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Abstract - Biological Fe/S clusters play various important roles, such as electron transfer and substrate 
transformation. In the study of the electronic properties of biological and chemical Fe/S clusters,  
57Fe-Mössbauer spectroscopy provides imperative information. In this review, practical aspects of 
57Fe-Mössbauer spectroscopy,with an emphasis on the isomer shift δ,were discussed. The isomer shift 
values of the various biological Fe/S proteins and the synthetic Fe/S complexes at different oxidation 
states and electronic spin states, along with the related Mo/Fe/S and Fe carbonyl clusters, were reviewed. 
From the Mössbauer isomer shift, the physical properties of the Fe center in the Fe-enzymes can be 
obtained. In addition, the binding of the substrate or inhibitor to the active Fe center can be monitored.

Keywords: Bioinorganic, electronic spin, Fe/S cluster, Mössbauer, oxidation state, spectroscopy.

1. Introduction
Bioinorganic research often relies heavily on extensive 
spectroscopic analysis. Sometimes, the accessibility,  
measurement, and interpretation of such analyses are not 
so easy for those whose major is not chemistry. Perhaps, 
Mössbauer spectroscopy is one of them. Only a few  
Mössbauer spectrometers are available for researchers 
worldwide, and interpretation of spectra can only be carried 
out by an expert. However, Mössbauer spectroscopy  
provides a very important piece of information about 
Fe-containing enzymes, which cannot be otherwise  
obtained from other spectroscopy, like NMR or EPR.
Therefore, it is very important to be able to evaluate and 
interpret the experimental and published data when the 
research is related to Fe-containing proteins or compounds. 
There are some monographs and review papers covering 
the generalaspects of Mössbauerspectroscopy (Filatov, 
2009; Gütlich et al., 1978; Vertes et al., 1979). In this 
review, practical aspects of 57Fe-Mössbauer analysis of the 
Fe/S and Mo/Fe/S clusters found in biology and  
synthesized in inorganic chemistry were mainly discussed. 
Its aim was to help the readers to evaluate and interpret the 
published Mössbauer data. Therefore, basic zeromagnetic 
field Mössbauer experiments were focused, and the  
Mössbauer parameters of isomer shift (δ) and quadrupole 
splitting (ΔEQ) were mainly discussed in the review. 

2. Theory
Mössbauer spectroscopy utilizes recoilless nuclear energy 
transition known as Mössbauer effect (Mössbauer, 1958), 
and which can be interpreted in terms of oxidation state 
and electronic spin state of the Mössbaueractive nuclei. 
Iron (Fe) may be the most popular element studied by 
Mössbauer spectroscopy, and has been adopted for the 
Mössbauer investigation of Fe-containing metalloproteins 
for a long time. However, only the 57Fe isotope can be used 
for Mössbauer measurement, and its natural abundance is 
as low as 2.1%. For the excitation of 57Fe nuclear ground 
energy state, g-radiation from the radioactive 57Co nuclide 
deposited onto a thin rhodium foil (57Co/Rh) has usually 
been used as an energy source. As radioactive 57Co with a 
half-life of 271.8 days is generally used as a light source 
for 57Fe-Mössbauer spectrometers, a new light source is 
required in every 2-3 years. 
	 When the source or the observer (sample) moves at 
a speed of a few mm/s, g-rays with slightly different ener-
gies from the 57Co source may interact with the 
nuclear energy transition of the57Fe isotope in the sample 
(Fig 1). The absorption of the energy is measured by the 
intensity change of the g-ray, which is detected by the 
fluorescence. In the case of 57Fe, the excited nuclear energy 
state interacts with the surrounding electric field gradient 
anisotropically, and two different energy transitions occur. 
Therefore, the57 Fe-Mössbauer spectrum of the sample with 
one Fe species always results in a doublet, which is  
characterized as anisomer shift (d) and quadruple splitting 
(DEQ) (Fig. 2).
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3. General aspects
Mössbauer spectroscopy has been used for chemical  
research since the late 1960’s, following Rudolf  
Mössbauer’s report in 1958. At that time, development of 
spectroscopic methodology preceded the standardization 
of data reporting methods. Experimental factors, including 
the 57Co source matrix, isomer shift reference, temperature, 
and sample preparation, were known to influence the 
Mössbauer data. Therefore, the data reported in the early 

