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Cinnamaldehyde-Based Chemosensor for Colorimetric
Detection of Cu2+ and Hg2+ in a Near-Perfect Aqueous
Solution
Hanna Cho, Ju Byeong Chae,* and Cheal Kim*[a]

A cinnamaldehyde-based colorimetric chemosensor TAA (N’-
((1E,2Z)-3-(4-(dimethylamino)phenyl)allylidene)thiophene-2-car-
bohydrazide) was newly developed. TAA can detect Cu2+ and
Hg2+ ions by different color changes from pale yellow to deep
yellow and orange, respectively, in aqueous media. TAA
differently binds to Cu2+ as a 1:1 ratio and Hg2+ as a 2:1 ratio.

The detection limits towards both analytes turned out to be
0.08 μM for Cu2+ and 0.01 μM for Hg2+. Moreover, TAA could
successfully quantify Cu2+ and Hg2+ in tap and drinking water.
The detection processes of TAA towards Cu2+ and Hg2+ were
demonstrated by using DFT calculations.

Introduction

Quite recently, a number of detection methods for metal ions
have been developed.[1,2] These methods, like stripping voltam-
metry, atomic absorption spectroscopy and inductively coupled
plasma, could detect effectively metal ions, but need skilled
operators and complicate procedures.[2–4] On the contrary,
colorimetric detection using chemosensors has been known as
a cost-effective tool due to easy detection via naked-eye
without expensive equipment.[5–7] Thus, it is really needed to
develop effective and selective colorimetric chemosensors for
metal ions.[8–11]

Detection of copper and mercury has attracted high
attention in the field of chemosensors,[12–15] because of their
environmental and biological influence. Copper is an essential
transition metal in living organisms,[16,17] but the pollution of
copper in the atmosphere or soil could have negative effects to
them.[18,19] The exposure to high concentrations of copper ions
for long periods is known to cause hemolytic anemia, hepatitis
and Parkinson’s disease.[20–22] Mercury is a well-known toxic
transition metal.[23–25] Recent reports highlighted the affection
of mercury pollution towards not only soil bacteria and fungi
but also human beings.[26–28] Therefore, the development of
effective and selective chemosensors for copper and mercury is
highly demanded.[29–32]

Many chemosensors for detecting Cu2+ or Hg2+ have been
developed, and some of them show very low detection limits
like nanomolar and attomolar concentrations.[11,15,16,22,23,25] On
the other hand, chemosensors for detecting both Cu2+ and

Hg2+ by a colorimetric method have been recently developed
using several chromophores such as BODIPY,[33–35] pyrene,[36,37]

NBD,[38] phenothiazine,[39] rhodamine,[40] and naphthalimide.[41]

Nevertheless, they have a limitation for practical application
due to the poor solubility in water. Only two examples are
soluble in a near-perfect aqueous media. For the practical and
efficient usage of chemosensor, it is highly demanded to
develop colorimetric chemosensors working in water.[42]

Chemosensors using cinnamaldehyde moiety were applied
to detect metal cations because its long conjugation could
induce a unique spectral change by binding to metal ions.[43,44]

However, the low solubility of the cinnamaldehyde moiety in
water was a big obstacle to development of the cinnamalde-
hyde-based practical chemosensors.[45] For solving this problem,
we envisioned to use a thiophene derivative having a
hydrazide functional group, which would have a good water-
soluble property.[46] Hence, we expected that the combination
of cinnamaldehyde and thiophene-2-carbohydrazide would
have better water solubility and show a unique spectral change
to heavy metal ions.

Herein, we presented a new cinnamaldehyde-based chemo-
sensor TAA, which detected Cu2+ and Hg2+ by color change in
a near-perfect aqueous media. Moreover, TAA was applied to
real water samples for the analysis of Cu2+ and Hg2+ ions.
Possible binding structures and detection processes of TAA to
Cu2+ and Hg2+ ions were demonstrated, based on ESI-MS, Job
plot and DFT calculations.

