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Abstract: A novel strategy for fabricating inverted core-shell structured latex particles was
implemented to investigate the morphology and properties of polyvinyl acetate (PVAc)-based latex.
In this study, active grafting points were synthesized onto the surface of PVAc latex cores via
grafting acrylonitrile (AN) to obtain a controllable coating growth of the shell monomer, styrene (St).
The effect of shell growth on the morphological evolvement was explored by tuning the time of shell
monomer polymerization. Unique particle morphologies, transferring from “hawthorn” type, over
“peeled pomegranate” type, to final “strawberry-like” type, were observed and verified by electron
microscopy. The morphological structure of latex particles exerted a significant effect on the particle
size, phase structure, and mechanical properties of the obtained emulsions. The water-resistance
of PVAc-based latex was also evaluated by the water absorption of latex films. More importantly,
the experimental results provided a reasonable support for the controlled growth of St monomer, that
is, the self-nucleation of dispersive St monomer can be transformed to in-situ coating growth on the
PVAc core surface depending on the AN-active grafting points. This fabricating approach provides a
reference for dynamical design and control of the latex particle morphology.

Keywords: inverted core-shell particle; polyvinyl acetate; acrylonitrile grafting; shell growth;
morphological evolution

1. Introduction

Core-shell structure was commonly used to design and prepare structured emulsion-based polymers
owing to its special heterogeneous structure and stratification effect [1–6]. With the deepening of
theoretical research and the enriching of the morphological structure, properties, and applications of
core-shell latex, the concept of core-shell emulsion and its construction technology have been increasingly
expanded [7]. Therefore, how to design and synthesize well-defined core-shell latex particles with
a unique morphology, structure, and function attracts considerable attention in the field of colloid
research [8]. Furthermore, the ability of core-shell structured latex particles to combine components
showing different thermodynamic features in a single composite system provides a great opportunity
for advanced materials and smart polymers with multi-functionalities [9,10]. The fabricating procedures
for core-shell structured latex, such as multiple-stage emulsion polymerization [11,12], interfacial
process [13], and heterocoagulated reaction [2], have been well reported. Among these approaches,
emulsion polymerization was a facile, efficient, and cost-effective method. For emulsion-based core-shell,
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the latex particles with a fully covered surface are commonly formed from the inorganic/organic hybrid
system [14,15], which limits the functional design and applications of obtained products. On the other
hand, some special morphologies including strawberry- and sandwich-like can be successfully formed
from a polymer-based core-shell system. In summary, the core factor for determining the morphology
of structured particles can be attributed to whether the morphology of the latex particle attains
thermodynamic equilibrium, which may be affected by the hydrophobicity of core and shell components,
interfacial energy between different phases and other related factors. For an organic/organic system,
the thermodynamic equilibrium ball-like morphology is easily obtained since the principle of minimum
energy can be reached [16,17]. However, in a polymer-based system, besides the thermodynamics, many
studies have shown that kinetics also play a key role in determining the morphology due to the more
complicated evolving environment for polymer emulsion polymerization. Therefore, it is promising
to generate more unique particle morphologies in a polymer-based emulsion polymerization process.
As is well known, the properties of materials correspond with their basic units and how they assemble,
leading to the fact that the composition, structure, and spatial configuration of the unit are greatly
impacted. Hence, for the well-defined latex system, controlled morphology was an inevitable factor
for revealing high-performance colloidal material. In our previous studies, the strategy for fabricating
an inverted core-shell structure in colloidal particles with a specific morphology has proven to be very
effective, especially for the multicomponent polymerization with a large difference among different
components [11,18].

