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Abstract A substituted polypyrrole (PPr) with viologen
side groups (polymer-1) was obtained from the reaction of
N-aminopyrrole with 1-hexyl-1’-(2,4-dinitrophenyl)-4,4’-
bipyridinium dihalide (salt-1). A model compound (model-
1) was synthesized by the reaction of N-aminopyrrole with
N-(2,4-dinitrophenyl)-4-(4-pyridyl)pyridinium chloride (salt-
2). UV-vis spectra revealed that polymer-1 had an expanded
m-conjugation system along the polymer chain: the polymer
showed an onset position of absorption at a wavelength
approximately 200 nm longer than the corresponding
wavelength of model-1. Polymer-1 received an electro-
chemical oxidation of the pyrrole ring and reduction of the
viologen group within the polymer.

Introduction

Polypyrrole (PPr) is one of the most important conductive
polymers because of its usability in capacitors, batteries,
and sensors [1-5]. PPrs are synthesized by electrochemical
polymerization and using various catalyst systems with
transition metal complexes and Lewis acids [6—18]. Non-
substituted PPrs have very low solubility in organic sol-
vents, although substituted PPrs show improved solubili-
ties. Recently, water-soluble PPrs with a sulfonic acid
group were synthesized [9, 19-25]. They showed high
electric conductivity because of self-doping via protonation
of the polymer backbone by the sulfonic acid group.
However, the conductivity of these sulfonated PPrs is
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highly pH-dependent; acidic conditions are required for a
substantial increase in conductivity. Moreover, this doping
condition presents a harsh and corrosive environment for
industrial applications. In addition, the development of
metal-free synthesis for PPrs is attractive because it offers
many potential advantages with regard to cost, safety, and
environmental concerns. PPrs synthesized using catalyst
systems with transition metal complexes and Lewis acids
often contain metal contaminations or metal counter
anions, which is undesirable for utilization of the polymers
as materials for electric devices. In contrast, uncatalyzed
synthesis method can provide metal-free pure PPrs that are
suitable for electric devices.

To find a milder environment for doping, we explored the
use of viologen (1,1’-disubstituted 4,4'-bipyridinium dica-
tions), a well-known redox agent, to convert PPrs from an
insulating to a conducting state. Recently, we reported the
synthesis of polyanilines and polyphenylenes with viologen
side groups and described their electrochromism and self-
doping properties [26]. The self-doping nature of polymers
that contain a viologen side group can be explained by electron
transfer from the polymer backbone to the viologen groups.
In the case of these polymers, the viologen side groups were
introduced by a reaction between the amino groups in the
polymers and a Zincke salt, 1-hexyl-1’-(2,4-dinitrophenyl)-
4 4'-bipyridinium dihalide (salt-1). In addition, we reported
the uncatalyzed synthesis of an ionic polyphenylacetylene
through 1-alkyl-1'-(4-ethynylphenyl)-4,4’-bipyridinium dihal-
ide which was generated by the reaction of 4-ethynylbenzene
with salt-1; this intermediate compound caused self-polymer-
ization, initiated by the halogen ion(s) in the viologen groups
[27]. In this study, this process was extended to the polymeri-
zation of N-aminopyrrole through the reaction with salt-1; an
intermediate compound, 1-hexyl-1’-(N-pyrrolyl)-4,4'-bipy-
ridinium dihalide causes self-polymerization via coupling
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between the radicals on the pyrrole ring that are generated by
electron transfer from the pyrrole ring to the viologen group.
PPrs with viologen side groups will show solubility in
organic solvents and self-doping nature because of the
presence of the viologen groups. An investigation of the
chemical properties of PPrs containing the viologen moiety
would provide a greater understanding of the chemical
properties of PPrs and aid in the development of new func-
tional materials. Studies have previously been conducted on
PPrs containing the viologen moiety with a non-conjugated
alkyl spacing group between the polymer backbone and the
viologen moiety. PPrs containing the viologen moiety
without a spacing group could easily cause electron transfer
from the polymer backbone to the viologen moiety, leading
to improved electrical properties. To the best of our knowl-
edge, however, there have been no studies on PPrs containing
the viologen moiety bonded to the polymer backbone with-
out a spacing group.

