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Ligand-induced chirality in asymmetric CdSe/CdS core-shell nanocrystals (NCs) has been extensively applied in chiral biosensors, regioselective syntheses and assemblies, circularly polarized luminescence (CPL) and chiroptic-based devices due to their excellent physiochemical properties, such as the tunable quantum confinement effects, surface functionality and chemical stability. Herein, we present CdSe/CdS NCs with various morphologies such as nanoflowers, tadpoles and dot/rods (DRs) with chirality induced by surface chiral ligands. The observed circular dichroism (CD) and CPL activities are closely associated with the geometrical characteristics of the nanostructures, such as the shell thickness and the aspect ratio of the CdSe/CdS NCs. Furthermore, in situ observations of the growth of tadpoles with a single tail indicate that the CD response is mainly attributed to the CdS shell, which has a maximum tail length of ~45 nm (approximately λ/10 of the incident light wavelength). On the other hand, the CPL activity is only related to the CdSe core, and the activity benefits from a thin CdS shell with a relatively high photoluminescence quantum yield (QY). Further theoretical models demonstrated the aspect-ratiodependent g-factor and QY variation in these asymmetric nanostructures. These findings provide insights into not only the asymmetric synthesis of CdSe/CdS NCs, but also the rational design of CdSe/CdS nanostructures with tunable CD and CPL activities.

Since the first synthesis of core-shell CdSe/CdS quantum dots (QDs) with featured photoluminescence (PL) properties, many efforts have been made to explore the diversity of shapecontrolled CdSe/CdS QDs using different synthetic approaches, cadmium sources, capping ligands, solvents etc. Indeed, a variety of morphologies such as spheres, [START_REF] Chen | Compact High-Quality CdSe-CdS Core-Shell Sanocrystals with Narrow Emission Linewidths and suppressed Blinking[END_REF] rods, [START_REF] Carbone | Synthesis and Micrometer-Scale Assembly of Colloidal CdSe/CdS Nanorods Prepared by a Seeded Growth Approach[END_REF] plates, [START_REF] Gao | Distinct Excitonic Circular Dichroism between Wurtzite and Zincblende CdSe Nanoplatelets[END_REF] and tetrapods, [START_REF] Talapin | Seeded Growth of Highly Luminescent CdSe/CdS Nanoheterostructures with Rod and Tetrapod Morphologies[END_REF] have been fabricated so far with fine systematic control over the synthesis process. However, the demand from scientists to fundamentally extend the range of shape-controlled synthesis methods and to develop unique physicochemical properties for material designs has had considerable growth concerning to the great potential of these quantum materials in the areas of nanoscience, bionanotechnology and optoelectronics. [START_REF] Jun | Shape Control of Semiconductor and Metal Oxide Nanocrystals through Nonhydrolytic Colloidal Routes[END_REF][START_REF] Algar | Semiconductor Quantum Dots in Bioanalysis: Crossing the Valley of Death[END_REF][START_REF] Waiskopf | Photocatalytic Reactive Oxygen Species Formation by Semiconductor-Metal Hybrid Nanoparticles. Toward Light-Induced Modulation of Biological Processes[END_REF][START_REF] Dai | Solution-Processed, High-Performance Light-Emitting Diodes Based on Quantum Dots[END_REF][START_REF] Meinardi | Large-Area Luminescent Solar Concentrators Based on 'Stokes-Shift-Engineered' Nanocrystals in a Mass-Polymerized PMMA Matrix[END_REF][START_REF] Panfil | Colloidal Quantum Nanostructures: Emerging Materials for Display Applications[END_REF][START_REF] Pavlopoulos | Quasi-Type II Modulation in CdSe@CdS Tetrapods: Ramifications for Noble Metal Tipping[END_REF][START_REF] Mishra | Unusual Selectivity of Metal Deposition on Tapered Semiconductor Nanostructures[END_REF][START_REF] Sun | Site-Selective Photoinduced Cleavage and Profiling of DNA by Chiral Semiconductor Nanoparticles[END_REF][START_REF] Li | Single-and Multi-Component Chiral Supraparticles as Modular Enantioselective Catalysts[END_REF] On the other hand, ligand-induced chirality in nanostructures such as metal nanocrystals (NCs) and clusters, [START_REF] Cheng | Optically Active Plasmonic Resonance in Self-Assembled Nanostructures[END_REF][START_REF] Ben-Moshe | Chirality and Chiroptical Effects in Inorganic Nanocrystal Systems with Plasmon and Exciton Resonances[END_REF][START_REF] Wang | Circular Dichroism Studies on Plasmonic Nanostructures[END_REF][START_REF] Noguez | Optically Active Metal Nanoparticles[END_REF][START_REF] Guerrero-Martínez | From Individual to Collective Chirality in Metal Nanoparticles[END_REF] QDs, [START_REF] Gao | Excitonic Circular Dichroism of Chiral Quantum Rods[END_REF][START_REF] Tohgha | Ligand Induced Circular Dichroism and Circularly Polarized Luminescence in CdSe Quantum Dots[END_REF][START_REF] Cheng | Optically Active CdSe-Dot/CdS-Rod Nanocrystals with Induced Chirality and Circularly Polarized Luminescence[END_REF][START_REF] Elliott | Chiral Shells and Achiral Cores in CdS Quantum Dots[END_REF] carbon-based materials [START_REF] Li | Highly Fluorescent Chiral N-S-Doped Carbon Dots from Cysteine: Affecting Cellular Energy Metabolism[END_REF][25][START_REF] Ðorđević | Design Principles of Chiral Carbon Nanodots Help Convey Chirality from Molecular to Nanoscale Level[END_REF] and semiconductors [START_REF] Cleary | Chiral and Luminescent TiO2 Nanoparticles[END_REF][START_REF] Jiang | Chiral Ceramic Nanoparticles and Peptide Catalysis[END_REF][START_REF] Dong | Chiral Perovskites: Promising Materials toward Next-Generation Optoelectronics[END_REF][START_REF] Long | Chiral-Perovskite Optoelectronics[END_REF][START_REF] Yeom | Chiromagnetic Nanoparticles and Gels[END_REF][START_REF] Li | Tunable Chiroptical Properties from the Plasmonic Band to Metal-Ligand Charge Transfer Band of Cysteine-Capped Molybdenum Oxide Nanoparticles[END_REF][START_REF] Hao | Chiral Semiconductor Nanoparticles for Protein Catalysis and Profiling[END_REF] has revolutionized the concept of basic light-matter interactions into a chiroptics realm where more sophisticated phenomena such as circular dichroism (CD) and circularly polarized luminescence (CPL) are dominant. [START_REF] Zhao | Stereospecific Interactions between Chiral Inorganic Nanomaterials and Biological Systems[END_REF][START_REF] Ma | Chiral Inorganic Nanostructures[END_REF][START_REF] Naito | Circularly Polarized Luminescent CdS Quantum Dots Prepared in a Protein Nanocage[END_REF] With postsynthetic ligand exchanges, the optical chirality can be transferred to the NCs via ligand-metal interactions. This chirality is highly sensitive to the size, morphology and surface chemistry of the NCs, [START_REF] Yan | Self-Assembly of Chiral Nanoparticles into Semiconductor Helices with Tunable near-Infrared Optical Activity[END_REF][START_REF] Ji | Strain-Controlled Shell Morphology on Quantum Rods[END_REF][START_REF] Gallagher | Synthesis and Spectroscopic Studies of Chiral CdSe Quantum Dots[END_REF][START_REF] Varga | CdSe Quantum Dots Functionalized with Chiral, Thiol-Free Carboxylic Acids: Unraveling Structural Requirements for Ligand-Induced Chirality[END_REF][START_REF] Huo | Self-Assembled Luminescent Quantum Dots to Generate Full-Color and White Circularly Polarized Light[END_REF][START_REF] Martynenko | Excitation Energy Dependence of the Photoluminescence Quantum Yield of Core/Shell CdSe/CdS Quantum Dots and Correlation with Circular Dichroism[END_REF][START_REF] Choi | Chirality Inversion of CdSe and CdS Quantum Dots without Changing the Stereochemistry of the Capping Ligand[END_REF] indicating that ligand-induced chiroptical responses of the NCs can be involved from the benchtop synthesis stage, providing critical information about the shape evolution as well as the ligandparticle interactions during NC formation. [START_REF] Jiang | Emergence of Complexity in Hierarchically Organized Chiral Particles[END_REF][START_REF] Govorov | Theory of Circular Dichroism of Nanomaterials Comprising Chiral Molecules and Nanocrystals: Plasmon Enhancement, Dipole Interactions, and Dielectric Effects[END_REF] Herein, we present a facile method for the synthesis of CdSe/CdS NCs with various anisotropic shapes including nanoflowers, tadpoles with one to three tails, and dot/rods (DRs) that exhibit tunable absorption and luminescence properties, as illustrated in Figure 1. The induced chiroptical properties of these nanostructures are investigated through CD and CPL spectrometers to elucidate the geometric effects (such as the shell thickness and length-to-diameter ratio) on the ligand-induced chirality of CdSe/CdS-based NCs. Furthermore, in situ CD/CPL observations during the formation of chiral tadpoles are applied to reveal the growth mechanism as well as the tail length effect on the chiroptical responses of CdSe/CdS tadpoles. With these investigations, we hope to broaden the scope of CdSe/CdS-based synthesis methods to furnish products with various asymmetric morphologies and to gain new insights into the relationship between ligand-induced chirality at the molecular level and geometrical effects of QDs at the nanoscale.

