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Abstract

Spin multiplicities and coordination structures of inverse sandwich-type
complexes (ISTCs) of ethylene and dinitrogen molecules with 3d transition metal
elements (Sc to Ni), (u-C2Ha)[M(AIP)]2 and (u-N2)[M(AIP)]2 (AIPH = (Z)-1-amino-3-
imino-prop-1-ene; M = Sc to Ni), were investigated with the CASPT2 method. In both of
the ethylene and dinitrogen ISTCs of the early 3d transition metals (Sc to Cr), sandwiched
ethylene and dinitrogen ligands coordinate with two metal atoms in an n?-side-on mode
and their ground states take an open-shell singlet spin multiplicity. The n-end-on
coordination structure of dinitrogen ISTCs is much less stable than the n2-side-on one in
these metals. For the late 3d transition metals (Mn to Ni), ethylene and dinitrogen ISTCs
exhibit interesting similarities and differences in spin multiplicity and structure, as
follows: In the ethylene ISTCs of Mn to Ni, the ground state takes an open-shell singlet
spin multiplicity like those of the ISTCs of early transition metals. However, the ethylene
ligand is considerably distorted, in which the ethylene carbon atoms have a tetrahedral-
like structure similar to an sp3-carbon and each of them coordinates with one metal in a
u-ntmt-structure. These geometrical features are completely different from those of
ISTCs of the early transition metals. In the dinitrogen ISTCs of Mn to Ni, on the other
hand, the ground state takes a high spin multiplicity from nonet (Mn) to triplet (Ni). The
n?-side-on coordination structure of the dinitrogen ligand is as stable as the n'-end-on one
in the Mn complex but the n*-end-on structure is more stable than the n?-side-on one in
the Fe to Ni complexes. All these interesting similarities and differences between ethylene
and dinitrogen ISTCs and between the early and late transition metal elements arise from

occupations of several important molecular orbitals.



1. Introduction

Spin multiplicity of transition metal complex is attracting a lot of interests recently
because the spin multiplicity deeply relates to a single-molecule magnet,*? spin-cross-
over complex,*® spin-catalysis,”*° and so on. In this regard, it is of considerable interest
to obtain theoretical knowledge of how to understand spin multiplicity and how to control
it. In general, it is said that the strong ligand field leads to the presence of low spin state
and the weak ligand field leads to the presence of high spin state. However, the story is
not so simple in dinuclear transition metal complex, because of the presence of the
interaction between two metal centers.

Recently, inverse sandwich-type dinuclear transition metal complexes (ISTCs)
were synthesized.!*?% In the ISTCs, an organic moiety is sandwiched by two metal
moieties in contrast to the usual sandwich-type complex in which a metal is sandwiched
by two organic moieties; for instance, see ferrocene and chromocene. The ISTCs draw
great interests in coordination chemistry, organometallic chemistry, and physical
chemistry because of their characteristic geometries, bonding natures, and molecular
properties. For instance, the benzene®® and toluene!®!” ISTCs of Cr have a septet ground
state and those of V(I) have a quintet ground state, which are unusually high spin
multiplicities. Theoretical studies clearly elucidated the reason why such high spin
multiplicity is possible in these complexes.?®?” However, the ISTC of Cr(l) does not
always have a high spin multiplicity. For instance, the dinitrogen ISTC of Cr,  (u-n?m?-
N2)[Cr(DDP)]2 (DDPH = 2-{(2,6-diisopropylphenyl)amino}-4- {(2,6-
diisopropylphenyl)imino}pent-2-ene), exhibits an effective magnetic moment of 3.9 .,
which corresponds to the spin multiplicity between triplet and quartet.* According to the
recent CASPT2 calculation, this complex has an open-shell singlet ground state®® in
contrast to the benzene ISTC of Cr which has a septet ground state and the effective

magnetic moment is a thermal average of singlet to nonet states. In the dinitrogen ISTC



of Fe, (u-n'm-N2)[Fe(DDP)]2, on the other hand, the ground state with a septet spin
multiplicity was experimentally reported® and also theoretically calculated.?®
Interestingly, this high spin multiplicity is very different from the theoretically calculated
open-shell singlet ground state of the benzene ISTC of Fe.?® These results suggest that
the spin multiplicity of ISTC is flexible and the molecule sandwiched by two metal
moieties as well as the metal center plays crucial roles in determining the spin multiplicity.
The theoretical knowledge of the factors for determining spin multiplicity is crucial for
well understanding the spin state and synthesizing a new compound with various spin
states.

The ethylene ISTC of Cr(l) was also experimentally reported.’* Its magnetic
moment is 4.2 ug, similar to the dinitrogen ISTC of Cr. This similarity is not surprising,
because both of ethylene and dinitrogen molecules coordinate with the Cr atoms in an 1?-
side-on mode. However, some differences are expected to be found between the
dinitrogen and ethylene ISTCs of Fe(l) because dinitrogen molecule coordinates with the
Fe centers in an n'-end-on mode®® but ethylene is unable to take an end-on coordination
structure because of the presence of hydrogen atoms.

In our previous study of the benzene ISTCs,?® we found that the spin multiplicity
of the ground state monotonously increases from a closed-shell singlet to a nonet when
going from Sc to Mn but suddenly decreases to an open-shell singlet in Fe. Hence, it is of
considerable interest to systematically investigate the spin multiplicity of the ethylene and
dinitrogen ISTCs of all first-row transition metal elements and elucidate how the spin
multiplicity changes along the first-row transition metal elements. In this work, we
theoretically investigated the ethylene and dinitrogen ISTCs of Sc to Ni. Our main
purposes are to clarify the similarities and differences in geometry, electronic structure,
spin multiplicity, and spin distribution between ethylene and dinitrogen ISTCs and

between early transition metal elements (Sc to Cr) and late ones (Mn to Ni), elucidate the



reasons of similarities and differences, and disclose the important factors for determining

a spin multiplicity.

2. Computational Details

We employed a model ligand AIP (AIPH = 1-amino-3-imino-prop-1-ene) instead
of the real DDP ligand to save the computational cost; see Figure 1. This model was
successfully employed in our previous studies.?? Geometry optimization was carried
out at each spin state by the complete active space self-consistent field (CASSCF)
method.?* In the geometry optimization, such two kinds of symmetry as D2, and Con Were
employed in the ethylene (C2Hs) complex, the reason of which will be discussed below.
In the dinitrogen (N2) complex, n!-end-on and n?-side-on coordination structures were
optimized under D2n symmetry.

