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Highly porous polymer and inorganic materials with
a well-defined pore size have been exploited in a wide
range of applications such as chemical catalysis, ionic
exchange resins, chemical sensors, and functional ma-
terials for selective binding and removal of drugs, pep-
tides, and proteins.1, 2 The template-imprinting tech-
nique is very useful method in the preparation of these
materials with size- and shape-specific binding sites.
Often porous polymers have been prepared using re-
versible micelles as the templates,3 especially sodium
bis(2-ethylhexyl) sulfosuccinate (AOT) in the mixture
of water and many organic solvents,4 because the size
of the micelles can be controlled by changing the water
content.3a,3b

On the other hand, low molecular weight compounds
that can gel various organic fluids, gelators, have been
considerably focused on their applications to the field
of material chemistry.5 In organic fluids, gelators form
a hierarchical network of supramolecular nanofibers at
the low concentration which is held together by rel-
atively weak intermolecular forces including hydro-
gen bonding, π-stacking, and van der Waals interac-
tions. Recently, the superstructures in organogels have
been used as a template for sol-gel polymerization of
tetraethoxysilane and tetraalkoxytitanium, resulting in
novel silica and titania with a hollow fiber structures.6, 7

Furthermore, Shi et al. have reported the synthesis of
new gelators that can gel supercritical CO2 and fabri-
cation of the porous polymers in supercritical CO2.8

These studies are expected as new methods in the
template-imprinting technique.

Here we describe the preparation of porous
poly(styrene) from toluene gels made by gelators using

a new method, ′′in situ precipitation′′ and the charac-
terization by scanning electron microscopy (SEM). The
′′in situ precipitation′′ is performed by replacing good
solvent with poor solvent in polymer solution that is
previously gelled by gelators. By this method, we can
obtain the porous poly(styrene) that is almost keeping
the shape and size of the original gels.

Scheme 1.

All reagents and solvents were obtained from Wako,
TCI, or Aldrich. These reagents and solvents were an-
alytically pure and were used without further purifica-
tion. N-Carbobenzyloxy-L-isoleucylaminooctadecane
(1)9 and Nε-lauroyl-Nα-stearylaminocarbonyl-L-lysine
ethyl ester (2)5d were selected as the low molecular
weight gelators illustrated in Scheme 1, which are ex-
cellent gelators for many organic solvents and form
three-dimensional networks through nanofibers respon-
sible for gelation. The porous poly(styrene)s were pre-
pared by in situ precipitation, followed by removal of
gelators with soaking a hot ethanol.10

Shape-keeping precipitation, which is referred to ′′in
situ precipitation′′ was performed by addition of poor
solvent onto the resulting gels of poly(styrene) solu-
tion. The in situ precipitation gave the precipitate of

†To whom correspondence should be addressed (Fax: +81-268-24-7248, E-mail: hanaken@giptc.shinshu-u.ac.jp).

474



Porous Polymers by in Situ Precipitation

Table I. Condition of in situ precipitation and weight change of obtained poly(styrene) before and after soaking in ethanol

Poly(styrene)
g

Gelator 1
mg

Toluene
mL

Yield before soaking
g

Yield after soaking
g

2.00 0 20 — 1.33
2.00 200 20 2.00 1.83
2.00 500 20 2.27 1.89
2.00 750 20 2.53 1.89
2.00 1000 20 2.70 1.84

Figure 1. Photographs of four states of samples during in situ
precipitation: (A) toluene gels consisting of poly(styrene) and gela-
tor 1, (B) immediately after the replacement of toluene with hexane,
(C) poly(styrene) obtained by in situ precipitation, and (D) porous
poly(styrene) after removal of the gelator by soaking in ethanol.

poly(styrene) that kept the shape and size of the orig-
inal gels. Figure 1 shows the photographs of four
states of samples during in situ precipitation process;
(A) toluene gels consisting of poly(styrene) and gela-
tor 1, (B) immediately after the replacement of toluene
with hexane, (C) poly(styrene) containing the gela-
tor obtained by in situ precipitation, and (D) porous
poly(styrene) after removal of the gelator by soaking
in ethanol. When hexane was poured onto the trans-
parent toluene gels, the gels became gradually opaque,
indicating that poly(styrene) began to precipitate (B).
After completion of in situ precipitation, poly(styrene)
containing the gelator was obtained (C), and finally,
the cylindrical porous poly(styrene) was obtained af-
ter soaking in a hot ethanol (D). It is noteworthy that
poly(styrene) obtained by in situ precipitation almost
keeps both the cylindrical shape and size of the polymer
gel macroscopically, even after soaking in ethanol. For
comparison, ordinary reprecipitation that the toluene
solution of poly(styrene) was poured into hexane and
precipitation by the same procedure as in situ precip-
itation were carried out under the same condition, but
without the gelator. Poly(styrene) by the former and the
latter methods was powder and large mass, respectively,
and both did not possess porous structure at all. Con-
sequently, in situ precipitation from the gels is an ex-
cellent method for preparation of porous poly(styrene).
The porous poly(styrene) is very stable not only in
ethanol but also in the solvents, that the poly(styrene)

Figure 2. FT-IR spectra of poly(styrene) obtained by in situ
precipitation using gelator 1: (A) before soaking in ethanol, (B)
after soaking in ethanol.

is insoluble, such as hexane, alcohols, acetonitrile, wa-
ter and so on. Thus, the porous poly(styrene) may have
potential applications to various reactions in these sol-
vents.

