524

Macromolecules 2004, 37, 524—537

Interfacial Tension in Binary Polymer Blends in the Presence of Block
Copolymers. 2. Effects of Additive Architecture and Composition

H. Retsos’ and S. H. Anastasiadis*

Institute of Electronic Structure and Laser, Foundation for Research and Technology—Hellas,
P.O. Box 1527, 711 10 Heraklion, Crete, Greece, and Department of Physics, University of Crete,
710 03 Heraklion, Crete, Greece

S. Pispas* and J. W. Mays$

Department of Chemistry, University of Alabama at Birmingham, Birmingham, Alabama 35294
N. Hadjichristidis

Department of Chemistry, University of Athens, Zografou University City,
157 01 Zografou, Athens, Greece

Received September 29, 2003; Revised Manuscript Received November 2, 2003

ABSTRACT: The effect of the macromolecular architecture and composition of block copolymer additives
on the reduction of the interfacial tension between two immiscible homopolymers is investigated. A series
of (polyisoprene),(polystyrene), 1.S, graft copolymers with constant molecular weight and varying
composition are utilized as additives in polystyrene/polyisoprene blends. The interfacial tension decreases
with the addition of small amounts of copolymer and reaches a plateau at higher copolymer concentration.
The interfacial tension at interfacial saturation depends on copolymer composition exhibiting a minimum,
which is lower than that using a symmetric diblock with the same molecular weight. Moreover, the
interfacial tension at saturation depends on the side of the interface the copolymer is introduced; adding
it to the polyisoprene phase is much more efficient than adding it to polystyrene. This is due to the
asymmetric architecture of the copolymer and points to the fact that a local equilibrium can only be
attained in such systems: the copolymer reaching the interface from one homopolymer phase probably
does not diffuse to the other phase. The fact that this behavior is not a kinetic effect is verified using
(polystyrene),(polyisoprene), S.l, grafts, which show the mirror image behavior. The effectiveness of the
interfacial modifiers is, thus, controlled by the unfavorable interactions, which drive the additive toward

the interface, and the possibility of micelle formation, which hinders its activity.

I. Introduction

Mixing two or more components with complementary
properties is largely utilized to improve the performance
of polymeric materials for many important industrial
applications. Suitably chosen block or graft copolymers
are widely used in immiscible polymer blends as com-
patibilizers for controlling the morphology (phase struc-
ture) and the interfacial adhesion between the phases
to obtain an optimized product.! This is due to their
interfacial activity, i.e., to their affinity to selectively
segregate to the interface between the phase-separated
homopolymers,?2~4 which reduces the interfacial tension
between the two macrophases,>~8 prevents coales-
cence®10 (thus leading to a finer and more homogeneous
dispersion during mixing®?), and enhances interfacial
adhesion.'?

The effectiveness of block or graft copolymers as
emulsifiers is determined by their partitioning to the
blend interface,>3 where each block preferentially ex-
tends into its respective homopolymer phase.*13-15 The
tendency for interfacial migration is predicted to depend
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on the molecular weights of the copolymer blocks
relative to those of the homopolymers,'316-1° on the
interaction parameter balance between the homopoly-
mers and the copolymer blocks,?® and on the macro-
molecular architecture/topology and composition of the
copolymers.11b.21-26

There are a few points, however, which are usually
overlooked especially in theoretical treatments. One
relates to the fact that mixing the additive with one of
the components may lead to the formation of copoly-
meric micelles in the homopolymer matrix.?” These
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; typically, much of the premade
copolymer would reside in micelles for high molecular
weight additives. The effect of the existence of micelles
on the interfacial partitioning of diblock copolymers at
the polymer/polymer interface has received little atten-
tion 3167182831 Ag an alternative, in situ formation of
copolymers (usually grafts) is utilized®32:32 to overcome
the “wasting” of the additive into micelles. The second
point relates to the possible trapping!* of copolymer
chains at the interface, which leads to partial equilib-
rium situations. Finally, since in a typical preparation
of homopolymer/copolymer blends the system may be
diffusion-controlled, the optimal conditions for the mo-
lecular design of interfacially active copolymers obtained
from equilibrium considerations may have to be modi-
fied.
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In a recent paper® an investigation was presented
on the effect of the molecular weight (MW) and concen-
tration (¢adq) of compositionally symmetric diblock
copolymer additives on the interfacial tension between
two immiscible homopolymers. The observed depend-
ence of the interfacial tension on the additive concentra-
tion agreed with previous investigations: a sharp
decrease with addition of a small amount of copolymer
followed by a leveling off at higher copolymer concentra-
tions. However, the reduction of the interfacial tension
was a nonmonotonic function of the copolymer additive
molecular weight at constant copolymer concentration
in the plateau region. The emulsifying effect, Ay = yo
— y, increased by increasing the additive MW for low
MWs, whereas it decreased by further increasing the
copolymer MW, thus going through a maximum. This
was understood by considering the possibility of micelle
formation as the additive MW increased, leading to a
three-state equilibrium among copolymer chains ad-
sorbed at the interface, chains homogeneously mixed
with the bulk homopolymers, and copolymer chains at
micelles within the bulk phases; a simple model quali-
tatively showed a similar behavior. The presence of
micelles for high MW additives and their absence for
low MWs was supported by small-angle X-ray scattering
data.

In the present paper, the earlier work is extended by
investigating the effect of the macromolecular architec-
ture and composition (f) of block copolymer additives on
the interfacial tension between two immiscible homo-
polymers; the investigation is performed using a tech-
nique based on the analysis of axisymmetric pendant
fluid drop profiles.>30934 The systems investigated are
polystyrene/polyisoprene blends in the presence of (poly-
isoprene)y(polystyrene), 1,S, and (polystyrene),(polyiso-
prene), Sxl, graft copolymers; the series of grafts utilized
possess constant molecular weight and varying compo-
sition. A decrease in interfacial tension is observed with
addition of small amounts of copolymer followed by a
leveling off (plateau) as the copolymer concentration
(¢aqa) increases, illustrating the surfactant-like behavior
of the graft copolymers. The interfacial tension at inter-
facial saturation (plateau regime) is a nonmonotonic
function of the copolymer composition f exhibiting a
minimum versus f, whereas it is lower than that for a
symmetric diblock with the same total molecular weight.
The dependence on f can be understood as a competition
between the decreased affinity of the copolymer within
the homopolymer phase when the size of the “other”
constituent increases, which increases the driving force
of the copolymer toward the interface, and the possibil-
ity of micellar formation. These ideas are supported by
small-angle X-ray scattering measurements, which
indicate the formation or absence of micelles. Further-
more, an important finding is that the final interfacial
tension at saturation depends on the side of the inter-
face the 1,S graft copolymer is added: when the I,S is
added to the polyisoprene side, the interfacial tension
reduction is more significant; i.e., the interfacial activity
of the additive is higher. This points to a local equilib-
rium that is only attained in such systems: the copoly-
mer reaching the interface from one homopolymer phase
does not diffuse to the other phase. When using the
respective S,I graft copolymers, a mirror image behavior
is obtained; i.e., addition of the S,I graft to the poly-
styrene side follows the behavior of the 1,S added to
polystyrene and vice versa; this signifies that this
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Table 1. Molecular Characteristics of the
(Polyisoprene);(polystyrene) and
(Polyisoprene)(polystyrene), Graft Copolymers

species My Mw/Mp  wps? NP fpi© ref

1,S-1 106000 1.04 091 1191 0.10 36
1,S-2 90800 1.04 0.84 1031 0.18 36
1,S-3 87400 1.04 0.67 1017 036 36
1,S-4 92000 1.04 0.49 1098 054 36
12S-5 89800 1.04 0.35 1093 0.68 36
1,S-6 101000 1.04 0.20 1254 082 36

1,S-7 91300 1.06 0.10 1149 091 36
Sol-4 93000 1.06 0.48 1112 053 37
Sl 96000 1.08 0.61 1127 059 30,36
PS 9860 1.05 1.00 112 1.00 30
Pl 4000 1.06 0.00 81 0.00 30

a Polystyrene weight fraction by SEC—UV. P Number of copoly-
mer segments based on average segmental volume. ¢ Polyisoprene
volume fraction.

behavior is not a kinetic effect but rather is due to a
trapping of the system to a stationary state of local
equilibrium.

