraction wgqq

Y= (VO - Vsat) exp(_waddlwchar) + Vsat (3)

where yq is the interfacial tension in the absence of
copolymer (yo = 1.68 £ 0.02 dyn/cm) and w¢nhar denotes
the concentration required to achieve 1/e of the maxi-
mum reduction yo — ysat. Table 2 lists the values of ysat
and Wenhar for the copolymers shown in Figure 2 as well
as the values of ys, for all other systems. Not enough
data points at low concentrations were measured for
other molecular weights and, therefore, values for wenar
are not given. The effect of the copolymer MW on wchar
values is not further discussed anyway since, for all our
data, the 1/e reduction of interfacial tension happens
at very low concentrations in the lower limit of the
experimental range investigated.

The aim of the present work is to probe the depen-
dence of the interfacial tension reduction yo — ysat 0N
the additive molecular weight (MW). For the lower
copolymer MW's of Figure 2, increasing the additive MW
enhances the surfactant-like behavior; i.e., ysa decreases
as MW increases. However, with a further increase of
the copolymer MW, the value of ysa iNncreases again as
the diblock MW increases. The addition of the higher
MW diblock still shows the surfactant behavior expected
for diblock copolymers at a polymer/polymer interface
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Figure 3. Interfacial tension for the PS/SI/PI systems as a
function of the number of segments of the copolymers at a
constant temperature of 140 £ 1 °C and constant 2 wt %
copolymer added to the polystyrene phase (v). For the D-5
diblock, data are also shown when 2 wt % copolymer is added
to polyisoprene (a) and when 1 wt % is added to polystyrene
and 1 wt % is added to polyisoprene (¢). B denotes the PS/PI
interfacial tension in the absence of the diblock.

but its efficiency as an emulsifier is reduced relative to
lower MW's.

The two opposite trends in Figure 2 are more clearly
seen in Figure 3. Here, the interfacial tension data are
shown for PS/SI/PI systems with 2 wt % diblock at a
constant temperature of 140 £+ 1 °C as a function of the
total number of segments of the copolymer, N; note that
for all systems this concentration corresponds to the
plateau value of interfacial tension ysa. It is noted that
the diblock molecular weights used cover the range from
about the MW of the homopolymers to about 20 times
higher. At low N's, the interfacial tension reduction ysat
increases with increasing N (ysar decreases), whereas,
above a certain additive MW, ysa decreases by further
increasing N (ysat increases again). The increase of ysat
at high N’s is less steep than the decrease at low N's.
For copolymer D-5, the interfacial tension data are also
shown for the cases where the copolymer was preb-
lended with the PI matrix (at 2 wt %) as well as when
it was added as 1 wt % in PS and 1 wt % in PI; the
agreement of the three values is evident and is due to
the symmetry of the diblocks.

The change of the behavior with copolymer MW can
only be understood if the possibility of micelle formation
as the diblock MW increases is taken into account. At
low N's, the copolymer chains adsorbed at the interface
are in equilibrium with copolymer chains which are
homogeneously mixed with the bulk homopolymers;
increasing the MW should be driving more copolymer
chains to the interface thus decreasing the interfacial
tension. This situation is the usual assumption made
in theoretical treatments,28-31 which predict a decrease
in interfacial tension by increasing the copolymer MW.
However, as will be discussed in the next section, when
micelles are also considered in the calculation, then,
although at low N’s the situation is exactly as described
above, when the MW increases further and micelles are
formed, the copolymer chains at the interface are in
equilibrium with copolymers within micelles and with
(few) chains which are homogeneously mixed with the
homopolymers. In this range of N's, as the MW increases
fewer copolymer chains should be driven to the inter-
face, thus reducing the emulsifying effect.

