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1. Introduction

Over the past decades, numerous studies, experimental and theoretical alike, have been devoted to the noble metal clusters
owing to their special roles in photography, catalysis of chemical reactions, electronic materials, and medical treatments
[1-5]. With a broad spectrum of antibacterial and antifungal activities, these systems are well suited for clinical and ther-
apeutic applications [6,7]. More importantly, they are able to conjugate to a variety of bimolecular systems and much less
toxic to human bodies in comparison to many other metallic compounds [8]. In addition, noble metal derivatives exhibit
superior optical properties as compared with other transition metals and have therefore attracted a great deal of interest in
the field of sensors, biosensors, and biomedical diagnostics [9—11]. It can be argued that both silver and gold clusters are
among the most characterized atomic aggregates to date by both experimental techniques [ 12—15] and quantum mechanical
calculations [1,16-20].

Identification of the most stable structures of elemental clusters has long been, and still is, a challenging but vital task
in the field of cluster science, as it would provide us with deeper insights into many functional properties of this class of
compounds [2]. Several research groups conducted extensive investigations to elucidate geometrical structures of silver/
gold clusters [21-23]. The atomic arrangements of the small pure M, (M= Ag, Au) clusters in the range of n=2-20 and
their growth pattern are now well characterized [24-29]. As a result of relativistic effects [30-32], the preference for planar
shape of neutral gold clusters likely continues up to ~11 atoms [31]. Larger systems typically exist in hollow cages, and a
structural transition from an oblate form to a pyramid-like shape is observed at Au;; [26]. Au,q has also been the focus of
numerous studies, and a consensus, which was long reached, is that it prefers a T4 symmetry macro-tetrahedron charac-
terized by a single peak infrared spectrum [25,26]. Although coinage metals share several analogies in their bulk states,
their small clusters exhibit several differences in the gas phase, again as a result of relativistic effects [30,32]. For example,
while gold clusters favor planar forms up to surprisingly large sizes, Cu clusters tend to adopt three-dimensional (3D) struc-
tures already at much smaller sizes [33]. Silver clusters are expected to behave in between, i.e., their 3D structures come out
a little earlier than gold clusters, but later than copper counterparts.

Similar to alkali clusters, electron shell effects in silver and gold clusters are also operative since their nd states are
completely occupied [34,35]. It has well been established that both Ag;; and Auj, cationic clusters exhibiting a high ther-
modynamic stability are found at n=3,9, 21, 35,41, 59, ..., whereas the negatively charged counterparts are exceptionally
abundant at n=7, 19, 33, 39, 57, ...[36]. A widely accepted explanation for such a phenomenon is based on a strong delo-
calization of the external s electrons [37,38]. Accordingly, they can be treated as particles moving around a spherical
pseudo-potential composed of the inner electrons along with the nuclei. This highly delocalized behavior of valence elec-
trons brings about the main characteristics of simple metal clusters, including formation of electron shells and occurrence of
shell closing effect that are somewhat similar to those in free atoms. Consequently, a cluster in which the number of valence
electrons matches the shell closure, namely 1S%/1P%1D'/28%/1F'%/2P°/. .., is produced more abundantly as compared with
the immediately preceding or following ones and is called a magic cluster. This approach, currently known as the phenom-
enological shell model (PSM), has been proven to be a simple but effective model to interpret the stability pattern and
electronic structure of small-size metal clusters [39].
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In this chapter, we would review not only the structural evolution but also the stability trend of a series of small-sized
silver and gold clusters M,, with n =2 —20. Geometric shapes of the lowest-energy structures and their basic thermody-
namic parameters including the binding energy per atom, the second-order difference of energy, and the one-step fragmen-
tation energy are determined and confirmed using density functional theory (DFT) computations. The electronic structure,
which is at the origin of astonishing properties of clusters, is further elucidated within the perspective of the PSM. As such
electronic distributions are well reflected in the excited states, their optical spectra are also analyzed to figure out the sim-
ilarities and differences between two noble metal elements.

2. Equilibrium structures and growth mechanism

In the following sections, the possible equilibrium structures of silver and gold clusters, along with their growth mechanism,
will be determined and confirmed. Conventionally, the structures presented hereafter are denoted as M,,-X in which M =Ag
and Au, n=2-20,and X =1, II... being isomers with increasing relative energy. Thus, M,-I consistently stands for the most
stable isomer of size n. For the sake of simplicity, relative energies are given hereafter in eV in single decimal figure.

The present review mostly discusses the computational results that were recently obtained making use of DFT
approaches [22,26-28]. In our DFT computations, local energy minima are fully optimized, without any symmetry or
geometry restrictions, employing a density functional with long-range-corrected exchange effects, namely the
LC-BLYP functional [44], in conjunction with the effective core potential (ECP) cc-pVDZ-PP basis set [45]. This level
of calculation has been tested earlier for quantitative examination of systems containing noble metals [28,46]. Harmonic
vibrational frequency computations are also carried out at the same level to confirm the detected structures as local minima
and to estimate their zero-point energy (ZPE) corrections.

With the aim to calibrate the performance of DFT methods, we first conduct some benchmark calculations for the
dimers Au, and Ag, using various types of functionals along with the cc-pVDZ-PP basis set. Computed results are present
in Table 1, which also includes available experimental data for the purpose of comparison. Generally, all functionals tested
tend to overestimate the bond lengths of both Au, and Ag,, except for the LC-BLYP. Deviations from experiment vary from
0.05 to 0.11 A for Au, and from 0.03 to 0.13A for Ag, using traditional GGA and hybrid functionals. The LC-BLYP
exhibits smallest deviations from experimental bond lengths with an error margin smaller than 0.03 A (Table 1). This func-
tional is also reliable in predicting vibrational frequencies. The LC-BLYP values w.(Au,) and w.(Ag,) amount to 190 and
203cm ™", respectively, which agree well with experimental values of 191 and 192cm ™" [40,42].

Though the geometric and spectroscopic information can sufficiently be established by the LC-BLYP functional, it is
likely to yield considerably inconsistent results for the bond dissociation energy (D.). In fact, D, values predicted by
LC-BLYP/cc-pVDZ-PP computations for Au, and Ag, amount to 1.9 and 1.5eV, respectively, which significantly under-
estimate the experimental values of 2.3eV for Au, and 1.7eV for Ag, [40,43]. GGA and meta-GGA functionals such as
BP86, PWI1, PBE, and TPSS produce better results for this quantity (Table 1). On the basis of a good agreement with the
experiment for both Au, and Ag,, the PBE functional appears to be more suitable for energetic quantities.

The above discussion clearly shows that it is rather difficult to judge the overall accuracy of a specific functional as
each naturally has its own advantages and drawbacks, good performance, and shortcomings when treating a certain
property. As discussed above, benchmark studies testing the accuracy of functionals were frequently performed on rel-
atively small systems whose accurate experimental information or theoretical data from high-level MO calculations are
available. Because most targets of actual interest have larger size and more complicated structure, the benchmarks do not
always reflect the special structural or electronic features of medium and large-size compounds. Therefore, it is crucial
for each case considered to carefully examine the applicability of different computational options for every new type of
compounds. Although it is rather not wise to make a clear statement about the overall performance of a functional for
both gold and silver clusters in all computations, the LC-BLYP appears reliable in predicting molecular geometries and
vibrational signatures, but it is likely to be deficient in computing the bond energy for which the PBE seems to describe a
bit better. For the TPSSh and M06-L functionals, results in Table 1 show that they are not more reliable than the
LC-BLYP in predicting atomic geometries and vibrational signatures and also not better than the PBE in determining
the bond energies. Therefore, we select both LC-BLYP and PBE functionals for most calculations carried out in this
report. While the former is employed for prediction of the lowest-energy structures, the latter is used for determination
of energetic parameters.

