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1 Optimized structures of each molecule in the ground state

In this section, we present the optimized ground-state structures of molecules. The molecular

structures were visualized using the VESTA software. 5!

1.1 bpy-Pt-CAT-mPh-NN
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Figure S1: The optimized structure of bpy-Pt-CAT-mPh-NN, viewing from three axes.

The optimized geometry of bpy-Pt-CAT-mPh-NN:
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1.2

bpy-Pt-CAT-2Me-NN

The optimized geometry of bpy-Pt-CAT-2Me-NN:
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Figure S2: The optimized structure of bpy-Pt-CAT-2Me-NN, viewing from three axes.
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1.3 bpy-Pt-CAT-4Me-NN
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The optimized geometry of bpy-Pt-CAT-4Me-NN:
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Figure S3: The optimized structure of bpy-Pt-CAT-4Me-NN, viewing from three axes.
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1.4 bpy-Pt-CAT-6Me-NN

The optimized geometry of bpy-Pt-CAT-6Me-NN:
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Figure S4: The optimized structure of bpy-Pt-CAT-6Me-NN, viewing from three axes.
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1.5 bpy-Pt-CAT-2,4,6Me-NN
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The optimized geometry of bpy-Pt-CAT-2,4,6Me-NN:
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Figure S5: The optimized structure of bpy-Pt-CAT-2,4,6Me-NN, viewing from three axes.
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1.6 bpy-Pd-CAT-mPh-NN
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The optimized geometry of bpy-Pd-CAT-mPh-NN:
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Figure S6: The optimized structure of bpy-Pd-CAT-mPh-NN, viewing from three axes.
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2 XMS-CASPT?2 calculations for the structures without alkyl
groups

In order to investigate the electronic and structural effects of the alkyl groups on the excited states,
we also performed calculations for model structures without alkyl groups in the bpy and NN moi-
eties, which we named bpy-M-NoMe. The energies are listed in Table S1, and the comparison of

each excitation energy is shown in Fig. S7.

Table S1: Excitation energies of several low-lying states of bpy-M-NoMe model molecules calcu-
lated using XMS-CASPT2

2T/ cm™! AT/ cm™! 25,/ cm™! 2LE/cm™!
bpy-Pt-NoMe 16149 16264 16849 17986
Pt-2Me-NoMe 15959 16050 16688 19009
Pt-4Me-NoMe 16006 16123 16697 18975
Pt-6Me-NoMe 16146 16237 16864 17499
Pt-2,4,6Me-NoMe 16408 16515 17144 18780
bpy-Pd-NoMe 14808 14941 15931 17244
e
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Figure S7: Energy differences between the structures with or without alkyl substituents
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The results showed that the energies of the charge-transfer (CT) states increased overall with
the addition of Me groups, whereas the energy of the doublet local excited (LE) state did not
exhibit any systematic effect. Since alkyl groups are electron-donating, it is reasonable that they

destabilize the acceptor’s LUMO, thereby increasing the energies of the CT states.

3 Dependence of state energies on different CASPT2 IPEA shift

values for bpy-Pt-CAT-mPh-NN

We examined the energy variations of excited states under different computational settings for the
CASPT2 method. Specifically, we investigated the effects of changes in the IPEA shift in CASPT2.
In this section, all calculations were conducted on a model Pt molecule (bpy-Pt-NoMe), where the

Me groups were replaced with H in the same manner as in Section 2 of the main text.

Table S2: Comparison of several low-lying excited states of bpy-Pt-CAT-NoMe under different
values of XMS-CASPT2 IPEA shift. All conditions except for the IPEA shift are the same as
those in Section 2.

IPEA/au.  *Ty/em™!  4Ty/em™'  28;/ecm™'  2LE/cm™!
0 12491 12580 13320 14559
0.10 14083 14143 14818 16247
0.20 15492 15589 16199 17445
0.25% 16149 16264 16849 17986
0.30 16780 16911 17473 18500
0.40 17970 18130 18657 19469

* Same as the result in Section 3.1 of the main text.
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4 Dependence of state energies on the number of states in CASSCF
state-averaging

We also calculated the energy dependence of the low-lying excited states on the number of states in-
cluded in the CASSCEF state-averaging. Note that the energies listed in the table are those obtained
using the XMS-CASPT?2 theory. The structure used was bpy-Pt-NoMe, and all other computational

conditions were identical, as in Section 2 of the main text.