days, especially isomer shift δ, should be recalibrated to 
the same reference. In this paper, Fe metal foil with 57Co/
Rh source at room temperature was adopted as the isomer 
shift reference, i.e. d = 0 mm/s, for data comparison (Table 1)
(Shenoy and Wagner, 1978). Although temperature does 
influence the 57Fe-Mössbauer parameters of δ and ΔEQ, the 
changes are usually insignificant and it appears no simple 
rules can explain them.

Figure 1. Cross section side view of major components of Mössbauer spectrometer (Moon et al., 1996).

Figure 2. Mössbauer spectrum and Mössbauer parameters: a) energy transition by g-radiation and b) typical Mössbauerdata 
extraction from the spectrum.
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Table 1.  Fe57-Mössbauer isomer shift reference scales.
Reference Material Absorber and source materials

a-Fe, metallic Fe or Fe 
foil (300 K)

Na2Fe(CN)5NO×2H2O
-0.260(2)
Rh
+0.106(2)

Cr
-0.154(9)
Pd
+0.177(2)

Stainless steel
-0.09(2)
Cu
+0.225(2)

K4Fe(CN)6×3H2O
-0.035(7)
Pt
+0.349(6)

Na2Fe(CN)5NO×2H2O 
(300 K)

Cr
+0.106(9)
Rh
+0.366(2)

Stainless steel
+0.17(2)
Pd
+0.437(2)

K4Fe(CN)6×3H2O
+0.225(7)
Cu
+0.485(2)

a-Fe
+0.260(2)
Pt
+0.609(6)

	 The Fe compound has been extensively studied by 
Mössbauer spectroscopy, and the relationship between 
oxidation state of the Fe center and δ was generalized. For 
example, the reduced ferrous center, Fe(II), usually  
haselectronic spin states of S = 2 or S = 0, of which isomer 
shifts were found at the regions of d = 0.8 – 1.5 mm/s and 
d = 0.25 – 0.55 mm/s, respectively. The unusual S = 1 state 
of Fe (II) was reported to produce a Mössbaue rsignal at d 
= 0.3 – 0.4 mm/s. The oxidation state of Fe(I), studied in 
organometallic complexes, was also found in biological 
systems, such as hydrogenase. The Fe(I) ion may have an 
electronic spin state of S = 3/2 or S = ½, and the isomer 
shifts of these species were found at the region of d = 1.95 
– 2.05 mm/s and d = 0.15 – 0.4 mm/s, respectively. In the 
case of the low spin ferric center, Fe(III), usually observed 
from ferriheme, the isomer shifts are observed at around 
0.27 mm/s, and are not much different from the high spin 
Fe(III) complex. 

4. 	Biological Fe/S cluster
4.1 Biological Fe/S proteins
Besides the structural functions, as observed from zinc 
finger proteins and calcium binding proteins, metal ions 
play many important roles in fundamental biological 
systems, such as photosynthesis, nitrogen fixation, and 
mitochondrial electron transport. One of the fundamental 
reactions that is essential for biological systems iselectron 
transfer, and the Fe/S clusters and hemes are major cofactors  
for the function. There are various types of Fe/S clusters 
in biology, and most Fe/S clusters are classified based on 
the number of Fe atoms, as rubredoxin, ferredoxin-types, 
Rieske center, and aconitase-type[3Fe4S] clusters (Fig.  3). 
Other than electron transfer, the Fe/S proteins also catalyze 
m a n y  u n i q u e  r e a c t i o n s ,  i n c l u d i n g  n i t r o g e n  
fixation, CO oxidation, methane oxidation, and hydrogen 
production (Holm et al., 1996).

