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Abstract 

The binding of hydrogen sulfide to a model heme compound is investigated by coupled-cluster 

singles-doubles augmented by a perturbative triple excitations, CCSD(T), and density functional 

theory, DFT. The minimum energy path for the H2S addition to an isolated heme center of the 

heme protein is evaluated by adopting as a model the heme compound FeP(Im) (P=porphyrin; 

Im=imidazole). The FeP(Im)-H2S aduct is bound by 13.7 kcal/mol at the CCSD(T) level of 

theory. Relaxed potential energy curves for the lowest lying spin states of the H2S to FeP(Im) 

binding using DFT reveal that the binding process is associated with a "double spin-crossover" 

reaction with the existence of long-distance van der Waals minima only 5-7 kcal/mol above the 

FeP(Im)-H2S ground state. The fact that the energy of the singlet ground state of FeP(Im)-H2S is 

so close in energy to the dissociation products FeP(Im)+H2S points towards the reversibility of 

the H2S adsorption/desorption process in biochemical reactions.  

 

 

Keywords: heme; imidazole; H2S binding; electronic states; density functional theory; coupled 

cluster theory. 

 

 

* Corresponding author. E-mail: bostojic@chem.bg.ac.rs (B. D. Ostojić).  

Phone: +381 113336893; fax: +381 112636061 

 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

  2 

1. Introduction  

 

Hydrogen sulfide is present in natural gas, petroleum, volcanic springs and decomposed organic 

matter. While H2S is toxic at high concentrations of >600 ppm binding to iron in mitochondrial 

cytochrome enzymes, at low concentrations it exhibits a variety of important biological functions  

[1]. The mechanism by which H2S acts as a signaling molecule in biochemical processes is 

currently under investigation [2]. Of special interest here is its potential to interact with metal 

centers in metalloproteins. For example, Vitvicky et al. described a new role for hemoglobin 

(Hb), which in the ferric methemoglobin state binds H2S and oxidizes it to give a mixture of 

thiosulfate and iron-bound hydropolysulfides [3]. Boubeta et al. found that H2S is the most 

favorable species in migration from the bulk to the active site through the internal pathway of a 

protein [4]. It has been shown that neuroglobin, a kind of a heme enzyme endowed with 

hexacoordinated iron atoms, can bind H2S tightly [5]. Ruetz et al. have found that human 

neuroglobin can oxidize H2S to thiosulfate, albeit inefficiently, but the replacement of the distal 

histidine ligand by alanine greatly accelerates sulfide oxidation by neuroglobin and supports its 

oxidation to thiosulfate and to a wide range of catenated sulfur products [6]. As a further 

example, the nutritional needs of the clam Lucina pectinata are in a symbiotic relationship with 

sulfide oxidizing bacteria. Here, the protein that delivers H2S to the bacteria is hemoglobin I 

(HbI), binding H2S to the ferric heme iron.  

Both hemoglobin and myoglobin (Mb) are capable of binding H2S in the open sixth 

position of the ferric heme iron [7,8]. It has been proposed that the polarity of the distal heme 

pocket influences the fate of H2S bound to the ferric heme [9]. Collman et al. revealed that 

electro-catalytic reduction of oxygen is reversibly inhibited by hydrogen sulfide concentrations 

similar to those that induce hibernation [10]. It has been proposed that this phenomenon comes 

from a weak, reversible binding of H2S to the Fe
II
 porphyrin. Collman et al. concluded that at 

higher concentrations H2S binds to Fe
II
 in the reduced active site and can act as a competitive 

inhibitor of enzyme cytochrome c oxidase (Cco), competing with its substrate, O2, for binding to 

the reduced Fe
II
Cu

I
 active site [10]. However, this inhibition should be reversible as O2 can 

easily replace H2S bound to a reduced Fe
II 

site. Bostelaar et al. in the study on hydrogen sulfide 
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oxidation by myoglobin reported that the isotope data does not rule out the presence of the 

ferrous hydrogensulfide intermediate [11].        

 Although there are many studies devoted to the interaction of H2S with heme-containing 

proteins, there are many unresolved questions related to the interaction of H2S with the heme 

metal center and the nature of the H2S-heme binding, which requires a more elevated quantum 

theoretical treatment. This is especially the case when regarding the role of different electronic 

spin states of H2S binding to Hb, and its influence on the binding energy when solvent effects are 

included. Since there are data that indicate that H2S can interact directly with the heme iron 

center, in this work we aim to analyze the role of different spin states for the H2S binding to a 

heme model molecule in detail and evaluate its binding energy by accurate quantum theoretical 

methods. 

