ar'T

Au;g(SPh),,: Ausg Protected with Aromatic Thiolate Ligands
Milan Rambukwella,” Shayna Burrage,f Marie Neubrander,” Oscar Baseggio,i Edoardo Apra?l,§

Mauro Stener,i Alessandro Fortunelli,”

and Amala Dass™"

"Department of Chemistry and Biochemistry, University of Mississippi, Oxford, Mississippi 38677, United States

iDipartimento di Scienze Chimiche e Farmaceutiche, Universita di Trieste, Trieste 1-34127, Italy
$Pacific Northwest National Laboratory, Richland, Washington 99352, United States
||CNR—ICCOM, Consiglio Nazionale delle Ricerche, Pisa, -56124, Italy

Universita degli Studi di Trieste
Archivio della ricerca — postprint

© Supporting Information

ABSTRACT: Auss(SR),, is one of the most extensively investigated gold
nanomolecules along with Au,5(SR);¢ and Au,4,(SR)go. However, so far it has
only been prepared using aliphatic-like ligands, where R = —SC¢H 3, —SC,Hy;
and —SCH,CH,Ph. Au;3(SCH,CH,Ph),, when reacted with HSPh undergoes
core-size conversion to Auss(SPh),, and existing literature suggests that
Au,5(SPh),, cannot be synthesized. Here, contrary to prevailing knowledge, we
demonstrate that Ausg(SPh),, can be prepared if the ligand exchanged
conditions are optimized, under delicate conditions, without any formation of
Auy4(SPh),,. Conclusive evidence is presented in the form of matrix-assisted
laser desorption/ionization mass spectrometry (MALDI-MS), electrospray
ionization mass spectra (ESI-MS) characterization, and optical spectra of
Au,g(SPh),, in a solid glass form showing distinct differences from that of
Au,g(S-aliphatic),,. Theoretical analysis confirms experimental assignment of
the optical spectrum and shows that the stability of Ausg(SPh),, is not
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negligible with respect to that of its aliphatic analogous, and contains a significant component of ligand—ligand attractive
interactions. Thus, while Au;g(SPh),, is stable at RT, it converts to Auss(SPh),, either on prolonged etching (longer than 2

hours) at RT or when etched at 80 °C.

G old nanomolecules"” are ultrasmall gold nanoparticles <2
nm in size with a precise number of gold atoms protected
by a specific number of thiolate ligands with distinct physical
and chemical properties. They have become a topic of great
interest in chemistry due to their atomic monodispersity (+0
atom variation), molecule-like properties,” and stability arising
from geometric' and electronic shell’ closings. These nano-
molecules can be used in a wide variety of applications and can
be made reproducibly and characterized by commonly available
mass spectrometric, spectroscopic, and electrochemical meth-
ods ¥~ 13

In previous work, we have published the first report of
aromatic ligand induced core-size conversion of Aug;(SR);s and
Auyg3_105(SR) 44_46 nanocluster mixture to Auss(SPh),,, with its
X-ray crystal structure reported subsequently.'*'* This reaction
was shown to proceed via a Augg core as an intermediate in this
reaction pathway. When the —SCH,CH,Ph ligand was replaced
by the —SPh ligand, the nanomolecule underwent an Ausg —
Aug core size conversion. This is believed to have been caused
by the exchange of the aliphatic for the aromatic ligand, which
being aromatic, bulkier, and rigid, would distort the Ausg
structure. Ausg(SR),, core-size conversion to Auss(SR),, has
been reported, under harsh etching conditions (Scheme 1b). It
was observed after an aromatic thiophenol ligand exchange of
10, that the Auyg intermediate converts to Aus, core.'* Another

