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a b s t r a c t

Hydrazones are organic compounds with applications in various fields of research, including fluorescent
applications. In this investigation, the compound cinnamaldehyde phenylhydrazone was synthesized by
condensation between cinnamaldehyde (1) and phenylhydrazine (2). Furthermore, the photophysical
properties were evaluated in the presence and absence of inorganic salts, and it was found that the
fluorescence intensity selectively decays with CuCl2 in a thermodynamically spontaneous process
(DG ¼ negative). In addition, computational approaches were used, which identified the transfer of
electrons from highest-occupied molecular orbital HOMO of compound 3 to the lowest unoccupied
molecular orbital (LUMO) of CuCl2 as the key interaction for quenching the fluorescence intensity of
cinnamaldehyde phenylhydrazone.

Additionally, the potential application of compound 3 as a Cu2þ chemosensor in different water
samples was evaluated. This compound was found to exhibit better recovery of Cu2þ in natural water
samples (higher than 99.3%) than in drinking water (66%).

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Hydrazones are known as Schiff bases that can be obtained by
condensation between hydrazines and aldehydes, exhibiting an
N]C bond [1]. These compounds have important properties for use
in various fields of research (e.g., pharmacology). Hydrazones are
used as “building blocks” for the development of bioactive mole-
cules (showing analgesic, anti-inflammatory, antioxidant, anti-
depressant, anti-convulsant, anti-acetylcholinesterase, anti-
tumour, anti-tuberculosis, and broad-spectrum antimicrobial ac-
tivities) [2e18]. Additionally, hydrazones have fluorescent
properties, so they can be used as pigments, dyes, molecular
switches, metallo-assemblies, and sensors [19e23]. Regarding its
use as a sensor, hydrazone can coordinate with various transition
metals to form stable complexes, including Cu(II), Fe(III), and Zn(II)
llado), manuel.bravo@pucv.cl
[24e27].
The development of organic molecules with colorimetric or

fluorescent chemosensor properties to detect toxic metal ions, e.g.,
Cu2þ, has received great attention [28]. This cation plays several
roles in living systems, among which it functions as a nutrient and
redox catalyst in metalloenzymes such as carbonic anhydrase,
carboxypeptidases, alkaline phosphatase and b-lactamase [29,30].
Despite the important physiological functions of this cation, vari-
ations in its concentration in the human body are associated with
Alzheimer’s, Wilson and prion diseases, as well as lateral amyo-
trophic sclerosis and others; all these diseases are related to the
production of reactive oxygen species (ROS) [30]. Due to the above
mentioned reasons, the determination of trace amounts of copper
in drinking water is becoming increasingly important. To this end,
compounds with simple chemical structures have been used as
colorimetric probes to detect Cu2þsuch as compound (I) [31], while
compounds (II) and (III) have also been used to detect Cu2þ but as
fluorescent probes (see Fig. 1) [28,32].

To evaluate its possible application as a chemosensor, cinna-
maldehyde phenylhydrazone (3) was synthesized by condensation
between cinnamaldehyde (1) and phenylhydrazine (2) (see Scheme
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Fig. 1. Hydrazones used to detect and measure Cu(II), with the Schiff base bond highlighted in red.

Scheme 1. Synthesis of cinnamaldehyde phenylhydrazone (3).
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1). Its photophysical properties (UVeVis and fluorescence) were
evaluated in the absence and presence of inorganic (metal) salts, as
well as the determination of thermodynamic constants associated
with the inorganic metal-hydrazone interaction (DG, DH, and DS).
Additionally, the main chemical properties that influence the
metal-hydrazone interaction were identified by density functional
theory (DFT) calculations and with the application of multivariable
analysis. Finally, the potential application of cinnamaldehyde
phenylhydrazone (3) in the determination of Cu2þ inwater samples
was evaluated.
2. Experimental

