Chem. Mater. 1994, 6, 697-706

Physical and Spectroscopic Studies of Polypyrrole Films
Containing Transition-Metal EDTA Chelates

Brian R. Saunders,’ Keith S. Murray,*! Robert J. Fleming,! Dougal G. McCulloch,$
L. Joan Brown,! and John D. Cashion?

Department of Chemistry, Department of Physics, and Department of Materials Engineering,
Monash University, Clayton, Victoria, 3168, Australia

Received January 3, 1994. Revised Manuscript Received March 8, 1994®

Polypyrrole films containing transition-metal chelate counteranions, based on ethylenedi-
aminetetraacetate (EDTA%) and cyclohexanediaminetetraacetate (CDTA#), have been prepared.
The polymers (PPYMEDTA (M = Co, Cr, and Fe) and PPyMCDTA (M = Co and Fe)) have
been characterized by elemental analysis, conductivity, X-ray diffraction, and TEM studies, as
well as infrared, UV-~visible, EPR, and Méssbauer spectroscopy. The conductivity of
PPyFeEDTA and PPyCrEDTA initially increased upon exposure to the environment and then
stabilized, while that of PPyCoEDTA initially increased and then decreased very slowly; this
behavior is superior to that of the well-known p-toluenesulfonate system (PPyPTS). The
conductivity, degree of order, and conjugation length of the polymers were dependent upon the
nature of the incorporated counteranion. TEM investigations of thin films of PPyCoEDTA
revealed some crystallinity, lattice fringes being observed. EPR spectroscopy showed that the
coordination of EDTA# within the counteranion of PPyCrEDTA was sexadentate. The low-
temperature Méssbauer spectrum of PPyFeEDTA exhibited magnetic structure and indicated
the presence of at least two counteranion environments. In addition to an aggregated form, a
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large proportion of the counteranions is well dispersed within the polymer matrix.

Introduction

Despite a vast amount of research, the precise structural
arrangements within thick films of polypyrrole remain
largely unresolved. Also, the factors that govern the
environmental stability of the conductivity of the polymer
await elucidation. The present study attempts to address
these issues through the examination of the physical and
spectroscopic properties of polypyrrole films containing
transition-metal chelates.

The first extensive study of polypyrrole was conducted
by McNeill et al. in 1963.1 The polymer was prepared by
the pyrolysis of tetraiodopyrrole, and subsequent exami-
nation identified polypyrrole as a semiconductor. The
current interest in polypyrrole has its origins in the work
of Diaz et al.,2 in which it was shown that films with
improved conductivity could be conveniently prepared
by electrochemical synthesis. Inthis method, the polymer
isoxidized during polymerization, and counteranions from
the supporting electrolyte are incorporated to maintain
electrical neutrality. Apartfrom theintellectual challenges
that this relatively new polymer present, a significant
driving force for the vast amount of research that has been
conducted on polypyrrole is the potential for its application
in devices such as rechargeable batteries and electrochro-
mic displays.?

In a large proportion of the reported work, polypyrrole
has been prepared containing “commercially available”
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inorganic counteranions, such as ClO4, BF,, and p-
toluenesulfonate (PTS-). Inrecent years, polypyrrole films
containing unusual counteranions, such as Pt(CN)-¢
tetrathiomolybdate,? and first-row transition-metal com-
plexes,®? have been prepared. Polypyrrole-containing
polymeric and sulfonated aromatic counteranions have
also been the focus of considerable interest.1%-14 Warren
et al.l?2 examined polypyrrole containing a variety of
counteranions by means of X-ray diffraction and found
that substituted benzenesulfonate and long aliphatic chain
counteranions produced the highest order. Recently, the
structure of polypyrrole containing poly(4-styrenesulfonate)
was investigated by means of scanning tunneling micros-
copy!® and helical chains of polypyrrole were observed.
Work in this laboratory has focused on the use of transition-
metal complexes as counteranions and the study of the
subsequent properties,'>17 These materials may be
considered as polymer—transition metal complex com-
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Table 1. Atom Mole Ratios, Conductivities, Flotation Densities, and Preparation Conditions for Various Polypyrrole Films

applied Qe material oxygen  conductivity density

polymer potential (V)¢ (C/cm?)® atom mole ratio® balance (%)  equivd (S/cm)e (g/mL)
PPyPTS 0.90 20.1 (C4.00H3.21N0.92) (PTS)0 20 94.08 0.39 11-50 1.38-1.39/
PPyCoEDTA 0.80 14.0 (C4.00H3.31N1.00) (CoEDTA)q.13 92.03 0.60 6.4-11.1 1.51-1.52
PPyCrEDTA 0.85 14.3 (C4.00H3.04N0.98) (CrEDTA)q 16 95.51 0.35 0.056-0.160 1.46-1.47
PPyFeEDTA 0.80 20.0 (C4.00H3.21N1.00) (FeEDTA)g 050 88.00 0.73 0.032-0.134 1.42-1.44
PPyCoCDTA 0.80 13.9 (C4.00H3.78N0.96)(CoCDTA)g.15 85.81 1.21 2.4-5.6 1.47-1.48
PPyFeCDTA 0.85 19.6 (C4.00H3 68No.99) (FeCDTA)o 081 91.25 0.59 0.011-0.048
PPyCr/CoEDTA 0.85 14.5
PPyFe/CoEDTA 0.80 13.9

¢ Relative to Ag/AgCl 3 M Cl- (aq) reference electrode. ¢ Electropolymerization charge density. ¢ Values normalized to carbon. ¢ Oxygen
equivalent of missing weight. ¢ Measured at room temperature after 23-26 h of air exposure. / In this case the density range was obtained from

one preparation only.

posites, and as such, the chemistry associated with the
counteranions is of equal importance to that of the polymer
in determining the final properties.

In the present work, we have employed counteranions
based upon ethylenediaminetetraacetate (EDTA%) and
cyclohexanediaminetetraacetate (CDTA%). Thepolymers
studied, PPYMEDTA (M = Co, Cr, and Fe) and PPy-
CoCDTA, were first briefly reported by Takakubo.!819
However, to our knowledge, the only published data consist
of the room-temperature conductivities of PPyCoEDTA,
PPyCoCDTA, and PPyCrEDTA. We have therefore
undertaken a much more detailed investigation of these
materials. In addition, PPyFeCDTA has been prepared
and characterized for the first time. The coordination of
EDTA#% within MEDTA- complexes is variable and is
influenced by the nature of the chelated cation. For
example, the crystal structures of FeHEDTA and Rb-
FeEDTA have revealed quinquedentate and sexadentate
coordination of the chelate, respectively.2%21 Due to the
largely amorphous nature of the polymers studied in this
work, we have employed indirect techniques in an attempt
to determine the coordination of the chelate within the
incorporated counteranions.

