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Nanostructured latex films from poly(butyl
methacrylate) latex cross-linked with poly
(ethylene oxide)—poly(propylene oxide)-
poly(ethylene oxide) triblock macro-cross-linker

Abstract Biphasic polymer latexes
were synthesized by a seeded swell-
ing and polymerization method. The
latexes were composed of a
poly(butyl methacrylate) core and a
poly(ethylene oxide) rich shell cross-
linked with poly(ethylene oxide)-
poly (propylene oxide)—poly(ethyl-
ene oxide) triblock diol diacrylate
macro-cross-linker. Nanostructured
films were obtained by annealing the
biphasic polymer latexes at a tem-
perature between the glass-transition
temperatures of the core latex and
the cross-linked poly(ethylene oxide)

based shell. Atomic force micro-
scope images of the latex film
revealed that the poly(butyl
methacrylate) core phase is confined
in the poly(ethylene oxide)-rich
continuous phase with the form of
separate nanosized spheres.
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Introduction

Polymer latex films find a great number of applications
in the fields of paints, coatings, textiles, papers, and
adhesives [1, 2]. Although many researchers still propose
somewhat different mechanisms to account for the for-
mation of polymer latex films, a generally acceptable one
can be summarized with three steps [2, 3, 4]: a linear
cumulative water loss and an irreversible contact be-
tween particles; a deformation of the particles and a
close contact between the particles by means of large
interfacial forces; and the diffusion of polymer chains
through the contact surfaces (autohesion). In this pro-
cess, one should consider the glass-transition tempera-
ture, Ty, [5, 6] and cross-linking [3, 7, 8] of the latex
polymers, the water resistance [9], the presence of sur-
factants [10, 11], and so on. Until now most studies have
dealt with theoretical or, in some aspects, the basic ex-
perimental approach of the formation of homopolymer
latex films, except for the consideration of the effect of
additives such as surfactants. For the past decade,

however, some research groups have studied the film
formation of core—shell latex particles [12, 13, 14].
Nevertheless, there are only a few reports of investiga-
tions of structured polymer latex films; these investiga-
tions are needed to improve the inherently poor
mechanical properties of conventional latex films and to
introduce high functional moieties to the film phase.
There also have been no studies to investigate the film
formation of shell-cross-linked polymer latexes.

In this study, we present nanostructured polymer
latex films that are synthesized by considering system-
atically the morphology of the latex phases. To synthe-
size tailor-made biphasic polymer latexes, the latex
structure was designed with a polymer core and a cross-
linked poly(ethylene oxide)-rich shell. The film-forming
process of such latexes can be significantly affected by
the triblock macro-cross-linker surrounding the
poly(butyl methacrylate) (PBMA) core particles. Be-
sides, the functionality of the film formed from such
composite latexes is governed by the characteristics of
the shell.
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Experimental

Materials

Poly(ethylene oxide)—poly(propylene oxide)-poly(ethylene oxide)
(PEO-PPO-PEO) triblock diol (t-BD, M, =1.1x10°, 2.0x10°
2.8x10° gmol !, Aldrich Chemical Co.) was dried under vacuum at
80 °C for 3 h. Acrylolyl chloride (AC, Acros Organics), triethyl-
amine (TEA, Aldrich), and potassium persulfate (KPS, Aldrich)
were of reagent grade. The inhibitor in n-butyl methacrylate (BMA,
Aldrich) was removed using a removing column (Aldrich).

Synthesis of triblock diol diacrylate

Triblock diol diacrylate (t-BDDA) (Scheme 1) was synthesized by
the reaction of t-BD with AC. t-BD (1 mol) dissolved in tetra-
hydrofuran was poured in a 500-ml round-bottomed flask and
cooled to 0 °C. TEA (2 mol) and AC (2 mol) were added into the
flask and reacted at 70 °C for 5 h under vigorous stirring. Then, the
reaction mixture was filtered to remove the salt and triethanolamine
hydrochloride, and evaporated completely. Continuously, remnant
salts and unreacted starting material were removed by washing with
a methylene chloride/water mixture. After trapping the moisture,
the solution was evaporated until a viscous liquid was recovered.

Preparation of latex and characterizations

Surfactant-free PBMA seed latex was produced by batch-free
radical emulsion polymerization. KPS (0.3 g) and water (170 g)
were weighed into a four-necked round flask equipped with a reflux
condenser, a nitrogen inlet apparatus, and a mechanical stirrer.
Under a nitrogen atmosphere, the reactor was submerged in a
thermostated water bath and the mixture was stirred with a rota-
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Scheme 1. Structure of triblock diol diacrylate (1-BDDA)

tion speed of 250 rpm at 75 °C. After 10 min, n-BMA (30 g) was
added to the reactor and polymerized for 6 h. Continuously, the
preformed PBMA seed latex was swollen uniformly with a mono-
mer mixture (30 g) emulsified finely in water (120 g) by ultrasonic
homogenization. The monomer mixture was composed of n-BMA,
t-BDDA (0-15 mmol) and benzoyl peroxide (0.3 g, Aldrich). The
swelling was continued with gentle stirring at 5 °C for 10 h. After
deaerating with nitrogen gas, the polymerization was carried out at
70 °C for 6 h.

