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Fluorescence enhancement of fungicide thiabendazole by van
der Waals interaction with transition metal dichalcogenide
nanosheets for highly specific sensors

DFT calculations allow rationalization of the surprising
fluorescence enhancement that thiabendazole exhibits because
of its interaction with transition metal dichalcogenides (TMDs).
This effect, non-observed for other fungicides nor when
thiabendazole interacts with other nanomaterials, is related to a
small molecular distortion after the non-covalent adsorption of
thiabendazole on TMDs, inhibiting the intramolecular rotation
between the benzimidazole and thiazole groups. Based on this
effect, a sensitive and selective method for thiabendazole analysis
in river water is developed.
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Many molecules quench their fluorescence upon adsorption on surfaces. Herein we show that the inter-
action of thiabendazole, a widespread used fungicide of the benzimidazole family, with nanosheets of
transition metal dichalcogenides, particularly of WS,, leads to a significant increase, more than a factor of
5, of the fluorescence yield. This surprising effect is rationalized by DFT calculations and found to be
related to the inhibition of the intramolecular rotation between the benzimidazole and thiazole groups
due to a bonding rigidization upon interaction with the MoS, surface. This non-covalent adsorption leads
to a redistribution of the molecular LUMO that blocks the non-radiative energy dissipation channel. This
unusual behaviour does not operate either for other molecules of the same benzimidazole family or for
other 2D materials (graphene or graphene oxide). Moreover, we found that a linear dependence of the
emission with the concentration of thiabendazole in solution, which combined with the specificity of the
process, allows the development of a highly sensitive and selective method towards thiabendazole deter-
mination that can be applied to real river water samples. An excellent detection limit of 2.7 nM, compar-
able to the best performing reported methods, is obtained with very good accuracy (E, < 6.1%) and repro-
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Introduction

Transition metal dichalcogenides (TMDs) have been proposed
as new kinds of 2D materials to be used in a large number of
applications, such as optoelectronics devices, energy harvest-
ing materials, or advanced batteries."* However, although
there are some examples related to the use of TMDs for the
development of chemical sensors, the benefits derived from
their use are still not profusely explored. Recently, MoS,
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tElectronic supplementary information (ESI) available: Influence of the nano-
materials and solvent amount employed to TMDs exfoliation on the fungicide
fluorescence, description of the different DFT-optimized (CBZ/TBZ)/MoS,, (CBZ/
TBZ)/Gr, and (CBZ/TBZ)/GOx interfacial configurations, density of electronic
states for the free CBZ and TBZ molecules, and for the optimized (CBZ/TBZ)/
MoS,, (CBZ/TBZ)/Gr, and (CBZ/TBZ)/GOx interfacial configurations,
different methods for determination of TBZ and detection limits. See DOI:
10.1039/c9nr02794g

and
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ducibility (RSD < 4.1%) in the concentration range assayed.

nanosheets have been proved to exhibit a synergistic effect
when combined with other nanomaterials such as graphene,’
gold nanoparticles® and diamond nanoparticles,” allowing the
design of electrochemical sensors and biosensors with
improved analytical properties.® Moreover, the interaction in
solution of these nanomaterials with different compounds has
been employed to develop new analytical methodologies, as
this interaction leads to changes in light emission
properties.”’® Usually, the interaction of a fluorescent mole-
cular compound with the surface of nanomaterials leads to a
quenching of its light emission which has been extensively
used for sensing specific (bio)molecules.'®™* Similar strategies
based on the fluorescence changes of dye-TMD conjugates
have been successively applied for the detection of biomarkers
for different cellular processes even for cancer diagnostics."*™°
However, we show here an unprecedented example of enhance-
ment (>5x) of the fluorescence yield of thiabendazole (TBZ), a
widespread fungicide molecule of the benzimidazole family,
after non-covalent interactions with the surface of different
TMDs.

Herein we have explored the interaction between different
fungicides of the benzimidazole family, such as carbendazim

This journal is © The Royal Society of Chemistry 2019
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(CBZ), benomyl (BN), and TBZ, and 2D nanoplatforms of
different TMDs produced by solvent-assisted exfoliation (MoS,
and WS,) and graphene oxide (GOx). Our results show that in
all the fungicides assayed, the fluorescence is quenched but in
TBZ it is largely enhanced (see Scheme 1). Interestingly, the
interaction of TBZ with GOx nanosheets also importantly
reduces its fluorescence. We have rationalized the process by
density functional theory (DFT) calculations which reveal that
the enhancement is produced by an adsorption geometry that
induces a bending of the molecular structure leading to
efficient electron transfer from the HOMO to the LUMO
orbital, which is redistributed into the benzimidazole group.
This curvature-induced effect is specific for this molecule of
the family on the surface of TMDs.

