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一种基于罗丹明 B 酰腙的具有高灵敏度和选择性的 

“Off-On”型 Cu2＋荧光探针 

雷萌萌 a,b    周起航 a,b    杨  莉 a,b    许志红*,a,b    杨风岭*,a 
(a郑州大学化学学院  郑州 450001) 

(b许昌学院化工与材料学院  河南许昌 461000) 

摘要  以 5-甲酰基-3,4-二甲基吡咯-2-羧酸乙酯和罗丹明 B 酰肼为原料, 合成了一种“Off-On”型罗丹明衍生物 Cu2＋

荧光探针 R1. 探针 R1 对 Cu2＋识别具有高选择性和高灵敏度, 其检出限(LOD)为 0.201 µmol•L－1, 此外探针 R1 与 Cu2＋

作用后颜色从无色变为粉红色, 可以实现 Cu2＋的“裸眼检测”. 探针 R1 成功用于实际水样中 Cu2＋的检测. 

关键词  荧光探针; 罗丹明; 吡咯; Cu2＋ 

A Highly Sensitive and Selective “Off-On” Fluorescent Probe for 
Cu2＋ Based on Rhodamine B Hydrazone 

Lei, Mengmenga,b    Zhou, Qihanga,b    Yang, Lia,b    Xu, Zhihong*,a,b    Yang, Fengling*,a 
(a College of Chemistry, Zhengzhou University, Zhengzhou 450001) 

(b College of Chemical and Materials Engineering, Xuchang University, Xuchang, Henan 461000) 

Abstract  Ethyl 5-formyl-3,4-dimethyl-pyrrole-2-carboxylate and rhodamine B hydrazide were used to synthesize a rhoda-
mine derivative R1. Notably, the as-synthesized R1 displayed great sensitivity and selectivity, which was utilized to be an
off-on fluorescence probe for Cu2＋ detection in mediums that contained water. Besides, the Cu2＋ ions limit of detection 
(LOD) was 0.201 µmol•L－1, and R1 was able to sense Cu2＋ by “naked-eye” according to the change in color to pink from 
colorless. In addition, Cu2＋ detection was assessed within the actual water samples for testing the probe actual application. 
Keywords  fluorescent probe; rhodamine; pyrrole; Cu2＋ 

 

1  Introduction 

More and more attention has been paid to chemosensor 
which can be applied to detect heavy metal ions in trace 
amounts,[1-2] since the heavy metal ions play a crucial role 
during numerous environmental and biological process-
es.[3-6] In comparison with electrical approaches, the fluo-
rescence chemosensors are advantageous in terms of their 
chemical analyses in a real-time manner, excellent selec-
tivity and great sensitivity.[7-8] Particularly, copper (Cu) 
plays a vital part in numerous biological processes, like 
gene expression, enzymatic function, and redox process, 
thus, it is an important trace element within human 

body.[9-11] Nonetheless, the excessively great copper content 
will induce oxidative stress (OS) as well as neurodegenera-
tive disorders, including Parkinson’s disease (PD), Wil-
son’s disease and Alzheimer’s disease (AD).[12-14] There-
fore, it is of crucial importance to detect Cu2＋ ion contents 
within the environment together with numerous other sci-
entific fields, for the sake of protecting human health.  

Rhodamine, together with its derivatives, serves as the 
typical fluorescent dye, and it is highly applicable as the 
fluorescent chromophore, which is ascribed to the excellent 
photophysical performances, like great visible-light emis-
sion wavelengths, high quantum yield, and great extinction 
coefficients. Great efforts have been made to develop the 
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rhodamine skeleton-containing selective Cu2＋ fluorescence 
probes.[15-19] Among them, a large amount of fluorescent 
and colorimetric sensors of rhodamine hydrazones towards 
Cu2＋  ions have been developed using substituted salic-
ylaldehyde,[20] cinnamaldehyde,[21] 1,8-naphthyridine and 
quinoline-2-aldehyde,[22] coumarin-3-aldehyde,[23] indole-3- 
carboxaldehyde,[24] furfural,[25] formaldehyde.[26] In addi-
tion, the pyrrole derivatives have strong physiological ac-
tivity and good stability.[27-28] Therefore, Rhodamine B 
hydrazide and ethyl 5-formyl-3,4-dimethyl-pyrrole-2-car- 
boxylate were used to synthesize ethyl 5-formyl-3,4-di- 
methyl-pyrrole-2-carboxylate rhodamine B hydrazone (R1) 
which could exhibits better performance.  

