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ABSTRACT: A mathematical model for cluster migration during the development of the particle
morphology in emulsion polymerization has been developed. The motion of the clusters is due to the
balance between the van der Waals forces and the viscous forces. Several illustrative calculations are
presented including systems for which the final equilibrium morphologies were (i) core—shell, (ii) inverted

core—shell, and (iii) occluded morphology.

Introduction

Many practical benefits can be obtained by blending
polymers. Thus, processability, chemical and environ-
mental resistance, adhesion, and mechanical properties
of polymer blends are superior to those of their ho-
mopolymers.! The performance of polymer blends de-
pends heavily on their morphology.2 Structured par-
ticles can be regarded as a special kind of polymer blend,
for which the performance in a given application is
determined by their morphology. Composite latex
particles with a well-defined particle morphology are
used to improve the mechanical properties of polymers,3-5
to enhance adhesion properties® and to modify the latex
viscosity by varying the degree of neutralization.” In
addition, these particles are used in many other ap-
plications such as molecular carriers® and coatings.®
Practical importance and scientific interest have been
the driving force for much of the work published in
recent years on latex particle morphology.3-52

The formation of a structured latex particle occurs
through the following series—parallel processes:

(a) The polymer chains are formed at a given position
in the polymer particle.

(b) If the newly formed polymer chain is incompatible
with the polymer existing in the position where it is
formed, phase separation occurs. Phase separation
leads to the formation of clusters.

(c) In order to minimize the Gibbs free energy, the
clusters migrate toward the equilibrium morphology.
During this migration the size of the clusters may
increase by (i) polymerization of monomer inside the
cluster, (ii) diffusion of polymer chains into the cluster,
and (iii) coagulation with other clusters. The rates of
processes ii and iii depend strongly on the particle
viscosity.

Several authors have reported theoretical approaches
aimed at predicting the particle morphology. These
approaches fall into two limiting situations: (i) The
polymer chains do not move from the locus where they
are formed (with the exception of the movement due to
the increase of the particle volume).10:12,26,30-3252 (jj) The
polymer chains are completely mobile and hence the
equilibrium morphology is reached.35:39:40,46,48,51
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The first limiting situation may occur when the newly
formed polymer chains are compatible with the existing
polymer as well as if the polymers are incompatible.
Thus, Grancio and Williams!? reported the formation
of structured latex particles in the emulsion homopo-
lymerization of styrene. For incompatible polymer
systems, this limiting case may occur in the emulsion
polymerization carried out under starved conditions in
systems where the T} of the polymer is higher than the
reaction temperature. Two different models have been
reported for this limiting case: (1) Models based on the
repulsive wall effect!23252 in which a monomer-rich shell
develops due to the decrease in entropy of a polymer
chain located near the surface of the particle and (2)
models based on the anchoring of the hydrophilic end
group of the growing polymer chain on the surface of
the particle.26:80:31

The second limiting situation requires incompatible
polymers and a low particle viscosity. Under these
circumstances, there are no restrictions to either poly-
mer chain diffusion or cluster migration and the equi-
librium morphology is reached instantaneously. The
models developed for this limiting case are based on
thermodynamic considerations. In these models it is
assumed that the total free energy change is equal to
the interfacial energy change; i.e., no mixing and
demixing effects are involved. Therefore, the thermo-
dynamically preferred morphology is the one that has
the minimum interfacial energy change. Based on the
pioneering work of Torza and Mason,% calculations of
the latex particle morphology that has the minimum
interfacial energy change have been reported by Sund-
berg et al.3® and Chen et al.?4° for some of the
geometries considered by Torza and Mason.?® Durant
and Guillot*® proposed a rather complex iterative algo-
rithm to solve all the geometries considered by Torza
and Mason.5® Sundberg and Sundberg®! studied the
particle morphology for a system with more than three
phases. In addition, Winzor and Sundberg*® reported
an equilibrium thermodynamic approach to predict the
particle morphology as a function of the extent of
conversion of a seeded emulsion polymerization. The
basic assumption of this model is that, at any time, the
polymer particle has the equilibrium morphology.

