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High Molecular Weight Poly(ferrocenediyl-silanes):
Synthesis and Electrochemistry of [-(CsH)Fe(CsH,)SiR2-]5,
R = Me, Et, n-Bu, n-Hex

My T. Nguyen and A. F. Diaz*
IBM Almaden Research Center, 650 Harry Road, San Jose, California 95120

Vyacheslav V. Dement’ev and Keith H. Pannell*
Department of Chemistry, University of Texas at El Paso, El Paso, Texas 79968
Received January 6, 1993. Revised Manuscript Received July 19, 1993%

High molecular weight poly(dialkylsilane—ferrocenediyls) of general formula [-(CsHy)Fe-
(CsH,)SiR3-1,, R = methyl, ethyl, butyl, and hexyl) were synthesized by thermal polymerization
of the corresponding [1]-(dialkylsilyl)ferrocenophane. The polymers are stable up to 450-500
°C and with the smaller alkyl groups, e.g., methyl and butyl, the polymers are predominantly
crystalline in the solid state. The voltammograms of these polymers in Et,NBF,/dichloromethane
show two reversible redox peaks for the stepwise oxidation of the polymer where half of the
ferrocene centers on the polymer chain (possibly alternating) are oxidized in the first reaction
and the remaining in the second reaction. Both oxidation states of the polymers are stable to
the electrochemical conditions. The redox potentials of both reactions are affected by the size
of the alkyl group. Although, these polymers are soluble in dichloromethane, they deposit on
the electrode surface and influence the shape of the voltammograms by affecting the diffusion
of the electrolyte ions to the electrode. The polymers were chemically oxidized with anhydrous

FeCl;. Two equivalents of FeCls/(ferrocene) are required to fully oxidize the polymers.

Introduction

The study of organometallic and inorganic polymers
has become an area of considerable interest since such
systems can be useful precursors to novel materials
unavailable from other source.l? In our laboratories we
have an interest in the incorporation of transition metals
into such polymers with particular interest in silicon-
containing materials. Ferrocene has been well-known to
display an unique reversible redox reaction in organic
solutions and research has focused on the synthesis of
polymeric materials containing ferrocene both as a com-
ponent of the backbone or as pendant groups. Examples
are poly(ferrocenylene persulfide),? poly(vinylferrocene),*
and poly((m-aminoanilino)methylferrocene).> Such poly-
mers have been used in modified electrodes,® electro-
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chemical sensors,” and nonlinear optical devices.! We
reported that incorporation of pendant ferrocene into poly-
(silane) resulted in materials with enhanced photochemical
stability and for the first time produced poly(silane) with
reversible redox behavior.? As an extension of this study
we recently reported that thermal treatment of [1]-(di-
alkylsilyl)ferrocenophane led to linear polymericsystems.0
The Manners group independently also reported on these
new polymers and noted briefly that they exhibited two
reversible redox events resulting from oxidaton of alter-
nating ferrocene units.!! A related phosphorus polymer
was synthesized by anionic polymerization of P-bridged
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Frew, J. E.; Hill, H. A. O. Anal. Chem. 1987, 59, 933.

(8) anht M. E SveJda, S. A. InMatenals for Nonlinear Optics
Chemical Perspectwes, Marker, S. R., Sohn, J. E., Stucky, G. D., Eds.;
ACS Symposium Series 455; American Chemical Soclety Waahmgton,
DC, 1991, 603.

(9) (a) Pannell, K. H.; Zeigler, J. M. Macromolecules 1988, 21, 276.
(b) Diaz, A.; Seymour, M.; Pannell, K. H.; Rozell, J. M. J. Electrochem.
Soc. 1990, 137 (2), 508. (c) Diaz, A. F.; Baier, M.; Wallraff, G. M.; Miller,
R. D.; Nelson, J.; Pietro, W.; J. Electrochem. Soc. 1991, 138(3), 942.

(10) (a) Pannell, K. H.; Dement’ev, V. V. XXV Organosilicon
Symposium; Los Angeles, Apr 1992, paper 29 and poster.

