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ABSTRACT: A series of organometallic trialkylphosphine-stabilized copper gallium
phenylchalcogenolate complexes [(RyP),,Cu,Me,_,Ga(EPh),...;] (R = Me, Et, 'Pr,
‘Bu; E =S, Se, Te; x = 0, 1) has been prepared and structurally characterized by X-ray
diffraction. From their molecular structures three groups of compounds can be
distinguished: ionic compounds, ring systems, and cage structures. All these complexes
contain one gallium atom bound to one or two methyl groups, whereas the number of
copper atoms, and therefore the nuclearity of the complexes, is variable and depends
mainly on size and amount of phosphine ligand used in synthesis. The Ga—E bonds
are relatively rigid, in contrast to flexible Cu—E bonds. The lengths of the latter are
controlled by the coordination number and steric influences. The Ga—E bond lengths
depend systematically on the number of methyl groups bound to the gallium atom,
with somewhat shorter bonds in monomethyl compounds compared to dimethyl
compounds. Quantum chemical computations reproduce this trend and show
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furthermore that the rotation of one phenyl group around the Ga—E bond is a low energy process with two distinct minima,
corresponding to two different conformations found experimentally. Mixtures of different types of chalcogen atoms on molecular
scale are possible, and then ligand exchange reactions in solution lead to mixed site occupation. In thermogravimetric studies the
complexes were converted into the ternary semiconductors CuGaE,. The thermolysis reaction is completed at temperatures
between 250 and 400 °C, typically with lower temperatures for the heavier chalcogens. Because of significant release of Me;Ga
during the thermolysis process, and especially in case of copper excess in the precursor complexes, binary copper chalcogenides
are obtained as additional thermolysis products. Quaternary semiconductors can be obtained from mixed chalcogen precursors.

B INTRODUCTION

The chalcopyrite type ternary semiconductors Cu'M™E, (M™
= Ga, In; E = S, Se) are suitable light absorbing materials for
thin film solar cells." In the industrial fabrication process, the
thin films are usually deposited by coevaporation of the
elements or by sulfurization/selenization of thin metal films.'®
For the assessment of the results we present herein, it is
important to know that the deposition involves at least one
copper rich step in the case of the selenides,” and is performed
with copper excess for the sulfides throughout.®> The copper
rich deposition results in larger grain sizes and furthermore
improves the characteristics of the ternary semiconductor in
view of its applicability in a thin film solar cell. The binary
copper chalcogenides, which are obtained as additional phases,
are easily removed from the thin film by chemical or
electrochemical etching.

An alternative approach for the deposition of compound
semiconductors is based on molecular precursors.” Besides
some complex chalcogenolate anions, molecular chalcogenide
and mixed chalcogenolate/chalcogenide complexes containing
the desired elements Cu, Ga/In, and S/Se in a single molecule,®
it was especially phosphine-stabilized chalcogenolate complexes
of copper and group 13 metals that have attracted considerable
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attention in the past two decades,’ since they can be used as
single-source precursors for the thermolytic generation of the
semiconductors Cu'M™E, (M™ = Ga, In; E = S, Se). These
complexes may be modified by the types of group 13 and
chalcogen atoms and with respect to the peripheral side groups
at M", E, and P atoms. Although one can expect structural
changes from these variations, most of the reported structures
show a four-membered Cu'M™E, ring system as recurring
complex core, which is usually stabilized by two Ph;P ligands at
the copper atom and two terminal chalcogenolate ligands at the
group 13 atom. An early and repeatedly investigated example
for such a complex is [(Ph3P)2CuIn(SEt)4].6a

It has been pointed out that the variations mentioned above
will result in different behavior in the thermolysis process, but
systematic studies dealing with this important point are
scarce.’ Recent reports are more concerned with simplification,
reproducibility, generalization, and upscaling of the synthetic
procedures for the precursor complexes.®™

Although organometallic precursors are well established in
processes for thin film deposition, such as MOCVD, and
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despite the possibility of introducing organic residues at the
group 13 atom instead of terminal chalcogenolate ligands
claimed in the patent for the four-membered Cu'M"™E, ring
system,” no organometallic single-source precursors for
Cu'M"™E, have been reported so far. As a first part of a
systematic study concerning such organometallic precursors, a
series of trialkylphosphine-stabilized copper gallium phenyl-
chalcogenolate complexes is prepared and structurally charac-
terized by single crystal X-ray diffraction, showing the structural
consequences of introducing one or two methyl groups at the
gallium atom, changing the type of chalcogen atom, for the first
time including tellurium, and varying the steric demand of the
phosphine ligand. In thermogravimetric experiments these
complexes are converted into the respective semiconductor, the
residue is characterized by X-ray powder diffraction. In
addition, NMR spectroscopic and mass spectrometry data for
the volatile thermolysis products allow a more detailed insight
into the thermolysis reaction.

B RESULTS AND DISCUSSION

1. Synthesis and Product Overview. From trialkylphos-
phine-stabilized copper phenylchalcogenolate complexes’
[(RyP),,(CuEPh),] (R = Me, Et, 'Pr, Bu; E = S, Se, Te) and
dimethylgallium phenylchalcogenolates8 [(Me,GaEPh),] the
copper dimethylgallium phenylchalcogenolate complexes
[(R;P),,Cu,Me,Ga(EPh),,;] (1, 2, 6—8) can be obtained in
high yield by simply mixing the starting compounds in THF or
toluene solution and subsequent crystallization of the products.
The nearly quantitative yields indicate that the ternary
complexes are more stable compared to the respective binary
compounds. The copper dimethylgallium phenylchalcogenolate
complexes can be converted into the corresponding mono-
methyl compounds [(R,P),,Cu,MeGa(EPh),,,] (3—5, 9—18)
by addition of phenylchalcogenols and elimination of methane
gas. For the heavier chalcogen atoms Se and Te it is useful to
generate the free chalcogenol in situ from the silylated
chalcogenol Me;SiEPh and a protic compound, e.g., methanol,
under elimination of Me;SiOMe, since especially HTePh is
unstable. Alternatively, the monomethyl compounds can be
obtained directly from Me;Ga and the copper complexes
[(RyP),,(CuEPh),] when 2 equiv of phenylchalcogenol is
provided. The in situ generation of the copper complexes from
R;P, CuOAc, and Me,SiEPh is also possible, but yields are
lower. In general, it is necessary to use a protic solvent
(MeOH) in order to complete the reaction of the second
methyl group bound to the gallium atom with the free
chalcogenol. The remaining methyl group is not sensitive to
protolysis at room temperature and crystallization of the
product is induced by interdiffusion with methanol. The main
reactions are summarized in Scheme 1, and the formulas of the
structurally characterized products are listed in Table 1. From
the molecular structures the products can be assigned to three

Scheme 1. Summary of Reactions

e [(R,P), Cu Me,Ga(EPR) ]
e 1,2,68
[(R,P), (CukPh) | * +HEPh |—CH,
W \
! [(R,P),Cu,MeGa(EPh) ]
35,918
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structural types, which will be discussed separately in the
following sections.

