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Highlights

1. DFT simulation identifies vibrations and adsorption sites of metformin.
2. Raman and SERS reveal charge transfer with the gold cluster.

3. Theoretical and experimental data closely match, validating the model.

Abstract

Metformin (MET), a widely used antidiabetic drug, has attracted significant attention due to its
potential applications beyond diabetes treatment. Understanding its molecular vibrations is crucial
for spectroscopic characterization and interaction studies. This study presents a computational
investigation of MET using Density Functional Theory (DFT) to analyze its vibrational properties, Raman
spectra, and Surface-Enhanced Raman Scattering (SERS) behavior. Geometry optimization at the
B3LYP/6-31G(d) level identified the most stable conformer, and a molecular electrostatic potential
map highlighted key electron-rich sites for adsorption. Raman spectra were simulated using the
B3LYP/6-31G(d) level, providing theoretical insights into MET’s vibrational modes. The interaction of MET
with a gold cluster, modeled using the LanL2DZ basis set, revealed charge transfer effects influencing
SERS enhancement. Theoretical Raman and SERS spectra, scaled for accuracy, closely matched
experimental results, confirming MET’s characteristic vibrational signatures. This combined approach
offers valuable insights into MET’s adsorption mechanisms and vibrational response, enhancing its
potential application in electrochemical and spectroscopic sensing technologies.
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Estudio vibracional teérico de la metformina: un analisis
basado en DFT de espectros Raman y SERS simulados

Resumen

La metformina (MET), un farmaco antidiabético de uso ampliamente extendido, ha despertado un
notable interés debido a sus posibles aplicaciones mas alla del tratamiento de la diabetes. Comprender
sus vibraciones moleculares es crucial para la caracterizacion espectroscopica y el estudio de sus
interacciones. Este estudio presenta una investigacion computacional de MET utilizando la Teoria
del Funcional de la Densidad (DFT) para analizar sus propiedades vibracionales, espectros Raman
y comportamiento en espectroscopia Raman mejorada por superficie (SERS). La optimizacion de
geometria a nivel B3LYP/6-31G(d) permitid identificar el conférmero mas estable, y un mapa de potencial
electrostatico molecular destaco los sitios clave ricos en electrones para la adsorcion. Los espectros
Raman fueron simulados utilizando el mismo nivel tedrico, proporcionando informacion sobre los modos
vibracionales de MET. La interaccién de MET con un cluster de oro, modelada usando la base LanL2DZ,
reveld efectos de transferencia de carga que influyen en la mejora SERS. Los espectros Raman y SERS
tedricos, ajustados para mayor precision, coincidieron estrechamente con los resultados experimentales,
confirmando las firmas vibracionales caracteristicas de MET. Este enfoque combinado ofrece informacion
valiosa sobre los mecanismos de adsorcién y la respuesta vibracional de MET, mejorando su potencial
aplicacién en tecnologias de deteccion electroquimica y espectroscépica.

Palabras clave: Metformina; Diabetes; Calculos DFT; Espectroscopia Raman; Espectroscopia Raman mejorada
por superficie.

Estudo vibracional teérico da metformina: uma analise
baseada em DFT de espectros Raman e SERS simulados

Resumo

A metformina (MET), um farmaco amplamente utilizado no tratamento do diabetes, tem despertado
interesse significativo devido as suas potenciais aplicagdes além do controle glicémico. A compreenséo
de suas vibragdes moleculares é essencial para a caracterizagao espectroscopica e estudos de interagao.
Este estudo apresenta uma investigagdo computacional da MET utilizando a Teoria do Funcional da
Densidade (DFT) para analisar suas propriedades vibracionais, espectros Raman e comportamento
em Espalhamento Raman Intensificado por Superficie (SERS). A otimizagdo geométrica no nivel
B3LYP/6-31G(d) permitiu identificar o conformero mais estavel, e o mapa de potencial eletrostatico
molecular evidenciou regides eletronicamente ricas propensas a adsorgéo. Os espectros Raman foram
simulados no mesmo nivel tedrico, fornecendo informagdes sobre os modos vibracionais da MET. A
interacdo com um aglomerado de ouro, modelado com o conjunto de base LanL2DZ, revelou efeitos
de transferéncia de carga que influenciam a intensificagdo SERS. Os espectros Raman e SERS
tedricos, ajustados para maior precisdo, mostraram boa concordancia com os resultados experimentais,
confirmando as assinaturas vibracionais caracteristicas da MET. Esta abordagem combinada oferece
insights relevantes sobre os mecanismos de adsorgcéo e resposta vibracional da MET, ampliando seu
potencial em tecnologias de detecgao eletroquimica e espectroscépica.