Condition of in situ precipitation and weight change
of obtained poly(styrene) before and after soaking
in ethanol are summarized in Table I. The porous
poly(styrene) can be obtained by in situ precipitation
from the gels with the high yield, compared with that
from the solution. The weight of poly(styrene) ob-
tained by in situ precipitation decreased after soaking
in ethanol and the weight change almost corresponded
to removal of the gelators.

Figure 2 shows FT-IR spectra of poly(styrene) by
in situ precipitation using gelator 1, before and af-
ter soaking in ethanol. The FT-IR spectrum of
poly(styrene) before soaking in ethanol appeared the
peaks at 3290 cm−1(ν N–H), and 1690 cm−1 (ν C=O for
urethane), and 1645 cm−1 (ν C=O for amide), indicat-
ing the existence of the gelator 1. The disappearance
of these peaks after soaking demonstrated that the gela-
tors were completely removed by soaking. It should
be mentioned that porous poly(methyl methacrylate),
poly(ethylene), and poly(sulfone) were also obtained
by the similar in situ precipitation.
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Figure 3. SEM images of xerogels prepared from cyclohexane
gels of 1 (A) and 2 (B) and poly(styrene) obtained by in situ pre-
cipitation: (C) 0.2 g of gelator 1, (E) 1 g of gelator 1, (D) in the
absence of gelator, and (F) 1.0 g of gelator 2. Scale bar: 15 µm for
(A), (B), (C), (E) and 10 µm for (D) and (F).

Figure 3 shows the SEM photographs of xerogels
prepared from cyclohexane gels of 1 (A) and 2 (B) us-
ing a freeze-drying technique, poly(styrene) (C, E, F)
which was prepared by in situ precipitation, followed
by soaking in EtOH. For comparison Figure 3 also con-
tains that of powdered poly(styrene) (D) prepared in
the absence of the gelator. It is obvious from Figure 3
that the porous poly(styrene) with the pore size of mi-
crometer scale is obtained by in situ precipitation. Very
interestingly, the pore size of the porous poly(styrene)
(E, F) is ca. 1µm, which is almost consistent with the
size of the gelator (A, B) (0.5 µm–1 µm). This indi-
cates that the supramolecular structures formed by the
gelators are imprinted in polystyrene. Furthermore, the
pore size significantly depends on the concentration of
the gelators; the pore size is ca. 13 µm at the low gelator
concentration (C) and ca. 1 µm at the high concentra-
tion (E). Since gelator forms a closer network structure
with increasing concentration of the gelator,5 the pore
size of poly(styrene) can be controlled by the concen-
tration of the gelator. In contrast, the poly(styrene) ob-
tained in the absence of the gelators has a very smooth
surface and is never porous (D).

Figure 4 shows the dependence of the surface area

Figure 4. Dependence of the specific surface area of porous
poly(styrene)s obtained by in situ precipitation on the concentra-
tion of the gelators: gelator 1 (©) and gelator 2 (�).

of porous poly(styrene) determined by a BET method
on the concentration of the gelators. The surface area of
porous poly(styrene) increases with increasing the gela-
tor concentration. In particular, the specific surface area
of poly(styrene) obtained by in situ precipitation us-
ing the gel comprised of toluene (20 mL), poly(styrene)
(2.00 g), and gelator 2 (800 mg), after removal of the
gelator, is ca. 16 m2 g−1. This specific surface area is
about 8 times as large as that of poly(styrene) obtained
by the ordinary reprecipitation.11 These facts support
the result obtained from SEM observation.

CONCLUSION

We reveal the preparation of porous poly(styrene)
by a new method, ′′in situ precipitation′′, using the
gelators which forms three-dimensional networks in or-
ganic solvents. The characteristic of in situ precipita-
tion is to afford the precipitates of polymers, almost
keeping the shape and size of the original gels macro-
scopically. Upon subsequent soaking in a hot EtOH
the gelators are removed, resulting in the porous poly-
mers. SEM observations show that the supramolecu-
lar structures formed by the gelators are microscopi-
cally imprinted in the poly(styrene). The size of pores
is controllable by the concentration of gelators. The
current ′′in situ precipitation method′′ may open up
new pathways to prepare porous polymers as one of
the template-imprinting techniques. Moreover, porous
polymers by in situ precipitation may find unique appli-
cants as high-efficiency absorbent, carrier for catalysts,
or support for tissue engineering, although the applica-
tions are limited by the solvents to some extent due to
solubility of porous polymers.
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