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Abstract

:

In recent decades, concerns about increasing biological and environmental contamination have necessitated the development of chemosensors with high selectivity, sensitivity, and cost-effectiveness. In principle, the sensing performance can be affected by the functional group(s) of receptor, the charge of the metal ion(s), and the electron configuration of the sensing molecule(s)e and metal ion(s). Fine controlling of the substituents can influence the electron density of the receptor to enhance the binding affinity to metal ions, which is an effective way to improve the photophysical properties of the sensors. This review explores the effect of functional group modification on the performance of various chemosensors represented by Pt(dithiolene)-based complexes (2012–2021). Then, recently developed Schiff base chemosensors (2014–2021) are discussed. The Schiff base is a good platform for controlling electron configuration due to a facile synthesis of various organic structures (aldehyde or ketone groups with primary amine derivatives). The discussion focuses on the detection type, physicochemical and optical properties, and applications of these chemosensors.






Keywords:


chemosensor; sensing; functional groups; Schiff base; fluorescence; colorimetric; metal ion












1. Introduction


The development of new chemicals has allowed us to better human life over the years. On the other hand, chemicals containing metallic materials were released randomly into the environment, and now they have accelerated the destruction of the environment and biological systems [1]. For example, mercury can cause damage to the human body such as respiratory, gastrointestinal, and central nervous system, which may result in diseases such as deafness, Minamata, and Alzheimer’s [2,3,4]. Additionally, high concentrations of copper in the human body may cause ischemic heart disease, anemia, and neurological diseases such as Menkes and Alzheimer’s [5,6,7,8,9,10,11,12]. Therefore, detecting the micromolar changes of metal ions is essential in complex media such as biological tissues and environmental samples. In this regard, chemosensors are considered the best candidates due to their great sensitivity and selectivity, fast response time, real-time detection capability, and low cost [13,14,15,16]. Depending on the signal transduction mechanism, they can be classified into colorimetric or fluorescent chemosensors.



Colorimetric chemosensors transform chemical information into color signals, which are visible to the naked eye. In general, π-conjugated molecules with a small energy gap between the highest energy occupied molecular orbital (HOMO) and the lowest energy unoccupied molecular orbital (LUMO) have been used as colorimetric sensing materials because they absorb long-wavelength light and emit visible light (380–700 nm). The sensing material recognizes metal ions through chemical interactions that regulate the sensor bandgap. For instance, decreasing the HOMO–LUMO energy gap results in a bathochromic (red) shift, while increasing it leads to a hypsochromic (blue) shift [14]. When electron-donating and -withdrawing groups are introduced into this conjugated system, intramolecular electron transfer occurs, affecting the photophysical properties of the sensor [17].



Fluorescent chemosensors produce a luminescence signal under ultraviolet (UV) light and offer advantages including low limit of detection (LOD), reversibility, and wide applicability. Their basic operation relies on the emission of light irradiation when the excited state of the electrons relaxes to the ground state. Fluorescent chemosensors consist of a series of signaling fluorophores and recognition chemical moieties. The existence of analyte generates changes in the physicochemical properties of sensor as the analyte binds to the recognition moiety, which leads to conversion of information to fluorescence by the signaling fluorophore [1,14,16,18]. The results of sensing assay can be explained by two fluorescence effects: chelation-enhanced fluorescence (CHEF) of turn-on mode and chelation-quenched fluorescence (CHEQ) of turn-off mode [18,19,20]. Both effects are related to multiple signaling mechanisms involving electron transfer.



The abovementioned colorimetric absorption spectra and fluorescence emission are attributed to electron transfer mechanisms such as internal charge transfer (ICT) [15,19,20,21,22,23,24,25], photoinduced electron transfer (PET) [15,19,20,21,22,23,24,25,26], metal-to-ligand charge transfer (MLCT) [19,21,23,27], and C = N isomerization [19,28]. In design of a chemosensor, a promising strategy for controlling the electron transfer mechanism is in coordination of the functional groups, which can modify the electron distributions and spectroscopic properties [16,29,30,31]; furthermore, functional groups can enhance the receptor affinity to the metal ions by varying its electron density for stronger interact with those sensing target. Depending on the functional groups, the target metal ions can also be selectively detected in solutions even with interfering ions [32,33,34].



Following the advantages of controlling the functional groups for high-performance chemosensors, numerous Schiff bases have been designed as sensors to utilize their applicability to diverse functional groups, facile synthesis, and possibility of detecting assorted metal ions [20,35,36,37,38]. A Schiff base can be easily synthesized by condensing any aldehyde or ketone with primary amine derivatives. Using the various types of amine derivatives, electron configuration of sensing material can be tuned, ultimately affecting to sensing ability. Moreover, the C = N ligand in Schiff base acts as hard-base donor sites and this enhances selective reactivity [35,39,40,41,42,43]. For these reasons and their high-intensity emission after binding with metal ions, Schiff bases have been used considerably as chemosensors.



This review focuses mainly on the various performances and detectable metal ions of chemosensors when functional groups are substituted. Pt(dithiolene)-based chemosensors are discussed to show how the electron-donating functional groups affect to the sensor performance. Then, recent examples of Schiff base chemosensors (2014–2021) with thiophene, julolidine, and rhodamine moieties are discussed specifically for their excellent photophysical properties including high absorptivity, good thermal stability and photostability, good quantum yield, and ease of structural manipulation to adjust the electronic and optical properties. At the end, the main capabilities and applications of each sensing molecule are summarized.




2. Pt(dithiolene)-Based Chemosensors


This section discusses sensing materials based on (diphosphine)Pt(dmit) complexes (dmit: 1,3-dithiole2-thione-4,5-dithiolate). The thione moiety in the dmit ligand serves as the analyte-detecting site; it contains both  π -electrons on the C = S bond and lone pair electrons on the S atom. The metal ions coordinate with the thione moiety through   π →  π *    transitions, transducing the chemical signals into color variations. These sensing materials show different photophysical properties depending on the substitution of their different types of functional groups, which are denoted as dxpe (x = p (phenyl), fp (pentafluorophenyl), and ch (cyclohexyl)) in (dxpe)Pt(dmit). When strong electron-donating functional groups such as cyclohexyl substitutes the diphosphine ligand, the resulting sensor can detect a wide range of metal ions (Ag+, Cu2+, Hg2+). This indicates that modulation of the electronic structures affects the selectivity, sensitivity, number of detectable metal ions, and multiple-ion detection ability in the co-existence of interfering ions in media.



