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Structural and thermal characteristics of an amorphous iodine complex of a ferrocenylenesilylene
polymer, [-(C5H4)Fe(C5H4)Si(CH3)(C6H5)‚(I1.5)-]n, have been measured using57Fe Mössbauer, IR and
Raman spectroscopy, X-ray diffraction, and thermomechanical analysis. The iodine-doped macromolecules
are mixed-valence salts with a localized electron structure on the57Fe Mössbauer time scale, in which
ferrocenylene units and ferrocenium moieties coexist. These macromolecules consist of blocks containing
ferrocenium moieties and sequences of nonoxidized ferrocenylene units. The environment about the
ferrocenium moieties consists of both single I3

- and polyiodide [I3]-‚nI2 species. Mo¨ssbauer data, collected
in the range 5-300 K, are interpreted in terms of the temperature dependence of the Lamb-Mössbauer
factor and reversible electron transfer with an activation energy of 4.7 kJ/mol. The transformations of
[I 3]- + I2 clusters to I3- are proposed to accompany Fe(II)-Fe(III) oxidation.

Introduction

Considerable research attention has been focused on
mixed-valence complexes due to their electrical and magnetic
properties and the importance of mixed-valence biological
systems.1 For example, bisferrocenyl complexes exhibit
valence delocalization on a variety of different time scales
depending on the type of bridging groups between the
ferrocenyl moieties, the substituents on the cyclopentadienyl
rings, and the nature of the solid-state environment about
the mixed-valence cation.2 Recent advances in the synthesis
of organometallic polymers containing metallocene moieties
in the main polymer chain, or as pendant groups, offer the
prospect of producing novel types of smart materials which
combine specific properties of low molecular weight mixed-
valence compounds with the various useful mechanical
characteristics and processing advantages of polymers.3,4 We
have a continuing interest in one type of such polymers, the

poly(ferrocenylenesilylenes) (PFOSs), whose main chains
consist of alternating ferrocenylene and organosilylene
units: [-(C5H4)Fe(C5H4)SiR2-]n, R ) various alkyl or aryl
groups.5 Such high molecular weight PFOSs can be obtained
by thermal, transition-metal-catalyzed, or anionic ring-
opening polymerization of the corresponding [1]-silylene-
ferrocenophanes.5,6

Cyclic voltammetric analysis of PFOS5a-c,6a,7shows two
reversible oxidation waves similar to those reported earlier
for diferrocenylacetylene.8 Furthermore, the triiodide salt of
the latter compound gave an example of electron transfer in
mixed-valence ions.9 The two-step oxidation of PFOS was
interpreted to be a result of the sequential oxidation of each
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of two neighbor iron atoms alternating along the main chain.
Thus, oxidized PFOS macromolecules can in principle exist
both as polycations bearing the positive charge on every iron
center and as mixed-valence polycations with alternating
ferrocenylene and ferrocenium units along the backbone,
thereby affecting the optoelectrical and other properties of
the oxidized polymer.

Iodine-doped thin PFOS films were reported to exhibit
electroconductivity at a level of semiconductors,10 like a
variety of iodine-doped organic polymers containing ferro-
cenyl units.3c,4a,bThese materials can be related to so-called
conductive low-dimensional halogenated systems whose
electrical properties are controlled by the level of oxidation
and by the type of [I]-‚nI2 anions formed and their mutual
packing.11 A linear ferrocenylenedimethylsilylene oligomer
containing seven repeat units was readily oxidized by I2 to
yield a crystalline complex with alternating Fe2+ and Fe3+

centers, with concurrent formation of I3
- anions.7 Similarly,

the iodide complex of 1,1′-bis(trimethylsilyl)ferrocene, [(η5-
Me3SiC5H4)2Fe], contains I3- species as counteranions.10e

However, contrary to these crystalline low molecular weight
complexes, we reported that semicrystalline and amorphous
iodine-doped high molecular weight poly(ferrocenylenesi-
lylenes) contained higher polyiodide anions, e.g., I5

- as well
as [I3]-.10e Furthermore, we proposed that these higher
polyiodide anions are formed in amorphous regions of the
polymers and also demonstrated that the transformation of
[I 3]- f [I 5]- (I3

-‚I2) significantly affected the polymer
conductivity.

