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Hydrogen bond(HB) strength on the Heme- myoglobin models including O2, CO and NO molecules 
binding to distal histidine (Heme-O2, Heme-NO and Heme-CO) in gas and solvent mediums was 
studied by computational methods. Calculations in the solvent were well done using the self-
consistent reaction field (SCRF) and discrete methods. Quantum theory of atoms in molecules 
(AIM) and natural bond orbital theory (NBO) were applied to obtain the topological data and charge 
transfer energies, respectively. Results of the calculations clearly showed that the solvent reduced 
the hydrogen bond energies compared to the gas phase. Furthermore, distal histidine of the Heme 
models in non-polar solvents formed the strangest hydrogen bond to the diatomic molecules with 
respect to polar solvents. All of the HB descriptor parameters such as structural, topological, NBO 
and vibrational frequencies parameters suggest that the Heme-O2 has the strongest HB, which is 
followed by Heme-NO and Heme-CO, respectively. Totally, we obtained good correlations among 
Espinosa hydrogen bond energies with structural, topological, NBO and vibrational frequencies 
parameters in gas medium. Finally, based on the results we gained several linear equations in order 
to estimate of hydrogen bond energies in biological molecules.    
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Introduction 
Myoglobin (Mb) is a conjugated protein which is the Oxygen molecule carrier in muscular tissues [1-3]. In Mb structure, 
there is a heme group for link to diatomic molecules such as O2 and the so called Heme- myoglobin (Hmb) in this study. The 
bond between Hmb and O2 is reversible which is both as O2 storage and as a facilitator of the diffusion of O2 from the 
capillaries to the mitochondria. In the heme structure, the iron atom is coordinated to a proximal histidine to make the iron 
five coordinated with a free site to bind O2. Overhead the free site distal histidine is located with a weak interaction with the 
sixth iron ligand. The most important role of the distal histidine is assessment of diatomic molecules such as, NO and CO, 
favoring O2 by mainly electrostatic interactions [4]. In the absence of distal histidine CO diatomic molecules in low 
concentration would prevent the Hmb and lead to suffocation. In vivo, Hmb finds substrate based on their shape and 
polarity. However, since the diatomic molecules O2, NO and CO are similar in this respect, assessment of them is very 
difficult. The mechanism of recognition among these molecules in order to case the favorable binding of O2 to Hmb is 
especially important in the respiratory chain to avoid suffocation [5]. The high tendency of heme iron for link to NO and CO 
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makes them powerful inhibitors for Hmb and assessment between this species and O2 molecule is of great importance for 
Hmb. The bond of O2, NO and CO to heme iron has been studied both experimentally and theoretically [6–29]. Among the 
three studied diatomic species, the O2 molecule form the weakest bond to iron with respect to others because the π*-orbital 
of the O2 molecule and the dz2 -orbital on the iron have a favorable interaction [30].    
 The weak interaction of O2, NO and CO to distal histidine on Hmb is represented by hydrogen bond (HB). Hydrogen bonds 
often have an affective role in molecular structures and they are a significant factor in many chemical and biochemical 
processes. However, they are almost stronger than Van der Waals interactions and dipole forces, but weaker than covalent 
and ionic bonds. The hydrogen bond usually exists in both inorganic and organic compounds for instance water, DNA and 
heme. This type of bond is very weak alone but when several hydrogen bonds form together between two molecules, the 
resulting union can be sufficiently strong as to be quite stable. Usually in biochemical systems the solvents are widely used. 
Whereas the solvent phase makes the changes in biological compounds weak interactions such as DNA hydrogen bonds and 
lead to mutation. Hence, the solvent will not be suitable in cell experiment. Besides in biological compounds two 
fundamental theoretical properties are their energy and structural parameters such as the type of bond, bond angles and 
torsional angles which are dependent on solvent effects. [31-36]        
 Since mentioned above the HB between diatomic molecules and distal histidine on Hmb is of great importance. In spite of 
this importance, suitable theoretical investigation for this type of weak interaction on the Hmb has not been reported. Hence 
we concluded that it is essential to perform a theoretical research about various aspects of this type of HB on the Hmb. The 
scope of this research is summarized as follows: (1) Investigation of the weak interactions such as HB on the Hmb by 
structural parameters, topological data, NBO analysis, vibration frequencies, (2) Calculation of the HB strength using 
Espinoza method on the Hmb, (3) Assessment of the effects of two different solvents on the nature of HB on Hmb by 
continuum and discretion models, (4) Survey of the linear relationship between the HB energies and HB descriptor 
parameters in gas phase on the Hmb, (5) Derivation of suitable linear equations in order to estimate the HB energies in the 
biological systems.      
 