 

2. Computational Details 

 

Molecular models 

In order to investigate the binding of H2S to heme, we studied the reaction Fe
II
(heme) + H2S ↔ 

Fe
II
(heme)(H2S) and the corresponding associated electronic states along the reaction coordinate 

using density functional theory (DFT). The model compound is neutral and includes H2S bound 

to the iron center in the sixth coordination position (Figure 1). The heme group is modeled as a 

porphyrin ring without substituents and with an axially coordinated imidazole (Im) as a model of 

the proximal histidine, denoted as P(Im). In addition, Coupled cluster calculations were carried 

out to more accurately determine the Fe
II
(heme)-H2S interaction energy for a simplified mimic in 

which the porphyrin ring was replaced by two bidentate N-donor ligands C3N2H5
-
 as shown in 

Figure 1. 

 

DFT calculations 

Geometry optimizations without any symmetry constraints for the ground state singlet, triplet, 

and quintet structures of FeP(Im), FeP(Im)-H2S and its simplified mimics FeL2 (NH3) and FeL2 

(NH3)-H2S (where L is C3N2H5
-
) were performed employing the BP86 functional [12,13] 
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together with the def2-SV(P) basis set [14]. In addition, relaxed geometries of the singlet, triplet, 

and quintet electronic states of the H2S-FeP(Im) system were obtained along the H2S-Fe reaction 

coordinate at the BP86/def2-SV(P) level of theory in order to obtain the potential energy curves 

(PECs) for the H2S binding process. For this, the Fe-S distance was kept fixed at selected 

distances while all remaining structural degrees of freedom were relaxed. To include both 

dispersion and relativistic effects in the energetics, single-point energy calculations for the PECs 

of the different spin states along the Fe-S bond in FeP(Im)-H2S complex were performed using 

the B97-D DFT method [15] and using the second-order Douglas-Kroll-Hess (DKH) relativistic 

operator together with a larger QZP-DKH basis set [16,17] on top of the BP86/def2-SV(P) 

optimized structures. This combination of density functionals ensures that both geometries and 

corresponding bond energies are described reasonably accurate. Additional geometry 

optimizations employing the B97-D/def2-TZVP and ωBP97X-D/def2-TZVP levels of theory  as 

well as the B97-D functional and def2-TZVP on Fe and def2-SV(P) on C, N, S and H atoms 

were also performed in order to test the accuracy of our method and basis sets on the optimized 

structures.  

 

Figure 1. The structural models of the heme and heme-H2S complexes chosen: FeP(Im) (
5
A) 

(bottom left) and FeP(Im)-H2S (
1
A) (top right and left), respectively, and the simplified 

mimic FeL2(NH3)-H2S  (bottom right) used in the CCSD(T) calculations.       
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 It is well known that some density functional can substantially underestimate or 

overestimate the binding of molecules to the iron center in porphyrin systems [18]. Therefore, we 

also explored the accuracy of various DFT approximations to the Fe-S binding energy in the 

ground electronic state of the FeP(Im)-H2S complex as well as in the FeL2(Im)-H2S mimic at the 

BP86/def2-SV(P) optimized structures, i.e. several density functionals are employed including:  

 GGA-type functionals, BP86 and B97-D (B97 with Grimme’s dispersion correction); the local 

functional, M06L[19]; hybrid functionals, B3LYP [20], B3LYP* [21,22], TPSSh [23-25] and 

M06-2X [19]; and the range-separated hybrid functional, ωB97X-D [26]. In particular, we used 

the ωB97X-D functional for the optimizations of the electronic states of FeP(Im) as it was shown 

that this functional can correctly predict the ordering of the electronic states of FeP(Im) [27]. 

Here we note that at the BP86/def2-SV(P) level of theory we are not getting the right ordering of 

electronic states for FeP(Im), i.e. this functional gives the singlet as lowest energy, while the 

triplet state and quintet states are 1.63 kcal/mol and 12.33 kcal/mol, respectively, above. Such 

problems for FeP(Im) were already noted by Radon [28] and Boyd et al. [27] who also employed 

the ωB97X-D functional. For all open-shell electronic states we applied unrestricted Kohn-Sham 

DFT. The binding energies obtained were corrected for basis set superposition errors (BSSE), 

scalar relativistic effects using the second-order Douglas-Kroll-Hess Hamiltonian, and zero-point 

vibrational energy (ZPVE) obtained from the calculated harmonic frequencies. For the 

relativistic and nonrelativistic binding energies we employed the accompanying cc-pVnZ-DK 

and cc-pVnZ basis sets, respectively (n=3 for the more important atoms Fe, S and N, and n=2 for 

peripheral atoms C and H). All DFT calculations were carried out with the Gaussian suite of 

programs [29].  

