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ynthesis of sub-100 nm
poly(styrene-co-divinylbenzene) nanoparticles by
one-step ultrasonic assisted emulsification/
polymerization†

Manolis D. Tzirakis,a Roman Zambail,a Yong Zen Tan,ab Jia Wei Chew,bc

Christian Adlharta and Andrei Honciuc*a

The synthesis of sub-100 nm polymeric nanoparticles in a surfactant-free form is currently very challenging

due to the oil nanoemulsion instability in polar solvents and in the absence of stabilizers. Here we report for

the first time the surfactant-free synthesis method of poly(styrene-co-divinylbenzene) nanoparticles in an

aqueous environment using ultrasonic radiation. This method involves emulsification of the monomers

mixture in water, followed by free-radical polymerization under pulsed or continuous acoustic fields. The

local energy produced in water by cavitation effects was sufficient to: (1) generate and stabilize the

monomer nanoemulsion due to mechanical forces, and (2) drive the radical polymerization due to the

heat generated. The average size of the final polymer nanoparticles obtained depended: (i) inversely on

the monomer/water interfacial energy, emulsification power, and (ii) directly on temperature, amount of

initiator and monomer solubility. The polymer nanoparticle size distribution and shape was considerably

improved upon the addition of a co-polymerizable surfactant.
1. Introduction

Regardless of composition, nanoparticles (NPs) are acknowl-
edged as key-enablers in the future development of technolo-
gies for drug delivery and encapsulation of actives,1 surface
functionalization,2 uorescence labeling,3 smart materials,4

cosmetics,5 electronics,6 and many other applications.7,8

Various methods for the synthesis of well-dened polymeric
nanoparticles (PNPs) have been reported.9 The most successful
and commonly used method for the preparation of sub-100 nm
PNPs is the emulsion polymerization.10 A major drawback of
this method is the need for large amount of surfactants, which
are not only costly and environmentally unfriendly chemical
agents, but could also be detrimental to the surface properties
of the NPs, in the sense that the surfactant-to-nanoparticle ratio
cannot be controlled and can change unpredictably due to
desorption of the surfactants upon further handling, e.g. dilu-
tion, or change in ionic strength, etc. In most cases, surfactants
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are difficult to completely remove from the PNPs by standard
methods, such as time-consuming serum replacement methods
(i.e. centrifugation, dialysis, or electrodialysis).11–16 Surfactant-
free NPs could nd use in a variety of fundamental studies,
for example, toxicological evaluation of NPs for medical appli-
cations; such tests could be invalidated by the presence of
surfactants that carry their own toxicological ngerprint.11,17,18

The absence of surfactants is also important for applications
heavily relying on consistent, reproducible surface properties
of NPs. Furthermore, surfactant-free NPs are important for
interfacial activity studies, such as generation of Pickering
emulsions and surface functionalization via the Langmuir–
Blodgett methods.

In this work we report for the rst time the ultrasonic
assisted synthesis of surfactant-free poly(styrene-co-divinylben-
zene) NPs with average sizes below 100 nm in an aqueous
environment. While the micron-sized surfactant-free NPs,
i.e. poly(styrene-co-divinylbenzene), can be prepared by precip-
itation polymerization,19–23 this is not applicable for preparing
sub-100 nm PNPs. Small NPs, i.e. in the sub-100 nm range,
exhibit increased surface-to-volume ratio which endows them
with increased capacity to absorb molecules on their surface,
and hence increased potential for several applications such as,
for example, drug delivery, water treatment, and catalysis. The
use of ultrasonic radiation is not new, especially in emulsica-
tion, emulsion polymerization24 and synthesis of inorganic
particles,25–29 but it has not been applied to simultaneously
This journal is © The Royal Society of Chemistry 2015
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emulsify, initiate and drive a radical polymerization reaction
to generate surfactant-free PNPs. Ultrasonic irradiation allows
for the preparation of stable emulsions without the need for
surfactants, simply by the use of mechanical forces generated
from acoustic cavitation at the liquid/liquid phase bound-
aries.30–35 Acoustic (ultrasonic) emulsication is regarded as
a powerful method for the rapid production of environmentally
benign emulsions,35–38 which upon further treatment under
polymerization conditions can afford surfactant-free PNPs.37,39–41

Atobe and co-workers have recently demonstrated the utility
of this approach in the synthesis of size-controlled poly-
methylmethacrylate (PMMA) NPs via a two-step process,
involving rst a sequential acoustic emulsication of methyl-
methacrylate (MMA) in water using different ultrasonic devices
of different frequencies, followed by non-acoustic polymeriza-
tion of the monomer droplets in the obtained solution.37,38,41

Here we exploit the potential of the acoustic emulsica-
tion technique in the preparation of surfactant-free PNPs,
particularly poly(styrene-co-divinylbenzene) [P(St/DVB)] NPs.
Towards this goal, we developed a new, one-step acoustic
emulsication/polymerization method, and we systemati-
cally investigated the effect of different parameters, such as
(i) the total concentration of the monomer/crosslinker and
their relative ratio, (ii) the nature and the amount of the
initiator, (iii) the reaction temperature and time, and (iv) the
addition of stabilizer at different concentrations, on the size
and size distribution of the PNPs.
2. Experimental section
2.1. Materials and methods

