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1. Introduction

Molecular and macromolecular materials that contain
atoms of transition elements in close proximity are attract-
ing increasing attention because of their potentially interest-
ing electrical, redox, optical, and magnetic characteristics
[1].

The ferrocene unit has proved to be a versatile building
block with excellent thermal and photochemical stability,
which displays a reversible redox reaction in organic solu-
tions. Ferrocenyl-based polymers have been used in the
chemical modification of electrodes, in the construction of
amperometric biosensors and, more recently, in the area of
nonlinear optical (NLO) materials [2].

In our previous paper, a series of new ferrocene urethane
block copolymers were synthesized and their fire retardancy
was reported [3]. The purpose of this study is to analyze
the electrochemistry of ferrocene-modified block copoly-
urethanes and the effect of different molecular weight
diisocyanate prepolymers on the reversibility of the
oxidation—reduction process. Polyurethanes are highly
soluble in organic solvents and therefore suitable for thin-
film coatings. In addition, they possess excellent mechanical
properties and strong attachments to the electrode surface.
Therefore, polyurethane with ionic conductivity properties
may be a suitable medium for redox of the electroactive
solute [4,5,6].

The extent of the interaction between ferrocenyl units can
be measured by the difference in redox potentials. It has
been shown that the presence of an insulating CH, unit
between the ferrocene groups leads to a decrease in redox
potential difference. Moreover, for species with more than
one CH, unit between the ferrocenyl groups, only one
oxidation wave is detected [7,8,9,10].
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2. Experimental

Ferrocene-modified polyurethane materials investigated
in this work, as well as their physical characteristics, have
been published [3]. Therefore, only basic information
concerning sample preparation is presented here. Cyclic
Voltammetric Analysis was performed using a BAS CV-
50W voltammetric analyzer with Pt working and auxiliary
electrodes and Ag reference electrode with ferrocene
(0.001 M) as an internal reference and 0.1 M (n-
Bu)4NPF¢/CH,Cl, solution.

2.1. Ferrocene-containing hydroxyl-terminated (FcOH)
prepolymer synthesis

To the solution of 4.0 g (0.013 mole) 1,1'-di(chloro-
carbonyl)ferrocene in dry benzene (95ml), 1.82¢g
(0.0154 mole) 1,6-hexanediol and pyridine (1.1 ml) was
added. The mixture was stirred at 70—75°C under an inert
atmosphere (N, gas) for 4 h. The pyridinium chloride salt,
being insoluble in benzene was precipitated from the reac-
tion phase. The mixture was filtered and the solvent was
evaporated under reduced pressure. The residue was
extracted with CH,Cl, and washed with water. The organic
layer was dried (Na,SO4) and evaporated to give 4.3 g
(88%) of ferrocene-containing hydroxyl-terminated pre-
polymer, FcOH (Scheme 1). '"H NMR of this compound
showed an average molecular weight of ~3600.

2.2. Polymer synthesis using FcOH

Block copolymers were prepared using the prepolymer
method. The diisocyanate-terminated prepolymer (Baytec®
ME-050, ME-080, or ME-090 with NCO content of 5.51,
8.64, and 9.93%, respectively) was heated at 100—110°C for
about 30 min; for example, 11.55 g (0.012 mole) of ME-
080. To this, 2.25 g (6.65 X 10_4mole) FcOH dissolved
in 5 ml THF and several drops of T-12 catalyst solution
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Scheme 1. Hydroxyl-terminated polyester prepolymer (FcOH).

(dibutyltin dilaurate) were added. The mixture was
mechanically stirred under nitrogen for 20 min, and then
1.1g (93X 10_3mole) HDO was added and stirred for
one minute. The viscous mixture was then poured into a
4" x 4" x 1/8" preheated mold. The specimen was cured
under vacuum and at 80 °C for 6 h to give A6 polymer
with 15% FcOH prepolymer. Table 1 shows the other
compositions of synthesized polymers.

3. Results and discussion

Cyclovoltammetric studies were carried out in CH,Cl,
solution with BuyNPFg (0.1 M) as the supporting electrolyte
and ferrocene (0.001 M) as an internal reference. The data
E® = (E,, + E,)2, AE, = E,. — Eyy, and ip,fiy. are pre-
sented in Table 2.

The important parameters of a cyclic voltammogram are
the magnitudes of the anodic peak current(iy,) and cathodic
peak current (i), and the anodic peak potential (£,,) and
cathodic peak potential(E,.). For the forward sweep of the
first cycle, the voltammetric peak current (i) is directly
proportional to »"* and is given by the Randales—Sevcik
equation, which also describes i, for species dissolved in
solution and diffusing to the electrode [11]

ie = 2.69 X 10°n"*A(D"* )",

where A is the electrode surface area, n the electron stoi-
chiometry, D the diffusion coefficient, C the concentration,
and v is the scan rate [12]. For diffusion-controlled
processes i,/ v"2 must be constant and for fully reversible
redox couple in solution, the 7,/iy. ratio should be 1.