The z-axis was taken to be along the M-M line and the x-axis was taken to be
perpendicular to the M(AIP) plane; see Figure 1. In (u-N2)[M(AIP)]. (M = Sc to Co), the
five d orbitals of each metal and the ©* orbitals of the dinitrogen molecule were employed
in an active space. The number of total active orbitals is 12. To examine whether or not
the inclusion of & orbitals of the dinitrogen molecule influences the computational results,
we carried out CASPT2 calculations of (u-N2)[Co(AIP)]. employing a larger active space
which consists of 14 active orbitals including two = orbitals of the dinitrogen molecule.
The relative energies of the n?-side-on and n!-end-on structures are changed little by the
inclusion of & orbitals; see Table S1 and the discussion in supporting information (SI) for
details. This result indicates that the inclusion of & orbitals is not important in discussing
(u-N2)[M(AIP)]2 (M = Sc to Co). In the case of the Ni analogue (u-N2)[Ni(AIP)]2, on
the other hand, we employed a larger active space including the r orbitals because the
relative stabilities of spin states are somehow influenced by the inclusion of = orbitals;

see Table S1 in the supporting information. In (u-C2Hs)[M(AIP)]2, however, the &t orbital
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could not be involved in the active space even in the Ni complex because the & orbital
went out from the active space during CASSCF calculation. This means that the 7 orbital
Is not important in the active space of (u-C2Ha4)[Ni(AIP)].. Hence, we employed the active
space consisting of 11 orbitals in all these ethylene complexes.

The second-order perturbation (PT2) calculation was carried out with a CASSCF-
optimized structure, using a CASSCF wavefunction as a reference.?®3! The energy
denominator shift (EDS) technique®? was employed in the PT2 calculation, where the
EDS value of 0.2 a.u. was used throughout the present study. The CASSCF calculation
with spin-orbit coupling interaction was carried out but the relative energy of each spin
state is influenced little by the spin-orbit coupling; see Table S2 in SI.

Edmiston-Ruedenberg localization®® was applied to CASSCF active orbitals and
then CASCI calculation was carried out with these localized orbitals to evaluate the
occupation number and the spin density of each localized orbitals. The electron and spin
populations of the M(AIP) moiety and such a sandwiched molecule as ethylene and
dinitrogen were evaluated with the CASCI wavefunction.

For metal atoms, (311111/22111/411/1) basis sets were employed with the effective
core potentials of the Stuttgart-Dresden-Bonn group.® For C, N, and H atoms, cc-pvVDZ
basis sets were employed.® One augmented function was added to each N atom in AIP
and dinitrogen and each C atom in ethylene, considering that AIP is anionic and the
electron population considerably increases in ethylene and dinitrogen moieties through
the back-donation interaction.

The CASSCF and the CASPT2 calculations were carried out by GAMESS® and

MOLCAS 6.4,% respectively.

3. Results and Discussion

3.1. Geometries and spin multiplicities of ethylene and dinitrogen ISTCs.



3.1.1. Comparisons of calculated-geometry and spin multiplicity of an ethylene ISTC
of Cr, (u-C2Hs)[Cr(AIP)]2, with their experimental values. Because (-
C2H4)[Cr(DDP)]. has been experimentally reported'* and its dinitrogen analogue (-
N2)[Cr(DDP)]. has been discussed in our previous work,? we wish to firstly focus on the
ethylene ISTC of Cr. Important geometrical parameters optimized in an open-shell singlet
state by the CASSCF method are shown in Figure 2, because the ground state has an
open-shell singlet spin multiplicity, as will be discussed below. The D2n-optimized
structures at singlet to nonet spin states resemble each other; see Table S3 in SI for
geometrical parameters of other spin states. Both the Cr-Cr distance and the C-C bond
length of the ethylene moiety are close to the experimental values.!* The geometry
optimization was also carried out under Czn symmetry because the experimentally
reported Cr-C distances are moderately different from each other.** In the Can structure,
the ethylene moiety considerably distorts and the geometrical parameters become
considerably different from the experimental values. Hence, we wish to first discuss what
spin multiplicity the ground state has and which of D2, and Con symmetries is an
equilibrium geometry.

As listed in Table 1, the ground state has an open-shell singlet spin multiplicity
in both of D2n and C2n geometries and the energy difference among the singlet to the nonet
states is small at the CASPT2 level like the dinitrogen ISTC of Cr investigated
previousry.?® It should be noted that the D2n structure is somewhat more stable than the
Can one at all these spin multiplicities at the CASPT2 level except for the nonet spin state;
see Table 1.%8 Because the singlet to nonet states are close in energy, the experimentally
observed magnetic moment corresponds to the thermal average of these spin

multiplicities like it in the dinitrogen ISTC of Cr.?® According to the Boltzmann

distribution law, the average of effective magnetic moments was estimated to be x4 = 4.0

and 1.6 uy with the CASSCF and CASPT2-calculated energies, respectively, at 293 K.
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Though the CASSCF-calculated value is close to the experimental value, the CASPT2-
calculated value is somewhat smaller than the experimental one (4.2 u;); several factors
must be examined in furture.®® Based on these results, it is concluded that the ethylene
ISTC of Cr(l) has a D2n structure with an open-shell singlet ground state, while the energy

and the geometry are similar among the singlet to the nonet.

3.1.2. Comparisons of geometry and spin multiplicity of ethylene and dinitrogen
ISTCs, (u-C2H4)[M(AIP)]2 and (n-N2)[M(AIP)]2, among M = Sc to Ni. Interestingly,
the geometry completely changes when going from the ethylene ISTC of Cr to a Mn
analogue. In the Mn analogue, the D2y, structure is much more unstable than the Cah one,
as shown in Table 1. In the Can structure, the distances between the Mn and the ethylene
carbon atoms are 2.18 and 3.12 A, indicating that the ethylene coordinates with two Mn
atoms in a p-nlmi-structure. This coordination structure is similar to that of the benzene
ISTC of Ni(l) in which three carbon atoms of benzene coordinate with one Ni atom and
the other three carbon atoms coordinate with the other Ni atom.’® And also in the
benzene ISTC of Nb, four carbon atoms coordinate with one Nb atom the other two
coordinate with another Nb atom.? Despite of the difference in geometry, the ground
state has a singlet spin multiplicity and the energy difference among the singlet to the
undectet spin states is small like in the above-discussed Cr analogue. These results
suggest that interesting similarities and differences are found between the early (Sc to
Cr) and late (Mn to Ni) transition metal complexes, which will be discussed below in
more detail.

