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The quasi-one-dimensional chain [{PtRh(TCM)o(NH3)Cls 5} 2{ Pto(PVM)a(NHz) 4} 2] 1(PFs)6n+ 2nH,0 (Chain-2; TCM =
Cl;CCONH™, PVM = BuCONH ™), which consists of Pt and Rh atoms, has been obtained from two dinuclear compounds,
[Pto(PVM)o(NH3)4](PFg)2-HO (1) and [PtRh(TCM)2(NH3).Cls] (2). Single-crystal X-ray analysis showed that the
dinuclear compounds stack with metal—metal bonds to form octameric units, Pt—Rh—Pt—Pt—Pt—Pt—Rh—Pt (PtRhy),
that are bridged by the CI™ ion to be a quasi-one-dimensional chain. Elemental analysis, X-ray photoelectron spectroscopy,
electron paramagnetic resonance (EPR), and magnetic susceptibility measurements showed that Chain-2 has a mixed
valency and one unpaired electron per octameric PtgRh, unit. Taking into account the small observed g, value (g, =2.01 at
room temperature) obtained by EPR measurement and B3LYP density functional theory calculations of the model complex,
oxidation states of the octameric unit are postulated to be Pt*+ —Rh?* " —Pt+ — P+ —P T — P2+ —Rh®* " —Pt3* where
the EPR isotropic signal showed that the unpaired electron resides in the Rh d,, orbitals (6* orbitals in Pt—Rh dinuclear

parts) and hops from one Rh atom to another.

Introduction

One-dimensional (1D) metal complexes have been one of
the intriguing subjects for the past several decades because of
their unusual electrical properties,' > including progressive
resonance Raman spectra, large third-order nonlinear optical
properties, and so on.'® Several infinite 1D metal complexes
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consisting of —M—M— bonds” and halogen-bridged —M—X—
or —M—M—X— chains® have been synthesized and investi-
gated so far, and finite 1D metal complexes, namely, ex-
tended metal atom chains (EMACs), have also been synthe-
sized.* As found in [Nig(us-phdpda),] and [Nis(u-teptra),-
Cl,] (Hophdpda = N-phenyldipyridyldiamine and Hsteptra =
tetrapyridyltriamine),*® the typical synthetic approach for
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EMAC:s depends on designed organic ligands, where some
metals are aligned to be finite 1D chains by the coordination
conditions. In contrast, in the case of infinite chains, the
Proach depends on the metal oxidation states: half-filled
(d7) and filled (d®) d.. orbitals are superlmposed to form
o bonds and infinitely crystallized as in K,[Pt(CN),]Brg -
3.2H,0."* Therefore, most infinite 1D metal complexes have
made use of Rh™?* and/or Pt>*/*", where partial oxidation
or reduction of the d.. orbitals attributed to the d” <> d® redox
changes are utilized toward the formation of partially filled
valence bands along the z axis.'

Amidate-bridged tetranuclear platinum complexes (Pty)
have been widely studied since the 1970s, revealmg charac-
teristic crystal structures and unique properties. A note-
worthy feature is that their average oxidation states in Pt
atoms are reversiblgl oxidized and reduced to be Pt*"°
Pt***7 and Pt*>*.% In particular, compounds containing
pt* 25*, so-called * platmum blue”, have one unpaired elec-
tron that is delocalized over four Pt atoms.” Because the
unpaired electron resides in a o* orbital, superimposed o*
orbitals are expected to afford partially filled valence bands.
Consequently, some efforts to obtain extended * platmum
blue” have been made, and octanuclear platinum com 2Elexes
and an infinite carboxylate-bridged platinum chain™ have
been reported to date.

Previously, we have unprecedentedly obtained and re-
ported a crystal structure of the infinite 1D heterometallic
complex [{PtRh(PVM)>(NH;)2Cls s}2{Pta(PVYM)2(NH3)4} o]~
(PFg)s, 2nMeOH - 2nH,0 (Chain-1; PVM = ‘BuCONH"),
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which consists of octameric units Pt—Rh—Pt—Pt—Pt—Pt—
Rh—Pt (PtsRh,)."” The octameric unit is composed of two
types of dinuclear PVM-bridged complexes, [Pt—Rh] and
[Pt—Pt], where each unit is bridged by CI™ ions, expressed as
—[Pt—Rh]—[Pt—Pt]—[Pt—Pt]—[Rh—Pt]—Cl—. Thus, Chain-1
is regarded as an extended Pt4, where the inner tetranuclear
platinum complexes are connected by [Pt—Rh] complexes.
Chain-1 was synthesized by simply mixing cis-[Pt(PVM),-
(NH3),]-2H,0, RhCl3-3H,0, and NaPFg in MeOH and
crystallized through the formation of [Pt—Rh] and [Pt—Pt]
complexes.'® Chain-1 is a unique paramagnetic chain com-
posed of two types of metal. A preliminary study of the
electron paramagnetic resonance (EPR) spectra of Chain-1
showed that one unpaired spin per octanuclear unit occupies
the Rhd,, orbltals and hops from one Rh atom to another in
the PtsRh, unit;'® however, no further detailed EPR mea-
surement was possible because of the lack of crystal stability.
Here, we report the synthesis, crystal structure, and inter-
valence spin-hopping dynamics observation of a novel mixed-
valent 1D chain, [{PtRh(TCM)z(NH;)zClz5}2{Pt2(PVM)2-
(NH3)4}2]{PF¢)g,* 2nH,0 (Chain-2; TCM = Cl3,CCONH").
The success in obtaining Chain-2 implies that this type of
heterometallic 1D chain could be rationally synthesized.
Chain-2 was further characterized by X-ray photoelectron
spectroscopy (XPS), magnetic susceptibility, temperature-
dependent EPR measurements, and density functional theory
(DFT) calculations.

