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Abstract: Anion sensing is a dynamic research field due to the biological and environmental impor-
tance of some organic or inorganic anions. Hydrazones show promising properties in the design of
anion chemosensors due to the presence of proton donor and acceptor sites in their structure. In this
work, two novel dinitrophenyl hydrazones, functionalized with a quinoline moiety, were synthesized
and characterized by spectroscopic and spectrometric techniques. The interaction between the new
compounds 3a–b with different organic and inorganic anions was assessed. The two compounds
showed a change in color from light yellow to magenta in the presence of H2PO4

−, CH3COO−, BzO−,
CN−, and F−. The interactions were analyzed by spectrophotometric titrations and the stoichiometry
of the interaction was assessed by the method of continuous variation. Compound 3b showed a
remarkable sensitivity to CN−, with a limit of detection of 0.35 µM. The interaction of compound 3b
with CN− and F− was also analyzed by 1H NMR titrations, showing that an increasing concentration
of anions induce a deprotonation of the NH and OH groups.

Keywords: anions; colorimetric chemosensor; hydrazone; synthesis; quinoline

1. Introduction

Colorimetric optical sensing is a desirable feature in the chemosensing field. Col-
orimetric optical sensors are used worldwide in simple and well-known devices such as
pregnancy or glucose tests [1,2]. This class of sensors show some upper advantages com-
pared to other sensor types, such as low-cost and selectivity [3]. Even though the sensibility
is not as high as in fluorimetric sensors, they show a major benefit: the possibility of “naked
eye” detection [3,4].

With the large number of available chromophores together with the simple method-
ology required, this type of sensing is attractive to develop straightforward methods for
fast and simple detection of several analytes [5,6]. While most of the detection methods
require sampling and laboratory analysis, which can be expensive and time consuming,
a colorimetric chemosensor allows easy, on-site detection [7,8]. The design of organic
chemosensors containing binding sites capable of sensing anions and cations is an interest-
ing and promising field within the chemosensing area.

Anion sensing is particularly important due to the role that some anions (such as
fluoride or cyanide) can have on biological and environmental systems [8–14]. For instance,
cyanide is acutely toxic to mammals by all routes of administration, affecting cardiovas-
cular, respiratory, and central nervous systems [14]. This anion’s toxicity from smoke
inhalation and the potential use of cyanide as a weapon of terrorism turn this analyte into
one of the most relevant targets [14]. The European Union has a limit of 50 µg L−1 for
cyanide in drinking waters, and the maximum concentration allowed in mineral waters is
70 µg L−1 [14].

Anions are generally challenging targets due to the wide range of sizes and shapes
they can have [15,16]. The design of a chemosensor for anion sensing usually involves
a binding site capable of establish several non-covalent interactions, such as hydrogen
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bonding, electrostatic interactions, metal coordination, halogen bonding, and anion–π
interactions [17,18].

Schiff bases are particularly known for their interesting chemosensing properties [5,8,19].
Aryl-substituted Schiff bases are more stable and easier to synthesize due to their effec-
tive conjugation compared to alkyl-substituted Schiff bases [8,20]. Within this group,
hydrazones are considered as both proton-donor and proton-acceptor moieties, which
are promising structural characteristics in the design of chemosensors [21–27]. Besides,
the C=N–N triatomic structure has nucleophilic imine and amino-type (more reactive)
nitrogens, an imine carbon that has both an electrophilic and nucleophilic character, config-
urational isomerism stemming from the intrinsic nature of the C=N double bond, and, in
most cases, an acidic NH [28]. The latter property is crucial in basic anion sensing.

The combination of the sensing characteristics of hydrazones with conjugated hetero-
cyclic groups can be important in the development of an anion colorimetric sensor. The
distance between HOMO and LUMO establishes the maximum absorption wavelength of
the molecule, and the more conjugated the molecule, the lower the gap is between these
two orbitals and the longer is the wavelength [4]. Quinoline is a type of heterocycle that
can serve to functionalize hydrazones, in order to add electron density to the molecule and
an extra heteroatom (nitrogen), which can be involved in the interaction with the analytes.

