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Introduction

Development of a novel w-conjugated polymer back-
bone is an important subject of polymer chemistry. Here
we report the synthesis and characterization of a new
m-conjugated aromatic polyelectrolyte (1) containing
alkyldiarylsulfonium groups in the backbone which
forms a flexible thin film and shows an electrical semi-
conductivity after doping. The polymer is viewed as an
unprecedented carbon—sulfur analogue of polyacene and
yet soluble in a wide range of organic solvents.

Polyelectrolytes containing A*-alkylsulfanyliumdiyl-
bridged aromatic groups! are interesting macromole-
cules because they are soluble synthetic precursors for
an engineering plastic poly(p-phenylene sulfide)
(PPS),2712 photoacid generators,'3 key compounds for
the photochemical recycling process of PPS,1415 perm-
selective anion-exchanging resins,’® polyelectrolytes
with wide potential windows,16-18 and versatile alky-
lating reagents.!® The polymers possess z electrons
localized at the aromatic rings, and hence they usually
behave as electrical insulators. On the other hand, we
recently reported on spectroscopic evidences regarding
the delocalization of & electrons into the A*-methylsul-
fanyliumdiyl group in a 5-methylphenoxathiinium salt.2
On the basis of the resonance effect, a ladder-type
backbone 1 (Chart 1) comprising 5-alkylphenoxathi-
inium-type repeating units is considered to provide an
extended m-conjugated system to allow delocalization of
the & electrons along the chain. In this report, we
calculate and analyze the band electronic and geometric
structure of 1 at the PM5 level of theory and compare
them to the structure of poly(alkylsulfonio-1,4-phe-
nylene) (2).°1 The origin of the lower band gap for 1
than that for 2 is discussed in view of geometric changes
imposed by the fused ring structure.

Experimental Section

Materials. All reagents were obtained from Kanto Chemical
Co. or Tokyo Kasei Co. and used without further purification.
2-tert-Butylsulfenyl-6-methylphenol was prepared from 2-bromo-
6-methylphenol by the lithiation with n-butyllithium followed
by the reaction with di-tert-butyl disulfide. All solvents were
purified by distillation prior to use.

Poly(oxy-2-methyl-6-tert-butylsulfinyl-1,4-phen-
ylene). To a solution of N,N,N’,N'-tetramethylethylenediamine
(1.16 g, 10.0 mmol) and CuCl (0.0990 g, 1.00 mmol) in ni-
trobenzene (20 mL) was added a solution of 2-tert-butylsulfe-
nyl-6-methylphenol (1.93 g, 10.0 mmol) in nitrobenzene (20
mL). The resulting solution was stirred at 40 °C for 72 h under
O,. The product, poly(oxy-2-tert-butylsulfenyl-6-methyl-1,4-
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Chart 1. Ladder-Type (1) and Linear (2)
Alkylsulfonioarylene Polymers
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phenylene), was isolated from the solution by pouring the
solution into methanol (500 mL) containing 5% HCI. Yield:
76%. *H NMR (CDCls, ppm): 6 1.25 (s, 9H), 2.15 (s, 3H), 6.71
(s, 1H), 6.73 (s, 1H). IR (KBr, cm™1): 3021, 2940 (vcu), 1172
(vcoc), 774 (0ch). The molecular weight of the product was M,
=1 x 10* (MW/M, = 2.5). Then, the polymer (0.195 g, 1.00
mmol unit) was dissolved in CH,Cl, (10 mL). To the solution
was added an aqueous solution of 30% H,O, (1.0 mL). The
mixture was stirred at room temperature, to which was slowly
added acetic acid (0.5 mL). The mixture was heated to 40 °C
with constant stirring for 24 h. The resulting mixture was
poured into methanol (500 mL) to give poly(oxy-2-tert-butyl-
sulfinyl-6-methyl-1,4-phenylene) as a white precipitate (1.95
g). Yield: 93%. 'H NMR (CDClz, ppm): 6 1.35 (s, 9H), 2.13 (s,
3H), 6.93 (s, 1H), 7.18 (s, 1H). IR (KBr, cm™): 2988, 2956 (vcn),
1060 (Vs=o), 1172 (Vcoc).

