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ARTICLE INFO ABSTRACT

Keywords: Antifouling compounds are used as paint components to mitigate biofouling on ships and submerged structures.
Tributyltin (TBT) One of the most known and used antifouling compounds is tributyltin (TBT). However, TBT is toxic to aquatic
Biocide living beings, causing problems such as reduction of growth and imposex. The development of a TBT chemosensor
g?;::zlocllemosensor could be of utter relevance in the building of an in-situ TBT monitoring device. Therefore, this work reports the
Thiosemicarbazone synthesis of five new quinoline-based hydrazones (HZ) and two new quinoline-based thiosemicarbazones (TSC),
Quinoline with synthesis yields from 17 to 83 %. The compounds were tested in the presence of TBT, and some compounds

of the group showed colorimetric or fluorimetric changes. The interaction between these compounds and TBT
was tested by spectrophotometric or spectrofluorimetric titrations, which allowed to calculate the limit of
detection (LOD) for each interaction. The fluorimetric interaction between HZ 4a and TBT was shown to be the
most sensitive chemosensory method, with a LOD value of 1.7 pM.

A Ridge classifier model was developed to correlate the ability for TBT detection and the modification of the
structure of each molecule. The validity of the proposed model was tested by assessing the TBT-sensing ability of
the two novel TSC 5a and 5b, which were synthesized after the development of the model. These two compounds
also showed colorimetric changes in the presence of TBT, with LODs of 13.8 and 3.1 pM, respectively, in good
accordance with the model’s predictions. Further analysis of the model’s decision process provided some insights

on the desirable properties of the novel quinoline-derived TBT optical chemosensors.

1. Introduction

Biofouling can be defined as the accumulation of microorganisms,
algae, or small plants on submerged structures such as ships and vessels’
hulls or offshore structures. This problem affects these structures not
only by direct degradation by microbially induced corrosion [1,2], but
also indirectly by impacting the hydrodynamic performance (thus
affecting the fuel consumption of ships and vessels), or even by reallo-
cation of microorganisms from one region to another such as in the case
of mobility of offshore structures [1-9]. The fuel consumption increase
is a particularly important factor due to the rise of the costs and pollu-
tion that it involves [4-6]. Therefore, antifouling paints are used
worldwide, mainly in the naval industry, to mitigate the problematic of
biofouling.

Tributyltin (TBT) is an organotin cationic compound and one of the
most used biocides for the aforementioned purpose. In the 1980s,
approximately 80% of the naval transport vessels used TBT-based anti-
fouling paints due to their high efficiency [3,4,10]. However, this
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compound was found to be acutely toxic to aquatic environments due to
the leaching from the submerged structures. TBT is absorbed by mi-
croorganisms and then incorporated in the tissues of higher organisms
by bioaccumulation [11-14]. High TBT concentrations can induce a
reduction in the growth and in the long-term survival of several species.
Also, a correlation between TBT levels and imposex, the superimposition
of male sexual characteristics on female marine gastropods, was estab-
lished [15,16]. The bioaccumulation of TBT results in higher testos-
terone levels and may cause an endocrine disrupting effect [17].

In 2008, the Rotterdam Convention banned the use of organotins as
biocides in antifouling paints. However, some countries have not signed
this convention and TBT effects are still impacting aquatic environ-
ments. Despite the ban on TBT, the impact of this pollutant is still
widespread, not only in the countries that did not sign the convention
but also on other parts of the world [18-20]. TBT monitoring is currently
approached by sampling and laboratory analysis using chromatographic
techniques, such as Liquid Chromatography-Mass Spectrometry (LC-MS)
and Gas Chromatography-Mass Spectrometry (GC-MS). These methods
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require long procedures with several steps, such as extraction, pre-
concentration, and derivatization, besides the need for advanced
equipment, expert users, and the high costs of all the procedure. The
development of a TBT chemosensor would allow in-situ sensing of this
biocide. As far as the authors are concerned, there is only one report of
an organic probe for TBT recognition. Jin and collaborators synthesized
rhodamine-based probes, functionalized with a hydrazone moiety [21].
The new fluorimetric probes were able to detect and quantify TBT be-
tween 6 and 20 pM. The cavity formed around the two nitrogen atoms
from the hydrazone moiety and an adjacent carbonyl group was the
proposed binding site for TBT.