Theoretical Considerations. Statistical thermody-
namic theories have been formulated to understand and
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predict the emulsifying behavior of block copolymers at
the polymer/polymer interface.?8-3149 |n a seminal series
of papers, Noolandi and co-workers?® utilized their
theory of inhomogeneous systems®C in order to investi-
gate the polymer density profiles in the interfacial
region for a system of two immiscible homopolymers A
and B diluted with solvent in the presence of a diblock
copolymer A—B. The resulting equations were solved
numerically to obtain the segment density profiles and
to calculate the interfacial tension under the assumption
that the part of the copolymer, which is not localized at
the interface, is randomly distributed in the bulk
homopolymer phases; therefore, their results should be
reliable for low copolymer concentrations below the
critical micelle concentration (cmc). Even more, their
mean-field theory cannot adequately describe the criti-
cal crossover regime from a random copolymer distribu-
tion to aggregation (micelle formation), and thus, they
only gave a rough estimate of the cmc.

The calculated interfacial density profiles showed
greater exclusion of the homopolymers from the inter-
facial region as the copolymer MW increased; this
greater localization of the copolymer resulted in a
greater reduction of y with increasing copolymer MW.
Neglecting the conformational entropy of both copolymer
and homopolymer chains at the interface (which was
found to contribute negligibly to Ay = yo — y) and
observing that in their calculations the width-at-half-
height of the copolymer profile, d, is independent of the
copolymer MW, they approximated the interfacial ten-
sion reduction Ay as

Ayb? _ (Yo — y)b?
ke T ke T

I

gm{ o+ x0) -

% exp(N)gpp)} (4a)

where y is the Flory—Huggins interaction parameter,
N is the number of segments of the copolymer, ¢+ =
P(0) = ¢(—00) is the copolymer volume fraction in the
bulk homopolymer phases (which is very close to the
nominal amount of copolymer present, ¢add), ¢p is the
total polymer volume fraction (¢s = 1 — ¢y is that of the
solvent present), and b is the statistical segment length.
For Ny¢p < 1, eq 4a reduces to

d
=1 No, x’0,’/8 (4b)

Therefore, the theory predicts an exponential depen-
dence of Ay on N for large N's and a linear dependence
on N and ¢+ for small yN’s. Noolandi and Hong?® noted,
however, that the interfacial tension surface is bounded
by a micellization curve and that their results should
be considered reliable only for Nyg¢, = 2.28°> Noolandit0:5?
has suggested that the theory can be applied to systems
without solvent by letting ¢, — 1. The data in Figure 2
do not include points in the Ny¢, < 1 regime and, thus,
the scaling of Ay on N¢-. (of eq 4b) is not experimentally
observed.10

Shull and Kramer3° developed and applied the Nool-
andi—Hong theory for the case without solvent. They
found that, at a given value of the chemical potential of
the copolymer in the bulk phases u., the ability of a
copolymer to reduce y is highest for small N and small
x. However, at a given value of ¢4, higher N's result in
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a much higher Ay due to the exponential dependence
of uc on ¥N and since an increase in uc results in an
increase of the density of copolymer chains at the
interface. Theoretical determination of the limiting
value of u associated with the formation of micelles was
made separately,? since the possibility of micelle forma-
tion was not explicitly introduced in the theory. A good
agreement was found® with experimental data for the
total amount of copolymer segregating to a polymer—
polymer interface for concentrations below cmc using
only x as an adjustable parameter. Using this best-fit
value of y, they estimated Ay for concentrations when
micelles are not present. For concentrations higher than
the cmc, more micelles will be formed without, however,
significantly increasing the copolymer chemical poten-
tial, thus, the interfacial tension would not decrease
further. For the copolymer MW'’s used, a significant
increase of the total copolymer amount adsorbed at the
interface was observed at higher copolymer concentra-
tions, which was attributed?33 to segregation of micelles
to the polymer—polymer interface (as well to the poly-
mer—air surface33352). The location of the upturn was
used to estimate the copolymer chemical potential at
the cmc, which was in good agreement with a full self-
consistent-field theoretical estimate.>3

Semenov3* presented an analytical mean-field theory
for the equilibrium (and dynamics) of block copolymers
in a homopolymer layer (between an interface with
another homopolymer and the free surface) for high
copolymer MW's. The predictions for the total amount
of copolymer segregated to the interface are consistent
with those of Shull and Kramer® for the Shull et al.?
data. Moreover, Semenov analyzed the situation for
concentrations higher than the cmc and found that
micelles strongly attract each other thus tending to form
a separate micellar macrophase whereas they are also
attracted to the free surface and (somewhat weaker) to
the interface especially for high copolymer MW's. More-
over, the formation of micelles was found to be an
activated process usually with a high barrier and, so,
the apparent cmc may be appreciably higher than the
equilibrium one. Semenov did not investigate the in-
terfacial tension reduction due to the copolymer segre-
gation to the polymer—polymer interface.

