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ABSTRACT: Optical absorption and ESR spectra of S03 -doped poly(p-phenylene sulfide) 
(PPS) with relatively high conductivity were measured. Two absorption bands were observed at 0.9 
and 3.1 e V at the initial doping state. The intensity of these two bands increased with the rise of 
doping level. ESR spectra with a g-va1ue of 2.0075 were observed for the PPS-S03 system at the 
same doping level as that of absorption spectra. The intensity of ESR signals increased with the 
doping level, while the linewidth showed a nearly constant value of 3.6 gauss. The spin density of 
the PPS-S03 system increased monotonously with the S03 concentration. In both cases of optical 
absorption and ESR spectra of SOrdoped PPS, the spectral intensity increased slightly under UV
light irradiation, while these spectra were little affected by the near IR-light irradiation. These 
spectroscopic results suggest the presence of sulfur-centered radical-cations rather than a bipolaron 
state. Two intense bands of the PPS-S03 system observed at 0.9 and 3.1 eV were considered to be 
assigned to electronic transitions from low lying occupied bands of PPS to the singly occupied 
highest band. 
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Various conductive polymers such as 
polyacetylene (PA), poly(p-phenylene) (PPP), 
polypyrrole (PPy), and polythiophene (PT) 
have received considerable attention. Many 
investigations on the conduction mechanisms 
and practical applications of these materials 
have been actively performed to date. Poly(p
phenylene sulfide) (PPS) has the advantage of 
being melt and solution processible. The con
duction mechanism is of much interest because 
of its non-conjugated structure. Frommer et 
a/. 1 have recentJy·reported a high conductivity 
(200 Scm- 1) for AsF5-doped PPS film cast 
from AsF3 solution. For the conduction 
mechanism of heavily AsF5-doped PPS, sev
eral ideas such as the interchain crosslinking2 

and the intramolecular linkage resulting in 
the formation of benzothiophene structure3 

have been proposed from the results of ele
mentary analyses and IR spectra. An optical 
absorption study4 of AsF5-doped PPS has 
shown the transitions which are assigned to 
polaron and bipolaron states, formed within 
the n--+n* band gap. The electronic structure 
of doped PPS is unstable in the atmosphere5 

and an XPS study of doped PPS after expos
ing to air showed the presence of various 
doping mechanisms depending on dopants.6 

In this paper we mention the in situ measure
ments of optical absorption and ESR spectra 
of PPS doped with sulfur trioxide (S03). 

Optical absorption spectra are not inconsistent 
with the bipolaron model but ESR spectra are 
inconsistent with it. To explain this discrep
ancy, the change of these spectra under photo
irradiation was observed. The electronic struc-
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ture of the PPS-S03 system is discussed based 
on these spectroscopic results. 

EXPERIMENTAL 

Thin transparent films of PPS (15-25,um 
thick) from Kureha Chemical Industry Co., 
Ltd. were doped with so3 in the vapor phase 
under a pressure of ca. 4 Torr at room tem
perature. The DC conductivities for S03 -

doped PPS were measured in situ at room 
temperature by the standard four probe tech
nique. The dopant content was evaluated from 
the increase in the weight of PPS films after 
doping. The optical absorption and ESR spec
tra of S03-doped PPS were measured in a 
sealed quartz cell at room temperature using a 
Cary 17D spectrophotometer and a JES-FE3X 
ESR spectrophotometer, respectively, after 
evacuating an excess amount of dopant. The g
value and the peak-to-peak linewidth (t}.HPP) 
of ESR signals were determined by using a 
standard sample of Mn2 + /MgO. The modu
lation width was kept within 25% of t}.Hpp· 
The spin density of S03 -doped PPS was de
termined by a quantitative comparison of 
double integration of the ESR signal with 
that of 4-oxo-2,2,6,6-tetramethylpyperidine-1-
oxyl. A 1 kW xenon lamp (WACOM Co., 
Ltd.) was used as the light source for mea
surements of absorption and ESR spectra 
under photoirradiation. To control the in
crease in temperature of the sample during 
photoirradiation, the quartz cells filled 
with distilled water were put between the 
light source and sample. UV (300-400 nm) 
and near-IR lights (above 800nm) were ob
tained using a Toshiba UV-D36C filter and a 
IR-D80A filter, respectively. 