(dppf)Pt(dmit) (1) (dppf: 1,1′-bis(diphenylphosphino)ferrocene) (Scheme 1) is an effective probe for     Hg    2 +      ions in solution. The absorption spectrum of 1–    Hg    2 +      shows a bathochromic shift to 537 nm that originates from the   π →  π *    transition of the    C = S    moiety in the dmit ligand, with a color change from yellow to purple. The stoichiometric ratio between 1 and     Hg    2 +      is 1:1 [32].



(dppe)Pt(dmit) (2) (dppe: 1,2-bis(diphenylphosphino)ethylene) (Scheme 2) has good selective reactivity toward     Hg    2 +     ,     Cu    2 +      and lower sensitivity to     Ag  +   . According to the Job’s plot, the binding ratio between 2 and heavy metal ions is 1:0.4. However, switching of the diphosphine end-group from dppe to dfppe (1,2-bis[bis(pentafluorophenyl)phosphino]ethane), yielding (dfppe)Pt(dmit) (3) (Scheme 3), dramatically influences the selectivity to metal ions [44].



Sensing material 3 has a pentafluorophenyl functional group at the ligand end that induces hybridization shielding effect, allowing     Hg    2 +      to be selectively detected among multiple metal ions. UV–vis spectroscopy analysis has shown three bathochromic shifts at 558, 700–800, and 530 nm as 2 interacts with     Hg    2 +     ,     Cu    2 +     , and     Ag  +   , respectively. However, the absorption peak of 3 exhibits a different behavior: only a bathochromic shift at 523 nm due to interactions with     Hg    2 +     . The same tendency is observed in the color changes; the color of the 3 aqueous solution changes only in the presence of     Hg    2 +     , from yellow to vivid red, while the 2 aqueous solution undergoes three weak color changes in the presence of     Hg    2 +     ,     Cu    2 +     , and     Ag  +   . Density functional theory (DFT) calculations have been conducted to investigate the interacting mechanism of 2 and 3 with cations, revealing different electronegativities due to hydrogen and fluorine in their diphosphine ligands. As a result, the level of electronic hybridization between 3 and     Hg    2 +      is remarkably higher than that with other ions [33].



(dchpe)Pt(dmit) 4 (dchpe: 1,2-bis(dicyclohexylphosphino)ethane) (Scheme 4) has cyclohexyl groups in the diphosphine ligand. These cyclohexyl groups increase the electron density of the thione moiety, allowing     Hg    2 +     ,     Cu    2 +     , and     Ag  +    to be detected in a solution even with coexisting other interfering metal ions. Its absorption peak exhibits a hypsochromic shift at 578 nm for     Hg    2 +     , 700–800 nm for     Cu    2 +     , and 472 nm for     Ag  +    because the high electron-donating ability of the cyclohexyl groups de-shields the dmit ligand. As a result, the solution changes its color from yellow to deep navy, orange, and yellow in response to     Hg    2 +     ,     Cu    2 +     , and     Ag  +   , respectively. The stoichiometric binding ratio between 4 and     Hg    2 +      is 1:1 according to the Job’s plot analysis. DFT calculation data support strong binding affinity to        Hg     2 +     ,     Cu    2 +     , and     Ag  +   ; thereby, 4 showed high selectivity without interference of other metal ions [34].




3. Thiophene-Based Chemosensors


Thiophene-based chemosensors are broadly used as light-emitting materials for selective detection of metal ions due to their easy synthesis, cost-effectiveness, extended emission and absorption wavelengths, and vast absorption. Thiophene-based Schiff bases can be prepared as chemosensors by the reaction between aldehyde- or ketone-group-containing thiophene derivatives with primary amines.



The dual-mode fluorescent chemosensor 5 (Scheme 5) is synthesized by the reaction of amine derivative 2-aminophenol with [2,2′:5′,2″-terthiophene]-5,5″-dicarbaldehyde. It can detect     Fe    3 +      and     Hg    2 +      by the CHEF effect, and has both colorimetric and fluorescent properties. Upon interaction with     Fe    3 +      or     Hg    2 +     , its fluorescence emission peak is enhanced from 360 to 520 nm. The fluorescence intensity of the 5–metal ion complex is not changed in a wide range of pH (4.0–12.0). Moreover, the color of the 5 solution changes from khaki to reddish brown due to the formation of the 5–    Hg    2 +      complex, with an absorption peak shift from 360 to 415 nm. The LOD of 5 for     Fe    3 +      and     Hg    2 +      in aqueous solution are,      3.52   ×   10    − 8     and      5.0   ×   10    − 8      M   , respectively, while the binding ratio between 5 and     Fe    3 +     /    Hg    2 +      is 1:2. The 5 has been tested also in river water, tap water, and distilled water for its practical feasibility, and the results satisfy the recommended guidelines. A reversibility test has demonstrated that the 5–    Hg    2 +      complex can be recovered but not for 5–    Fe    3 +      one [45].



The fluorescence turn-on sensing material 6 (Scheme 6) is obtained by bridging imidazole and benzothiazole moieties through a thiophene ring. Upon interaction with     Hg    2 +     , its emission intensity shows a blue shift with slightly decrease in fluorescence intensity by the CHEF mechanism, and, correspondingly, its fluorescent green color turns into blue. However, 6 is non-fluorescent upon interaction with     Cu    2 +     , indicating significant decrease in fluorescence intensity by the CHEQ effect after the MLCT reaction. Both 6–    Hg    2 +      and 6–    Cu    2 +      complexes have a binding ratio of 1:1, and the corresponding LOD are 28 and 7.5 nM, respectively; these complexes do not interfere with each other, indicating great selectivity. Moreover, 6 provides outstanding cell permeability and high sensitivity toward     Hg    2 +      and     Cu    2 +      for the application to biological and environmental systems [46].



The sensing material 7 (Scheme 7) is synthesized from 4-nitro-triphenylamine, 4-amino-triphenylamine, and 2,2′-bithiophene-5-carboxaldehyde, and it possesses good optoelectronic properties. After the addition of     Cr    3 +     , Saxon blue color becomes dominant in the 7–    Cr    3 +      solution under UV light (366 nm) by the PET process. Moreover, the fluorescence intensity increases until the pH reaches 7, and then decreases due to the formation of chromium hydroxide, which inhibits the formation of 7–    Cr    3 +     , at higher pH values. Further studies have revealed that the fluorescence signal is maintained up to 3600 s and the quantum yield of 7 is 28%. The fluorescence intensity gradually increases in the range between      1.25   ×   10    − 4     and      6.25   ×   10    − 6    M, and the binding ratio between 7 and     Cr    3 +      is 2:1 according to the Job’s plot analysis. Furthermore, the LOD of 7 for     Cr    3 +      is 1.5  μ M and highly reversible [47].



