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ABSTRACT: Radical polymerizations of polar unsaturated monomers ethyl acrylate, methyl methacrylate and nonyl
methacrylate in an o/w microemulsion photoinitiated by a UV light were investigated. Polymerizations were conducted at low
temperature to follow the effects of a varied solubility of monomer (coemulsifier) and/or diffusional degradation of monomer
droplets on the kinetic and colloidal parameters. The rate versus conversion curve showed four regions with two rate maxima
ca. at 5% to 20% and 50 to 70% conversion. The first rate maximum results from abrupt decrease of the monomer concentration
at microemulsion loci and the second one from the increased accumulation of radicals in the latex particles. The higher
polymerization rate of ethyl acrylate compared to that for methyl methacrylate or nonyl methacrylate was attributed to higher
monomer concentration at reaction loci and propagation rate constant and lower quenching rate. The rate of polymerization
was found to increase with incident light intensity and was most pronounced with nonyl methacrylate. The reaction order (the
dependence of the rate of polymerization or the number of particles on the incident light intensity) was taken as a measure
of particle nucleation efficiency. Particle size distribution was observed to be very narrow at low conversion and increased

with increasing conversion.
KEY WORDS

Microemulsion and miniemulsion polymerizations
offer convenient access to well-defined microlatex par-
ticles being typically one order of magnitude smaller
than polymer particles obtained by conventional emul-
sion polymerization. The fine monomer emulsion ex-
hibits a large interface between monomer droplets and
the aqueous phase. Under such conditions, continuous
nucleation up to (very) high conversion is operative.
There is no apparent constant rate period in the o/w
microemulsion or miniemulsion polymerization.' 3
Ugelstadt er al* clearly demonstrated that monomer
droplets could effectively compete with monomer-swollen
micelles for capture of free radicals generated in the
aqueous phase when the total surface area of the droplets
became large enough. In conventional emulsion po-
lymerization, the principle locus of particle nucleation
is the aqueous phase or the monomer swollen micel-
les depending on the degree of water solubility of the
monomers, an initiator and amount of emulsifier.
Monomer droplets are considered only as monomer
reservoir supplying monomer to the growing polymer
particles. However, the small size of the monomer
droplets (micro- or minidroplets) enables them to be-
come the principle locus of particle nucleation. .

The principle behind the formation of microemulsions
(droplet size 10—50nm) is penetration of coemulsifier
into the water/oil interface, thereby decreasing surface
tension and increasing interface area. Coemulsifier also
decreases the rigidity of interface film due to increasing
the molecular disorder. Coemulsifier promotes the for-
mation of a more curved interfacial area and this is
reflected in smaller size of oil droplets. The coemulsifier
(short alkyl chain alcohols) molecules penetrate the
interface. If the elastic constant of the interface is of
the order of the thermal energy, the interfacial film is
flexible. Otherwise, the film becomes rigid (if the elastic
constant is much larger than the thermal energy). Once
the conditions are right, spontaneous formation of the
microemulsion occurs and little mechanical work is re-
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quired. In classical microemulsion polymerization, the
principal locus of particle nucleation is the emulsified
monomer droplets (microdroplets), particle nucleation
proceeds throughout the course of polymerization and
the dependence of the rate vs. conversion is described
by a curve with the one maximum at ca. 20—40%
conversion.

Fine emulsions with larger droplet size (above 50 nm
in diameter) are termed as miniemulsions. Miniemulsions
are relatively stable submicron dispersions of monomer
in water prepared by shearing a system containing
monomer, water, emulsifier and hydrophobe. The prin-
ciple behind the making of stable miniemulsions is the
introduction of a hydrophobic component (hexadecane,
polystyrene (PSt), poly(methyl methacrylate) (PMMA),
etc.) into monomer droplets to retard substantially the
diffusion of monomer out of the monomer droplets.3>
In miniemulsion polymerization, particle nucleation is
somewhat reduced up to ca. 30—50% and the depen-
dence of the rate vs. conversion is described by a curve
with two maxima (four rate intervals). In classical emul-
sion polymerization the nucleation interval ends below
5 to 20% conversion.