Experimental Section

Materials. Pivalonitrile, trichloroacetonitrile, and sodium
hexafluorophosphate were obtained from Tokyo Kasei Indus-
trial Co. Rhodium(I1I) chloride trihydrate was obtained from
Kanto Chemical Co. Potassium tetrachloroplatinate(Il) was
obtained from Tanaka Kikinzoku Co. Silver hexafluoropho-
sphate was obtained from Aldrich Co. cis- [PtClv(NH3)2] was
synthesized according to a previous procedure.'!

Synthesis of [Pt,(PVM)(NH3)4](PFg),-H,O (1). cis-[Pt-
(PVM),(NHj3),]-2H,0 was obtained accord1n$ to a previous
procedure.'? Instead of the previous procedure,'®* compound 1
was obtained with higher yield according the following pro-
cedure. An aqueous solution (4 mL) of cis-[PtCl,(NHj3),]
(1.0 mmol, 0.30 g) was stirred with 2 equiv of AgPF¢ (2.0 mmol,
0.51 g) for 12 h in the dark, and AgCl was then removed by
filtration. The colorless filtrate was stirred with 2 equiv of cis-
[Pt(PVM),>(NHj3),]-2H»0O (1.0 mmol, 0.47 g) for 2 min at 40 °C.
The resulting suspension was filtered to obtain a light-blue
product. Yield: 70%.

Synthesis of [{ PtRh(TCM)2(NH3),Cly 5} 2{ Pt2(PYM)>(NHs)4} 2] -
(PF¢)¢n-2nH,O (Chain-2). [PtRh(TCM),(NH;),Cl;3] (2) was
obtained according to a previous procedure.'> A MeOH solu-
tion (0.5mL) of 1 (5 umol, 4.8 mg) and NaPFg (25 umol, 4.2 mg)
was added to a solution of 2 (5 umol, 3.8 mg) in MeOH (0.5 mL).
The mixed solution was allowed to stand in a tube for 1 month.
Dark-brown crystals were separated, washed with water, and
dried. Yield: 20%. Elem anal. Calcd for C,gHg4Cly7F34N50O10-
P¢Pt¢Rh,: C, 9.07; H, 2.28; N, 7.55. Found: C, 9.15; H, 2.19;
N, 7.63.

Physical Measurements. The XPS measurements were carried
out on a JEOL JPS-9010 spectrometer at room temperature.
Binding energies were measured relative to the C 1s peak
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(284.8 eV) of an internal hydrocarbon. The X-band EPR spectra
were recorded on a JEOL JES-PX1060 spectrometer. Magnetic
susceptibility measurement was carried out in the temperature
range 2—275 K with a magnetometer (Quantum Design MPMS-7)
equipped with a SQUID sensor. The UV—vis reflection spectra
were recorded on a Shimadzu UV-3101PC spectrophotometer
over the range from 400 to 800 nm at room temperature.

X-ray Structure Determination for Chain-2. Measurement
were carried out on a Bruker SMART APEX CCD diffracto-
meter equipped with a normal focus Mo-target X-ray tube
(A = 0.71073 A) operated at 2000 W power (50 kV, 40 mA)
and a CCD two-dimensional detector. A total of 1315 frames
were collected with a scan width of 0.3° in @ with an exposure
time of 30 s/frame. The frames were integrated with the SAINT
software package with a narrow-frame algorithm.'* Absorption
correction was applied by using SADABS." The structure was
solved by direct methods'® with subsequent difference Fourier
syntheses and refinement with the SHELXTL software
package.!” The O atoms (09 and 010) of the water molecules
and N4, N10, N12, N17, N18, C5, C16, and C22 were refined
isotropically. The atoms O3, 07, N9, N19, C11, C12, C25, C26,
Cl4—6, and Cl12—14 in trichloroacetoamidate were isotropi-
cally refined under rigid conditions because of high disorders.
Because guest molecules were severely disordered, all PFy
anions could not be located in the difference Fourier maps.
The other non-H atoms were refined anisotropically, and all H
atoms were placed in ideal positions. The crystal data and
structure refinement results are summarized in Table 1.

