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ABSTRACT: Soluble brominated poly(arylene ether)s containing mono- or dibromotet-
raphenylphenylene ether and octafluorobiphenylene units were synthesized. The poly-
mers were high molecular weight (weight-average molecular weight 5 115,100–
191,300; number-average molecular weight 5 32,300–34,000) and had high glass-
transition temperatures (.279 °C) and decomposition temperatures (.472 °C). The
brominated polymers were phosphonated with diethylphosphite by a palladium-cata-
lyzed reaction. Quantitative phosphonation was possible when 50 mol % of a catalyst
based on bromine was used. The diethylphosphonated polymers were dealkylated by a
reaction with bromotrimethylsilane in carbon tetrachloride followed by hydrolysis with
hydrochloric acid. The polymers with pendant phosphonic acid groups were soluble in
polar solvents such as dimethyl sulfoxide and gave flexible and tough films via casting
from solution. The polymers were hygroscopic and swelled in water. They did not
decompose at temperatures of up to 260 °C under a nitrogen atmosphere. © 2001 John
Wiley & Sons, Inc. J Polym Sci Part A: Polym Chem 39: 3770–3779, 2001
Keywords: poly(arylene ether); polymer electrolytes; phosphonic acid; phosphonate
ester; functionalization of polymers; ionomers; membranes

INTRODUCTION

Acid-containing polymers have attracted much
attention as solid electrolyte membranes in bat-
teries and fuel cells.1 The majority of acid-con-
taining polymers have the sulfonic acid function-
ality as the proton-exchange site.2 There have
been several reports of phosphonic acid-contain-
ing polymers as membranes for fuel-cell applica-
tions.3 They have lower acidity than sulfonic ac-
ids;4 however, their better chemical and thermal
stability with respect to corresponding sulfonic
acid-functionalized polymers offers potential
advantages.3(c)

Recently, we synthesized a new series of copol-
ymers containing sulfonated tetraphenylphe-

nylene ether (or hexaphenylbiphenylene ether),
perfluorobiphenylene, and fluorinated alkylene
moieties.5 We demonstrated that with sulfonic
acid groups attached to the pendant phenyl rings,
the resulting aromatic polymers were very stable
under heat, hydrolysis, and oxidation. The hy-
drated polymer membranes showed high proton
conductivity (.1023 S cm21) from 25 to 170 °C. In
this article, we describe our successful synthesis
of novel aromatic polymers containing phosphonic
acid substituents on the pendant phenyl rings.
Mono- and dibromotetraphenylhydroquinones
were synthesized and polymerized with decaflu-
orobiphenyl to produce the corresponding bromi-
nated poly(arylene ether)s. The bromine groups
were converted to phosphinic acid groups by pal-
ladium-catalyzed phosphonation with dieth-
ylphosphite followed by hydrolysis. The synthe-
sis, structure, and some basic properties of these
polymers are reported.
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RESULTS AND DISCUSSION

Synthesis of the Monomers

The synthetic procedures for the synthesis of
mono- and dibromotetraphenylhydroquinone (5a
and 5b) and their bispropylcarbamate-masked
derivatives (6a and 6b) are depicted in Scheme 1.
The reactions are similar to those for the synthe-
sis of unsubstituted tetraphenylhydroquinone.6

Brominated chalcones (benzylideneacetophenone;
1a and 1b), prepared from bromobenzaldehyde
and acetophenone (or 4-bromoacetophenone),

were reacted with 1,3-diphenylacetone under ba-
sic conditions to produce the d-diketone com-
pounds (Michael addition). The same reagent at
60 °C effected the aldolization and dehydration of
the diketones to give the tetraphenylcyclohex-
enones (2a and 2b) in high yields (.92%). The
oxidation of 2 with 1 mol equiv of bromine gave
the corresponding phenols (3). Compounds 3a and
3b were further oxidized with oxygen in dimeth-
ylformamide (DMF) in the presence of a cobalt
catalyst. It should be noted that salcomine [Co-
(salen)2, or N,N9-bis(salicylidene)ethylenediami-

