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Temperature-dependent *’Fe Mossbauer effect spectroscopy has been used to characterize the hyperfine and
dynamical properties of the metal atom in two crystallographic forms of ferrocenium hexafluoroarsenate. The
temperature dependence of the recoil-free fraction and the spin-lattice relaxation rates have been determined over
the interval 89<7<300 K and shows a small difference between the two crystallographic forms. The sign of the
quadrupole splitting parameter in the Fc* cation has been elucidated in a transverse magnetic field experiment at

room temperature.

1. Introduction

Salts of the ferrocenium ion, Fc*, were among the first
organometallic compounds characterized by Mossbauer effect
(ME) spectroscopy,"* and its hyperfine parameters have played
a central role in arriving at the correct description of the bond-
ing interaction between the metal atom and its ligands. It is
well known that this ion can exhibit polymorphism in the solid
state. In a recent study, Braga et al.>* have described the suc-
cessful isolation of both monoclinic (M) and trigonal (T)
Fc*AsFg using the technique of heteromolecular seeding. The
two polymorphs have distinctly different crystallographic prop-
erties. The T form exists in space group P3,21 with three for-
mula units per unit cell, whereas the M form exists in space
group P2,/c with Z=4. Both of these crystallographic modifi-
cations are blue. The only other crystallographic study
reported in the literature is that of Fc*SbFg", a deep red com-
pound reported by Hendrickson et al.’

In the present study, temperature dependent *’Fe ME spec-
troscopy has been used to determine the hyperfine parameters
of the M and T form of Fc*AsF,™ and elucidate the metal atom
dynamics in the two forms. In addition, a room temperature
transverse magnetic field has been applied to Fc*AsFs to further
elucidate the sign of the quadrupole hyperfine interaction in
the cation.

2. Experimental

Samples. Microcrystalline powder samples of the M and T
form of the subject compounds were prepared as previously
reported ** by the Bologna group, mixed with BN to assure
random crystallite orientation, and transferred to plastic sample
holders. These, in turn, were mounted in a suitable cryostat
and examined in transmission geometry as a function of tem-
perature as described earlier.

ME Spectroscopy. The ME transmission spectroscopy was
carried out using a *’Co in Rh source at room temperature as
previously detailed.® Temperature monitoring and control over
the period of data accumulation (typically 7 to 20 hours)
showed that the reported temperatures were constant to better
than +£0.2 K. Spectrometer calibration was effected using a 20
mg/cm? a-Fe foil at room temperature, and all isomer shifts
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are reported with respect to the centroid of such spectra.

Magnetic Field Experiments. Transmission geometry
experiments in a transverse magnetic field of 2.13 T were per-
formed on a finely powdered sample of Fc*AsFs using a
Newport Instruments Model 369 electromagnet slightly above
room temperature (due to resistive magnet heating), with a cur-
rent of 67 ampers at 55 volts. The magnet gap was ~ § mm
and the powdered sample was confined in a brass sample
holder having an area of 6x10 mm?.

3. Results and Discussion

Variable temperature experiments. a representative ME
spectrum of the M form of Fc*AsF4™ at room temperature (~
296 K) is shown in the upper trace of Figure 1 and is typical of
spectra showing spin-lattice relaxation, as reported earlier.’
The ME spectra of Fc"PF have qualitatively the same appear-
ance, and the data analysis was carried out on the two forms of
the hexafluoroarsenates, assuming a simple spin-lattice relax-
ation resonance. The temperature dependence of the isomer
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Figure 1. “'Fe Mossbauer spectra of the monoclinic form of Fc*AsFy
at room temperature. The upper trace is in zero external field, the
lower trace in a 2.13 T transverse magnetic field. The isomer shift
scale is with respect to the centroid of a room temperature o-Fe
absorber spectrum in identical geometry.
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shifts (IS) for the two Fc*AsF¢ forms is summarized graphi-
cally in Figure 2 and shows that this parameter is the same for
both forms within experimental error. The temperature depen-
dencies of the recoil-free fraction, which scales directly with
the temperature dependency of the area under the resonance
curve for an optically “thin” absorber, are shown in Figure 3.
Both data sets show curvature over the accessible temperature
range, but the data suggest a slightly “softer” lattice (as deduced
from -d In A/dT of the iron atom) for the T form as compared
to the M form. However, not wishing to over-interpret the ME
data, it is worth noting that the Fe—ring carbon bond distances
at 293 K are identical (within experimental error) for the M
form (2.080+0.018 A) and the T form (2.079+0.008A) as
extracted from the X-ray crystallographic data.