Given these results, insight into the structure of the
oxidized moieties in iodide PFOS complexes in different
phase states is of special interest. We now describe some
structural and thermal characteristics of an amorphous
iodine complex of poly(ferrocenylenemethylphenylsilylene),
[-(C5H4)Fe(C5H4)Si(CH3)(C6H5)-]n, (MePh-PFOS]), with
an emphasis on the valence state of the iron atoms as revealed
by means of57Fe Mössbauer spectroscopy in the temperature
range 5-300 K.

Experimental Section

Materials. MePh-PFOS was prepared as previously reported;5a,b

GPC analysis of the specific sample in THF indicatedMw ) 295000
andMn ) 100500 (referenced to a polystyrene calibration curve).

Synthesis of an Iodine+ MePh-PFOS Complex. Samples of
the iodine complex were prepared by rapid mixing of a 1.5 wt %
benzene solution of MePh-PFOS with a 1.5 wt % solution of I2

with vigorous stirring (molar ratio I2:repeat unit) 1:1). Upon
mixing, a very viscous liquid phase of an iodine complex separated
from the solution, which gradually precipitated. The reaction
mixture was allowed to settle for several days to achieve a more
complete phase separation. The upper benzene layer was decanted,
and after additional washing with benzene the complex was first
dried in air and subsequently in a vacuum at 40-50 °C. The dried
residue was mildly ground to produce a powder whose smallest
particles observed under a microscope had a dark brown color.
Elemental analysis of the dried complex: C, 42.0; H, 3.50; Fe,
12.4; I, 38.6.

Thermomechanical analysis (TMA) was carried out using a UIP-
70M (USSR) thermomechanical analyzer permitting measurement
of the strain with an accuracy of 0.001 mm. MePh-PFOS and its
iodine complex samples of about 1 mm thick (powders compressed
under a pressure of 5.0 MPa at ambient temperature) were placed
in a steel cup (6 mm inner diameter). The diameter of a cylindrical
indentor with the flat end connected to a measuring quartz probe
was 2.52 mm. Thermomechanical traces (penetration of the indentor
vs temperature) were recorded at a heating rate of 5°C/min under
dead load (0.1 MPa).

Thermogravimetric analysis (TGA) was performed on a UVDT-
500 (USSR) thermogravimetric analyzer in a vacuum (2× 10-3

Torr) and in an atmosphere of argon at a heating rate of 5°C/min
using samples of 0.8-0.9 mg by weight. X-ray diffractograms were
taken on a DRON-3 (Russia) diffractometer in reflection mode with
the use of nickel-filtered Cu KR radiation. Raman spectra were
recorded with a Ramanor HG-2S laser spectrometer using the 514.5
nm line from an ILA-120 argon laser. IR spectra were recorded by
means of an IR Specord 82. Mo¨ssbauer measurements were
performed on a conventional Mo¨ssbauer spectrometer with a 1.13
GBq cm-2 57Co (Rh) source maintained at room temperature. The
absorber temperature was varied in the range 5-300 K by means
of an Oxford Instrument cryostat. Isomer shifts are reported relative
to the peak forR-Fe at room temperature.

Result and Discussion

General Characterization of Iodide Polymer Salt.The
two-step electrochemical oxidation of PFOS initially leading
to the more thermodynamically stable alternating ferroce-
nylene and ferrocenium polymer backbone5a-c,6a,7 suggests
that one could expect the formation of such a structure under
controlled mild conditions of oxidation of PFOS with I2.
Treatment of a dilute solution of MePh-PFOS with a small
excess of I2 led to a material whose elemental analysis
exhibited ∼39 wt % iodine, which corresponds to the
“expected” 1.5 I atoms per monomer repeat unit. The IR
spectrum of this complex, Figure 1, exhibits bands at 833
and 862 cm-1 of almost equal intensities that can be
associated with an out-of-plane CH bending in ferrocenylene
and ferrocenium moieties, respectively.7,9 However, its
Raman spectrum, Figure 2, exhibits two bands at 109 cm-1

([I 3]-)11,12 and ∼170 cm-1 ([I 5]-).11,13 Thus, less than half
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of the ferrocenylene moieties were oxidized, and the expected
uniform structure with alternating ferrocenylene and ferro-
cenium moieties could not be possible.

