

  chemosensors-09-00007




chemosensors-09-00007







Chemosensors 2021, 9(1), 7; doi:10.3390/chemosensors9010007




Article



A Simple Visible Recognition Method for Copper Ions Using Dibenzo[b,j][1,10]Phenanthroline Scaffold as a Colorimetric Sensor



Muhammad Zulfajri 1,2,†[image: Orcid], Ganesh Kumar Dhandabani 1,†, Hui-Fen Chen 1, Jeh-Jeng Wang 1,3,* and Genin Gary Huang 1,3,4,*[image: Orcid]





1



Department of Medicinal and Applied Chemistry, Kaohsiung Medical University, Kaohsiung 80708, Taiwan






2



Department of Chemistry Education, Universitas Serambi Mekkah, Banda Aceh 23245, Indonesia






3



Department of Medical Research, Kaohsiung Medical University Hospital, Kaohsiung 80708, Taiwan






4



Department of Chemistry, National Sun Yat-sen University, Kaohsiung 80424, Taiwan









*



Correspondence: jjwang@kmu.edu.tw (J.-J.W.); genin@kmu.edu.tw (G.G.H.)






†



These authors contributed equally to this work.









Received: 27 November 2020 / Accepted: 25 December 2020 / Published: 30 December 2020



Abstract

:

A dibenzo[b,j][1,10]phenanthroline (DBPhen) scaffold as a novel colorimetric Cu2+ sensor was proposed and prepared in this study. The optical properties of DBPhen were measured utilizing UV light, UV-VIS spectroscopy, and fluorescence spectroscopy. The findings denote that DBPhen exhibited a particular selectivity and great sensitivity to Cu2+ compared with other metal ions. The addition of Cu2+ in the DBPhen solution induced the color change from yellow to purple, and a new peak in the visible range (~545 nm) was observed. The detection limit of Cu2+ in the aqueous solution was calculated to be as low as 0.14 μM. Besides, the color change of the DBPhen/Cu2+ complex could be reversibly restored by adding CN−. Therefore, DBPhen could have a prospective implementation as a practical colorimetric sensor to detect Cu2+ ions in environmental fields.
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1. Introduction


The detection of heavy metals in environments, biological systems, and foods is highly significant for human health and life safety [1]. The recognition of biologically and chemically notable metal ions and their harmful impacts on the human body and the ecosystem has remained much a research concern [2]. Copper (Cu) is an essential trace element in life and plays a significant role in chemical, biological, and environmental areas [3]. A specific level of copper ions (Cu2+) in the human body can provide the energy required for catalytic reaction and assist in keeping and improving the function of artery and heart tissues [4]. However, an extra Cu2+ level in the human body may induce severe neurodegenerative diseases, including Parkinson’s disease, Alzheimer’s disease, Menkes syndrome, and Wilson disease [5,6,7]. Besides, Cu2+ ions are nonbiodegradable and naturally accumulate in the food chain, which poses a critical threat to the environment and human health. Hence, the detection of Cu2+ is still a necessary topic in environmental and biological analyses.



Till now, several analytical techniques for detecting Cu2+ ions are being used, such as atomic absorption spectrometry (AAS) [8], fluorescence spectroscopy [9], inductively coupled plasma atomic emission spectrometry (ICP-AES) [10], thin layer chromatography [11], IR spectroscopy [12], and SERS spectroscopy [13]. Compared with the aforementioned analytical techniques, colorimetric sensing methods have more benefits, such as being simple to operate and on-site sensing. The colorimetric sensor is a fascinating method since it can be monitored with the naked eye or a simplified instrumentation. Given the pivotal role of the colorimetric sensor in ionic detection, the improvement of detection methods is always challenging. Colorimetric probes also have distinct advantages in terms of fast response, selectivity, and sensitivity. Although these selective and sensitive colorimetric sensors for detecting Cu2+ have been reported continually [14,15,16,17], the synthetic steps and detection procedures are mostly complicated, and some of them are not very clear. Therefore, a new colorimetric Cu2+ sensor with easy and sustainable synthesis steps, rapid response, and simple detection procedures is still needed. Additionally, a selectivity and sensitivity study is required to improve the detection capability.



