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ABSTRACT: In the context of a European union-supported network on “Reactive Surfac-
tants for Heterophase Polymerization,” different polymerizable surfactants (surfmers)
have been synthesized and engaged in the emulsion polymerization of styrene, butyl
acrylate, and acrylic acid. The thermomechanical properties of films cast from these
different latices are reported in this article. The evolution of the mechanical properties with
temperature and the effect of water molecules on these properties are studied. We observed
that the studied surfactants do not influence the properties of the dry films. However, some
differences due to grafting of reactive surfactants appeared when the films were wet. The
amount of water uptake is drastically decreased when only reactive surfactants are present
in the film. Concerning the mechanical behavior of the wet films, a decrease of the plastic
flow stress is observed for all the samples whatever the nature of the surfactant (reactive
or conventional). Hence, calorimetric measurements and dynamic mechanical analysis are
used to identify the possible mechanisms that induce the change in the mechanical
behavior of the latex films. In the case of reactive surfactant grafted to the polymer, the
very low value of water uptake is accompanied by a plasticization of the polymer. In
contrast, no plasticizing effect is observed in the case of nonreactive surfactant, even if the
amount of water is very large. Finally, the tensile behavior of the styrene–butyl acrylate
copolymer versus temperature is analyzed in the frame of the quasi point defects (qpd)
model. Both rubber elasticity and chain orientation effects are taken into account to
describe the behavior laws at large extensions (i.e., � � 1.2). © 2002 Wiley Periodicals, Inc. J
Appl Polym Sci 84: 1686–1700, 2002; DOI 10.1002/app.10548
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INTRODUCTION

Surfactants play a crucial role in the production
and application of the dispersed polymers. They

are very important for the nucleation of the latex
particles, the emulsification of the monomer drop-
lets, and the stabilization of the polymer particles
during polymerization and the shelf-life of the
products. However, they can have adverse effects
because they can cause foaming, and when mixed
with other products in paints, the surfactant may
migrate to the pigment phase and cause destabi-
lization of the latex particles. There can be fur-
ther problems during processing of the latex; for
example, when the latex is coated at high-appli-
cation speeds, the surfactant can desorb under
the influence of the high shear and cause desta-
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bilization. The stability of the latex may also be
disturbed by freeze and thaw cycles. Once the
latex has been applied in films and coatings, the
surfactant can migrate to the film–air surface and
affect gloss. It can also migrate to the film–sub-
strate interface reducing adhesion.

A way to reduce the negative effects of the
surfactants is to use surfmers. A surfmer is a
surfactant molecule that contains a polymeriz-
able double bond. The publications concerning the
use of surfmers have been recently reviewed1

(previous reviews include those given in refs. 2, 3,

and 4). Cases reported in literature in which the
use of surfmer led to improvements in processes
and/or products as well as the requirements for
the optimal performance of the surfmer were dis-
cussed.5,6,7 Previous studies have proven that the
freeze/thaw stability can be improved by use of
reactive surfactants. However, these reviews
show that there is a lack of information about the
effect of the surfmers on the mechanical proper-
ties of the films.

The present work deals with the properties of
films cast from latices containing polymerizable
surfactants. In the context of a European Union-
supported network on “Reactive Surfactants for
Heterophase Polymerization,” different surfmers
have been synthesized, which differ mainly with
respect to the nature of the polymerizable moiety.
They have been engaged in the emulsion polymer-
ization of the styrene/butyl acrylate/acrylic acid
system. The mechanical properties of films cast
from the different latices will be studied and com-
pared. The focus will be on the influence of tem-
perature and water uptake on the film properties.

EXPERIMENTAL

Latice Synthesis

All the studied latices have been synthesized
through radical emulsion polymerization. Two
different synthesis routes have been followed.
Both of them have been already described in de-
tail in refs. 8 and 9.

The first route is a two-step polymerization
leading to core-shell particles.8 In a first step, a
batch polymerization of styrene was carried out
at 70°C to obtain a seed latex. The resulting par-
ticle dispersion presented an average diameter of
100 nm. A second polymerization stage was car-
ried out onto this seed by using a semibatch po-
lymerization procedure, with the addition of a
mixture of styrene, butyl acrylate, and acid

acrylic (weight ratios are 49, 50, and 1 g per 100 g
of polymer, respectively). The final latices con-
sisted of a dispersion of spherical particles (200
nm in diameter) with a very narrow particle size
distribution, as measured by dynamic quasi-elas-
tic light scattering.

In the colloid, the particles were stabilized ei-
ther by the conventional surfactant (sodium do-
decyl sulfate, SDS), which is adsorbed and covers
the surface, or by grafted surfmers. Two kinds of
surfmers were used, as follows:

a half-ester of maleic anhydride, or monodode-
cyl maleate (HEC12);

the ethoxylated derivative of this monododecyl
maleate (C12M—OE45—CH3).

