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Chiral CdSe Nanoplatelets as an Ultrasensitive Probe for Lead Ion Sensing

As opposed to traditional photoluminescence and ultra-violet based optical sensing, we present here a sensing system based on resolved optically active polarization with promising applications. It is based on the of ultrathin CdSe nanoplatelets (NPLs) when modified with either L or D -cysteine molecules (L/D-cys) as bio-to-nano ligands. The chiral ligand transfers its chiroptical activity to the achiral nanoplatelets with an anisotropy factor ~10 -4 , which unlocks the chiral exitonic transitions and allows lead ions detection with a limit of detection (LOD) as low as 4.9 nM. Simulations and modelling based on timedependent density function theory (TD-DFT) reveal the chiral mechanism of L/D-cys capped CdSe NPLs. The presented CDbased sensing system illustrates an alternative possibility of using chiral CdSe NPLs as competitive chiral sensors for heavy metal ion detection.

Introduction

Colloidal semiconductor nanoparticles (NPs) with chirality have attracted tremendous interest due to their unique electronic and optical properties, which open the floodgate for novel sensitive chiroptical platforms as compared to their pristine achiral counterparts. [1][2][3][4] Generally, the induction of chirality in semiconductor NPs can be classified as: (i) NPs with intrinsically chiral dislocations and defects, [5][6][7][8] (ii) chiral surfaces formed by the chiral ligands or chiral interactions between chiral ligands and achiral semiconductor core, [9][10][11][12] and (iii) chiral assemblies consisting in achiral nanocrystals. [13][14][15][16][17][18] For instance, G. Markovich's group has accomplished enantioselective synthesis of intrinsically chiral mercury sulfide NPs. [8] More recently, N. A. Kotov et al., 19 reported the preparation of chiral tungsten oxide hydrate NPs with chirality transferred from the chiral ligands proline (Pro) and aspartic acid (Asp) to the tungsten oxide NPs via bio-to-nano chirality transfer. Such NPs can facilitate the formation of peptide bonds, leading to Asp-Asp and Asp-Pro dipeptides. Moreover, M. Liu and his colleague reported the synthesis of chiral assembled perovskite nanostructures through a supramolecular self-assembly approach and the perovskite NPs with circularly polarized luminescence (CPL) were successfully endowed. However, semiconductor NPs with intrinsic chirality or assembled chiral geometries often suffer from chemical laborious procedures or sophisticated fabrication processes, leading to large scale, high cost and timeconsuming production. Currently, the most universal method is the chirality transfer which is based on the electronic interactions between chiral molecules and the achiral semiconductor core. As a result, the intriguing circular dichroism (CD) peaks occur in the vicinity of the absorption bands of the colloidal NPs. 21 Recently, chiral ligand capped semiconductor nanodots, [22][23][24][25] nanorods 10,26 and NPLs [27][28][29][30] as well as their core-shell nanostructures have been extensively studied. Like in the case of metallic plasmonic NPs such as Au or Ag, the strong coupling between chiral ligand and achiral semiconductor can induce subsequent chirality transfer from molecules to semiconductor core with an anisotropic factor close to 10 -4 . 2,4,[31][32][33] Such an emerging property can easily be tuned by a simple control of the size, composition and shapes of the semiconductor NPs. Therefore, it could provide great potential for applications in chiral catalysis, 19,34 stereoselective synthesis, 8,35 and more importantly, in chiral sensing. [36][37][38][39][40] Heavy metal ions spread over in water sources do significantly affect human health and global environments. It is necessary to develop reliable and low-cost methods with high sensitivity for their detection as well as remediation. The most utilized approach for heavy metal ions detection up-to-now has been fluorescence-based color probe, during which semiconductor NPs would undergo emission quenching with the introduction of heavy metal ions. [41][42][43][44][45][46][47] These ions exfoliate capping ligands around the semiconductor NPs interact with their surface and generate a photoluminescence "on-off "sensing detectable by a colorimetric method. However, such a fluorescence detection strategy suffers from limitations such as the lack of specificity of the fluorescent carrier materials and their relatively low sensitivity in water. However, using the emerging chirality in semiconductor NPs induced by capping ligands could be a suitable alternative for a fast and accurate heavy metal ion sensing thanks to the follow-up of the chiral response of the NPs while interacting with the targeted ions. The detection limits and sensitivity are then sensed via CD spectra since CD signals are quenched with increasing metal ions concentration. In addition, compared to conventional CdSe quantum dots or quantum rods, 2D CdSe NPLs with few layers exhibit unique absorption and emission properties, including extremely narrow and separated absorption peaks resulting from heavy and light hole excitations. Herein, we synthesized cysteine-capped four layers CdSe NPLs via proper ligand exchange reaction between oleate anion and chiral cysteine molecules. The chirality transfer was monitored via electronic CD measurements and the chiral genesis was investigated through theoretical modelling based on the density functional theory (DFT). Finally, the as-synthesized chiral CdSe NPLs were applied as a chiral probe to detect lead ion, and it shows high sensitivity with a LOD close to 4.9 nM. The strong interaction between the thiol groups and lead ions results in a high selectivity for chiral sensing among seven kinds of metal ions. The linear relationship between the CD intensity, the gfactor and the ion concentrations demonstrates an ultrasensitive lead ion detection based on such a system. These results facilitate scalable chiroptical semiconductor nanostructures toward potential applications in chiral sensing, chiral separations and design of chiral devices.