1,10-Phenanthroline (phen) is a crescent-shaped polyheterocyclic compound stuck with two nitrogen atoms at different places, playing a vital role in the ligand cluster [18,19]. Phen is a classic bidentate chelating ligand for metal ions with a pivotal role in coordination chemistry [20]. It is still used as a multipurpose precursor in inorganic, organic, and supramolecular chemistry [21]. It is a hydrophobic, rigid planar, and electron-poor heteroaromatic network where nitrogen elements are elegantly positioned to play cooperatively in ionic interaction. These structural characteristics specify its binding capability for metal ions to form stable complexes [22]. Besides, phen is usually selected as a nitrogen ancillary ligand with high steric hindrance, which can increase the fluorescence quantum yields of its complexes [23,24]. Dibenzo[b,j][1,10]phenanthroline (DBPhen) is enabled at the para position to the nitrogen elements and utilized as an anticancer agent [25] and photosensitizer for hydrogen generation from water reduction [26]. This compound is widely used as a luminescent compound chelating with Lewis acid, such as metal ions [27].



In this work, we reported DBPhen as a simple colorimetric sensor for Cu2+ with UV-VIS spectroscopy to monitor a new absorption peak of the DBPhen/Cu2+ complex. The results show that the recognition of Cu2+ can be obtained by color and UV-VIS spectral changes, which has a tremendous antidisruption capability for general metal ions in environments. Cu2+ ions induced a noticeable color change of DBPhen at a visible spectrum of ~545 nm. The color change from yellow to purple actualizes the naked eye recognition with a prospective application value. Additionally, the yellow color was restored by introducing CN− to the complex. Fluorescence quenching of the DBPhen/Cu2+ complex also confirmed the restoration of the emission intensity after adding CN−. As far as we know, this work is the first report on the utilization of DBPhen as a colorimetric sensor for recognizing Cu2+ in aqueous solution. Some bits of information, such as the selectivity, sensitivity, restoration, and sensing mechanism, were provided and discussed to improve new great achievement sensors.




2. Materials and Methods


2.1. Chemicals


NaOH, NiCl2∙6H2O, CuCl2∙2H2O, SnCl2∙2H2O, ZnCl2, KCl, CaCl2∙2H2O, NaCl, and CuSO4. 5H2O were received from Showa Chemical Co. Ltd., Tokyo, Japan. PbCl2 was purchased from Sigma-Aldrich (St. Louis, MO, USA), and FeCl3.6H2O was purchased from Shimakyu’s Pure Chemicals (Yodogawa-ku, Osaka, Japan). CoCl2∙6H2O, CdCl2∙xH2O, FeCl2∙4H2O, HgCl2, quinine sulfate dihydrate, ethyl acetate, and hexane were obtained from Alfa Aesar (Ward Hill, MA, USA). CuCN, DMSO, sodium sulfate, cyclohexanone, and 2-iodo-4-methylaniline were obtained from Sigma-Aldrich. MeOH and H2SO4 were purchased from Avantor-Macron Fine Chemicals (Center Valley, PA, USA) and Honeywell Research Chemicals (Offenbach, Germany), respectively. All the chemicals were used without further purification.




2.2. Apparatus


1H and 13C NMR spectra were measured using a 400 MHz Varian Unity Plus and Varian Mercury Plus Spectrometer. The XR-MS spectrum was measured by performing a SolariX XR FT-MS Mass Spectrometer from Bruker. The UV-VIS absorption spectra were assessed using an Agilent 8453 UV-VIS Spectrometer. The fluorescence spectra were examined by utilizing an Agilent Cary Eclipse Fluorescence Spectrophotometer. The emission color was checked on a UV light at 365 nm (UVP UVGL-25, Analytik Jena US, Upland, CA, USA).