It is undeniable that hydrazones (HZ) are a family of molecules with
particular interest in the design of chemosensors. The hydrazone group
between the n-conjugated (hetero)aromatic moieties can act as the
binding cavity with tuneable sizes. Within this group, thio-
semicarbazones (TSC) are a specific type of HZ that can provide extra
heteroatoms that can be involved in the chelation of a specific analyte.
Both HZ and TSC are widely used in the chemosensing field, with reports
of sensors towards metallic cations, small molecules, or organic anions
[22-28].

Herein, the authors report the synthesis of five new quinoline-based
HZ and two new quinoline-based TSC (see Scheme 1). The compounds
were synthesized by simple condensation reactions and with no purifi-
cation required after precipitation from the reaction mixture, in yields
ranging from 17 to 83 %. The seven novel compounds, together with two
other previously reported quinoline-based HZ [29], and the two quin-
oline precursors, were tested in the presence of TBT. After preliminary
chemosensory tests, the compounds that showed colorimetric or fluo-
rimetric changes in the presence of TBT were submitted to spectropho-
tometric or spectrofluorimetric titrations with the biocide. The results
from these surveys were fed to a structure-property classification model
using readily available electronic descriptors derived from quantum
mechanical calculations to these novel compounds. The validity of the
proposed model was tested by evaluating the possible TBT-sensing
ability of the two TSC compounds prior to their synthesis. Further in-
sights on the discrimination between sensing and non-sensing com-
pounds were assessed from the model in order to gain some insights into
desirable structural properties of novel TBT-sensing molecules.
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2. Materials and methods
2.1. Materials

Melting points were measured on a Stuart SMP3 melting point
apparatus. TLC analysis was carried out on 0.20 mm thick precoated
silica plates (Macherey-Nagel), and spots were visualized under UV light
on a CN-15 camera (Vilber Lourmat). Chromatography on silica gel was
carried out on Acros Organics silica gel 60 (0.035-0.070 mm). Infrared
spectra were obtained on a PerkinElmer Spectrum Two instrument with
ATR accessory, in the 450-4000 cm™! range with 32 scans. The solid
compound was applied directly on the ATR crystal with pressure applied
with the incorporated press. UV-Vis absorption spectra (200-700 nm)
were obtained using Shimadzu UV/3101 PC spectrophotometer and
fluorescence spectra with Fluoromax-4 spectrofluorometer. NMR
spectra were obtained on a Bruker Avance III 400 at an operating fre-
quency of 400 MHz for 'H and 100.6 MHz for '3C using the solvent peak
as internal reference at 25 °C. All chemical shifts are given in ppm using
61 Me4Si = 0 ppm as reference and J values are given in Hz. Assignments
were supported by spin decoupling double resonance and bidimensional
heteronuclear correlation techniques. High-resolution mass spectrom-
etry analysis was performed on a QqTOF Impact IITM mass spectrometer
(Bruker Daltonics) at the Mass Spectrometry Facility (CQE - IST Node
Campus Alameda, Lisboa, Portugal). All commercial reagents and sol-
vents were used as received.

2.2. General procedure for the synthesis of heterocyclic quinoline-based
hydrazones and thiosemicarbazones

Equimolar amounts (0.318 mmol) of the appropriate hydrazine or
thiosemicarbazide and quinoline-based aldehyde were dissolved in 10
mL of MeOH at room temperature. The reaction mixtures were stirred
for 8-10 h. The precipitated compounds were isolated by filtration and
then dried in the oven at 40 °C overnight. No additional purification was
required. The characterization details are given in Supporting
Information.
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Scheme 1. Synthesis of quinoline-based hydrazones 4a-g and thiosemicarbazones 5a-b.
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2.3. Chemosensory studies

In the preliminary studies, 50 equivalents (50 pL) of each ion (1 x
1072 M) were added to an ACN solution of each compound (1 mL, 1 x
1075 M). The evaluation of color/fluorescence changes was evaluated by
naked eye and in a UV-vis chamber under ultraviolet light at 312 nm.
Spectrophotometric and spectrofluorimetric titrations were performed
when an interaction between compound and ion was seen. To an ACN
solution of each compound (3 mL, 1 x 107> M), a sequential addition of
each ion (1 x 1072 M) was performed, and the absorbance/fluorescence
spectra were analyzed until the plateau was reached. The limit of
detection (LOD) and limit of quantification (LOQ) were calculated with
the slope of the linear zone of the calibration curve [30].

