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ABSTRACT: Two types of heterometallic one-dimensional chains, [{Rh2(acam)4}{Pt2(piam)2(NH3)4}2]n(CF3SO3)4n·
2nMeOH (2, where acam = acetamidate, piam = pivalamidate) and [{Rh2(acam)4}{Pt2(piam)2(NH3)4}]n(CF3CO2)2n·
2nEtOH (3), have been synthesized and characterized by single-crystal X-ray analyses. The chain structures in 2 and 3 are
composed of two kinds of dinuclear complexes, [Rh2(acam)4] (i.e., [Rh2]) and [Pt2(piam)2(NH3)4] (i.e., [Pt2]), where Rh and
Pt atoms are axially linked by metal−metal bonds. In 2 and 3, each complex is one-dimensionally aligned as −{[Rh2]−[Pt2]−
[Pt2]}n− or −{[Rh2]−[Pt2]}n−, respectively, in which different alignments are caused by different isomers of [Pt2] that are HH
(head−head) and HT (head−tail) orientation of piam ligands and their hydrogen bonding modes. Considering the crystal
structures and X-ray photoelectron spectra (XPS) measurements in 2 and 3, the oxidation states of the metal atoms are
−{[Rh2II,II]−[Pt2II,II]−[Pt2II,II]}n− and −{[Rh2II,II]−[Pt2II,II]}n−, which are unchanged from those in the starting compounds. The
diffuse reflectance spectra show that LUMOs are M−M σ-type orbitals. The gap between filled and vacant σ-type orbitals in 3 is
narrower than that in 2, and is attributed to the relative higher destabilized filled σ-type orbitals caused by lower numbers of
linking platinum atoms.

■ INTRODUCTION

One-dimensional (1D) metal complexes have attracted the
attention of researchers for several decades because of their
unusual electrical and physical properties,1−6 including
progressive resonance Raman spectra and large third-order
nonlinear optical properties.4 Several compounds consisting of
−M−M− bonds7−16 and a large number of halogen-bridged
−M−X− or −M−M−X− chains17−22 have been synthesized
and investigated. The synthetic approach for infinite chains
depends on the metal oxidation states; half-filled (d7) and filled
(d8) dz2 orbitals on the metal atoms are superimposed to form
σ-type orbitals, and those are infinitely crystallized. Therefore,
syntheses for most infinite 1D metal complexes have made use
of Rh+/2+,7−11 Pd2+/3+,12,13 and/or Pt2+/3+,14−16 where partial
occupation of the dz2 orbitals by oxidation or reduction is
utilized, indicating that the highest occupied molecular orbital
(HOMO) in ordinary chains is σ-type orbitals. By contrast, in
recently reported heterometallic chains,23,24 which are aligned
as −[Pt−Rh]−[Pt−Pt]−[Pt−Pt]−[Rh−Pt]−Cl−, HOMO is

δ* in the [Pt−Rh] moieties, where one unpaired spin hops
from one δ* to the other in the octametallic unit. This was the
first example for directly metal−metal bonded 1D chains
possessing a non-σ-type orbital as HOMO, anticipating further
electronic modulation based on heterometallic −M−M′−
bonds.25−31

P rev ious l y , we have succeeded in ob t a in ing
[{Rh2(O2CCH3)4}{Pt2(piam)2(NH3)4}2]n(PF6)4n·6nH2O (1,
where piam = pivalamidate) and analogues consisting of
[Rh2(O2CCH3)4] and various modified platinum com-
plexes .32−34 In those compounds, vacant σ* in
[Rh2(O2CCH3)4] and filled σ* in platinum complexes are
effectively overlapped to form unbridged Rh−Pt bonds,
resulting in extended heterometallic 1D chains. Interestingly,
it is possible to modify ligands not only in platinum parts, but
also in rhodium parts, where the (2,2)-cis-[Rh2(acam)4] (i.e.,
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[Rh2], where acam = acetamidate)35 is also bridged by
[Pt2(piam)2(NH3)4] (i.e., [Pt2]) to afford heterometallic 1D
chains with similar −{[Pt2]−[Rh2]−[Pt2]}n− repetition.32

