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ABSTRACT: Silver nanoparticles (AgNPs) were synthetized and
employed in surface-enhanced Raman scattering measurements to
study the chemical behavior when thiacloprid (Thia) interacts with
the surface of Ag nanospheres (AgNSp) and Ag nanostars (AgNSt)
upon excitation of the system with a 785 nm laser. Experimental
results show that the deactivation of the localized surface plasmon
resonance induces structural changes in Thia. When AgNSp are
used, it is possible to observe a mesomeric effect in the cyanamide
moiety. On the other hand, when AgNSt are employed, it promotes
the cleavage of the methylene (−CH2−) bridge in Thia to produce
two molecular fragments. To support these results, theoretical
calculations based on topological parameters described by the
atoms in molecules theory, Laplacian of the electron density at the bond critical point (∇2ρ BCP), Laplacian bond order, and bond
dissociation energies were made, confirming that the bond cleavage is centered at the −CH2− bridge in Thia.

■ INTRODUCTION
The fact that insect pests become resistant to many chemical
compounds has led to the constant development of chemical
synthetic strategies to produce pesticides or persistent organic
pesticides (POPs) that can control them. One of these
chemical developments is the neonicotinoid (NeN) neuro-
active insecticide group that is widely employed in farming
around the world. The main problem of NeNs is that they
present undesirable effects over the environment and human
health because of their persistence.1,2 In particular, thiacloprid
(Thia) ((Z)-[3-[(6-chloro-3-pyr id iny l)methyl] -2-
thiazolidinylidene]cyanamide), a cyanoimine NeN compound,
was recently been identified as an agent that causes DNA
damage in the adult zebrafish model organism3 and transcrip-
tional changes in mitochondria-related genes in honey bees.4

As a result of these studies, this compound is being proposed
as a genotoxic agent, where its persistence is attributed to its
low absorptivity of UV light and higher better photostability in
comparison to other NeNs.
Currently, there are two general strategies to reduce or

degrade this type of compound: (i) reduction of pesticide
levels in the environment through membrane filtration,5,6

surface adsorption,7,8 or biological degradation9,10 and (ii)
degradation of pesticides by chemical methods such as
electrochemical,11−13 organic photocatalysis,14 radicals such
as oxidizing agents,15 photochemical,16 and photolysis,17−19

among others. However, all these methods can potentially

generate chemical species that could be more toxic than the
initial precursor.
An alternative method for the pesticide elimination in the

environment is the use of nanotechnology, such as nano-
particles (NPs),20,21 nanocomposites,21,22 metal NPs,23,24 bi-
metallic NPs,25,26 and metal oxide NPs.27,28 Some nanoma-
terials that display plasmonic effects are very promising in the
photoinduced POP degradation. One of the most outstanding
properties of these nanomaterials is that they can support
localized surface plasmons (LSPs) that can be excited by using
a light of an adequate wavelength, leading to LSP resonance
(LSPR), which is an effect derived from the interaction of the
resonant radiation with the free electrons. The deactivation of
the LSPR absorbed energy by the metal may lead to non-
radiative energy transfer to the adsorbed molecule with a great
deal of physical and chemical applications.29 On the other
hand, the radiative deactivation of LSPR leads to the surface-
enhanced Raman scattering (SERS) effect due to a
considerable enhancement of the electric field proximal to
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the surface. SERS has become a current tool in the analysis of
pollutant traces by adsorbing the pollutants onto noble metal
NPs, causing changes in the Raman spectrum depending on
interactions with the metal surface and according to the SERS
selection rules.30

Particularly, the deactivation of the LSPR by the non-
radiative way is the basis of plasmon chemistry (PCh), which is
an emerging science dealing with the induction of chemical
reactions on the surface of NPs.31−33 Some examples of PCh
are demethylation and decomposition of methylene blue,34−36

N�N bond formation in aminothiophenol derivatives,22,37,38

S−S bond dissociation in dimethyl disulfide,39 and dehaloge-
nation rate of bromoadenine.33 Four mechanisms involved in
PCh were proposed to account for the chemical effects: direct
intramolecular excitation (DIE), charge transfer (CT), indirect
hot-electron transfer (IHET), and local heating. Two of these
mechanisms, DIE and CT, are closely related to two
spectroscopic techniques, resonance Raman spectroscopy and
SERS, respectively.40 This consideration is relevant since it
supports Raman spectroscopy as the suitable spectroscopic
tool to study a structural modification in any system, based on
the possibility of following the reaction coordinate from the
changes in a Raman or SERS spectral profile. In this sense,
silver is one of the most used noble metals to prepare diverse
nanostructures to be used in the enhancement of the Raman
profile, in PCh studies, or even in other fields of science.41−46

In the present work, we have employed Ag nanostars
(AgNSt) to induce the PCh-mediated degradation of the
surface-immobilized Thia. The enhancement of the Raman
signals by the plasmon effect was employed to understand the
specific chemical interactions established between the metal
and the adsorbed pesticide as well as the structural changes
associated with the degradation process by PCh. For this
reason, we have synthetized AgNSt and Ag nanospheres
(AgNSp) to study the plasmonic effects. The SERS spectra of
Thia adsorbed on AgNSt were compared with those obtained
on AgNSp and to the regular Raman spectra in order to
analyze the degradation effect caused by the presence of these
NPs and laser radiation. Furthermore, theoretical calculations
based on density functional theory (DFT) and topological
parameters described by the AIM theory were done in order to
propose a mechanism for the chemical degradation of Thia
once adsorbed onto the metal surface.