2. Computational Methods 
In the present research we performed calculations by GAMESS software [37]. The output files were obtained at B3LYP/6-
311++G (d,p) computational levels of theory. The atoms in molecules (AIM) and the natural bond orbital (NBO) programs 
were utilized to reach topological data and charge transfer energies, respectively. [38-41] Also, we used frequency 
calculations to assess the minima on the potential surface. To survey the solvent effects on the HB in the Heme models we 
applied, two different solvent phases, one water (ε = 80.1) and the other carbon tetrachloride (ε = 2.24). In this case, we 
employed the self-consistent reaction filed (SCRF) method including the polarized continuum models (PCM, IPCM, 
SCIPCM) [46-53]. Furthermore, the solvent effect in discrete model for individual solute-solvent interactions was 
performed by a set of either one or two solvent molecules around the active sites of the Heme models. Finally, the HB 
energies were estimated by Espinoza method [42-44]. 

3. Theoretical section  
3.1. Effects of the structural parameters on HB  
In this article, we showed the Heme as an individual molecule including the proximal histidine in Fig.1. Also, the formed 
HB between O2, CO, NO and the distal histidine on the Hmb is shown in Fig.2. The models are represented by Heme-O2, 
Heme-NO and Heme-CO. Optimization calculations on the models to obtain the real structures and HB energies in the gas 
phase and solvents mediums were performed at B3LYP/6-311++G (d,p) computational levels of theory. In the continuum 
solvent methods we used Ɛ = 78.39 and Ɛ = 2.24 in order to simulate the water and carbon tetrachloride solutions, 
respectively. Also, in the discretion methods, either one or two water and carbon tetrachloride molecules were chosen near 
the active site of the Heme models in the optimized gas phase structures, and optimization calculations were performed on 
them. The optimized structures of the models including water molecules are presented in Fig.3. The calculated structural 
parameters of the models in different solvents and gas phase are displayed in Table 1. 
The distal histidine in the Heme models link to diatomic molecules by N-H…O-X-Heme (X=C, N, O) hydrogen bond. In 
these cases, N atom (from histidine) plays the role of the proton donor and O atom (from diatomic molecules) is the proton 
acceptor. The structural parameters such as RO…H, RN-H and θNHO are usually used to estimate the HB strength. The large 
values of RN-H, θNHO and the small values of the RO…H are accompanied by the larger values of HB energies. According to 
the calculated structural parameters shown in Table.1, the values of RO…H, RN-H and θNHO for Heme-O2 and Heme-CO 

models are about 0.996, 0.945, 1.87 and 2.11Å, respectively. These values clearly show the strongest and the weakest HB 
interaction in these models. Also, the values of  θNHO for these models are about 144.7° and 135.9° which are in consisting of 
the previous result. The structural parameters of the Heme models change in the solvent mediums. The results of the solvent 
effect are shown in table .1, revealing that the solvent slightly reduced the HB strength. Also, when water is used as a polar 
solvent, the HB strength is more reduced with respect to carbon tetrachloride in the role of the non-polar solvent. Theoretical 
calculations show that the RO…H increase while the RN-H and θNHO decrease when water is used as a polar solvent medium in 
all of the Heme models. The results of Table.1 clearly show that the least value of  RO…H and the most value of RN-H and 
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θNHO belong to Heme-O2, reflecting the strongest O···H interaction in both of the solvents. For example, the RO…H and RN-H 
and θNHOfor the N–H···O bridge in Heme-O2(the strongest model) and Heme-CO(the weakest model)  change to 1.89 Å, 
2.14 Å, 0.990 Å, 0.933 Å, 140.9°and134.5° in water solution, respectively. Our results in other systems such as PCM, IPCM 
and SCIPCM are also in good agreement with these conclusions (see Table 1). 

3.2. Topological data on HB 
Topological data extracted from AIM software were used to estimate the HB strength. The calculated topological parameters 
including electron density (ρ), Laplacian electron density (∇2ρ), density of the total energy of electrons (H), kinetic (G) and 
potential (V) electron energy densities of the Heme models are presented in Table 2. Based on the results of Table.2, the 
minimum and maximum values of ρBCP and ∇2ρBCP in the gas, water and carbon tetrachloride for O…H bonding at the Heme 
models were 0.0267–0.0321, 0.1023-0.1156, 0.0260- 0.0317, 0.1016-0.1123, 0.0263–0.0319 and 0.1020-0.1125, 
respectively. The ∇2ρBCP positive values showed that O…H interactions were electrostatic. The largest ρ BCP value was for 
Heme-O2 with the minimum of O…H bond length (see Table.1). The results of AIM analysis showed that greater ρ BCP at 
O…H bond length was related to the greater strength of HB in the Heme models. Also, the minimum value of ρ BCP O…H 
was observed for Heme-CO that is in agreement with the weakest HB in Heme models. Also, in this article we found a good 
correlation between topological and structural parameters for the investigated Heme models. The linear relationship between 
O…H bond length- electron density and O…H bond Length-Laplacian electron density are shown in the following equations 
with a correlation coefficient of 0. 0.992 and 0.929, respectively. (See Fig.4):  
RO…H=-102.56 ρO…H +5.1531   R=0.992 
RO…H=-18.55 ∇2ρ O…H +3.991   R=0.929 
Hence, based on these equations the topological properties can be used for evaluation of the structural parameters in Hme 
models and similar biological systems. Furthermore, AIM analysis results in the solvent mediums illustrated that ρBCP and 
∇2ρBCP values deceased especially when water was simulated as the polar solvent (see Table.2). Finally, the density of total 
energy calculations including kinetic (G) and potential (V) electron energy densities in the solvent and gas medium showed 
that the values of G were positive and the values of V were negative. These results showed that HB interaction between 
diatomic molecules and distal histidine in the Heme models had the covalent nature.      

