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Abstract
In this study, we used the ion exchange properties of zeolite 4A to stabilize copper ionic species. These species showed 
absorption bands in the ultraviolet region between 210 and 320 nm. Complementarily, DFT (Density-Functional Theory) 
at different levels of approximation was employed in combination with the LANL2DZ (Los Alamos National Laboratory 2 
double zeta) and SDD (Stuttgart/Dresden) basis sets to find hints of optical absorption behavior associated with electronic 
transitions. The copper clusters in ZA were evaluated as SERS (Surface-Enhanced Raman Spectroscopy) substrate using 
pyridine (Py) and methylene blue (MB) molecules. Additionally, molecular descriptors as electron transfer factor, electron-
egativity and global hardness were considered to study the charge transfer between the molecular systems and the ionic 
copper species. The DFT calculations suggest that the Cu+

3
 cluster manifests optically. The molecular descriptors allowed to 

identify the effect of charge transfer from the analyte to the cluster, specifically toward the LUMO or higher energy orbitals, 
and the systems obtained showed capacity as SERS substrates, evaluated on Py and MB.
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1 Introduction

Zeolites are hydrated aluminosilicates and they feature the 
characteristic to exchange cations [1]. In addition, they can 
host different structures in their matrix, and it makes them 
attractive for different applications [2]. Zeolite 4A (ZA) has 
 Na+ as the only exchange ion, which facilitates its study [3]. 
The different active sites in ZA provide conditions for the 
ion exchange or structure hosting [4].

Surface-enhanced Raman scattering (SERS) is used for 
its high sensitivity, selectivity and reliability in the traces 
detection of chemical molecules [5–7]. When a molecule 
interacts with the SERS substrate, it amplifies the Raman 
signal by several orders of magnitude. This effect is associ-
ated with two mechanisms: (1) electromagnetic effect (EM), 
which consists of an intensification of the Raman spectrum 
caused by the scattered radiation due to the metal surface 
and (2) chemical effect (CE), based on charge transfer and/
or complex formation between the absorbed molecules 
and the substrate surface [8]. SERS substrates are made 
of Ag, Au or Cu and they incorporate metallic elements 
[9–13]. Additionally, there are reports of oxides such as: 
ZnO,  AgxMoyOz,  Fe2O3 and carbon composites with SERS 
applications [14–18]. There are currently few theoretical and 
experimental results in the literature on the SERS response 
of ionic species. However, the presence of ionic systems 
has been analyzed in some matrices, finding a promising 
increase in SERS activity [19].  Ag+ ions have allowed the 
formation of complexes in molecules providing SERS active 
sites that contribute an enhancement factor reaching up to 
 107 [20]. Recently, Lancu et al. analyzed the increase in the 
SERS effect due to the interaction of  Ag+,  Ca2+,  Pb2+ and 
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 Al3+ ions with uric acid, salicylic acid, and fumaric acid as 
analytes [21]. They have attributed the SERS effect to the 
chemical enhancement mechanism, specifically to the charge 
transfer effect. In addition, theoretical results confirm the 
presence of the SERS effect when  Ag+ ions interact with 
molecules such as adenosine and adenine [22, 23]. Through 
density functional theory (DFT), the SERS behavior has 
been analyzed in clusters with few metal atoms, modify-
ing the cluster charge. [24], unlike other theories, such as 
the frameworks of finite-difference time-domain theory 
(FDTD), which simulates scattering cross-sections and pre-
sents a good approximation for nanostructured systems of 
larger size ~ 100 nm [25].

On the other hand, the incorporation of metal ions  (Ag+) 
in the zeolite cavities has allowed to obtain SERS substrates 
for the detection of molecules such as tris(2,2′-bipyridyl) 
ruthenium(II) chloride (RuBpy) and rhodamine 6G (R6G) 
at low concentrations, even without the presence of nanopar-
ticles [26]. Furthermore, by introducing metal ions into the 
zeolite cavities, SERS substrates are obtained that exhibit 
this effect at temperatures about 450 °C [27]. Such substrates 
can be used for in situ SERS monitoring of temperature-
dependent catalytic reactions in unconventional ranges.