 

Coupled Cluster Calculations  

The application of coupled cluster and related methods for electronic states in bioinorganic 

systems involving transition metals is given in Refs. [30-33]. For computational efficiency in our 

single-point coupled cluster calculations we had to employ the small model systems as shown in 

Fig. 1. The two model systems chosen, FeL2(NH3)(L=C3N2H5
-
) and FeL2(NH3)-H2S, resemble 
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the most important features in FeP(Im) and FeP(Im)-H2S, respectively. The model FeL2(NH3) 

compound differs from the FeP(Im) molecule in conjugation properties, and the whole imidazole 

ligand is substituted by the simple NH3 molecule. However, in previous studies on heme-related 

models it was shown that this mimic can simulate well ligation of the metal center in a porphyrin 

ring system [28,30,34]. These smaller model compounds have the advantage that they allow for 

accurate scalar relativistic DKH coupled-cluster singles and doubles augmented by a perturbative 

triple excitations, CCSD(T), calculations [35-37] in combination with larger sized basis sets. 

Single point coupled cluster calculations at the CCSD(T) level were carried out with Molpro [38] 

suite of programs on top of the DFT-optimized structures.   

For the iterative coupled cluster term, ∆ECCSD, we include the metal outer-core correlation 

and obtain the complete basis set (CBS) limit value according to a two-point extrapolation 

formula introduced by Helgaker et al. [39,40], ΔEint,CBS(m,n)= (m
3
ΔEm – n

3
ΔEn)/(m

3
 – n

3
), where 

m and n are the cardinal numbers of the corresponding correlation consistent basis sets 

employed. To save computer time, for the non-iterative term accounting for the connected triples 

in the coupled cluster procedure, ∆E(T), we took the difference ΔECCSD(T)basis5 – ΔECCSDbasis5 with 

basis 5 chosen as Fe (cc-pwCVTZ-DK); N, S (cc-pVTZ-DK); and H, C (cc-pVDZ-DK). The 

CCSD T1 diagnostics testing for multireference character gave a value below the suggested 

threshold of 0.05 [41] for all compounds investigated, while in the case of FeL2(NH3)-H2S the 

D1 diagnostics of 0.17 exceeded the suggested threshold of 0.15 [41] for moderate multi-

reference character. 

Finally, the coupled cluster binding energies of these model systems were used for an 

extrapolation procedure introduced by Radon to obtain CCSD(T) estimates for the larger systems 

[18,28] as discussed in more detail below. Here, different basis sets were used: aug-cc-pwCVTZ-

DK, cc-pwCVTZ-DK and cc-pwCVTZ for Fe, cc-pVnZ-DK (n=2,3) and cc-pVnZ (n=2,3) for N 

and S, and cc-pVDZ-DK and cc-pVDZ for C and H.  
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3. Results and discussion 

 

Optimized molecular structures 

The geometry optimizations of the model system FeP(Im)-H2S resulted in a 
1
A(C1) ground state  

with a distance between Fe center and the H2S molecule of dFe-S =2.33 Å (see Table 1 for the 

most important structural data). The H-S bond length in H2S bound to FeP(Im) is 1.371 Å at the 

BP86/def2-SV(P) level of theory, and is somewhat longer than the corresponding distance of 

1.369 Å for free H2S (note, at at the B97-D/def2-QZVPPD level of theory we get 1.346 Å in far 

better agreement with the experimental distance of 1.336 Å [42] or with other more accurate 

theoretical calculations, see Refs. [43-46]).  

 It is interesting that the H2S binding process is accompanied by a substantial structural 

change in the porphyrin ring system, affecting the orientation of the imidazole plane. In the 

ground electronic state of FeP(Im)-H2S, the imidazole plane is in the staggered conformation 

with respect to the porphyrinato nitrogen atoms (Fig. 1), while in the ground electronic state of 

FeP(Im) i.e. when H2S is not bound to Fe, the imidazole plane is in the eclipsed conformation 

with respect to the porphyrinato nitrogen atoms (Fig. 2). However, we have calculated the barrier 

to rotation between overlapping and bisecting conformation with respect to the Fe-NPyr bonds in 

the ground electronic state of FeP(Im) (
5
A) employing the B97-D functional and found a very 

low value of 1.9 kcal/mol. It is in accordance with other theoretical studies [47,48] that also 

indicated that this rotation has a very low barrier. On the other hand, the environment of the 

imidazole ligand in the protein involves a large variety of nearest-neighbour interactions. The 

nonbonding interactions that come from the protein chain can affect the orientation of the 

imidazole plane and lead to a hindered rotation. Changing the spin state leads to even more 

interesting changes in the geometry: while the Fe atom of the FeP(Im)-H2S aduct in the 
1
A 

ground state lies almost in-plane of the porphyrin ring system (out-of-plane distance is only 

doop=0.023 Å), in its quintet 
5
A electronic state the Fe atom moves out of the porphyrin plane for 

both the FeP(Im)-H2S aduct (doop =0.246 Å) and FeP(Im) (doop =0.336 Å), Figure 2. The dihedral 

angle NPyr-Fe-NIm-CIm is very small for H2S-FeP(Im) (
5
A) (0.7º) as well as for FeP(Im) (

5
A) 

(0.2º), while in H2S-FeP(Im) (
1
A) the NPyr-Fe-NIm-CIm angle is about 45º.  
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Figure 2. The optimized geometry of FeP(Im) (bottom) and H2S-FeP(Im) (top) in their 

quintet electronic states (
5
A). The arrows indicate main similarities in both structures: the 

position of Fe below the porphyrin plane and the NPyr-Fe-NIm-CIm angle is ~0°.  

