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The mechanism of light-induced excited spin state trapping (LIESST) of [FeIII (pap)2]+ (pap ) N-2-
pyridylmethylidene-2-hydroxyphenylaminato) was discussed on the basis of potential energy surfaces (PESs)
of several important spin states, where the PESs were evaluated with the DFT(B3LYP) method. The PES of
the quartet spin state crosses those of the doublet and sextet spin states around its minimum. This means that
the spin transition occurs from the quartet spin state to either the doublet spin state or the sextet spin state
around the PES minimum of the quartet spin state. The PES minimum of the sextet spin state is slightly less
stable than that of the doublet spin state by 0.18 eV (4.2 kcal/mol). This small energy difference is favorable
for the LIESST. The doublet-sextet spin crossover point is 0.41 eV (9.6 kcal/mol) above the PES minimum
of the sextet spin state. Because of this considerably large activation barrier, the thermal spin transition and
the tunneling process do not occur easily. In the doublet spin state, the ligand to ligand charge transfer (LLCT)
transition is calculated to be 2.16 eV with the TD-DFT(B3LYP) method, in which theπ orbital of the phenoxy
moiety and theπ* orbital of the imine moiety in the pap ligand participate. This transition energy is moderately
smaller than the visible light of 550 nm used experimentally. In the sextet spin state, the ligand to metal
charge transfer (LMCT) transition is calculated to be at 2.36 eV, which is moderately higher than the visible
light (550 nm). These results indicate that the irradiation of the visible light induces the LIESST to generate
the sextet spin state but the reverse-LIESST is also somewhat induced by the visible light, indicating that the
complete spin conversion from the doublet spin state to the sextet one does not occur, as reported
experimentally.

Introduction

Spin crossover phenomenon induced by photoirradiation,
which is called light-induced excited spin state trapping
(LIESST), was first experimentally reported by Gu¨tlich et al.
in 1984.1 Since then, the LIESST has drawn considerable
interests because it is expected to be utilized for optical
molecular switch.2-7 However, the transition-metal complexes
that exhibit the LIESST have been limited to several iron(II)
complexes.1-5,7-9 To understand well the LIESST and to find
a new LIESST compound, we need the detailed knowledge of
the mechanism of the LIESST.

In general, it is believed that the LIESST occurs through spin-
allowed d-d excitation followed by two steps of intersystem
crossing via the intermediate-spin (IS) state.1c,2-4 For example,
the mechanism of the LIESST of iron(II) complex was proposed
as follows (Scheme 1).1c First, the low-spin (LS) excited state,
either1T1g or 1T2g, is generated from the LS ground state,1A1g,
by photoirradiation. Then, part of the complexes in the LS
excited states decay to the LS ground state through internal
conversion, and the remaining part change to the IS states such
as 3T1g and 3T2g through intersystem crossing. The excited IS
states rapidly decay to the lowest-energy IS state,3T1g, through

internal conversion. Finally, this state converts either to the LS
ground state,1A1g, or to the lowest-energy high-spin (HS) state,
5T2g, through intersystem crossing. Because the intersystem
crossing is involved as important process in the LIESST, it was
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SCHEME 1: Proposed Mechanism of the LIESST in the
d6 Iron(II) Complex
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investigated in detail by several groups.10-13 Also, we must
remember that the LIESST does not occur totally if the lowest-
energy HS state easily converts to the LS ground state through
tunneling process, thermal activation, and/or reverse-
LIESST.4a,6,8,10-13 To suppress the tunneling and thermal
processes, the potential wall for spin transition must be
sufficiently high and wide. In other words, the geometrical
difference between the LS ground state and the lowest-energy
HS state,∆RHL, must be large, and their energy difference,
∆EHL, must be small.8b,11,13b,d

Thus, detailed knowledge of the potential energy surfaces
(PESs) of the LS, HS, and IS states is indispensable to
understand the LIESST mechanism and to synthesize a new
LIESST compound. For instance, following issues should be
theoretically clarified: what excited state is generated by
photoirradiation, whether the excited LS states convert to the
IS states, whether the lowest-energy IS state converts to the LS
ground state or the lowest-energy HS state, and how much easily
(or with difficulty) the thermal spin transition and tunneling
process occur between the LS ground state and the lowest-energy
HS state.

