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Abstract
This article reports a successful nanostructure formation from block copolymer having broad distribution of molecular 
weight. The block copolymer synthesis and the nanosphere formation are facile; therefore, it is promising for fabrication of 
nanostructure materials in large-scale manufactory. The polydisperse diblock copolymer of polystyrene-block-poly(4-vinyl 
pyridine) (PSVP) was prepared by the nitroxide-mediated radical polymerization that contains the fraction of poly(4-vinyl 
pyridine) block of 45 mol% and the overall polydispersity index of 2.08. The phase separation of PSVP was induced by the 
simple evaporation of co-solvent DMF:THF (70:30 v/v) of the PSVP solution. The SEM images of the self-assembled poly-
disperse PSVP display the spherical morphology with the diameter of ~ 50 nm, which is larger than that of block copolymer 
having narrow molecular weight distribution. By simply immersing the self-assembled film into iron chloride solution, the 
transformation from the spherical structure to the porous structure occurred directly without sacrificing the block copolymer 
component indicating the advantage of stimuli-response properties of the self-assembled PSVP. The results demonstrated 
that the polydisperse block copolymer could be used for the nanostructure formation by simple synthesis and evaporation 
procedures and, therefore, it is suitable for industrial applications.
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Introduction

Microphase separation of the amphiphillic block copoly-
mer (BCP) of PSVP, which is driven by the strong repulsive 
interaction between the non-polar polystyrene (PS) block 
and the polar poly(4-vinyl pyridine) (P4VP) block, generates 
the various morphologies at nanometer scale such as sphere, 
cylinder, lamellar, and gyroid. The diversity of the nanom-
eter morphologies has broadened their applications [1] from 
electronics devices [2], (nano)lithography [3, 4], nanopo-
rous structure [5], self-cleaning surface, membrane filtration 
[6–8] to biomedical materials [9, 10]. Therefore, the studies 
on the microphase separation of BCP have been attracted 
many attentions in academia and industry. However, in the 
large-scale or in the industrial synthesis, the self-assembly 
process for nanostructure morphologies is difficult because 
the molecular weight distribution (MWD) of the polymer is 
broader than that synthesized in the ideal laboratory con-
ditions (polydispersity index, PDI < 1.2) [11]. Thereby, 
more attention has been focused on the nanostructure for-
mation from polydisperse BCPs, which are synthesized by 
controlled/”living” radical polymerization (CRP) [12].

Strategies to approach the polydisperse BCP are either 
by blending of block copolymers/homopolymer hav-
ing different molecular weight [13–15] or by adjusting 
the polymerization conditions [16–18] of CRP. The lat-
ter is considered closer to the nature of BCP structure in 
the large-scale industrial process [12]. Previous reports 

demonstrated that the morphologies such as disordered 
microstructure [19–21], ordered lamellar or cylinder [17, 
19–21] were observed depending on the fraction of the 
individual components. The coexistence of two morpholo-
gies [19] and the shift of the phase boundaries [17, 18] 
were assigned to the broad PDI of BCPs. In addition, the 
sizes [13, 17] and the size distribution [20] of the micro-
domain increased as the PDI increased. However, there is a 
disagreement issue on the presence of macrophase domain 
[13, 18, 19, 22], which is due to the phase separation of 
low molecular weight homopolymer incorporated to poly-
disperse BCPs. The macrophase separation was observed 
in the self-assembly of polydisperse BCPs having high 
concentration of homopolymer [19] and high PDI (above 
1.8) [13].

In this research, we synthesized polystyrene via 
TEMPO-mediated radical polymerization which is the 
simplest CRP method with adequate polydispersity. It is 
well known that thermal self-initiation of styrene and other 
side reactions occurred at high temperature, such as 130 
and 145 °C, leading to gradual decrease in the control-
lability of polymerization [23, 24]. Thereby, the exten-
sion of PS with 4VP monomer produces the polydisperse 
PSVP.  The polydisperse PSVP has been subsequently self-
assembly to afford the nanostructure materials by simple 
evaporation of DMF/THF cosolvents (Fig. 1). The chemi-
cal characterizations of PSVP and the morphology of the 
nanostructure materials were revealed.

