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Abstract The authors theoretically investigated absor-
bance spectra of the hypothetical 1D Cu clusters with 2–
22 atoms and monoatomic thickness. In contrast to 3D
isomers with interband transitions only (< 600 nm;
intrinsic for any copper nanostructure), the 1D clusters
possess strong absorbance bands within 650–1800 nm
range depending on the cluster size (NIR bands). The
band location in NIR range was explained by low bind-
ing number per copper atom that leads to weaker cou-
pling of 4s electrons within the conduction band and
reducing energy gap between vacant and occupied or-
bitals. The NIR bands are formed by HOMO→ LUMO
transitions and their large intensity was explained by
highly hybridized sp character of HOMO and LUMO
and by the low contribution of 3d electrons (< 10%).
The analysis of the number of electrons involved to the
formation of NIR bands demonstrates their prominent
plasmonic (collective) character. For example, the NIR
band of the cluster with 20 atoms (1636 nm) is formed
by excitation of 5 electrons. In contrast, 0.35 and 0.44
electrons were involved to the formation of all

absorbance bands within visible–NIR range (400–1000
nm) for spherical and tetrahedral 3D isomers, respec-
tively. The results are in qualitative agreement with
experimental results for copper nanorods and nanowires
which also possess strong bands in the red–NIR range
(> 600 nm) compared to the nanoparticles with spherical
geometry. Additionally, the large clusters (16–22 atoms)
possess multiple bands in NIR range that is also in
agreement with the experiment.

Keywords Copper nanoparticles . Plasmonic
properties . Surface plasmon resonance . Interband
transitions . Time-dependent density functional theory .

Modeling and simulation

Introduction

One-dimensional (1D) metallic nanoparticles (nanorods
and nanowires) possess prominent and tunable surface
plasmon resonance (SPR) in NIR range of wavelengths
(Sönnichsen et al. 2002; Khlebtsov and Khlebtsov 2007).
This feature enables to generate SPR in the nanoparticles
incorporated inside complex biological matrices mini-
mizing or avoiding generation of side processes such as
photodestruction and fluorescence of the matrix. As the
results, such nanoparticles were proposed as the promis-
ing tool in photothermal anticancer therapy (Dykman and
Khlebtsov 2012). Additionally, SPR bands of these nano-
particles are sensitive to the changes of dielectric constant
of local environment that was used for development of
various analytical systems (Cao et al. 2014).
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Although gold is the dominating material for fabri-
cation of plasmonic nanostructures, copper has been
also proposed as a promising alternative due to its
cost-efficiency and availability. For example, copper
nanostructures demonstrated competitive performance
in surface-enhanced Raman spectroscopy (Markin
et al. 2018). Despite the numerous reports regarding to
1D copper-based nanostructures (Bhanushali et al.
2015), there is a limited number of reports which dem-
onstrate the structures with prominent SPR response in
the NIR range (Zong et al. 2005; Duan et al. 2009; Oh
et al. 2011). Zong et al. and Duan et al. studied depen-
dence of SPR generation in copper nanorods and nano-
wires (CuNRs and CuNWs) on angle of incidence of the
light field with respect to the long rod/wire axis. Duan
et al. also showed that SPR bands in CuNWs depend on
the length, thickness, and mean distance between adja-
cent wires. Oh et al. showed that a single CuNR can also
possess multiple SPR bands in NIR range attributed to
dipole and quadrupole modes.

To support experimental data, some of listed exam-
ples also contain the results of the simulations of plas-
monic properties using the Mie–Gans approach (Zong
et al. 2005) and discrete dipole approximation using the
corresponding bulk dielectric functions (Oh et al. 2011).
Unfortunately, these approaches do not enable to get
information about electronic structure of the nanostruc-
tures in ground and excited states. On the other hand,
electronic structure methods like time-dependent densi-
ty functional theory (TD-DFT) can provide information
about (i) allowed electronic transitions and (ii) electronic
structure (i.e., chemical reactivity) of the nanostructures
both in ground and excited states (Morton et al. 2011).
This information can be of particular usefulness for
explanation of photon/plasmon-assisted process taking
place on the surface of copper-based nanostructures
such as Raman enhancement through charge-transfer
mechanism (Wu et al. 2008).

