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a b s t r a c t

An efficient and highly selective colorimetric and fluorescent receptor DTPDA has been synthesized for
sensitive detection of Pb2þ and Fe3þ cations. The sensor DTPDA produces a facile, cost-effective and
naked eye sensing platform to determine trace amounts of Pb2þ and Fe3þ metal ions by complexation
with pendent S-termini of thiophenes, which commonly coordinates to central N-termini of pyridine.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

The development of highly sensitive fluorescence receptors for
the selective recognition of heavy metal ions and transition metals
has been inspiring the scientific community for the past few years
as a result of concern for human health and environmental safety
[1–5]. Among them, lead is one of the most highly toxic metal
cations. It is widely spread through the environment and causes
serious adverse effects to human health, particularly in children
where it causes memory loss, anaemia, mental retardation, muscle
paralysis and irritability [6]. According to the World Health
Organisation (WHO), 10 mg L�1 is the permissible limit of lead
for drinking water [7]. On the other end of the spectrum, iron is
one of the most essential trace element in the human body, is
present in many enzymes and proteins and acts as cofactor for
many cellular metabolism reactions [8]. It plays an important role
in the transportation of oxygen to all tissues, in the form of
haemoglobin. Both its deficiency and excess in human body can
results in various pathological disorders [9] with iron transporting,
storage and balance [10]. A literature survey reveals that various
chemosensors have been developed for the selective detection of

either Pb2þ or Fe3þ metal ions [11–17]. However, there is still a
growing demand to develop a chromogenic receptor for the highly
selective and sensitive detection of these both cations.

Molecules with triphenylamine based donors and thiophene
acceptors have received a lot of attention due to their wide range
of applications in organic photovoltaics (OPVs) [18], organic light-
emitting diodes (OLEDs) [19], organic light-emitting transistors
(OLETs) [20], organic solar cells (OSCs) [21], fluorescent sensors
[22,23], and electro-polymerisation [24]. The donor and acceptor
groups in these molecules are connected skeletally through linear
π-conjugated systems, which gives rise to their isotropic, optical
and charge transporting properties. Motivated by such significant
applications of donor–acceptor synthetic systems and how they
can overcome the emission quenching nature and interfering
effect of other cations, we are interested in developing a new
fluorescent receptor for cation sensing.

2. Experimental section

2.1. General information and materials

All reagents were purchased from Sigma Aldrich Chemical Co.
and were used as without further purification. All solvents were
received from commercial sources and purified by standard
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methods. For all spectroscopic studies, acetonitrile of HPLC grade
were used. 1H and 13C NMR spectra were recorded on ADVANCE
300 and 75 MHz NMR spectrometer respectively using TMS as
internal standard and CDCl3 as the solvent. Mass spectrometric
data were obtained by electron spray ionization (ESI-MS) techni-
que on an Agilent Technologies 1100 Series (Agilent Chemistation
Software) mass spectrometer. High-resolution mass spectra
(HRMS) were obtained by using ESIQTOF mass spectrometry. FTIR
spectra were obtained on a Perkin Elmer FT-IR 400 spectrometer.

2.2. UV–vis spectroscopic studies

UV–vis spectra were recorded in a Shimadzu 2450 UV–vis spectro-
meter in 1 cm path length cuvette. A stock solutions of DTPDA
(8�10�5 M) and various metal perchlorate salts (2�10�4 M) were
prepared in acetonitrile and allowed to equilibrate at room tempera-
ture for 2 h before spectral measurements.

2.3. Fluorescence spectroscopy

Fluorescence emission spectra were recorded in a Horiba Jobin
Yvon FluoroMaxs-4 –Spectrofluorometer. All experiments were
performed in a quartz cell with a 1 cm path length with 350 nm
excitation wavelength. Solution preparation is in similar manner
as mentioned in UV–vis study.

2.4. Density functional theory (DFT)

To determine the most stable energy conformation of sensor
DTPDA, three possible conformations (Fig. S15) are optimized by
using hybrid density functional B3LYP with basis set 6–31þG(d).
Frequency calculations are carried out at the same level of theory
to ensure that the conformations are real structures. After compar-
ing the energies of three possible conformations the DTPDA1 is
found to be the most stable (Table S1). Optimized geometrical
parameters (bond length in Å and angle in Deg) of three possible
conformations obtained at B3LYP/6–31þG(d) level of theory are
given in Table S2.

