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Abstract

The condensation product (L) of 4,4'-methylenedianiline and p-anisaldehyde acts as colorimetric sensor for Cu®* and Pb** ions.
On interaction with Cu®*, ethanolic solution of L changes its color to brown while it becomes light pink on interaction with Pb**.

Interaction of AI**

with L coated paper strip emits bright blue fluorescence. Metal ions like Mg®*, Cu®*, Li*, K*, Na*, Mn?",

APP*, Hg**, Co**, Pb**, Ni**, Cd**, Zn>*, Fe** do not interfere the paper strip sensor. The fluorescent intensity of L in ethanol is
quenched 25 times by Pb®* ion. The interaction between L and Pb** is reversible and the detection limit of Pb®* is 10°® M. The
binding constant and stoichiometry of binding between L and Pb®* was calculated to be 10** and 1:2. Theoretical calculations
show that the binding of the metal ions to L are favorable and the fluorescence of L is due to 7t — 7t* transition.
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Introduction

Naked eye sensing of hazardous metal ions in water is gaining
importance because of its applicability among common peo-
ple. Colorimetry (change in color) [1] and fluorescence
(change in color under UV lamp) [2—5] are two methods use-
ful for naked eye sensing. Compared to solution, paper strips
[6] are more efficient for naked eye detection of an analyte.
Development of new colorimetric and fluorescent sensors for
lead (Pb**) is of great demand because even in very low con-
centration Pb* may cause serious health issues [7].
Neurological, cardiovascular, and developmental disorders
can be linked to the exposure to Pb>" even at nano level [8,
9]. Children may undergo mental retardation due to Pb** tox-
icity [10]. The reason behind toxicity of Pb** is believed to be
due to its soft acidic nature, which prompts easy binding to the
sulfhydryle groups of enzymes. The common methods for
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detection of Pb** includes - inductively coupled plasma mass
spectroscopy [11, 12], reversed phase high performance liquid
chromatography [13], anodic stripping voltametry [14], atom-
ic absorption/emission spectroscopy [15] etc. Although the
efficiency of these methods are of high order they are expen-
sive, time consuming and requires sophisticated apparatus.
Highly sensitive, easily operable, real time detectable, less
expensive fluorescence spectroscopy has received immense
interest in the detection of Pb** [16-18]. Huan-Tsung Chang
et. al introduced DNAzymes for fluorescent detection of Pb**
ions [19]. Fluorescent sensor for Pb>* based on
bis(napfthalimide) derivative has been reported [20]. Au-
nanoparticles, anthracene derived chalcone, Pb>* stabilized
G-quadruplex have also been used for fluorescent detection
of Pb** ions [21-24].

Copper ion (Cu®*) is involved in many biological processes
but its excess accumulation or deficiency in human body may
cause serious health issues like Wilson’s, Menken’s and
Parkinson’s disease, retardation of growth and defective ner-
vous system [25, 26]. Fluorescence spectroscopy has been
used widely for sensing Cu®* but most of the reported sensors
are based on fluorescent quenching [27-29]. Fluorescent cop-
per sensor has been reported recently based on naphthalene
conjugate Bodipy dye [30] and coumarine derivatives [31].
Das et. al reported colorimetric sensor for Cu®* [32].
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Sensing of analytes by paper-based device are becoming pro-
gressively frequent [33]. Paper sensing devices are mainly used
in the field of optical and biosensing [34]. Usually gold-
nanoparticles or quantum dots are used for paper sensing device.
Paper based strip containing polymer are used for the detection
of nerve-agent [35]. Pelton et. al reported microgel-based inks
for paper supported biosensing applications [36]. Now-a-days
paper strip sensors are being extensively used in the field of metal
ion sensing. Lee et. al reported tethered rhodamine carbon-
nanodots for paper based sensor [37]. Among the metal ions,
APP* is one of the hazardous metal ion to human health.
Perkinson’s disease, Alzheimer disease and even Cancer can
cause due to AI** toxicity. Different kind of techniques including
Voltammetry, atomic absorption spectroscopy and fluorescence
spectroscopy were developed in order to sensing of AI’* ion
[38—46]. Numerous types of sensor based on Schiff bases have
been developed till now but developing of structurally simple
and efficient device for high sensitivity towards solid state detec-
tion still remain challenged [47, 48]. New off-on fluorescent
sensor for the detection of AI** based on a chromone-derived
Schiff-base [49] and Antipyrine derived Schiff base [50].

