Understanding the Effect of Doping on Energetics and Electronic Structure for Auzs, Ag:s
and Auss Clusters

Fahri Alkan®, Pratima Pandeya® and Christine M. Aikens®"

a) Department of Chemistry, Kansas State University, Manhattan, KS 66506, USA
* cmaikens@ksu.edu; 1-785-532-0954

ABSTRACT

We investigate the doping process theoretically for singly doped MAuzs, MAgrs and MAusy
(M=Ni, Pd, Pt, Cu, Ag/Au, Zn, Cd, Hg, Ga, In and TI) clusters using density functional theory
(DFT). For all clusters, the group X dopants (Ni, Pd and Pt) prefer the central location due to the
relative stability of d electrons in the dopant. For dopants in groups XI-XIII, doping on the surface
of the core and the ligand shell in MAu24 become thermodynamically more preferable as a result
of symmetry-dictated coupling between dopant atomic orbitals and super-atomic levels as well as
because of relativistic contraction of s and p orbitals. The same mechanisms are also found to be
responsible for the relative isomer energies in MAuss clusters. For these clusters, DFT calculations
predict that it is unlikely for the dopant atom to occupy the central location. We found similar
trends for different dopants across the periodic table in relative isomer energies of MAuz4 and
MAg»4; however, center-doped clusters are somewhat more stable in the case of MAg»4 due to the
smaller relativistic stabilization of s and p levels in Ag compared to Au. We also found that the
metallic radii of the dopant can affect the geometries and relative stabilities of the isomers for the
doped clusters significantly.



INTRODUCTION

Atomically precise thiolate-protected metal (especially gold and silver) nanoparticles have
attracted significant research interest due to their distinct electronic and optical properties.'® As a
result of these properties, thiolate-protected metal nanoparticles can offer different applications in
the areas of catalysis,”!* biosensors'*!> and electronics.'® The structures of these particles are often
composed of a metallic core, which is protected by a ligand shell that consists of M-SR staple
units.> 7 A large number of different thiolate-protected gold nanoparticles’ > ® 22 and silver
nanoparticles?>>> have been characterized successfully in the last decade. Among these particles,
Aus(SR)1s! (Aups™! for short) has attracted the most attention due to its relatively high stability.?®
The structure of Auzs! consists of a nearly icosahedral Auis core surrounded by Aux(SR); staple
motifs.! 33 The silver analogue of Auxs™! cluster, Ags™!, has also been characterized previously.?*
Another extensively studied thiolate-protected nanocluster is Auszs(SR)24 (Ausg for short), which
exhibits an elongated Aua; core protected by Auz(SR )3 staple motifs.!® 2’ Comprehensive structure
listings of other gold or silver nanoparticles can be found in several recent reviews.%’» 232829

The concepts of super-atoms and super-atomic orbitals***! have often been employed to
understand the electronic structure, stability and optical properties of thiolate-protected gold and
silver nanoparticles.> *> 3 In the case of the Auas™! cluster, the super-atom model and electron
counting rules predict a 1S?1P%1D° electronic configuration with 8 valance electrons,* which is
analogous to a noble gas configuration. A similar electronic structure has been shown for the Agys”
! cluster with the same super-atomic electron configuration.”* The super-atomic model can also
give insight into the electronic structure of the Ausg(SR)24 cluster (Ausg), which can be viewed as
a super-atomic molecule.*® In this case, the molecular orbitals of the cluster are analogous to the
o, T, d... levels of a homonuclear diatomic system.?” 33

Doping of thiolate-protected nanoclusters with heteroatoms is an exciting strategy to
synthesize new alloys with novel properties. The doping route for Auas™ cluster has been first
explored by Murray and coworkers experimentally,®* and by Jiang et al.>> and Walter and
Moseler® using theoretical methods. Since their pioneering work, different foreign metals such as
Ag,3 7% Cu,*® Cd,* Hg,* Pd,*!- Pt*> 4445 and Ir*’ have been incorporated into the Auas™! structure
successfully. While the Auxs™ cluster is the most extensively studied cluster for doping so far,
doped systems for Agas! and Auss have also been reported in the literature. 8->

An important question for the doped gold or silver nanoclusters is the preferred location of
the foreign metal and the resulting structure of the isomers. In the case of Auzs™ and Agys™, three
different locations exist for a single dopant: the center of the Auis or Agi3 icosahedron, the shell
of the icosahedron, or the ligand shell. The possible dopant sites for the Ausg system can also be
characterized similarly; however, there are multiple symmetrically inequivalent sites available for
the core shell and the ligand shell of this cluster.” Structural studies for doped clusters show that
the preferred location of the foreign atom depends on the type of dopant.® 2% 2 For example,
experimental evidence suggests that both Pd and Pt prefer the central location in Auas™ and Agos™
! clusters,**4% 48 30 \hereas conflicting reports exist in the literature for the location of Pd in the
Auss cluster.’! 3% 3¢ In comparison, Ag prefers the core-surface location in both Auxs™' and Auss
clusters,?”> > and Au prefers the central location when doped into the Agys™! cluster.*” In other
reports, X-ray structural analysis suggests core-surface doping and ligand-shell doping for Cd and
Hg dopants respectively for Aups™.4%>7

In a recent study, we have shown that the central position is favored significantly for group
IX metals (Co, Rh and Ir) in the Auzs™! cluster as a result of interactions between d electrons of the
dopant and the super-atomic levels that originate from the Auj2 core of the cluster.’® However, the



mechanisms for the preferred location of other dopants such as Ag/Au or Cd are still not clear for
Aus!. Additionally, other nanoclusters beside Auzs™! need to be explored in order to extend our
understanding of the effects of doping on energetics and electronic structure. In this work, we have
employed a detailed DFT study on the doping process of Auzs™!, Agss™! and Auss clusters in order
to investigate the mechanism for the preferred location of different dopants. The effect of doping
on the electronic structures and the geometries of these nanoclusters are investigated using
theoretical tools. The theoretical results of this study along with previously obtained experimental
structures of doped nanoclusters can reveal the mechanisms for the preferred location of various
dopants in metal-nanocluster chemistry.

