Hydrophilic ionic liquid-passivated CdTe quantum dots for mercury ion detection
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ABSTRACT
A hydrophilic ionic liquid, 1-ethyl-3-methylimidazolium dicyanamide (EMIDCA), was used as a medium for the synthesis of highly luminescent CdTe nanocrystals (NCs) capped with thioglycolic acid (TGA). The synthesis was performed for 8 hours at 130 °C, was similar to nanocrystal preparation in an aqueous medium, and used safe, low-cost inorganic salts as precursors. After the reaction, the photoluminescence quantum yield of the CdTe NCs (NCIL-130) prepared in EMIDCA was significantly higher than that of the nanocrystals prepared in water (NCw) at 100 °C (86% vs. 35%). Moreover, the emission wavelength and particle size of NCIL-130 were smaller than NCw (450 nm vs. 540 nm and 4.0 nm vs. 5.2 nm, respectively). The activation of NCIL-130 was successful due to the coordinated action of two ligands, EMIDCA and TGA, in the primary steps of the NC formation pathway. An increase  or decrease in the synthesis temperature, to 160 °C or 100 °C, respectively, was detrimental to the luminescence quality. However, the quenching effect of Hg2+ on the fluorescence signals of the NCIL-130 was distinctively unique, whereas certain interfering ions, such as Pb2+, Fe3+, Co2+, Ni2+, Ag+, and Cu2+, could also quench the emission of the NCw. Based on the Perrin model, the quenching signals of NCw and NCIL-130 were well correlated with the Hg2+ concentrations in the phosphate buffer (pH 7.5, 50 mM). In comparison with the NCw, the NCIL-130 had a high tolerance of the interfering ions coexisting with the Hg2+ analyte, high recovery of Hg2+ spiked in the BSA- or FBS-containing medium, and high stability of fluorescence quenching signals between trials and days. The NCIL-130 nanocrystals can potentially be used to develop a probe system for the determination of Hg2+ in physiological samples.
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1. Introduction