An extensive experimental program has been carried
out by Chen et al.39:40.444547 {5 verify the predictions of
the thermodynamic model. Comparisons between ex-
perimental results and model predictions have also been
reported by Sundberg et al.354l A good agreement
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Figure 1. Nonreacting latex system.

between experimental results and model predictions
was obtained for the cases in which the equilibrium
morphology was reached. However, nonequilibrium
morphologies were found when the viscosity of the
polymer particles was high.?438 Similar results were
reported by Jonsson et al.3"6* These results show that
kinetic factors such as the location in which the polymer
is formed and the rates of both polymer diffusion and
cluster migration can determine the morphology of the
polymer particles. The development of a mathematical
model including all the kinetic and thermodynamic
factors is an obvious goal in the research of latex particle
morphology. A way to achieve this goal is to first
develop adequate models for each process and then to
combine them in a global model. This is the approach
chosen in the present investigation. In the first paper
of this series a model for cluster migration is presented.
Subsequent papers will include simultaneous polymer-
ization and cluster migration and simultaneous polym-
erization, polymer chain diffusion, and cluster nucle-
ation and migration.

Theory

The goal of the present paper is to develop a model
for cluster migration; nucleation of the clusters and
polymerization are beyond the scope of this work.
Therefore, let us consider the nonreacting latex system
made up of composite polymer particles such as those
presented in Figure 1. These polymer particles contain
clusters of polymer 1 dispersed in a matrix of polymer
2. The aqueous phase will be denoted as phase 3. Itis
assumed that both polymers 1 and 2 are at a temper-
ature above their T;. Therefore, the clusters of polymer
1 can move inside the matrix of polymer 2 if a sufficient
driving force exists and the clusters can coagulate
between them. Under these circumstances, the system
depicted in Figure 1, which is in a metastable state, 3539
will evolve toward the equilibrium morphology.

The system described above resembles the experi-
ments reported by Joénsson et al.3? These authors
formed composite particles with morphologies similar
to that presented in Figure 1 by polymerizing methyl
methacrylate in the presence of polystyrene seed par-
ticles. Later, the equilibrium morphology was reached
by reducing the viscosity of the system by treating the
latexes with methylene chloride, a common solvent for
both polystyrene and poly(methyl methacrylate). Some
of the aging experiments reported by Min et al.,!® in

Macromolecules, Vol. 28, No. 9, 1995

particular those with a low degree of grafting, also may
be included in the system under consideration.

The dynamics of the clusters can be divided into two
different parts: the motion of the clusters and the
coagulation of the clusters. The motion of the clusters
refers to situations in which the distance between the
surfaces of two clusters is not negligible as compared
with the cluster radius. In this case, the motion is due
to the balance of two forces: (i) van der Waals attrac-
tion—repulsion forces and (ii) the resistance to flow that
arises from viscous drag.

When the particles have contact, the interfacial
tension forces®* % and the autohesion forces®” promote
the coalescence of spheres, which is hindered by the
cluster resistance to deformation.58

A rough estimation of the time scale for the coagula-
tion of clusters can be obtained from the Frenkel
equation:%5

t= 2_71'27'1& 1)
30°0;;

where r is the radius of the cluster, x4 the viscosity of
the cluster, 6 the half-angle of coalescence, and o;; the
interfacial tension. For r = 10 nm, # = 108 Pa s, and
o;; = 10 dyn/cm, the time for complete coalescence (8 =
7/2) is about 100 s. It should be noted that the Frenkel
equation underestimates the time for complete coagula-
tion because viscous flow is considered to be the only
resistance to particle deformation, whereas the contri-
bution of the elastic deformation, which may be an
important effect,® is neglected. Nevertheless, the time
scale for the coagulation is generally much shorter than
the time scale for the motion of the clusters (see below),
and hence in the present model instantaneous coagula-
tion of clusters is considered to occur once the surfaces
of the clusters are closer than a critical arbitrary
distance d..

The motion of the cluster j is controlled by the
following equation:

&% dx,
ij = Fj - j‘uE (2)

where m; is the mass of the cluster, X; the vector giving
the position of cluster j, F; the net van der Waals force
acting on the cluster, u the viscosity of polymer 2, and
b; the friction factor that depends on the shape and size
of the cluster (b; = 6ar; for rigid spheres). F; depends
on the position of the cluster as well as on the positions
of the other clusters and hence will change with time.
Nevertheless, for an interval time in which the positions
of the clusters do not change significantly, F; can be
considered to be constant. On the other hand, the
movement of the clusters is very slow and, at the
corresponding low shear rates, the viscosity of phase 2
is constant. For constant coefficients, eq 2 has the
following analytical solution:

F,. vm, Fm,
=X + L+ A '
XJ XJO bj,u bj,u ( J,-u)2
[FJ—% - ﬂ] exp[— %t] (3
(bu?  bu m;

where Xjo is the position of the cluster and vy its velocity
at ¢ = 0. The assumption that 4 = constant is not
critical because the velocity of the clusters will be
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extremely slow under most conditions for which the
study of the particle morphology dynamics is worth-
while. On the other hand, the assumption that F; is
constant limits the use of eq 3 to small variation of the
position of the clusters. It was found by simulation that
F; can be safely considered to be constant for movements
X0 — X;| <1nm.

