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Nanoclusters have recently emerged as promising building blocks with potential
applications in advanced nanostructured materials, owing to their unique catalytic,
magnetic, and electronic properties. This work compared the infrared spectra and
absorption spectra of the ground-state structures My; and My,Cr (M = Cu, Ag, and Au)
clusters using density functional theory and time-dependent density functional theory
approaches. Specifically, we employed the BP86 functional combined with cc-pVTZ-
pp and cc-pVTZ basis sets for M and Cr atoms, respectively. Chromium (Cr) dopant
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atom has five unpaired valence electrons, with an outermost shell configuration of
3d°4s®. These valence electrons exhibit high mobility, allowing them to move freely
and form a delocalized electron cloud for clusters. In contrast, the remaining electrons
that do not participate in forming the delocalized electron cloud localize in the d-Cr,
resulting in significant differences in the characteristics of IR vibrational modes for
M3 and My,Cr clusters. The absorption spectra analysis revealed no absorption signals
for Ag;,Cr and Cu,,Cr clusters, while Au,,Cr cluster exhibits a notable absorption peak
at 1270 nm (0.976 eV). These findings provide valuable insights into the vibrational
and optical characteristics, establishing a foundation for further theoretical and
experimental investigations.
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TU KHOA

Cum nguyén tir kim loai

Tinh chét quang

Phé hdng ngoai

Phuong phap phiém ham mat do
Quang phd hip thy

Cum nguyén tir gan déy ndi 1én nhu nhimg vién gach d4u tién htra hen tiém ning tmg dung
cho céc vt liéu cau triic nano tién tién nhd vao tinh chét xuc tac, tir tinh va dién tir tha vi.
Nghién ciru nay so sanh phd hong ngoai va phd hip thu phan tir ciia cac cu trac My, va
My,Cr (M = Cu, Ag va Au) ¢ trang thai co ban st dung phuong phap phlem ham mat do
va phiém ham mat d6 phy thudc thoi gian. Cy thé, chiing t6i sir dung phiém ham BP86 két
hop véi bd ham co s¢ cc-pVTZ-pp va cc-pVTZ ap dung lan luot cho nguyén tir M va Cr.
Nguyén tir pha tap Cr ¢6 nam dién tir hoa tri chwa ghép cip tuong tmg vai cau hinh dién tir
phén 16p ngoai cing 3d°4s’. Nhimg dién tir hoa tri nay co tinh linh dong cao, do d6 chung
dZ dang di chuyén va hinh thanh ¢4m may dién tir tu do cho cum nguyén tir. Nguoc lai,
céac dién tr con lai khong tham gia vao hinh thanh ddm may dién ti tu do clia cum nguyén
tir s& dinh x(r trén orbital d-Cr, két qua c6 sur khac biét dang ké trong cac mode dao dong
dic trung clia cum nguyén tir My va My,Cr. Phan tich phd hap thu phan tir cho thiy khong
thu duoc tin hiéu hip thy déi véi cum nguyén tir Ag;,Cr va Cuy,Cr, trong khi Aug,Cr thu
duoc mot dinh phd 15 rét tai budc song 1270 nm (0,976 eV). Nhimng phat hién nay cung
cap nhitng hiéu biét c6 gia tri vé cac dic trung dao dong va dic trung quang hoc ciia cum
nguyén tir, tao nén tang cho cac nghién ctru 1y thuyét va thuc nghiém trong twong lai.
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1. Introduction

