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ABSTRACT: A series of poly(ferrocenylsilanes) (PFS) with
different molecular weight have been prepared via the ther-
mal ring-opening polymerization of the corresponding
monomers. The electrochemical behavior of poly(ferroce-
nyldimethylsilane) (PFDMS) and poly(ferrocenylmethyl-
phenylsilane) (PFMPS) in solutions were investigated by
cyclic voltammetry (CV). It was found that PFS could be
adsorbed and electrodeposited on the Pt electrode surface,
and the electroactive multilayer films formed on the Pt

electrode surface influenced the shape of the voltammo-
gram. The redox potential varied with the molecular weight
slightly, and AE,,, became smaller with the increase in
molecular weight. © 2006 Wiley Periodicals, Inc. ] Appl Polym Sci
100: 473-477, 2006
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INTRODUCTION

Researchers have recently paid considerable attention
to the investigation and development of new polymer
systems that contain transition metals in the main
chain because of their useful electronic, electrochemi-
cal, and magnetic properties.' Ring-opening poly-
merization of silicon-bridged ferrocenophanes pro-
vided access to the first examples of high molecular
weight poly(ferrocenylsilanes) (PFS), which are useful
materials for modification of electrodes as electro-
chemical sensors and as nonlinear optical materials.®™
Wang et al.> and Nguyen et al.'® have reported the
detailed electrochemical studies for films of PFS. In
this article, we report the electrochemical behavior of
poly(ferrocenyldimethylsilane) (PFDMS) and poly-
(ferrocenylmethylphenylsilane) (PFMPS) with differ-
ent molecular weight in solution.

EXPERIMENTAL
Synthesis and characterization of PFS

The PFS were synthesized according to the litera-
ture,*"'"'% and the structure of the PFS is shown in
Scheme 1.
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'"H NMR spectra of the resultant polymers were
recorded with an advance DMX500 NMR spectrome-
ter in CDCl;, and tetramethylsilane was used as stan-
dards. The 'H NMR spectrum of PFDMS showed two
resonance peaks for the cyclopentadienyl protons at
4.22 and 4.01 ppm and a resonance peak at 0.44 ppm
assigned to the methyl groups attached to silicon. The
'H NMR spectrum of PFMPS showed a resonance
peak at 0.64 ppm assigned to the methyl groups at-
tached to silicon and multiple resonance peaks for the
cyclopentadienyl protons at 3.87-4.03 ppm and mul-
tiple resonance peaks at 7.35-7.56 ppm assigned to the
phenyl groups attached to silicon. The molecular
weight data of the resultant polymers are shown in
Table L

Solution of PFS

The concentration of PFS was 0.5 mM ferrocenic unit
in CH,Cl,; 0.1M [Bu,N][BF,] was served as a support-
ing electrolyte.

Instruments and reagents

The electrochemical measurements were performed
with a CHI-630A electrochemical analyzer (CH Instru-
ments, Inc.,, Austin, Texas). A one-compartment,
three-electrode cell with a Teflon-shrouded Pt plate
working electrode (& = 2 mm, geometric area
= 0.0314 cm?), a Pt wire counter electrode, and a
nonaqueous Ag/Ag" reference electrode was used.
All electrodes were purchased from CHI.
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Scheme 1

The working electrode surface was hand-polished
to a mirror finish with 0.05 um Al,O; paste on felt
before it was used; then it was washed by an ultra-
sonic wave with 0.1M NaOH, 1.0M HNO;, anhydrous
ethyl alcohol, and double-redistilled water in succes-
sion. Before the measurements, the solutions were
filtered with a 0.45 um microbore filter and purged for
at least 10 min with prepurified nitrogen. All the elec-
trochemical measurements were carried out at 25°C.
All solvents and analytical- or pure-grade reagents
were purchased from commercial sources.

RESULTS AND DISCUSSION

PFDMS and PFMPS were synthesized by the thermal
ring-opening polymerization. It has been represented
that the molecular weight increased at a range when
the thermal ring-opening polymerization time was
elongated.'* The PFS with different molecular weight
were attained as shown in Table L. It has been found
that there are many factors influencing the electro-
chemical behavior of PFS.

