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Structural and thermal characteristics of an amorphous iodine complex of a ferrocenylenesilylene
polymer, [=(CsHa)Fe(GH,)Si(CHs)(CsHs)+(11.5)—1n, have been measured usitife Méssbauer, IR and
Raman spectroscopy, X-ray diffraction, and thermomechanical analysis. The iodine-doped macromolecules
are mixed-valence salts with a localized electron structure of’BeeMtssbauer 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 singfeand polyiodide [4] -nl, species. Mesbauer data, collected
in the range 5300 K, are interpreted in terms of the temperature dependence of the-lMi¥sbauer
factor and reversible electron transfer with an activation energy of 4.7 kd/mol. The transformations of
[13]~ + I clusters to 4~ are proposed to accompany Fe{iBe(lll) oxidation.

Introduction poly(ferrocenylenesilylenes) (PFOSs), whose main chains
(fonsist of alternating ferrocenylene and organosilylene
units: [—(CsHa)Fe(GH4)SiR—]n, R = various alkyl or aryl
groups? Such high molecular weight PFOSs can be obtained
by thermal, transition-metal-catalyzed, or anionic ring-
opening polymerization of the corresponding [1]-silylene-
ferrocenophane=®

Cyclic voltammetric analysis of PFG5%627 shows two
reversible oxidation waves similar to those reported earlier
for diferrocenylacetylen&Furthermore, the triiodide salt of

Considerable research attention has been focused o
mixed-valence complexes due to their electrical and magnetic
properties and the importance of mixed-valence biological
systems. 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 catichRecent advances in the synthesis .
of organometallic polymers containing metallocene moieties th? lattter compc_)und gave an exampl_e Of_ electron transfer in
in the main polymer chain, or as pendant groups, offer the mxed-valence ion8.The two-step OX|dat_|on O.f PFOS was
prospect of producing novel types of smart materials which interpreted to be a result of the sequential oxidation of each
combine SpeCiﬁC properties of low molecular Weight mixed- (3) (a) Inorganic and Organometallic Polymers; IWisian-Nielson, P.,
valence compounds with the various useful mechanical Alicock, H. R., Wynne, K. J., Eds.; ACS Symposium Series 572;

ot i e American Chemical Society: Washington, DC, 1994. {@gtal
CharaCte”Stl.CS .and. process_lng advantages of polyffﬁ Containing Polymer SystemSheets, J. E., Carraher, C. E., Pittman,
have a continuing interest in one type of such polymers, the C. U., Eds.; Plenum: New York, 1985. (c) Nishihara, H. Organome-

tallic Conductive Polymers. IrHandbook of Organic Conduce

t The University of Texas at El Paso. Molecules and Polymers.2. Conduei Polymers: Synthesis and
* Institute of Chemical Physics, Russian Academy of Sciences. Electrical Properties Nalwa, H. S., Ed.; John Wiley & Sons: New
§ Institute of Organoelement Compounds, Russian Academy of Sciences. York, 1997; p 799.

(1) (a)Mixed-Valence Compounds, Theory and Applications in Chemistry, (4) (a) Cowan, D. O.; Park, J.; Pittman, C. U., Jr.; Sasaki, Y.; Mukherjee,
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1. (c)Mixed Valency Systems, Applications in Chemistry, Physics and J. Am. Chem. S0d.978 100, 3222. (d) Daum, P.; Murray, R. W.
Biology, Prassides, K., Ed.; Kluwer Academic Publishers: Dordecht, Chem. Phys1981, 85, 389. (e) Brandt, P. F.; Rauchfuss, T.BAm.
The Netherlands, 1991. Chem. Socl1992 114 1926. (f) Rudzinski, W. E.; Walker, M;
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of two neighbor iron atoms alternating along the main chain. ~ Synthesis of an lodine+ MePh-PFOS Complex Samples of
Thus, oxidized PFOS macromolecules can in principle exist the iodine complex were prepared by rapid mixing of a 1.5 wt %
both as polycations bearing the positive charge on every ironbenzene solution of MePh-PFOS with a 1.5 wt % solutionzof |
center and as mixed-valence polycations with alternating With vigorous stirring (molar ratiolrepeat unit= 1:1). Upon
ferrocenylene and ferrocenium units along the backbone, MiXing, a very viscous liquid phase of an iodine complex separated

thereby affecting the optoelectrical and other properties of O™ the solution, which gradually precipitated. The reaction
the oxidized polymer. mixture was allowed to settle for several days to achieve a more

lodine-doped thin PFOS films were reported to exhibit complete phase separation. The upper benzene layer was decanted,

