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SYNOPSIS

Three-component emulsion polymer systems constitute an overall four-component system
from a morphological viewpoint. The aqueous phase is always the continuous phase within
which 22 distinct and thermodynamically stable particle morphologies may exist. Six
uniquely different categories of particles compose this morphological menu and may be
identified as core-shell-shell, hemicore, hemishell, trisectional, “snowman,” and cored
hemisphere. Extension of previously published free-energy thermodynamic analyses of two
component emulsion polymers has resulted in the ability to predict the most likely equi-
librium morphology to be found for three-component particles. Predictions have been carried
out for each possible three-component combination of poly (methyl methacrylate), poly-
styrene, poly (dimethyl siloxane), and polycarbonate. The results show that in nearly every
instance two or three different morphologies are computed to possess nearly equivalent
free energies, whereas all other possibilities would result in much higher free energies. This
indicates that more precise knowledge of all interfacial tensions is required when considering
three-component systems than was found to be generally needed for two-component systems.
Experiments were carried out for each polymer combination using a very surface-active
emulsifier (sodium lauryl sulfate) and, separately, a weakly surface-active emulsifier (natural
pectin). For this choice of polymers and emulsifiers, only three of the six unique morpho-
logical categories were found experimentally. In all cases, the thermodynamic analysis
predicted the experimentally determined morphology to possess the lowest or next to lowest

free energy. © 1993 John Wiley & Sons, Inc.

INTRODUCTION

Emulsion polymers are important items of com-
merce, finding application in a wide variety of prod-
ucts that derive their properties from both the
chemical and morphological characteristics of the
latex. The morphological control of two-component
polymer particles has recently received a significant
level of attention in the literature.' ¢, These reports
have concentrated on the effects of the materials
used in the latex formulation and upon the process
used to produce the final latex. Of particular note
is the critical role played by the interfacial tensions
between the individual polymer phases and between
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the aqueous and polymer phases, particularly the
latter.

Recently, advances in bulk-phase polymer blends
have also recognized the role of interfacial tensions
between the polymer phases. Hobbs and co-work-
ers'? described some morphological results of three-
component blends and made use of spreading coef-
ficients to serve as a guide to interpreting these
morphologies. Their work showed that the two
polymer components representing the minority-
phase volumes would be distributed throughout a
matrix phase in a variety of different forms, de-
pending upon the interfacial tensions between the
three component pairs of polymers. In a similar
sense, we have investigated the morphological nature
of three-component emulsion polymers. In such
cases, one needs to consider the presence of water
(containing a surfactant) in addition to the polymer
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Figure 1 Core-shell-shell morphologies for three-component latex particles.

phases and take into account the interfacial tensions
at the aqueous /polymer surfaces. Thus, when three-
component emulsion polymers are in a latex form,
one needs to consider a four-component system
while investigating the possible particle structures;
the aqueous phase is always the continuous phase.
The goal of this work has been to identify the types
of three-component particles that represent ther-
modynamically stable morphologies and to extend
our previous quantitative treatment for two-com-
ponent particles'%'®1° in order to make predictions
of three-component systems.

THERMODYNAMIC CONSIDERATIONS
AND MORPHOLOGICAL ALTERNATIVES

Recent considerations of two-component latex par-
ticles have shown that only core-shell, inverted
core-shell, and hemispherical particles are stable in
a thermodynamic sense, although many other mor-
phologies have been reported (including sandwiches,
“confetti”’-shaped particles, and occluded struc-
tures). When we consider three.polymeric compo-
nents within latex particles, a much greater number

of stable morphological arrangements are possible.
We have identified six uniquely different categories
of such particles and distinguish them as core-shell-
shell, hemicore, hemishell, trisectional, snowman,
and cored hemisphere. These are shown in Figures
1-5 where we identify six each of the core-shell-
shell and cored hemisphere alternatives, three each
of the hemicore, hemishell, and snowman alterna-
tives, and one trisectional alternative. Thus, by
adding a third component to the simplest composite
emulsion polymer system, one moves from the con-
sideration of three to 22 morphological alternatives.

Rather than attempting to apply the spreading
coefficient approach to these systems, we have cho-
sen the more general approach of describing the free
energy of the various morphological alternatives and
determining that structure which contains the min-
imum free energy. Here, it is straightforward to make
computations as a function of the relative volume
fractions of the three polymers. In the following
analysis, we compute the change in the Gibbs’ free
energy along the pathway shown in Figure 6, which
assumes a starting point of a latex particle suspended
in an aqueous phase and bulk phases of the other
two polymers. The final state is that of one of the
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Figure 2 Hemicore morphologies for three-component latex particles.

22 possible equilibrium morphologies. The assign-
ment of polymer components 1, 2, and 3 in Figure
6 is completely arbitrary and will not influence the
free-energy analysis. This approach is consistent
with that which we described in an earlier paper
involving two-component particles.’? As such, for
any particular final morphological state,

AG = 2 viAi — vo4o (1)

where A; is any interfacial area; v,, its corresponding
interfacial tension; Ag, the interfacial area of the
initial latex particle, and v,, its interfacial tension
against the aqueous phase (containing surfactant).
Since we apply eq. (1) to any of the morphological
structures in Figures 1-5 and only at the end of the
experiment where there is only pure polymer (no
residual monomer or solvent), the enthalpic and
entropic changes are the same for all structures and
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are thus excluded from further considerations. The
application of eq. (1) requires only that the inter-
facial areas can be described and that the attendant
interfacial tensions are known. It is true, of course,
that the utility of eq. (1) will be restricted to situ-
ations where the particle morphology has developed
slowly enough so that equilibrium conditions have
applied throughout its development.