On the other hand, it has been demonstrated that Schiff 
bases bearing multi-substituted pyrrole unit can form the 
stable complexes with Cu2＋ ions.[29-30] As a matter of fact, 
according to our earlier findings, ethyl 5-formyl-3,4-di- 
methyl-pyrrole-2-carboxylate-derived rhodamine B hy-
drazone might be used to be the Cu2＋ selective sensor in 
dual-mode via ratiometric displacement as well as rhoda-
mine ring opening approach.[31] To continue our previous 
research, ethyl 5-formyl-3,4-dimethyl-pyrrole-2-carboxy- 
late rhodamine B hydrazone (R1), together with the possi-
ble performances as the fluorescent and colorimetric sensor 
for Cu2＋ detection, was reported in this study (Eq. 1). The 
results suggested that the probe R1 exhibited its function by 
forming the complex [R1-H＋Cu＋NO3]. Firstly, the probe 
R1 followed by hydrolyzing to a fluorescent rhodamine B 
in water-containing mediums, which is quite different from 
the coordination mechanism in our previous work.[31] In 
addition, the application of the probe in detecting Cu2＋ in 
real water samples has also been demonstrated.  
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2  Results and discussion 

2.1  R1 selectivity towards Cu2＋ as well as additional 
metal cations 

The probe R1 selectivity to a variety of metal cations 
was examined. According to Figure 1, the sensor R1 dis-
played nearly no absorption at the wavelength of 450～650 
nm in the 10 mmol•L－1 CH3CN/HEPES (pH＝7.40, V/V＝
5/5) buffer solution, which suggested that R1 existed as the 

spirocycle-closed form, and such observation is in good 
accordance with previous report.[32] When Cu2＋ was added 
into 2.5 μmol•L－1 R1 buffer solution, the mixed solution 
showed marked absorbance within UV-vis spectra at the 
wavelength of 560 nm (Figure 1), and fluorescence emis-
sion of 585 nm (Figure 2, λex＝350 nm). This might be 
ascribed to the spirolactam ring opening induced by    
Cu2＋.[33-34] Nonetheless, for additional metal cations, in-
cluding Zn2＋, Pb2＋, Na＋, Mn2＋, Mg2＋, K＋, Hg2＋, Fe3＋,  
Cr3＋, Co2＋, Cd2＋, Ca2＋, Al3＋ and Ag＋, except for Ni2＋ 
(absorbance intensity at 560 nm was half of that addition of 
Cu2＋), neither fluorescence emission of 585 nm nor ab-
sorbance enhancement at 560 nm was detected. It should 
be noted that Ni2＋ might form a complex with R1 in spi-
rolactam ring opening form, which is responsible for the 
UV-vis spectral change, while is non-emissive due to the 
paramagnetism effect of Ni2＋.[35] However, in the case of 
Cu2＋, the intermediate complex between Cu2＋ and R1 is 
not stable enough, which occurred a hydrolysis process 
under the tested condition to produce highly emissive rho-
damine B (side infra), according to the fluorescence en-
hancement.  
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Figure 1  UV-vis spectra of 2.5 μmol•L－1 sensor R1 in buffered 
CH3CN/HEPES (V∶V＝5∶5) solution at pH 7.40 with 2 equiv. 
of metal ions 
Metal ions: Ag＋, Al3＋, Ca2＋, Cd2＋, Co2＋, Cr3＋, Cu2＋, Fe3＋, Hg2＋, K＋,  
Mg2＋, Mn2＋, Na＋, Ni2＋, Pb2＋, Zn2＋ and blank. The inset shows the 
change of the color with the addition of Cu2＋/Ni2＋ to R1 in buffered 
solution 

Similarly, when Cu2＋ was added, the 10 mmol•L－1 
CH3CN/HEPES (pH＝7.40, V/V＝5/5) buffer solution of 
2.5 μmol•L－1 R1 displayed a marked pink color (Figure 1, 
inset), besides, the red fluorescence was detected under the 
365 nm UV lamp (Figure 2, inset), and the remaining cati-
ons (except for Ni2＋) displayed almost no interference. As 
expected, R1 was a “naked-eye” chemosensor that showed 
selectivity to Cu2＋ ions in the neutral buffer solution.  

