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Introduction. Ferrocene-containing conjugated polymers
have attracted much attention because of the combination of
the optoelectronic properties of conjugated polymers and the
redox activities of the ferrocene moieties.' Inspired by the
famous polyacetylene studies,” chemical doping has been
examined for the initially reported polyferrocenes, poly(1,1’-
ferrocene) and poly(ferrocenylacetylene), and the electric
conductivities of some polymers indeed increased to the
order of 107> S cm™~'.* However, doping always produces
chemically unstable open shell species, which dramatically
decreases the material’s durability.

Recently, it was found that some cyano-containing doping
reagents, such as tetracyanoethylene (TCNE), 7,7,8,8-tetra-
cyanoquinodimethane (TCNQ) and their derivatives, under-
go a[2 + 2] cycloaddition reaction with electron-rich alkynes
to form the cyclobutene ring, which spontaneously opens to
give the corresponding donor—acceptor chromophores in a
remarkably high yield.* The reactivity significantly depends
on the electron density of the alkyne groups and the steric
factor of the substances. Among the already reported do-
nors, the dialkylaniline groups often provide the desired
donor—acceptor products in a quantitative yield.® Very
recently, we employed this reaction and reported the quanti-
tative addition reaction of TCNE to the aromatic polya-
mines bearing electron-rich alkynes as a side chain.® To
expand the generality of this reaction, we decided to inves-
tigate other effective donor groups and applicable polymer
structures. In this communication, we report (i) that ferro-
cene is also an effective donor group for this reaction, and (ii)
the first addition reaction of TCNE to the alkyne moieties of
poly(aryleneethynylene)s containing ferrocene in the main
chain.” In sharp contrast to chemical doping, the resulting
polymers are chemically stable because of their closed shell
structures. This will be a new synthetic method for donor—
acceptor type conjugated polymers.

Results and Discussion. First, the reactivity of the alkyne
groups activated by ferrocene was studied for the model
monomer 1.% The addition of 1 equiv of TCNE to a CH,Cl,
solution of 1 lead to an immediate color change from orange
to green at room temperature, quantitatively yielding a
donor—acceptor molecule 2 via the cyclobutene intermediate
(Scheme 1). The chemical structure of 2 was characterized by
NMR, IR, elemental analysis, and an X-ray crystal structure
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analysis. The crystal structure revealed the efficient charge
transfer from the ferrocene donor to the tetracyanobuta-
diene (TCBD) acceptor (Figure 1SI). However, the addition
of an excess amount of TCNE and heating did not provide
the double adduct. This result suggests that the ethynylfer-
rocene moiety substituted with the TCBD acceptor cannot
further react with TCNE. In other words, the ferrocene
moiety can activate only one alkyne group for the reaction
with TCNE.

On the basis of the monomer study, the reaction was
applied to the poly(aryleneethynylene)s. Precursor polymers
were prepared by the Sonogashira cross-coupling reaction of
1,1’-diiodoferrocene and the diethynylbenzene monomer.
The molecular weight of the obtained poly(arylene-
ethynylene)s is sufficiently high (M,, = 41100 and M, =
8100 for3and M,, = 16200 and M, = 7000 for 5). They were
then subjected to the reaction with TCNE. Unexpectedly, the
reaction did not proceed in CH,Cl, at room temperature
and, therefore, heating was necessary. The poor reactivity of
the alkyne groups in the poly(aryleneethynylene)s, as com-
pared to the model monomer, might reflect the steric factor
and/or slow diffusion of the polymers. The reaction at 50 °C
in 1,2-dichloroethane slowly changed the solution color from
orange to green. Higher temperatures lead to a faster reac-
tion and a higher yield. However, the temperature must be
lower than the onset decomposition temperatures of the
ferrocene polymers. Thus, the solvent and the reaction
temperature were carefully optimized on the basis of a
thermogravimetric analysis (TGA) of the resulting polymers
(Figure 2SI). The optimized conditions (120 °C for3hin 1,2-
dichlorobenzene) yielded 4 with the TCNE addition yield (x)
of 0.75 and 6 with an x of 0.62. It should be noted that an
excess amount of TCNE did not produce any side reactions
at this temperature and could readily be removed by sub-
limation. Thus, the reaction yields were simply estimated by
the gravimetric analyses, which were consistent with the
results of the elemental analyses. The addition reaction
of TCNE was confirmed by the IR spectra (Figure 3SI).
The monomer 2 showed a new cyano vibrational peak at
2222 cm” !, which does not exist in 1. This is also true for the
polymers. After the TCNE addition reaction, 4 and 6 showed
a new cyano vibrational peak at 2222 cm '. Since the
polymers do not display the peak characteristic of TCNE
at 2257 ecm™ ', the products are not a mixture of 4/6 and
unreacted TCNE. Furthermore, it was found that this addi-
tion reaction can improve the glass transition temperature
(T,) of the polymers (Table 1). The T, values of the precursor
polymers increased by 6—12 °C after the TCNE addition.
This enhancement is expected to be more significant with the

