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Abstract

Three series of hard/soft styrene—acrylic latex based systems with equivalent compositions were prepared either by blending of
homopolymer latexes or by preparing structured latex particles having core shell (CS) or inverted core shell (ICS) morphologies.
Transmission electron microscopy (TEM) was used to investigate the particle morphologies, which were correlated to the calculated
fractional radical penetration for the propagating species during the reactions. The thermo-mechanical properties as well as the morphology
of the resulting latex films were analyzed by differential scanning calorimetry (DSC), dynamic mechanical analysis (DMA) and TEM. The
viscoelastic properties of the interphase between the first and second-stage polymers formed in the structured hard/soft latex films, as well as
its qualitative amount and also the film morphologies were found to depend on the interplay between thermodynamic and kinetic parameters

during the synthesis of the samples.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The process of film formation from latex dispersions
underlies much of the technology of water-borne coatings
and there is a need for sufficient understanding to permit the
development of high performance coatings that are
environmentally friendly. A major difficulty which is
associated with water-based coatings arises from the
competition between film formation and mechanical film
properties [1-3]. For example, low-glass-transition-tem-
perature (7;) polymer-based latexes have good film forming
abilities but lead to poor mechanical film properties upon
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the evaporation of water, and are thus not sufficient enough
to function in modern coatings.

It is well known that the mechanical behavior of
multiphase polymer materials is governed by many separate
parameters e.g. the mechanical properties of the neat
constituents, the morphology, the interfacial activity
between the phases and the blend composition [4-7].
Therefore, several approaches have been explored to
overcome the lack of mechanical strength in low-T,
polymer based latexes. One solution is the use of structured
core/shell latex particles [8—11] that have a high-T, polymer
core and a low-T, film-forming polymer shell. The
corresponding dry films have been described [8-13] as
equivalent to elastomeric matrices containing rigid
inclusions. Another way to significantly enhance the
mechanical properties of soft latex films is achieved by
physically blending two separate polymer dispersions with
homogeneous particle morphologies. Thus, the combination
of soft (i.e. low-T,) and hard (i.e. high-T,) latexes has
become an area of specific scientific and technical interests
resulting, in the last few years, in numerous publications
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[1,3,10,12-39] on film formation and mechanical film
properties of blends of polymer dispersions.

Among other techniques, differential scanning calorime-
try (DSC) and dynamic mechanical analysis (DMA) have
been successfully used to characterize and to provide
relevant information on multiphase polymeric materials [4—
7,40,41]. The key factor of a two-phase system in a DSC (or
DMA) thermogram is the existence of two separate glass
transitions (or associated a-relaxations, in the case of DMA)
having temperature locations coinciding with those of the
pure constituents. Subsequently the changes in these
transition temperatures in comparison with those measured
for the neat constituents are often discussed as reflecting
chemical, physical and/or mechanical interactions between
the phases [4-7,40,42—44].

Several publications have reported on theoretical calcu-
lations of the kinetics of emulsion polymerization reactions
as well as of the development of the latex particle
morphologies over the course of the reaction [45-54]. It is
now established that the two main factors in the formation
of a certain latex particle morphology are the drive for
thermodynamic equilibrium [55-57] and/or the diffusivity
of the propagating radicals [50,54,58—63]. Recent review
articles covering many of the aspects involved in the
variations in the morphology of structured latex particles are
available [64-67]. Basically, thermodynamic equilibrium
latex particle morphologies are achieved when the rate of
diffusion of the polymer chain is much faster than the
polymerization rate, whereas the kinetically controlled latex
particle morphologies are obtained when the diffusion rate
and/or the phase separation are slower than the polymeriz-
ation rate of the second-stage polymer. However, this is a
simplified description and the full analysis to this compli-
cated subject is much more diversified.

In the present work, three series of non-polar hard and
polar soft styrene—acrylic latex based systems with identical
compositions (i.e. hard/soft ratios of 40:60 by weight) were
prepared either by blending of the homo polymer latexes or
by preparing structured latex particles having core shell
(CS) or inverted core shell (ICS) morphologies. By
associating their particle and film morphologies as well as
their thermo-mechanical film properties with polymeriz-
ation kinetics calculations, it was aimed to investigate the
dependence of the polymerization route on the interfacial
properties of the hard/soft latex based materials.

2. Sample preparation and characterization

2.1. Materials

Methyl methacrylate (MMA), styrene (S), butyl acrylate
(BuA), and methacrylic acid (MAA) were supplied by
Merck and used as received. Sodium persulfate (NaPS) and
sodium dodecyl sulfate (SDS), also from Merck, were of

analytical grade and used without further treatment. All
other chemicals were used as supplied.

2.2. Latex preparation—emulsion polymerization

The emulsion polymerizations were performed in a 1-L,
four-necked glass reactor equipped with a mechanical
stirrer, a reflux condenser, and a thermometer. The reactor
was immersed in a thermostatic water-bath in order to
maintain a reaction temperature of 70+0.5 °C. Three
homogeneous latexes were polymerized in single-stage
polymerizations and four hard/soft structured latexes, were
prepared in two-stage polymerization processes. The
structured latexes were defined as either core-shell (CS) or
inverted core-shell (ICS) depending on in what order the
reactor had been charged, but common for them all was that
the stage ratio between the hard, high-T, polymer and the
soft, low-T, polymer was 40:60 (by weight). Details for the
polymerizations are given in Table 1.

For all experiments, 155 g of deionized water was added
to the reactor, which was then purged with nitrogen. When
the reactor temperature was stable at 70 °C charging of the
initiator and the monomer emulsions was started. For the
homogeneous latexes, 25 g of Emulsion-1 together with
Init-1 were pre-charged to the reactor and the remaining
amount of Emulsion-1 together with Init-2 were continu-
ously added during 4.5 h.