2.3. Preparation of DBPhen


The preparation of DBPhen was performed according to the literature reported protocols [28]. 4-Methyl-2-(phenylethynyl)aniline (443 mg, 2.1 mmol) was mixed with 2 mL of DMSO in a 15 mL sealed tube. Subsequently, anhydrous FeCl3 (243 mg, 1.5 mmol) and cyclohexanone (98 mg, 1.0 mmol) were mixed sequentially to the mixture, followed by stirring for 7 h at 110 °C. Then, it was diluted with 25 mL of ice water after cooling down naturally. The water layer was taken out with 25 mL of ethyl acetate (3 times). The combined ethyl acetate was given 10 mL of brine wash. The final ethyl acetate layer was dried over Na2SO4 and concentrated to obtain the raw compound. Column chromatography with eluents of hexane to 30–55% ethyl acetate/hexane was used to obtain a pure compound of 5,8-dibenzyl-3,10-dimethyl-6,7-dihydrodibenzo[b,j][1,10]phenanthroline as an off-white solid (450 mg, 90%; melting point of 290–291 °C).




2.4. Assessing of Quantum Yield


The quantum yield (QY) of DBPhen was assessed according to a common procedure. In brief, DBPhen was dispersed in MeOH (η = 1.33), and quinine sulfate was dispersed in 100 mM H2SO4 (η = 1.33, QY = 54%) as a standard. The absorption and fluorescence spectra were monitored at a 400 nm excitation wavelength. The absorption values of the sample and standard were kept below 0.1. The integrated fluorescence intensity of the sample as the function of the absorption was compared with the standard utilizing this formula:


QYx = QYy(Ay/Ax)(Ix/Iy)(ηx2/ηy2)








where QY refers to the quantum yield, η is the refractive index of solvent, I refers to the integrated fluorescence intensity, A refers to the absorption value at 400 nm, x is DBPhen, and y is standard.




2.5. Measurement of Fluorescence and UV-VIS Spectra


Aqueous solutions of metal ions (Fe2+, Ca2+, K+, Cd2+, Pb2+, Hg2+, Cu2+, Na+, Ni2+, Sn2+, Zn2+, Co2+, and Fe3+) were prepared for fluorescence and UV-VIS absorption measurements. DBPhen solution was prepared in MeOH solvent. Working solutions of metal ions and DBPhen were freshly made from the stock solutions. The excitation was recorded at 400 nm with a 5 nm slit width. For a selectivity study, a final concentration of 500 µM of metal ions (200 µL) was mixed with 1 µg/mL DBPhen (800 µL) to measure the UV-VIS absorption and fluorescence spectra. For reaction purposes, 1 min of mixing time was performed before the measurements. For a sensitivity study, final concentrations of 10–500 µM of Cu2+ (200 µL) were mixed with DBPhen (800 µL) for 1 min, followed by the measurement of their UV-VIS spectra. The reversibility of original absorbance and fluorescence emission spectra of DBPhen were determined by adding CN− (1000 µM) to the DBPhen/Cu2+ complex.




2.6. Determination of Limit of Detection


The calibration curve was obtained by adding Cu2+ with different concentrations (10–100 μM) to the DBPhen solution to obtain the detection limit (LOD) of Cu2+, UV-VIS absorption bands of DBPhen and DBPhen/Cu2+ complex at ~545 nm were measured in triplicate, and the standard deviation (SD) of blank control was calculated. The following equation was used to determine the LOD:


LOD = 3σ/s








where σ stands for the SD of blank control and s stands for the slope of the calibration curve [29].





3. Results and Discussion


3.1. Preparation and Characteristics of DBPhen


The synthesis route of DBPhen can be seen in Scheme 1. The o-alkynylaniline intermediate (3) was synthesized by the well-known Sonogashira reaction between 2-iodo-4-methylaniline (1) and phenyl acetylene (2). Further, the anhydrous FeCl3 promoted in situ Swern oxidation of cyclohexanone to generate the 1,2-cyclohexanedione reaction with two-fold of 4-methyl-2-(phenylethynyl)aniline (3), which afforded the desired DBPhen scaffold (4). The characteristics of DBPhen were confirmed by 1H NMR spectrum (Figure S1 in the Supplementary Materials), 13CN MR spectrum (Figure S2), and XR FT-MS data (Figure S3). 1H NMR (400 MHz, CDCl3) δ 8.37 (d, J = 8.6 Hz, 2H), 7.73 (s, 2H), 7.53 (dd, J = 8.7, 1.6 Hz, 2H), 7.25–7.14 (m, 6H), 7.07 (d, J = 7.1 Hz, 4H), 4.54 (s, 4H), 3.06 (s, 4H), 2.50 (s, 6H); 13C NMR (101 MHz, CDCl3) δ 151.46, 146.34, 140.83, 138.46, 136.97, 131.31, 130.91, 130.63, 128.49, 127.76, 127.72, 126.11, 122.40, 33.04, 24.79, 21.96; XR FT-MS (EI) calculated for C36H31N2 [M + H]+: 491.24818; found: 491.24830.




