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ABSTRACT: A high-spin polyradical, poly{[4-(dianisylaminium)phenyl]acetylene} 1+, was synthesized as a
π-conjugated polymer with an excess of the one-handed helical structure bearing stable aminium cation radicals.
[4-(Dianisylamino)phenyl]acetylene (3) was synthesized and polymerized using [Rh(norbornadiene)Cl]2 in (R)-
1-phenylethylamine, (S)-1-phenylethylamine, or triethylamine to produce the corresponding poly{[4-(dianisy-
lamino)phenyl]acetylene} 1 (1(R)-PEA, 1(S)-PEA, and1TEA). The positive and negative Cotton effects were observed
at 270-450 nm for the polymers1(R)-PEA and 1(S)-PEA, indicating that an excess of the one-handed helical
polyacetylene backbone was induced by the polymerization using chiral solvents despite the achiral monomer.
The oxidation of1 with NOPF6 gave the corresponding aminium polyradicals1+, and the circular dichroism
(CD) spectrum was observed even after the oxidation of the helical polyradical1(R)-PEA

+. The SQUID and NMR
shift measurements indicated a high-spin state of the polyradical at room temperature and a contribution of the
well-regulated helical structure to the through-space interaction between the aminium cation radicals.

Introduction

High-spin polyradicals have been extensively investigated as
a possible candidate for purely organic magnetic materials.1

Advantages of organic polyradicals as a single (macro)molecule
are, besides their physical property and moldability, that the
size, shape, and radical concentration of the molecules are
designable and can be constructed by conventional macromo-
lecular chemistry to produce the polymers with a two- or three-
dimensional topology such as a globular, disklike, or star-shaped
structure with a nanometer size. One of the approaches to
ferromagnetically align the spins on the radical groups is to focus
on aπ-conjugated linear polymer bearing the pendant radical
group in a non-Kekule´ and nondisjoint fashion.2,3 As the spin
multiplicity or spin quantum number (S) is theoretically
predicted to be proportional to the degree of polymerization
and the exchange interaction between the spins of the radicals,
polyacetylene is one of the favoredπ-conjugated backbones due
to its high molecular weight and the small acetylenic repeating
unit. Polyacetylenes with a high molecular weight and a
substituent group have been reported to be obtained via the
polymerization of the corresponding substituted acetylenic
monomer using a catalyst, such as tungsten(VI) chloride and a
rhodium complex.4 The substituted polyacetylenes are soluble
in the common solvents, and their chemical structure and purity
could be rigorously defined. This would be important for the
measurement of magnetic properties because the contamination
derived from impurities and insoluble parts of polyradicals could
prevent the estimation of magnetism. Polyacetylenes substituted
with the carbene, aminium, phenoxyl, nitroxyl, or galvinoxyl
radical group have been synthesized,5 and their magnetic

properties have been investigated by some groups, including
us. The polyradicals bearing the carbene or aminium cation
radical groups whose spin density was almost delocalized into
the π-conjugated polymer backbone showed a ferromagnetic
interaction between the spins,5a,b indicating the effectivity of
polyacetylenes as the linearπ-conjugated backbone polymer.

Recently, there has been growing interest in the research of
optically active, i.e., chiral and helical, polymers due to their
unique properties based on their optically active helical struc-
ture.6 It is well-known that monosubstituted acetylenes are
polymerized by some rhodium complex catalysts to yield
stereoregular, i.e., cis-trans and helical, polyacetylenes.7 Some
polyacetylenes were synthesized by using the acetylene mono-
mers having chiral side groups or the addition of chiral catalysts
and showed an optical activity with an excess of a one-handed
helical structure in a solution.8,9 Even achiral polyacetylenes
also showed an optical activity by adding chiral additives after
polymerization.10 These optically active helical polyacetylenes
are expected to show new functions such as electrical conduc-
tivity,11 a nonlinear optical property,12 a biological application,13

and gas-selective14 or enantioselective permeability15 due to the
specific structure in the molecular arrangement and assembly.

In addition, polyacetylene-based polyradicals with an excess
one-handed helical structure are also expected to show new
interactions between spins not only through theπ-conjugation
system of the polyacetylenes but also through the space of the
defined polymer structures. A few helical polyradicals have been
synthesized, and their conformational structures in a solution
have been determine by ESR and SQUID measurements.16 A
larger antiferromagnetic interaction was observed for the one-
handed helical poly(phenylacetylene) bearing galvinoxyl radicals
than the corresponding polyradical without an excess of the one-
handed helical structure at low temperature. However, the

* To whom correspondence should be addressed: Tel+81-3-3200-2669,
FAX +81-3-3209-5522; e-mail nishide@waseda.jp.