As a result of the size confinement (Henglein, 1989; Alivisatos, 1996), the quantized energy band structures of colloidal semiconductor nanocrystals (NCs), or quantum dots (QDs), can offer remarkable optical properties, such as high brightness, photostability, and spectral tunability. QDs have been successfully used in a range of applications, including photovoltaics (Kramer and Sargent, 2011), light emitting devices (Demir et al., 2011), bioimaging (Erathodiyil and Ying, 2011; Li et al., 2011), and biosensors (Algar et al., 2010). Many NCs composed of cadmium chalcogenides, including CdS, CdSe, CdTe, and their derivatives, have been used as fluorescence probes to detect metal ions. Most of the analyses are based on the fluorescence quenching effect of metal ions on the NC probes. The quenching mechanism of the cadmium chalcogenide QD excited states may range from dynamic collision with ion quenchers, i.e., dynamic quenching, to electron transfer and/or chemical binding between the QD surface and immobilized ions, i.e., static quenching. (Ruedas-Rama and Hall, 2009; Luan et al., 2012)
In addition to the size effect on the quantum confinement, other particle properties in the chemically prepared QDs, such as size distribution, crystallinity, and desired surface functionality, strongly affect the optical quality and are certainly determined by the synthetic conditions. CdTe NCs, one of the emissive II-VI QDs, are briefly and safely synthesized with thiol-capping using an aqueous synthetic approach (Gaponik et al., 2002; Rogach et al., 2007), which circumvents the inconvenience of preparing proper precursors and the high temperature boiling of organic solvents in the conventional organometallic synthetic routes (Murray et al., 1993; Qu and Peng, 2002). However, thio-capping synthesis routes usually exhibit low photoluminescence (PL) quantum efficiency and low stability because of the adsorption-desorption equilibrium of thiol molecules to the surface of QDs in water and the generation of structural defects during surface reconstruction (Talapin et al., 2002). Several improvements to the aqueous method have been reported, including the hydrothermal technique (Zhang et al., 2003a; Guo et al., 2005), variation of the reaction composition (Shavel et al., 2006; Zhang et al., 2003b), and post-preparative treatments with illumination (Bao et al., 2004) or ultrasonic (Wang et al., 2007) or microwave irradiation (He et al., 2007). Considering the unique physical and chemical advantages of ionic liquids (ILs) that facilitate the synthesis of nanomaterials (Antonietti et al., 2004; Li et al., 2008), Kawai et al. extracted thiocholine bromide-capped CdTe NCs from water into hydrophobic ILs via a cationic exchange mechanism (Nakashima and Kawai, 2005; Nakashima et al., 2005; Nakashima et al., 2008). The cationic NC extracts exhibited an enhancement in their PL quantum yield (QY) from 24% to 49% and no change in the emission wavelength at 540 nm. However, the manipulation of cationic CdTe NCs in hydrophilic surroundings was limited. Although the hydrophilicity of the NCs could be improved by ligand-exchange with anionic thioglycolic acid (TGA), the emission QY would be considerably diminished to 14% (Hayakawa et al., 2011). Choi et al. provided a direct aqueous synthetic route to the CdTe NCs with the capping ligand of a synthesized dithiol-functionalized ion liquid. However, the QY of the IL-capped CdTe NCs was only 40%, comparable to the values of the CdTe NCs with other generally used capping ligands (Choi et al., 2012).
In this study, a hydrophilic IL, 1-ethyl-3-methylimidazolium dicyanamide (EMIDCA), was directly used as a synthesis medium in the thio-capping CdTe synthetic route without applying an extraction procedure. The direct approach was similar to an ambient pressure ionothermal method but did not suffer the same inconvenience in the ionothermal synthesis of CdSe (Green et al., 2007), CdS (Biswas and Rao, 2007), and ZnO (Liu et al., 2006) NCs as in the conventional organometallic synthetic routes. Experimentally, the resultant TGA-CdTe NCs in EMIDCA exhibited a higher QY (86%) and shorter emission wavelength (450 nm) than those obtained in water or in the extracts with hydrophobic ILs. Moreover, the fluorescence of the resultant NCs was specifically quenched by Hg2+ among other coexisting metal ions, thus it also caused the high recovery of the Hg2+ in the bovine serum albumin- and fetal bovine serum-containing media.
2. Experimental section

2.1. Reagents
CdCl2 · 2.5H2O, tellurium powder, NaBH4, and thioglycolic acid (TGA) were purchased from Acros (Thermo Fisher Scientific, Geel, Belgium). The hydrophilic ionic liquid 1-ethyl-3-methylimidazolium dicyanamide (EMIDCA) were from Aldrich (Milwaukee, WI, USA). All metal and phosphate salts were of analytical grade and were obtained from Aldrich and Acros. Bovine serum albumin (BSA, lyophilized powder, mol. wt. ~66 kDa) and fetal bovine serum (FBS, hemoglobin ≤ 25 mg/dL) were purchased from Sigma (Milwaukee, WI, USA). Purified water (18 MΩ-cm) from a Milli-Q water purification system (Millipore, Bedford, MA, USA) was used to prepare the standard salt and buffer solutions. All standard solutions were protected from light and kept at 4 °C in a refrigerator.
2.2. Synthesis and characterization of TGA-CdTe NCs