The primary advantage in using metal chelates as
counteranions is that the paramagnetic transition-metal
ions implanted into the polymer can act as spectroscopic
probes in techniques such as EPR and Méssbauer spec-
troscopy. This permits detailed information about the
counteranion environment, and hence the structure of the
material, to be obtained. The structures of the above
counteranions are very different from those of the transi-
tion-metal complexes that we have previously incorporated
into polypyrrole.l617 Thus, they facilitate investigation
of the influence of the counteranion size and shape on the
environmental stability of the conductivity. Our earlier
work showed that very large anisotropic macrocyclic
counteranions yielded conductivities which decreased
rapidly upon exposure to the environment.15:17

In the present work the compositions of the polymers
were determined by elemental analysis. The effect of the
counteranion on the charge carriers within the polymer
was studied using conductivity measurements and UV-
visible spectroscopy. Information regarding the degree
of order and structure of the polymers was obtained from
TEM and X-ray diffraction. The EDTA¢% coordination
within the incorporated metal chelate, and the counter-
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anion environment within the material, were examined
using infrared, EPR, and Mdssbauer spectroscopy.

Experimental Section

Reagents. Pyrrole (Aldrich) was distilled prior to use and
stored at —18 °C under nitrogen in the absence of light. Water
was “milli-Q” quality, and propylene carbonate was used as
received. Tetrabutylammonium perchlorate (SACHEM) and
sodium p-toluenesulfonate (BDH) were also used as received.
NaMEDTA and NaMCDTA (M = Co and Fe) were synthesized
using modifications of the published methods.22#® NaCrEDTA
was prepared by the neutralization of CrHEDTA. The latter
was prepared by the reaction of stoichiometric equivalents of
Cr(NOs); (Hopkins and Williams) and HEDTA (Merck) in
distilled water at 95-100 °C. (The reaction is exothermic and
should be carried out in a well-ventilated fume cupboard.) Upon
cooling, the product was precipitated by the addition of ethanol.
The solid was purified by subsequent dissolution in water and
precipitation with ethanol and then dried in dynamic vacuum
overnight at room temperature over P;0s. To an aqueous solution
of CrHEDTA, a NaOH solution was added until a pH of 5.0 was
reached (corresponding to the first inflection point on the
potentiometric curve). The solution was concentrated, and the
solid precipitated by the addition of ethanol. The solid was
purified and dried as above. The compositions and purities of
the metal chelates prépared ahove were confirmed using elemental
analysis, magnetic moment measurements, as well as infrared,
UV-visible, and EPR spectroscopy.

Polymer Synthesis. The electrochemical cell and instru-
mentation used in the present study have been described
previously.l” The applied potentials and charges densities
employed for the preparation of the polymers appear in Table
1. For PPyClQ,, the potential used during preparation was 0.96
V (Qs = 11.3 C/cm?) vs the Ag/AgCl 3M Cl-(aq) reference
electrode. Thepolymerizations were all conducted in a controlled
temperature bath (0—4 °C). In the present study, the thick films
had thicknesses in the range 30-90 um. From the measured
thicknesses of the thick films, and the charge passed during their
preparation, the average charge density required for a film
thickness of 0.1 um was 40 mC/cm? Using this figure, the
thicknesses of the thin films studied by UV-visible and infrared
spectroscopy are estimated as 0.3-0.5 um from the amount of
charge passed during their preparation. Similarly, the filmsused
in the TEM investigation are estimated to have had thicknesses
in the range 0.05-0.1 um.

PPyClO, was prepared and handled in the manner previously
described.!” The PPyPTS, PPYMEDTA (M = Co, Cr, and Fe),
and PPyMCDTA (M = Co and Fe) films were prepared using
aqueous solutions containing 0.10 M pyrrole and 0.020 M of the
respective sodium salt of the counteranion. PPyFe/CoEDTA
was prepared from a solution containing 0.010 M NaFeEDTA
and 0.010 M NaCoEDTA. PPyCr/CoEDTA was prepared using
0.006 M NaCrEDTA and 0.014 M NaCoEDTA. Ineach case,the
electrolyte was purged with nitrogen prior to the polymerization,
and this atmosphere was maintained over the solution through
the course of the synthesis. The films were removed from the
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electrode and thoroughly washed in distilled water. It was found
thatdrying PPyCoEDTA and PPyCrEDTA at 120 °C, indynamic
vacuum, caused an irreversible decrease in the conductivity.
However, no significant difference in the resulting flotation
densities were detected. The flotation densities shown for these
films (Table 1) contain some data which were obtained from
films dried in the above manner. It is emphasized that all of the
remaining data presented in this paper were obtained on films
that were dried exclusively at room temperature. This was
performed under dynamic vacuum, over P;Oj, for approximately
24 h. Prior to analysis, all films were washed continuously with
milli-Q quality water for 24 h and then dried at room temperature
as above. The polymers were subjected to an additional drying,
in the above manner, immediately prior to analysis.

Physical Methods. Elemental analysis was performed by
the University of Otago microanalytical service (New Zealand)
and Galbraith Laboratories (Knoxville, TN). The conductivity
measurements were made using the linear four-probe method
and were performedat 20 1°C. Asolventblend of iodomethane
and n-hexane was used for the determination of the flotation
densities. Atleastthreeseparate films (>20 um) of each polymer
listed in Table 1 were grown. It was observed that the thickness
of the films on the electrode increased with increasing depth in
the electrolyte solution, in agreement with the ohservation of
Takakubo.!® Thisisattributed to variations in the current density
over the electrode surface. Four samples were cut from each
film, corresponding to maximum and minimum depths in the
solution, and two intermediate positions. The measured flotation
densities and conductivities increased with increasing depth in
the solution. The conductivity and density columns in Table 1
show, for each polymer, the data obtained at minimum and
maximum depths averaged over the three (or more) separate
films. TEM investigations were conducted on thin films
suspended on copper grids using a Philips CM20 electron
microscope operated at 200 keV. The electron microscope was
equipped with an Oxford Instruments ultrathin window energy-
dispersive spectrometer. X-ray diffraction data were collected
inbothreflection and transmission geometries using a SCINTAG
PAD(V) diffractometer and Cu Ka radiation. Transmission
infrared spectra were obtained on thin polymer films, supported
on a sodium chloride plate, using a Perkin-Elmer 1600 Series
spectrometer. The equipment and procedures employed in
recording the UV-visible, EPR, and Méssbauer spectra have been
described previously.l” Inthelatter, the data fitting used a least-
squares procedure employing Lorentzian line shapes, except for
the unresolved magnetic structure which was approximated by
a Gaussian. EPR spectra of frozen solutions of NaCrEDTA and
CrHEDTA were obtained using water-methanol-dimethyl-
formamide blends (in the volume ratios of 2:8:1 respectively)
such that about 10 mg of solid was dissolved in 10 mL of solvent.
The spectra were recorded at approximately 100 K using a
microwave frequency of 9.11 GHz.