Because the π* HOMO in [Rh2(O2CCH3)4] is distinct from
that in [Rh2(acam)4] where the δ* orbital results from
destabilization by the π interaction with the amidate ligands
(Scheme 1),36 distinct electronic structures are expected in

heterometallic 1D chains of −{[Pt2]−[Rh2]−[Pt2]}n− depend-
ing on bridging ligands on the dirhodium complex. Although
we have reported the structure of [{Rh2(acam)4}-
{Pt2(piam)2(NH3)4}2]n(CF3CO2)4n (2′),32 further studies
have not been initiated yet, because insufficient sample was
obtained at that time. Here, we show two kinds of
heterometallic 1D chains containing [Rh2(acam)4],
[{Rh2(acam)4}{Pt2(piam)2(NH3)4}2]n(CF3SO3)4n·2nMeOH
(2) and [{Rh2(acam)4}{Pt2(piam)2(NH3)4}]n(CF3CO2)2n·
2nEtOH (3). Interestingly, 3 has unique metal repetitions,
and we also discuss the metal−metal distances, oxidation states,
and electronic structures of 1−3.

■ EXPERIMENTAL SECTION
Materials. Rhodium(III) chloride trihydrate and potassium

tetrachloroplatinate(II) were obtained from Tanaka Kikinzoku Co.
AgCF3CO2 and AgCF3SO3 were obtained from Aldrich Co.
NaCF3CO2 was obtained from Wako Co. NaCF3SO3 was obtained
from Tokyo Chemical Industry Co. cis-[PtI2(NH3)2],

37 cis-[Pt(piam)2-
(NH3)2]·2H2O,

38 and [Rh2(acam)4]
39,40 were synthesized according

to the previous procedures. [Rh2(acam)4]CF3CO2 was prepared by a
modification of method for preparing [Rh2(acam)4(H2O)2]PF6.

41

Synthesis of [{Rh2(acam)4}{Pt2(piam)2(NH3)4}2]n(CF3SO3)4n·
2nMeOH (2). An aqueous solution (2 mL) of cis-[PtI2(NH3)2]
(0.19 g, 0.39 mmol) was stirred with 2 equiv of AgCF3SO3 (0.21 g,
0.82 mmol) overnight in the dark, and AgI was then removed by
filtration. The colorless filtrate was stirred with 1 equiv of cis-
[Pt(piam)2(NH3)2]·2H2O (0.17 g, 0.37 mmol) and NaCF3SO3 (0.34
g, 2.0 mmol). The resulted dark-blue solution was cooled in the
refrigerator to obtain crude sample of [Pt2(piam)2(NH3)4](CF3SO3)2

(0.14 g) as dark-blue powder by the filtration. A small portion of the
dark-blue powder (17 mg) and [Rh2(acam)4] (4.0 mg, 9.1 μmol) were
mixed in MeOH (3 mL), and the solution was slowly evaporated. After
several days, yellow crystals with metallic luster were obtained (3.1 mg,
1.3 μmol). Yield 14% based on [Rh2(acam)4]. Anal. Calcd for
C34H88F12N16O22Pt4Rh2S4: C, 16.91; H, 3.67; N, 9.28%. Found: C,
17.05; H, 3.70; N, 9.29%.

Synthesis of [{Rh2(acam)4}{Pt2(piam)2(NH3)4}]n(CF3CO2)2n·
2nEtOH (3). An aqueous solution (6.2 mL) of cis-[PtI2(NH3)2]
(0.30 g, 0.62 mmol) was stirred with 2 equiv of AgCF3CO2 (0.27 g,
1.22 mmol) overnight in the dark, and AgI was then removed by
filtration. The colorless filtrate was stirred with 1 equiv of cis-
[Pt(piam)2(NH3)2]·2H2O (0.24 g, 0.52 mmol) overnight. The
resulting dark-blue solution was evaporated to obtain dark-blue
powder (0.44 g) that was a crude sample of [Pt2(piam)2(NH3)4]-
(CF3CO2)2. A small portion of the dark-blue powder (11 mg),
[Rh2(acam)4] (2.7 mg, 6.2 μmol), and NaCF3CO2 (8.2 mg, 60 μmol)
were mixed in EtOH (3 mL), and the solution was slowly evaporated.
After several days, brown crystals with metallic luster were obtained
(3.5 mg, 2.5 μmol). Yield 43%. For elemental analysis these crystals
were collected and dried in vacuo at room temperature for 24 h. Anal.
Calcd for C22H48F6N10O10Pt2Rh2: C, 19.98; H, 3.66; N, 10.59%.
Found: C, 19.74; H, 3.70; N, 10.36%.

