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Abstract By means of heterocoagu-
lation anionic poly-[styrene] particles
were coated with smaller electro-
sterically stabilised cationic particles
of poly-[butyl methacrylate]. On
heating the heterocoagulated units
45°C above the glass transition
temperature of poly-[butyl metha-
crylate], as predicted theoretically,
the latter polymer spread over the
surface of the poly-[styrene] particle

that the extent of packing of the small
particles on the larger core particle
was a critical feature of the coating
process.
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Introduction

The use of amidine initiators in polymerisation reactions
has been known since 1952 [1] and a synthesis of these
initiators was published in 1963 [2]. Emulsion polymeris-
ation using them was described in 1966 [3]. In the 1970’s
the preparation of monodisperse cationic polystyrene, PS,
latices by an emulsifier-free route was published [4-6].
These latices were used for the study of heterocoagulation
and scanning electron microscopy was used to show [7]
that 2 um anionic polystyrene latex particles could be
coated with 0.5 um cationic particles to form a close-
packed layer on the surface of the larger particle. The
kinetic aspects of the heterocoagulation process were also
examined [8, 9]. Recently, the possibility of using hetero-
coagulation for the purpose of forming composite particles
has been initiated by several groups of authors [10-16]
since it offers the possibility of better control for certain
types of composite particle morphology, e.g., core-shell.
Whereas, with preparations using both mixed monomers

to give a composite particle with
a core-shell structure. It was found

and sequential polymerisation the outcome from emulsion
and dispersion polymerisation has not always been pre-
dictable [17-31].

Moreover, recently a number of publications have ap-
peared suggesting theories, based on the surface energies of
the polymers, which indicate possible methods of produ-
cing particles with well-defined morphology either by en-
gulfment or by encapsulation [10, 11, 16, 32-37]. These
models suggest that for core-shell morphology hetero-
coagulation could be used to coat one particle, usually the
larger with a high glass-transition temperature, T,, with
smaller particles of another polymer having a low T,. On
the basis of the theories provided the surface energies are
correctly chosen, then on heating the system above the T,
of the smaller particles these should spread over the larger
to form a continuous shell. The overall procedure is illus-
trated schematically in Fig. 1.

In the present work the core particle used was com-
posed of PS with a negatively charged surface. The second
latex, the coating latex, contained small cationic particles
of poly(butyl methacrylate), PBMA. These particles, which
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Fig. 1 Schematic flow chart (]
for the process of forming )
composite core-shell polymer o ® A
colloid particles by ¥
encapsulation ([
p [ ]
: B
O C

also had a steric layer of nonionic polymer grafted onto
the surface, were heterocoagulated onto the polystyrene
particles. The nonionic polymer continued to act as
a stabiliser for the resulting cluster. The latter was then
heated approximately 45°C above the glass transition
temperature, T,, of PBMA. At this stage the PBMA
spread over the surface of the core PS particles; colloid
stability and freeze-thaw experiments indicated that the
nonionic polymer migrated to the shell surface and con-
tinued to act as a steric stabilising layer.

Theory
Some theoretical concepts

From the basic mechanism depicted in Fig. 1 some consid-
eration can be made of the interfacial energy and packing
requirements needed to obtain effective encapsulation.

Fig. 2 Schematic illustration
showing the heterocoagulation
of a core particle of radius, R,
with an encapsulating particle
of radius, R, followed by
spreading to form an
encapsulated unit of radius Ry

Interfacial energy conditions

For simplicity, as shown in Fig. 2, only two particles will
be considered in the analysis, a small encapsulating par-
ticle, E, of radius Rg, with an interfacial tension against
water, yrw, and a larger core particle of radius R¢, with an
interfacial tension, ycw. Following encapsulation as shown
in Fig. 2 a particle of radius, Ry, is obtained with an
interfacial energy between the core and the encapsulating
shell of y¢p:; the interfacial energy of the outer shell against
water is assumed to remain as ygw-.

From the work described in previous papers [10-12]
the encapsulated composite particles would be expected to
have a lower total interfacial energy than the two separate
particles if,

. . 2/3
Jcw — JCE 1 — ¢i

Core F\’article (C)

(1

VEW $e?
where ¢ and ¢ are fractional volumes defined by,
¢c=Ve/Vy and ¢g = Vi/Vy
with
bc + =1

where Vi and V. are respectively the volumes of the
encapsulating particle and the core particle and Vry is the
volume of the final composite particle.

