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Abstract

:

1-(3-chlorophenyl)piperazine (mCPP) is a wide spread new psychoactive substance produces stimulant and hallucinogenic effects similar to those sought from ecstasy. Hence, in the recent years, mCPP has been introduced by the organized crime through the darknet as a part of the illicit ecstasy market with a variable complex profile of pharmacologically active substances that pose problematic risk patterns among people who take these seized products. Accordingly, the design of selective sensors for the determination of mCPP is a very important demand. In this respect, a supramolecular architecture; [Na(15-crown-5)][BPh4] from the assembly of 15-crown-5 and sodium tetraphenylboron has been utilized as an ionophore, for the first time in the selective recognition of mCPP in conjunction with potassium tetrakis(p-chlorophenyl)borate and dioctylphthalate through polymeric membrane ion sensors. The ionophore exhibited a strong binding affinity that resulted in a high sensitivity with a slope closed to the ideal Nernstian value; 58.9 ± 0.43 mV/decade, a larger dynamic range from 10−6 to 10−2 M, a lower limit of detection down to 5.0 × 10−7 M and a fast response time of 5 s. Very important also is it was afforded excellent selectivity towards mCPP over psychoactive substances of major concern, providing a potentially useful system for the determination of mCPP in the illicit market. On comparison with the natural β-cyclodextrin as an ionophore, it exhibited more sensitivity and selectivity estimated to be the superior.
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1. Introduction


The abuse of illicit drugs that can threaten all aspects of life; social, public health, economy, wellbeing and so on has been and continues to be the subject of much importance all over the world. Alarmingly, in recent years the situation has become more and more complicated; a huge variety of synthetic psychoactive substances has been surfacing in the illicit drug market alternative to the illegal ones. They mimic the pharmacological effects of the existing controlled drugs and deliberately circumvent regulations. These substances are called new psychoactive substances and referred as “NPS”, “designer drugs”, “legal high” or “research chemicals”. The totally synthetic piperazine-based compounds; 1-benzylpiperazine (BZP), 1-(3-chlorophenyl)piperazine or m-chlorophenylpiperazine (mCPP); Figure 1, 1-(3-trifluoromethylphenyl)piperazine (TFMPP) and, to a lesser extent, 1-benzyl-4-methylpiperazine (MBZP) are the most common piperazines family that appeared in the early market of NPS at the beginning of the 2000s and was sold as a “legal high” [1,2]. Piperazine moiety is a unique structure of diverse pharmacological importance with serious psychoactive properties because of the dopaminergic, noradrenergic and predominantly serotoninergic effects that produced in the brain by piperazines [1]. Of them, mCPP as a legal high is the most widespread piperazine with a safer reputation in some regions of the world than the best known one; BZP [3].



As a matter of fact, mCPP is a 1-arylpiperazine derivative relatively inexpensive with legal availability that can be purchased from the chemical suppliers. Nevertheless, mCPP has been introduced by the organized crime through what is called the darknet open market either in its own right, which is rare, or even as a mixture of piperazines and mainly with a variable complex profile of pharmacologically active substances that pose problematic risk patterns among people who take these seized products with a special focus is given to the dose-dependent manner [4] and life-threatening serotonin syndrome of mCPP [5]. It is sold in mislabeled packages as tablets of distinctive appearance with variable quantity of dosage units/seizures ranged from 10–200 mg, whereas capsules and powders are less common. Unfortunately, this is predominantly a youth phenomenon used increasingly for recreational purposes in party or dance situations [4,5]. What is more important, mCPP produces a stimulant with “feeling euphoria” and a hallucination similar to those sought from 3,4-methylenedioxymethamphetamine (MDMA, ecstasy) as well as the same subjective effects providing the basis for the recreational use of this legal high [6]. Whilst, BZP/TFMPP combination aggregates the stimulant effect of BZP with hallucinogen-like actions of TFMPP to mimic the molecular mechanism of MDMA, but with a lower potency for the same dose [7]. This explains why mCPP passed off the ecstasy market as an alternative for MDMA in most ecstasy tablets or as a supplement to the MDMA-containing tablets and sold as "legal ecstasy" in the NPS market with imitation to the point that visually distinguishing mCPP-containing tablets from regular MDMA is impossible [8,9,10].