As shown in Table 1, we investigated both Czn and D2n geometries in the other
ethylene ISTCs (u-C2H4)[M(AIP)]2 because (u-C2H4)[Cr(AIP)]2 has a D2n geometry but
the Mn analogue has a C2n one. The Sc to V complexes have a D2 structure like the Cr

complex, whereas the Fe to Ni complexes have a Can structure like the Mn complex.
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Interestingly, the ground states of all these complexes have an open-shell singlet spin
multiplicity despite of the different geometry. It is noted that the highest spin multiplicity
whose energy is close to that of the ground state increases from triplet to undectet when
going from Sc to Mn and then decreases from undectet to quintet when going from Mn
to Ni. This is completely different from the benzene ISTCs of the first-row transition
metal elements, in which the spin multiplicity of ground state increases from closed-shell
singlet to nonet when going from Sc to Mn and then decreases to open-shell singlet when
going to Fe.?® Also, it should be noted that the energy difference between these spin
multiplicities is very small in these ethylene ISTCs like the dinitrogen ISTC of Cr;?® see
Table 1. This is different from the benzene ISTC in which the energy difference between
spin multiplicities is considerably large.?®

In the dinitrogen ISTCs, (u-N2)[M(AIP)]> (M = Sc to Ni), we investigated
relative energies of various spin states in both of n-end-on and n2-side-on coordination
structures, as listed in Table 2. In the dinitrogen ISTCs of Sc to Cr (the early transition
metal elements), the n?-side-on coordination structure is considerably more stable than
the n'-end-on one. The ground state takes an open-shell singlet spin multiplicity and the
energy difference between the singlet and other spin states is very small in these Sc to Cr
complexes. When going from Sc to Cr, the highest spin multiplicity whose energy is close
to that of the singlet increases from triplet to nonet like that of the ethylene ISTCs of Sc
to Cr. These similarities between ethylene and dinitrogen ISTCs are listed in Table S5 in
SI.

In the dinitrogen ISTC of Mn, the stabilities of the n*-end-on and the n?-side-on
structures are comparable. In the dinitrogen ISTCs of Fe to Ni, the n!-end-on structure is
somewhat more stable than the n?-side-on one. The ground state has a high spin
multiplicity and the energy difference between spin states is large in these Mn to Ni

complexes, as compared in Table 2. The spin multiplicity of the ground state decreases



from nonet to triplet when going from Mn to Ni. It should be noted that the coordination
structure of dinitrogen molecule and spin multiplicity are different between the dinitrogen
ISTCs of Sc to Cr and those of Mn to Ni and that the spin multiplicity is completely
different between the dinitrogen and ethylene ISTCs of Mn to Ni. The similarities and
differences between the ethylene and dinitrogen ISTCs and between early and late
transition metal elements are summarized in Table S5. The next work is to elucidate the

reasons of these similarities and differences, which will be discussed below.

3.2. Electronic structures and MO diagrams of ethylene and dinitrogen ISTCs.
3.2.1. MO diagram and orbital occupation of ethylene ISTCs, (u-C2H4)[M(AIP)]2 (M
= Sc to Ni). It is of considerable interest to investigate the reason why the spin
multiplicities of these ethylene ISTCs are different from those of the benzene ISTCs. The
CASSCF(10,11)-calculated natural orbitals in the *Ag state of (u-1n%m?-C2H4)[Cr(AIP)]2
are shown in Figure 3(A). The most stable y1 MO contains a bonding overlap between
the Cr dy; and the n* orbital of ethylene. It is doubly occupied in a formal sense. The
occupation numbers of the other y, to y, MOs are close to 1.0.

This electronic structure is understood by the orbital interaction diagram shown
in Figure 3(A). The most stable V1 pog MO mainly consists of a bonding overlap between
the n* orbital of ethylene and the dy; orbital of metal. Its anti-bonding counterpart is the
most unstable v, ,,, MO; See Figure S2 and discussion in SI for details. The other v, ,
t0 g, MOs are nearly non-bonding and thereby nearly degenerate. Because the Cr(l)
has five d electrons, totally ten d electrons occupy these MOs. Hence, the most stable
V1 bog is doubly occupied and the y, ., to v, are singly occupied; see Figure 3(A). It
should be noted that the 103 Mainly consisting of the Cr dy, orbital is empty. In such

electronic state, one-electron excitation from the y, bag 1O the unoccupied y11,p2¢ MO does

not induce the exchange interaction with the yiop3u. This means that a high spin state is
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not stabilized well by spin polarization. This explanation will be discussed in more detail
by a model calculation below; see section 3.4.3. In the benzene ISTC of Cr, on the other
hand, non-bonding d MOs are singly occupied, which is favorable for a high spin state
because the spin polarization can be induced by these MOs; see page S9 (Figure S3) in
the supporting information.

Because the ground state has an open-shell singlet spin multiplicity, four
electrons of the y, ., t0 yg,, have an a-spin and the other four electrons have a B-spin.
In such case, the energy differences between two spin states are very small because these
eight electrons afford singlet, triplet, quintet, septet, and nonet spin states through various
combinations, as has been shown in Table 1. Though both of the y ,,,, and v, ,, mainly
consist of the metal dz2 orbital and both of the g5, and vy, mainly consist of the metal
dx orbital, the occupation numbers of the y, ., and W hag aT€ moderately larger than those
of the y, . and v, ,, , respectively, as shown in Figure 3(A) and Table 3. In the y, . the
two dz, orbitals overlap with the doubly occupied C-C c-bonding orbital of ethylene in
an anti-bonding way, because the c-orbital exists at a lower energy than the Cr d orbital;
see Figures S4(A) and S4(B) for the detailed figures of v, t0 vy, .*> Also, the g,
is anti-bonding between the d orbital of Cr(AIP) and the doubly occupied C-H c-orbitals
of ethylene. The v, and Wg g 1€, ON the other hand, completely non-bonding between
Cr(AIP) and ethylene which does not have any anti-bonding overlap at all between the

Cr and ethylene.