The fluorescence sensing material 8 (Scheme 8) is synthesized through a reaction between 6-hydrazino-benzo[de]isoquinoline-1,3-dione and 2-thiophene formaldehyde. Sensing material 8 in a     CH  3  CN  /hydroxyethyl piperazine ethane sulfonic acid (HEPES) (3:2, v/v) solution has been prepared to examine its UV–Vis absorption. Upon     Cu    2 +      addition to the solution, the absorption intensity at ~465 nm has been selectively decreased. Sensing material 8 has a strong fluorescence emission at 575 nm, whose intensity gradually decreases when adding     Cu    2 +      due to its strong binding interaction with the thiophene moiety. Moreover, 8 has a relatively stable structure in a broad pH range. According to the Job’s plot, the stoichiometric ratio between 8 and     Cu    2 +      is 1:1. The association constant is      7.8   ×   10   5       M     - 1      and the LOD for     Cu    2 +      is 1.8     μ   M. Moreover, 8 exhibits irreversible features when EDTA is added to the 8–    Cu    2 +      solution, indicating no meaningful recovery for the fluorescent intensity. The cell fluorescence imaging capacity of 8 has been examined in living cells, resulting in significant intracellular green fluorescence, which demonstrates its usefulness in environmental and biological systems [48].



The sensing material 9 (Scheme 9) is synthesized to detect     Ag  +    in aqueous media with a fluorescence blue shift due to its oxygen, sulfur, and nitrogen atoms. When     Ag  +    coordinates with 9, a significant hypsochromic shift occurs from 425 to 405 nm due to the ICT mechanism. Based on the Job’s plot and mass spectrum, the stoichiometric ratio between 9 and     Ag  +    is 1:1. Furthermore, the LOD for     Ag  +    is      1.28   ×   10    − 7      M    and the association constant is      1.58   ×   10   6     M  − 1    . Sensing material 9 is stable in a wide range of pH (4.0–9.0). To investigate its practical usage in biology, Escherichia coli cells have been analyzed in the absence or presence of     Ag  +   . In the presence of     Ag  +   , 9 has shown a high red fluorescence intensity inside the cells, proving its applicability as a chemosensor for     Ag  +    in live cells; 9 could also be potentially utilized in real water, paving the way for both biological and aqueous environment applications [49].



The Thiophene-based sensing material 10 (Scheme 10) can selectively detect     Fe    3 +     . Its absorption and fluorescence spectra have been measured in a     CH  3  CN   solution. Upon its interaction with     Fe    3 +     , the UV–Vis absorption peak shows a fluorescence bathochromic shift to 533 nm, which could be attributed to ICT process between thiophene and phenylquinazoline; correspondingly, in the presence of     Fe    3 +     , the color changes from colorless to greenish-yellow, with the appearance of predominant absorption peak at 419 nm. Based on the results of matrix-assisted laser desorption/ionization time-of-flight analysis and the Job’s plot, the stoichiometric binding ratio of 10–    Fe    3 +      is 1:1. The LOD is      1.6   ×   10    − 8    M, indicating good sensitivity for     Fe    3 +     . Upon addition of EDTA to the 10–    Fe    3 +      solution, the complex is dissociated and an absorption peak similar to 10 is observed, indicating the sensor reversibility. In terms of practical applications, this reversibility and the fluorescence emission could allow the use of 10 as a molecular logic gate [50].




4. Julolidine-Based Chemosensors


The julolidine moiety is water-soluble and a well-known chromophore and fluorophore that has been used in colorimetric and fluorescent sensors. For the synthesis of julolidine-based Schiff bases as chemosensors, 8-hydroxy julolidine-9-carboxaldehyde is used as the starting material to obtain Schiff base, and various types of amine derivatives are selected to provide different sensing properties.



The sensing material 11 (Scheme 11) is prepared using 3-aminobenzofuran-2-carboxamid as the amine source. It can effectively detect     Fe    3 +      and     Fe    2 +      by observing a color change from yellow to brown in a near-perfect aqueous environment. The formation of the iron complex is revealed by a clear isosbestic point at 382 (    Fe    3 +     ,     Fe    2 +     ) and 468 nm (    Fe    2 +     ) in the UV–Vis spectra. The color change of the solution is caused by the MLCT mechanism. The binding stoichiometry of 11 with the iron ions is 2:1; the LOD is 0.36    μ  M for     Fe    3 +      and 0.37    μ  M for     Fe    2 +     , much lower than the guideline of iron in drinking water (5.37    μ  M) set by the Environmental Protection Agency (EPA). Moreover, a competitive study has shown that there is no significant interference in the detection of iron ions, indicating selective reactivity with     Fe    3 +      and     Fe    2 +      [51].



The sensing material 12 (Scheme 12) is derived from 2-hydrazinyl-4-(trifluoromethyl)pyrimidine. It possesses high selectivity and sensitivity to     Cu    2 +      and     Co    2 +      in aqueous solutions and can be used to detect both ions in real water samples. It exhibits the maximum absorption band centered at 375 nm, then it shows a bathochromic shift upon binding to     Cu    2 +      and     Co    2 +     . This leads to a change in color from transparent to light yellow. Based on the Job’s plot, the binding stoichiometry between 12 and the target metal ions is 1:1. Inhibition experiments have shown that the detection ability of 12 to     Cu    2 +      and     Cu    2 +      is hardly affected by coexisting competitive ions. Moreover, the LOD for     Cu    2 +      (0.19  μ M) and     Co    2 +      (0.18  μ M) of 12 are significantly lower than the World Health Organization (WHO) guideline for     Cu    2 +      (31.5  μ M) and the EPA guideline for     Co    2 +      (17  μ M). The pH range of 6.0–10.0 and the high recovery value of tap water and drinking water demonstrate its practical applicability [52].



