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The synthesis, structural characterization and the study of the photophysical properties of complexes
[AuCu(CFs),(N=C-CHj;),] 1, [AuCu(C4F;),(N=C-Ph),], 2, and [AuCu(CF;),(N=C-CH=CH-Ph),]
3 have been carried out. The crystal structures of complexes 1-3 consist of dinuclear Au—Cu units built
from mediated metallophilic Au(r) - - - Cu(1) interactions. In the case of complex 2 two dinuclear units
interact via an aurophilic interaction leading to a tetranuclear Cu—Au-Au—Cu arrangement. Complex 2
is brightly luminescent in solid state at room temperature and at 77 K with a lifetime in the
nanoseconds range, while complexes 1 and 3 do not display luminescence under the same conditions.
The presence of the aurophilic interaction in complex 2 seems to be responsible for the blue
luminescence observed. DFT and time-dependent DFT calculations agree with the experimental results
and support the idea that the origin of the luminescence of these complexes arise from orbitals located

in the interacting metals.

Introduction

Polynuclear complexes bearing Au(1)--- Au(i) (aurophilic) or
Au(1)--- M (metallophilic) closed-shell interactions represent an
entire interdisciplinary research area whose significance spans
several interests, such as supramolecular structural analysis,
theoretical calculations,®> photophysical properties® or potential
applications.* Among them, unsupported closed-shell interactions
of the type Au(1) - - - M*»* (M = Ag(1), TI(1), Hg(1r), Hg(0), etc.) are
an important class of interactions since they govern the formation
of many different types of structural arrangements ranging from
discrete species to supramolecular assemblies. Many of these
complexes bearing unsupported Au---M interactions display
fascinating photoluminescent properties that can be tuned from
blue to red emissions or from short-lived (fluorescent) to long-lived
(phosphorescent) emitters, depending on the type and number of
ligands, the heterometal, the environment around the metal centers
or the intermetallic distances.* Theoretical calculations are being
used to explain the nature of the metallophilic closed-shell
interactions found in the solid state structures and to support and
explain the photophysical properties observed experimentally.®
Moreover, some of these luminescent heterometallic systems can
be applied as sensors for volatile organic compounds*— or are
promising candidates for their use as LEDs.*
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One of the most successful strategies for the synthesis of
these type of materials is an acid-base reaction between basic
gold substrates and acidic heterometal precursors. In our case,
in the last few years we have developed a synthetic procedure
that involves bis(perhalophenyl)aurate(1) anions. The use of these
materials offers the additional advantage of the stability that
perhalophenyl groups provide to the synthesized complexes. Thus,
the use of [Au(CyX;),]” (X = F, Cl) Lewis basis against silver(1)
or thallium(1) salts® has led to broad families of compounds
displaying different structural arrangements as dimers, loosely
bound butterfly clusters or 1D-, 2D- and 3D-polymeric species.
These special types of interactions are rather strong (around
200 kJ mol™) and they display a very strong ionic component
(ca. 80%) due to the ionic nature of the metal counterparts and
an additional metallophilic contribution (ca. 20%), as we have
observed in several ab initio studies. Moreover, in some cases
we have observed additional contributions to the unsupported
interaction between metallic fragments as hydrogen bonding,%
n—m interactions® or even C,,---M interactions (C,, from
C¢F; rings of the aurate units).® But, although one would
expect that all the coinage metals would be among the most
favorable candidates for these type of materials, a view of the
published literature demonstrates that gold—copper complexes
are almost non-existent. Therefore, we have recently focused our
attention on Cu(1) as the heterometal, and using these [Au(C¢F5),]
basic units we have reported the first unsupported Au(i) - - - Cu(1)
interaction between aurate fragments and a [Cu(pyrimidine)],*
chain as a first result.” Using a different strategy we have also
synthesized the polymeric complex [Au,Cu,(C¢F5),(N=C-CH;),],
in a transmetalation reaction between [Au,Ag,(CyFs),(N=C-
CH,),], and CuCl.® The isolation of these derivatives displaying
unsupported Au(l) - - - Cu(1) interactions illustrates an easy access
to a new class of Au(l)-Cu(l) compounds presenting unsup-
ported metallophilic interactions and interesting photophysical
properties.
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Scheme 1 Synthesis of complexes 1-3.

In addition, regarding properties and applications, the use
of Cu(1) as the heterometal interacting with Au(1) would also
open new fields of research. These fields include, for example,
biological applications, as DNA spectroscopic probes through
the use of N-donor ligands that are constituents of biological
substrates;’ emitting materials for molecular light-emitting devices
(MOLEDs),* or catalytic applications, since the use of weakly
coordinating anions such as [AuR,]” would enhance the reactivity
of Cu(1) catalytic sites.'

In order to study systematically the unsupported Au(1) - - - Cu(1)
interactions we have chosen nitrile ligands for several reasons:
these ligands can be easily bonded to or displaced from Cu(r)
centers; changes in the alkyl or aryl substituents from the
nitrile ligands keeping the rest of the molecular components
unchanged may produce structural and electronic changes leading
to different structural arrangements and photophysical prop-
erties. Herein we report the synthesis and structural charac-
terization of the heterometallic complexes [AuCu(C¢F;),(N=C-
CH;),] 1, [AuCu(C¢F5),(N=C-Ph),], 2, and [AuCu(C,F;),(N=C-
CH=CH-Ph),] 3 (see Scheme 1). We have analyzed the influence
of acetonitrile, benzonitrile and cinnamonitrile on the structural
arrangements found in the solid state and, consequently, on the
photophysical properties of these complexes. We have finally
interpreted the results by the use of DFT and time-dependent
DFT calculations that support the experimental findings.

