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Poly(ary1ene ether sulfone)s are recognized as important 

high-performance engineering thermoplastics as they 
possess excellent strength, oxidative, thermal, and hy- 
drolytic stability, making them useful as ultrafiltration 
components, composites, coatings, and adhesives.'P2 Rep- 
resentative commercially available materials include Union 
Carbide's Udel (1) and ICI's Victrex (2). Early work on 
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poly(ary1ene ether su1fone)s focused on optimizing the 
synthetic conditions to achieve high molar mass polymers3 
and developing alternative synthetic routes which tolerate 
a variety of substituted  monomer^.^ Current work seeks 
to design materials that add to the inherent properties of 
these polymers, resulting in their extension into a broader 
variety of  application^.^ 

Our approach to macromolecular engineering of prop- 
erties exploits the development of new, thiophene-based 
versions of traditionally phenylene-based polymers. Sam- 
ulski et al. began studying thiophene as a structural unit 
in low molar mass compounds to ascertain the limiting 
geometries that are compatible with liquid crystal for- 
mation.6 They discovered that mesomorphism is main- 
tained when the nonlinear 2,5-thiophene moiety is sub- 
stituted for the linear 1P-phenylene or 4,4'-biphenyl 
moiety in low molar mass liquid crystals. These initial 
findings have been extended to several classes of liquid 
crystalline polymers including thermotropic poly(ester)s' 
and lyotropic poly(benzoxazole)s8 and p~ly(aramid)s.~ 

Having demonstrated the viability of the thiophene 
moiety in liquid crystalline polymers, other classes of high- 
performance materials became of interest, in particular, 
poly(ary1ene ether ketone)s. Within this class of polymers, 
our initial work described the polymerization of bis@- 
fluorobenzoy1)thiophene with 4,4'-isopropylidenediphe- 
nol.lo The resulting polymer was of high molar mass and 
possessed comparable properties to the p-phenylene and 
m-phenylene derivatives, clearly demonstrating the sta- 
bility of thiophene under the polymerization conditions. 
More recently, we described extensions of this work to the 
synthesis of explicit thiophene analogues of poly(ary1ene 
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ether ketone)s. This required the development of a new 
synthetic methodology employing thienyl-phenyl ether 
bond formation as the polymer forming step; the meth- 
odology was demonstrated in the reaction of bis(5- 
chlorothienyl-2) ketone and 4,4'-isopropylidenediphenol 
which resulted in a high molar mass polymer.'l Subse- 
quently the monoketone system has been adapted to 
include wholly aromatic diketone monomers.12 Herein, 
we report another extension of this new polymerization 
methodology to the synthesis of thiophene-based poly- 
(arylene ether sulfone)s. It is anticipated that the bilat- 
erally asymmetric heterocycle in the polymer backbone, 
i.e., the quasi-functionality of the sulfur heteroatom, will 
affect physical characteristics such as the glass transition 
temperature (Tg), solubility, miscibility, adhesion, and gas 
permeability. 

In order to begin this investigation of poly(ary1ene ether 
sulfone)s, two new activated bis(halide aryl) sulfone 
monomers, 2-chloro-5 [(4'-chlorophenyl)sulfonyllthiophene 
(4a) and 2-fluoro-5- [(4'-chlorophenyl)sulfonyll thiophene 
(4b), were synthesized (Scheme I). The precursor, 2-chlo- 
ro-5-(chlorosulfonyl)thiophene (3),13 was synthesized by 
treating chlorothiophene with chlorosulfonic acid in 
chloroform at low temperature. The optimum route for 
forming the sulfone monomers (4a,b) involved the sto- 
ichiometric Friedel-Crafta sulfonylation of 3 with alumi- 
num chloride in the halobenzene. The sulfone monomers 
4a1* and 4b15 were formed in quantitative yield and easily 
purified by recrystallization in methanol. The resulting 
monomers were greater than 99.9 7% pure by gas chroma- 
tography.16 

