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Abstract

Polycondensation by Stille coupling of 2-decyl-4,7-dibromobenzimidazoles and N-methyl-2-decyl-4,7-dibromobenzimidazole with 2,5-
bis(trimethylstannyl)thiophene and 5,5’-bis(trimethylstannyl)-2,2'-bithiophene gave the corresponding m-conjugated polymers, poly(2-
decylbenzimidazole-4,7-diyl-thiophene-2,5-diyl) 1b, poly(2-decylbenzimidazole-4,7-diyl-bithiophene-2,5-diyl) 1¢ and poly(N-methyl-2-
decylbenzimidazole-4,7-diyl-thiophene-2,5-diyl) 2b, in 98-99% yields. The polymers 1b and 2b were fully soluble in CF;COOH, and
partially soluble in DMF (about 60 and 40% for 1b and 2b, respectively) and NMP (about 70 and 40%, respectively). The NMP soluble part
of 1b and DMF soluble part of 2b gave values of 0.36 and 0.24 dI g ' in NMP and DMF, respectively. The DMF soluble part of 1b, 1c and 2b
showed absorption peaks at about 458, 465 and 388 nm, respectively, in DMF. In an alkaline medium the absorption peaks of 1b and 1c are
shifted to a longer wavelength by 92—101 nm; the observed shifts in the acidic medium and alkaline medium were much larger than those
observed with usual benzimidazoles with low molecular weights. Packing structures of 1b, 1c and 2b are discussed based on their XRD

patterns. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Benzimidazole is an interesting building block for
m-conjugated polymers (Chart 1), because it shows
interesting chemical properties such as photolumines-
cence, solvatochromism, and metal-complex forming
reactivity [1]. Preparation of homologues of benzimida-
zole and revealing their chemical and physical
properties have also been paid too much attention' [2—4].
We previously reported preparation and chemical properties
of poly(2-heptylbenzimidazole-4,7-diyl), P(4,7-Bim(Hep)),
poly(2-phenyl-benzimidazole-4,7-diyl) [5] and poly(aryl-
eneethynylene) type polymers consisting of 2-alkylbenzi-
midazole-4,7-diyl units [6].

* Corresponding author. Tel.: +81-45-924-5220; fax: +81-45-924-5276.
E-mail address: tyamamot@res.titech.ac.jp (T. Yamamoto).

' Our data using 2-heptylbenzimidazole in neutral (in DMF), protonated
(in CF;COOH), and deprotanated (in DMF containing a saturated amount
of NaOH) states were essentially the same as those reported with 2-metyl-
benzimidazole.

Charge-transfer (CT-type) m-conjugated polymers have
been attracting strong attention due to their unique optical
and electronic properties, and have been the subject of many
recent papers [7—13]. Benzimidazole bears an electron-
withdrawing imine (C=N) nitrogen similar to pyridine and
quinoxaline [7-10], and its homopolymer behaves as an
electron-accepting molecule, which receives a facile
electrochemical reduction [5]. On the other hand, thiophene
is a typical electron-donating unit [7—13]. However, CT-
type m-conjugated copolymers of 2-alkylbenzimidazoles
with the electron-donating thiophene units have been
limited. Under these circumstances, we have prepared the
following polymers consisting of benzimidazole and the
electron-donating thiophene units by fixing the alkyl side
chain of the benzimidazole unit and the decyl group.
Organometallic polycondensation using monomers 1a and
2a was applied to the preparation of the polymers reported
in this paper. Herein we report results of the preparation
of the polymers and their chemical properties. The
present work is focused on the effect of the repeating
unit of the polymer on its optical property and packing
structure in the solid (Chart 2).
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Chart 1. Examples of reported w-conjugated polymers consisting of benzi-
midazole.

2. Experimental
2.1. Materials

1,4-Dibromo-2,3-diaminobenzene [14], 2,5-bis(trimethyl-
stannyl)thiophene ~ [15],  5,5-bis(trimethylstannyl)-2,2'-
bithiophene [16], and Pd(PPh;), [17] were prepared accord-
ing to the literature. Undecanoic acid was purchased from
Aldrich Chemical.

