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Chiral thiol capping ligands L- and p-cysteines induced modular chiroptical properties in achiral cadmium selenide quantum dots (CdSe QDs). Cys-CdSe
prepared from achiral oleic acid capped CdSe by postsynthetic ligand exchange displayed size-dependent electronic circular dichroism (CD) and circularly
polarized luminescence (CPL). Opposite CPL signals were measured for the CdSe QDs capped with o- and L-cysteine. The (D profile and (D anisotropy varied
with size of CdSe nanocrystals with largest anisotropy observed for (dSe nanoparticles of 4.4 nm. Magic angle spinning solid state NMR (MAS ssNMR)
experiments suggested bidentate interaction between cysteine and the surface of CdSe. Time Dependent Density Functional Theory (TDDFT) calculations
verified that attachment of L- and p-cysteine to the surface of model (CdSe),3 nanoclusters induces measurable opposite CD signals for the exitonic band of the
nanocluster. The origin of the induced chirality is consistent with the hybridization of highest occupied CdSe molecular orbitals with those of the chiral ligand.
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hiral optically active semiconductor
Cand metallic nanoparticles possess

unique yet modular structural and
optical properties not present in bulk
materials.' > Nanoparticles are promising
candidates for a broad range of applications
such as biosensing, labeling, environmental
nanoassays and chiral memory as well
as attractive building blocks for the bottom-
up nanofabrication of chiroptical devices
and nanoassemblies.>° Chiroptical activity
in semiconductor and metallic nanoparticles
can originate from several distinct phenom-
ena that can concurrently affect the result-
ing chiroptical properties.' The nanocrystals
can be intrinsically chiral with mirror-image
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arrangement of atoms within the crystals.'® '3

Chiroptical activity of nanocrystals can also be
induced by a chiral environment via binding of
chiral organic ligands to the surface'*~"® or via
an electronic coupling between nanocrystal
and chiral ligands in its proximity.>'31>2021
Coupled with quantum size effect, the post-
synthetic ligand exchange introducing a chiral
organic shell represents an appealing approach
to induce and tune optical and chiroptical
characteristics of achiral quantum dots (QDs).
Importantly, organic capping ligands can be
used to trigger and control interactions and
self-assembly of optically active nanoparticles.

Chiral optically active QDs have been tra-
ditionally synthesized from their precursors
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in the presence of chiral ligands®'%?>72* or within

a protein cavity.>> We have recently reported a novel
approach for the preparation of optically active QDs:
introduction of L- and p-cysteine ligands on the surface
of achiral cadmium selenide quantum dots (CdSe QDs)
induced mirror-image CD spectra.'” Herein we report
the size and ligand dependent chiroptical and ani-
sotropy properties studied by circular dichroism,
fluorescence detected circular dichroism (FDCD), and
circularly polarized luminescence. Magic angle spin-
ning solid state NMR (MAS ssNMR) spectroscopy has
been utilized to evaluate conformational behavior of
the cysteine capping ligand and its interaction with
CdSe surface. Time Dependent Density Functional
Theory (TDDFT) calculations have been employed to
further rationalize the origin of induced chiroptical signal.

RESULTS AND DISCUSSION

Synthesis and TEM of Cysteine-CdSe QDs. Oleic acid
capped CdSe QDs (OA-CdSe) and trioctylphosphine-
oxide (TOPO)-OA capped CdSe QDs (TOPO/OA-CdSe)
have been synthesized by hot injection. Their dia-
meters have been calculated from Peng's equation.?
The - and p-cysteine-capped CdSe QDs have been
prepared from OA-CdSe and TOPO/OA-CdSe QDs by
phase transfer ligand exchange. Experimental details
of all synthetic procedures can be found in Supporting
Information. The ligand exchange caused a 1—3 nm
blue shift of the excitonic band absorption maxima
(see Supporting Information, Table S3). High resolu-
tion transition electron microscopy (HRTEM) images of
OA-CdSe QDs (diameter = 2.9 nm) and corresponding
L-cysteine-CdSe QDs have been collected (Figure 1).
TEM images of L-Cys-CdSe have revealed formation
of closely packed QDs clusters while well separated QD
nanoparticles have been observed for OA-CdSe. Long
hydrophobic OA chains kept CdSe QDs farther apart
than short charged cysteine ligands. Similar behavior
may exist in solution.

