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Abstract

Series of stimuli-responsive polyelectrolytes and polyampholytes based on N-isopropylacrylamide (NIPAM) have been synthesized by a
microemulsion polymerization technique. The formulation of the polymerizable microemulsions was optimized by using cohesive energy
ratio (CER) and hydrophile-lipophile balance (HLB) concepts, with special emphasis given to the role of the monomers. Moreover, a semi-
continuous process was developed which allowed us to significantly reduce the surfactant level needed for the formulation of the micro-
emulsion. The nucleation mechanism was investigated by dynamic light scattering experiments through the evolution of the particle size with
the extent of polymerization. The final inverse latexes are clear and stable, of low particle size (d ~ 70 nm) and contain up to 20 wt% of high
molecular weight NIPAM-based charged polymers. Under the experimental conditions selected, the latter samples are shown to be homo-
geneous in composition, irrespective of the monomer feed composition. © 2001 Elsevier Science Ltd. All rights reserved.

Keywords: Poly(N-isopropylacrylamide); Poly(Sodium 2-acrylamido-2-methylpropanesulfonate); Poly(2-acrylamido-2-propanetrimethylammonium chloride)

1. Introduction

In the past years, there has been considerable interest in
the use of materials that are stimuli-responsive, i.e. whose
properties can be varied by tuning external parameters such
as temperature [1,2], pH [3,4], ionic strength [5], electric
field [6,7] or shear rate [8,9]. In this respect poly(N-isopro-
pylacrylamide) (PNIPAM) which exhibits a well-defined
lower critical solution temperature (LCST) in water around
32°C is one of the most studied temperature-responsive
polymers [10-20]. Also of particular interest are materials,
which respond to several stimuli either simultaneously or
independently (e.g. pH, ionic strength and temperature).
These materials can be obtained for example by copolymer-
ization of NIPAM with an ionic monomer [20—24] or by
grafting PNIPAM side chains on an ionized polymeric back-
bone [25-27]. The behavior of these ‘smart’ polymers,
governed by a combination of electrostatic and hydrophobic
interactions, leads to unique properties which can be capi-
talized upon in a number of applications, including floccu-
lating agents [17-19,28], temperature sensitive coatings
[14] or the biomedical field [29-32]. However, a major
problem encountered in the study of copolymers prepared
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by free radical polymerization concerns the heterogeneity in
composition of the full conversion samples. In general, the
inhomogeneities are due to differences in the reactivity
ratios of the monomers that produce a drift in the copolymer
composition as the reaction proceeds. An heterogeneous
microstructure might have some severe effects on the over-
all properties of the systems and can even lead in the case of
associating water-soluble polymers to phase separation [33].
Over the last years, we have addressed extensively this
problem, which is often ignored in the literature. In parti-
cular, we showed that polymerization reactions carried out
in nanostructured media like micelles or microemulsions,
together with an appropriate choice of the components,
allows the synthesis of samples with controlled architec-
tures and well defined characteristics [34—-36].

In the present study, we have applied free radical micro-
emulsion polymerization process to the synthesis of
NIPAM-based ionized polymers. The chemical formulae
of the different monomers investigated are reported in
Scheme 1. We have synthesized polyelectrolytes and poly-
ampholytes, the latter containing both negative and positive
charged units on the same polymer chain. The first part of
the paper reports on the application of simple concepts
established for the stabilization of emulsions to the formula-
tion of polymerizable microemulsions containing NIPAM
and one or two charged monomers of opposite sign. A semi-
continuous process was also developed to optimize the
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Scheme 1. Monomers employed in the synthesis of polyampholytes.

procedure. To gain more insight into the mechanism of this
process, we have followed the particle nucleation with the
extent of polymerization by means of dynamic light scatter-
ing experiments. The results were compared to the well-
established mechanism of batch polymerization in inverse
microemulsions. Finally, in the latter part, we investigate
the evolution of the composition of samples based on three
different monomers (NIPAM, anionic and cationic mono-
mers) with the degree of conversion.

2. Experimental section
2.1. Materials

N-isopropylacrylamide (NIPAM) from Acros was used
without further purification. Sodium 2-acrylamido-2-
methylpropanesulfonate (NaAMPS) was supplied by CIM
Chemicals as a 55 wt% aqueous solution and 2-acrylamido-
2-propanetrimethylammonium chloride (APTAC) was
obtained from Stockhausen as a 60 wt% aqueous solution.
The emulsifier is a blend of polyoxyethylene sorbitan
hexaoleate with 50 ethylene oxide residues (HLB = 11.4)
and of sorbitan sesquioleate (Montane 83, HLB = 3.7) both
provided by SEPPIC. The oil is a narrow-cut isoparaffinic
mixture, Isopar M from Exxon, which was filtered before
use (boiling range: 207-275°C). Water was a Milli-Q grade.
The redox initiator, sodium metabisulfite and cumene
hydroperoxide was supplied by Aldrich.

N,N,2-trimethyl-1,2-propanediamine (DAMP) was a gift
from Angus and 3,3-dimethylacrylic acid (DMA, Aldrich)
was recrystallized with acetone. The following chemicals
obtained from Aldrich were used as supplied: acrylonitrile,
acryloyl chloride, methyl iodide, Dowex chloride ion-
exchange resin. All these compounds were used for the
synthesis of the other monomers (see below).

The microemulsions were prepared by adding with stir-
ring the aqueous monomer solutions in requisite proportions
to a mixture of emulsifiers and oil.

2.2. Synthesis of monomers

The synthesis of the three following monomers have been
reported elsewhere [37-39]. They are briefly described
below with some modifications.

