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ABSTRACT: The ability to synthesize core/shell particles with distinct geometries is becoming increasingly
important due to their potential applications. In this study structured particles with liquid cores and
polymeric shells were synthesized by an in situ miniemulsion polymerization reaction. The resulting
materials were used to evaluate morphology prediction models based on thermodynamic considerations.
Results showed that thermodynamic models are inadequate for the morphology prediction of in situ
polymerized species. For particles prepared in this way, kinetic influences, e.g. anchoring effects, chain
mobility, and viscosity, play a significant role in defining the end morphology of the particles.

Introduction

Core/shell particles have received considerable atten-
tion over the past decades.1,2 Because of the distinct
geometry of core/shell particles, numerous applications
have evolved which include impact modifiers and tough-
ening agents. As a result of the versatility of the core/
shell morphology concept, different core materials are
being investigated, leading to terminology such as
microcapsules, encapsulation, container particles, and
even voided particles. Hollow or void filled particles can
serve as synthetic pigments to contribute to the opacity
of coatings through light scattering or as gloss enhanc-
ers for paper coatings.3 When filled with a liquid, these
microcapsules can be used as controlled and sustained
drug delivery systems in the pharmaceutical industry,4,5

to prevent encapsulated volatile compounds from evapo-
ration or susceptible compounds from oxidative decom-
position and for safe handling of toxic substances.

Core/shell particles can be prepared via various routes
of which a two-stage seeded emulsion polymerization
was the first general method developed to prepare latex
particles featuring this unique structure.6 In this in-
stance the second stage monomer is polymerized in the
presence of the core seed latex which can either be
prepared beforehand in a separate step (so-called “dead”
or inactive seeding) or in situ during the emulsion
polymerization (so-called “live” or active seeding). Other
methods soon followed such as suspension cross-link-
ing,7 coacervation,8 interfacial polymerization,9 solvent
evaporation,10 and vesicle template polymerization.11

The synthetic route for the preparation of core/shell
particles with liquid cores is slightly different from the
conventional emulsion polymerization systems because
of the high hydrophobicity and low water solubility of
the core oil. In conventional emulsions no transport of
the core liquid into micelles will take place. This
ultimately results in an oily layer being present at the
end of the reaction. Miniemulsion polymerizations,

however, have proved to be a suitable method for the
preparation of these types of systems.12 By subjecting
the oil/water/surfactant/cosurfactant system to high
shear, the oil, which consists of the core liquid and
monomer, will form droplets from which particles will
develop during polymerization. In addition, phase sepa-
ration can take place upon polymerization with conse-
quent formation of particles with the required morphol-
ogy. High shear fields can be created by devices such
as ultrasonicators, homogenizers, and microfluidizers.

Depending on the polymerization parameters and
conditions, the reaction can yield particles with various
morphologies ranging from core/shells, via acorn or
hemispheres, to heteroaggregates or inverted core/
shells. These morphologies can be characterized through
well-established characterization techniques such as
TEM, SEM, or AFM13 and also via less well-known ones,
e.g., solid-state NMR,14 SAXS,15 and dielectric analy-
sis.16

The ability to predict three-phase interactions in
shear and electrical fields was introduced in 1970 by
Torza and Mason, who studied two immiscible hydro-
carbons in water.17 Since then, numerous researchers
have successfully applied this method to predict particle
morphologies by expanding this concept to polymer/
hydrocarbon particles18 as well as polymer/polymer
particles.19 However, this model does not always hold
for emulsion polymerization systems, as shown by
Sundberg et al.20-23 This is a result of the typical
components, e.g., surfactant, initiator, chain transfer
agents, and monomer present in the system, which may
cause deviation from the thermodynamic equilibrium.

In this paper core/shell latexes based on poly(butyl
acrylate) (PBA) as shell, and hexadecane (HD) as core
liquid, are studied. Different combinations of low-
viscosity core liquids and polymer were evaluated in
terms of surface and interfacial tensions, followed by
morphology predictions for the different permutations.
The core oils were selected on the basis of their different
hydrophobicities. PMMA was chosen to act as a second
(glassy) shell around the initial rubbery shell to increase
the particle strength and stability during analysis. The
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particles were synthesized using a miniemulsion po-
lymerization process followed by a redox-grafting po-
lymerization step to accomplish the secondary shell
formation.

