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Abstract: Fluorescent sensors have attracted an important interest due to their advantages such as high
selectivity, rapid response, easy use, etc. In this study, a rhodamine based fluorescent sensor, RhDP, was
synthesized,  and  used  for  selective  detection  of  Cd2+ ions.  The  sensor  responds  to  Cd2+ via  the
coordination induced fluorescence activation (CIFA) mechanism. RhDP gives a very fast and reversible
fluorescence response to  Cd2+ in  the  presence of  the  metal  ions  tested.  The complex  stoichiometry
between RhDP and Cd2+ was found to be 1:1 and the binding constant was calculated as 2.70 × 107 M-1 in
acetonitrile (ACN)/HEPES buffer (10 mM, pH: 7.05, v/v 1:1). The fluorescent detection limit of RhDP for
Cd2+ was found to be 0.218 µM, which gave a marked sensitivity towards Cd2+.
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INTRODUCTION

Cadmium, which is one of the highly toxic heavy
metals,  is  widely  distributed  in  soil,  water  and
crops,  generated  from  volcanic  eruption,  the
combustion  of  fossil  fuels,  Ni-Cd  rechargeable
batteries, fertilizers, paint pigments, etc., causing
serious  problems  for  human  health  (1-3).
Cadmium ion (Cd2+) shows high affinity to sulfur,
and it can interfere with metal ions such as Ca2+

and Zn2+ to replace in the binding sites of some
enzymes  (4,  5).  It  causes  dysfunction  of  these
enzymes, causing serious damage to the organs.
Cadmium and cadmium compounds are category I
carcinogens  (6), and are known to be associated
with cancer mortality, hepatic and renal damage,
and  cardiovascular  disease  (7-9).  Thus,  it  is  an
essential  point  to  develop detection methods for
cadmium. 

Several  methods  have  been  reported  to  detect
Cd2+;  however,  these  methods  are  generally

expensive  and  have  complicated  sample  pre-
treatment procedures and sophisticated   synthetic
procedure  (10-13).  As  an  alternative  method,
fluorescence  spectroscopy  requires  easier
procedures.  In  recent  years,  considerable  effort
has  been  dedicated  towards  the  design  and
preparation of various colorimetric and fluorescent
sensors  for the detection of  Cd2+ ions;  however,
they  respond  to  Cd2+  by  fluorescence  quenching
(14-16). Some organic molecules can also be used
as  turn-on  fluorescent  sensor  for  Cd2+  (17-19);
however,  many  of  them  have  some  technical
drawbacks.  For  example,  some  Cd2+-selective
sensors  also  give response to  Zn2+ ions  because
they are in the same group of the periodic table
and have similar properties  (20, 21). Some Cd2+

sensors  have  a  poor  detection  limit  (22) and
complicated synthetic routes (23, 24). Thus, better
turn-on  fluorescent  sensors  should  be  developed
for  Cd2+ ions.  Rhodamine-based  sensors  are
believed  to  be  the  ideal  platforms  for  turn-on
fluorescent  tools  because  of  its  excellent
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photophysical properties  (25). Since the report of
Czarnik’s  Cu2+-sensor  (26),  various  rhodamine-
based  turn-on  fluorescent  sensors  have  been
reported for Hg2+ (27), Fe3+ (28), Cr3+ (29), Cu2+

(30),  and  Pd2+ (31).  So  far,  a  few  rhodamine-
based  turn-on  fluorescent  sensors  have  been
reported for Cd2+ (32-36). However, some of these
sensors also have some technical drawbacks such
as  interference  with  other  metal  ions  (36) and
sensing  to  hydrogen  ions  (33).  In  this  paper,  a
simple  and  reliable  turn-on  rhodamine  based
fluorescent  sensor  RhDP  for  Cd2+ has  been
introduced.  The sensor  exhibited good selectivity
and sensitivity for Cd2+. The sensor gives response
to Cd2+ very fast (<1 minute) and is stable even
under pH 5.

EXPERIMENTAL

Materials and general methods
Rhodamine  B  base,  2,6-diacetylpyridine  and
dimethyl  aspartate  were  purchased  from  TCI
America.  The  solvents  and  the  other  chemicals
used  in  the  experiments  were  obtained
commercially. The solution of Fe2+ and Fe3+ were
prepared  by  dissolving  in  0.1  M  HCl.  Unless
otherwise stated, the stock solutions of the metal
ions tested were prepared from chloride salts  or
nitrate salts  of them in deionized water. A stock
solution of RhDP (500 µM) was prepared in ACN
and diluted to 20 µM with ACN/HEPES buffer (10
mM, pH: 7.05, v/v 1:1). 