subsequent report verified this conversion using Aujs as a
starting material and studying ligand-induced core-size
conversion of Aujs to Auys in detail, in the presence of
tertbutylbenzene thiophenol(TBBT) at elevated temperature
(80 °C).'® The reaction proceeds via a disproportionation
mechanism with formation of a reaction intermediate,
Auyy(SR),6. We have reported the thiophenol-induced core-
size conversion of Au;,(SR), to Aug(SPh),, and a
Auyp;_104(SR)44_ys mixture to Au;p,(SPh)y, which shows
evidence for the aromatic ligand-induced core-size conversion
of a multiple species to one core-size, Au,g, (refs 17 and 18).
Also the aromatic ligand effect was evident by the core-size
conversion of Au;y(SR)g to Au;s33(S-PhtBu)g, with aromatic
ligand fert-butylbenzenethiol(HS-PhtBu) (ref 19).

Auyg(SR),, readily forms when aliphatic-like ligands are used
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of aromatic ligands the Auyg core is found to be unstable,
converting to Auyg (refs 14 and 16). Thus, existing literature
suggests that all-aromatic Ausg(SPh-X),, nanomolecules cannot
be synthesized.

in direct synthesis whereas in the presence
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Scheme 1. Ausg(SPh),, Nanomolecules”
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“(a) Crystal structures of Auys(SCH,CH,Ph),, and Auys(SPh),, (red -
core Au; green - dimeric staple Au; purple - monomeric staple Au;
yellow-dimeric staple S; dark blue-monomeric staple S; light blue -
bridging S). (b) Aus(SCH,CH,Ph),, leading to form of either
Auyg(SPh),, or Ausg(SPh),, based on reaction conditions.

Several questions, however, remain: Can we execute a
systematic ligand exchange protocol to obtain all aromatic thiol
protected Auyg(SR),, nanomolecules? What is the mechanism
of the reaction, and would we observe a stable intermediate
formation in the mechanism? How would extended conjugation
with aromatic ligands modify electronic effects in the
nanomolecule, and how significantly would it influence the
band gap energy? How would aromaticity affect the overall
electronic excitations?

To provide answers to these questions, here we study the
ligand exchange and core-size conversion mechanism involved
and the role of a particular ligand by executing a synthetic
protocol on Aug(SR),, nanomolecules, and we report the first
synthesis of Auss(SPh),, using a systematic two-step ligand
exchange process on Au;s(SCH,CH,Ph),, under mild reaction
conditions. The reaction method was executed to synthesize
monodisperse all-aromatic ligand-protected Auss(SPh),, spe-
cies. Mass spectrometry and spectroscopic methods were
utilized to verify the product. The product was then subject to
low-temperature spectroscopic studies to obtain more insight
into the electronic structure. These data are accompanied by a
systematic theoretical study of the nanomolecule and its
energetics, justifying the thermodynamic stability of aromatic
Augg(SR),, species and rationalizing the reasons for its greater
sensitivity to environmental conditions.

In previous work, extensive theoretical and experimental
studies have been reported on Auy(SR),, and Auy(SR),,
nanomolecules. Single crystal X-ray diffraction studies have
revealed their corresponding total structure (Scheme 1a,Table
1). Ausg(SR),, nanomolecules have a fused bi-icosahedral Au,,
inner core protected with three Au(SR), monomeric staples
and six Au,(SR); dimeric staples.”* By contrast, Aus(SR),,
nanomolecules possess a Au,g core with four interpenetrated
cuboctahedrons, protected with four dimeric staples, and 12

Table 1. Comparison of Au;s(SCH,CH,Ph),, and
Au,4(SPh),, Nanomolecules

QP cod
& Sulfur
Auss(SPh)2s Auss(SCH2CH:Ph)24
Symmetry Dag D;
Ligand Type Aromatic Aliphatic
Core 28 23
Geometry Cuboctahedron bi-icosahedron
Monomeric staples 0 3
[SR-Au-SR]
Dimeric staples 4 6
[SR-Au-SR-Au-SR]
Bridging thiols [SR] 12 0

bridging sulfurs that can also be viewed as another set of four
dimeric staples (SPh-tBu®, SPh”).

