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ABSTRACT: The modification of an emulsion polymerization with a water-miscible alcohol and a
hydrocarbon nonsolvent for the polymer can influence the morphology of the particles. The formation of
monodispersed particles with a hollow structure or diffuse microvoids is possible. Both kinetic and
thermodynamic aspects of the polymerization dictate which particle morphology is obtained. Complete
encapsulation of the hydrocarbon occurs provided low molecular weight polymer is formed initially in
the process. Subsequent addition of a cross-linking monomer stabilizes the morphology. The final particle
size can be defined by small nucleating latex seed particles. Monodispersed hollow particles with diameters
from 0.2 to 1 µm are possible. Void fractions as high as 50% are feasible. The phase separation of
polystyrene within the styrene-isooctane dispersion has been modeled with the Flory-Huggins theory.
The encapsulation has been discussed in terms of interaction parameters, transport processes, polymer
molecular weight, and interfacial tension effects.

Introduction
The control of the morphology of latex particles has

been an intensive area of research in emulsion polymer
science for greater than 20 years. Technology has
advanced such that a variety of structured particles are
possible including core-shell, microdomain, and inter-
penetrating networks. These advances have been based
on a deepening understanding of the thermodynamic
and kinetic aspects of emulsion polymerization as well
as more sophisticated approaches to processing. This
ability to control particle morphology has enhanced
significantly the range of physical properties accessible
in application areas such as water-borne coatings.

Synthetic methods leading to particles having voids
have also been extensively investigated. Hollow latex
particles can serve as synthetic pigments, which con-
tribute to the opacity of architectural coatings by
scattering light.1,2 In addition, these particles can
enhance the gloss of paper coatings by influencing the
mechanical properties of these high pigment volume
concentration formulations during the calendering of the
coating.3,4 One of the earliest processes for making
hollow latex particles was developed in the research
laboratories of The Rohm and Haas Company.5-10 Their
concept involved making a structured particle with a
carboxylated core polymer and one or more outer shells.
The ionization of the carboxylated core with base under
the appropriate temperature conditions expands the
core by osmotic swelling to produce hollow particles with
water and polyelectrolyte in the interior. In addition to
this approach, a number of alternative processes have
also been patented that are complex in terms of process
stages and chemistry.11-14

In this paper, we describe an emulsion polymerization
that involves an encapsulation of a nonsolvent hydro-
carbon for the polymer being formed.15 By encapsula-
tion, it is possible to make latex particles having voids
with facile control of particle diameter, void fraction,
and structure. The process initially involves polymer-

izing a low molecular weight polymer that phase
separates in a dispersed hydrocarbon-monomer mix-
ture. This phase-separated polymer subsequently serves
as a locus for polymerization of a cross-linked network
that stabilizes the morphology. No high shear dispersion
methodology is required to establish particle diameter,
which can be defined by surfactant level or a nucleating
latex seed concentration. By controlling the monomer
conversion profile, monodispersed particles with struc-
tures ranging from microdomain to hollow are possible.
This is illustrated with the particles shown in the
transmission electron micrographs of Figure 1. Typi-
cally, the encapsulated hydrocarbon is removed by
vacuum or steam stripping of the latex after completion
of the polymerization. With sufficient network structure,
the morphology is maintained in this process step.

Experimental Section
Materials. The raw materials required for the preparation

of the latexes were used as supplied from the manufacturers.
The monomers, styrene and divinylbenzene, were obtained
from The Dow Chemical Company (Midland, MI) as were the
surfactants, Dowfax 2A1and 8393. The divinylbenzene was a
technical grade material containing 80 wt % of the divinyl
monomer with the remaining 20 wt % being styrene and
ethylstyrene. Methacrylic and acrylic acid were purchased
from Rohm & Haas Company (Philadelphia, PA). The isooc-
tane (Soltrol 10), tert-dodecyl mercaptan, dipentene dimer-
captan, and ethylcyclohexyl dimercaptan came from Phillips
Chemical Company (Bartlesville, OK). Methanol was pur-
chased from Ashland Chemical Company (Columbus, OH).
Sodium and ammonium persulfate were obtained from Fisher
Scientific (Pittsburgh, PA). Rhodacal DS-10 was obtained from
Rhone Poulenc (Cranbury, NJ).

Latex Synthesis. The latexes were prepared in a jacketed,
pressurized, computer-controlled 1 gal stainless steel reactor
equipped with a mechanical stirrer and inlet tubes for the
continuously added monomer and initiator feeds. The temper-
ature was controlled to within (1 °C with steam and water in
the jacket. The initial charge and the monomer feeds were
blanketed with nitrogen during the polymerization.
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Seed Latex Synthesis. The encapsulation stage in this
process can be carried out under both seeded and nonseeded
conditions. The influence of seed size and molecular weight
on encapsulation will be discussed in a later section. The seeds
examined in this study ranged from 0.0280 to 0.3200 µm, and
their molecular weights were adjusted by adding various
amounts of the chain transfer agent, tert-dodecyl mercaptan

[TDDM], to the process. The seeds, copolymers of styrene with
small amounts of acrylic acid, were prepared in a semicon-
tinuous process in a jacketed reactor similar to that described
above. An example recipe is given in Table 1. In this case, 1.0
part of TDDM was incorporated in the initial charge, and the
weight-average molecular weight was 52 400 as measured by
GPC.