Polymer synthesis (Scheme 11) was conducted in a three- 
necked 100-mL round-bottomed flask equipped with an 
overhead stirrer, a Dean-Stark trap, a condensor, a gas 
inlet, and a thermometer. The flask was charged with 4a 
(0.01364 mol), Bisphenol A (0.01364 mol), dimethylace- 
b i d e  (35 mL), potassium carbonate (0.04 mol, 3 equiv), 
and toluene (4 mL). This solution was heated between 
120 and 125 "C whereby dehydration occurred via con- 
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Figure 1. GPC-calculated molar mass distribution for the 
thiophene-based poly(ary1ene ether sulfone) (5) fractionally 
precipitated from methylene chloride with methanol 
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Figure 2. Differential scanning calorimetry (DSC) thermograms 
of the phenyl analog (PES) and thiophene-based poly(ary1ene 
ether sulfone) (TPES). 

tinual removal and addition of toluene (25 mL) over 6 h. 
After dehydration, the solution was heated at  150 "C for 
18 h to obtain complete polymerization. The polymer 
was coagulated into a 50/50 water/methanol solution, dried, 
and reprecipitated from methylene chloride into methanol. 

These resulting poly(ary1ene ether su1fone)s (5) were of 
high molecular weight as determined by GPC17 (Figure 
1); the polymer from the fluorine-based monomer (4b) 
yielded the highest molar mass. We attribute this 
molecular weight difference to greater reactivity of the 
fluorine-based monomer versus the chlorine-based mono- 
mer in nucleophilic substitution reactions. lH NMR 
analysis showed easily distinquishable thiophene, phenyl, 
and methyl protons.ls One key resonance at 6 6.4 is 
characteristic of the thiophene proton ortho to the ether 
linkage. The regiochemistry resulting from these asym- 
metric monomers is clearly observed by 'H NMR and will 
be fully elaborated in a future p~bl ica t ion .~~ A solvent- 
cast, vacuum-dried film of the polymer was transparent, 
tough, and amber in color. The new polymer has a Tg = 
164 O C  (approximately 30 OC lower than the all-phenyl- 
based analogue; Figure 2).19 Thermogravimetric analysis 
(TGAPO of polymer 5 in both air and nitrogen showed 5 % 
weight loss at  400 and 394 "C, respectively (Figure 3). In 
air, the thiophene-based poly(ary1ene ether sulfone) 
decomposes (as determined by TGA) approximately 40 
"C lower then the all-phenyl analog (Figure 4).21 

In conclusion, it is apparent that nucleophilic displace- 
ment of activated bishalothiophenes with bisphenates 
leads to high molar mass, thiophene-based poly(ary1ene 
ether sulfone)s, indicating the quantitative nature of the 
substitution chemistry utilized. Aromatic nucleophilic 
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Figure 3. Thermal gravimetric analysis (TGA) thermograms of 
the thiophene-based poly(ary1ene ether sulfone) in air and 
nitrogen. 
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Figure 4. Thermal gravimetric analysis (TGA) thermograms of 
the thiophene-based poly(ary1ene ether sulfone) (TPES) and ita 
phenyl analog (PES) in air. 

displacement chemistry on heterocycles appears to be a 
promising and general synthetic route to new classes of 
poly(ary1ene ether)s; this chemistry was also recently 
demonstrated by Maier and co-workers for the synthesis 
of poly(ary1ene ether oxazole)s.22 The thiophene-based 
materials described herein use facile synthetic routes and 
economically feasible starting materials, and this new 
methodology opens the way to a large variety of hetero- 
cyclic and aromatic poly(ary1ene ether sulfone)s. More- 
over, this chemistry should prove important for the 
synthesis of polymeric materials for chelation chemistry, 
adhesion investigations, and design strategies for con- 
trolled structures in a variety of applications such as 
permselective membranes. 
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