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ABSTRACT: A wide range of different morphologies have been obtained by solvent casting of mixtures
of polystyrene (PS) and poly(2-vinylpyridine) homopolymers (PVP) with PS—PVP block copolymer. The
curvature of the PS—PVP interface has been investigated as a function of polymer molecular weights,
solvent quality, and blend composition. For blends with highly asymmetric composition at equilibrium,
simulations based on self-consistent-field theory (SCF) predicted a curvature of the interface toward the
minority phase. Casting PS/PVP blends from a common solvent for both PS and PVP resulted in
morphologies that were in qualitative agreement with SCF simulations. These morphologies nucleated
and grew from an initially fully homogeneous solution. Quite different morphologies resulted when
mixtures of separate solutions of PS and PVP in selective solvents were cast, if PS—PVP of the appropriate
asymmetry was added to either the PS or PVP solution. Polymeric high internal phase emulsions
(polyHIPE) were formed in which the majority phase was dispersed in the continuous minority phase. A
requirement for successful polyHIPE formation is that the selective solvent for the homopolymer and
majority block of the block copolymer (continuous phase of the polyHIPE) has to be a sufficiently poor
solvent for the minority block, thus inducing a strong segregation of the block copolymer at the interface
between the two solution phases. A simple way to ensure that this condition is satisfied is to verify that
the PS—PVP block copolymers form micelles in the selective solvents. The formation of such micelles
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was detected using dynamic light scattering.

Introduction

The equilibrium morphology of a blend formed by
mixing homopolymers depends essentially on the tem-
perature and composition of the blend. For immiscible
polymers, the equilibrium state is achieved by minimiz-
ing the total free energy associated with the formation
of interfaces. Since the interfacial tension between two
highly immiscible polymers depends primarily on the
Flory—Huggins interaction parameter between seg-
ments with small corrections for finite molecular
weights,1 3 this means that, once these parameters have
been fixed, equilibrium is achieved by minimizing the
total interfacial area, subject to constraints on the
relative phase volumes. While not a true equilibrium,
but rather a metastable equilibrium, it is usually
observed that the polymer present at lower volume
fraction is dispersed in the form of droplets within a
continuous phase formed by the other polymer. The
introduction of a block copolymer as a third component
leads to more complex cases. In particular, as widely
discussed in the literature, asymmetric diblock copoly-
mers may impart an intrinsic curvature to a flat
interface, bending the interface toward the shorter
block.4=® Thus, if the homopolymer present in larger
concentration is also that forming the shorter block of
the copolymer, two competing effects will drive the final
curvature of the interface. In this case, approximate
analytical theories or self-consistent-field theory can be
used to predict the final curvature of the interface.>’

Strict equilibrium conditions are, in general, extreme-
ly difficult to realize in practice, and nonequilibrium
procedures normally have to be used in order to invert
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the curvature of the interface and maintain continuity
in the minority phase. The procedure most widely used
is similar to the emulsification process of water/oil/
surfactant systems.8=10 In those systems, high internal
phase emulsions (HIPE) with a dispersed oil phase
volume fraction as high 90% can be obtained by adding
the oil phase dropwise to the water/surfactant solution
under continuous stirring.11~15 In the case of polymeric
systems, emulsions of similar phase volume fractions
can be obtained by a multistep procedure. Petroleum
ether or another low molecular weight species is dis-
persed dropwise in a solution containing monomer, nor-
mally styrene or divinylbenzene, solvent, and surfac-
tant.’671° The subsequent steps consist of the free
radical polymerization of the continuous monomer phase
and the removal of the solvent. The resulting composi-
tions consist of a polymeric network and a low molecular
weight dispersed phase. Structural or mechanical ap-
plications of these blends are thus rather limited, and
the dispersed phase is usually removed to produce foams
with very low density.2°=25 True polymeric high internal
phase emulsions (polyHIPE), where both polymeric
phases are synthesized by similar techniques, would
require an additional step to polymerize the dispersed
phase.