Latex Characterization. The particle size of the latexes
at various stages of the process were characterized via
hydrodynamic chromatography.16,17 The percent solids of the
latexes were determined by drying 1-2 g of latex at 140 °C in
a vented oven for 30 min.

Gel Permeation Chromatography Analysis. The mo-
lecular weight distributions of the seeds and the initial stage
polymers were characterized by gel permeation chromatogra-
phy [GPC]. The samples were prepared by placing 20 mg of
material in 10 mL of tetrahydrofuran and passing the solution
through a 0.2 µm filter. If an observable gel fraction was
present, it will be noted with the data. The chromatograph
consisted of a Waters M-6000 pump (1.0 mL/min), a Waters
WISP 710B injector with 75 µL injection loop, two Polymer
Labs 5 µm Mixed-C batch columns (at ambient temperature),
and a Waters 410 DRI refractive index detector (at 35 °C). The
software used to collect and analyze the data was Polymer
Laboratories’ Calibre GPC/SEC Version 6. The instrument was
calibrated using narrowly distributed polystyrene molecular
weight standards obtained from Polymer Laboratories. The
eluent was HPLC grade tetrahydrofuran, purchased from
Fisher Scientific (Pittsburgh, PA), was unstabilized and
sparged with helium.

Results and Discussion

Process Characterization. The schematic in Figure
2 can serve as a starting point to describe in detail this
process for making voided latex particles. It is broken
down into two stages: an initial encapsulation stage
followed by a stabilization stage. This particular sche-
matic and the majority of the data that follows address
the development of a hollow particle. An example of a
polymerization recipe is shown in Table 2.

The first stage involves polymerizing a batch mono-
mer charge containing a small amount of vinyl carboxy-
lic acid. Also present in the batch charge are a surfac-

Figure 1. Transmission electron micrographs of (a) micro-
voided latex particle, (b) hollow latex particle with 30% void
volume, and (c) hollow latex particle with 50% void volume.

Table 1. Recipe and Polymerization Parameters

steam component partsa

A water 366.05
Rhodacal DS-10 0.12

Bb styrene 98.50
water 33.23
acrylic acid 1.50
Rhodacal DS-10 0.05

C tert-dodecyl mercaptan 1.00
D water 0.875

ammonium persulfate 0.370

stream feed fraction
start time

(min)
end time

(min)

B 0.05 0 3
D 1.0 3 5
C 1.0 20 20
B 0.95 20 85

parameter value

target particle size 3000 Å
charged solids 20.2%
polymerization tempc 85 °C
hold timed 15 min

a Based on 100 parts monomer. b Stream was emulsified by
shaking. c Initial temperature was 78 °C for 15 min. d Time for
which the reactor is kept at temperature following the end of
monomer feeds.
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tant, a chain transfer agent, a water-miscible alcohol,
and a hydrocarbon. In our study, styrene, methacrylic
acid, methanol, and isooctane were used. Typically, the
molecular weight of the polymer formed in this stage of
the process is below 50 000. The isooctane is a nonsol-
vent for the polystyrene, and as monomer is consumed,
the polymer becomes progressively less compatible with
the dispersed hydrocarbon/monomer mixture. Phase
separation of the polymer is observed to occur primarily
at the interface of the particle. It is believed that this
surface concentration is preferentially formed because
the water-polymer interface has the lowest interfacial

energy in the system. In addition, the water-soluble
thermal initiator generates aqueous phase radicals,
including oligomeric radicals, which are adsorbed and
anchored to the surface of the dispersion. The surface
appears to become the primary site for polymerization
with the monomer concentration being replenished by
diffusion through both the serum phase of the emulsion
and the encapsulated internal hydrocarbon mixture.
This surface polymer also serves as the polymerization
locus for the continuously added monomer charge
introduced during the second, or stabilization, stage of
the process. Included in this second charge is a cross-
linking monomer, which forms a network polymer. With
styrene-based copolymers, divinylbenzene was the cross-
linking monomer.

The electron micrographs shown in Figure 3 are of
samples taken during the course of this two-stage
process. Figure 3A is a micrograph of the initial charge
shortly after the start of the polymerization. This
polymerization was seeded with small (0.028 µm) poly-
styrene particles added to the initial charge to serve as
nucleation sites for particle growth. Particle size control
is possible with this process with or without the use of
seed particles.

As the polymerization proceeds, a polymeric gel at the
surface of the particles become visible (Figure 3B).
Subsequently, the size distribution of the particles is
seen to narrow; that is, the colloid is digested. This is
shown in Figure 3C. Thus, monomer and hydrocarbon
equilibrate through the water phase to the nucleated
sites at this point in the process.

Figure 3D is an electron micrograph of the second
stage of the process when the cross-linking monomer
stream is continuously added. The start time of addition
of the second monomer charge is crucial to defining the
ultimate morphology of the particle. If the monomer
conversion of the batch charge exceeds approximately
20-40% instantaneous conversion, the phase-separated
polymer fills the entire particle leading to a micro-
domain structure. The exact instantaneous monomer
conversion required for hollow morphology is dependent
on the amount of hydrocarbon present. With either
morphology, the end result is a particle with a stable
morphology with a fully encapsulated charge of hydro-
carbon.