The CS-series consisted of a non-polar, hard, first-stage
polymer, poly(styrene-co-butyl acrylate), p(S-co-BuA), and
a polar, soft, second-stage polymer, poly(methyl methacry-
late-co-butyl acrylate-co-methacrylic acid), p(MMA-co-
BuA-co-MAA). The p(S-co-BuA) had a T, of either 60 or
80 °C and the p(MMA-co-BuA-co-MAA) had a T, of 20 °C.
For the preparation of the CS latexes the reactor was
charged with 10 g of Emulsion-1 along with Init-1 and after
15 min a continuous feeding of Emulsion-1 and Init-2 was
started. The total addition time of Emulsion-1 was 110 min
and for Init-2 the feeding period lasted for 130 min. One
hour after all of Emulsion-1 had been added charging of
Emulsion-2 together with Init-2 began. Emulsion-2 was
continuously fed for 160 min, while Init-2 was added for
another 180 min.

Inversely, the ICS series consisted of the polar p(MMA-
co-BuA-co-MAA) as the first-stage polymer and the non-
polar p(S-co-BuA) as the second-stage polymer (Table 1).
In these experiments the reactor was pre-charged with 15 g
of Emulsion-1 along with Init-1. After 15 min the remaining
amount of Emulsion-1 was fed for 160 min and Init-2 was
continuously fed to the reactor for 180 min. One hour after
all of Emulsion-1 had been added, charging of Emulsion-2
and Init-2 was started. The feed time for Emulsion-2 was
110 min and for the remaining Init-2, 130 min. Independent
of the polymerization method, the reactor temperature was
kept at 70 °C for 30 min after all the monomer and initiator
had been added. Subsequently, the reactor was cooled to
room temperature.



D. Colombini et al. / Polymer 46 (2005) 1295-1308

Table 1
Sample codes, polymerization recipes, and detailed reaction conditions
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Sample codes Homogeneous latexes

Structured latexes

20SL 60HL 80HL 60CS20 60ICS20 80CS20 80ICS20
Reactor charge
Water (g) 155 155 155 155 155 155 155 155
Emulsion-1
Water (g) 352.6 331.6 331.6 141.1 211.5 141.1 211.5
NaOH (g) 0.3 0.3 0.3 0.12 0.18 0.12 0.18
SDS (g) 8.6 8.6 8.6 33 5.3 33 5.3
Styrene (g) / 308.4 364.1 123.4 / 145.6 /
MMA (g) 227.6 / / / 132 / 132
BuA (g) 218.7 119.9 64.3 48 126 25.7 126
MAA (g) 12.9 / / / 7.7 / 7.7
Feed rate (g/h) 178 167 167 168 177 168 177
Init-1
Water (g) 0.76 0.76 0.76 0.76 0.76 0.76 0.76
NaPS (g) 0.19 0.19 0.19 0.19 0.19 0.19 0.19
Emulsion-2
Water (g) / / / 211.5 141.1 211.5 141.1
NaOH (g) / / / 0.2 0.12 0.2 0.12
SDS (g) / / / 53 33 53 33
Styrene (g) / / / / 123.7 / 145.6
MMA (g) / / / 132 / 132 /
BuA (g) / / / 126 48 126 25.7
MAA (g) / / / 7.7 / 7.7 /
Feed rate (g/h) / / / 182 174 182 174
Init-2
Water (g) 38 38 38 38 38 38 38
NaPS (g) 1.28 1.28 1.28 1.28 1.28 1.28 1.28

In addition, the homogeneous hard latexes (HL), with a
T, of either 60 or 80 °C, as well as the homogeneous soft
latex (SL), with a T, of 20 °C, that had been separately
synthesized, were mixed to obtain the third series referred to
as latex blend (LB), with a hard/soft weight ratio equivalent
to that of the structured samples within the CS- and the ICS-
series.

With respect to the T,:s of the hard and the soft phases,
samples that belonged to the CS-, to the ICS- or to the LB-
series were denoted 60CS20 and 80CS20, 60ICS20 and
80ICS20, or 60LB20 and 80LB20, respectively. Similarly,
the homogeneous latexes were denoted with their respective
Ty:s and the nature of the latex, i.e. 8OHL, 60HL and 20SL
where HL represents hard latex and SL soft latex.

2.3. Sample characterization

2.3.1. Structured and homogeneous latex dispersions

Monomer conversion of the second-stage polymerization
was monitored by gravimetry, measurements of the
viscosity of the dispersions were carried out at room
temperature using a Brookfield viscometer at 20 rpm
(spindle 1), and particle sizes were obtained by laser
diffraction using a Malvern Mastersizer 2000.

The minimum film formation temperature (MFT) was
measured by using an MFT bridge (Coesfeld, Thermostair)
with a temperature gradient covering either the range 0-

32 °C or 28-60 °C in a static dry atmosphere. The dispersion
samples that consisted of homogeneous or structured latexes
were applied on metal foil with an application bar having a
gap thickness of 200 um. The MFT was defined as the
crack-point temperature above which the dispersion formed
a continuous film.

The final solids content of the dispersions was measured
gravimetrically. Approximately 3 g of the dispersions was
poured into test tubes and was allowed to dry overnight in an
oven at 60 °C. The reported data corresponds to the average
from a set of five measurements.

The latex particle morphologies were studied by means
of transmission electron microscopy (TEM). A 5 ml portion
of the dispersion, diluted to 0.1 wt% solids content, was
negatively stained with a drop of an aqueous solution of 2%
uranyl acetate (UAc). A drop of the resulting mixture was
then placed on a formvar-coated grid and the water was
removed by adsorption with a filter paper. The samples were
examined in a Philips CM 10 transmission electron
microscope. Micrographs were recorded on negative films,
which were subsequently scanned. In the micrographs, the
PS-rich phase appeared as dark and the MMA-co-BuA-rich
phase as bright domains [68,69].

