
Introduction

Polymer-based composites have played a central role in
materials science, and predominate in importance in
structural applications. Relatively little has been done,
however, to extend the science and technology devel-
oped for the bulk materials to composites in the form of
foams (in spite of the obvious advantages such as
reductions in weight). Foams without dispersed phases,
in fact, already enjoy a very wide variety of applications.

Most of these ‘‘conventional’’ foamed polymers, how-
ever, are limited to environments below approximately
200�C, and their mechanical properties degrade signifi-
cantly at elevated temperatures [1]. Thus, conventional
thermoplastic foams are not suitable at high tempera-
tures, particularly in long-term applications. Alleviating
this limitation is one of the aims of the present work.
More generally, the goals are the preparation, charac-
terization, and evaluation of polymer-based foams of
sufficient toughness and high-temperature resistance to
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Abstract Molecular composites
were prepared from sulfonated
modifications of polysulfone and
polyphenylsulfone by incorporating
relatively stiff polybenzimidazole
(PBI) chains into them. The com-
posites were characterized by
Fourier-transform infrared (FT-IR)
spectroscopy, differential scanning
calorimetry (DSC), thermal
mechanical analysis (TMA), ther-
mogravimetric analysis (TGA), and
scanning electron microscopy
(SEM). The FT-IR results demon-
strated strong specific interactions
between the sulfonated polymers
and the PBI, which was presumed to
be the reason for the enhanced mis-
cibility observed. Miscibility was
also indicated in the DSC and TMA
results, by the presence of a single
glass transition temperature (which
was composition dependent),
although there did appear to be a
small degree of phase separation.

TGA results showed improvements
in the thermal stability of the poly-
mer matrix because of the incorpo-
ration of PBI. Results from SEM
were also consistent with consider-
able miscibility. Microcellular foams
processed from these molecular
composites had partial open-cell cell
structures, with average cell sizes
ranging from 0.2 to 5 lm, in unusual
bimodal cell-size distributions.
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be used as structural materials in US Air Force appli-
cations. One example is the need for foams with higher
softening temperatures and increased thermal stabilities
for use in wing structures that now experience increasing
temperatures as flight speeds increase. In studies [2, 3, 4]
in this series thus far, the focus has been on commer-
cially available high-performance thermoplastics,
including a polysulfone, a polyethersulfone, a polyphe-
nylsulfone, a polyetherimide, and a poly(ether ketone
ketone). These polymers were successfully processed into
microcellular foams using the two-step batch foaming
process developed by Suh et al. [5, 6, 7] and the pro-
cessing parameters thus established lay the groundwork
for both the present investigation and future studies.

In order to further enhance the thermal stabilities and
the mechanical properties of these microcellular foams, a
rod-like polymer, polybenzimidazole (PBI) of superior
thermal and mechanical properties [8] was blended into
the host polymer matrices. These stiff polymer chains
can increase the toughness and the thermal resistance of
the thermoplastic phase, particularly when strong
interfacial bonding can be designed into the structures.
In some cases, the rod polymer is dispersed almost to the
molecular level, resulting in what have been called
‘‘molecular composites’’ [9, 10, 11, 12]. At these nano-
scale levels, partial miscibility makes it difficult to dis-
tinguish between composites and the usual molecular
dispersions called solutions.

Since Suh and his colleagues patented the microcel-
lular foaming technique in 1984 [5], there has been an
increasing interest in this area. This foaming technique
has been successfully applied to a variety of polymers
[13, 14, 15], including amorphous, partially crystalline
thermoplastics, some thermosets, liquid-crystalline
polymers, and even elastomers. Less has been done with
composites [16, 17, 18, 19] in general, and almost
nothing on the molecular composites [20] addressed in
the present investigation In this case, having rigid chains
aligned along the foam struts or within the foam walls
should be particularly effective with regard to improving
mechanical properties. Such foamed molecular com-
posites should have superior thermal and mechanical
properties, making them high-performance materials. In
particular, their being lightweight and good insulators
suggests potential applications in a variety of fields,
including the military.