(11) (a) Foucher, D. A,; Tang, B. Z.; Manners, 1. J. Am. Chem. Soc.
1992, 114,6246. (b) Finckh, W.; Tang, B.; Foucher, D. A.; Zamble, D. B.;
Ziembinski, R.; Laugh, A.; Manners, I. Organometallics 1993, 12, 823. (c)
Foucher, D. A.; Manners, I. Makromol. Chem., Rapid Commun. 1998, 14,
63. (d) Tang, B.; Peterson, R.; Goucher, D. A,; Lough, A.; Coombs, N.;
Sodhi, R.; Manners, 1. J. Chem. Soc., Chem. Commun. 1993, 523.
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Table I. General Characteristics of [1]-(Dialkylsilyl)ferrocenophanes Used as Monomers

NMR (5s ppm, CSDB)

R yield, % bp (mp) °C UVAmax, nm 1H 18C 28]
Me 68 (78-79) 477 4,662 (CsHy) 77.69 (CsHy) -4.62
4.20 (CsHy) 75.58 (CsHy)
0.62 (CH3) 32.32 (CsH,, C-Si)
-3.29 (Me)
Et 83 (103-104) 479 4.41% (CsgHy) 77.69 (CsHy) 1.53
3.98% (CsHy) 75.58 (CsHy)
1.20-1.86 (m, C;Hpg) 32.60 (CsHy4, C-Si)
6.69, 3.34 (Et)
n-Bu 34 1380.005 478 4.40% (CsHy) 77.50 (CsHy) -1.45
3.99¢ (CsHy) 75.89 (CsHy)
1.60-0.95 (m, C4H9) 32.63 (05H4, C—Sl)
26.49, 25.78
14.06, 11.60 (Bu)
n-Hex 3 1690006 479 4.428 (CsHy) 76.93 (CsHy) -1.47
4.09% (CsHy) 756.32 (CsHy)
1.34-0.87 (m, C¢H;3) 32.67 (CsH,, C-8i)
33.58, 33.00
23.04, 22.56

a4H, dd, J = 1.6 Hz, CsH,.

13.78, 11.37 (Hex)

Table II. Molecular Weights (M), Melting Temperatures (Ty), Decomposition Temperatures (T3), and Nuclear Magnetic
Resonance (NMR) Results of Poly(dialkylsilane-ferrocenediyls)

NMR (8, ppm in CgDg)

Tw Ta
polymers Mg (°C) (°C) 1H 13C 2Gj
Poly(PCSiMey) 144 200 122 478 4.55(4H, bd s); 4.15 (4H, bd s); 0.61 (6H, bd s) 73.75; 71.99; 71.66; —0.53 -6.25

Poly(FCSiEty)

27100 91 455 4.32 (4H, bd s); 4.15 (4H, bd s); 1.29-1.05 (10H, m) 74.06; 71.83; 70.04; 8.50; 6.472.49

Poly(FCSiBuy) 374000 134 500 4.37 (4H, bd s); 4.21 (4H, bd s); 1.70-1.02 (18H, m) 74.19; 71.95; 70.70; 27.40; 27.17; 14.93; 14.21 -4.82

Poly(FCSiHexs) 193 800

4.64 (4H, bd s); 4.49 (4H, bd s); 1.96-1.24 (26H, m) 74.12; 71.88; 70.61; 34.25; 32.18; 24.98; 23.17; —4.88

15.31; 14.47

¢ My, was determined by GPC in THF using poly(styrene) standards. ® T, and T4 were determined by DSC and TGA.

ferrocenophane by Seyferth et al. in 1982.12 Inthis paper,
we report the synthesis and electrochemistry of poly-
(ferrocenediyl-silanes) with methyl, ethyl, n-butyl, and
n-hexyl groups (poly(FCSiRy)).

