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www.rsc.org/ Hierarchically porous polymeric materials represent a new class of materials that have attracted both industrial and
academic interests. This paper presents a novel, etching-free and versatile preparation methodology, using commercially
available polystyrene via CO,-expanded liquids selectively swelling process combined with hyper-cross-linking reaction.
The morphology of the membranes was observed with electron microscopes, and the chemical structure of the
membranes was investigated by Fourier transformation infrared spectrometry and Solid-state nuclear magnetic resonance
measurement. One level of macroporous structures was produced by CO,-expanded methanol selective swelling process,
while the other level of micropores was created via the hyper-cross-linking reaction. The cross-linked membranes showed
large specific surface areas and excellent thermal stability, which have potential applications in catalysis, separation and
gas storage.

and mesophase separation plus extraction by rinsing process. A
Introduction BCP was first dissolved in an organic solvent with a small

In the past decades, the preparation of hierarchically porous molecule additive, which could selectively swell one of the

materials has attracted both industrial and academic interests blocks of the BCP. Then the solvent was evaporated in a

due to their charming properties combined with the controlled manner. The dried film was then placed in a rinsing

characteristic structures.'> Although a mass of hierarchically solution in order to remove the oligomeric additive. After the

porous inorganic materials have been prepared, it still keeps processes aforementioned, hierarchical and continuous porosity
9

. . 8
challenges to fabricate hierarchical porous polymeric in the polymer matrix was generated.

materials.®!! Currently, the most widely used methodology of Although the above methods can be used to prepare

creating porosity in polymers is based on the micro-phase hierarchical porous polymeric materials, they are confronted

separation of block copolymers (BCPs),’'® thus several with several drawbacks. The synthesis parameter window of

techniques for preparing hierarchical porous polymeric BCPs in their synthetic processes is narrow, and the phase

materials have been devised. For example, Russell er al scparation process of BCPs nceds careful control of the

. . . - experimental conditions. Besides, additional chemical reaction
prepared hierarchically porous polymeric membranes with
diblock copolymer polystyrene-b-poly(n-butyl methacrylate)

(PS-b-PnBMA). They first constructed PS-h-PnBMA These disadvantages strongly limit the development of
hierarchically porous polymeric materials, thus an easy and

is needed to decompose the specific segments of the BCPs.

membranes micrometer-scale pores via breath figure

processing, and then degraded the component of PnBMA by etching-free method is desired.

UV irradiation, to produce nanoscale pores. As a result, the Recently some novel template-free strategies of creating

: . 2022
hierarchically porous polymer membranes in micro/nano-scale pores in polymer matrices have been developed, and they

were obtained.!” In another example, Sai et al. put forward a are inspiring us to design new strategies of preparing

method for acquiring hierarchically porous BCP-derived hierarchical porous polymeric materials. CO,-expanded liquid

materials dubbed the spinodal-decomposition induced macro- (CXL) is a mixed solvent composed of compressible CO,

dissolved in an organic solvent®® By increasing the CO,
pressure, the properties of the mixed solvent change from a

. — S - pure organic solvent to supercritical CO, (scCO,). Compared
"College of Materials, Xiamen University, Xiamen 361005, People’s Republic of

China. E-mail: lilei@xmu.edu.cn; Tel: +86-592-2186296; Fax: +86-592-2183937. with scCO,, CXLs possess the ability to dissolve polar
b, . ] . ’ ] . .
. State Key Laboratory for Modification of Chemical Fibers and Polymer Materials, compound,23 24 thus CXLs are apphcable to construct porous
Donghua University, Shanghai 201620, People’s Republic of China
T Electronic Supplementary Information (ESI) available. See DOI: 10.1039/x0xx000 25 .
00x Therefore, CO,-expanded methanol was used in our group to

structure in a variety of polymers with low affinity to scCO,.?
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construct nanostructures in an amphiphilic BCP of PS-5-PVP.?
Though neither polystyrene (PS) nor poly(vinylpyridine) (PVP)
has high affinity to CO,, while methanol is a good solvent to
PVP segments. Thus, CO,-expanded methanol could plasticize
PS matrix and PVP  component
simultaneously, inducing the phase transition and generating

selectively  swell
nano-network. After isobar quenching and depressurization,
porous structures were formed in the polymer matrix. Another
commonly used method to introduce micropores into polymer
films and monoliths is hyper-cross-linking reaction, which is
most frequently performed by Friedel-Crafts alkylation.® The
hyper-cross-linking reaction produces cross-linking bonds
between polymer chains, leaving molecular-sized pores
between them. Therefore, the hyper-cross-linked polymers
exhibit attractive properties such as ultra-high surface area and
the excellent adsorbing ability.?¢