■ MATERIALS AND METHODS
All the chemical reagents were of analytical grade and used
without any further purification. Thia, silver nitrate, sodium
hydroxide, hydroxylamine solution, and hydroxylamine hydro-
chloride were purchased from Sigma-Aldrich. Ultrapure water
type 1 (1.8 μS) from the Simplicity water purification system
was employed in the preparation of the NPs and the stock
solutions.
Synthesis of AgNPs. AgNSp and AgNSt were synthesized

following previously reported methods.47,48 AgNSp were
prepared by adding 300 μL of sodium hydroxide (1.0 M) to
90 mL of hydroxylamine hydrochloride (1.49 × 10−4 M).
Then, 10 mL of silver nitrate (1.0 × 10−2 M) was added under
rapid stirring conditions at room temperature, rendering a
gray-reddish suspension. AgNSt were prepared according to a
chemical reduction method, based on the reduction of the Ag+
ion with neutral hydroxylamine and sodium citrate in two
steps. First, 500 μL of sodium hydroxide (5 × 10−2 M) was
mixed with 500 μL of hydroxylamine (6.02 × 10−2 M). Then,

9 mL of silver nitrate (1 × 10−3 M) was added dropwise to the
solution. The resulting solution was stirred during 5 min.
Finally, 100 μL of 4.13 × 10−3 M trisodium citrate was added.
The final suspension was stirred for 15 min and immediately
used.
Characterization of AgNPs by Scanning Electron

Microscopy and Zeta Potential Measurements. The
obtained AgNPs were characterized by scanning electron
microscopy (SEM) to determine their morphology, as well as
their electrokinetic potential was determined by measuring the
zeta potential (ζP) of each nanoshape. For the SEM
measurements, 10 μL of each sample suspension was dropped
on silicon chips and left to dry in vacuum conditions. The
measurements were performed in an ESEM Quattro S
(Thermo Fisher Scientific), at 30 keV accelerating voltage
and using an Everhart−Thornley secondary electron detector.
The ζP was determined using the Nano ZS instrument
(Malvern, UK) employing a fixed backscatter detector angle of
173° with the cell holder maintained at 25 °C. The
Smoluchowski approximation (for aqueous solution) was
used to calculate the ζP based on the measured electrophoretic
mobility. The determined ζP was the result of at least three
acquisition steps, with an average of 100 measurements for
each step.
UV−Visible Spectra of Thia, AgNPs, and Thia-AgNPs.

UV−visible absorption spectra of Thia, AgNP, and Thia-AgNP
solutions were recorded from a Jasco V-530 spectrophotom-
eter by using quartz cells with 1.0 cm optical path and a
spectral resolution of 2 nm. The spectra of the solutions were
registered from 190 to 1100 nm. The solutions of Thia and
AgNPs were prepared by diluting 100 μL of Thia (1 × 10−4

M) or AgNPs in 1.9 mL of ultrapure water. In the case of Thia-
AgNPs, 100 μL of Thia and 100 μL of AgNPs were mixed and
added to 1800 μL of ultra-pure water.
Raman and SERS Spectra. The Raman and SERS spectra

of all samples were recorded by using a micro-Raman system
(RM1000, Renishaw) equipped with the 785 nm laser line, a
Leica microscope, and a Peltier-cooled charge coupled device
detector. The laser power on the Ag colloidal coated samples
was 0.92 mW (1%) measured in situ. The instrument was
calibrated using the 520 cm−1 band of a Si wafer and a 50×
objective. Spectra were recorded by 1 scan using an integration
time of 20 s and a spectral resolution at 4 cm−1. To obtain the
Raman spectrum of Thia, an aliquot of 100 μL of a Thia
solution (1.0 × 10−4 M) was deposited on a gold thin surface
and left to dry at room temperature. The thin Au film on the
glass substrate was prepared by the sputtering method and
used to avoid the intrinsic fluorescence emission of Thia that
may interfere with the Raman spectrum. SERS spectra were
recorded on a gold surface that was modified in different
regions with 50 μL of AgNP solution and left to dry in air.
After dry time, 10 μL of Thia solution (1 × 10−5 M) was
added. The Thia droplet was then dried at room temperature
in the absence of light.
Theoretical Aspects. Theoretical calculations were carried

out by using Gaussian 09 (Revision E.01) software.49

Vibrational frequencies of Thia were obtained using the DFT
method, Becke, 3-parameter, Lee−Yang−Parr (B3LYP) func-
tional, and basis set 6-311G(d,p) for an optimized structure of
the pesticide employing the X-ray CIF file geometry, as shown
in ref 50 The frequencies calculated for the theoretical Raman
spectrum do not show any negative value, indicating that the
optimized structure corresponds to the one at the minimum of
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the potential energy surface. In other words, the optimized
structure does not correspond to a transition state, and it is
more alike to the real structure of Thia; therefore, the
theoretical Raman spectrum is similar to the experimental
Raman spectrum.51 After obtaining the theoretical force
constants (FCs) with Gaussian 09 software, by using
FCART 7 (and according to the basis set used in the original
calculation), the FCs were transformed into internal FCs and
the obtained scale factor applied to the original theoretical
vibrational frequencies was calculated by the same software.52