Experimental Section

Synthetic Procedures. All reactions and other manipula-
tions were performed in dry, oxygen-free, solvents in an atmo-
sphere of argon or in vacuo using standard Schlenk techniques.
Chlorosilanes were purchased from Huls American Inc., and
n-butyllithium, TMEDA, and ferrocene were obtained from
Aldrich Chemicals, Dilithioferrocene was obtained by literature
procedures!? as a yellow crystalline powder, washed twice with
hexane, and used without any further characterization. The
monomers, (1]-(dialkylsilyl)ferrocenophanes, were prepared using
the same procedures as in ref 14. Yields and characteristics of
the monomers are given in Table I. Typical syntheses of the
polymers are as follows:

(a) Poly(dimethyisilane-ferrocenediyl) (poly(FCSiMey)): 1.0
g (4.12 mmol) of [1]-(dimethylsilyl)ferrocenophane was sealed
in vacuo in a pyrex tube, 1 X 6 cm, and heated at 125 °C for 6
h. Thereaction product, an amorphous glass solid, was dissolved
in benzene and precipitated from hexane. The precipitate was
filtered and dried in vacuum. This procedure gave 0.65 g (65%)
of poly(FCSiMe;). The polymer was characterized by 'H, 13C,
and 22Si NMR and UV spectroscopy, and all the data are recorded
in Table II. A similar procedure can also be used for synthesis
of polymers with the ethyl, n-butyl, and n-hexyl groups.

(b) Poly(dibutylsilane—ferrocenediyl) (poly(FCSiBug)): A
solution of 3.4 g (16 mmol) of (n-C4Hjp)2S8iClz in 10 mL of hexane

(12) (a) Seyferth, D.; Witers, H. P. Organometallics 1982, 1,1275. (b)
Withers, H. P.; Seyferth, D.; Fellmann, J. D.; Garrou, P. E.; Martin, S.
Organometallics 1982, 1, 1283,

(13) Rausch, M. D,; Ciappenelly, D. J. J. Organomet. Chem. 1967, 10,
27

('14) Fischer, A. B,; Kinney, J. B.; Stalet, R. H.; Wrighton, M. S.J. Am.
Chem. Soc. 1979, 101, 6501.
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was added very slowly to a slurry of 14 mmol of dilithioferrocene
in 20 mL of hexane and stirred overnight. The reaction mixture
was filtered and solvent was removed in vacuo. The distillation
of the resulting liquid, 138 °C/0.05 mm Hg gave 1.78 g of liquid
fraction that solidified slowly at room temperature after distil-
lation, [1]-di-n-butylsilylferroceneophane (vield 34%), and a
glassy, solid dark red residue. The residue was washed twice
with hexane and dissolved in benzene, and the polymeric product
was precipitated from hexane. The polymeric product was
filtered and vacuum dried to yield 0.8 g (18%). The molecular
weights, spectroscopic data, and thermal characteristics of the
polymers are recorded in Table IL

Thermal Analysis. The DSC scans were run using a Perkin-
Elmer DSC-7 in dry nitrogen for the polymers with the methyl
and n-butyl groups or in dry helium for the polymer with the
n-hexyl groups and using a heating rate of 10 °C/min. The TGA
analyses were run using a Perkin-Elmer TGS-2.

Wide-Angle X-ray Scattering (WAXS). The films were
cast from benzene solutions onto precleaned petrographic slides
and dried in vacuum. X-ray powder diffraction patterns were
obtained on a Scintag XDS 2000 diffractometer using a nickel
filtered Cu K« radiation at scanning rates of 0.5-2°/min.