The remainder of this paper is arranged as follows:
Following the Experimental Section (section I1), the
results of the interfacial tension investigations are
presented in section 111 and are discussed in relation to
a theoretical attempt to predict the behavior. The
concluding remarks constitute section V.

I1. Experimental Section

Materials. A series of 1,S three-miktoarm star copolymers
(simple grafts) were synthesized by anionic polymerization
using high-vacuum techniques in glass reactors provided with
break seals for the addition of reagents and constrictions for
removal of products; the controlled chlorosilane chemistry
approach was utilized. Details on the synthesis and charac-
terization of these systems have been described previously.35-37
The monomers (styrene, isoprene), the solvent (benzene), and
the linking agent (methyltrichlorosilane) were purified to the
standards required for high-vacuum techniques, following well-
known procedures.®® Living polystyrenyllithium [(PS)Li] and
polyisoprenyllithium [(PI)Li] precursors were synthesized in
benzene using sec-butyllithium initiator. A ~3% w/v solution
of (PS)Li in benzene was allowed to react with a large excess
(SiCl/Li = 100) of methyltrichlorosilane (CH3SiCls) to produce
(PS)Si(CH5)Cl,, followed by the removal of the unreacted
CHB3SiCls; and benzene on the vacuum line. Next, an excess of
(PDLi in benzene was added to a benzene solution of the
macromolecular difunctional linking agent, (PS)Si(CHj3)Cly, to
obtain the CH3Si(PS)(PI). three-miktoarm star copolymers I,S.
The excess (Pl)Li was deactivated with degassed methanol.
The same procedure was utilized for the synthesis of S;l three-
miktoarm star copolymers where the first step involved the
incorporation of the polyisoprene arm (adding (P1)Li) and the
second that of the two polystyrene arms (adding an excess of
(PS)Li). The desired 1,S or S;l three-arm star was isolated from
the reaction mixture by solvent/nonsolvent fractionation. The
fractionated final products were rigorously characterized by
size exclusion chromatography (SEC) with both RI and UV
detectors, membrane osmometry, low-angle laser light scat-
tering, and *H NMR to provide the molecular characteristics
of the materials. The microstructure of the dienic sequences
was analyzed by *H and 3C NMR spectroscopy to be ca. 90%
1,4 and ca. 10% 3,4. The molecular characteristics of the
samples are given in Table 1. All samples have approximately
the same overall molecular weight and varying compositions.
Note that in the 1,S samples the polystyrene sequence is
perdeuterated (ds-styrene).

A polystyrene-block-polyisoprene diblock copolymer, SlI, was
synthesized under high vacuum in a glass-sealed apparatus
at room temperature using benzene as the solvent and s-BuL.i
as the initiator, with styrene being polymerized first.303¢ After
the completion of the reaction for both blocks, the living ends
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were neutralized with degassed methanol. The copolymer’s
molecular characteristics obtained as before are given in Table
1.

The polyisoprene (Pl) homopolymer was synthesized an-
ionically under an argon atmosphere by K. Hong and kindly
provided to us. The polystyrene (PS) homopolymer (Polymer
Laboratories, Ltd.) was used in this study as received. The
characteristics of the PS and Pl homopolymers are also shown
in Table 1.

Interfacial Tension Measurements. The interfacial ten-
sion between the two different phases (with or without the
additive) was measured with the pendant drop method using
a technique based on the analysis of axisymmetric fluid drop
profiles.53034 Because of the high viscosities and the visco-
elastic 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
recently presented®®). 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 Bash-
forth—Adams equation.*° The shape is controlled by the shape
parameter B = ac'? = a[gAp/y]¥?, 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 ¢ = gAply.

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 the highest
magnification 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 resulting image is
processed using global thresholding and near-neighbor analy-
sis 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 independently3?). The interfacial
tension, y, is calculated from the value of the magnification
at the best-fit value of B, t*, since 7* = 1/(c*)¥2 = [y/(gAp)]*2.
Utilizing the magnification factor t* that corresponds to the
optimum B value and knowing the densities of the drop and
the matrix phase allow calculation of the interfacial tension
y. 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 has been presented in an earlier publication.3

The copolymers are premixed at certain concentrations with
either the PS or the PI homopolymer in toluene followed by
slow evaporation of the solvent. Fluid drops of either pure PS
or the PS mixtures are then formed at the tip of a glass
capillary tube of a Drummond positive displacement syringe
in a fluid matrix of the pure P1 or of the Pl mixture phase. In
the majority of previous studies, the copolymer was preblended
with the dispersed phase to control more precisely the amount
that could diffuse to the interface and to minimize the distance
traveled by the copolymer molecules to reach the polymer/
polymer interface.® This preblending procedure has been
adopted before not only for interfacial tension studies®7:%° but
also for the preparation of specimens for transmission electron
microscopy experiments.?2P For symmetric diblock copolymer
additives, it was expected and found that, at equilibrium, the
resulting interfacial tension is insensitive to whether the
additive is preblended with homopolymer A or B or with both.%
However, in the present work and since the copolymer
architecture is not symmetric for the two sequences, different
series of experiments were performed with the additives
introduced to the dispersed PS phase or to the matrix Pl phase
or in certain cases with the additive preblended with both
homopolymers.

Images of each drop formed are digitized every 10 min for
long periods of time, and the profiles are analyzed. Viscoelastic
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and interfacial equilibria are considered to have been attained
when the extracted values of the interfacial tension do not
change with time.>~7 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 carried out. The
samples are always under an inert (nitrogen) atmosphere, and
in most cases the viscosity of the Pl matrix is checked after
the end of the measurements.

Densities. Literature values were used for the calculation
of the densities of PS and Pl homopolymers. The density of
PS is estimated from*?

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

MW,PS

(2.354 x 107 7)(T — 273)* + 1)

where pps is in g/cms, T is in Kelvin, and My ps is the weight
average molecular weight of PS. The density of Pl is similarly
estimated from#?

1/pp, = 1.0771 + (7.22 x 10~*)(T — 273) +
(2.346 x 107 ")(T — 273)* (2)

where pp; is in g/lcm3. 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.
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 a distance of 112 mm apart) equipped
with a one-dimensional position-sensitive detector (straight
metal wire). The sample to detector distance was 280 mm, so
that scattering wave vectors q = (47/1) sin(6/2) as low as 0.012
A-1 could be measured without interference from the beam
stop (@ is the scattering angle, and 1 is the wavelength of the
X-rays). The X-rays were produced by a Rigaku 12 kKW rotating
anode X-ray generator, and Cu Ka radiation was used (1 =
Acuke = 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 PI (at the same tempera-
ture) and calculating the weighted average on the basis of the
composition of the sample in PS and Pl. Desmearing was
performed (when explicitly stated) using an algorithm devel-
oped 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.

