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ABSTRACT: Highly conductive new aniline copolymers containing butylthio substituent have been first
prepared from unsubstituted polyaniline, utilizing a concurrent reduction and substitution reaction
performed in the solid-state matrix of polyaniline. The resultant copolymer film after one reaction
treatment cycle was found to contain ca. 38 mol % of butylthio group and was as conductive (3-4 S/cm)
as its parent polyaniline film (2-3 S/cm). Most surprisingly, copolymers containing butylthio group as
high as 91 and 121 mol % (based on atomic ratio S/N measured by XPS) can also be easily prepared and
still displayed a conductivity as high as 1 and 0.6 S/cm, respectively, despite the presence of the large
amount of bulky butylthio substituent. All these new butylthioaniline copolymers are highly soluble in
THF, dioxane, 2-methoxyethyl ether, and 2-methoxyethanol, which are nonsolvents for the parent
polyaniline. The results suggest that the concurrent reduction and substitution route is a better way, as
compared with the conventional copolymerization method, for preparing aniline copolymers with a more
conjugated and regular backbone structure.

Introduction

Owing to their unique electrooptical properties and
market potential, polyanilines are one of the recent
focuses in the field of conducting polymer research.1
However, as is common with other conjugated polymers,
polyanilines is limited by poor thermal processability
and solvent solubility. Improved solubility can be
achieved by introducing various alkyl and alkoxy sub-
stituents on the polyaniline backbone.2,3 However, such
substituted polyanilines have been found to always
exhibit a lower conductivity than that of the unsubsti-
tuted polyaniline. This conductivity reduction nature
has been ascribed to the possible steric hindrance effect
associated with the substituents. The conductivity of
poly(2-alkoxyaniline)s has been reported by Leclerc et
al.3a to be indeed decreased with the bulkiness of the
alkoxy group from 0.1 (for methoxy), 3 × 10-3 (ethoxy),
2 × 10-3 (butoxy), to 1 × 10-5 S/cm (hexoxy). Similar
results have also been generally observed for poly(2-
alkylaniline)s, such as polymethylaniline (0.1 S/cm),2a

polyethylaniline (10-5 S/cm),2b polypropylaniline (10-3-
10-4 S/cm),2c polybutylaniline (10-4 S/cm),2d and poly-
(hexylaniline) (10-7 S/cm),2e and for poly(N-alkyl-
aniline)s,2f such as poly(N-methylaniline) (7 × 10-5

S/cm), poly(N-ethylaniline) (2 × 10-5 S/cm), poly(N-
propylaniline) (9 × 10-7 S/cm), and poly(N-butylaniline)
(8 × 10-7 S/cm). On the contrary, unsubstituted poly-
aniline film cast from its NMP solution typically gives
a high conductivity of about 1-5 S/cm, after being doped
with a protonic acid, such as HCl or p-toluenesulfonic
acid.4

Combining the conductivity of polyaniline and the
solubility of substituted polyanilines is important for
practical applications and can be achieved through
copolymerization.5 For example, copolymers of aniline
with o- or m-toluidine and o-ethylaniline have been
reported.2b,5a,b These copolymers of aniline with substi-

tuted anilines show improved solubility, while main-
taining fairly good conductivity as long as the amount
of substituted repeat units in the copolymers stay below
a certain critical level. For example, the conductivity of
poly(aniline-co-ethylaniline) pellet (pressed from pow-
der) was 1 S/cm when the ethylaniline repeat units were
kept below ca. 30 mol %,2b as compared with 10 S/cm
for similarly prepared pellet from unsubstituted poly-
aniline in the same report. For those copolymers con-
taining more than 30 mol % ethylaniline repeat units,
their conductivity decreased rapidly with the fraction
of ethylaniline, to 2 × 10-5 S/cm, for poly(ethylaniline)
homopolymer. Although the aniline copolymers with
alkyl substituents (either on the ring or at the N atom)
have been well studied and documented, the alkoxy-
aniline copolymers however have rarely been studied
and reported.6 Moreover, no aniline copolymers contain-
ing other type of electron-donating substituent, e.g.,
alkylthio group, have ever been reported.

