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ABSTRACT  

Lanthanide (Ln) compounds are common research targets in the field of magnetism and 

optics. Their properties arise from the electron localized in the f-orbital. Moreover, the effect of 

the covalency between lanthanide and ligands on magnetism attracted significant attention. We 

provided insight into the Gd–Pt bond (of the heterometallic Ln-Pt complexes: 

{[Pt(PhSAc)4]Ln[(PhSAc)4Pt]} NEt4·2DMF (Ln = Y(0), La(1), Gd(2); PhSAc = thiobenzoate, 

NEt4 = tetraethylammonium)); single-crystal polarized X-ray absorption near edge structure 

(XANES) reveal the electronic states around metal ion, where spectra of Gd-LIII edges show the 

Gd–Pt direction has the highest covalency (less ionic) around Gd ion in 2. In addition, calculating 

natural bonding (NBO) analysis, natural population analysis (NPA), LOL, and atoms in molecules 

(AIM), ab initio calculations reveal the role of metallic and organic ligands in the electronic and 

magnetic properties of Ln complexes. The slow magnetization relaxation of the Gd complex, 

which has not been reported previously in the Pt–Gd–Pt system, was observed up to 45K, the 

highest temperature reported to date among isolated Gd-complexes.  
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The study about the effect of the covalency between lanthanide and ligands on magnetism attracted 

significant attention. We synthesized the heterometallic Ln−Pt complexes, in which the 

diamagnetic Pt(II) ions interact with the Gd(III) ion. We evaluated the Ln−Pt bond. Also, this 

complex showed a slow magnetic relaxation up to 45K which is the highest temperature reported 

to date for an isolated Gd-complex. 
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INTRODUCTION 

The properties of lanthanide (Ln) compounds have made them prime research candidates 

in the field of magnetism,1 optics,2 and catalysis.3 Control of magnetism and optical properties, 

which arise from the 4f electrons, is highly desired in materials science. The stereotypical 

understanding of the 4f electrons is often considered to be localized (core-like). They do not 

undergo large crystal fields (CF) splitting; thus, Ln(III) ions (except for Ce(III) or Ln(II) ions) in 

coordination complexes mainly behave like free ions. 

Ln-based single-molecule magnets (SMMs) are a crucial subject for molecular spintronics, 

in which the molecular spin is utilized for information processing. Previous studies have shown 

that Dy complexes have strong magnetic anisotropies and large activation barriers (E) of spin 

flipping among spin up and spin down states. As a result, Dy complexes have been developed as 

high-performance molecular magnets.1a-h Recently, organometallic Dy complexes that have a 

strong magnetic anisotropy or high symmetry around the Dy ion with a large E have been 

reported. In this system, a (weak) CF is a dominant source of the perturbation to resolve the 

degeneration of ground multiplet (6H15/2) so that the axial magnetic states are stabilized.1a-c, 4, 5 

Therefore, an electrostatic CF has been used to control the physical properties of the f-electrons. 

In addition, significant efforts have been made to enhance the features by changing the CF, 

magnetic interactions, and ligands. 

In contrast, the reports in which the f orbital itself interacts with the orbitals of other atoms 

(s-f, p-f, d-f interaction) have been reported for intermetallics, metal oxides, and metal salts, and 

superconducting behavior was demonstrated in the 1980s.6 Recently, Kuga et al. determined the 

exact model of hybridization among Yb 4f and B 2p on YbAlB4.
6a  
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However, recent studies have reassessed the covalency of Ln metal complexes.7-11 La 

Pierre et al. reported the Tb(IV) complex stabilized by metal-ligand covalency.7 On the other hand, 

Liddle et al. reported the heterometallic U–M complexes with an M–U bond (U: uranium, M: 

metal).8a-c Also, Hall et al. reported an unsupported Ln–Fe bond of PyCp2Ln-FeCp(CO)2 described 

as a dative bond.8d   In addition, Totti et al. revealed the clear association between the covalent 

contribution of the coordinated water (which varied the quadrupolar potential) and the magnetic 

anisotropy of the Dy ion of [Dy(DOTA)(H2O)]–.9 Although the details of the interaction between 

f-orbitals and ligands for other complexes are still unclear, the effect of the heterometal bonds 

needs to be considered when discussing the magnetic properties of heterometallic bonded systems. 

Thus, the perturbations caused by the nature of bonds cannot be ignored necessitating combined 

theoretical and experimental investigations.  