Palavras-chave: Metformina,; Diabetes; Calculos DFT; Espectroscopia Raman; Espectroscopia Raman Intensificada
por Superficie.
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Introduction

Metformin (MET), a widely used medication in
the treatment of type 2 diabetes mellitus, has
become one of the most important drugs in modern
medicine due to its effectiveness in managing
blood glucose levels [1-3]. As a member of the
biguanide class, metformin has been extensively
studied for its pharmacological properties,
mechanisms of action, and clinical applications
[4,5]. It is known to improve insulin sensitivity,
reduce hepatic glucose production, and enhance
peripheral glucose uptake, making it a cornerstone
of diabetes management [6]. Despite its proven
efficacy, understanding the molecular interactions
and structural properties of metformin remains an
ongoing area of research, particularly in the context
of its spectroscopic characterization.

The vibrational properties of MET are crucial for
its molecular identification and the analysis of its
interactions with biological systems. Vibrational
spectroscopy techniques, such as Raman and
Surface-Enhanced Raman Spectroscopy (SERS),
are powerful tools for probing the molecular
structure and dynamics of organic compounds
[7-13]. These techniques provide valuable
information about the internal vibrations of
molecules, which can be linked to functional
groups and molecular symmetry. However,
experimental studies often face limitations in
providing detailed insights, especially when
examining complex molecular systems like MET.
Therefore, computational studies using methods
such as DFT offer a complementary approach to
explore the vibrational properties of molecules at
a molecular level [14]. To aid in the understanding
of MET’s molecular structure, a 3D representation
of the molecule is provided (Figure 1). This model
illustrates the spatial arrangement of atoms within
the MET molecule, highlighting key functional
groups such as the guanidine and amine moieties.
DFT is a quantum mechanical method used to
investigate the electronic structure of atoms,
molecules, and solids. Unlike other quantum
mechanical methods such as Hartree-Fock
theory, DFT focuses on the electron density
rather than the many-electron wavefunction,
making it computationally more efficient for larger
systems [14-17]. Common functionals used in DFT
calculations include B3LYP, PBEO, and others, each
with varying degrees of accuracy depending on
the system under study [17-19]. For this study, the
B3LYP functional was selected due to its balance
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between computational efficiency and accuracy for
organic molecules. Additionally, the choice of basis
set is important in DFT calculations, as it defines
the functions used to describe the orbitals of the
atoms in the molecule. For this study, a commonly
used basis set for organic molecules is 6-31G*,
which provides a good balance of accuracy and
computational cost [20]. The molecular geometry
of MET was optimized using DFT, ensuring that
the calculated vibrational modes correspond to the
molecule’s true equilibrium structure.

Figure 1. 3D molecular structure of MET. The 3D
representation highlights the key atomic arrangement
and bonding interactions relevant to vibrational
analysis. Color scheme: carbon (gray), nitrogen (blue),
hydrogen (white).

Several theoretical studies have explored the
geometry and vibrational properties of MET,
including its interaction with counterions or in
solid-state formulations [14]. However, there is a
notable gap in the literature regarding the modeling
of metformin’s interaction with metallic surfaces
relevant to SERS applications. To the best of
our knowledge, no prior study has combined
DFT-based Raman and SERS simulations with
MEP mapping and adsorption onto gold clusters.

Raman spectroscopy is a powerful technique
used to probe the vibrational modes of molecules
[21,22]. It is based on the inelastic scattering of
light, where photons interact with the vibrational
modes of a molecule and loss or gain energy,
resulting in a shift in the frequency of the scattered
light. The Raman spectrum provides information
about the bond strengths, functional groups, and
molecular symmetry, making it an invaluable tool for
studying molecular structures. In the case of MET,
Raman spectroscopy can be used to identify the
characteristic vibrational modes associated with
its molecular structure, such as the C-N stretching
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and N-H bending vibrations. The Raman spectrum
of MET can provide insights into its functional
groups and the overall symmetry of the molecule,
allowing for a more detailed understanding of its
molecular properties. The theoretical Raman
spectra obtained through DFT calculations can
be compared with experimental spectra to identify
the vibrational modes and assign them to specific
molecular vibrations [23,24]. The calculated
Raman spectra can also be used to study the
effect of different environments on metformin’s
vibrational properties, such as the presence of
solvents or the interaction with surfaces. These
computational studies can guide experimentalists
in interpreting Raman spectra and designing more
efficient experiments for analyzing MET and similar
molecules.