Formation of the polyiodide anions higher than [I3]-, i.e.,
[I 3]-‚nI2, is also evidenced by the fact that∼25% of the
iodine atoms in this complex can be removed by exposure
to high vacuum. After this loss of iodine the stability of the
resulting complex was studied by TGA measurements carried
out in a vacuum and under an atmosphere of argon, Figure
3. Both conditions produced the same data, suggesting that
the weight loss is not controlled by diffusion. The TGA curve
reflects a three-stage loss of weight upon heating in which
both the first and second stages are mainly connected with

the I2 elimination. In the first stage removal of I2 is
accompanied initially by only a decrease in intensity of the
170 cm-1 band in the Raman spectra, while the IR spectra
in the region 800-900 cm-1 remain practically unchanged.
This is similar to the behavior observed upon extended
pumping of iodine-doped films of MePh-PFOS.10e Upon
further heating the intensity of the 862 cm-1 band in the IR
spectra also diminished, indicating a gradual decrease in the
content of [I5]- followed by a similar decrease in the [I3]-

content with rising temperature. Significant destruction of
the remaining partially oxidized macromolecules begins at
∼220°C, i.e., about 110°C lower than that of the neat MePh-
PFOS.

An X-ray diffraction study showed that the initially formed
iodine complex is amorphous like the undoped polymer,
Figure 4. However, the X-ray diffractograms of the two
materials are quite different. The X-ray diffractogram for
MePh-PFOS contains two rather sharp amorphous halos
superimposed on each the other and centered at the diffrac-
tion angles 2θ = 12.5° and 16.8°. The former appears to
arise from a short-range order in the direction perpendicular
to the main chain axis. The iodine polymer complex displays
only diffusive X-ray scattering. Such a drastic change in the
diffraction curve profile after iodine doping can be explained
by a strong absorption of X-rays by heavy iodine atoms and
the absence of a short-distance periodicity in the electron
density in the regions containing polyiodide anions. Fur-
thermore, no periodicity on a scaleup to 100 nm was found
in the complex using small-angle X-ray scattering.

The iodide polymer complex, which was initially separated
from a benzene solution as a very viscous phase (see the
Experimental Section), failed to swell in benzene after drying.
Nevertheless, it could soften and then flow upon heating as
noted from the TMA trace shown in Figure 5. The glass
transition (softening) temperature of the complex determined
as a penetration onset temperature (∼50 °C) proved to be
lower than that for the pristine polymer (∼90°C). This seems
to be a counterintuitive and surprising observation since the
formation of ionic links between ferrocenium units and iodide
counteranions is expected to confer a higher rigidity upon
the macromolecule salts. However, it can be noted that the

Figure 1. IR spectrum of iodine-doped poly(ferrocenylenemethylphe-
nylsilylene).

Figure 2. Raman spectrum of iodine-doped poly(ferrocenylenemethylphe-
nylsilylene).

Figure 3. TGA curves for poly(ferrocenylenemethylphenylsilylene) (a) and
its iodide complex (b) taken in a vacuum (10-3 Torr) at a heating rate of
5 °C/min.

Figure 4. X-ray diffractograms for poly(ferrocenylenemethylphenylsilylene)
(a) and its iodide complex (b). Nickel-filtered Cu KR radiation,λ ) 0.1542
nm.
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softening of the complex occurs concurrently with the onset
of iodine loss, and we suggest that a plasticizing effect of
the released iodine molecules is responsible for this observa-
tion. Another reason could be scission of the original
macromolecules due to destructive side reactions upon
oxidizing of ferrocenylene units by I2.