2.2. Monomer synthesis

4,7-Dibromo-2-decylbenzimidazole (1a) was prepared by
reaction of 2,3-diamino-1,4-dibromobenzene with undeca-
noic acid, in a manner similar to that previously reported
[5]. Yield 55%. '"H NMR (CDCls) 9.33 (br, 1H, NH), 7.27
(s, 2H, Ph), 2.96 (t, 2H, J = 8.0 Hz, CH,), 1.85 (m, 2H,

CioHa1 C1oHa1

g A

10H21

N

HN N AN N
Br@B, m avys
s n s’ ~s7/n
C1oHa1 = decyl
1a 1b 1c
10H21 imHﬂ
HsCN N HyGN N -
Br Br s n
2a 2b

Chart 2. Monomers and polymers reported in this work.

CH,), 1.36 (m, 14H, CH,), 0.88 (t, 3H, J = 6.8 Hz, CHj).
Data from elemental analyses of monomers and copolymers
are summarized in Table 1.

N-Methyl-2-decyl-4,7-dibromobenzimidazole 2a was
prepared by reaction of 1a with iodomethane. To a solution
of 1a (1.26 g, 3 mmol) in 15 cm® of THF at room tempera-
ture were added NaH (0.11 g, 4.5 mmol) and Mel (0.32 g,
4.5 mmol) in this order. After stirring for 1 h at room
temperature, the reaction mixture was evaporated, and the
residue was washed with diluted hydrochloric acid and
water. The resulting solid was collected by filtration and
dried under vacuum. Yield 0.98 g (76%). 'H NMR
(CDCl3) 7.24 (d, 1H, J =8Hz, Ph), 7.20 (d, 1H, J =
8 Hz, Ph), 4.05 (s, 3H, N-CH3), 291 (t, 2H, J = 8 Hz,
CH,), 1.83—1.75 (m, 2H, CH,), 1.48—-1.26 (m, 14H, CH,),
0.88 (t, 3H, J = 16 Hz, CH;).

2.3. Polycondensation

The polycondensation of la and 2a with 2,5-bis(tri-
methylstannyl)thiophene or 5,5’-bis(trimethylstannyl)-2,2'-
bithiophene was carried out using Pd(PPh;), as a catalyst in
DMF at 90 °C (Scheme 1, Pd-catalyzed synthesis of the
polymers).

For example, 2b was prepared by the reaction of 2a
(0.38 g, 1.0 mmol) and 2.5-bis(trimethylstannyl)thiophene
(0.44 g, 1.0 mmol) in the presence of a catalytic amount
of Pd(PPh;), (58 mg, 0.05 mmol) in 10 cm® of DMF at
90 °C for 48 h under N,. The obtained polymer was washed
with diluted hydrochloric acid (3 times), NH,OH (once),
warm water, and MeOH (3 times) in this order. The yellow
powder of polymer 2b was collected by filtration and dried
under vacuum. Yield 99%. 'H NMR (CDCl;) 8.327-8.21
(m, 1H, Ph-H), 7.65-7.58 (m, 1H, Ph-H), 7.30-7.12 (m, 2H,
Th-H), 3.63-3.55 (m, 3H, N-CH;), 2.91 (m, 2H, CH,), 1.93
(m, 2H, CH,), 1.57-1.26 (m, br, 14H, CH,), 0.87 (m, 3H,
CH;) (cf. Fig. 1).

Polymer 1b was prepared analogously. Yield 98%.
Polymer 1c was obtained similarly from 1a and 5,5’-bis(tri-
methylstannyl)-2,2 -bithiophene. Yield 98%.

2.4. Measurements

IR, NMR, and UV-vis spectra were recorded on a
JASCO IR-810 spectrometer, a JEOL EX-400 spectrometer,
and JASCO Ubset-35 or Shimadzu UV-2100 PC spectro-
meter, respectively. Photoluminescence spectra were
obtained by using a Hitachi F-4010 spectrometer. Powder
X-ray diffraction (XRD) patterns were recorded on a Philips
PW1000 X-ray diffractometer with Cu Ko radiation.
Viscosity was measured with an Ubbelohde viscometer.
Gel permeation chromatography (GPC) was carried out on
a Tohso HLC-8020 gel permeation chromatograph (poly-
styrene standards; eluent = DMF containing 0.01 M LiBr).
Elemental analyses were carried out by Dr Y. Hayashi of
our laboratory with a LECO CHNS-932 analyzer or a
Yanaco CHN Cordon MT-5 analyzer (C, H and N) and a
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Table 1
Elemental analytical data of the monomers and polymers
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Compound Formula Found Calced

