HOKKAIDO UNIVERSITY

Title A DFT and multi-configurational perturbation theory study on 0-2 binding to a model heme
compound via the spin-change barrier

Author (s) Kitagawa, Y.; Chen, Y.; Nakatani, Naoki et al.

Physical chemistry chemical physics, 18(27), 18137-18144

Citation https://doi.org/10. 1039/c6cp02329K

Issue Date 2016-07-21
Doc URL https://hdl. handle.net/2115/66640
Type journal article
File Information MS3a R1. pdf

Hokkaido University Collection of Scholarly and Academic Papers : HUSCAP




Journal Name

CHEMISTRY

A DFT and Multi-configurational Perturbation Theory Study on O,
Binding to a Model Heme Compound via the Spin-change Barrier

Received 00th January 20xx,

Accepted 00th January 20xx
DOI: 10.1039/x0xx00000x

www.rsc.org/

Y. Kitagawa,” Y. Chen,” N. Nakatani,® A. Nakayama® and J. Hasegawa™”"

Dioxygen binding to a model heme compound via intersystem crossing (ISC) was investigated with multi-state multi-
configurational self-consistent field with second-order perturbation theory (MS-CASPT2) and density functional theory
(DFT) calculations. In elongated Fe-O distances, the energy levels of the So and T; states are separated, which decreases
the probability of intersystem crossing in these structures. At the DFT(B97D) level of calculation, the Fe-O distances of the
Soand Ty states were 1.91 and 2.92 A, respectively. Minimum energy intersystem crossing point (MEISCP) was located as a
transition state at Fe-O distance of 2.17 A with the energy barrier of 1.0 kcal/mol from T, minimum. The result was verified
with MS-CASPT2 calculations including spin-orbit interaction which also showed the intersystem crossing point at Fe-O
distance of 2.05 A. An energy decomposition analysis on the reaction coordinate showed the important contribution of the
ring-shrinking mode of the porphyrin ring, indicating that the reaction coordinates which control the relative energy level

of the spin-states play

1. Introduction

Dioxygen (O,) binding to hemoglobin and myoglobin is one
of the most important molecular processes of the living
animals. The electronic structure of the Fe-O, bonding has
been studied for many decades (see review articles, for
example references ' and ?). As pointed out in 1936 by
Pauling,3 the electronic ground-state of heme in the O,-free
form (deoxyheme) is quintet spin state, while that of the O,-
attached form (oxyheme) is singlet state. The O, binding
process, therefore, involves intersystem crossing (ISC). Among

several phases in the O, binding observed by the
experiments,“'6 we focus on the fast O, binding process.
Deoxyheme (S=2) + O, (S=1) — Oxyheme (S=0) (1)

Even though there are a number of studies on the nature
of the Fe-0, bondingz‘ 3718 |ess number of papers reported
potential energy surface of the O, binding.14’ 72 n these
reports, two kinds of ISC mechanisms were discussed. The first
one is so-called broad-crossing mechanism."”™*° According to
the Density Functional Theory (DFT) calculations, potential
energies of oxyheme in singlet, triplet, and quintet states are
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a key role in the intersystem crossing.

nearly degenerate, and their slopes are similar at large Fe-O,
distances (more than 3 A). On the basis of Landau-Zener
equation, these features of the potential energy surfaces
enhance 1SC.*® However, this mechanism, which is based on
the near degeneracy in the long Fe-O distances, is inconsistent
with the stability of the quintet state in deoxyheme. As
reported elsewhere, the relative energy between spin states
depends on the exchange-correlation functional adopted in
the DFT calculation.””*®

The second mechanism states that the singlet-triplet
crossing point becomes a transition state (TS) in the O, binding
process. The energy barrier to cross a TS of this type was
termed as ”spin-change barrier”* and ”two-state-reactivity”.zs‘
% Novoa et al. reported CASPT2 calculations for the Fe(O,)-
Porphyrin-Imidazole system. The singlet-state structures,
which were optimized with DFT(BP86), were used for the
single-point CASPT2 calculations for both singlet and triplet
states.™ Calculated 0, binding energy was 14.9 kcal/mol,
which reasonably agrees with the experimental observation.”’
They found a van der Waals (vdW) minimum at Fe-O distance
of 2.6 A in the triplet-state surface. To reach S, minimum, the
triplet potential curve has to go through an ISC point between
the triplet and singlet states, (Tl/So)'SC, at the Fe-O distance of
1.9 A. In our previous study, we performed B3LYP calculations
to draw two-dimensional potential surface, and showed that
the spin-change barrier creates a transition state.”®