Considering the difference in the size of the orbital and the electronegativity between the 

main group element and the transition metal element, it seems that the metallic ligand can enlarge 

the dative bond or covalency contribution. Bendix et al. estimated that minor changes in the orbital 

overlap among Ln and Pt/Pd affect the magnitude of zero magnetic fields splitting.10a, 10h On the 

other hand, the theoretical calculation (localized orbital locator  (LOL) analysis) and experimental 

data (X-ray absorption spectra: XAS) of Ln–Pd and Ln–Pt complexes indicated the electron 

donation from the Pd and Pt ions to Ln.10b, 10c Electron spin resonance, luminescence spectra and 

inelastic neutron scattering are strong experimental methods to reveal the splitting of mJ states of 

Ln ion by fitting with the CF parameters.10a,d,h  However, theoretical approaches should also be 

considered with the ligand field theory and covalency in calculating the splitting energies of the 

mJ states of Ln ions to circumvent the risk of overparameterization or wrong fitting value for 

systems involving a small splitting of the mJ states (especially in Gd ion). 
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In this work, insight into the Gd–Pt bond (of the heterometallic Ln–Pt complexes: 

{[Pt(PhSAc)4]Ln[(PhSAc)4Pt]} NEt4·2DMF (Ln = Y(0), La(1), Gd(2); PhSAc = thiobenzoate, 

NEt4 = tetraethylammonium)) was provided; single-crystal polarized X-ray absorption near edge 

structure (XANES) reveals the electronic states around the metal ion, where spectra of Gd-LIII 

edges show the Gd–Pt direction has the highest covalency (less ionic) around Gd ion in 2. In 

addition, natural bonding (NBO) analysis, natural population analysis (NPA), LOL, atoms in 

molecules (AIM), and ab initio calculations revealed the role of metallic and organic ligands in 

the electronic and magnetic properties of Ln complexes. PhSAc ligand is bulky, increases the 

intermolecular distance, and is effective in suppressing magnetic and intermolecular interactions 

between the Ln ions. Furthermore, it is effective for adding optical characteristics such as 

luminescence. The slow magnetization relaxation of the Gd complex was observed up to 45K, 

whic is the highest temperature reported to date among isolated Gd-complexes.  
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RESULTS & DISCUSSION 

Crystal Structure. The crystal structure of 2 is shown in Figure 1 (crystal data are summarized in 

Table S1, CCDC No. 2054549, 20544545, 2054548). The three complexes are isostructural, and 

therefore only 2 is described here as a representative of the other examples. The complex 

crystallized in the Cc space group, with eight PhSAc− ligands, two Pt ions, one Gd ion, one NEt4 

countercation, and two DMF crystalline solvents per asymmetry unit. The Gd ion forms a paddle-

wheel-like structure with each Pt ion ({[Pt(PhSAc)4]Gd[(PhSAc)4Pt]}–). The Gd ion is coordinated 

with eight O-atoms and two Pt ions to form a D4d bicapped square antiprism geometry (Table S2). 

Each Pt ion is further coordinated with four sulfur atoms to form a square pyramidal structure with 

the Gd as the apex. The intramolecular Gd–Pt distances are 3.605(6) and 3.631(6) Å. These are 

shorter than the sum of the atomic radii (4.10 Å) but longer than the covalent (3.32 Å) and ionic 

(3.15 Å) radius12 The first-sphere intermolecular Gd–Gd distances are 12.549(5), 14.264(6), and 

14.62(6) Å. 

 

Figure 1. The crystal structure of 2. White: Pt; Green: Gd; Pale purple: N; Grey: C; Yellow: S; 

Red: O. Hydrogen atoms have been omitted for clarity. 
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XANES analysis. Recently, several reports have revealed the covalency of Ln/An-ligand 

interactions involving the f-orbitals of metal complexes by using X-ray absorption.13,14 The 

XANES spectra at the Pt L3-edge are shown in Figure S1a. A white line shift from 11562.5 eV 

(peak top of the edge of the standard sample of Pt foil) to 11563.5 eV (for 1), and 11563.4 eV (for 

2) was observed. The spectra were simulated by FDMNES package (Figure S1b-d).15 and the 

results are similar to the XANES spectral features of tetrakis-m-pyrophosphitodiplatinate(II) 

