THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCC

Doping the Superatom with p-Elements: The Role of p-Block
Endohedral Atoms in Bonding and Optical Properties of
E@Au,,(SR),s (E = Si, Ge, Sn, and Pb) from Relativistic DFT

Calculations

Johanna Camacho Gonzalez' and Alvaro Mufioz-Castro™

"Facultad de Filosofia y Humanidades, Universidad de Chile, Avenida Capitan Ignacio Carrera Pinto 1025, Nufioa, Santiago 7800284,

Chile

T'Grupo de Quimica Inorganica y Materiales Moleculares, Universidad Autonoma de Chile, El Llano Subercaseaux 2801, Santiago

8910060, Chile

$Doctorado en Fisico Quimica Molecular, Universidad Andres Bello, Avenida Republica 275, Santiago 8370146, Chile

© Supporting Information

ABSTRACT: Expanding the versatility of well-defined
clusters seeking distinctive physical and chemical behavior in
a rational manner is a relevant issue in the design of functional
nanostructures. Superatomic clusters through the prominent
Au,s(SR) s aggregate offer an ideal template and robust
framework to gain understading of the different behavior
gained by the inclusion of different endohedral dopant atoms.
Our results allow to gain more insights into the role of group
XIV elements for both optical and bonding, revealing
characteristic patterns to be expected in their low-energy
UV-spectrum. The bonding shows an extension of the regular
s-type interaction observed in [Au@Au,,(SR);s]” to a more
extended and covalent interaction given by s- and p-type
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interaction when the central atom is replaced by a group XIV elements, which can be expected of other endohedral p-block
elements. In addition, the role of the spin—orbit coupling into the electronic and optical properties is discussed in terms of the
new selection rules required by such regime. The characteristic optical and bonding patterns resulting from the p-element
endohedral doping of the Au,5(SR);5 superatom shed light into the rational variation of the molecular properties upon inclusion

of an endohedral p-block element.

B INTRODUCTION

The considerable interest in gold nanostructures is driven by
the fact that these aggregates can serve as efficient building
blocks for functional nanomaterials displaying unique physical
and chemical behavior.' ™' Their novel properties lead to
promising applications in catalysis, sensing, and biomedicine
among others.”™'® Efforts on the understanding of stable gold
clusters have been devoted to the rationalization of their
structural and electronic properties, where numerous theoreti-
cal and experimental'’ > efforts seek the obtention of novel
displaying special electronic, optical, and structural properties.

For the last decades, development of synthetic strategies for
ligand-protected (LP) gold clusters has led to a plethora of
interesting structures,' >’ reaching atomically precise sizes.
Such systems are generally composed by a finite number of
atoms exhibiting a discrete electronic structure resulting from
the inner metallic core protected by several stabilizing groups
such as thiolate and phosphine ligands or capping metallic
aggregates, among others.”>*™>° In particular, thiolate-pro-
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tected gold nanoclusters have been extensively developed
owing to the resulting strong gold—gold and gold—sulfur
interactions, which yield structures that are stable against
degradation.”””*The stability of the overall cluster originates
from the electronic and structural states of the metallic core
with a magic number of valence electrons (ve) according to the
superatom concept.6’17’3’1_33

Auy(SR);3 is one of the most prominent members
displaying a high stability owing to both geometric and
electronic factors. X-ray crystallography has shown an
icosahedral Auj; core surrounded by a protecting layer
composed by six dimeric Auy(SR), staple units.” The central
core is formed by an endohedral gold atom embedded into a
deltahedral Au,, cage, formally displaying 8-ve according to the
electron count rules given by Hikkinen and co-workers.”"”
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Table 1. Selected Geometrical Parameters, CShM Values in Relation to a Perfect Icosahedral Au;, Cage, Charge Analysis
(Hirshfeld) for the Endohedral Element (E), for the Inner Core (E@Au,,), and the Protecting Layer (PL), HOMO—LUMO
Gap, and Contribution from the Endohedral Atom (E) to Frontier Orbitals