Electrochemistry. Dichloromethane and tetraethylammo-
nium tetrafluoroborate, Et,NBF,, were purchased from EM
Science and used without further purification. The electro-
chemical measurements were carried out in a one-compartment
cell equipped with a platinum disk working electrode (surface
area = 0.2 cm?), a gold wire counter electrode, and an Ag/AgCl
(3.8 N KC)) double-junction reference electrode. The cyclic
voltammograms were recorded using a EG&G PAR potentiostat/
galvanostat (Model 273) connected with a IBM x—-y-t plotter
(Model 7424 MT). Dichloromethane solutions containing 0.1 M
Et,NBF, and 0.1 mM polymer were used for measurements. The
chronocoulometry experiments were performed on the solution
containing 1.0 mM polymer by stepping the potentials from 0.00
to 0.65 V (the first oxidation reaction) and from 0.00 to 1.00 V
(the overall oxidation reaction), and recorded the charge with
time. The electrochemical cell was kept at the initial potential
for 1 min toachieve equilibrium. The chronocoloumetricresponse
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of the 0.1 M Et,NBF, in dichloromethane solution with no
polymer was used to correct for the double-layer charging on the
working electrode.

Chemical Oxidation. The chemical oxidation of the poly-
(ferrocenediyl-silanes) in dichloromethane solutions was per-
formed by adding portions of an anhydrous FeCly/dichlo-
romethane solution. The final polymer concentration was kept
at 3.40 mM. The chemical oxidation was followed with the UV-
visible spectra of the solutions in a quartz cell recorded using a
HP diode array spectrophotometer (Model HP 8452A).

Results and Discussion

Synthesis of Polymers. Synthesis of the poly(di-
alkylsilane-ferrocenediyl) was readily accomplished as
noted in the Experimental Section; however, there are a
few aspects of the preparation that merit discussion. In
the case of poly(FCSiMe;) synthesis via isolation and
purification of the [1]-(dimethylsilyl)ferrocenophane was
the initial route used. In the case of poly(FCSiBuj) and
poly(FCSiHexs), such a process could also be used except
that purification of the complex was more difficult. We
therefore preferred to produce the polymers in sity, i.e.,
treatment of the dilithioferrocene with dialkyldichlorosi-
lane at ambient temperature followed by filtering off salts,
removal of solvent, and heating the residual material to
the appropriate temperature. Recovery of the polymers
by precipitation worked well for all the systems, and we
found that the yields and molecular weights of the resulting
polymers were not appreciable different using this tech-
nique.

Polymer Morphology. The WAXS spectra of these
polymers in the solid state indicate structural ordering in
the polymers with the methyl, ethyl, and n-butyl side
groups. Figure 1a,b illustrates the predominate ordered
and crystalline nature of the polymers with the methyl
and n-butyl groups. There is very little amorphous
background in these diffractograms unlike the completely
amorphous character of the n-hexyl analog (Figure 1c).
Indeed, the polymer with the n-hexyl groups is elastomeric
and may be drawn into very fine silken threads. Further
inspection of the data shows that the regularity of the
crystalline materials, poly(FCSiMe;) and poly(FCSiBus),
have significantly different spacings, increasing from the
smaller methyl group (maximum spacing 6.34 A) to n-butyl
(maximum spacing 11.06 A). Given the absence of any
crystallinity for the n-hexyl polymer, it is clear that the
increasing length of the side chains play a dominant role
in the structure of the polymers. This conclusion is
reinforced by the DSC data. The polymers with the methyl
and n-butyl groups exhibit melting transitions in the range
123-133 °C, whereas the n-hexyl polymer exhibits no
events beyond a low temperature T at ~22 °C as befits
an amorphous material. As we reported for the dimethyl
polymer,!® all three polymers are stable to heating and
show initial weight loss with heating at 450-500 °C (see
Table IT). Overall the data illustrate that the size of the
alkyl groups dramatically alters the morphology of the
polymers. Similar property variations have been noted
for polysilanes, (RyS1),,.1617 To study this in detail, we are
presently engaged in the synthesis of oligomeric model

(15) Nguyen, M. T.; Diaz, A. F,; Dement’ev, V. V,; Li, H,; Sharma, H,;
Pannell, K. H. IS&T Symposium on Electronic Imaging Science and
Technology, Jan 1993, San Jose, CA; Abst. 1028.