Results and Discussion

Elemental Analysis. From elemental analysis data,
the compositions of PPyPTS, PPYMEDTA (M = Co, Cr,
and Fe), and PPyMCDTA (M = Co and Fe) have been
determined and are shown in Table 1. The washing
procedure employed ensured that the films contained
negligible concentrations of residual electrolyte. Exami-
nation of the films via electron microprobe showed that
they were chloride free, indicating no contamination from
the reference electrode. Nevertheless, all of the films
contain anunidentified mass. Thisisascribed toan oxygen
species.142425 The compositions of the pyrrole moiety, in
each polymer, reveal excess hydrogen when compared to
the ideal C4H3N formula. This is attributed to a com-
bination of residual water,26 covalently bound hydroxyl
groups,?’ and sp®-hybridized C-H species.?®
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From Table 1, it will be seen that the extent of oxidation
of the metal chelate containing polymers is in the 0.06-
0.16 range. The levels of counteranion incorporated in
these materials are thus comparable to those found!8 in
polypyrrole containing Cr(C303)33-. While it is clear that
the size of the counteranion influences its level of
incorporation into polypyrrole, the data do not allow any
more detailed conclusions to be drawn.

Environmental Stability of the Conductivity of
PPYyMEDTA, PPYMCDTA, and PPyPTS. The room-
temperature conductivities of PPyMEDTA (M = Co, Cr,
and Fe), PPyMCDTA (M = Co and Fe) and PPyPTS are
shown in Table 1. The conductivities of PPyPTS,
PPyCoEDTA, and PPyCoCDTA are similar to the values
previously reported.12!8 In the early work of Takakubo,18
the conductivities of PPyCrEDTA and PPyFeEDTA were
not measured because of the poor mechanical properties
of the polymers. However, in a subsequent publication
the conductivity of PPyCrEDTA was reported as 5 S/cm.!?
This value is not consistent with the present work.

From Table 1 it can be seen that the conductivities of
PPyFeEDTA and PPyCrEDTA are much lower than that
of PPyCoEDTA. This is surprising, and a definitive
explanation is not yet available. NaCrEDTA and Na-
FeEDTA were not electroactive under the conditions used
to prepare PPyCrEDTA and PPyFeEDTA. Itisplausible
that chemical oxidation of electrochemically produced
oligomers may have occurred during the preparation of
PPyMEDTA. The redox potentials of [MI/IIEDTA]2-/-
(M = Cr, Co, and Fe) are -1.23, 0.13, and -0.12 V vs SCE,
respectively.2230 The latter two redox potentials are
comparable to those reported for pyrrole oligomers.3!
However, the electrolyte solutions did not exhibit any
evidence of chemical polymerization. The EPR spectrum
of PPyCoEDTA (see below) revealed that Co(II) was
absent. In view of the above, it is unlikely that chemical
oxidation of pyrrole oligomers occurred.

The conductivity of polypyrrole has been reported to
be unstable in that substantial reductions have been
observed upon exposure to the atmosphere.®323 An
important area of research is the study of the effect that
the counteranion has on this property. In Figures 1 and
2 the normalized conductivity as a function of exposure
time is shown for PPYMEDTA (M = Co, Cr, and Fe),
PPyMCDTA (M = Coand Fe), and PPyPTS. Thescatter
in the data is attributed to fluctuations in the humidity
and temperature. (The latter varied between 19.0 and
21.0 °C, and this had a more pronounced effect on the
materials with lower conductivity.) The conductivity of
PPyPTS rapidly decreases below the original value soon
after exposure to air. Conversely, PPyCrEDTA and
PPyFeEDTA show an increasing conductivity up to nearly
constant values within the experimental period. This
tendency to retain conductivities higher than the original
value, for exposure times up to 100 days, is noteworthy
and in this respect the conductivity of PPyMEDTA (M
= Co, Cr, and Fe) and PPyFeCDTA is superior to that of
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Figure 1. Normalized conductivity versus time of exposure to
laboratory air for PPyCrEDTA (O), PPyFeEDTA (0), and
PPyCoEDTA (a).
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Figure 2. Normalized conductivity versus time of exposure to
laboratory air for PPyFeCDTA (a), PPyCoCDTA (m), and
PPyPTS (9).

thick polypyrrole films containing other transition metal
complex counteranions.?15-17.33

By analogy to the mechanism proposed for polyacet-
ylene, the initial increase in conductmty observed for the
metal chelate containing polymers is attributed to the
formation of a charge-transfer complex with oxygen.3 This
is consistent with the low extents of oxidation of pyrrole
found in these polymers (see Table 1). Qualitatively
similar behavior was observed when electrochemically
reduced polypyrrole was exposed to oxygen.® For
PPyPTS, the conductivity increase was always more rapid
and less pronounced than that observed for the polymers
containing the metal chelate counteranions. The subse-
quent conductivity decrease observed for PPyPTS, PPy-
CoEDTA, and PPyMCDTA (M = Coand Fe) is attributed
to an irreversible oxidation resultmg in the formation of
covalently bound oxygen species.38:37

The present data suggest that the nature of the
counteranion strongly affects the rate and extent of the
reactions discussed above. Presumably, the size and shape
of the counteranions influence the access of molecular
oxygen to the polymer chains. The metal chelate coun-
teranions are of moderate sizé (see below) and ap-
proximately spherical and occupy a large proportion of

(34) Billingham, N. C,; Calvert, P. D.; Foot, P. J. S.; Mochammad, F.
Polym. Degrad. Stab. 1987 19, 323.
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B 1983, 28, 2140.
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728.
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the total volume in these materials. In addition, the
Méssbauer data for PPyFeEDTA (see below) indicate that
alarge proportion of the counteranions are well dispersed
throughout the polypyrrole matrix. These effects could
result in a restriction of oxygen access to the reactive sites
of the polymer chains and lead to a slowing of the rate of
the above reactions. The MEDTA (M = Co, Cr, and Fe)
counteranions appear near to the optimum size in this
regard since the stabilities of both PPyCoCDTA and
PPyFeCDTA are lower than those observed for the
PPyMEDTA (M = Co and Fe) analogs. Support for the
notion of an optimum counteranion sjze and shape can be
found from the poor stabilities observed for polypyrrole
containing relatively large tetrasulfonated metallophtha-
locyanines.!517

