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Abstract

Membranes of phosphonated polyphenylsulfone with functionalization degree up to 88—-106% were prepared by reaction in the presence of
Pd(0)-complexes. Membranes of phosphonated and sulfonated polyphenylsulfone were also prepared by sulfonating previously phosphonated
polyphenylsulfone. The membrane proton conductivities were evaluated by impedance spectroscopy at the temperature range between 50 and
150 °C. While sulfonated membranes had higher proton conductivity at 100% relative humidity, they swell much more than the phosphonated films
in water and have a much higher permeability to water and methanol. Phosphonated films are thermally more stable.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The development of ion-exchange membranes for electro-
dialysis or more recently for fuel cells has stimulated the func-
tionalization of polymers with the incorporation of acid groups.
In most of the cases they are sulfonic or in less extent carboxylic
groups. Phosphonation has been much less explored. The syn-
thesis of phosphorus-containing polymers was in the past mainly
connected to the development of flame retardant materials. Phos-
phonated polystyrene and polyolefins have been early reported
[1,2]. Phosphonation has also been applied to improve the blood
compatibility of polymers [3].

In the last years the research on alternative materials for fuel
cell has grown. There is however still a lack of polymeric mate-
rials suitable for the proton transport in a temperature range
between 100 and 160 °C. Operating at this temperature range
would improve the reaction kinetics and decrease the catalyst
poisoning by CO. From the engineering point of view there
would be also advantages connected to heat and water man-
agement. However, most of the ion-exchange polymers start
to loose water above 100 °C, suffering then from a decrease
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of proton conductivity. The innovative approaches for mem-
brane preparation, which are currently followed by different
groups worldwide, were reviewed in recent publications [4—6].
Researchers are looking for polymers able to transport protons
by alternative mechanisms in the absence of water or materials
able to keep water up to higher temperatures.

Phosphonic groups are believed to keep the water more than
sulfonic groups [7,8]. Besides, phosphonic groups are more
thermally stable. This has motivated the synthesis of new phos-
phonated polymers. Table 1 summarizes most of the papers on
phosphonated polymers. One of the first groups to propose the
use of phosphonated polymers for membranes and later more
specific for the fuel cell application was the group of Cabasso
and coworkers [7,8]. They phosphonated poly(phenylene oxide)
using the Michaelis—Arbuzov reaction [9]. This is the reaction
of an ester of trivalent phosphorus with alkyl halides and it is
one of the most versatile ways to form a carbon—phosphorus
bond. In the presence of nickel or palladium halides as catalysts
aryl halides also react. The route has been reported for the
functionalization of poly(4-phenoxybenzoyl-1,4-phenylene)
[10]. Analogous strategy has been used also for the synthesis
of new phosphonated fluoromonomers [11] and their further
polymerization [12]. In a previous paper of our group [13],
the Michaelis—Arbuzov reaction showed to be ineffective
for the phosphonation of polyphenylsulfone. A successful
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Table 1 (Continued )

Polymer Reaction or reactants Proton References
conductivity
(mS/cm)
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(’)(CFZ)3P(O)(OH)2 Copolymerization of phosphonated fluorinated vinylethers 6-76 [23]

alternative method was the P—C coupling reaction catalysed by
Pd(0)-complexes, which we reported before [13,14]. By this
procedure a phosphonation degree up to 90% was obtained.
More recently, Lafitte and Jannasch [15] reported the phospho-
nation of polysulfone up to 50% using lithiation. The direct
lithiation in the presence of diphenyl or diethyl chlorophosphate
led to the functionalization of the biphenyl sulfone segment,
while the lithiation preceded by the bromination enable the
phosphonation of the bisphenol A segment.

A reaction analogous to that reported for the polyphenyl-
sulfone using Pd catalysts was used by Miyatake and Hay
[16] to obtain phosphonated polyphenyloxides and by Souzy
etal. [11] to obtain phosphonated monomers. A great advantage
of this procedure is the possibility of binding the phosphonic
group directly to the aromatic ring without any spacer, which
could decrease the stability of the polymer in the presence
of oxidizing agents. Other classes of reported phosphonated
polymers are polyphosphazenes [17,18] and grafted polymers
obtained by y-radiation [3,22]. Grafted polymers were prepared
for electrodialysis [22] by y-irradiation of polyolefins followed
by reaction with glycidyl methacrylate and further conversion
of the epoxy group by treatment with concentrated phosphoric
acid.

