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Abstract 

Iron sulfur clusters are essential cofactors of numerous proteins that play many important 

biological roles due to their unique reactivity—a product of their geometry, oxidation, and spin 

states. The geometry of the iron sulfur clusters of [4Fe-4S]2+ and [4Fe-4S]3+ in various spin states 

was investigated using density functional theory (DFT). Geometry optimizations and vibrational 

frequency calculations were carried out on these clusters using the B3LYP functional and the 6-

311+G(d,p) basis set. The most stable spin state for the [4Fe-4S]2+ cluster was found to be the 19-

et, an antisymmetric structure. The most stable spin state for the [4Fe-4S]3+ cluster was found to 

be the 20-et, also an antisymmetric structure. Interestingly, these cubane clusters consist of J 

aggregates of four species of FeS and FeS+. The breakage of a monomer FeS from a [4Fe-4S] 

cluster under different environments may be responsible for the observations of noncubane [4Fe-

4S] clusters. Furthermore, with increased spin state, the positive and negative charges on the iron 

and sulfur increased and decreased, respectively, and the structure of cubane [4Fe-4S]2+ cluster 

evolves from the structure with a Fe tetramer as core and S as ligands to J-aggregate of FeS and to 

a homogeneous [4Fe-4S]2+ cluster. 
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1. Introduction 

Iron-sulfur clusters are the core structures that are found in the active site of many proteins and 

can appear in various sizes and shapes, including [Fe-4S], [2Fe-2S], [3Fe-4S], [4Fe-4S], and [8Fe-

7S], as shown in Figure 1. These clusters are cofactors that are responsible for the activation of 

certain small molecules, are necessary for the normal function of the mitochondria, and are used 

in electron transfer, DNA repair, and other cell functions and have been used as electron reservoir 

or carrier for electron-transfer or redox reactions.1-28 For instance, the involvement of Fe–S clusters 

in mitochondrial respiration links them to reactive oxygen species (ROS) production and oxygen 

sensing, with potential implications in diseases like pulmonary hypertension and mitochondrial 

disorders.29 

 

 

 

 

 

 

 

 

 

 

Figure 1. Core structures of iron-sulfur clusters in metalloproteins: (a) FeS4 in rubredoxin; (b) [2Fe-2S] in 

plant-type ferredoxin; (c) [3Fe-3S] in bacterial ferredoxin; (d) [4Fe-4S] in bacterial ferredoxin and HiPIP, 

and (e) [8Fe-7S] with the purple balls=S for P cluster in MoFe proteins and the purple balls=N for 

synthesized inorganic cluster. Blue and yellow balls represent Fe and S, respectively. 

 

The description of these clusters, established nearly 20 years ago, emphasizes their main 

elements, including ionic sizes, constant Fe−S bond distances, high-spin configurations, and 

(a) (b) (c) 

(d) (e) 

https://doi.org/10.26434/chemrxiv-2023-m92gz ORCID: https://orcid.org/0000-0002-6131-3532 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2023-m92gz
https://orcid.org/0000-0002-6131-3532
https://creativecommons.org/licenses/by-nc-nd/4.0/


3 

 

tetrahedral stereochemical preferences at Fe2+ and Fe3+ sites.30 A large number of studies have 

been carried out on gas phase cationic,31 neutral,32 and anionic,33-35 iron sulfur clusters for their 

composition, stability, and structure.36-61 Iron-sulfur clusters often coordinate with cysteine 

residues in proteins. The sulfur atom in the thiol group of cysteine can coordinate with iron to form 

a stable coordination bond.62 This interaction is crucial for the structure and function of many iron-

sulfur cluster-containing proteins. The coordination of cysteine residues helps stabilize the iron-

sulfur cluster within the protein structure.63 Thus, iron-sulfur clusters are commonly found in living 

cells and are a worthwhile object of study. Recently, research was also done to incorporate Fe-S 

clusters in metal-organic frameworks to develop materials for gas adsorption.64 Their unique 

reactivity is a product of their unique geometry, spin state, charge, and oxidation state. 

Among the classes of iron–sulfur clusters shown in Figure 1, the [4Fe–4S] clusters are the most 

versatile.39,53,65-67 The cubane-type [Fe4(μ3-S)4]n clusters play many roles in electron transfer, 

enzymatic catalysis, nitrogen fixation, photosynthesis, and gene regulation.68 The coordination of 

iron and sulfur atoms in these clusters allows them to efficiently transfer electrons. The study of 

these clusters involves considering their redox states and the synthesis methods to gain insights 

into their structural and electronic features.68  In the photoelectron spectroscopic studies of gaseous 

cubane [4Fe-4S] clusters of various charges, it was concluded that [4Fe-4S]- cluster is a two-layer 

spin-coupling structure.61 To understand the mechanism of iron–sulfur clusters in various 

functions, study of their electronic structure and properties, such as spin states, is important. 