57Fe Mo1ssbauer Spectra. Figure 6 shows the evolution
of 57Fe Mössbauer spectra over the temperature range of
5-300 K. The resulting spectra were fitted by an outer
doublet and an inner singlet. Their spectral fitting parameters
(isomer shiftsδ1 and δ2, quadrupole splitting∆EQ1, line
widths Γ1 andΓ2, respectively) at various temperatures are
given in Table 1. Mo¨ssbauer spectral variations with tem-
perature are reversible, and the Mo¨ssbauer spectra of the
nondoped pristine polymer consist at all temperatures only
of doublets with parameters similar to those observed for
the outer doublets of the iodide complex.

The evaluated doublet and singlet parameters are in
agreement with those reported for Fe(II) atoms in ferrocene
and its derivatives,14 and for Fe(III)+ cation in ferrocenium

bromide,15 triidodide salts of ferrocenium, and dioxidized
cation exo,exo-1,12-dimethyl[1.1]ferrocenophanium.2c The
parameters are similar to those from earlier analyses of
mixed-oxidation state ferrocenyl-containing polymers.16 Thus,
in the iodine-doped polymer a complex structure of ferro-
cenylene and ferrocenium units exists as a mixed-valence
polycation with a localized electron structure on the57Fe
Mössbauer time scale; i.e., the rate of intramolecular electron
transfer is less than∼107 s-1. Similar localized mixed-
valence triiodide salts are formed by some biferrocenes with
hydrocarbon bridges between the ferrocenyl groups. On the
other hand, salts of various biferrocenes with directly
connected ferrocenyl nuclei exhibit delocalized mixed-
valence behavior.2

The inner singlet in the spectra is in fact an unresolved
doublet. It can be least-squares fitted by Lorentzian line
shapes with a very small quadrupole splitting∆EQ2 (∼0.2,
0.3, and 0.15 mm s-1 at 77, 130, and 300 K, respectively)
and equal intensities and line widths of the components. Note
that no magnetic (paramagnetic) hyperfine splitting of the
ferrocenium singlet is observed in the spectrum taken at 5
K, and this fact points to a fast spin relaxation for Fe(III)
spin with a rate greater than 1010 s-1. Such a fast spin
relaxation is apparently generated by spin-spin relaxation,
which becomes possible due to a rather short distance
between neighboring iron atoms in the polymer main chain
(∼6.9 Å), and also by a fast spin-lattice relaxation, which
proceeds owing to a large orbital moment input in the total
atomic moment of Fe3+.17

The temperature dependencies of the normalized doublet
and singlet areas,S1 andS2, respectively, are shown in Figure
7a. Both plots can be divided schematically into two
sections: a low-temperature region with practically constant
values ofS (extended over∼5-50 K for S1 and over∼5-
140 K forS2) and a high-temperature region where the plots
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127.

Figure 5. Thermomechanical traces for poly(ferrocenylenemethyphe-
nyllsilylene) (a) and its iodide complex (b). Load 0.1 MPa, heating rate 5
°C/min.

Figure 6. 57Fe Mössbauer spectra for the iodide complex of poly-
(ferrocenylenephenylmethylsilylene) at various temperatures.

Table 1. Mo1ssbauer Parameters for Fe(III)+ and Fe(II) Species in
Ferrocenium and Ferrocene Moieties of the Iodine Complex of
Poly(ferrocenylmethylphenylsilane) at Various Temperaturesa

temp,
K

Fe
species

δ, mm/s
((0.03)

∆EQ, mm/s
((0.03)

Γ, mm/s
((0.03)

5 Fe(III)+ 0.80 0.65
Fe(II) 0.75 2.30 0.28

30 Fe(III)+ 0.77 0.60
Fe(II) 0.75 2.30 0.29

100 Fe(III)+ 0.58 0.70
Fe(II) 0.53 2.29 0.37

190 Fe(III)+ 0.52 0.61
Fe(II) 0.50 2.27 0.26

300 Fe(III)+ 0.47 0.49
Fe(II) 0.45 2.27 0.24

a δ, relative to the peak forR-Fe;∆EQ, quadrupole splitting;Γ, line width.
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can be approximated by straight lines with different slopes.
The different temperature dependencies ofS1 andS2 mean
that the relative singlet spectral areaS2