Latex films were prepared by casting one drop of the latex
dispersions onto a square plate of well-polished mica of side of
about 10 mm and each drop was allowed to air-dry at 20 °C for
3 h. The topography of the latex films was observed using a
Nanoscope III atomic force microscope (AFM) from Digital In-
struments, operated in the tapping mode. The tip was silicon with a
spring constant of 50 N/m and the cantilever oscillated at its proper
frequency (about 350 kHz). To determine the structure and relax-
ation of the PBMA/t-BDDA latex films, the dielectric properties of
the latex films were measured, by scanning the temperature, at a
selected frequency of 1 Hz with a dielectric analyzer (DEA, TA
Instruments). The tensile properties of the latex films were deter-
mined using an Instron universal tensile testing machine at room
temperature. Standard tensile test specimens were cut from the
latex films using a metallic die. A 500-N load cell was employed,
and the experiments were run at a crosshead speed of 25 mm/min.

Results and discussion

The biphasic latex was synthesized by a seeded swelling
and polymerization method. For an effective diffusion of
monomers into the seed particles, the monomer mixture
should be added in the form of a fine emulsion [15]. It is
important to realize that the t-BDDA has a pronounced
surface activity at low temperature owing to its hydro-
philic/hydrophobic/hydrophilic molecule chain and
phase behavior [16]. The t-BDDA used in this study had
a lower critical solution temperature in water, around
15°C, at a concentration of 0.1-3wt% (Table 1).
Therefore, at low temperature, t-BDDA is very effective
in emulsifying the monomers in water, helping signifi-
cantly the diffusion of monomer droplets into the seed
latex. After complete swelling of the monomer mixture

Table 1. Characteristics of the polymer latexes and their films. In the case using triblock diol diacrylate (--BDDA), its concentration was

fixed at 10 mmol. Poly(butyl methacrylate): PBM A

Latex t-BDDA D, (nm)b Root mean
square (nm)°
M, (x10° gmol ™) MM, TS
PBMA - - - 591+38 33.18
PBMA/t-BDDAI 1.19 1.10 15.0 582+4 25.71
PBMA/t-BDDA2 2.11 1.09 16.0 563+6 26.22, 18.23 (Fig. lc-1)
PBMA/t-BDDA3 3.01 1.18 15.5 564+5 17.39

4Cloud point measured with a thermooptical microscope at
0.5 wt% t-BDDA concentration in water

®Diameters of final latexes measured with an electrophoretic light
scattering particle analyzer (ELS-800, Photal Otsuka Electronics)
“Surface roughness obtained from the Nanoscope III software, as
follows:

n
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(Root mean square) = - El [z(i) —zo]", z0 = - El z(i),

where n
point i

is the number of z values used and z(7) is the height of
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emulsions, the polymerization resulted in a highly
monodisperse latex having the morphology of a PBMA
core and a cross-linked PEO-rich soft shell.

AFM images of PBMA/t-BDDA?2 latex films syn-
thesized by changing the concentration of t-BDDA are
shown in Fig. 1. On increasing the concentration of t-
BDDA, space-filling polyhedra started to appear and the
surface of the films was gradually flattened (the root-
mean-square, rms, value was reduced from 33.18 to
22.96 nm). At 15 mmol t-BDDA, the film exhibited a
honeycomb-like structure. Considering the drying tem-
perature of 20 °C, which is located between the T, of the
PBMA core (24 °C) and the PEO-rich shell (below
0 °QC), it is clear from these results that the soft shells
touch each other through the contact surfaces and par-
ticle deformation takes place readily as the water in the
interstitial space evaporates. Even when the film was
annealed sufficiently at 50 °C, the uniformly phase sep-
arated film morphology and spherical cap structure were
observed, as shown in Fig. 1c-1. In addition, the surface
roughness was reduced dramatically with an rms value
of 18.23 nm (Table 1). With reference to the topology
shown in Fig. 1c-1, it is reasonable to think that only
PEO-rich phases were mixed selectively through the
contact surfaces by the chain migration between adja-
cent particles and the phase mixing between the PBMA

5.0 5.0
2-5 .21
0.0 0.0
0.0 2.5 50 0.0 25 5.0
5.0 5.0
2I5 -25
0.0 0.0
0.0 2.5 50 0.0 2.5 5.0
pm

Fig. 1. Atomic force microscope (AFM) images of poly(butyl
methacrylate) (PBM A)/triblock diol diacrylate (--BDDA?2) latex
films annealed at 20 °C for 3 h by varying the concentration of t-
BDDA?2 in the second monomer mixtures: a 0 mmol, b 5 mmol,
¢ 10 mmol, and d 15 mmol. The AFM image c-1, represented
separately in ¢, is the PBMA/t-BDDA?2 latex film annealed fully at
50 °C for 12 h at the same composition as that in ¢

core and the PEO-rich shell did not happen even at an
annealing temperature higher than the 7T, of PBMA. In
this system, because the shell phase is cross-linked by t-
BDDA and the cross-linked PEO-rich shell has quite
limited miscibility with the PBMA core [10], polymer
diffusion can occur preferentially across the intercellular
boundary between the cross-linked PEO-rich shell
phases of the adjoining particles [8]. Therefore, this
limited interdiffusion resulted in a structured film mor-
phology, in which the PBMA phase is confined in the
PEO-rich continuous phase with the form of nanosized
spherical caps.