Table S3: Comparison of several low-lying excited states of bpy-Pt-CAT-NoMe under different
number of states in CASSCEF state-averaging.

State averaging ~ 2T;/ecm™!  *T{/cm™! 281/ ecm™! 2LE/cm™!
D3 14655 - 15525 -
D3Q1 15925 16071 16702 -
D4Q2 14227 14305 15072 16872
D6Q2 15408 15513 16117 17220
D8Q3* 16149 16264 16849 17986

* Same as the result in Section 3.2 of the main text.

The results of varying the number of states in the state-averaging are summarized in Table S3.
Note that in the table, D denotes a doublet and Q a quartet. The D3Q1 state-averaging provides
results that agree well with the experimental values for the CT states, but it is unable to include the
LE state. Furthermore, in D4Q2 state-averaging, which is the minimal state averaging scheme that
can include both the doublet and quartet LE states, the energies of the CT states were found to be
underestimated by approximately 2000 cm~!. After further testing, we found that the D8Q3 state-
averaging yields good agreement with the vertical excitation energy. Consequently, we adopted this
scheme for the subsequent calculations. It should also be mentioned that none of these calculations

yielded the “LE state.
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S Active spaces of bpy-M-CAT-Linker-NN for electronic calcu-
lations

For the CASSCF/CASPT?2 calculations, active spaces with thirteen electrons and thirteen 7 orbitals

were selected, as mentioned in the main text. In this section, the converged natural orbitals are

illustrated. Molecular orbitals were shown using the Avogadro software.5?

St o ¥ g
B a5t et gt
3 g P

Figure S8: Illustration of CASSCF converged natural orbitals of bpy-Pt-CAT-mPh-NN. The iso-
surface value was set to 0.02.
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Figure S9: Illustration of CASSCF converged natural orbitals of bpy-Pt-CAT-2Me-NN. The iso-
surface value was set to 0.02.
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Figure S10: Ilustration of CASSCF converged natural orbitals of bpy-Pt-CAT-4Me-NN. The iso-
surface value was set to 0.02.
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Figure S11: Illustration of CASSCF converged natural orbitals of bpy-Pt-CAT-6Me-NN. The iso-
surface value was set to 0.02.
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Figure S12: Illustration of CASSCF converged natural orbitals of bpy-Pt-CAT-2,4,6Me-NN. The
isosurface value was set to 0.02.
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Figure S13: Illustration of CASSCF converged natural orbitals of bpy-Pd-CAT-mPh-NN. The iso-
surface value was set to 0.02.
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6 Spin density for each low-lying state

In this section, to facilitate a clearer understanding of the spin characteristics of each electronic

state, we visualize the spin densities of each state obtained from XMS-CASPT?2 calculations.

28, 2LE

Figure S14: XMS-CASPT?2 spin density for bpy-Pt-CAT-mPh-NN (Isosurface value = 0.002).

28, 2LE

Figure S15: XMS-CASPT?2 spin density for bpy-Pt-CAT-2Me-NN (Isosurface value = 0.002).
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Figure S16: XMS-CASPT?2 spin density for bpy-Pt-CAT-4Me-NN (Isosurface value = 0.002).

28, 2LE

Figure S17: XMS-CASPT2 spin density for bpy-Pt-CAT-6Me-NN (Isosurface value = 0.002).
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Figure S18: XMS-CASPT?2 spin density for bpy-Pt-CAT-246Me-NN (Isosurface value = 0.002).

Figure S19: XMS-CASPT?2 spin density for bpy-Pd-CAT-mPh-NN (Isosurface value = 0.002).
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7 XMS-CASPT?2 calculations for bpy-M-NoRadical molecules

Since the radical does not directly participate in the charge-transfer states of bpy-M-CAT-Linker-
NN, it can be inferred that the properties are similar even for the molecule with the radical omitted.
For comparison, we performed XMS-CASPT2 calculations on bpy-M-NoRadical (Fig. S20), in
which the radical and the linker were replaced with the methyl group. The calculation settings
were identical to those used in the calculations described in the main text. However, since the
radical is not included, the state averaging in the CASSCF was targeted to eight singlet states and

three triplet states, and the active space consisted of 12 electrons in 12 orbitals (Fig. S21,S22).