Herein we report a new strategy to prepare hierarchically
porous membranes with commercial available PS, combining
CO,-expanded methanol processing with a sequent hyper-cross-
linking post-treatment. One level of the pores was first
generated by CO,-expanded liquid processing, and the other
level was produced by the sequent Friedel-Crafts hyper-cross-
linking reaction. Compared with the above-mentioned methods
involving BCP templates, our strategy has the following
advantages: firstly, commercial available polymer instead of
BCPs is used, thus no complex synthesis is needed; secondly,
phase separation process is unnecessary in this method; last, no
etching processing is required to generate porosities. Thus this
strategy provides a novel, etching-free and versatile way to
prepare hierarchically porous polymeric membranes.

Journal Name

Materials and methods

Materials

A commercially available PS sample with a molecular weight
(Mw) of 214.8 k and a polydispersity index (PDI) of 1.67, was
purchased from Asahi Chemical Company. Dimethoxymethane
(FDA) was bought from Tokyo Chemical Industry Co., Ltd,
and iron (III) chloride (98%) was the product of Alfa Aesar
Company and used without further purification. Toluene,
Tween-85 and 1,2-dichloroethane (DCE) (analytical pure) was
purchased from Sinopharm Chemical Reagent Co., Ltd. DCE
was washed with concentrated H,SO,4, aqueous Na,COj; and
water for several times, then refluxed with CaH, and
fractionally redistilled. Methanol (chromatographically pure)
was bought from J&K Chemical. CO, with 99.99% purity was
supplied by Xinhang Gas (Fuzhou, China). All the chemical
reagents were used as received without further purification
unless specifically noted.

Preparation of nonporous polystyrene membranes

PS solution was prepared by stirring PS pellets in toluene at
room temperature. A certain amount of non-ionic surfactant
Tween-85 was then added into the PS solution, and the mixture
was stirred at least 30 min to obtain a homogeneous solution.
The solution was cast onto a clean glass substrate. After the
evaporation of the solvent, a transparent membrane was
formed. The membrane was further dried in vacuum for 24 h.
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Scheme 1 Illustration of the preparation of hierarchically porous PS membrane.
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The dry membrane was cut into small pieces (10 x 30 mm)
and transferred into a high-pressure vessel containing 1 mL
methanol. CO, was added using a high performance liquid
chromatography pump (Jasco PU-2086 plus, Japan) to expand
methanol and swell the membrane. A back-pressure regulator
(Jasco BP-2080 plus, Japan) was used to control the vessel
pressure in a dynamic balance. The temperature of the vessel
was controlled by a thermostatic water bath (0.5 °C)
(Jinghong DK-S22, Shanghai, China). The processing time for
each sample was 30 min. Before releasing the CO,, the vessel
was quenched by transferring into an ice bath. The release of
CO, was controlled by the back-pressure regulator with a speed
of 0.5 MPa min .

Hierarchically porous polymeric membranes via hyper-
cross-linking

FeCl; (1.625 g, 0.005 mol), FDA (0.38 g, 0.005 mol) and 5 mL
DCE were combined and stirred in a flask until completely
mixed. Several pieces of PS macroporous membranes after
CXL process were added to the mixture, and then the mixture
was heated and kept at 80 °C for 8 h without stirring to hyper-
cross-link the membranes. The resulted membranes were
collected and washed with methanol for three times, extracted
with Soxhlet extractor for 12 h, and finally dried under vacuum
at 60 °C for 24 h.

Characterization

The morphology of honeycomb membranes was observed by
scanning electron microscopy (SEM) (SU-70, Hitachi) under an
electron beam with an accelerating voltage of 10 kV and a
working distance of 15 mm. For the cross-section observation,
the membrane was frozen and fractured in liquid nitrogen. All
the samples were coated with a thin layer of gold before
observation. The hierarchically porous structures of the
membranes were characterized by high-resolution transmission
electron microscopy (TEM) (JEM-2100) with an acceleration
voltage of 200 kV. Thermal Gravity Analysis (TGA) of the
cross-linked membranes was performed on a thermal analyzer
(Q500 V6.7 Build 203) under air atmosphere with a heating
rate of 10 °C min'. Specific surface areas of the membranes
were measured on a surface and porosity analyzer (TRISTAR
113020). Fourier transform infrared spectra (FT-IR) were
obtained with a NICOLET iS10 spectrometer. Solid-state
nuclear magnetic resonance (NMR) spectra was collected on a
BRUKER AV 400 spectrometer.