Thia on the Ag surface was optimized by fixing Ag atoms with
the previous methodology of calculation but using the Los
Alamos National Laboratory 2 double-ζ (LANL2DZ) basis set.
On the other hand, fragments of Thia onto the Ag surface were
optimized by the same methodology described.51 Properties
based on the AIM theory were obtained with Multiwfn
software version 3.3.6.6 using the fchk output file from
Gaussian 09 as an input file.53

■ RESULTS AND DISCUSSION
Theoretical and Experimental Raman Spectra of Thia.

Theoretical Raman frequencies of Thia were calculated from
the crystallographic structure of the pesticide available as a CIF
file50 to work with theoretical data obtained from the real
structure of the compound. These results were treated
employing FCART 7 software52 because we considered that
this methodology is more accurate than using specific scale
factors applied to specific regions in the Raman spectrum.
Using the scaled quantum mechanical method, the calculated
cartesian FC matrix (CFCM) can be transformed into the
internal coordinate system. This methodology allows the
correction of errors in CFCM calculation by applying an
appropriate scale factor to the internal coordinate. Table S1
displays the scale factors found by the above system for the
different vibrational modes as well as the potential energy
distribution for selected signals. The unscaled and scaled

theoretical Raman spectra are presented in Figure 1a. It is
important to mention that the Raman and SERS assignments
of the pesticide have been previously published.54 In this sense,
our data will complement what has been reported by the
authors.
The experimental Raman spectrum of Thia, Figure 1a, does

not display fluorescence interferences and shows characteristics
medium-strong bands observed at 275, 310, 587, 609, 626,
639, 689, 1424, and 2184 cm−1. In general, the very intense
signal at 2184 cm−1 is attributed to the C�N stretching mode
and can be employed to follow any interaction between the
Thia and silver surface because the strong Raman relative
intensity of the latter band is associated with the relatively high
polarizability of the cyanamide group.55 This band is very
useful to follow any structural change in terms of bond
cleavage because this functional group is a representative of
Thia. However, other signals will be also employed for the
same aim as the band observed at 1424 cm−1 is attributed to
the deformation of the −CH2− bridge.56 This group is
sensitive to the chemical environment of the 2-chloropyridine
and thiazolidine groups, due to a possible inductive electronic
effect over the methylene (−CH2−) group. This fact is
verifiable according to the relative strong intensity of the
Raman signal, as it also occurs in the case of the C�N group.
Thiazolidine ring (TDZr) and 2-chloropyridyl ring (2CPr)
have specific Raman bands. Related to the thiazolidine ring, the
symmetric and asymmetric stretching modes of C−S−C are
observed at 714 and 689 cm−1 in the Raman spectrum, where
the second signal has a medium-strong relative intensity due to
the high polarizability,57 similar to the case of the C�N group.
The signals assigned to the breathing mode of the 2-
chloropyridyl ring are located at 1021 and 998 cm−1. The
identification of specific signals ascribed to TZDr, 2CPr,
cyanoimine moiety (CIm), and methylene bridge moiety
(MBm) (Figure 1b) will allow us to understand the chemical
interactions between NP and the adsorbed Thia. In addition,

Figure 1. (a) Experimental [red(�)], theoretical scaled [blue(�)], and theoretical unscaled (�) Raman spectra of Thia. (b) Simulated structure
of Thia from the CIF file by using DFT theoretical calculation with the corresponding acronym for each molecular group.
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the changes in the SERS spectrum will serve to understand any
structural changes associated with the degradation process.
The Raman assignment based on our theoretical calculation is
available in the Supporting Information in Table S2.
Characterization of NPs and UV−Visible Absorption

Spectra of Thia, NPs, and NPs-Thia. The obtained NPs
were characterized by their morphological shape, electrokinetic
potential, and their plasmonic activity in the UV−visible

spectrum. The images obtained by SEM show two different
shapes depending on the chemical method used in their
synthesis. Figure 2a displays star-like silver NPs (AgNSt),
prepared by the two-step reduction with hydroxylamine and
sodium citrate, and results are consistent with a previous
report.48,58 (Garcia-Leis et al., 2017). Those AgNSt present
irregular shapes with sizes ranging 200−300 nm as they can be
observed in the high-resolution images. On the other hand,

Figure 2. High-resolution SEM images of (a) AgNSt and (b) AgNSp.