X-ray Structure Determination. Measurements were carried out
on a Rigaku AFC7R diffractometer equipped with a normal focus Mo-
target X-ray tube (λ = 0.710 70 Å) operated at 15 kW power (50 kV,
300 mA) and a Mercury CCD two-dimensional detector. A total of
744 frames were collected with a scan width of 0.5° with an exposure
time of 10 s/frame. Empirical absorption correction42 was performed
for all data. The structures were solved by the direct method43 with the
subsequent difference Fourier syntheses and the refinement with the
SHELX-9744 operated by Yadokari-XG software package.45 In both 2
and 3, solvent molecules are refined without hydrogen atoms. Non-
hydrogen atoms were refined anisotropically, and all hydrogen atoms
were treated as riding atoms. The crystal data and structure refinement
results are summarized in Table 1.

Scheme 1. [Rh2(O2CCH3)4] and [Rh2(acam)4] with
Schematic Electronic Structure

Table 1. Crystallographic Data and Structure Refinements
for [{Rh2(acam)4}{Pt2(piam)2(NH3)4}2]n(CF3SO3)4n·
2nMeOH (2) and
[{Rh2(acam)4}{Pt2(piam)2(NH3)4}]n(CF3CO2)2n·2nEtOH
(3)

2 3

empirical formula C34H80F12N16O22Pt4Rh2S4 C26H48F6N10O12Pt2Rh2
fw 2407.56 1402.74
cryst syst triclinic orthorhombic
space group P1 ̅ P212121
a (Å) 11.235(3) 11.114(3)
b (Å) 13.045(3) 19.543(5)
c (Å) 14.126(4) 20.770(5)
α (deg) 74.317(11) 90
β (deg) 85.685(12) 90
γ (deg) 65.247(9) 90
V (Å3) 1808.5(8) 4511.1(19)
Z 1 4
T (K) 123 123
Dc (Mg m−3) 2.211 2.065
abs coeff (mm−1) 8.371 6.988
F(000) 1146 2680
cryst size (mm3) 0.20 × 0.10 × 0.05 0.25 × 0.10 × 0.05
measured reflns 14 525 36 719
indep reflns 8164 [Rint = 0.0530] 10 332 [Rint = 0.0978]
GOF on F2 1.067 1.071
R [I > 2σ(I)] R1 = 0.0685, wR2 = 0.1523 R1 = 0.0725, wR2 = 0.1529
R (all data) R1 = 0.0982, wR2 = 0.1797 R1 = 0.0924, wR2 = 0.1668
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Physical Measurements. The XPS measurements were carried
out on a Quantera-SXM spectrometer at room temperature. Binding
energies were measured relative to the C 1s peak (284.8 eV) of
internal hydrocarbons. The UV−vis spectra were recorded on a
Shimadzu UV-3100X spectrophotometer over the range from 260 to
1200 nm at room temperature. The diffuse reflectance spectra were
recorded on a Hitachi U-4000 spectrophotometer over the range from
200 to 2500 nm at room temperature. Obtained reflectance spectra
were converted to absorption spectra using the Kubelka−Munk
function F(R∞). The IR spectra were recorded on a PerkinElmer
Spectrum 400 over the range from 400 to 2000 cm−1 at room
temperature. X-band EPR spectra were measured on a JEOL JES-
FA100 spectrometer. The field difference was calibrated by measuring
the field intensity at the resonance of Mn2+.