Both silver and gold clusters prefer planar structure up to n=6 in their ground state (Fig. 1). The M, dimers have a low
spin (singlet) ground state with bond lengths of 2.50 (Au,) and 2.53 A (Ag,) at the LC-BLYP/cc-pVDZ-PP level. These are
closely comparable to the experimental values of 2.47A (Au,) [40] and 2.53A (Agy) [41]. The M5 trimers adopt a bent
structure, which is distorted from a Jahn-Teller effect on a D5, form. A single occupancy of the doubly degenerate e orbital
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TABLE 1 Theoretical and experimental bond lengths (R, A), vibrational frequencies (w., cm™ "), and dissociation energies
(De, €V) of dimeric Au, and Ag, species.

Au, Ag,

DFT functional R. we D, Re We D,

B3LYP 2.56 167 1.94 2.59 179 1.56
B3P86 2.52 176 2.08 2.56 190 1.63
PW91 2.53 173 2.28 2.56 188 1.81
BB95 2.53 171 2.25 2.57 187 1.81
B3PW91 2.53 174 1.97 2.57 186 1.51
BP86 2.53 173 2.23 2.56 188 1.78
BPWI1 2.54 171 2.13 2.57 186 1.66
MO06 2.58 162 2.14 2.59 192 1.83
M06-2X 2.56 159 1.49 2.68 154 1.40
MO6-L 2.56 160 2.26 2.57 189 1.90
PBE 2.53 172 2.27 2.57 186 1.78
PBEO 2.53 175 2.00 2.57 185 1.55
TPSS 2.52 176 2.25 2.56 191 1.76
TPSSh 2.52 177 2.15 2.56 190 1.67
LC-BLYP 2.50 190 1.88 2.53 203 1.46
Experiment 2.47° 191° 2.29° 253" 192¢ 1.66¢

“Taken from Ref. [40].
bTaken from Ref. [41].
“Taken from Ref. [42].
9Taken from Ref. [43].

of the equidistant triangle (D3y,) leads to a geometric distortion giving rise to an orbital splitting to a pair of (a, +b,) orbitals
(Fig. 2) in the C,, form. The unpaired electron in both Auz and Ags; tends to occupy the b, SOMO, resulting in a
’B, ground state.

A planar thombus having a D,y point group is predicted to be most stable form of the tetramers M,. Starting from the
square Dy, cycle with a singlet 'A; ¢ state, a Jahn-Teller vibrational deformation following a normal mode, being a simul-
taneous ring deformation mode B, leads to a substantially stabilized rhombic D, structure. The M, species with Dy,
structure would have had two electrons in a degenerate e, orbital (Fig. 3). Such a degenerate state is not stable upon
Jahn-Teller distortions, and the system undergoes a geometry relaxation to remove that degeneracy. The resulting stable
structure of My is thus distorted from Dy, to Doy, with a low spin 1Ag state. Let us note that a Y-shaped isomer of Auy, not
shown in Fig. 1, is calculated to have a similar energy content to the rhombic one.

In agreement with previous predictions, the global minima of Aus and Aug are a planar W-type shape (C,,) and a planar
triangle (D3}, respectively. Generally, the equilibrium geometry of a specific system M,, in the size range of n=2-6 is
generated by simply adding an extra M atom to the lowest-lying isomers of the smaller-size M,,_;.

The lowest-energy structures and isomers for M,, from n=7 to 11 clusters are shown in Fig. 4. The most stable form
Auy-1 is reached from Aug-I by adding an extra Au atom, followed by a 3D configuration Au;-II. The 3D structure has a
higher symmetry (C,,) but is less stable than Au;-1 by 0.2eV. As in Auy, the planar shape Aug-I (Dy;,) is predicted as the
global minimum of Aug, whereas the second most stable isomer Aug-II has a 3D conformation (Ty), being 0.7eV higher.
The planar D, structure was also reported as the lowest-energy isomer when CCSD(T) computations with the correlation
consistent basis sets were employed [47].

The most stable form Aug-I of Aug has again a planar arrangement and is generated by attaching one extra gold atom to
the most stable isomer of Aug-I. The next isomer Aug-II is computed to be about ~0.1eV higher. Previous DFT calculations
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FIG. 1 The lowest-energy isomers for M,, clusters, M=Ag, Au, n=3-6.
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FIG. 2 Plots of the a; and b, orbitals in the C,, M; clusters.

[48,49] also reported Aug-I and Auy-I as the best candidates for equilibrium geometries. In the case of Auyy, the 3D
structure Aujo-I (Fig. 4) is predicted to be preferred over the planar elongated hexagon Au,o-II, with an energy of
~0.2eV (LC-BLYP value).

As mentioned above, the 2D — 3D transition in neutral Au, is still a matter of debate as it remains sensitive to the
computational method employed. Some previous investigations recorded a crossover already at n="7 [33], while other
studies predicted it to occur somewhere between n =12 and 15 [24]. Our present geometrical search points out that such
a transition from planarity to nonplanarity is likely to be initiated at n= 10, and Au,, represents the first size whose lower-
lying structures do not have a 2D shape. This is consistent with a recent investigation [48] in which this transition is pre-
dicted to start from Au;o. The 3D Au,;-I is confirmed in agreement with previous reports [48,49]. This global minimum
contains a trigonal prism as the main structural feature and lies ~0.5eV lower in energy than the planar Au,;-IL

In contrast to the propensity of small gold clusters to favor a planar conformation, densely packed 3D structures tend to
dominate the lower-lying population of silver Ag, clusters with n > 6. Indeed, two 3D configurations, namely a D5, pen-
tagonal bipyramid Ag;-I and a Cj, tricapped tetrahedron Ag;-II, are competing for the lowest-lying equilibrium geometry
of Ag,. Similar to earlier results [18,22,50], the former is the most stable isomer. For Agg, the Ty Agg-I arising from a
regular tetrahedron capped with four Ag atoms is predicted to lie ~0.3eV higher in energy than a D,4 geometrical shape
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FIG. 3 Degenerate HOMOs in a square My, and their counterparts in a rhombic My.
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FIG. 4 Lower-energy isomers of M,, from n=7 to 11 clusters.

103



104 Atomic clusters with unusual structure, bonding and reactivity

Agg-II (LC-BLYP/cc-pVDZ-PP). Our current prediction for the most stable isomers of both Ag; and Agg is again in line
with most previous calculations [2,51-53].

Consistent with earlier DFT calculations [52,54,55], the most stable isomer of Agy, i.e., Ago-I with C,, symmetry, is
formed by adding one Ag atom to the T4 Agg-I1. However, this form was considered as a local minimum in some other
studies [18,56]. The Ago-I is computed to be ~0.2eV more stable than Agy-II (LC-BLYP value). In going further,
Agis created by adding one extra silver atom to the most stable D,4 isomer of Agg. Such a twinned pentagonal bipyramid
has also been considered to be the ground state by Fournier [16] and Yang et al [55]. The next most stable isomer Ag;(-II is
higher than Ag;o-I by only 0.05eV in energy (LC-BLYP value). This asymmetric form has also been suggested to be the
lowest-energy structure of Agq in some other previous reports [50,56].

