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ABSTRACT: Non-aqueous dispersion particles containing a cross-linked core and a polar shell
were prepared by 3 stage dispersion polymerization in the presence of unsaturated poly(isobuty-
lene) as a steric stabilizer. When a cross-linker was present in second-stage polymerization, the
second-stage particles, and the subsequent third-stage particles, had a shrunken, raisin-like appear-
ance with a narrow size distribution. The formation of raisin-like particles might be related to
the interpenetrating network (IPN) structure in the PMMA seeds and phase separation within
the particles in the presence of a cross-linker. The freeze-dried core-shell particles were easily

redispersed in water containing amine base.

Introduction

Dispersion polymerization'* usually involves the
polymerization of a monomer mixture dissolved in
an aqueous™ or non-aqueous”'® media in the pre-
sence of an amphiphatic polymeric stabilizer to pro-
duce insoluble polymer particles dispersed in the
continuous phase. In each instance, the particles
form stable colloidal dispersions in their respective
media. In fact, dispersion palymerization can be re-
garded as a modified precipitation polymerization
in which flocculation is prevented and particle size
is controlled by the presence of the steric stabilizer.
Dispersion polymerization can be carried out by one
of two ways, like conventional emulsion polymeriza-
tion. The first is a “seeded semi-continuous pro-
cess""7 in which seed formation is followed by
semi-continuous addition of monomer mixture. The
second type of polymerization is batch process in
which all of the ingredients are added to the react-
or vessel at the beginning of the polymerization.
Most applications of these dispersions are in the
fields of <olvent-based coatings,"**!¥ inks, and adhe-
sives, etc. In higher technology applications, such
particles often go by the name “polymeric micro-
sphere”. These applications include ion exchange

resins, functional packing material for high perform-
ance liquid chromatography column® solid sup-
ports?! for organic and biopolymer synthesis, and
new applications in the biomedical field or medical
diagnostics.?? Another type of application of these
materials which has not yet been given proper atten-
tion is as models for processes which occur be-
tween colloidal-size particles. One example of inter-
est to us is the overall process of sludge formation
in motor oil* resulting from the incomplete combus-
tion of gasoline in the presence of moisture. With
appropriate models, one might be able to induce
aggregation, flocculation, and coagulation under
more controlled conditions as a model for the slu-
dge formation process. Alternatively, one might be
able to study directly the interaction of current and
candidate dispersants with these particles as a way
of understanding how the various dispersants work.

In this paper we describe the synthesis of model
non-aqueous dispersion (NAD) particles by a 3
stage dispersion polymerization. The particles pro-
duced have a cross-linked core and a shell rich
in —OH and —COOH groups. The synthetic stra-
tegy involves a three-stage dispersion polymeriza-
tion inspired by a patent by Backhouse!® at ICL
It produces particles which form stable dispersions
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in solvents such as heptane, isooctane and cyclohex-
ane, and at the same time allows considerable flex-
ibility in control of surface functional groups. Per-
haps the most interesting aspect of our results
from the point of view of particle synthesis is that
one small change in the stabilizer used produces
odd shaped particles in a reproducible manner. Al-
though a number of papers®?® on the morphology
of the emulsion-polymerized latex particles of odd
shape have been reported, very few about disper-
sion-polymerized latex particles have been appea-
redilﬁ(),.’ﬂ

