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The magnetic properties of a valence delocalized mixed valent Fe(I1)-Fe(II1) complex have been investigated. On
the basis of magnetic susceptibility measurements and NIR absorption spectroscopy the double exchange parameter was determined to B = 940cm-' while for the isotropic exchange interaction an antiferromagnetic contribution of J = -100cm-' was obtained. The results were further discussed with regard to vibronic interaction.
For the vibronic-interaction parameter A only an upper bound of 2500 cm-' could be given.

zyxwv

Introduction

Experiment

Polynuclear transition metal compounds with metal
centers in different oxidation states are of potential interest
since these systems exhibit the possibility to study the intramolecular electron transfer. Such systems are not only
models to investigate the mechanism of valence trapping or
valence delocalization but are also present in biological systems. The tetrameric manganese unit in photosystem I1
perhaps represents the most famous example of mixed
valence systems in biology.
To gain some insight in the magnetic effects of the electron transfer it is easier to study model complexes containing as few as possible spin-centers. Of great interest was the
preparation by Creutz and Taube of the p-pyrazinebis(pentaamminruthenium) (5 + ) ion [ 1, 21. The investigation of mixed valent iron complexes allows to draw additional informations from MBssbauer investigations. The
first example of a valence delocalized, dimeric Fe(I1)Fe(II1) complex of class I11 in the Robin Day classification
was [L2Fe2(pwhich was prepared by Wieghardt
et al. [3, 41. This complex was studied in detail by Mossbauer- and EPR-spectroscopy. Unfortunately the determination of the double exchange parameter B and the exchange parameter J i s not possible with high accuracy using
these techniques. Measurements of the magnetic susceptibility and investigation of the intervalence band seem to be
more suitable for the determination of these parameters.
Here we report a detailed analysis of the temperature
dependence of the magnetic susceptibility of a new Fe(I1)Fe(II1)-dimer (Fig. 1) which was claimed to be valence
delocalized on the basis of Mossbauer investigations [5].

The synthesis of [L'Fez(p-OAc)2](C104) is described
elsewhere [ 5 ] . Temperature dependent measurements of the
magnetic susceptibility in the temperature range 4.8 - 260 K
were carried out using a Faraday balance [6].
H~[CO(NCS)~]
was used as a calibration standard. Diamagnetic corrections were made using Pascal's constants.
The temperature independent paramagnetism was fixed to
400.
cm3mol-'. Because the powdered sample was
strongly oriented by the magnetic field the sample was immersed in paraffin (Merck) and cooled down to liquid
helium temperature in zero field. The measurement was performed from low temperatures towards higher temperatures. The diamagnetic correction for the paraffin was obtained by measuring the magnetic susceptibility of the
paraffin in dependence of temperature. This susceptibility
prooved to be temperature independent.
To calculate magnetic susceptibility on the basis of a
given set of parameters we used matrix-diagonalisation.
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Fig. 1
Structure of [L1Fez(~-OAc)21
+

Results and Discussion

The crystal structure of the complex is described in detail
elsewhere [5]. The ORTEP-plot of the cation is shown in
Fig. 2. The structure consists of two macrocyclic Fe02N2
coordination cores linked by two phenoxo groups which
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Fig. 2
ORTEP-diagramm of [L'Fe,(p-OAc),]

zyxwvutsr
zyxwvuts
+

Bec Bunsenges. Phys. Chem. 100, 2086-2090 (1996) No. 12 0 VCH Yerlagsgesellschaff mbH, 0-69451 Weinheim, 1996 0005-9021/96/1212-2086 $ 15.00+ .25/0

C. Saal et al.: Magnetic Investigations on a Valence-Delocalized Dinuclear Fe(I1)-Fe(II1) Complex

zyx
z
2087

zyxwvutsrq

leads to edge sharing between two Fe04N2 octahedra. The
Fe-Fe distance is 2.741 A . For the first coordination sphere
of the iron ions we obtained the following interatomic
distances: Fe-0 (phenoxo) = 2.033 A , Fe-0 (acetate) =
2.055
and Fe-N = 2.141 A . The cation possesses a center
of inversion leading to equivalent positions for the two iron
ions.
The magnetic susceptibility and the effective magnetic
moment are plotted in Fig. 3 versus temperature. Above
265 K we observed a sudden increase of the magnetic moment which is due to the fact that the paraffin melts at this
temperature and orientation of the crystals occurs.