Figure 3. Structures of biological Fe/S clusters: a) Rubredoxin, b) [2Fe2S]-ferredoxin, c) Rieske-center, d) [4Fe4S]-
ferredoxin, and e) [3Fe4S] cluster.
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Figure 4. Relationship between oxidation state and 57Fe-Mössbauer isomer shift found from biological Fe/S clusters. 
Valence-delocalized Fe(II)-Fe(III) pairs were represented as +2.5 oxidation state.

5.	 Synthetic Fe/S clusters
5.1 Synthetic Fe/S clusters with SR, OR, or X ligands
Since the first chemical synthesis of the Fe/S cluster by 
Schunn et al. (1966), many synthetic Fe/S clusters have 
been synthesized to study the physical properties and the 
biological function of Fe/S clusters (Lee, et al., 2014). The 
study of 57Fe-Mössbauer parameters of Fe/S clusters with 

alkylthiolate (SR-) or halogenide (X-) has been carried out. 
The isomer shift of (Ph4P)2[Fe4S4(SPh)4] (Fig. 5a) is shown 
at d = 0.43 mm/s and its chloride analog (Fig. 5b) shows 
at d = 0.49 mm/s at 77 K. The compound with  
different counter cation and ligand, (Et4N)2[Fe4S4(OPh)4] 
(Fig. 5c), showed d =  0.50 mm/s at 4.2 K.

4.2 Mössbauer isomer shifts of Fe/S proteins
Most Fe atoms in biological Fe/S clusters were known to 
have high spin electronic states, and general isomer shift 
values for the biological Fe/S clusters werereported by 
Beinert  et al. (1997). Oxidized rubredoxin (Fig. 3a) with 
ahigh spin ferric center showed an isomer shift of d = 0.25 
mm/s and the reduced form, high spin ferrous ion, showed 
an isomer shift of d = 0.70 mm/s. The [2Fe2S]ferredoxin 
(Fig. 3b) may form the oxidized or the reduced clusters. 
The oxidized [Fe2S2]

+2cluster has two ferric centers and the 
57Fe-Mössbauer isomer shift was found at d = 0.27 mm/s.
Whereas ,  t he  r educed  [Fe 2S 2] +c lus t e r  has  a 
ferrous and a ferric center, and the isomer shifts of d = 0.60 
mm/s and d = 0.35 mm/s, respectively, were observed. For 
the oxidized [Fe2S2]

2+ Rieske center (Fig 3c), two Fe(III) 
centers were found atd = 0.27 mm/s.The one electron  
reduced [Fe2S2]

+ Rieske center with an F e(II) and anFe(III) 
ion showed signals at d = 0.72 mm/s and d = 0.30 mm/s, 
respectively. A similar relationship of the oxidation states 
of the Fe atom and the isomer shiftwas reported from the 
aconitase-type [3Fe4S] clusters (Fig 3e). The oxidized 
[Fe3S4]

+ cluster with three Fe(III) ions showed a signal atd 
= 0.27 mm/s at 90 K, and the reduced [Fe3S4]

0 cluster with 

two Fe(III) and one Fe(II) centers showed two signals at d 
= 0.32 mm/s (for Fe(III)) and d = 0.46 mm/s (for the  
valence-delocalized Fe(II) + Fe(III) pair) at 15 K (Krabs, 
et al., 2000). The relationship between the isomer shift and 
the oxidation state of the Fe atom valid for the cuboidal  
[4Fe4S] clusters (Fig. 3d) as well. Two valence-delocalized
Fe(II) + Fe(III) pairs in the oxidized [Fe4S4]

+2 cluster 
showed a signal at d = 0.45 mm/s at 4.2 K.The reduced 
Fe(II) + Fe(II) pair and the other valence-delocalizedFe(II) 
+ Fe(III) pair in the reduced [Fe4S4]

