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Abstract: Surface-Enhanced Raman Spectroscopy (SERS) was employed as a spectroscopic tool to
detect Bisphenol A (BPA), a building block in polycarbonate and epoxy resins or an additive in other
polymer plastics like PVC, which has an endocrine disruptor effect. Silver nanoparticles (AgNPs)
synthesized by using different reducing agents such as hydroxylamine (Ag@HX), citrate (Ag@Cit),
borohydride (Ag@BH), and -cyclodextrin (Ag@BCD) were employed, aiming to select the best
standard SERS substrate. The lowest limit of quantification was reached at a concentration of 0.01 mM
(2.3 pg/mL) of a sonicated aqueous solution by using Ag@Cit NPs and identifying two enhanced
bands recorded at about 350 and 460 cm~!. In order to gain insight into the nature of the enhanced
bands, and therefore into which mechanism governs the SERS signal, electrochemical spectra recorded
at different electrode potentials were acquired and TD-DFT calculations were applied to a neutral
silver complex of BPA, Ag,-BPA, and to its monohydroxylated chemical specie, Ag,-BPA(OH), which
is present in sonicated solution. The calculated electronic structure and the resonance Raman spectra
point out that a surface plasmon-like resonance inside the silver cluster dominates the SERS spectrum
corresponding to the physisorbed BPA(OH) species, a charge transfer enhancement mechanism or an
intramolecular resonance transition localized in the phenolic framework was then discarded.

Keywords: SERS spectroscopy; nanoparticles; Bisphenol A; DFT calculations

1. Introduction

Bisphenol A (BPA) is an organic compound with two phenol functional groups. It is a
difunctional building block (monomer) of many important plastics, mainly polycarbonate
and epoxy resins [1], and an additive, a plasticizer-like, in PVC and polyurethane plastics,
which are used in many daily consumer products such as toys, drinking or food containers,
sports safety equipment, medical instruments, etc. BPA is also present in thermal paper
such as shopping tickets, which is the main non-food source of human exposure. Due to its
ability to bind to estrogen receptors, BPA is known as a potential endocrine disruptor [2,3],
becoming not only an emerging pollutant in aqueous environments but also a human or
food safety problem, as established by the World Health Organization [4], because of the
possibility for BPA to migrate from food packaging into the food itself. For this reason, the
detection of BPA at low concentration levels by analytical or spectroscopic methods and
the sample pre-treatment are interesting issues for many researchers [5-10].

The analytical methods commonly used for sensing BPA, such as liquid chromatogra-
phy [9], liquid chromatography-mass spectrometry [8], gas chromatography-mass spec-
trometry [10], capillary electrophoresis [11,12] and immunoassay [6,7], frequently need
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a sample treatment [9] to achieve the required sensitivity and selectivity, and they usu-
ally consist of several laborious and time-consuming steps. Sometimes, even the use of
non-aqueous solution is necessary due to the poor solubility of BPA in water [13].

However, Surface-Enhanced Raman Spectroscopy (SERS) [14] is a spectroscopic tech-
nique that can be used as an analytical tool for the detection of pollutants and aromatic
molecules [15,16] at trace level concentration because it has several advantages such as the
enhancement of the Raman signal of the molecular probe in the vicinity of a nanometric
roughed metal, its high molecular selectivity, no sample pre-treatment requirement [17,18],
the detection of hydrophobic molecules in aqueous environment [19], and above all, its
versatile ability to use different metallic substrates as a chemical sensor.

Improvements of SERS sensors have aroused interest in the last few decades regarding
the detection sensitivity and research into functionalized metal nanoparticles (NPs) that
circumvent the affinity of analytes for metallic surfaces [19-24]. Two main strategies are
employed in the surface functionalization by using aptamers [22-24], short single-stranded
DNA or RNA molecules that can selectively bind to a specific target, which are mostly
employed in sensing BPA, and molecular hosts where a host—guest interaction is possible,
such as calixarenes [25], viologen dications [19], and cyclodextrins [21], with the latter
also being used for BPA detection. Due to the low solubility of BPA in water [13] and the
weak affinity of phenolic molecules for the metallic surface, both strategies were mainly
employed for SERS detection of BPA [21-24]. However, a direct detection of BPA making
use of the most frequently synthesized AgNPs in the lab is not described in the literature.

