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bstract

To understand the charge transport ability of the metal coordinated cyclobutadiene, a series of cyclobutadiene cobalt cyclopentadiene (CbCoCp)
omplexes containing electrochemically polymerizable thiophene units were synthesized. The complexes were electrochemically polymerized
nd the resulting polymers were characterized by cyclic voltammetry, in situ conductivity and UV–vis spectroelectrochemistry. Several different

erivatives of the CbCoCp complexes and a model study suggested that if the oxidation of the organic fragment was above CoI/II redox couple of
he CbCoCp complex, detrimental side reactions occured. Side reactions did not occurred if the oxidation of the organic fragment was below the

etal oxidation.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Conducting polymers with metals incorporated into the poly-
er structure, known as conducting metallopolymers, are poten-

ially useful materials in such applications as molecular actua-
ors, electrocatalysts, sensors and NLO active materials [1,2].
he synthesis of new conducting metallopolymers is valuable

n that these new polymers can further increase the knowledge
f how these materials function and interact. In this regard, a
ew conducting metallopolymer was designed with the incor-
oration of cyclobutadiene cobalt cyclopentadiene (CbCoCp)
omplexes. CbCoCp complexes have been shown to be highly
ersatile, as demonstrated by the fact that these complexes have
een utilized in liquid crystals, as the rigid structural feature
or a molecular motor, macrocycle linkages, and as groups to

acilitate through space charge delocalization [3].

The most important reason why CbCoCp was selected for
his study is that the conjugation and charge migration of these
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olymers involves an interesting unit, namely the metal coordi-
ated Cb. The free Cb molecule is a highly unstable antiaromatic
ystem [4]. The metal coordinated Cb, however, is extremely
table and displays some of the properties typical of aromatic
ystems [5]. We viewed that this pseudo aromaticity of the metal
oordinated Cb system may instill interesting and useful prop-
rties into a conducting polymer. Charge migration through the
b segment is of particular interest since it involves not only

he pure carbon orbitals of the Cb ligand but also the �-bound
etal orbitals acting as a single delocalized molecular structure.
onducting polymers with �-bound metals incorporated into

heir structure, e.g. ferrocene polymers, have been previously
ynthesized [6]. These polymers are in contrast to the majority
f conducting metallopolymers with segmented structures that
ave clearly delineated metal and conjugated polymer portions
2(d),7]. The latter polymers have well defined molecular orbital
tructures that can lead to independent polymer and metal charge
igration.
Complexes of CbCoCp have previously been incorporated by
unz and co-workers into conjugated polymers as polyphenyle-
eethylene derivatives or 1,3-diethynynl Cb homopolymers [8].
hese materials were mostly studied for their liquid crystalline
roperties although the polybutadiyne Cb derivatives have been
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mailto:tswager@mit.edu
dx.doi.org/10.1016/j.synthmet.2006.03.014
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be electrochemically polymerized while appearing to keep the
CbCoCp complexes of the polymer intact, as shown in Scheme 1.
The oxidation potential of the thiophene fragment in complex
1 is lower than the CoI/II redox couple by virtue of a 3,4-
P.D. Byrne et al. / Synthet

nvestigated for the delocalization through the Cb unit [9].
n oligomeric model study demonstrated a bathochromic shift

n the UV–vis absorption as the number of monomer units
ncreased [10]. This result supported the idea that some delo-
alization through the CbCoCp system was possible. Charge
igration through the Cb system, however, was not investigated.
harge migration through a conjugated system is related to delo-
alization but also requires other properties such as the ability to
tabilize cations and anions. Thus, the electrochemical charac-
erization of the conjugated polymers containing CbCoCp poses
necessary step into understanding these polymers.

Another appeal of the CbCoCp system is that the CoI/II redox
ouple is present in the same region as the redox window of typ-
cal conducting polymers [11]. This allows for the examination
f a central theme in metal containing conducting polymers,
amely how the metal redox properties affect the overall char-
cteristics of the conducting polymer [7]. The consideration of
he metal–polymer orbital interactions and the effect of these
nteractions on charge migration is critical for the design and
pplication of future conducting metallopolymers.