In the present study, sulfonated polysulfone (S-PSF)
and polyphenylsulfone (S-PPSF) with sulfonation de-
gree of approximately 0.5 were employed as the so-
dium salts S-PSF(Na) and S-PPSF(Na). Samples of
these two matrix polymers were blended with various
amounts of PBI in solution, and films were obtained
by solution casting. The resulting S-PSF(Na)/PBI and
S-PPSF(Na)/PBI composite films were characterized
by Fourier-transform infrared (FT-IR) spectroscopy,
differential scanning calorimetry (DSC), thermal

mechanical analysis (TMA), thermogravimetric analy-
sis (TGA), and scanning electron microscopy (SEM).
Microcellular foams were also processed from these
composite films.

Experimental

Materials

Samples of a polysulfone (PSF, Udel P-1700) and a polyphenyl-
sulfone (PPSF, Radel R-5000) were kindly supplied by the BP-
Amoco Corporation, Marietta, Ohio, USA. Values of their glass
transition temperature Tg and density qm were, PSF: 185�C and
1.34 g/cm3, and PPSF: 220�C and 1.29 g/cm3. A sample of PBI
powder with a mean particle size of 100 lm was purchased from
Goodfellow Corporation, Huntingdon, UK. All polymer samples
were dried overnight at approximately 130�C before use. Dimeth-
ylsulfoxide (DMSO), N,N-dimethylacetamide (DMAC) and N,N-
dimethylformamide (DMF) were obtained from the Aldrich
Company, Milwaukee, Wis., USA and used as received. All other
chemicals were purchased from Aldrich, and were employed as
described in the literature for sulfonation of PSF and PPSF [21, 22].
Carbon dioxide (99.9%) was obtained from Wright Brothers Inc.,
Cincinnati, Ohio, USA.

Sulfonation of polysulfone and polyphenylsulfone

Sulfonated polysulfone was prepared as described by Johnson [21],
with slight modification [23], using SO3/triethylphosphate (TEP)
(2:1 molar ratio) complex as the sulfonation agent. This agent was
prepared as follows: 4.0 ml TEP was mixed with 40 ml dichloro-
ethane in an ice bath under argon. Then, 3.8 g of SO3 was added
quickly to this mixture, which was stirred in an ice bath until all the
SO3 dissolved and the solution turned yellow (indicating the for-
mation of the desired complex). This sulfonation agent was added
slowly to 20 g of the PSF dissolved in 200 ml of dichloroethane
using a syringe under argon with vigorous stirring at room tem-
perature. The resulting sulfonated polysulfone precipitated in its
acid form and the resulting slurry was stirred for another 2 h. The
slurry was poured into a large amount of isopropanol and the
precipitated material was filtered, washed twice in dichloroethane,
and then dried under vacuum at 50�C for about 24 h. The yield was
approximately 92% and the degree of sulfonation was 0.5. The
sodium salt form S-PSF(Na) was prepared by neutralization of the
S-PSF acid with a sodium methoxide/water solution as follows:
15 g of the S-PSF acid form was dissolved in 150 ml DMF, 5 g
sodium methoxide dissolved in distilled water was slowly added to
this solution, and the solution was stirred at room temperature
overnight. A white solid was obtained by precipitation of the
resulting slurry into isopropanol. It was washed several times in
warm water for 4–6 h to remove the inorganic salt trapped in the
polymer, and was then dried at 100�C under vacuum. In the sul-
fonated polyphenylsulfone case, dichloromethane was used as
solvent instead of dichloroethane; all other procedures were the
same. The yield was about 95%.

