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HIGHLIGHTS

GRAPHICAL ABSTRACT

* Interpenetrating polymer networks
with core/shell morphology confirm
their high damping capacity (tand >
0.3 and damping temperature range
>100°C).

» The IPN core/shell latex particles
with a thermal initiator exhibited
the best damping properties.

* By changing the weight ratio of the
layers and the amount of PBA in
the last layer, the effective damping
range increases.
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Polymers have good dynamic mechanical properties and high damping capacity due
to their viscoelastic nature, especially in the glass transition range, and are considered
a good damper with a loss factor greater than 0.3 and a peak temperature range of at
least 60-80°C. Two of the best ways to expand the damping range are fabricating the
core/shell latex particles with a specific morphology and using interpenetrating polymer
networks in the core and shell sections. The aim of this study is to synthesize and
investigate the dynamic-mechanical properties of interpenetrating polymer networks
with core/shell morphology. A set of multilayer core/shell/shell latex particles with
styrene-acrylic monomers were synthesized by varying the initiator (thermal initiator
and redox initiator) via semi-continuous emulsion polymerization. In this study,
synthesized particles were characterized with fourier transform infrared (FT-IR)
spectroscopy, the morphology was determined by transfer electron microscopy (TEM),
and the size and size distribution were investigated via dynamic laser scattering (DLS),
which represent nano-scale particles with narrow distribution. The damping properties
of the formed films were studied by dynamic mechanical analysis (DMA). The factors
affecting the formation of poly(styrene/methyl methacrylate/butyl acrylate)-based core/
shell particles, including the type of initiator and layer mass ratio, were discussed.
The results showed that the IPN core/shell latex particles with a thermal initiator
exhibited the best damping properties, with a broad effective damping range (tand >
0.3). The influence of the layer mass ratio on damping was also explored in this work.
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1. Introduction

Core/shell latex particles have gained considerable
their
characteristics. They can be used to achieve materials

scientific  attention  to physicochemical
with better properties than their basic homopolymers.
Core-shell polymers are employed in numerous
applications, [1-3],
modifiers [4,5], adhesives [6], damping [7] and in high-

including impact toughening
technology areas like chemical sensing, biosensors, 3D
optical data storage, and security of data encryption
[8-10]. A common method for synthesizing core/shell
particles is semi-continuous emulsion polymerization.
It is also effective to prepare a multilayer polymer latex
in which each layer is synthesized in a stepwise manner.
A variety of polymers with different morphologies and
features can be prepared by controlling the thickness
and number of layers, weight ratio of layers, as well as
the approach of feeding and swelling level of the layers
together.

Polymers exhibit time and temperature-dependent
behaviors owing to their viscoelastic properties.
Knowledge of the dynamic-mechanical characteristics
of a polymer is necessary to choose the appropriate
polymer for a particular application. Materials with
good damping show a high loss factor (tan & > 0.3)
over a temperature range of at least 60-80°C [11]. The
damping features of a polymer are influenced by its glass
transition temperature. Damping can be demonstrated
using the dissipated energy as heat during relatively slow
deformation of the materials, i.e., fatigue experiments.
Damping also provides another mechanism of energy
adsorbing, unlike impact resistance. Generally,
homopolymers show effective damping properties in a
narrow temperature range of 20-30°C around their 7.
The glass transition can be extended or shifted using
grafting, mixing, copolymerization, or the development
of inter-penetrating networks (IPNs) [12]. IPNs are
made up of a combination of two or more cross-linked
polymers whose networks are organized in the presence
of the other [13]. The addition of a crosslinking agent
in full IPNs (both polymers) or semi-IPNs (one phase)
limits the size to a very small domain and increases the
formation degree of the microheterogeneous structure,
which leads to wide glass transition, making them very
effective as damping materials [14-16]. Latex IPNs
made by focusing on pure IPN particles (with full

or semi IPNs) are currently used in a wide range of

temperature damping materials [17,18].
Until now, only a few studies have been carried
out to and

investigate the dynamic-mechanical

damping characteristics of multilayer core/shell
latex particles, especially those with IPN as a core.
Zahedi et al. synthesized a series of multilayer latex
IPNs with styrene-acrylic monomers. They stated
that the dynamic-mechanical features of the prepared
particles depended on the final layer mass ratio, the
amount of cross linker, the monomer feeding method,
and the difference between adjacent layers T, [19].
Wang and coworkers [15] investigated the damping
property of a polystyrene/polyacrylic latex IPN. Their
results show that the manner of phase separation and
damping properties were affected by an increase in the
hydrophobic polymer in the shell and a decrease in the
hydrophobic polymer in the core, and vice versa. In
another study, Silverstein et al. [20] reported on IPN
core/shell particles synthesized by styrene and acrylic
monomers and investigated their morphology. The
relationship between the dynamic-mechanical response
and the morphology of particles has been studied.

