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ABSTRACT: A functional monomer which enables the
synthesis of sulfonated poly(ether ether ketone) (SPEEK)
polymer with the sulfonic acid group in the pendant side
chain has been successfully developed. 1, 3-propane sul-
tone was used as the model compound to introduce the
side chain moiety in the monomer. The above sulfonated
monomer (0.50 mol) along with 4, 4’-difluorobenzophe-
none (0.50 mol) were reacted with bisphenol-A (1.0 mol)
to obtain the SPEEK polymer with the sulfonic acid

group in the pendant side chain. All the intermediates
and the SPEEK polymer were characterized using
'"H-NMR. The SPEEK polymer is expected to have
improved mechanical and electrical properties for PEM
fuel cell application. © 2011 Wiley Periodicals, Inc. J Appl
Polym Sci 123: 3331-3336, 2012
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INTRODUCTION

Polymer electrolyte membrane (PEM) fuel cells are
considered as pollution-free, quiet, and green power
generation devices for various applications ranging
from mobile phones to automobile traction."* After
years of persistent research efforts, PEM fuel cell tech-
nology has entered the commercial phase and PEM
fuel cells are now available in the market. PEM fuel
cells still need to overcome challenges such as high
manufacturing cost and limited durability to become
cost competitive with conventional power generation
technologies. The polymer electrolyte membrane is a
key component of PEM fuel cells. Perfluorosulfonic
acid polymer is commonly used as the membrane
material in PEM fuel cells (for example, DuPont’s
Nafion). Although Nafion performs well at tempera-
tures below 70°C, its glass transition temperature is
around 110°C. Because of the low glass transition
temperature, the polymer exhibits membrane dry-out,
reduced proton conductivity, and poor fuel cell per-
formance above 80°C. Nafion is also expensive and
must undergo hazardous manufacturing processes.
To overcome the limitations of the Nafion mem-
brane, aromatic hydrocarbon polymers such as poly
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(ether ether ketone),’ polybenzimidazole,* poly(ary-
lene ether sulfone),” polyimide,® etc. are actively
being studied. Of the many classes of polymers,
poly(ether ether ketone), or PEEK, is being exten-
sively investigated due to its outstanding mechani-
cal, thermal and chemical properties.” PEEK can be
converted into proton-conducting poly(ether ether
ketone), or SPEEK, by reacting it with concentrated
sulfuric acid (H,SOy) as it easily undergoes an electro-
philic substitution reaction on the aromatic ring. How-
ever, the SPEEK polymer with a high degree of sulfo-
nation (DS) swells excessively at elevated temperatures
due to higher water-uptake causing mechanical disin-
tegration; which is due to the random distribution of
sulfonic acid groups along the polymer back-bone as
the sulfonation of PEEK with sulfuric acid (H,SO,) is
heterogeneous in nature.® Moreover, the harsh environ-
ment during the sulfonation process may degrade the
polymer. To control DS, SPEEK polymers have been
synthesized using sulfonated monomers where precise
control of DS is possible.”

SPEEK polymers prepared from sulfonated mono-
mers are reported to have comparable water swel-
ling, proton conductivity, and thermal stability, but
significantly improved methanol diffusion coefficient
when compared with postsulfonated SPEEK."’ An
ideal PEM fuel cell membrane should have distinct
microphase separation between the hydrophobic and
hydrophilic segments in which the hydrophilic sul-
fonic-acid groups form the proton-conducting chan-
nels, and the hydrophobic polymer backbone pro-
vides mechanical stability to the membrane. Since
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the sulfonic acid groups in the SPEEK matrix are
present as a part of the polymer backbone, this rigid
polyaromatic backbone prevents continuous ionic
clustering from occurring; the resulting morphology
is not ideal for effective microphase separation.
Therefore, the proton-conducting channels of SPEEK
are narrow when compared with that of Nafion."!