All reagents and solvents were purchased from commercial
suppliers and used as received unless otherwise noted. Styrene
(St; Reagent Plus, 99%), divinylbenzene (DVB; technical grade,
80%), poly(vinyl alcohol) (PVA; 13 000–23 000 g mol�1, 87–89%
hydrolyzed), poly(ethylene glycol) (PEG400; average Mn ¼ 400),
and ammonium persulfate (APS; ACS reagent $98.0%)
were supplied by Sigma-Aldrich. 2-Sulfoethyl methacrylate
(2-SEM; >90%) was purchased from Polysciences, Inc. 2,20-
Azobis(2-methylpropionitrile) was purchased from Aldrich and
recrystallized from methanol and dried before use. Monomers
(St and DVB) were ltered through a basic alumina column
to remove the inhibitor before use. Puried St and DVB were
stored in a freezer prior to use. All solvents were of HPLC grade.
Ultrapure water (UPW; resistivity, r, at 298 K: 0.055 mS cm�1,
or 18.2 MU cm) was obtained from an Arium 611 VF water
purication system (Startorius stedim biotech, Aubagne,
France), and it was used as the aqueous medium in all
experiments.
2.2. Acoustic emulsication/polymerization

2.2.1. Experimental procedure. Unless otherwise stated, all
experiments in the present study were carried out according to
the experimental protocol described as follows. St/DVB (1 : 1, v/v;
200 mL) and APS (50 mg; 0.22 mmol, 6.2 mM) were added
to ultrapure water (UPW; 18 MU cm) (35 mL) in a Falcon®
This journal is © The Royal Society of Chemistry 2015
polypropylene (PP) conical tube (50 mL) to give a mixture of
lowmonomer content (�0.6 wt%). This oil-in-water mixture was
then subjected to ultrasonication under argon atmosphere by
using a Branson Sonier W-450 Digital (20 kHz, 400 watt)
equipped with a 3/400 (19 mm) titanium horn, with amplitude of
70% for 60 min (Fig. S1†). The horn was positioned 4 cm below
the surface of the reaction mixture. During ultrasonication the
vial was immersed in an ice/water bath to counteract the
considerable heating resulting from ultrasonication and
maintain the temperature of the reaction mixture at 80 �C. Aer
the reaction was over, the crude samples were centrifuged for
20min at 3000 rpm for removal of coagula. The supernatant was
further puried by three centrifugation steps to ensure
complete removal of monomers, initiator, and other trace
impurities. In the rst centrifugation step the supernatant was
centrifuged at 13 000 rpm for 60 min. In the second step, the
generated white sediment was re-dispersed in UPW and was
further centrifuged at 13 000 rpm for 60 min. Finally, in the last
step the sediment was washed with acetonitrile (13 000 rpm,
60 min). The isolated yields of pure P(St/DVB) NPs were in the
range 6–9%.

2.2.2. Acoustic power and heat dissipation. The calori-
metric method is the standard way of evaluating the ultrasonic
power input to the solution, and it assumes that all the energy
delivered to the system is eventually thermalized and dissipated
as heat.42 For this purpose a thermocouple was inserted through
a custom-made side arm of a Falcon® polypropylene conical
tube (50 mL) such that its tip was positioned at ca. 2 cm below
the 3/400 acoustic horn. 38.35 g of UPW were weighed on an
analytical scale and added into the above tube. Aer ample
equilibration, the temperature was 23.1 �C. The ultrasonication
power amplitude was set at 70% and started for a xed duration
of 30 s. The actual temperature in the reaction tube and the
power output, i.e. power applied to the horn (read from the
display), were noted every second. The temperature at the end
of ultrasonication was 37.6 �C. The total heat transfer was
calculated with the equation: Q ¼ c � m � DT, where c is the
specic heat capacity of water (4.1804 kJ K�1 kg�1), m is the
mass of the UPW used, and DT is the temperature change. The
temperature change of the polypropylene Falcon® tube was
negligible aer 30 s of ultrasonication and therefore was
neglected from our calculations. The total heat generated as
determined by the calorimetric method was 2325 J (77.5 W)
while the power output to the horn as read from the display was
4440 J (148 W), which hence yields a 52% electric-to-acoustic
conversion efficiency. Because the calorimetric experiments
were carried in non-adiabatic conditions, i.e. the horn, and
thermocouples acting as heat-sinks, the experiment was
repeated for shorter times, i.e., 15 s, to approach the adiabatic
limit. The results obtained at shorter times were comparable,
but with a slightly lower electric-to-acoustic conversion effi-
ciency of 44%, which suggests that the horn immersed in the
solution acted as a heat source rather than a heat-sink. At this
point, it should be noted that heating comes mostly from
sonication, and not from enthalpy of polymerization, since the
low monomer content of the present system (�0.6 wt%) cannot
generate appreciable heat.
RSC Adv., 2015, 5, 103218–103228 | 103219
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2.3. Nanoparticle characterization

