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Highlights 

 

 An anthracene molecule incorporated with ferrocene group was designed for the selective and 

sensitive detection of Cu2+ ions in aqueous media. 

 The probe (ANT-Fe) is synthesized so easily by mixing commercially available two reactants 

without needed column chromatography for the purification process. 

 ANT-Fe exhibited dual sensing, both fluorometric “turn-off” and electrochemical signaling 

mode with a cathodic shift, for the detection of Cu2+ ions (LOD = 2.5 ppb) in aqueous media. 

 ANT-Fe also showed aggregation induced emission (AIE) property. 

 Detection of Cu2+ ions with ANT-Fe adsorbed on the test paper system was successfully 

achieved as a practical application. 

 

 

ABSTRACT 

 

We have devised a novel and fluorescent chemodosimeter (ANT-Fe), possessing an anthracene 

scaffold as a fluorophore and ferrocene as a redox active unit for selective and sensitive detection of 

Cu2+ ions in aqueous media. Its synthesis was realized by a simple combination of two commercially 

available compounds, 2-aminoanthracene and ferrocenecarboxaldehyde, in one-step without required 

column chromatography for the purification process. The probe offers distinct properties such as 

aggregation induced emission, dual sensing mode of fluorometric “turn-off” and electrochemical 

signaling with cathodic shift, high selectivity towards Cu2+ ions, fast response time and low detection 
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limit (2.5 ppb) via C=N bond hydrolysis. Detection of Cu2+ ions by ANT-Fe adsorbed on a test paper 

system with the naked eye as a practical application is also successfully reported. 

Keywords: Anthracene, Ferrocene, Aggregation-induced-emission, Copper (II) probe, Fluorometric 

sensor, Electrochemical sensor. 
 

1. Introduction 

The design of fluorescent molecular sensors for the detection of transition and heavy metal species has 

received a great deal of attention. Since these species not only play significant roles in various biological 

processes but also have extremely toxic effect on the environment[1–5]. Copper ion is the third most 

abundant metal ion (after iron and zinc) in the human body and plays an essential role in various 

environmental, chemical and biological systems [6–10]. For example, copper ion serves as a catalytic 

co-factor for a different type of metalloenzymes including superoxide dismutase, cytochrome oxidase 

and tyrosinase [11–13]. However, in sharp contrast to its beneficial effects, misregulation or abnormal 

accumulation of copper ion may cause several diseases such as Alzheimer’s and Parkinson’s diseases 

[14,15]. The normal level of total copper in the blood sample is the range from 15.7 to 23.6 µM and the 

U.S. Environmental Protection Agency (EPA) has set a limit for copper ion in drinking water of 20.0 

µM [16]. Therefore, constructing and developing selective and sensitive signalling frameworks for 

determining copper ion warrants research for improved chemo-sensing and molecular imaging. 

In recent years, different types of fluorophores such as BODIPY, rhodamine, fluorescein, coumarin and 

anthracene have been used for the detection of copper ions in various emerging fields [3,16–19]. The 

fluorometric methods have many preferable advantages for instance simplicity, fast response, low cost, 

high sensitivity and reproducibility concerning the traditional techniques such as atomic absorption 

spectroscopy (AAS), atomic emission spectroscopy (AES) and inductively coupled plasma mass 

spectroscopy (ICP-MS). While some organic molecules, bearing π-conjugated chromophores, display 

aggregation caused quenching (ACQ) property, which may limit their use in practical applications [20], 

some molecules possess aggregation induced emission (AIE) phenomena [21]. Fluorescent molecules 

having AIE property exhibit poor emission in organic solutions but emit high radiation in their aggregate 

form. Such molecules can be used as biosensors, organic light emitting diodes (OLEDs) and fluorescent 

probes [22]. Fluorescent probes with AIE for the detection of metal ions are now available in the 

literature [23–30]. The main advantage of AIE probes is that they mostly work in aqueous medium and 

water provides aggregation leading to intensity increment causing a low detection limit. However, AIE 

probes have some disadvantages such as synthetic difficulties, high cost and poor limit of detection. 

Therefore, the design and synthesis of molecules with low cost and a better detection limit is a challenge. 