2. lonic Compounds. Crystal Structures. By using 4 equiv
of trimethylphosphine, Cu® ions can be shielded sterically,
leading to the tetrahedral complex ion [(Me;P),Cu]*. Depend-
ing on the number of methyl groups bound to the gallium
atom, the gallate ions [Me,Ga(EPh),]” with E = S (1), Se (2)
or [MeGa(EPh),]” with E = S (3), Se (4), Te (5) compensate
the charge. Relevant crystallographic data for these five ionic
compounds are listed in Table 2.

The dimethyl compounds 1 and 2 crystallize isostructurally
in the monoclinic space group P2;/n. The asymmetric unit
contains both ions (Figure 1); therefore, no crystallographic
symmetry is imposed within the ions. Nevertheless, the
complex ion [(Me;P),Cu]* shows approximately the point
group symmetry T and the gallate ions [Me,Ga(EPh),]”
approximately C,. The Cu—P bond lengths are in the typical
range between 225.85(5) pm and 227.18(5) pm, and the P—
Cu—P bond angles vary between 108.39(2)° and 110.76(4)°.
The Ga—S bonds in 1 are 233.81(S) and 234.87(5) pm, and
the Ga—Se bonds in 2 are 245.93(7) and 246.88(6) pm. Due to
the larger C—Ga—C angles (118.9(1)° in 1 and 121.7(2)° in 2)
compared to the E—Ga—E angles (112.67(2)° in 1 and
112.17(3)° in 2), the tetrahedral coordination of the gallium
atom is distorted. This has to be expected from the extended
VSEPR concept including dative bonds by Haaland.” It may be
noted that the E—Ga—E angles are more than 10° larger than in
the related binary compounds [(Me,GaEPh),] (E = S, Se),*
which can be explained by the stronger electrostatic repulsion
of the partially negative chalcogen atoms in the present anions,
and by the different coordination mode (terminal vs bridging).

The monomethyl compounds [(Me;P),Cu][MeGa(EPh);]
with E = S (3), Se (4) again are isostructural and crystallize in
the trigonal space group P3. Both ions contain a crystallo-
graphic 3-fold axis passing through the copper and a
phosphorus atom and through the gallium and the carbon
atom, respectively. The resulting point group symmetry is C;
for both ions, with the cation again near T. In contrast, the
homologous tellurium compound $ crystallizes monoclinic in
P2,/¢, with no crystallographic symmetry in the ions. In § the
3-fold axis is lost because of a rotated phenyl group of a
phenyltellurolate ligand (Figure 2). This may be due to packing
effects, since compounds 3 and 4 cocrystallize with methanol,
and the solvent filled pores increase from sulfur to selenium,
whereas compound § does not contain any pores.

The structures of the cations in 3, 4, and § are very similar to
those found in 1 and 2. The Ga—E bond lengths in the anions
of 3 (229.40(6) pm) and 4 (243.13(3) pm) are significantly
shorter than in 1 and 2, respectively. The bonds Gal—Tel and
Gal—Te3 in § are about 262 pm, and the bond Gal—Te2 is
somewhat longer (264.06(3) pm). As expected,” the angles C—
Ga—E in 3 and 4 are more than 10° larger than the angles E—
Ga—E. Due to the rotated phenyltellurolate ligand in $ the
angle C1—Gal—Te2 is relatively small (109.19(8)°), but larger
than the average Te—Ga—Te angle (106°).

Quantum Chemical Calculations. To further investigate
some of the observed structural details, the gallate anion
structures of 1, 2, 3, and 4 were optimized with several
quantum chemical methods. Minima were found in all cases in
point group symmetries C, or C;, respectively. Important
geometrical parameters derived from optimizations are
compared to (averaged) values from X-ray crystallography in
Table 3. Whereas the reproduction of the Ga—E bond lengths
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Table 1. Trialkylphosphine-Stabilized Copper(I) Gallium(III) Phenylchalcogenolate Complexes 1—18

S
(Me;P),Cu][Me,Ga(SPh),] 1
(Me;P),Cu][MeGa(SPh),] 3

Me,P

[

[

[

Et,P [(Et;PCu),MeGa(SPh),] 9

Et,'PrP [(Et,'PrPCu),MeGa(SPh),] 10

Pr,P [(PryPCu),Me,Ga(SPh);] 6
[(PryPCu),MeGa(SPh),] 11
[(*PryPCu),MeGa(SPh);SePh] 13

[

‘Bu,P (*BuyPCu),Me,Ga(SPh),] 7

(EtyP);Cu,MeGa(SePh),] 16
(Et,'PrP);Cu,MeGa(SePh)g] 17

Se Te

[(Me;P),Cu][Me,Ga(SePh),] 2
[(Me;P),Cu][MeGa(SePh),] 4
(Me;P),Cu¢MeGa(SPh)g] 14 [(Me;P),Cu,MeGa(SePh),] 15
[
[

[(Me;P),Cu][MeGa(TePh);] 5

[(Et;P);Cu,MeGa(TePh)s] 18

[(PryPCu),MeGa(SePh),] 12

[(*‘Bu;PCu),Me,Ga(SePh),] 8

Table 2. Crystallographic Data for Ionic Compounds [(Me;P),Cu][Me,Ga(EPh),] with E = S (1), Se (2) and

