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SYNTHETIC METALS: APPLICATIONS OF THE
MOSSBAUER EFFECT AND OTHER METHODS

G. WORTMANN

Institut fir Atom- und Festkorperphysik
Freie Universitdt Berlin, D-1000 Berlin 33, Germany

A review is given about the current activities in the field of the "synthetic metals". This
nomenclature is used for materials which consist basically of non-metallic components, but
reach metallic conductivities by doping or intercalation reactions with additional
components acting as donors or acceptors. Typical examples are conducting polymers like
doped polyacetylene or graphite intercalation compounds, The contributions of Mdssbauer
studies in understanding the electronic, magnetic, and structural properties of such systems
are outlined. Comparison with other spectroscopic methods is given in selected cases.

1. INTRODUCTION

¢l materials with adjustable properties are the subject
f these materials are named "synthetic metals”, since
they are basically built up from organic, and not metallic components, Their common property is an
electric conductivity comparable with that of normal metals. The activities in this field started by the
investigation of the surprising transport properties in some graphite intercalation comppunds /1-3/
and doped polyacetylene /4-7/. Nowadays, the term "synthetic metals” is used for a wider class of
materials, including the organic superconductors, the transition metal dichalcogemdcs anq
one-dimensional systems with spin and charge density waves. The scope of sypthgt{c ‘me!als is
outlined in the editorial of a journal using this nomenclature as its name /8/. The sc:e_ntnf:c interest is
based, on the one hand, on possible applications of these materials, €.g. as a substitute for normal
metals, in batteries and accumulators, as solar cells, as catalysists or in other fields /1,9/. On the
other hand, basic research is stimulated by a variety of unusual properties of these systems, based in
part on the reduced dimensionality of these materials; Conducting polymers are bancally
one-dimensional (1D) systems with strong impacts on the transport properties, which are theoretically
described by solitons or polarons /10,4-7/. Intercalation compounds are two-dimensional (2D) S_YSICTS
exhibiting strongly anisotropic behavior in conductivity, magnetism and supraconductivity. In
addition, the 2D intercalated fayers may exhibit unusual structural phase transitions /1-3/.
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This review will concentrate on two ¢l

2. STRUCTURAL AND ELECTRONIC PROPERTIES OF GRAPHITE INTERCALATION

COMPOUNDS AND CONDUCTING POLYMERS

2.1. Graphite Intercalation Compounds
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Dresselhaus /1/ being still the most comprehensive. The current actjvities concerning GICs are
contained in recent conference proceedings /15,16/.

A large number of atomic and molecular species can be intercalated into graphite /13,14/. These
intercalants are classified as donors or acceptors, corresponding to the direction of the charge transfer
between the graphite and the intercalant layers. The most common and widely studied donator GICs
are those prepared with alkali metals like Li, K, Rb, and Cs. In Fig. 1 a schematic view of such a GIC
is shown. The intercalate forms a well-defined commensurate structure in registry with the
hexagonal graphite layers. A fascinating property of GICs is the staging phenomenon. According to

Fig. 1). Recently, ternary systems of donor GIC have gained strong interest because of the dynamical
properties of the intercalate, eg. in Kl_szx-GICs /17/, or because of the superconducting
properties of systems like KHgCy,, /18/.
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Fig. 1(a) Stereographic view of an idealized alkali metal GIC, where the intercalant forms a
(2 x 2)R 0 superlattic. (b) Schematic preseatation of various stages of a GIC.

Acc'eptor GICs are formed by the insertion of molecular species into the Van-der-Waals gaps of
the graphite host, Duye to their polyatomic entities, the intercalant layers do not exhibit such simple
commensurate structures as observed for donator GICs. The intercalated molecules form complex
commensurable superstructures a8 observed in SbCI5-Gle, or exhibit commensurable-
incommensurable phase-transitions like in Bry-GICs, or incommensurate intercalation like in
FeCl3~Gle /1-3/. The intercalate itself forms a sandwich structure for acceptor molecules like FeCl
or SbClS/SbCl6'. In some cases, more than one molecular Species is inserted, giving rise to complex
structures, e.g. spatially separated intercalant structures, as discovered recently /19/,

2.2. Doped Polymers

In the last few years, a large. number of polymers have been synthesized, which exhibit in their
doped form the promising p_ropert{a expected for a synthetic metal. The most investigated system is
polyactylene (PA), polymerized first by Shirakawa /20/. PA exhibits & tremendous increase in

conductivity upon doping /21/. In the meantime, other i
:  /21/. y polymers like pol henyl
polythiophene, and polyanilin are also intensively studied /5-7/, Pelyphenylene, polypyroe,
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Fig. 22 Schematic presentation of preparation and doping of polyacetylene (left hand side). The
acceptor counterions can have a linear shape when halogen polyanions are inserted. On the
right hand side, the unit cell of cis-(CH), and trans-(CH), are shown (at the top and bottom,

respectively).

