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Abstract

Using different initiators, potassium persulphate (KPS) and
azodiisobutyronitrile  (AIBN), two conventional emulsifier-free
emulsion polymerizations of the monomer tert-butyl acrylate (t-BA)in
aqueous medium were carried out. The results of the measurements
on the transmittance of the reaction system and the conversion of the
monomer through UV-Vis absorption spectroscopy indicate that the
polymerization processes of the t-BA initiated by KPS shows three
stages while that initiated by AIBN behaves two stages. Investigations
on the morphology and the average hydrodynamic diameter and its
distribution of the obtained poly (t-BA) nano-microspheres by scanning
electron microscope and dynamic light scattering techniques show that,
during the polymerization, the poly(t-BA) nano-microspheres from AIBN
initiated polymerization show a larger average hydrodynamic diameter
and a steady diameter’s distribution. The results have prompted us
to have a new insight in emulsifier-free emulsion polymerization and
provide us a new idea and a convenient approach to synthesize
polymeric nano-microspheres with a different hydrodynamic diameter
by using initiator with required solubility in aqueous medium through
free-radical polymerization.
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Introduction

Polymeric nano-microspheres with high purity are of great impor-
tance in such areas as flooding water for the polymer microsphere is a
viscoelastic plugging agent with 3-D structure [1], removing dissolved
and colloidal substances and inorganic salts in water to ensure paper
making [2], drug delivery [3], chromatography medium for protein
separation [4], and supporting catalyst etc. and, when the chemical
structure is certain, the sphere’s size and size distribution are key issue
for the applications. Usually, the polymeric nano-microspheres with
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high purity are synthesized through emulsifier-free emulsion polym-
erization a convenient and environmentally friendly technique of the
monomer in aqueous medium using water-soluble initiator such as
potassium persulphate (KPS) and ammonium persulfate (APS). By
this technique, in order to obtain polymeric nano-microspheres with
different size, monomer/water ratio, monomer/initiator ratio, reac-
tion temperature and time, and stirring speed are often concerned
and investigated, and, in order to get nano-microspheres with larger
scale and narrower size distribution, the particle coagulation process
is now undertaken [5]. Recently, applications of oil-soluble initiator
and water-soluble initiator simultaneously in emulsifier-free emul-
sion polymerization of styrene in an aqueous medium to get poly-
styrene nano-microspheres with larger size have been reported [6],
but the concentration of styrene is only 64 mmol/L. In our previous
research, it was found that, in the emulsifier-free emulsion polym-
erization of tert-butyl acrylate (t-BA), both water-soluble initiator
(e.g., KPS) and oil-soluble initiator (e.g., azodiisobutyronitrile AIBN)
could result in formation of poly(tert-butyl acrylate) (poly(t-BA)) na-
no-microspheres with different hydrodynamic diameter but regular
morphology even at higher monomer concentration of 138 mmol/L.
This new interesting result prompts and encourages us to have a new
insight for synthesizing polymeric nano-microspheres through the
convenient and environment-friendly emulsifier-free emulsion po-
lymerization. To understand the result more clearly, in this article, the
differences between the two polymerization process and then the hy-
drodynamic diameter and its distribution of the obtained polymeric
nano-microspheres by using different initiators with different solubil-
ity will be discussed. The tert-butyl acrylate (t-BA) will be used again
as the model monomer because of (1) its characteristics in the solubil-
ity in water and oil coming from the ester group in the molecules [7,8]
and (2) the applications of the polymer poly(t-BA) in the fields of pH
environmental responses [9,10].

Experimental Methods

Materials

Tert-butyl acrylate (t-BA) (97%, Alfa Aesar) was used after being
purified through distillation. Azodiisobutyronitrile (AIBN) (Chengdu
Kelong Chemical Reagent Factory, China) was used with further
purification through recrystallization. Potassium persulphate (KPS,
A.P), N,N-methylene bisacrylamide (MBA) and sulfuric acid (H,SO,)
and ethanol (C,H,OH) (Chengdu Kelong Chemical Reagent Factory,
China) all were used as received. Water used in the experiment was
deionized with a purification system (K < 0.08 us/cm, Chengdu
Pincheng Scientific Instruments Company, China).