In this work, standard AgNPs without surface functionalization were obtained by
using different reducing agents such as hydroxylamine (Ag@HX), citrate (Ag@Cit), borohy-
dride (Ag@BH), and B-cyclodextrin (Ag@BCD). These were employed for BPA detection
by making use of the revealed evidence that BPA molecules become the monohydroxylated
species, BPA(OH), under ultrasound bath exposition [26,27]. This fact allows the increase of
its affinity for metallic surfaces [28,29], as happens in other molecules having the catechol
group [20]. Thus, a sonicated aqueous solution of BPA was used to record the SERS spectra
at different concentrations in order to establish the best SERS substrate recognizing the
characteristic molecular vibrational bands at low concentrations. A striking feature is that
the two strongest bands were recorded at about 350 and 460 cm !, which are not recorded
in the solid Raman of BPA and even in the SERS spectra obtained with a non-sonicated
solution [21]. This fact could be related to the presence of the monohydroxilated species
and the participation of the chemical enhancement mechanism to the SERS signal [14] that
is responsible for the selective enhancement of particular bands [30,31]. This mechanism is
similar to a resonant Raman process in which excited electronic states of different natures
can be involved as, for example, a photoinduced metal-to-molecule charge-transfer (CT)
process [32] or a resonant Raman process involving plasmon-like (PL) excitation inside the
silver cluster [33], which is responsible for the selective enhancement of 8a and 9a modes
in electrochemical SERS of pyridine [34], respectively, or even an intramolecular resonance
transition localized in the aromatic framework resulting a surface-enhanced resonance
Raman spectrum (SERRS) [31].

Thus, in order to get insight into the nature of the enhancement of these particu-
lar bands and which mechanism governs the SERS signal, electrochemical spectra were
recorded at different electrode potentials, and TD-DFT calculations on isolated BPA and
BPA(OH) and on their respective neutral surface complexes with two silver atoms, Ag,-BPA
and Agy-BPA(OH), were performed. In addition, two types of silver coordination envi-
ronments were investigated through the oxygen atom or through the aromatic ring. DFT
calculations are a useful tool for addressing the study of molecular conformations upon
adsorption on metal surface, as shown in previous works [35,36]. Finally, a comparison
between the calculated ordinary and resonance Raman spectra of these complexes and the
SERS spectra was established.

In summary, the two main goals of this work are a direct BPA detection in a sonicated
aqueous solution by using non-functionalized SERS substrates and the elucidation of the



Chemosensors 2023, 11, 78

3of 14

nature of the enhancement of the two strongest SERS bands recorded at a lower wavenum-
ber region on the basis of a resonance Raman process making use of DFT calculations
applied to a simple metal-adsorbate supermolecule.

2. Materials and Methods
2.1. Colloidal AGNPs Experiments

The colloid synthesis procedure used in the present work and their characterization by
TEM and UV spectroscopy were described in detail elsewhere [37]. We follow the synthesis
route published by other researchers [38—40] with some minor modifications related to the
temperature, the time of magnetic stirring, and the dilution of the reactants in the case of
Ag@BCD NPs. All information is displayed in ref. [37]. Table S1 briefly summarizes the
main characteristics of the AgNPs synthesis. The colloids were stable for several weeks if
stored under refrigeration.

A 0.1 M aqueous solution of BPA was prepared as a stock solution and it was sonicated
at 25 °C for five minutes, favoring its dissolution. The SERS samples were obtained
by adding sequentially 20 uL of 0.5 M NapSOy4 and 10 puL of BPA aqueous solution to
1000 pL of the AgNPs. Different concentrations of BPA were used to establish the minimum
concentration that gives a SERS signal with a good signal/noise ratio. A standard quartz
cuvette and a 532 nm exciting line were used in all measurements.

2.2. Electrochemical Experiments

The experimental procedure for obtaining electrochemical SERS spectra was described
elsewhere [31]. Briefly, the homemade electrochemical cell is composed of three electrodes:
a platinum counter electrode, an Ag/AgCl/KCl(sat.) reference electrode, and a pure silver
working electrode. This latter was polished with 1.00 and 0.30 pm alumina (Buehler, Lake
Blue, IL, USA) and electrochemically activated by using a 0.1 M aqueous solution of Nap;SO4
and by initially maintaining the electrode potential at —0.5 V and subjecting it to seven
pulses at +0.6 V for 2s. A 0.1 M/1 mM sonicated aqueous solution of NaySO4/BPA was
employed to record SERS spectra.