Preparation of the S-PSF(Na)/PBI and S-PPSF(Na)/PBI
composites

PBI was only partially soluble in DMAC or DMF at normal
pressures, but the mixed solvent DMAC/DMSO or DMF/DMSO
at a 1:1 volume ratio was found to dissolve it completely at
atmospheric pressure. This permitted preparation of a 2% PBI
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solution (w/v) by mixing 2 g of dried PBI into 100 ml of the
DMSO/DMAC or DMSO/DMF solvent mxture. This was fol-
lowed by heating at the reflux temperature (approximately 175�C)
for 2 h, to ensure dissolution. This gave a clear orange solution
that could be used for the formation of composite films. Varying
amounts of the S-PSF(Na) or S-PPSF(Na) were dissolved in this
2% PBI solution. The concentrations of the solutions were kept
in the range 7–10% (w/v). The mixtures were stirred at 70�C for
about 8 h, the clear solutions were poured into Petri dishes, and
the solvent evaporated at 100�C. Transparent yellow-to-orange
films (about 0.2–0.5 mm in thickness) were obtained and vacuum
dried at 100�C for about 24 h, and were then heated to 200�C
and further dried for approximately 24 h to remove as much of
the residual solvent as possible.

Preparation of microcellular foams

Microcellular foams were prepared from these composite films
using the two-step batch process as described elsewhere [2, 3].
Briefly, the films were saturated in a pressure vessel with CO2 gas
maintained at 800 psi at room temperature. Upon saturation, the
samples were removed from the pressure vessel and foamed in an
oil bath maintained at the desired temperature.

Characterization of the S-PSF(Na)/PBI and S-PPSF(Na)/PBI
composite films

Very thin films (about 0.05 mm thick) were prepared for FT-IR
analysis. The spectra of the composite films were recorded on a
Bruker IFS 28 FT-IR spectrometer (Bruker Optics Inc., Billerica,
MA,USA), using 30 scans for each analysis. For the SEM tests, both
the composite film and the corresponing microcellular foam samples
were frozen in liquid nitrogen and fractured to ensure that the
microstructure remains clean and intact. The fractured surfaces were
coated with gold using a sputter coater, and photographed with a
Hitachi S-4000 SEM (Hitachi Instrument Inc., CA, USA). DSC was
carried out using aDSC-2910 apparatus. In the first scan, the samples
were heated to 260�C in nitrogen and quenched, and then the second
scan was recorded. The middle points of the heat capacity change
were taken as the glass transition temperature (Tg). TGA experi-
mentswere performedwith a 2950TGAunit in airwith a heating rate
of 10�C/min. TMA tests were carried out with TMA-2940 equip-
ment. The tests were done in film/fiber mode at 4�C/min heating rate
with a 50 ml/min dry nitrogen flow. All the equipment for thermal
analysis was from TA Instruments (New Castle, DE, USA).

Results and discussion

Characterization of the S-PSF(Na) and S-PPSF(Na)

The 2:1 SO3/TEP complex was found to be a very
effective sulfonation agent for the polysulfones. The
reaction occurred very rapidly at room temperature and
the sulfonation degree could easily be controlled by
varying the ratio of SO3/TEP to PSF or PPSF. There
was no obvious degradation or cross-linking occurring
during the sulfonation, judging from the fact that the
reduced viscosities of the solutions remained essentially
constant [22, 24]. Although of primary interest in the
present investigation was the use of sulfonated poly-
sulfone in molecular composites, it has been widely

studied in membrane applications [25, 26, 27, 28, 29, 32],
for example, for reverse osmosis [25, 26], ultrafiltration
[27, 28], asymmetric devices [29, 30], and fuel cells [31,
32]. The sulfonated polyphenylsulfone, on the other
hand, has not been investigated much at all [33]. In this
paper, we present results on S-PSF(Na), S-PPSF(Na),
and their composites.

The FT-IR spectrum for the S-PPSF(Na) is shown in
Fig. 1. The characteristic peak caused by the symmetric
stretching vibration of the sulfonate group (1,025 cm)1)
[21, 22] was clearly shown in the IR for the S-PPSF(Na).
This result suggested that the sulfonate groups were
successfully introduced into the polymer chains. In
addition, the sulfonation degree of S-PPSF could also be
readily controlled by varying the ratio of SO3/TEP to
PPSF. It was clear that the intensity of the sulfonate
group peak increased as the sulfonation degree in-
creased. The results thus support the desired chemical
modifications, as summarized by the structures listed in
Table 1.