Results and Discussion

TAA was given by the reaction of 4-(dimethylamino)cinnamal-
dehyde and thiophene-2-carbohydrazide (Scheme 1). It was
verified with 1H and 13CNMR (Figures S1 and S2), elemental
analysis and ESI-MS.
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Colorimetric detection of Cu2+

Chromogenic selectivity of TAA to metal ions with biological
and environmental significance was studied in bis-tris buffer
(Figure 1). Only Cu2+ and Hg2+ ions induced remarkable UV-

visible change of TAA at 480 nm and 518 nm, respectively. The
results were consistent with the photograph (Figure 1(b)). TAA
showed color changes from pale yellow to deep yellow with
Cu2+ ion and to orange with Hg2+ ion. In contrast, spectral and
color changes were not observed with other cations. Thus, TAA
can be a strong candidate of a visible sensor for both Cu2+ and
Hg2+.

The binding character of TAA with Cu2+ ion was checked
by UV-visible titration (Figure 2). On the addition of Cu2+ ion to
TAA, the absorption of 380 nm prominently decreased, where-
as a novel band at 480 nm consistently increased and reached
to a maximum with 2.0 equiv. of Cu2+ ion. One isosbestic point

was shown at 416 nm, signifying that a complex was made
from TAA upon binding with Cu2+ ion.

For further understanding of binding mode, we carried out
Job plot analysis (Figure S3). The absorbance at 480 nm
showed the highest at mole fraction 0.5, which indicates a 1:1
stoichiometry between TAA and Cu2+. In addition, the ratio of
1:1 was verified by a positive-ion ESI-MS experiment (Figure 3).
In the MS spectrum of TAA with 1 equiv. of Cu2+, m/z peak at
517.08 could be assigned as [TAA-H+ +Cu2+]+ + 2⋅DMSO,
which was well matched with the calculated m/z value (517.06).
We tried to conduct 1HNMR titration of TAA with Cu2+ ion, but
we could not obtain reliable data owing to paramagnetic
property of Cu2+ ion. With the results of Job plot and ESI-MS,
we envisioned plausible binding structure in Scheme 2. Binding
constant (K) of 2.9 × 104 M� 1 was given for Cu2+-TAA using Li’s
equation (Figure S4).[47]

The competing selectivity of TAA as a chromogenic sensor
for the sensing of Cu2+ was studied with diverse competing
cations (Figure 4). TAA was treated with 2.0 equiv. of Cu2+ with
the same amount of other cations. Most metal ions did not
show absorption interference for the sensing of Cu2+ ion,
except Co2+ and K+ ions, which interfered with about 20%.
Nevertheless, their color change was discernible enough. Thus,
TAA could be a valuable colorimetric sensor for Cu2+ ion with
diverse competing cations. We tested the effect of pH on the

Scheme 1. Synthesis of TAA.

Figure 1. (a) UV-visible changes of TAA (10 μM) on addition of diverse
cations (2.0 equiv, 20 μM) in bis-tris buffer (pH 7.0, 10 mM). (b) Photograph of
TAA (10 μM) and TAA with diverse cations (2.0 equiv, 20 μM) in bis-tris buffer
(pH 7.0, 10 mM).

Figure 2. Absorption variations of TAA (10 μM) with Cu2+ ions (0-2.2 equiv)
in bis-tris buffer (pH 7.0, 10 mM). Inset: Plot of the absorbance (480 nm) vs.
the amount of Cu2+.
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spectral response of TAA to Cu2+ in a pH range from 6 to 9
(Figure S5). The remarkable spectral change of Cu2+-TAA was
observed between pH 6 and 9, suggesting that Cu2+ ion can be
detected with TAA over the environmental pH range of 6–9.

The detection ability of TAA towards Cu2+ was studied in
water samples. With the calibration plot of TAA toward Cu2+

(Figure 5), each sample was analyzed three times (Table 1).