For SEM measurements, the centrifuged samples were diluted
in ultrapure water, mounted on aluminum stubs, dried at 80 �C
for 4 hours, and sputter-coated with a thin layer of gold (approx.
4 nm) to increase their conductivity and prevent charging. The
sputter-coater (Q15OR-S Sputter Coater, Quorum) was operated
at 20 mA for 30 s, under Ar atmosphere (sputter vacuum: 5 �
10�2 mbar). The gold lms deposited on our samples caused an
increased roughness on the particles' surface with typical
characteristic structures composed of small rounded grains and
also small and densely packed isolated islands or clusters up to
d z 4 nm. Non-sputtered samples were also imaged for
comparison (for example see Fig. S5 in ESI†). All SEM images
were acquired on a FEI Quanta FEG 250 scanning electron
microscope, operating at 5–30 kV accelerating voltage in the
secondary electron (SE) mode, at high vacuum (3 � 10�6 to 1.8
� 10�5 mbar). All image analyses were conducted using open
source soware ImageJ (NIH, US). Dynamic Light Scattering
(DLS) measurements were performed on a Malvern Zetasizer
Nano-ZS instrument (Malvern Instruments, Worcestershire,
UK) equipped with a 4 mW He–Ne laser at a wavelength of 633
nm at a scattering angle of 173� and at 25 �C, using standard
polystyrene disposable cuvettes. All samples were thermally
equilibrated to 25 �C for 3 min prior to acquiring 3 sets of DLS
measurements. The number-average particle diameter (�dN) and
particle-diameter dispersity (Đd)43 were calculated from SEM
pictures of the samples by measuring the diameters of
approximately 200 particles (randomly chosen from high-
quality SEM images). The zeta potential of surfactant-free
P(St/DVB) NPs could not be determined due to fast sedimen-
tation of these particles upon purication and redispersion in
UPW.
Fig. 1 (a) Mean droplet size of the emulsion produced after acoustic
treatment of two different St/DVB (1 : 1, v/v) monomer concentrations
(>) 5.7 � 10�3 L L�1 and (-) 8.6 � 10�3 L L�1 with acoustic treatment
time; (b) mean droplet size with varying the monomer relative ratio St/
DVB (95 : 5 / 5 : 95, v/v) and interfacial tension after 20 min ultra-
sonic irradiation of a 5.7 � 10�3 L L�1 monomer solution.
2.4. Interfacial tension measurements

The interfacial tension (IFT) measurements were carried out
through the evaluation of the equilibrium drop shape using
a DataPhysics OCA 15Pro contact angle goniometer equipped
with an automatic dosing system. The IFT was measured by
analyzing the contour of a pendant drop. The images of the
drop shape were captured in real time and then digitally
analyzed using edge-detecting DataPhysics SCA 22 soware
module by tting the contour of the droplet to the Young–
Laplace equation. For all interfacial measurements 20–25 mL St/
DVB droplets were generated at the apex of an upward-bended
dosing needle within an aqueous phase contained in a 20 cm
cubic quartz cuvette. The IFT of a St/DVB droplet (of varying
monomer ratios 5 : 95 / 95 : 5) was measured in the following
ambient phases: UPW, 1 wt% of 2-SEM, PEG, PVA and nally
CTAB in UPW. Due to the high sensitivity of the measuring
method, a strict experimental procedure was followed. All
mixtures were prepared and used within 10 h of preparation to
avoid contamination. The quartz cuvette used to contain the
ambient phase was rinsed with ethanol and acetone then
allowed to dry, before rinsing once with the appropriate liquid/
mixture for the next set of experiment. The Hamilton syringe
and dosing needle used to produce the drop phase in the
103220 | RSC Adv., 2015, 5, 103218–103228
ambient phase were rinsed with ethanol and acetone then
allowed to dry, before rinsing once with the appropriate St/DVB
mixture for the next set of experiment.
3. Results and discussion
3.1. Acoustic emulsication and preparation of monomer
nanodroplets

The acoustic emulsication of the mixture of water-insoluble
monomers, namely, St and DVB, in an aqueous medium
was rst studied. In these experiments, St/DVB (1 : 1, v/v; 200 or
300 mL) was added to UPW (35 mL) in a Falcon® polypropylene
(PP) conical tube (50 mL). The 20 kHz ultrasonication of the
oil-in-water mixture was conducted with an ultrasonic disruptor
horn (tip diameter: 3/400) connected with a 20 kHz oscillator
for 5, 10, 15, 20, 30, 40, 60 and 80 min. To quantitatively eval-
uate the size of oil droplets and their size distribution, dynamic
light scattering (DLS) measurements were performed aer each
acoustic emulsication treatment. Fig. 1a further shows that
longer ultrasonication time results in decreasing mean droplet
This journal is © The Royal Society of Chemistry 2015
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diameter. A milky white solution was observed immediately
aer beginning the ultrasonic treatment and its appearance
gradually changed to a transparent emulsied solution with
increasing the sonication time (Fig. S2 in the ESI†). The degree
of emulsion transparency can be qualitatively associated
with a decrease in oil droplet size. Also, we observed visually
that the transparent appearance of the nal emulsied
solutions was maintained for several weeks, thus conrming
the stability of such ultrasonic-derived emulsions over time,
even under surfactant-free conditions.36–38 The observed
stability aer >20 min of ultrasonication should be ascribed,
at least in part, to the very low oil content of the present
emulsion system. On the other hand, the translucent or white
milky emulsions obtained aer 5 min of sonication were not
stable, due to the presence of larger droplets that are suscep-
tible to fast coalescence and complete phase separation, which
occurred within a few hours. Similarly, at sonication times of
10–15 min we observed emulsion breakdown via a creaming
process over several hours. Fig. 1a shows the change in the
ND average size for two different monomer St/DVB (1 : 1, v/v)
concentrations, namely 5.7 � 10�3 L L�1 and 8.6 � 10�3

L L�1, as a function of acoustic irradiation of up to 80 min.
The ND average size decreases steeply between 0–40 min fol-
lowed by a plateau at longer treatment times, i.e. >50 min, aer
which the size of the oil droplets remain stable at around
100 nm; presumably, further breakdown of NDs into smaller
size competes with their fast coalescence or Ostwald ripening.
The emulsication by ultrasonic irradiation was repeated
for varying ratios of St/DVB (95 : 5 / 5 : 95, v/v) and fully
detailed in Fig. S2.†

Interestingly, an increase of the DVB relative ratio in the
St/DVB mixture (95 : 5 / 5 : 95, v/v) resulted in increase of
the mean droplet diameter (Fig. 1b & S3†), which can be
explained by the monotonic increase of the water/ND interfacial
energy from ca. 32 mN m�1 (St/DVB 95 : 5, v/v) to 37.5 mN m�1

