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ABSTRACT: Theoretical calculations are typically utilized for examining intermetallic
interactions. However, to validate theory, experimental confirmation of the existence of these
interactions is necessary. We synthesized new heterometallic Ln—Pt complexes,
NEt4{[Pt(PhSAc)4]Ln[(PhSAc)4Pt]} - 2DMF (Ln: lanthanoid = Gd (1), Tb (2), Dy (3), PhSAc =
benzothioacetate, NEts = tetracthylammonium), in which both diamagnetic Pt(II) ions interact with
the central Ln(III) ion. Typically, these interactions are not detected, because the distance between
Ln and Pt atoms (~3.6 A) is much larger than the covalent radius (~3.3 A) and ionic radius (~3.10
A). Pt-Lui resonant inelastic X-ray scattering (RIXS) analysis was conducted to experimentally
confirm the unique influence of the hidden Ln—Pt interaction on the luminescence of the Tb—Pt
molecule, where the interaction induced emission properties in the Tb and Pt ions, with high
quantum yield (59%). Quantum theory of atoms in molecules (QTAIM) analysis was also used to
confirm the experimental results. RIXS analysis allowed the identification of several distinctive
characteristics of the coordination environment, including the existence of heterometallic

interactions, that affected the observed luminescence.



INTRODUCTION

Heterometallic complexes have been studied in many research fields such as luminescence,'™

® and magnetism.”'* Luminescence has received particular interest because of its

catalysis,*
utilization in luminescence devices, bioimaging systems, and photosensitizers. Hasegawa et al.
reported the thermo-control emission of a heterometallic Tb(III)-Eu(Ill) polymer, wherein the
energy transfer from the Tb to Eu ion is governed by the thermosensitivity dependence on linker
ligands. The luminescence properties of heterometallic complexes have been shown to be
modulated by intense heterometallic interactions (e.g., Au-M (M = Ir, Pt, Pd, Ni, and others)
complexes).! Recently, Roesky et al. conducted theoretical calculations to demonstrate that in a
La—Au complex, the shortening of the La—Au distance in an excited state results in the La—Au
interaction, which induces photoluminescence.? Thus, heterometallic interactions also exert an
important influence on the physical properties of heterometallic complexes. Considerable efforts
have thus been devoted to the formation of various intermetallic interactions.!!® Although high-

resolution X-ray diffraction analysis can provide insight into the electron density of bonds,'

theoretical calculations are widely conducted for examining intermetallic interactions.'®

Pt-Li RIXS analysis is typically conducted for observing the electronic structures of metal and
metal-oxide nanoparticles.?*>} In Pt-Lii RIXS, a 2p level electron is excited to an empty 5d band,
then electrons in occupied 5d states fall back to fill the 2p core hole with the emission of photons
(X-ray emission). The excited 5d level electron is inelastically de-excited to the lower 5d states
(inelastic X-ray scattering: transfer energy). Glatzel et al. observed the CO adsorption of Pt
nanoparticles by RIXS analysis, wherein the electronic state or 5d density of states of Pt

nanoparticles changed by CO adsorption accompanied by a d-band center was shifted.?’ However,



Pt complexes (e.g., cisplatin and its derivatives) exhibited an intensity change that was detected

