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ABSTRACT

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 A/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-ratio-
dependent 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.
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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 shape-
controlled CdSe/CdS QDs using different synthetic approaches, cadmium sources, capping ligands,
solvents etc. Indeed, a variety of morphologies such as spheres,' rods,? plates,’ and tetrapods,*
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.>'* On the other hand, ligand-induced chirality in
nanostructures such as metal nanocrystals (NCs) and clusters,!>! QDs,>*?* carbon-based

2426 and semiconductors®’>* has revolutionized the concept of basic light-matter

materials
interactions into a chiroptics realm where more sophisticated phenomena such as circular
dichroism (CD) and circularly polarized luminescence (CPL) are dominant.>*3® 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,*7#
indicating that ligand-induced chiroptical responses of the NCs can be involved from the bench-
top synthesis stage, providing critical information about the shape evolution as well as the ligand-
particle interactions during NC formation.** 4°

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 (a-2, d-2 and e-
2), and wurtzite CdS shells (~0.36 nm corresponding to the d-spacing of [100] planes)
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.* Alivisatos*® and Cheon®

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 (n-
octadecylphosphonic 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.*” Some similar work also showed that nanoflowers can be formed by assembling
small building blocks such as ZnO monodispersed nanoflowers.*® In addition, the ratio of ODPA
and OA is also an important factor® for the formation of different shapes because of the different
growth kinetics®® 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 and
S1, 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.*’>>! 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 20 directions due to the smaller lattice plane spacing of CdS

shells.



Table 1. CD and CPL Anisotropy Factors of D-Cys-CdSe/CdS NCs in Water

Shell-thickness PL
Name Ratio® lgcp+-gcep-|/2¢ QY (%)f gum/AcpL (NmM)8
(nm)* (nm)*

Nanoflower 8.7 1.2 624 0.68x10° 2 /

Tadpole-II1 8.1° 1.8 632 1.79%10°3 8 /
Tadpole-1I 7.1° 1.9 633 4.41x10° 12 1.71x104/636.9
Tadpole-I-1 4.3 3.8 629 9.79x10° 37 5.12x107/632.9
DR-1 0.2 2.7 577 9.36x10°° 44 8.46x107/584.9
DR-2 1.0 124 583 39.18x10°° 39 7.45%1074/585.8

*The CdS shell thickness around the CdSe core. ®The shell thickness of the head of the tadpoles.
°Ratio of the total length to the largest diameter of the nanostructures. ‘PL emission peak position
of Cys-CdSe/CdS NCs in the water phase. “Magnitude of the gcp factor, defined as |gcp+ -gep-|/2.
PL QY of the NCs after ligand exchange. ¢CPL of anisotropic gum at the most intense CPL

wavelength (nm).

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

Since the first observation of CD responses in CdS QDs capped with chiral molecules,> 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®® are calculated and exhibited in
Figure S3, where the highest value of the g-factor, defined as |gcp - gep']/2,2 is used as an
indicator for the magnitude of the induced chirality (Tables 1 and S4). 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-
(Figure 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
core, which agrees with our previous work on chiral CdSe/CdS DRs.? 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 gavs-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 (o, i, Cy or Sy). Similar to Tang?® and Kuang’s>* 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.> 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.

Furthermore, the corresponding CPL activities of these samples are shown in Figures 4 and S5
with the guum-factor,’® defined as gum = 2(I — Ir )/(IL + Ir ), where I 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
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 site-
selective 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* > due to the high reactivity of cadmium carboxylates.’” 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 and S6).>> 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).*” % 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,®” >
the alkylphosphonic acid ligands (ODPA) selectively bind to the [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

10



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.

Table 2. CD Anisotropy Factors of D-Cys-CdSe/CdS Tadpole-I at Different Reaction Times

Shell thickness
Name Ratio” PL (nm)* lgcp+-gep-|/29 QY (%)*
(nm)*
Tadpole-1-2 0.9 1.0 572 0.75x10 2
Tadpole-1-3 1.0 1.0 581 0.59x105 6
Tadpole-1-4 1.3 1.5 596 0.98x105 8
Tadpole-1-5 3.6 2.4 614 5.57x10° 17
Tadpole-I-1 4.3 3.8 629 9.79x105 37

*The shell thickness of the tadpole heads. °Ratio of the total length to the largest diameter of the
nanostructures. °PL emission peak position of Cys-CdSe/CdS NCs in the water phase. ‘Magnitude

of the gcp factor, defined as |gcp+ -gep-|/2. “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 S8).*"-%® Considering that only when nanostructures are much smaller than the
incident light wavelength (typically A/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.®> 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
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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 and S9). 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.?’