(St/DVB 5 : 95, v/v), also shown in Table 1. The fact that the
maximum ND size increases with increasing IFT up to a critical
diameter that is characteristic of the particular system is best
described by eqn (1):

dmax z C � 3�2/5 � g3/5 � r�1/5 (1)

where 3 – is the total energy dissipated per unit volume, g – is
the interfacial tension, r – is the density of a continuous phase
and C is a constant typically of the order of unity.44 Eqn (1) is
derived from the Kolmogorov's theory of minimum dissipative
structure and it sets an upper limit for the largest oil droplets
that can be obtained in an emulsion.
3.2. One-step acoustic emulsication/polymerization under
surfactant-free conditions

The ultrasonic emulsication of monomers in the absence of
radical initiators is summarized in Fig. 1. Although polymeri-
zation may also occur, via thermally45,46 or sonochemically
generated40,47–49 free radicals, the control experiments showed
that the polymerization of St and DVB was negligible under the
This journal is © The Royal Society of Chemistry 2015
present conditions in the absence of any chemical radical
initiators, for emulsication times of up to 60 min.

With the addition of chemical initiators, such as APS, to the
emulsied monomer and extending the ultrasonic irradiation
duration for another 60 min, PNPs were obtained under
surfactant-free conditions. In order to evaluate the performance
of this method, a series of experiments were conducted in which
the effect of various parameters, namely, the total concentration
of the monomer/crosslinker and their relative ratio, the nature
and concentration of the initiator, the reaction temperature, the
ultrasonication time, and addition of stabilizers, were system-
atically investigated. It should also be noted that, in the present
work, ultrasonic irradiation was applied throughout the poly-
merization process in order to prevent coagulation/aggregation
between NPs in the absence of surfactants while, concurrently,
the generated local heat drove the APS-initiated polymerization
reaction. Control experiments were also ran under pulsed
acoustic eld, or under short acoustic treatment (10 min) fol-
lowed by non-acoustic, thermal polymerization at 80 �C under
mechanical stirring.

3.2.1. Effect of the monomer-to-crosslinker relative ratio
and their overall concentration. The effect of the relative ratio of
monomers, viz. monomer (St)-to-crosslinker (DVB) ratio, was
studied by conducting a series of polymerization experiments in
which the DVB content was gradually increased from 5% to 95%
while keeping all the other parameters constant, as described in
the Experimental Section (2.2.1). As shown in Fig. 2, the mean
size of P(St/DVB) NPs decreases with increasing the DVB
content; this effect becomes more pronounced, especially when
comparing the two extreme cases where the proportion of St or
DVB in the total monomers volume was only 5% (Fig. 2a and e).
One might be tempted to hypothesize that this decrease in the
particle size should reect the higher crosslinking degree of
P(St/DVB) NPs with increasing DVB content, because it has
been previously recognized that a higher crosslinking degree
leads to a reduced particle volume or porosity, which is also
less prone to solvent intake, i.e. swelling.50 However, this
hypothesis would only hold if one makes the assumption that
the initiation starts right in the droplet, i.e. via a heteroge-
neous nucleation mechanism, and that the starting ND
dimensions for varying monomer ratios are all similar, which
is rather not supported by the emulsication data (Fig. S3†).
This hints at a possible homogeneous-like nucleation mech-
anism, which will be further discussed in Section 3.2.5. The
presence of some particles with irregular shape, also points
to a possible aggregation process during polymerization under
surfactant-free conditions. In fact, this observation supports
the operation of an aggregation nucleation mechanism further
discussed in Section 3.2.5.

The data presented in Fig. S4† shows that the average
size P(St/DVB) NPs prepared via acoustic emulsication/
polymerization at constant monomer-to-crosslinker relative
ratio, was independent of monomer concentration within
the range from 1.4 � 10�3 to 8.6 � 10�3 L L�1. This is most
likely due to the fact that at longer ultrasonication times,
exceeding 40 min, the size of the ND produced remained
stable at ca. 100 nm, regardless of the monomer
RSC Adv., 2015, 5, 103218–103228 | 103221
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Fig. 2 SEM images and corresponding particle size histograms of
P(St/DVB) NPs prepared via acoustic emulsification/polymerization of
St/DVB monomer, 5.7 � 10�3 L L�1 in UPW for 60 min, at different
volumetric St : DVB ratios: (a) 95 : 5, (b) 70 : 30, (c) 50 : 50, (d) 30 : 70,
and (e) 5 : 95. All samples were sputter-coated with a thin layer of gold
(approx. 4 nm; for further details see Section 2.3) prior to SEM imaging.
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concentrations and at a xed monomer-to-crosslinker
composition, as observed in Fig. 1a. On the other hand,
improvement of the diameter dispersity Đd was observed for
the PNPs obtained from the lowest monomer concentration
(Đd ¼ 1.07) as compared to the same PNPs obtained at higher
monomer concentrations (Đd ¼ 1.17 � 1.3). This effect
should be ascribed, at least in part, to the lower concentra-
tion of polymerization nuclei, which prevents coalescence of
the growing oligomers and particles, thus resulting in
a decrease of dispersity; further mechanistic details are
provided in Section 3.2.5.

For the sake of comparison P(St/DVB) NPs were prepared by
following an alternative procedure that avoids continuous
sonication of the reaction mixture. In particular, this procedure
included the acoustic emulsication for 10 min, followed by
radical polymerization at 80 �C for 24 h, with heat provided by
a heating plate and under magnetic stirring conditions. The
SEM image in Fig. S6† shows that the thermally preparedNPs appear
considerably fused, or aggregated, which is in clear contrast to those
prepared via a continuous acoustic emulsication/polymerization
process wherein aggregation is much less pronounced (Fig. 2c).
Furthermore, the presence of large aggregates in Fig. S6† is
most likely due to increased coalescence of the growing PNPs in
the absence of surfactant. The comparison of the data between
Fig. 2c and S6,† underlines the advantage of keeping the
acoustic pulse throughout the polymerization reaction.