[(Me;P),Cu][MeGa(EPh),] with E = S (3), Se (4), Te (5)

1 2 3-3CH,0H 4-3CH,0H 5
chemical formula C,6Hs,CuGaP,S, C,6Hs,CuGaP,Se, C3,HgsCuGaO;P,S,4 C34HgCuGaO;P,Sey C;Hy,CuGaP, Te,
fw [g mol™'] 685.94 779.74 876.19 1016.89 1066.68
space group P2,/n (No. 14) P2,/n (No. 14) P3 (No. 147) P3 (No. 147) P2,/c (No. 14)
a [A] 13.8378(7) 13.8338(9) 13.1432(9) 13.317(1) 12.2974(9)

b [A] 18.6786(8) 18.736(1) 13.1432(9) 13.317(1) 14.9911(6)
¢ [A] 14.1980(7) 14.4290(8) 15.552(1) 15.802(2) 23.798(2)
a [deg] 90 90 90 90 90
B [deg] 90.624(4) 90.094(5) 90 90 91.811(5)
7 [deg] 90 90 120 120 90
V [A%] 3669.6(3) 3739.8(4) 2326.5(3) 2427.0(4) 4384.9(5)
z 4 4 2 2 4
Deed [g em™] 1.242 1.385 1251 1.392 1.616
u [Mo Ko, mm™] 1.615 3.420 1336 3.402 3219
R1 [I > 26(1)] 0.0239 0.0408 0.0287 0.0257 0.0222
wR2 [all data] 0.0546 0.0966 0.0634 0.0468 0.0377

o €}

S1
Gal
Q

Figure 1. Molecular structure of [(Me;P),Cu][Me,Ga(SPh),] (1).
The homologous selenium compound 2 is isostructural. Hydrogen
atoms are omitted for clarity, and thermal ellipsoids are drawn at 50%

probability level.

is better on MP2 level, the overall geometry is better
reproduced with DFT methods. On MP2 level of theory, the
repulsive interaction between peripheral methyl and phenyl
groups is obviously underestimated, leading to a contraction of
the whole anion and Ga—E—C angles that are 10—15° smaller
than those found experimentally. All calculated and exper-
imental data agree in the Ga—E bond shortening of about 4 pm
in the monomethyl systems compared to the dimethyl systems.
This has to be expected from the concept of the dative bond.”
From another viewpoint, this can also be explained by an
improved delocalization of the charge that is transferred to the
gallium atom, when a methyl group is substituted by a more
electronegative phenylchalcogenolate ligand. For example, the
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Figure 2. Gallate anions of [(Me;P),Cu][MeGa(SePh);] (4) and
[(Me;P),Cu][MeGa(TePh);] (5). The homologous sulfur compound
3 is isostructural with 4. Hydrogen atoms omitted, 5S0% probability
ellipsoids.

Mulliken charge of the gallium atom according to DFT-
(B3LYP) results is +0.48 in [Me,Ga(SPh),]” and +0.74 in
[MeGa(SPh);]~. Consequently, the Ga—E bonds in the anions
[Ga(EPh),]™ (225.7 pm reported for E = $'° and 240.2 pm for
E = Se'') are even shorter.

To clarify the different observed conformations of anions,
optimizations without symmetry restrictions were carried out
on DFT (B3LYP and TPSSh) level of theory. One phenyl-
chalcogenolate ligand was rotated manually in the starting
structure, leading to new minima in C,-symmetry with the main
geometrical difference in the C—Ga—E—C torsion angles.
These minima M2 are energetically slightly above the
symmetrical minima M1. The respective transition states
could also be located, and are only slightly above the minima,
too. The B3LYP optimized anions are depicted in Figure 3. The
TPSSh functional gives qualitatively the same potential energy

dx.doi.org/10.1021/ic300278v | Inorg. Chem. 2012, 51, 6655—6666
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Table 3. Selected Bond Lengths [pm] and Angles [deg] for the Symmetrical Anions [Me,Ga(EPh),]” and [MeGa(EPh);]™ (E =
S, Se) as Derived from DFT (B3LYP and TPSSh) and MP2 Optimizations in Comparison to Experimental Values from X-ray

Crystallography
[Me,Ga(SPh),]™ [Me,Ga(SePh),]~
B3LYP TPSSh MP2 exptl B3LYP TPSSh MP2 exptl
Ga—E 2389 237.0 234.1 234.3 252.0 249.7 246.0 246.4
Ga—C 200.5 200.2 198.0 198.4 200.7 200.3 198.0 198.0
E-Ga-E 112.5 113.0 107.9 112.7 1123 113.0 106.9 1122
C—-Ga—-C 120.6 120.8 121.6 118.9 1204 120.8 121.1 121.7
Ga—E—C 107.9 107.8 98.6 108.0 104.3 1043 94.6 105.8
[MeGa(SPh);]~ [MeGa(SePh),]~
B3LYP TPSSh MP2 exptl B3LYP TPSSh MP2 exptl
Ga-E 235.0 2333 230.1 2294 248.0 245.7 242.1 243.1
Ga—C 199.4 199.0 197.0 1964 199.6 199.1 1972 199.0
E—Ga—E 104.0 103.9 105.9 103.0 104.0 103.8 106.4 102.1
E-Ga—C 114.5 114.6 112.8 1154 114.5 1146 1124 116.1
Ga—E-C 104.7 104.5 93.9 106.9 101.8 1016 90.1 1049
a) b) Furthermore, the flat potential energy surface may contribute to
the relatively low melting points (between 70 and 100 °C) of
compounds 1-S§, since conformational flexibility is thought to
% be one key aspect for the design of ionic liquids, as is the size of
£N anions.'> Comparing the isostructural compounds 1 and 2 or 3
_ﬁ:f. m . and 4, the selenium compounds do melt at lower temperatures
' —& in both cases.
M1 M1 Thermolysis. In a typical experiment, a small amount (20—
(& G 40 mg) of substance was heated with a heating rate of 10 K/
min to 600 °C on a thermobalance, and beside the
thermogravimetric (TG) curve, a differential scanning calorim-
: . . etry (DSC) curve as well as ion current curves of selected
w : - fragments were detected simultaneously. As an example, the
7 N _ ! obtained data for 1 is shown in Figure 4.
_ﬁ# A After thermolysis, a high quality X-ray powder diffraction
. pattern of the residue was obtained and a quantitative phase
& ; analysis was performed by the Rietveld refinement method. For
(221, 13i) TS (214,17i) . . .
c c compound 1 all the obtained data are consistent with the