2.3.2. Homogeneous, structured and blended latex films
Films were prepared of the four structured latexes, the
two latex blends and the homogeneous soft latex by casting
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4 g of the dispersions on Petri dishes with surface areas of
~40 cm?. The dishes were then placed in a conventional
oven at 42 °C and the dispersions were covered with
inverted Petri dishes in order to slow down the film
formation process. After 48 h, the formed films had
thicknesses of ~ 400 pm. The homogeneous, hard latexes
could not form films, since their MFT:s were higher than
42 °C (Table 2) and thus became white powders when left in
the oven to dry. In order to be able to characterize them by
dynamic mechanical analysis, the 60HL and 8OHL powders
were placed in a mould between aluminum foils and heat-
pressed at 180 °C for 8 min, followed by 2 min under
2.2 MPa pressure. Consequently, clear, hard films with a
thickness of ~400 um were obtained.

Differential Scanning Calorimetry (DSC) thermograms
of the latex films were recorded using a TA Instruments
DSC-Q1000 under a nitrogen atmosphere. The temperature
was first jumped from room temperature to 150 °C, where it
was maintained for 3 min. The samples were then cooled at
10 °C/min down to —70 °C. After a 3-minute equilibrium
time at —70 °C, the samples were heated up to 180 °C with
a heating rate of 10 °C/min. The sample weights were
approximately 5 mg and the experiments were carried out in
hermetically sealed pans.

The TA Instruments Dynamic Mechanical Analyzer
DMA 2980 was used, operating in tensile mode under
isochronal conditions at the frequency of 1 Hz, to measure
the temperature dependence of the complex elastic modulus
E” (storage, E', and loss, E”, moduli) for the latex films. The
samples were approximately 12 mm long, 5 mm wide and
400 pum thick. The viscoelastic spectra were recorded from
— 110 to 200 °C with a heating rate of 2 °C/min.

The Philips CM 10 transmission electron microscope
was also used to investigate the morphology of the latex
films. The samples were cut in an ultracryo-microtome
Leica Ultracut T where the sample and knife temperatures
were set at —70 and —40 °C, respectively. A solution of
50% DMSO in water was used as trough liquid and the
sample thickness was 70 nm. All the sections were stained
with ruthenium tetraoxide for 5 min (some samples were
also stained before sectioning), and then examined in the
transmission electron microscope. Micrographs were

Table 2
Properties of the homogeneous and structured latex dispersions

recorded on negative films, which were subsequently
scanned. In the TEM micrographs the MMA-co-Sty phase
appeared darker than the MMA-co-BuA phase domains [68,
69].

3. Results

3.1. Properties of the latex dispersions—structured particle
morphologies

A summary of the latex properties, including MFT:s and
dispersion viscosities, is given in Table 2. It can be seen that
all the latexes had solids contents of 44+ 1 wt% and the
particle sizes were 125425 nm. The structured latex
particle morphologies were studied by means of TEM.
Since the hard p(S-co-BuA) was more hydrophobic than the
soft p(MMA-co-BuA-co-MAA), the expected thermo-
dynamic equilibrium morphology for both the CS- and
ICS-latexes should be core-shell with the hard, non-polar
p(S-co-BuA) forming the core and the soft, more polar
pP(MMA-co-BuA-co-MAA) forming the shell. TEM micro-
graphs of the heterogeneous latex particles can be seen in
Fig. 1. Negative staining with uranyl acetate (UAc) was
used in order to visualize whether the particles were film
forming or not and the staining can be observed as thin dark
rings around the particles. Since the styrene-rich phase is
more stable to the electron beam [68,69], the micrographs
portray the p(S-co-BuA) domains as dark whereas the
p(MMA-co-BuA-co-MAA)-rich phase appeared much
lighter. In Fig. 1(a), the 80CS20 particles appear as dark
spheres having a faint thin shell, possibly consisting of
lumps of p(MMA-co-BuA-co-MAA) on the outside of the
seed particles but from only the whole particle TEM
micrograph it is difficult to clearly tell the morphology [70].
Fig. 1(b)—(d) display the 80ICS20, 60CS20 and 60ICS20
latexes, respectively, and similar particle morphologies
were observed in these three experiments. No certain
differences in latex particle morphologies could be seen
between 60CS20, 60ICS20 and 80ICS20 and the observed
structures were close to the expected thermodynamic
equilibrium non-polar core/polar shell morphology i.e., the

T, (°C) MEFT (°C) solids content Viscosity (mPa s) Particle size (nm)
(wWt%)
Stage 1 Stage 2

80OHL 76 / >70 43 49 124
60HL 54 / 54+£2 45 77 122
20SL 21 / 13+2 45 75 108
80CS20 76 30 37+2 44 15 150
60CS20 56 20 26+2 44 21 113
80ICS20 21 76 3342 44 22 148
60ICS20 21 56 29+2 44 22 95
80LB20 17 76 18+2 44 n.a n.a
60LB20 21 56 1712 44 n.a n.a
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Fig. 1. TEM micrographs — Structured latex particle morphologies. a. 80CS20, b. 80ICS20, c. 60CS20, d. 60ICS20.

particle cores consisted of the high-T, p(S-co-BuA), that
was enclosed by the low-T, p(MMA-co-BuA-co-MAA),
which composed the shell.