Experimental

Materials. Methyl methacrylate(MMA), ethy-
lene glycol dimethacrylate (EGDMA), n-butyl acryl-
ate (BA), 2-hydroxyethyl acrylate (HEA), and acryl-
ic acid (AA), purchased from Aldrich, were vacuum
distilled under nitrogen and stored at —10 T be-
fore use. 2,2'-Azobis-(isobutyronitrile) (AIBN, Poly-
sciences) and benzoyl peroxide (BPO) were recrys-
tallized from methanol and chloroform, respectively.
2,2,4-Trimethyl pentane (Caledon, UV grade, TMP),
n-hexane and cyclohexane (Caledon reagent grade)
were used as received. Butyl rubber (Kalene 800,
Hardman Chemical Co., Isobutylene-isoprene copol-
ymer containing 1.5 mol% of isoprene unit)*” was
used as a stabilizer-precurscr in the PMMA seed
formation. It was purfied by precipitating from tol-
uene solution into methanol before use. Previous
work in this laboratory estabilished an M, (ebullio-
metry) of ca. 5500.% The poly (12-hydroxystearic
acid)-methyl methacrylate-acrylic acid (PHS-MMA-
AA) comb stabilizer, a gift from ICI Canada, was
supplied as a 33 wt% solution in a mixture of butyl
acetate, aliphatic hydrocarbon and toluene (53/11.5/
2.6 by weight). This stabilizer is referred to as PHS
comb stabilizer.

Composition of PHS Comb Stabilizer. Ac-
cording to the supplier the polymer was comprised
of 50 wt% PHS, 45 wt% MMA, and 5 wt% AA.
A sample of the polymer was purified by precipita-
tion into methanol, followed by dring under vacuum
to vyield an off-white powder. The 'H NMR{400
MHz) spectrum was clean, and showed a singlet
at 3.6 ppm (PMMA, CO.,CH;), a pentuplet at 4.83
ppm (PHS, (CH.).CHO,C-), and a triplet at 2.29 ppm
(PHS, CH:CO,-), with an ar=a ratio of 1/0.14/0.27.
The remaining protons appear at 0.7~2.1 ppm.
From the area ratio, one can infer that this corre-
ponds to a mole ratio of PHS/MMA=0.4, consistent
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Table I. Amounts of Kalene 800 (X) and MMA
(Y) Used in Seed Formation

Samples A B C D E F

X(@® 25 4.5 5.0 5.5 6.0 75
Y (mL) 025 045 050 055 0.60 075

with the composition described above.
Molecular weight of PHS Comb Stabilizer.
The molecular weights of the purified stabilizer
were determined by gel permeation chromatog-
raphy (GPC) using a Waters 501 A instrument cou-
pled to a differential refractometer detector. The
measurements were performed at room tempera-
ture using non-aqueous Microstyragel columns
(pore sizes 10" and 500 A° units) and tetrahydrofu-
ran (THF) as the solvent. Monodisperse poly(me-
thyl methacrylate) (PMMA) samples with the mol-
ecular weights of 5, 27, 107, 330 K were used as
references. The standard PMMA had a concentra-
tion of 0.2 wt% in THF; the flow rate was 0.8 mL/mi-
nute, and the sample size was 0.1 mL. M,,
M, and molecuar weight distrubution of the stabi-
lizer were 1,588, 14,605, and 9.2, respectively.
Dispersion Polymerization. Dispersion poly-
merizations were carried out in a three-stage pro-
cess: seed formation, preparation of the cross-link-
ed core, and shell formation. Most reactions were
carried out in a 100 mL or 250 mL three-neck
round-bottom flask equipped with mechanical stir-
ring. in the seed reaction, all ingredients including
monomer, initiator, stabilizer, and solvent were pla-
ced in the reactor at once and polymerized by batch
process. In the second-and third-stage polymeriza-
tions, monomer, initiator, and additional stabilizer
were fed slowly into the reactor using an FMC me-
tering pump by semi-batch process. In a typical
reaction, a reactor flask containing TMP of n-hep-
tane solvent, plus stabilizer and NAD particles from
the preceding stage was placed in an oil bath kept
at 105 C and purged with nitrogen. The reactants
were added and reacted as described below.
Seed Preparation. PMMA seed particles were
prepared using butyl rubber as a stabilizer-precur-
sor: A quantity X g of butyl rubber (see Table I}
was dissolved in TMP (75 mL in a 250 mL 3-neck
flask. The flask was placed in an oil bath at 75C
under nitrogen purging. After 30 minutes, benzoyl
peroxide (0.1 g) was added and the mixture was
stirred (100 RPM) for 1 hour. Then a small amount
of MMA (Y mL, cf Table I) was added and the
reaction was allowed to polymerize for 20 hours.
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At the end of this period, during which the solution
stayed clear, more benzoyl peroxide (0.11 g) was
added, and then MMA was added using a feed
pump (10.5 g over 30 minutes). The system became
cloudy by the end of the MMA addition The reac-
tion was again allowed to proceed for 20 hours at
75C and heated for 2 hours at 80 C, allowed to
cool to room temperature, and then filtered through
glass wool to remove any coagulum (none appar-
ent). Before the next step of the reaction, the par-
ticles were cleaned to remove unreacted butyl rub-
ber by centrifugation (6,000 RPM) followed by de-
canting of the supernatant and replacement with
fresh solvent and redispersing (over 2 minutes)
using a 50 watt ultrasonic cleaning bath. This pro-
cess was repeated 4 times. To obtain a freeze-dried
sample for SEM analysis, cyclohexane was used as
the replacement solvent.