Emulsifier-free emulsion polymerization of t-BA

Two conventional emulsifier-free emulsion polymerizations
of t-BA were performed in a 250 mL four-neck reactor equipped
with condenser and mechanical stirrer in aqueous medium at 80°C
using KPS and AIBN as initiators respectively. A typical reaction is
as follows. First, the reaction medium (H,0, 200 g), the monomers
(t-BA, 6.9~27.6 mmol and MBA, 0.0013 mmol) were charged in
the reactor. Then, the reactor was purged with nitrogen to remove
oxygen from the mixture and finally heated to 80°C. After adding 0.06
mmol of the initiator, the polymerization was started. Four hours
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later, the polymerization was finished. During the polymerization,
interval sampling was operated for monitoring the variation of
the transmittance of the reaction system, the conversion of the
monomer and the size and size distribution of the polymeric nano-
microspheres. Formulations and results of the polymerization are
listed in Table 1, while the chemical structures of the monomers as
well as their copolymerization are presented in Scheme 1.

Characterization

Transmittance of the reaction system: The transmittance of the
reaction system at the different reaction time was measured under
625 nm where the transmittance of the system changed the most ob-
vious by UV-Vis spectrophotometer (UV2300, Shanghai Tianmei
Scientific Instruments Company, Shanghai, China).

Conversion of the monomer: The conversion of the monomer
t-BA during the polymerization was obtained by measuring
the absorbance of the reaction system at 205 nm with a UV-
Vis spectrophotometer (UV2300, Shanghai Tianmei Scientific
Instruments Company, Shanghai, China). In the UV-Vis absorb
spectrum of monomer t-BA, as shown in Figure 1, three absorb bands
X260 nm, 235 nm and 205 nm) come from the n-n" transition, 7-7"
transition and n-o” transition respectively. Taking absorb at 205 nm
as a representative, the absorbance decreases with the polymerization
since the polymerization transfers the monomer t-BA to the polymer
poly(t-BA), resulting in a reduction of the monomer and then the
chromophore concentration. Basing on the absorbance of the
reaction system at 205 nm, the concentration of the monomer t-BA
can be obtained according to the relationship between the absorbance
and the concentration as shown in the inert in Figure 1.
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After getting the concentration, the conversion (X) of the
monomer t-BA was calculated according to the following equation
(1), where C,was the initial concentration of the t-BA, while C, was
the concentration of the t-BA at the reaction time t.

X = [(C,-C)/C,] x 100% (1)

Molecular weight and its poly index of the poly(t-BA): The
molecular weight and its poly index of the poly(t-BA) were analyzed
by Gel permeation chromatography (GPC) equipped with an Agilent
PL gel column over 35°C using THF (Fisher, HPLC grade) as eluent
at a flow rate of 1 ml/min. The number (M, ) and weight (M ) average
molecular weights were determined with polystyrene (PSt) standards
purchased from Agilent.

Morphology and hydrodynamic diameter and its distribution
of the poly(t-BA) nano-microspheres: The morphology of
the poly(t-BA) nano-microspheres was observed by scanning
electron microscopy (SEM, JEOL JSM-5900LV, Japan), while the
hydrodynamic diameter and its distribution were detected by
dynamic light scattering (DLS, BI-200 SM goniometer, BI-9000
AT digital correlator, Brookhaven Instruments) at 90°of the testing
angle under 532 nm at 25°C. Through the DLS measurements, the
average hydrodynamic diameter ( D,) and the distribution of the
hydrodynamic diameter (D,) were obtained.

Results and Discussion

Variation of transmittance of the reaction system during
the polymerization

The Figure 2 shows the variation of transmittance of the reaction
system with the reaction time. It can be seen that systems KPS-

Table 1: Formulations and results of the polymerization2.

System t-BA/mmol MBA/mmol KPS/mmol AIBN/mmol H,O/g Result
KPS-1 6.9 0.0013 0.06 0 200 No reaction
KPS-2 13.8 0.0013 0.06 0 200 Stable
KPS-3 20.7 0.0013 0.06 0 200 Stable
KPS-4 27.6 0.0013 0.06 0 200 Stable
AIBN-1 6.9 0.0013 0 0.06 200 No reaction
AIBN-2 13.8 0.0013 0 0.06 200 Stable
AIBN-3 20.7 0.0013 0 0.06 200 Stable
AIBN-4 27.6 0.0013 0 0.06 200 Stable
Note a: Polymerization temperature: 80°C; Polymerization time: 4 h.
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Scheme 1: Chemical structure of the monomers t-BA and MBA and their copolymerization.
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Figure 1: The UV-Vis absorption spectra of t-BA in water/ethanol (with a volume ratio of 1/100) at different concentrations (inert is the plot of absorbance versus
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Figure 2: Variation of transmittance of the reaction system under 625 nm with reaction time. (a) KPS as initiator (b) AIBN as initiator.
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2, KPS-3, KPS-4, AIBN-2, and AIBN-3 behave basically the same
changing trends, i.e., the transmittance drops sharply in the first 10
min, then decreases slowly, and becomes stable after about 20 min.
The reduction of the transmittance indicates a formation of the
polymer poly(t-BA) because of its insoluble in the aqueous medium,
while the stable transmittance implies a finish of the polymerization
of the monomers. Differences between the transmittance of the
two initiator systems in the stable state indicate a different contents
of the formed poly(t-BA) and hence a different conversion of the
monomers. Transmittances of the reaction system using KPS as
initiator are lower than that of the reaction system using AIBN as
initiator, indicating that the polymerizing rate (as analyzed later on
the conversion of the monomers) (Figure 3) and then the forming
rate of the poly(t-BA) nano-microspheres (as analyzed later on
the D, of the systems) (Figure 4) of the former (KPS system) are
higher than that of the later(AIBN system), When KPS (as shown
in Scheme 2a) was used as initiator, the end of the polymer chains
usually has some ionic groups (-SO,*) distributing on the surface of
the formed poly(t-BA) nano-microspheres. Electrostatic repulsion
among the ionic groups could avoid the combination of the spheres
and then improve the stability of the reaction system, resulting in the

