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ABSTRACT: The cationic polymerization of p-methoxystyrene (pMOS) in miniemulsion in the presence
of dodecylbenzenesulfonic acid (DBSA) was studied. DBSA acts as both protonic initiator and surfactant
(INISURF). The recipe was first optimized to generate stable latexes from a miniemulsion, i.e., droplets/
particles of constant size throughout the polymerization. The miniemulsion polymerization process was
highly reproducible, quite fast at high temperatures (100% conversion in 8 h at 60 °C) and applicable
even at high monomer content (typically 40 wt %). Poly(pMOS) of small average molar masses (~1000 g
mol~?) and controlled functionality were synthesized. The sharp increase in molar masses at low conversion
was indebted to a decrease of water content at the interface through a cosurfactant effect. Above 20%
conversion, the chain length limitation, also observed in previous ionic polymerizations in emulsion studies
and referred to as critical DP, was confirmed by modeling simple kinetics. At final conversion, polymer
degradation occurred as revealed by SEC, MALDI-TOF, and 'H NMR. The particles quickly coalesced

in the absence of a cosurfactant.

Introduction

lonic polymerization in emulsion (IPE) is an original
process to generate nanoparticles from heterocyclicl~7
and vinyl monomers.8-10 Preparation of poly(dimethyl-
siloxane) latexes by cationic and anionic polymerizations
of cyclosiloxane in emulsion have been known for 40
years in industry,»2 whereas polymerizations of mini-
emulsion were primarily academic studies.3~® Indeed,
the formation of “ready-to-go” droplets facilitated mecha-
nistic studies by avoiding the complex particle nucle-
ation step. Kinetic studies showed that the chain
propagation at the interface occurred principally at low
conversion.® Termination by water!! was also substan-
tial, but this reaction is reversible, thus allowing chains
to grow. Condensation and redistribution reactions were
retarded but still occurred at high conversion. A far less
reactive heterocyclic monomer, phenyl glycidyl ether
(PGE), has also been polymerized anionically in mini-
emulsion.” IPE likely applies to alkyl cyanoacrylates
that react spontaneously in water to generate nanopar-
ticles.8? Excess acid (pH 2—3) improved the control of
cyanoacrylate polymerization in the emulsion by induc-
ing fast but reversible termination; i.e., most of the
chains were dormant.® Both systems obey a simple
kinetic scheme; i.e., initiation, propagation, and termi-
nation reactions take place at the interface.

A recent study reported the controlled polymerization
of p-methoxystyrene (pMOS) in a suspension using
sulfonic acids as initiators and a rare earth salt (ytter-
bium triflate) as a catalyst.’® The authors proposed that
dormant sulfonyl-terminated chains were activated by
the few ytterbium triflate molecules penetrating the
monomer droplets to generate long-lived polymer chains
(see Scheme 1 in ref 10). Controlled polymerization
could be achieved up to 25% conversion, after which a
pseudo-plateau in molar mass variations with conver-
sion was reached. This loss of control presumably arose
from transfer reactions with water.1!

* To whom correspondence should be addressed: Tel 33 1 44
27 55 01; Fax 33 1 44 27 70 89; e-mail ganachau@ccr.jussieu.fr.

10.1021/ma0202890 CCC: $22.00

These results prompted us to use such rare-earth
catalyst in a miniemulsion process. We chose a sulfonic
acid surfactant i.e., dodecylbenzenesulfonic acid (DBSA),
in place of previous sulfonic acids to stabilize the
particles and to favor inner or interfacial initiation
reactions. Preliminary blank experiments showed that
the polymerization took place in the absence of ytterbium
triflate. The present study deals with physicochemical
and Kinetic aspects of pMOS cationic polymerization in
miniemulsion using DBSA as an INISURF (initiator/
surfactant).

Experimental Part

Materials. Unless otherwise stated, all reagents were
purchased from Acros. p-Methoxystyrene (pMOS, 99%) was
used as supplied. The purity of dodecylbenzenesulfonic acid
(DBSA, Janssen Chimica, 98%) was confirmed by 'H and 3C
NMR before use. Pentanol, 3-ethyl-3-pentanol, and 1-meth-
oxynaphthalene (all 98% purity) were used as received.
Solvents for analyses, i.e., CDCl; (Euriso Top), THF (Prolabo),
as well as CH,CI, (Carlo-Erba), used for polymer extraction,
were of analytical grade (purity above 99.5%). 2,5-Dihydroxy-
benzoic acid (DHB, Aldrich, 98%) was used as a matrix for
MALDI-TOF analyses.