In this study, to overcome the inherent poor mechanical properties of polyvinyl acetate (PVAc),
particularly wet strength, vinyl acetate (VAc) and styrene (St) were selected as the main components
to design and fabricate PVAc/ Polystyrene (PS) latex particles with an inverted core-shell structure.
The core-shell structured PVAc/PS particles might retain the excellent film-forming and adhesion
properties of PVAc latex, in the meantime, the resistance of PVAc to water, heat, and creep can be
improved by the embedded PS shells. However, it is well known that VAc and St do not copolymerize
due to the unfavorable reactivity ratios and the difference between their kinetics (one polymerizes slowly,
the other rapidly) and physical properties (one hydrophobic, the other hydrophilic; one with a high glass
transition temperature, the other low) [19–22]. Therefore, a simple combination by co-polymerization VAc
and St was difficult to achieve even in core-shell emulsion polymerization. In our previous study, latex
particles with thermodynamic non-equilibrium inverted core-shell structured phase morphology were
designed and prepared to obtain PVAc-based particles containing PVAc cores and PS shells. Recently, two
approaches have been successfully developed, either by introducing functional active sites on PVAc cores
to achieve a chemically grafted shell and to kinetically avoid the phase reversal in latex particles [11] or
by fabricating a transition layer between the phases to reveal a physical barrier [12]. The construction of
the transition layer and grafting sites could restrain the infiltration of St monomer and the free radicals
into the core latex particles, thereby kinetically regulating the morphology to achieve thermodynamic
non-equilibrium latex particles [23]. On the other hand, previous studies have only examined the final
morphology of latex particles, but the dynamic evolvement of particle morphologies during the formation
process remains unknown. Therefore, it is necessary to systematically study the formation process of the
structured particles for fine tuning the preparation and high-performance application of PVAc latex.

Herein, an approach that adjusts the morphology of latex particles by controlling the degree of
growth of the shell layer on the surface of PVAc cores was proposed. Specifically, acrylonitrile (AN) was
used as the grafting monomer in this study to regulate the reactivity ratio and provide active growing
points for the polymerization of St shell monomers. The effect of shell growth on the morphology
of latex particles and its evolution behavior were studied by adjusting the shell polymerization time.
This approach not only fabricates latex particles with a stable inverted core-shell structure but also
enables a finely tunable system that can be generalized to other heterogeneous structured systems
containing different constructing components.
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2. Materials and Methods

2.1. Materials

Vinyl acetate (VAc) and Styrene (St) were purchased at reagent grade from Aladdin (Shanghai,
China). The inhibitor component of the monomer was removed by vacuum distillation prior to
polymerization. Acrylonitrile (AN) and a buffering agent, sodium bicarbonate (NaHCO3), were
purchased from the Tianjin Fuchen Chemical Reagents Factory (Tianjin, China) at reagent grade.
Initiator ammonium persulfate (APS) was purchased from Aladdin (Shanghai, China) at reagent grade.
Emulsifiers, alkyl alcohol polyether sulfate sodium salt (PCA078) and alkyl ethoxy sulfosuccinate two
sodium salt (PCA507), were purchased from Huntsman (Shanghai, China) surfactant Corporation at
industrial grade. Deionized water was used throughout the experiments.

2.2. Latex Preparation

Recipes and reaction conditions for all the experiments were given in Table 1. The resulted
two-stage inverted core-shell structured latexes were named as CS-x. The preparation method was the
same as that reported by Zhang et al. [9] in a related study.

Table 1. Recipes and reaction conditions for synthesizing polyvinyl acetate (PVAc)-acrylonitrile
(AN)/polystyrene (PS) latexes.

Codes CS-1 CS-2 CS-3 CS-4 CS-5

Seed latex

Temperature/◦C 60 60 60 60 60
m(Water)/g 70 70 70 70 70
m (VAc)/g 16 16 16 16 16

m(PCA078)/g 2.5 2.5 2.5 2.5 2.5
m(PCA507)/g 2.5 2.5 2.5 2.5

m(NaHCO3)/g 0.3 0.3 0.3 0.3 0.3
m(APS)/g 0.1 0.1 0.1 0.1 0.1

Core-shell
latex

Temperature/◦C 80 80 80 80 80
m (VAc)/g 54 54 54 54 54
m (St)/g 30 30 30 30 30

m (AN)/g 2 2 2 2 2
m(APS)/m(water)/(g·g−1) 0.25/20 0.25/20 0.25/20 0.25/20 0.25/20

The time of shell
polymerization/min 30 60 90 120 final state

2.2.1. Synthesis of Seed Latex

The temperature of the experiment was set to 60 ◦C. Deionized water, pH buffer (NaHCO3),
and a mixture of anionic emulsifiers (PCA507 and PCA078) were mixed in a 500 mL four-neck flask
and stirred (250 rpm) for at least 30 min. Then, a certain amount of VAc monomer (16% of the total
monomer content) was added into the flask as the seed monomer. After stirring for 30 min, APS
aqueous solution was added. The reaction mixture was heated up to 80 ◦C and the seed latex was
thus obtained after 30 min reaction. It is worth noting that the seed latex prepared in this step will be
suitable for all subsequent experiments.