2.2  Absorption and fluorescence spectrum titrations 
of R1 with Cu2＋ 

For obtaining the details regarding the R1 sensor and  
Cu2＋ binding manner, fluorescence and absorption spec-  
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Figure 2  Fluorescence emission spectra of 2.5 μmol•L－1 sensor 
R1 in buffered CH3CN/HEPES (V/V＝5/5) solution at pH 7.40 
with 2 equiv. of metal ions 
Metal ions: Ag＋, Al3＋, Ca2＋, Cd2＋, Co2＋, Cr3＋, Cu2＋, Fe3＋, Hg2＋, K＋,  
Mg2＋, Mn2＋, Na＋, Ni2＋, Pb2＋ and Zn2＋ and blank. The inset shows the 
fluorescence color of R1 with Cu2＋  

trum titration experiments were conducted respectively. As 
shown in Figure 3, upon the gradual addition of Cu2＋ to the 
CH3CN/HEPES (10 mmol•L－1, pH＝7.40, V/V＝5/5) solu-
tion of sensor R1 (2.5 mol•L－1), the absorbance peaked at 
560 nm markedly increased, which obviously indicated 
spirolactam ring opening induced by Cu2＋ addition. At the 
same time, fluorescence intensity at the wavelength of 585 
nm showed gradual increasing when Cu2 ＋  was added 
(Figure 4). The quantum yield of CH3CN/HEPES solution 
of R1 with 2 equiv. Cu2＋ was tested to be 0.18 using rho-
damine B as standard (ФF＝0.69 in ethanol). Furthermore, 
the absorbance at 560 nm and the fluorescence intensity at 
585 nm for R1 increased linearly over the Cu2＋ concentra-
tion range of 1.25～6.0 and 1.25～7.5 mol•L－1 (Figures 3 
and 4, inset), respectively, indicating that the sensor R1 may 
be used as a candidate for detecting Cu2＋ in live cell and/or 
water samples. For R1, the LOD for Cu2＋ ions was 0.201 
μmol•L－1 based on the equation DL＝3Sbi/S (in which Sbi 
represents blank measurement standard deviation, while S 
stands for the intensity/sample content slope), which was 
much lower than the standard value for Cu2＋ (about 20 
mol•L－1) in drinking water recommended by the United 
States Environmental Protection Agency.[36] In addition, 
Job’s plot experiments were also carried out based on those 
absorption spectra, which revealed the R1∶Cu2＋ binding 
of 1∶1 stoichiometry. Notably, the optical density reached 
a peak at the Cu2＋ molecular fraction of about 0.5. Besides, 
the R1 and Cu2＋ binding constant was calculated as 2.79×
104 mol•L－1, which displayed good linearity (R＝0.99275), 
when data were fit based on the Benesi-Hildebrand expres-
sion.[37] 

2.3  Reaction mechanism between R1 and Cu2＋ 

ESI-MS was also carried out for exploring the reaction 
mechanism between R1 and Cu2＋. According to our ob-
servation, when Cu2＋ was added to the acetonitrile solution 
of R1, a peak was detected at m/z 757.73, which was as- 

 

Figure 3  Absorption spectra of 2.5 μmol•L－1 sensor R1 upon 
the addition of Cu2＋ (0～25 equiv.) in CH3CN/HEPES (V/V＝
5/5) solution at pH 7.40 
The inset shows the absorbance at 560 nm as a function of Cu2＋ concen-
tration (1.25～6.0 μmol•L－1)  

 