3.3. NBO analysis on HB 
In this research, we used NBO analysis data for the confirmation of the HB strength order in the Heme models at the 
different mediums. Usually in NBO analysis, the most important descriptor parameter of HB is charge transfer from the lone 
pairs of proton acceptor to the proton donor antibond orbital. It’s well known that the occupation numbers and their energies 
of orbitals change due to this charge transfer. As mentioned above, in the studied models the lone pairs of O atom lp(O) from 
Heme are used as the donor and σ*N–H antibonds from distal histidine are as the acceptor. The interaction energies(lp(O) →
σ ∗ N– H) , the NBO occupation numbers (n), their respective orbital energies (ε) , occupation numbers difference 
(∆n)(Hydrogen bonded form-Non hydrogen bonded form) and orbital energies difference (∆ε)  in the different mediums 
were evaluated and gathered in Tables 3 and 4.  According to the data in these Tables, there was a considerable difference 
between the NBO parameters of the Heme models. For instance, The Calculated interaction energies (lp(O) → σ ∗ N– H), 
difference occupation numbers (∆n)(lp(O),σ ∗ N– H) and difference orbital energies(∆ε) )(lp(O),σ ∗ N– H) in the gas phase  
for (Heme-O2, Heme-CO and Heme-NO) were about (15.43, 7.953 and 9.321kcalmol−),(0.021, 0.017, 0.005, 0.007, 
0.014and 0.013) and(0.0051, 0.039, 0.0019, 0.014, 0.0037and 0.028kcalmol−), respectively. 
 These data clearly show that there are more interaction energies (lp(O) → σ ∗ N– H) , difference occupation number and 
energy in Heme-O2 with respect to others. This means that the HB in Heme-O2 is stronger which is follows with the Heme-
NO and Heme-CO. Furthermore, inspection on the data in the water medium (polar solvent) in discrete and continuum 
methods for all of the investigated Heme models showed that the values of the lp(O)_ σ*N–H, ∆n and ∆ε considerably 
decreased, this proves the weaker HB in these models in comparison with carbon tetrachloride(non-polar solvent) and gas 
medium . In this section, it seems that it is to necessary study the correlations between some of the NBO parameters with the 
structural and topological parameters. The E(2) lp(O)_ σ*N–H – RO…H, E(2 lp(O)_ σ*N–H – ρBCP, E(2 lp(O)_ σ*N–H – RN-H , 
∆n( lp and σ ∗ )  - ρBCP and ∆ε( lp and σ ∗ )  - ρBCP linear relationship for the Heme models in gas were found with 
correlation coefficients of 0.968, 0.982, 0.991, 0.957, 0.973, 0.965 and 0.956 respectively. The excellent correlation between 
NBO parameters with the structural and topological parameters are shown as below:  