Ethyl acrylate (EA) and methyl methacrylate (MMA)
monomers act as poor coemulsifiers in the microemulsion
polymerization (at moderate temperatures) and particle
nucleation does not proceed above 50% conversion.®’
This somewhat deviates from the kinetics of microemul-
sion polymerization. The water solubility of both mono-
mers is inversely proportional to temperature. Thus, at
a low temperature the penetration of monomer into
the interfacial layer is lower as well as colloidal sta-
bility of microdroplets. This is expected to influence ki-
netic and colloidal parameters of emulsion polymeriza-
tion. This is one of the primary subjects for the present
study. Nonyl methacrylate (NMA) acts as a coemulsifier
(contains a polar group) and hydrophobe (a low water
solubility) as well.® At low temperature, the hydrophobic
feature of NMA is expected to be more operative. This
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is a second aim of the present study. Radical formation
was performed by UV light.

EXPERIMENTAL

Materials

Commercially available EA, MMA, and NMA were
purified by usual methods.”-® The photoinitiator system
consisting of dodecyl thioxantone (DTX) and methyl-
diethanoleamine (MDEA) (both from Fluka) was used.
The emulsifier used was the reagent-grade sodium do-
decyl sulfate (SDS) (Fluka). Twice-distilled water was
used as the polymerization medium.

Polymerization Procedure. Batch polymerizations were
run at 23°C. In all runs the recipe comprises 100 g water,
20g SDS, 2.5g monomer, 0.0122g DTX and 0.0383 g
MDEA. Incident light intensity (/ /einstein dm~3s™!)
varied as given later.

Polymerization technique. Polymerization experiments
were performed on an optical bench using monochro-
matic light of the wavelength of A=365nm. Equipment,
measurement of radiation intensity and photopolym-
erization technique have been described elsewhere.!®
Conversion of monomer was determined by dilatometric
measurements (checked by gravimetry). The polymeriza-
tion rate (R,/moldm ~3s™1') at different conversion was
determined by a non-linear least squares regression
analysis { R, =(dx/dr) x ny, where x is the weight fraction
of monomer to polymer and ny, is the initial number of
moles of monomer per unit volume of the aqueous
phase}.

Polymer and Latex Characterization

The polymerization method and measurements of the
average particle size and the apparent particle size
distribution (APSD) (by a light scattering) were the same
as described earlier.>'! Emulsified monomer droplet
number in the monomer emulsions was recorded by
optical microscope. PSD of several latex samples was
also measured by transmission electron microscopy.'?:!3

RESULTS AND DISCUSSION

Submicron Droplets

A slight mixing of monomer, water, emulsifier and
coemulsifier leads to the formation of microemulsion.
Submicron minidroplets are also generated by mixing
monomer and water in a high-shear mixer in the presence
of appropriate amounts of emulsifier and hydrophobe.
By cooling, transparent fine emulsions are transformed
to semitransparent or milky ones. In some cases a
one-phase system transforms to a two-phase one. The
size of submicron monomer droplets can also be varied
by temperature. Turbidity of fine MMA, EA, or NMA
emulsions was observed to increase with decreasing
temperature from 70 to 10°C and the increase was
more pronounced in runs with a lower emulsifier
concentration. The diffusional degradation of monomer
droplets is more favored at low temperature. To keep
the polymerization system transparent or semitranspar-
ent an appropriate weight ratio monomer/emulsifier
was used.
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Figure 1. Variation of monomer conversion in microemulsion
polymerization of EA (ll), MMA (@), and NMA (A) photoinitiated
by a UV light with the reaction time. Recipe: 100 g water, 20 g SDS,
2.5g monomer, 0.0122g DTX, and 0.0383g MDEA, 23°C;
I,=8.92 x 107 einstein dm 35~ !,
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Figure 2. Variation of the rate of polymerization in the microemul-
sion polymerization of EA (A), MMA (), and NMA (@)
photoinitiated by the UV light with conversion. Other conditions see
in the legend for Figure 1.

