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Spin-inversion mechanisms in Oz binding to a model heme compound:
A perspective from nonadiabatic wave packet calculations
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City, Saitama 338-8570, Japan
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Abstract

Spin-inversion dynamics in Oz binding to a model heme complex, which consisted of
Fe(I)-porphyrin and imidazole, were studied using nonadiabatic wave packet dynamics
calculations. We considered three active nuclear degrees of freedom in the dynamics,
including the motions along the Fe—O distance, Fe—O—O angle, and Fe out-of-plane
distance. Spin-free potential energy surfaces for the singlet, triplet, quintet, and septet
states were developed using density functional theory calculations, and spin-orbit
coupling elements were obtained from CASSCF-level electronic structure calculations.
The spin-inversion mainly occurred between the singlet state and one of the triplet states
due to large spin-orbit couplings and the contributions of other states were extremely
small. The present quantum dynamics calculations suggested that the narrow crossing
region model plays a dominant role in the Oz binding dynamics. In addition, the one-

dimensional Landau-Zener model underestimated the nonadiabatic transition probability.
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1. Introduction

Binding of molecular oxygen to the Fe(ll)-porphyrin center in heme protein is a
biologically important reaction.[*-31 One interesting aspect of this reaction is the change
in spin during the oxygen binding process. O2 has a triplet state with two unpaired
electrons (S = 1, where S is the spin quantum number), whereas the ground state of
deoxyheme is a quintet state with four unpaired spins (S = 2). This produces multiple
states, namely, triplet, quintet, and septet (S = 3), when O interacts with deoxyheme.[?!
In contrast, previous electron paramagnetic resonance and Mdssbauer experiments have
shown that the oxyheme product has a singlet ground state.™* 51 Thus, the O binding
reaction to heme is formally spin-forbidden. A total of four spin-multiplicity states can
contribute to the binding process and at least triplet to singlet state transitions should
occur to form the stable singlet oxyheme product from 20, + ®deoxyhem. The spin-
multiplicity change has also been called spin-inversion, spin flip, spin crossover, or
intersystem crossing in chemistry.l-8l In addition, the chemical reaction phenomenon
accompanying spin-multiplicity change is called “two-state reactivity” or “multi-state
reactivity.”®**1 These spin transitions are induced by relativistic spin-orbit coupling
(SOC) between different spin-multiplicity states, which is generally large for heavy
elements. Thus, the SOC of Fe(ll) is expected to play an essential role in Oz binding to
heme. Hereafter, we use the term “spin-inversion” to describe the spin transition.

To understand the detailed spin-inversion mechanisms in Oz binding to heme, it
is crucial to characterize the features of the potential energy surfaces for all the relevant
spin-multiplicity states. Extensive electronic structure studies using ab initio molecular
orbital wavefunction theory and density functional theory (DFT) have been performed so
far in simplified heme models.[*2-%¢] A typical example is a Fe(l1)-porphyrin complex with
a proximal imidazole or a related ligand. These theoretical studies mainly focused on the
energetics of equilibrium structures, O2 binding energies, and potential energy surface
features as a function of the Fe—O; approach distance. From the calculated interaction
potentials between the Fe(ll)-porphyrin complex and Oz, broad and narrow crossing

region mechanisms have been proposed as spin-inversion mechanisms.® 2”1 In the broad
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crossing region mechanism, spin-inversion is assumed to occur mainly at longer Fe—0O-
distances, for which the corresponding potential energy surfaces with different spin
multiplicities of the O.-heme system are nearly degenerate. The narrow crossing region
mechanism, on the other hand, assumes that specific crossing points, which should mainly
occur at shorter Fe—O, distances, play an essential role in the overall spin-inversion
processes. Although previous theoretical studies have provided important insights into
the possible spin-inversion mechanism in O, binding to heme,2-%¢ no systematic
calculation to find crossing point structures between the different spin-multiplicity states
has been performed.