Computational and theoretical chemistry has a very important role to play in helping to predict 

and rationalize the nature of the electronic ground state of transition metal compounds and 

understanding their electronic transfer properties and reactivity in proteins.47,69-74 Among the many 

proteins containing an iron sulfur cluster, the iron-molybdenum cofactor of the molybdenum 
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nitrogenase enzyme, called FeMoco, is a well-studied molecule that contains an [4Fe-4S] cluster 

as its core. However, specific details about the oxidation states of the Fe, spin coupling, and spin 

localization remain unknown. These values likely play a key role in the reactivity of the cofactor. 

In the recent work by Benediktsson and Bjornsson, they used broken-symmetry density functional 

theory (DFT) in the ORCA quantum chemistry program to characterize these values to understand 

more about the cluster present in Femoco and determine the geometry.75 Specifically, they looked 

at the functional dependence and electronic structural dependence of the molecule by using a test 

set of similar spin-coupled Fe-S systems.  

Herein, we performed gas phase DFT calculations to evaluate and predict structural and 

electrical characteristics of cubane [4Fe-4S]2+ and [4Fe-4S]3+ clusters and compare the effect of 

spin state on the structural and electronic properties of these clusters. Particular attention was given 

to investigate what constitute the building blocks that form these cubane clusters. In this work, we 

employed B3LYP functional with a basis set of 6-311+G(d,p) in our calculations. Details of the 

choice of the method is discussed below.  

 

2. Computational Details 

Iron sulfur clusters [Fe4-S4] of spin states singlet/doublet to 22-et/23-et of the cationic +2 and 

+3 species, respectively, were evaluated using DFT calculations. Additionally, the first three spin 

states of FeS and FeS+ and the first few spin states of Fe and S were evaluated. Each system was 

studied in the gas phase and was optimized to a minimum with a geometry optimization and the 

minima were confirmed via a subsequent vibrational frequency calculation. 

All calculations were carried out in the ground state with unrestricted spin using the B3LYP 

functional and the 6-311+G(d,p) basis set. B3LYP has been used in the studies of Fe2S2 clusters76 
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and 6-311+G(d,p) was found to be a reasonably good basis set.77 All calculations were conducted 

using the Gaussian16 program with GaussView 678 being used to generate the input files with all 

other parameters at default. From these calculations, the energies, optimized geometries, 

HOMO/LUMO, charge distribution, and IR spectrum of each system was obtained. Zero-point 

corrected energies were used in the calculation of the energies. 

We note that all the structures are supposed to be at an energy minimum and no imaginary 

frequencies should exist. In a few calculations, efforts were made to remove the imaginary 

frequency without success. These structures with imaginary frequencies are reported in the results 

section.  

 

3. Results and Discussion 

In this work, we carried out DFT calculations to the two main clusters of interest, i.e. [4Fe-

4S]2+ and [4Fe-4S]3+,  at various spin states. To understand the structures and the building blocks 

of these clusters, we also carried out DFT calculations of Fe, S, FeS, and FeS+, at various spin 

states. In what follows, we first present the results of FeS0/+ followed by those of [4Fe-4S]2+ and 

[4Fe-4S]3+. 

3.1  FeS0/+ Species 

The DFT results of various properties of FeS and FeS+ are summarized in Table 1. It is clear 

that the most stable spin state of FeS and FeS+ are quintet and sextet, respectively.  To understand 

the bonding energy between Fe and S in FeS species, we also performed DFT calculations using 

B3LYP/6-311+G(d,p) for Fe at spin states of singlet, triplet, and quintet and S at spin state of 

singlet and triplet and used the lowest energy of the spin state. The bond energy of Fe-S is found 

to be 3.85 eV. Two interesting observations are the Fe-S bond length and charge distribution. To 
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compensate for higher spin, the Fe-S bond is lengthened and the species is more polarized with 

respect to the singlet state.   

Table 1. Energies and other properties of FeS with different charges and spins 
 Number of       

unpaired electrons 

Energy* 

(eV) 

Frequency 

(cm-1) 

Bond length 

(A)  

Mullikan charge 

Fe              S 

 

 FeS 

0 2.76 566.6 1.944  0.186 -0.186 

2 0.68 376.0 2.109  0.180 -0.180 

4 0.00 512.4 2.035 0.275 -0.275 

6 1.00 440.6 2.115  0.080 -0.080 

 

FeS+ 

1 2.94 629.1 1.907  0.528 0.472 

3 0.21 426.1 2.109  0.669 0.331 

5 0.00 463.5 2.060 0.643 0.357 
*The energy is relative to the most stable species. 

