
 

Instructions for use

Title Spin-inversion mechanisms in O-2 binding to a model heme complex revisited by density function theory calculations

Author(s) Saito, Kohei; Watabe, Yuya; Fujihara, Takashi; Takayanagi, Toshiyuki; Hasegawa, Jun-ya

Citation Journal of Computational Chemistry, 41(11), 1130-1138
https://doi.org/10.1002/jcc.26159

Issue Date 2020-04-30

Doc URL http://hdl.handle.net/2115/81206

Rights

This is the peer reviewed version of the following article: Saito, K, Watabe, Y, Fujihara, T, Takayanagi, T, Hasegawa,
J‐y. Spin‐inversion mechanisms in O2 binding to a model heme complex revisited by density function theory
calculations. J Comput Chem. 2020; 41: 1130‒ 1138, which has been published in final form at
https://doi.org/10.1002/jcc.26159 . This article may be used for non-commercial purposes in accordance with Wiley
Terms and Conditions for Use of Self-Archived Versions."

Type article (author version)

File Information HemeO2Rev1.pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP

https://eprints.lib.hokudai.ac.jp/dspace/about.en.jsp


1 
 

Spin-inversion mechanisms in O2 binding to a model heme complex 
revisited by density function theory calculations 
 

Kohei Saito, Yuya Watabe, Takashi Fujihara, Toshiyuki Takayanagi* 

Department of Chemistry, Saitama University, Shimo-Okubo 255, Sakura-ku, Saitama 

City, Saitama 338-8570, Japan 

 

Jun-ya Hasegawa 

Institute of Catalysis, Hokkaido University, Kita 21, Nishi 10, Kita-ku, Sapporo, 

Hokkaido 001-0021, Japan 

 

 

Abstract 

 

Spin-inversion mechanisms in O2 binding to a model heme complex, consisting of Fe(II)-

porphyrin and imidazole, were investigated using density-functional theory calculations. 

First, we applied the recently proposed mixed-spin Hamiltonian method to locate spin-

inversion structures between different total spin multiplicities. Nine spin-inversion 

structures were successfully optimized for the singlet-triplet, singlet-quintet, triplet-

quintet and quintet-septet spin-inversion processes. We found that the singlet-triplet spin-

inversion points are located around the potential energy surface region at short Fe-O 

distances, whereas the singlet-quintet and quintet-septet spin-inversion points are located 

at longer Fe-O distances. This suggests that both narrow and broad crossing models play 

roles in O2 binding to the Fe-porphyrin complex. To further understand spin-inversion 

mechanisms, we performed on-the-fly Born-Oppenheimer molecular dynamics 

calculations. The reaction coordinates, which are correlated to the spin-inversion 

dynamics between different spin multiplicities, are also discussed. 

_____________________________________________________________________ 
*Corresponding author, e-mail: tako@mail.saitama-u.ac.jp 
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1. Introduction 

 

Understanding the mechanism of spin state changes in O2 binding to heme protein, which 

contains Fe(II)-porphyrin complexes, has long been an important subject in biochemistry. 
[1−3] Previous studies have shown that the ground spin state of heme is the high-spin 

quintet state, whereas that of heme with O2 attached is the low-spin singlet state. Because 

ground state O2 is in the triplet spin state, O2 binding to heme must involve multiple spin-

inversion processes. Spin inversion is alternatively called spin-forbidden, spin-crossover, 

or intersystem crossing. Theoretically, the spin-inversion process is induced by sizable 

relativistic spin-orbit couplings of heavy elements, such as transition metal atoms. Thus, 

the spin quantum number defined in a nonrelativistic electronic Hamiltonian framework 

is no longer a good quantum number due to strong spin mixing induced by relativistic 

spin-orbit effects. 