L - . and after additional washing with benzene the complex was first
electroconductivity at a level of semiconductéitdike a dried in air and subsequently in a vacuum at-80 °C. The dried

variety O_f iOdinf'dODEd orggnic polymers containing ferro- yesijue was mildly ground to produce a powder whose smallest
cenyl units***2PThese materials can be related to so-called particles observed under a microscope had a dark brown color.

conductive low-dimensional halogenated systems whoseElemental analysis of the dried complex: C, 42.0; H, 3.50; Fe,
electrical properties are controlled by the level of oxidation 12.4; I, 38.6.

and by the type of [I}-nl; anions formed and their mutual Thermomechanical analysis (TMA) was carried out using a UIP-
packing!! A linear ferrocenylenedimethylsilylene oligomer 70M (USSR) thermomechanical analyzer permitting measurement
containing seven repeat units was readily oxidized i | of the strain with an accuracy of 0.001 mm. MePh-PFOS and its
yield a crystalline complex with alternating #eand Fé* iodine complex samples of about 1 mm thick (powders compressed
centers, with concurrent formation af lanions? Similarly, 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
MesSiCsHa) Fe], contains 4~ species as counteraniots, was 2.52 mm. Thermomechanical traces (penetration of the indentor

However, contrary to these crysta_llme IOW molecular weight vs temperature) were recorded at a heating rate°@/Bin under
_cor_nplexes, we _reported that sem_lcrystallme and amorphqusdead load (0.1 MPa).
iodine-doped ,h'gh molecular ,We,'ght pply(ferrocenylenesr Thermogravimetric analysis (TGA) was performed on a UVDT-
lylenes) contained higher polyiodide anions, e . ds we.II 500 (USSR) thermogravimetric analyzer in a vacuumx<(20-3
as [k]".'° Furthermore, we proposed that these higher Torr) and in an atmosphere of argon at a heating rate @/in
polyiodide anions are formed in amorphous regions of the ysing samples of 0:80.9 mg by weight. X-ray diffractograms were
polymers and also demonstrated that the transformation oftaken on a DRON-3 (Russia) diffractometer in reflection mode with
[Is]= — [Is]~ (Iz37I5) significantly affected the polymer the use of nickel-filtered Cu & radiation. Raman spectra were
conductivity. recorded with a Ramanor HG-2S laser spectrometer using the 514.5

Given these results, insight into the structure of the M line from an ILA-120 argon laser. IR spectra were recorded by
oxidized moieties in iodide PFOS complexes in different Meéans of an IR Specord 82. Mgbauer measurements were
phase states is of special interest. We now describe Somé)erformezdsc?)n a conventional Mebauer spectrometer with a 1.13
structural and thermal characteristics of an amorphousGBq cnr® #Co (Rh) source m?'”t?'“ed at room temperature. The
o . absorber temperature was varied in the rang8@ K by means
iodine complex of poly(ferrocenylenemethylphenylsilylene), . .

. . of an Oxford Instrument cryostat. Isomer shifts are reported relative

[_(C5H4)Fe,(c5H4)S'(CHG)(CGHE’)_]"' (MePh-PFOS]), With 45 the peak fom-Fe at room temperature.
an emphasis on the valence state of the iron atoms as revealeé)
by means of’Fe Mtssbauer spectroscopy in the temperature
range 5-300 K.

the iodide complex of 1,3bis(trimethylsilyl)ferrocene, |{>-

Result and Discussion

) ) General Characterization of lodide Polymer Salt.The
Experimental Section two-step electrochemical oxidation of PFOS initially leading

Materials. MePh-PFOS was prepared as previously repditéd;  to the more thermodynamically stable alternating ferroce-
GPC analysis of the specific sample in THF indicatkgd= 295000 nylene and ferrocenium polymer backb&heta’ suggests
andM, = 100500 (referenced to a polystyrene calibration curve). that one could expect the formation of such a structure under
controlled mild conditions of oxidation of PFOS with. |

(6) (a) Foucher, D. A,; Tang, B.-Z.; Manners, I.J. Am. Chem. Soc Treatment of il lution of MePh-PF with mall
1992 114, 6246. (b) Rulkens, R.; Ni, Y.; Manners,J. Am. Chem. eatment of a dilute solut 0. orvie OS with a s a
Soc 1994 116, 12121. (c) Rulkens, R.; Lough, J. K.: MannersJJ. excess of 4 led to a material whose elemental analysis