The crystal structures?!,3839 of CoEDTA-, FeEDTA-,
and FeCDTA- (and effective van der Waals radii data%0)
allow estimates of the sizes of these counteranions to be
made. Foreach counteranion, the lengths along three axes
were calculated from the atomic coordinates, and the van
der Waals radii of the peripheral atoms added. Thelengths
of CoOEDTA-, FeEDTA-, and FeCDTA- (averaged along
the three axes) were calculated as 9.3, 10.2, and 11.1 4,
respectively. Assuming a spherical structure, the volume
of FeCDTA- is then about 30% larger than that of
FeEDTA-. The size of CtEDTA-would be similar to that
of COEDTA-, since they are isomorphous. For comparison,
the van der Waals length of a tetrasulfonated metallo-
phthalocyanine counteranion was estimated as 24-28 A.
While the data for polypyrrole containing the above
counteranions indicate that the size and shape of the latter
are important, it is clear that other factors also influence
the conductivity stability.

Transmission Electron Microscopy. TEM studies
were undertaken in an attempt to compare the morphology
of thin films of PPyCoEDTA, PPyCrEDTA, and PPyPTS.
The data for PPyCrEDTA were inconclusive; those for
PPyCoEDTA showed that the films were largely amor-
phous although small crystallites were frequently observed
and comprised about 1% of the surface area. Figure 3a
is a micrograph of PPyCoEDTA, showing a central
crystallite (dark area) surrounded by regions of decreasing
structural order. It is suggested that the crystallites are
the regions where the nucleation and early growth of the
polymer commence; the transition to the amorphous phase
occurs as the result of subsequent polymer growth. The
higher magnification image of the crystallite (see Figure
3b) clearly shows parallel crystalline lattice fringes as well
as the more irregular features characteristic of an amor-
phous phase. The average lattice fringe spacing was
consistently measured to be 4.8 A. This value is compa-
rable to the reported spacing of side-by-side pyrrole rings#.
and could originate from aligned polypyrrole chains.
However, without the use of computer-simulated images
based on such a model, such an interpretation must remain
tentative.

An energy-dispersive spectrum obtained from the crys-
tallite shown in Figure 3 appears in Figure 4. The signal
due to copper originates from the grid used to support the
film. The spectrum shows evidence of cobalt, oxygen, and
carbon; the small peak at approximately 0.4 keV is assigned

(38) Cohen, G. H.; Hoard, J. L. J. Am. Chem. Soc. 1966, 88, 3228.

(39) Weakliem, H. A.; Hoard, J. L. J. Am. Chem. Soc. 1959, 81, 549.

(40) Gordon, A.; Ford, R. In The chemist’s companion; Wiley; New
York, 1972; p 109.

(41) Buckley,L J.;Roylance,D. K.; Wnek, G. E. J. Polym. Sci., Polym.
Phys. Ed. 1987, 25, 2179.
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(a)

(b)

Figure 3. Transmission electron micrographs of PPyCoEDTA
showing (a) a crystallite and (b) lattice fringes. The latter is a
higher magnification image of part of the crystallite shown in (a).
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Figure 4. Energy-dispersive spectrum of the crystallite shown
in Figure 3.

to nitrogen. The spectrum indicates that the crystallite
contained negligible impurity concentrations.

A preliminary electron diffraction study of PPyCoEDT
was undertaken which confirmed the crystallinity noted
above; however, no definitive conclusions have been drawn
concerning the structure. The acquisition of these data
is difficult due to the small size of the crystallites and
their sensitivity to the electron beam. More work is
required to elucidate the structural arrangements present
within PPyCoEDTA. Thedata presented above show that
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Figure 5. X-ray diffractograms of (a) PPyPTS, (b) PPy-

CoEDTA, (c) PPyCrEDTA, (d) PPyFeEDTA, and (e) PPy-
CoCDTA obtained using reflection geometry.

the CoEDTA counteranion has the ability to promote a
highly ordered structure. This is most likely related to
the choice of metal within this counteranion as well as its
size and shape. In this context it should be noted that
crystallites were not observed in PPyPTS films prepared
under identical conditions.

X-ray Diffraction and Flotation Density Measure-
ments. X-ray diffraction was employed to obtain infor-
mation about the structural arrangements within thick
films of PPyMEDTA (M = Co, Cr, and Fe) and PPy-
CoCDTA. The diffractograms of these polymers, as well
as those of PPyPTS and PPyClQy, are shown in Figures
5 and 6; the tabulated data appear in Table 2. Broad
scattering maxima are present in all of the diffractograms
which indicate that the underlying structures are largely
amorphous. From the work of Mitchell et al.*24 and
Buckley et al.#! it is possible to divide the scattering
maxima in the high-angle region into two groups: maxima
in the 20 = 18-22° and 24-26° regions are assigned to
scattering from side-by-side pyrrole rings and face-to-face
aromatic units (including pyrrole rings), respectively. The
low-angle maximum observed in the diffractogram of
PPyPTS (Figure 5a) is attributed to scattering from PTS
counteranions.?5

From Figure 5 it is evident that the diffractograms of
PPyMEDTA (M = Co, Cr,and Fe) and PPyCoCDTA bear
astrong resemblance to each other and differ considerably

(42) Mitchell, G. R. Polym. Commun. 1986, 27, 346.
(43) Mitchell, G. R.; Davis, F. J.; Cywinski, R.; Howells, W. S. J. Phys.
C 1988, 21, L411.
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Figure 6. X-ray diffractograms of PPyClO, ((a) and (b)) and
PPyCrEDTA ((c) and (d)) obtained using reflection and trans-

mission geometries.