Fig. 1  The polydisperse polystyrene-block-poly(4-vinyl pyridine) structure and their self-assembly structures at nanometer scale
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Materials and experimentals

Materials

Styrene (St, Acros, 99%) was freshly purified by passing 
through neutral aluminium oxide column under nitrogen 
gas before being used. 4-Vinyl Pyridine (4VP, Acros, 99%) 
was freshly distilled before being used. 2,2,6,6-Tetra-
methylpiperidin-1-yl oxy (TEMPO, Acros, 98%), benzoyl 
peroxide (BPO, China, 99%),  FeCl2·4H2O,  FeCl3·6H2O 
(Xilong Scientific Co. Ltd, China), and solvents (Xilong 
Scientific Co, Ltd., China) were used as received.

Preparation of polystyrene capped with TEMPO (PS)

The synthesis of polystyrene (PS) was carried out in a 
250-mL schlenk flask under nitrogen. The reactor was 
charged with St (50 mL), BPO (0.36 g, 1.50 × 10−3 mol), 
and TEMPO (0.31 g, 1.95 × 10−3 mol), degassed by bub-
bling nitrogen gas for 20 min. The polymerization was 
carried out at 95 °C for 60 min, raised to 130 °C for 7.5 h. 
The viscous solution was diluted with THF, precipitated in 
methanol, filtered, and dried at 70 °C for 12 h. The white 
powder of PS having TEMPO end functional group was 
obtained.

Preparation of polystyrene‑block‑poly(4‑vinyl 
pyridine) (PSVP)

The synthesis of polystyrene-block-poly(4-vinyl pry-
ridine) (PSVP) was carried out in a 250-mL schlenk 
f lask under nitrogen gas. The synthesis procedure 
of PSVP is the same as PS with the reactor ratio of 
[4VP]:[BPO]:[PS] = 290:1:1.3. The reaction was pro-
ceeded for 2 h at 130 °C under inert gas. Then, the solu-
tion was exposed to air to stop the reaction. PSVP was 
precipitated from the THF solution in cold hexane, filtered, 
washed several times, and dried at 70 °C for 12 h.

Preparation of self‑assembly film

The glass substrates were cleaned from the organic 
contaminants by immersing in piranha solution  (H2O2 
30%:H2SO4 98%—1:3 v/v) at room temperature for 
60 min, cleaning with distilled water, acetone and ethanol, 
and drying under nitrogen flow. Then, the 20 wt% solution 
of PSVP in co-solvents of DMF:THF (70:30) was casted 
on slide glass, dried at 50 °C for 20 min, immersed in 
distilled water overnight, and dried under reduced atmos-
phere for 24 h. The film was subsequently immersed in 
13 wt% iron chloride solution  ([FeCl2]:[FeCl3] = 1:2) for 

24 h at room temperature to afford the porous structure. 
The porous film was dried at ambient condition.

Characterization

Molecular weight and molecular weight distribution of pol-
ymer were determined by gel permeation chromatography 
(PL GPC 50Plus—Varian) equipped with Mesopore col-
umns (7.5 × 300 mm), THF eluent at the flow rate 1 mL/min. 
Linear polystyrene standards were used for calibration. The 
polymer structure was characterized by Fourier transform 
infrared spectroscopy (FT-IR, EQUINOX 55 Bruker, Ger-
many) and proton nuclear magnetic resonance (1H-NMR, 
500 MHz, Bruker Avance, Germany). The morphology of 
nanostructure was observed from FE-SEM images (FE-SEM 
S4800, Hitachi, Japan).

