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Relativistic density functional calculations have been carried out on the model cluster
Auss5(PH3)1,Clg assuming a cuboctahedral or an icosahedral Auss metal core to model the exper-
imentally suggested cluster compound assigned as Auss[P(CgHs)3]12Clg. Besides the overall shape
of the metal core, the study focused on the unresolved issue at which sites the chlorine ligands are
attached. The calculations reproduce characteristic interatomic distances within ~ 2 pm, with the
exception of the Au—Cl bonds. Chlorine ligands were calculated to prefer higher coordinated sites
whereas the previously postulated on-top coordination at the center of the Au (100) facets of a cuboc-
tahedron was found to be unstable. In fact, the present model results suggest an ensemble of several
higher coordinated sites. The often assumed cuboctahedral shape of the metal cluster core was de-
termined to be slightly less stable than an approximately icosahedral shape. The calculations allow a
rationalization of the difficulties faced in experiments that attempted to discriminate cluster isomers.

Key words: DFT Calculations, Auss, Cluster Compound, Metal Ligand Interaction

Introduction

Small metal particles are important as building
blocks of nanostructured materials [1-4]. Metal
clusters often are stabilized by a protective shell
of ligands because bare metal species agglomerate
easily or incorporate impurities [2,3]. Despite being
decorated by ligands, these clusters still may be
viewed as models for catalytically active small metal
particles [3]. For instance, gold cluster catalysts with
particle diameters from 1.4 nm, i. e. with 55 and more
gold atoms, have recently been reported as very active
in the transfer of oxygen [5—8]. Ligands affect the
preferred nuclearity and therefore are often introduced
during the synthesis of metal particles to control the
nucleation process [1—3]. A notable example is the
cluster compound assigned as Auss[P(Cg¢Hs)3]12Clg
to which this study is devoted [9]. In fact, it was
proposed [9, 10] that clusters of a specific nuclearity
are generated when one reduces (CgHs)3;PAuCl with
B,Hg in benzene at 50 °C. Stable monodisperse cluster
systems of this size are quite rare [1,2], yet very
interesting for building up nanostructured systems
with precise size-dependent properties.

Originally, a cuboctahedral structure was postu-
lated for Auss[P(CgHs)3]112Clg [9]. As a cuboctahe-
dron features 12 corners and 6 facets, it is sugges-
tive to assign the phosphine ligands to corner sites
and the chlorine ligands to locations at the centers
of the (100) facets [9]. The Auss cluster compound
did not yield crystals suitable for X-ray crystallo-
graphic studies [10], but extended X-ray fine struc-
ture spectroscopy (EXAFS) furnished Au—Au nearest-
neighbor distances of 275-280 pm [11-13]. The
result Au-Au = (278.5+0.3) pm with the small-
est error range [13] agrees very well with the av-
erage nearest-neighbor distance, 279 pm, calculated
with the local density approximation (LDA) for a bare
cuboctahedral cluster Auss [14]; the corresponding
value for bare Auss with icosahedral symmetry con-
straints was 281 pm [14]. These values are notice-
ably shorter than the experimental nearest-neighbor
distance of bulk gold, 288 pm [15] in line with the
well known scaling of interatomic distances of metal
clusters [14]. A study using another method based
on Density Functional Theory (DFT), employing a
plane-wave approach in combination with the gradient-
corrected exchange-correlation functional PW91, de-
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termined an average Au—Au distance of 288 pm for
cuboctahedral Auss and 290 pm for the corresponding
bare icosahedral species [16].

The Au—Au coordination numbers from different
EXAFS studies scatter notably (7.8 [12], 7.6 [11],
6.5 [13]) with uncertainties ranging from 0.4 to 1.
An ideal cuboctahedron of 55 atoms exhibits an aver-
age coordination number of 7.85; for an icosahedron
of the same nuclearity, the average value is slightly
larger, 8.51 [14]. Note that one EXAFS investigation
was able to resolve more than a single shell of Au—Au
distances [11]. For the second shell at 393 pm, the
coordination number was determined to 5.0 &+ 8; for
the third shell at 488 pm the coordination number
was 0.60£0.5.

Early on, results of mass spectroscopy on the
Auss[P(CeHs)3]12Clg sample were alternatively in-
terpreted as comprising Augy moieties with a struc-
ture where six icosahedral Au;sz moieties are inter-
connected by 11 vertices [17,18]. An ideal icosa-
hedral cluster features intershell Au—Au bonds that
are 5% shorter than its intrashell bonds, at vari-
ance with an ideal octahedral cluster where tan-
gential and radial bonds are equally long. EXAFS
was able to resolve these two different bond lengths
for the icosahedral cluster AujiL7I3, but not for
Auss5[P(CgHs)3]12Clg [11]. Therefore, an icosahedral
shape of the Auss moiety was ruled out [11]. Fur-
ther studies on the nuclearity of the metal core of
Auss5[P(CgHs)3]12Clg claimed that either such clus-
ter samples contained a size distribution or prevail-
ing experimental conditions destroyed the mononucle-
arity [19—22]. In particular, X-ray exposure in spec-
troscopic experiments was shown to decompose the
ligand shell [23,24]. As a result, the structure of this
particular cluster compound and the dispersion of the
size of the metal core, even the existence of a defi-
nite compound as such, remained controversial till to-
day [11,13,17-22,24-27].