Results and discussion

First, the zinc-blende (ZB) CdSe two-dimension (2D) NPLs were synthesized directly from cadmium myristate, during which oleic acid (OA) was used as the capping agent to avoid aggregation. The CdSe NPLs with few atomic layers were prepared undergoing precursor self-assembling followed with successive purification processes (Fig. 1). The transmission electron microscope (TEM) image (Fig. 1b) presents the 2D morphology of NPLs with an average size of 5.1±1.4 nm in width and 25.1±2.7 nm in length, (Fig. S1). Fig. 1c shows the highresolution TEM image, where the 3.23 Å lattice spacing corresponds to the (111) adjacent plane for ZB crystal structure can be clearly seen. The powder X-ray diffraction (XRD) patterns also indicate that the CdSe NPLs are in ZB phase. Fig. 1d shows the sharp reflection at 2θ = 25 o , 42 o and 49 o , which can be assign to the (111), ( 220) and (311) planes of ZB phase, respectively. The results are consistent with previous reports, which demonstrate the appropriate growth CdSe NPLs. The most intriguing properties for 2D NPLs could be attributed to their unique optical response. The absorption spectrum of CdSe NPLs capped with OA (Fig. 2d) exhibits two sharp excitonic peaks located in 484 and 513 nm. These two excitonic transitions are induced by different recombination, namely the light hole-electron for the higher energy, and the heavy holeelectron one for the lower energy absorption. The full widths at half maximum (FWHM) are 14 and 9 nm for light and heavy hole bands, respectively. The extremely narrow peaks are attributed to the strong quantum confinement effect in ultrathin 2D nanostructures. The observed absorption peaks indicate the thickness of NPLs herein is around four monolayers according to previous studies. 27,49 After the preparation and characterization of OA-capped NPLs, the subsequent ligand exchange reaction was performed using either the L-or D-form of the chiral cysteine (Fig. S2). Due to the thiol groups in cysteine molecules, a strong Cd-S bond is formed Please do not adjust margins Please do not adjust margins and replaces the pre-existing interaction of the CdSe surface with OA molecules (Fig. 2a-2c). After the ligand exchange, a redshift in the absorption spectrum for both light and heavy holeelectron transitions is observed to 498 and 528 nm respectively. The red-shift originates from the partial delocalization of the carrier wave function from the NPLs to the ligands. 27 Besides, the evident broadening of the two excitonic peaks demonstrates the change of ligand density, as well as the dipole-dipole coupling after ligand exchange and the new aqueous dispersion. Electronic CD measurements were then performed to investigate the chiroptical response of the cysteine functionalized CdSe NPLs. Indeed, bipinnate appearance of CD signals with multiple peaks arises in the vicinity of the exciton absorption of the NPLs, and a nearly mirrored CD line-shape is recorded when L-and D-cys are used as surface ligands respectively (Fig. 2e, black and red lines). Whereas in contrast, when achiral ligand (OA) or equal amount of each enantiomer of cysteine (enantiomer excess, ee =0) is used, the CD observations exhibit weak or even silent responses (pink and blue lines). All these results indicate that the induced chiroptical properties are mainly attributed to the chirality transfer from the chiral surface ligand to the achiral semiconductor core. Specifically, at the band-edge position close to 520 nm, the obtained CD shows the strongest value of the signal with an anisotropy factor close to 3×10 -4 , which is in good agreement with previous studies. 