Results and discussion

The preparation of hierarchically porous PS membranes is
schematically shown in Scheme 1. A PS/Tween-85 blend
membrane was obtained by casting the corresponding solution,
and then transferred into high-pressure vessel containing
methanol inside in order to carry out CXL process, during
which macropores were generated in the PS matrix. The
macroporous PS membranes were then hyper-cross-linked in
DCE by FDA, Eventually, a
hierarchically porous PS membrane was obtained.

to produce micropores.

This journal is © The Royal Society of Chemistry 20xx
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Fig 1 (a) Cross-sectional SEM image of blend membrane after methanol extraction. (b-d)
Cross-sectional SEM images of blend membrane processed after CO,-expanded
methanol processing (b-global view, c-edge of membrane, d-center of membrane). (e)
FT-IR spectra of the raw PS membrane (black curve) and PS membrane after CXL
treatment (red curve). (f) Cross-sectional view of blend membrane after 3 minute CXL
treatment (Inset: a magnified cross-section view).

Firstly, the distribution of Tween in the PS membrane was
examined. The as-prepared PS/Tween-85 blend membrane was
fractured in liquid nitrogen and the fracture surface was
extracted by methanol for 24 h. After drying, the cross-section
was observed by SEM and shown in Fig la. The image
evidently demonstrates that the uniform and dense pores with
the diameter of 26 + 8 nm and a density of 1.16x10'° cells/cm?
is formed. The porosity is ascribed that the Tween-85
embedded inside the film is washed out of the fractured surface
after extraction, indicative of a uniform distribution of Tween-
85 in PS matrix.*> In addition, because of the amphiphilicity of
Tween-85, it is reasonable to believe that Tween-85 form
micelles in the PS matrix, with hydrophobic groups toward PS
matrix.

The PS/Tween-85 blend membrane (containing 3 wt%
Tween-85) was then treated by CO,-expanded methanol at 45
°C and 10 MPa for 30 min, following the procedures mentioned
in the Experimental Section, to produce macroporous. After the
CXL process, the macrostructure in the film were confirmed
with SEM, as shown in Fig 1b. Usually, the conventional
scCO, foaming process always results in a dense unfoamed
skin as thick as dozens of micrometers. In our case, the surface
skin is less than 2 pum, which is similar to that produced by a
surface constrained foam process.*® The characteristic thin
surface skin and macrostructures are attributed to that the
surfactants near the membrane surface diffuse from the matrix
into the liquid phase prior to the foaming step, while the
surfactants inside the film worked as porogen, as discussed
below.

It is found that the 7, of the matrix polymer significantly
influences the rearrangement time, which can be reduced from

J. Name., 2013, 00, 1-3 | 3
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30 min to 10 seconds when the 7, decreased from 95 °C to -69
°C.33-3¢ The saturation temperature of 45 °C is well above the
T, of PS in CO, under 10 MPa pressure.’’” Therefore, upon
charging of the vessel with CO,, PS matrix is significantly
plasticized. Additionally, the effective interaction between PS
and additives can also be significantly reduced. Thus, the CO,-
methanol can penetrate into the bulk material through the film
and selectively swells the Tween-85 micelles beneath the top
PS layer. In the following isobar quenching, the PS matrix is
frozen and the trapped CO, droplets are fixed in the PS matrix.
Therefore, macro cellular
depressurization.®® In Fig 1d, macropores with an average
diameter of 500 + 280 nm and density of 1.30x10'? cells/cm’
are observed (The histogram of pore sizes distribution after
CXL process calculated according to the SEM image is shown

structures are obtained after

in Figure S1 a ). The increasing of pore size and decreasing of
aggregation number (number density), compared with that in
the membrane after methanol extraction indicates the rapid
structural reconstruction during the CXL process.