In this work, latex particles consisting of three layers
accompanied with a controlled structure were designed
to investigate the damping properties of multilayer
core-shell particles. The emulsion polymerization
used to synthesize the latex particles was developed
in a previous study [19]. The main goal of this study
was to synthesize and characterize core/shell latex
polymers for toughening thermoplastics and to produce
better properties of damping by changing the type of
initiator. Dynamicmechanical analysis (DMA) showed
a higher peak for the redox initiator in the core/shell/
shell particles in comparison to the samples synthesized
with a thermal initiator. However, the thermal initiator
method provided the widest effective range of damping
(temperature range with tan & > 0.3). Also, the effective
temperature range was improved by enhancing the

weight ratio of the layers.
2. Experimental
2.1. Materials
Butyl acrylate (BA), methyl methacrylate (MMA),
and styrene (St) monomers were purchased from Merck

Co. and purified with a 10 wt% solution of NaOH.
Divinylbenzene (DVB) as crosslinking agent was
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purchased from Merck Co. Sodium dodecyl sulfate
(SDS) as an anionic surfactant and Sorbitan Oleate
(Span80) as a nonionic surfactant were purchased from
Merck Co. and Aldrich Co., respectively. Ammonium
persulfate (APS), sodium bisulfate (SBS), and
Tetramethylethylenediamine (TMEDA) as initiators
were purchased from Merck Co. Sodium Bicarbonate
as a buffer agent and Hexadecane was purchased from
Merck Co. All solutions were prepared with deionized
water.

2.2. Synthesis of core/shell/shell particles

As listed in Table 1, four samples were synthesized
in a process similar to Ref. [16] where particles were
prepared layer-by-layer. In this work, the Flory-Fox
equation was applied to formulate the monomer’s
composition of the layers. It is a popular experimental
formula where molecular weight is related to the glass
transition temperature (7,) in the polymer system
according to Eq. (1) [21].

(UITy)=W /T, +(W,/T,,) 1)

where W, and W, represent weight fractions of
components 1 and 2, respectively.

Fig. 1 represents a schematic illustration of the
preparation of IPN core/shell particles. In the first stage
of polymerization, a 500 ml four-neck glass reactor
(round-bottom flask) equipped with a thermocouple, a
stirrer, a port for purging N,, and an inlet of dropping
ingredients was used to carry out polymerizations.
First, 100 ml of deionized water, buffer agent, and the
calculated amount of surfactants (as in Table 2) were
added to the reactor. The reactor content was heated
to 50 + 5°C and stirred at 300 rpm under a nitrogen
atmosphere for 15 min. Then, the BA, MMA, St
monomers, and DVB were introduced to the reactor
dropwise at a 1 g.min"' speed. The reactor temperature

Table 1. Code and characteristics of synthesized particles.

BA, MMA, St, DVB or TEMED BA, MMA, DVB or TEMED BA, MMA, St or TEMED

Shell2 formalionl
Core formation Shelll formation

‘ l

Fig. 1. Schematic illustration of the preparation of IPN core/shell
particles..

was increased to 75 = 5°C. Next, an aqueous solution
of the initiator purified by N, atmosphere was added
to the system to eliminate the dissolved oxygen, and
the speed was increased to 350 rpm. To assure the
removal of air, the system was kept under a nitrogen
atmosphere for 30 min. Finally, to synthesize the
cores, the reactor content was polymerized for 90 min
at a temperature of 75 £ 5°C with a 350 rpm stirring
speed.

In the second stage of polymerization, the second layer
of a core/shell structure was made as the shell. In this
step, a mixture of the surfactant, the monomers, DVB,
and an oxygen-free aqueous solution of initiators was
slowly added to the reactor and purified by nitrogen.
Then, the mixing speed was raised to 400 rpm, and
polymerization was performed for 120 min at 75 + 5°C.
All the above stages were accomplished in the final step
of the formation of core/shell/shell particles (the second
layer of the shell). The stirring rate and temperature
were adjusted to 450 rpm and 75 £ 5°C, respectively,
and polymerization was continued for 8 h. All the
above steps were performed to synthesize core/shell/
shell particles with a redox initiator at 40°C, according
to Table 3.