 Many theoretical studies have investigated atomic-level spin-inversion 

mechanisms in O2 binding with a simplified model heme, namely, a Fe(II)-porphyrin 

complex with a proximal imidazole or a related ligand.[4−26] These theoretical studies have 

shown that the electronic ground state of the Fe(II)-porphyrin complex with a d6 

configuration is a quintet spin state and that the second lowest spin state is a triplet state, 

although the energy difference between these spin states is very small.[3] This spin state 

property means that O2 binding to the Fe(II)-porphyrin complex can occur on the four 

potential energy surfaces with singlet, triplet, quintet, and septet spin states. Therefore, 

previous theoretical studies have mainly focused on identifying the crossing points of 

these four potential energy surfaces. Two different spin-inversion mechanisms have been 

proposed so far: broad and narrow crossing region models.[1, 13] In the broad crossing 

region model, spin inversion mainly occurs at longer Fe−O2 distances, for which the 

corresponding potential energy surfaces with different spin states of the O2-heme system 

are nearly degenerate. This mechanism was derived from reduced-dimensionality 

calculations of the potential energy surfaces using preselected molecular coordinates, 

such as Fe−O distance and deformation distance of Fe from the porphyrin plane.[4, 5, 13] 

Therefore, the crossing points in the reduced-dimensionality potential energy surfaces do 
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not correspond exactly to the crossing points in full dimensions. The narrow crossing 

region model suggests that specific singlet-triplet crossing points, which should occur at 

shorter Fe−O2 distances, play an essential role in the overall spin-inversion processes. 

Hasegawa and coworkers recently succeeded in optimizing the crossing point structure 

between the singlet and triplet potential energy surfaces in full dimensions.[15] However, 

systematic crossing point searches for other spin states have not yet been performed. 

 Against this background, here we report more systematic computational results 

to elucidate the spin-inversion mechanisms in O2 binding to the model Fe(II)-porphyrin-

imidazole complex using two different approaches. The first is the mixed-spin 

Hamiltonian method, where two potential energy surfaces with different spin states are 

artificially coupled through spin-orbit coupling.[27−31] This method enables the efficient 

optimization of a spin-inversion structure of the two different potential energy surfaces 

as a transition state on the mixed-spin potential energy surface. Thus, the spin-inversion 

process can be easily understood by calculating the intrinsic reaction coordinate (IRC) 

path, similar to the electronically adiabatic case. The second approach is the Born-

Oppenheimer molecular dynamics (BOMD) method, where the O2 capture by the Fe(II)-

porphyrin-imidazole complex is traced directly using on-the-fly classical trajectory 

calculations on the potential energy surface with the specific spin state. The crossing 

points are subsequently analyzed along the calculated trajectories. These two 

computational approaches are expected to provide a clear picture of the spin-inversion 

mechanisms of O2 binding to the model Fe(II)-porphyrin-imidazole complex. 

 

 

2. Computational details 

 

Our computational model consisted of a Fe(II)-porphyrin complex (FeC20N4H12) with a 

proximal imidazole (C3N2H4), which is called FePorIm hereinafter. This model 

compound is the most extensively used in theoretical studies.[4−9,11−16,20] Throughout this 

study, we employed density functional theory (DFT) calculations with the B97D 

exchange-correlation functional because the B97D functional including empirical 
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dispersion corrections showed good performance in calculations of 3d transition metal 

compounds.[32] This functional also performed well for calculating the relative energy of 

spin states in Fe complexes[33] and the O2 binding energy in the O2-FePorIm complex.[9] 

It should be emphasized that the importance of dispersion correction in O2 binding to 

heme has been also found in Refs. 9 and 14. We used the standard 6-311+G* basis sets 

for Fe and O atoms, and the 6-31G** basis sets for C, N, and H atoms. These somewhat 

small basis sets have been chosen to reduce computational time of the BOMD calculations. 

The accuracy of the present approach will be described in the next section. The spin-

unrestricted DFT calculations were performed using the Gaussian09 program package.[34] 

As mentioned in Introduction, O2 binding to the Fe(II)-porphyrin complex can 

occur on the potential energy surfaces with four spin states, i.e., singlet, triplet, quintet, 

and septet. We considered only the lowest-lying electronic state for each spin multiplicity 

at a given geometry. This has been achieved by using the “stable = opt” option 

implemented in the Gaussian09 program package[34] , which generally leads to the lowest-

energy SCF solution. As for the highest septet spin state, the spin density distributions on 

Fe and O2 show the same majority spin (i. e., α-spin), with the spins of O2 and Fe being 

approximately triplet and quintet, respectively. For the intermediate quintet state, the spin-

flipping mainly occurs on the Fe site from the above septet spin state. In the case of the 

singlet spin state, the spin on the O2 moiety further flips, where the corresponding spin 

density indicates an antiferromagnetic coupling between the O2 and FePorIm moieties. 

