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ABSTRACT: Poly(p-phenylene sulfide) films were doped with four organic acceptors (tetra­
cyanoethylene (TCNE), dicyanodichlorobenzoquinone (DDQ), p-chloranil, and trinitrofiuorenone 
(TNF)). The sample films remained flexible and tough after doping. The optical and electrical 
properties of the doped PPS have been measured and discussed in terms of electron affinity of the 
acceptor molecule. The systematic variation of optical transmission spectra of PPS by doping 
indicated that a charge-transfer complex was formed between PPS chains and acceptor molecules. 
Doping with TCNE and DDQ gave a 10 order increase of the conductivity, while chloranil and 
TNF possessed little effect to enhance the conductivity. The chemical reaction accompanied by 
doping was found to also give the effect to increase the conductivity of doped PPS. A good 
correlation between the conductivities and activation energies obtained from the temperature 
dependences of conductivity was found in all doped PPS samples. It was pointed out that the 
electronic conduction in PPSidopant systems must be governed by the mechanism which was 
independent of dopant content and dopant species. 
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Recently, active studies on conductive poly­

mers have been performed. In particular, the 

polymers with n-conjugated structures in their 
skeletal chains have attracted much attention, 

because they exhibited metallic properties by 

doping with strong electron acceptors or 
donors. Poly(p-phenylene sulfide) (PPS) has 
no n-conjugation along the skeletal chains, 

and X-ray crystal structure analysis shows 

that neighboring phenyl rings are inclined by 

alternating + 45o and -45° with respect to 

the planar zig-zag chain of the sulfur atoms. 1 

In spite of disadvantage in the chemical struc­
ture for the delocalization of n-electrons, the 
conductivity of PPS increases up to about 
1 S em -l by AsF 5 doping. Therefore, one ex­

pects that PPS may have the electronic con-

duction mechanism different from the con­

ventional polymers with n-conjugation in 
their skeletons. 

Several reports on the electrical conductivity 
of PPS doped with AsF5 are available.Z- 4 

Because doped PPSs are brittle and unstable in 

air,2 the report which discussed their electronic 
conduction on the basis of detailed experimen­

tal results is poor. Virgin PPS has the con­
ductivity of 10- 20 S em -l, which belongs to an 

excellent insulator. The conductivity of PPS 

increases by about 2 orders of magnitude due 

to a trace of oxygen incorporated from air, 
when it is measured in air. 5 It has been report­
ed that PPS doped with tetracyanoquinodi­

methane (TCNQ) exhibited the conductivity 
as large as w-ss cm- 1 .6 •7 
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As we have reported previously, PPS films 
can be doped with some organic acceptors in 
the vapor phase.8 PPS doped with tetracyano­
ethylene (TCNE) possesses the conductivity 
of 10-9 S em -l. Although this value is much 
lower compared with that of PPS doped with 
AsF5 , the sample films continued to be flexible 
and tough after the doping with TCNE. The 
electrical properties show no feature of deg­
radation, even after the samples are exposed 
to the humid air. This fact gives us the expec­
tation that PPS doped with organic acceptors 
is adequate for detailed electrical measure­
ments. 

In this paper, we will report the optical and 
electrical properties of PPSs doped with four 
organic acceptors, TCNE, dicyanodichloro­
benzoquinone (DDQ), p-chloranil, and tri­
nitrofluorenone (TNF). First, we present the 
optical properties and conductivities of the 
doped PPSs and discuss them from the stand­
point of differences in electron affinity of the 
organic acceptors. Secondly, the dependence 
of the conductivities of the doped PPS on 
dopant content is examined. We will also show 
that the chemical reaction accompanied by 
doping increases the conductivity of doped 
PPSs. Thirdly, the temperature dependence of 
the conductivities of the doped PPSs is exam­
ined, and the effect of acceptor species on the 
conductivities is discussed from a viewpoint of 
apparent activation energy of conduction. 
Lastly, we summarize the temperature de­
pendence of the conductivities of all the doped 
PPS samples and give phenomenological dis­
cussion on the electronic conduction mech­
anism in PPS/dopant systems. 