Methods. *H NMR measurements were carried out on a
Briuker AC 200 spectrometer in CDCIz at room temperature,
using the following conditions: spectral width 30 ppm with
16K data points, flip angle of 15°, relaxation delay of 1.4 s,
digital resolution of 0.36 Hz/pt. The chemical shift scale was
calibrated relative of the solvent peak (7.24 ppm).

Particle size measurements were performed on a Zetasizer
4 from Malvern Instruments. Samples were diluted in a
solution of DBSA (4.4 x 10~* mol L) below its critical micellar
concentration (cmc = 1.2 x 1072 mol L™ from ref 12) prior
analysis. Particle sizes are expressed as z-average diameters.

Size exclusion chromatography (SEC) measurements were
carried out on a device composed of a 515 HPLC pump
(Waters), an autosampler S5200 (Viscotek), and a differential
refractomer S200 (Viscotek). Three columns (one column with
1025 A pore size, two mixed-bed columns of average pore sizes
10% and 10° A, all from Shodex) thermostated at 30 °C were
eluted with THF at a flow rate of 1 mL min~*. The calibration
curve was made from polystyrene standards (between 264 and
67 500 g mol~?, from Viscotek).
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Figure 1. Influence of the INISURF amount on miniemulsion
stability vs time (open symbol, hydrodynamic particle diam-
eter; close symbol, size distribution polydispersity index).
Surfactant content (wt % compared to monomer): (V) 2, (O)
5, (O) 10 (Table 1, runs 1, 2, and 3, respectively). Values in
parentheses indicate at which conversion the emulsion starts
to visually destabilize. Lines are only guides for the eyes.

MALDI-TOF mass spectrometry analyses were performed
on a PerSeptive Biosystems Voyager Elite (Framingham, MA)
time-of-flight mass spectrometer, equipped with a nitrogen
laser (337 nm—3 ns pulse), a delayed extraction, and a
reflector. It was operated at an accelerating potential of 20
kV in reflected mode. The polymer solution (10 uL of 1 g L™*
in THF) was mixed with 20 uL of the matrix solution (DHB,
20 g L™t in THF) and 10 uL of a sodium iodide solution (20 g
L-! in THF), which favors ionization by cation attachment.
The final solution (1 uL) was deposited onto the sample target
and dried in air at room temperature before irradiation. The
MALDI mass spectra represent averages over 256 consecutive
laser shots (3 Hz repetition rate). Polystyrene standards were
used to calibrate the mass scale using the two-point calibration
software from PerSeptive Biosystems.

Polymerization in Miniemulsion. Miniemulsions were
prepared by ultrasound sonication using a 450 Branson
Ultrasonics Corp. sonifier at power 7 (25 W). Typically, 3.2 g
of pMOS (2.4 mmol) was added to the surfactant solution (0.32
g of DBSA, 1 mmol, in 8 g water, 0.4 mol) maintained at a
temperature of 25 °C using an ice bath during sonication (1
min 30 s). The emulsion was then transferred into the reactor,
where polymerization proceeded under thermal regulation (40
°C) and mechanical stirring (350 rpm). Polymerization was
completed after 2 days.

At regular time intervals, 2 mL aliquots were withdrawn
and neutralized with a stoichiometric amount of 0.1 N NaOH
solution to stop the polymerization. A few drops of the
emulsion were used to measure the particle diameter. A
spatula of aluminum salt (AIKS;0g:12H,0, Acros Organics,
99.5%) and 1 mL of CH,CI, were then added to the remaining
sample to achieve easy phase separation by centrifugation and
to ensure that no organic products remained in water.