From the decomposition enthalpy, 1590 kJ mol~!,
of Aus5[P(CgHs)3]12Clg, measured at 156 °C, a bind-
ing energy of 76 kJmol~! per Au-Au bond was es-
timated [28]. This calorimetric measurement involves
a destructive reaction, which can be triggered ther-
mally and happens as a “strong sharp exothermic
decomposition” [28]. This finding was taken as ad-
ditional signature of a well-defined compound [28].
From IR spectroscopy the frequency of the Au—ClI
stretching vibration of Aus5[P(CgHs)3]12Clg was de-
termined at 280 cm™! while the reactant of the synthe-

sis, (C¢Hs)3PAuCl, exhibits this mode at 330 cm ™ [9].
Also electronic properties of the cluster compound
Auss[P(CgHs)3]12Clg were intensely studied, e. g., at
the energy range close to the Fermi level with UV/Vis
spectroscopy [23] and by X-ray photoemission spec-
troscopy on selected Au 4f core levels [23,29-38].
The claimed removal of the chlorine ligands increases
the intensity of photoelectron spectra in the vicinity of
the Fermi level by a factor of 6 (from close to zero),
rendering it similar to the intensity measured for a gold
film [23]; this change in the electronic structure was in-
terpreted as an insulator-to-metal transition [23].

In summary, despite extensive experimental ef-
fort, the structure of the metal moiety of Auss[P-
(CeHs)3]12Clg as well as crucial aspects of metal-metal
and metal-ligand bonding remained open. In the fol-
lowing we report quantum chemical calculations on
this cluster compound that were carried out to assist
the interpretation of experimental findings.

Computational Method and Models

We carried out all-electron calculations with
the linear combination of Gaussian-type orbitals
fitting-functions density-functional (LCGTO-FF-DF)
method [39] as implemented in the program PARA-
GAUSS [40,41]. Scalar relativistic effects were taken
into account self-consistently with the Douglas-Kroll-
Hess (DKH) approach to the Dirac-Kohn-Sham prob-
lem [42-44]. All calculations were performed in
spin-unrestricted fashion. Structures were optimized
at the LDA level [45]. Subsequently, at these LDA
equilibrium geometries, binding energies were cal-
culated self-consistently with the gradient-corrected
exchange-correlation functional proposed by Becke
and Perdew (BP; generalized gradient approximation,
GGA) [46,47]. This “single-point” strategy provides
sufficiently accurate binding energies in a very effi-
cient manner [48]. Often, especially for systems with
many heavy-element atoms, LDA yields more accu-
rate results for bond lengths, whereas GGA function-
als in general provide more reliable energetic parame-
ters [49—51]. Vertical ionization potentials (IPs) and
electron affinities (EAs) as well as other features of
the electronic structure were determined at the GGA
level. For the numerical integration of the exchange-
correlation contributions, we used a superposition of
atom-centered spherical grids [52] that in the angular
coordinates are accurate up to angular momentum L =
19 [53]. These grids comprised about 16000 points for
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an Au center, 12000 for Cl and P centers, and 7000 for
H centers.

The Kohn-Sham orbitals were represented by flexi-
ble Gaussian-type basis sets [54], contracted in a gen-
eralized fashion. For Au, a (19s, 15p, 10d, 6f) basis set
was contracted to [9s, 8p, 5d, 2f]. For P and Cl, (12s,
9p, 1d) basis sets were contracted to [6s, 5p, 1d]. For
H, the contraction (6s, 1p) — [4s, 1p] was chosen. In
the LCGTO-FF-DF method, the Hartree contribution
to the electron-electron interaction is evaluated by rep-
resenting the electronic charge density with an auxil-
iary Gaussian-type basis set [39]. The functions of s-
and r’-type of this auxiliary set were constructed in a
standard fashion by scaling the exponents of the or-
bital basis sets [39]. In addition, five p- and five d-type
“polarization” exponents (except for H) were added
on each atom, chosen as geometric series with factors
of 2.5, starting at 0.1 and 0.2 au, respectively. Thus, the
auxiliary basis set was of the size (19s, 712, 5p, 5d) for
Au, (12s, 9r%, 5p, 5d) for P and Cl, and (6s, 112, 5p)
for H.

In the SCF calculations, the elements of the density
matrix were converged to at least 10~8 au. Geometries
were considered to be converged when the maximum
component of the energy gradient and the optimization
step had dropped below 107 au.

The average binding energy BE(X) of a ligand X at
the cluster Auss was determined as

BE(X) = Eit[X] + { Etot|Auss] — Ewot[AussX,] } /n

where Eiy is the total energy of a system. In the com-
pound AussX, Y, with two sets of ligands X and Y, we
estimated the binding energy BE(X) accordingly, i. e.,
by formally substituting AussYy, for Auss in the equa-
tion above. We estimated the basis set superposition
error of Au—Cl bonds by comparison with CIAuPHj3
where the counterpoise method [55] yielded a value
below 2 kJ mol !

To render accurate electronic structure calculations
feasible for such large systems we modeled the cluster
compound Auss[P(CgHs)3]12Clg as Auss(PH3)12Cls,
invoking simplified phosphine ligands and certain
symmetry constraints (see below). We refer to the var-
ious coordination modes of chlorine as y; for termi-
nal, y, for bridge, and us3 for hollow coordination.
As a second label of a structure, we use the symme-
try constraints imposed on the calculation. Isomers of
the same type of chlorine coordination are discrimi-
nated by labels o and . For example, Auss(PH3)12-
(u3-Cl)eSex denotes one of the isomers calculated

Table 1. Properties of Auss clusters in Oy, S, and I}, symme-
try.

Symmetry On I Se
(Au-Au)?, pm 2774 280.0 280.3
MP 2 4 2
AgS, eV 0.22 0.90 0.14
P4, eV 6.31 6.13 6.18
EAS®, eV 4.09 3.88 3.93
Eref, KT mol™! 6.6 20.8 0.0
Ebona®, kI mol ™! 64 59 59
nh 216 234 234

2 Average Au—Au bond length;  ground state spin multiplicity;
¢ HOMO-LUMO gap; ¢ ionization potential; ® electron affinity; f en-
ergy difference to the most stable structure Sg; € binding energies per
Au-Au bond; b number of Au—Au bonds.

with S¢ symmetry where chlorine ligands are coordi-
nated at hollow sites.

