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Introduction. Nonaqueous dispersion polymeriza-
tion~* is a very versatile method to afford polymer dis-
persions of controlled morphology. It is initiated in a
homogenous medium where all components are mis-
cible. When polymer molar mass exceeds a critical
limit, polymers phase separate and aggregate. Steric
stabilization of polymer particles is achieved when
dispersing agents, usually block copolymers, are added.
After formation of particles, further polymerization
occurs in bulk of the monomer-swollen particles. Pro-
vided that no new particle nucleation takes place, it is
possible to obtain narrow particle size distributions.
Particle sizes depend mainly upon the solubility of the
formed polymer in the medium. In case of better
solubility, aggregation of polymer chains is delayed,
resulting in larger diameters of the formed particles.
Low solubility causes quick aggregation and therefore
smaller particle sizes.

Advanced methods like living anionic polymeriza-
tion>8 and group transfer polymerization”® (GTP) have
been performed in nonaqueous dispersions although
most research is concerned with free radical polymeri-
zation. Living dispersion polymerization gives both
control of molar mass and particle morphology.

Controlled radical polymerization®~12 is a new living
polymerization technique using for example 2,2,6,6-
tetramethyl-1-piperidyloxy radical (TEMPO) combined
with azoisobutyronitrile or benzoyl peroxide (BPO) as
initiating system.1314.15 Preferably controlled radical
styrene polymerization is performed in bulk at temper-
atures of 100—140 °C. This leads to high viscosities and
therefore experimental problems related to stirring at
high conversions.

Combining controlled radical polymerization and non-
aqueous dispersion polymerization should provide the
above-mentioned advantages of a living polymerization
method and lead to a low viscosity product even at high
conversions. In this study living radical polymerization
in bulk and nonaqueous dispersion are compared with
respect to reaction kinetics and control of polystyrene
molar mass. Moreover particle formation during con-
trolled radical styrene dispersion polymerization is
investigated.

Experimental Section. (a) Materials. Styrene ob-
tained from Fluka was stirred over lithium aluminium
hydride for one night and distilled under reduced
pressure. TEMPO, BPO (Aldrich), and decane (Fluka)
were used as received. The dispersant Kraton G1701,
supplied by Shell Chemical Co., is a polystyrene-block-
poly(ethene-alt-propene) with a polystyrene content of
34 wt %. The number average molar mass of the PS
block is 35 700 g/mol and of the poly(ethene/-alt-pro-
pene) is 68 300 g/mol. Prior to use it was dissolved in
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THF, precipitated from methanol, and dried over night
in a vacuum oven.

(b) Polymerizations. The dispersion polymeriza-
tions were carried out in a flask equipped with a
magnetic stirrer bar under argon atmosphere. Decane,
styrene, Kraton G1701, BPO, and TEMPO were mixed
and degassed by two freeze—pump—thaw cycles using
argon as inert gas. Then the flask was immersed into
an oil bath at 135 °C for 70 h. Periodically samples were
taken and analyzed. The samples were dissolved in
THF, precipitated from methanol, and dried in a vacuum
oven for 24 h.

The polymerizations in bulk were carried out in the
same way without decane and dispersant. The poly-
merizations were stopped when the increasing viscosity
prevented mixing by a magnetic stirrer (6.8—7.5 h).

(c) Particle and Polymer Characterization. For
NMR measurements an AMR 300 spectrometer from
Bruker with CDCl; as internal standard was used. The
diameters of the polymer particles were determined by
TEM using a Zeiss CEM 902 with 80 kV voltage. The
samples were preparated by spraying diluted disper-
sions, containing approximately 0.01 wt % solids, onto
carbon-coated copper grids. Image processing gave the
number average of the particle diameter and the
standard deviation.

Conversions were determined by 'H-NMR, comparing
integrals of olefinic and aliphatic protons (bulk polym-
erization). In case of dispersion polymerization the
dispersant was used as a standard. The conversions
were calculated from the ratio of aromatic to aliphatic
protons, which increases with increasing conversion.

Molar mass was determined using a Waters size
exclusion chromatograph calibrated against polystyrene
and equipped with Microgelset a 11 columns (obtained
from Polymer Lab, Mainz, Germany) and UV/RI detec-
tors. In some cases molar masses of the polystyrene
were similar to those of the dispersant. Here math-
ematical data processing was applied to separate the
peaks.

Results and Discussion. Three polymerizations in
bulk and dispersion were carried out by varying the
TEMPO concentration from 0.012 to 0.042 mol of
TEMPO/L of styrene using a TEMPO/BPO molar ratio
of 1.6 and a reaction temperature of 135 °C. Polymer-
ization results and polymer characterization are listed
in Table 1.