3.2. Optical Properties of DBPhen


The fluorescence emission spectra of DBPhen were measured. Figure 1a depicts the fluorescence emission spectra of DBPhen excited at 400 nm with different concentrations of DBPhen ranging from 0.2 to 1.0 µg/mL. The relative highest emission peak of DBPhen was observed at concentrations of 0.8 and 1.0 µg/mL. By increasing the DBPhen concentration, the emission peak center was slightly moved to a longer wavelength. The emission peak center was likely to depend on DBPhen’s concentration, and the intensity increased with increasing concentration. However, once the concentration increases so much that DBPhen’s absorbance becomes significant, the absorption of light will affect the emission spectrum. The primary rationale for the emission shift is the formation probability of molecular clusters/aggregates. In the case of a molecular system, aggregation-induced emission (AIE) and aggregation-caused quenching (ACQ) are the two notable occasions that happen in a lot of the organic molecules, resulting in enhancement and quenching of fluorescence intensity, respectively [30]. Several molecules showed aggregation-induced red-shifted emission (AIRSE). The presence of red-shifted and enhancing emission intensity at ~480 nm with an increase in DBPhen’s concentration produced the J-aggregates in its concentrated solutions [31]. The aggregation of DBPhen generated in a continuous fluorescence’s red-shift as the concentration increased. Intermolecular forces like dipole–dipole and van der Waals might be responding to this aggregation [32]. Optical characteristics verify that the concentration-tunable fluorescence is related to DBPhen’s aggregation, resulting in the continuous red-shift in fluorescence emission. In addition, Figure S4 shows the fluorescence excitation (FLE) features of the DBPhen compound. FLE intensities of DBPhen at 400 and 650 nm increased gradually with its increasing concentration, while intensities at 250, 290, and 315 nm decreased with the increasing concentration of DBPhen.



The intense peaks of the fluorescence excitation and emission spectra are depicted in Figure 1b. The fluorescence spectra possessed the maximum excitation at ~400 nm and emission at ~480 nm. The fluorescence emission intensity is based on the intense particles of DBPhen with excitation at 400 nm. Figure 1c exhibits the fluorescence spectra of DBPhen at numerous excitation wavelengths. The emission spectra denoted the specific excitation-independent emission nature of DBPhen. The fluorescence emission spectrum first increased with the excitation wavelength from 300 to 320 nm and then the emission spectrum decreased with increasing the excitation wavelengths from 320 to 360 nm. The intense emission peak was observed at 380–420 nm excitation wavelength, with the highest emission peak excited at 400 nm compared with other excitation wavelengths. The fluorescence emission peak was then decreased after exciting at 440–500 nm, indicating that fewer DBPhen molecules were excited at these excitation wavelengths. Besides, the DBPhen emission spectrum’s shape was associated with the concentration of DBPhen and the excitation wavelength. As depicted in Figure S5a–d, the fluorescence emission spectral features of DBPhen with different concentrations were influenced by different excitation wavelengths. The spectral shape was slightly altered but not significantly so. The emission intensity was dependent on the excitation wavelength, and the highest emission intensity was observed with the excitation of 400 nm for all concentrations. Moreover, photographs of DBPhen solution irradiated under daylight and UV light were taken (inset of Figure 1b). Under daylight, the solution color of DBPhen was yellow. Meanwhile, the DBPhen solution emitted a blue fluorescence under the UV light, which could be viewed clearly by the naked eye.



