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Mossbauer effect spectroscopy is one of the most important techniques for observing the dynamic phenomena of
electronic states in solid. The Mdssbauer spectra of mixed valence compounds show relaxation spectra if the
electronic states are changed dynamically between Fe** and Fe**. The dynamic electronic states of mixed valence
compounds are discussed in connection with Mdssbauer spectra of [Fe,(bpmp)(ppa),]X, as examples. The
absorption spectra and cyclic voltammograms of the compounds were measured. The electronic states of the
mixed compounds are dependent on the species of their anions in the solid state.

1. Introduction

Dinuclear iron complexes with a variety of multidentate
ligands have been intensively studied due to the fact that dinu-
clear iron clusters in the active sites of metalloproteins play
important roles such as reversible dioxygen binding and/or acti-
vation. Significant examples are haemerythrin,'" the R2 subunit
of ribonucleotide reductase,’ the hydroxylase component of
methane monooxygenase,”” and purple acid phosphatase.*™ In
order to understand the structural and spectroscopic properties
of these diiron centers, mixed-valence dinuclear iron (II, III)
complexes with a septadentate polypyridine ligand (Hbpmp:
2,6-bis[bis(2-pyridylmethyl)aminomethyl]-4-methylphenol)
were synthesized by Suzuki et al.,'" and diiron (II, IIl) complexes
with the ligands which contain imidazole derivatives instead of
pyridine groups (Hbimp),'? or which contain two phenols substi-
tuted for two pyridines' were also reported.

The research of “bpmp” complexes is not only to study the
properties of model compounds for biological systems in solu-
tion, but also to elucidate valence states in the solid state,
because the complexes with carboxylic acids having long
chains (CH;(CH,),COOH, n=3), show detrapped valence
states above 260 K."* The rate of electron transfer in solid is
sensitive to the packing structure of the solid as the coupling of
the electronic state with vibrational coordinates leads to sensi-
tivity to the structure. It should be said that packing structure
including the rearrangement of iron moieties of mixed-valence

CH,

Figure 1. Chemical structure of [Fe,(bpmp)(ppa),]**
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complexes is an important factor in determining the rate of
intramolecular electron transfer. In this study mixed-valence
pn-phenolate-bis (U-carboxylate) diiron(Il, III) complexes
[Fe,(bpmp)(ppa),](BF.); (1), [Fe;(bpmp)(ppa),](Cl0,), (2),
[Fe,(bpmp)(ppa);1(PF); (3), and [Fe,(bpmp)(ppa),](BPh,), (4)
are prepared, where “Hppa” represents B-phenylpropionic acid,
and the Mossbauer spectra of the complexes are discussed in
connection with the electron transfer rates. Chemical structure
of [Fe,(bpmp)(ppa),]** is drawn in Figure 1.

2. Experimental

Preparation of 2,6-bis[bis(2-pyridylmethyl)aminomethyl]
-4-methylphenol (Hbpmp). Bis(2-pyridylmethyl)amine (2.0 g,
10 mmol) was added dropwise to a solution of 2,6-bis (chloro-
methyl)-4-methylphenol (1.0 g, 5 mmol) in 50 mL methanol
below 10 °C. This solution was stirred for 30 minutes and meth-
anol was removed by evacuation. The residue was dissolved in
chloroform and washed twice with water. This chloroform solu-
tion was dried over anhydrous sodium sulfate and chloroform
was removed by evacuation. The residue was used as Hbpmp
(2.6g, 5 mmol).

Preparation of [Fe"Fe™ (bpmp)(ppa),](BF,), (1). The
preparation of 1 is described as a representative example.
Synthesis of 1 was carried out in deoxygenated methanol solu-
tion under nitrogen atmosphere. A methanol (20 mL) solution
of iron(II) tetrafluoroborate (340 mg, 1 mmol) was stirred and
added to solution of Hbpmp (260 mg, 0.5 mmol) in metha-
nol (20 mL), and 3-n-phenylpropionic acid (140 mg, 1 mmol),
and triethylamine (100 mg, 1.0 mmol) was then added. The
solution was then exposed to an oxygen atmosphere(air) with
stirring. Dark-green precipitates were collected by filtration,
washed with ethanol and ether, and dried in vacuum.

Anal. data for [Fe,(bpmp)(ppa),](BF,), (1): Calculated for
CsHs5N¢Fe,OsB, Fs: C, 55.02; H, 4.62; N, 7.64; Fe, 10.03.
Found: C, 54.64; H, 4.55; N, 7.64; Fe, 9.89%.