It is useful to modify eq. (1) by dividing through
by Ao and thus achieve a free-energy expression that
is independent of particle size. Since its units are
now those of interfacial tension, we write the reduced
free-energy change as'?

Ay = Z'YiAi/AO_'YO (2)

The Ay values so calculated will depend upon the
particular choice of which polymeric constituents
are designated to be components 1, 2, or 3 in Figure

Polymer 3

Figure 3 Hemishell morphologies for three-component latex particles.
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Figure 4 Trisectional and “snowman” morphologies for three-component latex particles.

6, as that choice will influence the value of v, in eq.
(2). However, since +, is a constant, the determi-
nation of the morphological structure that repre-
sents the lowest free-energy state will be unaffected.
Thus, we choose to retain the v, term as we have in
previous analyses.'?

Some further nomenclature is useful as we con-
sider applying eq. (2) to any of the 22 possible mor-
phologies. Here, we utilize the nomenclature iden-
tified in Figures 1-5 to describe the various A¥’s,
and introduce symbols such as ( Ay )cspspip2 to depict
the calculation for a core-shell-shell particle having
polymer 3 as the core, polymer 1 as the inner shell,
and polymer 2 as the outer shell. The interfaces that
are important in this case are those between polymer
1 and polymer 3, vp,p3; polymer 1 and polymer 2,
Ypip2; and polymer 2 and water (containing surfac-
tant), ypow. In all cases, v, is written as ypw.

For the case of the CSP3P1P2 particle shown in
Figure 1, eq. (2) can be written as

(AY)cspapipz = Yrips (RP/Ro)®
+ vpip2 (Rp/Ro)? + vpow (Rp/Ro)* — ypiw  (3)

where Rp is the outer radius of the complete particle;
R'’p, the radius at the P1P2 interface; R%, the radius
at the P1P3 interface; and 4p,w, the interfacial ten-
sion between polymer 1 and the aqueous phase. Be-
cause the interfacial area of the P1P3 interface is
independent of the amount of P2 in the particle,
(Rp/Ry), (R%/Ry), and (R%/R,) can be described
only in terms of volume or weight ratios of polymers,
not as volume fractions as was possible for two com-
ponent particles.!? As such, eq. (3) becomes

(AY)cspapipz = vpira (VRP3P1)%/®
+ ypip2( VRP3P1 + 1)2/3

+ ypew ( VRP2P1 + VRP3P1 + 1)%/% — vp1w (4)

where VRP3P1 is the volume ratio of P3 to P1 in
the final particle, etc. Given the various interfacial
tensions, the reduced free energy can be computed
for any given choice of polymer ratios. In the limit
as P3 goes to zero, eq. (4) simplifies to the two-
component core-shell morphology analogy as dis-
cussed earlier.'? The reduced free-energy equations
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Figure 5 Cored hemisphere morphologies for three-component latex particles.

for all of the other morphologies shown in Figures
1-5 are listed in their final form in the Appendix.

Equation (4) and its companion equations found
in the Appendix can be utilized to determine that
morphology which possesses the lowest free energy
(equivalently the lowest value of Ay) for any par-
ticular experimental system. The only complicating
factor in utilizing these equations is having readily
available and reliable interfacial tension values.
These can be approximated in the absence of ex-
perimentally determined values, as will be discussed
later.

EXPERIMENTAL

As we have shown previously 1>!° the artificial latex
approach is a very simple and useful means to ob-
serve morphology development in composite parti-
cles. Since the particles are in the 1-10 um range
and a light microscope is used to view the mor-
phology, refractive indices must be relied upon to
contrast the phases within the particles. Four poly-
mers, poly(methyl methacrylate) (PMMA, East-

man Kodak Co.), polystyrene (PSty, Aldrich
Chemical Co.), poly(dimethyl siloxane) (PDMS,
Polysciences, Inc.), and bisphenol-A polycarbonate
(PC, Scientific Polymer Products), were chosen to
investigate morphology development within three-
component emulsion particles, and their physical
characteristics are shown in Table 1.

The emulsions were made by dissolving three
polymers in a mutual solvent (methylene chloride,
HPLC grade, J. T. Baker Chemical Co.) at 10 wt %
total polymer and dispersing the solution into an
aqueous phase using a laboratory homogenizer
(Biospec Products Homogenizer). Fifteen grams of
the polymer solution were dispersed into 50 g of
aqueous phase that contained either sodium lauryl
sulfate (SLS, Aldrich Chemical Co.) or a natural
pectin (Mexpectin XSS-100 [MXP], Grinsted
Products, Denmark) at 0.5 wt % surfactant. The
solvent was then removed in two different manners:
solvent evaporation from emulsion on a microscope
slide and total solvent removal in stirred flask. The
former involved placing a drop of freshly made
emulsion onto a glass slide and observing the mor-
phology development over time as the solvent evap-
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Figure 6 Initial and final states for thermodynamic analysis.

orated to the surrounding atmosphere, while the
latter involved stirring the emulsion in an open
beaker for at least 15 h to complete solvent removal.
Particle morphology was observed in a light micro-
scope (BH-2, Olympus Optical Co.) equipped with
a 35 mm camera (OM-4, Olympus Optical Co.) using
a Hoffman modulated lens.