formation of more nano-microspheres. The more nano-microspheres
bring stronger refraction and reflection and finally lead to lower
transmittance of the system. When AIBN (as shown in Scheme 2b)
was used as initiator, however, no any ionic groups exists in the
system, smaller spheres would combine together to form a larger
spheres (which will be confirmed by the following analysis on the average
hydrodynamic diameter and the distribution of the hydrodynamic
diameter of the nano-microspheres) due to the stronger interaction
between the spheres and then isolate from the aqueous phase, making
the detected transmittance being higher. Increasing in the dosage of t-BA
monomer, when using AIBN as initiator, results in a non-steady process
as shown in the transmittance curve of AIBN-4 system in Figure 2b.The
following discusses will focus on the AIBN-2, AIBN-3 and KPS-2, KPS-3.

Variation of conversion of the monomer during the polym-
erization process

Figure 3 shows and compares variation of conversion of the
monomer with the polymerization process under different initiator
conditions. Using KPS as initiator, two curves (Figure 3a) show the
same trends though the dosage of the monomer is different, having
three stages, i.e., the fast increase in conversion in 20 min (area
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Figure 3: Variation of conversion of the monomer with reaction time. (a) KPS as initiator (b) AIBN as initiator.
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Scheme 2: Chemical structure of (a) KPS and (b) AIBN.

I in Figure 3a), then the reduced increase in conversion between
20 min and about 75 min (area II in Figure 3a), at last almost the
constant conversion value after 75 min (area III in Figure 3a). When
AIBN was used as the initiator (Figure 3b), however, higher dosage
(system AIBN-3) of the monomer leads to faster reaction process in
the first 50 min, and conversion of the monomer shows two stages,
i.e., the faster increase in conversion in a certain time t, then almost
the constant conversion value after the t, and the higher monomer

dosage results in a shorter t. The considerable differences in the
polymerization kinetics should be from the different solubility of the
initiators in the aqueous medium (KPS is water soluble while AIBN
is water insoluble) and the different primary free radical generation’s
rate (activation energy of KPS is 33.5 kJ/mol, while that of AIBN is
129 kJ/mol [11]). In the emulsifier-free emulsion polymerization
of the t-BA monomer, the water-soluble initiator KPS results in a
polymerization in the micelles, while the oil-soluble initiator AIBN
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results in a polymerization in the monomer droplets, following the
former researches as reported by Capek [12], Horak [13], Tanrisever
et al. [14], Kuhn and Tauer [15], Pavol [16], and Shouldice et al. [17].

Hydrodynamic diameter and its distribution of the poly (t-
BA) nano-microspheres

Figure 4 shows that the average hydrodynamic diameter (D,)
of the obtained polymeric nano-microspheres increases gradually
in the earlier period and then tend to be stable after a certain timer.
When AIBN was used as initiator the T is about 40 min, while that
is about 25 min when KPS was used as initiator. By comparing the
Figure 4a with Figure 4b, it is obvious that the poly (t-BA) nano-
microspheres obtained by the AIBN initiator (Figure 4b) are much
bigger than that obtained by the KPS initiator (Figure 4a). The both
results of the variation process and the value of D, of the poly (t-BA)
nano-microspheres further indicate a different form of the polymeric
nano-microspheres when using different initiators. From the images
shown in following figures, it can be seen that the polymeric nano-
microspheres obtained by AIBN are indeed much larger than that
obtained by KPS (Figure 5). By further carefully observing the SEM
images of the two polymeric nano-microspheres, it is found that nano-
microspheres from AIBN initiated polymerization are less uniform
and mono disperse than from KPS initiated polymerization, which
is also proved by the following measurement on the distribution of
hydrodynamic diameter as shown in the following Figure 6a KPS-92
min and Figure 6b AIBN-92 min.