+ cluster show d = 0.62 
mm/s and d = 0.49 mm/s, respectively, at 110 K. It is  
noteworthy that the valence-delocalized Fe(II) + Fe(III) 
pair of the aconitase-type [3Fe4S] and the cuboidal [4Fe4S] 
clusters were found at d = 0.46 mm/s and d = 0.45mm/s,  
respectively. The super-reduced [Fe4S4]

0 cluster of the Fe 
protein from Azotobacter vinelandii was reported and its 
isomer shifts were found at d = 0.68 mm/s (4.2 K), d = 0.65 
mm/s (130 K), and d = 0.62 mm/s (200 K) (Yoo, et al., 
1999). Regardless of the experimental temperature, there 
is a strong correlation between the isomer shift and the 
oxidation state of the tetrahedral Fe center in the Fe/S 
clusters (Fig. 4).
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Figure 5. Structures of synthetic Fe/S clusters.

	 The Mössbauer study of the [Fe6S6]
3+ cluster (Fig 5d) 

at 125 K was reported by Kanatzidis et al. (1985). For 
(Et4N)3[Fe6S6(S-p-MeC6H4)6] the isomer shift showed a 
peak at d = 0.440 mm/s and its X analogs exhibited a posi 
isomeric shift of d = 0.045 – 0.055 mm/s. The chloride and 
the O-p-MeC6H4 analogs showed 0.055mm/s and 0.036 
mm/s of positive isomer shifts, respectively.
	 The synthetic clusters for the [Fe3S4] system (Fig  3e) 
have also been measured by Mössbauer spectroscopy to 
compare their parameters with biological clusters 
(Raebiger et al., 1997). The [Fe3S4]

0 clusters, regardless of 
their SR ligand species, show two quadruple splittings of 
d = 0.48 – 0.49 mm/s, for the Fe(II) + Fe(III)  
valence-delocalized pair, and d = 0.34 – 0.37 mm/s, for the 
valence-localized Fe(III) center. These show a little higher 
isomer shift compared to the biological center by d = 0.02 
– 0.03 mm/s. When Na+ sits on the trigonal plane of three 

S atoms, the isomer shift changes to d = 0.44 mm/s for 
theFe(II) + Fe(III) pair, and d = 0.41 mm/s for the other 
Fe(III) when compared to the enzymatic system. The large 
δ value observed from the Fe(III) center in the oxidized 
cluster was d = 0.32 mm/s for Desulfovibrio gigas. 
Ferredoxin II and  d = 0.34 – 0.41 mm/s for the synthetic 
[Fe3S4]

0 cluster show partial valence-delocalization of the 
ferric centers.
	 MacDonnell et al. (1995) studied the variations 
inMössbauer parameters for two-, three-, and four-coordinate  
Fe(II) thiolate complexes. Regardless of the coordination  
number, it was found that the isomer shifts exclusively 
depended on the oxidation state of the Fe centers and the 
quadrupoles splittings dependended on the electronic spin 
state of Fe centers. As electronic spin of the Fe center  
increases, usually large quadrupole splitting (DEQ)values 
are observed.

5.2  Synthetic Fe/S clusters with phosphine ligands

Figure 6. Structures of Fe/S clusters with phosphine ligands.
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Figure 7. 57Fe Mössbauer spectrum of (Et4N)[FeCl3(PEt3)] at 125K in zero applied magnetic field.  Cross marks are for 
observed data and solid line shows simulated graph fitted with one Fe center with Mössbauer parameters of δ = 0.84 
mm/s and ΔEQ = 1.68 mm/s.