1 lattice distortion (dimerization), which is equivalent to the localization of the single and double
bonds, The unit cell of trans-(CH), contains two w-electrons (the double bond) and has therefore a
filled band with a bandgap of about 1.4 eV, a value typical for a semiconductor. The "doping" of the
(CH), chain, shown schematically in Fig. 2, can be understood in a simplified approach as an
oxidation of the double bonds. The defect electrons (holes) become mobile and delocalized, leading
thereby to an enhanced conductivity within the chain. The actual mechamisms relevant for the
transport properties in doped polyacetylene are much more complex and must consider also the poor
long-range order within the (CH), chains and the complex fibrillar morphology of the samples ( at
least as long PA produced by the ghirakawn method is concerned) /4-7/. An important aspect of the
doping process of polymers is the considerable structural change induced in the polymer matrix by the
insertion of the relative large counterions (¢.g. SbF¢™, FeCly™, 13 or alkali metals) /22,23/. Structural

investigations were hampered by the poor quality of the samples, especially of PA. The recent

progress in the structure determination is based on the preparation of highly oriented trans=(CH), by
detailed structure

the method of Edwards and Feast /24/. A recent work on SbF¢-PA revealed a
analysis with an incommensurate sublattice of the SbFg” counterions /22,25/.

3. MOSSBAUER $TUDIES OF GRAPHITE INTERCALATION COMPOUNDS

3.1. Donator GICs: CsCg, CsCaqs and EuCy

ces for the investigation of donator GICs, na:.nely 133¢s
ontet and Perlow /26/ demonstrated in their study of
er spectroscopy to investigate the charge

There are two useful MOssbauer resonan
(81 keV) and 19'Eu (22 keV). Campbell, M
stage-1 and stage-2 Cs-graphite the possibilities of Mdssbau 1 i
transfer and lattice dynamics in GICs. The analysis of the isomer shifts ‘rev’ealed' that the intercalated
Cs atoms are approximately 50% ionized in the stage-1 CsCQ],_ but ull_y ionized in the stage-2 CsCay.
The M&ssbauer results agree with NMR and optical studies. The question at_>out the amount of charge
transfer is still highty controvers for that class of GICs /3,16/. A further important outcome qf this
Mossbauer study was the striking demonstration of the zqisotropxc bonding of the Cs atoms in m;
intercalant layer, Using highly-oriented pyrolytic grgplme (HOPG), the angglu depende:ce l_o
f-factor with respect to the graphite c-axis was determined: f, as found =20 times larger than .
The corresponding Debye temperatures were calculated as ©, = 145K and @, = 76.5 K.
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Eu forms a stage-1 GIC with the formula EuCs. From the analogy with SrCq, Eu was ex?ected
to be in the divalent state. A Mossbauer study by Kaindl et al. /27/ confirmed this point. The 17 1Eu
isomer shift (S = -11.7 _Inm/s) indicates that an appreciable amount of s-electron density has been
transferred from the Eu<* ions to the graphite layers. The magnetic interactions in EuCy are highly
interesting because of their anisotropic behavior. The S » 7/2 spins form a quasi-2D Heisenberg
magnet. The observed hyperfine fields below the antiferromagnetic ordering temperature at 40 K
show an in-plane alignment of the Eu moments. The temperature dependence of the hyperfine fields
follows roughly a S = 7/2 Brillouin function, which indicates for the stage-1 compound anisotropic,
but still 3D exchange. Higher stages would be interesting for studying a truely 2D Heisenberg system
but they are difficult to prepare. Recent magnetization measurements /28/ exhibit a series of
spin-flop transitions, which can be explained only by a 4-spin interaction scheme.

In both Méssbauer studies on Cs- and Eu-GICs a pronounced electric-quadrupole interaction on
the donor atoms was observed, with axiall*-symme Tic negative electric-f; ielg gradients (EFG) parallel
to the graphite c-axis: V. (Eu) = -1.4-10 8 V/em® and V,_(Cs) = -2.0-10! V/cm2 /26,27./. In both
cases the magnitude of the EFG can be reproduced satisfﬁ:tcrily by point-charge calculations. This
gives additional support to the amount of charge transfer derived from the isomer shift data.