In the following, the first set of samples are iden-
tified as OS-latices and called, respectively, SDS,
HeC12, and C12MPOE, referring to the used sur-
factant. It must be stressed that, in this route, a
washing procedure was used, for both HeC12 and
C12MPOE, to eliminate the surfactant that was
only adsorbed. In that way, the difference in the
mechanical behavior of samples with conven-
tional surfactant and surfmers will be due only to
the grafted entities’ contribution. It may be added
that the conversion (or degree of grafting) was
found equal to 87% for HEC12 and 70% for
C12M—OE45—CH3. As the washing procedure is
time consuming and will not be used in an indus-
trial recipe, this set of samples can be regarded as
a model system.

The second route is a semicontinuous polymer-
ization of a terpolymer of styrene/butyl acrylate/
acrylic acid, with a composition of 49.5/49.5/1 g
per 100 g of polymer.9 Three latices of this poly-
mer have been stabilized by (1) the conventional
SDS surfactant referred to as 55SDS; (2) a mal-
eate sulfonate referred to as 55M141; (3) the ho-
mologue crotonate referred to as 55CRO. Thus,
physically adsorbed surfactant molecules stabi-
lize the 55SDS latex particles, whereas surfmer
molecules stabilize the 55M141 and 55CRO lati-
ces. A fraction of them are chemically grafted at
the particle surface. Because the grafting of the
surfmers was not complete, there is also some
nongrafted, but physically adsorbed, reactive sur-
factant molecules present in these two latices; the
conversion (or degree of grafting) of the maleate
surfmer in 55M141 was � 64% and the conver-
sion of the crotonate surfmer was � 15%. For
these three latices, the average diameter of par-
ticles was around 170 nm, as measured by dy-
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namic quasi-elastic light scattering. They had a
solid content of 26% after dilution (they were pre-
pared at 55% solid content).

This second set of latices will be referred to as
MJ-latices. The main difference with the first set
of samples is the absence of washing procedure.
In other words, the MJ-latices based on surfmers
contain both grafted and adsorbed surfactants
and can be regarded as a more industrial-like
system.

Film Formation

Before casting the films, the latices were diluted
to 10% solid content with some freshly deionized
water. Then, each latex was sprayed onto rectan-
gular PTFE molds of 60 � 50 mm2. The forms
were filled with 10 g of the latex and put in an
oven that allowed controlling temperature and
relative humidity (RH). The temperature was set
to T � 32 � 0.1°C and the RH was maintained at
75 � 2%. The loss of weight was followed versus
time until no further significant weight decrease
because water evaporation was measured. Then,
the samples were aged in the oven (at 32°C and
75% RH) for at least 2 weeks, to achieve complete
macromolecular interdiffusion and then full me-
chanical properties. This procedure resulted in
transparent latex films with a thickness of 0.7
mm.

Thermomechanical Tests

The tensile tests were performed on an Instron
1026 apparatus. Samples were dumbbell-shaped
with typical dimensions of 4 mm width and 25

mm length. Nominal strain �� and nominal stress
�� are given by the relationships �n � (L � L0)/L0
and �n � F/S0, where F is the applied force, L is
the sample length during the test (L0 at t � 0),
and S0 is the initial sample cross section. In the
assumption of constant volume, true stress and
true strain can be deduced from nominal data by
� � ln(�) � ln(1 � �n), where � is the stretching
ratio (� � L/L0) and � � F/S � (1 � �n)�n.

The following procedure was adopted: the sam-
ple was loaded until the strain � � 1.4, which
corresponds to an increase of the length (L � L0)
of 85 mm. Then, the sample was unloaded until
the stress was equal to zero. The crosshead speed
was constant and equal to 50 mm/min for both the
loading and the unloading paths. The test tem-
perature was varied between 20 and 70°C, with
an accuracy of �0.2°. This temperature range was
chosen because at T � 20°C, the samples broke
before reaching the desired strain, whereas at T
	 70°C, the signal displayed by the force sensor
was below the sensitivity of the apparatus. Two
parameters will be mainly discussed in this arti-
cle. First, the plastic flow stress (�p) corresponds
to the minimum value observed in the stress–
strain curve, roughly at a deformation [� � ln(�)]
of around 0.2 (see Fig. 1). When the tensile test is
performed at temperatures higher than Tg, a min-
imum in the stress–strain curve is hardly ob-
served; �p is then determined for � � 0.2. The
second parameter is the ratio between the resid-
ual deformation taken immediately after the un-
loading and the maximum deformation [ln(�res)/
ln(�max)]. This ratio ranges from 0 to 1. A value of
1 means that no deformation is recovered; a poly-

Figure 1 Tensile behavior of a styrene-butyl acrylate film. Definition of �p and �res.
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mer tested at a temperature well below its main
mechanical relaxation transition (T�) may tend to
behave similar to this. A value of 0 means that the
deformation is fully recovered after the unloading
path, just like in the case of a crosslinked polymer
in the rubbery state. Several samples (between
two and five) have been tested to determine both
parameters with a good accuracy. The reproduc-
ibility was found to be better than �5% for �p and
�2% for the ratio [ln(�res)/ln(�max)].