CShM charge
RAu,,Cage R.Au;,Out cage E E@Au,, PL H-L gap %E HOMO %E LUMO

[Au,,(SMe) 4> 2773 5.141 0.17 0.1 -2.11

[Au@Au,,(SMe) 5]~ 2.854 5.106 0.12 0.01 0.22 -1.22 1.205 14.7% 5.4%
[Si@Au,,(SMe) 5] 2.839 5.129 1.90 -0.15 0.74 126 1135 8.8% 0.0%
[Ge@Au,,(SMe),5]** 2.858 5.072 0.33 —0.10 0.81 1.19 1.13§ 12.1% 6.0%
[Sn@Au,,(SMe) 4]>* 2.928 5.094 0.87 —0.09 0.69 131 1.048 16.1% 4.1%
[Pb@Au,,(SMe),]** 3.012 5.096 1.02 —0.0S 0.63 1.37 0.968 22.7% 11.5%

These 8-ve fulfill the closure of s and p superatomic electronic
shells, reaching a 1s*1p® electronic configuration with excep-
tional stability in its anionic [Au,s(SR),s]” form. Therefore,
such superatoms can be viewed as an analogous to noble gas
atoms, being exceptionally stable owing to the shell-closing
electron count.”*

Optical properties of thiolate-protecting gold clusters have
been explored in great detail, offering experimental evidence to
characterize and distinguish between different gold clusters, ™
leading to promising applications as optical, chiroptical,
photoluminescent molecular devices.”® Such properties reflect
the fascinating size-dependent behavior which originates from
the inner metallic core embedded in the protecting layer. From
the superatomic approach, the observed properties are nicely
rationalized in terms of superatomic shells, which facilitate a
deeper understanding and comparison along different gold
nanoclusters®® in nuclearity and shape.

The evaluation of stable gold clusters in relation to their
structural and discrete electronic states,”'®*"*>*” has con-
tributed largely to rationalize their behavior gaining a
fundamental understanding of novel clusters displaying out-
standing stability. In recent years, the inclusion of different
atoms within the Au,; core has been studied as a useful strategy
to expand the versatility of [Au,s(SR);5]7.>"**™** The effect of
the dopant atom has been observed to increase the stability
when the central gold atom is replaced by palladium and
platinum,*”** with promising catalytic activities. Cd and Hg
have been also explored, being located at the Auj, cage.38

By taking advantage of superatom concept, Jiang and co-
workers explored several elements as endohedral atoms
revealing a favorable ag%regation, with a subsequent change
in HOMO—LUMO gap.”* Thus, the M@Au,,(SR) template
is a prototypical and robust framework to gain understading of
the different behavior of the superatomic entity along different
endohedral dopant atoms.

Here, inspired by the work of Jiang and co-workers,”* we set
to gain a deeper understanding of the optical and electronic
properties variation by including group XIV elements (E = Sj,
Ge, Sn, and Pb) by using relativistic DFT methods.
Preliminarly, it is expected that these endohedral elements
expand the s-type concentric interaction observed in Au@
Au,y,(SR),g, originated between the s-atomic shell of the inner
atom and the Au;, cage, to both s- and p-type interactions,
when such elements are involved.

B COMPUTATIONAL DETAILS

Relativistic density functional theory calculations** were carried
out by using the ADF code,* incorporating scalar (SR) and
spin—orbit (SOC) corrections via the one- and two-component
ZORA Hamiltonians,*” respectively. We employed the triple-&