3.2. Acceptor-GICs:  FeCly-Graphite

The intercalant structure in FeCl3-GIC:s is similar to that of anhydrous FeCly, which forms also
a hexagonal layer compound. Anhydrous FeCl3 can be regarded therefore as "stage-0" and reference
system to the other FeCl,-GICs. The FeCly sandwich layer (Cl-Fe-Cl) is incommensurate with the
graphite layers (see Fig. 3a). It is now established that the FeCl, intercalant f orms islands; their size
(50 - 500 A dismeter) depends on the preparation conditions. Tﬁis means that the intercalant density
can vary considerably for differently prepared samples of- the same stage. In addition, Fe vacancies
and CI-C bonds agitate against a homogeneous intercalant structure.
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Fig. 3 (a) Su_'ucxural model of stage-2 FeCl,-graphite viewed parallef and perpendicular to the
graphite sheetx.. (b) Typical 37Fe- Ossbauer spectra of an oriented FeCl3-GIC at various
temperatures fvuh the y-rays parallel to the graphite c-axis /34/. The fit of the spectra
with a relaxation model (see text) includes the transmission integral.
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A large number of Mdssbauer studies were performed on FeCly-GICs and their derivatives,
FeCl,-GICs (prepared from the former by reduction in hydrogen). They were concerned with the
characterization and stability and the intercalant, the charge transfer and the magnetic properties
/29-33/. Because of space limitations, we shall concentrate in the following on 2 recent study
performed in our laboratories concerned mainly with the nature of the charge transfer /34/. As
already demonstrated in the previous Mossbauer investigations, the charge transfer can be extracted
from the Massbauer spectra af [ow lemperature, where a cer&ain fraction of the Fe ions appear in the
divalent state, easily distinguishable from the dominant Fe + component by the isomer shift and 2
large quadrupcle splitting with the main axis of the EFG parallel to the graphite c-axis. Starting
around 40 K, the Fel* subspectra show relaxation-like broadening effects and at temperatures above
100 K the Fe?* spectral features have disappeared and only a single resonance line, typical for Fe’*
jons, is observable (see Fig.3b). In an earlier study /29/ this behaviour has been tentatively explained
by a thermal activated electron-hopping of the transferred charge. A more recent study speculated
about a temperature dependent charge transfer /33/. In order to clarify these points, we performed a
detailed Mossbauer study of a stage-2 FeCl3-graphite sample, prepared from large natural graphite
flake by a mild photochemical intercalaton technique /31/. This resuited in a relatively homogeneous
intercalant structure (large islands and small impurity/defect concentration), Typical resonance spectra
taken between 10 and 300 K are shown in Fig.3b. The spectra were analyzed with a relaxation model
assuming a temperture activated electron hopping between equivalent Fe-sites in octahedral clorine
surrounding. The relaxation processes are indicated in the top of Fig. 4, which shows resonance
spectra at 10 and 300 K with different orientations of the textured absorber with respect to the the
y-rays. The assumptions of the relaxation models are strikingly confirmed by the spectra at 300 K
(fast relaxation limit): the shape and position of resonance line change with the orienuixon‘ of the
sample ! This proves that the isomer shift and quadrupole splitting experienced by the Fe + site, and
clearly resolved at low temperatures (static limit), is_still present at high temperatures, but now
averaged in the common spectrum of the Fe + and Fe* sites (theoretical relaxation spectra f(_)r this
special case are presented in Ref. 33). The charge transfer, corresponding to the relative fraction, r,
of the Felt jons, is found to be temperature independent (r = 0.192))/34/. The fitted
electron-hopping rates, when plotted in an Arrhenius presentation (Fig. 5)'. y«eld'ed an activation
energy of the electron hopping process, Eg = 45(20) meV. This value agrees mc;ly with the activation
energy derived in a related intercalate system, FeOCl as host matrix with organic donators, studxed_by
Herber and Eckert /35/. The f-factor data of this stage-2 FeCly-GIC sample revealed a bonding
strength, which is smaller than in anhydrous FeCly and anisotropic /34,39/.
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Fig. 4 (left hand side): 57Fe-Mossbauer spectra of an oriented stage-2 Fe'Cl3}(‘I:§ Ei:;sured with
different orientations in the slow (10.6 K) and fast (300 K) relaxation .
-GIC /34/.

Fig. 5 (right hand side): Arrhenius plot of the electron hopping rate in stage-2 FeClj
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The specific 2D-magnetic properties of the various stages of FeCl3-GICs are very interesting
and are still the subject of actual debates /3,14,38,39/. Since Fe’* has a S = 5/2 moment, one
expects basically 2D .magnetic interactions of the Heisenberg type. Anhydrous Fi Cly ("stage-0°)
orders magnetically at 8.8 K /36/. The magnetic structure is rather complex, the Fe’* moments are
turned out of the Fe plane into a spiral structure. FeCl;-GICs have been extensively investigated by
Millman and coworkers /32,33,38/. Stage-1 FeCl3-GICs orders at 4.2 K. The moments are now
aligned in-plane. In stage-2 FeCl3-GICs, magnetic ordering temperatures are difficult to derive from
Massbauer spectra because of magnetic relaxation effects starting around 4 K.  Susceptibility
measurements on stage-2 compounds exhibit field-dependent maxima, from which two ordering
temperatures around 1.7 K were derived /37/. Stage-4 and stage-6 of FeCl3-GICs were investigated
by Massbauer spectroscopy down to 65 mK. From the absence of magnetic polarization effects it was
concluded that the fully-split magnetic hyperfine spectra were paramagnetic in origin /32a/.

We investigated the magnetic properties of the stage-2 FeCl;-GIC sample by taking
Mbssbauer spectra between 1.8 and 4.2 K in the presence of external magnetic fields. No dramatic
changes in the spin alignment, expected for paramagnetic relaxations, were observed in fields up to
5.5 T. The Fe3* spins are strongly coupled in a basical aptiferromagnetic way within the Fe planes.
An important aspect arises from the presence of 19% Fez" ions, which are distributed between the
Fe>* ions and do not have a magnetic moment. For that reason the magnetic interaction tracks in the
Fe planes are cut in a rather random way. This has strong implications on the long-range magnetic
order. We suggest therefore a magnetic order of spin-glass type /34/. This is in accordance with
recent low-field susceptibility studies on stage-2 and stage-6 samples. The observed “cusp® in
magnetic susceptibility increases strongly with Fe vacancies. These observations and current theo-
retical treatments may lead to new insights in the magnetic ordering mechanisms in FeCl3-GICs /14/.

