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ABSTRACT: The oty 14 clusters encapsulated by coinage metals in neutral and :
(X = Ge, Sn, Pb and M = Cu, Ag, Au) are investigated using | '*]a *
quantum chemical calculations with the DFT/B3LYP functional and coupled-cluster .f. Ry @
CCSD(T) theory. Addition of transition metals 1nto the empty cages forms high 9-

anionic states XloM

symmetry endohedral structures, except for GejoAg” ™

ments available for X,;,Cu, the D, global minima of the anions are calculated to be
magic clusters with large frontier orbital gaps, high vertical and adiabatic detachment
energies, and large embeddlng energies and binding energies as compared to those of
. The enhanced stability of these magic clusters can be

the empty cages X102~
rationalized by the three dimensional aromaticity.
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B INTRODUCTION

The group IVA clusters encapsulated by transition metals
continue to attract much attention of scientists in part due to
their potential as candidates for designing assembled nanoma-
terials, and also to their high stability, symmetrical shape, and
chemical bonding. A number of experimental and theoretical
investigations were performed on the mixed clusters M@X,, with
M = metal and X = Si, Ge, Sn, and Pb, not only to gain more
insight into their bonding nature and spectroscopic proper-
ties but also to obtain the fundamentals for designing new mate-
rials.' ! Recently, from experimental mass spectrometric results
and DFT calculations on mixed cationic clusters AlX," (X = Si,
Ge, Sn, Sn), Lievens and co-workers' proposed a general
principle for designing highly symmetrical stable clusters that is
based on both the three-dimensional aromatic stability and close-
packing structures. While metal dopants tend to be encapsulated
into empty cages of the heavier elements (Ge, Sn, and Pb), small
metal doped silicon clusters usually prefer exohedral structures
due to the rather limited size of the empty silicon cages.
Additionally, the relative size between the metal dopant M and
the empty cages X,, is also one of the important factors that
determine the stability and structural features of the mixed clus-
ters M@X,,. This effect is even more important for the M@X;,
clusters in which the ten-atom X, cages are of medium size. For
instance, while all transition metal encapsulated clusters M@X,
(M = Ni, Pd, Pt, and X = Sn, Pb) possess the bicapped square
antiprism structures (D, ), in which the metal M is located at the
center of X;, cage, the mixed clusters X;oPt, with X = Si and
Ge, prefer opened structures. The Pd dopant is located outside of

v ACS Publications ©2011 american chemical Society

the Sijo cage.13 A similar observation was found for Pb;(M, M =
Mg, Ba, and Sr, where Mg can be encapsulated inside the Pb, cage,
whereas the Ba and Sr atoms cap the Pb;q block from outs1de. 4

While some experimental studies on the doped silicon'® and
germanium'® clusters were reported, experimental results on the
mixed clusters based on the heav1er elements of the group IVA are
rather limited. Lievens et al.'” carried out a mass spectrometric
stability investigation of a series of metal doped group IVA clusters
MX,, including X = Si, Ge, Sn, Pb and M = Cr, Mn, Cu, Zn. Their
experimental results showed that the copper—group IVA element
mixed clusters X,Cu (X = Ge, Sn, Pb) exhibit remarkably high
abundance at the size n = 10. As a consequence, the correspondlng
systems such as CuGeo", CuSn;”*, and CuPb,;,>* were estab-
lished to be the species with enhanced stability. Nevertheless, the
reasons for such a phenomenon have not been well understood. It
is remarkable to note that theoretical studies on coinage metal
group IVA mixed clusters are even more limited. Only a few studies
on the Cu and Au doped Ge clusters were recently reported. While
Ge,oCu is found to be an endohedral structure (D,,),"® the iso-
valent GejpAu is a C,,-pentagonal prism structure.”” A legitinate
question thus arises about how the coinage metals M (M = Cu, Ag,
Au) are located in the empty X, cages with X = Sn and Pb that
have larger sizes as compared to the Ge;q cage. Additionally, an
understanding on their anionic clusters which are very interesting
for experimental studies also remains missing.
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Figure 1. Shapes, point groups, and relative energies (kcal/mol) of some low-lying isomers of the anionic clusters X;oM ™~ (X = Ge, Sn, Pb and M = Cu,

Ag, Au) (B3LYP/LanL2DZ): (a) X;oCu"; (b) X10Ag ; (c) XjoAu .