1. NaAMB (sodium 3-acrylamido-3-methylbutanoate).
Sulphuric acid, 30.4 g (0.31 mol) was added dropwise to a
mixture of DMA, 15g (0.15 mol), acrylonitrile, 7.95 g
(0.15 mol) and water, 1.35 g (0.075 mol) cooled to 5°C.
Tert-butylcatechol was added to avoid polymerization
during reaction and workup. The temperature was held at
10-20°C during the sulphuric acid addition and then was
allowed to warm at room temperature. After 2 h, the mixture
was diluted with 100 ml of water while maintaining the
temperature below 40°C. Unreacted DMA precipitated and
was separated by filtration. The filtrate was extracted several
times with chloroform, which was removed by evaporation.
The crude product obtained was recrystallized with a 2-
butanone/petroleum ether mixture and gave 9.3 g (36%) of
crystals.

'H NMR (CDCly) 8, 1.49 (6H, s, CH;—C), 2.82 (2H, s,
CH,-CQO,), 5.63 (1H, dd, acryl), 6.10-6.20 (2H, 2dd, acryl),
6.25 (1H, s, CO-NH).

The sodium salt was obtained by adding the required
amount of NaOH in order to get a 50 wt% aqueous solution
of NaAMB.

2. AMPDA (2-acrylamido-2-methylpropanedimethyl-
amine). DAMP, 18.0 g (155 mmol) was dissolved in
150 ml of anhydrous THF, and 15.4 g (170 mmol) of acryl-
oyl chloride was added dropwise with stirring. The mixture
was held at 10°C by cooling. The product precipitated in the
hydrochloride form during the reaction. After 2 h, this preci-
pitate was filtered and washed with THF, and then dissolved
in water. The pH of the solution was adjusted to 12 by
addition of NaOH. The aqueous phase was then extracted
with 2-butanone. The crude product obtained by evapora-
tion was recrystallized with a 2-butanone/petroleum ether
mixture (yield: 90%).

'H NMR (CDCly) 8, 1.40 (6H, s, CH3-C), 2.33 (6H, s,
CH;-N), 2.45 (2H, s, N-CH,-C), 5.56 (1H, dd, acryl),
6.08-6.23 (2H, 2dd, acryl), 6.20 (1H, s, CO-NH).

3. AMPTAC(2-acrylamido-2-methylpropanetrimethyl-
ammonium chloride). Methyl iodide, 35.9 g (253 mmol)
was added to a solution of AMPDA, 4.3 g (25 mmol) in
100 ml of anhydrous ether. The flask was sealed and the
reaction was allowed to proceed during two days at room
temperature. A white precipitate formed which was deter-
mined to be AMPTAI, the quaternized monomer with an
iodide counter ion. The product was filtered and washed
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with ether. The iodide ion was then exchanged using a
Dowex-Cl  resin to obtain the desired AMPTAC monomer.

Elemental analysis (C;yH;N,OCl), calculated: C =
53.9%, H=9.5%, N = 12.6%, O = 8.5%, Cl = 15.4%,
H,0 = 1.1%, Found: C = 53.8%, H=9.6%, N = 12.5%,
0=282%,Cl=159%, 1= 0%.

2.3. Polymerization procedure

2.3.1. Batch process

The polymerization experiments were carried out in a
water-jacketed reaction vessel, after bubbling purified nitro-
gen through the microemulsion to eliminate oxygen. Then, a
solution of cumene hydroperoxide in Isopar M was added,
followed by an aqueous solution of sodium metabisulfite
drop by drop over 5 min. The redox initiator (0.03 mol%
based on monomers) allows a very good control of the
beginning of the polymerization. As previously described
[40,41], the initial stage of the polymerization is evidenced
by the appearance of turbidity and a notable increase of the
viscosity of the medium. After a few minutes, the system
becomes clear and fluid again, which corresponds to a quan-
titative yield of polymer.

The polymers were recovered by precipitation in a 2-
propanol/acetone mixture, followed by several washings,
filtered and dried under vacuum at 45°C. Conversion was
determined gravimetrically. In order to eliminate the salt
and possible residual impurities, some of the ampholytic
polymers were dissolved in an appropriate NaCl aqueous
solution and dialyzed against deionized water (membrane
Spectra/Por, molecular weight cut off: 15000) before recov-
ering by freeze-drying.

In the case of polymerizations stopped at low conversions,
the reaction was stopped at the appropriate point by injec-
tion of a cold solution of hydroquinone inhibitor in acetone
and precipitation in an excess of a 2-propanol/acetone
mixture maintained at 5°C.

2.3.2. Semi-continuous process

In this case, the microemulsion was prepared by mixing
only 20% of the overall aqueous phase with the oil and
surfactants. The other 80% were placed in a syringe ready
to be injected. The microemulsion was purged with nitrogen
in order to remove residual oxygen and the initiation of the
polymerization was carried out with a simultaneous injec-
tion of both components of the redox initiator. Five minutes
later, the monomer solution was added dropwise during 1 h.
The stirring should be high enough to ensure a good disper-
sion of the aqueous phase in the polymerizing system. After
addition was complete, injection of the initiator was pursued
for a further 15 min and stirring was continued for another
1 h. In contrast to the batch process, the system remained
totally fluid and optically clear during polymerization and
the final state is a slightly bluish transparent microlatex.

The polymers were recovered by the same method as
described for the batch process.

2.4. Characteristics of copolymers and latexes

2.4.1. Molecular composition

The composition of polymers was determined by elemen-
tal analysis. The weight percentages of C, N and H were
determined with a Carlo Erba Elemental Analyzer, the
sodium content by a gravimetric method (weight of sodium
sulfate formed after mineralisation with sulfuric acid) and
Cl, O and S by mineralisation using the Schoninger method.
The water content in the polymers was measured by Karl—
Fisher’s method with an automatic KFE452 titrimeter.