Aggregation-Induced Emission (AIE) has been depicted as a
photophysical phenomenon leading to fluorescence enhance-
ment by molecular aggregation in many systems'”'® (and
references therein). In this work, a similar mechanism is out-
lined by DFT on a surface-mediated AIE due to the rigidization
of the C-C bonds that inhibits the intramolecular rotation
between the benzimidazole and thiazole groups upon non-
covalent adsorption on TMD surfaces.

We have used the specificity and robustness of the process
to design a fluorescence method to quantify the TBZ concen-
tration in real samples. TBZ is a general biocide with fungicide
and nematicide activities that, as the rest of the benzimidazole
fungicides, presents fluorescence properties."”>' In humans
and livestock, TBZ has shown activity against the parasitic
worms helminths, although a high dosage of TBZ in rats can
be carcinogenic and the chronic exposure to benzimidazole
residues has been linked with embryotoxicity, teratogenicity
and anemia.'>*® In agriculture, benzimidazoles are used for
pre- and post-harvest treatments to avoid various fungi and
can be applied directly to the soil or sprayed over the fields so
these compounds can migrate to groundwater systems.
Because they can be used for many applications, their use is
widespread and they can be found in wastewaters from the
agricultural industry and urban areas.'®*"** Many different

H™H
Carbendazim (CBZ)

Scheme 1
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methods for the detection of TBZ have been proposed, includ-
ing surface-enhanced Raman spectroscopy (SERS) (allowing
the analysis in solid samples),*! electrochemical®® or different
luminescence techniques.”” Nevertheless, most of the
methods proposed require the use of sophisticated equipment
such as high performance liquid chromatography.’®*° We
show hereafter that a sensor based on our findings exhibits
not only one of the lower detection limits reported (2.7 nM)
but also high selectivity towards other compounds of the same
family.

Results and discussion

Fluorescence enhancement of TBZ

We have isolated 2D layers (nanosheets) of different TMDs by
chemical exfoliation in solution. Fig. 1A shows the fluo-
rescence emission spectra recorded from TBZ aqueous solu-
tion in the absence and in the presence of different nano-
materials. In the absence of the 2D nanomaterial (spectrum a),
TBZ solution presents a fluorescence maximum value at
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Fig. 1 (A) Fluorescence spectra of 100 nM TBZ (final concentration)

without a nanomaterial (curve a) and with suspension of different 2D
TMDs in different solvents (curves b—g). TBZ + WS, 90 nm EtOH/H,O
(curve b), TBZ + MoS; 90 nm EtOH/H,O (curve c), TBZ + MoS, 2 ym
EtOH/H,O (curve d), TBZ + WS; 90 nm NMP (curve e), TBZ + MoS;
90 nm NMP (curve f) and TBZ + MoS;, 2 um NMP (curve g). (B) Influence
of TBZ initial concentration on the fluorescence yield measured at Ay, =
350 NM; Aexc = 294 nm. TMDs: 200 pL to 5.00 mL final volume.
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Illustration of the fluorescence phenomena of different benzimidazole pesticides after interaction with TMDs.
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350 nm. Surprisingly, this initial fluorescence signal increases
to a great extent in the presence of all the TMD materials
assayed (curves b-g). The highest increase is observed for the
case of WS, exfoliated in EtOH/H,O (curve b), which exhibits a
5-fold fluorescence increment with respect to the signal
without the nanomaterial. It should be noted that neither the
nanomaterials nor equivalent amounts of the solvents
employed for TMD exfoliation produced a fluorescence signal
at 350 nm (see Fig. S1 in the ESIf). Other suspensions pro-
duced lower increments in the TBZ initial signal, but even in
the worst example, MoS, 2 pm NMP (curve g), a 2-fold increase
with respect to the case without the nanomaterial, is observed.
We have confirmed this behaviour by performing the same
experiment with different initial TBZ concentrations (between 5
and 200 nM) and keeping constant the amount of TMDs. These
results are shown in Fig. 1B, where the increase of TBZ concen-
tration leads to a linear increase in the recorded emission with
correlation coefficients higher than 0.997 for every 2D nano-
material. In this concentration range, the highest sensitivity in
detecting TBZ is achieved with WS, exfoliated with EtOH/H,O
with a slope of 37.1 nM ™" (Fig. 1B, curve b). In contrast, if the
calibration procedure is performed without TMD, 4.4 fold lower
sensitivity (8.4 nM ") is registered (Fig. 1B, curve a).