1 1
+9.9, +9.4 kl/mol +12.9, +13.0 kl/mol

M2 M2
f‘I Cf
+5.0, +3.8 ki/mol +3.6, +3.7 klfmol

Figure 3. Gallate anions (a) [Me,Ga(EPh),]” and (b) [MeGa-
(EPh);]” from DFT(B3LYP) optimizations. Together with the
stationary point (M = minimum, TS = transition state) and the
point group symmetry, imaginary frequencies and relative energies are
given for E = S and Se, respectively.

surface, the relative energies of the minima change less than 1
kJ/mol, and the relative energies of the transition states
increase systematically by 1—3 kJ/mol.

Regarding the small energetic difference between the
minima, it seems reasonable that the observed conformational
difference in 3 and 4 versus § is due to packing effects.
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following overall thermolysis reaction:

3[(Me,P),Cu][Me,Ga(SPh), ]

AT
— 12Me;P + 2Me;Ga + 3SPh, + CuGaS, + Cu,S
(1)

As can be seen from the TG curve and its first derivative
(DTG), the reaction proceeds in two steps. The first step
corresponds to the complete loss of trimethylphosphine (mass
change 43.4%, calcd 44.4%), and the respective ion current
curve (m/z = 76 for Me;P*) runs through a maximum. In the
second step SPh, (m/z = 186 for SPh,*, m/z = 78 for C¢Hg")
can be detected, its boiling point of 296 °C fitting well with the
onset temperature for the respective ion current curves. The
maximum for the ion current curve with m/z = 15 (CH;") at
approximately 300 °C may be explained by the simultaneous
loss of Me;Ga. The overall mass change of 82.2% (calcd 82.8%)
is complete at 346 °C (extrapolated from TG curve). According
to the Rietveld phase analysis the residue consists of 56.8(1) wt.
% CuGa$S, and 43.2(8) % tetragonal Cu,S."> In reasonable
agreement (the error of such phase analysis has always to be
expected in the range of few percents), 55.4% CuGa$, and
44.6% Cu,S are to be expected from the reaction shown in eq 1.

The selenium homologue 2 obviously decomposes with a
slightly different mechanism. Only one inflection is found in the

dx.doi.org/10.1021/ic300278v | Inorg. Chem. 2012, 51, 6655—6666
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Figure 4. Thermolysis of compound 1. The thermogravimetric curve (TG), its first derivative (DTG), the differential scanning calorimetry curve
(DSC), and selected ion current curves (m/z = 186 multiplied by factor 100) are shown.

TG curve, so the thermolysis proceeds in a single step with a
mass change of 76.2% (calcd 77.5% for the reaction analogous
to 1). The extrapolated end temperature (272 °C) is lower than
for 1, so the quantitative release of SePh,, which has even a
higher boiling point than SPh,, is very unlikely. Instead we
could detect MeSePh (m/z = 170 and 172) which may be an
exchange product from SePh, and Me;Ga, and has a sufficient
low boiling point of 201 °C. To further confirm this
observation, we collected the volatile thermolysis products
from an additional experiment with a larger amount of
substance in a cold trap, and separated them by their volatility
into three fractions. The most volatile fraction contained mainly
Me;P, and the second fraction was a mixture of a low meltin,
solid and a clear liquid. From multicore NMR spectral data,"
the low melting solid was identified as the adduct Me;Ga—
PMe; (mp 56 °C)" and the liquid as MeSePh. The third
fraction additionally contained SePh, and a small amount of
Me;PSe. However, the residue of the thermolysis reaction of 2,
similar to 1, consists of 48.83(9) % CuGaSe, and 51.2(2) %
cubic Cu,_,Se.'®

For the monomethyl compounds 3—S5 the loss of Me;Ga can
be expected to be less than that for 1 and 2, and the amount of
ternary chalcogenide in the residue should be higher,
respectively. As it turned out, the mass loss for these three
compounds is between the calculated values for the release of
the methyl groups as Me;Ga or toluene, which can be a
recombination product, when a radical mechanism is assumed
for the cleavage of the Ga—C and E—C bonds. Therefore, it
seems likely that both mechanisms concur. The quantity of the
resulting ternary semiconductor critically depends on the
maximum temperature of the thermolysis experiment, with
higher temperatures resulting in higher proportions of CuGakE,.
Binary copper chalcogenides are observed as additional phases,
and we assume that also amorphous binary gallium
chalcogenides are formed, which form CuGaE, with Cu, E
at higher temperatures in a solid state reaction. With a
maximum temperature of 850 °C, a proportion of nearly 90%
CuGaS, is found in the residue of 3, according to Rietveld
phase analysis. Table 4 summarizes some important results of
the thermolysis experiments of the ionic compounds 1-S§;
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Table 4. Results of Thermolysis Experiments for
Compounds 1-5

T [°C] Tend” [°C] CuGaE," [%]
1 600 346 56.8(1)
2 600 272 48.83(9)
3 600 350 68.9(2)
3 850 366 89.45(3)
4 600 309 79.40(5)
5 600 368 70.40(9)

“Completion of mass loss extrapolated from TG curve. bProportion of
ternary chalcogenide in the residue, standard deviations from Rietveld
refinement are given in parentheses.

more detailed information including TG curves and Rietveld
refinement plots are given in the Supporting Information
(Figures $15—S19 and S30—S35).

3. Ring Systems. Crystal Structures. With bulkier
phosphine ligands we obtained the six-membered ring systems
[(R;PCu),Me,Ga(EPh),] with R = 'Pr, E = S (6) and R = By,
E =S (7), Se (8). These three structures are shown in Figure S,
and relevant crystallographic data are listed in Table 5. With
one phosphine ligand and two phenylchalcogenolate ligands,
each copper atom is trigonal planar coordinated. The Me,Ga
unit completes the Cu,GaE; ring system.

