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ABSTRACT

The objective of this study was to develop a ratiometric and colorimetric organic sensor for Pb2C detection
in environmental samples. A new probe 4-phenyl amino thiourea (PAT) was designed and synthesized
using hydrazine hydrate and phenyl isothiocyanate as raw materials. After its structure was characterized
and conﬁrmed, its UV–vis spectral property was investigated in detail. PAT possesses a speciﬁcally realtime, ratiometric and colorimetric response to Pb2C in dimethyl formamide (DMF)/H2O (v/v D 9:1, pH D
7.0) within 18.0 s. There was little interference in the presence of some other common metal ions, such as
Fe3C, Cd2C, Zn2C, Mg2C, Cr3C, Ca2C, Ba2C, Sn2C, NaC, Mn2C, Hg2C, and Pb2C. Under the optimized
conditions (DMF/H2O with v/v of 9:1, cPAT D 1.0 £ 10¡3 mol¢L¡1, pH D 7.0), the present sensor PAT was
successfully applied for Pb2C determination in environmental water samples with satisﬁed recoveries
(83.0%–106.0%) and analytical precision (7.2%). The recognition mechanism was conﬁrmed to form a
stable 1:1 six-member ring complex between the target dye and Pb2C with a coordination constant of
4.96 £ 104.

Introduction
As one of the hottest topics in our society, environmental contamination by heavy metals has attracted more and more attention, along with the rapid development of modern industries,
especially the development of modern mineral industry and
electronic industry. Unscrupulous metal ions have been poured
into the natural environment, which has made a major impact
on people’s health and lifestyle.[1–7] Among all the heavy metal
ions, Pb2C is the second most toxic and dangerous as it binds
to sulfhydryl groups of enzymes, which affects almost every
organ and system in human body through interfering with the
proper functions and causing severe damages to the brain and
kidneys, and ultimately this leads to death.[8–11] Accordingly, a
convenient, rapid, sensitive and on-site detection of Pb2C is of
great importance.[12]
Although classic detection methods including atomic absorption spectrometry,[13,14] ﬂuorescence spectrometry,[15–18] electrochemical techniques[19,20] and inductively coupled plasma-mass
spectrometry[21] could detect Pb2C with high selectivity and sensitivity, most of them required complicated instrumentation and
cumbersome laboratory procedure. By virtue of its low testing cost,
simple sensing process, and even to utilize naked eyes instead of
the complex instrument, colorimetric methods have attracted
more and more attention recently.[22–28] For example, Wang, et
al.,[29] reported gold nanoparticles modiﬁed with DNAzyme as a
label-free colorimetric probe for Pb2C detection with a nanomolar
detection limit and tunable dynamic range. The work developed a
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fast and simple label-free colorimetric sensor for on-site and realtime lead detection. Dwivedi, et al.,[30] developed a dithiothreitol
functionalized anisotropic gold nanoparticles-based colorimetric
sensor for detection of Pb2C with good selectivity and sensitivity.
By loading unmodiﬁed gold nanoparticles into poly(oligo(ethylene
glycol)methacrylate) brushes, Ferhan, et al.,[31] for the ﬁrst time,
introduced a novel solid-phase colorimetric sensor for Pb2C detection using metallic nanoparticles as a colorimetric sensing module.
They were all at the expense of noble metal and their composites,
however, simple and cheap organic small molecule-based ratiometric and colorimetric sensors for real-time determination Pb2C have
been less studied so far.
The objective of this study is to develop a ratiometric and
colorimetric organic sensor for Pb2C detection, which is
expected to reduce the system error and to improve the sensitivity. Accordingly, a functional chemosensor, 4-phenyl amino
thiourea (PAT), was identiﬁed and prepared using hydrazine
hydrate and phenyl isothiocyanate as raw materials. PAT could
effectively signal Pb2C by virtue of the absorption peak at
342 nm decreasing and that at 393 nm increasing. A stable 1:1
six-member ring complex mechanism was proposed by means
of UV–vis spectra titrations, 1H NMR titrations, Job plot and
binding constant. The present method was successfully applied
in colorimetric detection of Pb2C in environmental samples
and the result has well met the requirement deﬁned by the
China Health Organization (CHO) in drinking water (GB/T
5750.6-2006).
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Materials and methods
Reagents and Apparatus
Hydrazine hydrate, phenyl isothiocyanate, 4-hydroxyethyl
piperazine sulfonic acid (HEPES) and all the other chemicals
were of AR grade and were used as received from Sinopharm
Chemical Reagent Co. Ltd. Water used throughout was doubly
deionized.
IR spectra were recorded on a Nicolet 8700 infrared spectrometer, mixed with KBr and pressed into pellets, scanned
from 4,000–500 cm¡1. 1H NMR was recorded using a Bruker
AMX-393 spectrometer operating at 400 MHz, with tetramethyl-silane as a reference and dimethyl sulfoxide
(DMSO)-d6 as solvent. Elemental analysis was conducted
using an Elemental Vario EL-III apparatus. Pb content in
solution was determined using an inductively coupled
plasma mass spectrometer (ICP-MS) (PerkinElmer, Elan
DRC Plus). UV–vis spectra were recorded on a Shimadzu
UV-265 spectrometer using a 1-cm square quartz cell. All
pH measurements were made with a PHS-25 pH meter.
Preparations of the target probe (PAT)
To 1.2 mL (19.8 mmol) 80% hydrazine hydrate solution in
20 mL acetonitrile, 0.85 mL (19.8 mmol), phenyl isothiocyanate
was added dropwise at room temperature and then the mixture
was stirred and reﬂuxed for 5 h at 82 C under N2 atmosphere.
After the reaction mixture was cooled to room temperature, the
resultant precipitate was ﬁltered and washed with enough acetonitrile, which was puriﬁed by recrystallization from acetone
several times to provide white crystal (PAT) in the yield of
52.2%.
Fourier transform infrared spectroscopy (FTIR) (KBr),
y (cm–1): 3321, 3116 (NH2), 2061 (–N D C D S), 1192 (C D S),
1541 (C–N). 1H-NMR (DMSO-d6, 400 Hz) d (ppm): 3.33 (s,
2H, NH2), 7.16–7.55 (m, J D 8.5 Hz, 5H, ArH); 9.64–9.87 (d, J
D 5.6 Hz, 2H, NH). Anal. Calcd for C7H9N3S (%): C 50.28, H
5.43, N 25.13; Found: C 50.30, H 5.39, N 25.17.
Procedures of detection
For Pb2C detection, 1.0 mL HEPES buffer solution (pH 7.0),
1.0 mL 1.0 £ 10¡3 mol¢L¡1 PAT in N,N-dimethyl formamide (DMF) and 1.0 mL Pb2C solution with different concentrations were transferred into a 10 mL volumetric ﬂask. The
mixture was diluted to 10 mL with DMF. After incubating
for 1.0 min, the absorption spectra were recorded and the
band-slit was set as 2.0 nm. The ratio (A393/342) of the
absorption intensity at 393 nm to that at 342 nm was used
for quantitative analysis.

