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Engineering magic number Au,;9 and Au,qo cage
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Gold cages are a subset of gold nanoparticles and these structures are of major interest due to their
favourable physiochemical properties. In order for these structures to be useful in applications, they
must be chemically stable. The objective of this research is to transform non-magic number cage
structures into magic number cage structures by the addition of electron-withdrawing groups on the
cages. The electronic properties for Au;gX and AuygX, (X = F, Cl, Br, 1) are calculated and observed. It is
expected that the electron-withdrawing groups will remove the electron density from the gold cages
and leave them positively charged. We first optimize the geometries of the initial gold cages and verify
the structures are a local minima. From there, we attach our halogens to the gold cages and optimize

Received 9th February 2023, the structures to determine the NICS values and HOMO-LUMO gaps. NICS values were found to be

Accepted 13th April 2023 more negative when a more electronegative halogen was used. Calculations have found that Au;oF and
AuyoF, have the most negative NICS values, indicating greater spherical aromaticity. lodine, being the

least electronegative atom, had the most positive NICS value and smallest HOMO-LUMO gap. All calcu-
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Introduction

Small gold nanostructures are of considerable interest in the
fields of nanoscience and nanotechnology. Viewed as elemen-
tary building blocks for the construction of nanoarchitectures,
these species have become optimal candidates in a broad range of
applications including electrochemistry," quantum electronics,’
and heterogeneous catalysis.> With diameters ranging from sub-
nanometer to approximately 2 nm,** they exhibit novel properties
resulting from unique atomic packing and strong quantum effects
that differ significantly from gold nanostructures in the 5-100 nm
range, and from bulk gold.® Their properties can be fine-tuned by
altering characteristics such as the size, shape, and composition
of the nanostructure.” "

Compact gold nanostructures can be qualitatively described
by the jellium model.'* The discrete orbitals are labeled 18,
1P, 1D + 28, 1F + 2P. .. and have stable configurations of valence
electrons (2, 8, 20, 40...) that differs from the atomic series
(2, 10, 18, 36...)."** In gold nanostructures, each gold atom
contributes one 6s valence electron that moves freely through-
out the structure'® and it has been shown that compact gold
structures with 2, 8, 20, and 40 gold atoms have special
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lations are compared to the magic cluster Aug which satisfies Hirsh's 2(N + 1)? rule for n = 2.

electronic and chemical stability."®'”'® In particular, it is

well-established that the minimum energy Au,, structure is
the (compact) tetrahedron, Au,,(T4).*® We obtained initial Au;o
and Au,g compact structures by removing one and two corner
gold atoms from Auy,o(Ty).

For cage structures, only the highest angular momentum is
relevant. The discrete orbitals are labeled 1S, 1P, 1D, 1F... and
have stable configuration of valence electrons (2, 8, 18, 32...)
and it has been shown that cage structures with 18 and 32 gold
atoms have special electronic and chemical stability."” Of
relevance to our paper, there is strong experimental evidence
of (anionic) gold cage structures with 16, 17, and 18 atoms in
the gas phase.'® Also of relevance is a computational study
which showed that, for Au,g, the compact truncated tetrahedral
structure transitioned to a cage structure during soft-landing
onto a Ti0,(110) surface.*”

Although used frequently in current scientific literature,
aromaticity is a concept with no single, universally accepted
definition despite dedicated research into the topic spanning
over centuries.”"?* Previously, aromatic compounds were lar-
gely defined as planar ring systems that satisfied the 4n + 2n
electron rule.” In this work, aromaticity is defined as electron
delocalization in a closed circuit in either two or three dimen-
sions and is associated with extra stability within three-
dimensional molecules.>® Experimentally, electronic ring
currents in aromatic species are measured through nuclear
magnetic resonance (NMR).>>*” A long-standing and widely
accepted method for measuring aromaticity theoretically is the
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nucleus-independent chemical shift (NICS)*® due to its simpli-
city, efficiency, and easy computability. Specifically, "H NMR
chemical shifts are commonly used for characterizing aromatic
(and anti-aromatic) compounds,®® and this method proves
useful for three-dimensional structures as long as the chemical
shift is calculated at the center of the cage.?® These isotropic
NICS values correspond to the negative of the magnetic shield-
ing computed at the center of the cage and substantially
negative isotropic NICS values signify the presence of induced
ring currents which corresponds to high aromaticity. NICS
values therefore serve as a means to quantify the electronic
and chemical stability of small spherical gold cage structures.
While the correlation between electronic ring currents and
stability in aromatic compounds has been questioned regard-
ing organic®”*'*? and inorganic*® species, this work focuses
on the relationship between NICS values and the stability of
spherical gold clusters ranging in size from 18-20 atoms.