Results and Discussion

As reference, we will first discuss results for the
bare model cluster Auss when different symmetry con-
straints are imposed. Then we discuss the effect of
using model phosphine ligands PHj instead of tri-
phenylphosphine P(C¢Hs)3. Next, we address chlorine
coordination at various sites of an Auss cluster. Finally,
we present the results for the fully ligated cluster model
Auss(PH3)12Cle.

Model cluster Auss

We first optimized the structure of Auss as a cuboc-
tahedron using Oy, symmetry constraints (Table 1). A
calculation using the subgroup D,4 of Oy, not shown
in Table 1, gave essentially identical results. Starting
the geometry optimization with a cuboctahedral clus-
ter, but imposing the reduced symmetry Se, resulted
in a distorted icosahedral structure where each orig-
inal (100) facet is broken along a diagonal into two
triangular facets, yielding 20 triangular faces in total
(Fig. 1). Recall that the group Sg is a subgroup of the
icosahedral group I}, [56]. Finally, we also determined
the structure of Auss as an icosahedron using I, sym-
metry constraints (Table 1).

The average nearest-neighbor distance of the Auss
cuboctahedron (Oy) was calculated at 277.4 pm, while
the icosahedral model yielded 280.0 pm. The dis-
torted icosahedral structure with S¢ symmetry exhibits
a slightly longer average Au—Au distance, 280.3 pm
(Table 1). The Oy, and Sg structures feature a doublet
ground state while the ideal icosahedral model has a
quartet electronic state with a singly occupied degener-
ate HOMO, 66 g!, that is expected to undergo a Jahn-
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Table 2. Structural characteristics of CIAuPR3; from X-ray diffraction crystal structures, EXAFS experiments, and calcula-
tions. Also shown are measured and calculated frequencies of the Au—Cl mode.

R C¢Hs EXAFS? CgHs XRDP CH3 XRD® CH3 caled.d H calcd.d
Au—P, pm 2214 2235 2233 2223 2212
Au—Cl, pm 227.7 227.9 231.0 224.5 223.1
Au-C, pm 3.7 3.4 - 3.406 -
v(Au-Cl, cm™~! 330f - 3128 350 386

a Ref. [62]; © ref. [63]; © ref. [64]; 9 present work; ¢ vibrational frequencies of Au—Cl modes; f ref. [9]; & ref. [65].

Fig. 1. Auss cluster of cuboctahedral and quasi-icosahedral
shape. a) Auss in Oy, symmetry, oriented in the same way as
species with constraints according to Sg symmetry; b) Auss
in S symmetry adopting a quasi-icosahedral shape; note the
distortion of the (100) facet at the top right of this structure.

Teller distortion. The I, structure has also the largest
HOMO-LUMO gap, 0.9 eV, while the cuboctahedron
exhibits a gap of 0.22 eV and the distorted icosahe-
dral S species a gap of 0.14 eV. The ionization poten-
tial and the electron affinity vary only slightly with the
structure, 6.2 0.1 eV and 4.0 £ 0.1 eV, respectively
(Table 1).

The quasi-icosahedral S¢ structure yields the low-
est total energy; the Oy structure lies 6.6 kImol™!,
the ideal J; structure 20.8 kJ mol~! higher in energy.
Therefore, the three structures are expected to trans-
form easily into each other under the influence of a
ligand environment. The binding energy per Au atom
is 251 kJmol~! for each of the three shapes whereas
the binding energy Epong per Au—Au bond varies by
~ 10% among the different structures, from 64 to
59 kImol~! (Table 1). However, this variation is sim-

ply a consequence of the fact that the number of bonds
varies with the shape.

In a previous study [14] relying on GGA geome-
tries optimized with a more flexible basis set, the icosa-
hedral structure was calculated 265 kJmol~! more
stable than the cuboctahedral shape, which translates
into a difference of ~ 5 kJmol~! in the binding en-
ergies per atom. As the present study aims at larger
systems and systems of low symmetry, we chose a
less flexible basis set. A recent DFT study [16], us-
ing the PW91 exchange-correlation functional with
a plane-wave approach, determined the icosahedral
shape 106 kJmol~! more stable than the octahe-
dral one. A tight binding approach [57] predicted
this energy preference of the icosahedral structure at
26 kImol~!. While studying symmetric model sys-
tems one should keep in mind that there is also com-
putational evidence for amorphous structures of Auss
clusters [58 —60].

Phosphine ligands on Auss

The effect of replacing the triphenylphosphine
groups P(CgHs)3 of Auss[P(CsHs)3]12Clg by sim-
ple phosphines PH; was checked on the molecule
[P(C¢Hs)3]AuCl. An earlier study had quantified
the effect of such a simplification for the molecule
(CHg)AuPRg, R = H, CH3, and C6H5 [61] There
the model with the simple phosphine was found
to reproduce the Au—CHj3; bond length of 202 pm
within 3 pm, and the corresponding ligand binding en-
ergy, 436 kJ mol !, within 1 %.

Table 2 shows that bond lengths of [P(C¢Hs)3]AuCl
from X-ray diffraction and EXAFS data agree
within 1% [62]. When PHj3 is used as model lig-
and, the Au-P distance of [P(C¢Hs)3]AuCl, calcu-
lated at 221.2 pm, is reproduced with a 1% devia-
tion whereas the Au—Cl bond is calculated 2 % too
short compared to experiment. The stretching fre-
quency V(Au—Cl), 386 cm™!, derived from a full nor-
mal mode analysis, overestimates the experimental re-
sult, 330 cm™ ! [9]. Thus, for this bond the electron do-
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Fig. 2. Optimized cluster models: a) Auss(PH3)12(tt;-Cl)g
DZE; b) Auss(PH3)12(U3-Cls Se; ©) Auss(PH3)12(13-Cl)g
SeB.

nating effect of the P(CgHs)3 ligand may play a notable
role. To check this, we also studied trimethylphosphine
P(CHj3)3 as ligand where methyl groups act as stronger
electron donating substituents than hydrogen in PHj3.
Indeed, the Au-P bond of [P(CH3)3]AuCl matches the
value of the crystal structure of [P(C¢Hs)3]AuCl, with
a deviation of only 1.2 pm [63], whereas the Au—Cl
bond is calculated only slightly longer, by 1.4 pm, than
with the simple phosphine, matching the experimen-
tal value within 1.5 % (Table 2). Also the calculated
Au—Cl vibrational frequency, 350 cm™!, is notably re-

duced, deviating 20 cm~! from the experimental value
for [P(C¢Hs)3]AuCl.