The interfacial tensions for various polymers
against the two surfactant solutions were determined
by contact-angle measurements of an aqueous phase
drop on a compression-molded planar polymer sur-
face (for PMMA, PSty, and PC) or by the drop-
weight-volume method? for the PDMS as it was a
viscous liquid. Young’s equation

Ypw = Gp — Oy, COS 8 (5)

where g, is the surface tension of the polymer; v,
the interfacial tension between the polymer and the
surfactant solution; ¢,, the surface tension of the
surfactant solution; and , the contact angle, wasused
to calculate the polymer/water interfacial tension

for PMMA, PSty, and PC. Table II lists the values
of g, used for these three polymers. Since the PDMS
is a liquid, the drop-weight-volume tensiometer was
used to directly determine the PDMS /aqueous in-
terfacial tension. Because of the possible problems

Table I Physical Properties of Polymers

Polymer Refractive Index® Molecular Weight
PMMA 1.50 102,000
PSty 1.60 83,000°
PDMS 1.40 36,0004
PC 1.58 64,0004

* Values taken from Refs. 20 and 21.

b Number-average molecular weight as determined by GPC
(THF as solvent, ambient temperature, PMMA standards for
calibration) in this work.

¢ Number-average molecular weight as determined by GPC
(THF as solvent, ambient temperature, PSty standards for cal-
ibration) in this work.

4 Number-average molecular weight as specified by the re-
spective suppliers of these polymers.



in using this method with very viscous liquids, we
chose to measure the PDMS /aqueous interfacial
tensions for a range of PDMS molecular weights
(M, = 340, 770, 3900, 5200) and to interpolate the
v value at M,, = 36,000 from plots of the interfacial
tensions vs. (M,) 2/% as suggested by LeGrand and
Gaines? and Wu.?* A very high molecular weight
PDMS gum (M, > 250,000) was used in a contact-
angle experiment to obtain an approximation to the
infinite molecular weight point on the v vs. (M,,) =%/
® curve so as to provide for an interpolation proce-
dure. The various polymer /aqueous interfacial ten-
sions so determined are listed in Table II.

RESULTS AND DISCUSSION

Eight different three-component systems (four
polymer combinations each in aqueous solutions of
SLS and MXP) were investigated. These systems
included PMMA /PSty/PDMS/SLS(aq); PMMA/
PSty /PDMS/MXP(aq); PMMA /PSty/PC/
SLS(aq); PMMA /PSty/PC/MXP(aq); PMMA/
PDMS/PC/SLS(aq); PMMA/PDMS/PC/
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MXP(aq); PSty/PDMS/PC/SLS(aq); and PSty/
PDMS/PC/MXP(aq). All eight systems were in-
vestigated in order to generate a variety of stable
morphologies, but only half of the six morphological
groups were observed.

To determine interfacial tension values between
two polymers, the harmonic mean equation®

Y =01+ 03 — (40%a%) /(0% + 0%)
—~ (4070%) /(a7 + %) (6)

can be used as an estimation. Here, ~ is the inter-
facial tension; o1, the surface tension of polymer 1;
o2, the surface tension of polymer 2; ¢4, the disper-
sion component of the surface tension of polymer
1; ¢4, the dispersion component of the surface ten-
sion of polymer 2; ¢}, the polar component of the
surface tension of polymer 1; and ¢5, the polar com-
ponent of the surface tension of polymer 2. Polymer
surface tension and polarity values can be found in
the literature and the applicable ones are shown in
Table II. The dispersion and polar components sum
to the surface tension and the polarity is defined as
xP = gP/o.

Table II Interfacial and Surface Tensions

A. Interfacial Tensions

System 4 (mN/m) Method

PMMA/SLS (aq) 10.7 Contact angle

PSty/SLS (aq) 13.2 Contact angle

PDMS/SLS (aq) 15.0 Drop-weight-volume

PC/SLS (aq) 11.4 Contact angle

PMMA/MXP (aq) 14.7 Contact angle

PSty/MXP (aq) 28.0 Contact angle

PDMS/MXP (aq) 43.3 Drop-weight-volume

PC/MXP (aq) 21.9 Contact angle

PMMA/PSty 2.0 Estimated by harmonic mean equation®

PMMA/PDMS 7.0 Estimated by harmonic mean equation®

PMMA/PC 1.0 Estimated by harmonic mean equation®

PSty/PDMS 6.0 Estimated by harmonic mean equation®

PSty/PC 1.8 Estimated by harmonic mean equation®

PDMS/PC 6.5 Estimated by harmonic mean equation®
B. Surface Tensions and Polarities

Polymer Surface tension Polarity Reference

PMMA 41.1 0.28 25

PSty 40.7 0.17 25

PDMS 19.8 0.04 25

PC 40.8 0.26 17

* See Appendix, Section H.
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Table III Computational Results for Three-component Polymer Systems

Ay (mN/m)