Kinetic Parameters

Conversion (X)-time data of the microemulsion
polymerization of EA, MMA, and NMA initiated by the
UV light (A=365nm) are shown in Figure 1. All curves
were found to have the same kinetic features. Cor-
responding polymerization rate (R,) data are shown
in Figure 2. This figure shows two rate maxima or four
distinct nonstationary rate intervals. The results indicate
that the polymerization rates of all runs exhibit similar
behavior with respect to conversion, i.e., the polymeri-
zation rate first increases to a maximum followed by a
decrease and then again increases to a second rate
maximum followed by a final decrease. There is no
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significant constant rate interval observed. The first
increase in the rate of polymerization is attributed to
the intensive particle nucleation.®’ Particle number
was observed to increase from 5.8 x 10'¢/dm? to 2.7 x
1017/dm?3 from 10% to 30% conversion (with MMA),
respectively, and then reached plateau. The rate of
polymerization (R, j.y,;) for EA and MMA was maxi-
mum at 20% conversion while that for NMA was ob-
served at ca. 5% conversion. R, ., results from de-
creasing monomer concentration at the reaction loci
and increasing the number of particles with conversion.
The monomer polymer weight ratio for the emulsion
polymerization of butyl acrylate (BA) under monomer
saturation conditions was determined to be ca. 1.7.}*
The monomer/polymer weight ratio for the microemul-
sion polymerization of BA at ca. 40% conversion was
below 1.!° Thus, the microemulsion polymerization of
BA proceeds under monomer-starved conditions already
present at medium conversion. Simulation of microemul-
sion polymerization of styrene led to the conclusion that
the microdroplet monomer core disappears at conversion
much below 10% conversion.! The polymerization rate
reaches maximum prior to the end of the nucleation
period if the rate of formation of polymer particles slows
down enough increase in the monomer concentration in
the active latex particles. Under such conditions, de-
creasing monomer concentration in the particles dom-
inates the rate of polymerization.

The different locations of R, .., ; for NMA and EA (or
MMA) result from the different lengths of monomer
saturation interval. The monomer saturation interval is
the shortest with NMA. This results from the hydro-
phobic nature of NMA, which decreases the rate of
monomer diffusion to the reaction loci® and so the
rate of polymerization. The addition of a hydrophobic
compound is known to decrease Ostwald ripening.**> The
locations of hydrophobic molecules in the monomer
droplets (highly monomer swollen particles) are sup-
posed to depress diffusion of monomer from such
monomer droplets to the active polymer particles. Under
such conditions, the rate polymerization of NMA de-
creases nearly from the start of polymerization. A large
number of fine emulsified monomer droplets (ca. 10%!
per dm?) promotes the continuous nucleation of polymer
particles up to high (final) conversion. The concentration
of monomer decreases throughout the polymeriza-
tion,!'!5 and that monomer droplets exist throughout the
polymerization.!® Droplet size measurements did not
confirm the presence of monomer droplets above
300—500 nm in diameter (smallest droplets which could
be measured by optical microscopy) during the whole
polymerization. This indicates the presence of tiny
monomer droplets in the reaction system. The monomer
droplets (with diameter above 300—500 nm), however,
were observed in the fine emulsion polymerization of
styrene up to 80—90% conversion.'*'” R, vs. con-
version curve showed one distinct maximum at ca.
20—40% and a second rate shoulder at ca. 70—80%
conversion. The second rate maximum was accompani-
ed by increase in the average number of radical per
particle (the gel effect).

The second rate maximum did not appear in the
microemulsion polymerization!#:¢-7:181% pyut in the
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miniemulsion polymerization.*>?° Two rate maxima
were reported in the classical miniemulsion polymeriza-
tions of styrene or MMA in the presence of the strong
hydrophobe (cetyl alcohol (CA), hexadecane (HD), etc.)
and/or poor hydrophobe (PMMA or PSt). The first rate
maximum was more pronounced with PSt (or PMMA)
while the second maximum was more pronounced with
CA (or HD). The shape of R, vs. conversion curve for
EA, MMA, or NMA is more like that observed in the
miniemulsion polymerization of styrene or MMA in
the presence of a poor hydrophobe (PMMA or PSt).’
The distinct second maximum, however, was expected
with NMA as an efficient hydrophobe.!? The results show
that this is not the case. This behavior can be attributed
to the location of NMA in the interfacial layer.