Considering the above issues, an effective way to
balance the mechanical properties and proton con-
ductivity of SPEEK is to redirect the sulfonic acid
groups away from the polymer backbone similar to
Nafion. In such morphology, cohesion between the
hydrophobic polymer backbone will be retained
even in the presence of the highly swollen hydro-
philic phase. Recently, hydrocarbon polymers with
the sulfonic acid group in a pendant side chain have
been reported by many research groups.'*"> Karls-
son et al.'? prepared sulfonated polysulfone with the
sulfonic acid group in a pendant side chain, but the
process involved complex reaction scheme of react-
ing with metallic lithium at —40°C. Lafitte et al."”
introduced the sulfonic acid group in a side chain
by following a postsulfonation technique; the pro-
cess again involves reacting with butyllithium at
—78°C. They reported that the resulting membranes
exhibited low water uptake, low swelling ratios as
well as appropriate conductivity. Yoshima and
Iwasaki'® have successfully synthesized and charac-
terized a poly(ether sulfone) polymer with perfluor-
oalkyl sulfonic acid groups in the pendant side
chain. The polymer had a higher o-relaxation tem-
perature than Nafion and a higher breaking elonga-
tion than sulfonated poly(ether sulfone) which are
desirable for high-temperature operation and stress
tolerance in the fuel cell. The membrane gave an im-
pressive fuel cell performance of 800 mW/cm? com-
parable to Nafion-112 membrane.

However, simple synthetic methods for the prepa-
ration of SPEEK polymers with the sulfonic acid
group in the pendant side chain are not available. In
this work, a novel functional monomer has been
developed to synthesize a SPEEK polymer with the
sulfonic acid group in the pendant side chain. Prelim-
inary studies of the synthesis and characterization of
the functional monomer, intermediates and the
SPEEK polymer are presented in this communication.

SYNTHESIS
Chemicals

4-Fluorophenol, 4-fluorobenzoyl chloride, triethyl-
amine (TEA), aluminum chloride (AICl3), diethyl
ether, 2-propanol, bisphenol-A, dimethyl acetamide
(DMACc), potassium carbonate (K>CO;), silica gel,
petroleum ether, chloroform, acetone, sodium hy-
droxide (NaOH), toluene, hydrochloric acid (HCI),
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sodium hydride (NaH), 1,3-propane sultone, tetrahy-
drofuran (THF) and methanol (MeOH) all from
Sigma Aldrich, USA were used as received without
further purification.

Synthetic steps

Synthetic steps 1-4 are shown in Scheme 1. Each
step is described below.

Synthesis of 4, 4'-difluorophenyl benzoate

Initially, 100 mL of diethyl ether was transferred
into a 500-mL round-bottomed flask. Then, 5.0 g
(0.0446 mol) of 4-fluorophenol was dissolved and 4.5 g
(0.0446 mol) of TEA was added. Next, 7.7 g
(0.0446 mol) of 4-fluorobenzoyl chloride was slowly
added at 50°C under nitrogen (N;) atmosphere and
the mass was maintained at the same temperature for
1.0 h under constant stirring. Then, 20.0 g of 10 wt %
NaOH solution was slowly added to dissolve the trie-
thylamine hydrochloride (TEAHCI). The organic phase
was dried, evaporated, and the residue was recrystal-
lized in petroleum ether to get pure crystals of 4, 4’-
difluorophenyl benzoate (yield 85%). The compound
was characterized using "H-NMR (400 MHz, CDCl;, §,
ppm): 7.04 (m, 2H), 7.09 (m, 2H), 8.12 (q, 4H).

Synthesis of (4-fluoro-2-hydroxyphenyl)-4-fluoro-
phenyl methanone

3.8 g (0.016 mol) of 4, 4'-difluorophenyl benzoate
was mixed with 2.59 g (0.019 mol) of AICl; under
N, atmosphere and heated to 200°C over a heating
mantle for 20 min. It was cooled, and the hard solid
lump was ground to a fine powder and slowly
added to ice-cooled 10% HCI solution under stirring.
The product was extracted using diethyl ether, dried
free of moisture, evaporated, and crystallized in
petroleum ether to get the crystalline (4-fluoro-2-
hydroxyphenyl)-4-fluorophenyl methanone (yield
75%). The product was characterized using "H-NMR
(400 MHz, CDCl;, §, ppm): 6.96 (m, 1H), 7.15 (m,
4H), 7.65 (m, 2H), 11.50 (s, 1H).

