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In this work, chemical mechanic synthesis of six imines is reported, chemical structure and optical char-
acterization is described. The imines 3a-3f were evaluated as colorimetric chemical sensors of metals:
Ba%*, Co?*+, Fe?+, Mg?+, Ni2t, Pb2+, Zn2*, Cd?+, Hg?t, Cu?*, Sn?* and Cs* where 3e being a highly se-
lective colorimetric chemical sensor for Cu2t. The limit detection of the sensor was determined through
the titration, which turned out to be 4.9 x 10~ M with a Ka of 8.264 x 10> M~!. Also, the interference
of detection in a mixture of metals was studied. Finally, by the use of IR, NMR, and DFT calculations,
the structure of the 3e + M complex formed, and the phenomenon responsible for the color change was
determined. Finally, a possible relationship between the selectivity to metal ions and the HOMO energy
levels of the molecules is proposed, being a basis for the design of smart organic sensors

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

In the last two decades, organic chemical sensors develop-
ment has attracted attention because they are cheap and easy
to synthesize. Some chemical sensors are based on optical de-
tection either by colorimetric or fluorescence [1,2]. Many optical
chemical sensors have been synthesized whose design depends on
the substance to be detected. Within the organic chemical sen-
sors that have been developed are found; gas sensors [3], explo-
sive chemical sensors [4-6], metabolite and peptide sensors [7,8],
carbohydrate sensors [9,10], ion sensors [11-13], among others
[14].

Organic chemical sensors for metal ions detection as; Hg?*,
Cu?t, Zn?t, Fe?*, Mn2*, Co?t, Pb%*, and Cd?*, have been studied
extensively since at low exposure levels, they cause neurological,
reproductive, and cardiovascular problems [15,16]. A developmen-
tal disorder that mainly affects children induces a low motor re-

* Corresponding author.
E-mail address: cgarcias@uadec.edu.mx (C. Garcias-Morales).

https://doi.org/10.1016/j.molstruc.2020.129444
0022-2860/© 2020 Elsevier B.V. All rights reserved.

sponse, decreased IQ, and hypertension; several of these metals are
also carcinogenic substances [17,18].

Chemical sensors use the molecular recognition to coordinate
the metals, the interaction between the chemical sensor and metal;
can be through coordination or electrostatic interactions. One ad-
vantage of organic optical sensors is their sensitivity since they can
detect samples even in concentrations of 1 x 10~7 M. The coordi-
nation between the organic molecule and the metal ion causes an
electronic density rearrangement through internal charge forma-
tion transfer complexes (ICT). This ICT causes changes in the en-
ergy band-gap of molecules, changing the UV-Vis absorption and,
therefore, in molecule color [19].

The main advantage of chemical sensors over other metals de-
tection methods is the simplicity of the synthesis, the high sensi-
tivity and selectivity that can be achieved, and their low cost. Flu-
orescent chemo-sensors have been reported using pyrenes deriva-
tives [20], calixarenes [21], benzimidazole [22], and rhodamine
[23-25]. Czarnik et al. reported molecules derived from anthracene
used as fluorescent chemo-sensors in the Pb2* detection [26].
Metal ion detection for this method is easy to interpret. In solu-
tion, the molecules described are not fluorescent; however, when
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coordinated with Pb%*, they are highly fluorescent due to a photo-
induced electronic transfer, which indicates the Pb2t presence.

Some compounds derived from rhodamine B [27], have been
used as colorimetric and fluorescent chemo-sensors for Pb?+ de-
tection; these compounds showed high selectivity and detection at
low concentrations (1 mM) using perchlorate salts of Agt, CaZt,
Cd2+, Co%t, Cs*, Cu2t, Hg?t, K+, Lit, Mg2*, Mn2t, Na*, NiZ+, Pb2+,
Rb* and Zn?* in acetonitrile [28]. Chalcones have also been re-
ported as selective colorimetric chemo-sensors for Cu*, Ni2*, and
Cd2* in a mixture of CH3CN/H,0 (95/5, v/v) [29]. The structure of
the L+M coordination complex in these compounds was studied
by IR and NMR spectroscopy. It was determined that metal coor-
dination with the molecule is through the lone pair electrons of
nitrogen (nN) and oxygen (nO).

The Schiff bases have attracted attention due to its easy prepa-
ration and purification, considering its since its synthesis is in-
herent to the 12 principles of green chemistry [30]. Have a high
atomic economy since the reaction proceeds only with water as
a byproduct; its structures are easily adjustable and efficiently de-
graded after use; therefore, they are promising molecules as chem-
ical sensors [31-34]. Rodriguez et al. reported m-conjugated imines
derived from N,N’-dimethyl cinnamaldehyde. These molecules are
colorimetric sensors of Cu?t and Ni?t, with detection limits of
0.125 uM [35,36].

The Cu?* detection in water for human consumption is es-
sential because a high concentration of this metal is related to
Alzheimer’s and Parkinson’s disease [37,38] (since copper regularly
coordinates proteins by changing its folding and aggregation prop-
erties). Consequently, developing a highly selective chemo-sensor
to this metal is of great importance, enabling easy detection in
real-time.