by Pt-Lm RIXS analysis, but not a d-band center shift.?*

In this study, we synthesized heterometallic Ln-Pt complexes:
NEt4{[Pt(PhSAc)s]Ln[(PhSAc)sPt]} -2DMF (Ln: lanthanoid = Gd(1),'® Tb(2), Dy(3); PhSAc =
benzothioacetate, NEt4 = tetracthylammonium), in which diamagnetic Pt(II) ions interact with the
central Ln(IIl) ions. These interactions are typically overlooked because the Ln—Pt distances are
much greater than the covalent radius. The synchrotron Pt-Lyj resonant inelastic X-ray scattering
(RIXS) technique was conducted to observe the occupied 5d bands and heterometallic Ln—Pt bonds
to demonstrate the effect of hidden Ln—Pt interactions on the luminescence properties of the
complexes. Furthermore, atoms in molecules (AIM) analysis revealed the existence of weak Ln—
Pt interactions. The unprecedented RIXS data for heterometallic complexes provide new insights
into the design of heterometallic complexes and all inorganic materials with hidden interactions
that impart desirable physical properties (or control the band structure). If RIXS analysis can
provide information on structural differences in metal complexes similar to those of bulk-material
states of metal and metal-oxide nanoparticles,?! it will be a crucial method for experimentally
confirming heterometallic and metal-ligand interactions in metal complexes. RIXS analysis will
be an even more effective method for characterization of general inorganic materials if it allows
the identification of more hidden structural differences. Here, we studied the hidden interactions
of a new Tb—Pt complex. These interactions are predicted by theoretical calculations. We also
demonstrated the advantage of RIXS analysis. Furthermore, the influence of these revealed

interactions on the luminescence properties of the Tb—Pt complex was elucidated.



EXPERIMENTAL METHODS

HERFD-XANES and RIXS analyses of powder-sample pellets were carried out in the BL36XU
beamline located at SPring-8. Luminescence properties of polycrystalline-solid samples were
measured using a Horiba Jobin Yvon GmbH. (Bensheim, Germany) Fluorolog 3-22
spectrofluorometer, Hamamatsu Photonics K. K. (Hamamatsu, Japan) C9920-02 absolute PL
quantum yield spectrometer, and Hamamatsu Photonics K. K. (Hamamatsu, Japan) Quantaurus-
Tau C11367-12 fluorescence lifetime spectrometer with a pulsed-excitation light source.
Theoretical calculations were performed using the Gaussian16 and AIMAII software packages.
The simulated density of states (DOS) are calculated with 6 A radius by FDMNES package under
Quadrupole, Relativiste, Spinorbite, Density all options. Detailed procedures are provided in the

Supporting Information (SI).



RESULTS AND DISCUSSION

Complexes 1, 2, and 3 are isostructural; therefore, only 2 is shown in Figure 1 (crystal data are
summarized in Table S1, CCDC No. 2054548, 2121157, 2121159). Complex 2 had a crystal
structure in the Cc space group that involves two Pt ions, one Tb ion, eight PhSAc™ ligands, one
NEt4 counteraction, and two DMF crystalline solvent molecules per asymmetric unit. The Tb ion
forms a paddle-wheel-like structure with each Pt ion ({[Pt(PhSAc)4]Tb[(PhSAc)4Pt]}"). Eight O
atoms and two Pt ions were coordinated to the Tb ion to form a D4 bicapped square antiprism
geometry, as determined using SHAPE 2.1 software.?® Each Pt ion was coordinated to four sulfur
atoms and one Tb ion in a square pyramidal geometry (Figure S1). The intramolecular Tb—Pt
distances were 3.608(7) and 3.627(7) A, respectively. These values are about 10% shorter than the
sum of the atomic radii (4.02 A), but about 9-17% longer than the covalent (3.30 A)?* and ionic
(3.10 A) radii (the reported Tb—Pt bond length is 3.222 A)*. The interaction between Tb and Pt
ions is difficult due to the Tb—Pt distance. However, the results of RIXS analysis and AIM

calculations show clear evidence of this heterometallic interaction.



Figure 1. Crystal structure of 2. White: Pt; green: Tb; grey: C; yellow: S; red: O. Hydrogen atoms

have been omitted for clarity.



The high-energy-resolution fluorescence detected X-ray absorption near edge structure
(HERFD-XANES) spectra of 1, 2, 3, and 2NBt4[Pt(dmit)] at the Pt-Lin-edge are shown in Figure
2 (dmit = 3-dithiole-2-dithione). A white line peak assigned to 2p—dx>-y* absorption shifted
slightly from 11568.6 eV for 2NBts[Pt(dmit).]) to 11568.7 eV for 1, 11568.7 eV for 2, and 11568.8
eV for 3. The differences in the HERFD-XANES peak positions and shapes among 1, 2, 3, and

27-28

2NBt4[Pt(dmit)2] represent the unoccupied states. However, theoretical calculations are

required to confirm the coordination geometry in this case.
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Figure 2. HERFD-XANES spectra of 1, 2, and 3; and 2NBt4 [Pt(dmit).] at the Pt Lii-edge.