Polymer 1 (R; = Methyl, R, = tert-Butyl). Poly(oxy-2-
tert-butylsulfinyl-6-methyl-1,4-phenylene) (0.210 g, 1.00 mmol
unit) was dissolved in CH,CI, (2 mL). The solution was added
to triflic acid (10 mL) with constant stirring. The mixture was
stirred at 80 °C for 24 h. The product was isolated by pouring
the resulting solution into diethyl ether (500 mL) and was
obtained as a dark brown powder (0.31 g). Yield: 91%. *H NMR
(CDCl3, ppm): o6 1.63 (s, 9H), 2.78 (s, 3H), 7.82 (s, 1H). 3C
NMR (CDCls, ppm): ¢ 15.4, 36.7, 59.9, 109.4, 120.8, 121.6,
127.0, 145.3, 146.1. IR (KBr, cm™%): 2998, 2936 (vcy), 1172,
651 (VCF), 764 (VCH)-

Measurements. *H NMR spectra were recorded on a JEOL
JNM-LA500 spectrometer. Infrared spectra were obtained
using a Jasco FT-IR 410 spectrometer. Molecular weight
measurements were done by GPC using a TOSOH LS-8000
instrument. THF was used as an eluent. Calibration was done
with polystyrene standards.

Computational Methods. We calculated the structure of
the periodic fused ring system 1 (R; = H, R, = methyl) that
involved as units the 5-methylphenoxathiinium groups. We
also calculated the structure of 2 (R = methyl) as the control
compound. Polymer models were constructed using translation
vectors to represent boundary conditions along the chain.
Polymer models with insufficient crystal lattice size can lead
to erroneous results. We concluded that the unit cell containing
eight sulfur atoms (16 fused rings for 1) was long enough to
estimate the structure of the infinite chain. Sufficiently large
unit cells containing 10 sulfur atoms (20 fused rings for 1) were
employed for the band calculation, which were constructed
using the WinMAKPOL program from Fujitsu Co. Geometry
optimization was performed using the PM5 method.?* The
WinMOPAC 3.5 program package from Fujitsu Co. was used
for the PM5 calculations. Although we did not limit our
theoretical investigation to a planar conformation, the con-
verged structure of 1 showed nearly coplanar geometries for
benzene units. The electronic structures were obtained by
performing PM5 geometry optimizations followed by band
calculations. The WinBZ program involved in the WinMOPAC
3.5 package was used for the band calculation. After the
geometry optimization, the distances of the translation vectors
were 49.4 and 52.9 A for 1 and 2, respectively. It is known
that Hartree—Fock calculations without correcting the electron
correlation effects generally overestimates the band gap of
polymers. In the present report, the absolute values for the
calculated band gaps did not have significance because we did
not include electron correlation. However, observed qualitative
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Figure 1. 'H NMR spectral changes accompanied by the ring-
closing reaction of the prepolymer, poly(oxy-2-tert-butylsulfi-
nyl-6-methyl-1,4-phenylene). Solvent (CDCls) peaks are shown
as asterisks. TMS was used as the internal standard.

trends sufficed for providing insights into the difference
between the electronic states of 1 and 2.

Results and Discussion

As the key intermediate to synthesize 1, poly(phen-
ylene oxide) having pendant tert-butylsulfenyl groups
at the ortho positions were prepared by the copper-
catalyzed oxidative polymerization of the corresponding
monomer with O,. The o-tert-butyl-sulfinylated phenols
did not oxidatively polymerize with the copper catalyst
because of the higher oxidation potentials and/or the
undesired coordination of the sulfoxide group to the
copper catalyst. The oxidation of the resulting polymer
with peracetic acid successfully converted the tert-
butylsulfenyl groups to the corresponding sulfinyl groups
without the formation of the undesired sulfonyl groups.
The superacidified condensation (Swern reaction) of the
resulting precursor polymer induced the polymer-
analogous ring-closing reaction to yield 1 (R; = methyl,
R, = tert-butyl). In this reaction, the protonated sul-
foxide (the tert-butylhydroxyphenylsulfonium ion) elec-
trophilically attacked at the adjacent benzene ring to
produce the required ladder-type polymer. The product
was obtained as a dark brown powder and was soluble
in CHCI3, acetone, CH3CN, and DMSO. Interestingly,
there was no remaining CH3S(O) resonance in the H
NMR spectrum (Figure 1), suggesting the completion
of the ring closure. The IR and NMR spectra indicated
that intermolecular A*-tert-butylsulfanyliumdiyl link-
ages unlikely formed in 1. The remarkably simple NMR
spectrum without any end-group signal demonstrates
that the proposed synthetic process successfully gives
a structure-defined and relatively high-molecular-
weight product.?°