This particular polymerization had the objective of
making a 0.4200 µm particle with a 33% void fraction.
However, a range of particle diameters and void frac-
tions are possible. The largest particle made in this
study had a diameter of 1 µm with a 50% void fraction.
The smallest had a diameter of 0.2300 µm with a 33%
void fraction. The electron micrographs in Figure 3 are
of samples that have aged for about 1 week after they
were removed from the reactor. There was no phase
separation of the hydrocarbon during this period; hence,
the morphologies pictured are thermodynamically stable.
Further, a radical scavenger was added to these samples
after removal from the reactor to prevent further
polymerization.18

In addition to microscopy, the process can be charac-
terized in terms of conversion kinetics and particle
diameters. These data for the polymerization recipe in
Table 2 are given in Table 3. This recipe again is for a
0.4200 µm hollow particle with a 33% volume fraction
of hydrocarbon. In this data set, the continuously added
monomer charge was started at 75 min, at approxi-
mately 30% conversion of the initial charge. The particle

Figure 2. Schematic of two-stage voided latex particle
process.

Table 2. Recipe and Polymerization Parameters for
Hollow Latex Particles

steam component partsa

A water 130.41
isooctane 35.50
styrene 28.02
methanol 20.25
methacrylic acid 1.00
dipentene dimercaptan 0.61
seed latex 0.03

B water 22.06
sodium persulfate 1.10

C water 19.10
DOWFAX 8390 0.57
DOWFAX 2A1 0.50

D styrene 60.47
divinylbenzene 80 10.00
methacrylic acid 0.50

stream feed fraction
start time

(min)
end time

(min)

B 0.5 0 75
B 0.5 75 300
C 1.0 75 270
D 1.0 75 300

parameter value

target particle size 4200 Å
charged solids 31%
polymerization tempc 90 °C
hold timed 30 min

a Based on 100 parts monomer. b Time for which the reactor is
kept at temperture following the end of monomer feeds.
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sizes were measured with hydrodynamic chromatogra-
phy (HDC) which is believed to underestimate the
actual diameter because the monomer component in the
hydrocarbon mixture has an affinity for the column
packing material, polystyrene beads.

A sense of the solution conditions in the hydrocarbon
mixture under which the initial stage low molecular
weight polymer phase separates can be obtained with
the data in Table 3. At 75 min, the amount of polymer
formed in the emulsion is 4 wt % or in terms of
instantaneous conversion 30%. This is sufficient to

establish the surface polymer layer. Considering only
the dispersed particles themselves, this corresponds to
a polymer solution concentration in the hydrocarbon
mixture of approximately 13 wt %, assuming a uniform
distribution throughout the particle, or 34 wt % if all of
the polymer is concentrated in an outer shell of 0.0300
µm thick. Another assumption involved with these
calculations is that the hydrocarbon mixture is com-
pletely associated with the particle; i.e., no reservoir
exists in the dispersion. At this point of the polymeri-
zation, the composition of the mixture has decreased
from 45 wt % monomer to approximately 36 wt %.

During the addition of the second monomer charge,
the conversion kinetics could be adjusted by variation
of the rates at which the monomer and the initiator
streams are fed. It was found that uniform conversion
kinetics during both stages of the process is ideal in
terms of encapsulation and morphology. Accelerating
the kinetics during the stabilization stage can reverse
the extent of encapsulation, while slowing the kinetics

Figure 3. Transmission electron micrographs of samples removed during seeded encapsulation process: (a) early encapsulation
stage, (b) intermediate encapsulation stage, (c) end of encapsulation stage, and (d) intermediate stabilization stage.

Table 3. Instantaneous Percent Monomer Conversion
and Particle Size as a Function of Polymerization Time

polymerization time
(min)

instantaneous
% conversion particle size (µm)

75 31.6 0.1800
150 58.3 0.3000
225 91.2 0.3700
300 92.2 0.4000
final 99.9 0.4100
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would lead to swelling of the particles and a thickening
of the shell polymer.

The experimental particle diameter growth data can
be compared with calculated estimates based on simple
geometric equations knowing the number of seeds and
the densities of the components. Four curves are dis-
played in Figure 4. Two represent replicates of the HDC
experimental data mentioned above. The other two are
calculated. The curve identified as “full encapsulation”
assumes that the monomer and hydrocarbon are com-
pletely associated with the seed; i.e., no monomer-
hydrocarbon reservoirs exist in the emulsion. The curve
labeled “no encapsulation” assumes that only polymer
is associated with the seed; i.e., instantaneous conver-
sion is very high. The experimental curves are situated
intermediate between the two calculated curves except
during the latter third of the process where it ap-
proaches the full encapsulation curve. These data sug-
gest that a monomer-hydrocarbon reservoir exists
throughout the first two-thirds of the process even
though a shell polymer is in place. Thus, diffusion of
both nonsolvent hydrocarbon and monomer into the
particle appears to be possible beyond the encapsulation
stage. This is reinforced by the electron microscopic
data, shown previously, illustrating that the particle
size distribution narrows during this intermediate stage
of the process. The HDC data in Figure 4 can, however,
be compromised by the following factors: extraction of
styrene monomer into the column packing, the fragility
of the particles to shear forces in the HDC column, and
the detection software which depends on UV adsorption
to calculate the particle size distribution.17 Independent
of this, the reproducibility of these data is very good as
also shown in Figure 4.

