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Abstract: Dehalogenation polycondensation of corresponding dihalo compounds with a zerovalent nickel complex gives 
ir-conjugated polymers constituted of pyridine units and 2,2'-bipyridine units in high yields. Poly(pyridine-2,5-diyl) 
(PPy), poly(2,2'-bipyridine-5,5'-diyl) (PBpy), 3-, 4-, and 6-methylated poly(pyridine-2,5-diyl)s (PMePy's), poly(6-
hexylpyridine-2,5-diyl) (P6HexPy), poly(3,3'-dimethyl-2,2'-bipyridine-5,5'-diyl) (P3MeBpy), and poly(6,6'-dihexyl-
2,2'-bipyridine-5,5'-diyl) (P6HexBpy) are constituted of 42-300 w-conjugated pyridine rings as measured by light-
scattering methods. PPy and PBpy have a rigidly linear rodlike structure as revealed by their showing a theoretically 
limiting py (degree of depolarization) value of 0.33, and they exhibit a large refractive index increment (An/Ac = 0.59 
cm3 g_l) and a large refractive index of «D = 2.2. Stretching of polyvinyl alcohol) film containing the PPy or PBpy 
molecules in its surface region affords a polarizer which shows a dichroic ratio of 45. The PBpy molecules stand upright 
on a carbon substrate in a PBpy film vacuum deposited on the carbon substrate as revealed by electron diffractometry. 
On the other hand, PBpy molecules in a film vacuum deposited on a glass substrate are oriented in parallel with the 
surface of the glass substrate as revealed by analysis of optical second-harmonic generation from the PBpy film, which 
shows alignment of all the PBpy molecules attached to the glass substrate ( I X l cm) in a same direction: coordination 
of a PBpy molecule to the Si-O-H group is proposed to explain such orientation of the PBpy molecules. PPy exhibits 
fluorescence with a peak at 440 nm in a dilute solution (2 X IO-6 M monomer unit), whereas PPy shows an additional 
excimer-like emission at 550 nm in a saturated solution (0.5 M monomer unit) and PPy and PBpy films emit only the 
excimer-like emission at 550 nm. Picosecond time-resolved fluorescence also supports the excimer-like fluorescence. 
PPy, PBpy, and their alkyl derivatives are electrochemically reduced or n-doped more easily than poly(p-phenylene) 
and poly(thiophene-2,5-diyl), reflecting ir-electron-deficient nature of the pyridine ring, and E0 values of-2.2 through 
-2.5 V vs Ag/Ag+ are observed for the polymers; the n-doping and its reverse reaction (n-undoping) are accompanied 
by a color change (e.g., yellow in the n-undoped state and blue in the n-doped state for PPy and PBpy). Chemically 
n-doped PPy and PBpy with sodium naphthalide have electrical conductivities of 1.1 X 10_1 and 1.6 X 1O-1 S cm-1, 
respectively, as measured with compressed powder. On the contrary, PPy, PBpy, and their alkyl derivatives undergo 
p-doping neither electrochemically nor chemically (e.g., by treatment with AsFs), reflecting the 7r-deficient nature of 
the pyridine ring. PBpy and P6HexBpy form complexes with Ru(II), Ni(II), Ni(O), and Fe(III) species, and cyclic 
voltammetry of the PBpy-Ru complex reveals electron exchange between the coordinated Ru species, which is considered 
to occur through the ir-conjugation system of the conjugated polymer ligand. The complexes are active for photoevolution 
of H2 from aqueous media as well as for reduction of CO2. 

Chemical and physical properties of ir-conjugated poly-
(arylene)s are the subject of recent interest,1 and a variety of 
poly(arylene)s including poly(p-phenylene) (PPP), poly(thiophene-
2,5-diyl) (PTh), and poly(pyrrole-2,5-diyl) have been prepared 
by various methods. 
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Among the poly(arylene)s, PPP is constituted of the most 
fundamental aromatic ring and is considered to have a rigidly 
linear structure. Actually such a linear structure of PPP has 
been supported by X-ray diffraction analysis2 as well as alignment 
of the PPP molecules perpendicularly to the surface of substrates.3 

However, its very low solubility has prevented its structure, 
chemical properties, and physical properties as a molecule from 
being revealed. 

On the other hand, poly(pyridine-2,5-diyl) (PPy), constituted 
of another fundamental aromatic ring, has received much less 
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attention4 when compared with PPP, although it also takes a 
linear structure similiar to that of PPP and may contribute to 
understanding the chemical and physical properties of such a 
linear molecules if it is soluble in solvents. 

In our studies on the preparation of poly(arylene)s by 
dehalogenation polycondensation of dihaloaromatic com-
pounds,3b'4a'5 which is based on organonickel chemistry6 and on 
the chemical and physical properties of poly(arylene)s, we have 
found that PPy prepared by this method is soluble in some organic 
and inorganic solvents and PPy as well as its derivatives exhibit 
interesting chemical and physical properties. 

catalyst 

«X-Ar-X+ nM — (Ar)n 

M = Mg,4a'5a Zn,5b or Ni(0)3MtMi'5c 

(D 

We now report the preparation of PPy, poly(2,2'-bipyridine-
5,5'-diyl) (PBpy), and their derivatives as well as their structure, 
chemical reactivities, electrical conducting properties, and optical 
properties. The polymers PBpy and PRBpy (R = Me, W-C6Hi3) 
serve as electrically conducting chelating ligands to form 
complexes with transition metals. 

rh O. • C K > -O: • CK>. 
PPy PBpy PRpy PRBpy 

R = CH3, H-CsH1^ 

Results and Discussion 

Preparation. The dehalogenation polycondensation using 
zerovalent nickel complexes, 

nX-Ar-X + nNi(0)Lm — {Ar>„ + "NiX2L„ (2) 

(1) (a) Skotheim, T. A., Ed. Handbook of Conducting Polymers; Marcel 
Dekker: New York, 1986; Vols. I and II. (b) Salaneck, W. R.; Clark, D. L.; 
Samuelsen, E. J. E. Science and Applications of Conducting Polymers; Adam 
Hilger: New York, 1990. (c) MacDiarmid, A. G.; Heeger, A. J. NRL Memo. 
Rep. (Proceedings of the Molecular Electron Devices Workshop) 1981, AD-A 
05816,208. (d) Andre, J.-M.; Delhalle, J.; Bredas, J.-L. Quantum Chemistry 
Aided Design of Organic Polymers; World Scientific: London, 1991. (e) 
Kuzmany, H., Mehring, M., Roth, S., Eds. Electronic Properties of Conjugated 
Polymers; Springer: Berlin, 1987. (f) Bradley, D. D. C; Mori, Y. In Electronic 
Properties of Conjugated Polymers III; Kuzmany, H., Mehring, M., Roth, 
S., Eds.; Springer: Berlin, 1989. (g) Collard, D. M.; Fox, M. A. J. Am. 
Chem. Soc. 1991, 113, 9414. (h) Guay, J.; Diaz, A.; Wu, R.; Tour, J. M. J. 
Am. Chem. Soc. 1993, 115, 1869. (i) Tour, J. M.; Lamba, J. J. S. J. Am. 
Chem. Soc. 1993, 115, 4935. (j) Furukawa, Y.; Ohta, H.; Sakamoto, A.; 
Tasumi, M. Spectrochim. Acta 1991, 47A, 1367. (k) Seki, K. In Optical 
techniques to characterize polymer systems; Baessler, H., Ed.; Elsevier: 
Amsterdam, 1989; p 115. 

(2) (a) Kovacic, P.; Feldman, M. B.; Kovacic, J. P.; Lando, J. B. / . Appl. 
Polym. Sci. 1968, 12, 1735. (b) Froyer, G.; Maurice, F.; Mercier, J. P.; 
Riviere, D.; Le Cun, M.; Auvray, P. Polymer 1981, 22,992. (c) Shacklette, 
L. W.; Chance, R. R.; Ivory, D. M.; Miller, G. G.; Baughman, R. H. Synth. 
Met. 1980, /, 307. (d) Sasaki, S.; Yamamoto, T.; Kanbara, T.; Morita, A.; 
Yamamoto, T. J. Polym. Sci. 1992, 30, 293. 

(3) (a) Yamamoto, T.; Kanbara, T.; Mori, C. Synth. Met. 1990, 38, 399. 
(b) Yamamoto, T.; Morita, A.; Miyazaki, Y.; Maruyama, T.; Wakayama, H.; 
Zhou, Z.-H.; Nakamura, Y.; Kanbara, T.; Sasaki, S.; Kubota, K. Macro-
molecules 1992, 25, 1214. 

(4) (a) Yamamoto, T.; Hayashi, Y.; Yamamoto, A. Bull. Chem. Soc. Jpn. 
1978, 51, 2091. (b) Yamamoto, T.; Ito, T.; Kubota, K. Chem. Lett. 1988, 
153. (c) Yamamoto, T.; Maruyama, T.; Kubota, K. Ibid. 1989, 1951. (d) 
Yamamoto, T.; Ito, T.; Sanechika, K.; Hishinuma, M. Synth. Met. 1988, 25, 
103. (e) Schiavon, G.; Zotti, G.; Bontempelli, G.; Lo Coco, F. J. Electroanal. 
Chem. Interfacial Electrochem. 1988, 242, 131. (f) Yamamoto, T.; Ito, T.; 
Sanechika, K.; Hishinuma, M. Chem. Ind. (London) 1988, 337. 

(5) (a) Yamamoto, T.; Yamamoto, A. Chem. Lett. 1977, 353. (b) 
Yamamoto, T.; Osakada, K.; Wakabayashi, T.; Yamamoto, A. Makromol. 
Chem., Rapid Commun. 1985, 6, 671. (c) Yamamoto, T.; Morita, A.; 
Maruyama, T.; Zhou, Z.-H.; Kanbara, T.; Sanechika, K. Polym. J. 1990,22, 
187. 
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gives the following Tr-conjugated polymers7 in high yields as shown 
in Table 1. The following reaction mechanism involving oxidative 
addition of Pi (X(Ar),X) (/ = 1,2,...) (eq 3), disproportionation 
(eq 4), and reductive elimination (eq 5) reasonably accounts for 
the polymerization process. 

oxidative 
addition 

NI(0)Lm + X(Af),X 

Pi 

LmNi + LmNi 
MAr)1X m 1MAr)1X 

/ X 

U N r (3 
MAr)1X 

Complex I 

disproportionation 

Complex I Complex 

,MAr)1X 
L1nNlX8 + L n Nr (4) 

NAr)1X 

Complex Il 

reductive 
elimination 

Complex Il L1nNI + X(Ar)^1X (5) 

Pl+I 

We have proposed, on the basis of kinetics, a similar reaction 
mechanism for the coupling of ArX to give Ar-Ar by using Ni(O) 
complexes.6* In the mechanism shown above (eqs 3-5), the 
oxidative addition of aryl halides to the Ni(O) complex8 and 
reductive elimination of R-R from diorganonickel NiR2L7n type 
complexes6"-8 are well-known, and disproportionation of organo-
(halo)nickel(II) complex NiR(X)L7n to NiR2Lm and NiX2Ln, is 
also known.9" The disproportionation reaction (eq 4) is considered 
to be facilitated in polar solvents like DMF,6' and it corresponds 
to the suitability of the polar solvents like DM F (Table 1) for the 
present polymerization. 