In the open-shell singlet state, the larger occupations of the Vg p1y a0 Vg p3g than
those of the y; . and v, ., are possible, while the occupation numbers of all these orbitals
are 1.0 in the high spin state. As well known, the high spin state is favorable for stabilizing
the compound by exchange interaction but unfavorable for the stabilizing the compound

by orbital occupation. It is likely concluded that the open-shell singlet ground state of this

ethylene ISTC of Cr receives the stabilization energy by larger occupations in the v,
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and Vg h3g than in the Y740 and yg o -

The occupation numbers of CASSCF natural orbitals of (u-C2Ha)[M(AIP)]2 (M
= Sc to Ni) in the ground state are shown in Table 3. The ethylene ISTCs of Sc to V have
an open-shell singlet ground state, too, as shown in Table 1. In the V complex, eight d
electrons occupy these MOs. The most stable y, ,, is doubly occupied. Though the v, ,
toy, , are singly occupied in a formal sense, the v, has a moderately larger occupation
number than the V7.4 like in the Cr complex. The v, ., has a larger occupation number
than the v, , oo, because the v, . is completely non-bonding but the vy, contains a
weakly anti-bonding overlap between the dxy orbital of V and the C-H o-bonding orbitals
of ethylene; see Figure S4(C) in S1.4°

In the Ti complex, totally six d electrons occupy these MOs; the most stable
W1 g 1S dOubly occupied and the v, ) t0 g, are singly occupied, too. The non-bonding
Y, p1e @Nd W, have a moderately larger occupation number than the V349 and Vs pig:
respectively.

In the Sc complex, four d electrons occupy these MOs; the most stable V1 b2g is
doubly occupied, and the remaining two electrons occupy the v, . and Y300 The V39
has a moderately larger occupation number than the y,,,, because the v, . becomes
moderately bonding due to the larger size of 3d orbitals in Sc; see Figure S4(D).*° Hence,
the open-shell singlet is the ground state in these Sc to VV complexes.

The ethylene ISTCs of Mn to Ni have a singlet ground state, too, as was shown
in Table 1. However, the geometry is very different from those of the Sc to Cr complexes,
as discussed above; see also Table S5. It is of considerable interest to elucidate the reason
why the spin multiplicity is the same but the geometry is very different from those of the
Sc to Cr complexes. In the Mn complex, two more d electrons must be added to these

MOs, compared to the Cr complex. In this case, we have to consider two possibilities; in

one possibility, the vy, and Vi1 40 MOs become singly occupied, and in another, the y,
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and vy, ,, MOs become doubly occupied. The CASSCF calculation indicates that the
former electron configuration is the ground state, as shown in Figure 3(B). Also, it is
noted that both of the v, and Vi1 49 MOs mainly consist of non-bonding dy orbital of
Mn unlike the Vi1 g MO of the Cr complex which contains an anti-bonding overlap
between the Cr dy; and the ©* orbital of ethylene, as will be discussed below in detail.
Consistent with these features, the doubly occupied vy, ,, MO mainly consists of the
distorted ©* orbital of ethylene, indicating that the 7* orbital of ethylene is almost doubly
occupied. This means that the hybridization of the carbon atoms of ethylene changes from
sp? to sp?, which is the origin of the considerably distorted structure of the ethylene ISTC
of Mn. In the other v, to y,, ,. MOs, the occupation number is almost 1.0; see Table 3.
Actually, the singlet to the undectet spin states are almost degenerate at the CASSCF level
(Table S6). However, the ground state becomes an open-shell singlet at the CASPT2 level,
because dynamical electron correlation tends to stabilize the low spin state compared to
the high spin state.

One important question remains; why does the m* component of ethylene
disappear in the v, ,.? In the ethylene ISTC of Cr, the vy, and y,; ,, are unoccupied
in a formal sense, while in the Mn analogue they become singly occupied due to the
increase in the number of d electrons. Because the v, ,, MO of the non-distorted D2n
geometry contains the anti-bonding overlap between the Mn dy; and the ©* orbital of
ethylene, the occupation of y,, . is unfavorable for stabilizing the compound. If the anti-
bonding disappears, the occupation of y,, ., is not unfavorable. To decrease the anti-
bonding overlap, the geometry distorts to a Con Ssymmetry and simultaneously the w*
component of ethylene decreases in the y,, ... Asa result, the dy, component increases in
the vy, and the ©* one increases in the Vi ag: which increases the electron population in
the ©* orbital and thereby induces the hybridization change of the carbon atom from sp?

toward sp®; see Figure 3(B).
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In the ethylene ISTCs of Fe to Ni, the vy, and y,, ,, MOs are singly occupied
and some of the singly occupied non-bonding y, ;, to y, ,, MOs become doubly occupied
because the number of d electrons further increases. Because the occupation change
occurs in non-bonding MOs, the electronic structure of the ethylene moiety changes little
from that of the ISTC of Mn. Hence, all these complexes have a distorted ethylene moiety

and an open-shell singlet ground state.

3.2.2. MO diagram and orbital occupation of dinitrogen ISTCs, (u-N2)[M(AIP)]2 (M
= Sc to Ni). The occupation numbers of CASSCF natural orbitals of dinitrogen ISTCs,
(u-N2)[M(AIP)]2 (M = Sc to Ni) in the ground state are shown in Table 4. These
occupation numbers provide well understanding of the difference between the ISTCs of
early 3d metal (Sc to Cr) and those of the late 3d one (Mn to Ni).

In the n?-side-on dinitrogen ISTCs of Sc to Cr, the i/~ orbital of the dinitrogen
moiety overlaps well with the metal dy, orbital to form a bonding y1,n2¢ MO and an anti-
bonding y12,n2 MO, as shown in Figure 4(A). On the other hand, the mx* MO of dinitrogen,
which is perpendicular to the M-M axis, form a weak d-type overlap with the dxy orbitals
to afford the Vapig and y; ., MOs. Hence, the bonding Vapig and anti-bonding y; ,, MOs
mainly consisting of two dxy orbitals are moderately separated in energy; see Figure
4(A).%° Because the y1nog eXists at a very low energy, it is doubly occupied in a formal
sense, and other y, . t0 y,,, MOs are singly occupied, as shown in Table 4. These
singly occupied MOs are not completely degenerate because of the presence of the my,
*, and o-bonding orbitals of dinitrogen, but the energy difference is very small because
these MOs contain either the 3-type overlap or smaller one; see Figure S2(B). These MO
features of the n2-side-on dinitrogen ISTCs are essentially the same as those of the
ethylene ISTCs in the Sc to Cr. Hence, four to eight d electrons in these MOs provide an

open-shell singlet ground state in the dinitrogen ISTCs of Sc to Cr like their ethylene
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ISTCs.