The synthesis of TGA-capped CdTe NCs followed the previously published method with a few modifications. In brief, the NaHTe aqueous solution, prepared by the reduction of 0.064 g of tellurium powder with excessive NaBH4 (0.382 g) in 2 mL of water under stirring and N2 bubbling, was injected into 5 mL of an aqueous or ionic liquid solution containing 2.4 x 10-3 mole of TGA and 1 x 10-3 mole of CdCl2. Both solutions were deaerated by N2 for 20 min before mixing. Subsequently, the mixture of Cd2+/HTe−/TGA, at a molar ratio of 1:0.5:2.4, was heated at different temperatures for a specified time. After being heated and diluted in water (1 L/3 mL), the solutions of the NCs synthesized in water (NCw) and IL media (NCIL) were characterized using a spectrofluorophotometer (LS50B, Perkin Elmer), UV-VIS spectrophotometer (UV-1700, Shimadzu), and a transmission electron microscope (TEM; JEM-1400, JEOL). The PL quantum yields of the NCw and NCIL were measured at room temperature by comparing with the fluorescence emission of rhodamine 6G in ethanol and quinine in 0.1 M H2SO4, respectively (Eaton, 1988). With addition of some methanol, the solutions were dried using a rotary evaporator to yield the solid samples for the measurements of FTIR (Prestige-21, Shimadzu) and X-ray powder diffraction (D8 Discover, Bruker).
2.3. Spectrofluorimetric determination of mercury ions with NCw and NCIL
The informative fluorescence spectra were collected from an addition of 1 L of the synthetic NCw and NCIL solutions into 3 mL of phosphate buffer (pH 7.5, 50 mM) containing spiked metal ions, including Na+, K+, Mg2+, Ca2+, Mn2+, Fe3+, Co2+, Ni2+, Cu2+, Ag+, Zn2+, Cd2+, Pb2+, and Hg2+, 3 mg of BSA, or 0.1 mL of FBS. The fluorescence intensities were measured at 540 nm for the NCw probe system and at 450 nm for the NCIL-130 probe system.
3. Results and discussion

3.1. Optical properties of NCIL-130
The UV absorption and fluorescent emission spectra of the CdTe NCs synthesized in water at 100 °C (i.e., NCw) or in ionic liquid EMIDCA at 130 °C (i.e., NCIL-130) are shown in Fig. 1(a) and (b), respectively. The figures show that the PL intensities increased with the heating time, especially for NCIL-130. However, the absorption spectra were not significantly altered as the heating time was changed, and thus only the absorption spectra observed at the end of the eight-hour heating are represented in dashed curves of Fig. 1. For the NCw, as shown in Fig. 1(a), the initial emission position, 520 nm, was observed immediately after the first 10 minutes of heating and is shifted to 540 nm within 2 hours of heating. Because the luminescence of NCs is size-dependent, the red shift suggests that the NCs continue to grow in size. This trend was generally observed for the aqueous synthesis of CdTe NCs (Hayakawa et al., 2011; Li et al., 2005). After 2 hours of heating, the particle growth appeared to stop, and the additional heat likely contributed to the repair of crystal defects and kept the PL intensity elevated. We decided to complete the synthesis of NCw after 8 hours of heating, when the increase in the PL intensity ceased. Throughout the entire heating period, the emission peaks were not broadened, as the full width at half maximum (fwhm) of the band-edge luminescence was within in the narrow range of 35~40 nm (λex = 315 nm).

By contrast, as shown in Fig. 1(b), a red shift as a function of heating time from 10 minutes to 8 hours was not observed in NCIL-130. Moreover, a distinct emission at 540 nm with fwhm ~37 nm was acquired at 10 min, whereas the other emissions were located near 450 nm with fwhm 65~70 nm. The distinct peak was related to the formation of NCw while a part of water from the aqueous NaHTe solution was not removed by reflux at 130 °C in the early reaction stage. As the heating continued, the water molecules surrounding the NCw were replaced by the EMIDCA solvent, and NCIL-130 were subsequently formed. In comparison with NCw, the PL of NCIL-130 increased remarkably with the reaction time, with a QY measuring 86% at 8 h (compared to 35%). As explained by Henglein et al. (Spanhel et al., 1987), the strong fluorescence intensity that appears at the onset of absorption, as in the case of NCIL-130, indicates good activation or defect reduction in the formation of NCs. In addition to a rise in temperature, EMIDCA solvent molecules are also critical for the stability of NCIL-130 activation. It is thought that IL molecules have high salt concentrations to suppress the Coulombic repulsion between neighboring carboxylate groups of TGA ligands and to prevent the dissociation of TGA from the NC surface.