Experimental Section

Materials. Butyl acrylate (BA, 99.5%) (Hoechst) and methyl
methacrylate (MMA, 99.9%) (ICI Chemicals and Polymers)
were washed with a 0.3 M potassium hydroxide (KOH, 85%)
(Associated Chemical Enterprises) solution, followed by distil-
lation at reduced pressure to remove the inhibitor. Monomers
were stored at -12 °C prior to use. Sodium dodecyl sulfate
(SDS, 90%) (BDH); potassium persulfate (KPS, 99+%), sodium
metabisulfite (SMBS, 97%), iron(II) sulfate (FeSO4, 99+%),
ethylene glycol dimethacrylate (EGDMA, 98%), cumyl hydro-
peroxide (CHP, 80%), sodium formaldehyde sulfoxylate (SFS)
(all Aldrich); toluene (99.9%) (Riedel-de Haën); ethylenedi-
aminetetraacetic acid, disodium salt (EDTA, 99%), methanol
(MeOH, 99.8%) (both ACROS); and sodium bicarbonate (99.5%)
(Saarchem) were used as received. Distilled deionized water,
obtained from a Millipore Milli-Q purification system, was
used. Hexadecane (HD, 99%), decane (D, 99+%), 1-octanol (O,
98%) (all ACROS), paraffin oil (PO), olive oil (OO, highly
refined) (both from Aldrich), and silicon oil (SO) (SA Silicones)
were employed as possible core oils. 1,1′-Azobis(cyclohexane-
carbonitrile) (98%) (Aldrich) was used as received, and 2,2′-
azobis(isobutyronitrile) (AIBN, 98%) (Delta Scientific) was
recrystallized from methanol.

Polymerization of BA for Surface Tension Experi-
ments. PBA was synthesized by free-radical solution polym-
erization in order to ensure a surfactant-free polymer, which
would otherwise have a significant influence on surface tension
evaluations due to surfactant interaction. Toluene (269 g) and
monomer (89 g, 6.94 × 10-1 mol) were added into a 500 mL
round-bottom flask which was immersed in a heated oil bath.
The flask was equipped with a reflux condenser and nitrogen
feed. The initiator 1,1′-azobis(cyclohexanecarbonitrile) (0.45 g
(1.84 × 10-3 mol) in 2 g of toluene) was added, and the reaction
was allowed to continue for 21 h at 70 °C. The molar mass
(Mw) of the synthesized PBA was 94 561 g/mol (Mw/Mn ) 2.76)
relative to narrow PMMA standards.

Latex Synthesis. PBA/HD core/shell particles were syn-
thesized by a miniemulsion polymerization reaction (formula-
tion shown in Table 1). Butyl acrylate, hexadecane, and sodium
bicarbonate were premixed with a SDS/water solution for 1
h, after which a miniemulsion was obtained by sonicating the
mixture with a Sonics & Materials Inc. Vibracell VCX 750
ultrasonicator for 30 min at 90% amplitude (161.69 kJ). During

this period the solution was continuously stirred in a jacketed
vessel to avoid polymerization due to heating. After miniemul-
sification the solution was transferred to a 250 mL glass
reactor, suspended in a thermostated oil bath and equipped
with a condenser and nitrogen purge. Polymerization was
achieved by adding KPS initiator and SMBS at 80 °C.
Continuous purging was performed by bubbling nitrogen
through the latex solution. EGDMA (30 wt % to monomer) was
added 45 min after the start of the reaction to give more
stability to the rubbery shell through cross-linking. The
reaction was allowed to continue for 3.5 h, after which it was
cooled to 50 °C.

To add a second shell, a redox initiator system consisting
of cumyl hydroperoxide/Fe2+/ethylenediaminetetraacetic acid/
sodium formaldehyde sulfoxylate (CHP-Fe2+-EDTA-SFS)
was used in the grafting of MMA onto the PBA shell.

EDTA was used as chelating agent and SFS as reducing
agent24,25 to reduce Fe3+ to Fe2+ during the redox polymeriza-
tion. A schematic representation of the reaction can be seen
in Figure 1.

Interfacial and Surface Tension Measurements and
Consequent Spreading Coefficient Calculations. To be
able to predict morphology, it is necessary to preevaluate the
surface properties of the polymer, oils, and surfactant/cosur-
factant in question. This was done by using a torsion balance
and a platinum Du Noüy ring for surface tension evaluations
of the different oils and for interfacial tension measurements

Figure 1. Schematic representation of the grafting reaction between MMA and PBA in the presence of an interfacial redox
initiator system.