Equation 3 can be further simplified taking into
account the relative values of the different terms of the
right-hand side member. For r; =10 nm, 4 = 108 Pa s,
density of polymer 1 g; = 1100 kg/m?, and # = 100 s,
the values of the different terms are

N 5aF
Y 24 x10 v, (m) (5)
bju
Fm.
713 % 107F,  (m) (6)
(bjw)

In addition, the ratio between F; and vy can be
approximately estimated from the Stokes equation:

|F;| =
W = Gm'j,u =19

(kg/s) (7)
Equations 4—7 show that without lack of accuracy eq
3 can be reduced to

F¢
X=X+, 8)

Equation 8 is a simple algebraic equation that allows
the accurate calculation of the motion of each cluster
provided that small values of [Xjo — X;| are used. After
each interval the net van der Waals force acting over
each cluster has to be recalculated. This net force is
given by

H
F,=F;+ Y F, (9)

h=1h=j

where H is the number of clusters, Fj; is the force over
cluster j resulting from the interaction of clustersj and
h, and Fjs is the force resulting from the interaction of
clusterj and phase 3. These forces can be obtained from
the energies of interaction, E;, using the following
equation:
F;, = —VE; (10)
The energy of interaction between two bodies depends
on the shape and size of the bodies, their nature, and
the nature of the phase between the bodies. In the
system under consideration, several cases can arise.
These cases are illustrated in Figure 2. This figure
presents composite latex particles with clusters which
are inside the latex particle as well as at the surface of
the particle. The difference between Figures 2a and 2b
lies in the shape of the clusters at the surface of the
particles. The shape of each cluster is the shape that
minimizes the interfacial energy around the cluster. In
this work, the equilibrium morphologies are calculated
as described in Appendix A. For the clusters inside the
polymer particles, the minimum interfacial energy is
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Figure 2. Composite latex particles.

provided by a spherical shape. However, when the
cluster is on the surface, more complex situations can
appear. In particular, Figure 2a presents the case in
which the minimum interfacial energy corresponds to
a cluster with an ellipsoidal shape, partially embedded
in the polymer particle. On the other hand, in Figure
2b the equilibrium morphology of a cluster located at
the surface of the particle is a continuous shell on the
surface of the polymer particle. However, because this
shell must have a minimum thickness, the amount of
polymer 1 in each cluster can only form a patch on the
surface of the polymer particle.

The following interactions occur in systems of com-
posite latex particles such as those depicted in Figure
2_ .

(a) Attraction between two spherical particles of

polymer 1 with radii r; and re immersed in a continuous
phase of polymer 2. The energy of interaction is?%:60

} (11)

where A;; is the Hamaker constant of material i in a
continuous phase j and S the distance between the
centers of the two spheres.

(b) Attraction—repulsion between an internal spheri-
cal cluster of polymer 1 and the aqueous phase. The
energy of interaction is given by (see Appendix B)

AIQIJ 2riry 2rry
6 |82~ (r +r)? S%—(r —ry)?

S% — (r, — ry)?

E=—
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Ayg[r*®? — r/® - 85,° — 28,R)
88;  [R+S)?-r2
rd+rSR-rsS? 3 2r® +rS.R+rsS>
[(R - Sl)2 - r12] (R + 81)2 - 7‘12]
R?— (S, —r)*
Y G WA T
R? ~ (8, +r)?

E =

S,

5 (12)

with R the radius of the polymer particle and S; the
radial position of the center of the cluster.

Notice that the value of Ajo3 (see Appendix B) may
be positive or negative, namely, attractive or repulsive.
This will determine if the clusters will migrate toward
the surface of the latex particle (A123 > 0) or toward the
center of the particle (Aj93 < 0).

(¢) Attraction between clusters partially embedded in
the surface of the polymer particles. The energy of
attraction between the two clusters of polymer 1 located
at the surface of the polymer particle, such as in Figure
2a, is given by (see Appendix C)

E=A;T(AC) + Ay (T(AD) + T(B,O) +
AT (B.D) (13)

where A and C are the fractions of the clusters that are
outside the polymer particle, B and D are the fractions
of the clusters that are inside the polymer particle, and
Is(I,J) are functions of the geometry and position of I
and J. The calculation of Ty(I,J) for all the possible
geometries that can arise from the thermodynamic
calculations would be intractable. Therefore, the re-
spectives I'y(I,J) were calculated considering that the
fractions A, B, C, and D of the respective clusters were
spheres, each fraction maintaining its corresponding
volume. Equation 11 presents the geometry factor for
spheres.