Anal. data for [Fe,(bpmp)(ppa),](ClO,), (2): Calculated for
Cs,H5,NgFe,0,5Cl,: C, 53.80; H, 4.51; N, 7.38; Fe, 9.81. Found:
C, 53.25; H, 4.54; N, 7.46; Fe, 9.57%.

Anal. data for [Fe,(bpmp)(ppa).](PFs), (3): Calculated for
Cs,H5,NgFe,OsP, F,: C, 49.82; H, 4.18; N, 7.64; Fe, 9.08.
Found: C, 54.64; H, 4.55; N, 7.64; Fe, 9.28%.

Anal. data for [Fe,(bpmp)(ppa),](BPh,), (4): Calculated for
CyoHg NsFe,05B,: C, 75.35; H, 5.81; N, 5.33; Fe, 7.08. Found:
C,74.22; H, 5.88; N, 5.49; Fe, 7.46%.

Microanalysis for carbon, hydrogen, and nitrogen was car-
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ried out at the Elemental Analysis Center, Kyushu University.
Quantitative analysis for iron was performed by atomic absorp-
tion analysis, using an Atomic Absorption / Flame Emission
Spectrometer AA-625-11 (Shimadzu).

Physical Measurements. Absorption and reflection spectra
were measured using a Shimadzu UV-3100PC self-recording
spectrophotometer in the region from 400 to 2000 nm.

Cyclic voltammetry of the complexes in acetonitrile was
carried out on an AC/DC Cyclic Polarograph P-900 (Yanaco)
at 293 K under argon atmosphere. A standard three-electrode
system(BAS) was employed comprising a glassy carbon work-
ing electrode, a Ag-Ag*-MeCN-NBu,ClO, (RE-5, BAS), refer-
ence electrode and a platinum counter electrode in the region
from —500 to 1200 mV. Ferrocene was used as a standard.
The observed values for the complexes were converted to redox
potentials versus SCE by using the following equation.

Redox potential for the complexes

= observed value for a complex — observed value for
Ferrocene + 0.0739 (Ferrocene vs. Ag / AgCl) + 0.272 (Ag / AgCl
vs. SCE) V. (1)

The Mossbauer spectra were measured using a Topologic
Mossbauer spectrometer with a *’Co/Rh source in the transmis-
sion mode. All isomer shifts are given relative to the center of
a spectrum for o.-Fe at room temperature. The temperature
was controlled over 80 — 295 K using an Oxford Intelligent
temperature controller or over 5 — 295 K using a Lakeshore 331
temperature controller, and a Kenwood Regulated DC power
supply. The spectra were fitted by a Lorentzian line shape using
a software of IGOR PRO ( Wave Metrics Inc. ) on a personal
computer.

3. Results and Discussion

Reflection and Absorption Spectra. Absorption spectra of
complexes 1 — 4 in acetonitrile solution were measured. An
absorption spectrum of 4 in acetonitrile solution is displayed in
Figure 2 as a representative example. The complexes give
absorption bands in the visible region: A=561 nm, £=931
dm3cm™'mol”! for 1, A=565 nm, €=981 dm’cm'mol"! for 2,
A=561 nm, £=1050 dm*cm™mol" for 3, and A=539 nm, e=1108
dm’*cm™mol” for 4. These are assigned to charge transfer tran-
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Figure 2. Absorption spectrum of 4 in acetonitrile solution(1x10~
mol)

Maeda

sitions from the pr orbital of a bridging phenolato group to the
half filled dnt” orbital of Fe ions."" The ligand field bands may
be obscured under the above CT band.

Complexes 1 — 4 show an additional broad absorption band
in near-IR region. The band is unambiguously assigned to the
intervalence charge transfer transition (IT) of the mixed-
valence complexes. The properties associated with these IT
bands for complexes 1 — 4 are collected in Table 1. The energy
of the optical transition (V) for the IT band of complex 1 is
7794 cm™ and the width of half maximum (Av,,,) is 4661 cm™.
The Av,), value is compared to the theoretical value of 4243
cm calculated by eq 1. The ratio of Av,,, (obsd) / Av,,, (theor)
= 1.1 is commonly found for weakly to moderately coupled
binuclear mixed-valence dimers.