DFT Calculation. The electronic structure of model com-
pound [{PtRh(PVM)>(NH;3),Cl}> {Pty(PVM)2(NH3)4}0]° " was
calculated with the DFT method using the B3LYP functional'®
with the Gaussian03 program package.'” For Pt and Rh, the
LANL2DZ basis set was used together with the effective core
potential of Hay and Wadt.?® For the other elements, the
6-31G* basis sets>' were selected. The model of [{PtRh(PVM),-
(NH3)>Cly}»{Ptoy(PVM),(NH;)4},]% " was generated by using the
geometry parameters obtained from crystal structure data of
Chain-1.'*®

Results and Discussion

Synthetic Procedure. Chain-1 consists of two types of
dinuclear complexes, [Ptoy(PVM)>(NH;),*" ([Pt—Pt]) and
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Table 1. Crystallographic Data and Structure Refinements for Chain-2

empirical formula
fw

cryst syst
space group
a(A)

b(A)

c(A)

o (deg)

B (deg)

¥ (deg)
V(AY)

V4

D (Mgm ™)

abs coeff (mm ")
F(000)

cryst size (mm?)
measd reflns
indep reflns
GOF on F*

RI[I > 20(D]"

CisHgoCl17F12N20010P2PtsRhy
3126.07

triclinic

Pl

13.455(6)

17.782(8)

21.349(10)

74.622(9)

79.551(9)

79.929(9)

4800(4)

2

2.163

9.618

2906

0.45 x 0.30 x 0.10

29 690

20556 [Rine = 0.0757]

1.043

R1 = 0.1145, wR2 = 0.2938

“RU=Y2(F = IFD/(Fo)), wR2= {32 0(Fy = F) 3w Fo) T 2,

Scheme 1

HaN B3H3N NH; Cl CI HaN NH;

,JR A\ \Pt2+ }D:t” OXNHNH Cl—RR=—Pt*"
MRS LB o4 VOV o+ BE
\ \ NN 2O ; NN

S
o
-

Hy y\o\g HoN §3H3N N oé” NHyH Cl CIHGN NHg
—Cl—Pt—Rh—Pt—Pt—Pt—Pt—Rh—Pt—C—
EEELEELERLEL
HN NHiCI CF NN, 0,0 HoN NH N NH; OQg NN

P

;U\<
/(/

I

I

.

R = C(CHs); Chain-1
CCl3  Chain-2

[PtRh(PVM),(NHs3),Cls] ([Pt—Rh]), where each complex
is stacked and aligned in the order —[Pt—Rh]—[Pt—Pt]—
[Pt—Pt]—[Rh—Pt]—CI—."° As a candidate for a new 1D
chain, we have selected the less electron-donating TCM
ligand as bridging ligands for [Pt—Rh] complexes in place
of the PVM ligand, for the purpose of lowering the
highest occupied molecular orbital (HOMO) level around
the Rh atoms. To substitute organic ligands in Chain-1,
a rational synthetic method for Chain-1 is necessary,
and we succeeded in obtaining the expected compounds
by simply mixing dinuclear complexes, [Pt—Pt] and
[Pt—Rh], in a ratio of 1:1 (Scheme 1). Brown single
crystals of Chain-2 with a metallic luster were also ob-
tained by mixing two dinuclear complexes, 1 and 2,
followed by evaporation of the solution in air. The
oxidation states of the metal ions in 1 and 2 are Pt>*—Pt* "
and Pt*"—Rh*", respectively, as reported previously.'*"

Crystal Structure. Chain-2 crystallizes in the triclinic
space group Pl with two [PtRh(TCM),(NH;),Cl,]-
[Pto(PVM)>(NH3)4]o[PtRh(TCM),(NH3),Cl,] fragments
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Figure 1. (a) Crystal structure of Chain-2. (b) Amplified view of the green dotted square in part a showing the metal—metal bond between two dinuclear
compounds, [PtRh(TCM),(NH;),Cl] and [Pty(PVM),(NHj3),]. (¢) View along the metal—metal bond between [PtRh(TCM),(NH3),CL] and [Pt,(PVM),
(NHj3)4]. (d) Crystal packing of the 1D chains in Chain-2. All chains are parallel in the crystal. The H atoms, PF~ ions, and water molecules are omitted for

clarity.

