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Abstract:  17 

A reaction-based turn-on fluorescent chemosensor RhB-Cu, starting from 18 

rhodamine B (RhB), for Cu2+ was easily synthesized in two steps. The sensor could 19 

selectively detect Cu2+ with a 100-fold fluorescence enhancement among the common 20 

metal ions, exhibiting an extremely low detection limit of 4.7 nM. To the best of our 21 

knowledge, this was the best record for the detection of Cu2+ with organic fluorescent 22 

sensors. There was a 1:1 binding stoichiometry between RhB-Cu and Cu2+ with an 23 

association constant of 6.42 × 104 M-1. Noteworthy, it could distinguish Cu2+ from 24 

Cu+, which was hard to realize in the previous studies. In addition, the detection 25 

mechanism was proposed based on mass spectrometric analysis and density functional 26 

theory (DFT) calculations. Kinetic studies were conducted to obtain the activation 27 

energy, enthalpy and entropy, so as to elucidate the solvent effect. Interestingly, the 28 

kinetic compensation effect (KCE) was uncovered in this work. Finally, RhB-Cu was 29 

proved to have the capability to work in real water samples. It would highly contribute 30 

to the even better design of fluorescent sensor for Cu2+ in future. 31 

 32 

Keywords: fluorescent sensor, copper, PET mechanism, density functional theory 33 

(DFT), solvent effect, kinetic compensation effect (KCE) 34 
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1.  Introduction 36 

Copper, the third most abundant transition metal in the body [1], not only is the 37 

static metabolic cofactor at the center of enzymatic activity, but also can serve as 38 

dynamic signal that binds and regulates protein function at external allosteric sites 39 

[2,3]. Interestingly, copper is recently found to play a crucial role in neural activity 40 

toward a chemistry of consciousness [4]. Moreover, diseases such as Alzheimer’s 41 

disease [5-7], Parkinson’s disease [8,9], Menkes [10-12], Wilson disease [13,14], 42 

Huntington’s [15], prion [17], obesity and diabetes [18,19] are suggested to be related 43 

to abnormal levels of copper ions. The limit of copper in drinking water, 1.3 ppm 44 

(∼20 µM), is set by the US Environmental Protection Agency (EPA), and the average 45 

concentration of blood copper in the normal group is 15.7-23.6 µM [20] and of brain 46 

copper is ~ 0.1 mM [21]. Therefore, an efficient method for the detection of copper 47 

ions is full of significance. Traditional methods, including atomic absorption 48 

spectrometry (AAS) [22,23], surface plasmon resonance spectroscopy (SPR) [24], 49 

inductively coupled plasma atomic emission spectrometry (ICP-AES) [25], 50 

chromatography [26], voltammetry [27] and so on, have advantage of considerable 51 

sensitivity but shortcoming of time-consuming and complicated protocols. Thus, 52 

fluorescent chemosensors have been emerging for detection and are widely studied 53 

due to their simple instrumentation, good reproducibility, easy operation as well as 54 

better sensitivity [28-30]. 55 

In recent years, rhodamine, a well-known fluorophore, exhibits excellent 56 

photophysical properties as an ideal candidate for the design of fluorescent sensors 57 

[31-33], which include long-wavelength emission, large molar extinction-coefficient 58 

and high quantum yield. Most sensors based on rhodamine framework have 59 

successfully detected copper ion by utilizing the property of spirocyclic closed 60 

(non-fluorescent) and ring-opened (fluorescent) forms, which exhibits a “turn-on” 61 

signal response [34-37]. Nevertheless, there are few studies involved in chemical 62 

information about the mechanism, reaction kinetics and solvent effect. 63 

Therefore, bearing these facts in mind, we designed and synthesized a 64 
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chemodosimeter RhB-Cu, in which Rhodamine B (RhB) as the fluorophore 65 

responded to Cu2+ based on the “turn-on” mechanism. The target product was easily 66 

prepared via a two-step procedure (Scheme 1). First, RhB-1a was prepared by the 67 

reaction of Rhodamine B with hydrazine hydrate. It had no fluorescence indicating its 68 

spirocycle form due to the quenching mechanism of photo-induced electron transfer 69 

(PET). Second, RhB-Cu was subsequently synthesized by reacting RhB-1a with 70 

2,4-dinitrobenzenesulfonyl chloride (DNBS), a well-known fluorescence quencher. 71 