(d) Attraction between patch clusters on the surface
of the polymer particles.

An analytical equation for the energy of attraction
between two cylindrical clusters of radii »; and r; and
height z is not available. However, solutions for limiting
cases have been reported:®°

E ( Ty )1/2 A P > S (14)
= - or 7,7y >
r+ry) 12v28,5 v
E~— é for r,ry < S, (15)

2

where Sy is the distance between the surfaces of the
cylinders. In this work, the energy of attraction is
needed for the whole range of values of Sa. Therefore,
the following approximate equation has been used:

rrg \2 Ay 1
E= —( : ) (16)
rtr 12@821‘5‘ 1+ S, 38
ry+ry

IHustrative Simulations

As explained in the Introduction, the goal of this work
is to develop a model for cluster migration, the nucle-
ation of the clusters and the polymerization being
beyond the scope of the present paper. This is a burden
for the illustrative simulations because an arbitrary
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Table 1. Values of the Main Parameters Used in the
Illustrative Simulations

equilibrium morphology

core—shell inverted core—shell occluded

(case 1) (case 2) (case 3)

o12 (dyn/cm) 4.0¢ 3.2¢ 1.634
013 (dyn/cm) 19.5% 32.7° 5.66¢
093 (dyn/cm) 35.0° 26.0° 4.46¢
A1o1 x 1020 (I 0.78 0.63 0.32
A131 X 1020 (J)e 3.8 1.1
Ajoz x 1020 (J) 1.9 -0.34 0.04
Ajean x 1020 (Jy 0.28

@ Wu.55 ® Hergeth et al.3 ¢ Jonsson et al.37 ¢ Chen et al.%” ¢ Es-
timated from the interfacial tensions as described in Appendix D.

initial state must be chosen and the evolution of the
particle morphology is partially determined by the
initial state. Therefore, the simulations detailed below
cannot be claimed to be accurate descriptions of a real
system because such a system includes processes other
than cluster migration. Nevertheless, the simulations
try to demonstrate in a semiquantitative way that the
model is able to simulate the migration of the clusters
properly.

The initial state for the simulations is a number of
clusters (between 23 and 67 depending on the case) of
polymer 1 dispersed in a latex particle of polymer 2
which in turn are dispersed in the aqueous phase (phase
3). These clusters have an arbitrary distribution of sizes
and are randomly distributed in the latex particle. The
shape of each cluster is the one that minimizes the
interfacial energy around the cluster. For the clusters
that are inside the latex particle, the minimum inter-
facial energy is provided by a spherical shape, but the
shape of the clusters at the surface depends on the
system under consideration. In this work, the equilib-
rium morphologies are calculated as detailed in Ap-
pendix A.

Simulations considering different particle morpholo-
gies under equilibrium conditions were carried out using
the values of the parameters presented in Table 1. Note
that the values of the interfacial tensions for apparently
closely related systems are widely different. A possible
explanation is the effect of the emulsifier used in each
system. Nevertheless, in the simulation of each case
we have tried to use the interfacial tensions from a
single literature source. The Hamaker constants were
estimated from the interfacial tensions as described in
Appendix D. The illustrative simulations will be re-
stricted to a single polymer particle that is assumed to
represent the whole populations of polymer particles.
In all the calculations, the volume fraction of the
clusters was 0.30 and the viscosities of polymer 2 were
selected, depending on the case, to be in the range from
105 to 108 Pa s.

Case 1 simulates a system for which the minimization
of the total interfacial energy predicts a core—shell
morphology under equilibrium conditions. For this
simulation, the seed polymer was polystyrene and the
second-stage polymer was poly(vinyl acetate). Figures
3—5 present the evolution of the particle morphology of
case 1. These figures are the projections of the clusters
on a vertical plane that rotates 180° about the vertical
axis of the polymer particles. It can be seen that even
in the initial state, the clusters in contact with the
surface of the polymer particle form patches. This is
the geometry of minimum interfacial energy considering
a given minimum thickness (8 nm) of the polymer film.
The internal clusters are spheres of different sizes.
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Figure 3. Initial stages in the evolution of the particle
morphology for case 1 in Table 1. x4 = 107 Pa s.

TIME= 890 min, TIME= 27 h.