Apart from the black drug market, mCPP as one of the phenylpiperazine derivatives that are well-characterized serotonergic agents, the reason for the use of mCPP as a challenge probe for the serotonin function in psychiatric research with a dose up to about 50 mg for a 70 kg person [5,11]. Interestingly, however, mCPP referred to as failed pharmaceutics and has never been authorized for medicinal purposes, it is the pharmacologically active metabolite that may be contribute to the therapeutic effects of the mentioned antidepressants; trazodone, nefazodone and etoperidone, and of the minor tranquilizer mepiprazole [4].



Taking into consideration these issues, there is a problematic situation that is paying specialty close attention to develop a precise analytical method for the determination of mCPP in a selective fashion. It was demonstrated that, the literature published for the identification and quantification of mCPP in different matrices are not so numerous and rely mainly on the recommended United Nations Office on Drugs and Crime "UNODC" sophisticated chromatographic methods; liquid chromatography-tandem mass spectrometry (LC–MS/MS) [12,13], high performance liquid chromatography with diode array detection (HPLC–DAD) [14] and gas chromatography coupled to mass spectrometry (GC–MS) [15,16] are the most prominent. As well, electrophoresis has been reported [17]. Although highly specific and sensitive all these techniques are very expensive, laborious with time consuming processes, require expertise technician and consume harmful organic solvents.



Nevertheless, from the perspective of analytical chemistry, fast, precise, sensitive and nondestructive electrochemical sensors have rapidly gained momentum as a growing avenue of research. Importantly, they preclude the requirement of sample pretreatment providing eco-friendly and economic aspects. In addition, availability of portable, miniaturization, automation and affordable instruments with higher performance characteristics together with reasonable limits of detection and acceptable selectivity successfully cope with the demands for the determination of illicit substances in the black drug market. Notwithstanding the wide applications of electrochemical sensors for the determination of illicit substances [18,19,20,21,22], little has been reported about the determination of new psychoactive substances [22,23,24]. Moreover, it is of importance to mention that no chemical sensors have been performed yet for the determination of mCPP.



Potentiometric sensors are one of the utmost important groups of electrochemical sensors that have evolved to being well established as a robust analytical technique in many fields. However, potentiometric sensors based on ion-associates with lipophilic counter ions as a sensing element immobilized in a PVC matrix sometimes suffer from the limited selectivity as it is driven by a non-discriminatory ion-exchange mechanism with the fact that ion exchangers respond better to the more lipophilic cations. Therefore, interest was triggered to the vital importance of supramolecular chemistry and peculiarities of remarkable approach molecular recognition. In fact, synthetic materials with molecular recognition sites are paramount in many areas; one of them is the development of chemical sensors and in particular potentiometric ones to address more sensitive and selective sensors [25,26].



In continuation of the earlier work on the design of sensors for the determination of illicit drugs [27,28], and in light of the foregoing, it was motivated to synthesize a supramolecular architecture; [Na(15-crown-5)][BPh4] from the assembly of 15-crown-5; 1,4,7,10,13-pentaoxacyclopentadecane and NaBPh4; sodium tetraphenylboron, to be investigated for the first time as a sensing element doped in a liquid contact polymeric membrane based selective sensors providing a sensitive and selective binding of mCPP. Furthermore, the emphasis has been placed on the comparison with the natural receptor β-cyclodextrin as an alternative sensing or recognizing element in the designed sensors for mCPP.




2. Experimental


2.1. Reagents and Materials


All chemicals used were of analytical reagent grade, unless otherwise specified and doubly distilled water was used throughout. 15-crown-5; 1,4,7,10,13-pentaoxacyclopentadecane (CE, C10H20O5), sodium tetraphenylboron (NaBPh4, NaTPB), o-nitrophenyloctyl ether (o-NPOE), potassium tetrakis(p-chlorophenyl)borate (KTpClPB) and dibutylsebacate (DBS) were obtained from Sigma Chemical Co., St. Louis, MO, USA. Tetrahydrofuran (THF) and dioctylphthalate (DOP) were purchased from British Drug Houses, Poole, England. High molecular weight polyvinyl chloride (PVC) and β-cyclodextrin (β-CycD) were obtained from Aldrich Chemical Co. Milwaukee, WI, USA. 1-(3-chlorophenyl)piperazine (mCPP) hydrochloride was procured from Alfa Aesar, United Kingdom. A stock solution of mCPP hydrochloride (5.0 × 10−2 M) was prepared by dissolving the calculated weight of pure mCPP hydrochloride in 50 mL of 5.0 × 10−2 M Tris-HCl buffer solutions at pH 7.0 ± 0.05 or in doubly distilled water and dilute solutions (1.0 × 10−7–1.0 × 10−2 M) were prepared by successive dilutions of the stock solution. Solutions of interferences (1.0 × 10−2 M) were prepared in a similar way for the study of potentiometric selectivity. All of the working solutions were buffered at pH 7.0 ± 0.05 using 5.0 × 10−2 M Tris-HCl buffer solutions.




