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Inclusion adducts of conducting polymer which
form nano-ordered structures have attracted strong in-
terest due to their potential application to a molecular
wire. Cyclodextrin and zeolite were used as host ma-
terials to include conducting polymers such as poly-
aniline,1–3 polypyridine,4 and polythiophene.5–8

Cyclotriphosphazenes (CP’s) often form a self-
assembled structure with channels which can include
various organic guest molecules, especially when they
are crystallized in the presence of guest organic mole-
cules.9 For example, NapCP (tris(2,3-naphthylene-
dioxy)cyclotriphosphazene) forms the channel struc-
ture illustrated below. Size of the channel can be con-
trolled by the side aromatic substituents; tris(1,2-phen-
ylenedioxy)cyclotriphosphazene, PhCP, and NapCP
give the channels with about 5 and 10 Å hole diame-
ters, respectively.9 These CP’s recognize the size of
the guest molecule to form the inclusion adduct, and
are applied to separation of isomers10 and to isolation
of single polymer chain.11,12 For example, Allcock re-
ported stereocontrolled polymerization of diene com-
pounds included in the channel consisted of PhCP.11

Recently, isolation of single poly(ethylene oxide),
PEO, chain was achieved by incorporation in the
channel.13

Investigation of chemical and physical properties of
conducting polymers included in the channel of CP’s
will provide fundamental information about the con-
ducting polymer. However, there has been no report
on inclusion of conducting polymer in the channel
of CP’s to our knowledge. Herein we report prepara-
tion of an inclusion adduct of emeraldine base form
of polyaniline (PANI) with NapCP and thermal, opti-
cal and electrical properties of the adduct.
PANI used in this study was synthesized according

to the literature14 and had a number-average molecu-
lar weight (Mn) and weight-average molecular weight
(Mw) of 6:9� 103 and 28:3� 103, as determined by
GPC. Standing an N-methyl-2-pyrrolidone (NMP) so-
lution of PANI (e.g., 2:5� 10�2M monomeric unit)
and NapCP (e.g., 2:5� 10�2 M) at 20 �C for 7 days
gave an inclusion adduct, PANI/NapCP, as a deep
green precipitate. Although both PANI and NapCP
were soluble in NMP, the product was insoluble in
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Chart 1. Examples of CP’s and molecular assembly of NapCP. CP’s form a porous columnar three dimensional structure.9
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the solvent. It is known that standing a solution con-
taining polyethylene and CP’s gives an inclusion
adduct and solubility of CP’s is altered according to
formation of the inclusion adduct.13 Repeated washing
with NMP removed PANI and NapCP, and the insolu-
ble inclusion product, a PANI/NapCP adduct, was
isolated. The C/N analytical value of PANI/NapCP
(ca. 5.8) was smaller than that of NapCP (ca. 8:6 ¼
ð30� 12Þ=ð3� 14Þ), indicating that PANI was incor-
porated in the channel of NapCP. Formation of the in-
clusion adduct was also confirmed by IR spectroscopy
and thermal analysis as described below, however,
content of PANI and NapCP was not able to be deter-
mined due to the presence of a naked part of PANI in
the inclusion adduct (vide infra).
Figure 1 depicts IR spectra of PANI, NapCP, and

the PANI/NapCP adduct. The IR spectrum of the
PANI/NapCP adduct shows a �(P=N) absorption at
1250 cm�1. Ring vibration peaks of PANI in the
PANI/NapCP adduct are observed at a higher wave-
number by about 40 cm�1 than those of PANI itself,
suggesting a change of the polymer conformation. A
similar shift of the ring vibration peaks of PANI to
a higher wavenumber was observed in the IR spec-
trum of PANI included in the crystalline channel of
zeolite.1 The IR spectrum of the PANI/NapCP adduct

was different from that of a mixture of PANI and
NapCP which was obtained by simply grinding a mix-
ture of powdery PANI and NapCP in an agate mortar.
TGA data shown in Figure 2 indicate that the