2.1. Instrumentation

The melting point was measured using a Stuart Scientific
Melting Point SMP3 (Staffordshire, UK). Infrared spectra were
recorded using aJasco FT-IR 4600 (Tokyo, Japan). 1H NMR
(400.13 MHz), 13C NMR (100.6 MHz), 2D-HSQC and 2D-HMBC
spectra were recorded on a Bruker Avance 400 Digital NMR spec-
trometer (Berlin, Germany). Tetramethylsilane was used as an in-
ternal standard. GC-MS was carried out using an Agilent
Technologies 6890 model (Santa Clara, CA, USA) with an automatic
ALS and an HP MD 5973 mass detector in splitless mode. Mea-
surement of pH was performed using a Bante Instruments Bench-
top PHS-25cw microprocessor pH/mV meter (Shanghai, China).
Absorption spectra were recorded on a Shimadzu UV-mini-1240
UVeVis spectrophotometer (Kyoto, Japan). All steady-state fluo-
rescence measurements were performed on an ISS K2 Multifre-
quency Phase Fluorometer (Champaign, IL, USA).
2.2. Chemicals

Cinnamaldehyde (1), phenylhydrazine (2), dimethylsulfoxide
(DMSO), heptane (C7H16), tetrahydrofuran (THF), acetone (Me2CO),
dimethylformamide (DMF), methanol (MeOH), HEPES sodium salt
HCl, NaOH, LiCl, NaCl, MgCl2 x 6H2O, CaCl2 x 2H2O, SrCl2 x 6H2O,
BaCl2 x 2H2O, AlCl3, SnCl2 x 2H2O, BiCl3, CrCl3 x 6H2O, MnCl2 x
4H2O, FeCl3 x 6H2O, CoCl2 x 6H2O, NiCl2 x 6H2O, CuCl2 x 2H2O, CuCl,
ZnCl2, CdCl2 x 2 1/2H2O, HgCl2, Pb(NO3)2, AgNO3 and ethylenedi-
amine tetrasodic salt (EDTA), were purchased from Merck (Darm-
stadt, Germany). 2-Propanol, hexane, dichloromethane (CH2Cl2),
ethyl acetate and acetonitrile (MeCN) were purchased from J.T.
Baker (Radnor, PA, USA).
2.3. Synthesis of cinnamaldehyde phenylhydrazone (3)

In a 250-mL three-neck round-bottomed flask, cinnamaldehyde
(1, 500 mg, 3.79 mmol) was dissolved in 2-propanol (50 mL), and
phenylhydrazine (2, 409 mg, 3.79 mmol) was added. The mixture
was stirred at reflux for 8 h. After this time, distilled water was
added to finish the reaction. The reaction mixture was extracted
with dichloromethane (3 � 30 mL), and the organic layer was dried
and concentrated under reduced pressure. The resulting mixture
was separated using a flash chromatography column with a hex-
ane:ethyl acetate mixture with increasing polarity as the mobile
phase. Finally, a pale yellow solid (3, 676 mg, 3.07 mmol) was ob-
tained as a pure compound (81% yield); MP: 161.6 ± 1 �C, IR (y,
cm�1): 3441 (s, ¼NeH), 3313 (s, C]H), 1601 (s, CH Ar), 1560 (m, CH
Ar), 1517 (s, CH Ar), 1486 (w, CH Ar), 1259 (s, HeCeN), 1135(s,
HeCeN); 1H NMR (400MHz, CDCl3): d 7.55 (1H, d, J¼ 8.0 Hz, H-3a),
7.45 (2H, d, J ¼ 8.0 Hz, H-2 þ H-6), 7.35 (2H, m, H-3’þH-50),
7.29e7.24 (3H, m, H-3 þ H-5 þ H-2a),7.06e6.99 (3H, m, H-4þ H-
2’þH-60), 6.87 (1H, m, H-40), 6.69 (1H, d, J¼ 16.0 Hz, H-1a); 13C NMR
(400 MHz, CDCl3): d 144.2 (C-10), 139.8 (CH-1a), 136.7 (C-1), 134.1
(CH-3a), 129.3 (2xCH, CH-5’ þ CH-30), 128.7 (2xCH, CH-3 þ CH-5),
128.0 (CH-4), 126.5 (2xCH, CH-2 þ CH-6), 125.9 (CH-2a), 120.2 (CH-
40), 112.7 (2xCH, CH-2’ þ CH-6’). MS-EI: 222 [Mþ] (100%). All
spectroscopic analyses are consistent with a previous report [1].

