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Abstract

The ordered honeycomb polyphenylene oxide (PPO) film was prepared by casting the solution on a solid substrate in a high humid environment
in this paper. It was found that PPO/CHCIj; solution could form regular microporous film in a large range of solution concentration (2-70 g/L) and
their pore size was almost equal when the concentration varied from 5 to 30 g/L. Based on these phenomena, the mechanism of the formation of

PPO honeycomb film was proposed. Moreover, several solvents were chosen to investigate the influence of the compatibility between PPO and
solvents, and the volatility of solvents on the pattern regularity. It was found that good compatibility between PPO and solvents, and the
appropriate volatility of solvents were important for the fabrication of honeycomb structure. Finally, some other affecting factors, such as the
environment temperature and the molecular weight of PPO, were also tested.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Microporous films with honeycomb structures received
great interest in recent years, which might be applied in
chemical sensors [1], optical apparatus [2], scafflold for
catalysis [3], biology [4,5], tissue engineering [6], and
micrographics [7], etc. A number of techniques were studied
for fabricating microporous polymer membranes, such as
lithography [8], photolithography [9], and emulsions [10], etc.

Recently, a new method utilizing water droplets as
templates was used to form ordered porous films, which was
first described by Frangois et al. [11-14]. They cast the solution
of polyparaphenylene in carbon disulfide onto a substrate in a
high humid atmosphere. After the solvent and water droplets
evaporated completely, a film with regular honeycomb pores
was obtained, and they believed that the water droplets
condensed on the surface of the solution acted as the templates.
Because easily manipulated, this method aroused much
attention [15-29], and many polymer materials were used to
prepare honeycomb-like films. Initially, the study was mainly
focused on those materials that contained some polar groups in

* Corresponding author. Tel.: +86 10 6254 4601; fax: +86 10 6255 9373.
E-mail address: gwchen@iccas.ac.cn (Y. Shi).

0032-3861/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.polymer.2006.03.081

their molecules, because it was thought that polar groups could
increase the hydrophilicity of the polymers and stabilize the
water droplets that condensed on the surface of the polymer
solution. These materials included rod—coil block copolymer
[30], star polymer [31], amphiphilic copolymer [32,33],
organic/inorganic hybrid materials [34], and polyion
complexes [35,36], etc. Recent years’ research showed that a
few hydrophobic polymers, without any polar end group in
their molecule structures, also led to ordered porous films. Peng
et al. [37] got honeycomb films by using polystyrene (PS) with
linear structure and interpreted that honeycomb patterns was
depended on the viscosity of the polymer solutions. Xu et al.
[38] formed regular porous structures by polysulfone (PSF)
and concluded that this appearance was caused by the self-
assemble in the solutions of PSF.

Polyphenylene oxide (PPO) was a kind of high-performance
thermo-plastic polymer with desirable characteristics such as
resistance to heat and good endurance to water, which was
widely studied in the field of membrane science [39,40].
However, using PPO to form honeycomb film did not been
reported. In this paper, the fabrication of honeycomb structure
of PPO in a high moist environment was researched. The
mechanism of the formation of regular morphology in PPO
films was discussed. Furthermore, the influences of the
compatibility between PPO and Solvents, as well as the
volatility of solvents on the pattern regularity were investi-
gated. Besides, some other affecting factors such as the
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environment temperature and the molecular weight were also
tested.

2. Experimental details

Polyphenylene oxide with two kinds of molecular weight
(M, =40, 70 K) was purchased from Aldrich. The Solvents,
spectroscopy grade, were purchased from Beijing Chemical
Corporation, which included chloroform (CHCl3), carbon
bisulfide (CS,), benzene, toluene, dichloromethane (CH,Cl,),
and trichloroethylene (C,HCl;). Water was purified by a
Millipore system (Milli-Q, Millipore). The honeycomb films
were prepared directly by casting the PPO solution (100 pL) on
glass substrates with controlled temperature and were placed
into a chamber whose relative humidity was 95%. The surface
morphology of the microstructured films was characterized by
scanning electron microscopy (S-4300, Hitachi), operating at a
25-kV accelerating voltage. Wettability of PPO was charac-
terized by the contact angle with bi-distilled water at room
temperature by using a contact angle meter (FACE CA-D,
Kyowa kaimenkagaku Co.). Surface tension of CHCl; and
PPO/CHCI; solutions were also measured at room temperature
(KSV Sigma703), following the Wilhelmy method.