Recently, the mixed-spin Hamiltonian method,7 3 where two potential energy
surfaces with different spin multiplicities are mixed through a coupling parameter, has
been employed to locate approximate spin-inversion structures between the two potential
energy surfaces of the model O-heme complex.¥l In this method, the approximate
minimum energy crossing point structure, which is important for discussing the efficiency
of the spin-inversion process, can be easily optimized as a transition state on the low-
lying spin-coupled potential energy surface. A total of nine spin-inversion structures were
successfully optimized for the singlet-triplet, singlet-quintet, triplet-quintet, and quintet-
septet spin-inversion processes. The singlet-triplet spin-inversion points occur around a
short Fe-O> distance region, whereas the other singlet-quintet, triplet-quintet, and quintet-
septet spin-inversion points are located at longer Fe-O2 distances.*¥! This suggests that
both narrow and broad crossing mechanisms may play important roles depending on the
initial spin-multiplicity state. The mixed-spin Hamiltonian method enables the calculation
of the intrinsic reaction coordinate (IRC) for the spin-inversion pathway, as in the case of
a single electronically adiabatic reaction. The IRC calculation showed that nuclear
motions along the Fe—O-0O angle and Fe out-of-plane distance (deviation of Fe from the
porphyrin plane) are important along the spin-inversion IRC pathways.%!

In this work, we perform nonadiabatic quantum wave packet dynamics
calculations to understand the spin-inversion mechanisms in O binding to a model heme
compound further from a dynamical perspective. Extensive theoretical studies have been

performed; however, most of the studies obtained static information about the features of
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the potential energy surfaces and their crossings.-36: 31 Spin, nonadiabatic, and
vibrational dynamics cannot be described independently due to strong SOCs in many
molecular systems containing heavy elements.[*-471 The magnitudes of the SOCs of
Fe(ll) (100-300 cm™?) are roughly comparable to those of many low-frequency
vibrational modes of the oxyheme complex. Here, we use a reduced-dimensionality
model, in which only a few nuclear degrees of freedom of the target chemical system are
considered in the quantum nonadiabatic wave packet calculations. For multiple potential
energy surfaces, we consider 16 low-lying spin states correlating with the singlet, triplet,

quintet, and septet states.

2. Computational method

Our simplified heme model consists of a Fe(ll)-porphyrin complex (FeC20NsH12) with a
proximal imidazole (CsN2H4), which we refer to as FePorlm below. We use the active
coordinates R, &, and d to describe the O. binding dynamics to this heme model. The
definition of these coordinates is shown in Figure 1. The center of mass of the porphyrin
moiety is defined as the coordinate origin in this study and R is the distance between the
Oa. atom of O, and the coordinate origin. & is the Fe—O,—Op bending angle and d is the
deviation distance of Fe atom from the porphyrin plane. The Fe atom, the center of mass
of the Porlm moiety, and the O, atom are always arranged in collinear configurations in
the present calculations. The coordinates R, 6, and d are taken from our previous study
on the IRC calculations for the spin-inversion pathways.*°! In particular, we found that
the nuclear motion along & was important for the singlet-triplet spin-inversion because
the optimized Fe—O.—Op angles for the singlet and triplet minimum structures were
somewhat different (121° and 133°, respectively). Similarly, we found that the motion
along d was an important role in the quintet-septet and quintet-singlet spin-inversion
processes.*® The Hamiltonian of the three degrees of freedom model employed in this

work is written (in atomic units) as



2ugp ORZ  2mpr2060%2  2u4 0d?

where V is the potential energy matrix described by the spin-diabatic representation. ur
and g are the reduced masses of the motions along the R and d coordinates, respectively.
r is the O,-Op distance, which is taken to be a constant value (r = 1.24 A) throughout this

study. The potential energy matrix can be formally written as

Vo(@)  V01(Q) 0 0
V(@) V(@ V12(Q) 0
0 V@ Va(@) V(@)
0 0 V(@) V3(Q)

V() = (2)

where Q collectively denotes the three active coordinates. Each diagonal term, Vi(Q) (i =
S, spin quantum number), is a (2i + 1) x (2i + 1) matrix whose diagonal elements are the
spin-free potential energy surface for each spin-multiplicity state, whereas its nondiagonal
elements are taken to be zero.[®] By omitting the Q dependence, the SOC matrices, Vij,

can be written as

Vo1 = (21 iby zy), (3)

Vip=| 0 z, ib3 zz 0|, (@)

: ()

o O O O

where the matrix elements are arranged in the order of the magnetic quantum number

(Ms) of the spin quantum number (S). z;, zi*, and bi denote a complex value, its conjugate,
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and a real value, respectively. Here, we can safely ignore the SOCs with |4S| > 1 or |AM;|
> 1. Thus, the total potential energy matrix in Eq. (2) becomes a (16 x 16) Hermitian
matrix.