Figure 3. UV−visible spectra of (a) Ag NPs, (b) Thia, and (c) AgNPs + Thia (10−5 M) compared with Thia. (d) UV−visible maxima absorption
band of Thia, AgNSp, AgNSt, and AgNPs-Thia.
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Figure 2b shows the spherical silver NPs (AgNSp) obtained by
reduction with hydroxylamine hydrochloride, and results are in
agreement with the report used as ref 47 The sizes of the
obtained AgNSp are distributed between 30 and 90 nm, with
an average size close to 60 nm. Values of ζP obtained were
−10.9 mV for AgNSp and −41.9 mV for AgNSt, consistent
with the different methods of preparation, leading to different
capping agents and concentrations. The extinction spectra of
AgNSp and AgNSt (Figure 3a) are related to the LSPR
resonances observed for these NPs. These maxima appear at
432 nm in the case of AgNSp and at 414 nm for AgNSt NPs
according to the corresponding reported morphology.47,58 The
different position of the maxima is due to each morphology

and size of the integrating NPs. In the case of the AgNSt, it is
possible to observe a large extinction above 500 nm, which is
consistent with the star shape. This shows the existence of a
rather inhomogeneous distribution of sizes and morphologies,
including the number of arms and the sharpness of their tips.58

The different extinction spectra allow us to determine the most
appropriate excitation wavelength to obtain the SERS spectra.
According to the plasmon extinction results, AgNSt is a good
candidate for both SERS and PCh effects due to its broader
and intense LSPR in the red and near-infrared region of the
electromagnetic spectrum. The 785 nm laser line was chosen
due to its low energy and proximity to the IR region and
because of the resonance with the plasmonic tail. Another

Figure 4. (a) Comparison of the Raman (�) spectrum of Thia with the SERS spectra onto the AgNSp [red(�)] and AgNSt [blue(�)].
Comparison of Raman/SERS spectra in the selected region: (b) 100−400, (c) 2000−2400, and (d) 2800−3200 cm−1.
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advantage of AgNSt is the fact that it is not necessarily a
previous aggregation of NPs to induce the formation of hot
spots, as in the case of the AgNSp. On the other hand, the
UV−visible profile of Thia in aqueous solution (Figure 3b)
shows two absorption bands at 216 and 242 nm that are also
visible in the mixture (Figure 3c).
The LSPR maximum on each absorption profile in the NPs-

Thia systems (Figure 3c) does not show any red or blue shift.
Therefore, the changes in the density of free electrons in NPs
due to the adsorption of Thia are negligible.59 On the other
hand, a hypsochromic shift is evidenced in Thia absorption
bands (Figure 3d) because of the adsorption and the formation
of a metal-Thia complex which promotes a new electronic
distribution in the Thia structure.
SERS Spectra of Thia: Spectral Description. The SERS

spectra of Thia (10−5 M) employing AgNSp and AgNSt are
displayed in Figure 4a. The spectrum of Thia on AgNSp is very
close to the reported data54 with slight differences in the
relative intensities and frequencies of some bands. In general,
the spectrum exhibits a strong characteristic signal at 241 cm−1

assigned to the stretching mode of the metal−ligand complex
(Ag-Thia). A second very strong band can be seen at 2192
cm−1 related with the stretching vibrational mode of the −C�
N moiety. The weak band observed at 1936 cm−1 is assigned to
the NCN asymmetric stretching mode. This feature will be
discussed later and the assignment helped with related
published data.60−62 Around 600 cm−1, it is possible to
observe a group of 4 bands with different relative intensities
attributed to the vibration of the rings present in Thia. The
591, 610, and 683 cm−1 bands are due to vibrations of the
2CPr, while the vibration at 627 cm−1 is related to a coupled
vibration of both 2CPr and TZDr. Finally, the signals located
at 826 and 1109 cm−1 are ascribed to the deformation of the
2CPr, while the band at 1446 cm−1 is assigned to the
deformation of the TZDr. The latter bands have a medium
relative intensity. The intensification of bands corresponding
to the CIm and TZDr groups and the SERS selection rules30

allow us to determine that the molecule established a chemical
interaction with the surface through the CIm and TZDr
groups.
The SERS spectrum of Thia on AgNSt shows strong bands

at 260, 605, 685, 817, 930, 1058, 1293, 1327, and 1518 cm−1.
The intense and broad band located at 260 cm−1 is assigned to
the stretching mode of the Ag-Thia complex. Vibrations that
are related to the TZDr are observed at 605, 685, 930, 1058,
and 1518 cm−1. The assignment of some of these signals (930,
1058, and 1518 cm−1) was performed based on our theoretical
calculations because in the above-mentioned work there have
been no assignment.54 The MBm is observed in the SERS
spectrum at 1293 and 1327 cm−1, while the 2CPr vibration
appears at 817 cm−1. For more details of other bands of the
SERS spectra of Figure 4a−d, see Table S2 in the Supporting
Information
Resonance Hybrid Allowed by Plasmon. The SERS