An electrode potential range from 0.0 V up to —1.0 V was applied to record SERS
spectra by using steps of —0.1 V. All spectra were obtained with an accumulation of 1 scan
and 10 s exposure with the 785 nm exciting line. These parameters guarantee that the
aromatic molecule BPA does not suffer damages or decomposition processes. SERS spectra
were recorded twice for checking that the relative intensity of the bands and the spectrum
profile remain almost constant. No significant fluctuations for a particular spectrum
were detected.

2.3. Instrumentation

An Invia Qontor Raman Confocal System (Renishaw, Wotton-under-Edge, Gloucester-
shire, UK) coupled to a Leica Microscope Raman was employed to record SERS spectra.
The measurements were performed in a macro configuration using an objective of 50 x
magnification with a focal distance of 30 mm (NA 0.17). The 2400 L/mm and 1200 L/mm
holographic gratings were used at 532 and 785 nm exciting lines, respectively, with the spec-
tral resolution set at +2 cm~!. The spectral acquisition and manipulation were performed
by using the Wire 2.0 software (Renishaw). The electrode potentials in the electrochemical
experiments were controlled by a potentiostat model 600E (CH Instruments Inc., Austin,
TX, USA). A Milli-Q system provided the ultrapure water (18.2 MQ) cm resistivity) used in
all solutions.

2.4. Computational Details. Theoretical Resonance Raman Spectra

Density-Functional Theory (DFT) was employed for calculating the equilibrium struc-
ture and the vibrational wavenumbers of isolated molecules, BPA and BPA(OH), and their
respective neutral silver complexes, Ag,-BPA and Agy-BPA(OH). The long-range-corrected
version of B3LYP using the Coulomb-attenuating method, CAM-B3LYP [41], together with
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the triple zeta basis set, def2-TZVPP [42], was chosen. This level of calculation takes into
account the electronic correlation, an important factor in aromatic molecules with several
benzenic rings [31,43] and, above all, in the silver complexes in which the number of
electrons is increased. Additionally, the selected electronic basis set can be applied to light
atoms as well as silver ones, allowing us to compare the results of the isolated molecules
with those complexed. This level of calculation also reproduces the Raman spectra quite
well in those aromatic systems that have several isolated or fused benzene rings [31,43]. In
this case, the theoretical spectrum of BPA (Figure S1) is able to predict the intense Raman
bands of the solid, although the relative intensity of the band recorded in the 1600 cm !
region is not quite well reproduced.

A simple supermolecule model with two silver atoms, Ag,-BPA and Ag,-BPA(OH),
was chosen, given that this neutral complex correlates quite well with the potential of zero
charge of a polycrystalline silver electrode that it is close to —0.5 V [44]. Two types of silver
coordination environments were investigated through the oxygen atom or through the
aromatic ring. In the latter case, two possible orientations of silver atoms are considered,
in the external or the internal aromatic ring face with respect to the cavity generated in its
own structure by the two rotated phenolic planes.

The electronic structure of the silver complexes was calculated by Time-Dependent
DFT (TD-DFT) method at the above-mentioned level of calculation. The computed force
gradient for a particular electronic excited state allows us to compute the resonance Raman
spectra by using the free code, FCclasses 3.0 [45], for vibronic calculations based on the har-
monic approximation, on the vertical gradient model and on the Frank—-Condon approach
for the electric transition dipole moment [46].

Briefly, resonance Raman intensity of a mode p is calculated by applying the following
time-independent expression implemented in the code FCclasses 3.0 [45]:
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Being, ¢y the vacuum permittivity, v;, and v, the wavenumbers of the incident ra-
diation and of the vibrational normal mode p. The a, (mean isotropic polarizability), g,
(symmetric anisotropic polarizability) and d), (antisymmetric anisotropic polarizability) are
the so called polarizability invariants, which are functions of the transition polarizability

