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General Introduction 

 

1. Paramagnetic one-dimensional complexes with metal–metal bonds  

 To date, much research has been conducted on molecular-based magnetic materials in which 

paramagnetic metal species are bridged with organic molecules or halide ions to reveal various 

characteristics of magnetism such as phase transition, spin-crossover, and single-chain magnets.1-5 

The treated paramagnetic species in these compounds are primarily first-row transition metals with 

high-spin configurations including cleverly overlapped five anisotropic d-orbitals via the p-orbitals 

in the bridging ligands designed to control the coordinated directions and to desired expected 

magnetic interactions.1-5 In contrast, several compounds have been recently reported in which the first 

row of transition metals is bridged by metal–metal bonds with significant magnetic interactions.6 

They are one-dimensional (1D) complexes in which the five d-orbitals overlap and connect with 

another d-orbital, forming a d–d system (Figure 1). These paramagnetic 1D complexes with metal–

metal bonds are categorized into several types: finite or infinite and homometallic or heterometallic. 

Figure 1. Conceptual scheme for the magnetic interaction between two paramagnetic species 
through organic molecules or second metals. 
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2. Finite one-dimensional complexes aligning homometals with metal–metal bonds 

One of the principal strategies to obtain finite one-dimensional complexes with aligned 

homometals through metal–metal bonds is a template method utilizing multidentate ligands (Figure 

2), such as oligopyridylamidate,7 oligophosphines,8 and polyenes of conjugated ligands.9 These finite 

1-D metal complexes consisted of homometals are called extended metal atom chains (EMACs). In 

1968, the trinuclear nickel complex [Ni3(dpa)4Cl2] (dpa = bis(2-pyridyl)amide)10,11 was discovered, 

then various metal centers such as Cr,12 Co,13 Cu,14 and Ru15 have been reported.16 Until now, various 

nuclear numbers of Ni  string complexes have been synthesized and characterized.11,16-21 Although 

the series of these Ni string complexes including Ni  atoms with the spin state S = 1 in the outer 

positions, the spin state of the inner Ni  atoms is S = 0, which is attributed to the coordination 

environment; the low-spin state of the inner Ni  atoms is in a square coordination, while the high-

spin state of the outer Ni  atoms is in a square pyramidal coordination. Although the template method 

utilizing multidentate ligands is effective for one-dimensionally aligned several metals, the control 

for the spin state of metals is difficult due to degenerated molecular orbitals with the same metal 

species in similar coordination environments. In the series of Ni  string complexes, the magnetic 

interaction between the outermost Ni  atoms of high-spin state becomes weaker as the number of Ni 

atoms increases. In recent research, trinuclear nickel complex [Ni3(dpa)4Cl2] connected by halide ions 

one-dimensionally aligned in Ni–Ni–Ni–Cl–Ni–Ni–Ni–Cl was reported, in which intra- and 

interdimer antiferromagnetic interactions were observed.22 

 

 

3. Finite one-dimensional complexes aligning heterometals with metal–metal bonds 

 One of the principal strategies to obtain finite one-dimensional complexes aligning several 

kinds of metal with metal–metal bonds is a template method similar to EMACs utilizing multidentate 

Figure 2. One-dimensional metal complexes containing paramagnetic species bridged by metal–
metal bonds found in EMACs and HMSCs with bis(2-pyridyl)amide. 
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ligands, which compound is called heteronuclear metal string complexes (HMACs). Although the 

syntheses of HMACs are more difficult than EMACs due to various combinations of metal atom, 

several synthetic methods to obtain the design of specific HMSCs have been reported, such as the 

metal backbones of MA–MB–MA, MA–MA–MB, and MA–MB–MC.6,16 MA–MB–MA type with one metal 

atom sandwiched between two other atoms mainly consists of paramagnetic metal species and 

diamagnetic metal species such as MA = Mn, Fe, Co, Ni, and Cu and MB = Pd and Pt.23-26 For example, 

Co–Pd–Co exhibits strong antiferromagnetic interaction via –Pd– bonds.25 MA–MA–MB type with the 

heterometal at the end of the chain mainly consists of various species pairs of MA and MB such as MA 

= Cr, Mo, Cu and W and MB = Mn, Fe, Co, Ni, Cr, Pd and Pt.27-33 For example, Mo–Mo–Ni exhibits 

extraordinarily large ferromagnetic coupling thorough metal–metal bonds due to the orthogonality of 

Mo and Ni orbitals.34 MA–MB–MC type with three different metals has a few reports such as Mo–W–

Co and Ni–Co–Rh.35,36 In addition to these, pentanuclear Ni–Ru–Ru–Ni–Ni and Mo–Mo–Ni–Mo–

Mo have been reported.37,38 Considering unpaired electrons in a d-orbital connected through metal–

metal bonds, stronger and more diverse magnetic properties are expected than conventional materials, 

however, a few reports exploring rational synthetic methods for such compounds exist. Doerrer et al. 

recently published pioneering research on magnetic interactions of first-row transition metals via –

Pt···Pt– bonds using paddlewheel Pt–M dinuclear complexes (Figure 2).39-43 Using the fact that planar 

Pd and Pt complexes tend to dimerize by themselves due to the d8 configurations, it is possible to 

connect metal species that are difficult to align one-dimensionally on their own. For example, the Ni–

Pt---Pt–Ni tetranuclear complexes created by dimerizing a paddlewheel dinuclear complex 

[PtNi(tba)4(OH2)] (tba = thiobenzoate) bridged by four tba ligands show a strong antiferromagnetic 

interaction via –Pt···Pt– bonds. As a result of the gluing effect of d8 metals, designed paramagnetic 

heterometallic 1D chains and HMACs incorporating various metal species are expected. 

 

 

4. Infinite one-dimensional complexes aligning heterometals with metal–metal bonds 

 In general, synthetic methods of infinite one-dimensional chain are obtained by the oxidation 

of d8 square-planar metals connected to other metals at the dz2 orbital, as result of partially oxidized 

dz2 bands showing metal–metal chains. The metal species in infinite one-dimensional metal 

complexes are very restricted to d7 or d8 metal species, such as Ir, Pt, Rh, and Pd.44-53 Nevertheless, 

to explore magnetic properties, Uemura et al. have synthesized heterometallic one-dimensional 
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chains in which paramagnetic metal species are connected by direct metal–metal bonds with a second 

metal species instead of an organic ligand (Figure 3).54-56 The synthetic method for the paramagnetic 

heterometallic one-dimensional chains uses the HOMO–LUMO interaction at the dz2 orbital (

between two kinds of complex, where mixing cis-[Pt2M(piam)4(NH3)4]X2 (piam = pivalamidate, M 

= Mn, Co, and Cu, X = anion) and [Rh2(O2CCH3)4] that have filled and vacant respectively, 

afforded –Pt–M–Pt–Rh–Rh– alignments, showing antiferromagnetic interactions through –Pt–Rh–

Rh–Pt– bonds.  

 

 

5. Survey of this thesis 

 The purpose of this thesis research is to find a new construction strategy for paramagnetic 

multinuclear assembles with heterometallic bonds and to elucidate the crystal structure, spin state, 

and magnetic properties of paramagnetic multinuclear assemblies. Particularly, this thesis mainly 

describes several paramagnetic trans bridged multinuclear assembles, where high-spin first-row 

transition metals are bridged by the diamagnetic second- or third-row metals, such as Pt or Rh atoms. 

Among paramagnetic multinuclear assemblies few examples of infinite one-dimensional chain 

complexes with metal–metal bonds have been reported. Thus, a new construction strategy is useful 

to conduct the research in this field. 

Figure 3. Structures of paramagnetic one-dimensional complexes with metal–metal bonds by 
HOMO–LUMO interaction. 
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 Chapter 1 describes paramagnetic trinuclear complexes, trans-[Pt2M(piam)4(NH3)4](ClO4)x 

(t-M; piam = pivalamidate, M = Mn, Fe, Co, Ni, and Cu, x = 2 or 3), aligned as Pt–M–Pt, which 

comprised of trans-[Pt(piam)2(NH3)2]. Except for t-Fe, the trinuclear complexes are dimerized with 

close contact (3.9 Å) between the end Pt atoms to form Pt–M–Pt···Pt–M–Pt alignments with high-

spin M(+2) containing five (t-Mn), three (t-Co), two (t-Ni), and one (t-Cu) unpaired electrons 

localized on M atoms. Several physical measurements and calculations revealed that the dimerized 

structures were maintained in MeCN, where cyclic voltammograms for t-M exhibited two-step 

oxidation and reduction attributed to Pt–M(+2)–Pt···Pt–M(+2)–Pt  Pt–M(+3)–Pt···Pt–M(+2)–Pt 

 Pt–M(+3)–Pt···Pt–M(+3)–Pt, via mixed-valent states. Magnetic susceptibility measurements for 

t-M showed antiferromagnetic interaction, t-Mn: J = –0.9 cm 1, t-Co: J = –3.5 cm 1, t-Ni: J = –7.3 

cm 1, and t-Cu: J = 0.0 cm 1, between the two M centers with distances of 9.0 Å through Pt···Pt 

bonds. 

 

 Chapter 2 describes paramagnetic trinuclear complexes, trans-[Pt2M(acam)4(NH3)4](ClO4)2 

(1-M; acam = acetamidate, M = Co, Ni, and Cu), aligned as Pt–M–Pt were successfully synthesized 

and characterized by single-crystal X-ray structure analyses and physical measurements. The 

trinuclear complexes extend infinitely one-dimensional chains formed ···Pt–M–Pt···Pt–M–Pt··· 

alignments with Pt···Pt interactions between the adjacent end Pt atoms in close contact with each 

other (3.5 Å). Several physical measurements revealed all three first-row transition metals in 1-M 

have high-spin states, where unpaired electrons are localized on M atoms, which three (1-Co), two 

(1-Ni), and one (1-Cu) respectively. Magnetic susceptibility measurements for 1-Co and 1-Ni showed 

relatively strong antiferromagnetic interaction (1-Co: 2J = –17.9 cm 1, 1-Ni: 2J = –27.9 cm 1) 

between the high-spin M centers through Pt···Pt bonds. In contrast, 1-Cu showed ferromagnetic 

interaction (1-Cu: 2J = 0.28 cm 1) between the Cu centers through Pt···Pt bonds. 

 

 Chapter 3 describes paramagnetic one-dimensional chain complexes 

[PtCu(piam)2(NH3)2Cl2]·H2O (2-Cu) with aligned –Pt–Cu–Pt–Cu– were successfully synthesized 

and characterized by single-crystal X-ray structure analyses and physical measurements. The one-

dimensional chain extends infinitely, where all the metals are bridged by amidate ligands, and by 

piam ligands the coordinated platinum atoms are hanged to the opposite direction to bind the copper 
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atoms. Several physical measurements revealed that unpaired electrons in the one-dimensional chains 

are localized on the copper atoms, dx2–y2 orbital. Magnetic susceptibility measurements showed the 

presence of antiferromagnetic interaction (J = –0.91 cm 1) between the copper atoms with distances 

of 5.7 Å through –Pt– bonds. 

 

 Chapter 4 describes paramagnetic one-dimensional chain complexes with direct metal–metal 

bond containing three types of metal species aligned with ···Pt–Cu–Pt–Rh–Rh–Pt–Cu–Pt··· (4-Cu) 

and –Rh–Rh–Pt–Cu–Pt– (5-Cu) were successfully synthesized and characterized by single-crystal X-

ray structure analyses and physical measurements. Several physical measurements revealed the 

oxidation states of the one-dimensional complexes are Rh(+2), Pt(+2), and Cu(+2), where the 

unpaired electrons lie on the Cu dx2–y2 orbitals. Magnetic susceptibility measurements in 4-Cu 

showed an antiferromagnetic interaction (J = –0.28 cm 1) between the copper atoms centers through 

–Pt···Pt– bonds. In contrast, 5-Cu showed a weak ferromagnetic interaction (J = 0.01 cm 1) between 

the copper centers through –Pt–Rh–Rh–Pt– bonds. 

 

 Chapter 5 describes the paramagnetic trinuclear complex trans-

[Pt2Fe(piam)4(NH3)4](ClO4)3·H2O (t-Fe) has a half-filled -type orbital over Pt–Fe–Pt, making it an 

excellent option for magnetic assemblies. It was successfully used in synthesizing 

[{Rh2(O2CCH3)4Cl2}{Pt2Fe(piam)4(NH3)4}2]n(ClO4)4n (6) from t-Fe and [Rh2(O2CCH3)4Cl2], where 

each trinuclear complex was bridged by Cl  ions aligned as –Pt–Fe–Pt–Cl–Pt–Fe–Pt– with Fe···Fe 

distance of 10.1 Å. The zigzag chains were further linked by –Rh–Rh– to form a two-dimensional 

honeycomb sheet. The X-ray photoelectron spectroscopy, electron paramagnetic resonance, and 

magnetic susceptibilities measurements revealed that the formal metal oxidation states in 6 were 

Pt(+2), Fe(+3), and Rh(+2), where five unpaired electrons were located on the Fe(+3) atoms. A 

significant decrease in T below 40 K was observed, where the theoretical fitting affords the axial 

zero-field splitting parameter D = 5.23 cm 1 and zJ 1. 
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Chapter 1 

 

Dimerization of Paramagnetic Trinuclear Complexes by Coordination Geometry 
Changes Showing Mixed Valency and Significant Antiferromagnetic Coupling 

through –Pt···Pt– Bonds 

 

 

Abstract 

Paramagnetic trinuclear complexes, trans-[Pt2M(piam)4(NH3)4](ClO4)x (t-M; piam = 

pivalamidate, M = Mn, Fe, Co, Ni, and Cu, x = 2 or 3), aligned with Pt–M–Pt were successfully 

synthesized and characterized. The dihedral angles between the Pt and M coordination planes 

in t-M are approximately parallel, showing straight metal–metal bonds with distances of 

approximately 2.6 Å. Except for t-Fe, the trinuclear complexes are dimerized with close contact 

(approximately 3.9 Å) between the end Pt atoms to form Pt–M–Pt···Pt–M–Pt alignments with 

high-spin M(+2) containing five (t-Mn), three (t-Co), two (t-Ni), and one (t-Cu) unpaired 

electrons localized on M atoms. Several physical measurements and calculations revealed that 

the dimerized structures were maintained in MeCN, where cyclic voltammograms for t-M 

exhibited two-step oxidation and reduction attributed to Pt–M(+2)–Pt···Pt–M(+2)–Pt  Pt–

M(+3)–Pt···Pt–M(+2)–Pt  Pt–M(+3)–Pt···Pt–M(+3)–Pt, via mixed-valent states. Magnetic 

susceptibility measurements for t-M showed antiferromagnetic interaction, t-Mn: J = –0.9 cm 1, 

t-Co: J = –3.5 cm 1, t-Ni: J = –7.3 cm 1, and t-Cu: J = 0.0 cm 1, between the two M centers 

with distances of 9.0 Å through Pt···Pt bonds. 
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Introduction 

 Metal–metal bonds are powerful pathways for electronic communication between two 

active metal sites providing cooperative catalysis,1 as well as physical properties such as 

conductivity2,3 and magnetism.4 Compared to halogen- or organic-molecule-bridged metals, 

that is, the d- -d system, second metal-mediated ones, presented as d-d-d systems, would afford 

significant d orbital overlapping, with potential for good communication despite the long range 

of distances. Taking advantage of five types of anisotropic d orbitals, the characteristic 

magnetic behavior has been designed with metal–metal wires by specific combinations of metal 

species.4 For example, an asymmetric trinuclear complex arranged as Mo–Mo–Ni shows an 

extraordinarily large ferromagnetic coupling through metal–metal bonds,5 whereas Cu–Pt–Cu 

shows strong antiferromagnetic interactions,6 which are attributed to abnormal electronic 

structures induced by connecting multiple metals. These one-dimensionally aligned wires are 

called extended metal atom chains (EMACs)7,8 and heteronuclear metal string complexes 

(HMSCs).9,10 Although extensive synthetic and physical research has been accomplished to date, 

the length of wire required to obtain the characteristic magnetic behavior and desired metal 

position in the wire remains to be investigated. 

 The well-known synthetic approach to obtain these EMACs or HMSCs is a template 

method utilizing multidentate ligands, such as oligopyridylamidate,7 oligophosphines,11 and 

polyenes of conjugated ligands.12 Although the template method is useful for constructing 

metal–metal bonds and achieves specific length of wire by pre-organized ligands, it is still 

difficult to achieve the placement of metal species in desired positions. In contrast, Pt-assisted 

extension of wires has been the focus of attention13 because the combination of Pt and desired 

metals (= M) afforded thioacetate-bridged paddlewheel heterometallic Pt–M complexes, which 

are dimerized as M–Pt···Pt–M (Scheme 1), showing strong magnetic interactions through 

metal–metal bonds.14-16 Such metalophilic gluing by two Pt atoms is found in one-dimensional 

(1D) chains by d8 configuration metals, classical Pt chains such as KCP and magnus salts,17,18 

Ir and Rh chains,19-21 and dinuclear (Pt2,22,23 Rh2,24,25 and Pd2
26)-based chains. Furthermore, 

metalophilic dz2 interactions between two kinds of complexes also afforded 1D chains,27-29 

where there are few examples of dimerized EMACs by these interactions,11,30 meaning that 

d8···d8 interactions are effective for extending structures; thus, further systematic investigations 

are required to explore this research field. 
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 To date, several trinuclear Pt–M–Pt complexes, in which two Pt atoms sandwich an M 

atom, have been synthesized and characterized.31-33 The crystal structures of rigid aromatic 

bridging ligands, cis-[Pt2M(NH3)4(1-MeU)2(1-MeC)2]x+ (1-MeU = 1-methyluracil, 1-MeC = 1-

methylcytosine),34 and trans-[Pt2M(NH3)4(C5H4NO)4]x+,33 and flexible bridging ligands cis-

[Pt2M(NH3)4(piam)4]x+ (piam = pivalamidate) revealed discrete Pt–M–Pt alignments without 

further extension, which are probably due to the repulsion of bulky ligands and charge valencies. 

In particular, in cis-[Pt2M(NH3)4(piam)4]x+, trinuclear Pt–M–Pt complexes have significant bite 

angles among each coordination plane, resulting in relatively weaker heterometallic bonds, 

because the two piam bridging ligands are connected in the cis fashion. However, further 

extension was realized with other linkers, such as [Rh2(O2CCH3)4], which resulted in –Rh–Rh–

Pt–M–Pt– chains.35-38 The crystal structure of trans-[Pt2Cu(NH3)4(piam)4](NO3)2 inspired 

synthetic research because these trinuclear complexes spontaneously dimerize to align with Pt–

Cu–Pt···Pt–Cu–Pt.39 Here, we will present the synthesis and characterization of trans-bridged 

trinuclear Pt–M–Pt complexes with M = Mn, Fe, Co, Ni, and Cu, compared with previous cis-

bridged complexes. We were successful in obtaining trans-[Pt(piam)2(NH3)2] with amidate-

hanging in a trans fashion, as expected for binding M with non-coordinated oxygen atoms. 

Interestingly, the obtained trinuclear Pt–M–Pt complexes were further extended, showing 

characteristic mixed-valence and magnetic interactions through –Pt···Pt– bonds. 

 

Results and Discussion 

Scheme 1. Several one-dimensional complexes containing paramagnetic species (M) 
bridged by metal–metal bonds found in EMACs and HMSCs. 
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Synthetic Procedure. 

 The amidate-hanging Pt mononuclear complex, cis-[Pt(piam)2(NH3)2]·2H2O, is a 

useful precursor for heterometal multinuclear complexes, where non-coordinated oxygen atoms 

are easily bound to second metals (M) in solution (Scheme 2).40 The previous amidate-hanging 

Pt mononuclear complex, cis-[Pt(piam)2(NH3)2]·2H2O (c), was obtained by the hydrolysis of 

nitrile in cis-[Pt(NCtBu)2(NH3)2](ClO4)2 under the basic conditions. Such direct ligand 

conversion of coordinated nitrile to amidate prevents the dimerization of platinum atoms 

bridged by amidate ligands, only giving mononuclear complexes as the precursor for further 

multinuclear complexes. As mentioned in the Experimental Section, using trans-[PtCl2(NH3)2] 

as the starting material instead of cis-[PtCl2(NH3)2], trans-[Pt(piam)2(NH3)2] (t) was 

successfully obtained by a similar synthetic procedure to c. Thereafter, mixing t and M(ClO4)2 

(M = Mn, Fe, Co, Ni, and Cu) in MeOH afforded single-crystals of trans-

[Pt2M(piam)4(NH3)4](ClO4)x (t-M, x = 2 or 3). The crystal dates and structure refinement results 

are summarized in Table 1. As shown in the crystal structures (Figure 1), all t-M have Pt–M–

Pt trinuclear structures where each metal is bridged by two piam ligands in a trans fashion. 

  

Scheme 2. Synthetic routes for c-M or t-M from cisplatin or transplatin, respectively. 
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Table 1. Crystallographic Data and Structure Refinements for trans-
[Pt2Mn(piam)4(NH3)4](ClO4)2 (t-Mn), trans-[Pt2Fe(piam)4(NH3)4](ClO4)3 (t-Fe), trans-
[Pt2Co(piam)4(NH3)4](ClO4)2 (t-Co), trans-[Pt2Ni(piam)4(NH3)4](ClO4)2 (t-Ni), and trans-
[Pt2Cu(piam)4(NH3)4](ClO4)2 (t-Cu). 

  t-Mn t-Fe 
 Empirical formula C20H52Cl2MnN8O12Pt2 C20H52Cl3FeN8O17Pt2 
 Formula weight 1112.71 1229.07 
 Crystal system Monoclinic Monoclinic 
 Space group P21/n P21/n 
 a (Å) 13.2360(2) 14.7233(5) 
 b (Å) 13.5100(2) 18.3508(4) 
 c (Å) 21.3811(4) 16.5226(6) 
  (°) 90 90 
  (°) 97.383(2) 96.804(4) 
  (°) 90 90 
 V (Å3) 3791.63(11) 4432.7(2) 
 Z 4 4 
 Temperature (K) 293 293 
 Dc (Mgm–3) 1.949 1.842 
 absorption coefficient (mm–1) 7.889 6.867 
 F(000) 2156 2388 
 crystal size (mm3) 0.35 × 0.35 × 0.45 0.30 × 0.45 × 0.65 
 measured reflections 49880 58270 
 Independent reflections 8651 [Rint = 0.0395] 9990 [Rint = 0.0512] 
 Goodness-of fit on F2 0.789 1.091 
 R [I > 2 (I)] R1 = 0.0259, wR2 = 0.0873 R1 = 0.0474, wR2 = 0.1346 
 R (all data) R1 = 0.0306, wR2 = 0.0941 R1 = 0.0729, wR2 = 0.1601 
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 t-Co t-Ni t-Cu 
 C20H52Cl2CoN8O12Pt2 C20H52Cl2NiN8O12Pt2 C20H52Cl2CuN8O12Pt2 
 1116.70 1116.48 1121.31 
 Monoclinic Monoclinic Monoclinic 
 P21/n P21/n P21/n 
 13.1881(3) 13.1777(3) 13.1426(3) 
 13.4219(2) 13.3873(2) 13.4285(2) 
 21.3054(4) 21.2913(4) 21.3925(4) 
 90 90 90 
 96.842(2) 96.824(2) 97.106(2) 
 90 90 90 
 3744.40(12) 3729.47(12) 3746.46(12) 
 4 4 4 
 293 293 293 
 1.981 1.988 1.988 
 8.095 8.187 8.215 
 2164 2168 2172 
 0.30 × 0.40 × 0.40 0.15 × 0.30 × 0.40 0.15 × 0.23 × 0.30 
 49695 49317 50244 
 8560 [Rint = 0.0345] 8575 [Rint = 0.0337] 8612 [Rint = 0.0378] 
 0.831 0.836 0.817 
 R1 = 0.0267, wR2 = 0.0929 R1 = 0.0248, wR2 = 0.0935 R1 = 0.0274, wR2 = 0.0904 
 R1 = 0.0313, wR2 = 0.0988 R1 = 0.0308, wR2 = 0.1015 R1 = 0.0342, wR2 = 0.1016 
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Crystal Structures of trans-[Pt2M(piam)4(NH3)4](ClO4)x. 