The monomer conversion was determined by *H NMR and
SEC analyses (see Figure 2a). 'H NMR showed the decrease
of the vinyl peaks at 5.64 and 5.72 ppm compared to the
aromatic broad peak around 7 ppm. For SEC measurements,
monomer conversion was calculated from monomer and poly-
mer peak integration, taking into account their respective
refractive indexes (1.562 and 1.570). SEC traces and average
molar mass variations are given in Figures 3 and 2b, respec-
tively.

Results

All surfactant concentrations are expressed in weight
percent compared to monomer throughout the paper.

Stability Criteria for Polymerizing pMOS Mini-
emulsions. It was shown previously that cyclosiloxane
miniemulsions were easily prepared due to the high
hydrophobicity of these monomers (on the order of 107
mol L™1),2 whereas those containing more polar mono-
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Figure 2. Cationic polymerization of pMOS in miniemulsion
for a model system (40 °C, 28 wt % monomer) for three
different runs (see Table 1, runs 4 (O), 5 (O), and 6 (¢): (a)
conversion—time curve; (b) average molar mass variation with
conversion.

mers such as PGE were difficult to stabilize prior and
during polymerization.”

Figure 1 reports the evolution of hydrodynamic
particle size and size distribution polydispersity index
(PDI) for experiments prepared with various amounts
of DBSA (Table 1, runs 1—3). The miniemulsion pre-
pared with 2 wt % surfactant (Table 1, run 1) exhibits
large particle size from the beginning and quickly
coalesces (a latex can be considered broad for PDI above
1.10; see Figure 1). Besides, 10 wt % surfactant (Table
1, run 3) conducts to stable particles of usual size for
miniemulsions prepared by ultrasonication (typically
200 nm).

The two major processes of destabilization of emul-
sions are coalescence and Ostwald ripening.’* The
former generally occurs at low surfactant concentration;
10 wt % of DBSA is thus necessary to sustain the latex
stability. The second process involves monomer diffusion
from the small particles to the larger ones due to their
different osmotic pressures. The addition of a hydro-
phobic molecule!® cancels particle ripening by virtually
increasing the inner-particle osmotic pressure of small
droplets. Such a destabilization process does not seem
to take place here as the particle size remains constant
throughout the polymerization (Figure 1). Furthermore,
addition of 1-methoxynaphthalene (hydrophobe strongly
compatible with pMOS) affects neither the particle size
nor the polymerization rate (Table 1, run 12; compare
to run 3). The fact that miniemulsions does not require
the addition of a hydrophobe while performing IPE is
understood from the polymerization mechanism. Drop-
let nucleation through interfacial initiation starts as
soon as the system is sonified. The few polymer chains
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Table 1. Recipes and Main Results for All Experiments Reported in This Paper?2

monomer particle sized polymerization final M,
run  Wpmos® (@) Wpesa® (@) Wh20°(g)  temp (°C)  content (%) (nm) PDId rate® (wt %/h) (g mol-1)
1 3 0.06 5 60 35 e e 10.6 e
2 3 0.15 5 60 37 350 1.004 16.9 1050
3 2.4 0.24 4 60 36 208 1.003 25.8 1060
4 3.2 0.32 8 40 28 f f 4.5 1000
5 2.4 0.24 6 40 28 f f 4.5 1000
6 5.6 0.56 14 40 28 240 1.006 4.5 1000
7 3 0.3 15 25 16 f f 2.2 1055
8 4 0.4 10 25 28 215 1.005 2.2 1100
9 3.6 0.36 6 25 36 200 1.020 2.2 1230
10 3 0.3 5 40 37 f f 4.7 1150
11 4 0.4 10 60 28 f f 225 985
12¢ 2.4 0.24 4 60 28 195 1.009 28.0 905
13¢ 2.4 0.24 4 60 28 270 1.003 13.6 670
14¢ 2.4 0.24 4 60 28 250 1.004 21.9 900

a All ingredients were mixed at 25 °C, ultrasonified, and poured in a reactor before setting the temperature (variable) and agitation
(350 rpm). b w = weight content. pMOS = p-methoxystyrene; DBSA = dodecylbenzenesulfonic acid. ¢ Runs carried out in the presence of
an additive (10 wt % compared to monomer): methoxynaphthalene (run 12), pentanol (run 13), 3-ethyl-3-pentanol (run 14). ¢ Measured
by QELS. € From the slope at the origin on the conversion/time curve. ¢ Instable particles (see Figure 1). f Not determined.

w(logM)

Elution volume (mL)

Figure 3. SEC traces of pMOS polymerization for increasing
conversion (Table 1, run 6). From bottom to top (% conver-
sion): 21.0, 30.1, 38.9, 46.2, 51.7, 66.3, 70.7, 79.9, 84.7, and
88.1.

generated at the beginning of the polymerization act as
hydrophobes and thus suppress Ostwald ripening.