The spin-free potential energy surfaces for the four different spin quantum
numbers are obtained from the unrestricted DFT calculations using the B97D functional.
We use the standard 6-311+G* basis sets for Fe and O atoms, and the 6-31G** basis sets
for C, N, and H atoms, as in our previous work.l The B97D calculations are done at the
grid points described by the three coordinates R, &, and d, where the structure of the Porim
part is taken from the optimized structure of the isolated FePorIm in the lowest quintet
state. Twenty-seven points are used for R in the range of 1.5-6 A. Eleven points are
chosen for @in the range of 80-150°, whereas 13 points in the range of —0.4-0.4 A are
used for d. A total of 3,861 points are generated and all the calculations are performed
using the Gaussian09 package program.[“®l We perform the B97D calculations so that the
R coordinate of the O»-FePorlm system becomes the Z-axis of the Cartesian coordinates.
The standard cubic spline interpolation technique is used to obtain desired potential
energy values at a given set of three coordinates. For the @ and d coordinates, potential
energy values outside the grid points are extrapolated using quadratic potentials whose
polynomial parameters are determined from the grid data in the edge region. These
quadratic potentials are used so that the wave packet dynamics occur mainly within the
above potential energy surface region.

Figure 2(a) displays the one-dimensional potential energy curves for all four
different spin quantum numbers as a function of R, which corresponds to the distance
between the Fe position and the coordinate origin. The other two coordinates, namely, &
and d, are fully optimized with respect to energy at a fixed value of R. These potential
energy curves correspond to the diagonal terms of the potential energy surface matrix of
Eq. (2). For the triplet, quintet, and septet states, the potential energies are slightly shifted
so that these three potential energy curves asymptotically become exactly degenerate. The
nondegenerate behavior of the original DFT calculations comes from energetic errors of
the unrestricted DFT formalism. The shifted energy values are smaller than 0.13 eV.

Similarly, the potential energy surface for the singlet state is also shifted so that the
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asymptotic energy difference between the singlet and other states is 5.5 kcal/mol (= 0.24
eV). This value is determined from the previous best estimate (4.6—6.5 kcal/mol), which
was obtained from the high-level CASPT2 calculations.[*¥ The triplet potential energy
curve shows a double well feature. These two potential wells correspond to two different
spin structures, as discussed in previous papers.[?® 3 For the potential well at a longer
region, Oz has an original triplet character, even in the O2-FePorlm complex, and thus the
O2 moiety and the FePorlm moiety have opposite spin characters (i.e., a- and S-spin,
respectively). In contrast, the same spin is distributed over both the O, and FePorlm
moieties around the potential well in a shorter region due to partial electron transfer from
O, to FePorlm. The potential energy curve for the singlet state has a potential well of
~0.24 eV, which is smaller than in our previous calculations®® because the FePorlm
structures are always fixed in this study.

In order to further understand the quality of the present B97D-level potential
energy surfaces, we have performed the strongly-contracted NEVPT2 (N-Electron
Valence State Second Order Perturbation Theory)® calculations using the ORCA
program.® The NEVPT2 method is an efficient computational method that can be
applied to large systems and was shown to give comparable or better accuracy as the
popular CASPT2.5% The comparison of the potential energy curves between the B97D
and NEVPT2 results is presented in Figure S1 of Supporting Information. In these
calculations, the structure of the Porlm moiety is taken from the structure optimized at
the B97D level. We found that both the B97D and NEVPT2 potential energy curves have
a similar attractive feature suggesting that the B97D potential energy surfaces can be used
to understand the nuclear dynamics at a qualitative level. However, the NEVPT2
calculations give too large asymptotic energy differences between the singlet and other
spin states. This is in high contrast with the B97D results as mentioned previously.
Therefore, we have compared the potential energy curves obtained from the B97D and
NEVPT?2 results, which are shifted in energy so as that the asymptotic energies become
identical. The comparison is presented in Figure S2 of Supporting Information. It is seen
that the both potential energy curves yield spin state crossings in a similar region

indicating that the B97D-level potential energy surfaces are a reasonable choice for
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dynamics calculations.