R ) S2/(S1 + S2), which
can be used for estimating the ferrocenium unit content in
the iodine-doped polymer, changes with increasing temper-
ature. The temperature dependence ofS2

R is shown in Figure
8. At temperatures from 5 to 50 K the value ofS2

R is
practically constant and equal to∼0.25, and then, in the
temperature range 50-115 K, it increases to∼0.37 and
continues to grow slowly up to∼0.47 at 300 K. The variation
of S1, S2, andS2

R with temperature is an important observa-
tion and requires some detailed explanation.

For a fine absorber ofγ-rays the spectral areaS is

wherefs is the free recoil fraction of the source,na andσa

represent the number of resonant57Fe atoms and resonance
cross-section in the absorber, respectively, andfa ) exp(-
2W) is the Lamb-Mössbauer factor, which determines the
Mössbauer effect probability.17a,18In the Debye approxima-
tion

whereER stands for the recoil energy of the57Fe atom,ΘD

is the Debye temperature of the moieties containing Fe atoms,
andk is the Boltzmann constant. This approximation is valid
at temperatures sufficiently higher thanΘD.

In our analysis, we used the Debye approximation assum-
ing the ferrocenylene and ferrocenium moieties to be
segregated into two separate phases that do not affect one
another. This is a simplified structural model of the of iodine-
doped PFMPS, which is probably a very complex hetero-
geneous system where the oxidized and nonoxidized mono-
mer units can be distributed along the main chains in various
ways and aggregate into microdomains of different types
interacting with each other. However, to date no proper

theoretical description of such heterogeneous systems has
been developed.

According to eqs 1 and 2, the temperature variations of
S1 andS2 should inversely depend on the square of the Debye
temperatures of the ferrocenylene and ferricenium moieties,
ΘD1 andΘD2, respectively. As shown in Figure 7b the plots
of ln S1 and ln S2 vs T are not linear over the whole
temperature range, but their high-temperature sections be-
tween 190 and 300 K can be approximated by two straight
lines. Their respective slopes ofΘD1 ) 115 K andΘD2 )
122 K reflect, in principle, a somewhat stronger interaction
of the ferrocenium moieties with the iodine environment than
the ferrocene moieties. The gently sloping high-temperature
section of the S-shaped change ofS2

R with temperature,
Figure 8, is in line with the difference between the calculated
Debye temperatures.

At the same time, such a small difference betweenΘD1

andΘD2 cannot explain the steep upturn on the curve in the
low-temperature range from 80 to 140 K. Other factors
should determine this effect, including a particular pattern
of the temperature dependence of the Lamb-Mössbauer
factor fa, resulting in the approximately constant value ofS2

over the relatively wide temperature interval whileS1 is
markedly changing. It is difficult to specify the factors that
can cause this type of temperature dependence offa.

According to eq 1, another parameter that can control the
temperature dependence ofS1 and S2 is the number of
resonant57Fe(III) and57Fe(II) atoms. Thus, it seems possible
to relate the sharp change inS2

R with temperature to a
temperature-dependent change is the number of Fe(III)+ and
Fe(II) centers. This suggestion implies that upon heating and
cooling a certain fraction of Fe atoms can exhibit a reversible

(18) Chemical Application of Mo¨ssbauer Spectroscopy; Goldansky, V. I.,
Herber, R. H., Eds.; Academic Press: New York, London, 1968.

Figure 7. Normalized spectral areasS1 of ferrocene units (9) andS2 of
ferrocenium units (b) as functions of temperature. Inset: ln(S1, S2) as a
function of temperature.