tensor components between initial (i) and final (f) states, ch;if(p, o = x,Y,z). This latter term,
within the time-independent framework, can be calculated from the Kramers-Heisenberg—
Dirac formula [47] that in the Frank-Condon approximation becomes:
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Being £, the Planck’s constant, yf;k = k({|pp|g) and ylé = (g|ps|k) are the components
(x, ¥, z) of the electric transition dipole moment between the electronic states g and k. |n/8)
and |n*8) are the final and initial vibrational states of the electronic state g, respectively.
|mK) is the m vibrational state of the electronic state k, w;, is the angular frequency of
the incident radiation and 7y is the damping factor of the electronic state k.cy,¢; is the
angular frequency of the electronic states ¢ and k and their respective vibrational states,
Wi gi = Wi+ Wy — (wg + w,g) and thus, the denominator is related with the energy
difference corresponding to the vibronic transition. This treatment corresponds to the
resonance contribution of Albrecht A term [48] and those states with large displacements
along the normal coordinates should have the largest contribution to the Raman intensity
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All calculations were carried out with Gaussian16 program [49]. The geometry op-
timization, the vibrational modes and the molecular orbitals were visualized by using
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MOLDEN program [50] and all spectra were plotted using a gaussian function with a value
of 10 as a Full Width at Half Maximum, FWHM = 10.0.

3. Results and Discussion
3.1. Standard AgNPs as a Chemical Sensor of BPA in a Sonicated Aqueous Solution

The SERS spectra recorded at different concentrations with the synthesized AgNPs
(Figure 1) are striking because they seem to have no similarities with the solid Raman
spectrum plotted at the bottom of the figure. It was not possible to record the Raman
spectrum of an aqueous solution due to its poor solubility in water and weak Raman
signal. Although four strong bands recorded at about 1616, 1113, 832, and 640 cm ! and
assigned to 8a, 6(CH) 1, and 6a modes [21] dominate the solid Raman spectrum, any of
those were enhanced in SERS spectra. Only the 8a, 1, and 6a modes appear as weak broad
bands in SERS with Ag@BH (Figure 1a) and Ag@Citr NPs (Figure 1c). No significant SERS
enhancement or weak records were acquired by using the biggest AgNPs, that is, Ag@HX
(Figure 1b) and Ag@pCD NPs (Figure 1d), while the most intense SERS signal for BPA was
obtained by using smaller Ag@Citr NPs (Figure 1c), yielding a well-resolved spectrum. In
this case, the SERS spectra are mainly characterized by two strong enhanced bands at about
350 and 460 cm !, assigned to in-plane deformation of the C-OH bond and the butterfly
motion, 16a mode, of the aromatic ring. The vectorial representation of these vibrational
motions are shown in Figure S2. Other weak enhanced SERS bands are recorded at 1473,
1397, 1241, 1192, 913, and 655 cm ™1, as shown in Figure 1c. This type of SERS spectrum is
different from that recorded with a non-sonicated solution [21] where there are no bands in
the 300-500 cm ! wavenumber region. Thus, the enhancement of those two bands could
be associated to the effect of sonication, yielding the presence of its monohydroxilated
species in the bulk, and the chemical enhancement contribution to SERS signal, as will be
shown below.
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Figure 1. SERS spectra of BPA in a sonicated aqueous solution at different concentration using
(a) Ag@BH; (b) Ag@HX; (c) Ag@Citr and (d) Ag@BCD NPs. Raman spectrum of solid at the bottom.

Besides, the identification of the two strong SERS bands recorded in the 300-500 cm~1
region allows the detection of the lowest concentration of 0.01 mM (2.3 ug/mL) by using



Chemosensors 2023, 11, 78

6 of 14

Ag@Citr NPs. This limit of quantification was slightly higher than other limits of detection
reported by other researchers using different analytical techniques [6,11,12] or a SERS
technique with functionalized AgNPs [21-24], but it is about 22 times and twice lower
than the tolerable daily intake (TDI) proposed by the EFSA (European Food Safety Agent)
in 2012 and 2015 (50 ug/kg body weight/day [51] and 4 ug/kg body weight/day [52],
respectively). Although, more recently, this TDI is reduced at 0.04 ngr/kg body weight/day
in 2022 [50], this experimental procedure could be a direct, realible, and feasible option as a
first step for sensing BPA in aquatic environments without needing to functionalize the NPs
or to address special experimental conditions. On the other hand, those two bands show a
weaker SERS intensity with Ag@BCD NPs than those recorded with Ag@BH NPs, but both
types of AgNPs are able to detect the same concentration, 0.5 mM (114 pug/mL) giving a
worse result than Ag@Citr NPs. Thus, the Ag@Citr NPs that show a small average diameter,
19 nm, are the best SERS substrate to detect sonicated BPA among the most common SERS
substrates used in the lab. This fact also indicates that the strong SERS records are very
sensitive to the size of the AgNPs, and thus, to their plasmonic characteristics.

