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Film Formation of Two-Stage Acrylic Latexes: Toward

Soft-Core/Hard-Shell Systems

Elvis Lopes Brito and Nicholas Ballard*

Controlling the colloidal structure of multiphase latex particles offers a route
to significant improvements in the mechanical properties of dried films for
use in coatings. However, there is often conflict between the morphology that
leads to optimum mechanical properties and the morphology that ensures
good film formation at reduced temperatures. In this work, the case of
two-stage latex particles in which the second-stage polymer has a high glass
transition temperature (T,) is considered. First, a number of different
core/shell-like particles with different polymer compositions and particle
structures are synthesized by seeded semi-batch emulsion polymerization.
Using these latexes, the importance of phase mixing, particle morphology,
and polymer composition with respect to film formation behavior and
mechanical performance is discussed. The results highlight that in
multiphase latex systems, the film formation behavior is dictated by the
interplay between various colloidal and polymeric features of the samples. It
is shown that understanding these features offers a route to systems that can
match the film formation properties of a low T, latex, whilst also approaching

systems, only polymers with a glass tran-
sition temperature (T,) close to or below
that of the casting temperature can read-
ily form a film.*°! This puts significant
restrictions on the final mechanical prop-
erties of the film and in particular on
the modulus, which plays a major role in
blocking resistance,[®! thereby limiting the
use of waterborne systems in many high-
performance protective coatings. The re-
duced mechanical performance of water-
borne systems is therefore a challenge that
must be overcome if solvent-based coatings
are to be further phased out of use.

To overcome the issue of limited me-
chanical performance, a number of al-
ternatives have been proposed including
the use of inorganic/polymer hybrids,!”-1°!
chemical"* and physicall*>~*! crosslink-
ing of the polymer after film formation, and

the mechanical properties of a high T, polymer.

1. Introduction

Waterborne polymer dispersions have been widely used in the
coatings industry since the 1950s.l'! Unlike the solvent-based
polymers that have traditionally dominated the coatings market,
waterborne systems contain limited volatile organic content and
therefore offer significant environmental advantages.[>3] How-
ever, due to the mechanism of film formation of waterborne
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the use of multiphase latexes.[22*] Multi-

phase systems contain a high T, polymer

to improve mechanical performance and a

low T, polymer to aid in film formation.
These multiphase latexes are generally synthesized by a two-stage
emulsion polymerization process using two different monomer
compositions and can lead to particles of various equilibrium and
non-equilibrium morphologies. When using multiphase latexes,
the composition of each phase is important but the morphol-
ogy plays an arguably more important role. For example, when
the low T, component is in the shell, the minimum film forma-
tion temperature (MFFT) is relatively unaffected up to high hard
phase content, but the improvement in mechanical performance
is limited.[?2?%] By promoting the enrichment of the hard phase
at the particle surface, significant increases in mechanical per-
formance can be obtained at the expense of an increase in the
MFFT.[26-28] Thus even for identical polymer phases, the initial
particle morphology can massively influence both film formation
and mechanical properties of the films.

In this work, we look at the use of two-stage latex systems in
which the second-stage polymer has a high T,. Previous work
using similar latexes has led to conflicting results, even for rela-
tively similar formulations. For example, Leibler and co-workers
reported the synthesis of a poly(butyl acrylate)-core/poly(methyl
methacrylate) shell system.[?2] In their work, it was supposed
that the morphology was a true core—shell system and the final
film morphology, analyzed by TEM, indicated a percolating
network of the high T, poly(methyl methacrylate) phase. This
percolating structure led to films with an exceptionally high
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Table 1. Composition of the core latexes.
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Small-seed latexes

Large-seed latexes

Codes S, Sp S. Sq Se L, L, L.
Initial Charge Reagent Amount [g] Amount [g]
Seed 0 7 (S.) 7(Sy) 7(S.)
Water 220 120
SDS 1.5 -
Initiator solution Water 20 -
KPS 0.95 .
Monomer feed Reagent Amount [g] Amount [g]
Water 420 420 420 420 420 575 575 575
SDS 4 4 4 4 4 4.38 4.38 438
MMA - - - 142 237 - - -
BA 475 475 475 333 237 487 487 487
BDA 0 0 29 0 0 - 2.97
TDM 0 0.475 0 0 0 - - 0.535
KPS 0 0 0 0 0 0.97 0.97 0.97

modulus, even when the poly(methyl methacrylate) fraction was
low (20 wt%). Using an almost identical synthetic procedure
but with significantly larger initial seed particles, Sommer et
al. demonstrated that the latex did not form a true core/shell
type structure but rather resulted in a raspberry-like morphology
with clusters of poly(methyl methacrylate) at the surface.?"
In agreement with this latter study, Asua and co-workers have
shown that across a wide range of core and shell composi-
tions, the morphology was a patchy structure with the high T,
second-stage polymer present at the particle surface.[?3132] Ag
a result of the non-continuous shell layer, the MFFT remained
low but the dried film still exhibited a significant increase in the
modulus.