Scheme 1
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nocobalt] is not very effective as a catalyst. Oxi-
dation with the phenylene derivative N,N9-
bis(salicylidene)-1,2-phenylenediaminocobalt
[Co(salpn)2] as a catalyst gave a quantitative re-
action probably due to its higher oxidizing ability.
Brominated tetraphenyl-1,4-benzoquinones 4a
and 4b, both obtained in 100% yields, were re-
duced with hydrazine in methylene chloride/chlo-
roform solutions to give the hydroquinones 5a
and 5b. Because carbamate-masked monomers
often give much better results in nucleophilic sub-
stitution polymerization reactions than the par-
ent bisphenols,7 the hydroquinones were reacted
with n-propylisocyanate to give the corresponding
bispropylcarbamoyl compounds 6a and 6b. These
compounds were characterized by 1H NMR, 13C
NMR, and mass spectra and melting temperatures.
The monomers were pure enough for the polymer-
ization reactions, as confirmed by high-pressure liq-
uid chromatography (HPLC) analyses.

Polymerization

The polymerization of 6 with arylene difluorides
was carried out in N,N-dimethylacetamide
(DMAc) in the presence of a 50 mol % excess of
potassium carbonate. We first examined the poly-
merization with the commonly used difluoride
monomers bis(4-fluorophenyl)sulfone and 4,49-di-
fluorobenzophenone. However, both were unsuc-
cessful and gave oligomers with a number-aver-
age molecular weight (Mn) of less than 5000, even
after polymerization for 3 days at 160 °C. Decaf-
luorobiphenyl, a much more reactive difluoride
monomer, gave high molecular weight polymers
in high yields after polymerization for 20 h
(Scheme 2 and Table I). The reaction tempera-
tures should not be higher than 140 °C to prevent
some reactions of bromine on pendant phenyl
rings. Monobrominated polymer 7a [weight-aver-
age molecular weight (Mw) 5 191,300; Mn
5 32,300] and dibrominated polymer 7b (Mw
5 115,100; Mn 5 34,000) were obtained as white
powders.

Polymers were characterized with NMR and IR
spectroscopies. In the 1H NMR spectrum of 7b,
two sets of doublet peaks assigned to 4-bromophe-
nylene units were observed at 6.96 and 7.20 ppm,
indicating that the bromine groups were intact
throughout the polymerization reactions. The in-
tegration ratio of the doublets to a broad peak of
unsubstituted phenyl rings (7.08 ppm) was 8:10,
supporting the proposed structure of the polymer.
No peaks of propylcarbamoyl groups were de-

tected. The 19F NMR spectrum showed a doublet
peak (2141.3 and 2141.6 ppm) of fluorines meta
to the ether bond and a singlet peak (2156.1 ppm)
of fluorides ortho to the ether bond. The results
confirmed the structure of the polymer containing
perfluoro-4,49-biphenylene and unsymmetrically
substituted tetraphenylphenylene ether units. A
random distribution of heads and tails for bromi-
nated tetraphenylphenylene units would be ex-
pected because the reactivity and steric effect of
the hydroxy groups should be similar.

Polymers 7a and 7b were soluble in many or-
ganic solvents such as acetone, chloroform, tolu-
ene, and dimethyl sulfoxide (DMSO) and gave
transparent and flexible films via casting from
solution. The glass-transition temperatures (Tg’s)
of the polymers varied with the number of bromi-
nes per repeating unit: Tg 5 268 °C with no bro-
mine,5 Tg 5 279 °C with one bromine (7a), and Tg
5 285 °C with two bromines (7b). They were
thermally stable up to about 470 °C without de-
composition under a nitrogen atmosphere, as con-
firmed by thermogravimetry (TG) analyses.

Phosphonation

There are several methods reported for the prep-
aration of arenephosphonates from aryl bro-
mides.8 The classical Arbuzov reaction9 is com-
monly used, in which triethylphosphite and
nickel dichloride as a catalyst are employed. The
reaction often requires harsh conditions (160 °C)
and suffers from low yields. We chose the palla-
dium-catalyzed reaction10 for the phosphonation
of polymers 7a and 7b. The reactions were carried
out with diethylphosphite and tetrakis(triph-
enylphophine)palladium as a catalyst with trieth-
ylamine (Scheme 2, Table II). The first-trial phos-
phonation reaction of the brominated polymer
with 5 mol % of the palladium catalyst was un-
successful, with no reaction occurring, as con-
firmed by 1H NMR analyses. The addition of more
catalyst (35 mol %) and/or dimethylphosphite did
not improve the reaction and resulted in conver-
sions lower than 15%. For quantitative reactions,
50 mol % of the palladium catalyst was needed.
Polar solvents (DMSO), temperature (100 °C),
and time (70 h) were also important factors for
obtaining 100% conversion. The polymers 8a and
8b were isolated as pale-brown powders.