Although all three complexes crystallize in the same
monoclinic space group type, they are not isostructural, since
the placement of the rings in the unit cell and the
conformations of the rings differ significantly. A quantitative
conformation analysis according to Cremer and Pople shows
that the conformation of 6 is nearly ideal twist boat, whereas 7
and 8 are between boat and twist boat, with different positions
of the gallium atom in the ring."”

The Cu—E bond lengths have the usual values for 3-fold
coordinated copper (Cu—S 224—229 pm; Cu—Se 237—244
pm), except the bonds Cul—S1 (233.17(8) pm) and Cu2—S2
(235.68(9) pm) in 7, which are relatively long as a result of
steric strain. It is interesting that the elongation affects
selectively these two bonds but not the respective Ga—S$
bonds, which are about 236 pm long in 6 as well as in 7. Ga—Se

dx.doi.org/10.1021/ic300278v | Inorg. Chem. 2012, 51, 6655—6666
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Figure 5. Molecular structures of [('Pr;PCu),Me,Ga(SPh);] (6), [("BusPCu),Me,Ga(SPh),] (7), and [(*BusPCu),Me,Ga(SePh);] (8). Hydrogen
atoms and alkyl groups of phosphine ligands omitted, 50% probability ellipsoids.

Table S. Crystallographic Data for Compounds [(R;PCu),Me,Ga(SPh);] with R = 'Pr (6), ‘Bu (7) and

[(*BusPCu),Me,Ga(SePh);] (8)

6
chemical formula C33Hg;Cu,GaP,S;
fw [g mol™"] 874.80
space group P2,/n (No. 14)
a [A] 12.0245(6)

b [A] 16.8548(6)
¢ [A] 22.419(1)
a [deg] 90

S [deg] 103.327(4)
v [deg] 90

vV [A%] 4421.4(3)
Z 4

Dy [g em™] 1314

u [Mo Ka, mm™] 1.796

R1 [I > 26(])] 0.0388
wR2 [all data] 0.1057

7 8
C44H;5Cu,GaP,S; Cy4H;5Cu,GaP,Se;
958.96 1099.66
P2,/c (No. 14) P2,/c (No. 14)
18.7165(9) 13.6272(7)
11.7912(7) 13.0077(5)
23.011(1) 28.082(1)

90 90
109.828(4) 97.114(4)
90 90
4777.1(4) 4939.5(4)
4 4

1.333 1.479
1.669 3.698
0.0372 0.0269
0.0646 0.0613

Table 6. Crystallographic Data for Compounds [(R;PCu),MeGa(SPh),] with R;P = Et;P (9), Et,'PrP (10), ‘Pr,P (11),
[(*Pr,PCu),MeGa(SePh),] (12), and [(*Pr;PCu),MeGa(SPh);SePh] (13)

9 10
chemical formula C;;H;3Cu,GaP,S, C;3oHs,Cu,GaP,S,
fw [g mol™'] 884.77 912.83
space group P2,/n (No. 14) P2,/c (No. 14)
a [A] 17.0527(9) 11.6285(6)

b [A] 12.6070(4) 39.204(2)
¢ [A] 20.238(1) 10.2233(5)
a [deg] 90 90

B [deg] 103.841(4) 109.528(4)
7 [deg] 90 90

vV [A%] 4224.6(3) 4392.6(4)
Z 4 4

Dy [g em™] 1.391 1.380

u [Mo Ka, mm™] 1.928 1.857

R1 [I > 20()] 0.0416 0.0543
wR2 [all data] 0.1161 0.1518

11 12 13
C43H:Cu,GaP,S, CsHg:Cu,GaP,Se, C3HysCu,GaP,S,Se
968.93 1156.53 1015.83
P2,/c (No. 14) P2,/c (No. 14) P2,/c (No. 14)
12.2982(5) 12.3284(4) 12.1909(5)
39.431(1) 40.095(2) 39.508(1)
10.6803(4) 10.8926(4) 10.7364(4)

90 90 90
113.751(3) 113.723(3) 113.241(3)
90 90 90
4740.5(3) 4929.3(3) 4751.5(3)
4 4 4

1.358 1.558 1.420
1.725 4.443 2.443
0.0367 0.0323 0.0519
0.1072 0.0742 0.1398

bond lengths in 8 are 248.51(4) pm and 251.83(4) pm. The
most flexible parameter in the Me,Ga(EPh),™ unit contained in
these rings is the rotation of a whole phenylchalcogenolate
ligand around the Ga—E bond, what has been shown above to
be a low energy process for the free ions. Whereas in 6 and 8
the Me,Ga(EPh),” fragments are far from C,-symmetry, in 7
this fragment is very similar to the C,-symmetrical free ion in 1.
In general, C—Ga—C angles are around 120°, and the E-=Ga—E
angles (96° to 110°) are smaller.
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If compound 6 is reacted with an additional equivalent of
phenylthiol, one methyl group at the gallium atom is replaced
by a phenylthiolate ligand, leading to the compound
[(PryPCu),MeGa(SPh),] (11). From Me;Ga and copper
phenylchalcogenolate complexes this system is also accessible
with the smaller phosphine ligands Et,P and Et,’PrP
(compounds 9 and 10), and substitution of SPh ligands with
SePh ligands is also possible (compounds 12 and 13). Relevant
crystallographic data for compounds 9—13 are listed in Table 6.
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The molecular structure of 9 is shown in Figure 6. The six
membered ring system from 6 and 7 is maintained, but bridged

Figure 6. Molecular structure of [(Et;PCu),MeGa(SPh),] (9).
Hydrogen atoms and alkyl groups of phosphine ligands omitted,
50% probability ellipsoids.

by the additional phenylthiolate ligand. This results in 4-fold
coordination of Cul, with a relatively long bond Cul—S2 of
249.7(1) pm. Due to the increasing steric demand of the
phosphine ligands this bond is further elongated to 260.6(1)
pm in 10 and to 286.6(1) pm in 11 (Figure 7). In the same

Figure 7. Molecular structure of [(‘PryPCu),MeGa(SPh),] (11).
Compounds 10—12 are isostructural. Hydrogen atoms and alkyl
groups of phosphine ligands omitted, S0% probability ellipsoids.

series, the out of plane parameter dc,;(P1, S1, S4) decreases
from 58.6 pm over 44.7 to 33.0 pm. The latter value is typical
for a secondary Cu--S connection,” so the steric influence of
the phosphine ligands continuously changes the coordination
sphere of Cul from tetrahedral to nearly trigonal planar. In
contrast, the Ga—S bond lengths are not affected, being rigid
with values between 230.11(9) pm to 232.3(1) pm. As
expected,” that is significantly shorter than in the related
dimethyl compounds 6 and 7.