(6) (a) Yamamoto, T.; Yamamoto, A.; Ikeda, S. / . Am. Chem. Soc. 1971, 
93, 3350. (b) Yamamoto, T.; Yamamoto, A.; Ikeda, S. / . Am. Chem. Soc. 
1971,93,3360. (c) Kohara, T.; Yamamoto, T.; Yamamoto, A. / . Organomet. 
Chem. 1980,192,265. (d) Komiya, S.; Abe, Y.; Yamamoto, A.; Yamamoto, 
T. Organometallics 1983, 2,1466. (e) Tatsumi, K.; Nakamura, A.; Komiya, 
S.; Yamamoto, T.; Yamamoto, A. / . Am. Chem. Soc. 1984, 106, 8181. (f) 
Zhou, Z.-H.; Yamamoto, T. / . Organomet. Chem. 1991, 414, 119. (g) 
Yamamoto, T.; Wakabayashi, S.; Osakada, K. J. Organomet. Chem. 1992, 
428, 223. (h) Semmelhack, M. F.; Ryono, L. S. J. Am. Chem. Soc. 1975, 
97, 3873. (i) Akermark, B.; Johansen, H.; Roos, B.; Wahlgren, U. / . Am. 
Chem. Soc. 1979, 101, 5876. 

(7) The dehalogenation polycondensation using Mg also gave PPy;4* 
however, complete transformation of X-Py-X to the intermediate Grignard 
reagent was somewhat difficult and the polymerization in THF was sometimes 
accompanied by polymerization of THF. 
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Table 1. 
Ligand L 

run 

1 
2 
3 
4 
5 
6 
7 
g 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

23 
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Preparation of PPy and Related Polymers by Dehalogenation Polycondensation of X-Ar-X with a Mixture of Ni(cod)2 

monomer 
(X-Ar-X)" 

Br-Py-Br 
Br-Py-Br 
Br-Py-Br 
Br-Py-Br 
Br-Py-Br 
Br-Py-Br 
Br-Py-Br 
Br-Py-Br 
Br-Py-Br 
Br-Py-Br 
Br-Py-Br 
Cl-Py-Cl 
Cl-Py-Cl 
Cl-Py-Cl 
Br-Bpy-Br 
Br-Bpy-Br 
Br-Bpy-Br 
Br-3MePy-Br 
Br-4MePy-Br 
Br-6MePy-Br 
Br-3MeBpy-Br 
Br-6HexPy-Br 

Br-6HexBpy-Br 

ligand* 

bpy 
bpy 
bpy 
bpy 
PPh3 

PPh3 

PPh3 

Ni(PPh3)4* 
Ni(PPh3)V 
PPh3 + mah> 
cod 
bpy 
PPh3 

cod 
bpy 
PPh3 

Py 
bpy 
bpy 
bpy 
bpy 
bpy 

bpy 

solvent' 

DMF 
DMF 
DMF 
DMF 
DMF 
DMF 
HMPA 
DMF 
DMF 
DMF 
DMF 
DMF 
DMF 
DMF 
DMF 
DMF 
DMF 
DMF 
DMF 
DMF 
DMF 
DMF 

DMF 

reaction conditions 

temp, 0 C 

60 
60 
60 
60 
rt 

60 
60 
60 
60 
60 
60 
60 
60 
60 
70 
70 
70 
60 
60 
60 
60 
60 

60 

time, h 

2 
4 
8 

16 
24 
16 
16 
16 
16 
16 
16 
16 
16 
16 
20 
28 
28 
16 
16 
16 
16 
48 

48 

yield/ % 

93 
91 

100 
95 
64 
95 
95 
59 
66 
84 
97 
99 
87 
87 
95 
95 
92 
80 
80 
90 
85 
80 

85 

mol wt' 

2 700 
2 400 
4 300 
3 800 
1200 
1900 
1 300 
1600 
1400 

1 600 
3 300 
2 200 
2 400 
3 200 
1200 

630 
16 000 
12 000 
27 000 

36 000 

21000 

tnK.dLgr1 

0.85* 

1.61* 
1.01* 
1.50* 

and Neutral 

^ma», nm 

373* 

374* 

373* 

320* 
310* 
340* 

340* 
321* 

" X-Py-X = 2,5-dihalopyridine, Br-Bpy-Br = 5,5'-dibromo-2,2'-bipyridine, Br-3MePy-Br = 2,5-dibromo-3-methylpyridine, Br-4MePy-Br = 
2,5-dibromo-4-methylpyridine, Br-6RPy-Br = 2,5-dibromo-6-alkylpyridine (R: Me = methyl, Hex = hexyl), Br-3MeBpy-Br = 5,5'-dibromo-3,3'-
dimethyl-2,2'-bipyridine, Br-6HexBpy-Br = 5,5'-dibromo-6,6'-dihexyl-2,2'-bipyridine. * Bpy = 2,2'-bipyridine, PPh3 = triphenylphosphine, cod = 
1,5-cyclooctadiene, mah = maleic anhydride. 1-1.5 mol of Ni(cod)2/mol of the monomer was added except for run 15, where 2 mol of Ni(codh/l 
mol of monomer was added. About an equimolar amount of ligand to Ni(cod)2 was added.c DMF = AyV-dimethylformamide, HMPA = 
hexamethylphosphoric triamide. d Yield is calculated on the basis of carbon recovered.' Determined by the light scattering method. / [r\] = Inherent 
viscosity; dL g"1 = 100 mL g~>. * In HCOOH. * Ni(PPh3)4 prepared in situ from NiCl2, Zn, and PPh3 was used instead of the mixture of Ni(cod)2 
and ligand. ' Isolated Ni(PPh3)4 was used instead of the mixture of Ni(cod)2 and ligand. J Maleic anhydride was added before stopping the polymerization. 
* In C6H6. 

As the neutral ligand L added to the polymerization system, 
bpy (runs 1-4 in Table 1) affords PPy's with higher molecular 
weights than PPh3 (runs 5-7). The reductive elimination (eq 5) 
is considered to proceed more easily in CW-NiR2L2 than trans-
NiR2L2, and obtaining higher molecular weight PPy's in the 
presence of bpy than in the presence of PPh3 may be related to 
taking the cis configuration only in the csae of the bpy chelating 
ligand; on the other hand, divalent Ni(X)(Y)(PR3)2 (where X 
and Y are alkyl, halide, etc, and PR3 = tertiary phosphine) type 
complexes usually take trans configurations.8'9 

Since PPy is not soluble in the polymerization solvents, PPy 
falls out of the solvent as a precipitate. However, as shown in 
runs 1-4, an increase in the polymerization time seems to lead 
to an increase in the molecular weight of PPy, suggesting that 
the polymerization proceeds even in the propagating species in 
the precipitate. In the case of PPP prepared by an analogous 
organometallic process, its molecular weight has not been clarified 
yet due to the lack of solvent for PPP. 

As for the proceeding of the polymerization even in the 
precipitate, a similar increase of molecular weight after the 
formation of precipitate has been reported for poly(3-alkylthio-
phene-2,5-diyl).3b PMePy's (runs 18-20) are also insoluble in 
the polymerization solvent, and obtaining high molecular weight 
PMePy's indicates such polymerization proceeds more easily in 
PMePy's having lower crystallinity due to the methyl substituent. 
Polymerization of the monomer with a longer alkyl chain, a hexyl 
group, affords similar results (runs 22 and 2 3). When the polymer 
has lower crystallinity, the reactants (monomer, Ni(O) complex, 
etc.) may be able to approach the propagating polymer species 

(8) (a) Hidai, M.; Kashiwagi, T.; Ikeuchi, T.; Uchida, Y. J. Organomet. 
Chem. 1971, 30, 279. (b) Fahey, D. R.; Baldwin, B. A. Inorg. Chim. Acta 
1979, 36, 269. (c) Fahey, D. R.; Mahan, J. E. J. Am. Chem. Soc. 1977, 99, 
2501. (d) Parshall, G. W. J. Am. Chem. Soc. 1974, 96, 2360. 

(9) (a) Yamamoto, T.; Kohara, T.; Yamamoto, A. Bull. Chem. Soc. Jpn. 
1981, 54, 1720. (b) Ibid. 1981, 54, 2010. (c) Ibid. 1981, 54, 2161. 

through its amorphous or locally solubilized part, thus making 
the polymerization able to proceed even in the precipitate. 

Use of Ni(PPh3)4 (runs 8 and 9) gives PPy in a lower yield, 
indicating that blocking of the reaction site of Ni toward X-Ar-X 
by the four PPh3 ligands retards the polymerization. The dichloro 
monomer (runs 12-14) shows polymerization reactivity similar 
to that of the dibromo monomer. New types of ir-conjugated 
chelating ligand polymers, PBpy, P3MeBpy, and P6HexBpy, are 
obtained by using 5,5'-dibromo-2,2'-bipyridine and its alkylated 
compounds as the starting monomers (runs 15, 21, and 23). 

Characterization. Data from the elemental analysis agree with 
the structures of the polymers. The minor content of halogen in 
the polymers suggests that the dihalogenated propagating species 
such as P, or P1+7- (eqs 3-5) smoothly undergoes oxidative addition 
to the Ni(0)Lm complex to give species like complex I and/or 
binuclear nickel complex III with a structure Ni(Ar)(Ni bridged 
by the (Ar),- group.10 The main part of the polymer is considered 

LmNi(X)(Ar)1-X + H + - * H(Ar)1X 
complex I 

Lm(X)Ni(Ar),Ni(X)Lm + H + - * H(Ar)1H 

(6) 

(7) 
complex III 

to be obtained from such chemical species, which will give 
H-terminated polymers during the workup of the polymers 
involving treatment of the crude polymer with protic solvents and 
reagents. 

