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Decomposition Cascades of Dicoordinate Copper(I) Chalcogenides
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Cu-E, Si-E, and Cu-P bond energies of RzPCuESiR; and
CuESiR; complexes (E = O, S, Se) have been investigated
using PBE density-functional calculations, and including em-
pirical corrections for dispersive interactions (DFT-D). The
bond energies have been used to investigate likely pathways
of molecular decomposition. The energy profile for thermal
decomposition is to a large degree independent of the nature
of the phosphane ligands and silyl groups. Oxides, sulfides,
and selenides have qualitatively the same thermal de-

composition profile. Thermal decomposition is not likely to
produce copper chalcogenide units CuE, but elemental cop-
per Cu instead. Consideration of intermolecular van der
Waals attraction suggests that the linear geometry of system
tBuzPCuOSiPh; as found in the crystal is most likely due to
crystal packing and intermolecular forces.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

1. Introduction

Copper(I) oxide and chalcogenide complexes find exten-
sive usage in a broad variety of applications ranging from
catalysis!!! over photovoltaic devices!>3! to metallaprotein
models.*! In addition, this class of compounds displays a
rich chemistry with a great diversity of stoichiometries and
geometries, which is governed by the ability of the group 16
element to adopt either terminal or bridging coordination
modes. Variations in the ligand framework around the cop-
per center lead to polymeric or oligomeric cluster com-
pounds,™ structures with a cyclic Cu,E, core,'® and mono-
meric complexes.[”)

Copper also plays a major role in meeting the challenges
of ever increasing requirements for electrical performance
of on-chip wiring, because it is a key element of the inter-
connection network on a chip of high-performance semi-
conductor components.®] One key technique in the design
of such devices is chemical vapor deposition (CVD), and
with the synthesis of new copper complexes that can be
used in CVD applications, coordination chemistry is
stretching the limits of micro-electronics technology.!!

Recently, we reported the synthesis and characterization
of the first triad of monomeric dicoordinate copper(I) chal-
cogenide complexes tBusPCuESiPh; (1, E=0;2, E=S; 3,
E = Se).['% The X-ray analyses of the copper silylchalcogen-

[a] KemKom,
Libellenweg 2, 25917 Leck, Nordfriesland, Germany
E-mail: jacobsen@kemkom.com

[b] Department of Chemistry, Tulane University,
6400 Freret St., New Orleans, LA 70118, USA

[i] Current address: Department of Chemistry, Tulane University,
6400 Freret St., New Orleans, LA 70118, USA
E-mail: jheiko@tulane.edu

Supporting information for this article is available on the
WWW under http://www.eurjic.org or from the author.

5294

vvvvvvvvvvvvvvvvvvvvvv

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

olates reveal significant structural structure differences orig-
inating from the nature of the chalcogen atom E. The oxy-
gen atom in complex 1 has a linear coordination geometry
in contrast to the highly bent sulfur and selenium analogs,
2 and 3.

In a first theoretical analysis of dicoordinate copper(I)
chalcogenides we have performed a detailed analysis of the
structure and bonding of representative H;PCuESiH; and
CuESiH; model complexes.'!l In the present work, we fo-
cus on the thermochemistry of Cu-P, Cu-E, and Si-E
bonds in this class of compounds. It is hoped that elucida-
tion of possible decomposition cascades will provide valu-
able insight into the CVD applicability of copper chalcog-
enides. In addition, we provide an analysis and rationale of
the unexpected molecular geometry of tBus;PCuOSiPh; 1 as
found in the solid state.

2. Results and Discussion

The Cu-P, Cu-E, and Si-E bond energies for a variety
of dicoordinate copper(I) chalcogenides have been investi-
gated. The compound numbering of our model complexes
is illustrated in Scheme 1.

Bond energies for Cu-P, Cu-E, and E-Si bonds have
been estimated from dissociation enthalpies in the gas
phase. For calculations of the bond-dissociation enthalpies
at 0 K, AH®, reactants and products have been considered
to adopt the geometry and electronic structure of their
ground states. The decomposition pathways considered in
this work are outlined on Scheme 2.