6331Macromolecules2006,39, 6331-6335

10.1021/ma060773t CCC: $33.50 © 2006 American Chemical Society
Published on Web 08/24/2006

CDV



magnetic properties of the high-spin polyradicals with a helical
structure have not been investigated at room temperature yet.

In this paper, to realize a ferromagnetic interaction between
the spins even at room temperature for the first time, a
triphenylaminium cation radical was chosen as the pendant spin
source of the polyacetylenic polyradical. It has been reported
that the spin density of the arylaminium cation radicals
delocalizes into the three attached aryl groups, which efficiently
works during the spin-exchange interactions.17 In addition, the
triarylaminium cation radicals derived from the para-substituted
triphenylamines are chemically stable and have been studied
even as an oxidizing organic reagent and a catalyst in redox
reactions.18 The triarylaminium cation radical is a favorable
candidate for the spin source to be utilized in a chemically
durable and high-spin polyradical, which can be an advantage
for future applications at room temperature. Poly[(dianisylamini-
um)acetylene]s2+ had been reported by our group to show the
strong intermolecular interaction between the spins; however,
the problem about the low degree of polymerization (DP) of
the polymers had not been solved.5b To increase the DP of the
polyacetylenes, introducing a phenyl ring as a spacer between
the ethynyl group and dianisylamine was thought to be effective
because polyacetylenes bearing a triphenylamine moiety with
high molecular weight had been reported.19 In this study,
[4-(dianisylamino)phenyl]acetylene (3) was synthesized and
polymerized using [Rh(nbd)Cl]2 (nbd) 2,5-norbornadiene) in
(R)-1-phenylethylamine ((R)-PEA), (S)-1-phenylethylamine ((S)-
PEA), or triethylamine (TEA) to give the corresponding one-
handed helical poly[{4-(dianisylamino)phenyl}acetylene] 1,
(1(R)-PEA, 1(S)-PEA, and 1TEA). These polyacetylenes were
oxidized to give the helical polyradicals, poly{[4-(dianisylamini-
um)phenyl]acetylene} 1+, and their magnetic properties at room
temperature were investigated by SQUID and NMR shift
measurements based on their helical structures.

Experimental Section

Materials. [4-(Dianisylamino)phenyl]acetylene (3) was prepared
according to the literature.20 The other reagents were used as
received. The solvents were purified in the usual way.

Polymerization. Appropriate amounts of3 (50 mg) and [Rh-
(nbd)Cl]2 were placed in a Schlenk tube; the tube was degassed
under vacuum and then followed by a nitrogen backflow. An achiral
or chiral solvent was transferred to the tube, and the monomer was
dissolved with stirring. Details of the polymerization conditions
are tabulated in Table 1. The polymerization mixture was poured
into a large excess of methanol to precipitate the polymer. It was
separated by filtration and washed with methanol. The polymer
powder was redissolved in methylene chloride and then reprecipi-
tated into methanol. The filtered polymer was dried under reduced
pressure. Gel permeation chromatography was performed with
chloroform as an eluent and polystyrene as a standard using a
TOSOH HLC-8220 instrument.

Magnetic Measurements.The PF6- salt of 1+ was dissolved
in methylene chloride and transferred to a diamagnetic plastic
capsule after oxidation. The magnetization and static magnetic
susceptibility were measured using a Quantum Design MPMS-7
SQUID magnetometer. The magnetization was measured from 0.1

to 7 T at 1.8, 2.0, 2.5, 3.0, 5.0, and 10 K. The static magnetic
susceptibility was measured from 1.8 to 100 K in a 0.5 T field.
The ferromagnetic magnetization ascribed to the impurities was
determined from the Honda-Owen plots to be very low (<1 ppm)
and subtracted from the overall magnetization. The diamagnetic
susceptibility of the diluent and capsule was estimated by the Curie
plots of the magnetic susceptibility. The corrected magnetization
data were fitted to Brillouin functions using the self-consistent
version of the mean-field approximation.22

Evans NMR Shift Measurement.The magnetic susceptibility
of 1+ was measured by the Evans NMR shift method.23 The 1+

CDCl3 solution was prepared by the oxidation of1 with a small
excess of NOPF6/18-crown-6-ether. An inner NMR tube (diameter
2 mm) was filled with the mixture of the1+ solution and
cyclohexane and placed in the center of an outer standard NMR
tube (diameter 5 mm) which was filled with the mixture of CDCl3

and cyclohexane. The NMR spectrum was recorded at 499.10 MHz.
The peak shift,∆ν, was estimated by frequency separation between
those of the internal and the external cyclohexane peaks. The
magnetic susceptibility was calculated on the basis of the linear
relation between∆ν and sample concentrations.