PPy, PBpy, PMePy's, and P3MeBpy are soluble in formic acid 
and concentrated H2SO4. Evaporation of formic acid from the 

(10) A 1:2 molar reaction between 4,4'-dibromobiphenyl and a zerovalent 
nickel complex (a mixture of Ni(COd)2 and 2PEt3) actually led to the formation 
of a complex of type complex III, (PEt3J2Ni(Br)-C6H4-C6H4-Ni(Br)(PEt3), 
which was isolated and characterized by elemental analysis and X-ray 
crystalography (Kim, Y.-J.; Sato, R.; Maruyama, T.; Osakada, K.; Yamamoto, 
T. J. Chem. Soc, Dalton Trans., in press). 
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formic acid solutions of these polymers gives the original polymer, 
as proved by IR spectrometry, and thus indicates that formic 
acid essentially works as a solvent. On the other hand, these 
polymers seem to be dissolved in concentrated H2SO4 as salts 
with H2SO4. P6HexPy and P6HexBpy are soluble in most organic 
solvents including CHCb, THF, benzene, formic acid, and 
hexamethylphosphoric triamide (solubility = 200-300 mg cm-3 

for these solvents). Enhancement of solubilities of poly(arylene)s 
by introducing an alkyl substituent and without loosing the 
essential ir-conjugation along the polymer chain has been 
reported.'' Determination of the molecular weight of P6HexPy 
by light scattering by using two kinds of solvents, formic acid and 
chloroform, gives essentially the same value (37 000 (DP = 230) 
in formic acid and 36 000 (DP = 220) in chloroform, respectively). 
The light scattering method also reveals that P6HexPy has a 
monodispersed relatively narrow molecular weight distribution 
with a MJMy, value of about 2 (Mz = Z-average molecular 
weight; Afw = weight-average molecular weight). 

In cases of PPy, PMePy's, and P6HexPy, they contain both 
the head-to-tail H-T and head-to-head H-H units. As for 

R R 

\=N \ = N 
H-T 

R R 

N = =N 
H-H 

P3MePy and P6HexPy, the H-T to H-H ratios are determined 
by comparing their 1H-NMR spectra with those of P3MeBpy 
(Figure l)12a and P6HexBpy, and the ratios13 thus obtained are 

for P3MePy H-T/H-H = 65/35 (8) 

for P6HexPy H-T/H-H = 55/45 (9) 

In the case of PPy, it was difficult to determine the H-T/H-H 
ratio from 1H-NMR; however, the above data (eqs 8 and 9) 
suggest that PPy is also constituted of H-T and H-H units. The 
considerably lower coordinating ability of PPy to form metal 
complexes than PBpy (vide infra) suggests a relatively low content 
of the H-H unit. A mixed coupling reaction between 2-bro-
mopyridine and 3-bromopyridine by using an Ni(O) complex 
affords the following mixture 

Br + Br JX NILn, 
6O0C, DMF 

O O OQ-C OQ (10) 

12.3 60.4 27.3 

NiLn, : 1 : 1 : 1 mixture of NI(COd)2, 
PPh3 and 1,5-cyclooctadlene 

and the preferential formation of 2,3'-bipyridine is consistent 

(11) (a) Yamamoto, T.; Sanechika, K. Chem. Ind. (London) 1982, 301. 
(b) Yamamoto, T.; Sanechika, K.; Yamamoto, A. US Pat. 4521589, 1985. 
(c) Elsenbaumer, R. S.; Jen, K. Y. J.; Oboodi, R. Synth. Met. 1986,15,169. 
(d) Ruhe, J.; Ezquerra, T.; Wegner, G. Makromol. Chem., Rapid Commun. 
1989, 10, 103. (e) Kaeriyama, K.; Sato, M. Makromol. Chem., Rapid 
Commun. 1989, 10, 171. 

(12) (a) Maruyama, T.; Zhou, Z.-H.; Kubota, K.; Yamamoto, T. Chem. 
Lett. 1992, 643. (b) Yamamoto, T.; Maruyama, T.; Ikeda, T.; Sisido, M. J. 
Chem. Soc, Chem. Commun. 1990, 1306. (c) Yamamoto, T.; Zhou, Z.-H.; 
Kanbara, T.; Maruyama, T. Chem. Lett. 1990, 223. (d) Yamamoto, T.; 
Yoneda, Y.; Maruyama, T. J. Chem. Soc, Chem. Commun. 1992, 1652. 

(13) More detailed analysis of the 1H-NMR data based on triad and tetrad 
units may become possible by analyzing the complex peak pattern of the 
pyridine protons (e.g., Figure 1); such analysis has been carried out for poly-
(3-alkylthiophene-2,5-diyl): (a) Souto, Maior, R. M.; Hinkelmann, K.; Eckert, 
H.; Wudl, F. Macromolecules 1990,23,1268. (b) McCullough, R. D.; Lowe, 
R. D. / . Chem. Soc, Chem. Commun. 1992, 70. (c) Mao, H.; Xu, Bai.; 
Holdcroft, S. Macromolecules 1993, 26, 1163. 

(b) P3MeBPy 

^ C H , 

f=\ .N=\ 
%!/ 

\X-
(a) P3MePy 
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Figure 1. 1H-NMR spectra of (a) P3MePy and (b) P3MeBpy in CF3-
COOD at room temperature. 

with the assumption that PPy mainly consists of the H-T unit. 
In eq 10, 3,3'-bipyridine is formed in a higher ratio than 2,2'-
bipyridine, which is consistent with the previously reported higher 
reactivity of the C-Br bond at the 3-position than that at the 
2-position.14 

IR spectra of the polymers are reasonable for their structures. 
IR spectra of PBpy, P3MeBpy, and P6HexBpy resemble those 
of PPy, P3MePy, and P6HexPy respectively, although some 
differences are observed in the regions of 5(C-H) out-of-plane 
vibration, 5(CH3) vibration, and 5(CH2) vibration between the 
polypyridine type polymers and polybipyridine type polymers. 
Detailed NMR and IR data for the polymers are given in the 
supplementary material. 

All the polymers have high thermal stability. TGA indicates 
that no thermal degradation of PPy and PBpy takes place below 
270 0C and their residual weight at 900 0C is about 75%. Even 
P6HexPy having the alkyl substituent has high thermal stability, 
showing a residual weight of 95 and 47% at 450 and 900 0C, 
respectively. 

PPy and PBpy give rise to a relatively sharp (half-width = 49 
nm or 3500 cm-1 (0.44 eV)) single x-ir* absorption peak at 373 
± 1 nm or 3.32 ± 0.01 eV in formic acid,4b-12b and the peak 
position is essentially unvaried with the change of the molecular 
weight (Afw) of PPy in a range of Mw = 1200-3800. The ir-ir* 
transition energy of PPy is comparable to that of PPP (Xmax = 
ca. 380 nm or 3.26 eV measured in the solid state) prepared by 
the organometallic process.48 Band gaps of PPy and PBpy 
estimated from the edge (430 nm) of the absorption spectrum are 
2.88 eV. 

Introduction of the alkyl substituent causes a shift of the ir-ir* 
absorption to shorter wavelength by 30-60 nm (Table 1). A 
similar hypsochromic effect of the substituent (presumably by 
disturbing the coplanarity of the ir-conjugated polymers) has 
been reported for poly(thiophene-2,5-diyl).3b-15 Among PMePy's, 
P6MePy exhibits the lowest hypsochromic effect probably due 

(14) (a) Tiecco, M.;Testaferri,L.;Tingoni, M.; Chianelli, D.;Montanucci, 
M. Synthesis 1984, 736. (b) Parham, W. E.; PiccilH, R. M. / . Org. Chem. 
1977, 42, 257. 

(15) Yoshino, K.; Onoda, M.; Love, P.; Sugimoto, R. Jpn. J. Appl. Phys. 
1987, 26, L2046. (b) Hotta, S. Synth. Met. 1987, 22, 103. 
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Scheme 2 
(X2 

a3 

pv = 0.33 
(*i » a2> a3 

to less steric repulsion between the Me groups in P6MePy than 
in P3MePy and P4MePy. A CPK molecular model of form b 
of P6MePy indicates minor steric repulsion between the monomer 
units. 

P6M*Py 

P3M*Py 

P4M«Py 

Linear Structure and Alignment of Molecules. Irradiation with 
a polarized Ar+ laser (488 nm) of the formic acid solution of PPy 
and PBpy reveals that the polymers give a very large degree of 
depolarization of the polarized laser with a pv value16 of 0.33, 
which agrees with the theoretical limiting value of pv = '/3 
calculated for. a molecule in which the polarizability along a rod 
axis direction («i) is very large whereas the polarizability along 
the other two directions (0:2 and 03) is negligible compared with 
c*i.16 The observed pv value is, to our knowledge, the largest 
value reported, and the results strongly suggest that PPy and 
PBpy take a rodlike rigid linear structure having a ir-conjugation 
system with mobile electrons along the polymer chain (presumably 
the direction of m). Due to the presence of mobile electrons 
along the polymer chain, PPy exhibits a very large refractive 
index increment of An/Ac = 0.59 cm3 g~' in formic acid, which 
has «D of 1.37. The An/Ac value is much larger than those of 
usual non-x-conjugated polymers (An/Ac = 0.1-0.2 cm3 g_1) 
and fairly large compared to that of poly(3-hexylthiophene-2,5-
diyl) (An/Ac = 0.35 cm3 g"').3b having alkyl substituents. Film 
of PPy exhibits a very large refractive index of /ID = 2.2, a value 
somewhat lower than that of diamond no = 2.4. 

In contrast to PPy and PBpy, PMePy's, P6HexPy, and 
P6HexBpy with large molecular weights give pv values of almost 
0, indicating that these molecules take essentially a random-coil 
like structure as a whole molecule probably due to steric repulsion 
between the alkyl substituents, twisting out of the ir-conjugated 
plane, and/or bowing of the long molecular chain.16c That 
P3MePy takes a locally linear structure has been confirmed by 
using the low molecular weight (Afw = 770, n = ca. 9) part of 
P3MePy extracted by hot CHCl3, which shows the pv value of 

(16) (a) Kubota, K.; Urabe, H.; Tominaga, Y.; Fujime, S. Macromolecules 
1984,77,2096. (b) Kubota, K.; Chu, B. Biopolymers 1983, 22, 1461. (c) 
Zero, K.; Aharoni, S. M. Macromolecules 1987, 20, 1957. (d) Saito, N. 
Kobunshi Butsurigaku (Polymer Physics); Shokabo: Tokyo, 1976; pp 181, 
210. Pv = 3S1Z(S + tS2), where S2 = Ka1-U2)

2 + (Ct1-Ct1)
2 + (a3-ai)2}/2(ai 

+ ai + a})2; under the conditions of ai » «2 and as, S2 and pv become 1 and 
1 /3, respectively. Poly( 1,4-phenyleneterephthalimine) or Kevlar having a rather 
rigid linear structure exhibits p, values of 0.175 and 0.11 at My, values of 4500 
and 35 000, respectively.160 

0.27 in formic acid. P3MePy film has an nD value of 1.70. A 
copolymer constituted of pyridine-2,5-diyl units and pyridine-
2,6-diyl units prepared by the reaction shown in eq 1 land having 

