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Materials

All chemicals were used without further purification. M(H20)2[T(CN)s]-4H20 (MT-
H20; M = Mn, Fe, Co, Ni; T = Ni, Pd) and dehydrated phases of M([T(CN)4] (MT)
were synthesized according to a previously reported method [1-3].

Mn(H20)2[Ni(CN)4]-4H20 (MnNi-H20)

A solution of K2[Ni(CN)s]-H20 (198.7 mg, 0.767 mmol) in H2O (100 mL) was
added to a solution of MnCl2-4H20 (151.8 mg, 0.767 mmol) in H20 (80 mL) at
room temperature. White powder samples were obtained after stirring for 24 h.
Yield: 64.5%.

Fe(H20)2[Ni(CN)4]-4H20 (FeNi-H20)

FeNi-H2.O was prepared as white powder samples in a similar method to that
used for MnNi-H20, except for the use of Fe(NH4)2(SO4)2:6H20 (300.4 mg, 0.766
mmol) in degassed H20 (80 mL). Yield: 70.1%.

Co(H20)[Ni(CN)4]-4H20 (CoNi-H0)

CoNi-H20 was prepared as pink powder samples in a similar method to that used
for MnNi-H20, except for the use of CoCl2:6H20 (180.4 mg, 0.758 mmol). Yield:
74.5%.

Ni(H20)2[Ni(CN)4]-4H20 (NiNi-H20)

NiNi-H20 was prepared as a light-blue powder using a method similar to that
used for MnNi-H20, except for the use of NiCl2-:6H20 (180.4 mg, 0.759 mmol).
Yield: 72.6%.

Ni(H20)2[Pd(CN)4]-4H0 (NiPd-H20)

NiPd-H20 was prepared as light-blue powder samples in a similar method to that
used for NiNi-H20, except for the use of Ko[Pd(CN)4]-H20 (260.1 mg, 0.759
mmol). Yield: 77.8%.

M[Ni(CN)4] (MNi) and Ni[Pd(CN)a] (NiPd)
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The dehydrated powder samples of MNi and NiPd were obtained by heating MNi-
H20 and NiPd-H20 under vacuum at 400 K for 6 h.
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Ni K-edge XAS spectra and EXAFS analysis

Ni K-edge measurements of MNi (M = Mn, Fe, Co, Ni) and NiPd were performed
at BL-11 of the SAGA Light Source. A Si (111) double crystal monochromator
was installed for measurements in the range of hv = 2.1-23 keV with a photon

energy resolution (hv/Ahv) of 10* to 103. Ni K-edge XAS spectra were obtained
in transmission mode at room temperature using two ionization chambers, as
shown in Fig. S6(a). The absorbance [-log(l1/l0)] was calculated from the incident
X-ray intensity (lo) and the transmitted X-ray intensity (l1). A mixture of He 50%/N:
50% and Ar 15%/N2 85% was used as the ionization gas for lp and |1, respectively.
The photon energy was calibrated using NiO. The samples were diluted with high-
purity boron nitride to the appropriate concentration for XAS measurements and
molded into pellets in an Ar-filled glovebox. The pellet samples were
subsequently sealed in a polyethylene case. The analyzed Ni K-edge XAS data
were processed using Athena and Artemis software [6].

Fig. S6(b) shows the Ni K-edge XAS spectra of MNi and NiPd. The main peak
at 8347.5 eV is assigned to the 1s — 4p absorption, while the pre-edge around
8336 eV corresponds to the 1s — 3d electric quadrupole transition. The same
spectral features, including in the pre-edge (labeled as P+ and P3) among MnNi,
FeNi, and CoNi, were observed, indicating the same electronic states and local
structures at the C-coordinating Ni?* ions. This is consistent with the transition
metal (M)-independent Ni L, 3-edge XAS spectra of MnNi, FeNi, and CoNi, (Fig.
S7). On the other hand, in NiPd, the pre-edge has a different peak position
(labeled as P2) from MNi since the Ni ions of NiPd are coordinated only with
nitrogen ligands. The averaged spectra of CoNi and NiPd at a 1:1 ratio can
reproduce the Ni K-edge XAS spectra of NiNi (Fig. S6(c)), confirming that the
XAS spectra of NiNi is composed of both N- and C-coordinating Ni ions. As
presented in the main text, we carried out a similar analysis to the Ni L2 3-edge
XAS spectra in Fig. 2 and arrived at the same conclusion.