For Ag;, two nearly degenerate isomers within 0.02eV energy range are competing for the ground state. The C, Ag;;-
I was reported as a local minimum in earlier studies [50,56], but the C,, Ag;;-II has recently been considered to be the best
candidate for the ground state of Ag;; [22]. Overall, starting from the size n=26, both silver and gold clusters grow in
completely different patterns. Some lower-lying isomers for M,, systems from n =12 to 16 are displayed in Fig. 5. Accord-
ingly, both Auy, and Au; exhibit 3D ground state. Flat structures are also found for these sizes but only as high-energy
isomers. At the level of theory used, 2D conformations Au,-II and Au;3-II are ~0.2eV higher than their 3D counterpart.
The results obtained here thus disagree with BLYP calculations reported in ref. [57] in which the equilibrium geometries of
both Au;, and Au,; are planar forms, namely Au;,-II and Au,3-II, respectively. The two most stable isomers detected for
Auyy, i.e., Auyy-I and Au4-1I1, are all 3D (Fig. 5). Similarly, the nonplanar-shape Au;s-1I is reached by capping an extra Au
atom upon one side of Auy4-I. The second most stable Au;s-II is only ~0.2eV higher. The structures Au4-I and Au;s-11
located here were also previously suggested as the global minima for Auy4 and Auys, respectively [49,57-59]. In accor-
dance with earlier reports [26,50], the T4 Auye-1 is predicted to be ~0.1eV lower than the Cg Auy6-11.
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FIG. 5 Lower-energy isomers of M,, clusters from n=12 to 16.
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For silver counterparts, the lowest-lying Ag;,-I has a C; symmetry and can be derived from Ag;;-1. The next most stable
Ag>-II also has Cy symmetry and lies ~0.2eV higher. In agreement with a recent report [18], the most stable Ag;;-I is
obtained by capping one Ag atom on an edge of Ag;,-I. The next isomer Ag;3-II, which was suggested to be the most stable
structure by Yang et al. [55], is computed to be only 0.03 eV less stable than Ag;3-1in our current work. Both forms are thus
quasidegenerate isomers.

The C, Agy4-1, reached by capping one Ag atom to Ag3-1, is recently computed to be the lowest-energy Ag4 [22]. The
next most stable structure, i.e., Ag4-11, is somewhat more symmetric (C,,) and lies only 0.1 eV higher (LC-BLYP value).
From attachment of one silver atom Ag;4-I and Ag;4-II, two lowest-lying isomers Ag;s-I (C;) and Ag;s-II (C5,) are built
upon. They possess a substantial energy gap, in which the former is ~0.2 eV below the latter. This result is inconsistent with
recent calculations by Rodriguez-Kessler et al. [60] in which Ag;s-II was predicted as the global minimum, whereas Ags-
I'has not been seen. Accordingly, the low symmetry Ag;s-I emerges as the new global minimum not detected before [61]. In
agreement with this report [60], two oblate configurations Ag;c-I and Agie-II with an energy difference of ~0.2eV
(LC-BLYP value) are the most stable forms of Ag;¢. Again, the growth patterns of the two series of noble metal clusters
differ much from each other and do not induce any correlation.

We now examine the lower-lying structures of systems having 17-20 metal atoms that are shown in Fig. 6. Previously,
the asymmetric Au;;-II, which can be considered as a result of removal of three atoms on one edge of the tetrahedral Au,
cluster, was reported to be the lowest-energy Au;; [49]. However, our current LC-BLYP results point out that this size
prefers to exist in the highly symmetric T4 Au;;-1 form. Following attachment of one gold atom to Auy;-II, the lowest-
energy Au;g-I of the octadecamer Au;g is built upon. The next low-lying structure Au;g-II is computed to stay
~0.1eV higher. Continuously, the most stable forms of Au;g and Au,y, i.e., Aujg-I and Au,y-1 in Fig. 4, are obtained from
Au,g-I upon addition of one and two Au atoms. The regularly tetrahedral pyramid Au,o-I and the truncated pyramid Au;o-
I have also unambiguously been assigned as the global energy minima for both Au,y and Au;¢ systems, respectively
[25,62].

Competitive candidates with tiny energy gaps have been found for systems containing from 17 to 20 silver atoms
[22,50]. Two foremost lower-lying isomers of Ag;; are the close-packed structure Ag;;-I and the hollow cage Ag;;-1I
(Fig. 6). Ag;7-1 turns out to be a new structural motif, which was not found in previous studies. At the LC-BLYP/cc-
pVDZ-PP level, the former is computed to be ~0.2eV higher in energy than the latter. Similarly, several configurations
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FIG. 6 Lower-energy isomers for M,, clusters with n from 17 to 20.
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also exist in competing for the ground state of Ag;s. Consistent with a recent study [18], a derivative of the Ag,3 icosa-
hedron with C; symmetry, i.e., Ag g-Iin Fig. 6, is detected as the ground-state geometry of Ag;s. The C5, hollow cage Ag;g-
II, which was considered as the best candidate for the global minimum in ref. [50], is now computed to lie ~0.1eV above.

For Ag,q, while Tsuneda [28] suggested a pyramid motif, i.e., the truncated trigonal pyramid Ago-II (C3,), to be the
lowest-energy structure, we identify this form to be marginally less stable by 0.05eV than the C, isomer Ag;o-1. Similarly,
the pyramidal motif Ag,(-II was located as the most preferred structure of Ag, in several reports [18,50,54]. However, the
newly detected eicosamer Ag,(-I, having a C3 symmetry, is computed to be only 0.03eV more stable than Agyo-II
(LC-BLYP value) [22,39].

Based on computational results reported in recent literature for small M,, clusters [22,60] and combined with our present
calculations, structural evolutions in going from M3 to M, are summarized in Figs. 7 and 8. Overall, the preference of a
successive growth pattern in gold clusters is not as much recognizable as in silver counterparts. Particularly, in the size
range of Ag,—Ags, the most stable form of a specific size n can regularly be obtained upon addition of an extra Ag atom
to the lowest-lying isomer of the smaller n — 1 size. Such an evolution, which forms the basis for the successive growth
algorithm for structural search, can be employed to predict the favored structures of silver clusters. Nevertheless, such a
pattern is broken at a certain size where a completely different structural feature emerges. It is, for example, the case of Ag;~
whose corresponding global minimum is not derived from the most stable Agy¢. It could arise from a higher energy isomer
of a smaller size but the reasons for such a strong stabilization are not clear.

In summary, while Ag, clusters prefer a planar structure up to n =6, a structural transition from 2D to 3D in gold systems
is likely to take place at Au;o. From n=7, Ag, species and their Au, counterparts exhibit much different ground-state
geometries. The Ag, clusters going from n="7 to 11 adopt three-dimensional structures that can be constructed following
a successive growth algorithm, that is, by adding extra Ag atoms either on the D5, bipyramid Ag;-I or the Ty tetrahedral
Agg-1. For systems from n=13 to 16, hollow flat cages become the most favored configurations. As the cluster size
increases, a common trend emerges for formation of close-packed structures from a 13-atom icosahedral core by adding
extra atoms on the triangular faces. As compared with the silver Ag,, the gold Au,, clusters generally exhibit more highly
symmetric ground-state structures. The local minima of a specific Au, system are usually generated from the lowest-lying
isomer of the smaller-size Au,,_; by adding an extra gold atom around. Remarkably, in contrast to a preference of amor-
phous structures obtained for silver clusters, the pyramid-like motif is the most energetically favorable structure in Au,,
systems with n=18-20. This can be understood by the fact that the contribution of d electrons in the small silver clusters
is more significant than in gold counterparts [63]. On the one hand, the effects of d electrons and s—d hybridization strongly

FIG. 7 Structural evolution from Auz to Aupg
clusters. The added Au atom is labeled as O in red
(dark gray in print version). (Results are taken from
P.V. Nhat, NT. Si, J. Leszczynski, M.T. Nguyen,
Another look at structure of gold clusters Au,, from
perspective of phenomenological shell model, Chem.
Phys. 493 (2017) 140148 and present work.)
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FIG. 8 Structural evolution from Ag; to Agpy
clusters. The added Ag atoms is labeled as O in red
(dark gray in print version). (Results are taken from
P.L. Rodriguez-Kessler, A.R. Rodriguez-Dominguez,
D.M. Carey, A. Murioz-Castro, Structural characteri-
zation, reactivity, and vibrational properties of silver
clusters: a new global minimum for Ag;s, Phys. Chem.
Chem. Phys. 22 (46) (2020) 27255-27262, M.L.
McKee, A. Samokhvalov, Density functional study of
neutral and charged silver clusters Ag, with n = 2—
22. Evolution of properties and structure, J. Phys.
Chem. A 121 (26) (2017) 5018-5028 and present
work.)

influence the ground-state configuration of silver clusters. On the other hand, the relativistic effects that are very important
in heavier atoms such as gold [33] play a vital role in stabilizing the pyramidal structures.