Table 2. X-ray Diffraction Data*

sample® 20 (deg) d (&)

PPyPTS 6.5 br, w; 19.0 sh, w; 26.8 8,8t  13.6,4.7, 3.5
PPyCl10, 22.0 br, st; 25.0 sh,m 4.0,3.6
PPyClO44 22.0 br, m; 25.5 sh, w 4.0,3.5
PPyCoEDTA 13.0 br, st; 26.0 s, st 6.8,3.4
PPyCrEDTA 14.0 br, st; 25.0 br, m 6.3,3.6
PPyCrEDTAY  13.5 br, m; 24.0 br, w 6.8, 3.7
PPyFeEDTA 12.5 br, st; 24.0 br, st 7.1, 3.7
PPyCoCDTA 12.0 br, st; 25.5 br, m 74,35
NaCoEDTA 14.0 br, st 6.3

¢ gt = strong, m = medium, w = weak, s = sharp, br = broad, and
sh = shoulder. ® Data obtained using reflection geometry unless
otherwise stated. ¢ Evaluated from Bragg equation. 4 Data obtained
using transmission geometry.

from that of PPyPTS. This indicates that the structure
of PPyPTS is quite different from those present in the
metal chelate containing polymers. The diffractograms
of the latter show a broad maximum in the 26 = 10-18°
region and there is little, if any, evidence of scattering
from side-by-side pyrrole rings. The latter observation
implies that the polymer moiety is unlikely to consist of
intercalated sheets containing coplanar polypyrrole chains,
asis the case in PPyPTS.48 This is not a surprising result,
since, on space-filling grounds, intercalation of coplanar
polypyrrole chains and spherical counteranions is not
expected.**5 Because the metal chelates are neither

(44) Kiani, M. S,; Bhat, N. V.; Davis, F. J.; Mitchell, G. R. Polymer
1992, 33, 4113.

(45) Mitchell, G. R.; Davis, F. J.; Legge, C. H. Synth. Met. 1988, 26,
247.
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aromatic or planar, the maxima in the 20 = 24-26° region
arerestricted to scattering from face-to-face pyrrole rings.
Therefore, the relative sharpness of maxima in this region
provide a qualitative guide to the degree of order present
in the polypyrrole chains.!? It can be seen from Figure 5
that the degree of order of the polypyrrole moiety is
dependent on the nature of the metal chelate incorporated,
being higher in PPyCoEDTA and lower in PPyCrEDTA
and PPyFeEDTA.

The relatively strong maxima observed in the 26 = 10-
18° region of the diffractograms of the metal chelate
containing polymers are ascribed to counteranion scat-
tering because the diffractograms of NaCoEDTA also
exhibits a broad maximum in this region (see Table 2).
The diffractogram of PPyCrEDTA was not significantly
altered after washing in distilled water for 24 h, indicating
that the counteranions responsible for the maxima are
electrostatically bound to the polypyrrole cation. The
relative sharpness of the maxima in the 26 = 10-18° region
is indicative of the degree of counteranion order within
the materials. From Figure 5, it is evident that the degree
of order is higher in PPyCrEDTA and PPyCoCDTA. In
the former, this is attributed to the relatively high level
of counteranion incorporation (see Table 1). For PPy-
CoCDTA, the relatively large size of the CoCDTA coun-
teranion would result in a higher proportion of the total
volume being occupied by the metal chelate and a
concomitant increase of order within this moiety. From
the above arguments it is apparent that the degree of order
present in both the counteranion and polymer moieties of
the metal chelate containing polymers are essentially
independent, i.e., a relatively high degree of counteranion
order does not impart a relatively high degree of order to
the polymer, and vice versa.

In Figure 6 the diffractograms for PPyClQ4 and PPy-
CrEDTA obtained using both reflection and transmission
geometries are shown. For each polymer, the difference
in the relative intensities of the two curves is due to the
dissimilarity in the scattering volumes present in each
geometry. In assessing the degree of anisotropy in each
polymer, the differences in the position of the scattering
maxima are the important factor. The positions of the
maxima in the diffractograms of PPyClO4 are the same
for both geometries which indicates that the polymer has
an isotropic structure, as previously reported.45 Likewise,
the diffractograms of PPyCrEDTA (Figure 6¢,d) reveal
that the polymer is also isotropic. Similar results were
obtained for PPyCoEDTA (not shown). It is suggested
that, locally, the structures of PPYMEDTA (M = Co, Cr,
and Fe) and PPyMCDTA (M = Co and Fe) consist mainly
ofisolated stacks of polypyrrole chains which are separated
by layers of aggregated counteranions. From the above
data, it is evident that the local structure is randomly
oriented on a global scale within the materials. This
structure differs from that recently proposed for poly-
pyrrole containing camphor sulfonate where some an-
isotropy was observed,*8 and this is attributed to the more
spherical shape of the metal chelates.

The flotation densities of the metal chelate containing
polymers (Table 1) are comparable to those usually
reported for polypyrrole.?6 When the compositions of the
materials shown in Table 1 are considered, it may be shown
that the packing efficiency of the counteranions (as

(46) Kassim, A.; Block, H.; Davis, F. J.; Mitchell, G. R. J. Mater.
Chem. 1992, 2, 987,
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Figure 7. Infrared spectra of (a) PPyPTS, (b) PPyCoEDTA,

(c) PPyCrEDTA, and (d) PPyFeEDTA. The bands originating

from MEDTA- and polypyrrole are labeled (*) and (+) respec-
tively; see text. The spectra have been smoothed.

reflected by the number of counteranions per unit volume
of material) is highest in PPyPTS.

Infrared Spectroscopy of PPYMEDTA (M = Co,
Cr, and Fe) and PPyPTS. The infrared spectra of
PPyPTS and PPYMEDTA (M = Co, Cr, and Fe) are shown
in Figure 7. With the exception of the absorption bands
in the 1600-1700-cm™! region, the spectra are similar to
that reported for PPyCl042" The vibrational modes
responsible for the bands in the region below 1600 cm-!
have been assigned by Watanabe et al4” A broad
absorption is present above 1800 cm-1in all of the spectra,
and this has been attributed to free charge carriers.2"47
The 1600-1700-cm~! region of the spectrum of PPy-
MEDTA (M = Co, Cr, and Fe) also exhibits absorption
bands due to the antisymmetrical vibration of the car-
boxylate group (COO-) originating from the counteran-
ions.®® These are observed at 1640, 1645, and 1630 cm!
in the spectra of PPyCoEDTA, PPyCrEDTA, and PPy-
FeEDTA (as a shoulder), respectively. The positions of
these bands correspond closely to those in the respective
spectra of NaMEDTA (M = Co, Cr, and Fe), confirming
the presence of the counteranions within each of the
polymers. This also implies that the nature of the M—COO-
bonding within the counteranions remains largely un-
changed as a result of incorporation into polypyrrole.

A weak band is present in the spectra of PPyPTS and
PPyFeEDTA at approximately 1670 ¢m-! and probably
exists in the spectra of PPyMEDTA (M = Co and Cr).
This may be assigned to vibrations of carbonyl groups
that are conjugated with C=C units.#? The relative

(47) Watanabe, A.; Tanaka, M.; Tanaka, J. Bull. Chem. Soc. Jpn.
1981, 54, 2278.