2.1 The Copper—Phosphane Bond: We begin our dis-
cussion with a detailed analysis of the Cu-P bond. The
bond properties of the phosphane ligand have received con-
siderable attention in the literature, and various concepts

Eur. J. Inorg. Chem. 2007, 5294-5299



Decomposition Cascades of Dicoordinate Copper(I) Chalcogenides

SiR'3 SiR'3

/

R"'3P——Cu—E Cu—E
1E=0 4E=0
2E=S 5E=S
3E=Se 6: E=Se

a:R'=Ph; R"=Bu a:R'=Ph

b: R'=Ph; R"=Ph d:R'=Me

eR=H

c:R'=Ph; R"=Me
d: R'= Me; R" = Me
eR'=H; R"=H

Scheme 1.

like the Tolman angle,['? basicity parameters!!! or the lone-
pair energy of the phosphane donor!'¥l find extensive use
to predict and reason the bonding behavior of phosphanes
toward transition-metal fragments. Here, we shall look at
bond-dissociation enthalpies AH°, and we will make use of
a partitioning of the so called bond-snapping energy
BE ., into orbital contributions AE;,, and steric terms
AE®. The bond-snapping energy describes the interaction of
two suitably prepared fragments, having the right geometry
of the final molecule and an electron configuration that al-
lows for bond formation. We model the Cu-P as donor—
acceptor bond, and Cu-E and Si-E bonds as covalent
bonds formed in the coupling of two radical fragments. In
this work, BE,,, contains an additional contribution due
to dispersive interactions Egy;s, between the phosphane li-
gands and the silyl groups, and the breakdown that is used
here is given in Equation (1).

BEsnap = 7[AE0+ AE‘im"’ Edisp] (1)

We have drawn on this analysis extensively in our pre-
vious work on copper chalcogenide complexes,!'!l and in
addition we refer the reader to the literaturel!® for a de-
tailed account of the energy decomposition scheme em-
ployed in this work.

Bond-dissociation enthalpies AH° and bond-snapping
energies BEj,,, are collected in Table 1. Also included are
the individual contributions to BEj,,, due to steric interac-
tion AE?, orbital interaction AE;,, and dispersive interac-
tion Egigp.
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Table 1. Energy terms (in kJ/mol) for the Cu-P bond of various
copper(I) chalcogenides.

AEO AEim Edisp BEsnap AHO
la -59 =203 -8 270 268
1b -17 221 -13 251 250
1c -59 -182 -3 244 245
1d 48 -178 -1 227 213
le -17 -171 0 188 173
2a -38 -194 -10 242 235
2b -4 -207 -14 225 220
2c 40 -172 -4 216 212
2d -29 -165 -1 195 183
2e 1 -155 0 154 140
3a =30 -195 -11 236 233
3b 0 -199 -11 210 209
3c =32 -176 -6 214 212
3d -23 -165 -1 189 177
3e 5 -153 0 148 136

The bond-dissociation enthalpies follow the expected
trend O>S = Se; the AH® values for the oxygen compounds
are about 30 kJ/mol larger than those for the heavier chal-
cogenides. Within a series of chalcogenide compounds, the
bond-dissociation enthalpies span a range of about 130 kJ/
mol, where the PtBus compounds define the higher end,
and the PH; complexes the lower end of the scale. Overall,
the values are in good agreement with bond-dissociation
enthalpies at 0 K. Discrepancies arise due to the fact that
the geometric preparation energy!!>! has not been accounted
for, but the overall agreement justifies the derivation of
trends based on a more detailed analysis of the bond-snap-
ping energy BEg,,,,

When we consider the individual components of the
bond-snapping energy, we notice that the steric interaction
AE? constitutes a bonding rather than repulsive interaction.
This indicates that attractive electrostatic interaction out-
weighs the contribution of the Pauli repulsion. The magni-
tude of the stabilizing steric interaction terms of the phos-
phane ligands PR;" can be ordered in terms of the R” group
as tBu>Me>Ph>H. This trend correlates well with the
accepted basicity of the phosphane ligands.['3] When the
silyl group carries methyl rather than phenyl substituents,
both the PR;"’ ligand and the SiR; group compete for elec-
trostatic interaction with the chalcogenide-metal core CuE.
As a consequence, AE? for the PMes ligand is reduced

