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Abstract

Pesticides play an important role in conventional agriculture. Yet, their harmful effects on the environment are becoming
increasingly apparent. The occurrence of pesticides is hence being monitored worldwide. For fast, easy, yet sensitive identi-
fication, surface-enhanced Raman spectroscopy (SERS) is a powerful tool. In this study, a method is introduced that may be
amended to in-field detection of pesticides. Gold and silver nanoparticles were synthesized, size-tailored, and characterized.
The herbicide paraquat and the fungicide thiram served as model compounds. The preparation yielded reproducible SERS
spectra. Using quantum chemical computation, Raman and SERS spectra were calculated and analyzed. The interpretation
of vibrational modes in combination with SERS enhancement and attenuation allowed us to identify compound-specific
bands. The assignment was interpreted in terms of the orientation of paraquat and thiram on the gold and silver nanoparticle
surfaces. Paraquat preferred a co-planar arrangement parallel to the gold nanoparticle surface and a head-on orientation on
the silver nanoparticle. For thiram, breaking of the disulfide bond was recognized, such that interaction with the surface
occurred via the sulfur atoms. Successful detection of the pesticides after recollection from vegetable leaves demonstrated
the method’s applicability for pesticide identification.
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Introduction Such substrates often consist of nanoparticles made of silver
or gold. Yet, the variety is large. Substrates were made of
simple filter paper or textiles, other substrates were pro-
duced by more complex, yet more reproducible methods
such as laser ablation and gas deposition.7‘8 The simplest
type of SERS active substrate is a nanoparticle suspension
to which the dissolved analyte is added.” Comprehensive
overviews of substrates used for SERS and numerous

The use of pesticides is a common tool in worldwide agricul-
ture. The environmentally harmful character of these sub-
stances has become more and more apparent. Hence, their
monitoring has been required and the number of monitored
compounds is ever increasing since.’ Meanwhile, some of
these pesticides are banned by various public authorities,
or their use is restricted to greenhouses.”” Pesticide residues
of about 0.34 ug/g can be expected after harvest, while the
persistency in different vegetables and on-site was reported
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resulting spectra have been given.'®™'? Since SERS spectra
vary with substrates and experimental conditions, spectra
obtained in different studies or by different groups often
show high variability and lack comparability and reproducibil-
ity. As to analytes, thiram is one of the most studied pesti-
cides by SERS, while paraquat is investigated less frequently.'?

To overcome the difficulty that SERS spectra vary with the
substrate used, computational chemistry may assist in spec-
tral analysis.'"* Due to technical progress, computational
chemistry is gaining more and more importance also in envi-
ronmental chemistry, providing methods such as structure—
property relation prediction by conductor-like screening
model for real solvents, which further improve quantitative
structure—activity relationship analysis.'>'® In this respect,
density functional theory (DFT) calculations can predict the
physical properties of environmentally relevant substances,
such as polar surface areas, molecular conformations, and
also vibrational spectra. Most chemical property calculations
require the molecular structure as a starting point. Since
molecules often possess several degrees of freedom, the con-
formational distribution needs to be examined first.
Subsequently, a geometry optimization may follow yielding
the geometry corresponding to the lowest energy, from
which physical properties are calculated.

In this study, the two pesticides paraquat and thiram were
investigated comprehensively. Experimental Raman and SERS
spectra were recorded using gold and silver nanoparticles as
SERS active substrates. DFT calculations were applied to sim-
ulate and analyze the Raman spectra of the two compounds.
Thiram and paraquat were applied to plants, recollected, and
transferred onto substrates to record SERS spectra. Based on
DFT calculations, the influence of the cationic character of
paraquat and the affinity of the sulfur of thiram to the nano-
particle on the interaction between compound and nanopar-
ticle were investigated.

Materials and Methods

Paraquat and thiram were purchased from Pestanal Series.
Stock solutions were prepared to yield final concentrations
of thiram 0.125 mM and paraquat 0.1 mM. All other chemi-
cals were purchased from Sigma Aldrich and used without
further purification.

Gold nanospheres were prepared following a synthesis
route based on previously established methods.'”'" Thus,
1.25mL of hydrotetrachloroauric acid (10 mmol/L) and
450 pL of 1% trisodium citrate solution were successively
added to 50 mL deionized water at 80 °C and stirred at
500 rpm. The solution was kept at 80 °C, with the color
changing from yellow to red. After another 5 min, it was
cooled down to ambient temperature while stirred. The entire
synthesis was carried out under a nitrogen atmosphere.