It had been believed for long that iron(II) complexes exhibit
the LIESST because of the large∆RHL value but iron(III)
complexes cannot exhibit it in general because of the small∆RHL

value.2,6,8b,11,13b,dRecently, however, Hayami, Sato, and their
collaborators reported that an iron(III) complex, [FeIII (pap)2]+

(pap) N-2-pyridylmethylidene-2-hydroxyphenylaminato) ex-
hibits the LIESST.6,14 This observation is against the general
understanding that the iron(III) complexes are not useful for
the LIESST.2,6 Thus, it is of considerable interest to investigate
the reason why this iron(III) complex exhibits the LIESST.

To understand the LIESST, many theoretical works of iron-
(II) complexes have been carried out,14-24 and many of them
discussed the relative stabilities of the LS ground state and the
lowest-energy HS state. However, the PESs of the LS, HS, and
IS states have not been evaluated theoretically in spite of their
importance to understand the LIESST. In particular, the PES
of the lowest-energy IS state is very important. One of key
factors is the position of its energy minimum relative to the
PESs of the lowest-energy HS state and the LS ground state.
For instance, to induce the LIESST, the PES minimum of the
lowest-energy IS state should be above the PES of the lowest-
energy HS state, as shown in case 1 and case 2 (Scheme 2). If
not, as shown in case 3 and case 4, the intersystem crossing
from the lowest-energy IS state to the lowest-energy HS state
cannot occur.

In this work, we theoretically investigated geometries and
electronic structures of [FeIII (pap)2]+ by the DFT(B3LYP) and
TD-DFT(B3LYP) methods. Our purposes here are to evaluate
the relative stabilities of the doublet, sextet, and quartet spin
states, to present the PESs of these states, and to clarify the
LIESST mechanism of this iron(III) complex.

Computational Details

Geometry of [FeIII (pap)2]+ was optimized by the DFT method
in the lowest-energy doublet (LS), sextet (HS), and quartet (IS)

spin states, where B3LYP functional25,26was used. The excita-
tion energies of [FeIII (pap)2]+ were evaluated by the TD-DFT-
(B3LYP) method.

In geometry optimization, usual LANL2DZ27 basis set of
double-ú quality was used for Fe, where its core electrons (up
to 2p) were replaced with effective core potentials (ECPs). For
the other atoms, cc-pVDZ28 basis sets were employed. This basis
set system is named BS-I here. Important geometries were
recalculated with better basis sets. For Fe, (5311/5311/311/
1)27,29,30and (7511/6711/411/1)29-31 basis sets were used with
the ECPs of Hay-Wadt and Christiansen groups, respectively,
where these are of double-ú quality for valence s and p electrons
and of triple-ú quality for valence d electrons. A (311111/22111/
411/1)32 basis set of triple-ú quality was also used for Fe with
the ECPs of Stuttgart group. In all these basis sets, one
f-polarization function was added; see Supporting Information
Tables S1 for details of these basis sets. For the other atoms,
either cc-pVDZ or cc-pVTZ28 basis sets were employed;
combination of these basis sets will be shown in Table 2. Also,
B3LYP* functional33 was used to calculate several important
geometries, because this functional well reproduces the energy
splitting of various spin states of Fe(phen)2(NCS)2.17 In this
calculation, the (311111/22111/411/1) basis set with the ECPs
of Stuttgart group and the cc-pVTZ basis sets were employed
for Fe and the other atoms, respectively. In the calculation of
the transition energy with the TD-DFT method, the same basis
set was used for Fe and the cc-pVDZ basis sets were employed
for the other atoms.34