Consequently, the introduction of DNBS would further quench the fluorescence of 72 

RhB, which led to extremely low background and thereafter very high fluorescence 73 

turn-on ratio. Both RhB-1a and RhB-Cu were fully characterized by NMR and mass 74 

spectrometry (see the Supporting Information, Fig. S1-S6). 75 

 76 

Scheme 1. Synthetic route of RhB-Cu. 77 

 78 

2.  Materials and methods 79 

2.1.  Chemicals and instrumentation 80 

All regents and chemicals, unless otherwise stated, were used without further 81 

purification from the commercial resources. All glassware was oven-dried before used. 82 

NMR spectra were recorded on a Bruker AVANCE III HD 400 MHz spectrometer, 83 

using tetramethylsilane (TMS) as the internal standard. Mass spectra were measured 84 

with the Finnigan LCQ advantage mass spectrometer and the Agilent Technologies 85 

6530 Q-TOF LC/MS. Fluorescent spectra were measured using a Perkin-Elmer LS-55 86 

fluorescence spectrometer. A Cary 100 spectrophotometer was used to measure 87 
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absorption spectra. Fluorescent lifetimes were measured with a FLS1000 fluorescence 88 

spectrometer. Melt points were measured using a SGW X-4 Micromelting Point 89 

Apparatus. 90 

2.2.  Computational methods 91 

The ground-state structures of the RhB-Cu and complexes based on RhB-Cu were 92 

optimized using the TD-DFT and DFT methods with the hybrid-generalized gradient 93 

approximation (HGGA) functional B3LYP. The 6-31g(d) basis set and the effective 94 

core potential LanL2DZ basis sets were respectively assigned to nonmetal elements 95 

(C, H, O, N and S) and metal elements [38]. A polarized continumm model (PCM) 96 

method was employed to treat the solvent effects of water and acetonitrile. All the 97 

calculations were performed with the Gaussian09 program package. 98 

2.3.  Preparation for solutions 99 

The stock solution of RhB-Cu was prepared at 2 mM in dimethyl sulfoxide 100 

(DMSO). Testing solutions were prepared by diluting 4 µL of stock solution into 2 mL 101 

CH3CN/H2O (1:1, v/v) solution. Stock solutions (0.05 M, 4 µL) of metal ions 102 

including Ni2+, Co2+, Ca2+, Li+, Mg2+, Zn2+, Pb2+, Cd2+, Ag+, Hg2+, Fe3+, Al3+, Fe2+, 103 

Mn2+, Cr3+ and Cu+ were respectively added into the testing solutions. According to 104 

the previous report [39], stock solution for Cu+ was prepared by dissolving 105 

Cu(MeCN)4PF6 in CH3CN under nitrogen conditions, while other metal ion stock 106 

solutions were derived from chloride salts. The fluorescence spectra were measured 107 

after the addition of each analytes. 108 

 109 

3.  Results and discussion 110 

3.1.  Computational study  111 

The DFT calculations were performed for predicting the selectivity of RhB-Cu by 112 

calculating the energy of RhB-Cu and several representative complexes RhB-Cu-M 113 

(M: Cu2+, Cu+, Pb2+, Al3+ and Hg2+). It is found, except for Cu2+ and Cu+, no 114 

converged complex between RhB-Cu and Pb2+, Al3+ or Hg2+ could be obtained, 115 

indicating that potential complexes of RhB-Cu-Pb2+, RhB-Cu-Al 3+ and 116 
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RhB-Cu-Hg2+ may not exist. However, RhB-Cu and RhB-Cu-Cu+ are speculated 117 

non-fluorescent due to the PET mechanism, which is explained by the molecular 118 

orbitals calculated from TD-DFT. Four molecular orbitals (from HOMO to HOMO-2, 119 