In this work, the synthesis of six Schiff bases derivatives (3a-
3f), which functions as a colorimetric chemical-sensor for metal
detections, is described. The chemical-sensors 3e can detect Cu?+
at concentrations of 4.9 x 1076 M, in aqueous solution. The ad-
dition of the aqueous metal ion (M) to the sensor 3e (L) solu-
tion in CH3CN causes an optical change since the initially color-
less solution changes to yellow when forming the L+M complex.
UV-Visanalysis showed the formation of two absorption bands at
406 and 420 nm, both attributed to the ICT of the L+M complex.
The relationship between the structure, the HOMO-LUMO energy
levels, and the selectivity to metal ions was also studied.

2. Experimental section

All reagents and chemicals were used without further pu-
rification unless stated otherwise. The salts used to prepare the
solutions were: Zn(ClO4),-6H,0, Ni(ClO4),-6H,0, CoCl,-6H,0,
Mg(ClO4)2, Pb(c104)23H20, FeC12~4H20, CU(C104)2-6H20,
Ba(ClOy4); Cd(ClO4); and Hg(ClO4),. The salts of metals, or-
ganic solvents, 2-hydroxymethyl aniline, 2-formyl pyrrole, 2-
thiophenecarboxaldehyde, salicylaldehyde, 2,6-diaminopyridine,
3,5-diamino-1,2,4-triazole, 4-nitroaniline, 2,4-dimethoxyaniline,
were purchased from Aldrich.

The infrared spectra were obtained using a Perkin-Elmer 16F PC
FT-IR spectrometer, using the ATR technique in a range of 4000-
500 cm~!. Nuclear magnetic resonance spectra of 'H and 3C were
obtained in a Jeol/ECA at 500 MHz for 'H and 125 MHz for 13C.
The chemical shift is expressed in ppm using Si(CH3)4 as internal
reference (6 = 0 ppm) and CDCl3 as a solvent. The high-resolution
MS spectra were obtained by direct insertion in an Agilent G1969
LC/MSD-TOF. The UV-Vis absorption spectra were obtained in a
Jenway model 7315 spectrophotometer, using a 1cm cell and a
stock solution of 10 uM in acetonitrile analytical grade. Simultane-
ously, the salts were prepared in a concentration of 10 uM, using
distilled and deionized water.
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2.1. Synthesis

2.1.1. General procedure

The corresponding amine was placed in a porcelain mortar, and
the aldehyde was subsequently added. The reaction was ground
for 30 min at room temperature. The reaction was monitored by
thin-layer chromatography and was terminated when no change
in products and reagents was observed. In all cases, a paste was
obtained. After the reaction, ethyl acetate was added. The mixture
was cooled to 3°C to purify by recrystallization. The solid was re-
covered by filtration and dried at room temperature using a stream
of nitrogen.

2.1.2. 2-(((2,4-dimethoxyphenyl)imino )methyl)phenol (3a)

In a porcelain mortar 0.30 g (2.0 mmol) of 2,4-dimethoxyaniline
and 0.24g (2 mmol) of salicylaldehyde were placed, and then
the general procedure was followed. A brown viscous liquid was
obtained; yield: 88% IR (ATR, cm~'): 3371 (OH), 1640 (C=N),
1455 (C=C). 'TH NMR (CDCl;, 500 MHz, §): 8.7 (s, 1H, H9), 7.3
(m, 2H, H12 and H14), 7.2 (d, 1H, H6), 7.0 (d, 1H, H15), 6.9 (t,
1H, H13), 6.5 (m, 2H, H5 and H3), 3.9 (s, 3H, H8), 3.8 (s, 3H,
H7). 3C NMR (CDCl3, 125 MHz, §): 161.4 (C11), 159.9 (C4), 159.5
(C=N), 154.3 (C2), 132.4 (C13), 131.6 (C15), 130.1 (C10), 119.7 (C6),
119.7 (C1), 118.6 (C4), 117.2 (C12), 99.4 (C3), 55.8 (C7), 55.5 (C8).
[M+H]* CysHy5NO3 calculated: 258.112469, [M+H]+ CysH{5NO;
found: 258.1127467.

2.1.3. 2-(((4-nitrophenyl)imino )methyl)phenol (3b)

In a porcelain mortar 0.276 g (2.0 mmol) of 4-nitroaniline and
0.24g (2 mmol) of salicylaldehyde were placed, and then the gen-
eral procedure was followed. An orange solid was obtained; yield:
86%, mp: 121.7 °C, IR (ATR, cm~1): 3479 (N-H), 3356 (OH), 1655
(C=N), 1588 (N-H), 1480 (C=C). '"H NMR (500 MHz, DMSO-dg)
6 12.33 (s, 1H, O-H), 8.97 (s, 1H, H7), 832 - 8.24 (m, 2H, H3,
H5), 7.72 (dd, | = 8.1, 1.7 Hz, 1H, H13), 7.62 - 753 (m, 2H, H6
and H2), 746 (td, ] = 7.7, 1.8 Hz, 1H, H11), 700 (m, 2H, H10 and
H12). 3C NMR (125 MHz, DMSO-dg) § 166.05 (C=N), 160.75 (C9),
154.97 (C1), 145.86 (C4), 134.79 (C11), 132.95 (C13), 125.49 (C2 and
C6), 122.90 (C3 and C5), 119.91 (C10), 119.81 (C8), 117.23 (C12).
[M+H]+ C]3H]0N203 calculated: 24206914, [M+H]+ C13H]0N203
found: 242.06916.