In this study, the ZA-copper ionic complex was evaluated 
as SERS substrate. The DFT modeling used in this work 
tries to provide a theoretical hypothesis of the SERS effect in 
the Cu+

3
-Py and Cu+

3
-MB interacting systems. The ZA-copper 

complex obtained in this work can contribute to the low-cost 
SERS sensors, cost-competitive with those currently avail-
able focus on Methylene Blue and Pyridine.

2  Materials and methods

Two samples of 5 g zeolite 4A (ZA) powder (Sigma-Aldrich) 
were immersed in 20 ml of deionized water for hydration 
over 24 h. Complementary, two solutions (0.03 and 0.1 M) 
of copper sulfate  (CuSO4.5H2O, 99.5%, Faga Lab) were pre-
pared. Both hydrated ZA and copper sulfate solution were 
separately placed in a thermal bath at 50 ℃. Subsequently, 
we added the copper sulfate solution to the ZA under mag-
netic stirring treatment and at a constant temperature. After-
wards, the stirring process continued for 25 min, and the 
sample was filtered with deionized water. This process was 
repeated 3 times, and then the mixture was dried at room 
temperature for 24 h. Finally, we obtained the composite 
ZA + Cu0.03 (ZA-Cu(0.03)). This process was repeated for the 
0.1 M solution of copper sulfate, obtained the ZA + Cu0.1 
composite (ZA-Cu(0.1)).

2.1  Sample preparation for SERS

The methodology for the SERS application was applied 
in a previous work [28]. Three vials were prepared with 
2 ml of pyridine (Py) (5 × 10–5 M, Sigma-Aldrich), to add 
0.01 g of: ZA, ZA-Cu(0.03) and ZA-Cu(0.1), respectively. 
Then, they were kept at rest for 5 min and subsequently 
measured by Raman spectroscopy, obtaining the Py-ZA, 
Py-ZA-Cu(0.03) and Py-ZA-Cu(0.1) systems.

For the SERS effect on methylene blue (MB) (Supelco 
Corp.), the previous step was carried out in the same 
procedure, obtaining MB-ZA, MB-ZA-Cu(0.03) and 
MB-ZA-Cu(0.1).

2.2  Characterizations

The chemical composition and crystalline planes were 
analyzed by transmission electron microscopy (EDS-TEM 
and HRTEM) using JEOL JEM-2200FS + Cs equipment. 
Optical absorption spectra were obtained using a Perkin 
Elmer Lambda 19 UV–Vis spectrometer. The SERS effect 
was evaluated using the Horiba LABram HR Evolution 
Raman spectrometer (with AFM, AIST-NT coupled).

2.3  Theoretical calculations

Theoretical calculations were developed using the DFT 
(density functional theory) through the B3LYP (Becke-3 
Parameter-Lee–Yang–Parr), B3PW91 (Becke–Perdew-Wang 
1991), and mPW1PW91 (Barone and Adamo’s Becke-style 
one parameter functional with modified Perdew–Wang 
exchange and Perdew–Wang 91 correlation) approximations 
levels. These in combination with the LANL2DZ (Los Ala-
mos National Laboratory 2 double zeta) and SDD (Stutt-
gart/Dresden pseudopotentials) basis set, integrated into 
the Gaussian 09 software [29]. The structures considered 
were first optimized to the local minimum, verifying that 
only positive frequencies were obtained in the vibrational 
spectrum. The standard SCF convergence criterium  (10−8 
au) was used. The same standard criterium for Maximum 
and RMS Force were used  (10−4 au). Additionally, a  10–3 au 
criterium was applied for Maximum and RMS displacement. 
Subsequently, the TD-DFT (Time Dependent Density Func-
tional Theory) was used to calculate the UV–Vis spectrum. 
The molecular descriptors allowed us to elucidate the behav-
ior of the SERS effect in a first approximation. By predicting 
the energy levels of the molecular orbitals (HOMO–LUMO), 
we were able to determine the electron transfer fraction (∆N) 
between the Cu+