 Figure 1 shows the crystal structure of trans-[Pt2Mn(piam)4(NH3)4](ClO4)2 (t-Mn). 

The Mn ions are sandwiched between two Pt atoms, where four piam ligands are bridged in a 

trans fashion, resulting in linear Pt–Mn–Pt alignment (Figure 1a). The Pt–Mn distances are 

Pt(1)–Mn(1) = 2.6799(5) Å and Mn(1)–Pt(2) = 2.6801(5) Å. The coordination environments 

for both sides of the Pt atoms are planar and stacked on the Mn coordination plane in a face-to-

face manner (Figure 1b). The NH3 ligands coordinated to Pt atoms are hydrogen bonded to the 

oxygen atoms of the piam ligands with a distance of 3.0 Å between the atoms. A significant 

feature of t-Mn is that each trinuclear complex is dimerized to Pt(1)–Mn(1)– –

– 4
– anions are bridged 

with hydrogen bonds to NH3 and nitrogen atoms of piam. The outer Pt(1) atoms do not interact 

with other metals, but are in close contact with the carbon atoms of the piam ligand in the 

neighboring Pt–Mn–Pt···Pt–Mn–Pt hexamer with perpendicular relationships (Figure 1d). 

  

Figure 1. Molecular structure of (a) trans-[Pt2Mn(piam)4(NH3)4](ClO4)2 (t-Mn). (b) View 
along the metal–metal bonds. (c) Packing view of two trinuclear complexes with ClO4  
anions. (d) Packing structure. The hydrogen atoms are omitted for clarity. 
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 As shown in Figure 2, trans-[Pt2Fe(piam)4(NH3)4](ClO4)3·H2O (t-Fe), trans-

[Pt2Co(piam)4(NH3)4](ClO4)2 (t-Co), trans-[Pt2Ni(piam)4(NH3)4](ClO4)2 (t-Ni), and trans-

[Pt2Cu(piam)4(NH3)4](ClO4)2 (t-Cu) also formed trinuclear structures aligned with Pt–M–Pt. In 

all five compounds, there were two crystallographically independent Pt atoms. The Pt–M 

distances are t-Fe: Pt(1)–Fe(1) = 2.5909(9) Å and Fe(1)–Pt(2) = 2.5983(9) Å, t-Co: Pt(1)–Co(1) 

= 2.6193(5) Å and Co(1)– Pt(2) = 2.6236(5) Å, t-Ni: Pt(1)–Ni(1) = 2.5850(5) Å and Ni(1)–

Pt(2) = 2.5892(5) Å, and t-Cu: Pt(1)–Cu(1) = 2.6575(5) Å and Cu(1)–Pt(2) = 2.6495(5) Å. In 

addition to t-Mn, each trinuclear complex is dimerized to Pt(1)–M(1)– – –

t-Co), 3.9584(5) Å (t-Ni), and 3.8475(5) Å 

(t-Cu). In t-Fe, Pt atoms do not interact with each other in the crystal (Figure 2a), where the 

t-Fe, the sum of the 

metal oxidation states of Pt–Fe–Pt is +7, which is probably because the additional surrounding 

anions present as a result of the higher cationic charge in the trinuclear complex hinders the 

dimerization. Because Pt(+3) complexes favor axial coordination with anions,41-47 the formal 

oxidation states are Pt(+2)–Fe(+3)–Pt(+2). Although Fe(+2) was used as the starting material, 

iron atoms were easily oxidized to Fe(+3) during the reaction to trinuclear complexes, which 

are similar to cis-[Pt2Fe(piam)4(NH3)4]3+.48,49 In contrast, in t-Mn, t-Co, t-Ni, and t-Cu, the 

formal oxidation states are Pt(+2)–M(+2)–Pt(+2), which are unchanged from the original 

compounds during the reaction. Even if trinuclear Pt–M–Pt complexes are cationic +2, and four 

hydrogen bond donor ligands, NH (piam) and NH3, are coordinated at the end, Pt atoms tend to 

obstruct the Pt···Pt interaction and dimerization is realized in the crystal (Figures 1c and 2b–d). 
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 Table 2 summarizes the metal–metal distances and angles between cis-

[Pt2M(piam)4(NH3)4](X)x (c-M, x = 2 or 3, X = ClO4
– or PF6

–)35,37,38,48,49 and t-M. In cis-

[Pt2Mn(piam)4(NH3)4](PF6)2 (c-Mn), the asymmetric unit consists of two Pt–Mn–Pt molecules, 

where one Mn atom is tetrahedrally coordinated by four oxygen atoms in the piam ligands, and 

the other is planarly coordinated.38,48 However, in t-Mn, only one crystallographically 

independent Mn atom is planarly coordinated by four oxygen atoms, showing an octahedral 

coordination geometry with two axial Pt atoms. Among the 10 

were found to be of the order c-Cu > c-Co > c-Mn > c-Ni c-Fe and t-Mn > t-Cu > t-Co > t-

Ni t-Fe. In t-M, owing to the bridging in the trans fashion, the dihedral angles between the 

Pt and M coordination planes are approximately parallel, although those in c-M are 12–

17°.35,37,38,48,49 Although the angles of Pt–M–Pt for c-Mn, c-Co, c-Ni, and c-Cu, are 180°, those 

for other compounds are approximately 177°, showing a slight bending from the 1D axis. This 

is attributed to the asymmetry of the trinuclear structure due to the two crystallographically 

Figure 2. Packing view of two trinuclear complexes with ClO4  anions for (a)  trans-
[Pt2Fe(piam)4(NH3)4](ClO4)3·H2O (t-Fe), (b) trans-[Pt2Co(piam)4(NH3)4](ClO4)2 (t-Co), 
(c) trans-[Pt2Ni(piam)4(NH3)4](ClO4)2 (t-Ni), and (d) trans-[Pt2Cu(piam)4(NH3)4](ClO4)2 
(t-Cu). The hydrogen atoms and water molecules are omitted for clarity. 
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independent Pt atoms. Microcrystals of t-M synthesized under similar reaction conditions were 

used for physical measurements, in which X-ray powder diffraction coincided well with those 

calculated from single-crystal X-ray analyses (Figure S1). 

 

 

Table 2. Comparison of Selected Distances and Angles between cis-
[Pt2Mn(piam)4(NH3)4](PF6)2 (c-Mn), cis-[Pt2Fe(piam)4(NH3)4](ClO4)3 (c-Fe), cis-
[Pt2Co(piam)4(NH3)4](PF6)2 (c-Co), cis-[Pt2Ni(piam)4(NH3)4](ClO4)2 (c-Ni), cis-
[Pt2Cu(piam)4(NH3)4](PF6)2 (c-Cu), and trans-[Pt2M(piam)4(NH3)4](ClO4)x (t-M). 

  Pt–M (Å) Pt···Pt (Å) Pt–M–Pt (°) dihedral anglesa (°) ref 
 c-Mnb 2.62666(18) - 180.0 14.6  38 
 c-Fe 2.5566(15), 2.5718(15) - 176.40(7)  14.3, 14.6 49 
 c-Co 2.6339(8) - 180.0  15.0 37 
 c-Ni 2.5870(4) - 180.0  12.7 48 
 c-Cu 2.6870(6) - 180.0  16.6 35 
 t-Mn 2.6799(5), 2.6801(5) 3.8118(5) 176.23(2)  1.5, 2.9 this work 
 t-Fe 2.5909(9), 2.5983(9) 6.0154(5) 177.51(4)  0.1, 0.5 this work 
 t-Co 2.6193(5), 2.6236(5) 3.8688(5) 177.66(2)  0.6, 2.1 this work 
 t-Ni 2.5850(5), 2.5892(5) 3.9584(5) 177.84(2)  0.3, 1.6 this work 
 t-Cu 2.6495(5), 2.6575(5) 3.8475(5) 177.72(2)  0.6, 1.7 this work 

aDihedral angles between Pt and M coordination planes. bTrinuclear complex with octahedrally 
coordinated Mn atoms is shown. In c-Mn, there are two kinds of trinuclear complex. 
 

 

Oxidation and Spin States of trans-[Pt2M(piam)4(NH3)4](ClO4)x. 

 XPS measurements were performed to determine the metal oxidation states in t-M 

(Figure 3). The Pt 4f7/2 binding energy for t is 72.6 eV, which is closer to the previous 

compounds of [Pt2
II,II(en)2( -pyridonato)2](NO3)2 (73.1 eV; en = ethylenediamine) than 

[Pt2
III,III(NH3)4( -pyrrolidonato)2(NO3)2](NO3)2 (74.6 eV).50 As summarized in Table 3, both 

the Pt 4f7/2 and 4f5/2 binding energies for t-Mn, t-Co, t-Ni, and t-Cu are characteristic values 

for Pt(+2). By contrast, the Pt 4f7/2 binding energy for t-Fe is higher than 74.2 eV, which is 

closer to the value for Pt(+3). The Fe 2p1/2 and 2p3/2 binding energies are 725.2 and 711.6 eV, 

respectively, which are characteristic values for Fe(+3) as found in FeIIICl3 (2p3/2: 711.3 eV).51 

Considering the crystal structure, the oxidation state of t-Fe is Pt(+2)–Fe(+3)–Pt(+2), where the 

higher energy shift of Pt binding energies of t-Fe might be caused by charge fluctuation in the 
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Pt atoms originating from the close Pt–Fe(+3) contact. The M 2p3/2 binding energies for t-M 

are 641.8 eV (t-Mn), 781.0 eV (t-Co), 855.4 eV (t-Ni), and 933.8 eV (t-Cu), whereas the values 

of M 2p3/2 binding energies for t-Mn, t-Co, t-Ni, and t-Cu are closer to that of M(+2) than 

M(+1) or M(+3).51-54 Consequently, based on the crystal structure and XPS results, the formal 

oxidation states are Pt(+2)–M(+2)–Pt(+2)···Pt(+2)–M(+2)–Pt(+2) for t-M (M = Mn, Co, Ni, 

and Cu), and is Pt(+2)–Fe(+3)–Pt(+2) for t-Fe. 

 

  

Figure 3. Pt 4f5/2 and 4f7/2 and M 2p1/2 and 2p3/2 core levels of XPS for (a) t, (b) t-Mn, (c) 
t-Fe, (d) t-Co, (e) t-Ni, (f) t-Cu, (g) t-Mn, (h) t-Fe, (i) t-Co, (j) t-Ni, and (k) t-Cu. 
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Table 3. The Binding Energies (eV) for 4f of Pt and 2p of M in t and t-M. 

 Pt 4f5/2 Pt 4f7/2 M 2p1/2 M 2p3/2 
 t 75.9 72.6 - - 
 t-Mn 76.7 73.4 653.3 641.8 
 t-Fe 77.5 74.2 725.2 711.6 
 t-Co 76.8 73.6 801.6, 796.8 785.2, 781.0 
 t-Ni 76.7 73.5 880.9, 872.8 860.3, 855.4 
 t-Cu 76.4 73.3 953.7 933.8 

 

 

 Although Pt(+2) atoms in t-M have a d8 configuration being diamagnetic, Mn(+2), 

Fe(+3), Co(+2), Ni(+2), and Cu(+2) have d5, d5, d7, d8, and d9 configurations, respectively, 

which have high-spin states that are paramagnetic. As mentioned in the section on magnetic 

susceptibilities, all five first-row transition metals in t-M have high-spin states, where unpaired 

electrons are localized on M atoms. To confirm these configurations, EPR measurements of 

powdered t-Mn, t-Fe, and t-Cu at 77 K or room temperature were conducted (Figure 4). The 

EPR spectrum for t-Mn at 77 K shows an overlapping profile of two axial-type signals with g1 

= 8.07, g2 = 4.83, g3 = 2.80, and g4 = 1.89 (Figure 4b). A large apparent g is observed when the 

zero-field splitting at the Mn atom is larger than the Zeeman effect,55-57 which evidently 

indicates the Mn(+2) high-spin state. The observation of two kinds of signals is probably due 

to the dimerization of the trinuclear complex. In t-Fe at 77 K with a d5 configuration at Fe(+3), 

the spectrum shows an axial-type signal with g  = 5.51 and g// = 1.96 (Figure 4d), which are 

also characteristic of high-spin Fe(+3).58-61 Although it is difficult to observe the EPR signal for 

both t-Co and t-Ni at 77 K because the spin-lattice relaxation time is very short, it is possible 

to determine the spin-state by XPS profiles: high-spin Co(+2) or Ni(+2) normally exhibits a 

rather strong satellite at approximately 5 eV higher binding energy from the main peak.54,62 As 

shown in Figure 3i, the Co 2p1/2 and 2p3/2 binding energies in t-Co are 796.8 and 781.0 eV with 

broad satellite peaks at 801.6 and 785.2 eV, indicating high-spin Co(+2).62 Moreover, as shown 

in Figure 3j, Ni 2p1/2 and 2p3/2 binding energies in t-Ni are 872.8 and 855.4 eV with broad 

satellite peaks at 880.9 and 860.3 eV, indicating high-spin Ni(+2).54 In t-Cu at room temperature, 

one electron is on the Cu(+2) atom. As shown in Figure 4f, the EPR spectrum is an axial-type 

signal with g// = 2.35 and g  = 2.07, without hyperfine splitting. The observed profile at g// > g  

is characteristic of the Cu dx2–y2 spin.32-34, 63-66 Consequently, hexanuclear t-Mn, t-Co, t-Ni, 
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and t-Cu have high-spin M in Pt–M–Pt···Pt–M–Pt, where five, three, two, and one unpaired 

electrons lie on M, respectively. 

 

 

Electronic Structures of trans-[Pt2M(piam)4(NH3)4](ClO4)x. 

 The model structures trans-[Pt2M(NHCOCH3)4(NH3)4]x+ (M, x = 2, M = Mn, Co, Ni, 

and Cu; x = 3, M = Fe) were calculated to obtain the electronic structures (Figure S2). The 

metal–metal distances and related angles between the crystal structures and optimized results 

coincide well, where Highest Occupied Molecular Orbital (HOMO), Lowest Unoccupied 

Figure 4. Continuous wave EPR spectra for powder samples of (a) c-Mn, (b) t-Mn, (c) c-
Fe, and (d) t-Fe at 77 K and (e) c-Cu and (f) t-Cu at room temperature. Experimental 
settings: microwave frequency, (a) 9.0661, (b) 9.0577, (c) 9.0706, (d) 9.0573, (e) 9.4471, 
and (f) 9.4473 GHz; microwave power, 6 mW; and field modulation, 0.2 mT. Dotted lines 
are simulation calculated using the EasySpin software. 
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Molecular Orbital (LUMO), and neighboring molecular orbitals are around metals, especially 

in M. The -type orbitals overlapped with the three dz2 orbitals of Pt–M–Pt with two nodes 

observed in Mn: -HOMO–1 and -LUMO (Figure S2a), Fe: -HOMO–3 and -LUMO 

(Figure S2b), Co: -HOMO–3 and -LUMO (Figure S2c), Ni: -HOMO–3 and -LUMO+1 

(Figure S2d), and Cu: -HOMO–3 and -LUMO (Figure 5), which indicates that the dz2 orbital 

of the first-row transition metal is electronically coordinated to both sides of the filled dz2 

orbitals on Pt atoms for each M. Figure 5 shows the energy diagrams for the molecular orbitals 

of Cu with schematic -type orbitals. When three dz2 orbitals of two Pt atoms and one Cu atom 

overlapped along the z axis, three molecular orbitals with bonding–bonding, bonding–

antibonding, and antibonding–antibonding relationships were expected, where those with many 

nodes become energetically higher. As shown in Figure 5 (left panel), the energetically higher 

-type orbitals with two nodes are found in -HOMO–3 and -LUMO, whereas Cu dx2–y2 

orbitals are mainly occupied in both - and -HOMO. Considering that the -type orbitals with 

two nodes are found in both -filled and -vacant orbitals, those in Cu are half-filled orbitals, 

with results that were similar to those observed in other models such as Mn, Fe, Co, and Ni 

(Figure S2). 

  

Figure 5. Results of DFT calculation of trans-[Pt2Cu(NHCOCH3)4(NH3)4]2+ (Cu) and 
{trans-[Pt2Cu(NHCOCH3)4(NH3)4]}2

4+ (Cu2). 
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 As shown in Figures 1 and 2, trinuclear complexes dimerize in t-Mn, t-Co, t-Ni, and 

t-Cu. Therefore, the dimerized {trans-[Pt2M(NHCOCH3)4(NH3)4]}2
4+ (M2, M = Mn, Co, Ni, 

and Cu) based on the crystal structures of t-M were also calculated under frozen conditions of 

metals and coordinated atoms to obtain optimized structures (Figures S3). In the four models, 

-type orbitals over the six metals constructed with antibonding–antibonding and antibonding–

antibonding are observed in Mn2: -HOMO–2, -HOMO–3, -LUMO, and -LUMO+1 

(Figure S3a); Co2: -HOMO, -HOMO–5, -LUMO, and -LUMO+3 (Figure S3b); Ni2: -

HOMO–4, -HOMO–7, -LUMO, and -LUMO+1 (Figure S3c); and Cu2: -HOMO–2, -

HOMO–3, -HOMO, and -HOMO–3 (Figure S3d), where half-filled -type orbitals found in 

monomer M are further connected with metal–metal bonds to afford two stabilized and 

destabilized -type orbitals. Consequently, the dimerization is attributed to the half-filled -

type orbitals over Pt–M–Pt, in which electronic coordination between Pt and M is realized in a 

face-to-face manner with bridging in the trans fashion. Figure 5 (right panel) shows the energy 

diagrams for molecular orbitals of Cu2 with schematic -type orbitals. Interestingly, the -type 

orbital of -LUMO found in Cu is stabilized as -HOMO and -HOMO–3 in Cu2, due to 

admixing of the Cu dx2–y2 orbitals. 

 Comparison of EPR spectra between c-M and t-M would provide information on the 

difference in electronic structures caused by dimerization. As mentioned previously, t-Fe and 

c-Fe trinuclear complexes do not dimerize; both EPR spectra were similar and characteristic 

for high-spin Fe(+3) (Figure 4c and 4d). Conversely, although the spectrum for c-Mn shows a 

single axial-type signal influenced by the ZFS effect, the spectrum for t-Mn contained two types 

of axial signals, the splitting of which is caused by dimerization. By contrast, the spectra for 

both c-Cu and t-Cu show axial-type signals, which are characteristic of Cu dx2–y2 spins. 

Although the g values are similar, c-Cu: g// = 2.30 and g  = 2.03, t-Cu: g// = 2.35, and g  = 2.07, 

the degree of hyperfine coupling is different between c-Cu and t-Cu. As shown in Figure 4e, 

the spectrum of powdered c-Cu showed A// = 139 × 10–4 cm–1. By contrast, in t-Cu, there is no 

obvious splitting in the region of parallel absorption, with A// –1 (Figure 4f). Based on the 

EPR parameters, it is possible to estimate the 2-value, which evaluates the unpaired electron 

density on the d-orbital of Cu(+2) ions, using the following equation:67 

 
2 = A///P + (g// g   
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where P is 0.036 cm 1 and A is a hyperfine term. The bonding parameter  is a measure of the 

covalency of the in-plane bonding, where a value of 2 = 1 denotes a complete ionic 

character.67 According to the aforementioned equation, 2 values are 0.74 (c-Cu) and 0.42 (t-

Cu), which indicate that the electron density of Cu(+2) in t-Cu is lower than that of c-Cu. These 

results revealed that the spin density of Cu dx2–y2 decreased and was influenced by both sides 

of the Pt atoms. This trend was also found in the results of the DFT calculations, where the -

HOMO in Cu2 is formed by the admixture of Cu dx2–y2 and both sides of the Pt dz2 orbitals. 

 

 

Stabilities of Dimerized Structures {trans-[Pt2M(piam)4(NH3)4]2}4+ in the Solvent. 

 Compounds t-M were soluble in polar organic solvents. Figure 6 shows the UV–vis 

spectra of the 3.0 mM MeCN solution containing t-M and the diffuse reflectance spectra of t-

M with the results of TD-DFT calculations. As shown in Figure 6a, the MeCN solution of t-

Mn shows intense absorption around 200 nm with the shoulder at 250 and 293 nm. The 

spectrum of solid t-Mn showed a similar adsorption profile, where the shoulder was clearly 

observed at 302 nm. The results of the TD-DFT calculations for Mn show that the adsorption 

at 250 nm is caused by the transition from -HOMO 1 to -LUMO+4, indicating the transition 

from -type z2 orbitals on both sides of the Pt atoms. However, 

the result of Mn2 shows that the adsorption around 300 nm is caused by the transition from -

HOMO–2 to -LUMO and -LUMO+3, which are involved with -type bonds along the z axis, 

attributed to the formation of the hexanuclear structure of Pt–Mn–Pt···Pt–Mn–Pt. In the spectra 

of the MeCN solution containing t-Co, t-Ni, and t-Cu, absorption peaks, which do not appear 

in the corresponding c-M, are observed at t-Co: 484 and 637 nm, t-Ni: 459 and 815 nm, and t-

Cu: 845 and 1466 nm. These adsorption peaks also appeared in the diffuse reflectance spectra. 

In particular, in t-Cu, the intense peaks at 845 and 1466 nm coincide well with those of the 

powdered sample, which are assigned to -HOMO–1/–2 to -LUMO/+1 and -HOMO/–3 to 

-LUMO/+1, respectively. Considering that -HOMO and -HOMO–3 are -type orbitals over 

Pt–Cu–Pt···Pt–Cu–Pt (Figure 5), which are characteristic of hexanuclear structures, the obvious 

adsorption at 1466 nm proves the maintenance of dimerization in MeCN. Figure 7 shows ESI–

MS spectra of the MeOH solution containing t-Mn, t-Co, t-Ni, or t-Cu. In all four compounds, 

the peaks attributed to dimerized structures were observed at m/z = 2126 for 

{[Pt2Mn(piam)4(NH3)4]2(ClO4)3}+ (Figure 7a), 2133 for {[Pt2Co(piam)4(NH3)4]2(ClO4)3}+ 



29 
 

(Figure 7b), 2133 for {[Pt2Ni(piam)4(NH3)4]2(ClO4)3}+ (Figure 7c), and 2143 for 

{[Pt2Cu(piam)4(NH3)4]2(ClO4)3}+ (Figure 7d), which also supports dimerization in solvents. 