An NMR spectrometer (Bruker DRX-300) was used
to record 1H and 13C NMR spectra. A Perkin Elmer
API  150EX  mass  spectrometer  was  used  to
perform ESI-MS analyses. A Perkin Elmer Lambda
25 spectrophotometer at 293 K was used to record
UV-Vis  spectra.  Fluorescent  intensities  were
collected with  a  Perkin-Elmer  LS55 luminescence
spectrometer at 293 K. 

Synthesis of RhDP
Rhodamine B hydrazine was synthesized using the
published  method  (37).  Before  RhDP  was
synthesized,  the  intermediate  product  (1)  was
prepared  and  the  synthesis  of  1  was  explained
below. 

Synthesis of 1 : Rhodamine B hydrazine (1 mmol,
0.556 g) and 2,6-diacetylpyridine (1 mmol, 0.162
g)  were  dissolved  and mixed  in  boiling  ethanol.
The mixture  was then refluxed for  5 hours.  The
solution was then cooled and allowed to stand at
room  temperature.  After  the  solvent  was
evaporated  under  reduced  pressure,  the  crude
product was obtained. The crude product was then
purified by silica gel column chromatography using
CH3OH/CH2Cl2 (1:20, v/v) as eluent to obtain 0.405
g  of  1 (yield,  56%).  1H  NMR  (CDCl3,  300  MHz
δ(ppm): 8.72 (d, 1 H), 8.08 (d,  1 H), 7.78–7.67

(m, 2 H), 7.62–7.53 (m, 2H), 7.23 (d, 1 H), 6.54–
6.46 (m, 4H), 6.21 (d, 2 H), 3.63 (m, 8 H), 2.70
(s,  3H),  1.91  (s,  3H),  1.21  (t,  12H);  13C  NMR
(CDCl3,  75  MHz   δ(ppm):  168.8,  154.3,  153.3,
152.6, 150.1, 148.3, 147.8, 145.7, 137.7, 133.8,
129.6, 128.1, 127.4, 124.5, 123.2, 119.9, 118.9,
108.1,  107.097.7,  66.5,  51.7,  44.3,  21.7,  12.7;
ESI-MS:  found:  m/z  = 602.1  [M+H]+,  calcd  for
C37H39 N5O3 = 601.2.

Synthesis of RhDP :  1 (0.670 mmol,  0.405 g)
and  dimethyl  aspartate  (0.670  mmol,  0,076  g)
were  dissolved  in  ethanol  (15  mL).  The mixture
was  then  refluxed  overnight.  The  solvent  was
evaporated under vacuum and the crude product
was purified by alumina gel column using CH2Cl2 to
CH2Cl2/MeOH as eluent to afford RhDP as a yellow
solid (0.115 g, yield, 23%).  1H NMR (CDCl3, 300
MHz  δ(ppm): 8.82 (d, 1 H), 8.14 (d,  1 H), 7.78–
7.67 (m, 2 H), 7.62–7.53 (m, 2H), 7.23 (d, 1 H),
6.54–6.46 (m, 4H),  6.21 (d,  2 H),  3.82 (s,  6H)
3.63 (m, 8 H),3.01 (m, 1H), 2.70 (s, 3H), 2.58 (d,
2H) 1.91 (s, 3H), 1.21 (t, 12H);  13C NMR (CDCl3,
75  MHz   δ(ppm):  158.8,  154.3,  153.3,  152.6,
150.1, 148.3, 147.8, 145.7, 137.7, 133.8, 129.6,
128.1, 127.4, 124.5, 123.2, 119.9, 118.9, 108.1,
107.097.7,  66.5,  54.6,  51.7,  44.3,  41.6,  36.1,
21.7, 12.7; ESI-MS: found: m/z = 745.2 [M+H]+,
calcd for C43H48 N6O8 = 744.3.

Binding studies
The binding constant between RhDP and Cd2+ was
determined with the absorption values at 557 nm
using the method explained below. 
S+M⇔SM
Where S = sensor, M= Cd2+ and SM = RhDP+Cd2+

The complex apparent binding constant is given by

K=
[SM ]

[S] [M ]
Here, the concentrations at equilibrium.