Two-dimensional (2D) RIXS mapping, which has a higher sensitivity to bonding interactions
than XANES (Especially in Ln—Pt system, the energy level of the Ln band interacting with Pt is
far from the level of Pt and ligand, enabling higher sensitivity.), allowed us to observe the Pt—Ln
interactions in 1, 2, and 3, but not in 2NBts[Pt(dmit)2] (Figures 3b, 3¢, and S1). The electronic
structure for 2NBts[Pt(dmit)] revealed by 2D RIXS mapping was different in appearance than
those of 1-3. 1-3 each had a clear shoulder peak along the direction of energy transfer (y-axis, at
~6 eV) (Figures 3 and S3). This difference arises from the DOS induced by the coordination
structure around the Pt ions; 2NBt4[Pt(dmit),] has a square planar structure and no = stacking (see
CCDC 1160680 and CCDC 1204028). Complexes 1-3 have a square pyramidal structure, and
their band structures are shown in Figure 2a. However, 2NBt4[Pt(dmit).] and 1-3 all revealed an
inelastic X-ray fluorescence region trailing diagonally from the densest region (~11568 eV and ~4
eV for incident energy and energy transfer, respectively). The aspect of the fluorescence regions
indicates the delocalization of electrons.?! We extracted the difference between the 2D RIXS maps
scaled with the maximum z value relative to those of the Gd system, RIXS mapTb-RIXS mapgd,
and RIXS mapDy-RIXS mapgd, and compared them in Figure S1 (4 RIXS at the d-band center =
0; it is noted that there are several ways to scale.). For ARIXS maprm-ca (Figure Slc), a greater
difference was observed in the higher incident energy region than in the band center. In contrast,
the difference between ARIXS mappy-ca (Figure S1d) and ARIXS mapTs-ga was observed in the

area surrounding the band center. The details of these differences are currently under investigation.
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Figure 3. (a) Schematic illustration of RIXS. 2D RIXS maps of (b) 2NBt4[Pt(dmit)>] and (c) 2.
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The energy transfer vs. intensity plots at 11567.3 eV (x axis) of 2NBt4[Pt(dmit)2] and 2 obtained
from the 2D RIXS map are shown in Figure 4. The deconvolution results are summarized in Table
1. As the difference in the RIXS sum spectra between 1, 2, and 3 is small, the difference between
2NBt4[Pt(dmit)2] and 2 is explained here as a typical example. The spectra were deconvoluted into
elastic (energy transfer = ~0 eV, It can calibrate to 0 eV because it is difficult for the spectrometer
to agree with the theory ideally, even after optical adjustment. Still, we are not calibrating here
because the tailing of the highest peak may influence the elastic peak.) and inelastic scattering
peaks (Figure S2). The inelastic scattering peaks correspond to the Pt d (at 4.2 eV) and S DOS
bands (S sp? interacts with Pt 5d at 8.2 eV) for 2NBts[Pt(dmit).], and Pt d DOS (at 3.6 eV) and S
DOS bands (S sp? interacts with Pt 5d, at 8.3 eV) for 1-3 (Figure S2). These results are consistent
with the reported results for Pt-Liy RIXS (3 eV and 8 eV, respectively),?! as well as those of DOS
calculations (see Figure S3 and discussion in the SI). In contrast, 1-3 have additional inelastic
scattering peaks corresponding to Ln DOS bands (Ln d interacts with Pt 5d at 6.0 eV), which is
confirmed by DOS calculations (see Figure S3 and discussion in the SI). These results demonstrate

that RIXS analysis allowed the detection of the existence of hidden interactions.

