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The reaction of [Au(tht)Cl] (tht = tetrahydrothiophene) with
2,5-bis(diphenylphophanyl)thiophene (dppthph) and Se-
(SiMegy), leads to the formation of [Au;gSeg(dppthph)s]Cl,.
This compound crystallizes in two modifications, both con-
taining a cluster dication with nearly identical gold-selenium
cores. The dication consists of two subunits only connected
by six aurophilic interactions. ESI MS demonstrates that
these facilitate cohesion of the cluster subunits even in the

gaseous state. SCS-MP2 calculations show that the dimer is
a metasable species, which is ultimately prevented from
dissociation by a Coulomb barrier. In addition, photolumi-
nescene measurements demonstrate that the small differ-
ences in the ligand shell of the cluster molecules lead to dif-
ferent photoluminescene properties of the two modifications.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

During the last years much attention has been paid to the
rich chemistry of ligand-stabilized gold-containing clusters,
which has been extensively studied.l"?! In previous works,
we have reported about different gold cluster compounds
containing elements from the groups 15 and 16. While the
compounds containing selenium bridges seem to favor spe-
cies containing 10 or 18 gold atoms, with AusSe frag-
ments as building blocks of the larger structures,?* 24l the
clusters containing phosphorus and arsenic bridges show
more versatile arrangements containing 10, 12, 17, 18 or 19
gold atoms and different building blocks like AuyP»,
AU4ASZ or AU7P2 in [Au12(PPh)2(P2Ph2)2(dppm)4C12]Clz,
[Au;7(AsnPr)s(As,nPry)(dppm)g]Cl; and  [Au;g(P)o(PPh),-
(PHPh)(dppm)g]Cls, respectively.?*2¢l In all these com-
pounds, the building blocks are bridged by the diphosphane
ligands with the length of their carbon chains being a de-
termining factor affecting the final geometry of the cluster
compound. In this work we report the synthesis and charac-
terization of the compound [Au;gSeg(dppthph)e]Cl, (1)
[dppthph = 2,5-bis(diphenylphosphanyl)thiophene].

Results and Discussion

The reaction of the gold(I) complex [Au(tht)CI] (tht =
tetrahydrothiophene), the phosphane dppthph and Se-
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(SiMes), leads to the formation of the compound [Au;gSes-
(dppthph)¢]Cl, (1). It crystallizes in two different space
groups, P1 (1a) and P2,2,2, (1b), which results in crystals
with different appearance and colors: yellow rectangular
plates and orange highly faceted hexagonal blocks, respec-
tively (Scheme 1).

[Au(tht)Cl] + dppthph + Se(SiMes), SH2Clay [Au;sSeg(dppthph)s|Cl, (1a and 1b)
Scheme 1. Preparation reaction of compound 1.

Single-crystal X-ray analysis has been carried out for 1a
and 1b. The results are shown in Figure 1.°) Figure la
shows a superposition of the [Au;sSeg(dppthph)g]*>* cations
in 1a (blue) and 1b (orange) indicating that the Au—Se cores
are nearly identical concerning bond lengths and angles.
One main difference in the molecular structures of 1a and
1b is the different orientation of the thiophene rings of the
phosphane ligands (also the orientations of the phenyl
rings — not shown in Figure 1 — differ, probably due to
packing effects). Figure 1b shows a labelled model of the
cation in la. It consists of two separate [AugSe4(dppthph);]*
subunits, each of which is formed by four corner-sharing
trigonal AusSe pyramids (red and green polyhedra). This
arrangement is typical for cluster compounds of the compo-
sition [Au,gEg(dppthph)e]** (E: chalcogen; dppx: bidentate
phosphane).?*4 All gold atoms in 1a are almost linearly
coordinated (bond angles between 167.5° and 177.2°) either
by two selenium atoms or by one selenium atom and one
phosphorus atom of the dppthph ligands. In the inner part
of the cluster there are six relatively short Au---Au distances
[294.5(1)-301.1(1) pm; indicated by dashed lines in Fig-
ure 1b] between gold atoms of different subunits (Aul-Au3
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and Aul0-Aul2) forming an Aug¢Se, heterocubane-like mo-
tif. A view from a different angle (Figure Ic, Aus+Au not
drawn) shows that there is no additional chemical bond be-
tween the two [AugSes(dppthph);]*™ fragments. In contrast
to all other {[AugE4(dppx)s]},>* cations published so far,
the two subunits in 1 are not interconnected in a catenane-
like way. For comparison Figure 1d shows an analogous
drawing of the core of [AugSes(dppe)s],>* [dppe = bis(di-
phenylphosphanyl)ethane]??! demonstrating the catenation
of the two [AugSe4(dppe)s]* cations. Because of this signifi-
cant difference it was particularly intriguing to employ elec-
trospray mass spectrometry to gain insight into the relative
stability of this dication. More specifically, we wondered

whether this cluster dication can be observed both in solu-
tion and in the gas phase, what the possible fragmentation
pathways are {e.g. scission into two singly charged [AuoSe,-
(dppthph);]* ions driven by Coulomb repulsion?} and how
they compare to the related cluster [Au;sSeg(dppe)s]*t in
which the two catenated AuogSe; subunits are further
clamped together by the bidentate ligands.[3