This work reports the synthesis of two new dinitrophenyl hydrazones, based on a
quinoline moiety. The synthesized compounds were characterized by the usual spectro-
scopic and spectrometric techniques. The interaction in an acetonitrile (ACN) solution
between the two novel compounds and several anions was tested. Spectrophotometric
titrations were performed to assess the extension of the interaction. NMR titrations were
also conducted to assess the binding site of the molecules involved in the interaction.
One of the compounds synthesized showed a remarkable sensitivity to CN-, with a limit
of detection (LOD) of 0.35 µM. This value is below the European Union limit, both for
drinking and mineral waters, namely, 1.92 and 2.69 µM, respectively. The two compounds
synthesized are also sensitive to other anions, with LODs in the range of µM, based on its
basicity. The sensitivity obtained is higher for CN-, the most basic anion of the group of
tested anions.

2. Experimental Section
2.1. Materials

Melting points were measured on a Stuart SMP3 melting-point apparatus. TLC analy-
sis was carried out on 0.20 mm-thick precoated silica plates (Macherey-Nagel), and spots
were observed under UV light on a CN-15 camera (Vilber Lourmat). Infrared spectra
were obtained on a PerkinElmer Spectrum Two instrument with ATR accessory, in the
450–4000 cm−1 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 a Shimadzu UV/3101PC spectrophotometer and fluo-
rescence spectra with a Fluoromax-4 spectrofluorometer. NMR spectra were obtained on
a Bruker Avance III 400 at an operating frequency of 400 MHz for 1H and 100.6 MHz for
13C, using the solvent peak as internal reference, at 25 ◦C. All chemical shifts are given in
ppm, using δH Me4Si = 0 ppm as the reference, and J values are given in Hz. Assignments
were supported by spin decoupling–double resonance and bidimensional heteronuclear
correlation techniques. All commercial reagents and solvents were used as received.

2.2. General Procedure for the Synthesis of Heterocyclic Quinoline-Based Hydrazones

Equal amounts (0.318 mmol) of the hydrazine and the appropriate aldehyde were
dissolved in 10 mL of MeOH at room temperature. The reaction mixture was stirred for
8–10 h. The precipitated solid was filtered and dried in the oven at 40 ◦C overnight. No
additional purification was required.
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2.2.1. 2-((2-(2,4-Dinitrophenyl)hydrazineylidene)methyl)quinoline 3a

Yellow solid (88%). Mp: 251 ◦C. 1H NMR (DMSO-d6, 400 MHz): δ = 7.63 (dt, J = 7.6
and 1.2 Hz, 1H, H6′), 7.79 (dt, J = 7.6 and 1.2 Hz, 1H, H7′), 7.99 (dd, J = 8.0 and 1.2 Hz, 1H,
H5′), 8.04 (dd, J = 8.4 and 0.4 Hz, 1H, H8′), 8.18–8.22 (m, 2H, H6 + H3′), 8.38–8.42 (m, 2H,
H5 + H4′), 8.78 (s, 1H, N=CH), 8.86 (d, J = 2.4 Hz, 1H, H3), 11.76 (s, 1H, NH) ppm. 13C
NMR (DMSO-d6, 100.6 MHz): δ = 116.9 (C6), 117.5 (C3′), 122.3 (C3), 127.0 (C6′), 127.6 (C5′),
127.6 (C4a’), 128.7 (C8′), 129.2 (C5), 129.7 (C7′), 130.4 (C2), 136.3 (C4′), 137.8 (C4), 143.9 (C1),
147.2 (C8a’), 148.6 (N=CH), 153.0 (C2′) ppm. IR (solid): ν 3278, 3169, 3107, 3007, 2147, 1969,
1944, 1836, 1619, 1613, 1584, 1546, 1522, 1503, 1460, 1431, 1375, 1337, 1322, 1309, 1280, 1270,
1244, 1223, 1144, 1096, 1058, 996, 962, 945, 916, 878, 859, 844, 834, 827, 791, 770, 759, 742, 714,
682, 637, 620, 599, 527, 513, 482 cm−1. HRMS: (ESI, positive mode) m/z for C16H11N5O4,
calcd 336.0738; found 336.0746.

