
Effects of Cross-Linking on the Morphology of Structured Latex
Particles. 2. Experimental Evidence for Lightly Cross-Linked
Systems

Yvon G. Durant, Eric J. Sundberg,† and Donald C. Sundberg*

Polymer Research Group, Department of Chemical Engineering,
University of New Hampshire, Durham, New Hampshire 03824

Received April 17, 1996; Revised Manuscript Received October 11, 1996X

ABSTRACT: Elastic forces within very lightly cross-linked seed latex particles are able to compete with
interfacial forces to influence latex particle morphology. At higher levels of cross-linking the elastic forces
dominate those at the interfaces. PMMA seed latices were prepared at (nominally) 0, 0.015, 0.10, and
0.2 mol % (based on monomer) EGDMA cross-linking agent and subsequently swollen with styrene at a
stage ratio of about 235%. After reaction, transmission electron micrographs of microtomed sections of
the second stage latex particles showed that as little as 0.015% EGDMA (over 9000 repeating units between
cross-links) began to shift the particle morphology from inverted core-shell (i.e. the second stage PS in
the core) toward core-shell. At 0.2% EGDMA the particles were essentially of the core-shell morphology.
Comparisons with predictions from a Gibbs free energy analysis of the effect of seed latex cross-linking
on particle morphology are presented and show agreement with the experimental results.

Introduction
The industrial production of emulsion polymers for

application in impact resistant plastics, coatings, and
other products involves composite latex particles. Such
products derive their properties in part from the mor-
phology of the particles, and in a significant number of
instances either or both phases of these particles are
cross-linked to some extent. Cross-linking of the seed
latex particle is often done to impart specific physical
properties to the final product, as in ABS polymers, and
also to influence the morphology of the structured
particle. Several authors have reported the influence
of cross-linking on particle morphology at full conversion
through an experimental approach.1-8 Recently,9 we
have shown via a computational approach that seed
latex cross-linking can have a dramatic effect on the
latex morphology, even at very low levels of cross-
linking. Due to the very strong elastic forces necessary
to deform a seed latex particle, the interfacial tensions
at the particle surfaces (internal and external) are quite
easily relegated to play a secondary role in determining
the morphology. Thus it has been of interest for us to
investigate the interplay of elastic forces and interfacial
tensions from both a theoretical and experimental
perspective. The purpose of this paper is to provide
experimental observations to compare with predictions
from our above referenced thermodynamic analyses.

Experimental Section
Materials. All water used was double distilled and deion-

ized and will be referred to as DI water. Methyl methacrylate
(MMA) (Aldrich No. M5,590-9) and styrene (Sty) (Aldrich No.
S497-2) monomers were cleaned of their inhibitor. This was
accomplished by a liquid-liquid extraction with three separate
fractions of NaOH (Baker) (1 M in DI water) followed with
three sequential extractions with DI water and drying over
MgSO4 (Aldrich No. 24,697-2). Ethylene glycol dimethacry-
late (EGDMA) (Aldrich No. 33,568-1), sodium dodecyl sulfate
(SDS) (Aldrich No. 86,201-0), NaHCO3 (Aldrich No. 34,094-
4), and potassium persulfate (KPS) (Aldrich No. 21,622-4)
were used “as is” with no further purification.

General Approach. We decided to work on a PMMA seed,
cross-linked with EGDMA, because of the good reactivity of
the second vinyl function of EGDMA and its chemical similar-
ity with MMA. Styrene as a second stage monomer was
chosen in part because of the natural contrast between PS and
PMMA in the electron microscope. We first developed a series
of experiments to produce cross-linked seeds of low cross-
linking density (0.1, 0.2, 0.5, 1, 2% EGDMA). The second stage
was polymerized at stage ratios of 30, 50, and 100, and 200%.
Electron microscope observation of these particles proved to
be nonconclusive due in part to the small amount of second
phase, except for the 200% swelling experiment (see XL3,
Table 2). We redesigned our experiments with higher stage
ratios and larger seed particle sizes, but with lower cross-
linking densities, as guided by our theoretical calculations.
This second set of experiments is presented here.
Latex Preparation. The seed latices were made in a 1.2