EXPERIMENTAL 

Biaxially oriented PPS films prepared from 
high molecular weight PPS, which were sup­
plied from Toray Industries Inc. were used. 
Thickness of the films was about 30 .urn. 
Organic acceptors were commercial reagents 
and used without further purification. The 
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Figure 1. The molecular structures of the organic ac­
ceptors and PPS. EA is the electron affinity and Jp is the 
ionization potentialY 

molecular structures of the four acceptors are 
shown in Figure 1 with their electron affini­
ties.9 For comparison, the molecular struc­
ture of PPS is also shown in the same figure. 

Doping of the acceptor into PPS films was 
carried out by the following procedure. The 
surfaces of a PPS film (25 mm x 25 mm) were 
cleaned with acetone, and the film was dried in 
vacuo. The PPS film and 1 g of the dopant 
powder were put in a glass tube avoiding a 
direct contact between the PPS and the 
dopant. Then, the glass tube was evacuated for 
30 min and sealed. Doping of the acceptor into 
a PPS film was attained by keeping the glass 
tube at a constant temperature for 0.5 to 160 h. 
The amount of dopant incorporated into the 
PPS film was determined from a weight in­
crease. We will express the dopant content in 
the form of mole dopant/mole PPS repeat 
unit. The rate of doping which was estimated 
qualitatively from the relation between dop­
ing conditions and the resulted dopant con­
tents was in the order of DDQ > TCNE > 
chloranil > TNF. All the doped samples 
gave homogeneous outlook. 

The conductivity measurements were car­
ried out by using a power supply (Fluke 415B) 
and an electrometer (Keithley 614). Gold elec­
trodes with a diameter of 10 mm were vacuum 
evaporated on both surfaces of the samples, 
and a guard electrode was vacuum evaporated 
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on one side to eliminate the contribution of 
surface current. The voltage dependence of 
current was linear up to about 100 V. The 
conductivities were measured under an electric 
field below 3.3 x 104 V cm- 1 . The sample was 
set in the measuring cell of stainless steel, and 
the cell was evacuated under a vacuum of I 0- 2 

Torr. The temperature of the samples was 
controlled by a PID temperature controller. 
The conductivity did not change as long as the 
cell was kept at a vacuum of 10- 2 Torr. Even 
after the sample was exposed to the air, its 
conductivity was reproduced within about 
10% variation, when it was measured under 
the vacuum again. 

Optical transmission or absorption spectra 
of the doped PPSs was measured by a spec­
trophotometer (Hitachi 330) in the wavelength 
region of 300-2000 nm. 

RESULTS AND DISCUSSION 

I. Effects of Acceptors on Conductivity and 
Optical Properties 
Dopants, doping conditions, and dopant 

contents together with sample colors and con-

ductivities at room temperature are summar­
ized in Table I. The ultimate conductivities of 
PPS doped with TCNE or DDQ were located 
between 10-9 and 10- 11 s cm- 1 , which were 
10 orders of magnitude higher than that of 
virgin PPS and ranged in high resistive semi­
conductor. The conductivities of PPS doped 
with chloranil or TNF were lower than 10- 16 S 
em - 1 and remained as insulators. Referring to 
the electron affinities shown in Figure 1, one 
can recognize that only the dopants with large 
electron affinity, EA, contribute to the increase 
of the conductivity of PPS. Specifically, the 
comparison between DDQ and chloranil will 
throw light on this matter: both dopants have 
very similar quinoide structure, and molecular 
sizes are not so different from each other, but 
the conductivities of PPS/DDQ and PPS/ 
chloranil systems gave the difference of 6 
orders of magnitude. This should be explained 
by the difference in EA of about 0.5eV. 

A transparent PPS film turned colored with 
the progress of doping, and the color became 
deeper with the increase of dopant content. 
The colors of the films were dependent on 
dopant species (Table I). These color changes 

Table I. Dopants, doping conditions, and dopant contents together with colors 
and conductivities at room temperature of the resulted samples 

Doping condition 
Dopant content 

Conductivity 
Dopant Color 

Temp;oc Timefh 
(molar ratio) S cm- 1 

None Colorless 10 -20 

TCNE 180 2 0.011 Brown 1.4x 10- 16 

180 3 0.018 Dark brown 3.4x 10- 13 

180 30 0.04 Black 6 x 10- 11 

200 50 0.067 Black 6.8x w-IO 
200 96 0.145 Black 2 x w- 9 

DDQ 180 0.5 0.012 Green 
180 0.023 Dark green 1.3xl0-II 

180 1.5 0.049 Dark green 2.8xl0- 11 

180 2 0.067 Dark green 6.5 x w-ll 

180 5 0.081 Dark green 7.6 x w- 12 

Chloranil 180 32 0.037 Red brown 1.4x w-IS 

200 30 0.046 Brown 4x 10- 17 

200 120 0.067 Black s x w- 17 

TNF 180 72 0.027 Yellow brown 
200 120 0.042 Red brown 10 -1s 
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Figure 2. Optical transmission spectra of (a) PPS/TCNE system and (b) PPS/DDQ system. Numerals in 
the figure express the dopant content (molar ratio). Inserted figure is optical absorption spectrum of 
PPS/DDQ (0.033). 