The sensing material 13 (Scheme 13) is obtained by the condensation reaction of 4-nitro-1,2-phenylenediamine reactors and is utilized as a colorimetric chemosensor of     Cu    2 +     . A bathochromic shift indicates ICT between     Cu    2 +      and the electron-withdrawing groups, such as the    C = N    group, in 13; this, in turn, changes the color from pale yellow to orange in aqueous solutions. Moreover, its large molar extinction coefficient (     6.3   ×   10   3       M    − 1        cm    − 1    ) proves that the binding mechanism corresponds to MLCT. The 13–    Cu    2 +      complex has a 1:1 stoichiometry ratio and the LOD for     Cu    2 +      is 0.37  μ M. Competitive experiments have shown that 13 has selective reactivity with     Cu    2 +      in the presence of various metal ions. The absorbance spectra study of 13–Cu2+ complexes with various amino acids and peptides indicates that of 13 is applicable as a colorimetric chemosensor for cysteine and histidine in aqueous media as well [53].



The material 14 (Scheme 14) can serve as a fluorescent sensor for     Zn    2 +      and     Al    3 +      and as a colorimetric sensor for     Fe    2 +      or     Fe    3 +     . In its synthesis, 2,2′-thiobis-(ethylamine) is used as an amine derivative. The addition of     Zn    2 +      or     Al    3 +      enhanced the emission intensity at 448 or 418 nm, respectively, which is induced by the inhibition of    C = N    isomerization and excited-state proton transfer. Moreover, the chelation of 14–    Zn    2 +      or 14–    Al    3 +      results in rigid complexes, leading to a significant CHEF effect. The 14–    Zn    2 +      and 14–    Al    3 +      complexes have a 1:1 complexation stoichiometry, and the corresponding LOD of 1.59    and     1.34  μ M, respectively. Additionally, 14 exhibits selective reactivity with     Zn    2 +      in the presence of other metal ions. Furthermore, its chromogenic sensing ability toward     Fe    2 +      and     Fe    3 +      is expressed by a clear color change from yellow to dark green in aqueous solutions by MLCT. The complexation stoichiometry between 14 and     Fe    2 +      or     Fe    3 +      is 1:1, with a corresponding LOD of 0.21 or 0.22  μ M, respectively.     Fe    3 +      detection tests have shown high recovery (>96%) for tap water and deionized water samples [54].



The sensing material 15 (Scheme 15) is obtained from N-(2-aminoethyl)-5-nitropyridin-2-amine and is used as a colorimetric chemosensor to selectively detect     Cu    2 +     . The addition of     Cu    2 +      into a 15 solution results in enhanced absorbance at 450 nm. It enables an immediate color change from colorless to yellow; the new peak at 450 nm is attributed to an LMCT phenomenon. The 15–    Cu    2 +      complex was formed with a 1:1 stoichiometry ratio, and the corresponding LOD (23.5  μ M) is lower than the safety standard for drinking water. The sensor 15 shows colorimetric responses in the presence of     Cu    2 +      over wide range of pH (7–12), indicating excellent practical applicability. Upon the addition of EDTA to the 15–    Cu    2 +      solution, the complex is dissociated, and the color changed from yellow to colorless, indicating that the sensor 15 is chemically reversible [55].



The sensing material 16 (Scheme 16) is synthesized by the combination of thiosemicarbizide and julolidine moiety. It exhibits an ON–OFF of fluorescence in response to     Hg    2 +     , involves drastic decrease in the emission intensity at 453 nm. The binding ratio of the 16–    Hg    2 +      complex is 1:2 with the intramolecular interaction between     Hg    2 +      and OH (in the julolidine moiety) or     NH  2    (in the thiosemicarbazide moiety) functional groups. Sensing material 16 can sensitively detect     Hg    2 +      with an LOD of 0.59  μ M and shows excellent selective reactivity in the presence of other metal ions. Selectivity tests with various amino acids and peptides have demonstrated that the 16–    Hg    2 +      complex can be successfully utilized with thiol-containing cysteine or glutathione [56].



The material 17 (Scheme 17) is designed as a colorimetric chemosensor for     Cu    2 +      and is prepared using 5-amino-1,3,4-thiadiazole-2-thiol amine derivatives. Upon addition of     Cu    2 +     , a peak at 450 nm decreased, while a new band at 525 nm gradually increased in the UV–vis spectrum, leading changes in color from yellow to orange. Due to the large molar extinction coefficient, the color change can be explained by the LMCT mechanism. The 17–    Cu    2 +      complex has a 1:2 binding ratio with an excellent corresponding LOD (0.9  μ M). Moreover, 17 showed selective reactivity toward     Cu    2 +      in the presence of other metal ions. Sensing material 17 has been tested also in tap water and distilled water to prove its practical feasibility, and satisfactory repeatability and reproducibility were verified [57].



The sensing material 18 (Scheme 18) is obtained by condensation reaction with quinoline-8-amine reactants. It has been proposed as a colorimetric chemosensor to selectively detect     Co    2 +     . The addition of     Co    2 +      to the 18 solution changes the color from yellow to orange by forming an 18–    Co    2 +      complex with a 2:1 stoichiometry ratio. For     Co    2 +     , 18 shows a excellent LOD (   1.28   ×      10    - 6       M   ) which is lower than the recommended safety guideline. Furthermore, 18 possesses good selectivity for     Co    2 +      in the presence of various competing metal ions. The sensor 18 shows colorimetric responses in the presence of     Co    2 +      at wide range of pH (4–11), proving its practicality [58].



The sensing material 19 (Scheme 19) is synthesized via coupling reaction with benzhydrazide amine derivatives. It exhibited selective fluorescence sensing ability for     Al    3 +     . The interaction between 19 and     Al    3 +      results in enhanced fluorescence intensity with a high quantum yield of 0.502, which can rely on excited-state intramolecular proton transfer,    C = N    isomerization, and the CHEF effect. Sensing material 19 and     Al    3 +      form a complex with a 1:1 binding ratio; the LOD is 0.193  μ M, much lower than the WHO guideline for drinking water. Competitive experiments have revealed selective reactivity with     Al    3 +      in the presence of other interfering metal ions, except for     Fe    2 +     ,     Fe    3 +     ,     Cu    2 +     , and     Cr    3 +     . Moreover, tests with human dermal fibroblasts have demonstrated the efficiency of 19 for     Al    3 +      imaging in live cells [59].