Table 1. Typical Formulation for a PBA/HD Core/Shell
Polymerization

(g) (mmol)

kettle charge
SDS 0.7 2.427
DDI 70
BA 3.85 30.038
hexadecane 3.01 13.292
sodium bicarbonate 0.204 2.428

initiator solution
KPS 0.0247 0.091
SMBS 0.0174 0.092

purge gas
N2

cross-linker
EGDMA 1.16 5.852

graft reaction
MMA 3.85 38.454
CHP 0.25 1.643
FeSO4‚7H2O 0.0104 0.037
EDTA 0.4 1.075
SFS 0.4 2.595
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of the oil/water combinations. Interactions between the poly-
mer and oils, as well as polymer/water interactions, were
evaluated by using a Cahn DCA contact angle analyzer. For
contact angle evaluations polymer samples were prepared by
dip-coating nylon strings into a polymer solution and allowing
them to dry in a dust-free environment before analysis. The
contact angle could be calculated from force/immersion depth
curves by using the modified Young’s equation26

where F is the force at zero immersion depth, p is the
perimeter of the sample, and γ is the surface tension of the
oil. For the oil/polymer and polymer/water combinations,
Young’s equation27

was used where γsl is the solid/liquid interfacial tension, γsv is
the solid/vapor interfacial tensions, γl is the surface tension
of the liquid, and θ is obtained from eq 1. The value of γsv can
be obtained from literature or can be calculated.27,28 Oil/water
interfacial tensions and surface tensions of the different liquids
(γl) were directly obtained with the torsion balance. However,
values from literature could also be used.29 The Du Noüy ring
was cleaned in concentrated H2SO4 and rinsed with distilled
water and acetone before use and also in between consecutive
measurements for accuracy. For all of the above measurements
at least three readings were taken, and the mean value was
used in further calculations.

As temperature is an important parameter in surface
properties of polymers and oils,30 the temperature was regu-
lated to be 20.5 ( 1 °C and the humidity was kept constant
by conducting experiments in a controlled environment labora-
tory.

Analytical Techniques. Atomic Force Microscopy (AFM).
One droplet of an undiluted latex solution was deposited on
an angularly placed, flat silica surface so that the polymer
formed a smooth film consisting of a few monolayers of latex
particles. Excess water was removed by blotting with filter
paper. AFM experiments were carried out using a Topometrix
Explorer with silicon noncontact tips from Nanosensors GmbH
(Germany). AFM images were obtained at ambient conditions
while operating the instrument in noncontact mode.

Transmission Electron Microscopy (TEM). Samples for TEM
measurements were prepared following a procedure of Sue et
al.,31 who proposed a novel staining technique for studying
saturated polyacrylate rubbers. Sample preparation was done
by precipitating and drying the latex to obtain a fine powder.
The powder was subsequently embedded in Spurr’s resin and
cured at 60 °C for 16 h. The epoxy resin block was then placed
in styrene for 1 h, after which it was washed with water and
patted dry. The block was transferred to a glass jar containing
0.5 g of OsO4 and left there for 3 days to allow adequate
staining by the vapor. To complete the process, the block was
left in a fumehood for 24 h to allow excess OsO4 to evaporate,
after which it was microtomed at ambient temperature with
a Reichart Ultracut S (Leica, Vienna, Austria) ultramicrotome,
with a diamond knife, to produce slices with a thickness of
100 nm. These slices were placed on a copper grid. Analyses
were done on a JEM-200CX (JEOL Ltd., Tokyo, Japan) TEM.

A nondestructive TEM sample preparation procedure was
also followed. For this procedure 2 mL of the latex was added
to an excess of MeOH to aid precipitation of the particles. The
particles were redispersed by shaking and transferred to a
copper TEM grid by pipet. The grid was left to dry at ambient
temperature before analyses were performed. No staining was
applied to the dried particles. Contrast between the core and
shell was the result of the combined effects of the different
path lengths and densities of the constituting materials. This
resulted in increased scattering of the incident e- beam from
the wall material, resulting in a darker region on the TEM
images. Analyses were done on a JEM-200CX and 2000FX
(JEOL Ltd., Tokyo, Japan) TEM. The copper grids were

prepared by the deposition of a thin film of carbon for increased
strength and conductivity of the film.