Synthesis of 4-fluorophenyl-4-[fluoro-2-(3-sulfonyl
propoxy)] phenyl methanone

In this step, 3 g (0.0128 mol) of (4-fluoro-2-hydroxy-
phenyl)-4-fluorophenyl methanone was dissolved in
50 mL of THF. Then, 1.02 g of 60 wt % NaH was
slowly added under N, atmosphere and 1.25 g of 1,
3-propane sultone was added and maintained at
70°C for 24 h under stirring. The mass was cooled to
room temperature, 5 g of MeOH was slowly added
to destroy the unreacted NaH if present, the solvent
was allowed to evaporate, and the product was then
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Scheme 1 Reaction scheme.

purified on a silica gel column using chloroform +
acetone mixture as eluants. The product, 4-fluoro-
phenyl-4-[fluoro-2-(3-sulfonyl ~ propoxy)]  phenyl
methanone was isolated in 60% yield and character-
ized using 'H-NMR (400 MHz, D,O, 5, ppm): 1.67
(m, 2H), 2.19 (t, 2H), 3.74 (t, 2H), 6.81 (m, 2H), 6.98
(m, 3H), 7.48 (m, 2H).

Synthesis of SPEEK polymer with the sulfonic acid
group in the pendant side chain

SPEEK with the sulfonic acid group in the pendant
side chain was synthesized using the sulfonated
monomer as prepared above (0.5 mol), 4, 4'-difluoro-
benzophenone (0.50 mol) and bisphenol-A (1.0 mol)
using K,CO; (1.25 mol) as the base in DMAc. The
monomers were charged along with DMAc, toluene,
and K,COj; under N, atmosphere. The water formed
in the reaction was removed using a Dean and Stark
apparatus at 110°C. The reaction mass was refluxed
for 5.0 h and then toluene was distilled out and the
temperature was increased to 140°C. The polymer-
ization was continued at 140°C for 12 h. Then the
polymer was precipitated out by pouring into etha-
nol + water mixture. It was repeatedly washed with
water to remove the inorganic salts and dried at
80°C in a vacuum oven (1yle1d 80-90%). The polymer
was characterized using "H-NMR (400 MHz, DMSO-
dé, 3, ppm): 1.63-79 (m, 12H), 1.79 (m, 2H), 2.31

(m, 2H), 404 (m, 2H), 6.71 (m, 1H), 7.02-7.11
(m, 12H), 7.13-7.28 (m, 4H), 7.30-7.40 (m, 8H), 7.71-
7.83 (m, 6H).

Molecular weight of the polymer was determined
by gel permeation chromatography (GPC) using
Styragel HR1 column on Waters (USA) Breeze GPC
system. THF at the rate of 1 mL/min was used as
the mobile phase. About 2 wt % solution of SPEEK
polymer in THF was used for the analysis. Polysty-
rene samples of different molecular weight were
used to generate the calibration curve.

RESULTS AND DISCUSSION

Poor solubility of the PEEK polymers in many of the
solvents is a major hindrance for the introduction of
side chain functionalities in the PEEK polymer back-
bone. Our goal was to develop monomers with the
sulfonic acid group attached in the pendant side
chain so that the sulfonated monomers could be
used to prepare SPEEK polymers with sulfonic acid
group in the pendant side chain. The PEEK poly-
mers are normally synthesized by the aromatic
nucleophilic substitution of bisphenols with halogen
substituted aromatic ketones such as 4, 4’-difluoro-
benzophenone. We were interested in introducing a
suitable functional group in the 4, 4'-difluorobenzo-
phenone which would enable the synthesis of a
SPEEK polymer with the sulfonic acid group in the

Journal of Applied Polymer Science DOI 10.1002/app



3334

KRISHNAN, ADVANI, AND PRASAD

[rel]
-

15

T T T T T T T T T
12 10 8

—r—r—Tr—Tr—Tr—Tr—7r—TrTr
6 4 2 [ppm]

Figure 1 1H NMR spectrum of (4-fluoro-2-hydroxyphenyl)-4-fluorophenyl methanone. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

pendant side chain. All the synthetic steps devel-
oped in this study are shown in Scheme 1. Krause
et al.'® have reported that the phenolic esters when
heated with aluminum chloride at 200°C undergo
Fries rearrangement to give hydroxyl ketones. We
exploited this reaction to introduce the hydroxyl
functional group in the 4, 4'-difluorobenzophenone
molecule. The hydroxyl group was successfully
introduced in 4, 4'-difluorobenzophenone as per the
procedure discussed in Step 2 of the synthetic proce-
dure. The 'H-NMR spectrum of hydroxyl substi-
tuted 4, 4'-difluorobenzophenone is given in Figure
1. The singlet peak at 11.50 ppm confirms the pres-
ence of hydroxyl group in the molecule.