To study the water rebound of the different
films, parts of fully cured films were dried over-
night under vacuum at 40 � 1°C. Then, they
either were stored at ambient temperature over
some dehydrant (silica-gel) or were immersed in
deionized water. The water uptake was allowed to
take place for 2 weeks (the temperature and time
of water uptake were exactly the same for all the
films). Subsequently, the thermal and the me-
chanical properties of both dry and hydrated films
were investigated. In the case of dry and hydrated
films, the tensile tests were performed until fail-
ure.

Dynamic mechanical analysis was performed
by means of a torsion pendulum developed in our
laboratory and currently provided by Metravib.10

Isochronal measurements were carried out on
this apparatus at a fixed frequency of 1 Hz and a
heating rate of 1°C/min. A hydrated sample was
cooled from 25 to �70°C and then reheated to
70°C in air. The real part of the complex shear
modulus (G
) and the loss factor (tan �) were
measured and plotted versus temperature. The
film was subsequently dried under vacuum for 2 h
at 70°C, before cooling to �70°C. A last tempera-
ture run was performed in a dry helium atmo-
sphere. Under these conditions, the first two
scans allow us to determine the properties of a
hydrated film during freezing and thawing,

whereas the last scan concerns the sample in the
dry state

RESULTS

Model Core-Shell Systems (OS-Series)

Mechanical Behaviors of Dry Films

The dynamic mechanical behavior of the samples
from the OS-series was investigated at low strain
in the linear regime. The evolutions of the real
part of the modulus (G
) and the loss factor (tan �)
versus temperature are given in Figure 2 for the
SDS film. Spectra recorded for the HeC12 and
C12MPOE films are very similar; the temperature
of the main relaxation (T�), the maximum value
of the loss factor (tan �max), and the drop of mod-
ulus between glassy and rubbery plateau (G
g(0°C)/
G
r(60°C)) are given for comparison in Table I.
When the reactive surfactants are used, the mod-
ulus in the glassy state is almost unchanged but
the characteristics of the �-relaxation, related to
the glass transition of the polymer, are slightly
affected. Actually, the use of reactive surfactants
induces a decrease of T� and an increase of tan
�max. This evolution may be attributed to a plas-
ticizing effect, probably related to the hydrophilic
part of the surfmer. Moreover, as the main relax-
ation temperature is different from one sample to
another, any comparison of the mechanical be-
havior, especially in the temperature range near
T�, should be done by using normalized (also
called reduced) temperature (i.e., T/T�).

The stress versus strain curves at different
temperatures are given in Figure 3 for the SDS
latex film. For 20°C � T � 30°C, the tensile be-
havior of the film shows a viscoplastic behavior,
with a hardening at high strains [ln(�) 	 0.4]. The
behavior changes in the temperature range close
to the main relaxation. When the temperature is
higher than 50°C, the latex films behave as a
rubberlike material: low stresses are measured
and a significant part of the deformation is recov-

Figure 2 G
 and tan � versus temperature at 1 Hz for
the film cast from the SDS latex.

Table I Characteristics of the Dynamic
Mechanical Spectra for the Lattices
of the OS Series

SDS HeC12 C12MPOE

T� (°C) (1 Hz) 40 37 35
tan� max. 1.85 2.05 2.3
G
g (0°C)/G
r (60°C) 770 820 880
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ered after unloading. However, even at high tem-
perature, the strain recovery is not complete.

The whole set of stress–strain curves in the
case of films based on surfmers displays very sim-
ilar behavior. To estimate the influence of sur-
fmer on the stress–strain curves, the values of
plastic flow stress and of the normalized residual
deformation for films formed with SDS and HeC12
latices have been reported in Figure 4 (data con-
cerning C12MPOE are not available on the whole
range of temperature). Figure 4(a) is a plot of
plastic flow stress versus temperature using a
semi-logarithmic scale. Such a representation
proves the existence of two domains, in agree-
ment with Figure 3: below T�, the plastic flow
stress decreases sharply with T, whereas above
T�, the decrease is slowed down. The evolution of
the normalized residual strain versus tempera-
ture [Fig. 4(b)] also points out two domains. In the
low-temperature region, the ratio decreases with
the temperature. This is the expected behavior of