Furthermore, we observed Ni K-edge extended x-ray absorption fine structure
(EXAFS) oscillation (Fig.6(d)). The radial distance spectra of Ni in MNi (M = Ni,
Co, Fe, Mn) and NiPd obtained by the Fourier transform (Fig.6(e)) show three
peaks at ~1.4 A (A), ~2.5 A (B), and ~4.5 A (C). Fig.S6(f) illustrates the
correspondence between observed peaks A-C and each atomic distance in MNi
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and NiPd. In CoNi, FeNi, and MnNi, peaks A, B, and C are assigned as the Ni-
C, Ni-N, and Ni-M (M = Co, Fe, Mn), respectively. The M-independent Ni-C and
Ni-N distances relates to the triple covalent bonds, while the M-dependent Ni-M
distance relates to the coordinating bond, being consistent with previous K-edge
EXAFS analysis [3]. In NiPd, because of nitrogen coordinating Ni, peaks A, B,
and C are assigned as the Ni-N, Ni-C, and Ni-Pd, respectively. Ni-Pd distance is
longer than that any other M-Ni (M = Mn, Fe, Co, Ni) distance, corresponding to
the IR spectra (Fig.S2 (a) and (b)). It found that Ni-N distance in NiPd is shorter
than M-N one in MNi (M = Co, Fe, Mn) [3], implying the stronger orbital
hybridization between Ni 3d and N 2p orbitals. On the other hand, in NiNi,
because of the coexistence of both nitrogen and carbon coordinating Ni, peaks
A and B contain of both Ni-C and Ni-N distances. The similar Ni-N distance in
NiNi to that in NiPd would give that the local 3d electronic state of nitrogen
coordinating Ni is similar between NiNi and NiPd.
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Confiquration-interaction single cluster model calculations

We carried out MLFT calculations within the configuration-interaction [MN4]'%
single cluster under Sy and T4 symmetry (Fig. S8(a)). This cluster is composed
of one M?* cation and four N3 anions, whose electronic states originate from the
ionic picture and charge transfer as a perturbation. The initial ground state of the
cluster |W;s) can be described as a linear combination of the nominal 2p83d" M
ion states |d™) and the 2p83d™™L™ charge transfer states due to covalency
|d™t™mL™) below:

[Wes) = cold™ + c1|d™ 1L} + ¢o[d"2L%) ... + ™™ L™)

where L and cZ = (d™*™L™|d"*™L™) give the ligand hole and the weight of
each configuration, respectively. In the same procedure, the XAS final state
|Wxas) is described by a linear combination of [pSd™*') and |pSd™tmLm-1)
configurations as follows:

[Wxas) = Colp®d"™* ') + C1|p°d"*2L) + Co|p>d™*3L?) ..+ Copp®d" L")

All the calculations were performed at 300 K using XTLS 9.0 [7]. The intra-atomic
parameters of M?* ions, such as the 3d-3d and 2p-3d Coulomb and exchange
interactions (so-called Slater integrals F¥ and G*), and the 2p and 3d spin-orbit
couplings (¢) have been obtained by Cowan’s code based on the Hartree-Fock
method [8]. F¥ and G values were reduced to 80% for all calculations, whereas
the ¢ value was reduced to 98% for Co. For T4 symmetry, the core-level spectra
were reproduced by tuning parameters, such as the on-site M 3d electron
Coulomb interaction (Udd), M 2p core hole-3d electron Coulomb interactions (Uca),
crystalline field (CEF) splitting of M 3d orbitals (10Dq), ligand-to-metal charge-
transfer energy (A), and covalency-hopping integrals (Vs and V). The sign of
10Dq is defined as positive (negative) when the symmetry is On (Tq) [9]. The
ligand-to-metal charge-transfer energy is the difference in the energy between

the M 3d and ligand 2p states [E(d™'L)-E(d")]. Vo = ?(pdo) and V, =
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\/‘31 (pdo)2+g(pd77)2 for T4 symmetry are expressed in terms of Slater-Koster

parameters: (pdo) and (pdrr) [10], and the schematic of the overlap of the defining
wave functions is shown in Fig. S8(b). When V,; and V5 are zero, the relative
energy diagram among each configuration for the initial and XAS final states can
be described, as shown in Fig. S8(c). To reproduce the experimental spectra,
the Gaussian broadening width was set to approximately 250 meV, whereas the
Lorentzian broadening width of the Ls- (L2-) edge was set to 350 meV (=600 meV).
Following previous studies [11,12], the U.qs and (pdrr) values were calculated from
the ratios Ucy = Uqad/0.8 and (pdmr) = —(pdo)/2.2, which allowed us to reduce the
parameter space and compare these parameters among MNi (M = Mn, Fe, Co).
Therefore, we optimized three parameters, namely 10Dq, A, (pdo), and Uqd, to
reproduce the XAS spectra. The ligand bandwidth was approximated as zero in
all calculations.

First, we tuned the 10Dq value using the simplified point-charged ionic model
under Tq symmetry, which is a good starting point to reproduce XAS spectra
reflecting localized M 3d character. Fig. S9 shows the calculated M L, 3-edge
XAS spectra as functions of 10Dq. The simulation results were consistent with
previous calculation results. We find that the best 10Dq value is in the range of -
0.1 eV < 10Dqg < -1.0 eV since the spectral structure above 10Dg = -1.0 eV is
completely inconsistent with the experimental XAS results. The optimized 10Dqg
is -0.1+£0.05 eV for Mn, -0.35£0.05 eV for Fe, and -0.7+0.1 eV for Co to reproduce
the experimental energy difference among each spectral feature (see the line with
symbol in Fig. S9).

