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S1. Detailed procedure of multi-configuration wavefunction analysis based on a
diabatic basis.

Here, we explain detailed procedure of multi-configuration wavefunction analysis
based on a diabatic basis. The total energies and wavefunctions of the lowest two 'A,
singlet states of these dimer models were evaluated at the quasi-degenerated NEVPT2
(QD-NEVPT2)'2 level using the active orbitals localized on each monomer. There is a
discussion on several types of non-invariance problem in strongly-contracted QD-
NEVPT2.3 However, the problem due to noninvarience is expected not to change the
conclusion of the present study.® The practical procedure for cyclobutadiene(CBD)
dimer models is as follows: First, the canonical molecular orbitals (CMOs) were
optimized at the ten-state-averaged(SA10)-CASSCF(8e,80) level. This active orbital
space includes all the valence & electrons and orbitals of the CBD dimer [see Figure S1(a)].
Judging from their spatial distributions and phases, we classified these active CMOs into
three subclasses, i.e., (1)) CM025-26, (i) CM027-30, and (iii)) CMO31-32.  We obtained
eight localized MOs (LMOs) by performing the Pipek-Mezey localization method* and
unitary transformation for each subclass independently [LMO1-8 in Figure S1(b)].

For Ni(Il) norcorrole dimer models (Ne(1) and Ne¢(2)), eight intermolecular
localized orbitals were obtained by the almost same procedure as the CBD dimer
models[LMO1-8 in Figure S2].

We obtained the lowest ten singlet states from the CASCI(8e,80) calculation based
on these active LMOs (without performing any additional orbital optimizations), followed
by the QD-NEVPT2 calculations. We obtained the CASCI-type wavefunctions in the
diabatic representation that diagonalize the NEVPT2 effective Hamiltonian. The
strongly contracted version of NEVPT2 (SC-NEVPT2)>¢ was employed in these
calculations. The cc-pVTZ basis set was employed for the CBD dimer, while the ma-
def2-SVP-SDD and auxiliary basis set were employed for the resolution of the identity
(RI) approximation for the Norcorrole dimer models. All these calculations were

performed using the ORCA 4.2 program package.’
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Figure S1. The active canonical molecular orbitals (CMOs) for the CBD dimer models

obtained at the SA10-CASSCF(8e,80) calculations (a), and the active localized molecular

orbitals (LMOs) obtained by localizing the active CMOs using the Pipek-Mezey method
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Figure S2. The active localized molecular orbitals (LMOs) of Ni(II) norcorrole dimer
models Ne¢(1) obtained by localizing the active CMOs obtained at the SA10-
CASSCF(8e,80) calculations using the Pipek-Mezey method.
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S2. Analysis of wavefunctions in the diabatic representation

Here, we explain the crucial electron configurations of the CASCI wavefunctions in
the diabatic representation.  Although we performed calculations based on the
CAS(8e,80) space, we focused on the configurations involved in the CAS(4e,40) space,
i.e., those composed of HOMOs and LUMOs of CBD monomers (LMO3-6). All the
electron configurations involved in the CAS(4e,40) spaces that contribute to the singlet
state wavefunctions are shown in Figure S-3. Here, G, D, T, and E represent the ground
singlet, doubly excited singlet, and (spin-adapted) singly excited triplet, (spin-adapted)
singly excited singlet configurations (configuration state functions, CSFs) of each
monomer (thus, three types of S = 1 configurations with Ms = —1, 0, and 1 are included
inT). Thus, for example, GG corresponds to the configuration where HOMO is doubly
occupied in both monomers. GD and DG represent the configurations where LUMO is
doubly occupied in one of the monomers. TT represents the '(TiTi) configuration.
Note that since monomeric T and E are the spin-adapted CSFs, TT and EE were
constructed by taking care of the monomeric and dimeric spin-symmetries. Namely, TT
and EE are represented by the following equation using the HOMOs (ha = LMO3, /g =
LMO4) and LUMOs (/4 = LMOS, Iz = LMO6) of the monomers.