I1l. Results and Discussion

Experimental Interfacial Tension Data. Figure
1 shows the interfacial tension data y for two PS/1,S/P1
systems as a function of copolymer concentration at a
constant temperature of 140 + 1 °C for two different
situations. In the first, the 1,S-4 graft copolymer was
premixed with the PS homopolymer and the mixture
was used to form the drop in a Pl matrix [(PS + I,S-
4)/P1]. In the second case, the 1,S-4 graft was preblended
with the Pl and the mixture formed the matrix where
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Figure 1. Interfacial tension for the PS/I,S-4/P1 systems as
a function of copolymer concentration added to the polystyrene
phase (open symbols) or to the polyisoprene phase (solid
symbols) at a constant temperature of 140 + 1 °C for graft
copolymer 1,S-4. The lines are guides to the eye,*® whereas
the solid square (M) denotes the PS/PI interfacial tension in
the absence of the copolymer.
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Figure 2. Interfacial tension for the (PS + 1,S)/Pl systems
as a function of the composition of the graft copolymers at a
constant temperature of 140 £ 1 °C and constant 2 wt %
copolymer added to the polystyrene phase (O). v denotes the
interfacial tension for (PS + SI)/PI at 140 £ 1 °C, i.e., with
the addition of 2 wt % Sl diblock copolymer to the polystyrene
phase. The dashed line indicates the PS/PI interfacial tension
in the absence of the copolymers.

PS homopolymer formed the drop [(PS/(PI + 1,S-4)]. The
copolymer concentration is expressed as the weight of
the copolymer per weight of the homopolymer. A sharp
decrease in the interfacial tension is observed with
addition of small amounts of the graft copolymer, once
more illustrating the expected surfactant-like behavior
of the copolymer. The interfacial tension levels off as
the additive concentration increases to a value of ysat;
this is usually attributed to interfacial saturation and/
or to micelle formation by the copolymer. These obser-
vations are in agreement with previous investigations
on other systems.*6 The differences in the two different
series of measurements will be discussed in relation to
Figure 3 below.

Figure 2 shows the interfacial tension data for the
(PS + 1,S)/P1 systems with 2 wt % graft copolymer at a
constant temperature of 140 £+ 1 °C as a function of the
composition of the graft copolymer. It is noted that, for
all systems investigated, this concentration corresponds
to the plateau value of interfacial tension ysa. In the
same plot the interfacial tension at saturation is also
shown for (PS + SI)/Pl, i.e., when a diblock copolymer
(of molecular weight almost equal to that of the series
of graft copolymers) is used as an additive. Two obser-
vations are in order: The first one is that the effective-
ness of the graft copolymer in reducing the polymer/
polymer interfacial tension depends on the copolymer
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Figure 3. Interfacial tension for the PS/(PI + 1,S) systems
as a function of the composition of the graft copolymers at a
constant temperature of 140 + 1 °C and constant 2 wt %
copolymer added to the polyisoprene phase (®). v denotes the
interfacial tension for PS/(PI + Sl) at 140 &+ 1 °C, i.e., with
the addition of 2 wt % SI diblock copolymer to the polyisoprene
phase. The dashed line indicates the PS/PI interfacial tension
in the absence of the copolymers.

composition. In both sides of the composition axis, the
interfacial tension at saturation decreases as the short
blocks become longer; i.e., the additive becomes more
interfacially active when the lengths of the arms
increase. It is interesting that the most effective is the
graft copolymer with fp; = 0.36. As the volume fraction
of polyisoprene in the I,S copolymer, fp, increases, the
chemical potential of the copolymer in the PS phase
increases because its unfavorable interactions with the
PS homopolymer increase. This drives more copolymer
to the polymer/polymer interface (i.e., it is expelled from
the PS phase), and thus, the interfacial tension de-
creases even more. However, at higher volume fractions
fp1 the interactions should lead to the formation of
micelles of the copolymer within the homopolymer
phase. As a result and similarly to the earlier work,3°
less and less copolymer is now driven to the interface
and the interfacial tension decreases less. This explains
the nonmonotonic behavior depicted in Figure 2. Note
that, indeed, for large PI content, a slight cloudiness
was observed in the PS + I,S mixtures, indicating some
kind of micellar aggregation. The second observation in
Figure 2 concerns the fact that the best value for 1,S-3
and also the value for 1,S-2 are lower than that for the
symmetric linear diblock copolymer of the same total
molecular weight (all in the plateau region of the
interfacial tension reduction). It appears that the old
rule of thumb “diblocks better than triblocks better than
grafts” should be reconsidered in the general case. The
graft 1,S-3 has a composition (fp; = 0.36) very similar
to that of diblock SI (fp; = 0.41) and very similar
molecular weight, but it is more interfacially active,
which most probably is an architecture effect. The better
efficiency of the graft copolymer versus that of the
diblock is not anticipated theoretically?? (when micelles
are not considered), but it is in agreement with an early
study*” on (polystyrene)(poly(ethylene oxide)), grafts
versus polystyrene—poly(ethylene oxide) diblocks of
similar molecular weights. It is believed that this is due
to the higher tendency of the diblock to form micelles.

Since the PS/1,S/PI systems are not symmetric in both
the architecture and the composition, one has to inves-
tigate the behavior when the additive is preblended with
the matrix homopolymer as well. Figure 3 shows the
interfacial tension data for the PS/(PI + 1,S) systems
with 2 wt % graft copolymer at a constant temperature
of 140 £+ 1 °C as a function of the composition of the
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graft copolymer. Again, for these systems this concen-
tration corresponds to the plateau value of interfacial
tension ysa: in each case. Right away one can observe
that the data for two of the graft copolymers (1,S-1 and
1,S-2) with low fp; are missing from Figure 3. This is
due to the fact that their mixtures with Pl were optically
not clear because of immiscibility, and thus, it was
impossible to measure the profile of the PS drops within
these matrices. The interfacial tension at saturation
data show the behavior of Figure 2 in that the additive
becomes more efficient when the length of the short
arms increases. The explanation is similar to that
discussed in relation to Figure 2. Since now the additive
is introduced in the polyisoprene phase, as fp; decreases
from the highest value the interactions of the copolymer
with the homopolymer become more unfavorable (the
chemical potential of the copolymer in the Pl phase
increases), thus driving more copolymer toward the
interface and reducing the interfacial tension. However,
at lower values of fp|, as fp; decreases the copolymer
forms micelles (and apparently even phase separates
for 1,S-1 and 1,S-2), and thus, its interfacial activity is
reduced. However, the values of the interfacial tension
at saturation are significantly lower than those obtained
when the additive was introduced in the PS phase,
whereas the most efficient additive is 1,S-5 with fp; =
0.68, i.e., the one with three equal arm lengths. This
copolymer, however, has a very significant amount of
polyisoprene, and thus, when it is preblended with the
polystyrene homopolymer, it apparently forms micelles,
which hinders its interfacial activity. When introduced
to the polyisoprene phase, however, it does not form
micelles nor does it phase separate, and thus, its
interfacial activity can be expressed.

We are aware of only two earlier studies which
discussed that the interfacial tension at saturation may
depend on the side of the interface where the additive
has been introduced.”248 Right away this observation
sheds doubts on the state of equilibrium of the experi-
mental system. As noted in the Experimental Section,
images of the drops formed are digitized every 10 min
for long periods of time, and the profiles are analyzed;
“equilibrium” is considered to have been attained when
the extracted values of the interfacial tension do not
change with time. Apparently, however, the two differ-
ent situations do not lead to the same equilibrium but
rather to two different stationary states of “local equi-
librium”. It is believed that these pseudoequilibrium
situations correspond to the situation where the additive
has segregated to the interface but has not crossed the
interface toward the other homopolymer phase. To probe
this, a (polystyrene),(polyisoprene) simple graft copoly-
mer of the mirror image architecture was utilized with
composition fp; = 0.53, and the interfacial tension was
measured when the additive was introduced in either
the PS or the PI phase.