RESULTS AND DISCUSSION

Synthesis of CdSe/CdS NCs with various anisotropic shapes

To obtain chiroptical properties, anisotropic CdSe/CdS NCs are first synthesized in the organic phase with different morphologies and then postsynthetically ligand-exchanged with L/D-cysteine to obtain L-or D-Cys-CdSe/CdS NCs in the aqueous phase, as indicated in the experimental section. Typically, the morphology of the CdSe/CdS NCs is finely tuned by shape-directing agents, as observed by transmission electron microscopy (TEM) in Figure 2 (a-f), in which the geometrical parameters for each nanostructure are measured for more than 100 NCs and summarized in Table S1. As a result, a variety of nanoshapes, including nanoflowers, tadpoles with one to three tails, named Tadpole-I, Tadpole-II and Tadpole-III hereafter, and DRs can be obtained at the nanometric scale by adjusting the amount and chemical nature of the ligands. Note that we use wurtzite CdSe (w-CdSe) as the core material, as shown in Figure 2 preferentially formed in all of the core-shell NCs, which is in agreement with the reference, which states that CdS prefers to grow in the wurtzite phase from w-CdSe seeds. [START_REF] Talapin | Seeded Growth of Highly Luminescent CdSe/CdS Nanoheterostructures with Rod and Tetrapod Morphologies[END_REF] Alivisatos [START_REF] Manna | Synthesis of Soluble and Processable Rod-, Arrow-, Teardrop-, and Tetrapod-Shaped CdSe Nanocrystals[END_REF] and Cheon 5 also showed that the surface energy of the NCs can be modulated by introducing surfactants that adsorb onto the different surfaces of the growing crystallites. As surfactants stabilize a given surface by "selective adhesion", the growth rate difference between the different crystallographic directions can be accentuated.