per unit cell, comprising infinite linear chains based on the
PtgRh; unit, [Pt(3)—Rh(1)]—[Pt( 2 Pt(l) [Pt(4)—Pt(5)]—
[Rh(2)—Pt(6)]—Cl (Figure 1a).** The inner [Pty(PVM),-
(NH3)4] and outer [PtRh(TCM),(NHj3),Cl,] dinuclear
complexes of Chain-2 are doubly bridged with PVM
and TCM ligands, respectively (Figure 1b). The central
interdimer interaction is reinforced by four hydrogen
bonds between the O atoms of PVM and the H atoms
of the ammine ligands. The distances between the PVM-
bridged Pt atoms [Pt(1)—Pt(2) and Pt(4)—Pt(5)] are
2.8445(15) and 2.8062(15) A, respectively, and are shorter
than the inner nonbridged Pt(1)—Pt(4) distance of
2.9793(16) A. The outer dimers, [PtRh(TCM),(NHj3),-
CL][Pt(3)—Rh(1) = 2. 605(2) A; Pt(6)—Rh(2) = 2.602(2)
A, are bonded to both ends of the central tetranuclear
platinum unit with distances of Pt(2)—Rh(1) = 2.742(2)
A and Pt(5)—Rh(2) = 2.715(2) A and a twist angle of
about 45° (Figure Ic). The PtgRh, units are further

(22) Chain-2 is easily decomposed to 1 and 2 when dissolved in MeOH, which
was confirmed with electrospray ionization mass spectrometry (ESI-MS). As
shown in Figure S1 in the Supporting Information, the peaks attributed to the
two kinds of dinuclear complexes, {[PtRh(TCM),(NH3),CL]- MeOH} ™ (m/z =
757) and {[Pto(PVM),(NH;),](PF4)} ™ (m/z = 803), are clearly observed. Hence,
the results of both single-crystal X-ray analysis and ESI-MS reveal that Chain-2
comprises 1 and 2, indicating that the synthetic strategy succeeded in substituting
amidate ligands from PVM (Chain-1) to TCM (Chain-2).

bridged by CI" ligands [Pt(3)—CI(3) = 2.563(8) A; Pt(6)—
CI(3") = 2.583(8) A] to give a pseudo-1D infinite chain,
—[Pt—Rh]—[Pt—Pt]—[Pt—Pt]—[Rh—Pt]—Cl—. The other
metal arrangements are unlikely because higher R values
were obtained when different models were used. As
shown in Figure 1d, each 1D chain in the crystal runs
parallel to the [001] direction. Despite the high degree of
PF4~ disorder in the crystal lattice, elemental analysis
shows six PFs~ ions per octameric unit, and the unit
formula is Chain-2, which corresponds to a total metal
charge of 19+ for the PtgRh, unit.

Chain-2 is structurally analogous to Chain-1, com-
prising infinite linear chains based on the PtgRh, unit,
—[Pt—Rh]—[Pt—Pt]—[Pt—Pt]—[Rh—Pt]—Cl—. Table 2
summarizes the metal—metal distances (d;_7), tilt between
the coordination planes (6;_7), and torsion angles (¢;—7)
according to the definition in Scheme 2. The dominant
differences between Chain-1 and Chain-2 are d; and ¢4,
which correspond to the unbridged Pt—Pt distance and
torsion angle among the inner [Pt—Pt] compounds, respec-
tively. The distance dy in Chain-2 [2.9793(16) A] is shorter
than that in Chain-1 [3. 0634(10) A] The decrease in the
Pt—Pt distance with an increase in the average oxidation
state of platinum is widely observed in this class of com-
pounds.® Both the inter- (d,) and intradimer (d5 and ds)
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Table 2. Comparison of Selected Bond Distances (A) and Angles (deg) in Chain-1 and Chain-2
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dl d2 d3 d4 d5 do d7
Chain-1 2.5987(11) 2.7337(11) 2.8450(7) 3.0634(10) 2.8450(7) 2.7337(11) 2.5987(11)
Chain-2 2.605(2) 2.742(2) 2.8445(15) 2.9793(16) 2.8062(15) 2.715(2) 2.602(2)
01 02 03 04 05 06 07
Chain-1 17.7 5.7 28.1 0.0 28.1 5.7 17.7
Chain-2 17.2 5.3 29.6 1.8 24.5 4.2 16.2
b1 ®2 »3 (2] ¢s 9 ®7
Chain-1 7 136 2 180 2 136 7
Chain-2 7 143 10 153 3 137 17
Scheme 2 Pt
4d Pt
s 5/2
R , 4 4772
/v C bl IV i K /(Q =
o _ d A s
Tl 0
\’. [e T M w b a
1D Chain o <
W =
— Cl—fPt— Rh 3£ Pt— Pt Pt — Pt --Rh—Pt3—cCi— 2.
d d ds di ds ds o 2
61 6, 6: Bs 65 B 6 £ ; T
1 P2 @3 Py P P @y ' T )
— T T /—TF——T——T1——
Pt—Pt distances in Chain-2 are longer than the correspond- 320 316 312 308 80 76 72 68

ing lengths in platinum blue [Pty(PVM)4(NH3)g](PFe)s-
(ClOy)- 2H20 [inter, 2.8603(12) A; intra, 2.8039(9) A] with
average Pt>>>" but still much shorter than those in [Pt,-
(PVM),(NH;3)4](PF¢),+2H,0 [inter, 3.1256(12) A; intra,
2.9546(11) A] with average Pt>".1°