RO…H = 0.033E (2 lp(O)_ σ*N–H +2.366R=0.968 
RN-H = 0.007E (2 lp(O)_ σ*N–H +0.891R=0.982 
ρO…H = 0.0003 E(2 lp(O)_ σ*N–H +0.027R=0.991 
ρO…H = 0.152∆nlp +0.0291R=0.957 
ρO…H = 0.244∆nσ ∗ +0.0281R=0.973 
ρO…H = 0.788∆εlp +0.0283R=0.965 
ρO…H = 0.097∆εσ ∗ +0.0285R=0.956 
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3.4. Vibration frequencies analysis on the HB 
The vibration frequencies are appropriate parameters in evaluation of HB.  In order to confirm the results of the previous 
sections, we performed vibration frequencies analysis.  In this analysis, stretching vibration frequencies changes of the N-H 
bond between the non-hydrogen bonded forms (distal histidine) and hydrogen bonded forms(Heme myoglobine) were the 
most important parameter for estimation of the HB strength. Basically, HB formation decreases the vibration frequencies of 
the N-H bond from the distal histidine which is involved in HB. The calculated stretching vibrational frequencies Ѵ(N-H)his 
in the non-hydrogen bonded forms, Ѵ(N-H)myo in the hydrogen bonded forms and stretching vibrational frequencies 
difference ∆ν(N − H)( Ѵ(N-H)myo- Ѵ(N-H)his) in different mediums of the Heme models are listed in Table 5. As shown in 
Table 5, there was a significant difference between the ∆ν(N − H) of Heme models. For instance,The Calculated ∆ν(N − H)  
in the gas phase for Heme-O2, Heme-CO and Heme-NO were about 85.759, 61.762and 79.604kcalmol-1, respectively.  
These results indicated that the maximum ∆ν(N − H)  observed for Heme-O2 was associated with the maximum N − H bond 
length (in gas, RN-H =0.996Å). The results of the calculated vibrational frequencies indicated that the lengthening distance 
and greater vibrational frequencies difference (∆ν(N − H)) at N − H bond confirm the greater strength of HB in the Heme 
models. Besides, in the Heme-CO with the weakest HB strength among Heme models there was the smallest value 
of ∆ν(N − H). Also, when water was used as the polar solvent ∆ν(N − H) greatly decreased which was followed by non-
polar solvent and gas phase in Heme models. Finally, in order to obtain dependency among the structural, topological, NBO 
and vibrational frequencies parameters, we investigated the correlations between N-H , O…H bond lengths , O…H electron 
density and interaction energy E(2) lp(O)_ σ*N–H versus∆ν(N − H), the ∆ν(N − H)– R N-H , ∆ν(N − H)– R O…H, ∆ν(N − H)– 
ρO…H and ∆ν(N − H)– E(2 lp(O)_ σ*N–H linear relationship for the  Heme models in gas phase are found with a correlation 
coefficients of 0.9534, 0.9913,1 and 0.992 respectively. Due to appropriate linear correlations among these parameters some 
of the following equations were obtained. 
∆ν(N − H) = 96.51R O…H+265.2R=0.9913 
∆ν(N − H) = 476.4R N-H+387.1R=0.9534 
∆ν(N − H) = 9978.8 ρO…H +234.63R=1 
∆ν(N − H) = 3.263 E(2 lp(O)_ σ*N–H +36.22R=0.992 
 
3.5. Hydrogen bond energies and its linear relationship with descriptor HB parameters   
In this study, we used the Espinosa method to calculate the HB energies [42, 44]. In Espinosa, half of the potential energy 
density of O…H bond at the critical point is considered as HB energy. The calculated HB energies in different mediums for 
Heme models are shown in Table.5. From Espinosa method data in this Table, the HB energy (EHB) of Heme-O2, Heme-NO 
and Heme-CO in gas are 39.5, 39.1 and 36.8kcalmol-1, respectively. These results are in agreement with the structural, 
topological, NBO and vibrational frequencies conclusions. Furthermore, the calculated HB energies in the two solvents 
(water and carbon tetrachloride in discrete and continuum models) for all of the Heme models showed that HB energies in 
the polar solvents reduced followed by non-polar solvents and gas phase (see Table.5). This result is also in line with the 
previous conclusions.  In addition, in order to obtain a series of linear equations for estimation of the HB strength in the 
biological systems, the correlations between EHB and some of the descriptor HB parameters such as structural, topological, 
NBO and vibrational frequencies parameters were studied. First we explored the relationship between EHB and structural 
parameters. The EHB – R O…H, EHB – R N-H and EHB – θ NHO linear relationship for the Heme models in gas phase were found 
with correlation coefficients of 0.999, 0.895 and 0.964, respectively. Due to this acceptable correlation (except of R N-H), we 
extracted some of the appropriate equations to estimate the HB energies versus the structural parameters in biological 
systems. These equations are as below: 
EHB= -11.33R O…H+60.71R=0.999 
EHB= 53.98 R N-H +13.97R=0.895 
EHB= 0.319 θ NHO +6.448R=0.964 
Also, the topological parameters can be used in calculation of the HB energies in most of the biochemical systems [45, 46]. 
The comparable diagrams for correlations between EHB and topological parameters are shown in Figure 4. It is obvious from 
the diagrams that correlation between EHB and the topological parameters are acceptable and equations are shown as below:      
EHB= 1160.3 ρO…H +2.382R=0.989 
EHB= 209.2∇2ρ +15.60R=0.920 
EHB= -12.82 V BCP +0.876R=1 
The results of Espinosa and Molins’s study [45.46] support these conclusions in predication of HB energies in biochemical 
compounds. The natural bond orbital (NBO) parameters have been used to evaluate the HB energies [47]. The HB Espinosa 
energy (EHB) has an appropriate correlation with interaction energy E(2) lp(O)_ σ*N–H for Heme models in gas phase that is 
shown as below:  
EHB= 0.375 E(2) lp(O)_ σ*N–H +33.92R=0.961 
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Finally,  based on the a good relation between EHB and stretching vibrational frequencies difference ∆ν(N − H)  for Heme 
models in gas phase, we can conclude that EHB  will easily be evaluated from vibrational frequencies analysis. The 
corresponding equation is as below: 