These blends are of interest in a range of applications.
For example, a miscible, doped s-conjugated polymer
could be added to the percolating phase, thus conferring
a low level of electrical conductivity needed for antistatic
or corrosion protection applications at moderate cost.
Alternatively, the percolating phase could be made ion
conducting so that the blend could serve as a separator
membrane for battery applications. Where transport of
certain molecules must be limited, an expensive polymer
with excellent barrier properties could be employed as
the minor continuous phase and combined with a
discontinuous, inexpensive polymer with good mechan-
ical properties.
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Table 1. Molecular Weight of Homopolymers and
Copolymers

homo- Mw (9/ homo- My (g/ Mw (9/
polymer mol) polymer mol) copolymer mol)

PS: 9 000 pVP1 8000 PS—-PVP; 70 000

PS, 35 000 pVP2 42000 PS—PVP, 100000

PS3 120 000 pVP3 140 000

In the present work, we discuss a different procedure
to produce polyHIPE from premade homopolymers and
block copolymers, whose emulsification based on selec-
tive solvent casting does not require any polymerization
process. Although a wide range of morphologies can be
obtained by solvent casting,?672° we will show that only
a specific selection of solvents, copolymers, and ho-
mopolymer molecular weights leads to the production
of polyHIPE blends. In particular, it will be demon-
strated that a suitable emulsion process leads to meta-
stable polyHIPE morphologies in which the high inter-
nal phase volume ratio is well beyond that of close
packing of spherical domains of the discrete phase. The
conditions under which this emulsification process
occurs will be elaborated on.

Experimental Section

Materials. Polystyrene (PS) and poly(2-vinylpyridine) (PVP)
constitute a good model system for the study, owing to their
high immiscibility, similar density (1.04 g/mL), and nearly
matched repeat unit molecular weight (PS = 104 g/mol, PVP
= 105 g/mol). Narrow molecular weight distribution polysty-
renes, with My, = 9000, 35000, and 120 000 g/mol, were
purchased from Pressure Chemicals and are identified in the
following by PS;, PS;, and PSs, respectively. Poly(2-vinylpy-
ridines) with M,, = 8000, 42 000, and 140 000, designated as
PVP,, PVP,, and PVPj3, respectively, were synthesized by
anionic polymerization according to procedures described
elsewhere.®® Two different PS—PVP diblock copolymers were
synthesized. The first, PS—PVP;, had a M,, = 70 000 g/mol
and a PVP volume fraction, fpyp, of 0.84, determined from the
nitrogen content as obtained by elemental analysis.>® The
second, PS—PVP,, had M, = 114 000 g/mol, with feyp = 0.13.
In all the compounds used, the polydispersity (Mw/M,) was
lower than 1.1. Table 1 summarizes the molecular weights of
the polymers used. Several solvents, chloroform, ethanol,
toluene, and cyclohexane, were selected and used as received
from Aldrich.

Procedures. Self-Consistent-Field Theory. Self-consistent-
field theory was implemented in two dimensions using the
algorithm described by Drolet and Fredrickson.3* Numerical
simulations of incompressible ternary blends of PS homopoly-
mer, PVP homopolymer, and PS—PVP diblock copolymer were
carried out for a variety of molecular weights and compositions.
The Flory—Huggins y parameter between PS and PVP seg-
ments was fixed at a value of 0.11, and periodic boundary
conditions were employed. Initial conditions for the simula-
tions were disordered chemical potential field patterns pro-
duced with a random number generator. Calculations were
done using a 120 x 120 lattice of L = 18 (units of copolymer
radius of gyration). The contour integration step was fixed at
As = 0.2. The potential fields were updated until stable or
metastable structures were obtained.