3. Results and discussion
3.1. Formation of the honeycomb structure and its mechanism

After casting a drop of the PPO/CHCIj; solution on a glass
slide, the solvent began to evaporate and some phenomena
were observed immediately. It was found that, with the
volatilization of the solvent, the transparent polymer solution
became turbid due to emulsification. When the solvent
volatilized completely, an opaque and cream-colored layer
left. Fig. 1 shows the SEM images of the films prepared by
PPO/CHCI; solution with a series of concentrations. It could be
seen that, regular pores were formed when the concentrations
ranged from 2 to 70 g/L. This phenomenon was different from
all other literatures which could obtain regular pores only in
low concentrations [11-38]. It also could be seen from Fig. 1
that the optimal results were formed when the concentration
varied from 5 to 30 g/L, whose pore size were all
approximately 1.8-2 um. When the concentration of the
solutions was larger than 70 g/L, the diameter of the holes
became small and finally vanished.

These special phenomena might be attributed to the
molecular structure of the PPO. PPO was one kind of
hydrophobic plastics, whose contact angle with water was

Fig. 1. SEM images of honeycomb structure in PPO films prepared from different solution concentration. (a) 2 g/L; (b) 5 g/L; (c) 10 g/L; (d) 20 g/L; (e) 30 g/L; (f)
50 g/L; (g) 70 g/L; (h) 80 g/L; (i) 90 g/L. Other conditions: temperature, 20 °C; relative humidity, 95%; spreading volume, 100 pL.
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102.4° (M,,=70 K), and there was no intense-polar groups in
PPO molecule structure, which meant the formation of
honeycomb structure in PPO films did not mainly rely on its
hydrophilicity. Zhao et al. [41] reported that polyethers were
easy to accumulate on the surface of the solution because of
their ether group. For this reason, as a kind of polyether, PPO
molecules should gather around on the surface of the solution
and form an extremely thin surface film. This thin surface film
might serve as a critical role in the shaping of the honeycomb
models, which could not only reduce the surface tension of the
emulsion, but also stabilize the water droplets in the emulsion.

When the aqueous vapors condensed on the surface of
the polymer solution, the emulsion was formed because of the
incompatibility of the water droplets and the solvent. The
solvent and the water droplets acted as the dispersed medium
and the dispersed phase, respectively. Originally, the water
droplets were uniformly distributed in the emulsion, which
increased the surface area of the system and led to the
addition of the total energy. This was a non-spontaneity
process. On the contrary, the decreasing of the overall energy
(Gibbs free energy) of the system was spontaneous, which
could be accomplished by reducing the surface area or the
surface tension of the solution. As for pure solvent, the
surface tension was unchanged when the temperature was
constant and the only way to cut the total energy was the
declining of the surface area. That is, the emulsion, which was
composed of pure solvent and water droplets, was an unstable
system, and the water droplets in the emulsion always had the
tendency to coalesce with the purpose of cutting down the
surface area. But for solution, the surface tension was related
with the composition of the surface layer of the solution. It
meant Gibbs free energy might be reduced by adjusting the
amounts of the different components in the surface layer of
the solution. If the solute could reduce the solution surface
tension, it would try to gather on the surface. Otherwise, it
trended to stay in the inner of the solution. As a result, once
one wanted to decrease the free energy in the case of
maintaining the initially stable emulsion, some additive must
be added. PPO just performed the function of the additive to
decrease the surface tension of the solution by assembling on
the surface of the solution.