Electronic Circular Dichroism and Fluorescence Detected
Circular Dichroism. The electronic CD spectra of L-cysteine-
and p-cysteine- capped CdSe QDs prepared from OA-
CdSe as well as from TOPO/OA-CdSe exhibited mirror-
image profiles (Figure 2). However, several differences
could be observed. The CD spectrum of L-Cys-CdSe
prepared from TOPO/OA-CdSe displayed a strong bi-
signate CD feature around the band gap absorption
region with a negative Cotton effect at 534.8 nm and a
positive Cotton effect at 517.2 nm. On the other hand,
the CD spectrum of L-Cys-CdSe prepared from OA-CdSe
exhibited a strong trisignate CD feature within the
band gap region with positive Cotton effects at 553.5
and 518.0 nm and a negative Cotton effect at 535.0 nm.
The comparison of the CD spectra clearly showed
appearance of a new CD band at longer wavelengths
and more intense CD signal at shorter wavelengths
(<450 nm) in the CdSe prepared from OA-CdSe.
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Figure 1. TEM images of (a and b) oleic acid capped CdSe,
and (c and d) optically active L-cysteine capped CdSe QDs.
Diameter (CdSe) = 2.9 nm. The inset profiles confirm the
100 lattice spacing of 3.7 A.
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Figure 2. (a and b) CD and (c) UV—vis absorption spectra of
L-Cys-CdSe (red curves) and p-Cys-CdSe (blue curves)
prepared from OA-CdSe (top spectrum) and from TOPO/
OA-CdSe (middle spectrum). @ = 2.9 nm. [Cys-CdSe] = 8.58
UM (A(Lexc) = 0.85).

The CD data showed that the synthetic origin of the
CdSe QDs (i.e., type of capping ligands) influence the
cysteine-induced CD spectra. We postulate that differ-
ent CD spectra originated as a combination of different
ligand coverage and different atomic surface structure
in TOPO/OA-CdSe and OA-CdSe QDs. This phenomenon
provides the possibility to further modulate the induced
chiroptical properties of cysteine-CdSe QDs. FDCD has
been previously used to evaluate the structural proper-
ties of chiral penicillamine-CdSe QDs prepared by direct
aqueous synthesis.”” The FDCD measurement were per-
formed on Jasco J-815 spectropolarimeter equipped
FDCD attachment with ellipsoidal mirror structure
that maximally collects light in the FDCD and eliminates
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Figure 3. (Top) Size-dependent CD spectra of L-Cys-CdSe (red curves) and p-Cys-CdSe (blue curves) prepared from OA-CdSe.
(Bottom spectrum) Size dependent UV—vis absorption profiles of different diameters of L.-Cys-CdSe QDs. All spectra were
measured for solutions of absorbance A(4.,.) = 0.85. Concentrations of Cys-CdSe can be found in Table S3.

the polarization artifacts.2® Unfortunately, FDCD spectra
of .-Cys- and p-Cys-CdSe QDs (@ = 2.9 nm) did not show
any detectable chiroptical signal (Supporting Informa-
tion, Figure S11). The lack of the FDCD signal could have
been caused by very low fluorescence signal of cysteine-
capped CdSe QDs.

Similarly to absorption and emission spectra
(Figures S1—59), cysteine-capped CdSe also exhibited
size dependent CD characteristics. As shown in Figure 3,
the increase of diameter caused a Bathochromic
shift of the Cotton effects. The CD experiments were
performed at identical absorbance of the excitonic
band (A(Amay) = 0.85). With increasing size of (-Cys-
CdSe nanoparticles, a progressive spectral change
has been observed. New CD bands started to appear
at shorter wavelengths at diameter =4.1 nm. The
strongest Cotton effect at the band gap wavelengths
have been observed for -Cys-CdSe with 4.4 nm in
diameter.