Anthracene, as an AIE fluorophore has attracted our attention due to its simple structure, chemical 

stability and easy to modify [26, 28–30]. Moreover, ferrocene with its unique electrochemical property 

and high stability appears to be a suitable reactive unit for designing fluorescent probes [31–36]. In this 

regard, we envisaged that incorporating both an AIE fluorophore and electrochemically active unit into 
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a single structure could provide an efficient sensing platform for the detection of copper (II) ions for 

dual signalling response. To the best of our knowledge, molecular sensors displaying three different 

features i.e. AIE, electrochemical activity and fluorescence for the detection of copper ions have not 

been covered in the literature.  

Thus, herein, we report an easy one-step synthesis of a novel Schiff base probe bearing 2-

aminoanthracene (AIE fluorophore) and ferrocenecarboxaldehyde (electrochemically active molecule) 

to detect copper ions in aqueous media. We have concentrated on utilizing the new AIE host molecule 

modified with redox active ferrocene unit, which provides a well-flexible and extensively conjugated 

ligand system to interact with guest copper ions.  The obtained probe, due to water-insolubility nature 

(forming aggregates), exhibits strong green emission and irreversible electrode reaction. When 

interacting with copper (II) ions, the probe demonstrates “turn off” sensing event with irreversible 

chemical and reversible electrode reactions with cathodic potential shift. Besides, fluorescent test papers 

were applied for instant “naked eye” detection of copper (II) ions. 

 

2. Experimental Details 

2.1. General Methods 

All reagents were purchased from commercial suppliers (Aldrich and Merck) and used without 

further purification. 1H NMR and 13C NMR were measured on a Varian VNMRJ 600 Nuclear Magnetic 

Resonance Spectrometer. Mass analysis was conducted with Thermo Q Exactive Orbitrap device. 

Fluorescence emission spectra were obtained using Varian Cary Eclipse Fluorescence 

spectrophotometer. Quantum yield measurements were conducted with Hamamatsu Quantaurus-QY 

Absolute PL quantum yield spectrometer. Particle size distribution analysis was determined by dynamic 

light scattering (DLS) method with Malvern Mastersizer 2000 instrument. The electrochemical 

measurements were performed by Metrohm Autolab PGSTAT 128N potentiostat/galvanostat instrument 

and BASi C3 voltammetric cell stand under an argon atmosphere at 21 ± 3 °C. The quartz voltammetric 

cell was used for electrochemical measurements. 

 

2.2. Preparation of UV-vis and Emission Measurement Solutions 

The stock solution of probe molecule ANT-Fe (1 mM) was prepared in CH3CN and stock solutions 

of metal ion salts (20 mM) were prepared in triple distilled deionized water. During the measurements, 

the metal ion solution was added into the probe solution (2 mL) using a micropipette. For fluorescence 

measurements, samples were contained in 10.0 mm path length quartz cuvettes (2.0 mL volume). Upon 

excitation at 400 nm, the emission spectra were integrated over the range 410 nm to 700 nm (Both 

excitation and emission slit width 5 nm / 5 nm). All measurements were conducted in triplicate at least. 
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2.3. Electrochemical Experiments 

Three electrode system consisting of glassy carbon (BASi MF-2012, 3.0 mm dia.) as a working 

electrode (GCE), Ag/AgCl (sat. NaCl) (BASi MF-2052) as a reference electrode and Pt wire (BASi 

MW-1032) as an auxiliary electrode was used. GCE surface was polished with 0.05 µm Al2O3-water 

and Al2O3-ethanol slurry on synthetic cloth, washed with deionized water and ethanol a couple of times, 

respectively. Afterward, it was ultrasonicated in 1:1 ethanol: deionized water and deionized water by 

turns. Differential pulse voltammetry (DPV) measurements were performed with 5 mV step potential, 

25 mV pulse amplitude, 50 ms pulse width and 0.5 s interval time, respectively. Cyclic voltammetry 

(CV) measurements were performed with 2.5 mV step potential and 0.1 V/s scan rate by turns. The 

concentration of ANT-Fe for DPV/CV experiments is 200 μM in 4:1 CH3CN : HEPES (v/v) solution at 

pH = 7.0. 