[t has also been suggested that only partial spreading
of polymer (E) on the surface of particle (C) would be
obtained [16, 36, 37] if

<. (2)

Alternatively the left-handside of expression (1) can be
written in terms of the contact angle (0), namely

Yew — VCE
——————=cos ¥t
TEW

ie., in terms of Young’s equation.

Encapsulating
Particle (E)

3

Core-shell Particle

Shell
Thickness=T
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Thus when cos 0 = 1, complete spreading should be
achieved and when the left-handside of the expression (1)
has a value less than 1, the spreading is likely to be
incomplete (i.e., 0 > 0).

Also, with an encapsulating particle much smaller than
the core particle (¢pg < ¢pc)

1 —¢g?
C
These considerations indicate that to promote spread-

ing of the polymer particle on the surface of the larger

particle, it will be preferable to arrange conditions such
that the interfacial energy expression (yew — Yce)/7ew has

a value which either approaches or exceeds 1.

The value of the interfacial energy expression increases
with:

i) increasing ycw, that is with a decrease in the surface
energy, yc, of the core particle;

ii) decreasing ycg, which occurs if the surface energy of
the encapsulating particle becomes similar to that
of the core particle;

iii) decreasing ygw, that is with an increase in the
surface energy of the encapsulating particle.

Choice of number of encapsulating particles

In the previous section the consideration of interfacial
energy conditions was based upon heterocoagulation of
one E particle with the core particle. When the core par-
ticles are larger than the encapsulating particles, then in
order to obtain a continuous shell it is necessary to pack
a number of particles on the surface of each core particle as
illustrated in Fig. 1. Consequently the optimum number of
particles on the surface for optimum shell formation on the
core particle also needs to be considered.

Control of shell thickness

One approach is to consider the thickness of the polymer
shell, T, after encapsulation has occurred, which is given
by,

T = RT == R(‘
so that the volume of material in the shell is given by,
4n(R3 — R3)/3 .

In order to achieve this result the number of encap-
sulating particles required, N, is given by

R3 = N,R} + R}

and by conservation of volume then,
Ry = (N:RE + R})'?
and by conservation of mass,

<pENiRé + /)(‘R(3‘>1/3
B | BB S BN
Pr

Close packing on the surface

On the basis of hexagonal close-packing of the E particles
on the surface and for simplicity assuming that the surface
is planar, i.e., assuming that the core radius is much larger
than that of the encapsulating particle, we obtain,

Rc|?

1 et
TR,

NSZ]I

_ 2m
= \/3
where N, is the number of particles required to form
a close-packed particulate monolayer [38].

Consideration of the stabilising layer

In the present work the E particles were both electrostati-
cally and sterically stabilised. It was anticipated that after
encapsulation the hydrophilic polymer used as the steric
stabiliser would take up a position on the outside of the
shell so as to be in contact with the water. It is also
assumed that this polymer would want to take up the same
arrangement on the core-shell particle as it had on the
original encapsulating particles. This situation is possible
when the surface area of the composite particle is equal to
the combined surface areas of the encapsulating particles
that formed it. The number concentration at which this
occurs is defined as N* i.e., such that,

N*R{ = Rt
also
R} = (N*)R} + R

and

A3)

Rc?
N*[/N*—1]= =

and hence values for N* can be found for given values of

(Rc/Rg).
Number ratios of the two particle types, can be cal-
culated from,

Ng - WEPEPCR(B“
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where W and W are respectively the weight of disper-
sions with particle weight fraction Pg and P with particles
of density pg and pc.

Experimental
Materials

All water used in latex preparation and experiments was
distilled before use. The styrene monomer was BDH ma-
terial. Butyl methacrylate was obtained from the Aldrich
Chemical Company. Both monomers were purified by
distillation at 50 °C to 60 °C in an atmosphere of nitrogen
at reduced pressure and kept in a refrigerator prior to use.

Ammonium persulphate, which was BDH Analar
grade material was recrystallised before use. The cationic
initiator 2,2"-azobis-(2-amidinopropane) dihydrochloride
(ABA.2HCI) was supplied by the Wako Chemical Com-
pany under the trade name V50. Sodium chloride was
a BDH Analar grade material.

The polymeric stabiliser methoxy polyethyleneglycol
methacrylate 2000 (MeOPEGMA) was supplied as 60%
solution in water by ICI Paints, Slough, England. Prepara-
tion of this stabiliser has been previously described
[39,40].