The comparison of the FT-IR spectra of the films before and
after CXL treatment is plotted in Fig le. It is found that the
intensity of the bands associated with C-O-C groups, ester
groups and C=C groups of Tween-85 at 1109 cm™', 1757 cm ™!
and 2856 cm ' become much weaker after CXL processing,
indicating that most Tween-85 is removed from the PS matrix
during CXL processing. Furthermore, a contrast experiment
was completed after 3 min CXL treatment. The similar porous
morphology is observed in the cryo-fractured cross-section, as
shown in Fig 1f. It should be note that the pore size (162 + 86
nm) is smaller and uniform and the number density (8.7x10"3
cells/cm?) is higher compared with that in the film after 30 min
CXL treatment as shown in Figlf, while the thickness of
surface skin keeps unchanged. Therefore, we can conclude that
the Tween-85 molecules close to the surface is washed out at
the beginning of CXL treatment, while the Tween-85 micelles
in the middle of the film firstly trap the CO, droplets and then
gradually merge. With the elongation of processing time, the
Tween-85 molecules inside the film are also extracted by the
methanol through the swollen PS matrix. The trapped CO,
droplets keep intact because of the isotropic chemical potential
inside the high-pressure vessel until the morphology is fixed by
isobar quenching. The detailed investigation of the influence of
the ratio of Tween-85 to PS, experiment conditions and species
of surfactant on the morphology of the porous membrane will
be described elsewhere.

The N, adsorption isotherm of the blend membrane after
CXL processing was measured at liquid nitrogen temperature
and is shown in Fig 2. The membranes were frozen by liquid
nitrogen and fractured into small pieces before the experiment
in order to expose the pores. However, a rather low BET
specific surface area of 1.73 m® g ' was obtained, although the
membranes are highly porous. Such low specific surface area
reveals that the CXL membrane has a close-pore structure.*’

4| J. Name., 2012, 00, 1-3
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Fig 2 N, adsorption isotherm of the blend membrane after CO,-expanded methanol
treatment.

In order to produce additional micropores in the porous PS
membrane, a hyper-cross-linking reaction was performed. The
cross-linking process of PS membranes was realized by soaking
the membranes in the mixture of FeCl;, FDA and DCE at 80 °C
for 8 h. After cross-linking reaction the hyper-cross-linked
membranes were washed with methanol for several times and
then Soxhlet extracted with methanol overnight followed by
drying in vacuum for 12 h. The hyper-cross-linking mechanism
has been investigated by several researchers. 04 During the
cross-linking process, FDA was acted as an external cross-
linker to connect the benzene rings on PS backbones, through
Friedel-Crafts reaction. To confirm the chemical structure of
the hierarchically porous PS membrane, FT-IR spectra of the
PS membrane before and after hyper-cross-linking reaction
were reported, as shown in Fig 3. In the spectrum of the cross-
linked membrane, a new band appears at 817 cm™', which is
assigned to multi-substituted benzene ring and in line with the
data reported by Law et al* The intensity of the band
associated with mono-substituted benzene ring at 710 cm'

becomes weaker compared with that of uncross-linked
membrane. These data demonstrate that the hydrogens on
benzene ring were substituted in the reaction. The intensity of
the bands at 3059 and 3080 cm ', which is associated with the
hydrogens on the aromatic rings, are obviously reduced, also
verifying the substitute reaction on the benzene rings. Besides,
a new strong band at 1701 ¢cm™' is found in the spectrum of the
cross-linked PS membranes, and can be assigned to C=0O
groups, as reported by Dai er al. ,** the oxidation product of
FDA residual segments by the catalyst of Fe (II).*> ** The
structure of the cross-linked PS membrane was further
confirmed by the Solid-state NMR. In Fig 4, solid-state '>C
cross-polarization magic angle spinning NMR spectroscopy
shows resonance peaks near 138 and 128 ppm, which are
belonged to aromatic carbon and non-substituted aromatic
carbon, respectively. The resonance peak near 40 ppm can be
assigned to the carbon in the methylene linker forming in the
cross-linking reaction. These results are completely consistent
with the data reported by Tan e al.*’ Besides, the resonance
peaks between 150 and 200 ppm indicate the formation of the
C=0 group ; this phenomenon is consistent with the
observation reported by Dai ef al., as well as the results of the

FT-IR spectra.** All the above spectra data confirm that the PS

This journal is © The Royal Society of Chemistry 20xx
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membranes have reacted with FDA, and the hyper-cross-linked
structure formed.

g

:

:

g W

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber/cm™!

Fig 3 FT-IR spectra of the PS membrane before (red curve) and after (blue curve) hyper-
cross-linking reaction
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Fig 5 (a) Cross-sectional SEM image and (b) TEM image of the hyper-cross-linked PS
membrane.
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Fig 4 Solid-state NMR spectrum of the hyper-cross-linked PS membrane.