a polymer when temperature approaches T� and
even goes through it: the material slowly begins
to be rubberlike so the residual deformation is
expected to decrease. However, at temperatures
higher than T�, instead of a full recovery of the
deformation, the residual deformation increases
again with temperature. This can be attributed to
the flow of the polymer that may occur because
the polymer is not chemically crosslinked. As tem-
perature increases, the flow is more pronounced
because the average time associated to the flow of
the polymer becomes comparable to the time scale
of the experiment and decreases with tempera-
ture (i.e., the viscosity decreases for temperatures
higher than Tg). So, the minimum observed in
Figure 4(b) reflects the competition between the
rubberlike behavior and the flow of macromole-
cules. If we compare the results from the point of
view of conventional and reactive surfactants, it
appears that the data obtained for the SDS films
are very similar to the data for the reactive sur-

Figure 3 Evolution of the stress versus strain during tensile tests for the SDS latex,
as a function of temperature. (a) Stress/strain curves between 20 and 40°C; (b) stress/
strain curves between 40 and 70°C.
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factant films. Considering the reduced scale (T/
T�), the differences between both samples are
lower than the measurement precision limits.
Thus, there is practically no difference in the
studied thermomechanical behavior of the films
due to the grafting of the surfactant at the surface
of the latex particles or in the particle interior.
However, this only applies to the properties of dry
films, as will become clear in the following section.

Effect of Water on the Film Properties

After full formation, the films are immersed into
water and periodically weighed to follow the ki-
netics of water uptake. Figure 5 shows kinetics
related to the three samples of the OS-series. A
great difference between the samples with SDS

and the samples with surfmers is observed: after
being treated 1 month, SDS samples contain more
than 140% of their initial weight of water,
whereas in the same conditions the water con-
tents of HeC12 and C12MPOE are 3 and 8%, re-
spectively. It may be noted that, as the non-
grafted surfactant was eliminated by washing in
the HeC12 and C12MPOE latices, the total amount
of hydrophilic moieties in the films are reduced
compared to the SDS one.

To compare the mechanical properties of dry
and hydrated films, we performed tensile tests
until break of the sample (at 24°C and 50 mm
min�1). The experiments were performed on
three samples for each state (dry and hydrated).
Although the stress–strain curves were reproduc-

Figure 4 (a) Evolution of the plastic flow stress (�p, log scale) versus temperature for
two latex films from the OS-series. Triangles: SDS; squares: HeC12. (b) Evolution of the
normalized residual deformation [ln(�res)/ln(�max)] versus temperature for two latex
films from the OS-series. Triangles: SDS; squares: HeC12.
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ible for stretching ratios � smaller than 6 (regard-
ing the precision limits of the measurements), the
number of samples was not large enough to per-
form a good statistical analysis of the deformation
at rupture. It is therefore not our purpose to dis-
cuss this parameter in a quantitative manner.

By comparing a dry and a 30% hydrated film,
in the case of SDS-based latex, a decrease of both
the plastic flow stress (�p) and the strain to fail-
ure (�r) are observed (Fig. 6). �p decreases from
6.5 MPa in the case of the dry film to 2 MPa for
the wet film with 30% of water; at the same time,
�r slightly decreases from 3.75 to 3.35. In addi-
tion, we investigated the drying process of the
30% hydrated SDS film in the conditions of film
formation process (i.e., at 32°C and 75% RH). We
found a continuous increase of �p (from 2 to 6.5
MPa) versus water content (from 30% to 0) as
illustrated in Figure 7.

Although the HeC12 and C12MPOE films can be
only weakly hydrated, the mechanical properties
of these films are also quite modified by the pres-
ence of water molecules (Fig. 8): a sharp decrease
of the yield stress is observed, but this time com-
bined with an increase of the strain to failure: �r
increases from 5 to 6.8.

In conclusion, for both conventional and reac-
tive surfactant-based latices, the hydration of the
films leads to a decrease of the plastic flow stress.
It may be noticed that, although the drop of �p is
comparable for samples containing either conven-
tional or reactive surfactants (Figs. 5 and 7), the
amounts of water responsible for this decrease
are really different. Thus, the implied mecha-
nisms are without any doubt different. They will
be investigated in the following section.

One-Step Semicontinuous Systems (MJ-Series)

Mechanical Behaviors of Dry Films

The tensile behavior of the films cast from the
MJ-latices has also been investigated versus tem-
perature. The evolutions of plastic flow stress and
residual deformation versus temperature for the
MJ-latex films are reported in Figure 9(a,b), re-
spectively. The general shapes of both curves are
similar to the ones for the OS-series. The plastic
flow stress decreases when temperature in-
creases, whereas the normalized residual strain
displays a minimum value, indicating the compe-

Figure 5 Water uptake kinetics for latices, as a func-
tion of surfactant type (conventional or reactive) for the
OS-series.