COMPUTATIONAL DETAILS

Calculations were performed for the doped clusters of MAw4(SH)1s? (abbreviated as
MAu24), MAg24(SH)13? (MAg24), and MAuz7(SH)247 (MAusz7) where M includes Ni, Pd and Pt
(Group X), Cu, Ag and Au (Group XI), Zn, Cd and Hg (Group XII), and Ga, In and TI (Group
XII) dopants. The possible dopant positions in the case of MAuzs or MAgy4 are illustrated in
Figure 1. In these systems, isomer I, isomer II and isomer III refer to the cases when the dopant
occupies the central, core-surface or ligand-shell positions respectively, as shown in Figure 1. In
the case of MAus7, there are four symmetrically inequivalent isomer II and three symmetrically
inequivalent isomer III positions, which are illustrated in Figure S1 of the Supplementary
Information (SI). For MAuz4 and MAgy4 systems, the charges are selected in order to obtain the
1S%1P%1D° electronic structure, which is isoelectronic to the Auss™ or Agos™! parent system. As a
result, total charges of the clusters (g) are -2, -1, 0 and +1 for Group X, Group XI, Group XII and
Group XIII dopants, respectively. For MAus7, charges are similarly selected so that the doped
cluster is isoelectronic to the neutral Ausg cluster. All calculations are performed for the singlet
configurations of these charge states. It should be noted that these charges can be different from
experimentally obtained charges for the clusters as in the case of PdAuas and PtAuxs,* where the
neutral system is preferred (1S?1P*) instead of -2 charge state (1S?1P%). Nevertheless, the total
charges of the investigated clusters are assigned according to preferred electronic structure of
parent clusters for consistency.
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Figure 1. Illustration of isomer structures for doped MAuzs and MAgy4 clusters using ball and
sticks model. Ligands are removed from the pictures for clarity.

Calculations were performed using density functional theory (DFT) at the PBE/TZP level
of theory.’%* The frozen core approximation was applied to the core electrons of the elements.
For the geometry optimizations, the energy and gradient convergence thresholds were set to 1x10°



* and 1x107 respectively. Additionally, the integral accuracy is increased to 7 within the Voronoi
quadrature scheme. For the isomer I structure of MAu24 and MAga4, C; point-group symmetry was
adapted in the starting geometries, whereas no symmetry constraint was employed for isomer II or
IIT structures or in MAus7 structures. Relativistic effects were included using the zeroth-order
regular approximation (ZORA) Hamiltonian at the scalar level.5!%> The computations were carried
out by using the Amsterdam Density Functional (ADF) 2016 or 2017 package.54-%
RESULTS AND DISCUSSION
1.1. Relative Isomer Energies and Geometries for MAu24

In Table 1, we show the relative isomer energies and HOMO-LUMO gaps for the isomer
I and isomer II species of different MAuy4 systems. In the case of all group X dopants (M=Ni, Pd
and Pt), isomer I is predicted to be more stable than isomer II. The energy difference between the
two isomers is quite large for Ni and Pt doped clusters (19.3 and 26.4 kcal/mol for NiAuza? and
PtAuns?, respectively), whereas the same energy difference is somewhat smaller for the Pd doped
cluster (8.7 kcal/mol). There is a correlation between the calculated HOMO-LUMO gaps of group
X doped clusters and their relative isomer energies as well. For NiAuz4? and PtAuas?, calculated
HOMO-LUMO gaps are 0.57 and 0.61 eV larger respectively for the isomer I structure compared
to the HOMO-LUMO gaps that are calculated for the isomer II structure. In the case of PdAuas~,
this difference in HOMO-LUMO gaps of different isomers is smaller (at only 0.28 eV) compared
to NiAu4™ and PtAups™.

Table 1. Relative Isomer Energies and HOMO-LUMO Gaps for Doped MAu24? Systems,
Relative Single-Point Isomer Energies of Doped Species in the Auzs' Geometry, and
Reorganization Energies (AEeorg) from the Auzs™ Geometry to the Optimized MAuz4¢
Geometry

Isomer Energies HOMO-LUMO  Isomer Energies AEreorg

(kcal/mol) Gap (eV) in Aups! (kcal/mol)
MAu44 geometry
clusters (kcal/mol)

Isomer Isomer Isomer Isomer Isomer Isomer Isomer Isomer

| 11 | 11 | 11 | 11
Group X
NiAuas? 0.0 19.3 1.25 0.68 7.4 30.6 7.4 11.3
PdAus™ 0.0 8.7 1.28 1.00 1.4 11.4 1.4 2.7
PtAups™ 0.0 26.4 1.56 0.95 2.0 314 2.0 5.0
Group XI
CuAuzg! 0.0 -4.2 1.09 1.31 3.9 -0.2 39 4.0
AgAuns! 0.0 -16.2 1.06 1.27 0.0 -14.9 0.0 1.3
Group XII
ZnAuo4 0.0 -8.7 1.03 1.30 2.5 -4.2 2.5 4.5
CdAu 0.0 -18.0 0.99 1.25 2.4 -15.3 2.4 2.7
HgAuo4 0.0 -14.0 1.14 1.13 1.8 -11.1 1.8 2.9
Group XIII
GaAuas™! 0.0 -2.5 1.18 0.90 2.1 2.9 2.1 5.3
InAuas™! 0.0 9.9 1.00 0.86 5.0 -2.1 5.0 7.9
TlAu4"! 0.0 -25.9 1.01 0.78 5.2 94 5.2 16.6



Unlike group X dopants, for all group XI (M=Cu, Ag), group XII (Zn, Cd and Hg) and
group XIII (M=Ga, In and TIl) dopants, isomer II is predicted to be more stable compared to the
isomer I structure. In general, the energy differences between isomers are smaller for period 4
dopants (M=Cu, Zn and Ga), and vary between 2.5-8.7 kcal/mol. For heavier dopants, (M=Ag,
Cd, Hg, In and TI), the same energy differences become larger while varying between 9.9-25.9
kcal/mol. For group XI and XII dopants, calculated HOMO-LUMO gaps for the isomer II structure
are larger than those calculated for the isomer I structure except for HgAu4. In the case of HgAuoa,
calculated HOMO-LUMO gaps are almost identical for isomer I and isomer II structures, while
isomer Il is predicted to be a significantly more stable structure. In the case of group XIII dopants,
the calculated HOMO-LUMO gaps are smaller for the isomer II structure despite the fact that this
structure is predicted to more stable compared to isomer 1.

