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Novel macro and meso porous polysulfone materials were prepared from miscible blends of polysulfones
with a phenylindane containing polyimide by selective chemical decomposition of the polyimide phase
using a dilute hydrazine or tetraammonium hydroxide solution in methanol. It was found that the pore
size of the material is affected by the backbone structure of the polysulfone selected. The compatibility
between the polysulfones and the polyimide is influenced by the polysulfone structure. This in turn
affects the pore size and the pore size distribution of the final porous material. Polyether sulfone was
found to form most compatible blends that in turn leads to a porous material with the smallest pore size,
a meso porous material. The meso porous polyether sulfones are transparent films, with uniform pore
sizes in the range of 30 nm, while bisphenol A polysulfone based porous materials are opaque with pore
sizes in the range of 200 nm.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

High specific surface area macro and meso porous materials are
increasingly important to understanding, creating, and improving
materials for a large number of diverse applications, such as
catalytic surfaces and supports, separation and adsorption media,
biomaterials, chromatographic materials, etc. [1–3] A typical
example is the ordered meso porous inorganic material MCM-41.
MCM-41, with pore size in the range of 10–100 nm, is formed by
blending a silicate source, such as tetraethoxysilane, with an ionic
surfactant under appropriate polymerization conditions [4,5].
MCM-41 is now widely utilized in removal of ultrafine contami-
nants [5]. Macro porous materials typically contain pores with
diameter greater than 50 nm, while meso porous materials are
usually defined as those with pore diameter in the range of
2–50 nm [3]. Macro and meso porous polymers with controlled
pore size have been synthesized by colloid templating [2,6–9], ion-
track etching [10], chemically induced phase separation [11,12],
block copolymer self-assembly combined with phase inversion
[13–16], selective decomposition of one component of a block
copolymer [14,17–31], blending with small molecular weight
porogens [32–35], and copolymerization in the presence of
porogens [36]. Most of these methods, however, still have some
limitations. For example, many of the procedures employed do not
All rights reserved.
generate free-standing porous films or do not completely expose all
pores within the material. Phase inversion method has been used
extensively for the preparation of porous membranes [37]. The
membranes thus obtained are frequently asymmetric with graded
pore size across the cross section. Such membranes are frequently
mechanically weak and the amount of open pore space on the
surface of the membrane as a fraction of the available surface area is
relatively small [38].

Our objective was to develop a simple, reliable and industrially
feasible process for the fabrication of macro and meso porous
membranes with the following key features: (1) a uniform pore size
distribution; (2) a three dimensional interconnected network of
channels in the bulk; (3) a high specific surface area. It is well
documented that the self-assembly of polymers in polymer blends
can provide a co-continuous, nano-phase separated system [39].
Such miscible polymer blends offer the potential for the fabrication
of porous polymer films by selectively removing one of the
components. However, a practical application of this methodology
has been limited due to the difficulty of selecting a solvent that
removes one of the high molecular weight components quantita-
tively [40–42]. Herein we detail our approach using polyimide
blends as precursor system for preparation of macro and meso
porous systems. The rationale is as follows: (1) polyimides can be
decomposed with diluted hydrazine into small molecules that in
turn can be easily removed; (2) the large library of polyimide
structures offers a resource for the formation of compatible and
incompatible polyimide blends, which in turn offers the opportu-
nity for tuning the pore structure. The fact that polyimides can be
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quantitatively decomposed by the hydrazine suggests that the
removal of the polyimide phase from the blend can be conveniently
carried out. By selecting a high performance engineering polymer
as the second component of the blend, a porous film with high
temperature capability and excellent mechanical properties can be
obtained.

In this paper, the new strategy is demonstrated by utilizing
polysulfone blends with a commercial phenylindane containing
polyimide, Matrimid�. Matrimid� has been reported to form
miscible blends with both polyether sulfone (PES) and polysulfone
(PSF). [43–45] The structure of precursor polymers used to prepare
the blends in this study is shown in Fig. 1. Several novel macro and
meso porous polysulfone materials were prepared by selectively
removing the polyimide phase from the blend. The influence of the
backbone structure of the polysulfone on the blend miscibility and
the morphology of the porous materials formed were further
studied.