The knowledge of particle size and particle size
evolution is primordial in IPE. Indeed, initiation reac-
tion takes place at the interface, and the polymerization
rate is thus directly related to the specific surface
displayed by the latex. In most conditions, the particle
size does not vary with conversion, albeit above 20%
conversion; when available, some average particle sizes
are reported in Table 1.

Main Features of pMOS Miniemulsion. Model
Polymerization. Figure 2a shows the kinetic curves from
three different experiments for a typical miniemulsion
(40 °C, 28 wt % monomer content; see Table 1, runs
4—6). A very good reproducibility is observed between
each experiments. The final conversion reaches 100%,
but the reaction is quite slow (about 2 days to reach final
completion at 40 °C).

Figure 2b plots the average molar mass M, as a
function of conversion obtained from the SEC distribu-
tions and using a polystyrene calibration curve. The
average molar mass rises quickly up to 800 g mol~! (20%
conversion) and then gradually up to about 1000 g mol~?1
(eight monomer units).

SEC traces of various samples normalized by their
conversion are shown in Figure 3 (Table 1, run 6). The
bumps in the SEC distribution correspond to isolated
oligomers of at least three units (compare with DBSA
peak in Figure 3). The peak maximum shifts with
conversion, though distributions still overlap in the low
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Figure 4. Influence of monomer content on (a) conversion vs
time plot and (b) average molar masses vs conversion plot. T
= 25 °C. Monomer content (wt %): (O) 16, (O) 28, and (V) 36
(Table 1, runs 7, 8, and 9, respectively).

molar mass range. The content of DBSA extracted from
the CH,Cly/aluminum salt procedure (see Experimental
Part) also increases with conversion.

Weight Content. Figure 4a reports conversion—time
curves at various monomer contents and constant
monomer/surfactant ratio at 25 °C (Table 1, runs 7—9).
A SEC peak due to CH,Cl; used during the polymer
extraction overlaps with that of monomer. At low
monomer content and high conversion, SEC conversion
measurements are thus prone to uncertainties (see
Figure 4a). There are no striking variations in polym-
erization rate between these experiments. The evolution
of average molar mass with conversion is reported
Figure 4b. The final molar masses are slightly larger
at high monomer content, as already observed (however
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Figure 5. Influence of temperature on (a) conversion vs time

plot and (b) average molar masses vs conversion plot. Monomer

content 27 wt %. Temperature (°C): (O) 25, (V) 40, and (O) 60
(Table 1, runs 8, 6, and 11, respectively).

to a greater extent) in the cationic polymerization in
miniemulsion of 1,3,5,7-tetramethylcyclotetrasiloxane
(D4H).5

Temperature Effect. Parts a and b of Figure 5 report
the effect of temperatures (25, 40, and 60 °C) on poly-
merization rate and molar mass variations, respectively,
using 27 wt % monomer (Table 1, runs 6, 8, and 11).
Increasing temperature significantly enhances the po-
lymerization rate: complete polymerization of pMOS is
achieved in 8 h at 60 °C (run 11), whereas about 1 and
3 days are necessary at 40 (run 6) and 25 °C (run 8),
respectively. Because particle sizes are close (Table 1),
the variation in specific surface is not the main reason
for polymerization rate enhancement with temperature.
Most certainly, propagation rate increases with tem-
perature as observed in PGE polymerization.” The molar
mass evolutions with conversion are however similar.