The Au-Cl bond of [P(CHj3)3]AuCl is calcu-
lated 6.5 pm shorter than in the corresponding crystal
structure (Table 2) [64]. This deviation may be a pack-
ing effect of the crystal structure, where the molecules
are oriented to form trimer chains with Au—Au dis-
tances of at least 355 pm. In addition to the elongated
Au-Cl distances, this feature of the crystal structure
may also rationalize the low vibrational Au—Cl fre-
quency of 312 cm~! [64,65]. In view of this argu-
ment, one may wonder about the close reproduction of
the Au-P distance; note, however, that the Au—P bond
length hardly changes with the substituents R of PR3,
R = phenyl, methyl, H (Table 2).

Overall, we consider PH3 as adequate model for
studying the effects of phosphine ligation on Auss,
but the length of Au—Cl bonds may be slightly un-
derestimated. Following the early structure model for
Auss[P(CgHs)3]12Clg [9], we calculated cuboctahedral
Auss with 12 model ligands PH3 coordinated at the
corner atoms, as assumed in the experiment [9], im-
posing symmetry according to the subgroup Dyg4 of Oy
(see above). Although 10 pm longer than the Au-P
bond of ClIAu(PH3) (Table 2), the resulting Au—P dis-
tance, 231 pm, of Auss(PH3);, fits very well the cor-
responding EXAFS result, 230 + 2 pm [11,13], for
Auss5[P(CgHs)3]12Clg. The increased Au-P distance is
in line with the higher Au coordination of the ligation
site in Auss(PH3);, (Fig. 2). Bond competition with
the PH3 ligands also increases the Au—Au distances
of these site atoms, by 3 pm to 275 pm. The average
Au—Au bond length of Aus5(PH3)12, 278 pm, is 1 pm
larger than in Auss.

The 12 PHj ligands strongly affect the IP and
EA values of the system, which are reduced by 1.7
and 1.5 eV, respectively, compared to bare Auss.
A Mulliken analysis indicates a small total transfer,
~ 0.3 e, of electron density from the ligand shell to
the Auss core. The binding energy per PHs ligand
on Auss, 71 kImol™!, is rather small compared to
the atomization energy per Au atom, 251 kJmol~!,
of the bare cluster, but slightly stronger than its av-
erage Au—Au bond, ~ 64 kJmol~!. In view of previ-
ous results [61], one would expect that P(C¢Hs)3 binds
stronger to Auss than PH3. However, steric effects in
Auss[P(CgHs)3]12Clg may destabilize the binding of
the latter ligand. In summary, one can expect PHj to
yield adequate estimates of the phosphine binding in
Auss[P(CgHs)3]12Clg.
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Table 3. Calculated properties of Aus5Clg complexes where the chlorine ligands move along a path that preserves Ds3gq

symmetry?.

0P, deg 545 60 66 68.7 90.1 111.4
Coordination® top on center bridge top on edge hollow
Facet 100 100 100 100 100, 111 111
Au'-Cl4, pm 234.3 234.7 239.4 245.6 230.7 255.5
Au?-CI°, pm 376.3 316.1 257.5 245.9 451.7 256.6
(Au-Au)f, pm 278.3 278.6 279.2 279.5 278.3 281.1
BES, kJ mol ! 204 213 241 246 210 234

vh em™! 285, 32i, 60i 244,163, 42 308, 54, 148i 218, 123, 105
q(Clg)!, e -1.6 —1.4 -1.0 -0.9 -15 -0.5

2 See Fig. 3a,b; P angle ¢ between the main symmetry axis and a line from the central Au atom to a chlorine ligand (Fig. 4a); © for the
coordination mode, see Fig. 4b; d distance between CI and its closest Au neighbor; € distance to the second-nearest Au atom; for hollow
coordination, there are two Au?>~Cl bonds; f average Au—Au bond length; £ binding energy per Cl atom; " vibrational frequencies v of Au—-Cl
modes from a restricted normal mode analysis with a fixed Auss core in Sg symmetry; ' total charge of the Clg ligand shell from a Mulliken

analysis.

Fig. 3. Cluster Aus5Clg: a) Cl on top on (100) facets; b) Cl at
bridge-hollow sites of (111) facets.

Chlorine coordination on Auss

We examined chlorine coordination at cuboctahe-
dral Auss before addressing the full model cluster
compound. EXAFS results for Aus5[P(CgHs)3]12Clg
served as reference: Au—Cl = 250 pm, CI coordina-
tion number = 2.3 + 1 [11]. Exploratory calculations
on AussClg showed that Cl coordination on top of
the central Au atoms of the (100) facets of cubocta-
hedral Auss (Fig. 3a), as proposed for the compound
Auss[P(CeHs)3]112Clg [9], is a local energy maximum
with regard to lateral movement of the ligands. There-
fore, we decided to scan the energy profile of Aus5Clg
in D34 symmetry along a path (Fig. 4a) where the Cl

O-O

50
®

ORe

.’O

(100) facet top on center

bridge
top on edge

(111) facet

Fig. 4. Schematic representation of the chlorine positions
studied on the facets of cuboctahedral Auss. a) Sketch of
pathway on the cluster; b) investigated sites.

atoms move from this central on-top sites via the on-
top sites on edges to the three-fold hollow sites of the
(111) facets (Fig. 3b). This path, which also includes
the two-fold sites on the (100) facets, can be parame-
terized by the angle ¢ between the main C3 axis and
the line from the center of the cluster to one Cl ligand
(Fig. 4a).