spectrum of Thia when AgNSp are employed exhibit a band at
1936 cm−1 that does not appear in the Raman spectrum.
Vibrations in this specific region (1900−2000 cm−1) are not
widely explained in detail in the Raman-related literature and
has only been ascribed to a stretching mode of allenes or
cumulated double bonds of the type >C�C�C<.55−57 The
unique possibility to find an allene or cumulated-like vibration
in Thia is around the CIm >C�N−C�N under many
different conformations. Figure 5a shows the resonant

structures proposed for the TZDr-CIm fragment associated
with the mesomeric effect considering the well-known
tendency of the cyanamide group to exhibit a resonant
structure of the −N�C�N− type. The asymmetric
stretching mode of the −N�C�N− moiety can be related
to Raman signals appearing in the range 1800−2200 cm−1

according to previous works and are attributed to the
mentioned resonance.63−66

The proposed TZDr-CIm fragment resonance can be
supported by the theoretical simulations performed for the
Thia and Ag surface-Thia system (Figure 5b). Particularly, the
Mulliken charge values for the sulfur atom present in the TZDr
(+0.194 in Thia and +0.224 Ag surface-Thia) suggest that this
atom may promote the resonance due to its electron-donating
nature and high polarizability.
Accordingly, the resonance occurs toward the π-system of

the NCN group, where the non-bonding electrons of the
amine can delocalize into the π-bonds of the nitrile group.67

Therefore, the electronic delocalization in the TZDr-CIm
moiety is very large due to the high electron-donor capability
of the sulfur atom and to the coplanarity of the TZDr with
respect to the CIm. According to the theoretical calculations,
the resulting dihedral angle between TZDr and CIm is of 4.4°,
in agreement with the reported data.67 Then, it is highly
probable that a strong resonance between the latter ring could
lead to the appearance of a new SERS band ascribed to an
asymmetric N�C�N stretching mode at 1936 cm−1,
consistent with related publications.66,68

The proposed resonance −S⊕�C(N)−N�C�N⊖ struc-
ture is promoted by the interaction of Thia with the metal
surface of the AgNSp. On the other hand, this resonance
structure is promoted by the lowering of the conformational
potential barrier by the metal plasmon. The identification of
this structure in the SERS spectrum is a proof of the effect of
the metal on the structural change induced on the Thia
molecule.
Degradation of Thia by PCh on AgNSt. In general, the

enhancement of the Raman spectrum occurs due to the
adsorption or approximation of a molecule onto the surface of
a noble metal NP. The orientation of the vibrational mode of a
functional group or molecular moiety in relation to the surface
will allow it to be enhanced (αzz component). This is well
explained by the SERS selection rules and is usually used to
infer about the orientation of the molecule on a surface.30 The
SERS spectrum often presents several well-defined bands with
average widths of 50 cm−1 as in the case of Thia onto the

Figure 5. (a) Resonance hybrid for the TZDr-CIm fragment and (b)
optimized structure of Thia onto the silver surface.
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AgNSp. The bandwidths always depend on the molecular
system being worked with.

In the SERS spectrum of Thia on AgNSt (see Figure 4a and
the reproducibility in Figure 6a), it is possible to observe a few

Figure 6. (a) Spectral reproducibility of Thia onto AgNSt. (b) Proposed mechanism to produce two fragments from the Thia structure. (c,d)
Orientation of two theoretical simulations. (e) Formation of the TNI to cleavage a bond. (f) Energy representation of the Ag surface/Thia system.
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medium-strong signals with a considerable average bandwidth
of 80 cm−1. As can be seen in Figure 4b, a broad band
attributed to the metal-adsorbate vibration is observed in this
spectrum with a maximum between 250 and 275 cm−1,
indicating that chlorine and nitrogen atoms are interacting with
the surface. Two medium bands observed at 605 and 685 cm−1

ascribed to the stretching mode of C−S give information about
the orientation of the TDZr onto the surface, which in this
case is tilted. This agrees with other medium bands at 1058
cm−1, attributed to the breathing mode of the TDZr and the
signal that appears at 1518 cm−1 associated with the stretching
of the C�N bond between TDZr and CIm. To complement
and support the TZDr orientation, two signals are observed at
1327 and 1293 cm−1 related to the vibration of wagging and
twisting of the −CH2 of the TDZr.
According to the geometrical position that CIm has in

relation to the TDZr, it was expected that the signal of C�N
should not be observed in the spectrum. In this case, the
intensity of the stretching mode of the nitrile group is very
weak and suffers a red shift from 2184 cm−1 in the Raman
spectrum to 2113 cm−1 in the SERS spectrum onto AgNSt.69

In addition to this, the deduced parallel orientation is in
agreement with the fact that this group (nitrile) is adsorbed via
the π-system (or π back-bonding) with AgNSt.54