—
/
\ N\ /O
/M\
|/

M = Pt, Pd

Figure S20: The chemical structure of bpy-M-NoRadical.

Table S4: Excitation energies of bpy-M-NoRadical molecules calculated using XMS-CASPT?2.
Both structures were optimized for their ground states.

T, /cm™! S;/cm™!
bpy-Pt-NoRadical 16599 17177
bpy-Pd-NoRadical 11882 12033

In bpy-Pt-NoRadical, the calculation indicated the presence of a donor-acceptor charge-transfer
excited state at an energy comparable to that of the analogous connected systems; however, the
excitation energy of the Pd complex was underestimated relative to the experimental value. This
behavior is consistent with the results obtained for bpy-M-CAT-Linker-NN described in the main

text, leading us to conclude that a systematic underestimation error exists for the Pd complex.
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Figure S21: Illustration of CASSCF converged natural orbitals of bpy-Pt-NoRadical with 12 or-
bitals and 12 electrons. The isosurface value was set to 0.02.
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Figure S22: Illustration of CASSCF converged natural orbitals of bpy-Pd-NoRadical with 12 or-
bitals and 12 electrons. The isosurface value was set to 0.02.
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Table S5: CI Vector weights for the Ty and S; states calculated using XMS-CASPT2 theory.
The CI vectors obtained from the preceding CASSCF calculations were rotated to diagnalize the
effective Hamiltonian in the XMS-CASPT2 framework to correspond with the XMS-CASPT2
wavefunctions. The major Slater determinants contributing to each state are listed. The Slater
determinants for both states represent the LUMO localized on the acceptor and HOMO localized
on the donor.

So T, Sy

02) jaer) | [aB)  [Ba)
bpy-Pt-NoRadical | 0.78278 | 0.77498 | 0.37678 0.37678
bpy-Pd-NoRadical | 0.83501 | 0.83759 | 0.40318 0.40318
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8 Active spaces of PhNN and its derivatives

In this section, we illustrate the orbitals in the active spaces employed in the CASPT2 calcula-
tions for PhNN and its derivatives. All active spaces consist of seven electrons in seven orbitals,

comprised of the 7 orbitals of the radical and the Ph group.

¥ EE

Figure S23: Illustration of CASSCF converged seven natural orbitals of PhANN with seven elec-
trons. The isosurface value was set to 0.02.
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Figure S24: Illustration of CASSCF converged seven natural orbitals of PhANN-2Me with seven
electrons. The isosurface value was set to 0.02.

Figure S25: Illustration of CASSCF converged seven natural orbitals of PhNN-6Me with seven
electrons. The isosurface value was set to 0.02.
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Figure S26: Illustration of CASSCEF converged seven natural orbitals of PhNN-2,4,6Me with seven
electrons. The isosurface value was set to 0.02.
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9 The order of initial guess orbitals in DMRG-CASSCF calcu-

lations

M = Pt, Pd

Figure S27: The order of localized orbital sites used in DMRG-CASSCEF calculations for bpy-Pt-
NoRadical and bpy-Pd-NoRadical.
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10 DMRG convergence with respect to bond dimension

Table S6: Convergence of computed wavefunction energies for bpy-Pt-NoRadical and bpy-Pd-
NoRadical as a function of bond dimension (M). Note that DMRG-CASSCEF calculations did not
meet convergence criteria within 150 cycles for M = 128 and 256.