Figure 4. Middle stages in the evolution of the particle
morphology for case 1 in Table 1. u = 107 Pa s.

Although Figure 3 suggests that there is a higher
density of clusters near the surface of the particle than
in the neighborhood of the center of the particle, this is
an apparent artifact due to the type of projection used.
Figures 3—5 show that clusters suffer mutual attraction
leading to coagulation, and besides, they are attracted
by the aqueous phase migrating toward the surface of
the polymer particle. The size of the patches on the
surface of the particle increases until eventually a
continuous shell is formed. The time scale in which the
whole process occurs mainly depends on the viscosity
of polymer 2. Figures 6 and 7 present the evolution of
the particle morphology for a lower viscosity of polymer
2. Comparison with Figures 3—5 shows that the devel-
opment of the particle morphology is much quicker and
the equilibrium morphology is reached in a shorter time.

Case 2 simulates a system for which an inverted
core—shell is the equilibrium morphology. For this
simulation, the seed polymer was poly(methyl meth-
acrylate) and the second-stage polymer was polystyrene.
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TIME= 60 h. TIME= 62 h.
9 o9
o

TIME= 70 h. TIME= 400 ds.

Figure 5. Final stages in the evolution of the particle
morphology for case 1 in Table 1. x = 107 Pa s.

TIME= 40 s

Figure 6. Initial stages in the evolution of the particle
morphology for case 1 in Table 1. 4 = 10% Pa s.

Figures 8 and 9 present the evolution of the particle
morphology for case 2 in Table 1. It can be seen that
at the initial state, all the clusters, even those close to
the particle surface, are inside the polymer particles
because this is the morphology of minimum interfacial
energy. The migration of the clusters is due to the fact
that they attract each other leading to coagulation and
are repelled by the aqueous phase toward the center of
the particle. Jonsson et al.5* studied the batch emulsion
polymerization of styrene on a poly(methyl methacry-
late) seed. The TEM micrographs of sectioned particles
at the end of the polymerization showed clusters of
polystyrene embedded in the poly(methyl methacrylate)
particle with a low concentration of polystyrene cluster
near the polymer surface. The micrographs resembled
the particle morphologies presented in Figures 8 and 9
for intermediate times.

Case 3 simulates a system for which the minimization
of the total interfacial energy predicts an occluded
morphology. For this simulation, the seed polymer was
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TIME= 1360 s TIME= 2200 s
TIME= 2300 s TrE= 55 h.

3 )

Figure 7. Final stages in the evolution of the particle
morphology for case 1 in Table 1. 4 = 105 Pa s.

TINE= O s TIME= 168 s

TINE= 3288 s

Figure 8. Initial stages in the evolution of the particle
morphology for case 2 in Table 1. x = 108 Pa s.

polystyrene and the second-stage polymer was poly-
(methyl methacrylate). Chen et al.#’ studied this sys-
tem polymerizing methyl methacrylate on the polysty-
rene seed and measured the interfacial tensions given
in Table 1. Figures 10—12 present the evolution of the
particle morphology. It can be seen that at the initial
state, there are clusters embedded in the surface of the
polymer particle and inside the polymer particle. The
shape of the clusters at the surface of the particle is
given by the minimization of the interfacial energy
obtained using the values of the parameters given in
Table 1 (case 3). Figures 10—12 show that in addition
to the mutual coagulation of the clusters, they migrate
toward the surface of the polymer particle where they
also attract each other until the equilibrium morphology
is reached. Unfortunately, the evolution of the particle
morphology presented in Figures 10—12 cannot be
checked against experimental results because Chen et
al.*” only reported micrographs of the equilibrium
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TIME= 118 min. TIME= 119 min.
TINE= 833 min.

Figure 9. Final stages in the evolution of the particle
morphology for case 2 in Table 1. x = 10® Pa s.

TIME= 21B s

Figure 10. Initial stages in the evolution of the particle
morphology for case 3 in Table 1. x = 108 Pa s.

morphologies of the polymer particles. Nevertheless,
the model gave the right trends and good agreement of
the equilibrium morphologies was achieved. In addi-
tion, the predictions of the model showed similar trends
to those found by Min et al.'? in the aging of poly(butyl
acrylate)/polystyrene composites particles with a low
degree of grafting.

Conclusions

A mathematical model for cluster migration during
the development of the latex particle morphology has
been developed. A composite latex particle in which
clusters of polymer 1 are dispersed in a matrix of
polymer 2 is assumed to be the initial state. The motion
of the clusters is due to the balance between the van
der Waals forces and the viscous forces. The model
includes the calculation of the forces of the interaction
of one cluster with other clusters and with the aqueous
phase. Several illustrative simulations were carried out
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TIME= 261 min.