As it was expected due to its orientation, some signals
associated with the 2CPr were not enhanced. For example, the
breathing modes at 1001 and 1030 cm−1 were not observed in
the SERS spectrum, and the signal ascribed to the C−H
stretching expected around 3060 cm−1 was also not observed
(see Figure 4d). Based in this spectral evidence for 2CPr, all in-
plane vibrations were not enhanced. Conversely, the out-of-
plane mode of the C−H deformation in the 2CPr moiety was
enhanced, as can be seen in the signal at 817 and 1518 cm−1.
This is consistent with the proposed orientation for the 2CPr
onto the surface.
On the other hand, two anomalies are observed in the

spectrum; a new signal at 1720 cm−1 that could be related to
the stretching of a carbonyl group,55 as well as the
disappearance of the signal expected around 1440 cm−1

assigned to the −CH2− bridge vibration (MBm). These
spectral considerations, in addition to (I) the loss and (II) the
broadening of signals observed in the SERS profile, lead us to
propose the formation of two degradation products derived
from 2CPr and TDZr fragments, induced by the influence of

the metal plasmon. The evidence of the resulting degradation
species agrees with that proposed in a published work70 based
on the electron transfer mechanism degradation, in which the
products are formed as a consequence of the cleavage of the
−CH2− bridge (see Figure 6b). Similarly, the −CH2− bridge
breaking is proposed in the study of the heterogeneous
photocatalysis of Thia by employing a TiO2-based photo-
catalyst and UV radiation.71 In this sense, our experimental
results complemented with reported studies,70,71 indicating
that it would be possible to obtain as the Thia degradation
product an aromatic-aldehyde-like fragment, as it can be seen
in the proposed pathway in Figure 6b.In addition to the
changes observed in the spectra of Thia in the presence of
AgNSt, the theoretical model shows that the nitrile group is
not directly interacting with the surface. In this sense, two
different simulations were considered by taking into account
the homolytic break centered in the C8−N21 bond (see Figure
6c,d); in both cases, after the cleavage, the N−C�N group of
TZDr is adsorbed on the Ag surface.
Based on the described SERS spectrum and considering the

high plasmonic activity of the AgNSt, we propose the
decomposition of Thia as a direct consequence of the plasmon
deactivation through a non-radiative way following the IHET
mechanism, were the plasmon-generated hot electrons directly
interact with fragments of the molecule adsorbed onto the
surface of the AgNSt.72

To use the plasmonic properties of a NP, it is necessary to
excite it and then take advantage of the deactivation
mechanism in a chemical process. The plasmon activation is
explained by the mechanism of excitation/deactivation that
occurs in three steps according to the deactivation PCh
mechanism (see Figure 6e). In the first step (1), the AgNSt
absorb the 785 nm laser radiation exciting the LSPRs of the
NP, generating the activation of the plasmon activity. Second
(2), because of the excitation, a hot electron is promoted to the
high-energy Fermi level (EF), leaving a hole in its place. By
non-radiative decay, the hot electron with energy equal to EF
− hν′ acquires a higher energy to be promoted to an EF + hν′
energy level in the metal NP. This hot electron is transferred to
the LUMO of Thia to form, in the third step (3), a transient
negative ion (TNI) described as an ion that reacts rapidly onto
the surface of the NP causing the bond cleavage. To give an
estimated approach of the energies involved in this process, in
Figure 6f, the theoretical values of EF, HOMO, and LUMO

Table 1. AIM-Based Parameters ∇2ρ BCP, LBO, and BDE for Selected Bondsa

aInsert: Thia molecular structure.
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are presented. The theoretical EF value for a surface consisting
of 32 silver atoms is close to reported data.73,74

Theoretical calculations were performed in order to
determine how the electronic distribution of Thia will be
affected by the injection of one electron. To do this, some
bonds of Thia were selected according to their significant
values for the AIM properties. Without the Ag surface, these
selected bonds were checked based on the AIM theory using
the Laplacian of the electron density at the bond critical point
(∇2ρ BCP)75 and Laplacian bond order (LBO).76 Bond
dissociation energies (BDE) were also used to establish the
main cleavages in Thia.77 The obtained results are summarized
in Table 1.
In addition, HOMO/LUMO analysis was performed by

injecting one electron into the LUMO of Thia to verify the
TNI presence.
The ∇2ρ BCP value can be related to the bond strength. In

the case of the C18−N22 bond (imine group of CIm), the ∇2ρ
BCP exhibits a more negative value in comparison to other
selected bonds. This result suggests that this bond has a higher
tendency to break. However, this is not in agreement with the
experimental data obtained since it is still possible to observe
two weak bands at 2113 and 2160 cm−1 in the SERS spectrum
on AgNSt which corresponds to the vibration of C�N.
Considering the above data, the second most negative value is
presented by the C8−N21 bond associated with the MBm.
On the other hand, the LBO value is defined as a covalent

bond order based on the Laplacian of electron density (∇2ρ)
in fuzzy overlap space and has a direct correlation with BDE.
The lowest value for this parameter displays the tendency of
cleavage for the bonds C5−C8 and C8−N21.
Finally, the BDE of each bond was also calculated to

evaluate the feasibility of the homolytic break of each bond.
This energy depends on the thermodynamic stability of the
formed radicals. According to the calculated BDE values, the
C8−N21 bond (followed by the C5−C8 bond) requires less
energy than the others (C17−N22 and C18−N22) for its
break.
In summary, the BDE and the AIM-based parameters (∇2ρ