Metal clusters have recently become an intriguing research subject due to their extensive
application potential, which are regarded as foundational elements in the development of
advanced nanostructured materials with remarkable chemical and physical properties [1] - [4].
Notably, the doping of transition metal atoms into metal clusters can significantly modify
geometric structure, resulting in alterations to their electronic properties. Studies have highlighted
that these modifications significantly impact the spin magnetic moment and the stability of the
clusters [5] - [11]. Furthermore, alternations in both geometric and electronic structures are
essential in determining the optical properties and catalytic capabilities of the clusters [12] - [16].
Consequently, the selection of appropriate doping atoms provides scientists with the ability to
manipulate the optical characteristics of clusters effectively. For example, Y.S. Yu et al. [12]
demonstrated that the adsorption capacity of Ag,Cr for CO is significantly higher than that of Cr
atom. The optical spectra of Ag-Co clusters generally show minor variations in energy as the
number of atoms increase [17]. The absorption peaks exhibit a clear redshift as the size of Cu
atoms increase, as observed when comparing the absorption spectra of Ag:s*, Ag;,Cu’, and Cuys*
clusters [18]. This phenomenon is attributed to the increased activity of silver atoms in the
outermost layer of the Ag;,Cu cluster compared to those in Agiz and Cuys clusters. Another
example is the impact Pd atom doping, which alters the structure and optical absorption
properties of gold clusters [19]. While the structures of pure gold clusters have a planar (2D)
structure, the Pd-doped gold clusters show stability in a 3D shape. Comparison of the infrared
absorption spectra of pure Au," and doped Au,Pd" clusters demonstrates significant differences.
Quantum calculations using the density functional method indicate that these changes correlate
with shifts in electron density. The intensity of oscillations during the optical transition process
significantly decreases when Pd is doped into Au,” and Au,"Ar clusters. The quenching effect
observed in PdAu;" clusters results from structural changes induced by Pd doping, alongside
alterations in the electronic structure of the atomic clusters.

Although studies have examined the optical properties of the Cu,, Ag,, and Au, alloy clusters,
none have systematically clarified the relationship between geometric structure, electronic
configuration, and their optical properties, particularly for metal clusters doped with transition metal
atoms. To address this issue, we analyze and compare the vibrational infrared spectra/adsorption
peaks of the most stable structures of pure M; and doped M1,Cr (M = Cu, Ag, and Au) clusters using
the density functional theory (DFT) and time-dependent density functional theory (TD-DFT). This
research aims to provide a valuable insight into the connections between the vibrational infrared
spectra, UV-Vis spectra, the ground-state structures, and electronic configuration. Furthermore, these
findings provide strong guidelines for future experimental investigations.

2. Methods

The geometric and electronic structures of My,Cr (M = Cu, Ag, and Au) clusters were carried out
by density functional theory (DFT) calculations in the Gaussian 09 package [20], [21]. The structures
were optimized using BP86 functional combined with cc-pVDZ-pp and cc-pVDZ basis sets for M
and Cr atoms, respectively. Isomers with relative energies below 2.0 eV were considered for further
calculations. These selected isomers underwent single-point energy calculations using the same
functional but with larger basis sets, specifically cc-pVTZ-pp for M atoms and cc-pVTZ for Cr atom,
based on previous investigations [5], [6]. The reliability of the current computational scheme has been
verified through comparison with earlier calculations on metal and chromium dimers. Our results are
summarized in Table 1, showing alignment with experimental data. Following the optimization
calculations, we performed additional frequency evaluations to identify the lowest-structure for the
cluster. Furthermore, the UV-Vis spectrum and its associated electronic transitions were determined
using the time-dependent density functional theory (TD-DFT) method.
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Table 1. The dissociation energies (DE, eV) of ground state M-Cr and M, (M = Cu, Ag, and Au) dimers

Dimers Cal. DE, eV Expt. References
Cu-Cu 2.01 2.01 +0.08 [22]
Cu-Cr 1.70 1.61+0.22 [23]
Ag-Ag 1.62 1.63+0.03 [23]
Ag-Cr 2.56 2.80 [24]
Au-Au 2.27 2.29+0.30 [23]
Au-Cr 2.27 2.28 +0.30 [23]

3. Results
3.1. Structure and spin multiplicities

The stable geometric structure of Mgz (M = Cu, Ag, and Au) clusters was optimized using the
density functional theory approach at the BP86/cc-pVTZ-pp level. In this studies, we obtained
numerous geometric structures corresponding to low-energy spin states, ensuring the absence of
negative frequency values. The most stable geometric structure of M;; was determined by
evaluating the relative energy of different isomers. Following this, a transition metal atom Cr was
substituted at all feasible positions within the most stable My3 clusters. This resulting structure was
used as the input structure for subsequent calculations. The BP86 functional in conjunction with the
cc-pVTZ-pp and cc-pVTZ basis sets was utilized the metal atoms (Cu, Ag, and Au) and the
transition metal atom Cr, respectively. Among the numerous isomers obtained, only those with the
lowest energy were selected for further investigation. The results are presented in Figure 1.