2.4. Evaluation of fluorescence spectroscopy parameters

Fluorescence excitation and emission spectra were obtained
using a xenon arc lamp as a light source. Fluorescence spectra were
measured at 90� in an L-format using single photon countingmode.
Data were acquired and analysed by Vinci™ software.

The relative quantum yield (F) was determined using quinine-
sulfate as a standard (0.1MH2SO4 at 22 �C,Fs¼ 0.58, lex¼ 350 nm)
[33]. Equation (1) was used to calculate the quantum yield [34].

F¼ Fu
Fs

x
As

Au
x
n2u
n2s

xFs (Eq. 1)

where the subscripts u and s indicate the test and standard,
respectively. F is the quantum yield, A is the absorbance at the
excitationwavelength, F is the integrated emission spectrum, and n
is the refractive index of the solvent.

2.5. Evaluation of figures of merit

The values of the limit of detection and limit of quantification
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(LOD and LOQ, respectively) were calculated as reported by
Thompson et al., 2002 using the following equations [35].

LOD¼3*SD=m (Eq. 2)

LOQ ¼10*SD=m (Eq. 3)

where SD is the standard deviation of ten blank reagent samples
and m is the slope of the calibration curve.
2.6. Computational details

Compound 3, proposed complex 3-CuCl2, and all inorganic
compounds tested (salts) were optimized using the Gaussian 09
program [36]. To obtain the different chemical properties, a DFT-
B3LYP-LanL2DZ optimization was performed. In addition, all opti-
mized geometries were checked by frequency calculations (without
any imaginary frequencies) in their potential energy surface.

In addition, quantum reactivity descriptors such as the dipole
moment (DM), highest occupied molecular orbital (HOMO), and
lowest unoccupied molecular orbital (LUMO) were obtained from
the output file, while the chemical potential (m), hardness (h),
softness (S), and global electrophilic index (u) were calculated with
the following equations.

m¼ðELUMO þ EHOMOÞ
2

(Eq. 4)

h¼ðELUMO � EHOMOÞ
2

(Eq. 5)

S¼ 1
2h

(Eq. 6)

u¼ m2

2h
(Eq. 7)
2.7. Quantitative structure-property relationship (QSPr)

To determine which chemical properties of the different inor-
ganic compounds (salts) produce changes in the fluorescent
properties, the quantitative structure-property relationship (QSPr)
technique was used through a multiple linear regression similar to
that of previous reports of our research group [37,38]. As a
dependent variable, the normalized fluorescence intensity (F/F0) of
compound (3) was used, while as independent variables, the pre-
viously mentioned descriptors were used in their linear and
quadratic forms (MS, MS2, MV, MV2, MW, MW2, MD, MD2, DM,
DM2, HOMO, HOMO2, LUMO, LUMO2, m, m2, h, h2, S, S2, u, and u2)
using Statistica 7.0 software.

To ensure that the established relationship is not accidental, the
cross-validation technique described by Golbraikh was used ac-
cording to the following equation [39].

q2 ¼1�
P ðxobs � bxÞ2P ðxobs � xÞ2

(Eq. 8)

where xobs is the experimental normalized fluorescence value, bx is
the calculated normalized fluorescence value and x is the average
normalized fluorescence value of all compounds. A value equal to or
greater than 0.5 is considered acceptable.
2.8. Collection and preparation of water samples

The different water samples corresponding to the different wells
were collected in Casablanca Valley (Carpintero’s and Pitama’s
wells), while the drinking water was acquired from Curauma,
Valparaíso, Chile. The water samples were filtered using a Millipore
Millex HV Hydrophilic PVDF 0.45 mm filter and then subjected to a
UCT Cleau-UP® CUC18156 cartridge. Finally, different CuCl2x2H2O
solutions were prepared using the different water samples (14, 28,
44, and 72 mM).