3
-Py and Cu+

3
-MB systems. The ∆N is related 

to the chemical enhancement mechanism.
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3  Results and discussion

Figure 1 shows (a) HRTEM, (b) EDS and (c) elemental 
composition of ZA, ZA-Cu(0.03) and ZA-Cu(0.1). In (a), for 
ZA and ZA-Cu(0.03) can be observed the crystalline planes 
with an interplanar distance of 1.23 nm, corresponding to 
the Miller index (1 0 0), characteristic of ZA with a cubic 
crystalline system and space group Pm-3 m (indexed in PDF 
# 01–074-1183), unchanged by Cu presence. In ZA-Cu(0.1), a 
slightly larger interplanar distance was obtained at 1.25 nm, 

it can be attributed to the modification of the ZA crystal lat-
tice caused by the hosted copper ions, due to having a high 
concentration of copper. We assume this because only the 
ZA planes are observed denoting the absence of possible 
nanoparticles. In (b) shows the characteristic elements O, 
Al, Si, and Na for ZA, on the other hand, in ZA-Cu(0.03) and 
ZA-Cu(0.1) a Cu peak is observed. In (c) shows the charac-
teristic elements of ZA, according to its molecular structure, 
 Na12[Al12Si12O48]·27H2O [30]. A stoichiometry of 1:1:1 
between Al, Si and Na must be satisfied. In ZA-Cu(0.03) and 
ZA-Cu(0.1) observed that Al and Si are preserved in their 
equivalence, moreover, adding the values of Na and Cu, it 
is possible to obtain the equivalence 1:1:1. Based on this, 
we can assume that cation exchange is carried out, since 
no copper nanoparticles are observed in (a), we suppose 
that this exchange occurs in the framework of an early stage 
of growth, limited to obtaining species in the cavity. Ion 
exchange in zeolite is a not well-understood process. With 
cavity sizes approximate 4 Å and 7 Å, α-cage and β-cage, 
respectively.

Figure 2 shows the experimental optical absorption 
spectra of ZA-copper complex systems, obtained accord-
ing to the Kubelka–Munk model [31]. The UV–Vis spec-
trum shows the absence of absorption bands (approxi-
mately 500–600 nm) associated with copper nanoparticles. 
(Fig. S1, Supplemental information). Figure 2a includes 
a deconvolution of the experimental spectrum (green, 
purple, and blue lines). We can assume that the optical 
behavior is associated with copper species in the ZA 
matrix. Therefore, we evaluated the TD-DFT under the 
B3LYP, B3PW91, and MPW1PW91 approximation levels 
combined with the LANL2DZ and SDD basis sets on Cu+

3
 

(Fig. 2b). The first 40 transition states were considered 
for all approximation levels. Therefore, the absorption 
lines correspond to the allowed transitions between the 
ground state S0 and the excited states Sn, n = 1 to 40. For 

Fig. 1  a HRTEM micrographs, b EDS and c elemental composition 
of ZA, ZA-Cu(0.03) and ZA-Cu(0.1) respectively.

Fig. 2  Optical absorption 
spectra of a experimental and b 
theoretical ZA-Cu+

3
 complex by 

several DFT levels of approxi-
mation
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the Cu+
3
 system, the S0 → S39 transition was located close 

to 210 nm for the considered approximation levels. The 
associated electronic transition from the S0 → S24 state 
shows absorption bands between 250 and 300 nm. Both 
S0 → S39 and S0 → S24 transitions exhibited suscepti-
bility according to the approximation level used. When 
MPW1PW91/LANL2DZ was used, a shift toward higher 
energies was observed. The occupation of the electronic 
states has shown in the LDOS spectra. (Fig. S2, Supple-
mental information).