The first (R, may,1) and second rate (R nax,) maxima
decrease as follows:

R :EA>MMA >NMA

p,max,1 *

and R :MMA > EA >NMA

p,max,2 *

The ratio R, ax,1/Rp max,2 (Ry2) varies as follows:

5.9 (EA)>5.5 (NMA)> 1.9 (MMA)

The largest R, ,..,1 OF Ry, for EA can be attributed to
high propagation rate constant (ca. one order in
magnitude larger than that for MMA or NMA!°-21) and
high monomer concentration at reaction loci (monomer
only partly penetrates the interface). The main location
of NMA at the interfacial layer decreases the monomer
concentration at the reaction loci (dilution effect)?? and
the rate of polymerization as well. The largest R, 0.2
or smallest R;,, for MMA results from increased
agglomeration of particles which first decreases R, pay, 1
(due to increased deactivation of reaction loci) and later
increases R, ..., (due to accumulation of radicals in the
large particles).

The high emulsifier/water ratio ensures that the largest
fraction of emulsifier is undissociated. This is a basic rule
for the formation of microemulsions.?® The degree of
(emulsifier) dissociation is inversely proportional to
temperature. Under the current reaction conditions,
solubility of the emulsifier in the monomer phase is
relatively high.?* The monomer-soluble emulsifier de-
creases the average monomer concentration at the
reaction loci and promotes the chain transfer to emul-
sifier.?> The accumulation of emulsifier in the mono-
mer droplets is expected to decrease the rate of polym-
erization with conversion. The presence of hydrophobic
(undissociated) emulsifier in the microdroplets can dis-
favor Ostwald ripening.

The polymerization rate continuous to increase to
about 60% for MMA and 75% for EA and NMA when
particles reach their glass transition point, bringing
about a reduction in the propagation rate and thus
reducing the polymerization rate. This causes decrease
in the rate of termination inside the monomer-swollen
particle. The observed behavior is very similar to that
reported by El-Aasser et al.2° and Shork et al.® for the
classical miniemulsion polymerizations of styrene and
MMA in the presence of hydrophobes such as CA,
HD, polymer, etc. and homogenized by a uniform shear
device (Microfluidizer).

Polym. J., Vol. 31, No. 10, 1999
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R, max.1 varies with the incident light intensity, 7, as
follows (¢f. Table I):

0.59 0.53 0.77
Rp,max,l oC Iinc.EA> Rp‘max,l oc Iinc,MMA and Rp.max‘l mIim:,NMA

The largest reaction order x (R, a1 X i) is found
with NMA. Less pronounced increase in R, .., ; is found
with EA or MMA. In the thermally (peroxodisulfate)
initiated polymerization of alkyl (meth)acrylates, the
reaction order x is much smaller than 0.7. The similar
reaction order x, however, was observed in the photo-
initiated microemulsion polymerization of butyl acryl-
ate.’®1° This was attributed to the high entry efficiency
of radicals (without charge) formed during photolysis.
The interaction between monomer and emulsifier leads
to the formation of additional radicals increasing the flux
of radicals into the microdroplets. In the photoinitiated
microemulsion polymerization of acrylamide, the rate of
polymerization was found proportional to the first power
of incident light intensity and a,a-azobis(isobutyronitrile)
(AIBN) concentration.?® The rate of classical emulsion
polymerization slightly increase with AIBN concentra-
tion (reaction order is much below 0.4).27 In the mi-
croemulsion polymerization of acrylamide,?® the diffu-
sion of a water soluble monomer through the oil phase
(toluene, decane, etc.) is strongly depressed while in the
emulsion polymerization of styrene?’ the monomer
droplets act as a monomer reservoir, the diffusion of
monomer is unrestricted, the diffusional degradation of
monomer droplets is operative, the initiating radicals
are mainly captured by the polymer particles and nu-
cleation of particles during the interval 2 (stationary in-
terval) is negligible.

Thus, variation of the reaction order x with the po-
lymerization mode (microemulsion (Micr.) or emulsion
(Emul.)) can be summarized as follows:

1.0 (acrylamide, Micr.2%)>0.87 (Styrene, Micr.28)>0.77
(NMA)>0.7 (butyl acrylate, Micr.'®19)>0.59 (EA)>
0.53 (MMA)>0.37 (Styrene, Emul.,28).