System 1 3 4 5
PMMA/PSty/PDMS/SLS 20.2 (SM) 20.3 (STS) 20.3 (CS) 20.4 (CHS) 20.7 (HC)
PMMA/PSty/PDMS/MXP 25.1 (CS) 25.4 (HC) 33.0 (CS) 34.6 (CHS) 36.8 (HS)
PMMA/PSty/PC/SLS 14.2 (HC) 14.4 (HS) 14.5 (CHS) 14.5 (CS) 14.5 (CS)
PMMA/PSty/PC/MXP 19.0 (HC) 19.3 (CS) 20.9 (CS) 24.2 (CHS) 25.5 (HS)
PMMA/PDMS/PC/SLS 18.9 (STS) 19.1 (SM) 19.2 (CS) 19.3 (HS) 19.4 (CHS)
PMMA/PDMS/PC/MXP 24.0 (CS) 24.8 (HC) 29.2 (CHS) 30.4 (HS) 32.1 (CHS)
PSty/PDMS/PC/SLS 18.0 (STS) 18.1 (SM) 18.4 (CHS) 19.0 (SM) 19.1 (HS)
PSty/PDMS/PC/MXP 26.4 (CS) 26.5 (HC) 29.9 (CHS) 30.6 (HS) 32.2 (CHS)

CS, core-shell-shell; HC, hemicore; HS, hemishell; STS, simplified trisectional; SM, snowman; CHS, cored hemisphere.

While the experimental approach begins with all
three polymers in solution within the latex particle
and Figure 6 shows a different initial state, a few
words need to be said about the applicability of eq.
(2) (and all subsequent Ay equations) to the ex-
periments. The thermodynamic analysis allows us
to add solvent to the initial state described in Figure
6 in order to create the initial experimental state.
Here, there would be an enthalpy change upon mix-
ing. Then, we allow the single-phase particle to un-
dergo phase separation without solvent loss, followed
by solvent removal. Here, the free-energy change
involves the negative of the enthalpy change of mix-
ing seen in the previous step and also the interfacial
energy change due to the creation of new surfaces.
The overall free-energy change is just the difference
between the interfacial energies of the final and ini-
tial states, as the enthalpies of mixing cancel out.
Thus, the experimental process can be envisioned
within the thermodynamic pathway shown in Figure
6 and the overall free-energy changes are equivalent.

By using eq. (4) and its companion equations
found in part G of the Appendix, a prediction of the
morphology of each system at equal polymer volume
ratios can be made (i.e., the morphology that gives
the lowest Ay value). Table III lists the eight sys-
tems of interest and some of their respective Ay
values (rounded off to the first decimal). Since there
are 22 different possible morphologies, there are also
22 different A~y values for each system. For the sake
of clarity and comparison, only the five lowest com-
puted values, with the corresponding morphologies
shown in parentheses, are listed.

Using the computed results shown in Table III,
the morphology of the PMMA/PSty/PDMS/
SLS(aq) system is predicted to be the “snowman”
variety; in this case, the PMMA would occupy the
central region. However, given that all five Ay values

listed for this system are within +1% of one another,
it may not be surprising to find any one or a com-
bination of these morphologies in the experimental
system. Figure 7 shows the experimental results at
partial and complete solvent removal and here there
is no doubt that the actual morphology is that of
trisectional particles. The Ay computations suggest
that the trisectional morphology has a total inter-
facial energy only 0.5% higher than that of the lowest
A~y value and that this morphology would be the
second most likely to be observed. Although some
of the particles in Figure 7(b) appear to contain
only two phases, they are in reality three-phase, tri-
sectional particles rotated in space as to only show
two phases.

Following the same approach, it was predicted
that when the surfactant is changed from SLS to
MXP for the PMMA /PSty/PDMS system, the
morphology should shift to core-shell-shell. The
computed Ay values listed in Table III show close
results for the core-shell-shell and hemicore mor-
phologies, but much higher results for any other
morphology. Photos of the experimental morphol-
ogies are shown in Figure 8 at partial and complete
solvent removal. Here, it is quite clear that the par-
ticles are of the hemicore nature. Those at complete
solvent removal appear to show one of the interior
phases “bursting out” of the shell. Figure 8(b) also
shows how well the interior polymer/polymer in-
terface can at times be seen by this simple micro-
scopic technique.

By replacing the very nonpolar PDMS with PC,
which has a polarity nearly as high as PMMA, it
was found that all five morphologies listed in Table
III were predicted to be nearly as likely to be found
when SLS was used as a surfactant. The “most
likely” morphology for this PMMA /PSty/PC/
SLS(aq) system was computed to be hemicore and
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the experimental morphologies shown in Figure 9
show concurrence. At partial solvent removal [Fig.
9(a)], many particles appear to take on some sort
of a hemishell or “skewed” hemicore morphology.
At total solvent removal, the morphology is more
distinctively hemicore. A change of surfactants from
SLS to MXP does not change the prediction of the
“ most likely” morphology, but does lead to greater
separation of the other Ay values shown in Table
II1. Figure 10, again at partial and total solvent re-
moval, displays excellent photos of the hemicore
morphology. It is of interest here to note that Figure
10(b) does not show any particles with one of the
interior phases “bursting out,” as seen for the
PMMA /PSty /PDMS/MXP (aq) system observed
in Figure 8(b).

