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ABSTRACT: The reaction of Cu(Hm-dtc),, Br,, and
CuBr, yielded a new mixed-valence octanuclear Cu'/Cu'/
Cu™ cluster, encapsulating a Br anion in the center of the
cluster cage. The octanuclear cluster units form a 1D assem-
blage, which induces intervalence charge-transfer transitions
from Cu" ions to Cu' ions between the clusters.

olynuclear metal complexes represent one of the most
Pattractive areas in the field of materials science because their
characteristic assembled structures and electronic states, which
have features of organic—inorganic hybrid materials, have new
chemical and/or physical properties such as catalytic activity,' gas
adsorption,2 and conductive,’ magnetic,4 and nonlinear optical
properties.” There is much interest in their design and synthesis;
in particular, the establishment of a rational synthetic method for
mixed-valence polynuclear metal complexes such as mixed-
valence coordination polymers and mixed-valence metal clusters
is important in the development of the chemistry of func-
tional materials because these complexes have potential applica-
tions as new optoelectronic materials based on carrier-transport
properties, valence fluctuations, and intervalence charge-transfer
(IVCT) transitions.®
Dithiocarbamate (dtc) derivatives are good candidates for
ligands in mixed-valence polynuclear metal complexes. This is
because ligands that contain dithiocarboxyl groups have the
ability not only to bridge metal ions by S atoms, which have
large atomic orbitals, in the ligands but also to stabilize copper
complexes in a wide range of oxidation states such as Cu, Cu",
and Cu™.” 7" To date, several mixed-valence metal clusters and
coordination polymers have been synthesized from dtc deriva-
tives.® We demonstrated that 1D mixed-valence Cu'/Cu® coordi-
nation polymers containing a dtc ligand and Br or I anions,
[Cu',Cu"™X,(Hm-dtc),(CH;CN), ], (Hm-dtc ™ = hexamethylene-
dithiocarbamate; X =Br  or ™), exhibited semiconducting proper-
ties at relatively small activation energies (E, = 0.56 eV, X = Br_;
E,=048eV,X=1")*and that they could be employed as sensitizing
materials for dye-sensitized solar cells.*" In this paper, we present
a new mixed-valence system consisting of a cluster unit in which
Cu', Cu", and Cu ions coexist; the formula of these systems is
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[Cu'¢Cu"Cu™Br,(Hm-dtc),]-3CHCl; (1). This complex
shows a unique IVCT band in the UV—vis—near-IR region in
the solid state, which is induced by the assembly of mixed-valence
octanuclear Cu'/Cu"/Cu™ units.

Complex 1 was synthesized by the reaction of a CHCIy
solution of Cu(Hm-dtc), with a CHCI; solution of Br, and
CuBr, (Scheme 1). The reaction mixture was filtered for '/, h,
and black single crystals with needle shape suitable for X-ray
diffraction were obtained from the filtrate in a couple of days by
the slow diffusion of hexane (yield: 8.6%). The yields of the
complex 1 increased by the further diffusion of hexane in the
reaction (S days, 34.7%; 14 days, 37.9%). From the reaction
mixture without Br,, we obtained small flakelike microcrystals,
but unfortunately the crystal structure was unclear. In addition,
when we used an acetone solution of CuBr:S(CHj3;), instead of
the CHCl; suspension of Br, and CuBr,, a mixed-valence 1D
coordination polymer was synthesized.*