Whether PPO might aggregate on the surface of the solution
could be proved by testing the alteration of the solution surface
tension relied on Gibbs adsorption equation

r—() (3)

where ¢ is the concentration of the solution, vy is the surface
tension of the solution. The concentration of the solution is
always larger than that of the pure solvent, that is dc>0.
According to this equation, once the positive adsorption
happened, namely I'>0, dy should has a negative value and
the surface tension should decrease.

Table 1 shows the values of the surface tension of the
solutions. It was found that the surface tension of the solution
decreased at first and then increased gradually with the

Table 1
Surface tension of PPO/CHCI; solutions with different concentration
(T=22°C)

Concentration (g/L) r (mN/m)
0 26.92
1 26.17
2 25.58
5 25.49
10 25.44
20 25.47
30 25.51
40 25.83
50 25.97
60 26.27
70 26.87
80 27.87
90 28.94

growing of the solution concentrations, and the surface tension
v of the polymer solutions was smaller than that of the pure
solvent when the concentration was less than 70 g/L, namely,
dy <0, which could testify that PPO molecules were
congregated on the surface of the solution and formed a thin
surface film. However, when the concentration of the solution
exceeded 70 g/L, vy was larger than that of the pure solvent.
This fact might be caused by the increasing amounts of the
PPO molecules that gathering on the surface of the solution.
These so many molecules not only formed a compact surface
film, but also led to the increase of the solution viscosity,
which both increased the solution surface tension and
prevented the water droplets immerging into the solution.
Moreover, it also could be seen from Table 1 that, the values
of the surface tension changed slightly when the concentration
ranged from 2 to 50 g/L, which might be interpreted from the
characteristic of PPO molecule structure. It was well known
that the polymers that had intense-polar groups could
aggregate on the surface of the solution easily. However,
PPO molecule contained weak polar groups and this character
determined that even though there were a great many PPO
molecules in the solution, the amounts of the PPO molecules
that could gather on the surface of the solution were limited.
As a result, although the concentration of the solutions varied
from 2 to 50 g/L, the strength of the surface film did not
change much. This was the reason why PPO/CHCI; solutions
could form honeycomb films in a large range of concentrations
and their pore sizes were similar.

3.2. Influence of the solvent

Peng et al. [37] discussed the influence of the solvent on
formation of polystyrene films in high humid environment.
They obtained honeycomb films using toluene or CHCI; as
solvents but could not get regular membranes using CS, or
THEF. They thought the appropriate volatilization rate of the
solvent was a key factor to fabricate honeycomb structures.
However, other influences of the solvent on regular pattern
formation might need to be taken into consideration. For
instance, CHCl; and THF had similar volatility, according
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Table 2

The properties of the solvents
Molecular Density (g/cm®) Boiling point
weight °C)

CH,Cl, 85 1.33 40

CS, 76 1.26 46

CHCl, 119 1.50 61

Benzene 78 0.89 80

C,HCl; 131 1.47 87

Toluene 92 0.87 110

to Peng’s conclusion, similar patterns should be obtained,
while, different pore structures were formed in Peng’s study.
In order to study the influences of the solvent on the
formation of the honeycomb structure, six types of solvents
were used to dissolve PPO and form porous films. These
solvents were chloroform (CHCls), carbon bisulfide (CS,),
benzene, toluene, dichloromethane (CH,Cl,), and trichlor-
oethylene (C,HCI;). Their properties were described in
Table 2. PPO was dissolved in these solvents and formed
membrane in a high humid atmosphere, respectively. The
morphologies of these films were discussed as follow.

3.2.1. Influence of compatibility between PPO and solvents

The solvents, which had similar boiling point and different
compatibility with PPO, were chose to study the affection of
the compatibility with PPO in the formation of honeycomb
film. The degree of the compatibility could be estimated from
the different interaction parameter x between polymer and the
solvent by using the following expression [42]

V,
x= ﬁ (041 —0a2)* + (Op _5p2)2 + (01 — 012)’] @

where R is the ideal gas constant (8.314 J mol ' K™, Tis the
environment temperature (298 K), d4, 0p, 0, are the Hansen’s
parameters [43-46]. V,, is a reference volume equaling to the
molar volume of the specific repeating unit size of the polymer.
It can be calculated by superimposing the molar volume of the
group of the repeating unit [45]

Vo =) _aiV, 3)

where V; is the molar volume of the group. «; is the quantity of
each group in the unit.