3. Thermodynamic stabilities

To gain some quantitative insights into the thermodynamic stabilities of these neutral noble metal clusters, we now evaluate
the change of binding energy per atom (BE), the second-order difference of energy (A’E), and the one-step fragmentation
energy (Ey) with respect to the cluster sizes. For these clusters, such parameters of a specific system M,, (M= Ag, Au) are
defined by following equations:

BE = [nE(M) — E(M,)]/n
A2E = [E(Mn+1) + E(Mnfl) - 2E(Mﬂ)]

E; = EM,_;) + E(M) — E(M,)

n—1

where E(M,,) is the total energy of the lowest-lying M,, cluster shown above.

The graph illustrating the variation of BE as a function of gold cluster size is plotted in Fig. 9. This parameter can be
regarded as the energy gained in assembling a definite cluster from isolated gold constituents. Previously, a theoretical
study [64] employed a local density approximation (LDA) to calculate the E;, of gold clusters up to Au,q, but experimental
data are not systematically reported yet. Our present results are quantitatively different from earlier values [61]. As shown
in Fig. 9, the BE plot of Au,, clusters roughly exhibits a gradual growth and reaches the maximal value of 2.3eV/atom for
Au,. This is still much smaller than the cohesive energy of 3.8eV obtained for the bulk gold [65]. In addition, computed
results show local maxima at n=6, 8, and 20, suggesting that these clusters are expected to be more stable than their imme-
diate neighboring ones.

The value E;=2.3eV obtained for Au, (at PBE/cc-pVDZ-PP level) is in line with the experimental value of
2.29£0.02eV [40]. Generally, calculated Ey values as a function of cluster size obey an odd-even oscillation. Accordingly,
clusters with an even number of atoms appear to be more stable than the neighboring odd-numbered ones. Of these clusters,
Auj; and Au; are characterized by the lowest E¢ values, implying their low thermodynamic stability. On the contrary,
Aug and Au, are expected to be the most stable ones as they exhibit exceptionally high E¢ values. Other remarkably high
peaks are found at n=2, 8, 12, and 14, indicating that these systems are also particularly stabilized.
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FIG. 9 Binding energies per atom (E}), one-step fragmentation energies (Ef), and second-order difference of energy (A%E) for neutral Au,, clusters as a
function of cluster size. Results are obtained at the PBE/cc-pVDZ-PP+ZPE level.

As discussed above, the optimal structure of Au,, at a certain size is normally generated from that of the smaller one by
adding an extra gold atom. Accordingly, the energy gain in incorporating an Au to the smaller size can be considered as the
embedding energy (EE). Such a parameter can also be characterized by the one-step fragmentation energy (Ey), i.e., the
energy needed to detach one gold atom from Au,, giving rise to Au,_;. Evolution of the E; values for the Au, clusters
considered, calculated at the PBE/cc-pVDZ-PP +ZPE level, is also plotted in Fig. 9.

The second-order difference of energy (A’E) is an important indicator that measures the relative stability of clusters. In
particular, peaks in the graph of A’E as a function of cluster sizes were found to be well correlated with peaks in the exper-
imental mass spectra [66]. As illustrated in Fig. 9, an extreme odd-even oscillation appears indicating that a cluster having
an even number of atoms is more stable than the odd-numbered ones. Consistent with the above analyses based on frag-
mentation energies, the Aug and Au,, species are found to have the largest A’E values, indicating their peculiarly high
thermodynamic stability. On the contrary, the Aus and Au; systems are again found to be the least stable sizes.

Concerning the relative stability of silver clusters, different density functionals have been employed to predict the total
atomization energies of Ag, clusters up to n=99 [18]. Accordingly, the closed-shell systems having an even number of
silver atoms were generally found to be more stable than the open-shell counterparts exhibiting an odd number of electrons.
In addition, total atomization energies of Ag, start converging slowly to the bulk at the size n =55 and reach the maximal
value of 2.2 eV/atom for Agge. Our computed atomization energy or the binding energy per atom as function of Ag, size up
to n=20 is displayed in Fig. 10. As in gold systems, the E, of Ag, species also increases slowly with the cluster size and
reaches the maximum of 1.9eV/atom at n=20. This is again much smaller than the cohesive energy of 2.9eV of bulk
silver [18].

The energetics for detachment of an Ag atom from a cluster Ag,, to form a smaller species Ag,_; up to n=20 are also
illustrated in Fig. 10. At the PBE/cc-pVDZ-PP level, the fragmentation energy (Ey) of Ag, amounts to 1.8eV, which is
comparable to the experimental value of 1.7eV [43]. Such a result in addition suggests that the chemical bond in a silver
cluster is more breakable than that of the gold counterpart. The largest fragmentation energy for Ag,g (~2.7eV) is ~90% of
2.9¢eV for bulk silver [18]. Similar to gold clusters, an even-odd oscillation appears in the calculated E¢ values as a function
of Ag, size (Fig. 10), in which even-numbered systems are thermodynamically more stable than odd-numbered ones. Of the
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function of cluster size. Results are obtained at the PBE/cc-pVDZ-PP+ZPE level.

clusters considered, Ag; and Agy are predicted to be the least stable species, being characterized by the lowest E¢ values. In
contrast, Age, Agg Agi4, and Ag;g are expected to be particularly stable as their E; values are exceptionally high.

The even-odd fluctuation becomes more obvious when we look at the second-order difference of energy (A’E). This
thermodynamic parameter can also be considered as a disproportionation energy, being the energy change of such reaction

2Ag, — Ag,,, +Ag,_, €))

In agreement with the analysis based on dissociation energies given above, the Agg, Agg, and Ag;,4 species are found to be
particularly stable with sharply high A?E values. Fig. 10 also reveals that while the disproportion of even Ag,, clusters is
endothermic, that of odd counterparts is generally exothermic. Furthermore, the energy difference tends to decrease as the
cluster size increases. For instance, the energies of reactions (1) are calculated to be ~0.8 and ~0.5eV for n=6 and 12,
respectively.