Figure 4  Fluorescence emission spectra of 2.5 μmol•L－1 sensor 
R1 upon the addition of Cu2＋ (0～25 equiv.) in CH3CN/HEPES 
(V/V＝5/5) solution at pH 7.40 
The inset shows the fluorescence intensity at 585 nm as a function of  
Cu2＋ concentration (1.25～7.50 μmol•L－1)  

signed to intermediate [R1-H＋Cu＋NO3] complex. Sim-
ultaneously, a peak at m/z 442.84 was assigned to rhoda-
mine B, which may be formed through intermediate hy-
drolysis, resulting in color and fluorescence changes. In 
fact, Czarnik et al.[38] had examined the hydrolysis mecha-
nism. In addition, the emission of fluorescence of sensor R1 
(2.5 μmol•L－1) remained almost unchanged at the excess 
addition of Na2EDTA (10 equiv.) into 10 mmol•L － 1 
CH3CN/HEPES (pH＝7.40, V/V＝5/5) buffer solution, 
while 2 equiv. of Cu2＋ was added. Such facts also verified 
that the mechanism of hydrolysis reaction between R1 and 
Cu2＋ based on a hydrolysis process rather than a coordina-
tion reaction.   

To further clarify the coordination behavior of the 
R1-Cu2＋ complex, energy optimized structures of R1 and 
R1-Cu2＋ complex were obtained with the Becke-3-Lee- 
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Yang-Parr (B3LYP) exchange function using the Gaussian 
09 package. Figure 5 presents the optimization of molecular 
geometry at the binding stoichiometry between R1 and  
Cu2＋ ions of 1∶1. In the free sensor, R1 existed in the 
form of closed spirocycle, while in the R1-Cu2＋ complex, 
it exists in the form of spirocycle opening. Besides, pyrrole 
N, imine N as well as carbonyl O atoms were also utilized 
for Cu2＋ coordination, and the bond length was 0.1990～
0.2055 nm. By contrast, rhodamine B hydrazone that bears 
the identical pyrrole unit (R2) sensors for Cu2＋ is synthe-
sized according to the coordination mechanism in our pre-
vious work.[30] In the energy-minimized structure for 
R2-Cu2＋ complex, Cu2＋ ions are surrounded by two in-
dependent probes, with NO donor set from the carbonyl O 
and pyrrole N atoms. For Cu—O and Cu—N, their bond 
lengths are 0.192 and 0.205 nm, respectively, which are 
slightly shorter than those in the R1-Cu2＋ complex. Nota-
bly, a potent intramolecular N—H…O hydrogen bond ex-
ists in the R2-Cu2＋ complex between the pyrrole ring N 
atom and the hydrazone O atom (with the D—H…A dis-
tance of 0.276 nm), which may enhance the complex sta-
bility and thus prevent the hydrolysis process. In this re-
gard, it can be roughly concluded that the rhodamine 
backbone structure is responsible for the sensor functional 
mechanism.  

 

Figure 5  Optimized structures and HOMO/LUMO of R1 and 
R1-Cu2＋ complex by DFT calculation 

H atoms are omitted for clarity 

For R1 and R1-Cu2＋ complex, their LUMO and HOMO 
orbital energies and spatial distributions were also obtained 
(Figure 5). The results suggested that, for R1, both LUMO 
and HOMO were related to pyrrole and hydrazone moieties, 
at the same time, LUMO was on the rhodamine benzene 
ring. With regard to the R1-Cu2＋ complex, HOMO was 
mainly localized near Cu2＋ ions. Clearly, C—N bond on 
rhodamine moiety spirocycle was broken for the sake of  

Cu2＋ ion binding. In comparison, in R1-Cu2＋ complex, 
those electrons within LUMO were localized within the 
entire xanthene backbone. Typically, for the R1-Cu2 ＋ 
complex, the energy gap of LUMO with HOMO was de-
termined as 1.58 eV, and this figure was remarkably re-
duced relative to the 3.78 eV of R1. Such findings better 
verified the R1-Cu2＋ complex binding pattern, as displayed 
in Scheme 1. 
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Scheme 1  Proposed reaction mechanism of R1 and Cu2＋ 