5. Rhodamine-Based Chemosensors


Rhodamine-based Schiff bases have attracted interest as both fluorescent and colorimetric chemosensors due to their excellent photophysical properties: high photostability, high quantum yield, good solubility, large molar absorption coefficient, and emission properties. Furthermore, since the rhodamine fluorophore has an emission wavelength of 550 nm or higher, the influence of background fluorescence (<500 nm) can be avoided, enabling highly sensitive detection. Rhodamine derivatives can be used as starting materials for these chemosensors and show different properties depending on their functional groups. The spirolactam moiety, frequently observed in rhodamine derivatives, has a five-membered ring moiety with non-fluorescent and colorless properties; however, the ring-opening reaction in the presence of a heavy metal atom gives rise to a change of absorbance and strong fluorescence emission. These characteristic changes in absorbance and fluorescence emission properties indicate its applicability as an ON–OFF fluorescent chemosensor.



The sensing material 20 (Scheme 20) is synthesized by adding benzaldehyde into rhodamine ethylene diamine; it is used as a fluorescence chemosensor to selectively detect     Fe    3 +      in biological systems. Proton nuclear magnetic resonance and electrospray ionization mass spectrometry analyses have revealed that the hydrolysis of the Schiff base (imine) and ring-opening of spirolactam affect the fluorescence emission. In the presence of     Fe    3 +     , new absorption and emission bands appear at 526 and 551 nm. In the presence of biologically relevant metal ions such as     Na  +   ,    K +   ,     Ca    2 +     ,     Fe    2 +     ,     Mg    2 +     , and     Mn    2 +     , the fluorescence intensities are negligibly changed, which indicates that 20 can be utilized for selective detection of     Fe    3 +     . Its sensing ability toward     Fe    3 +      in live cells has been evaluated using iron-overloaded human hepatoma cells; 20 has exhibited highly selectivity with     Fe    3 +     , demonstrating its capability for     Fe    3 +      imaging in biological environments [60].



The sensing material 21 (Scheme 21) can be obtained by synthesizing Rhodamine 6G and ethylenediamine followed by Schiff base condensation with the same equivalent of 5-bromosalicyaldehyde in methanol. In the presence of trivalent ions such as     Al    3 +     ,     Cr    3 +     , and     Fe    3 +     , the colorless solution of 21 turns pink, showing a new absorption band at 528 nm; this is attributed to the activation of the amide group by ring-opening in the spirolactam moiety. Sensing material 21 is non-fluorescence but, in the presence of     Al    3 +     ,     Cr    3 +     , and     Fe    3 +     , its emission intensity increases with a quantum yield of 0.75, 0.36, and 0.26, respectively. The fluorescence intensity of 21–    Al    3 +      complexes is greatly enhanced compared to 21–    Cr    3 +      and 21–    Cr    3 +      complexes because of the large CHEF effect which is induced by oxophilic nature and the high ionic potential of     Al    3 +     . The Job’s plot analysis indicates that 21 and metal ions have a 1:1 binding stoichiometry. The LOD for     Al    3 +      (1.18 nM),     Cr    3 +      (1.80 nM), and     Fe    3 +      (4.04 nM) suggests that 21 is highly sensitive for these trivalent cations [61].



The sensing material 22 (Scheme 22) is composed of a rhodamine platform with a salicylaldehyde moiety. Upon the formation of the 22–    Al    3 +      or 22–    Zn    2 +      complex, a new absorption peaks appear at 528 or 375 nm. The new peak at 528 nm results from the ring-opening of the spirolactam structure attributed to     Al    3 +     , while the peak at 375 nm is caused by the chelate formation between     Zn    2 +      and 22. Moreover, the fluorescence peak at 550 nm (or 457 nm) indicates that the addition of     Al    3 +      (or     Zn    2 +     ) increases the fluorescence intensity as well. The quantum yield is 0.635 for 1 equiv.     Al    3 +      and 0.508 for 1 equiv.     Zn    2 +     . The LOD of 22 is 10.98 nM for     Al    3 +      and 76.92 nM for     Zn    2 +     . Under visible light, the     Al    3 +      and     Zn    2 +      solutions become yellow and blue, respectively, but only     Al    3 +      exhibits a color change from colorless to yellow under UV irradiation [62].



The sensing material 23 (Scheme 23) possesses high selectivity and sensitivity toward     Fe    3 +      and     Cu    2 +     . Sensing material 23 shows strong absorptions at 304 and 380 nm due to   π →  π *    and   n →  π *    transitions, respectively. In the range of 500–600 nm, however, it exhibits very small absorption and no fluorescence emission. The addition of     Fe    3 +      and     Cu    2 +      in its aqueous solution leads to the ring-opening process of the rhodamine moiety, resulting in a sharp and strong absorbance peak at 529 nm with a color change from colorless to pink. This chemosensor has low LOD for     Fe    3 +      and     Cu    2 +      (40 and 18 nM, respectively), and it has equimolar association ratio (1:1) with     Fe    3 +      and     Cu    2 +      according to the Job’s plot. Sensing material 23 shows a remarkable enhancement of fluorescence at 572 nm in the presence of     Fe    3 +      in an aqueous medium. It showed good linearity up to 250  μ M and a low LOD (33 nM). The presence of     Cu    2 +     , instead, does not induce any fluorescence emission. Some studies have experimented in various pH range (2.0–12.0) in phosphate-buffered saline solutions, revealing that increase in the acidity of the 23 solution enhances its absorbance and fluorescence; this implies that the spirolactam ring is opened due to protonation of the lactam carbonyl. Moreover, 23 has a wide pH detection range for its target metal ions, and it could be adapted to detect     Fe    3 +      in living cell animal models and zebrafish embryos [63].



The Rhodamine 6G-based sensing material 24 (Scheme 24) has a high affinity to     Pb    2 +      in aqueous solutions. In the presence of     Pb    2 +     , a strong absorption band is observed at 528 nm due to the increase in the acyclic xanthene form, and the solution color correspondingly changes from light yellow to pink. Further fluorescent titration and other analyses have demonstrated that 24 can selectively detect     Pb    2 +      with a low LOD (2.7 nM) in acetonitrile media at a binding ratio of 1:1. The pH studies in HEPES media have revealed its very weak fluorescent emission in the pH range of 6.0–13.0 and strong fluorescence in acidic conditions (pH < 6.0). Moreover, recovery tests on real sea shells (clams, pectinids, conches, and oysters) have shown a good recovery ranging from 91.3% to 93.5% [64].