Table 3 shows the values of the interaction parameter x
between solvents and PPO. By comparing the values of x and

the solvents’ boiling points, four solvents, CS,, CH,Cl,,
C,HCl; and benzene, were selected and divided into two
groups: CS,/CH,Cl, and C,HCls/benzene. The solvents in
each group had similar boiling points (the former were 46/
40 °C, the latter were 87/80°C) and different x values.
Although the calculated x value of PPO/CS, (x=1.50) was
much larger than that of PPO/C,HCI; (x=10.09), CS, still could
be considered as the good solvent for PPO based on
the experimental fact that CS, and C,HCI; could both
dissolve PPO quickly. It cost 24 h for benzene (x=0.54) to
dissolve PPO completely, while CH,Cl, (x=0.79) could
not dissolve PPO completely. As shown in Fig. 2, the porous
films prepared from PPO/CS, and PPO/C,HCl; solutions were
more regular than those prepared from PPO/benzene solutions.
Moreover, the porous membrane prepared from PPO/CH,Cl,
solution was completely irregular. Therefore, it could conclude
that the formation of honeycomb structure depended on the
good compatibility between polymers and solvents.

Based on the experimental phenomenon, the formation of
honeycomb films of PPO could be deduced as follow steps: (1)
PPO was dissolved in the solvent rapidly, and the long-chains
of the macromolecules, which once accumulated together,
were entirely dispersed in the solvent because of the overall
solvation. (2) The polymer chains formed ‘tiny spheres’, which
consisted of a single curly polymer chain and the solvent that
was adsorbed by the chain. These ‘tiny spheres’ could perform
Brownian motion in the solution freely (Fig. 3(a)). (3) Water
droplets were condensed on the surface of the solution due to
the cooling caused by the solvent evaporation, and the
transparent polymer solution became turbid because of
emulsification. (4) The emulsion was an unsteady system,
and the water droplets in the emulsion tended to coalesce. PPO
acted as an addictive in the solution, which could gather on the
surface of the solution and form a thin surface film. This film
could decrease the surface tension between the solvent and the
water droplets (Fig. 3(b)). (5) With the volatilization of the
solvent, the stable water droplets were closely packed on
the surface of the solution under the drive of the capillary force
(Fig. 3(c)). (6) After the water droplets and the solvent
evaporated completely, honeycomb films were remained.

CS, and C,HCl; were good solvents for PPO and they could
totally dissolve the long-chains of PPO. These dissolved chains
could perform Brownian motion freely in the solutions owing
to the lower binding force and moved to the surface of the
solution easily. On the contrary, because of the low

Table 3
Hansen’s parameters of PPO and solvents and their interaction parameters

b4 [(cal/m>)'?] dp [(cal/m®)'"?] o [(cal/m®)'?] Vi (cm’/mol ™) x
PPO 9.41 1.3 2.4 114.1
C,HCl; 8.78 1.5 2.6 0.09
CHCl; 8.65 1.5 2.8 0.15
CS, 9.97 0.0 0.0 1.50°
Toluene 8.82 0.7 1.0 0.52
Benzene 8.95 0.5 1.0 0.54
CH,Cl, 8.72 3.1 3.0 0.79

# The calculated data does not coincide with the experimental phenomenon; carbon disulfide can dissolve PPO immediately.
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Fig. 2. SEM images of honeycomb structure in PPO films prepared from
various solvents with different interaction parameters. (a) CS, 1 g/L; (b)
CH,Cl, 1g/L; (c) C,HCl; 2g/L; (d) benzene 2 g/L. Other conditions:
temperature, 20 °C; relative humidity, 95%; spreading volume, 100 pL. Scale
bar 10 pm.