Here, we explore how subtle changes to the particle structure
of two-stage emulsion polymers can influence both the mechani-
cal properties of the final film as well as the film formation behav-
ior. To do so, a series of latexes have been synthesized in which
the core is composed of a butyl acrylate (BA)-rich copolymer of
varying T, and particle size, and the second stage polymer is
made up of a methyl methacrylate (MMA)-rich copolymer of vary-
ing T, with varying volume fractions relative to the core. First,
the synthesis of these systems by two-stage semi-batch emulsion
polymerization is reported. Subsequently, the film formation be-
havior and the mechanical properties of the dried films are com-
pared.

2. Experimental Section

2.1. Materials

The monomers used in this work, MMA (technical grade,
Quimidroga), styrene (S, technical grade, Quimidroga), and
BA (technical grade, Quimidroga) were used without any fur-
ther purification. Potassium persulfate (KPS, >98%, Sigma
Aldrich), sodium dodecyl sulfate (SDS, >98%, Sigma Aldrich),
1,4-butanediol diacrylate (BDA, >98%, Sigma Aldrich), and tert-

Macromol. Mater. Eng. 2024, 309, 2300287 2300287 (2 of 12)

dodecylmercaptan (TDM, >98%, Sigma Aldrich) were used as
supplied. Deionized water was used throughout the work.

2.2. Synthesis of Seed Latexes

Semi-batch emulsion polymerization was used to synthesize the
BA, MMA/BA 30/70 wt/wt, and MMA/BA 50/50 wt/wt latexes in
a1 Ljacketed glass reactor equipped with a nitrogen inlet, a ther-
mocouple, a condenser, and a stainless steel anchor-type stirrer.
The composition of the latex can be found in Table 1. For the syn-
thesis of the small-seed latexes, the reactor was loaded with the
initial charge, and the temperature was raised to 80 °C under ni-
trogen flux and continuous stirring (250 rpm). After the temper-
ature was equilibrated, the initiator solution was added as a shot.
The resultant solution was stirred for 5 min, and then the feed-
ing of the pre-emulsion was started and completed in 180 min.
The system was held at the reaction temperature for an addi-
tional 60 min. The large-seed latexes were prepared by seeded
semi-batch emulsion polymerization, using the previously syn-
thesized small-seed latex particles as a seed. As shown in Table 1,
the latexes were coded based on the particle size (small, S, or
large, L) and the monomer feed composition (a—e). Composition
awas exclusively butyl acrylate. Composition b contained 0.1 wt%
of TDM as a chain transfer agent. Composition ¢ contained 0.6
wt% of BDA as a crosslinker. Compositions d and e were copoly-
mers of MMA and BA with composition MMA/BA 30/70 and
50/50 wt/wt, respectively.

2.3. Synthesis of Two-Stage Latex Particles

A series of two-stage latex particles composed of a low T, seed and
ahigh T, second-stage polymer was synthesized via seeded semi-
batch emulsion polymerization (Table 2). The small and large la-
texes reported in Table 1 were used as seeds. Parameters, such

as the composition of the hard phase and the ratio of soft/hard
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Table 2. Composition of two-stage latex particles.
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Samples Ratio Seed Initiator solution Monomer feed
Code Core/shell Type Amount [g] KPS [g] Water [g] MMA [g] S gl EA [g]
Small particles S,1-20 80/20 S, 100 0.05 15 8.7 1.6 -
5,1-30 70/30 s, 0.08 20 14.5 25 -
S, 1-35 65/35 S, 0.10 25 18.3 3.2 -
$.2-30 70/30 S, 0.08 20 12 2.5 2.5
S.3-30 70/30 S, 0.08 20 9.4 2.5 5.1
5,4-30 70/30 S, 0.08 20 7.25 2.5 7.25
5,1-20 80/20 Sh 0.05 15 8.7 1.6 -
S,1-30 70/30 Sp 0.08 20 14.5 2.5 -
S.1-20 80/20 Se 0.05 15 8.7 1.6 -
S41-20 80/20 Sq 0.05 15 8.7 1.6 -
S.1-20 80/20 Se 0.05 15 8.7 1.6 -
Large particles L,1-20 80/20 L, 0.05 15 8.7 1.6 -
£,1-30 70/30 L, 0.08 20 14.5 2.5 -
L,1-35 65/35 L 0.10 25 18.3 32 -
L,4-30 70/30 L, 0.08 20 7.25 2.5 7.25
L,1-20 80/20 Ly 0.05 15 8.7 1.6 -
L,1-30 70/30 Ly 0.08 20 14.5 2.5 -
L.1-20 80/20 L 0.05 15 8.7 1.6 -