 

  

Figure 6. diffuse reflectance spectra 
(bottom) with MgO for (a) t-Mn, (b) t-Fe, (c) t-Co, (d) t-Ni, and (e) t-Cu at room 
temperature. Blue and red bars show the result of TD-DFT calculations based on M and M2 
structures, respectively. 
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 A brief summary of the difference between c-M and t-M in solvents shows whether 

the trinuclear complex is dimerized or not, where t-Mn, t-Co, t-Ni, and t-Cu formed 

hexanuclear structures aligned as Pt–M–Pt···Pt–M–Pt. Figure 8 shows the cyclic voltammetry 

for c-M and t-M recorded in MeCN solutions containing 0.1 M Bu4NPF6 or Bu4NClO4 as a 

supporting electrolyte. The voltammograms for both c-Cu and t-Cu showed no oxidation waves, 

indicating the difficulties in oxidizing under these conditions. Meanwhile, the voltammograms 

for other c-M showed one oxidation wave at E = 0.13 V (c-Mn), –0.14 V (c-Fe), 0.54 V (c-Co), 

and 0.74 V (c-Ni), which was attributed to one-electron oxidation as follows, Pt–M(+2)–

Pt–M(+3)–Pt. 

  

Figure 7. ESI-MS (positive) spectra for (a) t-Mn, (b) t-Co, (c) t-Ni, and (d) t-Cu measured 
by dilution in MeOH. Selected peaks are simulated with isotope patterns as bars. 
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 By contrast, in t-Mn, t-Co, and t-Ni, two oxidation waves were observed, which are 

undoubtedly due to dimerization. In t-Mn, t-Co, and t-Ni, two oxidation waves were observed 

at E = 0.53 and 1.10 V, E = 0.87 and 1.41 V, and E = 0.89 and 1.38 V, respectively. Thus, t-Mn, 

t-Co, and t-Ni showed a two-step oxidation process, Pt–M(+2)–Pt···Pt–M(+2)– –

M(+3)–Pt···Pt–M(+2)– –M(+3)–Pt···Pt–M(+3)–Pt, involving mixed valencies. 

Compared to the oxidation potential of 0.13 (c-Mn), 0.54 (c-Co), and 0.74 V (c-Ni), those of 

corresponding t-M are 0.1–0.4 V higher, indicating that the energy levels of HOMO in t-M are 

Figure 8. Cyclic voltammograms of 1 mM (a) c-Mn, (b) t-Mn, (c) c-Fe, (d) t-Fe, (e) c-Co, 
(f) t-Co, (g) c-Ni, and (h) t-Ni in MeCN with 0.1 M supporting electrolyte (scan rate 100 
mV/s). Electrode potentials were converted to those relative to Fc/Fc+. 
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more stable than those in c-M. As mentioned earlier, only t-Fe does not dimerize, and the redox 

wave shows a single step at E1/2 = –0.26 V. Although two reversible oxidation and reduction 

waves were observed in t-Mn (Figure 8b), the reduction wave in both t-Co (Figure 8f) and t-

Ni (Figure 8h) was ambiguous indicating irreversibility, which is probably due to the 

dissociation of dimerized structures. In both c-M and t-M, the Mn(+2), Fe(+3), Co(+2), and 

Ni(+2) have high-spin d5, d5, d7, and d8 configurations, respectively. The oxidation potentials 

found in c-M and t-M tend to increase as follows: d5 < d7 < d8, indicating that HOMOs are 

energetically stabilized, which is due to spin-pairing effects.68 Furthermore, the oxidation 

potentials of t-Mn, t-Co, and t-Ni are higher than those of the corresponding c-M, revealing 

that HOMOs for t-M are energetically more stable than c-M, which are probably due to the 

coordination environments of M being closer to the octahedral structure. 

 

 

Magnetic Behaviors of trans-[Pt2M(piam)4(NH3)4](ClO4)x. 

 The temperature-dependent magnetic susceptibilities of powdered samples of t-M 

measured from 2 to 300 K are shown in Figure 9, with the previous results for c-M.37,38,49,69 The 

T values in t-M at 300 K are 3.90 (t-Mn), 4.34 (t-Fe), 2.51 (t-Co), 1.05 (t-Ni), and 0.43 (t-Cu) 

cm3 K mol 1 (Figure 9f–j), which are close to the theoretical values for high-spin Mn(+2) and 

Fe(+3) (S = 5/2, 4.37 cm3 K mol 1), Co(+2) (S = 3/2, 1.87 cm3 K mol 1), Ni(+2) (S = 1, 1.00 

cm3 K mol 1), and Cu(+2) (S = 1/2, 0.37 cm3 K mol 1), respectively. The larger T value of t-

Co than the theoretical value is consistent with a significant orbital contribution to susceptibility, 

which is common for Co(+2) complexes.70,71 As shown in Figure 9, the T values at 300 K for 

t-M are similar to those for c-M. The T values in t-Mn, t-Co, and t-Ni gradually decreased 

significantly below 50, 80, and 95 K, reaching 0.29, 0.03, and 0.01 cm3 K mol 1 at 2 K, 

respectively. However, the T values in t-Fe plateaued until 20 K and decreased to 2.40 cm3 K 

mol 1 at 2 K, whereas those of t-Cu plateaued over the temperature range investigated. The data 

for t-Mn, t-Co, and t-Ni 4), with Weiss constants of  = 

 and  values indicate 

antiferromagnetic coupling between the M(+2) ions. Furthermore, the plots of  versus T for t-

Mn, t-Co, and t-Ni show maxima at 9, 13, and 24 K, respectively (Figure 10), supporting the 

antiferromagnetic coupling, although those of c-M, t-Fe, and t-Cu were inversely proportional 

to temperature (Figure S4). Considering the crystal structures, the antiferromagnetic 
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interactions found in t-Mn, t-Co, and t-Ni are attributed to dimerized structures of 

 

  

Figure 9. Temperature dependence of T in (a) c-Mn, (b) c-Fe, (c) c-Co, (d) c-Ni, (e) c-
Cu, (f) t-Mn, (g) t-Fe, (h) t-Co, (i) t-Ni, and (j) t-Cu per M ion. The solid line represents 
the theoretical fitting for (f, h–j) the molar susceptibility derived from H = –2JS1·S2 and (a–
d, g) the axial ZFS model. 

Figure 10. Temperature dependence of  in (a) t-Mn, (b) t-Fe, (c) t-Co, (d) t-Ni, and (e) t-
Cu per M ion. The solid line represents the theoretical fitting for (a, c–e) the molar 
susceptibility derived from H = –2JS1·S2 and (b) the axial ZFS model. 
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Table 4. Magnetic Parameters Estimated by Theoretical Fittings in c-M and t-M. 

  C (cm3 K mol 1)a  (K)a D (cm 1) zJ (cm 1) 2J (cm 1) 
 c-Mn 4.42  1.21 - - 
 c-Fe 4.66  5.43 - - 
 c-Co 2.53 9.07 44.21 - - 
 c-Ni 0.95 0.89 5.54 - - 
 c-Cu 0.45 0.01 - - - 
 t-Mn 4.02 8.00 0.22   
 t-Fe 4.34 0.05 5.45 0.0 - 
 t-Co 2.73 24.8 0.40 9.1  
 t-Ni 1.13 19.3 0.38 19.6  
 t-Cu 0.43 0.15 - - 0.0 

aEstimated from the Curie–Weiss law  = C/(T ). 
 

 

 T values for c-Mn, c-Fe, c-Co, and c-Ni also decreased 

at lower temperatures, which are due to the ZFS for high-spin Mn(+2), Fe(+3), Co(+2), and 

Ni(+2). The experimental data were fitted to the expression for molar susceptibility with the 

axial ZFS parameter (D), and the best fit to the T versus T curve gave c-Mn: g = 2.00 and D = 

1.21 cm 1 (Figure S5a),38 c-Fe: g = 2.04 and D = 5.43 cm 1 (Figure S6a),49 c-Co: g = 2.29 and 

D = 44.2 cm 1 (Figure S7a),37 and c-Ni: g = 1.96 and D = 5.54 cm 1 (Figure S8a), which are 

within the typical values for Mn(+2) S = 5/2, Fe(+3) S = 5/2, Co(+2) S = 3/2, and Ni(+2) S = 1. 

t-Fe are 

6.02 Å. Therefore, the assumption that the decrease of T values for t-Fe in lower temperature 

regions is due to ZFS is valid. The best fit to the T versus T curve gave g = 2.00 and D = 5.45 

cm 1 (Figure S6b), which are similar to those of c-Fe. 

 To extract an approximate value for the antiferromagnetic intrachain exchange strength, 

J, in t-Mn, t-Co, and t-Ni, the data were fitted to the predictions for the model of a molecular 

field-corrected susceptibility equation to obtain an estimate of J. Based on the g and D simulated 

from the EPR results, the susceptibility data were fit to the theoretical prediction(Figure S5b, 

7b, and 8b). The best fits were obtained for the values zJ t-Mn t-Co

cm 1 (t-Ni), where z represents the number of the nearest paramagnetic atoms. These results 

indicated that the decreased T values in lower-temperature regions are attributed not only to 

ZFS but also to antiferromagnetic couplings. However, as shown in Figures S5b, 7b, and 8b, 
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these theoretical predictions were slightly different from the experimental plots. Consequently, 

applying the susceptibility expression derived from the spin pair 5/2–5/2 for t-Mn, 3/2–3/2 for 

t-Co, 1–1 for t-Ni, and 1/2–1/2 for t-Cu, to the magnetic data coupled through an isotropic 

exchange interaction J (the Hamiltonian is written as: H = –2JS1·S2, Figures 9f, h–j) gave the 

exchange parameter J = –0.9 cm 1 (t-Mn t-Co 1 (t-Ni), and 0.0 cm 1 (t-

Cu). In the case of t-Cu, the exchange interaction involved only one single occupied dx2–y2 

orbital, which was dominated by the antiferromagnetic contribution to the J value, where the 

small overlapping of the d-orbitals resulted in a lower coordination. Conversely, in t-Ni as well 

as the dx2–y2 orbital, a single occupied dz2 orbital contributed to the antiferromagnetic 

interaction, which resulted in a higher coordination (Scheme 3). The trend of magnitude, t-Mn 

< t-Co < t-Ni, is probably due to the ratio of single occupied d-orbitals, because the direction 

along the z axis is electronically coordinated, where the degree of overlap is as follows: dz2 > 

dyz zx > dxy x2–y2. 

 

 

 Figure 11 shows the plots of the 2J values against the M---M distances found in several 

1D compounds in which high-spin Mn(+2) ions (Table S1),38,72-94 Co(+2) ions (Table 

S2),14,16,37,95-108 and Ni(+2) ions (Table S3)14,16,109-117 are bridged by organic molecules or 

second metals. As a general trend, the strength of the interaction becomes weaker as the M---

M distance becomes longer. Among the three groups, 1D compounds containing Ni(+2) tend to 

have relatively larger 2J values. There are many reports of azide bridged compounds showing 

a relatively strong antiferromagnetic interaction for the distance.115-117 Conversely, there is no 

significant difference between the three groups with organic ligand molecules or halide ions. 

Scheme 3. Schematic d-orbital shapes for Pt and first transition metals found in t-M. 
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Meanwhile, 1D compounds bridged by the second metals with metal–metal bonds appear to 

have stronger interactions, especially in Ni(+2) compounds, which are due to high populations 

of dz2 spins as found in our system, t-M. The strongest compound in Figure 11 is 

[PtNi(tba)4(OH2)]2 (tba = thiobenzoate) showing 2J = –120 cm–1 in Ni---Ni = 8.2 Å,14 where 

the dinuclear complex is dimerized and the distances of Ni–Pt and Pt···Pt are 2.570(1) and 

3.0823(4) Å, respectively. Compared with this compound, the 2J value of t-Ni is small ( 14.6 

cm–1), which may be attributed to the relatively longer Pt···Pt distance (3.9584(5) Å). However, 

it is a surprising result that the magnetic interaction was observed at a distance of 3.9584(5) Å. 

It is proposed therefore that a stronger interaction could be realized by removing the steric 

hindrance of the terminal ligands in t-Ni. 

 

 

Conclusions 

 In this study, trinuclear Pt–M–Pt (M = Mn, Fe, Co, Ni, and Cu) complexes bridged in 

a trans fashion were successfully synthesized from the amidate-hanging Pt mononuclear 

complex, trans-[Pt(piam)2(NH3)2], and characterized. Each trinuclear complex is dimerized in 

both solvents and solid with Pt···Pt interactions aligned as hexanuclear Pt–M–Pt···Pt–M–Pt 

with high-spin M. Thereby, the spin density was modified, which allowed for mixed valencies. 

Although relatively longer distances of unbridged Pt···Pt (3.9 Å) were observed, significant 

antiferromagnetic interactions with lengths of approximately 9.0 Å were observed, which are 

caused by electronic coupling through –Pt···Pt– bonds, revealing fundamental insights for 

Figure 11. The comparison of 2J values (cm 1) against distances (Å) of (a) Mn---Mn, (b) 
Co---Co, and (c) Ni---Ni in reported 1-D compounds, where each metal is bridged by 
organic molecules or halide ions (open circles), azide (open squares), or second metals 
(filled circles). Red filled circles indicate t-M. The J values were calculated from H = –
2JS1S2. 
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magnetic interactions through metal–metal bonds. The trans-[Pt2M(piam)4(NH3)4](ClO4)x does 

not infinitely extend with Pt···Pt interactions, probably because of the repulsion between the 

cationic charge and hydrogen atoms. Because it is possible to change and tune the ligands that 

are coordinated to metals, there is potential to align ligands along the z axis; hence, further 

synthesis of paramagnetic 1D chains is in progress. 
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Experimental Section 

 

Materials. Potassium tetrachloroplatinate(II) was obtained from Tanaka Kikinzoku Co. 

Pivalonitrile was obtained from the Tokyo Chemical Industry Co. Mn(ClO4)2·6H2O, 

Co(ClO4)2·6H2O, and NaClO4 were obtained from Wako Co. Fe(ClO4)2·6H2O and CuCl2·2H2O 

were obtained from Nacalai Tesque Co. Ni(ClO4)2·6H2O was obtained from Aldrich Chemical 

Co. trans-[PtCl2(NH3)2] was synthesized according to a previously reported procedure.118 cis-

[Pt2Mn(piam)4(NH3)4](PF6)2 (c-Mn),38 cis-[Pt2Fe(piam)4(NH3)4](ClO4)3 (c-Fe),48,49 cis-

[Pt2Co(piam)4(NH3)4](PF6)2 (c-Co),37 cis-[Pt2Ni(piam)4(NH3)4](ClO4)2 (c-Ni),48 and cis-

[Pt2Cu(piam)4(NH3)4](PF6)2 (c-Cu)35 were synthesized according to a previously reported 

procedure. 

 

Synthesis of trans-[Pt(piam)2(NH3)2] (t) 

 An aqueous solution (75 mL) containing trans-[PtCl2(NH3)2] (2.4 g, 8.0 mmol) and 

AgClO4 (3.3 g, 16.0 mmol) was stirred for 16 h at room temperature under dark conditions, and 

the resulting AgCl was removed by filtration. The filtrate was mixed with pivalonitrile (3.5 mL, 

32 mmol) and stirred for 24 h at room temperature. The resulting gray powder was collected by 

filtration, washed with water, and dried (4.3 g). The gray powder was treated with a 1 M aqueous 

NaOH solution (15 mL), and stirred for 2 days at room temperature. The resulting gray powder 

of trans-[Pt(piam)2(NH3)2] was collected by filtration, washed with water, and dried at room 

temperature for 24 h (3.1 g, 7.2 mmol). Yield: 90%. Elemental analysis calculated for 

C10H26N4O2Pt: C, 27.97; H, 6.10; N, 13.05%. Found: C, 26.01; H, 5.52; N, 12.50%. 

 

Synthesis of trans-[Pt2Mn(piam)4(NH3)4](ClO4)2 (t-Mn) 

 The suspension of trans-[Pt(piam)2(NH3)2] (432 mg, 1.0 mmol) in MeOH (12 mL) was 

mixed with Mn(ClO4)2·6H2O (362 mg, 1.0 mmol) and stirred for 9 h at room temperature. After 

removing the unreacted trans-[Pt(piam)2(NH3)2] by filtration, the solution was gently 

evaporated to obtain crystals of trans-[Pt2Mn(piam)4(NH3)4](ClO4)2 (486 mg). Yield: 87%. 

Elemental analysis calculated for C20H52Cl2MnN8O12Pt2: C, 21.59; H, 4.71; N, 10.07%. Found: 

C, 21.60; H, 4.90; N, 10.15%. 

 

Synthesis of trans-[Pt2Fe(piam)4(NH3)4](ClO4)3·H2O (t-Fe) 
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 The suspension of trans-[Pt(piam)2(NH3)2] (346 mg, 0.8 mmol) in MeOH (10 mL) was 

mixed with Fe(ClO4)2·6H2O (290 mg, 0.8 mmol) and stirred for 10 h at room temperature. After 

removing the unreacted trans-[Pt(piam)2(NH3)2] by filtration, the solution was gently 

evaporated to obtain crystals of trans-[Pt2Fe(piam)4(NH3)4](ClO4)3 (412 mg). Yield: 85%. 

Elemental analysis calculated for C20H54Cl3FeN8O17Pt2: C, 19.51; H, 4.42; N, 9.10%. Found: 

C, 19.63; H, 4.44; N, 9.06%. 

 

Synthesis of trans-[Pt2Co(piam)4(NH3)4](ClO4)2 (t-Co) 

 The suspension of trans-[Pt(piam)2(NH3)2] (432 mg, 1.0 mmol) in MeOH (14 mL) was 

mixed with Co(ClO4)2·6H2O (366 mg, 1.0 mmol) and stirred for 9 h at room temperature. After 

removing the unreacted trans-[Pt(piam)2(NH3)2] by filtration, the solution was gently 

evaporated to obtain crystals of trans-[Pt2Co(piam)4(NH3)4](ClO4)2 (502 mg). Yield: 90%. 

Elemental analysis calculated for C20H52Cl2CoN8O12Pt2: C, 21.51; H, 4.69; N, 10.03%. Found: 

C, 21.63; H, 4.69; N, 10.22%. 

 

Synthesis of trans-[Pt2Ni(piam)4(NH3)4](ClO4)2 (t-Ni) 

 The suspension of trans-[Pt(piam)2(NH3)2] (432 mg, 1.0 mmol) in MeOH (12 mL) was 

mixed with Ni(ClO4)2·6H2O (367 mg, 1.0 mmol), and stirred for 6 h at room temperature. After 

removing the unreacted trans-[Pt(piam)2(NH3)2] by filtration, the solution was gently 

evaporated to obtain crystals of trans-[Pt2Ni(piam)4(NH3)4](ClO4)2 (498 mg). Yield: 89%. 

Elemental analysis calculated for C20H52Cl2NiN8O12Pt2: C, 21.52; H, 4.69; N, 10.04%. Found: 

C, 21.75; H, 4.69; N, 10.28%. 

 

Synthesis of trans-[Pt2Cu(piam)4(NH3)4](ClO4)2 (t-Cu) 

 The suspension of trans-[Pt(piam)2(NH3)2] (432 mg, 1.0 mmol) in a mixed solution of 

water and MeOH (90 mL, v/v = 2:1) was mixed with CuCl2·2H2O (170 mg, 1.0 mmol), and 

stirred for 3 h at room temperature. After removing the unreacted trans-[Pt(piam)2(NH3)2] by 

filtration, NaClO4 (490 mg, 4.0 mmol) was added into the solution and stirred for 3 h at room 

temperature. The solution was filtered to obtain the orange powdered product of trans-

[Pt2Cu(piam)4(NH3)4](ClO4)2 (423 mg). Yield: 76%. Elemental analysis calculated for 

C20H52Cl2CuN8O12Pt2: C, 21.42; H, 4.67; N, 9.99%. Found: C, 21.40; H, 4.78; N, 10.04%. 
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Physical Measurements. Infrared (IR) spectra were recorded using a PerkinElmer Spectrum 

400 (in the range of 400–4000 cm–1) at room temperature. X-ray photoelectron spectroscopy 

(XPS) measurements were performed using a Quantera-SXM spectrometer at room temperature. 

The binding energies were measured relative to the C 1s peak (284.8 eV) of the internal 

hydrocarbons. Electron paramagnetic resonance (EPR) spectra were recorded using a JEOL 

TE-200 spectrometer. Diffuse reflectance spectra were recorded using a Jasco V-770 

spectrophotometer (in the range of 200–2500 nm) at room temperature. The obtained 

reflectance spectra were converted to absorption spectra using the Kubelka–Munk function 

F(R ). Cyclic voltammetry (CV) measurements were carried out at room temperature using a 

BAS 617E electrochemical analyzer. CVs were recorded in MeCN solutions containing 0.1 M 

Bu4NPF6 for c-M or 0.1 M Bu4NClO4 for t-M as the supporting electrolyte. A conventional 

three-electrode arrangement was used, consisting of a glassy carbon working electrode, a 

saturated calomel electrode (SCE) for c-M or Ag/Ag+ for the t-M reference electrode, and a Pt 

wire as the counter electrode. Magnetic data were obtained in the 2–300 K range using a 

Quantum Design MPMS-7 SQUID susceptometer working at a 1.0 T field strength. Data were 

corrected for the sample holder, and the diamagnetism of the content was estimated from the 

Pascal constants. 

 

Density Functional Theory (DFT) Calculations. The electronic structures of model 

compounds, trans-[Pt2M(NHCOCH3)4(NH3)4]x+ (M, M = Mn, Fe, Co, Ni, and Cu, x = 2 or 3) 

and {trans-[Pt2M (NHCOCH3)4(NH3)4]}2
4+ (M2, M = Mn, Co, Ni, and Cu), were determined 

using the DFT method with the UB3LYP function119-121 and Gaussian 16 program package.122 

For Pt, the LANL2DZ basis set was used together with the effective core potential of Hay and 

Wadt.123 For the other elements, the 6-31G(d,p) basis sets were selected.124 The initial model of 

trans-[Pt2M(NHCOCH3)4(NH3)4]x+ (M) and {trans-[Pt2M(NHCOCH3)4(NH3)4]}2
4+ (M2) for 

optimization was prepared using the geometrical parameters obtained from the crystal structure 

data of t-M. For the models, full geometry optimization was conducted. Based on the optimized 

geometrical structure, 40 excited states were obtained to determine the vertical excitation 

energy using TD-DFT calculations.125,126 

 

X-ray Structure Determination. X-ray diffraction measurements were performed using a 

Rigaku Mercury diffractometer equipped with a normal-focus Mo-target X-ray tube (  = 



41 
 

0.71070 Å) operated at 2 kW power (50 kW, 40 mA) and a Rigaku Mercury charge-coupled 

device (CCD) two-dimensional detector. A total of 1272 frames were collected with a scan 

width of 0.5º and exposure time of 15 s/frame (t-Mn), 10 s/frame (t-Fe), 15 s/frame (t-Co), 15 

s/frame (t-Ni), and 15 s/frame (t-Cu), operated with the CrysAlisPRO software package.127 

Empirical absorption correction using spherical harmonics was implemented in the SCALE3 

ABSPACK scaling algorithm.128 The structure was solved by applying the direct method129 with 

subsequent difference Fourier synthesis and refinement using SHELX-2017130 controlled by 

the Yadokari-XG software package.131 Non hydrogen atoms were refined anisotropically, and 

all the hydrogen atoms were treated as riding atoms. In t-Fe, the oxygen atoms of the water 

molecules were refined without hydrogen atoms. 

 

 

Analyses of magnetic susceptibility measurements data.  