3. Results and discussion

3.1. Chemical

When mixing cinnamaldehyde (1) with phenylhydrazine (2), a
few minutes later, a yellow solid appears, corresponding to cinna-
maldehyde phenylhydrazone, by nucleophilic attack by the eNH2
group of phenylhydrazine towards the carbonyl carbon of cinna-
maldehyde as a classic 1,2-addition reaction to the carbonyl group.
After separation of compound 3 from the reaction mixture by col-
umn chromatography, the desired compound was confirmed by 1 H
NMR spectroscopy, showing two doublet signals (d ¼ 7.27 and
d¼ 6.69 ppm) with a coupling constant J¼ 16 Hz, characteristic of a
double bond with trans geometry. The final structure was deter-
mined by complementary NMR experiments (13C, 2D-HSQC and
2D-HMBC) and IR spectroscopy (see Supplementary Material), as
well as by comparing previous research [1].

3.2. Photophysical measures

Initially, a stock solution of compound 3 was prepared at a
concentration of 1.0 � 10�2 M in DMSO, from which a series of
dilutions were prepared for the measurement of the different
photophysical properties. For the measurement of these properties
in the absence of inorganic salts, dilutions were made using MeCN.
Additionally, the different inorganic salts were dissolved in deion-
ized water at a concentration of 1.0 � 10�2 M.

For the photophysical measurements associated with molecular
absorption, UVeVis spectra of compound 3 at several concentra-
tions (20, 40, 60, 80 and 100 mM) were recorded using MeCN as the
solvent. The UVeVis spectra showed a maximum absorption at
labs ¼ 359 nm. The molar extinction coefficient was calculated
using the Lambert-Beer law and linear regression (ε ¼ 2928.9 mol-1

* cm�1 *L, see Supplementary Material Figure S1). Subsequently,
the behaviour of the UVeVis spectrum of compound 3 in the
presence of different inorganic salts was evaluated (see Fig. 2). In
the presence of CuCl2, a new absorption band is observed to be
generated (labs ¼ 459 nm), which is attributed to the donation of
pairs of non-bonding electrons from nitrogen to the metal [40e42]
together with a hypochromic effect on the maximum absorption of
compound 3 (labs ¼ 359 nm). In contrast, the 3 þ CuCl interaction
has only a hypochromic effect at labs ¼ 359 nm.

Bearing in mind the multiple fluorescent applications that have
been reported for hydrazones and to evaluate their application as
fluorescent chemosensors, compound 3 was subjected to various
tests to evaluate its photophysical properties [20]. The emission
and excitation spectra were recorded for compound 3 (0e100 mM).
The emission spectrum shows that compound 3 exhibits its
maximum fluorescence intensity at lem ¼ 476 nm when excited at
lex ¼ 394 nm. The calculated Stokes shift was 82 nm, similar to that
of other hydrazones with a more complex structure [31,43]. From
the previously described results, the relative quantum yield of
compound 3 was calculated using quinine sulfate (f ¼ 0.58) as a
standard [33,34], obtaining a value of f ¼ 0.018, similar to that



Fig. 2. UVeVis spectrum of compound 3 (20 mM) and its interaction with different
metals (10 molar equivalents).

Fig. 3. Emission spectrum of compound 3 and its interaction with different inorganic
salts (10 eq. mol). C3 ¼ 20 mM, solvent ¼ MeCN. lex ¼ 394 nm.

Fig. 4. Selective quenching of the fluorescence intensity of compound 3. C3 ¼ 20 mM,
Csalt ¼ 1.0 eq. mol, solvent ¼ MeCN, lex ¼ 394 nm, lem ¼ 476 nm, tincubation ¼ 3 min.
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reported for a small hydrazone-pyrene-based compound (Supple-
mentary Material Figure S2) [32].

