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ABSTRACT: A series of poly(ferrocenylsilanes) with methylated cyclopentadienyl (Cp) rings [Fe(η-C5-
MexH4-x)(η-C5MeyH4-y)SiMe2]n (2a-e) (a, x ) 0, y ) 0; b, x ) 1, y ) 1 (Cp-Me groups at random positions);
c, x ) 1, y ) 1 (Cp-Me groups at 3,3′ positions); d, x ) 4, y ) 0; e, x ) 4, y ) 4) have been prepared by
thermal ring-opening polymerization (TROP) of the corresponding silicon-bridged [1]ferrocenophanes Fe-
(η-C5MexH4-x)(η-C5MeyH4-y)SiMe2 (1a-e). DSC analysis revealed that increasing methylation of the
ferrocenophane Cp rings resulted in increasing onset temperatures for the TROP reaction but did not
significantly affect the enthalpy of polymerization, ∆Hp. Poly(ferrocenylsilanes) 2b-d were soluble in
common organic solvents and were characterized by IR, 1H, 13C, and 29Si NMR spectroscopy, and elemental
analysis. The molecular weights of these polymers were estimated to be in the range of Mw ) 1.8 × 105
to 4.1 × 105 and Mn ) 9.4 × 104 to 2.8 × 105 by GPC in THF versus polystyrene standards. The fully
methylated poly(ferrocenylsilane) 2e was insoluble in common organic solvents and was characterized
by IR, 13C and 29Si CP-MAS NMR, and elemental analysis. The electrochemical behavior of 2b-d in
CH2Cl2 solution was investigated by cyclic voltammetry, and these polymers each exhibited two reversible
oxidation waves, consistent with significant electronic interactions between the iron centers. Increasing
Cp methylation led to the expected decrease in half-wave oxidation potentials, relative to nonmethylated
2a. DSC analysis showed that 2b-d exhibit weak glass transitions which shift to higher temperature
with increasing methylation. No melting transitions were detected by DSC for these polymers, and WAXS
analysis confirmed that the polymers were amorphous and indicated that the average interchain distance
increases with increasing Cp methylation. TGA of 2a-d found decreasing thermal stability with regard
to weight loss upon increasing methylation. The microstructure of polymer 2d provided insight into the
polymerization mechanism and was consistent with polymerization via nonselective cleavage of Cp-Si
(as opposed to Cp-Fe) bonds. The reactions of 2a, 2b, 2d, and 2e with tetracyanoethylene (TCNE) were
investigated. Whereas 2a did not react, the Cp-methylated analogues 2b, 2d, and 2e yielded dark solids
3b, 3d, and 3e, which were soluble in polar organic solvents. IR and microanalytical data indicated that
the products contain oxidized polymer and a mixture of polycyano counteranions. Bulk solid-state
magnetic susceptibility data indicated that 3e obeys the Curie-Weiss law, with µeff ) 2.0 µB, and θ )
-1.1 K. In contrast to recent reports on TCNE-oxidized oligo(ferrocenylsilanes), no evidence was found
for any long-range cooperative spin-spin interactions at low temperature.

Introduction
Metallocenes are attracting considerable attention as

components of solid state and polymeric materials with
novel physical properties.1-9 We have previously shown10
that thermal ring-opening polymerization (TROP) of
silicon-bridged [1]ferrocenophanes (1, M ) Fe, ERx )
SiR2) provides access to high molecular weight (Mw )
105-106) poly(ferrocenylsilanes) (2, M ) Fe, ERx )
SiR2), a class of polymers which had been previously
prepared in low molecular weight form (Mw < 7000) by
condensation routes.11 Recently, we have found that
ring-opening polymerization of silicon-bridged [1]ferro-
cenophanes can also be achieved in solution at room
temperature in the presence of anionic initiators or
transition metal catalysts.12-14 The ring-opening po-
lymerization methodology has been found to be quite
general for strained metallocenophanes, and we have
reported the successful preparation of a variety of
organometallic polymers by TROP, such as poly(ferro-
cenylgermanes) (2, M ) Fe, E ) Ge),15 poly(ferro-

cenylphosphines) (2, M ) Fe, E ) P),8 and poly-
(ferrocenylethylenes) (2: M ) Fe, ERx ) CH2CH2)16 and
poly(ruthenocenylethylenes) (2, M ) Ru, ERx ) CH2-
CH2).17 As expected, the properties of these materials
have been found to vary substantially and depend on
the nature of the metal M and the bridging moiety, ERx
present.8

The physical characteristics of poly(ferrocenylsilanes)
have been found to depend significantly on the side
groups attached to silicon.8,18-20 For example, whereas
2 (M ) Fe, ERx ) SiMe2) is a crystallizable thermoplas-
tic with a glass transition (Tg) above room temperature,
the n-hexyl analog 2 (M ) Fe, ERx ) SinHex2) is an
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amorphous gum with a Tg of -26 °C. Substitution of
the Cp ring offers an alternative opportunity to control
the properties of poly(ferrocenylsilanes). Previous work
has shown that methylation of the Cp rings is a well-
established method for modifying the optical, electronic,
magnetic, and catalytic properties of metallocene-based
molecules and materials.21-25 For example, oxidation
of molecular metallocene species with methylated Cp
rings (e.g., M(η-C5Me5)2; M ) Fe, Cr, Mn) with reagents
such as TCNE and TCNQ has afforded materials which
exhibit low-temperature ferromagnetic behavior.2,26 With
this in mind, oxidation of poly(ferrocenylsilanes) with
methylated Cp rings represents a potentially attractive
route to materials with interesting magnetic properties.
Indeed, Garnier and co-workers recently reported20d
the low-temperature ferromagnetic behavior of TCNE-
oxidized oligo(ferrocenylsilanes) (Mw ) ca. 1500).
Methylation of the Cp rings also offers control of poly-
(ferrocenylsilane) morphology and thermal transition
behavior as Cp methylation can clearly be expected to
increase the bulkiness and rigidity of the ferrocenyl
moiety present in the repeat units.
With these considerations in mind, we recently de-

scribed the synthesis and structures of a series of
strained, silicon-bridged [1]ferrocenophanes with
methylated Cp rings.27 In this paper, we report in detail
our studies of the TROP reactions of these methylated
ferrocenophanes and the characterization and properties
of the resulting series of poly(ferrocenylsilanes) with
methylated Cp rings and their TCNE-oxidized products.