polymer, were explored. The composition of the hard phase poly-
mer was varied by changing the MMA/EA content with a constant
fraction of 15% (w/w) of styrene in all the samples. The synthe-
sis was carried out by adding the required amount of seed to the
reactor and heating it to 80 °C under nitrogen flux with stirring
at 250 rpm. After the temperature stabilized, the initiator solu-
tion was added as a shot. The amount of water in the initiator
solution was adjusted to give final latexes with comparable solid
contents. The monomer solution was fed for 30 min. Following
monomer addition, the reaction temperature was held for an ad-
ditional hour in order to ensure complete polymerization. The re-
action codes in Table 2 correspond to the type of seed used (small,
S, or large, L with composition a—e) and composition (1-4) and
weight percentage of second-stage polymer (20-40). For example,
sample S,4-30 corresponded to a latex that was synthesized us-
ing seed S, (small seed with composition “a” (100% butyl acry-
late)) with 30 wt% of a second stage polymer with composition 4
(MMA/EA/S 42.5/42.5/15 wt/wt/wt).

2.4. Latex Characterization

The solids content and monomer conversion were determined by
gravimetry. Particle sizes were measured by dynamic light scat-
tering (DLS) in a Zetasizer Nano Z (Malvern instruments). Sam-
ples were prepared by diluting a fraction of latex with deionized
water. The equipment was operated at 25 °C and the reported val-
ues were the size distribution as a function of intensity for three
repeated measurements.

The gel content of the polymer was measured using Soxhlet
extraction for 24 h with tetrahydrofuran (THF) as solvent. The
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gel content was defined as the insoluble fraction of the polymer
in THF. The molecular weights of the soluble fraction of the
polymers were determined by gel permeation chromatography
(GPC). The soluble part of the polymers from the Soxhlet extrac-
tion was dried and redissolved in GPC grade THF at a concentra-
tion of roughly 2 mg mL~". The solution was filtered (polyamide
® = 45 um) before being injected into the GPC via an autosam-
pler (Water 717). A pump (LC-20A, Shimadzu) controlled a THF
flow of 1 mL min~!. The GPC was composed of a differential re-
fractometer (Waters 2410) and three columns in series (Styragel
HR2, HR4, and HR6, with pore sizes ranging from 10? to 10°
A). Measurements were performed at 35 °C. Molecular weights
were determined using a calibration curve based on polystyrene
standards.

The glass transition temperature was determined by differen-
tial scanning calorimetry (DSC) Q2000 modulated DSC (TA in-
struments). The samples were dried at 22 °C (55% of relative hu-
midity) and about 8 mg of the polymer was added to the respec-
tive pan. The pans were then sealed and the analysis was carried
out with two heating/cooling cycles from —80 to 150 °C with a
heating rate of 10 °C min~".

Particle morphologies were determined by transmission elec-
tron microscopy (TEM) using a Jeol TM-1400 Plus series 120 kV
electron microscope. The latexes were diluted with deionized wa-
ter (0.05 wt%) placed on copper grids covered with Formvar R and
dried at low temperatures. Thereafter, the samples were stained
with vapor of RuO, for 20 min. In the case of the film, slices of
the film were prepared in a microtome equipped with a diamond
knife at —25 °C and then deposited on the copper grids. Similar
to the dispersions, the film was stained with vapor of RuO, for
10 min.
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Sample Particle size PDI Sol M,, [g mol™"] b Gel content Seed polymer T, Second stage
[nm] [%] [°q] polymer T, [°C]

S, 68 0.041 5.6 x 10* 2 72 —42 -
Sh 67 0.061 7.5 x 10* 2.1 <5 —42 -
S. 69 0.035 5.6 x 10* 1.9 78 —42 -
Sq 79 0.038 6.6 x 10° 7.4 8 -13 -
S. 78 0.067 1.1% 10° 9.5 9 20 -
L, 363 0.005 2.5% 10° 3.7 66 —47 -
Ly 366 0.020 4.7 x10° 6.3 <5 —47 -
L. 369 0.035 4.8 x10° 6.4 88 —47 -
S,1-20 73 0.064 7.4 x 10* 2.1 60 -42 115
S,1-30 75 0.042 2.2%10° 4.1 54 -42 17
S,1-35 86 0.078 23x10° 3 58 —-42 116
S,2-30 76 0.039 22x10° 4.6 65 -42 93
S,3-30 76 0.067 22%10° 4.9 63 —42 72
S,4-30 75 0.080 1.7 % 10° 3.4 57 -42 55
S, 1-20 73 0.064 1.4 % 10° 3 <5 -42 113
S, 1-30 75 0.042 2.5% 10° 4 <5 —42 115
S 1-20 72 0.062 1% 10° 2.8 72 —42 109
S41-20 84 0.046 5.9x 10° 7 <5 -13 108
S.1-20 83 0.081 2.3 % 10° 8.6 <5 20 112
L,1-20 375 0.039 2x10° 3.8 55 -47 109
L,1-30 393 0.032 2.4 % 10° 3.1 60 —47 110
L,1-35 401 0.022 3.5%x10° 3.9 58 —47 112
L,4-30 396 0.032 2% 10° 4.2 61 —47 52
L,1-20 376 0.030 3.6 x 10° 5.7 <5 —47 112
L,1-30 390 0.041 4.7 % 10° 6.1 <5 —47 113
L. 1-20 375 0.039 1.5 % 10° 35 74 -47 112