Second-stage Polymerization. For the reac-
tion of core formation, the cleaned PMMA seed
latex (10.0 g of dispersion (15 wt%, washed 4 times
and redispersed in heptane)) was placed in a 100
mL 3-neck round-bottom flask equipped with
mechanical stirring at 175 rpm. AIBN (0.11 g) was
added. After purging with nitrogen, the flask was
immersed in an oil bath at 105 C, and the following
mixture was fed into the reaction over 2.5 hours:
MMA (6.0 g), AIBN(0.085 g), PHS solution (1.3 g),
EGDMA (Z g). Three separate reactions examined
the effect of the amount of the cross-linker, Z=-0,
Z=0.15 g and Z=0.29 g, respectively. Aliquots
were removed for SEM analysis, and then the
third-stage monomer mixture was added directly
to the reaction.

Third-stage Polymerization. Third-stage polym-
erization was carried out as follows: Each disper-
sion was purged with nitrogen, heated to 105 C,
and the following mixture was added over 45 min-
utes: MMA (1.0 g), BA (0.75 g). HEA (0.6 g). AA
(0.3 g), AIBN (0.04 g), PHS solution (0.54 g) and
heptane (1.0 g). After addition, the reaction was
maintained at 105C for 4 hours, allowed to cool
to room temperature, and filtered. No coagulum
was apparent.

Particle Size and Particle Shape. Particle
sizes and particle shapes of resulting dispersion
were determined and viewed using scanning elec-
tron microscopy (SEM). One drop of the fresh-made
final dispersion was diluted in about 2~3 mL of
n-heptane and one drop of the diluted dispersion
was coated on the aluminum stub and was dried
at room temperature overnight. The samples were
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sputter coated with gold, and examined with a Hi-
tachi S570 SEM instrument at 15 KV.

Results and Discussion

Seed Preparation. MMA undergoes disper-
sion polymerization in aliphatic hydrocarbon sol-
vents in the presence of butyl rubber.*3% Particle
sizes are often greater than 1 pm, and under cer-
tain conditions, one can obtain a narrow size distri-
bution* In this process, butyl rubber serves as a
precursor to the stabilizer, which is a graft copoly-
mer formed in situ. Some®™ of the early studies
call for prereaction of the butyl rubber with a limit-
ed amount of MMA, with the idea of preforming
some graft copolymer. We have followed this prac-
tice here, but note that there is no evidence for
graft copolymer formation in this step. Further-
more, we have found in the past that omitting this
step has litle effect on the reaction; suficient graft
copolymer forms during MMA polymerization in
the step where particles are formed.*