33 SbClg/SbF 5-Graphites

QICs prepared with Lewis-acid (oxidizing) molecules like AsF5, SbFs, and SbClg belong to
the most investigated acceptor systems. Following Bartlett and coworkers /40/, the intercalation
(oxidation) reaction can be described for SbX-GICs (X = F, Cl) by

2C + 38bXg - 2C* + 25bXg" + SbXy . (Equ. 1)

Since also neutral 5bXs molecules were observed as intercalated species, the above equation was
modified /41/ to

2C + (340) SbXg = 2C,F + 2(SbXg™ m SbXs) + SbXy . (Equ. 2)

This equation (with n and m being stage dependent) already accounts for the tendency of 5bXs to
form macromolecules by halogen bridging.

Mbssbauer spectroscopy using the 37.1 keV resonance of 12!sp has beelg applied quite often
for an identification of the intercalated molecular species /42-47/. Sb3* and Spo* valence states can
be easily distinguished from their different isomer shifts S(5%) - S(3*) = 8 15 mm/s; all isomer
sl?iﬁs cited in this section are with reference to a Cal lSn03 source). It is, however, 2 more
difficult task to distinguish more than one Sb>* or Sb>* species or to obtain additional informations
from ghe most poorly resolved electric-quadrupole pattern. In an early work, Ballard & Birchall /42/
investigated SbClc- and SbF-GICs prepared from graphite powder. In both systems, Sb>* and, t0 a
smaller amount, Sb-* species were found. They were attributed from their isomer shifts to SbX+ and
be5 molec.ules. No information about the charge transfer or SbX .~ acceptor molecules was derived.
These questions were treated by Boolchand et al, /43/ in a study of stage-2 3bCl5-GICs, prepared in
par(‘from HOPG slabs. Comparison with reference compounds led to a charactization of the Sb >t
species as SbClg™ acceptors. The Sb3*/503* ratio was found to be near 2, in agreement with Equ. 1,
when the mtercal.ation was performed in pure SbCl atmosphere. Admixtures of 5bCly to the SbCls
vapour resulted in an increased intercalation of lge (neutral) SbC13 molecules. This study found
evnd_ence fqr $H acceptor anion, namely SbCl4", being present at an amount of «25% of the sh3+
species. This observation, however, was questioned later jn Mossabuer investigations cited below.

Friedt and coworkers presented detailed studies of stage-1 SbFs-Gle /44/ and stage-2
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Fig. 6 12!Sb-Massbauer spectra of a textured SbCl-GIC sample measured at different orientations
with respect to the y-rays /46/. The components of the quadrupole splittings are indicated by
dashed (Am=0 transitons) and solid (A=¢! transitions) bars. The graph on the right shows the
dependence of the averaged polarization angle & on the tilting angle 6. The insert shows
schematically the upright position of the SbCI3 molecule. Measurements on a fully-aligned
HOPG-sample reveal an angle of 90° between the molecular z-axis (main axis of the EFG)

and the graphite c-axis /45/.

5bCls -GICs /45/. Making use of the quasi single-crystalline properties of HOPG samples, the
orientation and temperature dependence of the spectral components was determined. This procedure
yields more detailed information about the specific properties of the species involved in the
intercalation process. It was demonstrated that, in contrast to previous assumptions, the SbF3
molecules are not intercalated into the SbF5-GICs, but presumably precipitates at the surface or in
voids of the sample /44/. In SbCls-GICs, on the other hand, the SbCl; molecules were found to be
intercalated and oriented with thelr molecular axis (main axis of the iEFG) parallel to the graphite
planes. This structyral information was derived from the polarization dependence of the quadrupole
splitting of the Sb3* site. This observation contradicts the interpretation of the Sb * site spectrum
/43/ in terms of two molecular species. The existence of SbCl,™ acceptor anions in a fractional
amount of »25% of the Sb>* site is at variance with all reported Mossbauer spectra on SbCls-GICs.
The more convincing interpretation of a polarization-dependent structure of the Sb>*-site has been
given already in an earlier work of the Berlin group 146/ on g SbCl —?lC.pre?ared from lar'ge
graphite flakes (see Fig. 6). The temperature dependence of the Sb + and Sb * sites in SbCls-graphite
was analyzed by Friedt et al. /45/ in terms of intermolecular and intramolecular vibrations and

yielded rather low and anisotropic Debye temperatures (em- 75 K and 50 K, respectively).