■ RESULTS AND DISCUSSION

Syntheses and Reaction in Solution. The previous
procedure32 for obtaining heterometallic 1D chains of
−{[Pt2]−[Rh2]−[Pt2]}n− containing [Rh2(acam)4],
[{Rh2(acam)4}{Pt2(piam)2(NH3)4}2]n(CF3CO2)4n (2′), was
by slow evaporation of a MeOH solution containing
[Rh2(acam)4], [Pt2(piam)2(NH3)4](CF3CO2)2, and
NaCF3CO2 with the molar ratio of 1:2:20. We have also
described a similar procedure in a MeCN solution containing
[Rh2(acam)4] and [Pt2(piam)2(NH3)4](CF3CO2)2 with the
ratio of 1:2 that afforded a few single crystals. Interaction of
[Rh2(acam)4] with [Pt2(piam)2(NH3)4](CF3CO2)2 in MeCN
was investigated with UV−vis spectroscopy. Figure 1a shows
the UV−vis spectra of MeCN solutions of [Rh2(acam)4] (0.1
mM) with various amounts of [Pt2(piam)2(NH3)4](CF3CO2)2
in the ratio of 1:n (n = 0.5, 1, 1.5, ..., 4). The absorbance
spectrum of [Rh2(acam)4] (n = 0) exhibits two bands, 350 and
500 nm, attributed to π*(Rh2) → σ*(Rh−O) and π*(Rh2) →
σ*(Rh2) transitions in the Rh2 core,46,47 respectively. Three
new bands, at 322, 456, and around 1034 nm, intensify as the
concentration of [Pt2(piam)2(NH3)4](CF3CO2)2 increases.
The two bands around 456 and 1034 nm can be assigned to
π*(Rh2) → σ*(Rh2) and δ (Rh2) → δ* (Rh2) of
[Rh2(acam)4]

+,46 respectively, which indicates that the addition
of [Pt2(piam)2(NH3)4](CF3CO2)2 enhances the oxidation of
[Rh2(acam)4]. On the basis of the absorbance at 1034 nm for
[Rh2(acam)4]CF3CO2, the ratio of [Rh2(acam)4]

+/
[Rh2(acam)4] can be calculated to obtain 5, 7, 11, ..., 26% at
n = 0.5, 1, 1.5, ..., 4, respectively, where the oxidation is linearly
enhanced.
In contrast, Figure 1b shows the UV−vis spectra of

[Rh2(acam)4]CF3CO2 (0.1 mM) and various amounts of
[Pt2(piam)2(NH3)4](CF3CO2)2 with the ratio of 1:n (n = 0.5,
1, 1.5, ..., 4) in MeCN. Because the absorbance values of the δ
(Rh2) → δ* (Rh2) bands around 1034 nm are constant for all
the solutions, the concentration of [Rh2(acam)4]

+ does not
change. As the concentration of [Pt2(piam)2(NH3)4]-
(CF3CO2)2 increases, the bands around 330 and 480 nm
grow, implying that [Rh2(acam)4]CF3CO2 interacts with
[Pt2(piam)2(NH3)4](CF3CO2)2 to afford new species. The
appearance of the band around 330 nm is the result of the filled
σ-type orbital→ vacant σ-type orbital, which is attributed to the
formation of unbridged Rh−Pt bonds.34 Thus, the results in
Figure 1 imply that both [Rh2(acam)4] and [Rh2(acam)4]

+

interact with [Pt2(piam)2(NH3)4](CF3CO2)2. However, in the
mixture of [Rh2(acam)4] and [Pt2(piam)2(NH3)4](CF3CO2)2,
the oxidation of [Rh2(acam)4] as a side reaction complicates
the system, which was one of the reasons for the low yield of
this system. Subsequently, we have screened the reaction

conditions with various counteranions and solvents, and
succeeded in obtaining two kinds of single crystals,
[{Rh2(acam)4}{Pt2(piam)2(NH3)4}2]n(CF3SO3)4n·2nMeOH
(2) and [{Rh2(acam)4}{Pt2(piam)2(NH3)4}]n(CF3CO2)2n·
2nEtOH (3), with better yields.