In the design of the polymers, it was assumed that the ethyne
nits would not allow facile charge migration since polyphenyle-
eethynylenes and its derivatives behave poorly under standard
lectrochemical conditions [12]. However, if instead thiophene
nits are selected as the conducting linkage then electrochem-
cal characterization is possible [13]. Furthermore, a thiophene
ased monomer allows for versatile monomer syntheses and
ives access to an oxidative polymerization route in the poly-
er synthesis. This manuscript describes the synthesis, cyclic

oltammetry, conductivity, and UV–vis measurements of poly-
hiophene analogues derived from the polymerization of thio-
hene containing CbCoCp complexes. It was discovered that
he relative position of the thiophene fragment oxidation to the
oI/II redox couple determined the stability of the CbCoCp com-
lex to the polymerization conditions.

. Experimental

.1. General comments

1H and 13C NMR spectra were recorded on a Bruker 400 MHz
pectrometer and are referenced to residual CHCl3 (7.27 ppm
or 1H and 77.23 ppm for 13C) or CHDCl2 (5.32 ppm for 1H
nd 54.00 ppm for 13C). Melting points are uncorrected. High-
esolution mass spectra (HRMS) were determined on a Bruker
altonics APEX II 3 Tesla FT-ICR-MS. The Pd catalysts and
pCo(CO)2 were received from Strem. All other chemicals
ere received from Aldrich. The solvents were dried by passing

hrough activated alumina and de-oxygenated by Ar purge or
urified by a SPS-400-5 solvent purification system (Innovative
echnologies). All air sensitive manipulations were performed
sing standard Schlenk techniques. Electrochemical measure-
ents were performed in a nitrogen glovebox with an Auto-
ab II with PGSTAT 30 potentiostat (Eco Chemie). The elec-
rolyte solution for all electrochemical measurements, 0.1 M
nBu)4NPF6 in dry CH2Cl2, was stored over 4 Å molecular
ieves in a glovebox. The quasi-internal reference electrode was
tals 156 (2006) 784–791 785

n Ag wire submersed in 0.01 M AgNO3/0.1 M (nBu)4NPF6 in
nhydrous acetonitrile and a Pt wire or gauze was used as a
ounter electrode. All potentials were referenced to the Fc/Fc+

ouple. A 2 mm2 Pt button (Bioanalytical), 5 �m Pt interdig-
tated microelectrodes (Abtech Scientific, Inc.) or indium tin
xide coated unpolished float glass slide (Delta Technologies)
ere used as the working electrodes. Absorption spectra were

ollected on an Agilent 8453 diode array spectrophotometer.
he GPC analysis was performed using a PLgel 5 �m Mixed-
column (300 mm × 7.5 mm) and a diode detector at 254 nm

ith a flow rate of 1 ml/min in THF. The molecular weights were
eported relative to polystyrene standards purchased from Poly-
ciences Inc. A Dektak 6M stylus profiler (Veeco) was used to
easure the film thickness of the polymers grown onto interdig-

tated microelectrodes. XPS measurements were collected on a
ratos Axis Ultra Imaging X-ray photoelectron spectrometer.

. Results and discussion

.1. Synthesis

The synthesis of the CbCoCp complexes was accomplished
y the dimerization of the appropriate alkynes with cyclopenta-
iene cobalt dicarbonyl (CpCo(CO)2) or a derivative of the com-
lex [14]. The desired ethynes were synthesized by Songashira
ype cross-coupling reaction with an aryl halide [15]. The full
ynthetic details are reported in the supplementary information.
he complexes were characterized by NMR, mass spectrom-
try and single crystal X-ray diffraction. The electrochemical
ynthesis of the polymers was achieved by anodic electrochem-
cal polymerization utilizing repeated cyclic voltammetry (CV)
cans that deposited an insoluble polymer of unknown molecular
eight onto the working electrode.

.2. EDOT containing complex

Complex 1 was the only complex synthesized that could
Scheme 1.
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Fig. 1. Cyclic voltammogram (solid line) at 100 mV/s and in situ conductivity
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conduction and the fact that p-2 did not display a plateau or
reduction suggested that the bands responsible for conduction
were not depleted at these potentials [21]. The wave at −0.4 V
dashed line) of p-1 grown onto interdigitated 5 �m Pt microelectrodes at 5 mV/s
ith 40 mV offset potential between the working electrodes.

thylenedioxythiophene (EDOT) unit connected to the end of a
ithiophene fragment. Without the EDOT group, the oxidation
otential of the pure bithiophene fragment is above the CoI/II

edox. A series of these CbCoCp complexes with bithiophene
s the polymerizable unit was synthesized and the characteri-
ation of the resulting polymers from these complexes will be
iscussed vide infra.