However, without the addition of TGA to the IL reaction mixture, the PL spectra of the resulting CdTe NCs presented much weaker emission intensities, as shown by the solid lines in Fig. 2. There should be many Te surface defects or deep traps causing radiationless relaxation for the CdTe NCs (Borchert et al., 2003; Poznyak et al., 2005). The CdTe NCs that formed between the reaction times of 10 min and 3.5 h at 130 °C were poorly activated, with an emission peak near 415 nm (fwhm ~90 nm) and a first excitonic absorption peak at 330 nm. The absorption onset and the emission band would be shifted to shorter wavelengths by the effect of quantum confinement as the size of the QDs decreased. Although low surface tensions and low interface energies of ILs resulted in high nucleation rates with good stabilization or solvatization of small particles (Antonietti et al., 2004), the benefit of TGA passivation on the CdTe QDs in removing dangling Te bonds from the surface and in the formation of a core−shell like structure with a better confinement of photogenerated charge carriers was not achieved in this stage. After the 3.5 h reaction, nanoparticle quality was established, and the PL intensity stopped increasing. As a result of adding the TGA reagent to the established mixture, the PL and absorption spectra nearly recovered to the level of that of NCIL-130 at the initial 10 min point of the reaction, as shown in the top, dashed curve of Fig. 2. However, as the reaction continued, the PL intensities decayed quickly, and the emission peaks gradually broadened and redshifted from 450 to 480 nm within 60 min. This phenomenon indicated that NCs formed near the end of the reaction had a large number of surface defects. In contrast with NCIL-130, the NCs with low luminescence were not well activated by EMIDCA and the following TGA molecules. Only the simultaneous cooperation of EMIDCA and TGA in the primary steps of the NC formation pathway, which included the precursor activation, nanocrystal nucleation, and passivent-controlled atom addition onto the growing nanocrystal facets (Washington II and Strouse, 2008), could lead to the well activation of NCIL-130.

The NCw and NCIL-130 were characterized by FTIR and XRD. Curve (a) and (b) in electronic supplementary material (ESM) Figure S-1 showed the FTIR spectra of free TGA and NCw, respectively. No absorption band was observed in the TGA-untreated CdTe NCs. Both spectra (a) and (b) had the characteristic bands that can be attributed to νOH, νC=O, νsCOOH, νC−O, δC−C−O, νC−S, and δOH, but the νS−H (2550−2670 cm-1) for TGA was not detectable in NCw, likely a result of the covalently bound thiols on the NCw surface (Chen et al., 2004). The FTIR spectra of free EMIDCA and NCIL-130 are shown in curve (c) and (d), respectively. In addition to the distinct absorption bands of EMIDCA (νC≡N, νC=N, and νC−N), the characteristic bands of NCw appeared in the spectra of NCIL-130. These spectra revealed that the EMIDCA and TGA ligands were both absorbed onto the NCIL-130 surface. Moreover, free sulfur atoms that were formed from the partial hydrolysis of TGA molecules were incorporated into the growing NCIL-130 because the positions of the XRD reflections (ESM Figure S-2) were between the values of the cubic CdTe and CdS phases (Gaponik et al., 2002).
3.2. Comparison of photoluminescence between NCw and NCIL
For clear comparison, the corresponding PL intensities and highest emission wavelength for NCw and NCIL-130 are plotted against the reaction time in Fig. 3, where the plots for NCIL-100 and NCIL-160 are also included. The PL intensity demonstrated the following order: NCIL-130 > NCw > NCIL-100 > NCIL-160. For NCIL-160, a decrease in the QY could be a result of residue TGA on the NC surface at high temperatures of 160 °C, along with loss of the stabilizing effect of TGA. Meanwhile, high temperatures would favor the displacement of Te defects by the sulfur atoms from TGA. These temperature effects on NC surface properties would together suggest an optimal reaction temperature of 130 °C. In addition to the reaction temperature and time, the reaction medium affected activation on the NC surface. Here, the PL intensity of the NCw was higher than that of the NCIL-100. Compared to water, EMIDCA solvent, which IL property provides hydrophobic regions, a highly directional polarizability, and extended hydrogen-bond systems (Antonietti et al., 2004), would easily dissolve or “encage” the TGA molecules and then increased the activation energy required for TGA to approach to the IL-dispersed NCIL-100 and inhibited the stabilizing effect of TGA.