2. Experimental section

2.1. Instruments

ATR FT-IR spectra were recorded on a Nicolet Avatar 360 FT-IR
instrument equipped with an Omni-ATR attachment. Differential
Scanning Calorimetry (DSC) data were obtained with a Seiko DSC
6200 instrument under nitrogen atmosphere. The heating rate
was 10� C/min. The pore size distribution and the total surface
area of the macro porous films were determined by Porous
Materials, Inc., Ithaca, N. Y., using the mercury intrusion poros-
imetry method. Cumulative pore volumes and the distribution
function DV/Dlog(r) was used to express the pore size distribution,
where DV is the pore volume change when the radius of a cylin-
drical pore was changed from r to r�Dr. Field emission scanning
electron micrographs (FE-SEM) were obtained on an ISI DS 130
SEM instrument by Analytic Answers, Inc. The cross sections of
porous films were prepared by the freeze fracture in liquid
nitrogen.
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Fig. 1. The structure of polymers utilized in blend preparation.
2.2. Materials

All solvents were purchased from Aldrich and used as received.
The commercial phenylindane containing polyimide, Matrimid�

5218, was obtained from Ciba–Geigy. Polyether sulfone, Ultrason�

E3010, was purchased form BASF. Polysulfone, Udel� 3500, was
purchased from Amoco. Hydrazine monohydrate and tetraammo-
nium hydroxide were obtained from Aldrich Chemicals, Inc.

2.3. Synthesis of 6FPSF

A 1 L three neck flask equipped with a nitrogen inlet, a thermom-
eter, a mechanic stirrer, a DeanStark trap and a condenser was charged
with 67.25 g (0.2 mol) of 4,40-(hexafluoroisopropylidene)diphenol
(6FBPA), 57.43 g (0.2 mol) of dichlorophenylsulfone, 500 mL of NMP,
38.7 g of anhydrous K2CO3, and 150 mL of toluene. The mixture was
heated to reflux under nitrogen atmosphere with a silicon oil bath and
the water formed was removed with the Dean Stark trap. Once the
water was totally removed (about 2 h), toluene was then gradually
removed and the temperature was raised to 194 �C and kept at this
temperature for 4 h. The viscous solution was then cooled down and
a fibrous polymer was isolated by precipitation into a large amount of
methanol. The polymer was then further purified by washing with
excess amount of warm water, and finally with excess amount of
methanol. The inherent viscosity of this polymer was 0.49 dL/g,
measured at 25 �C with polymer solution concentration of 0.4 g/dL in
methylene chloride.

2.4. Preparation of PSF/PI and 6FPSF/PI blend films

Polysulfone/polyimide and 6FPSF/polyimide blend films 50/50
by weight were cast from chloroform solutions (concentration 5%
w) using the ring technique described by Moe et al. [46]. The films
were dried under vacuum at 160 �C for 48 h. The film diameter was
15 cm and the thickness ca. 0.07 mm.
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Fig. 2. ATR FT–IR spectra of the PES/PI and PSF/PI blends. A) PES/PI blend, 50/50 by
weight; B) PSF/PI blend, 50/50 by weight.
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Fig. 3. Decomposition of the phenylindane containing polyimide by the hydrazine.
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2.5. Preparation of PES/PI blend films

Polyethersulfone/polyimide blend films 50/50 by weight were
cast from NMP (ca. 10% solid) in an oven set at 70 �C using the ring
technique described by Moe et al. [46]. The films were then
released from the glass plates and dried under vacuum at 160 �C for
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Fig. 4. ATR FT–IR spectra of macro porous materials. A) porous PES film; B) porous PSF
film.
48 h. The films were transparent and yellowish. The film diameter
was 15 cm and the thickness was ca. 0.07 mm.