BCP and LBO) indicate that the most likely homolytic
cleavage in Thia occurs at the C8−N21 bond (MBm). This
simulation is in complete agreement with the disappearance
observed in the SERS spectrum of the band associated with the
MBm group at 1440 cm−1.
A relevant aspect to analyze is how the HOMO-to-LUMO

transition can provide valuable information about the
electronic structure of Thia after the incorporation of one
electron. The injection of one electron into the LUMO of Thia
from the generated hot electron promotes the stretching and
weakening of bonds, leading to the formation of a new species.
The new molecular species (denominated TNI) undergoes an
energy reduction when it returns to the ground-state potential
energy surface, thus resulting in an increase of the vibrational
energy. According to a published work, the lifetime of this
transition is long enough for the chemical transformation to
occur.78 In fact, this is what it was deduced from the SERS
spectra of Thia on the AgNSt surface, further supported by the
discussed theoretical bond parameters.
The analysis of molecular orbitals of Thia displays that the

HOMO is mainly located at the central MBm, TZDr, and the
electron-withdrawing CIm (Figure 7a(i)). Regarding the
LUMO, it is possible to observe that is located in the 2CPr
moiety (Figure 7a(i)), where is clear that chlorine atom has an

electron acceptor role in the ring. Considering the formation of
the TNI, the Thia structure with an additional electron was
optimized to observe the electronic distribution in the LUMO
(Figure 7a(ii)). This new simulation shows that the LUMO is
now located between 2CPr and Cim passing through MBm
and TDZr. When this last geometry is optimized without the
added extra electron (Figure 7a(iii)), it is possible to see that
the HOMO/LUMO locations are like the ones obtained for
the original Thia (Figure 7a(i)). This result supports the fact
that the electron inclusion in Thia causes a significant change
in the electronic structure of the molecule.
Analysis of the HOMO of Thia optimized on the Ag surface

(Figure 7b) presents a localized distribution on the surface and
on both sides of Thia but not on the CIm group. Contrarily,
the LUMO displays that the electronic distribution is also
located in the CIm group, which can be interpreted as that Ag
NPs inject an electron into Thia and change the electronic
distribution. Comparing the LUMO distribution of Thia with
an extra electron (Figure 7a(ii)) and Thia onto the Ag surface
(Figure 7b), it is possible to support the idea that Thia
cleavage occurs due to the C8−N21 weakening bond, which is
consistent with the experimental data obtained in the SERS
experiments.

■ CONCLUSIONS
AgNSp and AgNSt were successfully synthetized and used to
enhance the Raman profile of Thia. Experimental results
evidence that (i) 785 nm laser induces an LSPR phenomenon
on both AgNSp and AgNSt, which leads to obtaining SERS
spectra of Thia, and (ii) the deactivation of the LSPR can
induce structural changes in Thia.
Particularly, onto AgNSp, the SERS spectrum presents a new

band at 1936 cm−1 that was assigned to the asymmetric
stretching mode of −N�C�N− derived from a mesomeric
effect in the cyanamide (CIm) moiety of Thia. This result was
supported by theoretical simulations where it was possible to
conclude that the non-bonding electrons of the amine can
delocalize into the π-bonds of the nitrile group, generating a
large electron delocalization on the TZDr-CIm moiety which

Figure 7. (a) Frontiers molecular orbitals of neutral Thia (i), anionic
Thia (ii), and the optimized structure of Thia without extra electrons
(iii). (b) Frontiers molecular orbitals of Thia onto the Ag surface. In
the red oval is presented the electronic population of the amplified
CIm group.
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when combined with the plasmonic effect of the NPs leads to a
conformational change of Thia.
On the other hand, when AgNSt were used, the SERS

spectrum of Thia did not show the band assigned to the
−CH2− bridge vibration, indicating that Thia breakage takes
place in the MBm, leading to the formation of two molecular
fragments, as well as a new signal at 1720 cm−1 that could be
related to the stretching of a carbonyl group, evidencing that it
would be possible to obtain a Thia degradation product which
is an aromatic-aldehyde-like fragment. Theoretical calculations
based on DFT and topological parameters described by the
AIM theory support the fact that the proposed cleavage over
AgNSt occurs in the C8−N21 bond of MBm.
Finally, the difference observed when AgNSt and AgNSp are