SERS is an advanced variation of Raman
spectroscopy that significantly enhances the
Raman signal through the interaction of molecules
with metallic surfaces, typically made of silver,
gold, or copper [21,22,25]. The enhancement
arises from two main effects: the electromagnetic
effect and the chemical effect. The electromagnetic
effect occurs due to the localized surface plasmon
resonance (LSPR) of metallic nanoparticles, which
can concentrate light near the surface and enhance
the Raman scattering signal. The chemical
effect arises from the interactions between the
molecule and the metal surface, which can alter
the vibrational frequencies and intensities. SERS
has become a powerful tool for detecting trace
amounts of molecules, especially in applications
such as biosensing, environmental monitoring,
and chemical analysis [26,27]. The enhancement
of the Raman signal allows for the detection of
molecules at very low concentrations, making
SERS particularly valuable for studying compounds
like MET in complex matrices, where traditional
Raman spectroscopy may not be sensitive enough
[27-30]. This enhancement is due to localized
surface plasmon resonance (LSPR) and chemical
interactions between the molecule and the metal
surface, making SERS a highly sensitive technique
for molecular detection [31].

In this study, DFT calculations are employed
to simulate Raman vibrational spectra and the
interaction between MET and a 10-gold atom
cluster, to predict how these interactions might
affect the SERS spectra. By modeling the geometry
of the metal surface and the adsorption of MET,
it is possible to simulate the enhanced Raman
signals that would be observed experimentally.

This theoretical approach provides a deeper
understanding of how the molecular vibrations of
MET are influenced by the surface and how SERS
can be used to enhance its detection. To date,
however, there are few computational studies that
focus on the SERS and Raman simulations, as
well as the adsorption behavior of MET on gold
substrates. Although some theoretical studies on
metformin have been reported [14], the literature
remains scarce with respect to combined Raman
and SERS simulations including adsorption
onto metallic surfaces. Therefore, a detailed
comparative analysis was not feasible. However,
the cited works have been used to contextualize
and contrast the scope and methodology of the
present study. Finally, this work aims to bridge
this gap by providing a detailed computational
framework that will help to predict and interpret the
experimental SERS signals of MET.

Methodology

Geometry Optimization and Energy Structure
To investigate the vibrational properties of MET
and its SERS characteristics, a comprehensive
computational study was performed using DFT. All
calculations were carried out using the Gaussian
software package [32], employing functionals and
basis sets tailored for both isolated molecular
structures and metal-molecule interactions.
The first stage of the computational workflow
involved the geometry optimization of MET in
the gas phase, aiming to obtain its most stable
conformer. The optimization was performed using
the B3LYP functional (Becke’s three-parameter
hybrid functional with Lee-Yang-Parr correlation)
and the 6-31G(d) basis set, which has been widely
employed in molecular vibrational studies due
to its balanced trade-off between computational
cost and accuracy [18,19]. The absence of
imaginary vibrational frequencies in the optimized
structure confirmed that the resulting geometry
corresponded to a global or local minimum on the
potential energy surface (PES).

To simulate the SERS environment, an additional
system was constructed where MET was placed in
close interaction a 10-gold atom cluster, serving as
a minimalistic representation of the metal surface.
Since gold is a heavy element with significant
relativistic effects, its electronic structure was
treated using the LanL2DZ (Los Alamos National
Laboratory double-zeta) basis set, which includes
effective core potentials (ECPs) to model relativistic
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contributions [23]. The MET-Au system was
optimized at the B3LYP/LanL2DZ level of theory,
ensuring that both molecular and metal interactions
were accurately described.

The molecular potential energy map of MET was
generated using a combination of Gaussian and
Visual Molecular Dynamics (VMD) [33,34]. First,
the molecular structure of MTF was optimized at
the DFT/B3LYP level using a 6-31G(d) basis set
in Gaussian. The optimized geometry was then
used to compute the electrostatic potential (ESP)
using the same functional and basis set. The ESP
data were extracted and visualized in VMD, where
a color-coded potential energy map was projected
onto the molecular surface. The visualization
enabled the identification of regions with higher or
lower electrostatic potential, which is relevant for
understanding molecular interactions, including
hydrogen bonding and adsorption on electrode
surfaces [35].