RESULTS AND DISCUSSION 

By doping S03 , the DC conductivities of 
PPS increased to ca. 10-7 Scm- 1 (30mol% 
S03) and ca. 10- 5 Scm- 1 (120mol% S03). 
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Figure 1. Evolution of the absorption spectrum ofPPS 
as a function of so3 doping level: the broken line 
denotes the absorption spectrum of undoped PPS and 
solid lines show those of S03-doped PPS. The top curve 
corresponds to 11.5 mol% so3. 

Optical Absorption and ESR Spectra of S03 -

Doped PPS 
Figure 1 shows the evolution of the in situ 

absorption spectrum of PPS as a function of 
S63 doping level. The absorption spectrum of 
undoped PPS (broken line) exhibits a band
edge at 3.3eV. In the initial stage of doping, 
the transparent PPS film became greenish yel
low and two transitions at 0.9 and ca. 3.1 e V 
were observed (solid line). The color of the film 
changed to blue and the intensity of these 
transitions increased with the doping level, 
whereas the peak position of the intense band 
in the near-IR region shifted from 0.9 to 
l.OeV. In this figure, the highest doping level 
corresponds to the concentration of 11.5 mol% 
S03 . As shown in Figure 1, the oscillator 
strength of the near-IR band was larger than 
that of the UV band (3.1 eV). Similar absorp
tion spectra were also observed for AsF5-

doped PPS.4 • 7 

At the same doping level as that of absorp
tion spectra, in situ ESR spectra of S03 -

doped PPS showed a single narrow line with 
no hyperfine splittings (Fig. 2). The lineshape 
of ESR signals of S03-doped PPS was the 
Lorentzian type. ESR spectra in our doping 
levels of S03 showed a g-value of 2.0075. The 
intensity of ESR signals was enhanced with 
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Figure 2. ESR spectrum of S03-doped PPS 
(5.13mol% S03). 

increase in the doping level as well as optical 
absorption, while the linewidth (!:iHPP) showed 
a nearly constant value of 3.6 Gauss. Shine 
et a/.8 reported the ESR spectrum with a g

value of 2.00737 of di-p-tolyl sulfide in 96% 
sulfuric acid (green solution), and concluded 
that the ESR signal of diphenyl sulfide was 
attributed to the divalent sulfur radical cat-

+· 
ion, -S-. Therefore, the observed ESR signal 
with a g-value of 2.0075 for PPS-S03 system 
indicate the presence of sulfur-centered radi
cal cation.9 •10 Two transitions observed at 
0.9 and 3.1 eV would be related to the for
mation of radical-cations on the sulfur atoms 
of PPS. 

Figure 3 shows the dependence of the spin 
density of the PPS-S03 system upon the do
pant concentration (mol% S03). As shown in 
this figure, the spin density increased mono
tonously with the rise of dopant concentration. 
This behavior of the spin density for PPS-S03 

system was similar to that previously reported 
by Kuroiwa et alY The spin density ap
proached a nearly constant value at a higher 
doping level and reached 3.47 x 1021 spinsg- 1 

at 105.9 mol% S03 . Figure 3 also shows the 
number of spins per PPS monomer unit as a 
function of dopant concentraion. The number 
of spins per monomer unit is 0.027 at 
10.2 mol%, 0.247 at 35.3 mol%, and 0.623 at 
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Figure 3. Dependence of the spin density of the PPS
S03 system upon the dopant concentration (mol% S03). 

105.9mol%, respectively. These results re
vealed that spins corresponding to 20-25% of 
the number of dopants were formed on the 
PPS at the lower doping level C- 10 mol%), 
and about two spins per three dopant mol
ecules were produced at a higher doping level 
(above 30 mol%) if the dopants were dispersed 
homogeneously within the polymer matrix. 

Optical Absorption and ESR Spectra of S03 -

Doped PPS under Photoirradiation 
To make clear whether the electronic struc

tures derived from the optical absorption and 
ESR spectra are the same or not, the change of 
these spectra under photoirradiation was 
investigated. 