Silver nanospheres were prepared using a modified route
of Lee and Meisel.”*?' D-mannitol (5 g) was added to 50 mL
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of deionized water under a nitrogen atmosphere, stirred at
800 rpm, and heated to 95 °C. When the temperature was
constant at 95 °C, 9 mg of silver nitrate were added. After
I min, | mL of a 3% trisodium citrate solution was added.
The mixture was stirred for | h at 95 °C. After | h, the
color changed from yellow to greenish-gray.

Nanoparticles were characterized using absorption spec-
tra. The size distribution was determined from transmission
electron micrographs (TEMs). The absorption spectra were
recorded in a I0mm quartz glass suprasil cuvette
(Hellmann) using a UV5Nano (Mettler Toledo), with a reso-
lution of | nm and a spectral range from 200 to 100 nm.
TEMs were recorded on a carbon lacey copper grid using
an H-7100FA (Hitachi). The software IC Measure
(v.2.0.0.161, Imaging Source Europe) was used to determine
the size distribution.

Raman and SERS measurements were performed on
Raman readers (Ocean Insight) equipped with lasers of
532 nm and 785 nm excitation wavelengths providing 45
mW and 70 mW, respectively. For SERS measurements in
solution, samples were transferred into 2 mL vials (Glass
Vials). Subsequently, | mL of the nanoparticle solutions,
gold or silver, 0.5 mL deionized water, 100 pL of the thiram
or paraquat solution, and 100 yL | M hydrochloric acid
were added into the vial.

As model samples, lettuce leaves, zucchini, and sugar peas
were used. The plants were grown on a bioorganic field
under bioorganic conditions, i.e., no pesticides were applied
during or prior to growth. The soil and the seeds corre-
sponded to the current organic quality requirements of the
European Union directives. Firstly, the vegetables were har-
vested, stored separately, and brought to the laboratory.
They were rinsed with deionized water. After this cleaning
step, |5 pL of pesticide stock solution were applied by drop-
wise pipetting onto the lettuce leaves, zucchini, and sugar
peas. A scheme of the sample preparation is given in
Figure S3 (Supplemental Material). The expected amount of
pesticide on the vegetable was 0.45 pg for thiram and 0.39
pg for paraquat. After allowing the solvent to evaporate,
the pesticide remaining on the vegetable was re-uptaken.
Firstly, 15 pL of deionized water was pipetted onto the pes-
ticide residential spot.?* Secondly, the solution was collected
using a pipette and transferred into a 2 mL quartz vial.
Nanoparticle solution, deionized water, and hydrochloric
acid were added to the sample and mixed by vigorously shak-
ing as described above.

Sixteen spectra were accumulated and averaged using
Ocean View software (Ocean Insight). Spectra were
smoothed through a Savitzky—Golay filter over || points
and a polynomial of grade 3 in Matlab v.R2019b, update 3
(The MathWorks Inc.).2 Baseline correction was performed
within Matlab using the algorithm of Schulze et al.** for
Raman baseline correction. As the SERS enhancement was
strong enough, no background subtraction was required.
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Also, further processing was unnecessary. The computations
for conformational searching were performed using the xTB
software package including the CREST package from the
Grimme group.'®**™’ Energy windows for cut-off values
were default settings with 6 kcal/mol and 12 kcal/mol. The
conformers obtained from xTB/CREST optimization were
ranked with respect to their energy. Conformers above a
threshold of one percent were subjected to further quantum
chemical computations using Gaussian 16 software pack-
age.”® To the remaining conformers Boltzmann averaging
was performed. For preoptimization, the density functional the-
ory B3LYP and basis-set 6-21G were used to exclude the con-
formers below 1%.2°7' The hybrid functional PW6B95D3 and
basis-set aug-cc-pVTZ with a (99590) Lebedev grid for final
optimization and frequency calculations were applied.**** The
convergence thresholds were chosen as follows: maximum
force per atom smaller than 4.5 x 10~' Ha A~', RMS force
per atom smaller than 3.0 x 107* Ha A~", maximum atomic dis-
placement smaller than 18.0 x 107* A, and RMS displacement
smaller than 12 x 10~* A. During frequency calculation, no
imaginary frequencies were obtained. A Lorentz broadening
of 4 cm™" half-width at full-maximum was applied to the calcu-
lated modes. To take all conformers above 1% into account,
Boltzmann-weighted averaging was performed to calculate the
total spectrum from the individual conformer spectra.
Simulated spectra were scaled with a factor of 0.97.3* For the
assignment of the vibrational modes, VEDA software package
was used.”®