In Figure 2a and 2b, we show the correlation between the metallic radii of dopants®’ and
the average M-Au bond lengths within the MAui core for the isomer I and isomer II structures of
doped MAuy4 clusters, respectively. In the case of the isomer I geometry, there is a very good
linear correlation between the metallic radii of dopants and the M-Au bond lengths (R?=0.95). The
average M-Au bond lengths vary between 2.77-2.94 A, indicating that the MAu,» core expands
considerably as the metallic radius of the dopant becomes larger. The smallest and largest average
bond lengths are predicted for Ni and TI, which have the smallest (1.24 A) and largest (1.70 A)
metallic radii respectively among the investigated dopants. For the isomer II geometry, the linear
correlation becomes somewhat worse (R?>=0.85) compared to the correlation obtained for isomer
L. In this case, the calculated average M-Au bond lengths vary between 2.78-3.37 A, which shows
a significant increase over the bond-length variation in the isomer I structure. The good correlation
between metallic radii and M-Au bond lengths in both isomer structures may suggest that the
bonding interaction has primarily metallic character within the core of MAu4 systems.
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Figure 2. The correlation between metallic radii and M-Au bond lengths of the MAui, core in doped MAuas
clusters for a) isomer I and b) isomer II structures. Dotted lines represent the best-fit correlation lines in
both cases. The equations of the best-fit lines are y=0.37x+2.32 for isomer I and y=1.02x+1.51 for isomer
II.

It 1s possible to decompose the energy difference between the isomers into two parts: an
electronic contribution that results from changes in the electronic structure as a result of doping



without any relaxation in the geometry, and the reorganization energy (AEreorg), Which refers to the
energy stabilization due to the relaxation of the geometric structure compared to the initial
structure, where the initial structure refers to the MAux4? system in the parent Auzs?! cluster
geometry. In Table 1, we tabulate the relative isomer energies of doped systems in the Auns™
geometry and the AE o energies of the two different isomers. For all cases except GaAua4™!, the
ordering of the stabilities for isomer I and isomer II structures of doped systems with the Aups™!
geometry does not change compared to the relative ordering of isomers in their fully relaxed
geometries (Table 1). For GaAu4™! in the Auas! geometry, isomer I is predicted to be more stable,
which was not the case as shown in Table 1 for fully relaxed geometries. However, we also note
that the predicted energy difference between isomers for this system are quite small regardless of
the geometry of the system and are within the usual uncertainty ranges of DFT.

For all doped systems, AEreorg are larger for isomer II structures when compared to the
AE eorg that are obtained for isomer I structures. This is expected since the overall geometry of the
cluster has more degrees of freedom in the isomer II structure as a result of lowering the symmetry
compared to the isomer I structure. The effect of symmetry lowering is also seen for the variation
in calculated M-Au bond lengths as shown in Figure 2. As a result, the relative isomer energies
shift in favor of isomer II from their starting Auas' geometry to their fully relaxed geometry.
Moreover, we note a positive correlation between the AEcore and the metallic radii of the dopant.
For example, AE o are largest for Ni and T1 doped systems, where the metallic radii of the dopants
exhibit the largest deviation from the metallic radius of Au. In comparison, AEreor are smallest for
both isomers in the case of the Ag doped cluster, where the deviation between the dopant metallic
radius and Au metallic radius is smallest. These results indicate that the metallic radii of the
dopants can play an important role in determining the relative energies of the isomers, especially
when the dopant metallic radius deviates significantly from the metallic radius of Au, such as the
case for the TIAuz4 cluster. However, for most of the systems investigated, the relative stabilities
of isomers are already determined by the changes initially introduced in the electronic structure by
the dopant before the geometry is relaxed, as indicated by the results shown in Table 1.

1.2. Discussion of Electronic Structures for MAu24 systems

Group XI dopants: AuAuzs', AgAuzs! and CuAuzs?!

In this section, we will investigate the effect of doping on the electronic structure of MAu24
for different dopants. As a starting point, we apply fragment calculations (see computational
methods and SI for details) for the pseudo-doped AuAuzs™! clusters. These calculations provide a
way to distinguish between the contributions of one particular atom (either an Au atom or a
different metal dopant) and the remainder of the core for analyzing the electronic structure of the
entire system. In the AuAuxs™! cluster, isomer I refers to the case when the Au atom occupying the
center of the Auis core is treated as the dopant, whereas isomer II refers to the case when an Au
atom in a surface position is treated as the dopant. In Figure 3, we illustrate the relative weights of
atomic orbitals from the dopant Au and of super-atomic S, P and D orbitals in the Aui> core for
energy levels of the Aups™! cluster. For simplicity, contributions from the ligand shell and the Au d
band are not shown individually in Figure 3.

As shown in Figure 3, the coupling between atomic orbitals of the dopant Au and the super-
atomic orbitals shows significant variation between isomer I and isomer II. When the central Au
atom is treated as the dopant (isomer I), the atomic s orbital of Au contributes significantly to the
1S level. Similarly, atomic p and atomic d levels couple with P and D super-atomic orbitals of the
Aui: core to yield the 1P and 1D levels of the cluster, respectively. In comparison, the s orbital



contribution is largely reduced when one of the Au atoms on the core-surface is treated as the
dopant in the fragment calculation (isomer II). In this case, atomic s and d orbitals exhibit coupling
with the super-atomic P orbitals. For the 1D level, the interaction is mainly between Au s orbitals
and super-atomic D orbitals, with a small contribution from Au p orbitals. The different interaction
picture for the two-fragment scheme is, of course, a result of symmetry considerations. When the
dopant Au is in the center, the angular momentum of the atomic levels of the Au atom and the
super-atomic levels of Aui> should match for a non-zero overlap between these levels. These
symmetry restrictions are lifted in the case of isomer II, which affects the interaction picture
between atomic and super-atomic levels.
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Figure 3. Comparison of the relative weights of s, p and d atomic orbitals from the dopant (Au) and from the S,
P and D super-atomic orbitals originating from the remaining Aui, core in the electronic structures of isomer I
and isomer IT of AuAua4™.