The effect of the molecular weight of t-BDDA on the
film topology was observed at the same concentration of
t-BDDA and is shown in Fig. 2. The honeycomb
structure was more pronounced at higher molecular
weights of t-BDDA. The latex film containing 10 mmol
t-BDDA3 also displayed the spherical-cap structure and
very smooth surface roughness (rms=17.39 nm), even if
dried at a temperature of 20 °C. The lower degree of
cross-linking of the PEO-rich shell seems to allow not
only the effective migration of network chains between
adjacent particles, but also a distinct phase separation
between the PBMA core and the PEO-based shell.
Farinha and Martinho [17] demonstrated that surface
PEO chains grafted in the PBMA polymer promote
mixing and interdiffusion during the drying process and
the shorter free PEO chains added separately diffuse
quickly at short annealing times. In our system, how-
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Fig. 2. AFM images of PBMA/t-BDDA latex films annealed
at 20 °C for 3 h by varying the molecular weight of t-BDDA:
a t-BDDAI1 and b t-BDDA3. The concentration of t-BDDA in the
second monomer mixtures was fixed at 10 mmol
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ever, it is believed that polymer chains cross-linked with
longer PEO-PPO-PEO chains (with higher molecular
weight) can diffuse more readily at the contact surfaces
owing to their higher mobility.

The dielectric properties of PBMA/t-BDDA latex
films were measured with a DEA and are shown in
Fig. 3. The PBMA homopolymer latex film showed only
one transition, at 24 °C. In contrast, the PBMA/t-
BDDA latex film showed two transitions, at —58 and
24 °C, respectively. This result confirms that the latex
film is composed of two distinct phases of PBMA (cap
region) and PEO (continuous region).

The mechanical properties of the PBMA/t-BDDA
and PBMA/t-BD latex films are shown in Fig. 4. To
examine the effect of cross-linking on the mechanical
properties of the latex films, PBMA/t-BD latex film was
produced by replacing t-BDDA of the monomer mixture
added into the seed latex with t-BD2. As the molecular
weight of t-BDDA cross-linker increased, the tensile
strength of the latex films increased steeply; on the other
hand, the tensile elongation decreased slightly. At
equimolar concentration of cross-linkers, a long-chain
cross-linker could give large polymer networks of the
particles, allowing the enhancement of chain mobility,
which is an important factor for the interparticle chain
diffusion. Moreover, the tensile strength of the PBMA /t-
BDDAZ2 latex film increased by about 59% compared to
that of the PBMA/t-BD latex film, but the elongation of
the cross-linked latex film was about 24% lower than
that of the PBMA/t-BD latex film. The contrast between
the mechanical behavior of the two latex films can be
explained by the difference in the existence of cross-
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Fig. 3. Dielectric analyzer diagrams of the latex films annealed
fully at 50 °C for 3 days before the measurements: Loss factor
(open symbols) and permittivity (closed symbols) for PBMA
homopolymer latex film (squares) and PBMA/t-BDDA?2 latex film
containing 10 mmol t-BDDA (circles)
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Fig. 4. Stress—strain curves for PBMA latex films containing
different diol-based molecules: triblock diol (--BD2) (-), t-BDDA1
(= —), t-BDDA2 (~), and t-BDDA3 (—). The latex films were
annealed fully at 50 °C for 3 days before measurement and the
concentration of t-BDDA and t-BD2 in the second monomer
mixtures was fixed at 10 mmol

linking and the degree of interparticle diffusion [8, 18].
The cross-linking by t-BDDA was expected to enhance
the chain stiffness, and resulted in higher tensile
strength. However, the decrease in the elongation of the
PBMA/t-BDDA latex films can be attributed to the
slower diffusion rate and the lower mass fraction of
mixing caused by the network structure interfering with
the chain diffusion.

Conclusion

t-BDDA was very effective in the diffusion of monomer

droplets into the seed latex at low temperature. After the
polymerization, the polymer latex was expected to have
the morphology of a PBMA core and a cross-linked
PEO-based soft shell. In reality, the latex films prepared
from the biphasic polymer latexes exhibited a space-
filling polyhedra structure and even honeycomb
structures with an increase in the concentration and
molecular weight of t-BDDA macro-cross-linker. The
use of t-BDDA macro-cross-linker strengthened the
molecular chains and resulted in higher tensile proper-
ties. As a result, the nanostructured polymer films
synthesized from the biphasic polymer latex are expected
to find great applicability in the fortification of flexible
latex films and the introduction of advanced functional
moieties into the whole film.
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