Blend Preparation. The blends investigated had in all cases
a high volume fraction of one homopolymer and a low fraction
of the other polymer and copolymer. High PS volume fraction
blends were prepared as follows: each PVP homopolymer was
dissolved together with PS—PVP; in a good solvent for PVP
to form a 20 wt % polymer (PVP plus PS—PVP,) solution. This
composition is similar to the monomer plus surfactant solu-
tions used for producing polyHIPE foams.!®2° PS was then
dissolved in a separate good solvent for PS, either toluene at
room temperature or cyclohexane at 50 °C. This solution was
then added to the PVP/copolymer/solvent solution dropwise,

Macromolecules, Vol. 36, No. 12, 2003

under continuous stirring at 200 rpm. To avoid phase inversion
during emulsification, the volume of the PS/solvent solution
had to be minimized as compared to that of PVP/ PS—PVP,/
solvent. Thus, a polymer concentration of 50 wt % was selected
for the PS/solvent solution. The solution was stirred for 10 min.
Then solvent was removed by a combination of vacuum and
gentle heating: vacuum at room temperature was applied first,
then the mixture was heated at 60 °C under atmospheric
pressure, and finally vacuum was applied at 90 °C for 30 min.
This procedure avoided bubble formation during solvent
removal. High PVP volume fraction blends were obtained by
mixing PVP, PS, and PS—PVP,, following a similar procedure.
PS was dissolved together with PS—PVP; in a good solvent
for PS to form a 20 wt % polymer (PS plus PS—PVP,) solution.
PVP was then dissolved in a separate good solvent for PVP to
form a 50 wt % polymer solution. The latter mixture was
finally added to the PS/copolymer/solvent solution dropwise,
under continuous stirring at 200 rpm that was maintained for
10 min. The solvent was finally removed as described previ-
ously. The final volume fractions of the dry blends were 0.13,
0.07, and 0.8 for the minority homopolymer, the block copoly-
mer, and the majority homopolymer, respectively.

Transmission Electron Microscopy (TEM). The 100 nm thick
films of the final blends were microtomed with a Leica Ultra
Cut microtome. The PVP phase was stained for 6 h at 25 °C
in saturated I, vapor above solid I,. Micrographs of the final
morphologies were taken using a JEOL2000FX transmission
electron microscope operated at 200 kV.

Light Scattering. Light scattering experiments were per-
formed using a Brookhaven Instruments system with detector
set at an angle of 90° to minimize reflection effects. The block
copolymers were dissolved in different solvents at various
concentrations and temperatures. Concentrations ranging
between 0.01 and 0.5 g/mL were used at temperatures ranging
between room temperature and 50 °C. The micelle size results
were extrapolated to zero concentration to avoid effects from
interactions among micelles as well as multiple light scatter-
ing.

Results and Discussion

In all the blends investigated in this work, the
interface curvature is, as anticipated in the Introduc-
tion, the result of two opposite driving forces: the
asymmetry of the block copolymer, which tends to bend
the interface toward the shorter block, and the high
asymmetry of the blend composition, which tends to
favor morphologies with the opposite curvature. If the
concentration of the block copolymer and the interaction
parameter are maintained fixed, the curvature of the
PS/PVP interface at equilibrium will only be a function
of the homopolymer composition of blend. Figure 1
shows the self-consistent theory predictions of the
interface curvature for two different cases of PVP/PS/
PS—PVP1 systems as a function of blend composition.
The Flory—Huggins interaction parameter is fixed at
0.11, which for PS/PVP corresponds to a temperature
of 170 °C, at which PS/PVP blends are in the melt
state.3? Note that the morphologies shown in Figure 1
should be viewed as metastable rather than true equi-
librium structures.