Table 1. Deconvolution results of intensity sum spectra for RIXS map against incident energy for

2NBt4 [Pt(dmit)], 1, 2, and 3.

Position Position Position
(1%'peak) (2"9peak) (3" peak)

[Pt(dmit)2] 4.2 eV - 8.3eV
1 3.5eV 5.9 eV 8.5eV
2 3.6 eV 6.0 eV 8.4 eV
3 3.5eV 5.9eV 8.5eV
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The quantum theory of atoms in molecules (QTAIM) analysis was performed to examine the
electron density (p) of 1, 2, and 3. In QTAIM, there are typically three critical points where the
differential of interatomic p is 0, the so-called bond critical points (BCPs). “Bond analysis using
QTAIM requires the V?p and Eia to have the following relationships: V2o < 0 and Eiota < 0
signifies a covalent bond; V2p > 0 and Eiol < 0 are values for dative bonds; V2p> 0 and Eiota = ~0
signals the existent of metallic bond, while V?p> 0 and Ei > 0 indicate a possible ionic bond or
van der Waals force of attraction.”?® The word “bond” here has an expanded meaning. Suzuki et
al. reported a C—C “bond” whose distance is greater than the van der Waals radii. These “bonds”
exhibit an electron density map, and electron density between the C atoms is high. Moreover, this
electron density corresponds to that of BCPs.®® The contour plots on the Pt—Ln—Pt plane and the
calculated values of p (electron density) and Eial (total energy density) are shown in Figure S4,
and Table 2, S2 (for 3, there are no BCPs among Dy and Pt ions, but there are cage critical points
(CCPs) between Dy and Pt ions). In Table 2, we use the value of the CCPs instead. According to
V2pand Eioral values, the Ln—Pt bond is between metallic and ionic, whereas Pt—S bonds are dative.
In addition, the Ln—Pt bond may be enhanced by bridged ligands because of the presence of ring
critical points (Ln—Pt-Ligand 5 member-ring) and CCPs (Ln—Pt-Ligand 8-14 member-ring)
among Ln and Pt ions (Figure S4d). Furthermore, Ln—Pt bonds are much weaker than Pt—S bonds,
according to the comparison of p values. This result indicates that the AIM calculation

underestimates prn—pt, or RIXS analysis has sufficient sensitivity to observe weak interactions.
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Table 2. Calculated QTAIM properties (BCPs) of 2 and 3.

2 P 7’ o, E 3 P v’ o, E

Tbl -Ptl | 0.00796 | 0.02741 | 0.00079 D(-‘QC'PE ;1 0.00762 | 0.02617 | 0.00076
PtI-S | 010696 | 0.14910 | -0.04382 | Pt1-S | 0.10934 | 0.15137 | -0.04570
0.10890 | 0.15075 | -0.04534 0.10702 = 0.14885 | -0.04387

0.10756 | 0.14971 | -0.04428 0.10846 = 0.14983 | -0.04500

0.10814 | 0.14899 | -0.04474 0.10815 = 0.15020 | -0.04476

P2-S | 010887 | 0.15122 | -0.04532 | P2-S | 0.10759 | 0.15080 @ -0.04432
0.10531 | 0.14678 | -0.04254 0.10584 | 0.14725 | -0.04295

0.10845 | 0.14991 | -0.04498 0.10788 | 0.14914 = -0.04453

0.10733 | 0.11498 | -0.04412 0.10931 = 0.15130 | -0.04567

As described above, RIXS analysis allowed the clarification of differences in the coordination
environment, as well as the existence of heterometallic interactions even for Dy—Pt bonds without
BCPs on 3. These results indicate that RIXS analysis is an essential method for experimentally

