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Abstract A preparation manner for monodispersed poly-
styrene (PS) nanoparticles polymerized by using a novel 
addition procedure of a monomer is suggested. In systems 
containing a smaller amount of surfactant compared with 
conventional microemulsion polymerization, the polymeri-
zation processes consists of three stages: adding dropwise 
the first part of the monomer for a few minutes at 80°C and 
polymerizing for 1  h; adding collectively the residual part of 
the monomer and polymerizing at the same temperature for 
another 1  h; and then polymerizing at 85°C for another 1  h. 
Based on discussions on the nucleation mechanism of parti-
cles in the polymerization system, the influences of monomer 
weight added dropwise, and amounts of initiator and emulsi-
fier on the size and distribution of PS particles were investi-
gated. PS nanoparticles with smaller diameter such as a 
number-average diameter of 18.7  nm and better monodi-
spersity were obtained since the dropped styrene amount was 
suitable under 20wt-% emulsifier amount and 3wt-% initiator 
amount based on the monomer.

Keywords polystyrene, nanoparticle, monodispersity, 
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1 Introduction

Polymer nanomaterials have potential application in a wide 
field such as high performance coatings, electric materials, 
catalysts, drug delivery carriers, and biomedical materials, 
etc. Therefore, the studies on their synthesis and size control 
have been receiving a great amount of attention in recent 
years. Monodispersed polymer nanoparticles with a diameter 
larger than 50 nm can be synthesized by conventional 
emulsion polymerization. Further reduction in particle size 

can be achieved by microemulsion polymerization. However, 
the drawbacks of the microemulsion method are well-known, 
including the requirement of a much larger number of surfac-
tant (surfactant/monomer weight ratio >1, usually) and only 
a relatively low polymer content (<10wt%, usually) in the 
produced latex besides wider diameter distribution of the 
resulting particles. 

On the other hand, as a widely applied polymer material 
and an important model system for theory research, the syn-
thesis of polystyrene (PS) nanoparticles and their size control 
have attracted great attention [1−4]. Ming and Fu et al. [5] 
have synthesized PS nanoparticles with a weight-average 
diameter (Dw) of 21.6  nm by dropping styrene (St) into a 
microemulsion system using sodium dodecyl sulfate (SDS) 
as surfactant, but the SDS/St weight ratio was as large as 7.4. 
Subsequently, Ming et al. [6] have reported a modified micro-
emulsion polymerization method, in which a small amount of 
monomer was first added into the reaction system, and then 
the residual monomer was added dropwise. At an SDS/St 
weight ratio of 0.15, the number-average diameter (Dn) and 
the Dv (viscosity-average diameter)/Dn were 15.3  nm and 
1.52, respectively in the initial stage of the reaction, but at the 
end of the polymerization, the Dn and Dv was increased to 
about 32  nm and 37  nm, respectively. Zhang et al. [7] have 
prepared PS nanoparticles with Dn of 30  nm and a good 
monodispersity (Dw/Dn = 1.06) by an ultrasonically induced 
microemulsion polymerization. However, the weight ratio 
of both surfactant/St and auxiliary surfactant 1-pentanol/St 
reached to about 1.0 and particularly, the monomer conver-
sion was only 70%. Xu et al. [8] have synthesized PS nanopar-
ticles by a procedure of adding a monomer similar to Ref. [6] 
in a microemulsion polymerization system with a redox ini-
tiator and used cetyltrimethylammonium bromide as surfac-
tant. Though a small amount of surfactants (7% of St weight) 
was used, the resulting Dw was as large as 46.1  nm. As the 
surfactant/St weight ratio was increased to 0.30, the Dw of PS 
particles decreased to 37.6  nm and there was no marked effect 
on decreasing particle size. Recently, He et al. [9] have stud-
ied the preparation of PS nanoparticles by a particular seeded 
polymerization. The polymerization was started with a small 
amount of methyl methacrylate (MMA) to form dynamic 
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nanoseeds, and then St was added in a differential manner for 
about 1.5  hrs. The resulting PMMA/PS nanoparticles with 
a z-average diameter (Dz) smaller than 20 nm were obtained 
at an SDS/ (MMA + St) weight ratio of 0.043, whereas the 
Dz of PS particles was 23.3  nm without MMA added in the 
beginning and the SDS/St weight ratio reached 0.26.