C r y s t a l S t r u c t u r e o f [ { R h 2 ( a c a m ) 4 } -
{Pt2(piam)2(NH3)4}2]n(CF3SO3)4n·2nMeOH (2). Figure 2
shows the crystal structure of 2. The paddlewheel dinuclear
complexes of (2,2)-cis-[Rh2(acam)4] are sandwiched by
[Pt2(piam)2(NH3)4] at both ends with metal−metal bonds to
form hexanuclear [Pt2]−[Rh2]−[Pt2] units, where a crystallo-
graphic inversion center lies at the center of the rhodium
complex (Figure 2a). The platinum atoms in [Pt2] complexes
are bonded to a rhodium complex with a bond distance of
Rh(1)−Pt(2) = 2.7624(11) Å and a torsion angle Leq−Rh−Pt−
N of about 41−44° (Figure 2b). The hexanuclear [Pt2]−
[Rh2]−[Pt2] segments are linked by hydrogen bonds with a
Pt(1)−Pt(1″) distance of 3.0786(12) Å, resulting in the
formation of a quasi-1D infinite chain, expressed as −{[Rh2]−
[Pt2]−[Pt2]}n−, where the linked platinum dinuclear com-
plexes form a tetranuclear platinum backbone [Pt2]−[Pt2],
similar to “platinum blue” compounds.48,49

Figure 1. UV−vis spectra of 0.1 mM solution of (a) [Rh2(acam)4] and
(b) [Rh2(acam)4]CF3CO2 in MeCN containing 0−4 equiv of
[Pt2(piam)2(NH3)4](CF3CO2)2 at room temperature. Inset in b:
Difference spectra of each concentration of [Pt2(piam)2(NH3)4]-
(CF3CO2)2 solution from a solution containing 0.1 mM
[Rh2(acam)4]

+.
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Multiple hydrogen bonds between ligands support the
unbridged metal−metal bonds. Between [Pt2] and [Pt2], the
complexes are stacked in a face-to-face fashion (Figure 2c),
which is induced by quadruple hydrogen bonds between the
oxygen atoms of the piam groups and the nitrogen atoms of the
amine ligands, indicating that [Pt2] is a HH (head−head)-typed
complex having the same coordination direction of piam
ligands (Scheme 2). Consequently, between [Rh2] and [Pt2],

all four atoms are hydrogen bond donors in the platinum part,
whereas there are two acceptors and two donors in the
rhodium part. Although the rhodium part has a small number
of hydrogen bond acceptor sites such that both attraction and
repulsion forces coexist between the [Rh2] and [Pt2] units, two
hydrogen bonds between the amidate oxygen atoms in the
[Rh2] and the amine ligands in the [Pt2] are effectively formed
with O−N distances of 2.96 and 3.05 Å. The dihedral angle
between the Pt and Rh coordination planes is 6.6°, which
results from the hydrogen bonds between amine and oxygen
atoms in the acam ligand. Additional hydrogen bonds are
formed between amine ligands, CF3SO3

− ions, and accom-
modated MeOH molecules (Supporting Information Figure
S3), where CF3SO3

− ions bridge 1D chains. As shown in Figure
2d, each chain is aligned in a parallel fashion in the crystal.

Crystal Structure of [{Rh2(acam)4}{Pt2(piam)2(NH3)4}]n-
(CF3CO2)2n·2nEtOH (3). Figure 3 shows the crystal structure
of 3. The paddlewheel dinuclear complexes of (2,2)-cis-
[Rh2(acam)4] are sandwiched by [Pt2(piam)2(NH3)4] at both
ends with metal−metal bonds having Pt(1′)−Rh(2) bond
distances of 2.7641(14) Å and Pt(2)−Rh(1) bond distances of
2.7894(14) Å (Figure 3a). The chain structure is distinct from
2, where both platinum atoms in [Pt2(piam)2(NH3)4] are
bonded to [Rh2(acam)4] to form a 1D infinite chain expressed
as −{[Rh2]−[Pt2]}n−. As shown in Figure 3b,c, two kinds of
complexes, [Rh2] and [Pt2], are stacked in a staggered fashion.
Although the coordination planes of Rh and Pt atoms are
almost parallel with dihedral angles of 0.7° and 2.2°, the chain is
wavy, and originates from the large dihedral angle (34.1°)
between two Pt coordination planes in the half-lantern fashion

Figure 2. Crystal structures of (a) [{Rh2(acam)4}{Pt2(piam)2(NH3)4}2]n(CF3SO3)4n·2nMeOH (2). Stacking fashions between (b) [Rh2] and [Pt2],
or (c) [Pt2] and [Pt2]. (d) Crystal packing of the 1D chains in 2. The hydrogen atoms, anions, and solvent molecules are omitted for clarity.