S= fsnafaσa (1)

2W ) 6ERT/kΘD
2 (2)

Figure 8. Relative ferrocenium unit spectral areaS2
R ) [S2/(S1 + S2)] as

a function of temperature (a) and its Arrhenius plot (b).
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electron transition, Fe(II)S Fe(III), resulting in the corre-
sponding changes ofS2

R. A similar observation was sug-
gested in conjunction with variable-temperature studies on
mixed-valence poly(ferrocenylenedimethylvinylene) and co-
polymers of vinylferrocene with methylacrylate and with
butylacrylate.19

We suggest that the proposed electron transition is a
thermally activated electron hopping which can be described
to a first approximation by

whereS20
R presents the initialS2

R in the vicinity of 5 K,
∆Ea is the activation energy of electron hopping, andA is a
constant. An Arrhenius plot of ln(S2

R - S20
R) versus reciprocal

temperature, Figure 8b, gives two straight lines with the
slopes corresponding to activation energies of 4.7 kJ/mol
(0.043 eV) and∼0.7 kJ/mol in the temperature ranges 80-
120 and 120-300 K, respectively. The latter magnitude of
∆Ea is too small to be connected with any electron-hopping
process, and therefore, the observed slow increase ofS2

R at
elevated temperatures should mainly be attributed to the
different temperature dependence of the Lamb-Mössbauer
factor in eq 1 due to different Debye temperatures for
ferrocenylene and ferrocenium moieties. Note that the
estimated value of the electron-hopping activation energy is
of the same order of magnitude as the gap between the
valence and electron conductivity bands observed for semi-
conductors with a defect or impurity mechanism of conduc-
tivity. This fact can in principle explain the electroconduc-
tivity reported for various PFOSs doped with iodine.

Considering possible reasons for the Fe(II)S Fe(III)
transition, it is expedient to note the occurrence of a small
maximum in the temperature dependence of the spectral line
width Γ2 for 57Fe(III) atoms. As shown in Figure 9, this
maximum is centered at about 130 K and starts in the
temperature region where the electron transition begins. Since
the iodine polymer complex is of a trapped mixed-valence
type on the Mo¨ssbauer time scale, the appearance of theΓ2

maximum can apparently be explained by a structural

rearrangement in the iodine environment about the57Fe(III)
species. This rearrangement seems to underlie the observed
increase of quadrupole splitting∆EQ2 from ∼0.2 mm s-1 at
77 K to 0.3 mm s-1 at 130 K due to an increase in the crystal
field gradient on the57Fe nuclei. Thus, the structural
rearrangement facilitates the electron-hopping Fe(II)f Fe-
(III), resulting in the extra ferrocenium units in the iodine-
doped macromolecules.

Complex Structure. It is not possible to depict in detail
the structure of the iodide polymer salt nor the precise nature
of the structural rearrangement proposed. However, a simpli-
fied model can be suggested on the basis of the above
considerations. As noted in the preceding section, the iodine-
doped macromolecules do not have the uniform structure of
alternating ferrocenylene and ferrocenium moieties with the
simplest [I3]- counteranion despite the quantifiable presence
of 1.5 iodine atoms for each repeat unit. The Mo¨ssbauer
measurements showed that in the vicinity of 5 K only about
one-quarter of the iron atoms are oxidized; i.e., on average
there are six iodine atoms per ferrocenium unit. Therefore,
in the low-temperature region, the environment about each
ferrocenium moiety consists of an I3

- anion associated with
additional iodine atoms, thereby forming the polyiodide
species similar to those reported for the well-known iodide
complexes of low molecular weight organic compounds.11

Above 50 K the fraction of Fe(III)+ species increases due to
the electron transition to a value of about 0.4 in the vicinity
of 120 K. This value corresponds on average to∼4 iodine
atoms per ferrocenium unit (or more specifically both an I3

-

and an I5- anion per pair of ferrocenium units). The
coexistence of I3

- and I5- anions in the iodine-doped polymer
at room temperature is evidenced by the Raman spectra
(Figure 2) discussed above. Thus, with increasing temper-
ature iodine atoms from polyanions I3

-‚nI2 must be involved
in the oxidation of extra ferrocenylene units with concurrent
formation of the corresponding additional amount of I3

- ions.
To visualize how this process might proceed, it is necessary
to have an idea of how the ferrocenium units distribute along
the macromolecule.