Figure 6 Influence of water on the stress versus
strain behavior for the SDS sample at 24°C and 50 mm
min�1 (conventional surfactant, OS-series).

Figure 7 Evolution of the plastic flow stress (�p, dia-
monds) and the water content (squares) upon drying time
SDS sample (conventional surfactant � OS-series).

Figure 8 Influence of water on the stress versus
strain behavior at 24°C and 50 mm min�1 for the
HeC12 sample (reactive surfactant HeC12, OS-series).
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tition between rubberlike and flow behavior of the
polymer. When we compare the results from the
point of view of conventional and reactive surfac-
tants, the conclusions drawn from the OS-series
are confirmed by the results obtained for the MJ-
series of latices (55SDS, 55M141, and 55CRO).

Mechanical Behavior of Wet Films

Concerning the water uptake process, the de-
crease of the water uptake in the case of films
prepared with reactive surfactants is not ob-
served. Actually, the differences in the amount of
water uptake for the MJ-latices are rather lim-
ited: after 2 weeks, the amount of water in

55SDS, 55M141, and 55CRO are, respectively, 26,
28, and 34%. The fact that the MJ-films take up
similar amounts of water can be attributed to the
fact that the nongrafted surfmer has not been
removed in the 55M141 and 55CRO latices before
the films were cast. Considering the tensile be-
havior of dry and hydrated films, it appears once
again that the plastic flow stress is lowered when
some water is present inside the film. Neverthe-
less, this decrease appears to be rather limited:
for example, for the 55M141 films, the plastic flow
stresses are 2 (hydrated state) and 2.4 MPa (dry
state), whereas the strain at rupture is 7.9 (hydrat-
ed state) and 6.4 (dry state), respectively (Fig. 10).

Figure 9 (a) Evolution of the plastic flow stress (�p, log scale) versus temperature for
the latex films from the MJ-series. (b) Evolution of the normalized residual deformation
[ln(�res)/ln(�max)] versus temperature for the latex films from the MJ-series. Squares:
55SDS; circles: 55M141; triangles: 55CRO.
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Finally, it can be concluded that the lowering of
the stresses has been observed for all the films,
whether they contained polymerizable or conven-
tional surfactants, and for both sets of lattice (MJ
and OS). To explain this decrease, two different
mechanisms can be proposed. When water mole-
cules are localized in voids of nano- or microsize
inside the film, the sample can be regarded as a
composite with two distinct phases: polymer and
water. The decrease of the stresses has therefore
a mechanical origin. In the presence of these ag-
gregates, the film becomes heterogeneous and
consequently less transparent (due to light scat-
tering). On the other hand, water molecules can
also be present inside the bulk of the polymer.
When the macromolecules display polar groups,
strong interactions between water molecules and
those polar groups can take place. Thus, macro-
molecule/water interactions lead to a plasticiza-
tion phenomenon that goes with a decrease of the
glass transition of the film. As the tensile proper-
ties of the films were measured at a constant
temperature (20°C, close to Tg of the dry film), the
decrease of the stress may in this case have a
physical, molecular origin.

To elucidate which of these mechanisms play a
main role, we performed calorimetric and dy-
namic mechanical analysis on hydrated and dry
samples.

Localization of Water Molecules in the Films

To check the plasticization of polymers by water
molecules, DSC experiments have been carried
out to detect a shift of the glass transition tem-
perature. Tg1 and Tg4, respectively, and the onset
and the offset temperature (at which the meta-

stable state is reached), are reported in Table II
for the OS-series. Two different results are ob-
tained, depending upon the nature of the surfac-
tant. In the case of classical surfactant (SDS), no
shift of Tg is measured: Tg1 and Tg4 are identical,
even when the amount of water is 30%. Similar
results have also been observed in the case of the
55SDS sample. Moreover, the main �-relaxation
temperature of the copolymer prepared with SDS,
as studied by dynamic mechanical experiments,
also remains constant.

Figure 11 shows the evolutions of the modulus
and the loss factor versus temperature for the
SDS film. When the hydrated film is cooled down,
the modulus increases sharply in two steps at,
respectively, �10 and �35°C, while at the same
time the loss factor goes through two distinct
maxima. When heating, the modulus drops
sharply again at a temperature around �10°C,
and tan � displays one single broad peak (for
�40°C � T � 10°C). Because this behavior is not

Figure 10 Influence of water on the stress versus strain behavior for the 55M141
sample (reactive surfactant with a maleate function, MJ-series).