The pendant sulfonic acid group could be easily
attached to the 4, 4'-difluorobenzophenone via the
hydroxyl functional group. It has been reported in
the literature that the sultones undergo ring opening
substitution with the hydroxyl groups in the pres-
ence of a base like sodium hydride.'””"” The Step 2
product undergoes quantitative salt formation when
reacted with NaH which confirms the presence of -
OH group in the molecule. We have demonstrated
the scheme using 1,3-propane sultone as the model
compound. The pendant sulfonic acid substituted
monomer was isolated in pure form using column
chromatography. Polymerization of pendant sulfonic
acid group substituted monomer as synthesized
in step 3 (0.50 mol), 4, 4'-difluorobenzophenone
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(0.50 mol) and Bisphenol-A (1.0 mol) was carried
out as per the polymerization procedure described
in Step 4. The SPEEK polymers with the sulfonic
acid group in the pendant side chain were obtained
in 80-90% yield. The 'H-NMR spectrum of the syn-
thesized SPEEK polymer with the sulfonic acid
group in the pendant side chain is shown in Figure
2. The 'H-NMR peaks in the range of 1.63-1.79 ppm
are due to the presence of —CHj groups of bisphe-
nol-A; peaks at 1.79, 2.31, and 4.04 ppm correspond
to the three —CH,— groups in the pendant side
chain. The 'H-NMR signals in the range of 6.5-8.0
ppm are due to the aromatic protons in the SPEEK
polymer. Hence, the "H-NMR spectrum nicely con-
firms the synthesis of the SPEEK polymer with the sul-
fonic acid group in the pendant side chain. The above
discussed scheme has demonstrated a new, simple
synthetic method for the synthesis of SPEEK polymer
with the sulfonic acid group in the pendant side chain.

The synthesized SPEEK polymers totally dissolved
in solvents like DMSO, DMF and form a nice contin-
uous transparent film. However, the films got disin-
tegrated on pouring into water which is mainly due
to low molecular weight of the obtained polymers.
To get an idea about the molecular weight of the
obtained polymers, gel permeation chromatography
analysis was carried out as per the conditions dis-
cussed above. The GPC trace of the synthesized
SPEEK polymer is given in Figure 3. The GPC trace
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Figure 2 'H-NMR spectrum of synthesized SPEEK polymer in DMSO. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

shows one major peak and three minor peaks, which
indicates the presence of oligomers with different
molecular weights. On the basis of the calibration
curve, a molecular weight of 4873 was calculated for
the major GPC peak. Further studies like membrane
formation and characterizations etc., could not be
carried out due to the low molecular weight of the
obtained polymers. We could observe precipitation
of the polymer during the polymerization process
which could be the main reason for the low molecu-
lar weight of the obtained polymers. We have suc-
cessfully developed a simple synthetic scheme to
synthesize SPEEK polymer with sulfonic acid group
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Figure 3 GPC chromatogram of synthesized SPEEK
polymer.

in the pendant side chain. Even though, all the inter-
mediates and the final polymer were isolated in
pure form, the SPEEK polymer with the sufficiently
high molecular weight could not be obtained in this
study. This was mainly due to the precipitation of
the oligomers during the polymerization. The poly-
merization process needs detailed further study to
avoid the precipitation and to get a polymer with
sufficiently high molecular weight.

CONCLUSIONS

A hydroxyl functional group substituted 4, 4'-
difluorobenzophenone monomer was prepared by
the simple Fries rearrangement of the phenolic ester.
The SPEEK polymer with the sulfonic acid group in
the pendant side chain was successfully prepared by
attaching the pendant side chain via the hydroxyl
group in the functional monomer. The simple syn-
thetic scheme developed in this work could enable
the synthesis of SPEEK polymers with controlled
swelling and improved electrical properties for PEM
fuel cell applications.
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