Characterization of phosphonated films in terms of their
proton conductivity has been reported for few of the men-

tioned phosphonated polymers: polyphosphazene [18], tri-
fluoropolystyrene [19], poly(4-phenoxybenzoyl-1,4-phenylene)
[10]. Relatively low conductivity values were reported for most
of the polymers prepared up to now. The values for polyphos-
phazene and for perfluorocarbon polymers [23] were quite
encouraging. Poly(phenylene oxide) [8] was evaluated in fuel
cell tests.

In this paper a mixed functionalization of polyphenylsulfone,
incorporating phosphonic and/or sulfonic groups is reported.
The characterization of films with different degrees of function-
alization is discussed. Also blends of sulfonated and phospho-
nated polymers were considered.

2. Experimental
2.1. Materials

Polyphenylsulfone Radel® R-5000 was supplied by
BP Amoco, Sunbury-on-Thames, England. Tris(dibenzylide-
neacetone)dipalladium(0)—chloroform-adduct (Pd,(dba)s), tri-
ethylamine 99.5%, hydrobromic acid 48%, o-dichlorobenzene
99%, diphenyl ether 99%, and trimethylsilylchlorosulfonic acid
were obtained from Aldrich. Diethyl phosphite >99% was pur-
chased from Fluka. The chemicals were used as received and
the polymer was previously dried in vacuum.
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2.2. Phosphonation of polyphenylsulfone

The phosphonation was conducted as described before [13].
The polymer was first brominated according to a procedure
reported by Guiver et al. [24], leading to a degree of substitution
close to two Br atoms per repeating unit. A solution of 0.3 g
(Pdy(dba);-CHCIl3) in a mixture of 50 mL o-dichlorobenzene,
20 mL diethyl phosphite and 5 mL triethylamine was heated to
90 °C under argon atmosphere. A solution containing 10.0 g of
the brominated polymer in 75 mL of the same solvent mixture
was added dropwise and the solution was heated to 120 °C for
96 h in the dark. During this time further 0.2 g of the catalyst
in 60 mL of diethyl phosphite and 10mL triethylamine were
added in different portions. The polymer was then precipitated in
methanol, redissolved in chloroform, reprecipitated in methanol
and dried at 50 °C in vacuum.

The phosphonated polymer was suspended in concentrated
hydrobromic acid and heated under reflux for 48 h. The polymer
was then filtered, washed with water and dried under vacuum at
45°C.

2.3. Sulfonation of polyphenylsulfone

The sulfonation followed a procedure also reported before
[25]. The polyphenylsulfone was dissolved in dichloromethane
at room temperature. Trimethylsilylchlorosulfonic acid was
carefully added to the solution at 40 °C. A reaction followed
for up to 98 h while argon was bubbled into the solution. The
solution was then cooled to room temperature and poured into
methanol. The precipitated polymer was further washed with
methanol and later washed with water in a Soxhlet extractor for
16 h. The product was dried at 50 °C.

2.4. Membrane preparation

The membranes were prepared in N-methyl pyrrolidone,
using polymer, which was previously washed with water for sev-
eral days. Membranes were cast on heating plates at 50-60 °C
and were dried in vacuum before characterization.

2.5. Functionalization degree

The average degree of phosphonation (PD) and sulfonation
(SD) was estimated by 'H NMR and by elemental analysis.
The '"H NMR spectra were obtained using a Bruker DCX-
300 spectrometer. The spectra were recorded in dg-DMSO and
referenced to tetramethylsilane (TMS) as internal standard.
The elemental analysis was carried out at the Fraunhofer
Institute for Applied Polymer Research at Golm, Germany, with
a Carlo Erba CHNS-O Analyzer Model EA 1110 and 1108.
The functionalization degree was calculated taking in account
the number of moles of phosphorus, sulphur and carbon. The
phosphonation was directly calculated from both the molar ratio
of phosphorus to sulphur and of phosphorus to carbon. Both
ratios led to similar values of phosphonation degree. The sul-
fonation degree was calculated from the sulphur/carbon molar
ratio. For polymers containing both phosphonic and sulfonic

groups only elemental analysis was used, taking in account the
phosphorus/carbon and sulphur/carbon molar ratios.