Results and Discussion
Morphology predictions were conducted using the

methods of Torza and Mason17 as well as of Waters.32,33

Predictions according to Torza and Mason were done
by experimental examination of the interfacial tension
between the three phases (oil/water, oil/polymer, and
polymer/water) of the system. This in turn allowed the
calculation of the spreading coefficients of a specific oil/
polymer system which makes it possible to predict the
morphology, i.e., core/shell or acorn, of the formed
particles. The spreading coefficient is defined as

where γ is the interfacial tension (i, j, and k refer to
the three phases) and designating phase 1 to be that
for which γ12 > γ23 so that S1 < 0. Complete engulfing
(core/shell) occurs if S3 > 0 and S2 < 0. On the other
hand, partial engulfing (acorn shape) will be preferred
when S2 < 0 and S3 < 0. A schematic view of the
different configurations with the assigned spreading
coefficients can be seen in Figure 2. In calculation of
the spreading coefficients for the investigated system,
the continuous phase (water, w) was taken as phase 2,
the polymer phase (p) was assigned to phase 1, and the
oil phase (o) was assigned to phase 3. The reason for
this assignment is that it fulfills the requirement γ12 >
γ23.

The value for the γsv of PBA was obtained from
literature and was taken as 33.7 mN m-1.27 Values for
the contact angles between the oil and polymer (θop) and
between the polymer and water (θpw) as well as the
calculated interfacial tensions and spreading coefficients
can be seen in Table 2.

The influence of hexadecane as costabilizer on the oil/
water and oil/polymer interface was also investigated
(Table 2). This was done to confirm work done by
Landfester et al.,34 who reported that hexadecane does
not act as a surface active agent. The hydrophobe will
act as a “superswelling” agent whereas a fatty alcohol,
e.g., cetyl alcohol, is assumed to influence the rigidity
of the oil/water interface or lower the interfacial tension.
However, Table 2 shows a small discrepancy between
costabilized and noncostabilized oil/polymer interfacial
values. The reason for this is that the contact angles
are calculated by eq 1. A small error in the observation
of the force value (F) (as obtained from force/immersion
curves) will result in a large deviation when calculating
the contact angle θ, hence producing variations between
contact angles for costabilized and noncostabilized
systems. However, when the interfacial tension values
are calculated by eq 2, the discrepancy in contact angle
values are again reduced, thus leading to small differ-

θ ) cos-1( F
pγ) (1)

γsl ) γsv - γl cos θ (2)

Figure 2. Schematic representation of different morphological
configurations with the assigned spreading coefficients. The
two immiscible phases (shown here as black and white drops)
are designated as phase 1 and 3. The continuous medium is
phase 2.

Si ) γjk - (γij + γik) (3)
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ences between interfacial tension values, thereby not
influencing spreading coefficients.

In other words, the addition of hexadecane will in no
way influence the interfacial tensions and, therefore, the
outcome of spreading coefficients.

Figure 3 shows the spreading coefficient values and
consequent predicted morphologies for the different
PBA/oil systems.

Although the predictions according to the spreading
coefficients return values such as core/shell or acorn,
care must be taken with the interpretation of these
results. For the spreading predictions to be valid it was
taken that γ12 > γ23. Phase 12 corresponds to the
polymer/water interface and phase 23 to the oil/water
interface, hence showing that the interfacial tension
between the oil and water is lower than the interfacial
tension between the polymer and water. Thermody-
namically, the driving force will therefore be to form an
oil layer between the water and polymer phases because
of the drive to lower energies. This becomes clearer
when looking at predictions done according to the work
of Waters.32,33 In this instance the engulfing polymer is
chosen, and the energy is monitored as a function of
engulfment. Predictions were performed by substituting
the interfacial tension values into

where γij is the interfacial tensions between the P-Wth,
Q-Wth, and P-Qth interface (see Figure 4), υQ is the

volume fraction of the core polymer, φQ is known (0 e
φQ e π), and φp is determined through a reiteration
process. Plots of E/E0 vs φQ where

will indicate whether an intermediate morphology has
a lower interfacial energy than the engulfed structure
and the degree of engulfment which corresponds to the
lowest energy.

Energy traces for the PBA-oil systems are shown in
Figure 4. From this it follows that the energy increases
if the oil is used as the engulfed (Qth) phase and the
polymer as the engulfing (Pth) phase, hence evidently
indicating an inverted core/shell morphology. These
results suggest that the predictions from Torza/Mason
and from Waters both point to an inverted core/shell
morphology. Nevertheless, an experimental verification
of the PBA/HD system was worthwhile.