Apparently, the PS nanoparticles are still restricted in fur-
ther size reduction by the requirements of surfactant content. 
Besides, the relatively wider size distribution of the PS 
nanoparticles prepared by most methods mentioned above 
should receive merited attention. In this paper, a novel addi-
tion method of the monomer is suggested, by which studies 
on preparing PS nanoparticles with much smaller diameter 
and also good monodispersibility are carried out in a micro-
emulsion polymerization system containing a small amount 
of surfactant.

2 Experimental

2.1 Materials

Styrene (St) from Shanghai Chemical Reagent Co., Ltd. was 
purified by washing, drying, and then distillation under 
reduced pressure before use. Potassium persulfate (KPS) and 
sodium dodecylsulfate (SDS) of analytical reagent grade 
(Jiangsu Huakang Chemical Co.) was purified by recrystalli-
zation in water. 1-Butanol of analytical reagent grade 
(Shanghai Chemical Reagent Co., Ltd.) was used as received. 
Distilled water was employed as polymerization medium and 
in other experiments.

2.2 Synthesis of monodispersed PS nanoparticles

The addition process of St was divided into two stages: stage 
1, slowly dropping first a part of the monomer (St1) into a 
polymerization system and stage 2, adding the residual mono-
mer (St2) in one batch. A typical polymerization procedure is 
described as follows. SDS dissolved in water of 90  mL was 
added in a 250  mL four-necked flask equipped with a reflux 
condenser, mechanical stirrer and nitrogen inlet. Then, KPS 
dissolved in 10  mL water was added after raising the tem-
perature to 80°C. Under mild mechanical stirring at about 
200  rpm, the mixture of St1 and 1-butanol was slowly dropped 
into the system for about 30 min and prolonged stage 1 to 1  h. 
Then, St2 was added all together into the flask and leave the 
reaction for another 1  h. Finally, the polymerization tempera-
ture was raised to 85°C and continued for another hour before 
cooling the reactor to room temperature.

2.3 Analysis

Particle size and size distribution of the PS were determined 
by dynamic light scattering method with a 90PLUS Particle 
Analyzer (Brookhaven Instruments Co.) at room temperature, 
before which the PS latexes were diluted with water to a solid 

content of about 0.1wt%. The number-average diameter (Dn), 
weight-average diameter (Dw) and monodispersity index 
expressed as Dw /Dn were obtained directly from the measure-
ment results. The morphology of the PS particles was 
observed with transmission electron microscopy (TEM, 
JEM-100S, JEOL).

3 Results and discussion

3.1 Influence of monomer amount in stage 1

In the early polymerization period, a relatively higher weight 
ratio of the surfactant and monomer was made effectively by 
dividing the monomer addition into two stages. Moreover, the 
monomer added in stage 1 (St1) was slowly dropped into the 
system, which further increased the instantaneous concentra-
tion of the surfactant relative to the monomer and maintained 
the system at a monomer-starved state for a long period 
of time. Once added into the system, the monomer would 
either diffuse rapidly to dissolve into a water phase, enter the 
micelles or form a number of tiny droplets. The monomer, 
whether existing as micelles, water phase or tiny drops, would 
catch free radicals and be initiated to start the polymerization. 
Therefore, it is possible for multiform nucleation to occur 
simultaneously in stage 1, including micelle nucleation, 
homogeneous nucleation owing to precipitation of St oligo-
meric radicals adsorbing emulsifier in water, and “tiny 
droplet nucleation”. The homogeneous nucleation should not 
be ignored anymore compared with a conventional emulsion 
polymerization because the consumed amount of the mono-
mer converted to polymer in all units is usually proportional 
to the slow supply of monomer added in small droplets. Fur-
thermore, a large number of surfactant is not required for the 
stability of the monomer in a starved state. It is reasonable to 
imagine that the nucleation in the system is controlled obvi-
ously by the monomer amount and its manner of addition. In 
other words, the monomer and surfactant in the system should 
be used furthest to form more amounts of particle nucleus in 
stage 1.