2.6. Thermal analysis

The polymers were characterized by thermogravimetric anal-
ysis in a NETZSCH TG 209 equipment, heating the samples
from 20 to 900 °C under argon atmosphere at a heating rate of
10 K/min.

2.7. Water uptake

The ability of the membrane to absorb water was estimated
by immersion of pieces of about 0.1 g of polymer films in water
at 50 °C during hours and weighting in analytical balance.

The ability of the membrane to absorb water was estimated
by gravimetric analysis. Previously weighted polymer film (ca.
0.1g) was immersed in water at 50 °C during 24 h and then
carefully surface dried and weighted in an analytical balance.

2.8. Permeability to methanol

The permeability of the membranes to methanol was evalu-
ated according to a procedure reported before [25]. A 20 wt%
methanol solution at 55 °C in water was used as feed in a perva-
poration set-up. The permeate side was evacuated. The permeate
was collected after 1 h and weighted in traps immersed in liquid
nitrogen. The composition was determined by refraction index
measurements.

2.9. Proton conductivity measurements

The proton conductivity was measured by impedance spec-
troscopy using a Zahner IM6 spectrometer, which allowed mea-
surements at 10° to 10 Hz. The measuring cell was analogous
to that reported by Alberti et al. [26]. The membranes were
exhaustively washed in water. The membranes were immersed in
boiling water during 1 h before measuring. In the cell they were
pressed between two carbon electrodes and the conductivity was
measured across the membrane at 100% relative humidity, vary-
ing the temperature from 50 to 150 °C. The proton conductivity
was estimated by impedance values at phase angle zero.

3. Results and discussion

The reaction in the presence of Pd (0)-complex catalyst made
possible the phosphonation of polyphenylsulfone up to a func-
tionalization degree of 88—106%. The estimation of phosphona-
tion degree (PD) using data from elemental analysis comes to
very similar values either by taking in account P/C or P/S ratios.
These values are however slightly higher than those obtained
using the NMR characterization.

Figs. 1 and 2 show the "H NMR spectra of polyphenylsul-
fone respectively with 88% phosphonation and 84% sulfonation
degree. The solvent dg-DMSO led to the peak at 2.5 ppm. The
presence of water is responsible for the peak at 3.4 ppm. Both
in Figs. 1 and 2 a series of peaks can be seen between 7 and
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Fig. 1. "H NMR spectrum of polyphenylsulfone with 88% phosphonation degree.

8 ppm. These peaks are assigned to protons of the aromatic rings,
according to the following chemical structure:

a b b a c d d c
‘60 OO_OSOZ 4®+
n
e b a c d d c
R

where R =PO(CH;CH3), for Fig. 1 and R =SOsH for Fig. 2.

The assignment followed previous papers of our group for
sulfonated [25] and phosphonated [13] polysulfones.

For the determination of the sulfonation degree the intensity
of the peak relative to the proton (proton “e” in Fig. 2) bonded
to the carbon adjacent to that linked to the sulfonic group was
compared to the peak relative to protons directly near the sulfone
group (proton “d” in Fig. 2).

Before submitting the phosphorus-containing polymer to
hydrolysis, the CH, protons of the phosphonic ester can be

detected in the form of peaks at 4.1 ppm and at 1 ppm in Fig. 1.
After the hydrolysis the peaks disappeared, confirming that the
acid form was obtained.

For the estimation of the phosphonation degree, the ratio
between the integrated peak at 4.1 ppm before the hydrolysis
and the integrated peaks of protons at the main aromatic chain
between 7.6 and 8.2 ppm was taken into consideration. This ratio
between the integrated peaks gave the data listed in Table 2.