Two types of distribution can be proposed. The first
involves a random distribution of ferrocenium units, i.e., an
average structure of all polycation molecules. The second is
a nonuniform multiblock structure of each polycation
macromolecule, consisting of blocks of oxidized repeat units
and sequences of nonoxidized ferrocenylene moieties. The
different Debye temperaturesΘD1 andΘD2 for ferrocenylene
and ferrocenium moieties suggest the second heterogeneous
structure of the iodide polymer complex, where the ferro-
cenylene and ferrocenium sequences can be aggregated into
separated microdomains/clusters. However, our SAXS study
has revealed no proper periodicity in the doped polymer,
and hence, such microdomains are expected to have a very
wide size distribution and diffusive interfaces.

Specifying the location of ferrocenium units within the
oxidized sequences of the PFOS polymers is difficult. It is
possible to assume that, upon doping, uncontrolled oxidation
results in the formation of heterogeneous multiblock units,
mainly due to strong adsorption of iodine from the solution
into units of partially oxidized blocks with alternating

(19) (a) Wagener, W.; Hillberg, M.; Feyerherm, R.; Stieler, W.; Litterst,
F. J.; Pohlmann, Th.; Nuyken, O.J. Phys.: Condens. Matter1994, 6,
L391. (b) Hillberg, M.; Stieler, W.; Litterst, F. J.; Bukhardt, V.;
Nuyken, O.Hyperfine Intreract.1994, 88, 137.

Figure 9. Line width of ferrocenium singletΓ2 in 57Fe Mössbauer spectra
as a function of temperature.
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ferrocenylene and ferrocenium moieties. This leads in turn
to the occurrence of a second stage of oxidation, yielding
the all-ferrocenium blocks. Such a structure of the oxidized
blocks is expected to exist at elevated temperatures and to
be retained upon cooling to the temperature range where the
electron transition occurs. Such a conclusion is in accord
with an earlier report that oxidation of some low molecular
weight compounds and polymers containing ferrocenyl
moieties with substoichiometric amounts of 2,3-dichloro-5,6-
dicyanoquinone led to oxidized products with unexpectedly
high Fe(III):Fe(II) ratios.20

The electron transition at 140-80 K proceeds as an
electron transfer from [I3]- anions to Fe(III)+ species, which
is accompanied by a release of iodine atoms and the
formation of larger [I3]-‚nI2 counterions to neighboring
ferrocenium moieties. In the course of this transition most
of the all-ferrocenium sequences transform into sequences
with alternating ferrocenylene and ferrocenium moieties, and
consequently, the total amount of the ferrocenylene repeat
units increases. Schematically this process can be presented
as

The driving force of this process should be determined
by differences in the free energies between the two types of

oxidized blocks and between the I3
- and I3-‚nI2 counteran-

ions. Conversely, upon heating from liquid helium temper-
ature the electron transition leads to the reverse electron
hopping and the reestablishment of the all-ferrocenium
sequences. As suggested above, the electron transition is
connected with a certain structural transition in the doped
MePh-PFOS. As the latter occurs at very low temperatures
it is unlikely that it is due to large spatial rearrangements in
the environment about the ferrocenium moieties. Rather, it
could be associated with a specific temperature dependence
of anharmonic vibrational modes in the iodide macromo-
lecular complex. In this respect, it is pertinent to relate this
transition to the “valence delocalization”, i.e., a transition
from the localized electronic structure to the completely
delocalized one. Such structures have been observed in some
crystalline biferrocenium salts that occur due to the onset of
anion vibrational motions, resulting in the triiodide ions
interconverting between two configurations IA

-‚‚‚IB-IC and
IA-IB‚‚‚IC

-).2d-g In our case, a more dramatic structural
change involving the larger [I3]-‚nI2 anions in the amorphous
iodide complex seems to lead to more dramatic changes in
their structure which result in the complete electron transfer
and the transformation illustrated in the above scheme.
Further investigation using low-temperature Raman/129I
Mössbauer spectroscopy is needed for verification of the
above conclusions.
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