Slater basis set, plus two polarization functions (STO-TZ2P)
for valence electrons, within the generalized gradient
approximation (GGA) according to the Perdew—Burke—
Ernzerhof (PBE) exchange-correlation functional**’ because
of its improved performance on long-range interactions and
relatively low computational cost employed in similar clusters,
allowing a direct comg)arisons with other computational studies
of gold nanoclusters.”****~>* The frozen core approximation
was applied to the [1s?—4f'*] shells for Au, [1s*~2p°] for Si,
[1s2—3d"] for Ge, [1s>—4d'°] for Sn, [1s*—5d'°] for Pb, and
[1s*] for C, leaving the remaining electrons to be treated
variationally. Geometry optimizations were performed without
any symmetry restrain, via the analytical energy gradient
method implemented by Versluis and Ziegler.”” An energy
convergence criterion of 10~* Hartree, gradient convergence
criteria of 1072 Hartree/A and radial convergence criteria of
1072 A were employed for the evaluation of the relaxed
structures. Deviations of selected fragments from a perfect
icosahedron was evaluated by using the continuous-shape-
measure (CShM) software by Alvarez and co-workers.”* >

B RESULTS AND DISCUSSION

Selected average bond lengths and cage radii for the
isoelectronic series involving the [Au,,(SR);s]*” template,
[Au@Au,,(SR) ;4]7, and [E@Au,,(SR);]**, with R = Me, are
given in Table 1. The obtained structures (Figure 1) are in

Figure 1. Structural representation of the isoelectronic [Au@
Au,,(SMe);5]” and [E@Au,,(SMe),5]>" (E = Si, Ge, Sn, and Pb).

agreement to previous reports,”’ depicting a favorable
incorporation for group XIV elements. In comparison to
[Au@Au,,(SMe) 5], the radius of the icosahedral Auy, cage
decreases slightly for [Si@Au,,(SMe),s]*", which then
increases for Ge, Sn, and Pb clusters (Table 1). The endohedral
carbon counterpart exhibits a larger distortion of the C@Au,,
core owing to its greference to generate endohedral C@Au; or
C@Aug cores’’ (Supporting Information), leading to a
larger destabilization of the Au,,(SR);5 framework.”* Hence, in
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Table 2. Energy Decomposition Analysis for the Interaction Involving the Endohedral Atom and [Au,,(SR),s]*™“

@ Au Si
AE,, 127 22.6
AE,; —906.1 34.5% —1675.5 75.9%
AE —1667.7 63.4% —526.1 23.8%
AE,.; 11819 89.7
AEg, -55.5 2.1% —6.7 0.3%
AF, —1447.5 —21186

int

“Values in kcal-mol™".

Ge Sn Pb
17.4 354 394
—1629.8 71.3% —1390.3 66.9% —1417.9 66.8%
—648.0 28.3% —679.5 32.7% —694.4 32.7%
80.4 127.8 1249
—7.88 0.3% -9.9 0.5% —-11.5 0.5%
—2208.3 —1951.9 —1998.8

the following, [C@Au,,(SMe) 5]™ is not further discussed in
order to focus on the E@Au,, core based clusters given by the
Si, Ge, Sn, and Pb series. Interestingly, different positions of the
doping element appears as possible isomers of [E@
Au,,(SMe),5]** which according to our preliminary calculations
lie in a narrow range of 15 kcal'mol™ for a dicationic singlet
ground-state. This observation calls to an extended exploration
of different overall charges and spin-multiplicity states in order
to rationalize the mechanism underlying the preference for
doping multiple sites in the Au,5(SR);5 structure, followed by a
detailed study as developed below for [E@Au,,(SMe),s]*".

From Si to Pb, the E@Au,, cage radius varies from 2.839 to
3.012 A due to the increasing atomic radii for heavier
counterparts. In contrast, the external gold atoms forming the
protecting layer (staple gold atoms) trend to decrease its
distance to the center showing a smaller radius for Ge, Sn, and
Pb, in comparison to [Au@Au,,(SMe)s]”. The structural
distortion from the relaxed geometry for the hollow
[Au,,(SR);5]* template, accounts for the destabilization effect
upon inclusion of the endohedral atoms, given by the
preparation energy on Table 2. For [Au@Au,,(SMe) 5]~, the
structural changes leads to a destabilization of about 12.7 kcal-
mol ™. For silicon, the structural modification of the cage driven
by the small atomic radius for silicon decreases the averaged
Auy, cage radius from 2.854 to 2.839, in comparison to that of
the gold counterpart. This results in a destabilization of about
22.6 kcallmol™.. In the endohedral germanium cluster, a
destabilization of 17.4 kcal‘mol™! is obtained, which rises to
354 and 394 kcal'mol™ for the Sn and Pb analogues,
respectively.