Results and discussion

In CRP, TEMPO is used to reversibly terminate the grow-
ing polymer chain. As a result, the polymerization is con-
trolled in a “living” fashion and the polymer structures such 
as the architecture, the molecular weight, and the MWD 
can be controlled. Since TEMPO is a stable free radical, 
high temperature is required for the activation/deactivation 
of the growing radical chains during the TEMPO-mediated 
radical polymerization, but most of polymerization tempera-
ture was induced at 125–135 °C to avoid the homolysis of 
alkoxyamine [25]. TEMPO-mediated polymerization of St 
with BPO as initiator at high temperature of 145 °C has 
not been reported yet although the synthesis at high tem-
perature is of interest in the industrial polymerization [26]. 
In our experiment, the polymerizations of PS were induced 
at temperature of 130–145 °C with and without the initial 
decomposition of BPO at 95 °C. The kinetic plots and the 
evolution of the molecular weight are presented in Fig. 2. 
After the decomposition period of BPO (~ 60 min), the PS 
95–130 exhibits the slow polymerization rate (St conver-
sion ~ 0.1 for 6 h, Fig. 2a) because the excess concentra-
tion of TEMPO predominantly capped the initiator radical 
[27–29]. This stage is reduced to 2 h when the temperature 
increases to 145 °C (PS 95–145, Fig. 2a). That is because 
the large initiator radical concentration sufficiently generates 
from the decomposition of BPO and the thermal self-initi-
ation of St [26]. After the slow stage, polymerization rates 
abruptly increase in proportion to temperature. Without BPO 
decomposition, the polymerization rate of PS 145 is slightly 
higher than PS 95–145 which may result from the additional 
radical stemmed from the thermal self-initiated of St at high 
temperature. Clearly, temperature strongly affects to the 
kinetic of PS polymerization. The evolution of the number-
average molecular weight (Mn) and the molecular weight 
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distribution (Mw/Mn) have been presented in Fig. 2b. It can 
be seen that after the initial stage, the Mn of PS increases 
linearly with the conversion which is the evidence of the 
“living” polymerization. However, the evolution of Mn of 
PS 145 deviates from the linearity after the St conversion of 
40% (Fig. 2b). It is to be noted that the PDIs of PS 95–145 
and PS 95–130 decrease to 1.26 with the conversion but the 
PDI of PS 145 start to increase at the conversion of 40% to 
the value of 1.51 (Fig. 2b). Interestingly, the same behavior 
of TEMPO-mediated PS polymerization at 145 °C (PS 145) 
was reported at 130 °C for the system without BPO initiator 
[30]. These authors stated that the Mn deviation from linear-
ity is due to the termination reactions, which are degenera-
tive transfer and bimolecular termination reactions, and the 

loss of functional end group. These results suggested that the 
polymerization of PS 145 involves the predominant thermal 
self-polymerization of St; hence, the termination reactions 
and the chain end loss cause the deviation. This assumption 
will be further discussed in terms of MWD (Figs. 2b, 3).

The chromatograms (Fig. 3) gradually shift to lower 
retention time with increasing St conversion, indicating the 
increase of PS molecular weight. In addition, the unimodal 
curves of PS 95-130, PS 95-140 chromatograms are the evi-
dence for the  “living” behavior of PS polymerization. On 
the contrary, the bimodal curve of PS 145 (St conversion 
~ 0.57) indicates the loss chain-end. This result supports 
the deviation from linearity of the evolution of Mn as dis-
cussed above. Although PS 95–145 and PS 95–130 possess 

Fig. 2  Kinetic plots (a) and evolution of Mn and Mw/Mn versus conversion (b) for the PS polymerization at 145 °C (PS 145); 95 °C—60 min—
145°C (PS 95–145) and 95°C—60 min—130°C (PS 95–130). Polymerization condition: [St]:[BPO]:[TEMPO] = 290:1:1.3