(16) (a) West, R. J. Organomet. Chem. 1986, 300, 327. (b) Miller, R.
D.; Michl, J. Chem. Rev. 1989, 89, 1359.

(17) Varma-Nait, M.; Cheng, J.; Jin, Y.; Wunderlich, B. Macromol-
ecules 1991, 24, 5442.
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Figure 1. WAXS diffractograms of (a) poly(FCSiMey), (b)
poly(FCSiBuy), and (c) poly(FCSiHexy).

systems and indeed recently reported the synthesis,
electrochemistry, and single-crystal structure of FcSiMe,-
(05H4)Fe(C5H4)SiMe2Fc.18

Cyclic Voltammetry. The electrochemical behavior
of poly(dialkylsilane—ferrocenediyls) dissolved in dichlo-
romethane containing 0.1 M Et,NBF, was studied by cyclic
voltammetry. The cyclic voltammogram of a 0.1 mM poly-
(FCSiBuy) solution at different scanning rates are shown
in Figure 2. Two reversible redox peaks appear with E,,
values at 0.48 and 0.82 V vs Ag/AgCl (3.8 M KCl). This
result is similar to the brief report for poly(FCSiMe;) by
Foucher et al.l! and for poly(ferrocenediyl-persulfide) by
Brandtetal.® Thetwo peaks have been proposed to result
from the stepwise oxidation of the polymer where the
alternating ferrocene centers along the chain are oxidized
in the first reaction (Scheme I). This separation must
reflect charge polarization of the neighboring ferrocene
centers in the polymer both through the SiR; groups!®
and through space. The separation of the oxidation
potentials is also observed with the molecular analogs of
similar structure. For example, FcSiMesFc shows two

(18) Dement’ev, V. V.; Li, H.; Sharma, H.; Pannell, K. H.; Diaz, A.;
Nguyen, M. T. XXVIth Organosilicon Symposium, Indianapolis, Mar
1993; paper P-42.

(19) Finklea, H. O.; Hanshaw, D. J. Am. Chem. Soc. 1992, 114, 3173
and references therein.
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Figure 2. Cyclic voltammograms at different scanning rates of
0.1 mM poly(dibutylsilane—ferrocenediyl) in CH,Cl; solution
containing 0.1 M Et,NBF,. Inlay: plot of Ip, vs ».
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reversible, closely overlapping peaks with E,, at 0.58 and
0.73 V.20 The oxidation of these polymers behaves
differently from the polymers with pendent ferrocene
groups, i.e., poly(vinylferrocene)* and poly(ferrocene-
methyl-co-phenylmethylsilane),? which display only one
reversibleredox couple. Inaddition, the ferrocene groups
behave like discrete redox centers and do not display the
cooperative behavior observed with poly(vinylferrocene).*

Poly(FCSiBuy,) is stable to the electrochemical condi-
tions and the voltammograms are reproduced with re-
peated cycling. Of particular interest is the fact that the
peaks appear symmetrical and the anodic-cathodic peak
separations are ca. 40 mV. In addition, I, and ;.2 scale

Nguyen et al.

linearly with the scan rates between 10 and 100 mV/s. The
plot for the first peak is shown in the inlay and has a slope
of 5.4 X 10-5A/(V/s). The slope for the second peak could
not be measured accurately because the base line is not
well defined. This current response suggests adsorption
of the polymer on the electrode surface,?! and although
unexpected since the polymer is soluble, this behavior has
been observed with other polymers.