C (%) H (%) N (%) S (%) Br (%) C (%) H (%) N (%) S (%) Br (%)
la C7H4N,B o 49.22 5.83 6.71 - 38.72 49.06 5.81 6.73 - 38.40
2a CsHy6N,B o 50.43 5.95 6.41 - 37.33 50.25 6.09 6.51 - 37.15
1b (C1HyN,S-0.8H,0), 71.63 7.67 7.68 9.21 0.21 71.98 7.94 7.99 9.15 -
1c CysHpsN,S)-Hy,0), 68.72 6.43 6.00 13.76 0 68.45 6.89 6.39 14.62 -
2b (CyHysN,S-1.5H,0), 68.80 7.80 6.99 7.84 0 69.61 8.23 7.38 8.44 -

Yanaco YS-10 SX-Elements Microanalyzer (Br and S; with
about 0.1% accuracy for the Br analysis). Thermal analysis
was performed with a Shimadzu TA-50 WS thermal analy-
zer equipped with a Shimadzu DSC-50 calorimeter and
Shimadzu TGA-50 analyzer.

3. Results and discussion
3.1. Preparation

The polycondensation of 1a and 2a with bis(trimethyl-
stannyl)thiophenes, according to Stille coupling reaction
(Eq. (1)), gives the corresponding polymers in high yields
(98-99%).

1b and 2b were fully soluble in CF;COOH and partly
soluble in DMF, NMP, formic acid, THF and CHCI;. 1c
had lower solubility and was only partially soluble in
CF;COOH, DMF, and NMP. Since the soluble part and
insoluble part gave the same IR spectrum, a portion of the
obtained polymer with lower molecular weight was consid-
ered to dissolve in the solvent. The GPC analysis (eluent =
DMF containing LiBr) indicated that the DMF soluble part
(about 60, 20, and 40% for 1b, 1c, and 2b, respectively) of
1b, 1c and 2b had number average molecular weights, M,,
of about 5500, 2800 and 3100, with weight average
molecular weights, M, of 5900, 3200, and 3600, respec-
tively. About 70, 20, and 40% of 1b, 1¢, and 2b were soluble

C1oH21

RNN

BrOBr + (CH3)3Sn-Ar-Sn(CHs)3

1a:R=H
2a: R =CH;

in NMP. The NMP soluble part of 1b and the DMF soluble
part of 2b gave [7] values of 0.36 and 0.24 dl1 g~' in NMP
and DMF at 30 °C, respectively.

All monomers and polymers were characterized by
elemental analysis as well as by IR and "H NMR spectro-
scopy. Analytical data shown in Table 1 indicate that the
polymers are hydrated, similar to previously reported
polymers of 2-alkylbenzimidazole [5,6]. The presence of
hydrophilic nitrogen and sulfur atoms seems to lead to the
hydration of the polymer, and the degree of the hydration
may be related to the volume of space formed for the water
molecule. A part of the discrepancy between the observed
and calculated values may be due to high thermal stability of
the polymer. All IR spectra of the polymers give absorption
peaks characteristic of the thiophene units [18] at about
1490, 1440 and 800 cm ™. IR spectra of 1b and 1c clearly
show a v(N—H) peak at 3450 cm™~'. All polymers were
thermally stable, and the thermogravimetric analysis of
1b, 1c and 2b showed 5 wt% loss temperature at 343, 417
and 344 °C, respectively. DSC analysis showed no clear
peak in a temperature of —100 to 300 °C.

3.2. '"H NMR analysis

As depicted in Fig. 1, the 'H NMR spectra of the
polymers 1b and 2b are reasonable for the structure. In
the '"H NMR spectrum of 1b, the N—H peak appears
more clearly than those of the previously reported

C1OH21
PdPPhy),  RN_N
- {0k o
DMF, 90 °C n
b:R=H A= L
1c:R = H, Ar= {3
2b: R = GHj, Ar=— S\>—

Scheme 1.
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Fig. 1. '"H NMR spectra of (a) 1b in DMF-d; and (b) 2b in CDCl,. Peaks
with a * mark are due to solvent impurities.

poly(2-hepthylbinzimidazole-4,7-diyl) [5] and related
polymers including benzimidazole unit [19]. The
sharper NH signal suggests that the hydrogen exchange
between the NH group and H,O is slower than those
occurring with other polymers including the benzimida-
zole unit. Peak ratios observed for the NH aromatic and
alkyl signals agree with the structure of 1b and 2b.