Table 1 Chemical structures of the relevant polymers

Fig. 1 FT-IR spectra for S-PPSF(Na) having various degrees of
sulfonation: a 0.2, b 0.5, c 0.7, and d 1.0
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Characterization of the S-PSF(Na)/PBI
and S-PPSF(Na)/PBI molecular composites

Improved miscibility

PBI itself exhibits high thermal stability and a very high
Tg of approximately 410�C, which has encouraged its
use as the dispersed phase in some high-Tg polymer
blends [34, 35, 36]. With regard to such matrix polymers,
PSF and PPSF are known to be immiscible with PBI and
to form relatively unattractive incompatible systems [37,
38]. In fact, blending this rod-like polymer into any
thermoplastic matrix generally results in phase separa-
tion. This immiscibility problem may be ameliorated,
however, by inducing strong favorable interactions be-
tween the two polymers through the introduction of
functional groups such as sulfonate into some of the
chains [9, 10, 11, 12, 39, 40, 41, 42, 43]. Such interactions
could be of the type ion–ion, ion–dipole, or acid–base.
Most relevant here are reports [44, 45] that sulfonated
polysulfone (S-PSF) can form such miscible blends with
PBI, with documentation of the effects of degree of
sulfonation and the ratio of PBI to S-PSF.

Early experiments in which S-PSF and S-PPSF in
acid form were mixed into PBI solutions, gave immedi-
ate precipitations. These yellow precipitated phases
could be neither dissolved in any ordinary solvent nor
melt processed even at very high temperatures (350�C).
The precipitant was probably the salt formed by S-PSF
and S-PPSF acid with PBI, which is a base. In strong
contrast, the sulfonate salts of PSF and PPSF dramati-
cally increased their miscibility with PBI and resulted in
miscible blends at least at some compositions and de-
grees of sulfonation. The results of characterizing these
yellow-to-orange transparent films with FT-IR, DSC,
TMA, TGA and SEM are presented below.

FT-IR analysis

The IR spectra of the S-PSF(Na)/PBI materials with
high PBI contents have been thoroughly examined by
Deimede et al. [44]. In the present study, however, we
examined the IR spectra of the S-PPSF(Na)/PBI com-
posites at relatively low PBI contents. The FT-IR spec-
tra of the polymer and the composites are presented in
Fig. 2. For pure PBI four peaks were clearly shown in
the N–H stretching region (2,800–3,500 cm)1), consis-
tent with the literature [44]: the peak at 3,403 cm)1 was
attributed to non-hydrogen bonded or ‘‘free’’ N–H
groups, those at 3,143 and 3,194 cm)1 were assigned to
self-associated hydrogen bonded N–H groups, and that
at 3,063 cm)1 was attributed to the stretching vibration
of aromatic C–H groups. Upon blending the PBI with
S-PSF(Na) or S-PPSF(Na), the self-associated hydrogen
bonded N–H peaks shifted to higher wavenumbers,

3,196 and 3,233 cm)1 for S-PPSF(Na)/PBI (at 80/20 and
70/30 (w/w) compositions). This frequency shift sug-
gested weakening of the self-associated N–H—N
hydrogen bonding. The ‘‘free’’ N–H peak in PBI shifted
from 3,403 to 3,346 cm)1; these spectral changes pre-
sumably arise because of the ion–dipole as well as
hydrogen bonding interactions between the sodium
sulfonate pendants in S-PSF(Na) or S-PPSF(Na) and
the imidazole ring of PBI. The 1,028 cm)1 band, which
is characteristic of the sulfonate group, also exhibits a
slight decrease in stretching frequency with increase in
PBI content (not shown here). From the results of this
IR examination, there is clear evidence for specific
interaction between S-PSF(Na) or S-PPSF(Na) and PBI,
resulting in enhanced blend miscibility.