Two factors that determine the metal cluster stability include the electron shell effect and atomic arrangement [67].
Similarly to alkali clusters, the former can also be observed in clusters of coinage metals, because the nd levels of these
elements are (almost) completely occupied [34,35]. However, a particular attention should be paid to the behavior of their
d electrons. The participation in bonding of these fermions can be seen experimentally via cohesive energy of the bulk
materials. For example, the experimental cohesive energy of Sc amounts to 3.9eV/atom, then it increases to 4.9eV/atom
for Ti and attains a maximum value of 5.3eV/atom for V. After this maximum, it decreases, reaching a bottom for Mn
(2.9eV/atom), then increases, having a broad maximum (4.3—4.4eV/atom) for Fe, Co, and Ni, and finally, it decreases
again, approaching another valley (3.5eV/atom) at Cu [68]. Morse [40] pointed out earlier that the 4 s orbitals of the first
transition metal series have more significant contribution to the chemical bonding than the 3d orbitals because the latter are
more contracted. Moving down in the Periodic Table, while the d orbitals tend to expand, the s orbitals are getting con-
tracted [69]. Hence, the nd and (n+ 1)s orbitals of the second and third transition metal series become nearly comparable in
size, thereby facilitating the d bonding. This may result in a greater stabilization of compounds containing heavier transition
metals, as compared with those of the first-row metal elements, even though such a correlation remains not linear. In fact,
the bond dissociation energies of V, and Nb, are determined to be 2.75+0.01 [70] and 6.20£0.05eV [71], respectively,
while that of Ta, is predicted to be in the range from 5.0 to 5.4eV [72].
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For gold-containing compounds, it should be noted that another crucial factor making their properties unique is the
relativistic effect [49], rather than the “lanthanoid contraction” as mentioned above. Actually, the relativistic maximum
of gold, which was initially pointed out by Pyykko [30], results in many unusual molecular shapes and properties of gold
compounds. In fact, while the ground state of Ag; has a 3D structure, that of Auy is planar, separated from the optimal 3D
isomer by 0.2eV (LC-BLYP value). The propensity of neutral gold clusters to favor planar structures continues up to sur-
prisingly large sizes, being likely up to 10 atoms (see above). The strong relativistic effects in addition enhance the d—d
interaction, leading to a stabilization of Au—Au bond [73,74]. As a result, the gold-gold distance in metal is getting even
shorter than the corresponding silver-silver distance, being 2.88 and 2.89 A, respectively [75]. A similar phenomenon also
appears in dimers in which the bond dissociation energy of Au, (2.29+£0.02eV) is significantly larger than that of
Ag, (1.65£0.03eV) [40]. Without relativistic effects, interactions between fulfilled d orbitals become negligible; the bond
strength between gold atoms could thereby be weaker than that between silver counterparts, because the s orbital shrinks
down in the group. Also owing to strong relativistic effects, Au(I) compounds tend to aggregate (polymerize) via formation
of weak gold-gold bonds with a length of ~3.0 Aanda strength of ~7—12kcalmol ', a phenomenon known by the terms of
aurophilicity or aurophilic attraction [76].

4. Phenomenological shell model (PSM)

As demonstrated above, not only the geometrical and electronic structure but also the (physical and chemical) properties of
atomic clusters strongly depend on their size and differ considerably from both individual atoms and bulk materials [66,77].
Experimental observations become more and more available owing to the use of modern spectrometric techniques, and
theoretical steps can be taken for understanding and elucidating the observed findings. However, similar to the situation
in other fields, it is not always straightforward to understand experimental or calculated results, which often need to be
rationalized with the help of some simpler approaches. In this context, the PSM [78] provides us with a simple but effective
model to interpret the electronic structure and stability pattern of simple metal clusters [39].

In the original formulation of PSM, the shape of stable clusters is presumed to be spherical. The highly delocalized
valence electrons that play a central role in the formation of chemical bonding in clusters are treated as itinerant particles
moving around a spherical pseudo-potential composed of the inner electrons along with the nuclei, giving rise to the
spherical shell closures, namely 1S/1P/1D/2S/1F/2P. Subsequently, the model was extended to treat elliptical shapes,
known as the Clemenger-Nilsson model (CNM) [79], which was introduced to account for both spherical and oblate/prolate
clusters, and from which the energy ordering of different levels with respect to the distortion of the cluster shape is qual-
itatively shown in Fig. 11.

As well established in the earlier literature [78,80,81], alkali clusters bearing 8, 18, 20, 40, 58, and 92 valence electrons
exhibit an outstanding thermodynamic stability. A widely accepted explanation for such a phenomenon is based on a strong
delocalization of the external s electrons bound in a spherically symmetric potential well [37,38]. Noble metal systems
related to closed valence shell with 1S%/1P%/1D'%/2S? electronic configurations have also been found to show particularly
low polarizabilities, high ionization energies, and large dissociation energies [22]. These observations indicate the dom-
inant contribution to formation of chemical bonding of 55 (Ag) and 6s (Au) electrons, reproducing the comparable closed
electron shell numbers of the alkali clusters. Hence, to some extent, the electron distribution of silver clusters can be con-
sidered as similar to those of the alkalis. The M,, species with n=6, 8, 20 considered in the present work provide us with
some interesting samples for applications of the PSM. We now examine the electronic structure of some spherical systems
based on a perspective of the PSM.

A cluster would exhibit a nearly spherical shape when all 3 P or all 5 D shell orbitals are filled with 6 or 10 electrons,
respectively, in order to form a closed electronic structure (Fig. 11). As presented in Fig. 1, the lowest-energy structure of
both Aug and Agg is an equivalent triangle with a D3y, point group. This form was also reported as the ground-state geometry
of Cug [82]. The number of itinerant electrons amounts to six (one electron from each coinage metal atom) that formally
satisfy the Hiickel (4n+2) counting rule for planar aromatic compounds. The clusters are characterized by planar shape;
hence, an 1S%{ 1P)2(1P§} electronic configuration is expected (the curly brackets represent a double degeneracy). The ener-
getic ordering of the valence molecular orbitals shown in Fig. 12 clearly approves the fact that the cluster with six itinerant
electrons exhibits a 1S? { lelPi} configuration. The two higher-lying orbitals, i.e., the degenerate HOMO, show an
p-character, whereas the HOMO-1 is actually an s-orbital. Earlier, the electronic mechanism of how the Aug ring encap-
sulates a transition metal dopant atom was also successfully interpreted using such a simple model [83].

As mentioned above, irrespective of some similarities in bulk states, coinage metal clusters exhibit several significant
differences in terms of geometrical shapes. For Agg, the 3D T structure (Fig. 4) is located as the ground-state geometry, and
so is for Cug [82]. On the contrary, Aug prefers the D5y, planar shape, being more stable than the T4 conformation by 0.7eV
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FIG. 12  Shell orbitals of the oblate Mg clusters. (Taken from P.V. Nhat, N.T. Si, J. Leszczynski, M.T. Nguyen, Another look at structure of gold clusters
Au, from perspective of phenomenological shell model, Chem. Phys. 493 (2017) 140-148.)

(LC-BLYP value). A closer look at the electronic structure of these systems allows the differences in going from Cu via Ag
to Au to be understood and provides us with an interesting sample for the validity of PSM.

The most stable form of either Cug or Agg is predicted to be a tetrahedron in such a way that it can be treated as a
spherical-shaped system. Indeed, Fig. 13 confirms that the electron configuration of this cluster can be described by
the initial shell of 1S%/1P°. With eight itinerant electrons and a sphere-like tetrahedron, these species constitute a
closed-shell configuration giving them the status of magic clusters and thereby particular stability [22].