In order to prepare a latex film, samples of latex
were cast on glass jars (with a 4 mm thickness). At
first, samples were dried at room temperature for 48
h and then at 55°C in the oven for 24 h. In this way,
the particles distribution of latex is transformed from
diluted to concentrated, then to a packed array, and
finally transformed to a continuous polymer film.

Sample no. Temperature Sample code Mass ratio (g) Maximum loss factor Effective temperature region
(°C) Core : shelll : shell2 [tand(max)] (°C)

1 75 C/S/S-1 1:2:3 0.59,0.19 174

2 75 C/S/S-2 1:2:2 0.64, 0.21 62

3 75 C/S/S-3 1:3:3 0.58, 0.39 115

4 40 C/S/S-4 1:2:3 0.9,0.19 86
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Table 2. The ingredients used for the synthesis of C/S/S-1 sample multilayer core/shell latex particles at 75°C.

Layer H,0 SDS Span80  Buffer HD BA MMA St DVB APS SBS H,O
® (® (® (® (® ® (® (® ® (® ® @
Core 100 0.37 0.37 0.2 0.9 1 1 13 2.1 0.0512 0.0238 25
Shell 1 9.5 0.6 0.6 0 0.6 13 17 0 4.2 0.0832 0.04 23
Shell 2 7.5 0.145  0.145 0 0.145 28 1 1 0 0.0832 0.04 23
Table 3. The ingredients used for the synthesis of C/S/S-4 sample multilayer core/shell latex particles at 40°C.
Layer H,O SDS Span80  Buffer HD BA MMA St DVB TEMED APS H,0
® (® ® (® (® ® (® ® (® (2 ® (®
Core 100 0.48 0.48 0.25 1.125 1 1 13 2.1 0.064 0.064 25
Shell 1 9.5 0.75 0.75 0 0.75 13 17 0 4.2 0.249 0.249 23
Shell 2 10 0.4 0.4 0 0.4 28 1 1 0 0.416 0.416 23

2.3. Characterization techniques

Thessize distribution of the prepared particles was found
by dynamic light scattering (DLS) analysis using a Nano
Brook 90Plus Particle Size Analyzer. Fourier transform
infrared (FT-IR) spectroscopy was used to investigate
the functional groups of the particles. FT-IR spectra
were recorded with a Nicolet 800 Fourier transform
infrared spectrometer (Thermo Electron Corporation,
USA) on a KBr plate (at 4000-400 cm™). The IPN core/
shell latex particles were diluted, dispersed, poured
on the surface of copper mesh, and then dried at room
temperature. Transfer electron microscopy (TEM) was
carried out with a Zeiss-EM10C-80 kV (Germany)
transmission electron microscope.

DMA (PerkinElmer DMA 8000) was applied to
measure the dynamic-mechanical behavior of the films.
Parameters including the storage modulus (G’), loss
modulus (G”), and loss factor (tan 3) were obtained.
The curve of the loss factor temperature was recorded at
a frequency of 1 Hz and a temperature of 10 °C.min"! in
a range of -80 to 150 °C by DMA. The glass transition
temperature was considered based on the tan ¢ peak.

3. Results and discussion
3.1. Characterization of particles

The FT-IR spectra of the C/S/S-1 and C/C/S-4 samples
are shown in Fig. 2. In this figure, the characteristic

C/S/S-4

C/S/S-1

Ldade o

3900 3400 2900 2400

1900 1400 900 400

Wavenumber (cm™)

Fig. 2. The FT-IR spectra of C/S/S-1 and C/S/S-4 samples.
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peaks of poly(methyl methacrylate) and poly(butyl
acrylate can be seen in the C—H covalent bond at 2800-
2960 cm™!, the C—O bond at 1100 cm', and the tensile
vibration of the carbonyl group at 1732 cm!. The C—C
aromatic peak at wavelength 1580 cm™ corresponds
to the benzene ring in polystyrene. The characteristic
peak of DVB is in the wave number of 760 cm™'. These
results confirm polymers were formed [22,23].

The DLS curves of C/S/S-1 and C/C/S-4 samples are
shown in Fig. 3. As can be seen, the two curves have a
narrow distribution indicating that all the latex particles
synthesized have narrow distributions. The diameter of
the final particle of C/S/S-1 is 80 nm.

TEM images were used to prove the morphology of
the C/S/S-1 sample. Fig. 4 shows that the particles have
a core/shell structure. The diameters of particles ranged
from 80 to 110 nm, with spherical morphology.

3.2. The effect of initiator on dynamic-mechanical
properties

Although thermal initiators can be applied for
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Fig. 3. The particle size distributions of multilayer core/shell latex
particles of (a) C/C/S-1 and (b) C/C/S-4 samples.