2.6. Preparation of porous films

The preparation of the macro porous PSF film provides a repre-
sentative example of the preparation methodology. A section of
a transparent yellowish PSF/PI blend film (15 cm in diameter) was
placed into a methanol bath containing 300 mL of methanol and
7 mL of hydrazine monohydrate set at 50 �C. After 5 h, the poly-
imide was decomposed and small molecular fragments were
extracted. A yellowish solution was decanted and 300 mL of fresh
methanol containing 5 mL of hydrazine was added and the treat-
ment continued for 2 h. An opaque, white porous polysulfone film
was thus obtained, the film was washed with a large excess of
methanol and dried under vacuum at room temperature to
a constant weight.

2.7. Gas permeation measurements

The permeance of He, O2 and N2 through the porous films was
measured with a Millipore permeation cell using a bubble tube
technique at room temperature (22 �C). The feed gas pressure was
1.3 bar and the down stream pressure was 1.01 bar. The membrane
area was 14.5 cm2.

3. Results and discussion

3.1. PES and PSF blends with the phenylindane containing
polyimide

Three polysulfone blends were chosen in this initial study to
demonstrate the methodology of formation of macro and meso
porous films. Films of polymer blends were cast from solutions of
the phenylindane containing polyimide with PES, PSF, and 6FPSF,
respectively. It is essential that the polymer blends form co-
continuous phases. To form interconnected phases, the polyimide



Table 1
Physical changes of films upon removal of the polyimide phases.

Porous film Weight change (%) Dimensional changes (%)

Length Thickness Volume

PES �50.0 �4.8 �4.5 �12.5
PSF �50.0 0 �7.3 �7.3
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content of blends can vary from about 16% to about 84% by volume
based on the classic percolation theory [47]. The concentration of
the polyimide phase in the precursor will affect the pore size and
the pore size distribution in the final porous film. However, in this
initial study we report on preparation of 50/50 blends by weight
only and porous films formed therefrom. The blends can be
formed into variable shaped devices by melt or solution process-
ing. In this study, polymer blend films were prepared by solution
casting.

Transparent, yellowish films were obtained from PES or PSF
blends, an indication of a partial or complete miscibility. 6FPSF/
polyimide blends formed tough films. However, films were opaque,
an indication that the blends were largely immiscible. Only one
glass transition temperature was observed for PES and PSF blends
by DSC study, which is consistent with literature findings that the
phenylindane containing polyimide forms miscible blends with PES
and PSF [43–45]. However, two distinct glass transition tempera-
tures were observed for the 6FPSF blend, a confirmation that the
6FPSF and the phenylindane containing polyimide were immis-
cible. Since 6FPSF did not form a miscible blend with the phenyl-
indane containing polyimide, further study of the 6FPSF polyimide
blend was discontinued.

The ATR-FTIR spectra of the PES and the PSF blends are shown in
Fig. 2. Both spectra exhibit characteristic peaks at 1720 and
1676 cm�1, assigned to the –CO- group in the imide linkage. A
comparison between the two figures shows that the peak at
1720 cm�1 in the PES/PI blend is weaker than the 1720 cm�1 peak in
the PSF/PI blend. On the other hand, the peak at 1676 cm�1 in the
PES/PI blend is much stronger than the corresponding peak in the
PSF/PI blend. The increase in 1676 cm�1 peak intensity can be
attributed to the frequency shift of the peak at 1720 cm�1, due to
specific interactions between the characteristic groups of compo-
nent polymers. The higher intensity ratio of the peak at 1676 cm�1

to that at 1720 cm�1 peak for the PES/PI blend as compared to that
of the PSF/PI blend suggests that the PES/PI blend is more miscible.
This has been confirmed by a subsequent observation of differences
in pore sizes between porous materials formed from these blends.
Fig. 5. Photographs of a piece of the PES/PI blend film and a piece of the meso porous PES fi
3.2. Formation of macro and meso porous films

A polyimide can be decomposed into small molecules by
hydrazine due to the fact that the hydrazine can replace the
aromatic amines in the polymer chain [48]. The decomposition of
the polyimide by hydrazine is schematically shown in Fig. 3.
Methanol was selected as the solvent to carry out the reaction.
Since methanol is a non solvent for most high performance poly-
mers, including polysulfones and polyimides, it was expected that
the exposure to methanol will not result in swelling and a change in
the blend morphology. Small molecular fragments formed after the
decomposition of the polyimide are soluble in methanol, and can
be extracted, leaving the pores behind. To enhance the solubility of
molecular fragments in methanol and accelerate the extraction,
elevated temperatures were employed. The similar results were
obtained by using tetraammonium hydroxide, a strong organic
base.