It is not easy to evaluate PESs with appropriate coordinates
which satisfactorily cover the LS, IS, and HS states, because
very complicated geometry changes occur among these states.
Here, we evaluated PESs in an approximate manner using linear
internal coordinates,35 which is similar to linear transit proce-
dure36 as follows: The set of internal coordinates (Ri

A; i ) 1 to
3N - 6, whereN is the number of atoms) in one spin state A
is varied linearly to the set of internal coordinates (Ri

B) in
another spin state B. When the transit takes place inn steps,
the internal coordinate at themth step is determined by adding
the difference∆Ri

m {) m(Ri
B - Ri

A)/n} to Ri
A. This procedure

was previously used to evaluate PESs of reactions of transition-
metal complexes.37,38

Though [FeIII (pap)2]ClO4 exists in molecular crystal,6,14 we
did not consider the influence of such neighbors as counter
anions and the other complexes in the crystal.

All the DFT and TD-DFT calculations were carried out with
Gaussian 03 program package39 and the MRMP2 calculations
were performed with GAMESS program package.40 Molecular
orbitals were drawn with MOLEKEL program package.41

Results and Discussion

Geometries of [FeIII (pap)2]+ in the Doublet, Quartet, and
Sextet Spin States.We optimized geometries of [FeIII (pap)2]+

in the lowest-energy doublet, quartet, and sextet spin states. As

SCHEME 2: Schematic Pictures of PESs of the Low-
Spin (LS), High-Spin (HS), and Intermediate-Spin (IS)
States

TABLE 1: Selected Geometrical Parameters (Bond Lengths
and Their Changes (Å)) of [FeIII (pap)2]+ Optimized with the
B3LYP/BS-I Method

bonds doublet quartet sextet ∆RHL

Fe-O1 1.869 (1.882)a 1.949 1.921 (1.931)a 0.053 (0.049)a

Fe-O2 1.869 (1.883) 1.868 1.921 (1.932) 0.053 (0.049)
Fe-N1 1.934 (1.915) 2.084 2.195 (2.136) 0.261 (0.221)
Fe-N2 1.934 (1.911) 1.963 2.195 (2.105) 0.261 (0.194)
Fe-N3 2.019 (1.993) 2.311 2.252 (2.138) 0.233 (0.145)
Fe-N4 2.019 (1.994) 2.049 2.252 (2.202) 0.233 (0.208)

a Experimental values.14c
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shown in Table 1 (see also Supporting Information Figure S1),
the Fe-O and Fe-N distances of the lowest-energy doublet
spin state agree well with the experimental values.14c It is noted
that the Fe-N3 and Fe-N4 distances are longer than the Fe-
N1 and Fe-N2 distances, where the N1 and N2 atoms are
involved in the imine moiety and the N3 and N4 atoms are in
the pyridine moiety (see Scheme 3 for N1, N2, O1, etc.). One
reason of the longer Fe-N3 and Fe-N4 bonds is the strong
trans-influence effect of the anionic O atom of the phenoxy
moiety.

In this lowest-energy doublet spin state, the d1 orbital on
the O1-O2-N3-N4 plane is singly occupied (see Figure 1(A)
for d1, d2, etc.), because the d1 orbital is destabilized in energy
by the antibonding interaction with the doubly occupied p
orbitals of the O1 and O2 atoms (see Scheme 4); see also
Supporting Information Table S2 for the other doublet spin
states.