Table II Influence of Water on the Glass
Transition Temperature and the Main
Mechanical Relaxation Temperature
(T�) for the OS Lattices

Tg1

(°C)
Tg4

(°C)
T� (1 Hz)

(°C)

SDS dry 14 24 40
SDS hydrated (30%) 14 24 40
HeC12 dry 13 25 37
HeC12 hydrated (3%) 12 25 33
C12 MPOE dry 13 26 35
C12MPOE hydrated (8%) 11.5 27 32
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observed for the dry film, it can be clearly attrib-
uted to the crystallization/melting of water. This
result has been confirmed by DSC, where two
endothermic crystallization peaks were observed
in the same temperature range when cooling a
hydrated sample. Then, during thawing, the (wa-
ter) crystallites’ melting occurs at temperatures
slightly higher than 0°C. These observations were
also confirmed by wide-angle X-ray scattering
measurements. It can be concluded that, in the
case of conventional surfactant-based films, the
water forms a second phase in the polymer, but
does not interact directly with the macromole-
cules (no plasticizing effect). Some authors have
shown that during the film formation process, the
surfactant molecules can migrate to form do-
mains at the surface and in the film.11,12 These

highly hydrophilic domains are able to trap a
large amount of water when the film is hydrated,
without any plasticizing effect.

In contrast, a water plasticization phenomenon
is detected for samples containing grafted reac-
tive surfactant: in the case of the OS-series, both
Tg1 and Tg4 (measured by DSC) of HeC12 and
C12MPOE films are lowered; however, the varia-
tions are small. This plasticization appears more
visibly through dynamic mechanical experiments.
Figure 12 presents the results concerning the
HeC12 latex. Similar results have been observed
also for the films with the others surfmers
(55M141, 55CRO, and C12MPOE). The vertical
arrows in Figure 12 point to the maximum in the
main relaxation peaks and highlight a difference
of 4°C between the peaks. Moreover, the shape of

Figure 11 Isochronal dynamic mechanical spectra of the SDS films (hydrated and dry
states). Solid line: hydrated films during cooling from 25 to �70°C; dotted line: hydrated
films during subsequent heating from �70 to 50°C; thick solid line: dry film during
heating from �70 to 70°C.

Figure 12 Isochronal dynamic mechanical spectra measured at 1 Hz: effect of water
(reactive surfactant HeC12). Solid line: 30% hydrated films during heating from �10 to
70°C; dotted line: dry film during heating from �10 to 50°C.
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the loss factor curves and of the modulus drop in
the temperature range 20°C � T � 60°C is also
affected. Because the surfactant is grafted to the
surface of the particles or incorporated in polymer
chains in the particle interior,8 it cannot segre-
gate during the film formation process and is em-
bedded inside the film. This results in the pres-
ence of hydrophilic sulfonate groups in the mac-
romolecules. When the film is rehydrated, the
water molecules will go preferentially near these
sites, and the plasticization may occur.

In the case of OS-latices, when the nongrafted
surfactant was removed from the latex, neither
DSC experiments nor dynamic mechanical anal-
ysis revealed the presence of free water, leading
to water crystallization or ice melting. In con-
trast, in the case of the MJ-series, the shift of T�

associated to the plasticization is accompanied by
a large composite effect, evidenced by the pres-
ence of the tan � peaks at temperatures below 0°C
(Fig. 13). Because the grafting reaction of the
surfmer for these latices (55M141 and 55CRO)
was not complete8 and because the latices were
not purified before the films were cast, the pres-
ence of the additional peaks must reflect the pres-
ence of the nongrafted surfactant molecules. In
this case, the fraction of the surfmer that has
reacted and is present at the particle surface or

buried in the particle interior is localized, after
casting, throughout the bulk of the film in a rel-
atively homogeneous way and leads to plasticiza-
tion. The fraction that has not reacted and is not
grafted gives rise to a composite (polymer/water)
film, just as in the nonreactive surfactant-based
latex.

As the mechanisms ruling the influence of the
water molecules in the films have been eluci-
dated, we can now reconsider the results of the
mechanical tests of dry and hydrated films. As
these experiments were performed in the glass
transition temperature zone, a small variation of
the molecular mobility induced by plasticization
can lead to a sharp variation of the mechanical
properties. As expected, this plasticization leads
to a decrease of the yield stress and to an increase
of the elongation at break (Fig. 8). In the case of
films synthesized in the presence of conventional
surfactants, the water is concentrated in some
domains containing variable concentrations of
surfactant and/or poly(acrylic acid), so that these
zones can crystallize at different temperatures.
The mechanical properties of the films are then
modified, through a composite effect; the mate-
rial, in such a case, consists of polymeric matrix
and water inclusions. This results in a decrease of
the plastic stress. Moreover, the high dispersion

Figure 13 Isochronal dynamic mechanical spectra measured at 1 Hz: effect of water
(reactive surfactant 55M141). Circles: hydrated films during cooling from 25 to �70°C.
Triangles: hydrated films during subsequent heating from �70 to 50°C. Squares: dry
film during heating. Filled and open symbols correspond to the evolution of the modulus
G
 and the loss factor, respectively.
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of the strain at rupture (�r) is also consistent with
the fact that the films are very heterogeneous
when they contain a large amount of water (Fig.
7). In the next section, we will consider each
mechanism in a quantitative way to calculate the
decrease of the plastic flow stress.