These results are quite surprising since most of the studies
reported in the literature about the interaction of 2D materials
with different compounds describe a decrease in the fluo-
rescence emission of a target molecule when exposed to nano-
materials as a consequence of the quenching induced by the
interaction of the molecule with the surface. As an example,
fluorescent carbon dots and ss-DNA labelled with the fluo-
rescent probe showed quenching when exposed to 2D nano-
materials such as MoS, and Ta,NiS;.'%"* Moreover, it was
found that the forces involved in the interaction with TMDs
are van der Waals forces, whilst GOx uses a hydrogen bond
and n-x stacking to interact.”*

In view of these results, we selected three different mole-
cules owing to the same fluorescent benzimidazole group, to
be evaluated in the presence of MoS,: two fungicides similar
to TBZ in structure and emission properties (CBZ and BN),
and quinine (Q) as the fluorescent probe with a very well-
known fluorescence behaviour (see Scheme S1 in the ESIY).
Fig. 2(A-C) shows the emission spectra recorded from solu-
tions of each compound in the absence (spectra a) and in the
presence (spectra b) of the nanomaterial. In all cases, the pres-
ence of TMDs led to a clear decrease in the fluorescence yield
measured at their maximum emission wavelength. For
instance, the fluorescence intensities of CBZ and BN (Fig. 2A
and B) were quenched 73% and 65%, respectively. As shown in
Fig. 2C, similar results were obtained when the experiment
was performed with Q, which exhibited a noticeable decrease
in its fluorescence intensity in the presence of MoS,_ This indi-
cates that fluorescence measurements in the presence of
TMDs can be used as an efficient sensing method of TBZ,
with low interference from other similar molecules of the
same family, which importantly decrease the fluorescence
efficiency.
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Fig. 2 Fluorescence emission spectra of (A) 2.50 uM CBZ, (B) 2.00 pM
BN and (C) 0.500 pM Q in the absence (curve a) and in the presence
(curve b) of MoS, 90 nm. Aexe = 280 nm (CBZ and BN), 445 nm (Q). (D)
100 nM TBZ before (curve a) and after (curve b) the addition of GOx and
(curve c¢) addition of MNO;. Aeye = 294 NM.

Moreover, we wondered whether this effect is exclusive of
TMDs or it can be found on other 2D materials, such as GOx
or MnO,. Fig. 2D shows a decrease of the TBZ fluorescence
emission of about 40% and 60% when exposed to GOx and
MnO,, respectively, similar to that reported in the literature.>*

Theoretical calculations and rationalization of the process

In an attempt to rationalize the mechanism leading to the on-
surface fluorescence enhancement, we have theoretically ana-
lysed the case of two representative molecules, TBZ and CBZ,
for which we have simulated their structural, electronic and
excitation properties in both their free forms, as well as
adsorbed on the surface of different nanomaterials (MoS,, gra-
phene and graphene oxide single layers, with different concen-
trations of defects) by means of a large battery of first-prin-
ciples static/time-dependent DFT-based (TDDFT), and single-
excitation calculations (see ESI, sections S2 and S3f%). It is
important to remark that a direct comparison between the
experimental fluorescence (Fig. 1) and the computed photo-
excitation spectra is not truthful, since we are missing the
relaxation of the excited states and the possible emerging exci-
tonic effects. Nevertheless, the calculation of photoexcitation
can provide very valuable information that can be related to
the emission spectra, such as the relative intensity (and
efficiency) of the transitions, wavelength shifts from one
system to another, and the origin of the most important tran-
sitions (initial and final electronic states), among others. This
strategy has been recently followed to successfully explain very
interesting experimental emission effects.>*™>”

The top panel of Fig. 3 shows the optimized geometries and
the most stable configurations for CBZ (Fig. 3A) and TBZ
(Fig. 3B) molecules, both free and adsorbed on a single layer
of MoS, (for each system the figure shows those configurations
lying within a total energy range of <0.2 eV). Within all the

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Pictorial views of the DFT-based optimized free and interfacial
systems and computed TDDFT photoexcitation spectra for: (A) free CBZ
molecule (black line) and the two most stable CBZ/MoS; interfacial
configurations (red and blue lines); and (B) free TBZ molecule (black line)
and the two most stable TBZ/MoS, interfacial configurations (red and
blue lines).

interfacial systems analysed, the character of the molecule/sub-
strate interaction is mainly driven by electrostatic and van der
Waals forces, exhibiting an almost negligible chemical inter-
action. Nonetheless, in most cases, this interaction is strong
enough to anchor the molecules to the surface, even to signifi-
cantly modify the gas-phase molecular geometries. We have
checked that the presence of a large number of S-vacancies in
the substrate does not importantly alter these results (see
Fig. S4 of the ESIY).