Figure 4 shows all the interfacial tension data dis-
cussed so far together with those for S,lI. For the 1,S
grafts the behavior of Figures 2 and 3 is depicted when
the graft is introduced to the PS or the PI phase. For
the symmetric Sl diblock the interfacial tension at
saturation does not depend on whether the additive is
premixed with the PS or the Pl phase;®i.e., in that case,
adding the copolymer to the drop or the matrix phase
did not make any difference. Thus, the Sl data allow
us to rule out one of the possible explanations discussed
by Hu et al.,”2 who suggested that the effect may be due
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Figure 4. Interfacial tension for the PS/I,S/PI systems as a
function of the composition of the graft copolymers at a
constant temperature of 140 + 1 °C and constant 2 wt %
copolymer added to the polystyrene (O) or the polyisoprene
(®) phase or when 1 wt % was added to the polystyrene phase
and 1 wt % to the polyisoprene phase (black and white circle).
Also shown are the interfacial tension data for PS/SI/PI at 140
+ 1 °C, i.e., with the addition of 2 wt % Sl diblock copolymer
to the polystyrene (V) or the polyisoprene (¥) phase or when
1 wt % was added to the polystyrene phase and 1 wt % to the
polyisoprene phase (black and white inverse triangle). The
squares are the interfacial tension data for PS/S;I/PI at 140
+ 1 °C when 2 wt % Sl was added to the polystyrene (H) or
the polyisoprene (O) phase. The dashed line indicates the PS/
Pl interfacial tension in the absence of the copolymers.

to the presence of a larger reservoir of diblock when
added in the matrix phase versus a depletion when
added to the drop phase. The interfacial tension at
saturation data for the S,I graft copolymer follow the
mirror image of the dependencies shown before for the
1,S: The data for (PS + S,I1)/PI follow the behavior of
PS/(1,S + PI), and the data for PS/(SzI + PI) follow that
of (PS + 1,S)/PI. This clearly signifies that it is indeed
the attainment of local equilibrium with the additive
not crossing to the other side of the interface that is
responsible for the behavior of Figures 2—4. Such an
explanation was also discussed in ref 7a for the PS-
block-poly(dimethylsiloxane), PS-b-PDMS, case. It is
believed that in the present case it is the asymmetric
architecture of the graft copolymers that leads to this
great disparity between the two cases, whereas it should
probably be the asymmetry in the statistical segment
lengths of the two blocks in the PS-b-PDMS case that
leads to an asymmetry in the critical micelle concentra-
tion and, thus, in the interfacial tension reduction. One
last point with respect to Figure 4 relates to the
interfacial tension data when 1 wt % 1,S-4 was intro-
duced to PS and 1 wt % to PI: in this case the interfacial
tension reduction is that of the lower of the two cases;
i.e., that for (PS + 1,S-4)/(PI + 1,S-4) is the same with
that for PS/(P1 + 1,S-4).49

The overall message of Figure 4 is that the copolymer
with the highest interfacial activity is a graft copolymer
with three equal arm lengths, which, however, should
be added to the “correct” side of the interface, i.e., to
the homopolymer that is identical to that of the back-
bone of the graft copolymer. The correct side of the
interface is most probably determined by the need to
avoid the possibility of micellar formation by the co-
polymer; this will also be discussed in the Theoretical
Considerations. The differentiation between the two
sides of the interface is believed to be due to the
trapping of the copolymers when they reach the inter-
face; if the additives were able to cross the interface,
then there would not be any differentiation of the two
sides of the interface.
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Figure 5. Smeared small-angle X-ray scattering intensity (in
arbitrary units) for 2 wt % blends of the various graft
copolymers with the polyisoprene homopolymer at 140 °C as
a function of the scattering vector g: (®) 1,S-3, (W) 1;S-4, (¥)
1,S-5, and (O) 1,S-7. The inset shows the double logarithmic
representation of the scattering intensity versus q for (H) 1,S-4
and (O) 1,S-7, with the two lines indicating slopes —3 (solid
line) and —1 (dotted line), respectively.

SAXS Measurements. To verify that the absence or
the formation of micelles is the reason for the nonmono-
tonic dependence of ysat 0N the graft copolymer composi-
tion, small-angle X-ray scattering measurements were
performed on homopolymer/copolymer mixtures as a
function of concentration, copolymer composition, and
temperature. Figure 5 shows the (smeared) scattering
intensity for 2 wt % blends of the various grafts with
the PI homopolymer at the temperature of the inter-
facial tension measurements (140 °C) as a function of
the scattering vector g. It is noted that the scattering
from homopolymer PI at the same conditions and at the
same temperature has been subtracted from the data
of the blends to subtract the contribution of density
fluctuations. Thus, the scattering in Figure 5 corre-
sponds only to concentration fluctuations. It is evident
that the scattering intensity is very low for the graft
copolymer with the highest amount of polyisoprene
whereas it significantly increases (with a pronounced q
dependence) for the grafts with lower polyisoprene
content. This signifies the absence of micelles in the
blend with the highest fp; = 0.91 (1,S-7) and the
presence of micelles in the blends with lower fp values.

The inset of Figure 5 demonstrates the wave vector
dependence of the smeared scattering intensity in a
double logarithmic representation for blends with co-
polymers 1,S-7 (fp; = 0.91) and 1,S-4 (fp; = 0.54), which
correspond to the two sides of the minimum in Figure
3. The intensity data for the blend with 1,S-7 exhibit
an lsmearea 0 q~1 dependence, whereas those for the blend
with 1,S-4 decrease with q as lIsmeares O q~3. The g3
dependence for the smeared intensity corresponds to the
case of scattering from a two-phase system with sharp
interfaces in the Porod® limit for slit collimation: for
large g, I O g for pinhole collimation and Ismeared O
g2 for slit collimation and infinite slit width.51-52 The
g~! dependence observed for 1,S-7 corresponds to the
anticipated behavior for slit-smeared intensities for the
Kratky region for homogeneously dispersed Gaussian
chains (q—2 dependence for pinhole collimation and g1
dependence for slit-smeared data). Therefore, this is
additional strong evidence for the presence of micelles
for 1,S-4 and their absence for 1,S-7. Small-angle
neutron scattering studies are currently under way for
the investigation of the micellar formation in the same
graft copolymer/homopolymer systems to probe the
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dependence of the micellization in homopolymer ma-
trices on copolymer architecture as an extension from
a previous study in selective solvents.3”

It should be noted once more® that the present SAXS
measurements were performed on homopolymer/copoly-
mer (P1/1,S) mixtures whereas the interfacial tension
data are for a homopolymer/copolymer/homopolymer
three-component system. Therefore, the possibility for
micelle formation should have been, in principle, inves-
tigated for the three-component blend. However, the
small-angle 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. As was discussed in an earlier paper,3°
the present SAXS data are in principle directly compa-
rable with polymer/air surface tension data of PI/I,S
mixtures. There it was found that the existence of
micelles influences the dependence of the surface ten-
sion on the MW in a way similar to that of the interfacial
tension. Moreover, it was found that the characteristic
MW for which the change in the behavior of the surface
tension was observed agreed with that for which the
change in the existence/absence of micelles occurred
whereas the characteristic MW was somehow different
than the one for the interfacial tension reduction. This
was attributed to the possible different contributions to
the free energy associated with a copolymer chain at
the PS/PI interface versus that at a PS/air surface.® It
is believed that the same reasoning can explain why the
micelles are apparently formed for concentrations be-
tween those of 1,S-7 and 1,S-5 (from Figure 5) whereas
the minimum in interfacial tension occurs for 1,S-5.

Theoretical Considerations. The emulsifying be-
havior of block copolymers at the polymer/polymer
interface has attracted the interest of theoreticians over
the last 20 years.'3~23 Noolandi and Hong?? utilized their
theory of inhomogeneous systems to investigate the
segment density profiles at the interface for the system
homopolymer A/homopolymer B/diblock copolymer A—B/
common solvent. They investigated the effect of the
molecular weight and the concentration of the diblock
on the interfacial tension under the assumption that the
copolymer is either localized at the interface or ran-
domly distributed in the bulk homopolymer phases, i.e.,
for concentrations below the critical micelle concentra-
tion (cmc). Shull and Kramer!” developed and applied
the Noolandi—Hong theory for the case without solvent,
whereas they also discussed the possibility of micelle
formation in view of their earlier experimental observa-
tions.328 Semenov?® developed an analytical mean-field
theory for the equilibrium of block copolymers in a
homopolymer layer between an interface with another
homopolymer and the free surface, which was compared
to the data of Shull et al.,® whereas he also analyzed
the situation for concentrations higher than the cmc and
found that the micelles are attracted to both the free
surface and (somewhat weaker) to the polymer/polymer
interface, but he did not investigate the interfacial
tension reduction due to the copolymer segregation to
the polymer/polymer interface.