2.4.2. Turbidimetry

The optical transmittance of the microlattices was
directly measured after polymerization without further dilu-
tion in cells of 1 cm thickness using a UV —visible spectro-
photometer (Varian DMS 80) operating at a fixed
wavelength (600 nm).

2.4.3. Light scattering experiments

The molecular weights of the polymers were determined
using an AMTEC SM200 spectrophotometer. The optical
source was a helium—-neon laser operating at 632.8 nm.
Because of the high molecular weight of the polymers, poly-
mer stock solutions were prepared by dissolving the sample
at very low concentrations (~5.10 "> g cm°) with gentle
stirring, 48 h before the measurements.

The solvent used for the experiments was a mixture of
methanol/2M NaCl in water (1/1 v/v). Such a solvent
mixture was used instead of pure water because it makes
it easier to obtain dust-free solutions by centrifugation. As
the refractive indexes of both solvents are the same,
problems arising from preferential adsorption are
suppressed.

The refractive index increments dn/dC were determined
on dilute samples 2X 107> < C<10"2gcm ) in the
same solvent mixture with a Brice—Phoenix differential
refractometer (wavelength, A = 632.8 nm).

2.4.4. Quasi-elastic light scattering experiments

The determination of the size of the latex particles was
obtained by means of quasi-elastic light scattering experi-
ments (QELS). The optical source was a spectra physics
argon ion laser operating at 488 nm. The time-dependent
correlation function of the scattered intensity was derived
by using a 288-channel digital correlator. Intensity correla-
tion data were processed by using the method of cumulants
[42] to provide the average decay rate, (I") and the variance
v of the field autocorrelation function. The latter is a
measure of the width of the distribution of the decay rates
and is given by:

(D ()
T

The translational diffusion coefficient D was determined
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Fig. 1. Percentage of surfactants required for the formation of microemul-
sions versus HLB for various monomer mixtures and compositions; (V)
NIPAM/NaAMPS 50/50 (M/W = 0.54); (O) NIPAM/NaAMPS 20/80
(M/W = 0.78); (+) NIPAM/NaAMPS/APTAC 50/40/10 (M/W = 0.54);
(©) NIPAM/NaAMPS/APTAC 50/25/25 (M/W = 0.54); (@) NIPAM/
NaAMPS/APTAC 20/60/20 (M/W =0.78); (A) NIPAM/NaAMB/
APTAC 20/60/20 (M/W = 0.78) (T = 23°C).

from (I") according to:
(N=4q°D

where q = 4w sin(6/2)/A is the scattering vector (6 the
scattering angle, A the wavelength of the incident light in
the medium).

The diffusion coefficient D is related in the high-dilution
limit to the hydrodynamic radius Ry of the particle
according to:

. kT
Ry = lim —
-0 6N D
where 7 is the viscosity of the continuous phase.
The microlatices were diluted with pure Isopar M down

to a volume fraction of the dispersed phase, @, of around
1.5-3.5%. The latter is defined as:

Ve + Vum + Vw
Vtotal

d):

Where Vg, Vy and Vi represent the volumes of emulsifiers,
monomers and water dispersed in the system, respectively.

3. Results and discussion
3.1. Formulation

3.1.1. Formulation of microemulsions

First, it must be kept in mind that the formulation of a
microemulsion requires more surfactant than a conventional
emulsion, because of the need to stabilize a larger overall
interfacial area. This drawback can restrict the use of micro-
emulsion polymerization and therefore the first step of the
study is to find an inexpensive formulation compatible with

an economical process. In previous studies [40,43-46], we
have shown that the optimal formulation of monomer-
containing microemulsions can be achieved by using the
Cohesive Energy Ratio concept (CER) developed by Beer-
bower and Hill [47] for the stability of classical emulsions.
Briefly, the basic assumption of this approach is that the
partial solubility parameters of oil (8%) and emulsifier lipo-
philic tail (8%), and of water and hydrophilic head are
perfectly matched. When these conditions are met, one
gets the following relationship:

2087

HLB, = — =
K+8

where HLB, is the optimum Hydrophile-Lipophile Balance
(HLB) of the surfactant when 8{ = 6%) and K is a constant
estimated at 210 for a W/O (water-in-oil) emulsion [47]. It is
thus possible to calculate the required HLB for the given oil.
This criterion led us to select the following experimental
conditions for the microemulsions based on the various
monomers listed in Section 2:

Oil: Isopar M (8o = 7.79 (cal cm>)""%)

Aqueous phase/oil weight ratio (A/O) = 1

Surfactants: mixture of sorbitan sesquioleate (Montane
83, HLB =3.7) and of polyoxyethylene sorbitan
hexaoleate with 50 ethylene oxide residues (HLB =
11.4). The solubility parameters of the lipophilic tails of
these surfactants are equal (same oleate tail, & = 7.87
(cal cm*)"?) indicating complete miscibility. This value
is very close to that of the paraffinic oil.

The monomers/water weight ratio, M/W, in the aqueous
phase was varied from 0.28 to 1, depending on the amount
of NIPAM in the monomer feed.

The complex resulting from the association of the two
nonionic surfactants at the W/O interface favors greater
stability. In addition, blending surfactants allows the selec-
tion of an optimum HLB by varying their composition.

An example of the procedure optimization is given in
Fig. 1. It represents the percentage of surfactants required
for the formation of a microemulsion as a function of the
HLB number, for various types of monomer mixtures and
various compositions. The curves delineate the transition
between a turbid emulsion and an optically transparent
microemulsion. The transition is sharp and can be easily
detected by turbidimetry or visual inspection. It can be
seen that microemulsions are found in a HLB domain
ranging between 9.5 and 11.3. The curves exhibit a mini-
mum, Sy, for an optimum HLB value, HLB,,. Note also the
quite low surfactant concentrations needed for the formation
of clear systems (6.1 < S.;, < 9.6) in spite of the large
proportions of monomers incorporated.