Another important point obtained from the NEVPT2 calculations is that there
exist low-lying excited states for the singlet and triplet states (see Figure S1). This
indicates that such excited states should be taken into account in the nonadiabatic nuclear
dynamics. However, those excited states are asymptotically correlated with the excited
states of the isolated heme compound and the corresponding excitation energies are much
larger than thermal energy. Hence the contribution of those excited states is expected to
be small although those states may not be ignored in the strong interaction region. The
present dynamics model thus assumes “fast internal conversion” between the same spin
multiplicity states with different electronic structures and focuses only on the slower
intersystem crossing dynamics.

In Figure 3, two-dimensional contour plots of the potential energy surface for
each spin quantum number are shown as a function of R and &, where three representative
values are chosen for d (-0.2, 0, and 0.2 A). Bold red lines in the contour plots indicate
the crossing seam between the singlet and triplet potential energy surfaces. Green and
blue contours correspond to the triplet-quintet and quintet-septet crossing seams,
respectively. These crossing seams generally occur at shorter R regions, and thus could
play an important role in the narrow crossing region mechanism.

The SOC values are calculated at some selected points because it is expected that
the magnitude of SOC does not depend substantially on the structure.[®? In this work, the
SOCs are determined within the Breit—Pauli approximation (with the SOMF
approximation)®® using the state-interacting method at the state-averaged
CASSCF/def2-TZVP level of theory. These electronic structure calculations are
performed using the ORCA program.® Four states (singlet, triplet, quintet, and septet)
are equally averaged, where eight active electrons are distributed among seven active
orbitals in the CASSCF wavefunction. The active space chosen here is minimal, including
five Fe 3d and two O, =~ orbitals. The active orbitals used in the CASSCF calculations
are shown in Figure S3 of Supporting Information. We have also performed the CASSCF
calculations at a selected heme-O; structure to understand the effect of higher electronic

states on the calculated SOC values, where we have included a total of two singlet states
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and three triplet states. The obtained results are summarized in Table S1 of Supporting
Information. It is found that the magnitude of the SOC value between the lowest triplet
and quintet states is not very different from the single spin state result. This trend can also
be seen for the SOC between the quintet and septet states.

In Figure 4, the SOCs obtained from the state-averaged CASSCF(8e, 7,)/def2-
TZVP calculations are plotted as a function of R with d set to zero. In this case, R is
exactly the same as the Fe-Oa distance (see Figure 1). Figure 4(a) shows the SOC elements
between the singlet and triplet states. The value of by (Ms = 0, see Eq. (3)) is much larger
(=400 cm™1) than the values of z1 (Ms = +1). This result is quantitatively consistent with
the highly accurate multi-state CASPT2 calculations,?®! where a larger active space with
larger basis sets was employed. In contrast with the singlet-triplet coupling result, the
calculated SOCs between triplet and quintet and between quintet and septet states are
much smaller (Figures 4(b) and 4(c)). The coupling values are essentially zero for R > 3
A, although the corresponding values increase at shorter distances. The results presented
in Figure 4 suggest that the narrow crossing region mechanism is more important than the
broad crossing region mechanism in the overall spin-inversion dynamics. The &
dependence of the SOC is also examined; however, the calculated coupling values do not
strongly depend on &. Similarly, we examine the d dependence of the SOCs. The structural
dependence is shown in Figure S4 of Supporting Information. The change in d affects the
Fe-Oa distance (= R + d). Therefore, the magnitude of the SOC can be roughly described
as a function of the Fe-O, distance only. Accordingly, the 6 dependence of the SOC is
ignored and the overall SOC is assumed to depend on only the Fe-O, distance in the
subsequent wave packet calculations. The calculated SOC values are interpolated with
the cubic spline technique to obtain a value at a desired coordinate.