2.2. Apparatus


Potentiometric measurements were performed at 25 ± 1 °C using an ORION model Star 4 digital pH/mV meter and mCPP membrane sensors in conjunction with an Orion double-junction Ag/AgCl reference electrode (90-02) containing 10% (w/v) potassium nitrate in the outer compartment. An Orion Ross pH electrode (Model 81-02) was used for pH adjustment. The cell assembly was: Ag/AgCl/10−2 M KCl—10−2 M mCPP hydrochloride/sensor membrane/sample test solution/Orion double junction reference electrode.




2.3. Synthesis and Characterization of Sensing Elements


2.3.1. 15-Crown-5•Sodium Tetraphenylboron; [Na(15-crown-5)][BPh4] Supramolecular Architecture; (CE•NaTPB)


It was synthesized by using the procedure described [29], 220 mg of 15-crown-5 (1 mmole) dissolved in 10 ml ethanol is added with stirring to 10 ml of equimolar ethanolic solution of sodium tetraphenylboron (342 mg, 1 mmole), a white crystalline complex is formed immediately through a sufficiently strong ion–dipole interaction upon the addition of the 15-crown-5. It was isolated by suction filtration, washed with ethanol and then dried for subsequent identification, Scheme 1. It was demonstrated that the complex of 15-crown-5 with sodium tetraphenylboron has been shown to be 1:1 stoichiometry of 15-crown-5:NaTPB as confirmed by the founded % elemental analysis data; C; 72.8 and H; 7.07 that is in an agreement with the calculated % values C; 72.5 and H; 7.2. This is a reasonable ratio that is often attributed to how well the sodium cation fits into the cavity of the crown ether demonstrating an optimum matching in size between the cavity of the 15-crown-5 and the sodium ion. The assignment of the structure was also confirmed with Fourier transform infrared spectral "FTIR" that seems reasonable bands concern the carbon ether oxygen stretching frequencies ν(C–O–C); a very strong band at 1081 cm−1 and strong one at 1117 cm−1 instead of 1128 cm−1 for uncomplexed 15-crown-5. In addition, the TPB frequencies observed at 741 and 711 cm−1 for NaTPB shifted to 737 and 705 cm−1, respectively in this supramolecular architecture indicating that the bulky anion had no effect.




2.3.2. Sodium Tetraphenylboron:m-Chlorophenylpiperazine [mCPP]+:[TPB]− Ion Pair


The ion-pair associate was prepared by adding 10 ml aqueous solution of 10−2 M NaTPB to 10 ml of 10−2 M mCPP hydrochloride aqueous solution. The resulting ion-pair associated precipitate was filtered, washed thoroughly with distilled water and dried at room temperature then grinded to a fine powder. The predicted composition of the ion associate complex had a molar ratio of [mCPP]+:[TPB]− and was confirmed by an elemental analysis that calculated %: C; 78.9, H; 6.6 and N; 5.4 and found %: C; 78.1, H; 6.6 and N; 5.6. The calculated and experimental elemental analysis data for the ion-pair associate complex are in good agreement with its structure.





2.4. Membrane and Sensor Preparation


The polymeric membrane was prepared by dissolving 4 mg of the ionophore; a sensing element with the lipophilic salt additive potassium tetrakis(p-chlorophenyl)borate (KTpClPB) as 50 wt% of the ionophore, 124 mg of the plasticizer and 67 mg of PVC in THF 3 mL. The membrane cocktail was poured into a flat Petri dish (28 mm i.d). Gradual evaporation of the THF at ambient temperature afforded an elastic, transparent membrane with a thickness of about 0.1 mm. A dummy membrane refers to the same membrane cocktail described above, however, omitting the presence of a sensing element. Disks (~4 mm o.d.) were punched from the master membrane and glued with a PVC/THF slurry to plasticized PVC tubing fixed onto a 1000 mL pipette tip. The tube was then filled with equal volumes of 1.0 × 10−2 M mCPP hydrochloride and 1.0 × 10−2 M KCl (internal solution) and an Ag/AgCl wire (~1 mm diameter) was immersed in this solution as an internal reference electrode. Before calibration, all fresh sensors were conditioning by soaking in a 1.0 × 10−2 M mCPP hydrochloride solution for 2 h to activate the sensing element in the membrane before use. During the intervals between the individual measurements the sensors kept dry after rinsing with distilled water.