In our recent paper,3® an attempt was made to provide
a semiquantitative analysis of the interfacial activity
of diblock copolymers at the polymer/polymer interface
and its nonmonotonic dependence on the diblock mo-
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lecular weight (at constant copolymer concentration).
The attempt was based on a modification of the analysis
of Leibler,16 where the possibility of micellar formation
was also taken into account. The thermodynamic equi-
librium was, thus, considered among copolymer chains
adsorbed at the interface, chains homogeneously dis-
tributed in the bulk homopolymers, and chains at
micelles formed within the homopolymer phases. At low
molecular weights, micelles do not exist and the equi-
librium is achieved between copolymer chains at the
interface and chains homogeneously distributed in the
bulk; increasing the molecular weight drives more
copolymer chains to the interface, thus decreasing the
interfacial tension. At higher molecular weights, when
micelles are also present, a further increase of the
molecular weight drives fewer copolymer chains to the
interface; thus, the interfacial tension reduction is
smaller. Although the assumptions involved did not
allow a quantitative comparison and no fitting was
attempted, the behavior of the interfacial tension reduc-
tion as a function of the copolymer molecular weight
(at constant additive concentration) resembled the
experimental data.

The effects of copolymer architecture of the interfacial
efficiency of the compatibilizers have been investigated
in a series of papers by Balazs and co-workers?1-22 using
a combination of self-consistent mean-field (SCF) cal-
culations, analytical theory, and Monte Carlo simula-
tions as well as by Dadmun??® using computer simula-
tions. Lyatskaya et al.?2 investigated the interfacial
tension reduction due to the localization of AB block
copolymers at the interface between two immiscible
homopolymers A and B as a function of the copolymer
architecture. For the same total copolymer molecular
weight, for symmetric copolymers (f = 0.5) and for very
high molecular weight homopolymers, both analytical
arguments and SCF theory agree in that diblock co-
polymers are the most efficient at reducing the inter-
facial tension followed by the simple grafts, the four-
armed stars, and the n-teeth combs. They also discussed
the tradeoff between total molecular weight and number
of teeth when combs and diblocks of different molecular
weights are compared; i.e., they found that long combs
are more efficient that short diblocks.

The analytical arguments?? were based on the formal-
ism that Leibler developed® for diblock copolymers,
which was extended for the case of comb and star
copolymers. Of interest in the present work is the case
of simple graft copolymers, which were denoted as
T-grafts and were considered as combs with n = 1 tooth.
The homopolymers were considered to be highly incom-
patible, whereas the copolymer chains were assumed
to form dry brushes at the interface and to be at
equilibrium with chains homogeneously distributed in
the bulk. For this case, the interfacial tension reduction
Ay for a graft copolymer AB; was predicted as

2 — )b’ /
i;;_bi_ _ (Yo kB_:_’) _ (2)(2)3 2N_1/21ubu|k3/2( 4 - 3f,) 2
®)

7/\3
where yq is the A/B interfacial tension in the absence
of the additive, y is the Flory—Huggins interaction
parameter, N is the number of segments of the graft
copolymer, f = fyoth = fa is the volume fraction of the
tooth block A, b is the statistical segment length (it is
assumed that both types of links have the same seg-
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mental volume v = b®), and kgT is the thermal energy.
Upulk 1S the chemical potential in the bulk, and upux ~
In ¢+ + yNfa if the copolymer is added to the B
homopolymer phase, where ¢+ is the copolymer volume
fraction in the bulk B homopolymer phase (which is very
close to the nominal amount of copolymer present, ¢aqq).
Note that, within the same assumptions, the respective
interfacial tension reduction for a diblock copolymer is

AY diblookd” _ (Yo = Vaiblockd” _ (g)(g)ssz_uz 32 (4
keT KeT 7/\3 Houlk

Below an attempt is made to extend these arguments
for finite homopolymer molecular weights and allowing
for mixing of the copolymer and homopolymer chains
(wet brush or mushroom regimes) and by explicitly
including in the considerations the possibility of micelle
formation similarly to the earlier attempt for diblock
copolymers.3°

A flat interface is considered with surface area A,
between phase-separated A and B homopolymers. The
thickness of the interfacial region a; = b(6y) %5 and the
interfacial tension yo = kgTb™2(x/6)°° are independent
of the number of segments Pa and Pg of the two
homopolymers®3 for a highly incompatible situation of
xPi > 1. Suppose that Q AB; copolymer chains with N
= Na + 2(Ng/2) segments and composition f = fiotn =
Na/N = fa 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 interfacial layer
of thickness?® d' = (n/2)a;, with the blocks A and B
extending toward the respective bulk layers and forming
two “adsorbed layers” of thickness La and Lg, respec-
tively. For d' < L;, each side of the interfacial film
resembles a layer of polymers anchored by one end onto
a wall. Note that the A layer is formed by Q chains of
length Na whereas the B layer by 2Q chains of length
Ng/2 each. The free energy of the interfacial film can,
thus, be approximated as!®

Fintert fitm = Yo T Q(9a + 9g) 5)

yo is the A/B interfacial tension in the absence of the
additive, A is the interfacial area, and ga and gs
represent the free energies per AB; chain of the A and
B layers. 0 = Q/A, is the number of copolymer chains
per unit interfacial area.

In most of the present work, the copolymer chains are
not so long relative to the homopolymers. Thus, mixing
of the N copolymer and P homopolymer chains should
be taken into account due to the homopolymers pen-
etrating the chains anchored at the interface, whereas
the copolymer chains can be either stretched (wet brush
regime) or nonstretched (wet mushroom). Neglecting the
composition gradients in the brush (Flory approxima-
tion), ga is given by2b.16.54

9a 2 1 1. —
T In(N,b%0) + LAOb3 PA(l 7a) In(X —n,) +
2
3 La
> (6a)
2 N ,b?

where na = oNab%/La is the average volume fraction of
monomers of the A block in the layer and 1— 74 is that
of the P monomers. The first two terms approximate
the entropy of mixing between N and P chains, which
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tend to swell the copolymer blocks; the first term is
associated with the translational freedom of the copoly-
mers 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.5* The
last term represents the elastic entropy term, which
limits the swelling. For low values of o < 1, eq 6a can
be written as2h16

2

Oa _
kT

N L
2 1 Alla 3 ba
=1In(N,b )+ —PA > NAb2 (7a)

For stretched chains, the brush thickness La and the
block monomer concentration 5. are obtained from eq
7a by minimization with respect to La. In this case, La
— 6_1/3NAb(O'b2)l/3PA_l/3, na = 61/3(O'b2)2/3PA1/3, and

9a

T (ob2)2/3N P, 2" (wet brush)
B

(8a)

= In(Nb%0) + 3 o

which is valid for PANA™32 < gh2 < PAo~Y2. For non-
stretched chains, La ~ Na2b and the last term of eq
7a can be neglected; this applies for®* gh2 < PoNa=32,
Then, na = ob?Na2 and

32 2
= In(N bzo) +1NA—
A 2" P,

9a
kT (wet mushroom) (8b)
For diblock copolymer chains at the interface, the
analysis for the B layer is the same as that for the A
layer with simply replacing A with B as the subscript
in the equations above. However, for an AB, simple
graft, the equations for the free energy should reflect
the fact that the B layer is formed by two B blocks per
AB, chain. Thus, gg is given by

gB 2 1 1 _
kBT = In(Ngbh°o) + Lg— b3 Py —(1 —ng) In(1 — ng) +
.2
2§—Bz (6b)
2 (Ng/2)b

with g = oNgb?®Lg, the average volume fraction of
monomers of B chains. For low values of g < 1, eq 6b
can be written as?b.16

Lg
(Ng/2)b?