Results and discussion
Synthesis

The starting material [AuCu(C¢F5),(N=C-CH;),] (1) was ob-
tained by reacting [Au,Ag,(CsFs),(N=C-CH;),], with CuCl

through a transmetalation reaction, in a 1:2 molar ratio (1:1
with respect to silver) in acetonitrile. After filtration of the AgCl
formed, complex 1 was isolated as a white solid by precipitation
from the acetonitrile solution by addition of Et,O and subsequent
cooling. In this way, in the presence of an excess of acetonitrile,
complex [AuCu(C,Fs),(N=C-CH,),] (1), in which a Cu(1) center
is joined to two nitrile ligands, is obtained.

The reaction of complex 1 with excess or two equivalents of
nitrile ligands as benzonitrile or cinnamonitrile in toluene, leads
to the substitution of both acetonitrile molecules leading to com-
plexes [AuCu(C¢F;5),(N=C-Ph),], (2) or [AuCu(C4Fs),(N=C-
CH=CH-Ph),] (3), respectively (Scheme 1).

The IR spectra of 2 and 3 in Nujol mulls show absorptions
arising from C¢F;~ groups in the range 1495-1500, 949-962 and
779-784 cm™. In these complexes, the absorptions due to the
organic ligands coordinated to the Cu(1) centers can be assigned.
These bands appear at significantly different energies from the
absorptions of the uncoordinated organic ligands. For example,
complex 2 displays a band at 2260 cm™ due to the v(C=N)
stretching vibration while, in the free ligand, this band appears
at 2226 cm™. Complex 3 displays the corresponding V(C=N)
stretching vibration at 2238 cm™ and this absorption appears at
2218 cm™ in the case of the free ligand. The IR spectra of complex
1 cannot be obtained due to the loss of acetonitrile molecules and
subsequent decomposition.

The '"H NMR spectra of complexes 1-3 in CD;CN display
the signals corresponding to the organic nitrile species (see
Experimental section). The chemical shifts are similar to those
of the free organic ligands as is expected due to dissociation in
solution.

These complexes also display similar F NMR spectra in which
the signals corresponding to the C¢F; groups bonded to Au(l) in
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the [Au(CFs),] units are observed at —-114.8 (F,), =161.6 (F,) and
—-162.8 (F,,) ppm in all cases.

Complexes 1-3 behave as 1 : 1 electrolytes in 5 x 10 M acetoni-
trile solutions (Ay = 112 (1); 234 (2) and 112 (3) Q' cm* mol™),
which suggests that metallophilic interactions are not present in
solution and a separation in ionic counterparts is achieved. It is
also worth mentioning that the large value obtained for complex
2 (234 Q' cm® mol™) could be, perhaps, related to an equilib-
rium in solution between the 1:1 electrolyte formed between
cationic [Cu(NCPh),]* and anionic [Au(C,Fs),]", and a possible
2[Cu(NCPh),]* : {[Au(C4F5),],}* 2: 1 electrolyte, through associa-
tion between aurate(1) units via aurophilic interactions in solution,
similar to those observed in the solid state structure (see below).

Crystal structurest

Crystal structures of complexes 1-3 were determined by X-ray
diffraction from single crystals obtained by slow diffusion of n-
hexane into a solution of the complex in toluene. Although the
three complexes are in principle very similar and their stoichiome-
tries correspond to the general formula [AuCu(C,F;),(N=C-R),],
their crystal structures show significant differences. Thus, while
complex 1 crystallizes in the P1 space group of the triclinic system
as discrete dinuclear molecules and without solvent, complex 2
forms tetranuclear Au,Cu, units through aurophilic interactions
and crystallizes also without solvent, but in the centrosymmetric
P1 space group, and compound 3 crystallizes in the same
space group as 2, but as discrete dinuclear molecules and as a
solvate (JAuCu(C4Fs),(N=C-CH=CH-Ph),]-0.5PhMe). The half
a molecule of toluene in 2 is disordered over two positions with
the same occupancy for both of them.

The crystal structures of 1 and 3 (Fig. 1 and 2) consists of discrete
molecules [AuCu(C4F;),(N=C-R),] in which the [Au(C.F;),]
anion and the [Cu(N=C-R),]* cation are held together through
an unsupported Au---Cu contact of 2.9335(11) A in 1 and
2.6727(4) A in 3, both of them being considerably longer than
those present in [Au,Cu,(C¢F;),(N=C-CH;),],,* (2.5741(6) and

Fig.1 Molecular structure of complex 1 with the labelling scheme for the
atom positions. Ellipsoids are drawn at the 30% level.

Fig. 2 Molecular structure of complex 3 with the labelling scheme for
the atom positions. Hydrogen atoms have been omitted for clarity and
ellipsoids are drawn at the 30% level.