Comparing the dashed lines in ESM S-2, the λem demonstrated the following order: NCw > NCIL-160 ≈ NCIL-130 > NCIL-100. Typically, the emission maximum is shifted to longer wavelengths with increasing particle diameter. Increasing the reaction temperature to 130 °C or above (160 °C) conquered the energy barrier of nucleation and increased the particle size. Because the low surface tension of IL resulted in high nucleation rates, the particles that grew from the nuclei in IL could be smaller than those in water, where the particle growth via Ostwald ripening at the later stage of NC formation was generally larger (Rogach et al., 2007). From the TEM images, we observed an average particle diameter of 5.2 ± 1.8 nm for NCw and 4.0 ± 0.6 nm for NCIL-130 (ESM S-3). These size distributions indicated that the IL solvent used was more like a monodispersed medium for the NCs formation than was water solvent.

3.3. PL quenching of NCw and NCIL-130 by Hg(II)

Before quenching the NCw and NCIL-130 with metal ions, the optimum buffer condition (50 mM at pH 7.5) was selected among a series of phosphate buffers (10-90 mM at pH 4-10) as it exhibited the highest PL intensity. As shown in Fig. 4, the relative PL intensity, P/P0 x 100%, where P and P0 are the PL intensities of the NCs (NCw at 540 nm; NCIL-130 at 450 nm) in the presence and absence of metal ions (30 μM) in the optimum buffer, respectively, was correlated with the types of metal ions and NCs used. In addition to Mn2+, Zn2+, and Cd2+, some common physiological ions, including Na+, K+, Mg2+, and Ca2+, did not result in any changes in either the PL of the NCw or the NCIL-130. There was no quenching interaction between the ions and the NCs. However, other metal ions, such as Pb2+, Fe3+, Co2+, Ni2+, Ag+, Cu2+, and Hg2+, displayed the obvious quenching effect on the NCw. Compared with the NCw, the quenching effect of the same ions, except Hg2+, on the NCIL-130 was greatly reduced. Xia and Zhu reported that the electron transfer process between the capping ligands and Hg2+ was mainly responsible for the quenching effect of Hg2+ on the TGA-capped CdTe QDs coated by denatured bovine serum albumin, which prevented other metal ions, such as Ag+ and Cu2+, from accessing the QD core (Xia and Zhu, 2008). In addition to TGA ligands, the ionic liquid molecule EMIDCA was absorbed onto the NCIL-130 surface and hindered metal ions, including Hg2+, from further binding on the NCIL-130 surface. In comparison with the NCw, the hindrance of metal ion binding increased the selectivity of Hg2+ detection with the NCIL-130 in the presence of interfering ions, although the hindrance decreased the quenching effect of Hg2+ from 99.9% quenching efficiency, (1–P/P0) x 100%, to 84% and led to an unfavorable detection limit.

As expected for the Hg2+ detection system, in which the Hg2+ quencher is immobilized on the QD surfaces, a simple dynamic mode is not adequate for the quenching mechanism, and the Stern–Volmer plots for both the NCw and NCIL-130 are clearly non-linear, as shown in Fig. 5. The deviation from linearity is frequently attributed to a combination of static and dynamic quenching and could be well corrected by a modified Stern–Volmer plot, i.e., the Perrin model (Chen et al., 2006; Ruedas-Rama and Hall, 2009):

P0/P = Ksv[Quencher] + 1 (Stern–Volmer model)

ln (P0/P) = Ksv[Quencher] + Constant (Perrin model)