Surfactant Content. Increasing the surfactant con-
centration decreases the average particle size of the
miniemulsion (Figure 1). The conversion—time curve
and average molar masses are presented in parts a and
b of Figure 6, respectively, for two surfactant concentra-
tions (Table 1, runs 3 and 2, 10 and 5 wt % surfactant,
respectively). Polymerization is slower at the lowest acid
content as expected from the larger particle size and
lower initiator amount. pH measurements were also
carried out to estimate the degree of INISURF coverage
at the interface. Figure 7 shows an example for 10 wt
% DBSA (Table 1, run 3). The pH decreases with
conversion to reach a plateau at 20—30% conversion,
after which very few protons are available at the
interface for initiating the polymerization.

Cosurfactant Effect. Table 1 shows the average par-
ticle size and polydispersity of the particles, the polym-
erization rate, and final average molar masses in the
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Figure 6. Influence of surfactant concentration on (a) conver-
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Figure 7. pH variation as a function of conversion at 60 °C
and 37 wt % monomer content (Table 1, run 3).

presence of small alcohol cosurfactants, pentanol or
3-ethyl-3-pentanol (runs 13 and 14, respectively). Par-
ticle sizes with both additives were slightly larger than
for the original latex (Table 1, run 3). The molar mass
evolution with conversion is reported in Figure 8.
Pentanol reacts with active species to give pentoxy-
functionalized oligomers of very low molar masses (DP
3or 4). Once it is consumed, longer chains are generated
(above 60% conversion, Figure 8). Consequently, the
polymerization rate halved compared to the original
miniemulsion polymerization (termination rather than
transfer reaction occurs; see ref 11). A tertiary alcohol,
e.g., 3-ethyl-3-pentanol, avoids chain stopping: the
polymerization rate is similar to original emulsion, and
molar masses vary with conversion (Figure 8). The
chains reached however a plateau at lower average
molar masses (about 860 g mol~1) than without additive
because of different interface polarities (see Discussion).
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Figure 8. Influence of cosurfactant addition on the average
molar masses vs conversion plot. T° = 60 °C, monomer content
= 37 wt %. Additives (10 wt % compared to monomer): (O)
pentanol and (A) 3-ethyl-3-pentanol (Table 1, runs 13 and 14,
respectively).
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Figure 9. Polymer chain characterization of a sample with-
drawn at almost 100% conversion for polymerization set at
60 °C and 28 wt % monomer content (Table 1, run 11): (a)
SEC trace; (b) MALDI-TOF spectrum. The calculated and
theoretical molar masses are also reported in the graph. (c)
IH NMR spectrum and assignments for the main chain groups
and extremities. The broad polymer methoxy peak was trun-
cated so that to see end-group peaks.

Polymer Characterization. Chain-End Analyses.
Figure 9 shows the SEC, MALDI-TOF, and 'H NMR
spectra of a polymer withdrawn at almost 100 wt %
conversion (Table 1, run 11). MALDI-TOF analysis
shows that all chains bear one methyl and one hydroxyl
chain end provided by proton initiation and water
termination, respectively. Side reactions such as trans-
fer to monomer, which would have generated ethylenic
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or indanyl terminations, are clearly absent during the
polymerization of PMOS in the emulsion process. The
IPE peculiarity of generating fully functionalized chains
was already addressed in previous PGE’ or cyclosilox-
aneb studies.

The 'H NMR spectrum of the same sample is reported
in Figure 9. Apart from the main polymer peaks
assigned in the figure, the methyl moiety shows up at
1 ppm, and the CH near the OH w-extremity is located
below the large methoxy peak at approximately 3.7 ppm.
Note that the peak at 4.14 ppm was misleadingly
assigned to the CH moiety in Sawamoto’s study, which
in turn explains their discrepancies in integration of
both extremity peaks. This peak, with its counter
pendant at 3.44 ppm, actually corresponds to the 12C
satellites of the polymer methoxy group.'® Finally, some
small resolved peaks around the aromatic peak indicate
that some degradation reactions start to occur when the
polymerization is finished (see below).