2.2.2. 2-((2-(2,4-Dinitrophenyl)hydrazineylidene)methyl)quinolin-8-ol 3b

Yellow solid (95%). Mp: 298 ◦C. 1H NMR (DMSO-d6, 400 MHz): δ = 7.14 (dd, J = 7.2
and 1.2 Hz, 1H, H7′), 7.45 (m, 2H, H5′ + H6′), 8.23 (d, J = 8.8 Hz, 1H, H3′), 8.24 (d, J = 10 Hz,
1H, H6), 8.36 (d, J = 8.4 Hz, 1H, H4′), 8.41 (dd, J = 9.6 and 2.8 Hz, 1H, H5), 8.82 (s, 1H,
N=CH), 8.87 (d, J = 2.8 Hz, 1H, H3), 9.89 (s, 1H, OH), 11.95 (s, 1H, NH) ppm. 13C NMR
(DMSO-d6, 100.6 MHz): δ = 112.3 (C7′), 117.3 (C6), 117.9 (C5′), 118.1 (C3′), 122.9 (C3), 128.6
(C6′), 128.9 (C4a′), 129.8 (C5), 130.5 (C2), 136.7 (C4′), 137.8 (C4), 138.3 (C8a′), 144.4 (C1),
148.4 (N=CH), 151.3 (C2′), 153.5 (C8′) ppm. IR (solid): ν 3417, 3285, 3107, 2249, 2162, 1982,
1619, 1605, 1583, 1562, 1547, 1520, 1505, 1462, 1429, 1393, 1378, 1336, 1323, 1278, 1237, 1200,
1169, 1143, 1136, 1100, 1057, 1044, 975, 940, 925, 916, 883, 851, 834, 763, 741, 721, 714, 693, 684,
637, 590, 570, 535, 524, 507, 484, 461 cm−1. HRMS: (ESI, positive mode) m/z for C16H11N5O5,
calcd 352.0687; found 352.0692.

2.3. Chemosensing Studies

In the preliminary studies, 50 equivalents (equiv.) of each ion (50 µL, 1 × 10−1 M
in ACN) were added to an ACN solution of each compound (1 mL, 1 × 10−4 M). The
assessment of the color/fluorescence changes was evaluated by “naked eye” and in a
UV-vis chamber under ultraviolet light at 365 nm. All anions were in the form of hydrated
tetrabutylammonium salts and solutions were prepared in UV-grade ACN. Spectropho-
tometric titrations were performed when a relevant optical response was observed. To
an ACN solution of each compound (3 mL, 1 × 10−5 M), a sequential addition of each
ion (10−2–10−3 M) was performed, and the absorbance spectra was collected, until the
absorption plateau was reached. NMR titrations were performed by a similar sequential
addition of each ion to a DMSO-d6 solution of the compound. Job plots were obtained by
the addition of different molar ratios of 10−4 M solutions of the compounds and the corre-
sponding ion. Limit of detection (LOD) and limit of quantification (LOQ) were calculated
with the slope of the calibration curve, using 10 different analyses [29].

3. Results and Discussion
3.1. Synthesis of Heterocyclic Quinoline-Based Hydrazones

The new quinoline-based hydrazones 3a–b were synthesized by reaction of (2,4-
dinitrophenyl)hydrazine 1 with quinoline-2-carbaldehyde 2a and 8-hydroxyquinoline-2-
carbaldehyde 2b, respectively, in methanol at room temperature for 8–10 h (vide Scheme 1).
The resulting solids were then filtered, and the pure compounds were isolated with yields
of 88% and 95%, respectively, and characterized by the usual spectroscopic techniques.

The 1H NMR spectra of compound 3b shows the signal for hydrazone NH at 11.76 ppm,
OH signal at 9.89 ppm, and the imine N=CH at 8.82 ppm. Besides, the protons from the
quinoline moiety appear at 7.14 (H7′), 7.45 (H5′ + H6′), 8.23 (H3′), and 8.36 (H4′) ppm.
Dinitrophenyl protons appear at higher chemical shifts, due to the deshielding effect caused
by the NO2 groups: 8.24 (H6), 8.41 (H5), and 8.87 (H3) ppm. In the spectra of 3a, the main
difference is the presence of H8’ at 8.04 ppm. The remaining quinoline protons appear at
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7.63 (H6′), 7.79 (H7′), and 7.99 (H5′) ppm. H3′ and H4′ appear in the multiplet signals
together with H6 and H5 from the dinitrophenyl groups, at 8.18–8.22 and 8.38–8.42 ppm.
The imine N=CH appears at 8.78 ppm, as well as hydrazone NH at 11.76, similarly to 3b.
13C RMN spectra of 3b reveal a downfield shift of C8′ (153.5 ppm), when compared with the
spectra of 3a (128.7 ppm), due to the presence of the -OH group. FTIR spectra of compound
3b also shows the OH bending vibration at 1393 cm−1.