2.14. ((1H-1,2,4-triazole-3,5-
diyl)bis(azanylylidene))bis(methanylylidene))diphenol
(3¢)

In a porcelain mortar 0.30 g (3.0 mmol) of 3,5-diamino-1,2,4-
triazole and 0.74 g (6 mmol) of salicylaldehyde were placed, and
then the general procedure was followed. A yellow powder was
obtained; yield: 76%; mp: 227 °C, IR (ATR, cm~1): 3389 (N-H) 3200
(0-H), 2298 (C-H), 1570 (N-H), 1471 (C=C). 'H NMR (500 MHz,
DMSO-dg) § 12.78 (s, 1H, NH), 12.14 (s, 2H, OH), 9.13 (s, 2H, H2),
7.67 - 7.62 (m, 2H, H8), 744 - 7.33 (m, 2H, H6), 6.92 (m, 4H, H7
and H5). 3C NMR (126 MHz, DMSO-dg) § 163.71 (C=N), 160.77
(C4), 157.28 (C1), 134.04 (C8), 133.03 (C6), 119.88 (C3), 119.64 (C7),
117.15 (C5). [M+H]* CygH3N50, calculated: 307.10692, [M+H]|*
C16H13N30, found: 282.279689 (loss of N,).

2.15. 2,2'-((1E,1'E)-(pyridine-2,6-
diylbis(azanylylidene))bis(methanylylidene))diphenol
(3d)

In a porcelain mortar 0.30 g (2.7 mmol) of 2,6-Diaminopyridine
and 0.64 g (5.4 mmol) of salicylaldehyde were placed, and then
the general procedure was followed. An orange powder was ob-
tained, yield: 85%; mp: 167 °C, IR (ATR, cm~1): TH NMR (500 MHz,
CDCl3) & 13.42 (s, OH), 9.47 (s, 2H, H7), 7.82 (t, ] = 7.7 Hz, 1H,
H10), 7.58 - 7.51 (m, 2H, H6), 7.45 - 7.36 (m, 2H, H4), 7.27 - 7.19
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(m, 2H, H9), 7.04 (dd, ] = 8.3, 1.0 Hz, 2H, H3), 6.97 (m, 2H, H5). 13C
NMR (126 MHz, CDCl3) § 165.17 (C=N), 162.08 (C2), 156.89 (C8),
140.77 (C10), 134.21 (C6), 133.68 (C4), 119.39 (C5), 119.30 (C3),
119.02 (C1), 117.48 (C9). M+H]* CigH5N30, calculated: 318.11978,
[M+H]* CigH5N30, found: 318.11996.

2.1.6. 2-(((1H-pyrrol-2-yl)methylene Jamino )phenyl)methanol (3e)

In a porcelain mortar 0.30 g (2.4 mmol) of 2- (hydroxymethyl)
aniline and 0.22 g (2.4 mmol) of 2-formylpyrrole were placed, and
then the general procedure was followed. A gray powder was ob-
tained;yield: 93%; mp: 72 °C; IR (ATR, cm~1): 3402 (N-H), 3366
(OH), 1619 (C=N), 1575 (N-H), 1447 (C=C), 1413 (C-N), 1028 (C-0).
TH NMR (CDCl3, 500 MHz, §): 11.01 (s, OH), 8.2 (s, 1H, HS8), 7.3
(m, 2H, H3 and H5), 7.2 (t, 1H, H4), 71 (d, 1H, H6), 6.9 (d, 1H,
H12), 6.7 (dd, 1H, H10), 6.3 (dd, 1H, H11), 4.8 (s, 2H, H7); 13C NMR
(CDCl, 125 MHz, §): 149.7 (C2), 149.6 (C8), 134.4 (C1), 130.4 (C9),
128.8 (C6), 128.3 (C5), 125.7 (C4), 124.4 (C12), 118.1 (10), 117.8 (C3),
110.6 (C11), 63.9 (C7). [M+H]* C1,H13N,0 calculated: 201.102239,
[M+H]+ C12H13N20 found: 201.102312.