In alkoxyaniline or alkylthioaniline copolymers, owing
to the sterically less hindered structure of divalent
oxygen or sulfur linkage and the stronger electron-
donating nature of the alkoxy or alkylthio substituents
than alkyl substituents, such copolymers should be
theoretically better conducting materials than their
alkylaniline copolymers counterparts. However, until
now, all the alkoxyaniline polymers and copolymers that
have been reported were found to be much less conduc-
tive than the unsubstituted polyaniline. Meanwhile,
there have been no detailed reports on poly(alkylthio-
aniline)s and their copolymers. We have recently found
a new synthetic route, i.e., concurrent reduction and
substituent method,7 which facilitates the synthesis of
novel aniline copolymers of poly(aniline-co-butylthio-
aniline)s. These interesting new aniline copolymers with
electron-donating alkylthio group have been found to
be highly conductive despite the attachment of bulky
substituents such as butylthio group. For example, the
conductivity of a copolymer containing 38 mol % of
butylthioaniline repeat unit was as high as 3-4 S/cm.
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Most interestingly, the highly conductive nature is
preserved even for the highly substituted poly(aniline-
co-butylthioaniline). For instance, the conductivity for
the copolymer with a substitution degree of 120 mol %
(based on atomic ratio S/N measured by XPS) was still
found to be as high as 0.6 S/cm, instead of the low
conductivity of 10-3-10-5 S/cm as it would be expected,
according to the current knowledge base in this field of
study. We report herein the synthesis and characteriza-
tion for these new poly(aniline-co-butylthioaniline)s.

Experimental Section
The free-standing polyaniline film (ca. 10 µm thick) used

for this work was cast from a solution of 0.48 wt % polyaniline
emeraldine base in NMP. The polyaniline thin films on
electrodes were grown in a three-electrode electrochemical cell,
using platinum plates as both the working and counter
electrodes and a saturated calomel electrode (SCE) as reference
electrode. All the electrochemical polymerization reactions
were controlled by a potentiostat (EG&G 273) under a constant
current density of 13.3 × 10-6 A/cm2 for 25 min, in a 0.5 M
H2SO4 aqueous solution that contained 0.1 M aniline. The
thickness of the polyaniline electrode film thus obtained (of
about 100 nm) was measured by SIMS (secondary ion mass
spectroscopy) depth profiling and an R-step. Cyclic voltammo-
grams of all resulting polyaniline films were performed on the
same potentiostat in an aqueous solution of 0.5 M H2SO4.

The attenuated total reflectance infrared (ATRIR) spectros-
copy of the resulting polyaniline films was performed, using a
Perkin-Elmer 2000 FTIR spectrometer equipped with a Grase-
by Specac single reflection diamond ATR accessory under a
nitrogen atmosphere. The active area of the diamond contact
probe was 0.6 × 0.6 mm. By assuming that the refractive index
of the polyaniline films on the working electrode is 1.5, the
theoretical surface penetration depths of the incident IR beam,
from 400 to 4000 cm-1, were calculated and found to be 2.3-
0.23 µm. A constant clamping pressure, applied by using a
torque wrench with setting at 60 cNm/m, was employed to
mount all polyaniline film specimens, to ensure good and
consistent surface contact with the diamond probe head.

XPS (X-ray photoelectron spectroscopy) spectra for the
resulting aniline copolymer films were collected with a Physi-
cal Electronics ESCA PHI 1600 spectrometer, using Mg KR
as the X-ray source. The excitation area was 800 × 800 µm;
the step size for the survey and the chemical state spectra was
1.6 and 0.025 eV, respectively.

UV-vis spectra were performed basing on the polyaniline
films on an ITO glass electrode, using a Hitachi U3501spectro-
photometer.

SIMS analysis of the resulting aniline copolymer films was
performed on a Cameca IMS-4f instrument, using Cs as the
primary ion source. A raster area of 250 × 250 µm and an
analysis area of 60 × 60 µm were employed.