 

In order to discuss higher spin multiplicities we determined the minimum structures for 

the possible singlet, triplet and quintet electronic states at the ωB97X-D/def2-SV(P) level of 

theory. The ground state spin multiplicity of FeP(Im) is quintet in accordance previous 

theoretical calculations [27,49]. The corresponding triplet and the singlet states are, however, 

only 1.26 kcal/mol and 7.08 kcal/mol higher in energy, respectively, compared to the quintet 

ground state. Experimental data on the active sites of myoglobin and hemoglobin protein [50,52] 

also identified the deoxyheme ground state as a quintet state. The structural parameters of 

FeP(Im) (
5
A) that were obtained are consistent with the experimentally obtained high-spin 

quintet structure of deoxymyoglobin, i.e. see Table 1 where the obtained structural parameters of 

FeP(Im) are compared with the crystal structure of deoxymyoglobin at 1.15 A resolution by 

Vojtech et al. [53].  

 

The binding energy of H2S to FeP(Im)  

The accurate description of small molecule binding to metalloporphyrins can be a challenging 

task, especially for DFT in general [18,54,55]. For example, the binding energies for different 
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spin states in metal containing molecules can vary significantly depending on the density 

functional chosen [56,63], and a more accurate treatment using multi-reference techniques or 

coupled cluster procedures is often prohibitive in terms of the computer time involved. However, 

several well performing density functionals have been recommended for such calculations to 

correctly determine relative energies between different spin states [25,64-68]. Table 2 contains a 

summary of the results of our DFT calculations for the H2S-FeP(Im) and mimic H2S-FeL2(NH3) 

binding energies corrected for BSSE, scalar relativistic effects and zero-point vibrational energy 

as described in the computational section. 

The data in Table 2 show that the effect of the BSSE on the DFT energetics is only ~1.3 

kcal/mol, while relativistic effects are even smaller with ~0.6 kcal/mol. An inspection of the 

binding energies further reveals that, depending on the functional applied, the differences 

between calculated binding energies can be significant. Therefore, a better estimate of the Fe-S 

binding energy in H2S-FeP(Im) is obtained employing more reliable wavefunction based 

methods such as coupled cluster theory, CCSD(T), with the aid of the extrapolation procedure 

introduced in Ref. [28] (more details can be found in Refs. [18,28]). This procedure is based on 

the observation that DFT results for the spin-state energetics of a full heme model and its 

simplified L2-mimic remain in a very good linear correlation [28]. Figure 3 shows the result of 

this correlation procedure using the data listed in Table 2. We obtain a good linear correlation 

(correlation coefficient R=0.97, y= 1.12741x + 1.537467) for the H2S binding energy for both 

models with seven different DFT methods.
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Table 1. Optimized structural parameters for the FeP(Im)-H2S aduct in the ground and quintet electronic states, and FeP(Im) 

and mimic in their electronic ground states obtained at the BP86/def2-SV(P) level of theory in comparison with experimental 

values for deoxymyoglobin.  

 Fe-S  

[Å] 

Fe-NPyr
a
  

[Å] 

Fe-NIm  

[Å] 

Fe-Por plane  

[Å] 

NPyr–Fe-NPyr
a
 

[º] 
Fe-S-H

a
 

[º] 
H-S-H 

[º] 
NPyr-Fe-NIm-CIm

a
 

[º] 
NPyr-NPyr

a
 

 [Å] 

FeP(Im)-H2S  
1
A (min) 

2.330 

2.339
e
 

2.01 

2.02
e
 

1.959 

1.964
e
 

0.023 

0.004
e
 

90.0 

90.0
e
 

104.5 

99.8
e
 

91.2 

92.5
e
 

44.9 

44.9
e
 

2.84 

2.85
e
 

FeP(Im)-H2S 
5
A  

3.4
b
 

3.4
e
 

2.09
b
 

2.08
e
 

2.169
b
 

2.148
e
 

0.246
b
 

0.228
e
 

89.4
b
 

89.5
e
 

78.0
b
 

58.6
e
 

92.1
b
 

91.5
e
 

0.7
,b
 

0.5
e
 

2.94 

2.94
e
 

FeP(Im) 
5
A (min) 