Chemosensors 2022, 10, x FOR PEER REVIEW 4 of 11 
 

 

yields of 88% and 95%, respectively, and characterized by the usual spectroscopic tech-
niques.  

 
Scheme 1. Synthesis of the quinoline-based hydrazones 3a–b. 

The 1H NMR spectra of compound 3b shows the signal for hydrazone NH at 11.76 
ppm, OH signal at 9.89 ppm, and the imine N=CH at 8.82 ppm. Besides, the protons from 
the quinoline moiety appear at 7.14 (H7′), 7.45 (H5′ + H6′), 8.23 (H3′), and 8.36 (H4′) ppm. 
Dinitrophenyl protons appear at higher chemical shifts, due to the deshielding effect 
caused by the NO2 groups: 8.24 (H6), 8.41 (H5), and 8.87 (H3) ppm. In the spectra of 3a, 
the main difference is the presence of H8’ at 8.04 ppm. The remaining quinoline protons 
appear at 7.63 (H6′), 7.79 (H7′), and 7.99 (H5′) ppm. H3′ and H4′ appear in the multiplet 
signals together with H6 and H5 from the dinitrophenyl groups, at 8.18–8.22 and 8.38–
8.42 ppm. The imine N=CH appears at 8.78 ppm, as well as hydrazone NH at 11.76, simi-
larly to 3b. 13C RMN spectra of 3b reveal a downfield shift of C8′ (153.5 ppm), when com-
pared with the spectra of 3a (128.7 ppm), due to the presence of the -OH group. FTIR 
spectra of compound 3b also shows the OH bending vibration at 1393 cm−1. 

The two compounds were dissolved in ACN (1 × 10−5 M) for the photophysical char-
acterization, resulting in a light-yellow solution in both cases. UV/Vis spectra of the two 
compounds are similar, with a maximum absorption wavelength (λabs) of 379 nm for hy-
drazone 3a and 385 for hydrazone 3b. The logarithm of the molar attenuation coefficient 
(log ε) values were found to be 4.51 and 4.46, respectively. 

3.2. Preliminary Chemosensory Tests 
Evaluation of the new 2,4-dinitrophenylhydrazones 3a–b, as potential anion colori-

metric/fluorimetric chemosensors, was carried out by performing preliminary sensory 
tests in ACN in the presence of analytically relevant organic and inorganic anions (H2PO4−, 
CH3COO−, NO3−, ClO4−, HSO4−, BzO−, Br−, CN−, I−, and F−). Preliminary tests were carried 
out by addition of 50 equiv. of each ion to the solutions of compounds 3a–b. For the two 
compounds, a change in color from light-yellow to magenta was visible upon interaction 
with several anions, namely, H2PO4−, CH3COO−, BzO−, CN−, and F− (vide Figure 1). The two 
compounds were also tested with different cations, with no significant optical response.  

Scheme 1. Synthesis of the quinoline-based hydrazones 3a–b.

The two compounds were dissolved in ACN (1 × 10−5 M) for the photophysical
characterization, resulting in a light-yellow solution in both cases. UV/Vis spectra of the
two compounds are similar, with a maximum absorption wavelength (λabs) of 379 nm for
hydrazone 3a and 385 for hydrazone 3b. The logarithm of the molar attenuation coefficient
(log ε) values were found to be 4.51 and 4.46, respectively.