Other Measurements.Cyclic voltammetry was carried out using
a BAS 100B/W electrochemical analyzer in the methylene chloride
solution with 0.1 M (C4H9)4NBF4 as a supporting electrolyte. A
platinum working electrode and commercial Ag/AgCl electrode as
the reference were used. The ESR spectra were taken using a JEOL
JES-2XG ESR spectrometer with a 100 kHz field modulation. The
IR, NMR, and mass spectra were measured using JASCO FT/IR-
410, JEOL NMR 500Λ, and Shimazu GC-MS 17A spectrometers,
respectively. The UV-vis, CD, and MCD spectra were measured
using a JASCO V-550, a JASCO J-820, and a JASCO J-820/MCD-
414, respectively.

Results and Discussion

[4-(Dianisylamino)phenyl]acetylene (3) was synthesized ac-
cording to the literature20 and polymerized using [Rh(nbd)Cl]2

in (R)-PEA, (S)-PEA, or triethylamine to give the corresponding
poly[{4-(dianisylaminium)phenyl}acetylene]1 (1(R)-PEA, 1(S)-PEA,
and1TEA). All the polymers were obtained in good yield with
a high molecular weight (Mn ≈ 104) and soluble in chloroform
(Table 1). The IR spectrum of1 clearly indicated the complete
disappearance of the stretching vibration of the CtC bond and
thetCH bond attributed to the acetylenic monomer3 and the
appearance of the out-of-plane bending mode of thedCH bond
to the polyene backbone. The1H NMR spectrum also supported
the structure of1; broad peaks atδ 3.8 (methoxy) and 6.1-7.2
(ArH and HCdC) and no peak aroundδ 2.9 ascribed to an
acetylenic proton in the spectrum of the polymer1. The UV/
vis and CD spectra of the polymers are shown in Figure 1. Both
1(R)-PEA and1TEA exhibited absorption peaks at 310 nm, which
were assigned to the triphenylamine moiety. Positive and
negative Cotton effects were observed for the polymers1(R)-PEA

and 1(S)-PEA in the absorption region (270-500 nm) of the
triphenylamine and backbone chromophore, respectively, indi-
cating an excess of the one-handed helical polyacetylene
backbone. However,1(R)-PEA and 1(S)-PEA did not show the
complete mirror-imaged CD spectra because the polyacetylene
without chiral side groups or hydrogen bonds does not have a
high ability keeping a stiff helical structure. The peaks in CD
spectra are assumed to be splitted by the generation of unpaired
electrons in the main chain of the polyacetylene before oxidizing
a triphenylamine moiety and the soft helical structure. On the
other hand, no Cotton effects were observed for the polymer
1TEA obtained by polymerization using triethylamine as the
solvent (Table 1, entry 3). These results indicated that the achiral
or racemic polymer was obtained under the optically inactive
polymerization conditions. It had been reported that the achiral

Chart 1
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stereoregular poly(4-aminophenyl)acetylene can change its
structure to a prevailing one-handed helical structure upon
complexation with chiral acids.10 However, the addition of
chiralacids, i.e., (R)-mandelic acid or (S)-mandelic acid, to the
polymer1TEA did not show the induced CD. This behavior may
be attributed to the bulky triphenyamine moiety preventing the
construction of the helical structure. Magnetic circular dichroism
(MCD) is an electronic spectroscopy used to study the induced
optical activity caused by an exterior magnetic field and has

been applied to magnetically active, or paramagnetic and
ferromagnetic, molecules such as heme-protein and enzyme.21

MCD was measured for1(R)-PEA in a methylene chloride
solution under positive and negative magnetic fields of 0.14 T
(Figure 2). The MCD peaks at 284 and 312 nm were ascribed
to theπ-π* transition, and that at 358 nm was ascribed to the
intrinsic transition of theπ-conjugated backbone structure of
the polyacetylene.

Cyclic voltammetry of the polymer1TEA in the methylene
chloride solution with tetrabutylammonium tetrafluoroborate as
the electrolyte gave a reversible wave which was repeatedly
recorded during the potential sweeps of, e.g., 50 times at room
temperature. The potential separations between the oxidation
and reduction peaks (∆Ep

a-c ) Ep
a - Ep

c) and the redox
potential (Ep

1/2 ) (Ep
a + Ep

c)/2) were 100 and 835 mV,
respectively. This voltammogram result means that the triaryl-
amine groups are electrochemically oxidized to the aminium
cation radicals and reduced to the amines without any subse-
quent chemical side reactions, such as dimerization, to form a
benzidine and a disproportionation.