2.4. Computational methods

The molecular structure of each quinoline or hydrazone molecule
was optimized using Density Functional Theory (DFT) at the B3LYP [31]
approximation and using the Def2-TZVP basis set [32], as well as the
semi-empirical D3 dispersion corrections with Becke-Johnson damping
(D3BJ) [33,34], as implemented in the Orca software package, version
5.0.3 [35]. The true minima nature of the optimized geometries was
confirmed by the lack of imaginary vibrational frequencies. All struc-
tures were then analyzed under the formalism of Bader’s Quantum
Theory of Atoms In Molecules (QTAIM), using MultiWFN, version 3.8
[36].

The data collected from these calculations was then feed onto a Ridge
Regression classifier algorithm, as implemented in the scikit-learn
package version 1.1.3 [37], in order to train a small predictive model
of the chemosensing ability of these compounds. This was accomplished
in a two-stage manner: a preliminary model was first trains using all the
collected data: HOMO and LUMO energies and delocalization indexes;
Shannon’s aromaticity index [38] of the quinoline moiety; QTAIM
charges of the quinoline atoms, as well as their respective average and
standard deviation; delocalization index between adjacent atoms of the
quinoline moiety; weight of the atomic contributions of each quinoline
atom to the HOMO or LUMO; total QTAIM charge of the quinoline
moiety, Pearson’s chemical hardness, the electronic chemical potential,
and the global electrophilicity power. A permutation importance routine
[39] was then established to determine the most important features of
the preliminary model. The twelve most important features of the pre-
liminary model were then used to train the final Ridge classifier model.
Further analysis of the final model was carried out using the SHAP
framework [40,41].

3. Results and discussion
3.1. Synthesis of quinoline-based hydrazones

A new group of HZ was designed to be tested as TBT chemosensors.
This type of compound shows promising structural characteristics for
the design of chemosensors, due to the electrophilic and nucleophilic
character of imine carbon [22,23,25,42-45]. The triatomic structure
C=N-N possesses a configurational isomerism stemming from the
intrinsic nature of the C=N double bond, which can contribute to
forming an appropriate cavity to a certain analyte.

Commercial precursors 2-quinolinecarbaldehyde 1a and 8-hydroxy-
2-quinolinecarbaldehyde 1b were stirred in methanol for 8-10 h at room
temperature with three different hydrazines (2a-c) to yield hydrazones
4a-e. The reaction mixtures were filtered, and the precipitated com-
pounds were obtained in yields from 52 to 76 %. All the compounds
were characterized by FTIR, 'H and '3C NMR, and HRMS. Hydrazones
4f-g were synthesized as previously reported [29].

The 'H NMR spectra of the new compounds show characteristic
hydrazone N-NH protons at 11.34 and 11.40 ppm, for 4a and 4b,
respectively. This signal appears at 10.81 ppm for compound 4e. OH
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signals for 4b and 4d appear at 9.67 and 9.56 ppm, respectively. Imine
N=CH protons appear between 8.20 and 8.42 ppm for compounds 4a,
4b, and 4e. For compounds 4c-d, an upfield shift is observed for these
signals, appearing at 7.22 and 7.36 ppm, respectively. Regarding 13C
NMR spectra, N=CH imine carbon signal appears between 135.5 and
143.2 ppm for all the compounds. Compound 4e shows the carboxylate
group C=0 signal at 163.2 ppm. It can also be seen that the compounds
with OH group at position 8’ (4b and 4d) show a significant downfield
shift on C8’ (6 between 153.1 and 153.5 ppm), compared to the corre-
spondent derivatives without OH group e.g., 4a and 4c (5 between 128.4
and 128.8 ppm).