Results and Discussion

At the beginning of the study, the gold and silver nanopar-
ticles were successfully prepared. The synthesis yielded
spherical gold nanoparticles (Figure la). A size of 40 nm
was obtained after synthesis and successive purification
of the nanoparticle solutions through centrifugation. The
size distribution (Figure Ib, had an average diameter of
39.6 nm with a polydispersity of +5.5 nm. The spherical
character of the gold nanoparticles in combination with
the size of about 40 nm led to a plasmon band in the
range of 530 nm (Figure |c). Agglomeration by hydrochlo-
ric acid caused a second plasmon band whose maximum
occurred at 780 nm (Figure Ic), allowing SERS experi-
ments to be performed at a laser wavelength of 785 nm.
This finding was consistent with previous studies.” While
aggregation might be caused by the analytes, in particular,
the cationic paraquat, only minor signal enhancement was
observed, which was interpreted in terms of the absence
of favorable agglomeration as was the case with hydrochlo-
ric acid. In a previous investigation, agglomeration by salt
and acid was investigated.> The signal enhancement was
reported less strong for salt-induced agglomeration than
when using acids. Yet, the resonance frequencies appeared
identical in both cases.
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The silver nanoparticle synthesis of Lee and Meisel***'

was modified using D-mannitol and yielded spherical nano-
particles similar to the gold nanoparticle (Figure 1d). The
resulting silver nanoparticles had a mean diameter of 49 nm
(Figure le) and a polydispersity of +3 nm. The diameter
was hence larger than the one of silver nanoparticles com-
monly used for SERS. The extended size can be explained
as due to the use of a weak reducing agent such as manni-
tol.2' In absorption spectra, the synthesized silver nanoparti-
cles showed a maximum of 412 nm after synthesis and one of
550 nm after agglomeration by hydrochloric acid (Figure If).
The size and hence the absorption maximum rendered them
suitable for SERS experiments using a laser wavelength of
532 nm. Subsequently, SERS experiments were conducted
for the detection of paraquat and thiram, whose formulae,
geometry-optimized structures, and electronic potential sur-
faces are represented in Figure 2.

The geometry-optimized structures were eventually used
to calculate the Raman spectra to infer the possible vibrations
and the corresponding vibrations in the SERS spectra. Firstly,
a conformer search for paraquat yielded three conformers
that transitioned into one after optimization. The three initial
structures were also found by Ferreira®® to have the same
energy barriers related to the rotation of the bond connect-
ing the two rings.>® The final stable structure had a dihedral
angle C4-C5-CI10-ClI | of 36.77°, the angels C4-C5-Cl |
and C5-CI0-CI| were 121.04° and 121.05°, respectively.
The dihedral angle between the two ring systems was 40°
for the energy-minimized structure. This conformer struc-
ture results from a compromise between the sterically favor-
able geometry due to the repulsive forces of the ortho-
hydrogens and the electronically favorable m-conjugation.
Thus, the angle of 40° reflects the optimum between steric
hindrance and conjugation.’” For thiram, no conformer
search has been conducted in prior studies. Our search
resulted in 12 conformers, four structures of which were
found stable, Table S| (Supplemental Information). The four
conformers were further optimized with the high set
PW6B95D3/aug-cc-pVTZ. Inspection of the electrostatic
potential (ESP) of both molecules (Figure 2), allowed us to
hypothesize on the pesticide-nanoparticle interaction.
Paraquat possesses the most electronegative potential at
the methyl groups CI| and CI8, while the positive charges
are distributed over the ring systems.*® The electronegative
potential of thiram was found at the sulfur atoms S4 and
S8. The optimized structure showed that the negative poten-
tials resided on the same site of the molecule. As a conse-
quence, paraquat molecules may hence be assumed to
adhere to the nanoparticle surface through the methyl
groups, while thiram molecules are associated preferentially
via the sulfur atoms due to their high negative potential.