Below an attempt is made to provide a semiquanti-
tative analysis of the interfacial activity of copolymers
at the homopolymer interface by modifying the analysis
of Leibler.?® A flat interface is considered with surface
area A between phase separated amorphous A and B
homopolymers. The thickness of the interfacial region
a; = b(6y)~%° and the interfacial tension yo = kgTh™2-
(x/6)°5 are independent of the number of segments of
the two homopolymers®* (Pa and Pg, respectively) for a
highly incompatible situation of yP; > 1; kgT is the
thermal energy (it is assumed that both types of links
have the same segmental volume v = b®). Suppose that
Q copolymer chains with N = Na + Ng segments and
composition f = Ng/N are adsorbed at the A/B interface
(for most practical situations, yN; > 1). It is expected
that the copolymer joints are localized in a thin inter-
facial layer of thickness®* d' = (n/2)a, (independent of
N; and Pj); d' is equal to the semiempirical parameter
d of Noolandi et al.?8 in eq 4 as discussed by Semenov.34
The blocks A and B extend toward the respective bulk
layers and form two “adsorbed layers” of thickness La
and Lg, respectively. Since d' < L;, each side of the
interfacial film resembles a layer of polymers anchored
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by one end onto a wall. The free energy of the interfacial
film can, thus, be approximated as®®

F = 7oA+ Q(ga T+ 9s) )

interf.film

yo is the A—B interfacial tension in the absence of the
additive, A is the interfacial area, and ga, gs represent
the free energies per chain of the A and B layers. o =
Q/A denotes the number of copolymer chains per unit
interfacial area.

The majority of the present work concerns the situ-
ation where the copolymer chains are not so long
relative to the homopolymers. In this case mixing of the
N copolymer and P homopolymer chains should be taken
into account due to the homopolymers penetrating the
chains anchored at the interface whereas the copolymer
chains can be either stretched or not. For stretched
copolymer chains, this represents the wet brush regime
whereas if no stretching is assumed, the copolymer
configuration will be that of a wet mushroom. Neglect-
ing the composition gradients in the brush®® (Flory
approximation), g; has the following main contribu-
ti0n54'29’56

g9 2 11, _
kBT—In(Nib o) + L ab3pi(1 m) In(L =) +
2
3 Li
S (6
2Nb

where 7; = oNib%/L; is the average volume fraction of
monomers of the i-th block in the layer and (1 — %) is
that of the P; monomers. The first two terms ap-
proximate the entropy of mixing between N and P
chains, which tend to swell the copolymer blocks; the
first term is associated with the translational freedom
of the copolymers in the two-dimensional film, whereas
the second one originates from the translational entropy
of the P chains and has a standard excluded volume
form.56 The last term represents the elastic entropy
term, which limits the swelling. For low values of 7; <
1, eq 6 can be written as*?°

. N.77. L2
I nNpo) +%;’7' +3

KeT Pl 2Np? O

For stretched chains, the brush thickness L; and the
block monomer concentration #»; are obtained from eq 7
by minimization with respect to L;. In this case, Lij =
6_1/3Nib(0b2)1/3pi_1/3, ni = 61/3(0b2)2/3pil/3, and

g; 34/3 B
kB—'T = In(N;b%0) + F(obz)% N,P,”#® (wet brush)
(8a)

which is valid for PiN;32 < ¢b2 < P;y"Y2. For non-
stretched chains, Lj ~ N;¥2b and the last term of eq 7
can be neglected; this applies for6 ¢h? < P;N;~%2. Then,
ni = ObZNil/2 and

3/2 2
1 N;
= ——— (wet mushroom) (8b)
2 P

gi _ 2
KT In(N;b%0) +

The interfacial tension in the presence of the copolymer
is calculated as®”
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IFintert film 2(39A ags)
VTTeA 0T NG ) O

Therefore, the interfacial tension reduction, Ay = yo —

y, is

Ay _ Yo7V _

kgT kgT I
ol2 32/3( b2)2/3(N P, 2B 4 N P 213

(wet brush) (10)
o[z + %obz(Nf’zPA*l + NB3’2PB*1)]

(wet mushroom)
[

where the dependence Ay on the density of adsorbed
chains, o, is evident.