Once the spin-free potential energy surfaces and nondiagonal SOC functions are
obtained, we construct the total (16 x 16) potential energy surface matrix. Figure 2(b)
shows the 16 adiabatic potential energy curves obtained from the diagonalization of the
(16 x 16) matrix as a function R. Similar to Figure 2(a), the other two coordinates, € and
d, are fully optimized with respect to energy at a fixed value of R. The plot in the inset in

Figure 2(b) shows enlarged potential energy curves in the asymptotic region. The triplet,

9



quintet, and septet states, which are asymptotically degenerate without SOCs, split into
the states with different energies. Due to the largest coupling (b1 ~ 400 cm~1) between the
singlet and triplet (Ms = 0) states, the contribution of the triplet (Ms = 0) state is the most
dominant for the lowest adiabatic state in the asymptotic region. In addition, the energy
splitting between the lowest adiabatic state and the next adiabatic state is obtained as
about 80 cm2.

The nuclear wave packet vector P (R, 6,d;t) is described by solving the time-

dependent Schrodinger equations as
i%lp(R, 0,d;t) = H(R,0,d)P(R,6,d; t), (6)

where the nuclear Hamiltonian operator is given by Eq. (1). The initial wave packet at t
= 0 is constructed with the product of the standard Gaussian wave packet and Gaussian

functions as

¢1(0)
ll)(R, 9' d; t = 0)~ CZ gO) e—aR(R—RO)Z—ikRe—ag(e—eo)ze—ad(d—do)z’ (7)

C16(0)

where ¢i (t = 0) is the initial population amplitude for the i-th diabatic state (i = 1 for
singlet, i = 2—4 for triplet, i = 5-9 for quintet, and i = 10-16 for septet). k is the initial
translational wave vector for the motion along R and is given by k = (2.=E)*?, where E
is collision energy. This energy corresponds to an average collision energy in the time-
dependent representation due to the Gaussian width. Ro, &, and do are central positions
of the initial wave packet and ag, as, and aq are their width parameters, respectively. We
use this simple functional form for the initial wave packet because the purpose of this
study is to understand the nonadiabatic spin-inversion mechanism qualitatively. The time-
dependent nuclear wave packet is represented using grid-based discrete-variable
representations (DVRs),%4 where the standard particle-in-a-box basis is employed for all

three coordinates. Once the initial wave packet is prepared, it is propagated in time using
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the extended split-operator method, which corresponds to the extension of the standard
adiabatic split-operator method to the multiple potential energy surface problems. -
To avoid the artificial reflection of the wave packet at the longer edge of the grid in the R
coordinate, we use a negative imaginary potential with a quadratic form. The DVR grid
parameters are 256, 128, and 64 points for R, 6, and d coordinates, respectively. The total
step for time propagation is 20,000—100,000 with At = 10.0 atomic time units depending

on the average collision energy.

3. Results and discussion

Figures 5 and 6 show representative wave packet evolutions obtained from the
calculations with an average collision energy of E = 0.136 eV (= 0.005 au). The initial
wave packet is placed on the triplet, quintet, and septet states with an equal diabatic
population (c1 = 0 and ¢; = 1/15 for i = 2-16). In these plots, the wave packet densities
are summed over all the Ms states. The wave packets arrive at the potential well region at
t ~ 0.5 ps. After this, the singlet state is formed. A small singlet component is visible at
an earlier time of t = 0.242 ps (Figures 5(a) and 6(a)); however, this component comes
from the initial singlet-triplet mixing due to the large b1 SOC value. A large part of the
wave packets on the triplet, quintet, and septet states moves to a large-R region at t =
1.208 ps, whereas part of the wave packet on the singlet state stays around the potential
well even at t = 1.208 ps. This indicates that quantum resonance states with a longer
lifetime are produced once the wave packet is trapped in the potential well. However,
because the present dynamics are essentially an inelastic scattering process, the wave
packet density should finally become zero due to the absorption at the edge. The results
confirm that more than 99% of the wave packet density is absorbed by the negative
imaginary potential within 24 ps.