The data for c-M and t-M were fitted to the Curie–Weiss law  = C/(T ). The 

resulting least-squares fit between 30 K and 300 K yielded c-Mn: C = 4.42 cm3 K mol 1,  = 

c-Fe: C = 4.66 cm3 K mol 1,  K, c-Co: C = 2.53 cm3 K mol 1,  K, 

c-Ni: C = 0.95 cm3 K mol 1,  = 0.89 K, c-Cu: C = 0.45 cm3 K mol 1,  = 0.01 K, t-Mn: C = 

4.02 cm3 K mol 1,  K, t-Fe: C = 4.34 cm3 K mol 1,  K, t-Co: C = 2.73 cm3 

K mol 1,  K, t-Ni: C = 1.13 cm3 K mol 1,  K, t-Cu: C = 0.43 cm3 K mol 1,  

= 0.15 K (Figure S4). C = N 2g2S(S + 1)/3k, where N is Avogadro constant,  is the Bohr 

magneton, g is the Lande value, k is Boltzmann constant,  is the Weiss constant, as the 

combination of constants 3k/N 2 is 7.991, gives c-Mn: g = 2.01, c-Fe: g = 2.06, c-Co: g = 2.32, 

c-Ni: g = 1.95, c-Cu: g = 2.19, t-Mn: g = 1.92, t-Fe: g = 1.99, t-Co: g = 2.41, t-Ni: g = 2.13, t-

Cu: g = 2.14. 

 

 The equations describing the temperature dependence of the molar magnetic 

susceptibility of a sextet state undergoing an axial ZFS are 

=
4

1 + 9exp 2 + 25exp 6

1 + exp 2 + exp 6  

=
8

18 + 16 11exp 2 5exp 6

1 + exp 2 + exp 6  



42 
 

where D is axial zero-field splitting parameter, k is Boltzmann constant, T is temperature, N is 

Avogadro constant, g is g-factor, and  is the Bohr magneton. The average molar magnetic 

susceptibility of a powdered sample is given by 

=
+ 2

3
 +  TIP                                              (1) 

where TIP is the temperature independent paramagnetism. In some cases, it was necessary to 

include the contribution of an impurity present in a proportion P and which was assumed to 

follow a Curie law with S = 1/2 and a g factor noted as gmo (fixed as 2.00). The complete 

expression of the magnetic susceptibility used for the refinements was therefore 

= (1 )  +
4

                                  (2) 

According to the above equation, the resulting least-squares fit of the data of c-Mn between 2 

K and 300 K yielded g = 2.00, D = 1.21 cm 1, TIP = 0.00 cm3 mol 1, and P = 1.00 × 10 4 (Figure 

S5a). 

 For t-Mn, in order to estimate the intermolecular interaction, the molecular field 

approximation may be used with the following analytical expression 

=
1 2                                             (3) 

where zJ is the exchange energy (J multiplied by the number z of interacting neighbors), and ´ 

is the magnetic susceptibility of an isolated molecules, resulting from previous equation, where 

D = 0.22 cm 1 obtained by the simulation with EPR spectrum for t-Mn. Similarly, the 

contribution of a paramagnetic impurity was included to yield the complete expression used for 

the refinements 

= (1 )  +
4

                               (4)  

According to the above equation, the resulting least-squares fit of the data of t-Mn between 2 

K and 300 K yielded g = 1.96, zJ 1, TIP = 0.00 cm3 mol 1, and P = 1.02 × 10 4 

(Figure S5b). 

 

 Also for both c-Fe and t-Fe, according to the equation (2) with the molar magnetic 

susceptibility of a sextet state undergoing an axial ZFS, the resulting least-squares fit of the data 

between 2 K and 300 K yielded c-Fe: g = 2.04, D = 5.43 cm 1, TIP = 2.92 × 10 4 cm3 mol 1, 

and P = 1.00 × 10 4, t-Fe: g = 2.00, D = 5.45 cm 1, TIP = 0.00 cm3 mol 1, and P = 1.00 × 10 4 
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(Figure S6). 

 

 The equations describing the temperature dependence of the molar magnetic 

susceptibility of a quartet state undergoing an axial ZFS are following. 

=
4

1 + 9exp 2

1 + exp 2  

=
4

4 + 3 1 exp 2

1 + exp 2  

According to the equation (2) with the above equation, the resulting least-squares fit of the data 

of c-Co between 2 K and 300 K yielded g = 2.29, D = 44.2 cm 1, TIP = 0.00 cm3 mol 1, and P 

= 1.00 × 10 4 (Figure S7a). For t-Co, in order to estimate the intermolecular interaction, the 

molecular field approximation may be used with the equation (3), where D = 0.40 cm 1 obtained 

by the simulation with EPR spectrum for t-Co. According the above equation (4), the resulting 

least-squares fit of the data of t-Co between 2 K and 300 K yielded g = 2.47, zJ 1, 

TIP = 0.00 cm3 mol 1, and P = 1.02 × 10 4 (Figure S7b). 

 The equations describing the temperature dependence of the molar magnetic 

susceptibility of a triplet state undergoing an axial ZFS are 

=
2exp

1 + 2exp
 

=

2 1 exp

1 + 2exp
 

According to the equation (2) with the above equation, the resulting least-squares fit of the data 

of c-Ni between 2 K and 300 K yielded g = 1.96, D = 5.54 cm 1, TIP = 1.50 × 10 6 cm3 mol 1, 

and P = 1.00 × 10 4 (Figure S8a). For t-Ni, in order to estimate the intermolecular interaction, 

the molecular field approximation may be used with the equation (3), where D = 0.38 cm 1 

obtained by the simulation with EPR spectrum for t-Ni. According to the above equation (4), 

the resulting least-squares fit of the data of t-Ni between 2 K and 300 K yielded g = 2.24, zJ = 
1, TIP = 0.00 cm3 mol 1, and P = 1.02 × 10 4 (Figure S8b). 
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 The susceptibility data of t-Mn was fitted to the following expression for the molar 

susceptibility derived from H = –2JS1·S2. 

=   
55 + 30 + 14 + 5 +

11 + 9 + 7 + 5 + 3 +
+ TIP 

=   

where J represents the exchange interactions between two adjacent Mn(+2) centers. According 

to the above equation, the resulting least-squares fit of the data of t-Mn between 2 K and 300 

K yielded g = 1.92 and J 1 (Figure 9f). 

 

 The susceptibility data of t-Co was fitted to the following expression for the molar 

susceptibility derived from H = –2JS1·S2. 

=   
14 + 5 +

7 + 5 + 3 +
+ TIP 

=   

where J represents the exchange interactions between two adjacent Co(+2) centers. According 

to the above equation, the resulting least-squares fit of the data of t-Co between 2 K and 300 K 

yielded g = 2.28 and J 1 (Figure 9h). 

 

 The susceptibility data of t-Ni was fitted to the following expression for the molar 

susceptibility derived from H = –2JS1·S2. 

=   
5 +

5 + 3 +
+ TIP 

=   

where J represents the exchange interactions between two adjacent Ni(+2) centers. According 

to the above equation, the resulting least-squares fit of the data of t-Ni between 2 K and 300 K 

yielded g = 2.12 and J 1 (Figure 9i). 

 

 The susceptibility data of t-Cu was fitted to the following expression for the molar 

susceptibility derived from H = –2JS1·S2. 

=   
1

3 +
+ TIP 
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=   

where J represents the exchange interactions between two adjacent Cu(+2) centers. According 

to the above equation, the resulting least-squares fit of the data of t-Cu between 2 K and 300 K 

yielded g = 2.15 and J = 0.0 cm 1 (Figure 9j). 
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Supporting Figures and Tables 

  

Figure S1. Powder X-ray diffraction for microcrystal samples for (a) t-Mn, (b) simulation 
of t-Mn, (c) t-Fe, (d) simulation of t-Fe, (e) t-Co, (f) simulation of t-Co, (g) t-Ni, (h) 
simulation of t-Ni, (i) t-Cu, and (j) simulation of t-Cu. The simulation data were calculated 
based on the results of single-crystal X-ray analyses. 

Figure S2. Results of DFT calculation for (a) trans-[Pt2Mn(NHCOCH3)4(NH3)4]2+ (Mn), 
(b) trans-[Pt2Fe(NHCOCH3)4(NH3)4]3+ (Fe), (c) trans-[Pt2Co(NHCOCH3)4(NH3)4]2+ (Co), 
and (d) trans-[Pt2Ni(NHCOCH3)4(NH3)4]2+ (Ni). 



47 
 

 

  

Figure S3. Results of DFT calculation for (a) {trans-[Pt2Mn(NHCOCH3)4(NH3)4]}2
4+ 

(Mn2), (b) {trans-[Pt2Co(NHCOCH3)4(NH3)4]}2
4+ (Co2), (c) {trans-

[Pt2Ni(NHCOCH3)4(NH3)4]}2
4+ (Ni2), and (d) {trans-[Pt2Mn(NHCOCH3)4(NH3)4]}2

4+ 
(Cu2). 
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Figure S4. Temperature dependence of  (square) and –1 (circle) for (a) cis-
[Pt2Mn(piam)4(NH3)4](PF6)2 (c-Mn), (b) cis-[Pt2Fe(piam)4(NH3)4](PF6)3 (c-Fe), (c) cis-
[Pt2Co(piam)4(NH3)4](PF6)2 (c-Co), (d) cis-[Pt2Ni(piam)4(NH3)4](PF6)2 (c-Ni), (e) cis-
[Pt2Cu(piam)4(NH3)4](PF6)2 (c-Cu), (f) trans-[Pt2Mn(piam)4(NH3)4](ClO4)2 (t-Mn), (g) 
trans-[Pt2Fe(piam)4(NH3)4](ClO4)3 (t-Fe), (h) trans-[Pt2Co(piam)4(NH3)4](ClO4)2 (t-Co), 
(i) trans-[Pt2Ni(piam)4(NH3)4](ClO4)2 (t-Ni), and (j) trans-[Pt2Cu(piam)4(NH3)4](ClO4)2 (t-
Cu). The red solid lines represent the results of least square fitting. 
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Figure S5. Temperature dependence of T for (a) cis-[Pt2Mn(piam)4(NH3)4](PF6)2 (c-Mn) 
and (b) trans-[Pt2Mn(piam)4(NH3)4](ClO4)2 (t-Mn) per Mn ion. The solid lines represent 
the theoretical fitting to (a) the axial ZFS model and (b) the molecular field approximation 
with D and zJ. 

Figure S6. Temperature dependence of T for (a) cis-[Pt2Fe(piam)4(NH3)4](PF6)3 (c-Fe) and 
(b) trans-[Pt2Fe(piam)4(NH3)4](ClO4)3 (t-Fe) per Fe ion. The solid lines represent the 
theoretical fitting to the axial ZFS model. 
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Figure S7. Temperature dependence of T for (a) cis-[Pt2Co(piam)4(NH3)4](PF6)2 (c-Co) 
and (b) trans-[Pt2Co(piam)4(NH3)4](ClO4)2 (t-Co) per Co ion. The solid lines represent the 
theoretical fitting to (a) the axial ZFS model and (b) the molecular field approximation with 
D and zJ. 

Figure S8. Temperature dependence of T for (a) cis-[Pt2Ni(piam)4(NH3)4](PF6)2 (c-Ni) and 
(b) trans-[Pt2Ni(piam)4(NH3)4](ClO4)2 (t-Ni) per Ni ion. The solid lines represent the 
theoretical fitting to (a) the axial ZFS model and (b) the molecular field approximation with 
D and zJ. 
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Figure S9. Temperature dependence of T for (a) cis-[Pt2Cu(piam)4(NH3)4](PF6)2 (c-Cu) 
and (b) trans-[Pt2Cu(piam)4(NH3)4](ClO4)2 (t-Cu) per Cu ion. 
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Table S1. The distances (Å) of Mn---Mn and J values (cm 1) in reported 1D compounds shown 
in Figure 11. The J values were calculated on H = –JS1S2. 

 
 Compounds Mn---Mn (Å) 2J (cm 1) ref 

 
 Mn atoms are bridged by organic molecules or halide ions 

 [Mn(L)(pyz)]n(ClO4)n·2nH2O 3.244  72 

 [(CH3)4N]n[MnCl3]n 3.25 8.75 73 

 [MnL'(N3)2]n 3.462 5.31 74 

 [MnCl2]n·2nH2O 3.7 0.625 75 

 [Mn(μ-Cl)2(mppma)]n 3.7398 0.255 76 

 [Mn2(tpa)2(o-phth)]n(ClO4)2n 4.452 2.4 77 

 [Mn(μ-3-ClPhCOO)2(bpy)]n·nH2O 4.515 1.72 78 

 [Mn( -ClCH2COO)2(phen)]n 4.53 0.89 79 

 (CH3NH3)n[MnCl3]n·2nH2O 4.599 4.18 80 

 [Mn2(bipy)4(ta)]n(ClO4)2n 4.643 0.675 81 

 [Mn(PDB)]n·nH2O 4.8 0.56 82 

 [Mn2(bipy)4(m-phth)]n(ClO4)2n·4nH2O 4.84 0.98 83 

 [Mn{(CH3)2PO2}2]n 4.8652 5.88 84 

 [Mn(bic)Cl]n·nH2O 4.987 0.6 85 

 [Mn(bpy)(NCS)2]n 6 2.7 86 

 [Mn2(EDTA)]n·9nH2O 6.1 0.5 87 

 [Mn2(bpym)3(tcpd)2(H2O)2]n 6.13 1.16 88 

 [Mn(CH3CONH2)2(HPhPO2)2]n 7.43 0.60 89 

 [Mn(HPhPO2H)2(HPhPO2)2]n 7.43 0.26 89 

 [Mn(MAC){μ1.5-NN(CN)2}]n(PF6)n 7.7 0.49 90 

 [Mn(C5H6NO3)2]n 7.963 0.75 91 

 [Mn(tpa)(TCNQ)(CH3OH)]n(TCNQ)2n·nCH3CN 8.207 1.94 92 

 [Mn(MAC)(H2O)2]nCl2n·4nH2O 13.03 0.18 93 

 Mn atoms are bridged by second metals. 

 [MnNiMn(dpa)4Cl2] 5.25 13.7 94 

 [MnPdMn(dpa)4Cl2] 5.28 29.7 94 

 [MnPtMn(dpa)4Cl2] 5.26 66.2 94 

 t-Mn 9.04 1.8 this work 

 A 13.9 0.43 38 
 

Abbreviation: L = Schiff base ligand, pyz = pyrazine, L' = (E)-3-(dimethylamino)-1-(pyridin-
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2-yl)prop-2-en-1-one), mppma = N-(3-methoxypropyl)-N-(pyridin-2-ylmethyl)amine, tpa = 
tris(2-pyridylmethyl)amine, o-phth = terephthalato dianion, phen = phenanthroline, H2PDB = 
pyridine-3,4-dicarboxylic acid, m-phth = isophthalate, bic = bicinate, bpy = 2,2'-bipyridine, 
EDTA = ethylenediaminetetraacetic acid, bpym = 2,2'-bipyrimidine, tcpd = 2-
dicyanomethylene-1,1,3,3-tetracyanopropanediide anion, MAC = 2,13-dimethyl-3,6,9,12,18-
pentaazabicyclo-[12.3.1]octadeca-1(18),2,12,14,16-pentaene, TCNQ = 
tetracyanoquinodimethane, dpa = bis(2-pyridyl)amide, A = 
[{Rh2(O2CCH3)4}{Pt2Mn(piam)4(NH3)4}]n(PF6)2n·nEtOH. 
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Table S2. The distances (Å) of Co---Co and J values (cm 1) in reported 1-D compounds shown 
in Figure 11. The J values were calculated on H = –JS1S2. 

 
 Compounds Co---Co (Å) 2J (cm 1) ref 

 
 Co atoms are bridged by organic molecules. 

 [Co2(esp)2(EtOH)2] 2.7245(6), 2.7595(7) 13.2 95 

 [Co3(Hdcp)2(phen)3(H2O)2]n·nH2O 4.374 2.52 96 

 [Co2(N3)4(L)]n·4nH2O 5.158(1) 18.9 97 

 [Co(ox)(Htr)2]n·2nH2O 5.39 12.6 98 

 [Co(ox)(en)]n·2nH2O 5.512 10.3 99 

 [Co(C10H20C2O4)(H2O)2]n 5.93 1.43 100 

 [Co(CH3(CH2)10COO)2(H2O)2]n 6.3 0.35 101 

 [Co(H2O)4(pyz)]n(NO3)2n·2nH2O 7.125 1.53 102 

 [Co(acac)2(pyz)]n 7.2667 0.76 103 

 [Co(bipym)Cl2]n·1.5nH2O 7.374(1) 5.8 104 

 [Co(bipym)(H2O)2]n(NO3)2n 7.632(2) 8.5 105 

 [Co(bnzd)2(suc)(OH2)2]n·nH2O 9.88 3.31 106 

 [Co(H2btec)(H2O)4]n·n(4-apy)·2nH2O 11.302(10) 0.60 107 

 [Co(acac)2(4,4´-bipy)]n 11.482(2) 0.68 103 

 Co atoms are bridged by second metals. 

 [Co2PdCl2(dpa)4] 5.0 92.47 108 

 [PtCo(tba)4(OH2)]2 8.2 21.6 14 

 [PtCo(SAc)4(OH2)]2 8.3 25.4 16 

 [PtCo(SAc)4(3-NO2py)]2 8.7 12.0 16 

 t-Co 8.99 7.0 this work 

 B 13.3 22.2 37 

Abbreviation: esp = -tetramethyl-1,3-benzenedipropionate, H3dcp = 3,5-
pyrazoledicarboxylic acid, phen = 1,10-phenanthroline, L = tetrakis(3-
pyridyloxymethylene)methane, ox = oxalate dianion, Htr = 1,2,4-triazole, en = ethylenediamine, 
bipym = 2,2´-bipyrimidine, pyz = pyrazine, bnzd = benzidine, suc = succinate dianion, H2btec 
= 1,2,4,5-benzenetetracarboxylic acid, 4-apy = 4-aminopyridine, 4,4´-bipy = 4,4´-bipyridine, 
dpa = bis(2-pyridyl)amide, tba = thiobenzoate, SAc = thioacetate, 3-NO2py = 3-nitropyridine, 
B = [{Rh2(O2CCH3)4}{Pt2Co(piam)4(NH3)4}]n(PF6)2n. 
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Table S3. The distances (Å) of Ni---Ni and J values (cm 1) in reported 1-D compounds shown 
in Figure 11. The J values were calculated on H = –JS1S2. 

 
 Compounds Ni---Ni (Å) 2J (cm 1) ref 

 
 Ni atoms are bridged by organic molecules. 

 BiM2BP2O10 5.078 –7.15 109 

 (NH4)2[Ni(PMIDA)(H2O)] 5.782 –7.34 110 

 [Ni(HL)(hfac)]n 6.1 –13.20 111 

 {[Ni(phen)(H2O)(H2P2O7)]·H2O}n 6.5629 –1.88 112 

 {[Ni( 2- 2-bp3dc)(H2O)3]·H2O}n 9.915 –1.13 113 

 [Ni(L’)(PDC)]·H2O 11.465 –1.47 114 

 [Ni(L’)(BDC)]·2H2O 11.528 –1.37 114 

 Ni atoms are bridged by N3. 

 trans-[Ni(333-tet)( -N3)]n(ClO4)n 6.003 –62.10 115 

 [Ni(Me2-1,3-dieneN4)( -N3)]n(ClO4)n 5.767 –97.80 116 

 cis-[Ni(333-tet)( -N3)]n(PF6)n 6.182 –18.50 115 

 [NiL’’2( -N3)]n(ClO4)n 7.392 –16.80 117 

 Ni atoms are bridged by second metals. 

 [PtNi(tba)4(OH2)]2 8.2 –120 14 

 [PtNi(SAc)4(OH2)]2 8.2 –50.8 16 

 [PtNi(SAc)4(3-NO2py)]2 8.2 –12.6 16 

 t-Ni 9.02 14.6 this work 
 

Abbreviation: H4PMIDA = N-(phosphonomethyl)iminodiacetic acid, H2L = Schiff base, hfac = 
hexafluoroacetylacetonate anion, bp3dc = 2,2’-bipyridine-3,3’-dicarboxylate, L’ = 3,14-
dimethyl-2,6,13,17-tetraazatricyclo[14,4,01.18,07.12]docosane, BDC = 1,4-
benzenedicarboxylate, PDC = 2,5-pyridinedicarboxylate, 333-tet = tetraamine N,N’-bis(3-
aminopropyl)-1,3-propanediamine, Me2-l,3-dieneN4 = 2,3-dimethyl-l,4,8,11-
tetraazacyclotetradeca-1,3-diene, 333-tet = tetraamine N,N’-bis(3-aminopropyl)-1,3-
propanediamine, L’’ = 1,2-diamino-2-methylpropane, tba = thiobenzoate, SAc = thioacetate, 3-
NO2py = 3-nitropyridine 
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Chapter 2 

 

Paramagnetic One-Dimensional Chains Aligning First Transition Metals 
 

 

 

 

Abstract 

Paramagnetic trinuclear complexes, trans-[Pt2M(acam)4(NH3)4](ClO4)2 (1-M; acam = 

acet Pt–M–

 by single-crystal X-ray structure  The 

trinuclear complexes  one-  form  –M– –M–

 with  between   in close contact 

with each other 5 Å)  all three first-

row transition metals in 1-M have high-spin state

M atoms, which three (1-Co), two (1-Ni 1-Cu) respectively

measurements for 1-Co 1-Ni relatively strong antiferromagnetic interaction (1-Co: 

2J = –  cm 1, 1-Ni: 2J = –  cm 1) between the high-spin M centers  

In contrast, 1-Cu 1-Cu: 2J = 28 cm 1) between the Cu 

centers , z2-  from x2–y2 state on some Cu 

atoms in the chain where z2 orbital by one-  chain   
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Introduction 

  complexes alignment in 

 The 
1 –organic frameworks2  to show 

or 3-6 In contrast, one-  on attention 
7,8   These 

one- two types , finite  

infinite  The finite type of one-

metal atom chains (EMACs)  heteronuclear metal string complexes (HMSCs), which well-

known synthetic is mixing s 10-15 

s of one-  the 

, while it is still 

positions  Then, i

lexes have been 

selectively 16 

For example, thioacetate- –M complexes, which are 

– –M, show strong magnetic interactions through metal– 17-  

In contrast, general infinite one- available through the 
8 square- z2 orbital, as a result of 

z2 –metal  Since metal species in infinite one-

  7 8 metal species20- , new approaches 

 such complexes  

 trans- –M–Pt complexes, trans-

[Pt2M(piam)4(NH3)4](ClO4)2 (t-M  to 

align in Pt–M– –M– 30 Such trans-  trinuclear Pt–M–Pt complexes are 

to possibly to further ext  interaction of the outer Pt atoms  We were successful in 

obtaining trans-[Pt2M(acam)4(NH3)4](ClO4)2 (1-M , which is to 

be infinite one- – –  

This infinite one-  magnetic interaction in the intra 

chain through – –  



 
 

 
 
Result and Discussion 

Synthetic Procedure. 