Figure 1. UV–vis absorption spectra of PAT in the absence and presence of Pb2C in
DMF/H2O (v/v D 9:1, cPb2C D 5.0 £ 10¡5 mol¢L¡1, pH D 7.0; cPAT D 1.0 £ 10¡3
mol¢L¡1).

and 342 nm in DMF/H2O (v/v D 9:1, pH D 7.0). The ﬁrst
absorption peak at 274 nm is attributed to the p–p electron
transition of phenyl ring moiety, and the second at 342 nm
results from the p–p electron transition of C D S bond, an auxochrome group conjugated to phenyl ring with emax of 3.4 £
104 L¢mol¡1¢cm¡1. Once upon addition of Pb2C, the absorbance at 342 nm disappeared eventually with the emergence of
two new absorption peaks at 312 nm and 393 nm, respectively.
Importantly, the color of the solution changed from colorless
to light yellow, which made it possible for naked-eye detection
of Pb2C. An absorption peak shifted to long wavelength suggests that a better rigid conﬁguration formed for PAT in the
presence of Pb2C.
Effect of water-content
To make sure that the proposed probe could be applied in
aqueous environment, the effect of water-content on the
absorption spectra was investigated in the absence and presence
of Pb2C (Figure 2). From Figure 2, we could ﬁnd that there is
little effect of water-content on the ratio (A393/342) without
Pb2C, implying that PAT itself is quite stable. While in the presence of Pb2C, A393/342 reaches the maximum at 10% water (v/v)

Results and discussion
The UV–vis absorption spectrum of PAT
To conﬁrm its spectral performance and potential application,
the UV–vis absorption spectra of PAT were tested ﬁrst in the
absence and presence of Pb2C in DMF/H2O (v/v D 9:1, pH 7.0)
and the results were given in Figure 1. From Figure 1 we could
ﬁnd that PAT itself possesses two absorption peaks at 274 nm

Figure 2. The effect of water-content on the absorption spectra of PAT in the
absence and presence of Pb2C, respectively.
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Figure 3. Effect of pH on A393/342 of PHT-Pb2C in DMF/H2O (v/v D 9:1, cPb2C D
5.0 £ 10¡5 mol¢L¡1, cPAT D 1.0 £ 10¡3 mol¢L¡1).