We also investigated the CPL behavior of the corresponding NCs (Figures 8, S10 and Table 3),
and observed that the overall gium decreased straightforwardly as the tail length increased, with the
highest gium of 5.71x10* 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, gum = 5.71x10™#) and a moderate tail
length/AR for the CdS tail (Tadpole-I-1, gcp = 9.79x107), 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
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multidimensional morphologies, such as DRs and tetrapods, since hole level-chiral ligand

interactions are always the key issue in chiral quantum semiconductor heterostructures.®!

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

Shell-thickness PL
Name Ratio® lgcp+-gep-|/2¢ QY (%)* gum/Acpr (nm)f
(nm)* (nm)*
Tadpole-1-6 33 24 613 5.60x10% 20 5.71x104/613.7
Tadpole-1-7 4.2 2.6 624 7.71x105 28 5.32x104/625.4
Tadpole-I-1 4.3 3.8 629 9.79x105 37 5.12x10/632.9
Tadpole-1-8 6.1 7.3 639 5.41x10°% 13 2.38x10/638.7
Tadpole-1-9 9.2 8.6 640 4.03x10° 11 1.02x104/647.2

*The shell thickness of the tadpole heads. °Ratio of the total length to the largest diameter of the
nanostructures. °PL emission peak position of Cys-CdSe/CdS NCs in the water phase. ‘Magnitude
of the gcp factor, defined as |gcp+ -gep|/2. °PL QY of the NCs after ligand exchange. ‘CPL

anisotropic gum at the most intense CPL wavelength (nm).

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
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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 iwt in the conductivity o is much smaller than 1, i.e., iwt < 1, and can be ignored.

Thus,
dj 2, 0B 2
Vx—Jzz(——) = v2p =% p = 223,
at m at m
R—r
B(r) = Byexp <— >,
As
where Ag = u:;Z is the penetration depth, r is the distance from the center of the QD, R is the

radius, u 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_Bzc_Bgc ( 2R—r)
=0 = 25 &P :

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,

R [2VR2-r2 x _,R-r
CDsphere (w,R) x J J 2nre 2e s dxdr,
0 Yo

where A is the wavelength of the incident light. In this way, the calculated results of cysteine-
capped 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
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match with previously published data reported by Purcell-Milton et al.>® For the tadpole, similarly,

since there is no difference in n along the z direction, it is simpler than the spherical case:

Lz

CDtadpole(w, ) ch e dz,

0

where A = %, Kk is the imaginary part of the complex refractive index, R is the radius of the

tadpole head, and [ is the length of the tadpole tail. A further assumption made is that k =~ /e, and
that €, 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,® both the QY of singlet and triplet ¢, are
proportional to the exciton diffusion length Lp, i.e. ¢, o L3 . 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
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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 step-
by-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 (> 4/10) 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,®' 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. ' 14 33.63-69

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
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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.> ’* 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).
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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-1, 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*! with
some modifications. Cysteine hydrochloride monohydrate (702.52 mg) was dissolved in DI water

(40 mL, [Cys] = 0.1 M). The pH of the resulting solution was adjusted to 12.0 with TMAH solution

(AR, 25 wt. % in H20). A solution of CdSe/CdS NCs in n-hexane (5 mL, 1x 10° M) was added to
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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 H,O 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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relationship between PL spectra and shapes of different NCs (Figure S2), CD spectra and the
corresponding anisotropic gcp factor variation with wavelength (Figures S3, S4, S6, and S8), and
the gum value variation with the wavelength of the morphologies exhibiting CPL activity (Figures
S5, and S10). Theoretical calculations and modeling of the g-factor and QY (Figures S11 and S12).
Table S1. Physical properties of NCs with different shapes in the organic phase. Table S2.
Diameter standard deviation ratio study of NCs with different shapes. Table S3. CD anisotropy g-
factors and CPL gum for chiral cadmium-based NCs induced by small-molecule chiral ligands.
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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.
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Figure 1. The mechanism of ligand-induced shape variations. By changing the composition of the
ligands, various anisotropic shapes such as nanoflowers, tadpoles with one to three tails, and

dot/rods can be obtained.
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Figure 2. (a-f) TEM and high-resolution TEM (HRTEM) (insert) of CdSe/CdS NCs with different
shapes: (a) nanoflowers, (b) Tadpole-III, (¢) Tadpole-II, (d) Tadpole-I, (e) short dot/rods, and (f)
long dot/rods. (a-2), (d-2) and (e-2) are the corresponding detailed analyses on the lattice fringes.