Fig. 3  GPC chromatograms of the evolution of molecular weight versus conversion for PS polymerization conditions of a 145  °C, b 
95 °C—60 min—145 °C and c 95 °C—60 min—130 °C and PS-b-P4VP (PSVP)
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the narrow PDIs, the appearance of the tails on GPC curves 
may indicate that there are polymer chains that lose their 
functional end groups. These terminated chains are con-
firmed through the bimodal curves of the chain extension of 
PS 95–130 with 4VP (PSVP on Fig. 3c). It can be observed 
on GPC curve that there is the similar peak at evolution time 
(~ 450 s) of PSVP to the peak of PS 95–130 at conversion 
of ~ 3%. Hence, it can be concluded that PSVP contains 
a portion of PS low molecular weight ~ 3500 g/mol. The 
overall number-average molecular weight and PDI of PSVP 
are 24,000 g/mol and 2.08, respectively.

The chemical structure and composition of PS and PSVP 
were determined through FT-IR (Fig.  4) and 1H-NMR 
(Fig. 5). The typical vibrations of PS are observed around 
3070–3030, 2930–2850, and 1600 cm−1 attributing for the 
aromatic, aliphatic C–H stretching and C=C ring stretching 

vibrations, respectively. Aromatic overtone vibration peaks 
are also observed around 1900–1700  cm−1 [31] (PS in 
Fig. 4). The more prominent peaks at 1600, 1560, 1500, 
1460, and 1410 cm−1 on FT-IR are assigned for the vibration 
of C=C and C=N stretching of pyridine rings [31] which 
are the characteristic vibrations of pyridine groups in PSVP. 
Further evidence of 4VP incorporated to PS is observed on 
1H-NMR (Fig. 5) with the representative chemical shifts of 
proton on pyridine ring and phenyl ring at 8–8.5 ppm and 
6–7.5 ppm, respectively. Based on the integration ratio of 
these peaks, we can calculate the PS:P4VP ratio approxi-
mately 1.2, yielding the fraction of P4VP of ~ 45 mol% of 
PSVP. Hence, the roughly estimated composition of PSVP 
composes of  PS13k-b-P4VP11k and  PS3.5k.

Previous reports [32, 33] stated that the solution of PSVP 
having narrow PDI in DMF:THF existed in the form of the 
spherical to thread-like micelles with P4VP core and PS 
shell. In our experiment, after fast evaporation of solvent at 
50 °C for 20 min, the morphology of thick films appears as 
bumps with the size of ~ 50 nm and partly regular (Fig. 6). 
At the defect edge (black arrow in Fig. 6a), the spherical 
morphology of the self-assembled PSVP can be clearly 
observed. The defect surface is possibly due to the dewet-
ting of PSVP film from the substrate surface during the 
immersion. In addition, the separation distances between the 
bumps of ~ 14 nm can be measured. Since, the loose pack-
ing spheres were reported for the blending system of  PS90k 
homopolymer with  PS133k-b-P2VP132k [34], it is reasonable 
to state that the  PS3.5k homopolymer in PSVP probably 
locates in the PS phase due to the preferred interactions (as 
illustrated in Fig. 1). The dispersion of low molecular weight 
 PS3.5 k causes the stretching and relaxing of PS block in 
PSVP leading to increase the corona region, and thereby an 

Fig. 4  Fourier transform infrared spectra of PS and PS-b-P4VP 
(PSVP)

Fig. 5  1H-NMR spectrum of 
PS-b-P4VP (PSVP)
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increase in the interspace between the spheres. At the simi-
lar composition, the spherical diameter of current polydis-
perse PSVP  (PS13k-b-P4VP11k, PDI 2.08) micelle is higher 
than that of the  PS20k-b-P4VP17k (PDI 1.08) [35], which is 
50 nm and 34 nm, respectively. This result clearly shows 
that the broad MWD of the polydisperse PSVP increases the 
sphere domain. The low molecular weight PSVP chains are 
probably located between the other high molecular weight 
PSVP chains leading to decrease in the packing density and 
increase in the PS/P4VP interfacial curvature. Therefore, 
the spherical size of polydisperse PSVP is higher than that 
of narrow MWD PSVP. The white arrow regions are unre-
solved region by FE-SEM (white arrow in Fig. 6a) and it 
may generate the macrophase separation of low molecular 
weight of terminated chains of PS.