Fc=
(Au−Am)

(Au−Ac)
= K=

[SM ]

[S ]
Fc is the fraction of S that formed a complex, [SM]
is  concentration  at  equilibrium,  [S]  is  initial
concentration. Au; Am; and Ac are the absorbance
(at  a  chosen wavelength)  of  solutions  of  S  only
(before  Cd2+ was  added);  S  and  SM  mixture
(somewhere  in  the  middle  of  titration);  and  SM
only  (at  the  end  of  titration)  respectively.  The
concentration of free Cd2+ at equilibrium, [M]e, is
found with the following identity.
[M ]e=[M ]0−[SM ]e=[M ]0−F c [S ]0

K=
F c
1−Fc

×
1

[M ]eq

Quantum yield
Quantum  yields  of  RhDP  and  RhDP+Cd2+ were
calculated using the method reported (38). 
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ϕ=ϕR(
Grad
GradR )(

η
2

ηr
2 )

ΦRhDP = 0.0187, ΦRhDP+CdRhDP = 0.0187, ΦRhDP = 0.0187, ΦRhDP+CdRhDP+Cd2+ = 0.219

RESULTS and DISCUSSION

The strategy  for  the development of  RhDP is  as
follows:  1)  Rhodamine  B  was  chosen  as  a
fluorophore  due  to  its  excellent  photophysical
properties (39). 2) Rhodamine B was reacted with

hydrazine to lower the sensitivity of the rhodamine
part to pH and be suitable for the next step. 3)
Rhodamine B hydrazine was first reacted with 2,6-
diacetyl  pyridine  and then reacted  with  dimethyl
aspartate to obtain the binding part for Cd2+. The
binding part consists of three nitrogen and three
oxygen  atoms  to  afford  one  six-membered  ring
and four five-membered rings. The sensor, RhDP,
was  synthesized  in  a  three  step  procedure  (the
synthesis  of  RhDP  was  explained  in  the
experimental  part)  with  overall  yield  of  23%
(Scheme 1). The sensor was characterized by NMR
(13C NMR and 1H NMR) and mass spectrometry. 
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Scheme 1: Synthesis of RhDP.

The  absorption  spectral  changes  of  RhDP  after
coordination  with  Cd2+ in  ACN/HEPES  buffer  (10
mM, pH: 7.05, v/v 1:1) were investigated at first.
The  absorption  spectra  were  recorded  at
approximately 5 minutes after the addition of each
Cd2+ concentration. RhDP is a colorless compound
showing very weak absorption (ε = 7.6 × 103  M-1

cm-1) in  the  450-650  nm region;  indicating  that
RhDP  was  dominantly  in  the  formation  of  the
spirocylic form  (40). Upon addition of Cd2+ to the
colorless  solution  of  RhDP,  it  instantaneously
turned  to  pink  (see  inset  in  Figure  1a)  with  an
absorption band appearing at 557 nm (ε = 3.15 ×

105  M-1 cm-1) and  growing  in  intensity  with  the
gradual addition of Cd2+  (Figure 1a), which implies
that the rhodamine spirocylic ring was under ring-
opening process (41) as a result of Cd2+ binding. In
order to examine the selectivity of RhDP to Cd2+,
the absorption spectra of RhDP with various metal
ions  Cr3+,  Cu2+,  Na+,  Hg2+,  Mg2+,  Ca2+,  Fe3+,
Zn2+,  Ag+,  Pb2+,  K+,  Co2+,  Fe2+,  Mn2+  and Ni2+

were  collected.  As  shown  in  Figure  1b,  only
Cd2+ gave a large response to RhDP while other
metal  ions  showed little  change in maximum
UV-Vis absorption peak (only Cu2+ and Co2+ give
response to the sensor).