Reliable recoveries and R.S.D. (relative standard deviation) were
given from the water samples. In addition, detection limit (3σ/

K) of TAA toward Cu2+ was given as 0.08 μM (Figure 5), which
is much below the WHO protocol (31.4 μM) for Cu2+ ion.[48]

Surprisingly, the number is the lowest detection limit among
those formerly addressed chemosensors for detecting both
Cu2+ and Hg2+ in different colors (Table S1). These consequen-
ces demonstrated that TAA could be applicable for determi-
nation of Cu2+ level with an acceptable accuracy and precision.

Colorimetric detection of Hg2+

The binding character of TAA to Hg2+ ions was checked by UV-
visible titration (Figure 6). On the addition of Hg2+ to TAA, the
absorption of 390 nm decreased prominently and a novel
broad absorption of 518 nm increased consistently and reached
a maximum at 0.5 equiv. of Hg2+ ion with the color change
from pale yellow to orange. Two defined isosbestic points were
formed at 280 and 420 nm, signifying that a species was
produced from TAA upon binding with Hg2+. The Job plot test
afforded a 2:1 ratio of TAA to Hg2+ (Figure S6). Its result was
verified by ESI-MS analysis (Figure S7). The peak of 799.19 (m/z)
could be assigned as [2⋅TAA-H+ +Hg2+]+ (calcd m/z 799.18).

To understand binding mode, we conducted 1HNMR
titration (Figure 7). TAA showed a tautomer structure between
the amide form (11.68 ppm) and the imidic acid one
(11.39 ppm). When 0.5 euqiv of Hg2+ was added, the peak (H4)
disappeared. The imine proton H5 significantly moved to
downfield, while the protons on the thiophene and cinnamal-
dehyde moieties showed small shifts. These results indicated
that the carbonyl group and the imine moiety of TAA might be
involved in binding with Hg2+. With the results of ESI-MS,
1HNMR titration and Job plot, we envisioned the reasonable
binding character of Hg2+-2⋅TAA in Scheme 3. Based on the 2:1
ratio, binding constant (K) of 2 × 109 M� 2 was given for Hg2+

-2⋅TAA using Li’s equation (Figure S8).[47]

The competing selectivity of TAA as a chromogenic sensor
for the sensing of Hg2+ was checked with diverse competing
cations (Figure 8). TAA was treated 0.5 equiv. of Hg2+ with the
same amount of other cations. There was no prominent
interference for the sensing of Hg2+ with other cations.
Therefore, TAA could operate as an outstanding colorimetric
probe for Hg2+ with diverse competing cations.

Figure 3. Positive-ion ESI-MS of TAA (10 μM) on addition of Cu(NO3)2.

Scheme 2. Plausible binding structure of TAA with Cu2+ ion.

Table 1. Measurement of Cu2+.a

Sample Cu2+ added
(μM)

Cu2+ found
(μM)

Recovery
(%)

R.S.D. (n=3)
(%)

Tap water 0.00 0.00 - -
3.00 2.90 96.7 0.34

Drinking
water

0.00 0.00 - -

3.00 2.95 98.3 0.64

a Conditions: [TAA]=10 μM in bis-tris buffer.
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We tested the effect of pH on the spectral response of TAA
to Hg2+ in pH values of 6 to 9 (Figure S9). The significant
absorbance change of Hg2+-2⋅TAA was observed between pH 7
and 9, demonstrating that TAA could be applicable for
detecting Hg2+ over the pH range of 7–9.

Moreover, we conducted real water-sample application
using tap and drinking water to examine the feasibility of TAA
for quantification of Hg2+. The calibration curve was used for
calculating R.S.D. and recovery (Figure S10). Reliable R.S.D. and
recovery values were afforded (Table 2). The limit of detection
(3σ/K) of TAA for Hg2+ was found out to be 0.01 μM, as low as

0.01 μM regulated by United States Environmental Protection
Agency for Hg2+.[49] Therefore, TAA could reliably quantify Hg2+

in real samples with a low detection limit. Importantly, the
detection limit of TAA to Hg2+ ion was also the lowest among
those formerly addressed colorimetric sensors for detecting
both Cu2+ and Hg2+ ions in different colors (Table S1).