The nonadiabatic spin-inversion mechanism can also be understood from the
time-dependent population on each spin-multiplicity state, which corresponds to |ci(t)[? (i

= 1-16). Figure 7 shows the 16 population values plotted as a function of time for the
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wave packet dynamics presented in Figures 5 and 6. The i = 1 population curve (singlet,
S =Ms =0), which is initially zero, shows a maximum (~0.03) at t = 0.5 ps. The population
curve (i = 3, triplet with Ms = 0) shows a dip at t = 0.5 ps. This mirror image indicates
that spin-inversion from one of the triplet states to the singlet state occurs around this
time. The detailed wave packet analyses show that this behavior corresponds to the first
passage dynamics around the singlet-triplet crossing region. Thus, the spin-inversion in
O2 binding to heme is an ultrafast spin-inversion process. The populations for other states
are almost constant up to t = 1 ps, although small nonadiabatic transitions are visible for
the triplet states with Ms = +1. The change in nonadiabatic transitions for the quintet and
septet states are even smaller. These results are consistent with the magnitude of SOCs
shown in Figure 4. After t = 1 ps, all the populations gradually decay due to the absorption
of the wave packet density through the negative imaginary potential in the edge region.
Based on the results presented in Figure 7, the quintet and septet states are
essentially spectator states and can be safely ignored in wave packet dynamics. Therefore,
we can reduce the 16-spin state dynamics to the 4-spin state dynamics, which includes
only the singlet and three triplet states. This simplification substantially reduces
computational time and we perform the 4-spin state dynamics calculations using many
different initial conditions. The nonadiabatic dynamics do not depend strongly on the
choice of the Gaussian width parameters and the initial wave packet position parameters.
Instead, the initial average collision energy affects the results. Representative results are
shown in Figure 8, where we plot the diabatic population evolutions calculated at four
average collision energies (E = 0.0544, 0.136, 0.218, and 0.272 eV). In all cases, the initial
wave packet is placed on the triplet states with an equal diabatic population (c1 = 0 and
C2 =3 =C4 = 1/3). The result presented in Figure 8(b) is similar to that in Figure 7 (except
for the absolute values), indicating that including the quintet and septet states does not
affect the nonadiabatic dynamics. With increase in average collision energy, the earlier
the time at which the nonadiabatic transition occurs. The population decay due to the
negative imaginary absorption also occurs at an earlier time as the collision energy
increases. These results are quite reasonable. More importantly, the nonadiabatic

transition probability slightly increases as the average collision energy increases. This
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behavior can be understood from the increase in the peak value of the population for S =
Ms = 0. However, we emphasize that the present wave packet dynamics calculation
cannot yield an accurate transition probability at a specific collision energy because the
flux analyses cannot be applied. Such an analysis is possible if the interaction between
the adiabatic states is completely ignored such as asymptotic states. In fact, the dynamics
is a totally inelastic process and the incoming wave packets, which are initially located
on the triplet states, finally dissociate into FePorlm + O in the triplet states again because
the asymptotic singlet production is energetically forbidden at low energy (see Figure 2).

In the multidimensional inelastic scattering case, we cannot obtain accurate
probabilities for the singlet state production from the wave packet calculations.
Nevertheless, it may be important to compare the results of the wave packet calculations
with the well-known two-state Landau-Zener model. To estimate these probabilities
roughly, we first perform the 4-spin state wave packet dynamics with a different initial
wave packet population so that the initial wave packet population is only in the lowest
adiabatic state in the asymptotic region (Figure 2(b)). This adiabatic population can be
easily transformed into the spin diabatic populations using the eigenvectors of the (4 x 4)
Hamiltonian matrix. In this case, the contribution of the triplet states with Ms = +1 is
essentially zero and only the nonadiabatic transition between the singlet and Ms = 0 triplet
states is visible. The wave packet calculations are performed at four average collision
energy values. The time-dependent populations in the two adiabatic states are plotted in
Figure 9(a) as a function of time. The sum of these two adiabatic populations becomes
almost unity (before the population decay starts), indicating that the dynamics can be
indeed described by the two-state model (evolution of the adiabatic wave packets are also
shown in Figures S5 and S6 of Supporting Information). Interestingly, we can see the
plateau region of the adiabatic populations just after the first passage of the crossing
region. For example, in the case of E = 0.136 eV, the two adiabatic population curves are
found to be almost flat in the range of t = 0.55-0.75 ps. This behavior strongly suggests
that these adiabatic populations are corresponding to the single-passage transition
probabilities between the two states. We can also see a slight increase in the populations