Taking KPS-3(with M, of 12.70 x 10* g/mol and M /M of 3.77
measured by the GPC) and AIBN-3 (with M, of 16.89 x 10* g/mol and
M, /M, of 3.17 also measured by the GPC) as examples, Distributions
of the hydrodynamic diameter of the poly(t-BA) nano-microspheres
obtained at 5 min, 35 min and 92 min respectively, were further
investigated and results are shown in Figure 6. From Figure 6, it can be
clearly seen that different initiators result in different change process
of the diameter’s distributions. The distribution of the hydrodynamic
diameter of the KPS-initiated system (Figure 6a) changes from a
narrower distribution in the very beginning of the polymerization
(e.g., in 5 min of the polymerization) to a wider distribution in
the early periods of the polymerization (e.g., in 35 min of the
polymerization) then to an almost mono-distribution in the later
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periods of the polymerization (e.g., in 92 min of the polymerization).
The distribution of the hydrodynamic diameter of the AIBN-initiated
system (Figure 6b), on the other hand, changes little in the whole
duration of the polymerization and is of almost steady distribution
though the average hydrodynamic diameter of the polymeric nano-
microspheres increases with reaction time. The difference in the
change process of the distribution of hydrodynamic diameter implies
a different process of the polymeric nano-microsphere’s formation.
When KPS was used as initiator (as shown in Scheme 3a), the dissolved
initiator molecules (I) in water will decompose to free radicals (R*)
in aqueous phase and then initiate the monomer molecules (M)
dissolved in aqueous phase (solubility of the t-BA in water is 2 g/L) to
form chain radicals (M R"), then to form oligomer micelles. At very
beginning, polymerization occurs mainly in the oligomer micelles,
leading to a narrower size distribution of the formed polymeric nano-
microspheres (as shown in Figure 6a, at 5 min, the polymeric nano-
microspheres distributed from about 60 nm to about 80 nm.). As the
reaction progresses, the chain radicals (M R") diffuses into monomer
droplets, the polymerization occurs not only in the oligomer micelles
but also in the monomer droplets, resulting in a wider distribution
in the hydrodynamic diameter (as shown in Figure 6a, at 35 min,
the polymeric nano-microspheres distributed from about 110 nm to
about 200 nm). Further polymerization makes a polymeric nano-
microspheres formed in different sites combine together because
of the thermodynamics and the dynamics of the reaction, leading
to an uniform distribution of the polymeric nano-microspheres
(at 92 min, the polymeric nano-microspheres distributed from
about 145 nm to about 152 nm). When AIBN was used as initiator
(as shown in Scheme 3b), on the other hand, the polymerization
occurs only in the monomer droplets because the AIBN is
insoluble in water. The mono-nucleation site results in a narrower
distribution of the formed polymeric nano-microspheres during
the polymerization, and the average hydrodynamic diameter
increases with the polymerization, behaving as (as shown in
Figure 6b) that the nano-microspheres distributed from about 170
nm to about 180 nm at 5 min, from about 210 nm to about 220 nm
at 35 min and from about 226 nm to about 236 nm at 92 min. The
bigger nano-microspheres obtained by using AIBN as initiator
should be attributed to the nuclear formation in the monomer

Figure 5: SEM images of the obtained poly(t-BA) nano-microspheres. (a) KPS as initiator, (b) AIBN as initiator.
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droplets. These results give us a new insight for synthesizing
larger polymeric nano-microspheres by not only convenient but
also environment friendly free radical polymerization techniques
in aqueous medium.

Conclusions

The free radical polymerizations of a model monomer t-BA
initiated with KPS and AIBN respectively in aqueous medium
(emulsifier-free emulsion polymerization) were investigated. For a
certain monomer, different initiators with different soluble properties
induce different nucleation and then different formation of the
polymeric nano-microspheres. The polymerization initiated with
water-soluble initiator KPS involves oligomer micelle nucleation
and monomer droplet nucleation, leading to a variable distribution
of hydrodynamic diameter in various periods of the polymerization,
while the average hydrodynamic diameter of the final polymeric
nano-microsphere is smaller. When AIBN, an oil-soluble initiator,
is used to initiate the polymerization, the nucleation occurs only
in monomer droplets, resulting in a narrower distribution of
hydrodynamic diameter in the whole periods of the polymerization,
while the average hydrodynamic diameter of the final polymeric
nano-microsphere is larger. This prompts us to have a new insight
in emulsifier-free emulsion polymerization and provides us a new
idea and a convenient approach to synthesize polymeric nano-
microspheres with a different hydrodynamic diameter by using
initiator with required solubility in aqueous medium through free-
radical polymerization.
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