1 (Ng/2)1g

gB 2
= In(Ngb +—
n(Ngb’o) 5

kBT

3
2 (7b)

As before, for stretched chains Lg and »g are obtained
from eq 7b by minimization with respect to Lg; thus,

Lg = (1/2)671/3NBb(O-bZ)l/3prl/3, e = (2)61’3(ab2)2’3P31’3,
and
Js _
T In(Ngh?o) + 5/3(ob2)2/3N P, 2" (wet brush)

(8c)

which is valid for Pg(Ng/2)732 < ¢h? < P12, For
nonstretched chains, Lg ~ (Ng/2)2b and the last term
of eq 7b can be neglected; this applies for>* ob? < Pg(Ng/
2)782, Then, ng = ob?(2Ng)¥2 and
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32 4.2
1 Ng
2312

Pg

Je _ In(Ngb%0) + =

(wet mushroom)
kB

(8d)

The interfacial tension in the presence of the copoly-
mer is calculated as®®
oF

_ interf film

995  99g
YT A _02( ) ©

80 00

Q

with ga and gg given by eqs 8a—d. Therefore, the
interfacial tension reduction, Ay = yo — y, is

Ay _Yo— 7 _
kgT kgT

[2 +%(ab2)2/3(N Pa 2?4+ NgPg 2’3)] (wet brush)

0[2 + EgbZ(NAS’ZPA_l + 2‘1’2NB3’2PB_1)] (wet mushroom)
(10)

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

oF

_ interf film

Hint = 3Q

=gA+gB+0(§A+%) (11)

Therefore, with eqs 8

Uint

KeT
2.271(0b?)?P(NP,#2 + NgP5 ?%) (wet brush)
UbZ(NA3/2PAfl + 271/2N83/2P871)

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

(wet mushroom)
(12)

The free energy density of a homogeneous mixture of
an A—B copolymer (irrespective of architecture) with an
A homopolymer is?®

Fouik _O [P\, 1—¢ — ¢

o In(e) 5 In( )+X¢fB(1 f.6)
13)

with fg = 1 — fa. Thus, the chemical potential of a

copolymer chain homogeneously distributed in the bulk

A homopolymer, upuik = N[(1 — ¢)(0Fbui/d¢) + Fouil, is

Hpulk

KoT =In¢—¢—

N
1- ¢)P_A + xNfg[l — 2fz¢ + fB¢2)
(14a)
where ¢ = ¢_ is the copolymer volume fraction in the
A-rich homopolymer phase. When the graft copolymer
is added to the B homopolymer phase, the bulk chemical
potential is

#bulk

T =Mno—¢-

(1—¢)—+fo [1-— 2f ¢+fA¢]
(14b)
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For the calculation of the chemical potential of the
copolymer chains in a micelle, we use the methodology
that Leiblerl® demonstrated for the case of diblock
copolymers as was also done by Lyatskaya et al.?2
However, for the case of AB; graft copolymers one has
to distinguish two different cases: one when the micelle
is formed within the A homopolymer phase, i.e., when
the two B blocks form the core and the A block forms
the corona of the micelle, and one when the micelle is
formed within the B homopolymer, i.e., when the “tooth”
A block forms the core of the micelle and the two B
blocks form the corona. The two cases are considered
in the Appendix for the three different cases of forma-
tion of spherical, cylindrical, or lamellar micelles. The
chemical potential of an AB, chain in a micelle formed
within the A phase is, thus

spherical
Hmic _
kg T
) cylindrical
”""k—T = 1.19(f,N)'?[6.57 — In(1 — f)]"® (15a)
B
_ lamellar
mic 1/3 1/3
T =157((N)(1.44 — f,)
keT “ A

whereas the chemical potential of an AB, chain in a
micelle formed within the B phase is

spherical
Hmic = (312)"%1,%9(4. 748,712 — 4)Y3(N)3
kT
) cylindrical
M =1.89(xf,N)"3(0.41 — In ) (15b)
kT
_lamellar
L 13 _£\13
kT 1.75(xN)"°(1.26 — f,)

For the cases when micelles are not present, the
equilibrium is established between copolymer chains
homogeneously distributed within the homopolymer
phase and copolymer at the interface. The surface
density o is, then, determined by

Uint(0) = ppui(P) (16)

where, in this case, it is assumed that ¢ = ¢ = ¢ada-
When micelles are present, then at thermodynamic
equilibrium o is determined by the equation

Hint(0) = tmic = Upu(P) (7)

which also determines the volume fraction ¢ of copoly-
mers remaining homogeneously distributed in the bulk
A or B phase.

For the calculation of the interfacial tension reduction,
the chemical potentials gint, tmic, and upuik are evaluated
as a function of o for ¢ = ¢+ = Gada. If upuik(Padd) < Umic,
the equilibrium exists between copolymers at the in-
terface and copolymers homogeneously mixed in the
homopolymer phase. The interfacial excess o is, then,
determined by eq 16 together with egs 12 and 14, and
the interfacial tension reduction Ay by eq 10. If upuik(Padd)
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Figure 6. Theoretically estimated surface density of copoly-
mer chains adsorbed at the interface, ob? (a, top), and
interfacial tension reduction, —Ayb?kT = (y — vo)b%KT (b,
bottom), for the PS/I,S/PIl systems according to the model
presented in the text as a function of the copolymer composi-
tion at constant 2 wt % copolymer concentration and for
constant y = 0.04. In both (a) and (b), dotted lines signify
addition of the graft copolymer to the polystyrene phase and
solid lines its addition to the polyisoprene phase.

> umic, equilibrium is established among the three
different states of the copolymer (the equilibrium shape
of the micelle is that corresponding to the lower ymicof
the three in eq 15a or 15b), whereas ¢ and ¢. are
determined by eq 17 together with egs 12, 14, and 15;
Ay is evaluated by eq 10. Note that, due to the
asymmetric architecture and in view of the experimen-
tal data presented in the previous section, two situations
are considered: one when the AB; diblock is added to
the A homopolymer (1,S added to the polystyrene phase)
and one when it is added to the B homopolymer (1,S
added to polyisoprene).

Although the assumptions involved do not allow a
guantitative comparison with the data, the behavior of
the estimated Ay when the graft copolymers of varying
compositions are introduced into the polyisoprene or
polystyrene homopolymer (at constant additive concen-
tration) resembles more or less the experimental data.
Figure 6a shows the estimated surface density of
copolymers at the A/B interface, ob2, whereas Figure
6b shows the interfacial tension reduction as —Ayb?/kT
= (y — yo)b?KT as a function of fp| for ¢aga = 0.02. The
parameters used are P = Pps = 112, Pg = Pp; = 81, ¢
= 0.04, and N = 1100 for all grafts. Moreover, for the
present range of P; and N; values, the wet mushroom
configuration for the adsorbed copolymer chains is
assumed. When the 1,S graft copolymer is added to the
P1 homopolymer, there are no micelles formed for high
values of fp; and the copolymer chains at the interface
are at equilibrium with chains homogeneously mixed
within the Pl phase. The surface density of chains
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increases with decreasing fp; (from its high value), and
the interfacial tension decreases. At lower values of fp),
micelles are also present and ¢ does not increase (and
even decreases) as fp| decreases further; as a result the
interfacial tension does not decrease further (and even
increases). Similarly, when the 1,S copolymer is added
to the PS homopolymer, there are no micelles formed
for low values of fp; and the copolymer chains at the
interface are at equilibrium with chains homogeneously
mixed with PS. The surface density of chains increases
with increasing fp;, and the interfacial tension decreases.
At higher values of fp;, micelles are also present and o
seizes to increase as fp, increases further; as a result
the interfacial tension does not decrease further. The
Ay values are more or less in the range of the experi-
mental values although the apparent functional form
of the curves is different from the experimental ones.
For example, the dependencies in the region where
micelles are present are apparently different from the
experimental ones. This is most probably due to the
assumptions involved in the estimation of the chemical
potentials for the copolymer chains in micelles (dry
brush behavior was assumed). Even more, the value of
the interaction parameter used affects both the location
of the minimum (with respect to fp;) and the values of
Ay; no fitting was attempted since the aim of the
theoretical analysis is to obtain only the trends to
understand the behavior of the experimental data.
Indeed, it is evident that the calculation indicates a
behavior very similar to the data, with the origin of this
trend evidently related to the behavior of the estimated
interfacial density of adsorbed chains, g, shown in
Figure 6a.