The HLB values are higher than those classically used in
inverse emulsion polymerization (HLB = 4-6), and are
indicative of microemulsions with a bicontinuous structure,
as shown by previous studies performed on other systems
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Fig. 2. Variations of HLB, (M) and S, (O) with the molar content of
NIPAM in a NIPAM/NaAMPS/APTAC monomer mixture.

[40,41,43,44]. A bicontinuous structure consists of oily and
aqueous domains randomly interconnected over macro-
scopic distances [48,49]. The formation of microemulsions
with a bicontinuous structure can be ascribed to the presence
of monomers in large proportions in the systems, which
affect the HLB and the interfacial properties. The role of
the monomers was thoroughly investigated by our group for
other monomer pairs [41,43—45,50-52]. It was found that
the water-soluble monomer usually acts as a cosurfactant,
leading to a considerable extension of the microemulsion
domain in the phase diagram. For example, the cosurfactant
role of NaAMPS was confirmed by surface tension experi-
ments [45]. A direct consequence of this effect is an
enhancement of the flexibility and fluidity of the interface,
which favors the formation of a bicontinuous structure.

The high HLB,, values observed are also partly due to
the electrolyte character of the charged monomers [40,50].
Addition of a salting-out type electrolyte like those studied
here (NaAMPS, NaAMB, APTAC, AMPTAC) leads to an
optimum HLB value larger than that obtained in the absence
of salt. The salting-out effect provokes a decrease in the
solubility of the ethoxylated surfactants in water. It is there-
fore necessary to shift the HLB to higher values in order to
counterbalance the solubility decrease, for optimum micro-
emulsification. This salting-out effect and its dependence
upon the nature of the monomeric salt are shown in Fig. 1.
It can be seen that the HLB,, value and the corresponding
[Smin] are little affected by the replacement of NaAMPS by
NaAMB, the salting-out effect caused by these two mono-
mers being likely equivalent. The strongest salting-out is
indeed observed for the cationic monomer APTAC
(compare NIPAM/NaAMPS 20/80 and NIPAM/NaAMPS/
APTAC 20/60/20 systems).

3.1.2. Effect of the NIPAM content on the formulation

In some experiments carried out on various types of
monomer mixtures, we found that an increase of the
NIPAM content in the feed tends to decrease the value of

the HLB,, and also to increase the minimal amount of
surfactants [Sy;,] required to stabilize the microemulsion.
To confirm this result, we carried out a systematic study
on NIPAM/NaAMPS/APTAC mixtures in which the
NIPAM concentration was increased from 0.33 (NIPAM/
NaAMPS/APTAC 33/33/33) to 1 (100/0/0), those of
NaAMPS/APTAC being kept in equimolar proportions.
As the NIPAM concentration in water is always kept at
22 wt% (maximum solubility), this amounts to decreasing
the overall amount of monomers in the aqueous phase. The
variations of the HLB,, and of [Sy;,] as a function of the
NIPAM molar content in the monomer feeds are reported in
Fig. 2. Linear variations are observed in both cases with a
decrease in HLB,, and an increase in [Sy,], respectively.
The decrease in the HLB,, values can be explained as
follows: as the content of ionic monomers decreases upon
increasing the NIPAM concentration, the salting-out effect
caused by these monomers on the ethylene oxide units of the
surfactant becomes less and less pronounced, resulting in
the observed decrease in HLB.

As for the increase of [S,,,], it is directly related to the
overall proportions of the monomers in the aqueous phase.
As mentioned above, these monomers act as cosurfactants
in the formation of microemulsions, which causes a consid-
erable extension of the microemulsion region in the phase
diagram. Consequently, if the overall amount of the mono-
mers in the aqueous phase is decreased (see above), one
expects more surfactant to be needed to stabilize the micro-
emulsion. This is indeed what is observed in Fig. 2.

3.2. Polymerization

3.2.1. Stability of the microlatex

In general, the polymerization of bicontinuous microe-
mulsions prepared under the optimal conditions defined
above led to stable and transparent microlatex. As a matter
of fact, our previous studies performed on other monomer
pairs have shown that the interplay between the composition
of the initial microemulsion and the stability of the final
microlatex is rather subtle, due to the great number of
degrees of freedom involved in the formulation [40,41].
This conclusion was based on the following considerations:

(1) In all the cases investigated, the stability, fluidity and
transparency of the initial microemulsion was not main-
tained in the course of the reaction. At the early stages of
the reaction, the system became turbid and the viscosity of
the medium increased. The end of the polymerization was
characterized by a return to clarity and fluidity. These
changes were found to be related to the progressive evolu-
tion of the bicontinuous structure towards a globular config-
uration, as was shown from QELS experiments [40,41 and
below]. This result can be qualitatively understood by the
consumption of the portion of monomers located at the W/O
interface. This induces a change in the composition of the
interfacial film and of the film curvature energy, resulting in
the destabilization of the bicontinuous microemulsion, with
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Fig. 3. Optical transmittance of NIPAM/NaAMPS 50/50 microlatexes
versus HLB (thickness of the cell: 1 cm).

a possible shift in the phase diagram. The globular config-
uration reached at the end of the reaction corresponds to the
minimum free energy of the system.

(2) On the other hand, when ionic monomers are poly-
merized in microemulsions, it was found that is not neces-
sary to start with a transparent microemulsion to get a clear
and stable latex [40,41]. In this case, the turbidity observed
for some systems was not caused by the existence of a
polyphasic domain arising from insufficient amounts of
surfactant but rather to the high electrolyte content which
lowered the cloud point of the surfactants (salting-out). In
the course of polymerization, the monomers located
partially at the interface diffuse into the particles and the
salt-saturated aqueous phase becomes progressively used
up, accounting for the clarity of the systems at the end of
the reaction.