EHB= 0.1162 ∆ν(N − H) +29.67R=0.988 
 
4. Conclusions 
In this article, the weak HB interactions between the diatomic molecules as O2, CO and NO with the distal histidine in the 
Heme myoglobin were investigated by DFT calculations. Also, in order to reach the real simulation of the Heme myoglobin 
in vivo, the calculations were performed in water and carbon tetrachloride as polar and non-polar solvents, respectively. The 
structural parameters results showed that the large values of RN-H, θNHO and the small values of the RO…H were accompanied 
by the larger values of HB energies in the gas and solution mediums for all of the Heme models. The atoms in molecule 
theory (AIM) were used and its results indicated that the shorter distance and greater ρ and ∇2 ρ at O…H bond length was 
related to the greater strength of HB in the Heme models for all of the mediums. Also, the natural bond orbital analysis 
showed that higher interaction energies  E(2) lp(O)_ σ*N–H  and more difference occupation numbers and energies, reflect the 
strongest O…H interaction in Heme models in all of the mediums. The calculated vibrational frequencies are in line with the 
structural, topological and NBO data and suggest that the lengthening distance and greater vibrational frequencies difference 
(∆ν(N − H)) at N − H bond length can be related to the greater strength of HB in the Heme models. Totally, the results of 
the solvent effect revealed that the solvent slightly reduced the HB strength. Also, when water was the polar solvent used the 
HB strength is more reduced with respect to carbon tetrachloride in the role of the non-polar solvent. 
All of the descriptor HB parameters such as structural, topological, NBO and vibrational frequencies confirm that the Heme-
O2 has the strongest HB, followed by Heme-NO and Heme-CO. Furthermore, in this study we found an appropriate 
relationship between structural, topological, NBO and vibrational frequencies parameters for all of the studied models. 
Espinosa method was used to estimate the HB energies in the Heme models and its results are in the same line with those of 
the descriptor HB parameters. Finally, the correlations between EHB and the descriptor HB parameters for Heme models 
were investigated. The results showed that EHB strongly correlated with O…H and N − H bonds. Furthermore, there was an 
acceptable relationship between EHB and AIM data such as ρ and ∇2 ρ and V(r) at HB critical point. Also EHB well correlated 
with interaction energies E(2) lp(O)_ σ*N–H  and vibrational frequencies difference (∆ν(N − H)). The obtained linear equations 
between EHB and the descriptor HB parameters revealed that the Espinosa was an appropriate method of evaluation of the 
HB energies in these systems and these equations could be applied for measurement of the HB energies in Heme models and 
other biochemical compounds.    
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 Fig. 1. The structure of myoglobin including the proximal histidine. 
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Fig.2. (a) The binding of molecular oxygen, (b) carbon monoxide and (c) nitric oxide to the heme -myoglobin. 

 

 

Fig.3. (a) The binding of molecular oxygen, (b) carbon monoxide and (c) nitric oxide to the heme -myoglobin including 
water molecules. 
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Table1. The calculated geometrical parameters (A0) of the Heme models in solvents and gas phase. 

Geometrical 
parameters R(O…H) R(Fe…X2) R(N-H) 

θNHO 
 

Gas phase     
Heme-O2 1.87 1.88 0.996 144.7 
Heme-CO 2.11 1.78 0.945 135.9 
Heme-NO 1.91 1.81 0.973 141.8 

1H2O(CCl4)     
Heme-O2 1.89(1.88) - 0.990(0.992) 140.9(142.6) 
Heme-CO 2.14(2.12) - 0.933(0.939) 134.5(134.9) 
Heme-NO 1.97(1.93) - 0.971(0.972) 138.2(138.9) 

2H2O(2CCl4)     
Heme-O2 1.93(1.90) - 0.950(0.975) 139.0(141.1) 
Heme-CO 2.19(2.15) - 0.899(0.907) 133.2(134.2) 
Heme-NO 2.06(2.01) - 0.922(0.955) 137.8(138.2) 

PCM     
Heme-O2 1.92(1.90) - 0.946(0.951) 135.8(140.9) 
Heme-CO 2.21(2.13) - 0.887(0.903) 131.7(133.9) 
Heme-NO 2.05(2.02) - 0.924(0.938) 134.0(135.4) 

IPCM     
Heme-O2 1.92(1.91) - 0.947(0.954) 136.0(141.3) 
Heme-CO 2.22(2.17) - 0.889(0.905) 132.4(134.0) 
Heme-NO 2.05(2.02) - 0.925(0.941) 134.3(135.6) 
SCIPCM     
Heme-O2 1.92(1.91) - 0.948(0.953) 136.0(141.2) 
Heme-CO 2.23(2.19) - 0.890(0.906) 132.7(133.9) 
Heme-NO 2.07(2.03) - 0.927(0.939) 135.7(136.3) 

                             Values in parentheses refer to calculation in the carbon tetra chloride solution. 
 