Nearest-neighbor distances Au'-Cl vary strongly
with the coordination mode — from 231 pm for the
strongest bound top sites at the edges between adjacent
facets to 256 pm at hollow sites of the (111) facets (Ta-
ble 3). The Au'—Cl distance increases by ~ 10 pm per
coordinated Au atom. The average Au—Au distance in-
creases concomitantly, but overall varies by only 3 pm.
The distances Au’>—Cl from the ligand to the second-
nearest Au centers are also listed in Table 3 to demon-
strate the symmetry of the two-fold sites on Au(100)
facets and the three-fold sites on Au(111) facets. Ac-
cording to the calculated energies BE (Table 3), on-top
adsorption complexes are the least stable ones along
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the path scanned. Without crossing a barrier, a Cl lig-
and gains 42 kJmol~! on moving to a bridge position
where it reaches the lowest point along the path ex-
plored, with BE = 246 kI mol~!. Cl ligands on top of
edge sites are only 6 kJ mol~! more bound than at the
central (100) top sites while ligation at the hollow posi-
tion of the (111) facets is almost as stable as in a bridge
complex, BE =234 kJ mol~! (Table 3).

To characterize approximately the local movements
of the chlorine centers, we carried out a restricted
normal mode analysis at the stationary points along
the path just described (Fig. 4, Table 3), keeping the
Auss cluster core fixed. With symmetry constraints re-
duced to subgroup S¢ of D34, Cl vibrations in both
directions parallel to the surface of the metal moiety
are feasible, along the path and perpendicular to the
mirror plane that contains the path. The frequency of
the radial mode of a chlorine atom, perpendicular to
that surface, varies notably with the site. As expected,
higher values were determined at top coordinated sites
(308, 285 cm™!), lower ones at the bridge (244 cm™)
and the three-fold hollow site, (218 cm™!). Top co-
ordination at the center of the (100) facet yields two
imaginary frequencies, hence is a local maximum with
respect to lateral displacements. The two structures
involving higher coordinated chlorine atoms (bridge,
three-fold) are local minima of the potential energy
surface. The top-coordinated site on the edge between
the (100) and (111) facets is a saddle point of first or-
der with the negative curvature directed along the edge.
Thus, along the path depicted in Fig. 4a, one calculates
a minimum for Cl1 at the top site of the edge. The latter
finding may come as a surprise; it is associated with
two changes of the electronic configuration on the way
from the neighboring bridge site to the subsequent hol-
low site. The electron density withdrawn from the Auss
cluster by the chlorine ligand shell correlates inversely
with the Au coordination of the ligation site: —1.5 e
for top coordination, —0.9 e at the bridge, and —0.5 e
at the hollow site.

These findings were checked by slab model calcula-
tions using a pseudopotential plane-wave based LDA
supercell method on models of CI adsorption at the
ideal Au(100) and Au(111) surfaces. On Au(100), two-
fold bridge sites were calculated as most stable; the
binding energy was determined ~ 48 kJmol~! per ad-
sorbate higher than for complexes with terminal chlo-
rine coordination. The second most stable adsorption
complex on Au(100) is at the three-fold hollow site;
adsorbate binding is 7 kI mol~! less strong than at the

bridge site. The frequencies of the vibrational motion
perpendicular to the surface compare within ~ 5 cm™!
with the corresponding results of the cluster models.
The normal mode of CI coordinated on top of Au(100),
281 cm™!, is very similar to the corresponding cluster
result. Essentially the same match holds for the fre-
quency of the radial motion of CI at the bridge site of
Au(100), 239 cm !, and between the hollow site on
the Auss cluster and the hcp site of the Au(111) sur-
face,212cm~!. In summary, the calculated vibrational
frequencies of CI adsorption complexes on the cluster
Auss on the one hand and at the surfaces Au(100) and
Au(111) on the other hand agree very well.

Finally, we mention clusters of size Auj3 and Ausg
where X-ray analysis revealed a terminal-like coor-
dination of Cl ligands [66, 67]. However, these metal
clusters do not exhibit surface facets, rather the Cl lig-
ands are attached at corner and edge sites of a buckled
surface. Hence the structures of these clusters are es-
sentially different from that of Auss.

Model cluster Auss(PH3);2Clg

We studied the structure of the model cluster
Auss(PH3)1,Clg for selected Cl sites as the size of this
problem did not allow an exhaustive search of all pos-
sible sites of chlorine at the cluster Auss(PH3);5. In all
structures studied (Fig. 2), the model phosphine lig-
ands PHs were placed at corner atoms of Auss and
chlorine ligands were separated at least 320 pm from
the closest hydrogen of the PH; groups. We used a
model of Dyq symmetry to explore the structure origi-
nally proposed where the chlorine atoms were assigned
to the centers of the (100) facets of Auss (Fig. 2a) [9].
To model Cl at bridge sites on (100) facets or threefold-
hollow sites on (111) facets (Fig. 2b), we used a clus-
ter model of S¢ symmetry. This symmetry restriction
allows one to study all arrangements of six symme-
try equivalent chlorine centers. Yet, even this low sym-
metry is idealized because one can imagine chlorine
atoms to assume in general locations independently of
each other. We refrained from investigating four-fold
sites on the (100) facets as they are expected to be
affected rather strongly by steric hindrance from the
triphenylphosphine ligands. For similar reasons, we
also excluded top sites on edges.

For all models rather similar binding energies
per Cl ligand have been calculated, ranging from
226 kImol~! for top coordination to 251 kJmol~!
for hollow coordination on a cluster model with Sg
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Table 4. Calculated properties of various isomers of the model cluster Auss(PH3)12Clg. For comparison corresponding results

are shown for the clusters Auss and Auss(PH3)q2.