E[M = 128*] / hartree E[M = 256*]/ hartree E[M = 512]/ hartree E[M = 1024] / hartree

bpy-Pt-NoRadical -15998.4059885225 -15998.4069557392 -15998.4071488857 -15998.4071748683
bpy-Pd-NoRadical -5860.75240873231 -5860.75381470898 -5860.75410709578 -5860.75414018296

The wavefunction energies obtained from the DMRG-CASSCEF calculations, as discussed in
Section 3.3, are summarized in Table S6. The change in wavefunction energy with increasing
bond dimension remains larger than the order of the D-tensor, even when comparing M = 512 and
M = 1024. However, as the D-tensor is determined via Eq. (5) (Section 2 of the main text) using
the density matrix derived from the DMRG wavefunction (Eq. (7)) and the spin-spin integrals (Eq.
(6)), the absolute energy difference in the DMRG wavefunction itself is not crucial. Instead, the
accuracy of the density matrix is more critical for the precision of the D-tensor. Given that the
DMRG-CASSCEF calculations satisfy the convergence criteria at M = 512 and 1024, we conclude

that the computational accuracy is sufficient.
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11 Derivation of SOC transition matrix elements between quar-

tet and doublet states

In this section, we derive the transition matrix elements for the SOC Hamiltonian used in Section
3.4 of the main text. The notation and derivation essentially follow the work of Ganyushin and
Neese (Ref[S3]). To proceed with deriving the transition matrix elements, it is first necessary to
establish the form of the SOC Hamiltonian. We begin with the spin-orbit mean-field (SOMF)
approach proposed by Hess et al., in which the SOC operator is expressed using a quasi-one-

particle operator, as shown in Eq. 1.

Asomr = Zi(i)ﬁ(i) (D

It is helpful to represent the operator in the form of the spherical tensor to obtain the expression
for the matrix elements. By representing the SOMF operator with the spherical tensor formalism,

Eq. 1 can be rewritten as shown in Eq. 2.

Asomp= ), (—1)'"Zf—m(i)§m(i)- 2

m=0,+1
Using the Wigner-Eckart theorem, the matrix elements of the SOMF operator for electronic wave-
functions that consider spin sublevels can be represented by extracting information about sublevels

within the Clebsch-Gordan coefficients ((S'M’'1m|SM)) (Eq. 3).

S (S'M'1m|SM) <\P§

25+1

q,§> 3)

In Eq. 3, ‘P;W represents the electronic wavefunction, in which I denotes the state, S is the total spin

/!
Yiy (=m)
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quantum number, and M is the spin magnetic quantum number. Y]%S/(—m) is the reduced matrix
element, which does not include the effects of quartet and doublet sublevels. From Eq. 3, it can be
seen that the matrix elements are determined by the Clebsch-Gordan coefficients and the reduced
matrix elements. The calculated values for each spin sublevel are listed in Table S7. Although Ypp
depends on m, for simplicity, the elements of Ypp for all m values are assumed to be the same. Due
to the assumption mentioned above, the spatial part of the molecular wavefunction with respect to
the SOMF operator is isotropic. By squaring and taking the spatial average, the matrix elements
for the SOC operator that appear in the main text can be derived. Although the derivation of SOC
matrix elements presented here is based on the assumption of a SOMF Hamiltonian, it is fully
applicable to SOC matrix elements computed using the FNSSO approximation. This is because
both approaches reduce the two-electron SOC contributions to an effective one-electron operator,

allowing the same formal derivation to be applied without any additional complications.

Table S7: Transition matrix elements of quartet - doublet intersystem crossing via SOMF Hamil-
tonian.

<Qi3/2‘ﬁSOMF’Dil/2> <Qil/2‘ﬁSOMF’Dil/2> <Q¢1/2‘ﬁSOMF’Dil/2> <Q:F3/2‘I_AISOMF’D11/2>

Yop(—1)/2 Yon(0)/V6 Yop(1)/V12 0
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12 Investigation of the multi-reference character of PhNN us-

ing mutual information

SOMO

LUMO

HOMO

Ph4

Ph2

Ph1

Ph3

Figure S28: Quantum orbital entanglement (mutual information) maps between the natural active
space orbitals of the “LE state of PhANN. The thickness of the lines gives the magnitude of the
mutual information /,q between the orbitals. Each node in the map denotes a phenyl 7 orbital

(Ph1-Ph4) or a radical 7 orbital (HOMO, SOMO, LUMO).