Table 2. The selected topological parameters of investigated Heme models and the density of the total energy of electrons 
(H) and its two components, the kinetic (G) and potential (V) electron energy densities (in a.u.) in solvents and gas phase 

Topological 
parameters ρBCP(O…H) 

∇2ρ BCP 
(O…H) 

V BCP(O…H) G BCP(O…H) H BCP(O…H) 

Gas phase      
Heme-O2 0.0321 0.1156 -0.0301 0.0296 -0.0005 
Heme-CO 0.0297 0.1023 -0.0280 0.0270 -0.0010 
Heme-NO 0.0315 0.1101 -0.0298 0.0284 -0.0014 

1H2O(CCl4)      

Heme-O2 0.0317 
(0.0319) 

0.1123 
(0.1125) 

-0.0283 
(-0.0289) 0.0276 (0.0286) -0.0007 

(-0.0003) 
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Heme-CO 
0.0260 

(0.0263) 
0.1016 

(0.1020) 
-0.0261 

(-0.0271) 0.0245 (0.0265) 
-0.0016 

(-0.0006) 

Heme-NO 
0.0298 

(0.0300) 
0.1087 

(0.1094) 
-0.0275 

(-0.0279) 0.0263 (0.0277) 
0.0012 

(-0.0002) 
2H2O(CCl4)      

Heme-O2 
0.0305 

(0.0311) 
0.1108 

(0.1127) 
-0.0264 

(-0.0279) 0.0256 (0.0276) 
-0.0008 

(-0.0003) 

Heme-CO 
0.0242 

(0.0259) 
0.1002 

(0.1016) 
-0.0223 

(-0.0225) 0.0214 (0.0231) 
-0.0009 

(-0.0006) 

Heme-NO 0.0263 
(0.0282) 

0.1065 
(0.1089) 

-0.0251 
(-0.0261) 0.0244 (0.0258) -0.0007 

(-0.0003) 
PCM      

Heme-O2 0.0307 
(0.0314) 

0.1112 
(0.1130) 

-0.0257 
(-0.0282) 

0.0255 (0.0279) -0.0002 
(-0.0003) 

Heme-CO 
0.0240 

(0.0261) 
0.1010 

(0.1012) 
-0.0219 

(-0.0229) 0.0217 (0.0223) 
-0.0002 

(-0.0006) 

Heme-NO 
0.0266 

(0.0288) 
0.1064 

(0.1092) 
-0.0243 

(-0.0267) 0.0235 (0.0251) 
-0.0008 

(-0.0016) 
IPCM      

Heme-O2 0.0307 
(0.0313) 

0.1111 
(0.1131) 

-0.0261 
(-0.0281) 

0.0258 (0.0277) -0.0003 
(-0.0004) 

Heme-CO 0.0244 
(0.0265) 

0.1013 
(0.1018) 

-0.0219 
(-0.0233) 

0.0218 (0.0224) -0.0001 
(-0.0009) 

Heme-NO 0.0268 
(0.0291) 

0.1066 
(0.1097) 

-0.0238 
(-0.0265) 

0.0235 (0.0247) -0.0003 
(-0.0018) 

SCIPCM      

Heme-O2 0.0309 
(0.0312) 

0.1114 
(0.1133) 

-0.0259 
(-0.0285) 0.0257 (0.0272) -0.0002 

(-0.0013) 

Heme-CO 0.0242 
(0.0260) 

0.1013 
(0.1015) 

-0.0220 
(-0.0226) 0.0219 (0.0231) -0.0001 

(-0.0005) 

Heme-NO 0.0264 
(0.0289) 

0.1067 
(0.1094) 

-0.0240 
(-0.0261) 0.0231 (0.0245) -0.0009 

(-0.016) 
               Values in parentheses refer to calculation in carbon tetra chloride solution. 

 
Table 3. The occupation number labeled as ON with corresponding energies presented and the selected charge transfer 

energies of the Heme models in water and gas phase (kcal mol-1) 
NBO 

paramete
rs 

E2LP-σ*N–H ON(LP)/ Δn LP ONσ*NH/Δnσ* NH ELP/ ΔE LP Eσ*NH/ ΔEσ* NH 

Gas 
phase      

Heme-O2 15.43 
1.922(1.901) 

/0.021 

0.01663 
(0.03363) 

/0.017 

-0.3861(-0. 3811) 

/0.0051 

0.39355 (0.35457) 

/0.039 

Heme-
CO 7.953 

1.899(1.894) 

/0.005 

0.01663 
(0.02374) 

/0.007 

-0.2987(-0.2968) 

/0.0019 

0.39355 (0.37948) 

/0.014 

Heme-
NO 12.92 

1.911(1.897) 

/0.014 

0.01663 
(0.02992) 

/0.013 

-0.3211(-0.3174) 

/0.0037 

0.39355 (0.36549) 

/0.028 

1H2O      
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Heme-O2 12.80 
1.894(1.886) 

/0.008 

0.01663 
(0.01890)/ 

/0.0023 

-0.3711(-0.3667) 