Another point of interest is the reaction coordinate of the
spin-crossing reactions, particularly for the spin-barrier case. In
a single adiabatic potential surface, a transition state arises
from the intersection of two diabatic states. Many of the
elementary processes are described with a single reaction
coordinate such as a bond length. On the other hand, a
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transition state of the ISC is defined by the relative energy of
two different spin states. Therefore, an elementary reaction
step could involve two reaction coordinates; one for the bond
formation and the other for the relative energy between the
two spin states. This fact enhances the importance to locate
the transition state of the intersystem crossing to understand
the detail of the reaction mechanism as recognized in
pioneering studies.”® *®

In the present study, we revisited potential energy surface
of the O, binding at a model Heme compound, Fe”-porphyrin-
imidazole, using the density-functional theory (DFT) and
restricted active space second-order perturbation theoretical
(RASPT2) method. After computational details are described in
the next section, RASPT2 potential energy curves for the
singlet and triplet states are explained in the third section.
With the B97D** !
we optimized the structure of the lowest energy spin state at a
given structure. The RASPT2 calculations followed, and the
result showed that the intersection of the singlet and triplet
surfaces produces an energy barrier, so-called spin-change
barrier, at the structure closer to the O, binding equilibrium
than those indicated by the broad-crossing mechanism. In the
fifth section, potential energy surfaces in one- and two-

functional that includes vdW interactions,

dimensional surfaces were investigated. A minimum energy
intersystem crossing point (MEISCP)
confirmed to be a transition state in this spin-changing

was located and
reaction. Before the conclusion is given, we show the result of
an energy-decomposition investigating the
reaction coordinate that effectively connects the T; minimum

to the MEISCP.

analysis for

2. Computational details

A computational model of oxyheme (FeC,3N,O,H;6) is
composed of iron(ll) porphyrin (FeC,oN4sH;,) with imidazole
(C3N,H,) ligand as shown in Figure 1. Hereafter, the structures
of oxyheme and deoxyheme are also denoted as Fe(O,)Porim
and FePorlm, respectively.

O

R

N\Fle/N_id_

Figure 1 Computational model of oxyheme, the Fe(O,)Porim complex. “R” and “d”

Q

denote the Fe-O distance and out-of-displacement of Fe atom. The latter was defined
as distance between Fe and the mass-centre of four N atoms.

Applicability of the exchange-correlation functionals in the
DFT calculations was examined before the structural
optimization. Because the Fe-O distance in the singlet and
triplet states is similar to that reported in the previous CASPT2
result,14 B97D functional was adopted. For the results, see
Figure S1 in Electronic Supplementary Information (ESI). Our
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result is corroborated by a previous report in which the B97D
showed a fine performance in calculating 3d transition metal
(:omplexes.31 The basis sets used for the optimization was
Stuttgart/Dresden (SDD) sets of the effective-core potential
and valence basis sets for Fe,32 the 6-311+G* sets for the O
and N atoms,33 6-311G* for the C atoms,33 6-31G** for the H
atoms.* The basis sets used for the RASPT2 calculation were
ANORCC® *® sets, 6s5p4d3f2g for Fe, 4s3p2d for O and N,
3s2pid for C, and 2s for H atoms. In the RASPT2 calculations,
we first obtained state-averaged(SA)-(10e,130)-CASSCF in
which three singlet states and three triplet states were equally
weighted. The CASSCF active orbitals were composed of five
3d orbitals of Fe and their double-shell counterpart, a set of
oxygen anti-bonding m orbitals, w] and j and one 2pc type
orbitals of the N atoms in porphyrin. These CASSCF orbitals
were used for the (26e, 220)-RASPT2 calculations. In the
RASPT2 calculations, the active space was as follows. For the
RAS1 space, where two electrons were taken out, we adopted
3s, 3p orbitals of Fe, 2po and 2pmnt bonding orbitals of oxygen,
one 2po type orbitals of the N atoms in porphyrin, one 2poc
type orbitals of the N atoms in imidazole. For the RAS2 space,
five 3d orbitals of Fe and a set of oxygen anti-bonding m
orbitals were adopted. For the RAS3 space, to which two
electrons were promoted, we adopted five double-shell
counterpart of Fe 3d orbitals, and anti-bonding 2po* orbitals
of oxygen. In this RAS step, RAS Self-Consistent Field
calculation was approximated by RAS Configuration Interaction
calculation because the orbitals were optimized once in the
SA-(10e,130)-CASSCF step. For the PT2 calculations, imaginary
shift® of 0.1 au was applied.