For the other group XI dopants (Ag and Cu), isomer II is predicted to be more stable
compared to isomer | as shown in Table 1. The geometric effects are quite small for these dopants
as indicated by the calculated AEcore (Table I). This result indicates that the major contribution for
the isomer stabilities arises from electronic effects rather than geometric effects. In Figure 4, we
show the comparison of electronic structures for isomer I and isomer II of the MAuas! system
where M=Cu or Ag. There is a good correlation between the relative stability of isomers and the
energies of the super-atomic levels of the cluster; from isomer I to isomer II the occupied 1P and
IS levels become energetically more stable (leading to an increase in stability of the system),
whereas the unoccupied 1D levels become less stable. The total stabilization of the 1P levels is
calculated to be 0.40 eV, whereas the 1S level becomes more stable by 0.51 eV when the electronic
structures of isomer I and isomer II are compared for the AgAuos! cluster. In comparison, the
stabilization of the 1P and 18 levels are 0.22 eV and 0.24 eV respectively for CuAuas™.
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Figure 4. Illustration of the energy change for the 1S, 1P and 1D levels with varying dopant position in the
case of Group XI dopants.

For a more detailed understanding of electronic effects introduced by dopants, we show
the coupling between Ag/Cu atomic orbitals (dopant) and Aui, super-atomic orbitals for isomer II
and isomer I structures of doped MAux4™! in Figure 5. Contributions from fragments are tabulated
in Table S1 of the SI. For isomer I, atomic Ag/Cu s, p and d orbitals only couple with super-atomic
S, P and D levels respectively as shown in Figure 5 because the dopant sits in the center of the
cluster. Therefore, only s-S, p-P or d-D coupling is allowed between the dopant and the Aui> core
levels due to symmetry. In comparison, dopant and super-atomic levels that have different angular
momentum can couple in the isomer II structure. In this case, Ag s and d orbitals couple with the
super-atomic P levels for the 1P level of the cluster instead of the Ag p orbitals. Additionally, the
contribution of Ag s orbitals to the 1S level is significantly reduced in the isomer Il geometry
compared to the case in isomer I. This is generally the case for CuAuzs" as well. One main
difference is that the Cu d contribution to 1P levels is considerably larger in isomer II of CuAuz4
! compared to the Ag d contribution to 1P levels for the same isomer in AgAuz4!. This is most
likely due to the fact that Cu d levels are higher in energy compared to the Ag d levels, which
results in more efficient coupling for the low-lying states for the former case.
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Figure 5. The comparison for the relative weights of s, p and d atomic orbitals from dopant (Ag and Cu)
and S, P and D super-atomic orbitals originating from Au, core in the case of isomer I and isomer II
electronic structures of AgAuys™! and CuAuys™.
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The difference in the contribution of dopant atomic orbitals when occupying different
positions in the cluster can also be seen in the calculated partial Mulliken populations shown in
Table 2. In the table, AQ refers to the Mulliken population difference on the dopant between the
isomer I (Qr) and isomer II (Qn) structures (AQ = Qu — Qi). As the dopant switches position from
center (isomer I) to core-surface (isomer II), there is a decrease in the partial Mulliken populations
for orbitals with s and p angular momenta. This is a result of the smaller coupling between atomic
Au s and p orbitals with super-atomic S and P levels in the case of isomer II compared to isomer
I. In comparison, the d population on dopants becomes larger from isomer I to isomer II as some
dopant d contribution transfers from unoccupied 1D levels to occupied 1P levels in isomer II. For
all systems, the total Mulliken charge becomes smaller for the dopant in isomer II, when compared
to the case in isomer I. These results show that the relative dopant character in the super-atomic
levels of the cluster depends strongly on the isomer type.

Our analysis for the electronic structure of Cu and Ag doped Auxs™! clusters indicate that
the relative stabilities of the isomers and their energy levels can be linked to the changes in the
coupling between super-atomic S and P orbitals that originate from the Au> core and the atomic
s, p and d orbitals of the dopant in different isomers. As shown in Figures 4 and 5, the contribution
of atomic s and p orbitals from the dopant in isomer I is largely replaced by the contributions from
the central Au in isomer II. At this point, the trends in the energetics of 1S and 1P levels and the
overall isomer energies can be understood from the trends in periodic table and relativistic effects.



From Cu to Ag, the valence d orbitals become more stable due to the larger nuclear charge, whereas
valence s and p levels become less stable due to the more effective shielding of d orbitals in Ag.
In comparison, valence s and p levels are largely stabilized in Au compared to Ag and Cu due to
scalar relativistic effects, which is known as the s and p contraction.®® These effects for the atomic
levels are shown for Cu, Ag and Au in Figure S3. As a result, the 1S and 1P levels of the clusters
undergo a larger relativistic stabilization in isomer II due to the larger Au s and p contribution,
compared to the case in isomer 1.

Table 2. Partial Mulliken Populations and Total
Mulliken Charges on the Group XI Dopants for
Different Isomer Structures of MAuo4 Systems.

Dopant Total Partial Populations
Atom Charge S p d
Cu
Isomer I -0.66 091 1.10 9.66
Isomer 11 0.05 0.48 0.65 9.82

AQ 0.71 -0.43 -0.44 0.17
Ag
Isomer I -0.67 1.42 0.66 9.59
Isomer 11 -0.07 0.81 0.46 9.80
0.60 -0.61 -0.20 0.20
Au
Isomer I -0.52 3.09 6.92 9.51
Isomer 11 0.14 2.74 6.49 9.63
AQ 0.66 -0.35 -0.43 0.12

These results can be further supported by the comparison of energy levels and the relative
isomer stabilities predicted by non-relativistic DFT and scalar-relativistic DFT. As shown in Table
1, isomer II of AgAuz4! clusters is predicted to be more stable by 14.9 kcal/mol when the ZORA
scalar relativistic Hamiltonian is employed. In comparison, the same isomer is predicted to be
more stable by only 2.3 kcal/mol with non-relativistic DFT. Similar to the case in AgAua4!, the
energy difference between isomer I and isomer II reduces from 4.1 kcal/mol to 0.4 kcal/mol for
CuAuz4"! when a non-relativistic Hamiltonian is employed instead of the ZORA scalar relativistic
Hamiltonian. These results clearly show that the relative isomer energies of these systems are
mainly determined by the combination of symmetry considerations and relativistic effects on the
electronic structure of MAuz4! clusters.