In compound 12, the selenium homologue of 11, the steric
strain is diminished by the larger heavy atom core, but again the
longest Cu—Se bond is Cul—Se2 with 274.67(6) pm. The
other Cul—Se bonds are 257.40(6) and 242.89(6) pm, which
are more typical values for 4-fold coordinated copper. The
Cu2—Se bond lengths are typical for the 3-fold coordination;
values are 242.68(6) and 236.66(5) pm. The Ga—Se bond
lengths range from 243.65(6) to 245.66(6) pm, 3—8 pm
shorter than in the dimethyl compound 8.

Since 11 can be easily synthesized from 6, and because of the
fact that 11 and 12 are isostructural, it seemed interesting to
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synthesize the mixed sulfur/selenium compound
[(Pr;PCu),MeGa(SPh),SePh] (13) by reacting 6 with one
equivalent phenylselenol. The vyield was quantitative, but
according to the structure refinement and in contrast to our
expectations, the phenylselenolate ligand does not only occupy
the bridging position, but shares all four possible positions with
the three phenylthiolate ligands. Obviously, ligand exchange
reactions take place in solution, what is further supported by
the NMR spectra of these compounds showing the typical line
broadening, especially for the ortho hydrogen atoms. The
resulting molecular structure of 13 is shown in Figure 8.

Figure 8. Molecular structure of [(*Pr;PCu),MeGa(SPh);SePh] (13).
Hydrogen atoms and alkyl groups of phosphine ligands omitted, 50%
probability ellipsoids.

The refinement of the occupancy factors shows that position
E4 (E = S, Se) between the two copper centers is preferred by
the selenium atom. This position is occupied by only 53.5(3)%
sulfur atoms. The bridging position E2 is occupied by 67.8(3)%
sulfur atoms, and E1 and E3 are occupied by 90.1(3)% and
88.1(3)% sulfur atoms, respectively. So the steric factor,
reflecting that position E2 should be preferred by the selenium
atom, does also have a significant influence.

Thermolysis. The compounds 6—9 and 11—13 were
investigated in thermolysis experiments. From the results we
obtained for the ionic compounds 1—3 it can be predicted that
the residues will contain large proportions of binary copper
chalcogenides, since 6—13 are more copper rich. As expected,
this is especially the case for the dimethyl compounds 6—8,
where significant release of Me;Ga during the thermolysis
process leads to additional loss of gallium. Details of the
thermolysis experiments, including an in situ X-ray powder
diffraction study of the thermolysis of 12, are given in the
Supporting Information (Figures S20—S26, S36—S42, and
S46), and the most important data are summarized in Table 7.

The extrapolated end temperatures are comparable to those
of the ionic compounds, with lower end temperatures for
selenium compounds. From the in situ X-ray powder diffraction
patterns of the thermolysis of 12 (Figure $46) it is evident that
crystalline CuGaSe, is formed at a temperature of approx-
imately 270 °C, in good agreement with the end temperature
extrapolated from the TG curve. The most interesting result is
that the thermolysis of the mixed sulfur/selenium compound
13 yields a quaternary semiconductor of the approximate
formula CuGaS, ;Seys, which was concluded from comparison
of the cell constants of the pure ternary phases with those
obtained for the quaternary phase in the residue of 13 from
Rietveld refinement applying Vegard's rule. So the ratio
between S and Se from the precursor complex is maintained
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Table 7. Results of Thermolysis Experiments for
Compounds 6—13 (T,,,, = 600 °C)

Tens® [°C] CuGaE," [%]
6 345 17.32(9)
7 339 32.9(2)
8 254 32.5(1)
9 347 61.0(1)
11 334 50.85(9)
12 275 39.40(5)
13 304 33.9(1)

“Completion of mass loss extrapolated from TG curve. “Proportion of
ternary chalcogenide in the residue, standard deviations from Rietveld
refinement are given in parentheses.

in the semiconductor; that means that mixing different types of
chalcogen atoms on the molecular scale results in a mixed solid
state chalcogenide. This provides an important opportunity,
regarding the adjustment of the band gap of the resulting
semiconductor.

4. Cage Structures. Crystal Structures. With less than 1
equiv of relatively small trialkylphosphine ligands, a third group
of structures was obtained. These complexes are more copper
rich than the ring systems and are all monomethyl gallium
compounds. In contrast to the colorless compounds discussed
above, the color of these complexes is yellow to orange.
Depending on the type of chalcogen atom, two different
structures are observed. The first type is represented by the
sulfur compound [(Me;P),CucMeGa(SPh),] (14, Figure 9),

Figure 9. Molecular structure of [(Me;P),CusMeGa(SPh),] (14).
Hydrogen atoms and alkyl groups of phosphine ligands omitted, 50%
probability ellipsoids.

and the second type is of the general formula
[(R;P);Cu,MeGa(EPh)4] with E = Se and RyP = MesP (15),
Et,P (16), Et,’PrP (17) and E = Te and RyP = Et;P (18). Both
structural types contain a MeGa(EPh);~ group, but differ in the
copper containing fragment, which is (Me;P),Cu4(SPh);* or
(R4P);Cu,(EPh);", respectively. Relevant crystallographic data
for these five cage structure compounds are listed in Table 8.