Thiophenol-protected Auss(SPh),, nanomolecules were
synthesized via ligand exchange on precursor
Auzg(SCH,CH,Ph),, (Supporting Information Scheme S1).
The precursor Aus(SCH,CH,Ph),, nanomolecules was
reacted with neat thiophenol ligand at room temperature
(Scheme 2) in two stages: (1) In the first stage, a rapid ligand

Scheme 2. Synthetic Procedure for Monodisperse
Auy(SPh),,”

1. HSPh (100 L) Auzg(SCH,CH,Ph)4 x(SPh)x 1- HSPh (100 L)
1. HSPh (100 pQ i <

Auzg(SCH,CH,Ph).
38 2CH:! 24 2. stir, RT, 1.5 h Xavg=20 2. 8tir, RT,2h

(1mg)

Augg(SPh)zq

“In the first step, the reaction with HSPh yields partially exchanged
Auss(SCH,CH,Ph),,_.(SPh),, where Xy I8 20. Successive second step
yields completely exchanged Auss(SPh),,.

exchange with the —SCH,CH,Ph was observed. Under these
conditions, after 1.5 h, an average of 20 ligand exchanges can be
achieved with no core-size conversion of Aus(SR),, to
Auy(SR),,. Note that, if the reaction is carried out for more
than 1.5 h, it would result in core-size conversion of the starting
material Auyg to Augs(SR),4 (2) In the second step, a second
successive ligand exchange under identical conditions was
carried out after purification of the product from first etch
(Scheme 2, Figure 1). No Auss(SR),, species was observed. An
all-aromatic Ausg(SPh),, was observed after 2 h, as evidenced
by mass spectrometry shown in Figure 2.

In Figure 2a, the electrospray ionization (ESI) mass spectrum
of the product from step 2 upon addition of cesium acetate to
facilitate ionization shows singly charged [Auss(SPh),, Cs]*
and doubly charged, [Auys(SPh),,-2Cs]** species at 10 238 and
5186 m/z, respectively. The inset shows the comparison of the
experimental and theoretical peaks for the 2+ species. The inset
shows the theoretically calculated +1 peak against the
experimental data. Figure 2b shows the matrix-assisted laser
desorption/ionization (MALDI) mass spectra illustrating the
molecular purity of the analyte, Aus(SPh),, In the product,
Auy¢(SPh),, was not observed in this analysis, instead one
ligand fragmented Ausg(SPh),; species was observed as noted
before."* The inset illustrates the minor fragmentation at low
laser due to labile nature of the thiophenol ligand.
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Figure 1. ESI mass spectra of the reaction between
Auy(SCH,CH,Ph),, and HSPh under optimized mild conditions to
form Au;3(SPh),, First neat etching leads to
Au,(SCH,CH,Ph),,_,(SPh),, a partial thiophenol ligand exchange,
where «x,,, = 20. Second etching gives the complete formation of
Au,5(SPh),, All species are observed as Cs* adducts. No signal was
observed for Auss(SPh),,. The peak marked by the asterisk depicts a
trace amount of Auss(SPh),;(SCH,CH,Ph);.

MALDI-MS obtained at high laser fluence is a good
indication of purity of nanomolecules. The characteristic
fragmentation signature having Au,(SR), is prominently
observed in small nanomolecules such as Au,s(SR);s,
Auy4(SR),,, and Ausg(SR),4 and can be used as an identification
method of these nanomolecules, especially in a mixture,
because the fragment peak is more prominent at higher laser
fluence.”®™*’ Figure 3ab illustrates a detailed comparison of
starting material Au;5(SR),, against a pure Aus(SR),,
“control” sample showing evidence of exclusive formation of
Augg(SPh),, and absence of Auss(SR),, in the final product.
Pure samples of Aus;g(SCH,CH,Ph),, ligand-exchanged
Augg(SPh),,, and Aus4(SPh),, nanomolecules were intention-