The fraction of ferrocene units oxidized in the first peak
(f) and second peak (1 - f; see Scheme I) can be obtained
from the relative areas, since n = 1 for the oxidation of
each ferrocene unit. Although this measurement is
difficult because the peaks overlap, the relative peak sizes
were found to vary with the scan rate, where, fis 0.58, 0.64,
0.71, 0.73, and 0.78 for the 10, 25, 50, 75, and 100 mV/s
scan rates. The problem of the relative peak sizes is not
unique to the polymer and is also seen in the voltammo-
gram for FcSiMe,Fc,2® where the first—second peak ratio
is 60—40. Only with biferrocene are the peaks sufficiently
separated to confirm the equal areas.?®

The slope in Figure 2 provides I' = 0.8 X 10-1° mol/cm?
using the average value of 0.7 for f in Anson’s equation,?!,
i.e., Iny = (n*F?T'v)/(4RT), where n, F, v, R, and T are the
electrochemical stoichiometry, Faraday constant,scan rate,
gas constant, and absolute temperature, respectively. This
value corresponds ca. 0.1 of a monolayer of active molecular
species.® Considering the conformational encumberance
associated with the polymer, this could be a monolayer of
polymer chains. Since the polymer (Mg = 374 000) has
ca. 2000 units, this corresponds to a T' of 0.4 X 10-13 (mol
of polymer)/cm? or 400 000 A%/(polymer chain). This
corresponds to a spherical footprint with a radius of 360
A. For comparison, a polymer solid with this molecular
weight packed into a sphere would have a radius of ca. 90
A (using a density of 1 g/cm?). Therefore, the polymer
localized on the electrode surface is fairly swollen.

With a 1 mM poly(FCSiBu;) solution, the two waves
have very different forms. The peak at 0.5 V is very broad
and flat, making it difficult to discertain the peak
maximum. The signal resembles the step wave observed
for those cases involving slow diffusion across a permeable
membrane on the electrode.?? The second peak at 0.9 V
is again sharp. The two reduction peaks produced in the
reverse scan are well defined, symmetrical peaks (Figure
2b). With this concentration of polymer, the peak heights
scale with »1/2, This change in response compared with
the 0.1 mM polymer solution probably reflects a shift in
the kinetics to the slow diffusion of the electrolyte ion
across a thicker, less porous polymer film on the electrode.
In line with this proposal, we find that with 0.1 M Bu,-
NOTs electrolyte the oxidation waves for poly(FCSiBug)
are broad and poorly defined. The shape of the waves are
very sensitive to the scan rate and quickly become more
distorted at the higher rates. With 0.1 M BuNBF;
electrolyte the voltammogram closely resembles the one
with 0.1 M Et,;NBF, electrolyte. Therefore,the oxidation
reaction appears to be particularly sensitive to the diffusion
of the electrolyte anion to the electrode.

Similar voltammograms were obtained with 0.1 mM
poly(FCSiMes) and poly(FCSiEts) in dichloromethane,
and the results are summarized in Table II. The fraction
of the charge in the first peak, f, is 0.52 with both polymers.

(20) Dement’ev, V. V.; Cervantes-Lee, F.; Parkanyi, L.; Sharma, H.;
Pannell, D. H,; Nguyen, M. T,; Diaz, A. F. Organometallics 1998, 12,
1983.

(21) Brown, L. P.; Anson, F. Anal. Chem. 1977, 49(11), 1589.
(22) Delamar, M.; Pham, M. C.; Lacaze, P. C.; Dubois, J. E. J.
Electroanal. Chem. 1980, 1, 108.
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Figure 3. Plots of charge, @ vs ¢, and Q vs t1/2 of 1.0 mM
poly(dibutylsilane—ferocenediyl) in CH2Cl; solution containing
0.1 M ETNBF, for potential steps from 0.00 to (a) 0.65 and (b)
1.00 V.

With poly(FCSiMe;) there is a small increase in f with
scanrate (up to 0.6 at 100 mV/s), while with poly(FCSiEts)
the values have 5% random scatter. The peak currents,
Ipa; and Ipgg of poly(FCSiMeg) and poly(FCSiEty) scale
linearly with the scan rate. For poly(FCSiMe,) the slope
of the Ip,—v plot is 3.2 X 105 A/(V/s) and T is ca. 0.6 X
10-1° mol/ecm? using f = 0.5. For poly(FCSiEt;) the slope
is 5 X 105 A/(V/s) and T'is ca. 1 X 1019 mol/cm? (f = 0.5).
The voltammogram for poly(FCSiHex;) is very different
showing a single broad peak between 0.4 and 0.9 V and the
maximum at 0.8 V. With these polymers, the first
oxidation peak shifts to less anodic potentials as the alkyl
groups size increases from methyl (0.54 V) to butyl (0.48
V), probably due to an inductive effect. The second
oxidation peak shifts anodically. These polymers are
assumed to prefer a conformation in which the Fe atoms
are pseudo-trans along the polymer chain as proposed for
the diferrocenylalkanes.2? The anodic shift in the second
peak may reflect distortions of the pseudo-trans confor-
mations due to the alkyl groups which reduces the distance
between ferrocene centers and enhances their interaction.

