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Synthesis and Structure of the First Indium—Copper Cluster, [CugIn;(SEt),¢]— and its

Possible Relevance to CulnS,
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The cluster (Ph,sP)[Cugln;(SEt)16] has been prepared by the reaction of [Cu{CH3CN)4JPFg with (PhsP)[IN{SEt),] and its

crystal structure shows an adamantoid framework.

Despite recent developments in homoleptic metal-thiolate
chemistry, a quick literature survey reveals that heterometallic
metal thiolate complexes are conspicuously absent.! Our
interest in mixed metal-thiolate and selenolate compounds
stems from the need to develop single-source precursors for
CulnS, and CulnSe;, the latter being a leading low cost
photovoltaic material for direct solar energy conversion.2 Thin
film photovoltaic devices based on CulnSe, have now
achieved 12% efficiency while devices based on CulnS,, a
potentially cheaper, lighter and less toxic material, lag behind
at 7% .2 The reasons for this are not entirely understood but
there are increasing indications of a greater number of defects
in its crystal structure.2 To date, thin films of CulnQ, (Q =S,
Se) have been deposited by a number of physical techniques
including evaporation of CulnSe, powder with coevaporation
of Se,? evaporation from the binary compounds,* Cu,Se,
In,Se;, three source coevaporation from the elements,> ion

beam sputtering of polycrystalline CulnSe,,® molecular beam
epitaxy’ and spray pyrolysis.® All these techniques involve
high temperatures. The films obtained usually suffer from
high defect density and non-stoichiometry, both detrimental
to device performance. Development of suitable precursors
should provide milder synthetic routes and better materials.
Reports on soluble one-source precursor compounds for low
temperature preparation of CulnQ, with atomic Cu: In ratio
of 1:1, however, are scarce.® For these reasons we are
exploring the thiolate (and selenolate) chemistry of Cu and In.
Herein, we report a novel mixed Cu-In thiolate polynuclear
cluster (PhyP)[Cu¢ln;(SEt)], 1, featuring a remarkable
adamantoid structural framework, which is an important
addition to the metal-thiolate family of compounds because it
is the first compound to contain metal heteroatoms from
different groups in the periodic table.

Reaction of [Cu(CH3;CN),]PFgl% with (PhyP)[In(SEt)4]
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(prepared in situ from InCls, 4NaSEt and Ph,PCl), produces
the yellow crystalline complex 1in 40% yield.t The compound
crystallizes from CH;OH-CH3;CN mixture as a PhyP+ salt
and is sparingly soluble in most common organic solvents.

The structure of the nona-nuclear [Cugln;(SEt)g]=, I,
anion is shown in Fig. 1. Itis composed of three fused distorted
adamantane cages consisting of three tetrahedral Cu atoms,
three trigonal planar Cu atoms and three tetrahedral In atoms
‘glued’ together by four triply bridging, nine double bridging
and three terminal thiolates. The three adamantane cages
share Cu atoms which cluster together to form a central
[Cug(SEt)s]2+ core. This hexanuclear core consists of three
tetrahedral and three trigonal planar Cu atoms. To form the
entire cluster the [Cug(SEt)4]2+ core is capped with three
tripodal [(u-SEt);InSEt]~ units. The three tetrahedral Cu
atoms, each from the three adamantane cores, are bridged by
one of the triply bridging thiolates. The remaining three
tridentate thiolates bridge two trigonal and one tetrahedral Cu
atoms. All doubly bridging thiolates however, bridge In and
Cu atoms. A pseudo threefold axis passes through the only
sulfur atom S(8) shared by the three adamantane cores and
perpendicular to the plane containing the three tetrahedral
copper atoms Cu(1), Cu(3) and Cu(6).