Based on the above considerations, Candau and Anquetil
were able to define the stability domains for microemulsions
based on AM-NaAMPS monomers and for the correspond-
ing microlatex [40]. However, no optimum related to the
microlatex stability could be quantified. This led us to inves-

60

40
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HLB 10.0 12 °l°%

Fig. 4. Optical transmittance versus HLB and surfactant concentration for
NIPAM/NaAMPS 50/50 microlatexes (thickness of the cell: 1 cm).

tigate in more details the correlation between optimum
microemulsification (prior to polymerization) and the stabi-
lity of the latex (after polymerization). In particular, we
have examined the effect of HLB and of the surfactant
content on the microlatex stability. The system selected
was a microemulsion based on NIPAM/NaAMPS (50/50)
as the monomer feed.

In a first step, the HLB of the surfactant mixture was
varied in the vicinity of the optimum HLB value (HLB,,)
from 9.0 to 10.1, while the amount of surfactant was kept
constant at 15 wt%. The results can be seen in Fig. 3 where
the optical transmittance of the microlatex as a function of
the surfactant HLB is reported. One observes a shift of the
HLB,; going from 9.9 for the initial microemulsion (prior to
polymerization) to 9.4 for the microlatex (after polymeriza-
tion). This HLB shift likely corresponds to the incorporation
of the ionic monomers in the copolymer. It should also be
noted that for systems with HLB values =9.4, the initial
microemulsions were opaque.

In a second step, we have varied the amount of surfactant
mixture from 12 to 18 wt% keeping fixed the HLB of the
microemulsion at the optimum value defined above for the
microlatex (HLBg, = 9.4). The results taken together
allowed us to draw the three dimensional diagram shown
in Fig. 4. The shape of the diagram is indeed what could be
foreseen; an increase in surfactant content tends to increase
the optical transparency of the microlatex (smaller size of
the particles). It is worthwhile to note however that the latex
prepared at HLB = 9.4 and 12 wt% of surfactants has an
optical transmittance higher than the one prepared at a
HLB = 9.9 (optimum for the initial microemulsion) and
15 wt% of surfactants.

3.2.2. Optimization of the procedure

Increase of the aqueous-to-oil phase ratio in the batch
process. In order to increase the solid contents in the final
products, we have carried out a series of polymerizations in
which the monomer aqueous phase to oil phase weight ratio
(A/O) was varied and equal to 60/40, 65/35, 70/30 and 75/
25, respectively. The other parameters were kept constant
(monomers to water weight ratio: 0.78 and surfactant level:
14 wt%). The monomers feed investigated was NIPAM/
NaAMPS/APTAC 20/60/20. The latex obtained with
A/O = 60/40 was clear and fluid, indicating that the bicon-
tinuous structure of the microemulsion was still maintained
for this ratio. This allows one to improve the solid content
from 18.8 wt% (A/O = 50/50) to 22.6 wt%. Beyond this
limit, a translucent gel (65/35) or very viscous latex were
obtained which suggest that the initial microemulsion was
no longer bicontinuous but rather of O/W type.

Semi-continuous polymerization. The semi-continuous
process, currently used in direct emulsion polymerization,
presents a number of advantages over the batch process; it
offers a way to increase the solids content and also it can
correct for the drift in copolymer composition when mono-
mers of different reactivity ratios are used. However, such a
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Table 1
Characteristics of NIPAM/NaAMPS/APTAC 20/60/20 latexes prepared by semi-continuous (S.C.) and batch polymerization
Latex Isopar M (wt%) Aq. phase (Wt%) S (wt%) M (wt%) D (vol%) MIS (g/g) Ry (nm) v (%) My (10%)
S.C. 20% 67.9 13.6 18.5 59 24.5 0.32 27.5 10.0 2.6
S.C. 40% 59.8 239 16.3 10.4 31.4 0.64 24.1 11.6 22
S.C. 60% 534 32.0 14.6 14.0 37.1 0.96 324 16.8 1.0
S.C. 80% 48.2 38.6 13.2 16.9 42.0 1.28 39.7 8.8 1.2
S.C. 100% 44.0 44.0 12.0 19.2 46.2 1.60 343 5.3 1.1
Batch 100% 44.0 44.0 12.0 19.2 46.2 1.60 429 5.7 43

process cannot be employed in conventional inverse emul-
sion polymerization, due to the difficulty of achieving
adequate shear in the reactor while still maintaining a stable
dispersion. In the present case, the use of a semi-continuous
process for the polymerization of water-soluble monomers
should be possible since the starting microemulsions are
thermodynamically stable. The semi-continuous polymeri-
zation of hydrophobic monomers in direct microemulsions
was recently described by several groups [53—55] but to the
best of our knowledge the present study is the first example
of the use of a semi-continuous polymerization in inverse
systems. An example of the procedure used is detailed in the
Experimental Section. The advantages of the process are
twofold:

(1) It allows one to significantly decrease the surfactant
content required to stabilize the final microlatex since, for a
system based on NIPAM/NaAMPS/APTAC 20/60/20, it is
reduced from 14 wt% (batch process) to 8 wt% (solid
content: 20.1 wt% in both cases).

(2) It allows the stability, clarity and fluidity of the system
to be maintained during the whole polymerization reaction
due to the fact that one starts now with a microemulsion
which is no longer bicontinuous (as in batch process) but
more likely globular owing to the low aqueous phase/oil
ratio (0.2 compared to 1 in the batch process). In this
case, one does not expect any structural change of the
systems as seen in the batch process. Indeed, no change in
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Fig. 5. Temperature changes in the reaction medium during a semi-contin-
uous polymerization (60% sample).

appearance is observed except for a bluish appearance of the
dispersions.

