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Abstract In this study, a new ferrocenyldithiophospho-

nate functionalized; [O-1-(4-phenyl)-1H-pyrrole ferro-

cenyldithiophosphonate (TPFc)] monomer and its conduc-

tive copolymers with pyrrole and 4-(2,5-di(thiophen-2-yl)-

1H-pyrrol-1-yl)butane-1-amine were synthesized, charac-

terized and their electrochromic properties were investi-

gated. The spectroelectrochemical analyses demonstrated

that the copolymer films reveal a reversible cycling with

distinctive color changes in their reduced/oxidized forms.

For the copolymer films P(TPFc-co-Py)/DCM, P(TPFc-co-

Py)/CH3CN and P(TPFc-co-TPA)/DCM, the maximum

optical contrasts (DT %) were measured as 28, 12 and

27 % at 800, 900 and 900 nm, respectively. Spectroelec-

trochemical analysis also revealed that all copolymers

prepared with TPFc have lower band gaps compared to

those of corresponding polymers.
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1 Introduction

In previous years interest in organometallic materials has

increased exceedingly in different applications. These in-

volve energy storage systems [1], sensors [2], corrosion

protection [3], electroanalysis [4], electrocatalysis [5] and

electrochromic polymers and electrochromic display devices

[6, 7]. In literature different kinds of conducting polymers

(CP) containing metal complexes on polymer backbone

were synthesized. Many CP containing metal complexes on

polymer backbone were synthesized in previously studies.

Conducting thin films where a metal is present in the

polymer backbone are exemplified in a range of several

complexes. Polythiophene-Ru(bpy)3
n? hybrids [8], rutheni-

um oligothienylacetylide complexes [9], oligothienylfer-

rocene complexes [10] were studied. Between diverse

organometallics, ferrocene is known for its high stability;

hence for this reason it is specially preferred and valued in

most of the precursor researches. Ferrocene has long been

known as having excellent potential in this area and it was

only shortly after its invention in 1951 that attempts were

made to produce polymeric derivatives of this remarkable

compound. In 1955 the first well-characterized polymers

bearing ferrocene as a side-chain were obtained by the

polymerization of vinyl ferrocene [11]. However, subse-

quent attempts to incorporate ferrocene in the main-chain

were not particularly successful and it was not until the mid-

1970s that well-defined ferrocene-containing polymers were

finally being reported [12–14]. After those days, a concern

in ferrocene functionalized CP was developed since these

materials reveal low redox potential, high electron-donor

ability and they generally show the redox properties of both

ferrocene and the conducting polymer [15]. Lately, concern

in ferrocene functionalized CP is evoked since these types of

polymers show the redox properties of both groups [16]. As

a result, these are useful in a range of applications and

studies. CP containing ferrocene on main conjugation path

of polymer backbone were also synthesized [17–19].

In this study, we disclose the synthesis and characteriza-

tion of electronic properties of a novel ferrocenyldithio-
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phosphonate-functionalized conducting polymer based on

O-1-(4-phenyl)-1H-pyrrole ferrocenyldithiophosphonate

(TPFc) in detail. Additionally, this study deals with elec-

trochemical properties of novelmetal-containing conducting

copolymer based on TPFc with pyrrole (Py) and 4-(2,5-

di(thiophen-2-yl)-1H-pyrrol-1-yl) butan-1-amine (TPA).

Electrochromic properties of polymers were examined by

spectroelectrochemistry and switching studies.

2 Experimental

2.1 Chemicals

4-(1-H-Pyrrole-1-yl)phenol (PF), acetonitrile (CH3CN), thio-

phene (C4H4S), toluene (C7H8), succinyl chloride (C4H6Cl2O),

hydrochloric acid (HCl), sodium bicarbonate (NaHCO3),

magnesiumsulphate (MgSO4), ethanol (C2H4OH), butane-1,4-

diamine (C4H12N2), propionic acid (C3H6O2), tetrabutylam-

moniumhexafluorophosphate (TBAPF6) were purchased from

Aldrich. Pyrrole is commercially available from Alfa Aesar.