We also performed MS-(14e, 100)-CASPT2 calculations to
confirm the steepest-descent-type IRC calculation with the
B97D functional. ANO-RCC basis sets were used: 6s5p3d1f for
Fe, 3s2pld for O, 3s2pld for N, 2s for H, 3s2p for other C and
N. The active space was composed of 3d,(2_y2 and its double-
shell counterpart, 3d,,, 3d,,, 3d 3d22, bonding and anti-
bonding m orbitals of O,.

MEISCP between the spin states was determined by using
an in-house program package developed by Nakayama et al.®
A constraint optimization method developed by Martinez and
co-workers® was used.

The DFT calculations were performed with Gaussian09
package,40 and the CASSCF and RASPT2 calculations were with
MOLPRO*"** and MOLCAS*® programs.

yzr Xy’

3. RASPT2 potential curve for the O, binding

For each ground state in the singlet and triple spin
multiplicity, relaxed potential energy scan calculations were
performed with fixed Fe-O distances at the B97D levels. Single-
point RASPT2 calculations were performed at the B97D
optimized structures. The result is qualitatively the same as
the previous CASPT2 calculation'® as shown in Figure 2. At the
long Fe-O distances, the ground-state spin-multiplicity is triplet,
and the single-triplet energy gap was about 16 kcal/mol at 2.9
A. The triplet-state curve has the lowest energy point at 2.4 A.

This journal is © The Royal Society of Chemistry 20xx
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At shorter Fe-O distances, the singlet-triplet gap shrinks
rapidly and becomes about 8 kcal/mol at 2.1 A. The T;@T, and
So@T; lines finally cross each other at 1.9-2.0 A. For Fe-O
distances shorter than 2.0 A, the structures were switched to
the singlet-optimized one. The singlet-state potential curve has
an energy minimum at 1.9 A, while the triple-state one
monotonically increases in this region. In these potential
curves, activation energy for the Fe-O bond formation is
estimated about 7 kcal/mol. Even though the structure is
based on DFT calculations, it is reasonable to consider that ISC
occurs in this region with a certain amount of activation
energy. This means that our present calculations support the
spin-change barrier mechanism rather than the broad crossing
mechanism. Therefore, we extend our discussion on the
potential energy surface on the basis of the spin-change
barrier mechanism in the following sections.

In the previous CASPT2 calculation, the energy minimum of
the triplet state is by 2 kcal/mol lower than that of the singlet
one.*® In our present CASPT2 calculation, the energies of the
singlet and triplet states are almost degenerate. The protein
environment effect could stabilize the singlet state more than
triplet state as stated previously.2

S 200
% 180 a =
S 160 ' :
S 140 A —— S,@S,
& cemes T,@S,
5 120 =
2 a - T,.@T,
& 100 A A
T 40 '\R_ s S@T,
S 6o & A
g 4.0 P
o &
._% 2.0 ,%74
°
0] ; >~ ; )
2 0.0
1.5 2.0 2.5 3.0 3.5

Fe-O distance /A

Figure 2. RASPT2 potential energy curves for the O, binding to the FePorlm complex.
The “Se@Sy” and “T;@S,” lines respectively denote the single-point calculation for
singlet and triplet states at the singlet optimized structure. The “So@T,” and “T;@T,”
respectively denote the single-point calculations for singlet and triplet states at the
triplet optimized structure.

4. Electronic structures of the singlet and triplet
states

Electronic structure of the present CASSCF wave functions
is explained very briefly. For a comprehensive explanation,
. . 2,13,15, 17, 44, 45 . .
please see previous studies. As in the previous
studies, the ground state of Fe(O,)Porlm obtained in the
present study is a mixed Pauling and Weiss model. The most
important component that has the largest weight is

(7 + dp2)* D) (day) (dyz) () (dyz_y2) (70 — d2)°.

