This article was downloaded by:

On: 24 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Macromolecular Science, Part A
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597274

Photopolymerization of Pyrrole Initiated by the Ferrocene- and Iron-Arene

Salts-Chlorinated Solvents Complexes

J. F. Rabek®; J. Lucki®; M. Zuber; B. J. Qu; W. F. Shi¢

* Department of Dental Materials and Technology Karolinska, Polymer Research Group, Huddinge,
Sweden ® Department of Polymer Technology, Royal Institute of Technology, Stockholm, Sweden ©

Institute of Chemistry University Wroclaw, Poland ¢ China University of Science and Technology
Heifei, Anhui, China

To cite this Article Rabek, J. F. , Lucki, J. , Zuber, M. , Qu, B. J. and Shi, W. F.(1992) 'Photopolymerization of Pyrrole
Initiated by the Ferrocene- and Iron-Arene Salts-Chlorinated Solvents Complexes', Journal of Macromolecular Science,
Part A, 29: 4, 297 — 310

To link to this Article: DOI: 10.1080/10101329208052162
URL: http://dx.doi.org/10.1080/10101329208052162

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informworld. confterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713597274
http://dx.doi.org/10.1080/10101329208052162
http://www.informaworld.com/terms-and-conditions-of-access.pdf

17: 06 24 January 2011

Downl oaded At:

J.M.S.—PURE APPL. CHEM., A29(4 & 5), pp. 297-310 (1992)

PHOTOPOLYMERIZATION OF PYRROLE INITIATED BY
THE FERROCENE- AND IRON-ARENE SALTS-
CHLORINATED SOLVENTS COMPLEXES

J. F. RABEK J. LUCKI1

Polymer Research Group Department of Polymer Technology

Department of Dental Materials and Royal Institute of Technology
Technology S100 44 Stockholm, Sweden

Karolinska Institutet

Box 4064 M. ZUBER

S-141 04 Huddinge, Sweden, and

Department of Polymer Technology Institute of Chemistry

Royal Institute of Technology University

S100 44 Stockholm, Sweden Wroclaw, Poland

B. J. QU and W. F. SHI

China University of Science and Technology
Heifei, Anhui, China

ABSTRACT

Ferrocene- and iron-arene salts can photoinitiate polymerization
of pyrrole in the presence of halogenated solvents, such as CH,CH,Cl,,
CHCl,, and CCl,, when irradiated with UV light (254 nm). The polypyr-
roles obtained are black colloidal powders and have low conductivity in
the range of 10~° S cm™' and rather poor electrochemical properties,
which can be the result of loss of conjugation by halogenation. Polypyr-
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role samples contain both covalently bounded CCl; groups (from CCl,)
and ionic FeCl,. A mechanism of photoinitiated polymerization of pyr-
role has been proposed.

INTRODUCTION

In recent years there has been a steady growth in the studies of semiconducting
polymers based on polypyrroles. Despite the extensive results obtained and pub-
lished on chemical and electrochemical polymerization of pyrrole and its derivatives
[1, 2], reports on the photochemical polymerization of pyrrole are relatively scarce.
Even prolonged UV irradiation (24 h) of pure deoxidized pyrrole does not cause its
polymerization, and free-radical polymerization of pyrrole does not occur at all.
We recently reported that pyrrole can be photopolymerized in the presence of iron-
arene salts [3].

The objective of this work was to examine photopolymerization of pyrrole
initiated by the complex formed between ferrocene- or iron-arene salts and chlori-
nated solvents (CHCI,;, CH,Cl,, CH,CH,Cl,, or CCl,).

EXPERIMENTAL

Ferrocene (Merck, Germany) has been purified by double recrystallization
from ethanol (spectral grade). Iron-arene salts cationic photoinitiators, such as:
(h’-2,4-cyclopentadien-1-yl)  [(1,2,3,4,5-h-)-(1-methylethyl)-benzene]-iron(1 + )-hexa-
fluorophosphonate(1-) (Irgacure 261, CIBA-Geigy) and (h’-2,4-cyclopentadien-1-yl)
[(1,2,3,4,5-h) -naphthalene]-iron(1 + )-hexafluorophosphonate(1-) (Komplex KM 1144,
CIBA-Geigy), were kindly provided by Dr. G. Eugster (CIBA-Geigy). Both these
photoinitiators were additionally purified by crystallization from nitromethane. Nitro-
methane (CH,NO,) (Carl Roth, GmbH, Germany) and pyrrole (Merck, Germany)
have been purified by vacuum distillation. Chlorinated solvents were spectrally pure.