([Pt2(P2O5H2)4]
4−) which has Pt–Pt bond.16  In addition, we measured single-crystal polarized X-

ray absorption spectra of 2 (Figure 2, beam size (< 100 m) is small enough to bc plane of the 

crystal (200-300 m per one side).) at different crystal axes with orientational information which 

allowed us to estimate the electronic state to estimate the electronic state of the metal centre.17  

 At the Pt LIII-edge, 2 showed that a weak white line (WL) absorption in the Pt–Ln–Pt 

direction (c direction: the direction perpendicular to Pt dx2-y2), but a strong WL absorption in the 

vertical direction (The results of density of states (DOS) calculation also supported the fact (Figure 

S1b,c)). On the other hand, at the Ln LIII-edge, contrast results were obtained. In 2, the WL 

absorption is the strongest in the Pt−Ln−Pt (parallel) direction, but weak at the perpendicular 

direction as well as at 45 degrees from c axis. The 2p→5d transition is originally non-oriented 

(The results of DOS calculation also supported the fact (Figure S1d).), but the introduction of 

electrons into the 4f band shields the nuclear potential from the 5d band.16 In other words, if the 

covalency between Ln and the ligand is high (or less ionic), the absorption intensity will increase. 

It can be said that the axial direction has higher covalency than the in-plane direction. Since the 

signal of the powder sample is an average of all orientations, the Pt direction has the highest 

covalency in 2. Therefore, it was possible to experimentally clarify the anisotropy of the Ln 

complex's covalency in which it may be overall means ligand field splitting considering covalency 
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and electron repulsion, using the single-crystal polarized X-ray absorption spectrum. In this work, 

only the two-dimensional orientation is considered, and the LnPt molecule orientation (Pt–Ln–Pt 

direction) is also slightly leaning from c axis. Therefore, the comparison with the isotropic powder 

sample is not simple. However, further research will enable us to visualize the three-dimensional 

anisotropy of covalency.  
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Figure 2. (a) A picture and orientation of a single crystal of 2. Single-crystal polarized X-ray 

absorption spectra of 2, (b)Pt-LIII; (c)Gd-LIII. 
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In the following sections, we examined the results of XANES or properties of Gd–Pt bond 

by clarifying donor-acceptor interaction, evaluation of bonds and electronic states. 

NBO calculation. The natural bond orbital (NBO) analysis quantifies the donor-acceptor 

interactions between orbitals. The results of the NBO analysis using Gaussian16 program packages 

of 1 and 2 show the interactions between Ln and Pt ions (Table S3). There are strong Pt→La 

charge transfers in the range of ~36 kcal/mol. Moreover, there are several donor-acceptor Pt/Pt–

S→La interactions in the range of 8−122 kcal/mol (threshold > 8 kcal/mol). On the other hand, 2 

had weaker interactions than 1 did. (Table S4, 8−55 kcal/mol).  

NPA calculation. The natural population analysis (NPA), which calculated atomic charge and 

orbital population for 1 and 2 using Gaussian16 program package, shows a charge transfer from 

the ligands to the Pt ion and Ln ion, from the Pt atoms to Ln ion (Table 1. If it is a free ion, an 

atomic charge of Ln ion is +3). The natural atomic charges of La, Pt, CAc, S, O, (per atom), and 

the sum per Ph group in 1 are around +1.464 −0.187, +0.380, +0.011, −0.648, and −0.006, 

respectively. In addition, the natural atomic charges of the Gd, Pt, CAc, S, O, (per atom), and Ph 

group are around +1.544, −0.209, +0.419, +0.003, −0.684, and −0.002, respectively, in 2. The 

results of NBO and NPA is because the electron acceptability of Gd ion is lower than that of La 

ion (Details of the differences between Ln species are under investigation.). 

 

Table 1. The natural atomic charges of La, Pt, CAc, S, O, CPh/Me (per atom) for 1, 2 

 

 

 La/Gd Pt CAc S O Ph 

1 +1.166 −0.235 +0.386 +0.083 −0.682 0.001 
2 +1.723 −0.279 +0.380 +0.003 −0.725 ~0.000 
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UV/vis spectra and TDDFT calculations. Experimental and calculated UV/Vis spectra of 2 are 

shown in Figure 3. Time-dependent density-functional theory (TDDFT) was used for calculating 

the absorption spectra. There are absorption peaks at 2.35, 3.32, and 4.20 eV for 2. The peaks at 

