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Ligand protection provides a convenient route to prepare robust however, theoretically demonstratéthat structural and energetic
nanosized metal particles. A prototypical example is thio-group- properties depend weakly on the length of the alkyl group, and
(RS-) protected gold nanoparticles (AuNPshich show a remark- here the investigation is restricted to the smallest possible R, namely
able stability and exhibit distinct optical, electronic, electrochemical, methyl thiolate (MeS).
and biolabeling properties. Although RS-protected AuNPs com-  Structural models of three optimized isomers are shown in Figure
monly are synthesized with a broad size distribution, certain metal 1 together with relative total energies for the three considered charge
cores (e.g., 5, 8, and 14 kDa) show enhanced stabilitye smallest states;q = —1, 0, and+1. (Aus(RS)s has been experimentally
of these was first isolated with glutathione (&and its composi- prepared with these values @f€) Independently of}, the ground
tion was (mis-) identified mass spectrometrically as£@S}). state () can be described as Af(MeS):Au_]s, i.e., an icosahedral
Later, its properties were mistakenly associated with the composi- Au,; core protected by six MeSAu—MeS—Au—MeS complexes.
tion Auzg(RS)4,* for which several theoretical investigations have The core is related to the phosphine protected undecagolg)(Au
appeared. However, recent high-resolution mass spectrometry which has the structure of an incomplete icosahed¥dbach of

firmly established its composition as [A#RS)e]"° whereq = the 12 surface atoms (of the core) is bound directly to one MeS
+1 are its most common charge sta"(.es. _ group. However, MeS should not be regarded as the actual ligand;
Understanding of the physicochemical properties ofs{RS)s, rather it is (MeS)Au, that constitutes the protective unit. The

including its extraordinarily stabilit§; requires knowledge of the  complexes are anchored to the metal core in a bidentate fashion
structure. In general, determination of the atomic structure at the yji3 terminal S-Au bonds. This motif provides a compact structure
nanoscale is a challengend the recent total structural determi-  jth an efficiently shielded metal core. The structural ground state
nation of AuoAP-MBA) 44 (Wherep-MBA is para-mercapto benzoic i energetically clearly separated from the meta-stable isomers.
acid, SGO;Hs) is a breakthrough.The compound consists of @ |somers2 and3 are based on a near-planar-£eore with either
metal core capped by gold-thiolate units, a bonding motif which pree (MeSAW cyclic oligomers 2) or two (MeSAu) and one
represents a version of the “divide and protect” scheme first (MeSAu), cyclic oligomers 8). 3 is relaxed from the structure
proposed for Au(RSpa> _ _ proposed in ref 92 is slightly more stable tha@ in all charge

In the present communication, the Density Functional Theory giates. This is rationalized by the fact that the strain in cyclic gold-
(DFT) is used to explore the structure of [A(RS)g? (q = —1, thiolate oligomers is relieved only after (MeSA}
0, +1) for which an experimental determination remains elusive.  ~qmon forl—3 is the existence of Au atoms in two oxidation
The proposed structure is based on a compact icosahedial AU giates. |n the complex (or oligomers) Au is close td-Awhereas
core protected by six [(R§)u;] complexes. The structure bears o, js metallic in the core. However, it should be realized thit

similarities to the experimentally resolved Ap-MBA) 44 and is a considerably more robust isomer thaaor 3. The binding energy

cle:rly egergit_llc_:allyf pkr]eferr_ed _ov;er adprewo_u; sugge@ﬁémn_ o of each (MeS)Au, complex to the Ay core is 3.5 eV, whereas it
enhanced stability of the anion is found to originate from an eight- ;o\ 1 "6\ per (MeSAwoligomer in2.

electron shell closure of delocalized Au(6s) electrons. The calculated The X-ray diffraction (XRD) pattern of the 5 kDa compound

XRD pattern and optical absorption spectra are in good agreementy experimentally been recorded from powder san¥glasd here
with experimental data. it is compared to theoretical diffraction patterns 16r3 as anions.