3.3. Polymerization mechanism in the semi-continuous
process

Before turning to the semi-continuous process, we recall
below the mechanism of batch polymerization in globular
‘W/O microemulsions [50,56,57]. The two main features are
the following:

(1) The particle size of the final microlatex (d ~
20—40 nm) is always larger than that of the initial mono-
mer-swollen micelle. Nucleated particles grow by addition
of monomer from other inactive micelles, either by coa-
lescence with neighboring micelles or by monomer diffu-
sion through the continuous phase.

(2) The average number of polymer chains contained in
each particle is very low, one in the limiting case. This is in
striking contrast with latexes prepared in inverse emulsion
where this number can reach several thousands. In micro-
emulsions, the level of emulsifier is greatly augmented with
respect to that in emulsions and the monomer concentration
is usually lower. Therefore and as a result of the particle
growth, small micelles of uniform size are always in excess
throughout the reaction mixture. Their high total interfacial
area compared to that of the nucleated polymer particles
implies that the micelles preferentially capture primary radi-
cals generated in the continuous phase. This leads to a
process of continuous particle nucleation with each particle
formed in one step; again this is in contrast with what is
observed in conventional emulsion polymerization where
the first nucleation stage (Interval I) is followed by a particle
growth, sometimes at constant particle number (Interval II).

The above mechanistic scheme is now well established
for batch polymerization reactions but the features of the
semi-continuous polymerization are still unknown. In order
to gain more insight into the mechanism and particle nuclea-
tion of this process, we have followed the particle size
evolution as a function of the extent of polymerization by
QELS experiments. For this purpose, we have performed
five experiments on NIPAM/NaAMPS/APATC 20/60/20
systems stopped at different reaction times, corresponding
to a partial addition of the aqueous phase in the reactor equal
to 20, 40, 60, 80 and 100 wt%, respectively, where 100%
corresponds to an aqueous phase/oil ratio of 1. Table 1



8506 O. Braun et al. / Polymer 42 (2001) 8499-8510

T T T
5 <
.7
N& 47 O 7
E —%—w—= - -
@
o .
2 ..--0
A2 EEEEEE 0O
o 37 T
g
=
2 -
T T T
0 2 4 6

o2 (10 nm®

Fig. 6. Variation of l/7'q2 vs. ¢* for NIPAM/NaAMPS/APTAC 20/60/20
latex obtained after addition of 20wt% (M) and 60 wt% (O) of the aqueous
phase.

summarizes the compositions of the systems, investigated
together with the volume fractions of the dispersed phase.
Note that the first experiment (20% of aqueous phase) is
equivalent to a batch process, since there is no further addi-
tion of the aqueous phase. In all cases, the inverse micro-
latexes formed are perfectly transparent and stable.

As the polymerization reaction is quite exothermic, we
have also followed the temperature changes during the reac-
tion. A typical curve for the changes in temperature during
polymerization is shown in Fig. 5; it corresponds to an

experiment stopped after addition of 60% of the aqueous
phase. The sharp rise observed during the first few minutes
corresponds to the 20% batch polymerization. Then, upon
slow addition of the remaining aqueous phase (semi-contin-
uous process), a second stage is reached, characterized by a
slight exothermicity, which lasts until the end of monomer
addition.

The light scattering data have been analyzed using the
cumulants method that provides a correlation time, 7(7 =
1/AI')), and a variance, v, which gives an estimate of the
particle polydispersity. The variation of 1/7'q2 vs. q° is
reported in Fig. 6 for two samples. It is seen that 1/7q” is
independent of q° for the 20% sample, whereas one
observes an increase of 1/mq” with q° for the 60% sample.
The latter behavior is an indication of significant polydis-
persity of the system. This is confirmed by the value of the
variance, which is of the order of 0.17. The translational
diffusion coefficient D is obtained from the extrapolation
of 1/7q> to q — 0. For all the samples investigated, D is
found to be independent of the volume fraction @ of the
dispersed phase. This indicates that the microlatexes behave
as hard spheres without strong interactions between the
particles. From this value of D, one deduces the average
hydrodynamic radius, Ry. The Ry values and the corre-
sponding variances are reported in Table 1. The values of
Ry and v go roughly through a maximum for the 80 and 60%
systems, respectively.

A more detailed analysis of the light scattering data based
on the Laplace transform method provides additional

a) S.C. 20% latex b) S.C. 40% latex c) S.C. 60% latex
0.2 0.2 {1 o2 E
3 3 =
4 < €
o 0.14 a 0.14 4 a 0.1 4
0.0 0.0 1 o004 1
001 1 100 1000 001 1 j00 | 10000 001 1 100 10000
Ry (nm) Ry (nm) Ry (nm)
d) S.C. 80% latex e) S.C. 100% latex f) Batch 100% latex
0.2 4 02 1 o2 J
3 z -
5 € c
a 0.1 4 o 0.14 41 a 0.1 —
0.0 {1 o0 1 o0 J
00t 1 "0 10000 001 1 100 10000 001 1 100 10000
Ry (nm) Ry (nm) Ry-(nm)

Fig. 7. Distribution function P(Ry) of the particle sizes for NIPAM/NaAMPS/APTAC 20/60/20 latexes stopped after addition of various amounts of the

aqueous phase; (a)—(e): semi-continuous process; (f): batch process.
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information on the particle size distribution. Fig. 7 shows
the development of the particle size distribution at a given
volume fraction (@ = 3.5%) and a given angle (6 = 40°)
with the extent of reaction. The 20% initial latex has a
well characterized mean size distribution. In the course of
polymerization, a second population of smaller particles is
nucleated (40% latex), which increases with time to form a
bimodal distribution for the 60% latex, accounting thus for
the large increase in polydispersity measured (see Table 1).
As the reaction proceeds, the smaller population disappears
at the expense of the bigger one, with a progressive narrow-
ing of the peak (80% latex) to finally obtain after 100%
addition of the aqueous phase a microlatex with a low poly-
dispersity and an average radius of 34.3 nm, that is about
20% larger than the initial 20% latex. This value (100%
semi-continuous) is to be compared with Ry ~ 43 nm
obtained for a similar latex but prepared in batch
(Table 1). In both cases, the distribution curves are compar-
able with close values of the width (Fig. 7e and f).