Fig. 4. TEM micrograph of C/C/S-1.

polymerization expansion at higher temperatures, their
application is limited by the fact that the penetration of
rubbery polymer chains into other layers also increased.
Therefore, increasing the temperature to lower values is
the more practical option to reduce polymer diffusion
between layers. Redox initiators should be used at low
temperatures because thermal initiators do not produce
enough radicals. Polymerization of styrene, methyl
methacrylate, and butyl acrylate as the core-shell at
ambient temperature with redox initiator is not possible
as polymerization is successful at 40°C.

To study the effect of temperature, C/S/S-1 and
C/S/S-4 samples were investigated by changing the
initiator. According to Table 1 and Fig. 5, the sample
with the redox initiator (C/S/S-4) shows a sharp tand
peak at 67°C, with a height of 0.94, but the sample
with the thermal initiator (C/S/S-1) provide a wide
effective temperature range for damping. This is
because decreasing the polymerization temperature
decreases the polymerization rate of butyl acrylate
decreases, which enhances the induction period [24].
Also, most of the butyl acrylate is diffused into the core,
so the tand grows, and its peak is transferred to a higher
temperature.

0.9 1
—— C/S/S-4

— — C/S/S1

0.6 1

Tand

0.3 1

-100.0 -50.0 0.0 50.0 100.0 150.0

Temp. (°C)

Fig. 5. The loss tangent versus temperature curves of C/S/S-1 and
C/S/S-4 samples showing the effect of polymerization temperature.
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3.3. The effect of layer weight ratio on dynamic-me-
chanical properties

Experimental results show that the weight ratio of
the layer of core/shell/shell particles has a profound
effect on dynamic-mechanical properties. The tand-
temperature plots and resulting data for C/S/S-1(with
a layers’ weight ratio of 1:2:2), C/S/S-2(with a layers’
weight ratio of 1:2:3), and C/S/S-3(with a layers’
weight ratio of 1:3:3) are illustrated in Fig. 6 and Table
1, respectively. As presented in Table 1, the maximum
loss factor and the effective temperature range were
significantly enhanced for the C/S/S-2 sample. This
may be due to the fact that raising the weight ratio of
the outer layer from 1:2:2 to 1:2:3 increased the phase
continuity distribution of the core/shelll region and
the peak of core/shelll considerably. Enhancing the
contribution of the outer layer creates bi-continuous
morphology and intermediate structures between
the layers for numerous reasons, including diffusion
of chains together and more swelling. In other
words, damping peaks can be transferred to lower
temperatures by increasing the shell2 ratio and are
improved by using developed intermediate structures.
Moreover, the intensity of the graph was probably
increased due to more diffusion of soft chains into hard
chains, higher friction coefficient, and the mobility of
chains.

As the weight ratio of the inner shell (shell 1) (1:3:3)
increases, the peaks shift to lower temperatures due to
the greater mobility of the soft PBA components and its
larger side groups. In addition, soft PBA components
casily penetrate PMMA and PS hard components
and improve compatibility. Therefore, in general, by

0.9

— —cCisis-
--- CIsis2
—crsis3 / \.

-100 -50 0 50 100 150
Temp. (°C)

Fig. 6. The loss tangent versus temperature curves of C/S/S-1,
C/S/S-2, and C/S/S-3 samples showing the effect of weight ratio.

increasing the amount of PBA, the effective damping
range increases, and the damping peak shifts to lower
temperatures, but its effect is not significant in the
middle layers due to the presence of a crosslinking agent
and limited movement of the chains.

4. Conclusions

In this work, core/shell/shell (C/S/S) particles with
PS, P(MMA), and PBA via semi-continuous emulsion
polymerization were synthesized. DMA analysis shows
that core/shell/shell particles synthesized with a redox
initiator have a sharper tand peak but a lower effective
range of damping than the core/shell/shell synthesized
with a thermal initiator.

Two glass transition regions were observed in most of
the tand diagrams, with a high peak in the core in the first
shell region and a small peak in the second shell region.
Since the core/shell contains the crosslinking agent,
it can be concluded that a complete IPN is formed in
core/shelll and a half IPN in shelll/shell2. It seems that
inner layers with DVB form a continuous morphology
between layers and only damping the peak, but under
different conditions, the outer layer or a part of it shows
phase separation.

Changing the weight ratio of the layers and the amount
of PBA in the last layer with an increase in the domain
phase amount, decrease in domain phase size, and
completion of network structures creates bi-continuous
morphology, and this core/shell can be easily used for
damping at low temperatures.
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