3.2  [4Fe-4S]2+ Species 

DFT results of [4Fe-4S]2+ clusters at various spins are summarized in Table 2. The most stable 

state was found with 18 unpaired electrons. If we decompose the unpaired number of electrons 

according to FeS and FeS+, it consists of two FeS units and two FeS+ units. Furthermore, the energy 

of [4Fe-4S]2+ by binding these four units is 1.74 eV/FeS0/-, which is nearly half of FeS bond energy.  

We note that this binding energy was calculated the same way as that in the previous studies of 

complex formation.79 We performed further analysis based on the DFT results to support the above 

hypothesis and the discussion will be provided below.     

Table 2. Energies and other properties of [4Fe-4S]2+ with different spins 
Label Number of       

unpaired 

electrons 

Energy* 

(eV) 

HOMO 

energy (eV) 

HOMO-

LUMO 

gap (eV) 

Number of and the 

imaginary 

frequencies (cm-1)  

Mullikan charge 

Fe              S 

a 

b 

c 

d 

e 

f 

g 

h 

i 

j 

 

k 

l 

0 6.23 -16.21 3.08 0 0.574 -0.074 

2 6.42  -15.24 1.49 0 0.664 -0.164 

4 5.51  -14.82 0.96 1 (-405.4) 0.679 -0.179 

6 

8 

10 

12 

14 

16 

18 

 

20 

22 

4.79  

3.49  

1.65  

1.33  

0.85  

0.84  

0.00 

  

3.08  

6.05  

-14.70 

-14.57 

-14.57 

-15.14 

-15.10 

-15.41 

-15.41 

 

- 

- 

0.99 

0.60 

0.65 

0.96 

0.96 

0.84 

4.25 

 

- 

- 

0 

1 (-135.1) 

1 (-708.7) 

0 

0 

2 (-347.1, -347.0)  

3 (-407.6, -253.1, -

253.1)  

0 

2 (-312.6) 

-0.672 

0.68 

0.857 

0.624 

0.626 

0.77 

0.871 

 

0.932 

0.578 

-0.172 

-0.18 

-0.357 

-0.357 

-0.126 

-0.27 

-0.371 

 

-0.432 

-0.078 
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Figure 2 shows the optimized structures of [4Fe-4S]2+ with the most stable spin states (14, 16 

and 18 unpaired electrons). All other geometries of [4Fe-4S]2+ cluster show almost similar 

structures except slightly different Fe-S bond lengths and angles. All the relative energies 

associated with each geometry, HOMO-LUMO energies and Mullikan charges of atoms in each 

cluster are given in Table 2. The most stable electronic state of [4Fe-4S]2+ cluster has 18 unpaired 

electrons, and the second lowest stable spin state (with 16 unpaired electrons) is 0.84 eV higher in 

energy. Spin states with 14 and 16 unpaired electrons are relatively close to each other in total 

energy. The relative energies of very low and high spin states are large compared to the most stable 

electronic structure of [4Fe-4S]2+. According to the optimized structures, vertical Fe-S’s act as 

subunits in the cluster and form a tetramer of Fe-S. According to the energies of each optimized 

structure, the 19-et spin state (with 18 unpaired electrons) has shown the lowest relative energy 

compared to the other spin states. However, it is associated with three imaginary frequencies which 

shows that this structure is not in a local minimum on the potential energy surface (PES). If there 

is one negative frequency it is a transition state which refers to the first-order saddle point. The 

positive charge of Fe atoms in the [4Fe-4S]2+cluster increased with increasing spin state, while the 

charges of S atoms become more negative. The [4Fe-4S]2+ cluster with +2 charge should be an 

antisymmetric structure according to the intensities in the IR spectra of [4Fe-4S]2+. For the most 

stable [4Fe-4S]2+ it is shown that Fe-S bond distance is increased through the low spin state to the 

higher spin state.   
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Figure 2. DFT optimized structures of [4Fe-4S]2+ with the lowest energies shown in Table 2. The 

numbers are bond distances in Å. 