TIME= 488 min.

TIME= 66 h. TIME= 146 h.

<D @b

Figure 11. Middle stages in the evolution of the particle
morphology for case 3 in Table 1. x4 = 10 Pa s.

TIHE= 15 ds. TIME= 28 ds.

LSS

TIME= 1884 ds. TINE= 6964 ds.

QO

Figure 12. Final stages in the evolution of the particle
morphology for case 8 in Table 1. x4 = 10° Pa s.

including systems for which the final equilibrium mor-
phologies were (i) core—shell, (ii) inverted core—shell,
and (iii) occluded morphology. The dynamics of the
cluster migration depends heavily on the viscosity of the
polymer matrix.
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Nomenclature
a; interfacial area between the phases i and j
A Hamaker constant for the interaction
petween the material i and the material &
in vacuum
Ay Hamaker constant for the interaction

between the material i and the material %,
both materials being immersed in a
continuous phase j
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b, friction factor of the cluster j

d. critical distance between the surfaces of the
clusters at which instantaneous
coagulation commences

E; energy of interaction of the cluster j

F; net van der Waals force acting on cluster j

F force acting on cluster j resulting from the
interaction between clusters j and A

Fjs force acting on cluster j resulting from the
interaction between cluster j and the
phase 3

m; mass of the cluster j

r radius of the cluster

R radius of the polymer particle

R; curvature radii of the interfacial area
between the phases i and j

S distance between the center of two
interacting clusters

Sh radial position of the center of the cluster
with respect to the center of the particle

Ss distance between the surfaces of two
interacting cylinders

t time

T dimensionless interfacial tension defined by
eq A-16

U dimensionless interfacial tension defined by
eq A-17

u; volume of polymer i

Vi volume fraction of minority polymer

Vo initial velocity of the cluster j in each
iterative step

X, vector giving the position of the cluster j

Xjo initial position of the cluster j in each
iterative step

z height of each interacting cylinder

Greek Symbols

Q density

¢ interfacial energy of the system

A London—van der Waals constant

I I,J) geometric factor for the energy of interaction
between the bodies I and J

U viscosity

By angle defined in Figure 13

of surface tension

on interfacial tension

6 half-angle of coalescence

Appendix A. Calculation of the Equilibrium
Morphology

In the model it is assumed that the shape of each
cluster is given by its equilibrium morphology. Clusters
inside the polymer particles have a spherical shape but
some calculations are needed to determine the equilib-
rium morphology when the clusters are at the surface
of the particle. An additional interest to carry out this
kind of calculation is to know which is the equilibrium
morphology for the whole particle.

Following Torza and Mason,?® let us consider vol-
umes 1 and ugz of polymers 1 and 2, respectively,
surrounded by a phase 3. The equilibrium morphology
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(b)

gyration
axis

Figure 13. Geometries considered in the calculations of the
thermodynamic equilibrium morphologies.

will be the one of those presented in Figure 13 that has
the minimum interfacial energy,

13, 3
> j:g‘zi %% (A1)

where a; and o;; are, respectively, the interfacial area
and the interfacial tension between phases i and j.

The calculation of the interfacial energy for geom-
etries a, b, and ¢ in Figure 13 is straightforward but
the calculation for case d is more complex because the
actual shape of this morphology is not defined a priori
but depends on the equilibrium morphology. Durand
and Guillot*® solved this case as an interfacial energy
minimization problem, but this is a rather complex
iterative procedure. Therefore, in this paper, the use
of the equilibrium equations given by Torza and Ma-
son®? was preferred. These equations are as follows:
(i) Balance of capillary pressures across the interface
1-2 (Laplace equation):

O13  Og3  Ojg
—_— =4 == (A-2)
Ri3; Ry Ry

(i1) Balance of surface tensmn forces at the three-phase
line:

019 COS B9 = Oyg COS Py + 013 c08 ¥y3  (A-3)
(iii) Geometric relationships:
R, sin #, = R,3 sin ¥, = Ryy sin dy5  (A-4)

(iv) Conservation of the volume of phase 1:

A(RY® = R3,[2 + cos 9,4(3 —
Rf2[2 -

coszﬂla)] +

cos ¥,(3 — cc_)ss2 ¥19)] (A-B)
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(v) Conservation of the volume of phase 2:
4R’ = R3,[2 + cos 9,5(3 — cos® 9y5)] —
R3,[2 — cos 9,,(3 — cos® #,,)] (A-6)