Moreover, using B3LYP/SDD, absorption bands were 
observed at lower energies. The B3LYP/LANL2DZ level 
of approximation shows a better estimate of the location 
of absorption bands in the experimental UV–Vis spec-
trum. Other larger ionic systems were studied. However, 
their localized absorption bands at lower energies show 
significant differences concerning the results obtained 
experimentally. The theoretical details in Fig. 2 suggest 
that the experimentally obtained absorption band could 
have a contribution associated with ionic copper spe-
cies. When a specific ionic system is obtained in a zeolite 
matrix, it could be used as SERS substrate. It is due to 
charge transfer effects between the studied molecule and 
the substrate. It occurs in the CEM (Chemical Enhance-
ment Mechanism) framework [26, 32]. Previously, elec-
tronic transitions have been reported between the bound-
ary orbitals of the analyte molecule (regularly pyridine) 
with metallic atomic systems, evidencing the charge trans-
fer effects [33–35].

Furthermore, the SERS analysis was performed on Py 
and MB molecule as observed in Fig. 3. Figure 3a shows the 
Raman spectrum associated with Py (black line) with two 
characteristic bands identified as radial breathing modes 
and ring vibrations. The first one is located at 990  cm−1 and 
the second one at 1030  cm−1. Both are susceptible to the 
SERS effect. The Raman spectrum of the Py-ZA interacting 
system (red line) has been included as a complement. In this 
case, we do not observe the SERS effect. In contrast, we 
found a slight attenuation. After including the copper ionic 
system in the ZA matrix interacted with Py, we observed 
an intensification of the Py vibrational bands. In the Py-
ZA-Cu(0.1) sample (green line), we found evidence of the 
SERS effect.

Complementarily, when analyzing the SERS effect of 
substrate on MB, we observed similar behavior. Hence, we 
observed an attenuation degree of the characteristic MB 
bands in the Py-ZA system (Fig. 3b red line). The char-
acteristic vibrational bands of the MB are located around 
445, 475, 1400, and 1620  cm−1. The first one is associated 
with the C-N skeleton deformation mode. In addition, the 

band at 475  cm−1 is associated with the in-plane bending 
vibrations of the thiazine group. [36]. The nearest band at 
1400  cm−1 and the other around 1620  cm−1 are susceptible 
to the SERS effect. [37, 38]. These are associated with C-H 
bond deformation and C–C stretching, respectively [39]. We 
observe significant enhancement in the above bands only for 
MB-ZA-Cu(0.1) sample.

In addition, to study the charge transfer effect, it is worth 
using some molecular descriptors that provide some details 
of the electronic behavior. The measure tendency of an atom 
to attract a pair of bonding electrons is known as electroneg-
ativity. An important parameter is the electron transfer frac-
tion (∆N), this parameter is related to the electronegativity 
and the global hardness, represented by Pearson’s method as:

Fig. 3  Raman spectra ZA-copper ionic complex in interaction with a 
Py, b MB and c Charge transfer scheme
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where �cluster y �cluster are electronegativity and global 
hardness parameters for the cluster, y �piridina y �pyridina are 
the corresponding parameters for the molecule, respectively.

The difference in the numerator, or the difference in elec-
tronegativities, will be responsible for the electron transfer. 
Electron transfer will occur from the low electronegativity 
molecule to another one with higher electronegativity. If 
ΔN > 0, the electron transfer proceeds from the molecule to 
the cluster, and the opposite apply if ΔN < 0 [40]. However, 
this is considered an approximation to provide information 
on electronic behavior that can be used as a complement 
to obtain details of CEM behavior before intermolecular 
interaction studies. We consider the HOMO (− 6.93 eV), 
LUMO (− 1.79 eV) values of the Py reported [41] and the 
HOMO (− 12.01 eV) and LUMO (− 7.53 eV) values of 
the Cu+

3
 obtained in this work for the same level of theory. 