3.2. Preliminary Chemosensory Tests

Evaluation of the new 2,4-dinitrophenylhydrazones 3a–b, as potential anion colorimet-
ric/fluorimetric chemosensors, was carried out by performing preliminary sensory tests
in ACN in the presence of analytically relevant organic and inorganic anions (H2PO4

−,
CH3COO−, NO3

−, ClO4
−, HSO4

−, BzO−, Br−, CN−, I−, and F−). Preliminary tests were
carried out by addition of 50 equiv. of each ion to the solutions of compounds 3a–b. For
the two compounds, a change in color from light-yellow to magenta was visible upon
interaction with several anions, namely, H2PO4

−, CH3COO−, BzO−, CN−, and F− (vide
Figure 1). The two compounds were also tested with different cations, with no significant
optical response.
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3.3. Spectrophotometric Titrations

The interaction between the two compounds 3a–b with the five anions (H2PO4
−,

CH3COO−, BzO−, CN−, and F−), which resulted in a color change, was analyzed by
spectrophotometric titrations. To 3 mL of a 10−5 M ACN solution of each compound,
successive amounts of each anion were added until a plateau was reached. Figures 2–6 show
the spectrophotometric titrations for compound 3b (3a showed similar results), as well as
the Job’s plot for the determination of stoichiometry by the method of continuous variation.

Figure 2. Photophysical interaction between compound 3b and CN− (1 equiv. of CN− required
for maximum absorbance). Left—spectrophotometric titration of compound 3b with CN−; Top
right—absorbance at 520 nm as a function of added ion equiv.; Bottom right—Job’s plot for the
interaction (stoichiometry 3b 1:3 CN−).

Figure 3. Photophysical interaction between compound 3b and F− (5 equiv. of F− required for maximum
absorbance). Left—spectrophotometric titration of compound 3b with F−; Top right—absorbance at
520 nm as a function of added ion equiv.; Bottom right—Job’s plot for the interaction (stoichiometry 3b
2:1 F−).
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Figure 4. Photophysical interaction between compound 3b and BzO− (8 equiv. of BzO− required
for maximum absorbance). Left—spectrophotometric titration of compound 3b with BzO−; Top
right—absorbance at 520 nm as a function of added ion equiv.; Bottom right—Job’s plot for the
interaction (stoichiometry 3b 1:1 BzO−).

Figure 5. Photophysical interaction between compound 3b and CH3COO− (4 equiv. of CH3COO−

required for maximum absorbance). Left—spectrophotometric titration of compound 3b with
CH3COO−; Top right—absorbance at 520 nm as a function of added ion equiv.; Bottom right—Job’s
plot for the interaction (stoichiometry 3b 1:1 CH3COO−).
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Figure 6. Photophysical interaction between compound 3b and H2PO4
− (9 equiv. of H2PO4

− re-
quired for maximum absorbance). Left—spectrophotometric titration of compound 3b with H2PO4

−;
Top right—absorbance at 520 nm as a function of added ion equiv.; Bottom right—Job’s plot for the
interaction (stoichiometry 3b 1:2 H2PO4

−).

The behavior of compound 3b in the presence of the five anions is similar. The main
band in the visible zone (385 nm) reduces intensity upon sequential addition of each
ion, while a new band at 520 nm is formed. Job’s plots show the stoichiometry of each
interaction, which changes from one anion to another, but is similar for compounds 3a–b.
The sensitivity of the hydrazones towards the five anions is high, being necessary between
1 to 10 equiv. of the anion to achieve the maximal optical change. It can be observed that
compound 3b showed higher sensitivity to CN− and the interaction with H2PO4

− and
BzO− required a higher number of equiv. to reach the absorption plateau. The LOD and the
LOQ for the interaction between the two hydrazones and the five anions were calculated
through the slope of the linear zone of each absorbance vs. the number of equiv. graphs.
The results are shown in Table 1.

Table 1. LOD and LOQ of compounds 3a–b for the five anions in ACN.