The removal of the polyimide phase from blends can be fol-
lowed visually. The PSF/PI and PES/PI blends are yellowish in color.
After the removal of the polyimide, the yellowish color disappears.
ATR FT-IR spectra confirmed the complete removal of the poly-
imide. The ATR FT-IR spectra of the porous PES and PSF films are
shown in Fig. 4. It can be seen that the characteristic stretching
vibration of the –CO- group (1720 cm�1 and 1676 cm�1) of the
polyimide is absent in both the PES and the PSF film spectra. This
suggests that the final PES and PSF films do not have any polyimide
content remaining.

The complete removal of the PI has been also confirmed by the
gravimetric analyses. The sample weight changes are summarized
in Table 1. The dimensional changes in films after the removal of the
polyimide phase are also summarized in Table 1. The percentage
weight loss for both PSF and PES films is consistent with the
quantitative removal of the polyimide phase.

There are small changes in dimensions between the precursor
film and the porous film. The width and length of the porous PES
film are 95.2% of those of the precursor film and thickness is 95.5%
of that of the precursor film. The width and length of the porous PSF
film are the same as those of the precursor film. However, the
thickness of the porous PSF film is 93.7% of that of the precursor
film. Overall, the porous PES film shrunk slightly more than the
porous PSF film did.

The PSF porous films are white in color and opaque. In contrast,
the PES porous films are colorless and transparent. A photograph of
a piece of the PES porous film is shown in Fig. 5. For comparison,
a photograph of a piece of the PES/PI blend film is also shown in
Fig. 5. The films have been photographed against a background to
lm obtained therefrom. (A)the PES/PI (50/50) blend film (B) the meso porous PES film.
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highlight the transparency. It can be seen that after the polyimide
removal, the porous PES film is still clear and transparent. Quali-
tatively, the porous films appear to retain the handling character-
istics of the nonporous precursors, such as flexibility and
creasibility.

3.3. Characterization of macro porous films

The FE-SEM micro photograph of a cross section and of the
surface of the PES porous film are shown in Fig. 6. The micropho-
tographs show that the pores in the PES film are largely cylindri-
cally shaped and interconnected. The pore size is uniform, with the
pore diameter averaging around 30 nm.

The FE-SEM microphotographs of a cross section and of the
surface of the PSF macro porous film are shown in Fig. 7. These
microphotographs show that the pores in the PSF film are largely
cylindrically shaped as well and interconnected. The pore size is
uniform, with the pore diameter averaging around 200 nm.

The difference in pore sizes between PES and PSF films is
consistent with the different physical appearance of the two porous
films, i.e., PES films are transparent while PSF films are opaque. The
pore size of the PSF film is 6 times as large as that of the PES film,
and exceeds the threshold required for transparency. The results
also suggest that PES forms a more compatible blend with the
phenylindane containing polyimide than the PSF does, which is
consistent with the results of the FT-IR analysis discussed above.
Fig. 6. FE-SEM images of the meso porous PES film. (A) the cross section; (B) the
surface.
We have also studied the distribution and the size of pores by
the mercury intrusion porosimetry. The experimental results are
shown in Fig. 8. It can be seen that both the PES and PSF porous
films exhibit a relatively narrow pore size distribution, with mean
pore size of 30 nm for the PES material and mean pore size of
200 nm for the PSF material. The results are in a good agreement
with that obtained by SEM measurements and allow us to classify
the PES and PSF porous films as meso porous and macro porous,
respectively. The mercury intrusion isotherms for both films exhibit
a step increase in the mercury intrusion isotherm due to the
capillary surface tension at a certain mercury pressure. This
strongly suggested that the pores in both the PES and the PSF
porous films are ordered. The mercury intrusion porosimetry is
inadequate to analyze pores with pore diameter smaller than
3.5 nm [49]. Additional techniques, such as the nitrogen adsorp-
tion/desorption method, must be employed to determine whether
micro size pores are further present in the matrix, a characteristic
common to many porous inorganic systems [50,51].

