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Most metal—1,10-phenanthroline-complex-sensitized  inorganic
semiconductors are multicomponent materials. This fundamental
study was devoted to the single-phase materials fused with
moieties of the phen complex and inorganic chalcogenide. Com-
pounds 1 and 2 are new types of cubic clusters with cluster-to-
ligand charge transfer.

Metal chalcogenido clusters are playing an important role
in several scientific areas of current interest such as material
science, biochemistry, and catalysis. A well-known class of
such compounds is the cubane-type metal chalcogenido
clusters, in which the metal and chalcogen atoms occupy
adjacent vertices in a cube. These cubane-type clusters have
found important applications as typical and simplified mod-
els in the study of metal chalcogenido clusters, especially in
the electronic state of the clusters.! For this reason, M;Qq
(Q =S, Se) clusters have been extensively studied, and up to
now, about a thousand homo- or heterometallic cubane-type
compounds have been synthesized and characterized crystal-
lographically. Most of them are transition-metal compounds,
especially those of Mo, W, Fe, and Cu elements."? In
contrast, the reported cubane-type main-group metal chalco-
genido clusters are limited. The reported homometallic
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clusters among them are NasQu’ MziQu* AlLiQs,’ GayQu.’
and InsQ,,” in which the ligands are usually Cp*, M(CO),,
Me;Si—, alkyl substituents, or tetrahydrofuran belonging
to organometallic compounds. Herein we report a new type
of main-group metal chalcogenido cluster of cubic InsQ,
(Q =S, Se) coordinated with 1,10-phenanthroline (phen),
[InSe(phen)Cl], (1), and [InS(phen)Cl];- 1.5C,H¢0,-0.5H,0
(2; C,H(O, = ethylene glycol).

After publication of the first synthetic procedure in 1898,
phen is now still of major interest to diverse scientific
communities because it is an excellent chelating agent and
the presence of 14 clectrons delocalized over the aromatic
ring confers peculiar spectroscopic, photochemical, and
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Figure 1. Structure of compound 1 (left) and the space-filling model
showing S, symmetry (right).
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electrochemical properties on phenanthroline-based transi-
tion-metal complexes.”” ! In spite of the existence of numer-
ous metal—phen complexes, the coordination of phen to the
M site in metal cubane-type clusters has not been observed
yet (CCDC database update to 2009.9). To our knowledge,
compounds 1 and 2 are the first M4Qy clusters coordinated
with the phen ligand.

Compounds 1 and 2 are main-group metal coordination
cubanes obtained from a solvothermal reaction system dur-
ing our series studies of the inorganic—organic hybrid Ga/In
chalcogenides.'? The reagents InCl;-4H,0 and phen reacted
with element S or Se in an aqueous solution of ethylene glycol
in a thick Pyrex tube [see the Supporting Information (SI)].
The compounds are stable under ambient conditions and are
insoluble in any solvents. Herein the structures of 1 and 2 are
presented in the views of topology and chirality. The elec-
tronic states of the clusters are also discussed and concen-
trated on the charge-transfer (CT) effect between the phen
and the cluster. We found that introducing phen to chalco-
genido clusters can improve the photoabsorption of the
cubanes in the visible range and can induce a bathochromic
shift of the photoemission.

The asymmetric unit of 1is shown in Figure 1. The central
framework InsSe4 is a distorted cube and similar to the
structures of [InSeCpFe(CO),]4, [InSeSiMes]4, and [InSeC-
(SiMes)sls.” The corners of the cluster are alternatively
occupied by In and Se atoms, with the In—Se—In angles
varying from 81.40(2) to 91.80(2)° and the Se—In—Se angles
ranging from 90.00(2) to 99.46(2)°. As a consequence, the Se
atoms are somewhat drawn away from the corners of the
regular cube.

The In—Se bond lengths range from 2.598(1) to 2.937(1) A,
showing larger retractability than that found in the organo-
metallic compounds, for example, 2.653(2)—2.699(2) A for
[InSeCpFe(CO),]s, 2.674(1)—2.681(1) A for [InSe81Me3]4,
and 2.664(2)—2.681(2) A for [InSeSi(CMes)s]s.” Each of
the In"" centers takes an octahedral coordination mode,
coordinated by three us-bridged Se atoms, one chelating
phen, and one chloride ion to balance the positive charge
of the cubane. The symmetry of the cluster belongs to the
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Figure 2. Helical chain structure of 1 assembled by strong 7— stacking
around a 4, axis: (a) view along the ¢ axis; (b) view along the a direction.

unusual S, group, in which there is a S4 axis (also an
appurtenant C, axis). Thereby, it is a good example for
teaching the point group. For this symmetry, the cluster is
a nonchiral molecule. The cluster [InS(phen)Cl]; of 2 is
analogously structured to 1, while the asymmetric unit of 2
contains two symmetrically independent In4S, clusters (SI-
Fig 1 in the SI) with In—S bond distances from 2.504(2)
to 2.695(2) A.