At equilibrium, o is determined by equating the
chemical potential of the copolymer chains at the
interface with that of the copolymer chains either
homogeneously mixed with the homopolymers or at
micelles formed within the homopolymer phases. The
chemical potential of a copolymer chain at the interface
is calculated using eq 5 as

IS )N

oF; f.fil
interf.film A+gB+08 +_ (11)

Hine = TM =
Therefore, with egs 8
Hint
kgT

2.271(0b?)3 (NP2 + NgPs %3
(wet brush)

= 2 + In(Nob?) + In(Ngob?) +

12
O_bZ(NA3/2PA*1 + NBS/ZPBfl) ( )

(wet mushroom)

The free energy density of a homogeneous mixture of
an A—B copolymer with an A homopolymer is3*

Fouik S (®\ . 1—¢ — ¢

or A ( ) 5 In( )+X¢f(1 f) (13)
Thus, the chemical potential of a copolymer chain
homogeneously distributed in the bulk, upuk = N[(1 —
#)Fbui/9¢ + Fouik], is

HUpulk _
kgT

Ing — ¢ — (1 — )—+XfN(1—2f¢+f¢>)

(14)

where ¢ = ¢+ is the copolymer volume fraction in the
A-rich homopolymer phase.

The chemical potential of a copolymer chain in a
micelle was evaluated by Semenov3* for long homopoly-
mer chains, which do not penetrate the micelles (P <
N), using his earlier approach® for micelles in a
copolymer melt. Since, in the present investigation,
almost symmetric copolymers are considered, the mi-
celle morphology should be lamellar.3*%° The free energy
of a micelle is, then3458
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I:Iam.mic.

kgT

= Q,;.[0.206x*F * + (¥fN)*° x* + In(x/f) +

0.5In(,fN) — In(ze/2)] (15)

where Qmic is the number of copolymer chains in a
micelle, and x is the reduced thickness of the micelle, x
= 0.5dmicf®°Rg ¢, with dmic its thickness and Ry =
N°5b/+v/6 the radius of gyration of the copolymer; for
lamellar micelles, Qmic is independent of x. After mini-
mization of Fiam.mic/Qmic With respect to x, the chemical
potential is determined by

:umlc 8Flam mic. /8QmIC Flam mic. /Qm|c|x Xm (16)

where Xmin is the value at the minimum of Fiam mic./Qmic-
Semenov34 predicts that, although lamellar micelles are
the thermodynamically stable geometry, the high bar-
riers for their formation may lead to the observation of
spherical micelles even for symmetric diblocks. For the
purposes of our discussion here, however, we present
the calculations for the equilibrium lamellar micelle
morphology.

For molecular weights and concentrations when mi-
celles are not present, the equilibrium exists between
homogeneously distributed copolymer and copolymer at
the interface; o is, then, determined by

= Upui(@4; N) (17a)

where, in this case, it is assumed that ¢ = ¢+ = ¢aqq. In
the presence of micelles and at thermodynamic equi-
librium, ¢ should be determined by the equation

Uint(T3N) = tmic(N) = pouu(@i; N) (17b)

which also determines the volume fraction ¢, of copoly-
mers remaining homogeneously distributed in the bulk.

For the calculation of the interfacial tension reduction,
the chemical potentials uint, #mic, and upuik are evaluated
as a function of o for ¢ = ¢+ = add. If upuik(Padd) < Umic,
then the equilibrium exists between copolymers at the
interface and copolymers homogeneously mixed in the
A-rich phase. The interfacial excess o is, then, deter-
mined by eq 17a together with egs 12 and 14, and the
interfacial tension reduction Ay by eq 10. If upuik(¢add)
> Umic, equilibrium is established among the three
different states of the copolymer and ¢ and ¢, are
determined by eq 17b together with eqs 12, 14, and 16;
Ay is evaluated by eq 10.