It is likely that the good SERS signal observed with Ag@Citr NPs could be related to
an increase of the number of hot spots generated by the saline aggregation effect, inducing
a better effect of the localized surface plasmon resonance with the employed exciting
wavelength than in other cases of NPs. Only Ag@Citr NPs combine a smaller average
diameter (19 nm) and a nearer absorption band (408 nm) to exciting line (532 nm) than the
other NPs, being for Ag@HX: 42 nm and 419 nm; for Ag@BH: 12 nm and 389 nm; and for
Ag@BCD: 38 nm and 419 nm, respectively.

3.2. SERS Spectra of a Sonicated Aqueous Solution of BPA on Roughed Silver Electrode

To get insight into the nature of the enhancement of the two bands recorded in
the 300-500 cm~! region, SERS spectra recorded on nanostructured silver electrode were
performed. Unlike colloidal SERS experiments, electrochemical ones allow control of the
electrode potential, which can tune the excited electronic state [32] because the resonant
process in this type of experiment is determined not only by the exciting wavelength, as in
any electronic spectroscopy, but also by the potential electrode that modulates the Fermi
level of the metal. Thus, the study of the dependence of SERS spectra with the electrode
potential yields information on the electronic structure of the interface at a molecular level.

Similar spectra to those recorded with Ag@Citr NPs were obtained from 0.0 up to —0.3 V
potential (Figure 2), characterized by two strong bands appearing in the 300-500 cm !
region. From —0.4 V and on, all SERS spectra show the same profile and, although the
above-mentioned bands are still identified, they become weaker, with the strongest band
being recorded at about 830 cm ! at a more negative electrode potential, —1.0 V.

3.3. DFT Calculations on Silver Coordination and Complexation Energy of the Ag,-BPA and
Ag»-BPA(OH) Complexes

BPA structure is similar to that of the methane molecule, in which the hydrogen
atoms are substituted by two methyl groups and two phenolic groups that are also ro-
tated in respect to each other in opposite directions, with a dihedral angle of 52.6° at
CAM-B3LYP/def2-TZVPP level (Figure S3a). No significant geometrical changes in the
optimized structure for the monohydroxylated species BPA(OH) are calculated, neither in
the bond distances and angles nor even in the dihedral angle, 52.1° (Figure S3b). This non
planar geometrical disposition of the aromatic rings in BPA or BPA(OH) generates a small
molecular cavity in where AgNPs could be approached to the aromatic rings.

Thus, two types of silver coordination environments, through the oxygen atoms or
through one of the two differentiated faces of the aromatic ring, being an external or an
internal coordination with respect to the cavity generated by the two rotated aromatic
planes, were taken into account. The optimized structures of the Ag,-BPA and Ag,-
BPA(OH) surface complexes reveal that there are no significant geometrical changes upon
complexation (Figure 54 shows those complexes coordinated through oxygen atoms).
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Figure 2. Electrochemical SERS spectra of sonicated BPA/Na;SO4 (1 mM/0.1 M) aqueous solution at
different electrode potentials using the 785 nm exciting line. Raman spectrum of solid at the bottom.

Table 1 collects the CAM-B3LYP/def2-TZVPP optimized structures of Agy-BPA and
Ag,-BPA(OH) complexes and their complexation energy corrected by using counterpoise
(CP) method [53] and defined for an A-B dimer as:

AEGP = EAR — E4P — Ef? ®

This energy ranges from —8.41 to —6.71 Kcal/mol, with the most stable structure
being that of the Ag,-BPA(OH) complex (—8.41 Kcal/mol) with a coordination through the
oxygen atoms. Besides, the energy difference between two complexes of BPA with different
coordination is small, about 1 Kcal/mol, as also happens for BPA(OH) complexes. These
small values of the complexation energy are far away from the order of a chemical bond,
indicating that the metal-molecule bond is weak and thus, these complexes can be consid-
ered as physisorbed systems. Due to the small energy difference between the complexes,
the ordinary and resonance Raman spectra for all these types of silver coordination were
calculated in order to establish which of them is able to predict the experimental features.
This also provides information on the type of adsorbed chemical species, BPA or BPA(OH)
and its molecular interaction center.
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Table 1. Optimized structures of Agy-BPA and Ag,-BPA(OH) complexes and their complexation energy.