ally fragmented to observe the characteristic fragmentation
(Figure 3a,b). In the final ligand-exchanged Auss(SPh),,
product, we did not observe Auss(SPh),; or Aus,(SPh)j,
species, which indicates the absence of Auss(SPh),,. Also
ultraviolet—visible—near-infrared (UV—vis—NIR) absorption
profile of the product further illustrates the absence of well-
defined optical features characteristic to Auss(SPh),, and
Auyg(SCH,CH,Ph),, nanomolecules (Figure 3c). Optical
spectra of Auyg(SPh),, shows three distinct features from 425
to 725 nm: peaks at 470, 560, and 655 nm, whereas
Auyg(SCH,CH,Ph),, shows two distinct absorption peaks at
445 and 620 nm. In contrast to the latter two nanomolecules,
Auy¢(SPh),, shows absorption features at 375 and 575 nm.

Temperature dependent UV—vis—NIR absorption spectra
were measured in a solvent mixture of cyclohexane/cyclo-
pentane 1:1 (v/v). Spectra shows increased intensities with a
significant bathochromic shift in absorption maxima (red shift)
at 78 K compared to room temperature, 298 K (Figure 4).
Absorption intensity spectra plotted as the photon energy shows
11 well-resolved distinct peaks, and interestingly the peak at 1.7
eV was resolved into two new peaks. The temperature-
dependent optical features of Auy(SCH,CH,Ph),, shows that,
upon reducing the temperature, the band gap increases.”® By
contrast, Au;s(SPh),, nanomolecules have an extended
conjugation due to presence of the aromatic ring adjacent to
the Au—S bridge. This results in a bathochromic shift, thereby
reducing the band gap energy of the nanomolecule.

The structure and stability of Ausg(SPh),, were investigated
theoretically. Starting from the experimentally determined
crystal geometry of Ausy(SCH,CH,Ph),,,** and after replacing
the CH,CH,Ph with Ph residues, a local geometry optimization
produced a geometry that was then used for property
prediction and energy analysis (the full cluster Cartesian
coordinates are reported in the Supporting Information). A
relaxed geometry of Ausg(SCH,CH,Ph),, was also derived, as
well as that of a Auyg(SCHj),, cluster obtained from the relaxed
geometry of Auy(SCH,CH,Ph),, by replacing CH,CH,Ph
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Figure 2. Evidence for the formation of Auss(SPh),4: (a) ESI mass spectra acquired with the addition of cesium acetate (blue), and inset shows the
comparison of experimental and theoretical peaks for the 2+ species where peaks marked by a and f represent successive CsCH;COO addition on
to the molecular peak. (b) MALDI mass spectra (red) and expansion of the fragmentation pattern.
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Figure 3. Evidence of the formation of Ausg(SPh),, and absence of Auys(SPh),,. (a) MALDI-TOF mass spectrum of the starting material,
Au,y(SCH,CH,Ph),,, and the final product, Au;5(SPh),,, compared with a control sample, Au;s(SPh),,. The data shows that only Auys(SPh),, was
synthesized. (b) MADLI-TOF mass spectrum showing the fragmentation patterns of three nanomolecules. (c) Comparison of UV—vis—NIR
absorption spectrum features of Au;s(SCH,CH,Ph),,, Auss(SPh),,, and Ausq(SPh),,.
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Figure 4. UV—vis—NIR optical spectrum of Auss(SPh),, and
Auyg(SCH,CH,Ph),, at 78 K: (a) energy plot; (b) absorption spectra.
Peaks marked by an asterisk depict instrumental artifact.

with CH; residues and then optimizing their coordinates
(keeping Au and S atoms frozen). Structure optimization does
not bring about major changes in the Auy(SPh),, cluster
configuration, although some of the Au atoms in the —S—Au—
S—Au—S— staples move slightly away from the Au core, as
shown in Figure S6 of the Supporting Information. Here we
assume that the replacement of aliphatic with aromatic ligands
does not change the basic structure of the cluster, although we
cannot exclude reconstructions [such as in Au,g (ref 29)].