3.2.2. Effect of the nature and the amount of initiator. The
impact of the type and concentration of the initiator on poly-
merization was also investigated. The two initiators tested were
ammonium persulfate (APS) and azobisisobutyronitrile (AIBN).
The concentrations tested were such that the molar ratios of the
initiator to total monomer concentrations were 3%, 7%, 14%
and 28% (corresponding to 1.2 mM, 2.9 mM, 6.3 mM, and 12.5
mM, well within the range of literature reported values51), and
the acoustic emulsication/polymerization was carried out
according to the standard experimental procedure, detailed in
Section 2.2.1.

APS is a water-soluble radical initiator commonly used in
emulsion polymerization. Fig. S7† shows the effect of the
various APS concentrations on the size and the diameter dis-
persity of P(St/DVB) NPs. With increasing APS concentrations
in the range investigated, the NP average size increased from
41 to 67 nm. Interestingly this observed trend is opposite from
the one reported by Goodwin et al. for synthesis of PS lattices
in the absence of surfactants, in which case, however, all
experiments were conducted under mechanical stirring and
at constant ionic strength.52 In agreement with our results,
previous studies have shown that the average particle size
increases with increasing initiator concentration in reactions
where the ionic strength is not controlled.53 It should be noted
that the herein observed trend cannot be the result of the
polymerization being initiated directly inside the existing
monomeric NDs, but hints at a coagulative nucleation mecha-
nism further discussed in Section 3.2.5.54 At this point it is
worth noting the dual role of APS, which, in addition to initiating
the radical polymerization, also serves as a particle stabilizer due
to the charged sulfate groups. This may explain the need for
103222 | RSC Adv., 2015, 5, 103218–103228 This journal is © The Royal Society of Chemistry 2015
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Fig. 3 SEM image and particle size histogram of P(St/DVB) NPs
prepared via pulsed acoustic emulsification/polymerization of a 1 : 1
mixture of St/DVB (200 mL; 5.7 � 10�3 L L�1) in UPW (35 mL) at 60 �C.
The sample was sputter-coated with a thin layer of gold (approx. 4 nm;
for further details see Section 2.3) prior to SEM imaging.
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using a relatively high APS : monomer ratio in the present
system, since the surfactant-free emulsion polymerization of very
apolar monomers (such as St/DVB) needs an appreciable amount
of ionic initiator to stabilize the polymer particles during poly-
merization. In other words, the greater ionic strength of the
aqueous phase, which increases with increasing APS content,
is expected to result in an increase of the PNPs' diameter;53 this
was previously explained in terms of a limited coagulation
process occurring at the stage involving the nucleation of poly-
mer particles, which will be further discussed in Section 3.2.5.52,55

In terms of the lowest particle-diameter dispersity, the optimum
concentration of APS was 6.3 mM.

Azobisisobutyronitrile (AIBN) was also tested as an alterna-
tive, oil-soluble initiator, under the above reaction conditions39

and at concentrations somewhat larger compared to those re-
ported56 in literature. The yield of PNPs when using AIBN was
very low and very few nanoparticles could be detected by SEM.

3.2.3. Effect of reaction temperature and time. The effect of
reaction temperature on the particle size and size distribution
of the P(St/DVB) NPs was also probed. It was initially expected
that, when the reaction temperature decreases (i.e. from 80 to
60 �C), the size of the PNPs increases proportionally.52 In
particular, the particles' size should be directly affected by
the concentration of primary free radicals produced by the
initiator (APS) at short times, which is a function of the reaction
temperature. Assuming a homogeneous nucleation mecha-
nism, the lower the temperature, the lower the number of free
radicals produced at short times (as compared to higher
temperature), which, in turn, should result in less primary
nuclei and hence bigger P(St/DVB) particles. However, as seen
in Fig. 3, the mean size of NPs generated at 60 �C is clearly
decreased (47 nm) compared to that when the same reaction
was performed at 80 �C (63 nm; Fig. 2c). Interestingly also
in this case, the observed trend with temperature is opposite
from the one reported by Goodwin et al. for synthesis of PS
lattices in the absence of surface active agents under mechan-
ical stirring.52 We assume that decrease in temperature mainly
results in an increase in oil–water interfacial tension and also
in decreased diffusion of apolar monomers, i.e. St and DVB, into
the aqueous phase. This effect should not only disfavor the rate
of a homogeneous nucleation mechanism at the early stage of
polymerization, but should also disfavor the following stage
of NPs growth via aggregation and swelling with monomer
(see also the discussion in Section 3.2.5), thus resulting in
smaller P(St/DVB) particles. Another possible explanation for
the observed trend should be associated with the greater cavi-
tation effect in water, which increases with decreasing
temperature within a certain temperature range.42 Although the
cavitation effect is not easily quantiable, the stronger cavita-
tion at 60 �C vs. 80 �C prevents the aggregation of radical olig-
omers or the coalescence of the growing particles, thus
resulting in smaller particles via an aggregation nucleation
mechanism (see Section 3.2.5).