 

Most interestingly, the structures shown in Figure 2 further support the conclusion about the 

building blocks (monomers) derived from the results based on the spin state and energy. Indeed, 

the bond distance in the four Fe-S building blocks is 2.338 Å, which is shorter than the bond 

distances between the monomers. Therefore, the formation of [4Fe-4S]2+ is through a J 

aggregation, which has been found and studied in many applications.80-82 Moreover, the charges 

among the monomers are evenly distributed after [4Fe-4S]2+ formation where initially there are 

two monomers of FeS and two monomers of FeS+. The concerted mechanism on iron-sulfur cluster 

assembly deduced from the most recent mass spectrometric studies83 seems also to indicate the 

formation of FeS as building blocks (monomers). Finally, we mention that the three most stable 

isomers with different spin states can be identified using IR spectra. As shown in Figure 3, three 

signature IRs can be observed. 
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Figure 3. IR spectra for structure of [4Fe-4S]2+ with the lowest energies, shown in Table 2. 

 

Figure 4 visualizes the electron distribution of frontier molecular orbitals of the most stable 

[4Fe-4S]2+ clusters. The energy difference between HOMO-LUMO levels of the most stable [4Fe-

4S]2+ cluster (with 18 unpaired electrons) is 4.25 eV. There are visible differences among the 

molecular contours, but those of structure h and i show great resemblance. We note that the 

interpretation of the small HOMO-LUMO energy gap in these high spin clusters needs to be 

cautious as the B3LYP functional’s ability to deal accurately with strong coupling systems. The 

strong coupling systems like these clusters need to be further investigated by considering adding 

an on-site Coulomb repulsion, or U term, to correct the underestimation of HOMO-LUMO energy 

gap.84    

 

 

h i j 
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Figure 4. Frontier molecular orbitals (HOMO and LUMO) of [4Fe-4S]2+ with the lowest energies, shown 

in Table 2. 
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3.3  [4Fe-4S]3+ Species 

The DFT results for the [4Fe-4S]3+ clusters are summarized in Table 3. Structure j with 19 

unpaired electrons is the most stable. The relative energy difference between the second (17 

unpaired electrons) and third (15 unpaired electrons) most stable electronic structure is 0.57 eV. 

When scanned from lower (doublet) to higher spin states (22-et), the relative energy starts at higher 

in energy (5.98 eV) and achieves to a minimum (in 20-et) and starts to increase again (2.44 eV). 

The three most stable optimized structures of [4Fe-4S]3+ clusters are shown in Figure 5. All Fe-S 

bond distances in the highest stable spin state (i, with 19 unpaired electrons) of the plus three 

cluster show the same value (2.385 Å), indicating it is likely a more cubic structure compared to 

the other two structures.  

Table 3. Energies and other properties of [4Fe-4S]3+ with different spins 
Label Number of       

unpaired 

electrons 

Energy* 

(eV) 

HOMO 

energy (eV) 

HOMO-

LUMO 

gap (eV) 

Number of 

imaginary 

frequencies (cm-1)  

Mullikan charge 

Fe              S 

a 

b 

c 

d 

e 

f 

g 

h 

i 

j 

1 5.98 -20.48 1.61 0 0.729 0.021 

3 6.12 -20.23 1.24 0 0.708 0.042 

7 3.54 -18.89    -0.02 0 0.959 -0.209 

9 

11 

13 

15 

17 

19 

22 

1.62 

1.63 

0.97 

0.82 

0.25 

0.00 

2.44 

-19.58 

-19.56 

-19.64 

-19.56 

-19.81 

-19.79 

- 

0.71 

0.49 

0.82 

0.95 

0.73 

4.23 

- 

0 

0 

0 

0 

2 (-478.2, -478.0) 

0 

0 

0.933 

0.905 

0.803 

0.915 

0.993 

1.033 

0.802 

-0.183 

-0.155 

-0.053 

-0.165 

-0.243 

-0.283 

-0.052 

 

Figure 5. DFT optimized structures of [4Fe-4S]3+ with the lowest energies, shown in Table 3. The 

numbers are bond distances in Å. 
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The three most stable [4Fe-4S]3+ clusters also exhibited the antisymmetric structure according 

to the IR intensities (Figure 6). However, these clusters should be more symmetric than the [4Fe-

4S]2+ clusters with low IR intensities (with comparison between Figure 3 and Figure 6). Results 

show that removal of one electron from [4Fe-4S]3+ increases the cluster symmetry. The energy 

difference between HOMO-LUMO levels of the most stable [4Fe-4S]3+ cluster (20-et) is 4.23 eV. 

The HOMO-LUMO energy gap is relatively similar in most stable [4Fe-4S]3+ and the [4Fe-4S]2+ 

clusters. This higher frontier orbital gaps in stable states of [4Fe-4S]3+/2+ implies that their low 

chemical reactivity and high kinetic stability85 compared to other spin states. 