L double-jacketed reactor, with a mechanical stirrer and a
condenser, and produced under a nitrogen atmosphere. Oxy-
gen was stripped from the DI water with a nitrogen purge for
30 min. The first three seeds were “soap free” latices made
by initiation via KPS at 80 °C. The monomer/water mixture
was stirred at 600 rpm which was then reduced to 500 rpm, 7
min after the introduction of the initiator solution (4% in DI
water). The fourth seed was made by classical surfactant
stabilization at 60 °C, under a lower stirring rate of 200 rpm.
In these experiments the EGDMA was diluted in a portion of
the MMA and fed continuously over the first hour of the
polymerization for experiments XL1 and XL2, since 90% of the
batch polymerization of the MMA was complete after 1 h at
80 °C. The fourth seed, XL3, was prepared by continually
feeding both the MMA and EGDMA over a period of 4 h.
These semicontinuous polymerizations were carried out in
accordance with the software developed by Guillot10-12 which
models the polymerization kinetics of cross-linked latices and
predicts the conditions for achieving cross-link homogeneity
throughout the polymerization process and across the particle.
The seed latices were kept at their polymerization temperature
for a longer time than necessary to complete the thermal
dissociation of the initiator.
The second stage polymerizations were carried out in a 250

mL glass reactor equipped with a mechanical stirrer and a
condenser, submerged in a water bath, and operated under a
nitrogen atmosphere. Before the start of the second stage
polymerization, the styrene was preswollen into the seed
particles for 2 h. Then the batch polymerization was carried
out at 60 °C. All the experimental parameters are reported
in Table 1, while Table 2 provides the principal characteristics
of these latices.
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Sample Preparation for Transmission Electron Mi-
croscopy (TEM). For a good analysis of the internal particle
morphology, we microtomed and stained the latex samples.
First a sample of the latex was allowed to dry at room
temperature to form a solid disk. The disk was broken into
chips, and one or two pieces were embedded in epoxy (Fluka
Chemika, Epon 45345, 45346, 45347, 45348) at room temper-
ature, allowed to stand for 48 h, and then raised to 60 °C for
6 h to cure the epoxy. The samples were rough-trimmed first,
then microtomed with a glass knife, and finally microtomed
with a diamond knife to a slice thickness of 65-70 nm. The
thin slices were collected on a copper grid and stained with
ruthenium tetraoxide. RuO4 was made from RuO2 (1 g of
NaIO4 in 25 mL of ice cold DI water, add 0.15 g of RuO2‚
2H2O) and stored at 6 °C for a maximum of 1 month. The
epoxy/latex thin slices were exposed to the RuO4 vapors for 2
h at room temperature. For our TEM observations we used a
Hitachi 600 microscope at 75 keV.

Discussion
When we consider a cross-linked seed latex particle

which has been deformed due to the presence of a second
phase, there will be elastic forces which result in a given
amount of free energy, Ge, stored in the particle. This
energy combines with that of the interfacial free energy
to yield the total free energy of the particle, G. This
can be expressed as

where G is the total free energy of the particle, Gs is
the interfacial energy, and G0 is the reference state
energy. Equation 1 differs from that applied to our
previous free energy analyses of latex particle morphol-
ogy only by the term Ge, and here we follow our previous
approach in which we consider the differences between
G for two varieties of particle structures. In this paper
we will restrict our considerations to core-shell (CS)
and inverted core-shell (ICS).

The elastic forces are dependent on four dominant
parameters:

•T, the temperature
•Mc/M, the number of repeating units between cross-

links
•R, the displacement gradient tensor
•b, the stiffness of the chain
The elastic term, Ge, is considered to be a function of

Mc, R, b, and T. According to the fundamental thermo-
dynamic definitions, stored energy ) E ) ∫ f dx ) U
and at constant temperature and pressure Ge ) U.
Here U is the internal energy.
As presented earlier,9 we derived from the statistical

mechanics of polymer chains13,14 that

where F is the density of the polymer, R is the gas
constant, T is the temperature, Mc is the molecular
weight between cross-links,Mw is the molecular weight
of the un-cross-linked chain, and M is the molecular
weight of the monomer. When applied to the case of
one occlusion in a cross-linked sphere, or inverted core-
shell (ICS), eq 2 needs to be integrated over the specific
geometry. Figure 1 shows a geometric representation
of the initial sphere and a postformed inverted core-
shell particle. rs is the radius of the original sphere
(cross-linked seed),and ro is the radius of the occlusion.
The radial distance r is then transposed in the expanded
sphere to a new radius r′. For a layer of thickness dr