Table 1
Composition of ferrocene-modified copolymers

Sample NCO terminated prepolymer FcOH (%wt)
Al ME-050 5
A2 ME-050 10
A3 ME-050 15
A4 ME-080 5
AS ME-080 10
A6 ME-080 15
A7 ME-090 5
A8 ME-090 10
A9 ME-090 15

Fig. 1 shows a representative Cyclic Voltagramm for Al
Block Copolymer. In all cases, only one oxidation wave
was detected, which is due to the influence of six insu-
lating CH, groups between the ferrocene groups. Appar-
ent formal potentials, E°, were almost independent of
the scan rate. The separation between voltammetric
peaks (AE,) ranges from a low of 0.046V at a
20mV/s scan rate for A9 polymer to a high of
0.175V at 120 mV/s for A3 polymer. The peak poten-
tial difference and broadening of the peaks at higher
scan rates suggests the slow electron transfer to
the redox center and the interaction between the redox

Table 2
Cyclic voltammetry data

Sample v (mVs ™))
20 40 60 80 100 120
Al E'mv) 7% 785 785 787 796 785
AEP (mV) 81 96 103 115 128 134
ipal Tpe 0.96 0.95 0.97 0.99 1.03 1.01

A2 E’(mV) 828 827 827 827 852 834
AE, (mV) 113 131 136 144 153 161
ipalTpe 0.94 0.92 0.96 0.97 0.99 1.02

A3 E'mV) 795 796 798 796 803 798
AE, (mV) 95 123 137 150 166 175
ipaline 089 095 098 099 LIl 104

A4 E’(mV) 789 789 789 790 797 792
AE, (mV) 88 105 111 120 126 136

ipalTpe 0.83 0.87 0.89 0.91 0.97 0.94
A5 E°(mvV) 785 781 778 777 771 775

AE, (mV) 76 94 101 112 120 133

il Tpe 0.77 0.81 0.83 0.85 0.84 0.86

A6 E'(mV) 783 783 784 787 193 7177
AE, (mV) 93 113 127 139 151 163

inaline 073 079 083 087 088 086
A7 E°(mV) 852 812 810 812 812 815
AE,(mV) 78 91 94 103 106 113
il ine 095 097 09 099 100 103
A8 E’mv) 807 804 806 807 809 815
AE, (mV) 81 96 99 107 117 124
inaline 096 098 1.00 1.02 103 107

A9 E'(mV) 797 794 788 787 789 785
AE, (mV) 46 59 58 67 73 76
ipalipe 093 095 093 095 096 096
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Fig. 1. Cyclic voltagramm for Al block copolymer at 20, 40, 60, 80, 100,
and 120 mV/s scan rate.

metal centers along the polymer chain. Recently, a peak
broadening of about 0.558 V for polyurethane with
ferrocene units in their backbone was reported [13]. This
difference, between the published value and values in this
study, suggests that the redox property of ferrocene was
maintained to a greater extent when incorporated in the
form of a block in the backbone structure of the polymer
rather than as an individual unit. Plots of i, versus square
root of scan rate (v"?) were linear for values between the
examined scan rates, indicating that the electron transfer is
essentially diffusion-controlled. Fig. 2 shows representative
plots for Al, A2, and A3 samples.

In addition, the cyclovoltammograms of the polymers
show that the ferrocene moieties, which can be reversibly
(iI(J)a/ipC =~ 1) oxidized at E° =~ 0.77-0.852 V (vs. Ferrocene
E”=0.321 V) and higher scan rates, are equivalent. Higher
potentials for the ferrocene-modified polyurethanes are due
to the electron-withdrawing ester functional group attached
to ferrocene.

Moreover, the data reported in Table 2 suggest that mole-
cular weight of diisocyanate prepolymers has no apparent
effect on the electrochemistry of ferrocene-modified poly-
urethanes.
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4. Conclusions

The ferrocene-modified block copolyurethanes, A1-A9,
exhibited normal cathodic and anodic peaks for ferrocene/
ferricinium (Fc/Fc¥) except for the broadening of the peaks
at higher scan rates due to slow electron transfer to the redox
center and interaction between the redox metal centers
along the polymer chain. In addition, plots of cathodic
peak current versus square root of scan rate were linear
for values between the examined scan rates (20, 40, 60,
80, 100, 120 mV/s). This indicated that the electron transfer
was diffusion controlled and the effect of other means of
mass transport such as convection and migration is minimal.
It is demonstrated that the original redox properties of ferro-
cene are maintained to a greater extent when it is covalently
linked to the polyether polyurethane main chain as a block
copolymer.

The main difference between these studies and those of
others is that the present study deals with high molecular
weight block copolyurethanes that contain small percen-
tages of ferrocene blocks. In other work the main focus
has been on ferrocenic polymers with much lower mole-
cular weight and much higher ferrocene levels. The main
goal was to see whether ferrocene blocks keep their
electrochemistry properties when incorporated into high
molecular weight copolyurethane elastomers. It is known
that electron transfer to the redox center and interaction
between the redox metal centers along the polymer chain
can be significantly diminished, due to high molecular
weight and not having an accessible ferrocene center,
to the extent that no oxidation—reduction peaks might
be detected.

In this work we were hoping to see that the ferrocene
blocks have kept their electrochemistry integrity within
the polymer chain. The results show that not only is there
good interaction between ferrocene units but also much
better than when ferrocene is incorporated individually.
We also wanted to know if the molecular weight of the
diisocyanate prepolymer would have any effect on this elec-
trochemistry. Our extensive CV analysis at different ferro-
cene percentages and scan rates showed that the
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Fig. 2. Plots of i vs. the square root of the scan rate for the oxidation peaks observed for A1, A2, and A3 polymers.
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electrochemistry of these polymers was unaffected by the
molecular weight of diisocyanate prepolymer.
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