Preparation of polystyrene latices

The PS latices were charge stabilised and prepared using
an emulsifier-free method similar to that previously pub-
lished [41]. The polymerisation was carried out in a five-
necked, round-bottomed flask containing a glass stirrer
with a PTFE paddle, a constant flow of nitrogen and
a water-cooled reflux condenser. The flask was maintained
at 70 °C by immersion to the neck in a thermostatted oil
bath. Into this flask was placed 60 ml of styrene monomer
and 540 ml of distilled water. The mixture was stirred at
350 rpm and a constant flow of nitrogen was passed
through it. Then 0.48 g of (NH,),S,Og initiator, dissolved
in 20 ml of water, was added to the system. Polymerisation
was allowed to proceed for 24 h. The final latex was
filtered through glass wool into well-boiled Visking dialy-
sis tubing and dialysed against distilled water to remove
residual monomer, oxidation products and salts.

Preparation of poly(butyl methacrylate) latices
This preparation was carried out using a similar procedure

to that used for the PS latex. Into the flask was placed
40 ml of butyl methacrylate monomer, 360 ml of water,

1.23 g of sodium chloride and 6.3 g of a 60% w/w solution
of the MeOPEGMA; these reactants were allowed to
thermally equilibrate at 70 °C. To this system was then
added 0.32 g of the cationic initiator, ABA.2HCI, and then
the reaction was left to proceed for 24 h. The resulting
latex was filtered through glass wool into well-boiled Visk-
ing dialysis tubing and then dialysed against distilled
water. This latex was also cleaned by centrifugation. After
spinning down the particles the resultant supernatant was
replaced with clean solvent. This procedure was repeated
10 times in order to remove excess stabiliser. The resulting
particles were stable both to high electrolyte concentra-
tions and to freeze-thaw conditions, both indications that
the particles were sterically stabilised.

Preparation of encapsulated particles

In order to follow as closely as possible the mechanisms
formulated in the theoretical section it was necessary to
control the electrolyte concentration and the ratio,

number concentration of small cationic particles

number concentration of larger anionic particles

For these experiments the conditions corresponding to
Ngar and N* were of particular interest.

The number concentrations for each separate latex
were obtained from their measured mass fractions. Mix-
tures of particles at the appropriate electrolyte and num-
ber concentrations (see Table 1) were prepared and then
thoroughly shaken; the systems were then allowed to equi-
librate for 24 h. Then, after 20 min in an ultrasonic bath to
break up any flocs formed on standing, the flask contain-
ing the mixed system was placed in a thermostatted oil
bath which had been preheated to 70°C. It was main-
tained at this temperature for 24 h. This temperature was
chosen as it was above the average T, of PBMA namely,
21-29°C, mean 25°C [42,43], but below that of PS,
106 °C [43].

Electrophoretic mobility

The electrophoretic mobilities of the particles from the
separate latices and the encapsulated particles were mea-
sured as a function of pH and electrolyte concentration
using a Pen Kem Inc. System 3000 electro-kinetic analyser.

Electron microscopy

Samples of the particles of PS were spotted onto nitrocel-
lulose films supported by copper grids. In the case of
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Table 1 Particle encapsulation

Number ratio Calculated Measured N
used in composite composite
experiment particle radius/nm  radius/nm’

598 O

8.4 629 661 N*/2

16.8 657 667 N*
33.5 707 678 2N*
50.3 750 671 IN*
67.0 789 664 4N*
814 820 680 N

" Particle size determined by disc photosedimentometry. Electrolyte
concentration: 10~ ° moldm ~? sodium chloride.

PBMA particles, since they were unstable in the electron
beam, carbon replicas of the particles were prepared for
examination. Both particles and replicas were examined by
transmission electron microscopy using a JEOL 100C
instrument. The particle size distributions were obtained
from measurements of ca 800 particles on photographic
enlargements of the micrographs using a Carl Zeiss TGZ
3 particle size analyser (see Table 2). Heterocoagulated
clusters were also examined as carbon replicas.

In addition the particle clusters were examined after
freeze drying in the following manner. A thin mica sheet
was dipped into the sample and then drained using a paper
towel so as to leave a thin film of the sample, approxi-
mately 20 um thick. The mica sheet was then placed rap-
idly on to a brass block which had been cooled to liquid
nitrogen temperature; this froze the sample quickly. The
frozen sample was transferred to a cryostat at —60°C and
pumped under vacuum for five hours to remove ice. The
remaining particles were then coated with tungsten and
examined by both transmission and scanning electron
microscopy.