Rhodamine B-based compounds conjugated with a polyhydroxy group are generally good detectors for     Cu    2 +     , which supports the importance of polyhydroxy substituents as a detecting material for this metal ion. The condensation reaction between Rhodamine B hydrazide and 2,4,6-trihydroxybenzaldehyde yields the sensing material 25 (Scheme 25). Sensing material 25 has a spirolactam structure, as proven by the perpendicular orientation of its xanthene and lactam moiety. Upon addition of various heavy metal ions, only     Cu    2 +      has shown an observable color change from colorless to pink with appearance of new absorption band centered at 559 nm. This occurs because the closed spirolactam ring of 25 is opened when adding     Cu    2 +      at a 1:1 binding stoichiometry. Sensing material 25 does not show a fluorescence response, which is presumably due to the paramagnetic nature of     Cu    2 +     . However, chemosensor 25 presents significant performance in the pH range of 4.0–12.0 for     Cu    2 +     , suggesting wide applicability in various environments. Its LOD for     Cu    2 +      is 0.48  μ M, confirming its good sensitivity [65].
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Scheme 25. Chemosensor 25 (E)-3′,6′-bis(diethylamino)-2′,7′-dimethyl-2-((2,4,6-trihydroxybenzylidene)amino)spiro[isoindoline-1,9′-xanthen]-3-one and its complex with the target metal ion. 
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Table 1. Basic quality assurance and analytical parameters for the analysis of metal ions.
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	Sensing Material
	Target Ion(s)
	Colorimetric
	Fluorescent
	Limit of Detection
	Solvent Medium
	Applications
	Ref.





	1
	     Hg    2 +      
	Yes
	No
	-
	Organic solvent
	-
	[32]



	2
	     Hg    2 +      
	Yes
	No
	-
	   H 2     O / CH   3  CN  

(1:1, v/v)
	Test in 10 commercially available Hg2+ compounds
	[44]



	3
	     Hg    2 +      ,     Cu    2 +      ,     Ag  +    
	Yes
	No
	-
	   H 2     O / CH   3  CN  

(1:1, v/v)
	-
	[33]



	4
	     Hg    2 +      ,     Cu    2 +      ,     Ag  +    
	Yes
	No
	-
	    CH  3     CN / CH   2    Cl  2   

(1:1, v/v)
	-
	[34]



	5
	     Hg    2 +      
	No
	Yes
	1 μM
	DMSO 1)
	Cosmetics
	[45]



	6
	     Hg    2 +      ,     Cu    2 +      
	Yes
	Yes
	   28   nM   (   Hg    2 +    ) ,     

   7.5   nM   (   Cu    2 +    )   
	CH3CN/H2O

(1:1, v/v) and HEPES buffer
	Molecular logic gate
	[46]



	7
	     Cr    3 +      
	No
	Yes
	1.5  μ M
	THF 2)/deionized water (1:1, v/v)
	-
	[47]



	8
	     Cu    2 +      
	No
	Yes
	1.8  μ M
	    CH  3  CN  /HEPES

(3:2, v/v)
	Living cells
	[48]



	9
	     Ag    +      
	No
	Yes
	    0.128   μ M    
	    CH  3  OH    /    H 2   O

(1:1, v/v, HEPES = 50 mM, pH = 7.4)
	Living cells,

real water
	[49]



	10
	     Fe    3 +      
	Yes
	Yes
	  16   n  M
	     CH  3  CN   
	Molecular logic gate
	[50]



	11
	     Fe    3 +      ,     Fe    2 +      
	Yes
	No
	0.36 μM (Fe3+),

0.37 μM (Fe2+)
	DMSO/bis-tris buffer (pH = 7.0)
	-
	[51]



	12
	     Cu    2 +         ,     Co    2 +      
	Yes
	No
	0.19 nM (Cu2+),

0.18 nM (Co2+)
	DMSO/bis-tris buffer (9:1, v/v, pH = 7.0)
	Test in drinking water and tap water
	[52]



	13
	     Cu    2 +      
	Yes
	No
	0.37  μ M
	DMF 3)/bis-tris buffer (1:5, v/v, 10 mM, pH = 7.0)
	Test in 19 different amino acids and peptides
	[53]



	14
	     Zn    2 +      ,     Al    3 +      ,     Fe    2 +      ,     Fe    3 +      
	Yes

(Fe2+, Fe3+)
	Yes

(Zn2+, Al3+)
	1.59 μM (Zn2+),

1.34 μM (Al3+),

0.21 μM (Fe2+),

0.22 μM (Fe3+)
	MeOH/bis-tris buffer (9:1, v/v, 10 mM, pH=7.0, for colorimetric),

DMF/bis-tris buffer (9.5:0.5, v/v, 10 mM, pH = 7.0, for fluorescent)
	Test in tap water and deionized water
	[54]



	15
	     Cu    2 +      
	Yes
	No
	23.5 μM
	Acetonitrile/bis-tris buffer

(7:3, v/v, 10 mM, pH = 7.0)
	-
	[55]



	16
	     Hg    2 +      
	No
	Yes
	0.59 μM
	DMSO/bis-tris buffer (8:2, v/v)
	Test in 20 different amino acids and peptides
	[56]



	17
	     Cu    2 +      
	Yes
	No
	0.90  μ M
	DMSO/bis-tris buffer (0.01:9.99, v/v)
	Detection by simple test kit in aqueous solution
	[57]



	18
	     Co    2 +      
	Yes
	No
	1.28  μ M
	Bis-tris buffer/MeOH (9.99:0.01, v/v)
	Detection by test kit in bis-tris buffer solution
	[58]



	19
	     Al    3 +      
	No
	Yes
	0.193  μ M
	Bis-tris buffer/MeOH (9.99:0.01, v/v)
	Cell imaging test in human dermal fibroblast cells
	[59]



	20
	     Fe    3 +      
	Yes
	Yes
	-
	    CH  3  CN    /    H 2   O

(0.5:9.5, v/v)
	Cell imaging in HepG2 cells
	[60]



	21
	     Al    3 +      ,     Cr    3 +    ,     

     Fe    3 +      
	Yes
	Yes
	1.18 nM (Al3+),

1.80 nM (Cr3+),

4.04 nM (Fe3+)
	10 mM HEPES buffer in methanol:water (7:3, v/v, at pH = 7.2)
	Molecular logic devices
	[61]



	22
	     Al    3 +      ,     Zn    2 +      
	Yes
	Yes
	10.98 nM (Al3+),

76.92 nM (Zn2+)
	10 mM HEPES buffer in methanol:water (9:1, v/v, at pH = 7.4)
	Cell imaging in BV2 cells
	[62]



	23
	     Cu    2 +         ,     Fe    3 +      
	Yes
	Yes
	18 nM (Cu2+),

33 nM (Fe3+)
	Aqueous medium
	Biosensing and bioimaging in zebrafish embryos
	[63]



	24
	     Pb    2 +      
	Yes
	Yes
	2.7 nM
	0.01 M HEPES buffer in water

(pH = 7.4)
	Detection in sea shell food
	[64]



	25
	     Cu    2 +      
	Yes
	No
	480 nM
	30% acetonitrile solution
	Not suitable as cytotoxic agent for colorectal cancer cells
	[65]







1) DMSO: dimethyl sulfoxide, 2) THF: tetrahydrofuran, 3) DMF: dimethylformamide.