Measurement Instrumentation

UV/VIS and IR absorption spectra were recorded with Perkin-Elmer 575 UV/
VIS and FT-IR Perkin Elmer 580B spectrometers, respectively. Mdssbauer (Recoil-free
Nuclear Resonance Absorption) spectra were recorded with a MS500 Oxford spectro-
meter, using a 50 mCi”’ Co/Rh source. The simulation of the measured spectra was
performed using the Gauss-Newton method by supposing that a single peak has a
Lorentzian line shape. ESCA spectra were recorded with a VG Scientific LD spectro-
meter, using AlKq,, excitation radiation. Each spectral region was deconvoluted and
the peak position were compared with known literature values [4]. SEM photomicro-
graphs were made with the Super Mini ISI microscope. Conductivities of polypyrroles
were measured using four-point resistivity probe and Solid State Electrometer Type
610C, (Keithley Instrument). Measurements were recalculated with equations published
elsewhere [S]. Cyclical voltammograms were performed on an EG&G Princeton Ap-
plied Research Model 173 potentiostat/galvanostat in dry acetonitrile solutions of 0.1
M tetra-n-butyl amonium perchlorate (TBAP) at room temperature in a two-compart-
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ment cell with an Ag/AgCl reference electrode at 20 mV/s. Polymerization of pyrrole
in the presence of photoinitiating systems was carried out under UV (254 nm) radiation
from UV HPK 125 W (Phillips) lamp. The UV irradiance was 40 Wm ™2 or 10° einstein

s"'cm".

RESULTS AND DISCUSSION

Ferrocene (Cp,Fe) (C, = h’-cyclopentadienyl) easily forms electron-donor ac-
ceptor (EDA) complexes with polyhalogen compounds [6-10]:

Cp,Fe + CCl, = [Cp,Fe]* [CCL,]~ @

Formation of such EDA complexes can be easily monitored by the formation of the
absorption band with maximum at 300-310 nm (Figs. 1-3).

Exposure of ferrocene in ethanol (3 h) to UV irradiation (254 nm) does not cause
any detected change in its absorption spectrum (Fig. 1); however in the presence of
CCl, (CH;CH,OH:CCl, = 10:1), ferrocene is extensively photolysed (Fig. 1). New
bands at 615-617 nm and 460 nm, which belong to ferricenium ion (Cp,Fe*Cl™) and
ferricenium tetrachloroferrate ([Cp,Fe]*[FeCl,]™), respectively, are formed (Fig. 1).
UV irradiation of ferrocene in pure CCl, (Fig. 2) or in pure CHCI, (Fig. 3) causes
similar changes in the absorption spectra.

YIIIIIllITITIfIII||l]|llj[l|llﬁfil||l

350 400 450 500 550 600 650 nm

FIG. 1. Change of absorption spectra of ferrocene (Cp,Fe) (I x 1072 M): ( )
in CH,CH,OH:CCl, = 10:1, during UV (254 nm) irradiation (15, 30, 45, 60, 120, 150, 180),
and (- - -) in pure CH;CH,OH before and after 3 h of UV irradiation.
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FIG. 2. Change of absorption spectra of ferrocene (Cp,Fe) (I x 1072 M) in CCl,,
during UV (254 nm) irradiation (15, 30, 45, 60, 120, 180 s).

Ferricenium ion (Cp,Fe*Cl™) and ferricenium tetrachloroferrate ([Cp,Fe]*
[FeCl,] ") are formed according to the following reactions initiated by UV irradiation
{7, 11]:

+hr

[Cp,Fel* [CCL]™ ——2% Cp,Fe*Cl™ + -CCl, )
Cp,FeCl™ + 2CCL, — ™ 5 FeCl, + 2 C,CCl, 3)
2 Cp,FerCl” — ¥ 5 Cp.Fe + FeCl, + 2 Cp- @)
Cp,Fe*Cl~ + FeCl, @ FeCl, + Cp,Fe G)
Cp,Fe*Cl™ + FeCl, 2 [Cp,Fe]* [FeCl,]" (6)

Trichloromethyl radicals (- CCl;) formed from UV irradiation of Cp,Fe-CCl, complex
initiate polymerization of vinyl monomers [12-14].