For measurements of optical absorption and 
ESR spectra of S03-doped PPS under photo
irradiation, UV-light and near IR-light cor
responding to the absorption bands at 3.1 and 
1.0 e V (Figure 1 ), respectively, were used as the 
photoexcitation source. Figure 4 shows the 
ESR spectra of S03-doped PPS (8.9 mol% 
S03) before (broken line) and after UV-light 
irradiation (solid line). The intensity of ESR 
signals was enhanced with irradiation time, 
while linewidth and lineshape were unchanged. 
ESR signals reached a steady state after irra
diation for ca. 15 minutes and these intensities 
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Figure 4. ESR spectra of S03-doped PPS bef6re and 
after UV-light irradiation. 

increased by 15-20% compared with that 
before irradiation. ESR spectra of S03 -doped 
PPS were little affected by near IR-light irra
diation. Figure 5 exhibits the dark decay of 
ESR signals of S03-doped PPS after the stop 
of UV-light irradiation. The ESR spectrum ir
radiated by UV-light for 15 minutes returned 
gradually to the initial state. The half-life 
period of the dark decay process was approx
imately 40 minutes. This change of ESR 
spectra by UV -light irradiation was reversible. 
Figure 6 shows the optical absorption spec;tra 
of S03 -doped PPS (9.2 mol% S03) before and 
after UV-light irradiation. The intensity of two 
absorption bands at 1.0 and 3.1 eV increased 
slightly after 5 minutes of UV-light irradiation. 
These spectra also returned reversibly to the 
original state after nearly the same time as that 
of ESR spectra. No difference in absorption 
spectra of S03-doped PPS as well as ESR 
spectra was observed by near IR-light irra
diation. 

It is clear that absorption and ESR spectral 
changes of S03-doped PPS are closely related 
each other. These spectra of S03-doped PPS 
were sensitive to UV-light, while insensitive to 
near IR-light. From these results the spectral 
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Figure 5. ESR spectral change of PPS-S03 system in 
the dark after interruption of UV-light irradiation. 
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Figure 6. Absorption spectra of S03-doped PPS be
fore and after UV-light irradiation. 

changes under photoirradiation are considered 
to be derived from the additional formation of 
radical-cations by the UV-light excitation. 
These additional radical-cations would be 
formed between PPS and S03 although the 
detailed oxidation mechanism of so3 mole
cules is not clear (for example SO/-, SO/-, 
and s2o/-, etc.). 

There are two possible regions in which 
additional radical-cations are formed by 
photo-doping process, where photo-doping 
means the increase in the spectral intensity by 
photoirradiation. One is unaltered parts of the 
PPS chain with doped S03 molecules in that 
neighbourhood. The other is undoped parts in 
PPS where S03 molecules are apart from the 
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Figure 7. ESR spectral change ofundoped PPS before 
and after UV-light irradiation. 

PPS chain. 

Optical Absorption and ESR Spectra of Un
doped PPS under Photoirradiation 
In order to elucidate the contribution of 

undoped parts of PPS to the photo-doping 
process, absorption and ESR spectra of un
doped PPS were measured. Figure 7 exhibits 
the ESR spectra of undoped PPS before and 
after UV-light irradiation. The numeral 
( x 3200) in this figure indicates the amplifi
cation. In this case, modulation width multi
plied by a factor of 10 compared with the case 
of S03-doped PPS was used, since the ESR 
signal intensities of undoped ones were very 
weak. Therefore, we can make no reference 
to the lineshape and linewidth of ESR spec
tra of undoped PPS except the g-value. As 
shown in Figure 7, a very weak ESR signal 
with a g-value of 2.0046 was detected (curve 
No. 0). The origin of the radical species is 
yet unknown. On irradiating UV-light, the 
intensity of ESR signals of undoped PPS was 
enhanced with irradiating time. Those line
shapes changed to asymmetric as shown in 
this figure. After ca. I hour photoirradiation, 
the ESR signal reached the steady state and 
the g-value of that signal was 2.0060. The 
spin density in the spectrum of photoirradia
tion (curve No. 5) was roughly estimated to 
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Figure 8. ESR spectral change of undoped PPS in the 
dark after the interruption of UV-light irradiation. 
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Figure 9. Absorption spectral change of undoped PPS 
before and after UV-light irradiation. 

be ca. 1.3 X 10-4 spins/monomer unit. The 
ESR spectrum of undoped PPS was un
changed by the near IR-light irradiation as 
well as that of S03-doped PPS. 