LUMO+2) of RhB-Cu are mainly located at the RhB moiety, while another two 120 

molecular orbitals (LUMO and LUMO+1) are mainly located at the DNBS group. 121 

Thus, after the electron is excited from HOMO, HOMO-1 or HOMO-2 to the 122 

LUMO+2 orbital of RhB group, the electron may be transferred to LUMO+1 or 123 

LUMO orbital due to the fact that the energy of LUMO (LUMO+2 orbital of the 124 

whole molecule) of RhB moiety is higher than the LUMO (LUMO orbital of the 125 

whole molecule) of the DNBS moiety (Fig. 1a). As a result, the electron of higher 126 

electron state could be transferred to the lowest vibrational state which provides the 127 

non-emissive path for electron transition [38]. However, when RhB-Cu is complexed 128 

with Cu2+, on the contrary, the HOMO and LUMO orbitals of RhB-Cu-Cu2+ are 129 

mainly distributed on RhB moiety, while the LUMO+1 and LUMO+2 orbitals are 130 

distributed on the DNBS moiety (Fig. 1b). When the electron is excited from HOMO 131 

to the LUMO orbital of RhB moiety, it goes back directly accompanied by 132 

fluorescence, owing to the fact that the unoccupied molecular orbitals with DNBS 133 

character are higher in energy than the LUMO with RhB character. In another word, 134 

the PET process is blocked and the fluorescence is recovered. Moreover, when 135 

RhB-Cu is complexed with Cu+, the mechanism of the fluorescence quenching by 136 

Cu+ is similar to the RhB-Cu due to a similar distribution of molecular orbitals to 137 

RhB-Cu (Fig. 1c). It is worth noting that the transitions of electrons in molecular 138 

orbitals under excitation mentioned here all have a large oscillator strength (Table S1). 139 
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 140 

Fig. 1. Molecular orbitals calculated at B3LYP/6-31g(d)/LANL2DZ level for (a) 141 

RhB-Cu, (b) RhB-Cu-Cu2+ and (c) RhB-Cu-Cu+.  142 

 143 

3.2.  Selective reaction of RhB-Cu with Cu2+ and possible sensing mechanism 144 

The fluorescence spectra further suggest that RhB-Cu can distinguish Cu2+ from 145 
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other metal ions, including Ni2+, Co2+, Ca2+, Li+, Mg2+, Zn2+, Pb2+, Cd2+, Ag+, Hg2+, 146 

Fe3+, Al3+, Fe2+, Mn2+, Cr3+ and Cu+. Obviously, only Cu2+ leads to a 100-fold 147 

fluorescence enhancement due to the turn-on mechanism with ring-opening of 148 

RhB-Cu induced by Cu2+ (Fig. 2a-c), which is in perfect agreement with the above 149 

theoretical calculations. Visually, only Cu2+ can trigger the occurrence of distinct pink 150 

color and orange fluorescence (Fig. 2e). Moreover, different types of anions including 151 

Cl-, SO4
2-, CH3COO-, NO3

- and Br- don’t affect the fluorescence intensity of the 152 

RhB-Cu in response to Cu2+ (Fig. S7). A coordination reaction with the 1:1 binding 153 

stoichiometry between RhB-Cu and Cu2+ is confirmed by the Job’s plot (Fig. 2d). 154 

Besides, a peak at m/z 443.3 in the mass spectrum corresponds to RhB and a peak at 155 

m/z 749.9 corresponds to the complex of RhB-Cu with Cu2+ (Fig. S8). Moreover, the 156 

results of HPLC-MS showed that the retention times of RhB-Cu and RhB were 0.696 157 

min and 0.513 min, and their corresponding molecular weights were 687.2231 and 158 

443.2232, respectively, while the retention time and corresponding molecular weight 159 

were 0.520 min and 443.2333 after the reaction of RhB-Cu with 25 equiv. of Cu2+, 160 

which also indicated the formation of RhB (Fig. S9-S11). Furthermore, DFT was 161 

performed for calculating the bonding length of RhB-Cu-Cu2+, which implied that N1 162 

is too far away from the copper atom to form a coordination bond (Table 1). Therefore, 163 

a possible sensing mechanism can be proposed as follows. The coordination reaction 164 

with the 1:1 binding stoichiometry may proceed firstly by means of a copper atom 165 

coordinating with N2, O1 and O2 atoms of RhB-Cu, which promotes the PET and 166 

subsequently causes the ring opening of the RhB-Cu accompanied by fluorescence 167 

enhancement (Fig. 3). 168 

169 
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 170 

 171 

Fig. 2. (a) UV-vis and fluorescence spectra of RhB-Cu (4 µM) in the absence and 172 

presence of 25 equiv. of Cu2+ in CH3CN/H2O (1:1, v/v) solution. The insets show the 173 

photo of RhB-Cu (left) and RhB-Cu in the presence of Cu2+ (right) under ambient (i) 174 

and UV light (ii), respectively. (b) Fluorescence spectra of RhB-Cu (4 µM, λex = 500 175 

nm) exposed to 25 equiv. of Cu2+ and other metal ions in CH3CN/H2O (1:1, v/v) 176 

solution at room temperature. Other metal ions: blank, Ni2+, Co2+, Ca2+, Li+, Mg2+, 177 