2.43 eV are almost absent for 0 and 1 (Figure S2a). The peaks for 2 have been assigned based on 

the results of the TDDFT calculation. The absorption at around 4.20 eV in the experimental spectra 

is attributed to DMF. However, we omitted the DMF molecule in the calculations to reduce the 

calculation cost. The peak observed at around 3.32 eV was assigned to the transition from the Pt-

S molecular orbital to the Gd−O molecular orbital, and the peak around 2.35 eV was assigned to 

the transitions from the Pt–S molecular orbital to the Gd molecular orbitals (Figure S3). This Gd 

molecular orbital is an unoccupied orbital with 6s and 4f characters (s: 72.8%, p: 9.9% (mainly 

from the O atoms), d: 0.8%, f: 16.5%) (Figure 3c). The results of charge decomposition analysis 

(CDA) also indicated this hybridization ( orbital. Figure S4).  The absorption peaks in the range 

2.4 eV were also missing in previous reports ([NEt4][Gd{Pt(SAc)4}2], [Gd2Pt3(SAc)12] Figure. 

S2b),10g, 10h, confirming the d-f interaction in the excited state. 
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Figure 3. (a) Experimental and calculated UV/vis spectra of 2, black: experimental; Red: 

calculation (DMF and counter cation have been omitted for the calculations). (b) Total 

composition Gd: 88.9%. Composition of each shell (%), the threshold of absolute value: greater 

than 0.50%: s: 72.8, p: 9.9, d: 0.8, f: 16.5 (p factor mainly coming from O atom).  

 

 

 

(a) 

(b) 
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Local orbital locator. The LOL is a method used to evaluate the bond between two atoms.18a If 

the LOL function is a simple sum of the LOL functions of each atom, the bond between the atoms 

is ionic. If a new peak exceeding 0.5 is observed between the two atoms, the bond between these 

atoms is covalent. A dative bond (footnote: Although it is labeled as polar covalent bond in the 

references,18a it is labeled as dative bond according to the AIM classification below.18b) will appear 

as a shoulder peak or as a plateau below 0.5. The LOL results for 2 show the existence of a shoulder, 

indicating that the Pt center was strongly polarized by the Ln center (Figure 4). These results may 

support the results of AIM. However, the LOL value ( = 0.2) is smaller than that obtained for 

the reported complexes (cf.  = 0.3); it means that the Gd−Pt bond in 2 is more ionic than that 

found for the reported complexes.10b,10c 

 

Figure 4. Local orbital locator plot between Pt and Gd. 
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Quantum theory of atoms in molecules analysis. Owing to quantum theory of atoms in 

molecules (QTAIM – see the experimental section for details of the calculation) analysis was 

performed to examine the electron density () of 1 and 2. In QTAIM, there are usually three kinds 

of critical points where the differential of interatomic  is 0, so-called ‘bond critical point (BCP)’. 

“Bond analysis using QTAIM requires the  ∇2 and Etotal to have the following relationships -  ∇2 

< 0 and Etotal < 0 signifies a covalent bond; ∇2 > 0 and Etotal < 0 are values for dative bond; ∇2 > 

0 and Etotal = ~0 signal the existent of metallic bond while ∇2 > 0 and Etotal > 0 indicate a possible 

ionic bond or Van der Waals force of attraction. (No bond has 100% covalency or 100% ionic. 

Even perfect covalent bond, which has 50% covalency and 50% ionic.)”19 The contour plots on 

the Pt−Ln−Pt plane and the calculated value of  (electron density), and Etotal (total energy density) 

were shown in Figure 5, S5, and Table 2. According to ∇2 and Etotal values, Ln−Pt bond is between 

metallic and ionic, whereas Pt−S bonds are dative. The covalency of Ln−Pt bond is lower than that 

of Ln−O bond. However, there is a possibility of underestimation of covalency of Ln−Pt bond 

(perhaps because of molecular packing) considering XAFS results. If the electron repulsion as well 

as the fact that Ln−Pt < Ln−O, are considered, the AIM results are consistent with the XAFS results. 
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Figure 5. The contour plots on the Pt−Ln−Pt plane of 2. Small green: BCP. White: Pt; Green: Gd; 

Grey: C; Yellow: S; Red: O. 
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Table 2. calculated QTAIM properties of 1 and 2. 