Single-crystal X-ray analysis reveals the formation of a mixed-
valence Cu'/Cu"/Cu™ cluster of formula [Cu'¢Cu"Cu™'Br,(Hm-
dtc),] - 3CHCI; (1). The structure of the octanuclear cluster is
shown in Figure 1, where H atoms and disordered C atoms
[C(5A1), C(6A1), C(24A1), and C(27A1)] in the Hm-dtc
ligands and the CHCI; crystal solvents are omitted for clarity.
Two mononuclear Cu(Hm-dtc), units are connected by six Cu ions
and six Br anions, constructing a cage structure, and Brl is
incorporated in the center of the cage through bonding to the
Cu6 ion. The Cuions of the mononuclear units, Cul and Cu2, have
distorted square-planar coordination geometries in which the
Hm-dtc™ ligands coordinate with the Cu ions in four-membered
chelate rings. The Cu6 ion forms a tetrahedral S;Br; coordination
geometry. The other Cu ions connecting the mononuclear units,
Cu4, CuS, Cu6, Cu7, and Cu8, have trigonal-pyramidal S;Br, co-
ordination geometries, where the Brl ion is located close to the Cu
ions, thereby forming a pseudotetrahedral geometry for the Cu ions;
the Cu3--:Brl, Cu4---Brl, CuS---Brl, Cu7---Brl, and
Cu8- - -Brl separations are 3.2109(7), 2.8239(7), 2.7944(9),
2.8707(8), and 2.9196(7) A, respectively. The separations between
the Cu ions of the mononuclear Cu(Hm-dtc), unit and Brl are
3.3847(5) A(Cul- « +Br1) and 3.0756(5) A (Cu2- - - Brl); ie, the
Cul- - -Brl separation is larger than the Cu2- - +Brl separation.
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Scheme 1. Synthesis of Octanuclear Cluster 1
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Figure 1. ORTEP view of octanuclear Cu'/Cu'/Cu™ cluster 1 with
50% probability level ellipsoids. Color code: Cu, red-brown; Br, orange;
S, yellow; C, white; N, blue. H atoms, disordered C atoms, and crystal
solvents are omitted for clarity.

Usually, the oxidation states of copper complexes with dtc ligands
can be determined by the Cu—S distances. In the mononuclear
Cul(Hm-dtc), and Cu2(Hm-dtc), units, the average Cu—S$
distances are 2.3106 and 2.2186 A, respectively; the Cu—S distance
in the Cul (Hm-dtc), unit is larger than that in the Cu2(Hm-dtc),
unit. The Cu—S distance in the Cul (Hm-dtc), unit is similar to the
typical Cu"—$ distances for copper(Il) dithiocarbamate comp
lexes such as Cu"(Etydtc), (2.312 A av), Cu"(EtPr-dtc), (2.284
A av), Cu"(n-Bu,dtc), (2.308 A av), and Cu"(Bz,dtc), (2.293 A
av).” The Cu—S distances in the Cu2(Hm-dtc), unit are similar to
the typical Cu™—S$ distances for copper(Ill) dithiocarbamate
complexes such as [Cu(Me,dtc),](ClO,) (2234 A av) and
[Cu(Etydtc),](FeCl,) (2208 A av).'” On the basis of its charge
neutrality, it is concluded that this complex is in the mixed-valence
state with formula [Cu'Cu"Cu™Br,(Hm-dtc),]-3CHCL, in
which the square-planar Cul with the longest Cu—S distance is
divalent, the square-planar Cu2 with the shortest Cu—S distance is
trivalent, and the other Cu ions of Cu3, Cu4, CuS, Cu6, Cu7, and
Cu8 with distorted tetrahedral or trigonal-pyramidal coordination
geometries are monovalent, consistent with the results of magnetic
measurements reported below.

The octanuclear clusters align with a head-to-tail linkage on
the basis of the formation of weak coordination bonds between
these clusters, constructing an infinite 1D assemblage in the
crystal, as shown in Figure 2a. In this 1D assemblage, two
Cu(Hm-dtc), units are joined to each other and form a dimer
unit with weak Cu—S bonds; the Cul—S7* and Cu2*—Sl1
separations are 2.9662(10) and 3.3300(10) A, respectively,
which are longer than the intramolecular Cul—S$ and Cu2—S$
distances in the mononuclear units. Note that the Cu(Hm-dtc),
units Cu"(Hm-dtc), and Cu™(Hm-dtc), in the dimer have

Figure 2. (a) Infinite chain structures formed by the assembly of
octanuclear cluster units of 1. Hexamethylene groups of Hm-dtc ligands
are omitted for clarity. (b) Packing diagram of 1 viewed along the
diagonal of the a and ¢ axes. H atoms, disordered C atoms, and crystal
solvents are omitted for clarity.

different oxidation states and a small Cu'"+ -+ Cu'™ separation
[3.8543(6) A); this separation is smaller than the intracluster
Cu"- - - Cu™ separation [6.4509(6) Al. Figure 2b is a packing
diagram viewed along the 1D assemblages, which are fully
isolated from each other because of the hexamethylene groups
of the dtc ligands and the CHCI; crystal solvents. The nearest-
neighbor Cu®---cd, cu™- - -Cu™ and Cu"- - - Cu™ separa-
tions between the 1D assemblages are 11.6414(6), 12.6294(7),
and 12.7104(6) A, respectively.