2.5876(5) A) where one of the pentafluorophenyl ligands of the
adjacent [Au(C¢F;),]” units acts as a bridge between Au and Cu,
and also longer than in some clusters'™ (2.589 and 2.584 A).
The higher steric demand of the alkyl substituent in complex
3 forces the molecules to pack away (shorter intermolecular
Au-Cu distance of 5.641 A), while in 1 the dinuclear units are
located at a shorter, but also non interacting Au—Cu distance of
3.757 A along the x crystallographic axis forming a “intermittent
polymer” (see Fig. 3). In contrast, the intermolecular Au-Cu

Fig. 3 Packing in complex 1 viewed along the crystallographic y axis.
Hydrogen atoms have been omitted for clarity.
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distance in 3 is about 0.26 A shorter than in 1, and the Au-Cu
separation in the latter is also longer than that found in the related
polymeric compound [Cu{Au(CF;), }(N=C-Me)(u,-C,H,N,)],”
(2.8216(6) A), which also displays unsupported Au - - - Cu interac-
tions. The lengthening of the Au—Cu distance in the acetonitrile
derivative 1 if compared to the cinnamonitrile compound 3 can
be probably attributed to the higher donor capability of the
N-donor ligand in 1 due to the presence of a —Me instead of
a -CH=CH-Ph substituent, what makes the copper center less
acidic in 1. Consequently, the attraction for the bis(aryl)aurate
anion decreases and leads to a longer Au—-Cu distance. In both
structures the C,,,, atom of one of the C;H; groups (C1) maintains
an interaction with the copper centre of different strength with
Cu-C distances of 2.919 (1) or 2.638 A (3). Such contacts are
responsible for the narrow C—Au—Cu angle in which the interacting
C atom is implied (68.96° (1) or 66.36° (3)). The other one displays
a value of 110.60° (1) and 114.78° (3). If the Au--- Cu contact is
considered, both 1 and 3 exhibit a distorted planar T-frame Cu(1)
center formed by its additional coordination to the nitrogen atoms
of two nitrile molecules (Cu-N: 1.875(15) and 1.941(14) A in 1,
and 1.866(3) and 1.871(3) A in 3). Finally, the gold(1) atoms are
linearly coordinated to two pentafluorophenyl groups with typical
Au-Cbond lengths (see Tables 2 and 4) showing an additional (and
rather uncommon) Au - - - Cu contact within the dinuclear unit.

The crystal structure of 2 (Fig. 4) consists of a tetranuclear
compound formed by two [Au(C¢Fs),]” and two [Cu(N=C-
Ph),]* units joined together through unsupported Au---Cu
and Au---Au contacts, leading to an unusual Cu-Au-Au-
Cu arrangement (opposite to Coulomb’s rule) where repulsive
instead of attractive forces could be expected. An analogous
situation was previously described by us for the Au-TI1 complex
{[T1l(bipy)],[Au(CsF5),], }.%, where a TI-Au-Au-TI disposition of
metals is found, although it may be influenced by the presence of
bridging bipy ligands.

Fig. 4 Molecular structure of complex 2 with the labelling scheme for
the atom positions. Hydrogen atoms have been omitted for clarity and
ellipsoids are drawn at the 30% level.

Surprisingly, a Au---Au interaction (of 3.0011(5) A) also
appears in 2 and it is considerably shorter than in the Au-TI
polymeric compound (3.4092(3) A) despite the apparent absence

of leading forces. The Au - - - Cu contacts, with Au—Cu separations
of 2.6163(12) and 2.6092(12) A, are stronger than in the poly-
meric [Cu{Au(C,Fs), }(N=C-Me)(u,-C,H,N,)],” (2.8216(6) A)
and also stronger than in complexes 1 (2.9335(11) A) and 3
(2.6727(4) A). The presence of phenyl substituents in the nitrile
ligands, with a higher withdrawing capability than the substituents
in 1 or 3, makes the copper even more acidic than in complex
3 and, hence, leads to shorter Au---Cu lengths. The slightly
shorter Au—Cu distances present in the acetonitrile derivative
[Au,Cu,(CFs)s(N=C-CH,),],.* (2.5741(6) and 2.5876(5) A) could
seem to be contradictory; nevertheless, an additional factor has
to be taken into account in this last case: the presence of
pentafluorophenyl bridging ligands between Au and Cu, which
get the metal centers even closer. As in the structures of 1 and
3 one of the carbon atoms bonded to gold in each [Au(C4F5),]
fragment maintains an interaction with a copper centre, displaying
Cu-C distances of 2.723 and 2.706 A, intermediate between those
observed in 1 and 3. The corresponding C—Au—Cu angles are again
narrow (70.0 and 69.4°) if compared to the other two C-Au-Cu
angles (107.1 and 108.3°). Again, the copper centers show a nearly
planar environment (see Table 3) by coordination to the nitrogen
atoms of two benzonitrile ligands and considering the Au---Cu
contact. The Cu-N bond lengths, ranging form 1.869(8) to and
1.877(8) A, are all equal and similar to those commented above
for 1 and 3. Finally, if the metal-metal interactions are taken into
account, the environment of the gold(r) atoms could be described
as distorted square-planar, although with significant deviations
from linearity in the Cu—Au-Au angles (165.68(3) and 153.02(3)°),
which is more pronounced in Au2, and with both planes forming
an angle of about 48°.