2.4. Synthesis of ANT-Fe 

2-aminoanthracene (0.15 g, 0.78 mmol) and ferrocenecarboxaldehyde (0.17 g, 0.78 mmol) were 

mixed in 15 mL ethanol in the presence of catalytic amount (2-3 drops) acetic acid. The solution mixture 

was refluxed for 4h under nitrogen atmosphere. The obtained solid was filtered and recrystallized in an 

EtOH-CH2Cl2  mixture (3:1 v/v) to get desired product ANT-Fe as a white solid (80 %). 1H-NMR (600 

MHz, d-DMSO): δ ppm 8.60 (s, 1H), 8.54 (d, J = 11.7 Hz, 2H), 8.08 – 8.02 (m, 3H), 7.72 (s, 1H), 7.49 

– 7.44 (m, 3H), 4.85 (s, 2H), 4.56 (s, 2H), 4.30 (s, 5H). APT 13C-NMR (150 MHz, d-DMSO): δ ppm 

164.6, 152.6, 135.2, 134.7, 133.8, 132.8, 132.3, 131.3, 131.0, 129.1, 128.9, 128.7, 128.3, 125.3, 119.1, 

83.7, 74.4, 72.3, 72.1. HRMS: m/z: Calcd. for (C25H19FeN) [M+H+]: 390.09397; found, 390.09338. 

 

 

Scheme 1: Synthesis pathway of ANT-Fe 

3. Results and Discussion 

The probe molecule ANT-Fe was prepared via easy one-step acid catalyzed Schiff-base 

condensation reaction of commercially available 2-aminoanthracene and ferrocenecarboxaldehyde in 

good yield (80 %) (Scheme 1). The structure of the probe was unambiguously confirmed by 1H NMR, 

13C NMR and HRMS techniques, as detailed in the Supporting Information (SI).   

The aggregation induced emission (AIE) behavior in response to different ratios of several organic-

aqueous solvent mixtures was investigated by using UV-visible and fluorescence spectroscopy. We 

commenced our investigation by examining the solution media. Solvatochromism experiment was 
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performed in different polar solvents (Fig S1). After various solvent combinations such as DMSO-H2O, 

EtOH-H2O and CH3CN-H2O, a mixture of CH3CN-H2O was found to be a highly efficient system in 

which ANT-Fe displayed two adsorption bands at 262 and 350 nm. An increase in water content resulted 

in a gradual decline in the absorbance and absorbance reached its minimum at 70 % water, after which 

insoluble particles started to appear in solution (Fig S2). Concerning the fluorescence, the opposite trend 

was observed (Figure 1). In CH3CN solution, ANT-Fe (10 µM) displayed a poor emission intensity at 

490 nm when excited at 400 nm. On the other hand, the fluorescence intensity enhanced with the increase 

in water content (up to 70 % level) along with a shift at fluorescence maxima from 490 nm to 502 nm. 

Such shift was explained to be due to the H- and J-type aggregates causing blue and red-shifts, 

respectively [26]. Mechanism of this phenomenon, as well defined in the literature, AIE, resembles in 

many aspects of the previously published works [26,30,37–39]. The restriction of intramolecular 

rotation (RIR) through the addition of water induces AIE property as the single bond rotation mostly 

responsible for non-radiative decay in the solution [40]. While maximum AIE fluorescence intensity 

was reached at %70 of water content (ΦF = 0.44), the addition of more water gave rise to a decrease in 

the emission intensity (Figure 1). This could be explained that as the solvating ability of aqueous mixture 

decreases with increasing water content, the formation of proper crystals was prevented with the 

formation of amorphous aggregates of smaller sizes [23]. AIE property of ANT-Fe was also supported 

by particle size distribution analysis, i.e. DLS method, which exhibited the sizes of aggregates acquired 

in CH3CN-H2O mixtures of 40% and 70% to be 207 nm and 667 nm mean diameters respectively. When 

the amount of water was increased to 90% ( ΦF = 0.22 ) the size of aggregates declined to 376 nm similar 

to the reports released earlier [26,39]. 
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Fig. 1.  Fluorescence intensity change spectrum of ANT-Fe (10 µM) in CH3CN with increasing volume of water 

percentages from 0% to 99%.  
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Fig. 2. The particle size distribution of ANT-Fe (10 µM) in mixed aqueous solutions (CH3CN/H2O) of (a) 40%, 

(b) 70% and (c) 90% volume of water content determined by DLS measurements 

After investigation AIE property, we mainly focused on the chemical sensing ability of the ANT-Fe 

towards copper (II) ions (Cu2+). The spectral properties of the probe were examined under simulated 

physiological conditions HEPES buffer (10 mM) - CH3CN (pH=7.0, v/v 4:1). Also, the possible effects 

of pH changes in the detection of Cu2+ ions were investigated. Remarkably, the ANT-Fe was affected 

slightly by pH fluctuations (pH 2.0 – 9.0) on the fluorescence intensity of the sensing media (Fig S3). 