 -hanging Pt mononuclear complex, trans-[Pt(piam)2(NH3)2], is a useful 

precursor for heterometal multinuclear complexes, where the non-
30 -hanging Pt 

mononuclear complex, trans-[Pt(piam)2(NH3)2

trans-[Pt(NCt
2(NH3)2](ClO4)2 

pre s 

preparing trans-

[Pt(NCMe)2(NH3)2](ClO4)2 from trans-[PtCl2(NH3)2] as the precursor of -hanging Pt 

mononuclear complex, trans-[Pt(acam)2(NH3)2] (1) 

 Thereafter, mixing trans-[Pt(acam)2(NH3)2], MCl2 (M = ), 

4NClO4 -crystals of trans-[Pt2M(acam)4(NH3)4](ClO4)2 (1-M

 As shown in the 

crystal structures (Figure 1), all 1-M have a Pt–M–Pt trinuclear structure where each metal is 

acam trans  

  

Scheme 1. Dimerize infinite one-  structure by – – 
 of trans- –M–Pt complexes  
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Table 1. trans-[Pt2Co(acam)4(NH3)4](ClO4)2 (1-Co), trans-[Pt2Ni(acam)4(NH3)4](ClO4)2 (1-Ni
trans-[Pt2Cu(acam)4(NH3)4](ClO4)2 (1-Cu  

  1-Co 1-Ni 1-Cu 
 Empirical formula C8H28Cl2CoN8O12Pt2 C8H28Cl2NiN8O12Pt2 C8H28Cl2CuN8O12Pt2 
 Formula weight    
 Crystal system Monoclinic Monoclinic Monoclinic 
 Space group P2/n P2/n P2/n 
 a (Å)    
 b (Å)    
 c (Å)    
  (°)    
  (°)    
  (°)    
 V (Å3)    
 Z 4 4 4 
 Temperature (K)    
 Dc (Mgm–3)    
 Absorption coefficient (mm–1)    
 F(000) 1780 1784 1788 
 Crystal size (mm3) 10 × 20 × 28 02 × 10 × 18 05 × 12 × 30 
  32731  32243 
   [Rint = ]  [Rint = ]  [Rint = ] 
 -of fit on F2    
 R [I > 2 (I)] R1 = , wR2 =  R1 = , wR2 =  R1 = , wR2 =  
 R  R1 = , wR2 =  R1 = , wR2 =  R1 = , wR2 =  
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Crystal Structures of trans-[Pt2M(acam)4(NH3)4](ClO4)2. 

 Figure 1 shows the crystal structure of trans-[Pt2Co(piam)4(NH3)4](ClO4)2 (1-Co

Co atoms acam trans 

fashion, ing in a linear Pt–Co–Pt alignment (Figure 1a–b  There are four 

  crystallographically Co atoms, 

which form t –Co–Pt trinuclear complexes (Figure 1a–

b)  The Pt–Co Pt(1)–Co(1) = 188(12), Pt(2)–Co(1) = 372(13), Pt(3)–Co(2) 

= 106 Pt(4)–Co(2) = 211(11) Å  two crystallographically 

–Co–Pt trinuclear complexes, the values of the torsional angle NH3 

° °, respectively (Figure 1a– )  

The NH3 acam 

   1-Co, 

–Co–Pt is +6, where ion states are 

Pt(+2)–Co(+2)–Pt(+2), because Pt(+3) complexes favor an , 

for each metal is 

The most remarkable feature of 1-Co is that each trinuclear complex are 

infinity one-  (1)–Co(1)–Pt(2) –Co –Pt  

or (3)–Co(2)–Pt(4) (3 –Co(2 –Pt(4 , where ClO4
– 

3  The   

Pt(2) (1)  Pt(4) (3) Å, respectively ---Co  for the 

intra chain are  Å  Each chain runs along the b axis  

 of Å between the two Co center (Figure –e  
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As shown in Figures 2 , trans-[Pt2Ni(piam)4(NH3)4](ClO4)2 (1-Ni trans-

[Pt2Cu(piam)4(NH3)4](ClO4)2 (1-Cu –M–

In 1-Ni 1-Cu, there were four   

M atoms which form t

Pt–M–Pt trinuclear complexes (Figures 2a–b, 3a–b)  The Pt– 1-Ni: Pt(1)–Ni(1) 

= (16), Pt(2)–Ni(1) = (16), Pt(3)–Ni(2) = 5838(16) Pt(4)–Ni(2) = 

(16) Å  1-Cu: Pt(1)–Cu(1) = 6574(14), Pt(2)–Cu(1) = 6551(14), Pt(3)–Cu(2) = 

(13 Pt(4)–Cu(2) = 514(13) Å As shown in Figures 2a– –b, the values 

of the torsional angle NH3  similar to those 

for 1-Co  In 1-Ni  1-Cu –M–Pt is +6, respectively, 

–M(+2)–Pt(+2), which is 

Figure 1. Molecular structure of (a)  trans-[Pt2Co(piam)4(NH3)4](ClO4)2 (1-Co  The 
r the views along the metal– c) Pentamer structure of 1-Co  ( ) 
Packing view  the metal– e) Packing view along the metal–

 4
– ions  
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 Similar to 1-Co, each trinuclear complex is have 

infinity one-  chains, with Pt(2) 5056 Å (1-Ni 4764 Å 

(1-Cu), Pt(4) (3)  5287 Å (1-Ni  Å (1-Cu The M---M  

for intra chain are 1-Ni: Ni---  Å 1-Cu: Cu---  Å, respectively Each 

chain runs along the b axis 

of Å (1-Ni) Å (1-Cu) between the two M center  

 
  

Figure 2. Molecular structure of (a)  trans-[Pt2Co(piam)4(NH3)4](ClO4)2 (1-Ni  
iews along the metal– c) Pentamer structure of 1-Ni  (c) 

Packing view  the metal– view along the metal–
 4

– ions  
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 Table 2 summarizes the metal– trans-

[Pt2M(piam)4(NH3)4](ClO4)2 (t-M 1-M 30 Among the  

in the same  as t-Cu > t-Co > t-Ni 1-Cu > 

1-Co > 1-Ni t-M 1-M

are approximately planes are parallel, which is the trans 

 Although the angles of Pt–M–Pt for t-M are approximately 177°, showing that it is 

, while in the case of 1-M it is 180° showing the straight stacking 

of metals The angles of M–Pt  for t-M are t-Co: Co–Pt  = 1 (2)°, t-Ni: Ni–

Pt  = 1 (2)° t-Cu: Cu–Pt  = 1 (2)° showing the stacking of each Pt–M–

Pt complex is bent from the 1D axis, 1-M are 1-Co: Co–Pt  = 1 °, 1-Ni: Ni–Pt  

= 1 ° 1-Cu: Cu–Pt  = 1 ° showing the stacking of each Pt–M–Pt complex is 

Figure 3. Molecular structure of (a)  trans-[Pt2Cu(piam)4(NH3)4](ClO4)2 (1-Cu  
iews along the metal– c) Pentamer structure of 1-Cu  (c) 

Packing view  the metal– view along the metal–
 4

– ions  
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 along the  Although the  Pt  for t-M is approximately Å, that 

for 1-M is approximately Å, showing short contact between Pt atoms Furthermore, t-M 

s 1-M s infinity one-

 chains  are probably because the more proximity  

multimerization  The microcrystals of 1-M 

physical measurements, in which the X-

-crystal X-ray analyses  
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Table 2. trans-[Pt2Co(piam)4(NH3)4](ClO4)2 (t-Co), trans-[Pt2Ni(piam)4(NH3)4](ClO4)2 (t-Ni), 
trans-[Pt2Cu(piam)4(NH3)4](ClO4)2 (t-Cu) trans-[Pt2Co(acam)4(NH3)4](ClO4)2 (1-Co), trans-[Pt2Ni(acam)4(NH3)4](ClO4)2 (1-Ni) trans-
[Pt2Cu(acam)4(NH3)4](ClO4)2 (1-Cu  

  Pt–M (Å) Pt  (Å) Pt–M–Pt (°) M–Pt  (°) °) ref 
 t-Co    1 (2)  30 
 t-Ni    1 (2)  30 
 t-Cu  5)  1 (2)  30 
 1-Co 188(12), 372(13),     this work 
  106(11), 211(11)      
 1-Ni (16), (16), 5056    this work 
  (16), 5838(16) 5287     
 1-Cu 6551(14), 6574(14), 4764    this work 
  (13), 514(13)      
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Oxidation and Spin States of trans-[Pt2M(acam)4(NH3)4](ClO4)2. 

1-M 

7/2 1 is 8 eV, which is closer to the previous 

2
II,II(en)2( - 2](NO3)2  

[Pt2
III,III(NH3)4( - 2(NO3)2](NO3)2 31 

the Pt 4f7/2 5/2  1-Co, 1-Ni 1-Cu are close The 

Co 2p3/2 energies for 1-Co are 1 eV, which is closer to that for CoII(NO3)2 

eV)32 with high-spin state than [CoIII(NH3)6]Cl3  with low-spin state 33 

that high-spin Co(+2) normally exhibits a rather strong satellite at approximately 5 eV higher 

, the Co 2p1/2 3/2 1 

  - 33 The Ni 2p3/2 

energies for 1-Ni are 3, which is closer to that for NiIICl2 (  eV) with 8 high-

spin state than [NiII( )2Cl2][ClO4]2 (  eV) with 6 low-spin state 34 The Ni 2p1/2 

2p3/2   eV with satellite peaks at 8   eV, 

-spin Ni(+2) because high-spin Ni(+2) is normally  as satellite peaks in 
34 The Cu 2p3/2 energies for 1-Cu are  eV, which 

is closer to that for CuIICl2 (  eV) than CuICl (  eV) 35 

measurement 1-M –

M(+2)– –M(+2)–  with high-spin state, 
7 8   
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Table 3. 1 1-M  

 Pt 4f5/2 Pt 4f7/2 M 2p1/2 M 2p3/2 
 1 7  8 - - 
 1-Co 4 1 80  78 1 
 1-Ni 1 7  3, 87  1 3 
 1-Cu 0 7  6 6 

 

 

 As shown in Figure 4, the EPR spectra  t-Cu  1-Cu at 77 K show an 

axial-type signal with t-Cu, g// g   with 1-Cu, g// 6 g  6, 

g// > g  x2–y2 
36-42 Although the g values are similar for t-Cu  1-Cu, the g// absorption is clearly 

sharper at 1-Cu, which is  the  the strong interactions 

Pt  contacts The EPR spectra for both 1-Co 1-Ni 

Figure 3. Pt 4f5/2  4f7/2  M 2p1/2 3/2 core levels of XPS for (a) 1, (b) 1-Co, (c) 
1-Ni 1-Cu, (e) 1-Co, (f) 1-Ni 1-Cu



 
 

are to observe because the spin-  

 

 

Magnetic Behaviors of trans-[Pt2M(acam)4(NH3)4](ClO4)2. 

 The temperature- 1-M 

5 T values in 1-M 70 (1-

Co),  (1-Ni 46 (1-Cu) cm3 K mol 1 (Figure –f), which are close to the theoretical 

values for high-spin Co(+2) (S 3 K mol 1), Ni(+2) (S 3 K mol 1

Cu(+2) (S 3 K mol 1 T value of 1-Co than the 

theoretical value is consistent with a significant orbital contribution to susceptibility, which is 
43,44 The T values in 1-Co 1-Ni  by 

lowering the temperature, 5 3 K mol 1  In contrast, 

the T values in 1-Cu 12 in  cm3 K mol 1 

for 1-Co 1-Ni  = ,  K, 

respectively (Table 4), where large negative   the presence of strong 

 versus T for 1-

Co 1-Ni show maxima at 24 K 55 K, respectively (Figure 5a–b), supporting the 

Figure 4. t-Cu  (b) 1-Cu at 77 
  662 GHz; microwave 

power, 6 mW;   
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presence of antiferromagnetic coupling  In contrast, although 1-Cu were inversely proportional 

to temperature, t  =  K, where 

positive   the presence of ferromagnetic coupling between the Cu(  In 

the T values in 1-Cu in  with lowering the temperature, supporting the 

presence of  

interactions in 1-M were probably present between the M atoms centers in the intra chain which 

arise through  , although the intra chain M---M  inter 

 Å because there are no interactions between inter chain separation  

 

 

Table 4. t-M  1-M  

  C (cm3 K mol 1)a  (K)a D (cm 1) zJ (cm 1) 2J (cm 1) 
 t-Co   40   
 t-Ni   38   
 t-Cu   - -  
 1-Co   40  17  
 1-Ni   38  27  
 1-Cu 6 4 - - 28 

a –Weiss law  = C/(T  
  

Figure 5.  T in (a) 1-Co, (b) 1-Ni, (c) 1-Cu, 1-Co, (e) 
1-Ni,  (f) 1-Cu s  
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strength, J, in 1-Co 1-Ni  

- J

assumption that D values between t-M 1-M are similar, g D 

hat of t-M 30 

zero single-ion anisotropy (Figures zJ = 

 (1-Co  cm 1 (1-Ni), where z represents the number of nearest paramagnetic 

T values in lower temperature regions are not 

 relatively strong 

shown in Figures S

 

In  exchange interaction in 1-Co, 

simple phenomenological equation45,46, the sum of A exp( E1/kT) E2/kT),  to 

 The sum (A + B) equals the Curie E1 E2 get the activation energies 

–  exchange interaction, 

respectively quation fit  a A + B cm3 K mol 1, E1/k = 51 K, 

E2/k The value for (A + B) is similar to the  cm3 K mol 1) 

Weiss law between 50  The value of E1/k is consistent with the 

effect of spin–  of +100 K) 43 The value of E2/k is 

 J =  cm 1 in the Ising chain approximation, 

 Similarly, to estimate the strength of the 1-Ni antiferromagnetic 

exchange interaction, previously 47 

Experimental Section, that contains the following valuable parameters: , a monomeric 

-law

to the following values: g J =  cm 1  i

 in 1-M are 

 a larger overlap between 

 

In  exchange interaction in 1-Cu, 
48 for a 1-D chain was applies  The best fitting gives  

cm 1  for J g, exhibiting a weak ferromagnetic coupling through the metal metal 

 The ferromagnetic interaction is probably  z2-
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the increase in z2 orbital by one-  

chain  

Conclusion 

 –M–

acet -hanging Pt mononuclear complex, 

trans-[Pt(acam)2(NH3)2 are infinity 

one-  chains in    Pt–M– –M–

with high- The significant magnetic interactions  a length of 

approximately  Å, which are  

5 Å) trans-[Pt2M(acam)4(NH3)4] is a paramagnetic 1D 

chains with metal– having   
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Experimental Section 

 

Materials. Potassium tetrachloroplatinate

Acetonitrile 4 2  CuCl2 2O 

 NiCl2 2O was 4NClO4 was 

from Tokyo  trans-[PtCl2(NH3)2

 

 

Synthesis of trans-[Pt(acam)2(NH3)2] (1) 

 An aqueous solution (45 mL) containing trans-[PtCl2(NH3)2

AgClO4  at 50 ºC 

with acetonitrile 6 mL,  mmol) was 

12 h  NaClO4 ( g, 16 mmol) was  12 h 

 The resulting white 

 white 14 

1 white trans-[Pt(acam)2(NH3)2] 

MeOH  g,  43

4H14N4O2Pt: C, ; H, ; N, ; 

H, ; N,  

 

Synthesis of trans-[Pt2Co(acam)4(NH3)4](ClO4)2 (1-Co) 

 The suspension of trans-[Pt(acam)2(NH3)2] (345 80 mL) 

2 (65 mg,  2 

trans-[Pt(acam)2(NH3)2] by filtration, MeOH solution (20 mL) of 

4NClO4 ( g, 6 2  The solution 

 MeOH to obtain the pale blue trans-

[Pt2Co(acam)4(NH3)4](ClO4)2 (304 mg,  mmol 64

for C8H28Cl2CoN8O12Pt2: C, ; H, ; N, ; H, ; N, 1  

 

Synthesis of trans-[Pt2Ni(acam)4(NH3)4](ClO4)2 (1-Ni) 

 The suspension of trans-[Pt(acam)2(NH3)2] (345 80 mL) 

2 2O (120 mg,  2 
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trans-[Pt(acam)2(NH3)2] by filtration, MeOH solution (20 mL) of 

4NClO4 ( g, 6 15  The solution 

 MeOH to obtain the yellow trans-

[Pt2Ni(acam)4(NH3)4](ClO4)2 (330 mg,  mmol 70

for C8H28Cl2NiN8O12Pt2: C, ; H, ; N, ; H, ; N, 1  

 

Synthesis of trans-[Pt2Cu(acam)4(NH3)4](ClO4)2 (1-Cu) 

 The suspension of trans-[Pt(acam)2(NH3)2] (345 160 mL) 

CuCl2 2H2O (85 mg,  3 

trans-[Pt(acam)2(NH3)2] by filtration, MeOH solution (20 mL) of 

4NClO4 ( g, 6 5  The solution 

 MeOH to obtain the orange trans-

[Pt2Cu(acam)4(NH3)4](ClO4)2 (337 mg,  mmol 71

for C8H28Cl2CuN8O12Pt2: C, ; H, ; N, ; H, ; N, 1  

 

 

Physical Measurements. X-ray photoelectron spectroscopy (XPS) measurements were 

-

paramagnetic resonance -

– -

 

 

 

X-ray Structure Determination. X-

-focus Mo-target X-ray tube (  = 

 -

-

1-Co), 30 s/frame (1-Ni 1-

Cu 50 Empirical absorption correction using 
51 The 

52 
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-201753 -XG software 
54 Non- oms were 

 

 

 

Analyses of magnetic susceptibility measurements.  

1-M –Weiss law  = C/(T The resulting least-

squares fit between 50 1-Co: C =  cm3 K mol 1,   K, between 

80 1-Ni: C =  cm3 K mol 1,   K,  between 10 

1-Cu: C =  cm3 K mol 1,  =  C = N 2g2S(S + 1)/3k, where N 

constant,   g k i  is the Weiss 

constant, as the combination of constants 3k/N 2 1-Co: g , 1-Ni: g 08, 

1-Cu: g  

 

 

 

=
4

1 + 9exp 2

1 + exp 2  

=
4

4 + 3 1 exp 2

1 + exp 2  

where D is axial zero- k T is temperature, N is 

g is g-  

 

=
+ 2

3
 +  TIP                                              (1) 

In some cases, it was necessary to 

P 

follow a Curie law with S = 1/2 an g gmo 

 

= (1 )  +
4

                                  (2) 
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For 1-Co

 

=
1 2                                             (3) 

where zJ is the exchange energy (J z o ´ 

, where 

D = 40 cm 1 o t-Co

the refinements 

= (1 )  +
4

                               (4)  

 the above equation, the resulting least-squares f 1-Co between 2 

g = , zJ  cm 1  cm3 mol 1 P 4 × 10 4  

 

=
2exp

1 + 2exp
 

=

2 1 exp

1 + 2exp
 

For 1-Ni  

, where D = 38 cm 1 o

spectrum for t-Ni  the above equation (4) with the above equation, the resulting 

least- 1-Ni g 32, zJ  cm 1, 

 cm3 mol 1 P 4  

 

 For 1-Co  estimate the strength of antiferromagnetic exchange interaction, 

t the following simple phenomenological equation  

=  exp + exp  

Here, A + B equals the Curie constant (C E1 E2 represent the activation energies 

-
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 the above equation, the resulting least- 1-Co between 2 

  A + B cm3 K mol 1, E1/k E2/k  The value of 

E2/k = 13 K is  J =  cm 1 in the Ising chain approximation  

 

 1-Ni  susceptibility 

 

=  (1  ) +  
2

3
 

=   
2 + 0.0194 + 0.777

 3 + 4.346 + 3.232 + 5.834
 

=  | |/  

where J represents the  represents a monomeric 

impurity that the magnetic susceptibility follows the Curie-law  the above 

equation, the resulting least- 1-Ni g = 

11, J  cm 1   

 

 1-Cu  susceptibility 

-D chain  

=  
4

 
1 + + + + +

1 + + + +
 

=  | |/2  

=  5.7979916, = 16.902653, = 29.376885, = 29.832959, = 14.036918,  

= 2.7979916, = 7.0086780, = 8.6538644, = 4.5743114 

where J represents the ferromagnetic coupling parameter  the above equation, the 

resulting least-  of 1-Cu g 23 J = 

 cm 1  
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Supporting Figures 

  

Figure S1. - 1-Co, (b) simulation 
of 1-Co, (c) 1-Ni 1-Ni, (e) 1-Cu,  (f) simulation of 1-Cu

-crystal X-  

Figure S2. T for trans -[Pt2Co(acam)4(NH3)4](ClO4)2 (1-Co) 
s represent the theoretical fitting to (a) the axial  

(b) the simple phenomenological equation  

Figure S3. T for trans -[Pt2Ni(acam)4(NH3)4](ClO4)2 (1-Ni) 
per Ni s represent the theoretical fitting to (a) the axial  
(b) the  for 1-D chain  
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Chapter 3 

 

Syntheses, Crystal Structures, and Properties of Paramagnetic Copper One-
Dimensional Chains with Heterometallic Bonds via Amidate Ligands  

 

 

 

 

Abstract 

Paramagnetic one-dimensional chain complexes [PtCu(piam)2(NH3)2Cl2]·H2O (2-Cu; piam = 

pivalamidate) with aligned –Pt–Cu–Pt–Cu– were successfully synthesized and characterized by 
single-crystal X-ray structure analyses and physical measurements. The one-dimensional chain 

extends infinitely, where all the metals are bridged by amidate ligands, and by piam ligands the 

coordinated platinum atoms are hanged to the opposite direction to bind the copper atoms. 

Several physical measurements revealed that unpaired electrons in the one-dimensional chains 

are localized on the copper atoms, dx2–y2-ground state. Magnetic susceptibility measurements 

showed the presence of antiferromagnetic interaction (J = –0.91 cm 1) between the copper 

atoms through metal–metal bonds. 
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Introduction 

 One-dimensional metal chain complexes have attracted much attention due to their 

conductivities1,2 and magnetisim3 through direct metal d orbitals interactions. Among these 

compounds, heteronuclear metal string complexes (HMSCs)4,5, consisted of two or three kinds 

of metal with metal–metal bonds have interesting physical property which is not found 

homometals. The finite one-dimensional metal chain complexes have been reported in various 

kinds of compounds4-9 where the synthesis strategy is a template method utilizing multidentate 

ligands. In contrast, the infinite one-dimensional metal complexes are restricted to d7 or d8 metal 

species10-19 reported in few examples. Thus, a new approach is required to construct such one-

dimensional metal complexes. 

 The amidate-hanging Pt mononuclear complex is an examples of metalloligands that 

are suitable for heterometallic complexes because the non-coordinated oxygen atoms are easily 

bound to the second metals (M).20 To date, several dinuclear Pt–M20,21 and trinuclear Pt–M–

Pt22-28 complexes utilize an amidate-hanging Pt mononuclear complex. In the process, it has 

been reported that infinite one-dimensional chain complexes have an alignment of –Pt–Ag–Pt–

Ag–22 and –Pt–Tl–Pt–Tl–29 where all the metals are bridged by amidate ligands obtained 

accidentally (Scheme 1). These one-dimensional chain complexes consist of Pt atoms linked in 

cis fashion a to the two adjacent M ions via two amidate ligands. These crystal structures 

inspired synthetic research because one-dimensional chain complexes are spontaneously 

bridged all metals aligned in –Pt–M–Pt–M– by the combination of platinum and the second 

metal. Here, we present the synthesis and characterization of paramagnetic infinite one-

dimensional chains aligned in –Pt–Cu–Pt–Cu– (2-Cu) where all metals are bridged by amidate 

ligands (Scheme 1). 

Scheme 1. Infinite one-dimensional chains where all metals are bridged by amidate ligands 
with alignment –Pt–Tl–Pt–Tl– and –Pt–Cu–Pt–Cu–, respectively. 
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Results and Discussion 

Synthetic Procedure. 

 The amidate-hanging Pt mononuclear complex, trans-[Pt(piam)2(NH3)2], is a useful 

precursor for heterometal multinuclear complexes, where non-coordinated oxygen atoms are 

easily bound to second metals (M).30 Simply mixing trans-[Pt(piam)2(NH3)2], CuCl2 with the 

ratio of 2:1 in MeOH afforded single-crystals of [PtCu(piam)2(NH3)2Cl2]·H2O (2-Cu). The 

crystal dates and structure refinement results are summarized in Table 1. As shown in the crystal 

structures (Figure 1), 2-Cu has infinite one-dimensional chain structure where all the metals 

are bridged by amidate ligands. 