Owing to the possibility of the coordination with metal 
ion of pyridine group, we exposed the partly dried film of 
PSVP in iron chloride solution. Interestingly, the open pores 
at various pore sizes from ~ 30 to 100 nm are observed on 
the surface (Fig. 7a) and the cross-section images of the 
film (Fig. 7b, c). The pore size is approximately similar to 
the micelle size as presented in Fig. 6. This result proves the 
fact that P4VP assembles in the core, surrounded by the PS 
corona (Fig. 1). This result is consistent with the self-assem-
bly structures of narrow PSVP suggested by Peneimann et al. 
[8, 33], indicating the possibility of organizing polydisperse 
BCP into ordered structure. The larger pore may be formed 
as the collapse of unstable structure during the evaporation. 
This is because PS chain in corona is “freeze” in water, the 
P4VP active part in the core, which can be partly swollen 
and coordinated with iron ion, is isolated. Consequently, 
the evaporation of the solvent to afford pores can damage 
the structure and create larger pores. In addition, the voids 

(Fig. 7c) can be formed due to the removal of the trapped 
solvent by the insufficient mass transfer during drying pro-
cess [8, 32, 33].

These results showed that the polydisperse BCP could 
be employed for microphase separation for many applica-
tions such as nano-coating layer for self-cleaning surface, as 
nanoporous materials for membrane fabrication. The incor-
poration of PSVP with metal ion also promises for the devel-
opment of the hydrid inorganic–organic nanomaterials for 
electronic or smart devices. The interesting stimuli-respon-
sive properties of PSVP are suitable for the application in 
drug-delivery system or in other biomedical applications.

Conclusion

In this paper, the simple self-assembly from BCP to nano-
structure has been reported. BCP composed of PS and P4VP 
has been synthesized at high polymerization temperature in 
the presence of TEMPO as the capping agent. The “living” 
fashion of PS polymerization has been observed. However, 
at high temperatures, the spontaneous self-initiation of St 
and the termination reactions have occurred that caused the 
low molecular weight PS homopolymer as the observed 
tails in chromatogram curves. Hence, the extension of PS 
with 4VP monomer produced block copolymer with broad 
breadth (PDI 2.08) and bimodal on GPC curves. The self-
organization of BCP is driven by the differences in polar-
ity between PS block and P4VP showed the loose packing 
of spheres on thick film fabricated from high-concentration 
solution in DMF/THF co-solvents. The spherical morphol-
ogy is speculated to compose of P4VP block core and the 
PS block corona. Low molecular weight of terminated PS 

Fig. 6  Scanning electron microscopy (SEM) images (a) and the magnification of the circle area (b) of PSVP film. White scale bar is 200 nm
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interacts with these corona relaxing PS chains that lead to 
increase the corona domains. Additionally, the short chains 
of PSVP distributed among the long chains of PSVP cause 
the chains’ packing density decrease and change the interfa-
cial curvature. As a result, the micelle domains is large with 
the average diameter of 50 nm. Furthermore, this specu-
lated structure is indirectly proved by the immersion of the 
film into the iron chloride solution to perform the swell-
ing and coordinating of metal with P4VP core. The subse-
quent solvent evaporation generated the opened pores with 
the similar pore sizes to original P4VP spherical core. Our 
results are the experimental evidences for the self-assem-
blable nanoscale structure of high polydispersity of BCP by 
the simple polymerization and self-organization which is 
expected to be able to the scale-up to industrial production 
for many applications.
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