Electronic Structure. The electronic structure of Chain-
1 shows that the singly occupied molecular orbital
(SOMO) in Chain-1 is attributed most likely to the
Rh*" d,, orbital raised in energy above d.. through 7
interactions with the amidate ligands, which is revealed
by the EPR result at room temperature.'® That electronic
structure was deduced from the smaller g,, value of
Chain-1 than those of the d..-type glatlnum(3+) com-
plexes® and rhodium(2+) complex,?* which are inter-
preted in terms of a d.» hole state with an admixture of the
lower-lyi g d,. and d,. states because of spin—orbit
coupling.>® No further detailed measurement for Chain-1
was possible because of the lack of crystal stability,
resulting from the MeOH molecules in the crystal of
Chain-1. On the other hand, the crystal of Chain-2 is
relatively stable, accommodating water molecules but no
MeOH, and a modified electronic structure is anticipated
considering the difference of bridging ligands between
Chain-1 and Chain-2.

To determine the metal oxidation states in the Pt4Rh,
unit of Chain-2, XPS, EPR, and magnetic susceptibility
measurements were carried out. Figure 2 shows XPS
spectra of the Pt 4f and Rh 3d regions for 2 and Chain-2
at room temperature, whose binding energies (eV) are

(23) (a) Mehran, F.; Scott, B. A. Phys. Rev. Lett. 1973, 31, 99-102. (b)
Mehran, F.; Scott, B. A. Phys. Rev. Lett. 1973, 31, 1347-1349.

(24) Bunn, A. G.; Wayland, B. B. J. Am. Chem. Soc. 1992, 114, 6917—
6919.

(25) (a) Barton, J. K.; Caravana, C.; Lippard, S. J. J. Am. Chem. Soc.
1979, 101, 7269-7277. (b) Arrizabalaga, P.; Castan, P.; Geoffroy, M.; Laurent,
J.-P. Inorg. Chem. 1985, 24, 3656-3660.

(26) The results of 2 were reported in ref 13b.

Binding Energy / eV

Figure 2. Rh3d;and 3ds, (left) and Pt 4f5, and 47, (right) core levels
of XPS for 2 (dotted lines) and Chain-2 (solid lines) at room temperature.

Table 3. Binding Energies (eV) for the 3d Region of Rhodium and the 4f Region
of Platinum in 2 and Chain-2

Rh 3ds)» Pt 4, Pt 4y
2 309.4 76.3 73.1
Chain-2 309.3 77.0 73.6

summarized in Table 3.%° In the 3d; > region of Rh, Pt 4ds),
signals also exist but are overlapped with the Rh signals.
The Rh 3ds), core level spectra for rhodium(1+) com-
pounds have been reported in the range of 307.6—309.6
eV, while rhodium(3+) compounds have been reported at
308.8—311.3 eV,%” and the observed peaks [309.4 (2)
and 309.3 (Chain-2) eV] occur in both regions. The Pt 4f7,
binding energy for 2 was determined as 73.1 eV, which is
closer to that of the platinum(2+) complex [Pt",(en),-
(o-pyridonato),](NO3), (72.6 eV; en = ethylenedlamme)
than to that of the platinum(3+) complex [Pt L(NH3),-
(a-pyrrolidonato),(NOs),](NO3), (75.0 eV),”® suggesting
that the oxidation state of the Pt—Rh dinuclear complex 2
is Pt>*—Rh*."** Although the Pt 4f; , blndmg energy for
Chain-2 (73.6 ¢V) is also closer to that of Pt>", both Pt af7n
and 4fs, for Chain-2 are more shifted than those of 2
(Figure 2, right), which might be caused by a higher de-
gree of spectral overlap of the Pt>" and Pt*" peaks.* %"
Hence, it can be concluded that Chain-2 exhibits a mixed
valency of Pt*" and Pt*".

As will be described in detail in the EPR Spectra
section, the EPR spectrum of Chain-2 with a relatively
small g,, value (g,y = 2.0l at room temperature) was

(27) Frederick, B. G.; Apai, G.; Rhodin, T. N. J. Am. Chem. Soc. 1987,
109, 4797-4803.
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— Pt(+3) — Rh(+3) — P(+2) — Pt(+2) — P(+2) — Pt(+2) — Rh(+2) — Pt(+3)—

Figure 3. Schematic molecular orbital diagram of Chain-2. The figure is not based on the calculation results, and the interactions between each dinuclear

unit are not considered in the figure.