In the quartet spin state, the Fe-O1 distance becomes longer
than that of the doublet spin state, while the Fe-O2 distance
is almost the same. The Fe-N1 and Fe-N3 distances are
considerably longer and the Fe-N2 and Fe-N4 distances are
moderately longer than those of the doublet spin state. These
changes are interpreted in terms of occupation of d orbitals
as follows: In the doublet spin state, two eg-like dσ orbitals
are unoccupied, one t2g-like dπ orbital is singly occupied, and
the other two t2g-like dπ orbitals are doubly occupied, as
shown in Figure 1(A). In the quartet spin state, one eg-like dσ
orbital becomes singly occupied while it is unoccupied in
the doublet spin state, and one more t2g-like dπ orbital
becomes singly occupied while it is doubly occupied in the
doublet spin state, as shown in Figure 1(B). Of the two dσ
orbitals, the d4 orbital becomes singly occupied and the d5 orbital
is still unoccupied.42 As a result, the Fe-O1 and Fe-N3

distances are considerably longer in the quartet spin state
than in the doublet spin state, while the Fe-O2 and Fe-N4

distances little change. Though the N1 lone pair orbital does
not form very large antibonding overlap with the d4 orbital,
the Fe-N1 distance is considerably longer in the quartet spin
state than in the doublet spin state. This is interpreted as
follows: The O1 and N3 atoms moderately move toward-x
direction to decrease the antibonding overlap with the d4 orbital
(see Scheme 3 for the coordinates), which induces the Fe-N1

bond lengthening because the N1, N3, and O1 atoms are in the
same pap ligand.

In the sextet spin state, the optimized Fe-O1 and Fe-O2

distances agree well with the experimental values,14c while the
Fe-N1 and Fe-N4 distances are moderately longer and the Fe-
N2 and Fe-N3 distances are considerably longer than the
experimental values, as shown in Table 1. Though the consider-
able discrepancies in the Fe-N2 and Fe-N3 distances between
the optimized and experimental geometries seem to suggest the
geometry optimization is not performed well, our computational
results are considered reasonable as follows: Because all the
five d orbitals are singly occupied in the sextet spin state, the
Fe-N1 and the Fe-N3 distances should be the same as the
Fe-N2 and the Fe-N4 distances, respectively, as shown by the
optimized geometry. On the other hand, the Fe-N3 distance is
much different from the Fe-N4 distance and the Fe-N1 distance
is somewhat different from the Fe-N2 distance in the experi-
mental geometry. It is likely that these bond distances are
considerably influenced by the counteranion and/or the crystal
packing.

All the bond distances are longer in the sextet spin state
than in the doublet spin state; for instance, the Fe-N1 and
Fe-N2 distances are 1.934 Å in the doublet spin state but
2.195 Å in the sextet spin state, and the Fe-N3 and Fe-N4

distances are 2.019 Å in the doublet spin state but 2.252
Å in the sextet spin state. These geometry differences
between the doublet and sextet spin states result from the fact
that eg-like d4 and d5 orbitals are unoccupied in the doublet spin
state but singly occupied in the sextet spin state. Also, the
difference in bond distance between the doublet and sextet spin
states,∆RHL, is similar to the experimental value except for
the Fe-N2 and Fe-N3 bonds.43 It is noted that the averaged
value of∆RHL(Fe-N) is not different very much between the
optimized value (0.247 Å) and the experimental one (0.192
Å).14c

TABLE 2: Relative Energies (eV)a of the Doublet, Quartet, and Sextet Spin States at Various Geometries (see Figures 3
and S2)

functional B3LYP B3LYP*

basis set BS-I BS-II BS-III BS-IV BS-V BS-VI BS-VI

Fe
Hay-Wadt

(341/311/41)
Hay-Wadt

(5311/5311/311/1)
Hay-Wadt

(5311/5311/311/1)
Christiansen

(7511/6711/411/1)
Stuttgart

(311111/22111/411/1)
Stuttgart

(311111/22111/411/1)
Stuttgart

(311111/22111/411/1)

others cc-pVDZ cc-pVDZ cc-pVTZ cc-pVDZ cc-pVDZ cc-pVTZ cc-pVTZ

(A) Geometry of the Doublet Spin State
doublet 0.00 0.00 0.00 0.00 0.00 0.00 0.00
quartet 1.14 1.09 1.05 1.04 1.02 0.99 1.08
sextet 1.58 1.43 1.34 1.34 1.29 1.23 1.44