Zn2+, Pb2+, Cd2+, Ag+, Hg2+, Fe3+, Al3+, Fe2+, Mn2+, Cr3+ and Cu+ ions. (c) The black 178 

bar is the histogram of (b), the red bar is the fluorescence response of the sensor with 179 

Cu2+ (25 equiv.) and different analytes. (d) Job’s plot according to the method for 180 

continuous variations. The total concentration of RhB-Cu and Cu2+ is 10 µM in 181 
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CH3CN/H2O (1:1, v/v) solution. (e) Photos of RhB-Cu with different metal ions under 182 

ambient light (top) and UV irradiation at 365 nm (bottom). From left to right: Cu2+, 183 

Fe3+, Ni2+, Co2+, Ca2+, Li+, Mg2+, Al3+, Fe2+, Zn2+, Mn2+, Cr3+, Pb2+, Cd2+, Hg2+, Ag+, 184 

Cu+. 185 

 186 

Table 1 The distances between Cu atom and coordination atoms of RhB-Cu-Cu2+ 187 

performed by DFT. 188 

Atom-atom Bond distance (Å) 

Cu-O1 1.84424 

Cu-N1 2.95103 

Cu-N2 2.49361 

Cu-O2 1.92089 

 189 

 190 

 191 
 192 

Fig. 3. (a) Proposed mechanism for the reaction of RhB-Cu with Cu2+. (b) The 193 

optimized structure of RhB-Cu-Cu2+ by DFT. 194 

 195 

3.3.  Fluorescence titration with Cu2+and pH effects 196 

More attractively, after titration of various amounts of Cu2+, the detection limit of 197 

RhB-Cu for sensing Cu2+ was found to be as low as 4.7 nM with a signal-to-noise 198 

ratio of 3 (Fig. 4a and b). Compared with the performances of the recently reported 199 

sensors for Cu2+ (Table 2), the RhB-Cu herein not only has an extremely low 200 
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detection limit for Cu2+ but also can effectively distinguish Cu2+ from Cu+, indicating 201 

the excellent sensitivity and selectivity of the RhB-Cu. Moreover, after addition of 202 

Cu2+, the solution of RhB-Cu changed from colorless to pink immediately and the 203 

complete enhancement of the fluorescence intensity occurred within 5 min at 25 ºC. 204 

This response time is quite competitive. 205 

According to previous studies [40,41], modified Benesi-Hildebrand expression has 206 

been given as: 207 
���� − ��� − �� = 1 + 1

�[
]� 															(1) 
where F0, F and Fmax are the fluorescence intensities of RhB-Cu in the absence of 208 

Cu2+, in the presence of different concentrations of Cu2+ and for complete reaction, 209 

respectively, K is the binding constant, [M] is the concentration of Cu2+ and n is the 210 

number of Cu2+ bound per RhB-Cu.  211 

The linear relationship between 1 / (F – F0) and 1 / [M] confirms the 1:1 212 

stoichiometry for binding of Cu2+ by RhB-Cu with an association constant of 6.42 × 213 

104 M-1 (Fig. 4c). Otherwise, the pH effect on the detection capability suggests that 214 

the RhB-Cu is stable in the pH range from 4 to 8 (Fig. 4d). 215 

 216 
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 217 

Fig. 4. (a) Fluorescence spectra of RhB-Cu (4 µM) with increasing concentration of 218 

Cu2+ (0 - 20 equiv.) in CH3CN/H2O (1:1, v/v) solution (λex = 500 nm, λem = 580 nm). 219 

(b) The plot of the fluorescence intensity of RhB-Cu titrated with increasing 220 

concentrations of Cu2+ at 580 nm. The inset shows the linear range of the curve. (c) 221 

Benesi-Hildebrand plot for the reaction of RhB-Cu with Cu2+. (d) Fluorescence 222 

intensity of RhB-Cu (4 µM) and RhB-Cu with 25 equiv. of Cu2+ at 580 nm under 223 

different pH conditions (λex = 500 nm). 224 

  225 
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Table 2 The performances of the recently reported sensors for Cu2+. 226 

Sensor Target λex/λem (nm) LOD (nM) Ka (M
-1) Response to Cu+ mechanism Ref. 