Influence of different ohmic potential (iR)
compensation on cyclic voltammograms

Usually, the solution system showed solution ohmic
potential (iR) losses, and obvious difference between
the compensated cyclic voltammograms and the un-
compensated cyclic voltammograms. So we measured
and compensated the iR drop of the investigated 0.1M
[Bu,N][BE,] solution in CH,CL,.

The solution iR of PFS with different molecular
weight fluctuated from 1550 to 1750 ). The typical
cyclic voltammograms of PFS are shown in Figure 1.
The results indicated that the fluctuation of iR had no
obvious influence on the compensated cyclic voltam-
mograms in this investigated solution system.

Influence of the molecular weight on the peak
potential

The cyclic voltammetry (CV) behavior of PFDMS and
PFMPS with different molecular weight in the same
potential scanning rate of 250 mV /s was investigated.
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The peak potential (E,) of PFS with the different mo-
lecular weight are listed in Table II.

Two-wave cyclic voltammetric behavior of the PFS
in solution has been reported and explained by the
existence of interactions between the iron centers. It
was believed that oxidation of the first ferrocenyl moi-
ety makes the subsequent removal of an electron from
a neighboring iron center more difficult.'>*"

The experimental results showed that the molecular
weight of E, slightly varied from that of CV. For
PFDMS, the peak potentlals E ('E b and 'E ) 2E
(ZE and 2E ), and E; »('E; ), and ’Ey ) gradually
decreased when the molecular weight increased, but
for PEMPS, the peak potentials 1Ep and ZEP increased.
The differences in these redox potentials possibly re-
vealed the synergic outcome of the polymeric stereo-
structure and the electrode adsorption process. To our
knowledge, very few studies of relationship between
the molecular weight and the redox potential have
been previously reported in the literature.'®!” The
reason is still quite open to discussion.

Manners et al. reported that PFDMS has the glass-
transition temperature (T,) of ~33°C and the T, of
PFMPS is ~90°C,"32° Wthh indicates that subst1tut1ng
a phenyl for a methyl in PFDMS decreased the con-
formational flexibility. On the other hand, the relative
steric bulk of phenyl group may result in the fall of
density of electroactive sites. Schematic map of PFS
oxidation is shown in Figure 2. So the interspace
among PFMPS on the surface zone of electrode facil-
itates the diffusion of supporting electrolyte ions, and
PFMPS was oxidized more easily. When the molecular
weight of Sample D (PFDMS) was similar to that of
Sample a (PFMPS), the redox potentials of PFMPS
were smaller than those of PFDMS.

Polymer could be adsorbed and electrodeposited on
the Pt electrode surface when PFS in solution was
measured as shown in Figure 2. For PFDMS-behaved
flexible conformation and symmetrically substituted
structure, polymer with the higher molecular weight

TABLE I
Molecular Weight and Molecular Weight Distribution of
PFS?®
Polymer Sample M, (10% M, (10% PDI
PFDMS A 71.1 27.9 2.5
B 32.2 144 2.2
C 23.6 12.8 1.9
D 12.2 4.0 3.0
E 5.6 29 1.9
PFMPS a 16.0 6.6 2.4
b 2.8 1.3 21
c 1.0 0.6 1.7
d 0.5 0.1 4.7

® Molecular weight were determined by gel permeation
chromatography (GPC) in THF containing 0.1% PFS by
weight using polystyrene standards.
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Figure1 Cyclic voltammogram shape with different iR compensation and corresponding change of polymer (Fc, Ferrocene).
PFS samples: containing 0.5 X 10~ °M ferrocene unit, 0.1M of [Bu,N][BF,] in CH,Cl, at room temperature. Working electrode,
Pt plate; counter electrode, Pt wire; reference electrode, a nonaqueous Ag/Ag™; reduction peak, peak lc and peak 2¢;
oxidation peak, peak 1a and peak 2a. [Color figure can be viewed in the online issue, which is available at www.interscience.

wiley.com.]

facilitates polymer two-dimension assembly on the Pt
electrode surface, though the intensity of electroactive
sites (ferrocenyl) is high, they are well assembled,*'~**
the diffusion of supporting electrolyte ions is easy,
and the mixed-value PFS was demonstrated to be a
semiconductor.?>?° As a result, the peak potentials Ep
shifted toward more negative potentials when the mo-
lecular weight increased. However, for PEMPS, the
relative steric bulk and rigid conformation reduce the
intensity of electroactive sites on the electrode surface.
When the molecular weight increased, the diffusion of
supporting electrolyte ions to the electrode becomes
difficult, so the peak potentials E, shifted positively.