An important question concerning Auss(SPh),, is whether
there are energetic factors, e.g, connected with electronic
conjugation effects, that destabilize this gold nanomolecule with
aromatic ligands. To assess the effects of electronic conjugation
on energetics, we use energy decomposition and system
comparison procedures proposed in previous work.'*'¥?07%
As a system to compare with, we use the aliphatic
Auy(SCH;),, cluster derived from Ausg(SCH,CH,Ph),, as
described above.

We first consider fragmentation reactions™ for both the
original and system-compared'” clusters:

Auyg(SPh),, — Augg[fromPh] + (SPh),, AE = 82.5eV

(1)
Auyg(SCH,),, — Augg[fromMet] + (SCH;),,

AE = 81.8 eV ()

where the coordinates of the Ausg and (SR),, fragments on the
right-hand-side of the equations are frozen in their interacting
configurations. Fragmentation energies are sizable, but with
only a minor ~1% difference between them. This occurs
despite the fact that the atomization energies of the metal
fragments are quite different:

Augg[fromPh] — 38Au  AE = 893 eV (3)

Augg[fromMet] — 38Au  AE = 933 eV (4)

due to the detachment of Au atoms in the staples from the
metal core in Ausg(SPh),, (Figure S6), which destabilizes the
Auyg fragment. However, the loss of Au—Au binding is
compensated by the strengthening of S—Au bonds,””** finally
resulting in an overall similar energy balance.

Next we consider the fragmentation of the crown or shell of
ligands:™

(SPh),, — 24 X SPh AE = 3.46 eV (5)

(SCH;),, — 24 X SCH; AE = 2.98eV (6)

where the 24 SR thiols are still frozen internally but are
separated at infinite distance in the processes of eqs 5 and 6.
This fragmentation energy contains two terms: residual S—S
binding (the sulfur atoms of thiols in the interacting
configuration of the MPC are at binding distance) and
dispersion/repulsion interactions between the organic residues.
The latter contribution is negligible for (SCHj),,, but it can be
substantial for (SPh),,; we evaluate it by transforming the SPh
ligands into HPh (ie, thiols into benzene molecules) and
calculating the fragmentation energy of the so-obtained
benzene crown:'®
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(HPh),, — 24 X HPh AE =242 eV )

The sizable value of 2.42 eV for this process proves that part
of the energetic stability of Auyg(SPh),4, which makes it similar
to its aliphatic Ausg(SCH;),, analogue in terms of formation
energy from eqs 1 and 2), is due to ligand—ligand attractive
interactions such as 7—7z and T-stackings among phenyl rings,"”
which overcome repulsive steric interactions (that are expected
to be minor for this cluster as in Au,p,(SPh),,'®). These
stabilizing terms compensate for a decrease in residual S—S
binding, associated with the weakening of S—S bonds due to
conjugation effects—the counterpart of the noted strengthen-
ing of S—Au bonds.””** It can be noted that the weakening of
S—S bonds is not due to a variation of S—S distances, which
indeed do not change much; the energy of a crown of thio-
methyls obtained by transforming the phenyl residues of
(SPh),, into methyls is similar to that of the analogue (SCH;),,
crown from Auys(SCH,),, (the energy difference is 0.54 eV in
favor of the former).

In synthesis, ligand replacement,'®*”** between aliphatic and
aromatic ligands, does not bring about qualitative changes in
the system energetics. However, this results from a cancellation
of contributions changing in the opposite sense. Notably, a
significant component of the energetic stability of the aromatic
Aug(SPh),, is determined by ligand—ligand interactions,
especially attractive dispersive interactions among the phenyl
rings.'” The fact that these interactions are expected to be
sensitive to temperature and solvent effects is in keeping with
the experimental observations summarized in Scheme 1. Note
that our analysis is purely thermodynamic, and we do not
investigate here possible contributions of kinetic effects to the
cluster stability such as, e.g., found for Au;;;(SPh-tBu)s, due to
dynamic fluctuation phenomena.