3.3. UV—vis data and acid—base reaction

Table 2 summarizes optical data of the polymers. The
m—m" absorption peak of 1b in DMF appears at 458 nm,
which locates at a considerably longer wavelength than

Table 2
Optical data of the copolymers
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the absorption peak of poly(2-hepthylbenzimidazole-4,7-
diyl), P(4,7-Bim(Hep)) [5] at 400 nm, and is somewhat
shifted to a longer wavelength compared with that of poly-
(thiophene-2,5-diyl) at 430—450 nm [7]. Release of steric
hindrance in P(4,7-Bim(Hep)) (cf. Chart 1) by introduction
of the thiophene unit and contribution from the expected CT
structure along the polymer chain account for the bathochro-
mic shift. The polymer 1c with the bithiophene unit shows a
similar effect, as shown in Table 2. Substitution of the NH
hydrogen with the CH; group, as in 2b, leads to a shift of the
absorption peak of 1b to a shorter wavelength by about
70 nm due to an increase in the steric hindrance.

In acidic solvents, the absorption maximum of the poly-
mers shifted to a shorter wavelength. Scheme 2 depicts the
acid—base reactions of 1b, 1¢, and 2b, as well as the shifts of
the absorption peak according to the acid—base reaction.

Shifts of the w—m" absorption peak of m-conjugated poly-
mers of benzimidazoles in CF;COOH were also reported
[5,19,20], and the degree of the shift (41-81 nm) observed
for the protonation of 1b, 1¢, and 2b is comparable to
that (about 80 nm) observed for the protonation of
(P(4,7-Bim(Hep)) [5].

The shift observed in the protonation is considerably
larger, compared with a reported shift (shift = about 5 nm)
of protonation of 2-methylbenzimidazole [4] and 2-phenyl
benzimidazoles [19], and suggests a severe effect of the
protonation on the electronic state of the -conjugated
polymer chain. The CPK molecular model for a dimeric
compound (Chart 3) (calculated based on CS Chem3D
Pro) indicates that the benzimidazole—thiophene bond is
somewhat twisted due to the repulsion between the
thiophene ring and NH.

The two circles (O) in the central part of this figure repre-
sent two H atoms in the benzimidazole and thiophene units,
respectively, to show the steric repulsion. The dihedral
angle around the bond connecting the benzimidazole and
thiophene units is estimated at about 30° from the CPK
molecular model.

Protonation of the imine nitrogen at the 3-position will
bring about an additional twist of the main chain to disturb
the formation of an expanded mw-conjugated system. A
similar severe effect of protonation of benzimidazole unit
on the m-conjugated system was reported for a

Compound  Absorption (A p,,/nm)

Photoluminescene (A ,,/nm)

Excitation® (A ,,/nm) Quantum yield (%)

DMF® TFA® DMF-NaOH! Film DMF® TFA® DMF-NaOH' DMF® TFA® DMF-NaOH' DMF’® DMF-NaOH!
1b 458 377 516,550 528 480 582 455 375 560 25 ca. 8
1c 464 403 530,564 546 510 597 546 410 561 10.5
2b 389 340 389 398 502 465 378 338 30

* Peaks observed in the excitation spectrum.

® In DMF.

¢ In CF;COOH.

¢ In alkaline DMF containing a saturated amount of NaOH.
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HaGN+NH \ et HsGNON -
S/n +nH* S /n
Amax = 340 nm 2b
(AR =49 nm) Amax = 389 nm
Scheme 2.

poly(aryleneethynylene) type polymer containing a more
bulky benzimidazole unit [19].

The UV -vis absorption bands of 1b and 1c were shifted
to a longer wavelength in an alkaline medium, presumably
due to deprotonation of NH to N~ in the imidazole ring
(Scheme 2) of polymers 1b and 1c.

The degree of the shift (92—100.5 nm) to a longer wave-
length is also considerably larger than that (about 10 nm)
observed for deprotonation of 2-methylbenzimidazole by
alkali [4]. The deprotonation will release the steric
hindrance between the thiophene unit and the NH group,
and make the formation of an extensively m-conjugated
system possible. On the other hand, the UV—vis absorption
band of 2b in DMF is slightly affected by addition of NaOH
to DMF, due to the absence of the active N-H.

3.4. Photoluminescence

Table 2 includes photoluminescence data of the
polymers. Their photoluminescence peaks appear at the

"’.‘.’l

1:2”"?;. .t

S

Chart 3. CPK molecular model for a dimeric compound.

onset position of the UV—vis absorption band as usually
observed with -conjugated aromatic compounds and
polymers [21,22]. All polymers show medium or strong
photoluminescence. The quantum yield (30%) of 2b is
somewhat higher than those of 1b and le. However, the
quantum yield of 2b is lower than those (61-88%) of low
molecular weight N-alkylbenzimidazoles [4]. The results
suggest the presence of quenching processes of the photo-
luminescence in the -conjugated polymers. All the
polymers showed strong photoluminescence in CF;COOH.
On the other hand, the intensity of the photoluminescence of
1b and 1c¢ becomes weaker in alkaline DMF.