The Cu-S bond distances are influenced predominantly by
the metal coordination type rather than by the binding modes
of the sulfur atoms. Thus, Cu-S bond distances around the
trigonal copper atoms range from 2.19 to 2.26 A and are
shorter than those around the tetrahedral Cu atoms, which
range from 2.30 to 2.48 A, in agreement with a trend observed
earlier.!! The In-S bond distances (2.44-2.49 A) are in the
range found for other tetrahedral In thiolate complexes.!? All
the In-S bond distances for the terminal thiolates are shorter
than those of the bridging In-S bonds in accordance with an
observation reported earlier for (InsS;0)%~ anion.'3

Unlike the related metal-thiolate structures with adaman-
tane building blocks, in which the metal coordination is always

+ (a) A mixture of 0.76 g (9.05 mmol) NaSEt in 50 ml of methanol and
0.85 g (2.25 mmol) Ph,PCl was stirred for a few minutes; 0.5 g (2.26
mmol) InCl; was then added and the mixture stirred for ca. 30 min and
filtered. After adding 20 ml of acetonitrile to the filtrate, 0.84 g (2.25
mmol) [Cu(CH3;CN),|PFg, % was finally added and the mixture
stirred for 3 h and filtered. The colourless filtrate was concentrated
under vacuum. When yellow microcrystals started forming, the
solution was left to cool overnight at —10°C. Yield of
[PhyP][CugIns(SEt)4] was 40%., based on Cu. Using
[Cu(CH;CN)4|BF,'% instead of the PF4~ salt reproducibly gives
similar results. However, several attempts to prepare 1 by mixing the
exact ratios of the reagents as they appear in the formula failed. The
hierarchy of addition of reagents is also important in that the
[PhyP][In(SEt)4] must be formed first to avoid precipitation of
insoluble copper thiolates (i.e. [CuSR],!4?).

t Crystal data: [PhyP][Cuglns(SEt),e], triclinic, Pl with a =
15.184(11), b = 16.836(11), ¢ = 17.661(9) A, « = 92.31(5), B =
112.90(5), v = 103.74(6)°, V = 3995(4) A3, Z =2, D, = 1.697 gcm3
and p = 28.6 cm~!'. Single crystal X-ray diffraction data were
collected (at —110°C) on a Nicolet P3 four-circle diffractometer
(Mo-Ka radiation), with 6/26 scan, 3°<28<40°, and 3003 reflections
with F 2>30(F,2). An empirical absorption correction (DIFABS, N.
Watker and D. Stuart, Acta Crystallogr., Sect. A, 1983, 39, 158) was
applied. The number of variables were 412, and final R/R,, =
8.2/9.8% . The structure was solved with SHELXS-86 and was refined
with the TEXSAN Structure Analysis Package (Molecular Structure
Corporation, 1985) of crystallographic programs. Unit weights were
used. The orientation of the ethyl group attached to S(7) was found 1o
be disordered between two positions. The orientation of the terminal
carbon atom of the ethyl group attached to S(12)was also found to be
disordered over two positions. The Ph,P* cation features the
expected structural characteristics and calls for no further comment.
There are no close cation—anion contacts. Atomic coordinates, bond
lengths and angles, and thermal parameters have been deposited at
the Cambridge Crystallographic Data Centre. See Notice to Authors,
Issue No. 1.
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Fig. 1 ORTEP plot of [Cuglns(SEt),s]~' (I) with labelling scheme.
Selected bond distances (A) and angles (). In(1)-S(1) 2.44(1),
In(1)-S(3) 2.49(1), Cu(1)-S(5) 2.31(1), Cu(1)-S(2) 2.37(2), Cu(2)-
S(6) 2.26(1), Cu(3)-S(4) 2.37(1). Cu(3)-S(8) 2.29(1), Cu(4)-S(10)
2.21(1), Cu(4)-S(16) 2.24(1), Cu(5)-S(6) 2.26(1), Cu(5)-S(10)
2.22(1), Cu(6)-S(8) 2.28(1), Cu(6)-S(14) 2.43(1), Cu(6)-S(i3)
2.48(1); S(5)-Cu(4)-S(10) 115.4(4), In(1)-S(2)-Cu(l) 107.7(5),
In(1)-S(4)-Cu(3) 103.8(4), In(3)-S(7)-Cu(3) 104.9(4), Cu(3)-S(8)-
Cu(6) 109.8(5), Cu(2)-S(5)-Cu(4) 124.7(6), In(2)-S(9)-Cu(l)
105.8(4), In(3)-S(13)-Cu(6) 105.4(4), S(14)~In(2)-S(16) 104.3(3),
Cu(3)-S(6)—Cu(5) 100.8(4), Cu(4)-S(10)-Cu(5) 124.2(6).