Evaluation of a PBA/HD Latex System. To check
the validity of the predictions, a PBA/HD latex was
synthesized and analyzed. For initial experiments the
PBA was lightly cross-linked, and no grafting was
performed. Film formation was evaluated after casting
of the latex on a silica substrate. AFM images in Figures
5a-f show clearly the effect of film formation at room
temperature. Non-cross-linked PBA has a Tg of -55 °C,
and even a lightly cross-linked PBA will show immedi-

Table 2. Results Showing the Interfacial Tension (γij) and Spreading Coefficient (Si) Data and Subsequent Predicted
Morphologiesa

PBA oil costabilizer θop θpw γop γpw γow S1 S2 S3

morphology
prediction

D 12.5 73.4 9.3 23.2 7 <0 <0 >0 core/shell
D HD 8.9 73.4 8.8 23.2 6.9 <0 <0 >0 core/shell
HD 48.1 73.4 14.6 23.2 6.7 <0 <0 >0 core/shell
SO 28.3 73.4 13.9 23.2 9.7 <0 <0 <0 acorn
SO HD 29.6 73.4 14.1 23.2 9.7 <0 <0 <0 acorn
OO 60.8 73.4 16.8 23.2 1.7 <0 <0 >0 core/shell
OO HD 57.8 73.4 15.3 23.2 1.7 <0 <0 >0 core/shell
PO 59 73.4 17.4 23.2 9.1 <0 <0 <0 acorn
PO HD 54.3 73.4 15.3 23.2 9.2 <0 <0 <0 acorn
O 36.2 73.4 10.1 23.2 1.1 <0 <0 >0 core/shell
O HD 35.9 73.4 10.1 23.2 1.1 <0 <0 >0 core/shell

a θop and θpw denote the contact angle between the oil/polymer and polymer/water, respectively. γij represents the interfacial tension
value corresponding to the oil/polymer (op), polymer/water (pw), and oil/water (ow) phase (D ) decane, HD ) hexadecane, SO ) silicone
oil, OO ) olive oil, PO ) paraffin oil, O ) 1-octanol).

Figure 3. Graphical representation of spreading coefficients
(Si) and predicted morphologies.

E ) (π/2)1/3(3υQ)2/3[γP-W(1 + cos φp) sin2
φQ/sin2

φp +
γQ-W (1 + cos φQ) + γP-Q(1 - cos φQ)] (4)

Figure 4. Traces showing the change in energy as a function
of φQ (degree of engulfment) for the engulfment of different
oils by PBA.

E0 ) 2(π/2)1/332/3[γP-W + υQ
2/3γP-Q] (5)
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ate spreading at room temperature. In Figure 5b the
presence of “bumps” and “potholes” can be seen. The
bumps represent intact particles while the potholes are
representative of collapsed particles, which point to the
initial formation of core/shell particles (cavities) (Figure
6). At the end of the film formation no more cavities
are left, and a smooth surface can be distinguished in
Figure 5f. Initial AFM experiments therefore show

discrepancies to predictions made, and these discrep-
ancies are backed by additional TEM analyses.

For TEM analyses the initial PBA shell was strength-
ened by cross-linking as well as grafting of methyl
methacrylate (MMA) onto the primary PBA shell.
Strengthening of the particles had to be done for TEM
sample preparation. The lack of stability would lead to
a destroyed morphology during embedding and curing
of the particles in the epoxy resin as well as physical
deformation and extraction of the particles when cut
with a diamond knife during the ultramicrotoming
process.

Figure 7a-d shows TEM images of the particles,
clearly indicating core/shell formation. The stained
areas are representative of the poly(meth)acrylates
while the lighter areas represent the core oil. It is clear
that the morphology predicted does not correspond to

Figure 5. AFM images showing the film formation of PBA/HD core/shell particles at room temperature. (a)-(c) show different
magnifications of the same sample area whereas (b) and (d)-(f), consecutively, show film formation of the same sample area as
a function of time.

Figure 6. Interpretation of “bumps” and “potholes” as seen
during AFM analysis of the film formation of PBA/HD core/
shell particles.
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the morphology that was obtained experimentally.
Clearly, other effects contribute to the formation of
proper core/shell particles, and these effects must over-
rule the thermodynamic effects.