Thus, this singlet state is corresponding to the open-shell singlet configuration which can 

be obtained from the spin-unrestricted broken-symmetry calculations. The spin densities 

are presented Figures S1-S3 in Supporting Information. 

For each singlet, quintet, or septet spin state, our geometry optimization for the 

O2-FePorIm complex yielded four optimized structures (due to the 4-fold occupancy of 

O2 addition to porphyrin) with the same spin configuration. In the case of the triplet spin 

state, however, geometry optimization yielded two types of structures with different spin 

configurations. These two spin states were called T1 and T2 in Ref. 15. In the former T1 

configuration, O2 has an original triplet character even in the O2-FePorIm complex and 

thus the O2 moiety and the FePorIm moiety have opposite spin characters (i. e., α- and β-
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spin, respectively). This can be easily confirmed from the spin density plot. On the 

contrary, in the T2 configuration, the same spin is distributed over both the O2 and 

FePorIm moieties. Due to these different spin distribution characters, the triplet potential 

energy surface yields two types of equilibrium structures; the equilibrium structures with 

the T1 triplet configuration occur at R(Fe-O) ~ 2.18 Å while those with the T2 

configuration occur at shorter R(Fe-O) ~ 1.86 Å due to a small O2− contribution via 

electron transfer from Fe(II). In addition, it was found that the imidazole orientation is 

also different between these two configurations. Since the T2 minima are energetically 

more stable than the T1 minima, BOMD calculations starting from long R(Fe-O) distances 

do not sample the T1 minima on the triplet potential energy surface, as shown later. 

Detailed information on the geometric structures with the T1 and T2 spin configurations 

as well as their spin densities is presented in Supporting Information. 

 We used the mixed-spin (2 × 2) Hamiltonian matrix approach to optimize the 

spin-inversion structures,[27−31] where two potential energy surfaces with high-spin and 

low-spin multiplicities were mixed through the preassumed spin-orbit coupling parameter 

of 100 cm−1. This spin-orbit coupling value was used to optimize spin-inversion structures 

efficiently. The coupling parameter used in this work was sufficiently small and did not 

significantly affect the original potential energy surface shape at the molecular structure 

deviating from the spin-inversion point.[28−31] First, we used the upper eigenstate of the (2 

× 2) Hamiltonian matrix, and then we performed standard geometry optimization to find 

a potential energy minimum on the upper mixed-spin potential energy surface. The 

optimized structure on this upper surface was a good initial structure for transition state 

optimization on the lower mixed-spin potential energy surface, which corresponded to 

the spin-inversion structure between the two potential energy surfaces with different spin 

states. After optimizing the transition state structure, we performed the standard IRC 

calculations to identify the reaction pathway. We used Gaussian09 code and Global 

Reaction Route Mapping code[35−39] in this computational scheme. For the optimized 

spin-inversion structures, we also calculated spin–orbit coupling using MolSOC software, 
[40] where the spin–orbit coupling matrix elements were generated from the Breit–Pauli 

Hamiltonian using the calculated B97D orbitals. 
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 To further understand the spin-inversion processes in more detail, we performed 

on-the-fly direct trajectory calculations on the B97D-level potential energy surface with 

a specific spin state. We used the BOMD method implemented in the Gaussian09 

package.[34] The BOMD method uses a fifth-order polynomial fitted to the energy, 

gradient, and Hessian at each time step, and then the step size is taken to be much larger 

than the step size used in the normal method, employing only the gradient information.[41] 

At each structure on the calculated trajectory, we performed single-point B97D 

calculations for other spin states. 