A reliable information about the relative amount of prl6' anions would besn:os( useful in
order to elucidate the charge transfer in the SbCls-GICs. The isomer shift of the Sb”7 species (S =
-3.1 mm/s) in the study of Friedt et al. is roughly midway between those of the reference compounds,

i i i i her

solid SbClc and SbCle~ anions with § = -3.4 mm/s and -2.74 mm/s, respectively. In ot

SbCl5-GIC£, the isamené shift of the b3+ site was reported a8 -2.9 mm/s /43/ and -2.8 mm/s 146/,
depending on the preparation conditions, An

This points to various SHCls/SbClc™ compositions, .
extren‘: case, supporting thissiieW,ﬁwu observed recently in stage-1 SbCl -GICs, whe:; t_h'e lsomrr
shift of the Sb3* site, S = -3.25(5) mm/s, was very near to that of pure SbClg /542/. In addition, only
small amounts of intercalated SbCly molecules were detected (=6% of the Sb enm_nes). There 1;
experimental evidence that the SbC?s/SbCl( ratio depends also on the stage and packing density o
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the intercalant. The above mentioned stage-! compounds were saturated with a composition near to
C148bClg, which corresponds to a close packing of the intercalant /1,13,14/. In undersaturated
Sbé 5-Gsz of higher stages, the isomer shifts were nearest to that of the SbClg™ reference. It should
be mentioned that a stage dependent charge transfer was also suggested for acceptor compouns /41/.

The analogous question about the Sij/SbF6' composition in SbF5-GICs was also
investigated by the Cincinnati group on stage-2 SbFg-GICs /47/. From the observed isomer shifts as
well as from chemical arguments the formation of macromolecules, SbFs™nSbFg with n=i, was
proposed. Similar studies were performed on electrochemically-doped NOZSbF6— iCs /48/. In this
case the HOPG samples were loaded in a NO,SbF¢/nitromethane solution, This procedure avoids the
intercalation of SbFs, but leads to a co-intercalation of solvant molecules, resulting in a_composition
C23nSbF6(CH3NO), 7 for both stage-1 and stage-2. The isomer shift of the narrow Sbo* resonance
line is near to that of to that of solid SbF » which was explained by a complex formation of the SbFg™
anion with the solvant molecules /48/.

Recently, a YE.NMR study on stage-1 SbF¢-GICs was reported /50/. When oriented un-
der the magic angle with respect to the external field, the resonance signal exhibit resolved splittings
in the temperature interval 200 - 260 K, revealing the existence of three different F sites. They could
be attributed by their shifts and intensities to the ligands of (SbyFsp,1)” polyanions (oligomeys with n
= 3 and 4) in bridging and terminal positions /50/. These resulis agree with a previous |9F-NMR
investigation of such polyanions in various solvants and of solid SbFs, in which the molecules form
tetramers /51/. The assignment of (SanSn +1)” polyanions to the intercalant structure of SbFS—GICs
has direct impact on the amount of ¢harge transfer and, in our particular case, on the interpretation
of the Mossbauer data, since &ne does not deal now with SbF< and SbFg™ entities, but with rather
similar sixfold-coordi'nated Sb>* sites /51/. One of the above Sb 5-GICs samples with o = 3 /50/ was
studied also by the 1 'Sb-MOSsbauer resonance. The observed isomer shift, § = -2.41(5) mmy/s, agrees
well with those of previous investigations /44, 46, 47/ Using the intercalate composition
(corresponding to SbFg™ * 2 SbF; in the notation of Equ. 2), one finds fair agreement in composing
the observed shifts from that ol’ SbF5 (S = 2.1(1) mm/s) and SbF™ reference systems (S = 2.7(2)
mn_l/s) /44/. This calibration scheme, used up to now /44,47/ for an estimate of the SbFs/SbFG'
rati0, and thus for the charge transfer, is not very appropriate for the actually intercalated Sb Fsner”
polyanions. Comparative studies on SbF5-GICs samples of different stages and composition woul% ée
most useful. The small scatter of the observed isomer shifts for the Sb2* sites can be tentatively
gxplained as sample dependent variations of the average Size of the ;ntercalated polyanions, for
instance between n = 3 and 4, as demonstrated in stage-1 SbF-GICs by 19p_NMR /50/.

l:'inally we want to discuss in this section a point of actual debate concerning the intercalated
structure in SbCIs-GlC|. Electron diffraction studies reveal the presence of two superlattices assigned
with (v7 x v)R19.19 and (v39 x y39)R16.1°, which were attributed to Sb3* and Spo* species,
respectively. Their temperature- and pressure-dependent structural transitions are widely discussed
/2,3,16,19,52,53,56/. The unusual commensurate-glass transition of the (y7 x v7)R19.1° phase
observed around 200 K in TEM studies is now considered as being induced by the electron
_bom.bard_ment /54/. Two recent papers report on a spatial separation of the two phases, extending also
in direction of the graphite c-axis /19/. It should be emphasized again that two assumptions /2,19,
53/ about the Sb”* intercalant are in conflict with the present ime of Mdssbauer spectroscopy on
these systems /45,46,49/: (i) there is only one intercalated Sb7* species, namely (neutral) SbCly
molecules, with no evidence for SbCl4' anions and (i) these SbC13 molecules are arranged, at low
temperatures (T<100 K) and ambient pressure, with their molecular axes parallel to the graphite

pla;es./s'?/:is arrangement is similar to that at room temperature derived from an X-ray diffraction
study /55/.

34, Other Acceptor Systems: IF5-Graphite, EuCI;-Graphite, Eu/NHJ-Graphite.