  
Figure 1: (a) Absorption spectra of 20 μM RhDP with gradual addition of CdClM RhDP with gradual addition of CdCl2 (0, 2, 4, 6, 8, 10, 12, 14,

16, 18, 20, 25, 30, 35, 40 µM respectively) in ACN/HEPES buffer (10 mM, pH: 7.05, v/v 1:1); (b)
Absorption spectra of RhDP (20 µM) with various metal ions (20 µM for Cd2+, Cu2+, Ni2+, Mn2+, Hg2+, Zn2+,

Ag+, Pb2+, Fe3+, Co2+, Fe2+, Cu+ and Cr3+; 100 µM for Ca2+, Mg2+, K+ and Na+) 

Before  performing  fluorescent  experiments  for
RhDP, the time evolution of RhDP, the response of
the RhDP to 1 equivalent of Cd2+ and their stability
in ACN/HEPES buffer (10 mM, pH: 7.05, v/v 1:1)

were studied. As seen in Figure 2,  the interaction
of RhDP with Cd2+ was completed in less than 5
minutes, and it was stable for 15 hours. RhDP itself
was stable in aqueous solution for 8h (emission at
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591 nm). The results showed that the coordination of Cd2+ to RhDP also increased the stability of the
sensor. 

Figure 2: Time evolution for RhDP (20 µM) and RhDP+Cd2+ (20 µM).

To examine the fluorescent response to Cd2+, a
solution of RhDP in ACN/HEPES buffer (10 mM,
pH:  7.05,  v/v  1:1)  was  titrated  with  various
concentrations  of  Cd2+ and  monitored  with  a
fluorometer  by  excitation  at  530  nm.  The
sensor  (Ф=0.0187)  showed  a  very  weak
fluorescent  emission  at  580  nm.  Upon  the
addition of Cd2+ to the RhDP solution, a large
increase in fluorescence was observed at 591
nm,  which  is  attributed  to  the  ring  opening
induced  by  the  complexation  of  Cd2+ (Figure
3a). The changes in the fluorescent properties of
RhDP as a result of addition of the various metal

ions were tested at 591 nm (excitation at 530 nm).
As seen in Figure 3b and blue bars in Figure 4b,
only Cd2+ gave a great response to RhDP while
other  metal  ions  showed  little  change  in
maximum fluorescent intensity peak (similar as
that  observed  by  UV-Vis,  only  Cu2+ and  Co2+

showed  a  minor  enhancement  in  fluorescence
under  these  conditions.).  The  emission  intensity
enhancement at 591 nm (Ф=0.219) is greater than
40-fold with 1.0 equivalent of Cd2+, which was red-
shifted about 11 nm compared with that of RhDP,
suggesting  that  RhDP  is  a  great  turn-on
fluorescent sensor for Cd2+. 

  
Figure 3: (a) Fluorescence intensities of 20 μM RhDP with gradual addition of CdClM RhDP with gradual addition of CdCl2 (0, 2, 4, 6, 8, 10, 12,

14, 16, 18, 20, 25, 30, 40 µM respectively) in ACN/HEPES buffer (10 mM, pH: 7.05, v/v 1:1); (b)
Fluorescence spectra of RhDP (20 µM) with various metal ions (20 µM for Cd2+, Cu2+, Ni2+, Mn2+, Hg2+,

Zn2+, Ag+, Pb2+, Fe3+, Co2+, Cu+,Fe2+ and Cr3+; 100 µM for Ca2+, Mg2+, Na+ and K+).

Rhodamine-based  sensors  also  give  response  to
hydrogen  ions  (37,  41).  To  clarify  whether  the
sensor is in the closed-form in  ACN/HEPES buffer
(10 mM, pH: 7.05,  v/v 1:1),  the stability of the
sensor at different pH values was investigated and
monitored  by  absorption  spectra.  The  pH of  the
solutions was adjusted by adding HCl (0.1 M) into
the solutions. The absorption of RhDP at different
pH values was plotted in Figure 4a. The sensor is
stable even under pH 5.5.

The detection of the target cation in the presence
of other metal ions in real sample is an important
assay. Competitive experiments were performed to
confirm  the  high  selectivity  of  the  detection
system. First,  the meal ions such as Cr3+,  Cu2+,
Na+, Hg2+, Mg2+, Ca2+, Fe3+, Zn2+, Ag+, Pb2+, K+,
Co2+, Fe2+, Mn2+ and Ni2+ were pre-incubated with
RhDP.  As  expected,  no  remarkable  change  was
observed (blue bars  in Figure 4b).  However,  the
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addition of 1 equivalent of Cd2+ to each of them
caused  fluorescence  enhancement  (red  bars  in
Figure 4b). These results showed that none of the

metal ions tested affected the sensing properties of
RhDP to Cd2+. 