J \ 
NI(cod):-bpy 

(11) 

a relatively low molecular weight (Afw = 950, number of pyridine 
unit = ca. 12) exhibits the ir-ir* absorption peak at shorter 
wavelength (Xm3x = 353 nm in formic acid) and gives a lower 
An/Ac value of 0.34 cm3 g_1 and a smaller pv value of 0.15 than 
compared with PPy. Breaking the ^-conjugation and bending 
the molecule at the pyridine-2,6-diyl unit account for the results. 
A similar effect of the incorporation of nonconjugated units into 
the ir-conjugated polymer to cause a similar hypsochromic shift 
of the T-v* absorption band has been reported for copolymers 
of ir-conjugated thiophene-2,5-diyl and non-ir-conjugated thio-
phene-2,4-diyl units.17 

Because of the linear structure of PPy and PBpy, they are 
aligned in stretched film as well as on substrates. As shown in 
Figure 2a, painting of polyvinyl alcohol) (PVA) film with a 
formic acid solution of PPy and drying the film gives the PVA 
film containing the linear PPy molecules in the surface region. 
Stretching the film is expected to lead to the alignment of the 
PPy molecules as shown in Figure 2b, and actually, irradiation 
of the film with polarized light (Figure 2c) reveals a strong 
dichroism (or dependence of the absorbance on the angle 6 in 
Figure 2c) as shown in Figures 3 and 4. In Figures 2 and 4, the 
stretching ratio Rs and the dichroic ratio Ri are defined as 

RS = RJRX (Figure 2a,b) (12) 

* d « V * J . " A< 0/^90 
absorbance 

(Figures 2c and 3) (13) 

The results depicted in Figures 3 and 4, which show such an 
unusually large dichroic ratio Ri of 40-45, support the alignment 
of the PPy molecules on the stretched PVA film and reveal that 
larger dichroic ratios are obtained with PPy's having larger 
molecular weights. PBpy (with 42 pyridine rings (Scheme I)) 
gives, in the PVA film, an Ri value almost the same as that 
observed with PPy with n value of 49 (Figure 4). Because of the 
strong dichroism, the stretched film serves as a polarizing film; 
for example, two overlapped PVA-PPy films with a 90° angle 
between the stretching directions of the two films cut light at 
about 400 nm almost completely whereas light at 400 nm passes 
through two similarly overlapped films with a 0° angle between 
the stretching directions of the two films. The Ri value for the 
PVA-PPy film is stable and unvaried even after leaving the film 
at room temperature for 4 years. 

Casting a homogeneous formic acid solution containing PVA 
and PPy gives a free-standing film containing PPy molecules in 
bulk PVA, and stretching of the film also affords a film showing 
dichroism. However, the Ri value of this stretched film is 
considerably lower (Rd = 2.5, 3.2, and 4.4 at Rs = 2.0, 5.0, and 
10.2, respectively), and the difference in the Ri values between 
the two types of stretched films may be attributed to an excellent 
special anchoring effect of the surface of the PVA film for 
alignment of the linear PPy molecules and/or a difference in the 
nature of the disorder and ordering between the PPy molecules 
in the surface region (2D disorder and ordering, Figure 2a,b) and 
those in the bulk (3D disorder and ordering). 

Figure 5 (top) shows the electron difraction (ED) pattern of 
a PBpy film (thickness = 60 nm) formed on a carbon substrate 

(17) (a) Yamamoto, T.; Sanechika, K.; Yamamoto, A. Bull. Chem. Soc. 
Jpn. 1983, 56, 1497. (b) Sanechika, K.; Yamamoto, T.; Yamamoto, A. J. 
Polym. Sd., Polym. Lett. Ed. 1982, 20, 365. 
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Figure 2. Stretching of PVA film containing linear PPy molecules in its surface region, definition of Fl, (Figure 2a,b), and irradiatic >n of polarized 
light on the stretched film (Figure 2c). The four O marks are made at the corners of a square (Figure 2?.) to determine the Rs value (F igure 2b). The 
film was obtained by painting the PVA film with a formic acid solution of PPy, drying the film under v acuum, and stretching the P VA film. 
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Figure 3. Absorption of polarized light by the stretched PVA-PPy film. 
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Figure 4. Relationship between RA and Rs obtained with PPy with n 
(degree of polymerization) of 25 and 49. PBpy with 42 pyridine rings 
gives almost the same results obtained with PPy with the n value of 49. 

by vacuum deposition. The ED pattern of the vacuum-deposited 
thin film of PPP3 is also shown in Figure 5 for comparison. The 
ED patterns shown in Figure 5 are taken by using an electron 
beam (60 keV corresponding to a wavelength of 0.0050 nm) 
irradiated perpendicularly to the carbon substrate. The ED 
pattern of the PPP film has been reasonably accounted for by 
assuming that the PPP molecules stand upright as depicted in 
Figure 6b to form an orthorhombic packing;3 the orthorhombic 

Figure 5. El.ectron diffraction pattern of (top) PBpy film and (bottom) 
PPP film (from ref 3) vacuum deposited on a carbon sut istrate. 

packing, of PPP has been extensively studied by po wder X-ray 
diffract o'.netry.2 

The observation of analogous regular spots in the ED pattern 
of the vacuum-deposited PBpy suggests that the PBp <y molecules 
also stand upright orn the carbon substrate (Figure 6a) to form 
an or th orhombic packing, although the observation of a smaller 
number of the regular diffraction spots than that ot iserved with 
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- #&m 

(b) s u b s t r a t e 

Figure 6. Per] )endicular orientation of (a) PB py and (b) PPP. The detailed packing structure in the ab plane and twisting of the aromatic rings are 
neglected for J .implification. 

the PPP filrr i indicates a lower degree of crystallinity18 of the 
PBpy film pn :sumably due to a less regular ai id less linear structure 
of PBpy ths .n that of PPP. For examp Ie, PBpy may have 
irregularities due to the presence of s-cis and s -trans stereoisomeric 
bonding and nonlinearity due to the presei ice of N in the six-
memberedai omaticring. As a polymerized powder, the sample 
of PBpy see: ms to have a monoclinic cryst al structure, whose 
detailed anal ysis will be reported elsewhere. 

As for PP: P, it is reported that PPP's with molecular weights 
of 1500-200 0, corresponding to a degree of polymerization of 
about 20 and a chain length of 8-10 nm, can I >e vaporized under 
vacuum.19 I f PBpy has volatileness similar u ) that of PPP, the 
PBpy molec ules in the vacuum-deposited tl iin film are also 
considered tc ) have about 20 pyridine rings anc I a length of 8-10 
nm. Theref ore, the thickness (60 nm) of t he PBpy film is 
considered t( > correspond to an accumulation, o n the average, of 
about 6-8 la yers of the PBpy molecules, and ol oservation of the 
regular cleai • spots suggests that not only the I first PBpy layer 
directly cont acted with the surface of the substr ate but also the 
PBpy moleci lies in the upper layers are oriented \ oerpendicularly 
to the surfac ;e of the substrate. 

The laten il dimensions of the orthorhombic i mit cell of the 
vacuum-depi osited PBpy (thee axis is the direction of the polymer 
chain)are0. 81 nm (a) and 0.57 nm (b), respectively. Thevalues 
are somewhz it larger than the ab parameters of PP 'P and PTh (a 
= 0.78 nm, b = 0.56 nm).2-3-20 The spots shown in Figure 5a 
disappeared; after long irradiation by the electron bea m, indicating 
degradation of the oriented structure by the long irradiation with 
the electron beam. Use of PPy, instead of PBpy, in the vacuum 
deposition al: >o gives a similar film; however, its ED pat tern exhibits 
only much 1< ;ss sharp dim spots due to the less regular structure 
of PPy. Tht : vacuum deposition of PPP to a gold substrate also 

(18) The ni imbcr of the clear ED diffraction spots seems to he related to 
the degree of c rystallinity. However, even in the case of PPP, th> z number of 
the clear spots depends on delicate experimental conditions for Vhz vacuum 
deposition (e.g ., temperature of substrate). 

(19) Brown , C. E.; Kovacic, P.; Wilkie, C. A.; Cody, R. B., Jr.; K.insinger, 
J. A. J. Polym . Sci., Polym. Lett. Ed. 1985, 23, 45.3 and mass spectra in this 
reference 

(20) (a) M( ), Z.; Lee, K.-B.; Moon, Y. B.; Kobayashi, M.; Heeler, A. J.; 
Wudl, F. Mat romolecules 1985, 18, 1972. (b) Bruckner, S.; Porzio, W. 
Makromol. Ci tern. 1988, 189, 961. 

leads to a similar orientation of the PPP molecules perpendicular 
to the surface of the substrate.3 However, in the case of PBpy, 
the film vacuum-deposited on the gold substrate does not give 
rise to a clear ED spot. Interaction of the PBpy molecule with 
the gold substrate through partial coordination of PBpy to gold 
may be the reason for the difficulty in making the oriented 
structure. 

Vacuum deposition of PBpy on a glass substrate causes another 
type of alignment of the PBpy molecules on the surface of the 
substrate as found by using the SHG (optical second-harmonic 
generation) technique.21 

Although PPP and PPy films vacuum deposited on the glass 
substrate are SHG inactive, similarly vacuum-deposited PBpy 
film is SHG active, indicating that the PBpy molecules take a 
special alignment on the glass substrate to afford a domain which 
has asymmetry in inversion. The intensity of the SH light (/SH) 
from the glass vacuum-deposited PBpy film is much stronger 
than the background SH light from the glass substrate and 
proportional to the second power of the intensity of the irradiated 
laser (/e), /SH a h2- A detailed study of SHG has been carried 
out by irradiation with a laser (1064 nm) and detection of the 
SH light in P-P (irradiation light = P polarized light; detected 
SH light = P component of the SH light), S-S, S-P, and P-S 
combinations as shown in Figure 7, and the obtained results are 
shown in Figure 8. The SH intensity is predominantly observed 
in the P-P combination, and the SH intensities in the other three 
combinations are smaller by 1 order of magnitude, implying that 
there exists a main nonlinear susceptibility component perpen
dicular to the surface plane. 

As is clear from Figure 8a, one of the interesting features of 
the SHG of the PBpy is the anisotropy of the SHG concerning 
the rotation around the Z axis: the point symmetry is Q with 
only one mirror in the X-Z plane. This feature strongly suggests 
that all the PBpy molecules align in a certain direction and the 
molecule plane tilts from the surface normal. However, the 

(21) (a) Shen, Y. R. Annu. Rev. Phys. Chem. 1989, 40, 327. (b) Chen, 
W.; Feller, M. B.; Shen, Y. R. Phys. Rev. Lett. 1989, 63, 2665. (c) Shen, Y. 
R. Nature 1989, 337, 519. (d) Fukuda, T.; Kanbara, T.; Yamamoto, T.; 
Fujioka, T.; Kajikawa, K.; Takezoe, H.; Fukuda, A. MoI. Cryst. Liq. Cryst. 
1993, 226, 207. 
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Figure 7. Geometry of the experimen tal system for measuring SHG. 
Polarized (S and P) light is irradiated to the PBpy film vacuum deposited 
on the glass substrate which can be rotated around the Z axis. Coordinates 
(XQ, Yo, Zo) are those of the laboratory frame. 