1

TT = = ([halabsls] + [Ralahsls])

1, - _ _ _ o
—§(|hAzAthB| + |halyhpls| + |Ralahsls| + |halahsls|)

1 ] T A R - — —
EE = E(lhAlAhBlBl - |hAlAhBlB| — |hAlAhBlB| + |hAlAhBlB|)

CT represents the charge-transfer configurations and there are ten types of (spin-adapted)
CT configurations (CT1-10). These CT configurations are further classified into three
subclasses, CTA, CTB, and CTC. CTA relates to TT by the one-electron transfer
process from the HOMO (or LUMO) of one monomer to the HOMO (or LUMO) of the
other monomer. CTB relates to TT by the one-electron transfer process from the
HOMO (or LUMO) of one monomer to the LUMO (or HOMO) of the other monomer.
CTC relates to TT by the two-electron transfer process. The weights of electrotonic

configurations and energies for the 1'Ag and 2'Ag states given in Figure 3 and Figure 4
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were obtained by diagonalizing the NEVPT2 effective Hamiltonian matrix (Hqg)
represented in these configuration bases (Figure S4).
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Figure S-3. All the electron configurations involved in the CAS(4e,40) spaces that

contribute to the singlet state wavefunctions.
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Figure S-4. Schematic representation of Hamiltonian matrix(Hq) of CAS(4e,40) in the
diabatic representation and Hamiltonian matrix (Hs’) partially diagonalized within the

matrix block in H;composed of GG, GD, DG, and DD configurations.

Suppose that [P;(A)) and [P, (B)) are the singlet ground state wavefunctions of the
isolated monomer A and B, respectively. They can be represented by the superposition
of the G and D configurations (Cg, Cp > 0),

[P (A) = CsG— CpD

[Y(B)) = C;G— CpD
where Cg > Cp for the Dy, monomer, and Cg= Cp for the D4y monomer. To understand
the interactions between these configurations step-by-step, we first consider a partially
diagonalized form (H,’) of the Hamiltonian matrix for the matrix block composed of GG,
GD, DG, and DD (Figure S4, right). The lowest eigenfunction within this subspace,
OS1, is represented by a linear combination of the direct product of |Y;(A)) and
¥ (B)).

051 = |;(A)) ®lY;(B)) = C;6G6 — C;Cr(GD + DG) + C3DD

Since Cg= Cpis satisfied in the D4 monomers, the weights of GG, GD, DG, and DD in
OS1 are equal in the Ds, dimer. In the case of Doy dimer, Cg is much larger than Cp,
and thus, OS1 is mainly described by GG.

Then, we discuss the weights of electron configurations in the 1'Ag and 2! A, states
of the Doy and Dax-dimer models as a function of stacking distance d, based on the
configuration interactions in H,;’ that can be interpreted by the electron transfers between
the monomers. For large d, such intermonomer interactions are negligible and the

lowest singlet state is more stable than the lowest triplet state in both the Don and Dan
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monomers. Therefore, at a sufficiently large d, we can approximate the wave functions
of the 1'Ag state of the CBD dimer models by that of OS1. Indeed, as shown in Figures
3(b) and Figure 4(b), the 1'A, states of the Dy and Dan dimer in large d regions are
composed of GG, GD, DG, and DD configurations. As we expected, the GG, GD, DG,
and DD almost equally contribute to the 1!A, state for the Dan dimer. In contrast, the
2'A, state wavefunction in the large d region is primarily represented by TT, since T is
the lowest excited state of the isolated monomer.

As d decreases, the interactions between the configurations become considerable:
The weight of TT increases at a small d in the 1'A, states (see Figures 3(b) and Figure
4(b)). TT relates to GD or DG by the HOMO—HOMO/LUMO—LUMO, to GG by
the HOMO—LUMO, and to DD by the LUMO—HOMO intermonomer two-electron
transfer processes. However, in eclipsed dimer models, the intermonomer HOMO—
LUMO transfer integrals are expected to vanish due to the symmetry. Thus, it is
expected that the weight of TT in the 1'A, states increases when the direct coupling
between TT and GD or DG in OS1 increases. The weight of TT in the 1! A, state begins
to increase in the Dan dimer model around d = 3.4-4.2 A where the intermolecular orbital
overlaps are still small, meaning that the direct coupling between TT and GD or DG in
OS1 is considerable around this region. This tendency probably originates from to the
small energy gap between the TT and OS1 configurations. However, according to the
recent computational results for the So-T:1 energy gap of the isolated Dsn monomer by
Monino et al.,® we speculate that the energy gap can be underestimated to some extent at
the present QD-NEVPT?2 level. Thus, the weight of TT in the 1'A, state of the Day dimer
model around d = 3.4-4.2 A would be overestimated at the present level of approximation.