At low concentrations or in the absence of additional alkylphosphonic acid ligands (noctadecylphosphonic acid (ODPA) or n-hexylphosphonic acid (HPA)) (Figure 2 (a-c)), spherical NCs are more likely to form, which results in nanoflowers, Tadpole-III, and Tadpole-II shapes in our system. The formation of petals in CdSe/CdS nanoflowers (Figure 2a) may be due to the presence of ligands such as ODPA and HPA on the surface of the w-CdSe core, which played a certain anisotropic role, making it different from uniform spherical CdSe/CdS NCs, as reported in a previous study. [START_REF] Nan | Crystal Structure Control of Zinc-Blende CdSe/CdS Core/Shell Nanocrystals: Synthesis and Structure-Dependent Optical Properties[END_REF] Some similar work also showed that nanoflowers can be formed by assembling small building blocks such as ZnO monodispersed nanoflowers. [START_REF] Zhang | Nanoflowers with Single Crystal Structure Towards Enhanced Gas Sensing and Photocatalysis[END_REF] In addition, the ratio of ODPA and OA is also an important factor [START_REF] Balan | Unsaturated Ligands Seed an Order to Disorder Transition in Mixed Ligand Shells of CdSe/CdS Quantum Dots[END_REF] for the formation of different shapes because of the different growth kinetics [START_REF] Yang | Highly Luminescent CdSe/CdxZn1-xS Quantum Dots with Narrow Spectrum and Widely Tunable Wavelength[END_REF] of cadmium phosphate and cadmium carboxylate. Due to the relatively low proportion of ODPA in Tadpole-III and Tadpole-II, the role of highly reactive OA is still dominant, meaning that a large amount of CdS nuclei may quickly form and grow on the spherical CdSe core, and then ODPA plays a role in anisotropic tail growth. In contrary, with increasing the "selective adhesion" ligands (ODPA or HPA), Tadpole-I and DR shapes can be formed because the [100] and [110] surfaces are more favorable than the other surfaces for adhesion, leading to the growth of shells along the [001] direction to form long tail or rod-like shapes.

The corresponding UV-vis absorption and PL spectra of CdSe/CdS nanostructures and their PL emission peak positions together with their full-width at half-maximum (FWHMs) values are shown in Figure S1 and Table S1 before ligand exchange and in Figure 2 (g) and Table 1 after this same ligand exchange. Apparently, after the CdS shell growth, the absorption peak of the CdSe cores redshifted from 539 nm to 605, 606, 605, 606, 568 and 572 nm for the different morphologies (Table S1), along with an increase in the PL quantum yield (QY) from 1.5% to 49% simply because the CdS shell repairs the defects on the surface of CdSe cores (Table S1). To avoid redundancy, the shell thickness was selected as a variable in this study. As shown in Tables 1 andS1, the shell thickness of DR-1 is only 0.2 nm, which produces a small redshift (25 nm). In contrast, the shell thickness of Tadpole-I is 4.3 nm, which produces a large redshift (77 nm). The DR-2, Tadpole-II, and Tadpole-III shapes are all in agreement with the change rule of the PL redshift caused by the increase in shell thickness, but the case of nanoflowers is not completely consistent, which may be caused by the gaps between petals. The QY of different NCs gradually decreases as the shell layers increase (Figure S2 (a)) due to the defects and lattice mismatch of the shell, which is consistent with the literature as well. [START_REF] Nan | Crystal Structure Control of Zinc-Blende CdSe/CdS Core/Shell Nanocrystals: Synthesis and Structure-Dependent Optical Properties[END_REF][START_REF] Coropceanu | Slow-Injection Growth of Seeded CdSe/CdS Nanorods with Unity Fluorescence Quantum Yield and Complete Shell to Core Energy Transfer[END_REF] Moreover, as shown in Figure S2 (b) and Table S2, the FWHM value increases with increases in the standard deviation (SD) ratio, which indicates that a uniform size distribution is more likely to achieve a narrower FWHM. Additionally, after ligand exchange, the PL and UV spectra of the NCs have only a slight blueshift of 1-3 nm, as shown in Figure 2 (g) and Table 1, which indicates that the process of ligand exchange did not cause the aggregation or destruction of NCs. The crystalline structure of the synthesized CdSe/CdS core/shell Tadpole-I was then characterized by X-ray diffraction (XRD) measurements. As shown in Figure 2 (h), the XRD spectra and corresponding diffraction peaks of cores and tadpoles match well with w-CdSe (JCPDF No. 02-0330) and w-CdS (JCPDF No. 41-1049), respectively. The results demonstrate that as the shells grow thicker, the crystalline structures were changed from pure w-CdSe crystals to pure w-CdS, and the diffraction peaks, such as (100), (101) and (110), show a slight shift towards larger 2θ directions due to the smaller lattice plane spacing of CdS shells. 

Study of the ligand-induced chirality of CdSe/CdS NCs

Since the first observation of CD responses in CdS QDs capped with chiral molecules, [START_REF] Moloney | Chiral Highly Luminescent CdS Quantum Dots[END_REF] studies of chiral CdSe/CdS NCs with ligand-induced chirality have rapidly increased in the past decade, with a focus on the origin of chirogenesis, CPL and biological applications. However, as shown in Table S3 (details are shown in Supplementary Information), the current CD and CPL studies for chiral cadmium-based NCs induced by small chiral ligands are still incomplete, with accessibility issues with CPL instruments and insufficient theoretical/experimental support for understanding the chirality induction mechanism. Therefore, although the underlying mechanism is still unclear, in this work, we focus on the study of CdSe/CdS NCs with different morphologies to tentatively reveal the change trends in the CD and CPL, as shown below.