3.2. Thermal, viscoelastic and morphological film
properties

DMA, DSC and TEM were used to characterize thermo-
mechanical and morphological film properties. Fig. 2 gives
the thermal and mechanical viscoelastic film properties for
the three homogeneous latexes; SOHL, 60HL and 20SL. In
Fig. 2(a) the JAC,/IT obtained from DSC measurements is
plotted as a function of temperature. The peak values
correspond to the inflection point of the AC,, signal and thus
represent the glass transition temperatures of the materials.
Fig. 2(b) and (c) display the temperature dependencies of
the storage modulus (E') and the loss factor tan 9,
respectively, obtained from DMA measurements. The
drop in storage modulus (Fig. 2(b)) reflects the a-relaxation
which is associated with the glass transition of the material.
Each tan 6 spectrum (Fig. 2(c)) showed a peak reflecting the
drop in E" when passing through the o-relaxational process.
Since the tan ¢ is defined as the ratio between the loss and
storage moduli (tan o= %,’) , the temperature location of the
tan 0 peak is slightly higher than that of the inflection point
of the storage modulus.

Fig. 3 displays the heat capacity (ACp) as a function of
temperature for (a) the 80/20 group and (b) the 60/20 group
(comprising the CS, ICS and LB samples as well as the
homogeneous latexes). It can be seen in Fig. 3(a) that the
20SL and 80HL thermograms display jumps in AC, at
approximately 20 and 80 °C, respectively, corresponding to

the T:s for the homogeneous latexes. In the blend, 8OLB20,
it was clear that the two different latexes were not phase-
mixed, since there were significant jumps in AC,, at the same
temperature locations as for the homogeneous latexes. The
CS and ICS samples, however, showed some broadening in
the curves indicating the existence of interphase in these
systems. The largest broadening was found for the 80CS20
sample, whilst the 8OICS20 curve resembled that of the latex
blend.

Similar trends can be observed for the 60/20 group in Fig.
3(b). The trends are, however, slightly more difficult to
distinguish as a result of the smaller temperature span
between the T:s of the soft and hard phases as compared to
the 80/20 group. Nevertheless, it was clear that the blend
sample, 60LB20, showed two distinct AC, jumps that
corresponded to those for the homogeneous latexes
indicating that no phase mixing had occurred, whilst the
CS and ICS samples showed broadening in the curves.

To further investigate the existence of interphase in the
systems, thermal (DSC) and mechanical viscoelastic
(DMA) properties of the film samples were examined.
Fig. 4 displays the temperature dependence of (a) dAC,/dT,
(b) E' and (c) tan é, for the 80/20 group. For comparison
with the homogeneous 20SL and S80OHL films the tempera-
ture location of the maximum of JAC,/dT and tan é are
recalled in Fig. 4(a) and (c), respectively. The correspond-
ing curves for the 60/20 group can be seen in Fig. 5(a)—(c).

Fig. 4(a) clearly shows two separate JAC,/dT peaks for
the 8OLB20 sample. Also 80ICS20 showed two separated
peaks, but the distance between them was somewhat smaller
as compared to the blend. The 80CS20 sample, however,
displayed extensive broadening around its low temperature
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peak and the distance between the two peaks was
significantly smaller.

In Fig. 4(b) the storage modulus is displayed as a
function of temperature for the three bimodal 80/20
systems. It can be observed that at low temperatures (up
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Fig. 3. DSC traces (heat capacity, AC) of the two latex samples series.
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to approximately 20 °C) the moduli were practically equival-
ent for all three samples. In the temperature span 30-60 °C,
however, it can be seen that 80CS20 had a slightly higher
modulus than 80ICS20 which in turn had a higher modulus
than SOLB20. When further increasing the temperature the
order of the samples changed repeatedly during short
temperature intervals and above 75 °C it was 80LB20 that
had the highest modulus followed by 80ICS20 and 80CS20.
It can also be observed in Fig. 4(b) that 80CS20 displayed
a drop in storage modulus over a larger temperature span
than the other two samples and that there was only a very
small indication of a drop at high temperature. Conse-
quently, the tan 0 for 80CS20 in Fig. 4(c) displayed one
large peak in between the two temperature locations for the
tan 0 of the homogeneous latexes but slightly closer to the
low temperature peak. The latex blend displayed two
separated tan 0 peaks that corresponded well with the
temperature locations for the maximum of the homogeneous
latex peaks, thus further evidencing that no phase mixing
occurred in the blend, while the peaks for 80ICS20 had
approached each other as compared to the latex blend,
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giving rise to some overlapping. These observations
strongly suggest a larger amount of interphase in the
80CS20 sample than in the other two bimodal systems
within the 80/20 group.

Similar trends can be observed for the 60/20 group in Fig.
5, but are less clear because of the smaller temperature span
between the Ty:s of the hard and soft phases. In Fig. 5(a) the
latex blend is found to have two separated peaks, indicating
no or very little phase mixing in the system, whereas the two
other samples displayed broadening of the JAC,/dT peaks.
Fig. 5(b) clearly shows single drops in storage modulus for
both 60CS20 and 60ICS20, with the difference being the
location of the inflection point. This behavior can be
visualized even clearer in Fig. 5(c) where 60CS20 displayed
a single peak shifted towards the temperature maximum of
the soft, homogeneous latex and 60/CS20 showed a single
peak closer to the temperature maximum of the hard,
homogeneous latex. Thus there seemed to be a large amount
of interphase present in the two structured samples
compared to 60LB20, with the interphase for 60CS20
being mainly soft and the interphase for 60ICS20 being
mainly hard. As previously observed for the 80/20 group
(Fig. 4(b)), Fig. 5(b) pointed out the temperature depen-
dence of the moduli ratio of the samples (CS, ICS, LB)
within the 60/20 group.