To understand the above results, one has to keep in mind
that the equilibrium swelling of a latex particle in the
presence of solvent results from two opposing effects: the
osmotic contribution (which tends to swell the particle) is
counterbalanced by the interfacial free energy between the
latex particle and the solvent (which tends to shrink it).

In a previous study, carried out on a batch polymerization
of a globular W/O microemulsion, it was found that particle
size increased with increasing monomer/surfactant weight
ratio (M/S) [58]. This result is directly linked to the increase
in interfacial area, which occurs upon increasing this ratio.
The same trend is also observed in the present study since
the hydrodynamic radius measured for the 20% latex (Ry =
27.5 nm) is significantly smaller than that of the 100% batch
latex (Ry = 42.9 nm). However, in the semi-continuous
process, one observes an interesting effect, namely the
occurrence of a second population of smaller particles for
intermediate M/S ratios (Fig. 7b and c). This can be under-
stood by considering that a very large number of small
surfactant micelles still coexist with the latex particles in
the 20% system when the monomer aqueous phase and
initiator are added in the reactor. Then, the polymerization
rate is so fast that the system is always under monomer-
starved conditions. So, even though the thermodynamic
equilibrium favors the diffusion of monomers within the
latex particles (Kelvin equation) the latter process is slow
compared to the micellar nucleation. Furthermore, it can be
assumed that when a system contains several monomers, the
diffusion in the particles is reduced [59,60]. Still, owing to
the competition between the micellar nucleation and the
diffusion process, one observes simultaneously the forma-
tion of new particles and the growth of the pre-formed
particles. This competition reveals itself particularly for
the 60% latex in which the two particle classes have about
the same weight. Upon further increasing the volume frac-
tion of the dispersed aqueous phase, (80% system), the small
particles tend to disappear. In fact, as the particle density

increases, the particle swelling becomes predominant at the
expense of the nucleation of new micelles swollen by mono-
mer. In addition, the particle size reaches an upper critical
value resulting from the equilibrium between the osmotic
swelling and the interfacial free energy. For the 100% latex,
all the particles have swollen up to their critical size and one
obtains a system with a rather low polydispersity (v = 5%).

For a meaningful comparison between the batch and the
semi-continuous processes, the above experiments were
performed with 12 wt% of surfactants. As the latter process
allows the use of a lesser amount of surfactant, an experi-
ment was also carried out in semi-continuous with 8 wt% of
surfactant and 100% of the aqueous phase. The average
hydrodynamic radius was found to be 37.5 nm, a value
close to that measured with 12 wt% of surfactant (Ry =
34.3 nm). An advantage of this semi-continuous process is
that the high number of micelles still present in the micro-
latex after polymerization can be used to stabilize additional
aqueous phase without increasing drastically the size of the
particles.

3.4. Copolymer characteristics

3.4.1. Molecular weights

The average molecular weights of the polymers have
been determined by light scattering. As expected for batch
polymerization reactions in heterogeneous media [50], the
values are high and range between 4 X 10° and 9 x 10°,
depending on the experimental conditions.

The molecular weights of the samples prepared in semi-
batch are significantly smaller than those in batch (see Table
1). This result is classically observed for polymerizations
carried out under monomer-starved conditions and results
from the low value of the monomer concentration in the
particles compared to that of the polymer (usually >0.80)
[61]. Thus, the molecular weight drops from 2.6 X 10° (20%
latex, seed stage) to a roughly constant value around 1.1 X
10° at the late stages of the reaction.

Note also the difference in molecular weights between the
20 and 100% samples, both carried out in batch. This can be
explained by the different overall monomer concentrations
in the medium; the higher [M], the greater My, [62].

3.4.2. Compositional analysis of the samples

The composition of the copolymers can be determined
from the sulphur, nitrogen, chlorine and sodium contents
obtained by elemental analysis. As the charged units of
polyampholytes may pair with their inorganic counterions
or with the oppositely charged mer units with a loss of NaCl,
different species should be distinguished (see Scheme 2).
AMPS and APTA represent, respectively, a NaAMPS unit
without Na* and a APTAC unit without C1~, owing to ion-
pair formation (AMPS—APTA). It should be noted that the
following calculation applies for both APTAC and
AMPTAC cationic monomers (described here for APTAC).

The number of the different units contained in 100 g of
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Table 2
Copolymer compositions calculated from elemental analysis data

Monomer feed composition (mol%) Polymer composition (mol%)

NIPAM NaAMPS APTAC NIPAM NaAMPS APTAC

20 60 20 22.1 56.1 21.8
80 10 10 80.3 10.1 9.6
50 25 25 46.2 26.8 27.0

NIPAM NaAMPS AMPTAC NIPAM NaAMPS AMPTAC

50 25 25 47.3 25.6 27.1

samples can be calculated as follows:

Number of NaAMPS and AMPS units: n(NaAMPS +
AMPS) = %S/32

Number of NaAMPS units: n(NaAMPS) = %Na/23
Number of AMPS units: n(AMPS) = n(NaAMPS +
AMPS) — n(NaAMPS)

Number of APTA units: n(APTA) = n(AMPS)

Number of APTAC units: n(APTAC) = %Cl/35.5
Number of APTAC and APTA units: n(APTAC +
APTA) = n(APTAC) + n(APTA)

Number of NIPAM units: n(NIPAM) = %N/14 —
{n(NaAMPS + AMPS) + 2n(APTAC + APTA)}

The molar percentages of the different monomers in the
terpolymer can be deduced from the above data. The values
of several terpolymers of variable compositions are reported
in Table 2 and compared to the initial monomer feeds. Good
agreement is observed between both sets of values. It should
be noted that dialyzed and non-dialyzed samples have the
same compositions, indicating that the purification of the
polymer by several washings is efficient. Ampholytic poly-
mers were nevertheless dialyzed in order to remove the
residual salt.