obtained, indicating the existence of an unpaired electron.
The magnetic susceptibility of Chain-2 has a ueg [o<(y 7)"/?]
value of 1.86 at 265 K, showing one unpaired electron per
PtgRh, unit (Figure S4 in the Supporting Information).
As mentioned previously, the results of single-crystal
X-ray and elemental analysis for Chain-2 indicate that
the total metal charge for the PtgRh, unit is 194. Further-
more, the results of XPS, EPR, and magnetic suscept-
ibility measurements show that Chain-2 contains one
unpaired electron per PtgRh,, where the Pt atoms exhibit
a mixed valency of Pt*" and Pt*". Figure 3 shows a
schematic view of the molecular orbital diagram of
Chain-2. Only considering d-orbital overlaps between
corresponding pairs, three types of bonding and anti-
bonding combinations in the order 0 < 7 < § < 0* <
% < o* can be obtained.? In both dinuclear complexes
[Pt—Rh] and [Pt—Pt], the d,, orbital is higher in energy
than d.» because 7 interactions with the amidate ligands
induce a reversal of 6* and z*, resulting in the order
o< @< <a*<o* < o*? Inaddition, it is expected
that each combination in [Pt—Rh] is higher than that in
[Pt—Pt]. Taking into account the total metal charge (19+)
and mixed valency of Pt atoms, the reasonable diagram
shown in Figure 3 was obtained. HOMO (SOMO) resides
in 0* of the [Pt—Rh] complexes. The SOMO in Chain-2 is
attributed to 0%, satisfying the small g,, value obtained by
EPR,*® similarly to that for Chain-1."

The results of calculations also support this electronic
structure. Figure 4 shows the first and second HOMOs in
the model compound [{PtRh(PVM),(NH;),Cl,},>{Pt,-
(PVM)(NH3)4},]°", which is obtained from the crystal

(28) Cotton, F. A.; Murillo, C. A.; Walton, R. A. Multiple Bonds between
Metal Atoms, 3rd ed.; Springer Science and Business Media, Inc.: New York,
2005.

(29) Kawamura, T.; Katayama, H.; Nishikawa, H.; Yamabe, T. J. Am.
Chem. Soc. 1989, 111, 8156-8160.

(30) If the g,, value obtained for Chain-2 is interpreted in terms of a d.» hole
state (the case for both Pt** and Rh>") with an admixture of the lower-lying d..
and d,. states because of spin—orbit coupling, a larger g,, value is expected.

(31) The third HOMO in Chain-1 occupies a o/o* orbital over the
octameric unit with an energy of —17.75 eV. DFT calculations were also
performed on the model [{PtRh(PVM),(NH3),Cls}»{Ptos(PVM),(NH;),}-]*
with axially coordinated Cl™ ions. In that case, because of axial coordina-
tion, the o/o* orbital is raised to be the HOMO (—12.96 eV), while the
degenerate 0* orbitals around both sides of the [Pt—Rh] complexes are the
second and third HOMOs with an energy of —13.11 eV.

HOMO

HOMO-1

,\‘#f\

Pt—Rh—Pt— Pt — Pt —Pt—Rh—Pt

Figure 4. Shape of the first and second HOMOs in Chain-1 without
axially coordinated CI™ ions.

structure of Chain-1 without axially coordinated CI™ ions.
Both molecular orbitals occupy large regions around both
sides of the [Pt—Rh] complexes, and both HOMO levels are
degenerate with an energy of —17.46 eV.?! Although it
is impossible to perform an accurate calculation on the
model compound [{PtRh(TCM)»(NH3)>Cl»}{Pt,(PVM),-
(NH;)4},]°" for Chain-2 because of the lower crystallo-
graphic symmetry, the estimated HOMO in [{PtRh(PVM),-
(NH?,)z(jlz}2{Ptz(P\/l\/I)2(1\IH3)4}2]6Jr is substantially con-
sistent with that in the molecular orbital diagram (Figure 3).
Taking into account all of the results, the oxidation states of
the octameric unit in both Chain-1 and Chain-2 are approxi-
mately expressed as P*T—Rh?>T—Pt?> " —Pt> T—Pt* " —
Pt —Rh>>"—Pt*". The unpaired electron occupying the
Rh d,, orbitals (0* orbitals in the Pt—Rh dinuclear parts)
hops from one Rh atom to another in the PtgRh, unit.'” To
our knowledge, these characteristic chains, Chain-1 and
Chain-2, are the first examples of 1D metal complexes that
do not have ¢* orbitals as the HOMO, instead having &*
orbitals.' ?

EPR Spectra. The spin hopping in Chain-2 is very
characteristic, considering the relatively large separations
of the adjacent Rhions (13.78 A within the octameric unit
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Figure 5. (a) Continuous-wave EPR spectra of powder samples of Chain-2 in the temperature range 4.7—298 K. (b) Selected spectra of Chain-2 at
4.7 (blue), 7.9 (red), and 298 (green) K. Asterisks correspond to unidentified impurities. (c) Plots of the peak-to-peak line width (17, mT) vs temperature (K).