Based on the optimized molecular structures, Raman
spectra were computed. The spectra for paraquat are dis-
played in Figure 3, and the corresponding modes are
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Figure |. Synthesized gold (top) and silver (bottom) nanoparticles: TEM images (a) and (d), size distribution (b) and (e), and absorption
spectra (c) and (f), of nanoparticles (dark blue line), nanoparticles agglomerated through hydrochloric acid addition (light blue line), and
Raman excitation wavelengths at 785 nm (red line) and 532 nm (green line).
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Figure 2. Optimized structural geometries of paraquat (a), and thiram (b), their ESP mapping surface (c) and (d), and the chemical drawings
with numbering (e) and (f), respectively.
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sketched in Figure 4. The first band for paraquat at 640 cm™'  observed both in the experimentally recorded and the simu-

is caused by mode | (Figure 4), which is a ring deformation lated Raman spectrum. A peak at 640 cm™' was also detected
oscillation. The bending of the atom groups C3—C4-C5, in the gold nanoparticle SERS spectrum, albeit attenuated in
N2-C7-C6, CIl4-Cl2-Cl| occurred. This band was intensity, but was not observed in the silver nanoparticle
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Figure 3. Paraquat: Raman spectra (a) experimental, (b) simulated, and SERS spectra from (c) gold nanoparticles and (d) silver

nanoparticles.

SERS spectrum. This was seen as indicative of a different
mode of association and hence interaction between paraquat
and the nanoparticles.

The second band at 832 cm™' (Figure 4) was caused by
mode 2. This mode is a ring breathing oscillation which is
composed of stretching, bending, and torsion oscillations
(Table SI, Supplemental Material). This band was found in
the experimental and simulated Raman spectra as well as in
the SERS spectra. Yet, surprisingly this band grew to the
most intense one in the silver nanoparticle SERS spectrum.
In other words, this band was most enhanced by silver nano-
particles. It may be assumed that coordinative binding
between the paraquat molecule and the silver nanoparticle
was the reason. Such binding should result in a change in
polarizability, thus increasing the transition probability of
the corresponding vibration, which is a consequence of the
intensity of the vibrational band. Since the number of parti-
cles in the gold and silver colloidal solutions was different
and different pesticide molecule-to-particle ratios occurred,
different loadings and surface arrangements may result. In
the case of the silver particles, paraquat may be oriented
more upright, maybe even head-on to the nanoparticle. In

the case of the gold nanoparticles, the paraquat molecule
may be arranged more parallel or co-planar on the nanopar-
ticle. The angle between the molecule and the nanoparticle
would depend on the number of binding sites on the nano-
particle and the surface loading. A further influence on the
orientation and interaction might arise from the crystal
structure of the nanoparticles, leading to band enhancement
as well.>**® The vibration at 1195 cm™ was observed in the
experimental, the computed, and the SERS spectra with sim-
ilar intensity. Its mode 3 (Figure 4) consisted of stretching and
bending vibrations. The C-N bonds exercised stretching,
while the C atoms within the ring system bending. A band
that was expected from the computations could not be
detected by conventional Raman spectroscopy. The simula-
tion showed that the band at 1222cm™' was mode 4
(Figure 4), consisting of stretching vibrations of the ring sys-
tem, where the C—C bonds around the ring were stretched.
Yet, this band was detected in gold and silver particles
induced SERS spectra with the same intensity. Admittingly,
the conventional Raman spectra were only obtained from
solids due to the poor solubility in aqueous liquids. It might
therefore be possible that this vibration could only be
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Figure 4. Vibrational modes for paraquat. Mode | at 650 cm_'; mode 2 at 828 cm_'; mode 3 at | 18] cm_'; mode 4 at 1222 cm_'; mode 5

at 1283 cm™'; mode 6 at 1534 cm™'; and mode 7 at 1656 cm™ with the displacement vectors (red).

observed in solution. This hypothesis is supported by the fact
that in the solution spectra of Lee et al.,*® the peak at 1222
cm™" is also detected for paraquat in SERS spectra, but just as
weak as in the solid spectrum of paraquat. Looking at mode 4
(Figure 4), it can also be concluded that the H atoms on the
Ring system cannot vibrate as strongly as in a solution in the
solid crystal packing. Looking at the displacement vector of
the vibration resulting in the stretching of the C-C bond,
this can be much more limited, which would result in a
reduction of the already weak intensity.

The fifth peak in the spectra was observed at 1298 cm™',
caused by a stretching of the ring system as shown by mode 5
(Figure 4). Predominantly the bonds C3—C4, C6—C7, CI [-Cl12,
and CI14-CI5 were stretched by the deflection of the H
atoms on the ring. The bond C5-CI10 between the two ring
systems was also stretched, yet to a much lesser extent. The
band at 1298 cm™' was the most intense in the experimental
Raman spectrum. It experienced a minor enhancement in the
SERS experiments with gold and silver nanoparticles.