In the next system of interest, we have chosen to
work with two polar polymers and a very nonpolar
one. The predicted Ay values for the PMMA/
PDMS/PC/SLS(aq) system shown in Table III in-
dicate that the trisectional, “snowman,” core-shell-
shell, hemishell, and cored hemisphere all have very
nearly the same probability of existence. The exper-
imental results for this system are shown in Figure
11(a) and 11(b), the latter representing total solvent
removal. These photos show clear evidence of the
cored hemisphere morphology. Although it is not
possible from these photos to tell which polymer en-
velopes the core, the thermodynamic analysis sug-
gests that the PMMA envelopes the PDMS. A change
in surfactants for the PMMA/PDMS/PC system
from SLS to MXP causes all the Ay values to increase
because of the significantly higher polymer /aqueous
phase interfacial tensions. The computed results
shown in Table 1II reflect this in that the lowest two
energies are associated with those morphologies
having a single polymer phase (PMMA in this case)
interfacing with the aqueous solution. The other
morphological choices display significantly higher
Ay values. Thus, one would expect to see either the
core—shell-shell or the hemicore morphology in this
case, with the former being somewhat favored. These
photomicrographs of the emulsions made for this
PMMA /PDMS/PC/MXP(aq) system are dis-
played in Figure 12. Here, there is no question that
the morphology during and after the solvent removal
process is that of hemicore. Figure 12(b) shows one
of the interior phases apparently “bursting out” of
the shell, as seen in Figure 8(b) for the PMMA/
PSty/PDMS/MXP (aq) system.

Figure 7 Photomicrographs of polymer particles for the
PMMA /PSty/PDMS/SLS(aq) system at (a) partial and
(b) complete solvent removal.
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Figure 8 Photomicrographs of polymer particles for the

PMMA /PSty/PDMS/MXP (aq) system at (a) partial
and (b) complete solvent removal.

Figure 9 Photomicrographs of polymer particles for the
PMMA /PSty/PC/SLS(aq) system at (a) partial and
(b) complete solvent removal.



Figure 10 Photomicrographs of polymer particles for
the PMMA /PSty/PC/MXP (aq) system at (a) partial
and (b) complete solvent removal.
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Figure 11 Photomicrographs of polymer particles for
the PMMA /PDMS/PC/SLS(aq) system at (a) partial
and (b) complete solvent removal.
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The last system that we worked with is PSty/
PDMS/PC. When SLS is used to stabilize the
emulsion, the predicted Ay values again show very
close results for a variety of morphologies, including
the “snowman” version. Although the trisectional
morphology is computed to be the “most likely” of
these, the experiments result in the cored hemi-
spheres shown in Figure 13. It is interesting to note
here that the phase contrast between the core and
its enveloping phase is much poorer than that in
any of the previous micrographs. This diminished
phase contrast is particularly troublesome when
viewing the PSty/PDMS/PC/MXP(aq) system
shown in Figure 14. We are unable to conclude which
morphology dominates from these two photos, but
a “best guess” on our part would be cored hemi-
spheres as in Figure 13. However, the computations
done for this system (Table III) strongly suggest
that core-shell-shell or hemicore morphologies are
to be expected.

In reviewing all of the above results, it is inter-
esting to note that only three of the six possible
morphological families were observed using the
polymers and surfactants discussed here. Most sur-
prisingly for us was that the core-shell-shell version
was never seen, although in three of eight cases it
was computed to be the morphology of choice, and
in most of the other cases, it was predicted to have
a free-energy value very close to that of the mini-
mum. The reason for this may lie in the approxi-
mations used to obtain polymer/polymer interfacial
tensions (via the harmonic mean equation and due
to the scarcity of published data and difficulty of
obtaining experimental data) and some of the geo-
metric simplicities used to generate the Ay equations
listed in the Appendix. This has not been investi-
gated further at this time. Another point of interest
is that changing surfactant characteristics dramat-
ically (SLS lowering polymer/water interfacial
tensions markedly and MXP lowering them very
little) had mixed effects on the morphology, some-
times changing it and sometimes not. Computation-
ally, the switch from SLS to MXP served to clearly
reduce the morphological options, as demonstrated
by the values displayed in Table III.

CONCLUDING REMARKS

The extension of the free-energy calculations to
three-component particles has been shown to be

Figure 12 Photomicrographs of polymer particles for
the PMMA /PDMS/PC/MXP(aq) system at (a) partial
and (b) complete solvent removal.



Figure 13 Photomicrographs of polymer particles for Figure 14 Photomicrographs of polymer particles for
the PSty/PDMS /PC/SLS(aq) system at (a) partial and the PSty/PDMS/PC/MXP(aq) system at (a) partial
(b) complete solvent removal. and (b) complete solvent removal.
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quite straightforward, although tedious due to the
large number of morphological alternatives involved.
Apparently, there is significant probability that sev-
eral uniquely different equilibrium morphologies
may have very nearly the same free energy and lead
to some uncertainties in the ability to clearly predict
the particle morphology. This is more likely to hap-
pen when very surface active stabilizers (like SLS)
are used since they tend to create polymer/water
interfacial tensions that are not too different for
polymers with significant differences in polarity.
This may suggest that more accurate values of all
the interfacial tensions are needed to make clear
predictions in the three-component systems than in
the two-component systems. Nonetheless, the sim-
ple thermodynamic analysis described here (even
with its sometimes simplified geometric considera-
tions and approximations of polymer/polymer in-
terfacial tensions) has been of great help in antici-
pating the outcome of experiments.