IF5-GICs were studied with the 57.6 keV resonance of 127} /37/.The observed hyperfine
parameters reveal the intercalation of (neutral) IF5 molecules, with the absence of other molecular
species _of acceptor type, as IFP', within the experimental resolution (5 mol% of the intercalated
Sb_-spec_les). From the absence of polarisation effects in the quadrupole spectra of 3 HOPG sample, the
orientation of the IFs molecules was derived. The square-pyramidal molecule lies with one of its
triangular bases parallel to the graphite plane, which implies that the fourfold molecular axis (= main
axis of the EFG) form an angle near 54,7° (magic angle) with the graphite c-axis. The spectra of the
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HOPG sample taken at different orientations with respect to the y—rays were used for a determination
of the anisotropic Debye temperatures /57/.

A 131Ey-Massbaver study of EuCl,-GICs prepared by various methods from HOPG and
natural graphite flake was reported by Boo%chand et al. /58/. The Mdssbauer spectra reveal the
presence of only Eu(3+)Cly with an isomer shift identical with the reference system EuCl3-6H20. No
evidence for Eu“* species indicating a charge transfer to the intercalant, as found in FeCl3-GICs was
observed. The measured stoichiometry, C EuCly 5, gives strong evidence that a considerable
chlorination of the graphite has occurred. This proves that the intercalation of (rare-earth)-chlorides
can take place by the van-der Waals interaction alone, provided the graphite planes are “"opened” by a
concomitant chlorination, The same argument can be applied in the above case of IFg-GICs, where
also a fluorination of the graphite has occurred /57/.

The preparation of Eu-NH,-GICs was investigated by Schifer-Stahl & von Eynatten /59/. The
15YEy_Mbssbauer spectra reveal the presence of three different sites typical for Eu* and Eu’*. The
two Eu“* sites were attributed to metallic Eu and Eu amines. A recent study of the Berlin group /60/
on the same system found evidence for magnetic ordering of the Eu* species below 50 K. The
temperature variation of the relative intensities of the different sites could be explained solely by
their Debye temperatures, The Eu3*site was attached to oxide contaminations 160/.

Other Mossbauer investigations of GICs can be referred only briefly. Using 1195, Mossbauer
spectroscopy, GICs prepared from SnCl4 and Mey_,SnCl in a photochemical procedure,_ were
investigated /61/. The observed changes in isomer shﬁ t ané quadrupole interaction were attributed
mainly to interactions with co-intercalated solvant molecules. These systems exhibit extreme low
f-factors with indications of a solid-liquid transition in the intercalant lgyers at rather low tempera-
tures. Preliminary investigations of IrFg-GICs were performed with 1931r-Mossbauer $pectroscopy.
The quadrupole-split resonance spectra of nominal pentavalent Ir indicate a strong variation of the
molecular structure on intercalation, No indications of magnetic ordering are found at 4.2 K /62/.

To end up with this chapter on GICs, we want to stress again one point: The use of orieqted
samples, prepared from HOPG or larger graphite flakes, as well as measurements at various
temperatures allows in a straight-forward way the distinction between inrercalatgd species and
non-intercalated impurities or reaction products. Intercalants exhibit rather low and anisotropic Debye
temperatures which distinguish them from the other products.

4. MOSSBAUER STUDIES OF DOPED POLYMERS

4.1. FeCly~PA and Related Systems

inserted into PA. The doping of

~ ani he acceptor molecules, which can be )
e ol o & n thene solution, as described by

PA is performed chemically or electrochemically in a FeCl3/nitf9me e
Pron ar‘l); coworkers /63,64/).’ The preparation process i's very sensitive to minute amoints ofdwaGt;r zg/cl
degradation products like FeCl,nH 0, precipitatin.g in separate phases, are often o s;r\;e e/n s-'chei
The delicate preparation process of FeCly-PA seemingly caused the recent controversy T; ween S :n o
et al. /66a/ and Pron et al. /66b/ about the chemical nature of the inserted species. ) eArlr;axex ulllar
amount of doped FeCly~ anions is relatively low, only up to = 7 mol% can be m;;rcteF;Cl ‘rarglio"s
dopants and degraded products can be identified by th.exr Mossbauer parar_netc;s.f The Pl e4(rahedral
exhibit a quadrupole splitting, which points to a distortion pf the chlorine _1183{' s :j ot exhibit any
coordination and/or to an interaction with the (CH), -chains. The FeCly~ anions do

i i 66/ Important informations are contained in the
magnetic ordering effects down to 4.2 K /63 66/ " ;x:xhibi(a O e mperature of

recoil-free fraction, f, observed at the FeCly anions. Th t
= 104 K, which distinguish the FeCl44anions from degmdatxoq products I;Sg’é:ﬁe r:peerai:zit:a:er
study of FeBry-PA yielded similar Mossbauer parameters for the anion anc} ah fyfactor considerinr:
= 120K Thc4e values were derived from the temperat:;c fieper;lq::c'ex l?es ‘i neto -accounl the larges
' i whl
only the mass m of the Fe atoms. A more detailed analyss, D e es of effestive Debye

: io ielded even
effective mass of the rigidly-bond FeX, molecules yie istence of the
temperatures 8, /64/. A 1195 _Massbauer study of SnCly-doped PA suggested the existen

.0 =95K,
SnClS' anions as the only inserted species /67/.. The gxtremelza lov: ls):el::):‘ tezlp;orgtul: T"f‘:e Dby
is responsible for the loss of the resonance signal i Massbaue
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temperatures observed on doped PA point to a loose bonding between the (isolated) anions and the
(CH)X chains, Measurements on oriented samples would be highly interesting, since anisotropic
f-factors are expected from the PA structure.