/0.0044 

0.39355 (0.37653)/ 

/0.017 

Heme-
CO 6.632 

1.861(1.859)/ 

/0.002 

0.01663 
(0.01699)/ 

/0.0003 

-0.2890(-0. 2879) 

/0.0011 

0.39355 (0.39173)/ 

/0.0018 

Heme-
NO 11.51 

1.871(1.867)/ 

/0.004 

0.01663 
(0.01761) 

/0.0010 

-0.3152(-0.3127) 

/0.0025 

0.39355 (0.39061)/ 

/0.0029 

2H2O      

Heme-O2 12.10 
1.804(1.798)/ 

/0.006 

0.01663 
(0.01845) 

/0.0018 

-0.3265(-0.3238) 

/0.0027 

0.39355 (0.39095)/ 

/0.0026 

Heme-
CO 6.341 

1.762(1.759)/ 

/0.003 

0.01663 
(0.01711)/ 

/0.0005 

-0.2765(-0.2760) 

/0.0005 

0.39355 (0.39311)/ 

/0.0004 

Heme-
NO 9.931 

1.772(1.768)/ 

/0.004 

0.01663 
(0.01739)/ 

/0.0007 

-0.3089(-0.3080) 

/0.0009 

0.39355 (0.39294)/ 

/0.0006 

PCM      

Heme-
O2 11.23 

1.799(1.790)/ 

/0.009 

0.01983(0.02170) 

/0.0019 

-0.3271(-0.3245) 

/0.0026 

0.34761(0.34456)/ 

/0.0031 

Heme-
CO 7.292 

1.758(1.754)/ 

/0.004 

0.01983 
(0.02059)/ 

/0.0007 

-0.2754(-0.2748) 

/0.0006 

0.34761 (0.347014)/ 

/0.0006 

Heme-
NO 8.579 

1.774(1.768)/ 

/0.006 

0.01983 
(0.02082)/ 

/0.0010 

-0.3093(-0.3082) 

/0.0011 

0.34761 (0.34668)/ 

/0.0010 

IPCM      

Heme-
O2 11.53 

1.798(1.791)/ 

/0.007 

0.02011(0.02165) 

/0.0015 

-0.3270(-0.3243) 

/0.0027 

0.35034 (0.34689)/ 

/0.0035 

Heme-
CO 7.121 

1.755(1.753)/ 

/0.002 

0.02011 
(0.02067)/ 

/0.0005 

-0.2756(-0.2751) 

/0.0005 

0.35034 (0.34982)/ 

/0.0005 

Heme-
NO 9.013 

1.776(1.769)/ 

/0.005 

0.02011 
(0.02080)/ 

/0.0007 

-0.3094(-0.3080) 

/0.0014 

0.35034 (0.34953)/ 

/0.0008 

SCIPCM      

Heme-
O2 12.02 1.801(1.793)/ 0.01998(0.02191) -0.3278(-0.3255) 0.34986(0.33457)/ 
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/0.008 /0.0020 /0.0023 /0.0033 

Heme-
CO 7.466 

1.761(1.758)/ 

/0.003 

0.01998 
(0.02294)/ 

/0.0003 

-0.2759(-0.2756) 

/0.0003 

0.34986 (0.34916)/ 

/0.0007 

Heme-
NO 9.521 

1.780(1.776)/ 

/0.004 

0.01998 
(0.02059)/ 

/0.0006 

-0.3099(-0.3083) 

/0.0016 

0.34986 (0.34881)/ 

/0.0010 

 

Table 4. The occupation number labeled as ON with corresponding energies presented and the selected charge transfer 
energies of the Heme models in carbon tetracholoride phase (kcal mol-1) 

NBO 
paramete

rs 
E2LP-σ*N–H ON(LP)/ Δn LP ONσ*NH/Δnσ* NH ELP/ ΔE LP Eσ*NH/ ΔEσ* NH 

1CCl4      

Heme-
O2 14.89 

1.921(1.902) 

0.019 

0.01663 (0.03261)/ 

0.016 

-0.3795(-0.3746) 

/0.0049 

0.39355 (0.35558)/ 

0.038 

Heme-
CO 7.023 

1.898(1.893) 

0.005 

0.01663 (0.02059)/ 

0.004 

-0.3573(-0. 3557) 

/0.0016 

0.39355 (0.38052)/ 

0.013 

Heme-
NO 8.986 

1.912(1.899) 

0.013 

0.01663 (0.02887) 

/0. 012 

-0.3691(-0.3659) 

/0.0032 

0.39355 (0.36758)/ 

0.026 

2 CCl4      

Heme-
O2 14.15 

1.921(1.905) 

0.016 

0.01663 (0.03116) 

/0. 015 

-0.3684(-0.607) 

/0.0041 

0.39355 (0.35756)/ 

0.036 

Heme-
CO 6.856 

1.899(1.895) 

0.004 

0.01663 (0.02018)/ 

0.004 

-0.3502 (-0.3487) 

/0.0015 

0.39355 (0.38457)/ 

0.009 

Heme-
NO 8.074 

1.911(1.899) 