Varying the ratio of butyl rubber to monomer
is one way of modifying particle size. In Table I
we indicate the amounts of butyl rubber (Kalene
800) and of MMA monomer used in the first step
of the polymerization reaction. Following the first
step, more benzoyl peroxide initiator was added,
and then 10.5 g MMA was fed into each reaction
over 30 minute period. The reaction was then al-
lowed to proceed 20 hours at 75 C and heated for
an additional two hours at 80 C, allowed to cool
to room temperature, and washed by successive cen-
trifugation and redispersion in fresh heptane sol-
vent. This washing step is necessary because a sig-
nificant amount of unreacted or unattached butyl
rubber remains at the end of the reaction. SEM
micrographs of the PMMA seed particles are shown
in Figure 1. These micrographs are of the raw reac-
tion products prior to washing. Only in this way
we can observe small particles if they are formed
by secondary nucleation during the reaction.

In Figure 1 A one sees a small amount of very
large particles (2 to 5 ym) plus a much larger num-
ber of submicron particles which themselves show
a boad size distribution. Reaction conditions B.C,
and D (cf Table I) provide a relatively narrow dis-
tributton of particle sizes, with the diameters dec-
reasing from 550 nm to ca 350 nm as the amount
of butyl rubber in the reaction is increased. In Fig-
ures 1E and 1F one sees small particles with an
increased polydispersity plus a substantial amount
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0.15, C: 0.29 g EGDMA.

of unreacted butyl rubber in the micrograph. In
general, the larger the concentration of stabilizer
during the polymerization, the smaller is the parti-
cle size, and the broader is the particle size distri-
bution of the final latex in dispersion polymeriza-
tion.lli.ls

Second-stage Polymerization. Second-stage
polymerization was carried out using the PMMA
seed particles prepared by recipe B (Table I, Figure
1B) after cleaning them by four centrifugation-redis-
persion cycles. Three reactions were carried out.
All of them employed PHS solution as stabilizer,
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Figure 2. SEM micrographs of seed-core particles prepared with 3 different EGDMA concertrations; A . 0, B :

and we varied the amount of cross-linker added
to the reaction. A quick glance at Figure 2 will
indicate our motivation for exploring this variable.
The initial synthesis of the cross-linked PMMA
core particles with EGDMA present gave rise to
raisin-like objects that seem to have shrunk at some
point during the synthesis or subsequent handling.
We were interested in whether this effect is repro-
ducible, and the extent to which it depended upon

® the cross-linker present. As one sees in Figure 2

A, with no cross-linker present, 1 um particles arc
produced. These are round but their surface are
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Figure 3. SEM micrographs of seed-core particles and
g 95C,C:015¢g 98 C.

not completely smooth.

In contrast, the particles in Figures 2B and 2C
resemble small raisins. Some of the particles when
viewed from one face resemble donuts, but upon
closer inspection, all of the particles seem to be
formed as shrunken spheres. The particle size dis-
tribution is narrow, with mean diameters on the or-
der of 1 um in both reactions. There have been
previous reports®? in the literature of unusual-
shaped particles formed in emulsion polymerization
in the presence of a cross-linking agent, but to our
knowledge, none reported for dispersion polymeri-
zation.

What is curious is that the result described here
for the PMMA seed particles, prepared with the
butyl rubber as a stabilizer-precursor (BR-seed), is
very different from what happens when the PMMA
seed particles stabilized with the PHS comb stabili-
zer (PHS-seed) are used in the reaction.”” This dif-
ference in behavior may be linked to differences
in morphology between the PH3-seed particles and
the BR-seed particles. In the former, the PHS is
thought to be confined to the surface of the partic-
les.*® In the case of the BR-seec, it has been clearly
demonstrated™® that the particles have an interpen-
etrating network (IPN) structure, with the butyl
rubber component of the PMMA-BR graft copoly-
mer forming an interconnecting network throughout
the interior of the particles. This could have impor-
tant consequences on the second-stage reaction,
which is carried out under monomer-starved condi-
tions.”” In the case of the PHS-seed particle, for
kinetic reasons, the second-stage monomer could
swell only the surface region of the particles. How-
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secondary nucleated small particles; A: 0 g 95 C, B : 0.29