Group X dopants: NiAuz42, PdAuz4% and PtAuzs?

In the case of group X dopants, isomer I is predicted to be the most stable isomer unlike
the case in other dopants investigated in this work. The main difference in the electronic structure
of Ni, Pd and Pt doped MAuo4 clusters and the electronic structure of group XI, XII and XIII doped
MAuy4 clusters is the presence of nd levels, which originate mainly from the atomic d orbitals of
the dopant, as illustrated in Figure 6 for PtAuz4™. For isomer I, the nd levels show mixing with
super-atomic D levels as a result of symmetry considerations, whereas they can mix with P levels
in isomer II (Figure 6b). We also note this alteration in the interaction picture leads to an overall
destabilization of the frontier levels in isomer II, compared to the case in isomer I. Similar results
have been found for other group X dopants and previously investigated group IX (Co, Rh and Ir)
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dopants, where the interaction of nd levels with super-atomic levels mainly determine the stability
of isomers for doped clusters.>® Additionally, the energy separation between isomers can be linked
to the energies of the d-shell for the dopants. As shown in Table 1, the energy difference between
isomer I and isomer I1 is significantly higher for Ni and Pt doped clusters compared to the case for
Pd.

It should also be noted that the experimentally obtained PtAuzs and PdAuz4 clusters are
suggested to exhibit neutral charges** *° instead of the -2 charge used in this work. While the
charge state can alter the calculated energy differences between two isomers, isomer I is still
expected to be the more stable isomer for these systems since the symmetry-dictated mixing
between nd levels and super-atomic levels will be quite similar in the neutral charge state as well.
In fact, calculated energy differences for the neutral charge states of the isomers of PtAu4 and
PdAuzs clusters also show that the isomer I structure is favored by 13.1 and 6.2 kcal/mol
respectively. Similar results for the different charge states of group IX (Co, Rh and Ir) doped
clusters have been shown as well.*®
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Figure 6. a) Illustration of the energy change for the 1S, 1P and 1D and nd levels with varying dopant
position in the case of Group X dopants and b) comparison of the relative weights of s, p and d atomic
orbitals from Pt as well as S, P and D super-atomic orbitals originating from the Au, core for the isomer I
and isomer II electronic structures of PtAuns™.

Group XII dopants: ZnAuz4, CdAuz4 and HgAu24

Similar to the group XI dopants (Ag and Cu), isomer II is predicted to be more stable
compared to isomer I for all group XII dopants (Zn, Cd and Hg). In Figure 7, we illustrate the
interaction picture between the dopant atomic orbitals and the super-atomic levels originating from
the Auiz core for the CdAuz4 doped cluster. In all cases, the dopant s and p orbitals couple with
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super-atomic S and P levels respectively for the isomer I structure, similar to the case in the Ag
and Cu doped clusters. In comparison, dopant d orbitals for Zn, Cd and Hg do not contribute to
1D levels as the atomic d orbitals of the group XII elements are energetically more stable compared
to the group XI and X elements. For isomer II, s-S and p-P coupling between dopant orbitals and
Auiz super-atomic levels decrease significantly due to symmetry lifting, similar to the case in
group XI dopants. On the other hand, the contribution of dopant s orbitals to unoccupied 1D levels
shows an increase for group XII dopants when compared to group XI dopants. In Table S2, we
show the calculated partial Mulliken populations and total Mulliken charges for group XII dopants.
Similar to the case in group XI dopants (Table 2), s and p populations decrease whereas d
populations show a slight increase for all group XII dopants when changing from isomer I to
isomer II structures.

mMs OMp EMd OAu,, S mAu,, P mAu,,D
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. Au d + thiolate band Au d + thiolate band

Figure 7. Comparison of the relative weights of s, p and d atomic orbitals from Cd and S, P and D super-
atomic orbitals originating from the Aui core in electronic structures of isomer I and isomer II of CdAu,4.

Comparison of the electronic structures for the isomer I and isomer II structures of the
MAuy4 clusters (M=Zn, Cd, Hg) reveals that 1P energy levels become more stable in isomer II.
This is again related to the fact that 1P levels have more Au p character respectively in isomer II
when compared to isomer I as shown in Figure 7 for the Cd of group XII dopants. The total
stabilization of 1P levels from isomer I to isomer II is 0.27, 0.30 and 0.16 eV for Zn, Cd and Hg
respectively. The 1S level also becomes more stable for isomer II for Zn and Cd doped clusters by
0.16 and 0.12 eV respectively. However, it becomes somewhat less stable for the Hg doped cluster
by 0.11 eV. This is most likely due to the relativistic contraction of the Hg s orbitals, which
stabilize the 1S level in the isomer I structure of the HgAuy4 cluster. On the other hand, the
relativistic contraction of the valence p orbitals of Hg is less obvious compared to the case in Au,%®
which results in less stable 1P levels for the isomer I structure of the HgAu4 cluster. Nevertheless,
our results for group XII dopants show that the stability of isomer II over isomer I is mainly
determined by group theory and relativistic effects as well.