2.5. Film Characterization

Latex films were prepared by casting 3 g of latex (solids contents
40%) in rectangular silicone molds (26 mm x 56 mm) and letting
them dry at 23 °C and 55% relative humidity for 5 days. The final
film thickness was around 0.9 mm.

The MFFT measurements were performed using an MFFT-
Bar (model 90 from Rhopoint) with a range of temperatures from
0 to 90 °C based on the MFFT measurement described in ISO
2115. All the films were cast using a film applicator with 200 um
wet thickness. The MFFT was measured after 2 h and was defined
as the point at which continuous homogeneous films without any
cracks were observed.

Tensile stress—strain measurements were carried out for the
latex films with a tensile testing machine (Stable Micro Systems
Ltd., Godalming, UK) with a constant velocity of 0.42 mm s~'.
The results reported were the average of 2-3 repeated measure-
ments.

The thermomechanical behavior of the latex films was inves-
tigated by a dynamic mechanical analyzer (DMA), using a Tri-
ton 2000 DMA from Triton technology. The tension mode was
selected and constant heating rate and frequency were set at, re-
spectively, 4 °C min~! and 1 Hz. The range of temperature for all
the films was from —70 to 140 °C.

Macromol. Mater. Eng. 2024, 309, 2300287 2300287 (4 of 12)

3. Results and Discussion

3.1. Latex Synthesis

All the samples synthesized gave a stable latex dispersion with
high conversion (>99%). The main characteristics, such as av-
erage particle size, molecular weight, and gel content, can be
found in Table 3. In the latex seeds, two different methods were
used for the synthesis, either non-seeded (S series) or seeded
(L series) semi-batch emulsion polymerization. As expected, the
seeded reactions led to the growth of the seeds, and therefore,
the L series of particles has a larger size. The other major dif-
ference in the seeds was the composition of the polymer. Sam-
ples L, and S, consisted of only butyl acrylate and therefore had
significant gel content due to intermolecular chain transfer re-
actions followed by termination by combination as has been re-
ported previously.?*3%! In samples L, and S, an additional chain
transfer agent was added which led to a reduction in the gel con-
tent. For reactions with small amounts of a crosslinking agent
to the system (L. and S.), slightly higher gel contents were ob-
served when compared to L, and S,. Finally, a set of small la-
tex seeds containing MMA/BA 30/70 wt/wt (S4) and MMA/BA
50/50 wt/wt (S,) in their formulation was synthesized. The gel
content of these samples was substantially reduced which may be

© 2023 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 1. DSC thermograms from the second cycle of two-stage latexes showing A) the effect of changing the composition of the initial poly(butyl
acrylate)-rich seed polymer for both small and large latexes and B) the effect of changing the composition of the high T, second stage polymer.

attributed to a reduction in the extent of intermolecular transfer
and increased probability that termination occurs by dispropor-
tionation when the fraction of MMA increases.[*] Since the butyl
acrylate-rich seeds make up the majority fraction of the final la-
texes, these trends are also observed in the final two-stage latexes
with a slight reduction in gel content values.

The T, of the seeds and two-stage latexes was determined via
DSC and the results can be found in Table 3 and Figure 1. As can
be seen in Figure 1, the initial poly(butyl acrylate) seeds have T,s
of approximately —45 °C. No significant differences in the ther-
mal properties were observed comparing the S,, S, and S, la-
texes, which are all essentially homopolymers of poly(butyl acry-
late). However, for the seeds containing MMA (S, and S,), the
low T, peaks are shifted to higher temperatures as expected. For
the two-stage latexes, the presence of the hard phase could be de-
tected at high temperatures, although due to the relatively low
amounts, the signal was weak compared to that of the BA-rich
soft phase. For the case of latexes with a second-stage polymer
of composition 1, the hard polymeric phase was composed of
MMA/S 85/15, giving T, values of ~115 °C (see Figure 1A). In
samples with second-stage polymer composition 1-4, the com-
position of the hard phase was changed by varying the content
of ethyl acrylate (EA). As expected, the T, decreased with the in-
crease in the fraction of EA and the sample S, 4-30 with the high-
est EA content has a T, of 52 °C (see Figure 1B).