Results and Discussion

1. TROP of the Ferrocenophanes with Meth-
ylated Cyclopentadienyl Rings. When heated in the
melt, methylated silicon-bridged [1]ferrocenophanes
1b-e underwent TROP to afford the corresponding
poly(ferrocenylsilanes) with methylated Cp rings (Scheme
2). Prior to bulk-scale reactions, the TROP reactions
were followed by differential scanning calorimetry (DSC)
to determine optimal thermal reaction conditions. Bulk
TROP reactions of 1b-d afforded soluble, high molec-
ular weight polymeric products which could be fully
characterized. In contrast, bulk TROP reactions of 1e
afforded an insoluble product which was characterized
by solid-state NMR and elemental analysis.
(a) DSC Studies of the TROP Reactions of the

Methylated Ferrocenophanes. We have previously
described the use of DSC to monitor the TROP reactions
of strained silicon-bridged [1]ferrocenophanes.10 The
DSC heating scans of these species show sharp melt
endotherms followed by large, broad exotherms at
higher temperatures which are assigned to the TROP
reaction. The cooling scans generally show no transi-
tions, indicating complete TROP reaction under the

conditions of the DSC experiment. Our DSC experi-
ments, typically run on a 5 mg scale, provide a valuable
and economical method of estimating the temperature
at which TROP of a particular monomer occurs. This
information can then be exploited in carrying out bulk
polymerization reactions. DSC analysis is also useful
in probing the effect of structural modifications of the
monomer on polymerization reactivity. Figure 1 shows
an overlay of the DSC traces obtained by analysis of
the TROP reactions of 1a and 1c-e at a heating rate
of 10 °C‚min-1 under N2. Each DSC trace shows a
sharp melt endotherm followed by a large, broad po-
lymerization exotherm on the forward (heating) scan,
consistent with the ferrocenophanes undergoing TROP
after entering the melt. The DSC trace of the TROP
reaction of 1b exhibited a large TROP exotherm but no
melt endotherm since this material, consisting of a
mixture of isomers, is obtained as a viscous liquid.
Table 1 summarizes melting and TROP onset temper-
atures for the ferrocenophanes 1a-e. Return (cooling)
scans show no transitions, indicating that the TROP
reactions are complete under the conditions of the DSC
experiment. After DSC analysis, samples were ana-
lyzed by 1H NMR and GPC, which, in the case of 1a-
d, confirmed complete conversion of the ferrocenophane
to poly(ferrocenylsilane) high polymer. The DSC reac-
tion of 1e afforded an insoluble product which could not
be analyzed by 1H NMR or GPC.
The DSC traces clearly indicate that each of the

crystalline ferrocenophanes enters the melt prior to
TROP. For 1c and 1d, the TROP exotherm immediately
follows the melt endotherm. For 1a, a brief temperature
delay between melt and TROP was observed, and for
1e, a more substantial delay between melt and TROP
was detected. Notably, the 3,3′-syn isomer 1c and the
mixed isomer analog 1b exhibit essentially the same
TROP onset temperature despite the fact that the

Scheme 2

Figure 1. DSC thermograms of the TROP reactions of silicon-
bridged [1]ferrocenophanes 1a, 1c, 1d, and 1e.

Table 1. Melting Onsets, TROP Onsets, and TROP
Exotherm Areas for Silicon-Bridged [1]Ferrocenophanes

1a-ea

ferrocenophane
mp
(°C)

TROP onset
(°C)

TROP exotherm area
(kJ‚mol-1)b

1a 90 107 80c
1b d 123 73
1c 113 122 73
1d 131 137 72
1e 167 238 81

a Obtained by DSC analysis at 10 °C‚min-1 under N2. b Repre-
sent an average of three independent analyses and are reported
(5 kJ‚mol-1. c Taken from ref 10. d This mixture of isomers is
obtained as a viscous liquid and does not exhibit a melting point.
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former compound is crystalline and exhibits a melt prior
to TROP and the latter is a viscous liquid at room
temperature. These findings suggest that ferrocenophane
melting is necessary but not sufficient for TROP.
An intriguing finding from the DSC study is the

increase in TROP onset temperature which is observed
with increasing methylation of the Cp rings. Particu-
larly striking is the high onset temperature (ca. 240 °C)
observed for TROP of fully methylated 1e. One possible
explanation for this trend in onset temperatures is that
TROP depends only on the ferrocenophane entering the
melt. Thus, increases in the TROP onset temperatures
result from increases in the ferrocenophane melting
points which are observed with increasing methylation.
However, the findings described above suggest that
melting is necessary but not sufficient for TROP. An
alternative explanation for the increases in TROP onset
with increasing ferrocenophane methylation involves
electronic or steric effects of the Cp methyl substituents.
Steric effects would be expected to be important since
Cp methyl group steric shielding of the bridging silicon
atom and/or steric deactivation of any propagating
species would clearly hinder TROP. Electron donating
Cp methyl substituents would also be expected to hinder
any polymerization pathway which involved a buildup
of negative charge on the Cp rings.28
While Cp methylation resulted in a pronounced

increase of the TROP onset temperature, it did not have
a substantial effect on the ∆H of the TROP reaction
(∆Hp). Table 1 summarizes TROP exotherm areas for
1a-e, obtained by integration of the TROP exotherms
in the DSC traces, which provide a measure of ∆Hp.
TROP exotherm areas of similar magnitude were ob-
served for all of the methylated ferrocenophanes 1b-e,
and these values are similar to that previously observed
for nonmethylated 1a (ca. 80 kJ‚mol-1).10
(b) Preparative TROP Reactions of the Meth-

ylated Ferrocenophanes: Characterization of the
Poly(ferrocenylsilanes) with Methylated Cyclo-
pentadienyl Rings. (i) TROP of 1b and 1c. Based
on the findings of the DSC study, preparative-scale
TROP reactions of the methylated ferrocenophanes were
carried out. A sample of 1c was sealed under vacuum
in a Pyrex tube and heated at 150 °C. The sample
melted, the melt increased rapidly in viscosity, and after
ca. 15 min, the sample was immobile. The tube was
cooled and cracked open, and poly(ferrocenylsilane) 2c
was obtained as an orange fibrous solid in 91% yield by
dissolution of the crude polymerization mixture in THF
followed by precipitation into methanol. The material
was found to be highly soluble in common organic
solvents (e.g., THF, C6H6, and CH2Cl2), and GPC
analysis indicated that it was monomodal and of high
molecular weight (Mw ) 1.8 × 105, Mn ) 9.4 × 104).
Poly(ferrocenylsilane) 2b was obtained from TROP of
1b under identical conditions in 53% yield, also as an
orange fibrous solid soluble in common organic solvents.
GPC analysis of 2b found it to be monomodal and of
high molecular weight (Mw ) 4.1× 105,Mn ) 2.8× 105).
NMR analysis of poly(ferrocenylsilanes) 2b and 2c

clearly demonstrated the differences in materials which
are obtained from TROP of a single dimethylated
ferrocenophane isomer and from TROP of a mixture of
dimethylated ferrocenophane isomers. Figure 2 shows
the 1H NMR spectra of 2b and 2c. The 1H NMR
spectrum of 2b consists of three broad, overlapping
bands in the Cp region (4.32-3.66 ppm), a broad
structured band in the Cp-Me region (1.93-1.78 ppm),
and a single broad band in the Si-Me region (0.78-
0.49 ppm). The broadness of the resonances reflects the

multiple environments of Cp, Cp-Me, and Si-Me
protons in the isomeric ferrocenyl repeat units. Con-
versely, the 1H NMR spectrum of 2c shows sharp
resonances for the Cp (4.03, 3.95, 3.86 ppm), Cp-Me
(2.00 ppm), and Si-Me (0.63 ppm) protons in the
isomerically equivalent repeat units. Similar differ-
ences were observed in the 13C and 29Si NMR spectra
of 2b and 2c.
(ii) TROP of 1d: Mechanistic Implications of the