2.5. EMF Measurement and Sensors Calibration


[Na(15-crown-5)][BPh4]; CE•NaTPB, [Na(15-crown-5)][BPh4]/KTpClPB; CE•NaTPB/ KTpClPB, [mCPP]+:[TPB]− and β-CycD/KTpClPB membrane based sensors were calibrated by immersion with an Ag/AgCl double junction reference electrode into a 50 mL beaker containing 9 mL of 5.0 × 10−2 M Tris-HCl buffer solutions at pH 7.0 portions (0.2–1.0 mL) of 1.0 × 10−6–5.0 × 10−2 M of standard mCPP hydrochloride solutions were successively spiked and the potential response of the constant stirred solutions was measured after stabilization to ±0.2 mV. A calibration plot was constructed by plotting the EMF readings against the logarithm of mCPP concentrations.





3. Results and Discussion


3.1. Performance Characteristics of m-Chlorophenylpiperazine Sensors


3.1.1. Membrane Response and Sensitivity of the Sensors


Indded, simulation of natural phenomenon through molecular recognition; a process that plays a crucial role in the nature for the occurrence of life through prevailing reversible non-covalent interactions with high specificity and affinity seem to provide a sound basis for the design of ion selective sensors. Concurrently, the fascination of the self-assembly of small synthetic molecular building blocks through various non-covalent interactions has been applied to generate functional sophisticated supramolecular architectures with properties that cannot be deduced by a simple summation of the properties of the individual components. Moreover, they are capable again to engage targets through numerous and spatially distributed multiple binding interaction sites arising from the architecture as a whole providing high efficiency and selectivity [30,31]. Accordingly, the molecular recognition event is becoming also a fundamental process for efficient electrochemical sensors that may be implemented by the formation of a sensing element with the ability of multiple binding sites to assess binding strength of high affinity in a selective and a fast reversible manner followed by a transduction mechanism into a measurable signal for the attainment of highly selective sensors [32].



Arousing from the aforementioned points, it has been interested in designing a supramolecular architecture that must have feature binding sites to explore a potential sensing element “ionophore” for mCPP. Interestingly, the most important, and almost unique, feature of the crown ethers is their binding strengths and selective capture of alkali and alkaline earth metals. This resulted in the formation of many complexes of alkali metal salts with a range of counter anions; one of them is the weakly coordinating anion; tetraphenylboron “    BPh  4 −   ” [33] that has a high ability for the formation of crystalline supramolecular complexes [34]. Therefore, the interaction with multidentate donor 15-crown-5 that is normally able to specifically accommodate the sodium ion, yielded a stable crystalline supramolecular architecture [Na(15-crown-5)][BPh4]; “CE•NaTPB”. As described, the Na+ ion lies above the molecular plane of 15-crown-5 and is coordinated to six oxygen atoms forming pentagonal pyramid coordination geometry. Five oxygen atoms from crown ether construct the base of the pentagonal pyramid and the sixth oxygen atom from another one is located at the vertex of pentagonal pyramid as well as hydrogen bonding interaction between the neighboring 15-crown-5 molecules and     BPh  4 −    anion has been formed. Furthemore, the supramolecular hydrogen bonding chains are held together via van der Waals force to extend into the three-dimensional molecular crystal [29].