Differential scanning calorimetry (DSC) analysis

Figure 3 represents the DSC curves of S-PSF(Na),
S-PPSF(Na) and their composites with PBI. The Tg, s
for pure PSF and PPSF are 184 and 218�C, respectively.
With the introduction of SO3Na groups at a degree of
0.5, S-PSF(Na) showed a higher Tg (233�C, in Fig. 3a)
and S-PPSF(Na) at 250�C (Fig. 3b). This is consistent
with results of Johnson [21] and Noshay [22] for
S-PSF(Na), although the value of Tg was slightly lower
than their results. The introduction of SO3Na pendant
groups into the polysulfone backbone increases its Tg,

Fig. 2a–e FT-IR spectra for S-PPSF(Na)/PBI molecular compos-
ites. Parts a–e correspond to the compositions: a S-PPSF(Na), b 90/
10, c 80/20, d 70/30, and e pure PBI
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ascribable to increased intermolecular associations
through the pendant SO3

)Na+ functionality, thus
restricting the mobility of the chain segments. An
endothermic peak at around 360�C was observed for
S-PSF(Na). This could be due to first-stage decomposi-
tion of S-PSF(Na) at this temperature (will be described
in TGA analysis).

With the addition of PBI, DSC shows a single but
relatively broad glass transition for all the S-PSF(Na)/
PBI compositions, also, as shown in Fig. 3a, increase in
PBI content was found to monotonically increase the Tg

of the S-PSF(Na)/PBI composites. This observation
indicates significant compatibility of the blend compo-
nents. Careful examination of the DSC curves of
S-PSF(Na)/PBI composites revealed that in addition to
these glass transitions, there was another weak transition
in the temperature range 320–360�C, somewhat appar-
ent for the 80/20 and 70/30 compositions. This may be
tentatively attributed to partial phase separation at
higher temperatures, occurring in S-PSF composites
with higher PBI content, causing some segregation of
PBI-rich domains or the first-stage decomposition. For
the S-PPSF(Na)/ PBI composites, no distinctive Tg

could be observed by DSC.

Thermal mechanical analysis (TMA)

TMA traces for the S-PSF(Na)/PBI composites are de-
picted in Fig. 4. They show the same trend as the DSC
results, specifically the occurrence of a single Tg, with
values increasing with increase in PBI content, although
the Tg values are somewhat different from those ob-
tained by DSC. (They were lower for S-PSF(Na) and the
S-PSF(Na)/PBI 90/10 composition, but higher for the
80/20 and 70/30 compositions.) Table 2 provides a
comparison of the experimental values of Tg from DSC
and TMA with theoretical values calculated from the
Fox equation [46]. The comparison shows that the DSC
values match very well with those from theory.

Fox equation:

1

Tg
¼ w1

Tg1
þ w2

Tg2
ð1Þ

where wi is the weight fraction and Tgi is the glass
transition temperature of component i.

For the S-PPSF(Na, sulfonation degree of 0.5)/PBI
composites, TMA, however, did show clear transitions,
although the values of Tg were lower than expected, as is
shown by the dimensional changes in Fig. 5a. The Tg

was around 210�C for 90/10 (w/w) composition. For the
80/20 and 70/30 compositions, however, small dimen-

Fig. 3 DSC curves for a S-PSF(Na)/PBI, and b S-PPSF(Na)/PBI
composites

Fig. 4 TMA traces for the S-PSF(Na)/PBI molecular composites

Table 2 Values of the glass transition temperature Tg of the
S-PSF(Na)/PBI composites as determined by DSC, TMA and
predicated by theory

Composition (w/w) DSC (�C) TMA (�C) Fox equation (�C)

100/0 235.0 198.5 235.0
90/10 242.4 232.5 243.5
80/20 258.3 266.0 255.0
70/30 265.1 280.2 267.0
0/100 409.8 – 409.8
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sional changes were also observed from 190 to 250�C.
The dimensions changed more markedly with tempera-
ture above 335�C for the 80/20 samples, and above
350�C for the 70/30 samples. One plausible explanation
takes into account the presence of traces of the relatively
less volatile residual solvents DMAC and DMSO. The
dimensional changes in the 190–250�C range in the
TMA experiments could be either caused by the vola-
tilization of these residual solvents or by the plasticizing
effect on the polymer blends, thus lowering their values
of Tg.