Starting with the CBZ/MoS, interface (Fig. 3A), the preferen-
tial molecular adsorption configurations show, in one case,
the molecule tending to maximize the interaction with the
substrate via the non-hydrogenated N atom of the molecular

This journal is © The Royal Society of Chemistry 2019
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pentagon and the terminating -CH; group of the ester (second
geometry, red line in Fig. 3A), whilst in the other configuration
(third geometry, blue line in Fig. 3A), the molecule interacts
with the substrate via the -COOCH; ester group, leaving the
rest of the molecule slightly twisted away. These two configur-
ations yield molecular binding energies of 0.95 and 1.10 eV,
respectively and therefore, both of them are plausible.

For the TBZ/MoS, case (Fig. 3B), one of the preferential
molecular adsorption configurations (second geometry, red
line in Fig. 3B) shows the molecule interacting with the sub-
strate via its terminating S-atom (at an adsorption perpendicu-
lar distance w.r.t. the average topmost S-plane of around
2.2 A), yielding a binding energy of around 1.15 eV. This par-
ticular substrate/adsorbate interaction induces a net molecular
distortion characterized by a bending after the adsorption of
around 0.4 A (see ESI, top panel of Fig. S3Bt), which will have
a clear reflection on its electronic and excitation properties, as
explained below. In the other configuration (third geometry,
blue line in Fig. 3B), the molecule again tends to maximize the
interaction with the substrate via the non-hydrogenated N
atom of the molecular pentagon with a very close binding
energy value w.r.t. the previous configuration, 1.18 eV, again
exhibiting a slightly bent molecular geometry of around 0.3 A
once deposited on MoS, (see ESI, bottom panel of Fig. S3BT).
The geometrical distortions induced in the TBZ molecule after
adsorption on MoS, provide a clue about the high flexibility of
the C-C bond connecting its thiazole and benzimidazole
counterparts, which is directly linked to its fluorescence pro-
perties. As in the case of CBZ, the small differences in the
adsorption energy suggest that both configurations are plaus-
ible. It is important to note that there is no chemical bonding
between the S atoms from the molecule and from the surface,
but the interaction remains electrostatic.

The bottom panel of Fig. 3A and B shows the computed
TDDFT photoexcitation spectra of the free CBZ and TBZ mole-
cules (black lines) and the two most stable configurations (red
and blue lines) for each CBZ/MoS, and TBZ/MoS, interfaces.
At this point, it is important to remark again that the calcu-
lation of the photoexcitation provides exclusively qualitative
information about the energy distribution and more quantitat-
ive with respect to the relative intensity (and efficiency) of the
transitions, as the origin of the most important transitions
(initial and final electronic states) is well captured by the code.

Interestingly, the photoexcitation spectra in Fig. 3 show a
correlating result with the experimental observations. The
spectrum computed for the free CBZ exhibits a pronounced
peak at around 330 nm. A configuration interaction single-exci-
tation (CIS) calculation has permitted us to elucidate that the
origin of this excitation is a transition between the molecular
HOMO and LUMO states with a weight of 73% (the resting
contribution comes mainly from the HOMO—-2 — LUMO tran-
sition). The computed photoexcitation spectra for the two
most stable CBZ/MoS, interfacial configurations show a
similar profile between them, but a global decrease of the
photoexcitation intensity after interaction with MoS, due to
the loss of efficiency of this particular optical transition.

Nanoscale, 2019, 11, 23156-23164 | 23159
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Besides, a slight red-shift up to wavelengths of around 350 nm
is observed when the molecule is adsorbed on the substrate
together with an enlargement of the queue that is reproduced
in the experiments as shown in Fig. 2A (curve b).

In contrast, for the free TBZ molecule, the intensity of the
most pronounced peak in the photoexcitation spectrum (at
around 365 nm) is much lower than that for the most stable
interfacial configurations where the TBZ molecule is adsorbed
on the MoS, substrate, exhibiting an increase of the photo-
excitation intensity by around x4. Once again, the origin of
this excitation in the gas-phase molecule is a transition
between the molecular HOMO and LUMO states with a weight
of 78% (the rest of the contribution comes also mainly from
the HOMO-2 — LUMO transition). This dramatic increase in
the photoexcitation signal (directly linked with the gain in the
efficiency in the optical transition) has its reflection in the
experimental observation of the fluorescence of this molecule
when it is deposited on the substrate. Again, a slight red-shift
is also observed in this case when the molecule is adsorbed on
the substrate. It is interesting to mention that the different
wavelengths for the most important peak in both molecules
are related to the difference between their transport gaps (see
Figs. S5-S7 of the ESIY).