Chronocoulometry. The chronocoulometry response
with poly(FCSiMe,), poly(FCSiEty), and poly(FCSiBuy)
shows a linear charge, @, vs t1/2 dependence. This can be
seen in Figure 3, which shows @ response for both the first
and the two combined reactions for a 1.0 mM poly-
(FCSiBuy) solution. The corresponding slopes are 10 X
106 and 18 X 106 C/s!/2, respectively. D was estimated
for the first oxidation reaction using f in the Cottrell
equation for linear diffusion at a planar electrode, i.e., D
= 2nFAC(Dt/7)'/2, where A and C are the surface area of
the electrode and the initial polymer contentration.? As
mentioned above, this measures the diffusion of the
electrolyte ions across the polymer film on the electrode.
Using (/)C = 0.6 mM ferrocene centers, D =5 X 10~ cm?/s
is estimated. As seen in Table III, the D values decrease
as the size of the alkyl group increases, possibly reflecting
the relative encumberance to the segmental motion of the
polymer chain and the diffusion of the ions. Simply for
comparison, the diffusion coefficient for 1.0 mM poly-
(vinylferrocene) in dichloromethane is 4.5 X 10~ cm?/s
and for ferrocene it is 17.6 X 10-6 ¢cm2/s. These values
were obtained under similar conditions.

(23) Gorton, J. E.; Lentzner, H. L.; Watts, W. E. Tetrahedron 1971,
27, 4353.

(24) Adams, R. N. Electrochemistry at Solid Electrodes; Marcel
Decker: New York, 1969.
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Table II1. E;, and D Values for the Oxidation of
Poly(dialkylsilane-ferrocenediyls)

polymer? Epa1 (V) Epe2 (V) 107 Dy (cm?/s) fid
poly(FCSiMey) 0.50 0.72 10 0.52
poly(FCSiEt;0 0.51 0.76 6 0.52
poly(FCSiBug) 0.48 0.82 6 0.58-0.78
poly(FCSiHexj) ca. 0.80
FcSiMeyFce 0.58 0.73 0.6
FcFee 0.46 0.80 0.5
ferrocene 0.60 176

¢0.1 mM and 1 mM polymer solutions were used for the Ej and
D determinations, respectively. ¢ Fraction of polymer oxidized in the
first wave. ¢ Reference 20.

T T T T
400 F e

Absorbance
w
w

B Eqv. of FeCly

10.0
L2 42 .
Q
c
2
g 22
w
2
1
400 500 600 700 800
4 T T T T
C
c.
L,
3r / \ b

Absorbance
N

0
200 250 300 350 400 450
Wavelength (nm)

Figure 4. UV-visible spectra of CH,Cl; solution containing (A)
neutral poly(dibutylsilane-ferrocenediyl), (B) oxidized poly-
(dibutylsilane-ferrocenediyl) with different amount of FeCl;
added and (C) (a) oxidized poly(dibutylsilane—ferrocenediyl), (b)
FeCl,, and (¢) FeCls,.