Figure 8. SHG from the PBpy vacuum deposited on the glass substrate 
for (a) P-P, (b) S-P, (c) P-S, and (d) S-S combinations. Observed data 
and best theoreti cal fits are shown by O and —, respectively. The relative 
scaleoftheSHG intensity is shown on the radical line. The angle indicates 
the rotation aro und the Z axis. The directions giving the minimum SHG 
and maximum. SHG for the P-P combination are taken as 0° and 180°, 
respectively. 

vacuum-deposited PBpy film does not show observable dichroism 
in its UV- -visible spectrum, while alignment of the PBpy molecules 
in the stretched PVA film is clearly observed (Figure 2, vide 
ante). Therefore, most of the PBpy molecules in the vacuum-
deposi.ted PBpy film are not oriented to the certain direction 
parallel to the surface22 and the SH light is mainly generated 
from the interface between the glass substrate and its neighboring 
lay er of PBpy. 

Fitting theoretical equations (cf. the supplementary material) 
t o the observed data, with a least-squares method, gives relative 
values of the six tensor elements for SHG (xxxx, XXYY, XXZZ, 
Xxzx, XYYZ, and xzzz); Xzzz is the dominant tensor element, and 
other five elements are 20-50 times smaller than xzzz- The 

(22) The PBpy molecules in the upper layer above the layer neighboring 
the glass substrate may be aligned perpendicularly to the surface of the 
substrate. However, ED analysis of the PBpy on the glass substrate has not 
been possible because of the luck of the thin glass substrate which is transparent 
to the electron beam and suitable to the ED analysis. 

/ . Am. Chem. Soc, Vol. 116, No. 11, 1994 4839 

theoretical best-fitted SHG profiles shown in Figure 8 (solid line, 
at relative values of the tensor elements of xxxx - 6, XXYY = 3, 
Xxzz = 9, xxzx = 3, XYYZ = 4, and xzzz - 160) agree with the 
observed SHG profiles (O marks), supporting the assumption of 
the Cj symmetry. 

If the PBpy molecules are oriented perpendicularly to the 
surface of the glass substrate as in the case of the PBpy film 
vacuum deposited on the carbon substrate, such SHG profiles as 
those shown in Figure 8 would not be expected. On the contrary, 
if one assumes an orientation of the PBpy molecules along the 
surface of the SiC>2 glass as shown in Figure 9a, the molecules 
are expected to have the component of the dipole moment 
perpendicular to the surface of the substrate. 

The glass substrate is considered to have an acidic Si-O-H 
groups, and 2,2'-bipyridine, the unit of PBpy, is known to 
coordinate acidic H to form the s-cis conformation,234 in spite of 
its s-trans conformation in the ordinary state.23b A model for the 
alignment of the PBpy molecules at the interface is depicted in 
Figure 9, where the PBpy molecules are coordinated to the surface 
Si-O-H group as depicted in Scheme 3. As described above, the 
vacuum-deposited PPy film is SHG inactive, which is considered 
to be due to the difficulty for the PPy molecule to coordinate to 
the Si-O-H group because of the H-T structure of PPy (vide 
ante). PBpy has a strong ability to coordinate with transition 
metals whereas PPy does not (vide infra). 

Treatment of the glass substrate with KOH/methanol followed 
by treatment with water (cf. the supplementary material) and 
vacuum evaporation of PBpy to this substrate leads to enhance
ment of the SHG intensity to about twice without loosing the 
anisotropy concerning the rotation around the Z axis (Figures 7 
and 8a), whereas treatment of the glass substrate with dilute 
H2SO4 causes a decrease in the SHG intensity with loss of the 
anisotropy. Since the treatment with alkali is considered to 
increase the concentration of the Si-O-H group and that with 
acid to have a reverse effect, these results also support the 
orientation of the PBpy molecules through the coordination to 
the Si-O-H group. A tilt angle (6 in Figure 9b) can be roughly 
estimated as 30° from the anisotropic ratio shown in Figure 8a 
(strongest SHG intensity at 180°/weakest SHG intensity at 0° 
= ca. 4).24 

Another interesting feature of the alignment of the PBpy 
molecules on the glass substrate is that the same anisotropy of 
the SHG is observed over all of the surface of the glass-PBpy 
system with an area dimension of 10 X 10 mm, indicating that 
the PBpy molecules are aligned in the same direction on the 
surface of the glass substrate as shown in Figure 9. It may be 
postulated that alignment of several rigidly linear PBpy molecules 
causes alignment of other molecules coming later. 

Fluorescence, Excimer-like Emission, and Other Optical Prop
erties. Powdery PPy and PBpy emit strong green light when 
irradiated by UV light (365 and 253.7 nm). Figure 10 shows the 
fluorescence spectra of PPy in a dilute (2.0XlO"6 mol of monomer 
unit dnr3) formic acid solution, in a higher concentration (0.5 
mol of monomer unit dm-3) of formic acid solution, and as a film 
on a quartz plate, prepared by spreading a formic acid solution 
of PPy on the quartz plate and removing the formic acid in vacuo. 
Steady-state (Figure 10) and time-resolved25 fluorescence mea
surements reveal the following characteristics of the fluorescence. 
(a) The dilute solution (2 X 1O-6 M) gives rise to a fluorescence 
with a maximum at 440 nm (Figure 1 Oa) or 2.82 eV which roughly 
agrees with the band gap of PPy (2.88 eV, vide ante), indicating 

(23) (a) Linnell, R. H.; Kaczmarczyk, A. /. Phys. Chem. 1961,65, 1196. 
(b) Merritt, L. L.; Schroeder, E. D. Acta Crystallogr. 1956, 9, 801. 

(24) Since the P-polarized light is irradiated at 45° to the surface of the 
PBpy film, the tilt angle 8 in Figure 9 is roughly estimated from the ratio 
between the maximum SHG intensity and the minimum SHG intensity of 4 
(Figure 8a) according the equation cos (45 + 0)/cos(45 - 6) = '/4, which gives 
the 8 value of about 30°. 

(25) Ikeda, T.; Lee, B.; Kurihara, S.; Tazuke, S.; Ito, S.; Yamamoto, M. 
/. Am. Chem. Soc. 1988, 110, 8299. 
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PBpy 

Vnm 
Figure 10. Steady-state fluorescence spectra of PPy (a) in formic acid 
(2.0 XlO-6M monomer unit), (b) in formic acid (0.5 M monomer unit), 
and (c) on a film on a quartz plate, excited at 380 nm. 

Scheme 3. Coordination of PBpy Molecules to the Si-O-H 
Group (Upper Model, a). In the Case of PPy, Such 
Coordination Does Not Take Place (Lower Model, b) 
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Figure 9. (a) Model for the alignment of PBpy molecules along the direction of the surface. A view of' the PBpy molecules from the Ydirection is 
depicted in part b. B is the tilt angle. 

570 nm gives a rise component with a lifetime of t < 10 ps as well 
as decay components with lifetimes of / = 90 and 350 ps. 

These results, especially tiHe agreement in the lifetimes between 
the fast decay component at 440 nm and the rise component at 
570 nm and between the slow components at both wavelengths, 
strongly suggest the formation of excimer; a model for its 
formation is depicted in Figure lib. On absorption of UV light 
in the solution with the higher concentration, the linear PPy 
molecule seems to form the excimer-like adduct with another 
linear molecule in 10 ps as shown in Figure 1 lb, and the excimer-
like adduct seems to emit the lignt with the longer wavelength. 

The concentration of 0.5 M monomer unit (Figure lib) 
corresponds to about 0.01 M PPy and an average distance of 5.5 
nm between the centers of two neighboring PPy molecules, whereas 
the lower concentration (2XlO-6M monomer unit, Figure Ha) 
gives the average distance of 350 nm. Since the PPy molecules 
with the degree of polymerization of atxmt 50 correspond to the 
length of about 20 nm, the PPy molecules seem to interact sterically 
to some extent even before the irradiation of the light in the 
higher concentration solution. 

The fluorescence spectra of P3MePy and P6HexPy exhibit 
peaks at somewhat shorter wavelengths than that of PPy, 420 
and 415 nm, respectively, in formic acid at a Jow concentration 
(2XlO-5M monomer unit), and these emissions are also attributed 
to the emission from the single polymer molecu Ie. The fluores
cence spectrum of P3MePy at a higher concentration (0.1 M 
monomer unit) in formic acid shows overlapping of the emission 
at 420 nm with another emission band centered at a bout 500 nm, 
which is also attributed to the excimer-like emission as in the 
cases of PPy and PBpy. In the fluorescence spectrum atf a P3MePy 
film on a quartz plate, the emission band centered .at 500 nm 
becomes the major emission band; however, the band is clearly 
overlapped with a smaller emission band at 420 nm in contrast 
to the case of the PPy film (Figure 10c), suggesting that the 
P3MePy film gives not only the excimer-like emission but also 
the emission from the single P3MePy molecule presumably due 
to the molecularly less ordered structure of P3MePy than that 
of PPy, which leads to weaker interaction between the molecu'les 
to cause the excimer-like emission. 

PBpy and P3MePy films are THG (optical third-harmonio 
generation) active and give the x<3) values of 1.5 X 10"1' and 0.5 
XlO-" esu, respectively, at 3hv of about 18 000 cm"1. 

Doping and Electrically Conducting Properties. Figure 12 
exhibits the cyclic voltammogram (CV curve) of PPy film laid 
on a platinum electrode. PBpy film essentially gives the same 
CV curve. As shown in Figure 12, reduction or n-doping of PPy 

(b) 
PPy 

that the fluorescence takes place by migration of electrons from 
the conduction band to the valence band. The energy difference 
between the absorption and fluorescence maxima is 2900 cm-1. 
An excitation spectrum of the dilute solution shows a peak at the 
position of the ir-T* transition (\ = 373 nm). (b) When the 
concentration is increased to 0.5 M (Figure 10b), the fluorescence 
spectrum exhibits a contribution from fluorescence at longer 
wavelength (presumably centered at about 550 nm). A further 
increase in the concentration of PPy was not possible owing to 
limited solubility. When PPy forms a film, it gives rise to the 
fluorescence with a peak at the longer wavelength, 550 nm (Figure 
10c). PBpy film also shows a similar fluorescence with a peak 
at 535 nm. (c) The fluorescence lifetime measurement indicates 
that the fluorescence decay of the dilute PPy solution (2XlO"6 

M) is composed mainly of two components with lifetimes of / = 
60 and 250 ps when monitored at 440 nm. At the higher 
concentration (0.5 M), the fluorescence decay is triple-exponential 
with lifetimes (/) of <10,90, and 300 ps when monitored at 440 
nm. In this case, the time-resolved fluorescence monitored at 
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hv 

(a) At low concentration 

hv 

(b) At high concentration 
t < 10 ps 

Figure 11. Fluorescence of solutions containing (a) a low concentration (e.g., 2 x 1(H M monomer unit) and (b) a high concentration (e.g., 0.5 M) 
of PPy (excimer-like emission). 

starts about -1 .9 V vs A g / A g + (0.34 V vs SCE2 6) and E^ appears 
at -2 .43 V. 