The effect of solvent polarity and pH on the emission spectrum
was evaluated. We found that the highest emission intensity was
recorded using aprotic polar solvents. On the other hand, it is
observed that the emission spectrum has a shift at longer wave-
lengths when increasing the solvent polarity, consistent with sol-
vent effects shifting the emission to still lower energy due to
stabilization of the excited state by the polar solvent molecules
[33]. In fact, the best emissionwas recorded using CH2Cl2 (intensity
15177 FUA, see Supplementary Material Figure S3); however, the
incompatibility of this solvent with water makes the interaction
with inorganic salts unfeasible. Other solvents with high emission
were THF, followed by DMF, MeCN, COMe2 and DMSO. It is noted
that the emission spectrum of compound 3 usingMeCN as a solvent
decreases the standard deviation of the measurement (see Sup-
plementary Material Figure S3). The influence of the water content
on the emission intensity of compound 3 was investigated, finding
that the intensity of the emission decreases proportionally as the
percentage of water increases, e.g., when using a 9:1 MeCN:water
solution, the fluorescence intensity decreases by 25.4%, while when
using only water, the fluorescence intensity decreases by 94.4%. To
evaluate the effect of pH on the emission intensity of compound 3, a
series of HEPES buffer solutions at different pH values were used.
The results show that the maximum emission intensity is obtained
between pH values of 5.0 and 7.0 (see Supplementary Material
Figure S3).

Because compound 3 showed an effect on its absorption spec-
trum when interacting with CuCl2 (see Fig. 1) and because it has
fluorescent properties, the effect of copper salts on the emission
spectrum of the compound was checked. First, the minimum time
required to show significant changes and stability in the interaction
of 3þCuCl and 3þCuCl2 was determined. The results show that
CuCl2 generates a 90% decay of the fluorescence intensity of com-
pound 3 at 3 min of incubation, while CuCl causes a 45% decay of
the fluorescence intensity of compound 3 at 15 min (see Material
Supplementary Figure S4). Later, the effect of inorganic salts on the
emission spectrum of compound 3 was evaluated (see Fig. 3).

Fig. 3 shows that compound 3 does not show a significant
variation in fluorescence intensity with all compounds, except
CuCl2, which generates a 90% decay of the fluorescence intensity.
This effect is due to the intrinsic fluorescence-quenching property
that stems from the paramagnetic nature of Cu2þ [44]. In addition,
when compound 3 interacts with Al3þ, it shows a decrease in the
fluorescence intensity, corresponding to 60% (30% lower decay than
that with CuCl2), which is consistent with that of other phenyl-
hydrazones [28,45]. In cases where fluorescence decay occurs
(CuCl2 and AlCl3), it may be associated with the interaction of the
hydrazone fragment with the metal centres of the inorganic salts.
Contrasting this information with the UVevisible spectra (see
Fig. 2), the quenching fluorescence induced by CuCl2 could be
related to coordinated bond formation, while AlCl3 quenching
fluorescence could be related to the collisional effect because there
is no charge-transfer peak.

Subsequently, the quantum yield (f) of compound 3 was eval-
uated after interacting with CuCl2 and AlCl3 (see Supplementary
Material Figure S5). The compound 3þCuCl2 interaction shows a
decay of 55% (f ¼ 0.010) due to the sharp decrease in the absorp-
tion and emission bands (see Figs. 3 and 4). However, for the
interaction of compound 3þAlCl3, the quantum yield obtained was
f ¼ 0.017 (5.6% lower than that with compound 3), which is
attributed only to a change in the emission spectrum occurring,
with the absorption spectrum varying very minimally (see Figs. 1



Fig. 5. A. Titration of compound 3 with CuCl2. B. Calibration curve used for figures of merit evaluation. C3 ¼ 20 mM, solvent ¼ MeCN, lex ¼ 394 nm, lem ¼ 476 nm, T� ¼ 298 K,
tincubation ¼ 3 min, n ¼ 3.
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and 2). This last point is consistent with that mentioned above, and
AlCl3 quenching fluorescence could be related to the collisional
effect.