9
J | 9
\ / \ “ J J J/,«J
/ \ |
s e
J
doublet-Cuy; doublet-Ag;3 doublet-Auy;
o9
ovaNA
9 09
singlet-Cu,,Cr singlet-Agy,Cr Quintet-Au,,Cr

Figure 1. Optimized structures and spin multiplicities of the lowest lying isomers M3 and M,Cr (M = Cu,
Ag, and Au). The red, light blue, yellow, and pink balls show Cu, Ag, Au, and Cr, respectively

At first glance, significant differences are observed in the geometric structure and and spin
multiplicities of My3 clusters compared to M1,Cr (M = Cu, Ag, and Au) clusters, suggesting that
the transition metal atoms significantly influence both the geometric structure and electronic
configuration of the metal clusters. Specifically, the global structure of the doublet Cuy; and
doublet Ag;s atomic clusters prefers a cage-like (3D) arrangement, whereas the doublet Aujs
cluster has a planar (2D) structure. While we doped exactly the same dopant (Cr atom), there are
two main differences between the host systems. First, Cu;,Cr and Ag:,Cr clusters exhibit a
perfect icosahedral structure with singlet states, in which the Cr atom is located at the center of
the icosahedron. Second, the geometry of quintet Au.,Cr cluster is a cone-like shape with Cr
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located at the center of the face. This observation aligns well with earlier research findings [6],
[12], [15], [25]. Owning to their icosahedral and cone-like shape geometries, Cu;,Cr/Ag;,Cr and
Au,,Cr clusters exhibit slightly different molecular shell of electrons, respectively [6]. Chromium
(Cr) dopant atom has five unpaired valence electrons, with an outermost shell configuration of
3d°4s'. Assuming that each copper, silver, or gold atom delocalizes one 4s', 5s, or 6s' electron,
Cuy,Cr, Ag1,Cr and Au;,Cr clusters provides a total of 18 valence electrons. For Cuy,Cr/Ag;,Cr
all 3d°4s* valence of Cr delocalizes and joins with s valence electrons of the Cuy, and Ag;, host,
resulting in the completely filling of the 1S*1P°1D" to form a closed shell and stable structure
with icosahedral singlet. By contrast, for Au;,Cr, only two delocalized electrons (one of 4s-Cr
and one of 3d-Cr) join in twelve electrons of the Au host cluster, forming an electronic shell
structure of 1S21P°1D®. The remaining 4 electrons are localized on 3d-Cr atomic orbitals,
resulting in an electronic configuration of 1S*1P°1D°3d";, responding to the cone-like structure
quintet. In other words, this phenomenon of geometric transformation and spin multiplicities can
be attributed to the electronic configuration of Cr dopant atom with five unpaired electrons of
3d°4s'. These valence electrons determine the tendency to occupy the Cr atom at the highest
coordination numbers with the cluster hosts.

3.2. Stability

Relative stability is often considered an important parameter in evaluating the existence and
properties of clusters. In this study, the influence of the transition metal atom (Cr) on the stability
of the doped My,Cr clusters was examined by comparing them to their pure counterparts, using
binding energy per atom (BE). In general, the BE is defined as the average difference between
the energy sum of all the free atoms constituting the cluster and the total energy of the cluster,
calculated as follows:

BE(CrM,) = -5 [(E(Cr) +nE(M)) ~E(CrM,)] )
BE(Mn1) = —[(1+1)E(M) ~E(Mp.1)] )

Where E(Cr), E(M), E(CrM,), and E(M,.,) are the total electron energies of the most stable
atoms and Cr, M, CrM,, and M,.; (M = Cu, Ag, and Au) clusters, respectively.