The concentration of block copolymer, PS—PVP; , is
maintained fixed at 7% in both parts a and b of Figure
1. In Figure 1a, the light regions correspond to higher
concentrations of PVP; while the dark regions corres-
pond to PS,-rich domains. The block copolymer is loca-
ted at the interface. The conditions of wet brush on the
PVP side of the interface and dry brush on the PS side
lead to a phase inversion at a volume fraction of PVP
between 33% and 38%. The opposite case is illustrated
in Figure 1b. The conditions are dry brush on the PVP
side of the interface and wet brush on the PS side. Thus,
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Figure 1. Self-consistent theory predlctlons of the interface
curvature as a function of blend composition and polymer
molecular weights. The concentration of block copolymer, PS—
PVP,, is 7% in the two cases. (a, top) Light color is PVP; (My
= 8000 g/mol); dark is PS;, (M,, = 35 000 g/mol). The conditions
of wet brush in the PVP block and dry brush in the PS blocks
lead to a phase inversion at a composition of 33—38% PVP.
(b, bottom) Light color is PVP3 (M, = 140 000 g/mol); dark is
PS; (M,, = 9000 g/mol). The conditions of dry brush in the PVP
block and wet brush in the PS block cause the PS to remain
as the continuous phase at the different compositions inves-
tigated.

the curvature of the interface is toward the PVP phase,
and PS is the continuous phase at all compositions up
to the symmetric composition of 0.465/0.465 PS/PVP.
Since the polyHIPEs targeted in the present work are
required to have an internal phase volume fraction
above 74%, the SCF simulations show that, with the
polymers selected, it is not possible to realize stable
polyHIPE. Nevertheless, SCF simulations constitute a
valuable input for defining an appropriate system for
producing a polyHIPE. Indeed, we shall see for a system
similar to that simulated in Figure la phase inversion
may be induced at even lower PVP volume fractions, if
nonequilibrium processes are employed.

A first attempt to produce blends of the same com-
positions as those shown in Figure la was done by
solvent casting from homogeneous solutions of PS, PVP,
and PS—PVP. In solution, the three components can be
assumed to be at equilibrium, but the development of
the morphology during solvent removal is a nonequi-
librium process. However, if the removal of the solvent
is relatively slow, as for the blends prepared in the
present work, one can assume that the curvature of the
interface will approach that predicted on the simula-
tions. In this respect, Figure 2 shows the morphology
of a PVP1/PS,/PS—PVP; blend of composition 0.13/0.80/
0.07 respectively, by volume, as obtained by using
chloroform as a common solvent for both PS and PVP.
The mixing procedure is described in the Experimental
Section. Owing to the high asymmetry in blend compo-
sition, the minority phase, which is the dark stained
PVP, is dispersed in the form of droplets within a
continuous majority phase (PS). This is in agreement
with the predictions of the self-consistent theory simu-
lations (see blend of composition 0.13 in Figure 1a).
Nevertheless, a more complex morphology is observed
in the real case, with small submicrometer PS droplets
being present within the PVP larger particles, whereas
SCF calculations within a box of nanometer dimensions
identified only one size scale of droplets.

To invert the curvature of the main interface and
maintain the same composition of the blend, it is
therefore necessary to follow a nonequilibrium proce-
dure. A possible method is to use selective solvents for
PS and PVP. A second PVP1/PS,/PS—PVP blend of the
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Figure 2. TEM micrograph of PVP,/PS,/PS—PVP; blend of
composition by volume, 0.13/0.80/0.07, respectively, as ob-
tained from solvent casting using chloroform as common
solvent for PVP and PS.