Numbers in superscript are the occupation number In Figure
3a, some important MOs from SA-CASSCF calculation were
given. The doubly occupied MO with the (nﬁ‘ + dzz) character
indicates the Pauling’s component in the bonding. The ] and
d,, orbitals are singly occupied, and the d,, orbital has some

This journal is © The Royal Society of Chemistry 20xx
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1] component. This indicate singlet coupling between these
MOs, are the Weiss’s component.z’ 1594 The later component,
if the m] and d,, MOs are represented by delocalized
(71:1 + dyz) and (71'1 - dyz) MOs, the electronic structure is
described with the linear combination of the (rri +
dy,) (7t —dy,)" and (7} + dy,)° (1 — dy,) " 225

(a) SA-CAS MOs at the Sy minimum structure
”l:+dzl ! ”1 ! dx)' ! dﬂ !

d

xz

(b) SA-CAS MOs at the T, minimum structure

7 +d; \! 2 lI E,, I [l d, l k!
!!z \l x2—y? \\ =

Figure 3 SA-CASSCF MOs at (a)Sp and (b) T, energy minimum structures.

For the electronic structure of the T, state at the T,-energy
minimum, one of the most important components is as follows.

(mf + dp2) @) (dy)' (dy) ' (de)?(dyo_y) (i — dj2)".

Compared with the determinant in the S, one, one-electron at
the dy,, MO is promoted to dxz_yz with spin flip. The second
important determinant includes 2 electron promotion from
(m; +d,2) MO to (mj —d,2) MO. The o bonding by the
Pauling configurations were, therefore, weakened because of
the elongated Fe-O distance at the T; minimum.

5. Potential energy surface and minimum energy
intersystem crossing point by DFT calculations

Here, we discuss potential energy surface calculated by
DFT with the B97D functional. We also explain the molecular
structure at the MEISC point that corresponds transition state
in adiabatic reactions. The B97D calculated potential curves
are shown in Figure 4. For each Fe-O distance, other structural
parameters were optimized.

In the dissociation limit, the triplet state (T,@T;) is lower
than the singlet state at the triplet-optimized geometry
(So@T;) by 9 kcal/mol and at the singlet-optimized geometry
(So@S,) by 5 kcal/mol. These data correspond to the relative
energy of spin states in deoxyheme, and the result agrees
reasonably well with the previous CASPT2 level calculation.*
% As seen in Figure 4, the triplet ground state has an energy

J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins




Please do not adjust margins

ARTICLE

minimum at Fe-O of 2.917 A. At the T; minimum geometry, the
lowest singlet state (So@T;) is still higher than the T, state by 8
kcal/mol. As seen in Figure 2, the present RASPT2 calculations
at the T; minimum gave the energy difference of about 13
kcal/mol which is by about 5 kcal/mol larger than the B97D
one. At shorter Fe-O distances, the gap between the singlet
and triplet states decreases rapidly and becomes zero at the
Fe-O distance of 2.0 A. This ISC point is by 2 kcal/mol higher
than the T; minimum structure.

20.0
180 4 A.‘ —e— S,@S, cenees T,@S0
) p —— Ti@T; o §@Ty
< 16.0 *4';-‘. T,@T, X  (Sy/T)MEISCP a
14.0 -—k‘h (To/TyMECP a
12.0 s e
100 \ A__. _— &t 6

Relative potential energy / kcalsmol-!

Fe-O distance /A

Figure 4 Result of the B97D scan calculations for O, binding to FePorlm complex.
“X@Sy”, “X@T,”, and “X@T,” (X=So, T1, and T,) denote that the structure is optimized
for the Sy, Ty, and T, states, respectively. “(SolTl)ME'SCP” and “(TZ/TI)MECP” denote the

MEISC point and the minimum energy crossing point (MECP), respectively.

On the other hand, the singlet ground state has an energy
minimum at the Fe-O distance of 1.907 A, which is by 2
kcal/mol lower than the T; minimum. The calculated O,
binding energy is about 6 kcal/mol which is in qualitative
agreement with the experimental data of 10.1 kcal/mol
(corrected value45). We also note that there is another low
lying triplet state (T, in Figure 4). The electronic structure is
unpaired electrons at the (7} + d,,) and (7} — d,,,;) MOs.