Polymers 8a and 8b were less soluble than the
parent brominated polymers but were still soluble
in chloroform and DMSO. Molecular weight mea-
surements were not performed because our gel
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permeation chromatography (GPC) columns ab-
sorbed phosphorus-containing polymers. How-
ever, both polymers formed films as tough and
flexible as those of 7a and 7b, implying no degra-
dation in the phosphonation reactions. In the 1H
NMR spectrum of 8a in CDCl3 (Fig. 1), methyl
(1.20 ppm) and ethyl (3.98 ppm) protons of dieth-
ylphosphonate ester were observed. The aromatic
protons could be assigned to the proposed struc-
ture, and the integration ratio of the peaks indi-
cated a quantitative phosphonation reaction. No
changes were observed in the 19F NMR spectra
between 7a and 8a, suggesting that perfluorobi-

phenylene moieties were intact throughout the
reaction. A singlet peak attributed to arenedial-
kylphosphonate was observed at 19.5 ppm in the
31P NMR spectrum. The IR spectrum further con-
firmed the phosphonation reaction, where a
strong absorption band corresponding to the
stretching vibration of POC bonds appeared at
1025 cm21.

Polymer 8a had a lower Tg at 244 °C than 7a
(Tg 5 279 °C) due to the flexible pendant dieth-
ylphosphonate groups, whereas 8b did not show a
Tg below its decomposition temperature. The TG
profile of polymer 8a is shown in Figure 2(b) to-

Scheme 2
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gether with that of 7a, where 8a begins to decom-
pose at 284 °C. The weight loss from 284 to 350 °C
is about 7 wt %, which almost corresponds to the
quantitative loss of two ethyl groups per repeat-
ing unit. The results are consistent with a previ-
ous report3(a) in which it was claimed that dieth-
ylphosphonated poly(phenylene oxide) begins to
decompose at 270 °C with the evolution of frag-
ments [m/z 5 27 (C2H3)] from ethyl ester groups.
The second step of the degradation of 8a, starting
from about 475 °C, should be the degradation of
the main chain.

Dealkylation

The dealkylation of polymers 8a and 8b was con-
ducted in carbon tetrachloride with an excess of
bromotrimethylsilane.11 The reaction proceeded
at 50 °C to give the bistrimethylsilylated product,
which was hydrolyzed with hydrochloric acid

(HCl) in methanol. Polymers 9a and 9b were ob-
tained as pale-brown powders in good yields
(.92%) after purification. The dealkylated prod-
ucts were characterized by NMR and IR spectros-
copy. In the 1H NMR spectrum of 9a in DMSO-d6
(Fig. 3), no peaks attributed to ethyl groups were
observed in the field from 1.0 to 5.0 ppm, indicat-
ing the completion of the deethylation reaction.
There were no significant changes in the 19F NMR
spectra after the reaction, except that the doublet
peak of fluorines meta to the ether bond merged
into one peak at 2140.9 ppm because of the vis-
cosity of the polymer electrolyte solution. In the
31P NMR spectrum, the peak of phosphonate es-
ter at 19.5 ppm disappeared, and a new peak
assignable to phosphonic acid appeared at 13.3
ppm. The stretching vibration mode of POC bonds
was not detected in the IR spectrum.

Unlike the parent polymers 7 and 8, polymers
9a and 9b were not soluble in less polar solvents

Table I. Synthesis and Properties of Polymers 7, 8, and 9

Polymer Yield (%) Mw
a Mn

a Tg (°C) Td (°C)b

Solubilityc

Acetone CHCl3 DMSO H2O

7a 95 191,300 32,300 279 472 1 1 1 2
7b 100 115,100 34,000 285 478 1 1 1 2
8a 98 —d —d 244 284 2 1 1 2
8b 100 —d —d —e 257 2 1 1 2
9a 98 —d —d —e 263 2 2 1 6f

9b 92 —d —d —e 257 2 2 6 6f

a Measured by GPC calibrated with polystyrene standards.
b Temperature at which decomposition takes place.
c 1 5 soluble; 6 5 swellable; 2 5 insoluble.
d Not available with our GPC columns.
e Not detected.
f Hot water.