2.5. Synthesis of derivatives

Synthesis of (E)-3-(4-(diphenylamino)phenyl)-1-(thiophen-2-
yl)prop-2-en-1-one (2)

To a mixture of 4-(diphenylamino) benzaldehyde [25] (1)
(2.0 g, 0.007 mol) and 2-acetyl thiophene (0.9 g, 0.03 mol) in
ethanol (50 mL), a solution of potassium hydroxide (5%, 50 mL)
was added slowly. The mixture was stirred for 24 h. The precipi-
tated solid was filtered, washed with water, dried, and recrysta-
lized from ethanol gives 2 (2.56 g, 92%), as a yellow solid. 1NMR
(300 MHz, CDCl3) δ (ppm): 7.83 (d, 1H, J¼3.9 Hz), 7.64 (d, 1H,
J¼5.4 Hz), 7.48 (d, 2H, J¼8.7 Hz), 7.33�7.01 (m, 15H); 13C NMR
(75 MHz, CDCl3) δ (ppm): 181.9, 146.7, 143.8, 133.2, 131.2, 129.7,
129.4, 129.1, 128.0, 125.4, 124.1, 122.6, 121.4, 118.9, 127.6. ESI-MS

(m/z): 382 [MþH]þ , calcd. for C25H19NOS¼382.1437, found¼
382.1264.

Synthesis of 4-(2,6-di(thiophen-2-yl)pyridin-4-yl)-N,N-diphenyla-
niline (DTPDA)

An equimolar amount of compound 2 (2.0 g, 0.005 mol) and
N-[1-oxo-2-(2-thienyl)ethyl]-pyridium iodide [26] (3) (3.0 g,
0.008 mol) was heated under reflux condition for 12 h in the
presence of ammonium acetate (5.0 g, 0.648 mmol) and glacial
acetic acid (15 mL). After the reaction mixture was maintained at
room temperature overnight, ice cold water (30 mL) was added to
it, the obtained precipitated was filtered, wash with water, dried
and purified by column chromatography to afford the probe
DTPDA (0.79 g, 31%) as faint green solid. 1NMR (300 MHz, CDCl3)
δ (ppm):7.69 (d, 2H, J¼3 Hz), 7.66 (s, 2H), 7.57 (d, 2H, J¼8.4 Hz),
7.40 (d, 2H, J¼4.8 Hz), 7.28 (t, 4H, J¼7.5 Hz), 7.19�7.06 (m, 10H);
13C NMR (75 MHz, CDCl3) δ (ppm): 152.4, 149.3, 148.9, 147.2, 144.9,
131.3, 129.3, 127.8, 127.6, 124.8, 124.6, 123.5, 122.9, 114.3. ESI-MS
(m/z): 487 [MþH]þ , calcd. for C31H23N2S2¼487.1297, found¼
487.1283.

3. Results and discussion

Herein, we designed a novel receptor based on donor–acceptor
strategy, which possesses triphenylamine as a donor and bis-
thiophenes appended to a pyridine unit as an acceptor moieties.
The fluorescent probe 4-(2,6-di(thiophen-2-yl)pyridin-4-yl)-N,N-
diphenylaniline (DTPDA) was synthesized in two steps (Scheme 1,
for detail see ESI†), in the first step reaction of 1 with 2-acetyl
thiophene in KOH in ethanol gives compound 2 in 92% yield and in
the final step reaction of 2 with N-[1-oxo-2-(2-thienyl)ethyl]-
pyridium iodide in acetic acid in the presence of ammonium
acetate produced DTPDA target molecule in 31% yield.

The plausible mechanistic pathway is as depicted in Scheme 1.
A synthetic methodology to fabricate pyridine derivatives based
on ring closure of 1,5-diketo-derivatives was reported by Kröhnke
[27]. Triphenylamine monoaldehyde 1 and 2-acetylthiophene
undergoes base mediated aldol-condensation that yields the α,β
unsaturated ketone 2. In the second step, 2 reacts with pyridinium
salt of acetylthiophene 3 afforded 1,5-diketo-derivative 4 via
Michael addition. The obtained derivative was not isolated. In
third step, 1,5-diketo-derivative 4 undergoes in situ ring closure
reaction in the presence of ammonium acetate leading to the
target molecule DTPDA [28,29].

3.1. Density functional theory (DFT) calculations

To gain insight the electronic structure of receptor molecule
DTPDA, we performed density functional theory (DFT) calculations.
The results of calculations reported in this work were obtained
using the Gaussian 09 ab initio/DFT quantum chemical simulation
package [30]. The lowest energy conformation of receptor molecule
DTPDA was determined by gas phase optimization of all possible
conformations (Fig. S15, for detail see ESI†)) using hybrid density

Scheme 1. Synthesis of DTPDA receptor.
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functional B3LYP with basis set 6–31þG(d). Frequency calculations
were carried out at the same level of theory to ensure that DTPDA
has all real (positive) frequencies. Based upon the obtained molecular
geometry of DTPDA, the frontier molecular orbitals HOMO and
LUMO were calculated at the same level of theory and generated
by using Avogadro software (Fig. 1) [31,32]. The HOMO (�5.40 eV)
electron cloud is on the triphenylamine part and LUMO (�1.73 eV)
electron cloud is spread over from the two-thiophenes to the
nitrogen of the triphenylamine part of receptor molecule. The
calculated energy gaps i.e. HOMO–LUMO gap (HLG) for receptor
molecule is 3.67 eV. Thus, for DTPDA, the ICT transitions predomi-
nantly involve the triphenylamine donor and bis-thiophenes
appended pyridine as an acceptor end.