Although the assumptions involved do not allow a
guantitative comparison, the behavior of Ay when the
copolymer molecular weight increases at constant ad-
ditive concentration resembles the experimental data.
Figure 4 shows the estimated surface density of copoly-
mers at the A/B interface, o, together with the interfa-
cial tension reduction Ay = yo — y as a function of the
number of segments of the copolymeric additive for ¢aqq
= 0.02. The parameters used are Py = Pps = 112, Pg =
Ppi = 81, ¥ = 0.04. Moreover, for the present range of
Pi's and Nj's, the wet-mushroom configuration for the
adsorbed copolymer chains is assumed (i.e., egs 12b and
10b are used), which is then verified by the extracted o
values. It is found that the magnitude of the Ay
increases with copolymer MW as long as the copolymer
chains at the interface are at equilibrium with only
homogeneously mixed chains and micelles do not exist
(regime 1). At higher MW'’s, when micelles are also

/f‘int(O;N)
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Figure 4. Theoretically estimated interfacial tension reduc-
tion, Ay = yo — y (solid line), and estimated surface density of
copolymer chains adsorbed at the interface, o (dotted line), for
the PS/SI/PI systems according to the model presented in the
text as a function of the number of segments of the copolymer
at constant 2 wt % copolymer concentration and for constant
x = 0.04.

present, Ay decreases with further increasing MW
(regime I1). The values for the Ay are in the range of
the experimental values although the functional form
of the curve is different from the experimental one. For
example, the copolymer MW at the minimum is under-
estimated, indicating that micelles are calculated to
form earlier than in the experimental system, whereas
the minimum is much sharper than in the experiment;
both are related to the functional form used for the free
energy of the micelles and the inherent assumptions
made therein. The value of the interaction parameter
used affects both the location of the minimum (with
respect to N) and the values of Ay; no fitting was
attempted since the aim of the theoretical analysis is
to obtain only the trends in order to understand the
behavior of the experimental data. Indeed, it is evident
that the calculation indicates a behavior very similar
to the data. The origin of this trend is evidently related
to the behavior of the estimated interfacial density of
adsorbed chains, o, also shown in Figure 4. Increasing
the copolymer MW when micelles are not present (for
the low MW side, regime 1) drives rapidly more copoly-
mer chains to the interface (o increases), thus leading
to an increase of Ay. On the other hand, further increase
of the copolymer MW when micelles are present (regime
I1) leads to a decrease in the surface density of copoly-
mers o, thus reducing Ay.

SAXS Measurements. To verify that the absence or
the formation of micelles is the reason for the nonmono-
tonic dependence of ysa on diblock MW, small-angle
X-ray scattering measurements were performed on
homopolymer/copolymer mixtures as a function of con-
centration, molecular weight, and temperature. Figure
5 shows the (smeared) scattering intensity for 2 wt %
blends of the various diblocks with the PI homopolymer
at the temperature of the interfacial tension measure-
ments (140 °C) as a function of the scattering vector q.
It is noted that the scattering from homopolymer Pl at
the same conditions and at the same temperature has
been subtracted from the data of the blends in order to
subtract the contribution of density fluctuations. Thus,
the scattering in Figure 5 corresponds only to concen-
tration fluctuations. It is evident that the scattering
intensity is very low for the diblocks with low MW
whereas it significantly increases (with a pronounced q
dependence) for high MW'’s. The scattering intensity
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Figure 5. Smeared small-angle X-ray scattering intensity (in
arbitrary units) for 2 wt % blends of the various diblocks with
the polyisoprene homopolymer at 140 °C as a function of the
scattering vector g: (¢) D-2, (O) D-3, (V) D-4, (a) D-5, and (@)
D-8. The inset shows the scattering intensity at g = 0.015 A~!
as a function of N.
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Figure 6. Smeared small-angle X-ray scattering intensity (in
arbitrary units) for a 2 wt % D-2/polyisoprene mixture a
function of the scattering vector g at various temperature: (#)
20, (¥) 60, (x) 80, (O) 100, and (O) 140 °C.