(48) Sawyer, D. T.; McKinnie, J. M. J. Am. Chem. Soc. 1960, 82, 4191.

(49) Dong, S.; Ding, J. Synth. Met. 1987, 20, 119.
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Figure 8. UV-visible spectra of (a) PPyPTS, (b) PPyCoEDTA,

(c) PPyCoCDTA, (d) PPyCrEDTA, and (e) PPyFeEDTA. The
spectra have been smoothed.

weakness of the bands indicate that the levels of carbonyl
groups incorporated into the polymers are relatively low.
Therefore, the majority of the excess oxygen present in
these polymers (see Elemental Analysis section) must
originate from residual water and covalently bound
hydroxyl groups. The absorption bands of the latter would
not be observed since they are only apparent in the spectra
of electrochemically reduced polypyrrole.?’

Considering the antisymmetrical vibration of the COO-
group in more detail, it is evident that the sharpness of
this band is greatest in the spectra of PPyCoEDTA and
PPyCrEDTA. This supports the possibility of exclusive
sexadentate coordination of the EDTA# chelate within
the counteranions of PPyCoEDTA and PPyCrEDTA.5%
However, the existence of such species cannot be proven
from infrared data alone.48:50

UV-Visible Spectra. The UV-visible spectra of
PPyPTS, PPyYMEDTA (M = Co, Cr, and Fe), and
PPyCoCDTA are presented in Figure 8. Broad absorption
bands are evident in the 800-nm region of each spectrum,
and these are attributed to polarons and/or bipolarons.11:51
The absorption bands in the 300-500-nm range are
assigned to transitions from the valence band to the
uppermost bipolaron band.1152 It is noteworthy that the
absorption bands due to the counteranions are absent in
the spectra of PPyCoEDTA and PPyCrEDTA.535¢ Con-
versely, the UV-visible spectra of polypyrrole containing
tetrasulfonated metallophthalocyanines were dominated
by bands originating from the counteranions.!” The

(50) Morris, M. L.; Busch, D. H. J. Am. Chem. Soc. 1956, 78, 5178.

(51) Fukuyama, M.; Nanai, N.; Kojima, T.; Kudoh, Y.; Yoshimura, S.
Synth. Met. 1998, 58, 367.

(52) Brédas, J. L.; Scott, J. C.; Yakushi, K.; Street, G. B. Phys. Rev.
B 1984, 30, 1023.

(53) Van Saun, C. W.; Douglas, B. E. Inorg. Chem. 1969, 8, 1145.

(54) Weyh, J. A,; Hamm, R. E. Inorg. Chem. 1968, 7, 2431.
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absence of the counteranion bands in the spectra of
PPyCoEDTA and PPyCrEDTA is the result of the
relatively low molar extinction coefficients of these coun-
teranions,’54 which are approximately 2 orders of mag-
nitude smaller than those reported for tetrasulfonated
metallophthalocyanines.’® The main absorption bands
of the FeEDTA counteranions occur outside the range of
the spectrometer used in this study.5®

A striking feature of the spectra (Figure 8) is that for
PPyX, the wavelength of maximum absorptionin the 300-
500-nm region decreases in the order X = PTS- >
CoEDTA- > CoCDTA- > CrEDTA- > FeEDTA-. A
correlation between wavelength and conductivity has been
established for several poly(alkylthiophenes);*’ examina-
tion of the conductivities of the above polymers (Table 1)
shows a decrease in the same order as that observed for
the wavelength above. The wavelength decreases observed
above are ascribed to reductions in the conjugation length
of the polymer. Kuwabata et al.l® examined the UV-
visible spectra of polypyrrole containing various substi-
tuted aromatic sulfonates and found that an increase in
the negative charge of the counteranion caused areduction
in the wavelength. This was attributed to a narrowing of
the resonant length of the bipolarons. Accordingly, inthe
present work the higher wavelength observed for PPy-
CoEDTA is indicative of a reduction in the effective
negative charge (and nucleophilicity) of the incorporated
counteranion. The relatively high conjugation length
observed in PPyPTS is consistent with the poor nucleo-
philicity of the PTS counteranion.58

EPR Spectra. The EPR spectra of PPyCoEDTA and
PPyCoCDTA consisted of sharp, Lorentzian-shaped reso-
nances with g values of 2.003 (not shown). This value is
typical of that reported for polypyrrole containing dia-
magnetic counteranions.** There was no evidence of a
Co(II) signal, and it is suggested that the cobalt is present
in both PPyCoEDTA and PPyCoCDTA as low-spin
diamagnetic Co(I1I).

The EPR spectra of PPyFeEDTA and a counteranion
composite, PPyFe/CoEDTA, are shown in Figure 9. In
each spectrum resonances are observed with g values of
2.0, 4.2, and 9.3. The g = 2.0 resonance is attributed to
radical species located on the polypyrrole chaing.3%5° The
low-field signals (g = 4.2 and 9.3) typify a rhombic type
spectrum and are consistent with FeEDTA- containing
high-spin ferric iron.8? The absence of a broad resonance
inthe g = 2.0 regionshows that the FeEDTA counteranions
are monomeric,%! which is in agreement with the Méssbauer
data (see below). Comparing the relative broadness of
the g = 4.2 line in each spectrum, it is evident that the
incorporation of diamagnetic CoOEDTA counteranions
leads to a reduction of the line width. This shows that
spin—spin relaxation is the major cause of the line-
broadening present in the spectra.

The spectra of PPyCrEDTA and PPyCr/CoEDTA are
shown in Figure 10. The resonances at g = 2.0 are also

(65) Rollmann, L. D.; Iwamoto, R. T. J. Am. Chem. Soc. 1968, 90,
1455.

(66) Garbett, K.; Lang, G.; Williams, R. J. P. J. Chem. Soc. A 1971,
3433

(57) McCullough, R. D.; Tristram-Nagle, S.; Williams, S. P.; Lowe, R.
D.; Jayaraman, M. J. Am. Chem. Soc. 1998, 115, 4910.

(58) Diaz, A. F.; Bargon, J. In Handbook of conducting polymers,
Skotheim, T. A., Ed.; Dekker: New York, 1986; Vol. 1, p 90.

(59) Genoud, F.; Guglielmi, M.; Nechtschein, M.; Genies, E.; Salmon,
M. Phys. Rev. Lett. 1985, 55, 118,

(60) Aasa, R. J. Chem. Phys. 1970, 52, 3919.