Table 2. Binding energy per atom (BE, eV) and dissociation energy (DE, eV) of M3 and M,Cr (M = Cu,
Ag, and Au) clusters correspond to the two decay channels: loss of a M atom and loss of a Cr atom

Binding energy Dissociation energy (DE, eV)

Clusters (BE, eV) Loss M Loss Cr
Cuys 2.24 2.69 -
Cuy,Cr 2.35 3.37 3.88
Adis 1.59 1.76 -
Ag.Cr 1.73 2.30 3.67
Augs 2.06 1.89 -
Auy,Cr 2.13 2.40 2.26

The calculated BE results for M3 and My,Cr clusters are shown in Table 1. It can be seen that
the BE of the doped M;,Cr clusters is generally higher than that of the pure My; clusters, suggesting
that the substitution of a metal atom by a transition metal atom enhances the stability of clusters.
This picture aligns with the observed trend of enhanced stability in Au;s/AusM** (M represents 3d
transition metals) compared to Au,/Aus”* clusters [5], [7], [8]. R. Xiong et al. [9] has shown that
the substitution of a V atom for an Ag atom in Agn. (n > 2) clusters can evidently enhance the
stability of the host clusters. Notably, the BE of Cu,,Cr cluster is the highest among the studied
clusters at 2.35 eV. This result is fully consistent with previous research on the stability of the
M1,Cr clusters, particularly that Cu;,Cr can be considered a potential superatom [6].
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Analyzing the stability of clusters allows for the identification or creation of chemically inert
species with specific properties, forming a foundation for developing advanced nanomaterials. It is
important to note that the BE does not reflect the intrinsic stability of clusters, as the number and type
of bonds vary for each atom. Therefore, the dissociation energy serves as a crucial parameter for
evaluating the intrinsic stability of atomic clusters [26] - [28]. In this study, we compute the
dissociation energy of pure clusters My; and doped clusters My, Cr through two possible dissociation
channels: the loss of a Cr atom and a M atom, according to the equation following.

DE(M) = E(M,) + E(M) — E(Mp.1) ©)
DE(Cr) = E(M,) + E(Cr) — E(M,Cr) (4)
DE(M) = E(M,.1Cr) + E(M) — E(M,Cr) (5)

In which, E(M), E(Cr), E(M,)), E(Mp+1), E(M,.1Cr), and E(M,Cr) are the total energies of the
stable isomers of the atoms and clusters. Table 1 displays the findings of the dissociation energy
calculations for M3 and My,Cr clusters. Compared to the pure clusters Cuyz (2.69 eV), Agis (1.76
eV), and Auis (1.89 eV), the dissociation energy values of doped clusters Cu;,Cr (3.37 eV),
Ag,Cr (2.30 eV), and Au;,Cr (2.40 eV) are significantly higher, respectively. This further
supports the notion that the presence of transition metal atoms enhances the stability of the doped
clusters. With the exception of the Au;,Cr species, the dissociation channel of a metal atom is
energetically preferred for the doped clusters compared to the dissociation channel of a transition
metal atom Cr. This observation aligns consistently with the perfect icosahedron structure, in
which the Cr atom is encapsulated by 12 metal atoms in the Cuy,Cr and Ag;,Cr clusters. In
contrast, for Au;,Cr, the Cr atom prefers to occupy a face-centered position, as previously
discussed. Notably, both dissociation channels (loss M and loss Cr) of the Cuy,Cr cluster have
higher values than those of other doped atomic clusters, further agreeing that the Cu,,Cr cluster
can be considered a potential superatom.

3.3. Electronic and optical properties

Infrared (IR) spectroscopy operates based on the phenomena of absorption, emission, or
reflection of infrared radiation, transforming it into molecular vibrations. The IR spectrum is
related to the vibrations or rotational movements that change the dipole moment. It is also
associated with the curvature of the relationship between potential and distance between atoms.
These vibrational modes also provide valuable insight into the structural properties and behavior
of clusters, offering a deeper understanding of their molecular dynamics, chemical bonding and
catalyze interactions. In this study, the effect of the transition metal atom (Cr) on the IR spectra
of pure metal clusters M3 (M = Cu, Ag, and Au) and M,Cr clusters was conducted by the
density functional theory (DFT) approach. The results are presented in Figure 2. The initial
analysis of the IR spectra depicted in Figure 2 reveals that most of the observed spectral peaks
are within the frequency range from 0-400 cm? for Cuy,Cr and 0-300 cm™ for Ag.Cr. These
finding suggest an extension of the observed wavelength range compared to the pure clusters
Cuss (0 — 300 cm™) and Agys (0-200 cm™. Conversely, the IR spectral peaks of Auys and Auy,Cr
clusters are situated within the wavelength range of 0-260 cm™. This is in agreement with the
vibration frequency of 3d, 4d and 5d 13-atom metal clusters [29].