2.1.7. (E)-2-(((thiophen-2-ylmethylene Jamino)methyl)phenol (3f)

In a porcelain mortar 0.30 g (2.4 mmol) of 2- (hydroxymethyl)
aniline and 0.27 g (2.4 mmol) of 2-thiophenecarboxaldehyde were
placed, and then the general procedure was followed. A brown
powder was obtained; yield 96%; mp: 83 °C; IR (ATR, cm~1): 3326
(OH), 1610 (C=N), 1545 (N-H), 1485 (C=C), 1439 (C-N). 'H NMR
(CDCl3, 500 MHz, §): 8.54 (s, 1H, H8), 7.50-7.46 (m, 1H, H10),
730-7.29 (m, 1H, H12), 7.19-7.15 (m, 2H, H6, H4), 7.17-7.04 (m,
3H, H3, H5, H11), 4.76 (s, 2H, H7). 3C NMR (125 MHz, CDCl5)
6 152.28 (C8), 148.89 (C2), 141.09 (C9), 132.71 (C6), 131.01 (C10),
128.63 (C12), 128.34 (C4), 128.04 (C11), 126.65 (C1), 122.17 (C5),
117.38 (C3), 64.06 (C7). [M+H]™ C1,H;1NOS calculated: 218.06341,
[M+H]* C1,H;NOS found: 218.06350.

2.1.8. Selectivity evaluation of different metals

The evaluation of imines’ selectivity was carried out, preparing
a solution of the imine 3a-3f (L) with a concentration of 10
uM in CH3CN. Also aqueous solutions with a concentration
of 10 uM of the metals (M): Ba?t, Co%*, Fe?+, Mg?*, Nit,
Pb2+t, Zn%+, Cd2+, Hg2*, Cu?t, Sn2* and Cs* were prepared.
The selectivity was achieved by placing 1 mL of L in 10 dif-
ferent vials, and 1 mL of the metal solution was added to
each one (L+M).

3. Results and discussion
3.1. Imines synthesis

The two components of a colorimetric organic sensor are the
receptor and the transducer. The receptor is responsible for the
recognition, generally through coordination, so heteroatoms with
lone pair electrons can be used, such as N, S, O, P, and B. On the
other hand, the transducer is responsible for converting the coordi-
nation system into a visible optical signal. In the imines, the con-
jugated double bond system acts as transducers. Imines are rela-
tively easy to synthesize molecules; heteroatoms with free elec-
tron pairs allow its incorporation into a 7r-conjugated system, mak-
ing their molecular engineering easy to manipulate. Some frag-
ments like heterocycles rings and salicylaldehyde were included in
the molecule to introduce lone pair electrons as a receptor. The
synthesis of 3a-3d imines was carried out through a condensa-
tion reaction using salicylaldehyde and the corresponding amine,
as shown in Scheme 1. The 3e and 3f synthesis was carried out
by the condensation of 2-amino-benzyl alcohol, with pyrrole-2-
carboxaldehyde, and 2-thiophenecarboxaldehyde, respectively. Re-
actions were carried out using mechanochemistry at environmen-
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Table 1
Optical characterization of imines 3a-3f.
Comp (L)  Yield (%¥)  Abs (Amax nm)  Eg (eV) Egel (eV)++
3a 88 362 3.43 3.86
3b 86 360 3.45 3.88
3c 76 348 3.57 3.51
3d 90 370 3.35 3.97
3e 92 326 3.81 3.69
3f 96 292 4.25 3.97

* Was obtained from equation Eg = 1243/A.
++ Obtained by calculations using DFT.

tal conditions, in the absence of solvent at 30 °C. The yields ob-
tained were in the range of 76-96%.

The chemical structure characterization was performed using
FT-IR, 1D, and 2D NMR and mass spectrometry. In the FT-IR spec-
tra, two characteristic bands were observed for these compounds;
the first one is shifted to 3500-3244 cm~! region corresponding
to the O-H bond strain vibrations; this is broadband, which means
that the hydroxyl hydrogen is forming a strong hydrogen bond
(O-H:---A). The second band observed is the corresponding to the
carbon-nitrogen double bond (C = N), which was detected in 1615,
1655, 1613, 1603, 1619, and 1610 cm~! for 3a, 3b, 3¢, 3d, 3e, and
3f respectively, this signal confirms the imine formation.

TH NMR corroborated the imines structures; the amino hydro-
gen of 3a, 3b, 3¢, 3d, 3e, and 3f, were shifted at 6 = 8.7, 8.9, 9.1,
9.4, 8.2, and 8.6 ppm, respectively. The 'H spectrum integration of
the signals corresponds to the total number of hydrogens in each
molecule under study. On the other hand, using >C NMR, it was
found that the chemical shift of the imine carbons (C = N) of 3a,
3b, 3¢, 3d, 3e, and 3f, was 159, 166, 163, 165, 149, and 152 ppm,
respectively. The imine 3a is in equilibrium in 96:4 cis/trans ratio,
while 3e and 3f are in an imine/1,3-oxazinane equilibrium. In 3e,
the equilibrium is shifted to the imine form in a 95:5 ratio. In com-
pound 3f, the equilibrium is in a 50:50 ratio (the ratio was estab-
lished using the integrals in the '"H NMR, SI spectra) (Scheme 2).