(61) Marton, A.; Stikésd-Rozlosnik, N.; Vértes, A.; Nagy-Czaks, 1.;
Burger, K. Inorg. Chim. Acta 1987, 187, 173.
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Figure 9. X-band EPR spectra of (a) PPyFeEDTA and (b)
PPyFe/CoEDTA showing effective g values.
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Figure 10, X-band EPR spectra of (a) PPyCrEDTA and (b)
PPyCr/CoEDTA showing effective g values.

ascribed to polypyrrole (see above). The remaining
features are not centered around g = 2.0 and are well
defined at low field, indicating Cr(III) containing a large
zero-field splitting of the ‘A;; ground state.52 Thesespectra
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do not exclude the presence of Cr(II) since the latter, with
SE; ground state, is EPR inactive. However, in view of the
low redox potential of the [CrIl/IIEDTAJ2-/- couple (see
above), it is unlikely that Cr(II) exists within PPyCrEDTA
or PPyCr/CoEDTA. Substitution of some of the CrEDTA
counteranions with COEDTA-leads to a reduction in spin—
spin broadening and additional low-field features are
resolved (see Figure 10b). With the exception of the line
at g = 2.0, the spectrum bears a close resemblance to that
reported for magnetically dilute NaCrEDTA,® and is
almost identical to that obtained from a frozen water—
methanol-dimethylformamide solution of NaCrEDTA
(not shown). However, the equivalent frozen solution
spectrum of CtHEDTA (not shown) was very different
from that of PPyCr/CoEDTA, and the line positions of
CrHEDTA were almost identical to those reported® for
Cr(bpy)z(0x)-. The crystal structures of NaCrEDTA and
CrHEDTA have shown sexadentate and quinquedentate
coordination of the EDTA% chelate, respectively.t5.56
Therefore, the correlations presented above provide strong
evidence that the CrEDTA counteranions within PPy-
CrEDTA and PPyCr/CoEDTA contain EDTA#4- coordi-
nated in a sexadentate fashion. The ability to discern the
coordination differences discussed above arises from the
sensitivity of the EPR spectra of CrEDTA- to changes in
the rhombic distortion parameter, E, and the axial zero-
field parameter, D.

Werecently reported evidence of a magneticinteraction
in polypyrrole films containing paramagnetic counteran-
ions.)” This is apparent as a reduction of the signal
intensity originating from the polymer radical species in
the presence of counteranions containing paramagnetic
metalions. The substitution of some of the paramagnetic
counteranions with a diamagnetic equivalent should result
in an increase in the intensity of the signal from poly-
pyrrole. Thespectraof PPyMEDTA and PPyM/CoEDTA
(M = Cr and Fe) are in accord with this since the intensity
of the g = 2.0 signal is stronger in the latter. Similarly,
Han et al. found that the introduction of Col!Cl 2 led to
a decrease of the signal intensity originating from poly-
pyrrole.” The precise nature of the magnetic interaction
is not known at present.

Méssbauer Spectroscopy. Mossbauer spectroscopy
has been shown33€869 {0 be very useful for the study of the
nature and the environment of the counteranion incor-
porated into polypyrrole, and here we have investigated
PPyFeEDTA. The spectra at room temperature and 4.2
K are shown in Figure 11. Both spectra are repeatable
and complex and there is no guarantee that a unique fit
has been obtained for either. The parameters for the
preferred fits are given in Table 3, together with the
parameters for the parent salt, NaFeEDTA. The latter
are similar to those reported elsewhere.’®’1 Stein et al.”!

(62) Hempel, J. C.; Morgan, L. O.; Lewis, W. B. Inorg. Chem. 1970,
4

(63) Aasa, R.; Falk, K.; Reyes, S. A. Ark. Kemi 1966, 25, 309.
(64) Andriessen, W. T. M.; Groenewege, M. P. Inorg. Chem. 1976, 15,
621.

(65) Kushi, Y.; Morimasa, K.; Yoneda, H. Annu. Meet. Chem. Soc.
Jpn. 1984, 49, 1N 31.

(66) Gerdom, L. E.; Baenziger, N. A.; Goff, H. M. Inorg. Chem. 1981,
20, 1606.

(67) Han, J.; Lee, S.; Paik, W. Bull. Korean Chem. Soc. 1992, 13, 419.

(68) Kulszewicz-Bajer, I.; Pron, A.; Suwalski, J.; Kucharski, Z.; Lefrant,
S. Synth. Met. 1989, 28, C225.

(69) Rosseinsky, D. R.; Morse, N. J.; Slade, R. C. T.; Hix, G. B,;
Mortimer, R. J.; Walton, D. J. Electrochim. Acta 1991, 36, 733.

(70) Spijkerman, J. J.; Hall, L. H.; Lambert, J. L. J. Am. Chem. Soc.
1968, 90, 2039.
(71) Stein, G. E.;Marinsky, J. A. J. Inorg. Nucl. Chem. 1975, 37, 2421.
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Figure 11. Méssbauer spectra of PPyFeEDTA obtained in zero
applied field at (a) room temperature and (b) 4.2 K.

Table 3. Mdssbauer Parameters for NaFeEDTA and

PPyFeEDTA*
T b AEq r Hiny area
sample (K) (mms!? (mms?!) @msl (D¢ (%)
NaFeEDTA room 0.48 (1) 0.71 (2)¢ 0.86 100
PPyFeEDTA room 0.13(3) 0.54 (5) 0.36 30
0.33(7) 1.05(13) 0.32 10
0.41 (9) Gaussian 60
PPyFeEDTA 4.2 0.2(3) Gaussian 53
032(5) 0.18(5) 0.28 3
0.37(5) 0.98 (5) 0.58 11
049 (5) 1.37(5) 0.58 8

0.55(2) —0.22(2¥ 070 52(1) 25

@ Values in brackets are the error (2 standard deviations) on the
last digit. * Relative to metalliciron at room temperature. ¢ Full width
at half-maximum height. ¢ Magnetic hyperfine field. ¢ Doublet was
asymmetric. f Value for ¢ = 1/42¢Q.

have noted that dimeric species containing FeEDTA-
possess quadrupole splitting values that are relatively large
for high-spin ferric systems. From the values of the
quadrupole splitting shown in Table 3, it is concluded
that the counteranions are exclusively monomeric in
PPyFeEDTA.