As it is well known, the two hypersurfaces intersect as a
seam of crossing. There is a minimum energy point along the
seam. Even though the singlet and triplet states crosses at Fe-
O of 2.0 A in Figure 4, this is not necessarily the MEISCP.
Optimizing the structure on the crossing seam, we found the
MEISCP at the longer Fe-O distance (2.17 A). This structure is a
transition state of O, bonding via the spin barrier. The
activation energy was calculated to be just 1.0 kcal/mol. As
shown later, energy surface of the singlet state rapidly
decreases towards the singlet energy minimum structure in
this structures.

We also located a T;/T, minimum energy crossing point
(MECP) at Fe-O distance at 2.0 A. This MECP is by 3.5 kcal/mol
higher than the T; minimum. Concerning the O, binding
reaction pathway, the (So/T;) MEISCP, which is lower than the
(T,/T1) MECP, is expected to be a preferable pathway.

Figure 5 (a, b) shows two-dimensional potential curves for
the O, binding via ISC at the B97D level. In Figure 5(a), the
reaction pathway from dissociation limit to the ISC was
calculated with the Fe-O distance as reaction coordinate. T,
state has the energy minimum at 2.92 A. The O, binding
energy is 3.87 kcal/mol. At the shorter Fe-O distances less than
2.0 A, the energy of the T, state raises rapidly and reaches the
ISC point at the Fe-O distance of 1.975 A. The activation energy

4| J. Name., 2012, 00, 1-3
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to reach the ISC is 2.28 kcal/mol from the T; minimum. After
the ISC, the energy of oxyheme in the S, state monotonically
decreases along the steepest decent pathway. The energy
minimum was located at the Fe-O distance of 1.907 A.
Therefore, along the pathway, the ISC point does not appear
until the Fe-O distance becomes close to that of the S,
minimum.

S,@T.
a o0& 11
(a) Ere = 15.4 keal/mol | N
14.0
< 120 ISC point (S,/T,)
2 E,=4.4 kcal/mol
£ <
- R=198A,d=-002A
S 10.0 T,@T,
~ Ere = 6.0 keal/mol
< R=wA, d=023A
>
& 8.0 .
o T, mininum
S E,o = 2.1 keal/mol
v 6.0 R=2.92A,d=0.20A
.E
©
TN S S
o

" Reeo/ A

' So mininum
E,¢ = 0.0 keal/mol
R=191A,d=-0.04 A

(b) So@T
E?el = :115.4 keal/mol |

Juy
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o

-
o
o

T,@T,
E,o = 6.0 keal/mol
R=wA, d=023A
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o
o

Relative energy / kcal*mol*
o
o

' Reeo/ A
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E,e = 0.0 kcal/mol
R=1.91A,d=-004 A

Figure 5. Two dimensional potential energy curves for O, binding calculated at the
B97D level. (a) Intersystem crossing pathway along the Fe-O fixed coordinate and (b)
that via the MEISCP. Triangle denotes that the calculations were performed with fixed
Fe-O distances. Filled triangles denote that the structure was optimized with this triplet
state, while open triangles denote single-point energy. Filled circles denote that the
steepest decent reaction pathway on the S, surface starting with the ISC point, while
open circles denote single-point calculations.

Figure 5(b) shows a reaction pathway through the MEISCP
that was located just above 1.02 kcal/mol from the T; energy
minimum. The MEISCP is a transition state of the spin crossing

This journal is © The Royal Society of Chemistry 20xx
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reaction pathway. This activation energy is by 1.26 kcal/mol
smaller than that of the ISC pathway. The Fe-O distance is
2.167 A, which is about 0.2 A longer than that of the ISC point
as seen in Figure 5(a). From the MEISCP, so-called meta-
Intrinsic Reaction Coordinate (mIRC) calculations were
performed toward the Sy minimum. Along the pathway after
the MEISCP, the energy of the S, state monotonically
decreases and reaches to the energy minimum along the
steepest decent pathway. Structure changes after passing the
MEISCP are mainly in the Fe-O, distance, and the Fe ion is
already in the porphyrin plain at the MEISCP.

There are some comments that DFT calculations for the
transition metal should use hybrid exchange-correlation
functional.”® We also performed the same calculations for the
two dimensional surfaces with the B3LYP functional (see Figure
S2 in Sl). The result was similar to that obtained with the B97D
functional. The T; minimum was located at the Fe-O, distance
of 3.03 A, which was about 0.1 A longer than that obtained
with B97D. The barrier height to the ISC point and MEISCP
were 4.06 and 2.42 kcal/mol, respectively, which are again
qualitatively similar to the B97D result. The MEISCP was
located at Fe-O, distance of 2.78 A, which is by 0.6 A longer
than that with the B97D result.