Av,), (theor) = (2.31%10%v,,,)"> (1)

The electron delocalization coefficient o in a mixed-valence
system is given by eq 2"° where €,,, is the molar extinction
coefficient of the IT band and d is the distance (A) between
two metal centers associated with the IT transition. The o
value of 0.0065 (o = 0.081) is evaluated for complex 1 using
the d = 3.36 A,"1° v, = 7794 cm™, Av,, = 4661 cm™, and g,
=289 dm® cm™ mol™.

e 424X10% 0 AV
vmaxd2

(2)

Therefore, the mixed-valence bpmp complex 1 belongs to Class
11 in the classification of Robin and Day'" on the base of the
Mossbauer spectra described later. The resonance energy
matrix element arising from orbital overlap between electron
donor and acceptor sites, H,, can be calculated from eq 3 to
yield 631 cm™ (7.5 kJ mol™)."® The thermal free energy of elec-
tron transfer, AG", for a symmetrical mixed-valence complex is
given to be 15.8 k] mol” by eq 4.

(3)

Habz O Vinax
(4)

#* V
A G = max _ o
7

The thermal rate constant for electron transfer is obtained
by eq 5.”

w—ee
32
Vo= [72’; H “"] (KT Vi)™ (6)

The v, term given by eq 6 is the frequency factor for electron
transfer. The calculated value of k., for complex 1 is 3.8 x 10"
s'. The same arguments can be applied to complexes 2 — 4.
The calculated values of k. are similar to each other. Creutz
has pointed out that, in a series of mixed-valence
[Ru(bpy),Cl],L. complexes (where bpy is 2,2’-bipyridine and L.
is the bridging ligand), there is a 100 fold increase in k. from
107 to 10° s as the metal-metal distance decreases from ~14 to
~7 AV Using this trend as a qualitative guide, it is not surpris-
ing that the k,, values obtained for complex 1 — 4 are ~10" since

Table 1: Spectrochemical Properties of the Mixed-valence Complexes.

Comp. Vaa/em'(e/dm’cm™mol”)  Avy,(obs)/cm™  Avp(theo)/cm’ o Hy/cm”  AG*/ kJ mol® ks
1 7794 (289) 4661 4243 0.0065 631 15.8 3.8 x 10"
2 7764 (282) 4453 4235 0.0061 606 16.0 3.5 x 10"
3 7770 (251) 4628 4237 0.0056 583 16.3 3.2 x 10"
4 7782 (288) 4695 4240 0.0065 630 15.8 3.8 x 10"
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the triply bridged diiron units in the complexes have relatively
short Fe—Fe distances ( ~3.4 A).

Cyclic Voltammetry. Cyclic Voltammograms of the com-
plexes were measured in acetonitrile at 293 K and are shown in
Figure 3. Two quasi-reversible waves corresponding to Fe"Fe"
/ Fe'"Fe" | E, (V vs. SCE) and Fe"Fe"' / Fe""Fe"', E, (V vs.
SCE), couples are observed. The potentials observed for the
complexes are E;=—0.089 V and E,=0.646 V for 1, and E,=
—0.094 V and E,=0.631V for 2, E;=-0.084 V and E,=0.641 V
for 3, and E,=—0.104 V and E,=0.611 V for 4, being similar to
those observed for other [Fe,(bpmp)L,](BF,), complex."*"

The redox potentials of the complexes are dependent on the
species of carboxylic acid. Peak-to-peak separations of these
two waves are 715 — 735 mV, and the ratios of the oxidation
currents (iy,) for the forward scan to the reduction currents (i)
for the reverse scan were close to unity for the both couples.
From the separation of the redox potentials of E; and E,, com-
proportionation constants K, (at 20 °C) of the following reac-
tion are calculated from eq 7.

(Fe™—Fe™) + (Fe"—Fe) 2 2 ( Fe"— Fe™)
E,—E =RT/FnK, (7)

The E values of the Fe"Fe™ bpmp complexes are well corre-
lated with the electron donor ability of the bridging carboxyl-
ates; the complexes with carboxylic acids of the weak donor
ability is prefer low oxidation states. Equation 7 demonstrates
that the thermodynamic significance of peak separation of the
waves is its relationship to the comproportionation equilibrium
constant. The larger separation of the waves indicates the sub-
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Figure 3. Cyclic voltammograms of the complexes 1-4.
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stantial stability of the diiron(Il, III) ion over its corresponding
diiron(Il, II) and diiron(II, IIT) species. For complexes 1 — 4,
K, values calculated from eq 7 are 2.87 x 10'%, 1.94 x 10", 1.94
x 10", and 1.31 x 10", respectively. Therefore, in complexes 1
— 4, mixed-valence states are highly stabilized in acetonitrile
solution.