Table 1. Recipe for the Seed and Second Stage Polymerizations

XL0
no EGDMA

XL1
0.015% EGDMA

XL2
0.1% EGDMA

XL3
0.2% EGDMA

Seed Recipe
MMA (g) 113.9 114 114 100.61
DI water (g) 1079.8 1075.5 1080.1 950.37
KPS (g) 0.6328 0.6329 0.6410 0.5001
NaHCO3 (g) 0.1984 0.1988 0.1973 0.5077
SDS (g) 0 0 0 0.5050
EGDMA (g) 0 0.0322 0.2257 0.4493
EGDMA addition mode starve feed 1 h starve feed 1 h starve feed 4 h

1% in MMA 1% in MMA 0.28% in MMA
polymerization time (h) 8 13 12 6
polymerization temp (°C) 80 80 80 60

Second Stage Recipe
seed latex (g) 85.2 94.7 94.7 101.71
styrene (g) 16.2 18.0 18.0 20.0
DI water (g) 32.7 36.9 39.6 27.83
KPS (g) 0.0691 0.0766 0.0766 0.5037
NaHCO3 (g) 0.0143 0.0199 0.0154 0.5076
SDS (g) 0 0 0 0.5076
polymeirzation time 8 6 8 5

Table 2. Principal Characteristics of the Latices

XL0 XL1 XL2 XL3

seed particle size (nm), approx 250 (tubidity) 280 (TEM) 300 (TEM) 90 (TEM)
seed solid content (wt %) 8.39 8.82 9.10 9.61
stage ratio (vol %) 247 235 229 224
Mc/M ∞ 9347 1330 590
second stage solid content (wt %) 16.66 16.84 16.72 20.01
conversion of styrene (%) 94 93.5 93.6 100

G ) Gs + Ge + G0 (1)

E ) FRT
Mc

(1 - 2
Mc

Mw
)[(R2 + 2R-1 - 3)1

2
b + (R4 +

2R-2 - 3) 1
20

M
Mc

b2 + (R6 + 2R-3 - 3) 11
1050 (MMc

)2b3]
(2)
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at radius r we have the following energy based on an
integration of eq 2:

with the displacement tensor being a function of r,
as follows

It is then possible to numerically calculate the stored
energy, Ge, from eqs 3 and 4. We have solved eqs 2 and
3 by creating two master curves for Ge which depend
on rs and r0. This is described in a previous publication.9
The expression of the difference of surface free energy

between an ICS and a CS is well-known and has been
published several times.15-23

Here, γP1/W is the interfacial tension at the polymer 1
(seed polymer)/water interface, γP2/W is that at the
polymer 2/water interface, and γP1/P2 is that between the
two polymers. Note that the reference CS particle has
no elastic energy, as only the seed polymer is cross-
linked. Thus the difference in total free energy ∆G
between an ICS and a CS is

Given values of the various interfacial tensions, the
seed latex particle size (rs) and the amount of second
stage polymer (equivalently r0 for the case of a CS), one
can use eqs 5 and 6 to determine whether the ICS
structure is thermodynamically favored over a core-
shell arrangement. Since the CS was taken as the
reference state, positive values of ∆G in eq 6 predict
that the CS is preferred, while negative values predict
that an ICS is preferred.
As before,9 we find it useful to compare these free

energies with those that would exist if the particle were
simply a core-shell (CS), with the core being the seed
polymer. If we consider the situation in which we can

only have either a CS or an ICS particle morphology,
we can observe the total particle energy plotted against
the cross-link density (Mc/M) with a reference line
indicating the energy of the CS shell arrangement.
Thus when ∆G is below that line, the ICS structure has
less energy than the CS structure. When ∆G is above
the reference line, the ICS structure requires more
energy than the CS structure and the particle morphol-
ogy will be predicted to be CS. This is illustrated
graphically in Figure 2 for a PMMA seed latex of 275
nm diameter, cross-linked with EGDMA to yield various
levels of cross-linking, and with PS as a second stage
at a stage ratio of 235% (these values represent the
averages of the experimental variables for XL0-XL3).
Here the CS reference line is at an energy level of 0 fJ
(fJ ) femtoJoule ) 10-15 J). The curved lines represent
the total energy calculated from eq 6 as a function of
the cross-link level of the seed PMMA. From these
curves one can see that for Mc/M values greater than
about 3000 (representing an EGDMA level of about
0.044%) the preferred particle structure is an ICS. At
higher levels of cross-linking the situation is reversed
and the CS arrangement is preferred.
The experiments described earlier are positioned in