does not increase continuously with the additive MW
(which could be attributed to enhanced concentration
fluctuations in a homogeneous system by increasing
MW), but it essentially jumps from almost negligible
values at low N’s to high values at higher N's; this is
shown in the inset of Figure 5 where the scattering
intensity lsmeareq at a wave vector g = 0.015 A~1 is shown
as a function of N. Similarly to the analysis of the
intensity vs concentration data (at a constant temper-
ature) used“® to identify the critical micelle concentra-
tion, the dependence of lsmearea ON N signifies the
presence of micelles in the blends with the high-N
diblocks and their absence for low N's.

However, even for the low MW systems, micelles are
evidenced when the temperature is reduced. Figure 6
shows the (smeared) scattering intensity for 2 wt % D-2/
PI mixture a function of the scattering vector at various
temperatures. The very low intensities for temperatures
above 100 °C signify the absence of micelles whereas
the high intensities for temperatures below 60 °C are
consistent with the micellar formation. The data at 80
°C indicate the so-called “dissolution” of the micelles.*8
Similar behavior is observed for the other systems with
low MW'’s, whereas the blends with the high-MW
diblocks do not show the dissolution of micelles at
temperatures up to the 140 °C of the interfacial tension
measurements. It is noted that, due to the scattering
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Figure 7. Surface tension for the PS/SI blends in air as a
function of number of segments of the copolymers at a constant
temperature of 140 £+ 1 °C and constant 2 wt % copolymer
added. The inset shows the surface tension for the PS/D-5
blends in air as a function of copolymer concentration at a
constant temperature of 140 °C with the line being a fit to eq
4 with yeurisat = 27.4 dyn/cm and Weyrichar = 0.76 wt %. B
denotes the PS surface tension in the absence of the diblock.

vector range of our SAXS camera relative to the appar-
ent size of the micelles, it was not possible to determine
neither the size of the micelles not the forward intensity
at g = 0, which, in principle, can be estimated either
from the linear regime of a Guinier plot (In Ismeared VS
g?) or from the linear regime of a Zimm plot (Ismeared*
vs 9. In the accessible g range of the present experi-
ments neither of these plots resulted in a linear regime.
However, the intensity data (Figure 5) are sufficient to
answer the question posed on the existence or not of
micelles in these mixtures.

The SAXS measurements above were performed on
homopolymer/copolymer (P1/SI) mixtures. Two points
have to be addressed. First, for the interfacial tension
measurements, the diblocks were first preblended with
PS and this mixture was used vs Pl. The symmetry of
the diblocks used, however, allows the discussion of the
present SAXS data vs the behavior of the interfacial
tension; this is supported by the fact that the interfacial
tension is essentially unchanged when the additive was
preblended with PI or half-and-half with the two ho-
mopolymers (Figure 3). Second, the interfacial tension
data are for a homopolymer/copolymer/homopolymer
(PS/S1/PI) three-component system. Therefore, the pos-
sibility for micelle formation should have been investi-
gated for the three-component blend. However, the
SAXS scattering in that case would be dominated by
the macrophase-separated morphology whereas the
contribution to the intensity due to the presence of
micelles in either macrophase would be minimal; small-
angle neutron scattering experiments on suitable sys-
tems with contrast variation are planned to probe the
actual situation.