On the other hand, in the D, dimer model around d = 3.4-4.2 A, the weight of TT
in the 1'A, state remained small and increased around d < 3 A where the intermolecular
orbital overlaps are considerable. From this result, the direct coupling between TT and
GD or DG in OS1 can be small in the D>, dimer model, probably due to the larger energy
gap between these configurations. Thus, CT configurations would play crucial roles in
the mixing of TT in the 1'A, state at small d. Indeed, CTA relates not only to TT but
also to GD or DG via HOMO—HOMO or LUMO—LUMO one-¢electron transfer process.
CTArelates to TT and GD or DG via HOMO—HOMO or LUMO—LUMO two-electron
transfer process. In general, the coupling strengths via the one-electron transfer

processes are much larger than those via the two-electron transfer ones. CTB and CTC
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relate to TT, GG, and DD configurations via the HOMO—LUMO or LUMO—HOMO
electron transfer process, but the corresponding transfer integrals vanish due to the
symmetry of the dimer models. Therefore, we expect that CTA can efficiently help mix
TT in the 1'A, state at small d. In other words, lowering the lowest CTA energy level
with decreasing d, taking along with the TT contributions via CTA-TT electronic
coupling, is a key to understand the energy stabilization mechanism.

For large d, the lowest CTA energy level is higher than those of TT and OS1, and
as d decreases, the CTA level becomes lower and start to couple to TT that constitutes
the 2! A, state.  Indeed, from Figure 3(b) for the Dy dimer, the weight of CT(CTA) starts
to increase in the 2'A, state (2.8 A <d <4.0 A). Owing to the CTA-TT coupling, the
energy of CTA-TT-like 2!A, state becomes lower with decreasing d.  As a result, the
energy-level crossing occurs. Even though CTA can also couple to OS1, CTA-TT
coupling is expected to be larger than CTA-OS1 coupling (since CTA can couple to OS1
only via DG and GD in OS1, not via GG and DD). Thus, after the crossing point, TT
and CT(CTA) strongly contributed to the 1'A, state via CTA-TT coupling; GD and DG
also contributed to the 1'A, state to some extent via CTA-OS1 coupling; 2!A, state is
described by GG.
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S3. State number dependencies of energy and weight of electron configurations as a
function of stacking distance.

In this section, we discuss the state number dependencies of QD-NEVPT?2 results of
the CBD dimer models since the reference SA-CASSCF (and QD-NEVPT?2) results often
depend strongly on the number of states to be averaged. Figures S-5, S-6, and S-7 show
the results of the D2, and Dan dimer models at the QD-NEVPT2 level based on the SAS-
CASSCF(8e,80), SA10-CASSCF(8e,80), and SA20-CASSCF(8e,80) references. From
these results, SA10- and SA20-CASSCEF results are almost close.

At d <22 A, the QD-NEVPT2 with the SAS-CASSCF(8e,80) reference cannot
describe the singlet excited state of interest for the CBD D4n dimer model due to its
significant destabilization (see Figure S-7). In addition, at d <2.2 A, the QD-NEVPT2
with the SA20-CASSCF(8e,80) reference failed to give smooth variations in the energy
and weight of electron configurations for the CBD Dasn dimer models. These results
suggest that taking full the n-valence orbitals is no longer sufficient for describing the
low-lying singlet states at such a small d region. On the other hand, for 2.2 A <d<5.0
A, the QD-NEVPT?2 calculations with the SA10-CASSCF(8e, 80) reference are expected
to describe the electronic structures of low-lying singlet states qualitatively and

quantitatively.
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Figure S-5. The energy of the CBD Dan and Dan dimer models as a function of d
calculated at the QD-NEVPT2 level of theory based on the SA5-CASSCF(8e, 80), SA10-
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Figure S-6. The weights of electron configurations of the CBD Don dimer models as a
function of d calculated at the QD-NEVPT2 level of theory based on the SAS-
CASSCF(8e, 80), SA10-CASSCF(8e, 80), and SA20-CASSCF(8e, 80) references.
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S4. Energies and wavefunctions of CBD dimer models at the CASSCF level
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CASSCF(8e, 80)/cc-pVTZ level of theory.
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S5. So-T1 energy gap of cyclobutadiene monomer with D;; and Dy, symmetries.

Table S1. Total energies of the lowest singlet (E£(So)) and triplet (£(71)) states and the
energy difference E(So) — E(71) for CBD monomer with the Dz, and Dy, symmetries
calculated at SA-4-QD-NEVPT2(4,4)/cc-pVTZ level *

D2y, structures Dy, structures
E(So) [Hartree] -154.3338905 -154.3176726
E(T1) [Hartree] -154.2838901 -154.316722
E(So) — E(T1) [kcal/mol] -31.4 -0.60

#The state-averaging (SA-4) was considered for the three singlet and one triplet states.