Table 4. Temperature Dependences of g Values and Peak-to-Peak Line Widths
(W, mT) Observed in EPR Spectra of Chain-2¢

temperature (K) g value peak-to-peak line width (W, mT)

4.7 2.01 41.0
5.3 2.01 49.0
6.5 2.03 58.0
7.9 2.03 61.3
10 2.02 56.5
15 2.01 50.5
20 2.01 44.9
25 2.01 41.5
30 2.01 393
40 2.00 36.3
50 2.00 344
60 2.00 333
70 2.01 32.3
100 2.01 30.4
298 2.01 26.0

“Experimental settings: microwave frequency, 9.0223 (4.7 K), 9.0224
(5.3 K), 9.0204 (6.5 K), 9.0187 (7.9 K), 9.0168 (10 K), 9.0159 (15 K),
9.0157(20K),9.0156 (25K), 9.0155 (30 K), 9.0154 (40 K), 9.0153 (50 K),
9.0152 (60 K), 9.0152 (70 K), 9.0154 (100 K), and 9.4346 (298 K) GHz;
microwave power, S mW; field modulation (100 kHz), I mT.

and 10.33 A between the neighboring units in Chain-2)
and the nature of the spin orbital perpendicular to the
metal—metal bond axis. The variable-temperature EPR
measurements (7' = 4.7—298 K) for the powder sample of
Chain-2 showed a broad isotropic signal without a hy-
perfine structure over the whole temperature range
(Figure 5). In most EPR spectra of amidate-bridged
dinuclear mixed-valent rhodium(IL,I1I) complexes or var-
ious other mixed-valent complexes of any transition
metals,’ anisotropic EPR signals based on the metal d
orbital are observed, and only in a very few exceptional

(32) (a) Kawamura, T.; Fukamachi, K.; Sowa, T.; Hayashida, S.; Yonezawa,
T. J. Am. Chem. Soc. 1981, 103, 364-369. (b) Kasack, V.; Kaim, W.; Binder, J. H.;
Jordanov, J.; Roth, E. Inorg. Chem. 1995, 34, 1924-1933. (c) Kawamura, T.; Kachi,
H.; Fujii, H.; Kachi-Terajima, C.; Kawamura, Y.; Kanematsu, N.; Ebihara, M.;
Sugimoto, K.; Kuroda-Sowa, T.; Munakata, M. Bull. Chem. Soc. Jpn. 2000, 73, 657
668.

cases are isotropic signals reported, which are, however,
the result of hopping on the ligand radicals.>*®>¢ The g
values of Chain-2 are always close to 2.0 (Table 4), and the
peak-to-peak line width (W, mT) increases with an in-
crease of the temperature in range 1 (7 = 4.7—7.9 K),
whereas 17 decreases with an increase of the temperature
in range II (T = 7.9—298 K). Such temperature depen-
dence is attributed to spin hopping and coalescence
(range 1) and motional narrowing (range II) in EPR
spectroscopy.>™¥ The electron-hopping frequency mono-
tonically increases with an increase of the temperature over
the whole temperature range. However, because of ex-
change and coalescence, the signal broadens with an in-
crease of the temperature in range I, and eventually the line
width reaches a maximum at 7.9 K. As shown in Figure 5, a
broader spectrum at 7.9 K does not exhibit the separated
profile due to the two sites but overlapped one with a slightly
different g value, whereas at temperatures above 7.9 K
(range II), the signal becomes narrower with an increase
of the temperature because of motional narrowing.*™**
The hopping frequency (w) is comparable to the char-
acteristic frequency (w.) at 7.9 K and increases further
above 7.9 K. Assuming that the coalescence and narrow-
ing are due to hopping between sites that differ in the
orientation of the g tensor and that the g difference (Ag)
between the sites is typically ~0.1,>* we can estimate the

(33) (a) Anderson, P. W.; Weiss, P. R. Rev. Mod. Phys. 1953, 25,269-276.
(b) Slichter, C. P. Principles of Magnetic Resonance, Springer Series in Solid-
State Sciences; Flude, P., Ed.; Springer-Verlag: New York, 1978. (c) Bencini, A.;
Gatteschi, D. Electron Paramagnetic Resonance of Exchange Coupled Sys-
tems; Springer-Verlag: Berlin, 1990. (d) Seth, J.; Palaniappan, V.; Johnson, T. E.;
Prathapan, S.; Lindsey, J. S.; Bocian, D. F. J. Am. Chem. Soc. 1994, 116, 10578—
10592. (e) Tanaka, H.; Kuroda, S.-i.; Yamashita, T.; Mitsumi, M.; Toriumi, K. J.
Phys. Soc. Jpn. 2003, 72, 2169-2172.