Figure 4. Time response curve of PAT to Pb2C in DMF/H2O (v/v D 9:1, cPb2C D
5.0 £ 10¡5 mol¢L¡1, cPAT D 1.0 £ 10¡3 mol¢L¡1, pH D 7.0); Inset: the ampliﬁed
curve of the response of PAT to Pb2C between 0 and 30.0 s.

and then decreases more than 10% water (v/v). The reason may
be that protic H2O could form strong hydrogen bonding with
PAT, which will enhance the conjugated degree to improve the
absorption intensity.[32,33] Once the H2O content was more
than 10%, protic H2O would thus compete with PAT to bind
Pb2C, which will reduce the chance of complexation between
PAT and Pb2C. DMF/H2O (v/v D 9:1) was selected for all subsequent experiment in the work accordingly.

Effect of coexisting foreign metal ions

Effect of pH
As a protic amino-based colorimetric probe, pH will possess
a signiﬁcant inﬂuence on the interaction between PAT and
Pb2C, the effect of pH on the detection was measured in
the range of pH 2.0–12.0 (Fig. 3). A393/342 gradually ﬁrst
increases with pH and reaches the maximum when pH is
7.0. The reason might be that when pH is <7.0, both N
and S atoms in PAT molecule are easily protonated, which
reduces their coordination with Pb2C. While pH is more
than 7.0, the solubility of Pb2C in basic aqueous solution
decreases. They both attenuate the coordination interaction
between PAT and Pb2C, resulting in decrease of A393/342.
Accordingly, pH 7.0 was selected for all the subsequent experiments in the work.

To illustrate the selectivity of PAT-based sensing system for
Pb2C detection, the colorimetric response of PAT to Pb2C was
compared to other environmentally important metal ions, such
as Fe3C, Cd2C, Zn2C, Mg2C, Cr3C, Ca2C, Ba2C, Sn2C, NaC,
Mn2C, and Hg2C. For this, the relative values of A393/342 of the
sensing system containing 5.0 £ 10¡5 mol¢L¡1 Pb2C and 1.0 £
10¡5 mol¢L¡1 PAT at pH 7.0 were recorded in the absence and
presence of other different metal ions above (Fig. 5). From
Figure 5, we could ﬁnd that the additions of these metal ions
show negligible effect on A393/342 of the proposed sensing system, i.e., all the changes are less than 5% relative to that taken
in the presence of Pb2C under the same conditions. The selectivity of PAT to Pb2C detection is excellent, which could be
applied for colorimetric detection of Pb2C, even under the condition of coexistence of other metal ions.

Analytical parameters and application in practice
To disclose the rule of PAT for colorimetric detection of Pb2C,
series of UV–vis spectral titration experiments were carried out

Time response
To illustrate the response rate and reliability of PAT to recognize Pb2C, A393/342 of PHT-based sensing system in DMF/H2O
(v/v D 9:1, cPb2C D 5.0 £ 10¡5 mol¢L¡1, cPAT D 1.0 £ 10¡3
mol¢L¡1) was measured at different times after addition of
Pb2C. It is easy to ﬁnd from Figure 4 that A393/342 increases
quickly and could reach a platform within less than 18.0 s after
addition of Pb2C (Inset in Fig. 4). To the best of our knowledge,
it may be so far one of the fastest real-time Pb2C-quantiﬁcation
assays achieved at room temperature at pH 7.0 using an organic
colorimetric probe. Furthermore, the absorption spectral signals can remain stable during the subsequent test time, implying that the proposed PAT-based colorimetric probe is
sensitive, and possesses fast real-time response, reliability and
stability.

Figure 5. The relative absorption responses of the PAT sensing system in the presence of various metal ions. Black bars represent the addition of various metal ion
to PAT. The magenta bars represent the addition of various metal ion to PAT-Pb2C
(v/v D 9:1, cPb2C D 5.0 £ 10¡5 mol¢L¡1, cother ion D 1.0 £ 10¡4 mol¢L¡1, cPAT D
1.0 £ 10¡3 mol¢L¡1, pH D 7.0).
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Figure 6. a) The UV-Vis absorption spectra of PAT (1.0 £ 10¡5 M) upon addition of Pb2C (0–50 mM) in DMF/H2O (9/1, v/v, pH D 7.0). b) The linear relationship between
A393/342 and cPb2C.