 

 

 

 

Figure 6. IR spectra for the structure of [4Fe-4S]3+ with the lowest energies, shown in Table 3. 

 

The frontier molecular orbitals of the three most stable clusters of [4Fe-4S]3+ are depicted in 

Figure 7. There are more apparent differences among the orbitals of these clusters in comparison 

to the three [4Fe-4S]2+ clusters. The delocalization character of the unpaired electron can be seen 

clearly.   
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Figure 7. Frontier molecular orbitals (HOMO and LUMO) of [4Fe-4S]3+ with the lowest energies, shown 

in Table 3. 
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3.4  Discussion 

Figure 8 shows the singlet [4Fe-4S]2+ and doublet [4Fe-4S]3+, which are the lowest spin states 

of the corresponding clusters. These low spin clusters are different and we expect they will function 

differently in the adsorption of gas phase molecules than the high spin clusters.86 For the singlet 

[4Fe-4S]2+, it does no longer resemble the J aggregates of FeS at high spin states. Rather, it is a 

tetramer Fe cluster (Fe4) ligated with an S atom on each surface.  We expect this cluster will 

resemble more on the metal cluster and ligand effects of transition metal clusters.87-89 Analysis of 

structures obtained from the current studies indicates that spin state is a good modulator to the 

structural changes of [4Fe-4S] clusters. At lower spin, [4Fe-4S]2+ is a structure consisting of a 

metal cluster core with S as ligands as shown in Figure 8. When spin increases, it becomes a J-

aggregate of FeS with a further increase of spin state, it becomes homogeneous [4Fe-4S] cluster, 

i.e. all the bond distances between Fe and S are the same. Furthermore, upon removing an electron 

from singlet [4Fe-4S]2+, the metal core in the cluster breaks and it becomes a J-aggregate of the 

FeS tetramer, as shown in Figure 8 in doublet [4Fe-4S]3+. 

 

 

 

 

 

 

 

 

 

Figure 8. DFT optimized structures: singlet of [4Fe-4S]2+ and doublet of [4Fe-4S]3+. 

 

2.449 
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For the most stable clusters, the J aggregates will behavior differently and have different 

internally built-in field90 with respect to the clusters shown in Figure 8. These may be observed 

from electron excitation.  Understanding the excited state of materials,91-95 tuning excitons,96-102 

and coherent state control103 have been active research. The clusters discussed here with higher 

spin states seem to have the characteristic of forming coherent states and therefore exhibiting 

longer exciton relaxation. This is a topic of enormous importance.  

Iron-sulfur clusters are important metal cofactors in enzymes,104,105 making them of utmost 

importance in the industrial and biochemical catalysis field.3,105 These clusters have crucial roles 

in various biological processes including energy conversion,106 nitrogen fixation,107 DNA 

maintenance,108 signal transduction,109 redox regulation,110 and biological catalysis.111 Therefore, 

the current studies are important to the understanding of FeS clusters and may shed light on other 

catalysis research on important reactions,112-118 including our current interest in ethanol 

oxidation84,119-125 and catalyst properties.126-128 Finally, we point out that broken-symmetry DFT 

(BS-DFT) studies of the clusters are essential before any further studies, as the comparison of 

results between DFT and BS-DFT calculations indicates that it is necessary to carry out such a 

study.129-134 The current results can serve as a benchmark for future BS-DFT studies. 

 

4 Conclusions 

The gas phase DFT calculations using B3LYP/6-311+G(d,p) were performed to obtain the 

structural parameters and properties of [4Fe-4S]2+ and [4Fe-4S]3+ clusters. The most stable spin 

state for [4Fe-4S]2+ cluster is the 19-et (18 unpaired electrons), while it is the 20-et state (19 

unpaired electrons) for [4Fe-4S]3+. IR intensities of both clusters implied that the removal of one 

electron increases the cluster symmetry, as [4Fe-4S]3+ exhibited a more symmetric structure than 
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[4Fe-4S]2+. The stable states of both [4Fe-4S] clusters have higher kinetic stability compared to 

their other spin states. 

The most stable cubane [4Fe-4S]2+ and [4Fe-4S]3+ clusters can be considered the J aggregates 

of FeS0/+ tetramers with strong electrostatic interactions among the tetramers. The change of 

environments can distort the cubane structure and lead to the formation of noncubane structures 

with displacement of a monomer FeS and may be used to understand the observations of the 

noncubane [4Fe-4S] clusters. Finally, the DFT results reported here can also serve as benchmark 

for future BS-DFT calculations.   
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