The IR spectrum of Cuys clusters displays 11 distinct bands corresponding to three primary
vibrational modes: i) the calculated vibrational frequency of Cuiz was 75 cm, while other
studies reported a frequency of 60 cm™ [30]. This band is assigned to the bending mode involving
two triangular Cu atoms around the Cu-, framework. Additionally, the wavelengths 109 cm?, 116
cm?, and 137 cm™ are associated with the bending mode of a single Cu atom within the Cuys
cluster. ii) The asymmetric stretching mode of Cu-Cu in the Cu,; framework is characterized by
the frequencies of 90 cm™, 152 cm™, 176 cm™, 206 cm™, 233 cm™, 265 cm™, respectively. This
values are in good agreement with the experimental value of Cu-Cu vibration of 265 cm™ [31].
iii) Conversely, an opposite trend is observation at the peak if 254 cm™, which is signifies the
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symmetric stretching mode of Cu-Cu vibration in the Cuys clusters. It is noteworthy that the IR
spectra of Cu;,Cr cluster show significant differences. The spectra exhibit a noticeable shift
towards longer wavenumber and are relatively simple, featuring a very high intense peak at 348
cm™. This peak corresponds to the Cr-Cu symmetric stretching vibrational mode in the Cuy,
framework. Similarly to the Cu;,Cr and Cug; clusters, the IR spectra of Ag;,Cr and Agss clusters
display analogous characteristic. The bending vibrational mode involving two triangular Ag
atoms around Ag; framework is observed at a low frequency of 43 cm™. In the meantime, the
wavelength 112 cm™ is assigned for bending vibrational mode of an Ag in Ag,s. The symmetric
stretching vibrational mode of Ag-Ag in Ags; are characterized by frequencies of 51 cm™, 151
cm™. In contrast, the asymmetric stretching vibrational mode of Ag-Ag in Ag.; are represented
by wavelengths of 84 cm™, 93 cm™, 135 cm™, 164 cm™, while asymmetric stretching mode of
triangle Ags in Agss is noted at 172 cm™. This picture show good agreement for the neutral Ag-
Ag dimer vibration at a frequency of 145 cm™ [32]. Unlike the Cu,.Cr, the IR spectra of Ag,,Cr
clusters shows two peaks. The lower intensity peak, corresponding to a frequency
approximately118 cm™, is associated with the asymmetric stretching of Cr-Ag bonds within Agy,
framework. Conversely, the higher intensity peak is attributed to the symmetric stretching of Cr-
Ag in the same framework.
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Figure 2. IR spectra for M3 and M3,Cr (M = Cu,
Ag, and Au) clusters. The red, blue, and olive lines
represent the IR spectrum of pure copper, silver,
and gold clusters (solid lines) and their Cr-dopant
(short dash), respectively.

Figure 3. UV-Vis spectra for M;,Cr (M = Cu, Ag, and
Au) clusters. The red, blue, and olive short dash
represent the UV-Vis spectrum of Cuy,Cr, Ag.,Cr,
and Auy,Cr clusters, respectively.

As illustrated in Figure 2, the IR spectrum of truncated cone As reveals six peaks
characteristic of three specific types of vibrations: at low frequency corresponding to 16 cm™,
which is associated with the bending vibrational mode of two Au atom at the corners. While the
peaks at 56 cm™ is assigned symmetric stretching of Au-Au in Auy; clusters, the peaks of 126
cm™ and 140 cm™ are associated with the asymmetric stretching of Au-Au bonds. In contrast, the
wavelengths of 134 cm?, 160 cm™, and 174 cm™ characterize the asymmetric stretching of
triangular Auz on Au,. Considering the distorted cone shaped Aup,Cr spectrum, it can be
observed two asymmetric stretching modes of Cr-Au bonds at high frequencies: ~210 cm™ and
~227 cm™. The peaks at ~110 cm™, ~141 cm™ and ~163 cm™ are assigned to the symmetric
stretching of Au-Au bonds. Conversely, the asymmetric stretching modes of Au-Au bonds are
assigned at ~ 64 cm™, ~110 cm™, ~130 cm™, ~152 cm™ and ~177 cm™. In other words, transition
metal atoms play an important role in the formation of geometric structures and characteristic
vibrations within doped clusters. Insights gained from infrared spectral analysis provide
significant information regarding bonding characteristics, properties, and potential applications of
these clusters in the fields of physical chemistry and materials science.
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To investigate the adsorption properties of My,Cr clusters for comparison, time-dependent
density functional theory (TD-DFT) was performed. Notably, there are currently no publications
regarding the UV-Vis spectra of the M,Cr clusters (M = Cu, Ag, and Au). Therefore, these
findings provide a valuable reference point for future experimental investigations. The UV-Vis
spectra of M,Cr are plotted in Figure 3. While the UV-Vis spectra of Cu;,Cr and Ag,Cr clusters
exhibit no observable absorption peaks, the UV-Vis spectrum of Au,Cr cluster is distinguished
by an adsorption band with an absorption maximum of 1270 nm (0.976 eV), corresponding to a
vibrational intensity of 0.0037 a.u. This absorption peak is associated with the electronic
transition from HOMO-125 to LUMO, as illustrated in Figure 4.