As can be seen in Figure 1, bulk polymerization is
much faster than dispersion polymerization. In bulk
approximately 7 h and in dispersion 70 h are necessary
to reach a plateau in the conversion/time plot, thus
reflecting the lower overall monomer concentration in
dispersion where decane dilutes styrene monomer. The
conversion/time plot of the dispersion polymerization for
the lowest, calculated molar mass of M,, = 22 000 g/mol
shown in Figure 1A (run D22) exhibits an unusual
shape. The polymerization starts slowly and accelerates
after 30 h simultaneously with the onset of turbidity
resulting from particle formation. This is reasonable
since the particles, once formed, are swollen with
monomer leading to a higher local styrene concentration
and consequently higher reaction rates. The sample
collected before this onset of particle formation was
transparent at the reaction temperature but became
turbid at room temperature. This indicates that new
particles are formed upon cooling, most likely in addi-
tion to particles formed during polymerization. In runs
D50 and D75 turbidity occurs much earlier, which is
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Table 1. Polymerization Conditions and Characterization Data®

M, (g/mol)
sampleP reaction time (h) [TEMPO]¢ (mol/l)  conversion (%) calcdd GPC Muw/Mp, (GPC) diameter (nm) ¢ (%)
D22 75 0.042 64 14100 12200 1.52 260 49
B22 5.8 0.013 69 15 200 15500 1.19
D50 69 0.018 71 35 500 42 500 1.29 1610 41
B50 7.5 0.005 78 39 000 37 300 1.15
D75 69 0.012 65 48 800 51 400 1.41 1680 75
B75 7.4 0.004 81 60800 53400 1.27

a Other reaction conditions: reaction temperature = 135 °C, [TEMPQ]/[BPO] = 1.6, and content of dispersant = 10 wt % (samples
D22, D50 and D75). ® D or B means dispersion or bulk, respectively. Numbers 22, 50, and 75 denote the molar mass calculated for 100%
conversion in 1000 g/mol. ¢ In dispersion, a monomer concentration of 30 wt % in decane is used, thus lowering the overall TEMPO
concentration by a factor of 0.3. 9 Molar mass calculated for the actually reached conversion.
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Figure 1. Conversion as a function of time for bulk and
dispersion polymerization at different TEMPO concentrations.

attributed to the longer and therefore less soluble
polystyrene chains. Early turbidity is associated with
the absence of acceleration during the later stages of
the polymerization.

Assuming a constant radical concentration and there-
fore first-order kinetics, plots of In([Mg]/[M]) vs time,
where [Mg] is the initial and [M] is the monomer
concentration at a certain time, should provide linear
relationships. As can be seen in Figure 2 this is fulfilled
only for bulk polymerizations. Most likely, in disper-
sion, a part of the polymer chains remains dissolved in
the decane/styrene mixture and another part aggregates
to form particles. Simultaneous polymerization in
particle and solution could account for deviation from
linear relationship between In([Mo]/[M]) and time. Dif-
ferent concentrations of TEMPO in decane and in the
particles due to different solubilities affect the equilib-
rium of the reversible termination and therefore the
radical concentration.

The molar masses depicted in Figure 3 are propor-
tional to conversion, thus clearly demonstrating the
living nature of this process. Bulk polymerization
shows more pronounced linearity.
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Figure 2. Polymerization kinetics of bulk and dispersion
polymerization at different TEMPO concentrations.

As illustrated in Figure 3, especially at high molar
mass of polystyrene, corresponding to very low TEMPO
concentration, the molar masses found in dispersion
polymerization are much higher than those of bulk
styrene. This indicates that TEMPO is less effective
in end capping free radicals when polymerizations are
performed in dispersion. Moreover it should be taken
into account that the reaction time of dispersion polym-
erization is much longer, resulting in a higher possibility
of unwanted side reactions, e.g. recombination reactions.
Polydispersities, listed in Table 1, are found to be much
higher in dispersion polymerization compared to bulk
polymerization. In Figure 4 the SEC traces for a typical
dispersion polymerization are shown (run D22). Signal
V is due to the dispersant, and signals I-1V show
polystyrene at different conversions. It can be seen that
the polydispersities increase with increasing conversion
(from values of 1.2 up to 1.5 compared to 1.1-1.3 for
bulk polymerization). This again reflects the presence
of different active chain ends of polystyrene growing
simultaneously in solution and in particles and the
longer reaction time of dispersion polymerization when
compared with bulk polymerization. The equilibrium
of the reversible termination is affected by the TEMPO
concentrations that vary in decane and in particles due
to different solubilities of TEMPO.

Generally in nonaqueous dispersion polymerizations
no new particles are formed, once particle nucleation
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Figure 3. Correlation molar mass and conversion for bulk
and dispersion polymerization at different TEMPO concentra-
tions.
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Figure 4. SEC traces of polystyrene samples taken at certain
conversions (I, 14%; 11, 23%; 111, 45%; IV, 63%; dispersion
polymerization run D22; signal D due to dispersant). The
increase of M, and the broadening of the distribution with
conversion is shown.

has occurred. The growth of existing particles leads to
narrow particle size distributions. In controlled radical
dispersion polymerization, however, particle size dis-
tributions with diameters ranging from 50 nm to 10 um
(see Figure 5) were very broad. Therefore image
processing by TEM can only provide a very rough
estimation for the average particle diameters. The
reason may be partial solubility of polystyrene chains,
enhanced by high reaction temperature and styrene
content and low molar masses, thus leading to particle
formation on cooling.

Conclusion. Controlled radical polymerization in
bulk as well as in nonaqueous dispersion affords poly-
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Figure 5. TEM micrograph of particles recovered after 12.6
h at 135 °C (run D75, Table 1).

mers of controlled molar mass. Polydispersities in
dispersion are higher than in bulk. In contrast to
conventional dispersion polymerizations particle size
distributions were very broad, which could be attributed
to high reaction temperature. For better control of
particle formation it is important to develop other
initiator systems which initiate controlled radical dis-
persion polymerization at lower temperature.
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