After proper ligand exchange, electronic CD measurements were then employed to study the chiroptical properties of the cysteine-functionalized CdSe/CdS NCs. In the vicinity of the exciton absorption of each nanostructure, mirrored CD line shapes are presented when L-and D-cysteine are separately used as surface ligands (Figures 3 (a-f) and S3). To quantitatively compare the CD responses in these nanostructures, their anisotropic g-factors [START_REF] Pescitelli | Conformational Aspects in the Studies of Organic Compounds by Electronic Circular Dichroism[END_REF] are calculated and exhibited in

Figure S3

, where the highest value of the g-factor, defined as |gCD --gCD + |/2, 22 is used as an indicator for the magnitude of the induced chirality (Tables 1 andS4). Note that all the nanostructures share the same batch of CdSe cores with the same ligand exchange treatment. We then assume that the differences in the CD spectra were mainly related to the geometry-induced variations in the nanostructures. For a more in-depth analysis, the CD and UV spectra were divided basically into two regions: the 400-500 nm region where the CdS absorption dominates and the 500-700 nm region where CdSe core absorption dominates. With this consideration, nanoflower- core, which agrees with our previous work on chiral CdSe/CdS DRs. [START_REF] Cheng | Optically Active CdSe-Dot/CdS-Rod Nanocrystals with Induced Chirality and Circularly Polarized Luminescence[END_REF] It is particularly worth mentioning that Tadpole-I is able to maintain a high CD activity, as shown in Figure 3d, which may be due to its special anisotropic morphology, even if the shell thickness is large (>10 monolayers). Moreover, considering the CD responses of the CdS shell, the anisotropic gabs-factor maximum (~ 470 nm, Figure S3, Table 1) basically increases as the morphology evolves from nanoflower to tadpole and then DRs, indicating asymmetric morphologies. This means that a large aspect ratio (AR) provides an induced CD response, as chirality is strongly related to the degree of symmetry breaking (σ, i, Cn or Sn). Similar to Tang 20 and Kuang's [START_REF] Ma | Chiral Semiconductor Nanorod Heterostructures with High Photocatalysis Activity[END_REF] work on chiral quantum rods, the induced chirality can be recognized as the array of Cd-S bonds in the direction of the long axis of the asymmetric NCs. The total effective number of cysteine molecules increases to some extent as the AR (or the NC length) increases, resulting in enhanced chiral coupling, which gives rise to stronger CD intensity. Nonetheless, this tendency is not applicable for the band-edge absorption in DRs (Figure S4). At the band edge, this CD activity is mainly due to the CdSe core, and increasing the length of the chiral NCs (Figure S4) results in a decrease in the CD intensity because of the thick CdS shell, which blocks the chiral interactions between the CdSe core and the chiral ligands. Note that Purcell-Milton et al. [START_REF] Purcell-Milton | Impact of Shell Thickness on Photoluminescence and Optical Activity in Chiral CdSe/CdS Core/Shell Quantum Dots[END_REF] claimed that two competing effects may occur when increasing the shell thickness: first, increasing the distance between ligands and holes localized in the CdSe core would decrease their coupling effects, and accordingly, the CdS shell would act as an energy barrier for the holes; second, the subsequent addition of the CdS layers reduces the hole energy and the hole level closer to the energetic resonance of the HOMO of the ligand which increases the CD response. Our observations are in good agreement with the first effect, even though the mechanism is still unclear. behavior of these samples also exhibits an inverse dependency on the CdS shell thickness, but is proportional to the photoluminescence QY, as summarized in Table 1 and Figure 5. The same trend can be observed in the L-Cys-CdSe/CdS NCs (Table S5). As stated before, we assert that the number of chiral interactions between the CdSe cores and the chiral surface ligands would determine the intensity of CPL that can be achieved, indicating that a thin CdS shell is favorable for obtaining strong CPL signals.

(

In-situ observations of the formation of chiral Tadpole-I

To further investigate the induced chiral responses of these asymmetric nanostructures, chiral Tadpole-I is chosen as a typical sample for in-situ observations during the formation of its tail. As illustrated by the TEM images in Figure 6, chiral Tadpole-I is formed step-by-step via siteselective growth of the CdS tail from a spherical CdSe/CdS QDs. This process can be divided into two steps. First, due to the high reaction temperature (320 °C), a wurtzite-phase spherical CdS shell (< 2 min) is formed [START_REF] Talapin | Seeded Growth of Highly Luminescent CdSe/CdS Nanoheterostructures with Rod and Tetrapod Morphologies[END_REF][START_REF] Jun | Shape Control of Semiconductor and Metal Oxide Nanocrystals through Nonhydrolytic Colloidal Routes[END_REF] due to the high reactivity of cadmium carboxylates. [START_REF] Gao | Crystal Structure Control of CdSe Nanocrystals in Growth and Nucleation: Dominating Effects of Surface versus Interior Structure[END_REF] As a result, the CD measurements exhibit relatively weak activities just after ligand exchange. Afterwards, with further tail growth, the CD intensity changes from almost inactive to active as confirmed by the corresponding CD and UV spectra (Figure 6) and anisotropic g-factors (Figure S6), which is attributed to CdS tail formation. Indeed, since the shell becomes thicker by a factor of 4 (from 1.0 nm to 4.3 nm), it exhibits a decreasing possibility for ligand and core interactions and, therefore, any chirality transfer between the two (Tables 2 andS6). [START_REF] Purcell-Milton | Impact of Shell Thickness on Photoluminescence and Optical Activity in Chiral CdSe/CdS Core/Shell Quantum Dots[END_REF] The absorption of CdSe (500-700 nm)