The above data indicate that this process is compli-
cated, influenced by a number of convoluted thermody-
namic and kinetic factors. It could be described as a
dispersed solution polymerization in a mixed solvent
system, the good solvent component being monomer. As
monomer is consumed, the polymer phase separates and
fills the particle from the surface inward. The ultimate
morphology is defined by the extent the phase separa-
tion is allowed to proceed. This is controlled in the
process by the start time of the continuously added

monomer charge that forms a network copolymer. This
process is also complicated by some nontraditional
aqueous phase serum chemistry for an emulsion polym-
erization due to the presence of the alcohol. Though the
thermodynamic and kinetic aspects of this process are
convoluted, experimental variables could be adjusted to
gain control over morphology, monodispersity, the ex-
tent of encapsulation, and the amount of coagulation.
These will be described below.

Variables. (a) Initial Stage Polymer Molecular
Weight. It has been observed that low molecular weight
polymer must be made initially in order to encapsulate
the hydrocarbon mixture. If the polymer has a molecular
weight greater than 100 000, the hydrocarbon tends to
concentrate as a layer on the top surface of the emulsion.
The particle diameter growth curve for the polymeri-
zation where none of the isooctane is encapsulated is
included in Figure 4.

The molecular weight of the initial stage polymer is
influenced by the amount of chain transfer agent (CTA),
the initiator concentration, and the amount of alcohol
present. The most efficient variable to control molecular
weight was the CTA level and type. Encapsulation has
been found to be maximized with a molecular weight
below 50 000. For the recipe in Table 2, the molecular
weight was typically around 8000.

The initial stage polymer later becomes the locus of
a network polymerization. During this transition, po-
lymerization occurs in the presence of the CTA as well
as cross-linking monomer. Controlling the growth in
molecular weight is important to optimize encapsulation
and the shell thickness of the hollow particle. Various
CTAs were examined in terms of their efficiency and
longevity. The molecular weight of the initial stage
polymer was obtained with gel permeation chromatog-
raphy (GPC) over an extended period of time. The goal
was to define conditions under which polymer of con-
tinuously increasing molecular weight was formed and
to minimize the influence of the CTA in the second stage
of the process. The CTAs examined consisted of mer-
captans and dimercaptans. They included tert-dodecyl
mercaptan (TDDM, 1), ethylcyclohexyl dimercaptan
(ECDM, 2), and dipentene dimercaptan (DPDM, 3).
Each were studied at equal molar concentrations. It
could be expected that, as the second active hydrogen
of the mercaptan undergoes reaction, the average mo-
lecular weight of the polymer would increase.

Figure 5 contains a series of GPC traces character-
izing the influence of these three mercaptans on the
molecular weight of the initial stage polymer as a
function of time. Figure 5a describes the molecular

Figure 4. Calculated particle size with and without encap-
sulation compared with experimental data.
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weight variation over 2.5 h without any CTA present.
Figure 5b indicates the influence of TDDM in the same
monomer mixture over the same time period. Figure 5c
is identical data except that the dimercaptan, DPDM,
is present. In addition to the decrease in the molecular
weight relative to the control, the dimercaptans give a
unique time dependence to the molecular weight change.
That is, the average molecular weight shifts to higher
values as the initial stage polymerizes. This was inter-

preted as indicating that, after incorporation of the
dimercaptan into a polymer chain, the second active
hydrogen contributes to the development of molecular
weight. This differs from the monomodal, uniform
molecular weight generated with the TDDM system
over time.

The weight-average molecular weight values are
plotted as a function of time in Figure 6. The molecular
weight decrease over time for the polymerization with-
out mercaptan, as well as for that with the TDDM, is
believed to be associated with the decrease in the
amount of monomer present as the conversion increases.
The molecular weight for the initial stage polymer made
without any mercaptan is still quite small under these
polymerization conditions. This is related to both alcohol
being present, as will be discussed later, and the fact
that the locus of polymerization is a diluted solution of
monomer. It is also apparent in the figure that with the
dimercaptans the initial molecular weight is the small-
est and tends to increase over the course of the polym-
erization. This increase is most prominent with DPDM.
The molecular weight transition facilitated with the
dimercaptans proved most effective in ensuring that the
hydrocarbon was fully encapsulated.

In addition to encapsulation, the regularity of the
shell structure is influenced by the molecular weight.
Figure 7 contains the electron micrographs of the
particles near the end of the encapsulation stage formed
in the presence of various amounts of TDDM. These
electron micrographs are of samples all at 33 wt %
instantaneous monomer conversion. The specific mo-
lecular weights are given in Table 4. These micrographs
characterize the phase separation early in the process
and introduce another critical variable for particle
morphology, the shear in the reactor. It is apparent that
as the TDDM increases and the molecular weight
decreases, the particles become more irregular and
distorted. Without the chain transfer agent, the par-
ticles have greater uniformity and have undergone the
largest amount of phase separation (Figure 7a), ap-
proaching the microdomain morphology as the polymer
spreads throughout the particle. All the data in Figure
7 were obtained under the same reactor agitation

Figure 5. Overlaid GPC samples of polymer from batch stage
with (a) no CTA, (b) with TDDM, and with (c) DPDM.