2.4  Environmental factor impacts and kinetic assay 

The pH has been recognized as a leading factor affecting 
the rhodamine-based chemosensor response. The spectrum 
response of R1 (2.5 mol•L－1) with or without Cu2＋ (2 
equiv.) in the buffer solutions at different pH values was 
evaluated at ambient temperature. The fluorescence inten-
sity in R1 as well as R1＋Cu2＋ complex was slightly de-
pendent on pH 6.40～8.00. Specifically, the great differ-
ence in the fluorescence intensity of R1 compared with the 
R1-Cu2＋  complex suggested that R1 was able to detect  
Cu2＋ within such a range of pH. Therefore, the physiolog-
ical pH 7.40 was chosen as the optimum experimental 
condition. In addition, the influence of those co-existing 
metal cations was also investigated. As suggested by our 
observations, those co-existing metal cations, such as Zn2＋, 
Pb2＋, Ni2＋, Na＋, Mn2＋, Mg2＋, K＋, Hg2＋, Fe3＋, Cr3＋, Co2＋, 
Cd2＋, Ca2＋, Al3＋ and Ag＋ ions had almost no interference 
with Cu2＋ detection. 

For a chemosensor, the short response time plays a vital 
role similar to the great selectivity and sensitivity. For real- 
time monitoring of those target metal ions, we examined 
the time-fluorescence change response relationship of 2.5 
μmol•L－1 R1 in 10 mmol•L－1 CH3CN/HEPES (pH＝7.40, 
V/V＝5/5) buffer solution when 2 equiv. Cu2＋ was added. 
The R1 fluorescence response towards Cu2＋ ion occurred 
quite soon. Such findings suggested the completion of 
R1-Cu2＋ interaction with no time delay.  
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2.5  Practical applications 

For verifying the sensor practical applicability, Cu2＋ 
ions were determined within distilled water as well as the 
commercial Kangshifu Drinking Water samples according 
to standard addition approach.[37] In brief, 1 mL of Cu2＋ 
spiked water sample was added into 1 mL of CH3CN  
solution containing 1 mmol•L－1 probe, and then the fluo-
rescence spectra was recorded. The equation to calculate 
Cu2＋ contents is shown in Figure 4. As suggested by our 
results, the recovery obtained was 91.2%～96.8%, which 
indicted that our sensor had appreciable practicality (Table 
1).  

Table 1  Determination of Cu2＋ concentrations in drinking wa-
ter samples 

Probe Sample 
c/(mol•L－1) 

Recovery/%
Spiked Founda 

R1 

Distilled water 
0.0 0 — 
2.5 2.39±0.04 95.6 
5.0 4.84±0.06 96.8 

Drinking waterb 
0.0 0 — 
2.5 2.28±0.05 91.2 
5.0 4.69±0.08 93.8 

a Average value of three determinations. b Kangshifu Drinking water (obtained 
from the local supermarket): [K＋]＝25.64～700 μmol•L－1; [Mg2＋]＝4.17～
203.12 μmol•L－1; [Cl－]＝281.69～769 μmol•L－1; [ 2

4SO － ]＝4.17～71 μmol•  
L－1.  

3  Conclusions 

To sum up, the efficient “turn-on” fluorescent probe 
based on rodamine is developed to detect the Cu2＋ ion. 
According to our results, the fluorescent probe exhibits 
great sensitivity and selectivity to Cu2＋, the LOD within the 
10 mmol•L－1 CH3CN/HEPES (pH 7.40, V/V＝5/5) buffer 
solution is 0.201 μmol•L－1, and those co-existing metal 
cations almost have no interference on Cu2＋ detection. The 
probe functions via coordination reaction by forming com-
plex [R1-H＋Cu＋NO3] and followed by hydrolyzing to a 
fluorescent rhodamine B. Additionally, the practical appli-
cation of sensor was also performed in Cu2＋ spiked water 
samples. 