The extent of the interaction between the ferrocenyl
units in PFS depends significantly on the nature of the
substituents at silicon,'®3%3! which may be a result of
electronic or conformational effects. The peak separa-
tion AE, /, gives a useful measure of the interaction
between the iron centers.

It was found that AE, ,, increased with the growing
chain units when the molecular weight was small.'®>
From Table II, we find that AE varies from 148 mV (for
PFDMS (M,, = 2.79 X 10°)) to 162 mV (for PFDMS (M,
= 2.9 X 10%), and similar phenomena are observed for
PEMPS. AE decreased when the molecular weight in-
creased. This may be caused by, for example, the

TABLE 1I
E, Data for PFDMS and PFMPS with the Different Molecular Weight from CV
1Epg 1Epa 1E1/2a ZEPC 2Epa 2E1/2 AEl/Zb

Polymer Sample (mV) (mV) (mV) (mV) (mV) (mV) (mV)
PFDMS A 663.5 673.8 669 493.0 548.8 521 148

B 665.0 676.0 671 497.0

C 679.7 692.9 686 510.6 551.8 531 155

D 682.6 695.9 689 506.2 556.1 531 158

E 710.6 722.3 716 538.5 569.4 554 162
PFMPS a 672.4 687.0 679.7 467.9 526.7 497.3 182

b 670.8 685.6 678.2 472.4 513.5 493.0 185

c 657.6 678.3 668.0 454.7 501.8 478.3 190

d 641.4 660.6 651.0 426.8 478.2 452.5 199

E1/2 = (1 pc + 1Epa)/2 and 2E1/2 = (ZEpc + ZEpn)/2-

E
1E1/2 - 2E1/2~
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Figure 2 Schematic map of PFS oxidation process.

changes of the better degree of two-dimension assem-
bly on the Pt electrode surface; ordered assembly de-
creased the interaction between the ferrocenyl units
because of increased molecular weight. The results
indicate that the extent of the interaction between the
ferrocenyl units in PFS also depends on the molecular
weight or second-order structure of polymer too. Fur-
ther research is in progress.

CONCLUSIONS

PFDMS and PFMPS with different molecular weight
have been prepared via the thermal ring-opening po-
lymerization. The electrochemical behavior of PFS in
CH,CI, was investigated by CV. Two couples of redox
peaks in cyclic voltammograms corresponded to re-
dox processes of PFS, respectively. The fluctuation of
iR had no obvious influence on the compensated cyclic
voltammograms in measured range. Polymer in solu-
tion could be adsorbed and electrodeposited on the Pt
electrode surface, and the formed electroactive layer
influenced the shape of the voltammogram by affect-
ing the diffusion of the electrolyte ions to the elec-
trode. The peak potentials E, gradually shifted posi-
tively when the molecular weight decreased, but for
PFDMS the peak potentials E, shifted negatively. AE
increased when the molecular weight decreased.

References

1. Wang, J. J.; Wang, L.; Wang, X. J. Prog Chem 2003, 15, 309.
2. Wang, X. J.; Wang, L.; Wang, J. J. ] Funct Polym 2002, 15, 368.

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

. Wang, X.J.; Wang, L.; Wang, ]. J. ] Polym Sci Part B: Polym Phys

2004, 42, 2245.

. Manners, I. Adv Organomet Chem 1995, 37, 131.
. Stanton, C. E,; Lee, T. R.; Grubbs, R. H.; Lewis, N. S.; Pudelski,

J. K,; Callstrom, M. R.; Erickson, M. S.; McLaughlin, M. L.
Macromolecules 1995, 28, 8713.

. Foucher, D. A.; Tang, B. Z.; Manners, I. ] Am Chem Soc 1992,

114, 6246.

. Resendes, R.; Berenbaum, A.; Stojevic, G.; Jakle, F.; Bartole, A_;

Zamanian, F.; Dubois, G.; Hersom, C.; Balmain, K.; Manners, 1.
Adv Mater 2000, 12, 327.