The following peak at 1550 cm™' showed a relatively weak
intensity caused by the vibrational mode 6 (Figure 4). This is a
strong stretching vibration of the atoms C5 and CI0, pulling
the bond between the two ring systems apart. A deflection of
the ring systems results, which leads to the bending of the
two methyl groups at Cl and CI8. The highest energy
band in the paraquat spectrum was observed at 1652 cm™,
which had significantly higher intensity in the simulated and

the SERS spectra than in the experimental Raman spectrum.
As the computation showed, mode 7 (Figure 4) consisted
only of stretching oscillations. As expected for this wavenum-
ber range, the C—N bond was strongly deflected by the vibra-
tion of the neighboring H atoms. A strong deflection also
occurred at the C=C bonds in the ring system. These
modes, except mode | (Figure 4), were also calculated by
Kreisig et al 38 They reported additional modes at 1361 and
1492 cm™'. While these modes appeared in the simulated
spectrum of our study, they were associated with minimal
Raman activity. The calculated activity was most likely related
to the functional used for the calculation, i.e., the hybrid-
functional PW6B95D3. As it is often recommended for ther-
mochemistry and thermochemical kinetics, it proved also
suitable for this study.4I In contrast, Kreisig et al. used a
Hartree—Fock-based method. Nevertheless, the SERS signals
detected in that study agree with those reported in Table S|
(Supplemental Material) of this work.

A parallel arrangement is more likely for paraquat on gold
nanoparticles as it may bind to two gold atoms. This would
lead to a damping of the vibration at 1652 cm™' and a reduc-
tion of the C—C valence oscillation. The binding to the gold
atoms is mediated by the charges of paraquat.

Preliminary results from spectral simulation (Figure 5)
indicated that the spectrum corresponding to a parallel or
co-planar arrangement most closely resembled the spectrum
of the simulation of paraquat in the gas phase. Hence,
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nanoparticles.
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Figure 7. Vibrational modes for thiram: mode | at 426 cm™'; mode 2 at 545 cm™'; mode 3 at 841 cm™'; mode 4 at 965 cm™'; mode 5 at
1141 cm_'; mode 6 at 1369 cm_'; mode 7 at 1392 cm_'; mode 8 at 1455 cm™". Displacement vectors are indicated in red.

coordinative binding would seem unlikely. In addition, the
charge was delocalized over the entire ring system, which
would not account for a single-point attraction. Spectra
resulting from silver nanoparticle enhancement showed
uneven amplification, indicating asymmetry. Examples are
the bands at 832 cm™' and 1298 cm™'. While the latter was
decreased, the previous was amplified. The computation of
SERS spectra resulting from paraquat on gold and silver nano-
particles is currently being studied and will be published
elsewhere.

In the SERS experiments with paraquat in solution, the
band at 640 cm™' was detected when using gold nanoparti-
cles but was not observed when using silver nanoparticles.
The latter amplified the band at 832 cm™ much more inten-
sively due to the crystal structure of the particles. The band
at 1652 cm™' experienced one of the strongest amplifications
in both SERS experiments.

All mode oscillations from Figure 4 are summarized in
Table S2 (Supplemental Material). Lin et al.*? detected para-
quat using gold nanostars in green tee, using vibrational
assignments by Tsen et al.”® Tsen et al. assigned the vibra-
tions themselves in the course of the detection of paraquat
by SERS in adzuki beans.*® Tsen et al. concluded that the
band at 846 cm™' is caused by C-N stretching, the band at
1197 cm™ by C=C bending vibrations, the band at 1293
cm™! by structural distortion, and the band at 1648 cm™
by C=N stretching. It should be noted that Lin et al.*?
work with gold particles and Tsen et al.*® with silver

particles. However, the SERS spectra obtained from both
groups have the same intensity distribution, unlike our
study, where the SERS spectrum differs from the gold and sil-
ver experiments. From the work of Kreisig et al.,*® who con-
ducted SERS experiments and DFT calculations of paraquat,
it could be seen that at a charge of —0.2 V of the surface,
the intensity of the peaks changed significantly with respect
to each other.3® Thus, the SERS spectra of Botta et al.*
showed a considerably higher agreement with the intensity
patterns of our SERS spectra obtained by means of silver
nanoparticles. Yet, they utilized gold nanoparticle sub-
strates.** Thus, it could be assumed that the charge of the
SERS substrate and the metal significantly influence SERS
spectra. Both have a considerable effect on the geometry
arrangement of the molecules on the surface.