Coordination

Oxygen Atoms Internal Face External Face

Ag,-BPA

AE}:P(Kcal/mol) —6.40 —7.27 —6.71

Ag,-BPA(OH)

AE?P(Kcal/mol) —8.41 —7.08 —7.00

3.4. Insights into the Nature of SERS Enhancement by Analyzing TD-DFT Resonance Raman
Spectra of Agy-BPA and Ag,-BPA(OH) Complexes

TD-DFT calculations on the optimized silver complexes, Ag,-BPA and Ag,-BPA(OH),
predict that the adsorption process provokes changes in the electronic structure of the
isolated BPA and BPA(OH) chemical species, as shown in Tables S1-S3. The first electronic
excited state is calculated at about 5 eV in both isolated species (Table S2) and corresponds
to an HOMO-LUMO electronic transition, while a lower energy is calculated in their
respective complexed compounds (Table S3), at about 3.20 eV, being almost reachable with
the experimental exciting line of 532 nm (2.5 eV).

In the optimized Agy-BPA(OH) complexes, the first electronic transition corresponds
to a surface plasmon-like (PLy) resonant transition inside the silver cluster, as shown
the HOMO-LUMO orbitals (Figure 3). The following electronic excited states show the
same nature, that is, correspond to molecular orbitals of the metal cluster denoted as PL
in Tables S3 and S4. However, two other types of electronic transition can be identified
(Table S3), corresponding to a photoinduced charge transfer (CT) from the Fermi level
of the metal (HOMO) to the vacant orbital of the molecule (LUMO + 1), called forward
(F) transition, and calculated at 5.01 eV (S9(CTyr)) and 4.79 (S5(CTop)) eV in the Ag,-BPA
and Ag,-BPA(OH) complex coordinated through the oxygen atoms, respectively, while an
intramolecular resonance transition localized in the phenolic framework is calculated at
5.08 eV and 5.04 eV, (519(S1)) in both complexes. The molecular orbitals involved in these
threee types of electronic transitions in the Ag,-BPA(OH) complex coordinated through
oxygen atoms are plotted in Figure 3.

However, the CTg electronic state seems to be sensitive to the coordination of silver
atoms given that it moves down to lower energy, calculated at 3.9 eV in the Ag,-BPA(OH)
and Ag,-BPA complexes coordinated through the aromatic ring (Table S4), being only
upper 0.5 eV than the first PLy state, while the intramolecular resonance transition (S;
state) remains at the same energy, about 5 eV. Additionally, the electronic structure with
this type of coordination becomes a little bit more complex in which the excited electronic
states have many contributions of different molecular orbitals, with even a reverse (R)
molecule-to-metal charge transfer transition appearing, above all in an external face coor-
dination. In any case, the enhancement of the two bands recorded in the 300-500 cm !
wavenumber region could not be due to an intramolecular resonance transition, given that
DFT calculations predict a higher energy transition for all complexes than the employed
exciting line (532 nm).

Thus, only ordinary Raman spectra that give an idea of the adsorption effect, and
the resonant Raman spectra to the first and second excited electronic state that are in the
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energy order of the exciting line, were calculated for all surface complexes. This allowed
us to differentiate which type of chemical contribution could be involved in the selective
enhancement of the bands, being due to the subtle effect of the adsorption on the electronic
structure of the molecule or to the presence of resonant processes up to new excited metal-
to-metal (PL) states or a charge transfer (CT) states of the surface complex.

Transition Ag,-BPA(OH)

o
E (eV) > o &
[ 3
5.04—  Sg-Sigsy
0 (% //\' LY
P HOMO-1 v LUMO+1
(™
” &
~ L
<
4.79—— SySs(cro) Ty
P
HOMO LUMO+1

o
%

322+ SySypu)

L4

<«
N
HOMO LUMo

Figure 3. Molecular orbitals of the three types of electronic transition in the Agy-BPA(OH) complex

coordinated through the oxygen atoms.