3.2. Optical properties and assessment of 3a-3f selectivity to different
metals

First, the UV-Vis spectrum of 3a-3f 10 uM was obtained;
the maximum of absorption band (Amax) values  are shown in
Table 1, where it is demonstrated that imine 3d was the most red-
shifted with a Apax at 370 nm, so the compound is yellow with a
band-gap of 3.35 eV. The imine 3f presents a Amax at 292 nm with
the largest band-gap (4.25 eV). Subsequently, the absorption spec-
tra of each imine with the different metals were obtained (Fig. 1).
Compounds 3a, 3b, 3d, and 3f did not show selectivity to metals
in aqueous solution. Imine 3a is coordinated to most metals with
a new band formation at 445 nm. On the other hand, the imine 3d
has photoluminescence in the presence of PbZ+, Sn*, Fe2*, Hg?t,
and Cu?*, under an excitation source of 352 nm. Compound 3c ini-
tially presented a band at 348 nm as a colorless solution, in the
presence of Hg2*, Ni2*, and Cu?*, the formation of a small band
was observed at 461, 422, and 412 nm respectively, accompanied
by a yellow color in solution

3.3. Metal ion interference and determination of detection limit

Finally, when compound 3e was evaluated as a sensor to dif-
ferent metals, only the mixture 3e + Cu?*, presented a change of
coloration (from colorless to yellow), while the rest of the mixtures
3e+M remained colorless. This result indicates that 3e is a chem-
ical sensor selective to Cu?t (Fig. 1). The UV-Vis spectrum, shows
that 3e absorption bands do not shift when the metals solutions
of; BaZt+, Co%*, Fe2t, Mg2*, Ni2t, Pb2*, Zn2*, Cd2*, Sn?+ and Cs*t
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Scheme 2. Chemical equilibrium A) cis-trans isomerization of 3a, B) Imine - 1,3-oxazinane equilibrium for 3e and 3f.

are added, except when Hg?* is used since the maximum absorp-
tion band of 3e is shifted to the infrared at 342 nm, without a
change in the solution color. On the other hand, when Cu?* solu-
tion is added, a band formation at 406 nm is observed, attributed
to the coordination of 3e with Cu®*, forming an internal charge
transfer complex (ICT). The ICT, causes an electronic density redis-
tribution of the -conjugate system and energy-gap reduction (Eg),
causing a band redshift and the yellow solution coloration.

Usually, the water sources could contain more than one metal;
thus, it was performed an interference test of metal ions using the
compound 3e as a sensor. For this purpose, three different solu-
tions were prepared. The first solution contains the metals; Ba%*,
Co2*t, Fe?*t, Mg?*, Ni2t, Pb%*, Zn2+, and Cd?+ (L+M), the second
have the same metals, including Hg2t (L+ M+Hg?*), and the third
one includes the metals of L+ M more Cu?* (L+ M+Cu?t). Then
the sensor 3e (L) was mixed with the aqueous solution S1, where
no color change was observed, and the band at 326 nm of L did not
change. On the other hand, when the solution S3 containing Cu?+
was mixed with 3e, the solution turned colorless to yellow, which
indicates that there is no interference from other metals present
that prevent the detection of Cu?t by the sensor 3e (Fig. 2).

3.4. Determination of the association constant (Kq)

The titration of 3e, dissolved in ACN, was carried out using an
aqueous solution of Cu?t, which allowed to determine the associa-
tion constant (Ka) of the L+Cu?+ complex and the sensor sensitiv-
ity. The titration was carried out in a range of 0.04 to 3 equivalents
of Cu?* concerning 3e. During the titration process, two bands ab-
sorption were monitored mainly, the first band corresponding to
the L sensor at 326 nm, the second band at 406 nm, which cor-
responds to the L+Cu?* complex. As the Cu?t solution is added,
the band intensity at 326 nm decreases, while the band intensity
of the L+Cu?* increases; this phenomenon occurs until reaching

an L:Cu?* equivalence of 1:1; subsequently, the intensity of the
bands do not change considerably (Figure 3). The presence of an
isosbestic point at 352 nm suggests that there is just one specie
in equilibrium between L free and the complex L+Cu?*. The as-
sociation constant (Ka) to form L+Cu?* was determined using the
Benesi-Hildebrand equation (Eq. 1).

1 1 1

= + 1
A—Ap Ka(Amax — Ao)[Cu2+] = Amax — Ao (1)

Where A represents the absorbance of L when different
amounts of Cu?* are added, Aq is the absorbance of L in the ab-
sence of Cu?t. Amax represents the absorbance of L in the pres-
ence of an excess of Cu?t. [Cu?*] is the concentration of metal
added during the titration. The term [1/(A-A0Q)] varies as a func-
tion of 1/[Cu?*] in a linear form with a value of R = 0.983. Using
the Eq. 1 association constant of L+Cu?* in acetonitrile was deter-
mined to be 8.24 x 103 M~!