1 Cu2+ 745/770 50 2.70 × 106 NA PET [42] 

2 Cu2+ 425/522 40 NA No response ICT [43] 

3 Cu2+, Al3+ 520/555 9.9 1.10 × 106 NA PET [44] 

4 Cu2+ 515/585 110 9.32 × 104 NA PET [45] 

5 Cu2+ 520/617 310 NA NA NA [46] 

6 Cu2+ 380/570 42 NA NA FRET [47] 

7 Cu2+ 420/570 18.6 NA NA FRET [48] 

8 Cu2+, Fe3+ 370/508 140 8.60 × 104 NA NA [49] 

9 Cu2+, Hg2+ 254/342 615 5.65 × 104 NA PET [50] 

10 Cu2+, Al3+ 470/530 677 3.94 × 107 NA NA [51] 

RhB-Cu Cu2+ 500/580 4.7 6.42 × 104 No response PET 
This 

work 

LOD: Limit of detection. NA: Not available. Ka is association constant.  227 

 228 

3.4.  The reaction kinetics in solution 229 

The physicochemical properties of solvent molecules should be considered to study 230 

the reaction kinetics in solutions, which could be affected by many factors including 231 

dielectric constant, polarity, ionic strength and solvation. On the other hand, the 232 

change of kinetic parameters in different solvents to some extent also reflects changes 233 

of the reaction itself. In this regard, DFT was performed to calculate the total energy 234 

of the reaction between RhB-Cu and Cu2+ in H2O and CH3CN, whose values were 235 

-2784341.40 and -2784354.16 kcal mol-1, respectively, indicating that the energy 236 

barrier required for this reaction with CH3CN as solvent was lower than that with H2O 237 

as solvent. It should be noting that, the DFT calculation without considering entropy 238 

change would have deviation from the experimental results.  239 

So, further investigation of RhB-Cu exposed to Cu2+ in a mixture solution with 240 

different ratios of CH3CN and H2O (v/v) was conducted (Fig. 5a-e). The rate constants 241 

could be obtained by fitting the fluorescence intensity (F) as a function of reaction 242 
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times (t) with a first order kinetic equation (2):  243 

� = A� + B�exp(−��)																			(2) 
where F is the fluorescence intensity, k is the pseudo-first-order kinetic rate constant, t 244 

is the reaction time, and A′ and B′ are constants. Then, the relationship between rate 245 

constant and temperature can be described by Arrhenius equation (3): 246 

			ln� = ln� −  �R"																				(3) 
where A is the pre-exponential factor, Ea is the apparent activation energy, R is the gas 247 

constant (8.314 J mol-1 K-1), and T is the absolute temperature. According to the 248 

Transition State Theory (TST), the enthalpy and entropy of activation are calculated to 249 

help elucidate the solvent effect. For the reaction in the condensed phase, standard 250 

molar enthalpy of activation (Δ%&'�Ѳ ) could be obtained by the equation (4): 251 

Δ%&'�Ѳ =  ) − *"																				(4) 
Furthermore, according to the thermodynamic functions at the given temperature, 252 

standard molar entropy of activation (Δ%&,�Ѳ ) could be obtained by the equation (5): 253 

		� = �-"ℎ (/Ѳ)012	exp 3Δ%&,�Ѳ (/Ѳ)* 4 exp 3−Δ%&'�Ѳ (/Ѳ)*" 4					(5) 
where kB is the Boltzmann constant (1.38 × 10-23 J K-1), h is the Planck constant 254 

(6.626 × 10-34 J S-1) and	/Ѳ= 1mol dm-3.  255 

 Then, a series of kinetic parameters were obtained with different percentage of 256 