6. Conclusions


High-performance chemosensors can be obtained by fine-tuning the functional groups governing their electron transfer mechanisms such as MLCT, ICT, PET, etc. Since the electron distribution over the receptor and functional group(s) causes fluorescence emission (fluorescent chemosensor) and/or color change (colorimetric chemosensor) upon interaction with metal ions. Therefore, the appropriate functional group should be selected for the desired assay outputs. As extensively discussed in this review, sensing characteristics such as sensitivity, selectivity, LOD, and detection response are significantly affected by the types of functional groups. Pt(dithiolene)-based chemosensors are great examples to explain that the sensing capability can be modified by substituting the electron-donating structures on same receptor. By substituting the electron-donating moiety, the binding affinity with the desired metal ion can be improved, or multiple analytes can be selectively detected in the presence with the coexistence of interfering metal ions in the solution. Schiff base chemosensors exhibit excellent performances due to their unique electron configuration and ease of functional group substitution. Most of Schiff base chemosensors take the advantages of high selectivity and LOD lower than practical regulations; thus, they offer wide applicability in biological and environmental fields. These representative chemosensors are summarized in Table 1. Despite of the recent meaningful development of various chemosensors, an advanced chemosensor with high sensitivity, selectivity, intensity, and sensing response, wide pH range, and applicability to aqueous is still demanded. We hope this review helps researchers to understand the recent state-of-the-art advancements in this field and synthesize their chemosensors by selecting proper functional groups with desired optical properties and suitability for practical applications.
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Scheme 1. Chemosensor (1,1′-bis(diphenylphosphino)ferrocene)Pt(1,3-dithiole2-thione-4,5-dithiolate) (1) and its complex with the target metal ion. 






Scheme 1. Chemosensor (1,1′-bis(diphenylphosphino)ferrocene)Pt(1,3-dithiole2-thione-4,5-dithiolate) (1) and its complex with the target metal ion.
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Scheme 2. Chemosensor (1,2-bis(diphenylphosphino)ethylene)Pt(1,3-dithiole2-thione-4,5-dithiolate) (2) and its complex with the target metal ion. 






Scheme 2. Chemosensor (1,2-bis(diphenylphosphino)ethylene)Pt(1,3-dithiole2-thione-4,5-dithiolate) (2) and its complex with the target metal ion.



[image: Inorganics 10 00189 sch002]







[image: Inorganics 10 00189 sch003 550] 





Scheme 3. Chemosensor (1,2-bis[bis(pentafluorophenyl)phosphino]ethane)Pt(1,3-dithiole2-thione-4,5-dithiolate) (3) and its complex with the target metal ion. 






Scheme 3. Chemosensor (1,2-bis[bis(pentafluorophenyl)phosphino]ethane)Pt(1,3-dithiole2-thione-4,5-dithiolate) (3) and its complex with the target metal ion.
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Scheme 4. Chemosensor (1,2-bis(dicyclohexylphosphino)ethane)Pt(1,3-dithiole2-thione-4,5-dithiolate) (4) and its complex with the target metal ion. 






Scheme 4. Chemosensor (1,2-bis(dicyclohexylphosphino)ethane)Pt(1,3-dithiole2-thione-4,5-dithiolate) (4) and its complex with the target metal ion.
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Scheme 5. Chemosensor 5 2,2′-(((1E,1′E)-[2,2′:5′,2″-terthiophene]-5,5″-diylbis(methaneylylidene))bis(azaneylylidene))diphenol and its complex with the target metal ion. 






Scheme 5. Chemosensor 5 2,2′-(((1E,1′E)-[2,2′:5′,2″-terthiophene]-5,5″-diylbis(methaneylylidene))bis(azaneylylidene))diphenol and its complex with the target metal ion.
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Scheme 6. Chemosensor 6 2-(5-(4,5-diphenyl-1H-imidazol-2-yl)thiophen-2-yl)benzo[d]thiazole and its complex with the target metal ion. 






Scheme 6. Chemosensor 6 2-(5-(4,5-diphenyl-1H-imidazol-2-yl)thiophen-2-yl)benzo[d]thiazole and its complex with the target metal ion.
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Scheme 7. Chemosensor 7 (E)-4-(([2,2′-bithiophen]-5-ylmethylene)amino)-N,N-diphenylaniline and its complex with the target metal ion. 






Scheme 7. Chemosensor 7 (E)-4-(([2,2′-bithiophen]-5-ylmethylene)amino)-N,N-diphenylaniline and its complex with the target metal ion.
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Scheme 8. Chemosensor 8 (E)-2-butyl-4-(2-(thiophen-2-ylmethylene)hydrazineyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione and its complex with the target metal ion. 






Scheme 8. Chemosensor 8 (E)-2-butyl-4-(2-(thiophen-2-ylmethylene)hydrazineyl)-1H-benzo[de]isoquinoline-1,3(2H)-dione and its complex with the target metal ion.



[image: Inorganics 10 00189 sch008]







[image: Inorganics 10 00189 sch009 550] 





Scheme 9. Chemosensor 9 methyl (E)-2-((5-nitrothiophen-2-yl)methylene)hydrazine-1-carboxylate and its complex with the target metal ion. 






Scheme 9. Chemosensor 9 methyl (E)-2-((5-nitrothiophen-2-yl)methylene)hydrazine-1-carboxylate and its complex with the target metal ion.
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Scheme 10. Chemosensor 10 2,5-bis(4-phenylquinazolin-2-yl)thiophene and its complex with the target metal ion. 






Scheme 10. Chemosensor 10 2,5-bis(4-phenylquinazolin-2-yl)thiophene and its complex with the target metal ion.
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Scheme 11. Chemosensor 11 (E)-3-(((8-hydroxy-2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-9-yl)methylene)amino)benzofuran-2-carboxamide and its complex with the target metal ion. 