(34) The typical value of 0.1 for the g difference between sites is proper in
our case, considering that the ~20 mT peak shift would be expected when the
g value changes by £0.1. At 7.9 K, the spectrum with a slightly different g
value does not exhibit the separated profile due to the two sites but an
overlapped one.
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Figure 6. Plots of the logarithm of the peak-to-peak line width (W, mT)
vs T~ ' (K™1). The red line exhibits In Aw = E/kT + ln(wpzrm/Zn) based on
the relations Aw ~ wp2/a) (valid foro,<wand T = 70—298 K) and w =
27/t = (27/t.,) exp(—E/kT), where Aw is the line width, w,, is the static
line width, 7 is the hopping time constant, 7., is T at sufficiently high
temperature, and E is the activation energy.

order of w, as 10° Hz, based on the equation w. ~ (Ag/g)
x 27f(EPR),**® where fIEPR) is the EPR frequency.
From the relations Aw ~ w,’/@>** (valid for o, < )
and w = 27/t = (27/1..) exp(— E/kT),>® where Aw is the
line width, ), is the static line width, 7 is the hopping time
constant, and 7., is 7 at sufficiently high temperature, the
activation energy Eis calculated as ~2 x 10K (~14cm™';
Figure 6); another simpler relation based on the equa-
tionk, = (kT./h)exp(—E/RT,),i.e., E = 19.14T[10.32 +
log(T./ke)]I mol !, ** where T, and k. are the coalescence
temperature and hopping rate, respectively, gives a cal-
culated activation energy of ~3 x 10 K (~21 cm ™).
Temperature-dependent spectral line broadening and
coalescence phenomena are often observed in NMR spectro-
scopy>*™¢ and sometimes observed in other spectro-
scopies.”> These phenomena depend on the relationships

(35) (a) Grevels, F.-W.; Jacke, J.; Klotzbucher, W. E.; Kruger, C.; Seevogel,
K.; Tsay, Y.-H. Angew. Chem., Int. Ed. 1987, 26, 885-887. (b) Wu, R.; Koske,
S.K. A.; White, R. P.; Anson, C. E.; Jayasooriya, U. A.; Cannon, R. D. J. Chem. Soc.,
Chem. Commun. 1994, 1657-1658. (c) Ito, T.; Hamaguchi, T.; Nagino, H,;
Yamaguchi, T.; Washington, J.; Kubiak, C. P. Science 1997, 277, 660-663. (d) Ito,
T.; Hamaguchi, T.; Nagino, H.; Yamaguchi, T.; Kido, H.; Zavarine, I. S.; Richmond, T.;
Washington, J.; Kubiak, C. P. J. Am. Chem. Soc. 1999, 121, 4625-4632. (e)
Londergan, C. H.; Kubiak, C. P. Chem.—Eur. J. 2003, 9, 5962-5969. (f) Crutchley,
R.J. Angew. Chem., Int. Ed. 2005, 44, 6452—6454. (g) Salsman, J. C.; Kubiak, C. P,;
Ito, T. J. Am. Chem. Soc. 2005, 127,2382-2383. (h) Ito, T.; Imai, N.; Yamaguchi, T.;
Hamaguchi, T.; Londergan, C. H.; Kubiak, C. P. Angew. Chem., Int. Ed. 2004, 43,
1376-1381. (i) Lear, B. J.; Glover, S. D.; Salsman, J. C.; Londergan, C. H.; Kubiak,
C.P.J. Am. Chem. Soc. 2007, 129, 12772-12779.
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of the time domains between molecular/electron dynamics
and instruments (NMR, 107'=107%s; EPR, 107 4—10"" s;
IR, picoseconds).™® To date, electron fluctuations in
mixed-valent metal complexes have been observed by visible
(near-IR) s7pectroscopy to determine the electron-transfer
dynamics.” Moreover, intervalence charge transfers have
also been observed as a coalescence of ligand vibrational
peaks in IR spectroscopy;>> however, those spectroscopic
techniques are difficult to apply to slower electron dynamics,
as observed in our case.

Conclusion

This work was devoted to the synthesis and characteriza-
tion of a novel mixed-valent 1D complex, Chain-2. We
succeeded in obtaining Chain-2 by simply mixing the di-
nuclear [Pt—Pt] complex 1 and the [Pt—Rh] complex 2,
resulting in substitution of the ligands from PVM (Chain-1)
to TCM (Chain-2). The result implies the possibility of
modifying this type of unique heterometallic 1D complex,
—[Pt—Rh]—[Pt—Pt]—[Pt—Pt]-[Rh—Pt]—Cl—, with other
organic ligands. The results of XPS, EPR, and magnetic
susceptibility measurements and DFT calculations showed
that the oxidation state of the octameric unit in Chain-2 is
Pt —Rh** =P —Pt*" —Pt*" —Pt*"—Rh***—Pt*", where
the HOMO (SOMO) consists of 0* of Pt—Rh dinuclear parts
with an unpaired electron hopping between the Rh atoms. By
changing the bridging ligand from PVM (Chain-1) to the less
electron-donating TCM (Chain-2), although a clear effect on
the electronic structure was not observed, stable crystals for
several measurements were obtained.
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