same composition as that shown in Figure 2 was cast
by first dissolving PVP; and PS—PVP; in ethanol and
then adding (dropwise) PS; dissolved in toluene. After
separate solutions are made, the process is identical to
that described in the Experimental Section. Ethanol has
been selected because it is a nonsolvent for PS whereas
toluene is a nonsolvent for PVP but a good solvent for
PS. This will decrease the solubility of the PS solution
in the PVP—copolymer solution, and eventually, an
emulsion can be obtained, where droplets of the PS
solution will be wetted by the PVP/PS—PVP/ethanol
solution. The nature of the emulsion obtained by fol-
lowing this procedure is demonstrated in Figure 3a,
which shows an optical micrograph of the blend after
10 min of continuous stirring. A TEM micrograph of the
same blend after solvent removal, shown in Figure 3b,
proves more clearly the polyHIPE nature of the blend.
Remarkably, the minority phase, PVP, is maintained
as a continuous network, whereas the majority phase,
PS, is dispersed as large droplets. This is in contrast
with the usual phase inverted morphology at such a
composition. However, the curvature of the PS/PVP
interface is consistent with the block copolymer asym-
metry. There is also no residual trace of any secondary
phase separation within the PS droplets, indicating a
poor mixing of the PS and PVP solutions. This suggests
that in the final dry blend the block copolymer is
primarily located at the interfaces between the two
phases evident in Figure 3b.

The conditions of stability of this interfacial curvature
can be explored by changing the composition of the
blend and the molecular weights of the two homopoly-
mers in contact with the two blocks of the copolymer at
the interface, as done previously for the SCF simula-
tions. The volume fraction of PVP was further reduced
in order to establish the limit to which this phase could
be maintained continuous and the PS dispersed. How-
ever, a modest decrease in the volume fraction of PVP
resulted in a loss of network continuity. Figure 4 shows
the illustrative case of a PVP1/PS,/PS—PVP; blend with
composition 0.10/0.84/0.06, respectively, by volume. The
coexistence of some discontinuous PS domains with PVP
ones and the elongated shape of the PVP discontinuous
domains constitute further evidence of the deviation
from equilibrium morphologies, since the minimization
of the total interfacial energy requires spherical dis-
persed domains of the minority phase.
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Figure 3. PVP1/PS,/PS—PVP; blend of composition 0.13/0.80/0.07 by volume, respectively, as obtained from solvent casting using
ethanol as solvent for PVP plus PS—PVP; and toluene for PS. (a) Optical micrograph prior to solvent removal. (b) TEM micrograph
of dried blend. The droplets (PS) and the continuous phase (PVP) of the optical micrograph (a), swollen by toluene and ethanol,
respectively, are precursors of the final dispersed (PS) and continuous (PVP) phases of the dried blend (b).

The effects of wet or dry brush conditions for block
copolymer/homopolymer interfaces, observed in dried
blends, have been explored on both sides of the block
copolymer, for a fixed PVP/PS/PS—PVP; blend composi-
tion of 0.13/0.80/0.07. When the block copolymer/PVP;
interface was a wet brush and the copolymer/PS; or PS3
interface a dry brush, a continuous PVP network was
maintained throughout the whole sample indicative of
good interfacial stability (see Figure 3b). This is con-
sistent with the fact that a homopolymer with a molec-
ular weight lower than the block swells the block and
contributes to bending the interface toward the opposite
side of the block copolymer at the interface. On the other
hand, dry brush conditions on the continuous PVP; side
of the interface or wet brush conditions on the discon-
tinuous PS; side resulted in a polyHIPE blend, but with
a loss of long-range PVP network continuity. A typical
example is pictured in Figure 5, which shows a TEM
micrograph of the dried PVP3/PS,/PS—PVP; blend.

Following the same strategy, attempts to prepare a
0.13/0.80/0.07 PS1/PVP,/PS—PVP; blend were made by
dissolving PS; and PS—PVP; in toluene and adding

5 pm

.