 2.09 

2.08
e
 

2.09
d
 

2.142 

2.139
e
 

2.151
d
 

0.336 

0.274
e
 

0.303
d
 

88.9 

89.3
e
 

89.1
d
 

  0.3 

0.0
e
 

0.1
d
 

2.93 

2.93
e
 

2.93
d
 

FeP(Im) 
3
A (min) 

 2.01 

2.02
e
 

2.02
d
 

2.201 

2.173
e
 

2.219
d
 

0.135 

0.167
e
 

0.116
d
 

89.7 

89.8
e
 

89.8
d
 

  45.2 

44.6
e
 

44.7
d
 

2.84 

2.84
e
 

2.84
d
 

FeP(Im) 
1
A (min) 

 2.00 

2.00
e
 

2.01
d
 

1.884 

1.890
e
 

1.943
d
 

0.143 

0.118
e
 

0.122
d
 

89.7 

89.8
e
 

89.8
d
 

  44.9  

44.9
e
 

44.9
d
 

2.82 

2.83
e
 

2.83
d
 

Deoxymyoglobin 

(exp.)
c
 

 2.07(3) 2.14(2) 0.390    2.0 2.89(3) 

mimic 

H2S-FeL2(NH3)  
1
A (min) 

2.303 

2.298
e
 

1.952 

1.958
e
 

2.029 

2.040
e
 

 89.9 

90.0
e
 

104.4 

103.2
e
 

91.9 

92.1
e
 

 2.76 

2.77
e
 

a
average of the distances or angles  

b
 minimum obtained through the partial optimization with r=3.4 Å 

c
 X-ray structural data at near-atomic resolution [53] 

d
 ωB97X-D/def2-SV(P) optimized structures 

e
 optimized structures with B97-D method and the basis sets def-TZVP on Fe and def2-SV(P) on C, N, S, and H 
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 Table 2. Binding energies
a
 of H2S to FeP(Im) and to FeL2(NH3) obtained as a single-point energy 

using different density functionals on top of BP86/def2-SV(P) fully optimized species and 

including corrections for BSSE, scalar relativistic effects, and zero-point vibrational energies.  

 H2S-FeP(Im) H2S-FeL2(NH3) 

DFT ΔE0
b
 ΔE1

c
 ΔE2

d
 ΔEbind

e
 ΔE0

b
 ΔE1

c
 ΔE2

d
 ΔEbind

e
 

BP86 13.6 (13.8) 12.3 (12.6) 13.0 (13.2) 9.0 (9.2) 12.6  11.4  12.0  8.0  

B97-D 16.2 (16.5) 15.0 (15.3) 15.6 (15.9) 11.7 (11.9) 13.0  11.8  12.5  8.4  

TPSSh 12.8 (13.1) 11.6 (11.9) 12.3 (12.5) 8.4 (8.5) 11.2  10.1  10.8  6.7  

M06L 16.3 (16.6) 15.1 (15.3) 15.6 (15.8) 11.7 (11.8) 13.0  11.9  12.4  8.4  

M06-2X 12.1 (12.6) 10.9 (11.3) 11.3 (11.8) 7.4 (7.8) 8.6  7.4  7.9  3.9  

B3LYP 6.9 (7.2) 5.6 (5.9) 6.2 (6.5) 2.3 (2.5) 5.6  4.3  4.9  0.9  

B3LYP* 6.1 (6.4) 4.7 (4.9) 5.3 (5.5) 1.3 (1.5) 4.9  3.5  4.1  0.1  

a
 All values are in kcal/mol. In parentheses are single point energies calculated on top of the fully optimized structures with 

the B97-D method and the basis sets def2-TZVP on Fe and def2-SV(P) on C, N, S, and H.  

b
 Binding energies without BSSE correction 

c
 Binding energy corrected only for BSSE  

d 
 Binding energy corrected for BSSE and scalar relativistic effects  

e
 Binding energy corrected for BSSE, scalar relativistic effects and ΔZPVE   

 

Figure 3. Correlation between the Fe-SH2 binding energies, BE(Fe-S), for mimic FeL2(NH3)-H2S 

(x-axis) and the FeP(Im)-H2S aduct (y-axis) in kcal/mol employing different density functionals 

including DKH relativistic, BSSE, and ZPVE effects. 
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The Fe-SH2 binding energies obtained at the CCSD and CCSD(T) levels for the simplified mimic 

FeL2(NH3)-H2S are summarized for different basis sets and the CBS limit in Table 3. Our final estimate 

for the binding energy of H2S to FeP(Im) is 13.7 kcal/mol, obtained on the basis of the fitted line and 

the CCSD(T) estimate of the binding energy of H2S to the FeL2(NH3) mimic.  The best agreement with 

the CCSD(T) binding energies is achieved for the B97-D and M06L functionals while the worst 

agreement with CCSD(T) is obtained for the B3LYP and B3LYP* functionals.    