However, TD-DFT was mainly used for study of
optical (plasmonic) properties of the Cu clusters (2–20
atoms) with low aspect ratio, i.e., spherical shaped
structures (Baishya et al. 2011; Lecoultre et al. 2011;
Anak et al. 2014). Additionally, the main attention in
these studies was directed to the analysis of UV-visible
part of the spectra. Lecoultre et al. used the calculation
results to interpret experimental UV-visible spectra of
Cu clusters incorporated to rare gas (neon) matrix.
Baishya et al. compared calculated absorbance spectra
of 3D Cu clusters with their theoretical results for Ag

and Au clusters. Using zigzag Cu chains, the authors
also demonstrated that the highly prolate or oblate Cu
clusters possess tunable absorbance bands in NIR range
of wavelengths which are in agreement with the results
of the Mie–Gans approach. Gao et al. (2012) performed
comparative study of 1D copper, silver, and gold clus-
ters focusing on the influence of metal nature on the
absorbance spectra. However, the authors did not ad-
dress to the factors which cause differences between
absorbance spectra of 1D and 3D Cu cluster.

The aim of current study is the further investigation
of excited states of 1D Cu clusters with particular em-
phasis to the NIR range of wavelengths. The investiga-
tion includes analysis of influence of 3d electrons, clus-
ter length (number of atoms), and interatomic distance
on the excitations. The hypothetical Cu clusters with 2
to 22 atoms, linear geometry, and the maximal aspect
ratio (monoatomic thickness) were chosen in order to
facilitate interpretations by excluding other factors such
as deviation of interatomic distance, angles, and binding
number per atom.

Methods

TD-DTF calculations were carried out using the Firefly
v.8.2 software (Granovsky n.d.; Schmidt et al. 1993).
Los Alamos National Laboratory 2 double-ξ
(LANL2DZ) basis set with pseudo-potential approach
was chosen as widely used and resource-effective basis
set for theoretical studies of the Cu clusters and their
plasmonic properties (Wu et al. 2008; Gao et al. 2012).
PBE0 hybrid functional was used due to its suitability
for the accurate description of excited states (Adamo
and Barone 1999; Jacquemin et al. 2011). The number
of excited states in the computations was enough to
calculate absorbance states with the energy up to ~
3 eV (~ 400 nm). In order to minimize influence of
partial linear dependence in the basis set, SCF density
convergence threshold and the cutoff level for discarded
integrals were fixed at 10–7 and 10–11. DFT precision
was also increased by increasing number of radial points
per atom and order of Lebedev angular grid to 99 and
41, respectively. The convolution of the absorbance
spectra (FWHM 0.1 eV) and the spectra of density of
states (FWHM 0.3 eV) was performed using the
GaussSum 3.0 software (O’Boyle et al. 2008). The Cu
clusters with even number of the atoms and singlet
multiplicity were used because the Firefly v. 8.2 enables
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performing TD-DFT calculations only for closed-shell
systems. The interatomic distance corresponded to the
bulk copper, 2.556 Å (Kittel 1971), was used in the
study. The ellipsoidal and tetrahedral isomers of the
Cu cluster with 20 atoms and optimized geometry
(LANL2DZ/PBE0; Table S1 in Online Resource) were
used for comparison.

Results and discussions

Absorbance spectra

Calculated absorbance spectra of the Cu clusters in
visible–NIR range are shown in Fig. 1. The spectra were
calculated only for the cluster with even number of
electrons because of software limitation to treat closed-
shell electronic systems only. The possible optical sus-
ceptibility of the clusters with odd number of atoms is
discussed in a separate section (“Light absorbance by
the clusters with odd number of atoms”). Preliminary
analysis of the electron contributions to the excited
states showed that the excitations can be divided to (i)
interband electron transitions and (ii) conduction band
excitations. The interband transitions consist of multiple
electron transitions from valence band (3d orbitals par-
tially hybridized with p and s orbitals) to conduction
band (vacant 4sp orbitals). These excitations require
photons with more than 2 eV energy (< 600 nm; Fig.
1(a)) and are intrinsic for any copper-based nanostruc-
ture. The excitations in conduction band require photons
with lower energy and correspond to the bands observed
in red–NIR range of wavelengths (NIR bands; Fig.
1(b)). According to the studies of linear monoatomic
sodium, potassium, and silver clusters (Yan et al. 2007;
Yan and Gao 2008), the NIR bands occur due to oscil-
lation of electron gas formed by ns electrons along the
cluster (longitudinal excitations). Additionally, large Cu
clusters (n = 16–22) possess the bands between
interband and conduction band excitations (red bands;
Fig. 1(c)). These bands can be assigned as the mixture
between conduction band excitations of higher order
and interband transitions.