4  Experimental section 

4.1  Materials and methods 

The starting materials and solvents in synthesis were 
bought from the market, which were utilized directly 
without further purification. In addition, rhodamine B hy-
drazide,[39] as well as ethyl 5-formyl-3,4-dimethyl-pyrrole- 
2-carboxylate,[40] was prepared in accordance with the 
methods reported in literature. The XT4-100X microscopic 
melting point machine (made in Beijing, China) was used to 
determine the sensor melting point. Meanwhile, the Ele-
mental Vario EL analyzer was adopted for elemental anal-
ysis. The sensor 1H NMR spectra were obtained using the 
Bruker AV400 NMR spectrometer within the DMSO-d6 
solution. Besides, the Bruker V70 FT-IR spectrophotometer 

was used to determine IR spectra (v＝4000～400 cm－1) 
according to a KBr pressed disc approach. In the meantime, 
the Purkinje General TU-1800 spectrophotometer was em-
ployed to record UV spectra. The Varian CARY Eclipse 
spectrophotometer was applied in determining fluorescent 
spectra, and 5 nm pass width was applied in measuring both 
excitation and emission spectra. The Bruker Daltonics Es-
quire 6000 mass spectrometer was utilized to obtain 
ESI-MS spectra.  

4.2  Preparation of ethyl 5-formyl-3,4-dimethyl- pyr-
role-2-carboxylate rhodamine B hydrazine (R1) 

460 mg (1 mmol) of rhodamine B hydrazide was mixed 
with 20 mL of ethanol solution supplemented with 195 mg 
(1 mmol) of ethyl 5-formyl-3,4-dimethyl-pyrrole-2-car- 
boxylate. Then, the mixed solution was refluxed for 3 h, 
followed by cooling until ambient temperature. Later, the 
isolated solid was subjected to filtering and ethanol wash-
ing. Yield 71%. m.p. 124～128 ℃; 1H NMR (400 MHz, 
DMSO-d6) δ: 11.51 (s, 1H, NH), 9.13 (s, 1H, CH＝N), 
7.81～7.83 (m, 1H, Aryl-H), 7.52～7.57 (m, 2H, Aryl-H), 
7.08～7.09 (m, 1H, Aryl-H), 6.26～6.33 (m, 6H, Aryl-H), 
4.11～4.16 (q, J＝7.5 Hz, 2H, CH2), 3.24～3.26 (q, J＝8.0 
Hz, 8H, 4CH2), 2.03 (s, 3H, CH3), 1.71 (s, 3H, CH3), 
1.18～1.22 (t, J＝8. 0 Hz, 3H, CH3), 0.99～1.03 (t, J＝8.0 
Hz, 12H, 4CH3); 

13C NMR (100 MHz, DMSO-d6) δ: 170.4, 
161.6, 151.9, 151.9, 149.4, 149.4, 139.5, 139.2, 132.6, 
131.3, 129.2, 128.8, 128.8, 128.3, 128.0, 126.9, 123.3, 
122.7, 122.7, 114.3, 114.3, 106.5, 97.7, 97.7, 76.3, 60.9, 
47.1, 47.1, 47.1, 47.1, 14.1, 12.9, 12.9, 12.9, 12.9, 10.4, 
10.00. ESI-MS m/z: 633.84. Anal. calcd for C39H43N5O4: C 
72.01, H 6.84, N 11.05; found C 72.11, H 6.98, N 10.89.  

4.3  Measurements of general fluorescence and 
UV-Vis spectra 

The spectral analyses were accomplished in CH3CN/ 
HEPES buffer (10 mmol•L－1, pH＝7.40, V/V＝5/5) solu-
tion at room temperature. The concentration of the sensor 
R1 for UV-vis and fluorescence measurement was 2.5 
mol•L－1. The metal ion solutions were prepared using 
chloride salts or nitrate under CH3CN. Besides, the fluo-
rescence and UV-vis spectrophotometric titration was car-
ried out within the cuvette (2 mL) through successively 
adding relevant chemical reagents by the microliter syringe. 
The solution was sufficiently mixed after adding any ali-
quot, then the spectra were determined.  
 
Supporting Information  Job plots of R1 and Cu2+ in 
CH3CN/HEPES solution; the Benesi-Hildebrand plot of 
R1-Cu2＋  complex; ESI-MS spectrum; reversible experi-
ment; the effect of pH; the interference experiment; re-
sponse time experiment; NMR sectrum of R1. The Sup-
porting Information associated with this article can be 
found in the online version at http: //sioc-journal.cn/.  
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