ﬁmMChem. SIOI\(/I1994 11|6FZ97_.d(g) Ni, YagRnglklegség;(P)ugelski,J- exhibited ~39 wt % iodine, which corresponds to the

., Manners, | Macromol. Rapi ommu ) . (e omez- “ ” H

Elipe, P.; Macdonald, J.; Manners, |.Angew. Chem., Int. Ed. Engl expected 1'5_ | atoms per _monomer re_p(_aat unit. The IR
1997, 36, 762. spectrum of this complex, Figure 1, exhibits bands at 833

(7) Rulkens, R.; Lough, A. J.; Manners, |.; Lovelace, S. R.; Grant, C; and 862 cm! of almost equa| intensities that can be

Geiger, W. EJ. Am. Chem. Sod 996 118 12683. . . .
(8) LeVanda, C.; Cowan, D. O.: Leitch, C.; Bechgaard,JKAm. Chem. associated with an out-of-plane CH bending in ferrocenylene

© iOC 1974J 92 6;886_ cson D. N Chem.1980 19, 3330 and ferrocenium moieties, respectivéfy.However, its
ramer, J. A.; Aendrickson, D. Nnorg. em. A . . .
(10) (a) Tanaka, M.; Hayashi,. Bull. Chem. Soc. Jpri993 66, 334. (b) Raman spectrum, Figure 2, exhibits two bands at 109'cm

Manners, |.Adv. Organomet. Cherm995 16, 637. (c) Rulkens, R.;  ([I3]7)***2and ~170 cm? ([I5]7).1113 Thus, less than half
Resendes, R.; Manners, |.; Murti, K.; Fossum, E.; Miller, P.;

Matyjaszewski, KMacromoleculed997, 30, 8165. (d) Bakueva, L.;

Sargent, E. H.; Resendes, R.; Bartole, A.; Manner$jdter. Sci.: (12) (a) Teitebaum, R. C.; Ruby, S. L.; Marks, T.JJ.Am. Chem. Soc.
Mater. Electron2001, 12, 21. (e) Espada, L.; Shadaram, M.; Pannell, 198Q 102 3322. (b) Deplano, P.; Devillanova, F. A.; Ferraro, J. R,;
K. H.; Papkov, V. S.; Leites, L. A.; Bukalov, S. S.; Tanaka, M.; Isaia, F.; Lippolis, V.; Mercuri, M. LAppl. Spectroscl992 46, 1625.
Hayashi, T.Organometallic2002 21, 3758. (c) Nour, E. M.; Shahada, LSpectrochim. Actd989 45A 1033.

(11) Marks, T. J.; Kalina, D. W. irfExtended Linear Chain Compounds (13) (a) Parrett, F. W.; Taylor, N. J. Inorg. Nucl. Chem1969 32, 2458.
Miller, J. S., Ed.; Plenum: New York, 1982; pp 1 and 197. (b) Milne, J.Spectrochim. Actd992 48A 533.
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Figure 1. IR spectrum of iodine-doped poly(ferrocenylenemethylphe- ) | ) | ) !
nylsilylene). 10 20 30

?-i Figure 4. X-ray diffractograms for poly(ferrocenylenemethylphenylsilylene)
;8;1 (a) and its iodide complex (b). Nickel-filtered Cwadiation,A = 0.1542
nm.

the L elimination. In the first stage removal ot lis
accompanied initially by only a decrease in intensity of the
170 cm? band in the Raman spectra, while the IR spectra
in the region 806-900 cn1?! remain practically unchanged.
This is similar to the behavior observed upon extended
pumping of iodine-doped films of MePh-PFG%.Upon
further heating the intensity of the 862 chband in the IR
spectra also diminished, indicating a gradual decrease in the
. . . . . content of [k]~ followed by a similar decrease in the]t

100 200 300 400 500 v, cm content with rising temperature. Significant destruction of

Figure 2. Raman spectrum of iodine-doped poly(ferrocenylenemethylphe- the remaining partially oxidized macromolecules begins at

nylsilylene). ~220°C, i.e., about 110C lower than that of the neat MePh-

0,0 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 2 = 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