Figure 6. Weight-average molecular weight of batch polymer
as a function of time and chain transfer type.
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conditions which were sufficient to mix the hydrocarbon
throughout the continuous phase. This agitation was
provided by a typical reactor stirrer: no high shear
mechanical mixing equipment is required in this pro-
cess. By balancing the shear within the reactor and the
molecular weight, a range of polymerization conditions
were defined that maximized the uniformity of a given
morphology.

It was also possible to monitor the molecular weight
growth over both stages of the process described in
Table 1 by replacing the DVB with styrene. This
ensured generation of linear polymer throughout which
could be analyzed by GPC without any ambiguity. The
molecular weight formed later in the process was
observed to be significantly higher than the initial stage

polymer. This is illustrated in the overlaid GPC curves
in Figure 8. This is interpreted as due to the fact that
the locus of polymerization changes as the polymeriza-
tion proceeds.

Figure 7. Transmission electron micrographs of encapsulation stage latex particles made with (a) no, (b) 0.3 part, (c) 0.6 part,
and (d) 1.2 parts TDDM.

Table 4. Weight-Average Molecular Weight of Batch
Polymer Made with Various Levels of TDDM

TDDM level (parts) Mw

0 18000
0.6 5900
1.2 3400

Figure 8. Overlaid GPC traces of polymer made during
encapsulation process without any DVB.
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(b) Water-Miscible Alcohol. The water-miscible
alcohol plays a crucial role in this process influencing
molecular weight development, the solubility and trans-
port properties of the serum phase of the emulsion, the
interfacial tensions, and the polymerization kinetics.

The influence of alcohol level and type on the molec-
ular weight of the initial stage polymer is shown in
Table 5. These data are for the process run at 70 °C.
(Note: the previous data were for the 90 °C process;
Table 2.) By introducing an alcohol, the molecular
weight decreased substantially with the effect becoming
more pronounced as the level increases. On a relative
basis, 2-propanol appears to be the most effective.

The actual causes for the molecular weight decrease,
however, are ambiguous in that a number of phenomena
occur when alcohol is introduced into the serum of this
emulsion polymerization. For example, in the absence
of alcohol, encapsulation is limited, and the polymeri-
zation is similar to a traditional emulsion polymeriza-
tion with the hydrocarbon layered on the surface of the
latex. The locus of polymerization is within the monomer-
swollen particle instead of within the dispersed hydro-
carbon-monomer-polymer mixture. The molecular
weight is comparable to that expected from emulsion
polymerization theory.19 Thus, introducing alcohol
changes the nature of the polymerization locus, diluting
the monomer, creating solution like polymerization
conditions.

Further, the alcohol can participate in a chain trans-
fer reaction with the growing polymer chains20 and an
oxidation reaction with the thermal initiator, sodium
persulfate.21,22 The reaction with the thermal initiator
involves the oxidation of the alcohol by a free-radical
mechanism.23 This is a competitive reaction for the
persulfate radicals. In addition, the solubility and
transport properties of the serum phase change signifi-
cantly with the addition of alcohol. This would be
expected to affect the adsorption and desorption of
oligomeric radicals, a variable critical to the modeling
of emulsion polymerization.24 All the above interactions
would change the nature of the polymerization, with the
ultimate effect, observed through experiment, being a
lowering of the molecular weight and a slowing of the
conversion kinetics. The kinetic data will be discussed
in more detail in the following section.

The efficiency of the encapsulation of the isooctane
in the presence of alcohol is related to the lowering of
the interfacial tensions in this emulsion system. This
will become more apparent when discussing the equi-
librium model for this process in a later section. The
interfacial tensions, however, can be examined by
experiment. The various surfaces in this process are
illustrated in Figure 9. The system is comprised of three
distinct phases. These include the relatively large
droplets of the monomer-hydrocarbon mixture having
an organic-aqueous interface (phase I) and two phases
within the relatively small latex particles, a polymer-
rich phase (phase II) as well as a hydrocarbon-rich

phase (phase III). The quantitative relationships gov-
erning the effect of the interfacial tension on the
chemical potentials in these three phases are also
contained in the figure. They are described in terms of
the activity of species, i, in which i may be styrene,
isooctane, or polystyrene.

Because of the large diameter of the hydrocarbon-
monomer droplet, the interfacial tension effect on its
constituents can be ignored (eq A, Figure 9). For a latex
particle without phase separation, the effect of interfa-
cial tension is given by eq B. When phase separation is
present, eq C is applicable. It indicates that the chemical
potentials of the species in the core of the particle are
modified by both the interfacial tension at the particle/
aqueous interface and that between the two phases
within the particle. The latter is considered to be small
and will be ignored. This analysis illustrates that the
equilibrium between the monomer-hydrocarbon droplet
and the latex particle is influenced significantly by
interfacial tension.