A

Similar expressions result by permuting A and B. The double exchange-operator T describes the interaction of the
system in spin-state S with the excess electron on center A
with the system with excess electron on center B. It also
takes into account that the effect of intramolecular electron
transfer is spin-dependent [7]:
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The third term describes the Zeeman-interaction. The two
following terms introduce the axial and non-axial zero-field
splitting, (To avoid a lengthy formula for the ZFS-part of
the spin Hamiltonian above only one configuration is con2.5 - 10.2
sidered in the Hamiltonian but for calculations both were
: gb,
- e "8.,
used.) When a spin multiplet is separated from adjacent
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the spin-multiplets with higher energy is negligible. Con- 9,6
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sequently in our case only the zero-field splitting of the
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S = 9/2 ground state should have remarkable effects on
- 9,4
0,5
the magnetic susceptibility. Also the existence of a ferro0
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last term in the spin Hamiltonian complicates the deterT [KI
mination of ID I and I E I . For the calculation of the matrix
Fig. 3
Molar magnetic susceptibility and effective magnetic moment data ver- elements of the zero-field-splitting terms we used instead of
sus temperature for [L'Fe,(p-OAc),](ClO,)
the basis functions I 'S1,*S2,S,M>the set of functions for
the uncoupled iron ions I'S,,Ml,iS2,M2)
which is connected to the first one by the Clebsch-Gordon coefficients:
The effective magnetic moment increases in the temperature range 30 - 265 K towards lower temperatures. The increase becomes steeper below 70 K. At 30 K we observe a
maximum value of 10.2 pB for the effective magnetic moment which indicates a S = 9/2 ground state. Below this
temperature we observed a rapid decrease of the effective
magnetic moment. The value at 265 K is 9.9 pB gives a hint Using this relation the matrix elements were calculated acthat at this temperature the ground state is still the only cording to:
multiplet which is considerably populated.
To analyse the observed behaviour we used the following ('S,,'S2,S,M161iS1,'S2,S',M')
general Hamiltonian which was simplified to reduce the
=
(is,, M ,,iS2,M2 I is1,'S2,
S,M)
number of parameters:
M1. M2
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The first part of this Hamiltonian is due to the isotropic exchange interaction and takes into account the fact that one
electron is delocalized over the two iron ions by introduction of the occupation operators OA and OB. A and B
denote the configurations AFe(II)-BFe(III) and AFe(III)BFe(II) with the extra electron on center A or B. The effect
of this operator is given by the following relations:

Because the zero-field-terms in the Hamiltonian do not lead
to matrix elements connecting states with the extra electron
on AFe and BFe the labels A and B were omitted in the last
two lines of the equation for H .
The last term in the Hamiltonian is used to describe the
vibronic interaction. This term was introduced by Wong
and Schatz [8] and will be discussed later.
In the "high temperature" range (above 30 K) the temperature dependence of the effective magnetic moment can be
explained by considering only double-exchange and superexchange in the Hamiltonian given above. In this case the
eigenvalues of the spin-Hamiltonian can easily be found by
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states versus temperature is plotted in Fig. 6 . It can be seen
that even at room temperature the population of the
S = 5/2 state is only 0.1%. The "low temperature"
behaviour (below 30 K) is strongly affected from the zerofield-splitting of the S = 9/2 state. The axial zero-field-splitting of this spin-state can - as well as the non-axial zerofield splitting - be described using only one parameter.
Consequently it is not possible to determine D, and D2 (or
E , and E2) separately. The zero-field-splitting parameters
for the other spin states can be expressed as spin-dependent
linear combinations of the zero-field-splitting parameters
for Fe(I1) and Fe(II1) and therefore it is only possible to
determine all of them if the energy gap between the two
lowest multiplets is in the same order of magnitude as the
zero-field splitting. From our measurement we obtained the
values of the cluster zero-field-splitting parameters - as
defined in [4] - ID1 = 1.6cm-' and [El =0.27cm-'.
The ratio E/D was fixed to 0.17 which is known from EPRexperiments [121. The determination of ID I and I E I from
magnetic susceptibility measurements can only be considered as a rough estimate because of the influence of the
ferromagnetic intercluster-interaction for which z J is only
a very crude description.
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Fig. 4
Effective magnetic moment of [L'F~,(~-OAC)~](C~O,).
The open
circles represent the experimental values, the solid lines represent the
best fit obtained with J = - 100cm-', B = 940cm-', g = 2.00,
x p = 0 , 0 3 , z J = 0 . 4 5 , ID/ = 1.6cm-land ]El =0.27cm-'.,yxand,yz
were calculated and the effective magnetic moment was calculated as
peff/pB= 2.828* C T where x = (&+ 2 x x ) / 3

zyxwvu
zyxwvut

analytical methods [9]. We obtained fits of the same quality
with different sets of J and B and g = 2.00, x p = 0.03 and
z J = 0.45 (Fig. 4). The steeper increase of the effective
magnetic moment towards lower temperature in the range
30 - 70 K is due to the ferromagnetic intercluster interaction
described by the last parameter z J which gives a considerably weaker interaction than the intramolecular coupling. For the double-exchange parameter B and the isotropic
coupling constant J we found a linear relationship shown in
Fig. 5. This is due to the fact that the temperature dependence of the magnetic susceptibility is influenced only by
the population of the two lowest spin states (S = 9/2 and
S = 7/2) and this energy gap is determined by a linear combination of both parameters. To fix J and B it is necessary
that at least one more spin state is considerably populated
or to use spectroscopic techniques. From the position of
the intervalence band at 1060 nm the double exchange
parameter can be estimated to 940 cm- which leads to
J = - 100 cm-'. The population of the lower five spin
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Fig. 6
Relative population of the lowest five multipletts as function of the
temperature calculated for J = - 100 cm-' and B = 940 cm-'

According to the PKS (Piepho, Krausz, Schatz)-model[8]
the magnetic susceptibility should be influenced by a
vibronic coupling because the antisymmetric combination
of the "breathing-mode" of the two octahedrally coordinated Fe-ions should have an effect on the electron
transfer between them. This effect was also discussed by
other authors [lo, 111. Taking into account the vibronic
coupling leads to one potential-curve for each spin-multiplet. The vibronic interaction was introduced by:
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Fig. 5
Linear dependence of the isotropic exchange parameter J and the double exchange parameter B

This part of the spin Hamiltonian leads only to diagonal
terms and we obtain as eigenvalues:
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U(s'(Q-) = - J S ( S + l ) + - I Q ?
2