In this article, we report the synthesis of PPr containing
viologen side groups without a spacing group between the
polymer backbone and the viologen moiety using an un-
catalyzed system with a Zincke salt. We also describe the
synthesis of a model compound (model-1) along with the
optical, electrochemical, and thermal properties of these
newly synthesized polymer and model-1.

Experimental
Materials and measurements

Solvents were dried, distilled, and stored under nitrogen.
Salt-1 and N-(2,4-dinitrophenyl)-4-(4-pyridyl)pyridinium
chloride (salt-2) were prepared according to the literature
[26, 28]. Other reagents were purchased and used without
further purification. Reactions were carried out using
standard Schlenk techniques under nitrogen.

The IR and NMR spectra were recorded on a JASCO
FT/IR-660 PLUS spectrophotometer and a JEOL AL-400
spectrometer, respectively. Elemental analysis was carried
out on a Yanagimoto MT-5 CHN corder. UV-vis spectra
were obtained on a JASCO V-560 spectrometer. GPC
analyses were carried out using a Waters 150C with
polystyrene gel columns with a DMF solution of LiBr
(6 mM) as an eluent and a RI detector. The ground-state
geometry of the repeating unit of polypyrrole (PPr) with
viologen side groups (polymer-1) was optimized with a
Gaussian 09 computer program at the density functional
theory (DFT) level using B3LYP/6-31G* functional [29].
Cyclic voltammetry was performed in a dichloromethane
solution containing 0.10 M [Et4N]BF, with a Hokuto
Denko HSV-110. Electric conductivity measurements were

carried out on an Advantest R8340A ultra high resistance
meter using a two-probe method. TGA curve was obtained
by a Rigaku Thermo plus TG8120.

Synthesis of polymer-1

Salt-1 (1.58 g, 3.0 mmol) was dissolved in EtOH (30 mL)
at 60 °C. N-aminopyrrole (0.27 g, 3.3 mmol) was added to
the EtOH solution. After the reaction solution was refluxed
for 12 h, the solvent was removed under vacuum. The
resulting solid was washed with acetone and water and
dried in vacuo to obtain polymer-1 as a black powder
(0.76 g, 60%). "H NMR (400 MHz, DMSO-d): 4.64 (2H),
1.25 (6H), 0.87 (3H). Calcd for (C,oH»3N3BrCl-1.5H,0),:
C, 59.45; H, 6.03; N, 5.78. Found: C, 59.67; H, 5.89; N,
5.70.

Synthesis of model-1

Salt-2 (0.54 g, 1.5 mmol) was dissolved in EtOH (30 mL)
at 80 °C. N-aminopyrrole (0.24 g, 3.0 mmol) was added to
the EtOH solution. After the reaction, the solution was
refluxed for 12 h, and the solvent was removed under
vacuum. The resulting solid was washed with acetone,
acetonitrile, and chloroform in this order and dried in
vacuo to yield black solid. The black solid was extracted
with water, and the solvent was removed in vacuo to yield
a black solid, which was reprecipitated from acetone.
Model-1 was collected by filtration, dried in vacuo, and
obtained as a black solid (0.15 g, 40%). '"H NMR
(400 MHz, DMSO-dg): 9.68 (d, J = 6.8 Hz, 2H), 8.96 (d,
J = 5.6 Hz, 2H), 8.85 (d, J = 6.4 Hz, 2H), 8.23 (s, 2H),
7.67 (s, 2H), 6.45 (s, 2H). '*C NMR (100 MHz, DMSO-
de): 153.6, 150.0, 149.9, 145.8, 125.9, 122.8, 121.2, 109.7.

Results and discussion
Synthesis

The reaction of N-aminopyrrole with salt-1 resulted in the
elimination of 2,4-dinitroaniline and the polymerization of
the pyrrole group, yielding a polymer-1, in 60% yield
(Scheme 1). The low yield of the isolated polymer was
apparently due to the formation of a low molecular weight
product, which was eventually removed during the purifi-
cation process.