In contrast to the preference of sphere-like Agg and Cug structures, the most stable D,;, form of Aug can be regarded as
bearing an oblate shape. Therefore, a different landscape emerges as partially occupied quasidegenerate orbitals are
involved. From the PSM view for oblate clusters (Fig. 11), Aug possesses a 1S%/1P*/1D? electron configuration with

two electrons distributed on twofold degeneracy {ID}(leiLyz} orbitals. Such an electron shell tends to result in a

Jahn-Teller distortion, and its frontier orbitals are likely to split into two different energy levels, namely 1D,, and
1D, ... As shown in Fig. 13, Aug with eight itinerant electrons and an oblate shape is characterized by an electron shell

. . 2 21p2 2
configuration of 1S7/{1P;1P;}/1Dx;.
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FIG. 13 Shell orbitals of the oblate Aug (left) and
the spherical-like Agg (right). (Taken from P.V.
Nhat, N.-T. Si, M.T. Nguyen, Elucidation of the
molecular and electronic structures of some magic
silver clusters Ag, (n=8, 18, 20), J. Mol. Model.
24 (8) (2018) 1-14.)
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We now examine the electronic structure of M,y with M =Cu, Ag, Au species. The ground-state geometry of Ag,, and
Cu, is almost the same [27], which can be generated by adding three Ag/Cu atoms to a (12,3) Frank-Kasper polyhedron, in
such a way that it can also be treated as a spherical shape system. For a nearly spherical cluster with 20 itinerant electrons, it
again corresponds to a closed electron shell structure. Fig. 14 shows the shell orbitals for the lowest-energy neutral Ag,,
cluster denoted as Agyo-I in Fig. 6. Both the lowest-energy and highest-energy shells of this neutral cluster are actually
s orbitals, whereas the three higher-lying orbitals show a p-character. Other orbitals lying lower in energy than the HOMO
(the 28 shell) clearly have a d-character, and they contribute predominantly to the 1D shell orbitals. With 20 itinerant elec-
trons and a closed electron shell, the neutral Ag,, thus also prefers a nearly spherical shape over an elliptical form.

The Au, cluster also exhibits an unusually high stability as compared with its neighboring clusters. The most stable
form of Auy is a tetrahedron (T4 symmetry) as presented in Fig. 6; it can thus also be treated as a spherical-shape system.

T XTr
'Yy

1S

FIG. 14 Electronic structure of the spherical-like cluster Ag,o with a closed electron shell configuration {1S*1P®1D'2S?}. (Taken from P.V. Nhat,
N.T. Si, M.T. Nguyen, Elucidation of the molecular and electronic structures of some magic silver clusters Ag, (n= 8, 18, 20), J. Mol. Model.
24 (8) (2018) 1-14.)
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FIG. 15 Electronic structure of the spherical-like cluster Au,, with a closed electron shell configuration {1S21P°1D'28?}. (Taken from P.V. Nhat,
N.T. Si, M.T. Nguyen, Elucidation of the molecular and electronic structures of some magic silver clusters Ag, (n= 8, 18, 20), J. Mol. Model.
24 (8) (2018) 1-14.)

For a nearly spherical cluster enclosing 20 itinerant electrons, it clearly corresponds to a closed electron shell structure.
Indeed, Fig. 15 confirms that the electron configuration of this cluster can be described by the shell 1S%/1P%1D'%/
2S? configuration. Strictly speaking, notably, five orbitals on the 1D shell split into two different sublevels, namely
e and t,, as a result of the Ty-symmetric crystal field. Relativistic effects are strong in heavy atoms such as gold
[30,32] and apparently play a vital role in stabilizing the high symmetry tetrahedral Ty structure [84]. On the contrary,
for Ag counterpart, due to the significant contributions of its d states [85], the effect of geometric packing, i.e., atomic
order, is likely competing with an electronic order and leads to a more compact structure for Agy.

5. Electronic absorption spectra

Electron transitions giving rise to absorption and emission spectra are a direct consequence of orbital configurations. Let us
therefore consider in some detail the electronic spectra of these clusters. In addition, optical properties of noble metal
clusters also attract a great deal of interest owing to their importance in both basic and applied research studies [4,86].
Study of electronic properties and optical response of these systems is an interesting but also challenging task due to
the closely lying s, d-electrons and strong relativistic effects. One of the most intriguing phenomena is the surface plasmon
resonance, i.e., a strong UV absorption due to collective oscillations of conduction electrons [58]. In small clusters, the
absorption becomes molecule-like reflecting a well-defined electronic structure [14,87], and the determination of the size
at which molecular-type electronic transitions evolve into a plasmon-like absorption is also a fascinating task [88]. In this
context, optical properties of noble clusters have been a subject of several studies using both experimental and computa-
tional approaches alike [14,58,89].

Small noble metal clusters up to 30 atoms show molecular-like excitations with several typical peaks in their electronic
absorption spectra. In addition, substantial differences in optical properties of both Ag, and Au, clusters emerge because
the d states in gold are more directly involved in electronic excitations as compared with those of silver [4]. Such alterations
furthermore result from a stronger s-p-d hybridization in molecular orbitals of Au, and maximum relativistic effects of
gold. In what follows, we shall examine size by size the predicted absorption spectra of silver and gold species M,, in
the range of n=1-20. Theoretical spectra are simulated from time-dependent density functional theory (TD-DFT) calcu-
lations using the long-range corrected XC functional LC-BLYP and the cc-pVDZ-PP basis set. A number of results have
previously been reported and are confirmed by the present study.

The experimental spectrum of the gold atom contains two well-defined peaks at 4.8 and 5.4eV, corresponding to the
spin-orbit split 251 /2H2P1 ,2 and 281/2H2P3/2 transitions [90]. The simulated spectrum of Au atom shown in Fig. 16,
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FIG. 16 TD-DFT absorption spectra for the lowest-lying structures of gold Au, clusters.

however, exhibits only one intense transition near 5.3 eV, which can be attributed to the S — P transition. This is presumably
due to the fact that TD-DFT calculations do not accurately account for the spin-orbit coupling effects.

The absorption spectrum of the gold dimer has also been experimentally studied, and several absorption bands are found
to be situated in the energy region of 2.5-5.5 [86,91,92]. With a reasonable certainty, we would assign the so-called X — B
transition measured at 3.18 eV to the predicted value near 3.0eV, whereas the X — D measured transition at 5.3eV corre-
sponds to the computed one at 5.2eV. However, both X — A and X — C transitions observed experimentally at 2.44 and
4.80eV are not reproduced in the TD-DFT absorption spectrum of Aus,.

The LC-BLYP absorption spectrum for Auj consists of several significant peaks in the range between 3.0 and 4.5eV, for
which experimental data have also been available [86]. Accordingly, the low-intensity peak at 3.1eV is likely associated
with the 3.05-3.50¢eV transitions found in previous experiments [86,92]. In addition, the higher-intensity absorption line at
3.6eV can be accounted for by the measured transition at 3.64eV [86,92].

The absorption spectrum of gold tetramer exhibits a highly intense peak near 3.2eV and another weaker transition at
4.1eV. The experimental spectrum [86] also exhibits a prominent transition at 3.3 eV, whereas the peak at 4.05 eV splits into
two components at 4.0 and 4.1eV. For Aus, the predicted transitions with particularly large oscillator strengths are located
at 2.7, 3.3, and 3.5eV. Previous measurement [86] also detected such transitions at a somewhat lower-energy region
between 2.95 and 3.25eV. In addition, one can detect some low-intensity peaks above 4.0eV.

To date, the experimental UV spectrum for Aug is not available, even though previous analyses indicate this is a “magic”
cluster with a rather large excitation energy [93]. Thus, it can serve as a proper model system for assessing the reliability of
excited states calculations for gold clusters. The lowest excited state of Aug is located at ~3.4eV (LC-BLYP). A compa-
rable gap is obtained with the ®B97X functional (3.3eV) and EOM-CCSD (3.3eV) approaches, whereas both TPSS and
B3LYP functionals yield significantly reduced transition energies to 2.4 and 2.8eV, respectively [89].

The measured and computed absorption spectra of Au; have been reported in the literature [58,86]. Accordingly, loca-
tions of strong peaks are observed in the range of 2.6-3.6 eV that are also well reproduced in the simulated spectrum (Fig. 16).