Hereafter, we will use the optimized 10Dq values in the calculations. Second, we
tuned the values of A and (pdo) to elucidate the charge transfer contribution,
which is related to chemical covalency. Fig. S10 shows the calculated XAS
spectra as a function of (pdo) by changing the A value. In A = 0.0 eV, the spectra
became more asymmetric with increasing (pdo). For Mn, this tendency is
reasonable because our Mn L;3-edge XAS spectra show that the energy
difference among the peak structures is larger than that calculated under the ionic
picture (Fig. S9 and Fig. 3 in the main text). However, an overly large (pdo) value
is inconsistent with the Mn L»>-edge spectral shape. In contrast to Mn, we judged
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that the finite A values could reproduce the XAS results for Fe and Co. To enclose
the calculated spectral intensity and the peak positions to the XAS results, the
optimized the values of A and (pdo) are 0.0 eV, 0.15 eV for Mn, 4.0 eV, 1.0£0.25
eV for Fe and 4.5+1.5 eV, 0.125+£0.125 eV for Co, respectively.

Hereafter, we will use the optimized 10Dq, A, and (pdo) values in calculations.
Finally, the Uqq values were considered. Fig. S11 shows the calculated XAS
spectra as a function of Uqy. We found a negligibly small contribution of Uqq to the
XAS spectra. In this study, to compare the parameters among 10Dq, A, and (pdo)
in MNi, U4 is a constant value of 6.5 eV, which is within the normal range of
inorganic compounds [11,12].

In the main text, the best parameters of 10Dq, A, (pdo), and Uqq for Mn, Fe, and
Co are summarized in Table 1 and their corresponding calculated spectra are
shown in Fig. 3.

The obtained physical parameters can provide information on not only the
electronic configuration but also spin state (see table 1 in the main text), we
evaluated the validity of the physical parameters using the effectively magnetic
moment for paramagnet MnNi, FeNi, and CoNi (M = Mn, Fe, Co). In the
paramagnetic state, the moment p; (in units of Bohr magneton ug) is calculated
from the equation below

w=gJJ+1) - (1)
Where g, denotes Lange's factor defined as
SS+1)—-LL+1)

2JJ+1)

SS+1), L(L+1), and J(J + 1) denotes the eigenvalue for spin angular

=3 (2)

9;

momentum (52), orbital angular momentum (L?), and total angular momentum
(J2,] = L+S) operators. The experimental value of the effective magnetic
moment u.; can be obtained from the magnetic susceptibility (T [in units of
emu-K/mol]) and below equation

3kgxmT

= ~ 2.828 T = (3
Uett Nu,zg XM 3)
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In the main text, the comparison with p; values obtained from ionic picture and
MLFT calculation results and ¢ value is shown. What is important is the p;
value for MLFT calculation is closerto pu.¢ one than that for ionic case, indicating
the presence of the LMCT states. Especially in MnNi, since the p; value can be
determined by the spin only due to the d® based high spin states (S = 5/2, L = 0),
which the large LMCT effect would be important. In fact, the u; value obtained
for best parameters (A, 10Dq, (pdo)) = (0, -0.1, 0.15) is closer value (5.9064) to
than that (5.9114) for the (A, 10Dq, (pdo)) = (4, -0.1, 0) case, therefore we judge
that the small A value in MnNi is plausible.

We also performed the MLFT calculations for the Ni?* ions under S, symmetry.
The tuning parameter is the same as those of the Ty symmetry case, while the
representation of the CEF splitting and the covalent hopping integral is different.
For simplicity, the CEF splitting of the 3d orbitals with respect to the S, symmetry
was varied with the parameter d as a variable (Fig. $12(a)) [9], where § value
corresponds to the CEF splitting between b14 and bzg orbitals. Covalency-hopping
integrals were acted on each orbital with (pdo) as variable, respectively. Note that
these simplified depictions should be used only for qualitative discussions
tracking tendencies in spin states and XAS spectral shapes.

At beginning, as the same procedure as the T4 symmetry case, we investigated
the 6 -dependence of the XAS spectra using the simplified point-charged ionic
model. In Fig.S12(b), we found that the boundary between high spin and low spin
state was found to exist around & = 1.7 eV. Based on the experimental fact that
the zero total spin number of NiNi and NiPd and the conventional 10Dq value
used for nickel inorganic compounds [14], the d value was set to 2.0 eV. In the
point-charged ionic model, it clearly sees that calculated spectra does not
reproduce the experimental spectra because of the absent of the LMCT satellite
peak (labeled as Y in the main text).

Next, we investigated the A and (pdo) dependence of the LMCT satellite peak in
Ni L>3-edge XAS spectra. In this calculation, it set U4 = 6.5 eV. It found at
Fig.S12(c) that the LMCT satellite peak position has strongly (pdo) dependence
and the (pdo) value should be around 2.0 eV in order to reproduce the LMCT
satellite peak position. The estimated (pdo) value is enough larger than that of
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MNi for Ty symmetry, therefore, we conclude from the MLFT calculation for Sp
symmetry that N-coordinating Ni ions of NiPd and NiNi have the strong orbital
hybridization.
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