The UV-VIS absorption spectra were measured to explore the optical characteristics of DBPhen at concentrations of 0.2–1.0 µg/mL. The UV-VIS spectra of DBPhen exhibited a broad absorbance band at 210–250 nm and a shoulder peak at 320–390 nm (Figure 2). The intense peak centered at 210–250 nm was derived from the π-π* energy transition in the π system of DBPhen [33], where the shoulder peak at 320–390 nm was derived from the n-π* energy transition of DBPhen. The dilution factor valuably altered the absorption of the shoulder peak. The apparent absorption peak was valuably increased and red-shifted to longer wavelengths. J-aggregates are a bathochromic shift (red-shift) in absorption because of the π-stacking aromatic molecules, in which molecules orient in head-to-tail fashion [34]. The concentration dependence of DBPhen resulted in an aggregate band (bathochromic J-band), which is red-shifted to higher wavelengths [35]. If the concentration of DBPhen is low, the aggregation will not be formed in the solution, while increasing DBPhen’s concentration led to the formation of an aggregate band at 320–390 nm. Besides, the fluorescence QY of DBPhen was estimated by assessing 400 nm excitation wavelength, and the absorbance was maintained below 0.1. The QY was about 7.9%. The result suggests that DBPhen exhibited a relatively moderate fluorescence QY property.




3.3. Selectivity of DBPhen toward Metal Ions


It is commonly agreed that a remarkable selectivity is an exceptional standard for the desired chemical sensor. Thus, the impact of numerous metal ions on the DBPhen solution was monitored. Accordingly, the fluorescence intensities of DBPhen after mixing with different metal ions were measured. The recognition capability was determined by comparing the fluorescence intensity of DBPhen and that of DBPhen/metal ions. The perturbations in the emission intensity at a maximum emission peak happened in the presence of several metal ions (1000 µM) (Figure S6a,b). The histogram was figured out by plotting F/F0 vs. the level of metal ions (Figure S6c). F0 and F are DBPhen’s fluorescence intensities without and with the addition of metal ions, respectively. These metal ions exhibited distinctive effects on the fluorescence nature of DBPhen. Notably, several metal ions showed a quenching effect on the fluorescence intensity, where K+, Na+, and Zn2+ showed a limited quenching effect; Cu2+, Ni2+, Hg2+, and Co2+ exhibited a significant quenching behavior (Figure S6a). On the other hand, some metal ions, including Ca2+, Fe2+, Pb2+, Fe3+, Sn2+, and Cd2+, enhanced the fluorescence emission intensities of DBPhen (Figure S6b). Although Cu2+ and Cd2+ had a substantial effect on the emission intensity, other metal ions also had a significant impact on the fluorescence behavior. Many metal ions can enhance or reduce the emission intensities of DBPhen. These results indicate that it was challenging to consider DBPhen as a fluorescence sensor for detecting metal ions because almost all metal ions affected the fluorescence behavior.



Photographs of DBPhen solutions after mixing with several metal ions were captured to visualize the selectivity (Figure S7). Under daylight, the DBPhen/metal ion solutions were all yellow except for the DBPhen/Cu2+ solution. Under UV light, the DBPhen/metal ions exhibited blue to bright green emission, which could be viewed obviously by the naked eye. The color of DBPhen/metal ions is correlated to their emission peak centers. The solutions with blue color possessed an emission wavelength that was shorter than that of the solutions with green color. For instance, the DBPhen/Na+ system had a bright blue color with the fluorescence emission peak center at 470 nm, while the DBPhen/Sn2+ system had bright green color with the fluorescence emission center at 505 nm. Some metal ions exhibiting a fluorescence quenching effect had slight dimming in emission color. Unlike those of other metal ions, the color of the DBPhen solution after adding Cu2+ was purple under daylight and did not emit the emission color under UV light. No emission color under UV light was consistent with the highest reduction effect on the emission intensity. The above findings indicate that the DBPhen/metal ions exhibited quenching and enhancement effects on their fluorescence emission intensities with different emission colors based on their emission wavelength centers.