 

 

3. Results and discussion 

 

We optimized the equilibrium structures of the O2-FePorIm complex in each spin state 

(from singlet to septet) at the B97D level of theory. O2 adopts a 4-fold occupancy for each 

spin state due to the D4h symmetric property of the isolated porphyrin molecule.[5] Figure 

1 shows one of the four binding structures and the other structures (including the 

optimized structures with the T1 spin configuration) are presented in Figures S1, S2 and 

S3 of Supporting Information. The four structures in each spin state have comparable 

energies (energy differences smaller than 1 kcal/mol). For the singlet and triplet states, 

the imidazole ligand has a staggered conformation with a Cim−Nim−Fe−Npor torsional 

angle of ~45° in the optimized structures. In contrast, for the quintet and septet states, the 

imidazole ligand has a different configuration with a Cim−Nim−Fe−Npor torsional angle of 

~0°. The optimized structures for the singlet and triplet states are similar, with Fe−O bond 

lengths of 1.85 and 1.86 Å, respectively, indicating that there is a strong Fe−O bond in 

these two spin states. However, the optimized Fe−O−O angles for the singlet and triplet 

states are somewhat different (121.1° and 132.7°, respectively). It is also interesting to 

note that the optimized structures for the quintet and septet state are similar with long 

Fe−O distances of 2.92 and 2.88 Å, respectively. These overall similarities in the 

optimized geometries suggest that there is a spin-inversion transition state between the 

two equilibrium structures with singlet−triplet and quintet−septet spin multiplicities. We 
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have also performed NBO calculations to further understand Fe-O and O-O bonding 

nature. The result of the NBO calculations is presented in Table S1 of Supporting 

Information and the Fe−O distances in the optimized structures are found to be consistent 

with the calculated bond-order values. 

 Before presenting the spin-inversion structures, we show one-dimensional 

potential energy curves for the four spin states as a function of the Fe−O distance; this 

type of potential energy curve has been used in many previous studies.[4,5,12,13,15,16,20] The 

potential energy curves obtained from the B97D calculations are shown in Figure 2, 

where other geometrical parameters were fully optimized at each fixed Fe−O distance. 

The singlet and triplet potential energy curves are similar and the energies around the 

potential minima are also close. In addition, the quintet and septet potential energy curves 

are also similar and have shallow potential wells around R(Fe-O) ~ 2.9 Å. The figure 

clearly shows five crossing points among these four potential energy curves; however, it 

should be emphasized that these crossing points do not correspond to true crossing points 

in full dimensions, as mentioned in the Introduction. A more careful treatment is required 

to understand the crossing behavior because the present model system has many nuclear 

degrees of freedom. At this point, it may be important to provide some comments on the 

accuracy of the present B97D calculations. As shown in Figure 2, the O2 binding energy 

is calculated to be 16.6 kcal/mol. This value is larger than the previous value (11.7 

kcal/mol) obtained from the same B97D functional but with somewhat larger basis 

sets.[14] This indicates the importance of the flexible basis sets to obtain an accurate O2 

binding energy. It is worth mentioning that the O2 binding energy is also calculated with 

the highly-correlated CASPT2 method to be 14.9 and 9.9 kcal/mol in Refs. 7 and 9, 

respectively. Another important point seen in Figure 2 is that the energy gap between the 

singlet and triplet minima is smaller than the previously reported values.[4−7,9,13−15] This 

behavior is also due to the small basis sets used as well as the chosen B97D functional. 

More systematic calculations including scalar relativistic correction should be performed 

to obtain more accurate potential energy surfaces. 