1  𝛻
2
 Etotal  2  𝛻

2
 Etotal 

La - Pt1 0.00918  0.02807  0.00065   Gd1 - Pt1 0.00817  0.02759  0.00077  
La - Pt1 0.01145  0.03178  0.00040      

 

   
 

    
 

La - O 0.04512  0.18285  0.00029   Gd - O 0.04709  0.21996  0.00088  
 0.04536  0.18165  0.00005    0.04818  0.22580  0.00071  
 0.04449  0.17790  0.00028    0.04793  0.22323  0.00060  
 0.04536  0.18364  0.00022    0.04924  0.22965  0.00027  
 0.04734  0.19202  -0.00020    0.04759  0.22249  0.00076  
 0.04459  0.17753  0.00018    0.05017  0.23722  0.00033  
 0.04613  0.18426  -0.00018    0.04819  0.22617  0.00070  
 0.04451  0.17824  0.00034    0.04812  0.22651  0.00076  
   

 
    

 

Pt1 - S 0.10742  0.14967  -0.04415   Pt1 - S 0.10928  0.15039  -0.04564  
 0.10443  0.14554  -0.04182    0.10647  0.14806  -0.04342  
 0.10728  0.14844  -0.04400    0.10749  0.15023  -0.04422  
 0.10650  0.14836  -0.04342    0.10774  0.14895  -0.04441  

Pt2 - S 0.10701  0.14792  -0.04381   Pt2 - S 0.10851  0.15031  -0.04502  
 0.10622  0.14653  -0.04321    0.10535  0.14672  -0.04255  
 0.10666  0.14785  -0.12404    0.10745  0.15050  -0.12601  
 0.10824  0.14917  -0.12685    0.10763  0.14905  -0.12587  
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Figure 6. CASSCF ligand field orbitals of 2’-Me obtained by ab initio ligand field theory. 
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As mention above, there are appreciable interactions among Gd and Pt ions. However, 

these interactions are polarizing and should not be considered as pure ionic or covalent (i.e. the Pt 

ion should not be treated as a positive point charge) under the ligand field theory of the Gd ion. 

Ab initio calculations were performed using the ORCA 4.2.1 program.20  The active space 

consists of 7 electrons in 7 orbitals (CASSCF(7,7)). For the state-averaged CASSCF procedure, 1 

octet, 48 sextets, 392 quartets, and 784 doublets were considered21 for the configuration state 

functions (CSFs) and used for the spin-orbit coupling calculations. The low-lying energy states 

from spin-orbit coupling are summarized in Table 3. Ab initio ligand field theory (AILFT)11b was 

applied to check the ligand field splitting of 4f-orbitals of 2’-Me (Figure 6). The results showed a 

ligand field splitting energy of ~450 cm−1. In terms of orbital stability, the axial (Pt-Gd-Pt 

direction) fz3, fxz2 and fyz2 orbitals are most stabilized, the equatorial fx(x2-3y2) and fy(3x2-y2) 

orbitals are intermediate while the diagonal fxyz, fz(x2-y2) orbitals are the least stabilized. This 

order (axial, equatorial, diagonal) is similar to the results of the single-crystal XAFS – less ionic 

orientation order (parallel, perpendicular, 45 degrees). In addition, fz3 orbital is less stable than 

fxz2, fyz2 orbital, because fz3 orbital also undergoes electrostatic repulsion from the lone pair of 

the Pt ion. 
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Table 3. Wavefunction composition and energy levels of the low-lying spin-orbit states of 2’-Me 

obtained by CASSCF calculations. Theses energy levels correspond to the zero-field splitting of 
8S7/2 state. Wavefunction compositions are given using |Jz> states of 8S7/2 as the basis functions. 

Zero-field splitting parameters are given in spin Hamiltonian formalism. 

Composition of the wavefunction Energy/cm−1 

0.967|−1/2> 0.000 

0.967|+1/2> 0.000 

0.327|+3/2>, 0.637|−3/2> 0.0763 

0.637|+3/2>, 0.327|−3/2> 0.0763 

0.107|+5/2>, 0.866|−5/2> 0.2228 

0.866|+5/2>, 0.107|−5/2> 0.2228 

0.978|−7/2> 0.4347 

0.978|+7/2> 0.4347 

Zero-field splitting parameters 

D/cm−1 0.03612 

E/D 0.02245 

 

 

 

 

 

 

 



 22 

Magnetic properties. Recently, several studies on the slow magnetic relaxation of Gd complexes 

have been reported.22 Although the decisive relaxation mechanism for Gd complex has not been 

elucidated yet, it has been assumed that magnetic relaxations of Gd complexes are driven by 

various kinds of relaxation mechanisms: phonon-bottleneck process, Orbach process, direct 

process, and Raman process.22a,22b Moreover, magnetic relaxations are affected by magnetic 

dilution. Increasing the concentration of Gd ion increases the internal magnetic field, enhancing 

the magnetic relaxations. On the other hand, high Gd concentration prohibits rapid energy 

exchange and enhances the phonon-bottleneck effect because phonon modes available for spin-

lattice relaxations are saturated.  