To overcome their high surface energy and prevent agglom-
eration, nanostructures should be stabilized via electrostatic
and/or steric means. Electrostatic stabilization is achieved
through the adsorption of ions to the nanostructure surface
and results in the repulsion of individual particles.’” Steric
stabilization is achieved by encompassing the metal core in
layers of materials that are sterically bulky, thus providing a
barrier which prevents close contact of the metal cores.>” An
added benefit to these stabilization methods is that the number
of valence electrons in the nanocluster can be adjusted by
selecting the appropriate ligand resulting in tremendous con-
trol of the physiochemical properties of the nanocluster.®® It
has been shown that, for charged and neutral clusters, the
relative stability among 3D isomers can change as a result of
the ligand stabilization effect.>*™** Although thiols are the most
popular and well-studied ligand for gold clusters," other com-
mon ligands include amines,** arynes,” phosphines,*® and
halides.*”*® In this paper, motivated by studies which use
electron withdrawing substituents to alter the stability of
organic molecules,*®° we use halides to stabilize small sphe-
rical gold cage structures.

Chemical hardness, a measure of the resistance to change or
deformation, is another property with an expected relation to
structural stability.>™® It is equal to the difference between the
ionization potential and the electron affinity. It has been shown
that the negative energy value of the HOMO is approximately
equal to the ionization potential, and the negative energy value
of the LUMO is approximately equal to the electron affinity.>*>°
Therefore, chemical hardness can be associated with the gap
between these two frontier orbitals, and it is expected that the
larger the HOMO-LUMO gap the more stable the nanocluster.

Here we report increased stability achieved for local minima
Auyo and Au,, cage structures through the adsorption of halo-
gens (X =F, Cl, Br, I) on the cage. In Au;oX and Au,¢X,, the gold
cage has a formal valence electron count of 18 and we show
these halogenated species exhibit stability analogous to Au,g, a
magic number cage structure that satisfies Hirsch’s 2(N + 1)
rule for n = 2. Specifically, we show that Au;oX and Au,,X,
have more negative isotropic NICS values and more positive
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HOMO-LUMO gaps than their unhalogenated counterparts.
We also show that, when the electronegativity of the ligand
increases (from iodide to fluoride), the stability of the ligated
cage structure increases.

All gold local minima isomers presented in this work were
adapted from Trombach et al.>® who constructed the spherical
gold cages using standard algorithms employed for the con-
struction of fullerenes.””™>° Bulusu et al.'® were successful in
identifying and analyzing golden cages via photoelectron
spectroscopy.

