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Considerable attention has been paid to a 
variety of conductive polymers such as 
polyacetylene, poly(p-phenylene ), polypyrrole, 
and polythiophene in connection with practi
cal applications and theoretical interests in 
conduction mechanisms. Compared with the 
above-mentioned conjugated polymers, poly
(p-phenylene sulfide) (PPS) is a non-conju
gated polymer and has a characteristics of the 
processibility. Frommer et a!. have reported 
a remarkably high conductivity, 200 S em -l, 

for AsF5-doped PPS film cast from AsF3 so
lution.1 For the conduction mechanism of 
AsF5-doped PPS, several ideas such as the 
formation of benzothiophene structure2 and 
intermolecular crosslinking3 have been pro
posed from the results of elementary analysis 
and IR spectral measurements. However, it is 
necessary to obtain more detailed informa
tion on the doping mechapism of electron-ac
ceptor doped PPS in order to discuss the 
conduction mechanism. Recently we have re
ported the existence of the two· conduction 
mechanisms in S03 or SbF5 doped PPS from 
optical absorption measurements.4 At lower 
doping levels, bipolaron states exist and these 
are unstable in the atomosphere. At higher 
doping levels, other conduction mechanism 
appears which is stable in the atmosphere. 

Only the latter conduction mechanism exists 
in the atmosphere. 

In this note we measured XPS (X-ray photo
electron spectroscopy) spectra of PPS films 
heavily doped with electron acceptors: these 
films have only the stable conduction mech
anism. From XPS spectra the doping mech
anism, of these 'films is discussed, which 
depends on dopants. XPS is useful for the 
investigation of charge-transfer complexes and 
organic ions. 5 - 7 

EXPERIMENTAL 

Thin transparent films of PPS (15-25 ,urn 
thick) were offered from Kureha Chemical 
Industry Co., Ltd. PPS films were doped with 
electron acceptors such as SbF 5 , S03 , and 12 in 
the vapor phase under a pressure of ca. 4 torr. 
XPS spectra were measured using Shimadzu 
Electron Spectrometer ESCA 750. The binding 
energies Eb (defined as differences between the 
Fermi level and the atomic level energies) are 
given by the equation 

(I) 

where Ehv is the energy (1253eV) of the X-ray 
excitation (Mg-Ka radiation), Ek is the mea
sured kinetic energy of the photoejected elec-
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Figure 1. XPS core level spectra ofundoped PPS (top) and SbF5-doped PPS (middle and bottom). The 
dopant concentrations of the middle and bottom curves are about 50 mol% and about 150 mol%, 
respectively. 

tron and IPs is the spectrometer work function 
(the energy necessary to bring the eiectron 
from the Fermi level to the free-electron level). 
All measurements of XPS were performed 
under a pressure of about 1 x 10- 7 torr. The 
binding energies were calibrated by the peak 
position of Au4 r(712 > band. All spec'tra were 
measured after the conductivity of doped-PPS 
reached the steady value in the atmosphere. 

RESULTS AND DISCUSSION 

After heavy doping ofSbF5 and S03 , electri
cal conductivities of PPS films reached 10- 2 

and 10- 5 Sem-I, respectively. Though the 
conductivity of these films decreased by a 
factor of ca. 103 after exposing to the atmos
phere, reduced ones were relatively stable in 
the atmosphere for a long time (one month or 
so). In case of PPS doped with I2 , the con
ductivity was lower than 10 -!2 S em - 1. These 
differences of conductivities reflect the various 
doped states. 
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1) SbF5-Doped PPS 
Figure 1 shows XPS. spectra of undoped 

(top) and SbF5-doped PPS film (middle and 
bottom). The middle spectra of Figure 1 cor
respond to the films in which dopant cop.
centration is about 50 mol% (conductivity is 
about 10-9 S em - 1) and the bottom ones cor
respond to those doped with about 150mol% 
SbF5 (as high as 10- 7 Scm- 1). Undoped PPS 
film has three bands at 284.5, 227.8, and 163.5 
(l64.5)eV, which were assigned to carbon ls 
(C1.), sulfur 2s (S2.), and sulfur 2p (S2P) [1/2, 
3/2 spin] electrons, respectively. The C1• band 
corresponds to carbon atoms of phenyl rings 
in PPS, while S2 • and S2 P bands are attributed 
to the divalent sulfur atoms. The S2P band of 
undoped PPS exhibits satellite peaks at 155 
and 153eV. As shown in middle and bottom 
curves of Figure 1, XPS spectra of SbF 5 -doped 
PPS changed in binding energy, in band in
tensity, and in band shape with doping. These 
spectral changes were correlated with the band 
intensity ofSb45 (observed at 157.5 eV) which 
was related to the doping level of SbF5 . When 
the band intensity of Sb4• was relatively small, 
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XPS of Electron-Acceptor Doped PPS 

very broad cls and s2p bands with pronounced 
shoulder on the side of higher binding energy 
were observed (middle of Figure I). 