As compared with the odd numbered clusters such as Aujz, Aus, and Au,, the absorption of the gold octamer is much
simpler. The calculated spectrum for the ground-state Aug-I covers a range below 4.1eV with three characteristic peaks
centered at 3.4, 3.6, and 4.1eV that were also experimentally seen with close values [86]. For Aug, the experimental
spectrum shows a large amount of peaks situated at 2.9, 3.2, 3.7, 3.9, and 5.1eV [86]. Previously, the observed
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photo-dissociation spectrum emphasized two broad absorption bands at ~2.2 and 3.0eV [94]. The spectra of two lowest-
energy structures Auog-I and Aug-II (Fig. 4) simulated at the LC-BLYP/cc-pVDZ-PP level and shown in Fig. 12 suggest that
the observed spectrum likely arises from a superposition of both isomers rather than from a sole carrier. Accordingly, the
peaks located at 2.2, 2.7 and 3.2 eV can be assigned for intense transitions at 2.2, 2.8, and 3.2¢eV in the predicted spectrum of
Auo-1. On the contrary, the observed bands at 2.9eV, which are absent in the spectrum of Auy-I, are consistent with the
transition at 3.0eV coming from the second isomer Auy-IIL

In the case of Au;o, TD-DFT calculations give a main peak at 3.2eV and followed by a gap of ~0.6eV to a characteristic
trio of lower-intensity features separated by about 0.05-0.1eV. For Au;;, previous experimental study observed a local
absorption maximum at ~2.9eV [12]. This peak is quite well reproduced in the calculated spectrum of Au;;-I asitis located
around 2.8eV. In addition, a weaker signal at ~3.0eV and a stronger one at 3.3eV could also be detected. Calculations
performed for both Au;,-I (3D) and Au,-II (2D) isomers (Fig. 16) show that the spectrum of Au,,-I contains a strong
doublet between 3.5 and 3.6eV, along with lower-intensity peaks at 3.1 and 3.3eV. The 2D isomer Au;,-II exhibits a
simpler spectrum with two prominent bands centered at ~3.2 and 3.7¢eV.

Calculated absorption spectra for larger Au, clusters including #»=13-20 in the energy range of 2.5-5.0eV are also
presented in Fig. 16. In general, the absorption lines of odd-numbered systems, when compared with those of the even-
numbered counterparts, are typically more complicated and appear in the lower-energy region. For example, the optical
absorption spectra of odd clusters with n=13, 15, 17, and 19 show particularly high peaks between 2.4 and 2.7 eV that are
significantly shifted to ~3.7eV for Au;4 and Au;¢. Concerning Au;g and Au,,, while the former gives several lines with a
maximum at 3.7eV and two lower-intensity transitions below 3.6eV, the latter exhibits a strong absorption located at
~3.7eV. Our present LC-BLYP calculations are thus comparable to those obtained with the CAM-B3LYP and
LC-MO6L functionals. Previously, the plasmon-like band of the tetrahedron Au,, was located at 3.5 and 3.8eV by the
CAM-B3LYP and LC-MO6L, respectively [89,95]. However, LDA and GGA predictions produced peaks at much lower
energies [96]. For example, while the BP86 calculation identified the most intense transition in Au,g at 2.9eV [97], LDA
predicted such a band at 2.8eV [58].

Several studies on both experimental and theoretical aspects have been devoted to the optical properties of neutral silver
clusters [14,90,95]. Generally, these nanostructures display the stepwise, multiple-band spectra that bear a common feature
of noble metal clusters [90,98,99] as shown in Fig. 17.

The simulated spectrum of the Ag atom produces one main peak at 3.8eV (331 nm). This band can be assigned to the
measured band at 326nm (3.80eV) or 328 nm (3.78eV) in Ar and Kr matrices, respectively [100]. For the dimer Ag,, the
lowest excited state is observed at 3.0eV, which is marginally closer to the given experimental value of 2.96eV [90] than
the previous PBE prediction of 3.1eV [101]. In addition, we detect two other intense transitions in the higher-energy region
at 4.3 and 4.8eV. The theoretical UV-visible optical absorption of the trimer Ag; becomes more complicated with two
intense signals at 3.6 and 3.8eV. Besides, some lower-intensity peaks can be detected below 3.0eV. To date, no experi-
mental spectrum of the trimer is available.

Let us now examine the UV-vis spectra of Ag, in the sizes n=4-14 in comparison with existing experimental results
previously obtained by Harb et al. [ 14]. The simulated absorption spectra the D,;, isomer Agy-I exhibit the highest transition
at 3.1eV, which has also been observed by all TD-DFT calculations [14]. Other lesser intense signals at 4.0, 4.2, 4.8, and
5.0eV are further detectable. As compared with the experiment, the main transition is well reproduced at 3.1 eV, while other
lower-intensity peaks are measured at 4.2, 4.5, and 4.8eV. In the case of Ags, two extensive bands were experimentally
measured at 3.3 and 3.8eV. TD-DFT calculations for Ags-I also reproduce two main transitions at 3.2 and 3.8eV. Accord-
ingly, the agreement between theory and experiment is quite good for both Ag, and Ags systems.

The computed spectrum of the D3y, Agg-I contains a distinct transition at 3.6eV along with some smaller signals at 3.1
and 5.1eV. Such a prediction is not properly consistent with the experimental one, which shows two distinct peaks at 3.6
and 4.2eV, as well as smaller bands at 4.9 and 5.1eV. Harb et al. [14] also pointed out in taking the presence of the less
stable Cs, isomer into account, the agreement between theoretical and experimental spectra becomes better. Regarding
Ag, the experimental spectrum contains primarily one broad band with a doublet at 3.6 and 3.8eV. As discussed above,
two quasidegenerate isomers Dsy, Ag;-Iand Cs, Ag;-II (Fig. 4) with a tiny energy gap of 0.07 eV are strongly competing for
the ground state of Ag;. However, the calculated spectrum of Ag;-I does not match the experiment well. Instead, that of
Ag-Il reproduces better the experimental spectrum and the agreement between both computed and measured spectra turns
out to be more convincing. The doublet between 3.6 and 3.8 eV is properly generated and can be assigned to the broad signal
at 3.7eV in the C3, spectrum. The reason for such a presence of only one isomer of a degenerate couple in the molecular
beam is not clear to us.

For Agg, LC-LYP/cc-pVDZ-PP calculations predict that important absorption bands of Agg-I occur at 4.1 and 3.1eV
that are comparable to previous predictions at 4.0 and 3.0eV (BP86/LANL2DZ), 4.0 and 3.1eV (B3LYP/LANL2DZ), 4.2
and 3.3eV (EOM-CCSD), 4.0 and 3.1eV (CASPT?2) [102]. Such transitions can also be assigned for intense experimental
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FIG. 17 TD-DFT absorption spectra for the lowest-lying structures of silver Ag, clusters.

peaks observed at 4.0 and 3.0eV, respectively [14]. However, the spectrum of this form does not contain a narrow peak at
3.6eV detected in the experimental spectrum. Instead, such transition can be derived from the D,y Agg-II whose absorption
spectrum exhibits noticeable peaks centered at 3.1, 3.8, and 4.1 eV. Thus, both the lowest-energy isomers are likely present
under experimental conditions, and the observed spectrum arises from a superposition of both spectra, rather than from a
sole carrier.

The experimental spectrum of Agg contains a low intensity peak at 2.8eV and several narrow ones between 3.3 and
4.3eV. We actually reproduce this absorption spectrum in considering the lowest-energy Ago-I located in this study. The
latter can account for the measured bands in the region of 3.3—4.3 eV, but not for the experimental band at 2.8 eV. The exper-
imental spectrum of Ag;oshows three distinct lines at 3.8,4.0,and 4.2 eV, which are very similar to that of Agy. Since all three
peaks are present in the Agy spectrum at the same positions, a plausible explanation is that in reality the Agy size was
observed. As shown in Fig. 17, the calculated spectrum of Ago-I featuring three important peaks centered at 3.5, 4.1,
and 4.2eV does not reproduce well the reported spectrum in ref. [14], which does not show any transition below 3.5eV.