Temperature, °C by a strong absorption of X-rays by heavy iodine atoms and
Figure 3. TGA curves for poly(ferrocenylenemethylphenylsilylene) (a) and the absence of a short-distance periodicity in the electron
its iodi(.ie complex (b) taken in a vacuum (£0Torr) at a heating rate of density in the regions containing poniodide anions. Fur-
5 °C/min. 2

thermore, no periodicity on a scaleup to 100 nm was found

of the ferrocenylene moieties were oxidized, and the expectedin the complex using small-angle X-ray scattering.
uniform structure with alternating ferrocenylene and ferro-  The iodide polymer complex, which was initially separated
cenium moieties could not be possible. from a benzene solution as a very viscous phase (see the

Formation of the polyiodide anions higher thag | i.e., Experimental Section), failed to swell in benzene after drying.
[15]7*nl,, is also evidenced by the fact that25% of the Nevertheless, it could soften and then flow upon heating as
iodine atoms in this complex can be removed by exposure noted from the TMA trace shown in Figure 5. The glass
to high vacuum. After this loss of iodine the stability of the transition (softening) temperature of the complex determined
resulting complex was studied by TGA measurements carriedas a penetration onset temperaturé@ °C) proved to be
out in a vacuum and under an atmosphere of argon, Figurelower than that for the pristine polymer0 °C). This seems
3. Both conditions produced the same data, suggesting thato be a counterintuitive and surprising observation since the
the weight loss is not controlled by diffusion. The TGA curve formation of ionic links between ferrocenium units and iodide
reflects a three-stage loss of weight upon heating in which counteranions is expected to confer a higher rigidity upon
both the first and second stages are mainly connected withthe macromolecule salts. However, it can be noted that the
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Figure 5. Thermomechanical traces for poly(ferrocenylenemethyphe-
nyllsilylene) (a) and its iodide complex (b). Load 0.1 MPa, heating rate 5
°C/min.
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Figure 6. 5Fe Musssbauer spectra for the iodide complex of poly-
(ferrocenylenephenylmethylsilylene) at various temperatures.

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—atomic moment of F& 17

tion. Another reason could be scission of the original

macromolecules due to destructive side reactions upon

oxidizing of ferrocenylene units by.|
5’Fe Mutssbauer Spectra Figure 6 shows the evolution

of 5"Fe Messbauer 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 shiftsd; and d,, quadrupole splittingAEq;, line
widthsT'; andT',, respectively) at various temperatures are
given in Table 1. Mesbauer spectral variations with tem-
perature are reversible, and the 88bauer 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.

Chem. Mater., Vol. 17, No. 7, 200847

Table 1. Mdssbauer Parameters for Fe(lll)" and Fe(ll) Species in
Ferrocenium and Ferrocene Moieties of the lodine Complex of
Poly(ferrocenylmethylphenylsilane) at Various Temperature3

temp, Fe 0, mm/s AEg, mm/s I, mm/s
K species (+0.03) (+0.03) (+0.03)
5 Fe(lin* 0.80 0.65

Fe(Il) 0.75 2.30 0.28

30 Fe(lllyr 0.77 0.60
Fe(ll) 0.75 2.30 0.29

100 Fe(lly" 0.58 0.70
Fe(Il) 0.53 2.29 0.37

190 Fe(lly" 0.52 0.61
Fe(Il) 0.50 2.27 0.26

300 Fe(lly 0.47 0.49
Fe(ll) 0.45 2.27 0.24

a9, relative to the peak fan-Fe; AEg, quadrupole splittingF’, line width.

bromide?® triidodide salts of ferrocenium, and dioxidized
cation exgexo1,12-dimethyl[1.1]ferrocenophaniufh The
parameters are similar to those from earlier analyses of
mixed-oxidation state ferrocenyl-containing polym&érghus,

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 Hee
Mossbauer time scale; i.e., the rate of intramolecular electron
transfer is less than-10’ st 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 behaviot.

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 splittingq, (~0.2,

0.3, and 0.15 mm$ 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(lll)
spin with a rate greater than ®0s™!. Such a fast spin
relaxation is apparently generated by spapin relaxation,
which becomes possible due to a rather short distance
between neighboring iron atoms in the polymer main chain
(~6.9 A), and also by a fast spirlattice relaxation, which
proceeds owing to a large orbital moment input in the total

The temperature dependencies of the normalized doublet
and singlet area§ andS,, 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 S and over~5—

140 K for &) and a high-temperature region where the plots

(14) Herber, R. H.; Kingston, W. R.; Wertheim, G. Korg. Chem 1963
2, 153.