Motivated by these reasons, we set out to carry out a
systematic investigation on the clusters with impurity X oMY~
in both neutral and anionic states, in which X = Ge, Sn, Pb and M
= Cu, Ag, Au. The location of the lower-lying isomers of the
clusters conSIdered is carried out using a stochastic search
method.”® As experimental studies on silver- or gold-doped
group 14 clusters are not available, predictions of their properties
and additional confirmation on the effects of
purities on the caged clusters of the higher homologues would
stimulate subsequent experimental studies. In addition, the high
stability of the anionic systems X;oM is also of interest for future
investigations.

im-

B COMPUTATIONAL METHODS

Quantum chemlcal computatlons are carried out using the
Gaussian 03*' and Molpro 06> suites of programs. Geometries
and harmonic vibrational frequencies of the low-lying isomers are

determined using density functional theory (DFT) method with
the hybrid B3LYP functional, which involves the Becke three-
parameter exchange® and Lee—Yang—Parr correlation* func-
tionals. The initial search for all possible low-lying isomers of
each of the clusters X;,M 9/~ considered is performed using a
stochastic search algorithm, which was 1mplemented by us,> on
the basis of the Saunder’s procedure.'® First, the possible struc-
tures of the cluster X;,M are generated by random “kick” method,
and then rapidly optimized at the B3LYP/CEP-31G level.* In this
“kick” procedure, the minimum and maximum distances between
atoms are limited to 2 and 7 A, respectively. Geometries of the
stationary points located are then reoptimized using the B3LYP
functional in conjunction with the LanL.2DZ basis set, in which ab
initio effective core potentials (ECPs) have been generated to
replace the Coulomb, exchange and core- orthogonahty effects of
the chemically inert core electrons in transition metals.””

To obtain more accurate energetic predictions, calculations of
single-point electronic energies of the global minima are further
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Figure 2. Shapes and point groups of some low-lying isomers of the
neutral clusters X;oM (X = Ge, Sn, Pb and M = Cu, Ag, Au) (B3LYP/
LanL2DZ level).

performed using the coupled-cluster theory CCSD(T) method,*®
making use of the correlation consistent aug-cc-pVTZ-PP basis
set, in which PP stands for relativistic pseudopotentials for metal
atoms.”” Densities of states are computed using the Pymolyze
program.*® The electron localizability indicator (ELI-D) values
are calculated by using DGrid-4.2 program suite,”' and the ELI
isosurfaces are plotted using the Gopenmol software.”

B RESULTS AND DISCUSSION

Geometries of Lower-Lying Isomers. The structures given
hereafter are labeled by XY.n for the anions, where X = I, I, III
stands for Ge, Sn, Pb and Y = A, B, C stands for Cu, Ag and Au,
respectively. While the shapes, point groups, electronic states,
and relative energies of the lower-lying isomers X;oM ™~ are
shown in Figure 1, the structures of the global minima X;,M
are given in Figure 2. The global minima of all copper doped
group IVA clusters at the anionic state X;oCu~ (X = Ge, Sn, Pb)
have high symmetry structure (D, Figure 1a). It is interesting to
see that the same structures D, are found to be the global
minima for neutrals X;,Cu (Figure 2). At the BALYP/LanL2DZ
level, the Ge—Cu bond length of the neutral Ge;(Cu is equal to
2.55 A, which represents the shortest distance as compared to
those of Sn—Cu (2.80 A) and Pb—Cu (2.86 A). Following
attachment of one excess electron, the distances of X—Cu of the
anion X;oCu are slightly shortened (d(Ge—Cu) = 2.52 A,
d(Sn—Cu) =2.75 A, and d(Pb—Cu) = 2.82 A), due to the closed
shell electronic configuration of the anionic systems.