The magnetic susceptibility of a polycrystalline sample of 1
was measured using a SQUID magnetometer at 10 kOe in the
temperature range of 5—300 K (Figure S1 in the Supporting
Information). The effective magnetic moment at 300 K is
1.49 ug, which indicates that this octanonuclear cluster 1 includes
one unpaired electron of the Cuion (S="/,), as characterized
by the X-ray study. The direct-current electrical resistivity of
powder-pressed pellet samples sandwiched by brass electrodes
(diameter, 13 mm) of the octanuclear cluster 1 was measured in
the temperature range of 250—300 K, which indicates that this
complex is a semiconducting material (E, = 0.31 eV) with low
conductivity (0300 k = 2.9 X 10" S em™Y Figure S3 in the
Supporting Information).

Figure 3a shows the absorption spectra of the mono-
nuclear complex Cu(Hm-dtc), and of metal cluster 1 in a CHCl,
solution. The mononuclear complex Cu(Hm-dtc), exhibits
broad absorption in the visible range, with a maximum at 437 nm
(e =12100 M ' em™ ") and a shoulder at 620 nm (e = 1100
M ' em ™). The intense absorption band at 437 nm is attributed to
ligand-to-metal charge transfer.'’ The broad shoulder at 620 nm
may be attributed to the d—d transition of the Cu" ion; this
absorption is enhanced by mixing of the d orbitals of the Cu" ion
and highest occupied molecular orbitals of the dtc ligands. The
octanuclear cluster also shows large absorption bands with a
maximum at 424 nm (¢ = 23200 M~ cm '), a shoulder at
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Figure 3. (a) Absorption spectra of mononuclear complex Cu(Hm-
dtc), and octanuclear cluster 1 in a CHCI; solution and (b) diffuse-
reflectance UV—vis—near-IR absorption spectra of solid samples of
Cu(Hm-dtc), and 1 (0.01 mmol) doped in MgO (80 mg) obtained via
Kubelka—Munk analysis of the reflectance spectra.

580 nm (¢ = 4700 M ' cm ™ '), and an additional new absorption
band at 372 nm (¢ = 17500 M ' cm™ '), in which the solution
shows a brown color. Figure 3b shows the absorption spectra,
obtained by diffuse-reflectance spectroscopy, of the solid samples of
mononuclear complex Cu(Hm-dtc), (0.01 mmol; black) and
octanuclear cluster 1 (0.01 mmol; red) doped in MgO (80 mg);
the absorbance is plotted as the Kubelka—Munk function'? f(R) =
(1 — R*)/2R, where R is the absolute reflectance of the samples.
The spectrum of a solid sample of mononuclear complex Cu(Hm-
dtc), exhibits absorptions similar to those of its spectrum in a
CHCl; solution, with a maximum at 439 nm and a shoulder at
620 nm. In contrast, the octanuclear cluster 1 assemblage has an
additional broad absorption band (A = 1400 nm) extended to
near-IR regions in the solid state. This unusual absorption band is
never observed in mononuclear and polynuclear copper complexes
containing dtc ligands. We attribute this broad absorption to IVCT
transitions from the Cu"(Hm-dtc), unit to the Cu™(Hm-dtc), unit
between the clusters through the weak Cu—S bonds. In other
words, the IVCT transitions were induced by the assembly of mixed-
valence Cu'/Cu"/Cu'™ clusters.

In summary, we synthesized a new mixed-valence octanuclear
Cul/Cul/Cu'™ cluster with an infinite 1D assemblage. In this
complex, the IVCT transitions between the clusters are induced
by the assembly of mixed-valence clusters. Such mixed-valence
clusters may open up new opportunities for the development of
nanofunctional materials.
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