(15) (a) Wertheim, G. K.; Herber, R. H. Chem. Phys1963 38, 2106.

(b) Lesikar, A. V.J. Chem. Physl964 40, 2746.

(16) (a) Pittman, C. U., Jr.; Lai, J. C.; Vanderpool, D. P.; Good, M.; Prados,
R. Macromoleculedl97Q 3, 746. (b) Pittman, C. U., Jr,; Lai, J. C,;
Vanderpool, D. P.; Good, M.; Prados, R. Rolymer Characteriza-
tion: Interdisciplinary ApproachesCarver, C. D., Ed.; Plenum
Press: New York, 1971; p 97.

The evaluated doublet and singlet parameters are in(17) (a) Suzdalev, I. FDynamic effects in gamma-resonance spectroscopy

agreement with those reported for Fe(ll) atoms in ferrocene

and its derivative$? and for Fe(lll)" cation in ferrocenium

Atomizdat: Moscow, 1979. (b) Suzdalev, I. P.; Kurinov, I. V,;
Tsymbal, E. Yu.; Matveev, V. VJ. Phys. Chem. Solid§994 55,
127.
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Figure 7. Normalized spectral are&y of ferrocene unitsM) and S; of
ferrocenium units @) as functions of temperature. Inset: $(S) as a o
function of temperature. me2s
I
. . . . . mel
can be approximated by straight lines with different slopes. & 3|
The different temperature dependenciesSpndS; mean = o
that the relative singlet spectral ai®8 = S/(S, + $), which 35|
can be used for estimating the ferrocenium unit content in
the iodine-doped polymer, changes with increasing temper- 4] _— - -
. . | | 015
ature. The temperature dependenc&Biis shown in Figure TG0
8. At temperatures from 5 to 50 K the value 8f is Figure 8. Relative ferrocenium unit spectral ar6& = [S/(S + S)] as

practically constant and equal t00.25, and then, in the a function of temperature (a) and its Arrhenius plot (b).
temperature range 515 K, it increases to~0.37 and
continues to grow slowly up t6-0.47 at 300 K. The variation
of S, S, andSR® with temperature is an important observa-
tion and requires some detailed explanation.

For a fine absorber of-rays the spectral are@is

theoretical description of such heterogeneous systems has
been developed.

According to egs 1 and 2, the temperature variations of
S and$; should inversely depend on the square of the Debye
temperatures of the ferrocenylene and ferricenium moieties,
S=fnfo, 1) Op1 andBpy, respectively. As shovv_n in Figure 7b the plots
of In § and InS vs T are not linear over the whole
temperature range, but their high-temperature sections be-

represent the number of resonéfite atoms and resonance Ween 190 and 300 K can be approximated by two straight

cross-section in the absorber, respectively, fard exp( lines. Their respective slopes Gip; = 115 K and®p; =

2W) is the Lamb-Méssbauer factor, which determines the 122 K reflect, in principle, a somewhat stronger interaction
Méssbauer effect probabili#f218In the Debye approxima- of the ferrocenium moieties with the iodine environment than

tion the ferrocene moieties. The gently sloping high-temperature
section of the S-shaped change $Ff with temperature,
oW = 6ERT/k®D2 @) Figure 8, is in line with the difference between the calculated
Debye temperatures.

At the same time, such a small difference betwéen
and®p; 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

In our analysis, we used the Debye approximation assum-©' the temperature dependence of the Larbssbauer
ing the ferrocenylene and ferrocenium moieties to be 'aCtorfa resulting in the approximately constant valueSpf
segregated into two separate phases that do not affect oné)ve:(tgle rer:atlvgly V:"qe dt_(:fmp?rature |r_1ter\r/]al fWh@ 'Sh
another. This is a simplified structural model of the of iodine- MarKkedly ¢ r?_nglng. tf's itficult to szecn‘y(tj edactofrst at
doped PFMPS, which is probably a very complex hetero- ¢a0 cause this type of temperature dependendg o
geneous system where the oxidized and nonoxidized mono- According to eq 1, another parameter that can control the
mer units can be distributed along the main chains in various ‘MPerature depen<517ence 8f and S is the number of
ways and aggregate into microdomains of different types resonant’Fe(lll) and5Fe(ll) atoms. Thus, it seems possible

o
interacting with each other. However, to date no proper [©© '€late the sharp change B with temperature to a
temperature-dependent change is the number of Fediijl