A final comment may be useful regarding the na-
ture of the experiments reported here. Using the
solvent evaporation technique to create artificial
latices has allowed us to remove the solvent very
gradually from the emulsion particles and likely to
approach equilibrium conditions throughout the
process. In chemically reactive systems that produce
synthetic latices, the dynamic nature of the reaction

(b)

CSP2P1P3

STS

SMP2P1P3

can lead to situations in which reaction kinetics
proceed faster than do phase separation kinetics.
This can lead to nonequilibrium, or rate-limited,
morphologies that may not be characteristic of the
equilibrium particle structure. Our experience in
two-component emulsion polymers has shown that
such rate limitations often lead to highly occluded
structures and such experiments may not yield use-
ful results with which to compare with thermody-
namic computations.

We are grateful for the partial financial support provided
by the donors of the Petroleum Research Fund of the
American Chemical Society and by the University of New
Hampshire.

APPENDIX

Parts A-F of this Appendix describe in detail the process
by which the surface free-energy equations of one of the
morphologies of each basic morphological group is found.
Part G lists all 22 surface free-energy equations. Some of
these equations are restricted to equal polymer volume
ratios of the three components where noted.

A. The interfacial areas applicable to the CSP2P1P3 par-
ticle morphology [Fig. A.1(a)] are written as follows:

R X

HCP2P3P1

HSP2P1P3

CHSP1P2P3

Figure A.1 Dimensional characteristics of the basic morphologies for three-component

latex particles.



Apipy = 4w(R})?
Apipy = 4m(Rp)?

Apsw = 4w(Rp)*
Thus, the free-energy change for the particle is

(AG) cspopips = ‘YP1P2[47|'(R'1'>)2]+ 7P1P3[47F(R'P)2]
+ ’YP3W[47|’(RP)2] - ‘YP1w[47r(Ro)2] (A1)

Normalizing eq. (A.1) by the surface area of the original
particle, 4rR3, and the above volume ratio equations yields

(AY)cspopips = Yeipe (VRP2P1)%/3
+ ')/plpz(VRPzPl + 1)2/3
+ ypsw (VRP2P1 + VRP3P1 + 1)22 — ypiw  (A.2)

where VRP2P1 = [4/3x(R%)?]1/[4/3%(R,)3] = [4/37-
(R%)*)/{4/37[(R»)® — (R%)®} and VRP3P1 = {4/3x-
[(Rp)® — (R5)31}/[4/37(R)*]. The calculations for
(A% )cspzpips, as well as other CS calculations, are exact
due to the simple spherical geometry associated with
them.

B. The interfacial areas applicable to the HCP2P3P1
particle morphology [Fig. A-1(b)] are written as follows:
Apiw = 47F(RP)2
Apipz = 27T(R'P)2
Apips = 27I’(R'P)2

Apspy = T(Rp)*
Thus, the free-energy change for this particle is

(AG) ucpzpser = ’YP1W[47F(RP)2] + 'YP1P2[27"(R’P)2]
+ ‘YP1P3[27|'(R'P)2] + ’YP2P3[7|'(R'P)2]
— vemw[47RE] (A.3)

Normalizing eq. (A.3) by the surface area of the original
particle, 47R3, and the above volume ratio equations yields

(AY)ucpepser = Yeiw [ (2VRP2P1 + 1)%/3 — 1]
+ 1/2(2VRP2P1)?®(ypips + Yeips + 1/27p2es) (A4)

where VRP2P1 = {1/2[4/3x(R%)3]}/[4/3%(Ry)%]
= {1/2[4/3x(R?)*]}/{4/3x[(Rp)® — (Rp)*]} Equa-
tion (A.3) is found through assuming the simplified ge-
ometry illustrated in Figure A.1(b), whereas eq. (A.4) is
found through assuming equal polymer volumes. Thus,
(A )ucpapsp1 , and other HC calculations, are approximate
representations of the actual surface-energy calculations.
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C. The interfacial areas applicable to the HSP2P1P3
particle morphology [Fig. A.1(c)] are written as follows:

Apips = 27(Rp)*
Apsps = 27(Rp)*
Apips = [ (Rp)® — (Rp)*]
Apiw = 27T(RP)2
Apsw = 27(Rp)?

Thus, the free-energy change for this particle is

(AG) nspepips = Yeip2 [2T(RP)?] + Ypopa[ 27(R5)?]
+ ypips { 7 (Rp)% — (R?)?]} + yeiw [ 27(Rp)?)
+ vpaw [27(Rp)?] — ypiw (47R3)  (A5)

Normalizing eq. (A.5) by the surface area of the original
particle, 4vR%, and the above volume ratio equations yields

(Ay)uspepips = 1/2(VRP2P1)%3(ypipy + vrora)
+ 1/4[(2VRP3P1 + VRP2P1)?/?
— (VRP2P1)*/® ] yppy
+ 1/2(2VRP3P1 + VRP2P1)%?