The reaction order x can also be discussed in terms of
particle nucleation. The smallest reaction order (x=0.37)
was found in the emulsion polymerization of styrene
where the nucleation period is very short and the bi-
molecular termination is operative in the aqueous phase
and latex particles. A somewhat larger reaction order
(x=0.53 and 0.59) was observed in microemulsion po-
lymerizations of MMA and EA where the spontaneous
particle nucleation was prolonged up to 30 or 40%
conversion. Above this conversion, the number of
particles depressed.®” Particle growth was attributed to
propagation of monomer and agglomeration of latex
particles. In the microemulsion polymerization of
hydrophobic BA and NMA monomers the reaction order
is 0.7 and 0.77, respectively. Here the particle nucleation
proceeded up to ca. 90 to 100% conversion. The
continuous nucleation up to the final conversion (with
the reaction order x=1) was observed in the micro-
emulsion polymerization of acrylamide.

In the peroxodisulfate-initiated microemulsion poly-
merization of styrene continuous nucleation up to very
high conversion and large reaction order x= 0.87 were
reported.?® In this case, the released coemulsifier from
polymer particles (pentanol is not compatible with PSt)

Polym. J., Vol. 31, No. 10, 1999

is assumed to penetrate the surface layer of monomer-
swollen micelles due to which the surface area of free
microdroplets is ca. constant (or increases). Con-
sequently, radical entry efficiency for micelles is very high,
as well as nucleation activity. Acrylamide monomer
microemulsions were found to be highly percolating and
the percolation activity decreased with increasing con-
version (decreasing acrylamide (coemulsifier) concen-
tration).?? The formation of transient (percolating) ag-
gregates is most pronounced at low conversion. Under
such conditions, the active surface area for radical entry
islowered. As a polymerization advances, the percolating
aggregates decay to single droplets due to which the
surface area of non-nucleated micelles remains ca. con-
stant (or increases). Consequently, the particle nuclea-
tion increases and the reaction order x is close to 1.

The reaction order 0.5 refers to the bimolecular
termination for the bulk or pseudo-bulk (radicals do not
sense the interface zone) systems and 1.0 to the
monomolecular termination caused by degradative chain
transfer, occlusion of growing radicals, etc. In micellar
systems, reaction loci are isolated and termination
proceeds by chain transfer to monomer, emulsifier and
additive. In fine emulsion systems, transferred radicals
desorb to the aqueous phase and then re-enter mi-
crodroplets. Chain transfer/desorption/re-entry events
govern the reaction mechanism. This results from the
much large surface area (2 or 3 orders of magnitude)
provided by microdroplets compared to that provid-
ed by the latex particles. Thus, radical flux to the
microdroplets is large while to polymer particles is very
small. Besides, the surface area of microdroplets is a
complex function of formation or decay of percolating
aggregates, the barrier for entering radicals and the
degree of monomer solubility of emulsifier. Monomer
swollen inactive polymer particles mainly serve as a
reservoir of monomer and emulsifier.

Colloidal Parameters

Table I shows that the particle size (D/nm) and the
particle size distribution (APSD or PSD) were observed
to increase in the following order (Table I, run 3):

D,: 25nm (NMA)<28nm (EA)<47nm (MMA)
and

APSD (>80% conversion):

1.2 (NMA)< 1.5 (EA)<2.4 (MMA)
APSD (<20% conversion):

1.05 (NMA)<1.09 (EA)<1.18 (MMA)
PSD (>80% conversion):

1.05 (NMA)< 1.2 (EA)<1.6(MMA)

Particle size decreases with increasing the alkyl group of
(meth)acrylate monomer. The larger coemulsifier activity
the smaller particle size. The microemulsion polymeriza-
tion is known to produce the monodisperse polymer
latexes. The experimental data indicate that APSD or
PSD increases with conversion and the increase is much
more pronounced for APSD (light scattering estimates).
The latex particles with narrow distribution are formed
at low conversion. Thus, the reaction system is ther-
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Table I. Variation of kinetic parameters in the microemulsion polymerization of EA, MMA, and NMA with the incident light intensity?
Run /;,, x 107° Rymaxy X 1073 D, N, x 107
Einsteindm 35! moldm 357! nm dm?3
EA MMA NMA EA MMA NMA EA MMA NMA
1 295 6.6 2.8 2.0 31 55 29 1.4 0.22 1.4
2 5.1 7.9 4 2.5 30 52 26 1.5 0.25 2.2
3 892 12.5 5.4 44 28 47 25 2.0 0.35 3.0
4 138 15.8 6.3 6.3 26 46 22 2.5 0.4 35