Following replacement of Cu by heavier impurities Ag and Au,
the D,y structure becomes unfavorable for doped Ge clusters.
The C, structure IB.1 (Figure 1b) in which the Ag atom is doped
outside of the Gejq cage is found to be the global minimum for
GejpAg~ with 16.5 kcal/mol lower in energy as compared to the
D,y structure 1B.6. The structures IB.2 and IB.3 are the next
isomers with relative energies of 6.0 and 8.2 kcal/mol, respec-
tively. At the neutral state, a C, structure (Figure 2), which is a
lower symmetry of IB.1, is the global minimum for the neutral
Ge0Ag, while the D, structure is the next isomer with 10.7 kcal/
mol higher in energy.

For GejpAu  anionic clusters (Figure 1c), two structures,
including a D), structure IC.1 in which Auis located at center of a
Dysy, cage, and a C; structure IC.2 in which one Ge atom of the
Ge,, isreplaced by one Au atom are almost degenerate in energy.
The next isomer is a D, structure IC.3 that is 12.2 kcal/mol less

stable than the first one. Following detachment of one electron, a
C, structure (Figure 2) that is distorted from a high symmetry
IB.1 (Dsy,) under a Jahn—Teller effect, is found to be the most
stable isomer for the neutral Ge;pAu. Two structures, including a
C, structure and a D, structure (Figure 2) are also quite stable
with relative energies of 2.7 and 5.2 kcal/mol, respectively.

Let us note that the size of D, cages is smaller compared to
that of Dsj, counterparts. At the B3LYP/LanL2DZ level, the
Au—Ge bond length of IC.1 (Dsy,) is equal to 2.72 A and that is
larger than that of 2.64 A of IC.3 (Dy,). This difference is not
quite large but may be reason for why gold can be located at the
center of the Ds, cage, while similar structures of silver dopant,
which has a smaller atom radius, are not stable. Moreover, even
for the gold doped germanium clusters GelOAuO/ ~, there is a
competition between the endohedral IC.1 and exohedral IC.2
structures. Their difference in relative energies is quite small for
the neutrals GeoAu, and nearly zero for the anions Ge;pAu .
These clusters are less stable as compared to other endohedral
forms shown in the following sections.

Due to the larger size of the Sn; and Pby, cages, as compared
to the Gej cage, it is expected that Ag and Au impurities can be
encapsulated to form compact structures. Our calculations point
out that all clusters X;oM* ™~ with X = Sn, Pb and M = Ag, Au are
bicapped square antiprism structures (D,;) (Figures 1 and 2).
The X—M bonding lengths are slightly increased when moving
down from Cu to Au as shown in Table 1.

Binding and Adiabatic-Vertical Detachment Energies. To
probe the inherent stability of the anionic clusters considered, the
average binding energies (BEs), vertical (VDE), and adiabatic
(ADE) detachment energies of the lowest-lying X;oM” ™ iso-
mers are evaluated and compared to those of the pure dianionic
clusters X;o”~ (D). The average binding energies (BE) can be
defined as follows:

BE = [nE(X) + E(M) — E(X;)M)]/
(n+1)  forX, M (1)

BE = [nE(X) + E(M™) — E(X;oM )]/
(n 1) forX M @)

BE = [(n —2)E(X)

FOEX) — B )/n forXyy (3)
where E(X), E(M), E(X™), and E(M ™) with X = Ge, Sn, Pb and
M = Cu, Ag, Au are the total energies of the atoms at the neutral
and anionic states, respectively.

While the BE, ADE, and VDE values of the lowest-lying iso-
mers are given in Table 1, the plots of the BE values are illustrated
in Figure 3a. Compared to the X;oM systems containing 42
valence electrons reported earlier, namely BE(GeyZn) = 3.1 eV,
BE(SnjoZn) = 2.8 eV,” BE(PboMg) = 1.77 eV, and
BE(Pb,oBa) = 1.83 eV,"* the isoelectronic species X;oM ~ are
thus characterized by large BE values that ultimately indicate
their higher stability. Although the neutrals X;,M have somewhat
lower stability than the corresponding anions due to their opened
electronic shell, they also possess relatively high BE values.
Additionally, it can be seen from Figure 3a that the doping by
coinage metals (Cu, Ag and Au) results in increasing binding
energies of the impure clusters X;oM as compared to those of the
pure sz*.
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Table 1. Selected Geometrical Parameters, HOMO—LUMO
Gaps (HLG) (eV), Vertical (VDE) and Adiabatic (ADE)
Detachment Energies (eV), Embedding Energy (EE) (eV),
and Average Blndlng Energy (BE) (eV) of the Global Minima
X,;oMY "~ and X,2~