Group XIII dopants: Ga, In and Tl

The contribution of dopant orbitals exhibits significant changes for group XIII dopants
compared to other investigated systems, especially in the case of the isomer II structure of the
doped clusters. In Figure 8, we illustrate the interaction picture between the dopant atomic orbitals,
and super-atomic levels originating from the Auj> core for the 1S, 1P and 1D levels of InAuxs*.
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We again note that a similar interaction picture is obtained for Ga and Tl doped systems. For
isomer I, s-S and p-P coupling is observed for the 1S and 1P levels, whereas no d-D coupling is
observed for the 1D levels since dopant d orbitals for group XIII elements are mainly core levels
and do not contribute to bonding interactions. It is also seen that the dopant s and p orbital
contribution is increased for group XIII dopants when compared to the same contributions for
group XI and group XII dopants in isomer 1. For isomer II, the dopant s orbital contributes
significantly to 1P levels and 1D levels as shown in Figure 9a and 9b respectively. Similar to the
previously investigated cases, these results are also evident from the calculated partial Mulliken
populations given in Table S2. In general, the total Mulliken charge on the dopant significantly
decreases from isomer I to isomer II, which is largely the result of lost p electron population in the
1P levels of the cluster.

EMs OMp EMd COAu,, S BAu,, P BAu,,D
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Figure 8. Comparison of the relative weights of s, p and d atomic orbitals from In and S, P and D super-
atomic orbitals originating from the Aui, core in the electronic structures of isomer I and isomer II of

InAu24“ .

Au d + thiolate band

b)

Figure 9. Illustration of coupling between In s orbital and super-atomic P orbital in InAuas"! cluster for a)
1P level which can be regarded as a bonding combination of s and P, and b) 1D level which can be regarded
as an antibonding combination of s and P. We also note that the 1P and 1D level that have the largest dopant
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s contributions are significantly more stable compared to other 1P and 1D levels (not shown here)
respectively. The ligand-shell contributions to MOs are not displayed for the clarity of the image.

1.3. Comparison of doped Ag2s and Auzs clusters

In the previous section, we have shown that relativistic effects and group theory play
important roles in the doping process of Auys clusters. Since Ag is often regarded as non-relativistic
Au,%% one would expect significant changes in the relative stability of isomers between doped
MAg>4 and MAus4 clusters. In Figure 10, this difference is illustrated for the two clusters by
showing the comparison between relative isomer energies (AEisomer= E[isomer II]-E[isomer I]) for
the two clusters. We also tabulate the relative isomer energies, HOMO-LUMO gaps and AEreorg in
Table 3 for the investigated MAg»4 clusters.

45 -
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Figure 10. Comparison of AEisemer (E[isomer II]-E[isomer I]) for MAu,4 and MAg»4 doped clusters.

In general, there is a very good correlation between AEisomer values of doped MAgz4 and
MAuz4 clusters for the different dopants across the periodic table. However, the key difference
between MAg24 and MAuy4 is that AEisomer of MAgo4 is shifted in favor of the isomer I structure to
more positive energies compared to the case in MAuo4. This is related to the fact that the energy
penalty for exchanging the central Ag atom with the dopant is not as large compared to the
exchange of the central Au atom with the dopant, as previously described for MAuy4, which is
dictated by the presence or lack of relativistic effects.

Table 3. Relative Isomer Energies and HOMO-LUMO Gaps for Doped MAg»49 Systems,
Relative Single-Point Isomer Energies of Doped Species in the Agss' Geometry, and the
Reorganization Energies (AEreorg) from the Agzs! Geometry to the Optimized MA g4
Geometry

Isomer Energies HOMO-LUMO  Isomer Energies AEreorg

MAg;49 (kcal/mol) Gap (eV) in Agys! (kcal/mol)
clusters geometry
(kcal/mol)
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Isomer Isomer Isomer Isomer Isomer Isomer Isomer Isomer

I II I 11 | II I 11
Group X
NiAgzs? 0.0 20.6 1.45 0.73 6.3 36.6 6.3 16.0
PdAgo4” 0.0 19.2 1.45 1.08 23 24.1 23 5.0
PtAgys? 0.0 31.7 1.65 1.01 2.4 41.3 24 9.6
Group XI
CuAgs! 0.0 3.6 1.41 1.40 3.1 9.8 3.1 6.2
AuAgyy! 0.0 13.4 1.58 1.33 0.2 14.5 0.2 1.1
Group XII
ZnAgy 0.0 -1.4 1.51 1.42 2.7 5.0 2.7 6.4
CdAgo4 0.0 -4.4 1.50 1.30 1.7 -2.4 1.7 2.0
HgAgo4 0.0 1.3 1.64 1.22 1.7 4.0 1.7 2.6
Group XIII
GaAgas"! 0.0 10.6 1.76 1.17 5.4 20.3 54 9.6
InAgys™! 0.0 10.6 1.73 0.98 6.1 17.6 6.1 7.0
TIAgy"! 0.0 17.6 1.74 0.80 6.6 11.3 6.6 11.2

For a more detailed comparison of doping effects in MAg24 and M A4, we illustrate the
changes in the electronic structure of isomer I and isomer II structures for AuAgos! in Figure 11,
similar to the case in AgAuzs! as shown in the previous section. Unlike the case in AgAuns’!
(Figure 4), the 1S and 1P energy levels for AuAg.s! become more stable whereas 1D levels
become less stable for isomer I compared to the energy levels of isomer II as shown in Figure 11a.
As expected from the orbital energy levels, the isomer I structure is predicted to be more stable for
this system by ~13 kcal/mol compared to its isomer II structure. Similar to the MAuo4 cases, Figure
11b shows the coupling between Au (dopant) atomic orbitals and Agi> super-atomic S, P and D
orbitals for isomer I and isomer II structures of doped AuAgas!'. Again, the isomer I symmetry
only allows s-S, p-P or d-D coupling for this case, whereas dopant and super-atomic levels with
different angular momentum show coupling interactions in the isomer II structure. As a result, the
contribution of Au atomic p orbitals to 1P levels of isomer I is replaced by contributions from d
and s orbitals in the case of isomer II. For the 1S level, only the Au s orbital is involved in the case
of isomer I, whereas both s and d orbitals contribute significantly to this level in the
isomer II electronic structure. We note that the total weights of the Au s contribution are 0.15 and
0.07 in isomer I and isomer II respectively. However, the relative weight of the Au s contribution
with respect to the Agi> super-atomic S level is quite similar in both isomers as shown in Figure
11b.