In Figure 4, one can observe both the 2
HOMO-125 and LUMO of Auy,Cr cluster are e :’
primarily formed from the d orbital of Cr B o
atom. This phenomenon can be elucidated by b J\ *,"‘
examining the electronic configurations of the \i v 9} w9
My,Cr clusters. Doping a Cr atom into metal N
clusters creates a hybridization framework Rty
involving delocalized electrons and localized Qreex
electrons in these clusters. The delocalized
electrons primarily contribute to the stability @
of the clusters, whereas the localized electrons c §
in the 3d orbitals of Cr play in pivotal role in
determining magnetic, catalytic, and optical
properties [5], [6], [33]. For CuyCr and
Ag,Cr, there is a strong hybridization Figure 4. Molecular orbital diagrams for electronic

LUMO
HOMO-125

< >
s
d o2

between all the valence electrons of Cr atom transition (eV) with an image of atomic orbital
(3d54sl) with twelve valence electrons of components contributing to each transition of Auy,Cr
Cuy,/Ag;, host. cluster

This interaction results in a close electron configuration consisting of 18 electrons, corresponding
to close shell of 15*1P°1D™. In contrast, for Auy,Cr cluster, only a portion of the Cr valence electrons
(one from the 4s* and one electron of 3d° orbitals) participates in the hybridization, forming the free
electron configuration of 15*1P°1D®. The remaining four valence electrons of Cr are localized in it 3d
orbital. Consequently, the electronic configuration is formed as 1S°1P°1D°3d",;. In other words, in
addition to the impact of geometric structure, the unpaired valence electrons of the 3d-transition metal
atom play a crucial role in the adsorption capacity of the clusters.

4. Conclusion

The vibrational infrared spectra and absorption spectra of the ground-state structures of My
and M,Cr (M = Cu, Ag, and Au) clusters have been investigated using density functional theory
and time-dependent density functional theory approaches. We utilized the BP86 functional in
conjunction with cc-pVTZ-pp and cc-pVTZ basis sets for M and Cr atoms, respectively. Our
findings demonstrate that the IR spectra reveal significant variation in the vibrational modes
between the pure Mis clusters and the Mi2Cr clusters. UV-Vis spectral analysis indicated the
absence of absorption signals from both Agi.Cr and CuiCr clusters. Conversely, a distinct
absorption peak at a wavelength of 1270 nm (0.976 eV) was observed for Auy,Cr cluster. This
phenomenon can be attributed to strong hybridization between valence electrons of Cr and those
of the host systems. The icosahedral Cu,Cr and Ag:,Cr singlet clusters, all five valences
electrons of Cr interact with twelve valence electrons of Cu/Ag, forming a fully electron shell of
clusters with the configuration 1S°1P°1D™. Conversely, the cone-like Au;,Cr quintet clusters,
only two valence electrons of Cr contribute to the electron shell, while the remaining four
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electrons localize in the 3d-Cr, resulting in an electronic configuration of 1S°1P°1D®3d*,. These
studies results provide fundamental insights into the vibrational characteristics and how structural
and electronic configurations influence their optical characteristics, laying the groundwork for
further theoretical and experimental investigations.
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