Dichloromethane (CH2Cl2) and AlCl3 were provided by Mer-

ck. The monomer; 4-(2,5-di(thiophene-2-yl)-1H-pyrrole-1-

yl)butane-1-amine (TPA) was synthesized according to a pro-

cedure described previously [20].

2.2 Instruments

Three-electrode cell geometry was used in all electro-

chemical experiments. The indium tin oxide (ITO) coated

glass plates of thickness of 0.7 mm with resistance of 8–12

X sq-1 were purchased from Delta Technologies Limited,

USA, and were used as the working electrodes. Coated

working electrode area arranged as 1 cm2. Pt and Ag wires

were used as the counter and pseudo reference electrodes

[calibrated against Fc/Fc? (0.3 V)]. An iviumpoten-

tiostat/galvanostat interfaced with a personal computer was

used in all electrochemical measurements. Spectroelectro-

chemical measurements were carried out in a three-elec-

trode quartz cell. The spectra were collected with a Diode

Array UV–vis spectrophotometer (Agilent 8453) with a PC

interface. The structure of the monomer was confirmed by

NMR and IR spectral analysis. 1H NMR spectra of the

monomer were taken by using a Bruker-instrument NMR

spectrometer (DPX-400) with CDCl3 as the solvent.

2.3 Synthesis of Monomers

2.3.1 Synthesis of TPFc

TPFc was synthesized by the reaction of, [FcP(=S)(l-S)]2
with 4-(1-H-pyrrole-1-yl)phenol in toluene (Scheme 1).

Detailed synthesis route is given below:

[FcP(=S)(m-S)]2 (0.25 g, 0.446 mmol) was reacted with

the 4-(1-H-pyrrole-1-yl)phenol (0.142 g, 0.892 mmol) in a

1:2 ratio in toluene (10 mL) to give O-1-(4-phenyl)-1H-

pyrroleferrocenyldithiophosphonate. The reaction mixture

was heated until all solids were dissolved and a yellow

solution was obtained. The yellow–orange crystalline

product was filtered, washed with n-hexane and dried under

vacuum. Yield: 0.40 g (39.6 %), m.p.: 158 �C.
Structure of the TPFc was characterized by 1H NMR,

13C NMR and 31P NMR analysis. In the 1H NMR and 13C

NMR spectra, the zero chemical shift was assigned to

TMS, while in the 31P NMR spectra d = 0 corresponds to

orthophosphoric acid (H3PO4).

As a result of the 31P NMR, a single peak observed at

86,384 ppm, 13C NMR and 1H NMR analysis confirm the

molecular structure of the TPFc. NMR spectra of the TPFc

were given in supplementary material.

2.3.2 Synthesis of TPA

The monomer TPA;4-(2,5-di(thiophen-2-yl)-1H-pyrrol-1-

yl) butan-1-amine was synthesized from 1,4-di(2-thienyl)-

1,4-butanedione and butane-1,4-diamine in the presence of

catalytical amounts of propionic acid according to the

procedure reported [20]. Yellow solid was obtained at the

end of the reaction and structure of TPA was characterized

by NMR.

2.4 Synthesis of Copolymers

TPFc was copolymerized with Py or TPA potentiody-

namically in a single compartment electrolysis cell con-

taining 0.1 M TBAPF6/DCM or CH3CN. The copolymer

was deposited on ITO coated glass slide. Pt wire and Ag

wire were used as the counter and reference electrodes

respectively. P(TPFc-co-Py) and P(TPFc-co-TPA) were

achieved in the presence of 3.4 9 10-4 M TPFc and

0.01 M Py or TPA (Scheme 2).

2.5 Investigation of Spectroelectrochemistry

and Switching Time

Spectroelectrochemical analyses of the polymer were car-

ried out to understand the band structure of the product. For

spectroelectrochemical studies, the copolymer films were

synthesized on ITO coated glass slide. UV–vis spectra of

the film were recorded at various potentials in a monomer

free solution. A square wave potential step method coupled

with optical spectroscopy was used to investigate the

switching times and the contrast for these copolymers. In

this double potential step experiment, the potential was set

at an initial potential (where the conducting polymer was in

one of its extreme states) for 5 s and stepped to a second
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potential for another 5 s, before being switched back to the

initial potential. During the experiment the percent trans-

mittance (%DT) and switching times at kmax of the polymer

were measured using a UV–vis spectrophotometer.