	 The reductive ligand substitution reactions of the 
synthetic [Fe4S4] clusters were determined, and the
Mössbauer data of the reduced clusters were reported by 
Goh, et al. (1996). One thing to note is that [Fe4S4(PR3)4]
BPh4 clusters (Fig. 6a) showed similar isomer shift values 
to those of [Fe4S4]

2+ clusters, even though its mean oxidation
state was +2.25. It was proposed that the p-backbonding  
property of the Fe atom to the P atom increased the  
effective nuclear charge of the Fe center, which resulted in 
a decrease of the isomer shift. The changes in isomer shifts 
depended on the phosphine ligands species (from d = 0.41 
mm/s to d = 0.56 mm/s), which confirmed again that the 
predominant factor of isomer shift change was Fe-P  
p-backbonding. The compound with PtBu3 shows the highest 
isomer shift of d = 0.56 mm/s, and the others with PcHex3, 
PiPr3, and PcPent3 show d = 0.48 mm/s, d = 0.44 mm/s, and 
d = 0.41 mm/s, respectively. Based on these parameters, 
the isomer shifts of d = 0.601 mm/s and d = 0.641 mm/s 
(1:1) observed from [Fe4S4(P

tBu3)3Cl] (Fig 6b) can be 
assigned as Fe(III)Cl + Fe(II) and Fe(II) + Fe(II) pairs 
respectively. The isomer shift of d = 0.601 mm/s for the 
Fe(III)Cl + Fe(II) pair was much higher than the other 
Fe(III) + Fe(II) pairs with X, SR, or OR from [Fe4S4] or 
[Fe3S4] clusters by d = 0.10 – 0.17 mm/s. The other Fe(II) 
+ Fe(II) pair for d = 0.641 mm/s appeared reasonable 
considering [Fe4S4(PtBu3)4]BPh4 showed d = 0.56 mm/s. 
The edge-shared Fe/S double cubane, [Fe8S8(PcHex3)6] 
(Fig 6d), showed a very low average isomer shift at d = 
0.55 mm/s: d = 0.49 mm/s for two Fe(II), d = 0.60 mm/s 
for four Fe(II), and d = 0.62 mm/s for two Fe(II) even if 
all Fe atoms are Fe(II) formally. The smallest isomer shift 
of d = 0.49 mm/s may be assigned to two Fe atoms in the 
[2Fe2S] intercube unit. The Fe-Fe bond is much shorter 
than the other intracube Fe-Fe bonds, such that the small 
isomer shift of d = 0.49 mm/s may also be due to Fe-Fe 

bonding.
	 There are high nuclearity synthetic Fe/S clusters with 
the [Fe6S6], [Fe6S8], and [Fe7S6] cores. Most of them have 
a simple phosphine ligand, i.e. PEt3 and chloride ligands. 
The Mössbauer spectrum of [Fe7S6(PEt3)4Cl3] (Fig. 6d), 
which has six Fe(II) and one Fe(III) centers, was fitted into 
three quadruple splits. They were assigned as signals at d 
= 0.67 mm/s for 3Fe-Cl, d = 0.36 mm/s for 3Fe-P, and d = 
0.36 mm/s for the other Fe-P. The isomer shift of 
[Fe6S6(PEt3)4Cl2] (Fig 6e), which has four Fe(II) and two 
Fe(III), is assigned as d = 0.63 mm/s for 2Fe-Cl, d = 0.34 
mm/s for 2Fe-P, and d = 0.32 mm/s for 2Febr-P. Its bromide 
and iodide analogs showed similar patterns of isomer shift 
distributions. For the comparison between ligands, all 
phosphine-ligated clusters were also measured. The cluster 
with five Fe(II) and one Fe(III), [Fe6S6(PEt3)6](BF4), was 
fitted with three centers of d = 0.41 mm/s for 2Fe-P, d = 
0.41 mm/s for 2Fe-P, and d = 0.38 mm/s for 2Febr-P. The 
[Fe6S8(PEt3)6]