As shown in Table 2, the n-end-on structure is considerably less stable than the
n2-side-on one in the dinitrogen ISTCs of Sc to Cr. Because totally ten d electrons occupy
these MOs in the ISTC of Cr, only the y1,n2g MO is doubly occupied unlike the ISTCs of

Mn to Ni, which will be discussed below. In the n*-end-on structure, the metal dx; and dy;

orbitals overlap with the n* and my* of dinitrogen to afford two bonding MOs V1 hog and
W pag TeSPectively. However, these v, ., and vy, 5, MOs are less stable in energy than
the y, ,,, MO in the n?-side-on one because the dr-n* bonding overlap is smaller in the
nt-end-on structure than in the n2-side-on one; see Figure S5. Because only one MO is
doubly occupied and another is singly occupied in these ISTCs of Sc to Cr, the n-end-on
structure is less stable than the n?-side-on.

In the dinitrogen ISTC of Mn, the situation becomes different; because the
number of d electrons increases to twelve, two bonding V1 hog and W hagbig) MOS are
doubly occupied in a formal sense in both of the n-end-on and n?-side-on structures,**
while the v, to y,,,5, MOs are singly occupied, as shown in Figures 4(B) and S6. In
the n?-side-on structure, the V1 b2g is very stable in energy but the V2 hig is moderately
more stable than the other non-bonding MOs, because the V1 bog and Vo hig have d.-n* and
ds-m* type interactions, respectively. In the n!-end-on structure, on the other hand, both
of the y, ,, and v, ., are considerably stable because the vy, ,,, and v, ;. contain the 7-
type d.-* bonding overlap in this coordination mode; see Figure 4(B). In the n?-side-on
structure, the very stable y, ., and the moderately stable y, ,,  are doubly occupied, while
in the n'-end-on structure, the considerably stable y, ;, and v, ,, are doubly occupied.*
Thus, the n*-end-on structure is as stable as the n-side-on one in the Mn complex.

In the dinitrogen ISTCs of Fe to Ni, the n'-end-on structure is somewhat more
stable than the n?-side-on one. Here, we wish to mention that the d-orbital energy becomes

lower as going from the left-hand side to the right-hand side in the periodic table. As a
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result, the d.-7* bonding interaction becomes weaker as going from Mn to Ni. On the
other hand, the oc-donation-type charge-transfer (CT) from the lone pair of dinitrogen
molecule to the 3ds, 4s, and 4p, orbitals becomes larger. Since the lone pair orbital of
dinitrogen ligand overlaps with the metal 3ds, 4s, and 4p, orbitals to a larger extent than
the 7 orbitals of dinitrogen, the n!-end-on structure can receive a larger stabilization
energy from this o-donation than the n?-side-on one. Because of this additional
contribution of the s-donation, the n*-end-on structure is somewhat more stable than the

n2-side-on one in the Fe to Ni complexes.

3.3. Electron and spin distributions in (p-N2)[M(AIP)]2 and (p-C2H4)[M(AIP)]2 (M
= Sc to Ni).

We performed CASCI calculation with localized MOs to make a detailed analysis
of electron and spin distributions on the N> and M(AIP) moieties. The electron
populations of the n* orbitals of dinitrogen and ethylene moieties moderately increase
when going from Sc to Cr, as shown in Table 5. Then, their electron populations
significantly increase in both of ISTCs of ethylene and dinitrogen when going to Mn but
change little when going from Mn to Ni. This feature is of considerable interest.

In the ethylene ISTCs of Sc to Cr, the t* orbital is not doubly occupied but becomes
doubly occupied in the ISTCs of Mn to Ni, as was discussed above. In the n?-side-on
dinitrogen ISTCs of Sc to Cr, only one n;* orbital participates in the n-back donation,
which has almost one electron. However, the other my* orbital possesses little electron
population because it participates in the 6-type MO; see Table 5. In the dinitrogen ISTCs
of Mn to Ni, the v, ,, and y, ;.. MOs, which participate in the n-back donation, become
doubly occupied because the number of d electrons increases. Thereby, each of ny* and
ny* orbitals has almost one electron. As a result, the electron populations of the «* orbitals

of ethylene and dinitrogen significantly increase when going from Cr to Mn. However,
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they change little when going from Mn to Ni, because some of singly-occupied non-
bonding d MOs become doubly occupied when going from Mn to Ni.

The spin distribution is much interesting, too. In both of the ethylene and dinitrogen
ISTCs of Sc to Cr, the spin population on the sandwiched ligand is negligibly small even
in the high spin state. In the dinitrogen ISTCs of Mn to Ni, on the other hand, a
significantly large negative spin population is found on the dinitrogen ligand, while it is
nearly zero in their ethylene analogues; see Table S5. We will discuss the reason of this

difference in the next section.

3.4. Difference and similarity between ethylene and dinitrogen ISTCs of M = Mn to
Ni.

The reason of all the differences shown in Table S5 will be discussed below
based on some of important orbitals.
3.4.1. Distorted geometry of the ethylene moiety and non-distorted one of the
dinitrogen moiety in Mn to Ni complexes. The distorted Con symmetry of the ethylene
ISTCs of Mn to Ni arises from the presence of the singly occupied Vi1 . MO, as was
discussed above. In the n*-end-on dinitrogen ISTCs of Mn to Ni, on the other hand, the
anti-bonding V122 Is unoccupied in a formal sense, as shown in Figure 4(B); note that
the moderate occupation number (about 0.6 e) of the v, , arises from one- and two-
electron excitations from the v, , . to the y,, ., . This electron configuration arises from
the presences of one more bonding v, .., MO and one more anti-bonding v, ,5, MO in
the dinitrogen ISTCs; remember that two 7 x* and &t y* orbitals of the dinitrogen ligand
interact with the dx; and dy; orbitals of two metal centers to form two sets of bonding and
anti-bonding MOs in the n-end-on complex. The other reason is the difference in n*
orbital energy between dinitrogen and ethylene. Because the dinitrogen molecule has a

triple bond, the ©* orbital exists at a higher energy than that of ethylene. As a result, the
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Vi1 bag and V1o poq Of the n*-end-on dinitrogen ISTCs mainly consisting of the n* orbitals
of dinitrogen exist at a higher energy than the Vi1 ag of the ethylene ISTCs: see Table S7
in SI. Because of these situations, one more electron can occupy not the vy, ,, but the
V2 b3g when going from Cr to Mn in the case of the n*-end-on dinitrogen ISTCs; see Figure
4(B). Thus, the W1 p3g MO does not become singly occupied in the dinitrogen ISTC of
Mn.