3 Result and Discussion

3.1 Electrochemical Properties of Polymers

Figure 1a, b show the cyclic voltammograms of a mixture

of TPFc and Py monomers and TPFc-co-Py copolymer

taken in DCM/CH3CN containing 0.1 M TBAPF6. For

comparison, second cycles of the CV of the TPFc, Py and

TPFc-co-Py in DCM and CH3CN are given in Fig. 1a, b.

Cyclic voltammograms of TPA, TPFc, TPFc-co-TPA

measured with a scan rate of 0.25 V/s in DCM solution

containing 0.1 M TBAPF6 are presented in Fig. 1c. As the

solubility of TPA in CH3CN is low, studies were conducted

with single solvent. Upon analysis of cyclic voltammo-

grams, shapes of the voltammograms and peak potentials

are seen to be different from each other. Peak potentials of

the copolymer are different from those of both ho-

mopolymers indicating the formation of a copolymer.

Electroactivity of the film in CH3CN was more defined

with a high oxidation current compared to the one in DCM.

3.2 Electrochemical and Electrochromic Properties

of Polymers

3.2.1 Cyclic Voltammetry of P(TPFc-co-Py) and P(TPFc-

co-TPA)

Cyclic voltammograms of pyrrole, TPFc, TPFc-co-Py

measured with a scan rate of 0.25 V/s in DCM and CH3CN

solution containing 0.1 M TBAPF6 are presented in

Fig. 2a–f. Oxidation and reduction peak potential values

observed in the voltammetry graphics of P(Py), P(TPFc),

P(TPFc-co-Py) are given in Table 1. The cyclic voltam-

mogram of Py in DCM do not show clear redox peaks due

to formation of pyrrole oligomers with different chain

lengths (Fig. 2a). The potentiodynamic polymerization of

Py in CH3CN is shown in Fig. 2d. During the first anodic

scan, Py exhibited a single well defined peak due to the

formation of the monomer radical cation. Upon repeated

scanning this peak potential was decreased due to the

formation of oligomers having lower oxidation potentials.

Noticeable features observed from the CV studies were: the

onset potentials are observed at 1.2 V for monomer

oxidation in the first forward scan in both solvents but

relatively higher oxidation currents were observed in

CH3CN than the ones in DCM. The general characteristics

of the electrochemical copolymerization and the potentials

observed here for oxidation of the monomer are in good

agreement with those reported previously [21]. Note that

the growth pattern in DCM is totally different from that in

CH3CN. Dichloromethane is a non polar solvent compared

Scheme 1 The synthetic route

for TPFc

Scheme 2 Schematical representation of the electrochemical

copolymerization
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to CH3CN and thus, would dissolve the oligomers better

than CH3CN, resulting in smaller rates of film growth

particularly in earlier stages. This would result in an ac-

cumulation of a smaller amount of oligomers on the sur-

face, but the smaller amounts of oligomers deposited on the

surface appear to passivate the electrode as well, due to

their poor electrical conductivity.

When CV’s of the TPFc in DCM and CH3CN were

analyzed, shape of the voltammograms and peak potentials

are seen to be similar (Fig. 2b, e). The cyclic voltammo-

grams of P(TPFc-co-Py) in DCM and CH3CN show a re-

versible redox process at about 0.45 and 0.85 V

respectively referring to ferrocene group and followed by a

monomer oxidation peak at 1.73 V proving the radical

cation formation. Electroactivity of the film in CH3CN was

more defined and has a high oxidation current when

compared with CV in DCM (Fig. 2c, f).

The current of the oxidative peak progressively in-

creases with the number of cycles indicating the formation

and the growth of conducting copolymer film and suggests

that there is a systematic increase in the electrode area as a

result of the deposition of P(TPFc-co-Py).