Mossbauer spectroscopy. The Mossbauer spectra for the
complexes were measured at various temperatures. The good
fits of the spectra to four Lorentzian line shapes for complex 1
were obtained at all temperatures. Each spectrum consists of
two doublets. One of the two doublets at 80 K is characteristic
of high-spin Fe" with an isomer shift (8) of 1.14 mm s and a
quadrupole splitting (A) of 2.75 mm s™'. The other is character-
istic of high-spin Fe'" with § of 0.48 mm s™ and A of 0.56 mm
s”'. The area ratios of the two doublets are nearly 1:1. Upon
increasing temperature, the two doublets approach each other
but still remain even at 295 K. The 8 and A values for high-
spin Fe' at 295 K are 0.83 mm s, 1.27 mm s, and those for
high-spin Fe™ 0.57 mm s™, 0.75 mm s™ , respectively. The area
ratios of two doublets are 1:1. The result of the Mossbauer
spectra of complex 1 was comparable to that reported previ-
ously.'®** The temperature dependence of the Mossbauer
parameters of complex 1 are plotted in Figures 4a and 4b with
those for other complexes.
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Figure 4a. Plots of the isomer shift vs. temperature for complexes 1-4.
Complex 1 (O), complex 2 (A), complex 3 (O), and complex 4 ().
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Figure 4b. Plots of the quadrupole splitting vs. temperature for
complexes 1-4. Complex 1 (O), complex 2 (A), complex 3 (O), and
complex 4 ().
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Figure 5. Temperature dependence of the Mdssbauer spectra of com-
plex 2.

The Mossbauer spectra of complex 2 are illustrated in Figure
5. The Mdossbauer spectra of complex 3 are similar to those of
complex 2. The Mossbauer spectra of complexes 2 and 3 at 80
K clearly show the characteristic Fe'" and Fe'" doublets in an
area ratio of 1:1. At 295 K, complex 2 exhibits two doublets
assigned to high-spin Fe" and Fe'" with nearly equal area ratio.
On the other hand, the Mossbauer spectrum of complex 3 at
295 K exhibits two doublets assigned to high-spin Fe' and Fe™
with a different area ratio. The area ratio of Fe" and Fe is
about 3:7. It is not easy to believe that this unequal area ratio
results entirely from a difference in the temperature depen-
dence of the recoilless fraction of Fe™™ to Fe'' sites in these
materials. Rather, it is proposed that the difference is due to
the analytical error for asymmetric absorption or due to a tex-
ture effect in the sample.?** Unfortunately, it is difficult to
analyze the spectra with an asymmetric doublet of Fe"" and a
symmetric doublet of Fe™, but the temperature dependence of
d and A are similar to those observed for typical valence
trapped compounds.'®

The Mossbauer spectra of complex 4 are shown in Figure 6.
Compared to the Mdssbauer spectra of complexes 1 — 3, the
spectra of complex 4 are considerably different. At 80 K, the
spectrum is composed of two doublets assigned to Fe" and Fe™
sites. The & and A values are 1.23 mm s and 2.09 mm s
respectively, for Fe' site, and 0.43 mm s, 0.81 mm s, respec-
tively, for Fe'' site. As the temperature is increased, these two
doublets gradually approach each other with line broadening to
become a single average-valence doublet. The Mossbauer
spectrum at 295 K shows single average-valence doublet with &
of 0.66 mm s and A of 0.89 mm s™. The values of the & and A
are comparable to valence detrapped bpmp complexes reported
previously.'"*** However, the area ratio of Fe" and Fe' is not
equal at 80 K. The area ratios of Fe" and Fe" at 80 K in com-
plex 4 are 3:7. Also, A value of Fe'" site at 80 K, 0.81 mm s™, is
relatively high as a high-spin Fe™ species. Upon decreasing
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Figure 6. Temperature dependence of the Mossbauer spectra of com-
plex 4.