The triarylaminium cation radical salts or the salts of the poly-
(aminium radical)1+ were prepared by oxidizing the corre-
sponding polymer1 with NOPF6 and 18-crown-6 ether.24 The
color of the methylene chloride solution of1 turned from orange
to deep blue, which is characteristic of the aminium cation
radicals.18 The spin concentration of1TEA

+ was increased from
less than 0.01 to 0.98 spin/unit after oxidizing. The half-life of
1TEA

+ in the powder state was 1 month at room temperature,
which demonstrated the excellent chemical stability of the poly-
(aminium radical). The solution ESR gave a unimodal spectrum
at g ) 2.0032 with a peak-to-peak width of 0.40 mT for1TEA

+.
Although no CD spectrum was observed for1TEA

+, the CD
spectrum of the polyradical1(R)-PEA

+ was observed. A Cotton
effect was observed in the absorption region (770 nm) of the
aminium cation radical chromophore and in the 300-500 nm
region of the backbone chromophore, as shown in Figure 3.
This fact indicates the maintenance of the excess one-handed
helical structure even after the oxidation and successful synthesis
of an optically active polyradical.

The methylene chloride solution of PF6
- salts of the poly-

(aminium radical)s1+ were subjected to static magnetic
susceptibility (ø) and magnetization (M) measurements using a
SQUID magnetometer.ø was normalized to theømol value with
the radical concentration in the sample determined by the
saturation magnetization (Ms) of M vs the magnetic field (H)

Figure 1. (top) CD spectra of1(R)-PEA (solid line) and1(S)-PEA (dash
line) in methylene chloride. (bottom) UV spectra of1(R)-PEA (solid line),
1(S)-PEA (dash line), and1TEA (dotted line) in methylene chloride.

Figure 2. MCD spectra for1(R)-PEA in methylene chloride under
positive (solid line) and negative (dotted line) magnetic fields.

Figure 3. UV-vis and CD spectra for1(R)-PEA
+ in methylene chloride.

Scheme 1

Table 1. Polymerizationa of the Acetylenic Monomer 3

entry [M]0 (mol/L) solvent time (h) yield (wt %) Mn
b (×104) Mw/Mn

1 0.2 toluene, TEA (5:1) 3 56 2.2 1.6
2 0.1 toluene, TEA (1:1) 3 85 7.6 1.7
3 0.2 TEA 1 55 4.2 1.7
4 0.2 (R)-PEA 1 48 5.4 1.9
5 0.2 (S)-PEA 1 62 6.1 1.9

a [M] 0/[cat.]0 ) 50, room temperature.b Measured by GPC calibrated with polystyrene standard.
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plots. The normalized plots of the magnetization (M/Ms) for
the diluted1TEA

+ and1(R)-PEA
+ were close to the Brillouin curve

for 4/2 and 2/2, with the spin concentration) 0.98 and 0.96
spin/unit, respectively (Figure 4). TheømolT plots leveled off
in the temperature range from 20 to 100 K, and theømolT value
of 1TEA

+ was larger than that of1(R)-PEA
+ (see inset of Figure

4). The flatømolT plots indicated the multiplet ground state for
1+ with a large triplet-singlet energy gap (.100 K), and
1(R)-PEA

+ with the excess of one-handed helical structure gave
a larger antiferromagnetic interaction between the spins of the
aminium cation radicals than1TEA

+.
The magnetic susceptibilities of CDCl3 solutions for1TEA

+

and1(R)-PEA
+ were measured at room temperature by the NMR

shift method. Theømol values were calculated on the basis of the
Evans equation,23 measuring the resonance frequency separation
of the cyclohexane standard peak for a concentration series of
the 1+ solution. The calculatedømolT values for1TEA

+ and
1(R)-PEA

+ in the solution were 0.87 and 0.48 emu K mol-1 at
300 K, respectively; they corresponded toS) (4.0)/2 and (1.8)/2
and were comparable with those of the SQUID measurement. It
had been reported that the antiferromagnetic interaction through
space between polyradicals could be reduced by diluting the
high-spin molecule with diamagnetic solvents or polymers, keep-
ing enough distance between spins.17k,l In this study, despite the
diluted magnetic measurement in dichloromethane, the larger
antiferromagnetic interaction was measured for1(R)-PEA

+. Tak-
ing into account of the helical structure of the polyacetylene
with bulky side groups,9 the antiferromagnetic interaction was
induced within the polyradicals. These results support the idea
of the linear polyradical pendantly substituted with aminium
cation in the non-Kekule´ and nondisjoint fashion to provide the
observed highSvalue for a purely organic polyradical at room
temperature, and a greater antiferromagnetic interaction was
observed for the excess of one-handed helical polyradical than
the corresponding one without the excess of the one-handed
helical structure.