The morphology of the two-stage latexes containing different
relative fractions of the seed and the second-stage polymer was
investigated via TEM (see Figure 2). It can be noted that in all
cases, there was no significant amount of secondary nucleation
observed. This is in agreement with the measured particle sizes
shown in Table 3, which are in line with the theoretical values
assuming no secondary nucleation. The two-stage latexes show
distinct morphologies depending on the content of the hard poly-
mer and the particle size of the seed. On the one hand, the two-
stage latexes obtained using the large seed had apparently differ-
ent morphologies depending on the fraction of the hard phase.
While a core/shell-like structure was apparent for L,1-35 when
the amount of second-stage polymer was reduced (sample L,1-
20), a more “patchy” non-spherical morphology was observed,
which implies incomplete shell formation at the particle surface,
as has previously been observed.?%3!]
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On the other hand, in the case of the small two-stage latexes,
spherical particles were seen and no contrast was observed be-
tween the two phases in the TEM, even for the higher content of
the hard phase in S,1-35 (see Figure 2A,B). Note that the mor-
phology of a small two-stage latex using a non-crosslinked PBA
(S,1-20) and a crosslinked PBA (S_1-20) was also investigated and
similar results were observed (see Figure S1, Supporting Infor-
mation). One reason for the lack of contrast in these samples may
be some partial phase mixing at the interface of the two polymers.
As previously commented by Dos Santos et al.,[?%] at the interface
between two immiscible polymers there is an interphase region
in which partial mixing occurs. The interphase profile, ¢;(x), as
function of distance, x, from the interface, x,, can be approxi-
mated by

0. (%) =% (1+tanh x;x‘)) (1)

where A is the interphase width given by

2a

Q
Ver

where y is the Flory interaction parameter, estimated to be 0.047
for poly(methyl methacrylate) and poly(butyl acrylate) at room
temperature,l*’] and a is the monomer length, taken to be 0.6 nm.
Taking these values into account and adjusting the value of x,
such that the correct relative volume fraction of the two phases
is reached, the approximate composition profiles for the L ,1-20
and S,1-20 are shown in Figure 3.

It can be seen from Figure 3 that for the small particles, the
phase mixing model predicts that all the second-stage polymer
is contained in the interphase region and therefore the second-
stage polymer would be expected to exist in a mixed phase where
the T, is substantially reduced. In contrast, in the case of the
larger particles, the interphase region contains only a small frac-
tion of the second-stage polymer. These differences result be-
cause the interphase region has a fixed width that accounts for
a larger relative volume of polymer in the small particles. These
effects of phase mixing cannot be observed in the second cycle
DSC thermograms shown in Figure 1, likely due to substantial

A=

(2)
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Figure 2. TEM image of two-stage latex particles S,1-35 (A), L,1-35 (B), S,1-20 (C), and L,1-20 (D).
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Figure 3. Estimated interphase profile for 5,1-20 and L,1-20 which dif-
fer only in the particle size of the initial seed. The spheres show approxi-

mate morphologies of the particles with the black phase representing the
second-stage polymer assuming a true core/shell structure.
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thermal annealing that can occur in the film.’®] However, phase
mixing is clearly visible in the first cycle measurements shown in
Figure 4, in which the T, of the second-stage polymer is signifi-
cantly reduced. As suggested by the calculated interphase profiles
shown in Figure 3, the effects of phase mixing appear to be more
important in the case of the smaller two-stage latexes where the
interphase region occupies a relatively larger volume.

3.2. Film Formation
3.2.1. Effect of Particle Size of the Seed

Given the apparent difference in particle morphologies and
phase mixing as a function of particle size, the film formation of
two-stage systems with different particle sizes was then explored.
Figure 5 shows the MFFT as a function of the second-stage poly-
mer content for large and small two-stage latexes. As can be seen,
dramatic differences in the trends of MFFT were observed for
these two systems. Both small and large two-stage latexes had a
low MFFT when the fraction of the second-stage polymer was
20%. In the case of small two-stage latexes, there was a sharp
increase in the MFFT above this value such that above 20 wt%
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Figure 4. Comparison of first and second-cycle DSC thermograms for la-
texes S,1-20, S,1-30, L,1-20, and L, 1-30 showing the shift in the T, of the
higher T, phase in the second cycle for latexes with lower particle size.

second-stage polymer, film formation at room temperature was
not possible. On the other hand, large latexes showed low MFFT
values, and the MFFT only increased when the second-stage poly-
mer content reached 35 wt%.