In this paper, we report a new sensor, based on the conden-
sation of 4,4'-methylenedianiline and p-anisaldehyde (L)
which acts as colorimetric sensor for Cu>* and Pb>* in ethanol,
paper-strip sensor for AI’*, and fluorescent sensor for Pb**.
The probable structure of L and its complexes with AI*¥, Cu**
and Pb** have been ascertained based on density functional
calculations. The fluorescence spectra of L has been simulated
using time dependent density functional theory (TD-DFT)
calculations. Very close agreement between the experimental
and theoretical spectra have been observed. This is one of the
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rare example of Schiff base sensor which can detect three
different metal ions in three different modes.

Experimental
Materials

All the chemicals are either from Sigma Aldrich or LOBA.
The metal salts except Pb(NOs),, CdCl, and HgCl, were sul-
phates. Metal salt solutions (0.01 M) were prepared in doubly
distilled water obtained from quartz double distillation plant.
The FT-IR spectra were recorded in a Perkin Elmer RXI spec-
trometer as KBr pellets, "H NMR and '*C NMR spectra were
recorded on a Bruker Ultra Shield 300 MHz spectrophotom-
eter using CDCl; as solvent. The fluorescence and UV/Visible
spectra were recorded in HITACHI 2500 and Shimadzu UV
1800 spectrophotometer respectively using quartz cuvette
(I cm path length). HRMS spectra were recorded in
WATERS Q-TOF premier mass spectrometer.

Synthesis of the Sensor (L)

The sensor (L) has been synthesized as per reported method
[47]. Briefly: 4, 4'-methylenedianiline (0.200 g, 1.0 m mol)
was dissolved in 10 mL ethanol followed by drop wise addi-
tion of 4-methoxybenzaldehyde (0.274 g, 2.02 m mol). The
reaction mixture was then stirred at room temperature for
15 min, yellow precipitate was obtained. The product was
filtered out and washed with ethanol. Yield =74% (amor-
phous yellow powder), m.p., 162 °C

Lol

Sensor (L)

15 min

Characterization of L

FT-IR (KBr, cm '): 3447 (on), 1568 (c—n), 732 (cqp). 'H
NMR (300 MHz, CDCls, 5, ppm): 8.40 (s, 2H), 7.84 (d, J=
8.7 Hz, 4H), 7.24 (s, 8H), 6.98 (d, J=8.7 Hz, 4H), 4.02 (s,
2H), 3.87 (s, 4H). *C NMR (75 MHz, CDCls, 5): 162.13 (s),
159.25 (s), 150.34 (s), 138.62 (s), 130.44 (s), 130.01, 129.29
(s), 120.99 (s), 114.13 (s), 55.40 (s), 40.93 (s). HRMS (ESI-
TOF) m/z: [M +HJ" Calcd. (CaoH,,N,05) 435.2073, found
435.2044.

@ Springer

Computational Details

All the molecules were fully optimized without any symmetry
constraints at M06-2X/6-311 + G* level of theory [50].
However, for effective core potential basis set SDD was used
for Pb>* only. Frequency calculations were performed at the
same level of theory to understand the nature of the stationary
states. All structures were found to be in their local minima
with all real frequencies. The fluorescence spectra of the li-
gand were computed within the TD-DFT framework using
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Fig. 1 10™* M solution of L in
ethanol in presence of 10> M
metal ion. Naked eye observable
color change was observed for
Cu”* and Pb™

b
-

+
-

M06-2X/6-311 + G* level of theory in solution phase (using
ethanol as the solvent). For solvent phase calculations, polar-
izable continuum model (PCM) has been used [51]. All cal-
culations were performed using GAUSSIANI6 suite of pro-
gram [52].

Results and Discussion
L as Colorimetric Sensor for Cu>* and Pb?*

10~* M solution of L was prepared in ethanol and divided in
proportions of 10 mL in test tubes. 10~* M Solutions of dif-
ferent metal ions were prepared separately in doubly distilled
water. 0.1 mL of each metal ion solution were added to the
solution of L and allowed to stand. After five minute the
solution containing Cu®* turned brown and after one hour
the solution containing Pb®* turned light violet visible to na-
ked eye. Figure 1 shows the distinguishable color develop-
ment of the solution of L upon interaction with Cu®* and
Pb>*. The solutions containing other metal ions — Mg**,
Cu®*, Li*, K*, Na*, Mn**, AI**, Hg”*, Co™*, Pb**, Ni*,
Cd**, Zn** did not show any change in color.

The development of brown coloration of the solution of LL
in ethanol due to Cu* has been subjected to interference from
other metal ions. Cu®* could generate the brown color even in
presence of another metal ion. In case of Pb*" also it has been
found that light violet color develops even in presence of other
metal ions except Cu’* (Fig. 2).