1V. Concluding Remarks

The emulsifying effect of simple graft copolymer
additives on the interfacial tension between two im-
miscible homopolymers has been investigated using the
pendant drop technique. The effects of macromolecular
architecture, copolymer composition, and concentration
of the additives were studied utilizing polystyrene/
polyisoprene blends in the presence of a series of 1,S
and a S;I graft copolymers. The graft copolymers possess
almost constant molecular weight and varying composi-
tion. As expected, the interfacial tension decreases with
the addition of small amounts of copolymer followed by
a leveling off as the copolymer concentration increases,
illustrating the surfactant-like behavior of the graft
copolymers. The interfacial tension at interfacial satu-
ration is a nonmonotonic function of the copolymer
composition fp;, which can be understood to be due to
the competition between the decreased affinity of the
copolymer within the homopolymer phase when the size
of the “incompatible” block increases, which increases
the driving force of the copolymer toward the interface,
and the possibility of micelle formation. These ideas are
supported by small-angle X-ray scattering measure-
ments, which show the formation or absence of micelles.
Moreover, the interfacial tension at saturation depends
on the side of the interface the copolymer is added;
adding the I,S graft copolymer to the polyisoprene phase
is much more efficient than adding it to polystyrene.
This points to a local equilibrium that is only attained
in such systems: the copolymer reaching the interface
from one homopolymer phase does not diffuse to the
other phase. Using the respective Sl graft, a mirror
image behavior was obtained, signifying that this
behavior is not a Kinetic effect but is rather due to the
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attainment of a stationary state of local equilibrium and
a lack of global equilibrium in these interfacial systems.
A theoretical model proposed shows the same qualita-
tive behavior, but it cannot quantitatively account for
the effects due to assumptions involved in the estima-
tion of the free energies of the various chain conforma-
tions and especially those within the micelles of various
morphologies (certain of these have been first considered
in the context of the present work).

It is therefore evident that the effectiveness of the
interfacial modifiers is controlled by the unfavorable
interactions, which drive the additive toward the inter-
face, and the formation of micelles, which reduce the
emulsifying activity. For nonsymmetric copolymer ar-
chitectures, the latter is affected by the side of the
interface where the additive is introduced, and thus, in
most practical situations this should be taken seriously
into consideration.
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Appendix

The chemical potential of a copolymer chain within a
micelle is calculated following the methodology that
Leibler!® presented for the case of diblock copolymers
and for long homopolymer chains, which do not pen-
etrate the corona of the micelles. Leibler!® considered
spherical diblock copolymer micelles, whereas the same
procedure was extended by Shull et al.? for cylindri-
cal and lamellar diblock copolymer micelles and by
Lyatskaya et al.?? for spherical micelles of simple AB,
grafts. Here we present the complete calculation for both
diblock AB and graft AB, copolymers (added in either
A or B homopolymers) and for all three geometries
(spherical, cylindrical, lamellar).

A.1. A—B Diblock Copolymer within a B Homo-
polymer. Spherical Micelles. Leibler'® considered
monodisperse spherical micelles formed by Q, diblock
copolymer A—B chains added to a B homopolymer. In
this case, the A blocks make a core of radius

Ra = () (QufaND)™ (A1)

whereas the B blocks form the corona, which extends
up to radius R. The free energy of the micelle is
represented by a sum of three contributions:

Fmic = A)’o +F

+F (A.2)

core corona
where A = 47RA? is the interfacial area and yq is the
A/B interfacial tension. The core free energy is associ-
ated with the nonuniform stretching of the A block
arising from constraining the copolymer A—B junction
to a narrow interface. This energy has been calculated
self-consistently by Semenov®’ as'6

3 5/3 J'L’4/3 53 13
Fcore/kT = Z E Qm (fAN) (A3)
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Equation A.3 is identical to Feore/kKT = 0.370QmRa%
(faNb?), with the constant 0.37 calculated by Semenov.5’
The free energy of the corona is calculated assuming
that all the free ends of the B blocks reach the radius R
and that there is no penetration of the homopolymer
chains into the corona but taking into account the
nonuniform deformation of the B blocks due to the
spherical geometry. Thus?®

3 R dr(n)
Foorona/KT =2 5Qm Jodr =55 (A4)

where dr(n)/dn = Qnmb®/(4xr?) represents the stretching
of the classical trajectory r(n) for the segment number
n. Assuming incompressibility, the radius R is

_[3)\¥ 3,113
R=(1] (@Q.ND) (A5)
Therefore
1/ 31213 _ B
Feorona’ KT = E(E) Qm5/3N 1/3(fA ¥ 1) (A.6)

The equilibrium value of Qn, is obtained by minimizing
Frmic/Qmic with respect to Qm, d(Fmic/Qm)/0Qm = 0, whereas
the chemical potential is determined by

Umic = Fmic/Qm|Q=Qmmin (A'7)

where Qn,,, is the value at the minimum of Fnic/Qm.
Thus, Qm,.,, = (3/12)Y2(47/3))2Nfa23(1.74fs~ 13 — 1)71,
whereas the chemical potential for a A—B diblock
copolymer chain in a micelle within homopolymer B is

u _spherical
m|‘|3( T — (3/2)4/3fA4lg(1-74fA_1/3 _ 1)1/3(XN)1/3 (A8)
B
which is eq A-8 of Shull et al.? and is consistent with
eq 21 of Lyatskaya et al.22 and eq 36 of Semenov.2°
Cylindrical Micelles. Shull et al.® presented the
analysis for the case of cylindrical micelles. In this case,
the A blocks make a core of radius

R = (QufaND*/(L))" (A.9)

where L is the length of the cylindrical micelle. The B

blocks form the corona, which extends up to radius R:

R = (Q,,Nb¥(zL))*? (A.10)

The free energy of the micelle is represented by a sum
of three contributions:

Frnic = AVO +F

+F (A.11)

core corona

where A = 2aRaL is the interfacial area and yo the A/B
interfacial tension. The core free energy is given by

0.616Q,R,2

(A.12)
f,Nb?
(the factor 0.616 was calculated by Semenov®’), whereas
that of the corona is given by eq A.4, with the stretching
of the classical trajectory given by dr(n)/dn = Qmnb®/
(27Lr). Therefore
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Foy ool KT = — %szbrl Inf,  (A.13)

The equilibrium value of Qn, is obtained by minimizing
Fmic/Qm with respect to Qm as Qm,,,, = 3.3246(yfaN)¥3(L/
b)(1.64 — In fa)=2/3, whereas the chemical potential for
an A—B diblock chain in a cylindrical micelle within
homopolymer B is

cylindrical
mic

_ 13 _ 13
T 1.19(/f,N)3(1.64 — In f,)