the temperature from 80 K, the area ratios of Fe' and Fe™
gradually approach to 1:1. The area ratio of Fe" and Fe" at 5
K is nearly 1:1. The & value and A value for Fe is 1.13 mm s
and 2.33 mm s and those for Fe"" is 0.50 mm s and 0.69 mm
s, respectively. This result indicates that valence detrapping
occurs in complex 4 even at 80 K, and the valences are trapped
at 5 K. It is concluded that the valence delocalization in com-
plex 4 takes place at the lowest temperature in the bpmp mixed-
valence complexes studied until now. No bpmp mixed-valence
complexes which show valence detrapping at 80 K have been
reported previously.**

The Mossbauer spectra of complexes 1 — 4 at 295 K are
illustrated in Figure 7 to compare the differences of electron
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Figure 7. Mossbauer spectra for complexes 1-4 at 295 K. The solid
lines represent theoretical fits obtained by the two-site relaxation
model.

transfer rate. Figure 7 and the results of the Mossbauer fitting
parameters clearly show the electron transfer rate of
[Fe,(bpmp)(ppa),]** cations is sensitive to the species of counter
anions. Hendrickson et al. reported the sensitivities of anions to
mixed-valence bimp complexes.”? [Fe,(bimp)(AcO),]** (where
AcO = acetate anion) shows a completely valence detrapped
Mossbauer spectrum at 290 K when anions are BF,". The C10,
salt shows valence trapped spectrum even at 350 K. They con-
cluded that the change in the counter anions can affect the rate
of electron transfer of mixed-valence complexes because of the
consequence of the vibronic nature of the Fe'"Fe" center. If
there are appreciable intermolecular interactions between cat-
ions and anions in the crystals of Fe"Fe'™ complexes, then these
interactions will tend to trap the valence. The complex will not
have enough thermal energy to make an interconversion
between two vibronic states of Fe,"Fep"! and Fe,"Feg', over-
coming interactions with neighboring molecules in the crystal.
However, if the thermal energy is large enough to overcome the
interactions or the interactions are weakened by changing in
anions, complexes show the valence detrapped states.

In order to interpret the Mdssbauer spectra of the complexes,
theoretical Mossbauer spectra are calculated by considering a
relaxation model. The mathematical formalism which is applied
to this relaxation model is based on the quantum mechanical
density matrix equations of motion (dG,/df) given by Wickmann.
2326 The detail of the model and the fitting is described else-
where.”?® The probability of keeping Fe'" electronic state at
site A is nearly 0.8 and this result indicates that an excess elec-
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tron stays 80% of the time at site A and 20% of the time at site
B in complex 1. Therefore valence state of complex 1 is
Fe**Fe*®* at 295 K in Mossbauer timescale. This unusual
valence state of complex 1 is also reflected in the temperature
dependence of 8 and A as shown in Figures 4a and 4b.
Temperature dependence of & and A of complexes 2 and 3
exhibits typical behavior of valence trapped process between
80 K and 295 K.'"* The & of high-spin Fe™ usually decrease
with increasing temperature except for complexes which expe-
rience a phase transition in the temperature measured, but & of
Fe" site in complex 1 increases with increase in temperature,
and the A of high-spin Fe'" are usually invariant with increase
in temperature. However the A of complex 1 increase with
increase in temperature. The line broadening of spectra, usu-
ally observed in the valence detrapping process, was not
observed in complex 1, and area ratios of Fe' and Fe™ remain
1:1 for all measured temperatures. Therefore, from theoretical
fittings of the spectra, complex 1 takes the unusual valence
state of Fe>**Fe*** at 295 K in the Mdssbauer timescale.

On the other hand, Mossbauer spectra of complex 2 exhibit
typical valence trapped spectra. The temperature dependence
of & and A are typical behavior of valence trapped complexes
and theoretical results of T = 1.3 x 10 s reflects that the elec-
tron transfer rate is slower than the Mossbauer timescale. The
same arguments can be applied to complex 3, and thus the the-
oretical fits of complex 3 are unreliable because the area ratio
of Fe" and Fe" for complex 3 is not equal at 295 K.

Compared to other complexes, complex 4 at 295 K shows
faster electron transfer than the Mossbauer timescale and only
an average spectrum is observed. Theoretical fitting of com-
plex 4 describes T=2.9 x 10® s at 295 K. As shown in Figure
6, line broading of spectra are observed with increasing the
temperature and the two doublets converged together above
200 K. This behavior of the spectra is observed in valence
detrapping processes and thus the complex 4 exhibits a valence
trapped to valence detrapped transition between 5 K and 295 K
in Mossbauer timescale.
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