In order to account for the structural modification required
for allocate group XIV elements as an endohedral atom in the
Auy, cage, we also employed the continuous-shape-measure
(CShM) approach®**® developed by Alvarez and co-workers,
to further quantify the departure from the icosahedral structure.
The values of CShM (Table 1) are close to zero for a structure
which is fully coincident with the reference polyhedron, an I,
polyhedra in our case, evolving to larger values when the
structure is more distorted. For [Au@Au,,(SMe);3]”, the
deviation of the Au,, cage from a perfect icosahedron is smaller
in comparison to the hypothetical hollow [Au,,(SMe),s]*~
structure (CShM = 0.12 versus 0.17, respectively), suggesting
that the inclusion of the endohedral gold atom favors a more
symmetrical disposition of the cage gold atoms. The inclusion
of Si leads to a larger distortion from the icosahedral symmetry,
accounted for by the CShM = 1.89 parameter, which is reduced
to CShM = 0.33 in the germanium counterpart. Then, the
distortion increases slightly in Sn and Pb, with CShM values of
0.87 and 1.01 respectively. For comparison, the relaxed
structure obtained for [C@Au,,(SMe) s]**, exhibits the larger
distortion (see above) from the expected icosahedral Auy, cage
(CShM = 4.59) owing to its preference to form C@Aug cores
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as discussed above and showed in the Supporting Information.
The involved preparation energy to form [C@Au,4(SMe),5]*"
amounts to 41.0 kcal mol™.

Atomic charges were obtained using the Hirshfeld charge
analysis method®"®” to estimate the charge distribution along
the isoelectronic [E@Au,,(SMe),3]** clusters, in order to
analyze the effect of the endohedral atom. The central E@Au,,
structure exhibits charges from 0.22 au for the Au counterpart,
which becomes more positive for the group XIV elements. The
difference in the overall charge from —1 to +2 in [Au@
Au,,(SMe),s]” and [E@Au,,(SMe),5]**, respectively, is mostly
accounted for by the variation of the electron charge in the
staple motif layer. As a result, the ligand protected layer exhibits
a charge of —1.22 au in the gold counterpart, which decreases
to about +1.2 au for Si, Ge, Sn, and Pb systems. Interestingly,
this behavior suggests that the inner core becomes more
electron-acceptor going down in the group, attracting more
charge from the external Au;,(SMe),s protecting layer.

In terms of the electronic structure, the variation from an
endohedral Au atom to a group XIV element is schematically
given in Figure 2. The superatom model®****** rationalize the

2s
| g— —-—== lf\——— np
1d —/—— - 1d2s
6s -
N + 44 H 4 Group XIV
Au lp lp element
) ns
Is ‘#
+ 1s

[Au@AuN(SMc)IX]l' [E@Au24(SMc)]8]2+

Figure 2. Schematic representation of the electronic structure for
[Au@Au,,(SMe);5]™ and [E@Au,,(SMe),s]** (E = Si, Ge, Sn, and
Pb), highlighting the endohedral atom interaction.

particular stability of [Au@Au,,(SMe);s]” in terms of the
electronic shell-closing situation. Formally, the inner Au@Au,,
core exhibits 8 valence electrons according to the electron
count rules given by Hikkinen and co-workers,’ fulfilling the 1s
and lp superatomic shells in its [Au@Au;,]*>* form. The
LUMO is composed by theld shell, which is split by symmetry
in 2- and 3-fold levels. The 1f shell is given by a 3-fold level
owing to group-theory reasons.”> From Figure 2, the main
bonding situation between Au and Au,,@(SMe)q is given by
an s-type interaction involving both 6s-Au and 1s superatomic
shell of [Au,,(SMe),5], leading to the overall 1s-[Au,s(SMe);s]
shell of bonding character. In addition, the complementary
antibonding 2s combination is also formed, which remain
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unoccupied above the superatomic 1d and the respective part of
the 1f shell.