Besides of longitudinal conduction band excitations,
two transverse excitations (end and central resonances)
were also reported for 1Dmetallic clusters (Yan and Gao
2008). However, the bands of these excitations were
found in UV–blue range of wavelengths and experience
blue shift with growth of the cluster length, e.g., for

potassium clusters they were observed < 496 nm. Be-
cause these excitations require higher photon energy
than longitudinal ones, they significantly overlap with
intensive interband excitations ((n − 1)d → nsp) of the
metals which are generally used for fabrication of plas-
monic nanostructures (copper, silver, and gold). There-
fore, we further analyze the interband and longitudinal
conduction band excitations only because plasmonic
properties of copper nanostructures in the visible–NIR
range are the most interesting for analytical and biomed-
ical applications.

Interband transitions

Influence of cluster size

Because the range of energy corresponded to 3d orbitals
has high density of states (DOS) (− 8 to − 6.5 eV range
in Fig. 2a), the interband excitations overlap each other
significantly. Therefore, all absorbance bands with the
energy above ~ 2 eV (< 600 nm) consist of several
excited states (≥ 2); an example is shown in Fig. 2b
(see also Table S2 for details). Consequently, the values
of oscillator strength (OS) for the bands within 400–600
nm range were calculated by integrating OS values of
the contributing excitations. The influence of the Cu
cluster size on the band position and integrated OS is
shown in Fig. 2c, d. The bands within 400–500 nm
range (violet and blue bands; Fig. 2c, d) experience
red shift and the growth of OS value with increase of
the cluster size. We explain this behavior by significant
decrease of the energy of vacant molecular orbitals
(MOs) (LUMO + n, n = 0–4; Fig. 2a). The reduction
of energy gap between occupied 3d and vacant 4spMOs
results in the decreasing of photon energy required for
the excitation, i.e., to the red shift of the bands. For the
growth of integrated OS values, we also explain by
decrease of band gap. Although the number of 3d and
4s electrons grows equally with increase of the cluster
size, the decrease of the energy gap leads to increase of
the fraction of 3d electrons participated to the excitations
due to the excitations from deeper MOs and 10-fold
excess of 3d electrons in Cu atoms compared to 4s
electrons.

The size dependence of the bands with the lower
excitation energy (green and orange bands; Fig. 2c, d)
is less systematic. The positions of the bands between
550–580 nm are not changed or experience blue shift
and the OS values of these bands are generally
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decreased. On the other hand, the bands below 550 nm
(for the clusters with 16–22 atoms) experience larger
blue shift and their OS values grow. These results can be
interpreted as the decrease of contribution of 4s elec-
trons to the excitations that increases band energy. Ad-
ditionally, the growth of contribution of 3d electrons
leads to increase of the OS values as it is observed for
the bands in 400–500 nm range. Baishya et al. (2011)
also observed the increasing contribution of 3d electrons
to the interband transitions with the growth of the Cu
clusters with 3D geometry. The authors also explain this
fact by the direct involving of 3d electrons to the low-
energy excitations due to their hybridization with 4s
energy levels and, additionally, by the screening of s
electrons by d electrons (core polarization effect).
Therefore, we can conclude that 1D and 3D Cu clusters
have the similar dependence of the interband transitions
on the cluster size.

Influence of the shape

The absorbance spectra the Cu clusters with 20 atoms
and various geometries were compared to understand
the influence of the shape on the excited states (Fig. 3).
In order to minimize the influence of fixed interatomic
distance in the case of the linear isomer, the absorbance
spectrum was calculated using the cluster with the

distance corresponding to the minimal total energy
(0.2352 nm; Fig. S1).

The detailed analysis of excited states of the linear
isomer shows that the optically susceptible MOs always
have 5–15% and 2–5% contribution of s and p charac-
ters, respectively, depending on the MO energy (Fig.
4(a)). This fact is explained by forbidding direct transi-
tions of 3d electrons to vacant MOs (4sp) in the case of
optically allowed transitions. Thus, the excitations based
on interband transitions can occur only from d orbitals
hybridized with s and p orbitals (3d/3p, 3d/4s, and 3d/
4p). It is remarkable that p and d components of the
optically susceptible MOs are mainly oriented along the
cluster. Therefore, the excitations based on interband
transitions in the visible range are also oriented in the
longitudinal direction.