observing its influence on the calculated curve. When no effect on the theoretical values was observed on increasing the
number of points and on increasing the upper limiting value
this value was fixed.
In the case of a valence-delocalized dimer the potential
curves posses a single minimum, while for a valence trapped
compound a double minimum results. Consequently the
behaviour of a valence trapped dimer may differ not only
quantitatively but also qualitatively when described under
consideration or neglect of the vibronic interaction. In this
extreme extreme case one obtains ground states of different
multiplicity for both cases.
For valence delocalized dimers the effect of vibronic
coupling can not lead to a change in spin-multiplicity for the
ground state but a quantitative effect is observed. In Fig. 8
the effective magnetic moment is plotted versus temperature
for the parameters obtained by fitting the experimental data
neglecting the vibronic interaction as described above. For
the different curves the vibronic coupling parameter I was
varied in the range 0.1 - 10000 cm-'. A considerable influence on the temperature dependence was only observed
for I > 2500 cm- The remaining curves are practically indistinguishable. Therefore it is only possible to determine
an upper limiting value for the vibronic coupling parameter
of 2500 cm-'. The potential curves for I = 1000 cm-' and
I = 5000cm-' are shown in Fig. 7. In both cases single
minimums are obtained for the S = 9/2, S = 7/2 and
S = 5/2 state. Qualitative differences occur for the S = 3/2
and S = 1/2 state. While for I = 1000 cm-' there is still a
single minimum for the case I = 5000cm-' these states
possess double minima. The presence of double minima for
states of lower multiplicity reflects the fact that double exchange is most efficient for states with high quantum
numbers of the total spin. Even for I = 2500 cm-* the
S = 1/2 state has a double minimum structure, while all the
other multiplets possess single minima. Consequently it is
not possible to decide on the basis of the magnetic susceptibility data whether all of the potential curves of the dimer
have the typical single-minimum structure of a valence
delocalized compound because the states with S < 5 / 2 are

zyxwvutsrqp

Potential-curves for our dS- d6-system are shown in
Fig. 7. To take into account the vibronic interaction in the
calculation of the magnetic susceptibility we have to add up
the contributions from all spin states and to integrate for
each spin state over Q - :
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The integration for each temperature was carried out for
at least 100 points of the potential curves which were
choosen equidistant in the range Q - = O to an upper
limiting value. This upper limiting value was determined by
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Fig. 8
Effective magnetic moment versus temperature for different vibronic
coupling parameters ( J = - lOOcm-', B = 940cm-', 1<1OOOcm-',
1= 5OOOcm-' and 1 = IOOOOcm-')
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not thermal accessible. Even if the S = 1/2 state has a double minimum this does not automatically lead to valence
trapping because the S = 1/2 potential barrier in the S = 1/2
state is low compared to the difference in energy between
the potential minimum of this multiplett and the ground
state energy of the S = 9/2 state.
Conclusion

The double-exchange constant and isotropic exchange
parameter for a dinuclear mixed-valent Fe(I1)-Fe(II1) complex which was considered to be valence delocalized on the
basis of Moessbauer investigations have been determined.
The double exchange seems to be the dominant interaction
being stronger by a factor of 10 than the isotropic exchange
interaction. Consequently we find a S = 9/2 ground state
and only the S = 7/2 multiplet is considerably populated at
room temperature. The remaining spin states are not thermal accessible at temperatures which don’t lead to decomposition of the complex.
The effect of vibronic coupling on the mechanism of the
valence delocalization was also investigated but a unique
determination of the vibronic coupling parameter was not
possible. Only an upper limiting value of 2500 cm- can be
given. For the case of weak vibronic coupling we find
single-minimum potential curves for all spin-states, while
stronger vibronic coupling leads to the occurrence of double-minimum structures for the spin multiplets with lower
spin momentum.
In comparison to the valence delocalized Fe(I1)-Fe(II1)
dimeric complex by Wieghardt et al. [4] the double exchange parameter B is considerably smaller and we were
able to give not only a lower bound for the isotropic exchange constant on the basis of the multiplicity of the
ground state but also an estimate for it. This shows that in
our case there is a ferromagnetic contributions from the
double exchange and an antiferromagnetic contribution
from the isotropic exchange.

The contribution of the antisymmetric combination of
the “breathing mode” of two octahedrally coordinated ions
was originally proposed by Piepho, Krausz and Schatz [8].
Calculations of magnetic susceptibility on the basis of this
model were introduced by Tsukerbalt et al. [I 11. However
recently Solomon et al. [13] have shown by resonanceraman studies that for valence-delocalized comounds also
total-symmetric modes are involved in the valence delocalization.
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