Yamashita et al. and Pinkowicz et al. have reported slow magnetic relaxation for 

mononuclear Gd complexes.23 However, the spin-lattice relaxation is only observed below 10 K, 

which is a much lower temperature range than the 36 K observed for heterometal complexes.10g 

For 20.1, a slow magnetic relaxation was observed up to 45 K (Figure 8b). This is the highest 

temperature reported to date for a discrete Gd complexes. 

mT values for 2 and 20.1(10% of 2 diluted in 90 % of 0) remained constant at 8.168 cm3 

mol−1 K and 7.872 cm3 mol−1 K, respectively, which are consistent with the expected value for an 

uncoupled Gd ion (7.875 cm3 mol−1 K) (Figure 8a and S6). Moreover, 2 and 20.1 did not exhibit a 

magnetic ordering down to 2 K. The magnetization vs. field plots for 2 and 20.1 are shown in Figure. 

S7. There is butterfly-type hysteresis for 2 and 20.1 at 1.8 K, indicating a rapid quantum tunnelling 

effect. The hysteresis temperature is higher than those reported for Gd complexes (cf. 0.7 K).10g 

No clear frequency dependence of the magnetization was observed for 2 without a dc field 

because of the fast QTM (the quantum tunnelling of the magnetization) process. However, 2 shows 
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the explicit frequency dependency of the magnetization with applied dc field was applied (Figure 

S8). Furthermore, as the dc field was gradually increased, the maximum ” shifted to a lower 

frequency, and an additional peak was observed above 4000 Oe dc fields. This second peak was 

not observed for 20.1 (Figure S9).  Yamashita et al. reported a similar phenomenon as a phonon-

bottleneck. In-phase and out-of-phase data for 20.1 were fitted to extract the relaxation time  using 

the extended Debye model (details are shown in the ESI). The relaxation time was fitted by 

considering the direct, Raman, and Orbach processes using the equation:22b −1(H) = A1/(1 + A2H
2) 

+ A3H
4 +A4 and with A1: 600 s−1, A2: 1.48 Oe−2, A3: 0.81 Oe−4, A4: 191 s−1, R = 0.99959. 

The temperature dependence of the ac susceptibility of 20.1 up to 45 K in a 3000 Oe dc field 

is shown in Figure 8b. In-phase and out-of-phase data for 20.1 were fitted to extract  values using 

the extended Debye model (Figure 8c). The relaxation time was fitted by considering the direct, 

Raman, and Orbach processes using the equation: ln  (T−1) = ln[( C1T +  C2T
n) + 0exp(−E/T)) −1] 

+A4 with A3H
4 =C1T, C2: 10.25 s−1, n: 2.52, 0: 2.2 × 10−3 s, E: 1.52 K, R = 0.99895.  Fittings were 

performed on this data under various conditions. In conclusion, the process involving both the 

Orbach and two-phonon Raman (𝜏 ∝  1/T 3) processes afforded the best fit (Figure S10). Low-

energy phonon modes (15-60 cm-1) that may resonate with the magnetic Raman process have been 

experimentally observed, and DFT calculations have revealed that they correspond to the 

PtS4−LnO8−PtS4 oscillation modes (Figure S12, S13. The Raman spectra discuss in SI.). The 

smaller resonant phonon mode that resonates with the Orbach process is thought to be caused by 

the lattice vibration of the crystal packing (Figure S11). 
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Figure 8. (a) χMT vs. T plots for 20.1 in a field of 1000 Oe. (b) χ’’M vs. T plots for 20.1 in a field of 

3000 Oe and the T range of 1.8–45 K. (c) ln(τ) vs. T−1 plots for 20.1. 
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To investigate the zero-field splitting of Gd ion, we measured ESR spectrum of 20.05 (5% 

of 2 diluted in 95 % of 0) (Figure. 7 and S17). The data were fitted using the Hamiltonian 