The sulfonation degree of S-PPSF(Na, sulfonation
degree of 1) was also found to affect the Tg, s of the
S-PPSF/PBI composites, as shown in Fig. 5b. Only a
single Tg, indicative of miscibility between the two
polymer components, was observed for each composi-
tion; the Tg, s had dramatically increased, to 340, 365,
and 380�C for the 90/10, 80/20, and 70/30 compositions,
respectively. For higher PBI contents, 60/40 and 50/50,
there was no obvious dimensional change even at 400�C.
These high values of Tg made it very difficult to process
these composites, and our attempts to fabricate foams
from these composites were not successful.

Thermogravimetric analysis (TGA)

The thermal stabilities of the composites were measured
by TGA in air. The TGA traces of composites at
80–100% weight range are presented in Fig. 6. The
occurrence of PBI decomposition begins around 530�C.
For the S-PSF(Na) and S-PPSF(Na), the TGA traces
show a two-stage decomposition profile. The first-stage
decomposition spanned from 240 to 380�C, causing an
approximate 4–6% weight loss owing to loss of SO2 and
SO3 from the sulfonated groups. The first degradation
temperature is much higher than that of S-PSF in acidic
form since the sulfonate salt pendants are much more
thermally stable than the sulfonic acids. After the first
stage, the polymers decomposed quickly with tempera-
ture until at 500�C for S-PSF(Na) and 590�C for
S-PPSF(Na) catastrophic degradation occurred. With
the addition of PBI to form composites, the first-stage
decomposition gradually became less obvious and shif-
ted to a higher temperature range, 290–390�C for
S-PSF(Na)/PBI and 320–430�C for S-PPSF(Na)/PBI.
After that the composites were found to degrade more
gradually with the temperature. At 500�C, they showed
weight losses of less than 25 wt%. When the tempera-
ture was increased to 530�C (at which PBI begins to
decompose), there was still considerable weight
remaining, around 60–75%, depending on the PBI
content. For the S-PSF(Na)/PBI composites, the final
decomposition temperatures were approximately 550,
580, and 600�C at 90/10, 80/20, and 70/30 compositions,
respectively. For the S-PPSF(Na)/PBI composites, the
decomposition profiles showed a similar trend but were
found shifted to even higher temperatures, as is
shown in Fig. 6b. This was, in part, due to the fact
that the second-stage decomposition of S-PPSF(Na)
occurred at a significantly higher temperature than that
for S-PSF(Na).

Morphologies of the molecular composites

The composites obtained from PBI and S-PSF(Na),
S-PPSF(Na) were optically clear, yellow-to-orange films
that appeared homogeneous; this transparency sug-
gested miscibility on a scale down to 100 nm. Some
typical SEM micrographs of the fractured surface are
presented in Fig. 7. At low PBI contents (Figs. 7a and
b), the fracture surface is essentially featureless, and
there are no distinct domains or domain boundaries on
the scale probed by SEM (ca. 20 nm). An essentially co-
continuous microstructure [47] was observed, which is
an indication of good miscibility. The sparse dots
(about 20–40 nm), seen to be randomly distributed in
the micrographs suggest a small degree of phase sepa-
ration, possibly occurring during the evaporation of
solvent, but at high PBI contents (Figs. 7d and c), the

Fig. 5 TMA traces for the S-PPSF(Na)/PBI composites at various
degrees of sulfonation: a 0.5, and b 1.0
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morphology of the as-cast composites was significantly
different from that observed for the blends with low PBI
contents. It shows the presence of very uniform spherical
particles, about 30–50 nm in size, of the dispersed phase,
which could be either PBI or S-PSF(Na).