To estimate the magnitude of the effect of interfacial
tension, it was thought important to examine the
various surfaces in this process. Methanol is a constitu-
ent in the continuous phase of this emulsion polymer-
ization. Over the course of the work, it was varied in a
range of 10-30 wt % of the aqueous phase. The recipe
in Table 2 indicates a level of approximately 10 wt % in
the water. The influence of methanol on the aqueous-
hydrocarbon interfacial tension was substantiated by
experiment. This involved measurements of the inter-
facial tension of the aqueous-methanol interface against
isooctane, ethylbenzene, and an 80/20 mixture of poly-
styrene and ethylbenzene. Ethylbenzene was used in

Table 5. Weight-Average Molecular Weight of Batch
Polymer Made in the Presence of Various Alcohols

alcohol weight %a Mw

none 323 000
methanol 16 183 000
methanol 32 125 000
2-propanol 16 133 000
ethanol 16 176 000

a Based on aqueous phase.

Figure 9. Interfacial tension effect on activities of phases in
process.
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these experiments as a substitute for styrene, a more
reactive and hazardous hydrocarbon. These data are
plotted in Figure 10. Included for comparison are data
for the air/aqueous methanol interface as compared to
literature values.25 Consistently, the interfacial tension
decreases as methanol level increases up to a 10% level.
Beyond that level, little effect is observed. Also, the rate
of change is largest for the isooctane/aqueous methanol
interface. Experimental data indicated that encapsula-
tion was maximized in the presence of methanol, and
the level present was minimized to approximately 10
wt % in the aqueous phase based on these data.

(c) Conversion Kinetics. During the course of this
study, a variety of polymerization conditions were
examined to optimize the morphology, reduce polymer-
ization time, and minimize any coagulated polymer
produced in the process. This involved variation in
process variables such as temperature and feed rates
as well as recipe components such as alcohol level and
type, surfactant system, initiator concentration, and
monomer composition. The process described in Table
1 was effective in making monodispersed hollow par-
ticles with complete encapsulation of the hydrocarbon
with minimal waste. It will be the focus of our descrip-
tion of conversion kinetics.

In the transition from the encapsulation stage of this
process to the stabilization stage, the conversion kinetics
were intentionally kept constant. As mentioned, ac-
celerating the kinetics during the stabilization stage
diminished the amount of hydrocarbon that was encap-
sulated, while slowing the conversion led to swelling of
the polymerization locus, thickening the polymer shell.
The amount of coagulated latex also increased as the
conversion rates slowed.

Independent of the change in polymerization loci from
a hydrocarbon solution to a phase separated polymer,
the conversion kinetics could be made uniform by
varying the amount of persulfate introduced into the
process over the stages of the polymerization (Table 2).
One would expect the polymerization to accelerate when
it occurs within the matrix of phase separated polymer
relative to the initial solution conditions. By decreasing

the rate at which persulfate was added during the latter
stage of the encapsulation, the kinetics could be moder-
ated. In Figure 11 the instantaneous percent monomer
conversion versus time is plotted. This figure covers the
conversion of both the encapsulation as well as for the
stabilizing stages, the latter with and without DVB.
There is little or no apparent difference in the rate of
polymerization for these stages with DVB present.
However, the rate of polymerization is lower for the
DVB-free process due to the absence of the Trommsdorff
effect.26

In the previous section, mention was made of the
effect alcohol had on molecular weight, and reference
was made to it also having a significant influence on
polymerization kinetics. Quantitative data describing
the kinetic effect are contained in Figure 12. It is
apparent in Figure 12A that introducing methanol into
the process decidedly slowed the conversion kinetics.

Figure 10. Interfacial tension values between various ma-
terials, or mixtures, and water-methanol solutions.

Figure 11. Instantaneous percent monomer conversion as a
function of polymerization time conducted with and without
the cross-linker DVB.

Figure 12. Instantaneous percent monomer conversion as a
function of polymerization time conducted with and without
methanol.
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Figure 13 provides an explanation in that the particle
size in the presence of alcohol is considerably larger that
in its absence, again indicating the improved level of
hydrocarbon encapsulation occurring with alcohol.

(d) Particle Size Control. In an emulsion polym-
erization, nucleation sites can be established by various
mechanisms.27 The easiest way to control particle size
is through the use of seed particles that are introduced
into the initial reactor charge. This seeded approach has
other advantages, such as narrowing the particle size
distribution and minimizing the use of surfactants or
other stabilizing species. The latter can introduce foam-
ing tendencies to a latex and water sensitivity to films
made from these dispersions. When an emulsion po-
lymerization is under seed control, the final particle size
is identical to that determined by a simple geometric
calculation involving the density of the polymer, the
weight and diameter of the initial seed charged, and the
volume of monomer incorporated into the particle. In a
traditional emulsion polymerization, seed control exists
over a particle size range for a given seed size. For
example, attempting to make a very large particle, e.g.,
1 µm, from a small seed, e0.1 µm, produces a secondary
crop of smaller particles. This is caused by the surface
area being decreased during particle growth, leading to
desorbed surfactant stabilizing additional nucleation
sites during the course of the polymerization.28