- i / ~ \ \ - + nx[N(n-C4H,)4]* + 
E0 = -2.21 V vs. Ag/Ag* 

yellow 
j / V y . X[N(n.C4H,)4r^ (14) 

blue 

The averaged value of E^ and £pa, which is taken as the E0 value, 
is -2.21 V vs Ag/Ag+, and this value is higher by about 0.4 V 
than the E0 value of PPP observed in the presence of [N(W-C4Hg)4] -
[ClO4],27 indicating that PPy is more easily reduced or n-doped 
than PPP. Use of NaBF4 (0.1 M) instead of [N(n-C4H9)4]BF4 

gives a reddish purple n-doped PPy at almost the same E0 value. 
The difference in the color between the [N(«-C4H9)4]+- and Na+-
doped (see also the color of chemically Na-doped PPy, eq 15 
(vide infra)) PPy may be attributed to a delicate difference in 
an interaction mode of the cations with n-doped PPy. 

The UV-visible spectrum of the n-doped PPy film (thickness 
= ca. 50 nm) on an ITO (indium tin oxide) glass electrode shows 
appearance of a new absorption bandat515nmanda very broad 
absorption toward the near-infrared at -2.0 V vs Ag/Ag+ (elec
trolyte: 0.1 M [NEt4][ClO4] in CH3CN). At -2.3 V vs Ag/ 
Ag+, the new absorption band is shifted to 465 nm and the very 
broad absorption toward the near-infrared becomes much 
stronger. Formation of polaron and/or bipolaron1 seems to be 
responsible for the two new absorption bands. The positions of 
the two new absorption bands show a difference from those of 
absorption bands (\max = 555 and 830 nm)28 of the cation radical 
of bpy (Na+bpy~). 

In contrast to the easy n-doping, PPy is electrochemically 
inactive in the anodic sweep range (0-1 . 7 V M Ag/Ag+), whereas 

(26) (a) Tomot, R.; Zecchin, S.; Schiavon, G.; Zotti, G. / . Electroanal. 
Chem. lnterfacial Electrochem. 1988, 252, 215. (b) Schiavon, G.; Zotti, G.; 
Bontempelli, G. J. Electroanal. Chem. lnterfacial Electrochem. 1985, 194, 
327. (c) Schiavon, G.; Zotti, G.; Bontempelli, G. J. Electroanal. Chem. 
lnterfacial Electrochem. 1984, 161, 323. 

(27) Yamamoto, T.; Wakayama, H.; Fukuda, T.; Kanbara, T. J. Phys. 
Chem. 1992, 96, 8677. 

(28) (a) Kaizu, Y.; Kobayashi, H. Bull. Chem. Soc. Jpn. 1972, 45, 470. 
(b) Bernier, P. In Handbook of Conductive Polymers; Skotheim, T. A., Ed.; 
Marcel Dekker: New York, 1986; Vol. II, p 1099. 

PPP and PTh show oxidation or p-doping peaks at 1.10—1.3426c>27 

and 0.71 V, respectively. For comparison, reported oxidation 
and reduction (or p- and n-doping) potentials of PPP and PTh 
are shown in Figure 12. 

These electrochemical behaviors of PPy and PBpy are consistent 
with the ir-electron-deficient properties of the pyridine ring and 
the chemically lower reactivity of pyridine toward electrophiles 
such as N02+ than benzene,2'3 in spite of certain electron-donating 
properties of pyridine due to the lone pair electrons on nitrogen. 
UPS (UV photoelectron spectroscopy) analysis as well as band 
calculations also reveal the electron-accepting properties of PPy .29b 

Electrochemical behaviors of molecules having large x-conjuga-
tion systems and those of polymer-modified electrodes are the 
subject of recent interest.13-1'30 

Table 2 summarizes the CV data of PPy and related polymers. 
By introducing the CH3 and hexyl substituents, the electro
chemical reduction becomes somewhat more difficult by about 
0.15-0.3 V presumably due to the shortening of the effective 
7r-conjugation length and/or electron-donating effect of the alkyl 
substituent. 

As shown in eq 14, the n-doping of PPy is accompanied by a 
color change (electrochromism). PPy (and also PBpy), PMePy's, 
and P6HexPy are yellow, brownish yellow, and brownish yellow, 
respectively, whereas the n-doped PPy (and also PBpy), PMePy's, 
and P6HexPy show the colors of blue, dark blue, and dark orange, 
respectively. 

The doping level (x in eq 14) of PPy and related polymers 
listed in Table 2 is about 0.3. The peak n-doping current as well 
as the peak n-undoping current is proportional to the scanning 
rate, indicating that all of the molecules in the PPy and related 
polymer films participate in the electrochemical reaction and the 
electric current is controlled by the mass of the polymer. The 
n-doping and n-undoping can be cycled for more than 50 times 
without an observable change of the CV curve for P6HexPy, 
whereas scanning of the PPy and PBpy films several times leads 

(29) (a) Newkome, G. R.; Paudler, W. W. Contemporary Heterocyclic 
Chemistry; John Wiley: New York, 1982. (b) Seki, K.; Tanaka, H.; Ohta, 
T.; Sanechika, K.; Yamamoto, T. Chem. Phys. Lett. 1991, 178, 311. 

(30) (a) Jehoulet, C; Obeng, Y. S.; Kim, Y.-T.; Zhou, F.; Bard, A. J. J. 
Am. Chem. Soc. 1992,114, 4237. (b) Anson, F. C; Blauch, D. N.; Saveant, 
J.-M.; Shu, C. F. J. Am. Chem. Soc. 1991,113, 1922. (c) Shu, C-F.; Anson, 
F. C. J. Am. Chem. Soc. 1990,112, 9227. (d) Fischer, J. E.; Heiney, P. A.; 
Smith, A. B., III. Ace. Chem. Res. 1992, 25, 112. 



4842 /. Am. Chem. Soc, Vol. 116, No. 11. 1994 Yamamoto et al. 

1.0 

0.5 

O 

CU 

O 

CD 

-0,5 

-1.0 

blue 

yellow 

yellow 

-PTh -PPP 
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E / V vs. Ag / Ag 
Figure 12. Cyclic voltammogram of PPy film laid on a Pt electrode: 
acetonitrile solution containing 0.1 M [N(/!-C4H^4] [BF4]; room tem
perature under N2; scan rate of 60 mV s_1. Potentials for n-doping of 
PPP, p-doping of PTh, and p-doping of PPP are also shown. 

Table 2. n-Doping Behavior 

PPy 

£o,V -2.21 
vs Ag/Ag+ 

PBpy 

-2.21 

of PPy and Related Polymers 

P3MePy 

-2.34 

P4MePy 

-2.39 

P6MePy 

-2.37 

3 

P6HexPy 

-2.48 

* Measured with the polymer film laid on a platinum electrode at room 
temperature. Solvent was acetonitrile. Electrolyte was [N(H-C4Hs)4] [BF4] 
for PPy, PBpy, and P6HexPy and [NEt4][ClO4] for PMePy's. 

to appearance of unidentified small pair peaks at about -1.9 V 
(cathodic) and 1.3 V (anodic) vs Ag/Ag+, which suggests some 
structural and/or chemical change of the PPy film. However, 
the unidentified peaks disappeared after about 25th scanning. 

The ir-electron-deficient nature of PPy and related polymers 
revealed by the electrochemical analysis is consistent with the 
following results of chemical doping of the polymers. 

The polymers themselves are insulators with electrical con
ductivity (a) of below 1O-14 S cm-1. However, sodium doping of 
PPy with sodium naphthalide affords a reddish purple n-doped 
powder, which has the cr value of 1.1 X 1O-1S cm-1 as measured 
with a compressed powder. 

- \ / yj- * sodium naphthalide - - ( Q - - * * r 
yellow 

=N 

reddish purple 

(15) 

of PPy, such broadening being usually observed for doped 
polymers.1 PBpy and PMePy's exhibit similar color changes by 
treatment with sodium naphthalide, and the obtained n-doped 
powders have the a values of 1.6 X 10-' and ca. 1 X IO-4 S cm'1, 
respectively. The n-doped state of the polymers is stable under 
nitrogen and vacuum. However, exposure of the reddish purple 
Na-doped PPy to air causes rapid color change to the original 
yellow of PPy, revealing that the n-doped state is sensitive to 
oxygen and/or moisture in air. Na-doped P6HexPy is also air-
sensitive; however, in this case, the color change is somewhat 
slower compared with the Na-doped PPy and takes several 
minutes. 

The ESR spectrum of the Na-doped PPy shows two overlapped 
symmetrical signals at g = 2.0028 at room temperature: one 
broad signal with AHPP (peak-to-peak width) of 3.10 mT and 
relative peak height of 1 and another sharp signal with AHPP of 
0.34 mT and relative peak height of 1.2. The g-value is comparable 
to the g-value (2.0026) of the bpy anion radical (K+bpy-).28a The 
AJ/pp value of the broad signal is larger than that of the bpy anion 
radical,283 which may be accounted for by coupling with many 
nitrogens and hydrogens in PPy. On the other hand, the 
appearance of the relatively sharp signal may be attributed to the 
presence of rapidly moving or exchanging radical species, which 
often give rise to a sharp ESR signal due to motional or exchange 
narrowing.la28b A detailed discussion of the ESR data of the 
Na-doped PPy will be given elsewhere. 

In contrast to the facile chemical n-doping of PPy by treatment 
with the reductant, treatment of PPy with ASF5, which serves as 
a strong oxidant and oxidizes PPP to give p-doped PPP,1'20 does 
not give the electrically conducting properties to PPy. Reactions 
of PPy with AsF5, BF3-OEt2, and I2 give the corresponding adducts, 
e-g. 