In the structure of 14, three copper atoms are 3-fold
coordinated and the other three are 4-fold coordinated. The
latter are bound to the MeGa(SPh);”~ fragment, a Me;P ligand,
and two phenylthiolate ligands. Most of the Cu—S bond lengths
are typical for the coordination number of the copper atoms,
except the 3-fold coordinated atoms Cu$ and Cu6, which have
a long bond of ca. 239 pm to SS, and a very short bond of ca.
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220 pm to S7 or S8, respectively. This rather large difference is
a consequence of the yu,-bridging mode of S5, weakening the
bonds to this atom. Therefore, the angles S$4—CuS—S7 (147°)
and S6—Cu6—S8 (146°) are large. The Ga—S bond lengths
range from 229.69(7) pm to 233.48(8) pm. The heavy atom
framework of 14 contains an approximate mirror plane through
Gal, S1, Cul, P1, S5, Cu4, and P4.

The selenium compounds 15—17 crystallize in trigonal or
cubic space groups, and the molecules contain a crystallo-
graphic 3-fold axis through C1, Gal, and Cu4 in each case. As
an example, the molecular structure of [(Me,P),Cu,MeGa-
(SePh)] (15) is shown in Figure 10.

Figure 10. Molecular structure of [(Me;P);Cu,MeGa(SePh)4] (15).
Hydrogen atoms and alkyl groups of phosphine ligands omitted, 50%
probability ellipsoids.

The structures of the fragments MeGa(SePh);™ and the free
ion are very similar, with Ga—Se bond lengths of 243 pm. The
copper centered six-membered ring (R;P);Cu,(SePh)," was
also observed as }%art of the binary copper complex
[(Et;P)s(CuSePh)¢].”" Interestingly, a completely different
structure was found for the homologous sulfur compound
[(Et;P)s(CuSPh)], not containing such a copper centered
ring.”” Obviously, the Cu,S; ring is too small to accommodate a
copper atom in its center, causing the different structures. As
the main result of the variation of the phosphine ligand in
compounds 15—17, the unit cell and the packing of the
molecules therein change. Only small differences are observed
in the molecular structures: one Cu—Se bond is about S pm
elongated in 16 and 17, leading to a larger CusSe; ring in 16 or
a somewhat larger distance of this ring to the MeGa(SePh),~
fragment in 17.

The homologous tellurium compound 18 (Figure 11)
exhibits in principle the same molecular structure as found
for 15—17. The main difference is a rotated phenyltellurolate
ligand in the MeGa(TePh),™ fragment, as was observed for the
ionic compound 5. Again, this rotation breaks the 3-fold
symmetry and may be due to crystal packing effects. This
complex is probably the first example of a molecular compound
containing the elements Cu, Ga, and Te, which was structurally
characterized.'"® The Ga—Te bond lengths vary between
262.17(4) and 267.24(4) pm, and are therefore somewhat
longer than in the free anion [MeGa(TePh);]™ in S. The Cu—
Te bond lengths range from 260.19(4) to 270.16(5) pm.

Thermolysis. Although it seems clear that the thermolysis of
the copper rich complexes 14—18 will yield binary copper
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Table 8. Crystallographic Data for Compounds [(Me,P),CusMeGa(SPh)s] (14), [(R;P);Cu;MeGa(SePh)y] with RsP = Me,P
(15), Et;P (16), Et,'PrP (17), and [(Et;P);Cu,MeGa(TePh)s] (18)

14-0.375CsH;, 15-1.5CH;0H-0.5C{H,
chemical formula CezoHgs sCugGaP,Sg Cs4.sH7,Cu,GaO, Py Seq
fw [g mol™] 1666.08 1647.84
space group P2,/n (No. 14) P3¢ (No. 165)
a [A] 12.4658(4) 16.3325(7)
b [A] 25.0048(9) 16.3325(7)
¢ [A] 23.5111(7) 27.162(2)
a [deg] 90 90
p [deg] 95.505(2) 90
7 [deg] 90 120
vV [A%] 7294.7(4) 6274.7(5)
z 4 4
Deyea [g em™] 1.517 1.725
u [Mo Ka, mm™] 2432 5.350
R1 [I > 26(D)] 0.0309 0.0345
wR2 [all data] 0.0800 0.0744

16 17 18
CssH5Cu,yGaP;Seq CsgHgyCu,GaP;Seq CssH75Cu,yGaP;Teq
1629.72 1671.80 1921.56
P2,3 (No. 198) R3 (No. 146) P2,/c (No. 14)
18.5472(4) 13.9261(6) 23.2628(8)
18.5472(4) 13.9261(6) 13.1277(5)
18.5472(4) 29.519(2) 23.5164(9)

90 90 90

90 90 111.598(3)
90 120 90
6380.2(2) 4957.8(4) 6677.4(4)
4 3 4

1.697 1.680 1911
5259 5.079 4325
0.0240 0.0390 0.0224
0.0548 0.1069 0.0395

Figure 11. Molecular structure of [(Et;P);Cu,MeGa(TePh)] (18).
Hydrogen atoms and alkyl groups of phosphine ligands omitted, 50%
probability ellipsoids.

chalcogenides as main component, we tested this for the
compounds 15, 17, and 18 (Supporting Information, Figures
$27—-S29 and $S43—S45). The end temperatures extrapolated
from the TG curves are below 300 °C in all cases, and the
lowest end temperature of 256 °C is observed for the tellurium
compound 18. The proportion of CuGaTe, in the residue is
33.6(3)% in this case, with the rest being binary copper
telluride. The end temperatures for the selenium compounds
15 and 17 are somewhat higher, and the proportion of ternary
semiconductor is lower.5

5. Tri-tert-butylphosphonium Salts. In contrast to the
other phosphines R;P (R = Me, Et, 'Pr), no ternary
monomethyl compounds with tri-tert-butylphosphine as ligand
could be isolated. Attempts to synthesize ‘BujP-stabilized
copper monomethyl gallium complexes resulted in the
protonation of ‘Bu,P. By reaction of 7 with further phenylthiol,
colorless crystal blocks of (‘BusPH)[MeGa(SPh),] (19) were
obtained instead of a ternary complex. A similar experiment
with [(‘BusP);(CuTePh),]”® as starting material led to the
formation of yellow needles of (‘BuyPH),[Cu,(TePh),] (20).
Crystallographic data for the two unexpected products 19 and
20 are summarized in Table 9.