Additionally, the CIS-calculation performed for the free CBZ
and TBZ molecules, by which we are able to unveil the origin
and final states contributing to transitions giving rise to par-
ticular excitation, and their corresponding % weights and
oscillator strengths can be used to estimate the efficiency of
the first dipole-allowed excitation in both free molecules by a
direct comparison of their associated oscillator strengths. The
dimensionless oscillator strength values (expressing the prob-
ability for an excitation to produce) result in around 0.2 and
0.6 for the CBZ and TBZ free molecules, respectively, for their
first HOMO — LUMO excitation (activating the fluorescence
process after its decay). This result excellently agrees with the
experimental fluorescence intensity observed for the CBZ and
TBZ molecules in solution as shown in Fig. 2(A and D) where
higher CBZ concentration is required to obtain a comparable
fluorescence response (2.5 pM CBZ with respect to 100 nM
TBZ).

To further study the mechanism leading to the decrease/
increase of the fluorescence signal for the CBZ/TBZ molecules,
respectively, before and after interaction with MoS,, we have
studied the morphology and spatial distribution of the HOMO
and LUMO molecular orbitals, responsible for the most impor-
tant transition in fluorescence emission.

Fig. 4 shows the computed iso-surfaces for the HOMO and
LUMO molecular orbitals for CBZ and TBZ in both free and de-
posited on MoS, forms. These orbitals are those that contrib-
ute the most to the florescence mechanism, as explained
above. Although a rationalization purely based on HOMO/
LUMO distribution has to be carried out with caution, impor-
tant knowledge can be acquired by a simple inspection of the
molecular orbital spatial distribution. In the case of the free
CBZ molecule (see Fig. 4A) both orbitals are mostly located in
the fluorescent benzimidazole group (C;HgN,), which makes

23160 | Nanoscale, 2019, 11, 23156-23164
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Fig. 4 Computed iso-surfaces at 0.05 e"A~> of molecular orbitals for:
(a) HOMO and LUMO of free CBZ, and molecular HOMO and LUMO of
CBZ on MoS,, and (b) HOMO and LUMO of free TBZ, and molecular
HOMO and LUMO of TBZ on MoS,. Red and blue iso-surfaces corres-
pond to positive and negative regions of the wave functions,
respectively.

the transition between both states efficient, in agreement with
the experimental observation. Nonetheless, when the CBZ
molecule is adsorbed on the MoS, substrate, the system tends
to restructure the LUMO spatial location from the benzimida-
zole group towards the non-fluorescent molecular group (see
Fig. 4A), which hinders the efficiency of the fluorescence
mechanism, as evidenced by the experiments.

For the case of the free TBZ (see Fig. 4B), also both HOMO
and LUMO are located in the benzimidazole group making the
fluorescence of the free molecule efficient. This scenario is
maintained when the TBZ molecule is adsorbed on the MoS,
substrate. In this case, the molecule/substrate interaction is
mainly driven by a mixture of a sort of substrate/adsorbate
Pauli repulsion with electrostatic anchoring, being able to
slightly disrupt the adsorbed molecular geometry to redistri-
bute the molecular LUMO from the thiazole group toward the
fluorescent group (Fig. 4B), which dramatically improves the
efficiency of the fluorescence, just as observed in the experi-
ment. Importantly in this case, there is a charge rearrange-
ment and orbital deformation, which favours fluorescence,

This journal is © The Royal Society of Chemistry 2019
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and it is neither caused by a charge transfer nor by chemical
bonds, given the weak non-covalent nature of the interfacial
interaction, but has the effect to reduce the overlap of the
surface charge density of MoS, with the charge density of the
adsorbate. We have checked that this LUMO on-surface
restructuration vanishes for very large adsorption distances.
Different types of deformation and restructuration of mole-
cular orbitals by external perturbations, in particular by weak
and electrostatic interactions with surfaces and other mole-
cules as in the present case, have been extensively reported in
previous literature.*®73°