Disc centrifuge photosedimentometry

As in previous work [16] a Brookhaven spinning disc
centrifuge, type DCP-1000 Particle-Sizer, was used for the

Table 2 Characterization of latices

determination of particle size and to obtain an estimate of
the particle size distribution.

Results
Electron microscopy

Figure 3 shows transmission electron micrographs of the
PS-latex and the PBMA latex used in the present work. As
anticipated from previous work [44], PS has more elec-
tron contrast and therefore the PS particles appear darker
than the PBMA particles. This is a very useful feature as it
can be used to infer the location of the different polymers
in composite particles.

Figure 4 shows a replica of a freeze-dried preparation
resulting from the heterocoagulation of the cationic
PBMA particles with the anionic PS particles in
107> moldm ~* sodium chloride solution (Table 1). The
small particles adsorb onto the larger particle to give
a “raspberry-like” structure. The conditions for this experi-
ment were such as to anticipate an N, packing on the
particle surface. When the aqueous mixture was heated to
70°C and the resulting heterocoagula, freeze-dried and
examined by electron microscopy the replicas gave the
type of results shown in Fig. 5. Although some flow of the
PBMA particles occurred a rough uneven surface was
produced and complete spreading of the PBMA did not
occur; the PBMA particles essentially remained as
separate units.

However, when the concentration of PBMA particles
was adjusted to correspond to N* a different situation was
encountered. Spreading occurred much more readily and
a smooth coating of PBMA was obtained on the PS
particles. Transmission electron micrographs of the par-
ticles obtained by this procedure are shown in Fig. 6.
Around the PS-core particle, which appears black on the
micrograph, the more electron-transparent shell of PBMA
can be clearly seen. Evidence for this core-shell structure is
also supported by small angle neutron scattering experi-
ments on this system [45].

Latex Charge Electron microscopy Disc centrifuge Photon correlation Density/

material Diameter Coefl. of var.  Photosediment only spectroscopy gem 3
on mean Wit. av. Wt./no av. Diameter Std. dev.

PS Anionic 1202 nm 5.0% 1197 nm 1.019 1139 nm 0.17 1.054

PBMA Cationic' 334 nm 5.1% 271 nm 1.015 289 nm 0.13 1.058

Composite Anionic’ 1342 nm 53% 1416 nm 1.045 — - 1.038

t Also had a steric layer of MeOPEGMA.



R.H. Ottewill et al.

279

Preparation of core-shell polymer colloid particles

Fig. 3 Electron micrographs of 3 ——
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Fig. 4 Electron micrographs of
freeze-dried heterocoagulated
samples showing small cationic
PBMA particles adsorbed onto
large PS particles for the
condition N

Fig. 5 Electron micrographs of heterocoagula prepared under con-
ditions corresponding to Ny, after heating to 70 °C (freeze-dried
replicas)

Electrophoresis

The basic PS and PBMA latices and the composite latex
prepared under N* conditions were all examined by elec-

lum 1 uym

Fig. 6 Replica transmission electron micrographs of particles after
heterocoagulation, using conditions corresponding to N* at 25°C,
and then heating to 70 “C. Dark inner region, core PS: Light outer
region, shell PBMA

trophoresis over the pH range of ca 2 to 10. The results
obtained are illustrated in Fig. 7. The examination of the
initial latices was carried out in order to determine the pH
condition which was appropriate to mix the PS and
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Fig. 7 Electrophoretic mobility against pH for, —o—, PS core

particles; —a—, PBMA encapsulating particles; —e—, com-
posite core-shell particles. Basic electrolyte content at ca pH 7,
1073 moldm ~ 2 sodium chloride

PBMA latices. The cationic latices were found to have an
isoelectric point at pH 8.3 4 0.1, similar to that found in
previous work [4, 6], and hence the PBMA particles were
positively charged below this; the PS particles were nega-
tively charged over the pH range examined. In order to
carry out the heterocoagulation experiments the pH was
adjusted to pH 5.0 + 0.3.