Fig. 6 shows TEM micrographs of the microtomed film
samples (a) 80CS20, (b) SOLB20, (c) 80ICS20, (d) 60CS20,
(e) 60LB20 and (f) 60ICS20. Not surprisingly, it can be

Fig. 6. TEM micrographs — Latex film morphologies. a. 80CS20, b.
80LB20, c. 80ICS20, d. 60CS20, e. 60LB20, F. 60ICS20.

observed in Fig. 6(b) and (e) that the two films made from
latex blends had morphologies indicating that no phase
mixing occurred, thus confirming the interpretation of the
thermal and viscoelastic mechanical data obtained by DSC
and DMA. The domain sizes in the LB micrographs were
consequently larger than in the micrographs (a) 80CS20, (c)
801CS20, (d) 60CS20, and (f) 60ICS20. The larger domain
size was due to the blending of whole particles of roughly
125 nm, whereas in the structured films the two co-polymers
were confined within one latex particle as the starting point.
The core-shell latexes 80CS20 (Fig. 6(a)) and 60CS20 (Fig.
6(d)) showed similar film morphologies where the second-
stage p(MMA-co-BuA-co-MAA) was film forming and the
first-stage p(S-co-BuA) core remained unaffected in the
film. However, detailed studies of the p(S-co-BuA) core
interior in the microtomed films, 80CS20 and 60CS20
indicated slight differences. In a majority of the studied first-
stage polymer domains of 60CS20 there was only one small
domain of second-stage p(MMA-co-BuA-co-MAA)
observed. However, in the case of 80CS20 (Fig. 6(a))
there were several second-stage polymer domains visible in
the first-stage polymer cores. In addition, it can be seen in
Fig. 6(a) that the shape of the core domains in 80CS20 were
not spherical in the microtomed films. This reflected an
artifact created by the microtome knife, which compressed
the particles in the direction of the cut. The films based on
the 80ICS20 and 60ICS20 latexes also had similar
morphologies with respect to each other. However, when
the ICS based films (Fig. 6(c) and (f)) were compared to the
CS based films (Fig. 6(a) and (d)) there was an obvious
difference in the domain sizes of the p(S-co-BuA) phase,
which in the ICS samples were much smaller than in the CS
based films. Even though the TEM micrographs of the
whole particles were found rather similar (Fig. 1), showing
the p(S-co-BuA) forming, as it seemed, a homogeneous
particle core it became clear while the resulting films were
studied that there must have been a significant difference in
the build-up mechanism of the polymer domains and
accordingly also in the interphase structures in the CS and
ICS latex particles. These differences will be further
discussed in the next section by combining the results
from the thermo-mechanical and morphological studies of
the films with the polymerization kinetics.

4. Polymerization Kinetics and fractional radical
penetration

As mentioned earlier, the thermodynamic equilibrium
latex particle morphology for the structured latexes based on
polar p(MMA-co-BuA-co-MAA) and non-polar p(S-co-
BuA) is likely to be a core-shell-type morphology involving
a non-polar, hard core surrounded by a more polar, soft
shell. The probability for the thermodynamic equilibrium
morphology to be attained is dependent on a number of
parameters, such as the polymer stage, the diffusivity in the
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particle or the polarities of both the incoming radical and the
polymer where it terminates. Practically, the polymerization
kinetics can be assessed from a polymerization experiment
and the knowledge of them permits for the extraction of data
of particular interest for the interpretation of how the
structural build-up in heterogeneous latexes proceeds.
Sundberg et al. have recently proposed a considerable
theoretical apparatus that has proven to be useful for the
studies of the morphological evolution of structured latex
particles over the course of the polymerizations [50,53,54,
71,72]. The theoretical model has been tested and several
papers are available describing its use in various exper-
imental systems [73-76]. However, for a clearer under-
standing of the present study, a short presentation of the
theoretical approach is required.

4.1. Radical fractional penetration model

The model is based on a few fundamental assumptions
where the diffusion rates of the monomer and the growing
radicals in the latex particles are of paramount importance
for the kinetic evolution of the latex particle structures. It is
assumed that the radicals are formed in the aqueous phase
and that the oligo-radicals, which enter the particles
unimpededly, diffuse and continue to grow by the addition
of monomers to the polymer chain inside the particles.
Eventually the radicals terminate and form second-stage
domains [48,50]; the rate of termination being dependent on
the relative diffusion rates of the two radicals involved in a
particular termination reaction. However, in order to
estimate the level of radical penetration in a latex particle,
values for the diffusion coefficients of the radical species
under the actual polymerization conditions are required.
The monomer diffusion rates can be determined from a
combination of the reaction temperature, the 7, of the
polymer and the concentration of free monomer in the latex
particles [71]. The diffusion coefficients for the radical
species are, in addition to the diffusivity of small molecules
in the polymer matrix, also to a large extent dependent on
the chain length of the diffusing radical [50,54,77-79].
Furthermore, it is important to know the rate of the radical
chain length increase [48,50,80,81].

In the present study:

e the polymerization propagation rate coefficients, kp,, and
the termination rate coefficients, k;, were calculated by
anticipating that pseudo-bulk kinetics were valid at the
high instantaneous monomer conversion prevailing [51,
52,54,66,70,80-83],

e the diffusion rates for long and short radicals were
calculated by taking into account the so-called ‘short
long’ approximation, which states that a majority of the
termination events involve a relatively short, mobile
chain and a longer entangled one [80]. Thus in our
calculations one of the radicals was always long, while

the other one had a maximum length of 30 monomer
units.

By combining diffusion rates, literature data for the used
coefficients and the data extracted from the polymerizations,
the life-time of a radical, #, under prevailing conditions
could be expressed as

t, = 1/k[R]

where [R] is the radical concentration [50].