The comparison of absorbance spectra shows that the
linear Cu cluster possesses absorbance bands with larger
OS values (Fig. 3). However, the formation of the mul-
tiple bonds per atom in the case of 3D isomers decreases
the energy of 4s electrons and increases the number of
the hybrid 3d(s,p) MOs and their hybridization degree
(Fig. 4(b, c)). Thus, the probability of the interband
transitions (absorbance) in the case of 3D clusters is
expected to be much larger than that of the linear isomer.
To explain this discrepancy, the analysis of DOS for all
isomers was performed (Fig. 4(a’–c’)). The results show
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of bands (b) and (c) correspond to valence band transitions. Absorbance is represented in the units of molar attenuation coefficient (ε)
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that the 3D isomers have larger separation between
occupied and vacant MOs. Therefore, the strong absor-
bance for these clusters expected to be at higher excita-
tion energies (< 400 nm) compared to the linear isomer.

Conduction band excitations

NIR bands

NIR bands are represented by the strong absorbance
bands in the red–NIR range (650–1800 nm; Fig. 1(b)).
In contrast to interband transitions, these bands have the
linear dependence on the cluster size (Fig. 5a). The
linear correlation between band OS value and the cluster
size was previously demonstrated in theoretical results
for alkaline metallic chains (Yan et al. 2007; Yan and
Gao 2008). However, the linear correlation between
band position and cluster size was not previously report-
ed and we explain this linearity in terms of standing
plasmon polariton waves (Schider et al. 2003).

Except of the clusters with 2 and 4 atoms, the NIR
bands of other Cu clusters are mainly formed by the
HOMO → LUMO transitions. The band of the cluster
with two atoms has the 23% contribution of the
interband transitions (3d→ 4sp). The band of the cluster
with 4 atoms consists of HOMO − 2 → LUMO (53%)
and HOMO→ LUMO (45%) transitions both of which
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Fig. 2 The influence of the Cu cluster size on a the energy of the
molecular orbitals which can be optically active within UV-visi-
ble–NIR range, c the position, and d integrated oscillator strength

of the interband transition bands. b Absorbance spectrum of Cu
cluster with 20 atoms in visible range and excited states partici-
pated to the spectrum formation

Fig. 3 Comparison of the calculated absorbance spectra of the
linear Cu cluster with 20 atoms with the spectra of its 3D isomers;
the images of the isomers are represented in Fig. 4(b’, c’)
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are belong conduction band. Thus, only the band of the
cluster with 2 atoms was excluded from the analysis.

The analysis of DOS and the orbital angular momen-
tum of the MOs (Fig. 4(a, a’)) shows that 1D Cu clusters
have the smallest gap between vacant and occupied MOs
and their HOMO level possesses larger s character com-
pared to one of 3D clusters. We explain this difference by
lower binding number per copper atom in the case of 1D
Cu clusters and, consequently, weaker coupling of 4s
electrons within the conduction band. These facts explain
the appearance of the absorbance bands in the NIR range
and their large probability (intensity) compared to the
bands of 3D Cu clusters.

The growth of the cluster size does not affect the
contribution of 3d electrons to HOMO significantly

(5–8%), while leading to the gradual growth of the sp
hybridization degree (Fig. 5b). Because s→ s and p→ p
orbital transitions of the electrons are forbidden, namely,
the hybridized (sp) character of HOMO and LUMO and
the low contribution of 3d electrons are responsible for
high probability of the transitions, i.e., high absorbance.

The presence of strong absorbance bands in
NIR range is in qualitative agreement with the
experimental results observed by Oh et al. and
Duan et al. for CuNRs and CuNWs (Oh et al.
2011; Duan et al. 2009). Thus, NIR bands can
be assigned as analogues of longitudinal dipole
modes in the real 1D Cu nanostructures. Unfortu-
nately, the hypothetical character of the Cu clusters
and the high length deviation of real CuNRs/
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Fig. 4 The angular character of the occupied molecular orbitals (a–c) and density of states (a’–c’) for the Cu clusters with 20 atoms and
different shapes. Highlighted molecular orbitals in (a) correspond to optically susceptible orbitals
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CuNWs restrict precise quantitative comparison of
the results. Additionally, the contribution of CuNRs
with different length to the total absorbance spectrum
can result in overlap between dipole and quadrupole
resonances. However, there are some agreements with
experimental results regarding small copper clusters.