ever, in the case of the BR-seed particles, we
know that the alkane solvent swells the butyl rub-
ber component inside the particles,®* promoting
rapid diffusion of solutes into the particle interior.
Polymerization inside these particles will be exten-
sive. The presence of a cross-linker would increase
the degree of phase separation during the polymer-
ization. If demixing occurs®?® only at the particle
surface, a spherical core-shell structure might be
expected. We speculate that the formation of raisin-
like particles in the case of the BR-seeds is related
to phase separation within the particles.

When these reactions with EGDMA present were
run at somewhat lower temperatures (95 C, 98 T),
some small particles were seen in the SEM as
shown in Figure 3, evidence for secondary nuclea-
tion. In contrast, with no EGDMA present at 95
C as the reaction temperature in the second stage
no secondary nucleation occurred (Figure 3A). The
reason for that is not clear at present. It is, how-
ever, clear that the polymerization temperature andthe
presence of the EGDMA give a great influence on
the morphology of the resulting particles and occu-
rrence of the secondary necleation during the core
formation.

Third-stage Polymerization. Figure 4 shows
SEM micrographs of the particles produced from
the third stage polymerization of three types of the
seed-core particles shown in Figure 2. The shapes
of each type of particle resemble that of its precur-
sor. No secondary nucleation occurred. When
freeze-dried, these particles could be dispersed in
water containing a small amount of amine base,
demonstrating that the polar HEA-AA polymer was
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Figure 4. SEM micrographs of core-shell particles prepared with 3 different EGDMA concentrations; A : 0,

B 1015 C:029 g EGDMA.

Figure 5. SEM micrograph of odd-shaped “clusters of
the resulting core-shell particles”.

located at the particle surface.

One more experiment was carried to examine
the consequences of increasing the BA content of
the polar monomer mixture. The feed used for the
shell formation contained MMA (0.75 g), BA (0.75
g), HEA (0.85 g). AA (0.3 g), AIBN (0.04 @), PHS
solution (0.54 g) and heptane (1.0 g). It was added
slowly to the cross-linked PMMA core sample con-
taining 0.29 g EGDMA (cf Figure 2C). The seed
particles employed here were prepared using recipe
B in Table I (cf Figure 1B). The interesting feautre
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of this reaction, as shown in Figure 5, is that we
obtain the same kind of particle clusters seen in
the shell formations of PHS stabilized PMMA core
particles, reported in the previous paper.”” This
provides further support for the idea that cluster
formation is somehow connected to lowering the
Tg of the particles in the reaction.

Conclusion

Non-aqueous dispersion particles containing a
cross-linked core and a polar shell were prepared
by a 3 stage dispersion polymerization. These parti-
cles formed stable dispersions in aliphatic hydroca-
rbon media. The most compelling evidence that
—OH and —COOH groups are located at the parti-
cle surface (or in a shell at the surface) is that
the freeze-dried particles are easily dispersed in
water containing a small amount of amine base.
Depending on the stabilizer used in the seed for-
mation, the concentration of cross-linker used in
core formation, and the composition of the mono-
mer mixture in formation of the shell, various types
of NAD particles were prepared in a reproducible
manner. When butyl rubber was used as a stabili-
zer-precursor in seed formation, the shape of the
final particles depended upon whether a cross-link-
er was employed in the second-stage polymeriza-
tion. When a cross-linker was present, the second-
stage particles, and the subsequent third-stage par-
ticles, had a shrunken, raisin-like appearance with
a narrow size distribution. The formation of raisin-
like particles might be related to the IPN network
structure in BR-seeds and phase separation with-
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in the particles in the presence of a cross-linker.
We think that it is possible that these odd-shaped
particles may offer a better representation than
spheres to studge formation in motor oil
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