X (ypiw + vpow) — Yriw  (A.6)

where VRP2P1 = [4/3%(R%)®*]/(4/37R}) and VRP3P1
= (1/2{4/3=[(Rp)® — (R%)?]})/(4/37R}). Equation
(A.5) is found through assuming the simplified geom-
etry illustrated in Figure A.1(c), whereas eq. (A.8) is
found through assuming equal polymer volumes. Thus,
(AY)uspepips, as well as other HS calculations, are ap-
proximate representations of the actual surface-energy
calculations.

D. The interfacial areas applicable to the STS particle
morphology [Fig. A.1(d)] are written as follows:

Apipz = 1/27R%
Apips = 1/27R%
Apops = 1/27R3%
Apyw = 4/37R%
Apow = 4/37R%
Apsw = 4/37R%

Thus, the free-energy change for this particle is

(AG)sts = (Ypipz + Yeips + Ypopa ) (1/27R%)
+ (vpiw + Ypow + Yraw)
X (4/3wR%) — vypiw(47R3) (A7)
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Normalizing eq. (A.7) by the surface area of the original
particle, 47rRZ,and the above volume ratio equation yields

(Av)sts = (Ypipe + Ypipa T+ Yrers) (1/8) (3VRP2P1)%/?

+ (ypiw + vpew + Ypaw) (1/3)
X (83VRP2P1)%¥® — ypiw  (A.8)

where VRP2P1 = [1/3(4/37xR%)]/(4/37R}).

Equation (A.7) is found through assuming the simpli-
fied geometry illustrated in Figure A.1(d), whereas eq.
(A.8) is found through assuming equal polymer volumes.
Thus, (Avy)grs is an approximate representation of the
actual surface-energy calculation.

E. The interfacial areas applicable to the SMP2P1P3
particle morphology [ Fig. A.1(e)] are written as follows:

Apyw = 4wR% — 4nRph
Apow = 27Rph

Apzw = 2wRph

Apipy = 20Rph — Th?®

Ap1p3 = 271'Rph - 7l'h2
Thus, the free-energy change for this particle is

(AG) smpepips = Yeiw (4R} — 4wRph)

+ (ypaw + yraw) (27Rph) + (vpip2 + Ypips)
X (27erh—1rh2) _‘Yplw(47ng) (Ag)

where ¢p, = [1/37h?%(3Rp — h)]/(4/37R%) and h/Rp
= 0.7739 for equal volumes of P1, P2, and P3 (i.e.,
¢p2 = 1/3).

Normalizing eq. (A.9) by the surface area of the original
particle, 4rR%, and the above volume fraction equations
yields

(Ay)smpepips = (2.0801) [yp1w (0.2261)
+ (ypew + Yraw) (0.3870)
+ (vpip2 t+ YPip3) (0.2372)] — ypiw  (A.10)

Equation (A.9) is found through assuming the simplified
geometry illustrated in Figure A.1(e), whereas eq. (A.10)
is found through assuming equal polymer volumes. Thus,
(A% )smpopips, as well as other SM calculations, are ap-
proximate representations of the actual surface-energy
calculations.

F. The interfacial areas applicable to the CHSP1P2P3
particle morphology [Fig. A.1(f)] are written as follows:

Aplw = 27I’Rph
Apow = 47R% — 2xRph
AP1p2 - 27(Rph - 1l'h2

Apops = 47r(R};)2
Thus, the free-energy change for this particle is

(AG) cuspipzrs = Yriw (27Rph)
+ Yeow (4R} — 27Rph) + vypip2(27Rph — wh?)
t+ 'YP2P3[47I'(R'P)2] - ’YP1W(47FR§) (A.11)
where ¢y, = [1/37h*(3Rp — h)1/(4/37R%) and h/Rp

= 0.7739 for equal volumes of P1, P2, and P3 (i.e,,
¢p1=1/3).

Normalizing eq. (A.11) by the surface area of the orig-
inal particle, 4rR%, and the above volume fraction equa-
tions yields
(Av)cuspipzps = (2.0801) [vp1w (0.3870) + vpow (0.6131)

+ Yp1p2(0.2872)] + veops — veiw  (A.12)
Equation (A.11) is found through assuming the simplified
geometry illustrated in Figure A.1(f), whereas eq. (A.12)
is found through assuming equal polymer volumes. Thus,
(AY )cuspipzps, as well as other CHS calculations, are ap-

proximate representations of the actual surface-energy
calculations.

G. Equations for all possible thermodynamically stable
three-component morphologies:
(Ay)cspipps = Yeipz + Ypops (VRP2PL + 1)2/°
+ veaw (VRP2P1 + VRP3P1 + 1)*/% — vy
(AY)cspipspz = Ypips + Yrape (VRP3P1 + 1)2/3
+ vpaw (VRP2P1 + VRP3P1 + 1)*/% — ypy
(AY)cspzpips = Yropr (VRP2P1)%/2
+ Yeips (VRP2P1 + 1)%/3
+ ypaw (VRP2P1 + VRP3P1 + 1)%° — ypy
(AY)cspepapr = Yropa (VRP2P1)%/3
+ vppa( VRP2P1 + VRP3P1)2%/?
+ ymw[(VRP2P1 + VRP3P1 + 1)*? — 1]
(AY)cspspipe = ’YP1Pa(VRP3P1)2/3
+ Yeip2 (VRP3P1 + 1)%/3
+ vpow (VRP2P1 + VRP3P1 + 1)*/% — ypw
(A%)cspspzp1 = Yreps(VRP3P1)%/°
+ ypip2 (VRP2P1 + VRP3P1)%/3
+ veiw [(VRP2P1 + VRP3P1 + 1)%/° — 1]