As a consequence, the potentiometric response of this supramolecular architecture (CE•NaTPB ) towards [mCPP]+ is recognized in a realistic fashion through its stimulation as a sensing probe with an adequate plasticizer entrapped in a PVC polymeric membrane as long as an ion selective sensor has been designed. As anticipated, at first sight, a phase boundary potential; the main parameter governing the potentiometric response of the polymeric membrane based ion selective sensors under zero current condition is assumed through a local thermodynamic equilibrium at the sample/membrane interface [35]. Therefore, inherent potentiometric signal generation has furnished evidence for this selective transduction mechanism that dominates a sub-Nernstian response of 54.4 ± 0.67 mV/decade with r2 = 0.9982 "without anionic additive" and provides an opportunity to construct a linear dynamic range with a lower limit of detection down to 7.5 × 10−6 M mCPP as can be seen from Figure 2. It must be important to mention that a “Dummy” membrane based solely on PVC and plasticizer had no significant response towards mCPP. At this point, it is worth noting that, this mechanism confers that the recognition event was achieved with a high binding affinity of [Na(15-crown-5)][BPh4] enough to form a strong complex with mCPP at micromolar concentrations; micromolar affinity. Finally, it is afforded a clear evidence for the implementation of [Na(15-crown-5)][BPh4] as an ionophore in selective sensors for the determination of mCPP.



On other hand, it well demonstrated that low overall charge and high degree of charge delocalization with shielded negative charge over the entire anion so that no individual atom or group of atoms bears a high concentration of charge are the characteristics features of weakly coordinating anions [36]. Consequently, tetraphenylboron as an illustrative example can preclude strong ion pairing formation [37], which is an essential prerequisite for an ion exchanger based ion selective sensors [38]. Addtionally, the hindered steric accessibility of the [mCPP]+ where the positive charge is located in the ring of [mCPP]+ plays also a crucial role in an ion pair complexation. Accordingly, one can explain the performance characteristics of the [mCPP]+:[TPB]− ion pair as a sensing element that was much too weak to exhibit a potentiometric function, when it was cast integrally in a PVC matrix plasticized with DOP. A drastic reduction of the slope; 46.96 ± 2.93 mV/decade, a short linear range of about one decade; 2.2 × 10−4–2.6 × 10−3 M and most importantly a higher limit of detection; 4.0 × 10−5 M were assessed as can be seen from Table 1 and Figure 2. Generally it demonstrated a worse reproducibility of the response.



The distinction of (CE•NaTPB ) based sensors is sought to be due to the synergistic supramolecular effect of [Na(15-crown-5)][BPh4] as a host, which is relevant to various recognition sites through the possibility of non-covalent interactions, which are most prominent with the privileged scaffolds; arylpiperazine as the guest [39]. It must be important to mention that mCPP is a merger between the aryl group and piperazine group, where the piperazine core as a heterocyclic nitrogen compound has distinct structural flexibility with a six membered ring containing two nitrogen atoms at opposite positions, resulting in even molecular ions that has the availability of versatile binding properties particularly hydrogen bonding [40], as well as the protonated piperazine plays also a crucial role. Consequently, it is reasonable to postulate that aromatic–aromatic interactions (π…π stacking), hydrogen bonding–π interactions; (N–H…π) and methylene hydrogen of piperazine (C–H…π) as well as cation–π interactions (+N–H…π) are the most available binding sites between [mCPP]+ and the delocalized π-system of tetraphenylboron moiety in the host “ionophore”. Attention also must be paid to the role of the electron-withdrawing substituent chlorine atom in the aromatic moiety of mCPP that was resulted in a stronger affinity towards the ionophore. Moreover, the possibility of hydrophobic interactions can be operative and decisive also. Quite interestingly, these interactions were in line with the binding mechanism predicted by molecular docking for the interaction of [mCPP]+ with serotonin receptor subtypes “5-HT1A receptor”, a major target for research and drug development due to its implication in many physiological processes [41] as well as with the adrenergic receptor; α1A-adrenoceptor [42]. Furthermore, the piperazine core acts as a hydrogen bonding donating site with crown ether-oxygen atoms through N–H…O and “C–H…O”.



Taking into account a success in the ability of cyclodextrins CycDs to be effective to accommodate in a selective fashion various organic compounds in their central cavities that fulfill the structural requirements of the CycD cavity as a hydrophobic binding site and thereby numerous reports have been dedicated to highly selective sensors based CycDs [43]. Accordingly, it is important to gain insight into the comparison with the cited ionophore, in this context, native β-cyclodextrin was chosen as a naturally receptor; ionophore is embedded into a PVC polymeric membrane with an anionic additive; p-ClTPB and o-NPOE as a plasticizer for the development β-CycD/KTpClPB polymeric membrane based sensor for mCPP. The sensor exhibited a sub-Nernstian value with a relative shorter linear range and a higher limit of detection Table 1 and Figure 3, probably, due to β-cyclodextrin interacting much weaker with piperazine as it can be accommodated by a benzene ring only in its cavity [44] and this is in agreement with the notion that the achievable sensitivity is limited by the affinity, which is the dominant contributor to the recognition mechanism.