Similar results of the sulfonation degree were obtained from
both 'H NMR and elemental analysis and they are listed in
Table 3. Table 4 lists data of polymers which were first phos-
phonated and then sulfonated; in these cases the degree of
functionalization was determined only by elemental analysis.

The independent phosphonation or sulfonation led to high
degrees of substitution. However, the attempts of sulfonating
previously phosphonated polymers were not very effective. This
was the case for instance of polymers with phosphonation degree
of about 60%, which were submitted to post-sulfonation. The
sulfonation degree was not higher than 9% and could not be

d
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e
c
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Fig. 2. '"H NMR spectrum of polyphenylsulfone with 82% sulfonation degree.
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Table 2
Phosphonated polyphenylsulfone

Polymer Time of reaction (h) Degree of phosphonation (%)
NMR Elemental analysis®
P12 96 12 19
P30 96 30 30
P47 96 47 54
P59 96 59 66
P61 96 61 87
P88 96 88 106

2 Calculated from P/S ratios.

Table 3
Sulfonated polyphenylsulfone

Polymer Time of reaction (h) Degree of sulfonation (%)
NMR Elemental analysis

S12 48 - 12

S44 24 44 -

S84 48 84 80

S88 96 88 86

increased by changing the reaction conditions. The reason for
this low sulfonation degree could be the following. The sul-
fonation procedure [25] is based on an electrophilic agent that
modifies the electron-richer aromatic rings in the chain. The
sulfone group has a remarkable electron withdrawing effect.
Therefore, the rings near the sulfone groups are less suscep-
tible to sulfonation. The sulfonation would preferentially occur
in rings linked to the ether groups, which are poor in electrons.
When the polymer was previously phosphonated, exactly these
rings near the ether group have been already functionalized with
bromine, which later partially react, giving rise to phosphonic
groups. A high degree of bromination is conducted to increase
the yield of the phosphonation. As a consequence, the phospho-
nated polymers contain excess of non-reacted bromine attached
to the aromatic rings. Halogens are known as deactivating agents
for electrophilic aromatic substitution. This explains the low
substitution degree obtained with the sulfonation. A sulfonation
using lithiation [27,28] could be an alternative to modify the pre-
viously phosphonated polymers, since the rings near the sulfone
group would then be preferred for the nucleophilic attack.
Since only a low degree of sulfonation was possible by
reacting the phosphonated polymer with trimethylsilylchloro-
sulfonic, a blend of highly sulfonated polyphenylsulfone with
the phosphonated polymer was used to prepare a membrane.

Table 4
Phosphonated and sulfonated polyphenylsulfone

6

5+ o

4t s84 -

3._

Proton conductivity (mS/cm)

40 60 80 100 120 140 160
T(°C)

Fig. 3. Proton conductivity at 100% RH as a function of temperature: polymers
with (A) 84% sulfonation, (@) 88% phosphonation and (x) a blend with equal
amounts of both polymers.
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Fig. 4. Proton conductivity at 100% RH as a function of temperature: polymers
with (Q) 59% or () 61% phosphonation degree and additionally (O) 4% and
(A) 9% sulfonation.

Its characterization is also compared to the other functionalized
membranes.

Polyphenylsulfone membranes with degree of functionaliza-
tion (phosphonation or sulfonation) lower than 45% had a proton
conductivity lower than 0.1 mS/cm. Fig. 3 compares 88% phos-
phonated membranes with 84% sulfonated membranes, as well
as with a blend, containing 50% of the phosphonated polymer
(with 88% phosphonation degree) and 50% of the sulfonated
polymer (with 84% sulfonation degree). They all have the same
range of proton conductivity, with the sulfonated membrane hav-
ing the highest values even above 100 °C. The total degree of
functionalization is similar for the blend. However, the whole
degree of phosphonation or sulfonation is each half of that of
the other membranes. A Nafion® 117 membrane measured in
the same conditions had proton conductivity between 12 and
22 mS/cm. Fig. 4 compares now polymers, which have been only

Polymer Time of phosphonation reaction (h) Time of sulfonation reaction (h) Degree of functionalization (elemental analysis) (%)
Phosphonation Sulfonation