 The interaction between five-coordinate ferric and/or ferrous heme with bound axial imidazole 

or 1-methylimidazole (MI) ligand and small gaseous molecules has been the subject of numerous 

studies. Praneeth et al. presented the results of the calculations of the complex formation energy for 

[Fe(P)(MI)] + NO [69]. The calculations showed that the formation of the nitrosyl complexes is 

energetically more favorable for ferrous (-11.4 kcal/mol) compared to ferric heme (-3.9 kcal/mol) by ~ 

7.5 kcal/mol. The binding of MI to [Fe(P)(X)] (where X=NO, HNO, CO and MI) has been investigated 

by Goodrich and Lehnart [55]. The calculated ΔG for the reaction of binding MI to FeP(NO) at 298 K 

is found to be -2.3 kcal/mol overestimating the experimental value by only 0.4 kcal/mol.     

 It is now interesting to compare our estimated value with the energy difference obtained for the 

model of the oxyheme complex and deoxyheme + O2 obtained in theoretical calculations which is 14.9 

kcal/mol [70]. Experimental studies indicate that the O2 addition to hemoglobin and myoglobin is 

exothermic by 10.3 kcal/mol [71] and 18.1 kcal/mol [72], respectively. Recently, Karpusckin et al. 

reported the first experimental determination of the binding energy of molecular oxygen to a model 

metal porphyrin complex ion (deprotonated iron(II) tetrakis(4-sulfonatophenyl)porphyrin tetraanion 

[Fe
II
-(tpps)]

4- 
) in vacuo [73]. They obtained for the reaction enthalpy (ΔHr) the value of -9.8 kcal/mol. 

We applied thermal and entropic corrections calculated using the BP86 method and def2-SV(P) basis 

set to our estimated binding energy ΔEestimated. Our value for the reaction enthalpy for the association 

reaction to form the H2S-FeP(Im) complex is ΔHr = -10.9 kcal/mol (Table 3). Since the value is 

comparable to the experimental values for the binding energy between oxyheme complex and 

deoxyheme + O2, H2S can act as an inhibitor competing with O2  in the binding process to heme, which 

is one of the reasons for the high toxicity of H2S.  
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Table 3. Fe-SH2 binding energies (in kcal/mol) obtained at the CCSD and CCSD(T) levels of 

theory for the simplified mimic FeL2(NH3)-H2S, derived estimate for the FeP(Im)-H2S complex 

based on the correlation plot shown in Fig. 3 and reaction energies for [FeP(Im) + H2S → 

FeP(Im)-H2S] at 298.15 K.  

FeL2(NH3)-H2S  mimic 

1
ΔECCSD (basis set 1)  7.66 

2
ΔECCSD (basis set 2) 3.77 

2
ΔECCSD (basis set 3) 5.74 

3
ΔECCSD

CBSlimit
  6.57 

4
ΔECCSD (basis set 4) 4.43 

4
ΔECCSD (basis set 5) 6.40 

5
ΔECCSD

CBSlimit
  7.24 

6
ΔECCSD(T) (basis set 5) 9.99 

7
ΔECCSD(T)

CBSlimit
  10.82 

FeP(Im)-H2S complex 

ΔEestimated 13.74 

8
ΔUr -10.30 

8
ΔHr -10.94 

8
ΔGr 3.23 

1
 CCSD binding energy corrected for BSSE with DK-relativistic correction; basis set 1: Fe (aug-cc-pwCVTZ-DK); N,S (cc-

pVTZ-DK); H,C (cc-pVDZ-DK)  
2
 CCSD binding energy corrected for BSSE: basis set 2:  Fe (cc-pwCVTZ); N,S (cc-pVDZ); H,C (cc-pVDZ)  

basis set 3:  Fe (cc-pwCVTZ); N,S (cc-pVTZ); H,C (cc-pVDZ)  
3
 CCSD binding energy corrected for BSSE and at the CBS limit (basis sets 2 and 3) 

4
 CCSD binding energy corrected for BSSE, with relativistic correction; basis set 4: Fe (cc-pwCVTZ-DK); N,S (cc-pVDZ-

DK); H,C (cc-pVDZ-DK); basis set 5: Fe (cc-pwCVTZ-DK); N,S (cc-pVTZ-DK); H,C (cc-pVDZ-DK);   
5
 CCSD binding energy corrected for BSSE, with relativistic correction and at the CBS limit (basis sets 4 and 5) 

6 
CCSD(T) binding energy corrected for BSSE, with relativistic correction (basis set 5) 

7 
CCSD(T) binding energy corrected for BSSE, with relativistic correction and at the CBS limit (basis sets 4 and 5); 

ΔE(T)=ΔECCSD(T)basis 5 - ΔECCSDbasis 5   
8 

ΔUr, ΔHr and  ΔGr values at 298.15 K predicted using ΔEestimated and thermal and entropic corrections calculated using the 