The CV’s and in situ conductivity of p-1 is shown in Fig. 1.
he CV of p-1 had three waves with half wave potentials (E1/2’s)
f −0.03, 0.34 and 0.58 V. The peak at 0.34 V was assigned as
he metal based redox wave wave. This assignment was based
n two factors. First, the approximate potential value of the peak
s near the expected value for this type of CbCoCp complex. The
asis for this expectation is the fact that CbCoCp complex with
our aryl groups attached to the Cb ring has an E1/2 of approxi-
ately 0.5 V for the CoI/II redox couple and a CbCoCp complex
ith four alkyl groups attached to the Cb has an E1/2 of approxi-
ately 0.1 V for the CoI/II redox couple [11,16]. Assuming that
trimethyl silyl (TMS) group has the same inductive donating

bility as an alkyl group, the E1/2 for CoI/II redox couple for
omplex 1 should be near 0.3 V. Secondly, the prominent shape
f the wave at 0.34 V resembled the metal wave seen previously
n ferrocene oligomer work [17]. The peaks at −0.03 and 0.58 V
ere assigned as the oxidations of the organic fragment.
The use of Pt interdigitated microelectrodes as the working

lectrode in the electrochemical cell allowed the conductivity of
he polymer to be measured in situ [18]. The in situ conductivity
f p-1 displayed an onset of the conductivity at −0.1 V. From the
n situ conductivity profile it can be interpreted that the oxida-
ion of the Co centers enhanced the conductivity of the polymer
ince in these measurements the drain current is directly pro-
ortional to the conductivity of the polymer. The measurement
f the polymer film thickness permitted the maximum absolute
onductivity of p-1 to be measured (uncorrected for the resis-
ance of the leads) at 0.31 S cm−1 [19]. These results suggested
hat the incorporation of the CbCoCp structure, at the very least,
oes not inhibit charge migration.

To further characterize the resulting polymer, a polymer film

as grown on indium tin oxide (ITO) coated glass slide and

pectroelectrochemistry was performed on the resulting film.
he spectroelectrochemistry of p-1 suggested that the metal

F
p

ig. 2. UV–vis absorption spectra of complex 1 (bold line) and p-1 (dashed
ine) coating an ITO slide.

oordinated Cb has a moderate charge migration ability. The
onomer 1 in the solid state had a λmax of 403 nm and the neu-

ral polymer p-1 had a λmax of 518 nm, which corresponded to
bathochromic shift of 115 nm as seen in Fig. 2.

Fig. 3 shows that the oxidation of the polymer up to 0.4 V pro-
uced a broad absorption from approximately 660 to 850 nm.
his result was consistent with the results of the in situ con-
uctivity of the polymer which suggested that the metal center
xidation enhances the conductivity of the polymer. It can be
een that the oxidation of p-1 at potentials of 0.4 V and higher
ave rise to a band that tailed into the maximum observable
avelengths for our UV–vis instrument (1100 nm). The inten-

ity of this long wavelength absorption band grew larger as the
otential of the electrochemical cell was increased.

As mentioned earlier, the polymers that result from the bithio-
hene based monomers have significantly different behavior
han p-1. The series of synthesized bithiophene complexes is
hown in Scheme 2. The resulting polymer from complex 2 that
rovides the most direct comparison to p-1. The CV of p-2 had
wo waves, a smaller wave at approximately −0.4 V and a larger
road wave at 0.5 V, as shown in Fig. 4. The in situ conductivity
f p-2 had an onset of conductivity at approximately 0.65 V and
he drain current did not plateau even to the edge of the solvent
indow [20]. Conducting polymers display finite windows of
ig. 3. Changes in the UV–vis absorption at different potentials for a film of
-1 grown onto ITO.
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Scheme 2.
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ig. 4. Cyclic voltammogram (solid line) at 100 mV/s and in situ conductivity
dashed line) of p-2 grown onto interdigitated 5 �m Pt microelectrodes. The
ame in situ conductivity conditions for p-1 were used for p-2.
id not seem to alter the conductivity of the polymer. The abso-
ute conductivity of p-2 was 1.4 × 10−3 S cm−1.