For thiram, eight characteristic modes were identified
(Figure 6). The first band laid at 426 cm™', which was
observed for thiram in the experimental Raman, the simu-
lated, and the SERS spectra. The next band was found at
545 cm™' and was the most intense one in the experimental
and simulated Raman spectra. In contrast, the band displayed
reduced relative intensity in the two SERS spectra.
Subsequently, a very weak band at 841 cm™' was found in
the experimental Raman spectrum and could also be seen
in similar intensity in the other spectra.

The next band of interest 1141 cm™' was rather weak in
both experimental and simulated Raman spectra but was
enhanced in the SERS spectra. Further clear differences


https://journals.sagepub.com/doi/suppl/10.1177/00037028241236501

624

Applied Spectroscopy 78(6)

R_aman Iptensity _

O M) O \) O \\) L O ) O N O O

Wavenumber (cm'1)

Figure 8. Experimental SERS spectra of paraquat (left) and thiram (right) recollected from (a) and (b) sweet peas, from (c) and (d) zucchini,
and from (d) and (f) lettuce leaves, with silver nanoparticles (blue) and gold nanoparticles (red).

appeared in the pattern of the higher wavenumber region. The
band at 1369 cm™' was detected only with weak to medium
intensity in the experimental Raman spectrum, but with very
strong intensity in the SERS experiments. In the simulation,
this band proved very weak. The next band at 1392 cm™
was again observed to have similar intensity in all four spectra.
The highest energy band in the thiram spectra was observed at
1455 cm™' and had a rather large peak width with weak inten-
sity in the experimental and simulated Raman spectra
(Figure 7). However, it appeared with much higher intensity
in the SERS spectra. An overview of the bands and their inten-
sities is given in Table S3 (Supplemental Material). It should be
noted that silver nanoparticles amplified the band at 1455
ecm™' much more than gold nanoparticles. Otherwise, the
SERS spectra induced by gold and silver nanoparticles did not
differ in the case of thiram. The pattern of the Raman spectrum
of thiram indicates that the disulfide bridge is cleaved upon con-
tact with the Thiram molecule and the gold nanoparticle. This is
also shown in a study by Kang et al®

As the vegetables were planted and raised under bioor-
ganic approved conditions, prior contamination with pesti-
cides could be excluded. The use of organic seeds also
implied the absence of residues from pesticide bleaching.
Lettuce leaves, zucchini, and sugar snap peas were used as
model vegetables. Paraquat and thiram could be detected
on vegetables after application as a solution, solvent evapora-
tion, and recovery using SERS in combination with agglomer-
ated gold or silver nanoparticle solution (Figure 8).

Hence, the identification of the two pesticides applied on
vegetables was possible using the described method, since
the recorded SERS spectra showed good agreement with
the ones from stock solutions. Only the spectrum of para-
quat on sugar peas using gold nanoparticles showed devia-
tions from the series of paraquat spectra. Insufficient
recovery of the pesticide was assumed, although repetition
yielded the same negative result. Thus, the presented method
may be amenable to fieldable environmental analysis when a
handheld or portable Raman spectrometer is used. Using
computational chemistry to elucidate SERS spectra helps to
identify spectral signals and to correlate bands that undergo
frequency shifting in SERS spectra as compared to conven-
tional Raman spectra. In this respect, it also permits explain-
ing on a molecular level the potential difference in SERS
spectra resulting from using different metals for the nanopar-
ticle substrates as was demonstrated for paraquat.

Conclusion

Gold and silver nanoparticles were successfully prepared and
used for SERS identification of the pesticides paraquat and
thiram. Gold nanoparticles were tailored for a laser wave-
length of 785 nm, whereas silver nanoparticles were tuned
to 532 nm excitation. Differences were observed in the
SERS spectra of each pesticide depending on the nanoparticle
metal. This was traced back to the metals inducing different
interactions with the pesticides. A careful analysis of
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enhanced and diminished bands allowed structural interpre-
tation of the pesticide—nanoparticle surface association.
Paraquat was assumed to be oriented co-planar onto the
gold and head-on on the silver nanoparticle surface. Thiram
was interpreted as interacting through the sulfur atoms
both to the gold and silver particle surface after disulfide
bond cleavage. The spectra could be computed using quan-
tum chemical calculations and good agreement was obtained.
The simulated spectra helped simplify the interpretation of
the vibrations and thus recognize specific bands for identifi-
cation. When using a fieldable Raman spectrometer, the iden-
tification of paraquat and thiram applied to vegetables proved
feasible. The method has potential to be amended for fast and
easy in-field identification of pesticides.
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