Lecoultre et al. experimentally and theoretically
investigated absorbance spectra of the 3D Cu clus-
ters (1–9 atoms) in neon matrix (Lecoultre et al.
2011). The authors found that theoretical results
for the cluster with 3 atoms have the remarkable
difference with the experimental results due to
presence of the band with relatively high intensity
and unexpectedly low energy (2.46 eV/504 nm).
The authors considered for calculations only clus-
ters with optimized 3D geometry; however, the
linear Cu cluster with 3 atoms can probably be
also stable, contributing to the final absorbance
spectrum. Using this hypothesis, we incorporated
the results of Lecoultre et al. for this cluster to our
results for the Cu clusters with the optimal inter-
atomic distance (0.2352 nm; Fig. S1). Additional-
ly, ~ 0.1–0.2 eV blue shift of the absorbance band
caused by matrix effect (solid neon) (Kolb et al.
1984; Lecoultre et al. 2011) was also accounted.
Despite the calculation error and interference with
the spectrum of the triangular isomer, the satisfac-
tory agreement was found for OS values (Fig. 6).
However, the band position is significantly shifted
from the main trend (48 nm/0.227 eV) that we
mainly attribute to the open-shell electronic struc-
ture of this cluster (additionally discussed in the
“Light absorbance by the clusters with odd number
of atoms” section).

Red bands

These bands appear within the short range of wave-
lengths (600–800 nm) and only for large Cu clusters
(16–22 atoms). The presence of several excitations with-
in conduction bands is in agreement with multiple SPR
bands in NIR range (dipole and quadrupole modes)
which were observed in CuNRs and CuNWs by Oh
et al. (2011). The comparable intensity of these bands
and the bands of interband transitions as well as the
significantly lower intensity compared to NIR bands
(more than one order) are also in agreement with the
experimental results of Oh et al. Therefore, these bands
can be assigned as analogues of longitudinal quadrupole
modes in CuNRs.

Because quadrupole bands are blue shifted and re-
quire larger photon energy, they can be influenced by
interband transitions. The analysis of the MOs involved
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Fig. 6 The comparison of theoretical (2, 4, and 6 atoms) and
experimental (3 atoms) results for the conduction band excitations
in the linear Cu clusters. The theoretical results were obtained
using the clusters with the optimized interatomic distance
(0.2352 nm; Fig. S1)

Fig. 5 Influence of the Cu cluster size on a position and oscillator strength of the conduction band excitations and b the orbital angular
character of the highest occupied molecular orbital (HOMO)
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to the excitations shows that red bands mainly consist of
multiple transitions (generally 4–9) from HOMO − n to
LUMO + n (where n = 1–3) with the contribution of
electron transitions from inner lying (3d) occupied or-
bitals. This contribution is below 50% for the clusters
with 18–22 atoms and ~ 80% for the cluster with 16
atoms. However, the linear dependence of the band
position and OS value of red bands on the cluster size
(Fig. S2) can indicate that, namely, the conduction band
excitations determine the characteristics of these bands
(as in the case of NIR bands).

Influence of interatomic distance

Above we explained the difference between absorbance
spectra of 1D and 3D Cu clusters by larger number of
chemical bonds between copper atoms that leads to
larger coupling of s electrons and increasing their ener-
gy. In order to additionally study this effect, we studied
an influence of the interatomic distance on the conduc-
tion band excitations (Fig. S3).

As it was expected, the reduction of interatomic
distance leads to the blue shift of the bands and reduc-
tion of their OS values. For the NIR bands, we also
found that the OS value of the smallest cluster (16
atoms) possesses the larger sensitivity to distance chang-
es compared to other clusters (Fig. S3a). This fact can be
explained by stronger influence of interband transitions
as a result of larger overlap with 3d orbitals. The detailed
analysis of the interatomic distance influence on the NIR
bands was performed for the Cu cluster with 20 atoms
only (Fig. S3b). The band position demonstrates the
larger response on the change of interatomic distance
compared to OS value. For example, the band of the Cu
cluster with the optimal interatomic distance is
8.6% shifted relative to the cluster with the dis-
tance corresponded to the bulk copper, but the OS
value is reduced to 3.4% only. We explain this
result by small dependence of the orbital angular
character in the interatomic distance (Fig. S4a); the
maximal changes are around 5% decrease of s
character and ~ 15% increase of d and p charac-
ters (at the optimal interatomic distance; Fig. S4b).
Thus, we can conclude that the influence of the
cluster shape on the excited states and resulting
absorbance spectra (Fig. 3) is drastically larger
compared to influence of the interatomic distance,
particularly in the case of OS values.