T T
el s G MY S e
Fa o ToepT vy

.,

a ™ PPO molecules

B S o e i B S e

Fig. 3. The process of water droplets condensed on the surface of the PPO
solution.

compatibility of PPO/benzene and PPO/CH,Cl,, PPO mol-
ecules could not fully dissolve in these two solvents. Therefore,
the polymer chains would be restrained by intermolecular
forces and could not move freely in the solution. The chains
were not easy to congregate on the surface of the solution and
forbid the coalescence of the water droplets. In a word, the
lower compatibility between PPO and solvents led to the worse
regularity of the holes.

3.2.2. Influence of the solvent’s evaporation

CS,, CHCl; and C,HCI; were selected to study the influence
of the volatility of solvents on the fabrication of regular porous
structure. They had good compatibility with PPO and different
boiling points. As shown in Fig. 4, all the solutions can form
honeycomb films and the pore size of the films becomes large
with the increase of the solvents’ boiling point. When the
boiling point increased, the volatility of the solvent decreased,
and water droplets had more time to coalesce and grow on the
surface of the solution, and the pores enlarged.

We then compared the porous patterns in PPO films
prepared from another two different solvents: benzene and
toluene. These two solvents had similar interaction parameters
with PPO and different volatility. Fig. 5 shows the SEM images
of films prepared by PPO/benzene solution and PPO/toluene
solution. It could be seen that PPO/benzene solution forms
porous structure, while the film fabricated by PPO/toluene
solution nearly had no pores. This appearance possibly resulted
from the low volatility of toluene, which made toluene
evaporate too slowly to produce sufficient temperature
difference. Thus aqueous vapor could not condense on the
surface of the solution and act as templates for the honeycomb
structure. The comparison of the results of Figs. 4 and 5
allowed one to conclude that the volatility of the solvent could
not only influence the pore size of the honeycomb film, but also
determined whether or not the regular porous structure could be
achieved.

It must be pointed out that we fabricated honeycomb
patterns in a static humid atmosphere, which had some
difference from the dynamic moist environment reported in
other literatures [6,37]. The process of the formation of
honeycomb film in flowing wet air was that carrier nitrogen gas
was bubbled through distilled water and sent with water
vapor onto the solution surface. This method could accelerate

Fig. 4. SEM images of honeycomb structure in PPO films prepared from various solvents that have different boiling point. (a) CS,; (b) CHCl;; (c) C,HCl;. Other
conditions: concentration, 2 g/L; temperature: 20 °C; relative humidity, 95%; spreading volume, 100 pL. Scale bar 10 pm.
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Fig. 5. SEM images of honeycomb structure in PPO films prepared from
various solvents that have different boiling point. (a) Benzene; (b) toluene.
Other conditions: concentration, 2 g/L; temperature, 20 °C; relative humidity,
95%; spreading volume, 100 pL. Scale bar 10 um.

the evaporating speed of the solvent and made it possible to
form essential temperature difference that caused the conden-
sation of the vapor. The volatilization of the solvent in static
humid conditions was slower than in dynamic one, and the
temperature difference between the solution surface and
environment was little. This was the reason why Peng et al.
could obtain PS honeycomb film by using toluene as solvent in
a mobile air, while PPO/toluene solution could not form pores
in this paper. Therefore, in static surrounding, no other than the
solvent had lower boiling point could form appropriate
temperature difference and fabricate honeycomb structures.