All the solutions of L in ethanol containing different metal
ions were observed under UV lamp (360 nm). The solution
containing Cu”* has shown green fluorescence while the so-
lutions with other metal ions did not show any observable

Fig. 2 Development of brown
color for L in ethanol due to Cu**
in presence of another metal ion
and mixture of metal ions (M"")

K*/Cu?*

+
o~
=
4
L
-

Na*/Cu?*
In%*[Cu?

fluorescence (Fig. 3). Hence L could distinguish Cu®* from
the other metal ions under UV lamp by naked eye.

L as Paper Strip Sensor for AP*

10> M solution of L was prepared in ethanol. Whatmann
filter paper was cut into a number of strips of size 0.5 cm by
4 cm. The strips were placed in a dry glass plate and each of
the strips was wet evenly with the solution of L using a mi-
cropipette and allowed to dry. The process of wetting and
drying was done three times to obtain paper strip sensor.
One drop from each of the 10~ M metal solutions were spread
on the prepared paper strip sensor and allowed to dry. The
paper strips were then observed under UV lamp at 360 nm.
The paper strip impregnated with AI** showed bright blue
fluorescence whereas paper strips interacted with other metal
ions did not show any fluorescence (Fig. 4).

L as Fluorescent Sensor for Pb%*

Figure 5 shows fluorescence spectra of L in presence of one
equivalent of different metal ions. In case of Pb** considerable
quenching in fluorescence intensity was observed while in
case of Cu®* the original fluorescence spectrum quenches
and a new peak appears at 480 nm. Figure 6 compares the
Io/1 values of L in presence of different metal ions in ethanol
when excited with 300 nm photons. From the plot it is clear
that L can clearly distinguish Pb>* from other metal ions. The
quench in fluorescence intensity of L by Pb* is almost 25
times to that of the original.

A gradual decrease in fluorescence intensity was observed
with increasing Pb>* concentration. Figure 7, Inset shows the
plot of fluorescence intensity versus concentration of Pb?*.

Cd?*/Cu?*
Hg?*/Cu?*
Pb2*/Cu?*
APR*Cu®
Mg?*/Cu?*
NiZ*/Cu?*
Co%*/Cu?*
MnZ*/Cu?*
M Cu2*
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L+Cu(ll)

Fig. 3 Green fluorescence has been observed for 10~* M solution of L in
ethanol in presence of 10~ M Cu?* under 365 nm UV lamp. Other metal
ions - Mg**, Cu**, Li*, K¥, Na*, Mn?*, AP**, Hg>*, Co>*, Pb>*, Ni*, Cd**,
Zn** do not show any fluorescence

Aj(lll)

Fig. 4 Paper strip sensors prepared from coating L under UV lamp
(360 nm) after interacting with different metal ions. Only AI** induce
bright blue fluorescence while other metal ions - Mg®*, Cu?*, Li*, K*,
Na®, Mn?*, AI**, Hg?", Co?*, Pb>*, Ni**, Cd**, Zn>*, Fe** are silent

Fluorescence Intensity

400 500 600
Wavelength (nm)

Fig. 5 Effect of different metal ions on the fluorescence spectra of L in
ethanol
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Fig. 6 Iy/1 values of L in presence of different metal ions

The stoichiometry of binding and binding constant were de-
termined from the plot of log[(Iy-I5)/(Is-1g)] versus log of the
concentration of Pb>* (Fig. 8). Here, I is the fluorescence
intensity of L before adding Pb**, I is the fluorescence inten-
sity at an intermediate concentration of added Pb**, I is the
fluorescence intensity of L when concentration of Pb** satu-
rates fluorescence intensity of L. The slope of the plot was
observed to be 1.12 which indicates that the interaction be-
tween Pb>* and L is 1:1. The binding constant was calculated
as 10*%,

In order to confirm the stoichiometry of binding and bind-
ing constant, UV/Visible spectral titrations were done for L
with Pb>*. Figure 9 shows the UV-Visible spectral changes of
L at different added concentration of Pb>*. The log[(Ag-As)/
(A¢-Ap] was plotted versus log[Pb**] to determine the binding
constant and the stoichiometry of binding as reported. Here,
A, is the absorbance of the sensor before adding Pb**, A, is

Pb2+

Fluorescence Intensity

Fluorescence Intensity

600

Wavelength (nm)

Fig. 7 Fluorescence spectra of L at different added concentration of Pb**
in ethanol. Inset: Plot of fluorescence intensity of L at different
concentration of Pb**
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Fig. 8 Plot of log[(Ip-I)/(I-Ip)] versus log[Pb**] for L in ethanol

the absorbance at an intermediate concentration of added
Pb2+, Ay is the absorbance of the sensor in presence of one
equivalent Pb>*. The values obtained are quite similar to those
obtained from the fluorescence data.