S6. Weight of each electron configuration in the ground state for Nc(1) and Nc(2)
calculated with different sizes of the active space in the SA-CASSCF and QD-
NEVPT2.

Table S2. Weight [%] of each electron configuration in the ground state for Ne(1)
calculated with different sizes of the active space in the SA-CASSCF and QD-NEVPT2.

CASSCF(4,4)° CASSCF(8,8)" CASSCF(12,12)" QD-NEVPT2(4,4)  QD-NEVPT2(8,8)"

GG 0.7 3.6 0.1 1.9 0.1

GD 5.1 7.9 3.6 9.8 9.1

DG 5.1 8.6 3.6 9.8 9.1

DD 0.1 0.4 0.0 0.2 0.0

TT 514 37.9 41.7 30.4 37.2

CT 25.2 24.4 24.6 25.6 26.7

else 6.2 14.9 18.7 8.6 14.3
CT+TT? 76.6 62.3 66.3 55.9 63.9

®The sum of the weights of TT and CT configurations.
b The ten-state-averaged (SA10-)CASSCF with ma-def2-SVP-SDD basis were employed

in these calculations.
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Table S3. Weight [%] of each electron configuration in the ground state for Ne¢(2)
calculated with different sizes of the active space in the SA-CASSCF and QD-NEVPT2.

CASSCF(4,4)° CASSCF(8,8)" CASSCF(12,12)°  QD-NEVPT2(4,4)®  QD-NEVPT2(8,8)°

GG 95.9 73.5 83.5 87.5 86.6

GD 0.6 0.2 1.2 2.0 1.1

DG 1.1 1.3 0.8 2.8 0.7

DD 0.0 0.0 0.0 0.0 0.0

TT 0.0 0.0 0.0 0.0 0.0

CT 0.0 0.0 0.0 0.0 0.0

else 2.4 24.8 14.4 7.6 11.5
CT+TT? 0.0 0.0 0.0 0.0 0.0

®The sum of the weights of TT and CT configurations.
b The ten-state-averaged (SA10-)CASSCF with ma-def2-SVP-SDD basis were employed

in these calculations.

S7. Cartesian coordinates for optimized geometries

Optimized geometry of cyclobutadiene with the D4h symmetry in the singlet state at
the CASSCF(4e, 40) NEVPT2/cc-pVTZ level.

Atom X Y V4
C -0.721860 0.721860 0.000000
C 0.721860  -0.721860 0.000000
C -0.721860  -0.721860  -0.000000
C 0.721860 0.721860  -0.000000
H -1.482679 1.482679 0.000000
H 1.482679  -1.482679 0.000000
H -1.482679  -1.482679  -0.000000
H 1.482679 1.482679  -0.000000
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Optimized geometry of cyclobutadiene with the D>, symmetry in the singlet state at
the CASSCF(4e, 40) NEVPT2/cc-pVTZ level.

Atom X Y V4
C -0.781062 0.672585  -0.000000
C 0.781062  -0.672585  -0.000000
C -0.781062  -0.672585 0.000000
C 0.781062 0.672585 0.000000
H -1.541694 1.435671  -0.000000
H 1.541694  -1.435671  -0.000000
H -1.541694  -1.435671 0.000000
H 1.541694 1.435671 0.000000

Cartesian coordinates for Nc(1).

Atom X Y Z

Ni 0.000000 0.000000 0.000000

N -1.274843  -1.227799 0.146968

N  -1.309150 1.199647 0.129526

N 1.283504 1.221465 0.068991

N 1.318148  -1.187496 0.086925

C 3.467377 -1.808249  -0.058887

C -1.191698  -2.573765 0.312466

C 2.690841  -2.941888  -0.034073

C 2.602949 3.016046 0.009407

C 3.413048 1.909545  -0.036441

C 1.220171 2.577305 0.099194

C -0.022908 3.256129 0.249524

C  -2.534543  -2.994428 0.692523

C 0.058930  -3.258813 0.211787

C -1.273815 2.548930 0.279074

C -2.529052 -0.753612 0.383924

C 2.562612 0.759737  -0.005255

C 2.583785  -0.686808 0.005255

C 1.300013  -2.548128 0.084227
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2.792194
-2.299470
-2.320643
-1.036872