PANI/NapCP adduct has high thermal stability and
that PANI included in the channel of NapCP possesses
a higher thermal stability than PANI itself. PANI and
NapCP show 85–100% weight loss at 900 �C, whereas
the PANI/NapCP adduct keeps about 60% weight at
the temperature. It was reported that thermal stability
of PANI was improved by inclusion in the channel of
the mesoporous aluminosilicate, and the higher stabil-
ity was attributed to depression of diffusion of PANI
in the channel.15

The DSC curve of the PANI/NapCP adduct is also
considerably different from that of the ground mixture
of PANI and NapCP. The DSC curve shows a peak as-
signed to a melting transition of PANI in the PANI/
NapCP adduct at a somewhat lower temperature
(177 �C) than that of the ground mixture of PANI
and NapCP (186 �C). It has been reported that thermal
properties of PEO and PhCP are also changed by the
formation of a PEO/PhCP inclusion compound and
DSC curve of the PEO/PhCP adduct shows no dis-
tinct peak assigned to melting of PEO.13 Observation
of the DSC peak due to the melting transition of PANI
for the PANI/NapCP adduct suggests that there may
exist free unincluded part of PANI. However, the
change of solubility and the improvement of thermal
resistance of the PANI/NapCP adduct support the
notion that most part of PANI is included in the
NapCP channel.
PANI included in the crystalline channel of zeolite

showed poor solubility, however, a suspension of the
PANI/zeolite inclusion adduct in dimethyl sulfoxide
(DMSO) was reported to be susceptible to UV–vis
measurements, and the adduct showed a peak of PANI
at 400 nm.1 Although the PANI/NapCP adduct was
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Figure 1. IR spectra of (a) PANI, (b) NapCP, and (c) PANI/
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Figure 2. TGA curves of PANI, NapCP, and PANI/NapCP.

At a heating speed of 10 �Cmin�1 under N2 atmosphere.
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slightly soluble in DMSO, measurement of its UV–vis
spectrum in a suspension in DMSO was also
possible, and reduction of PANI in the PANI/NapCP
adduct with N2H4 was followed by UV–vis spectros-
copy. Figure 3 shows changes of the UV–vis spectrum
of PANI/NapCP during the reduction with N2H4 at
25 �C. Both emeraldine base polyaniline (PANI) and
its reduced form (leucoemeraldine base, L-PANI) give
UV–vis absorption band at 360 nm, whereas only
PANI shows the UV–vis peak at 640 nm assigned to
the �–�� transition of quinoid rings in PANI. The
peak at around 640 nm decreased with time due to
reduction of PANI to L-PANI. The reduction reaction
followed the pseudo-first-order kinetics in the pres-
ence of an excess amount of N2H4. The pseudo-first-
order rate constant k is 9:2� 10�4 s�1, whose value
is larger than that (k ¼ 4:0� 10�4 s�1) of reduction
reaction of PANI at the same concentration of N2H4

(1:0� 10�2M). Occurrence of the reduction of origi-
nal PANI in the PANI/NapCP adduct suggests that
proton and electron can move even in PANI included
in the channel.
Iodine doping of the PANI/NapCP adduct raised its

electronic conductivity by three orders of magnitude
to give a semiconducting material with an electrical
conductivity of 5� 10�4 S cm�1. The electrical con-
ductivity of the iodine-doped PANI/NapCP adduct

is comparable to that of iodine-doped PANI (� ¼
10�3 S cm�1 16). It was reported that PANI fully in-
cluded by �-cyclodextrins did not receive the doping
with I2.

3

In conclusion, a new inclusion adduct of PANI with
NapCP was obtained. Thermal stability of PANI was
improved by the inclusion in the channel constructed
from NapCP. The quinoid rings in PANI in the inclu-
sion adduct received reduction with N2H4. PANI in
the inclusion adduct accepted I2-doping and was con-
verted into a semiconducting material.
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Figure 3. Changes of UV–vis spectrum of a DMSO suspen-

sion of the PANI/NapCP adduct during reduction with N2H4 at

25 �C. N2H4
.H2O was added to the suspension. ½N2H4� ¼ 1�

10�2 M. Time = 0, 600, 1200, 1800, 2400, 3000, 3600, 4200,

4800, 5400 s (final state).
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