Figure 2 displays a positive-ion FT-ICR mass spectrum
obtained upon electrospraying a solution of 1: The virtually
only ion signal obtained is found at m/z = 3446.1. On the
basis of the exact mass and the isotopomer distribution (see
inset in Figure 2) it can be clearly identified as the doubly
charged species [Au;sSeg(dppthph)g]>*. The stability of this

(c)

(d)

Figure 1. (a): Superposition of the cluster cores of the [Au;gSeg(dppthph)g]** cations in 1a (blue) and 1b (orange); (b) molecular structure
of the cation in 1a (Au: gold, Se: red, P: blue, S: yellow, C: gray); (c¢) view of the cation in 1a [rotated by 90° compared to Figure 1(a)]
demonstrating the arrangement of the two [AuySes(dppthph)s]* subunits (red and green); (d) view of the cation [Au,sSes(dppe)s]> 12
showing the catenane-like connection of the subunits (red and green). Selected bond lengths [pm] in the cations of 1a/lb: Aul-Aul0
299.4(1)/300.0(2), Aul-Aul2 300.6(1)/299.8(2), Au2-Aul0 296.8(1)/299.1(2), Au2-Aull 294.5(1)/294.9(2), Au3-Aull 301.1(1)/296.1(2),
Au3-Aul2 297.0(1)/294.5(2); Aul-Sel 241.9(2)/244.3(4), Aul-Se2 246.2(2)/249.3(4), Au2-Sel 243.3(2)/242.9(3), Au2-Se3 249.3(2)/
248.6(3), Au3-Sel 242.7(2)/243.5(2), Au3-Sed 247.4(2)/243.1(4), Aud—Se2 242.3(2)/242.6(3), Au5-Se2 242.1(2)/244.1(4), Au6-Se3 242.1(2)/
243.9(4), Au7-Se3 244.0(2)/243.3(4), Au8-Sed 244.4(2)/244.0(4), Au9-Sed 243.4(2)/245.1(3), Aul0-Se5 243.2(2)/242.4(4), Aul0-Se6
248.4(2)/248.5(4), Aull-Se5 242.7(2)/244.5(4), Aull-Se7 247.4(2)/250.6(4), Aul2-Se5 242.2(2)/243.1(3), Aul2-Se8 247.6(2)/248.3(3),
Aul3-Se6 244.0(2)/244.7(4), Auld-Se6 245.6(2)/241.6(4), Aul5-Se7 243.6(2)/242.4(3), Aul6-Se7 245.2(2)/244.5(4), Aul7-Se8 245.3(2)/
243.9(4), Aul8-Se8 244.3(2)/243.5(4); average Au-P 225.8/225.4.
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species was studied by means of collision-induced dissoci-
ation in the ICR cell of the FT mass spectrometer. Figure 3
shows the fragmentation mass spectra of the isolated parent
ion [Au;gSeg(dppthph)¢]** at two different collision ener-
gies. At low collision energy — i.e. when fragmentation sets
in and becomes observable — sequential loss of two dppthph
ligands is observed (upper trace in Figure 3) without im-
pairing the cluster’s framework or charge. At somewhat
higher collision energies (see lower trace of Figure 3) the
framework of the cluster dication undergoes asymmetric
scission according to Scheme 2.
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Figure 2. Positive-ion FT-ICR mass spectrum from an electro-
sprayed solution of 1. The inset contrasts the experimental high-
resolution signal at m/z = 3446 to the calculated isotopomer distri-
bution for [Au;gSeg(dppthph)e]**.

This is an intriguing result: Despite the two excess
charges on the cluster and the known strong gold—phos-
phane bond,! loss of two neutral ligands is the primary
(and therefore presumably energetically lowest-lying) frag-
mentation pathway before the cluster core dissociates at
higher excess collision energies — presumably involving scis-
sion of the AugSe, heterocubane unit.