Thermodynamic vs Kinetic Control of Particle
Morphology. Particle morphology can be controlled by
two factors, namely thermodynamics and kinetics.
Unfortunately, the assumption is usually made that the
equilibrium morphology of the final latex composite
particle is determined by the thermodynamic part of the
equation while the kinetic part will only determine the
ease with which the thermodynamically favored mor-
phology can be achieved. As an example, the work of
Torza and Mason can be mentioned where the thermo-
dynamics of the system were the key factor in control-
ling the equilibrium morphology due to the high mobil-
ity of the liquid phases.17 However, in 1985 Cho et al.35

discussed the anchoring effect of ionic terminal groups
that are introduced into the sample through the use of
an ionic initiator. Other factors that were investigated
in their work included swelling time, pH, and viscosity
at the polymerization loci. This was done to explain the
change in particle morphology that takes place during
a polymerization reaction. The difference in hydropho-
bicity of the constituting phases should have an influ-
ence on the outcome of the particle morphology. How-
ever, Cho et al. found that this was not the case but
that morphological changes could rather be related to
the type and concentration of initiator used and to the
polymerization temperature. In the case of potassium
persulfate (KPS) the initiator will fragment into two
identical primary radicals, which will initiate polymer-

ization. However, on entering the droplet the terminal
-SO4

- end group will anchor itself at the water/oil
interface, leading to an anchoring effect and thereby
influencing morphology. A graphical representation is
shown in Figure 8. Because of the surfactant-like nature
of the oligomeric radical (polar headgroup, nonpolar
tail), the anchoring effect will also play an important
role in the reduction of the interfacial tension and in
increasing the surface polarity of the latex particles.

The rate of morphological change from one situation
to the other is dependent on the diffusional resistance
(which is related to chain mobility). A low viscosity at
the polymerization locus will enhance the mobility of
the polymer chains. This will enhance the migration of
the two immiscible phases into two different domains,
thus being able to adopt thermodynamically favored
morphologies. A high local viscosity, on the other hand,
will create a kinetic barrier toward polymer chain
diffusion and decrease the degree of phase separation.
The competition between phase separation and polym-
erization kinetics will be the determining factor in the
generation of nonequilibrium morphologies. Cho et al.
summarized their findings, and this summary can be
seen in Figure 9.35

Further evidence of kinetically controlled particle
morphology was given in 1990 by Mills et al.,36 who
considered the dependence of the morphology on various
factors including rate of diffusion, propagation, termina-
tion, entry, transfer, and exit. To do this, the monomer
and free-radical concentrations in particles were calcu-
lated as a function of position and time using “pseudo-
bulk” equations.37 These equations were extended36 to

Figure 7. TEM images of the synthesized PBA/HD core/shell particles: (a) a low-magnification TEM of the synthesized particles;
(b)-(d) high-magnification images of different sections on the microtomed sample.
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take into account diffusion, spatial inhomogeneities, and
the chain length dependent termination kinetics. In-
stead of only using single free-radical species R(r,t)
(which is the concentration of free radicals as a function

of time and position in a particle), long radicals and
relatively mobile short radicals were considered. Enter-
ing radicals can be seen as long due to the surface
anchoring effect of the hydrophilic end group while

Figure 8. Anchoring effect caused by the interaction between entering radicals and surfactant.

Figure 9. Influence of the degree of anchoring, conversion, and viscosity on the outcome of particle morphology.35
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exiting radicals must be short to be reasonably soluble
in the aqueous phase. A number of very important
deductions were made from these kinetic studies, e.g.,
(1) the probability to produce a core/shell morphology
will increase when the rate coefficient of entry of free
radicals is sufficiently high (e.g., in the case of a redox
initiator), and (2) a higher tendency for core/shell
morphology is possible when the rate of termination is
high relative to the rate of diffusion.

The deviation from thermodynamically controlled
particle morphology has been mentioned by many other
authors including Jönsson et al.38 and Muscato et al.39

A further study into the effect of chain mobility on
the obtained morphology was undertaken by changing
the initiation system. Two aspects of the initiation
system were taken into consideration: first, the anchor-
ing effect, which is present in the case of a charged
primary radical (viz. KPS), and, second, the locus of
generation of primary radicals. In this study the initia-
tor was changed to AIBN as well as to a redox initiator.