Results and Discussion

A typical poly(aniline-co-butylthioaniline) was pre-
pared via the previously reported concurrent reduction
and substitution route7 as illustrated in Scheme 1, by
reacting a polyaniline emeraldine base film (ca. 10 µm
thick) with 0.1 M butane-1-thiol in MeOH under a N2
atmosphere at room temperatures for an appropriate
period of time, e.g., 14 h, to allow for the completion of
the reaction. During the reaction treatment, the non-
transparent dark blue polyaniline emeraldine film
changed gradually to a transparent film with a hint of
light green color, implying a possible transformation of
the polyaniline backbone from the dark blue emeraldine
state to a colorless leucoemeraldine state. After the
treatment with butane-1-thiol, the polyaniline backbone
was found to be highly reduced and substituted with
butylthio groups. A similar reaction pattern has also

been observed when polyaniline was treated with other
thiols.8 The reduction and substitution phenomena in
the butane-1-thiol treated films were confirmed by
attenuated total reflectance infrared (ATRIR) spectros-
copy. The ATRIR spectrum of the resulting aniline
copolymer film, as displayed in Figure 1, clearly showed
reduction in the intensities of the peaks associated with
diiminoquinoid rings at 1600 cm-1 (CdC stretching
vibration of diiminoquinoid rings9), 1169 cm-1 (a vibra-
tion mode associated with the diiminoquinoid ring9), and
820 cm-1 (C-H out-of-plane vibration of 1,4-ring9). A
similar intensity reduction of these three peaks has also
been observed when polyaniline emeraldine base was

Figure 1. ATRIR spectra for the undoped polyaniline-coated
electrodes: (a) before and (b) after the soaking treatment with
a 0.1 M methanolic solution of butane-1-thiol for 14 h; (c) as
in its fully reduced leucoemeraldine state (i.e., at -0.1 V vs
SCE). The details of corresponding spectra within the region
of 2500-4000 cm-1 (with arbitrary magnifications) are dis-
played in traces a′-c′.

Scheme 1
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reduced by hydrazine to leucoemeraldine base. The
same ATRIR spectrum of the butane-1-thiol treated film
also shown three new peaks at about 2961, 2928, and
2866 cm-1, which can be attributed to the asymmetric
(2961, 2928 cm-1) and symmetric (2866 cm-1) C-H
stretching of the newly introduced butylthio substitu-
ent.10 Similar C-H stretching peaks were observed at
2957, 2929, and 2872 cm-1 for 2-butylthioaniline and
at 2961, 2932, and 2873 cm-1 for butane-1-thiol.

The presence of the new butylthio substituent in the
resulting polyaniline film was also confirmed by X-ray
photoelectron spectroscopy (XPS). In addition to the
original C 1s (with a binding energy of 284.6 eV) and N
1s (399.2 eV) lines, the XPS survey spectrum of the
butane-1-thiol-treated film (Figure 2b) showed a newly
appearing S 2p line at around 163.5 eV, confirming the
formation of the sulfide linkage (but not disulfide or
thiol).18 The atomic ratio of sulfur to nitrogen was
measured, after discounting the sulfur contribution from
the trace amount of residual TsOH dopant at ca. 168
eV, to be 0.38, indicating that the resulting poly(aniline-
co-butylaniline) film contained about 38 mol % of
butylthio substituent. This result is consistent with the
previous finding that the polyaniline emeraldine base
will be gradually oxidized by air during the storage to
yield a higher oxidation level to contain more than 25
mol % of diiminoquinoid units,12 where the concurrent
reduction and substitution reaction can take place.

The distribution of the new butylthio substituent
within a polyaniline film was investigated by secondary
ion mass spectroscopy (SIMS). The SIMS results for a
butane-1-thiol-treated film (ca. 10 µm thick) showed an
even distribution of S atom throughout the thickness
of this polyaniline specimen, thus proving that the
substitution reaction was not just confined to the film
surface.