Similarly, the E@Au,, cores bear eight valence electrons in
[E@Au,,]*" form, which is the driving factor for the positive
charge in the protecting staple motif layer discussed above.
Owing to the ns and np atomic shells available for E elements,
the bonding situation is given by both s- and p-type interactions
in the 1s and 1p superatomic orbitals. A consequence of the
inclusion of a more electronegative element, the s-shells are
more stabilized resulting in a 1s shell with a lower energy,
which in turn stabilizes the 2s shell now located between both
1d levels. Hence, the location of the 2s shell is the main
difference between Au and E, in terms of electronic structure.

The variation of the electronic structure depicting the
superatomic orbitals is given in Figure 3. The HOMO—-LUMO

v %% === :E: —== === ===
sl T

-N-ﬁ--ﬂ- 44 A A

HHHH

Au Si Ge Sn Pb

Figure 3. Electronic structure for the studied compounds at the scalar
relativistic (SR) level of theory. Gray box depicts the “Sd-block”.

gap varles in agreement to the previous work of Jiang and co-
workers,”* showing a decrease from Si- to Pb-doped systems.
The gap obtained for the silicon counterpart is smaller than that
described for [Au@Au,,(SMe)5]~ amounting to 1.135 eV and
is similar to that of the germanium endohedral structure. For Sn
and Pb, such gap decreases to 1.048 and 0.968 eV, respectively,
denoting the possibility of fine-tuning for the electronic
structure in the studied isoelectronic series. The involved
frontier orbital given by 1p and 1d superatomic shells, are
composed in about 14.7 and 5.4% from the endohedral gold
atom in [Au@Au,,(SMe)5]”. The contribution from the group
XIV endohedral atom for the HOMO (1p), increases from 8.8
to 22.7%. Similarly, the LUMO (1d) exhibits an increasing
character from the central atom going to 0.0 to 11.5%, going
down in the group.

Thus, for the heavier counterpart, namely, [Pb@
Au,,(SMe)5]**, the HOMO and LUMO are contributed to
in a larger amount by the endohedral atom, suggesting its larger
influence in observable molecular properties involving frontier
orbitals, such as optical and redox properties. Hence, in the
Auy,(SR),5 framework, a heavier doping central atom

contributes involves a stronger p-type concentric bonding in
the HOMO.

To further explore the nature of the interaction energy (E,,)
between the endohedral atom and the cage, we performed the
energy decomposition analysis (EDA) within the Morokuma—
Ziegler scheme,"*™*° for leading to different chemically
meaningful contributing terms according to

AE,, = AE,, + AE

elstat + AEc]isp + AEPaluli

Here,” stabilizing AE,, term refers to the electrostatic
character of the interaction, which is obtained by considering
each defined fragment (namely, A and B) in its unperturbed
(frozen) electron density as isolated species (¥,¥y). Next, the
repulsive AEp,; term accounts for the four-electron two-orbital
interactions between occupied orbitals, which is calculated from
the energy change in the process of antisymmetrization and
renormalization of the overlapped fragment densities (¥, =
NA{¥,%;}). Finally, stabilizing AE 4, term obtained when the
densities of the constituent fragments relax into the final
molecular orbitals (¥,5) accounts for the covalent character of
the interaction. In addition, the pairwise correction of
Grimme®” (DFT-D3) allows us to evaluate the dispersion
interaction (AEg,,) related to London forces. To overcome
basis set superposition error (BSSE), the counterpoise method
was employed.