Microstructure of 2d. The TROP reaction of unsym-
metrically methylated 1d provides information regard-
ing the mechanism of the TROP reaction of silicon-
bridged [1]ferrocenophanes.28 Although there has been
considerable progress concerning the scope of the TROP
route and the properties of the resulting polymeric
materials, to date, nothing has been reported regarding
the mechanism of the polymerization reactions. In
particular, the fundamental question of whether the
TROP reactions proceed via cleavage of bonds between
ipso Cp carbon atoms and bridging atoms or, alterna-
tively, via cleavage of metal-Cp bonds remains unre-
solved. A report that reaction of ferrocene and 1,1′-
dimethylferrocene at 250 °C affords a 60% yield of
methylferrocene suggests that an Fe-Cp cleavage mech-
anism for TROP of silicon-bridged [1]ferrocenophanes
cannot be ruled out, especially since Fe-Cp bonding
(and Si-Cp also) is likely to be weakened in these
strained species. Indeed, the Fe-Cp bond energy of
ferrocene (220 kJ/mol) is considerably lower than the
typical Si-C bond energy (318 kJ/mol).29 Furthermore,
we have recently observed facile, thermally induced
M-(π-hydrocarbon) bond cleavage in reactions of related
silicon-bridged metalloarenophanes. For example, the
Cr-(η-C6H6) bond energy of Cr(η-C6H6)2 is ca. 170 kJ/
mol29 and thermolysis of Cr(η-C6H5)2SiMe2 at 180 °C
yields Cr metal and Ph2SiMe2 as the exclusive prod-
ucts.30 Studies of the poly(ferrocenylsilane) product
resulting from TROP of 1d have allowed us to distin-
guish between a Si-Cp bond cleavage and an Fe-Cp
bond cleavage mechanism of polymerization.
We reasoned (Figure 3) that if TROP of 1d proceeded

through Si-CpH and Si-CpMe bond cleavage (CpH )
η-C5H4, CpMe ) η-C5Me4), then the resulting polymeric
product 2d would contain three silicon environments
(CpHSiCpH, CpMeSiCpH, and CpMeSiCpMe) but only a
single iron environment (CpHFeCpMe). Conversely, if
Fe-CpH and Fe-CpMe cleavage occurred, then poly-
meric product 2d′ would contain a single silicon envi-
ronment (CpHSiCpMe) but three iron environments
(CpHFeCpH, CpMeFeCpH, and CpMeFeCpMe). We felt that
the two cleavage possibilities would be unambiguously
distinguished by using 1H, 13C, and 29Si NMR to probe

Figure 2. 200 MHz 1H NMR spectra of 2b and 2c in C6D6.
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the silicon environments of the poly(ferrocenylsilane)
product and by using cyclic voltammetry to probe the
iron environments.
TROP of 1d was effected by heating the compound in

the melt at 150 °C in an evacuated, sealed Pyrex tube.
The resulting orange, fibrous product, obtained in 63%
yield, was completely soluble in THF and other common
organic solvents and was purified by precipitation into
methanol. GPC analysis found the material to be
monomodal and of high molecular weight (Mw ) 3.4 ×
105, Mn ) 2.3 × 105).
Analysis of the polymer microstructure by 1H NMR

led to the detection of three broad resonances in the
SiMe2 region in a 1:2:1 integral ratio centered at 0.98,
0.82, and 0.64 ppm, respectively (Figure 4). Similarly,
29Si NMR analysis of polymer microstructure gave three
sets of resonances, in an approximately 1:2:1 intensity
ratio, centered at -4.05, -6.42, and -6.77 ppm, and 13C
NMR also showed three sets of resonances in the SiMe2
region at 5.1, 1.5, and -0.22 to -0.26 ppm. These
results clearly indicated the presence of three types of
silicon environments in the polymer in a statistical ratio
and therefore showed that TROP of 1d proceeds via
nonselective cleavage of Si-CpH and Si-CpMe bonds to
afford poly(ferrocenylsilane) 2d (Figure 3). Such lack
of selectivity is not surprising for a high-temperature
reaction which proceeds neat in the melt. As mentioned
above, TROP of 1d via exclusive cleavage of the Si-
CpH and Si-CpMe bonds should afford a polymeric
product in which all of the iron atoms exist in a
CpHFeCpMe environment. Analysis of 2d by cyclic
voltammetry and also ESR data on the TCNE-oxidized
product 3d clearly confirmed this expectation (see
below). The TROP of 1d probably represents a good
general model for the polymerization of other silicon-
bridged [1]ferrocenophanes since the melt polymeriza-
tions occur under quite similar conditions.8

(iii) TROP of 1e. Based on the DSC findings, we
heated a sample of fully methylated ferrocenophane 1e
at 265 °C to effect TROP. As expected, the monomer
melted and then gradually became immobile, and a
powdery orange solid was obtained in 65% yield. The
only other material isolated from this reaction was
unreacted 1e. We were surprised, however, to find that
the orange solid product is insoluble in all of the organic
solvents which we have examined (e.g., C6H6, CH2Cl2,
THF, DMSO, NMP, DMF).
The insoluble nature of the TROP product of 1e

precluded straightforward characterization via solution
methods but 13C and 29Si CP-MAS NMR analysis
provided data consistent with polymeric structure 2e.
A single sharp peak at -1.6 ppm was observed in the
29Si CP-MAS spectrum. In the 13C CP-MAS spectrum,
two broad intense peaks at 82-85 ppm and a peak of
low intensity at 69 ppm were observed in the Cp region
and a single broad and intense peak was observed at
14-18 ppm. We assign the latter signal to the Cp
methyl carbons and the silyl methyl carbons, which do
not resolve. The peak of low intensity at 69 ppm is
assigned to the ipso Cp carbons. The shift of the ipso
carbon resonance from 25.6 ppm in the 13C NMR
spectrum of ferrocenophane 1e to 69 ppm in the
insoluble product is consistent with TROP reaction to
yield 2e. Unusually high field 13C NMR chemical shifts
(e.g., 20-30 ppm) are observed for the ipso Cp carbons
of [1]ferrocenophanes and have been attributed to
structural distortions arising at the ipso sites due to the
tilted Cp rings.31 During TROP, these distortions are
relieved as unstrained ferrocenyl repeat units with
parallel Cp rings are generated and more typical ipso
shifts (e.g., 68-72 ppm) are then observed for the
resulting poly(ferrocenylsilanes). The peaks at 82-85
ppm are assigned to the remaining (R and â) Cp carbons
of 2e. These Cp peaks are shifted downfield relative to
the shifts observed for analogous carbon atoms in the
CP-MAS NMR spectrum of poly(ferrocenyldiphenylsi-
lane).18 Downfield 13C NMR shifts of Cp carbons upon
methylation are observed in solution spectra for both
the soluble methylated polymers (i.e., 2b-d relative to
2a) and the methylated monomers (i.e., 1b-e relative
to 1a). Thus, the downfield shifts of the Cp carbon
resonances in the CP-MAS spectrum of 2e, relative to
poly(ferrocenyldiphenylsilane), are consistent with a

Figure 3. Bond cleavage possibilities in the TROP of silicon-bridged [1]ferrocenophane 1d.