To confirm the selective interaction of compound 3 with CuCl2
shown in the previous experiments, we investigated the change in
fluorescence intensity in the presence of another inorganic salt and
the subsequent addition of CuCl2 (see Fig. 4). Fig. 4 shows that
compound 3 in the absence (blank) and presence of all inorganic
salts does not change its fluorescence intensity (F/F0 � 0.8), except
with SnCl2 (F/F0 ¼ 0.745); however, adding CuCl2 generates a sig-
nificant decrease in the fluorescence intensity (F/F0 ¼� 0.2), except
with NaCl, CaCl2, SrCl2 and SnCl2.

To obtain the performance characteristics while monitoring the
interaction of Cuþ2 with compound 3, a titration was performed at
25 �C using a 20 mM solution of compound 3 in MeCN and adding
increasing amounts of CuCl2 in aqueous solution (see Fig. 5A).

Fig. 5A shows the decrease in the fluorescence intensity of
compound 3 proportionally to the increase in the CuCl2 concen-
tration. The fluorescence intensity decreased by 80% at 80 mM
CuCl2. The detection and quantification limits were calculated from
the linear segment of the titration (see Fig. 5B), obtaining
LOD ¼ 0.065 mM (8.74 � 10�3 mg/L CuCl2), while the quantification
limit was 0.217 mM (2.91 � 10�2 mg/L CuCl2). These results indicate
that compound 3 could be used to monitor CuCl2 concentrations in
water samples since the detection of this metal is of interest for
both biological and environmental sciences [46]. In this sense, the
maximum copper allowed is 1.3 mg/L (20 mM) in drinking water
according to the U.S. Environmental Protection Agency (EPA) [47].
Fig. 6. A. Job plot for the compound 3-CuCl2 interaction. B. Benesi-Hildebrand plot ba
solvent ¼ MeCN, lex ¼ 394 nm, lem ¼ 476 nm, T� ¼ 298 K, tincubation ¼ 3 min, n ¼ 3.
The results show that compound 3 interacts selectively with CuCl2,
whereby the stoichiometry of this interaction was determined.
Stoichiometry was determined by the Job plot, showing that the
ratio is 1:1 (see Fig. 6A). In addition, the association constant (K)
between compound 3 and CuCl2 was calculated by the Benesi-
Hildebrand (BH) expression [48] using linear regression between
(F0eF)�1 and 1/Cu2þ (r2 ¼ 0.963), where KBH ¼ 1.22 � 10�2 M-1 was
obtained (see Fig. 6B).

As shown above, the fluorescence intensity of compound 3 de-
creases by its interactionwith CuCl2, so the quenching constant was
determined by means of the Stern-Volmer equation (Eq. (9))

F0 = F ¼ 1þ KSV ½Q � (Eq. 9)

Here, F0 and F are the fluorescence intensities in the absence and
presence of the quencher, respectively, KSV is the dynamic
quenching constant and [Q] is the concentration of the quencher.

Various processes can cause fluorescence quenching. The most
common processes are complex formation (static quenching) and
collisional quenching (dynamic quenching) [49]. One of the ways to
distinguish between the phenomena is temperature dependence. If
KSV decreases with increasing temperature, it could be considered a
static quenching process [50]. Therefore, the variation in the Stern-
Volmer constant was measured at 298 K and 308 K (see Fig. 7).

The results for the interaction between compound 3 and CuCl2
indicate a decrease in the Stern-Volmer constant from 1.70 � 104 to
298 K to 1.07� 104 to 308 K (see Fig. 7), showing that there is a high
probability that the quenching phenomenon originates from the
sed on the 1:1 stoichiometry of the compound 3-CuCl2 interaction. C3 ¼ 20 mM,



Fig. 7. Determination of Stern-Volmer quenching constants (KSV) for the interaction
between compound 3 and CuCl2 at 298 K and 300 K.
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formation of a complex [50]. These results agree with the CuCl2/3
charge transfer signal shown in Fig. 1 (labs ¼ 459 nm) due to the
donation of the non-bonding electron pairs of nitrogen to the metal
[40e42], forming a complex. Using the static quenching model,
from the intensity-quencher concentration relationship, the bind-
ing constant was calculated according to the following equation
[49]:

log
�
F0 � F

F

�
¼ logK þ nlog½Q � (Eq. 10)

Here, K is the binding constant and n is the number of binding
sites per compound 3. The binding results showed logK ¼ 8.797 at
298 K, while at 308 K, logK ¼ 5.119. In addition, the linear corre-
lation coefficients for both temperatures were larger than 0.99.
From these values, as well as the van’t Hoff equations, the ther-
modynamic parameters DG, DH, and DS were determined, ac-
cording to a previous report [49]. The results of the thermodynamic
parameters of the interaction of compound 3 and CuCl2 are shown
in Table 1.