2.938970
0.691622
-1.887599
1.806831
-1.773954
-3.960458
4.044773
1.909724
-4.009836
3.951559
-1.867693
1.762934
-4.345133
4.340901
0.000000
1.227799
-1.199647
-1.221465
1.187496
1.808249
2.573765
2.941888
-3.016046
-1.909545
-2.577305
-3.256129
2.994428
3.258813
-2.548930
0.753612
-0.759737
0.686808
2.548128

0.588787
0.356426
0.727238
0.629357
-0.142518
-0.096625
-0.012848
-0.105427
0.937226
0.786011
0.991234
0.851800
0.298883
0.356080
-2.866296
-3.013265
-2.995822
-2.935287
-2.953222
-2.807409
-3.178763
-2.832224
-2.875704
-2.829856
-2.965490
-3.115820
-3.558819
-3.078084
-3.145371
-3.250220
-2.861042
-2.871551
-2.950523
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C
C
C
C
H
H
H
H
H
H
H
H
H
H

2.898878
2.815241
3.602702
3.673522
-4.287961
-2.798558
-2.684404
-4.235261
3.096373
3.238989
4.658074
4.737604
0.289518
0.186983

-2.938970
-0.691622
1.887599
-1.806831
1.773954
3.960458
-4.044773
-1.909724
4.009836
-3.951559
1.867693
-1.762934
-4.340901
4.345133

-3.455084
-3.222723
-3.593534
-3.495653
-2.723778
-2.769671
-2.853449
-2.760870
-3.803523
-3.652307
-3.857531
-3.718096
-3.222376
-3.165179

Cartesian coordinates for Nc(2).

Atom

C

O O 0000000000000

X
-2.596498
-3.519711
-2.775704
-1.378028
-0.179581

1.129563
2.458662
3.335012
2.537481
2.596499
3.519712
2.775705
1.378029
0.179582
-1.129562
-2.458662

Y
-0.618098
-1.712077
-2.876338
-2.509312
-3.239431
-2.624660
-3.128218
-2.034850
-0.871802
0.618097
1.712076
2.876338
2.509311
3.239430
2.624660
3.128218

V4

-0.045793
0.032727
0.044700

-0.009036

-0.019406
0.009884

-0.056232

-0.008627
0.081367

0.045799
-0.032721
-0.044694

0.009042

0.019412

-0.009878
0.056238
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Z z z z O O

z

oo o000 oD DD D T T . ToT

-3.335011
-2.537480
-1.367995
1.245079
1.367995
-1.245079
0.000000
-4.604525
-3.166973
2.745868
4.421277
4.604525
3.166938
-2.745902
-4.421276
0.233878
-0.235158
-2.596498
-3.519711
-2.775704
-1.378028
-0.179581
1.129563
2.458662
3.335012
2.537481
2.596499
3.519712
2.775705
1.378029
0.179582
-1.129562
-2.458662

2.034850
0.871802
-1.132627
-1.269603
1.132627
1.269603
0.000000
-1.638371
-3.891448
-4.176208
-2.080154
1.638354
3.891451
4.176208
2.080167
4.330037
-4.330201
-0.618098
-1.712077
-2.876338
-2.509312
-3.239431
-2.624660
-3.128218
-2.034850
-0.871802
0.618097
1.712076
2.876338
2.509311
3.239430
2.624660
3.128218

0.008633
-0.081361
-0.055359

0.104369

0.055365
-0.104363

0.000000

0.064317

0.089265
-0.125518
-0.045774

-0.064315
-0.089264
0.125527
0.045775
0.038489
-0.038468

9.954207
10.032727
10.044700

9.990964

9.980594
10.009884

9.943768

9.991373
10.081367

10.045799
9.967279
9.955306

10.009042

10.019412

9.990122
10.056238
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C -3.335011 2.034850 10.008633
C -2.537480 0.871802 9.918639
N -1.367995 -1.132627 9.944641
N 1.245079 -1.269603 10.104369
N 1.367995 1.132627 10.055365
N -1.245079 1.269603 9.895637
Ni 0.000000 0.000000 10.000000
H -4.604525 -1.638371 10.064317
H -3.166973 -3.891448 10.089265
H 2.745868 -4.176208 9.874482
H 4.421277 -2.080154 9.954226
H 4.604525 1.638354 9.935685
H 3.166938 3.891451 9.910736
H -2.745902 4.176208 10.125527
H -4.421276 2.080167 10.045775
H 0.233878 4.330037 10.038489
H -0.235158 -4.330201 9.961532
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