6,10 To clarify the CD line shape and the chirality transfer mechanisms in these NPLs nanostructures, simulations about the molecular structure and orbital wave function in hybrid systems based on TD-DFT method were performed. The ground state geometries of L-cys and D-cys capped CdSe nanoclusters are shown in Fig. S3. Fig. 3a and 3b illustrate the optimized ground state geometries of L-cys and D-cys capped CdSe nanoclusters, which were utilized as the prototypes with much smaller size than in reality. All the calculations were conducted in red hat linux system. We applied four ligands to incorporate to the bare CdSe nanocluster with ZB crystal structure. For the chiral activity transfer mechanism, the surface chiral ligand would hybridize with the electronic state of achiral inorganic nanoparticle core (the excitonic band in this system), leading to the strong wave function overlap in orbital coupling. The calculated frontier molecular orbitals hybridized in the lowest unoccupied molecular orbitals (LUMO) and highest occupied molecular orbitals (HOMO) for L-cys capped CdSe nanocluster are shown in Fig. 3c Please do not adjust margins Please do not adjust margins organic ligand capped complexes. In contrast, the LUMO exhibits missing overlaps of the wave function of nanocluster and chiral ligands. Fig. S4 shows similar electronic state coupling tendency for the HOMO-1 to HOMO-3 and LUMO+1 to LUMO+3. These observations are consistent with previous simulation results for CdSe quantum dots and quantum rods. 10,25 Therefore, the intrinsic chirality of bare nanoclusters were ruled out. The induction of chirality onto the achiral CdSe nanocluster could then be ascribed to the orbital coupling effect. Based on the discussions above, it is noted that the chirality of NPLs is due to the introduction of chiral ligand. The affinity of lead for sulfur is such, that once the external lead ions are introduced, the Pb-S bonding forms reducing the amount of chiral cysteine linked to the CdSe NPLs surface and inducing a quenching of the CD signal. The higher concentration of lead ions then results in a larger chiral signal quenching through weakening the electron state interaction between cysteine and CdSe NPLs. This provides a possible prerequisite for construction of highly sensitive heavy metal ion sensing. In this work, we utilized the lead (II) phosphate, Pb3(PO4)2, as the lead source for detection. All the aqueous analyte samples were adjusted into pH = 10 environment. Fig. 4a exhibits the CD peak response after adding various concentrations of lead ions. Their chiroptical activity showed significant decrease with increasing lead ion concentrations. The CD intensity around 520 nm in L-cys capped CdSe NPLs decreased from 20 mdeg to less than 1 mdeg under lead ions concentration between 0.01 to 1 μM. Similarly, the D-cys capped NPLs shows a signal decrease from 27 mdeg to less than 1 mdeg with the same ion concentration procedures. The UV-vis. absorption spectra in the meantime only exhibit a slight variation of the absorption intensity with the same ion concentration inductions (Fig. 4b). Fig. 4c reveals that chiral NPLs exhibit a clear linear relationship of CD intensity response at 520 nm versus logarithmic lead ion concentration in the range of 0.01 to 1 μM, with correlation coefficients of 0.998 and 0.994for L-and D-cys capped NPLs, respectively. The LOD for lead ion sensing is determined to be 4.9 ± 0.3 nM, from the straight line obtained in Fig. 4c.