Switching now to optical properties, Figure S reports a
comparison between simulated and experimental photo-
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Figure S. Comparison of experimental and simulated optical spectra of
Au,g(SPh),, and simulated optical spectrum of Auzg(SCHs),,. Asterisk
depicts an instrumental artifact.

absorption spectra of Ausg(SPh),,. The fair agreement between
simulated and measured spectra, including a bathochromic shift
of the peaks with respect to the aliphatic counterpart, confirms
the experimental assignment. Apart from this bathochromic
shift, the overall similarity in appearance of the spectra may lead
one to think that Ausg(SPh),, is not qualitatively different in

terms of optical properties from its aliphatic analogues such as
Auyg(SCH,CH,Ph),, (refs 28 and 34). However, a more
punctual analysis produces a qualitatively different picture. As
shown in Figure 6a, in fact, an analysis of the electronic
excitations determining the optical spectrum of
Aus(SCH,CH,Ph),, in terms of atomic components®® clearly
shows that the transitions in the aliphatic compound are easily
expressed as separate single-particle excitations, with the lowest-
energy peak associated with HOMO—LUMO or HOMO-
LUMO(+1) excitations. In Auyg(SPh),,, instead, as partially
shown in Figure 6b, electronic transitions are composed of
many more single-particle excitations (see especially the c-peak
at 2.40 eV) and with a strong presence of orbitals localized on
the organic residues. Moreover, the lowest-energy transition is
no longer associated with HOMO—LUMO or close excitations,
but corresponds mostly to a HOMO(—4)—LUMO(+2) one. A
major difference also concerns the intensity of the spectrum, a
quantity less easily determined at the experimental level.
Electronic conjugation in fact leads to an integrated intensity in
the optical region roughly doubled in Auss(SPh),, with respect
to Ausg(SCH,CH,Ph),,, despite the larger size (number of
atoms) of the latter. In sgrnthesis, in agreement with previous
studies and proposals,*™** we find that electronic conjugation
between organic residues and the (Au—S) system produces
large effects in aromatic Ausg(SPh),,. Attempts to synthesize
Ausg(SPhtBu),, were unsuccessful and conversion to
Auy¢(SPhtBu),, occurs.

In conclusion, we present here the first synthesis and
thorough experimental and theoretical characterization of a
Ausg(SR),, nanomolecule containing purely aromatic ligands:
R = Ph. Conclusive evidence of this achievement comes from
MALDI-MS, ESI-MS characterization, and optical spectra of
Ausg(SPh),, in a solid glass, and accompanying theoretical
analysis. Ausg(SPh),, has a non-negligible interval of stability
that is comparable to that of its aliphatic analogues, however,
resulting from different physical origins, with a significant
component connected with ligand—ligand attractive interac-
tions, thus making it more sensitive to environmental
conditions.

B EXPERIMENTAL SECTION

Materials. Hydrogen tetrachloroaurate(III) (HAuCl, . 3H,0),
sodium borohydride (Acros, 99%), thiophenol (Acros, 99%),
phenyl-ethanemercaptan, (Sigma-Aldrich), cesium acetate
(Acros, 99%), anhydrous ethyl alcohol (Acros, 99.5%),
glutathione (Sigma-Aldrich, 98%), and trans-2-[3[(4-tertbutyl-
phenyl)-2-methyl-2-propenylidene]malononitrile (DCTB ma-
trix) (Fluka >99%) were used as received. HPLC-grade
solvents such as tetrahydrofuran, toluene, methanol, butylated
hydroxytoluene-stabilized tetrahydrofuran (THF), and acetoni-
trile were obtained from Fisher Scientific.