The reversibility of binding of the sensor towards Pb** has
been checked with EDTA?". One equivalent of Pb** was
added to 2 mL of 10~* M solution of L in ethanol in a quartz
cuvette and allowed to stand for 15 min. Fluorescence spec-
trum was recorded and intensity was found to be ca. 30.
EDTA? solution (102 M) was added into the cuvette by
10 puL and fluorescence spectrum was recorded after each
addition. The fluorescence intensity was found to increase
with the addition of EDTA?  (Fig. 10). This confirms that
the binding between L and Pb>* is reversible. The detection
limit of L towards Pb** has been determined as per reported
procedure and found to be 10°° M.

The interference possibilities by other metal ions on the
sensing ability of L towards Pb** were studied. For this pur-
pose one equivalent of a metal ion was added into the sensor
solution followed by one equivalent of Pb**. The fluorescence

1“' Pb2*

Absorbance

240 300 360 420
Wavelength (nm)
Fig. 9 Change in UV/Visible spectra of L in ethanol in presence of

different added concentrations of Pb>*. Inset: Plot of log[(Ao-As)/(As-
A9)] versus log[Pb>"]

Fluorescence Intensity

500

0 400
Wavelength (nm)

Fig. 10 Fluorescence spectra of L:Pb>* at different concentration of
EDTA*

spectrum was then recorded. It has been observed that Pb**
could quench the fluorescence of L even in presence of an-
other metal ion to the same extent when Pb>* was added to the
sensor solution in absence of other metal ion. This has been
illustrated in Fig. 11 through bar diagrams.

Theoretical Calculations
Figure 12 shows the optimized geometries of L and its AI**,
Cu?* and Pb>* complexes. In all these complexes the N atoms
of the sensor act as the donating site. Each metal atom is
tetrahedrally coordinated with one N atom of L and three
other H,O molecules. Each L. accommodates two metal ions
through coordination with N atoms. It has been found that
each metal has a significant binding energy to L. For example,
the calculated binding energy of AI** to L is 92.3 kcal/mol, of
Cu”* is 78.1 keal/mol and of Pb>" is 68.3 kcal/mol. All these
data suggest that binding of A" to L is the strongest while
that of Pb®* is the weakest.

We have also performed TD-DFT calculations to simulate
the fluorescence spectra of the ligand in ethanol solvent
(Fig. 13). The calculated fluorescence bands are in very good

24
16
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Fig. 11 Selectivity of L towards Pb** in presence of another metal ion in
ethanol. Blue bar: I/l value of L, Red bar: I/l; value of L in presence of
another metal ion, Green bar: I/l value of L in presence of another metal
ion and Pb>*
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(d)

Fig. 12 Optimized geometries of the (a) L (b) AI** complex (¢) Cu**
complex and (d) Pb>" complex

agreement with the experimental one. Two intense bands have
been observed — one band at 356 nm with oscillator strength,
f=0.031 while the other is observed at 348 nm with oscillator
strength, f=0.033. The first band arrises due to the transition
from HOMO to LUMO while the other arrises due to the tran-
sition from HOMO-1 to LUMO+1. It should be noted that all
these orbitals are 7t symmetric localized throughout the ligand.

Conclusion

Sensor obtained from 4,4’-methylenedianiline and p-
anisaldehyde could detect Cu** and Pb** colorimerically.
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Fig. 13 TD-DFT calculated fluorescence spectra of the ligand

The colorless ethanolic solution of the sensor becomes brown
on addition of Cu®* while it becomes light pink on interaction
with Pb>* observable to naked eye. Addition of other metal
ions has no colorimetric change. Under UV lamp the ethanolic
solution of the sensor in presence of Cu®* shows bright green
fluorescence. The ethanolic solution of the same sensor could
detect Pb** by fluorescence “on-off” mode with a detection
limit of 10°® M. Fluorescent paper strip sensor has been de-
veloped with the sensor which shows bright blue fluorescence
when interacted with 10~ M aqueous solution of AI**. The
paper strip sensor does not show any fluorescence develop-
ment on interaction with metal ions other than AI**.
Theoretical calculations have been performed to ascertain
the structures of the sensor molecule and its metal complexes
with Cu®*, Pb®>* and AP**. All the metal complexes have sig-
nificant binding energies with Sensor: metal ion binding stoi-
chiometry 1:2. The theoretically simulated fluorescence spec-
tra show very good agreement with the experiment. The tran-
sitions responsible for showing the spectra is assigned to 7t —
70* transitions.
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