Figure 4. Expansion of the Si-Me region of the 1H NMR
spectrum (200 MHz, C6D6) of 2d.
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polymeric structure with fully methylated Cp rings.
Elemental analysis of the TROP product of 1e was also
fully consistent with polymeric structure 2e.
2. Electrochemical and Electronic Properties of

Poly(ferrocenylsilanes) with Methylated Cyclo-
pentadienyl Rings. We have studied the electrochemi-
cal and electronic properties of the poly(ferrocenylsi-
lanes) with methylated Cp rings using cyclic voltammetry
and UV-vis spectroscopy, respectively. Because of the
observed insolubility, fully methylated 2e was not
included in these studies.
(a) Cyclic Voltammetry of Poly(ferrocenylsi-

lanes) 2b-d. Previous studies of poly(ferrocenylsi-
lanes) have shown that, in solution, these materials
yield cyclic voltammograms (CVs) consisting of two
reversible waves of approximately equal intensity.8,10
We have attributed this response to the oxidation of
alternating iron centers along the polymer backbone at
the first wave (E ) 1E1/2) followed by oxidation of the
iron centers in between at higher potential (E ) 2E1/2).10
The separation of the two waves, ∆E, provides a
measure of the electronic interaction between the iron
centers in the polymer backbone. Manipulation of the
substituents at silicon leads to modest changes in poly-
(ferrocenylsilane) E1/2 and ∆E values, most likely due
to weak side group electronic effects and/or polymer
conformational effects which result from side group
manipulation.8 We anticipated that methylation of the
Cp rings of poly(ferrocenylsilanes) would have a much
more dramatic effect on the cyclic voltammetric re-
sponse of these materials than manipulation of the side
groups at silicon. The effect of Cp methylation on the
electronic properties of molecular ferrocene species has
been studied by a variety of techniques including cyclic
voltammetry. For example, Gassman has shown that
the cyclic voltammetric oxidation potentials of meth-
ylated ferrocene derivatives are reduced by ca. 55 mV,
relative to ferrocene, per electron-donating methyl sub-
stituent.22 Figure 5 shows an overlay of CVs obtained
from analysis of CH2Cl2 solutions of 2a, 2c, and 2d, and
Table 2 lists 1E1/2, 2E1/2, and ∆E data for these polymers.
The CV of 2b was nearly identical to that of 2c and for
simplicity is not shown in Figure 5. For each polymer,
the expected two-wave response was observed. Linear
plots of ipeak vs square root of scan rate indicate that
both the first and second oxidation processes are diffu-
sion controlled for each polymer over a 25-1000 mV‚s-1

range of scan rates. With increasing Cp methylation,
both the first and second oxidation waves for each
polymer shifted to lower oxidation potentials as can be

seen from Figure 5. Inspection of the data in Table 2
reveals that, for the methylated polymers, both 1E1/2 and
2E1/2 are reduced by approximately the expected 55 mV
per Cp methyl substituent relative to nonmethylated
2a. The polymer ∆E values are similar, indicating that
Cp methylation does not dramatically influence the
interaction among the iron centers in the polymer
backbone.
As discussed above, cyclic voltammetric analysis of

2d clearly confirmed the presence of Fe atoms in a single
type of electronic environment and thus confirmed that
TROP of 1d proceeds via cleavage of Si-CpH and Si-
CpMe bonds. The CV of 2d showed the expected two
oxidation waves of equal intensity (E1/2 ) -0.25 and
-0.03 V) with shapes that were modified by electrode
adsorption effects (Figure 5). This two-wave response
is completely analogous to that of the other poly-
(ferrocenylsilanes) and is consistent with initial oxida-
tion at alternating iron sites along the polymer backbone
followed by subsequent oxidation, at a higher potential,
of the iron centers in between. Thus, the CV confirms
the presence of only a single type of iron environment
in 2d. Moreover, the E1/2 value (-0.25 V vs ferrocene/
ferrocenium; -0.22 V vs 2a) observed for the first
oxidation wave is consistent with the presence of iron
atoms in a CpHFeCpMe environment which would be
expected from TROP of 1d via cleavage of Si-CpH and
Si-CpMe bonds.
(b) UV-vis Studies of Poly(ferrocenylsilanes)

2b-d. The UV-vis spectroscopy of ferrocene and its
derivatives has been studied extensively.32 Briefly, five
bands are observed in the spectra of ferrocene and its
derivatives. Of these, the band II system (at 440 nm
in ferrocene) has received considerable attention. As-
signed to spin-allowed d-d transitions, this band system
is convenient for study because it is reasonably intense
and well-resolved from other bands in the spectra. Our
UV-vis studies of poly(ferrocenylsilanes) 2a-d focused
exclusively on the band II system.
Table 3 gives UV-vis band II data for a series of

methylated ferrocene derivatives, silicon-bridged [1]-
ferrocenophane monomers 1a-e, and poly(ferrocenyl-
silanes) 2a-d. Inspection of the data for the bridged
and nonbridged molecular species reveals that increas-
ing methylation leads to a blue shift of band II.
Unexpectedly, we found that the absorption trend is
reversed in the polymer series. Increasing methylation
results in a red shift of band II.
3. Thermal Analysis andMorphology Studies of

Poly(ferrocenylsilanes) with Methylated Cyclo-
pentadienyl Rings. Our previous DSC studies of poly-
(ferrocenylsilanes) with nonmethylated Cp rings have
shown that these materials exhibit weak glass transi-
tions (Tgs) over a wide temperature range with the side
groups at silicon exerting a considerable influence on

Figure 5. Cyclic voltammograms of CH2Cl2 solutions of 2a,
2c, and 2d referenced to the ferrocene/ferrocenium ion couple
at E ) 0.00 V.

Table 2. Cyclic Voltammetry Data for
Poly(ferrocenylsilanes) 2a-da

polymer 1E1/2
b 2E1/2

b ∆E (V)c

2a -0.03 0.17 0.20
2b -0.16 0.04 0.20
2c -0.17 0.02 0.19
2d -0.25 -0.03 0.22

a Data obtained by analysis at 22 °C of CH2Cl2 solutions which
were ca. 5 × 10-3 M in polymer and 0.1 M in [NBu4][PF6] at a
scan rate of 250 mV‚s-1. b 1E1/2 and 2E1/2 are the half-wave
oxidation potentials for the first and second oxidation waves in
the polymer CVs, respectively, and are given in volts vs the
ferrocene/ferrocenium ion couple at E ) 0.00 V by definition. c ∆E
) 2E1/2 - 1E1/2.
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the Tg.8 For example, as the n-alkyl substituents at
silicon increase in length from Me to n-Hex, poly-
(ferrocenylsilane) Tg decreases smoothly from +33 °C
to -26 °C. Unsymmetrical poly(ferrocenylsilanes) are
usually amorphous and generally do not exhibit melting
transitions. In contrast, many of the symmetrically
substituted analogues show a propensity to crystal-
lize.8,33 We have also studied the thermal stability of
poly(ferrocenylsilanes) by thermogravimetric analysis
(TGA). Our TGA studies have found that, in general,
poly(ferrocenylsilanes) are stable to weight loss through
ca. 350 °C at a heating rate of 10 °C/min, at which point
they suffer weight loss through ca. 800 °C, ultimately
affording thermally stable Fe/Si/C ceramic materials in
yields ranging from 20 to 63% at 1000 °C.34 Stability
to weight loss has been found to vary considerably as a
function of the side groups at Si. We now describe the
use of DSC and TGA to probe the effect of Cp methy-
lation on poly(ferrocenylsilane) thermal transition be-
havior and stability to weight loss.
(a) DSC Analysis of Poly(ferrocenylsilanes) 2b-

e. DSC analysis of the poly(ferrocenylsilanes) with
methylated Cp rings revealed glass transitions with
small heat capacity changes for 2b-d. This behavior
is consistent with the behavior of nonmethylated ana-
logs. No Tg was observed for fully methylated 2e. Table
4 lists Tg data for 2a-d. Melting transitions were not
observed during DSC analyses of 2b-e, even after
annealing at temperatures slighty above the observed
Tg (100 °C for 2e) for 24 h. The data in Table 4 reveal
an interesting trend in Tg among 2a-d. Increasing
methylation of the Cp rings leads to a smooth increase

in polymer Tg. Cp methylation can readily be envi-
sioned as increasing the steric bulk and rigidity of the
ferrocenyl moieties of the polymer repeat units. Con-
sistent with free volume interpretations of glass transi-
tion behavior, the increased rigidity and bulk of the
repeat unit leads to increased polymer Tg. A similar
increase in poly(ferrocenylsilane) Tg with increasing
bulk and rigidity of the substituents at silicon has also
been observed.8,19a A second interesting finding was the
slightly higher Tg observed for 2b with mixed ring
isomer repeat units relative to 2c with a single isomeric
repeat unit. This might be attributed to the presence
of some methyl groups R to the main-chain Cp-Si bonds
in the former material, which would be expected to
lower the skeletal flexibility.
The morphology of methylated poly(ferrocenylsilanes)