These results can be explained by considering the differences
in their particle morphology. For latex L,1-20, the TEM images
shown in Figure 2D suggest a lobed structure where the second-
stage polymer exists in isolated patches as has previously been re-
ported for similar systems.[3*3!] This means that this system does
not have a shell fully covering the surface of the seed and there-
fore deformation of the high T, phase is not required for film
formation and interdiffusion of the soft phase would be possible.
As the fraction of the hard phase was increased to 35% in L,1-35,
a more uniform shell formed on the surface of the particles (see
Figure 2B), which would block the deformation and interdiffu-

100
i —[O—Lal é
—O—Sal
80 - é/
G 60
<
-
& 40
P
20 - /EP
o———0
O_
T T T T T
20 30 40

Second stage polymer content % (W/w)

Figure 5. Minimum film formation temperature as a function of the
amount of second-stage polymer. The large samples correspond to L, 1-20,
L,1-30, and L,1-35 and the small samples to S,1-20, S,1-30, and S,1-35.
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Figure 6. Stress—strain curves from the tensile test of films cast from small
(5,1-20) and large (L,1-20) two-stage latexes.

sion of the soft phase and therefore increase the MFFT. In the
case of the small latexes S,1-20 and S,1-35, the spherical struc-
ture observed in the TEM suggests a morphology that is closer to
a true core—shell particle which hinders particle deformation and
interdiffusion of the soft phase. These latexes are therefore more
similar structurally to latexes that are used as redispersable pow-
ders, for which film formation is undesirable.*>*!] However, due
to the apparent phase mixing, when the shell is relatively thin,
such as in S,1-20, the low T, of the interphase region makes it
easier to deform the particle, resulting in a reasonably low MFFT.

Based on the explanation above, the mechanical properties
would also be expected to be significantly different depending on
the particle size. To prove this, the mechanical properties of the
samples able to form a film at temperatures lower than 22 °C
(S,1-20 and L,1-20) were initially investigated in terms of their
tensile properties. Figure 6 shows the stress—strain curves for
films prepared using small (S,1-20) and large (L,1-20) two-stage
latexes and the tensile properties of these films are summarized
in Table 4. Despite having identical overall polymer composition,
it can be seen that these systems have significantly different me-
chanical behavior; the film prepared with the small two-stage la-
tex (S,1-20) shows higher Young’s modulus and ultimate ten-
sile strength compared to the system prepared using the large
two-stage latex (L,1-20). However, the opposite was observed for
the flexibility of the films and S,1-20 exhibits lower elongation at
break than L,1-20. These trends are in agreement with the argu-
ments outlined above where the more uniform shell assumed for
5.1-20 would lead to a continuous phase of the high T, second-
stage polymer whereas the patchy structure assumed for L,1-20

Table 4. Tensile properties of films cast from small (S,1-20) and large (L, 1-
20) two-stage latexes.

Samples Young's Elongation at Ultimate tensile
modulus [MPa] break [%] strength [MPa]

s,1-20 11.5 (+0.18) 150 0.85

L,1-20 2.6 (+0.03) 538 0.23
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Figure 7. DMTA curves of films cast from small (5,1-20) and large (L,1-
20) two-stage latexes.

would lead to a more discontinuous network with reduced mod-
ulus.

The differences in mechanical properties can also be observed
in the thermomechanical properties of S,1-20 and L,1-20, which
were investigated via DMTA as shown in Figure 7. The tan (§)
curves show a peak at —40 °C, which corresponds to the T, of the
soft (PBA) phase. A second T, corresponding to the second stage

www.mame-journal.de

polymer is apparent at high temperatures (=100 °C), although
in the case of S,1-20, it is less obvious, which again may be at-
tributed to the higher degree of phase mixing. The main differ-
ence in the two samples occurs above the T, of the soft phase; in
the case of L,1-20 the storage modulus (G’) shows a dramatic de-
crease at temperatures higher than the T, of the soft (PBA) phase
while this decrease is more gradual for the films of S,1-20. These
results are again in agreement with the proposed film structure
shown in Scheme 1 in which L,1-20 appears as a poly(butyl acry-
late) continuous phase with the second-stage polymer dispersed,
while S,1-20 results in a structure closer to a continuous network
of second-stage polymer.

3.2.2. Effect of Second Stage Monomer Composition

The S,1-20 system described above is particularly interesting as
it appears to demonstrate that as the morphology is closer to a
true core/shell-type structure, the mechanical properties are sub-
stantially improved. Based on this, the use of varied monomer
compositions of the two phases was investigated to try to reach
systems with low MFFT but improved mechanical performance.
Thus, seed S, (soft PBA phase) was used to synthesize a se-
ries of two-stage latexes where the hard phase fraction was kept
at 30% (w/w) but different T, values of the second-stage poly-
mer were targeted (samples S,1-30, S,2-30, S,3-30, and S,4-30).
The MFFT plotted as a function of T, of the second-stage poly-
mer is shown in Figure 8. It can be seen that the MFFT de-
creases with the T, of the hard phase, with a significant drop
in the MFFT for S,4-30 (MFFT < 5 °C). In this case, the T,
is sufficiently reduced such that the particle is capable of de-
formation at ambient temperature. Note that as expected based
on results shown previously, an analogous two-stage latex with
identical polymer composition but higher particle size, L,4-30,

L,1-20

Large particles with patches of hard
phase dispersed on the surface.