(A.14)

which is eq A-12 of Shull et al.® and eq 36 of Semenov.2°
Lamellar Micelles. Shull et al.® presented the
analysis for the case of lamellar micelles as well. In this
case, the dimension of the core made by the A blocks is
R, = Q,,faNbY/A (A.15)

where A is the interfacial area and Rp is half the
thickness of the inner lamellae. The B blocks form the
corona, which extends up to distance
R = Q,,Nb%A (A.16)

from the center of the inner lamellae. The free energy

of the micelle is given by eq A.11, with the core free
energy given by

_ 1.234Q,R,’

Feore/KT = .
f,Nb

(A.17)

core

where the factor 1.234 was calculated by Semenov.%’
The free energy of the corona is given by eq A.4, with
the stretching of the trajectory given by dr(n)/dn = Qnb%/
A, and therefore

3
Feorona/KT = EQmSNb“(l —fa)  (A.18)

The equilibrium value of Qm is Qm.,, =
0.9155Ay6N~13p~2(5.64 — fo) 13, whereas the chemical
potential for an A—B diblock chain in a lamellar micelle
within homopolymer B is

_ lamellar
e —— =0.669(yN)"*(5.64 — f,)** (A.19)

kgT
which is eq A-12 of Shull et al.® and somehow dif-
ferent from eq 36 of Semenov,? as also acknowledged
by him.2°

A.2. AB; Graft Copolymer within a B Homopoly-
mer. Spherical Micelles. When an AB; graft copoly-
mer is added to a B homopolymer, the micelles are
formed with a core made up of the tooth A blocks and a
corona consisting of the two B blocks. The radii R and
Ra are given by egs A.1 and A.5. The free energy of the
spherical micelle is given by eq A.2, with the interfacial
area A = 47RA? and the core free energy given by eq
A.3. However, for the calculation of the corona free
energy one has to take into account the existence of the
two B blocks not only as a multiplication factor but also
in modifying the stretching of the trajectory; i.e., in this
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case, dr(n)/dn = 2Qmb3/(4xr?). Therefore

43 R, dr(n)
Fcorona/kT - 2§meRAdr an =
b3
2IO2Qm fRA (A.20)
Thus
3\2B 53y 13 —13
corona/kT = 2(4 ) Q"N (fA —-1) (A.21)

The equilibrium number of chains in the micelle is
obtained as Qm,,;, = 5.1302y2Nfs23(4.74f5" 1% — 4)71,
whereas the chemical potential for an AB; graft copoly-
mer chain in a spherical micelle within homopolymer
B is
lumicspherical

T (312)"3F,4%(4.74F, 3 —
B

4)1/3(XN)1/3
(A.22)

which is the same as eq 22a of Lyatskaya et al.,??
although, in that paper, it was written that the equation
is valid only for fo < 0.5.

Cylindrical Micelles. In this case, the A blocks
make a core of radius Ra, given by eq A.9, whereas the
B blocks form the corona, which extends up to radius
R, given by eq A.10. The free energy of the micelle is
given by eq A.11, with the core free energy given by eq
A.12. For the calculation of the corona free energy, one
uses the fact that the stretching of the trajectory is now
dr(n)/dn = 2Qmb%/(27Lr) and that there are two B
chains. Thus

KT = — —szbL Inf,

corona

(A.23)

The equilibrium value of Qn is Qm,;, = 1.32(}faN)¥3(L/
b)(0.41 — In fa)=23, whereas the chemical potential for
an AB; graft copolymer in a cylindrical micelle within
homopolymer B is

cylindrical
mic

e = 1.89(xf,N)¥3(0.41 — In )"
KgT

(A.24)

Lamellar Micelles. Here, the size of the core Ra
made by the A blocks is given by eq A.15 and the size
of the micelle R by eq A.16. The free energy of the
micelle is given by eq A.11, with the core free energy
given by eq A.17. The corona contribution again takes
into account the modified stretching of the trajectory
as dr(n)/dn = 2Qmb%/A and the two B blocks. Thus

KT = —Qm3Nb4(1 f,) (A.25)

corona

The equilibrium value of Qm IS Qmu., =
0.35Ax6N~13p=2(1.26 — fa)~13, whereas the chemical
potential for an AB, graft copolymer in a lamellar
micelle within homopolymer B is

lamellar
mic

kB—T (A.26)

= 1.75(xN)*3(1.26 — f,)**

Interfacial Tension in Binary Polymer Blends 535

A.3. AB;, Graft Copolymer within an A Homo-
polymer. Spherical Micelles. When an AB, graft
copolymer is added to an A homopolymer, the micelles
are formed with a core made up of the two B blocks and
a corona consisting of the tooth A block. The radius of
the core is

13
Ro = (1) (Qall ~ fND)"  (A27)
whereas the radius R is given by eq A.5. The free energy
of the micelle is given by eq A.2, with the interfacial
area A = 4xnRg? For the calculation of the core free
energy, one has to take into account the existence of
the two B blocks not only as a multiplication factor but
also in modifying the stretching of the trajectory (an-
other factor of 2). Thus, using eq A.3, one gets

3 5/3 .7'[4I3 53 13
core/kT 4~ 4 E Qm [(1 - fA)N] (A-28)

The corona free energy is given by eq A.6 by replacing
fA with 1 — fA:

3213 _ —
Comna/kT _ 2(@) Qm5/3N 1/3[(1 _ fA) 13 _ 1]

(A.29)

The equilibrium number of chains in the micelle is
obtained as Qm,;,, = 5.1302y2N(1 — fa)??[3.96(1 —
fa)~13 — 1171, whereas the chemical potential for an AB;
graft copolymer chain in a micelle within homopolymer
Alis

_ spherical

mic —

kgT

(312)"3(1 — £)*°[3.96(1 — f,) ° — 1]"3(yN)** (A.30)
which is the same as eq 22b of Lyatskaya et al.,??
although, in that paper, it was written that the equation
is valid for an AB; copolymer added within a B homo-
polymer for fa = 0.5. We believe that this was due to a
typographical mistake.

Cylindrical Micelles. In this case, the B blocks
make a core of radius Rg, given by

Rg = (Qu[L — fAINb(7L))"? (A.31)

whereas the A blocks form the corona, which extends
up to radius R, given by eq A.10. The free energy of the
micelle is given by eq A.11, with the interfacial area A
= 27RgL. For the calculation of the core free energy one
has to take into account the existence of the two B blocks
not only as a multiplication factor but also in modifying
the stretching of the trajectory (another factor of 2).
Thus, using eq A.12, one gets

0.616Q,,Rg’

/KT = 4 (A.32)

CO re

The corona free energy is given by eq A.13 by replacing
fA with 1 — fAZ

KT = — —szbL_l In(1 — f,)

corona

(A.33)

The equilibrium value of Qn, is, thus, Qm,,;, = 3.325[yN(1
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— fA)]¥3(L/b)[6.57 — In(1 — fa)] %3, whereas the chemical
potential for an AB, graft copolymer in a cylindrical
micelle within homopolymer A is

_ cylindrical
ot = 10001 ~ N (657 — In(1 — ]
B (A.34)

Lamellar Micelles. Here, the size of the core Rg
made by the two B blocks is given by

Rg = Q,[1 — fA]Nb¥A (A.35)

and the size of the micelle R by eq A.16. The free energy
of the micelle is given by eq A.11, with the corona free
energy given by eq A.18 by replacing fa with 1 — fa:

3
Feorona/KT = EQmE'N b*fa (A.36)

For the calculation of the core free energy one has to
take into account the existence of the two B blocks not
only as a multiplication factor but also in modifying the
stretching of the trajectory (another factor of 2). Thus

1.234Q,, Rz’

F. . JKT =4 .
(1 — f)Nb

core

(A.37)

The equilibrium value of Qmn is Qmu, =
0.39AyY6N~13p=2(1.44 — fa)~13, whereas the chemical
potential for an AB, graft copolymer in a lamellar
micelle within homopolymer A is

lamellar
mic

kT T 1.57(xN)*3(1.44 — £)®  (A.38)
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