Figures 4 and 5 show the electrochemical SERS spectra recorded at 0.0 V at the
bottom and the calculated ordinary (Figures 4a and 5a) and resonance Raman spectra
(Figures 4b and 5b) of Agy-BPA and Agy-BPA(OH) complexes, respectively. None of the
calculated ordinary Raman spectra of Ag,-BPA (Figure 4a) and Ag,-BPA(OH) (Figure 5a)
complexes are able to reproduce the experimental behavior, given that all of them predict
the enhancement of two bands recorded at about 1600 and 800 cm~! and assigned to
8a and 1 modes, respectively, while these bands are very weak in the electrochemical or
colloidal SERS spectra. Thus, the selective SERS enhancement due to the adsorption effect
is discarded.

However, resonance Raman spectra to the first excited electronic state show a differ-
entiated behavior depending on the metal coordination. In the case of silver complexes
coordinated through oxygen atoms, only the Ag,-BPA(OH) complex (Figure 5b) predicts a
strong band recorded at 348 cm ! and assigned to the in-plane bending, deformation of the
hydroxyl groups, while that calculated for the Ag,-BPA complex (Figure 4b) predicts an
enhancement of the band calculated at 820 cm~! and assigned to 1 mode, in disagreement
with the experimental behaviour. This fact implies that not only do the monohydroxy-
lated species exist in the sonicated solution, but also that there could be another type of
interaction that would be responsible for the enhancement of the band recorded at about
470 cm~ 1. Because this enhanced band corresponds to an out-of-plane benzenic ring mode,
a molecular adsorption through the aromatic ring should be investigated, with the two
faces of the ring being differentiated. In this case, the calculated resonance Raman spectra of
the Ag>-BPA complex with internal and external coordination (Figure 4b) predict a strong
band at 435 cm~!, a wavenumber down-shifted about 30 cm~! from the experimental
value (465 cm™1). This feature, together with no enhancement prediction of the 350 cm ™!
band, allows us to conclude that the BPA species is not present in the sonicated solution.
However, the calculated resonance Raman spectra of the Agy-BPA(OH) complex with an
internal coordination (Figure 5b) predicts the most intense band at 478 cm ™!, while the

most intense band for an external coordination (Figure 5b) is calculated at about 1300 cm~ L,
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not observed in the SERS experiments. Thus, BPA(OH) is the chemical species adsorbed in
the metal surface and responsible for the two enhanced SERS bands at 348 and 478 cm ™!
due to a plasmon-like resonance inside the silver cluster.

’N Ordinary Raman Sy-S,(PLy)

Relative Intensity / arb. unit
Relative Intensity / arb. unit

Experimental
0.0V

T T T T T T T 1 T T T T T T T
400 600 800 1000 1200 1400 1600 1800 400 600 800 1000 1200 1400 1600 1800
Wavenumber / cm Wavenumber / cm™

(a) (b)

Figure 4. Calculated (a) ordinary and (b) resonance Raman spectra of the Agy-BPA complex with
different silver coordination. SERS spectrum at 0.0 V is plotted at the bottom.

Additionally, in order to discard a metal-to-molecule charge transfer contribution to
the SERS enhancement, the resonance Raman spectra to the second excited electronic state,
CTor state, were calculated, given that it is close in energy (about 3.8 eV) to the first excited
state, PL state, (about 3.3 eV). These spectra are plotted in Figure S5. In this case, they
predict an enhancement of the 1 and 8a modes being the most intense band recorded at
820 cm~! (1 mode) for any metal coordination through the aromatic ring. This behavior
is observed in the electrochemical experiments at more negative values of the electrode
potential. For example, at —1.0 V the most intense band is recorded at 820 cm~! and the
above-mentioned enhanced bands, 348 and 478 cm ™!, become weaker. This could be due
to two effects, the electronic repulsion between the electron pair of oxygen atoms and the
negative charge of the metal surface and the out-of-resonance to the first excited electronic
state, being only able to reach the second excited state at a more negative electrode potential
in a pre-resonance condition. Thus, a significant contribution of a CT mechanism could be
present in SERS spectrum recorded at —1.0 V electrode potential.