In order to evaluate the structure and chemical proper-
ties of polymer-1, the model-1 was synthesized. The
reaction of N-aminopyrrole with salt-2 yielded the model-
1 (Scheme 2).
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Scheme 1 Synthesis of NO,
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Scheme 2 Synthesis of a model NO, NO,
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salt-2 model-1
Model-1 was soluble in polar organic solvents such as HS W e omnar b
N,N-dimethylformamide (DMF) and dimethyl sulfoxide | | R O WL H°
(DMSO); however, polymer-1 was partly soluble in the W R I gz
solvents. GPC measurement suggested that the M, and M,, HO oot
values of the DMF-soluble part of polymer-1 were 4,590 l it
and 5,000, respectively. The intrinsic viscosity of the . .
DMSO-soluble part of polymer-1 at a concentration of |
0.10 gd L' was 0.39 dL g™ . M J
H?O solv.

NMR and IR spectra

Figure 1 shows the 'H NMR spectra of polymer-1 and
model-1 in DMSO-dg. Peak assignments are shown in the
figure. Peaks corresponding to the hexyl protons were
observed in the range of 0 0.87-4.64 in the 'H NMR
spectrum of polymer-1. However, peaks corresponding to
the pyrrole and pyridinium rings in polymer-1 were not
observed, probably because of the presence of radical
species in the polymer backbone, which were generated by
electron transfer from the polymer backbone to the violo-
gen group. It has been reported that radical species in 7-
conjugated polymers often decrease the intensities of 'H
NMR signals corresponding to the protons in the polymer
[30]. The peaks corresponding to the protons at the 3- and
4-positions of the pyrrole ring in model-1 shifted to lower
magnetic field positions as compared to those in N-am-
inopyrrole. This was because of the presence of the elec-
tron-withdrawing pyridinium ring in the model-1.

Figure 2 shows the IR spectra of N-aminopyrrole, salt-1,
and polymer-1. The disappearance of the absorption peaks
due to the v(N-H) of the amino group and v(N-O) of salt-1
along with the appearance of the new absorption peak due
to the v(C=N) of the viologen group at 1635 cm ™" in the IR
spectrum of polymer-1 support the Zincke reaction
between N-aminopyrrole and salt-1. The absorption of the
v(C=N) in the polymer backbone overlaps with that of the
v(C=N) in the viologen group.

@ Springer
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Fig. 1 "H NMR spectra of polymer-1 and model-1 in DMSO-dj
UV-vis spectra

Figure 3 shows the UV-vis spectra of polymer-1 in
DMSO and model-1 in MeOH. Model-1 shows an
absorption peak at 265 nm. Polymer-1 shows a very broad
absorption in the range of 250-600 nm. The onset position
shifted by approximately 200 nm, and the new wavelength
is greater than the corresponding wavelength of model-1.
These results reveal that polymer-1 has an expanded
m-conjugation system along the polymer chain. It has been
reported that polyphenylenes bearing viologen side groups
show absorption peaks in the range of 500-700 nm cor-
responding to the viologen radical cation, which is gener-
ated by electron transfer from the polymer backbone to the



J Mater Sci (2011) 46:4582-4587

4585

N-aminopyrrole
)
v(N-H) salt-1 3 I
s A

p N

“dﬁr f\\ﬂ \(\;\/ﬂ
polymer-1 v(N-0)
\‘(CI= N)

L 1 1 'l
4000 3000 2000 1500 1000 500
Wavenumber/ cm’!

Fig. 2 IR spectra of N-aminopyrrole, salt-1, and polymer-1

viologen group [26]. However, such absorption corre-
sponding to the viologen radical cation was not observed in
the UV-vis spectrum of polymer-1 under nitrogen. This
result suggests the presence of few radical species in the
polymer backbone, which, in turn, corresponds to a
restriction of electron transfer from the polymer main chain
to the viologen group because of twisting between the
pyrrole ring and viologen group. In order to obtain infor-
mation on twisting between the pyrrole ring and viologen
group, computational calculations at the DFT level of
model-2 were carried out. Model-2 with a methyl group at
the N atom of the pyridinium ring is suitable for rapid
calculations. The computational calculations reveal that the
pyrrole ring of model-2 is located perpendicular to the plane
of the viologen group, as shown in Fig. 4. However, the
small number of radical species still affects the magnetic
properties of the polymer, resulting in the disappearance of
the '"H NMR signal of the protons corresponding to the
polymer backbone, as mentioned above.