BP86 method and def2-SV(P) basis set. ΔEestimated corresponds to the negative value of the reaction energy.    
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The minimum energy path for the H2S binding process  

Similar to the O2 binding to heme [70,74-77], the H2S addition involves several electronic spin states 

along the minimum energy path (MEP). As already mentioned, the relative energy between the spin 

states depends strongly on the DFT approximation applied. To consider important long-range 

interactions, we calculated the MEP employing the B97-D functional which includes Grimme’s 

dispersion correction (B97-D with relativistic effects included using the QZP-DKH basis sets). The 

dispersion correction is important in correctly describing the potential energy surfaces and location of 

crossing points among the different electronic states.  
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Figure 4. Minimum energy paths for the H2S binding mode to the FeP(Im) complex calculated at 

the UB97-D/QZP-DKH//UBP86/def2-SV(P) level of theory relative to the quintet-FeP(Im) + H2S 

dissociation limit. 

 

From the potential energy curves we see that the different spin states cross in the formation of the Fe-S 

bond. This spin-crossing is important as it connects the ground electronic singlet
 
state of FeP(Im)-H2S 

with the ground state dissociation products,
 5

A-FeP(Im) + 
1
A1-(H2S), i.e. the dissociation from the 

ground electronic state of FeP(Im)-H2S does not occur along the singlet (low-spin) 
1
A-FeP(Im)-H2S  

1
A-FeP(Im) + 

1
A1-(H2S) surface. By moving from the minimum to the lowest dissociation channel 

(high-spin ground state of 
5
A-FeP(Im) plus low-spin ground state of singlet H2S), there are two spin 

cross-overs: first cross-over point is from the singlet to the triplet state, and the second one is from 
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triplet to quintet state. Both triplet and quintet electronic states of FeP(Im)-H2S are characterized by 

shallow minima, and Fe-S minimum distances longer than that of the singlet state (Figure 4). The 

potential energy curve of the singlet state has a minimum at 2.3 Å. The quintet and triplet electronic 

states have long-distance van der Waals minima. The triplet state minimum is placed at ~3.3 Å and ~6 

kcal/mol (5.7 kcal/mol) above the ground state minimum, while the quintet state minimum is at ~3.4 Å 

and ~6 kcal/mol (6.5 kcal/mol) above the ground state minimum. The quintet state crosses the triplet 

curve at around 3.7 Å, while the triplet state crosses the singlet state at around 3.3 Å. The energy of the 

singlet-triplet crossing point is about 6 kcal/mol above the ground state minimum. In order to check if 

the method and the basis set def2-SV(P) used for the geometry optimization are sufficient, we have 

also performed the constrained geometry optimizations employing the B97-D method and enlarged 

basis set on Fe (def2-TZVP) and def2-SV(P) on C, N , S and H for the selected geometries ( dFe-S= 2.2, 

2.3, 2.5, and 3.5 Å ). The single point calculations on top of the obtained structures were done at the 

same level of theory as the one used for the energies presented in Fig. 4. The energy differences were 

on average 0.14 kcal/mol (0.181, 0.150, 0.098, and 0.115 kcal/mol) so that it can be concluded that 

minor differences in the optimized structures are not expected to alter the energetics significantly.     

 The following observations emerge from the analysis of the potential energy curves in Figure 4. 

The computed MEPs reveal a crossing region with several low-lying spin states. The triplet and the 

quintet electronic states are close in energy over a remarkably large fraction of the computed Fe-S 

distance, and the MEPs for the triplet/quintet crossing are rather shallow. According to Landau-Zener 

theory [78,79], the crossing probability between two electronic states of different spin multiplicity can 

be greatly enhanced by the topology of the potential energy surfaces, e.g. small gradient differences 

between electronic states in the crossing region and a broad crossing region. The addition of H2S to the 

FeP(Im) group gives rise first to the formation of a weakly stable van der Waals complex FeP-Im...H2S, 

which reaches the quintet-triplet intersystem crossing point and then further to the triplet-singlet 

intersystem crossing point. The system converts into a singlet state (mainly due to spin-orbit 

interactions), and a FeP-Im-H2S complex with the Fe-SH2 coordination bond is formed. For the 

FeP(Im)-H2S→FeP(Im) + H2S  transformation the most stable pathway goes along the singlet state, 

then after two intersystem crossings (singlet/triplet and triplet/quintet), it reaches the region of the van 

der Waals minima  (5-7 kcal/mol) and dissociates into FeP(Im) plus H2S. This has a large effect on the 

binding of hydrogen sulfide to the heme group making the process reversible. It should be noted that 

the heme molecule possesses the external confinement imposed by the protein environment that can 

force the Fe-imidazole unit out of the porphyrin ring system and release H2S molecule with an even 

smaller activation energy.  
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 In view of the previous studies, such complex behaviour of the potential energy curves was also 

observed in other heme systems. For example, the major finding of the PES calculations in the study by 