The composite latex, which was examined in
1073 moldm ™3 sodium chloride solution exhibited
a negative electrophoretic mobility over the pH range
examined as shown in Fig. 7. This result was somewhat
surprising. However, it is clear from the electron micro-
graph shown in Fig. 6 that during the conversion from the
N* heterocoagulated condition to the composite core-shell
particle a considerable change has occurred with the
PBMA in that it is now a thin layer of polymer and not in
a particulate form. Moreover, it seems reasonable to sup-
pose that neutralisation of the negative charges on the PS
by the residual positive charges on the PBMA would play
a role in the spreading process and help to produce ad-
hesion at the interface between the two polymers. Also,
some experimental evidence, such as the freeze-thaw stab-
ility of the composite particles indicated that the surface of
the composite particles was coated with MeOPEGMA
thus enabling the hydrophilic character of the surface to be
maintained.

- a
|
0.8 |
|
— !
|
¢ 0.4 |
3 |
- —
<
©
a 0 |
-
o
c — b
2
-
g 0.8+
<
w -
0.4 —
0 l
1.5 2.0

Diameter/um

Fig. 8 Traces obtained using disc centrifuge photosedimentometry
for a) PS core particles b) composite core (PS) + shell (PBMA)
particles

Disc centrifuge photosedimentometry

Figure 8 shows the traces obtained by disc centrifuge
photo-sedimentometry for the PS core particles and for
composite particles obtained under N*. These traces were
obtained using the previously measured value of
1.055 4+ 0.001 gcm ~ 3 for the density of PS [44], which was
in close agreement with literature values [46], and a value
of 1.038 + 0.001 gcm ~? for the composite particles, which
was measured using an Anton Paar density meter.

The shift in the mode of the curve following encapsula-
tion to a weight average diameter of 1.33 um from that of
the original PS latex of 1.15 um is clearly visible. More-
over, the change in polydispersity as measured by the
weight average/number average index to 1.045 from 1.019
indicated that the composite particles were still reasonably
monodisperse.

Discussion

The experiments reported in the present work have shown
that, starting with a latex of anionic PS particles and
a latex of cationic PBMA particles with grafted chains of
MeOPEG also on the surface, these can be mixed at a pH
of 5.0 + 0.3 in order to heterocoagulate the PBMA par-
ticles on to the large PS particles. On heating these par-
ticles 45°C above the glass-transition temperature of the
PBMA particles the latter spread to encapsulate the PS
core particle with a shell of PBMA. The final encapsulated
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particles appeared to be sterically stabilised. This provides
a novel approach to the preparation of well-defined
core-shell particles which seems to have potential applica-
tions well beyond the scope of the present limited
investigation.

Electrophoresis experiments shows that the cationic
particles whose charge originated from the amidine
end-groups on the surface, had an isoelectric point at
pH 8.3 4+ 0.1 (Fig. 7). However, evidence both in this
work and in previous work [4, 6] has indicated that the
amidine groups appear to be subject to hydrolysis under
alkaline conditions according to the mechanism suggested
below.

©

¢ NH © {NH
7 o/
\ 5
NH2 NH»o
NH
Y ¢NH
R=C + NH3 ¢—— R~C

\OG NOrH«”

Hence, partly for this reason MeOPEG chains were
used to ensure colloid stability of the latices.

The electrostatic colloidal stability of the systems used
can be considered in the following way using the basic
theory of Derjaguin and Landau [47] and Verwey and
Overbeek [48] as extended by Hogg, Healy and Fuer-
stenau [49] for particles of radii R; and R, and surface
potentials Y, and /,. This gives the electrostatic interac-
tion energy for hetero-interaction as,

_ meeoRRy 5 201, >
e v | (%
x In <l—+3‘—’(_—"h)> +1n(1 — exp(— 2,\-11))} )
1 —exp(— kh)

with ¢, the relative permittivity of the medium, &, the
permittivity of free space and « the reciprocal double-layer
thickness of the bulk electrolyte which for a 1:1 electrolyte

is given by
k2 = 2¢Naye?v?/e,eok T

with e the charge on the electron, Nyy Avogadro’s number,
¢ the electrolyte concentration in molm~2 and v the
magnitude of the ion charges. h = the surface-surface
separation distance.

For homoelectrostatic interaction R; = R, and
W1 = y,. In the present work the electrophoretic mobili-
ties were measured and converted into zeta-potentials [50]
and assuming these equivalent, for present purposes, to the
surface potentials we obtain from the electrophoretic mo-
bility data Fig. 7, y; =+ 18 mV (R; = 167 nm) and

, =—38mV (R, = 601 nm).

The van der Waals™ attractive energy between two

spheres of different sizes was given by Hamaker [51] as

A,

VA=__L 0 . + 2 Z
2] x“+xy+x X" +xy+x+y

)

42 X2+ xy+x jl

X2+ xy+x+y

where x = h/2R; and y = R,/R;. A, is the composite
Hamaker Constant for the particles in the medium. This
was taken as the value for polystyrene, 0.95 x 10~ 2° J [51].