Ĥ =  𝜇𝐵𝐵�̂� + 𝐵2
0�̂�2

0 + 𝐵2
2�̂�2

2 (Details are shown in SI.) with EasySpin package.23 The parameters 

were fitted as 𝐵2
0 = 317.8 MHz = 1/3D, 𝐵2

2 = −52.8 MHz = E, g = (1.986, 1.982 1.866), A = 15.6 

MHz, lw = 4.9 mT, respectively. The 𝐵2
0 (1/3D) value was obtained as 318 MHz, which is smaller 

than the reported value, 𝐵2
0 (1/3D) = 554.7 MHz24(D: axial zero-field splitting value, E: rhombic 

zero-field splitting value, A: hyperfine principal value, lw: Gaussian broadening). There are some 

differences between the experimental and the simulated values, owing to the approximations used 

during simulations.10h,21 These are inevitable to avoid overparameterization.25 Wavefunction 

composition and energy levels of the low-lying spin-orbit states of 2’-Me were obtained by 

CASSCF calculations (Table 3). These energy levels correspond to the zero-field splitting of 8S7/2 

state. The calculated zero-field splitting parameter D (0.03612 cm−1 = 1082 MHz), E/D (0.02245) 

is consistent with that fitting value of results of ESR (D = 953.4 MHz, 0.05538). 
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Figure 7. ESR spectrum of 20.05(5% of 2 diluted in 95 % of 0). 
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CONCULUSION 

We provided the insight into the Gd–Pt bond by calculating NPA and AIM and revealed 

the electronic states using X-ray absorption near edge structure (XANES). These calculations will 

enable the role of metallic and organic ligands in the electronic and magnetic properties of Ln 

complexes to be further understood. The slow magnetization relaxation of the Gd complex was 

observed up to 45K, which is the highest temperature reported to date among isolated Gd-

complexes. In such a metallic ligand system, it is necessary to calculate the electronic state 

considering the influence of the orbital of the metal ion instead of treating the metal ion as a mere 

positive point charge. Further careful consideration for the effect of the heterometal bonds such as 

the complexes with higher covalency is required when discussing the magnetic properties of 

heterometallic bonded systems. 
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Experimental Section 

General information. K2[PtCl4] was obtained from Kanto Chemical Co., Inc. and used as received. 

LnCl3·nH2O was obtained from Strem Chemicals Inc. and used as received. Thiobenzoic acid 

((PhSAc)H) was obtained from Tokyo Chemical Industry Co., Ltd. and used as received. All 

synthetic processes were performed under air. 

Synthesis of 0, 1, and 2. The aqueous solution (5 ml) of K2[PtCl4] (50 mg: 0.125 mmol) and LnCl3

·nH2O (Ln = Y, La, Gd; 13, 23 mg: 0.062 mmol) was added to a DMF solution (15 ml) of 70 mg 

(0.5 mmol) (PhSAc)H and tetraethylammonium chloride (10 mg: 0.061 mmol). The solution was 

stirred at 60 oC for 2 h. After evaporation, the resulting solid was dissolved in DMF, and KCl was 

removed by filtration. A yellow crystal was obtained after slow evaporation under flowing N2 

(Scheme 1. yield: ~43%, ~50 mg).  

 

Scheme 1. Synthesis of 0, 1, and 2. 

[YPt2(PhSAc)8](NEt4)·2DMF (0) 

Elemental analysis: C70H74N3O10S8Pt2Y; Calcd(%): C, 45.38; H, 4.03; N, 2.27. Found(%); C, 

45.41; H, 4.13; N, 2.29. IR spectrum (ATR, cm−1): 3055, 2928, 2847, 1675, 1583, 1530, 1476, 

1444, 1385, 1307, 1208 1169, 1086, 1000, 945, 866, 773, 688, 647, 617. 
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[LaPt2(PhSAc)8](NEt4)·2DMF (1) 

Elemental analysis: C70H74N3O10S8Pt2La; Calcd(%): C, 44.18; H, 3.92; N, 2.21. Found(%); C, 

44.22; H, 3.97; N, 2.43. IR spectrum (ATR, cm−1): 3057, 2938, 2850, 1670, 1583, 1527, 1484, 

1443, 1386, 1314, 1206 1169, 1092, 999, 944, 869, 772, 688, 647, 617. 