2b-e was also studied by wide-angle X-ray scattering
(WAXS) at 25 °C, and the scattering patterns of the
methylated polymers were compared to the pattern of
nonmethylated 2a. The WAXS patterns of 2b-e each
consisted of a broad peak superimposed on amorphous
halos, similar to the pattern for amorphous samples of
2a.18 This behavior suggests the presence of only short-
range order among these materials. Interestingly, d
spacings corresponding to the broad peak in the polymer
WAXS patterns increase with increasing Cp methyla-
tion. Thus, d spacings of 6.5, 6.9, 7.2, and 7.7 Å were
observed for 2a, 2c, 2d, and 2e, respectively. The d
spacing of 6.37 Å observed for 2a has been assigned to
interchain distances.33 The increase in d spacing ob-
served with increasing Cp methylation among 2a-e is
completely consistent with this assignment since Cp
methylation would increase the steric bulk of the
polymer backbone, thereby pushing the chains further
apart, leading to increased interchain Fe-Fe distances.
(b) Thermogravimetric Analysis (TGA) of Poly-

(ferrocenylsilanes) with Methylated Cyclopenta-
dienyl Rings. Thermogravimetric analysis of the
methylated poly(ferrocenylsilanes) revealed that in-
creasing Cp methylation leads to decreasing thermal
stability toward weight loss. Figure 6 shows an overlay
of TGA traces obtained from analysis of 2a, 2d, and 2e
at a heating rate of 10 °C‚min-1 under N2. For clarity,
the TGA traces of 2b and 2c are not shown. Table 4
summarizes T10 and T50 data obtained from analysis of
the TGA traces. It is obvious from the TGA studies that
nonmethylated 2a is the most stable to weight loss, fully
methylated 2e is the least stable, and thermal stability
decreases smoothly with increasing Cpmethylation. The
most striking feature of these traces is the rapid weight
loss suffered by 2e beginning at ca. 280 °C. This weight
loss behavior proved to be completely reproducible and,

Table 3. UV-vis Data for Poly(ferrocenylsilanes) 2a-d
and Small-Molecule Model Compoundsa

compound
λmax band II

(nm)

ε band II
(L‚mol-1‚cm-1)

(×10-2)

Fe(η-C5H5)2 440 1.0
Fe(η-C5H4Me)2 438 1.6
Fe(η-C5H5)(η-C5Me5)b 430 1.2
Fe(η-C5HMe4)2 430 1.6
Fe(η-C5Me5)2c 420 1.2
1a 482 3.8
1b 481 3.7
1c 476 3.7
1d 473 3.4
1e 464 2.3
2a 442 2.3
2b 447 2.5
2c 460 2.3
2d 468 2.9
a Data obtained by analysis of THF solution unless otherwise

noted. Poly(ferrocenylsilane) 2e is insoluble in THF and was not
analyzed. b Data obtained by analysis of an isooctane solution.
See: Chao, S.; Robbins, J. L.; Wrighton, M. S. J. Am. Chem. Soc.
1983, 105, 181. c Data obtained by analysis of a cyclohexane
solution. See: King, R. B.; Bisnette, M. B. J. Organomet. Chem.
1967, 8, 287.

Table 4. Thermal Analysis Data for
Poly(ferrocenylsilanes) 2a-e

polymer Tg (°C)a T10 (°C)b,c T50 (°C)b,c

2a 33d 431 518
2b 93 404 471
2c 73 392 457
2d 116 382 445
2e 273 366

a Obtained by DSC analysis at 10 °C‚min-1 under N2. b Ob-
tained by TGA at 10 °C‚min-1 under N2. c T10 and T50 correspond
to the temperatures at which the polymer sample has lost 10%
and 50%, respectively, of its initial mass and represent an average
of at least three independent analyses. d Taken from ref 18.

Figure 6. TGA traces of poly(ferrocenylsilanes) 2e, 2d, and
2a.
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interestingly, corresponds to a mass loss equivalent to
eight methyl groups. Again, differences are observed
between 2bwith isomeric dimethylated repeat units and
2c with isomerically equivalent dimethylated repeat
units; as the former material was found to be slightly
more stable to weight loss. These TGA studies suggest
that thermal depolymerization of poly(ferrocenylsilanes)
may be accelerated by methyl substitution of the cyclo-
pentadienyl rings and/or that loss of Cp methyl sub-
stituents is an important poly(ferrocenylsilanes) ther-
mal degradation pathway.
4. Reactions of Poly(ferrocenylsilanes) with

TCNE. (a) Reactions of Unmethylated Poly(fer-
rocenylsilanes) with TCNE. Garnier et al. have
recently reported studies on the magnetic properties of
some oxidized ferrocene-based oligomers; specifically
these workers reported that oligo(ferrocenylsilanes)
undergo reactions with TCNE in dichloromethane yield-
ing dark precipitates, which they formulated as [Fe(η-
C5H4)2SiR2]nn+[TCNE-]n, which are ferromagnetic at
low temperatures.20d This reaction is quite surprising
given that polymers of this type have redox potentials
close to those of ferrocene.8 Ferrocene itself forms a
complex with TCNE which is only dissociated to ionic
species in polar solvents.35,36
We investigated the reaction of the high molecular

weight poly(ferrocenylsilanes) with TCNE to see if
similar magnetically interesting products might be
obtained. We added dichloromethane solutions of TCNE
to dichloromethane solutions, or suspensions in the case
of 2e, containing equimolar quantities of polymer.
Neither the model linear trimetallocene (Fe(η-C5H4-

SiMe2Fc)2 (Fc ) Fe(η-C5H4)(η-C5H5))12 nor the high
polymers 2a and 2 (M ) Fe, ERx ) SiBu2) gave any
visible reaction with TCNE; no precipitation or color
changes were observed. IR spectroscopy of the residue
remaining after solvent removal indicated the only
cyano-carbon species present to be neutral TCNE,37-40

again indicating no reaction. This is what one would
expect from the redox potentials of the materials, but
is in contrast to the results found by Garnier et al. for
materials apparently differing only in polymer chain
length.
(b) Reactions of Methylated Poly(ferrocenylsi-

lanes) with TCNE. Polymer 2e is a much more
attractive candidate for the formation of charge transfer
materials: the permethylation of the Cp rings should
lead to greater ease of oxidation. The expected charge
transfer polymer salt would closely resemble [Fe(η-C5-
Me5)2]+[TCNE]-, which has been characterized as a
molecular 3D ferromagnet. Addition of 1 equiv of TCNE
to a suspension of 2e in dichloromethane resulted in
darkening of the mixture and dissolution of the polymer
to yield a green-red dichroic solution with a small
quantity of a brown insoluble residue. The major
product, 3e, was precipitated as a dark green powder
by addition of diethyl ether to the dichloromethane
solution.
IR spectroscopy has proved to be a valuable tool in

assessing the degree of reduction and oligomerization
of TCNE in its complexes. The IR spectrum of a Nujol
mull of 3e possessed intense absorptions at 2144 and
2183 cm-1, indicating the presence of the [TCNE]-
radical anion, and additional absorptions of comparable
intensity at 1600 and 2197 cm-1. These last two bands
are not characteristic of TCNE,37-40 [TCNE]-,35,39,41
[TCNE]22-,42or [TCNE]2- 43 or of the diamagnetic pen-
tacyanopropenide37 or tricyanoethenolate 44 ions,
which are well-known decomposition products of
[TCNE]-.35,36,44-46