If indeed the micelle formation is the reason for the
nonmonotonic dependence of interfacial tension reduc-
tion on MW, then it would be more appropriate to
compare the SAXS data with the behavior of the
polymer/air surface tension of homopolymer/copolymer
mixtures, where the presence of micelles should influ-
ence the behavior in a similar way. Figure 7 shows the
surface tension of the 2 wt % PS/SI mixtures as a
function of the copolymer MW at 140 °C. The polymer/
air surface tensions were measured with the pendant
drop method as described in the Experimental Section
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with the drop of the PS/SI mixture formed in air. The
concentration dependence of the surface tension (shown
in the inset of Figure 7 for D-5) demonstrates the
surfactant behavior of the Sl diblocks as additives in
PS. The lower surface tension of the PI block is known
to lead to an enrichment*®57 of the diblock at the PS/
air surface thus reducing the surface tension from the
value for pure PS, ysurro = 30.8 £ 0.3 dyn/cm. As the SI
concentration increases the surface tension attains a
saturation value, ysurtsat. Once more, however, this
reduction of the surface tension is a nonmonotonic
function of the diblock molecular weight: Aysurt = ysurto
— vsurtsat first increases with increasing N (for low N's)
and then it decreases again with further increase of N.
This nonmonotonic behavior is directly related to the
SAXS data discussed above. It is noted that the best
surfactant behavior for the polymer/polymer interface
is observed for diblock D-5 whereas for the polymer/air
interface is obtained for diblock D-4. This is due to the
different contributions to the free energy associated with
a Sl chain at the PS/PI interface vs that at a PS/air
interface. Actually, it is interesting that the SAXS data
for D-5 (Figure 5) show measurable scattering intensity
corresponding to the presence of micelles near dissolu-
tion; the surface tension data (Figure 7) are consistent
with D-5 being in the “high”-MW regime.

IV. Concluding Remarks

The emulsifying effect of symmetric diblock copoly-
mers additives on the interfacial tension between two
immiscible homopolymers was investigated using the
pendant drop technique. The effects of the concentration
and the MW of the additive were studied. The observed
dependence of the interfacial tension on the additive
concentration agrees with previous investigations: a
sharp decrease with addition of a small amount of
copolymer followed by a leveling off at higher copolymer
concentrations. The dependence of the interfacial ten-
sion reduction on the copolymer MW, however, was
found to be a nonmonotonic function at constant copoly-
mer concentration. The emulsifying effect, Ay = yo — y
at the plateau region, increases by increasing the
additive MW for low MW'’s whereas it decreases by
further increasing the copolymer MW, thus going through
a maximum. This is understood by considering the
possibility of micelle formation as the additive MW
increases leading to a three state equilibrium among
copolymer chains adsorbed at the interface, chains
homogeneously mixed in the bulk phases and copoly-
mers at micelles within the bulk phases. A model
suggested shows the same qualitative behavior but fails
to quantitatively account for the effect due to assump-
tions involved in the estimation of the free energies of
the various chain conformations. The presence of mi-
celles for high additive MW's and their absence for low
MW's (at the temperature of the interfacial tension
measurements) is supported by small-angle X-ray scat-
tering data.

It is important to note that the concentration depen-
dence of the surface tension in solvent/additive systems
is traditionally used for the estimation of the critical
micelle concentration (cmc) in either small-molecule®?
or polymeric®2-65 surfactant solutions. In those mea-
surements,%3-65 the surface tension decreases with in-
creasing concentration for concentrations up to a certain
value and then attains an almost constant value; the
break in the ysurs vs log c (c is the additive concentration)
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curve is used to denote the cmc. In the present study,
however, it is found that even for concentrations in the
plateau region (higher than the break) in the interfacial
tension (or surface tension) vs concentration curve,
micelles are not present for low additive MW’s whereas
they are present only for higher MW'’s. Therefore, it is
apparent that the break in the interfacial tension vs
concentration curve should denote interfacial saturation
and not necessary micellization. This is also supported
by an early study® of polystyrene-block-poly(hexyl
methyl siloxane)-block-polystyrene triblock copolymer
solutions in benzene, where although the surface ten-
sion data exhibited the break discussed above, no
micellization was established by static light scattering;
no aggregation was expected since benzene is a good
solvent for the blocks. Note that light scattering is one
of the methods employed for the investigation of micel-
lization, where the concentration dependence of the light
scattering intensity shows a significant change of slope
when micelles are formed.%” The situation when both
surface segregation (adsorption at a solid surface) and
micellization may occur was investigated theoretically®®
where it was found that depending on the incompat-
ibility of the surface active block with the (monomeric
or polymeric) solvent and its (attractive) interactions
with the surface, one may have either only adsorption
onto the surface or only micellization or an equilibrium
of chains adsorbed onto the surface and chains in a
micelle. This competition is currently under investiga-
tion in copolymer/solvent systems.
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