The structure of 19 is shown in Figure 12. This ionic
compound consists of a phosphonium cation and the anion
[MeGa(SPh),;]~. Although there are no crystallographic
symmetry elements in the ions, both are close to C;-symmetry.
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Table 9. Crystallographic Data for (‘Bu;PH)[MeGa(SPh);]
(19) and (*BuyPH),[Cu,(TePh)4] (20)

19 20-C,H;0
chemical formula C5,H,¢GaPS, Cg4Ho,Cu,OP, Teg
fw [g mol™] 615.55 1961.09
space group P2,/n (No. 14) P2,/n (No. 14)
a [A] 11.5239(5) 12.1775(5)

b [A] 25.137(1) 23.224(1)
¢ [A] 12.0520(5) 26.157(1)
a [deg] 90 90

S [deg] 113.356(3) 103.179(3)
7 [deg] 90 90

V [A%] 3205.2(3) 7202.6(5)
z 4 4

Dy [g em™] 1.276 1.808

u [Mo Ka, mm™] 1.122 3.628

R1 [I > 26(1)] 0.0348 0.0386
wR2 [all data] 0.0840 0.1241

Figure 12. Structure of (‘Bu;PH)[MeGa(SPh);] (19). Only the
hydrogen atom bound to the phosphorus atom is shown, 50%
probability ellipsoids for C, Ga, P, and S atoms.

Bond lengths and angles in the anion are very similar to those
found for compound 3.

In 20 two phosphonium cations compensate the charge of
the anion [Cu,(TePh)s]*~ (Figure 13). The homologous
anions with E = S and Se have been described already in the
literature."” The four copper atoms forming a tetrahedron are
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Figure 13. Structure of the anion in (‘BuyPH),[Cu,(TePh)¢] (20),
50% probability ellipsoids.

coordinated in a trigonal planar fashion by six phenyltellurolate
ligands. The six tellurium atoms form an octahedron, leading to
an adamantane-like structure for the heavy atom framework.
The Cu—Te bond lengths range from 254.7(1) to 260.5(1)pm.
The Te—Cu—Te angles show values between 105° and 137°%
the Cu—Te—Cu angles (64° to 69°) are relatively small.

B SUMMARY AND CONCLUSIONS

We isolated a series of 18 different organometallic trialkyl-
phosphine-stabilized copper(I) gallium(III) phenylchalcogeno-
late complexes, and characterized them by single crystal X-ray
crystallography. All these complexes contain one tetrahedrally
coordinated gallium atom as part of the fragment Me,Ga-
(EPh),” or MeGa(EPh);™, in the cases of 1—S5 as free gallate
anions. The copper content and therefore the overall nuclearity
of the complexes is mainly influenced by size and amount of the
phosphine ligand. A similar observation has been reported for
phosphine coordinated cluster compounds.”® Four different
copper containing fragments are observed: the free ion
[(Me;P),Cul]* (in 1-§), the ring fragment (R;PCu),EPh*
with R = Et, 'Pr, ‘Bu and E = S, Se (in 6—13), the copper
phenylthiolate cage fragment (Me;P),Cuy(SPh)* (in 14), and
the copper centered six membered rings (R;P);Cu,(EPh);*
with R;P = Me;P, Et;P, Et,’'PrP and E = Se, Te (in 15—18).

The Cu—E bond lengths are very flexible and show the usual
dependence on the coordination number of the copper atom.
Mean values (in the order E = S, Se, and Te) for 3-fold
coordination are 228, 242, and 263 pm. The respective values
for 4-fold coordination are 240, 254, and 266 pm. These mean
values are nearly the same as in the related binary complexes
[(RyP),,(CuEPh),],”* and maximum deviations are 2 pm. As
found for these binary complexes, the dependence of the Cu—P
bond lengths on the coordination number is less pronounced,
and mean values are 223 and 226 pm for 3-fold and 4-fold
coordination, respectively. The Ga—E bond lengths are less
flexible and depend mainly on the number of methyl groups
bound to the gallium atom, with shorter bonds for monomethyl
compounds. The distribution of Cu—E and Ga—E bond lengths
is shown in Figure 14. Interestingly, the Ga—E bonds show the
tendency to be shorter in the ternary dimethyl gallium
complexes compared to the binary dimethyl gallium phenyl-
chalcogenolates [(Me,GaEPh),]. Values found for the binary
compounds are 236—243 pm for E = §, 251-253 pm for E =
Se, and 272—276 pm for E = Te.® This shows that the CuEPh
moiety is a stronger donor to the gallium atom than the GaEPh
moiety, which means that the ternary complexes are energeti-
cally more stable compared to the binary compounds.
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Figure 14. Cu—E and Ga—E (E = S, Se, Te) bond lengths in
complexes 1—18.

The thermolysis process of sulfur-containing complexes
usually starts with the release of the phosphine ligands and
ends with the release of Me;Ga and SPh,. This is in contrast to
results on other single-source precursors, where the chalcoge-
nide moiety is released first, followed by the phosphine ligand,6C
but this may be simply an effect of relative volatility. For the
heavier chalcogens we observed a tendency for lower end
temperatures extrapolated from TG curves, and more
complicated mechanisms. The thermolysis leads to the
respective semiconductor CuGaE, in all cases. The release of
Me;Ga during the thermolysis process and the excess of copper
in complexes 6—18 results in the formation of binary copper
chalcogenides as additional phases. This is not necessarily a
disadvantage, as indicated in the Introduction, since it is well-
known that a copper rich deposition of thin films results in
improved film crystallinity.>> From investigations on thin film
deposition with the single source precursor [(PhsP),Culn-
(SEt),4], it was concluded that “the grain size was small due to
the absence of a quasi-liquid Cu binary phase. Further
development is necessary to grow films with higher Cu
concentration...”.® Therefore, at least the precursors which
yield the ternary semiconductor as main component, such as
3—S, may be promising candidates for thin film deposition
experiments. Furthermore, we could show that mixing of
different types of chalcogen atoms is possible on the molecular
level. Reaction of the sulfur compound 6 with Me;SiSePh and
MeOH yields the mixed sulfur—selenium compound 13 that
can be thermolyzed to the quaternary semiconductor of the
approximate formula CuGaS; ;Ses.
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