The linearity and linear range of calibration curves shown in Fig. 5 were (0.9968, 3.33-667 nM) and (0.9960, 0.23-53 M) for the NCw and NCIL-130, respectively, according to the Perrin relationship. The standard deviations for ten replicate measurements of 3.33 nM and 0.23 M Hg2+ solutions were 3.1% and 0.48% for the NCw and NCIL-130, respectively. Table 1 shows that the highest concentrations of the interfering ions tested within three standard deviation limits for the detection of 3.33 nM Hg2+ with the NCw were lower than those for the detection of 0.23 M Hg2+ with the NCIL-130. To test the detection of Hg2+ under mimicking physiological conditions, the deviation of the PL intensities of the NCw and NCIL-130 with spiked 3.33 nM and 0.23 M Hg2+ in the BSA or FBS media from P0,Hg, which was the PL intensity with spiked Hg2+ but without the addition of BSA and FBS in the phosphate buffer, was monitored over time and is shown in ESM Figure S-4. The recoveries of Hg2+ in the BSA and FBS media by the NCIL-130 were closer to the ideal value of 100% (99% and 96%) and remained more constant over time than the NCw. The preservation of the original synthetic products of NCw and NCIL-130 in a 4 °C dark environment was also monitored over several days after their syntheses were completed. As shown in ESM Figure S-5, the NCIL-130 product could be preserved for more than 3 months within 5% deviation of PL intensity from the measurement on the first day, but the preservation of the NCw product was suggested for only 35 days. In brief, with the exception of its higher detection limit, using NCIL-130 as an Hg2+ nanosensor was superior to NCw with respect to the selectivity and stability for the detection of Hg2+.

4. Conclusions

In summary, using EMIDCA as a monodispersed medium for the synthesis of highly fluorescent CdTe NCs benefitted from its ionic liquid and hydrophilic properties, which favor the direct accessibility of the NCs to aqueous matrices without further extraction by ligand exchange. In comparison with the CdTe NCs synthesized with the TGA-capping ligand in water at 100 °C, the NCs synthesized with the same capping ligand in the EMIDCA solution at 130 °C presented a short λem, high QY, small particle size and distribution, high tolerance of the interfering ions coexisting with the Hg2+ analyte, high recovery of spiked Hg2+ in the BSA or FBS medium, and high stability of fluorescence quenching signals of Hg2+ between trials and days. However, a reaction temperature of 130 °C was critical for the synthesis in EMIDCA, where a higher (160 °C) or lower (100 °C) temperature significantly deteriorated the luminescence quality. 
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Figure captions and legends
Fig. 1 Emission spectra of (a) NCw (λex = 315 nm) and (b) NCIL-130 (λex = 385 nm) prepared over different heating times. The absorption spectra of NCs prepared at the heating time of 8.0 hours are shown in the dashed curves.
Fig. 2 Emission spectra of CdTe NCs prepared in EMIDCA without TGA added at different initial heating times (λex = 330 nm). The emission spectra of CdTe NCs prepared with the addition of TGA to the EMIDCA solution following the first 3.5 hr heating time are shown in dashed curves at different second heating times (λex = 385 nm).
Fig. 3 The photoluminescence intensity (solid curve) and peak position (dashed curve) of NCw (∆), NCIL-100 (○), NCIL-130 (□), and NCIL-160 (◊) after different heating times.

Fig. 4 Effect of different metal cations on the relative PL intensity of NCw and NCIL-130. The relative PL intensity is defined as P/P0 x 100%, where P and P0 are the PL intensities of NCs (NCw at 540 nm; NCIL-130 at 450 nm) in the presence and absence of metal ions (30 μM) in the phosphate buffer (pH 7.5, 50 mM).

Fig. 5 Emission spectra of NCw and NCIL-130 before and after the addition of various concentrations of Hg2+ in the phosphate buffer (pH 7.5, 50 mM). The respective emission intensities of NCw (∆) and NCIL-130 (□) are plotted versus the Hg2+ concentrations according to the Stern–Volmer and Perrin models.
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