Interestingly, our results are fully compatible with a
surface-mediated AIE process, in which the intramolecular
rotation of the aromatic subunits of the TBZ is restricted upon
non-covalent surface adsorption. On this basis, TBZ could a
priori dissipate energy in a nonradiative form by the intra-
molecular relative rotation of its aromatic subunits.
Nonetheless, this intramolecular rotation in TBZ seems to be
hindered by an increase in the rigidity of the C-C bond linking
the subgroups by effect of the interaction with the MoS,
surface. Therefore, the nonradiative decay by molecular
motion between the thiazole and benzimidazole groups in
TBZ is inhibited, enhancing in this way the radiative decay and
so the fluorescence signal. This rationalization allows us to
easily explain why fluorescence enhancement in the presence
of MoS, 2D nanosheets is only detected for the TBZ, whilst for
other similar fluorescent molecules such as CBZ, BN and
quinine the emission properties are quenched by the light-har-
vesting material. To confirm this surface-mediated AIE, we
have carried out a series of DFT calculations for TBZ in its free
and on-surface adsorbed forms to estimate the stiffness of the
linking C-C bond against the intramolecular rotation of the
TBZ aromatic subunits. Calculations consist of computing the
total energy of the TBZ molecule at different steps in a rigid
rotation between its two aromatic subunits in a range between
—30° and 30°. Calculations reveal that a rigidization of the
bond of around one order of magnitude occurs from the free
form to be adsorbed on the MoS, surface (see section S5 and
Fig. S8 of the ESIT), which is consistent with the hypothesis.
Thus, our observed fluorescence enhancement is directly
related to a surface-mediated AIE,'” where the nonradiative
dissipation energy is inhibited by the rigidization of molecular
rotational degrees of freedom after the molecular
aggregation.'®

A highly specific and sensitive method for TBZ sensing

Analytical data

Calibration. From the experiments shown in Fig. 1, we can
conclude that, although TBZ exhibits an increase of its native
fluorescence as a consequence of its interaction with all the
TMDs prepared, the highest signal increase is obtained
working with WS, (90 nm) exfoliated in EtOH/H,O. Therefore,
this system was selected to test the analytical performance of
these nanomaterials towards TBZ determination. To this end,
different WS, amounts were evaluated for the construction of
calibration curves. The results, shown in Fig. 5, show that a
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Fig. 5 Calibration curves of TBZ with 200 pL (black squares, solid line),
100 pL (red circles, dotted line) and 50 pL (blue triangles, dashed line) of
WS, 90 nm, 7.5 mg mL™t in EtOH : H,0 (45: 55, V/V). Aexc = 294 NM; Zem
=350 nm.

linear increase in the fluorescence signal is produced because
of the increase of TBZ concentration, irrespective of the
amount of TMD employed. The use of 50 pL of WS, leads to
the lowest sensitivity. Note that 100 pL of TMD suspension is
enough to ensure the interaction with TBZ, leading to the
maximum analytical signal for each assayed fungicide concen-
tration in the linear range. Therefore, if a higher WS, amount
is used (200 pL), no difference in the calibration plot is
recorded.

From the calibration curves recorded for 100 pL of WS,, the
fluorescence signal increases linearly with TBZ concentration
according to Iy = (37.1 + 0.8) x 10°> C (uM) + (29 + 1) with an
agreement factor of 0.9996 in the 5-250 nM range. The pro-
posed methodology allows TBZ analysis at the nM level
showing a detection limit (3c,/slope) of 2.7 nM. This detection
limit is similar to or even better than others previously
reported for TBZ determination using either luminescence
techniques including room-temperature phosphorescence
(RTP), electrochemical methods or more sophisticated pro-
cedures such as liquid chromatography and capillary electro-
phoresis (see Table S1**>**°7*7 in the ESIY).

In addition, we have measured the accuracy and reproduci-
bility of the proposed methodology evaluating the relative
error (E;,, %) and the relative standard deviation (RSD, %)
values at different concentration levels within the linear range.
From these results, E, values lower than 6.1% and RSD (%, n =
5) in the 1.1-4.1 range reveal that the method presents ade-
quate accuracy and reproducibility.

Selectivity assays. In order to test the selectivity of the
method, different pesticides (CBZ, BN and DI, diuron) were
assayed as potential interfering compounds in the TBZ deter-
mination. To this end, increasing interfering amounts were
added to a 20.0 nM TBZ solution containing 100 pL of WS,
before the fluorescence was recorded. It was considered that
interference occurs at a concentration level that produced a
change of 10% in the initial TBZ signal. The results showed
that none of the three pesticides produced interference in the
TBZ determination up to concentrations of 500 nM, for CBZ
and BN, and of 1.00 pM in the case of DI, which represents 25
and 50 fold the amount of TBZ in solution. As stated above,
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Table 1 Recovery and relative standard deviation, RSD(%), values for
TBZ determination in river samples

TBZ added [nM]  TBZ found [nM]  RSD(, -3)[%]  Recovery [%]

9.94 10.2 1.5 103
20.0 22.0 6.0 110
40.0 371 5.0 93

the presence of the S atom in the TBZ structure leads to a par-
ticular interaction of this analyte with the TMD, which allows
the development of a highly sensitive but also selective
method for this fungicide analysis with respect to other
similar pesticides.