Finally, the radical life-time, #,, and the diffusion rates for
a growing radical were used to estimate the fractional
penetration ratio, FP, which is defined as the distance a
radical can penetrate into a particle divided by the particle
radius [50]. An FP value lower than unity indicates the
existence of diffusional restrictions preventing the growing
radicals from penetrating the latex particles before termin-
ation occurs, which results in the formation of the second-
stage polymer domains in the outer regions of the particle.
On the other hand, a greater FP value indicates that the
radicals are able to fully penetrate the particles. The FP
concept was first derived for a polar first-stage polymer and
a non-polar second-stage polymer, which would have an
inverted core-shell morphology at thermodynamic equili-
brium [50]. Later, a simplified FP concept was used on the
reversed polymer system i.e., a non-polar seed and a polar
second-stage polymer, which would ideally have a core-
shell morphology [70]. The simplified version, which is also
used in this work, categorizes the radical penetration depth
into three classes based on the calculated diffusion rates and
the average rate coefficients together with the estimated
radical life-times. Subsequently, Class 1 allows full
penetration, Class 2 partial penetration and Class 3 very
limited penetration of the radicals.

In the present study, we have used both a non-polar first-
stage polymer (npl) in combination with a polar second-
stage polymer (p2) as well as the reversed case i.e., the same
polymers in a different order of polymerization (pl/np2).
The thermodynamic equilibrium morphologies for the
npl/p2 and pl/np2 are then CS and ICS, respectively. A
polar radical (p2) entering a non-polar polymer particle
(np1) would end up on the outside of the non-polar polymer
provided there were no diffusional restrictions in the
polymers. However, if there were diffusional restrictions,
which there could be in many seeded emulsion polymeriz-
ations or at high conversion, the second-stage polymer
could be hindered to form the thermodynamic equilibrium
morphology.

4.2. Application of the model

Table 3 reports the experimentally determined monomer
concentrations in the particles, [M],, together with the
calculated kinetic coefficients, k;, k, and #,, the monomer
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Table 3
Calculated kinetic coefficients and experimental parameters used
[M], (mol 17" Dy (cm? s™1h ky 1mol™'s™") k(Qmol~'s™h 1, (s) FP

60CS20 0.1 1.5x1071° 14000 4.0%10° 50 2
80CS20 0.1 1.9x107 12 800 1.0X10° 80 2
80ICS20-‘exp’ 1.1 1.5%x107¢ 5300 1.2x107 0.7 1
80ICS20-‘theo’ 0.1 1.8x1071° 5000 4.7%10° 60 ?
601CS20-‘exp’ 0.6 1.1x107¢ 9700 8.9 10° 0.9 1
601CS20- ‘theo’ 0.1 1.6Xx10710 8600 4.0X10° 60 ?

diffusion rates Dy and the estimated FP values for the CS-
and ICS-series.

In the case of the CS-series, the presented values
correspond to averages over the whole course of monomer
feeding during the second-stage. The calculations were
based on that an incoming radical in the second-stage
polymerization entered the first-stage polymer and the
diffusion rate used was based on the T, of the first-stage
polymer. This was a reasonable initial assumption but as the
second-stage polymerization proceeded, new second-stage
polymer domains were formed with other properties
compared to the first-stage polymer. The radicals generated
late in the second-stage could therefore enter another type of
environment as compared to the radicals entering the
particles early in the second-stage. In the calculation of #,
the possible change of radical environment was not taken
into consideration for the CS-series.

For the ICS-samples, two values are presented for each
experiment (Table 3). The calculated values 60ICS20-‘exp’
and 80ICS20-‘exp’ were based on samples withdrawn early
in the second-stage polymerizations, where there was an
initial monomer build-up. These calculations took into
account the diffusivity in the first-stage polymer at the
prevailing reaction conditions. Later in the reactions the
monomer concentration, [M],, decreased and the average
value for [M], was in these polymerizations close to
0.1 mol/I (i.e. equivalent to that observed for the CS-series),
which was used in the second set of values for the ICS-
polymerizations i.e. 60ICS20-‘theo’ and 80ICS20-‘theo’.
The kinetic values reported for the 60ICS20-‘theo’ and
80ICS20-‘theo’ were calculated for second-stage radicals
that polymerized and terminated inside already formed
domains of second-stage polymer. This led to low diffusion
rates of the monomer, Dy, and, therefore, to low values for
the termination rate coefficients, k;, and long radical life-
times, ¢. In these calculations there was no significant effect
on the values for the polymerization propagation coeffi-
cients, kp, but in respect to Dy, 1, and k; the resulting values
were also comparable to the initial conditions in the second-
stage of the CS-polymerizations. In addition, the ICS-‘exp’
values showed that the diffusivity in the first-stage low-T,
polymer was high in the ICS experiments. The diffusivity in
the second-stage polymer would also be high late in the
second-stage of the CS polymerizations where the low T,
second-stage polymer had formed a shell (Fig. 1(a) and (c))
and the incoming radicals would be less restricted but also

have much less #, than the estimated average values for the
CS experiments reported in Table 3.

5. Discussion

In order to further discuss the differences between the
samples it was deemed of interest to associate the
experimental results from the thermo-mechanical and
morphological studies of the films with the calculations
related to the polymerization kinetics of the latex particles.