Auss Auss(PH3)12 Auss(PH3)12Clg
Symmetry Se Doy Dygo® Dzdﬁa S6? Sea® SGﬁb exp.
Cl coordination top top bridge hollow hollow
(Au-Au)¢, pm 280.3 277.9 278.2 278.3 279.9 282.8 280.1 2752809
Au-P, pm 230.9 230.1 230.0 231.7 230.4 231.5 230
Au'-CI°, pm 238.1 237.9 249.1 258.2 251.2 250
Au?-CI°, pm 240.0 238.8 251.0 260.3 263.6
Au*-CI°, pm - - - 262.2 268.0
Erer', kI mol ™! 153 151 100 79 0
BE, kJ mol ™! 226 226 234 238 251
Agh eV 0.14 0.06 0.37 0.02 0.12 0.25 0.17
P, eV 6.18 4.46 4.83 4.86 4.69 4.74 4.60
EAK, eV 3.93 2.44 291 2.87 2.75 2.79 2.60
M! 2 2 2 4 2 2 2
q[Auss]™, e -0.3 1.5 1.4 1.3 0.5 0.7
q[(PH3)12]™, e 0.3 0.8 0.8 0.5 0.7 0.5
q[Cls]™, e -2.3 -23 -1.7 -13 -1.2

2 Cuboctahedral; ® icosahedral; ¢ average Au—Au bond length; 9 refs. [11 - 13]; ¢ distance between Cl and different Au atoms nearby; f energy
difference to the most stable model cluster; £ binding energies per chlorine atom; ® HOMO-LUMO gap; | ionization potential; X electron

affinity; ! multiplicity; ™ Mulliken charges.

symmetry (Table 4). With one exception, all mod-
els of Aus5(PH3)12Clg essentially preserve the octa-
hedral shape of the Auss metal core. However, the
most stable structure Sgf8 with Cl at threefold hollow
positions adopts a quasi-icosahedral structure where
the (100) facets are bent along their diagonal by 40°
(Fig. 2¢). In an ideal icosahedron this angle between
adjacent surface triangles is 45°. Isomer Sgo¢ with the
same Cl coordination, but octahedral symmetry of the
Auss metal core, yields a lower ligand binding energy,
238 kJ mol~!, which corresponds to a total energy dif-
ference of 79 kI mol~! with respect to model S¢f3 (Ta-
ble 4). Bridge coordination of Cl leads to a similar lig-
and binding energy, 234 kJ mol~!. With a total energy
difference of only 2 kImol~!, the two isomers with
Cl in top coordination (Dpq symmetry) are degener-
ate, despite of different spin states (doublet and quar-
tet, Table 4); they feature the lowest binding energy,
226 kJ mol .

As for Auss5Clg, in the fully ligated models the
Au—Cl bond lengths of the octahedral species in-
crease with the coordination number, from 238 pm for
top coordination to 250 pm at the bridge position to
~ 260 pm for the threefold-hollow position (Table 4).
In contrast, at the threefold hollow positions of the
quasi-icosahedral species S¢f3, one Au—Cl bond is no-
tably shorter, 251 pm, than the other two contacts,
264 pm and 268 pm. On the cluster compound Seo¢
ClI occupies the hollow site in a rather symmetric way,
258 —262 pm. In the presence of the phosphine ligands,

the Cl bond lengths are 4 — 5 pm longer than in Aus5Clg
(Tables 3,4). Au-P bonds are remarkably stable with
respect to different positions of the CI ligands. They
vary between 230 and 232 pm, in perfect agreement
with the experimental value, 230 pm [11]. Also aver-
age Au—Au distances increase only slightly due to Cl
coordination, from 278 pm for on-top Cl deposition to
280—282 pm for the higher coordinated sites (Table 4).
These values are at most 1 pm larger than for the model
Auss5Clg (Table 3), despite the relatively strong distor-
tions of the metal cluster core in the most stable species
S¢S (Fig. 2c).

Comparison of the calculated structures with ex-
periment is quite limited. Only the Au—Cl bonds of
Auss(PH3)12(up-Cl)g Sg compare well with the experi-
mental result, 250 pm [11]. For cluster models with Cl
at U3 (hollow) sites, the short Au—Cl distance, 251 pm,
also matches the experimental value. However, EX-
AFS experiments should be able to detect also the
other Au—Cl distances, up to ~ 268 pm, if that struc-
ture were present. Top coordination of Cl, with com-
puted Au—CI bonds of ~ 238 pm, is at variance with
EXAFS results [11]. The experimental value of Au-P,
230+£2 pm, is well reproduced by all cluster models
studied; the corresponding computational results, rang-
ing from 230 pm to 232 pm, fall within the error mar-
gin of the experiment. The computed average Au—Au
distances, 278 —283 pm (Table 4), are compatible with
the larger values determined experimentally, 280 [12],
278.5[13], and 275 pm [11].
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Fig. 5. Radial distribution functions of Au atoms as his-
tograms (bin width 10 pm) of various Aus5(PH3)12Clg
cluster models compared to bare Auss clusters in Oy and
Iy symmetry. a) Auss Op; b) Auss(PH3)12((1-Clg Dog;
¢) Auss(PH3)12(11-Cl)g D2gB; d) Auss(PH3)12(12-Clg Ses
e) Auss(PH3)12(u3-Cls Set; f) Auss(PH3)12(u3-Cl)s Sef8;
g) Auss 1. For details on counting the Au—Au contacts, see
text.

The second and third shells of Au—Au distances
have been also reported from experiment [11]; there-
fore, we analyzed the distributions of nearest-neighbor
Au-Au distances of all Au centers in the model clus-
ters studied. Fig. 5 displays the histograms (bin width
10 pm) that result from counting the number of Au—Au
distances per Au atom. Multiplication by the fac-
tor 2/55 yields the values displayed which are normal-
ized to a single Au atom as reference.