(B) Geometry of the Quartet Spin State
doublet 0.54 0.56 0.57 0.51 0.51 0.52 0.56
quartet 0.61 0.59 0.57 0.49 0.48 0.48 0.58
sextet 0.73 0.60 0.53 0.46 0.42 0.40 0.62

(C) Geometry of the Sextet Spin State
doublet 1.43 1.48 1.52 1.37 1.36 1.41 1.49
quartet 0.88 1.03 1.12 0.93 0.81 0.90 1.12
sextet 0.18 0.10 0.09 -0.06 -0.10 -0.06 0.15

a The doublet spin state at the optimized geometry was taken to be standard (energy zero).

SCHEME 3: [FeIII (pap)2]+
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In [FeII(pap)2], the similar bond lengthening is induced by
spin state change from the singlet spin state to the quintet spin
state (see Supporting Information Table S3). The bond length-
ening occurs considerably larger in [FeII(pap)2] than in [FeIII -
(pap)2]+ as expected.2,6

In summary, these optimized geometries agree with the
experimental ones in most cases, and the geometry changes
induced by spin transition are consistent with our expectation.
Thus, we will present our discussion based on these optimized
geometries.

Figure 1. The d orbitals of [FeIII (pap)2]+. The π andπ* orbital energies of the pap ligand are between the t2g- and the eg-like orbital energies.
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Potential Energy Surfaces along Geometry Changes from
the Equilibrium One of the Doublet Spin State to That of
the Quartet Spin State.At the equilibrium geometry of the
doublet spin state, the quartet and sextet spin states are 1.14
and 1.58 eV above the doublet spin state, respectively (see Table
2). At the equilibrium geometry of the quartet spin state, the
energy differences among these three states are very small: It
is 0.07 eV between the doublet and quartet spin states and 0.12
eV between the quartet and sextet spin states in the calculation
with the BS-I. In the calculation with better basis sets, these
three states are in almost the same energy, as shown in Table
2 and Figure 3 (see also Figures S2); for example, the above-
mentioned energy differences decrease to 0.02 and 0.04 eV,
respectively, where the DFT(B3LYP*)/BS-VI method was used
(see Table 2 for BS-VI). It is noted that the B3LYP and the
B3LYP* functionals present similar energy differences among
these states.

When the geometry changes from the equilibrium one of the
doublet spin state to that of the quartet spin state, the doublet
spin state becomes higher in energy monotonously, while the
quartet and sextet spin states become lower in energy monoto-
nously, as shown in Figure 3. These energy changes are easily
interpreted in terms of the orbital energy changes. In the
quartet spin state, one eg-like d4 orbital is singly occupied but
it is unoccupied in the doublet spin state (see Figure 1B). This
orbital energy becomes lower through the Fe-O1 and Fe-N3

bond lengthening which is induced by the geometry changes
from the doublet spin state to the quartet spin state (see above),
because the d4 orbital forms antibonding overlaps with the O1

and N3 lone pair orbitals. As a result, the quartet spin state
becomes more stable in energy through these geometry
changes. Also, the sextet spin state becomes more stable in
energy through these geometry changes because of the same
reason.

On the other hand, these geometry changes destabilize
the doublet spin state in energy as follows: The Fe-O1 and
Fe-N3 bond lengthening decreases the bonding overlap of
the eg-like d4 orbital with the O1 and N3 lone pair orbitals.
Because the antibonding d4 orbital is unoccupied and its
bonding counterpart is doubly occupied in the doublet spin
state, the decrease in the bonding overlap weakens the Fe-O1

and Fe-N3 bonds, to destabilize the doublet spin state.