Table II. Palladium-Catalyzed Phosphonation Reaction of Brominated Polymers 7a and 7b

Polymer Pd/Bra Solvent Temperature (°C) Time (h)
Conversion

(%)b

7a 0.05 Toluene 90 20 0
7a 0.35 Toluene 90 20 15
7a 0.50 DMSO 100 70 100
7bc 0.35 Toluene 90 50 5
7b 0.50 DMSO 100 45 70
7b 0.50 DMSO 100 70 100

a Molar ratio of tetrakis(triphentylphosphine)palladium to bromine.
b Calculated from the integration ratio in the 1H NMR spectra.
c Dimethylphosphite was used.
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such as chloroform and tetrahydrofuran but were
soluble in DMSO (polymer 9b swelled but was not
fully soluble in DMSO even at 100 °C). Pale-
brown, flexible, and tough films were obtained via
casting from DMSO solutions, suggesting no deg-
radation during the dealkylation reaction. Be-
cause of the phosphonic acid groups, polymers 9a
and 9b were hydrophilic and swelled in hot water
when soaked for several hours. There were no
significant differences in the swelling behaviors of
9a and 9b, despite a large difference in the equiv-
alent weight per phosphonic acid group (EW) be-
tween them (EW 5 789 for 9a; EW 5 434 for 9b).
The polymer films had good hydrolytic stability
and did not degrade after treatment in a boiling
water for more than 1 week. They did not show
Tg’s and began to decompose at about 260 °C, as
shown in Figure 2(c). The weight loss from 260 to
380 °C for 9a was about 10 wt %, corresponding to
one phosphonic acid group per repeating unit.

These TG analyses suggest that the degradation
mode of 9a was based on the loss of phosphonic
acid groups and was different from that of 8a, in
which only ethyl groups were eliminated at the
first stage of the thermal degradation. The ther-
mal, chemical, and hydrophilic properties of these
phosphonic acid-containing poly(arylene ether)s
indicate that they may find applications as poly-
mer electrolyte membranes for low-temperature-
operating fuel cells.

CONCLUSIONS

Brominated tetraphenylhydroquinones 5a and 5b
were synthesized from brominated chalcones and
diphenylacetone in four steps. The polymeriza-
tion of bispropylcarbamoyl-masked monomers 6a
and 6b with bis(4-fluorophenyl)sulfone or 4,49-
difluorobenzophenone was not successful and
gave oligomers with Mn , 5000. Decafluorobiphe-
nyl was effective in the polymerization reaction to
give soluble, high molecular weight poly(arylene
ether)s with pendant bromophenyl groups. No re-
actions of bromine groups occurred when the po-
lymerization was carried out below 140 °C. The
Tg’s of the polymers depended on the number of
bromines per repeating unit: Tg 5 268 °C with no
bromine, Tg 5 279 °C with one bromine, and Tg
5 285 °C with two bromines. Polymers 7a and 7b
were reacted with diethylphosphite in the pres-
ence of Pd(PPh3)4 as a catalyst. A catalyst concen-
tration of 50 mol % per bromine, a highly polar
solvent (DMSO), and long reaction times (70 h)
were required for the complete phosphonation of

Figure 2. TG thermograms of (a) 7a, (b) 8a, and (c) 9a.

Figure 1. 1H (top), 19F (middle), and 31P (bottom)
NMR spectra of 8a.
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the bromine groups. Diethylphosphonated poly-
mers 8a and 8b were deethylated by transesteri-
fication with bromotrimethylsilane and hydroly-
sis with HCl. The reaction was completed after 1
day, as confirmed by NMR and IR spectroscopy.
The phosphonic acid-containing polymers were
soluble in DMSO and gave flexible and tough
films via casting from solution, indicating that no
chain degradation occurred during phosphona-
tion and deethylation. Hydrophilic properties as
well as hydrolytic and thermal stability were con-
firmed for the polymers, indicating potential ap-
plications as polymer electrolyte membranes.

EXPERIMENTAL

Materials

4-Bromobenzaldehyde, acetophenone, 4-bro-
moacetophenone, 1,3-diphenylacetone, and decaf-

luorobiphenyl were purchased from Aldrich Co.,
Inc. and were purified by distillation or crystalli-
zation. Other reagents for monomer synthesis,
polymerization, phosphonation, and dealkylation
shown in Schemes 1 and 2 were commercial prod-
ucts from Aldrich or Lancaster Co., Inc. and were
used as received. Solvents were distilled before
use.