CH3CN (20% ~ 50%) in H2O (v/v) (Table 3). The activation entropy (Δ%&,�Ѳ ) and 257 

activation energy (Ea) increase with the increasing percentage of CH3CN in the mixed 258 

solvent indicating that the solvent effect really exists. Actually, in the mixed solvent 259 

system of CH3CN and H2O, the RhB-Cu, lower solubility in water, was surrounded 260 

by acetonitrile molecules, that is a form of solvation compound. When Cu2+ is added, 261 

solvent effect could be destroyed due to complexation. From this perspective, the 262 

higher percentage of CH3CN in the mixed solvent, the more obvious the solvent effect 263 

and the more difficult the reaction between RhB-Cu and Cu2+, which could lead to 264 

increased disorder, entropy, and energy barrier. The experimental results also showed 265 

Δ%&'�Ѳ  > 0, demonstrating that the formation of transition state is endothermic. Taking 266 
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into account the Δ%&,�Ѳ  and Δ%&'�Ѳ , a conclusion could be drawn that as the CH3CN 267 

content in the mixture solution increases, both the Δ%&,�Ѳ  and Δ%&'�Ѳ  will increase 268 

and the Δ%&,�Ѳ  substantially increase, which suggests that the formation of transition 269 

state gradually changes from enthalpy driven to entropy driven due to the solvent 270 

effect. 271 

 272 

 273 

Fig. 5. First order kinetic fitting curves for the reaction of the RhB-Cu with Cu2+ at 274 

different ratio (v/v) of CH3CN and H2O mixture. (a) CH3CN: H2O, 2:8 (v/v), (b) 275 

CH3CN: H2O, 3:7 (v/v), (c) CH3CN: H2O, 4:6 (v/v), and (c) CH3CN: H2O, 5:5 (v/v). (e) 276 
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The effect of temperature on the rate constant according to Arrhenius equation, where 277 

k is rate constant and T is temperature. (f) The relationship between ln A and Ea. 278 

 279 

Table 3 Kinetic parameters obtained from the pseudo-first-order at different ratio of 280 

CH3CN and H2O (v/v) mixture. 281 

CH3CN : 

H2O (v/v) 

k (min-1) 

R2 
Ea 

(kJ·mol-1) 

lnA 

(min-1) 

∆7&'�Ѳ  ∆7&,�Ѳ  

310 K 304 K 298 K (kJ·mol-1) (kJ·mol-1·K-1) 

2:8 0.5766 0.3405 0.1881 0.9989 71.7 27.3 69.2 -60.5 

3:7 1.0606 0.5506 0.2794 0.9999 85.4 33.2 82.9 -11.4 

4:6 1.5954 0.7776 0.3645 0.9999 94.5 37.1 92.0 21.5 

5:5 3.2853 1.3945 0.6022 0.9994 108.6 43.3 106.1 72.8 

 282 

3.5.  The kinetic compensation effect (KCE)  283 

Interestingly, the logarithm of preexponential factor A has a positive linear 284 

correlation with the Ea indicating that the kinetic compensation effect (KCE) possibly 285 

exist in the reaction system (Fig. 5f). According to previous reports [52,53], the 286 

pre-exponential factor A and the activation energy Ea often obey the following 287 

relationship: 288 

ln � = 8 ×  � + :																				(6) 
Where a and b are constants for a series of related process. This relationship is 289 

referred to as the kinetic compensation effect (KCE), which means that according to 290 

Arrhenius eq. (3), an increase of activation energy will not result in a decrease of the 291 

reaction rate due to a compensatory increase of A. Basically, KCE is accompanied by 292 

the appearance of isokinetic point (Tiso, ln kiso), which in turn verifies the validity of 293 

the kinetic compensation effect. According to eq. (6), ln kiso could be calculated by eq. 294 

(7): 295 

ln �<=> = :																				(7) 
Further, Tiso can be calculated by eq. (8): 296 
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		"<=> = 1
* × 8																					(8) 

Besides, ln kiso could also be calculated by eq. (3) at Tiso. In this work, the mean value 297 

of (ln�)|BCBDEF 	is -3.49, which is very close to -3.80 as indicated in the compensation 298 

plot (Fig. 5f). This result confirms the KCE obtained in the reactions of RhB-Cu with 299 

Cu2+ at different percentage of CH3CN (20% ~ 50%) in H2O. 300 

3.6.  Calculation of PL decay parameters 301 

Moreover, the radiative and nonradiative rates of RhB-Cu in the presence of Cu2+ 302 

were obtained according to the following equations [54]: 303 

		�% = G
H 																				(9) 