Poor phase distribution, with the continuous
phase mostly composed of soft phase.

Large patches of hard phase
dispersed in the film structure.

8,1-20

@ 0@
@ ' ‘
QD P

Small particles with near
continuous shell of a mixed phase
of first and second stage polymers

Better phase distribution in the film
structure.

Near continuous phase of second stage
polymer

Scheme 1. Schematic representation of proposed structures of latex S,1-20 and L, 1-20 and their different phase distribution throughout the film struc-

ture.
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Figure 8. MFFT as a function of hard phase T, for small two-stage latex
particles. The samples correspond to S,1-30, S,2-30, S,3-30, and S,4-30.

also had an MFFT that was at the lower limit of measurement
(MFFT < 5 °C).

Although by lowering the T, of the second-stage polymer it was
possible to lower the MFFT below room temperature with higher
amounts of the second-stage polymer, the improvements in me-
chanical properties when compared to a system with a lower
amount of higher T, second-stage polymer were negligible. For
example, Figure 9 shows the tensile properties and thermome-
chanical properties of S,1-20 and S,4-30. Although latex S,4-30
has a higher amount of the second-stage polymer, the lower T,
of the second-stage polymer led to a film with similar mechanical
properties to S,1-20 at ambient temperature. Moreover, the incor-
poration of a higher fraction of second-stage polymer in the case
of S,4-30 led to a decrease in elongation at break. In the DMTA
the only major difference was that due to the lower T, of second-
stage polymer in the case of S,4-30, there is a substantial drop in
the mechanical properties above 50 °C. Thus, these results sug-
gest that the absolute amount of hard phase is less important

1.2
——s,1-20
—— $74-30
l -
= 0.8
o
=
2 0.6+
=
w2
0.4
021
0 ; T
0 1 2 3

Strain
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than the nature of the phase itself in terms of reinforcing me-
chanical properties. It may be noted that similar to the results
with a lower amount of second-stage polymer (i.e., comparing
S,1-20 and L,1-20 in Figure 7), a significantly higher modulus
was observed in the region between the two polymers T,s when
comparing a smaller latex two-stage latex (S,4-30) with a larger
one (L,4-30) (see Figure S2, Supporting Information).

3.2.3. Effect of Seed Monomer Composition

In addition to varying the second-stage polymer composition,
the influence of the composition of the polymer seed was also
explored. This is particularly important as the use of poly(butyl
acrylate) homopolymers leads to low MFFT but also leads to rela-
tively soft films. Seed latexes composed of MMA/BA 30/70 wt/wt
(S4) and MMA/BA 50/50 wt/wt (S.) were used to synthesize two-
stage latexes containing 20 wt% of the second-stage polymer. The
MFFT of the two-stage latexes containing a different composi-
tion of the soft phase were measured and the results are shown
as a function of the glass transition temperature of the seeds in
Figure 10. It can be seen that the MFFT gradually increased with
the T, of the soft phase and the MFFT was significantly higher
than the T, of the seed latex. This indicates that the second-stage
polymer has a strong influence on the film formation behavior,
which may be expected due to the core—shell-like structure. Fur-
thermore, as phase mixing would lead to an increase in the T, of
any seed polymer in the interphase region it would be expected
that the MFFT would be substantially higher than the T, of the
seed polymer as is observed.

The tensile properties of films cast from S,1-20 and S,1-20,
which have MFFT lower than 22 °C were measured. The results
can be seen in Figure 11 and Table 5. The stress—strain curves
show that the tensile properties of the film varied significantly
with the T, of the soft phase. The film cast from S,1-20 has a
higher Young’s modulus and ultimate tensile strength than S,1-
20. However, the elongation at break was very similar in both sys-
tems. The thermomechanical properties of both systems can be
found in Figure S3, Supporting Information. It can be seen that
S41-20 shows a significantly higher modulus than S,1-20 up until

-100 -50 0 50 100 150
1.5 T T T T

Tan delta

Storage modulus (Pa)

1
-100 -50 0 50 100 150

Temperature (°C)

Figure 9. Effect of including a higher amount of lower T, second stage polymer on the mechanical properties. (Left) Stress—strain curves from the tensile
test of films cast from latexes S,1-20 and S,4-30. (Right) DMTA curves of films cast from latexes S,4-30 and S, 1-20.
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Figure 11. DMTA Curves of S,1-20 and S41-20.

the T, of the second stage polymer. These results show that the
mechanical properties of the film can be considerably improved
by increasing the T, of the core, whilst still ensuring a relatively
low MFFT. It may also be noted that sample S;1-20 has Young’s
modulus and tensile strength more than an order of magnitude
higher than that of films cast from latexes of similar composition

but with the inverse hard core/soft shell morphology.2?!