Methodology

Geometries for the six Au,g, Au;g, and Au,, cage isomers, as well
as the Au,g, Auyg, and Au,, compact structures, were initially
optimized via the CP2K software package®® using density func-
tional theory (DFT) with the Perdew-Burke-Ernzerhof (PBE)
exchange correlation functional® and the double-zeta valence
polarized (DZVP) basis set. To include relativistic effects, which
are large for gold, we used the Geodecker-Teter-Hutter (GTH)
pseudopotential,® and dispersion corrections were included
via the Grimme D3 approach.®® The Mulliken charge®* of each
gold atom was calculated to aid in the placement of the ligands.
Each charged and ligated cage was also optimized under
identical conditions prior to the subsequent steps. CP2K was
also used to calculate the structural energies and HOMO-
LUMO gap (in eV) of all bare and ligated species. While DFT
is known to underestimate HOMO-LUMO gaps, we can con-
fidently compare the computed HOMO-LUMO gaps to one
another. Next using the Gaussian 16 software package®® with
the PBE functional and the triple-zeta valence polarized (TZVP)
basis set, normal mode calculations were performed on all bare
and ligated cages to ensure the optimized structures were local
minima via the absence of imaginary vibrational frequencies.
To account for relativistic effects in Gaussian, the Def2TZVP
basis set was selected as it makes use of the Stuttgart Dresden
core potentials for elements heavier than Krypton. We then
computed the isotropic NICS value (in ppm) for each gold cage
structure. All structures were visualized with the aid of Chem-
craft software.®®

Results and discussion

Initially, DFT calculations were performed for six neutral Au;g
cage isomers (number in parenthesis denotes the number of
different isomers for that particular symmetry group):>®
Cy-Au;g (2), Dy-Ausg, D3g-Ausg, D3p—Auyg, and Dz-Augg. Visuals
of each optimized structure are located in Fig. S1 of the ESL¥
After confirming the isomers were local minima, the Au,s cage
structures were determined to have an average energy equal to
that of the neutral Au,g compact cluster, as oultined in Table S1
of the ESI.{ Next, HOMO-LUMO gaps and isotropic NICS values
of the six neutral Au,g cage isomers were computed and are
compiled in Table S2 of the ESIf along with the XYZ coordi-
nates. Since Au;g is a closed-shell cage structure with high
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stability, it was previously found, and confirmed in our calcula-
tions, to have a large negative NICS value, averaged at
—52.20 ppm. The average HOMO-LUMO gap for the six Au;g
isomers was determined to be 1.13 eV. Next, DFT calculations
were performed for six Au;, cage isomers:>® C,-Auis (3),
Cs-Auyo (2), and Csy-Au,g, each first with a neutral charge
and then with +1 charge. Visuals of each optimized neutral
structure are located in Fig. S1 of the ESL.{ After confirming the
neutral isomers were local minima, the Au;o cage structures
were determined to be higher in energy by an average of 0.46 eV
compared to the neutral Au,o compact cluster, as oultined in
Table S1 of the ESLt Next, the HOMO-LUMO gaps and iso-
tropic NICS values for the six Au,4 cage isomers were computed
and are compiled in Tables S2 and S3 of the ESI{ along with the
XYZ coordinates. In contrast to Auyg, Au,e (Which is an open-
shell system) exhibits less spherical aromaticity and stability,
observed through the average NICS value of +12.93 ppm and an
average HOMO-LUMO gap of 1.05 eV. The Auy,' cage structure
(which is isoelectronic to Auyg) has an average NICS value of
—49.56 ppm and an average HOMO-LUMO gap of 1.19 eV.
Finally, DFT calculations were performed for six Au,, cage
isomers:®® C,-Auyy, Dy-Auyy (2), Ci1-AUze, CsAlUy, and
D,4-Au,, each with a neutral, +1, and +2 charge. Visuals of
each optimized neutral structure are located in Fig. S1 of the
ESI.{ After confirming the neutral isomers were local minima,
the Au,, cage structures were determined to be higher in energy
by an average of 0.99 eV compared to the neutral Au,, compact
cluster, as oultined in Table S1 of the ESI.f This was expected as
the literature states the minimum energy Au,, structure is the
(compact) tetrahedron. Next, the HOMO-LUMO gaps and iso-
tropic NICS values for the six Au,, cage isomers were computed
and are compiled in Tables S2 and S3 of the ESI along with the
XYZ coordinates. The neutral Au,, structure exhibits an average
NICS value of +2.61 ppm and an average HOMO-LUMO gap of
0.66 eV. For Au,,", a significant increase in stability is observed
as the average NICS value decreases to —20.58 ppm and the
average HOMO-LUMO gap value increases to 0.71 eV. The
Au,,”>" cage structure (which is isoelectronic to Auyg) displays
greater aromaticity and stability with an average NICS value of
—38.18 ppm and an average HOMO-LUMO gap of 1.06 eV.
For the cationic structures, Au;" and Au,,>', electronic
stabilization is achieved through the adsorption of halogen
anions (X =F, Cl, Br, I") on the cage. The location of each
halogen was decided through analysis of the Mulliken charges
for the gold atoms in the bare structures. Specifically, halogen
atoms were placed at the most positive gold atoms for each gold
cage. Visuals of isomer 1 optimized halogenated structures for
Auy X and AuyeX, are located in Fig. S2 of the ESLi For
comparison, the optimized Au;g, Au;9Cl, and Au,,Cl, structures
are displayed in Fig. 1. The HOMO-LUMO gaps and isotropic
NICS values for each of the six isomers for Au;oX and Au,yX, are
compiled in Table S4 of the ESIf along with the XYZ coordi-
nates. The average isotropic NICS values and HOMO-LUMO
gaps for Au;0X and Au,oX, are displayed in Fig. 2 and given in
Table S5 of the ESIL.+ While all are 18 electron species, each Au;o
halogenated structure has greater spherical aromaticity and a
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Fig. 1 From top to bottom: Auig, AuioCl, and Au,oCl, cage structures.
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Fig. 2 Average (over structural isomers) spherical aromaticity and
chemical hardness trends for the halogenated Auj;oX and Au,oX, cage
structures.