The cyclic voltammogram, scanned between -0.1 and
0.6 V at 30 mV/s, for the above copolymer film in 0.5 M
H2SO4 aqueous solution, showed a quasi-reversible
redox process similar to that of unsubstituted poly-
aniline. The oxidation potential E° of the resulting
aniline copolymer (0.085 V) was found to be 0.014 V
lower than that of the parent polyaniline (0.099 V). This
result is consistent with the expectation that the at-
tachment of electron-donating butylthio group helps

lower the oxidation potential of polyaniline backbone.3a

The UV-vis spectrum for the fully reduced copolymer,
i.e., at an oxidation state of -0.1 V (vs SCE) in 0.5 M
H2SO4, showed a π-π* transition band at 330 nm,
which is 12 nm longer than the corresponding band of
its parent polyaniline, possibly due to the enhanced
electron density of the copolymer backbone as contrib-
uted by the electron-donating butylthio group. A similar
red-shift effect has also been observed for methoxy-
substituted polyaniline.3a

The freshly prepared poly(aniline-co-butylthioaniline)
was in an oxidation state close to the leucoemeraldine
form and can be reoxidized back to the emeraldine state
either with air or via electrochemical means, by apply-
ing a voltage of 0.3 V (vs saturated calomel electrode)
to the film, using a potentiostat (EG&G 273). Such
reoxidized film was then soaked in a 1 M HClO4 doping
solution for at least 2 h to ensure the film was fully
doped. The conductivity was measured to be 3-4 S/cm
by a typical 4-in-line probe method13 after drying (entry
2 of Table 1), which, within experimental errors, is
almost the same as that for its original parent poly-
aniline film (2-3 S/cm). Although a much higher
conductivity (ca. 200 S/cm) has been reported for the
polyaniline doped with a functional dopant, such as
camphorsulfonic acid,14a and also for the polyaniline
having more extended coil structure as induced by the
incorporation of a special primary dopant (camphorsul-
fonic acid) and a secondary dopant (m-cresol) using a
delicate treatment process,14b the best conductivity
reported for polyaniline film cast from its NMP solution
has been consistently 1-5 S/cm.4 Since the above
substitution reaction was performed in a solid matrix
of polyaniline without using any secondary dopant and
primary/functional dopant, the morphological structure
of the resulting copolymer is expected to be the same
as that of the starting parent polyaniline film. Under
this circumstance, such high conductivity associated
with poly(aniline-co-butylthioaniline) is certainly note-
worthy. Obviously, much higher conductivity for the
present new copolymers can still be expected if a similar
extended chain conformational transformation like the
above-reported polyaniline is created.

The substitution degree of the present copolymer can
be further increased and tailored by performing re-
peated runs of concurrent reduction and substitution
reaction on the same film, starting with any specific
oxidation level as controlled by the electrochemical
means.8 For example, the initial poly(aniline-co-butyl-
thioaniline) film can be further electrochemically forced
to 0.5 V (vs SCE) and performed a second and a third
run of concurrent reduction and substitution reaction.

Figure 2. XPS spectra for the undoped films: (a) the original
polyaniline film; (b) the polyaniline film after soaking treat-
ment with 0.1 M methanolic solution of butane-1-thiol for 14
h. The chemical state spectra of S 2p for the corresponding
polyaniline films are displayed in (a′) and (b′).

Table 1. Substitution Degree and Conductivity of
Poly(aniline-co-butylthioaniline)

entry polymera

mol % of
butylthio

groupb
conductivity

(S/cm) remark

1 Pani 0 2.7 this work
2 Pani-SBu-1 38 3-4 this work
3 Pani-SBu-2 91 1 this work
4 Pani-SBu-3 121c 0.6 this work
5 poly(butoxyaniline) 2 × 10-3 ref 3
6 poly(dibutoxyaniline) 7 × 10-4 ref 3
a Pani ) unsubstituted polyaniline; Pani-SBu ) poly(aniline-