Photophysical properties

The absorption spectra of complexes 1-3 in acetonitrile solutions
(4.5 107° M) are shown in Fig. 5. Complex 1 displays absorption
bands between 200 (¢ = 5.7 x 10%) and 260 nm (¢ = 8.2 X
10°* mol™ dm? em™). Complex 2 displays a similar profile with
bands between 200 (e = 13.4 x 10%), 260 (¢ = 1.9 x 10*), and a less
intense band at 270 nm (¢ = 7.1 x 10°* mol™! dm® cm™) showing a
band edge at lower energy than that of complex 1. Finally, complex
3 shows an absorption spectrum with bands also placed between
200 (e = 15.3x 10*) and 250 (¢ = 4.9 x 10*), and a low energy band
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Fig.5 Absorption spectra of 1 (blue), 2 (green) and 3 (red) in 4.5x 10° M
CH,CN at room temperature. Inset: absorption spectra of free benzonitrile
and cinnamonitrile ligands in 4.5 x 10°° M CH;CN solutions).
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at 270 nm (¢ = 9.8 x 10* mol™" dm® cm™) showing also a lower
energy band edge if compared to those of complexes 1 or 2.

These profiles are very similar to the one observed for the
gold(1) precursor complex NBu,[Au(C¢F5),] (which displays bands
between 200 and 264 nm with similar intensities) and that were
assigned to m—m* transitions in the pentafluorophenyl rings.>¢*’
Nevertheless, the bands at 270 nm observed for compounds 2 and
3, respectively, are not found in the precursor NBu,[Au(C¢F5),],
(see Fig. 5). In this sense, the d'® — d’s' transitions of the
free Cu* ion are at much lower energies: 21390 cm™ (467 nm)
and 26260 cm™ (381 nm) for the spin forbidden and allowed
transitions, respectively.’® Previous work of Che and co-workers™
showed that the transition [3d6* — 4poc] in a dinuclear cop-
per complex occurs at a similar energy, 276 nm (¢ = 10.8 x
10° mol™! dm?® cm™). Nevertheless, the formation of dinuclear cop-
per species in solution is highly unlikely to be responsible for this
behaviour. Similarly, absorptions arising from remaining Au-Cu
interactions in solution are also unlikely since the three complexes
behave as 1:1 electrolytes when conductivity measurements are
carried out (see Experimental section).

Therefore, these absorptions seem not to have their origins in
the copper center. Instead, they could be assigned to intraligand
(nitrile) transitions influenced by the metal centers. Taking into
account that the absorptions due to the nitrile group (C=N)
appear below 190 nm we propose that these absorptions in solution
are due to m—7m* transitions between orbitals in the phenyl groups
of the nitrile substituents. In fact, the absorption spectra of these
ligands (benzonitrile and cinnamonitrile) in acetonitrile display
bands at 270 and 272 nm, respectively (see inset in Fig. 5).

From the three complexes, only in the case of complex
[AuCu(CF5),(N=C-Ph),], (2) is luminescence in the solid state
observed (Fig. 7). It emits at 442 nm (exc. 392 nm) at room temper-
ature and also emits at a similar energy (exc. 371 nm) at liquid nitro-
gen temperature (77 K) (Fig. 6). This curious non-dependence on
the temperature, which is termed as luminescence rigidochromism
in other luminescent gold—heteropolynuclear systems,*" has its
origin in an effect that relates the emission features with the envi-
ronmental rigidity in charge transfer states formed in transitions
from a fluid to a rigid solvent.' Different to that in solution,
in the solid state this phenomenon is not fully understood, since
in transitions mostly metal-based one would expect a shortening
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Fig. 6 Excitation and emission spectra of complex 2 in solid state at room
temperature.
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Fig. 7 Theoretical model systems [AuCu(C¢F;),(N=C-CH;),] (1a),
[AuCu(C¢F5),(N=C-Ph),], (2a) and [AuCu(C¢Fs),(N=C-CH=CH-Ph),]
(3a) (hydrogen atoms are omitted for clarity).

of the metal-metal distances when the temperature is lowered,
which would lead to a reduction of the HOMO-LUMO band gap
and, consequently, a red shift of the emission energy. In this case,
this rigidochromism could be related to the short distances in the
Cu(1)-Au(1)-Au(1)-Cu(1) metal arrangement where further con-
traction provoked by decreasing temperature is unlikely.

As in the other heterometallic complexes reported, the complex
behaves as non-luminescent in fluid solutions, recovering the
property when the solvent is evaporated. This result is interpreted
in terms of a rupture of the metal-metal interactions provoked
by the solvent and their recovery when the solvent is evaporated,
suggesting that the absence of these interactions give rise to the loss
of the luminescence. Taking into account that the three complexes
display gold—copper interactions; that all three have copper in a
similar coordination environment and bonded to the same type
of ligands; that the number of ligands around copper is relatively
low and an attack by basic solvents is possible; and that only in
the case of complex 2 luminescence is observed, it is likely that the
main difference, i.e. the gold—gold interactions that appear in 2,
are of capital importance for its luminescent behavior.