. Hale, P. D.; Inagaki, T.; Karan, H. I.; Okamoto, Y.; Skotheim,

T. A. ] Am Chem Soc 1989, 111, 3482.

. Sharma, H. K,; Pannell, K. H.; Ledoux, I; Zyss, J.; Ceccanti, A.;

Zanello, P. Organometallics 2000, 19, 770.

Nguyen, M. T.; Diaz, A. F.; Dement’ev, V. V.; Pannell, K. H.
Chem Mater 1994, 6, 952.

Wrighton, M. S.; Palazzotto, M. C.; Bocarsly, A. B.; Bolts, J. M.;
Fischer, A. B.; Nadjo, L. ] Am Chem Soc 1978, 100, 7264.
Fischer, A. B.; Kinney, J. B.; Staley, R. H.; Wrighton, M. S. ] Am
Chem Soc 1979, 101, 6501.

Foucher, D.; Ziembinski, R.; Petersen, R.; Pudelski, J.; Edwards,
M.; Ni, Y.; Massey, J.; Jaeger, C. R.; Vancso, G. J.; Manners, 1.
Macromolecules 1994, 27, 3992.

Wang, L.; Wang, X. J.; Pan, J.; Feng, L. X. ] Appl Polym Sci 2002,
86, 3508.

Manrers, I. ] Inorg Organomet Polym 1993, 3, 185.

Rulkens, R.; Lough, A. J.; Manners, I. ] Am Chem Soc 1994, 116,
797.

Dement’ev, V. V.; Cervantes-Lee, F.; Parkanyi, L.; Sharma, H.;
Pannell, K. H.; Nguyen, M. T.; Diaz, A. Organometallics 1993,
12, 1983.

Foucher, D. A.; Honeyman, C. H.; Nelson, J. M.; Tang, B. Z;
Manners, I. Angew Chem Int Ed Engl 1993, 32, 1709.
Yamamoto, T.; Morikita, T.; Maruyama, T.; Kubota, K.; Katada,
M. Macromolecules 1997, 30, 5390.

Kulbaba, K.; Manners, I. Macromol Rapid Commun 2001, 22,
711.



SYNTHESIS OF POLY(FERROCENYLSILANES)

21.

22.

23.

24.

25.

Tazutake, K.; Diaz, D. J.; Abrufia, H. D.; Cuadrado, I.; Casado,
C.; Alonso, B.; Moran, M.; Losada, J. ] Am Chem Soc 1997, 119,
10763.

Turrin, C.-O.; Chiffre, ].; Montauzon, D. D.; Daran, J.-C.; Cami-
nade, A.-M.; Manoury, E.; Balavoine, G.; Majoral, J.-P. Macro-
molecules 2000, 33, 7328.

Cuadrado, I.; Moréan, M.; Casado, C. M.; Alonso, B.; Lobete, F.;
Garcia, I; Ibisate, M.; Losada, J. Organometallics 1996, 15, 5278.
Casado, C. M.; Cuadrado, I.; Moran, M.; Alonso, B.; Lobete, F.;
Losada, J. Organometallics 1995, 14, 2618.

Espada, L.; Pannell, K. H.; Papkov, V.; Leites, L.; Bukalov, S.;
Suzdalev, I.; Tanaka, M.; Hayashi, T. Organometallics 2002, 21,
3758.

26.
27.

28.
29.

30.

31.
32.

477

Tanaka, M.; Hayashi, T. Bull Chem Soc Jpn 1993, 66, 334.
Cowan, D. O,; Park, J; Pittman, C. U,, Jr.; Sasaki, Y.; Mukherjee,
T. K,; Diamond, N. A. ] Am Chem Soc 1972, 94, 5110.

Pittman, C. U,, Jr.; Sasaki, Y.; Mukherjee, T. K. Chem Lett 1975, 383.
Yamamoto, T.; Sanechika, K.-I.; Yamamoto, A.; Katada, M.;
Motoyama, I.; Sano, H. Inorg Chim Acta 1983, 73, 75.

Nguyen, M. T,; Diaz, A. F.; Dement’ev, V. V.; Pannell, K. H.
Chem Mater 1993, 5, 1389.

Morikita, T.; Yamamoto, T. ] Organomet Chem 2001, 809, 637.
Yamamoto, T.; Honda, Y.; Sata, T.; Kokubo, H. Polymer 2004, 45,
1735.