This observation and the rather small Au-Au average
distance of 297 pm in the core immediately point towards a
strong aurophilic interaction as discussed by, e.g., Schmid-
baurl'* 1 or Pyykko!® in detail. We investigated this ques-
tion further by carrying out molecular electronic structure
calculations. In a first attempt, the structures of the cluster
1b (= dimer) and the monomer (= [AugSe4(dppthph);]™)
were optimized by the density functional theory (DFT)
level of theory, which predicted the cluster to be energeti-
cally unstable, with the monomers favored by 21 kJ/mol.[”)
It is well known, however, that DFT is not able to describe
van der Waals type interactions (to which aurophilic inter-
actions belong) properly, and thus, DFT cannot be re-
garded reliable in this case.

Therefore, we investigated the bonding conditions adopt-
ing the SCS-MP2 (spin-component scaled Meller—Plesset
perturbation theory of second order) level of theory as pro-
posed by Grimme,® which gives more reliable results for
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Figure 3. CID fragmentation spectra of the parent ion [Au;gSeg-
(dppthph)e]>* (marked with an asterisk) at low (upper trace) and
high (lower trace) collision energies.

[AuysSes(dppthph)s]*” — [AuysSes(dppthph)s]* + [AusSe(dppthph),]*

[AujgSes(dppthph)s]>* — [AuizSeq(dppthph)a]” + [AusSea(dppthph),]*

Scheme 2. Fragmentation channels observed upon collision-in-
duced dissociation of isolated dications of 1 after loss of one and
two dppthph ligands.

gold cluster compounds than ordinary MP2,°! which is
known to overbind van der Waals complexes in general. In
this part of the study we considered only the heterocubane
core (AusSe),>" as illustrated in Figure 4, and computed the
potential energy surface for pulling apart the two AusSe*
subunits, which is also shown in Figure 4. Au-Se bond
lengths and bonding angles were kept fixed to match the
experimental ones.I'1 With this simple model, we obtained
a quite typical curve for the dissociation of multiply
charged ions, revealing a Coulomb barrier height of 122 kJ/
mol for symmetric dissociation with respect to the cluster.
The minimum energy distance between the Se atoms is lo-
cated at 476 pm and matches the experimentally observed
result (crystal structure: 1a: 478 pm, 1b: 492 pm). The tran-
sition-state area is found to be around 680 pm. Moreover,
the SCS-MP2 calculations support the finding of the DFT
calculations that the dimer is only metastable with respect
to the monomers, namely 102 kJ/mol, i.e. even more than
predicted by DFT (albeit for a larger dication). To con-
clude, the observed stability of the cluster core is due to
aurophilic interactions which are accompanied by a rela-
tively high Coulomb barrier.
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Figure 4. Potential energy surface for the symmetric dissociation
and picture of the (Au;Se),>* model complex at the SCS-MP2/
QZVPP level of theory. The energy is relative to the completely
separated monomers.

In accordance with the structural similarity of the two
crystal modifications of 1, we measured virtually identical
FT-Raman spectra of 1la and 1b, particularly in the fre-
quency range of = 500 cm!, which is likely dominated by
vibrational modes of the dppthph ligands. On the other
hand, photoluminescence (PL) spectroscopy evidenced no-
table differences in the electronic structure and relaxation
dynamics of 1a and 1b. Both crystals exhibited red emission
under illumination in the UV/Vis spectral range, however,
with distinct PL excitation (PLE) and emission spectra as
shown in Figure 5. The emission maxima of la and 1b
underwent uneven blueshifts from 647 and 660 nm, respec-
tively, to 630 and 625 nm, respectively, by decreasing the
temperature from 293 to 15 K (Figure 5). The PLE spec-
trum of 1b is weakly structured as compared to la and
shows an additional shoulder at ca. 550-580 nm. The differ-

normalized PLE intensity
normalized PL intensity

300 400 500 600 700 800 900
wavelength (nm)

Figure 5. Normalized photoluminescence excitation (PLE) and
emission (PL) spectra of crystals of 1a (top) and 1b (bottom) in
nujol mull. The emission and excitation wavelengths for the PLE
and PL spectra are 650 and 400 nm, respectively. The inserts show
the temperature dependence of the integrated PL intensities.
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ences in the PLE spectra are consistent with the distinctly
perceived colors of 1a and 1b (see above). PL quantum effi-
ciency, 0pr, of 1a and 1b at ambient temperature was only
(3-4)x 102 and (4-6) X 1073, respectively, but it signifi-
cantly increased by decreasing the temperature (Figure 5).
The changes in ¢p; roughly correlate with the timescale of
the PL decay (well fitted with biexponential curves). The
latter occurred within tens (1b) and hundreds (1a) of nano-
seconds at ambient temperature and slowed down to several
microseconds at 15 K. The above deviations in the PL prop-
erties may be tentatively attributed to the different orienta-
tion of the ligands and “packing” of the cluster units in 1a
and 1b and, correspondingly, to differences in the vibronic
properties between them. In this context, the crystal modifi-
cations of 1 appear to be an interesting object for further
comparative experimental and theoretical studies.