 

Table 1. Crystallographic data and structure refinements for [PtCu(piam)2(NH3)2Cl2]·H2O (2-
Cu). 

  2-Cu 
 Empirical formula C80H208Cl16Cu8N32O24Pt8 
 Formula weight 4639.01 
 Crystal system Orthorhombic 
 Space group Fddd 
 a (Å) 10.99520(10) 
 b (Å) 31.3503(5) 
 c (Å) 43.8353(6) 
  (°) 90 
  (°) 90 
  (°) 90 
 V (Å3) 15110.2(3) 
 Z 4 
 Temperature (K) 123 
 Dc (Mgm-3) 2.039 
 absorption coefficient (mm-1) 8.819 
 F(000) 8928 
 crystal size (mm3) 0.11 × 0.18 × 0.28 
 measured reflections 28792 
 Independent reflections 4350 [Rint = 0.0269] 
 Goodness-of fit on F2 0.805 
 R [I > 2 (I)] R1 = 0.0208, wR2 = 0.0871 
 R (all data) R1 = 0.0241, wR2 = 0.0918 
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Crystal Structures of [PtCu(piam)2(NH3)2Cl2]·H2O. 

 Figure 1 shows the crystal structure of [PtCu(piam)2(NH3)2Cl2]·H2O (2-Cu). The most 

remarkable structural feature in 2-Cu is that the Cu atoms are bridged by one of two piam 

ligands at the two adjacent Pt atoms, affording alternating alignment –Pt–Cu–Pt–Cu– in which 

all the metals are bridged by a piam ligand (Figure 1a). The one-dimensional chain extends 

infinitely, where piam ligands coordinated with Pt atoms are hanged to the opposite direction, 

to bind copper atoms. Although the Pt atoms were coordinated in a trans fashion which were 

unchanged from the original compounds, the Cu atoms were coordinated with two Cl atoms 

and two piam ligands in a cis fashion in the one-dimensional chain. There are two 

crystallographically independent Pt atoms. The Pt–Cu distances are Pt(1)–Cu(1) = 2.8914(4) 

and Pt(2)–Cu(1) = 2.8596(4) Å, which are relatively longer (2.63 2.98 Å) than the other Pt–

Cu–Pt complexes.22,23,30-38 The Cu---Cu distance between the nearest intra chain was 5.7 Å, 

while the nearest inter chain was 7.6 Å. The NH3 ligands coordinated to Pt atoms are hydrogen 

bonded to the Cl atoms and oxygen atoms of the piam ligands on Cu atoms with a distance of 

2.9 Å and 3.3 Å, respectively. The dihedral angles between the Pt and Cu coordination planes 

are 16–18°, which forms a zigzag structure. This is attributed to the geometric structure in the 

one-dimensional chain due to the differences in the trans- and cis- coordination environments 

of the Pt and Cu atoms. Each chain running along the c axis is separated from the nearest chains 

with an intermetallic distance between the two Cu center of 7.6 Å (Figure 1c). Considering the 

chemical formula of 2-Cu, the sum of the metal oxidation states in the –Pt–Cu– unit is +4, 

where the formal oxidation states are –Pt(+2)–Cu(+2)–. The oxidation state for each metal is 

unchanged from the original compounds during the reaction. 
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Oxidation and Spin States of [PtCu(piam)2(NH3)2Cl2]·H2O. 

 XPS measurements were performed to determine the metal oxidation states of 2-Cu 

(Figure 2). The Pt 4f7/2 binding energy for original compound of trans-[Pt(piam)2(NH3)2] is 

72.6 eV, which is closer to the previous compounds of [Pt2
II,II(en)2( -pyridonato)2](NO3)2 (73.1 

eV; en = ethylenediamine) than [Pt2
III,III(NH3)4( -pyrrolidonato)2(NO3)2](NO3)2 (74.6 eV).39 In 

2-Cu, the Pt 4f7/2 binding energy is 73.0 eV, which is a close value to Pt(+2). The Cu 2p3/2 

binding energy for 2-Cu is 932.7 eV. Considering the crystal structure, oxidation state and Pt 

binding energies for 2-Cu, it is suggested that the formal oxidation state is –Pt(+2)–Cu(+2)–, 

which are unchanged from the starting compounds. However, the charge of the Cu atoms might 

fluctuate because the observed Cu 2p3/2 binding energy is closer to that for CuICl (932.2 eV) 

than CuIICl2 (933.8 eV).40 

 
  

Figure 1. Molecular structure of (a) [PtCu(piam)2(NH3)2Cl2]·H2O (2-Cu). (b) View along 
the metal–metal bonds. (c) Packing structure. The hydrogen atoms and water molecules are 
omitted for clarity. 
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As shown in Figure 3, the EPR spectrum for powdered 2-Cu at 77 K shows an axial-type signal 
with g// = 2.27 and g  = 2.04, without hyperfine splitting. The observed profile at g// > g  is 
characteristic of the Cu dx2–y2 spin.31,34,35,41-44 A sharp absorption at g// was observed, which is 
probably attributed to an exchange narrowing due to strong interactions between Cu centers 
caused by direct metal–metal bond. 

 
 
  

Figure 2. Pt 4f5/2 and 4f7/2 and Cu 2p1/2 and 2p3/2 core levels of XPS for (a) trans-
[Pt(piam)2(NH3)2], (b) 2-Cu and (c) 2-Cu. 

Figure 3. Continuous wave EPR spectra for powder samples of 2-Cu at 77 K. Experimental 
settings: microwave frequency, 9.0657 GHz; microwave power, 6 mW; and field 
modulation, 0.2 mT.
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Magnetic Behaviors of [PtCu(piam)2(NH3)2Cl2]·H2O. 

 The temperature-dependent magnetic susceptibilities of powdered samples of 2-Cu 

measured from 2 to 300 K are shown in Figure 4. The T value in 2-Cu at 300 K is 0.48 cm3 K 

mol 1, which is close to the theoretical value for one Cu(+2) ions (S = 1/2, 0.37 cm3 K mol 1). 

The T values in 2-Cu maintained a plateau until 15 K and then steeply decreased to 0.30 cm3 

K mol 1 at 2 K. The data for 2-Cu 4), with Weiss constant 

of  = 0.27 K, where the negative  value indicates an antiferromagnetic coupling between the 

Cu(+2) ions. The plots of  versus T for 2-Cu did not show a maximum point which is a 

characteristic of antiferromagnetic coupling, suggesting a weak magnetic interaction. 

Considering the crystal structures, the antiferromagnetic interaction found in 2-Cu is attributed 

to the one-dimensional structure of –Pt–Cu–Pt–Cu– through the interaction via metal-metal 

bonds. 

 

 

In order to estimate the strength of the antiferromagnetic exchange interaction in 2-Cu, 

the Heisenberg model for a 1-D chain45 was applied to fit the data. The best fitting gives 0.91 

cm 1 and 2.15 for J and g, exhibiting the presence of a weak antiferromagnetic coupling through 

the –Pt– bonds. This antiferromagnetic coupling was probably present between the Cu atoms 

centers in the intra chain, which arises through metal metal bonds, as the intra chain Cu---Cu 

distance of 5.7 Å is shorter than the inter chain distance of 7.6 Å. The weak exchange interaction 

in 2-Cu involves only one singly occupied dx2–y2 orbital, which is perpendicular to the chain 

direction, where the small overlapping of the d-orbitals resulted in a lower contribution to the 

Figure 4. Temperature dependence of (a) –1(circle), and (b)  (circle) and T (square) for 
2-Cu. The red solid line represents the result of least square fitting. The black solid lines 
represent the theoretical fitting. 
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J value. In addition, 2-Cu in a zigzag structure is also expected due to the small overlapping of 

the d-orbitals. 

 

 

Conclusion 

  In this study, paramagnetic one-dimensional chain complexes, 

[PtCu(piam)2(NH3)2Cl2]·H2O with an aligned –Pt–Cu–Pt–Cu– with direct metal–metal bonds, 

where all the metals are bridged by amidate ligands were successfully synthesized from the 

amidate-hanging Pt mononuclear complex, trans-[Pt(piam)2(NH3)2], and characterized. The 

geometric structure in the one-dimensional chain is in the trans- and cis- coordination 

environment of Pt and Cu atoms, where the amidate ligands coordinated with Pt atoms are 

hanged to the opposite direction to be bound to Cu atoms. Significant antiferromagnetic 

interactions were observed between Cu atoms in the intra chain with a length of 5.7 Å, which 

is attributed to an electronic coupling via –Pt– bonds. The findings of 

[PtCu(piam)2(NH3)2Cl2]·H2O show a construction guideline for one-dimensional chains with 

direct metal–metal bonds where all metals are bridged by ligands, having a potential to provide 

a new synthesis method for one-dimensional chain complexes.  
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Experimental Section 

 

Materials. Potassium tetrachloroplatinate(II) was obtained from Tanaka Kikinzoku Co. 

Pivalonitrile was obtained from the Tokyo Chemical Industry Co. CuCl2·2H2O were obtained 

from Nacalai Tesque Co. trans-[Pt(piam)2(NH3)2] was synthesized according to a previously 

reported procedure.46 

 

Synthesis of [PtCu(piam)2(NH3)2Cl2]·H2O (2-Cu) 

 A MeOH (12 mL) solution of CuCl2·2H2O (34 mg, 0.2 mmol) was mixed with trans-

[Pt(piam)2(NH3)2] (172 mg, 0.4 mmol) and stirred for 16 h at room temperature. After removing 

the unreacted trans-[Pt(piam)2(NH3)2] by filtration, the solution was gently evaporated at room 

temperature until red microcrystals were obtained. Evaporation was then stopped and red block 

crystals (23.3 mg) were obtained after several days. Yield: 20.6%. Elemental analysis calculated 

for C10H28Cl2CuN4O3Pt: C, 20.64; H, 4.85; N, 9.63%. Found: C, 20.55; H, 4.92; N, 9.70%. 

 

 

Physical Measurements. X-ray photoelectron spectroscopy (XPS) measurements were 

performed using a Quantera-SXM spectrometer at room temperature. The binding energies 

were measured relative to the C 1s peak (284.8 eV) of the internal hydrocarbons. Electron 

paramagnetic resonance (EPR) spectra were recorded using a JEOL TE-200 spectrometer. 

Magnetic data were obtained in the 2–300 K range using a Quantum Design MPMS-7 SQUID 

susceptometer working at a 1.0 T field strength. Data were corrected for the sample holder, and 

the diamagnetism of the content was estimated from the Pascal constants. 

 

X-ray Structure Determination. The measurements of single-crystal X-ray analysis were 

performed on a Rigaku Mercury CCD diffractometer equipped with a normal focus Mo-target 

X-ray tube (  = 0.71073 Å) operated at 5 kW power (50 kV, 100 mA). The system was equipped 

with a CCD two-dimensional detector, and 744 frames were collected for exposure times of 5 

s/frame. The system was operated with the CrysAlisPRO software package.47 Empirical 

absorption correction using spherical harmonics was implemented in the SCALE3 ABSPACK 

scaling algorithm.48 The structure was solved by applying the direct method49 with subsequent 

difference Fourier synthesis and refinement using SHELX-201750 controlled by a Yadokari-XG 
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software package.51 Non-hydrogen atoms were refined anisotropically and all the hydrogen 

atoms were treated as riding atoms. The oxygen atoms of the water molecules were refined 

without hydrogen atoms. 

 

 

Analyses of magnetic susceptibility measurements.  

The data for 2-Cu were fitted to the Curie–Weiss law  = C/(T ). The resulting least-

squares fit between 30 K and 300 K yielded C = 0.42 cm3 K mol 1,  0.27 K. C = N 2g2S(S 

+ 1)/3k, where N is Avogadro constant,  is the Bohr magneton, g is the Lande value, k is 

Boltzmann constant,  is the Weiss constant, as the combination of constants 3k/N 2 is 7.991, 

gives g = 2.11 (Figure 4a). 

 

 The susceptibility data of 2-Cu was fitted to the expression for the molar susceptibility 

derived from the Heisenberg model for a 1-D chain. 

=   
0.25 + 0.14995 + 0.30094

1 + 1.9862 + 0.68854 + 6.0626
+  

=  | |/  

where J represents the antiferromagnetic coupling parameter and Cimp represents a possible 

Curie spin impurity. According to the above equation, the resulting least-squares fit of the data 

of 2-Cu between 2 K and 300 K yielded g = 2.15, and J = 0.91 cm 1, and Cimp = 1.0 × 10 4 

cm3 mol 1 (Figure 4b). 
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Chapter 4 

 

Paramagnetic One-Dimensional Chains Comprised of Trans-Bridged Pt–Cu–Pt 
Trinuclear Complexes and Paddlewheel Dirhodium Complexes  

with Metal–Metal Bonds  

 

 

 

 

Abstract 

Paramagnetic one-dimensional chain complexes with direct metal–metal bond containing three 

types of metal species aligned with ···Pt–Cu–Pt–Rh–Rh–Pt–Cu–Pt··· (4-Cu) and –Rh–Rh–Pt–

Cu–Pt– (5-Cu) were successfully synthesized and characterized by single-crystal X-ray 

structure analyses and physical measurements. Several physical measurements revealed the 

oxidation states of the one-dimensional complexes are Rh(+2), Pt(+2), and Cu(+2), where the 

unpaired electrons lie on the Cu dx2–y2 orbitals. Magnetic susceptibility measurements in 4-Cu 

showed an antiferromagnetic interaction (J = –0.28 cm 1) between the copper atoms centers 

through –Pt···Pt– bonds. In contrast, 5-Cu showed a weak ferromagnetic interaction (J = 0.01 

cm 1) between the copper centers through –Pt–Rh–Rh–Pt– bonds, probably due to the dz2-

ground state from dx2–y2 state on some copper atoms in the chain where the energy level of dz2 

orbital was increased by one-dimensional chain. 
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Introduction 

 One-dimensional metal chain complexes have attracted attention, due to their 

conductivities1,2 and magnetism3 through direct metal d orbital interactions. These one-

dimensional metal chain complexes are classified into two types of compounds, finite and 

infinite chains. The finite type of one-dimensional metal chain complexes has been reported for 

various kinds of compound called extended metal atom chains (EMACs)4,5 and heteronuclear 

metal string complexes (HMSCs)6,7 because synthesis strategy is a template method utilizing 

multidentate ligands. In contrast, the infinite one-dimensional metal complexes are restricted to 

d7 or d8 metal species8-17 where few examples were reported. Thus, a new approach is required 

due to construct such one-dimensional metal complexes. 

 We have tried to synthesize infinite heterometallic one-dimensional chains in which 

paramagnetic metal species are connected by direct metal–metal bonds with a second metal 

species.18-25 The synthetic method for the infinite paramagnetic heterometallic one-dimensional 

chains uses the HOMO–LUMO interaction at the dz2 orbital ( between two kinds of complex. 

In this process mixing cis-[Pt2M(piam)4(NH3)4]X2 (piam = pivalamidate, M = metal, X = anion) 

and [Rh2(O2CCH3)4] that have filled and vacant respectively, afforded –Pt–M–Pt–Rh–Rh– 

alignments, showing antiferromagnetic interactions through –Pt–Rh–Rh–Pt– bonds.19, 24, 25 

However, the magnetic interaction of these one-dimensional chain was expected to be weak 

due to the small overlapping of the d-orbitals in the zigzag structure caused by the trinuclear 

Pt–M–Pt unit derived from the cis fashion (Scheme 1).19,25 In contrast, trans-

[Pt2M(piam)4(NH3)4]2+ has recently been synthesized and characterized to reveal the metal 

stacking in a face-to-face fashion due to the trans geometrical structure. Therefore, a strong 

magnetic interaction has been expected to construct straight backbone one-dimensional 

complexes in the trans fashion due to a large overlapping of the d-orbitals (Scheme 1). Here, 

we will present the synthesis and characterization of paramagnetic one-dimensional chains with 

aligned –Rh–Rh–Pt–Cu–Pt– via Rh–Pt direct metal–metal bonds by HOMO–LUMO 

interactions. 
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Results and Discussion 

Synthetic Procedure. 

 [Rh2(O2CCH3)4] having vacant dz2) orbitals with two unpaired electrons which 

accepts the electrons from the filled dz2 orbital. In contrast, trans-[Pt2Cu(piam)4(NH3)4]2+ with 

filled dz2) orbitals are expected to be possibly linked to [Rh2(O2CCH3)4], which afforded a 

paramagnetic one-dimensional chain aligned as –Rh–Rh–Pt–Cu–Pt– with Rh–Pt direct metal–

metal bonds by HOMO–LUMO interactions. Simply mixing [Rh2(O2CCH3)4] and trans-

[Pt2Cu(piam)4(NH3)4](PF6)2·4H2O (3-Cu) in solvent with an excess of NaPF6 afforded single-

crystals of [{Rh2(O2CCH3)4}{Pt2Cu(piam)4(NH3)4}2]n(PF6)4n·4nMeOH (4-Cu) and 

[{Rh2(O2CCH3)4}{Pt2Cu(piam)4(NH3)4}]n(PF6)2n·2nTHF (5-Cu), respectively. The crystal 

data and structure refinement results are summarized in Table 1. As shown in the crystal 

structures (Figure 1), 4-Cu and 5-Cu are infinitely one-dimensional chain structures with Rh–

Pt direct metal–metal bonds. 

 

 

  

Scheme 1. Cis- bridged zigzag one-dimensional chain structure and trans- bridged face-to-
face one-dimensional chain structure. 
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Table 1. Crystallographic data and structure refinements for trans-[Pt2Cu(piam)4(NH3)4](PF6)2·4H2O (3-Cu), 
[{Rh2(O2CCH3)4}{Pt2Cu(piam)4(NH3)4}2]n(PF6)4n·4nMeOH (4-Cu), and [{Rh2(O2CCH3)4}{Pt2Cu(piam)4(NH3)4}]n(PF6)2n·2nTHF (5-Cu). 

  3-Cu 4-Cu 5-Cu 
 Empirical formula C20H52CuF12N8O8P2Pt2 C26H64CuF12N8O10P2Pt2Rh C36H80CuF12N8O14P2Pt2Rh2 
 Formula weight 1276.35 1495.42 1798.56 
 Crystal system Orthorhombic Monoclinic Monoclinic 
 Space group Pnnm P21/n Cc 
 a (Å) 17.7767(3) 13.4114(2) 23.3157(4) 
 b (Å) 18.3469(3) 17.2449(3) 12.52690(10) 
 c (Å) 13.9816(3) 21.4020(3) 23.1871(4) 
  (°) 90 90 90 
  (°) 90 93.8630(10) 114.417(2) 
  (°) 90 90 90 
 V (Å3) 4560.06 4938.57(13) 6166.62(18) 
 Z 4 4 4 
 Temperature (K) 293 123 123 
 Dc (Mgm–3) 1.859 2.011 1.937 
 absorption coefficient (mm–1) 6.745 6.563 5.531 
 F(000) 2460 2896 3508 
 crystal size (mm3) 0.35 × 0.35 × 0.35 0.17 × 0.60 × 0.65 0.11 × 0.18 × 0.24 
 measured reflections 72318 53751 34548 
 Independent reflections 5445 [Rint = 0.0453] 11348 [Rint = 0.0208] 12912 [Rint = 0.0237] 
 Goodness-of fit on F2 1.156 1.430 1.002 
 R [I > 2 (I)] R1 = 0.0386, wR2 = 0.1335 R1 = 0.0400, wR2 = 0.1578 R1 = 0.0348, wR2 = 0.1148 
 R (all data) R1 = 0.0455, wR2 = 0.1420 R1 = 0.0436, wR2 = 0.1612 R1 = 0.0364, wR2 = 0.1165 
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Synthesis and Crystal Structures of 3-Cu. 

 The amidate-hanging Pt mononuclear complex, trans-[Pt(piam)2(NH3)2], is a useful 

precursor for heterometal multinuclear complexes, where non-coordinated oxygen atoms are 

easily bound to second metals (M) in solution. Simply mixing trans-[Pt(piam)2(NH3)2], 

CuCl2·H2O and NaPF6 in solvent afforded single-crystals of trans-

[Pt2Cu(piam)4(NH3)4](PF6)2·4H2O (3-Cu). The crystal structure of 3-Cu is presented in Figure 

1. The Cu atoms are sandwiched between two Pt atoms, where four piam ligands are bridged in 

a trans fashion, resulting in a linear Pt–Cu–Pt alignment (Figure 1a). There were two 

crystallographically independent Pt atoms. The Pt–Cu distances are Pt(1)–Cu(1) = 2.6620(9) Å 

and Cu(1)–Pt(2) = 2.6537(8) Å, which is similar to the values (2.63–2.67 Å)26-28 in other trans 

bridged u Pt complexes. The dihedral angles between the Pt and Cu coordination planes 

are 0.19° and 0.23°, showing that they are approximately parallel. Each trinuclear complex in 

3-Cu is dimerized to Pt(1)–Cu(1)– –Cu –

of 3.5567 Å. Considering the chemical formula 3-Cu, the sum of the metal oxidation states of 

Pt–Cu–Pt is +6, the formal oxidation states are Pt(+2)–Cu(+2)–Pt(+2), because Pt(+3) 

complexes favor an axial coordination with anions, which the metal oxidation state for each 

metal is unchanged from the original compounds during the reaction. 

 

 

Crystal Structures of 4-Cu and 5-Cu. 

The crystal structure of [{Rh2(O2CCH3)4}{Pt2Cu(piam)4(NH3)4}2]n(PF6)4n·4nMeOH 

(4-Cu) is shown in Figure 2. As the most remarkable structural feature of 4-Cu, paddlewheel 

Figure 1. Molecular structure of (a) trans-[Pt2Cu(piam)4(NH3)4](PF6)2 (3-Cu). (b) View 
along the metal–metal bonds. The hydrogen atoms and water molecular are omitted for 
clarity. 
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dinuclear complexes of [Rh2(O2CCH3)4] are linked by trans-[Pt2Cu(piam)4(NH3)4] units at both 

ends with metal–metal bonds to give an octanuclear complex which is aligned one-

dimensionally as Pt(1)–Cu(1)–Pt(2)–Rh(1)–Rh –Pt –Cu –Pt , where the 

crystallographic inversion center is positioned at the center of the Rh2 complex. In addition, a 

significant feature of 4-Cu is that each octanuclear complex is extended to be infinite one-

dimensional chains ···Pt(1)–Cu(1)–Pt(2)–Rh(1)–Rh –Pt –Cu –Pt Pt –Cu –

Pt –Rh –Rh –Pt –Cu –Pt the end of Pt···Pt at a distance of 

3.5467(5) Å, where PF6
– anions are bridged with hydrogen bonds to NH3 and nitrogen atoms 

of piam, which supports Pt···Pt close contact (Figure 2a and 2c). The Pt atoms are linked to Rh 

complex with a distance of Pt(2)–Rh(1) = 2.7619(4) Å, where quadruple hydrogen bonds 

between NH3 and nitrogen atoms of piam coordinated Pt atoms and carbonyl O atoms in Rh 

complex with distances of 2.83–3.10 Å, which supports these unbridged metal–metal bonds. 

The Pt–Cu distances are Pt(1)–Cu(1) = 2.6189(6) Å and Cu(1)–Pt(2) = 2.6720(6) Å, in which 

the side of the Pt–Cu–Pt trinuclear complex linked at the end by Pt···Pt was the short distance. 