The dark decay of the ESR spectrum of 
undoped PPS after the interruption of photo
irradiation (70 min) is shown in Figure 8. The 
ESR signals were very slowly reduced in the 
dark with a half-life period of ca. 80 hours and 
did not completely return to the initial state. It 
was noted that the g-value of each spectra 
observed through the dark decay process was 
2.0060. Figure 9 shows the absorption spectra 
of undoped PPS before and after UV-light 
irradiation. As shown in this figure, a small 
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increase in absorbance of the region of about 
1.5 to 3.3eV was observed after a relatively 
long time of photoirradiation. These spectra 
changed in the dark in the same manner as that 
of ESR spectra. The irradiation of near IR
light hardly contributed to the absorption 
spectral change of undoped PPS as well as the 
ESR spectrum. 

These results suggest that UV -light irra
diation has an effect on the formation of 
radical species. These long-life radical species 
indicate the presence of a weak charge-transfer 
structure. Therefore the origin of ESR signals 
with the g-value of 2.0060 seemed to be the 
weak charge-transfer structure formed be
tween the sulfur atoms of PPS and oxygen 
atoms, where it is well-known that oxygen 
atoms enchance the dark DC conductivity of 
PPS film. Moreover, the irreversible spectral 
change of undoped PPS occurred by pro
longed UV-light irradiation. In this case, the 
interchain crosslinking bridged by oxygen mol
ecules seems to be responsible for the irrever
sible reaction. As described above, both un
doped PPS and S03-doped PPS were sensitive 
to UV -light excitation, but the electronic struc
ture of undoped PPS which was formed by 
photoirradiation obviously differed from that 
of S03-doped PPS. These results suggest that 
the formation of additional radical-cations on 
doped PPS chain by photoirradiation occurs in 
the unaltered parts of PPS in the vicinity of 
so3 molecules. 

Electronic Structure of S03-Doped PPS 
In this section, the electronic structure of 

S03 -doped PPS is discussed based on the 
results of optical absorption spectra, ESR 
spectra, and their changes with photo
irradiation. 

Although the optical absorption spectra are 
not inconsistent with the bipolaron mod
el12-16, ESR spectra with the g-value of 
2.0075 suggested the formation of sulfur
centered radical-cations. In addition, the spin 
density of S03-doped PPS was enhanced mo-
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notonously with increase in the dopant con
centration. These results of magnetic proper
ties are in conflict with the presence of a hi
polaron state. The formation of bipolarons in 
PPS-S03 system would require the delocali
zation of sulfur-centered radicals over the ad
jacent phenyl ring resulting in the formation 
of a quinoid structure. However, neither the 
long conjugation over 5-6 phenyl rings 
nor the formation of continuous quinoid 
structure such as that of acceptor-doped 
PPP is reasonable for the PPS-acceptor sys
tem. Although either the isolated quinoid 
structure or the alternate quinoid one is con
sidered as the possible bipolaron state for 
PPS-acceptor system,4 these electronic struc
tures would occur at very high energy levels 
and not be formed within the band gap. As 
mentioned previously, the ESR spectrum 
with a g-value of 2.00737 was observed for 
di-p-tolyl sulfide as a monomer unit of PPS 
and assigned to radical-cation by Shine et a/.8 

They have also reported the absorption 
spectrum of the diphenyl sulfide in which two 
absorption bands have been observed at 
1.50eV (825nm) and 2.68eV (460nm). These 
results suggest that nearly the same electronic 
structure as that of S03-doped PPS was form
ed in the diphenyl sulfide in which the qui
noid structure was prevented from forming. 
The quinoid structure as the bipolaron model 
is not necessarily formed in the PPS-S03 

system. A possible structure for the formation 
of sulfur-centered radical-cation on PPS chain 
doped with electron acceptor (A) is shown in 
Figure 10. 