SiR's
AHI?—Si
RGPCUE + SRy =——— RGP—Cu—E ———=  RPCu+ ESR;
AHe,e
0
AHCu-P
SiR's
AHE g
CuE + SiR’ Cu—€E ——=  Cu + ESR;
+ AHCU_E
PR"s

Scheme 2.
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(compare entries 1¢ and 1d, 2¢ and 2d, 3¢ and 3d in
Table 1).

The major contribution to BEj,,, arises from the orbital
interaction energy AE;,. If we extend the basicity argu-
ments and restrict the interaction between a phosphane li-
gand and a copper—chalcogenide core to electron donation
only, the phosphane lone-pair energies provide a measure
of the ligand donor strength, and thus a measure of AE;,,.
We then would expect the same qualitative ranking found
for the steric interaction to be reciprocated in the orbital
interaction: tBu>Me>Ph>H. Inspection of the data in
Table 1, however, indicates that the triphenylphosphane li-
gand unexpectedly shows the strongest orbital interaction.

By now, it is well recognized that the bond between the
phosphane ligands and transition-metal fragments contains
a sizeable contribution due to m-backdonation,'”? and an
early DFT investigation of (CO)sCr(PH;) reports a metal—
phosphane bond strength of 144 kJ/mol, with a contri-
bution of about 25% attributed to n-backdonation.!'® Em-
ploying orbital-based arguments, the amount of backdon-
ation between [P] and [CuE] fragments is qualitatively rep-
resented by the HOMOc,g-LUMOyp, gap. An orbital
analysis of model system has revealed the fact that
Cu-E mg,-antibonding orbitals are among the set of highest
occupied molecular orbitals of the copper-chalcogenide
core, and that backdonation from Cu-based d orbitals to
o* orbitals of the phosphane ligand strengthens the Cu-P
bond.['!]

An inspection of the frontier-orbital energies of the phos-
phane ligands and copper—chalcogenide cores corroborates
the trends in Cu-P bonding indicated thus far, and also
provides an explanation for the unusually high AE;, contri-
bution of the PPh; ligand. HOMO and LUMO energies for
the CuE cores 4a, 5a, and 6a and for the phosphanes PR;"’,
R’ = tBu, Ph, Me, H, are depicted in Figure 1.

E/eVv
0.0 — - —
40— — T
o
so| - + - -+
_H_
4a 5a 6a | P(tBu), P(Ph), P(Me), PH,

Figure 1. Frontier-orbital energies for copper—chalcogenide frag-
ments (left) and phosphane ligands (right). The LUMO of PPh; is
at an unexpectedly low energy level (dotted circle).
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Trends in basicities correlate well with relative HOMOyp,
energies. The LUMO of triphenylphosphane is at exception-
ally low energy, which causes a reduced HOMOc,g-
LUMOp gap, and consequently enhances the backdo-
nation. This observation accounts for the unexpectedly
strong orbital interaction of triphenylphosphane.

When assessing the Cu—P bond strength, it is instructive
to compare the Cu-P bond strength for the Cu atom to
that for CuE cores. The Cu-P bond strength in H;P-Cu is
calculated to amount to 104 kJ/mol.l'”! In contrast, the Cu—
P bond-snapping energies BE,,, in la, 2a, and 3a are
stronger by 69, 36, and 32 kJ/mol, respectively. The pres-
ence of the chalcogen atom significantly strengthens the
Cu-P bond. This is due to backdonation out of filled Cu-
E ngp,-antibonding orbital into empty c* orbitals of the
phosphane ligand.

Dispersive interactions Egjs, provide additional bond sta-
bilization of up to 14 kJ/mol for systems with sterically de-
manding phosphane ligands and large silyl groups. We will
return to the importance of dispersive interactions at a later
point in our discussion.