Conclusion

An achiral acetylenic monomer, [4-(dianisylamino)phenyl]-
acetylene, was synthesized and polymerizd using [Rh(nbd)Cl]2

in chiral or achiral solvents to produce the corresponding poly-
[{4-(dianisylamino)phenyl}acetylene],1. Positive and negative
Cotton effects were observed for the polymers obtained by

polymerization using (R)-PEA and (S)-PEA as the solvent,
indicating an excess of the one-handed helical polyacetylene
backbone. CD was observed even after the oxidation of the
helical polymer, indicating the successful synthesis of an
optically active polyradical. A greater antiferromagnetic interac-
tion was observed for the helical polyradical than the corre-
sponding one without the excess of the one-handed helical
structure, which supported the fact that the magnetic interaction
between spins of the aminium cation radicals was influenced
within the stereoregular polyradical.

Acknowledgment. This work was partially supported by
Grants-in-Aids for Scientific Research on the Priority Area
Super-Hierarchical Structures, for the COE Research Programs
Practical Nano-Chemistry and Molecular Nano-Engineering
from MEXT, Japan, and by the Research Project Radical
Polymers at Advanced Research Institute for Science &
Engineering, Waseda University.

Supporting Information Available: Cyclic voltammogram of
1TEA, ESR spectrum of1TEA

+, MCD spectra of1(R)-PEA
+, and

measurement of the magnetic data. This material is available free
of charge via the Internet at http://pubs.acs.org.

References and Notes

(1) (a) Carbon-Based Magnetism; Makarova, T. L., Palacio, F., Eds.;
Elsevier: Amsterdam, 2006. (b)Magnetic Properties of Organic
Materials; Lahti, P. M., Ed.; Marcel Dekker: New York, 1999. (c)
Molecular Magnetism: New Magnetic Materials; Itoh, K., Kinoshita,
M., Eds.; Kohdansha and Gordon & Breach: Tokyo, 2000. (d)
π-Electron Magnetism From Molecules to Magnetic Materials;
Veciana, J., Ed.; Springer: Berlin, 2001. (e)Magnetism: Molecules
to Materials III; Miller, J. S., Drillon, M., Eds.; Wiley-VCH:
Weinheim, 2002. (f) Rajca, A.; Wongsriratanakul, J.; Rajca, S.Science
2001, 294, 5546.

(2) Borden, W. T.; Davidson, E. R.J. Am. Chem. Soc.1977, 99, 4587.
(3) (a) Misurkin, I. A.; Ovchinnikov, A. A.Russ. Chem. ReV. 1977, 46,

967. (b) Iwamura, H.; Koga, N.Acc. Chem. Res.1993, 26, 346. (c)
Rajca, A.Chem.sEur. J. 2002, 8, 4834.

(4) (a) Masuda, T.; Karim, S. M. A.; Nomura, R.J. Mol. Catal. A: Chem.
2000, 160, 125. (b) Miyake, M.; Misumi, Y.; Masuda, T.Macromol-
ecules2000, 33, 6636. (c) Nagai, K.; Masuda, T.; Nakagawa, T.;
Freeman, B. D.; Pinnau, I.Prog. Polym. Sci.2001, 26, 721. (d) Sanda,
F.; Kawaguchi, T.; Masuda, T.Macromolecules2003, 36, 2224. (e)
Sand, F.; Nakai, T.; Kobayashi, N.; Masuda, T.Macromolecules2004,
37, 2703. (f) Kishimoto, Y.; Eckerle, P.; Miyatake, T.; Ikariya, T.;
Noyori, R. J. Am. Chem. Soc.1994, 116, 12131. (g) Yashima, E.;
Huang, S.; Matsushima, T.; Okamoto, Y.Macromolecules1995, 28,
4184.

(5) (a) Itoh, T.; Jinbo, Y.; Hirai, K. Tomioka, H.J. Am. Chem. Soc.2005,
127, 1650. (b) Murata, H.; Miyajima, D.; Takada, R.; Nishdie, H.
Polym. J.2005, 37, 818. (c) Nishide, H.; Yoshioka, N.; Igarashi, M.;
Tsuchida, E.Macromolecules1988, 21, 3319. (d) Nishide, H.;
Yoshioka, N.; Inagaki, K.; Kaku, T.; Tsuchida, E.Macromolecules
1992, 25, 569. (e) Nishide, H.; Kaneko, T.; Yoshioka, N.; Akiyama,
H.; Igarashi, M.; Tsuchida, E.Macromolecules1993, 26, 4567. (f)
Yoshioka, N.; Nishide, H.; Kaneko, T.; Yoshiki, H.; Tsuchida, E.
Macromolecules1992, 25, 3838. (g) Nishide, H.; Kaneko, T.; Igarashi,
M.; Tsuchida, E.; Yoshioka, N.; Lahti, P. M.Macromolecules1994,
27, 3082. (h) Miura, Y.; Matsumoto, M.; Ushitani, Y.; Teki, Y.; Takui,
T.; Itoh, K. Macromolecules1993, 26, 6673.