2.2.2. Synthesis of Core-Shell Structure Emulsion

The rest of the core monomer (VAc) was added dropwise (0.4 mL/min) into the seed latex
within 120 min. Meanwhile, the aqueous solution of APS was added at a rate of one drop every
4 s. The polymerization was carried out for another 120 min at 80 ◦C. After which, the core latex
was obtained. After that, AN monomer (2.0% of the total monomer content) was rapidly added
(0.8 mL/min) into the reaction mixture within 2 min. Upon adding all the AN monomer, St monomer
was immediately added dropwise (0.2 mL/min) into the core latex within 120 min. The reaction
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temperature at this stage was 80 ◦C. Further, samples were taken at the time when the shell monomer
polymerization time was 30, 60, 90, and 120 min. Finally, the reaction system was heated to 85 ◦C for
30 min after the completion of St addition.

2.3. Characterization

Fourier transform infrared spectroscopy (FTIR) was performed at the film-air interfaces with a
Nicolet 6700 FTIR spectrometer (Thermo Fisher Scientific, St, Louis, MO, USA). All samples were
mixed and ground with spectroscopic-grade potassium bromide and were scanned over range of
400–4000 cm−1. The latex film sample was mixed and ground with the appropriate amount of
spectroscopic-grade potassium bromide (KBr) powder and pressed into a translucent sheet for testing.
Spectral outputs were recorded as a function of wavenumber.

The glass transition temperatures (Tg) of latex film samples were characterized by a differential
scanning calorimeter (DSC-204, Netzsch, Germany) under a nitrogen atmosphere. The samples were
first heated from room temperature to 180 ◦C and then cooled down to −30 ◦C with the rate of
20 K/min and maintained at −30 ◦C for 3 min. The samples were once again heated up to 180 ◦C with
a heating rate of 10 K/min. The Tg was defined as the mid-point of the change in the heat capacity on
the heat flow and temperature plots of the second scan. The weight of the sample was about 5–8 mg.

The particle size and distribution of latex samples were measured with a dynamic light scattering
(DLS, Zeta PALS Nano DLS, Malvern panalytical Ltd., Malvern, UK). The samples of emulsions were
diluted with deionized water to adjust the solid content to about 0.01 wt% and placed in a clean quartz
cuvette after ultrasonic shock before characterization.

The surface morphology of samples was observed by a scanning electron microscope (SEM)
(QuanTa-200, FEI Ltd., HL, USA) and a transmission electron microscope (TEM) (Hitachi-7650, Hitachi
Co., Ltd., Tokyo, Japan), respectively. For SEM, latex particles were diluted to below 0.01 wt% and
then a drop of diluent latex dispersion was placed on an aluminum foil to dry at ambient temperature.
The coated aluminum foil was attached to the sample table by a conductive adhesive and then
coated with a layer of gold–palladium before observation. For TEM, latexes were diluted to below
0.01 wt% and then a drop of the diluted latex was placed on a copper grid (usually 300 mesh). Then,
the grids supporting the particles were placed in ruthenium tetraoxide (RuO4) vapor for a certain
time. Micrographs were subsequently scanned after staining. In the micrographs, the PS-based phase
appeared as dark domains and the PVAc-based phase appeared as bright domains.

A dynamic mechanical analyzer (DMA-242, Netzsh, Germany) was used to measure the
temperature dependence of the storage moduli (E′) and the loss factor (tan δ), operating in tensile
mode under isochronal conditions at the frequency of 1 Hz. The film sample was approximately 20 mm
long, 5 mm wide, and 400 µm thick. The viscoelastic spectrum was recorded from −20 to 120 ◦C at a
heating rate of 5 ◦C/min.

The water absorption of the latex film was the mass ratio of the difference between the mass
before (m1) and after immersion of the latex film for 24 h (m2) and the mass before the specimen was
immersed. The samples size was 10 mm × 20 mm × 0.4 mm, and the samples were immersed in water
at 20± 1 ◦C and pH = 7± 1 for 24 h± 15 min after being marked and weighed (to the nearest 0.0001 g).
After removing the samples, their surface was dried with filter paper, weighed (to the nearest 0.0001 g),
and recorded. The water absorption (W, expressed by percentage (%)) of the latex film was calculated
as Equation (1).