2.2 Bonds Involving Chalcogen Atoms: The bond-dissoci-
ation enthalpies AH? of Cu-E and E-Si bonds are displayed
in Figure 2. The Cu-E, and E-Si bond strengths follow the
expected trend O>S>Se. The silicon—oxygen bond is a
strong bond with a dissociation energy of 536 kJ/mol, [l

Figure 2. Bond-dissociation enthalpies AH° (in kJ/mol) of copper—
chalcogen bonds (Cu-E; Figure 2, a) and silicon—chalcogen bonds
(Si-E; Figure 2, b).
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and the O-Si bond-dissociation enthalpies for the copper
chalcogenides fall all around this value. When we compare
Cu-E bond energies of systems with phosphane ligands (1,
2, 3) with bond energies of systems without phosphane li-
gands (4, 5, 6), we find that coordination of a PR3 signifi-
cantly enhances the Cu-E bond strength. For example, if
we consider the “real” systems 1la, 2a, 3a, the copper—chal-
cogenide Cu-E bonds are stronger by 174 kJ/mol (E = O),
141 kJ/mol (E = S) and 138 kJ/mol (E = Se), in comparison
to the “phosphane-free” systems 4a, 5a, and 6a.

Not only does the presence of a chalcogen atom
strengthen the Cu-P bond, as discussed above, but the pres-
ence of a phosphane ligand also induces a stabilization of
the Cu-E bond. This synergistic effect is caused by en-
hanced n-backbonding from the copper center to the phos-
phane ligand. As mentioned before, Cu-E mq,-antibonding
orbitals are among the set of highest occupied molecular
orbitals of the Cu-E core. Backdonation from Cu-based d
orbitals to o* orbitals of the phosphane ligand not only
strengthens the Cu-P bond, but at the same reduces the
antibonding Cu-E interaction and thus strengthens the Cu—
E bond.

The Si-E bonding interaction too is enhanced due to the
presence of an additional phosphane ligand. This secondary
intrinsic effect amounts to 22 kJ/mol (E = O), 10 kJ/mol (E
= S) and 9 kJ/mol (E = Se) for model compounds with PH;
ligands and SiH; groups. For real systems with PBus li-
gands and SiPh; groups, this effect is more pronounced and
yields a secondary intrinsic stabilization energies of 59 kJ/
mol (E = 0), 43 kJ/mol (E = S) and 41 kJ/mol (E = Se),
respectively.

If we compare relative Si-E and Cu-E bond strengths,
we find that for systems without PR ligands, the Si-E
bonds are always stronger than the Cu-E bonds. The
average energy differences are about 165 kJ/mol for oxygen
complexes, but only about 65 kJ/mol and 50 kJ/mol for sul-
fur and selenium compounds, respectively. When we turn to
phosphane complexes, we find modifications in this general
trend due to the fact that the presence of phosphorus ligand
significantly enhances the Cu-E bond strength. For the O
complexes the energy difference between Si-O and Cu-O
bonds decreases to about 60 kJ/mol, still in favor of the
silicon—oxygen bond. For the heavier chalcogen atoms, the
relative bond strengths between Si-E and Cu-E bonds is
now inverted; and the S and Se complexes all have Cu-E
bonds that are stronger than Si-E bonds by about 25 and
35 kJ/mol, respectively.

When we investigate the influence of the R’ and R'’ li-
gands on the strength of the Cu-E and Si—E bonds, we find
that for phosphane systems these bond energies vary within
a range of about 80 kJ/mol. For complexes without an ad-
ditional phosphane ligand, we find that independent of the
nature of the R’ group, for a given chalcogen element the
values for Cu-E and Si-E bond-dissociation enthalpies are
approximately the same.