This encapsulation process exhibits seed control. The
final particle size was identical to that calculated, as
described above, with the hydrocarbon fraction included
as a volume component. Figure 14 compares the final
particle diameters obtained for a series of seed of
increasing diameter. The dotted line was calculated on
the basis of the seed controlling the final particle size.
These seeds are characterized in terms of their diam-
eters and molecular weights in Table 6. In this series,
cross-linked polystyrene hollow particles were made
with a 33% void fraction except for the 1 µm particle,
which had a 50% void fraction. Seed control is exhibited
over a finite size range depending on the particular seed.
In this process loss of seed control is characterized by
the experimental diameter being below that calculated.
This was caused by the generation of a second popula-

tion of smaller particles. Because of the dependence of
the conversion kinetics on the particle size, the start
time of the continuously added stream and the feed
rates were adjusted for each seed type and level to
ensure similar instantaneous conversions during the
course of the process. From the figure it can be seen
that the 0.0280 µm diameter seed maintains seed
control from 0.2500 up to 0.4500 µm. This range of seed
control was extended to 0.5800 µm with the 0.0650 µm
seed and to 0.7500 µm with the 0.1750 µm seed. The
1.0 µm particle was obtained with a seed having a
diameter of 0.3200 µm.

As seen in the Table 6, the seeds in the above study
varied not only in size but also in molecular weight. The
reason for this is that the large seeds needed to
successfully make the large hollow particles were a
significant weight fraction of the initial stage polymer.
Since low molecular weight initial stage polymer is
needed to ensure encapsulation of the hydrocarbon,
adjustments to seed molecular weight and composition
were examined to ensure adequate swelling and encap-
sulation of the hydrocarbon mixture early in the process.
For example, making the 1 µm particle with a 50% void
fraction of hydrocarbon with a seed of 0.32 µm, the seed
polymer weight introduced into the initial charge will
be approximately 7% of the final particle weight. This
seed concentration amounts to a significant percentage
of the polymer in the initial charge during the encap-
sulation stage. For example, in all the data present so
far in this paper, 30% of the monomer to be polymerized
was in the initial charge, with 70% continuously added
during the stabilization stage. With the instantaneous
conversion level of approximately 33%, cited previously
as necessary to establish a surface locus, the seed would
constitute approximately 40% of the polymer in the
initial charge at the start time of the continuously added

Figure 13. Latex particle size as a function of polymerization
time conducted with and without methanol.

Figure 14. Actual versus calculated particle size of latexes
made with seeds of various sizes.

Table 6. Apparent Molecular Weight of Latex Seeds

seed size (µm) Mn Mw

0.028 18 700 61 200
0.065 46 400 236 000
0.175a 26 000 134 000
0.320 8 100 52 400

a Insoluble gel present.
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monomer charge. To ensure encapsulation and morpho-
logical control with large particles with large void
fractions, the molecular weight of the seed, the instan-
taneous conversion at the point at which the second
monomer charge was introduced, and the ratio of
monomer in the initial charge and continuously added
stream were examined. Low molecular weight seed
proved affective in making a large hollow particle with
this process with a 50% void fraction.

Equilibrium Model. In dealing with the thermody-
namics of encapsulation in an emulsion polymerization,
there has been a significant development of ideas in the
literature. Thermodynamic control of particle morphol-
ogy has been described predominantly in terms of the
interfacial energies between the components.29,30 The
simplest model experimentally examining the role of
surface tension was described by Torza and Mason with
their study of two immiscible hydrocarbons in water.31

This concept was later expanded to polymer/hydrocar-
bon particles32,33 and multipolymer particles.34 The
preferred morphology in these theories is defined as that
which has the lowest interfacial free energy. However,
the situation is complicated by the fact that thermody-
namic equilibrium is assumed. This can be achieved
with model hydrocarbon systems but may not be ap-
plicable during a polymerization. Furthermore, compo-
nents typically in an emulsion polymerization, such as
initiator type and level, monomer types, and surfactant,
all influence the final morphology.35,36 Independent of
the physical assumption, sufficient data are frequently
not available for applying a theory, e.g., interfacial
energies between the components.

We have modeled the complex equilibria between the
three distinct phases present in this process. These
phases were defined in Figure 9 and included the free
droplets of the hydrocarbon mixture (phase I), the
polymer-rich phase within the particle (phase II), and
the nonsolvent phase within the particle (phase III).
Utilizing the Flory-Huggins equation for the free
energy of mixing and the Gibbs-Thomas equation for
the interfacial free energy,37 a set of three equilibrium
equations was constructed, one for each component. This
involved defining the interaction parameters, ø values,
and an assumption of the polymer molecular weight,
which in this case was 10 000. The former were defined
from the literature as well as experiment. Table 7 shows
the values used in the simulation. Calculation of the
corresponding equilibrium compositions involved solving
these simultaneous equations. This was performed
using the MINPACK subroutine HYBRD which utilizes
a modified Powell hybrid method.38

Figure 15 is a ternary diagram for the calculated
equilibrium within the growing polymer particle which
designates the single-phase and two-phase regions. It
identifies the compositions of phase II and phase III as
well as the interfacial tension between phase I and II
for the equilibrium condition between all three phases.
Included in the figure is the compositional path the
encapsulation process takes during the initial stage
(Table 2). The desired phenomenon for encapsulation
is for phase II and phase III to be stable relative to

phase I. This will occur if the overall system composition
is within the two-phase region and if the surface tension
term is less than that which defines an equilibrium
between all three phases. Included in the diagram are
values for the interfacial free energy term (σV/rRT) of
the organic droplets used in the model.