Figure 4. TEM micrograph showing loss of PVP network
continuity for a blend of PVP1/PS,/PS—PVP; at a composition
0.10/0.84/0.06, respectively, by volume.
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Figure 5. TEM micrograph of dried PVP3/PS:/PS—PVP; blend
of composition 0.13/0.80/0.07 by volume, respectively, as
obtained from solvent casting using ethanol as solvent for PVP
and toluene for PS. The dry/wet brush conditions in the PS/
PVP phases at the interface lead to a breaking up of the PVP
network continuity.

dropwise the solution of PVP, and ethanol, at the
concentrations described in the previous cases. Surpris-
ingly, emulsification did not occur in this system, as was
shown by both by optical and TEM microscopy (Figure
6, a and b, respectively). The final morphology resulted
in a continuous phase formed by the majority phase
(PVP), and the lower volume fraction of PS was observed
in the form of dispersed droplets. Furthermore, TEM
revealed the presence of small particles of PVP within
the PS droplets, suggesting, similar to the case of the
blend of Figure 1, that a more extended mixing of
components occurred during the blending procedure.
The main difference between this blend and that of
Figure 3 is in the solubilities of the different polymers
in the two solvents selected. The solubility and surfac-
tant characteristics of the two copolymers in the two
solvents are also different.

To assess this point, PS—PVP; and PS—PVP, were
dissolved in ethanol and toluene, respectively, and
dynamic light scattering experiments were performed
on the solutions. In the case of PS—PVP; in ethanol,
the PVP block has good solubility in the solvent,
whereas the PS block has very poor miscibility. This
leads to the formation of spherical micelles with a PS-
rich core and PVP-rich corona, as shown by the dynamic
light scattering correlation function (Figure 7) of a 0.2
wt % solution of PS—PVP; in ethanol at 25 °C. As shown
in Figure 8, different concentrations were studied, and
the results for the average micelle diameter were
extrapolated to zero concentration. A limiting diameter
of 110 nm has been obtained for the diameter of PS—
PVP; micelles in ethanol at 25 °C. By using this value,
it is possible to estimate the number of block copolymers
forming one micelle, f, which may be considered as a
first rough estimation of the tendency of the block
copolymer to segregate. Following Vagberg et al.,32 the
radius of the micelle, Ry, can be calculated as

3NCf )1/31,)1/

1l
+
Armpc

S

(8st a-v)2v
R, =|————
" 3.4y

where Ns is the number of monomers in each corona
block, as is the statistical segment length, N¢ is the
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number of monomers in the core, pc is the number
density of monomers in the core (normally taken as the
bulk density of the incompatible block), and v is the
radius of gyration scaling exponent, equal to %/5 for good
solvents and %/, for © solvents. If we apply eq 1 to the
PS—PVP; in ethanol, taking %/s for v, 0.67 nm for as,33
and the measured value of 55 nm for R, a value of 243
is calculated for f. This value is rather high for such
diluted solutions and indicates a very strong tendency
for micelle formation of PS—PVP; in ethanol.

Dynamic light scattering experiments performed on
PS—PVP; in toluene at 25 °C did not show any micelle
formation, presumably, due to the greater solubility of
PVP in toluene than PS in ethanol. Different annealing
times were used to allow micelles to form, but no
micelles were observed within a period of a month. New
experiments were carried out for the same PS—PVP,
system, but replacing toluene with cyclohexane. This
solvent has a lower solubility parameter (6 = 8.2 (cal/
cm3)12) than toluene (6 = 8.9 (cal/cm3)¥/2), and therefore
the solubility of PVP in this solvent should also decrease
relative to that in toluene. However, because cyclohex-
ane is a © solvent for PS at 34 °C, the experiments were
performed at 50 °C to ensure good solubility of the PS
block. At this temperature and in cyclohexane, micelles
of PS—PVP; are observed, as is evident in the correla-
tion function of the 0.2 wt % solution (see Figure 9a).
However, an average micelle diameter of only 54 nmis
measured for the above solution. The calculation of the
exact number of chains forming a micelle is in this case
more difficult, since the solvent is somewhat close to ®
conditions for PS, and the scaling exponent for the
corona is unknown. Equation 1 can therefore provide
only a rough indication of the upper limit in the number
of chains per micelle, if the specific 1/, scaling exponent
of © solutions is assumed for the corona. In this case f
obtained by eq 1 is 27, which is much lower than the
value of 243 for the PS—PVP; in ethanol. Although only
a rough approximation for the number of chains per
micelle can be obtained in this case, the number is
expected to decrease rapidly with v if Ry, is maintained
at the measured value of 27 nm, as shown in Figure
9b. Indeed, f rapidly decreases to such low values that
the assumptions underlying the derivation of eq 1 are
no longer valid. Evidently, it can be concluded that the
population of chains in a micelle, and therefore the
tendency of the block copolymer to segregate is much
lower for PS—PVP; in cyclohexane at 50 °C than for
PS—PVP; in ethanol at 25 °C.