implied the formation of charge transfer com­
plex between PPS and dopants, which was 
confirmed by the measurement of optical 
transmission spectra. Optical transmission 
spectra of doped PPSs are shown in Figures 2 
and 3. Numerals in Figures 2 and 3 express the 
dopant content. Variation of the optical trans-

m1sswn spectra with doping was very much 
dependent on dopant species and could not be 
explained simply by the use of EA values. In 
PPS/TCNE system, the wavelength at which 
optical transmission is almost zero, which we 
call an "absorption edge," shifted to a longer 
wavelength with the increase of TCNE con-
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Figure 3. Optical transmission spectra of (a) PPS/chloranil system and (b) PPS/TNF system. Inserted 
figure is optical absorption spectrum of PPS/chloranil (0.037). 

tent, reaching to entire absorption in the whole 
visible spectral region at about 4 mol% dop­
ing. In PPS/DDQ system, a transmission 
minimum appeared at around 800 nm, which 
corresponded to a peak in absorption spectra. 
This optical absorption peak shifted to longer 
wavelength with the increase of DDQ content. 

PPS/chloranil and PPS/TNF systems pos­
sessed the absorption edges at around 700 
and 600 nm, respectively. The shift of the edges 
was very small compared with that of the case 
of TCNE. These observations suggest that the 
larger the shifts of the absorption edges to 
lower energy (longer wevelength) are, the high-
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er the conductivities of the doped samples 
are. However, we cannot offer a generalized 
relationship between the absorption edge and 
the conductivity, since the shapes of the trans­
mission spectra of these four systems sig­
nificantly differ from each other. 

Again, the comparison between PPS/DDQ 
and PPS/chloranil systems will give an impor­
tant clue (Figures 2(b) and 3(a)). In both sys­
tems, broad absorption peaks could be found 
near 780 and 520 nm, respectively. This sug­
gests the formation of charge-transfer complex 
structures. In the cases of the molecular com­
plexes, the energy of charge-transfer absorp­
tion band, hvcT' is approximately expressed 
by a following equation. 10 

(1) 

where IP is the ionization potential of a donor 
molecule, EA the electron affinity of an accep­
tor molecule, and W the dissociation energy of 
the charge transfer excited state. Referring to 
this equation, the difference of wavelengths of 
absorption peaks in PPS/DDQ and PPS/ 
chloranil systems (260 nm) can be understood. 
The absorption peak of PPS/DDQ system is 
very broad, differing from the well-known 
cases of molecular complexes. This suggests 
that the charge transfer interaction between 
PPS chains and DDQ molecules is rather 
weak, and not a unique interaction but a 
variety of interactions exist in the system. 

In the case of PPS/TCNE system, an ab­
sorption peak due to a charge-transfer com­
plex could not be found; a main feature was 
a monotonous decrease of transmittance. A 
specific variation of transmission spectrum at 
380-400 nm at the early stage of TCNE dop­
ing was observed, which was very similar to 
the spectral change reported in the case of 
AsF 5 dopingY It follows that chemical modi­
fication of PPS chains occurred in PPS/TCNE 
system. Therefore, the transmission spectra in 
Figure 2(a) would be composed of the charge­
transfer absorption and the absorption due to 
the crosslinked structure at intra-3 or inter-PPS 
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chains. 

2. Dependence of Conductivity on Dopant 
Content 
In Figure 4, the relations between the con­

ductivity at 300 K and dopant content in PPSs 
doped with four acceptors are shown. The 
conductivity drastically increased by doping of 
ca. 2 mol% of TCNE or DDQ. Similar results 
have been reported on many polymer/dopant 
systems, such as polyacethylene/I2 , poly­
acetylene/ A sF 5 ,1 2 and polythiophene/ AsF 5 Y 
On the other hand, chloranil and TNF gave 
small effect on conductivity. 