The relative contribution of the stabilizing terms given for
the Au(I) + [Au,,(SR)3]*~ = [Au@Au,,(SR),z]™ and E(IV) +
[Au,u(SR) ;5] = [E@Au,,(SR)s]*" processes, given by
AE, AEguy and AEg, accounts for the overall character
of the interaction. For the series, the AE, term contributes in
a smaller extent, in the range from 0.3 to 2.1% of the overall
stabilizing terms. In [Au@Au,4(SMe),5]”, the interaction
exhibits an electrostatic character (63.4%), with a lower amount
(34.5%) of covalent character. Interestingly, for the group XIV
endohedrals, the covalent character becomes more relevant in
agreement to the s- and p-type bonding interactions depicted
above versus the single s-type interaction in the gold
counterpart. Going down in the group, the covalent character
decreases from 75.9 to 66.8%, due to the contribution from the
5d-block

The AE,4 term can be further studied through the energy
decomposition analysis with natural orbitals for chemical
valence®®™ " (EDA-NOCV). The inspection of the deformation
densities from the NOCV analysis depicting the in- and out-
flow of charges between the E(IV) and [Au,,(SR)s]*~
fragments reveals characteristic patterns for concentric s- and
p-type bonding interactions. As representative example, the
relevant deformation densities for [Sn@Au,4(SR),s]*" are given
on Figure 4.

Figu
for [Sn@Au,,(SMe) 5]**. See Table 3.
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re 4. Deformation densities obtained from the natural orbital for chemical valence approach, accounting for s- and p-type bonding interactions
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Table 3. Results from Energy Decomposition Analysis with Natural Orbitals for Chemical Valence (EDA-NOCV) Accounting

for s- and p-Type Interactions”

@ Au Si
s-type —62.6 6.9% —406.7 24.3%
px-type —21.8 2.4% —237.8 14.2%
py-type -21.8 2.4% —246.1 14.7%
pz-type —21.8 2.4% —216.5 12.9%
R« —778.1 85.9% —568.3 33.9%

Ge Sn Pb
—48S8.7 29.8% —361.6 26.0% —477.2 33.7%
—226.7 13.9% —198.1 14.2% —180.3 12.7%
—-2159 13.2% —186.7 13.4% -167.1 11.8%
—-211.2 13.0% —-171.2 12.3% —165.3 11.7%
—490.3 30.1% —472.7 34.0% —428.0 30.2%

“Values in kcal'mol™". In addition, the percent contribution to the overall orbital energetic term is given.

The associated stabilization energy for the s- and p-type
interactions are given on Table 3. For Au, the s-type interaction
contributes with —62.6 kcal-mol™ to the overall AE_, term
(6.9%), followed by —21.8 kcal'mol™ per each p-type
interaction involving a charge donation to the 6p-Au atomic
orbital (2.4% each). The remainder contribution to AE,,
(=778.1 kcal-mol™") is given by several smaller terms.

In Si, the stabilization from the s-type interaction raises up to
—406.7 kcal'mol™', accounting for 24.3% of the orbital
interaction, which is larger for Ge (—485.7 kcal-mol ™,
29.8%) and Pb (—477.2 kcal'mol™!, 33.7%). For Sn, the
contribution to the stabilization decreases to —361.6 (26%).
Thus, the order Ge > Pb > Si > Sn is found for the stabilizing s-
type interaction, which agrees with the stabilization of the 1s
superatomic orbital of the overall [E@Au,,(SR)]** structure
(Figure 3). The p-type interaction is more relevant for the
group XIV endohedrals, which rises from —21.8 to about —200
kcal-mol™" (~14% of AE,;) from the Au to E (E = Si, Ge, Sn,
and Pb) counterparts. The contribution decreases going down
in the group, suggesting that a larger participation of E to
HOMO (vide infra) leads to a lesser stabilization of such
interaction.