3.5. XRD data

Fig. 2 exhibits XRD patterns of the polymers. They
exhibit a small-angle reflection at 26 = 3.6° (d, = 25 A)
(1b and 1¢) and 26 = 4.4° (d, = 20 A) (2b). The d; value
is considered to correspond to the distance between the main
chain layers separated by the decyl groups, similarly to
cases of m-conjugated polymers with alkyl side chains
[23-30]. The broad scattering around 26 ~ 22° is mainly
due to the disordered aggregation of the alkyl chains
[31,32]. Regular face-to-face packing of the m-conjugated
moieties generally gives rise to strong reflections with
spacing 3.5-3.9 A [27-30]. Even if they are going to
overlap with the broad scattering, such a sharp reflection
is not observed for the present polymers. These features
indicate that the main chains as well as the alkyl chains
are fairly disordered. As is schematically shown in Fig. 3,
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LB L L L L B L B
0 20 40 60

20/°( Cu Ka)
Fig. 2. XRD patterns of (a) 1b, (b) 1c, and (c) 2b.

the layered structure consists of alternating stacking of main
chain (high electron density) region and side chain (low
electron density) region, although the segregation may not
be well defined.

From the data of related compounds, the volumes of the
component groups were evaluated to be about 150 A3 for

Fig. 3. A model of layered structure of 1b. Two layers are shown.

benzimidazoles unit, 83 A’ fora thiophene unit, and 27 A3
for methylene group in the disordered state. By assuming
the additivity, the volume V, of the repeating unit was
estimated. The values of the calculated density M, /N, V,,
1.12 (= 338.53/{(150 + 83 + 27 x 10) X 10~ ** x 6.02 X
10%}) (1b), 1.20 (1c), and 1.11 g cm > (2b), were in good
agreement with the observed values of 1.09 (1b), 1.25 (1¢),
and 1.03 g cm * (2b), where M, is the molar mass of the
repeating unit and N, is Avogadro number. The number of
the repeating units contained in each layer defined with an
interfacial area A is given by (A X d,)/V,. The apparent
values of the area A, = V,/d; admitted for a repeating unit
are 20 A% (= (150 + 83 + 27 X 10)A%/25 A) (1b), 23 A?
(1c), and 26 A? (2b). For the extended planar conformation,
the distance c for the repeating unit along the main chain is
estimated at 7.9 A (1b, 2b) and 12.0 A (1c¢), respectively,
from the CPK molecular model and calculation. If we
assume that the main chains with a thickness 7 = 3.8 A
are laid in the layer, the expected values of A should be
greater than AS = ¢ 1 = 30 A% (1b, 2b) and 46 A? (1¢). The
thickness of the side chain region, d;, is given by 10X
27 A3/A, at most, 13 A (1b), 12 A (1c), and 10 A (2b).
Thus, the thickness of main chain region d,, = d; — d,,
which is about d;/2 or more, is certainly longer than the
lateral width of the extended main chain conformation.
The single bonds at both sides of thiophene unit are not
on a straight line, but form an angle of about 148° [33].
As a result of internal rotations about the single bonds, the
main chains can be largely winding. In the cases of 1b and
1c, the fact A, < Ag suggests that the main chains are wind-
ing and probably entangled as shown in Fig. 3, or partly
associated in side-by-side manner. The meander main
chain conformation was supported by X-ray Fourier analysis
of homologous polymer [34].

In the case of 2b, A, is close to Ag. Therefore, the extent of
meander is less. Replacement of the NH hydrogen with a
methyl group seems to cause some structural difference due
to the increase in the twisting angle between the benzimi-
dazoles ring and thiophene ring.

As described above, three kinds m-conjugated polymers
containing 2-decylbenzimidazole and thiophene units have
been prepared. The polymers show the UV—vis absorption
peak at a longer wavelength than the corresponding polymer
constituted of only the 2-decylbenzimidazole or thiophene
units. The acid—base reaction of the polymer brings about a
very large shift of the UV—vis absorption peak due to the
change of the electronic state of the m-conjugated system of
the polymer. XRD data of the polymer suggest formation of
an ordered structure where the w-conjugated main chains
are separated by the decyl groups. The CH; group attached
at the 2-decylbenzimidazole units affects the acid—base
reaction and the packing structure of the polymer.