 To understand the crossing behavior in full dimensions, we performed a 

transition state search on the mixed-spin potential energy surfaces using the 
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computational scheme described in Section 2. As a result, we successfully found nine 

spin-inversion transition state structures (Figure 3). The corresponding IRC profiles are 

shown in Figure 4. The barrier heights for these spin-inversion processes are relatively 

low. For example, the barrier heights measured from the triplet minimum to the singlet 

minimum are less than 0.5 kcal/mol. The barrier heights measured from the septet 

minimum to the quintet minimum are calculated to be only 0.4 kcal/mol. Similarly, the 

barriers from the quintet to the singlet state are calculated as less than 0.1 kcal/mol. These 

results suggest that the singlet-triplet, quintet-septet, triplet-quintet and quintet-singlet 

spin inversions may energetically occur in O2 binding dynamics to the model heme 

complex. In Figure 4, we also show the important geometric parameters for these spin-

inversion processes. In the singlet-triplet spin-inversion pathway, the contribution of the 

Fe−O−O angle is important, suggesting that excitation of the Fe−O−O bending motion 

may increase the spin-inversion efficiency. In contrast, distance d, which is defined as the 

deviation of Fe from the porphyrin location (Fe out-of-plane distance), plays an important 

role in the quintet-septet and quintet-singlet spin-inversion processes. 

Figure 3 shows the spin-orbit coupling constants (maximum and averaged 

values) calculated at the optimized spin-inversion structures. The averaged spin-orbit 

coupling constant is defined as 

 

 ave(𝐻𝐻𝑆𝑆𝑆𝑆) = �∑ |𝐻𝐻𝑖𝑖,𝑗𝑗𝑆𝑆𝑆𝑆|2/(2𝑆𝑆1 + 1)(2𝑆𝑆2 + 1)𝑖𝑖,𝑗𝑗 ,   (1) 

 

where Hi,j
SO represents each matrix element and S1 and S2 are the spin multiplicities for 

the low- and high-spin states, respectively. We report only the maximum value and 

average value of the spin-orbit coupling elements because for the quintet/septet spin 

change, the corresponding matrix consists of 35 (= 7 × 5) coupling elements (full 

complete matrix elements are provided in Supporting Information). We did not calculate 

the spin-orbit couplings for the singlet-quintet spin inversion because the corresponding 

couplings are expected to be small. In this case, the direct spin-orbit coupling between 

the two electronic states is zero and a non-zero coupling can be introduced only from 
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second-order and higher-order corrections, which are mediated by other electronic 

states.[42−44] The spin-orbit coupling values are relatively large and are comparable to 

thermal energy. Although we succeeded in finding these spin-inversion structures from 

the present transition state search calculations, we could not locate other crossing points 

(singlet-septet and triplet-septet) at this stage. 

 Next, we present the results of BOMD calculations. Figure 5 shows the results 

of the BOMD calculations on the triplet potential energy surface, where the initial 

distance between O and Fe is set to 3.3 Å with other coordinates optimized on the triplet 

surface (Figure 2). We also added a small transitional energy (1 kcal/mol) for the approach 

of O2 and Fe(II)PorIm and the trajectory was calculated up to t ~ 1 ps. Figure 5(a) presents 

the potential energy profiles for the four spin states plotted as a function of time along the 

BOMD trajectory propagated on the triplet surface. Figures 5(b)–(d) show the change in 

selected geometric parameters as a function of time. There are six crossing points between 

the singlet and triplet states along this trajectory. The structures of these crossing points 

are close to the singlet-triplet spin-inversion structures presented in Figure 3. The 

important coordinate for the singlet-triplet spin-inversion process is the Fe-O-O bending 

angle. It is seen that the Fe-O-O bending motion is highly excited for this trajectory, 

leading to the passage over the crossing point. Also, the Fe out-of-plane distance, d, is 

initially negative, meaning that Fe(II) is located at the other side of the porphyrin plane, 

although it oscillates around zero once the Fe-O bond is formed (t > 250 fs). The potential 

energy profile shown in Figure 5(a) shows three crossing points between the quintet and 

septet states. 

 We performed a similar BOMD calculation for the quintet spin state. The 

calculation started at R(Fe-O) = 3.4 Å and the results are presented in Figure 6. In this 

case, the initial approach of Fe and O is followed by almost constant distance of R(Fe-O) 

~ 3 Å up to t ~ 1 ps. This is unsurprising because the structure fluctuates around the 

shallow potential well on the quintet surface (Figure 2). The potential energy profiles of 

the four spin states are presented in Figure 6(a) and are relatively flat. However, it is 

interesting to note that two crossing points can be seen between the singlet and quintet 

surfaces at t ~ 470 fs and t = 610 fs. In addition, the potential energy surfaces for these 
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two states are always close in energy. Figures 6(c) and 6(d) show that these crossing points 

weakly correlate with the motions along the Fe out-of-plane coordinate, d, and the Fe-O-

O angular coordinate. 