42. Iodine-Doped PA: (CHIy)x

This system is one of the most stable and relatively easy to prepare. The transport and
structural properties have been investigated by all applicable methods /4/. Mbssbauer spectroscopy has
contributed considerably to the undcrs?nding of these properties. Two Mdssbauer resonances can be
ui d: (i) the 57.6-keV resonance of ! ILal natural isotope, and (i) the 27.7-keV resonance of
! 1, a long-living radioisatope (T 2" 16107 y). It is well known that the latter resonance is
superior to the former because of its ‘higher resolution power for hyperfine interactions and its lower
y-energy /70/. Its use, however, demands a laboratory with radioactive preparation facilities.

Two Mdssbaver groups, one at the Kyoto university and one at the Free University Berlin,
performed systematic studies of (CHI, ). as function of the iodine content. Matsuyama and coworkers
(includgng H. Shirakaws, who initilt);d‘ the study of doped PA /20,21/) investigated samples doped
with 1291 from CCly~iodine solutions /71,73,74/. The Berlin group studied PA samples doped from
the 1, gas phase /72,75/. The results of both groups are in excellent agreement and can be summariz-
ed as follows: Three acceptor anions were found to contribute to the complex Mdssbauer spectra, na-
mely I°, 13", and I57, the latter two as linear molecules (see Fig. 3). Their relative abundance depends
strongly on the iodine content y. The I” ions are only observable in small amounts at the lowest
doping level (y  0.02), the !3' anions are dominant up to y = 0.1, whereas mainly I¢™ anions are
observed at high doping levels, According to this, the doping process can be described in the initial
stage as 1/2 15 +¢” =1, followed by I, + I~ ~ I3” . The I3” anions can be converted by additional I
to the larger Is'entities: 13' + Iz - is‘. This process dominates at higher doping levels and is
reversible, as demonstrated by Mbssbauer spectra of dynamically pumped samples /73,75/.
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Fig. 7 l-'MOSSbauer spec_trum of iodine-doped PA at low doping level. Three acceptor anions
contribute to the various subspectra 1-4, as indicated on the right hand side, where also the
relative amount of the three anjons js shown as function of iodine concentration y /75/

These results provide detailed informations about the char i i
¢ ge transfer in (CHI
of the doping Ievel_ /71-75/. The occurrence of large acceptor anions at high do:ging e)"/‘eﬁsf: r:;uon
consequence of a limited charge transfer from the (CH) i o
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polyiodine species, namely I3” and 15', is independent of the doping procedure, e.g. doping from
gas-phase or solution, slow or fast doping; therefore the use of the formula (CH(I3)y)‘ is misleading
with respect to the morphology and charge transfer in iodine-doped PA.

The question about the orientation of the linear 137 and 5™ anions with respect to the (CH)
chains is of actual interest, since some of the proposed structural models demand s strictly paralle’i
insertion /23,77/. Mdssbauer studies on oriented (CHI )x samples could clarify this point by using the
polarization dependence of the quadrupole splittings o%served in Fig. 7. In contrast to the expection,
a study of stress-oriented (CHI )x samples by Matsuyama et al. /74/ yielded no polarization
dependence of the quadrupole spéctra, which was interpreted as evidence for a random insertion of
the polyiodine molecules, eventually caused by a doping-induced loss of crystallinity in the samples.
A similar study of the Berlin group, however, exhibited the expected polarization dependence of the
quadrupole pattern, pointing to an - at least preferred - orientation of the 13‘ and Ig” anions parallel
to the (CH), chains (see Fig. 4). The same group applied also an other microscopic method, namely
X-ray absorption spectroscopy (XAS) for studying the local structure and orientation of the iodine
species /76/. For example, the iodine Lj-edge absorption spectrum, taken from the Mdssbauer
absorber of Fig. 8a, is shown in Fig. 8b. The near-edge structure (NEXAFS) is dominated by an
excitation of a 2s electron into an unoccupied 5p(¢*) orbital of the I37/15” molecules. Since these
o*-orbitals lie in the direction of the molecular axes, the use of linear-polarized synchrotron light
allows an easy determination of the orientation of linear molecules in oriented (textured) samples. The
analysis of both the Mdssbauer and the L,-XA spectra yielded a mean angle of 45(3)° between the
13'/]5' molecules and the texture axis of the PA film. The orientation of the n_loleculu with respect
to the (CH)_-chains is certainly at a smaller angle, since the alignment in this ump}es was rather
incomplete. An XA study of better aligned (CHly) samples yielded indeed larger polanz_atnon effects,
especially on samples with low iodine content /%/. The analysis of the extended fine structure
(EXAFS) of iodine L3-XA spectra reveal I-1 distances typical for 13" and 15~ molec\':les_, however no
defined I-C distances. This points to a random or incommensurate insertion of the iodine molecules
with respect to the (CH), chains. It should be mentioned that XA spectroscopy has b'een successfully
applied to bromine-doped PA, (CHBr, )x' where one finds Bry~ nccc_ptor anions - aligned parallel to
the (CH), chains - and Br ions which Kad reacted with the (CH), chains /78,79/.
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4.3, sts-PA and SbCls-PA