structure dv_n (A)* VDE’ ADE BE EE HLG
GeoCu (Dyg *A;)  2.552;2.662 647 298 3.18
GejoAg (C, *A) 2.830 6.36 278 1.02
GejpAu (C, *A") 2.720 6.76 2.82 146
Sn;oCu (Dygy *A;) 2.795;2.977 6.14 2.68 376
Sn10Ag (Dag *Ay) 2.880; 3.015  6.03 254 220
SnjoAu (D4 2A;)  2.883;3.019 593 265 333
PbioCu (D4, 2A;)  2.864;3.093 593 243 3.56
PbiAg (Dyg ’Ay) 29313117 5.84 233 247
PbioAu (Dyy %A;)  2948;3.131  5.72 243 3.53
GeoCu™ (D4 'A;)  2.520;2.849 3.06 279 315 510 248
GepAg™ (Cy, 'A) 2711 331 305 297 252 221
GejpAu~ (Dsy, 'A')) 2721 317 302 292 308 219

SnjoCu (Dyg, IAI)
SnloAg7 (D4dy lAl)
SnjpAu” (Dag 'Ay)
PbyoCu (D4d7 IAI)
PbioAg (Dag ‘A1)
PboAu” (Dyy 'As)

2.753;3.204 311 291 287 S5.80 239
2.845;3218 299 279 271 401 216
2.848; 3236 290 268 271 4.06 207
2.819;3.314 297 284 261 553 258
2.892;3.320 285 271 249 419 239
2.908;3.346 275 259 249 417 226

G61027 (Dsay lAl) 292 2.86
Sn1027 (Dyay lAl) 2.55 2.39
Pbyg*” (Dag 'Ay) 1.97 0.51

“ The first value is bond length between metal (M) and X atoms of cage
Xg. The second value is bond length between metal (M) and X atoms in
the C, axis. " Values of VDE, ADE, EE, and BE calculated at the
CCSD(T)/aug-cc-pVTZ-PP level. “"HOMO—LUMO gaps are obtained
at the B3LYP/LanL2DZ level.

Let us stress that the average binding energy (BE) is only one
of the energetic properties used to evaluate the stability of
clusters. It can be seen that the difference in BEs between
GeoX (X = Ag, Au) and Ge;(Cu is relatively larger than those
of the corresponding Sn;oX or Pb;oX clusters. For the neutral
state, the difference in BEs between Ge;(Cu and Ge;pAu is
0.16 eV (0.2 eV for Ge;oAg). This difference between Sn;oCu
and SnjpAu amounts to only 0.03 eV (0.14 eV for Sn;Ag),
whereas the BE of Pb;,Cu and Pb;Au is nearly the same. This
indicates a lower stability of the opened structure GejoAg as
compared to the packing structure Ge;oCu. The lower stability of
GejpAu can be understood from the larger size of the Dys, cage.
Similar observations can be found for the anionic clusters. For the
VDE and ADE values, it can be observed that the presence of
dopants forms similar trends in both the neutral and anionic
states. The VDE (and ADE for anionic clusters) values are
remarkably high, and only slightly decrease when moving down
from Cu to Au.