The lifetime measurements, determined by the phase-
modulation technique in the solid state at room temperature
displays two components within the nanosecond time scale [z, =
65 ns, 7, = 17 ns; }* = 8.6, indicating that the emission
probably originates from an excited state of singlet parentage and,
consequently, is tentatively assigned as fluorescence. Similarly,
the Stokes-shift between excitation and emission peaks is only
2886 cm™, which is indicative of a small distortion of the excited
state if compared to the ground state and, therefore, supporting
the assignation of fluorescence for this transition. Interestingly,
the lifetime of the previously reported [Cu{Au(CF;), }(N=C-
Me)(u,-C,H,N,)],,” which shows a polymeric copper—pyrimidine
structure with [Au(C,Fs),]” units interacting with each copper
center, is much longer (10.3 ps) and assigned as phosphorescence.
In that complex, the luminescent behaviour was assigned to arise
from a MMLCT (metal(gold)-metal(copper)-to-ligand-charge-
transfer) state. The observed quenching of the luminescence in
basic solvents by formation of a five-coordinate copper complex
that stabilizes the excited state and destabilizes the ground state
supports this assignation.'”” This quench was observed even in
glassy (EtOH:MeOH:CH,Cl, 8:2:1) solutions at 77 K. In
this case, a glassy solution of complex 2 shows an emission
at 420 nm, suggesting that the formation of the five-coordinate
copper complex is not produced and, consequently, the quench is
not observed, or, if it is formed, the luminescence is not arising only
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from the gold—copper interactions. In fact, theoretical TD-DFT
calculations agree with this assignation (see theoretical studies
part).

Therefore, taking into account the previous comments, what
we propose is that the luminescence in this complex arises from
a transition between orbitals mostly metal-based and for which
the higher contribution is from orbitals of the interacting gold(r)
centers, although a m—n* transition in the perhalophenyl groups
cannot be excluded. In this sense, previous luminescence studies
on a heteronuclear gold-silver complex with pentafluorophenyl
groups showed that in acetone solutions, where the metal—
metal interactions are not present, luminescence appeared at a
slightly higher energy (405 nm) by excitation at 332 nm that
arose from pentafluorophenyl localized m-n* excited states.> In
contrast to our case, the precursor complex NBu,[Au(C,Fs),] is
not luminescent in solid state, which reinforces the interacting
gold(1) centers as the main contributors to the orbitals responsible
for this behaviour in the solid state.

Theoretical results

In view of the results reported in the photophysical stud-
ies section, single point DFT calculations on model sys-
tems [AuCu(C¢F;),(N=C-CH;),] (1a), [AuCu(C,F;),(N=C-
Ph),], (2a) and [AuCu(CF5),(N=C-CH=CH-Ph),] (3a) and
time-dependent DFT calculations on model [AuCu(C¢F;),(N=C—~
Ph),], (2a) have been carried out. These theoretical models
represent the solid state structures of compounds 1-3 since all the
metallophilic interactions responsible for the observed dinuclear
(complexes 1 and 3) or tetranuclear (complex 2) arrangements
are considered in the model systems. All models have been built
up from the X-ray diffraction results (Fig. 7). In order to check
that the use of these model systems is qualitatively correct we
have optimized a simplified model system [AuCu(CF5),(N=CH),]
at DFT B3LYP level of theory and using a C, symmetry in
order to keep the computational costs feasible. The optimized
geometry reproduces fairly well the structures found in the solid
state showing a Au-Cu interaction of 2.60 A and one Cu-C,,,
interaction of 2.24 A. The C, symmetry prevents the nitrile ligands
adopting a similar relative disposition as found in the X-ray
analyses of the complexes, but other structural parameters such as
distances and angles are comparable (see ESI for detailst).

We first studied the electronic structures of models 1a-3a
obtained through single-point DFT calculations. With these
results we can build up qualitative molecular orbital diagrams
for each model system and the shape of the frontier orbitals can
be checked. Thus, we can check the contribution of each part of
the molecule to the frontier orbitals. These DFT calculations can
be used to explain how the structural differences among complexes
1-3 affect the electronic structures by the qualitative analysis of the
HOMO-LUMO gap. Fig. 8 displays qualitative molecular orbital
diagrams for each model system.

Model system [AuCu(C¢F;),(N=C-CHj;),] 1a shows a large
HOMO-LUMO gap of 4.464 eV. The HOMO orbital for model
1a is located at the [Au(C¢F5),]” fragment, meanwhile the LUMO
orbital is mainly placed at the Cu(1) and Au(1) centers with some
contribution from the nitrile and pentafluorophenyl groups. In
the case of model [AuCu(CF;),(N=C-CH=CH-Ph),] 3a the
HOMO-LUMO gap is intermediate (3.285 eV) with the HOMO
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Fig. 8 Frontier molecular orbitals and HOMO-LUMO gaps for model
systems la, 3a and 2a (left to right).

orbital placed at the [Au(C¢Fs),]” fragment and the LUMO orbital
placed at the cinnamonitrile ligand. Model [AuCu(CF;),(N=C-
Ph),], (2a) displays the shortest HOMO-LUMO gap (3.03eV) and
interesting differences regarding the shape of the frontier orbitals
are observed. Thus, the main difference arises from the HOMO
shape that in the case of model 2a is centred on the interacting
Cu---Au---Au--- Cu metals with a higher contribution from the
gold centers and showing a nd,’c* character.