It should be noted that the emulsication/polymerization
temperature was successfully maintained at 60 �C by oper-
ating the sonier in a pulsed mode, wherein ultrasonics
are applied at time intervals automatically adjusted by
This journal is © The Royal Society of Chemistry 2015
a temperature feedback loop in order to keep the reaction
temperature constant at 60 �C. For comparison and consistency
with the corresponding experiments performed at 80 �C, the
reaction at 60 �C was allowed to run for 150 min of overall
reaction time, which is equivalent to 60 min of effective ultra-
sonication time.

To study the effect of reaction duration on PNP size the
emulsication/polymerization reaction was carried under the
standard condition (Section 2.2.1) and was stopped at different
times between 20–90 min. As an example, Fig. S8† shows
a sample of P(St/DVB) NPs obtained at shorter reaction time
(20 min). The mean PNP diameter obtained at 20 min is
comparable to that obtained aer 60 min of reaction, but the
heterogeneity of the sample appears to be signicant, with
many small clustered NPs. Further such controlled experiments
conrmed that the optimum reaction time is between 50 and 70
min, above which the yield and diameter dispersity of P(St/DVB)
NPs is not further improved.

The impact of ultrasonication amplitude, which determines
the strength of cavitation in the sample, was also investigated
with all other reactions parameters kept constant. When the
ultrasonication amplitude was lowered from 70% to 30%, an
increase in the size and diameter dispersity of the P(St/DVB)
NPs was observed (Fig. 4). An increase in the NP diameter
with the reduction in ultrasonic power was also predicted by
eqn (1). In addition, lower ultrasonication amplitude is ex-
pected to disfavor the growing of NPs via an aggregation
nucleation mechanism (Section 3.2.5) thus resulting in smaller
NPs. It should also be noted that high ultrasonic intensities can
promote some undesired effects, such as NPs degradation. At
high ultrasonic intensities (>70%) or extended reaction times
(>90 min), we observed the formation of a small amount of
a dark material which we were not able to identify or charac-
terize. Control experiments in the absence of St/DVB and/or APS
did not show the formation of this material, the origin of which
should thus be associated to the P(St/DVB) NPs produced
during the present emulsication/polymerization protocol.
Another possible explanation for the formation of this small
amount of dark material at high ultrasonic intensity is the
RSC Adv., 2015, 5, 103218–103228 | 103223
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abrasion from the sonicator tip, possibly as a result of a redox
reaction during the APS-assisted radical polymerization.

3.2.4. Effect of stabilizer concentration. In the absence of
stabilizers, the aforementioned P(St/DVB) NPs diffuse randomly
in the dispersing liquid phase and the system is susceptible to
agglomeration. Indeed, DLS analysis showed that aer these
surfactant-free NPs are puried and dried to powder form, their
complete redispersion in UPW is difficult even upon thermal
treatment, vigorous magnetic stirring, and/or tip- or bath-
sonication. Also, most of our samples exhibited polydispersed
particle sizes and, in some cases, poorly dened morphologies
or irregular shape (Fig. 2–4, and S4–S8 in ESI†). With the use of
interfacial stabilizers we were able to better control particle
growth, enhance colloid stabilization, and prevent agglomera-
tion of the obtained PNPs. In the present study, we tested three
categories of stabilizers: (i) water-soluble, steric-based stabi-
lizers with low interfacial activity, namely, polyvinyl alcohol
(PVA), and polyethylene glycol (PEG); (ii) a cationic surfactant,
namely, cetyltrimethylammonium bromide (CTAB), which has
been previously employed as stabilizer in the microemulsion
polymerization of styrene,57,58 and (iii) a water-soluble mono-
mer, namely 2-sulfoethyl methacrylate (2-SEM), in order to
introduce polar sites into our P(St/DVB) chains, and also to
confer shear stability to our aqueous polymer dispersions. All
experiments were carried out under standard conditions
described in the experimental procedure (Section 2.2.1), with an
extra addition of a 1 wt% stabilizer into the water phase.

Fig. 5 shows the SEM images of the different samples obtained
by employing different stabilizers. It should be noted that SEM
images were recorded aer repeated washings of all samples
with water and ethanol or acetonitrile to remove residual stabi-
lizers. The presence of stabilizers in the reaction mixture had
a substantial effect on both the size and dispersity of the isolated
PNPs, such that their mean diameter was considerably larger
than that of the non-stabilized particles (63 nm; see Fig. 2c), with
the exception of CTAB (50 nm; see Fig. 5a).

Only in the case of PEG (Đd ¼ 1.09) and, most importantly, in
the case of 2-SEM (Đd ¼ 1.08) there was a signicant improve-
ment of the diameter dispersity of these NPs as compared to
their non-stabilized analogues (Đd ¼ 1.31). In this latter case,
preliminary FTIR analysis showed intense n(S]O), n(C–O), and
Fig. 4 SEM images and particle size histogram of P(St/DVB) NPs ob-
tained upon standard reaction conditions at lower ultrasonic ampli-
tude (30%). The sample was sputter-coated with a thin layer of gold
(approx. 4 nm; for further details see Section 2.3) prior to SEM imaging.

103224 | RSC Adv., 2015, 5, 103218–103228
n(C]O) absorptions at ca. 1170, 1200, and 1710 cm�1, respec-
tively, conrming the incorporation of 2-SEM units in the bulk
and/or the surface of P(St/DVB) NPs (Fig. S9 and S10†).