To probe the specificity of the lead ion detection, we prepared a large enough quantity of NPLs starting material in one single batch to be able to also test six other metal ions at a 0.1 μM concentration for a comparison purpose. As shown in Fig. 4d, compared to the control sample (CD intensity at around 520 nm (L-cys capped NPLs) 33 mdeg), the addition of Ca 2+ , Mg 2+ , Fe 3+ , Fe 2+ resulted in the decrease of CD intensity in different extents in a range less than 15% of the control. The L-cys capped NPLs solutions seemed to be a bit more sensitive to the addition of Cu 2+ and Zn 2+ with respective decreases of 18 and 25% of CD signals compared to ion free control sample. Remarkably, among all the ions, the lead ions lead to the strongest CD signal quenching (58%), of intensity of control sample. A summary of the relationship between CD intensity versus ions concentrations for the seven kinds of metal ions are shown in Fig. 5. The expected linear relation significant of an effective sensing ability is present only in the case of lead ions detection. The slopes of fitted curves are summarized in Table S1. These evaluations indicate that the CdSe NPLs capped with chiral ligand are appropriate only for lead ions detection with both specificity and selectivity. As summarized in Table 1, our chiral detected performance was comparable (or even better) to the conventional optical heavy or not metal ions sensor based on photoluminescence methods. The CdSe NPLs could not be used for detecting lead ions through photoluminescence methods due to the non-luminous behavior after ligand exchange. However, the ion detection process could be realized through CD spectrum detection. Our work then provides a new and simple strategy for these non-luminous semiconductors in the field of heavy metal ion detection. 

CONCLUSIONS

In summary, ultrathin CdSe NPLs with four monolayers were prepared in this work. The ligand exchange treatment was conducted to achieve the aqueous cysteine capped NPLs. The chiral ligand has induced the chiroptical activity unlocking the exitonic transition peaks of CdSe NPLs. Moreover, we have discussed the chiral signal originated from ligand transfer mechanism according to orbital coupling simulation based on TD-DFT calculation. Taking advantage of this mechanism, highly sensitive chiroptical sensing for lead ions detection with high selectivity was demonstrated. These results revealed that such chiral super-nanostructures may serve as a versatile platform for heavy metal ions detection in waste water process. 

Conclusions

In conclusion, optical characteristics of CdSe/CdS/ZnS QDs were investigated through a comprehensive steady-state spectroscopic study. By analyzing the influence of ZnS shell on CdSe/CdS QDs, photostable and temperature-insensitive QDs have been obtained. Thanks to the improved optical properties of QDs, laser action is successfully obtained based on whispering gallery mode (WGM) at room temperature by using QDs as optical gain media. Furthermore, lasing at higher temperatures up to 312.6 K was demonstrated, which results from the superior photostability of the samples. Our result shows that CdSe/CdS/ZnS QDs have great potential as a laser material for better temperature stability and higher temperature operation. CdTe-TGA QDs Pb 2.0×10 -6 -1.0×10 -4 2.7×10 -7 [46] Graphene oxide Pb, K, Cu etc. 5.0×10 -9 -3.0×10 -7 3.0×10 -9 [51] CdZnSe-GSH QDs Pb, Zn, Co etc. 5.0×10 -9 -2.0×10 -5 2.7×10 -7 [47] CdSe-DAB QDs Cd, Pb, Mg etc. 1.0×10 -5 -1.5×10 -4 6.0×10 -5 [45] CdSe/CdS-XO QDs Pb, Cu etc. 5.0×10 -8 -6.0×10 -6 2.2×10 -8 [44] CdTe-TGA QDs Pb, Zn, Co etc. 2.0×10 -8 -3.6×10 -6 8.0×10 -8 [43] GSH-Mn-ZnS QDs Pb, Na, Cd etc. 4.8×10 -9 -4.8×10 -7 2.2×10 -9 [42] MPA-Mn-ZnS QDs Pb, Mg, Zn etc. 4.0×10 -8 -6.0×10 -6 3.7×10 -8 [41] CdSe-Cys NPLs Pb, Fe, Cu etc. 1.0×10 -8 -1.0×10 -6 4.9×10 -9 This work *TGA: Thioglycolic acid; GSH: Glutathione; DAB: Diaminobutane-based poly(propyleneimine) dendrimers; XO: Xylenol orange; MPA: Mercaptopropionic acid; Cys: Cysteine.