becomes weaker to nearly null, while the absorption for CdS becomes stronger with a shoulder appearing at approximately 470 nm along with PL peaks redshifted from 554 to 631 nm (Figure S7, Table S7). [START_REF] Nan | Crystal Structure Control of Zinc-Blende CdSe/CdS Core/Shell Nanocrystals: Synthesis and Structure-Dependent Optical Properties[END_REF][START_REF] Li | Large-Scale Synthesis of Nearly Monodisperse CdSe/CdS Core/Shell Nanocrystals Using Air-Stable Reagents via Successive Ion Layer Adsorption and Reaction[END_REF] Due to the strong complexing ability of the phosphonate group, which coordinates to three or more cation centers, instead of one (or two) for the carboxylate group, [START_REF] Gao | Crystal Structure Control of CdSe Nanocrystals in Growth and Nucleation: Dominating Effects of Surface versus Interior Structure[END_REF][START_REF] Puri | Circular Dichroism of CdSe Nanocrystals Bound by Chiral Carboxylic Acids[END_REF] the alkylphosphonic acid ligands (ODPA) selectively bind to the S8). [START_REF] Nan | Crystal Structure Control of Zinc-Blende CdSe/CdS Core/Shell Nanocrystals: Synthesis and Structure-Dependent Optical Properties[END_REF][START_REF] Li | Large-Scale Synthesis of Nearly Monodisperse CdSe/CdS Core/Shell Nanocrystals Using Air-Stable Reagents via Successive Ion Layer Adsorption and Reaction[END_REF] Considering that only when nanostructures are much smaller than the incident light wavelength (typically λ/10), the weak spatial dispersion theory can be applied. Under these circumstances, local effects dominate, and nonlocal effects can introduce chirality coefficients, which can be recognized as a manifestation of first-order spatial dispersion, and the homogenization of the microscopic Maxwell equations can be applied. [START_REF]Nanostructured Metamaterials -Exchange between Experts in Electromagnetics and Material Science[END_REF] When the length of the chiral Tadpole-I reaches a value that is one tenth of the incident wavelength (for example, approximately 40-50 nm), a further increase in the length would not necessarily further enhance the chirality, indicating that interparticle interactions would account for the overall chirality at this point. This phenomenon is effectively what we observe, wherein the g-factor of the system increases as the tail length increases and reaches a maximum at a tail length of ~45 nm (Tadpole-I-1) and then decreases with an even longer tail length (Tables 3, S8 andS9). It is, however, worth noting that a related article reported that for rod-like QDs, a proper length with twice the exciton Bohr radius would achieve the strongest CD signals, although this tendency is not obviously observed in this work. [START_REF] Gao | Excitonic Circular Dichroism of Chiral Quantum Rods[END_REF] We also investigated the CPL behavior of the corresponding NCs (Figures 8, S10 and Table 3), and observed that the overall glum decreased straightforwardly as the tail length increased, with the highest glum of 5.71×10 -4 for Tadpole-I-6 (22.5 nm). Tadpole-I-2 to Tadpole-I-4 showed a nearly inactive CPL response due to a quenching effect (a low PL QY) during ligand exchange even though they have a thinner CdS shell than the other structures. Because CPL measures the emission property of the CdSe/CdS nanostructures, the greater the increase in the tail length is, the more difficult it is for ligand chirality induction, even though a longer tail may introduce some degree of geometrical anisotropy for CD increments, as previously stated. Interestingly, although the geometrical relationships are still complex, the best way to obtain multiple CPL and CD line shapes with high intensity is to achieve chiral tadpoles such as Tadpole-I with a thin shell with a reasonable QY for the photoluminescent core (Tadpole-I-6, glum = 5.71×10 -4 ) and a moderate tail length/AR for the CdS tail (Tadpole-I-1, gCD = 9.79×10 -5 ), as indicated by Table 3. The best parameters to obtain CD and CPL activities are in fact not necessarily the same, and the same trend can be observed in L-Cys-CdSe/CdS Tadpole-I (Table S10). These observations could provide critical information for the rational design of CdSe/CdS Tadpole-I structures with tunable chiroptical activities, which should also be applicable for other related asymmetric multidimensional morphologies, such as DRs and tetrapods, since hole level-chiral ligand interactions are always the key issue in chiral quantum semiconductor heterostructures. 61 

Simulation of the AR-dependent g-factor and the QY variation

The g-factor. To better understand the chiral origin and simulate the chiroptical behavior of our tadpole system, a brief theoretical modeling strategy is presented as follows (Detailed deductions and calculations about the g-factor and the QY can be found in the Supplementary Information):

Since the chirality is induced via the attachment of the organic chiral ligands on the outer surface, it is calculated using the London equation for the penetration of the ligand field. The magnetic field is believed to come from the directed movement of electrons in the ligand when excited. The field then couples with the excited moving electrons in the QDs, and therefore affects their excitations since the excitations of the ligands are chiral. Thus, the penetration of the magnetic field into the QD surface can describe the injection of chirality into the QDs. For the semiconductor case, the term 𝑖𝜔𝜏 in the conductivity 𝜎 is much smaller than 1, i.e., 𝑖𝜔𝜏 ≪ 1, and can be ignored.

Thus,

∇ × 𝜕𝑗 𝜕𝑡 = 𝑛𝑒 2 𝑚 (- 𝜕𝐵 𝜕𝑡 ) ⇒ ∇ 2 𝐵 = 𝜇𝑛𝑒 2 𝑚 𝐵 = 𝜆 𝑠 -2 𝐵, 𝐵(𝑟) = 𝐵 0 𝑒𝑥𝑝 (- 𝑅 -𝑟 𝜆 𝑠 ),
where 𝜆 𝑠 = √ 𝑚 𝜇𝑛𝑒 2 is the penetration depth, 𝑟 is the distance from the center of the QD, 𝑅 is the radius, 𝜇 is the permeability, 𝑛 is the density of the electrons, and 𝑚 is the effective mass of electrons. Since this magnetic field penetration decays exponentially, CD injection must also be performed. Given the speed of light 𝑐, the intensity of this injected electromagnetic wave injected by the chiral ligand is calculated as:

𝐼 = 𝐵 2 𝑐 2𝜇 = 𝐵 0 2 𝑐 2𝜇 𝑒𝑥𝑝 (-2 𝑅 -𝑟 𝜆 𝑠 ).
The calculation of the chiral dichroism of the spherical structure considers both the decay of the light intensity along the incident direction and its interaction with the electron flux above. Thus,