The oxidation/reduction behaviors of P(TPFc-co-TPA)

(0.01 M) were investigated by CV in 0.1 M TBPAF6/

DCM. In order to investigate the electrochemical copoly-

mer formation of the TPFc (0.01 M) and TPA (0.01 M),

CV studies were performed under the same experimental

conditions.

In the first cycle of the cyclic voltammogram, an

oxidation peak emerged at 1.08 V and a reduction peak at

0.37 V. After subsequent runs electroactivity increases

with increasing scan number. Shape of voltammogram and

redox potentials of the TPA and TPFc mixture (Fig. 3b)

were different than those of TPA (Fig. 3a) and TPFc

(Fig. 2b), which in fact could be interpreted as the for-

mation of copolymer. Oxidation and reduction peak values

of P(TPA), and P(TPFc-co-TPA) which have been ob-

served through CV are shown in Table 1.

3.2.2 Scan Rate Dependence of the Peak Currents

P(TPFc-co-Py) and P(TPFc-co-TPA) films were prepared

via constant potential electrolysis. Their redox switching in

a monomer free electrolyte revealed a single, well-defined

redox process. Figure 4 shows cyclic voltammograms of

P(TPFc-co-Py) at different scan rates in DCM and CH3CN.

The current responses were directly proportional to the

scan rate indicating that the polymer films were electro-

active and well adhered to the electrode. As seen in Fig. 4a

and b the redox wave in different solvent showed the

characteristic of a surface–confined redox couple, with the

expected linear relationship of peak current with the po-

tential scan rate having an anodic and cathodic least

squares fit of R = 0.996, R = 0.996; R = 0.998,

R = 0.999, respectively. Furthermore, the polymer film is

very stable at high scan rates and the peak currents vary

linearly as a function of scan rate, which confirmed a well-

Fig. 1 Cyclic voltammograms of a Py, TPFc and TPFc-co-Py in

DCM, b Py, TPFc and TPFc-co-Py in CH3CN and c TPA, TPFc and

TPFc-co-TPA in DCM containing 0.1 mol L-1 TBAPF6 at 250 mV/s

scan rate
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adhered polymer film and non-diffusional redox process

(Fig. 4a, b).

Figure 4c shows cyclic voltammograms of P (TPFc-co-

TPA) at different scan rates. The scan rates for the anodic

and cathodic peak currents show a linear dependence (an-

odic and catodic least squares fit of R = 0.999, R = 0.998,

respectively) as a function of the scan rate as illustrated in

Fig. 4c for P(TPFc-co-TPA). This demonstrates that the

electrochemical processes are not diffusion limited.

The current responses were directly proportional to the

scan rate indicating that the polymer films were electro-

active and well adhered to the electrode.

3.2.3 Electrochromic Properties of the P(TPFc-co-Py)

in DCM and CH3CN

The best way of examining the changes in optical proper-

ties of CP upon voltage change is via spectroelectro-

chemistry. It also gives information about the electronic

structure of the polymer such as band gap (Eg) and the

intergap states that appear upon doping.

The optoelectronic behavior of the P(TPFc-co-Py) was

investigated by UV–vis spectrophotometer in a monomer

free electrolyte system while incrementally increasing the

applied potential between -0.2 and 1.4 V in a monomer

free (0.1 M) TBAPF6/DCM medium and -0.5 and 1.0 V

in a monomer free (0.1 M) TBAPF6/CH3CN (Figs. 5, 6).

As seen in Fig. 5 and 6, p–p* transition wavelengths

(kmax) of P(TPFc-co-Py) in DCM and CH3CN were de-

termined as 336 and 322 nm. Also the band gaps (Eg) were

calculated as 1.94 and 2.12 eV, respectively. This suggests

Fig. 2 Cyclic voltammograms

of a P(Py) and b P(TPFc)

c P(TPFc-co-Py) in DCM

containing 0.1 mol L-1

TBAPF6 d P(Py) e P(TPFc)

f P(TPFc-co-Py) in CH3CN at

250 mV/s scan rate

Table 1 Reduction and oxidation peak potential values of Py, TPFc,

TPFc-co-Py, TPFc-co-TPA in different solvent

DCM/TBAPF6 CH3CN/TBAPF6

Epc (V) Epa(V) Epc (V) Epa (V)