orbDitZIrs freuj)?dag(lje%nir:rggﬁzqs?;rt\asg:isv;ﬁr?égé?;e zxscﬁha?\me (Details are given in the Supporting Information.) The experimental
P 9 result is characterized by major peaksat 2, 4, 7 and 8.5 nmt

and correlation functional is approximated with the spin-polarized (where s is the diffraction vector length). This sequence is
Perdew-Burke—Ernzerhof (PBE) formuldt and scalar-relativistic reproduced only byl. Consistent with the obéervation that [Au
pseudopotentials are used for the interaction between the valence(RS)l Jais robust Wiﬂ’;q: 1 0.41 % bond lenaths depend weakl
electrons and the atomic cor¥sThe optical spectra are evaluated 8 - T eng pe A y
by use of the linear-response time-dependent DFT (TD-DFT) on g. Irespective o, .”‘? mean Aw-Au distance forl is TQ"O

and 3.3 A for atoms within the core and between atoms in the core

formalism implemented within the real space grid projector . . .
. . . . . d the complexes, respectively. The mean-Sulistance is 2.45
ted formalist Detail th t an .
augmented wave formalisi Details are given in the Supporting (2.36) A for S bonded to a Au atom in the core (complex), and the

Information. mean S-C distance is 1.84 A
Auos(RS)s has been experimentally investigated with different . o o ' . . .
2s(RShs b y g The high stability ofl is, moreover, manifested in electronic

RS groups such as glutathione and hexyl thiotaté.has been, X ) o ST ;
properties such as electronic affinity (EA) and ionization potential

 Department of Physics, FIN-40014 University of Jgkgla (IP), Table 1. In particular, both EA and IP are clearly higher for
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Figure 1. Optimized anionic structures (the Me groups are omitted for

clarity) with corresponding XRD patterns. The experimental XRD pattern

is adapted from ref 9. Relative total energies are given in eV for the three
charge states1, 0,+1). Color code: Orange (Au) and yellow (S).

Table 1. Electronic Properties?
isomer AEA AP A(-) A(0) A(+)
1 3.0 5.0 1.2 0.1 0.6
2 1.9 4.1 0.2 0.1 11
3 2.0 4.1 0.2 0.1 1.0

a Adiabatic electronic affinity (AEA) and adiabatic ionization potential
(AIP). A(—,0,%) is the HL separation for the anionic, neutral, and cation
charge states, respectively. All energies are in eV.
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Figure 2. EDOS projected onto spherical harmonics (left, HOMO at 0).
Optical spectra of 1 in cationic and anionic charge states (right).

core and the complexes. All reported isomers have distinct HGMO
LUMO (HL) separations as cations, whereas it is ahtpat shows
an appreciable gap as an anion.

Given the high stability ofl, the electronic density of states
(EDOS) for Aups(RS)g'™ was investigated in detail near the HL
gap, Figure 2. The HOMO level is 3-fold degenerate whereas the
LUMO is 2-fold degenerate. The character of the electronic states
in the Augs core was analyzed by projection onto spherical
harmonics placed at the center of the cluster (see Supporting
Information). This analysis reveals that the HOMO is mainly of
P-character, whereas the LUMO h@ssymmetry. These results
indicate that the electronic structure of the core can be understood
within a model for delocalized Au(6s) electrons in a spherical
background potentidf For such a potential, an electronic shell
structure 1P%1D10... is obtained. The core dfas an anion has
14 valence electrons, yet the EDOS reveals a shell closing at eight
electrons ($1P®). This is explained by the fact that the complexes
localize one Au(6s) electron each via the formation of strongly polar
covalent bonds. Each complex can effectively be regarded as
[(MeS)Au,]~ bound to (effectively) icosahedral AdT™. Note that
an enhanced stability of ligand-protected icosahedral; Aom-
pounds through an eight-electron shell closing was early preéfigted
and later realized as [As(PMe&Ph)oCl,](PFs)3.17¢ In fact, 1 (2,3)
are examples of spherical (toroidal) ligand-protected Au clusters
with closed electronic shells aBA1P¢ (1$21P%).170

Experimental repors have appeared on the optical properties
of Aups(RS)g, and the calculated optical absorption spectrd of
are reported in Figure 2. The experimental absorption spectra for

Au,s(RS) g with R being either glutathione or hexyl are identical,
as are the spectra for the anionic and neutral compokfritise
calculated spectrum df in the anionic state shows a large optical
gap of 1.3 eV, and the separation between the first and second
feature is 0.5 eV. Qualitatively, this matches the experimental
spectrum, Figure 2a in ref 6e. Although the HL gap foas a
cation is reduced to 0.6 eV, the optical gap is similar to the anion
case. This is rationalized by the fact that the dipole selection rules
forbid transitions inside an electronic shell. However, change of
the cluster charge state fills the separation between the first two
features, which is also in agreement with the experimental
observation$§®

In summary, on the basis of first principles calculations the
structure of Aus(RS)sis found to be a compact Agicore protected
by six [(MeS}AuyJcomplexes. The high stability is obtained by
fulfilling (i) structural robustness and for the anion (ii) an electronic
eight-electron shell of delocalized Au(6s) electrons.
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