Analytical application. River water samples were selected as
real matrices to test the performance of the proposed method-
ology. As stated in the Experimental section, samples were ana-
lysed without any additional pre-treatment except filtration.
Calibration curves employing river water samples and follow-
ing the standard addition procedure were constructed. To this
end, aliquots of 200 pL of river water were spiked at different
TBZ concentration levels, mixed with 100 pL of WS, suspen-
sions and diluted to a 5.00 mL final volume. An additional
sample consisting of 200 pL of river water diluted to 5.00 mL
was prepared. From the fluorescence data recorded from all
these samples, a linear increase in the fluorescence intensity
with a slope of (36.1 + 1.6) nM~" was obtained. This slope
value is similar to that found by the external calibration in
Fig. 5 (37.1 + 0.8) nM™', which was obtained measuring the
fluorescence of solutions containing increasing TBZ concen-
trations without river water. These results could allow us to
conclude that none of the compounds presented in the real
sample disturbs the analytical signal recorded. To confirm this
statement, we applied the Student’s ¢-test to compare statisti-
cally these slopes. We obtain fey, = 0.99, a value which is lower
than the tabulated one, ¢, = 2.20 (95%), indicating that there
is no significant statistical difference in the slope values.
Therefore, we can conclude that no matrix interference is pro-
duced and the quantification of TBZ in river samples can be
performed by direct interpolation of the fluorescence signal in
the calibration graph (Fig. 5). The assays, described in section
4.5, were carried out in triplicate and a summary of the results
is shown in Table 1. As shown, the proposed methodology can
be applied in these kinds of samples, with good reproducibil-
ity and excellent recovery values.

Experimental
Materials

Molybdenum(wv) sulphide powder of 2 pm and 90 nm particle
diameter, tungsten(iv) sulphide (90 nm), thiabendazole (TBZ),
quinine (Q) sulphate salt monohydrate, carbendazim (CBZ),
diuron (DI) and benomyl (BN) all 99% were supplied by Sigma-
Aldrich Chemical Co. (St Louis, USA). Sulphuric acid,
1-methyl-2-pyrrolidinone (NMP) and ethanol (EtOH) were pro-
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vided by Scharlau (Barcelona, Spain). 1 mM TBZ standard solu-
tions were prepared in ethanol. TBZ solutions were daily pre-
pared from the stock by dilution in water. Ultrapure water was
produced by a system of Merck Millipore (Billerica,
Massachusetts, USA).

Apparatus

Fluorescence measurements were carried out with an F-7000
fluorescence  spectrophotometer from  Hitachi High-
Technologies Co. (Tokyo, Japan) equipped with a 1.0 cm
quartz cuvette. The solvent-assisted exfoliation of the TMDs
was done with a Transonic 570/H ultrasonic bath supplied by
Elma Schmidbauer GmbH (Singen, Germany). The subsequent
step to obtain a TMD suspension was performed with a centri-
fuge Rotofix 32A purchased from Hettich GmbH & Co.KG
(Tuttlingen, Germany).

Synthesis of 2D nanomaterials

The procedure followed for the synthesis of TMD suspensions
was previously reported.” Briefly described: 75 mg of TMD
(90 nm and 2 pum MoS, or 90 nm WS,) were weighed in a glass
vial and 10 mL of the dispersion solvent (NMP or EtOH/water,
45/55 v:v) were subsequently added. Once the vial was sealed,
the mixture was subjected to batch ultrasonication for 2 h and
the mixture was centrifuged at 1500 rpm for 45 minutes to
remove aggregates. The supernatant was collected and kept at
4 °C until use. MnO, nanosheets were prepared according to
the procedure described by Wu et al.>' GOx was synthesized by
a modified Hummers’ method as described before.*>

Fluorescence measurements

To investigate the effect of 2D nanomaterials on pesticide fluo-
rescence, TBZ solutions were prepared by mixing, in a 5.00 mL
volumetric flask, a volume of TBZ stock solution and a fixed
amount of the nanomaterial suspension, before filling it to the
graduation mark with water. Next, fluorescence spectra were
recorded at an excitation wavelength of 294 nm and at room
temperature. This procedure was also followed for the prepa-
ration and measurement of CBZ and BN but, in these cases,
excitation was produced at 280 nm. Quinine solutions were
prepared in 0.05 M sulphuric acid aqueous solution and the
fluorescence was registered with a 346 nm excitation beam.