used is related to the shape of each NP and the energy
involved in the plasmonic activity, as it can be seen in the UV−
visible spectral results, where at the excitation wavelength used,
AgNSt exhibit a higher absorbance than AgNSp and
consequently a bigger SPR effect may be induced.
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Campos-Vallette, M. Identification of Coexisting Indigo Species in an
Ancient Green Thread Using Direct Plasmon-Enhanced Raman
Spectroscopy. J. Chil. Chem. Soc. 2020, 65, 4798−4803.
(46) Celis, F.; Segura, C.; Gómez-Jeria, J. S.; Campos-Vallette, M.;
Sanchez-Cortes, S. Analysis of Biomolecules in Cochineal Dyed
Archaeological Textiles by Surface-Enhanced Raman Spectroscopy.
Sci. Rep. 2021, 11, 6560.
(47) Leopold, N.; Lendl, B. A New Method for Fast Preparation of
Highly Surface-Enhanced Raman Scattering (SERS) Active Silver
Colloids at Room Temperature by Reduction of Silver Nitrate with
Hydroxylamine Hydrochloride. J. Phys. Chem. B 2003, 107, 5723−
5727.
(48) Garcia-Leis, A.; Rivera-Arreba, I.; Sanchez-Cortes, S. Morpho-
logical Tuning of Plasmonic Silver Nanostars by Controlling the
Nanoparticle Growth Mechanism: Application in the SERS Detection
of the Amyloid Marker Congo Red. Colloids Surf., A 2017, 535, 49−
60.
(49) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, v.; Mennucci,
B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.; Hratchian, H.
P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.;
Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.;
Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.;
Montgomery, J. A., Jr.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.;
Heyd, J. J.; Brothers, E.; Kudin, K. N.; Staroverov, v. N.; Kobayashi,
R.; Normand, J.; Raghavachari, K.; Rendell, A.; Burant, J. C.; Iyengar,
S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox,
J. E.; Cross, J. B.; Bakken, v.; Adamo, C.; Jaramillo, J.; Gomperts, R.;
Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Cammi, R.; Pomelli, C.;
Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Zakrzewski, v. G.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c01878
ACS Omega 2023, 8, 22887−22898

22897

https://doi.org/10.1021/cr2000543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr2000543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr500310b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00018a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr00018a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.seppur.2018.09.076
https://doi.org/10.1016/j.seppur.2018.09.076
https://doi.org/10.1016/j.scitotenv.2018.06.318
https://doi.org/10.1016/j.scitotenv.2018.06.318
https://doi.org/10.1016/j.scitotenv.2018.06.318
https://doi.org/10.1371/journal.pone.0223708
https://doi.org/10.1371/journal.pone.0223708
https://doi.org/10.1371/journal.pone.0223708
https://doi.org/10.1021/cr300020c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr300020c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jenvman.2017.11.037
https://doi.org/10.1016/j.jenvman.2017.11.037
https://doi.org/10.1039/C4CC09008J
https://doi.org/10.1039/C4CC09008J
https://doi.org/10.1039/C4CC09008J
https://doi.org/10.1080/13102818.2018.1502051
https://doi.org/10.1080/13102818.2018.1502051
https://doi.org/10.1016/j.talanta.2019.03.042
https://doi.org/10.1016/j.talanta.2019.03.042
https://doi.org/10.1016/j.jece.2017.05.009
https://doi.org/10.1016/j.jece.2017.05.009
https://doi.org/10.1016/j.jece.2017.05.009
https://doi.org/10.1007/s10661-018-6500-2
https://doi.org/10.1007/s10661-018-6500-2
https://doi.org/10.1080/19443994.2015.1017009
https://doi.org/10.1080/19443994.2015.1017009
https://doi.org/10.1038/srep05408
https://doi.org/10.1038/srep05408
https://doi.org/10.1038/srep05408
https://doi.org/10.1063/1.444442
https://doi.org/10.1126/science.aav1133
https://doi.org/10.1038/s41570-018-0031-9
https://doi.org/10.1038/s41570-018-0031-9
https://doi.org/10.1002/adom.202200397
https://doi.org/10.1002/adom.202200397
https://doi.org/10.1021/acsnano.6b01846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b01846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.6b01846?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201302610
https://doi.org/10.1002/chem.201302610
https://doi.org/10.1038/nnano.2012.131
https://doi.org/10.1038/nnano.2012.131
https://doi.org/10.1021/acs.jpcc.6b12589?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b12589?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.6b12589?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b00660?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b00660?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b00660?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C3NR06799H
https://doi.org/10.1039/C3NR06799H
https://doi.org/10.1039/C3NR06799H
https://doi.org/10.1016/j.progsurf.2018.08.003
https://doi.org/10.1016/j.progsurf.2018.08.003
https://doi.org/10.1002/jsfa.10529
https://doi.org/10.1002/jsfa.10529
https://doi.org/10.1002/jsfa.10529
https://doi.org/10.1039/D0CS00912A
https://doi.org/10.1039/D0CS00912A
https://doi.org/10.1039/C0CP00414F
https://doi.org/10.1039/C0CP00414F
https://doi.org/10.1039/C0CP00414F
https://doi.org/10.1039/D0QM00549E
https://doi.org/10.1039/D0QM00549E
https://doi.org/10.4067/S0717-97072020000204798
https://doi.org/10.4067/S0717-97072020000204798
https://doi.org/10.4067/S0717-97072020000204798
https://doi.org/10.1038/s41598-021-86074-9
https://doi.org/10.1038/s41598-021-86074-9
https://doi.org/10.1021/jp027460u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp027460u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp027460u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp027460u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.colsurfa.2017.09.013
https://doi.org/10.1016/j.colsurfa.2017.09.013
https://doi.org/10.1016/j.colsurfa.2017.09.013
https://doi.org/10.1016/j.colsurfa.2017.09.013
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01878?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
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