co-butylthioaniline). b Mole percent of butylthio group based on
atomic ratio S/N measured by XPS. c Some repeat units of this
copolymer may contain more than one butylthio group.
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The degree of substitution has been found to increase
up to 91 mol % (1 S/cm) and 121 mol % (0.6 S/cm) after
the second and the third reaction runs, respectively.
These new butylthioaniline copolymers have also been
found to be highly soluble in THF, dioxane, 2-methoxy-
ethyl ether, and 2-methoxyethanol, which are nonsol-
vents for the parent polyaniline. The GPC (gel perme-
ation chromatography) study indicated that the molecular
weight Mw (using polystyrene as standard) of these
butylthioaniline copolymers (>5.0 × 104) is higher than
that of the parent polyaniline (3.0 × 104). The result
indicated that no degradation occurred during the
substitution reaction, and the enhanced solubility in
THF is mainly contributed by the solubility parameter
change of the resulting copolymers caused by the
substitution of butylthio group. Most surprisingly,
despite the presence of such a large amount of the bulky
butylthio group, the highly conductive nature of these
new poly(aniline-co-butylthioaniline)s is retained. Com-
pared to their alkoxy analogues, e.g., poly(butoxyaniline)
(2 × 10-3 S/cm) and poly(dibutoxyaniline) (7 × 10-4

S/cm), the unusually high conductivity of these new
copolymers in combination with their good solubility in
THF and other common organic solvents is especially
worth noting.3a While for the previously reported poly-
(aniline-co-ethylaniline),2b only those copolymers con-
taining more than about 45 mol % of ethylaniline unit
showed significant solubility in THF, but in the same
report such copolymers have conductivities of less than
10-2-10-3 S/cm.

To further demonstrate the present proposed reaction
pathway, a model compound was prepared by reacting
N,N′-diphenylphenylene-1,4-diimine with butane-1-thiol
via the same reduction and substitution chemistry,
which yielded a butylthio-substituted N,N′-diphenyl-
phenylene-1,4-diamine.19

It is also worth noting that when control copolymers
of similar compositions were prepared by an alternative
approach, using the conventional copolymerization
method from aniline and butylthioaniline monomer
mixtures, the resulting poly(aniline-co-butylthioaniline)s
were, however, much less conductive. The conductivity
of these control specimens with even a relatively lower
substitution degree, from 10 to 32 mol %, was found to
be only 10-2 to 10-5 S/cm, respectively. Such a result is
consistent with the previous finding that the conven-
tional polymerization method will create a highly ir-
regular poly(alkoxyaniline) backbone, thus leading to
poor conductivity, due to the possible electronic influ-
ence of the electron-donating alkoxy substituent.16

Similar conductivity behavior, although its nature
remains uncertain, has also been observed for the cases
of sulfonated polyanilines, where sulfonated polyaniline
prepared directly from polyaniline via sulfonation with
fuming sulfuric acid17a also somehow exhibited higher
conductivities (0.1 S/cm) than the sulfonated polyaniline
(e10-3 S/cm) prepared from the sulfonic acid-containing
aniline monomer via oxidative polymerization.17b How-
ever, the present results did suggest that the new
copolymers prepared via this novel concurrent reduction
and substitution method may have resulted in more
conjugated and regular backbone structures.

Conclusions

Highly conductive new aniline copolymers containing
butylthio substituent have been successfully prepared
from unsubstituted polyaniline, utilizing a concurrent

reduction and substitution reaction performed in the
solid-state matrix of polyaniline. The resulting copoly-
mers are highly conductive (4-0.6 S/cm), despite the
presence of a large amount of bulky butylthio substitu-
ent (38-121 mol %). All these new butylthioaniline
copolymers are highly soluble in common organic sol-
vents, such as THF, dioxane, 2-methoxyethyl ether, and
2-methoxyethanol, which are nonsolvents for the parent
polyaniline. Since the molecular weights of these aniline
copolymers are higher than their parent unsubstituted
polyaniline, the enhanced solubility in THF and other
organic solvents is mainly contributed by the solubility
parameter change of the resulting copolymers caused
by the substitution of butylthio group. Compared to
their alkoxy analogues, e.g., poly(butoxyaniline) (2 ×
10-3 S/cm) and poly(dibutoxyaniline) (7 × 10-4 S/cm),
the unusually high conductivity of these new butylthio-
containing aniline copolymers in combination with their
good solubility in THF and other common organic
solvents is especially worth noting.
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