These changes in the interaction picture are also evident from Mulliken populations, which
are tabulated for all investigated MAgo4 systems in Table S3 of the SI. In the case of AuAgas™,
partial p population on Au (dopant) decreases from isomer I to isomer II whereas partial d
population increases in the same order. However, unlike the case for Ag in AgAuxs™!, partial s
population also shows an increase from isomer I to isomer II. This is most likely due to the large
contribution of Au s orbitals to 1P levels in the isomer II structure. Additionally, Au s contribution
to the 1S level does not show a significant decrease in AuAg,s' compared to the case for Ag in
AuAgosl.

For group X dopants (Ni, Pd and Pt) in MAg24 systems, the isomer I structure is predicted
to be the most stable isomer. Similar to MAuz4, the electronic structure of these systems shows nd
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levels that lie close to the HOMO-LUMO gap and originate mainly from d orbitals of dopants.
The nd levels also become less stable in the isomer II structure when compared to isomer I, similar
to the previously discussed MAua4 systems.>® One difference between MAgss and MAuo4 systems
for group X dopants is that the energy difference between the two isomers are further shifted in
favor of the isomer I structure by ~2-10 kcal/mol in MAg»4 compared to MAuzs. This result is most
likely related to the energy penalty (or gain) by replacing the central Au (or Ag) atom in their
respective isomer I structures.
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Figure 11. a) [llustration of the energy change for the 1S, 1P and 1D levels with dopant position for AuAga4
!"and b) comparison of the relative weights of s, p and d atomic orbitals from Au and S, P and D super-
atomic orbitals originating from the Agi> core in the case of isomer I and isomer II for AuAgos™.

In the case of group XII (Zn, Cd and Hg) and group XIII (Ga, In and T1) doped MAg24
systems, energy differences between the two isomers shift by ~7-25 kcal/mol in favor of isomer I
compared to the isomer energy differences in MAuy4 systems. As a result, the isomer I structure is
predicted to be significantly more stable compared to isomer II for Ga and In doped MAg»4,
whereas the isomer II structure has been shown to be more stable for MAuz4 previously. For Zn,
Hg and T1 doped M Ago4 systems, DFT calculations show similar energies for isomer I and isomer
II, where the energy difference between isomers are less than 1.5 kcal/mol for all cases. In
comparison, isomer II is favored for CdAgz4 by ~4.5 kcal/mol. In general, our results show that
the relative stabilities of isomers for the single metal doping of Agzs and Auys clusters show
significant differences, which are mainly dictated by relativistic effects and orbital couplings
arising from symmetry considerations for the dopant positions.

The metallic radii also affect the geometry of the MAga4 cluster significantly. This is
illustrated in Figure S4 of the SI for MAga4 clusters. In general, there is a good linear correlation
obtained between the metallic radii of dopants and the average M-Ag bond for both isomers with
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a R? value of ~0.90. The slope of the correlation line shows a significant increase from isomer I to
isomer II as in the case for the MAu4 cluster. This result can also be linked to the larger AEreorg
calculated for isomer II compared to those obtained for isomer I. Overall, the structural effects
introduced by different dopants show good agreement between M Auz4 and MAgo4 clusters, which
also emphasizes that the differences in relative isomer energies for MAuz4 and MAgo4 clusters are
instead related to the differences in electronic and relativistic effects in Ag and Au atoms.

1.4. Comparison of doped Auzs and Auss clusters

In Figure 12, we show the comparison of relative isomer energies (AEisomer) for singly-
doped MAuz4 and MAus7 clusters. In the case of isomer II of MAusz7, we consider four different
positions for the dopant (Figure S1), which are symmetrically inequivalent in the parent Ausg
cluster geometry. The calculated energies for different isomer Il geometries can vary by as much
as 6 kcal/mol for MAus7 systems. In most cases, the absolute values of AEisomer calculated for
MAus7 are slightly smaller compared to those calculated for MAuz4 systems, which may be linked
to the symmetry considerations between singly-doped MAus7 and MAus. Nevertheless, Figure 12
shows that there is a very good agreement between AEisomer 0f MAuz4 and MAus7 clusters.

For a further analysis of relative isomer energies, we illustrate the electronic structure of
the AgAus7 system for isomer I and the most stable isomer II (isomer 11d) in Figure 13a. As shown
previously, the electronic structure of the Auss cluster can be modelled as a super-atomic molecule
arising from two super-atoms.>* We have used the same model for the electronic levels of AgAus7
in Figure 13. From isomer I to isomer II, Z levels that originate from combinations of super-atomic
S orbitals and X and IT levels that originate from combinations of super-atomic P orbitals become
more stable similar to the case for 1S and 1P levels in AgAuz4!. In comparison, A levels become
less stable in the isomer II electronic structure compared to the isomer I structure as in the case of
the 1D level in AgAuxs'. The interaction picture shown in Figure 13b also illustrates the
similarities between AgAuxs! and AgAus; for the effect of doping in the electronic structure.
Similar to the case in AgAux4™!, the s and p contributions of Ag to X and IT levels are reduced
significantly from isomer I to isomer II, which results in the stabilization of these levels.
Furthermore, we tabulate partial Mulliken charges for the doped MAus7 systems in Table S4. In
the case of AgAus7, partial s and p populations on Ag decrease by 0.53 and 0.12 respectively,
whereas the d population increases by 0.18 from isomer I to isomer II, which shows a very good
agreement with the changes in calculated partial populations on Ag in AgAu4! (Table 2).