Aswe have mentioned in the experimental photophysical results,
complex [AuCu(C,Fs),(N=C-Ph),], 2 is the only one that displays
photoluminescent properties upon excitation with UV light. This
trend would also be supported with the theoretical results. Thus,
when no aurophilic interactions are present (complexes 1 and 3) a
large HOMO-LUMO gap is observed in which charge transfer
absorptions arising from [Au(C,F;),]” fragments to the metals
(complex 1) or to the nitrile ligands (complex 3) may occur, but at
rather high energy. Nevertheless, when an aurophilic interaction is
present (complex 2) the HOMO-LUMO gap is reduced due to the
destabilization of the HOMO orbital and the stabilization of the
LUMO orbital. These trends arise from the combination of the
nd,? or the ns/np atomic orbitals of the metals that leads to the
corresponding more stable sigma-bonding orbital and less-stable
sigma-antibonding orbital (see Fig. 9). Therefore, it is likely that
this shortening in the HOMO-LUMO gap would lead to a more
energetically available excited state responsible for luminescent
emissions in the visible range.

In a second step we have also carried out time-dependent DFT
calculations on model system 2a. These calculations permit us
to reproduce the absorption spectrum of this complex by the
computation of the first few spin-allowed singlet excitations. A
careful analysis of the oscillator strengths and the shape of the
orbitals involved in each excitation relays important information
about the photophysical properties of this complex. Thus, the
obtained theoretical excitation profile can be compared with
the experimental excitation spectra in solid state where the
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Fig. 9 Qualitative formation of nd,’c antibonding and ns/np bonding
orbitals through Cu---Au--- Au---Cu interactions (the z-axis is placed
along the metal-metal interaction direction).

metallophilic Cu—Au-Au—Cu arrangement is kept. Fig. 10 displays
the first few singlet excitations (red bars) that are compared with
the excitation profile (blue line) (see Table 5).

H
0.3
-
£
5
o
g
®
£
£
5 0.2
o
g
2 B
[7]
§ o1
£ A
G
1 F
|l IE b ¢
0.0 T T - T I T
0 350

30 400 450 500

A (nm)

Fig. 10 Comparison between theoretical first few singlet excitations (red
bars A-I) with the experimental excitation profile in solid state (black line).

Although excitations A—C appear at lower energy and could not
be related to the experimental excitation spectrum, the theoretical
singlet excitations D-I agree well with the experimental excitation
energy. Therefore, the orbitals involved in these singlet transitions
may be related to the fluorescent behaviour observed for complex
2, especially those excitations with larger oscillator strengths,
G and H.

The most intense high energy transitions G and H arise from the
HOMO orbital located at the Cu---Au---Au---Cu interacting
metal centers (mainly at the gold atoms) and arrive to LUMO + 4
and LUMO + 6 orbitals that are placed at the nitrile ligands and
the metals, respectively. These two singlet excitations would be
responsible for the observed high energy fluorescent emission for
complex 2, that would arise from a mixed metal-centered (MC) and
metal-to-ligand-charge-transfer (MLCT) transition in agreement
with the results described in the photophysical studies section
(Fig. 11). Obviously, the rupture of the gold-gold interactions
would increase the HOMO-LUMO gap and would change the
shape of the occupied frontier orbitals, preventing that transition.
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Fig. 11 Most intense theoretical singlet excitations in the high energy
region.

This is in agreement with the absence of visible luminescence in
complexes 1 and 3 or even in 2 in solution, where the gold-gold
interactions are loss.

Experimental
Instrumentation

Infrared spectra were recorded in the 4000-200 cm™ range
on a Perkin-Elmer FT-IR Spectrum 1000 spectrophotometer,
using Nujol mulls between polyethylene sheets. Conductivities
were measured in ca. 5 x 10 M acetonitrile solutions with a
Jenway 4510 conductimeter. C, H, N analyses were carried out
with a C.E. Instrument EA-1110 CHNS-O microanalyser. Mass
spectra were recorded on a HP-5989B Mass Spectrometer API-
Electrospray with interface 59987A. 'H and YF NMR spectra were
recorded on a Bruker ARX 300 in CD;CN. Chemical shifts are
quoted relative to SiMe, (‘H external) and CFCI; (“F, external).
Absorption spectra in solution were registered on a Hewlett
Packard 8453 Diode Array UV-visible spectrophotometer. Ex-
citation and emission spectra as well as lifetime measurements
were recorded with a Jobin-Yvon Horiba Fluorolog 3-22 Tau-3
spectrofluorimeter.