on the lowest adiabatic states for E = 0.0544 and 0.136 eV. After this, the populations are
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seen to decay due to the wave packet absorption. This phenomenon suggests that the
transition from the singlet to triplet states occurs before the dissociation into FePorim +
O.. From these considerations, we can roughly estimate the singlet-triplet transition
probabilities after the first passage of the crossing region from the observed plateau
regions.

We can also roughly estimate the singlet production probabilities from the
diabatic populations on the S = Ms = 0 state, which are plotted in Figure 9(b) as a function
of time. The results in Figure 9(b) are similar to the results presented in Figure 8 except
for the absolute value (by a factor of ~3). The population peak approximately corresponds
to the first wave packet passage around the crossing region. We estimate the transition
probability by averaging the diabatic population values in the flat region seen in the
adiabatic population curve mentioned above. In this case, we have subtracted the small
average initial population due to the coupling. The results of these two (adiabatic and
diabatic) analyses are presented in Figure 9(c). It is interesting note that the two analyses
yield similar probabilities except for the lowest average energy. Also shown in Figure 9(c)
is the transition probability calculated using the time-independent R-matrix propagation
method,®” where the one-dimensional singlet and triplet potential energy curves along
with the SOCs are used (Figures 2 and 4). In this case, the transition probability can be
calculated by terminating at R = 1.8 A, which converts an inelastic scattering problem
into a reactive scattering problem (single passage scattering case since the asymptotic
analysis is applied at R = 1.8 A). The one-dimensional result shows an expected feature
of the standard Landau—-Zener model.[®-81 One important conclusion is that the one-
dimensional result is smaller than the wave packet result by a factor of 2—4, although our
probability estimation procedures are approximate. Nevertheless, similar findings have
been reported in recent theoretical studies using ab initio multiple spawning calculations
of the spin-inversion dynamics of the GeH. and SiH- systems.®*-1 Our group has more
recently found a similar trend in the study of the 3Fe(CO)s + Hz — FeH2(CO)4 spin-
inversion reaction.[®? These theoretical studies along with the present study indicate that
coupling between the nonadiabatic spin-inversion motion and other nuclear motions plays

an essential role leading to multidimensional nonlocal transitions. Thus, we qualitatively
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conclude that the multidimensional and nuclear quantum effects play an important role in
spin-inversion processes for polyatomic systems although more systematic dynamics
studies should be performed to understand the effect of missing nuclear degrees of

freedom.

4. Conclusions and future directions

Understanding detailed spin-inversion mechanisms in Oz binding to heme is a long-
standing issue in biochemistry. In this work, we performed reduced-dimensionality
nonadiabatic quantum wave packet calculations using a model heme compound, which
consisted of Fe(ll)-porphyrin and imidazole. Although we considered only three nuclear
degrees of freedom and only the lowest spin-multiplicity states, we obtained a reasonable
picture of the spin-inversion mechanism. The spin-inversion between the singlet state (S
= 0) and one of the triplet spin states (S = 1 and Ms = 0) was important due to large SOCs
and the other spin states with Ms = +1 did not contribute substantially to the nonadiabatic
spin-inversion dynamics. Because the spin inversion occurred mainly in a shorter Fe-O
distance region of the potential energy surfaces, we concluded that the narrow crossing
region model played a more important role than the broad crossing region model within
the present reduced-dimensional model. However, we emphasize that this conclusion was
derived from the reduced-dimensionality model. It is possible that the SOCs between
higher spin-multiplicity states such quintet and septet states may be large in different
potential energy surface regions, which we did not consider in this study. In addition to
this, the inclusion of more nuclear degrees of freedom in the dynamics may change the
nonadiabatic mechanism due to the efficiency change of vibrational energy redistribution.
More importantly, it should be emphasized that spin-orbit couplings are not always
dominant interactions in intersystem crossing phenomena. Recently, even if spin-orbit
couplings are small, spin-vibronic interactions, which are corresponding to the second-
order terms simultaneously containing spin-orbit and vibronic couplings,® 41 can play a