We have observed that ferrocene can also form EDA complexes with pyrrole
(Py) (Fig. 4, band at 300 nm). Exposure of ferrocene in pyrrole solution to UV irradia-
tion causes a very slow change in the absorption spectrum (Fig. 4), which evidently
differs from the spectra in Figs. 1-3. No formation of bands characteristic of Cp,Fe*
(615-617 nm) and [Cp,Fe]* [FeCl,]~ (460 nm) has been observed. However, UV irradia-
tion of three-component system Cp,Fe:Py-CCl, (10:1) causes very rapid change in
absorption spectra (Fig. 5), which indicates formation of ferricenium tetrachloroferrate
[Cp,Fe]* [FeCl,]~ (480 nm), but not ferricenium ion Cp,Fe* Cl~ (lack of absorption at
615 nm).
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FIG. 3. Change of absorption spectra of ferrocene (Cp,Fe) (1 x 1072 M) in CHCL,,
during UV (254 nm) irradiation (15, 30, 45, 60, 120, 180 s).

During prolonged UV irradiation (minutes) of the three-component system Cp,Fe
{0.01 M):Py—CCl, (9:1), a black, colloidal powder of polypyrrole (PPy) (Fig. 6) has
been precipitated. UV irradiation of ferrocene in pure pyrrole does not give PPy.
Polymerization of pyrrole in the three-component system Cp,Fe (0.01 AM):Py—CCl,
(9:1) is caused by FeCl, formed in Reactions 2-6. The mechanism for the polymeriza-
tion of Py by FeCl, has been published elsewhere [15]:

2 + m)nFe*mnA~ + nC,H;N —
(CH;N)"*mA~], + 2nH" + 2 + m)n Fe** )

The PPy obtained during UV irradiation of Cp,Fe (0.01 M):Py—CCl, (9:1) is doped
with FeCl; and contains covalently bonded CCl, groups as a result of the reaction
of trichloromethyl radicals (-CCl;) with ene structures in PPy and probably has the
composition [(C,H;N); (CCl)]*FeCl, according to the elemental analysis (C; (Hos-
N, (Cl, 2(FeCl73),.35)-

The presence of both covalently bonded and ionic chlorine in PPy is evidently
seen from ESCA and Mossbauer spectra. The ESCA of PPy obtained in the presence
of Cp,Fe—CCl, (9:1) in a ratio 9:1 (10 wt%) shows the presence of interesting shoul-
ders in the Ny, (Fig. 7A) and Cl,, (Fig. 7B) spectra. The N, spectrum shows the
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FIG. 6. SEM photomicrograph of polypyrrole (PPy) colloidal aggregates (powder)
obtained in the presence of ferrocene (Cp,Fe) (0.01 M) and CCl, (pyrrole:CCl, = 9:1) under
UV (254 nm) irradiation (3 min).

presence of two nonequivalent high-energy component peaks, which are centered at
402.4 = 0.2 eV and 403.0 + 0.2 eV and probably arise from oxidized N heteroatom.
A similar N, spectrum has been reported for polypyrrole perchlorate PPy*ClO,,
where two Ny, peaks were centered at 401 + 0.2 eV and 402.8 + 0.2 eV [16]. The Cl,,
spectrum (Fig. 7B) shows the presence of both covalent (C—Cl, peak at 200.02 + 0.2
eV) and ionic (C17, peak at 197.2 + 0.2 eV) species. The weak 7-x* satellite structure
at 203.6 + 0.2 eV suggests the addition of ClI to the ring by covalent bonding. Similar
Cl,, spectra were also reported elsewhere [16-19].

The Moéssbauer spectrum of ferrocene at 77K shows a doublet (Fig. 8) (IS =
0.67 mm s™', QS = 2.36 mm s, error limits 0.01 mm s '), which is in good agree-
ment with the results reported previously [20-22]. The PPy obtained in the presence of
Cp,Fe—CCl, (9:1) shows formation of a single signal (Fig. 8). The calculated IS =
0.36 mm s~' and QS = 0.46 mm s~ (error limits 0.02 mm s~') are similar to FeCl,
1on reported in the literature [15, 23-26].