Figure 2 by the dotted vertical lines. The case for the
un-cross-linked seed, experiment XL0, is positioned at
the far right hand side of the plot since theMc/M value
in this case is infinity. The values of Mc/M for experi-
ments XL1, XL2, and XL3 were determined by assum-
ing that the EGDMA created cross-links with 75%
effectiveness (i.e. 25% of the pendent vinyl group does
not react), and that the cross-linking was uniform
throughout the seed polymer. Thus Mc/M is given as
1/(0.75[EGDMA]) when [EGDMA] is expressed as a
fraction. Thus experiment XL1 hadMc/M ) 1/(0.000142
× 0.75) ) 9347, while XL2 and XL3 hadMc/M’s of 1330
and 590, respectively.
As shown in eq 5, we need values of γP1/P2 and (γP1/W

- γP2/W) in order to compute ∆Gs and ∆G (eq 6). γP1/P2
was taken as 1.7 mN/n in accordance with our previous
work,21 neglecting any potential effect of PMMA cross-
linking on the interfacial tension between the two
polymers. At high concentrations (approaching CMC)
of SDS in the aqueous phase, (γP1/W - γP2/W) for the
PMMA/PS system has been measured by us21 to be
about -2.5 mN/m. This characterizes experiment XL3
of Table 1. For experiments XL0 through XL2 we do
not have individual values of γP1/W and γP2/W. This is

Figure 1. Geometrical representation of the expansion of the
seed particle of radius rs to an inverted core-shell (ICS) with
a core radius r0. r′ represents the diplacement of an arbitrary
point in the seed particle represented by r. dr and R dr are
the corresponding layer thicknesses.

Ge ) ∫0rsE4πr2 dr ) 4πFRT
Mc

(1 - 2
Mc

Mw
)∫0rs[(R2 +

2R-1 - 3)1
2
b + (R4 + 2R-2 - 3) 1

20
M
Mc

b2 + (R6 +

2R-3 - 3) 11
1050 (MMc

)2b3]r2 dr (3)

R ) (1 + (r0r )3)-2/3

(4)

∆Gs ) 4π[(rs
3 + r0

3)2/3(γP1/W - γP2/W) +

γP1/P2(r0
2 - rs

2)] (5)

∆G ) ∆Ge + ∆Gs ) Ge + ∆Gs (6)

Figure 2. Total energy (∆G) versus seed latex cross-link level
(Mc/M) for chain stiffness b ) 7 and (γP1/W - γP2/W) ) -2.5 and
-8 mN/m. Experimental conditions are noted at Mc/M ) ∞,
9347, 1330, and 590, for XL0, XL1, XL2, and XL3, respectively.
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because both the seed PMMA and second stage PS have
ionic end groups (derived from initiator dissociation) at
their aqueous interfaces and there are no reliable
published data for such conditions that we are aware
of. For pure polymer against water, (γP1/W - γP2/W) is
roughly21 (19 - 31) mN/m ) -12 mN/m. With a high
level of ionic end groups at the PS polymer surface (i.e.
at a surface charge density of 5 µC/cm2 as measured
for the PS latex), we have estimated24 the γP2/W to be
about 23 mN/m. The reduction of γ due to end groups
for the PMMA seed polymer is more difficult to estimate
since the end groups are due to reactions which took
place during seed latex preparation. During the second
stage polymerization the surface end groups for the
PMMA are fixed and if the PMMA were to engulf the
second stage PS for the ICS structure, those end groups
would become more spread out than they were on the
seed particle surface. We have developed a computa-
tional scheme25 for estimating the value of γP1/W under
these conditions, and for an initial (prior to second stage
polymerization) charge density of 5 µC/cm2 on the seed,
we estimate that γP1/W is about 15 mN/m when the
PMMA engulfs the second stage polymer. These cal-
culations were obtained from our UNHLATEX EQ-
MORPH software which allows for the calculation of the
various interfacial tensions over a wide variety of
conditions. The end group calculations are quite de-
tailed and will be left to a future publication. Given all
the above, we estimate that for experiments XL0, XL1,
and XL2 the (γP1/W - γP2/W) value is about (15 - 23) )
-8 mN/m. While it may be somewhat less negative
than this value, it is not likely to be more negative.
Thus, in Figure 2 we have presented two ∆G curves,
one for (γP1/W - γP2/W) ) -8 mN/m representing experi-
ments XL0 through XL2 and one for -2.5 mN/m
representing experiment XL3. One further note about
these curves is that the “stiffness parameter” necessary
to use eq 2 has been taken to be b ) 7, which is reported
to be characteristic of PMMA.11