𝐶𝐷 𝑠𝑝ℎ𝑒𝑟𝑒 (𝜔, 𝑅) ∝ ∫ ∫ 2𝜋𝑟𝑒 - 𝑥 𝜆 𝑒 -2 𝑅-𝑟 𝜆 𝑠 𝑑𝑥𝑑𝑟 2√𝑅 2 -𝑟 2 0 𝑅 0 ,
where 𝜆 is the wavelength of the incident light. In this way, the calculated results of cysteinecapped CdSe/CdS nanostructures with different shell thicknesses are illustrated in Figure 9 (a), in which both the g-factor and the QY show a good correlation with our experimental results and match with previously published data reported by Purcell-Milton et al. [START_REF] Purcell-Milton | Impact of Shell Thickness on Photoluminescence and Optical Activity in Chiral CdSe/CdS Core/Shell Quantum Dots[END_REF] For the tadpole, similarly, since there is no difference in 𝑛 along the 𝑧 direction, it is simpler than the spherical case:

𝐶𝐷 𝑡𝑎𝑑𝑝𝑜𝑙𝑒 (𝜔, 𝑙) ∝ ∫ 𝑒 - 𝑧 𝜆 𝑑𝑧 𝑙 0 ,
where 𝜆 ≈ 𝑐 𝑙𝑖𝑔ℎ𝑡

2𝜅𝜔

, 𝜅 is the imaginary part of the complex refractive index, 𝑅 is the radius of the tadpole head, and 𝑙 is the length of the tadpole tail. A further assumption made is that 𝜅 ≈ √ 𝜖 2 and that 𝜖 2 increases first with the length of the tadpole tail and then converges to the bulk value of the material.

The quantum yield. According to the work of Singh, [START_REF] Yeboah | Dependence of Exciton Diffusion Length and Diffusion Coefficient on Photophysical Parameters in Bulk Heterojunction Organic Solar Cells[END_REF] both the QYs of singlet and triplet 𝜙 𝐷 are proportional to the exciton diffusion length 𝐿 𝐷 , i.e. 𝜙 𝐷 ∝ 𝐿 𝐷 2 . Since the exciton diffusion length is proportional to the size of the QDs, it can be assumed to be a second-order relationship with both the number of shells and the aspect ratio, given that the core and the head of the tadpole barely change in size. Figure 9 (b) shows the corresponding calculated g-factor and QY curves fitted with our experimental data on a series of Tadpole-I structures with different AR values. As expected, the calculation demonstrates the AR effect on the g-factor and QY, however, it should be noted that when Tadpole-I grows even longer, the interparticle interactions should be taken into account as well.

CONCLUSION

In conclusion, cysteine-capped chiral asymmetric CdSe/CdS nanostructures with tunable morphologies were synthesized using the shape-directing ligands. The measurements of induced chiroptical activities of these nanostructures showed that: 1) the induced CD intensity of the CdSe core existed only in the short DR sample, which is due to the barrier effect of the CdS shell (>1.0 nm); 2) the symmetry breaking effect also accounted for the CD responses, and asymmetric samples with larger ARs or longer lengths would be beneficial for the CD activities; 3) the stepby-step growth mechanism of Tadpole-I was investigated, confirming that increasing the tail length enhanced the CD intensity; however, further growth of the tail length (> λ/10) attenuated the chiroptical responses because interparticle interactions affected the overall chirality; and 4) CPL measurements were applied in parallel, showing that the chiral-ligand-photoluminescent-core interactions were the key indicator for CPL performance. In general, asymmetric samples with thin CdS shells and a high PL QY were the most efficient in terms of CPL activities. However, a sample with the highest CD performance does not necessarily also exhibit an efficient CPL response.

These findings prove that induced CD and CPL can serve as indicators of the extent to which a chiral ligand can affect the hole wave function through an energy barrier such as a CdS shell with different morphologies, [START_REF] Ben-Moshe | Probing the Interaction of Quantum Dots with Chiral Capping Molecules Using Circular Dichroism Spectroscopy[END_REF] and we expect these observations to provide experimental support for the manipulating the chirality of CdSe/CdS-based nanostructures with potential uses in stereoselective catalysis, chiroptical sensing and chirality-based devices for both optics and biological applications. [START_REF] Sun | Site-Selective Photoinduced Cleavage and Profiling of DNA by Chiral Semiconductor Nanoparticles[END_REF][START_REF] Li | Single-and Multi-Component Chiral Supraparticles as Modular Enantioselective Catalysts[END_REF][START_REF] Hao | Chiral Semiconductor Nanoparticles for Protein Catalysis and Profiling[END_REF][START_REF] Ma | Chirality-Based Biosensors[END_REF][START_REF] Sun | Stereoselective Nanozyme Based on Ceria Nanoparticles Engineered with Amino Acids[END_REF][START_REF] Zhan | Engineering Gold Nanoparticles with DNA Ligands for Selective Catalytic Oxidation of Chiral Substrates[END_REF][START_REF] De | Supraparticle Nanoassemblies with Enzymes[END_REF][START_REF] Yuan | Chiral CuxOS@ZIF-8 Nanostructures for Ultrasensitive Quantification of Hydrogen Sulfide in Vivo[END_REF][START_REF] Zhao | Multifarious Chiral Nanoarchitectures Serving as Handed-Selective Fluorescence Filters for Generating Full-Color Circularly Polarized Luminescence[END_REF][START_REF] Li | A and Nir-Light Responsive Photothermal Therapy Agent by Chirality-Dependent MoO3-x Nanoparticles[END_REF] 

METHODS

Chemicals

Tri-n-octylphosphine oxide (TOPO, 99%), tri-n-octylphosphine (TOP, 97%), tributylphosphine (TBP, 99%), n-octadecylphosphonic acid (ODPA, 97%) and n-hexylphosphonic acid (HPA, 97%)

were purchased from Strem Chemicals. Cadmium oxide (CdO, 99.99%), sulfur (S, 99.98%) and selenium (Se, 99.99%) were purchased from Sigma-Aldrich. Oleic acid (OA, AR), L-cysteine hydrochloride monohydrate (L-Cys, 99%), D-cysteine hydrochloride monohydrate (D-Cys, 98%) and tetramethylammonium hydroxide solution (TMAH, AR, 25 wt. % in H2O) were purchased from Aladdin Industrial Co., Ltd. (Shanghai, China). Deionized (DI) water was purchased from Hangzhou Wahaha Group Co., Ltd, China. All chemicals were used as received without further purification.