Table S8: Mutual information /,, of the 4LE state between the natural active space orbitals of
PhNN. The orbitals are visualized in Fig. S29.

HOMO  SOMO LUMO Phl Ph2 Ph3 Ph4
HOMO - 0.287341 0.357856 0.009892 0.035749 0.011053 0.033191
SOMO 0.287341 - 0.286861 - 0.006529 0.001660 0.006474
LUMO 0.357856 0.286861 - 0.011545 0.036853 0.011696 0.034956
Phl 0.009892 - 0.011545 — 0.014778 0.125185 0.021716
Ph2 0.035749 0.006529 0.036853 0.014778 - 0.021205 0.154740
Ph3 0.011053 0.001660 0.011696 0.125185 0.021205 - -
Ph4 0.033191 0.006474 0.034956 0.021716 0.154740 - -

In order to examine the multi-reference character of the PhANN molecule in greater detail, we

computed the mutual information within the active space to quantify the degree of orbital entangle-

ment.3* Mutual information / pg» Which quantifies the quantum entanglement between two orbitals,

is defined by the following equation.

Ipg =5p+5q—Spq
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In this equation, the single-orbital (one-electron) entropies for orbitals s, and s, for orbitals p and

g, respectively, and the two-orbital (two-electron) entropy s, for orbitals p and g are given by:
sp ==L Ppaln(Pps) (5)
n

Spg = — Z Ppg.nm I (Opg.nm) (6)

nym
where p, , and P,y n.m are elements of the single-orbital and two-orbital reduced density matrices,
respectively. Typically, the single-orbital entropy s, ranges from 0 to In4 for systems in which
each orbital can accommodate up to two electrons (accounting for spin). A value near 0 indicates
that the orbital is almost empty or fully occupied (and thus has little uncertainty in its occupancy),
whereas the value close to In4 suggests a more even distribution of occupancy. The two-orbital
entropy s,, captures the combined occupancy distribution of orbitals p and g. Physically, the mu-
tual information /,,, measures the degree of correlation between orbitals p and g. By definition,
Sp+8q > Spq » which guarantees 1,; = s, + 54 — 54 1s nonnegative. When I, is zero, it indicates
that the two orbitals are uncorrelated and independent. In contrast, when the value of 1, is near the
maximum value, 21n4, it reflects a high degree of interdependence between the occupation states of
orbitals p and g, signifying strong electron correlation effects in the system. Because mutual infor-
mation directly quantifies the electron correlation between orbital pairs, it has been demonstrated
to reliably reflect the presence of static correlation effects. In systems where a single-reference
description is insufficient, strong orbital entanglement—manifested as high mutual information—
signals significant contributions from multiple electronic configurations. Thus, elevated values of
1,4 serve as a robust indicator of multi-reference character, supporting the need for advanced cor-
related methods to accurately capture the system’s electronic structure. 5>56 In Ref.[S6], it is stated
that orbital pairs with mutual information of approximately 0.1 or higher exhibit significant static
electron correlation.

For the calculations, we computed the mutual information for each orbital pair employing the

same active space of 7 electrons in 7 orbitals as used in the CASPT2 calculations. All other
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computational conditions, aside from the DMRG algorithm, were maintained identical to those
used in the CASPT?2 calculations. The bond dimension was set to 2048. We selected natural
orbitals for calculating the mutual information, and the orbitals within the active space with their
labels are visualized in Fig. S29. Mutual information of the “LE state for each orbital pair is
presented in Fig. S28 and Table S8. The network graph was drawn using the network visualization
software Gephi.®>’

The mutual information between orbitals in the radical region is around 0.3, indicating strong
electron correlation of the “LE state. Additionally, orbital pairs between the occupied and unoc-
cupied portions of the phenyl ring each exhibit values exceeding 0.1. Combining these results
with the 77-diagnostic values, we concluded that it is advantageous to cross-validate the computed

energies using multi-reference methods such as CASPT2.