confirming interactions within metal complexes and inorganic materials.
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The diffused reflectance UV/vis absorption spectra of 1, 2, and 3 showed peaks at 300 nm and
400 nm and weak peaks at approximately 500 nm (Figure S5). To determine the luminescence
properties of 1-3, the emission spectra were measured at 420 nm excitation (The details of the
luminescence properties of 3 are shown in the SI). At room temperature (RT, ~300 K), a broad
luminescence peak of 1 was observed at 550 nm (Figure S6a). In addition, at 77 K, a similar broad
luminescence peak of 1 was observed at 530 nm (Figure 5a). These peaks arise from the
phosphorescence of Pt ions (excitation (So—Si1) — intersystem crossing (ISC; S;—Ti(Pt)) —
phosphorescence (T1—So)) (Figure S7). The results of the emission lifetime measurement at 77 K
(Figure S6b) suggest that there are four emission processes with lifetimes of 0.6, 17.4, 53.8, and
79.7 ps. The observed blue shift at the lower temperature is due to the intensity increment in the
higher-wavelength process. These characteristics are similar to the case of the emissions of Pt---Pt
dimers that were induced by the similar intense of Ln—Pt interaction, where Ln—Pt distances (~3.6
A) are much longer than the reported Pt—Pt distance in dimers (cf. 3.296(2) A).3! This result is
consistent with the RIXS measurements. The quantum yields of the region between 450 and 700

nm of 1 at RT and 77 K were estimated to be 0.8 and 18.3%, respectively.
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Figure 5. Emission spectra of (a) 1 and (b) 2 at 77 K (Aex= 420 nm).

For 2, the observed broad luminescence peak and sharp luminescence peaks (489, 546, 586, and
620 nm) at RT upon excitation at 420 nm originated from the Pt and Tb ions, respectively (Figure
S8). Only sharp luminescence peaks (489, 544, 582, and 620 nm) were observed at 77 K (Figure
5b). In addition to the process of 1 from So to Ty (Pt), energy transfer from T, (Pt) to the acceptor
level of Tb occurs (Figure S7). Then, emission processes of °D4 (Tb) to 'Fn (n=0, 1,2, 3, 4, 5, 6)
occur. The total CF splitting was calculated as 490 cm™! from the splitting of the D4 to "F emission
process. There are peaks at 489, 492, 497, and 501 nm, which correspond to the ground ’F
multiplet (Figure S9). At RT, back-energy transfer from D4 (Tb) to T (Pt) occurred (Figure S7).
This means that the emissions of the Pt and Tb ions compete. However, at 77 K, back-energy
transfer was suppressed, and only the Tb ion emission was observed. The emission lifetime of 2 at
77 K (Figure S10) suggests the possibility of three emissive components (0.017, 1.1, and 3.0 ms).

The quantum yields of the region between 450 and 700 nm of 2 at RT and 77 K were estimated to
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be 0.7% and 59%, respectively. Thus, it was indicated that Pt ions, which interact with the central

Tb ion, were an influence on the Tb ion emissions.

The quantum yield of 2 was more than double that of 1 because the energy transfer from the Pt
ion to the Tb ion prevents branching into a non-radiative process in the Pt ion. In addition, the
yield of 2 is higher than that of the reported heterometallic Tb—Pt complex, because of the higher

Tb:Pt ratio for 2 compared to 2:3 for the previously reported complex.’
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CONCLUSIONS

In summary, RIXS analysis confirmed the hidden interaction between Ln and Pt ions. The
differences in the coordination environments of new Pt complexes such as 2NBt4[Pt(dmit),] and
NEt{[Pt(PhSAc)4]Ln[(PhSAc)4Pt]} - 2DMF were successfully elucidated. Furthermore, the Pt
ions interacted with both sides of the central Tb ion to work as an effective antenna for Tb
emissions. These results indicate that RIXS analysis is a versatile experimental tool for providing
significant insight into the field of inorganic materials and confirming the existence of hidden
interactions that induce desired physical properties (or control the band structure).’* Additional
ARIXS-map studies are currently ongoing. In the future, systematic RIXS-related research on

topics such as Ln L-edge should reveal and define more hidden interactions.
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