Crystallography

The crystals were mounted in an inert oil on glass fibers
and transferred to the cold gas stream of a Nonius Kappa
CCD diffractometer equipped with an Oxford Instruments low-
temperature attachment. Data were collected by monochromated
Mo Ko radiation (A = 0.71073 A). Scan type @ and ¢.
Absorption corrections: numerical (based on multiple scans).
The structures were solved by direct methods and refined on
F? using the program SHELXL-97."® If the crystal structure
of complex 1 is refined in the PI1 space group (even with
disorder) a second copper center is symmetry generated resulting
in a 1-D polymer built vie Au---Cu interactions, but with
a sequence ---Au---Cu---Cu---Au---Cu---Cu---Au--- and
with distances shorter than 1 A between the Cu atoms. Thus, it had
to be refined in the P1 space group. All non-hydrogen atoms were
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Table 1 Data collection and structure refinement details for 1-3

Compound 1

2 3.0.5toluene

Chemical formula
Crystal habit
Crystal size/mm

C,HsAuCuF (N,
Orange prism
0.25%0.2x0.18

Crystal system Triclinic
Space group P1

a/A 6.6903(1)
b/A 7.6776(2)
c/A 8.7851(2)
a/° 84.411(2)
B/° 88.645(2)
y/° 79.218(1)
U/A3 441.170(17)
VA 1

Dc¢/g cm™ 2.547

M 6761.73
F(000) 314
T/°C -100
20mu/° 72

u(Mo Ko)/mm™ 9.616
No. of reflections measured 10897
No. of unique reflections 4070

Ry 0.0419
R* (I > 20(1)) 0.0389
wR? (F?, all refl.) 0.0920
No. of parameters 268

No. of restraints 96

Se 1.050
Max. Ap/e A~ 2252

Cs,HyAu,Cu, Fy Ny
Colorless prism

C;H,AuCuF )N,-0.5C; Hy
Colorless prism

0.18x0.16 x0.12 0.4x0.3%x0.1
Triclinic Triclinic
P1 P1
13.423(1) 8.1519(1)
13.459(1) 14.5421(2)
16.492(2) 14.9953(2)
101.794(6) 62.108(1)
98.641(7) 78.587(1)
119.560(6) 77.368(1)
2424.13(4) 1523.65(3)
2 2

2.194 1.960
1601.73 899.01
1512 862

-100 -100

54 60

7.019 5.596
39910 30949
10180 7817
0.0584 0.069
0.0464 0.0280
0.1292 0.0638

721 525

288 164

1.150 1.024
3.312 0.975

TRAF)=YNFol = |F/Y 1 Fy |.PWR: (F?) = [D_{W(F,> = F2)*}/ Y {W(F,)*}*; w'! = 6*(F,») + (aP)* + bP, where P = [F,> + 2F.?]/3 and a and b
are constants adjusted by the program. © S = [>_{w(F,> — F.»)*}/(n — p)]"*, where n is the number of data and p the number of parameters

Table 2 Selected bond lengths [A] and angles [°] for complex 1

Table 4 Selected bond lengths [A] and angles [°] for complex 3

Au-C(11) 2.028(14) Cu-N(2) 1.875(15)  Au-C(11) 2.0313) Cu-N(1) 1.866(3)
Au-C(1) 2.064(12) Cu-N(1) 1.941(14)  Au-C(1) 2.053(3) Cu-N(2) 1.871(3)
Au-Cu 2.9335(11) Au-Cu 2.6727(4)
C(11)-Au-C(1) 179.4(5) N(2)-Cu-N(1) 149.8(8) C(11)-Au-C(1) 176.12(13) N(1)-Cu-N(2) 155.88(12)
C(11)-Au-Cu 110.7(3) N(2)-Cu-Au 95.9(5) C(11)-Au-Cu 114.78(8) N(1)-Cu-Au 108.73(9)
C(1)-Au-Cu 69.0(3) N(1)-Cu-Au 114.1(4) C(1)-Au-Cu 66.36(9) N(2)-Cu-Au 94.10(9)
Table 3 Selected bond lengths [A] and angles [°] for complex 2
Au(1)-C(1) 2.05209)  Cu(1)-N(1) 1.869(8)
Au(l)-C(11) 2.066(9) Cu(1)-N(2) 1.870(8) Table5 TD-DFT singlet excitation calculations for model
Au(2)-C(21) 20799)  Cu(2)-N(4) 1.877(8)
Qﬁggigﬁgg %258382 Au()-Au(2) 3.0011() Excitation Acare/ M Oscil. str. (s)* Contributions?
C(1)-Au-C(11) 175.5(3) NG)-Cu(2)-N@)  155.3(3)
CG1)-AuQ2)-Cl)  176.5(3) N()-Cu(l)-Au(l)  107.2(2) /]; 382-3 0-(1’?81 3%83 -3 ;9? 96)
Cu(1)-Au(1)-Au(?)  165.68(3) NQ)-Cu(1)-Au(l)  96.5(2) 70 0. 318a — 320a (95)
Cu(2)-Au(2)-Au(l)  153.02(3) NG)-Cu(2-Au2)  96.52) g ‘3‘%2 8'8? (1)§ gig: ~ 3%2 8(7);
N(1)-Cu-N(2) 152.9(4) N@)-Cu(2)-Au2) 104.8(2) 0 o o a0 Ao D08 (30)
312a — 319a (17)
F 3534 0.0263 312a — 319a (53)
anisotropically refined with the only exception of C14 (otherwise 312a — 320a (16)
non-positive definite), and hydrogen atoms were included usinga S 337.6 0.0507 318a — 323a (88)
i del her detail hed lecti drefi H 335.4 0.297 318a — 325a (78)
riding model. Further details on the data collection and refinement I 333.6 0.0152 312a — 320a (42)

methods can be found in Table 1. Selected bond lengths and angles
are shown in Tables 24 and crystal structures of 1-3 can be seen
in Fig. 1-4. CCDC 708198-708200 contains the supplementary
crystallographic data for this paper.t