3.2. UV–vis absorption and fluorescence spectroscopy

UV–vis and fluorescence spectroscopy of DTPDA were studied
at room temperature in acetonitrile. The UV–vis absorption
spectra of DTPDA exhibited four major peaks at 200, 251, 292
and 352 nm. The absorption band at 352 nm may be appeared due
to a spin-allowed intramolecular charge transfer (ICT) band (π–πn

transition) [33,34]. Furthermore, the cation binding properties of
DTPDA were investigated using UV–vis spectroscopic measure-
ments. In this regard DTPDA (8�10�5 M) was treated with
10 equiv. of each individual cations such as Fe3þ , Agþ , Ba2þ ,
Ca2þ , Cu2þ , Hg2þ , Mg2þ , Mn2þ , Pb2þ , Ni2þ , Zn2þ and Cd2þas
their perchlorate salts in acetonitrile (Figs. 2 and S2). UV–vis
absorption spectrum in the presence of 10 equiv. of different
individual cations (2.0�10�4 M) reveals the peaks of DTPDA were
not shifted by any of the cations except Pb2þ and Fe3þ . The
absorption band of DTPDA at 250 nm, 295 nm and 350 nm
decreased in intensity with Pb2þ ion and generation of new

absorption peak at λmax¼453 nm with Fe3þ ion, suggesting a
selectivity towards only Pb2þ and Fe3þ ions.

We further investigated the changes in the UV–vis absorption
spectra of receptor DTPDA upon addition of increasing amount of
Pb2þ ions (0 equiv. to 10 equiv.) to the acetonitrile solution. As
shown in Fig. 3a, upon addition of increasing amount of Pb2þ ions
shows a decrease in intensity of absorption bands at 250 nm,
295 nm and 350 nm, indicating that the receptor is available for
selective detection of Pb(II). Notably, as shown, such absorbance
response of receptor DTPDA towards other cations was not
observed for these peaks. Furthermore, we observed that the
addition of Pb2þ leads to an increase in absorption at 209 nm.
The plot of linear increase in absorption intensity at 209 nm with
number of equivalent of Pb2þ indicates 1:1 stoichiometry for
DTPDA.Pb2þ complex (Fig. S3). The bathochromic shift was
associated with a visual detection in the change in color from
colourless to the dark orange of the resulting solution (Fig. S1) and
clearly indicates binding of Pb2þ to the DTPDA receptor.

The binding of Pb2þ with DTPDA was also investigated by
fluorescence spectroscopy techniques. Upon excitation at λex¼
350 nm, the fluorescence spectrum shows an emission band at
443 nm was bathochromically shifted to λmax¼448 nm, whereas
the band at 546 nm underwent hypsochromic shift to λmax¼
529 nm (Fig. 3b) associated with a visually detectable change in
solution from sky blue to dark green under UV lamp of 365 nm. In
order to get an insight the association constant Ka of the DTPDA-
Pb2þ complex, the Benesi–Hildebrand equation was employed.

Fig. 1. Computational analysis of HOMO and LUMO levels of DTPDA.

Fig. 2. Changes in UV–vis spectrum of DTPDA (8�10�5 M) upon addition of
10 equiv. of different metal cations in CH3CN.

Fig. 3. (a) UV–vis and (b) Fluorescence spectra (λex¼350 nm) of DTPDA
(5�10�5 M) in CH3CN upon addition of 0–10 equiv. of Pb2þ ions (2�10�4 M).
Inset of (a) shows naked eye visualisation of DTPDA upon addition of Pbþ2 at
λex¼350 nm. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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It was evaluated graphically by plotting DTPDA/ΔA against
DTPDA/[Pb2þ] (Fig. S4). The data linearly fitted to the Benesi–
Hildebrand equation and the association constant (Ka) for Pb2þ

binding in DTPDA was determined to be 3.48�104 M�1. The
detection limit of the DTPDA-Pb2þ complex was determined from
the plot of absorption intensity at 209 nm as a function of the
concentration of Pb2þ and found that DTPDA has detection limit
to be 0.18 μM for the Pb2þ ion (Fig. S5).