Inspection of Figure 2 shows that we would expect
XL0 and XL1 to be ICS and the other two to be CS
particles. The experimental evidence is shown in Figure
3a-d. These micrographs are TEM’s of microtomed
sections of the representative particles stained with
ruthenium tetraoxide so that the dark phase is PS and
the light phase is PMMA. In Figure 3a it is clear that
the PS has become located in the interior of the particle.
Although the PS does not appear to exist as a single
core, it is clear that it is completely engulfed with the
PMMA, much like an ICS. Cross-linking the seed
PMMA with EGDMA at a level of 0.015% based on
MMA monomer causes the PS to be moved toward the
outer edge of the particle and more PMMA to exist
within the central part of the particle, as shown in
Figure 3b. This is a dramatic effect at a very low level
of cross-linking agent. At an EGDMA level of 0.10%,
the microtomed sections show that nearly all of the PS
exists at the periphery of the particle and forms a
structure approximating a CS arrangement, as in
Figure 3c. Further increase of the EGDMA level to 0.2%
results in apparently more uniform CS particles, as
shown in Figure 3d. Due to possible overexposure of
the thinner part of the image area at the center of the
photo, the reader is directed to observe particles away
from the center. Here the TEM was obtained by
observing the whole particle (stained as before but not
microtomed) in the microscope. Thus we have obtained
good agreement between the predictions and the experi-

ments, and these results verify the conclusion reached
in our earlier paper9 that latex particle morphology is
very sensitive to the level of cross-linking of the seed
polymer.
As noted in Figure 2, the ∆G curves were calculated

for b ) 7 and theMc/M values for the experiments were
determined by assuming that 75% of the EGDMA was
incorporated in cross-links. Although not presented
here for the sake brevity, we have constructed similar
plots for b ) 1 (a freely rotating chain) and EGDMA
efficiency of 100%. Under these conditions the com-
parison between theory and experiment yields the same
results as presented above, thus giving us added con-
fidence in our interpretation of the reasons for the
changes seen in Figure 3.

Concluding Remarks

We supect that many of our industrial colleagues have
for some time used seed latex polymer cross-linking as
a tool to help achieve CS particle structures. It is also
noted that unintentional cross-linking can occur in seed
latex preparation via chain transfer to polymer, as in
acrylic polymers. Combining the computational ap-
proach suggested in the first paper of the series9 with
the experimental results reported here, it is clear that
very low levels of cross-linking can singularly be re-
sponsible for dramatic shifts in particle morphology,
particularly when the seed polymer is significantly more
polar than the second stage polymer. The computations
offer one the ability to determine the cross-linking level
that creates the balance between interfacial and elastic
forces which determine equilibrium particle morphology.
These calculations are dependent upon all of the pa-

Figure 3. Transmission electron micrographs of experiments
(a) XL0, (b) XL1, (c) XL2 and (d) XL3 at 75 keV. All samples
were stained with RuO4. Samples XL0, XL1, and XL2 were
microtomed and magnified at 20000×. Sample XL3 is the
whole particle, magnified 50000×.
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rameters which affect interfacial tensions (e.g. polymer
polarity, surfactant type and level, end groups, etc.) and
thus can reflect practical conditions of latex manufac-
ture.
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