3.4.3. Evolution of the composition with the degree of
conversion

The determination of the co- or ter-polymer composition
at full conversion provides only a mean value of the overall
composition. As the solution properties of copolymers are in
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Scheme 2. Structure of a polyampholyte.
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Fig. 8. Terpolymer compositions versus conversion for NIPAM/NaAMPS/
APTAC systems (data points) with different monomer feed compositions
(dotted lines): (a) NIPAM/NaAMPS/APTAC 33.3/33.3/33.3, (b) NIPAM/
NaAMPS/APTAC 50/25/25, (c) NIPAM/NaAMPS/APTAC 20/60/20.

general very sensitive to the heterogeneity in composition, it
was important to evaluate the latter parameter for the
systems investigated here. This determination is particularly
relevant for polyampholytes since previous experimental
and theoretical studies have shown that their conformation
and properties were directly related to their monomer
sequence distribution [63—65]. In the case of microemulsion
polymerization, it was found that this process tends to
improve the structural homogeneity of fully charged poly-
ampholytes with values of reactivity ratios close to unity
[36]. This result was accounted for by the marked differ-
ences between the microemulsion process and others, in
terms of microenvironment (charge screening and preferen-
tial orientation of the monomers at the W/O interface) and
mechanism (interparticle collisions with complete mixing).
The case of ampholytic terpolymers is more complex. A
microstructure study of ampholytic terpolymers prepared
by microemulsion polymerization and based on acrylamide
(AM) as a neutral monomer, NaAMPS and 2-methacryl-
oyloxyethyltrimethylammonium chloride (MADQUAT) as
charged monomers, revealed a rather significant drift in
terpolymer composition, the monomer reactivities depend-
ing on the ionic strength, i.e. on the monomer feed compo-
sition [66]. The latter point might be related to the fact that
these three monomers contained a different polymerizable
group. On the contrary, the monomers investigated for the
present purpose, i.e. NIPAM, NaAMPS, APTAC, bear
almost an identical polymerizable function.

The variation in copolymer composition with the degree
of conversion has been determined for the three following
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Fig. 9. Terpolymer composition versus conversion for a AM/NaAMPS/
MADQUAT system with a monomer feed composition of 33.3/33.3/33.3,
respectively (dotted line). (from Ref. [66]).

initial monomer feeds: NIPAM/NaAMPS/APTAC: 50/25/25;
20/60/20; 33.3/33.3/33.3. The average copolymer composi-
tion-conversion data are reported in Fig. 8. In all cases, the
copolymer composition values determined at various degrees
of conversion are close to that of the monomer feed (dotted
lines), within the experimental errors of the elemental analysis.
This strongly suggests that the terpolymers are homogeneous
in composition. For comparison, in Fig. 9 the data obtained by
S. Neyret et al. are reported for a terpolymer of the same
monomer feed composition as in Fig. 8a, also prepared by
microemulsion polymerization but based on AM/NaAMPS/
MADQUAT [66]. A significant drift in composition is
observed, in striking contrast with the present data, confirming
that the choice of monomers is of prior importance in terpoly-
merization reactions, regardless of the type of process used.

4. Conclusion

The aim of the present study was to extend the microe-
mulsion polymerization process previously developed for
conventional water-soluble polymers to the synthesis of
stimuli-responsive polymers, namely NIPAM-based poly-
electrolytes and polyampholytes. In a first step, we have
analyzed the general criteria required to achieve an optimal
formulation of the polymerizable microemulsions. Particu-
lar attention was directed toward the role of the various
monomers investigated: their HLB and their possible effects
as cosurfactants and/or electrolytes on the W/O interfaces
and the resulting phase equilibria. As cosurfactants, they
increase the fluidity and flexibility of the interface, which
favors the formation of a bicontinuous structure; as electro-
Iytes, they induce the latter structure. These characteristics
result in a much higher value of the optimum HLB than that
required in conventional inverse emulsions. Taking into
account the different parameters in the formulation, we
could correlate the optimum microemulsification (prior to

polymerization) to the stability of the microlatex (after poly-
merization).

The final products consist of stable and clear microlatexes
of small particle size containing up to 20 wt% of high-mole-
cular weight polymers in the medium. However, a general
drawback of the process lies in the high surfactant to mono-
mer ratio usually employed in the initial microemulsions
[50]. To overcome this problem, we have developed a
semi-continuous process, which allowed us to decrease the
surfactant content required to stabilize the final microlatex
by more than 40%, while still maintaining the stability and
clarity of the microlatex. To our knowledge, this is the first
example of the use of a semi-continuous polymerization in
inverse (i.e. water-in-oil) systems.

A dynamic light scattering study on the particle nuclea-
tion occurring in the semi-continuous process indicates that
the systems are maintained under monomer-starved condi-
tions throughout the reaction. After completion, the latex
reaches a critical size (d ~ 70 nm) which is the result of
the equilibrium between osmotic swelling and the inter-
facial free energy.

The use of microemulsion polymerization combined with
an appropriate choice of the various monomers involved —
they bear the same polymerizable group — leads to copo-
lymers which are homogeneous in composition, as attested
by the evolution of the composition with conversion.

Such well defined copolymers are therefore good candi-
dates for physical studies and their properties in aqueous
solution will be the subject of a forthcoming paper.
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