Synthesis of the CdSe core

The synthesis procedure was based on the procedure reported in the literature. [START_REF] Carbone | Synthesis and Micrometer-Scale Assembly of Colloidal CdSe/CdS Nanorods Prepared by a Seeded Growth Approach[END_REF][START_REF] Choi | Strain-Dependent Photoluminescence Behavior of CdSe/CdS Nanocrystals with Spherical, Linear, and Branched Topologies[END_REF] Typically, TOPO

(1.5 g), ODPA (0.140 g) and CdO (0.030 g) were mixed in a 50 mL flask, heated to 150 °C and alternately exposed to vacuum conditions and an argon atmosphere at least 5 times until CdO was a brown solid and the remaining reagents were a colorless liquid. Then, to dissolve the CdO, the solution was heated to above 320 °C under argon until it became optically clear and colorless, which indicated that the reaction between CdO and ODPA was complete. Then, the temperature was increased to 350 °C, and 1.5 mL of TOP was injected into the flask, which caused the temperature to naturally decrease to 300 °C. Then, a Se:TOP solution (0.4 mL, 1 mol/L) was injected into the flask at 380 °C and was allowed to react for several seconds. The size of the CdSe core could be adjusted by altering the temperature and reaction time.

Purification and acidification of the CdSe-TOP core

The reaction mixture was cooled to 70~80 °C, and a certain amount of TBP and 4 mL of ethanol were added into the above solution for the purification process; the mixture was centrifuged at 10000 rpm for 3 min. Then, the precipitate was dissolved in a small amount of toluene, and the supernatant was discarded. After centrifugation was performed again, the precipitate was redispersed in TOP (CdSe-TOP).

Synthesis of CdSe/CdS tadpole NCs

In a typical synthesis of CdSe/CdS tadpole NCs via seeded growth, CdO (115.8 mg) was mixed in a 50 mL flask together with TOPO (3 g), ODPA (285 mg) and OA (1.02 ml). After alternately exposing the flask to vacuum conditions and an argon atmosphere at least 5 times at 150 °C, the resulting solution was heated to 320 °C to cause the solution to become a completely transparent liquid without any solids. Then, 1.5 mL of TOP was added; the temperature recovered to 320 °C and 50 nmol of CdSe was added. The sulfur-tri-n-octylphosphine (S-TOP, 0.5 M, 3 mL) was divided into four injections at 2-min intervals (0 min, 2 min, 4 min, and 6 min). The CdSe/CdS NCs were allowed to grow for approximately 8 min after the injection. Finally, the reaction mixture was cooled to room temperature, and an extraction procedure was performed to separate the NCs from the side products and unreacted precursors. Tadpoles NCs with different tail lengths were used by adding different amounts of CdSe core, ranging from 5 nmol to 200 nmol.

Synthesis of CdSe/CdS NCs with different shapes

Different shapes of NCs can be synthesized just by changing the ligands. By changing the ratio of ODPA and OA, different shapes can be obtained, such as nanoflower, Tadpole-III, Tadpole-II, Tadpole-I, and DRs. For different lengths of DRs, different ratios of HPA were added instead of OA.

Ligand exchange of the CdSe/CdS NCs with chiral cysteine molecules

The cysteine ligand exchange reaction was carried out using a previously reported method [START_REF] Tohgha | Ligand Induced Circular Dichroism and Circularly Polarized Luminescence in CdSe Quantum Dots[END_REF] with some modifications. Cysteine hydrochloride monohydrate (702. 

  and wurtzite CdS shells (~0.36 nm corresponding to the d-spacing of [100] planes)
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 3 a)), tadpole-(Figure 3 (b-d)) and long DR-(Figure 3 (f)) shaped samples show only CdS CD activity because they have relatively thick shells (> 1 nm) with a large volume of CdS, while short DRs (Figure 3 (e)) with thin shells still show a CD response corresponding to the CdSe

Furthermore, the

  corresponding CPL activities of these samples are shown in Figures 4 and S5with the glum-factor, 56 defined as glum = 2(IL -IR )/(IL + IR ), where IL and IR are the emission intensities of left-and right-handed polarized light, respectively, increases in the order of nanoflowers (Figure 4 (a)), tadpoles (Figure 4 (b-d)) and DRs (Figure 4 (e and f)). The CPL
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 2 [100] and [110] surfaces, facilitating growth along the [001] direction to gradually favor long tail formation. This anisotropic shape explains the variation in the chiroptical signals in tadpoles during growth, which is in agreement with previous statements that thin shells facilitate core-ligand interactions and that asymmetric morphologies benefit the induced CD responses in the CdS shell absorption region. CD Anisotropy Factors of D-Cys-CdSe/CdS Tadpole-I at Different Reaction Times The shell thickness of the tadpole heads. b Ratio of the total length to the largest diameter of the nanostructures. c PL emission peak position of Cys-CdSe/CdS NCs in the water phase. d Magnitude of the gCD factor, defined as |gCD+ -gCD-|/2. e PL QY of the NCs after the ligand exchange. However, further growth of the tail does not necessarily result in enhanced CD activity. Figures 7 and S8 demonstrate that when the length of the tail grows even longer (from 22.5 to 180.8 nm), the recorded CD responses become weaker with a gradual redshift in the PL and UV spectra (Figure S9, Table
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Table 1 .