larger HOMO-LUMO gap than its Au,, halogenated counter-
part. In comparison to the closed-shell Au,g cage structures,
with an average NICS value of —52.20 ppm, the average NICS
values for the Au;¢X species are —43.44, —41.46, —40.01, and
—38.33 ppm for Au,oF, Au;oCl, Au,oBr, and Au,.l, respectively.
The average NICS values for the Au,¢X, species are —31.82,
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—26.53, —26.43, and —25.79 ppm for Au,,F,, Au,,Cl,, Au,Br,,
and Au,,l,, respectively. For Au;oX and Au,oX,, we observe that,
as the halogen becomes more electronegative, the spherical
aromaticity of the cage structure increases. When cross-
referencing the NICS values with the HOMO-LUMO gaps for
Auyg, AuyoX, and Au,eX,, it is observed that the species with
more negative NICS values have larger HOMO-LUMO gaps. For
instance, Au,g with a NICS value of —52.20 ppm has a HOMO-
LUMO gap of 1.13 eV, Au,oF with a NICS value of —43.44 ppm
has a HOMO-LUMO gap of 1.10 eV, and Au,l, with a NICS
value of —25.79 ppm has a HOMO-LUMO gap of 0.86 eV. As
stated previously, high spherical aromaticities and large
HOMO-LUMO gaps are known characteristics of stable gold
cage structures.

Conclusions

We have shown that high spherical aromaticity can be achieved
for structures engineered to have a closed-shell “magic num-
ber” of electrons. Specifically, we have shown, using nucleus-
independent chemical shifts, that Au;o0X and Au,oX, cage
structures have spherical aromaticity comparable to the well-
known Au,g cage structure and that their corresponding
HOMO-LUMO gaps reflect their position in the stability rank-
ing. Electrostatic stabilization was achieved through the
adsorption of halogen anions (X = F, Cl, Br, I") on the
Auye" and Au,,”* cage surface. The trend observed amongst
the Au;oX and Au,X, species is that as the halide becomes
more electronegative in going from iodide to fluoride, the
spherical aromaticity of the cage structure increases. These
results support the broader finding that control over the
stability of small gold nanostructures is possible using ligands
to fine-tune their electronic properties. As noted above, there is
strong experimental evidence of an Auy; cage structure in the
gas phase and the formation of an Au,s cage structure on a
metal oxide surface. We therefore believe that our electronically
equivalent Au;oX and Au,eX, cage structures are experimentally
accessible.
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