In the Fe analogue, two more electrons occupy the y,,, and V4.2 because the
anti-bonding V11 p3g and V122 MOs are at high energy. In the Co complex, two more
electrons occupy vy, and g ., .. In the Ni complex, two more electrons occupy v, ,,, , and
Vg4 IN @ll these complexes, the anti-bonding ,; .5, and v, ,, are empty in a formal

sense. Because the v, 5, and v, ,, are unoccupied, there is no reason for the geometry

distortion in these dinitrogen ISTCs.

3.4.2. Spin multiplicity and spin population on the bridging ligand. It is of
considerable interest to elucidate the reason why the ground state of the dinitrogen ISTCs
has an open-shell singlet spin multiplicity for M = Sc to Cr but a high spin multiplicity
for M = Mn to Ni, as discussed above; see also Tables 2 and S5. In the dinitrogen ISTCs
of Mn to Ni which have a singly occupied non-bonding y10 MO, the second and third
leading configurations of the CASSCF wavefunction contain one-electron excitations
from the doubly occupied v, ., and v, ;. to the empty v, .o, and vy, ,, ; see Table S8 in
SI. These excitations increase [3-spin density on the dinitrogen ny* and ny* orbitals and
the a-spin one on the dx; and dy, orbitals.*? Because two o-spin electrons occupy Yo pau
and vy, .5, MOs mainly consisting of the metal dx; and dy. in these complexes, the above-
mentioned excitations increase the exchange interaction on the metal centers; in other
words, the presence of the singly occupied v, ,,, and v, induces the one-electron

excitation from the v, ., and y, . to the vy, ., and y,, .. S0 as to increase the a-spin
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population on the metal centers and enlarge the exchange interaction.*?

In the dinitrogen ISTCs of Sc to Cr, on the other hand, the above-mentioned one-
electron excitation does not necessarily occur because the non-bonding v, .5, (dyz) MO
Is unoccupied due to the smaller number of d electrons. Hence, the spin polarization is
not induced and the negative spin population does not appear on the dinitrogen ligand.
Because of the absence of spin polarization, the high spin state does not receive additional
stabilization from the exchange interaction. This is one reason why the ground state does
not have high spin multiplicity.

Interestingly, the negative spin population on the dinitrogen ligand decreases as
going from Mn to Ni. This result is understood with the number of singly occupied non-
bonding d MOs. The number of singly occupied MOs decreases but that of doubly
occupied MOs increases as going from Mn to Ni, because the number of d electrons
increases. These singly occupied MOs mainly consisting of non-bonding d orbital
contribute to the spin polarization. Hence, the extent of spin polarization decreases as
going from Mn to Ni, leading to the decrease in negative spin population on the dinitrogen
ligand. This is also the reason why the dinitrogen ISTCs of Mn to Ni have a high spin
ground state; remember that the exchange interaction is enhanced by spin polarization in
these complexes.

In contrast to the dinitrogen ISTCs of Mn to Ni, no spin population is found on

the n* orbital of ethylene in all ethylene ISTCs even at a high spin state; see Tables 5 and

S5. In the ethylene ISTCs of Sc to Cr, the v, ., MO mainly consisting of the dy. is empty
in a formal sense. In this electronic structure, one-electron excitation from the v, bog 10

the anti-bonding V11 bog does not enhance the exchange interaction with the y,o ... In

other words, the spin polarization does not occur and thereby the high spin state is not

stabilized well. In the ethylene ISTC of Mn, the V1 h2g MO mainly consisting of the n*

orbital of ethylene is doubly occupied and all other non-bonding and anti-bonding d MOs
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are singly occupied. Thus, the excited configuration from the V4 pog 1O the anti-bonding
W13 pog MO does not increase the number of singly occupied MO not to contribute to the
increase in a-spin population on the metal d-orbital; in other words, the spin polarization
does not occur, too, leading to the absence of negative spin population on the ethylene
moiety.

In the ethylene ISTCs of Mn to Ni, not a high spin state but an open-shell singlet
is the ground state, despite that ten to four MOs consisting of d orbital are singly occupied
in these Mn to Ni complexes. Such orbital occupation suggests that these complexes
would have a high spin ground state. However, we must remember that the M-M distance
is considerably long in these ethylene ISTCs because the ethylene coordinates with two
metal centers in p-n*:n*-mode in which the ethylene carbons have an sp*-like structure;
see Figure 2. In this structure, it is likely that the exchange interaction between two distant
metal centers is very small and thereby there is no reason that the high spin state is the
ground state. Moreover, the spin-polarization does not occur; see above. As a result, the

open-shell singlet becomes the ground state, while the energy difference between the

open-shell singlet and the high spin state is very small.

3.4.3. The evidence of the important role of a singly occupied non-bonding d orbital.
In the above section, we discussed that the non-bonding MOs mainly consisting of dy,
and dx; play crucial roles in inducing spin polarization and thereby providing a high spin
ground state. However, no evidence was presented. To provide a theoretical evidence of
the above discussion, we carried out several model calculations. If the above explanation
Is correct, the ground state of the ethylene ISTC of Cr must have a high spin multiplicity
by adding one electron to the non-bonding v, ... Also, the ground state of the ethylene
ISTC of Mn must have a high spin multiplicity by removing one electron from the W11 p2g

because one-electron excitation from the v, , to the y,, ;,. can occur in such electronic
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state. The various spin states of such mono-anionic (u-C2H4)[Cr(AlIP)]>- and mono-
cationic (u-C2Hs4)[Mn(AIP)]2* were calculated by the CASPT2 method, where their
geometries were taken to be the same as those of the neutral Cr and Mn analogues under
D2nh symmetry because we want here to focus on the difference in electronic structure. As
shown in Table 6, the dectet spin state is the ground state in both of Cr and Mn complexes;
see Table S9 for occupation numbers of CASSCF natural orbitals. The important

difference from the neutral analogue is that the occupation number of the anti-bonding

W13 pog MO remarkably increases but that of the v, ,, decreases. This is because the singly
occupied non-bonding v, 5, MO induces the spin polarization by the one-electron
excitation from the vy, , to the y,;,,.. Also, it is noted that the large negative spin
population is found on the «* orbital of ethylene like the dinitrogen ISTCs of Mn to Ni;
see Table 6. Based on these results, it is concluded that the singly occupied non-bonding

d MO and the unoccupied anti-bonding MO play crucial roles for presenting a high spin

ground state and a negative spin population on the bridging ligand.