The negative value of the Gibbs free energy change (DG) in-
dicates that the interaction between compound 3 and CuCl2 is a
spontaneous process. The positive value of DS is characteristic of
chelation processes, where the solvent molecules are arranged
around compound 3 and the interaction of CuCl2 causes the dis-
order of these molecules and anincrease in the configurational
entropy [51]. The positive value of the enthalpy change (DH) in-
dicates that the processes are endothermic; however, the 3-CuCl2
association is mainly affected by temperature and the entropy
change (DS), with a low contribution of the enthalpy (DH) as pre-
viously reported [52].

Moreover, fluorescence recovery was investigated through the
addition of EDTA (see Fig. 8). The 3-CuCl2 interaction was not
reversible with the addition of EDTA. In these tests, the same
Table 1
Thermodynamic parameters of the interaction of compound 3 and CuCl2.

DG (kJ/mol) DH (kJ/mol) DS (J/mol)

298 K �5.39 41.3 156
308 K �4.18 147
incubation time was used as in the previous experiments
(time ¼ 3 min). However, this phenomenon is not strange since in
other investigations, this tendency has also been shown [53].

Finally, to rule out that the quenching of the fluorescence of
compound3 is due to the water added in the test, the CuCl2 solution
was replaced by distilled water. Our results show that there is no
significant change in the fluorescence intensity when adding water
(see Supplementary Material Figure S6).
3.3. Theoretical approach

Using the Gaussian 09 program, the minimal energy structures
of compound 3 and the 3-CuCl2 complex were optimized using
DFT-B3LYP-LanL2DZ in the gas phase. The electrostatic potential
map of compound 3 (see Fig. 9A) shows an area with a negative
charge density (red colour) where it can generate the interaction
between 3 and CuCl2 through the electron lone pairs of nitrogen.
Therefore, the formation of complex 3-CuCl2is plausible through
the nitrogen atom.

Likewise, the HOMO and LUMO for compound 3 and the 3-CuCl2
complex (see Fig. 9B and C and Fig. 9E and F) were calculated
because they have important contributions to electronic photo-
excitation transitions [54]. Comparing the molecular orbitals of
compound 3with those of the 3-CuCl2 complex, it can be seen that
the HOMO and LUMO are mainly located on the a,b-unsaturated
imine (see Fig. 9B and C). However, when plotting the HOMO and
LUMO of the 3-CuCl2 complex, a displacement can be seen. The
HOMO is between the phenylhydrazone fragment and the chloride
substituents of CuCl2, while the LUMO is centred on the metal (see
Fig. 9E and F).

Comparing the energies associated with the HOMO-LUMO
transition (assigned by us to the p / p* transition of the chro-
mophore), it can be seen that for compound 3, the energy associ-
ated with this transition corresponds to 3.70 eV (l ¼ 335 nm),
which is consistent with the maximum absorption wavelength
measured (l ¼ 359 nm). In the 3-CuCl2 complex, the energy of the
same transition is 1.97 eV (l ¼ 629 nm). However, this transition is
not consistent with the CuCl2/3 charge transfer signal
(l ¼ 459 nm, see Fig. 2). In this sense, it has been reported that
HOMO-1/LUMO transitions may be associated with
Fig. 8. Fluorescence recovery from the 3-CuCl2 interaction using EDTA. C3 ¼ 20 mM,
solvent ¼ MeCN, lex ¼ 394 nm, lem ¼ 476 nm, T� ¼ 298 K, tincubation ¼ 3 min, n ¼ 3.