Measurements

1H, 13C, and 19F NMR spectra were recorded on a
Varian Mercury 300 or 400 spectrometer with
CDCl3 or DMSO-d6 as a solvent and tetramethyl-
silane (1H and 13C) or CF3COOH (19F) as a refer-
ence. IR spectra were obtained as KBr pellets on
a Jasco FT/IR-5300 spectrometer. Mass spectra
were measured on a Kratos MS25RFA at an ion-
ization energy of 70 eV. Matrix-assisted laser de-
sorption/ionization time-of-flight (MALDI-TOF)
mass spectra were recorded on a Kratos Kompact
MALDI-III TOF mass spectrometer set in the pos-
itive reflection mode. Lithium bromide and
dithranol were used as the cationization reagent
and matrix, respectively. Thermal analysis was
performed via TG with a Seiko TG/DTA 220 in-
strument and differential scanning calorimetry
(DSC) with a Seiko DSC 220 instrument at a
heating rate of 20 °C/min under nitrogen. Molec-
ular weight measurements were done via GPC
with a Waters 510 system equipped with a UV
detector set at 254 nm. Chloroform was used as
an eluent. Calibration was performed with poly-
styrene standards.

4-Bromobenzylideneacetophenone (1a) and 4-
Bromobenzylidene-4*-bromoacetophenone (1b)

A procedure similar to that previously reported12

for the synthesis of benzylideneacetophenone was
used. Into a solution of sodium hydroxide (0.065
mol) in 25 mL of water and 12.5 mL of ethanol,
acetophenone or 4-bromoacetophenone (0.05 mol)
and 4-bromobenzaldehyde (0.05 mol) were added.
The temperature of the mixture was set at 25 °C
with a water bath during the reaction. The reac-
tion was continued for 2 h until the pale-yellow
suspension of the mixture became so thick that
magnetic stirring was no longer effective. The
mixture was left at 0 °C for 5 h and filtered. The
crude product was washed with water and crys-
tallized from ethanol/chloroform to obtain 1a in a
59% yield or 1b in a 77% yield.

Figure 3. 1H (top), 19F (middle), and 31P (bottom)
NMR spectra of 9a.
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1a

mp: 127 °C (lit.13 125–126 °C). Mass spectrometry
(MS): 286, 288 (M1) m/z.

1b

mp: 190 °C (lit.13 187–188 °C). MS: 364, 366, 368
(M1) m/z.

2,3,6-Triphenyl-5-(4*-bromophenyl)-2-
cyclohexenone (2a) and 2,6-Diphenyl-3,5-
bis(4*-bromophenyl)-2-cyclohexenone (2b)

Into a solution of 1 (0.012 mol) and 1,3-dipheny-
lacetone (0.012 mol) in 50 mL of DMF, sodium
methoxide (0.012 mol) was added. The mixture
was reacted at 60 °C for 1 h under a nitrogen
atmosphere. Another portion of sodium methox-
ide (0.012 mol) with 30 mL of methanol was
added, and the reaction was continued for 8 h.
The mixture was poured into 300 mL of water to
precipitate a white powder. The crude product
was filtered and crystallized from benzene/petro-
leum ether to obtain 2a in a 99% yield and 2b in
a 92% yield.

2a

MS: 478, 480 (M1) m/z.

2b

MS: 556, 558, 560 (M1) m/z.

2,3,6-Triphenyl-5-(4*-bromophenyl)phenol (3a) and
2,6-Diphenyl-3,5-bis(4*-bromophenyl)phenol (3b)

Into a suspension of 2 (0.0248 mol) in 250 mL of
acetic acid, bromine (0.0248 mol) was added. The
mixture was reacted at 70 °C for 18 h until a
pale-brown product precipitated out of the solu-
tion. The mixture was poured into 500 mL of
water. The crude product was filtered, washed
with water, and crystallized from chloroform/eth-
anol to obtain 3a in a 75% yield or 3b in an 81%
yield.