If the above argument is logical, the nuclear number and 
final particle size would be distinctly influenced by the 
monomer weight added in stage 1. Table 1 shows the results 
of average diameter and monodispersity of PS particles 

Table 1 The average diameter and monodispersity index of PS nanoparti-
cles prepared in polymerization systemsa with different Ws1

Sample No. Ws1
b (g) Ws2

b (g) Dn (nm) Dw (nm) Dw/Dn Cc (%)

509C 1.00 4.00 23.6 24.3 1.03 99.5
510B 1.50 3.50 18.7 20.4 1.09 94.2
511A 2.00 3.00 21.7 22.4 1.04 90.8
511C 3.00 2.00 20.6 21.2 1.03 91.5
507d 5.00 0.00 22.3 24.2 1.09 86.6

a. Water, 100  mL; KPS, 0.15  g; n-Butanol, 0.10  g; SDS/St, 1/5 (g /g);
b. With a constant total weight of St (Ws = Ws1 + Ws2), 5  g;
c. Monomer conversion ratio;
d. KPS, 0.05  g; dropping monomer for 2  h.
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obtained at different St1 weight (Ws1) while the total amount 
of the monomer (Ws) is kept constant. The influence of Ws1 on 
the diameter of PS particles and its trend were distinctly 
observed in Fig. 1, in which the size of the PS particles 
decreased with increase of Ws1 at beginning and reached the 
smallest size of 18.7  nm as Ws1 was 1.5 times the SDS weight 
(We). When Ws1 was equal to the total weight of the monomer, 
that is when the entire monomer was all dropped into the 
reacting system, the average diameter of the PS particles rose 
slightly. Noticeably, their diameter distribution became wide 
and another peak appeared at 50  nm as shown in Fig. 2. This 
suggests that dropping the styrene at the extreme or total 
amount should bring on a more complicated nucleation pro-
cedure similar to continual nucleation in conventional micro-
emulsion polymerization [10], which gives the polymerizing 
units an unfair chance to gain the monomer. It can be con-
cluded that St1 has a more appropriate amount dependent on 
the used SDS amount to decrease the size and improve mono-
dispersity of the particles, not always the most amount or all 
of the monomer.

3.2 Influence of initiator amount

Converting the latent possibility of plentiful nucleation into a 
reality depends on a sufficient amount of radicals, which 
is made possible by proper proportions of monomer and 

surfactant in stage 1. A higher polymerization temperature of 
80°C was chosen to accelerate the thermodecomposition 
of the KPS and form simultaneously a large number of free 
radicals. Besides, aqueous solubility of St can be increased to 
intensify the effect of homogeneous nucleation. Nevertheless, 
KPS amount is an important and direct factor that influences 
nucleation and the resulting particle size. Table 2 shows the 
influence of KPS weight (Wi) on the size and monodispersity 
of PS particles. It can be found that the monodispersity index 
(Dw/Dn) of the PS particles prepared by using more Wi was 
good, whereas the diameter distribution became wider when 
a lower Wi was added. A double-peak for weight intensity 
appeared in the diameter spectrum as KPS content of 1% 
based on monomer weight was used in sample 511B, and 
there was an accumulative weight fraction of 24% for the 
second peak larger than that of sample 507 shown in Table 1. 
This suggests that more nucleuses should form in a short time 
with sufficient radicals and contrarily, the nucleation period 
should be prolonged even to the end of the reaction process at 
a lower KPS content, which leads to a bad monodispersity. 
It is because of the lower conversion ratio of the monomer 
that sample 511B showed an abnormality in the diameter. 
If considering the same factor, an effect of initiator amount on 
particle size reduction was obvious according to the results 
of sample 509C with a larger conversion ratio approaching 
100%. Accordingly, the KPS content of 3wt% based on 
monomer weight used in sample 509C was chosen in other 
polymerizations.