The changes in absorbance spectra of DTPDA were monitored
upon gradual addition of Fe3þ ions, the absorption band at 352 nm
was bathochromic shifted to 364 nm (Δλmax¼12 nm) along with
the formation of a new absorption peak at 453 nm (Fig. 4a). A new
absorption band at 453 nm appeared and then stabilized above
1 equiv. while, absorption band at 364 nm was found to decrease
in intensity with a small red-shift. The bands with a maximum at
200 nm and 300 nm increases with increase in concentration of
Feþ3 ions. The linear increase in absorption intensity at 452 nm
was plotted against number of equivalent of Fe3þ indicates a 1:1
stoichiometry for DTPDA and Fe3þ complex (Fig. S6). The complex
formation of DTPDA�Fe3þ was also investigated by fluorescence
spectroscopy. The emission spectrum of complex (Fig. 4b), initially
shows slight red-shift at 443 nm and blue-shift at 543 nm
(λex¼350 nm) underwent merging of both peaks and broadened
at 489 nm. Furthermore, upon increasing concentration of Fe3þ ,
up to 10 equiv. results decrease in peak intensity. These spectral
changes were associated with a colorimetric detectable change in
solution fluorescence from sky blue to dark green (Fig. S1) under
UV–vis (λex¼365 nm). We assume that the DTPDA�Fe3þ complex

formation played an important role in the modification of the ICT
process from the donor diphenylamine unit to the acceptor end
and this is supported by the sharp change in colour (observed both
visually) and in their UV–vis and fluorescence spectra).

The association constant Ka of the DTPDA�Fe3þ complex was
evaluated by linearly fitted data obtained from plotting of DTPDA/
ΔA against DTPDA/[Fe3þ] to the Benesi–Hildebrand equation
(Fig. S7). The association constant (Ka) for Fe3þ binding in DTPDA
was determined to be 1.33�104 M�1 and the calculated detection
limit of DTPDA.Fe3þ complex to be 0.38 μM for Fe3þ ion (Fig. S8).

3.3. Comparative binding studies of cations

The competitive binding studies of DTPDA with Pb2þ and Fe3þ

were also carried out in the presence of 1 equiv. other cations
such as Agþ , Ba2þ , Ca2þ , Cu2þ , Hg2þ , Mg2þ , Mn2þ , Ni2þ , Zn2þ

and Cd2þ . The absorption band intensities of DTPDA did not
change upon addition of 1 equiv. of any of these cations. However,
addition of Pb2þ to DTPDA in presence of these individual cations
resulted in a remarkable enhancement in the absorption band at
209 nm intensity indicating the excellent selectivity and sensitiv-
ity of the receptor towards Pb2þ (Fig. 5a). Furthermore, the
selectivity and sensitivity of the receptor DTPDA was also tested
towards Fe3þ . It should be noted that an increase in the intensity
of absorbance peak at 453 nm from DTPDA was observed in the
presence of other cations for Fe3þ binding (Fig. 5b). Thus, DTPDA
binds Fe3þ selectively in presence of other cations Fig. 6).

Thus, compound DTPDA has a capability to recognise both Pb
(II) and Fe(III) ions. This compound show absorption response as
decrease in peak intensity in case of Pb2þ (Fig. 3a) and increase in
absorption peaks for Fe3þ (Fig. 4a). This is because DTPDA does
not show same binding mode to these two cationic species. These
results again support the proposed mechanism.

Fig. 4. (a) UV–vis and (b) fluorescence spectra (λex¼350 nm) of DTPDA
(5�10�5 M) in CH3CN upon addition of varying equiv. of Fe3þ ions (2�10�4 M).
Inset of (a) shows naked eye visualisation of DTPDA upon addition of Fe3þ at
λex¼350 nm. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 5. Competitive responses of DTPDA and (a) DTPDA-Pb2þ complex at 209 nm,
(b) DTPDA-Fe3þ complex at 453 nm in absorption intensity with different metal
cations. The above study of receptor DTPDA with various cations using naked-eye,
UV–vis, fluorescence spectroscopic techniques indicate that receptor DTPDA
exhibits selective sensing for Pbþ2 and Feþ3 in organic solvents. The plausible
structure of the complex formation between receptor DTPDA and cation is as
depicted in Fig. 6.
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4. Conclusions

In summary, we have demonstrated micromolar level detection
Pb2þ and Fe3þ ions in acetonitrile utilising a donor–acceptor
DTPDA receptor in both optical and calorimetric detection. The
receptor exhibited selective and excellent probe for detection of
Pb2þ and Fe3þ binding selectivity over other cations (Agþ , Ba2þ ,
Ca2þ , Cu2þ , Hg2þ , Mg2þ , Mn2þ , Ni2þ , Zn2þ and Cd2þ).
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