3.2. Chemosensory studies

The new group of compounds 4a-e, together with two other previ-
ously reported quinoline-based HZ 4f-g [29], and the two quinoline
precursors la-b, were tested in the presence of TBT. A preliminary
chemosensory test was carried out with the addition of 50 equiv. of TBT
to an ACN solution of each compound (1 mL, 107° M). Compounds 1b,
4a, 4b, and 4d, showed colorimetric changes in the presence of TBT.
Besides, HZ 4a showed a fluorimetric change (visible under UV light). To
characterize these interactions, spectroscopic and spectrofluorimetric
titrations were performed with sequential addition of TBT (1072M) toa
solution of each HZ (10™> M). Fig. 1 shows the spectrophotometric ti-
trations for compounds 1b, 4a, 4b, and 4d, and the fluorimetric titration
for compound 4a. For compounds 1b, 4b, and 4d, the interactions cause
a decrease in the main band of the UV/Visible spectra of HZ, around
339-367 nm, while a new band appears in all cases at 389-457 nm,
causing a change of color from colorless to yellow. An inset is shown on
all spectra with the absorbance values at the original band wavelength
and the new band wavelength, with the sequential addition of TBT. For
the interaction between compound 4a and TBT, a small decrease occurs
in the main band at 356 nm, and the appearance of a new band at 512
nm, causing a change of color from colorless to red. The appearance of
fluorescence is also caused by this new band; with an excitation at 512
nm HZ 4a shows the appearance of an emission band at 576 nm, which
increases with the sequential addition of TBT (and correspondent in-
crease of the 512 nm absorption band). An inset was also introduced to
show the absorbance values at the original band wavelength and the
new band wavelength in the case of the spectrophotometric titration —
Fig. 1d, and the fluorescence intensity values in the case of the spec-
trofluorimetric titration — Fig. le, with the sequential addition of TBT.

Table 1 shows the photophysical properties of all the tested com-
pounds. When optical changes are observed upon interaction with TBT,
the LOD and LOQ are shown in pM. These values were calculated from
the linear zone of calibration curves, according to the literature [30].
From all the compounds showing optical changes with the interaction
with TBT, the quinoline precursor 1b is the least sensitive, showing a
LOD of 18.9 pM and a LOQ of 62.9 pM. Compounds 4d and 4b show
LODs of 9.2 and 4.5 pM, respectively. Regarding HZ 4a, a LOD of 4.8 pM
and a LOQ of 15.9 pM were obtained for absorbance changes, while a
LOD of 1.7 pM and a LOQ of 5.8 uM were obtained for fluorescence
changes. The previous TBT chemosensors reported by Jin and collabo-
rators were able to quantify TBT between 6 and 20 pM [21]. Overall, the
novel quinoline-based hydrazones herein reported show the ability to
detect this biocide in the same order of concentrations.

3.3. Predictive model of chemosensory ability

The results obtained from compounds 1a, 1b, and 4a-4g show that
modifying the chemical environment of the quinoline moiety can in-
fluence the compound’s ability to trigger some useful response in the
presence of TBT. Indeed, some patterns appear to emerge from the data
presented in Table 1. For example, the presence of OH group at position
8 usually renders a TBT-sensitive compound, but this rule does not apply
to compound 4g, which has an OH group but does not produce any color
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Fig. 1. Spectrophotometric titrations of compounds: 1b (a); 4b (b); 4d (c); 4a (d), and spectrofluorimetric titration of compound 4a (e) with TBT. Inset: absorbance

and fluorescence values by number of equivalents of TBT added.

Table 1
Photophysical properties of precursors 1a-b, HZ 4a-g, and TSC 5a-b, LOD, and
LOQ for the interaction with TBT.

Compound Aabs/ log ¢ LOD,ps/pM (LODg,/ LOQabs/tM (LOQf1/
nm M) M)

1a 289 3.9 - -

1b 364 41 18.9 62.9

4a 356 4.6 4.8 (1.7) 15.9 (5.8)

4b 353 4.4 45 15.1

4c 367 4.6 - -

ad 367 4.6 9.2 30.6

4e 368 4.8 - -

af 379% 45%  _ -

4g 385% 45% - -

5a® 339 4.7 13.8 45.8

5b? 345 4.7 3.1 10.4

@ Compounds 5a and 5b were synthesized after the development of the Ridge
Regression model, after being signaled as promising chemosensor candidates.

change in the presence of TBT, as shown in Table 1. On the other hand,
compound 4a has some of the lowest detection limits for TBT (Cf.
Table 1), despite not having any OH group in its structure. Moreover, the
structural diversity of the HZ substituent or the presence of the parent
carbonyl group in compounds 1a and 1b hindered the proposal of simple
structure-based rules. Thus, it has been adopted the hypothesis that the
chemosensory ability of a given compound could be predicted from
some electronic parameters local to the quinoline moiety. The Ridge
classifier method was chosen as it maps the positive and negative cases
to the {-1; 1} set and then carries out a linear least squares regression of
the explanatory variables, with a L2 regularization, which helps prevent
overfitting.