Similar to the case of SbF¢-graphite, 121gh_Massbauer spectroscopy can identify the
molecular species inserted into the (CH;X matrix by gas-phase doping with SbFs. The doping reaction
is expected to be analogous to that for SbFg-GICs described above. One expects SbFg™ acceptor
anions and possibly SbF, and SbF5. These three species are indeed observed in the 121Sb-l\wssbauer
spectra of a series of S F5-(CH), samples with dopant concentration ranging from 0.1 to 8 mol%
/80/. At the lowest doping level, a large fraction of SbFg" is observed, while at higher levels SbFs
and SbF, molecules dominate. In contrast to the SbFs-GICs, the SbF¢~ and SbFg molecules are clearly
distinguishable in the Mdssbauer spectra by their partiaily resolved resonance lines. This points to
separated Sb>* species, as expected in the structural models for doped PA, and not to macromolecules,
as suggested in SbF5-GICs. Recent experiments on SbFg-PA samples, performed at temperatures up
to 150 K (f-factor measurements) indicate that in the gas-phase loaded SbF5-PA samples the SbF
and SbF; entities are actually not inserted in the (CH), matrix, but precipitate in clusters inside the
the PA foils. One should have in mind that PA prepareé by the Shirakawa method consists to =2/3 of
cavities and only to 1/3 of the PA fibrils. Recent structural investigations of electrochemically doped
SbF6-PA, prepared from highly-oriented PA foils synthesized by the "Durham route” /24/ report a
‘l’ﬁmled crystal structure with incommensurate arrays of SbFg™ anions /25/. A preliminary

Sb-Mssbauer study /82/ on a similar prepared sample confirms the assignment of the SbFg” sites
in the previous Mdssbauer studies /80,81/.

Friedt et al. reported on a study of SbClg-PA by Mdssbauer effect and other methods /83/.

}JSP to a weight uptake of § mol%, only SbCl, species were observed in the Mossbauer spectra, while
C-NMR revealed a strong chlorination of &e (CH), chains. This demonstrates that an increase in
the electrical conductivity is not necessarily caused by acceptor molecules, but can alsg originate from
the chlorination (oxidation) of the (CH), chains. The use of Lewis acid molecules like AsE , SbFg,
and SbClg for gas-phase doping is always accompanied by such {unwanted) degradation reactions. For
the preparation of undistorted counterion-(CH), structures, electrochemical doping is superior to
};:sig}l)ase doping (the term *doping® should be read as oxidation® from a chemical point-of-view

44.  Other Polymers: Polypyrole {PPy) and Polyparaphenylene (PPP)

Despitg of the wide interest in PA as model substance for the understanding of conducting
pplymers, p'ossn)le applications are limited because of its intrinsic instability, its extreme sensitivity to
air and moisture and its poor crystallinity (as long Shirakawa PA is concerned). Other polymers are
more.s.table also in doped forms, and/or can be prepared in more regular structures or larger
quantities /5-7/. Mossbauer spectroscopy has been again successfully applied to the investigations of
the inserted species. In many ways the dopants behave similar to the case of PA /68,69/. Pron and
coworkers performed Mossbauer studies on PPy doped with FeCly, SaCly and SbCls /69/. The
inserted species were identified as FeCly™, SnCIs'. and SbCl /SbCl6'. respectively (for details, see
the .contribution of Kucharski et al. in this volume). The Mdssbauer spectra of FeCl;-doped PPP
exhibit the presence of two different Fe3* species, the dominant one again as the FeCl4' anion with
Debye temperatures similar to FeCly™-PA (0, = 124 K) /68/.

5. CONCLUSIONS

The presented and, of course, selected examples of Mdssbauer studies on synthetic metals show
that this spectroscopy provides a sensitive 100! for the identification of the chemical form {or forms),
the structural properties and the bonding strength of the intercalated or inserted species. The gquality of
the samples can be easily checked by determining the low and anisotropic Debye temperatures
characteristic for all dopants in GICs and conducting polymers.

The charge transfer can be elucidated in many systems, the studies on Cs-GICs, FeCl4-GICs,
and (CHL,), may be gited as best examples. Massbauer spectroscopy probes only the one side of these
systems. The properties of the matrix have to be investigated by other methods, for instance by
magnetic resonance (NMR and ESR) and optical Spectroscopies, by electron energy-loss spectroscopy

g:‘/p l::d XPS /85/. Most useful are comparative studies with different techniques on identical
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One of the intrinsic limitations of Mdssbauer spectroscopy lies in the small number of
applicable resonances and in the relatively low temperatures, at which the experiments have to be
performed. X-ray absorption studies do not suffer from these limitations and can be also effectively
applied to the study of the forms and local structure of the dopants /76,78,79,86/. The Mdssbauer
effect, however, is well suited for the study of the specific low-dimensional magnetic properties of
the GICs.
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