Preneeth et al. is that upon an elongation of the Fe-NO bond of only ~ 0.25 Å the ferric heme nitrosyl 

passes through at least three different electronic states [69]. Jensen and Ryde concluded that the facile 

binding of  O2 to hemoglobin and myoglobin arises primarily as an effect of the topology of the binding 

curves for the relevant spin states caused by the near degeneracy (within 10 kJ/mol) of the triplet and 

quintet states of deoxyheme [74]. In their study on the FeP(Im)O2 model they reported a small relative 

slope of the crossing spin surfaces in the crossing region which ensures large probability for the spin 

crossing despite modest spin-orbit coupling for iron. They further reported a small energy barrier (less 

than 15 kJ/mol) having a large effect on the rate acceleration of O2 binding. This indicates that a similar 

mechanism applies for the binding of H2S. Although, the relative energy between spin states depends 

on the functional applied in the DFT calculations, the results presented in this study permit the basic 

understanding of the main features of the H2S addition to heme proteins. Further studies should address 

how the potential energy surfaces are affected by distal histidine and other protein groups adjacent to 

the heme center, for example by using QM/MM methods, as well as the diffusion of H2S towards and 

from the heme center, and calculate spin cross-over rates from spin-orbit coupling.   

 

 

5. Conclusions 

 

We have found that the Fe-S bond dissociation in FeP(Im)-H2S does not proceed on the singlet ground 

state potential energy surface. Instead, crossings of the different electronic spin states occur to connect 

the low-spin ground state of FeP(Im)-H2S with the ground states of the dissociation products 
5
A-

FeP(Im) and 
1
A1-H2S. The most stable pathway of the H2S addition to FeP(Im) starts with the quintet 

electronic state of FeP(Im). The H2S binding mechanism has the feature of a "double spin-crossover" 

reaction as there are two intersystem crossings (quintet/triplet and triplet/singlet) along the Fe-S 

reaction coordinate. With further shortening of the Fe-S distance, a Fe-S coordination bond is formed 

with a minimum found at 2.3 Å for the singlet electronic state. The MEPs around the triplet/quintet 

crossing are rather shallow, leading to a large probability for the spin crossing according to the Landau-

Zener formalism. Taking into account that DFT (B97-D) results show the existence of long-distance 

van der Waals FeP(Im)···H2S minima that are only 5 - 7 kcal/mol above the ground state minimum, 

and a small energy difference between H2S-FeP(Im) complex and FeP(Im) (
5
A) + H2S (

1
A1) at 

dissociation - the binding of hydrogen sulfide to the iron of the heme moiety can be considered to be 
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reversible.  

 The H2S to FeP(Im) binding energy has been evaluated from a variety of different DFT 

methods. We have obtained the final estimate of the binding energy for the H2S-FeP(Im) complex 

employing CCSD(T) calculations to be 13.7 kcal/mol. This is comparable to the energy difference 

between oxyheme and deoxyheme-O2 complex, and can be of considerable interest due to its relevance 

for the reversible inhibition of the enzyme citochrome c oxidaze and respiratory chain. We have 

obtained the reaction enthalpy to be ΔHr = -10.9 kcal/mol for the association reaction to form the H2S-

FeP(Im) complex, which can be compared to the value of -9.8 kcal/mol for the reaction enthalpy from 

the recent experimental study on the binding of O2 to model metal prophyrin complex in vacuo [73].  

 

Abbreviations 

BE       binding energy 

BSSE                    basis set superposition error  

CBS                      complete basis set limit  

CCSD(T)          coupled cluster calculations with singles and doubles augmented by a   

                             perturbational correction for connected triple excitations  

Cco        Cytochrome c oxidase     

DFT        density functional theory  

DKH         Douglas-Kroll-Hess relativistic operator 

FeP(Im)                           P=porphyrin; Im=imidazole 

Hb                                    hemoglobin     

Mb                                   myoglobin 

MEP                                minimum energy path   

PEC                                 potential energy curves 

Pyr                                   pyrrole subunit 

ZPVE                              zero-point vibrational energy  
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Highlights 

► The H2S binding to a heme model molecule is investigated by quantum theoretical methods. 

► The binding energy for the H2S-FeP(imidazole) complex is estimated to be 13.7 kcal/mol. 

►Density functional theory (DFT) and coupled cluster calculations (CCSD(T)) are employed. 

► Results point towards the reversibility of the H2S adsorption/desorption process.  
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