W =
m2 −m1

m1
× 100% (1)
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3. Results and Discussion

3.1. Characterization of Structured Latexes

Core-shell latex, as one of the special structured emulsion systems, displayed two or more
obvious phase-separated structures, meaning that the cores and shells were synthesized by different
components [24]. Considering that the inverted core-shell structure was at a thermodynamic
non-equilibrium when compared with the traditional core-shell structure, a particular fabricating
approach is necessary. Therefore, a functional monomer, acrylonitrile (AN), was employed to form the
grafting structure on the surface of the monitored PVAc cores, providing active grafting sites to initiate
the polymerization of St monomer. The chemical bond formed from AN-grafting points can build
a forceful obstacle at the core and shell interfaces, and thus the turnover of the inverted core-shell
structure may be greatly suppressed. In order to effectively control the particle size, promote monomer
conversion, and further reveal the morphological evolution of the particles, semi-continuous seeded
emulsion polymerization was used throughout the emulsion polymerization and St monomer was
added in a “starved feeding” manner, with which the reaction rate of St was considered slower
or equal to the feeding rate of the monomer. The coating growth of St monomer on the core
surface to form strawberry-like latex particles was monitored and the characteristics of the obtained
PVAc-AN/PS inverted core-shell structured latexes were prepared in the condition of 2% AN and a
7:3 core-to-shell ratio.

The visual appearance, FTIR spectra, TEM image, and DSC curve of the corresponding emulsion
sample are displayed in Figure 1a–d, respectively. In Figure 1a, it can be observed that the prepared
emulsion was homogeneous and appeared as ivory-white. In the FTIR spectra, shown in Figure 1b,
the characteristic peak relating to the –C=O stretching vibration of acetate groups was at 1735 cm−1.
The peaks at 1237 cm−1 and 1020 cm−1 were assigned to the asymmetric and symmetric stretching
mode of the C–O–C of the ester group. The out-of-plane bending vibration absorption peaks of –CH
on the mono-substituted benzene skeleton appeared at 756 cm−1 and 697 cm−1, respectively, which is
a characteristic absorption peak of aromatic hydrocarbons. The bending vibration absorption peaks of
C=C double bonds on the benzene ring skeleton appeared at 1600 cm−1, 1494 cm−1, and 1440 cm−1,
manifesting that PVAc, PS, and AN were all incorporated into latex particles. Particularly, a new
absorption peak was identified at 2217 cm−1, which can be attributed to the characteristic absorption
band of –CN from acrylonitrile (AN), further indicating the existence of AN in the latex particles. For
the TEM image, shown in Figure 1c, obvious outer dark protuberances and bright internal domains
were observed, which can be ascribed to the stained PS phase (shell) and the unstained PVAc phase
(core). It can also be seen that the bright PVAc phase was wrapped by the dark PS protuberances,
clearly implying that the prepared latex particles were of an inverted core-shell morphology containing
PVAc-based cores and PS shells. From the DSC curve, shown in Figure 1d, two distinct temperature
transition peaks can be found; one was the Tg of the PVAc core in the low-temperature region and
another was in the high-temperature region of the PS shell, manifesting that the prepared latex particles
clearly had a phase-separated structure. This result clearly provides the evidence for the existence of
the core-shell structure. Taken together, it can be concluded that the inverted core-shell structured
PVAc-AN/PS latex particles with a phase-separated structure have been successfully synthesized by
using AN as grafting unit.
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Figure 1. PVAc-AN/PS latex: (a) visual appearance of emulsion sample; (b) FTIR spectra; (c) TEM
image; (d) DSC curve.