Based on the kinetic calculations, the CS-samples were
assessed to belong to Class 2 having partial radical
penetration of the high-T, first-stage particles [70]. The
Class 2 assessment was justified by the long life-times that
indicated low termination rates and the low diffusion rates
of the radicals in the first-stage polymer, which on average
resulted in penetration distances shorter than the particle
radius. In addition, the MFT values (Table 2) for these two
samples were found to be higher than the second-stage T,
which further indicated that fractions of the low-T, polar
second-stage oligo-radicals had penetrated into the existing
particles and that the resulting polymer inside the first-stage
particles were not able to participate in the film formation
process. This was also observed in the TEM micrographs
showing the film morphologies and cross-sections of the
particles (Fig. 6(a) and (d)) where the non-polar first-stage
polymer (npl) had small domains of polar second-stage
polymer (p2) inside, indicating that the p2 radicals
penetrated the npl, where they terminated and remained.
In accordance with the higher calculated diffusion rates in
60CS20 as compared to 80CS20, more domains of second-
stage polymer inside the first-stage polymer were observed
in the TEM micrograph of the 80CS20 sample. Finally, the
thermo-mechanical analysis of the CS-series (Figs. 4 and 5)
pointed out that a significant fraction of the second-stage
polymer was participating in the interphase, thus resulting in
the shift of the transition peak for the second-stage polymer
towards that of the first-stage polymer.

The ICS-samples were initially considered to belong to
Class 1 with full radical penetration of the low-T7, first-stage
polymer because of their rather high k, and k values and
their short radical life-times. A significant diffusion of dead
polymer chains would suggest that the morphology would
be controlled by thermodynamic driving forces, and the
equilibrium morphology based on minimization of the
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interfacial energies should be considered. This was also
what was observed in the TEM micrographs for these
experiments. CS particle morphologies were observed in
Fig. 1(b) and (d) but from the whole particle micrographs it
was impossible to observe the internal particle structures
that were revealed in Fig. 6(c) and (f) for the ICS-particle
based films. The thermo-mechanical analysis confirmed that
there were two distinct phases present (Figs. 3—5) but the
rather high MFT values (Table 2) indicated that not all of the
low-T, polymer was participating in the film formation. In
the 60ICS20 and 80ICS20 samples the non-polar second-
stage polymer (np2) had no diffusional restrictions and
could unhindered enter the polar first-stage polymer (pl)
and form the domains of np2 inside pl. However, as the
polymerization proceeded the radicals could be captured in
the high-T, np2 domains and possibly continue to grow in
their own phase. The calculated kinetic coefficients for the
reactions based on the second-stage polymer T, differed
significantly from the ones based on the first-stage polymer
T, (Table 3) and due to the diffusional restrictions and long
t, in the second-stage polymer late in the reactions, there
were indications that there may have been phase-mixing and
grafting onto existing polymer also in these experiments,
which also was observed in the thermo-mechanical spectras
as a shift of the a-relaxation (Figs. 4(c) and 5(c)).

The homogeneous single-stage latexes and the latex
blends can be used as reference materials and from a
reaction kinetic point of view they represent experiments
with no radical penetration i.e., experiments that belong to
Class 3. The small differences between the homogeneous
neat latexes and the latex blends observed in the thermo-
mechanical analysis reflected the minimum amount of
interphase in these latex systems due to interparticle
polymer diffusion that occurred during film formation.
Consistently, their MFT values of 17 °C (60LB20) and
18 °C (80LB20) were found to be close to that of the soft
phase, which supported the suggestion that the latex blend
films had no (or very little) interfacial mixing as compared
to the films made from the CS- and the ICS-dispersions.

When the radicals are long-lived the probability of
grafting onto existing polymers via chain transfer to
polymer increases during the late stages of a batch
polymerization, or when the monomer is starve-fed.
Lovell et al. [84-86] showed that the probability of a
propagating chain undergoing transfer to polymer rather
than propagation increased with an increase of either of
the two ratios, kyp/k, and [P]/[M],, where [P] is the
concentration of the repeating unit of the polymer and
kyp is the chain transfer to polymer rate coefficient [84,
87,88]. Since the [P]/[M], ratio was kept high in all our
experiments (apart from an initial monomer build-up in
the ICS experiments) it was likely that chain transfer to
the first-stage polymer occurred to a certain extent in all
experiments. For 80CS20, the large amount of interphase
observed in the thermo-mechanical analysis could also, at
least partly, be ascribed to grafting due to the lowering

of k, and, therefore, an increase in the kp/k, ratio. When
the calculations for the 80ICS20-‘theo’ were performed
no large effect on k, was observed which might explain
why there was less interphase in this experiment as
compared to the 80CS20 sample. However, the radical
life-times were long as a result of the reduced
termination rates in the glassy first-stage polymer in
80CS20 and when the calculations were compared to
those for 80ICS20 the situation was much more complex
than if variations in only one single parameter could
explain the observed behavior. The complexity is further
exemplified since no decrease of k, was observed in the
60ICS20 and 60CS20 experiments and yet there were
differences in the amount and type of interphases in these
two samples. It was observed that the interphase for
60CS20 was mainly soft whereas the interphase for
60ICS20 was mainly hard in the thermo-mechanical
analysis, which on the other hand can be explained by
the reaction kinetics of the emulsion polymerizations. For
the 60ICS20 latex the high-T, polymer was formed in the
second-stage of the polymerization and the high-T,
polymer grafted onto the soft first-stage polymer. The
reverse situation was prevalent during the second-stage
polymerization of 60CS20 where the second-stage low-T,
polymer would graft onto the existing first-stage high-
T, polymer thus dominating the interphase and leading to
a soft appearance in comparison to the 60ICS20
experiment.

The large differences in the observed amount of
interphase between the DMA and the DSC can be explained
by the sample preparation. By preheating the samples to
150 °C in the DSC experiments the interphasial mixing
originating from restricted diffusion was removed and the
differences observed between the blends and the structured
latexes most likely was due to grafted polymer, which was
not affected by the sample treatment. All the structured
latexes showed interphasial mixing when analysed by
means of DMA but the DSC results differed. However,
the amount of interphase in 80CS20, which was greater than
in any of the other experiments, was still large as observed
in the DSC trace, which further strengthened the calcu-
lations that pointed to the high probability for grafting to
occur.