Room temperature ESR spectra of 3e, either as a solid
or as a dichloromethane solution, exhibit an isotropic
absorption centered at g ) 2.00; the solution spectra
show hyperfine coupling characteristic of the TCNE-

radical anion. The spectrum of a dichloromethane glass
at 13.5 K is shown in Figure 7 and shows, in addition
to the g ) 2.00 signal, an axially symmetrical pattern
characteristic of a ferrocenium ion with g⊥ ) 1.62 and
g| ) 3.79. The equations derived by Prins47 show that
∆g, defined as g| - g⊥, is a useful probe of the distortion
of a ferrocenium ion from D5 symmetry. The degree of
this distortion depends on the inherent symmetry of the
cation but is also sensitive to the counterion and the
medium in which the ESR spectrum is measured.47,48
In this case, the value of ∆g, 2.17, is significantly lower
than the values observed for ferrocenium (3.09)47 and
decamethylferrocenium (3.08, 3.11),48 or even for the
lower symmetry octamethylferrocenium ion (2.69).49
However, similar values of ∆g have been observed for
other reduced symmetry species including 1,1′-dimeth-
ylferrocenium (2.16,47 2.0848) and the [Fe(η-C5H4)2-
(CH2)3]+ ion (2.05, 2.19).48 Solid-state magnetic sus-
ceptibility data were recorded for a sample of 3e using
a SQUID magnetometer and are shown in Figure 8;
these indicated that the oxidized material obeys the
Curie-Weiss law with C ) 0.549 emu mol-1 of Fe and
Θ ) -1.1 K. The calculated effective moment (µeff) per
mol of Fe is 2.0 µB. In the case of a fully oxidized
material of the form [2e]n+[TCNE]-n one would expect
a moment (using the average g value, 〈g〉 ) 2.56,
determined by ESR) of 2.8 µB (eq 1).

If all the ferrocene units were oxidized and the salt
contained only diamagnetic counterions, for example,
[TCNE]22-, one would still expect a moment of 2.2 µB.
Therefore, the susceptibility data suggest that not all

Figure 7. X-band ESR spectrum of 3e in a dichloromethane
glass at 13.5 K.

Figure 8. Magnetic susceptibility (ø,×) and inverse magnetic
susceptibility (ø-1, O) per mole of Fe units, measured in a field
of 0.1 T, for a sample of 3e.

µeff
2(total for [2e]n+[TCNE-]n) ) 3/4〈gFe〉

2 + 3 (1)
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the Fe centers have been oxidized. Microanalytical data
are inconsistent with a simple formulation of the type
[2e]y+[TCNE-]y . The Weiss constant was calculated to
be -1.1 K, indicating almost negligible long-range spin-
spin exchange interactions.
We have also made preliminary investigations of the

reactions of 2b and 2d with TCNE. Addition of 1 equiv
of TCNE to 2d in dichloromethane resulted in immedi-
ate darkening of the solution. Addition of petroleum
ether results in precipitation of a dark brown solid, 3d.
Room temperature ESR spectra of dichloromethane
solutions of this solid indicate the presence of a radical
center with g ) 2.00. Spectra at 25 K show, in addition
to this g ) 2.00 radical, an axially symmetrical pattern
characteristic of a ferrocenium ion with g⊥ ) 1.51, g| )
4.05, and ∆g ) 2.54. These data indicate a ferrocenium
environment different from that in 3e; this is consistent
with the NMR and electrochemical data discussed above
which indicate 2d contains iron atoms in CpHFeCpMe

environments. Surprisingly, the IR spectrum of a film
of the material does not show the C≡N stretching
frequencies characteristic of TCNE, [TCNE]-, [TCNE]22-,
or [TCNE]2-; a C≡N band is observed at 2199 cm-1, and
a CdC band at 1597 cm-1 implying the presence of a
species similar to that present alongside [TCNE]- in 3e.
Together the ESR and IR data indicate at least some
oxidation of the polymer and the formation of a para-
magnetic cyano-carbon anion.
The addition of 1 equiv of TCNE to 2b in dichlo-

romethane resulted in a slight darkening of the solution.
Precipitation with diethyl ether afforded a red-brown
solid, 3b. The room temperature ESR spectrum indi-
cated that a radical species with g ) 2 is present. An
IR spectrum showed the presence of the same cyano-
carbon species observed in 3d and 3e.
The presence of unusual cyano-carbon species in 3b,

3d, and 3e is rather surprising, especially as we have
found the poly(ferrocenylethylene) 2 (M ) Fe, ERx )
CH2CH2) undergoes a much cleaner reaction with TCNE
to yield reduced [TCNE]xy- as the only cyano-carbon
species in the product.50 It is possible that this differ-
ence in behavior is related to the fact that the poly-
(ferrocenylsilanes) exhibit two oxidation waves, whereas
the poly(ferrocenylethylenes) possess only very weak
interaction between the iron centers;8,51 this may result
in only half the ferrocene centers in a poly(ferrocenyl-
silane) undergoing initial electron transfer with TCNE.
Further reaction between [TCNE]- and excess TCNE
present may then account for the formation of the
unusual cyano-carbon product and account for the
elemental composition observed for 3e.
It has often been found that the properties of salts of

cyano anions such as TCNE are critically dependent
on the methods of preparation and purification em-
ployed,42,46,49,52 so it may still be possible to synthesize
magnetically interesting materials by variation of sol-
vent, the ratio of reactants, the order of addition, and
the electron-acceptor species.

Conclusions

Silicon-bridged [1]ferrocenophanes 1a-e in which the
Cp rings are substituted with up to eight methyl groups
readily undergo TROP when heated in the melt to afford
the corresponding methylated poly(ferrocenylsilanes).
Increasing Cp methylation results in an increasing
TROP onset temperature, as observed by DSC, but not
in significant changes in ∆Hp. TROP of unsymmetri-
cally methylated silicon-bridged [1]ferrocenophane 1d
affords poly(ferrocenylsilane) 2d with three types of

silicon environments but only a single type of iron
environment, consistent with TROP via nonselective
cleavage of Si-Cp bonds. Cp methylation provides a
method of manipulating the electronic properties of the
poly(ferrocenylsilanes). The cyclic voltammetric half-
wave oxidation potentials of the polymers are reduced
by ca. 55 mV per Cp methyl substituent relative to the
nonmethylated polymer 2a, as expected based on small-
molecule models, but the polymer UV-vis band II
undergoes a red shift with increasing Cp methylation
unlike small-molecule models. Cp methylation also
affects poly(ferrocenylsilane) thermal behavior. The
methylated poly(ferrocenylsilanes) are glassy and ex-
hibit glass transitions which shift to higher temperature
with increasing Cp methylation. Cp methylation leads
to increased interchain distances consistent with in-
creased steric bulk of the polymer backbone. Increasing
Cp methylation leads to decreased polymer thermal
stability with regard to weight loss.
In contrast to the results of Garnier and co-workers

for oligo(ferrocenylsilanes),20d we have found that un-
methylated poly(ferrocenylsilanes) do not react with
TCNE. However, the Cp methylated polymers readily
react with TCNE, consistent with the effect of methy-
lation upon their oxidation potentials. The products are
more complex than the simple materials of the formula
[2]n+[TCNE-]n one might anticipate. In the most fully
investigated of these products, 3e, magnetic susceptibil-
ity measurements show that not all the ferrocene
moieties are oxidized and that the material obeys the
Curie-Weiss law with no evidence of any magnetic
ordering.