There are several significant details in this diagram.
First, at a high interfacial free energy, the dispersion
of the mixed hydrocarbon will not be stable. Only
relatively large suspension-size reservoirs of the hydro-
carbon mixture are present dispersed by the agitation
in the reactor. Under these conditions encapsulation
becomes problematic. Without a well-dispersed hydro-
carbon mixture, styrene monomer dominates the migra-
tion from the organic mixture to the nucleation sites,
as in a traditional emulsion polymerization. This leads
to single-phase polymer particles. Second, the instan-
taneous composition of the batch is critical to producing
the desired structure. Too low of an instantaneous
monomer conversion results in a styrene-rich hydrocar-
bon phase, which can solubilize the polymer. Composi-
tionally, it is best to keep the system near the plait
point; i.e., the homogeneous phase is on the verge of
becoming two phases. This allows for the largest pos-
sible interfacial free energy while still providing for
phase III to be stable relative to phase I.

Once the swollen polymer is formed on the surface of
the hydrocarbon mixture, it will act as a monomer sink
and a locus for adsorption of radicals from the continu-
ous phase as in any emulsion polymerization. This is
true provided the instantaneous compositions remains
such that the polymer layer does not become solubilized
by the hydrocarbon mixture, phase III. Cross-linking
and increasing the molecular weight of the polymer
layer ensures that as more styrene is introduced the
phase-separated polymer is not excessively swollen or
dispersed throughout phase III.

This simulation was expanded to consider the influ-
ence of high molecular weight polymer on these phase
equilibria. The experimental data indicated that encap-
sulation was minimized if such a polymer was made
initially. Since solubility is inversely proportional to the
molecular weight, phase III will have a zero polymer

Table 7. ø Values in the Simulations

interaction ø value

nonsolvent-solvent 0.5
solvent-polymer 0.43
nonsolvent-polymer 1.0

Figure 15. Equilibrium ternary diagram of phases within the
particle (MW ) 10 000).
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concentration under these conditions. Further if surface
tension is ignored, there would be no thermodynamic
difference between phase I and III. Both could therefore
coexist at any ratio. If surface tension effects are
present, phase III becomes unstable relative to phase
I. Figure 16 shows the superimposed ternary diagrams
derived from the model for the phase I/II equilibrium
and phase II/III at infinite molecular weight. Superim-
posing the ternary diagrams shows the regions where
multiphase systems are preferred. In the region without
lines, a single organic phase is most stable, that is, a
region of low isooctane and a significant styrene mono-
mer/polymer concentration. In the region of parallel
lines, a two-phase system consisting of phases I and II
is more stable than a single organic phase characterized
in the diagram. The crosshatched region represents
where the two-phase system, phases II and III, is more
stable than a single phase but less stable than the two-
phase system, phases I and II. This model adequately
describes the experimental finding that encapsulation
with high molecular polymer is problematic, ultimately
producing a polymer latex (phase II) and a separate
nonsolvent layer (phase I).

This equilibrium modeling, however, oversimplifies
this encapsulation system in a number of ways. The two
ternary diagrams actually represent the initial and final
states of this process. The nature of the transition
between the two states is not addressed. It is apparent
that the low molecular weight polymer formed initially
has to become sufficiently stable as a shell that it
behaves as a barrier to inversion. The inverted system
is predicted by the model to be the most stable during
formation of the high molecular weight (cross-linked)
polymer matrix. Understanding the optimal instanteous
conversion and kinetic conditions that facilitated full
encapsulation had to be addressed empirically as de-
scribed previously.

Another simplification involves ignoring mass trans-
port limitations. To maintain equilibrium, it is obvious
that the mass transport between the phases must be

relatively fast as compared to the polymerization kinet-
ics. The alcohol is expected to help in this regard,
facilitating the transport of monomer, hydrocarbon, and
oligomeric radicals from the droplets and serum phase
of the emulsion to and between particles.

There are also a number of mathematical limitations
in this equilibrium model which eliminate the possibility
of utilizing them quantitatively. For simplicity, the
polymer molecular weight is assumed to be monodis-
persed. In addition, the ø parameters were assumed to
be independent of concentration and temperature. Fur-
ther, the effects of initiator, acid comonomers, and
alcohol are ignored.

Conclusions
It is possible to encapsulate within an emulsion

polymerization a nonsolvent hydrocarbon for the poly-
mer. A two-stage process enables formation of latex
particles with voids. Particle morphology can be ad-
justed over a wide latitude from hollow or diffuse
microvoids. The two stages of the process are distin-
guished by the molecular weight of the polymer being
formed. Initially a low molecular weight polymer is
synthesized in a batch charge containing both the
monomer and hydrocarbon. As monomer is consumed,
the polymer phase separates predominately near the
surface of the dispersed mixture. Subsequently, this
shell polymer serves as a locus for the development of
a cross-linked network. Kinetic and thermodynamic
variables are crucial to the control of morphology and
the extent of encapsulation. These include the level of
conversion of the initial batch charge of monomer prior
to formation of the network, an amount of water-
miscible alcohol present in the continuous phase, and
the instantaneous level of conversion during the forma-
tion of the network. An equilibrium model was devel-
oped on the basis of the Flory-Huggins theory that was
successful in characterizing the initial and final stages
of this process.
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