(a) MS CASPT2
25.0

—e—35;
—a—S;
—>—3S,

N
o
=]

10.0

v
=]

Relative potential energy / kcal*mol*
3
o

1.90 1.95 2.00 205 2.10 2.15 2.20

Fe-
(b) Spin-Orbitinteraction (absolute value)

5

—o— 54(M,=0)-T,(M,=0)
—8— 5¢(M;=0)-Ty(M=% 1)

SO cuopling / cm?
8
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(c) SO states Fe-0/A
<+ 140
S —8— SO state 1 (Ground state)

—8— SO state 2
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80 —a— SO state 4
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Relative potential energy / kcal*mo
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Fe-0/A

Figure 8 (a) MS-CASPT2 potential energy curves around the MEISCP between the
lowest singlet and triplet states. (b) Magnitude of the spin-orbit interaction between
the lowest singlet and triplet states around the MEISCP. (c) Eigenstates of the SO
Hamiltonian described with the MS-CASPT2 states.

This journal is © The Royal Society of Chemistry 20xx

There are also discussion about the dispersion effect on
the O, binding energy. In previous study,23 the empirical
dispersion effect®® was examined for the B3LYP and B3LYP*
functionals. In their result, the binding energy increased by 7.7
kcal/mol for both two functionals. In the present case, the
B97D result was compared with the B971,47 because the B97
was not available right now. The B971 case, the binding energy
was 5.3 kcal/mol, which is 0.7 kcal/mol less than the B97D case.
The experimental binding energy was reported to be 10.2
kcal/mol and 12.3 kcal/mol,23 and the dispersion treatment
modified the binding energy to the correct direction. For the T;
minimum, the B971 binding energy was 3.6 kcal/mol, which is
by 0.3 kcal/mol less than the B97D one. This also shows the
same trend.

To verify the DFT description of the O, binding pathway,
single-point calculations with the MS-CASPT2 method were
performed at structures around the MEISCP. The procedure is
as follows. We first performed mIRC calculation at the B97D
level starting from the MEISCP. To the directions toward T, and
Sg minimum, triplet and singlet calculations were performed,
respectively. Single-point calculations were performed at the
MS-CASPT2 level. The results of 7 points are shown in Figure
8a. The potential curves of the lowest singlet and triplet states
cross at around Fe-O distance of 2.05 A, which is close to that
of the MEISCP (2.17 A) obtained with B97D. The result
qualitatively supports the O, binding pathway obtained with
B97D and B3LYP calculations. To understand the interactions
between the lowest singlet and triplet states, we calculated
the spin-orbit (SO) coupling. As shown in Figure 8b, calculated
SO coupling was almost constant among the structures along
the reaction pathway. Between the Sy and T, states with M=0,
the SO coupling was about 400 cm™, while that between
singlet (M,=0) and triplet (M,=%1) states were negligibly small.
We also diagonalized SO CAS State Interaction Hamiltonian.*®
49 As shown in Figure 8c, the resultant potential curves show
avoided crossing, and the ISC point becomes a transition state.
From the right to the left of the transition state, the character
of the lowest state changes from triplet-like to singlet-like
state; see Figure 8c. The highest state behaves oppositely. Two
states in the middle are degenerated and composed of triplet
states with M = +1 and -1.

6. Reaction coordinate from T; minimum to
MEISCP

In the previous section, we discussed mIRC pathway from
the MEISCP. Here we introduce another view point. Because
FePorlm initially binds O, at the T; minimum, we consider
vibration at the T; minimum and investigated which normal
mode effectively leads to the MEISCP. In the first step, normal
mode analysis was performed at the T; minimum. In the
second step, the structural changes that occur from the T;
minimum to the MEISCP were expressed by the
combination of the normal mode vectors. Finally, the energy

linear

change due to each normal mode was evaluated. For each

scaled normal mode vector, the changes in the atomic

J. Name., 2013, 00, 1-3 | 5
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coordinates were applied to the T; minimum structure, and
single-point calculation was performed to evaluate the energy
contribution of each component. The analysis was performed
for the B3LYP potential energy surface (Figure S2 in ESI).