Both the preliminary as well as the final models achieved 100 %
accuracy regarding their ability to fit the data concerning the known
quinoline and their HZ derivatives. However, the lack of enough
experimental data to make a traditional train: test split prompted the
authors to test the model by helping generate new compounds. Indeed,
the synthesis of TSC 5a and 5b was considered as a possible route to
expand the compound library, and their structures were subjected to the
same DFT and QTAIM treatment detailed for the quinoline and HZ
compounds, yielding a positive prediction for the detection of TBT in
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both cases.

To validate the model, two novel TSC were synthesized. Compounds
5a and 5b were synthesized through the same method using as pre-
cursors quinoline carbaldehyde 1a and hydroxyquinoline carbaldehyde
1b, with thiosemicarbazide 3a. Characterization by FTIR, H and 13C
NMR, and HRMS confirmed the structure of both compounds. The two
TSC were tested as TBT chemosensors, and both compounds showed
colorimetric changes in the presence of TBT. The results of the spec-
trophotometric titrations are shown in Fig. 2. Regarding compound 5a, a
decrease in the main band at 339 nm and the appearance of a new band
at 412 nm is observed. For compound 5b, a similar behavior occurred,
with the decrease of the main band at 345 nm and the appearance of a
new band at 437 nm. The sensitivity of compound 5a is not very good,
showing a LOD of 13.8 pM. However, TSC 5b is the most sensitive
compound in terms of absorption, with a LOD of 3.1 pM and a LOQ of
10.4 pM.

At the end of the feature selection process, the most important fea-
tures determining a classification of the quinoline and HZ compounds by
chemosensing activity were mostly related to the weight of certain
atomic contributions to the HOMO. This is highlighted by the high
permutation importance score of these variables in the final mode,
especially contributions to the HOMO of the atoms at positions 1 (3.3
%), 5 (10 %), 6 (5.5 %), 7 (13 %), and 8 (16 %) of the quinoline core.
These results reveal that the contribution of the benzo portion of the
quinoline moiety to the HOMO plays an important role in determining
the possible sensing activity of these compounds. The permutation
importance routine also highlighted the sum of the contributions to the
HOMO of all atoms in the quinoline moiety, %HOMO(Q), as an impor-
tant factor (%PI = 22 %). On the other hand, the atomic contributions to
the LUMO were mostly excluded during the feature selection process,
with only the LUMO contributions by the atoms in positions 1 and 5
being selected for the final model, and even so, scoring relatively low in
the final importance assessment (11 % and 5.5 %, respectively).

The impact of the selected variables in the final model is perhaps
better understood in the context of game theory, under the SHAP
(SHapley Additive exPlanations) framework, depicted in Fig. 3 for the
classification of the validation molecules 5a (Figs. 3a) and 5b (Fig. 3b)
[40,41]. In both cases, the SHAP visualization of the classification pro-
cess starts at the classifier’s expected response value (E[f(s)] = 0.072, at
the bottom of each diagram). In the case of compound 5a (Fig. 3a) there
are some minor contributions pushing the model towards a positive
outcome (+0.32), which are then counteracted by the negative contri-
butions provided by the atomic contributions of N1 and C6 to the
HOMO. However, the main driver towards a positive classification is the
combined contributions given by the weight of atoms C5, C7, and C8 to
the HOMO, as well as the overall delocalization index of the HOMO.
Finally, the model’s expectation towards being in the presence of an
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active compound is moderated by the weight of the quinoline atoms to
the HOMO.

As shown in Fig. 3b, the decision process for compound 5b is
noticeably different to the process described above for compound 5a.
Indeed, the decision process starts with some small positive contribu-
tions related to the weight of the atomic orbitals of N1 in either HOMO
or LUMO, followed by another small positive contribution generated by
% HOMO(C6). This latter contribution already hints at some major
differences between the two compounds, as the same variable had a
negative contribution in compound 5a. Delving further into the raw
values of this feature, one concludes that small values of % HOMO(C6)
gather some momentum towards a positive outcome. The delocalization
index of the HOMO is much smaller in 5b than in 5a and this decrease in
delocalization carries some penalty regarding a positive classification.
Indeed, all small positive contributions listed above are almost perfectly
canceled by the decrease in the delocalization of the HOMO, as well as
the difference in the percentual contribution of the quinoline atoms to
the HOMO and LUMO, §%FMO(Q), and the weight of C8 to the HOMO.
Thus, the decision process depicted in Fig. 3b can be summed up by the
contributions of two major players: the weight of C5 and the combined
weight of the quinoline atoms to the HOMO. Regarding the weight of C5
to the HOMO, it is noteworthy to compare this result with the one
depicted for compounds 5a (Fig. 3a): whereas in the previous case, the
small weight of C5 to the HOMO had a moderately high positive
contribution to the model’s outcome, the hydroxylation of position 8 of
the quinoline moiety increased the weight of C5 to the HOMO by almost
30-fold, which has a negative impact on the model’s outcome. This is
counteracted by the also very high overall contribution of the atoms in
the quinoline moiety to the HOMO, which lands the final decision
function in the positive realm.