Py *0.0 *0.80 0.37 1.63

TPFc 0.30 0.97 0.32 0.58

TPFc-co-Py 0.45 0.85 0.55 Epa1 = 0.48

Epa2 = 0.95

TPA *0.148 *1.07 – –

TPFc-co-TPA 0.37 1.15 – –
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that the conjugation length of the oligomers generated

during the polymerization was smaller in DCM compared

to those in CH3CN. The bipolaron transition starting above

600 nm was quite strong for P(TPFc-co-Py) film prepared

in DCM compared to those in CH3CN indicating that the

conductivity of the doped polymer produced in DCM

would also be significantly higher. This should also be due

to the longer chain lengths of the film prepared in DCM.

For investigation spectroelectrochemical properties,

P(TPFc-co-TPA) film was electrochemically synthesized

on an ITO electrode in TBAPF6/DCM solvent/electrolyte

couple. The spectroelectrochemistry studies were studied

by applying potentials between -0.5 and 1.2 V in a
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monomer free DCM/TBAPF6 (0.1 M) medium. The

wavelength (kmax) at which polymer shows p–p* transition

was determined as 297 nm. The band gap (Eg) was cal-

culated as 2.43 eV (Fig. 7).

3.2.4 Switching

The ability of a polymer to switch without any delay while

exhibiting a sharp color change is very significant. Double

potential step chronoamperometry was carried out to esti-

mate the response time of the polymer film. The potential

was stepped between fully oxidized and neutral states of

the polymer film with a residence time of 5 s. During the

experiment the percent transmittance (%DT) at the wave-

length of maximum contrast was measured using a UV–vis

spectrophotometer. For P(TPFc-co-Py) maximum contrast

(%DT) and switching time were measured as 28 % and 2 s

for 800 nm and 12 % and 2 s for 900 nm in DCM (Fig. 8a)

and CH3CN (Fig. 8b) respectively by stepping the potential

between -0.2 and 1.4 V and -0.5 and 1.0 V with a resi-

dence time of 2 s.

For the P(TPFc-co-TPA) film, the maximum optical

contrasts (DT %) and switching time were measured as

27 % at 900 nm and 4 s by step the potential between—0.5

and 1.2 V (Fig. 8c).

Table 2 summarizes a comparison of copolymers pre-

pared different medium.

Fig. 6 Spectroelectrochemical graphic of P(TPFc-co-Py) 0.1 M

TBAPF6 in CH3CN

Fig. 7 Spectroelectrochemical graphic of P(TPFc-co-TPA) 0.1 M

TBAPF6/DCM

Fig. 8 Potential-time, absorbance-time, current density-time for

a P(TPFc-co-Py) in DCM/TBAPF6, b P(TPFc-co-Py) in CH3CN/

TBAPF6 c P(TPFc-co-TPA) in DCM/TBAPF6
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4 Conclusion

New ferrocenyldithiophosphonate functionalized [O-1-(4-

phenyl)-1H-pyrrole ferrocenyldithiophosphonate (TPFc)]

monomer and its conductive copolymers with pyrrole and

4-(2,5-di(thiophen-2-yl)-1H-pyrrol-1-yl)butane-1-amine

were synthesized, characterized and their electrochromic

properties were investigated. Electrochemical behaviors of

copolymers in different solvent media were examined with

cycle voltammetry and spectral analysis. Our results show

the role of solvents clearly in electrochemical polymer-

ization of TPFc copolymers. The polymerization reaction

and spectral properties were much more efficient in a

CH3CN in comparison to that in DCM. Spectroelectro-

chemical analysis, switching properties, scan rate investi-

gations and electrochromic properties of the copolymers

were investigated. Spectroelectrochemical analysis re-

vealed that the all copolymer prepared with TPFc have

lower band gap compared to those of corresponding

polymers.
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P(TPA) 321a 2.69 – – [20]

P(TPFc-co-TPA)/DCM 297a 2.43 4.0 27 This work
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