3.1.2. Optimization of the Membrane Composition


Recognizing the role of the other membrane components; lipophilic anionic additives have been essential to optimize the proper performance of ionophore based sensors for allowing possibilities of practical applications of the sensors. Indeed, the crucial role of the anionic additive that ensures no significant amount of counter anions can be co-extracted into the membranes (Donnan exclusion) providing the permselectivity of the membrane as well as it reduces the electrical resistance of the membranes that allowing greater ion mobility within the membrane. Moreover, the addition of anionic additives lowers the activation barrier for the cation-exchange at the membrane–solution interface, which improves the interfacial ion-exchange kinetics [45,46]. Much more importantly, it constitutes a functional factor in dictating the lower limit of detection of ion selective sensors [47]. Accordingly, the quantitative treatment of CE•NaTPB ionophore based polymeric membrane sensors with incorporation of anionic additive; potassium tetrakis(p-chlorophenyl)borate (KTpClPB) resulted in sensors “CE•NaTPB/KTpClPB” with excellent working parameters of high sensitivity that the response slope was closer to the ideal Nernstian value and a wider linear range as well as the anionic additive led to dramatic improvement in the lower limit of detection to be 5.0 × 10−7 M, as can be seen from Table 1 and Figure 3.



Importantly, light should be shed on the great impact of the plasticizer as a constitutive part of the membrane. Given the fact that different plasticizers were found to induce significantly different effects on the analytical performance of the ion selective sensors particularly for recognition mechanism based ion selective sensors, it was interesting to study the dependence of a dynamic linear range and the lower limit of detection on plasticizers, namely, DOP, DBS and ο-NPOE, drawing attention to the Nernstian behavior of the sensors. As can be seen from Table 2 and Figure 4, a fact that was surprising at first sight, non-polar plasticizer DOP gave the best results, however, ο-NPOE afforded the much poorer one that perhaps because most of the recognition binding process herein were electrostatic in nature that might be weakened with a high dielectric constant [48]. This is in excellent agreement with the notion that the plasticizer not only guarantees the physical properties of the membrane and provides both solubility of the ionophore and mobility of constituents within the membrane but also the stabilization/complexation of target ions within the membrane is a determining function of the plasticizer [45]. Therefore, DOP was chosen to be the optimum plasticizer for further studies.





3.2. Response Time and pH Effect


Response time is of the utmost practical importance and defines the aspects of the rate-determining process of the analyte–membrane interaction. The average time required for the sensor to reach a steady potential response within ±1 mV of the final equilibrium value at the interface between liquid electrolytes and ion-conducting polymeric membrane after successive immersion of a series of mCPP solutions, each having a 10-fold difference in concentration was investigated. It is noteworthy to mention that the molecular recognition process attainment with a fast reversible exchange rate was 10 s for low concentrations of 1 × 10−7 to 1 × 10−5 M and 5 s for high concentrations of 1 × 10−4 to 1 × 10−2 M mCPP hydrochloride inherent with the CE•NaTPB ionophore. Meanwhile, the β-cyclodextrin based sensor exhibited 20 s and 15 s for low and high concentrations, respectively. Aside from specific binding sites affinity, the binding sites are to be complemented with a molecular periphery, which ensures sufficient lipophilicity of the ionophore and its compatibility with the sensor membrane matrix to fulfill the lifetime requirement of the sensors. In this study, the assembly of sodium tetraphenylboron with crown ether as well as adequate solubility in the proper plasticizer "DOP" provided the lifetime of the sensors to be extended to more than eight weeks without a significant change in the performance of the sensors (sensitivity, and linear range) was observed. Meanwhile, β-CycD exhibited a lifetime of five weeks. On the other hand, a dramatic deterioration with a very short lifetime of about one week probably attributed to the gradual leaching out of the ion exchanger from the membrane as well with another cited disadvantage that is the long response time that exceeds two min for the lower concentrations was encountered with the [mCPP]+:[TPB]− ion pair based sensor.