Scheme 2. Hydrogen Bonds between Dinuclear Complexes
in 2 and 3
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of [Pt2]. All chains extend along the c axis in parallel (Figure
3d).
The HH and HT isomerization in half-lantern-typed [Pt2

II,II]
complexes are generally occurring in solution.50,51 In 3, the
most accurate X-ray analyses indicate that [Pt2] is a HT-type
complex having the opposite coordination direction of piam
ligands. Consequently, between [Rh2] and [Pt2], there are three
hydrogen bond donors and one acceptor site in the platinum
part, whereas two donors and two acceptors occur in the
rhodium part, such that three hydrogen bonds with N−O =
3.0−3.2 Å are formed between the [Rh2] and [Pt2] units
(Scheme 2). The amine ligands coordinated to Pt atoms are
hydrogen bonded to both CF3CO2

− ions and accommodated
EtOH molecules (Supporting Information Figure S4), whereas
the piam and acam ligands only play a role in hydrogen
bonding to each other. It could be considered that this HH and
HT isomerization also lowered the yield of complexes with

[Rh2(acam)4], and the oxidation of [Rh2(acam)4] as a side
reaction.

Comparison of Crystal Structures and Metal Oxida-
tion States in 2 and 3. The sum of metal oxidation states for
the [Pt2]−[Rh2]−[Pt2] hexameric segment in 2 is +12, which
was determined from the number of CF3SO3

− ions per
hexameric unit in the X-ray structure refinement. In 3, the sum
of metal oxidation states of +8 for the [Rh2]−[Pt2] tetrameric
segment was deduced from the two CF3CO2

− ions per the
tetrameric segment. Table 2 summarizes the metal−metal
distances of 1−3 and their related compounds. The Rh−Rh
bond distances of the paddlewheel dirhodium parts in 2
(2.4205(18) Å) and 3 (2.4095(16) Å) are longer than those
distances found in 1 (2.3832(17) Å), which is attributed to the
ligand characters. The Pt−Pt bond distance reflects the
oxidation state of the platinum atoms.48,49 In 2, both the Pt−
Pt bond distance of the intraunit (Pt(1)−Pt(2) = 2.9033(9) Å)

Figure 3. Crystal structures of (a) [{Rh2(acam)4}{Pt2(piam)2(NH3)4}]n(CF3CO2)2n·2nEtOH (3). Stacking fashions between [Rh2] and [Pt2] from
perspective of (b) [Rh2] or (c) [Pt2]. (d) Crystal packing of the 1D chains in 3. The hydrogen atoms, anions, and solvent molecules are omitted for
clarity.

Table 2. Comparison of Selected Bond Distances (Å) between 1, 2, 3, and Reported Compounds

compd Rh−Rh Rh−Pt intra Pt−Pt intra Pt−Pt ref

[Rh2(acam)4(H2O)2] 2.415(1) 39
[Rh2(acam)4(H2O)2]

+ 2.4084(10) 41
[Pt4

II,II,II,II(piam)4(NH3)8]
4+ 2.9546(11) 3.1256(12) 23

[Pt4
II,II,II,III(piam)4(NH3)8]

5+ 2.8039(9) 2.8603(12) 23
1 2.3832(17) 2.7460(10) 2.9376(7) 3.0893(9) 32
2 2.4205(18) 2.7624(11) 2.9033(9) 3.0786(12) this work
2′ 2.423(2) 2.7781(14) 2.9299(9) 3.0651(12) 32
3 2.4095(16) 2.7641(14), 2.7894(14) 2.9332(9) this work
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and the interunit (Pt(1″)−Pt(1) = 3.0786(12) Å) distances are
shorter than those of [Pt4