3.3. Influence of the temperature

Fig. 6 shows the SEM images of the porous structure in PPO
films prepared at different temperature. It was found that with
the decreasing of the temperature, the pattern became
regularity. Also, the width of the pore walls increased when
temperature decreased. This result had a little difference with
other report which did not obtain regular pores at low
temperature [47]. They thought that the irregularity at low
temperature was caused by low evaporation rate of the solvent.
The slow evaporation of the solvent could not form enough
temperature difference between the surface of the solution and
the environment. The water droplets in air could not condense
onto the surface easily and acted the template of the regular
patterns. However, they only researched the influence of the
temperature in low humid environment (RH% =50%, 60%). In
this paper, we used a high humid atmosphere, which could
ensure enough water droplets to condense onto the surface of
the solution. In this situation, the irregularity of the pore

structure at high temperature should be interrupted by another
viewpoint. The reason of less regular pattern at high
temperature might be caused by the violent collision among
the water droplets on the surface of the polymer solution. It was
reported that the capillary attractive forces was an important
factor during the formation of the honeycomb structure [48].
It was also indicated that the capillary force only acted locally
[13,38]. Based on the observation of the initial stage of water
droplets condensation after the evaporation of solvent, Peng
et al. [37] deduced that at the first stage of the solvent
evaporation, water droplets condensed on the surface of the
solution and formed many isolated ‘islands’ with ordered
structures. These ‘islands’ were then compactly arranged due
to the Marangoni convection [49-51]. Xu et al. [38] considered
that when the solution surface area decreased, these ‘islands’
were pulled together, and collisions occurred. These collisions
led to irregular border between ‘islands’. We believed that, the
neighbor-isolated water droplets were arranged and collided
along with Marangoni convection simultaneously. Whether or
not the pores were regular depended on the competition of the
arrangement and collision among the neighbor water droplets.
After casting PPO/CHClj; solution onto a glass substrate, vapor
condensed on the surface of the solution and then formed many
isolated droplets at the first stage. In low temperature,
Marangoni convection was slow, and the collision of the
droplets was smooth. Regular arrangement was the main
progress and an ordered pattern was formed (Fig. 6(c)).
However, this thermocapollary convection was dramatic at
high temperature, causing fierce collisions of the neighbor
droplets, and leading to confusion of the pattern.

The large size of the pore walls at the low temperature was
caused by the increasing of the viscosity of the solvent. When
temperature decreased, the viscosity of the solvent increased,
which led to more resistance for water droplets to immerge into
the solution. Therefore, the width of the pore walls was large.

3.4. Influence of the molecular weight

Fig. 7 shows the SEM images of honeycomb patterns
prepared from PPO with different molecular weight. It could be
found that, when the concentration of the solution was 1 g/L,
low molecular weight PPO (M, =40 K) could form honey-
comb-like film (Fig. 7(d)). But the higher one (M,,=70 K) did
not fabricate regular structure (Fig. 7(a)). Moreover, when the
concentration increased, these two polymers both could form

Fig. 6. SEM images of honeycomb structure of PPO films prepared in different temperature. (a) 30 °C; (b) 20 °C; (c) 10 °C; other conditions: concentration, 2 g/L;

relative humidity, 95%; spreading volume, 100 pL.
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Fig. 7. SEM images of porous structure in PPO films prepared from different molecular weight PPO. (a)-(c) M,,=70,000; (d)—~(f) M, =40,000. Concentration:
(a) and (d): 1 g/L; (b) and (e): 30 g/L; (c) and (f): 50 g/L. Other conditions: relative humidity, 95%; spreading volume, 100 pL.

regular pores. However, the pore sizes formed by low
molecular weight PPO were lower than that of high molecular
weight PPO at the same concentration. This phenomenon
coincided with other reports [38]. There were two possibly
reasons to interpret this phenomenon. One reason was that, low
molecular weight PPO was easier to be dissolved by the solvent
than the higher one, and its molecule chains could gather on the
solution surface more easily. Therefore, low molecular weight
PPO could construct a stronger surface film than that of being
made by high molecular weight PPO. This surface film could
prevent the coalescence of the water droplets. The other reason
causing this appearance was that, the high the molecular weight
had low mole fraction. It meant that when these two polymers
had same mass concentration, low molecular weight PPO had
more molecules in the solution, which can supply more
molecules to fabricate the surface film. This surface film would
compact at high concentration, which would prevent the water
droplets immerging into the polymer solution. Therefore, the
pore sizes formed by low molecular weight PPO were lower
than that of high molecular weight PPO. In conclusion, low
molecular weight PPO was easy to form stronger surface film
and could fabricate honeycomb structure in a lower
concentration.