The polymer from the tetrakis bithiophene complex, p-3, had
imilar electrochemical properties as p-2, as shown in Fig. 5.

ig. 5. Cyclic voltammogram (solid line) at 100 mV/s and in situ conductivity
dashed line) of p-3 grown onto interdigitated 5 �m Pt microelectrodes. Inset is
he CV of p-3 on a 2 mm2 Pt button.
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ig. 6. (a) Cyclic voltammogram (solid line) at 100 mV/s and in situ conductivity
dashed line) of p-5; (b) cyclic voltammogram (solid line) at 100 mV/s and in
itu conductivity (dashed line) of p-4.

his result was unusual since p-3 should be a highly cross-linked
olymer and this cross-linking may affect the three-dimensional
onduction network of the polymer [22]. Unlike p-2, the CV
rofile of p-3 seemed to depend on the type of electrode used for
he polymerization, as shown in the inset of Fig. 5. The absolute
onductivity of p-3 was 7.3 × 10−4 S cm−1.

In order to probe how the relative position of the bithio-
hene segments affected the electrochemistry of the resulting
olymers, two anisole derivatives, 4 and 5 were synthesized.
nisole was chosen since the TMS substitution produced only

he trans isomer in significant yields and the cis isomer could
ot be isolated. The methoxy groups also increased the polarity
ifference between the two isomers and thus facilitated the chro-
atographic separation of the two isomers. The cyclic voltam-
ograms of both isomers were very similar to those of p-2 and
-3, as shown in Fig. 6. The CV’s of both p-4 and p-5 exhibited
aves in similar regions to the two waves that were present in
-2 and p-3. One slight difference was that the current ratio of

he wave near −0.4 to the wave near 0.5 V was larger for p-4 and
-5 than for p-2 and p-3. The onsets of conductivity for p-4 and
-5 appeared at approximately 0.1 V higher than those of p-2
nd p-3. The in situ conductivities of p-4 and p-5 also displayed
larger hysteresis than either p-2 or p-3 and this result suggested
reater structural reorganization in the oxidatively doped state.
minor difference between p-4 and p-5 was that p-4 displayed a

ery slight drain current (conductivity) in a potential range near
0.4 V while the in situ conductivity of p-5 displayed only the

ackground Faradic current at those potentials. It is not certain
hether the different conjugation pathways of these polymers
r their different morphologies were the source of these differ-

nces. This is a central problem of conducting polymers and
equires macroscopic orientation to elucidate the causes of bulk
roperties [23]. The absolute conductivities of p-4 and p-5 were
n the same range as p-3.
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Fig. 7. (a) Changes in the UV–vis absorption of a film of p-3 grown onto ITO
when the potential of the electrochemical cell was changed from −1.00 to −0.20
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presence of the Cb ring.

One method to determine the composition of p-2 and
similar polymers is to change the Cp ligand to 1,2,3,4,5-
pentamethylcyclopentadiene (Cp*) ligand, as exemplified by
n 0.20 V intervals; (b) changes in the UV–vis absorption of a film of p-3 grown
nto ITO when the potential of the electrochemical cell was changed from −1.00
o 1.00 in 0.20 V intervals.

The spectroelectrochemistry of p-3 is shown in Fig. 7. The
nherent absorption of the ITO coated glass substrate obscured