Molar Masses Using Various Techniques. The average
molar masses can be calculated independently from 'H
NMR, SEC, and MALDI—-TOF, with the latter providing
absolute values. For the sample characterized above

(Figure 9), M, of 750, 960, and 1160 g mol~! were
respectively found. The 'H NMR value is calculated
from integrating the well-resolved o, rather than w, end
peak against the aromatic multiplet. Small amounts of
DBSA extracted with the polymer (see Figure 3) and
showing up below the CH3 peak definitely account for
the underestimated molar mass using NMR. The SEC
method also systematically led to smaller molar masses
than using MALDI-TOF. Quantitative SEC analyses
of oligomers prepared by IPE are difficult to perform
because their hydroxyl end groups affect both the dn/
dc and their elution response.l” Higher elution volume
for small oligomers bearing OH extremities, prone to
interact with the columns, were recently observed for
silanol compared to trimethyl-terminated PDMS stan-
dards.® Since the difference between MALDI and SEC
was less than 20%, no correction was made in this
paper.

Chain Degradation after Polymerization. Once the
monomer is totally consumed, the excess acid present
in the dispersion (pH = 0.6) regenerates carbocations
that participate to degradation reactions.

SEC, MALDI-TOF, and 'H NMR spectra for the
same experiments as before, but on a sample withdrawn
3 days after polymerization ceased, are plotted in Figure
10 (Table 1, run 11).

The SEC trace clearly shifted toward higher elution
volume, i.e., lower molar masses. MALDI—TOF revealed
at first sight a dehydration of the chains, which cannot
be indebted to the technique as shown from the nonde-
graded polymer spectrum (Figure 9). A closer look on
spectrogram further shows that the distribution of
degraded polymer is also shifted toward smaller molar
masses (see the envelopes between nondegraded and
degraded chains, Figure 10). The IH NMR spectrum
after degradation revealed the generation of numerous
resolved peaks in the 6 and 7.5 ppm regions, confirming
the conversion of chain ends into ethylenic and indanyl
moieties (see assignments, Figure 10).

To summarize, chain-end dehydration, as well as
chain scission, is responsible for the generation of short
chains during the acid-catalyzed degradation reactions
of poly(PMOS). More thorough investigations are clearly
out of the scope of this study; for further details,
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Figure 10. Same analyses than in Figure 9, but for a sample
maintained 3 days at 60 °C after polymerization ceased: (a)
SEC trace; (b) MALDI-TOF spectrum. Also reported in the
graph are the envelopes of nondegraded (solid line) and
degraded (dashed line) chains. (c) 'H NMR spectrum and
assignments of peaks typical of degraded extremities.

however, the reader is directed to the extensive work
of Moreau on the subject.18

A direct consequence of polymer degradation is a fast
coagulation of the emulsion. Similar poor stability was
observed in the PGE polymerization in miniemulsion
that contained mainly short surface-active oligomers.”
The addition of the alcohol cosurfactant allows for better
stability of the emulsion, though not precluding final
chain degradation. The fact that the acid does not
degrade this tertiary alcohol may explain the increased

Macromolecules, Vol. 35, No. 21, 2002

emulsion stability. Another way to keep the particles
stable consists of preventing polymer degradation by
neutralizing the emulsion typically at 95% conversion.

Discussion?®

lonic polymerization in miniemulsion proceeds at the
particle interface.” Polymerization is initiated by a
proton, and the resultant active center associates with
the pendant sulfonate moiety. The protected ion pair
propagates further until water terminates growth and
regenerates the proton (Scheme 1).

This basic scheme cannot explain the increase in
molar masses with conversion. Either reversible termi-
nation or decreasing termination may rationalize such
a trend. The former implicates that controlled polym-
erization occurs, whereas the latter recalls an interface
modification.

Termination Reaction. Controlled Termination.
Reversible termination was asserted in the study on
pMOS polymerization in suspension in the presence of
ytterbium triflate.1® The deviation from the theoretical
curve for molar mass variations was attributed to both
slow initiation rate and chain transfer reactions.?°
Similar behavior in the present system would indicate
that sulfonic acid is strong enough to reactivate the
chains during the polymerization. This result is consis-
tent with the reformation of carbocation, which is
responsible for polymer degradation, once the polym-
erization ceases.

The initiation reaction is related to the formation of
the chains N as a function of time t:

R; = dN/dt = k,[H"][M] 1)

where [H*] and [M] stand for protons and monomer
concentrations at time t, respectively. N (in mol L) is
deduced from SEC measurements by

N = (IM], — [M])/DP,, @)

where [Mg] is the initial monomer concentration and

DP,, the average degree of polymerization at time t.