Fig.  2 Weight intensity and integral on size distribution of PS 
particles for sample 507 prepared by dropping all styrene of 5  g

Table 2 The average diameter and monodispersity index of PS nan-
oparticles prepared in polymerization systemsa with different KPS weight

Sample No. Wi (g) Dn (nm) Dw (nm) Dw/Dn C (%)

511B 0.05 5.3 10.6 1.98 79.6
510C 0.10 22.5 23.1 1.03 89.0
509C 0.15 23.6 24.3 1.03 99.5

a. Water, 100  mL; n-Butanol, 0.10  g; Ws1, 1.00  g; Ws, 5.00  g.

3.3 Influence of emulsifier amount

Stage 1 is a key period for the polymerization in preparing PS 
nanoparticles with a much smaller diameter and apparently, 
the emulsifier weight is also an important factor influencing 
the nucleation number and the resulting particle size. It has 
been demonstrated above that in the weight ratio of SDS and 
St1, St1 was not the only potential factor influencing particle 
size. Hence, the influences of the emulsifier amount were 
investigated while keeping the We/Ws1 constant. Correspond-
ing results are presented in Table 3 listing the amounts of 
SDS, St1, St2 and the proportions of SDS with total monomer 
weight. Moreover, the change of particle size is fully 
displayed in Fig. 3. The particle size distinctly presented a 
downward trend with the increase of SDS weight. When the 
SDS/St weight ratio (We/Ws) was increased to 0.30, the PS 
particles for sample 513B had a Dn of 18.7 nm similar to that 
of sample 510B mentioned above and a good monodispersity 
(Dw /Dn = 1.07), which was obtained in a polymerization 

Fig. 1 Weight-average diameter (�) and number-average diameter 
(�) of monodispersed PS particles at different Ws1/We
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Table 3 The average diameter and monodispersity index of PS nanoparti-
cles prepared in polymerization systemsa with different SDS amount and 
same SDS/St1 weight ratio

Sample No. We (g) Ws1 (g) Ws2 (g) We/Ws Dn (nm) Dw (nm) Dw/Dn C (%)

512E 0.15 0.15 4.85 0.03 47.0 47.0 1.00 96.3
512C 0.25 0.25 4.75 0.05 31.9 35.4 1.11 94.3
513A 0.50 0.50 4.50 0.10 23.5 24.7 1.05 96.0
512A 0.75 0.75 4.25 0.15 21.9 22.7 1.04 95.0
509C 1.00 1.00 4.00 0.20 23.6 24.3 1.03 99.5
513B 1.50 1.50 3.50 0.30 18.7 20.0 1.07 95.2

a. Water, 100  mL; KPS, 0.15  g; n-Butanol, 0.10  g; Ws, 5.00  g; We/Ws1, 1.0.

Fig. 3 Weight-average diameter (�) and number-average diameter 
(�) of monodispersed PS particles with their monomer conversion 
ratio (�) at different SDS/St weight ratio

Fig. 4 TEM photograph of sample 513B prepared at We/Ws of 0.30, 
We of 5.00  g and We/Ws1 of 1

process with a final monomer conversion ratio higher than 
95%. The morphology of sample 513B and its size and 
monodispersity can be directly observed in the TEM 
photograph shown in Fig. 4.

4 Conclusions

In the polymerization systems having smaller dosages of 
emulsifier SDS similar to conventional emulsion polymeriza-
tion, the PS particles having a smaller diameter and good 
monodispersity can be prepared by adopting a particular 
monomer-added procedure. Particularly, the PS particles 
with Dn of 18.7  nm and Dw/Dn smaller than 1.1 were obtained 
under the conditions of SDS/St weight ratio of 0.2, St1/St 
weight ratio of 1.5/5.0, and KPS amount of 3wt% based 
on the monomer. Moreover, it was concluded that dropping 
styrene in stage 1 at smaller amounts and not most or all the 
monomer can carry out the purpose of decreasing size and 
improving monodispersity of the PS particles, which makes 
the polymerization processes simpler.
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