Furthermore, the UV-VIS spectroscopic experiment was carried out by the addition of numerous metal ions (500 µM) to the DBPhen solution to observe the selectivity of DBPhen to metal ions. The recognition capability was measured by comparing the absorption spectra of the DBPhen solutions before and after adding numerous metal ions. The responses of different metal ions to DBPhen on the UV-VIS absorbance are shown in Figure 3. Notably, only Cu2+ exhibited a new absorption band at ~545 nm, while other metal ions induced negligible absorption spectral changes. Therefore, the DBPhen compound can recognize Cu2+ ions selectively based on the absorption peak. Besides, DBPhen had a visual color change from yellow to purple after adding Cu2+ to the DBPhen solution, which can be seen clearly in Figure 4. In contrast, no color change was found after adding different metal ions under similar conditions. Only Cu2+ induced the color change of the DBPhen solution. These findings show that DBPhen possessed specific selectivity toward Cu2+ based on the absorption character and color change. Therefore, DBPhen can be utilized as a colorimetric sensor for simple naked-eye recognition of Cu2+ ions.



Moreover, observing the effect of the solvent mixing itself on the sensor’s colorimetric and fluorescence properties, DBPhen was combined with Cu2+ using MeOH and H2O as solvents. The relative fluorescence emission intensities and UV-VIS absorbance showed no significant effects using both solvents in the detection of Cu2+ (Figure S8a,b, 2&3). For the counterion’s impact on the detection, Cu2+ ions from the sources of CuCl2 and CuSO4 were examined. It was found that there was no beneficial effect on the fluorescence and UV-VIS absorbance behaviors (Figure S8a,b, 3&4). Therefore, the anions did not influence the interaction between DBPhen and Cu2+ in an aqueous solution.




3.4. Sensitivity of DBPhen to Copper Ions


The impact of mixing time on the reaction between DBPhen and Cu2+ was initially monitored via the UV-VIS absorption spectra of the DBPhen/Cu2+ complexes (Figure 5a). It can be observed that the reaction between DBPhen and Cu2+ was rapid and complete with 1 min of both mixing and incubation durations. To further examine the sensitivity to recognize Cu2+ ions, the UV-VIS absorption spectra of the DBPhen solutions with various levels of Cu2+ (10–500 µM) were measured (Figure 5b). It can be seen that the peak at ~545 nm enhanced progressively by increasing the level of Cu2+, indicating the forming of DBPhen/Cu2+ complexes with a change of color from yellow to purple. The purple color of the solution was enhanced by increasing the level of Cu2+ (Figure 5c).



The analytical performance of DBPhen was analyzed by plotting the relation curve of [Cu2+] versus A/A0 (where A is the absorption of DBPhen at ~545 nm in the existence of Cu2+, and A0 is the absorbance of DBPhen at ~545 nm without adding Cu2+). It can be observed that the A/A0 values show a linear relationship to [Cu2+] between 10 and 100 µM, and the A/A0 values approach a fixed value when [Cu2+] is higher than 100 µM (Figure 6a). The procedure validity was evaluated by determining the linear range, coefficient of determination (R2), and limit of detection (LOD). The calibration curve was linear over the Cu2+ concentrations ranging from 10 to 100 µM with an R2 of 0.9972 (Figure 6b). The LOD was estimated to be 0.14 µM (σ = 0.002 and s = 0.0414) according to the International Union of Pure and Applied Chemistry (IUPAC) standard (3σ/s). For comparison, the performance of DBPhen was compared with those of some other analytical methods for Cu2+ (Table 1). This shows that this colorimetric sensor owned a lower or comparable LOD for Cu2+ with a wide linear range than other reported sensors. From this point of view, DBPhen as a colorimetric sensor can simply, quickly, and effectively recognize Cu2+.