References

[1] Catala J, Claramut RM, Elgueto J, Leynez J, Menédez M,



[2

—

[3]
[4]

[5

=

[6

=

[7]

[9
[10]
[11]

[12
[13]
[14]
[15]

[16]

1. Nurulla et al. / Polymer 43 (2002) 1287-1293 1293

Anvia F, Quida JH, Taageoera M, Taft RW. J Am Chem Soc
1998;110:4105.

Grimmett MR. In: Katritzky AR, Rees CW, Potts KT, editors. Compre-
hensive heterocyclic chemistry, vol. 5. Oxford: Pergamon, 1984. p. 345.
Liu M, Kira A, Nakahara H. Langmuir 1997;13:4807.
Krishnamurthy M, Phaniraj P, Dogra SK. J Chem Soc, Perkin Trans 2
1986:1917.

Yamamoto T, Sugiyama K, Kanbara T, Hayashi H, Etori H. Macro-
mol Chem Phys 1998;199:1807.

Morikita T, Hayashi H, Yamamoto T.
1999;296:254.

Yamamoto T, Zhou ZH, Kanbara T, Shimura M, Kizu K,
Maruyama T, Nakamura Y, Fukuda T, Lee B-L, Ooba N, Tomaru
S, Kaino T, Sasaki S. J Am Chem Soc 1996;118:10389.

Zhou ZH, Maruyama T, Kanbara T, lkeda T, Ichimura K,
Yamamoto T, Takuda K. J Chem Soc, Chem Commun 1991:1210.
Havinga EE, Hoeve WT, Wynberg H. Polym Bull 1992;29:119.
Nurulla I, Yamaguchi I, Yamamoto T. Polym Bull 2000;44:231.
Ono K, Adachi A, Okita K, Goto M, Yamashita Y. Chem Lett
1998:545.

Zhang QT, Tour JM. J Am Chem Soc 1998;120:5355.

Kitamura C, Tanaka S, Yamashita Y. Chem Lett 1996:63.

Pilgram K, Zupan M, Skiles R. J Heterocycl Chem 1970;7:629.

van Phan CV, Macomber RS, Mark Jr. HB, Zimmer H. J Org Chem
1984,49:5250.

Yamamoto T, Omote M, Miyazaki Y, Kashiwazaki A, Lee B-L,
Kanbara T, Osakada K, Inoue T, Kubata K. Macromolecules
1997;30:7158.

Inorg Chem Acta

[17] Coulson DR. Inorg Synth 1972;13:121.

[18] Yamamoto T, Kamijo T, Wataru 1. J Polym Sci, Part B: Polym Phys
2000;38:1642.

[19] Hayashi H, Yamamoto T. Macromolecules 1998;31:6063.

[20] Nurulla I, Sugiyama K, Lee B-L, Yamamoto T. React Fonct Polym
2000;46:49-53.

[21] Skotheim TA, editor. Handbook of conducting polymers, vols. 1 and
2. New York: Marcel Dekker, 1986.

[22] Yamamoto T. Bull Chem Soc Jpn 1999;72:621.

[23] Nagao M, Sasaki S, Hayashi T, Uematsu I. Polym Bull 1983;9:11.

[24] Inokuma K, Sakamaki Y, Nose T, Sasaki S. Polym J 1996;28:992.

[25] Watanabe J, Ono H, Uematsu I, Abe A. Macromolecules
1985;18:2141.

[26] Ballauff M. Makromol Chem Rapid Commun 1986;7:407.

[27] McCullough RD, Tristam-Nagle S, Williams SP, Lowe RD, Jayara-
man M. J Am Chem Soc 1993;115:4910.

[28] Wu X, Chen TA, Ricke RD. J] Am Chem Soc 1995;117:233.

[29] Yamamoto T, Kumaruden D, Arai M, Lee B-L, Suganuma H,
Asakawa N, Inoue Y, Kubata K, Sasaki S, Fukuda T, Matsuda H. J
Am Chem Soc 1998;120:2047.

[30] Yamamoto T. Bull Chem Soc Jpn 1999;72:621.

[31] Jordan Jr. EF, Feldeisen DW, Wrigley AN. J Polym Sci Part-1
1971;9:1837.

[32] Heyding RD, Russel KE, Larty TL. Powder Diffract 1990;5:93.

[33] Horowitz G, Bachet B, Yassar A, Lang P, Demazne F, Fave J,
Garnier F. Chem Matter 1995;7:1337.

[34] Sasaki S. To be published.