Table 5. Tensile properties of films cast from two-stage latexes with differ-
ent compositions of the soft phase.

Samples Young's Elongation at Ultimate tensile
modulus [MPa] break [%)] strength [MPa]

$,1-20 11.5 (+0.18) 150 0.85

S41-20 80.6 (+1.32) 180 5.47
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Figure 12. Minimum film formation temperature as a function of the
amount of hard phase in two-stage latexes in which the core is synthe-
sized in the presence of a chain transfer agent.

As the composition of the core polymer plays a significant role,
both in film formation and in mechanical properties, the effect of
crosslinking the initial seed latex was also explored. Crosslinking
of the seed would be expected to lead to only limited interpenetra-
tion of the low T, seed polymer but would also result in a higher
modulus and more elastomeric character of the film. In order to
explore this effect, a series of small and large two-stage latexes
were synthesized in which the core was either non-crosslinked
(seed S, by addition of chain transfer agent) or crosslinked (seed
S. by addition of difunctional monomer).

For samples L 1-20 and S_1-20, where the core was crosslinked,
no difference in the MFFT was observed and in both cases the
MFFT was at the lower limit of the measurement. In terms of
mechanical properties, a slight increase in the modulus was ob-
served in both samples when compared with L,1-20 and S,1-20
(see Figure S4, Supporting Information). In the case of L 1-20,
there was a significant reduction in the elongation at break which
suggests only a limited degree of interpenetration of the soft seed
polymer due to crosslinking. In the case of S_1-20, the elongation
at break was virtually unaffected which, as commented above,
may be related to the mechanical properties being largely dictated
by the second-stage polymer.

When a chain transfer agent was added in order to eliminate
the formation of gel, surprising results were obtained. It was
initially thought that by reducing the extent of network forma-
tion in the seed polymer, film formation would be easier, result-
ing in lower MFFTs. However, as shown in Figure 12, whilst
the large samples (L,1-20 and L,1-30) formed a film relatively
easily in agreement with the other examples in this work, the
smaller two-stage latexes (S,1-20 and S;,1-30) resulted in MFFT >
50 °C, even when the second stage polymer content was low. For
these latexes, a seemingly continuous film was formed at temper-
atures lower than the MFFT, but very small cracks were observed
throughout the structure. Given that the low T, linear poly(butyl
acrylate) that forms 80 wt% of the sample should readily form a
film, the only clear explanation for this result is that the seed is
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Scheme 2. Schematic representation of the variations in the particle morphology of soft-core/hard-shell latexes and the consequences to the film

formation properties.

fully encapsulated by the second stage polymer. Crack formation
during film formation may therefore be related to the inability
of the non-cross-linked, low T, core to withstand the build-up of
stress during film formation. Further evidence for this argument
is given by the TEM images of the film cross-section in Figure S5,
Supporting Information, which show that the poly(butyl acrylate)

(light phase) is apparently dispersed in a network of the second
stage polymer.

4, Conclusion

In conclusion, in this work, the film formation behavior of two-
stage latex particles synthesized with a high T, second-stage poly-
mer has been studied. Aiming to obtain film-forming two-stage
latexes with low MFFTs, the influence of the seed polymer and
the amount and composition of the second-stage polymer were
explored. The most significant effect was related to the initial par-
ticle size of the seed, which led to apparent differences in the par-
ticle morphology as shown in Scheme 2. When small seed parti-
cles were used, a structure approaching that of a true core/shell
system was observed, leading to a more continuous phase of high
T, polymer in the final film and, therefore, superior mechanical
properties. However, as a result of this structure, the smaller two-
stage latexes also resulted in a significant increase in the MFFT,
even when the second-stage polymer content was low. At higher
second-stage polymer content, the MFFT could be reduced to val-
ues lower than 22 °C by reducing the T, of the hard phase (shell)
but without any significant improvement in the mechanical prop-
erties of the film. It was also shown that the mechanical prop-
erties of these two-stage latexes could be improved by increas-
ing the T, of the polymer in the initial seed latex, although the
MFFT also increases in this case. In summary, the synthesis of
two-stage latexes with small particle sizes offers a route to a film
structure that leads to significantly improved mechanical prop-
erties whilst maintaining sufficiently low MFFT, even when the
amount of high T, polymer in the system is relatively limited.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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