P12S24 96 72 12 24

P59S8 96 24 59 8

P61S4 96 24 61 4

P61S9 96 48 61 9

Blend P88S84 96 96 44 42
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Table 5
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Pervaporation of 20 wt% methanol solution in water at 55 °C (feed at 1 atm and permeate side under vacuum) through phosphonated and sulfonated polyphenylsulfone

membranes

Functionalization degree (%)

Membrane thickness

Water flux

Methanol flux

Phosphonation Sulfonation (x107¢ m) (x1077kgs™! m™) (x107Tkgs™ m™)

0 86 5

12 35 161 11

12 24 49 56
30 62 1368 35
47 39 1270 33
61 45 1164 30
61 4 95 550
88 98 2435 338

84 62 1220

44 424 66 128

# Blend with equal amounts of 88% phosphonated and 84% sulfonated polymers.
phosphonated (59-61% degree of phosphonation) and those, 100 M~
which have been phosphonated and additionally modified with —
4 and 9% of sulfonation. Polymers with 59 and 61% sulfona- 80
tion degree have similar proton conductivities, the difference R
being attributed to experimental error. A clear increase of pro- £ 60
ton conductivity was observed even with relatively small extent °
of sulfonation. = 40

Fig. 5 shows the capability of the membranes to absorb water

at 50 °C. Comparing membranes with similar degree of func- ——— N
tionalization, it is confirmed that at least at temperatures as low 20+t 100 200 300 400 500 600 700 800 00

as 50 °C the sulfonated membranes swells more in water than
the phosphonated films.

Since the direct methanol fuel cells is a potential application
for proton conductive membranes, the permeability of differ-
ent sulfonated and phosphonated films to methanol and water
was evaluated in pervaporation experiments. The results are pre-
sented in Table 5 and are coherent with the results of water
absorption. As expected the permeability increases with the
degree of functionalization. The sulfonated films are clearly
more permeable to both water and methanol than the phos-
phonated membranes. However, a small extent of sulfonation
additionally to phosphonation (e.g.: membrane with 61% phos-
phonation) increases dramatically the permeability. Quite inter-
esting is the result for the blend. As mentioned before and from
Fig. 3, this blend keeps a value of proton conductivity at least
as high as the polymer with 88% phosphonation degree. The

w
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w
o
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\
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\
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e
—

wt % water uptake
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o
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% degree of functionalization

Fig. 5. Water uptake in equilibrium at 50 °C: comparison between phosphonated
and sulfonated membranes.

Temperature/°C

Fig. 6. Thermogravimetric analysis of polyphenylsulfones with 88% degree of
phosphonation and 84% degree of sulfonation.

methanol permeability was however much lower than that of
the individual polymers used in the blend preparation.

The thermal stability of phosphonated and sulfonated poly-
mers with similar degree of functionalization is compared in
Fig. 6. Both polymers are highly functionalized and therefore
quite hydrophilic. Although the membranes were dried before
the characterization a weight loss at about 100 °C corresponding
to water evaporation can be detected for both films. After this
for the sulfonated membrane a further weight loss is measured
at about 250 °C, corresponding to the desulfonation and later at
450 °C, corresponding to the degradation of the main chain. For
the phosphonated polymer the first decomposition step starts at
about 400 °C and before this the dephosphonation is not evident.

4. Conclusion

Polyphenylsulfone with degree of phosphonation up to
88—-106% was obtained using Pd(0)-catalysts. Polymers with
mixed functionalization could be obtained by sulfonation could
be obtained by sulfonation of previously phosphonated poly-
mers. The sulfonation degree was as high 24%, when the samples
were previously phosphonated. The pure phosphonated poly-
mers were thermally more stable than polymers with similar
sulfonation degree. From measurements performed at 100%
relative humidity and temperatures as high as 150°C, it was
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observed that the proton conductivity of sulfonated membranes
was slightly higher than that of phosphonated films. The sul-
fonated membranes swell clearly much more than the phos-
phonated. They are also much more permeable to water and
methanol. Promising results with high proton conductivity but
relatively low swelling and permeability were observed for
blends of sulfonated and phosphonated polymers.
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