The optical properties of gold nanoclusters provides useful
information in explorative synthesis, allowing a initial character-
ization prior to mass and X-ray analysis.”> In order to unravel
possible characteristic patterns for group XIV endohedral
counterparts, we calculated their optical absorption spectra
(Figure 5). As has been discussed previously, [Au@
Au,,(SR) 5]™ exhibits a first low-energy electronic transitions
involving both HOMO and LUMO, which is ascribed to a 1p
— 1d transition (Table 4). Such transition is calculated at 1.41
eV, consistent with recent theoretical analysis.”® The second
peak observed at 2.19 depicts a combined 1p — 1d and “5Sd-Au

[Au@Au,,(SR) ]

[Si@Auy,(SR),5]*"
[Ge@Au,,(SR), > /

[Sn@Au(SR) - N/ -

Oscillator Strength

[Pb@Au,(SR),]°/

0.0 ' 1.0 2.0 3.0

Photon Energy (eV)

Figure S. Calculated low-energy absorption spectra for for [Au@
Au,,(SMe);]” and [E@Au,,(SMe);s]** (E = Si, Ge, Sn, and Pb), as
obtained from SR calculations.

block” — 1d transition and a third peak at 2.49 eV with a main
“Sd-Au block” — 1d character.

For [E@Au,,(SMe),s]**, several features are observed in the
low-energy region. In comparison to the gold counterpart, two
extra peaks are described between 1.5 and 2.0 eV, which are of
1p = 1d and “5d-Au block” — 1d character, with a lesser
contribution of a 1p — 2s transition. In overall, we found that
the 1p — 1d transition is more allowed than the respective 1p
— 2s, by comparing the dipole transition moment generated
for a single transition of about 1.30 au and 0.05 au, respectively.

A detailed analysis of the calculated absorption spectra
(Table 3) reveals that for the systems with 2s located close to
the 2-fold part of the 1d superatomic shell, namely, Ge and Pb,
the first peak exhibits a combined 1p — 1d and 1p — 2s
character, whereas for Si and Sn, the second peak compromise
the 1p — 2s transition. In addition, the calculated optical
spectrum of [C@Au,,(SR) x]*" is given in the Supporting
Information, displaying a different peak pattern owing to the
large distortion of the C@Au,, core (see above).

The inclusion of the spin—orbit coupling causes the splitting
of the atomic levels with / > 0, due to coupling of / and s for
each electron. In this sense, total-angular momenta j
(j=1=+s) are employed to designate the atomic or
superatomic spinors, instead of the pure orbital angular
momentum (/) atomic orbital representation. This effect has
been accounted for the 18-ve cluster W@Au,,,”'~"* among
other superatomic clusters,"”’> where the 1p® and 1d'°
superatomic shells splits into 1p;,> @ 1ps,* and 1d;,* @
1ds),°, respectively.

Consequently, the electronic configuration for [Au@
Auy,(SR);5]7, given by 1s* 1p° can be depicted as Is,),*
1py/,* 1ps),*, under the spin—orbit regime (Figure 6), leading
to a splitting of &¢o'P = 0.17 eV (spin—orbit constant) for the p-
shell. Jiang and co-workers®® have shown the consequences on
the absorption spectrum for the spin—orbit effect on such
cluster, resulting in a splitting of the first 1p— 1d peak, due to
the presence of 1p,/,, — 1d and 1p;;, — 1d transitions.

The optical spectrum under the spin—orbit coupling (Figure
7) is consequently ruled by the new selection rules raised by the
use of susperatomic spinors, instead of pure orbital representa-
tions."”’*”” The comparison between the dipole allowed
transitions is given on Table 5, which are generated in terms
of superatomic orbitals. In the scenario neglecting the spin—
orbit coupling, a 1p — 1d and Ip — 2s transition leads to
electric dipole (ui, with i = x, y, z) symmetry allowed transitions
with a polarization compromising the three axis (/,tx’y‘z). For
transitions from 1p,,, and 1lp;,, toward 1ds/, 1ds),, or 2s,,
different polarizations are allowed (Table 5).