ost of the UV–vis spectra of the neutral polymer below 350 nm,
llowing observation of only a large shoulder extending from
50 to 800 nm. As the polymer film was oxidized, the shoulder
n the 350–500 nm region decreased in intensity and a new peak
rew in at 735 nm. This response occurred in potential regions
f the first wave (−0.85 to −0.25 V) as well as the second wave
0.00 to 1.05 V) in the CV of the polymer film. However, at
he higher potentials of the second wave, the changes in the
V–vis spectrum were more dramatic. The tailing of the peak at
35 nm to longer wavelengths is typical of conducting polymers
nd bands in the NIR region are often attributed to delocalized
harges [24]. This result agreed with in situ conductivity results
hat the changes in the conductivity of the polymer film occurred
n this region. The rest of the polymers, p-2, p-4 and p-5, had
imilar spectroelectrochemistry to p-3. The polymers displayed
ew longer wavelength absorptions at potentials near−0.5 V and
hey displayed much larger changes in absorption at potentials
bove 0.20 V. For the anisole polymers, there was a difference
etween isomers. The absorption maximum for oxidized cis iso-
er polymer, p-5, was at 656 nm while the absorption of the

xidized p-4 was at 729 nm, as shown in Fig. 8. As with the in
itu conductivity, the origin of this difference cannot be fully
lucidated at present, but it does suggest greater delocalization
n p-4 (trans isomer).
Overall, only minor differences were observed for the elec-
rochemistry of the polymers p-2, p-3, p-4 and p-5. These results
uggest that effects such as cross-linking or regiochemical issues
o not significantly affect the electrochemistry of the resulting
ig. 8. UV–vis absorption of the oxidized p-4 (solid line) and p-5 (dashed line)
rown onto ITO.

olymers. The results of the electrochemistry also lead to the
onclusion that the composition of p-2, p-3, p-4 and p-5 is signif-
cantly different than p-1. This conclusion raised two important
uestions; what is the composition of p-2 and similar polymers
nd why is the composition of p-1 different than p-2 and similar
olymers.

.3. Composition

As an initial attempt to understand the composition of the
olymer, X-ray photoelectron spectroscopy (XPS) was per-
ormed on polymer films grown on ITO or polished steel. The
PS confirmed the presence of cobalt in all the polymers. As

nother method to understand the composition of these poly-
ers, monomers 6 and 7 were synthesized in an attempt to

roduce soluble versions of the polymers, as shown in Scheme 3.
he polymerization was performed by FeCl3 oxidation in dry
H2Cl2 to produce soluble oligomers with Mn = 6570 g/mol;
DI = 1.56 for p-6 and Mn = 3830 g/mol; PDI = 2.04 for p-7
ccording to gel permeation chromatography (GPC) analysis.

hile 1H demonstrated that the CoCp fragments were in place,
suitable 13C was not observed for the polymers to confirm the
Scheme 3.
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Scheme 4.

F
1

c
t
[
i

r
h
m
i
b
r
m
m
m
h

m
t
o
c
t
[

w
e
l
i
t
t
t
s
t
n
o
a
t
l
i

3

l
m
t

ig. 9. Cyclic voltammogram (solid line) of p-3 and p-8 (dashed line) at
00 mV/s on a 2 mm2 Pt button.

omplex 8 in Scheme 4. The Cp* ligand has a well known induc-
ive effect that lowers the metal oxidation of a sandwich complex
25]. The CV results of p-8, as shown in Fig. 9, were not signif-
cantly different from those of p-3.

This fact suggested that in p-2 and similar polymers, side
eactions had occurred. One possible side reaction that could
ave occurred in these polymers is a ligand (e.g., thiophene) pro-
oted insertion of the Co metal center into the Cb ring, as shown

n Scheme 5. A Co insertion into Cb ring has been observed
ut it is usually thermally promoted [26]. The potential CoIII/IV

edox couple of the cobaltacyclopentadiene species is approxi-

ately −0.4 V and all the polymers derived from the bithiophene
onomers had a wave at this potential [27]. Polymers of a similar
olecular structure have been synthesized and these polymers

ave CV’s similar to the polymers derived from the bithiophene

a
s
t
t

Scheme 5
Scheme 6.

onomers [28]. If the metal insertion does occur, the effect of
he change in the Cp ligand on the shift in the oxidation potential
f metal center would be significantly decreased. This effect is
aused by the different orbital overlaps in a metallocyclopen-
adiene or similar complex versus a metal sandwich complex
29].