2.3 Decomposition Cascades: We are now at a point that
we can discuss possible decomposition pathways of dicoor-
dinate copper(I) chalcogenides, Scheme 3.
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For all complexes investigated in the present work, the
Cu-P bond always constitutes the weakest link. Thus, ther-
mal decomposition of a dicoordinate copper(I) chalcogen-
ide (DCC) is most likely initiated by dissociation of the
phosphane ligand; a process that results in formation of a
monocoordinate copper(I) chalcogenide (MCC). For this
type of compounds, contrary to DCCs, the Cu-E bond is
always weaker than the Si-E bond. Therefore, the second
step in thermal decomposition most likely involves cleavage
of the Cu-E bond. Thermal decomposition is not likely to
produce copper chalcogenide units CuE, but elemental cop-
per Cu instead. Furthermore, the energy profile for thermal
decomposition is to a large degree independent of the na-
ture of the phosphane ligands and silyl groups. Oxides, sul-
fides, and selenides all have qualitatively the same thermal
decomposition profile. In addition, sulfides and selenides
display approximately the same quantitative thermodynam-
ics.

2.4 The Structure of tBu;PCuOSiPh; in the Gas Phase
and in the Solid State: X-ray crystallography has shown that
the Cu atoms in the copper silylchalcogenolates tBusPCuE-
SiPh; (1, E = O; 2, E = §; 3, E = Se) have either a linear or
a near-linear coordination geometry in all three complexes.
Interestingly, the O atom in complex 1 is also linear, which
is in contrast to the highly bent S and Se analogs, com-
pounds 2 and 3, respectively.'”? Our initial calculations on
H;PCuESiH; model compounds have indicated that the un-
usual geometry of the oxygen compound 1 is not caused
by intermolecular orbital interactions such as extended 7-
delocalization, but are the result of a fine balance of electro-
static interaction and Pauli repulsion.['!l In the last section
of this work, we will address the unusual solid-state struc-
ture of tBusPCuESiPh; (1a) in more detail.

Our geometry optimization of 1a, the gas-phase analog
of the solid-state structure 1, resulted in a bent geometry
with an angle Z(Cu-O-Si) of 117°. In addition, we opti-
mized a linear structure 1a’ by fixing the angle /(Cu-O-
Si) at 180°. In the gas phase, the linear structure is 23 kJ/
mol higher in energy compared to the bent ground state
geometry, and an energy partitioning for the linearization
process is outlined in Figure 3.

When complex 1a takes on a linear, rather than a bent
geometry, the distance between the P and Si centers of the
sterically demanding peripheral ligands increases from
493 pm to 556 pm, and Pauli repulsion is reduced. As a
consequence, the linear geometry is favored in terms of the
steric interaction AE®. However, the orbital interactions
AE;, as well as dispersive interaction are stronger in a bent
arrangement, and as a consequence, the linear structure 1a’
is higher in energy.

Our calculations indicate that the dispersive interactions
Egisp lead to an increase in bond energy in 1a and therefore
5297
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AE? = 40 kJ/mol; AE;, = 56 kd/mol; AE, = 7 kd/mol; AE = 23 kJ/mol

Figure 3. Bond linearization of /Bu;PCuOSiPh; in the gas phase.

to a larger barrier to planarity. We attribute this increase to
an enhanced long-range 1/r®-induced dipole-induced dipole
attraction. van der Waals forces not only incorporate short-
range exponential repulsion arising from Pauli orthogonal-
ization, but long-range dispersive attraction as well. Due to
the large separation of the sterically demanding ligands, the
long-range attraction outweighs the short-range repulsion,
and nonbonded interactions strengthen, but not weaken,
the Cu-P, Cu-E, and Si—E bonds.

Although the barrier to planarity is increased due to in-
tramolecular dispersive attraction, in the crystal there exists
the possibility of intermolecular, long-range dispersive inter-
action, which might lower the barrier to planarity or even
favor a linear coordination geometry over a bent arrange-
ment.

Compound 1 crystallizes in the highly symmetric space
group P3, in which the linear P-Cu—O-Si skeleton lies ex-
actly on a crystallographic threefold rotation axis. The crys-
tal packing for 1 is displayed in Figure 4; also indicated are
neighboring phosphane ligands and silyl groups that give
rise to dispersive stabilization.