3.5. Reversibility of DBPhen Origin by Adding CN−


The decomplexation between DBPhen and Cu2+ was studied by assessing the UV-VIS and fluorescence characteristics. The reversibility of the reaction between DBPhen and Cu2+ to form a complex during the recognition process was evaluated by introducing CN− as the competing chelating agent to DBPhen and Cu2+. Interestingly, the addition of CN− to the complex showed a significant change in the UV-VIS spectrum and a color change. Figure 7a shows the removal of the absorption peak of DBPhen/Cu2+ at ~545 nm after adding CN− (1000 µM). The reduced fluorescence intensity of the DBPhen/Cu2+ complex was also recovered upon the addition of CN− (Figure 7b), which indicates that the DBPhen and Cu2+ reaction in the sensing process is reversible to a certain degree [38]. The reversible switching of fluorescence intensity cycles of DBPhen by the CN− addition into the DBPhen/Cu2+ complex indicated that Cu2+ was released from the complex. In the existence of CN−, the purple color of the DBPhen/Cu2+ complex was changed to the original color of DBPhen (yellow) (Figure S9). The coagulation was formed after incubation of the sample for 25 min, and the precipitation was separated by using centrifugation for 5 min at 5000 rpm. In this manner, this indicates an estimation that the DBPhen/Cu2+ complex is also a prospect sensor for CN−.




3.6. Recognition of Cu2+ in Real Water Samples


The DBPhen-based colorimetric Cu2+ sensor was used to detect the content of Cu2+ in real environmental water samples, including groundwater and lake water samples. The groundwater was used without any filtrations, while the lake water was used after filtration with filter paper and a 0.22 µm membrane filter. The standard solution of Cu2+ (10, 20, and 50 µM) was spiked into the real water samples and interacted with the DBPhen compound. The standard addition method was utilized to calculate the recovery percentages. The UV-VIS absorption spectrum was assessed with three repetitive measurements to calculate their average recovery percentages and relative standard deviations (RSDs). The results of the spiked water samples are displayed in Table 2. It can be observed that the spiked recoveries of Cu2+ ranged from 91.05% to 105.97%. The RSDs ranged from 2.18% to 3.79% for all the samples. These findings declare that DBPhen as a colorimetric sensor would be competitive and could be utilized as an alternative method for recognizing Cu2+ in real water samples.




3.7. Possible Sensing Mechanism


The potential sensing mechanism for the reaction of DBPhen to Cu2+ was further discussed. After adding Cu2+, the fluorescence of DBPhen was highly reduced because of the paramagnetic character of metal ions. Then, the DBPhen molecule could selectively bind to Cu2+ and change the solution color rapidly from yellow to purple. Further, a noticeable spectral response with a new absorbance peak at ~545 nm was contributed by a coordinate covalent bond between DBPhen and Cu2+. Hence, the binding of the two species resulted in a sensitive optical readout. The color change in the DBPhen solution upon interaction with Cu2+ is due to the electron transfer from the DBPhen ligand to Cu2+. Due to the strong “metal-to-ligand charge transfer absorption” of the DBPhen/Cu2+ complex, an absorption peak was exhibited; therefore, a color change was displayed. Compared with other metal ions, Cu2+ shows stronger affinities with the phen compound since phen compounds act as good ligands for strong interaction with Cu2+ [20,39]. The electron transfer from the DBPhen ligand to Cu2+ is also responsible for the fluorescence quenching character of the ligand upon complexation with metal ions. Cu2+ may easily establish the coordination interaction with N-heterocyclic rings of DBPhen, resulting in the electron or energy transfer from DBPhen to Cu2+. These findings denote the formation of chelate systems between Cu2+ and DBPhen. Thus, DBPhen recognized Cu2+, causing an electron transfer mechanism. The coordination of Cu2+ to ligand via two N-heterocyclic ring atoms of DBPhen and the proposed mechanism of DBPhen/Cu2+ complexation are presented in Figure 8. The strong chelating ability of DBPhen toward Cu2+ was responsible for both fluorescence and color changes with a new absorption peak. Upon exposure to a high concentration of CN− [Cu2+ with chelating ligands], CN− may facilitate Cu2+ to frame a highly stable complex [Cu(CN)x)n−] due to the high complex stability constant between Cu2+ and CN− [40]. In the DBPhen/Cu2+ complex, Cu2+ possessed a great binding affinity for CN− due to the decomplexation of Cu2+ from DBPhen. The plausible demetallation mechanism of the DBPhen/Cu2+ complex by CN− can be seen in Figure S10.