Synthesis. Auys(SCH,CH,Ph),,, was synthesized according to
a previously reported procedure.” Complete aromatic ligand
exchange on Auyg(PET),, nanomolecules to form Auss(SPh),,
without core-size conversion was performed in two main steps
involving (i) a first ligand exchange with neat etching with
excess thiophenol under mild conditions giving partially
exchanged intermediate and (ii) a second neat etching to
achieve complete ligand exchange to form Ausg(SPh),,. First,
Auyg(SCH,CH,Ph),, was reacted with excess thiophenol
(HSPh, 100 #L/1 mg) at room temperature for 1.5 h. The
product was then washed with methanol and subjected to a
successive chemical treatment under the same conditions for 2
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h (see Scheme 2 and Figure 1). The final product was washed
with methanol several times and extracted with toluene.
Instrumentation. A Voyager DE PRO mass spectrometer was
used to acquire MALDI-TOF mass spectra using DCTB"
matrix. Compositional analysis was performed with ESI-MS,
collected from a Waters Synapt HDMS with THF as the
solvent, and cesium acetate was added to facilitate ionization via
cesium adduct formation of the analyte. Temperature-depend-
ent UV—vis—NIR absorption data were measured with an UV—
vis—NIR Cary 5000 and JANIS VNF-100 low-temperature
cryostat using cyclohexane/cyclopentane 1:1 (v/v)as the
solvent, and a Lakeshore Cyotronics temperature controller
was used for temperature-dependent absorption measurements.

B COMPUTATIONAL APPROACH

Geometry optimizations were performed using the Quantum
Espresso code®' and ultrasoft pseudopotentials.”” A semi-
empirical correction” was added to the Perdew—Burke—
Ernzerhof (PBE)** exchange and correlation (xc-) functional to
take into account the dispersion interaction between organic
residues. The cutoff for the plane-wave representation of the
wave function and the density were set to 40 and 400 Ry,
respectively. In the local geometry optimizations, some of the
atoms were kept frozen into configurations derived from X-ray
measurements. In detail: in Auyg(SPh),, the Au,; core was
taken from the Auys(SCH,CH,Ph),, geometry reported in ref
24 (the rationale for this choice is that the PBE xc-functional
describes reasonably well the Au—S, S—C, and C—H bonding,
but is known to overestimate Au—Au distances). This
experimental Au;g(SCH,CH,Ph),, geometry was also used to
input the coordinates of all Au and S atoms in the relaxation of

Au(SCH,CH,Ph),,. From the relaxed geometry thus derived,
a model Au;g(SCH;),, system was obtained by replacing
—CH,CH,Ph with —CHj residues, and then relaxing only the
atomic coordinates of the methyl groups.

Optical spectra were simulated at the time-dependent density
functional theory (TDDFT) level, employing the recently
developed complex polarizability algorithm,*implemented in a
modified local version of the ADF code.*® Such algorithm is
more suited with respect to the conventional Casida scheme to
calculate the spectrum for large systems to high energy, since
does not suffer from the limitations connected with the
Davidson diagonalization. The algorithm extracts the spectrum
from the imaginary part of the complex dynamical polar-
izability, calculated point by point at the values of the light
frequency. A Slater-Type Orbitals (STO) basis set of Triple
Zeta plus Polarization (TZP) quality was employed. The
asymptotically correct LB94 exchange-correlation potential®’
was employed for the resolution of the Kohn—Sham equations.
The exchange-correlation kernel in the TDDFT equations was
approximated by ALDA,* taking the derivative of the VWN
LDA xc-potential.* The calculated spectra were smoothed by
adding a small imaginary part (0.075 eV) to the real part of the
frequency, corresponding to a Lorentzian broadening with the
same half width at half maximum (HWHM). All the
calculations were performed at scalar relativistic level with
Zero Order Relativistic Approximation (ZORA).>
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