• O k * - * ^ ^ - - f O — - t "•> 
(8.5 x 10* Pa) (x • 0.62 by gravlmetry) 

However, the adducts are insulators or have only minor con
ductivity, showing the a values of 9.7 X 10"12 and 4.3 X 10"7 S 
cm-1 for the AsF5 and iodine (0.77 g of iodine/1 g of PPy) adducts, 
respectively. AsF5 seems to form the adduct through the lone 
pair electrons of the nitrogen of PPy and not to abstract ir-electrons 
from the ir-conjugation system of PPy because of the ir-electron-
deficient nature of PPy. On the other hand, as previously 
reported,1'2"= PPP can release the ir-electrons upon interaction 
with AsF5 to give the p-doped state showing the conducting 
property. The IR spectrum of the iodine adduct of PPy is 
essentially the same as that of PPy, whereas the formation of the 
adducts with AsF5 and BF3 causes changes in the IR spectrum 
of PPy. For example, the skeletal vibration bands (1590 and 
1430 cm-1) of PPy become more complicated to give rise 
absorption bands at about 1640, 1600, 1570, and 1440 cm"1 

presumably due tojthe formation of the adduct through nitrogen, 
and they also show new strong and broad absorption bands which 
seem to originate from AsF5 (600-800 cm"1) and BF3 (1000-
1150 cnr1),31 respectively. A similar change of the IR pattern 
in the skeletal vibration range (1400-1650 cm-') is observed with 
an HCl adduct of PBpy. 

Transition-Metal Complexes of PBpy and P6HexBpy and 
Related Chemistry. Since 2,2'-bipyridine, the unit of PBpy, forms 
a variety of complexes with transition metals, it seems interesting 
to make transition metal complexes of PBpy and P6HexBpy and 
reveal basic chemical and physical properties of the complexes 
of the electrically conducting chelating polymer ligand. The role 
of PBpy as chelating ligand has been briefly reported in 
communications.' 2c'd 

The n-doping with sodium leads to broadening of the IR peaks 
(31) Pouchert, C. J. The Aldrich Library of Infrared Spectra, 2nd ed.; 

Aldrich Chemical Co. Inc.: Milwaukee, WI, 1975; No. 1328B. 
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Treatment of PBpy with FeSO4 and RuCl3 (in a 3:1 ratio) in 
aqueous and ethanolic solutions, respectively, afforded reddish 
brown and dark brown precipitates, respectively, presumably due 
to gelation through formation of intermolecular chelate complexes. 
The color of the precipitate obtained in the treatment with Fe2+ 

resembled the wine red color of [ Fe(bpy )3]2+. However, the color 
of the precipitate obtained in the treatment with RuCl3 was 
different from that of [Ru(bpy)3]

2+, suggesting that the electronic 
state of Ru or the ligand in the polymer complex was different 
from those in [Ru(bpy)3]

2+. Treatment of PPy with FeSO4 did 
not cause an apparent color change, in accord with the postulated 
H-T structure of PPy {vide ante). 

The reaction of powdery PBpy with [Ru(bpy)2Cl2] (1 mol per 
mol of the bpy unit of PBpy) in water under reflux and removal 
of water-soluble materials by repeated washing with water gave 
the following light orange PBpy-Ru complex. 

A part of the PBpy-Ru complex in the crude reaction product 
is extractable by methanol, and the UV-visible spectrum of the 
methanol solution gives rise to an absorption band at about 450 
nm overlapped with a tail of the T-T* absorption of PBpy at 373 
nm. [Ru(bpy)3]Cl2 reportedly shows an MLCT absorption band 
at 452 nm,32a-b and the observation of the absorption band at 
about 450 nm supports the complex formation expressed by eq 
17. The Ru content in the methanol-soluble part is about 20 mol 
% as estimated from the relative intensities of the T-TT* and MLCT 
bands. The absorption band of [Ru(bpy)2Cl2] (515 nm in 
methanol) was not observable in the UV-visible spectrum of the 
methanol-extractable fraction. The photoluminescence spectrum 
of the methanol-extractable fraction gives rise to a strong emission 
band at 640 nm, which is compared with an emission band of 
[Ru(bpy )3] Cl2(610nm). No other emission band was observable 
in the visible region. 

Microanalysis of Ru and Cl for samples after removal of the 
methanol-soluble part indicates 1.3 and 1.4 mol % of Ru per bpy 
unit of PBpy after 10 and 40 h, respectively, and the molar ratio 
between Ru and Cl is 1:2. It is reported that labile [Ru-
(bpy)2Cl2]

33-34 forms complexes with polymer ligands like poly-
(4-vinylpyridine)33-34a under similar conditions. 

PBpy is converted into a semiconducting material (tr = 10-5 

S cirr1) by formation of a complex with Ru, implying generation 
of carrier(s) in the polymer chain. 

When the complex formation was carried out with a thin PBpy 
film (thickness = 100 nm) laid on a Pt or ITO (indium tin oxide) 
glass plate, the light orange film obtained contains about 10-15 
mol % of Ru per bpy unit as estimated by X-ray photoelectron 
spectroscopy (XPS). Similar [Ru(bpy)2Cl2]-treated PBpy film 

(32) (a) Tokel-Takvoryan, N. E.; Hemingway, R. E.; Bard, A. J. / . Am. 
Chem. Soc. 1973, 95, 6582. This paper shows a CV of [Ru(bpy)3](C104)2. 
and describes the dichloride salt, which shows irreversible oxidation at aboui 
1.16 V (vs SCE) in accord with Figure 13b. (b) Mabrouk, P. A.; Wrightor.., 
M. S. Inorg. Chem. 1986, 25, 526. 

(33) Ramaraj, R.; Natarajan, P. J. Polym. Sci., Polym. Chem. Ed. 199:1, 
29, 1339. 

(34) (a) Hayes, M. A.; Meckel, C; Schatz, E.; Ward, M. D. J. Chem. Sot:., 
Dalton Trans. 1992,703. (b) Calvert, J. M.; Meyer,T. J.Inorg. Chem. 198:4, 
21, 3989. (c) Durham, B.; Walsh, J. L.; Carter, C. L.; Meyer, T. J. Inorg. 
Chem. 1980, 19, 860. (d) Samuels, G. J.; Meyer, T. J. J. Am. Chem. Soc. 
1981, 103, 307. 

El V vs. Ag /A f 
Figure 13. ( :v curves of (a) the PBpy-Ru(t py)2 film on a Pt electrode, 
(b) PBpy fil m, and (c) [Ru(bpy)3]

2+ under > T2 in an acetonitrile solution 
containingIJ. 1 M [N(«-C4H9)4] [ClO4]. Sea n rates were (a) 100 mV s"1 

and (b) 60 mV s"1. 

on a quai :tz plate gives rise to, in the tf iil absorption of PBpy, a 
shoulder absorption at about 450 nm as signable to the PBpy-Ru 
complex ; however, the absorption due to [Ru(bpy)2Cl2] is not 
observal jle in the UV-visible spectrur i of the film. 

The J PBpy film laid on Pt and cont£ ining the complex shows 
peaks d ue to redox reactions of the PI tpy-Ru complex in cyclic 
voltam metry (CV) [curve (a) in Figui e 13]. The CV cycle was 
repeati sd without any observable chanj ;e for more than 10 times. 
There doXpeaksofPBpyatabout^^ 'vs Ag/Ag+ are weakened 
or are; not observable in the CV che rt of the PBpy-Ru film, 
indie; ating a profound change in the electronic state of PBpy, 
wher eas the CV chart of the PBpy-F .u film shows several new 
peak:s, which are considered to ari se from the presence of 
coor dinated Ru(bpy)2 centers. 

Figure 13c shows the CV curve of the corresponding low 
mo) ecular mass complex, [Ru(bpy)3] C .'l2.

32a It is seen from Figure 
13 that (i) the redox peaks of [Ru(I >py)3]

2+ related to ligand-
bas jed radical anions are shifted to hig her potentials in the PBpy-
Ru complexes whereas the Ru" ^ R u111 redox peaks are shifted 
to lower potentials and (ii) all the r ;dox peaks are broadened. 
T'hfjse results suggest the presence of electronic interactions 
between the Ru species through t he electrically conducting 
polymer chain. These CV results ar s in sharp contrast to those 
obtained with a Ru(bpy)2L2 type c jmplex attached to a non-
conjugated polymer ligand (e.g., pc ly(4-vinylpyridine)),34<i the 
CV curves of the attached comple? groups snowing the redox 
'peaks at almost the same positioi s as in the corresponding 
monomer complex. 

Thus, the PBpy-Ru complex pres snts a unique redox behavior 
which is considered to be character stic of the metal complexes 
of electrically conducting 7r-conjuga ed polymer ligands. Similar 
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Table 3. PhoU evolution of H2 from Aquec >us Media" 

am ount of H2 evolved (^mol) 

run catalyst* wit JiNEt3
0 without NEt3

1* 

1 PPy-RuCl3 39 
2 PBpy 1 0 
3 PBpy-RuCh 137 0 
4 complex obta ini sd from the 4 trace 

[PBpy-Ru (b Py)2Cl2] system 
(eq 17) (M eOH-insoluble part) 

5 PBpy-Ru02 0.2 
trace' 

6 [PBpy-Ru(bpv);-> Cl2] 1-5 
system-Rub2 0.06' 

7 RuO2 trace 
0 A reaction time of i i. h and a 500-W Xe lamp (>300 nm) were used. 

In all cases, light was irradiated from the same di stance. * The amount 
of the polymer or the c omplex was 20 mg. The an iount of RuCl3OH2O 
was 3.6 mg for runs l a nd 3: 0.05 mol/mol of monc >mer unit of PPy (run 
1) and 0.1 mol/mol of monomer unit of PBpy (ru n 3), respectively. In 
the case of run 4, the ( :omplex prepared after 101 i of reflux (see text) 
was used. The amoun t of RuO2 for runs 5 and 6 was 1.8 mg.c In a 
mixture of H2O (1 mL ), methanol (1 mL), and trit sthylamine (1 mL). 
''In a mixture of H2O ( 1.5 mL) and methanol (1.5m L) unless otherwise 
noted.' In water. 

behavior was reportec 1 for an Fe11 ̂  Fe111 redox. reaction in poly-
(ferrocene-l,r-diyl),: ,5a which is electrically t conductive and 
undergoes rapid elect ron exchange in a mixed v alence state.35b 

Recently Yanagidi i and his co-workers rept >rted the high 
catalytic activity of a n lixtureofPPy and RuCl3 for] photoevolution 
of hydrogen from wate r.36 Since PPy has only a lov v coordinating 
ability toward transitu >n metals compared with tha t of PBpy, the 
use of the PBpy-RuC -I3 system is expected to ha1 /e a stronger 
effect due to the com plex formation on the photc >evolution of 
hydrogen from water. 

Table 3 summarizes the results. The PPy-RuCl3 system (run 
1) showed catalytic act ivity essentially the same as tl. tat reported 
by Yanagida and his c o-workers. 

On the other hand, the PBpy-RuCl3 system (rui i 3) shows 
activity about 3.5 times 1 ligher than that of the PPy-Ru* Cl3 system, 
indicating the importan t role of the coordination of Rt i to PBpy. 
On the contrary, the PI Jpy-Ru complex obtained by e q 17 (run 
4 in Table 3) showed Ii )wer catalytic activity. 