1a(bent, solid state) > 1a’(linear, solid state) AE 4, = —28 kJ/mol

Figure 4. Crystal packing of rBu;PCuOSiPh;. Neighboring phos-
phane ligands and silyl groups from different molecular units un-
dergo dispersive interaction (dotted circle).

We have calculated intermolecular dispersion energies for
the linear geometry 1a’ based on the crystal structure of 1.
The dispersion forces in the solid state for a bent geometry
1a were modeled after the crystal structure of the sulfur
analog, and if we compare the dispersive lattice energies we
find that the linear arrangement is favored over a packing
of a bent molecular unit by 28 kJ/mol per molecule. The
energetic stabilization of a linear arrangement due to pack-
ing forces slightly outweighs the preparation energy re-
quired to distort the bent structure and we conclude that
5298
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the unusual molecular structure of tBus;PCuOSiPh; as ob-
served in the solid state results from crystal packing, and is
not an indication of unusual intermolecular bonding.

Molecular structures as obtained from crystal structure
analysis are not always good representations for the geome-
try of the isolated and unperturbed molecule. If the poten-
tial energy surface of internal molecular coordinates is shal-
low and does not display a pronounced minimum, intermo-
lecular dispersive forces as well as intermolecular electro-
static interaction®'! might significantly influence the geom-
etry of the molecular unit in the solid state.

3. Conclusion

As stated in the introduction, one of the main goals of
the present work was to elucidate the CVD applicability of
copper chalcogenides, and in conclusion of this work, we
shall summarize our findings with respect to this question.
We found that the energy profile for thermal decomposition
is to a large degree independent of the nature of the phos-
phane ligands and silyl groups. We also found that oxides,
sulfides, and selenides have qualitatively the same thermal
decomposition profile.

A minor aspect of the current work was the analysis and
rationalization of the unexpected molecular geometry of
tBusPCuESiPh; as found in the solid state. Consideration
of intermolecular van der Waals attraction suggests that the
linear geometry of system Bu;PCuOSiPh; as found in the
crystal is most likely due to crystal packing and intermo-
lecular forces.

4. Computational Details

Density-functional calculations have been carried out using the
Amsterdam Density Functional ADF suite of programs, version
ADF2006.01.7% The calculation were based on the local-density
approximation with Slater exchange®*! and VWN-V correlation.?4
Gradient corrections as proposed by Perdew, Burke and Enzer-
hof!?3] have been added self-consistently.

Molecular orbitals were expanded in an uncontracted set of Slater-
type orbitals (STOs). For H and C the basis used was of double-{
quality, whereas for O, Si, P, S, and Se a triple-{ basis has been
employed, and both basis sets were augmented with one set of po-
larization functions (ADF basis sets 111 and IV, respectively). The
transition metal was described by a triple-{ basis augmented with
two sets of polarization functions (ADF basis set V). The core
shells (C, O: 1s; Si, P, S, Cu: 1s2s2p; Se: 1s2s2p3s3p3d) were treated
by the frozen-core approximation, and an auxiliary set of s, p, d,
and g STOs was used to fit the molecular density and to represent
the Coulomb and exchange potentials accurately in each SCF cy-
cle.l261

Geometries have been optimized according to the method devel-
oped by Versluis and Ziegler.””! Frequencies for molecules with R’
= R'’ = H have been calculated analytically,”® and served as basis
for zero-point-energy corrections. Empirical corrections for intra-
molecular dispersive forces between SiR;" groups and PR;'’ ligands
have been included for geometry optimization and energy calcula-
tions (DFT-D).>]

Eur. J. Inorg. Chem. 2007, 5294-5299
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Intermolecular dispersive interactions in the crystal have been cal-
culated with the Generalized Lattice Utility Program GULP
These calculations employ an undamped dispersion potential of the
form suggested by Tang and Toennies.?!]

The consistency of the density functional calculations has been
checked by single point calculations using other pure and hybrid
density functionals, as well as different basis sets. These calcula-
tions are documented in the Supporting Information.

Supporting Information (see also the footnote on the first page of
this article): Cartesian coordinates and final energies for optimized
complexes. Results of consistency calculations.
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