4. Conclusions

We theoretically investigated the inverse sandwich-type dinuclear complexes,
(u-C2Ha)[M(AIP)]2 and (u-N2)[M(AIP)]2, for 3d transition metals from Sc to Ni. The
geometry and the electronic structure are similar between the ethylene and dinitrogen
ISTCs of Sc to Cr because the dinitrogen molecule has the n?-side-on coordination which
is essentially the same as the ethylene coordination structure. In the ethylene and n?-side-
on dinitrogen complexes, the very stable bonding Vi pog MO is formed by the bonding
overlap between the dy, orbitals of two metal atoms and the =* orbital of the bridging
ethylene and n?-side-on dinitrogen molecules. This MO is doubly occupied in a formal
sense. Other MOs mainly consisting of d orbital are singly occupied. This electronic

structure is essentially the same between the ethylene and the n?-side-on dinitrogen
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complexes. Both of the ethylene and the n?-side-on dinitrogen complexes have an open-
shell singlet ground state because some of non-bonding MOs can have a larger occupation
number than their anti-bonding counterparts and the spin-polarization does not occur due
to the absence of singly occupied non-bonding dy, MO.

In Mn to Ni, on the other hand, the bonding nature and the spin multiplicity are
completely different between the ethylene and dinitrogen ISTCs. In the ethylene ISTCs
of Mn to Ni, each carbon atom of ethylene coordinates with one metal atom in a p-ntm?-
coordination mode. In these complexes, the strongly anti-bonding w11 MO becomes
singly occupied in the D2n geometry, because of the larger number of d electrons than in
M = Sc to Cr. As a result, the distortion to a C2n geometry occurs to reduce the anti-
bonding overlap of the Vi1 o MO between the dy; orbitals of metals and the n* orbital of
ethylene. In the Con geometry, the d orbital component considerably increases and the ©*
component of the ethylene moiety considerably decreases in the Vi 09 MO, which leads
to the increase of the ©* component in the V1 ag MO. Hence, the hybridization of ethylene
carbon changes from sp? to sp®. This means that the ethylene moiety becomes di-anion-
like, in which each carbon atom has one sp®-lone pair orbital and it coordinates with one
metal atom. Though the ground state of these complexes is singlet, the energy difference
among spin states is very small.

In the dinitrogen ISTC of Mn, the n'-end-on and n?-side-on dinitrogen
coordination structures are comparable in energy. In the ISTCs of Sc to Cr, the n?-side-
on structure is considerably more stable than the n!-end-on one. This is because one very
stable dy,-m,~ MO is doubly occupied in the n?-side-on dinitrogen ISTCs of Sc to Cr but
two considerably stable dy,-my* and dx-m* MOs are doubly occupied in the n!-end-on
dinitrogen ISTC of Mn. However, the n*-end-on structure becomes more stable than the
n?-side-on one as going from Mn to Ni because the d orbital energy becomes lower and

the o-donation to metal 3d, 4s, and 4p from the lone pair of dinitrogen becomes stronger
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in the n'-end-on structure; note the m orbital of dinitrogen is less favorable for the -
donation than the lone pair orbital. In these n!-end-on dinitrogen ISTCs of Mn to Ni, the
high spin state is much more stable than the singlet state because the spin polarization
occurs to enhance the exchange interaction with the non-bonding d MO; remember that
the non-bonding d MO is singly occupied in these complexes and the one-electron
excitation is possible from the stable bonding MO to the empty anti-bonding MO.

In our study, it is clearly shown that some of non-bonding and/or weakly anti-
bonding MOs play crucial roles for determining geometry and spin multiplicity of these
complexes. We wish to emphasize that one can control the magnetism of this ISTC by

either adding one electron to or removing one electron from the crucial non-bonding MO.
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exchange interaction by these orbitals are large.
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Table 1. Relative energies (in kcal/mol) of various spin multiplicities in (u-
C2oHa)[M(AIP)]2 (M = Sc to Ni) with various spin multiplicities calculated by the

CASPT2 method under D2, and Czn Symmetries.

spin Sc Ti \Y/ Cr

multiplicity  Coan D2n Con D2n Con D2n Con D2n

9 9.5 5.8
7 2.2 2.7 4.1 3.8
5 12.4 1.2 1.4 1.5 2.8 2.0
3 7.4 0.3 11.9 0.5 0.7 0.6 1.8 0.8
1 7.3 0.0 11.6 0.0 0.3 0.0 1.2 0.0
spin Mn Fe Co Ni

multiplicity  Cyy Don Can D2n Con D2n Can D2n

11 1.8 29.4

9 1.4 28.4 1.2 24.1

7 1.0 26.8 0.9 21.2 0.8 15.6

5 0.6 25.6 0.6 18.1 0.6 11.1 0.1 21.3
3 0.3 24.7 0.3 16.3 0.3 7.7 0.1 11.1
1 0.0 24.1 0.0 15.1 0.0 5.8 0.0 6.9
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Table 2. Relative energies (in kcal/mol) of (u-N2)[M(AIP)]2 (M = Sc to Ni) with various

spin multiplicities calculated by the CASPT2 method.

spin Sc Ti \Y Cr

multiplicity n?-side n'-end n’side n'-end mn?-side nl-end nZside n-end

9 3.1 24.6
7 14 35.2 2.1 19.9
5 1.7 20.8 0.9 21.4 1.2 15.3
3 0.4 21.6 0.8 19.9 0.4 17.5 0.4 12.2
1 0.0 19.3 0.0 18.1 0.0 15.9 0.0 10.5
spin Mn Fe Co Ni?®

multiplicity n2-side n'-end n?-side n'-end n2side n'-end n2-side n-end

9 0.0 0.2

7 5.0 5.2 3.9 0.0

5 9.4 9.6 10.0 7.3 4.8 0.0

3 13.9 13.9 15.9 14.2 13.9 11.3 15.1 0.0
1 18.7 18.4 22.3 21.9 24.3 24.4 47.8 30.5

a) In the Ni complex, occupied = orbitals of dinitrogen are involved in active space. See

also Table S1 in SI.
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Table 3. Occupation numbers of the CASSCF natural orbitals in (u-C2H4)[M(AIP)]2 (M

= Sc to Ni) in the open-shell singlet ground state.