Combining eqs A-2 to A-6, the following implicit
algebraic equation for 23 is obtained:

(RY? oty
(R) 03 0 — 0y

(A-7)

where

o, = sin® ¥, sin® 9,5(2 + cos 9,303 — cos® ¥,5) (A-8)

0, = sin® 9,5 sin® 9,5(2 — cos ¥,,)(3 — cos® ¥;,) (A-9)

oy = sin® 9, sin® 9,4(2 + cos V,3)(3 — cos® )
(A-10)
[0tz + 035 — o1
= cos [ 203301 — Uy = 0y — Pyy (A-11)

l’13 -

oS 0, 5in ¥y,)

_— Oyg 8in B3 + 015(sin o, cos Py5 —
015(C08 0, €08 Pyq + Sin @, Sin Py3) — 03 €OS Toq
(A-12)
Because more than one angle has the same value of
the trigonometric functions and several trigonometric
functions are involved in eqs A-7 to A-12, eq A-7 has
multiple solutions for 0 < #33 < & but only one of them
has physical meaning. The physical meaning of a
particular solution can be easily checked by means of
eqs A-2 to A-6. Therefore, a single-variable numerical
method search was used to find the roots of eq A-7 and
the value of ¥.3 that fulfills the original eqs A-2 to A-6
was chosen. ¥ and 9?13 are given by eqs A-11 and A-12,
and the curvature radii are as follows:

Ry = 4(R‘})3/[(S

sin® s

212 + cos 915(8 — cos® 9,5)) +

sin® ¥4 9
— (2 — cos 9,4(3 — cos” 945))| (A-13)
sin” 9,
R = sin ¥yg A4
12 = feggg e W (A-14)
R.=R sin d,4 A
13 = fog o 5"“‘13 (A-15)

Figures 14 and 15 present the results of these
calculations as a function of the following parameters:

|3 — Oyl

A (A-16)
Og3
U =o0,)014 (A-17)
(R%?
V,=— Y (A-18)
IR + (R

where |013 — 012| is the absolute value of (013 — 012).
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Figure 14. Equilibrium morphologies for V; = 0.05 and V; =
0.10.

10¢ - e

-
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Figure 15. Equilibrium morphologies for V; = 0.20 and V; =
0.40.

Figures 14 and 15 show that individual particles will
be obtained if T' > 1 and U > 1; core—shell particles
(core: majority polymer; shell: minority polymer) will
be obtained if T < |1 — U)/(1 + U); inverted core—shell
particles (core: minority polymer; shell: majority poly-
mer) will be obtained if T > 1 and U < 1; and an
occluded morphology characterized by the value of d23
given in the mentioned figures will be obtained other-
wise.

Particle Morphology in Emulsion Polymerization 3143

Polymer
particle

Figure 16. Interaction between an internal cluster and the
aqueous phase.

Appendix B. Interaction between an Internal
Cluster of Polymer 1 and the Aqueous Phase

The calculation of the total van der Waals interaction
energy of an internal cluster of polymer 1 with the
aqueous phase can be carried out following the approach
developed by Hamaker.5! The total interaction energy

of a molecule of water with the internal spherical cluster
igbl

_ 4n/191r13
p 3( DZ _ r12)3

where A is the London—van der Waals constant, g1 the
number of molecules per cm? of cluster, r; the diameter
of the cluster, and D the distance between the center of
the cluster and the molecule of water.

The total van der Waals interaction energy between
the cluster and the aqueous phase is

E = ~0q fuguasE, AV (B-2)

In order to calculate eq B-2, let us consider Figure
16. The total interaction energy between a cluster of
radius r; located at a distance S; of the center of a
polymer particle of radius R is determined by the
interaction between the cluster with the molecules of
water inside a sphere of radius (S; + R) centered in the
center of the cluster, because the effects of the water
molecules outside this sphere will counteract one an-
other due to the spherical symmetry. For the geometry
presented in Figure 16, eq B-2 becomes

(B-1)

R+S;

E=g; [, s E, %((D +8)° - R2)] dD (B-3)

Substituting the value of E}, from eq B-1 into eq B-3
and integrating the resulting equation, the total inter-
action energy between an internal cluster and the
aqueous phase is obtained:

_ Ay[r’®* - r’ - 35" - 25,R) N
88| (R+S)P-rP
ré+rSR-r8> 2r®+rS.R+rS"
[R-S)-rd  [R+S)P-r2
S, [R®—(S;—r)
2 ln(R2 — (S, + rl)z)

(B-4)
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o B a W
Figure 17. Thermodynamic path for calculating the interac-

tion energy between clusters of polymer 1 at the surface of
the polymer particle.

where the Hamaker constant is defined by

A= ”291931 (B-5)
Because the cluster and the aqueous phase are
separed by polymer 2, A123%° should be used instead A;3.