(6) (a) Nakano, T.; Okamoto, Y.Chem. ReV. 2001, 101, 4013. (b)
Yashima, E.; Maeda, K.; Nishimura, T.Chem.sEur. J.2004, 10, 42.
(c) Feringa, B. L.; van Delden, R. A.; Koumura, N.; Geertsema, E.
M. Chem. ReV. 2000, 100, 1789. (d) Aoki, T.Prog. Polym. Sci.1999,
24, 951. (e) Pu, L.Macromol. Rapid Commun.2000, 21, 795. (f)
Cornelissen, J. J. L. M.; Rowan, A. E.; Nolte, R. J. M.; Sommerdijk,
N. A. J. M. Chem. ReV. 2001, 101, 4039. (g) Green, M. M.; Cheon,
K.-S.; Yang, S.-Y.; Park, J.-W.; Swansburg, S.; Liu, W.Acc. Chem.
Res.2001, 34, 672. (h) Fujiki, M.Makromol. Chem. Rapid Commun.
2001, 22, 539. (i) Iwasaki, T.; Nishide, H.Curr. Org. Chem.2005, 9,
1665.

(7) (a) Kern, R. J.J. Polym. Sci., Polym. Chem. Ed.1969, 7, 621. (b)
Furlani, A.; Licoccia, S.; Russo, M. V.J. Polym. Sci., Polym. Chem.
Ed. 1986, 24, 991. (c) Furlani, A.; Napolentano, C.; Russo, M. V.;
Camus, A.; Marsich, N.J. Polym. Sci., Polym. Chem. Ed.1989, 27,

Figure 4. Normalized plots of magnetization (M/Ms) vs the ratio of
the magnetic field and temperature (H/(T - θ)) for 1TEA

+ (θ ) -0.35
K) and1(R)-PEA

+ (θ ) -0.5 K) with the spin concentration) 0.98 and
0.96 spin/amine unit, respectively, at 1.8 (O), 2.0 (b), 2.5 (0), 3.0
(9), 5.0 (]), and 10 (2) K and theoretical curves corresponding toS
) 1/2, 2/2, 3/2, 4/2, and 5/2. Inset:ømolT vs T plots for the diluted
sample of1TEA

+ (O) and1(R)-PEA
+ (b).

6334 Murata et al. Macromolecules, Vol. 39, No. 19, 2006

CDV



75. (d) Moore, J. S.; Gorman, C. B.; Grubbs, R. H.J. Am. Chem. Soc.
1991, 123, 1704. (e) Tabata, M.; Yang, W.; Yokota, K.J. Polym.
Sci., Polym. Chem. Ed.1994, 32, 1113. (f) Tabata, M.; Takamura,
H.; Yokota, K.; Nozaki, Y.; Hoshina, T.; Minakawa, H.; Kodaira, K.
Macromolecules1994, 27, 6234. (g) Tabata, M.; Sadahiro, Y.; Nozaki,
Y.; Inaba, Y.; Yokota, K.Macromolecules1996, 29, 6673. (h) Tang,
B. Z.; Poon, W. H.; Leung, S. M.; Leung, W. H.; Peng, H.
Macromolecules1997, 30, 2209. (i) Misumi, Y.; Masuda, T.Macro-
molecules1998, 31, 7572. (j) Kishimoto, Y.; Eckerle, P.; Miyatake,
T.; Kainosho, M.; Ono, A.; Ikariya, T.; Noyori, R.J. Am. Chem. Soc.
1999, 121, 12035. (k) Saito, M. A.; Maeda, K.; Onouchi, H.; Yashima,
E. Macromolecules2000, 33, 4616. (l) Mawatari, Y.; Tabata, M.; Sone,
T.; Ito, K.; Sadahiro, Y.Macromolecules2001, 34, 3776. (m)
Shinihara, K.; Yasuda, S.; Kato, G.; Fujita, M.; Shigekawa, H.J. Am.
Chem. Soc.2001, 123, 3619.

(8) (a) Shinohara, K.; Aoki, T.; Kaneko, T.J. Polym. Sci., Polym. Chem.
Ed. 2002, 40, 1689. (b) Aoki, T.; Kokai, M.; Shinohara, K.; Oikawa,
E. Chem. Lett.1993, 2009. (c) Nomura, R.; Fukushima, Y.; Nakako,
H.; Masuda, T.J. Am. Chem. Soc.2000, 122, 8830. (d) Nomura, R.;
Tabei, J.; Masuda, T.Macromolecules2002, 35, 2955. (e) Tabei, J.;
Nomura, R.; Masuda, T.Macromolecules2002, 35, 5405. (f) Tabei,
J.; Nomura, R.; Masuda, T.Macromolecules2003, 36, 573. (g) Zhao,
H.; Sanda, F.; Masuda, T.Macromolecules2004, 37, 8888. (h) Tabei,
J.; Nomura, R.; Shiotsuki, M.; Sanda, F.; Masuda, T.Macromol. Chem.
Phys.2005, 206, 323. (i) Cheuk, K. K. L.; Lam, J. W. Y.; Lai, L. M.;
Dong, Y.; Tang, B. Z.Macromolecules2003, 36, 9752. (j) Lam, J.
W. Y.; Dong, Y.; Cheuk, K. K. L.; Law, C. C. W.; Lai, L. M.; Tang,
B. Z. Macromolecules2004, 37, 6695.