3a

Purity: 99.8% (by HPLC). mp: 239 °C. MS: 476,
478 (M1) m/z. 1H NMR (CDCl3, d): 5.29 (s, 1H),
7.04 (d, J 5 8.21 Hz, 2H), 7.11 (s, 1H), 7.17 (br,
6H), 7.25 (m, 11H). 13C NMR (CDCl3, d): 121.1,
124.1, 126.9, 127.7, 127.8, 128.0, 128.8, 128.9,

129.9, 130.4, 130.8, 131.1, 131.3, 131.6, 132.2,
135.7, 135.8, 140.1, 140.4, 141.0, 141.9, 150.6.

3b

Purity: 99.9% (by HPLC). mp: 179 °C. MS: 554,
556, 558 (M1) m/z. 1H NMR (CDCl3, d): 5.29 (s,
1H), 7.02 (d, J 5 8.79 Hz, 4H), 7.05 (s, 1H), 7.23
(d, J 5 8.21 Hz, 4H), 7.30 (m, 10H). 13C NMR
(CDCl3, d): 121.2, 123.8, 126.6, 127.9, 129.0,
131.19, 131.21, 131.5, 135.5, 139.9, 140.6, 150.7.

2,3,6-Triphenyl-5-(4*-bromophenyl)-1,4-
hydroquinone (5a) and 2,6-Diphenyl-3,5-
bis(4*-bromophenyl)-1-4-hydroquinone (5b)

A mixture of 3 (0.018 mol) and Co(salpn)2 (6
mmol) in 250 mL of DMF was reacted at 90 °C for
45 h under an oxygen atmosphere. The dark-
brown solution of the mixture was poured into
500 mL of water containing 10 vol % of 37% HCl.
The dark-brown powder of the product was fil-
tered, washed with diluted HCl and with water,
and dried to obtain 4 in a 100% yield. Compound
4 was dissolved in 300 mL of methylene chloride/
chloroform (1/1). The mixture was reacted with 10
mL of hydrazine hydrate at 50 °C for 17 h. A
pale-brown product was obtained by distillation of
the solvent. The crude product was treated with
charcoal in methylene chloride/ethanol and crys-
tallized twice from chloroform/hexane to obtain
5a in a 78% yield or 5b in a 37% yield.

5a

Purity: 99.7% (by HPLC). mp: 306 °C. MALDI-
TOF MS: 494.4 (M1). 1H NMR (CDCl3, d): 4.72 (s,
1H), 4.77 (s, 1H), 7.08 (d, J 5 8.21 Hz, 2H), 7.20
(m, 9H), 7.25 (m, 6H), 7.35 (d, J 5 8.21 Hz, 2H).
13C NMR (CDCl3, d): 121.1, 126.6, 127.3, 127.4,
127.6, 127.9, 128.0, 128.3, 128.4, 128.6, 130.7,
130.79, 130.82, 131.1, 132.6, 135.06, 135.14,
135.4, 135.5, 143.5, 143.8.

5b

Purity: 100% (by HPLC). mp: 274 °C. MALDI-
TOF MS: 577.4 (M 1 Li1). 1H NMR (CDCl3, d):
4.60 (s, 1H), 4.75 (s, 1H), 7.06 (d, J 5 8.79 Hz, 4H),
7.17 (d, J 5 8.21 Hz, 4H), 7.25 (m, 6H), 7.37 (d, J
5 8.21 Hz, 4H). 13C NMR (CDCl3, d): 121.5, 126.7,
127.5, 128.1, 128.5, 130.7, 131.5, 132.5, 134.5,
135.2, 143.3, 143.9.
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1,4-Bis(propylcarbamoyl)-2,3,6-triphenyl-5-
(4*-bromophenyl)-1,4-benzene (6a) and 1,4-
Bis(propylcarbamoyl)-2,6-diphenyl-3,5-
bis(4*-bromophenyl)-1,4-benzene (6b)

To a solution of 5 (0.01 mol) in 150 mL of toluene,
6 mL of n-propylisocyanate and 1 mL of triethyl-
amine were added. The mixture was reacted at
110 °C for 21 h to obtain a brown solution. A crude
product was recovered by distillation of the sol-
vent, washed with hexane, and crystallized twice
from methylene chloride/hexane to obtain 6a in a
55% yield or 6b in a 59% yield.