		�2% = 1 − G
H 																				(10) 

where kr and knr are the radiative and nonradiative rates, respectively, and Φ is the 304 

relative quantum yield and τ is the average lifetime. Φ, τ, kr and knr for the reaction of 305 

the RhB-Cu with Cu2+ have little change at different ratio (v/v) of CH3CN and H2O 306 

(Table 4), which suggests that the change of solvent has little effect on the ring 307 

opening of RhB-Cu and fluorescence emission. 308 

 309 

Table 4 Relative quantum yields, lifetimes, radiative rates and nonradiative rates for 310 

the reaction of the RhB-Cu and Cu2+ at different ratio (v/v) of CH3CN and H2O. 311 

CH3CN: H2O (v/v) Φ R2 τ (ns) χ
2 kr (108 s-1) knr (108 s-1) 

1:9 -- -- 1.87 ± 0.00289 0.951 -- -- 

2:8 0.504 0.9988 1.97 ± 0.00297  0.935 2.56 2.52 

3:7 0.498 0.9989 1.97 ± 0.00295 0.898 2.53 2.55 

4:6 0.503 0.9993 1.98 ± 0.00297  0.912 2.54 2.51 

5:5 0.493 0.9974 2.03 ± 0.00299 0.952 2.43 2.50 

 312 

3.7.  Application of RhB-Cu for the detection of Cu2+ in water samples 313 

With the above results in hand, we applied RhB-Cu for Cu2+ detection in real 314 

water samples. Under the optimized conditions, East Lake (in Wuhan city, Hubei 315 
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province, P. R. China) water samples were analyzed by the proposed fluorescence 316 

spectroscopic method. The recovery rates of Cu2+ in the lake water are in the range of 317 

108.4% - 113.5% (Table 5), which indicates that the RhB-Cu could be used for the 318 

highly sensitive detection of Cu2+ in real water samples. 319 

 320 

Table 5 Determination of Cu2+ in real water samples by RhB-Cu. 321 

Samples Added (µM) Detected (mean ± SD, n = 4) Recovery (%) 

Lake 

Water 

1.500 1.626 ± 0.067 108.4 

2.000 2.250 ± 0.078 112.5 

2.500 2.837 ± 0.045 113.5 

3.000 3.315 ± 0.081 110.5 

3.500 3.822 ± 0.078 109.2 

 322 

4.  Conclusion 323 

In conclusion, a Rhodamine B-based turn-on fluorescent chemodosimeter (RhB-Cu) 324 

for Cu2+ was designed and synthesized with a facile method. This fluorescent sensor 325 

had an extremely low detection limit of 4.7 nM with a fast response time of 5 min. It 326 

could distinguish Cu2+ from other metal ions, including Ni2+, Co2+, Ca2+, Li+, Mg2+, 327 

Zn2+, Pb2+, Cd2+, Ag+, Hg2+, Fe3+, Al3+, Fe2+, Mn2+, Cr3+ and Cu+, which was proved 328 

by fluorescence spectrometry and TD-DFT calculation. Moreover, a possible 329 

mechanism was proposed based on fluorescence spectroscopy, HPLC-MS and DFT 330 

calculations. The coordination reaction with the 1:1 binding stoichiometry may 331 

proceed firstly by means of a copper atom coordinating with N2, O1 and O2 atoms of 332 

RhB-Cu, which promotes the PET and subsequently causes the ring opening of the 333 

RhB-Cu accompanied by fluorescence enhancement. In addition, a series of kinetic 334 

parameters for the reaction of the RhB-Cu with Cu2+ were obtained in the mixed 335 

solvent indicating that the solvent effect really exists. Furthermore, kinetic studies 336 

uncovered the kinetic compensation effect. Finally, RhB-Cu had good performances 337 
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in the detection of Cu2+ in real water samples. Future efforts should be devoted to 338 

further improvement of the specific response to copper ions by increasing the water 339 

solubility and reversibility of the sensor as well as the detection of endogenous copper 340 

ions in the organism. 341 
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Highlights: 

� The probe RhB-Cu for Cu (II) had an extremely low detection limit of 4.7 nM.  

� The probe RhB-Cu can distinguish Cu (II) from Cu (I). 

� The kinetic compensation effect (KCE) was proved in this work. 

 