The influence of pH on the potential of the sensors was investigated at concentrations 1.0 × 10−4 and 1.0 × 10−3 M of mCPP. The pH values of the sensors were adjusted by the addition of small volumes of dilute HCl or dilute NaOH solutions and the potential of the solution at each pH value was measured and plotted against the pH. The results indicated that the sensors could function effectively in pH ranges 4–8 for all sensors incorporating CE•NaTPB, CE•NaTPB/KTpClPB, β-CycD/KTpClPB receptors and [mCPP]+:[TPB]− ion pair, and this pH range was considered for further studies. The gradual decrease in the potential observed at a pH above 8 was due to the gradual decrease in the protonated forms of mCPP and formation of a free base. Evaluation of the main operating features for all sensors under constant pH was carried out in several buffer solutions prepared within the corresponding operational pH ranges. It was found that of the buffers investigated, 5.0 × 10−2 M Tris-HCl buffer at pH 7.0 ± 0.05 proved to be the optimal.




3.3. Selectivity


As stated in the introduction, street seized mCPP is a cocktail with morphine, codeine, ecstasy and amphetamine being the most prominent psychoactive substances as well as caffeine was the most common cutting agent [5,17,49]. Moreover, ephedrine and norephedrine must be taken into account as precursors for the synthesis of amphetamines. With such considerations in mind, the selectivity of the suspected method is a main concern and logic would seem to dictate the selectivity by the empirical matched potential method "MPM" [50] except otherwise stated and the results are summarized in Table 3. An important mention, particularly from the point of view of ion selective sensors, was that MPM got rid of the limitations of the corresponding methods based on the Nikolski–Eisenman equation for the determination of potentiometric selectivity coefficients, and expressed the extent of interference without any theoretical implication and reflected the real-world experimental behavior of the sensor as closely as possible. In MPM, the selectivity coefficient is defined as the activity ratio of the primary ion and the interfering ion that gives the same potential change in a reference solution according to Equation (1).


    k  mCPP , j   MPM   =   Δ  a  mCPP      a j      ,       with   Δ  a  mCPP       =  >á  mCPP   −    a  mCPP     



(1)




where:    á  mCPP     is a known activity (concentration) of mCPP added into a background solution containing a fixed activity and    a  mCPP     (5.0 × 10−5 M) mCPP in the presence of 5.0 × 10−2 M Tris-HCl buffer solutions at pH 7.0 to generate a potential change of ΔEMF = 10.0 mV. Meanwhile, the concentration of each foreign ion (with a stock solution of 1.0 × 10−2 M) was changed according to the MPM method. At the same time, the separate solution method "SSM" was also applied to evaluate the selectivity coefficients of amino acids and inorganic ions [51]. The concentrations of mCPP and the interferents were kept at a level of 1.0 × 10−3 M solutions of the same pH 7.0 and the potentiometric selectivity coefficients were evaluated according to Equation (2), Table 4.


  l o g  K  m C P P , j   p o t   =    E j  −  E  m C P P    S  +  (  1 −  1   z I     )  log 1 ×   10   − 3    M   mCPP  ,  



(2)




where Ej and EmCPP are the sensor potentials for interfering ions j and mCPP, respectively, zI is the charge of interfering ions and S is the slope of the calibration plot.



Evidently, as can be seen from Table 3 and Table 4, this ionophore displayed an excellent selective recognition toward mCPP to an extent that was a hundred times more than the psychoactive substances of major concern. This finding revealed that CE•NaTPB ionophore possesses sufficient multifunctional binding centers in a geometrically matching position with mCPP [52]. On account of the stronger binding of the ionophore to a target ion is, the more selectivity will be dictated, a low selectivity associated with β-cyclodextrin based sensor was displayed.




3.4. Analytical Applications


As a result, the lower detection limits observed was much more than enough to permit analysis of real life samples in the illicit market with adequate selectivity, however, it was hard to find illicit samples. Therefore, to demonstrate the practical utility of the sensors; 10, 35 and 100 mg of mCPP hydrochloride, which concur with the functional concentration range of the sensors were taken as pure samples and this process was repeated three times (n = 3), Table 5.