(g) The corresponding UV-vis absorption and PL spectra, under excitation by a 450 nm
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monochromatic light, of the different shapes of D-Cys-CdSe/CdS NCs in the water phase. (h) X-

ray diffraction (XRD) patterns of powdered samples of CdSe cores (upper line) and CdSe/CdS

tadpoles (lower line). The XRD PDF standard cards of CdSe (upper bars, JCPDF of No. 02-0330)

and CdS (lower bars, JCPDF of No. 41-1049) are also exhibited with the XRD results, respectively,

as references.
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Figure 3. CD spectra of the L-/D- CdSe/CdS NCs with different shapes. (a) Nanoflowers, (b)

Tadpole-IlI, (c¢) Tadpole-II, (d) Tadpole-I, (e) short dot/rods, and (f) long dot/rods.
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Figure 4. Mirror-image CPL spectra of the CdSe/CdS NCs with different shapes: (a) Nanoflowers,
(b) Tadpole-III, (c) Tadpole-II, (d) Tadpole-I, (e) short dot/rods (DR-1), and (f) long dot/rods (DR-

2). (g) The corresponding DC spectra of the D-Cys-CdSe/CdS NCs.
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Figure 5. Dependence of CD and CPL anisotropy factors of D-Cys-CdSe/CdS NCs on the different

shapes. (a) The dependence of gcp factors of D-Cys-CdSe/CdS NCs on the ratio of the total length

to the largest diameter of the nanostructures; (b), (c) the dependence of the gum factor values of D-

Cys-CdSe/CdS NCs on the CdS shell thickness and the photoluminescence QY. (F: Nanoflowers,

T-III: Tadpole-III, T-II: Tadpole-II, T-I: Tadpole-I, DR-1: DR-1, DR-2: DR-2)
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Figure 6. TEM images, CD spectra and UV/vis absorption spectra of the Tadpole-I-shaped

CdSe/CdS NC growth evolution process. (a) Tadpole-1-2, 30 s, (b) Tadpole-1-3, 1 min, (c)

Tadpole-1-4, 2 min, (d) Tadpole-I-5, 4 min, and (e) Tadpole-I-1, 8 min. (a-1 to e-1) the TEM and
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HRTEM images and (a-2 to e-2) CD spectra and (a-3 to e-3) UV/vis absorption spectra of tadpole-

shaped NCs at different reaction times.
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Figure 7. TEM images and CD spectra of Tadpole-I-shaped CdSe/CdS NCs with different lengths.
(a) Tadpole-I-6, 22.5 nm, (b) Tadpole-I-7, 30.9 nm, (c¢) Tadpole-I-1, 43 nm, (d) Tadpole-1-8, 109.5
nm and (e) Tadpole-I-9, 180.8 nm. TEM and HRTEM images (a-1 to e-1) and CD spectra (a-2 to

e-2).
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Figure 8. Mirror-image CPL spectra of tadpole-shaped CdSe/CdS NCs with different lengths. (a)
Tadpole-I-6, 22.5 nm, (b) Tadpole-1-7, 30.9 nm, (c) Tadpole-I-1, 43 nm, (d) Tadpole-I-8, 109.5
nm and (e) Tadpole-I-9, 180.8 nm. (f) The corresponding DC spectra of D-Cys-CdSe/CdS

Tadpole-I NCs.
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Figure 9. (a) Theoretical calculations of the spherical CdSe/CdS fitted with the experimental data.
All the CdSe cores have a diameter of 2.8 nm, and we assume that one layer of CdS has a thickness
of approximately 0.35 nm.>® (b) Theoretical results fitted with the data of the tadpole morphology.
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.
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