However, another factor to consider is if the CoCp fragment
as completely removed from polymer. This factor was consid-

red by the oxidation of the complex 9 in the presence of a ligand
ike THF to see what possible products would occur, as shown
n Scheme 6. The result was a rearrangement of the Cb ring
hat created a naphthalene structure. If this reaction did occur
hen it should place an aryl group in the main chain of a poly-
hiophene. Typically, polythiophene derivatives with aryl groups
ubstituted in the main polymer chain tend to act as at least par-
ially �-delocalized polymers [30]. The polymers like p-2 did
ot seem to act as fully �-delocalized polymers and these types
f aryl substituted polythiophene derivatives tend not to have
ny electroactivity in region near −0.4 V. However, the elec-
roactivity in region near −0.4 V could be due to an impurity,
ike completely disproportionated Co2+ centers, so this possibil-
ty cannot be completely ruled out.

.4. Model study

To understand why the CbCoCp complexes in polymers
ike p-2 appear to decompose, it is important to understand the

etal to metal interaction within the polymer. There are three
ypes of metal to metal interaction; charge hopping, mediated

nd superexchange. The charge hopping is similar to outer
phere electron transfer [31]. The mediated interaction is a
wo-step process involving metal to polymer electron exchange
hen polymer to metal electron exchange [32]. To maximize this

.
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Scheme 7.

nteraction, the oxidation waves of the metal and the polymer
hould be closely matched as possible. The superexchange
nteraction involves interactions similar to those observed in

ixed-valance metal complexes and the methods to describe
he mixed valence interactions can be applied to the conducting
olymer systems [33]. To assess the metal to metal communica-
ion in the p-2 and similar polymers, model compounds 11 and
2 were synthesized, as shown in Scheme 7. The CV’s of both
odels were quasireversible. The results of this model study
ere clearly displayed in differential pulse voltammetry (DPV)
f the models as seen in Fig. 10. The DPV displayed two peaks
or complex 12 and three peaks for complex 11. Both models
isplay peaks near 0.30 and 0.50 V. Complex 11 also displayed
n additional peak at 0.9 V. The peaks near 0.3 V were assigned
o CoI/II redox couple using the same arguments as the wave
ssignment in p-1. Since only a single redox event for Co metal
enters of complex 11 was observed, it was concluded that there
as not significant electronic communication between the metal

enters through the thiophene bridge [34]. This result suggested
hat a superexchange type interaction was not likely. The DPV
f complex 11 also demonstrated that the thiophene fragment
xidation was clearly separate from the CoI/II redox couple

hich decreased the probability of mediated type interaction.
ithout a superexchange or mediated mechanism for the

ommunication between the metal centers, the only possible

ig. 10. Differential pulse voltammetry of complex 11 (dashed line) and com-
lex 12 (solid line) with a pulse height of 10 mV and scan rate of 2 mV/s on a
mm2 Pt button.
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nteraction is the charge hopping mechanism. Since charge
opping is an inefficient mechanism for metal to metal commu-
ication, the oxidized metal centers would remain in isolated
ites within the polymer. This isolation could be the cause of the
ide reactions. In comparison, the metal to metal interactions of
-1 are significantly enhanced by having the thiophene fragment
xidation below the CoI/II redox couple. When the Co sites are
xidized in p-1, the polymer is already in a conductive state
hich should greatly facilitate the metal to metal interactions.
The significant improvement in the electroactive properties

e.g., conductivity) from p-1 to p-2 and similar polymers could
e, in part, attributed to a better conjugation of the polymer with
he Cb unit in the polymer main chain than the metal inserted into
he polymer main chain. However, the fact that monomer 1 has
terthiophene fragment whereas monomer 2 has a bithiophene

ragment may also account for the increase in conjugation length
rom p-1 to p-2. Since these polymers should have significantly
ifferent molecular structures, a comparison between the poly-
ers has a limited value but it appears that the metal coordinated
b has a moderate ability to allow charge migration.

. Conclusion

A series of CbCoCp complexes containing thiophene units
ere synthesized and polymerized electrochemically. The via-
ility of an oxidative polymerization with these CbCoCp com-
lexes was determined by the relative position of the oxidation
otential for the thiophene fragment. According to the elec-
rochemical characterization, if the oxidation potential of the
hiophene fragment was below the CoI/II redox couple then the
bCoCp complex remained intact. If the oxidation potential of

he thiophene fragment was above the CoI/II redox couple then
t appeared that there was some decomposition of the CbCoCp
omplexes during the polymerization.
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