Embedding Energy (EE). Embedding energy is the energy
gain in incorporating a dopant M = Cu, Ag, and Au into a X,
cage (X = Ge, Sn, Pb) and defined as follows:

EE(X;oM) = E(Xy) + E(M)

— E(X1oM)  for a neutral X;oM

EE(X;oM™) = E(Xy0) + E(M™) —E(X;oM™)  forananion X;oM ™~
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Figure 3. Plots of (a) binding energies (eV), (b) embedding energles
(eV) and (c) HOMO-LUMO gaps of the global minima X1o0M” ™ and
X1~

where E(Xlo) is the total energy of the global minima X,
(C3v)

Embedding energy can thus be used for evaluating the stability
of endohedrally doped structures. The EE values of the global
minima X;oM at both neutral and cationic states are given in
Table 1, while the relevant plots are depicted in Figure 3b. At the
first glance, there exists a similar trend between the binding
energy and embedding energy values. The EE values of the
anions X;oM~ with closed electronic shells are considerably
larger than those of the open shell neutrals XIOM The embed-
ding energies of endohedral structures Ge 10Cu” ™ are found to
be remarkably large as compared to those of exohedral structures
GelOAg . In addition, the EE values of the clusters Ge oAu” ~
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are small with respect to those of the clusters Ge 10Cu”*. Tt seems
that the endohedral forms (Ds,) of GeoAu clusters are less stable
due to the large size of the Dy, cages. This result is consistent with
the previous finding that Ge;pAu is not an species with enhanced
stability in the series of small gold doped germanium clusters
Ge,Au."”” Our EE values also show that endohedral structures
D, exhibit remarkably larger values than those of exohedral and
Dy, structures.

HOMO—LUMO Gaps. The frontier orbital energy gaps (HLG)
can be considered as a measure of kinetic stability of chemical
compounds. A large HLG gap suggests a high reluctance of com-
pounds for chemical reactions. The HLG values of the closed shell
systems X;oM  are given in Table 1, their plots are displayed in
Figure 3c. Similar to the case of VDE and ADE values, Cu-doped
anionic clusters reveal the highest HLG values, which somewhat
decrease in going to Ag and Au. All anionic systems bear high
energy gaps as compared to those of systems previously reported
(HLG (eV) = 2.0 for Be@Ge;, 1.9 for Be@Sn,, 1.9 for Ge,¢Zn,
and 1.6 for Zn@Sny,),"* which lend a further support for their
enhanced stabilities. It is especial to note the energy gaps of the
doped Pb clusters Pb; oM~ (HLG =2.26—2.58 eV) are improved
substantially in comparison to their host Pby,>~ (HLG = 0.51 €V)

Electronic Structure and Chemical Bonding. As for a
prototypical case, an analysis of the MOs and their densities of
state (DOS) of the anion Ge;(Cu  are performed. While the
plots of total and partial densities of state (pDOS) for Ge;oCu
are shown in Figure 4, the plots of total DOS for all global minima
X;0M ™ and pure clusters X,02 " are given in Figure S.

MOs shape and their energy levels displayed in Figure 4
indicate that the 42 valence electrons of Ge;gCu (D) are
distributed in the followin§ electron configuration: [1a,%1b,’1e;-
42a121e241e343a124a122e2 2e342b223e242e145a12]. This corre-
sponds to the following energy sequence of electronic shell
model [18* 1P® 1D'® 1F* 28% 1F® 2P% 1F* 2P* 1G*]. The lowest
MO is an s-type valence orbital, being followed by three p-type
orbitals of the 1P® subshell. Due to a lowering symmetry of
GejoCu  (Dyy), the f-type valence orbitals are splitting into 2P
subshell and the nonbonding d-orbitals of copper. While orbitals
of 1S and 1P subshells are mainly composed of s-AO(Ge), an
interaction between s-AO(Ge) and d-AO(Cu) is found for the
1D-orbitals. The DOS plots also reveal that s-orbital of the 2S
subshell is a symmetric combination of 4s-AO and 4p-AOs of Ge
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Figure 5. Plots of total densities of states (DOS) of the global minima
X10M ™ and X;0> (X = Ge, S, Pb and M = Cu, Ag, Au).

and 4s-AO of Cu, whereas the presence of 4p-AOs of Cu actually
stabilizes the 2P subshell. It is remarkable that while the LUMOs
are only composed of p-AO(Ge), an important contribution
of s-AO(Ge) and d-AO(Cu) is found in the HOMO. As a
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Figure 6. Isosurfaces of p-ELI plots for Gel0OCu ™ at ELI values of
(a) 0.6 and (b) 0.8.

consequence, a large energy gap between frontier orbitals
emerges leading to a high stability of Ge;(Cu .