Figure 4: (a) Variation of absorption values (557 nm) of RhDP (20 µM) and RhDP+Cd2+ (20 µM) at
various pH values. (b) Fluorescence intensities of RhDP with various metal ions (blue bars) and the

subsequent addition of Cd2+ (red bars): 1,Cd2+; 2, Cu2+; 3, Zn2+; 4, Co2+; 5,Cr3+; 6, Ni2+; 7, Hg2+; 8, Mn2+;
9, Pb2+; 10, Ag+; 11, Cu+; 12, Fe3+; 13, K+; 14, Na+; 15, Mg2+; 16, Ca2+; 17, Fe2+.

In  order  to  confirm  the  binding  stoichiometry
between RhDP and Cd2+, Job's plot and absorption/
fluorescent  titration spectra  were carried out.  As
shown in Figure 5a (Job’s plot), RhDP/Cd2+ molar
fractions represented a maximum absorption peak
(at  557  nm)  when  it  was  close  to  0.5,  which
indicated that the binding between RhDP and Cd2+

was in 1:1 stoichiometry. Typical  UV-Vis titration
and  fluorescent  intensity  spectra  for  RhDP  with
Cd2+ were  shown in  Figure  3a  (see  inset  in  the

Figure) and Figure 5b. As seen in the Figures, the
RhDP/Cd2+ molar  ratio  (for  both  absorption  and
fluorescent  results)  reached  a  plateau  when  the
concentration of Cd2+ and an equivalent amount of
RhDP was close to 1:1, suggesting the formation of
a  1:1  RhDP-Cd2+ complex.  The  binding  constant
between  Cd2+ and  RhDP  was  determined  by  a
previously  reported  method  (42) with  absorption
values at 557 nm and was determined to be 2.70
× 107 M-1.  

    
Figure 5: (a) Job's plot (b) Titration of 20 mm RhDP with increasing concentrations of CdCl2 (0, 2, 4, 6,

8, 10, 12, 14, 16, 18, 20, 25, 30, 35, 40 µM respectively) in ACN/HEPES buffer (10 mM, pH: 7.05. 

Furthermore,  the  reversibility  of  the  binding
between  RhDP  and  Cd2+ was  examined.  The
complex  solution  of  the  sensor  and  Cd2+ was
treated with a solution of EDTA (5.0 equivalent).

As  seen in  Figure  6,  the  fluorescence  signals  of
RhDP-Cd2+  disappeared,  which  indicated  that  the
binding RhDP and Cd2+ is reversible.
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Figure 6: Fluorescence emissions showing reversibility of RhDP (20 μM RhDP with gradual addition of CdClM) to Cd2+ ions by EDTA.

From the above results RhDP coordinates with Cd2+

in  a  1:1  binding  mode.  The  proposed  1:1
reversible binding mode of RhDP-Cd2+ is presented
in Scheme 2.

Scheme 2: Proposed reversible binding mechanism between RhDP and Cd2+. The structure on the left is
ring-closed form and is very weakly fluorescent. The structure on the right is ring-opened form and is

strongly fluorescent .  

Moreover, the linear concentration range and the
fluorescent detection limit of RhDP were obtained.
The range of fluorescent intensity (at 591 nm) was
linearly dependent on the concentration of Cd2+ in

the  range  from 0  to  20  µM (R2 =  0.998).  The
fluorescent  detection  limit  was  calculated  to  be
0.218 µM based on 3σ/k (Figure 7). 
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Figure 7: Linear relationship between fluorescent intensity and Cd2+ concentration (0–20 μM RhDP with gradual addition of CdClM) Limit of
detection (LOD) of RhDP towards Cd+ by fluorescent method.

In  summary,  a  new  turn-on  rhodamine  based
fluorescent  sensor  RhDP  was  designed  and
synthesized for selective detection of Cd2+ ions in
aqueous  solutions.  The  sensor  showed  an
excellently selective fluorescence enhancement for
Cd2+ over  other  metal  ions  tested  with  a  colour
change  and  reversible  response.  The  complex
stoichiometry between RhDP and Cd2+ was found
to be 1:1 and the binding constant was calculated
as 2.70 × 107 M-1 (log  K = 7.43) in ACN/HEPES
buffer (10 mM, pH: 7.05, v/v 1:1). The fluorescent
detection limit of RhDP for Cd2+ was found to be
0.218 µM, which gave a marked sensitivity towards
Cd2+.
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