The collapse of the well-resolved quadrupole splitting in the
parent ferrocene [QS at room temperature = 2.41(2) mm s™']
when the neutral compound is subjected to a one-electron oxi-
dation has been reported extensively in the literature.>® The
QS hyperfine interaction in the Fc*AsF cation is clearly nega-
tive [QS = —0.133(12) mm s'], as deduced from the y* values
obtained in the fitting procedure. The broad resonance line
envelope observed for the Fc* cation is due to spin lattice relax-
ation, and a relative relaxation rate for the M and T forms of
the hexafluoroarsenate salt can be calculated using spin 1/2
relaxation theory' to fit the spectra. Such relaxation rates are
only relative since the magnitude of the magnetic hyperfine
field due to the unpaired electron is not known. The data, sum-
marized in Figure 4 suggest both a temperature-dependent
spin-lattice relaxation rate, as observed earlier, as well as a
slightly faster rate for the T form than for the M form, although
the error limits, especially at the higher temperature, make this
conclusion somewhat tenuous.

ME spectra of Fc*'BF, (no crystallographic form specified)
were reported in an early study by Zahn et al.! who reported an
IS of 0.25£0.04 and a QS of 0.37+0.04 mm s at room temper-
ature. Despite the employment of a *’Co in stainless steel
(Sandvik 2R2) source, these authors were able to resolve the
broad resonance line envelope into two components, with the
line at lower velocity having the greater intensity. In the pres-
ent study, the zero-field ME spectrum of Fc*BF,” was analyzed
using a relaxation algorithm, employing the Nowik-Wickman
Mossbauer spectra relaxation formalism "' and resulted in a
value of IS=0.400+0.006 and a QS of —0.133+0.012 mm s™ at
room temperature, in only modest agreement with the earlier
results. The sign of the QS is consistent with those reported
earlier in related ferrocenium cations.'

The lower trace of Figure 1 shows the ME absorption spec-
trum of the M form of Fc*AsFy in a transverse magnetic field
using the data analysis algorithm which has recently been
developed in this laboratory.”® The QS is negative in the cation,
as has been observed for similar ferrocenoid complexes,"” and
the effective magnetic field is larger than the nominal applied
field (determined from similar studies with diamagnetic com-
plexes) by H.—H.,,= 3.6 kOe. The induced hyperfine field is
produced by the electron vacancy in the 3d electron shell as has
been reported in other nominally Fe(IIT) complexes." This
induced hyperfine field is given by Heyr—Hex = (UsHex/ ks T) Hy,
which yields Hy,s = +720 kOe. Such a positive large field is
generally interpreted'® in terms of orbital contributions to the
hyperfine field acting on the nucleus.

4. Summary and Conclusions

Two crystallographically distinct forms of ferrocenium
hexafluoroarsenate have been studied by temperature-depen-
dent *’Fe ME spectroscopy to elucidate the influence of the
crystal form on the hyperfine and dynamical parameters of the
iron atom. Within experimental error, the IS parameter is the
same for both forms over the temperature interval 87<7<295
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Figure 2. The temperature dependence of the isomer shift for the T

form (filled data points) and the M form (open data points) of
Fc*AsFy.
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Figure 3. The temperature dependence of the recoil-free fraction
(normalized to the 90 K data points) for the T form (filled data
points) and M form (open data points) of Fc*AsFg.
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Figure 4. Temperature dependence of the spin-lattice relaxation
rates for the two polymorphic forms of Fc*AsF,". The data are normal-
ized to the 90 K data points as discussed in the text.

K, but the temperature dependence of the recoil-free fraction
and the spin-lattice relaxation rate appear to differ between the
two forms. The sign of the quadrupole splitting in the mono-
clinic form is negative, in contrast to its positive sign in the
neutral (diamagnetic) precursor.
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