Through the titration, it was also possible to determine the de-
tection limit of L; first, visually, the color change from colorless to
yellow can be perceived with a metal concentration of 1.4 x 10~
M, while using a UV-Vis equipment, it can be detected up to
49 x 1076 M.

The imine 3e was titrated using a solution of Cu?* to generate
the Jobs plot, which is shown in Fig. 3b. The lines in the Job’s plot
are intersected when the mole fraction of Cu?* is 0.5; this indi-
cates that the complex formed between the imine and metal ion
has a 1:1 stoichiometry.

Table 2 shows some imines that have been evaluated as metal
ion sensors in previously reported works. First, it is observed that
imines tend to act as colorimetric and fluorescent sensors selec-
tive to Ni2+ and Cu2+. Compared to other organic sensors, imines
can detect very low concentrations of metals in aqueous media. For
this reason, they are considered among the most sensitive organic
sensors. Of the imines compared, 3e is the one with the lowest de-
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Fig. 1. A) Colorimetric test of selectivity in solution (CH;CN/Water) of ligands 3a-3f with different metal ions. B) UV-Vis absorption spectrum of the L+M mixture (1: 1).
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Table 2
Comparison of LOD for different Schiff bases.
Schiff base Detection method Selectivity Binding constant [M~'] Detection limit Ref.
5-Chloro-2-[(1E,2E)-3-(4-(dimethylamino) Colorimetric Cuzt 1.0 x 106 0.12 uM [35]
phenyl)-allyidene)amino]phenol
Schiff base L Fluorescent Cu?+ 2.84 x 10° 154 x 1079 M [32]
Schiff base L Colorimetric Niz+ ND ND [31]
2-((5-methylpyridin-2-ylimino)methyl)phenol ~ Colorimetric Ni?+ and Zn2+ 2.09 x 10 and 6.96 x 10~’M and [39]
5.64 x 10* 4.17 x 10°'M
Schiff base PN Fluorescent and Cut 4.489 x 10* 0.179 uM. [40]
Colorimetric
Schiff base 3e Colorimetric Cu?t 8.24 x 103 49 x 1006 M This work
metric sensor that can be distinguished by the human eye, while
1,04 for fluorescence, an excitation source is required.
— ] 4+ M
— L+ M+Cu®
o L+ M+Hg" 3.5. Structure determination of the complex L+Cu?t formed
1 M=Ba", Co™', Fe*', The titration of 3e with metal established that the stoichiome-
064 Mg, Ni, Pb7, try ratio between the 3e and Cu®* is 1:1. However, the possibilities
’ Zn™ and Cd™'

Normalized absorbance

0,0

300 400

A(nm)

Fig. 2. Assessment of metallic ion interference in the Cu?* detection.

L Y T

500

tection limit (4.9 x 10-6 M), while the one with the highest LOD
was the L-base Schiff (1.54 x 10—9 M). However, the way of detec-
tion is by fluorescence. Imine has the advantage that it is a colori-

of coordination between the metal and L are varied. L has three
heteroatoms with lone pairs of electrons, so it is essential to deter-
mine the coordination complex structure. This information is rele-
vant to establish a relationship between the ligand and metal, also
be able to design sensors to be more efficient. The infrared spec-
trum of L in solid-state was obtained to determine the structure of
the L+M complex. The complex 3e+Cu?*+ sample was prepared by
mechanosynthesis; in a mortar, a 1:1 mixture of the sensor and
Cu(ClO4),-6H,0, was ground for five minutes. A yellow powder
was obtained and analyzed by IR spectroscopy (both spectra are
shown in Fig. 4).

In the IR spectrum, the free ligand presents a sharp band at
3403 cm™!, for the N-H vibration bond of pyrrole ring, a broad
signal at 3364 cm~! correspondings to the O-H bond, the shape
of the signal is known to be forming strong hydrogen bonding
(this type of imines forms hydrogen bonds O-H----N) [41,42]. Fi-
nally, a band at 1619 cm~! is observed, which corresponding to

a) b)
0.4 Job’s plot
Cu2+
0,3 <
; 0:8 ) °*
S . .
E 0,6 L]
= .
N_ 02 g 0,4
3 5 L)
: £ \
c 0.2 \\
©
..E & -
2 o 0,2 2 04 5 03 1 12 1,4
Q \ Addition /
=< 01
\ of metal
04 [Cu?*]/[3e + Cu?']
0,0+ T v T T
300 350 400 450 500
2 (nm)

Fig. 3. a) UV absorption spectra of 3e titration using Cu?* in water in different concentrations and determination of association constant (8.24 x 10> M~') and detection
limit (4.9 x 10~ M) of 3e. b) Titration to obtain the Job’s plot to determine the L+M stoichiometry (1:1), the absorbance was measured at 406 nm.
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Fig. 4. IR spectra obtained by ATR. a) IR spectrum of 3e in solid state. b) IR spectrum of the metal complex 3e+Cu?* in solid state.

the C=N vibrational bond. On the other hand, a wideband ranging
from 3668 to 2908 cm~! is observed, which does not allow the
identification of N-H and O-H signals. This band is maybe due to
the water presence, and it is attributed to a strong hydrogen bond-
ing. Also, the band corresponding to the C=N bond was shifted to
higher frequencies at 1651 cm~!, which is indicative of the forma-
tion of the complex, very possibly through the free pair of nitrogen
(nN—>Cu?t).