Hereafter, we will concentrate our dis­
cussion on PPS/TCNE and PPS/DDQ sys­
tems. The conductivity of PPS/TCNE system 
increased gradually with the increase of dop­
ant content over 2 mol%, while that of PPS/ 
DDQ system took a maximum at 6-7 mol% 
and began to decrease with the further increase 
of DDQ content. Although EA of DDQ is a 
little larger than that of TCNE, the con­
ductivity of PPS with high DDQ content is 
lower than that with high TCNE content. 
Thus, one should not conclude that the con­
ductivity of heavily doped PPS can simply be 

PPS-Dopant 
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10-8 

5 10-10 
...... 
</) 

10-12 

b 
10-14 Dopants ... TCNE 

<>- DDQ 

0 
.... Chloranil 

""' TNF 

10-20L-----L--'---'--.J---L-----L--.J 
0 0.04 0.08 0.12 

X (mole ratio) 

Figure 4. The relation between the conductivity at 
300K (rr) and dopant content (x) in PPSs doped with 
four acceptors. 
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explained in terms of the electron affinities of 
acceptors. 

The difference in the conductivity of PPS/ 
TCNE and PPS/DDQ systems should be at­
tributed to the difference in chemical reactivity 
during doping. There are several signs of the 
occurrence of chemical crosslinking during 
TCNE doping. First, the variation of trans­
mission spectrum at 380-400 nm region with 
TCNE doping suggests the formation of cross­
links as mentioned before. Secondly, tough 
and flexible appearance of heavily doped PPS 
with TCNE indirectly indicates the presence of 
dense crosslinking. Thirdly, dynamic visco­
elasticity measurements as well as a solu­
bility test of doped PPSs also implied the 
presence of crosslinks as described in another 
paper. 14 Probably, intra or inter-molecular 
cross-links similar to the case of PPS/AsF5 

system are formed in the PPS/TCNE system. 
Judging from the systematic shifts of the opti­
cal edge, as shown in Fig. 2(a), the growth of 
n-conjugated structures which might also con­
tribute to the increase of the conductivity, is 
expected in PPS/TCNE system. 

In the case of PPS/DDQ system, the films 
became brittle with DDQ content over 7 
mol%, and the conductivity did not increase 
with further increase of DDQ content. Heavi­
ly doping of DDQ is considered to cause scis­
sion of PPS skeletal chains. 

3. Temperature Dependence of Conductivity 
In Figure 5, the temperature dependences of 

conductivity in PPS/TCNE system are shown. 
The relation between the conductivity and the 
reciprocal temperature in all the samples, in­
cluding virgin PPS, obeyed the expression 
rJCX exp (- ft..EjkT). The activation energy of 
conduction of virgin PPS estimated from the 
log rJ vs. r- 1 plot was about 2 eV. Starting 
from this 2eV, the activation energy of con­
duction in doped PPSs gradually decreased 
with the increase of TCNE content. Figures 6 
and 7 show the log rJ vs. r- 1 plots in PPS/ 
DDQ, PPS/TNF, and PPSjchloranil systems. 

Polymer J., Vol. 17, No.8, 1985 
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Figure 5. The temperature dependences of conduc­
tivity in PPS/TCNE system. 
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Figure 6. The temperature dependences of conduc­
tivity in PPS/DDQ system. 
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Figure 7. The temperature dependences of conduc­
tivity in PPS/chloranil and PPS/TNF systems. 
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Figure 8. The apparent activation energies of con­
duction (/',.E) plotted against the dopant contents (x) in 
PPSs doped with four acceptors. 

These plots also obeyed the expressiOn 
crcx:exp(-!<.EjkT). The apparent activation 
energies !<.E obtained from Figures 5, 6, and 7 
are plotted against the dopant contents in 
Figure 8. In PPS/TCNE and PPS/DDQ sys­
tems, !<.E values drastically decreased in the 
range of 0-2 mol% doping, and reached a 
constant value of ca. 0.5 eV at high dopant 
content. Whereas, in PPSjchloranil and PPS/ 
TNF systems, !<.E values decreased by a small 
extent and ceased decreasing at around 0.9 eV. 
This results are reminiscent of the relation 
between the conductivity and dopant content 
shown in Figure 4. 