The FTIR spectrum (Fig. 9A) shows the presence of very characteristic bands for
PPy at about: 1540-1550, 1280, 1180-1200, 1040, and 940-900 cm ™' [27]. In addition,
a new peak at 780 cm ™! arises due to the C—Cl stretch in CCl; groups. All of ESCA,
Mossbauer, and FTIR spectra indicate that PPy contains C—CL, C—CCl,, and CI~
attached probably both to double bonds and to the pyrrole ring. This halogenation of
PPy causes loss of conjugation along the backbone and may lead to chain segments
that average from 5 to 10 pyrrole units on length, as estimated from the Cl content.

We recently reported that iron-arene salt cationic photoinitiators such as Irgacure
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FIG. 7. ESCA spectra of polypyrrole (PPy) obtained in the presence of ferrocene
(Cp,Fe) —CCly = 9:1 (10 wi%): (A) Ny, (1 x) and (B) Cl, (5 ).
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FIG. 8. Modssbauer spectra of: ( ) pure ferrocene (Cp,Fe) and (- - -} polypyr-
role (PPy) obtained in the presence of Cp,Fe (0.01 M) and CCl, (pyrrole:CCl, = 9:1) under
UV (254 nm) irradiation (3 min).
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FIG. 9. IR spectra of different kinds of polypyrroles (PPy) polymerized by: (A)
FeCl;—CH,;NO, (addition complex); (B) ferrocene [(Cp,Fe) (0.01 M) Py—CCl,(9:1)]; (C)
Irgacure 261 (0.01 M): Py—CCl, (9:1); and (D) Komplex 1141 (0.01 M): Py—CCl, (9:1), in
the presence of UV (254 nm) irradiation.

261 and Komplex KM1144 initiate polymerization of pyrrole [4]. In connection with
the study of the Cp,Fe—CCl, system, we have extended our research on the iron-arene
salts-polyhalogen compounds systems. We have found that addition of CH,CH,Cl,,
CHCl,, or CCl, to the iron-arene salts—pyrrole system significantly accelerates pyrrole
polymerization. This reaction occurs even in the presence of daylight in a laboratory.
Polypyrroles obtained in this way are also colloidal black powders, and their FT-IR
spectra (Figs. 10 and 11) differ slightly, depending on the type of iron-arene (Irgacure
261 or Komplex KM1144) and halogenated solvent (CH,CH,Cl,, CHCI, or CCl,) used.

IR spectra of PPy obtained in the presence of Cp,Fe (0.01 M):Py—CCl, (9:1)
(Fig. 9B), Irgacure 261 (0.01 M):Py—CCl, (9:1) (Fig. 9C), and Komplex KM1144
(0.01 M):Py—CCl, (Fig. 9D) are the same and differ very little from PPy polymerized
in the presence of FeCl;—CH,;NO, addition complex (Fig. 9A). These results indicate
that pyrrole polymerization in the presence of iron-arene salts-CCl, must occur by the
same mechanism as in the case of Cp,Fe—CCl,. It has been proposed that iron-arene
salts are photolyzed according to the mechanism [28]:

800cm ™1
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F1G. 10. IR spectra of polypyrroles polymerized by iron-arene (isopropylbenzene)
(Irgacure 261) (0.01 M) in: (A) pure pyrrole (Py); (B) Py:CH,CH,Cl, (9:1); (C) Py:CHCI; (9:
1); and (D) Py:CCl, (9:1), in the presence of UV (254 nm) irradiation.

W @

Fer| PR 0 | Eet| PE 4+ Ar

I ®)

@

where: Ar = iso-propylbenzene, naphthalene, pyrene, etc. On the other hand, photo-
lysis of iron-arene salts (Cp—Fe—arene)* in acetonitrile solution yields Fe(lI) and
ferrocene (Cp,Fe) as the Fe-containing product [29]:

+hy
2(Cp—Fe—arene)* ——» Fe(ll) + Cp,Fe + 2arene 9
(Cp ) CH,CN (1D P> )]

1
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FIG. 11. IR spectra of polypyrroles polymerized by iron-arene (naphthalane) (Kom-
plex KM1144) (0.01 M) in: (A) pure pyrrole (Py); (B) Py:CH,CH,Cl, (9:1); (C) Py:CHCI, (9:
1); and (D) Py:CCl, (9:1) in the presence of UV (254 nm) irradiation.