The histograms of the cluster models with cuboc-
tahedral cluster core, Auss, Auss5(PH3)12(ui-Clg)a,
and Auss(PH3)12(11-Clg)B, apparently are very sim-
ilar (Figs. 5a,b,c). Thus metal cores of the two Dyg
structures of Auss(PH3)1,Clg remain close to the shape
of an ideal cuboctrahedron. This result also illustrates
the overall structural similarity of the two spin states
of Dyq symmetry. The model Auss(PH3)2(t2-Cl)g Se,
with CI ligands at bridge sites, generates a pattern
similar to those of the cuboctahedral models, but the
peaks are slightly broadened (Fig. 5d). In contrast,
the main features of the radial distribution function

of Auss5(PH3)12(u3-Cl)s Sga, the quasi-cubocahedral
cluster model with Sg symmetry, are distinctly broad-
ened (Fig. 5e), reflecting the distortion of the cluster
structure. The quasi-icosahedral isomer of Sg symme-
try, Auss(PH3)12(u3-Cl)g S6ﬁ, exhibits a radial distri-
bution function with peaks that are clearly shifted with
respect to the distributions of the cuboctahedral clus-
ters (Fig. 5f). Nevertheless, all structures reproduce
reasonably well the experimentally found first shell,
with values between 270 and 280 pm. At the resolu-
tion of the histogram, inter- and intra-shell distances of
the quasi-icosahedral structures do not differ in a sig-
nificant way.

The radial distribution functions of all structures,
except Auss(PH3)2(u3-Cl)g S¢a (Fig. Se), feature
a second pronounced shell at 390 pm, in excel-
lent agreement with experiment, 393 pm [11]. In all
structures one notes a third peak near 470—-480 pm,
which also matches experiment, 488 pm [11]. Leaving
aside the structure of the quasi-cuboctahedral cluster
Auss(PH3)12(u3-Cl)g S¢a, one notes an overall very
good agreement for the Au—Au distances. The devia-
tions of 5 % between inter- and intra-shell distances of
an ideal icosahedron are reflected only in some broad-
ening of the peaks, but not as distinctive patterns in
the calculated distribution functions. Hence, detection
of inter- and intra-shell distances by EXAFS seems
quite unlikely. A clear distinction of these Au—Au dis-
tances can only be expected if the metal centers are
distributed uniformly. This is the case for small clus-
ters with an icosahedral structural motif, e. g. with 13
or less metal centers (see Introduction). However, in
view of the perturbation by the ligands one should not
expect the metal core of a large ligated cluster like
Auss5[P(CgHs)3]112Clg to feature such an ideal shape.

Finally, note that the radial distribution functions of
the quasi-cuboctahedral and quasi-icosahedral clusters
essentially agree for the first three shells (Figs. 5a, g).
The various distributions differ notably in the posi-
tion of the fifth shell which peaks near 620 pm for all
cuboctahedral structures, but at ~ 650 pm for icosahe-
dral clusters. However, with EXAFS interatomic dis-
tances of 600 pm or beyond are not easily measured in
an accurate way [11, 13, 86,69].

After analyzing the structures and the stability of
the various cluster models, we now discuss some cal-
culated electronic properties (Table 4). The HOMO-
LUMO gap varies only slightly among the cluster mod-
els studied. The largest gap, 0.37 eV, is calculated for
the doublet state with top coordinated Cl ligands, while
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Fig. 6. Density of states (in arbitrary units) of various cluster
models: a) Auss Op; b) Auss(i1-Clg Op; ) Auss(PH3)12
Dyg; d) Auss(PH3)12(u1-Cl)g Dpg; €) Auss(PH3)io-
(u3-Cl)g S¢B. The dashed lines indicate the Fermi level of
each system. Contributions of the ligands — purple, Au sp —
yellow, Au d — green (color online).
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the corresponding quartet state results in the smallest
gap, 0.02 eV. Cl ligands at higher coordinated sites
lead to gaps of 0.1-0.2 eV. The ionization potential
and the electron affinity of clusters with top CI lig-
ands are ~ 0.1 eV larger than for models with CI lig-
ands at higher coordinated sites. As already noted for
the model Auss(PH3)12, phosphine ligands in general
strongly reduce the IP and the EA of Aus5(PH3)2Clg,
at least by 1.3 and 1.0 eV, respectively, compared to
bare Auss. Both, IP and EA show weak trends to lower
values with increasing stability of the cluster com-
pound; these variations unfortunately are too small to
assist in discriminating structures experimentally. The
Mulliken charges are as expected from coordination
chemistry. The CI ligands withdraw electron density
from the metal particle, while PH3 ligands donate den-
sity. Compared to AussClg (Table 3), the charge on
the metal moiety of Auss5(PH3);2Clg does not change
when phosphines are attached. The electron density
donated to the cluster by the PH3 ligands overall is
transferred to the CI ligand shell (Table 4).