The membranes after hyper-cross-linking reaction were
observed by SEM and TEM. From the morphology of cross-
linked PS membrane shown in Fig 5a, we can find that although
PS is soluble in DCE, the porous structure features by the CXL
processed membranes is well preserved after the hyper-cross-
linking reaction (The histogram of macro pore sizes distribution
after hyper-cross-linking process calculated according to the
SEM image is shown in Figure S1 b). The reason is that the
hyper-cross-linking reaction is very rapid,** and the cross-
linked layer formed quickly on the membrane surface,
preventing further deformation and dissolution of the
membrane. Slight deformation of the pores is observed, due to
the plasticization effect of DCE on PS matrix. Dai ef al. have
confirmed that a membrane with the thickness of 50 pum is
completely cross-linked after 6 h reaction, owing to the faster
mass transport in the PS membrane.*' Therefore, it is safe to
conclude that the micropores are distributed throughout the
entire membranes after 8 h hyper-cross-linking reaction. The
structure generated during hyper-cross-linking reaction was
observed by TEM, as shown in Fig 5b. Obviously, small pores
were found throughout the sample, confirming that micropores
were generated during the hyper-cross-linking reaction.

This journal is © The Royal Society of Chemistry 20xx

We further use N, adsorption technique to investigate the

surface area and pore size of the cross-linked PS membrane.*®
The N, adsorption-desorption isotherms of the membranes (Fig
6a-black curve) exhibit a Type I reversible sorption profile with
a slight hysteresis loop at higher relative pressures, indicating
the presence of abundant micropore structure accompanied with
a few mesopores in the membrane. According to the isotherms,
the BET surface area of the membrane is calculated to be 270.8
m? g '. Such a high specific surface area indicates that the
micropores in the membrane are interconnected and accessible
to gas molecules. The pore size distribution calculated using the
Barrett—Joyner—Halenda (BJH) method is shown in Fig 6b. The
membrane shows a dominant pore size of 0.87 ~ 2.0 nm, in
good agreement with the results of TEM image. Also a small
number of mesopores are observed in Fig 6b. The results of N,
adsorption analysis further confirm the microporous structures
in the cross-linked PS membrane. In summary, the above
electron microscopic images reveal that the cross-linked PS
membranes are hierarchically porous materials, with
macropores formed in CXL process, and micropores of 1 ~ 2
nanometers generated by the hyper-cross-linking reaction.
The cross-linking reaction not only generate micropores in the
membrane, but also increase the thermal stability of the
membrane. The N, adsorption/desorption curves of the cross-
linked PS membrane after heated at 150 °C for 0.5 h are shown
in Fig 6a (red line), and the specific surface area is calculated to
be 244.5 m*> g '. Thus the surface area change hardly after
thermal treatment, indicating that the micropore structures are
well preserved after thermal treatment. Noticing that the glass
transition point of PS is 100 °C, the above results clearly
demonstrate that the thermal stability of the PS membrane is
significantly improved by the cross-linking structure. The
cross-linking reaction also increase the decomposition
temperature of the PS membrane, as shown in the TGA curves
(Fig S1). The residual weight of hyper-cross-linked PS
membrane at 550 °C is 32.9%, while that of the uncross-linked
membrane is only 1.29%.

J. Name., 2013, 00,1-3 | 5
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Fig 6 (a) N, adsorption/desorption curves of the cross-linked PS membrane before
(black) and after (red) heating at 150 °C for 0.5 h. (b) Pore size distribution of the
hierarchically porous PS membrane.

Conclusions

In conclusion, we prepared hierarchically porous polymeric
films with a commercially available polymer. The first level of
macro-scale structures was produced by selectively swelling the
surfactant micelles embedded in the polymer matrix with a
CXL treatment, while the second level of micropores was
created via the sequent hyper-cross-linking reaction. The
hierarchical porosity is confirmed by SEM, TEM and BET
measurements. It is should be noted that the hyper-cross-linking
reaction not only creates the specific surface area, but also
improves the thermal stability of the hierarchical porosity. This
method is not only suitable for PS and PS-based copolymers,
but also applicable to many other polymers which bear
aromatic rings and are active in Friedel-Crafts reactions.’®
Since PS can also be cross-linked by UV irradiation,*" °
therefore, photochemical reaction is the alternative strategy for
the formation of hyper-cross-linking structures, which is
currently under investigation. Moreover, other types of
surfactants, such as amphiphilic block copolymers, can also be
used in our method, and are expected to generate different pore
structures and further functionalization. We believe that the
etching-free and versatile mythology will demonstrate its
promising applications in catalysis, separation and gas storage.
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