Although the dihedral angles between the PtN4 and CuO4 coordination plane are 0.12° and 1.43° 

showing that they are approximately parallel due to the trans fashion in the 

[Pt2Cu(piam)4(NH3)4] unit, whereas the dihedral angles between unbridged the PtN4 and RhO4 

coordination plane is a relatively large value of 7.2°. The torsion angles of about 25° between 

the [Rh2] and [Pt–Cu–Pt] complexes induces the bending angles of Rh–Pt–Cu (Figure 2b). Each 

chain in 4-Cu was crossed to one another in the crystal (Figure 2d). Considering the chemical 

formula 4-Cu, the sum of the metal oxidation states of Pt–Cu–Pt–Rh–Rh–Pt–Cu–Pt is +16, the 

formal oxidation states are Pt(+2)–Cu(+2)–Pt(+2)–Rh(+2)–Rh(+2)–Pt(+2)–Cu(+2)–Pt(+2), 

which is unchanged from the original compounds during the reaction. 
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The crystal structure of [{Rh2(O2CCH3)4}{Pt2Cu(piam)4(NH3)4}]n(PF6)2n·2nTHF (5-

Cu) is shown in Figure 3. As the most remarkable structural feature of 5-Cu, paddlewheel 

dinuclear complexes of [Rh2(O2CCH3)4] are linked by trans-[Pt2Cu(piam)4(NH3)4] units at both 

ends with metal–metal bonds to give a one-dimensional chain complex aligned as –Rh–Rh–Pt–

Cu–Pt– (Figure 3a). The Pt atoms are linked to the Rh complex with a distance of Rh(2)–Pt(1) 

= 2.7971(8) Å and Pt(2)–Rh(1) = 2.7927(8) Å, where quadruple hydrogen bonds between NH3 

and nitrogen atoms of piam coordinated with Pt atoms and carbonyl O atoms in Rh complex 

with distances of 2.87 2.96 Å, which supports these unbridged metal–metal bonds. The Pt–Cu 

distances are Pt(1)–Cu(1) = 2.6460(14) Å and Cu(1)–Pt(2) = 2.6445(14) Å, which are similar 

to that in 3-Cu. The dihedral angles between the PtN4 and CuO4 coordination plane are 0.30° 

and 0.74° showing that they are approximately parallel due to the trans fashion in the 

[Pt2Cu(piam)4(NH3)4] unit. In addition, the dihedral angles between unbridged the PtN4 and 

RhO4 coordination plane are 0.67° and 0.86°, indicating that the [Rh2] units and [Pt–Cu–Pt] 

units are arranged in a face-to-face fashion. The torsion angle of about 3° between the [Rh2] 

Figure 2. Molecular structure of (a) 
[{Rh2(O2CCH3)4}{Pt2Cu(piam)4(NH3)4}2]n(PF6)4n·4nMeOH (4-Cu). (b) View along the 
metal–metal bonds. (c) Hydrogen bonds between the chain and PF6

– ions shown as dotted 
lines. (d) Packing view of octanuclear complexes. The thick and thin lines show the upper 
and lower chains, respectively. The hydrogen atoms, PF6

– ions and MeOH molecular are 
omitted for clarity. 
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and [Pt–Cu–Pt] complexes showed straight backbone chains (Figure 3b). The PF6
– anions are 

hydrogen bonds to NH3 ligand on Pt atoms with a distance of about 3.0 Å (Figure 2c). Each 

chain in 5-Cu was crossed to one another in the crystal (Figure 3d). Considering the chemical 

formula 5-Cu, the sum of the metal oxidation states of Rh–Rh–Pt–Cu–Pt is +10, the formal 

oxidation states are –Rh(+2)–Rh(+2)–Pt(+2)–Cu(+2)–Pt(+2), which is unchanged from the 

original compounds during the reaction. 

 

 

Oxidation and Spin States of 4-Cu and 5-Cu. 

 XPS measurements were performed to determine the metal oxidation states (Figure 4). 

The Pt 4f7/2 binding energies for 3-Cu, 4-Cu, and 5-Cu are 73.2 eV, 72.9 eV, and 73.2 eV, which 

are closer to the previous compounds of [Pt2
II,II(en)2( -pyridonato)2](NO3)2 (73.1 eV; en = 

ethylenediamine) than [Pt2
III,III(NH3)4( -pyrrolidonato)2(NO3)2](NO3)2 (74.6 eV).29 

Considering the value of 72.6 eV for trans-[Pt(piam)2(NH3)2], which is the original compound, 

the higher energy shift might be caused by charge fluctuation in the Pt atoms. The Rh 3d5/2 

binding energies for 4-Cu and 5-Cu are 308.8 eV, which are close to the value for original 

compound [Rh2
II,II(O2CCH3)4] (308.9 eV). The Cu 2p3/2 binding energies for 3-Cu, 4-Cu, and 

Figure 3. Molecular structure of (a) 
[{Rh2(O2CCH3)4}{Pt2Cu(piam)4(NH3)4}]n(PF6)2n·2nTHF (5-Cu). (b) View along the 
metal–metal bonds. (c) Hydrogen bonds between the chain and PF6

– ions shown as dotted 
lines. (d) Packing view of one-dimensional chain complexes. The thick and thin lines show 
the upper and lower chains, respectively. The hydrogen atoms, PF6

– ions and THF molecular 
are omitted for clarity. 
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5-Cu are 932.7 eV, 932.4 eV, and 932.6 eV. Considering the crystal structure, oxidation state 

and the resulted of Pt binding energies and Rh binding energies for 3-Cu, 4-Cu, and 5-Cu, it is 

suggested that the formal oxidation states are Pt(+2), Rh(+2), and Cu(+2), which are unchanged 

from the original compounds. However, the charge of the Cu atoms might fluctuate because the 

observed Cu 2p3/2 binding energies are closer to that for CuICl (932.2 eV) than CuIICl2 (933.8 

eV).30 

 

 

 As shown in Figure 5, the EPR spectra for powdered 3-Cu, 4-Cu, and 5-Cu at 77 K 

show an axial-type signal with 3-Cu: g// = 2.27, g  = 2.04, an overlapping profile of two axial-

type signals with 4-Cu: g1 = 2.34, g2 = 2.07, and g3 = 2.06 and with 4-Cu: g1 = 2.35, g2 = 2.05, 

and g3 = 2.04 without hyperfine splitting, respectively. In 3-Cu, the observed profile at g// > g  

is characteristic of the Cu dx2–y2 spin.26,31-36 In 4-Cu and 5-Cu, the both of g1 absorption are

Figure 4. Pt 4f5/2 and 4f7/2, Rh 3d3/2 and 3d5/2, and Cu 2p1/2 and 2p3/2 core levels of XPS for 
(a) trans-[Pt(piam)2(NH3)2], (b) 3-Cu, (c) 4-Cu, (d) 5-Cu, (e) [Rh2(O2CCH3)4], (f) 4-Cu, 
(g) 5-Cu, (h) 3-Cu, (i) 4-Cu, and (j) 5-Cu. 
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probably derived from the unpaired electron lies on the Cu atom, which observed at g1 > g2 (or 

g3) is characterized of the Cu dx2–y2 spin. A relatively sharper absorption at g1 of 4-Cu and 5-

Cu than g// of 3-Cu was observed, which is probably attributed to an exchange narrowing due 

to strong interactions between Cu centers caused by direct metal-metal bond or the shorter 

Pt···Pt distance. 

 

 

Magnetic Behaviors of [PtCu(piam)2(NH3)2Cl2]·H2O. 

 The temperature-dependent magnetic susceptibilities of powdered samples of 3-Cu, 4-

Cu, and 5-Cu measured from 2 to 300 K are shown in Figures 6–8. The T values in 3-Cu 

plateau over the temperature range investigated and show 0.39 cm3 K mol 1 at 300 K, which is 

close to the theoretical values for one Cu(+2) ion (S = 1/2, 0.37 cm3 K mol 1). The data for 3-

Cu 6a) with Weiss constant of  = 0.02 K. The magnetic 

data of 3-Cu coupled through an isotropic exchange interaction J (the Hamiltonian is written 

as: H = –2JS1·S2) gave the exchange parameter J = 0.0 cm 1 (3-Cu). The T values in 4-Cu and 

5-Cu are 0.43 and 0.40 cm3 K mol 1 at 300 K, which are close to the theoretical values for one 

Cu(+2) ion (S = 1/2, 0.37 cm3 K mol 1). The T values in 4-Cu plateau until 5 K and decreased 

Figure 5. Continuous wave EPR spectra for powder samples of (a) 3-Cu, (b) 4-Cu, and (c) 
5-Cu at 77 K. Experimental settings: microwave frequency, (a) 9.0617, (b) 9.0650, and (c) 
9.0637 GHz; microwave power, 6 mW; and field modulation, 0.2 mT. 
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to 0.38 cm3 K mol 1 at 2 K, whereas in 5-Cu the T values showed a plateau over the 

temperature range investigated, reaching 0.39 cm3 K mol 1 at 2 K. The data for 4-Cu and 5-Cu 

7a–8a), with Weiss constants of  = 3.00 and 0.01 K, where 

the positive  values indicate a ferromagnetic coupling between the Cu(+2) ions.  

 

 

In order to estimate the strength of the magnetic exchange interaction in 4-Cu and 5-

Cu, the Heisenberg model for a 1-D chain37,38 was applied to fit the data. The best fitting gives 

4-Cu: 0.28 cm 1 and 2.13 and 5-Cu: 0.01 cm 1 and 2.06 for J and g, respectively. Considering 

the crystal structures, the –Pt–Rh–Rh–Pt– direct metal–metal bonds are expected to be stronger 

than the –Pt···Pt– interaction. However, the antiferromagnetic interaction found in 4-Cu was 

probably present between the Cu atoms centers in the intra chain through –Pt···Pt– because the 

intra chain via –Pt···Pt– between Cu---Cu distance of 8.740(1) Å is shorter than the inter chain 

via –Pt–Rh–Rh–Pt– metal–metal bonds between Cu---Cu distance of 13.182(1) Å. In contrast, 

the weak ferromagnetic interactions found in 5-Cu was probably present between the Cu atoms 

in the intra chain through –Pt–Rh–Rh–Pt– metal–metal bonds. The ferromagnetic interaction in 

5-Cu is probably attributed to the dz2-ground state on some Cu atoms in the chain due to raising 

the energy level of dz2 orbital by one-dimensional chain. The very weak contribution of 

ferromagnetism to the J value is probably due to the long distance between the Cu ions (13.2 

Å). 

  

Figure 6. Temperature dependence of (a) –1(circle), and (b)  (circle) and T (square) for 
3-Cu. The red solid line represents the result of least square fitting. The black solid line 
represents the theoretical fitting. 
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Conclusion 

 In this study, paramagnetic one-dimensional chain complexes with direct metal–metal 

bond by three metal species, Rh, Pt, and Cu were successfully synthesized and characterized. 

The paddlewheel dinuclear complexes of [Rh2(O2CCH3)4] are linked by trans-

[Pt2Cu(piam)4(NH3)4] units at both ends with Rh–Pt metal–metal bonds to give octanuclear and 

one-dimensional chain complex. The XPS and EPR results showed that the oxidation states of 

each complex are Rh(+2), Pt(+2), and Cu(+2), where unpaired electrons lie on the Cu dx2–y2 

orbitals. The significant antiferromagnetic interactions in octanuclear chains complex were 

observed with a length of 8.7 Å, which are attributed to an electronic coupling through 

Figure 7. Temperature dependence of (a) –1(circle), and (b)  (circle) and T (square) for 
4-Cu. The red solid line represents the result of least square fitting. The black solid line 
represents the theoretical fitting. 

Figure 8. Temperature dependence of (a) –1(circle), and (b)  (circle) and T (square) for 
4-Cu. The red solid line represents the result of least square fitting. The black solid line 
represents the theoretical fitting. 
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unbridged –Pt···Pt– bonds. In contrast, the significant ferromagnetic interactions in one-

dimensional chain complex were observed with a length of 13.2 Å through –Pt–Rh–Rh–Pt– 

direct metal–metal bonds. It is anticipated that such an approach will be applicable to the 

construction of various novel paramagnetic one-dimensional chains with magnetic interactions 

by changing the transition metal in the trinuclear complex of trans-[Pt2M(piam)4(NH3)4].  
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Experimental Section 

 

Materials. Rhodium(III) chloride trihydrate and potassium tetrachloroplatinate(II) were 

obtained from Tanaka Kikinzoku Co. CuCl2·2H2O were obtained from Nacalai Tesque Co. 

NaPF6 was obtained from the Tokyo Chemical Industry Co. trans-[Pt(piam)2(NH3)2] and 

[Rh2(O2CCH3)4] were synthesized according to a previously reported procedure.28,39 

 

Synthesis of trans-[Pt2Cu(piam)4(NH3)4](PF6)4·4H2O (3-Cu) 

 The suspension of trans-[Pt(piam)2(NH3)2] (860 mg, 2.0 mmol) in a mixed solution of 

water and MeOH (180 mL, v/v = 2:1) was mixed with CuCl2·2H2O (340 mg, 2.0 mmol), and 

stirred for 1 h at room temperature. After removing the unreacted trans-[Pt(piam)2(NH3)2] by 

filtration, NaPF6 (678 mg, 4.0 mmol) was added into the solution and stirred for 5 h at room 

temperature. The solution was filtered to obtain the orange powdered product of trans-

[Pt2Cu(piam)4(NH3)4](PF6)2 (1.1 g). Yield: 90%. Elemental analysis calculated for 

C20H52CuF12N8O4F2Pt2: C, 19.81; H, 4.32; N, 9.24%. Found: C, 19.74; H, 4.55; N, 8.80%. 

 

Synthesis of [{Rh2(O2CCH3)4}{Pt2Cu(piam)4(NH3)4}2]n(PF6)4n·4nMeOH (4-Cu) 

 [Rh2(O2CCH3)4] (30 mg, 68 μmol) was added to MeOH solution (45 mL) of 3-Cu (164 

mg, 135 μmol) and stirred at 50 ºC for 30 minutes. After removing the unreacted compounds 

by filtration, the resulting solution was slowly evaporated in a glass tube (10 mm internal 

diameter) at room temperature to obtain red crystals after 1 month. For the elemental analysis, 

the samples were dried (59 mg). Yield: 28%. Elemental analysis calculated for 

C48H116Cu2F24N16O16P4Pt4Rh2: C, 20.11; H, 4.08; N, 7.82%. Found: C, 19.98; H, 3.87; N, 

7.68%. 

 

Synthesis of [{Rh2(O2CCH3)4}{Pt2Cu(piam)4(NH3)4}]n(PF6)2n·2nTHF (5-Cu) 

 [Rh2(O2CCH3)4] (40 mg, 90 μmol) was added to THF solution (30 mL) of 3-Cu (110 

mg, 90 μmol) with NaPF6 (30 mg, 180 μmol) and stirred at 50 ºC for 30 minutes. After removing 

the unreacted compounds by filtration, the resulting solution was slowly evaporated in a glass 

tube (10 mm internal diameter) at room temperature to obtain dark brown crystals after 2 weeks. 

For the elemental analysis, the samples were dried (24 mg). Yield: 15%. Elemental analysis 

calculated for C28H64CuF12N8O12P2Pt2Rh2: C, 20.33; H, 3.90; N, 6.77%. Found: C, 20.12; H, 
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3.75; N, 6.64%. 

 

Physical Measurements. X-ray photoelectron spectroscopy (XPS) measurements were 

performed using a Quantera-SXM spectrometer at room temperature. The binding energies 

were measured relative to the C 1s peak (284.8 eV) of the internal hydrocarbons. Electron 

paramagnetic resonance (EPR) spectra were recorded using a JEOL TE-200 spectrometer. 

Magnetic data were obtained in the 2–300 K range using a Quantum Design MPMS-7 

superconducting SQUID susceptometer working at a 1.0 T field strength. Data were corrected 

for the sample holder, and the diamagnetism of the content was estimated from the Pascal 

constants. 

 

X-ray Structure Determination. The measurements of single-crystal X-ray analysis were 

performed on a Rigaku Mercury CCD diffractometer equipped with a normal focus Mo-target 

X-ray tube (  = 0.71073 Å) operated for X at 2 kW power (50 kW, 40 mA) and for 4-Cu and 

5-Cu at 5 kW power (50 kV, 100 mA). The system was equipped with a CCD two-dimensional 

detector, 1536 frames were collected for exposure time of 15 s/frame (3-Cu), 744 frames were 

collected for exposure times of 3 s/frame (4-Cu) and 4 s/frame (5-Cu). The system was operated 

with the CrysAlisPRO software package.40 Empirical absorption correction using spherical 

harmonics was implemented in the SCALE3 ABSPACK scaling algorithm.41 The structure was 

solved by applying the direct method42 with subsequent difference Fourier synthesis and 

refinement using SHELX-201743 controlled by a Yadokari-XG software package.44 Non-

hydrogen atoms were refined anisotropically and all the hydrogen atoms were treated as riding 

atoms. In 3-Cu, the oxygen atoms of the water molecules were refined without hydrogen atoms. 

 

 

Analyses of magnetic susceptibility measurements.  

The data for 3-Cu, 4-Cu, and 5-Cu were fitted to the Curie–Weiss law  = C/(T ). 

The resulting least-squares fit between 30 K and 300 K yielded 3-Cu: C = 0.39 cm3 K mol 1,  

0.02 K, 4-Cu: C = 0.43 cm3 K mol 1,  = 3.00 K, and 5-Cu: C = 0.40 cm3 K mol 1,  = 0.01 

K. C = N 2g2S(S + 1)/3k, where N is Avogadro constant,  is the Bohr magneton, g is the Lande 

value, k is Boltzmann constant,  is the Weiss constant, as the combination of constants 3k/N 2 

is 7.991, gives 3-Cu:g = 2.03, 4-Cu: g = 2.13, and 5-Cu: g = 2.05. 
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The susceptibility data of 3-Cu was fitted to the expression for the molar susceptibility derived 

from H = –2JS1·S2. 

=   
1

3 +
+ TIP 

=  exp  

where J represents the exchange interactions between two adjacent Cu(+2) centers. According 

to the above equation, the resulting least-squares fit of the data of 3-Cu between 2 K and 300 

K yielded g = 2.04 and J = 0.0 cm 1. 

 The susceptibility data of 4-Cu was fitted to the expression for the molar susceptibility 

derived from the Heisenberg model for a 1-D chain. 

=   
0.25 + 0.14995 + 0.30094

1 + 1.9862 + 0.68854 + 6.0626
+  

=  | |/  

where J represents the antiferromagnetic coupling parameter and Cimp represents a possible 

Curie spin impurity. According to the above equation, the resulting least-squares fit of the data 

of 4-Cu between 2 K and 300 K yielded g = 2.13, J = 0.28 cm 1, and Cimp = 1.0 × 10 4 cm3 

mol 1.  

 

The susceptibility data of 5-Cu was fitted to the expression for the molar susceptibility 

derived from the Heisenberg model for a 1-D chain. 

=  
4

 
1 + + + + +

1 + + + +
 

=  | |/2  

=  5.7979916, = 16.902653, = 29.376885, = 29.832959, = 14.036918,  

= 2.7979916, = 7.0086780, = 8.6538644, = 4.5743114 

where J represents the ferromagnetic coupling parameter. According to the above equation, the 

resulting least-squares fit of the data of 5-Cu between 2 K and 300 K yielded g = 2.06 and J = 

0.01 cm 1. 
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Chapter 5 

 

Structure and Magnetic Behavior of a Two-Dimensional Honeycomb Sheet 
Containing Trans-Bridged Platinum and Iron Trinuclear Complex 

 Linked using Rhodium Acetate with Chloride Coordination  

 

 

 

Abstract 

The paramagnetic trinuclear complex trans-[Pt2Fe(piam)4(NH3)4](ClO4)3·H2O (t-Fe) has a 

half-filled -type orbital over Pt–Fe–Pt, making it an excellent option for magnetic assemblies. 

It was successfully used in synthesizing [{Rh2(O2CCH3)4Cl2}{Pt2Fe(piam)4(NH3)4}2]n(ClO4)4n 

(6) from t-Fe and [Rh2(O2CCH3)4Cl2], where each trinuclear complex was bridged by Cl  ions 

aligned as –Pt–Fe–Pt–Cl–Pt–Fe–Pt– with Fe···Fe distance of 10.1 Å. The zigzag chains were 

further linked by –Rh–Rh– to form a two-dimensional honeycomb sheet. The X-ray 

photoelectron spectroscopy, electron paramagnetic resonance, and magnetic susceptibilities 

measurements revealed that the formal metal oxidation states in 6 were Pt(+2), Fe(+3), and 

Rh(+2), where five unpaired electrons were located on the Fe(+3) atoms. A significant decrease 

in T below 40 K was observed, where the theoretical fitting affords the axial zero-field splitting 

parameter D = 5.23 cm 1 and zJ = 1. 
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Introduction 

 Until now, networked complexes containing paramagnetic species, such as first 

transition metals, have been rationally aligned with designed bridging ligands toward 

significant magnetic interaction through s or p orbitals in organic ligands.1-13 Nevertheless, to 

explore magnetic properties, we attemped to synthesize heterometallic one-dimensional chains 

in which paramagnetic metal species are connected by direct metal–metal bonds with a second 

metal species instead of an organic ligand.14-20 The synthetic method for the paramagnetic 

heterometallic one-dimensional chains uses the HOMO–LUMO interaction at the dz2 orbital 

between two kinds of complex, where mixing cis-[Pt2M(piam)4(NH3)4]X2 (piam = 

pivalamidate, M = metal, X = anion) and [Rh2(O2CCH3)4] that have filled and vacant 

respectively, afforded –Pt–M–Pt–Rh–Rh– alignments, showing antiferromagnetic interactions 

through –Pt–Rh–Rh–Pt– bonds.15,18-20 Furthermore, trans-[Pt2M(piam)4(NH3)4]x+ (x = 2 or 3)21 

has recently been synthesized and characterized that exhibits different electronic structures 

attributed to metal stacking motif with face-to-face fashion, despite having a similar formula as 

cis-[Pt2M(piam)4(NH3)4]x+ (Scheme 1). Due to this face-to-face fashion, trans-

[Pt2M(piam)4(NH3)4]2+ is dimerized with the HOMO–LUMO interaction to form hexanuclear 

Pt–M–Pt···Pt–M–Pt, showing significant antiferromagnetic interaction between two 

paramagnetic M through –Pt···Pt–.21 

 

 

 Considering that trans-[Pt2M(piam)4(NH3)4]x+ acts as both electron donors and 

acceptors due to the half-filled -type orbitals, three types of components, namely, trans-

[Pt2Fe(piam)4(NH3)4]3+, [Rh2(O2CCH3)4], and Cl , were mixed in this study. Various aggregates 

Scheme 1. Structures and schematic dz2 orbitals for cis- or trans-bridged trinuclear 
complexes aligned as Pt–M–Pt. 
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are possible, such as heterometallic one-dimensional chains aligned as –Pt–M–Pt–Rh–Rh–, or 

one-dimensional or two-dimensional aggregates aligned as –Pt–M–Pt–Cl–Rh–Rh–, with the 

linkages by Cl  ions inducing mixed-valence states in Fe(+2/+3), Pt(+2/+3/+4), and 

Rh(+1/+2/+3) ions. Here, we isolated a paramagnetic two-dimensional honeycomb sheet, 

[{Rh2(O2CCH3)4Cl2}{Pt2Fe(piam)4(NH3)4}2]n(ClO4)4n (6), from the above three components, 

showing the oxidation and spin states, alongside magnetic behaviors. 