3.2. Morphological Evolution of PVAc-AN/PS Latex Particle

In general, the formation of core-shell latex particles was a layer-by-layer growth during
the semi-continuous seeded emulsion polymerization, in which the initial seeds were gradually
transformed into a larger ball-like core and then the shell layer underwent a gradual coating growth
process by continuously adding the shell monomer. Therefore, the coating growth of the shell
layer played a decisive role in the formation of the core-shell structure. As presented in Figure 1,
the final morphology of the PVAc-AN/PS inverted core-shell particle was obviously a strawberry-like
structure when AN was introduced into the reaction system to generate grafting sites. However,
the actual mechanism through which the reaction of AN monomer affects the particle morphology
and the corresponding morphological transformation process was vague. To reveal these puzzles,
it is necessary to explore the dynamic transition process of the latex particle morphology during
emulsion polymerization. The characteristic morphologies of the prepared inverted core-shell latex
particles at different polymerization times are shown in Figure 2. Combining the microscopic images
of SEM and the inserted TEM images, the inverted core-shell structure of PVAc-AN/PS latex particles
can again be confirmed. For PVAc cores, the smooth spherical shape can be observed, as shown in
Figure 2a. In the second stage, the St monomers were continuously added after the active grafting
points on the core surface were generated by AN monomer. Figure 2b presented the latex particles
with small PS protuberances after adding St at a rate of 0.2 mL/min for 30 min. The PS protuberances
on the core surface displayed larger spacings and the latex particle appeared as a “hawthorn”-like
structure at this stage of polymerization. With the continuous addition of shell monomers, the “peeled
pomegranate”-like particles were obtained, as shown in Figure 2c. In Figure 2d, the number of bulges
on the core surface decreased but the size of PS protuberances increased significantly when the shell
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growth polymerization extended to 90 min, manifesting that the contiguous bulges on the core surface
started to merge with each other at this stage. At this stage, the morphology of latex particles can
be considered as the strawberry-like type. Further increasing the number of shell monomers and
prolonging the reaction time caused the strawberry-like morphology of latex particles to show only a
limited change. On the other hand, the volume of the bulges was increased, as shown in Figure 2e,f.
Moreover, it should be noted that the monomers, VAc and St, in the current reaction were nonionic
and non-polar, signifying that the combination of PS bulges and PVAc core did not originate from
electrostatic adsorption. Hence, it can be reasonably considered that the results offered strong evidence
for the function of AN-induced grafting points and the position of PS protuberances can be controlled
by the initial distribution of AN-based active points.

Figure 2. SEM and TEM images of the composite emulsion with different shell growth degrees:
(a) PVAc core; (b) 30 min; (c) 60 min; (d) 90 min; (e) 120 min; (f) final state.

The results of the dynamic morphology obtained from electron microscopy indicated that the
morphology of PVAc-AN/PS inverted core-shell latex particles could be tuned by the polymerization
time of shell growth and the evolution of particle morphology was a continuous and gradual
process, manifesting that the latex particles can exhibit different forms at different shell growth stages.
In summary, the thermodynamic non-equilibrium inverted core-shell structured latex particles with a
unique morphology were successfully constructed, providing a strong guarantee for the production of
fine PVAc-based structured particles with controllable morphologies.

3.3. Effect of Shell Growth on the Latex Particle Structure

As it is well known, the film-forming process of the core-shell structured emulsion is mainly
controlled by the shell polymer, leading to the fact that the performance of the latex film is determined
by the properties of the shell polymer. Figure 3 presents the photographs of latex films of the inverted
core-shell emulsion prepared at different shell polymerization times. It can be seen from Figure 3 that
the emulsion samples with different degrees of shell growth can all be transformed to films at room
temperature. In Figure 3a, the surface of the latex film obtained from PVAc core emulsion was smooth
and exhibited flexibility due to the absence of a rigid PS phase. It can be seen from Figure 3b,c that the
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latex films were white and translucent. This was because when the degree of shell growth was low,
the latex particles contained less rigid shell polymer. This can lead to a faster micro-configuration of
polymer chains, resulting in latex films that have a certain transparency. By increasing the shell growth
degree, more rigid shell polymer participated in the film formation process, thus the ability for the
mobility and reorganization of polymer chains were weakened. As a result, the transmittance of latex
films decreased and the films appeared to be milky white opaque in color, see Figure 3e,f. Furthermore,
since PS was rigid with a high Tg, the brittleness of latex films became more obvious upon increasing
the loading amount of PS.

Figure 3. Photographs of latex films with different shell growth degrees: (a) PVAc core; (b) 30; (c) 60;
(d) 90; (e) 120 min; (f) final state.

The particle size and its distribution of obtained PVAc-AN/PS latex samples at different reaction
stages were measured by DLS, see Figure 4. According to the preparation process, the formation of
inverted core-shell latex particles was a coating process in which PVAc core was gradually wrapped by
PS-based shell protuberance. Accordingly, the particle size can be dependent on the thickness of the PS
shell at a constant core composition. As shown in Figure 4, the size of the PVAc core was about 140 nm
with a narrow distribution, indicating a uniform PVAc core latex size. When the shell polymerization
time was 30 min, the particle size increased to 160 nm and had a narrow distribution. Moreover,
the final particle diameter after shell monomer polymerization was approximately 320 nm and its size
distribution curve displayed a relatively wide distribution. The size of the prepared PVAc-AN/PS
latex particles gradually increased upon increasing the shell polymerization time, implying that the
prolonged polymerization time could promote the polymerization of shell monomer. The increased
size of core-shell latex particles upon extending the polymerization time presented sufficient evidence
for the proposed coating growth of the PS shell during emulsion polymerization. Combined with the
microscopically dynamic morphological results, see Figure 2, it can be confirmed that the formation
process of PVAc-AN/PS inverted core-shell structured latexes was gradient growth.