Potential Energy Surfaces along Geometry Changes from
the Equilibrium One of the Quartet Spin State to That of
the Sextet Spin State.At the equilibrium geometry of the sextet
spin state, the doublet spin state is the least stable in energy
and the quartet spin state is the next, as shown in Figure 3 and
Table 2. In the calculations with the BS-I, the PES of the sextet
spin state crosses those of the doublet and quartet spin states at

SCHEME 4

Figure 2. Important molecular orbitals of the pap anion. In parentheses
are Kohn-Sham orbital energies (eV).
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the geometry that slightly shifts toward the equilibrium one of
the sextet spin state from that of the quartet spin state. However,
the calculations with better basis sets clearly show that the PESs
cross each other around the equilibrium geometry of the quartet
spin state (see Figure 3 and Supporting Information Figures S2).

When the geometry changes from the equilibrium one of the
quartet spin state to that of the sextet spin state, the sextet spin
state becomes more stable in energy, while both of the quartet
and doublet spin states become less stable. In these geometry
changes, the Fe-N1, Fe-N2, and Fe-N4 distances considerably
lengthen and the Fe-O2 distance moderately lengthens, while
the Fe-O1 and Fe-N3 distances moderately shorten. The Fe-
O1 and Fe-N3 bond shortening raises the eg-like d4 orbital
energy (see Figure 1(C) for the d4 orbital), but the Fe-O2 and
Fe-N4 bond lengthening lowers the d4 orbital energy. Thus,
the d4 orbital energy does not change very much. On the other
hand, the Fe-N1 and Fe-N2 bond lengthening induces the
energy stabilization of the eg-like d5 orbital. Because these d4

and d5 orbitals are singly occupied, the sextet spin state becomes
more stable through these geometry changes. On the other hand,
the Fe-O2, Fe-N1, Fe-N2, and Fe-N4 bond lengthening
decreases the overlaps of the Fe d orbital with the O2, N1, N2,
and N4 lone pair orbitals, which weakens the Fe-O2, Fe-N1,
Fe-N2, and Fe-N4 bonds. As a result, the doublet spin state
becomes less stable, because the d5 orbital is not occupied but
its bonding counterpart is doubly occupied in this state. Also,
the quartet spin state becomes less stable, because the d5 orbital
is unoccupied in this state like that in the doublet spin state;
note that the d4 orbital is singly occupied in the quartet spin
state but its energy level little changes through the geometry
changes, as discussed above.

Spin Transition from the Quartet Spin State either to the
Sextet Spin State or to the Doublet Spin State.The first step
is generation of the doublet excited-state by photoirradiation.
Part of the complexes in the doublet excited-state decay to the
doublet ground state. The remaining part convert to the quartet
spin state through the intersystem crossing. On the PES of the
quartet spin state, the geometry changes toward the equilibrium
one of the quartet spin state, as shown in Figure 3. The PES of
the quartet spin state crosses that of the sextet spin state around
the PES minimum of the quartet spin state (see Figure 3). Thus,
the intersystem crossing from the quartet spin state to the sextet
spin state takes place around the equilibrium geometry of the
quartet spin state.

The PES of the quartet spin state also crosses that of the
doublet spin state around the PES minimum of the quartet spin
state. This means that the intersystem crossing from the quartet
spin state to the doublet spin state takes place around the
equilibrium geometry of the quartet spin state, too.

The PES minimum of the sextet spin state is slightly less
stable than that of the doublet spin state by 0.18 eV (4.2 kcal/
mol). This result satisfies the requirement that∆EHL should be
small for the LIESST. The doublet-sextet spin crossover point
is 0.41 eV (9.6 kcal/mol) above the PES minimum of the sextet
spin state. This barrier height seems to be enough to suppress
the thermal and tunneling spin conversions between the doublet
and sextet spin states. It is also noted that these PESs satisfy
the condition of case 1, which is necessary for the LIESST (see
Scheme 2).