The BOMD results for the trajectory in the septet state are shown in Figure 7. 

There are no clear crossing behaviors between different spin states, although the singlet 

and quintet potential energy values are nearly degenerate at t > 600 fs. Similar to the 

quintet case, the Fe(II)PorIm complex always stays at the shallow potential well around 

R(Fe-O) ~ 3 Å on this trajectory. However, there is an important difference in the BOMD 

results between the quintet and septet spin states. In the case of the quintet spin state, the 

Fe out-of-plane coordinate, d, is −0.17 ≤ d ≤ −0.07 Å, whereas for the septet spin state, d 

is −0.29 ≤ d ≤ −0.19 Å. This can be readily understood from the optimized structures for 

the quintet and septet states shown in Figure 1. Therefore, these two trajectories are 

sampling completely different structural spaces. 

To further understand the correlation between the motion along the d-coordinate 

and spin-inversion process, we artificially added an initial kinetic energy to the Fe atom 

along this coordinate. Again, it should be emphasized that the importance of the Fe out-

of-plane distance in O2 binding has been frequently highlighted in previous static DFT 

calculations.[4,5,6,15,16,20] A recent nonadiabatic quantum wave packet simulation study on 

photolysis of the CO-bound heme also showed that the Fe out-of-plane motion plays an 

essential role in the spin-crossover dynamics.[45] 

The results of the BOMD calculations in which we added 10 kcal/mol kinetic 

energy to the Fe out-of-plane motion on both the quintet and septet spin states are shown 

in Figure 8. Figures 8(c) and 8(g) show larges fluctuations in d as a function of time 

compared with the results in Figures 5(c)−7(c). Figure 8(a) shows several crossings 

between different spin states for the BOMD trajectory on the quintet spin state. In 

particular, there are five triplet-septet crossings that are not in Figure 5. Similarly, for the 

trajectory in the septet state, the singlet and quintet potential energies are always close. 

These results indicate that the out-of-plane motion of Fe plays a role in spin state crossing 

in O2 binding to heme. 

 It is currently unclear whether a surface hopping picture always works well in 
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spin-inversion reaction systems with many degrees of freedom[46] although simple 

calculations using the Landau-Zener method have been extensively employed in previous 

theoretical studies (see also Refs. 47 and 48). Very recent studies using a more 

sophisticated quantum dynamics on a simple GeH2 system, however, have concluded that 

such simple Landau-Zener-like calculations significantly underestimate the efficiency of 

nonadiabatic spin-inversion.[49, 50] This is probably due to the importance of nonlocal 

nonadiabatic transitions missing in one-dimensional description. Thus, nonadiabatic 

quantum dynamics calculations, which can take into account the spin-vibronic effects,[46] 

should be performed to fully understand the spin-inversion mechanisms in O2 binding to 

the heme complex. In fact, the energy differences between different spin multiplicities in 

the long Fe-O distance region can be small and are comparable to the magnitude of spin-

orbit couplings. In such a case, the spin state dynamics and the associated nuclear 

dynamics cannot be described independently due to the strong mixing of different spin 

states. Because it would be impossible to carry out full-dimensional quantum dynamics 

calculations for the O2-FePorIm system, we are currently planning to perform reduced-

dimensionality nonadiabatic quantum wave packet calculations. In addition, it is also 

important to understand the spin-vibronic effects of the surrounding protein environment 

because a previous study highlighted the importance of the protein environment in the 

spin-inversion mechanisms in O2 binding to the heme protein.[10] 

 

 

4. Concluding remarks 

 