Raman and SERS Vibrational
Calculations

After geometry optimization, vibrational frequency
calculations were performed at the same levels of
theory used for optimization. Raman and SERS
spectra were simulated to analyze the vibrational
modes of MET in both free and surface-bound
states. The harmonic vibrational frequencies
were scaled using appropriate correction factors:
0.9614 for Raman and 0.977 for SERS spectra
[36]. These scaling factors account for systematic
overestimations inherentin DFT calculations due to
the harmonic approximation. The Raman activities
were obtained from the computed polarizability
derivatives, and the corresponding intensities were
derived using standard expressions that consider
the excitation wavelength-dependent scattering
cross-section [19]. For the SERS analysis, the
interaction between MET and the gold cluster was
evaluated by analyzing vibrational mode shifts and
intensity enhancements due to charge transfer
and chemical interactions. The spectral features of
both Raman and SERS were compared to assess
the impact of molecular adsorption on vibrational
properties.

Frequency
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Computational Considerations

All calculations were performed in the gas phase
to isolate intrinsic molecular vibrational properties.
The absence of imaginary frequencies confirmed
that the optimized structures correspond to
true minima on the potential energy surface.
The choice of basis sets 6-31G(d) for MET and
LanL2DZ for MET-Au was based on their ability
to balance computational cost and accuracy,
particularly for molecular interactions with metal
atoms [23] for which therapeutic drug monitoring
(TDM. Theoretical Raman and SERS spectra were
visualized using GaussView software, and normal
mode assignments were carried out by comparing
computed vibrational modes with literature data.
Theoretical results were validated against available
experimental spectra to assess the reliability of
the computational approach in predicting spectral
features.

Results and Discussion

Optimized Geometry and Energy Characteristic
of Metformin

Figure 2 presents the optimized molecular structure
and conformational analysis of MET. The top panel
displays the atomic numbering and molecular
geometry obtained from quantum mechanical
calculations, which provide critical insights into bond
lengths, angles, and electronic distributions. The
bottom panel illustrates the different conformers
of MET, emphasizing its flexibility and potential
variations in dihedral angles due to rotational
freedom around single bonds. Computational
calculations revealed that conformer a is the most
stable, with an energy of -7,390,111.711 kJ/mol,
attributed to its near-planar structure and strong
intramolecular hydrogen bonding. Conformer b,
with a slight deviation from planarity due to steric
hindrance, has an energy of -7,303,333.634 kJ/mol.
Conformer ¢, which exhibits the greatest deviation
from planarity due to repulsion between adjacent
functional groups, has the highest energy at
-73,033,145.824 kJ/mol, indicating reduced
stability. These energetic differences highlight
the importance of hydrogen bonding and steric
effects in determining the preferred molecular
conformation of MET.
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-11777.0705 eV

Figure 2. Optimized molecular and conformers of MET obtained by DFT calculations.

The optimized geometry reveals that metformin
adopts a nearly planar backbone, with its central
guanidine  (-NH-C(=NH)-NH;) and amidine
(-N=C-NH;) groups forming a conjugated
electronic system. This delocalization enhances
the stability of the molecule and contributes to its
characteristic hydrogen bonding interactions. The
bond length analysis (as presented in Table 1)
indicates that most computed values closely match
experimental and previously reported theoretical
data, with slight variations due to environmental
factors such as solvent effects or crystalline
packing forces. The bottom panel highlights the
three major conformers of metformin, which differ
in the orientation of nitrogen-containing functional
groups. These conformers arise from the rotational
freedom around the C-N and N-C-N bonds, leading
to changes in dihedral angles. The relative stability
of each conformer depends on intramolecular
hydrogen bonding and steric effects. Notably,
conformer a exhibits a near-planar structure
with strong intramolecular hydrogen bonding,
while conformers b and c display deviations from
planarity due to steric hindrance or repulsion

-11638.7787 eV

-11638.4794 eV

between adjacent functional groups. The results
are consistent with the optimization of the MET
structure in its interaction with ferulic acid, as
reported by Makarios et al. [14].

The bond lengths obtained for MET were
compared to previously reported values from
Makarios et al. [14]. The N1-C6 (1.455 A), C8-N3
(1.304 A), C9-N5 (1.359 A), and C9-N4 (1.388 A)
bonds exhibit slight variations from the literature,
particularly in the case of C8-N3, which is shorter
than the reported 1.401 A. This difference may be
attributed to the computational method used or
the presence of different molecular environments
in experimental and theoretical models.
The N4-H18 (1.012 A) and N5-H20 (1.011 A) bonds
are highly consistent with reported values, with
deviations within 0.005 A, confirming the stability
of the protonated amine groups. Interestingly, the
C9-N4 (1.388 A) bond exhibits a deviation from the
reported 1.275 A, suggesting a possible influence
of resonance stabilization or hydrogen bonding
effects in our model. This discrepancy might
arise due to solvation effects or computational
settings in the theoretical approach used.
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Table 1. Bond distances and dihedral angles of MET.