 1 CD and CPL Anisotropy Factors of D-Cys-CdSe/CdS NCs

in Water Name Shell-thickness (nm) a Ratio c PL (nm) d |gCD+ -gCD-|/2 e QY(%) f glum/λCPL (nm) g

  

	Nanoflower	8.7	1.2	624	0.68×10 -5	2	/
	Tadpole-III	8.1 b	1.8	632	1.79×10 -5	8	/
	Tadpole-II	7.1 b	1.9	633	4.41×10 -5	12	1.71×10 -4 /636.9
	Tadpole-I-1	4.3 b	3.8	629	9.79×10 -5	37	5.12×10 -4 /632.9
	DR-1	0.2	2.7	577	9.36×10 -5	44	8.46×10 -4 /584.9
	DR-2	1.0	12.4	583	39.18×10 -5	39	7.45×10 -4 /585.8

a The CdS shell thickness around the CdSe core. b The shell thickness of the head of the tadpoles. c Ratio of the total length to the largest diameter of the nanostructures. d PL emission peak position of Cys-CdSe/CdS NCs in the water phase. e Magnitude of the gCD factor, defined as |gCD+ -gCD-|/2. f PL QY of the NCs after ligand exchange. g CPL of anisotropic glum at the most intense CPL wavelength (nm).

Table 3 .

 3 CD and CPL Anisotropy Factors of D-Cys-CdSe/CdS Tadpole-I with Different Lengths.

		Shell-thickness		PL			
	Name		Ratio b		|gCD+ -gCD-|/2 d	QY(%) e	glum/λCPL (nm) f
		(nm) a		(nm) c			
	Tadpole-I-6	3.3	2.4	613	5.60×10 -5	20	5.71×10 -4 /613.7
	Tadpole-I-7	4.2	2.6	624	7.71×10 -5	28	5.32×10 -4 /625.4
	Tadpole-I-1	4.3	3.8	629	9.79×10 -5	37	5.12×10 -4 /632.9
	Tadpole-I-8	6.1	7.3	639	5.41×10 -5	13	2.38×10 -4 /638.7
	Tadpole-I-9	9.2	8.6	640	4.03×10 -5	11	1.02×10 -4 /647.2

a The shell thickness of the tadpole heads. b Ratio of the total length to the largest diameter of the nanostructures. c PL emission peak position of Cys-CdSe/CdS NCs in the water phase. d Magnitude of the gCD factor, defined as |gCD+ -gCD-|/2. e PL QY of the NCs after ligand exchange. f CPL anisotropic glum at the most intense CPL wavelength (nm).
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the cysteine solution (5 mL), and the reaction mixture was deoxygenated and stirred at room temperature under argon in the absence of light for 72 h. The reaction mixture was left to stand for 1 h to allow the phases to separate. The bottom aqueous layer was taken with a syringe, and the Cys-CdSe/CdS NCs were purified 5 times with DI H2O by using ultra centrifugal filter units (Millipore, 10,000 d, 15 mL). The purified Cys-NCs were diluted and dispersed in DI water and stored at room temperature in the dark.

Structural and optical characterization

The UV/vis absorption spectrum of each sample was measured using a TU-1901 double-beam UV/vis spectrophotometer (Beijing Purkine General Instrument Co. Ltd., China), and the PL spectra were recorded on a fluoroSENS spectrophotometer (Gilden Photonics). The absolute PL QYs of the NC solutions were measured using an Ocean Optics FOIS-1 integrating sphere coupled with a QE65 Pro spectrometer. CD measurements were conducted on a JASCO J-1500 CD spectrometer. The scan rate was 20 nm/min. All CD experiments were carried out in Milli-Q water with a quartz cuvette (0.1 cm path length, Hellma). CPL measurements were performed on a JASCO CPL-300 spectrometer in Milli-Q water with a quartz cuvette (0.1 cm path length, Hellma) with an excitation wavelength of 400 nm. All optical measurements were performed at room temperature under ambient conditions. TEM images were collected using a FEI Tecnai G2 F30 microscope, and X-ray diffraction was measured by a Bruker Advance D8 Ew (Germany).
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Diameter standard deviation ratio study of NCs with different shapes. Table S3. CD anisotropy gfactors and CPL glum for chiral cadmium-based NCs induced by small-molecule chiral ligands. Table S4. CD anisotropy factors of D-Cys-CdSe/CdS NCs. Table S5. CPL anisotropy factors of L-Cys-CdSe/CdS NCs in water. Table S6. CD anisotropy factors of D-Cys-CdSe/CdS Tadpole-I for different reaction times. Table S7. Physical properties of tadpoles at different reaction times in the organic phase. Table S8. Physical properties of tadpoles with different lengths in organic phase. Table S9. CD anisotropy factors of D-Cys-CdSe/CdS Tadpole-I with different lengths. Table S10.

CPL anisotropy factors of L-Cys-CdSe/CdS Tadpole-I with different lengths. This material is available free of charge via the Internet at http://pubs.acs.org.

AUTHOR INFORMATION Corresponding Author:

Tingchao He: tche@szu.edu.cn Kai Wang: wangk@sustc.edu.cn Xi Zhu: zhuxi@cuhk.edu.cn Jiaji Cheng: jiajicheng@hubu.edu.cn Author Contributions # J. Hao, Y. Li and J. Miao contributed equally to this work. All authors contributed to the writing of this manuscript and have approved the final version of the manuscript.

Notes

The authors declare no competing financial interest.

HRTEM images and (a-2 to e-2) CD spectra and (a-3 to e-3) UV/vis absorption spectra of tadpoleshaped NCs at different reaction times. The model aligns well with the experimental data, and the CD signal (g-factor) of tadpoles yielded a different size dependence from that of the spheres, whereas both the g-factor and QY have the same size dependence behavior.