Bearing this in mind, a 0.13/0.80/0.07 composition
blend of PS1/PVP,/PS—PVP, blend was cast according
to the usual procedure, but PS; and PS—PVP, were this
time dissolved in cyclohexane at 50 °C and the 1:1
solution of PVP; in ethanol was added dropwise under
continuous stirring. The solution turned white, indicat-
ing emulsification occurred with this choice of solvents.
This is confirmed by the optical and TEM micrographs
in parts a and b of Figure 10, respectively. However,
PS inclusions within the PVP droplets were observed
this time, confirming a more extended mixing compared
to the previous high internal phase emulsions in Figure
3. The above observations lead to the following conclu-
sions: (i) an emulsification leading to polyHIPE mor-
phologies will occur only when the block copolymer has
a tendency to segregate strongly enough to form micelles
in solution with its respective selective solvent; (ii) the
morphology of the final polyHIPE and the degree of
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Figure 6. Optical (a) and TEM (b) micrographs of a PS1/PVP./PS—PVP, blend of composition by volume: 0.13/0.80/0.07 obtained
by using toluene as a solvent for PS plus PS—PVP; and ethanol for PVP.
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Figure 7. Dynamic light scattering correlation function of a
0.2 wt % solution of PS—PVP; in ethanol at 25 °C.

mixing of different components are related to the driving
force for the formation of micelles. Thermodynamic
arguments can be invoked to quantify such a driving
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Figure 8. Measured diameter of PS—PVP; micelles in ethanol
at 25 °C as a function of solution concentration. The results
extrapolated to zero concentration give a limiting value of the
diameter of 110 nm.

force and provide a useful explanation of the experi-
mental trends observed.
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cyclohexane at 50 °C
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)
Figure 9. (a) Dynamic light scattering correlation function
of a 0.2 wt % solution of PS—PVP; in cyclohexane at 50 °C.
(b) Variation of the population of chains per micelle as a
function of the scaling exponent v according to eq 1 for PS—
PVP; in cyclohexane at 50 °C.

The driving force for segregation of the block copoly-
mer to the interface primarily reflects the excess free
energy of the unfavorable block in the solvent. Per
molecule, this is approximately equal to the difference
between the chemical potential of the block copolymer
at the interface and that of an unaggregated block
copolymer dissolved in the solvent. This difference is
thus provided by the differences in the chemical poten-
tial of the unfavorable block, Auys, since less significant
changes occur for the favorable block when the block
copolymer is dissolved or segregated at the interface.
Following the lines of thought of previous work,3* this
variation can be expressed as

Aptys ™~ RTNu(Xup - Xug)¢2 ()

where R is the perfect gas constant, T is the absolute
temperature, N is the number of units of the unfavor-
able block, yup and yyg are the Flory interaction param-
eters between the unfavorable block unit and the poor
solvent, and the unfavorable block unit and the good
solvent, respectively, and ¢ is the volume fraction of the
solvent. For very dilute conditions in a good solvent we
can assume that y,, and ¢ are equal to 0 and 1,
respectively, and therefore