n+ (Fig 6f), n = 0, +1, +2, +3, cluster has been 
studied by Mössbauer (Goddard et al., 1996). The cluster 
shows that one electron reduction moves the isomer shift 
by d = ca. 0.04 – 0.05 mm/s.
	 The Mössbauer study of the synthetic Fe/S clusters 
with phosphine ligands showed that the isomer shift was 
influenced by the nuclear effective charge that can be 
modified by phosphine ligands and the Fe backbonding 
property. For example, the tetrahedral (Et4N)[FeCl3(PEt3)] 
complex shows a doublet with Mössbauer parameters of δ 
= 0.84 mm/s and ΔEQ = 1.68 mm/s (Fig. 7). The isomer 
shift value of the (Et4N)[FeCl3(PEt3)] was smaller than that 
of the (Et4N)2[FeCl4] (δ = 0.90 mm/s), and the quadrupole 
splitting value of 1.68 mm/s was much larger than that of 
the (Et4N)2[FeCl4] (δ = 0.76 mm/s) (Han and Nam, 2004).
Fe(II)(PEt3)2Cl2 showed a signal of d = 0.65 mm/s and DEQ 
= 2.90 mm/s.
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5.3 Mo/Fe/S clusters
There are many biological Fe/S proteins containing  
heterometallic ions in the Fe/S cluster. For example, 
nitrogenase contains one Mo or V ion in the metal cofactor 
and Ni-hydrogenase contains an Ni ion in the catalytic 
center. Likewise, synthetic efforts for the new M/Fe/S 
clusters have produced many synthetic clusters. The simple 

[(PPh3)2N](Et4N)[(MoS4)2Fe] (Fig. 8a) showed an isomer 
shift of 0.38mm/s and quadrupole splitting of 1.04 mm/s. 
The Mo(VI) and Fe(III) showed metal-metal interactions, 
as evident from the Mo-Fe distance, 2.740(1)Å (Coucou-
vanis et al., 1980). Therefore, the Fe(III) center appears to 
have an intermediate spin state.

Figure 8. Structure of synthetic Mo/Fe/S clusters.

	 The [MoFe3S4]
3+ cluster (Fig 8b), whose mean oxida-

tion state of Fe is +2.67, shows d = 0.29 mm/s with SR 
ligands. Chloride substitution gives a d = ca. 0.10 mm/s 
isomeric shift and the same oxidation state cluster shows 
a doublet at d = 0.39 mm/s. The one electron reduced 
cluster with SR ligand shows d = 0.41 mm/s. The reduction 
of the cluster shifts d = 0.12 mm/s isomeric shift per clus-
ter and d = 0.04 mm/s per Fe center (Osterloh et al., 2000). 
Considering these, the phosphine substituted [MoFe3S4]

2+ 

cluster can be compared and rationalized. The compound 
with a PtBu3 ligand on three Fe sites shows d = 0.53 mm/s 
and d = 0.51 mm/s isomer shifts in a 2:1 ratio as separate 
peaks. The valence-localization among Fe centers is con-
sistent for the other analogs. The PiPr3 analog shows d = 
0.49 mm/s and d = 0.41 mm/s (2:1), and PcHex3 at d = 0.48 
mm/s and d = 0.42 mm/s (2:1). The average isomer shifts 
for the clusters are d = 0.52 mm/s, d = 0.46 mm/s, and d = 
0.46 mm/s, respectively. The larger value for the PtBu3 
analog is not unexpected, as this is also found from the 
[Fe4S4] clusters. The same oxidation state cluster with SR 
ligand showed d = 0.41 mm/s, and the phosphine ligand 
seems to move the isomer shift positively by d = 0.05 – 0.11 
mm/s.
	 The edge-shared [MoFe3S4] double cubane 
clusters, [(Cl4cat)2Mo2Fe6S8(PR3)](Fig. 8c) R = Et, nPr, n 

Bu can be analyzed as a [MoFe3S4]
2+ clusters with two 

phosphine and one S ligand. Two separate measurements 
for the PEt3 analog show isomer shifts of d = 0.48 mm/s 
and d = 0.45 mm/s. From these data, the isomer shift by 
phosphine ligand cannot be observed. The [MoFe3S4]

2+ 

cluster with the phosphine Fe ligand shows a similar isomer 
shift too. The nPr analog shows two doublets with  d = 0.44 
mm/s and d = 0.38 mm/s as well as DEQ 1.09 mm/s and 
DEQ 0.75 mm/s, respectively, in a 2:1 ratio. The isomer 
shift of the PnPr3 analog is found at d = 0.43 mm/s and 
shows a smaller isomer shift value by d = 0.03 – 0.09 mm/s. 
However, the difference could be due to one less phosphine 
ligand on the [MoFe3S4] cluster unit or the poor p-back 
bonding ability of Fe to PnPr3.