To illustrate the effect of shell growth on the morphology of the fabricated latex particles,
the phase structure of latex particles was investigated by DSC, which is usually used for characterizing
heterogeneous polymeric systems to unveil detailed information of the thermal properties of the
polymer material, such as the glass transition temperature (Tg) [25,26]. Generally, the phase-separated
structure, that is, when there were two or more Tg transitions during the DSC measurement, could
be considered as one of the typical features for polymer-based core-shell morphology. Figure 5
displays the DSC curves of the composite latex films obtained at different shell polymerization times.
In Figure 5, two distinct temperature transitions could be found when the shell polymerization time
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was 90 and 120 min, corresponding to the Tgs of the low-temperature PVAc core polymer (38 ◦C) and
high-temperature PS shell polymer (106 ◦C), respectively. The appearance of the two Tgs on the curves
indicated that the prepared latex particles evidently had a phase-separated structure, which was a sign
for core-shell structured particles [27,28]. It could also be observed from Table 2 that the experimental
Tgs of the core polymer and shell polymer were in line with the ones expected according to our latex
recipes (30 ◦C and 100 ◦C). Furthermore, the Tg transition in the high-temperature region showed a
clear gradual change in trend. When the shell polymerization time was longer than 60 min, the obtained
latex particles displayed a clear baseline deflection; however, the deflection was not obvious before
60 min. With regard to the process of shell coating growth, it can be concluded that the structure of
latex particles transformed from single phase to a phase-separated structure during polymerization
and typically inverted core-shell structured particles were formed when the shell coating growth time
was above 60 min under the current experimental conditions. This result also provided reasonable
support to the fact that the morphological evolution of latex particles was controlled under the shell
coating growth process.

Figure 4. Particle size and its distribution of PVAc-AN/PS latex particles.

Figure 5. DSC curves of the composite emulsions with different shell polymerization times.
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Table 2. Designed and experimental glass transition temperature (Tg) of film samples.

Codes
Tg (Core Polymer) (◦C) Tg (Core Polymer) (◦C)

Designed Tg Experimental Tg Designed Tg Experimental Tg

core 30 38 / /
30 min 30 38 100 /
60 min 30 38 100 /
90 min 30 38 100 106
120 min 30 38 100 106

Figure 6 presented DMA curves of the prepared inverted core-shell structured latex particles
with the different shell polymerization time. In Figure 6a, the storage modulus of the PVAc-AN/PS
latex films significantly decreased at the viscoelastic transition point of the shell polymer. Upon
increasing the shell polymerization time, the polymer Tg and the hardness of chain segments increased
significantly. Accordingly, the brittleness of latex films was increased when the length and angle of the
movable bond in the polymer chains were reduced, resulting in the deterioration of the viscoelastic
deformation resistance caused by heat resistance. Therefore, compared to PVAc-based core latex film,
the storage modulus of the structured latex films decreased when the polymerization time of the St
shell monomer was extended to more than 60 min. From Figure 6b, it can be seen that, at different
shell polymerization times, the corresponding temperature and peak width of the loss tangent of the
latex films were similar and the peak height was different, manifesting that the composition of the
shell polymer in the latex particles was the same. When the shell polymerization time was increased,
that is, the shell content in the latex films increased, the proportion of the rigid shell polymer in the
latex film increased, resulting in a decrease in the ratio of loss modulus to storage modulus, or, in other
words, the loss tangent decreased as the shell polymerization time increased.

Figure 6. DMA curves of the composite emulsions with different shell polymerization times; (a) storage
modulus, E′(MPa), (b) loss factor, tan δ.