To further probe the potential of ultrasonic irradiation for
the preparation of P(St/DVB) NPs in the presence of stabilizers,
we repeated the above reaction, in the presence 2-SEM, by
following an alternative procedure that avoids continuous
sonication throughout polymerization. In this case, ultrasonic
irradiation was applied only for 10 min, aer which ultra-
sonication was ceased and the reactionmixture was stirred at 80
�C for 12 h. A SEM image of this sample aer purication is
presented in Fig. S11.† These particles showed substantial
differences in size (�d ¼ 92 nm) and diameter dispersity (Đd ¼
1.18) as compared to those particles prepared via a continuous
acoustic emulsication/polymerization process (�d ¼ 72 nm,
Đd ¼ 1.08; Fig. 5b) which further emphasizes the advantage of
maintaining the ultrasonication throughout the polymerization
process. The isolated yield of this reaction was 6.3%, which is
lower in comparison to the corresponding yield of P(St/DVB)
NPs obtained via the stabilizer-free method, 8.5%, presumably
because the higher solubility of these stabilized PNPs hampers
their isolation and purication through repeated
centrifugation/re-dispersion cycles.

3.2.5. Mechanistic considerations. The mechanism of
surfactant-free emulsion polymerizations has attracted
signicant scientic interest for over 40 years.51,54,59–68 A large
body of literature studies suggest that the particle nucleation
mechanism in surfactant-free emulsion polymerization occurs
mainly via a coagulative or aggregation nucleation (homoge-
neous nucleation accompanied with coagulation or limited
occulation) mechanism.51,54,61–68 The initial stage of polymeri-
zation involves the formation of water-insoluble polymer chains
which collapse to form precursor particles. These precursor
particles are too unstable to remain isolated, since they possess
only a small number of charged initiator residuals on their
surface to stabilize them. Thus, they coagulate to produce stable
particles or they form small aggregates until they achieve
enough surface charge to be individually stable. Such aggre-
gates can then swell withmonomer and formmature particles.68

The use of ultrasonication throughout the polymerization
process inevitably makes the particle nucleation and growth
mechanisms more complicated. However, as will become
apparent from the discussion further below, such a coagu-
lative nucleation mechanism is probably operating also in
the present system.

The experimental evidence, summarized in Fig. 6a and d,
shows that the average diameter of the PNPs generated via
acoustic emulsication/polymerization depend inversely on the
precursor NDs size, which is a strong indication that radical
initiation and polymerization did not take place directly in the
emulsion monomer droplets. A homogeneous nucleation
accompanied with coagulation mechanism,51,54,61–68 based on
the premise that the radical initiator will rst react with the St
and DVB monomers available in the aqueous phase, may best
explain the mechanism of acoustic polymerization in the
current work. The homogeneous nucleation hypothesis also
nds support in the following experimental observations: (1)
This journal is © The Royal Society of Chemistry 2015
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Fig. 5 SEM images and particle size histograms of P(St/DVB) NPs
synthesized in the presence of different stabilizers: (a) cetyl-
trimethylammonium bromide (CTAB), (b) 2-sulfoethyl methacrylate
(2-SEM), (c) poly(ethylene glycol) (PEG400), (d) polyvinyl alcohol (PVA).
All samples were sputter-coated with a thin layer of gold (approx. 4
nm; for further details see Section 2.3) prior to SEM imaging.

Fig. 6 Graphical plot of: (a) mean particle diameter (nm), (b) mono-
mers solubility (mmol cm�3), (c) interfacial tension (mJ m�2) and (d)
nanodroplet radius (nm) vs. monomers ratio (St/DVB; 5 : 95 to 95 : 5,
v/v). The linear trend-lines serve as guide to the eye.
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there were very few PNPs generated when using water-insoluble
initiator (Section 3.2.2) and (2) the PNP size decreased with the
decrease in temperature (Section 3.2.3). While the IFT mainly
determines the size and most importantly the number of NDs
created under acoustic irradiation, the solubility of monomer
around an emulsion ND is the other key parameter controlling
the size of the resulting PNPs. In addition to coagulation of
precursor particles or aggregation of water-insoluble oligomers,
the particle growth may proceed also via a homogeneous
This journal is © The Royal Society of Chemistry 2015
mechanism, wherein the NDs present in the systemmay act as
a reservoir of monomers that swell precursor particles or
aggregates and are slowly consumed as the polymerization
reaction proceeds. Accordingly, a higher content of the less
soluble DVB will reduce the overall monomer solubility in the
aqueous medium around emulsion NDs, thus disfavoring
the growth of large PNPs via a homogeneous nucleation
mechanism. The solubility values calculated for the systems
RSC Adv., 2015, 5, 103218–103228 | 103225
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Fig. 7 Emulsion ND/water interfacial tension values (B) and the
corresponding size (-) of the final P(St/DVB) NPs, in the absence and
in the presence of stabilizers (the trendline was added as guide to the
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of varying St/DVB ratios are given in Table 1; these values
are also plotted vs. the St/DVB volumetric ratio in Fig. 6b.
These data clearly show that an increase in the amount of the
less soluble monomer, viz. DVB, results in a decrease of the
overall solubility of the St/DVB mixture by 80% and also in an
increase in IFT by 15% which, ultimately, results in decrease
of the PNP radius by 24%.

Alternatively, the solubility of the monomers increases with
decreasing the emulsion droplets, due to the higher Laplace
pressure, which phenomenon is described by the well-known
Kelvin equation:69

SðrÞ ¼ S0 exp

�
2gVm

rRT

�
(2)

where S(r) is the solubility (mol cm�3) of a particle of radius r
(cm), S0 is the bulk solubility (mol cm�3), g is the interfacial
tension (J cm�2), Vm is the molar volume of the dispersed phase
(cm3), R is the gas constant (8.314 J K�1 mol�1), and T is the
temperature (300 K).