The room-temperature spectrum was fitted to the
superposition of two symmetrical doublets and a Gaussian
for the broad wings, although it is recognized that the
restriction that the doublets be symmetrical is not always
followed in these materials. The isomer shift of the
Gaussian (Table 3) is indicative of high-spin Fe(III) and
the species is attributed to FeEDTA- in an environment
in which the spin relaxation and the Larmor precession
frequencies are comparable. The doublet with the larger
quadrupole splitting is attributed to a highly distorted
FeEDTA- species, and the increased splitting compared
to that in NaFeEDTA is most probably the result of a
polymer--counteranion interaction. Similar behavior was
reported® for polypyrrole containing FeCl,-and attributed
to the presence of hydrogen bonding between the coun-
teranion and the polymer. Since each FeEDTA coun-
teranion contains eight oxygen atoms, hydrogen bonding
could also be present in PPyFeEDTA.
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The origin of the doublet with the smaller splitting is
less clear. The isomer shift is slightly lower than that
observed for high-spin Fe(IIl), implying that the iron
nucleus has a higher s-electron density. This could result
from an interaction between the FeEDTA- species and
polypyrrole that involves either conduction electrons or
partial electron donation from the polymer to the iron
nucleus. Inthis contextitshould benoted that the transfer
of electrons from polypyrrole to the incorporated coun-
teranion has been reported3? for polypyrrole containing
Fe(CN)s“".

The low-temperature spectrum (Figure 11b) shows a
much more pronounced magnetic splitting with a well-
defined sextet, a broad absorption due to unresolved
magnetic structure which has been fitted to a Gaussian,
and a central region for which several fitting combinations
of doublets and a narrow Gaussian were tried. The fit
shown uses three doublets, which produced the lowest
misfit and appeared the best visually, but the parameters
must be treated with caution.

The isomer shift of the sextet agrees well with that from
the room-temperature Gaussian after allowing for the
thermal shift, suggesting that part of the intensity from
the Gaussian has had sufficient change in relaxation time
to show resolved structure. The line width of the sextet
is very broad so that the tabulated hyperfine field of 52
T is really an average over a distribution 2-3 T wide. These
values are close to the reported value of 55 T for
magnetically dilute FeHEDTA? containing EDTA+
coordinated in a quinquedentate manner. We are not
aware of any values of Hiy for solid FeEDTA- containing
sexadentate EDTA%. In view of the uncertainty in the
uniqueness of the parameters and the lack of literature
data on the hyperfine fields, it is not possible at this point
to decide whether the coordination of the EDTA% to the
iron is sexadentate or quinquedentate.

The observation of both magnetic relaxation and
nonmagnetic contributions to the spectra at room tem-
perature and 4.2 K indicates that the counteranions are
contained in at least two physically different environments
within PPyFeEDTA. It is difficult to make a simple
correlation between the areas of the subspectra which are
due to the same phase for each of the two spectra. The
counteranions which contain the iron atoms showing
magnetic structure must be well separated from each other
and effectively diluted by the polymer. The remaining
counteranions must be reasonably closely associated, giving
anincreased spin—spin relaxation rate and thus an absence
of resolved magneticstructure. Combining these datawith
those from X-ray diffraction (see above) suggests that the
closely associated counteranions must reside within ag-
gregates. Over half the intensity is from subspectra
displaying resolved or unresolved magnetic splitting at
both temperatures, so that it would seem that the majority
of the counteranions reside in the dilute environment.

It has been reported™7¢ that the Méssbauer lattice
temperatures found in conducting polymers are quite low.
In the case of polypyrrole containing FeCl,- and SnCl;~no
resonant absorption was observed at room temperature,
and this has been ascribed’®to an extremely loose bonding
between the inserted counteranions and the polymer

(72) Lang, G.; Aasa, R.; Garbett, K.; Williams, R. J. P. J. Chem. Phys.
1971, 55, 4539.

(73) Pron, A.; Kucharski, Z.; Budrowski, C.; Zagérska, M.; Krichene,
S.; Suwalski, J.; Dehe, G.; Lefrant, S. J. Chem. Phys. 19885, 83, 5923.

(74) Kucharski, Z.; Suwalski, J.; Budrowski, C.; Pron, A. Solid State
Commun. 1986, 58, 825.
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chains. However, this is not a general observation, and
the room-temperature spectra of PPyFeEDTA (Figure
11a) and polypyrrole containing iron tetrasulfonated
phthalocyanine!” show resonant absorption. Inthe latter
polymers the iron nuclei are coordinated to relatively large
chelates, which provide additional vibrational stability.
This bonding then dominates over the polymer--
counteranion bonding and higher Maossbauer lattice
temperatures result. Thus it is possible for the relative
areas of the subspectra to change dramatically due to the
temperature dependence of the recoilless fraction.

Conclusions

From the work presented above, the following conclu-
sions may be drawn:

(1) The conductivities of PPYMEDTA (M = Co, Cr,
and Fe) and PPYMCDTA (M = Co and Fe) are strongly
dependent on the choice of metal ion contained within the
counteranion.

(2) The environmental stability of the conductivity of
polypyrrole is influenced by the size and shape of the
incorporated counteranion. Spherical counteranions of
moderate size (MEDTA, M = Co, Cr, and Fe) appear to
be effective in retarding the rate of chemical attack of the
polymer backbone by oxygen.

(3) TEM investigations of thin films of PPyCoEDTA
reveal some crystallinity. The X-ray diffraction data
obtained on thicker films show that, for the polymers
containing metal chelates, the COEDTA counteranion
confers the highest degree of order on the polypyrrole
chains. Itissuggested that PPyMEDTA and PPyMCDTA
consist of stacked polypyrrole chains and aggregated
counteranion layers with no preferred orientation.

(4) The EPR spectra are consistent with a magnetic
interaction between the unpaired electrons of the polymer
and the paramagnetic metal ion centers contained in the
counteranions. The coordination of the EDTA# chelate
within PPyCrEDTA is sexadentate as judged by the EPR
line shapes.

(5) The low-temperature Mossbauer spectrum of PPy-
FeEDTA has shown that the FeEDTA counteranions
reside in both aggregated and well-dispersed environments
within the material. The incorporation of relatively large
counteranions (such as FeEEDTA-) results in an increase
in the Mossbauer lattice temperature compared to that
observed™ for polypyrrole containing FeCly.

(6) The metal ions contained within PPyCoEDTA and
PPyCrEDTA exist in the trivalent oxidation state. For
PPyFeEDTA, the presence of Fe(III) has been indicated
byboth the EPR and Méssbauer data. However, the latter
reveal that some of the ferric species have additional
s-electron density.

Acknowledgment. The authors wish to thank Mr.
Yasser Korbatieh for acquiring the Mossbauer data and
Professor J. R. Pilbrow for access to the EPR equipment.
We wish also to acknowledge a Monash Postgraduate
Scholarship (to B.R.S) and Australian Research Council
funding (to K.S.M./R.J.F. and J.D.C./L.J.B.). The con-
structive comments of the reviewers are gratefully ac-
knowledged.