[GdPt2(PhSAc)8](NEt4)·2DMF (2) 

Elemental analysis: C70H74N3O10S8Pt2Gd; Calcd(%): C, 43.76; H, 3.88; N, 2.19. Found(%); C, 

43.64; H, 3.90; N, 2.36. IR spectrum (ATR, cm−1): 3057, 2938, 2850, 1676, 1581, 1522, 1474, 

1445, 1386, 1314, 1202 1173, 1083, 1006, 941, 864, 775, 686, 639, 568. 

Characterization and instrumental procedures. Single-crystal X-ray diffraction data were 

collected on a Rigaku VariMax diffractometer with a HyPix-6000 detector (details of of 

crystallographic data collection described on CIF files). FT-IR spectra were acquired on a JASCO 

FT/IR 6700 spectrometer using the attenuated total reflectance (ATR) method. UV/vis spectra 

were acquired on a Shimadzu UV3100 spectrometer with an integrating sphere (BaSO4 

background). The elemental analysis was performed on a J-SCIENCE LAB CO., Ltd JM-11 

microanalyzer. The Raman spectra were carried out on a JASCO NRS-7200. 

Calculations. TDDFT, NBO, NPA, LOL, simulation of Raman spectra analyses were performed 

using the Gaussian16 program package. Quantum theory of atoms in molecules (QTAIM) analysis 

was performed in the AIMAll package.26  The molecular structure of the model is made from the 

crystal structure of 1, 2 and simplified using GaussView5.0. The B3LYP functional27 was used 

with Def2-SVP (for C, H),28a Def2-TZVP (for S, O),28a Def2-TZVPD (for Pt)28a with ECP,28b 

Stuttgart quadruple zeta split + RSC Segmented (for Gd)28c with ECP28d for the LOL, TDDFT 
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calculations and simulation of Raman spectra; with aug-cc-pCVDZ-DK (for C, H, S, O),28e-h 

Sapporo-DKH3-TZP-2012 (for Pt),28i SARC2-QZV-DKH2 (for Gd)28j for NBO, NPA, AIM under 

Douglas-Kroll-Hess option.  

Ab initio calculations were performed using the ORCA 4.2.1 program.20 The structural 

model (2’-Me) used for ab initio calculations was made by replacing phenyl groups of the crystal 

coordinate of 2 with methyl groups (Table S6). Positions of the methyl protons of 2’-Me were 

optimized at B3LYP/Def2-SVP with the RIJCOSX approximation. During the geometry 

optimization, Gd was replaced with diamagnetic Y. The CASSCF method was applied to 2’-Me 

with DKH-DEF2-SVP (for C, H, S, O), SARC-DKH-TZVP (for Pt), SARC-DKH-TZVPP (for 

Gd).28b AUTOAUX keyword29 was used to generate the auxiliary basis sets for resolution of 

identity approximation.30 The active space consists of the seven orbitals that have 4f character and 

seven electrons ((7,7) CASSCF). One octet state, 48 sextet states, 392 quartet states, and 784 

doublet states were considered21 and used for the following spin-orbit coupling calculations. The 

low-lying energy states from spin-orbit coupling are summarized in Table S8. Ab initio ligand 

field theory (AILFT)11b was applied to check the ligand field splitting of 4f-orbitals (Figure S11). 

Orbitals were visualized using Multiwfn 3.7 and VESTA 3.4.4.31 The coordination geometry as 

determined using SHAPE2.1.32  

Charge decomposition analysis (CDA) is one of the methods to analyze donor-acceptor 

interactions of each fragment of complexes.33 Here, We took complex 2 to three parts: Gd ion, Pt 

ions, and PhSAc ligands. CDA was performed on Multiwfn 3.7.31a 

X-ray absorption near-edge structure. X-ray absorption spectroscopy was carried out at the BL-

12C and BL9A, High Energy Accelerator Research Organization (KEK) (the edge position was 
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calibrated using that of Pt foil). The analysis was performed using the Demeter software 

platform.34 The simulated spectra are calculated with 6 Å radius by FDMNES package under 

Quadrupole, Relativiste,  Spinorbite, Density_all options.18 

Magnetic susceptibility measurements. Both dc and ac magnetic susceptibility measurements 

were performed on solid polycrystalline samples with a Quantum Design MPMS3 SQUID 

magnetometer in applied dc fields. ESR spectra were conducted on solid polycrystalline samples 

using a JEOL JES-FA100. 
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