The following hemicore equations were found by assuming
simplified geometry and equal volumes of the three poly-
mer components:
(AY)uceepser = Yriw [(2VRP2PL + 1)%/% — 1]
+ 1/2(2VRP2P1)%®(ypips + Ypips + 1/ 2vpop3)
(AY)uceipers
= 1/2(2VRP2P1)** (yp1ps + Ypoes + 1/2vp1p2)
+ ypaw (2VRP2P1 + VRP3P1)2/® — ~vp 1w
(AY)uceipspe
= 1/2(2VRP2P1)*?(yp1p; + Ypops + 1/2vp1ps)
+ vpow (2VRP3P1 + VRP2P1)%® — ypw
The following hemishell equations were found by assuming
simplified geometry and equal volumes of the three poly-
mer components:
(AY)useipzes = 1/2(ypipe + Ypips)
+ 1/2(2VRP2P1 + 1)*3(ypw + Yrsw)
+ 1/4[(2VRP2P1 + 1)?® — 1] — ypiw
(AY)uspzpips = 1/2(VRP2P1)*® (ypyps + Ypops) + 1/4
X [(2VRP3P1 + VRP2P1) — (VRP2P1)%/*]ypps
+ 1/2(2VRP3P1 + VRP2P1)2%/3
X (ypiw T Ypaw) — YEiw
(Av)uspspipz = 1/2(VRP3P1)*®(ypips + Ypaps) + 1/4
X [(2VRP2P1 + VRP3P1) — (VRP3P1)%*]ypp,
+ 1/2(2VRP2P1 + VRP3P1)%/3

X (ypiw + Yrew) — Yeiw

The following simplified trisectional equation was found
by assuming simplified geometry and equal volumes of the
three polymer components:
(Av)srs = 1/3(vpiw + Yrew + Yrsw) (3VRP2P1)*?

+ 1/8(ypipz + Ypeps + vpirs) (3VRP2P1) B3 YPiw
The following snowman equations were found by assuming

simplified geometry and equal volumes of the three poly-
mer components:

(AY)smp2pips
= (2.0801) [vp1w (0.2261) + (ypow + Ypsw) (0.3870)
+ (vpip2 + YP1p3) (0.2372)] — vpiw

(A’Y)stPzPs
= (2.0801) [ypow (0.2261) + (ypiw + Ypaw) (0.3870)
+ (vpipz + Ypors) (0.2372)] — vpiw
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(Avy)smpipsp2

= (2.0801) [ypaw (0.2261) + (ypiw + Ypaw) (0.3870)

+ (Ypips + Ypeps) (0.2372)] — ypiw

The following cored hemisphere equations were found by
assuming simplified geometry and equal volumes of the
three polymer components:

(AY)cusparspr = (2.0801) [Ypaw (0.3870) + (ypaw)
X (0.6131) + (yp2p3) (0.2372)]1 + vpips — Yriw

(Av)cuspipzes = (2.0801) [vp1w (0.3870) + (ypaw)

X (0.6131) + (vpipe) (0.2372)] + vpops — ve1w
(AY)cuspipspz = (2.0801) [vpw(0.3870) + (vpsw)

X (0.6131) + (ypips)(0.2372)] + vYpaps — vYerw
(Av)cnspapipe = (2.0801) [vpaw (0.3870) + (vpiw)

X (0.6131) + (vpips) (0.2372) ] + vpip2 — YRIw

(A% )cuspspepr = (2.0801) [ypaw (0.3870) + (ypaw)
X (0.6131) + (ypor3) (0.2372)] + vpip2 — Yr1w

(A% )cuspzpips = (2.0801) [vpow (0.3870) + (vpiw)
X (0.6131) + (¥p1p2) (0.2372)] + Ypips — Yriw

H. Polymer/polymer interfacial tension values can be
estimated by the use of eq. (6). Although the surface ten-
sion and polarity values referenced in Section B of Table
IT were directly used in eq. (6), the resulting interfacial
tensions were difficult to accept as computed (values as
low as 0.1 and as high as 12). This was perhaps due to
our need to have consistency among these values for the
six polymer pairs that we chose to work with and the fact
that the surface tension and polarity values cited in the
literature are not necessarily precise quantities themselves.
Thus, we made many computations based on minor
changes to op and x* for the four polymers and eventually
settled upon the polymer/polymer interfacial tension
values shown in Table II. Although we deem these to be
reasonable estimates of the values for these polymer pairs
and judge them to show consistency with respect to po-
larity differences, we do not contend that they are precise
values. Experimental values of these interfacial tensions
would be preferable, but they are not available in the lit-
erature to our knowledge. We have previously'® used
YpmMa/pPsty = 1.8 nM/m at 60°C and, for the purposes of
the present work at room temperature, have adjusted the
value upward to 2.0 mN/m. Using this as a reference point
and eq. (6) as a guide, we set the other v values as indi-
cated.
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