Conclusions

This report focuses on the aurophilic interactions in the
dication [Au;gSeg(dppthph)s]>*. In the solid state the com-
pound [Au,sSeg(dppthph)¢]Cl, crystallizes in two modifica-
tions (la and 1b) in which the cations have nearly identical
cores but different orientations of the thiophene and phenyl
groups in the ligand shell. This results in differences in the
solid-state PL and PLE spectra of the two modifications.
The dication in 1 consists of two [AugSe4(dppthph);]* units
interconnected by six aurophilic Au--Au contacts (av. dis-
tance 289 pm). These are strong enough to stabilize the di-
meric cation even in the gas phase which was demonstrated
by ESI MS. By SCS-MP2 calculations the height of Cou-
lomb barrier for symmetric dissociation can be approxi-
mated as 122 kJ/mol.

Experimental Section

General: All experiments regarding the synthesis were carried out
under dry nitrogen. CH,Cl, was dried with P,Os and n-pentane
with LiAIH,. Se(SiMes), was synthesized from Me;SiCl and Na,Se
according to a published method.'"! [Au(tht)Cl] (tht = tetra-
hydrothphhene) was prepared according to standard procedures.['?]

1: To a solution of [Au(tht)Cl] (52 mg, 0.162 mmol) in CH,Cl,
(10 mL), dppthph (37 mg, 0.081 mmol) was added to give a color-
less solution. After 30 min of stirring, Se(SiMes), (0.020 mL,
0.081 mmol) was added to the former solution to give a yellow
solution. This solution was layered with n-pentane, and a few days
later yellow crystals of 1a and orange crystals of 1b had formed.
For the spectroscopic measurements the crystals were separated
manually.

X-ray Structure Determination: Data were collected with a STOE
IPDS I diffractometer using Mo-K, radiation (1 = 0.71073 A).
Structure solution and refinement against F2 were carried out using
SHELXS and SHELXL software.['3] Further details are given in
ref.l3!

Mass Spectrometry: Mass spectra were taken with a Fourier trans-
form ion cyclotron resonance (FT-ICR) mass spectrometer (Bruker
Daltonics, APEX II) equipped with a 7 T magnet and an electro-
spray ionization source (Analytica of Branford) with a set of home-
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built rf ion optics for improved sensitivity. Solutions from hand-
picked crystals containing 1a in dichloromethane (CH,Cl,) were
prepared and sprayed using nitrogen as nebulizing gas at a flow
rate of 300 uL/h. The desolvation capillary was typically heated to
about 80 °C. Collision-induced dissociation was performed em-
ploying resonant dipolar rf excitation of the parent ion to variable
kinetic energies in the ICR cell and using argon as collision gas at
a typical pressure of 3 X 107 mbar.

Photoluminescence Spectroscopy: Photoluminescence spectra of nu-
jol mulls of crystals of 1a and 1b were measured with a Spex Fluo-
rolog-3 spectrometer equipped with a closed-cycle optical cryostat
(Leybold) operating at 15-293 K. Emission spectra were corrected
for the wavelength-dependent response of the spectrometer.?"! An
integrating sphere was applied to estimate the PL quantum effi-
ciency of la and 1b at ambient temperature according to a pro-
cedure described in ref”® Emission decay traces were recorded
using an N, laser (337 nm, =< 4 ns) for a pulse excitation.

Calculations: All calculations were carried out with the TURBOM-
OLE program suite.'¥ Geometry optimizations!!” of the cluster
and the monomer were performed by adopting the TPSSI!®! density
functional in combination with the def2-TZVP basis sets from the
TURBOMOLE library and the RI-J approximation.'’l The re-
ported potential energy surface was scanned at the SCS-MP2 level
of theory!'®! with the def2-QZVPP basis sets.['”] Basis set incom-
pleteness problems were considered by adopting counterpoise cor-
rections (to avoid basis-set superposition errors) and basis-set ex-
trapolation on selected points of the potential surface, but it was
found that these effects approximately cancel each other for the
above-mentioned basis set. A relativistic small core pseudo poten-
tial for gold was used throughout.?!
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