(k-n*n*CaHa)[M(AIP)].

(-n'm-C2Ha)[M(AIP)].

main

main

MO Sc Ti \Y/ Cr Mn Fe Co Ni
component component
yu  @s—r* 0.01 001 001 0.01 s 1.01 0.98 1.08 1.09
Y10 s 0.02 0.03 0.04 0.05 Ps° 099 1.02 1.08 1.09
Yo o 0.97 o4 1.00 1.00 1.92 1.09
vs (¥ 1.03 o4 1.00 1.00 1.92 1.09
Y7 93 0.96 0.98 0 1.00 1.00 1.06 2.00
Ve 03 1.04 1.02 03 1.00 1.00 1.06 2.00
s 02 0.97 098 0.99 0 1.00 1.00 1.92 1.91
V4 02 1.03 1.02 1.01 02 1.00 1.00 1.92 1.91
V3 01 1.05 0.96 0.99 1.00 01 1.00 2.00 1.00 1.91
y2 01 0.95 1.04 1.01 1.00 01 1.00 2.00 1.00 1.91
i es+m* 197 197 196 1.94 o 2.00 2.00 2.00 2.00
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Table 4. Occupation numbers of CASSCF natural orbitals in (u-N2)[M(AIP)]2 (M = Sc to

Ni).

(w’m?-N2) [M(AIP)]2 (wn'm'-N2) [M(AIP)]2

Sc Ti V Cr Mn Fe Co Ni

main main

component 1ot 1et  let let COMPONENt get  7et  Set  3et

MO

vz @s-m* 000 002 003 001 @s*m* 054 050 049 0.43
w1 % 001 003 004 001 ¢&m* 057 055 051 045

V10 s 0.01 0.03 0.05 0.02 s 1.00 1.00 1.00 1.00

Yo 04 0.02 0.94 o4 1.00 1.00 1.00 1.01
ys 04 0.02 1.06 o3P 1.00 1.00 2.00 2.00
Y7 03 1.00 1.01 03 1.00 1.00 2.00 2.00
ye ¢3° 0.98 0.99 02 1.00 1.00 1.00 2.00
s 02 0.87 0.90 0.97 02 1.00 1.00 1.00 2.00
7 ¢ 110 1.04 1.02 @2° 1.00 2.00 2.00 2.00
y3 ¢1° 1.08 1.02 1.01 1.00 P1° 1.00 2.00 2.00 2.00
y2 ¢2° 092 098 098 1.00 @s+m* 143 145 1.48 155

V1 e+ 197 195 195 196 o@s*+m* 146 150 152 1.58
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Table 5. Electron and spin populations on the n* orbitals of N2 and C2Hs4 moieties in (u-

N2)[M(AIP)]2 and (u-C2H4)[M(AIP)]2 (M = Sc to Ni) calculated by the CASCI method

with the localized molecular orbitals.

(u-N2)[M(AIP)]2
Sc Ti® \V& Cr Mn Fe Co Ni

3et Set Tet 9et 9et Tet Set 3et

Electron
Tziy™ 1.11 114  1.27 1.27 098 094 096 0.96
T* 0.01 008 0.97 096 094 0091
total 1.12 114  1.27 13 195 190 190 1.87
Spin
Tziy™ -0.01 -0.03 -0.05 —0.09 —-0.69 -0.62 -0.54 -—0.38
T~ 0.00 0.08 —0.71 -0.64 -0.56 -0.37
total -0.01 -0.03 -0.05 000 -140 -1.26 -1.10 -0.76
(u-C2Ha)[M(AIP)]2
Sc Ti \ Cr Mn Fe Co Ni
3et oet Tet et  1let et Tet Set
Electron 0.98 1.00 1.11 113 200 200 200 200
Spin -0.01 -0.03 -0.03 -0.05 0.00 0.00 0.00 0.00

a) In the Ti and V complexes, the N> mx* MO was excluded from active space in this

analysis because the N2 mx* MO mix to metal 4dyy orbitals.
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Table 6. Relative energies (in kcal/mol) of various spin multiplicities of [(u-n%mn?-
C2H4)[Cr(AIP)]2]"and [(n-n?m?-C2H4)[Mn(AIP)]2]* and electron and spin populations on

the 7* orbital of the C2H4 moiety at the dectet spin state.

Spin multiplicity  [(un?%n2-C2Ha)[Cr(AIP)]2]~  [(nn%nm2-C2Ha)[Mn(AIP)]2] *

Relative energy

12 79.5 40.0
10 0.0 0.0
8 2.3 2.8
6 4.6 5.6
4 7.3 8.5
2 10.5 11.6

Electron and spin populations on n* of CoH4®
Electron population 131 1.04

Spin population —-0.40 —0.68

a) In the dectet spin state. These values are evaluated from occupation numbers of the

localized orbital.
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Figure 1. (u-C2H4)[M(N”N)]2 and (u-N2)[M(N”~N)]2 (M = Sc-Ni; N*N = DDP (DDPH =
2-{(2,6-diisopropylphenyl)amino}-4-{(2,6-diisopropylphenyl)imino}pent-2-ene) or AIP
(AIPH = (Z)-1-amino-3- imino-prop-1-ene)). R = Me, R’ = 2,6-'Pr,CsH3 in DDP and R =

R’=H inAlIP.
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Figure 2. Optimized structures of (u-C2H4)[M(AIP)]2 (M = Cr, Mn) calculated by the
CASSCF method under Conh and D2n symmetries with an open-shell singlet state.
a) Parentheses are experimental values.

b) The experimental value of (u-C2H4)[Cr(DDP)]..
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(A) (n-n%:m2-C2H4)[Cr(AIP)]2
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Figure 3. Schematical orbital interaction diagrams of (A) (u-n?m>2-C2Ha4)[Cr(AIP)]. and
(B) (untnm-CoHa)[Mn(AIP)]2. In dashed line are natural orbitals with occupation

numbers.
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(A) (1-n%:n%-N2)[Cr(AIP)]2
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Figure 4. Schematical orbital interaction diagrams of (A) (u-1n?nm?-N2)[Cr(AIP)]2 and (B)

(untm-N2)[Mn(AIP)]2. In dashed line are natural orbitals with occupation numbers.
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