Excitation Energies of the Doublet and Sextet Spin States.
It is important to clarify what kind of excitation is induced by
photoirradiation. In the doublet spin state, the lowest-energy
excitation isd(t2g) f d(eg) transition, of which transition dipole
is very small, as expected (see Table 3). The second is the ligand
to metal charge transfer (LMCT) transition from theπ orbital44a

of the phenoxy moiety to the Fe center. Though its transition
dipole is considerably large, its transition energy is much smaller
than the visible light of 550 nm used experimentally.14c,d The
third is the ligand to ligand charge transfer (LLCT) transition
in which one electron excitation occurs from theπ orbital44aof
the phenoxy moiety to theπ* orbital44b of the imine moiety in
the pap ligand (see Figure 2 for these orbitals). Its transition
dipole is considerably large. The secondd(t2g) f d(eg) transition
is calculated to be at slightly higher energy than the LLCT
transition. These two transitions are induced by the visible light
of 550 nm. Because of the very small transition dipole of the
d(t2g) f d(eg) transition, the LLCT transition mainly participates
in the LIESST.

Figure 3. PESs of the doublet, quartet, and sextet spin states of [FeIII -
(pap)2]+. (a) The B3LYP/BS-I method. (b) The B3LYP*/BS-VI
method. See Table 2 for BS-I, etc.

TABLE 3: Excitation Energies (eV) and Oscillator
Strengthsa of [FeIII (pap)2]+ in the Doublet Spin State

energies (oscillator strengths) assignments

1.53 (3.0× 10-4), 1.57 (0.0× 10-4) d-d (d2, d3 f d4)
1.76 (2.5× 10-2) LMCT(Ph d f d1)
2.16 (2.3× 10-2), 2.16 (3.2× 10-2)b LLCT(Ph) f Im)c

2.19 (3.0× 10-4), 2.20 (3.0× 10-4) d-d (d2, d3 f d5)c

2.48 (6.2× 10-2), 2.49 (7.4× 10-2) LLCT(Ph f Im)
2.71 (9.6× 10-3), 2.73 (1.1× 10-3) d-d (d2, d3 f d4, d5)
3.25 (2.4× 10-2), 3.26 (2.9× 10-2) MLCT (d2, d3 f Im)
3.31 (7.2× 10-2), 3.33 (1.1× 10-1) LLCT(Ph f Im, Py)
3.35 (7.1× 10-2), 3.36 (6.3× 10-2), MLCT(d2, d3 f Im)
3.38 (3.9× 10-2)

a We omitted here the CT-type transition of which transition dipole
is smaller than 0.02.b Because two pap ligands separately participate
in the LLCT, two transitions are calculated. The transition dipoles are
moderately different between them because of the different interaction
with the dπ orbital. c Visible light used experimentally (about 2.25 eV
(550 nm)).14c,d d Ph, Im, and Py mean phenoxy, imine, and pyridine
moieties, respectively.

TABLE 4: Excitation Energies (eV) and Oscillator
Strengthsa of [FeIII (pap)2]+ in the Sextet Spin State

energies (oscillator strengths) assignments

1.30 (2.1× 10-2) LMCT(Ph f d3)
2.36 (2.3× 10-2) LMCT(Ph f d1)
2.58 (3.4× 10-2) LLCT(Ph f Im)
2.98 (9.5× 10-2), 2.98 (9.0× 10-2) LMCT(Ph f d2, d3)
3.07 (3.7× 10-2), 3.10 (2.8× 10-2) LMCT(Ph f d1)
3.47 (2.8× 10-2), 3.50 (1.1× 10-1) LLCT(Ph f Im, Py)

a We omitted here the CT-type transition of which transition dipole
is smaller than 0.02.
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In the sextet spin state, the lowest-energy excitation is the
LMCT transition from theπ orbital44a of the phenoxy moiety
to the Fe center, which is calculated to be at 1.30 eV (see Table
4). The second is the LMCT transition from theπ orbital44c of
the phenoxy moiety to the Fe center. This transition is calculated
to be at moderately higher energy (2.36 eV) than the visible
light (550 nm) used experimentally.