Scheme 11. Chemosensor 11 (E)-3-(((8-hydroxy-2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-9-yl)methylene)amino)benzofuran-2-carboxamide and its complex with the target metal ion.
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Scheme 12. Chemosensor 12 (E)-9-((2-(4-(trifluoromethyl)pyrimidin-2-yl)hydrazineylidene)methyl)-2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-8-ol and its complex with the target metal ion. 






Scheme 12. Chemosensor 12 (E)-9-((2-(4-(trifluoromethyl)pyrimidin-2-yl)hydrazineylidene)methyl)-2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-8-ol and its complex with the target metal ion.
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Scheme 13. Chemosensor 13 (E)-9-(((2-amino-4-nitrophenyl)imino)methyl)-2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-8-ol and its complex with the target metal ion. 






Scheme 13. Chemosensor 13 (E)-9-(((2-amino-4-nitrophenyl)imino)methyl)-2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-8-ol and its complex with the target metal ion.
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Scheme 14. Chemosensor 14 9,9′-((1E,1′E)-((thiobis(ethane-2,1-diyl))bis(azaneylylidene))bis(methaneylylidene))bis(2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-8-ol) and its complex with the target metal ion. 






Scheme 14. Chemosensor 14 9,9′-((1E,1′E)-((thiobis(ethane-2,1-diyl))bis(azaneylylidene))bis(methaneylylidene))bis(2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-8-ol) and its complex with the target metal ion.
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Scheme 15. Chemosensor 15 (E)-9-(((2-((5-nitropyridin-2-yl)amino)ethyl)imino)methyl)-2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-8-ol and its complex with the target metal ion. 






Scheme 15. Chemosensor 15 (E)-9-(((2-((5-nitropyridin-2-yl)amino)ethyl)imino)methyl)-2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-8-ol and its complex with the target metal ion.
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Scheme 16. Chemosensor 16 (E)-2-((8-hydroxy-2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-9-yl)methylene)hydrazine-1-carbothioamide and its complex with the target metal ion. 






Scheme 16. Chemosensor 16 (E)-2-((8-hydroxy-2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-9-yl)methylene)hydrazine-1-carbothioamide and its complex with the target metal ion.
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Scheme 17. Chemosensor 17 (E)-9-(((5-mercapto-1,3,4-thiadiazol-2-yl)imino)methyl)-2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-8-ol and its complex with the target metal ion. 






Scheme 17. Chemosensor 17 (E)-9-(((5-mercapto-1,3,4-thiadiazol-2-yl)imino)methyl)-2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-8-ol and its complex with the target metal ion.
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Scheme 18. Chemosensor 18 (E)-9-((quinolin-8-ylimino)methyl)-2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-8-ol and its complex with the target metal ion. 






Scheme 18. Chemosensor 18 (E)-9-((quinolin-8-ylimino)methyl)-2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-8-ol and its complex with the target metal ion.
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Scheme 19. Chemosensor 19 (E)-N′-((8-hydroxy-2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-9-yl)methylene)benzohydrazide and its complex with the target metal ion. 






Scheme 19. Chemosensor 19 (E)-N′-((8-hydroxy-2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinolin-9-yl)methylene)benzohydrazide and its complex with the target metal ion.
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Scheme 20. Chemosensor 20 (E)-2-(2-(benzylideneamino)ethyl)-3′,6′-bis(ethylamino)-2′,7′-dimethylspiro[isoindoline-1,9′-xanthen]-3-one and its complex with the target metal ion. 






Scheme 20. Chemosensor 20 (E)-2-(2-(benzylideneamino)ethyl)-3′,6′-bis(ethylamino)-2′,7′-dimethylspiro[isoindoline-1,9′-xanthen]-3-one and its complex with the target metal ion.
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Scheme 21. Chemosensor 21 (E)-2-(2-((5-bromo-2-hydroxybenzylidene)amino)ethyl)-3′,6′-bis(ethylamino)-2′,7′-dimethylspiro[isoindoline-1,9′-xanthen]-3-one and its complex with the target metal ion. 






Scheme 21. Chemosensor 21 (E)-2-(2-((5-bromo-2-hydroxybenzylidene)amino)ethyl)-3′,6′-bis(ethylamino)-2′,7′-dimethylspiro[isoindoline-1,9′-xanthen]-3-one and its complex with the target metal ion.
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Scheme 22. Chemosensor 22 (E)-2-(2-((3-(tert-butyl)-2-hydroxybenzylidene)amino)ethyl)-3′,6′-bis(ethylamino)-2′,7′-dimethylspiro[isoindoline-1,9′-xanthen]-3-one and its complex with the target metal ion. 






Scheme 22. Chemosensor 22 (E)-2-(2-((3-(tert-butyl)-2-hydroxybenzylidene)amino)ethyl)-3′,6′-bis(ethylamino)-2′,7′-dimethylspiro[isoindoline-1,9′-xanthen]-3-one and its complex with the target metal ion.
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Scheme 23. Chemosensor 23 (E)-3′,6′-bis(ethylamino)-2-(((2-hydroxyquinolin-3-yl)methylene)amino)-2′,7′-dimethylspiro[isoindoline-1,9′-xanthen]-3-one and its complex with the target metal ion. 






Scheme 23. Chemosensor 23 (E)-3′,6′-bis(ethylamino)-2-(((2-hydroxyquinolin-3-yl)methylene)amino)-2′,7′-dimethylspiro[isoindoline-1,9′-xanthen]-3-one and its complex with the target metal ion.
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Scheme 24. Chemosensor 24 2,2″-((((1E,1′E)-(2-hydroxy-5-methyl-1,3-phenylene)bis(methaneylylidene))bis(azaneylylidene))bis(ethane-2,1-diyl))bis(3′,6′-bis(ethylamino)-2′,7′-dimethylspiro[isoindoline-1,9′-xanthen]-3-one) and its complex with the target metal ion. 






Scheme 24. Chemosensor 24 2,2″-((((1E,1′E)-(2-hydroxy-5-methyl-1,3-phenylene)bis(methaneylylidene))bis(azaneylylidene))bis(ethane-2,1-diyl))bis(3′,6′-bis(ethylamino)-2′,7′-dimethylspiro[isoindoline-1,9′-xanthen]-3-one) and its complex with the target metal ion.
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