0.012 

0.01663 (0.02555)/ 

0.009 

-0.3567(-0.3543) 

/0.0024 

0.39355 (0.37552)/ 

0.018 

PCM/C
Cl4      

Heme-
O2 14.10 

1.922(1.904) 

0.018 

0.01873(0.03215) 

/0.014 

-0.3593(-0.3555) 

/0.0038 

0.35972(0.32476)/ 

0.035 

Heme-
CO 6.731 

1.898(1.896) 

0.002 

0.01873 (0.02037)/ 

0.002 

-0.3498(-0.3481) 

/0.0017 

0.35972 (0.35274)/ 

0.007 

Heme-
NO 8.156 

1.910(1.898) 

0.012 

0.01873 (0.02983)/ 

0.011 

-0.3544(-0.3518) 

/0.0026 

0.35972 (0.33877)/ 

0.021 

IPCM/C
Cl4      

Heme- 14.11 1.926(1.909) 0.01748(0.03293) -0.3634(-0.3594) 0.36236(0.32534)/ 
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O2 0.017 /0.015 /0.004 0.037 

Heme-
CO 6.724 

1.899(1.895) 

0.004 

0.01748 (0.01909)/ 

0.002 

-03521(-0.3502) 

/0.0019 

0.36236 (0.35338)/ 

0.009 

Heme-
NO 8.197 

1.910(1.897) 

0.013 

0.01748 (0.02856)/ 

0.011 

-0.3612(-0.3583) 

/0.0029 

0.36236 (0.33831)/ 

0.024 

SCIPCM
/CCl4      

Heme-
O2 14.22 

1.927(1.911) 

0.016 

0.01801(0.03265) 

/0.014 

-0.3611(-0.3569) 

/0.0042 

0.35683(0.32187)/ 

0.035 

Heme-
CO 6.431 

1.901(1.898) 

0.003 

0.01801 (0.02059)/ 

0.002 

-03486(-0.3473) 

/0.0013 

0.35683 (0.34786)/ 

0.009 

Heme-
NO 8.576 

1.912(1.899) 

0.013 

0.01801 (0.02804)/ 

0.010 

-0.3568(-0.3540) 

/0.0028 

0.35683 (0.33881)/ 

0.018 

 

Table 5. The calculated stretching vibrational frequencies (cm-1) of investigated Heme models, stretching vibrational 
frequencies difference (in cm-1) and Espinosa HB energies (kcal mol-1) at the B3LYP/6- 311G(d,p) level in solvents and gas 

phase 
parameters E(HB)Spinosa Ѵ(N-H)Hist Ѵ(N-H)My ∆ν(N − H) 
Gas phase     
Heme-O2 39.5 3506.7463 3420.9873 85.759 
Heme-CO 36.8 3506.7463 3444.9844 61.762 
Heme-NO 39.1 3506.7463 3427.1421 79.604 

1H2O(CCl4)     
Heme-O2 36.2(37.9) 3506.7463 3431.7641(3421.7645) 74.982(84.982) 
Heme-CO 32.1(35.6) 3506.7463 3471..6558(3459.7627) 35.090(46.984) 
Heme-NO 34.5(36.6) 3506.7463 3442.9837(3423.8703) 63.763(82.876) 

2H2O(CCl4)     
Heme-O2 33.6(36.6) 3506.7463 3452.8796(3422.9848) 53.867(83.762) 
Heme-CO 28.1(29.5) 3506.7463 3486.9856(3460.6254) 19.761(46.121) 
Heme-NO 32.0(34.3) 3506.7463 3474.7133(3425.1801) 32.033(81.566) 

PCM     
Heme-O2 33.5(37.0) 3419.3422(3485.8712) 3386.7862(3422.3927) 32.556(63.479) 
Heme-CO 28.5(30.1) 3419.3422(3485.8712) 3397.1163(3454.3279) 22.226(31.544) 
Heme-NO 30.8(35.0) 3419.3422(3485.8712) 3391.8904(3425.9970) 27.452(59.874) 

IPCM     
Heme-O2 33.9(36.9) 3426.9519(3491.9036) 3392.4478(3431.3621) 34.504(60.541) 
Heme-CO 28.6(30.6) 3426.9519(3491.9036) 3405.1189(3461.1378) 21.833(30.766) 
Heme-NO 30.8(34.8) 3426.9519(3491.9036) 3395.6979(3434.0802) 31.254(57.823) 
SCIPCM     
Heme-O2 33.7(37.4) 3427.9877(3490.8791) 3392.0157(3429.6487) 35.972(61.231) 
Heme-CO 28.7(29.7) 3427.9877(3490.8791) 3404.5327(3459.8555) 23.455(31.024) 
Heme-NO 30.3(34.3) 3427.9877(3490.8791) 3394.2367(3431.8914) 33.751(58.988) 

         Values in parentheses refer to calculation in carbon tetra chloride solution. 