17



30

15 1

AEisr.nrmer

-
e
L

Kol MAU,.,
- MAU37
""" average

Ni Pd Pt Cu Ag Au 2n Cd Hg Ga In TI

Dopant

Figure 12. Comparison of AEismer for doped MAws and M Aus; clusters. In the case of MAusy, blue circles
represent the AEisomer for different individual isomer II structures shown in the SI, whereas the blue dotted
line passes through the average AEisomer for this system.
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Figure 13. a) Illustration of the energy change for the Z, I'l, and A super-atomic molecular levels with dopant
position in the case of the AgAus7° cluster and b) the comparison for the relative weights of s, p and d
atomic orbitals from Ag and super-atomic molecular levels originating from the remaining Auy, core in the
case of isomer I and isomer II(d) for the same system.
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The similarities for the doping process of MAuz4 and MAuss clusters are not limited to the
case where M=Ag. In general, both the interaction picture and the calculated partial Mulliken
charges are quite similar for the investigated MAu24 and MAus7 systems. For example, in the case
of group X dopants, nd levels that originate from dopant d orbitals are significantly involved in
the interaction picture of valence energy levels. Similar to the case in MAuzs or MAgoa, these
interactions favor the isomer I structure for MAus7 as shown in Figure 12 as the nd levels become
more stable when the dopant occupies the central position. For other dopants, the nd levels do not
interact significantly with X and IT levels originating from the remaining Au> core. In these cases,
previously discussed symmetry effects and relativistic effects dominate isomer stability, similar to
the case illustrated in Figure 11. As a result, the isomer II structure is mainly predicted to be more
stable compared to isomer I for group XI-XIII dopants as shown in Figure 12.

1.5. Isomer III structure

While our previous discussion is limited to the comparison of isomer I and isomer II
structures of doped MAuz4, MAg24 and MAus7 clusters, a dopant atom can also replace one of the
Au or Ag atoms in the ligand shell (isomer III) as shown in Figure 1. In Table S5, we tabulate
relative isomer energies of isomer III structures and HOMO-LUMO gaps for MAuz4 and MAg24
systems. For group X dopants, low-lying nd levels again become significantly less stable in the
isomer III structure compared to the case in isomer I for MAuzs, MAuz7, and MAgos. A similar
case has been illustrated for the nd levels of Co, Rh and Ir doped MAuos clusters previously.’® As
a result, calculated relative energies of isomer III are quite similar to those calculated for isomer
II for group X dopants, and isomer I structures are predicted to be the most stable isomer for these
cases.

For other dopants, where nd levels do not interact with super-atomic levels, other factors
such as the strength of RS-M-SR bonds in the ligand shell, or the energetics of 1S and 1P levels
may be important for understanding the relative stabilities of isomer III. For example in the case
of AgAuns™!, the relative energy of isomer I1I is predicted to be -12.4 kcal/mol, showing significant
stability compared to isomer I. When the super-atomic 1S and 1P energy levels of the different
isomers are compared for this cluster, it is seen that 1S and 1P levels become significantly more
stable for isomer III compared to isomer I, similar to the case shown in Figure 4. This is, of course,
related to the presence of a central Au atom in the isomer III structure. In fact, the 1S and 1P levels
are slightly more stable in the electronic structure of isomer III compared to the case in isomer II.
Nevertheless, isomer II is still predicted to be the most stable isomer with a relative energy of -
16.2 kcal/mol. This is most likely due to the fact that Au-Ag exchange in the ligand shell results
in relatively weaker Ag-S bonds compared to Au-S bond.”® This is illustrated in the following
reaction to model the effect of metal exchange occurring in the ligand shell doping in the isomer
[II structure:

Au(SH);!' + Ag'! — AgAu(SH);!' + Au'! (1)
The AE of this reaction is calculated to be ~20 kcal/mol favoring the reactant side as Aux(SH);™! is
predicted to be energetically more favorable compared to AgAu(SH)s!. This result agrees with
our prediction for the relative stability of isomer III in AgAu4™. We also expect that the relative
stability of isomer I1I will mainly be determined by the competition between the more stable Aui3
core and less stable RS-M-SR bonds when compared to the isomer I or isomer II structures for
other dopants.
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CONCLUSIONS

We have investigated the geometries, relative energies and electronic structure for different
isomers of doped MAu24, MAgr4 and MAus7 systems. For the geometries of MAuo4 and MAgoa,
our results show that the metallic radii of the dopant can affect the overall geometry of the cluster.
There is a good linear correlation between M-Au or M-Ag bond lengths and the metallic radii of
the dopant for isomer I and isomer II structures. One main difference is that the bond-length
variation is significantly larger in the isomer II structure compared to the isomer I case as a result
of symmetry. This result also agrees with the calculated reorganization energies (AEreorg) of the
doped cluster. We also note that the energy separation between the two isomers becomes larger
when the geometry is relaxed as AEreorg €nergies are considerably larger for isomer I1.

While the geometry of the doped cluster shows some dependence on the nature of the
dopant, the relative isomer energies are found to be mostly determined by electronic effects
introduced by doping. This is most obvious in Ag doped MAu24 and MAus; as well as Au doped
MAg>4 where the geometry of the doped cluster is quite similar to the parent undoped cluster. For
group X dopants (Ni, Pd and Pt), the isomer I geometry is favored significantly for all investigated
systems due to the interactions between the nd levels that originate from the dopant and the super-
atomic levels. As one moves right across the periodic table from group X, the couplings between
nd levels and super-atomic levels become smaller, and they do not play an important role in the
relative stabilities of isomers.

In the case of MAux4 and MAus7, there is an energy penalty when the central Au atom in
the core is replaced by group XI, XII and XIII dopants. As a result, isomer II is predicted to be
more stable compared to isomer I for these dopants. The relative isomer energies also correlate
with the energies of the 1P and 1S levels in these isomers. This energy penalty can be explained
by the larger s and p contributions of the central atom in isomer I as a result of symmetry
considerations, and the large relativistic stabilization of the s and p levels in the case of Au. In
general, our results show that will be quite unlikely to obtain the isomer I structure in MAuz4 and
MAus7 for dopants that are on the right-hand side of group X, as isomer II or isomer III structures
are favored for these systems.

In the case of MAgo4, relative isomer energies show significant differences compared to
MAuz4. In general, there is a shift for the calculated energy separation between isomer I and isomer
IT in favor of the isomer I structure for the silver-based system. Additionally, 1P and 1S levels are
generally more stable in the isomer I electronic structure, unlike the case in MAua4. This is, of
course, related to the fact that the relativistic stabilization for the s and p levels of Ag is much
smaller compared to the case in Au, and there is not a large energy penalty when replacing the
central Ag with a dopant. In this case, our results show that it is possible to yield a
thermodynamically preferred isomer I for dopants that are on the right-hand side of group X.
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