Preliminarily, we can determine that the electronegativity 
χ is lower for Py. Therefore, charge transfer should occur 
from the Py molecule to the Cu+

3
 cluster. If we calculate ∆N 

from Eq. (1), we could obtain a positive value to confirm the 
charge transfer direction, as observed in Fig. 3c. Therefore, 
incident radiation with the required energy would cause a 
transfer of the Py HOMO to the LUMO or higher energy 
orbitals of the ionic cluster. In the case of MB, with HOMO 
(− 5.524 eV) and LUMO (− 3.619 eV) values [42], a simi-
lar behavior could occur in the charge transfer on the MB 
molecule, i.e., it would apply from the HOMO of the MB 
to higher energy orbitals concerning to the LUMO of the 
cluster.

(1)ΔN =
�cluster − �pyridine

2
[

�cluster + �pyridine

]

(2)
Where� =

−HOMO − LUMO

2
and� =

−HOMO − LUMO

2

Additionally, Table 1 compares the structural parameters 
of the cluster. Cu+

3
 obtained in this work and those reported 

in the literature. For the Cu-Cu bond distance, a minimum 
value of 2.30 Å has been reported by the VWN level of 
approximation combined with the DZVP basis set [43]. 
We obtained a maximum value in the Cu-Cu bond for the 
hybrid levels of approximation considered with the LAN-
L2DZ basis set. This value of 2.39 Å agrees with the one 
reported by Fernandez et al. for the GGA (Generalized Gra-
dient Approximation) PBE pseudopotential [44]. Comple-
mentary, the point group symmetry usually corresponds to 
 D3h, depicting an equilateral triangle.

4  Conclusion

The macroscopic parameters proposed for the synthesis 
process led to ZA-copper complex systems, possibly iden-
tified as ionic species. Theoretical clues suggest that the 
Cu+

3
 cluster manifests optically. The experimental absorp-

tion bands of this type of species were positioned in the 
ultraviolet region. These were found in close regions to the 
electronic transitions obtained theoretically by the different 
levels of DFT approximation. The B3LYP level of approxi-
mation combined with the LANL2DZ basis set shows the 
best approximation. On the other hand, the ZA-copper 
complex systems obtained showed capacity as SERS sub-
strates evaluated on Py and MB analytes. In both cases, a 
higher enhancement was achieved for copper concentrations 
(0.1 M). The molecular descriptors allowed to identify the 
charge transfer effect from the molecule to the cluster, spe-
cifically toward the LUMO or higher energy orbitals. The 
substrates obtained can be applied as SERS substrates to 
detect trace chemical compounds of MB or Py at a low cost 
and with a low toxicity level using low concentrations of the 
copper precursor.

Table 1  Structural parameters 
of Cu+

3
 cluster obtained by 

several DFT approximations 
levels

b Flexible linear combinations of numerical (pseudo) atomic
*It is part of the Huzinaga notation, for the orbital basis set for Cu

Level of Theory Basis set RCu-Cu (Å) Point group 
symmetry

Pseudopotentials Reference

B3LYP 6-311G 2.32 D3h Hybrid [45]
PBE FLCNAb 2.39 D3h GGA [44]
VWN 63,321/531a/411 2.28 D∞h Local [46]
VWN DZVP 2.30 D3h Local [43]
BLYP 6–311 + G(d) 2.38 D3h Hybrid [47]
B3LYP LANL2DZ/SDD 2.39/2.36 D3h Hybrid This work
B3PW91 LANL2DZ/SDD 2.39/2.35 D3h Hybrid
mPW1PW91 LANL2DZ/SDD 2.39/2.35 D3h Hybrid
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tary material available at https:// doi. org/ 10. 1007/ s00339- 022- 05785-6.
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