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Electrochemical determination of diffusion coefficient of
�-conjugated polymers containing ferrocene unit
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Abstract

The diffusion coefficient (D) of �-conjugated polymers containing ferrocene unit in the polymer main chain in a 1:1 mixture of
CH2Cl2 and CH3CN was determined from peak oxidation current observed in cyclic voltammetry of the polymers. The D value
of the polymers was in a range of about 1×10−12–5×10−12 m2 s−1, which was considerably smaller than those of ferrocene
(D=470×10−12 m2 s−1) and 1,1�-bis(phenylethynyl)ferrocene (2) (D=68×10−12 m2 s−1) in accordance with the higher
molecular weight of the polymer. Effects of the structure of the �-conjugated polymers on the D value are discussed. © 2001
Elsevier Science B.V. All rights reserved.
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1. Introduction

Ferrocene is one of the most famous and important
organometallic compounds not only in the field of
organometallic chemistry but also in the area of electro-
chemistry. Electrochemical redox potentials of materi-
als are determined against reference electrodes such as
the normal hydrogen electrode (NHE) and the satu-
rated calomel electrode (SCE); a ferrocene/ferrocenium
(Fe(II)/Fe(III)) couple is also often used as the standard
reference electrode in electrochemistry due to its stabil-
ity, excellent electrochemical response, and solvent in-
dependent redox behavior [1].

Although numerous polymers containing ferrocene
units in their main chain or side chain have been
prepared [2], studies on their electrochemical response
have been limited [3]. Diffusion process of the ferrocene

polymer in the electrochemical reaction has mainly
been analyzed with polymers containing ferrocene units
in the side chain, and analysis of the diffusion process
of the ferrocene polymer containing the ferrocene unit
in a �-conjugated main chain has received little atten-
tion. In our previous paper, we reported synthesis of
poly(aryleneethynylene) (PAE) type polymer consti-
tuted of 1,1�-ferrocenylene units and �-conjugated units
connecting the 1,1�-ferrocenylene units [4]. The poly-
mers were electrochemically active, and the electro-
chemical data revealed the presence of an electronic
interaction between the 1,1�-ferrocenylene units through
the �-conjugated unit.

Now we are interested in the diffusion process of the
PAE type polymer containing the 1,1�-ferrocenylene
units [4], and have determined diffusion coefficients of
the polymers based on the electrochemical behavior of
the polymers.
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2. Experimental

2.1. Materials and chemicals

Preparation of the PAE type polymers constituted of
the 1,1�-ferrocenylene unit (1a–1d) was already re-
ported [4]. 1,1�-Bis(2-phenylethynyl)ferrocene (2) was
synthesized according to the literature [5].

2.2. Cyclic �oltammetry (CV)

Cyclic voltammetry (CV) was performed using
Hokuto Denko HA-301 potentiostat and HB-104 func-

tion generator with an X–Y recorder. A three-necked
Schlenk tube type H-shaped cell was used in the mea-
surement. The potential was referred to 0.10 M of
Ag+/Ag (AgNO3/Ag wire). A 1:1 (v/v) mixture of
CH2Cl2 and MeCN was employed as the solvent under
nitrogen atmosphere. Cyclic voltammograms were ob-
tained by using a solution containing [nBu4N]BF4 (0.10
M) as the electrolytic solution. Concentration of the
ferrocene unit was 1.0×10−3 M for the polymers as
well as for ferrocene and 2. Working and counter
electrodes were Pt wire and Pt plate, respectively.

2.3. Determination of diffusion coefficients

The diffusion coefficient (D) was calculated using the
following electrochemical equation [6]:

i=0.4463×n3/2F3/2A(RT)−1/2D1/2C�1/2 (1)

where i is the peak current of the CV peak, A denotes
the area of electrode (m2), C represents the concentra-
tion of the electrochemically active species (mol m−3),
and n is the number of electron moved during electro-
chemical reaction per the active species; n=1 for the
ferrocenic compounds. � expresses the sweep rate
(V s−1), and the diffusion coefficient, D, in units of
m2 s−1 can be determined from Eq. (1). At 25 °C, the

RT value becomes 2480 J mol−1, and Eq. (1) gives the
following Eq. (2) by using the Faraday constant of
F=96 500 C mol−1.

i=2.69×105×AD1/2C�1/2 (2)

3. Results and discussion

The PAE type �-conjugated polymers containing the
1,1�-ferrocenylene units (1a–1d) were prepared as previ-
ously reported. The ferrocenic compound 2 was synthe-
sized according to the literature [5] (Eq. (4)).