 

 

Results and Discussion 

Synthetic Procedure of [{Rh2(O2CCH3)4Cl2}{Pt2Fe(piam)4(NH3)4}2]n(ClO4)4n (6) 

 As reported previously,21 trans-[Pt2M(piam)4(NH3)4](ClO4)2 (M = Mn, Co, Ni, Cu,) 

can be dimerized in both solid and solution states to form hexanuclear Pt–M–Pt···Pt–M–Pt. 

However, trans-[Pt2Fe(piam)4(NH3)4](ClO4)3·H2O (t-Fe) cannot be dimerized because 

trinculear complexes have a +3 charge, causing more surrounding ClO4  ions as well as 

coulomb repulsions to prevent dimerization. Although it is possible to obtain 

[Pt2Fe(piam)4(NH3)4]2+ with the oxidation state of Pt(+2)–Fe(+2)–Pt(+2) by reducing 

compound t-Fe,21 the obtained red powder synthesized from trans-[Pt(piam)2(NH3)2] and 

Fe(ClO4)2 was trans-[Pt2Fe(piam)4(NH3)4](ClO4)3·H2O with the oxidation state of Pt(+2)–

Fe(+3)–Pt(+2). As mentioned in the experimental section, simply mixing t-Fe, [Rh2(O2CCH3)4], 

and Bu4NCl in MeOH afforded black single crystals for 

[{Rh2(O2CCH3)4Cl2}{Pt2Fe(piam)4(NH3)4}2]n(ClO4)4n (1). According to single-crystal X-ray 

analysis, one of the crystal independent ClO4  ions was highly disordered; thus, after 

PLATON/SQUEEZE without this ion, analysis for 

[{Rh2(O2CCH3)4Cl2}{Pt2Fe(piam)4(NH3)4}2]n(ClO4)2n was performed. Table 1 shows the 

crystal data and structure refinement. 

  



130 
 

Table 1. Crystallographic data and structure refinements for 
[{Rh2(O2CCH3)4Cl2}{Pt2Fe(piam)4(NH3)4}2]n(ClO4)4n (6). 

  6 
 Empirical formula C48H116Cl4Fe2N16O24Pt4Rh2 
 Formula weight 2541.24 
 Crystal system Monoclinic 
 Space group C2/c 
 a (Å) 27.3708(8) 
 b (Å) 20.0833(4) 
 c (Å) 22.7806(7) 
  (°) 90 
  (°) 126.289(2) 
  (°) 90 
 V (Å3) 10093.6(5) 
 Z 4 
 Temperature (K) 123 
 Dc (Mgm-3) 1.672 
 Absorption coefficient (mm-1) 6.285 
 F(000) 4920 
 Crystal size (mm3) 0.20 × 0.20 × 0.05 
 Measured reflections 11550 
 Independent reflections 11550 [Rint = 0.0403] 
 Data/restraints/parameters 8860/12/469 
 Goodness-of fit on F2 1.060 
 R [I > 2 (I)] 0.0408 
 R (all data) 0.0591 

 

 
 
Crystal Structure of [{Rh2(O2CCH3)4Cl2}{Pt2Fe(piam)4(NH3)4}2]n(ClO4)4n (6) 

 Figure 1 shows the crystal structure of 6. The crystal structure of 6 contains 

[Rh2(O2CCH3)4] and [Pt2Fe(piam)4(NH3)4] in the ratio of 1:2, where Cl  ions were axially 

trans-[Pt2Fe(piam)4(NH3)4] 

were bridged by these Cl  ions with distances of Pt(1)– –Pt(2 ) 

e bending angle of Pt(1)–Cl(1)–Pt(2 ) = 

128.04(6)°. These zigzag chains were further linked by [Rh2(O2CCH3)4Cl2] to form a two-

dimensional honeycomb sheet. The metal–metal distances in 6 were Pt(1)–Fe(1) = 2.5704(8) 

– –Rh(1 ) = 2.4036(8) 

compounds, trans-[Pt2Fe(piam)4(NH3)4
21 and [Rh2(O2CCH3)4] 
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22. Honeycomb sheets were stacked in a slightly slipped fashion, forming the 

channel along the c axis fulfilled with ClO4  ions (Figure 1b). 

 

 

The channel contained two types of crystallographically independent ClO4  ion, one 

of which was assigned (Figure S1) following the static position with hydrogen bonding to NH3 

in trans-[Pt2Fe(piam)4(NH3)4] and the other of which is difficult to position due to the high 

disorder. Accordingly, the PLATON/SQUEEZE for analysis was conducted to obtain the 

structure for [{Rh2(O2CCH3)4Cl2}{Pt2Fe(piam)4(NH3)4}2]n(ClO4)2n with excellent accuracy. 

Since the volume of the open channel for [{Rh2(O2CCH3)4Cl2}{Pt2Fe(piam)4(NH3)4}2]n 

 
Figure 1. (a) Crystal structure of [{Rh2(O2CCH3)4Cl2}{Pt2Fe(piam)4(NH3)4}2]n(ClO4)4n 
(6). (b)(c) Stacking fashion of two honeycomb sheets along the c axis. The thick and thin 
lines show the upper and lower sheets, respectively. The hydrogen atoms and ClO4  anions 
are omitted for clarity. 
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calculated by PLATON23 was 782 3, four ClO4  (346.2 3)24 ions can be accommodated. Thus, 

the true formula for the obtained single crystals is 

[{Rh2(O2CCH3)4Cl2}{Pt2Fe(piam)4(NH3)4}2]n(ClO4)4n (6), which was also confirmed with 

elemental analysis. 

 

 

Oxidation and Spin State for 6 

 Given the chemical formula for 6, the sum of Rh–Rh and two Pt–Fe–Pt was +18. For 

Fe ions, estimation using the bond valence sum method is possible25,26. Using the Fe–O and 

Fe–Pt distances in 6, the oxidation state z in Fe(1) was 2.21, whereas it was 2.27 in parent t-

Fe.21 

 XPS measurements were performed to determine the metal oxidation states in 6 

(Figure 2). The Pt 4f7/2 binding energy for parent t-Fe and 6 were 74.2 and 73.5 eV, respectively, 

with the former being closer to [Pt2
III,III(NH3)4( -pyrrolidonato)2(NO3)2](NO3)2 (74.6 eV),27 and 

the latter being closer to [Pt2
II,II(en)2( -pyridonato)2](NO3)2 (73.1 eV; en = ethylenediamine)27. 

The Fe 2p1/2 and 2p3/2 binding energies were 725.2 and 711.6 eV for t-Fe, and 724.9 and 711.2 

eV for 6, respectively, which were characteristic values for Fe(+3) as found in FeIIICl3 (2p3/2: 

711.3 eV)28. Considering the crystal structure, the oxidation state of t-Fe was 
21 where the higher energy shift of the Pt binding energies of t-Fe might 

be caused by electronic donating in the Pt atoms to Fe atoms originating from the close 

 formal oxidation state 

of the trinuclear part in 6 the sum of oxidation states for 

Rh–Rh to be +4. Rh 3d3/2 and 3d5/2 binding energies for [Rh2
II,II(O2CCH3)4] and 6 resembled, 

resulting in the formal oxidation state of Rh(+2)–Rh(+2) in 6 (Figures 2a and 2b). 
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 The results of the crystal structures and XPS measurements indicated that the iron 

atoms in 6 were Fe(+3). EPR measurements can be used to determine the oxidation state of 

Fe(+3), which can have a three-electron configuration: high-spin (S = 5/2), intermediate-spin 

(S = 3/2), and low-spin (S = 1/2).29 Figure 3 shows the EPR spectra for powdered t-Fe and 6 at 

77 K. The spectrum for t-Fe showed axial-type signals with g  = 5.51 and g// = 1.96, where an 

apparent g peak around 6 was due to high-spin (S = 5/2) with zero-field splitting (ZFS).30-32 For 

the systems with large axial crystal fields, D > 0.25 cm 1 and  = 0, where D and E are axial 

and rhombic ZFS parameters, respectively, where  = E/D, an intense feature at g = 6 and a 

small feature at g = 2 were observed.30-32 As reported previously,21 the EPR simulation with 

several D and  values was performed, yielding D = 5.23 cm 1 and  = 0 (Figure 3a). Powder 6 

Figure 2. Rh 3d3/2 and 3d5/2, Pt 4f5/2 and 4f7/2, Fe 2p1/2 and 2p3/2 core levels of XPS for (a) 
[Rh2(O2CCH3)4], (b) 6, (c) trans-[Pt2Fe(piam)4(NH3)4](ClO4)3, (d) 6, (e) trans-
[Pt2Fe(piam)4(NH3)4](ClO4)3, and (f) 6. 
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also exhibited a larger apparent g value of 5.13, indicating a high-spin Fe(+3) environment 

distortion in the crystal structure of 6 (Figure 3b). Compared with the spectrum for t-Fe, that 

for 6 was broader because of the magnetic interaction with neighboring high-spin Fe(+3). 

6, where each metal was 

bound with the overlapping of -type orbitals (see Scheme 2). 

  

Figure 3. Continuous wave EPR spectra for powder samples of (a) t-Fe and (b) 6 at 77 K. 
Experimental settings: microwave 
6 mW; field modulation, 0.2 mT. Dotted lines are simulation calculated using EasySpin 
software. 

Scheme 2. Schematic view for the overlapping of -type orbitals in 6. 
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Absorption Spectrum of 1 

 Figure 4 shows diffuse reflectance spectra for 6 and parent compounds, t-Fe and 

[Rh2(O2CCH3)4]. In t-Fe, an intense absorption peak at 2.88 eV with a shoulder around 2.44 eV 

was observed because of the transition between filled and vacant -type orbitals and that for -

type orbitals, respectively.21 However, in [Rh2(O2CCH3)4], two absorption peaks at 2.06 and 

2.73 eV were observed owing to the transitions from Rh2) to Rh2) and from Rh2) to 

Rh O), respectively.33 Meanwhile, in 6, two absorption peaks at 3.59 and 2.54 eV were 

observed. Considering the assignments for t-Fe and [Rh2(O2CCH3)4], the transition between -

type conduction and valence bands necessitated intense and broad absorption peaks at 

nm to cover the visible region, resulting in the black color for compound 6. 

 

 

Magnetic Behavior of 6 

 Figure 5 shows the temperature-dependent magnetic susceptibility of the powdered 

samples of t-Fe and 6 under 0.1 T in the temperature range of 2–300 K. The T value for t-Fe 

Figure 4. Diffuse reflectance spectra of (a) t-Fe, (b) [Rh2(O2CCH3)4], and (c) 6 with MgO 
at room temperature. 
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at 300 K was 4.30 cm3 K mol 1, which agrees well with that expected for the spin-only moment 

of a single S = 5/2 (4.38 cm3 K mol 1) species. This value remained constant up to 15 K. Below 

15 K, T decreased sharply, reaching 2.81 cm3 K mol 1 at 2 K due to ZFS.34 For molar 

susceptibility with D, the experimental data were fitted using the following expression:34 

 

=
4

1 + 9 2 + 25 6

1 + 2 + 6  

=
8

18 + 16 11 2 5 6

1 + 2 + 6  

 

where k is the Boltzmann constant, T is the temperature, N is the Avogadro constant, g is the g-

factor, and  is the Bohr magneton. The average molar magnetic susceptibility of a powdered 

sample is given by 

 

=
+ 2

3
 +  TIP 

 

where TIP is the temperature independent of paramagnetism. In some cases, including the 

contribution of impurity present in a proportion P was necessary, which was assumed to follow 

the Curie law with S = 1/2 and a g factor noted as gmo (fixed as 2.00). The complete expression 

of the magnetic susceptibility used for the refinements is as follows: 

 

= (1 ) +
4

 

 

According to - t-Fe between 2 

and 300 K yielded g = 1.98, D = 5.23 cm 1, TIP = 1.58 × 10 5 cm3 mol 1, and P = 1.00 × 10 4 

(Figure 5a). The ZFS for the Fe(+3) ion is usually very small due to the electronic configuration 

(6A1) of the ion, and the ground state is well isolated from the high energy level.35 However, the 

estimated D value was relatively large, which paralleled the results of the EPR analysis (Figure 

3a). 



137 
 

 

 

 However, the value of T for 6 at 300 K was 4.35 cm3 K mol 1. Upon cooling, the 

value of T gradually decreased at 40 K, and decreasing to 2.24 cm3 K mol 1 at 2 K. The data 

followed the Curie–Weiss law (Figure S1), with a Curie constant of C = 4.38 cm3 K mol 1 and 

a Weiss constant of  K. The negative  value indicated antiferromagnetic coupling 

between the Fe(+3) ions. From the crystal structure of 6, the shortest pathway of interaction 

was along Fe–Pt–Cl–Pt–Fe in the 1D chain, where the shortest intrachain Fe Fe distance was 

10.1 Å. The shortest Fe Fe distance between the chains was 11.5 Å, and those between the 

sheets were 10.9 Å and 12.0 Å. Because each Fe atoms is surrounded by six neighboring Fe 

atoms with the distances of 10.1 Å, 10.1 Å, 11.5 Å, 11.5 Å, 10.9 Å, and 12.0 Å, it is difficult to 

apply the model with dipolar interaction. Hence, for 6, the molecular field approximation can 

be used with the following analytical expression to estimate the intermolecular interaction: 

 

=
1 2  

 

where zJ is the exchange energy (J multiplied by the number z of interacting neighbors) and ´ 

is the magnetic susceptibility of isolated 

D = 5.23 cm 1 obtained by the result for parent compound t-Fe. Similarly, the contribution of a 

Figure 5. Temperature dependence of T in (a) t-Fe and (b) 6 per Fe ion. The solid line 
represents the theoretical fitting to (a) the axial ZFS model and (b) the molecular field 
approximation with D and zJ. 
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paramagnetic impurity was included to yield the complete expression used for the refinements. 

 

= (1 )  +
4

 

 

- 6 between 2 and 

300 K yielded g = 1.98, zJ 1, TIP = 4.70 × 10 4 cm3 mol 1, and P = 1.02 × 10 4 

(Figure 5b). 

 

Conclusion 

 This study demonstrated the synthesis and characterization of paramagnetic 

honeycomb sheets made from two types of metal complex, trinculear t-Fe and dinuclear 

rhodium acetate, where five unpaired electrons were located on Fe(+3) atoms, showing 

antiferromagnetic interaction with zJ 1. Since the terminal Pt atoms of trans-

[Pt2Fe(piam)4(NH3)4] in 6 were coordinated by Cl  ions, the crystal structure found in this work 

also probed the electronic structure for t-Fe, a half-filled -type orbital over Pt–Fe–Pt. Hence, 

trans-[Pt2M(piam)4(NH3)4]x+ are good candidates for novel magnetic assemblies, and further 

synthetic studies are now in progress. 
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Experimental Section 

 

Materials. Tanaka Kikinzoku Co. supplied rhodium(III) chloride trihydrate and potassium 

tetrachloroplatinate(II). trans-[Pt2Fe(piam)4(NH3)4](ClO4)3·H2O (t-Fe) and [Rh2(O2CCH3)4] 

were synthesized following previous procedures.21,36 

 

Synthesis of [{Rh2(O2CCH3)4Cl2}{Pt2Fe(piam)4(NH3)4}2]n(ClO4)4n (6) 

 A MeOH solution (3 mL) of [Pt2Fe(piam)4(NH3)4](ClO4)3 (11 mg, 9.0 mol) was 

mixed with [Rh2(O2CCH3)4] (2.0 mg, 4.5 mol) and Bu4NCl (2.5 mg, 9.0 mol) and stirred for 

5 h at room temperature. The resulting solution was slowly evaporated in a glass tube (10 mm 

internal diameter) at room temperature to obtain black crystals (1.2 mg) after 1 month. Yield 

9.5%. Elemental analysis calcd for C48H124Cl6Fe2N16O36Pt4Rh2: C, 20.50; H, 4.44; N, 7.97%, 

found: C, 20.23; H, 4.56; N, 7.93%. 

 

Physical Measurements. X-ray photoelectron spectroscopy (XPS) measurements were 

conducted on a Quantera-SXM spectrometer at room temperature. Binding energies were 

measured relative to the C 1s peak (284.8 eV) of an internal hydrocarbon. The diffuse 

reflectance spectra were recorded on a JASCO V-770 spectrophotometer over the range of 200–

1500 nm at room temperature. The IR spectra were recorded on a JASCO FT/IR-4600AC over 

the range of 400–4000 cm 1 at room temperature. Electron paramagnetic resonance (EPR) 

spectra were measured on a JEOL TE-200 spectrometer. Magnetic data were obtained in the 2–

300 K range using a Quantum Design MPMS superconducting SQUID susceptometer working 

at a 0.1 T field strength. The data were corrected for the sample holder, and the content 

diamagnetism was estimated from the Pascal constants. 

 

Single-crystal X-ray analysis. The measurements of single-crystal X-ray analysis were 

-target 

X-ray tube (  

with a CCD two-dimensional detector, and 744 frames were collected for exposure times of 10 

s/frame. The system was operated with the CrysAlisPRO software package.37 Empirical 

absorption correction using spherical harmonics was implemented in the SCALE3 ABSPACK 

scaling algorithm.38 The structure of 6 was solved by direct methods39 
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difference Fourier synthesis and refinement using SHELX-201740, controlled by the Yadokari-

XG software package41. Nonhydrogen atoms were refined anisotropically, and all hydrogen 

atoms were treated as riding atoms. Because of the highly disordered ClO4 , after removing one 

of the ClO4  ions, PLATON and SQUEEZE23 were used to apply data to assign as 

[{Rh2(O2CCH3)4Cl2}{Pt2Fe(piam)4(NH3)4}2]n(ClO4)2n. 

 

Analyses of magnetic susceptibility measurements.  

The data for t-Fe and 6 were fitted to the Curie–Weiss law  = C/(T ). The resulting 

least- t-Fe: C = 4.30 cm3 K mol 1,  59 K, 6: 

C = 4.38 cm3 K mol 1,  = 1.86 K (Figure S). C = N 2g2S(S + 1)/3k, where N is Avogadro 

constant,  is the Bohr magneton, g is the Lande value, k is Boltzmann constant,  is the Weiss 

constant, as the combination of constants 3k/N 2 is 7.991, gives t-Fe: g = 1.98, 6: g = 2.00. 

 

 

 

Supporting Figure 

 

  

Figure S1. Temperature dependence of  and –1 for (a) trans-
[Pt2Fe(piam)4(NH3)4](ClO4)3·H2O (t-Fe) and (b) 
[{Rh2(O2CCH3)4Cl2}{Pt2Fe(piam)4(NH3)4}2]n(ClO4)4n (6). The red solid line represents the 
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General Conclusion 

 

 The author investigated the synthesis based on new construction strategy and 

characterization of the paramagnetic multinuclear assembles with heterometallic bonds and to 

elucidate the crystal structure, spin state, and magnetic properties of paramagnetic multinuclear 

assembles. In order to obtain paramagnetic multinuclear assembles, the author mainly tried to 

construct with trans bridged multinuclear units containing paramagnetic species. The author has been 

synthesized and characterized 11 paramagnetic multinuclear assembles with heterometallic bonds, 

and studied on the relationship between the crystal structure and magnetic properties. 

 

 

 Chapter 1, the author synthesized and characterized novel trinuclear Pt–M–Pt (M = Mn, Fe, 

Co, Ni, and Cu) complexes bridged in a trans fashion from the amidate-hanging Pt mononuclear 

complex, trans-[Pt(piam)2(NH3)2]. Each trinuclear complex is dimerized in both solvents and solid 

with Pt···Pt interactions aligned as hexanuclear Pt–M–Pt···Pt–M–Pt with high-spin M. Thereby, the 

spin density was modified, which allowed for mixed valencies. Although relatively longer distances 

of unbridged Pt···Pt (3.9 Å) were observed, significant antiferromagnetic interactions with lengths of 

approximately 9.0 Å were observed, which are caused by electronic coupling through –Pt···Pt– bonds. 

 

 Chapter 2, the author synthesized and characterized trinuclear Pt–M–Pt (M = Co, Ni, and 

Cu) complexes bridged in a trans fashion from the acetamidate-hanging Pt mononuclear complex, 

trans-[Pt(acam)2(NH3)2]. Each trinuclear complex are extended to be infinity one-dimensional chains 

in solid with Pt···Pt interactions aligned as ···Pt–M–Pt···Pt–M–Pt··· with high-spin M. The 

significant magnetic interactions were observed with a length of approximately 8.7 Å, which are 

attributed to electronic coupling through unbridged Pt···Pt bond (3.5 Å).  

 

 Chapter 3, the author synthesized and characterized novel paramagnetic one-dimensional 

chain complexes, [PtCu(piam)2(NH3)2Cl2]·H2O, aligned –Pt–Cu–Pt–Cu– with direct metal–metal 

bonds, where all metals are bridged by amidate ligand. The geometric structure in the one-

dimensional chain is in the trans- and cis- coordination environment of Pt and Cu atoms, where the 

amidate ligands coordinated with Pt atoms are hanged to the opposite direction to be bound to Cu 
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atoms. Significant antiferromagnetic interactions were observed between Cu atoms in the intra chain 

with a length of 5.7 Å, which is attributed to an electronic coupling via –Pt– bonds.  

 

 Chapter 4, the author synthesized and characterized paramagnetic one-dimensional chain 

complexes with direct metal–metal bond by three metal species, Rh, Pt, and Cu. The paddlewheel 

dinuclear complexes of [Rh2(O2CCH3)4] are linked by trans-[Pt2Cu(piam)4(NH3)4] units at both ends 

with Rh–Pt metal–metal bonds to give octanuclear and one-dimensional chain complex. The 

oxidation states of each complex are Rh(+2), Pt(+2), and Cu(+2), where unpaired electrons lie on the 

Cu dx2–y2 orbitals. The significant antiferromagnetic interactions in octanuclear chains complex were 

observed with a length of 8.7 Å, which are attributed to an electronic coupling through unbridged –

Pt···Pt– bonds. In contrast, the ferromagnetic interactions in one-dimensional chain complex were 

observed with a length of 13.2 Å through –Pt–Rh–Rh–Pt– direct metal–metal bonds. 

 

 

 Chapter 5, the author synthesized and characterized paramagnetic honeycomb sheets made 

from two types of metal complex, trinculear Pt–Fe–Pt and dinuclear rhodium acetate, where five 

unpaired electrons were located on Fe(+3) atoms, showing antiferromagnetic interaction with zJ = 
1.  

 

 

The author mainly showed the two topics, (1) synthesis of trans bridged multinuclear units 

and paramagnetic multinuclear assembles containing paramagnetic metal species, (2) magnetic 

properties of paramagnetic multinuclear assembles with metal–metal bonds. 

 

(1) Although it was difficult to construct one-dimensional metal chain complexes with metal–metal 

bonds containing paramagnetic species, trans bridged type multinuclear units are useful because trans 

bridged type multinuclear units are self-assembled one-dimensionally and also construct 

heterometallic bonds with other metal complexes (Chapter 1–2, 4–5). In addition, utilizing for trans 

coordinated geometrical structures, novel one-dimensional metal chain complexes are possible to be 

construct with direct metal–metal bonds, where all metals are bridged by bridging ligand (Chapter 3). 
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(2) The author investigated magnetic properties various one-dimensionally metal chain complexes 

with metal–metal bonds containing various paramagnetic metal species. Among the few reported 

cases of magnetic interactions through direct metal bond, the systematic studies obtained in this theses 

are considered to be significant. Especially, trinuclear Pt–M–Pt complexes are new simple models for 

paramagnetic one-dimensionally chains with metal–metal bond, having the potential to provide new 

insights into magnetism. 
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