From these results, it is concluded that the visible light of
550 nm induces the LIESST to generate the sextet spin state
but it also somewhat induces the reverse-LIESST; in other
words, the complete spin transition from the doublet spin state
to the sextet one does not occur and the complexes in the doublet
spin state remain to some extent, which are consistent with the
experimental fact.14c,d

Because the LLCT transition plays an important role in the
LIESST, we investigated the excitation energy of the pap anion
with the TD-DFT and the MRMP2 methods, to check if the
TD-DFT method presents reliable results of the photoexcitation
energy. The HOMOf LUMO transition of the pap anion
corresponds to the first LLCT transition of [FeIII (pap)2]+.45 When
only the pap anion is calculated, the MRMP2-calcualted
transition energy is moderately smaller than the TD-DFT-
calculated value, as shown in Table 5. To mimic the positive
charge of the Fe(III) center, we investigated the pap anion with
one positive charge which was placed at the position of the
Fe(III) center of [FeIII (pap)2]+ in the doublet spin state. The
difference in the excitation energy between the TD-DFT and
the MRMP2 methods is very small. Also, it is noted that the
HOMO f LUMO excitation energy agrees well with the first
LLCT excitation energy of [FeIII (pap)2]+ in the doublet spin
state. These results indicate that the TD-DFT method presents
reliable excitation energies of [FeIII (pap)2]+.

Conclusions

Geometry of [FeIII (pap)2]+ (pap) N-2-pyridylmethylidene-
2-hydroxyphenylaminato) was theoretically investigated by the
DFT(B3LYP) method in such states as the doublet, quartet, and
sextet spin states. All the Fe-O and Fe-N bonds are longer in
the sextet spin state than in the doublet spin state. This is because
the eg-like d4 and d5 orbitals are unoccupied in the doublet spin
state but they are singly occupied in the sextet spin state;
remember that the eg-like d4 and d5 orbitals form antibonding
overlap with the pap ligand. The∆RHL values of the iron(III)
complex [Fe(pap)2]+ are smaller than those of the iron(II)
complex [Fe(pap)2], as suggested previously.2,6

Potential energy surfaces (PESs) of these spin states were
approximately evaluated with the DFT(B3LYP) method, where
the geometry changes were estimated by the linear internal
coordinate technique. These PESs satisfy case 1 shown in
Scheme 2. The PES of the quartet spin state crosses those of
the doublet and sextet spin states around its minimum. This
means that the quartet spin state converts either to the doublet
spin state or to the sextet spin state around the PES minimum
of the quartet spin state. The doublet-sextet spin crossover point
is calculated to be less stable than the equilibrium geometry of
the sextet spin state by 0.41 eV (9.6 kcal/mol). Because of this

considerably large barrier height, neither the tunneling process
nor the thermal spin conversion occurs easily.

In the doublet spin state, thed(t2g) f d(eg) transition is
calculated to be the lowest-energy absorption with the TD-DFT
method. The LLCT transition is calculated to be at 2.16 eV as
the third absorption, in which one electron transition occurs from
the phenoxy moiety to the imine moiety in the pap ligand. The
secondd(t2g) f d(eg) transition is also calculated to be at 2.19
eV. These two excitations are induced by the irradiation of
visible light (550 nm). In the sextet spin state, the LMCT
transition is calculated to be at 2.36 eV. This excitation energy
is moderately higher than the visible light (550 nm). These
results indicate that the irradiation of the visible light (550 nm)
induces the LIESST from the doublet spin state to the sextet
spin state but the reverse-LIESST is also induced by the visible
light, indicating that the complete spin conversion from the
doublet spin state to the sextet spin state does not occur and
the complexes in the doublet spin state remain to some extent,
as experimentally observed.14c,d Because of all these factors,
the LIESST can be observed in the iron(III) complex, [Fe-
(pap)2]+, against the expectation.
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