The difference in th 5 catalytic activity between th e PBpy-
RuCl3 system and the P Bpy-[Ru(bpy)2]2+ complex ma y be due 
to the difference in the density of the Ru species in the surface 
region of the PBpy poly mer particles or to the differenc « in the 
catalytic activity betwee: i the Ru species formed. Photochemical 
redox reactions of molec ules are subject of recent interest,37 and 
photogeneration of H2 from water by heterogeneous sj ',stems 
containing Ru-bpy con lplexes has been reported.3711 I n the 
presence of a RuO2 cocati ilyst, the catalytic system exhibits h igher 
activities toward the phc toreduction of water in the absen ce of 
the sacrificing reagent N Et3 (runs 5 and 6), and evolution c >f H2 

even in the absence met hanol is observed (run 6) though the 
amount is small. 

PBpy also forms a com] »lex with NiCl2. A reaction of powc lery 
PBpy and a DMF solutk m of NiCl2 under N2 affords a yeli'.ow 
complex whose elemental analysis indicates 39 mol % of the bpy 
unit of PBpy forms the somplex with NiCl2. Taking a lairgjer 

(35) (a) Oyama, N.; Takiza\ va, Y.; Matsuda, H.; Yamamoto, T.; Sanechila, 
K. Denki Kagaku 1988,56,781. (b) Yamamoto, T.; Sanechika, K.; Yamamoto, 
A.; Katada, M.; Motoyama, I ; Sano, H. Inorg. Chim. Acta 1983, 73f, 7'5. 

(36) (a) Matsuoka, S.; Koh; :uki, T.; Nakamura, A.; Pac, C; Yanagida, :5. 
/ . Chem. Soc, Chem. Commi in. 1991, 580. (b) Maruo, K.; Yasuda, N.; 
Wada, Y.; Yanagida, S. Chem. Lett.1992,1951. (c) Matsuoka, S.; Kohzuki, 
T.; Kuwana, T.; Nakamura, A. ; Yanagida, S. J. Chem. Soc, Perkin Trans. 
2 1992, 679. 

(37) (a) Serpone, N.; Peliz: :etti, E., Eds. Photocatalysis-Fundamentals 
and Applications; Wiley Inters cience: New York, 1989. (b) Fox, M. A.; 
Dulay, M. T. Chem. Rev. 1993 , 93, 341. (c) Bard, A. J. Ber. Bunsen-Ges. 
Phys. Chem. 1988, 92,1187. (c I) Cooke, M. C; Homer, J.; Jarvie, A. W. P.; 
Miller, J. D. J. Chem. Soc, Ch em. Commun. 1984, 1202. 
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amount of NiCl2 than Ru(bpy)2
2+ agrees with the reported high 

coordinating ability OfNi2+ to bpy. By the formation of a complex 
with NiCl2, the skeletal vibrations (1587 and 1453 cm-1) as well 
as the in-plane 8Q-H vibrations (1072 and 1025 cnr1) of PBpy are 
shifted to higher frequency by about 10-15 cm-1. Since similar 
shifts are observed for the formation of a complex of bpy with 
NiCl2, the shift of the IR bands supports the formation of the 
PBpV-NiCl2 complex. The complex has an electrical conductivity 
of 1 X 10-7 S cm-1. 

The CV curve of the PBpy-NiCl2 complex38 in a CH3CN 
solution of [N(H-C4H9J4] [BF4] exhibits, besides the n-doping and 
n-undoping peaks of PBpy, redox peaks in a range of -1.0 V to 
-2.0 V OJ Ag/Ag+, where the redox reactions of NiBr2(bpy) also 
take place as observed in the CV curve of NiBr2(bpy). The redox 
peaks of the PBpy-NiClj complex are broadened compared with 
those of NiBr2(bpy), suggesting occurrence of electron exchange 
between Ni species through the backbone ir-conjugation system 
of PBpy, similar to the case of PBpy-Ru(bpy)2. One of the 
interesting electrochemical properties of the PBpy-Ni complex 
is that reduction of the PBpy-Ni complex in a CO2 atmosphere 
(1 atm) causes an irreversible flow of reducing electric current 
at room temperature with a peak cathode potential of -2.15 V 
vs Ag/Ag+. This is characteristic of the electrochemical reduction 
of Ni complexes in the CO2 atmosphere and related to the 
electrochemical reduction of CO2 by the PBpy-Ni complex. 
Actually, evolution of CO (ca. 0.3 mol/1 mol of electron) is 
observed after the electrochemical reduction under CO2 at a 
constant potential of-2.40 V vs Ag/Ag+. The film of the PBpy-
Ni complex was stable during the electrochemical reduction of 
CO2. Recently many papers have been published on electro
chemical reduction of CO2 with Ni complexes.39 

The complex formation reaction of P6HexBpy with transition 
metals proceeds in solutions and can be followed by UV-vis 
spectroscopy. A mixture of P6HexBpy and Ni(cod)2 gives rise 
to an absorption band at 635 nm, which is shifted from the MLCT 
bands of Ni(cod)(bpy) at 570, 800, and 890 nm. The UV-vis 
spectrum of a P6HexBpy-Fe(bpy)2Cl2 system in CHCl3 is 
considerably different from that of the bpy-Fe(bpy)2Cl2 system 
in CHCl3. In the case of the bpy-Fe(bpy)2Cl2 system, addition 
of bpy to a CHCl3 solution of Fe(bpy)2Cl2 leads to an increase 
in the absorbance of a peak at 520 nm (peak position of [Fe-
(bpy)3]2+)40 with an isosbestic point at 575 nm. In the case of 
the P6HexBpy-Fe(bpy)2Cl2 system, on the contrary, addition of 
P6HexBpy to the CHCl3 solution does not lead to the appearance 
of a new absorption band around 520 nm but it causes an increase 
in the absorbance in a range from 550 nm toward the near-
infrared. The UV-vis observation of the P6HexBpy-Fe(bpy)2Cl2 

system suggests formation of unique electronic state(s) by 
coordination of Fe(bpy)2

2+ to P6HexBpy, and the increase in the 
absorption in the range from 550 nm toward the near-infrared 
may be attributed to formation of polaron or bipolaron in the 
P6HexBpy polymer chain. 

Conclusion 

Dehalogenation polycondensation of the corresponding diha-
,logenated monomers based on organonickel chemistry6 gives 
soluble PPy, PBpy, and their alkyl derivatives. PPy and PBpy 
take a rigidly linear structure in formic acid, and the orientation 
of PPy and PBpy molecules in stretched PVA film as well as in 

(38) Prepared by a reaction of PBpy film laid on Pt electrode with a DMF 
solution of NiCl2 (e/. the supplementary material). 

(39) E.g.: Derien, S.; Dunach, E.; Perichon, J. J. Am. Chem. Soc. 1991, 
1J.1, 8447. 

(40) Ehrenfreuend, M.; Leibenguth, J.-L. Bull. Soc. Chim. Fr. 1970,2494. 
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film vacuum deposited on carbon and glass substrates reveals 
basic properties of such linear rodlike molecules. The excimer-
like emission from PPy and PBpy is also related to their linear 
structure. 

PPy, PBpy, and their derivatives are chemically and electro-
chemically n-doped due to the ir-deficient nature of the pyridine 
ring containing the electron-withdrawing imine nitrogen. PBpy 
and P6HexBpy form complexes with transition metals, and the 
Ru complex serves as a catalyst for the photoevolution of H2 
from aqueous solutions. CV analysis of the complex suggests 
electron exchange between the metal species through the 
ir-conjugation system of the electrically conducting polymer 
chelating ligand. 

Experimental Section 

Materials. Solvents were dried, distilled, and stored under N2. 2,5-
Dibromopyridine, 2,5-dichloropyridine, 2,2'-bipyridine, triphenylphos-
phine, 1,5-cyclooctadiene, and maleic anhydride were purchased from 
Tokyo Chemical Industry Co. Ltd. Ni(cod)j,41 Ni(PPh3).,,

42 RuCl2-
(bpy)2,

43 [Ru(bpy)3] Cl2,
44 FeCl2(bpy)2,

45 and NiBr^bpy)4* were prepared 
according to literature. 

Polymerization. Ni(cod)2 (1.53 g, 5.74 mmol), 1,5-cyclooctadiene 
(0.62 g, 5.7 mmol), and bpy (0.87 g, 5.8 mmol) were dissolved in 20 mL 
of DMF in a Schlenk tube under nitrogen. To the solution was added 
2,5-dibromopyridine (1.1 g, 4.6 mmol) dissolved in 20 mL of DMF. The 
reaction mixture was stirred at 60 0C for 2 h to yield a yellow precipitate 
(run 1 in Table 1). The precipitate was collected by filtration, washed 
with hot toluene, a warm aqueous solution of ethylenediaminetetraacetic 

(41) Wilke, G. Angew. Chem. 1960, 72, 581. 
(42) Schunn, R. A. Inorg. Synth. 1972, 13, 124. 
(43) Sullivan, B. P.; Salmon, D. J.; Meyer, T. J. Inorg. Chem. 1978,17, 

3334. 
(44) Broomhead, J. A.; Young, C. G. Inorg. Synth. 1982, 21, 127. 
(45) Basolo, F.; Dwyer, F. P. /. Am. Chem. Soc. 1954, 76, 1454. 
(46) Siove, A.; Ades, D.; Chevrot, C. Makromol. Chem. 1989,190, 1361. 

acid (EDTA, pH = 3), a warm aqueous solution of EDTA (pH = 9), a 
warm aqueous solution of NaOH (pH = 9), warm distilled water, and 
hot benzene in this order, and dried under vacuum to obtain a yellow 
powder of PPy. Anal. Found: C, 77.3; H, 3.7; N, 17.7. Calcd. 
(C5H3N),: C, 77.9; H, 3.9; N, 18.2. IR: 1584 (s), 1452 (vs), 1095, 
1024,1010,995,824 (vs), 793,740 cm"1. 13C(1H)-NMR (HCOOH, 25 
MHz) (chemical shift from DSS (sodium 2,2-dimethyl-
2-silapentane-5-sulfonate)): 126-153-ppm complex pattern with peaks 
at 127, 132, 137, 146, and 148 ppm. 

PBpy was prepared analogously. Anal. Found: C, 76.9; H, 4.2; N, 
17.9. Calcd (C10H6N2),: C, 77.9; H, 3.9; N, 18.2. IR (KBr): 3050, 
3012, 1587 (s), 1453 (vs), 1072, 1025, 995, 831 (vs), 795, 741 cm"1. 
1H-NMR (CF3COOD, 100 MHz): 10.16 (2H, 6,6'-H), 9.60 ppm (4H, 
3,3'- and 4,4'-H). 13Cf1H)-NMR (HCOOH, 25 MHz) (chemical shift 
from DSS): 147.0, 145.3, 142.6, 135.1, and 124.9 ppm and additional 
small peaks presumably due to presence of s-cis and s-trans conformations. 
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