Auys ~ RTNyxp 3

This contribution, if large enough, drives micelles to
form and provides a strong driving force for segregation
to the interface. Micelles tend to form when the chemical
potential exceeds a certain critical value. Past that
threshold the chemical potential increases only slightly
with block copolymer concentration, and thus the critical
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chemical potential constitutes the maximum driving
force for the block copolymer to segregate to the
interface. If the solvent is a bit less poor for the core
block, i.e., yup decreases, the chemical potential of the
block copolymer in the solution is less than needed for
good segregation, and block copolymer cannot stabilize
the interface. To evaluate the differences in chemical
potential in the three cases investigated, we can make
use of the well-known expression from regular solution
theory expressing the Flory interaction parameter in
terms of the solubility parameters:

Zus = (VJRT)(6, — 6,)° (4)

where 6, and ds are the solubility parameters of the
unfavorable block and the poor solvent, respectively, and
V., is the repeat unit molar volume of the polymer used
for solubility parameter calculation. Therefore, the
driving force for block copolymer segregation at the
interface, Auys, can be estimated by

Azuus ~ Nuvu(au - 65)2 %)

Table 2 summarizes the values of Auys as calculated by
eq 5 for the three solutions investigated in the present
work. These results support the arguments discussed
above and quantify the driving force for segregation of
the block copolymer at the interface, PS—PVP; in
ethanol as having the highest chemical potential, fol-
lowed by PS—PVP; in cyclohexane and PS—PVP; in
toluene.

Finally, we note that at these semidilute concentra-
tions the kinetics of segregation of block copolymer is
expected to be rapid for both dissolved block copolymers
and block copolymer micelles. Therefore, unlike the bulk
melt case where formation of micelles is detrimental for
segregation kinetics to the interface, in the present case,
the kinetics of micelle formation does not inhibit a rapid
stabilization of the interfaces, and the quality of the
block copolymer as surfactant is primarily dependent
on its chemical potential.

Summary

We have investigated the interfacial curvature in a
model PS/PVP/PS—PVP blend system under equilibri-
um and nonequilibrium conditions. Simulations based
on self-consistent-field theory predict the curvature of
the interface to be a function of blend composition and
block copolymer asymmetry. These simulations consti-
tute valuable input for understanding morphology
development in the model system, where nonequilbrium
effects are more pronounced. PS/PVP/PS—PVP blends
with composition, molecular weight, and block copoly-
mer asymmetry analogous to those used in the simula-
tions were produced by solvent casting. In one case, a
common solvent was used for PS and PVP, leading to
intimate mixing of molecules and a final morphology
developing by nucleation and growth upon solvent
removal. For high volume fraction of one of the two
homopolymers, the morphology and interfacial curva-
ture observed experimentally were in agreement with
the numerical simulations, the minority phase being
dispersed in the majority phase and thereby approach-
ing a local minimum of the total interfacial energy.
However, when selective solvents were used for PS and
PVP during solvent casting, the final morphology de-
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Figure 10. Optical (a) and TEM (b) micrographs of polyHIPE at compositions of 0.13/0.80/0.07 as obtained from solvent casting
at 50 °C, using ethanol as solvent for PVP and cyclohexane for PS plus PS—PVP,.

Table 2. Solubility Parameters, Number of Unfavorable Block Units, Block Copolymer Repeat Unit Volume, and
Chemical Potentials Values As Calculated by Eq 5, for the Different Solutions Investigated

du (callcmB)12 s (callcm?)12 Nu Vy (cm3/mol) Auys (kcal/mol)
PS—PVP; in ethanol 9.3 108 100 125
PS—PVP;in cyclohexane 10.7 138 101 87
PS—PVP;in toluene 10.7 138 101 45

veloped through an intermediate emulsion phase. After
solvent removal, this technique proved to be a valuable
procedure for producing polyHIPE blends, with the
continuous phase having a volume fraction as low as
13%. The conditions for which the emulsification process
occurs were assessed by dynamic light scattering, and
it was shown that in order to produce polyHIPE mor-
phologies the block copolymer in the solution needs to
have such a strong chemical potential that micelles are
formed. Thermodynamic arguments were presented to
support this experimental evidence.
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