Compound CN− F− H2PO4− BzO− CH3COO−

LOD (µM)
3a 0.58 1.35 3.03 3.13 1.20

3b 0.35 1.21 2.27 3.22 0.90

LOQ (µM)
3a 1.92 4.45 9.99 10.33 3.96

3b 1.17 3.99 7.48 10.63 2.97

The tested hydrazones show a remarkable sensitivity to CN-, with a LOD of 0.35 µM
(0.035 equiv.) for compound 3b and 0.58 µM (0.058 equiv.) for compound 3a. These values
are very promising, since we placed the two probes at the highest sensitivity for colorimetric
probes for this anion, according to the literature [11–15,30–33]. The two compounds also
show an LOD around 1 µM for F- and CH3COO-. H2PO4

- and BzO- show higher detection
limits, between 2.27 and 3.22 µM, for the two compounds. BzO- is the only anion to which
compound 3a is more sensitive than 3b, although the LOD is still higher when compared
to the other anions.

These results indicate that the anion sensing ability of hydrazones 3a–b may be related
to the basicity of each anion, which would cause deprotonation of the NH group [32].
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CN- is by far the anion in this group with the highest Kb, and the sensitivity to this
anion is significantly higher. Cyanide has the ability to form a very weak acid with H+

(HCN, pKa = 9.1 in water) [32], and is believed to cause deprotonation of this type of
compound. This is also correlated with the fact that the anions that do not show an optical
change (NO3

−, ClO4
−, HSO4

−, Br−, and I−) are the ones with a pKa lower than 1. On the
other hand, F− (pKa = 3.14), CH3COO− (pKa = 4.75), H2PO4

− (pKa = 7.21), and BzO−

(pKa = 4.19) show significantly higher pKa values and show colorimetric changes in the
presence of hydrazone 3a–b, which correlates to the hypothesis of optical changes based
on deprotonation of the NH group.

3.4. NMR Titrations

The sensitivity of 3b for CN- and F-, as observed with the spectrophotometric titrations,
was complemented by performing 1H NMR titrations, to study the binding mode between
the hydrazone and the anions and investigate whether deprotonation of the molecule
occur. Due to the limited solubility of 3b in deuterated ACN, the study was carried out in
DMSO-d6.

Figure 7 shows the spectra for the NMR titration of compound 3b with CN−. The
compound’s original spectrum shows NH at 11.76 ppm and OH at 9.89 ppm. It can be
observed that 0.025 equiv. of CN- can induce a partial deprotonation of the two groups,
due to the basicity of the ion. The imine N=CH and the protons from the dinitrophenyl
group (H3, H5, and H6) move to lower chemical shift, due to the shielding effect caused
by the deprotonation. The increased electron density, delocalized through the conjugated
system, causing the shielding effect, is potentiated by the electron acceptor character of the
nitro groups. With the addition of higher amounts of CN−, this change becomes clearer:
with 0.1 equiv. of CN−, NH and OH totally disappear, and the upfield shift of the other
signals is significant. Quinoline protons H3′, H4′, H5′, H6′, and H7′ signals remain similar
to the original spectrum.
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Figure 8 shows the spectra for the NMR titration of compound 3b with F−. The
interaction is very similar to the interaction with CN−, although the sensitivity is lower.
This is in accordance with the lower basicity of fluoride. A total of 0.5 equiv. of F- are
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needed to achieve a similar effect to the one caused by 0.1 equiv. of CN−. Similar upfield
shifts occurred for the imine N=CH and H3, H5, and H6, and quinoline protons H3′, H4′,
H5′, H6′, and H7′ also remained similar to the original spectrum.
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4. Conclusions

This work reports the synthesis and characterization of two novel quinoline-based
dinitrophenyl hydrazones, 3a–b. The two compounds were showed to be sensitive to
different anions, namely, H2PO4

−, CH3COO−, BzO−, CN−, and F−, and the interaction
in ACN solutions was tested by spectrophotometric titrations. The stoichiometry of the
interactions was assessed by the method of continuous variation. Compound 3b showed a
remarkable sensitivity to CN−, with a LOD of 0.35 µM. This value is below the EU limit,
both for drinking and mineral water (50 and 70 µg L−1, respectively, equaling to 1.92 and
2.69 µM). The two compounds are also sensitive for the other anions (LODs in the range
of µM), based on its basicity. 1H NMR titrations were performed to assess the binding
site of the molecules, for the interaction between 3b and CN− and F−, which showed
that increasing concentrations of the anion induce deprotonation of both NH and OH.
Sensitivity is higher for CN−, the most basic anion of the group of tested anions.
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