(18) Chemical Application of Mesbauer Spectroscop@oldansky, V. I., Fe(l!) centers. _This 599933“0” implies that up_o_n heating _and
Herber, R. H., Eds.; Academic Press: New York, London, 1968.  cooling a certain fraction of Fe atoms can exhibit a reversible

wherefs is the free recoil fraction of the source, and o,

whereEg stands for the recoil energy of thée atom,0p

is the Debye temperature of the moieties containing Fe atoms
andk is the Boltzmann constant. This approximation is valid
at temperatures sufficiently higher thém.
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1 rearrangement in the iodine environment aboutttRe(lll)

0s | . species. This rearrangement seems to underlie the observed
08 | ] increase of quadrupole splittingEq, from ~0.2 mm s at
07 | o ©° 4 ] 77 Kto 0.3 mm st at 130 K due to an increase in the crystal

fg 06 ‘i, © 2 o9° ° o o ] field gradient on the®Fe nuclei. Thus, the structural

E s | ) rearrangement facilitates the electron-hopping Fefllre-

(1), resulting in the extra ferrocenium units in the iodine-
doped macromolecules.

Complex Structure. It is not possible to depict in detalil
the structure of the iodide polymer salt nor the precise nature
of the structural rearrangement proposed. However, a simpli-
50 100 1:3() 200 20 300 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
electron transition, Fe(I~ Fe(lll), resulting in the corre-  simplest [k]~ counteranion despite the quantifiable presence
sponding changes d&R. A similar observation was sug- of 1.5 iodine atoms for each repeat unit. The ddbauer
gested in conjunction with variable-temperature studies on measurements showed that in the vicinifysd only about
mixed-valence poly(ferrocenylenedimethylvinylene) and co- one-quarter of the iron atoms are oxidized; i.e., on average
polymers of vinylferrocene with methylacrylate and with there are six iodine atoms per ferrocenium unit. Therefore,
butylacrylate'® in the low-temperature region, the environment about each

We suggest that the proposed electron transition is aferrocenium moiety consists of agr lanion associated with
thermally activated electron hopping which can be described additional iodine atoms, thereby forming the polyiodide

04 |
03 |
0z |

01

0

Figure 9. Line width of ferrocenium singlef; in 5’Fe Mossbauer spectra
as a function of temperature.

to a first approximation by species similar to those reported for the well-known iodide
complexes of low molecular weight organic compoufids.
St =5, + Aexp(AE/KT) (3) Above 50 K the fraction of Fe(lIl) 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-t# iodine
atoms per ferrocenium unit (or more specifically both an |

constant. An Arrhenius plot of I6% ~ Si¢f) versus reciprocal  @nd an 4~ anion per pair of ferrocenium units). The
temperature, Figure 8b, gives two straight lines with the CO€Xistence ol and b~ anions in the iodine-doped polymer

slopes corresponding to activation energies of 4.7 kJ/mol & room temperature is evidenced by the Raman spectra