In this work we investigated the spin-inversion mechanisms in O2 binding to a model 

heme complex using B97D DFT calculations. We used the mixed-spin Hamiltonian 

method to locate spin-inversion transition state structures between different total spin 

multiplicities. Nine spin-inversion structures were optimized for the singlet-triplet, 

singlet-quintet, triplet-quintet and quintet-septet spin-inversion processes. The singlet-

triplet spin inversion occurred in the potential energy region at short Fe-O distances, 

whereas the singlet-quintet and quintet-septet spin inversions occurred in the longer Fe-
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O distance region. We also performed on-the-fly BOMD calculations to further 

understand spin-inversion mechanisms. The out-of-plane motion of Fe plays a role in the 

spin-inversion mechanisms; however, quantum dynamics calculations, which can take 

into account the spin-vibronic effects, should be performed to fully understand the spin-

inversion mechanisms in O2 binding to the heme complex. 
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Figure 1: Optimized structures of the O2-FePorIm complex in the singlet to septet spin states calculated at 
the B97D level of theory. One of the four structures for each spin state is shown. See the main text for detail. 
The Fe out-of-plane distance (d) and relative energies (∆E) measured from the most stable singlet minimum 
are also presented. 

 

 
Figure 2: Calculated one-dimensional potential energy curves for singlet, triplet, quintet, and septet states 
as a function of the Fe−O distance. Other geometric parameters are fully optimized with respect to energy. 
The energy is measured from the most stable singlet minimum structure. The asymptotic energy level of 
the 3O2 + 5FePorIm dissociation limit is also shown. 
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Figure 3: Spin-inversion structures optimized on the mixed-spin potential energy surfaces. Geometric 
parameters and relative energies (∆E in kcal/mol) measured from the most stable singlet minimum structure 
are also presented. Spin-orbit coupling constants (maximum and averaged values in cm−1, see text for detail) 
calculated at the spin-inversion structure are also shown. 
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Figure 4: IRC potential energy profiles for singlet-triplet (left upper panel), triplet-quintet (right upper 
panel), quintet-septet (left lower panel), and singlet-quintet (right lower panel) spin-inversion processes. 
The results were obtained at the B97D level of theory. Notice that IRC profiles from each spin-inversion 
transition state are represented by different line styles. For each panel, changes in geometric parameters 
(Fe−O−O angle and deviation distance, d) along the IRC are shown. 
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Figure 5: BOMD trajectory calculated on the triplet potential energy surface. (a) Energies for the four spin 
states plotted as a function of time, where the triplet state is indicated by the bold line. (b) Fe−O, O−O, and 
Fe-N(Im) distances, (c) Fe deviation distance, d, and (c) Fe−O−O angle as a function of time. 
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Figure 6: BOMD trajectory calculated on the quintet potential energy surface. (a) Energies for the four spin 
states as a function of time, where the quintet state is indicated by the bold line. (b) Fe−O, O−O, and Fe-
N(Im) distances, (b) Fe deviation distance, d, and (c) Fe−O−O angle as a function of time. 
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Figure 7: BOMD trajectory calculated on the septet potential energy surface. (a) Energies for the four spin 
states as a function of time, where the septet state is indicated by the bold line. (b) Fe−O, O−O, and Fe-
N(Im) distances, (c) Fe deviation distance, d, and (d) Fe−O−O angle as a function of time. 
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Figure 8: BOMD trajectory calculated on the quintet (left panels) and septet (right panels) potential energy 
surfaces, where the initial kinetic energy of Fe along the d coordinate is set to 10 kcal/mol. (a) and (e) 
Potential energies for the four spin states as a function of time. (b) and (f) Fe−O, O−O, and Fe-N(Im) 
distances, (c) and (g) Fe out-of-plane distance, d, and (d) and (h) Fe−O−O angle as a function of time. 
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Spin-inversion mechanisms of the O2 binding by heme were studied using density-

functional theory calculations. We applied the mixed-spin Hamiltonian method to locate 

spin-inversion structures between different total spin multiplicities. A total of nine spin-

inversion structures were successfully identified. We also performed on-the-fly Born-

Oppenheimer molecular dynamics calculations to understand the effect of nuclear 

dynamics in the spin-inversion processes. 

 

 