Density of states (DOS) plots (Fig. 6) provide
an overview of the valence electronic structure. Re-
call that the Kohn-Sham energies from approximate
exchange-correlation potentials in general differ from
ionization energies [51]. The d-manifold of the Au
moiety dominates the region between —7 eV and
—12 eV, whereas the DOS at the Fermi edge consists
of s-type levels. As the calculations did not account
for the spin-orbit interaction, comparison of the Au 5d
manifold with experiment should be done with due
caution. The effect of terminally coordinated CI lig-
ands on the DOS is small. Only the Fermi energy is
slightly shifted to a lower value (in absolute terms);
also, at about —7 eV, the Cl1 3p levels appear as a shoul-
der on the Au 5d manifold. The Cl 3s levels form a
small peak near —20 eV. In agreement with the effect
on the ionization potential (Table 4), phosphine ligands
induce a strong upward shift, by ~ 2 eV, of the DOS
and the Fermi energy. One notices two peaks, at about
—17 eV and —10 eV, that are related to the PH3 lig-
ands. The phosphine induced shifts of the Au 5d mani-
fold and the Fermi energy of Auss are also observed for
the fully ligated species Auss5(PH3)12(u1-Cl)g Dogox
(Fig. 6d); the other spin isomer, Auss(PH3)12(t1-Cl)g
Dy4f, exhibits essentially the same DOS. Phosphine
coordination also uniformly shifts all Cl-related fea-
tures of the DOS to lower energies, by ~ 2 eV. The
DOS of Auss(PH3)2(Up-Cl)g Se is very similar to
the DOS of the models Auss(PH3)12Clg with Dyqg
symmetry (Fig. 6d) except for the Cl contributions.
The DOS of the two Sg¢ isomers with Cl ligands at
hollow positions are rather similar (Fig. 6e depicts
Auss(PH3)12(u3-Cl)g S¢3), despite the different geom-
etry of the metal core (see above).

The energy of the Fermi level correlates with the
ionization potential as is to be expected [51] if self-
interaction artifacts due to the approximate exchange-
correlation potential are comparable for the systems in-
spected. The HOMO of the cluster compound is desta-
bilized when phosphine ligands are coordinated, while
chlorine coordination has a small effect in the opposite
direction. In experiment, the ultraviolet photoelectron
spectrum was observed to change at the Fermi level
upon removal of chlorine ligands [23]. The calculated
DOS of the model Auss(PHz3), (Fig. 6¢) is lower at the
Fermi level, and all fully coordinated species show a
similar DOS. An insulator-to-metal transition had been
associated with changes of the experimental DOS upon
removal of Cl ligands [23], but we were unable to iden-
tify similar changes in the calculated DOS upon go-
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ing from Aus5(PH3)2Clg to Auss(PH3)(,. Indeed, re-
moval of CI ligands may cause unidentified changes
in the structure of the sample and hence in the inter-
action between neighboring cluster compounds. How-
ever, from the present results, we are unable to identify
signatures of a metal-to-insulator transition.

Summary

Using relativistic density functional calculations on
model clusters Auss(PH3)1,Clg, we explored geomet-
ric and electronic properties of various structures of
the proposed cluster compound Auss[P(CgHs)3]12Cle.
The shape of the metal moiety and the coordination
of the ClI ligands were varied whereas the phosphine
ligands in all models were assumed to be coordinated
on top of Au corner atoms. The originally suggested
structure [9] with terminal CI coordination on top of
Au centers of (100) facets was calculated to be a lo-
cal energy maximum for lateral movement and en-
ergetically unfavorable, with an Au—Cl binding en-
ergy of 226 kJmol~!. The binding energy of bridge-
coordinated CI ligands at (100) facets was calculated
higher, at 234 kJmol~!. Even larger Au—Cl binding
energies resulted for Cl ligands at three-fold sites,
238 kJ mol~! on a cuboctahedral and 251 kI mol~! on
a quasi-icosahedral cluster core. Au—Cl bond lengths
were calculated to increase by ~ 10 pm per neigh-
boring Au center: from ~ 240 pm for terminal, to
~ 250 pm for two-fold, and ~ 260 pm for three-fold
coordinated CI ligands. EXAFS data agree favorably
with the two latter values for higher coordinated sites.
When Cl ligands are attached at three-fold sites of an
octahedral Auss structure, the metal moiety relaxes
notably to form a quasi-icosahedral cluster; the con-
comitant energy gain is 79 kJmol~!. For all species
studied, the model phosphine ligands PH3 are attached
via Au-P bonds of 230 pm, in good agreement with
EXAFS data. These phosphine ligands donate electron
density to the cluster, shifting the DOS (including the
HOMO) to lower binding energies. In consequence,
ionization potential and electron affinity are calculated
to be reduced by ~ 1 eV.

Comparison to EXAFS results shows that the cal-
culated shells of Au—Au distances fit equally well
both cuboctahedral and icosahedral cluster models. For
all structures studied, calculations reproduce the first
three shells within 10 pm of the experimental values,
275 pm, 393 pm, and 488 pm. The only exception
is the structure of the distorted cuboctahedral cluster
Auss(PH3)12(u3-Cl)g Seox.

In summary, from this computational study one
concludes that Cl ligands of the cluster compound
Auss[P(CgHs)3]12Clg are higher coordinated, at vari-
ance with the earlier suggestion of terminal coor-
dination [9]. Structural and energetic aspects of the
present calculations favor a (quasi-) icosahedral shape
of the Auss cluster core over a distorted cuboctahe-
dral structure. Thus, the calculated results corrobo-
rate the hypothesis [21,22] that the cluster compound
Auss[P(CgHs)3]12Clg features a distorted metal moiety
of quasi-icosahedral shape. One should keep in mind
that Cl ligands at hollow sites may not follow a high-
symmetry pattern, as assumed in the present models.
Rather, in the samples studied experimentally, the six
Cl ligands may to some extent be randomly distributed
on the hollow sites of 20 suitable triangular facets of
a quasi-icosahedral metal moiety. An ensemble of iso-
mers results, but the clusters of a given sample may not
even be stoichiometrically identical.

Auss5[P(CgHs)3]12Clg is one of the few better char-
acterized large cluster compounds. Ever since its first
synthesis [9], this compound stimulated many stud-
ies to uncover its structure and other properties [10—
13,17,18,20-22,28 31, 34]. The present computa-
tional results indicate that further experimental work,
especially regarding the shape, and the ligand coor-
dination of the metal core, is required to achieve a
full characterization of this cluster compound. Finally,
we hope that the results obtained for the model clus-
ter Aus5(PH3)12Clg may also serve as useful reference
when studying similar cluster compounds.
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