Bond Distance (A) Makarios et al. (A)[14] Dihedral Angle (°)
C6-N1-C8
N1-C8 1.392 -
122°
C1-N8=N3
N1-C2 1.456 -
123°
N6-C1-N7
N1-C6 1.455 1.451
116°
C8-N3-H16
C6-H11 1.097 -
113°
N4-C9-N2
C8-N3 1.304 1.401
117°
C9-N2-C8
N3-H16 1.016 -
121°
C6-N1-C8
C8-N2 1.387 -
122°
N2-C9 1.306 -
C9-N5 1.359 1.400
C9-N4 1.388 1.275
N4-H18 1.012 1.017
N5-H20 1.011 1.011
N1-C8 1.392 -
N1-C2 1.456 -

The dihedral angles calculated for MET provide
insights into the molecular conformation. The
C6-N1-C8 (122°) and C1-N8=N3 (123°) angles
suggest a near-planar arrangement, consistent
with an extended conjugation along the molecular
backbone. Similar angles were reported by
Alzawat et al. [37] in their study on the spectral
and structural characterization of MET with
different counter anions, confirming the structural
consistency through DFT calculations. The
N6-C1-N7 (116°) angle deviates slightly from
planarity, which could indicate steric interactions
influencing the flexibility of the molecular structure.
Similarly, the C8-N3-H16 (113°) dihedral angle
suggests adegree of rotational freedom, particularly
in the terminal amine groups. Additionally, the
C9-N2-C8 (121°) and N4-C9-N2 (117°) angles
reflect conformational adjustments that may result
from intramolecular hydrogen bonding or electronic
delocalization effects. These results indicate
that MET maintains a semi-planar conformation,
with deviations arising due to steric and
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electronic factors. The comparison with Makarios
et al. [14] sugguest that while general trends in
bond lengths are preserved, specific variations in
C8-N3 and C9-N4 highlight the importance of
computational and experimental conditions in
determining molecular parameters.

Molecular Electrostatic Potential of Metformin
The molecular electrostatic potential map (MEP)
is obtained in this study to provide a detailed
understanding of the charge distribution within
the MET molecule, which directly influences its
vibrational properties and interaction with metal
surfaces in SERS experiments [19]. By mapping
the electrostatic potential, it is possible to identify
regions of electron density that play a crucial
role in molecular adsorption and charge transfer
processes, which are essential for enhancing
Raman signals. Additionally, this analysis aids
in correlating theoretical vibrational modes with
experimental spectra by offering insights into the
electronic environment that governs molecular
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polarizability and Raman activity [7,8,11]. Thus, the
electric potential map serves as a fundamental tool
for interpreting the DFT-based Raman and SERS
spectra of MET. As is shown in Figure 3, the MEP
map of MET provides a visual representation of the
charge distribution within the molecule, highlighting
regions of varying electrostatic potential. This
is particularly important for understanding the
molecule’s behavior in intermolecular interactions,
such as hydrogen bonding, metal coordination,
and charge transfer processes. In our study, blue
regions (high electron density, negative potential)
correspond to areas where metformin can act

MEP

0.60
0.20
—0.20
—0.60

-1.00

as an electron donor. These regions are likely
concentrated around the nitrogen atoms of the
amine and guanidine functional groups, which
have lone pairs of electrons that can participate
in hydrogen bonding and metal coordination. On
the other side, red zones (low electron density,
positive potential) indicate areas where MET can
act as an electron acceptor. These are typically
associated with hydrogen atoms attached to
nitrogen, which are prone to forming hydrogen
bonds with electronegative atoms in biological or
catalytic systems [36].

Figure 3. Molecular electrostatic potential map of metformin.

In SERS applications, metformin’s interaction with
metallic surfaces (e.g., gold or silver nanoparticles)
is largely influenced by its electrostatic potential.
The electron-rich sites (red) favor adsorption
through metal-ligand interactions, particularly via
the guanidine and amine functional groups. This
influences the enhancement of vibrational modes
observed in the Raman spectra. The charge
distribution affects the molecular orientation on
the surface, which can modulate the enhancement
factors of different vibrational bands in the SERS
spectrum.