Analytical application

To test the performance of the method, water samples col-
lected from Zancara River, located in the central area of Spain,
were used as real samples in this study. The samples were fil-
tered (through 0.45 pm) and stored at 4 °C until use. As TBZ
was not detected in this river sample, different river water
samples were initially spiked at three different TBZ concen-
tration levels and subsequently analysed by external calibration
to evaluate the recovery obtained using the developed method-
ology in these kinds of matrices. To this end, aliquots of
200 pL of spiked river water were mixed with 100 pL of WS,
suspensions in EtOH/H,O (45/55, v/v) and diluted to 5.00 mL
final volume before the fluorescence measurement.

This journal is © The Royal Society of Chemistry 2019
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Theoretical methods

All the static simulations have been performed by using
density functional theory (DFT) as implemented in the
QUANTUM ESPRESSO simulation package.”® Exchange-corre-
lation interactions have been accounted for by the generalized
gradient approximation (GGA) within the Perdew-Burke-
Ernzerhof (PBE) parametrization.®® The Vanderbilt ultrasoft
pseudopotential scheme®® has been adopted to model the ion-
electron interactions, and the DFT+D2 method has been used
to account for dispersive forces to conventional DFT func-
tionals.”®> A time-dependent DFT (TDDFT) formalism
implemented in QUANTUM ESPRESSO®? has been employed
to compute the excitation spectra of all systems (see ref. 33
and references therein), and the GAUSSIAN09 package®” to
obtain oscillator strengths, and elucidate transitions and elec-
tronic states involved in the most intense excitation in the gas-
phase molecules within the B3LYP/cc-pVTZ level of theory by
means of the configuration interaction single-excitation (CIS)
formalism®® (an extended description of the computational
details can be found in the ESIY).

Interfacial models

The periodic interfacial systems have been computed by relax-
ing a large set of different starting configurations with the two
molecules in five different positions and orientations on each
different substrate (see the ESIt). Before computing the com-
plete interfaces the CBZ and TBZ molecules were optimized in
their gas-phase form and afterwards used as starting-point
geometries to be deposited on the single layers. The MoS, and
graphene (Gr) substrate single layers analysed have been mod-
elled by (6 x 3) and (8 x 4) periodicities, respectively, with only
one molecule per unit cell. The graphene oxide (GOx) substrate
has been modelled by attaching an OH group on top of gra-
phene C atoms homogeneously with a (2 x 2) periodicity
referred to the graphene sheet. The unit cell sizes adopted are
enough to avoid undesirable intermolecular interactions
arising between neighbouring cells, with a minimum perpen-
dicular distance between them >20 A.

Conclusions

In this work we have shown that the interaction of a TBZ mole-
cule, a widespread used fungicide that may cause important
diseases, with nanoplatforms of TMDs and particularly of
WS,, leads to a significant increase in the fluorescence yield.
The mechanism leading to this enhancement has been ration-
alized by DFT calculations and found to be related to the mole-
cular interaction and bonding rigidization after non-covalent
adsorption of TBZ on the surface, in a kind of surface-
mediated AIE process. The stiffness of the C-C bond connect-
ing the aromatic subunits of the TBZ molecule once interact-
ing with the MoS, nanosheets inhibits the nonradiative decay
by molecular motion and enhances the fluorescence channel.
We show that this unusual behavior is specific for TBZ on
TMDs, and does not operate either for other molecules of the

This journal is © The Royal Society of Chemistry 2019

View Article Online

Paper

same benzimidazole family or for other 2D materials (gra-
phene, graphene oxide).

We show that this unusual behaviour is specific for TBZ on
TMDs, and does not operate either for other molecules of the
same benzimidazole family or for other 2D materials (gra-
phene, graphene oxide). This specificity has allowed us to
develop a simple, robust, high-sensitive and selective method
towards TBZ determination that can be applied to real river
water samples with very good recovery and precision, avoiding
indeed laborious, overpriced and time-consuming sample
treatments. We foresee that this mechanism could be general-
ized to any other fluorescence molecules with stiff C-C bonds
between the molecular subunits upon surface interaction that
slightly redistributes their LUMO orbitals after non-covalent
adsorption.
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