(9) (a) Aoki, T.; Kaneko, T.; Maruyama, N.; Sumi, A.; Takahashi, M.;
Sato, T.; Teraguchi, M.J. Am. Chem. Soc.2003, 125, 6346. (b) Sato,
T.; Aoki, T.; Teraguchi, M.; Kaneko, T.; Kim, S.-Y.Polymer2004,
45, 8109. (c) Kaneko, T.; Umeda, Y.; Yamamoto, T.; Teraguchi, M.;
Aoki, T. Macromolecules2005, 38, 9420. (d) Umeda, Y.; Kaneko,
T.; Teraguchi, M.; Aoki, T.Chem. Lett.2005, 34, 854.

(10) (a) Yashima, E.; Matsushima, T.; Okamoto, Y.J. Am. Chem. Soc.
1995, 117, 11596. (b) Nonokawa, R.; Oobo, M.; Yashima, E.
Macromolecules2003, 36, 6599. (c) Maeda, K.; Morino, K.; Okamoto,
Y.; Sato, T.; Yashima, E.J. Am. Chem. Soc.2004, 126, 4329. (d)
Maeda, K.; Ishikawa, M.; Yashima, E.J. Am. Chem. Soc.2004, 126,
15161. (e) Miyagawa, T.; Furuko, A.; Maeda, K.; Katagiri, H.;
Furusho, Y.; Yashima, E.J. Am. Chem. Soc.2005, 127, 5018.

(11) Akagi, K.; Piao, G.; Kaneko, S.; Sakamaki, K.; Shirakawa, H.; Kyotani,
M. Science1998, 282, 1683.

(12) (a) Tang, B. Z.; Kong, X.; Wan, X.; Peng, H.; Lam, W. Y.; Feng,
X.-D.; Kwok, H. S.Macromolecules1998, 31, 2419. (b) Tang, B. Z.;
Xu, H.; Lam, J. W. Y.; Lee, P. P. S.; Xu, K.; Sun, Q.; Cheuk, K. K.
L. Chem. Mater.2000, 12, 1446.

(13) (a) Tian, G.; Lu, Y.; Novak, B. N.J. Am. Chem. Soc.2004, 126, 4082.
(b) Supramolecular Chemistry; Lehn, J. M., Ed.; VCH: Weinheim,
1995. (c) Brunsveld, L.; Folmer, B. J. B.; Meijer, E. W.; Sijbesma, R.
P.Chem. ReV. 2001, 101, 4071. (d) Hill, D. J.; Mio, M. J.; Prince, R.
B.; Hughes, T. S.; Moore, J. S.Chem. ReV. 2001, 101, 3893. (e) Fujiki,
M. Macromol. Rapid Commun.2001, 22, 539. (f) Huc, I.Eur. J. Org.
Chem.2004, 17.

(14) (a) Tsuchihara, K.; Masuda, T.; Higashimura, T.J. Am. Chem. Soc.
1991, 113, 8548. (b) Aoki, T.; Nakahara, H.; Hayakawa, Y.; Kokai,
M.; Oikawa, E.J. Polym. Sci., Polym. Chem. Ed.1994, 32, 849. (c)
Aoki, T.; Kobayashi, H.; Oikawa, E.Polym. Bull. (Berlin)1995, 34,

133. (d) Kaneko, T.; Horie, T.; Asano, M.; Aoki, T.; Oikawa, E.
Macromolecules1997, 30, 3118. (e) Kaneko, T.; Yamamoto, T.;
Tatsumi, H.; Aoki, T.; Oikawa, E.Polymer2000, 41, 4437. (f) Kwak,
G.; Masuda, T.Macromolecules2000, 33, 6633. (g) Teraguchi, M.;
Masuda, T.Macromolecules2002, 35, 1149.