The curves in Fig. 9 were calculated using the figures
quoted above. Firstly, the curves for homointeractions are
shown in Fig. 9a. It is clear that the anionic particles have
a strong electrostatic repulsion and are therefore quite
stable. The electrostatic interaction between the cationic
particles based on fy; = 18 mV is rather weak and suggests
that the charge, in itself, was not adequate to produce
significant colloid stability. However, these particles were
prepared with a surface layer of methoxy polyethylene
glycol as a steric stabiliser. Consequently, assuming this
material to have an extended conformation of 10 nm,
based on a molecular mass of 2000 and, for present pur-
poses, taking the steric interaction as that of hard-spheres
we can place a vertical interaction line [58] for the steric
term, Vg at 20 nm. In view of the low surface potential of
the cationic particles it is clear that the steric term makes
a major contribution to their colloid stability.

The curve for heterointeraction (Vg + V,) between the
anionic and cationic particles is shown in Fig. 9b based on
data for two particles of radii 167 and 601 nm and surface
potentials of +18 mV and — 38 mV. As anticipated the
heterointeraction is strongly attractive and leads to het-
erocoagulation as indicated in Figs. 4 and 5; The Vold
effect [54], which is small for this situation, has not been
included in the calculations of the attraction. However,
since the cationic particles have a steric barrier as well as
a weak cationic charge this needs to be taken into account.
Again assuming as a primitive model, a hard interaction
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Potential Energy/103 kT

| l 1 I 1 |
10 20 30

Distance, h/nm

Fig. 9 Potential energy against distances of surface separation be-
tween original interacting particles: a) ——, Vr + Va for PS par-
ticles; ———, Vg + V. for PBMA particles; T, onset of “hard-sphere”
steric interaction term V. b) ———, Vg + V4 for heterointeraction
between PS and PBMA particles; 1, onset of “hard-sphere” steric
interaction

and an extended length of 10 nm, this can be represented
by a vertical line at 10 nm; i.e., Vs, taking the total interac-
tion energy as,

VTZVR+VA+V5.

This effect substantially reduces the depth of the energy
well in the close approach of the cationic and anionic
particles. Thus the layer of MeOPEG molecules grafted
onto the PBMA surface also seems to play an important
part in the overall process. Firstly, at the lower tem-
perature of 25°C, as mentioned, when the particles are
synthesized it provides steric stabilisation to the cationic
particles as well as charge stabilisation. Then during the
heterocoagulation process although it is the attraction

between opposite charges which brings the particles to-
gether the steric barrier prevents close contact between the
coating particle and the core particle thus allowing some
surface mobility for the PBMA particles. This lateral mo-
bility probably also helps the PBMA particles to form
a more uniform coating on the core particle surface.

In addition, on heating to 70 °C the MeOPEG chains
undergo some desolvation and hence become more hydro-
phobic (or oleophilic). As a consequence the steric layer is
likely to contract and allow the PBMA particles to ap-
proach the core particles more closely. The coating PBMA
particles can also approach each other more closely and
with the increased chain flexibility and motion at 70 °C,
spreading on the core particle can occur (Eq. (1)) followed
by coalescence to form a shell of PBMA on the core.

On returning to 25°C any MeOPEG groups remain-
ing on the shell surface can resolvate and thus contribute
to the colloid stability of the composite particles.

Although heterocoagulation was found, as previously
[7,8] and as predicted above to be a facile process, an
important discovery in the present work is that the num-
ber of particles packed on the surface appears to play
a major role when heterocoagulation is used as a precursor
to encapsulation. With a close-packed layer on the surface,
N as defined in the theory section, the coalescence
process at 70°C was unsatisfactory. However, when the
packing conformed to N*, so that the total area of the
coating particles equalled that of the final encapsulated
particle, then a uniform shell was observed after raising the
heterocoagulated units 45°C above the glass-transition
temperature of the PBMA particles.

A surprising effect observed in the present work was
that the electrophoretic mobility of the final composite
particles was negative and indicated a zeta-potential of ca.
— 55mV on the particles. Possible effects which could
occur to explain this result include complete hydrolysis of
the amidine group at 70 °C and/or some migration of low
molecular weight species with anionic end-groups from the
PS particles to the surface of the composite particles. This
effect needs further investigation.
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