Experimental Section

Silicon-bridged [1]ferrocenophane monomers 1a-e 10,27 and
poly(ferrocenylsilane) 2a10,18 were prepared as previously
described. Operations involving TCNE were carried out under
nitrogen or in vacuo, using standard Schlenk procedures or a
Vacuum Atmospheres glovebox and using solvents dried by
distillation from P2O5 (dichloromethane) or sodium-potassium
alloy (petroleum ether (bp 40-60 °C), diethyl ether). TCNE
(Aldrich) was sublimed in vacuo prior to use. Solution NMR
spectra were recorded on either Varian Gemini 200 or Varian
XL 400 instruments. 1H NMR spectra were referenced to
residual protonated C6D6 at 7.14 ppm, and 13C spectra were
referenced to the C6D6 signal at 128.0 ppm. 29Si NMR spectra
were recorded utilizing normal (proton coupled) pulse se-
quences. Solid-state 29Si and 13C NMR spectra were obtained
using a Chemagnetics CMX 300 spectrometer equipped with
a Chemagnetics magic angle spinning probe doubly tuned to
the resonance frequencies of 29Si (59.7 MHz) or 13C (75.3 MHz).
Samples were spun in a 7.5 mm o.d. zirconium rotor at a
spinning rate of 6000 Hz. A single-contact cross-polarization
technique was employed with a contact time of 5 ms and proton
decoupling during the signal acquisition technique. The proton
radiofrequency field strength was 50 kHz. Spectra were
acquired using a sweep width of 50 kHz, a data size of 2 Hz,
and a recycle delay of 5 s. All chemical shifts were referenced
to external TMS. IR spectra were recorded on a Nicolet Magna
550 IR spectrometer or on a Mattson Instruments Polaris
spectrometer. DSC analyses were performed at a heating/
cooling rate of 10 °C‚min-1 under N2 using a Perkin-Elmer
DSC 7 differential scanning calorimeter. Since 1a-e are
moisture sensitive, samples for DSC analysis were hermeti-
cally sealed in aluminum pans under a N2 atmosphere in a
Vacuum Atmospheres glovebox and maintained under N2 until
analysis. Thermogravimetric analyses were performed at a
heating rate of 10 °C‚min-1 under N2 using a Perkin-Elmer
TGA 7 thermogravimetric analyzer. Wide-angle X-ray scat-
tering (WAXS) data were obtained at 25 °C using a Siemens
D5000 diffractometer employing Ni-filtered Cu KR (λ )
1.54178 Å) radiation. Samples were scanned at step widths
of 0.02° with 1.0 s per step in the Bragg angle range 3-40°.
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Samples were prepared by spreading finely ground polymer
on grooved plastic slides. Cyclic voltammograms were ob-
tained under N2 by analysis of methylene chloride solutions
which were ca. 5 × 10-3 M in 2a-d and 0.1 M in [Bu4N][PF6]
using an EG&G Princeton Applied Research Model 273
potentiostat/galvanostat. A Pt wire working electrode was
used in conjunction with a W wire counter electrode and a Ag
wire reference electrode in a Luggin capillary. Ferrocene was
added as an internal standard, and all cyclic voltammograms
are referenced to the ferrocene/ferrocenium ion couple at E )
0.00 V. UV-visible spectra were recorded on a Hewlett-
Packard 6452A diode array spectrophotometer using a 1-cm
quartz cell. Polymer ε values are quoted per repeat unit.
Molecular weight estimates were made via gel permeation
chromatography using a Waters Associates liquid chromato-
graph equipped with a 510 HPLC pump, U6K injector,
Ultrastyragel gel columns with a pore size between 103 and
105 Å, and a Waters 410 differential refractometer. A flow
rate of 1.0 mL/min was used and samples were dissolved in a
THF solution of 0.1% tetra-n-butylammonium bromide. Poly-
styrene standards were used for calibration purposes. ESR
measurements were performed in high-purity Spectrosil quartz
tubes using an X-band Varian spectrometer; peaks were
referenced by using a microcrystalline sample of 1,1-diphenyl-
2-picrylhydrazyl (DPPH). Solid-state magnetic susceptibilities
were measured on samples loaded in gelatin capsules using a
Quantum Design MPMS-7 SQUID magnetometer. Data were
corrected for the diamagnetism of the cores of the constituent
atoms and for the diamagnetism of the sample holder, by
extrapolation of ø vs 1/T to infinite temperature. Elemental
analyses were performed by Quantitative Technologies Inc,
Whitehouse, NJ, or by the Analytical Department of the
Inorganic Chemistry Laboratory, Oxford.
Synthesis of [Fe(η-C5H3Me)(η-C5H3Me)SiMe2]n (2b): Cp-

Me Groups at Random Positions. A sample of 0.32 g of
1b was flame-sealed in an evacuated (0.01 mmHg) Pyrex tube
and heated at 150 °C for 3 h. The tube contents were dissolved
in THF, filtered, and precipitated by addition to methanol. The
fibrous orange solid was collected by filtration, reprecipitated
(THF/methanol), collected by filtration, and dried in vacuo to
afford 0.17 g (53%) of 2b as a bright orange, fibrous solid: IR
(thin film, KBr) 3070, 2961, 2919, 2888, 2868, 1396, 1245,
1155, 1096, 814, 797, 768 cm-1; 1H NMR (200 MHz, C6D6) δ
4.32-3.66 (6H, Cp-H), 1.93-1.78 (6H, Cp-CH3), 0.78-0.49
(6H, Si-CH3); 13C NMR (100.6 MHz, C6D6) δ 88.4-86.4 (Cp-
CH3), 77.8-70.6 (Cp-H), 69.4-69.3 (Cp-Si), 16.0-13.7 (Cp-
CH3), 1.0 to -0.8 (Si-CH3); 29Si NMR (79.5 MHz, C6D6) δ -6.2
to -6.7; GPCMw ) 4.1 × 105,Mn ) 2.8 × 105, PDI (Mw/Mn) )
1.5. Anal. Calcd for C14H18FeSi: C, 62.23; H, 6.71. Found:
C, 61.91; H, 7.02.
Synthesis of [Fe(η-C5H3Me)(η-C5H3Me)SiMe2]n (2c): Cp-