The differences in film morphology in Fig. 6 between the
CS and ICS do not correspond to the difference in the
amount of interphase from the thermo-mechanical analysis
and the earlier discussion has shown it is difficult to explain
the differences using only the presented reaction kinetic
parameters. However, in a recent paper [89], Stubbs et al.
stated that in polymerizations having high diffusion rates for
all of the reacting species the formation of second-stage
material would proceed via nucleation and growth. On the
other hand, in polymerizations where diffusional restrictions
are prevailing the second-stage polymer phase separation
could instead occur via spinodal decomposition [70,89].
This would then also lead to differences in the amount of
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interphase that is formed in the particles since the polymer
phase separation may be limited when the second-stage
radicals are able to partially penetrate the seed particles
under monomer starved conditions, which would also result
in increased interphasial mixing. Initially, the 80CS20
second-stage polymerization can be described as the
experiment having the most diffusional restrictions and
according to Stubbs et al. [89] it would be likely that, at least
during the initial period of the second-stage, the formation
of second-stage material could occur through spinodal
decomposition. In the ICS-polymerizations there were
initially no diffusional restrictions and in these experiments
the most likely phase separation mechanism would be
nucleation and growth of second-stage polymer followed by
phase consolidation to attain the thermodynamic equili-
brium non-polar core/polar shell morphologies. However,
the high T, of the non-polar second-stage polymer
prevented a complete phase consolidation into one single
phase domain having no grain boundaries, which is
observed in Fig. 6 in the films where the particle cores
were divided into smaller domains during film formation.

6. Conclusions

The present study benefits from the overlap of several
research topics and thus links together areas such as
emulsion polymerization, including kinetic and thermodyn-
amic aspects that govern the latex particle morphologies,
film formation from bimodal latex dispersions as well as
thermal, mechanical and morphological characterizations of
the multipolymeric films containing quantitatively and/or
qualitatively different interphasial volumes.

The structured hard/soft styrene—acrylic latexes were
prepared by two-stage emulsion polymerizations at 70 °C,
which were in between the T,:s either 80 or 60 °C of the
non-polar high-T, p(S-co-BuA) phase. The polar p(MMA-
co-BuA-co-MAA) phase with a low T, of 20 °C was always
soft at the reaction temperature and the resulting structured
latexes were denoted either as core-shell (CS) or as inverted
core-shell (ICS) depending on in which order the reactor
had been charged. The TEM analysis of the whole particle
morphologies revealed that the particle structures in all
samples were CS, in which the core consisted of the non-
polar p(S-co-BuA) and the shell was made up from the polar
p(MMA-co-BuA-co-MAA). However, when microtomed
sections of the films were analyzed by means of TEM large
differences were observed between the samples. Hard p(S-
co-BuA) spherical particles in a matrix of film formed from
the soft p(MMA-co-BuA-co-MAA) were observed in the
reference latex blends (LB) samples, which were obtained
by mixing hard and soft homogeneous latexes with a
hard/soft weight ratio equivalent to that of the CS and ICS
structured samples. In the CS films the hard p(S-co-BuA)
cores were observed in a matrix of film forming second-
stage p(MMA-co-BuA-co-MAA). Inside of the p(S-co-

BuA) cores small domains of p(MMA-co-BuA-co-MAA)
were observed, whose presence could be explained by the
fractional radical penetration calculations. The films based
on the ICS-series, which had the soft p(MMA-co-BuA-co-
MAA) as the first-stage polymer and p(S-co-BuA) as
second-stage polymer, showed another film morphology in
which the p(S-co-BuA) core was divided into smaller
domains during the film formation process. This particle
structure that gave rise to the small second-stage polymer
domains in the films was attributed to the possible formation
of the second-stage material via a nucleation and growth
mechanism where the consolidation of the second-stage
material was not complete due to its high 7.

From a general point of view, both the amount and the
nature of the interphase in the structured hard/soft latex
systems were found to depend on the preparation route of
the samples. The nature of the interphase between the first
and second-stage polymers was clearly affected by the
complex interplay between thermodynamic and kinetic
parameters during the synthesis e.g. the mobility of the
second-stage polymer chains at the synthesis temperature
and/or the relative hydrophobicity and compatibility of the
first-stage polymer and the second-stage monomers as well
as the ability for grafting. This had a direct influence on the
thermo-mechanical and morphological film properties of the
samples.

The DSC traces and the DMA thermograms both pointed
out that a much larger amount of interphase had been
formed in the CS and ICS samples in comparison to those
from the LB-series. However, due to the sample preparation
there were differences in the amount of interphase observed
with DSC and DMA, respectively. Since the DSC samples
were heated above the T, of the hard phase prior to analysis,
the interphase that was formed during the polymerization
phase separated back to its pure constituents. The
differences that could still be observed in the DSC traces
for the structured samples as compared to the LB samples
were attributed to grafted material formed in the synthesis,
which could not phase separate during DSC sample
preparation. The DMA thermograms showed then both the
grafted interphase and the kinetically formed interphase,
where the largest amount of total interpahse was observed in
the 80CS20 sample, which was also supported by the
polymerization kinetic calculations. Furthermore, large
amounts of interphase were observed for both the 60CS20
and the 60ICS20 samples but the nature of their interphases
differed and was considered as mainly soft for 60CS20 and
mainly hard for 60ICS20. The origin of the interphase was
attributed to the diffusivities of the growing radicals and
their probabilities to graft onto the existing polymer as well
as the prevailing phase separation mechanism.
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