EXPERIMENTAL SECTION

Materials: Cadmium nitrate tetrahydrate (Cd(NO3)2 • 4H2O, 99.997%), cadmium acetate dihydrate (Cd(Ac)2•2H2O, 98.0%), oleic acid (OA, 90%), tetramethylammonium hydroxide pentahydrate (TMAH, ≥ 97%) were purchased from Sigma-Aldrich. L-cysteine hydrochloride monohydrate (99%), Dcysteine hydrochloride monohydrate (98%), and selenium powder (Se, ≥ 99.999%) were purchased from aladdin. 1octadecene (ODE, 90%) and sodium myristate (98 %) were purchased from J & K. Pure water was purchased from Wahaha, China. All chemicals were used as received without further purification.

Preparation of Cadmium Myristate: Cadmium myristate was prepared according to the recipe given in the literature. For a typical synthesis, 1.23 g of Cd(NO3)2•4H2O was dissolved in 40 mL of methanol and 3.13 g of sodium myristate was dissolved in 250 mL of methanol. After complete dissolution of Cd(NO3)2•4H2O and sodium myristate powders, solutions were mixed and stirred vigorously around 1 h. Then, the cadmium myristate (Cd(myristate)2) powders were precipitated by centrifugation. and re-dispersed in methanol. The washing step with methanol was performed at least three times to remove any unreacted and/or excess precursors. After successive washing steps, the precipitated part was completely dried under vacuum overnight. Synthesis of the CdSe Core NPLs: CdSe nanoplatelets (NPLs) having four monolayers (4 MLs) were prepared according to the procedure described in the literature with little modifications. 52 For a typical synthesis, 0.17 g (0.3 mmol) of Cd(myristate)2, 0.012 g (0.15 mmol) of Se and 15 mL of ODE were introduced into a three-neck flask. The solution was degassed at 100 °C for an hour under vacuum. After degassing step, the solution was heated to 240 °C under argon atmosphere. 0.055 g (0.2 mmol) of Cd(Ac)2•2H2O was swiftly added to the reaction solution. After 10 min growth at 240 °C, 1 mL of OA was injected, and the temperature of the solution was decreased to room temperature. The cadmium precursor injection temperature and the growth time were found to be important for the resulting shape and size of CdSe core NPLs. The resulting 4 ML CdSe NPLs are separated from other reaction products with successive purification steps. First, the resulting mixture is centrifuged at 14,500 rpm for 10 min, and the supernatant is removed from the centrifuge tube. The precipitate is dried under nitrogen, re-dispersed in hexane, and centrifuged again at 4,500 rpm for 5 min. In the second step, the supernatant is separated into another centrifuge tube, and 30% ethanol is added into the supernatant solution. In the last step, after the turbid solution is centrifuged at 4,500 rpm for 5 min, the precipitate is dissolved in hexane and filtered with a 0.20 μm filter. Ligand Exchange of the CdSe NPLs with Chiral Cysteine Molecules: The L-and D-cysteine ligand exchange was carried out using a previously reported method. 10,27 D-or L-cysteine hydrochloride monohydrate (0.2 M) was dissolved in DI water. The pH of solution was adjusted to 12 by TMAH to form the cysteine solution. 2 mL hexane solution containing CdSe NPLs was added into 2 ml of cysteine solution. The mixture was stirred at room temperature for 24 h. The reaction mixture was left to stand for 1 h to allow the phases to separate. The bottom aqueous layer was removed with a syringe, and the Cys-CdSe NPLs were purified by precipitation with ethanol/DI water (4:1, two times). The purified Cys-NPLs were re-dispersed in DI H2O and stored at room temperature in the dark (O.D.=0.26 for 2 mm optical length after ligand exchange).