The decision processes illustrated in Fig. 3 indicate the general pic-
ture that the increasing cumulative contribution of the quinoline atoms
to the HOMO has a positive impact on the prediction of the sensing
ability of these quinoline derivatives towards TBT. On the other hand,
the increasing contribution of the individual atoms of the benzo sub-
moiety has a negative impact on the model’s outcome. Thus, when
there are large contributions of the quinoline atoms to the HOMO, this
must be in a non-homogeneous manner, with the pyridine sub-moiety
being the preferred contributor to the HOMO.

On the other hand, when the overall contribution of the quinoline
atoms to the HOMO is low, the small contributions of the atoms in the
benzo moiety bear a positive effect on the model’s response, so that
compounds where the HOMO is not as strongly localized at the quinoline
moiety, benefit from having whatever small weight of the quinoline
contribution centered in the atoms of the benzo sub-unit. What is more,
the hydroxylation of position 8 of the quinoline moiety appears to in-
crease the HOMO contribution of C8 and C5 to the HOMO. Thus, the
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Fig. 2. Spectrophotometric titrations of compounds 5a (a) and 5b (b) with TBT. Inset: absorbance values by number of equivalents of TBT added.
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introduction of a hydroxyl group at C8 is beneficial only if the overall
increase in the contribution of the quinoline moiety to the LUMO out-
weighs this increase in the weight of the benzo sub-moiety. This may be
achievable, for example, if the orbitals of the group at the other end of
the hydrazone or thiosemicarbazone linkage are unable to interact with
the frontier molecular orbitals of the quinoline fragment.

4. Conclusions

This work reports the synthesis of five novel HZ based on a quinoline
moiety, by straightforward condensation reactions between aldehyde
and hydrazine precursors, with yields ranging from 52 to 76 %. The
group of compounds including the five new compounds plus the two
quinoline carbaldehyde precursors and two other previously reported
HZ [29], were designed to be tested as TBT optical chemosensors. Pre-
liminary sensory tests were carried out, showing compounds 1b, 4a, 4b,
and 4d exhibited colorimetric or fluorimetric changes in the presence of
TBT. The interaction between these compounds and TBT was tested by
spectrophotometric or spectrofluorimetric titrations, and LODs and
LOQs were calculated. The results show the fluorimetric detection of
TBT by compound 4a is the most sensitive chemosensing method,
judging by the LOD value of 1.7 pM.

The modification of the chemical environment of the quinoline
moiety was shown to influence the compound’s ability to detect TBT.
The Ridge classifier model was developed through some patterns iden-
tified on the previously obtained results, and the synthesis of TSC 5a and
5b was considered as a possible route to expand the compound library as
well as a validation of the model. These two compounds, obtained from
aldehyde and thiosemicarbazide precursors, also showed colorimetric
changes in the presence of TBT, with LODs of 13.8 and 3.1 pM,
respectively. The developed model suggests that the chemosensory
ability is related to the weight balance of the pyridine and benzo sub-
units of the quinoline moiety to the HOMO and appears to be a prom-
ising model for the development of further TBT chemosensors with
improved sensitivity.
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DFT Density Functional Theory
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HOMO  Highest Occupied Molecular Orbital
HRMS  High Resolution Mass Spectrometry

HZ Hydrazone
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LOD Limit of Detection

LOQ Limit of Quantification

LUMO  Lowest Unoccupied Molecular Orbital
NMR Nuclear Molecular Resonance

QTAIM Quantum Theory of Atoms In Molecules
SHAP SHapley Additive exPlanations

TBT Tributyltin

TLC Thin Layer Chromatography

TSC Thiosemicarbazone
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