Figure 4. (a) Bar graph (480 nm) for the interaction of TAA toward Cu2+ and
other competing metal ions in bis-tris buffer (pH 7.0, 10 mM). (b) Photograph
of TAA, Cu2+-TAA and Cu2+-TAA + other metal ions in bis-tris buffer (pH 7.0,
10 mM).

Figure 5. Calibration curve of TAA (10 μM) with Cu2+ in bis-tris buffer
(pH 7.0, 10 mM).

Figure 6. Absorption variations of TAA (10 μM) on addition of Hg2+ ions (0 -
0.525 euiv) in bis-tris buffer (pH 7.0, 10 mM). Inset: Plots of the absorbance
(518 nm) vs. the amount of Hg2+.

Figure 7. 1HNMR titration of TAA with Hg2+.

Table 2. Measurement of Hg2+.a

Sample Hg2+ added
(μM)

Hg2+ found
(μM)

Recovery
(%)

R.S.D. (n=3)
(%)

Tap
water

0.00 0.00 - -

1.25 1.27 101.6 1.40
Drinking
water

0.00 0.00 - -

1.25 1.24 99.2 1.12

a Conditions: [TAA]=10 μM in bis-tris buffer.
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Theoretical calculations

All calculations were conducted based on the experimental
data. The optimized forms of TAA, Cu2+-TAA, Hg2+-2⋅TAA are
presented in Figure 9. The calculated structure of TAA was flat
with a dihedral angle of 179.99° (1O, 2 C, 3 N, 4 N). The addition
of Cu2+ and Hg2+ ions to TAA changed the structure of TAA
slightly. The dihedral angle of Cu2+-TAA complex changed
from 179.99° to � 2.278°. Hg2+-2⋅TAA showed a tetrahedral
structure with a dihedral angle of � 6.045°.

By using these optimized structures, we calculated TD-DFT
and analyzed possible transitions. TAA showed a major
absorption at 347.53 nm, which corresponded to intramolecu-

lar charge transfer (ICT) from the cinnamaldehyde moiety to
the thiophene one (Figures S11 and S13). Cu2+-TAA complex
showed small ICT and LMCT (Figures S12 and S13). The red-
shifted UV-vis spectrum matched the decreased energy gap. In
case of Hg2+-2⋅TAA, the major transition appeared at
455.26 nm, which corresponded with ICT (Figures S14 and S15).
The second major transition also showed ICT (435.37 nm). Since
these transitions might induce larger ICT in Hg2+-2⋅TAA than in
Cu2+-TAA, different absorption and color changes were
observed. Based on experimental and theoretical results, we
envisioned the possible structures and sensing mechanisms of
Cu2+-TAA and Hg2+-2⋅TAA in Schemes 2 and 3.

Conclusions

We presented a cinnamaldehyde-based chemosensor TAA for
colorimetric sensing of Cu2+ and Hg2+ ions by different color
changes from pale yellow to deep yellow and orange in
aqueous media. The detection limits turned out to be 0.08 μM
for Cu2+ and 0.01 μM for Hg2+, which are the lowest among
those previous reported chemosensors for detecting both Cu2+

and Hg2+ in different colors. For the practical application, TAA
was well applied to real samples for the analysis of both Cu2+

and Hg2+. Based on ESI-MS, Job plot and DFT calculations,
different binding structures and sensing mechanisms of Cu2+

-TAA and Hg2+-2⋅TAA were demonstrated. Therefore, we
expected that TAA would contribute to designing a new type
of cinnamaldehyde-based sensors for detecting metal ions.

Supporting Information Summary

Experimental methods, Job plot analyses, binding constants,
detection limits, pH test, ESI-mass spectra, DFT calculations are
provided in the supplementary information.
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