Figure 7 displayed the water absorption of PVAc-AN/PS inverted core-shell structured latex films
at different reaction stages. The film obtained from PVAc core latex showed strong water absorption,
which could be related to their inherent polar nature and the partial hydrolysis of ester groups in the
PVAc chains. It can be seen in Figure 7 that the water absorption of prepared latex films gradually
decreased with increasing shell growth time. After the shell growth time exceeded 90 min, the water
absorption reached a plateau at approximately 5%. This result can be attributed to the increased
coating degree of the PS shell layer onto the PVAc cores. During the process of shell coating growth,
the formed protuberances of PS chains could form a protective layer on the surface of PVAc cores,
preventing PVAc chains from the penetration and plastification effect enabled by water molecules,
thereby reducing the damage of PVAc chains under water. Notably, the varying trend in the water
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absorption of latex films was consistent with the morphological evolution of latex particles at different
shell growth polymerization times, clearly indicating that the morphology of the latex particles played
a large role in determining its properties and that the increased coating of PS protuberance exhibited a
positive impact on the water-resistant properties of PVAc-based latex films.

Figure 7. Effect of shell polymerization time on the water adsorption of latex films.

4. Formation Mechanism

For the design and fabrication of core-shell structured latex particles with multiple components,
an appropriate reactivity ratio of reactive monomers for polymerization and a knowledge on how
to stabilize the particle structure after preparation are the prerequisites for the formation of different
particle morphologies. When VAc and St monomers were directly copolymerized, they could be
separated with self-polymerization processes rather than forming a core-shell structure. On the other
hand, the large difference in the reactivity ratio between VAc and St and the hydrophobic feature
of PS also lead to difficulties in forming a core-shell structure with internal PVAc cores and external
PS shells. Hence, AN that can copolymerize with VAc and St was used as a grafting monomer to
reduce the difference in the reactivity ratio between VAc and St, thereby achieving stable emulsion
polymerization for VAc and St. On the other hand, due to the existence of the grafting structure on
PVAc cores, the structure of the inverted core-shell structured latex particles could be stable and the
phase reversal between PVAc and PS could be restricted. The schematic illustration for the fabrication
of PVAc-AN/PS inverted core-shell latex particles mediated by AN-grafting is proposed in Figure 8.
During the preparation of core-shell particles, the addition of different monomers was a sequential
process with two stages. First, PVAc cores were obtained by seeded emulsion polymerization, see
Figure 8a. When the core emulsion polymerization was completed, the grafting monomer (AN) was
added into the reaction system to form active grafting sites on the surface of PVAc cores, see Figure 8b.
As the activity of the double bond in the AN molecular structure was relatively strong when compared
with previous structural analysis of latex particles, see Figure 1, it can be reasonably inferred that
AN grafting active sites could be formed on the surface of PVAc cores, which played a key role in
providing a transitional intermediary for the polymerization of shell monomers. When grafting points
were generated on the surface of PVAc cores, the active points could initiate the polymerization of
St monomer once shell monomer was added, see Figure 8c. In the process of shell polymerization,
AN-grafting sites also acted as a targeting location, signifying that the self-polymerization of St
monomer to form PS particles could be restricted and transformed to the coating growth on the
surface of PVAc cores. Finally, inverted core-shell latex particles with PVAc as cores and PS as shells
were obtained at the end of polymerization, see Figure 8d. In other words, although the location
of the St monomer polymerization was transformed to the core surface owing to AN-induced graft
points, the polymerization of St monomer was still self-polymerization. Therefore, based on the
semi-continuous seeded emulsion polymerization process and the generation of active grafting sites
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on the surface of PVAc cores, the PVAc-AN/PS inverted core-shell structured latex with controllable
latex morphologies could be fabricated.

Figure 8. Schematic illustration for fabrication of PVAc-AN/PS inverted core-shell structured latex
particles mediated by surface grafting points on PVAc-based core. (a) PVAc core; (b) core with active
points; (c) core/shell with “peeled pomegranate”; (d) core/shell with strawberry type.

For structured latex particle morphology, a ball-like particle was the most readily available form
based on the minimum energy principle. In the process of obtaining ball-like particles, interfacial
interaction between an aqueous and organic phase was the main driving force. Although the ball-like
morphology of PVAc-AN/PS inverted core-shell latex particles was hard to achieve, it was easy to
form a series of distinctive morphologies during the shell formation, such as hawthorn-like, peeled
pomegranate-like, and strawberry-like, as shown in Figure 2. The formation mechanism of these
thermodynamic non-equilibrium latex particles was distinctly different compared to the ball-like
particles. Therefore, on the basis of the experimental results above, the following mechanism of the
morphological development of latex particles was proposed in Figure 9. As depicted in Figure 9a,
under the given polymerization condition, graft monomers (AN) approached the PVAc core surface to
form active grafting sites which could initiate St polymerization, as mentioned in Figure 8. The number
of AN-grafting sites hence affected the final morphology of the latex particles to some extent. More
grafting sites can increase the chance for initiating St polymerization on the surface of PVAc cores,
enabling an increased number of PS protuberances and enlarging the shell coating degree.