4. Conclusions


In conclusion, a DBPhen scaffold as a new colorimetric sensor for a simple and rapid recognition of Cu2+ was introduced. The in situ oxidized product of 1,2-cyclohexanedione encounters a double imination and hydroenamination reaction cascade with two-fold of o-alkynylaniline molecules to produce the DBPhen compound. DBPhen was produced through an easy and low-cost preparation procedure. Upon binding with Cu2+, DBPhen had a color change from yellow to purple. DBPhen displayed high selectivity toward Cu2+ and high sensitivity with a detection limit of 0.14 μM. Besides, DBPhen acted as a reversible colorimetric sensor for Cu2+ ions utilizing CN− as a restoring agent. The recovery studies of the real water samples demonstrated the value of DBPhen in practical applications as a fast, selective, and sensitive sensor for Cu2+ ions.
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Scheme 1. Synthesis route to prepare DBPhen scaffold. 
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Figure 1. (a) The fluorescence spectra of DBPhen in MeOH at various concentrations (0.2–1.0 µg/mL), (b) the optimum excitation and fluorescence spectra of DBPhen (0.8 µg/mL) (inset: the appearance of DBPhen solution under daylight and UV light), and (c) the fluorescence spectra of DBPhen (0.8 µg/mL) with excitation wavelengths of 300–500 nm. 
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Figure 2. UV-VIS absorption spectra of DBPhen with concentrations between 0.2 and 1.0 µg/mL. 
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Figure 3. UV-VIS spectra of DBPhen solutions with the addition of various metal ions (500 µM). 
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Figure 4. Appearance of DBPhen solutions after adding numerous metal ions (500 µM). 
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Figure 5. (a) The plot of incubation time vs. the UV-VIS absorption peak of DBPhen/Cu2+ complex (A/A0) at ~545 nm, (b) the UV-VIS spectra of DBPhen solution with different levels of Cu2+, and (c) the solution appearance of DBPhen solutions after adding Cu2+ with concentrations ranging from 0 to 500 µM. 
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Figure 6. (a) Plot of A/A0 at ~545 nm with Cu2+ concentrations of 0–500 µM and (b) the linear relationship between the absorption at ~545 nm and Cu2+ concentrations of 10–100 µM. 
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Figure 7. (a) UV-VIS and (b) fluorescence spectra of DBPhen (black), DBPhen/Cu2+ (green), and DBPhen/Cu2+ after the addition of CN− (orange). The concentrations of Cu2+ and CN− were 500 and 1000 µM, respectively. 
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Figure 8. Proposed sensing mechanism of the interaction between DBPhen and Cu2+. 
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Table 1. Comparison of DBPhen as a colorimetric sensor with other sensors to detect Cu2+.
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	No.
	Compound
	Method
	Linear Range (µM)
	LOD (µM)
	Ref.





	1
	Indolo[2,3-a]carbazole
	Colorimetry
	0–20
	0.293
	[4]



	2
	Rhodamine B semicarbazide
	Fluorometry
	2–38
	0.16
	[9]



	3
	Dicyanoisophorone
	Fluorometry/Colorimetry
	0.5–10
	0.20
	[15]



	4
	4-aminoantipyrine derivative
	Colorimetry
	0–8.5
	0.214
	[16]



	5
	Rhodamine-B carbonyl-morpholine
	Fluorometry
	1–55
	0.21
	[36]



	6
	DNA-modified Au NPs
	Colorimetry
	20–100
	20.0
	[37]



	7
	DBPhen
	Colorimetry
	10–100
	0.14
	This work
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Table 2. Detection of Cu2+ in real water samples (n = 3).
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Samples

	
Added (μM)

	
Found (µM)

	
Recovery Rate (%)

	
RSD (%)






	
Groundwater

	
10

	
10.60

	
105.97

	
2.18




	
20

	
20.71

	
103.53

	
3.49




	
50

	
47.51

	
95.02

	
3.72




	
Lake water

	
94.61

	
9.46

	
94.61

	
2.63




	
93.89

	
18.78

	
93.89

	
3.49




	
91.05

	
45.53

	
91.05

	
3.79
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