Me Groups at the 3,3′ Positions. A sample of 0.21 g of 1c
was flame-sealed in an evacuated (0.01 mm Hg) Pyrex tube
and heated at 150 °C for 3 h. The tube contents were dissolved
in THF, filtered, and precipitated by addition to methanol. The
fibrous orange solid was collected by filtration, reprecipitated
(THF/hexanes), collected by filtration, and dried in vacuo to
afford 0.19 g (91%) of 2c as a bright orange, fibrous solid: IR
(thin film, KBr) 3069, 2961, 2920, 2867, 1395, 1246, 1155,
1096, 1038, 797, 769 cm-1; 1H NMR (200 MHz, C6D6) δ 4.03
(s, 2H, Cp-H), 3.96-3.95 (m, 2H, Cp-H), 3.86 (s, 2H, Cp-
H), 2.00-1.99 (m, 6H, Cp-CH3), 0.63 (s, 6H, Si-CH3); 13C
NMR (100.6 MHz, C6D6) δ 88.3-86.4 (Cp-CH3), 77.6-69.3
(Cp-H, Cp-Si), 15.7-13.8 (Cp-CH3), 0.66 to -0.49 (Si-CH3);
29Si NMR (79.5 MHz, C6D6) δ -6.3, -6.5; GPC Mw ) 1.8 ×
105,Mn ) 9.4 × 104, PDI (Mw/Mn) ) 1.9. Anal. Calcd for C14-
H18FeSi: C, 62.23; H, 6.71. Found: C, 62.62; H, 7.02.
Synthesis of [Fe(η-C5Me4)(η-C5H4)SiMe2]n (2d). A sample

of 0.27 g (0.91 mmol) of 1d was flame-sealed in an evacuated
(0.01 mmHg) Pyrex tube and heated at 150 °C for 1 h. The
contents were dissolved in THF, filtered, and precipitated by
addition to methanol. The fibrous orange solid was collected
by filtration, washed with additional methanol, and dried in
vacuo to afford 0.17 g (63%) of 2d as a fibrous, orange solid:
IR (KBr, thin film) 3082, 2964, 2906, 2863, 1381, 1330, 1244,
1161, 1071, 1034, 816, 799, 766 cm-1; 1H NMR (200.0 MHz,
C6D6) δ 4.04-3.82 (br m, 4H, Cp-H), 1.95-1.79 (br m, 12H,

Cp-CH3), 0.99-0.96 (br m), 0.82 (br s), 0.64 (br s) (6H, 1:2:1
ratio, Si-CH3); 13C NMR (100.6 MHz, C6D6) δ 85.7, 85.4, 84.8-
84.6 (Cp-Me), 76.1, 76.0, 75.4-74.5 (Cp-H), 68.3-67.9 (Cp-
Si), 14.9, 14.8, 12.4, 12.3 (Cp-CH3), 5.1, 1.5, -0.22 to -0.26
(Si-CH3); 29Si NMR (79.4 MHz, C6D6) δ -4.03 to -4.07, -6.36
to -6.48, -6.76 to -6.78; GPC Mw ) 3.4 × 105, Mn ) 2.3 ×
105, PDI (Mw/Mn) ) 1.43. Anal. Calcd for C16H22FeSi: C,
64.43; H, 7.43. Found: C, 64.69; H, 7.79.
Synthesis of [Fe(η-C5Me4)(η-C5Me4)SiMe2]n (2e). A

sample of 0.20 g of 1e was flame-sealed in an evacuated (0.01
mmHg) Pyrex tube and heated at 255 °C for 9 h. The tube
contents were extracted with THF for 48 h and then dried in
vacuo to afford 0.12 g (60%) of 2e as a bright orange, powdery
solid: IR (KBr) 2963, 2900, 2859, 1669, 1472, 1454, 1378, 1328,
1249, 1118, 1029, 840, 811, 764 cm-1; 13C NMR (CPMAS) δ
85-82 (Cp-CH3), 69 (Cp-Si), 18-4 (Cp-CH3, Si-CH3); 29Si
NMR (CPMAS) δ -1.6. Anal. Calcd for C20H30FeSi: C, 67.78;
H, 8.53. Found: C, 67.50; H, 8.46.
Reactions of Polymers 2a, 2b, 2d, and 2e with TCNE.

Reaction of 2a with TCNE. A solution of 34 mg (0.27 mmol)
of TCNE in 20 mL of dichloromethane was added dropwise to
a stirred solution of 59 mg (0.24 mmol of monomer units) of
2a in 20 mL of dichloromethane. After 18 h, no visible reaction
had occurred. The solvent was removed in vacuo to afford
orange solids which were analyzed by infrared spectroscopy.
Selected IR data (thin film, KBr): 2219, 2255 cm-1.
The reactions of the model compound (Fe(η-C5H4SiMe2Fc)2

(Fc ) Fe(η-C5H4)(η-C5H5)) and 2 (M ) Fe, ERx ) SiBu2) with
TCNE were carried out in an analogous fashion and resulted
in identical C≡N IR bands.
Reaction of 2b with TCNE: Synthesis of 3b. A solution

of 50 mg (0.39 mmol) of TCNE in 20 mL of dichloromethane
was added dropwise to a solution of 100 mg (0.37 mmol of
monomer units) of 2b in 20 mL of dichloromethane; the
reaction mixture slowly darkened. After 18 h the solvent
volume was reduced in vacuo to 20 mL, and 130 mL of diethyl
ether was added. The resulting reddish precipitate was
washed with 2 × 50 mL of diethyl ether and dried in vacuo.
Selected IR data (thin film, KBr): 1597, 2199 cm-1. ESR (CH2-
Cl2 solution, room temperature): g ) 2.00.
Reaction of 2d with TCNE: Synthesis of 3d. A solution

of 43 mg (0.34 mmol) of TCNE in 10 mL of dichloromethane
was added dropwise to a solution of 97 mg (0.33 mmol of
monomer units) of 2d in 20 mL of dichloromethane; the
reaction mixture instantly darkened. After 18 h, the reaction
mixture was filtered before solvent removal in vacuo. The
solids were washed with 2 × 100 mL of diethyl ether,
redissolved in dichloromethane, and precipitated by addition
of petroleum ether (bp 40-60 °C). Selected IR data (thin film,
KBr): 1597, 2199 cm-1. ESR (CH2Cl2 glass, 25 K): cation g|

) 4.05, g⊥ ) 1.51, 〈g〉 ) 2.69; anion g ) 2.00.
Reaction of 2e with TCNE: Synthesis of 3e. A solution

of 40 mg (0.31 mmol) of TCNE in 10 mL of dichloromethane
was added dropwise to a suspension of 100 mg (0.28 mmol of
monomer units) of 2e in 5 mL of dichloromethane; the reaction
mixture instantly darkened, and the polymer slowly dissolved.
Addition of more dichloromethane resulted in almost complete
dissolution; this green-red dichroic solution was filtered,
leaving a small quantity of a dark solid (selected IR data:
1602, 2204 cm-1). After the solution volume was reduced in
vacuo to 30 mL, 150 mL of diethyl ether was added. The
supernatant was filtered from the resulting green solids, 3b,
which were washed with 100 mL of diethyl ether before drying
in vacuo. Selected IR data (Nujol, KBr): 1600, 2144, 2183,
2197 cm-1. ESR (CH2Cl2 glass, 13.5 K): cation g| ) 3.79, g⊥
) 1.62, 〈g〉 ) 2.56; TCNE- g ) 2.00. Magnetic susceptibility
(per Fe): µeff ) 2.0 µB, Θ ) -1.1 K. Anal. Calcd for
[2e]n+[TCNE-]n, C26H30FeN4Si: C, 64.72; H, 6.27; N, 11.61; Fe,
11.57. Found: C, 61.54; H, 6.84; N, 6.29; Fe, 11.66. The low
N analysis suggests that CN loss may accompany the forma-
tion of the polyanion present.
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