Although no increase of the conductivity 
was observed in the PPS with the further 
increase ofDDQ content (more than 7 mol%), 
!<.E continued to decrease. This is only one 
exceptional behavior in doped PPSs studied 
here and may be due to the degradation of 
PPS during doping at higher temperature. 

All the data of temperature dependence of 
conductivity showed above were limited to the 
temperature region above room temperature 
(20-130°C). For PPS/AsF5 system, the con­
ductivity in the temperature region between 
room temperature and - lOOoc was reported. 
The conductivity was found to obey the ex­
pression crcx:exp (ajT112).2 Then, we also mea­
sured the temperature dependence of the con-
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Figure 9. The relation between the conductivities at 
300 K (a) and the apparent activation energies (/',.E) in 
PPS doped with various dopants. 

ductivity in PPS/TCNE and PPS/DDQ sys­
tems in the temperature region between 80 and 
-100°C. However, it was difficult to decide 
whether the conductivity obeyed the ex­
pression similar to the case of PPS/ AsF 5 sys­
tem or not. If one desires to discuss the 
conduction mechanism of doped PPSs in de­
tail, the measurements at lower temperature 
are indispensable. We stress, however, that the 
Arrhenius plots at the temperature region 
above room temperature, in rough approxi­
mation, should give important clues for our 
understanding of the conduction behavior in 
doped PPSs. 

4. Relation between Conductivity and Acti­
vation Energy of Conduction 
As we observed very similar behavior be­

tween log cr and !<.E as a function of the dopant 
contents, we are interested in the relation 
between cr and !<.E. We thus examined the 
relation between cr and !<.E ·in PPS/dopant 
systems adding the literature data ofPPS/AsF5 

system. 1° Figure 9 shows the relation between 
the conductivity at room temperature and !<.E 
in PPSs doped with various dopants. The data 
of PPS heavily doped with DDQ (DDQ con­
tent > 7 mol%) were omitted. All the points of 
data locate on a single straight line, irrespec-
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tive of dopant species and dopant content. The 
straight line can be expressed by eq 2, where K 
( c::::: 10° S em - 1) and rx are parameter which is 
independent of dopant species. 

(2) 

This relation claims that the conductivity val­
ues are uniquely determined, if 11£ values are 
given. 

The slope of this straight line is about 17 .4. 
Surprisingly, this value is very close to the 
value of (kTRTln 10)- 1 . Therefore, a more 
specific equation between (J and 11E can be 
derived. 

(Jc::::o10°exp(-11EjkT) (3) 

Once we have this expression, we easily rec­
ognize that the group of straight lines in Figure 
5 obeys eq 3. 

Generally, a good correlation between (J and 
11E, or carrier mobility and its activation en­
ergy, which can be expressed by an equation 
similar to eq 2, has been known empirically in 
some semiconducting polymers15 and amor­
phous silicon. 16 However, no report is avail­
able that claims that eq 3 holds between (J and 
11E. Therefore, we reach the conclusion that 
PPSjdopant systems studied here are very spe­
cific, and that the electronic conduction in 
PPS/dopant systems is dominated by a certain 
common mechanism independent of dopant 
species. 

One expects that the charge carriers move by 
hopping between localized states in the poly­
mer which includes large portion of amor­
phous regions. In a subsequent paper, we will 
show that activation energy of charge trans­
port is very close to that of dark conduction in 
doped PPS; the activation energy of charge 
transport can be represented by the activation 
energy of the conductivity. Then, eq 3 turns 
out to mean that the dopants act to lower the 
activation energy for carrier hopping. 

PPS has no apparent n-conjugated structure 
along the skeletal chains. The highest occupied 
band obtained by the VEH technique, how-

Polymer J., Vol. 17, No.8, 1985 

ever, is fairly large (1.2eV), which suggests 
that n-electrons on the phenyl rings are de­
localized throughout several PPS repeating 
units. 17 - 19 Therefore, the charge transport 
should occur via hopping among the de­
localized segment regions of various lengths. 
The rate-determining step in the carrier trans­
port must be an interchain hopping. 

Recently, it has been demonstrated for 
poly(p-phenylene) and polypyrrole that the 
electronic conduction can be explained by the 
interchain charge hopping via charge defects 
such as bipolarons. 19 - 21 The interchain hop­
ping in PPS/dopant systems might be ex­
plained in terms of a similar concept, although 
the concept of bipolaron might not be directly 
applicable for this case. 
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