DFT Raman simulation studies

Prior literature has explored the vibrational
characteristics and structural properties of MET
using both experimental and computational
approaches. Yan et al. [37] investigated the solid-
state conformation of metformin and its hydrogen
bonding network by X-ray diffraction and IR

spectroscopy, while Cai et al. [38] and Ghasemi
et al. [39] provided DFT-based insights into its
vibrational modes in the gas phase. Additionally,
Saeed et al. [40] reported vibrational features of
related guanidine derivatives, which are chemically
relevant to the functional groups in MET. However,
these studies did not incorporate SERS simulations
or metal-surface interactions. In contrast,
the present work provides a more integrated
perspective by combining DFT simulations of
Raman and SERS spectra with MEP analysis
and modeling of adsorption on gold clusters,
thus offering novel insights into MET’s vibrational
behavior in plasmonic environments. To improve
the accuracy of the computed frequencies, a scaling
factor of 0.97 was applied to correct for anharmonic
effects and basis set limitations [41]. The simulated
Raman intensities reflect the polarizability changes
associated with each vibrational mode, providing
a direct correlation with experimentally observed
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Raman bands. It is important to acknowledge
that all vibrational simulations presented in this
study were conducted in the gas phase. While
this approach is commonly used to extract the
intrinsic vibrational characteristics of molecules,
it does not consider the influence of aqueous or
biological environments, which are relevant for
positively charged and hydrophilic drugs like MET.
In such media, solvation effects can lead to shifts
in vibrational frequencies and changes in intensity,
due to hydrogen bonding and dielectric screening.
However, incorporating solvation models especially
in combination with metallic clusters for SERS
simulations significantly increases computational
cost. Therefore, the gas phase approximation

was chosen to maintain a feasible computational
framework while capturing the essential features of
MET’s vibrational behavior.

The vibrational profile of MET is primarily
influenced by its guanidine (-NH-C(=NH)-NH,)
and amidine (-N=C-NH,) functional groups,
which contribute to strong Raman-active modes
due to their high polarizability. Additionally, the
presence of hydrogen bonding significantly
affects the vibrational behavior of the molecule,
particularly in the low-wave number region.
Table 2 present the detailed band assignments
for the computed Raman spectrum, correlating
theoretical predictions with experimental data to
elucidate the vibrational characteristics of MET.

Table 2. Assignment of calculated Raman vibrational modes of metformin compared with experimental data [42].

Sl GEIUEL 518 Proposed Assignment
Calculated Measured Calculated

430 435 426 N4-H18 (rocking)
451 - - Skv
466 - 479 Skv
491 - 504 N5-H20 (rocking)
546 - - Skv
625 625 - N5-H19 (rocking)
639 641 662 C17-N4-C18 (rocking)
715 712 720 N3-H16 (rocking)
735 743 - H14-C7-H15 (scissoring)
824 813 814 C7-H13, C5-H12 (rocking)
836 - - N2-C8=N3 (scissoring); N3-H15 (rocking)
919 929 906 C9=N2-C8 (scissoring)
1009 - 1009 H10-C5-H12, H13-C7-H15 (scissoring)
1058 1055 - H10-C5-H12, H13-C7-H15, N3-H16 (rocking)
1080 1090 1072 H10-C5-H12, H13-C7-H15, N3-H16, H17-N4-H18 (rocking)
1106 117 1104 H10-C5-H12, H13-C7-H15 (rocking)
1111 - 1119 N4-H18, N5-H19 (rocking)
1144 1154 1186 H10-C5-H12, H13-C7-H15 (rocking)
1208 - 1196 N4-H18, N5-H19, N3-H16 (rocking)
1251 - 1257 H17-N4-H18, H20-N5-H19 (rocking)
1284 1295 1273 H10-C5-H12, H13-C7-H15 (rocking)

109



rev. ion. 2025;38(1):101-115. Bucaramanga (Colombia).

The calculated Raman vibrational frequencies
of MET were compared with experimental data
reported by Baymarov et al. [42]. The results,
presented in Table 2, demonstrate a strong
correlation between theoretical and experimental
values, with minor discrepancies that can be
attributed to anharmonic effects, environmental

calculations. Figure 4 shows the DFT-calculated
Raman spectrum of MET and complements the
information presented in Table 2 by providing a
visual representation of the spectrum, allowing for
a direct comparison with the experimental values
and facilitating the analysis of vibrational mode
assignments.

influences, and basis set limitations in DFT
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Figure 4. DFT-simulated Raman (-) and SERS (-) spectrum of metformin vibrational modes.

The scissoring motion of H17-N4-H18, calculated
at 1668 cm™, appears experimentally at 1660
cm™, highlighting the reliability of the DFT-based
approach in capturing intramolecular interactions.