In summary, BPA(OH) is the chemical species adsorbed on the silver surface and
responsible for the two enhanced SERS bands at 348 and 478 cm ™! due to a plasmon-like
resonance inside the silver cluster. When the electrode potential is at more negative values,
for example, at —1.0 V, the most intense band is recorded at 820 cm~! and the above-
mentioned enhanced bands, 348 and 478 cm !, become weaker. The experiment results
agree with calculation of the resonance Raman spectra to the second excited electronic state,

CTyr state, at which the most intense band is recorded at 820 cm L,
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Figure 5. Calculated (a) ordinary and (b) resonance Raman spectra of the Ag,-BPA(OH) complex
with different silver coordination. SERS spectrum at 0.0 V is plotted at the bottom.

4. Conclusions

Different colloidal AgNPs without surface functionalization were tested as SERS sub-
strates for sensing BPA in a sonicated aqueous solution. The SERS spectra are characterized
by two strong bands, recorded at about 350 and 460 cm~! due to the presence of the
monohydroxilated species, BPA(OH), generated in the sonication process. The use of the
standard Ag@Citr NPs allows reaching the best limit of quantification (2.3 pg/mL) among
other colloidal SERS substrates employed in this work, such as Ag@BH, Ag@HX, and
Ag@BCD NPs. This is a simple and a direct experimental procedure able to detect BPA
in aqueous environment with an amount two times lower than the tolerable daily intake
(4 ug/kg body weight/day) proposed for the EFSA (European Food Safety Agent) in 2015.

Regarding the nature of the SERS enhancement, TD-DFT calculations on electronic
structure of different Ag,-BPA and Ag,-BPA(OH) complexes and their respective calculated
ordinary and resonance Raman spectra to the first excited electronic state point out that
a surface plasmon-like resonance inside the silver cluster is responsible for the enhance-
ment of the bands corresponding to the physisorbed BPA(OH) species, with a discarded
charge transfer enhancement mechanism or an intramolecular resonance transition being
localized in the phenolic framework or even an effect due to the molecular adsorption. In
addition, the molecular interaction of BPA(OH) with metallic surface occurs through the
two oxygen atoms as well as through the internal face of the aromatic ring. Once more, DFT
calculations are a useful tool to analyze the SERS spectra, contributing to an elucidation of
the enhancement mechanism involved in a SERS record. Additionally, a close relationship
between SERS spectra and the electronic structure of the metal-adsorbate complex seems
to be established.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/chemosensors11020078 /s1, Table S1: Experimental conditions and characterization of the
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different AgNPs, Figure S1: Experimental Raman spectrum of the BPA solid and that theoretical
at CAM-B3LYP/def2-TZVPP level of calculation. The calculated wavenumbers are not scaled,
Figure S2: Vectorial representation of the vibrational motions corresponding to the two strongest
SERS bands. Wavenumbers calculated at CAM-B3LYP/def2-TZVPP level, Figure S3: Optimized
CAM-B3LYP/def2-TZVPP structures of isolated (a) BPA and (b) BPA(OH), Figure S4: Optimized
CAM-B3LYP/def2-TZVPP structures of (a) Ag,-BPA and (b) Agy-BPA(OH) complexes in which
silver atoms are coordinated through the oxygen atoms, Table S2: TD-CAM-B3LYP/def2-TZVPP
excitation energies (AE) and oscillator force (f) at the Franck-Condon point corresponding to the
first ten singlets of isolated BPA and BPA(OH), Table S3: TD-CAM-B3LYP/def2-TZVPP excitation
energies (AE) and oscillator force (f) at the Franck-Condon point corresponding to the first ten singlets
of the different Agy-BPA and Agy-BPA(OH) complexes coordinated through the oxygen atoms and
their corresponding charges transferred (Aq), Table S4: TD-CAM-B3LYP/def2-TZVPP excitation
energies (AE) and oscillator force (f) at the Franck-Condon point corresponding to the first ten
singlets of the different Ag,-BPA and Ag,-BPA(OH) complexes coordinated through one face of the
aromatic ring and their corresponding charges transferred (Aq), Figure S5: CAM-B3LYP /def2-TZVPP
resonance Raman spectra to the first charge transfer (CT) state of (a) Agy-BPA and (b) Ag,-BPA(OH)
complexes in which silver atoms are coordinated through internal and external ring face. The insets
show the resonance Raman spectra to the first plasmon-like (PL) state. Reference [37] is cited in the
supplementary materials.
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