Electrochemical and electric properties

The results of cyclic voltammetry measurements suggest that
a cast film of polymer-1 on a Pt plate undergoes a two-step
electrochemical reduction in the viologen moiety in a
dichloromethane solution of 0.10 M [NEt4]BF,. As depicted
in Fig. 5, the cyclic voltammogram of polymer-1 shows the
first peak cathode potential Epc(1) and the second peak
cathode potential Epc(2) at —1.35 and —2.36 V vs. Agt/Ag,

141
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Fig. 3 UV-vis spectra of polymer-1 in DMSO and model-1 in
MeOH
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Fig. 4 A computer calculated structure of model-2

respectively; these are coupled with anode potentials Epa(l)
and Epa(2) at —1.12 and —2.17 V vs. Agt/Ag, respectively.
An anodic peak corresponding to the electrochemical oxi-
dation of pyrrole ring is observed at 0.77 V vs. Agt/Ag.
However, the corresponding reduction (p-dedoping) peak
does not appear in the cyclic voltammogram; this is likely
because of the formation of a stable adduct between the
electrochemically oxidized polymer and BF, . Electro-
chemically oxidized n-conjugated polymers have been
reported to form stable adducts with BF,~ during cyclic
voltammetry measurements [31]. The peaks due to the
electrochemical reduction disappeared in the second scan,
indicating that polymer-1 is unstable toward an electro-
chemical reaction.

The electric conductivity (g) of polymer-1 was 2.4 x
107> Scm ™. This value is lower than that of sulfonic acid-
doped polypyrrole (¢ = 8 x 10° Sem™' [32]). However,
semiconductive polymer-1 may be applicable as a material

@ Springer
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Fig. 5 Cyclic voltammogram of a cast film of polymer-1 on a Pt
plate in a dichloromethane solution of [Et,N]BF, (0.10 M). The scan
rate was 50 mV s~
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Fig. 6 TG curve of polymer-1 under nitrogen atmosphere with a
heating rate of 10 °C min™"'

for electric devices such as diodes and field effect tran-
sistors that need semiconductive materials rather than high
conductive materials. The lower conductivity of polymer-1
might be due to the ring twisting along the polymer
backbone, which in turn was induced by the steric hin-
drance of the bulky viologen moiety.

Thermal properties

Figure 6 shows the TGA curve of polymer-1 under a
nitrogen atmosphere. The weight loss of polymer-1 in the
range of 80-200 °C corresponds to the thermal loss of
hydrated water in the polymer. The content of hydrated
water in polymer-1 was confirmed by its IR spectrum and
by elemental analysis. Polymer-1 exhibits a two-stage
thermal decomposition in the ranges of 200-380 and
380-400 °C. These weight losses may originate from the
thermal decomposition of the viologen moiety and the
polymer backbone, respectively.

Reaction pathway

Scheme 3 shows a possible reaction mechanism for the
polymerization of N-aminopyrrole with salt-1. This scheme
shows the first reaction of N-aminopyrrole with salt-1, which
yields an intermediate species (1). The polymerization of the
pyrrole ring starts via coupling between the radical cationic
species (2) that are generated as a result of electron transfer
from the pyrrole ring to the viologen group in 1. Polymeri-
zation of the pyrrole ring did not occur in the reactions of
N-aminopyrrole with salt-2. These results show that electron
transfer from the pyrrole ring to the viologen group is
important for initiation of polymerization. A radical cou-
pling mechanism for the polymerization of pyrrole has been
proposed in the literature [33].

Conclusions

PPr containing viologen side groups (polymer-1) was
obtained by the reaction of N-aminopyrrole with salt-1.
The UV-vis spectra suggested that the polymer had an
expanded m-conjugation system along the polymer chain.
Polymer-1 was electrochemically active in film. From the
results obtained in this study, it can be concluded that the

Scheme 3 A possible reaction NO,
mechanism n{ ) +n OZNO—N" e N" (CH2)sCHs Z\N;50|_
NHz salt-1 NON ’1‘ ~
A SN
{ NE
2 B ~(CHy)sC
r Hy
\EI'L(CHz)sCHa
AN l Z
l}l Z
=\ H +CI _ +
22— N NeC! — - —_— polymer-1
cr) H=
N
N N
I 2N
Br (CH2)sCHs
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4,4'-bipyridinium salts used herein may be used for the
uncatalyzed synthesis of well-defined ionic PPrs.
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