N as a function of time plot is reported in Figure 11
(Table 1, run 6). The initiation rate is low and decreases
with conversion. The chains could be reactivated, the
consequence of which would be a complete shift of the

Scheme 1

i
CH7=CH + HOS@C12H25 —— CHgCH" '03@012H25

OCHj3

Pn* -039_©*C12H25 + CHZ=CH

OCH,4

Pn* '035@012H25 *  H0

OCHg

kp
— Pny’ "039_©'C12H25

P—OH + Hoas—Qcmst
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Figure 11. Molar concentration of chains N vs time for model
experiment, i.e., 40 °C, 28 wt % monomer (Table 1, run 6).
The line is only guide for the eyes.
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Figure 12. Semilog plot of (a) N vs time (reprocessed from
Figure 11); (b) [M] vs time (reprocessed from Figure 2a) for

model experiment (40 °C, 28 wt % monomer, Table 1, run 6).
Best linear fits are also reproduced in the plots.

polymer distribution toward high molar masses at
increasing conversion. Such a trend is clearly not seen
in the SEC traces, which have a low molar mass tail
(Figure 3).

Another argument against reversible termination is
given in Figure 6b, where the average molar mass as a
function of conversion is plotted for two different INI-
SURF concentrations. Longer chains should be gener-
ated at smaller acid amount, which is clearly not
observed from these experimental data.

Cosurfactant Effect. The main reason for molar mass
increase with conversion is thus indebted to a decrease
of termination reaction. In our previous publication on
PGE anionic polymerization in miniemulsion,” polyPGE
oligomers were shown to protrude at the interface by
their carbinol functionality. Water content at the inter-
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face decreased, and hence longer chains were synthe-
sized at increasing conversion. A similar cosurfactant
effect is proposed here for the pMOS system. Small
oligomers generated at the beginning of the polymeri-
zation are not reactivated, which is revealed by the
overlap in SEC traces (Figure 3). Intrusion of hydroxy-
lated poly(pMOS) at the interface provokes a release of
DBSA in the water phase and a decrease of the pH
(Figure 7). It also partly expells water from the inter-
face, which allows longer chains to be generated. Such
a cosurfactant effect however ends at about 20% conver-
sion, at which the new initiated chains rapidly reach
the critical DP and enter the particle (Figure 2b).

Critical DP. Experimental Fact. A striking feature
in ionic polymerization in emulsion processes is the
systematic limitation of the molar masses. This so-called
“critical DP” effect was related to the entry in the
particles of chains with low surface tensions.® Once
buried, they stop propagating. The anionic polymeriza-
tion in emulsion of octamethylcyclotetrasiloxane (D)
produced chains of typically 2500 g mol~1,3% regardless
of the temperature or monomer and surfactant contents.
Similar features applied to other cyclosiloxanes (e.g.,
F3). For cyanoacrylate®® or PGE,’ the critical DP was
found to be twice smaller than for cyclosiloxanes. This
is presumably due to the difference in surface tensions
of silanol and carbinol. The cyanoacrylate system clearly
outlines the unique feature of IPE process, where chains
of typically 1200 g mol~1 89 should be compared to those
of a few million g mol~! produced in bulk or solution
polymerization!?* Analogously, the poly(pMOS) chains
do not stay at the interface for molar masses above 800
g mol~t. This behavior is illustrated by the significant
break observed in the molar mass variation at 20%
conversion.

M,, still slowly increases above 20% conversion be-
cause the small chains generated at the beginning of
the polymerization weigh on the overall distribution.?2
Similar to cyclosiloxanes, the critical DP is not affected
by the temperature because it is independent of rate
constants. Increasing the monomer content decreases
the interfacial water content (Figure 4b) and generates
slightly longer chains.

Kinetics Modeling. The modeling is carried out for
data at conversions greater than 20%, at which the
emulsion features are unchanged. The average DP is
calculated from the kinetical chain length expression:

DPyin = Ry/R; (3)

where Rp and Ry are the propagation and termination
rates, respectively.