» Low-Frequency Region (400 — 700 cm™):

The N-H rocking modes are prominent
in this region, with calculated values at
430 cm™ (N4-H18) and 491 cm™ (N5-H20), showing
excellent agreement with the experimental peak at
435 cm™. The calculated peak at 625 cm™, assigned
to N5-H19 rocking, is observed experimentally at
625 cm™, indicating a strong correlation between
theory and experiment. The C-N rocking mode at

639 cm™ closely matches the experimental value
of 641 cm™, further validating the computational
model.

» Mid-Frequency Region (700 — 1300 cm™'):

Several rocking and scissoring modes of C-H and
N-H bonds appear in this range, demonstrating
consistency between the computational and
experimental data. The N3-H16 rocking mode
calculated at 715 cm™ closely aligns with the
experimental peak at 712 cm™. The scissoring
vibrations of H10-C5-H12 and H13-C7-H15
exhibit slight deviations, with calculated values at
1009 and 1058 cm, compared to experimental

110



rev. ion. 2025;38(1):101-115. Bucaramanga (Colombia).

values at 1055 cm™. The H10-C5-H12 and
H13-C7-H15 rocking modes calculated at 1080
cm” match well with the experimental band at
1090 cm, indicating that the theoretical model
accurately predicts these molecular deformations.

*High-Frequency Region (1300 — 1700 cm™):

The scissoring modes involving C-H and N-H
bonds demonstrate good agreement, with the
calculated peak at 1447 cm™ corresponding to the
experimentally observed peak at 1445 cm'. The
asymmetric stretching mode of C8=N3 appears at
1564 cm (calculated) and 1568 cm™ (measured),
reflecting the precision of the computational
method in predicting bond.

Surface-Enhanced Raman Spectroscopy DFT
Simulations of Metformin

SERS-DFT calculations provides valuable insights
into molecular interactions at metal surfaces. In
this study, DFT simulations were performed using
a 10-gold atom cluster to model the adsorption of
the target molecule, employing the LANL2DZ basis
set for accurate representation of relativistic effects
and electron correlation in gold. Before simulating
the SERS spectrum, we modeled three different
geometries of 10-gold atom cluster interacting with
MET and selected the most energetically stable
configuration for further calculations.

Figure 5 presents the optimized geometries of gold
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clusters (10 atoms) interacting with MET, where (a)
and (c) depict different adsorption configurations,
and (b) corresponds to the most stable structure
based on energy calculations. In (a) and (c),
MET interacts with the gold cluster in varying
orientations, leading to differences in binding
sites and spatial arrangements. In contrast, (b)
adopts a more favorable configuration, maximizing
interactions with the Au atoms while maintaining
a stable adsorption geometry. The lower energy
of (b) indicates stronger and more stable
interactions, particularly due to the orientation
of the terminal amine groups, which in this
configuration establish stronger interactions with
the gold surface, enhancing electronic coupling
and stabilizing the adsorption. The MEP analysis
of the gold cluster-MET complex provides insights
into the charge distribution (Figure 5d), crucial for
understanding its interaction with metal surfaces
in SERS applications. The optimized configuration
shows a strong charge localization in specific
regions, suggesting potential hotspots for Raman
enhancement. This configuration ensures a more
reliable adsorption of MET on the Au surface,
leading to accurate predictions of vibrational shifts
and enhanced charge transfer interactions crucial
for the SERS enhancement mechanism. Therefore,
structure (b) was selected for the final SERS-DFT
calculations to obtain a representative and reliable
theoretical prediction of the experimental results.
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Figure 5. Optimized structures of 10-gold atom cluster interacting with metformin and Molecular electrostatic
potential map of the gold cluster-MET complex. (a) First adsorption configuration; (b) Most stable adsorption
configuration; (c) Third adsorption configuration and
(d) MEP metformin-Au cluster.