5.4 Fe carbonyl clusters with low oxidation states
As shown by Morris and Schlaf (1994), the Mössbauer isomer 
shift δ is influenced by a π-bonding contribution, which is 
controlled by ligand properties. The other ligand showing 
a strong π-bonding contribution is CO. The Mössbauer 
measurement of the (Cl4-cat)Mo(O)Fe2S2(CO)4 (PEt3)2
(Fig. 8d) showed two distinct Fe sites that have isomer 
shifts of 0.11 and 0.16 mm/s. The compounds have the 
same structural unit and were found from various  
organometallic compounds. The compounds in Table 2 
(Bishop et al., 1988) were synthesized from [Fe2S2(CO)6]

-2 

(Fig. 8e) and have at least one [MoFe2S2] subunit.



R & KJaeeun Hwang and Jaehong Han60

5.5 Fe/S clusters with low and intermediate spin states
There are quite a few examples of low spin and intermediate 
spin ferrous and ferric compounds. Low spin ferrous  
compounds usually have a strong π-acceptor ligand, and 
the spin states of the ferric compounds seem to be  
influenced by the ligand geometry. High spin Fe(III)  
complexes, such as [Fe(SEt)4]

-, show isomer shifts of 0.25 

mm/s and quadrupole splitting of 0.62 mm/s at 4.2K. The 
intermediate spin (S = 3/2) complex of (Et4N)2[Fe2(BDT)4] 
(BDT = C6H4S2) showed a smaller isomer shift than its high 
spin analog, (Et4N)2[Fe2(MP)4]·2MeCN (MP = C6H4OS) 
by ca. 0.1 mm/s (Kang et al., 1988). Goh et al. (1994) also 
reported Mössbauer parameters for the [Fe4S4]

+2 cluster 
with low spin FeII centers (Table 3).

Table 3. Mössbauer parameters for [Fe4S4L2(t-BuCN)6] with Co57/Rh source at 77 K.
Ligand Site, spin state d (mm/s) DEQ (mm/s)

Cl-

Br-

p-MeC6H4O-

PhS-

p-MeC6H4S-

t-BuS-

EtS-

FeIII, HS
FeII, LS
FeIII, HS
FeII, LS
FeIII, HS
FeII, LS
FeIII, HS
FeII, LS
FeIII, HS
FeII, LS
FeIII, HS
FeII, LS
FeIII, HS
FeII, LS

0.41
0.19
0.40
0.18
0.37
0.17
0.34
0.16
0.33
0.18
0.35
0.17
0.29
0.19

0.60
0.45
0.64
0.46
0.64
0.48
0.39
0.43
0.44
0.48
0.54
0.49
0.67
0.46

6. Conclusions
57Fe-Mössbauer spectroscopy can provide physical properties 
of Fe-containing proteins, and the relationship between the 
oxidation state and isomer shift δ was well established, 
especially for the Fe/S clusters. Most Fe atoms in biological 
Fe/S clusters have a high spin state, and the oxidation states 
of single Fe ions and valence-delocalized Fe centers show 
linear responses to the isomer shift (Fig 4). The isomer shift 
is mainly governed by the effective nuclear charge changes  
resulting from the oxidation state change and ligand  
substitutions. Therefore, coordination environment changes  
and substrate binding to the Fe centers can be monitored 
by the isomer shift changes. Another factor influencing the 
electron density around the Fe center is metal-metal bonding  
between two metal ions. In this regard, 57Fe-Mössbauer 
spectroscopy of the Fe/S and Mo/Fe/S clusters can also 
provide evidence of the metal-metal bonding interactions. 
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