Ph4 Ph3 LUMO

e

Ph2 HOMO SOMO Ph1

Figure S29: Natural active space orbitals of PANN for the DMRG-CASSCEF calculation.
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13 Coupled cluster calculations of PhNN

We attempted to reproduce calculations at the CCSD(T) level to obtain excited-state information
for PhNN. To validate and compare our results, we performed a series of calculations using the
domain-based local pair natural orbital coupled cluster theory with single, double, and perturba-
tive triple excitations (DLPNO-CCSD(T)). $8-S12 This method is renowned for its ability to accu-
rately capture electron correlation while significantly reducing computational costs by partitioning
the electron correlation into localized electron-pair domains using compact pair natural orbitals.
Such efficiency renders it particularly suitable for larger or more complex molecular systems, as it
closely approximates the full CCSD(T) treatment without compromising reliability.5!3
DLPNO-CCSD(T) calculations for the ground state of open-shell systems were performed us-
ing an unrestricted Hartree-Fock (UHF) reference wavefunction. The structure was optimized at
the DFT BP86/def2-TZVP level of theory, as noted in the main text. The correlation-consistent
(cc-pVnZ, n=D,T,Q,5) basis setsS!4515 were employed, and the corresponding cc-pVnZ/C auxil-

S16

iary basis sets®'® were utilized to enable the RI approximation. All calculations were carried out

using the ORCA 6.0 software package.5!7518

Table S9: DLPNO-CCSD(T) energy comparison of PhNN for each basis set. The values in paren-
theses are 71-diagnostic.

Basis set E[D] (Eh) E[Q] (Eh) AE(D-Q) (cm™)
cc-pVDZ -763.3909090 (0.0170) -763.3909532 (0.0197) 17790
cc-pVTZ -764.1410461 (0.0169) -764.0545741 (0.0200) 17896
cc-pVQZ -764.3644659 (0.0167) -764.2758768 (0.0197) 19463
cc-pV5Z -764.4336852 (0.0165) -764.3441240 (0.0202) 19654
CBS (Q,5)* -764.4975650 -764.4072783 19816

*Two-point extrapolation with the cc-pVQZ and cc-pV5Z basis sets, z = 6.30 and y = 3.0.

Table S9 represents the DLPNO-CCSD(T) results for PhNN. Note that the doublet (D) and
quartet (Q) energies were computed separately, and their difference was used to determine the
lowest quartet excitation energy. The calculations reveal that this lowest quartet state lies in the
range of approximately 18000—20000 cm~!, placing it in close proximity to the CT states of bpy-

M-CAT-Linker-NN. A slight upward trend in the excitation energy is observed as the basis set
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size increases. In our recalculations, we reproduced an excitation energy comparable to that re-
ported in the preceding study mentioned in the main text,5!° and the T}-diagnostic values were
approximately 0.02.

In addition, to gain further insights into the excited state properties of PANN, we computed the
lowest doublet excited state using the back-transformed pair natural orbital similarity transformed
equation of motion coupled cluster with single and double excitations (bt-PNO-STEOM-CCSD)
method. 5?0 In this approach, the computationally expensive ground-state coupled cluster ampli-
tudes are first obtained using the DLPNO-CCSD method and then back-transformed to a canonical
basis. A second similarity transformation is subsequently applied, which decouples the single ex-
citations from the doubles, thereby enabling the excitation energies to be determined by diagonal-
izing the transformed Hamiltonian in the single excitation space only. According to the benchmark
in Ref[S20], this method achieves nearly identical performance to canonical STEOM-CCSD for
both singlet and triplet excited states while offering significant computational efficiency gains.

Excited-state calculations were performed at the bt-PNO-STEOM-CCSD level of theory using
the ORCA 6.0. The UHF reference wavefunction was employed, and the cc-pVDZ basis set was
used. Basis sets larger than cc-pVTZ were not used due to computational memory issues. The
corresponding cc-pVDZ/C auxiliary basis set was applied, while the def2/J auxiliary basis set>?!
was used for the Coulomb fitting.

Our calculation for the lowest doublet excited state using the bt-PNO-STEOM-CCSD method
yielded an excitation energy of 12661 cm~!. Even after accounting for solvent effects compared
to the gas phase, this value differs substantially from the experimental value of 15699 cm™! in
hexane. 52 Therefore, it remains possible that the excitation energy of the “LE state is also under-

estimated even at the CCSD level.
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