The absorption spectra of two lowest-lying isomers Ag;;-I and Ag;-II, which are basically degenerate, are presented in
Fig. 12. Overall, the former reproduces the experimental data better than the latter. Accordingly, sharp lines at 3.6 and
4.2eV in the computed spectrum of Agy;-I can be assigned to those at 3.7 and 4.3eV in the measured one [103,104].
The Ag;; cluster was also studied in detail by Idrobo et al. [105], and although the experimental spectrum could be
due to a superposition from different isomers, the lowest-energy one brings in the most significant contribution. For
Ag,, the predicted spectrum of the lowest-energy Ag;,-I contains one intense peak near 3.5eV and two lower ones at
4.0 and 4.4eV, which are in good agreement with the experiment [14]. Accordingly, the spectrum obtained for Ag;, in
Ar exhibits a very similar shape with three distinct peaks in the region of 3.4—4.4eV.

In the case of Ag;3;, LC-BLYP calculations for both lowest-energy structures find an intense transition at ~3.6eV and
some lower ones between 4.0 and 4.5eV. Overall, the agreement with the experiment is convincing as the measurement
obtained for Ag; consists of a well-defined peak at 3.4 eV and some lower-intensity lines between 3.9 and 4.4eV. Positions
of the distinct transitions are rather well reproduced if we take a small blue shift into account. For silver cluster containing
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14 atoms, it was experimentally found to have a very similar absorption spectrum to those of Ag;, and Ag;3 with a broad
band near 3.5eV, along with two shoulders at 4.0 and 5.0eV [14]. The spectra computed for both lowest-energy Ag;4-I and
Ag4-11 exhibit very comparable shapes with a main transition near 3.6eV and some less intense bands at higher energy.

Next we consider the absorption spectra for the larger series of Ag, (n=15-20) systems in which our LC-BLYP results
can be compared with experimental data previously reported by Fedrigo and coworkers [106]. Overall, the measured
spectra of these clusters are characterized by the dominance of a broad band lying between 3.2 and 3.8 eV, accompanied
by some shoulders at higher energies with much lower intensities. This common feature is coupled to a slight shift to the
higher energy region of the highest transition when the cluster size increases. While our predicted spectra for even systems
are quite consistent with the experiment, the agreement of those of odd counterparts is less convincing. Let us look at Ag;s
as for an example. While present calculations give a main transition centered at 3.8 eV for Ags-I (Fig. 17), the experimental
spectrum shows a broad band at ~3.5eV. Similarly, the predicted transitions between 2.5 and 3.3eV in the absorption
spectra of Agy; and Ag;y are also not observed experimentally. However, the mostly intense peaks between 3.5 and
3.7eV in the measured spectra of these clusters are well detected in the TD-DFT spectra.

As reported in ref. [106], the experimental absorption spectrum of Agg is characterized by a dominant peak at 3.6eV
and accompanied by a shoulder at ~4.1eV. Our LC-BLYP calculations for the lowest-energy isomer Ag;s-I give a main
peak at 3.7eV along with a rather lower-intensity peak at 4.1eV, which are in very good agreement with experiment.
However, the predicted transition at 3.9¢eV is, nevertheless, not observed experimentally. Previous CAM-B3LYP calcu-
lations similarly detected several peaks scattered on the 3.5-4.5eV range with two maxima at 3.6 and 4.1eV [107]. We also
regenerate the absorption spectrum of the lower-lying isomer Ag;g-II and find that it differs much from that of Ag;g-I and
does not match the experiment.

The experimental absorption spectrum of Ag,, was also recorded and reported in ref. [106]. Accordingly, the recorded
spectrum is composed of a broad band near 3.7eV and a much less intense one ~4.0eV. Our LC-BLYP computations for
the Ag,(-I yield a strong transition centered at 4.1 eV, which is not in line with the experiment. The computed spectrum for
the tetrahedron Ag,o-II with some dominant peaks at 3.7 and 4.0eV, for its part, agrees better with the experiment. Overall,
following an increase of cluster size, the absorption spectrum becomes simpler with only one main strong band, in corre-
lation with the fact that the silver structure becomes more compact and spherical. Overall, the magic clusters represent
somewhat different absorption behaviors. The UV-Vis spectra of Agg, Agsg, and Au,g systems are in fact much simpler,
and each is characterized by the dominance of a broad, highly intense transition.

There is no direct correlation between the electron shell model and absorption spectra. It seems that the model is too
simple to account for the complex electronic excitations of clusters.

6. Concluding remarks

We report in this chapter a comprehensive review on the structural evolution, stability trend, and electronic properties of a
series of small silver and gold clusters in the range size from 2 to 20 atoms. The lowest-energy structures and some basic
thermodynamic parameters are either confirmed or determined using the LC-BLYP and PBE functionals in conjunction
with the pseudo-potential cc-pVDZ-PP basis set. The structural evolution of both series is analyzed in terms of the electron
shell model. Their optical spectra are also simulated and compared with available experimental data. A number of inter-
esting results emerge as follows:

(i) While the silver Ag, early adopts three-dimensional (3D) structures at n =6, a structural transition from 2D to 3D in
gold systems appears to take place at around Au;o. From n="7, both Ag, and Au,, species exhibit very different geom-
etries in their ground state and follow distinct growth patterns. The Ag, with n=7-16 prefers 3D structures that can be
constructed by adding extra Ag atoms either on the Ds;, bipyramid Ag,-I or the T4 isomer Agg-I. As the cluster size
increases, a common trend of forming close-packed structures emerges from a 13-atom icosahedral core by adding
extra atoms on triangular faces. As compared with the silver Ag,, the gold Au, generally exhibits more symmetric
ground state structures. A local minimum of a specific Au,, system is usually generated from the lowest-lying isomer
of the smaller size Au,_; by adding an extra gold atom at different spatial position. In particular, the global energy
minima obtained for species with n=18-20 are formed by capping extra gold atoms on the 16-vertex Frank-Kasper
Au,¢ core.

(ii) Some basic energetic properties including binding energies per atom, the one-step fragmentation energy, and stepwise
dissociation energies are also presented. Compared with experimental data, the PBE functional turns out to be more
reliable in predicting the binding energies per atom and dissociation energies, whereas the LC-BLYP functional is
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likely to be more suitable for structural predictions. Analysis of basic energetics demonstrates that the sizes Aug, Agg,
Agrp, and Au,g attain remarkable thermodynamic stability with more symmetric structures than their neighbors.

(iii)
The stability pattern and electronic structure of these magic clusters are also rationalized and enlightened in terms of the
phenomenological shell model (PSM). Accordingly, the Agg with eight itinerant electrons features a sphere-like form
ground state (T4 symmetry) and a closed 1S%/1P° electronic configuration. Similarly, the nearly spherical Au,, which
favors a tetrahedron shape (T, symmetry), also has a closed 15%/1P%/1D'%/2S? electron shell. Consequently, such species
exhibit high symmetry structures and are particularly stable members of the series examined.

(iv)

The computed electronic spectra of the clusters present several interesting observations. Both systems exhibit a strong
optical response in the UV-visible range, but some major inherent differences appear in their spectra. While the spectra of
gold clusters are normally characterized by sharply well separated peaks, those of silver clusters are dominated by a rel-
atively broad peak, accompanied with some lower intensity absorption bands. The main absorption peaks in each series
seem to appear in a similar energy region, with some small shifts. However, the spectral pattern becomes much simpler
with the emergence of a dominant peak when the clusters size becomes larger and more spherical. Such differences in
behavior of the two series of clusters allow a suitable choice for the cluster to be used, for example, as sensors for detecting
some organic compounds and pollutants.
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