II,II,II,II(piam)4(NH3)8](PF6)4·2H2O
(intraunit = 2.9546(11) Å, interunit = 3.1256(12) Å) and
longer than those of [Pt4

II,II,II,III(piam)4(NH3)8](PF6)4(ClO4)·
2H2O (intradimer = 2.8039(9) Å, interdimer = 2.8603(12)
Å).23 By contrast, in 3, the Pt−Pt bond distance is obviously
closer to that in [Pt4

II,II,II,II(piam)4(NH3)8](PF6)4·2H2O.
To assign oxidation states to each metal atom in 2 and 3,

XPS measurements were conducted (Figure 4). As shown in

Figure 4c,d, the 3d3/2 signals of Rh overlap the Pt 4d5/2 signals.
The Rh 3d5/2 binding energies were 308.2 (2) and 308.0 (3)
eV, which are closer to the value for [Rh2

II,II(acam)4] (308.1

eV, Figure 4a) than that for [Rh2
II,III(acam)4]CF3CO2 (308.9

eV, Figure 4b). However, the Pt 4f7/2 binding energies for 2 and
3 were determined to be 73.1 and 72.9 eV, respectively, which
are closer to those of [Pt2

II,II(piam)2(NH3)4](PF6)2 (73.2 eV)
and [Pt2

II,II(en)2(α-pyridonato)2](NO3)2 (73.1 eV; en =
ethylenediamine)52 than to that of [Pt2

III,III(NH3)4(α-
pyrrolidonato)2(NO3)2](NO3)2 (74.6 eV).52 Consequently,
the formal oxidation states of 2 and 3 are −{[Rh2II,II]−
[Pt2

II,II]−[Pt2II,II]}n− and −{[Rh2II,II]−[Pt2II,II]}n−, respectively,
which are unchanged from those in the starting compounds.

Electronic Structures of 2 and 3. Figure 5 shows the
simple molecular orbital diagram of the hexanuclear complex
aligned as [Pt2

II,II]−[Rh2II,II]−[Pt2II,II] or tetranuclear complex
aligned as [Rh2

II,II]−[Pt2II,II]. The diagram represents the
sequence of six or four molecular orbitals made from all
possible combinations of the metal σ orbitals, where energy
increases with the number of nodes along the chain direction.53

As reported previously,34 the DFT calculation for these kinds of
1D complexes containing PtII−RhII bonds showed that the
LUMO consists of σ-type orbitals (σ*(Pt2)−σ*(Rh2)−σ*(Pt2)
or σ*(Rh2)−σ*(Pt2)) that have all antibonding combinations
of σ*(Pt2) and σ*(Rh2), and other stabilized filled σ-type
orbitals were also found. The calculation also showed that π-
type orbitals in [Rh2] are essentially mixed with the π orbitals of
the piam ligands through d orbitals in platinum parts.34 In this
case, because the ligands of [Rh2] in both 2 and 3 are amidate
ligands, δ* orbitals in [Rh2] are destabilized. Therefore, the
HOMOs in both 2 and 3 are expected to be δ* orbitals in
[Rh2] or mixed π-type orbitals.
Figure 6 shows the diffuse reflectance spectra of 1−3,

[Rh2(acam)4], and [Rh2(acam)4]CF3CO2. In 1−3, three
characteristic bands labeled E1, E2, and E3 are observed,
where the larger peak of E1 is attributed to transition filled σ-
type orbitals (σ*(Pt2)−σ(Rh2)−σ*(Pt2)) to LUMO, while E2
and E3 are attributed to orbitals including π*(Rh2) to LUMO.34

The spectrum of 2 shows four peaks at 2.90 (E1), 1.80 (E2),
1.52 (E3), and 1.19 eV (Figure 6b) instead of those around 2.10
eV in [Rh2(acam)4] attributed to π*(Rh2) → σ*(Rh2)

Figure 4. Rh 3d3/2 and 3d5/2 (left) and Pt 4f5/2 and 4f7/2 (right) core
levels of XPS for (a) [Rh2(acam)4], (b) [Rh2(acam)4]CF3CO2, (c) 2,
(d) 3, (e) [Pt2(piam)2(NH3)4](PF6)2, (f) 2, (g) 3.