very important role in the nonadiabatic intersystem crossing dynamics. In fact, it is found
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that the spin-vibronic effect is significant in the intersystem crossing in thermally
activated delayed fluorescence processes for Cu complexes.[621 All these points should be
addressed in the future to fully understand the nonadiabatic dynamics in O»-binding to

heme.
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Figure 1
(a) Structure of porphyrin moiety including imidazole and Oz. (b) Definition of the three

active coordinates (R, 6, d) used in wave packet dynamics.
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Figure 2

(a) One-dimensional potential energy curves of FePorlm-O in the singlet, triplet, quintet,
and septet states as a function of R. (b) One-dimensional adiabatic potential energy curves
for 16 spin states including spin-orbit couplings. The inset shows the enlarged plot in the
asymptotic region. In both cases, the other two structural parameters, 8 and d, are fully

optimized with respect to energy.
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Figure 3

Two-dimensional contour plots of the singlet, triplet, quintet, and septet potential energy
surfaces for the FePorlm-O2 model as a function of (R, &) with three values of d. The
contour increment is 0.05 eV. Zero contours are shown by bold black lines. Dotted and
solid thin contours indicate negative and positive contours, respectively. Bold red, green,
and blue lines correspond to singlet-triplet, triplet-quintet, and quintet-septet crossing

seams, respectively.
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Spin-orbit couplings plotted as a function of Fe-O (=R + d) distance. The coupling values

are calculated at the state-averaged CASSCF (8, 70)/def2-TZVP level.
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Figure 5

Snapshots of the wave packet probability densities plotted as a function of (R, ) at an
average collision energy of E = 0.123 eV (0.005 au) eV. For the triplet, quintet, and septet
states, the corresponding probability density is summed over all Ms contributions. The
initial wave packet parameters are (Ro, €, do, ar, ag, aq) = (6.35 A, 120°, 0.16 A, 0.2 au,
6,0 au, 30.0 au) (see Eq. (7)).
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Figure 6

Snapshots of the wave packet probability densities plotted as a function of (R, d) at an
average collision energy of E = 0.123 eV (0.005 au) eV. For the triplet, quintet, and septet
states, the corresponding probability density is summed over all Ms contributions. The
initial wave packet parameters are (Ro, &, do, ar, as, aq) = (6.35 A, 120°, 0.16 A, 0.2 au,
6,0 au, 30.0 au) (see Eq. (7)).
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Figure 7
Time evolution of the wave packet population on the spin diabatic state obtained from the
16-spin state nonadiabatic calculations. The initial diabatic populations are setto ¢c1 =0

and c¢i = 1/15 (i = 2-16). The inset shows the enlarged plot.
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Time evolution of the wave packet population on the spin diabatic state obtained from the

four-spin state nonadiabatic calculations. The initial diabatic populations were set to ¢ =

0and ci=1/3 (i = 2-4).
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Figure 9

(@) Time evolution of the wave packet populations on the two spin adiabatic states
obtained from the four-spin state nonadiabatic calculations, where the initial population
on the lowest adiabatic state was set to unity. The calculations are done at four collision
energies. (b) Time evolution of populations on the singlet (S = Ms = 0) and triplet (S =1
and Ms = 0) diabatic states. (c) Comparison of singlet production probabilities as a
function of collision energy. Open and closes circles are from the adiabatic and diabatic
analyses of the 3D wave packet calculations, respectively. Solid line is corresponding to

the one-dimensional result (see text).
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