The plots of total DOS of the global minima X;,M ~ (Figure 5)
show that addition of a coinage metal dopant lowers the energy
levels of the mixed clusters, relative to the pure X,0>~ dianionic
cages. The shifting of energy levels of X;oM ™ consistently in-
creases in going from Cu to Au as dopant.

Electron Localization. An inspection of the electron localiz-
ability indicator (ELI),>® which is proved to be an effective tool to
probe the chemical bonding in organic compounds as well as in
transition metal compounds,34’35 is performed. Let us show an
analysis of the ELI of Ge;oCu . The isosurfaces of partial-ELI
distribution for this anion given in Figure 6 reveal that the green
localization domains arising from o-orbitals are distributed be-
tween Ge atoms. Consequently, they are responsible for bonding
between Ge atoms of the cages. The red domains composed of
sr-orbitals are distributed globally over Ge atoms of the cage and
is expected to be responsible for sT-aromaticity.

Three-Dimensional Aromaticity. Aromaticity is well recog-
nized as a measure of stability of chemical compounds. While
aromaticity of planar structures can be qualitatively probed by
using Hiickel rule of (4n + 2) valence electrons,®® the 2(N + 1)*
electron count rule, which is recently proposed by Hirsch et al.,*” is
proven to be an effective criterion for spherical structures. In the
latter counting framework, the 7z-electron system of fullerenes can
approximately be considered as a spherical electron gas which
surrounds the surface of a sphere (I;,). The wave functions of this
electron gas can be characterized by the angular momentum
quantum numbers (I = 0, 1, 2, 3, ...) that are comparable to the
atomics, p, d, f, ... orbitals. According to the classical Pauli principle,
if a spherical system bearing 2(N + 1)* 7r-electrons fully fills all
st-shells, it then is stabilized and exhibits an aromatic character.

Let us now consider the MO pictures of the global minimum
Ge;oCu shown in Figure 4. The valence orbitals of Ge;oCu ™
can be divided into two subsets, the first contains the MOs of the
shells 1S(A,, 0), 1P(B,, 0) 1P(E,, 0), 1ID(A,, 0) 1D(E,, 0)
1D(E;, 0) and 1F(A,, 0) 1F(E,, 0) 1F(E;, 0) 1F(E,, 0) and
1G(A,, 0) that are occupied by 34 o-electrons. The second
subset includes the MOs of the shells 2S(A,, 1), 2P(B,, 7r), and
2P(E,, ), which are occupied by 8 valence s-electrons. As a
consequence, this sr-electron system makes Ge;oCu  three-
dimensionally 77-aromatic satisfying the 2(N + 1)* count rule.
Similar systems of 8 valence 7T-electrons are also found as the
global minima of the clusters X;o0M , including Sn;oCu
SnjpAg, SnjpAu, Pb;oCu, PbjpAg , and Pb;pAu, and

accordingly, they also have a spherical 77-aromatic character.

Bl CONCLUDING REMARKS

In the present theoretical study, we perform a systematic
investigation on the coinage metal encapsulated group 14

clusters XIOMO/ "~ at the neutral and anionic states, including
X = Ge, Sn, Pb and M = Cu, Ag, Au. The global minima are
located using a stochastic search method. Except for the Ge;pAg,
the global minima of most XIOMO/ ~ systems considered are
endohedral structure with impurities encapsulated at the center
of Xjo cages. The calculated results reveal a high stability of
systems having large frontier orbital energy gaps, high vertical
and adiabatic detachment energies, large embedding and binding
energies. These predictions are in good agreement with available
experimental results for enhanced stability of the X;oCu clusters
with X = Sn and Pb. Electronic structure and chemical bonding of
the global minima are also considered using density of states
(DOS) of molecular orbitals, and topology analysis of the
electron localizability indicator (ELI). The global minima with
D, structure turn out to be magic clusters that can be rationa-
lized in terms of their high spherical aromaticity. We would hope
that appropriate experimental studies probing these enhanced
stability systems could be carried out in a near future.
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