Free ANT-Fe (HEPES/CH3CN 4:1, pH= 7.0) showed a maximum fluorescence emission band at 505 

nm upon excitation at 400 nm, belonging to the anthracene fluorophore (Figure 3), which could be 

attributed to aggregation induced emission discussed above. As anticipated, the fluorescence intensity 

dramatically decreased by the addition of different concentrations of Cu2+ ions. ANT-Fe displayed “turn-

off” response in 15 s and the decline of the emission intensity (>20 fold) became saturated within 5 min 

(Fig S4). Detection limit of ANT-Fe was determined as 2.5 ppb (40 nM) based on signal-to-noise ratio 

(S/N = 3) (Fig S5). 
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Fig. 3.  Emission titration curve of ANT-Fe (10 µM) and Cu2+ (0-10 equiv.) in 4:1 HEPES/CH3CN at pH = 7.0 

(λex : 400 nm) 

 

The selectivity study of ANT-Fe to other possible metal ions, including Li+, Na+, K+, Mg2+, Ca2+, 

Ba2+, Ag+, Ni2+, Zn2+, Pb2+, Cd2+, Co2+, Hg2+, Fe2+, Al3+, Cr3+ was investigated under the same sensing 

situation. All other metal species except for Cu2+ did not cause any spectral change, fortunately (Figure 
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4a). Also, it was examined the possible interference of other metal ions via competitive experiment and 

the ANT-Fe easily detected Cu2+ in the mixtures of other related species (Figure 4b). 
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Fig. 4. (a) Fluorescence intensities of ANT-Fe (10 µM) in 4:1 HEPES/CH3CN at pH = 7.0 in the presence of Cu2+ 

(5.0 equiv) and other metal ions (10.0 equiv). (b) Fluorescence intensities of ANT-Fe (10 µM) in 4:1 

HEPES/CH3CN at pH = 7.0 in the presence of Cu2+ (5.0 equiv) and 50.0 equiv other metal ions 1, Cu2+; 2, Li+; 3, 

Na+; 4, K+; 5, Mg2+; 6, Ca2+; 7, Ba2+; 8, Ag+; 9, Ni2+; 10, Zn2+; 11, Pb2+; 12, Cd2+; 13, Co2+; 14, Hg2+; 15, Fe2+; 16, 

Al3+; 17, Cr3+; 18, Fe3+ 

 

To understand the nature of the overall sensing process to be irreversible or not, an excess amount of 

CN-, S2-and cysteine (10.0 equiv.) were subjected to ANT-Fe solution containing Cu2+ ions. Any spectral 

change was not observed, which verified the irreversibility of the sensing mechanism. The sensing 

mechanism was proposed to proceed through the simultaneous coordination of Cu2+ ions with nitrogen 

atom on C=N moiety by the aid of the electron donor character of ferrocene molecule. This coordination 

somehow promoted rapid hydrolysis of C=N bond via an attack of water to imine moiety, causing 

formation of 2-aminoanthracene copper complex and ferrocenecarboxaldehyde.  

Scheme 2. Proposed mechanism for the detection of Cu2+ ions 

 

NMR analysis was used to support the proposed sensing mechanism. The NMR data indicated that, 

upon treatment of ANT-Fe solution with Cu2+ ions, the imine proton signal at 8.60 ppm disappeared 

and a new aldehyde proton, belonging ferrocenecarboxyaldehyde, formed at 9.87 ppm. This result 

proved that Cu2+ ion mediated hydrolysis reaction took place. 

a) b) 
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Fig. 5.  (a) Partial 1H NMR spectra of ANT-Fe, (b) ANT-Fe + 1 eq. Cu2+ (c) ferrocenecarboxaldehyde 

 

Since the probe ANT-Fe consists of two redox active sites, i.e. ferrocene and imine, it would worth 

studying electrochemistry of the interaction of ANT-Fe with Cu2+ ions. Therefore, electrochemical 

behaviours of ANT-Fe and Cu2+ were investigated by using CV and DPV techniques. The probe 

demonstrated an irreversible electrode reaction at 615 mV belonging to electron donating ferrocene part. 