For the redox initiator, cumyl hydroperoxide with
Fe2+ was chosen. This system is the same as was used
for the grafting of the MMA onto the initial PBA shell.
CHP is oil-soluble and will enter the droplets when
added to the miniemulsified system. However, CHP only
dissociates with an appreciable rate in conjunction with
the transition metal complex (Fe2+/EDTA), which is
water-soluble. Therefore, the primary radical producing
reaction can only take place at the oil/water interface.
Results of the experiment with redox initiation can be
seen in Figure 10.

AIBN was used as an oil-soluble initiator that will
generate primary radicals throughout the organic phase.
AIBN has no ionic group that can establish surface
anchoring and shows slightly higher rates of dissociation
compared to that of KPS.40 Thus, although AIBN has a
degree of water phase initiation,41,42 the entering radi-
cals will not be able to anchor themselves at the water/
droplet interface, and primary radicals will also be
created in the interior of the latex particle. The result
of the AIBN-initiated polymerization can be seen in
Figure 11.

The main difference between the AIBN-initiated
system and the KPS or CHP/Fe2+-initiated systems is
the solid particles obtained in the former and the core/
shell particles obtained in the latter case. KPS leads to
surface anchoring as discussed above. However, both
CHP and AIBN yield oil-soluble primary radicals that
do not seem to have a particular preference for the oil-
water interface. As mentioned, AIBN and CHP/Fe2+

differ in their locus of primary radical generation. The
essential question then is, how fast is initiation/
propagation compared to diffusion? More precisely, is a

primary radical or short chain oligomer able to diffuse
throughout the particle before it has grown to a chain
length that virtually immobilizes it? An accurate as-
sessment of diffusivity vs polymerization kinetics is
quite complicated. Therefore, we limit the assessment
to an order of magnitude estimation of the so-called
Damköhler number (Da).43 This is a dimensionless
number that indicates whether a reaction is diffusion-
controlled or chemically controlled. The Damköhler
number is defined as follows:

where D is the diffusion coefficient of a low molar mass
species in a semidilute polymer solution, kp is the
propagation rate constant of a growing radical (or
initiation rate constant of a primary radical), [M] is the
monomer concentration at the locus of polymerization,
and d is the relevant diffusion distance. Typical values
for these quantities are D ) 10-9 m2 s-1, kp ) 104 L
mol-1 s-1, [M] ) 5 mol L-1, and d ) 10-8 m. This would
result in Da ) 5 × 10-3, which is indicative of a system
without transport limitation (Da , 1). Nevertheless,
core/shell morphology is observed in the CHP/Fe2+-
initiated system. One of the likely origins of the differ-
ence in morphology between AIBN and CHP/Fe2+ is
hydrogen abstraction from already formed PBA. The
cumyloxy radical has a relatively strong tendency
toward H abstraction,44 and the cumyloxy radicals are
formed at the oil-water interface. This may lead to
branched or even cross-linked polymer in the outer shell
of the particle. This in turn will limit the mobility of
the polymer and lead to core/shell morphology.

From the results it is thus quite clear that core/shell
morphology can be obtained when radicals are formed
at the oil/water interface and if diffusion to the interior
of the particle is restricted.

Conclusions
Core/shell particles with liquid cores were synthesized

by an in situ miniemulsion polymerization process.
Morphology predictions were performed on the inves-
tigated system, and it was found that predicted and
observed morphologies did not coincide. The reason for
this discrepancy is that current prediction models are
only based on thermodynamic considerations and not
kinetic considerations. Deviation from the predicted
morphology can be caused by the type and amount of
surfactant and type of initiator used. Selection of the

Figure 10. TEM image of core/shell particles synthesized with
the use of a redox initiator.

Figure 11. TEM image of solid particles synthesized with the
use of an oil-soluble initiator (AIBN).

Da )
kp[M]

D/d2
(6)
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proper initiator type can lead to anchoring of entering
radicals. This will reduce the ability of radicals to diffuse
to the inside of the droplet. Polymerization will therefore
occur preferentially at the oil/water interface, thereby
causing a phase separation between the polymer and
core oil and thus forming the desired core/shell particles
with liquid cores. This reasoning was further strength-
ened by changing the type of initiator. AIBN provides
no surface anchoring. In this instance the thermody-
namically preferred morphology, which is inverse core/
shell, will dominate, thus causing solid poly(butyl
acrylate) particles. The redox initiator (CHP/Fe2+) was
used to specifically create primary radicals at the water/
oil interface. The fact that this way of initiation leads
to core/shell particles is most likely due to significant
branching, which leads to decreased mobility of the
chains throughout the particle.
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