UV-Visible Spectroscopy and Chemical Oxidation.
The UV-visible spectrum of the neutral poly(FCSiBuy)
in dichloromethane solution is shown in Figure 4a. This
solution has a clear yellow color and exhibits two main
absorption bands in the spectrum. The strong band at
280 nm probably corresponds to the » — #* transition of
the cyclopentadiene rings.2® The relatively weak bands

(25) Pavia, D. L.; Lampman, G. M.; Kriz, G. S. Introduction to
Spectroscopy; Saunders College: Philadelphia, 1979.
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at 452 nm belongs to the symmetry-forbidden transitions
of electrons from nonbonding a;, to the antibonding e;,*
level of the iron 3d- orbital which is particularly sensitive
to the substituents and interaction between the ferrocene
units.26 However, this band is not affected by the size of
the alkyl substituent since the poly(FCSiMe;) and poly-
(FCSiEty) solutions also show a weak band at 452 nm,
The poly(dialkylsilane—ferrocenediyls) are easily oxi-
dized using anhydrous FeCls in dichloromethane solution.
The reaction occurs spontaneously as indicated by the
rapid color changes from clear yellow to green and then
blue depending on the amounts of FeCl; added and the
solutions are stable for several days. The UV-visible
spectra of the oxidized poly(FCSiBus) in dichloromethane
solutions are shown in Figure 4b. The band at 452 nm
disappeared and a new band appeared at 642 nm which
probably corresponds to the symmetry-allowed 2E;; —
2E,, transition of the ferrocenium cations.?’” Like the
neutral form, this band is not affected by the alkyl
substituents. The intensity of the 2Ey; — 2E;, absorption
band increased with the amount of FeCl; added, and this
was used to determine the stoichiometry of the chemical
oxidation of these polymers. It is known that FeCl; will
oxidize conjugated polymers with a stoichiometry of 2FeCls
per cation produced.?® Hence, the equation for the
stepwise oxidation of poly(FCSiRy) is shown below where
FC and FC* are the ferrocene and ferrocenium centers:

(FCSiR,FCSiR,) + 2FeCl, — (FC*SiR,FCSiR,) +
FeCl, + FeCl,

(FC*SiR,FCSIR,) + 2FeCl, — (FC*SiR,FC*SiR,) +
FeCl,” + FeCl,

Ourresults are consistent with the stoichiometry. Asseen
in Figure 5 the intensity of the ferrocenium cation
absorption band at 642 nm (corrected for the background
at 750 nm) increases linearly with added FeCl3 to a
saturation level with 4 equiv of FeCly/(FC dimer unit), or
2equivof FeCly/FC. The FeCl; produced from the reaction
is identified by the appearance of a shoulder and an
absorption band at 316 and 362 nm as seen in Figure 4C
which shows the UV-visible spectra of FeCls, FeCls, and
oxidized poly(FCSiBuy). These results agree with the
results previously reported for the chemical oxidation of

(26) Lentzner, H. L.; Watts, W. E. Tetrahedron 1971, 27, 4343.

(27) Prins, R. Chem. Commun. 1970, 280.

(28) Fichou, D.; Horowitz, G.; and Garnier, F. Synth. Met. 1990, 39,
125,
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Figure 5. Plot of absorbance (Ag nm — A7s0 nm) Of poly(dibu-
tylsilane—ferrocenediyl) vs. the equivalents of FeCls added based
on (FCSiR,FCSiR2),.
thiophene oligomers and polymers which required 4 equiv
of FeCls/dication.2930

Absorbance

Conclusion

The poly(FCSiRy) polymers in this study have some
crystalline structure in the solid state and are thermally
stable up to 450-500 °C. In solution, they are easily
oxidized and the cyclic voltammograms for these polymers
in dichloromethane show two reversible redox reactions
between 0.5 and 0.8 V. The position of the first and second
oxidation peaks shifts monotonically with the size of the
alkyl group. Although, the poly(dialkylsilane—ferrocene-
diyls) are soluble in dichloromethane, they deposit on the
electrode surface as indicated by the linear dependence
of I,s on scan rate. Poly(FCSiR;) polymers can be
chemically oxidized by anhydrous FeClg, with a stoichio-
metry of 2 equiv of FeCly/(ferrocene unit).
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