2 Final conversion varied from 80 to 100%.

modynamically stable without or with a low level of
polymer. The accumulation of polymer in the system
depresses the colloidal stability of reaction system,
connected to the increase of PSD. The increase of PSD
from NMA to MMA results from lower coemulsifier
activity of MMA or lower colloidal stability (increased
diffusional degradation) of MMA microemulsion. The
location of NMA molecules in the interface layer in-
creases the interface area of submicron droplets, the
number of microdroplets (latex particles) and formation
of monodisperse polymer latexes. The hydrophobic
NMA increases the colloidal stability of microdroplets.

The number of particles was found to increase with
incident light intensity (N oc I7,,), according to (¢f. Table
I):

NpOCIi?nk‘t.EA’ NpOCIi(:\gaMA and NpOCIi?{cG,NMA
Nucleation activity increases from MMA |, EA to NMA.
This is in good agreement with the kinetic approach
discussed above. However, the (colloidal) reaction order
(y) is lower than the (kinetic, R, .., vs. I};.) reaction
order (x). This difference is attributed to variation of
nucleation activity with conversion. The kinetic order (x)
was estimated at ca. 20% conversion (high nucleation
activity) while the colloidal order (y) was estimated at
ca. 80% (the decreased nucleation activity). Quite
different behavior was observed in the peroxodisulfate-
initiated microemulsion polymerization of alkyl (meth)a-
crylates where the reaction order y is close to zero or
reaches a negative value.'®!° The high particle nu-
cleation activity of the current systems may result from
the high level of undissociated emulsifier in the present
system or a high monomer solubility of emulsifier. The
more close packed structure of the interfacial layer
formed at lower temperature promotes higher colloidal
stability and nucleation efficiency of microemulsion. The
reversed trend is found in the microemulsion polymeriza-
tion of styrene where the (colloidal) reaction order (0.59)
is larger than the kinetic one (0.4), respectively.3® This
can be discussed in terms of varied level of pentanol
in the interface during polymerization. The released co-
emulsifier (due to restricted compatibility with poly-
mer) penetrates into the interfacial layer and so in-
creases the surface area of the microdroplets.

Photophysics of Radical Formation

The quantum yield ¢, of polymerization initiated by
DTX/MDEA was estimated as ca. 1400.3! This indicates
that the initiating efficiency of the DTX/MDEA system
is very high. In the absence of a cosynergist (MDEA)
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the rate of polymerization is in one or two orders in
magnitude lower. The thioxanthone triplet was observ-
ed to be strongly quenched by alkyl methacrylates and
the quenching rate constant for triplet thioxantones
by methyl methacrylate undergoes a drastic decrease
when the solvent polarity increases.>? The location of
hydrophobic DTX in the monomer droplets indicates
that the triplet DTX might be partially quenched by
MMA or NMA. This might decrease the overall rate
of polymerization in MMA and NMA runs. The low
quenching rate for EA increases the concentration of
initiating radicals via interaction of triplet DTX and
MDEA and the rate of polymerization as well.

CONCLUSIONS

The rate versus conversion curve showed four regions
with two rate maxima ca. at 5% to 20% and 50 to 70%
conversion. The first rate maximum on the rate—con-
version curve is a basic characteristic of a microemul-
sion system as reported in several papers,!:?56
due to; 1) increase of particle concentration and 2)
decrease of the monomer concentration at the reaction
loci with increasing conversion. The second rate results
from accumulation of radicals in the latex particles due
to increased particle size. The larger rate of polymeriza-
tion rate for EA compared to that for MMA or NMA
is discussed in terms of the different monomer con-
centration at the reaction loci, number of particles,
and propagation rate constant. The rate of polymeriza-
tion was found to increase with incident light intensity
and the increase was most pronounced in the NMA
system. The high radical rate formation promotes the
formation of fine polymer dispersion. This results from
the close packed structure of the interfacial layer and
high entry efficiency of radicals formed during photo-
lysis. The finest dispersion was formed with NMA while
the more course one with MMA.. The same was noted for
PSD.
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