Apgg =Agy —App — Ayt A (B-6)

Appendix C. Attraction between Clusters of
Polymer 1 Located at the Surface of the
Polymer Particles

To calculate the van der Waals interaction energy
between clusters of polymer 1 located at the surface of
the polymer particles, the approach described by Hunter°
was used. The thermodynamic path presented in
Figure 17 was considered. In the initial state the two
clusters are infinitely separated (the shapes of the
clusters are merely illustrative and by no means real-
istic). The molecules contained in the volume that will
be finally occupied by cluster a can be considered as a
cluster c.

If clusters a and ¢ are removed from the medium
leaving a vacuum, the change in free energy is

AF = —F% — F2 — (F} — VaS(s) + Val(s) — VaD(s) +
Var(s)) — (F2 — VE2(s) + VEP(s) — VES(s) — VEC(s))
(C-1)

where s is the distance between clusters b and ¢ and
F{ is the interaction energy of the isolated part J made
of material { with the semiinfinite media 2 and 3. The
energy change in removing cluster ¢ includes the effect
of the proximity of cluster b. Thus, the energy V?f (s)
— Vis(s) + Val(s) — V42(s) represents the change in
the interaction energy of fraction A of cluster ¢ with its
environment when the molecules of polymer 2 and water
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that would have occupied the position of cluster b are
replaced by cluster b.

The next step is to put cluster ¢ into the hole occupied
originally by cluster a and vice versa. The energy
change is

AF" = F} — Vig(s) + Vit(s) — Vig(s) + Vil(s) +
FY = Vi5(s) + ViT(s) = Vig(s) + ViT(s) + F3 + F§
(C-2)

The interaction energy of clusters a and b at separation
s at the surface is E = AF + AF’. In addition®®

Vf;f"v(s) =A.T

iy s

(k,h) (C-3)

where A; is the vacuum Hamaker constant (for the

materials i and j) and Ts(k,h) is a positive function that

depends only on the geometry of the system and is

independent of the composition of the clusters a and b.

Combination of eqs C-1, C-2, and C-3 gives

E=(Ag — 245+ APT(AC) + (Ays —App —Ajs +

A NT(AD) + T (B,0) + (Agy — 24,, + A, )T (B,D)

' (C-4)

Equation C-4 may be written as follows:

E=A;;)T(AC) + A, 3,(T(AD) + T(B,0C)) +
A, I (B,D) (C-5)
Appendix D. Relationships between the

Hamaker Constants and the Interfacial
Tensions

The interfacial tensions between phases i and j is®°

o;=0;to;+ Etj (D-1)
where E;; represents the work of adhesion between the
two phases. Ej; is the van der Waals energy of interac-
tion per unit area of interface given by

- Azj
Ej=—t (D-2)
127(L,);

where A; is the Hamaker constant and (L.); the
“distance” between the phases.

On the other hand, the surface tension can be
calculated by means of the following equation:5°

A.
0;=05—"" (D-3)
127(L,);

Equations D-1 to D-3 can be used to calculate the
Hamaker constants needed in the model developed in
this work in terms of the interfacial tensions. Thus

Apgg =Agy —App —Agy + Ay (D-4)
Combination of eqs D-1 to D-4 gives
Ay = 123[(Lc)122012 + (LC)2320'23 - (Lc)132013 +

0(Lohs” = L)y + 04 2AL)gs" — (Lhyy” =
(Lo)gs®) + 04((Ly) 15" — (L)gs] (D-5)

L. is inversely proportional to the square root of the
density of the phases, and hence small variations



Macromolecules, Vol. 28, No. 9, 1995

between the different L. are expected.’® This means
that difference terms in eq D-5 can be safely neglected.
Thus

Aqgg = 127(L 157015 + (L3505 — (L)152015] (D-6)
Similarly

A=A, + Ay — 24, = 247(L ), 70,5 (D-7)

Ajgy = A, + Ay — 2A,, = 247(L,),5%0,5 (D-8)

Aoy =Ay — Ay — Ay + Ay = 127[(L), %015 +
(Lc)122012 - (Lc)232023] (D-9)

In the simulations presented in this work, it was
considered that (L1292 = (Le)132 = (Le)es? = 2.6 x 10720
m? (value for decane given by Hough and White®2),
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