Fig. 9. A. Map of the electrostatic potential of compound 3. B. HOMO of compound 3. C. LUMO of compound 3. D. Map of the electrostatic potential of compound 3-CuCl2. E. HOMO
of compound 3-CuCl2. F. LUMO of compound 3-CuCl2. Isovalue ¼ 0.04; density ¼ 0.0004.

Scheme 2. Proposed fluorescence mechanism for compound 3 and its interaction with
CuCl2.
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photophysical phenomena [54,55]. In effect, this calculated elec-
tronic transition is nearest to the absorption band shown in the
UVeVis spectra, l ¼ 459 nm (see Supplementary Material
Figure S7).

In addition, through quantitative structure-property relation-
ship (QSPr) techniques, various correlations were evaluated be-
tween the different physicochemical properties of the inorganic
salts tested (independent variables) and the normalized variation
of the fluorescence (dependent variable). The correlation obtained
is shown in Eq. (11).

F=F0 ¼0:96þ0:240LUMOþ0:130u�0:003u2

n¼18;r¼ 0:904;r2 ¼0:817;SD¼0:099;F¼20:9;q2 ¼0:777
(Eq. 11)

Eq. (11) indicates that the fluorescence quenching is related to
the energy of the LUMO and to the global electrophilic index (u) of
the different inorganic salts, which are descriptors related to the
ability to accept electrons and their stabilization [56,57]. This result
confirms that the interaction between 3-CuCl2 corresponds to an
interaction of molecular orbitals forming the corresponding com-
plex (see Supplementary Material Figure S8).

With this information obtained from the computational
approach, a fluorescence mechanism based on internal charge
transfer is proposed (see Scheme 2). The fluorescence of compound
3is decreased due to the coordination of the pairs of non-bonding
electrons of the imine nitrogen by charge transfer from the metal
to compound 3.
Table 2
Determination of Cu2þ using compound 3 in different water samples.

Sample Cu2þadded (mM) Cu2þfound (mM)a Recovery (%)

Drinking water 14 9.3 ± 0.35 66.4
Carpintero’s well water 44 49.2 ± 8.5 111.8
Pitama’s well water 72 71.5 ± 3.2 99.3
Deionized water 28 20.3 ± 0.01 72.5

a Experiment carried out three times.
3.4. Quantitation assays of Cu2þ in water samples

The potential application of compound 3 as a copper sensor in
different water samples was tested. Samples of deionized, potable
and well water (Carpintero and Pitama) were used under the same
conditions applied in this investigation (C3 ¼ 20 mM,
solvent ¼ MeCN, incubation time ¼ 3 min, temperature ¼ 298 K).
The results are summarized in Table 2.
The measurements of CuCl2 in the different water samples

showed that the recovery of CuCl2 is similar in the well water from
Carpintero and Pitama (111.8% and 99.3%, respectively) at concen-
trations greater than 40 mM. However, for the detection and
quantification of CuCl2 at concentrations that are close to or under
current U.S.-EPA regulations for drinking water, the analyte recov-
ery rate decreases significantly (66.4% in drinking water and 72.5%
in deionized water).

4. Conclusions

Cinnamaldehyde phenylhydrazone (3) was synthesized in high
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yield (81% yield). Its photophysical properties (UVeVis and fluo-
rescence) were evaluated in the absence and presence of various
metals, and it was found that CuCl2 causes selective quenching of
the fluorescence intensity and decay of the quantum yield in a
thermodynamically spontaneous process (DG <0).

Using quantitative structure-activity (QSAR) techniques, it was
determined that the fluorescence intensity is affected by the
transfer of electrons from HOMO of compound 3 to the LUMO of
CuCl2, quenching the fluorescence in an internal charge transfer
(ICT) process.

The quantification and detection of CuCl2 was performed using
four different water samples, and it was found that at concentra-
tions greater than 40 mM, all dissolved CuCl2 was recovered.
However, at concentrations below 20 mM, the recovery rate
decreased to 66.4%. Despite these results, the information obtained
in this investigation can be applied to the design of new chemo-
sensors based on compound 3.
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