increasing amount of added TCNE.° )
The essence of the donor—acceptor chromophores is the

appearance of charge-transfer (CT) bands in the visible
absorption region and the redox activities in both the anodic
and cathodic directions. The precursor monomer 1 displayed
the w—as* transition at 307 nm and d—d transition at 453 nm
in CHCI;, whereas a well-defined CT band appeared at
618 nm for 2 (Table 1 and Figure 4SI). Similarly, the
donor—acceptor polymers 4 and 6 displayed the broad CT
band in the entire visible region and the end absorption
reached ~850 nm in the near-IR region, suggesting the
corresponding low band gap of ~1.46 eV (Figure 1). The
m-phenylene-linked polymer 6 showed a peak profile similar
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Scheme 1. Addition Reaction of TCNE to Ferrocene-Substituted Ethynylene Derivatives: (a) TCNE, CH,Cl, or 1,2-Dichloroethane or 1,2-
Dichlorobenzene, 20 °C or A
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to monomer 2 and the peak top value was observed at 603
nm. This is because of the cross-conjugated m-phenylene
spacer, which interrupts the efficient electronic communica-
tion between the repeat units. On the other hand, the CT
band of the p-phenylene-linked polymer 4 was very broa-
dened and no clear peak top was detected. This result means
that the donor—acceptor chromophores interact with each
other through the m-conjugated main chain, resulting in
several CT transitions with different strengths.

The electrochemical behaviors were analyzed by cyclic
voltammograms (CVs) (Table 1). All precursors, 1, 3, and
5, displayed a reversible single oxidation step at 0.22, 0.26,
and 0.25 V, respectively, which is attributable to the ferro-
cene moiety. The slight anodic shift in terms of the ethynyl
substitution is consistent with previous reports.'*™° After
the reaction with TCNE, monomer 2 showed a further
anodically shifted ferrocene redox at 0.53 V as well as several
new reduction steps (Figure 5SI). Thus, two well-resolved
reversible reduction steps at —0.93 and —1.30 V are ascribed
to the TCBD moiety and the irreversible third reduction step
occurs at the phenylethynyl center. In the case of the TCNE-
adducted polymers, two reversible ferrocene-centered oxida-
tions appeared due to the incomplete reaction of TCNE
(Figure 2). Judging from the redox behaviors of the model
monomers, the first oxidation potential originates from the
diethynylferrocene moieties and the second one from the
TCBD-substituted ferrocenes. The reduction potentials of
polymers 4 and 6 appeared at almost the same potentials as
monomer 2. Unfortunately, the electrochemical responses
were poor and the observed reduction peaks were quasi-
reversible. The conventional electrochemical band gaps,
calculated from the first oxidation and the first reduction

CcN CN
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Table 1. Summary of Thermal, Optical, and Electrochemical Prop-
erties of the Ferrocene Monomers and Polymers

potential (V vs Fc/Fct)*
T, CO" et (m)’  Ep™Q2) Ep™()  Ep™(1) Ep™Q)

1 0.22
2 618 —-1.30 —0.93 0.53
3 32 0.26
4 38 d d—086° 0.30 0.55
5 51 0.25
6 63 603 —1.24¢  —0.90° 0.29 0.64

“Determined by DSC. * CT band in CHCl;.  Measured with a glassy
carbon disk electrode as a working electrode in CH,Cl, containing 0.1 M
(nC4Hy)4NClO, at 20 °C, at a scanning rate of 0.1 V s~ ' 9Could not be
determined due to the broad peak. ¢ Quasi-reversible peak.

potentials, are 1.16 V for 4 and 1.19 V for 6. However, it
should be noted that the electrochemical band gaps, which
are correlated with the optical band gaps, are 1.41V for4 and
1.54 V for 6, values that were calculated from the second
oxidation and the first reduction potentials. Polymer 4
showed a lower band gap than 6, which reflects the difference
in the linear and cross-conjugated connectivities.
Conclusions. A high-yielding addition reaction between
electron-rich alkynes and TCNE was employed to prepare
donor—acceptor type conjugated polymers. Ferrocene was
found to be an efficient donor group for this reaction, and the
optimization of the reaction conditions enabled the incor-
poration of the TCBD moiety up to 75% in the repeat unit of
the poly(aryleneethynylene)s. The low energy in the CT
bands and the associated electrochemical band gaps were
demonstrated. Donor—acceptor type conjugated polymers
are promising materials for semiconductors in organic
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Figure 1. UV—vis spectra of (a) p-phenylene-linked ferrocene polymers and (b) m-phenylene-linked ferrocene polymers in CHCI; at 20 °C.
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Figure 2. Cyclic voltammograms of (a) p-phenylene-linked ferrocene polymers (4 mM/repeat umt) and (b) m-phenylene-linked ferrocene polymers (4
mM/repeat unit) in CH,Cl, with 0.1 M (nC4Hg)4NClO, at 20 °C, at a scanning rate of 0.1 Vs~ .

photovoltaic devices as well as nonlinear optical applica-
tions. These properties are now being characterized in our
laboratory.
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