(3)

(4)

Fig. 1 shows the cyclic voltammograms of ferrocene,
2, and 1a–1d at various scanning rates. All cyclic
voltammograms showed one couple of Fe(II)/Fe(III)
redox peaks, and the CV charts showed good reversibil-
ity. Redox potentials of the materials are summarized
in Table 1. Due to the attachment of the electron-with-
drawing ethynylene unit �C�C�, the oxidation poten-
tials of 2 and 1a–1d are shifted to higher potentials,
compared with that of ferrocene.

The peak current (i ) increased with an increase in
the scanning rate as shown in Fig. 2. It is known that
the peak current (i ) of the CV peak of low molecular
weight compounds is usually controlled by diffusion of
the compound to the surface of the working electrode
[6]. In this case, i increases proportionally to square
root of the scanning rate, �1/2 (cf. Eq. (2)). The linear
correlation observed for 1a–1d suggests that the rate of
the electrochemical reaction of the polymers is also
controlled by the diffusion of the polymer. In this case,
the diffusion coefficients (D) of 1a–1d can be obtained
from Eq. (2). The D values of 1a–1d thus calculated are
summarized in Table 2 together with those of ferrocene
and 2. To our knowledge, D value of some pendant
type ferrocenic polymers has been reported [3], how-
ever, determination of the D value of main chain type
ferrocenic polymer has no precedent.
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Fig. 1. Cyclic voltammograms of: (a) ferrocene; (b) 2; (c) 1a; (d) 1b; (e) 1c; and (f) 1d in a 1:1 mixture of CH3CN and CH2Cl2 containing 0.10
M [nBu4N]BF4 under N2. Concentration of the ferrocene unit=1.0×10−3 M. The figure attached to each CV curve represents the scanning speed
in mV s−1. Potential is given vs. AgNO3/Ag.

The diffusion coefficient usually decreases with an
increase in the molecular weight of the compound and
the size of the molecules [7], and the considerably
smaller D value of 1a–1d, compared with those of
ferrocene and 2 agrees with this concept. Among the
polymers, 1c gave a larger D value compared with other
polymers, in spite of its larger molecular weight. It may
be due to the coiled structure of 1c and to its flexible
structure because of the bending at the thiophene unit.
Other polymers may have a more rigid main chain and
give a rigid rod-like structure with larger effective vol-
ume, which brings about larger effective friction in
moving the solution. Another possible explanation is
that the thiophene unit is suited to convey electronic
information between the ferrocenic units along the
polymer chain, and even if a part of the polymer (e.g.
end of the polymer) touches the working electrode, it
brings about an electrochemical redox reaction of all

the 1,1�-ferrocenylene units in the polymer. Thiophene
unit is known as a superior electron-conveying unit [8]
especially under oxidation conditions. Further studies

Table 1
Redox potentials obtained from cyclic voltammograms

Compound Epa (V) a Epc (V) a E° (V) b vs. Ag+/Ag

0.06 0.02Ferrocene −0.03
2 0.27 0.20 0.23
1a 0.250.170.34

0.27 0.310.351b
0.27 0.311c 0.35
0.200.33 0.271d

Measured in a CH3CN–CH2Cl2 (v/v=1:1) solution containing 1.0×
10−3 M of the ferrocenic unit and 0.10 M of [nBu4N]BF4 at room
temperature. Working electrode: Pt wire; counter electrode: Pt plate.
Sweep rate=80 mV s−1.

a Epa=peak anode potential; Epc=peak cathode potential.
b E° value is calculated as an average of Epa and Epc.
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Fig. 2. Plots of anodic peak electric current of: ferrocene (�); 2 (�); 1a (�); 1b (�); 1c (�); and 1d (�), against �1/2 (�=scan rate) taken from
Fig. 1 (left). Magnification of the plots about 1a–1d (right).

Table 2
Diffusion coefficients

Compound 1012D (m2 s−1)Mw
a

470186Ferrocene
2 330 68

1.61500 b1a
10 500 c1b 1.0

5.31c 17 000 c

2.110 000 d1d

a Molecular weight.
b Number average molecular weight (Mn) determined by gel perme-

ation chromatography [4a].
c Mn calculated based on the assumption that Mn of polymers [4a]

prepared by polycondensation is half of the weight average molecular
weight determined by light scattering method [9].

d Mn determined from 1H-NMR peak areas of the terminal C�CH
proton and �-CH2 proton in the alkyl side chain.
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on the electrochemical process of ferrocene polymers will
reveal interesting features of such polymers.

4. Summary

The peak current (i ) observed in the cyclic voltam-
mograms of redox-active �-conjugated polymers contain-
ing 1,1�-ferrocenylene units was proportional to the
square root of the scanning rate (�1/2). Based on this
observation, the diffusion coefficient (D) of the polymers
was determined. The D value was reasonably smaller than
those of ferrocene and the ferrocenic compound 2.
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