(15) (a) Aoki, T.; Shinohara, K.; Oikawa, E.Makromol. Chem. Rapid
Commun.1992, 13, 565. (b) Aoki, T.; Shinohara, K.; Kaneko, T.;
Oikawa, E.Macromolecules1996, 29, 4192. (c) Aoki, T.; Kobayashi,
Y.; Kaneko, T.; Oikawa, E.; Yamamura, Y.; Fujita, Y.; Teraguchi,
M.; Nomura, R.; Masuda, T.Macromolecules1999, 32, 79. (d)
Teraguchi, M.; Suzuki, J.; Kaneko, T.; Aoki, T.; Masuda, T.
Macromolecules2003, 36, 9694. (e) Aoki, T.; Fukuda, T.; Shinohara,
K.; Kaneko, T.; Teraguchi, M.; Yagi, M.J. Polym. Sci., Polym. Chem.
Ed.2004, 42, 4502. (f) Teraguchi, M.; Mottate, K.; Kim, S.-Y.; Aoki,
T.; Kaneko, T.; Hadano, S.; Masuda, T.Macromolecules2005, 38,
6367.

(16) (a) Kaneko, T.; Yamamoto, T.; Aoki, T.; Oikawa, E.Chem. Lett.1999,
623. (b) Matsuda, K.; Stone, M. Y.; Moore, J. S.J. Am. Chem. Soc.
2002, 124, 11836.

(17) (a) Walter, R. I.J. Am. Chem. Soc.1955, 77, 5999. (b) Seo, E. T.;
Nelson, R. F.; Fitsch, J. M.; Marcoux, L. S.; Leedy, D. W.; Adams,
R. N. J. Am. Chem. Soc.1966, 88, 3498. (c) Hagopian, L.; Gu¨nyer,
K.; Walter, R. I.J. Phys. Chem.1967, 71, 2290. (d) Yoshizawa, K.;
Chano, A.; Ito, A.; Tanaka, K.; Yamabe, T.; Fujita, H.; Yamauchi, J.;
Shiro, M. J. Am. Chem. Soc.1992, 114, 5994. (e) Stickley, K. R.;
Blackstock, S. C.J. Am. Chem. Soc.1994, 116, 11576. (f) Yano, M.;
Furuichi, M.; Sato, K.; Shiomi, D.; Ichimura, A.; Abe, K.; Takui, T.;
Itoh, K. Synth. Met.1997, 85, 1665. (g) Sato, K.; Yano, M.; Furuichi,
M.; Shiomi, D.; Takui, T.; Abe, K.; Itoh, K.; Higuchi, A.; Katsuma,
K.; Shirota, Y.J. Am. Chem. Soc.1997, 119, 6607. (h) Ito, A.; Ino,
H.; Tanaka, K.; Kanemoto, K.; Kato, T.J. Org. Chem.2002, 67, 491.
(i) Michinobu, T.; Tsuchida, E.; Nishide, H.Bull. Chem. Soc. Jpn.
2000, 73, 1021. (j) Takahashi, M.; Nakazawa, T.; Tsuchida, E.;
Nishide, H.Macromolecules1999, 32, 6383. (k) Murata, H.; Taka-
hashi, M.; Namba, K.; Takahashi, N.; Nishide, H.J. Org. Chem.2004,
69, 631. (l) Murata, H.; Yonekuta, Y.; Nishide, H.Org. Lett.2004, 6,
4889. (m) Murata, H.; Takada, R.; Miyajima, D.; Nishide, H.
Polyhedron2005, 24, 2309. (n) Fukuzaki, E.; Nishide, H.J. Am. Chem.
Soc.2006, 128, 996.

(18) (a) Schmidt, W.; Steckhan, E.Chem. Ber.1980, 113, 577. (b) Steckhan,
E. Top. Curr. Chem.1987, 142, 1.

(19) Miyasaka, A.; Nakamura, M.; Sone, T.; Tabata, M.Polym. Prepr.
(Am. Chem. Soc., DiV. Polym. Chem.)2002, 43, 1170.

(20) Lambert, C.; No¨ll, G. J. Am. Chem. Soc.1999, 121, 8434.
(21) (a) Buckingham, A. D.; Stephens, P. J.Annu. ReV. Phys. Chem.1966,

17, 399. (b) Vasak, M.; Whipple, M.; Michl, J.J. Am. Chem. Soc.
1978, 100, 6867. (c) Iwasaki, T.; Katayose, K.; Kohinata, Y.; Nishide,
H. Polym. J.2005, 37, 592.

(22) Rajca, A.Chem. ReV. 1994, 94, 871.
(23) (a) Evans, D. F.J. Chem. Soc.1959, 2003. (b) Live, D. H.; Chan, S.

I. Anal. Chem.1970, 42, 791. (c) Cotton, F. A.; Murillo, C. A.; Wang,
X. Inorg. Chem.1999, 38, 6294.

(24) The concentrated methylene chloride solution of NOPF6 and 18-
crown-6 ether was added dropwise to the dilute methylene chloride
solution of the polymer1 to provide a high yield upon the aminium
cation radical formation.

MA060773T

Macromolecules, Vol. 39, No. 19, 2006 Poly{[4-(dianisylaminium)phenyl]acetylene} 6335

CDV