However, the addition of Cu2+ induced a reversible electrode reaction with a cathodic potential shift of 

50 mV due to the formation of ferrocenecarboxaldehyde through the hydrolysis reaction between ANT-

Fe and Cu2+. This result is also consistent with pure ferrocenecarboxaldehyde electrochemical signal 

under the same condition which is another evidence of the hydrolysis reaction (Figure 6).  

 

Fig. 6. CVs results of (a) acetonitrile, (b) 200 μM ANT-Fe only (c) ANT-Fe and 2.5 equivalent Cu2+ (d) pure 

ferrocenecarboxaldehyde only (in 4:1 CH3CN : HEPES (v/v) solution at pH = 7.0) 

 

CV and DPV titrations of ANT-Fe with different amount of Cu2+ are depicted in Figure 7. Cu2+ 

addition resulted in a cathodic potential shift due to the formation electrochemically active 

a) 

b) 

c) 
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ferrocenecarboxaldehyde which could be attributed different chemical nature of bounded and 

unbounded ferrocenecarboxaldehyde. The ANT-Fe became completely saturated with the addition of 9 

equivalents of Cu2+. 

 

Fig. 7. CV and DPV titrations of the ANT-Fe with addition of different concentrations of Cu2+ (0 – 9 equiv.) (a): 

Acetonitrile solution (b): 200 μM ANT-Fe only (in 4:1 CH3CN : HEPES (v/v) solution at pH = 7.0) 

 

The effect of possible interference of all relevant cations was investigated by DPV technique, which 

displayed that in the presence of other cations, even with 2.5 times higher Cu2+ concentrations any 

interference was not observed (Figure 8). 

 

Fig. 8. DPV measurements of ANT-Fe and Cu2+ (2.0 equiv.) and other cations (2.0 equiv.) in 4:1 CH3CN : 

HEPES (v/v) solution at pH = 7.0 

 

To examine the practical applicability of ANT-Fe, circular test papers were prepared by immersing 

them into the 4:1 HEPES/CH3CN solution at pH=7.0 containing ANT-Fe (10 µM), and they were dried 

in the air. Before the addition of any metal ions, test papers exhibited a bright green emission under UV 

light at 366 nm. Among all relevant metal ions such as Na+, K+, Mg2+, Ca2+, Ba2+, Ag+, Ni2+, Zn2+, Pb2+, 

Cd2+, Co2+, Hg2+, Fe2+, Al3+, Cr3+ (100 µM) and Cu2+ (50 µM), only the solution containing Cu2+ 

displayed “turn-off” response after addition onto the test papers (Figure 9b). Thus, the results exhibited 
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that recognition of Cu2+ ions by ANT-Fe could easily be observed by the naked eye, without the need 

for any sophisticated instrument. 

 

 

 

Fig. 9.  (a) Fluorescence images of ANT-Fe adsorbed on test paper before and after addition of Cu2+ (50 µM) 

under UV light at 366 nm (b) Detection of different metal ions (100 µM) with ANT-Fe on TLC test paper 

fluorescence images under UV light at 366 nm (All images were recorded after 5 min).  

4. Conclusion 

In sum, we have developed a novel and easily synthesized AIE fluorescent probe (ANT-Fe) from 

commercially available two simple reagents, anthracene and ferrocenecarbaxaldehyde, where 

anthracene dye behaved as a fluorophore and ferrocenecarbaxaldehyde acted as a redox active unit. The 

probe exhibited dual sensing mode, both fluorometric “turn-off” signal mode and electrochemical 

signaling mode with cathodic shift, for the detection of Cu2+ ions in aqueous media. The sensing 

mechanism of ANT-Fe is based on the selective coordination of Cu2+ ions following C=N bond 

hydrolysis reaction. ANT-Fe displayed distinct features such as low detection limit (2.5 ppb), the quick 

response time (<30 s) as well as good selectivity toward Cu2+ ions over other metal ions. Also, we have 

successfully achieved the detection of Cu2+ ions with ANT-Fe adsorbed on the test paper system as a 

practical application. 
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