The crystal structure of 1 shows a chiral space group P4,
while the structure of 2 has an inversion center belonging to
space group Pl (see the SI). In compound 1, the clusters
interact with strong - - -7t stackings of the phenanthroline
molecules (the reason for the insolubility of the samples). By
the strongest double s---7 stacking, 3.33(1) A for C-
(27)- - -C(48) and 3.32(1) A for C(28)- - -C(47), the clusters
assemble to a helical chain around a 4, axis that parallels the
¢ axis (Figure 2 and SI-Fig 2 in theSI). Figure 2a presents the
view along the 4, axis (c axis) and Figure 2b that along the
a direction. The crystal structure of compound 1 is chiral, in
which all of the helical chains take a clockwise mode and
parallel each other with interchain 5« - -7t stacking (SI-Table
1 in the SI). The - - - 7 stacking in compound 2 is also listed
in SI-Table 1 in the SI and shown in SI-Fig 3 in the SI. The
shortest one is 3.25(1) A for C(35) -C(69) within the same
symmetric operation (SI-Fig 1 in the SI).

Most reported GayQ, and InyQ4 cubanes are organo-
metallic compounds; those are usually synthesized by the
reaction of organometallic starting materials with chalcogens
or S(Me;Si), and so on.®’ Most of these compounds are used
as the single-source precursors for metal—organic chemical
vapor deposition growth of gallium/indium sulfides because
they have very low volatility temperatures of around 200 °C.
Compounds 1 and 2 are not volatile main-group metal
coordination cubanes. Thermal analysis results showed that
their decomposition temperature is about 350 °C (SI-Fig 4 in
the SI). The potential application of these types of com-
pounds might be as inorganic—organic hybrid functional
materials.
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Figure 3. Optical diffuse-reflection spectra of 1 (curve a, red) and 2
(curve b, blue), showing band I (LC and CC bands overlapped) and band
11 (CLCT).

The metal-to-ligand CT (MLCT) absorption and lumine-
scence features of the phen—metal complexes have been
interesting until now for their 1potential application in photo-
electronic materials. The Ru"'phen system offers new possi-
bilities in solar light harvesting and energy conversion.’
Besides the Ru''phen complexes, Cu'phen,'® Fe''phen,'
and so on are also candidates for photochemical sensitizers.
On the other hand, chalcogenido Ga/In metal compounds
are important inor%anic semiconductive materials for photo-
electronic devices.”> Most metal—phen-complex-sensitized
inorganic semiconductors are surface-modified or embedded
materials, belonging to multicomponent materials.”® This
fundamental study is devoted to the single-phase compounds
fused with structural moieties of phen complexes and
inorganic semiconductors. Introducing metal-phen into chal-
cogenido structures can decrease the energy gap of the highest
occupied orbital to the lowest unoccupied orbital of the
materials and can also avoid the interphase electron transi-
tion between organometallic dye and inorganic semiconduc-
tor. Chalcogenido clusters of 1 and 2 are typical and
simplified models of these types of compounds. For these
reasons, spectroscopic studies of the phen—Ga/In metal
clusters are attractive for us.

Optical diffuse-reflection spectra of 1 and 2 were measured
at room temperature using BaSO, as a standard reference
(Figure 3). The absorption (a/S) data were calculated from
the reflectance. The optical bands were estimated by extra-
polation of the linear portion of the absorption edges. There
are two sets of light absorption bands observed for both
compounds. The first set of bands (band I) isin the area larger
than 2.60 eV for 1 (Se) and 3.20 eV for 2 (S). These intense
bands are assigned to cluster-centered (CC) bands with
overlapped ligand-centered (LC) bands, typically the w—m*
transitions of the phen ligands. The second set of bands (band
II; 1.70—2.60 eV for 1 and 2.20—3.20 ¢V for 2) in the visible
area is assigned to the MLCT absorption,'® more exactly
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Figure 4. Fluorescence emission spectrum of 2 in the solid state at room
temperature (inset: excitation spectrum).

cluster-to-phen ligand CT (CLCT). Though In"" is an elec-
tron-poor center, unlike Ru", Cu', and Fe"”~!" the In,Q,
(Q=S, Se) cluster is an electron-rich donor owing to the S or
Se atoms and the electron-delocalized system within the
cluster. The inorganic In,Q, clusters are usually colorless
or pale-yellow (corresponding to band I). The reddish-brown
color of crystal 1 and the yellow-brown color of crystal 2 are
ascribed to the absorption of band II (CLCT).

The fluorescence emission spectrum of 2 in the solid state
was measured at room temperature (Figure 4; the inset shows
the excitation spectrum), showing a broad and strong emi-
ssion at 650 nm. While the emission spectrum of the free phen
shows a main peak at 381 nm (SI-Fig 5 in the SI; LC emission
of phen). This significant bathochromic shift is undoubtedly
ascribed to the CT effect of the cluster on the ligand because
of the direct coordination of phen to the In4S, cluster.
This spectral character has been well discussed for Ru''phen
compounds, which are considered viable photochemical
sensitizers.”® The emission spectrum of 1 is similar to
that of 2 and shows a broad band at 550—700 nm (SI-Fig 6
in the SI).

In summary, new types of cubic clusters InyQ4 (Q =S, Se)
with the ligand of phen are first reported. The symmetry of
the cluster belongs to the unusual S4 group. By strong - « - 7w
stacking, the clusters in crystal 1 assemble into parallel helical
chains with a 4; axis, forming a chiral structure with space
group P4,. A spectroscopic study indicates that introducing
phen to chalcogenido clusters significantly decreases the
energy gap of the frontier orbitals due to CLCT. The
similarity of 1 and 2 to Ru"phen compounds in spectra is
notably in terms of MLCT absorption bands and fluore-
scence emission, which are important properties being added
to the inorganic InQ moiety. These results prompt us to
explore a new type of inorganic—organic hybrid semicon-
ductor for photophysical applications.
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