Since IR data was not plausible to determine the OH and NH
role in the coordination of the metal, '"H NMR spectroscopy was
used. However, because Cu?* is a paramagnetic compound, the
metal was substituted by AICl3 salt, which can be coordinated to L
and does not intervene in obtaining the spectra (Fig. 5). The com-
plex was prepared by placing equivalent amounts of L and metal
(1:1) in a mortar. The mixture was ground in the absence of a sol-
vent for 5 min. Subsequently, 50 mg was taken, and CDCl3 was
added. The '"H NMR spectrum was obtained and compared with
the free binder (Fig. 5).

The TH NMR spectrum of 3e shows an equilibrium between
the imine and its closed-form in a 95:5 ratio. The imine hydro-
gen (H8) in 3e is shifted to 8.2 ppm while H7 at 4.8 ppm. The hy-
drogens corresponding to the pyrrole H12, H11, and H10 are found
at 6.7, 6.3, and 6.9 ppm, respectively. Finally, the O-H hydrogen is
observed at 10.61 ppm, which is not exchanged with D, since it
forms a strong hydrogen bond (O-H---N, Fig. 5). On the other hand,
the spectrum of 3e+Al3+ shows that when coordination is car-

ried out, the most affected hydrogens are H8, which corresponds
to the imine hydrogen, it is shifted at 9.14 ppm (Adé = 0.94), H12
is shifted to 7.0 ppm (Ad = 0.3), H11 was virtually unaffected.
In comparison, H10 is shifted to a higher frequency (7.06 ppm,
AS = 0.16). As the H8 signal disappeared, so the hydrogen bond
(O-H---N) is not forming. We propose that the metal coordinates
with the three heteroatoms present in the molecule based on this
information.

3.6. Computational analysis

To find the relationship between the molecule chemical struc-
ture and metal selectivity, the geometry, electronic distribution,
and HOMO-LUMO energy levels position were studied. Computa-
tional calculations were performed using density functional theory
(DFT). The geometries were optimized using Gaussian 09 software
[43], using the B3LYP functional [44]. The geometry, as well as the
energies of the HOMO-LUMO orbitals, are shown in Fig. 6. Accord-
ing to the geometry in all the molecules, the nitrogen is in the
same plane as the OH, forming hydrogen bonds O-H---N, corrob-
orated by 'H NMR. Furthermore, the electronic distribution in all
cases was found throughout the m-conjugate system.

The molecule geometry could determine the ligand coordina-
tion with the metal since the lone pair electrons of the het-
eroatoms must be arranged to coordinate. Considering the geom-
etry determined by DFT, both the nitrogen lone pair electron and
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Fig. 5. '"H NMR spectrum of 3e (blue) and '"H NMR spectrum of 3e+M (red). Comparison of chemical shifts. Both samples were prepared taking 50 mg and dissolved in 1
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Table 3

Electronic transition and the electronic parameters of molecular orbitals involved.

HOMO/LUMO Eg (eV)

Osc. Strength Transition

-5.44)-2.77
. > (1\ 267
YOS
& [~ L
L+M

}* -4.91/-2.36
\} < ¢ 2.55
8¢
L+MACN
‘)KP $ 9 -5.25/-2.77

) ,‘g\; r 2.48

-

L+M.H,0

0.0019 H-6(B) —LUMO(B) (66%)
H-5(B) —LUMO(B) (10%)

0.0009 H-9(B) — LUMO(B) (11%)
H-7(B) — LUMO(B) (11%)
H-6(B) — LUMO(B) (22%)
HOMO(B)— LUMO(B) (21%)

0.0004 HOMO(A)—> LUMO(A) (48%)

HOMO(B) — L+1(B) (49%)

the OH group of alcohol are oriented on the same side for 3a-3d,
thus promoting This allows the N ... H-O bond. However, for 3e-f,
the OH group deviates from the plane, explaining the equilibrium
between the imine and the six-membered cycle observed by NMR.
In the 3e-f open form, the lone pair electrons of the heteroatoms
are free to coordinate the metal, although only compound 3e coor-
dinates the copper whit a color change.

HOMO-LUMO orbitals energies were calculated using DFT and
band-gap energy (Eg = HOMO - LUMO) for 3a-3f. For compound
3a, the HOMO energy was -5.23 eV and LUMO of -1.36 eV with
Eg = 3.86 eV, for 3b the HOMO was -6.44 eV and LUMO of -2.56
eV with Eg = 3.88 eV, for the compound 3c the HOMO = -5.81 eV
and the LUMO = -2.29 eV, for 3d the energy of HOMO = -5.90 eV

and LUMO = -1.92 eV with an Eg = 3.97 eV, for the compound 3e,
HOMO = -5.46 and LUMO = -1.77 eV, with an Eg = 3.69, finally for
3f, the energy of HOMO = -5.98 eV and LUMO = -2.01 eV, with an
Eg = 3.97 eV. The Eg energy calculated by DFT is closely correlated
with those determined experimentally (Fig. 6). The Eg energy of
the imines is very close to each other. However, the HOMO orbital
position varies and could be responsible for the selectivity of imine
3e.