Quantitative Analysis of the Decrease of the Plastic
Flow Stress

Calculations Based on a Mechanical Coupling
Approach

When the decrease of the stress has a mechanical
origin, it can be qualitatively described with a
mechanical coupling model. From a very general
point of view, the elastic modulus of a filled poly-
mer is affected by the elastic properties of its
constitutive phases (i.e., modulus and Poisson ra-
tio), the volume fraction of filler, and the morphol-
ogy (i.e., shape, aspect ratio, dispersion, and in-
teractions between fillers). Various models are
proposed in the literature to understand the com-
plex interplay between these parameters and to
give a prediction of the elastic modulus of polymer
composites. Among the different approaches, one
set of theoretical predictions is based on phenom-
enological approaches (e.g., series-parallel model
of Takayanagi13) that can be very useful as a first
step to estimate roughly the effect of the mechan-
ical coupling in a biphasic system (mechanical
coupling means how energy of deformation is dis-
tributed between the distinct phases). In this
work use was made of a series-parallel equation
to estimate the plastic stress, taking into account
the volume fraction of water in the film (�water),
as illustrated in Scheme 1.

In such a representation, the behavior of the
material is directly related to the fraction of poly-
mer acting in parallel, as the contribution of wa-
ter to the mechanical resistance is negligible. It
can be deduced from geometrical considerations
that the relationship between the plastic flow
stress of the composite film and the volume frac-
tion of water is given by:

��p
Composite � ��p
Polymer �1 	 ��3�eau

2� (1)

The values of plastic stress obtained with eq. (1)
compare well with the evolution of the experimen-
tal data in the case of the SDS sample (see full
line in Fig. 7). Of course, this simplified approach
does not take into account the localization of the
water into the film that leads to an underestima-
tion of the decrease at a low value of water volume
fraction. Moreover, it assumes implicitly that the
pressure inside the water is negligible. This is,
however, a second-order assumption regarding
the difference of mechanical behavior between
polymer and water, and the size of water inclu-
sion is large enough to give a diffraction pattern.
Thus, the model only provides a rough estimation
of the decrease of the plastic flow stress with the
water content within the composite.

Calculations in the Frame of the qpd Model

In recent years, a theory of nonelastic deforma-
tion of polymers based upon molecular mobility
concepts has been developed in the G.E.M.P.P.M.
This theory, already described in other referenc-
es,14,15,16 has been improved by including unload-
ing behavior and strain hardening. The main as-

Scheme 1 Series-parallel model representative of the hydrated sample.
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sumptions are as follows: (1) the existence of
quasi point defects (qpd) corresponding to
nanofluctuations of specific volume; (2) the hier-
archically constrained nature of molecular dy-
namics; and (3) under the application of a stress,
the nucleation and growth of local shear microdo-
mains (smd) (carriers of the anelastic strain) until
they ultimately merge irreversibly with one an-
other (viscoplastic strain).

Previously, molecular mobility in polymers was
analyzed in terms of hierarchically correlated
movements,14 leading to an expression of the
mean molecular mobility time 
mol:


mol � t0�
�

t0
�1/�

(2)

In this expression, 
mol corresponds to the time
necessary for a structural unit to move on a dis-
tance equivalent to its length. � (0 � � � 1) is a
correlation parameter related to the degree of
disorder. Hence, � � 0 corresponds to a fully
constrained situation and � � 1 is a constraint-
free situation (perfect crystal and perfect gas, re-
spectively). Thus, it appears that � is constant
(��(Tg)) when the microstructure is frozen (T
� Tg) and increases in the metastable equilibrium
(T 	 Tg). A Taylor expansion has been used to
describe such an evolution: �0 � �(Tg) � a(T � Tg),
where a is a constant, t0 is a scaling parameter,
and 
� is the time of the preliminary movement
(taken as the � secondary process). Thermome-
chanical activation of this relaxation yields:


���
 � 
�0exp �U�

kT �1 	
�

�0
�3/2� (3)

where �0 is the limit of the yield stress necessary
for overpassing conformational change when the
temperature becomes 0 K [i.e., �0 � G0/2
 (Fren-
kel argument)].