Eqn (2) shows that a smaller IFT (i.e., g) leads to a reduced
solubility (i.e., S), which is in contrast to the effect observed
experimentally in Fig. 6a and c. In order to quantitatively
understand this, we have calculated the monomer solubility
change due to ND size and IFT with the eqn (2), and included it
in the Table 1 and concluded that the latter effect is rather
negligible as compared to the effect of the solubility of mono-
mers. It is worth noting that the mechanism proposed by Atobe
et al. for the tandem acoustic emulsication followed by soap-
free emulsion polymerization of MMA37,41 assumed initiation
of polymerization within the emulsied ND, thus affording
PNPs of size equal to their ND precursors; the most plausible
explanation for the sharp difference between this mechanism
and the mechanism suggested in the present system is the
maintenance of ultrasonication throughout the polymerization
process, which may favor a homogeneous-like nucleation
process, and enables the use of less polar monomers, i.e. St
and DVB.
Table 1 Molecular parameters (at T ¼ 300 K) showing that the depende
saturated concentration, i.e. total monomer availability, in bulk aqueous

St : DVB
IFTa

(mJ m�2)
ND radiusb

(nm)
PNP radiusc

(nm)
Monomer in waterd

(mol cm�3)

95 : 5 31.9 66.0 37.2 2.70 � 10�6

70 : 30 33.0 110.5 32 2.18 � 10�6

50 : 50 34.6 168.6 31.5 1.72 � 10�6

30 : 70 35.4 199.0 32.6 1.22 � 10�6

5 : 95 37.5 239.9 28.2 5.45 � 10�7

a IFT experimentally determined; further details are provided in Sectio
emulsication of different mixtures of St/DVB (see Fig. S3 in ESI). c Ca
emulsied aqueous solutions of St/DVB for 60 min (see Fig. 2). d Sol
according to equation SSt ¼ XSt � SSt(pure),70 where X is the % molar fra
and SDVB(pure) ¼ 0.4 � 10�6 mol cm�3 in water.71 The total monomer con
e Total monomer in water was calculated as a function of ND size by usi
St/DVB mixture; the molar volumes of pure monomers Vm,St ¼ 114 cm3

with the density of pure monomers (rSt ¼ 0.909 g cm�3; rDVB ¼ 0.93 g cm

103226 | RSC Adv., 2015, 5, 103218–103228
With the addition of stabilizers, namely 2-SEM, PEG, PVA,
the PNP average diameter is larger than 63 nm, which was
obtained for the non-stabilized NDs in Fig. 2c, except for the
case of CTAB, �50 nm. The data presented in Fig. 7, shows
that the inverse correlation between the monomer/water
IFT and PNP sizes continues to hold in the presence of
stabilizers. This suggests that the homogeneous-like nucle-
ation mechanism is still dominant even in the presence of
2-SEM, PEG and PVA. In contrast, a dramatically different
situation was observed for CTAB. The measured interfacial
energy of the monomer oil droplet in the presence of 1%
CTAB was by far the lowest, 1.9 mN m�1, yet the resulting
PNPs average diameters are the smallest at a mean of 50 nm.
The 1% CTAB concentration lies well above the critical
micelle concentration of 0.04%, which suggests the possi-
bility of a different polymerization mechanism, via micellar
nce between emulsion ND size, composition and the total monomer
phase produces a change in the final PNP diameters

Monomer in watere

from eqn (2)
(mol cm�3)

Change
in solubility
DS (%)

Change in
solubility DS (%)
from eqn (2)

Change in
PNP radius
DR (%)

2.82 � 10�6

2.24 � 10�6 �19.41 �20.7 �14
1.76 � 10�6 �36.32 �37.8 �15.3
1.25 � 10�6 �54.65 �55.8 �12.4
5.55 � 10�7 �79.82 �80.4 �24.1

n 2.4. b Calculated from DLS measurements aer 20 min of acoustic
lculated from SEM measurements aer polymerization of acoustically
ubility of the monomer from the monomer mixture, was calculated
ction of the corresponding monomer, SSt(pure) ¼ 2.8 � 10�6 mol cm�3

centration in the aqueous phase was XSt � SSt(pure) + XDVB � SDVB(pure).
ng the Kelvin equation (eqn (2)), where Vm is the molar volume of the
and Vm,DVB ¼ 140 cm3 were calculated by dividing the molar mass (M)
�3).

eye).

This journal is © The Royal Society of Chemistry 2015
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nucleation, for which the particle size depends on the ratio of
the surfactant to the initiator used.10
4. Conclusions

We have developed a method for the preparation of
poly(styrene-co-divinylbenzene) NPs, which involves a one-step
acoustic oil-in-water emulsication followed by polymeriza-
tion of St and DVB monomers under surfactant-free conditions.
Optimization of the synthesis method was achieved by ne-
tuning different reaction parameters, including the total
concentration of the monomer/crosslinker and their relative
ratio, the nature and the concentration of the initiator, the
reaction temperature and time. Under these optimized condi-
tions, P(St/DVB) NPs could be isolated at a yield of 8.5%, free of
surfactants or stabilizers. We have shown that the ultra-
sonication can drive the polymerization reaction and prevent
the aggregation of the formed PNPs.

The size of the PNPs obtained depends: (i) inversely on the
monomer/water interfacial energy and emulsication power,
and (ii) directly on temperature, amount of initiator and
monomer solubility. These experimental observations indicate
that a coagulative nucleation mechanism (homogeneous
nucleation followed by coagulation of growing particles and
swelling with unreacted monomer) is predominant. The same
mechanism can also be hypothesized in the presence of inter-
facial stabilizers. One notable exception was observed for the
case of CTAB surfactant, for which a micellar nucleation
mechanism is more likely. A secondary effect of stabilizers was
that the particle-diameter dispersity and shape was improved
especially in the presence of a co-polymerizable surfactant
monomer, 2-SEM.
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