(0.043 eV) and~0.7 kJ/mol in the temperature ranges-80 (Figur_e 2_) discussed above. Thus, with increa;ing temper-
120 and 126-300 K, respectively. The latter magnitude of ature iodine atoms from polyanions inl, must be involved
AE, is too small to be connected with any electron-hopping N the (_)deatlon of extra ferr_ocenyle_r_le units with co_ncurrent
process, and therefore, the observed slow increaS& aft form_atlon_ of the corr_espondlng a(_jd|t|onal amogn_tgoflbns.
elevated temperatures should mainly be attributed to the T0 visualize how this process might proceed, it is necessary
different temperature dependence of the Larbssbauer to have an idea of how the ferrocenium units distribute along
factor in eq 1 due to different Debye temperatures for the macromolecule.
ferrocenylene and ferrocenium moieties. Note that the Two types of distribution can be proposed. The first
estimated value of the electron-hopping activation energy is involves a random distribution of ferrocenium units, i.e., an
of the same order of magnitude as the gap between theaverage structure of all polycation molecules. The second is
valence and electron conductivity bands observed for semi-a2 nonuniform multiblock structure of each polycation
conductors with a defect or impurity mechanism of conduc- macromolecule, consisting of blocks of oxidized repeat units
tivity. This fact can in principle explain the electroconduc- and sequences of nonoxidized ferrocenylene moieties. The
tivity reported for various PFOSs doped with iodine. different Debye temperaturé€3p; and®p for ferrocenylene
Considering possible reasons for the Fe@) Fe(lll) and ferrocenium moieties suggest the second heterogeneous
transition, it is expedient to note the occurrence of a small structure of the iodide polymer complex, where the ferro-
maximum in the temperature dependence of the spectral linecenylene and ferrocenium sequences can be aggregated into
width T, for 57Fe(lll) atoms. As shown in Figure 9, this Separated microdomains/clusters. However, our SAXS study
maximum is centered at about 130 K and starts in the has revealed no proper periodicity in the doped polymer,
temperature region where the electron transition begins. Sinceand hence, such microdomains are expected to have a very
the iodine polymer complex is of a trapped mixed-valence wide size distribution and diffusive interfaces.
type on the Masbauer time scale, the appearance ofithe Specifying the location of ferrocenium units within the
maximum can apparently be explained by a structural oxidized sequences of the PFOS polymers is difficult. It is
possible to assume that, upon doping, uncontrolled oxidation
(19) (a) Wagener, W.; Hillberg, M.; Feyerherm, R.; Stieler, W.; Litterst, results in the formation of heterogeneous multiblock units,
F.J.; Pohimann, Th., Nuyken, Q. Phys.. Condens. Matdi994 6, mainly due to strong adsorption of iodine from the solution

L391. (b) Hillberg, M.; Stieler, W.; Litterst, F. J.; Bukhardt, V.; : - ) e . .
Nuyken, O.Hyperfine Intreract.1994 88, 137. into units of partially oxidized blocks with alternating

where SR presents the initia&R in the vicinity of 5 K,
AE, is the activation energy of electron hopping, & a
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ferrocenylene and ferrocenium moieties. This leads in turn oxidized blocks and between thg land k™ +nl, counteran-
to the occurrence of a second stage of oxidation, yielding ions. Conversely, upon heating from liquid helium temper-
the all-ferrocenium blocks. Such a structure of the oxidized ature the electron transition leads to the reverse electron
blocks is expected to exist at elevated temperatures and tchopping and the reestablishment of the all-ferrocenium
be retained upon cooling to the temperature range where thesequences. As suggested above, the electron transition is
electron transition occurs. Such a conclusion is in accord connected with a certain structural transition in the doped
with an earlier report that oxidation of some low molecular MePh-PFOS. As the latter occurs at very low temperatures
weight compounds and polymers containing ferrocenyl it is unlikely that it is due to large spatial rearrangements in
moieties with substoichiometric amounts of 2,3-dichloro-5,6- the environment about the ferrocenium moieties. Rather, it
dicyanoquinone led to oxidized products with unexpectedly could be associated with a specific temperature dependence
high Fe(lll):Fe(ll) ratios® of anharmonic vibrational modes in the iodide macromo-
The electron transition at 140 K proceeds as an lecular complex. In this respect, it is pertinent to relate this
electron transfer from §]~ anions to Fe(lllj species, which  transition to the “valence delocalization”, i.e., a transition
is accompanied by a release of iodine atoms and thefrom the localized electronic structure to the completely
formation of larger [§ -nl, counterions to neighboring delocalized one. Such structures have been observed in some
ferrocenium moieties. In the course of this transition most crystalline biferrocenium salts that occur due to the onset of
of the all-ferrocenium sequences transform into sequencesanion vibrational motions, resulting in the triiodide ions
with alternating ferrocenylene and ferrocenium moieties, and interconverting between two configurationsi:-lg—Ic and
consequently, the total amount of the ferrocenylene repeatia—lg*+*1c7).249 In our case, a more dramatic structural
units increases. Schematically this process can be presentedhange involving the largerdl -nl, anions in the amorphous

as iodide complex seems to lead to more dramatic changes in
their structure which result in the complete electron transfer
elevated temperatures  -Fc¢*-SiPhMe-Fc*-S iPhMe-Fc'-SiPhMe-Fc*-SiPhMe- and the transformation illustrated in the above scheme.
1] [1s] [ (1] Further investigation using low-temperature Rartdn/
Mdssbauer spectroscopy is needed for verification of the
T above conclusions.
low temperatures -Fc¢*-SiPhMe-Fc-S iPhMe-Fc-SiPhMe-Fc-SiPhMe-
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