The result is shown in Figure 9. The largest component was
the 9-th vector whose coefficient was -0.41. As shown in
Figure 10, the structural change induced by the 9-th mode is
that the Fe atom moves closer to the porphyrin plane, and Fe-
0, becomes shorter. As shown in Figure 9, Even though this is
one of the most significant structure changes from deoxyheme
to oxyheme, this change only stabilizes singlet state by 1 kcal
and destabilizes triplet state by less than 0.5 kcal/mol. The 18-
th component has an expansion coefficient of 0.17, and its
energetic contribution was similar to that of the 9-th
component. This component induces anti-symmetric shrinking
of tetrapyrrole units accompanied by the Fe-O, stretching.

E(So) at Tl,min
6.12

m Triplet ™ Singlet

G## 011 -BOL

-0.11

E(Ty) at Ty
(T2) -zféi"z'" +021 4016 .gga +0.05 +

9 8 18 7 29 (|Coe.| (|Coe.| (|Coe.|
(-0.41) (-0.29) (0.17) (-0.13) (0.12) =0.12) >0.05) >0.01)

Indices for normal mode (contraction coefficients)

Total

Figure 9 Energy changes of the Sy and T; states introduced by structural change from
the T; minimum to the MEISCP. Unit is in kcal/mol. The structural change was
expressed by a linear combination of normal mode vector at the T; minimum. The
upper and lower lines denote the energy levels of the triplet and singlet states at the T,
minimum, respectively. Energy changes of T; and Sy states caused by the structural
change were represented with red and blue bars, respectively. Calculations were
carried out with the B3LYP functional.
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Figure 10 Ninth, eighteenth, and twenty-ninth normal mode at the T; minimum.

One striking feature is the contribution of the 29-th
component. Even though the expansion coefficient is only 0.12,
this mode effectively changes the energy difference between
the Sy and T, states. The energy of the S, state becomes lower
by about 2 kcal/mol, and that of the T, state becomes higher
by about 1 kcal/mol. In particular, the amount of the
stabilization in the S, state is large. As shown in Figure 10, the
structural change by the 29-th component is symmetric
shrinking of tetrapyrrole unit. We note that no explicit change
in the Fe-O, distance was involved. In this sense, this
symmetric shrinking of the tetrapyrroles is one of the most
important reaction coordinates for controlling the relative
energy difference between the singlet and triplet states.

Conclusions

Intersystem crossing pathway of the O, binding to FePorlm
was investigated with the RASPT2 and DFT calculations. The
RASPT2 single-point calculations at the DFT(B97D) optimized
structures were performed. At longer Fe-O distances, the
relative energy of Sy state from T, states was well separated.
The present result indicates that the probability of the ISC at
these structures, namely the broad-crossing mechanism,
would be possible, but not significant.
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The So/T; MEISCP was determined using a constraint
optimization method. The Fe-O distance of the MEISCP was
2.17 A, and Fe atoms are almost on the porphyrin plane. To
the MEISCP from the T, minimum, calculated energy barrier is
1.0 kcal/mol by DFT(B97D) and more than 2 kcal/mol by
RASPT2. Therefore, the crossing point constitutes transition
state of the O, binding, and the spin-change barrier
mechanism is better ascribed than the broad crossing
mechanism. The B3LYP functional also gives the similar result,
but the Fe-O distance of the MEISCP is longer by about 0.6 A.
Single-point MS-CASPT2 calculations were also performed
along the steepest descent reaction pathway calculated by
DFT(B97D). In the MS-CASPT2 result, the Sy and T, states cross
at the Fe-O distance of 2.05 A, which reasonably agrees with
the DFT(B97D) result.

To analyse the reaction coordinate from T; minimum to
the MEISCP, we expand the structure change in terms of the
normal mode at T; minimum structure. In addition to the Fe-O
stretching mode, symmetric shrinking of porphyrin ring
contributes to the structure change. Energy decomposition
analysis was also carried out to figure out energy change
caused by each structure change. It turned out that the
shrinking of the porphyrin ring explains more than 1/3 of
energy change from T; minimum to MEISCP. The result
indicates that even though the reaction is O, binding, reaction
coordinates that control the relative energy plays a key role in
spin-state changing reactions.
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