The anelastic times (related to the nucleation
and expansion of smd) are distributed in between
the elementary time 
�(�) and 
mol(�). On the
other hand, the viscoplastic times (corresponding
to the motion of structural units over large dis-
tances) are distributed around 
mol(�), because
the disorder is spatially distributed in the mate-
rial (in practice, we have chosen to incorporate
the disorder’s characteristic through a Gaussian
distribution of the correlation parameter, which
results in a log-normal distribution of the charac-
teristic times). These main ideas lead to a macro-
scopic compliance J � �/� written as the sum of

the elastic, the anelastic, and the viscoelastic
components:

J��t
 � Ju � Jan�

� �1 	 exp � 	 � t

rm

���� � Jvp� � t

rmJr/Jan

��


(4)

with


rm � �1/�
mol and Jvp�
� Jr 	 Ju 	 Jan�

(5)

where Ju � 1/Gu is the unrelaxed compliance
associated with the �-relaxation and Jr � 1/Gr is
the rubber shear compliance. Jan�

and Jvp�
are,

respectively, the intensity of anelastic and visco-
plastic processes. �
 (0 � � � � 
 � 1) accounts for
the spatial distribution of entanglements (for ex-
ample, �
 � 1 for glasses).17 On this basis, an
incremental calculation allows us to determine
the contribution (anelastic and viscoplastic) of
each population to the macroscopic deformation.
The procedure to determine the set of parameters
is fully documented in ref. 17 (see Table III).

When stress is applied, the nucleation and
growth of smd correspond to an increase of the
disorder and then an increase of � with �an. More-
over, macromolecular orientation occurs and
leads to18: (1) a decrease of molecular mobility
due to a better organization of the material occur-
ring with the development of viscoplastic strain
(introducing chain orientation). This should re-
sult in a decrease of �; (2) entropic processes: at
high temperature, the polymer is in the rubbery
state, which involves purely entropic effects. The
description of rubberlike elasticity was first de-
veloped by considering an ideal network, consti-
tuted of freely jointed segments.19 Recently, re-
finements were introduced to take into account
finite elongation of the chains.20 As we describe

Figure 14 Comparison between experimental
(squares) and simulated (line) �p versus temperature.

1698 GAUTHIER ET AL.



the entropic effect on the basis of ref. 20, we pro-
pose to relate the decrease of � with the change of
chains entropy (i.e., through an inverse Langevin
function).

Computer-simulated �-� curves for loading and
unloading regimes have shown fairly good accor-
dance with experiments for broad ranges of Tdef,
�def, and �̇def with one set of parameters. The
experimental and simulated data concerning the
evolution of �p as a function of temperature are
reported in Figure 14. Good agreement is ob-
served up to 50°C. However, in the high-temper-
ature range, a small deviation appears that can
be related to the flow of macromolecules, which is
not introduced in the calculations.

Next, the qpd model is used as a predictive tool
to quantify the expected decrease of plastic stress
with the amount of humidity in the film. To per-
form the calculations when the polymer is in the
wet state, we changed the value of the glass tran-
sition in agreement with the experimental de-
crease of Tg (Table II). For example, in the case of
HeC12, taking into account the shift of Tg (de-
crease of 4°C), the stress–strain curve at T � 20°C
is recalculated and leads to a decrease of the
plastic flow stress value by a factor of 3. This
decrease is consistent with the experimental
data.

CONCLUSION

It has been shown that the presence of grafted
reactive surfactant molecules in some latices
does not affect the thermomechanical proper-
ties of dry films over a large temperature range
from below to well above the glass transition
temperature. This means that one can use re-
active surfactants (surfmer) for other reasons
(for example, to increase colloidal stability of
the latex) without affecting the dry film proper-

ties. We have highlighted that the behavior of
the films is largely sensitive to the presence of
water molecules. In that case, two distinct phe-
nomena can be observed. In the case of reactive
surfactant-based films, a plasticization effect is
measured and attributed to the presence of the
grafted surfactant molecules inside the film.
These molecules introduced hydrophilic moi-
eties that are dispersed inside the polymer in a
more or less homogeneous way. This plasticiza-
tion effect is not observed in the conventional
surfactant-based films. Another effect is the for-
mation of a composite material (water/poly-
mer), which is also observed in the case of re-
active surfactant, when the nonreacted mole-
cules are not removed from the material. It is
then attributed to the presence of ungrafted
surfactant molecules (either reactive or conven-
tional), which segregate during the film forma-
tion and create highly hydrophilic domains that
may trap water molecules. This last point un-
derlines the importance of synthesizing latices
containing mainly grafted surfactant instead of
a mix of grafted and adsorbed surfactant to
improve the film resistance to water molecules’
uptake.
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