The simulated SERS spectrum presented in
Figure 5 (blue bottom) exhibits significantly higher
intensity compared to the Raman spectrum
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(pink top), indicating strong enhancement due to
the interaction of MET with the plasmonic surface
(likely gold nanoparticles in the SERS substrate,
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as seen in the molecular representation). This
intensity increase suggests strong adsorption
of MET onto the metallic nanostructure, which
enhances Raman signals via electromagnetic and/
or chemical enhancement mechanisms. Some
Raman peaks shift slightly in the SERS spectrum,
likely due to interactions between MET and the
metal surface. These shifts indicate changes in
molecular orientation or charge transfer effects.
Certain vibrational modes are more pronounced
in SERS than in Raman, which suggests selective
enhancement of specific functional groups
interacting with the substrate. The observed
enhancement and shift of vibrational bands in the
SERS spectrum of MET are primarily attributed to
two factors: changes in molecular orientation on the
metallic surface and charge transfer interactions
between MET and the gold cluster. Upon adsorption,
the terminal amine and guanidine groups of MET,
which are rich in electron density as shown in the
MEP map (Figure 3), interact directly with the Au
atoms (Figure 5b), leading to chemisorption and
redistribution of electronic charge. This interaction
modifies the local polarizability of the molecule,
selectively enhancing modes involving those
functional groups. For example, the vibrational
modes at 1009 and 1257 cm™, which involve
C-H and N-H scissoring and rocking of groups near
the gold surface, are significantly more intense
in the SERS spectrum, indicating their direct
involvement in surface interaction.

Furthermore, the shift in peaks such as the
N-H rocking (from 430 to 426 cm™) and the
C=N stretching mode (from 1564 to 1568 cm™)
suggests that the adsorption alters bond strengths
through charge delocalization. The molecular
electrostatic potential (MEP) of the MET-Au
complex (Figure 5d) reveals a redistribution of
charge density compared to the free molecule,
with localized negative potential near the Au-
bound sites. This supports the presence of charge
transfer from the metal to the molecule (or vice
versa), consistent with the chemical enhancement
mechanism in SERS. The molecule adopts a
slightly tilted orientation over the gold cluster,
aligning electron-donating groups toward the
surface, which amplifies certain vibrational modes
while suppressing others.

Thus, the selective enhancement observed in the
SERS spectrum is not uniform but depends on both
the proximity of functional groups to the metallic
surface and the changes in electronic environment
upon complex formation. These findings align
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with established theories on electromagnetic
and chemical contributions to the SERS effect
[1,2]. In both spectra, strong peaks appear in the
range of 600 — 1600 cm, corresponding to key
vibrational modes of MET. The SERS spectrum
shows enhanced peaks around 600 — 1000 cm,
which could be related to ring deformation, C-N
stretching, and NH bending modes. Peaks above
1200 cm™' correspond to C-H and N-H stretching,
with some intensity variations due to surface
interactions. The increased intensity of peaks
related to C=N and NH bending (1300 — 1600 cm")
suggests that metformin’s guanidine group
plays a crucial role in adsorption suggesting that
probably MET is effectively adsorbed onto the
gold nanostructure. The enhanced SERS signal at
1009 cm™ (H10-C5-H12, H13-C7-H15 scissoring)
aligns with the Raman signal for MET. This signal
could be useful for detecting MET in biological
samples as blood plasma, serum, and urine [31].
Raman spectroscopy with this peak offers a non-
invasive method for MET monitoring. Recent
studies have demonstrated the usefulness of
SERS for MET detection. Li et al. [43] combined
solvent microextraction with SERS to detect
metformin in spiked health products, achieving high
sensitivity using Ag colloids. Hennemann et al. [44]
studied the plasmonic interaction of MET with gold
nanoparticles and reported SERS enhancement
based on agglomeration and aggregation
regimes. Unlike these experimental works, our
study provides a theoretical perspective, offering
DFT-based Raman and SERS simulations along
with electrostatic potential analysis to understand
the spectral behavior and adsorption mechanism
of MET at the molecular level.

Conclusions

In conclusion, the computational analysis of MET
through DFT simulations revealed crucial insights
into its molecular geometry, electronic properties,
and vibrational characteristics. The optimized
geometry showed MET adopting a near-planar
structure, with significant intramolecular hydrogen
bonding, especially in the most stable conformer.
Conformers b and c¢ exhibited higher energy
due to steric hindrance and repulsion between
functional groups, highlighting the importance of
molecular flexibility. The bond lengths and dihedral
angles obtained were in good agreement with
experimental data, with slight variations attributed
to computational conditions. The molecular
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electrostatic potential map demonstrated regions
of high and low electron density, essential for
understanding MET’s interactions with metal
surfaces in SERS. DFT-based Raman simulations
revealed a strong correlation between calculated
and experimental vibrational frequencies, with
prominent peaks in the low, mid, and high-frequency
regions, further supporting the theoretical model.
The SERS-DFT simulations indicated that MET
interacts strongly with gold nanoparticle surfaces,
enhancing its Raman signals and providing a
reliable method for detecting MET in biological
samples. These findings underscore the potential
of computational techniques in predicting
molecular behavior and enhancing the application
of Raman spectroscopy for MET monitoring in
various settings.
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