Bredas et a/. calculated the electronic struc
ture of PPS by using the valence effective 
Hamiltonian technique and showed the ab
solute positions and the band width of the 
three physically most interesting upper 
bands. 17 However, they did not mention the 
excited states and the excitation energies. Ac
cording to their results, the highest band of 
these three occupied bands (HOMO in Figure 
ll(A)) is 1.17 eV wide and has mainly contribu-
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Figure 10. A possible structure for the formation of 
sulfur-centered radical-cations on the PPS chain doped 
with an electron acceptor (A). 
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Figure 11. Energy level diagram of the electronic 
structure of undoped PPS (A) and radical-cation (B), 
and possible electronic transitions (C) originating from 
the state (B): HOMO and LUMO denote the highest 
occupied molecular orbital and the lowest unoccupied 
molecular orbital, respectively. 

tions from 3 Pz sulfur and 2 Pz carbon orbitals 
(where z is the direction perpendicular to the 
plane containing the sulfur atoms). The flat
ness (0.14eV width) of the next higher band 
(NHOMO in Figure 11 (A)) which gives rise 
to a very high peak in the density of states is 
due to the very small contributions coming 
from the sulfur atoms, as well as the carbon 
atoms bonded to sulfur. The lowest band (N' 
HOMO) in Figure ll(A) is 1.6eV wide and is 
very similar to the band HOMO, but with 
bonding interactions between sulfur atoms 
and their neighbors. The absolute positions of 
these bands are -8.62eV at k=n/a for 
HOMO, -9.33eV for NHOMO, and -10.69 
eV for N' HOMO, respectively. Therefore, 
energy differences between the HOMO and 
the lower bands are 0.71 and 2.07 eV, respec
tively. The removal of one electron by ac
ceptor doping seems to give rise to the singly 
occupied HOMO (see Figure ll(B)), which 
results in a sulfur-centered radical-cation. 
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The energy level of the singly occupied 
HOMO would be raised compared with that of 
fully occupied HOMO, since the singly oc
cupied band is relatively unstable and the 
lability of the radical-cation causes the confor
mational change. The singly occupied HOMO 
would permit the electronic transitions shown 
in Figure ll(C). In this figure, only five al
lowed transitions are taken into account in the 
range of UV to near IR regions. The absor
ption bands of S03 -doped PPS observed at 0.9 
and 3.1 eV (see Figure 1) are considered to be 
assigned to the electronic transitions of No. 1 
and No. 2 in Figure ll(C), respectively. The 
above-mentioned electronic configuration of 
radical-cation is in reasonable accord with not 
only the results of magnetic properties such as 
the g-values of ESR signals and the spin 
density change during doping but also those of 
optical properties. 

Absorption and ESR spectral changes of 
S03-doped PPS under photoirradiation are 
due to the additional formation of radical
cations by UV -light excitation. Since the trans
fer of electrons which are located in the singly 
occupied HOMO through the photoexciting 
leads to decrease the spin density, this mech
anism does not occur. The electron transfer 
from unaltered parts of PPS to dopant mol
ecules seems to contribute to the mechanism 
of photo-doping. 

CONCLUSION 

The intensity of two absorption bands of 
PPS-S03 system observed at 0.9 and 3.1 eV 
increases with the rise of doping level. The 
intensity of ESR signals of S03-doped PPS 
with the g-value of 2.0075 goes up with in
crease in the doping level as well as optical 
absorption, while the linewidth shows a nearly 
constant value of 3.6 Gauss. The spin density 
or the number of spins per monomer unit 
monotonously increases with the rise of so3 
concentration, and reaches 0.623 at 105.9 
mol% doping. 
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Absorption and ESR spectra of S03-doped 
PPS are closely associated with each other 
through the processes of chemical doping and 
photoirradiating. Therefore, both spectra are 
considered to originate from the same elec
tronic structure. From a comparison of the 
experimental results with the theoretical mod
els, spectroscopic observations suggest the 
presence of radical-cations on the sulfur atoms 
of PPS rather than the bipolaron state. Two 
intense bands of the PPS-S03 system observed 
at 0.9 and 3.1 eV are considered to be assigned 
to electronic transitions from low lying oc
cupied bands to the singly occupied highest 
band. 

Absorption and ESR spectral changes of 
S03-doped PPS under photoirradiation are 
considered to be due to the additional for
mation of radical-cations by UV-light exci
tation. The electron transfer from unchanged 
parts of PPS to dopant molecules seems to 
contribute to the mechanism of photo-doping. 

The UV-light irradiation of undoped PPS 
results in long-life radical species responsible 
for the ESR signal with a g-value of 2.0060. 
The long-life species would indicate the 
presence of a weak charge-transfer structure 
formed between sulfur atoms of PPS and 
oxygen atoms. 
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