These composites did show the thermally induced
phase separation as reported by Chuah et al. for poly
(p-phenylenebenzobisthiazole)/nylon 66 molecular com-
posites [48]. Specifically, after heating to 280�C for 0.5 h,
distinct phase separation did appear in the micrographs,
as shown in Fig. 8. At such temperatures, which are
much higher than the values of Tg for S-PSF(Na), the
polymer chains have considerable mobility and the
increased segmental motions could have contributed to
the microphase separation. The resulting domain size of
20–60 nm is considerably less than 100 nm, so the films
remained optically clear.

Microcellular foams from the molecular composites

These composites were also processed into microcellular
foams. In these cases, variables in addition to foaming
temperature and foaming time were found to be
important, including (i) composition of the blend, (ii)
extent of phase separation in the composite, (iii) amount
of any residual solvent present, (iv) thickness of the
sample, and (v) CO2 content upon saturation. As a re-
sult, the foaming behavior and morphologies of the
resulting composite foams were much more complicated
than those of the pure polymers. In general, the initial
foaming temperature had to be higher for the compos-
ites. For example, the initial foaming temperature was

Fig. 7 SEM micrographs for
a S-PSF(Na)/PBI 90/10,
b S-PPSF(Na)/PBI 90/10,
c S-PSF(Na)/PBI 50/50, and
d 33.3/66.7

Fig. 6 TGA traces for a S-PSF(Na)/PBI, and b S-PPSF(Na)/PBI
composites
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100 and 120�C respectively for PSF and PPSF, but for
the S-PSF(Na)/PBI composite at 90/10 composition, this
temperature had to be increased to around 160�C, and
the 80/20 composition gave only partially foamed
structures at this temperature. Similar results had been
reported by Krause et al. [20] for polysulfone/polyimide
(Matrimid) composites, with the temperatures required
increasing with increasing Matrimid content.

The morphologies of the composite foams are also
significantly different from those of the PSF and PPSF
foams. The PSF and PPSF foams have well-defined,
closed-cell, spherical or polyhedral cell structures [2, 3].
The composite foams have unusual bimodal and par-
tially open-cell structures, which were dependent on the
foaming temperature, composition, residual solvent,
and CO2 content. Two typical SEM micrographs of
microcellular foams prepared from composites are
shown in Fig. 9. The bimodal structure may have been
caused by microphase separation that occurred during
the foaming process. The open-cell structures are
probably caused by the residual solvent during the
expansion of the polymer, resulting in the intercon-
nected cells. This is consistent with Krause et al. [49,
50] reporting open-cell structures for microporous

materials prepared from polysulfone and polysulfone/
polyimide composites when there was a trace of solvent
as a ‘‘pore opener’’. Additional results on these com-
posite foams will be reported separately in the near
future. Efforts are underway to extend some of these
studies to the preparation of bulk samples that would
be suitable for mechanical testing.

Conclusion

Introduction of sulfonate groups into PSF and PPSF
can greatly increase their miscibility with PBI, because
of the strong intermolecular interactions between the
two components. The miscibility is indicated by the
appearance of a single, composition-dependent Tg for
the composites in DSC and TMA. The significant in-
crease in Tg as well as in thermal stability demonstrated
a well-defined synergistic effect. High-performance
molecular composites were thus successfully prepared by
the incorporation of rod-like PBI molecules into sulfo-
nated polysulfone matrices. Microcellular foams were
successfully prepared from high-performance molecular

Fig. 8 SEM micrographs of a S-PSF(Na)/PBI (90/10), and b
S-PPSF(Na)/PBI (90/10) after heating to 280�C for 0.5 h

Fig. 9 Some typical SEM micrographs of microcellular foams
prepared from: a S-PSF(Na)/PBI 90/10 foamed at 230�C,
b S-PPSF(Na)/PBI 90/10 respectively, foamed at 185�C
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composites. These novel microcellular foams with the
partial open-cell structures might have some applica-
tions as high-performance structural materials or as
membranes.
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