Light absorbance by the clusters with odd number
of atoms

The possible optical susceptibility of the clusters with
open-shell electronic structure was estimated by analyz-
ing energies and angular moments of MOs (Figs. 2a and
S5). The dependence of the MO energies on the cluster
size for the open-shell clusters is similar to that of
closed-shell ones, i.e., the MO energies reach almost
constant values with the growth of the clusters (Fig. 2a).
However, the total dependencies of MO energies and
band gap values on the cluster size have oscillating
character (Figs. 2a and S5a) because the energy of
conduction bandMOs is increased in the case of clusters
with open-shell structure. For example, the comparison
of the clusters with 20 and 19 atoms shows that the last
one has 2–7% (0.11–0.33 eV) and 1–7% (0.06–0.21 eV)
larger energy values for HOMO − n (n = 0–9) and
LUMO + n (n = 0–4), respectively, while the difference
for inner lying MOs was found below 0.5% (< 0.02 eV)
(Fig. S5b). The analysis of orbital angular moments
does not show significant differences between the clus-
ters with open and closed shells (Fig. S5c). Therefore,
we expect that the band positions of the conduction band
excitations (NIR and red band) will experience the
largest influence of open-shell character of the electronic
structure and lead to red shift of the bands. In contrast,
the OS values (intensity of absorbance) are expected to
be independent of this factor.

The made conclusions are in qualitative agreement
with experimental results for 3D Cu clusters with open-
shell electronic structure. According to the results for
neutral Cu clusters (2–9 atoms) embedded to a solid
neon matrix (Lecoultre et al. 2011), the clusters with
odd numbers of atoms always possess absorbance bands
in the range of 2.0–2.5 eV, while the closed-shell clus-
ters absorb the light below 2.5 eV only. Therefore, the
significant red shift (0.226 eV) of the experimental band
observed for the Cu cluster with 3 atoms is in agreement
with discussed conclusions as well as independence of
OS value on the open-shell electronic state (Fig. 6).

Plasmonic character of the bands

Because SPR implies collective oscillation of the elec-
tron cloud, we performed differentiation of the plasmon-
ic properties for the interband transitions and conduction
band excitations using the Thomas–Reiche–Kuhn sum
rule. The rule states that the sum of OS over all
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transitions participated to the formation of a particular
band equals to the number of electrons involved to the
formation of this band. The analysis of integrated OS for
the Cu cluster with 20 atoms showed that only 1.4
electrons are involved to the all interband excitations
(400–600 nm range). Even lower values were found for
the optical transitions within the visible–NIR range (>
400 nm) for 3D Cu clusters: 0.35 and 0.44 electrons for
spherical and tetrahedral clusters, respectively. The val-
ue of similar order (~ 0.2 electrons) was obtained for the
red bands (600–800 nm range). On the other hand, the
single NIR band (1636 nm for the cluster with 20 atoms)
is formed by excitation of around 5.2 electrons (Fig. 5a).
Thus, the absorbance bands below 600 nm (i.e., all
interband transitions) can be hardly assigned as plas-
monic (collective electron oscillations) implying intra-
atomic electron transitions only. Although the experi-
mental results regarding to optical properties of 1D Cu
chains with monoatomic thickness are not available yet,
our conclusions are in the qualitative agreement with the
experimental results for CuNRs (Oh et al. 2011) as well
as prolate copper nanoparticles (Pastoriza-Santos et al.
2009) and copper nanoshells (Wang et al. 2005). The
authors of these reports also observed significantly larg-
er extinction in the red–NIR range (> 600 nm) compared
to interband transitions.

Conclusions

Therefore, accounting qualitative (for nanoparticles)
and semi-quantitative (3-atom clusters) agreement of
our theoretical results with the experimental results from
literature, we can conclude that the linear 1D Cu clusters
with monoatomic thickness are an appropriate model for
simulation of the tunable plasmon resonances during
quantum chemical studies. Additionally, the hypotheti-
cal character of the model enables facilitates interpreta-
tion of the results by fixing multiple factors which
appear during the study of 3D clusters (e.g., deviation
of interatomic distance, angles, binding number per
atom). These features make the model particularly at-
tractive for high-precision theoretical studies of the var-
ious photon/plasmon-assisted chemical processes, e.g.,
Raman enhancement through charge-transfer mecha-
nism and photocatalysis.
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