An important characteristic of macro and meso porous materials
is the net void volume, or the specific surface area, of the system.
The PES meso porous material exhibited a specific surface area of
123 m2/g and the PSF macro porous material exhibited a specific
surface area of 175 m2/g, as measured by mercury intrusion
porosimetry. The methodology utilized does not measure micro
size pores and thus may not reflect the true total specific surface
area, in particular for PES materials that has smaller size pores. The
Fig. 7. FE-SEM images of the macro porous polysulfone film. (A) the cross section; (B)
the surface.
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Fig. 8. Pore size distribution of the PES and the PSF porous films by the mercury intrusion porosimetry.

Table 2
Gas transport characteristics of the PES and the PSF porous films.

Porous film Permeancea Selectivity

He O2 N2 a (O2/N2) a (He/N2)

PES 2800 970 1100 0.92 2.6
PSF 6400 4300 4800 0.91 1.3

a The unit of the permeance is 10�5 cm3/cm2.cmHg.sec.
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slightly smaller specific surface area of the PES meso porous
material may be also due to the collapse of the smallest size pores
during drying. It is known that the drying procedure can affect the
final porosity of the material. However, in this initial study,
the drying methodology has not been optimized to maximize the
specific surface area. A slightly higher shrinkage of the porous PES
film as compared to the porous PSF film is consistent with this
hypothesis.

The measured gas transport characteristics of porous PES and
PSF films provided further evidence that the pores in the bulk are
interconnected. The gas transport of a porous membrane is char-
acterized by its permeance. The permeance is defined as follows:

P=l ¼ J=ðph � plÞ (1)
where P/l is the permeance, which is the pressure normalized flux,
P is the permeability coefficient, l is the membrane thickness, J is
the flux, and ph and pl are partial pressures of the gas on the feed
and the permeate side. Ideal selectivity for two gases A and B is
defined as:



Y. Ding, B. Bikson / Polymer 51 (2010) 46–5252
a ¼ ðP=lÞA
ðP=lÞ (2)
B

The measured gas transport characteristics of the PES and the
PSF porous films are summarized in Table 2. Both porous films
exhibited very high permeances for all gases measured. The high
permeance for both films confirmed that the pores are inter-
connected. The PSF film exhibited a slightly higher gas permeance
as compared to the PES film, combined with a slightly lower
separation factor. The PES film exhibited gas separation factors that
are close to the ideal Knudsen flow, which is 2.65 for the He/N2 gas
pair and 0.94 for the O2/N2 gas pair. These results are consistent
with the previous finding that the pore size of the meso porous PES
film was much smaller than that of the macro porous PSF film.

4. Conclusions

A novel method for the fabrication of macro and meso porous
materials with uniform pore sizes was developed. The method is
industrially feasible and can be utilized to fabricate large area
devices of variable shapes. The success of this method relies on the
self-assembly of polymers in miscible blends that form macro or
meso co-continuous phases and the ability to remove one of the
components, the polyimide, at mild conditions that preserve the
porous structure. Two representative porous materials, the poly-
ether sulfone and the bisphenol A polysulfone, were prepared from
their blends with the phenylindane containing polyimide. Both
films exhibited uniform pore size distribution and pore inter
connectivity. The PES meso porous films are transparent with pore
sizes in the range of 30 nm. The macro porous PSF based macro
materials are opaque with pore sizes in the range of 200 nm. Macro
and meso porous films obtained by the novel approach can be
useful as membranes for nanoseparations, bioseparations, sca-
foldings and substrates.
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