Ferrocene (Cp,Fe) and Fe(Il) species formed from iron-arene salts (Cp—Fe—
arene)* in acetonitrile can also result from two other independent mechanisms [30]:

Mechanism I:

(Cp—Fe—arene)* CH.CN (Cp—Fe—(CH,CN),)* + arene (10)
+CH,CN

(Cp—Fe—(CH,CN),)' —  Fe(CH,CNZ* + Cp~ 1)

(Cp—Fe—(CH,CN),)* + Cp~—> Cp,Fe + 3 CH,CN (12)

Mechanism I1:
(Cp—Fe—(CH,CN)))* + (Cp—Fe—(CH,CN);)" —>»

Cp,Fe + Fe(ll) + 6 CH,CN (13)

1
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FIG. 12. Cyclical voltammograms of polypyrroles (PPy) obtained in the presence of:
(A) FeCl,—CH, NG, (addition complex); (B) ferrocene [Cp,Fe (0.01 M):Py—CCl, (9:1)}; (O)
Irgacure 261 (0.01 M): Py—CCl, (9:1); (D) Komplex 1144 (0.01 M):Py—CCl, (9:1), in the

presence of UV (254 nm) (B, C, D) irradiation; (

) st cycle, (- - -) 2nd cycle.
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(Cp—Fe—(CH,CN),)* + (Cp—Fe—arene)* —>»
Cp,Fe + Fe(Il) + arene + 3 CH,CN (149)

In the presence of oxygen (air), Fe(II) is oxidized to Fe(III). A similar mechanism for
the photolysis of iron-arene salts may occur in pyrrole. If these reactions occur in the
presence of CCl,, it can be expected that Cp,Fe formed is responsible for the initiation
of pyrrole polymerization according to Reactions 2-7, and finally PPy will not differ
each other (IR spectra, Fig. 9).

Conductivities of PPy obtained in the presence of Cp,Fe (0.01 M):Py—CCl, (9:
1) or (Cp—Fe—arene)* (0.01 M):Py—CCl, (9:1) are in the range of 2.0-3.0 x 107°S
cm™'. The low conductivities can be the result of loss of conjugation by halogenation
of PPy. On the other hand, the low conductivities of PPy may be due to the small
colloidal particles, which are difficult to press into tablets for conductivity measure-
ments. These are very brittle and are easily destroyed when electrodes are pressed into
them. For that reason, electrodes in the measuring cell do not achieve good contact
with sample colloidal grains.

The cyclical voltammograms for different PPy obtained in the presence of Cp,Fe
(0.01 M):Py—CCl, (9:1) (Fig. 12B), Irgacure 261 (0.01 M):Py—CCl, (9:1) (Fig. 12C),
and Komplex KM1144 (0.01 M):Py—CCl, (9:1) (Fig. 12D) show low electrochemical
activity of these PPy compared to PPy polymerized in the presence of FeCl,—CH,NO,
addition complex (Fig. 12A). These results show the presence of nonequivalent elec-
troactive sites in PPy(s), which may arise from the defects due to the 8—g linkages as
a result of polymerization, during which reactive fragments from Cp,Fe—CCl, or
(Cp—Fe—arene salts)—CCl, [mainly trichloromethyl radicals (- CCl,)] react with poly-
ene structures, disrupt the conjugation along the backbone, and lead to chain segments
that average from 5 to 10 pyrrole units in length. The inverse relationship between the
chain length and the anodic peak is a general feature of conjugated systems and leads
to polymers with a range of formal potentials and thus to a broad peak. Somewhat
conductive PPy have been obtained in the presence of FeCl, or Fe(ClO,), [31-33].

In conclusion, photoinitiated polymerization of pyrrole by the ferrocene and
iron-arene salts-chlorinated solvents occur by the same mechanism in which Fe(III)
formed from the photolysis of these initiators causes polymerization of pyrrole. The
polymerization reaction is accompanied by halogenation of polypyrroles, which de-
crease their conductivity and electrochemical properties.

REFERENCES

[1] J. W. Feast, in Handbook of Conducting Polymers, Vol. 1 (T. A. Skottheim,
ed.), Dekker, New York, 1986, p. 2.

[2]1 J. M. Margolis, Conductive Polymers and Plastics, Chapman and Hall, New
York, 1989, p. 1.

[31 J.F.Rabek, J. Lucki, M. Zuber, B. J. Qu, and W. F. Shi, Polymer, Accepted
for Publication.