4. Conclusion

As one kind of hydrophobic polymers, PPO could form
honeycomb structures via water-assisted method in a large
range of the solution concentration, and the best regular pores
could be obtained by those solutions with the concentration
ranged from 5 to 30 g/L, whose pore size were all
approximately 1.8-2 um. The good compatibility of PPO
and solvent was very important to form honeycomb structure.
The volatility of solvents not only could influence the pore size
of the honeycomb film, but also could determine whether the
regular porous structure could be achieved. By decreasing the

environment temperature, more regular structure could be
formed at the concentration of 2 g/L. The low molecular
weight PPO could form honeycomb pattern at the lower
concentration, while the high molecular weight PPO could not
form. However, at the high concentrations, the pores’ size of
the high molecular weight PPO was larger than that of the low
molecular weight PPO. According to the favorable perform-
ance of PPO in fabricating membranes, we expected this film
had a great potential use in various fields.

Acknowledgements

This work was financial supported by the National Basic
Research Program of China (Grant no. 2003CB615701), which
is gratefully acknowledgement by the authors.

References

[1] Shimomura M. Prog Polym Sci 1993;18:295-339.
[2] Judith EG, Wijnhoven J, Willeml V. Science 1998;281:802-4.
[3] Deleuze H, Schultze X, Sherrington DC. Polymer 1998;39(24):6109-14.
[4] Nishikawa T, Nonomura M, Arai K, Hayashi J, Sawadaishi T, Nishiura Y,
et al. Langmuir 2003;19:6193-201.
[5] Nishikawa T, Nishida J, Ookura R, Nishimura S, Wada S, Karino T, et al.
Mater Sci Eng, C 1999;8-9:495-500.
[6] Nishikawa T, Arai K, Hayashi J, Hara M, Shimomura M. Mat Res Soc
Symp Proc. vol. 72°, 2002; Materials Research Society: 229-34.
[7]1 Yabu H, Shimomura M. Langmuir 2005;21:1709-11.
[8] Ostuni E, Chen CS, Ingber DE, Whitesides GM. Langmuir 2001;17:
2828-34.
[9] Nicolau DV, Yaguchi T, Taniguchi H, Yoshikawa S. Langmuir 1999;15:
3845-51.
[10] Kasai W, Kondo T. Macromol Biosci 2004;4:17-21.
[11] Widawski G, Rawiso B, Francois B. Nature 1994;369:387-9.
[12] Francois B, Pitois O, Francois J. Adv Mater 1995;7:1041-4.
[13] Pitois O, Francois B. Eur Phys 1999;138:225-31.
[14] Pitois O, Francois B. Colloid Polym Sci 1999;277:574-8.
[15] Gover LV, Bashmakov IA, Kaputski FN, Pientka M, Parisi J. Macromol
Chem Phys 2000;201:1721-8.



Y. Tian et al. / Polymer 47 (2006) 3866—3873 3873

[16] Gover LV, Bashmakov IA, Kiebooms R, Dyakonov V, Parisi J. Adv
Mater 2001;13(8):588-90.

[17] Nishida J, Nishikawa K, Nishimura SI, Wada S, Karino T, Nishikawa T,
et al. Polym J 2002;34(3):1581-3.

[18] Shimomura M, Sawadaishi T. Curr Opin Colloid Interface Sci 2001;6:
11-16.

[19] Nishikawa T, Ookura R, Nishida J, Arai K, Hayashi J, Kurono N, et al.
Langmuir 2002;18:5734—40.

[20] Yu CL, Zhai J, Gao XF, Wan MX, Jiang L, Li TJ, et al. J Phys Chem, B
2004;108:4586-9.

[21] Park MS, Kim JK. Langmuir 2004;20:5347-52.