tetrahedral,!'* [Cugln;(SEt) ]~ contains trigonal planar Cu
atoms. The single adamantane structure of [Cus(SPh)g]2~ is
another example with trigonal planar Cu atoms. !> Fig. 2 shows
a view of the cluster in which the three trigonal planar Cu
atoms are readily visible. The presence of the trigonal planar
Cu atoms has actually prevented the anion from capping an
additional [(u-SEt);InSEt]~ to form [Cuglng(SEt)yg)2—, II,
which would probably have the known four-fused adamantoid
structure of [MgQ4(SPh)¢}*~ (Q = S, Se, M = Zn, Cd),14cd
or that of the proposed structure of the neutral Cd,(SPh),,.1¢
The structural relationship between I and II is illustrated in
Fig. 3. With a high sulfide-to-thiolate ratio, the recently
reported [M¢S;s(SPh),J6= (M = In, Ga), are additional
members of the same family of the decameric clusters.!” Thus,
I with a ‘missing’ In(SEt),~, may be considered to have a
unique truncated tetrahedron structure. It is also remarkable
that the central core of I is exclusively built with a copper
thiolate cluster ‘Cug(SEt),” with no evidence of scrambling
between In and Cu atoms. The driving force for Cu metal
clustering in this molecule is not clear since the long Cu—-Cu
distances (ranging from 3.18 to 3.35 A) prevent any attractive
d10-d19 interactions!> from taking place. However, it may be
related to the desire of the In3+ atoms to move as far away
from each other as possible in order to minimize electrostatic
repulsions.

Unfortunately, the atomic ratio of Cu:Inis2: 1l and thusTis
not suitable as a precursor to CulnS,. However, the value of
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Fig. 2 View of the [CugIns(SEt) 4]~ with labelling scheme showing the
flat face associated with the trigonal planar Cu atoms. The Cu;S;
six-membered ring is essentially planar.
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Fig. 3 Structural relationship of the nona-nuclear cluster [Cuglns-
(SEt);s)- and the idealized hypothetical deca-nuclear cluster
[Cuelng(SEt)s)?~. The trigonal-planar copper atoms must become
tetrahedral in the latter. The ethyl groups are not shown. The added
[In(SEt),]~ fragment is shown in bold.

this molecule lies elsewhere. We note that the overall
structure of [Cuglns(Set);q]~ is reminiscent of the chalcopyrite
structure of CulnS,,!8 which is also constructed of fused
adamantane units. However, in the idealized chalcopyrite
structure of CulnS; the Cu and In atoms are arranged in
alternate positions throughout the lattice. The observed
‘clustering’ of Cu atoms in I to form a central [CugS,] core may
have important implications on the observed lower photo-
voltaic performance of CulnS;,-based solar cells. Such cluster-
ing of Cu atoms may also be occurring in CulnS, to form
metallic Cu,S ‘istands’ (defects) in the material which can act
as dark-conducting paths, thus shorting the photovoltaic
device. This is not unreasonable since the mobility of Cu
atoms is known to be high in many of its compounds. In fact, it
is the high mobility of this atom which is responsible for the
formation of metallic islands of CuS in semiconducting Cu,S
which causes the relatively rapid degradation of the Cu,S/CdS
based solar cells.!® A similar Cu clustering may not be as
extensive in the selenium analogue CulnSe, owing to the
greater distance between Cu atoms (ca. 4.1 vs. 3.9 A in
CulnS,).20

In summary, a novel nona-nuclear mixed-Cu-In thiolato
cluster has been stabilized with an overall truncated tetra-
hedral structure based on adamantane building units. By
virtue of its structural analogy to CulnS,, [CugIn;(SEt)g]~ is
an important compound in helping us gain further insight, at
the molecular level, of the properties of this photovoltaic
material.
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