6a

Purity: 100% (by HPLC). mp: 267 °C. MALDI-
TOF MS: 669.5 (M 1 Li1). 1H NMR (CDCl3, d):
0.61 (m, 6H), 1.09 (m, 4H), 2.76 (m, 4H), 4.37 (t, J
5 6.25 Hz, 2H), 7.02 (d, J 5 7.43 Hz, 2H), 7.12 (br,
15H), 7.26 (d, J 5 7.82 Hz, 2H). 13C NMR (CDCl3,
d): 10.8, 10.9, 22.65, 22.69, 40.4, 42.5, 121.0,
126.7, 126.8, 127.3, 127.5, 130.4, 130.5, 132.3,
134.7, 134.9, 135.5, 135.7, 135.8, 136.1, 136.4,
143.7, 143.9, 153.76, 153.83.

6b

Purity: 100% (by HPLC). mp: 263 °C. MALDI-
TOF MS: 748.1 (M 1 Li1). 1H NMR (CDCl3, d):
0.59 (t, J 5 7.43 Hz, 3H), 0.65 (t, J 5 7.43 Hz, 3H),
1.06, (m, 2H), 1.14 (m, 2H), 2.74 (m, 2H), 2.81 (m,
2H), 4.33 (t, J 5 6.25 Hz, 1H), 4.40 (t, J 5 6.25 Hz,
1H), 7.00 (d, J 5 7.82 Hz, 4H), 7.12 (br, 4H), 7.15
(br, 6H), 7.28 (br, 4H). 13C NMR (CDCl3, d): 11.0,
11.1, 22.9, 23.0, 42.75, 42.82, 121.3, 127.2, 127.8,
130.6, 130.8, 132.4, 135.0, 135.1, 135.6, 136.5,
143.8, 144.2, 153.8, 154.0.

Polymerization

A mixture of 6 (0.6 mmol), decafluorobiphenyl
(0.63 mmol), potassium carbonate (0.9 mmol), and
6 mL of DMAc was slowly heated to 140 °C under
a nitrogen atmosphere. The reaction was contin-
ued at 140 °C for 20 h. The brown, viscous solu-
tion was cooled to room temperature, diluted with
20 mL of chloroform, and poured into 400 mL of
methanol containing 5 vol % of 37% HCl. The
white powder was filtered, washed with water
and methanol, reprecipitated from chloroform/
methanol, and dried.

7a

Yield: 95%. 1H NMR (CDCl3, d): 7.02 (br, 11H),
7.08 (br, 6H), 7.22 (d, J 5 8.21 Hz, 2H). 19F NMR

(CDCl3, d): 2141.3, 2141.6, 2156.1. IR (KBr):
3069, 3031 (nCH), 1649, 1487, 1402 (nCAC), 1095
(nCOC), 839, 750, 700 (dCH), 725 (nCF) cm21.

7b

Yield: 100%. 1H NMR (CDCl3, d): 6.96 (d, J 5 8.21
Hz, 4H), 7.07 (br, 10H), 7.20 (d, J 5 8.21 Hz, 4H).
19F NMR (CDCl3, d): 2141.7, 2142.5, 2157.0.

Phosphonation

A typical procedure is as follows. To a solution of
diethylphosphite (6 mmol), triethylamine (6 mmol),
and tetrakis(triphenylphosphine)palladium (0.15
mmol) in 3 mL of DMSO, polymer 7a (0.3 mmol)
was dissolved under a nitrogen atmosphere. The
mixture was reacted at 100 °C for 70 h to obtain a
brown suspension. The mixture was poured into
200 mL of methanol containing 5 vol % of 37%
HCl. The product was filtered, washed with water
and methanol, reprecipitated from chloroform/
methanol, and dried to give polymer 8a.

8a

Yield: 98%. 1H NMR (CDCl3, d): 1.20 (t, J 5 7.03
Hz, 6H), 3.98 (dq, JHH 5 7.19 Hz, JPH 5 23.84 Hz,
4H), 7.03 (m, 15H), 7.21 (br, 2H), 7.54 (dd, JHH
5 6.82 Hz, JPH 5 12.90 Hz, 2H). 19F NMR (CDCl3,
d): 2141.3, 2141.6, 2156.0. 31P NMR (CDCl3, d):
19.5. IR (KBr): 3070, 3029, 2964, 2930 (nCH),
1649, 1485, 1400 (nCAC), 1095 (nCOC), 1025 (nPOC),
842, 752, 700 (dCH), 725 (nCF) cm21.