Figure 5. Schematic molecular orbital diagrams of [{Rh2(acam)4}{Pt2(piam)2(NH3)4}2]
4+ (left) and [{Rh2(acam)4}{Pt2(piam)2(NH3)4}]

2+ (right).
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transitions in the Rh2 core (Figure 6d).46,47 Considering that
both 1 and 2 have the same −{[Rh2]−[Pt2]−[Pt2]}n− metal
repeating units, it is reasonable to observe similar bands E1, E2,
and E3. However, an additional band at 1.19 eV is also observed
in 2, which is close to the band at 1.21 eV in [Rh2(acam)4]-
CF3CO2 attributed to δ (Rh2) → δ* (Rh2) (Figure 6e).46 By
contrast, in 3, all peaks, E1, E2, and E3, are lower than the
corresponding peaks in 1 and 2. In particular, E1 (2.47 eV) in 3
is about 0.4 eV lower than in 2, indicating that the gap between
filled and vacant σ-type orbitals is narrower in 3. The reason is
probably the result of the higher destabilized filled σ-type
orbital which is composed of antibonding orbital between
σ(Rh2) and σ(Pt2) (Figure 5 right), where the peak of E1 in 3 is
attributed to transition σ(Rh2)−σ(Pt2) to σ*(Rh2)−σ*(Pt2).
As mentioned above, 2 and 3 have −{[Rh2II,II]−[Pt2II,II]−-

[Pt2
II,II]}n− and −{[Rh2II,II]−[Pt2II,II]}n− oxidation states,

respectively, being diamagnetic. However, for powder samples
of both 2 and 3, electron paramagnetic resonance (EPR)
spectra were recorded at 77 K. As shown in Supporting
Information Figure S6, the spectra of 2 and 3 show axial-type
signals of g⊥ = 2.105 and g∥ = 1.929, g⊥ = 2.105 and g∥ = 1.933,
respectively, showing triple splitting of the g∥ with A∥ = 22 ×
10−4 cm−1 and A∥ = 24 × 10−4 cm−1, respectively. Taking into
account that those spectral profiles are similar to that for
[Rh2(acam)4]

+,36 the observed spins lie in the δ* orbitals of
[Rh2]. Although the powder samples of both 2 and 3 were
prepared from each single crystal, the possibility of impurity
[Rh2(acam)4]

+ cannot be discarded. However, if both
compounds are partially oxidized, taking advantage of weighted
DPPH as the standard sample, we estimated the spin
concentrations of 6.8 × 10−7 (2) and 6.1 × 10−7 (3) mol/g;

that is, one unpaired electron exits approximately per four and
five thousand metal atoms, respectively.

■ CONCLUSION

In this work, we have succeeded in obtaining two kinds of novel
1D chains composed of metal−metal bonds containing
[Rh2(acam)4] and [Pt2(piam)2(NH3)4], where different metal
repeating units, −{[Rh2]−[Pt2]−[Pt2]}n− and −{[Rh2]−
[Pt2]}n−, have been achieved taking advantage of different
isomers of [Pt2] complex. The XPS and diffuse reflectance
spectra revealed that all the metal oxidation states in both 2 and
3 are +2, which are not changed from the starting materials.
Compound 2 has a similar metal repeating sequence to 1,
−{[Rh2]−[Pt2]−[Pt2]}n−, where only the bridging ligands in
[Rh2] are different, namely acetate and acetamidate, leading to
the modulation of HOMO, π*, and δ* orbitals. In 3, each
[Rh2(acam)4] is linked by two platinum atoms, where the
diffuse reflectance spectra revealed that the gap between filled
and vacant σ-type orbitals is narrower than 2. It may be possible
to remove electrons from the δ* in the [Rh2] part, taking into
account that the 1D backbones are mainly constructed from the
σ- or π-character orbitals. We are now trying to synthesize 1D
chains with mixed valence by the oxidation of [Rh2].
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