3.5. Method Validation


Stringent requirements concerning the linearity (correlation coefficient; r2), sensitivity (slope), precision (CVw), between-day variability (CVb), lower limit of detection and accuracy (recovery) for the reliability of analytical methods was demonstrated. For the sensors incorporating CE•NaTPB/KTpClPB, the linear responses were obtained within the mCPP concentrations range from 10−6 to 10−2 M with a slope closer to the ideal Nernstian value of 58.9 ± 0.43 mV/decade and a correlation coefficient, r2 = 0.9998, evidenced the good linearity of the calibration plot and the detection limit was 5.0 × 10−7 M as well as a good precision of 1.10%. It is obvious that the fabricated sensors could be presented for determination of mCPP in pure solutions with good average recoveries (99.5–102.5%). On the other hand, the β-cyclodextrin based sensors “β-CycD/KTpClPB” exhibited a sub-Nernstian behavior with 55.2 ± 0.6 mV/decade within the linear range of 2.4 × 10−5–1.0 × 10−2 M (r2 = 0.9997), a detection limit of 9.0 × 10−6 M and also a good precision of 1.14%. The results revealed that the binding affinity of the ionophore plays a decisive role in the performance of ion selective sensors as stated previously.





4. Conclusions


Currently, the chemical analysis of illicit substances in the black drug market is gaining in great significance. Herein, the assembly of tetraphenylboron with crown ether fine-tuned its characteristics and led to a supramolecular architecture [Na(15-crown-5)][BPh4] with relevant multifunction binding sites, which in turn provided high affinity towards mCPP. Regarding this fact, the liquid contact polymeric membrane based sensors with [Na(15-crown-5)][BPh4] as an ionophore and anionic additive, KTpClPB, plasticized with DOP provided excellent Nernstian behavior with a slope of 58.9 ± 0.43 mV/decade, a wide dynamic range from 10−6 to 10−2 M and as low a detection limit as possible of 5.0 × 10−7 M. It should be noted that the optimum characteristic performance of the suspected sensors met many of the necessary requirements for the determination of mCPP in the illicit market with a particularly attractive feature of high selectivity over other psychoactive substances in the real samples and a respond concentration range that mCPP could be quantified in the street samples (10–200 mg). On the other hand, sensors with the tetraphenylboron [mCPP]+:[TPB]− ion pair based sensor exhibited worse results; a slope of 46.96 ± 2.93 mV/decade, a short linear range of 2.2 × 10−4–2.6 × 10−3 M and most importantly a higher limit of detection of 4.0 × 10−5 M with fast deterioration of about one week lifetime. The comparison with native β-cyclodextrin as an ionophore showed that polymeric membrane sensors with [Na(15-crown-5)][BPh4] were preferable. It is also interesting to mention that this method afforded reliable results for which a subsequent quantitative confirmation analysis was usually unnecessary and thereby has considerable practical use and probably market potential. It is of importance to note that this was the first designed sensor for selective determination of mCPP. Finally, the relationship of ion selective sensors methodology with supramolecular chemistry via the simulation of a natural phenomenon seems a promising feature for the determination of new psychoactive substances in the real world as a sensitive method with remarkable selectivity as well as an eco-friendly approach.
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Figure 1. 1-(3-chlorophenyl)piperazine (mCPP). 
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Scheme 1. For the synthesis of supramolecular architecture; [Na(15-crown-5)][BPh4] “ionophore”. 
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Figure 2. Calibration plots of ion exchanger and ionophore polymeric membrane based selective sensors for mCPP. 
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Figure 3. Calibration plots for m-chlorophenylpiperazine polymeric membrane based sensors. 
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Figure 4. Effect of plasticizers on the performance of m-chlorophenylpiperazine polymeric membrane based sensors. 
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Table 1. Potentiometric performance characteristics of m-chlorophenylpiperazine polymeric membrane based selective sensors.
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	Parameter
	CE•NaTPB/KTpClPB
	β-CycD/KTpClPB
	mCPP:TPB





	Slope, mV/decade *
	58.9 ± 0.43
	55.2 ± 0.60
	46.96 ± 2.93



	Correlation coefficient (r2)
	0.9998
	0.9997
	0.9985



	Linear range, M
	1.0 × 10−6–1.0 × 10−2
	2.4 × 10−5–1.0×10−2
	2.2 × 10−4–2.6 × 10−3



	Detection limit, M
	5.0 × 10−7
	9.0 × 10−6
	4.0 × 10−5



	Working range (pH)
	4–8
	4–8
	4–8



	Response time (s) ≥ 10−4 M
	5.0
	15
	50



	Life span (week)
	8.0
	5.0
	1.0



	Precision CVw (%)
	1.10
	1.14
	6.23



	Between-day variability CVb (%)
	0.53
	0.70
	1.66







* Average of ten measurements.
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