Structural and Optical Characterization:

The UV/vis absorption measurements were performed using a TU-1901 double-beam UV/vis spectrophotometer (Beijing Purkine General Instrument Co. Ltd., China), and the emission spectra were recorded on a fluoroSENS spectrophotometer (Gilden Photonics).

Please do not adjust margins Please do not adjust margins CD measurements: The measurements were conducted on a JASCO J-1500 CD spectrometer at a scan rate of 20 nm/min. All CD experiments were carried out in Milli-Q water with a quartz cuvette (1 cm path length, Hellma). TEM images were collected using a Tecnai F30 microscope working at 300 kV. Powder X-ray diffraction (XRD) was carried out by a Rigaku Smartlab system. All the samples were at concentrations leading to peak absorbance of 1.15 O.D.. Calculation of g-Factor: In designing chiral nanoparticles for application, the anisotropy or g-factor is a key parameter to determine the optical activity due to its readily availability by comparing CD spectrum with absorption spectrum. The equation is as follows: g = ɵ /3.298 × 10 4 × A, where ɵ is the vertical coordinate of CD spectrum, and A is the value in the absorption spectrum at the same concentration used to measure the CD spectrum. Simulation method: Gaussian 09 software is used for all chemical calculations. Ground state geometries were optimized at the DFT. UV and CD spectra were calculated with TD-DFT. B3LYP and LanL2DZ basis sets were used for all the elements in the calculations. The small CdSe clusters usually are in the form of a tetrahedron; herein, we constructed a tetrahedron-like Cd4Se9 cluster to mimic the interactions between the chiral light and the nanoplatelets. We take the charge states of Cd and Se as 2 + and 2 -. All the geometries optimized with the lowest energy were convergence to make sure available model. [53][54][55][56][57][58][59] 
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Fig. 1 .

 1 Fig. 1. (a) Schematic of ligand capping of CdSe NPLs with oleic acid. (b) TEM and (c) HRTEM image of OA capped CdSe NPLs. (d) XRD spe ctra of CdSe NPLs.

Fig. 2 .

 2 Fig. 2. (a-c) Ligand exchange process for phase transformation from oil to water with cysteine ligand replacement. (d) UV -Vis. absorption spectra of CdSe NPLs before and after ligand exchange. (e) Chirality performance using electronic CD measurements for OA, L-and D-cys as well as L+D (ee = 0) mixed capped NPLs.
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 2 and 3d. The HOMO showing strong wave function overlaps between ZB CdSe nanocluster and thiol group in chiral ligand could be clearly observed. The results demonstrate the delocalized orbitals in CdSe and cysteine in the This journal is © The Royal Society of Chemistry 20xx

Fig 3 .

 3 Fig 3. (a) L-(b) D-cys capped CdSe nanocluster with optimized geometries. (c) Calculated frontier molecular orbitals of LUMO and (d) HOMO for L-cys capped CdSe nanocluster.

Fig. 4 .

 4 Fig. 4. (a) CD and (b) absorption measurements for lead ions detection ranging from 0.01 to 1 μM, both for L-and D-cys capped NPLs. (c) linear relationship between chiral signal at 520 nm and various lead ion concentrations. (d) Examination of the highly selectivity of CdSe NPLs chiral se nsor with seven kinds metal ion target analytes, the concentrations of all metal ions are settled in 0.1 μM. Statistics were performed on at least 5 times for the control at an OD of 1.2 and 3 times for each io n.

Fig. 5 .

 5 Fig. 5. Relationship between CD intensity and ion concentrations for the seven kinds of metal ions.

Table 1 .

 1 Lead ions limit of detection (LOD) and linear range.

	Sensing system	Detected metal ions	Range(M) (Pb)	LOD(M) (Pb)	Ref.
	Au nanoparticles	Pb, Fe, Mn etc.	1.0×10 -7 -1.0×10 -5	1.0×10 -7	[50]
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