8b

Yield: 100%. 1H NMR (CDCl3, d): 1.17 (t, J 5 7.03
Hz, 12H), 3.96 (dq, JHH 5 7.62 Hz, JPH 5 18.17
Hz, 8H), 7.03 (br, 10H), 7.21 (br, 4H), 7.52 (dd,
JHH 5 7.03 Hz, JPH 5 12.31 Hz, 4H). 19F NMR
(CDCl3, d): 2141.3, 2141.4, 2156.0. 31P NMR
(CDCl3, d): 19.1.

Dealkylation

Into a solution of polymer 8 (0.3 mmol) in 20 mL
of carbon tetrachloride, bromotrimethylsilane
(1.0 mL) was added dropwise at 10 °C under a
nitrogen atmosphere. After complete addition,
the mixture was allowed to warm to 25 °C over
1 h. The mixture was further reacted at 50 °C for
24 h to obtain a brown suspension. The mixture
was poured into 300 mL of methanol containing 5
vol % of 37% HCl. The product was filtered,
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washed with methanol, reprecipitated from
DMSO/1% HCl containing methanol, and dried to
give polymer 9.

9a

Yield: 98%. 1H NMR (DMSO-d6, d): 7.02 (br, 6H),
7.07 (br, 9H), 7.27 (br, 2H), 7.44 (br, 2H). 19F
NMR (DMSO-d6, d): 2140.9, 2155.7. 31P NMR
(DMSO-d6, d): 13.3. IR (KBr): 3071, 3028 (nCH),
1649, 1485, 1402 (nCAC), 1093 (nCOC), 843, 752,
698 (dCH), 725 (nCF) cm21.

9b

Yield: 92%. 1H NMR (DMSO-d6, d): 7.11 (br, 10H),
7.20 (br, 4H), 7.38 (br, 4H). 19F NMR (DMSO-d6,
d): 2140.0, 2140.9, 2155.9. 31P NMR (DMSO-d6,
d): 13.3.

K. Miyatake acknowledges the receipt of a fellowship
from JSPS Postdoctoral Fellowships for Research
Abroad (1999–2001). This work was partly supported
by the Natural Sciences and Engineering Research
Council of Canada. The authors thank Mr. Jingkui
Chen for the synthesis of some of the brominated mono-
mers.

REFERENCES AND NOTES

1. (a) Kordesch, K. V.; Simader, G. R. Chem Rev 1995,
95, 191; (b) Watanabe, M.; Uchida, H.; Seki, Y.;
Emori, M. J Electrochem Soc 1999, 113, 3487; (c)
Rikukawa, M.; Sanui, K. Prog Polym Sci 2000, 25,
1463.

2. (a) Steck, A. E. In Membrane Materials in Fuel
Cells; P. R.; Veziroglu, T. N., Eds.; Editions de
IEole Polytechnique de Montreal: Montreal, 1995;
pp 74–94; Proceedings of the First International
Symposium on New Materials for Fuel Cell Sys-
tems; Savadogo, O.; Roberge, p 74–94; (b) Sava-
dogo, O. J New Mater Electrochem Syst 1998, 1, 47.

3. (a) Cabasso, I.; Jagur-Grodzinski, J. J Appl Polym
Sci 1974, 18, 1969; (b) Xu, X.; Cabasso, I. J Polym
Mater Sci 1993, 120, 68; (c) Kotov, S. V.; Pederson,
S. D.; Qiu, W.; Qiu, Z.-M.; Burton, D. J. J Fluorine
Chem 1997, 82, 13.

4. Jeffe, H. H.; Freedman, L. D.; Doak, G. O. J Am
Chem Soc 1953, 75, 2209.

5. Miyatake, K.; Oyaizu, K.; Tsuchida, E.; Hay, A. S.
Macromolecules 2001, 34, 2065.

6. (a) Yates, P.; Hyre, J. E. J Org Chem 1962, 27,
4101; (b) Kim, W.-G.; Hay, A. S. J Macromol Sci
Pure Appl Chem 1992, 29, 1141.

7. Wang, Z. Y.; Carvalho, H. N.; Hay, A. S. J Chem Soc
Chem Commun 1991, 1221.

8. (a) Kosolapoff, G. M. J Am Chem Soc 1942, 64,
2982; (b) Balthazor, T. M.; Miles, J. A.; Stults, B. R.
J Org Chem 1978, 43, 4538; (c) Foà, M.; Cassar, L.
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