[22] LiJ, Peng J, Huang WH, Wu Y, Fu J, Cong Y, et al. Langmuir 2005;21:
2017-21.

[23] Yamamura M, Nakamura S, Kajiwara T, Kage H, Adachi K. Polymer
2003;44:4699-704.

[24] Maekawa Y, Suzuki Y, Yoshida M, Maeyama K, Yonezawa N. Polymer
2003;44:2307-12.

[25] Cui L, Peng J, Ding Y, Li X, Han YC. Polymer 2005;46:5334-40.

[26] Nemoto J, Uraki Y, Kishimoto T, Sano Y, Funada R, Obata N, et al.
Bioresour Technol 2005;96:1955-8.

[27] Bu WF, Li HL, Sun H, Yin SY, Wu LX. J Am Chem Soc 2005;127:
8016-7.

[28] Cheng CX, Tian Y, Shi YQ, Tang RP, Xi F. Langmuir 2005;21:6576-81.

[29] Cheng CX, Tian Y, Shi YQ, Tang RP, Xi F. Macromol Rapid Commun
2005;26:1266-72.

[30] Jenekhe SA, Chen XL. Science 1999;283:272-5.

[31] Stenzel MH. Aust J Chem 2002;55:239-43.

[32] Zhao XY, Cai Q, Shi GX, Shi YQ, Chen GW. J Appl Polym Sci 2003;90:
1846-50.

[33] Nishikawa T, Nishida J, Ookura R, Nishimura S, Scheumann V,
Zizlsperger M, et al. Langmuir 2000;16:1337-42.

[34] Karthaus O, Cieren X, Maruyama N, Shimomura M. Mater Sci Eng, C
1999;10:103-6.

[35] Maruyama N, Koito T, Nishida J, Sawadaishi T, Cieren X, Ijiro K, et al.
Thin Solid Films 1998;327-329:854—6.

[36] Yabu H, Tanaka M, Ijiro K, Shimomura M. Langmuir 2003;19:6297-300.

[37] Peng J, Han YC, Yang YM, Li BY. Polymer 2004;45:447-52.

[38] Xu Y, Zhu BK, Xu YY. Polymer 2005;46:713-7.

[39] Xu TW, Liu ZM, Yang WH. J Membr Sci 2005;249:183-91.

[40] Hamad F, Matsuura T. J Membr Sci 2005;253:183-9.

[41] Zhao GX, Zhu BY. Principle of surfactant action. Beijing: Chinese Light
Industry Press; 2003 p. 34-55.

[42] Liu B, Du QG, Yang YL. J Membr Sci 2000;180:81-92.

[43] Rebenfeld L, Makarewicz PJ, Weigmann HD, Wilkes GL. J Macromol
Sci, C 1976;15(2):279-393.

[44] Shaw MJ. Appl Polym Sci 1974;18(2):449-72.

[45] Barton AFM. CRC handbook of solubility parameters and other cohesion
parameters. Boca Raton: CRC Press; 1991.

[46] Brandrup J, Immergut EH, Grulke EA. Polymer handbook, vol. VII. New
York: Wiley; 1999 p. 675-701.

[47] Zhao BH, Li CX, Lu Y, Wang XD, Liu ZL, Zhang J. Polymer 2005;46:
9508-13.

[48] Maruyama N, Karthaus O, Ijiro K, Shimomura M, Koito T, Nishimura S,
et al. Supramol Sci 1998;5:331-6.

[49] Maillard M, Motte L, Ngo AT, Poleni MP. J Phys Chem B 2000;104:
11871-7.

[50] Maillard M, Motte L, Poleni MP. Adv Mater 2001;13:200-4.

[51] Stowell C, Korgel BA. Nano Lett 2001;1:595-600.



	The formation of honeycomb structure in polyphenylene oxide films
	Introduction
	Experimental details
	Results and discussion
	Formation of the honeycomb structure and its mechanism
	Influence of the solvent
	Influence of the temperature
	Influence of the molecular weight

	Conclusion
	Acknowledgements
	References