312a — 321a (25)

“Value is |coeff]? x 100. ® Oscillator strength shows the mixed representa-
tion of both velocity and length representations.
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DFT and TD-DFT calculations

The molecular structures used in the theoretical studies on
[AuCu(C4Fs),(N=C-CH;),] (1a), [AuCu(C,F;),(N=C-Ph),], (2a)
and [AuCu(CF;),(N=C-CH=CH-Ph),] (3a) were taken from the
X-ray diffraction data for complexes 1-3, respectively. Keeping all
distances, angles and dihedral angles frozen, single-point DFT
calculations were performed on the models. In them, the single-
point ground-state calculations and the subsequent calculations
of the electronic excitation spectra, the B3-LYP functional®
as implemented in TURBOMOLE?® was used. The excitation
energies were obtained at the density functional level by using
the time-dependent perturbation theory approach (TD-DFT),**
which is a DFT generalization of the Hartree—Fock linear response
(HF-LR) or random-phase approximation (RPA) method.?

In all calculations, the Karlsruhe split-valence quality basis
sets?”” augmented with polarization functions® were used (SVP).
The Stuttgart effective core potentials in TURBOMOLE were
used for Au and Cu.? Calculations were performed without any
assumption of symmetry for 1a—3a.

Synthesis

Preparation of [AuCu(CF;s),(N=C-Me),] (1). To an acetoni-
trile solution (20 ml) of [Au,Ag,(C¢F;),(N=C-Me),],® (96 mg,
0.070 mmol) was added CuCl (14 mg, 0.141 mmol) and a
precipitate is observed (AgCl). The mixture was stirred for 2 h and
the solid was eliminated by filtration. The solvent of the solution
was evaporated to ca. 5 ml and addition of Et,O (20 ml) at low
temperature led to precipitation of complex 1 as a white solid.
Yield: 70%. Ay = 112 Q7' cm? mol™. Elemental analysis (%) calcd.
for 1 (C,sHsAuCuF(N,): C 28.40, H 0.89, N 4.14; found: C 28.28,
H 0.78, N 4.33; “F (298 K, CD;CN) 6 = -162.84 (m, 2F, F,),
-161.64 (t, 1F, F,, J¢, r, = 19.4 Hz), -114.80 (m, 2F, F,) ppm; 'H
(298 K, CD;CN) 6 = 1.95 (s, 3H, CH;) ppm; MS: m/z (%) 531.3
[Au(CFs),1, 1125.4 [Au,Cu(C,F;),]” (ES-).

[AuCu(C4Fs),(N=C-Ph),|, (2). To a toluene solution (15 ml)
of [AuCu(C,F;),(N=C-Me),] (1) (95 mg, 0.140 mmol) was added
N=C-Ph (60 pl, exc.) and after 30 min of stirring the solvent was
evaporated to ca. 5 ml. Addition of n-hexane gave rise to a white
solid. Yield: 50%. Ay = 234 Q™' cm? mol™. Elemental analysis (%)
calcd. for 2 (Cs, HyAu,Cu, FyyNy): C 38.99, H 1.26, N 3.50; found:
C 38.99, H 1.40, N 3.41; “F (298 K, CD;CN) 6 = —162.86 (m,
2F, F,), -161.67 (t, 1F, F,, Jy, 5, = 19.4 Hz), -114.81 (m, 2F, F,)
ppm; 'H (298 K, CD;CN) 6 = 7.30 (m, 2H, H;, H;), 7.44 (m, 1H,
H,), 7.48 (m, 2H, H,, Hy) ppm; MS: m/z (%) 530.6 [Au(C4F5).],
1124.6 [Au,Cu(CFs),]” (ES-).

[AuCu(CF;5),(N=C-CH=CH-Ph),] (3). To a solution of
[AuCu(CF5),(N=C-Me),] (1) (90 mg, 0.133 mmol) in 15 ml of
toluene was added N=C-CH=CH-Ph (80 pl, exc.). The mixture
was stirred for 30 min and the solvent was evaporated to ca. 5 ml.
Addition of n-hexane (15 ml) led to precipitation of complex 3
as a white solid. Yield: 60%. Ay = 112 Q' cm? mol™. Elemental
analysis (%) calcd. for 3 (C;)H,AuCuF,N,): C 42.25, H 1.65, N
3.28; found: C 42.57, H 1.81, N 3.80; “F (298 K, CD;CN) § =
-162.86 (m, 2F, F,)), -161.67 (t, 1F, F,, J§, 5, = 19.4 Hz), -114.80
(m, 2F, F,) ppm; 'H (298 K, CD;CN) 6 = 5.86 (m, |H, CH-CN),

7.21-7.30 (m, 1H, CH-Ph), 7.26 (m, SH, Ph) ppm; MS: m/z (%)
530.5 [Au(CsF;).]", 1124.5 [Au,Cu(CF).]” (ES-).
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