As shown in the bottom curves of Figure I, 
the C1s spectrum ofSbF5-doped PPS exhibited 
two distinct carbon Is electron lines (284.5 and 
286 eV) with relative separation of 1.5 eV. The 
peak with higher binding energy suggests the 
formation of cationic species, 5 •6 where positive 
charges are delocalized over the corresponding 
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Figure 2. F h(t;21 and Sb3ct<3121 XPS core level spectra of 
SbF5-doped PPS, in which the same samples were used 
as ones shown in Figure I. The upper and lower spectra 
correspond to the middle and bottom curves of Figure I, 
respectively. 

phenyl rings. In the case of S2s and S2 P XPS 
bands of PPS heavily doped with SbF 5 , only 
peaks with higher. binding energy were ob
served at 229.5 and 165.5 eV, respectively. The 
chemical shift ofS2s and S2 P electrons (1.7 and 
2.0 eV respectively) also suggests the localized 
positive charges on sulfur atoms8 •9 resulting in 
the formation of the divalent and/or trivalent 
sulfur cations. 

Figure 2 shows the XPS spectra of the 
dopant, F1s(l/2 l and Sb3d(Jf2 > electrons in SbF5-

doped PPS films. In this figure, the same 
samples were used as ones shown in Figure 1. 
Hence, the doping levels of the upper and 
lower spectra are same as the middle and 
bottom curves of Figure 1, respec'tively. As 
shown in lower curve of Figure 2, the two 
distinct F 1s bands separated by 3.9eV were 
observed, and the peak position of slight
ly shifted to higher binding energy (0.4 e V) 
compared to that of upper line. In the two F1, 

bands, the band observed at 685 eV indicates 
the enhancement of anionic character of F 
atom by the effect of charge transfer from PPS 
chain. The chemical shift of Sb3d<312 > band 
would denote the increase in covalence of Sb 
atoms. 

These results (Figures 1 and 2) clearly sug
gest the formation of charge-transfer structure 
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Figure 3. XPS core level spectra of S03-doped PPS. The concentrations of S03 are about 60 mol% 
(upper curves) and about 200mol% (lower curves). 
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such as (PPS) + (SbF 6)- for the SbF 5-doped 
PPS films. 

2) S03-Doped PPS 
The XPS spectra of S03 -doped PPS are 

shown in Figure 3. The concentrations of S03 

are about 60mol% for the upper spectra and 
about 200 mol% for the lower spectra. In these 
spectra (especially lower curves), a new S2P 

band with the separation of 6 e V from the 
original band of undoped PPS (see Figure 1) 
was observed at 169.5 eV. The S2, spectrum 
showed also the new band (5.7 eV higher than 
that ofundoped one). From the comparison of 
these spectra with those of polyethersulfone, 
phenyl p-toluenesulfonate, and sodium p
styrenesulfonate, the new bands were assigned 
to the hexavalent sulfur atom resulting in the 
formation of sulfone and/or sulfonate. 

The chemical shifts of S2s (228.5 eV) and S2 P 

(164eV) bands were 0.7 and 0.5 eV respec
tively, which shift to higher binding energy. 
The chemical shift ofC1s line was 0.5eV. These 
results suggest that weak charge-transfer struc
ture is also formed in this PPS-S03 system. 

The small C1s band at 289.2eV would reflect 
the presence of the sulfonate resulting in the 
formation of the interchain cross linking rather 
than presence of the trivalent carbocation. 

From the above-mentioned results, the 
doping of so3 seems to mainly induce the 
sulfonation on PPS chain, although charge
transfer structure appears weakly. 

3) 12 -Doped PPS 
The C1,, S2,, and S2 P spectra of PPS were 

little affected by the doping of 12 , while the 
complicating XPS bands of 13ct(3;2 > and 13ct(Sf2> 

were observed. This means that iodine hardly 
contributes to form the charge-transfer struc
ture in PPS chain. 
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In conclusion, the XPS spectra of doped 
PPS are different each other depending on the 
dopant species. These results reflect the dif
ferent doping mechanisms, the formation of 
charge-transfer structure (for SbF 5), the occur
rence of side reaction (for S03 ) and so on. 
Since the PPS films doped with SbF 5 have the 
highest conductivity in the atmosphere among 
our samples, charge-transfer structure seems 
to be important for increasing the conductivity 
in stable state. 
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