The 1p® HOMO for the studied series splits into 1p;/,* @
1ps/,", separated by 0.16 eV (&5'F) for silicon, which is latter
reduced along the series due to a trend to shift the order to
1ps;* @ 1p, 5% as observed for Sn counterpart. As result, for
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Table 4. Dipole Allowed Transition and the Respective Oscillator Strength (f) for the Studied Clusters Obtained at the Scalar

Relativistic Level of theory

E (eV) f character
1.41 0.063 1p—1d
[Auys(SMe)]~ 2.19 0.108 Ip — 1d + “5d-Au block” — 1d
249 0.196 “Sd-Au block” — 1d
1.32 0.037 1p —» 1d
[Si@Au,,(SMe) 51> 1.87 0.068 Ip—> 1d+1p - 2s
2.04 0.043 Ip - 1d
1.41 0.064 Ip—> 1d+1p = 2s
[Ge@Au,,(SMe),5]** 1.82 0.054 1p — 1d
2.05 0.053 1p — 1d
128 0.054 Ip—1d
[Sn@Au,,(SMe) x> 1.79 0.080 Ip = 1d+ 1p — 2s
1.97 0.076 Ip—1d
1.24 0.105 Ip—> 1d+ 1p = 2s
[Pb@Au,,(SMe),5]** 1.68 0.059 1p - 1d
1.94 0.079 Ip—1d
eV 1d o . Ge, Sn, and Pb, the £55'P is calculated to be 0.13, 0.07, and 0.08
e e eV.
28, — Similarly to the absorption spectrum calculated by Jiang and
8 Idy, —— T —— - co-workers, taking into account the SOC, for the studied series
Ip | the splitting of related peaks is also observed. In Figure 7, the
9 lpm It R TR e bl spectrum at both scalar relativistic (SR, neglecting SOC) and
12 ‘

Au Si Ge Sn Pb

Figure 6. Frontier electronic structure for [Au@Au,,(SMe)5s]~ and
[E@Au,,(SMe),5]** (E = Si, Ge, Sn, and Pb) denoting the respective
superatomic shells according under the spin—orbit coupling regime.

Au /\/\ /\/N
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Photon Energy (eV)
Figure 7. Calculated low-energy absorption spectra for for [Au@
Au,,(SMe),5]™ and [E@Au,,(SMe),5]** (E = Si, Ge, Sn, and Pb), as
obtained from spin—orbit calculations. For comparison, the obtained
spectrum neglecting SOC is given in the background.

Table 5. Comparison of the Selection Rules for Dipole
Allowed Transitions in Terms of Superatomic Orbitals”

SR
- 2s 1d
Ip Hayz My
SOC
- 2812 1dy) 1ds/
Ips/ My He Hiy,e
1piy Hyyz Hay Hyyz

“Scalar relativistic (SR) and spin-orbit (SOC) relativistic level of
theory are shown.

SOC levels are compared, where the first peak splits into two
peaks. This is more pronounced for the Au, Si, and Ge
counterparts, where £5o'P ranges from 0.17 to 0.13 eV. For Sn
and Pb, such peaks coalesce into a single one owing to the
smaller £5'P depicted above. In addition, transitions involving
the 1p superatomic shells, also split as can be observed for the
second peak described from SR calculations.

Bl CONCLUSIONS

The optical properties of a series derived from relevant gold
nanoparticles given by Au,s(SR);5 can be tuned efficiently by
varying the nature of the central atom. By moving from Au to a
p-block endohedral element (E = Si, Ge, Sn, and Pb), a
variation of the absorption spectrum is estimated by the
modification of frontier levels, owing to the contribution from
the novel 1p — 2s transition. Thus, a characteristic pattern
owing to the variation of optical properties is expected. The
bonding in the p-block endohedral structures shows an
extension to the regular s-type interaction observed in [Au@
Auy,(SR)g]7, leading to a more extended and covalent
interaction involving effectively both of s- and p- shells,
which can be expected to other endohedral p-block elements.
This can be a useful approach in the fine-tuning of such
properties, revealing the role of the p-elements into the frontier
levels and bonding and optical properties. Moreover, the
inclusion of the spin—orbit coupling modifies the absorption
spectrum, resulting in a different variation between the studied
series. The characteristic optical and bonding patterns resulting
from the p-element doping of superatoms, as given here, shed
light into the variation of the molecular properties according to
the involved atom as an endohedral doping element.
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