under the given optimized experimental conditions. Figure 6
shows the absorption spectra of PAT at different concentrations of Pb2C between 0 mol¢L¡1 and 5.0 £ 10¡6 mol¢L¡1.
From the spectra, a linear relationship between PAT and Pb2C
concentration is exhibited in the range of 2.0–10.0 £ 10¡6
mol¢L¡1 with a correlation coefﬁcient of 0.982. The regression
equation is A393/342 D ¡0.07 C 0.5 c (10¡6 mol¢L¡1). Based on
the deﬁnition of detection limit, three times of the average deviation of absorbing intensity ratio (A393/342) of the intensity at
393 nm to that at 342 nm in 20 blank samples without Pb2C
being used here, the limit of detection for Pb2C is up to 2.3 £
10¡7 mol¢L¡1, which well meets the concentration limits
deﬁned by the China Health Organization (CHO) in drinking
water (GB/T 5750.6-2006).
To further evaluate the feasibility, the proposed PAT-based
sensing system has been applied to analyse four environmental
water samples from the Lake, the tap water on the campus and
the untreated industrial wastewater from the battery plant at
Baoshan district in Shanghai, respectively (Table 1). All the
samples were obtained by ﬁltering several times. For recovery
studies, some known concentrations of Pb2C were added to the
environmental water samples and the total Pb2C concentration
was determined following the method proposed above. From
Table 1, we could ﬁnd that the recoveries of different known
amounts of Pb2C spiked were obtained from 83.0% to 106.0%
with a satisfying analytical precision (R.S.D.  7.2%). Especially, the detected values in the samples were quite consistent
with the ones obtained from ICP-MS, which validated the reliability and practicality of this method for Pb2C detection.
The recognition mechanism
It is well known that Job’s plot is one of the most popular methods to determinate stoichiometry in host–guest chemistry.[34]
To investigate the action mechanism between PAT and Pb2C,

Job’s plot was drawn ﬁrst. To do this, a series of solutions with
varying mole fraction of Pb2C to PAT were prepared by maintaining the total concentration constant of 1.0 £ 10–4 mol¢L–1.
The absorption intensity at 393 nm was recorded for each solution (Fig. 7a). From Figure 7a, we could ﬁnd that the observed
maximum in the Job’s plot is 0.5. So a 1:1 stoichiometry for the
complex between PAT and Pb2C was concluded, conﬁrming
that Pb2C might simultaneously coordinate with N and S atoms
in the target probe. Accordingly, a stable six-member ring coordination mode was proposed as schematized in Figure 7b.
Based on the proposed recognition mode between PAT
and Pb2C, the linear relationship between the reciprocal of
relative absorption intensity [1/A–A0] and the reciprocal of
cPb2C was drawn according to Benesi-Hildebrand formula
below (Fig. 7a)[35]



1=.A−A0 / D 1= Kaj  ðAmax −A0 Þ Pb2 C C 1=ðAmax −A0 Þ
where A and A0 are the absorption intensity at 393 nm without
and in the absence of Pb2C, respectively. Amax is the maxima
absorption intensity changed at 393 nm in the presence of Pb2C.
The binding constant (Ka) of PAT and Pb2C was calculated to be
4.96 £ 104, indicating that PAT could selectively recognize Pb2C
and the resultant complex PAT-Pb2C is quite stable.
1
H NMR titrations were carried out to further discover the
bonding nature between PAT and Pb2C in the absence and
presence of Pb2C in DMF-d6, and the results were shown in
Figure 8. In the absence of Pb2C, PAT possesses three N-H signals at 10.2 (position 4), 9.6 (position 5) and 3.5 (position 6)
ppm, respectively. With gradual addition of Pb2C from 0.0,
0.25, 0.50, 0.75 and 1.0 equivalent, all the three characterized
signals, especially the signal at 3.5 ppm, shift to low ﬁeld by
0.14, 0.20, 0.21 ppm, respectively. And no shift happens when
Pb2C is more than 1.0, i.e., 1.50 and 2.0 equivalents. On the

Table 1. Pb2C colorimetric determination results for environmental samples (n D 5)a.
Samples
Lake water 1
Lake water 2
Tap water 1
Tap water 2
Wastewater 1
Wastewater 2
a

cPb2C in samples (10–6 M)

Spiked (10–6 M)

Found (10–6 M)

Recovery (%)

R.S.D. (%)

cPb by ICP-MS (10–6 M)

0
0
0
0
2.05
2.02

5.0
8.0
5.0
8.0
5.0
8.0

4.87
7.16
5.2
7.4
7.12
10.62

97
83
104
93
101
106

6.9
7.0
3.2
5.0
4.8
7.2

4.98
8.02
5.01
8.03
7.21
10.53

HEPES buffer solution (pH 7.0), cPAT D 1.0 £ 10–5 mol/L in DMF/H2O (9/1, v/v, pH D 7.0).
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Figure 7. a) Job-plot for PAT and Pb2C, the total concentration of PAT and Pb2C kept at 100 mmol/L. b) The proposed recognition mode of PAT to Pb2C. c) A certain linear
relationship between 1/[A¡A0] and 1/[Pb2C].

precision (7.2%). A potential ratiometric and colorimetric
sensor was presented for real-time recognition of Pb2C with
excellent selectivity and sensitivity.
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