Slow initiation and rapid irreversible termination
allow to apply the steady-state approximation, i.e.

d[P"J/dt =R, — R,~ 0 (4)

with [P*] the concentration of active chains. Equation
3 becomes

DPyin = Ry/R; (5)
where

R, = k[P 1[M] (6)
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Figure 13. Best-fitted dN/dt (solid line) and —d[M]/dt

(dashed line) as well as D,;, (dotted line) as a function of
monomer concentration [M] reprocessed from Figure 13 (see
text for details).

and Rj as given in eq 1. DP;, simplifies to
DPyin = k[P 1/ki[H] ()

The method followed to extract DP,;, at different
conversions is given in the Appendix. Though both k-
[P™] and kj[H*] decrease with monomer consumption,
their ratio remains constant with time (see Figure 13).
The theoretical molar mass of 1030 g mol~! is very close
to what was experimentally observed here (Figure 2b).

Complementary Issues. To summarize, the IPE
process permits to synthesize oligomers whose molar
masses are controlled by the interfacial polarity. For
reversible termination, all chains rapidly grow to the
critical DP prior to entering the particles; if termination
is nonreversible, small oligomers accumulate at the
interface before the new chains reach the critical DP.

The generation of long chains in IPE should be
feasible for emulsion with exceptionally low surface
polarity. The addition of short alcohol produced smaller
chains than in the original miniemulsion (Figure 8b, to
be compared to Figure 2b), contrary to what was
observed in PGE polymerization.” The obtained molar
masses depend in fact on the polarity of the short
alcohols compared to the cosurfactant oligomers (mono-
and dihydroxylated for pMOS and PGE, respectively),
i.e., of the water content at the interface. Increasing the
hydrophobicity of the surfactant and/or cosurfactant is
thus a key parameter for increasing the molar masses
in IPE.

Finally, for systems exhibiting nonreversible termina-
tion, such as pMOS or PGE,” it is necessary to ensure
rapid propagation before chain stopping. “Slow” mono-
mers could a priori polymerize in dispersed media using
efficient and water-tolerant catalysts, such as zinc or
cadmium salts for episulfide anionic polymerization?3
or ytterbium triflate in cationic polymerization.1©

Conclusion

pMOS was polymerized in the presence of a sulfonic
acid surfactant and without ytterbium triflate catalyst.
Polymerization takes place at the interface, similar to
the IPE systems published previously. Although poly-
(PMOS) average molar mass increases with conversion,
this cannot be due to “controlled” active center genera-
tion. Besides, the early oligomer chains act as cosur-
factants and decrease termination by expelling water
from the interface. The occurrence of a critical DP, as
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observed in previous systems, was confirmed by simple
kinetic modeling.

Compared to the present study, suspension pMOS
polymerization in the presence of ytterbium triflate had
similar conversion and molar mass evolutions with
time.19 Longer chains (4 x 102 g mol~1) were however
generated. The interfacial process proposed here may
account for these results, rather than a controlled
polymerization. Ytterbium triflate favors quick propaga-
tion by stretching the sulfonate/carbocation ion pair. In
addition, the presence of a high load of ytterbium salt
is likely to decrease the water content at the interface,
thus increasing the critical DP. We are currently seek-
ing conditions for polymerizing pMOS in the presence
of ytterbium triflate and in miniemulsion and further
checking on these issues.?*
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Appendix?®

According to eq 7, DPy, can be calculated from
ki[H™] and ky[P*] variations. The former is obtained
from the dN/dt vs [M] curve (see eq 1). The N vs t curve
plotted in Figure 11, though comprising many data,
generated scattered curve while performing direct deri-
vation. The N vs t plot was then fitted with an
exponential curve, which has no physical meaning but
is easy to derive (Figure 12a). The derivative of this
fitted curve is plotted as a function of monomer con-
centration (Figure 13, solid line).

The second term is inferred from the monomer
consumption with time given by

—d[M)/dt = R; + R, = (k,[P"]+ k[H[M] (8)

Again, the [M] against t plot (from Figure 2a) is best
fitted with an exponential curve (Figure 12b) whose
derivative is plotted as a function of [M] (Figure 13,

dashed line). The resulting DP;, vs [M] curve is also
given in Figure 13 (dotted line).

Note that both exponential curves fit the data for
polymerization time above 5 h, e.g., conversion above
20%, as proposed in the Discussion.
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