A significant difference was noticed between the elec-
tronic properties of 1 and 2. The polymer 2 can be re-
garded as an analogue of 1 but is incapable of provoking
the z-electron delocalization through the A4-alkylsulfa-

Macromolecules, Vol. 37, No. 6, 2004

(a) (b)
|
P [

201

221
I .
oG,
CHy

220

——

R

&
&

%,

Energy (eV)

&
9

-41

0 05 0 05
k (2n/a) k (2n/a)

Figure 2. PMb5-calculated band electronic structures for (a)
1 and (b) 2.

nyliumdiyl groups as shown below. While both polymers
formed flexible films, 1 was a semiconductor with an
intrinsic electrical conductivity (o) of 4 x 1075 S cm™1,
but 2 was an insulator (o < 10719 S cm~1). Moreover,
the thin film of 1 showed a significant increase in o after
I, doping (0 ~ 1072 S cm™1), which suggested the
formation of a m-conjugated system. An analogous
polymer 1 with A4-methylsulfanyliumdiyl linkages (R1
= R, = methyl)?° does not form a good film and shows
a lower conductivity after I, doping (6 =5 x 107° S
cm™1), which demonstrates the efficacy of introducing
the tert-butyl group in 1 to reveal the z-conjugated
property.

It must be noted that the electron delocalization
through the ladder polymer backbone, rather than the
mere planarization of the benzene rings, is responsible
for the electrical conductivity. The effect of ladderization
for electron delocalization through the A*-alkylsulfa-
nyliumdiyl groups was supported by the results of MO
calculations. We show in Figure 2 the band electronic
structures of 1 (Ry = H, R, = methyl) and 2 (R =
methyl). The HOCO (the highest occupied crystal or-
bital) and the LUCO (the lowest unoccupied crystal
orbital) consisted of the p, orbitals vertical to the
benzene rings. The band gap (Eg) corresponded to the
direct transition at k = 0. The PM5 calculated band gap
for 1 was 6.79 eV. In comparison with the absolute
values of the band gaps for z-conjugated polymers such
as polythiophene (Eg ~ 1.5—2.0 eV),?223 the PM5 SCF
value for 1 was high due mainly to the neglect of the
electron correlation effects. The PM5 calculated band
gap for 2 was 7.90 eV, which was even higher than that
of 1 by 1.1 eV. For many polymers, it has been suggested
that the correlation effects result only in an almost
constant shift of the electronic levels by 3—4 eV.?4
According to this assumption, one could roughly ap-
proximate more reliable band gaps of 2.8—3.8 eV for 1
and 3.9-4.9 eV for 2.

The lower band gap for 1 was attributed to the lower
LUCO (¢221) level, which originated from the symmetry-
allowed interaction between the p, orbital of the sulfur
atom and the two carbon atoms adjacent to the sulfur
atom. As shown in Figure 3, the LUCO of 1 was
stabilized in energy by this bonding interaction. On the
other hand, the optimized geometry for 2 revealed that
the torsional angle between the adjacent benzene rings
amounted to 77°, in which case the p, orbital of one of
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Figure 3. PMb5-calculated optimized geometries and the
lowest unoccupied crystal orbitals for (a) 1 and (b) 2.

the two carbon atoms adjacent to the sulfur atom could
no longer interact with the p, orbital of the sulfur atom.
The low band gap for 1 was also attributed to a
significant increase in the HO bandwidth (¢220) as
shown in Figure 2, which suggested that & electrons in
1 were delocalized into the sulfur atom as a result of
the planarized structure.

Conclusion

The polymer-analogous condensation of aryl sulfox-
ides was employed as a convenient method to prepare
the ladder-type polymer containing A*-alkylsulfanyli-
umdiyl linkages in the backbone that force the consecu-
tive aromatic rings into planarity. The bridging A*-
alkylsulfanyliumdiyl groups allowed for the electron
delocalization between the aromatic subunits to give the
m-conjugated system, which was suggested by the film
properties and supported by the MO calculations. The
reduction of the band gap from that of poly(alkylsulfo-
nio-1,4-phenylene) was attributed to an increase in the
planarity of the molecular geometry, which stabilized
the LUMO through the symmetry-allowed bonding

Notes 2327

interaction between the p, orbitals of the sulfur atom
and those of the adjacent carbon atoms.
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