[4] D. T. Clark, in Advances in Polymer Science, Vol. 24, Springer Verlag, Berlin,
1977, p. 126.

[51 F.M. Smith, Bell Syst. Techn. J., p. 712 (May 1958).

[6] A.M. Tarr and D. M. Wiles, Can. J. Chem., 46, 2725 (1968).



17: 06 24 January 2011

Downl oaded At:

310

(7]
(8]
191
(10]
(11]
[12]
[13]
[14]
[15]

[16]
(17]

[18]
(19]

[20]
(21]
[22]
(23]
[24]
(25]
[26]
[27]

(28]
[29]

(30]
[31]

(32]
(33]

RABEK ET AL.

C. D. Brand and W. Snedden, Trans. Faraday Soc., 53, 894 (1957).

O. Traverso and F. Scandola, Inorg. Chim. Acta, 4, 493 (1970).

R. E. Bozak, in Advances in Photochemistry, Vol. 8 (I. N. Pitts, Ir., G. S.
Hammond, and W. A. Noyes, eds.), Wiley-Interscience, New York, 1971, p.
227.

Gmelin Handbuch der Anorganischen Chemie, Band 14, Eisen-Organische Ver-
bindungen, Tail A. Ferrocen 1, Springer Verlag, Berlin, 1974, p. 187.

E. Koerner von Gustorf and F. W. Grevets, Fortsch. Chem. Forsch., 13, 366
(1968).

E. Koerner von Gustorf, H. Koéller, M. S. Jun, and G. O. Schenck, Chem.
Inorg. Techn., 35, 591 (1963).

S. Tazuke and S. Okamura, J. Polym. Sci., Polym. Chem. Ed., 6, 2907 (1968).
K. Tsubakiyama and S. Fujisaki, J. Polym. Sci., Polym. Leti., 10, 341 (1972).
A. Pron, Z. Kucharski, C. Budrowskil, M. Zagorska, S. Krichene, J. Suwalski,
G. Dehe, and S. Lefrant, J. Chem. Phys., 83, 5923 (1985).

J. G. Eaves, H. S. Munro, and D. Parker, Polym. Commun., 28, 38 (1987).

T. A. Skotheim, M. I. Florit, A. Melo, and W. E. O’Grady, Phys. Rev., B30,
4846 (1984).

K. G. Neoh, T. C. Tan, and E. T. Kang, Polymer, 29, 553 (1988).

H. S. O. Chan, P. K. H. Ho, E. Khor, M. M. Tan, K. L. Tan, and B. G. Tan,
Synth. Metals, 31, 95 (1989).

K. G. Wertheim and R. H. Herber, J. Chem. Phys., 38, 2106 (1963).

T. C. Gibb, J. Chem. Soc. Dalton Trans., 1976, 1237.

D. Koradecki, M. Lukasiak, A. Pron, W. Kutner, and J. Suwalski, Polym.
Commun., 30, 61 (1989).

G. M. Bancroft, A. G. Maddock, W. K. Ong, and R. H. Prince, J. Chem.
Soc., A, 723 (1966).

P. R. Edwards and C. E. Johnson, J. Chem. Phys., 49, 211 (1968).

C. A. Clausen and M. L. Good, Inorg. Chem., 9, 220 (1970).

J. F. Rabek, J. Lucki, H. Kereszti, B. Krische, B. J. Qu, and W. F. Shi, Synth.
Metals, 45, 335 (1991).

G. B. Street, T. C. Clarke, M. Krounbi, K. K. Kanazawa, V. Lee, P. Pfluger, J.
C. Scott, and G. Weiser, Mol. Cryst. Lig. Cryst. 83, 253 (1981).

F. Lohse and H. Zweifel, Adv. Polym. Ser., 78, 72 (1986).

A. N. Nesmeyanov, N. A. Volkenan, and L. S. Shilovtseeva, Dokl. Akad. Nauk
SSSR, 150, 857 (1970).

T. P. Gill and K. R. Mann, Inorg. Chem., 22, 1986 (1983).

N. M. Mermilliod, J. Tanguy, and F. Petiot, J. Electrochem. Soc., 133, 1073
(1986).

P. Audebert and G. Bidan, Synth. Metals, 14, (1986).

V. Bocchi and G. P. Gardini, J. Chem. Soc. Chem. Commun., 1986, 148.

Received May 17, 1991
Revision received September 4, 1991