As the lone pair electrons of 3a-3f are involved in the metal
coordination, the HOMO orbital of the Schiff base must be deci-
sive to form the L + M complex and could be involved in selec-
tivity. Figure 7 shows the HOMO energy positions of the imines. In
this, it can be seen that HOMO energy values for 3a and 3e were -
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Fig. 7. Comparison and position of HOMO-LUMO energy levels of 3a-3f.

5.23 and -5.46 eV, respectively. The compound 3a was coordinated
with most metals in the selectivity test, while compound 3e was
selective to Cu?*. For compounds 3b, 3¢, 3d, and 3f, the energy of
the HOMO orbital are below -5.8 eV, suggesting that molecules de-
signed as sensors of metal ions of Hg2*, Cu?*, Zn%*, Fe2*+, Mn2+,

Co2*, Pb%*+, and Cd?*, the energy of the HOMO orbital must be
between -5.23 and -5.46 eV.

To determine the L+M complex of 3e with Cu?* calculation us-
ing the base 6-311 ++ G (d, p) was carried out for systems con-
taining C, H, N, and O [45], for the Cu?* LANL2DZ basis sets was
used. A frequency analysis was carried out for all optimized ge-
ometries to ensure that they are not imaginary states. As a result,
three possible coordination complexes were obtained, which are
agree with NMR and IR data (Fig. 8). In the first complex, Cu?t
atom is coordinated to both nitrogens and the oxygen in 3e, (Exci-
tation parameters obtained for the Td-DFT studies of the complex
are shown in Table 3). The second complex proposed is the coor-
dination of Cu?t with the three heteroatoms in 3e and a molecule
of solvent (ACN); however, the new band formed is shifted to 600
nm. In the third complex, the structure proposed the molecule ACN
is changed by H,O0. In this complex, a new band is observed at 584
nm. The HOMO and LUMO energies are shown in Fig. 8, showing
the electronic density distribution and the band-gap energy ob-
tained.

The energy Eg of the calculated complexes was determined by
using the Eg = HOMO-LUMO equation. Experimentally the band-
gap of 3e+Cu?t (Eg = 3.06 eV) was determined using the equa-
tion E = hv (1243 | Agpsere)- According to the data calculated from
the electronic transitions obtained by TD-DFT, the complex most
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Fig. 8. Geometries optimization of L and L+Cu?* complex, determination of the electronic density distribution, as well as HOMO-LUMO energies, by using DFT.

closely matches the experimental parameters is when 3e coordi-
nates with both nitrogens and oxygen at the same time to Cu2t.
Of the three proposed structures, L+M is the closest to the ex-
perimental value (Eg cal = 2.67 eV). The energy of the complexes
L+M.ACN and L+M.H,0 are not consistent with the experimen-
tal result, with Eg= 2.55, and Eg=2.48 eV. Finally, it can be seen
that in the L+M complex, the electron density distribution in the
HOMO orbital is delocalized along with the 7 -conjugate system. In
contrast, in the LUMO orbital, it is located over the Cu?* and pyr-
role ring; it is a complex with ICT, responsible for the coloration
change from colorless to yellow.

4. Conclusion

The solvent-free synthesis of six imines through mechanochem-
istry and their structural characterization was carried out. The
imines 3a-3f were evaluated as chemical sensors for heavy met-
als detection in an aqueous medium. 3e was a selective colorimet-
ric sensor to Cu?* even in the presence of others metal ions such
as Ba%t, Co?t, Fe2t, Mg2+, Ni?t, Pb2t, Zn2+, Hg?*, and Cd%*. The
sensor has a detection limit to the naked eye (by color change) of
249 x 1073 M, while with the use of UV-Vis equipment, it was
49 x 10-% M. The association constant Ka of 3e+Cu?* was de-
termined to be 8.246 x 103> M~!. Through IR, 'H NMR, and DFT
calculations, it was found that complex is formed by a molecule of
3e and a Cu?* atom and that the three heteroatoms present in the
molecule coordinate the metal.

On the other hand, it was determined that the absorption band
shifted from 326 to 406 nm is due to electron density redistribu-
tion of L in the complex formation, since an internal charge trans-
fer complex is formed in the coordination. The relationship be-
tween the coordination with metals and the HOMO energy lev-
els suggests a trend in the selectivity of organic sensors, where
the HOMO of the organic molecule controls the selectivity to met-
als. This information is relevant since molecular engineering allows
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modulating the energy levels by introducing electron-withdrawing
and donating groups to design intelligent organic sensors.
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