The Tg of PS (100 ◦C) is higher than that of the reaction temperature (80 ◦C), leading to the
fact that the movement of PS chain segments was restricted throughout the whole process of shell
polymerization. Therefore, the shell polymerization of St monomer could be considered as in situ
coating growth. The chain growth of PS occurred around the AN-grafting sites, and the broadened
coating domain of single PS protuberance to PVAc core was also restricted. During the early stage of
shell polymerization, a large number of tiny PS protuberances were formed on the core surface and the
morphology of latex particles was similar to “hawthorn fruit”, see Figure 9b. As the reaction continued,
the volume of these PS bulges gradually increased, the spacing between adjacent PS bulges became
smaller, and the latex particles presented “peeled pomegranate”-like morphology, see Figure 9c. At this
stage, the coating growth of the PS shell was confined to the initial position of the AN-grafting sites
and the thermal motion of PS chains to reduce the interfacial energy was greatly hampered by its own
glass state. Thus, the morphological development of latex particles depended on the gradual increase
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in PS protuberances. Upon further enlarging the size of PS protuberances, the adjacent protuberances
were in contact with each other and the merging between these bulges unavoidably occurred in the
area of contact. The merging between protuberances was achieved by the movement of the bond
distance and bond angle of PS chain segments and could be further deepened as long as the shell
polymerization continued. The strawberry-like latex particle depicted in Figure 9d was the result of
bulges merging. The combined protuberances gradually formed an obvious strawberry-like structure
following the continuation of shell polymerization, see Figure 9e. Throughout the morphological
evolution of PVAc-AN/PS inverted core-shell latex particles, it could be found that the morphology of
the latex particles tended to be ball-like. Therefore, it can be reasonably deduced that if the process
of shell growth continued, the ball-like PVAc-AN/PS latex particles might be formed, which was a
fully coated inverted core-shell structure, see Figure 9f. Taken together, it can be concluded that the
synthesis of the PVAc-AN/PS inverted core-shell structured latex could be inferred as in situ coating
growth of the PS shell onto the PVAc core surface, whereas the fundamental polymerization of PS was
unchanged and was still self-polymerization. The introduction of the active grafting sites only changed
the polymerization site of PS, which caused the self-polymerization of PS to transform into the coating
growth of PS onto the PVAc cores. It was noteworthy that the morphology of the prepared latex
particles had a clear dynamic evolution during the process of shell polymerization. The morphology
also affected the performance of latex particles; not only did the water absorption of latex films clearly
drop but latex particles showed an obvious phase-separated structure. In summary, the preparation of
such latex particles provided a controllable path for the fabrication of specific morphological core-shell
latex particles.

Figure 9. Formation mechanism and morphological evolution of PVAc-AN/PS inverted core-shell
structured latex particles.

5. Conclusions

Thermodynamic non-equilibrium PVAc-AN/PS inverted core-shell structured latex particles with
controllable morphologies and surface topographies were successfully synthesized via semi-continuous
seeded emulsion polymerization. The construction of AN-active grafting points not only changed the
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self-polymerization sites of the shell monomer but also laid the foundation for the stable combination
of hydrophilic PVAc core and hydrophobic PS shell. The dynamic morphological evolution of the
prepared latex particles was easily adjusted by altering in situ coating growth of the PS shell and
characteristic morphologies, transferring from hawthorn-like, to peeled pomegranate-like, and, finally,
to strawberry-like, could be formed. Furthermore, the morphological effect of PVAc-AN/PS latex
particles could be specifically reflected in the film properties. By increasing the coating degree of the
shell polymer on PVAc cores, the structure of latex films gradually changed from the single-phase
structure to a two-phase-separated structure, and the thermomechanical properties of latex film
decreased accordingly. The water absorption of latex films decreased sharply with increasing shell
polymerization degree and the lowest value was less than 5%. The fabricating strategy may offer a
number of possibilities for the controllable design of heterogeneous core-shell morphologies for a
variety of applications.
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