To evaluate the influence of the nanoparticle size
on the dissymmetry of the L-cysteine-capped CdSe, we
calculated their CD anisotropy factors (also known as
Kuhn's dissymmetry ratio, g). The CD anisotropy factor
is defined as g = Ae/e = (AL — Agr)/A where A represents
the conventional absorbance of nonpolarized light and
AL and Ag are the absorptions of left and right circularly
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polarized light, respectively. The CD anisotropy factor is
independent of the concentration and of the path
length if the CD and absorbance spectra are taken on
the same sample. CD anisotropy values of L-Cys-CdSe
QDs for the two most intense CD bands (one positive
and one negative Cotton effect) are summarized in
Table 1. Markovich and collaborators have reported a
strong dependence of CD anisotropy at the excitonic
wavelength on the diameter of penicillamine-CdSe
with largest dissymmetry values (~—8 x 1077 as
shown for smallest CdSe nanoparticles (D = 1.2 nm).
Larger penicillamine-CdSe QDs (D = 1.7 and 1.9 nm)
exhibited much smaller anisotropy values (gcp < —2 %
10~%). Larger chiral CdSe prepared by aqueous synthe-
sis have not been studied. In our study, the cysteine
capping ligands induced anisotropy in all studied sizes
of cysteine-capped CdSe QDs (from diameter of 2.5 to
5.2 nm). Although the values of CD anisotropy of
cysteine-CdSe varied with their size (Table 1), changes
of gcp were small. No obvious correlation between
diameter of CdSe and their g values was observed. The
largest CD anisotropy was observed for L-Cys-CdSe nano-
particles with diameter of D = 4.4 nm (—2.1 x 10 * at
580 nm). Due to differences in capping ligands, CD
profiles and QD diameters made it unfeasible to
directly compare our data with previously reported
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TABLE 1. Circular Dichroism Anisotropy Factors of
L-Cys-CdSe QDs

[ lmaxb g(n‘/ lcwd lcnre/ycb(

25 514.8 0.6 x 107*/484.6 —0.4 x 107*/446.0
29 543.0 0.7 x 107%/548.8 —0.8 x 107%/532.2
32 559.4 12 x 1074/530.4 —12 x 107/549.0
36 574.2 0.6 x 107*/474,6 —0.5 x 10~*/446.0
41 588.8 1.7 x 107*/560.8 —1.9 x 107*/580.0
44 596.2 1.9 x 107*/569.0 —2.1 x 107*/587.8
48 604.4 13 x 1074/578.0 —1.1 x 107*/596.4
52 613.4 1.2 x 1074/592.6 —22 % 1075750

“Diameter determined by Peng's equation from the absorption spectrum (nm).
®Band gap absorption (nm). ¢ (D anisotropy g-factors. ** Wavelengths of the most
intense positive and negative (D bands (nm).

- == 25nm (x4)
-80 +
350 400 450 500 550 600 650 700
wavelength / nm

Figure 4. Molar CD spectra of L-Cys-CdSe QDs of @ = 2.5 nm
(red and magenta curves) and @ = 5.2 nm (blue curve). Both
spectra were measured at A(1qy) = 0.85.

CD dissymmetry values of CdSe prepared by aqueous
synthesis in the presence of chiral capping ligands.?”

Molar (D. To compare the CD signal of Cys-CdSe with
different diameters, the CD ellipticities (millidegree) have
been converted into molar CD (delta epsilon) accord-
ing to Beer—Lambert Law taking into account their
concentration and cuvette path length. The intensity of
the molar CD spectra of -Cys-CdSe QDs increased
dramatically with increasing diameter (Figure S10).
As illustrated in Figure 4, the Cys-CdSe of @ =
2.5 nm exhibited the strongest Cotton effect of
+407 M~" cm ™' (385.8 nm), whereas —739 M~ ' cm ™!
(500.8 nm) was detected for @ = 5.2 nm. Doubling the
size of Cys-CdSe thus increased the intensity of the
most intense CD band ~18-fold, while the surface area
of the CdSe nanoparticle increased only 4.3-fold. These
results suggest that a type of cooperativity between
cysteine ligands or orientation pattern also contribu-
ted to the intensity of the CD signal.

Circularly Polarized Luminescence (CPL). We have utilized
CPL, the emission analog of CD, to further investigate
the influence of the helicity in the compounds of
interest on the chiroptical properties. Previously re-
ported chiral QDs prepared in the presence of chiral
thiol ligands did not show a CPL signal.? CPL was only
observed for CdS prepared from scratch in a nanocage
of an apoferritin?®> CPL induced by chiral capping
ligand has not been observed previously. The circularly
polarized luminescence (A/) and total luminescence (/)
spectra measured for L-cysteine- and p-cysteine
capped CdSe QDs in aqueous solutions at 295 K are
shown in Figure 5.
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Figure 5. CPL (upper curves) and total luminescence (lower
curve) spectra of aqueous solution L-Cys-CdSe (red dots, @ =
2.9 nm) and p-Cys-CdSe (blue dots, @ = 2.9 nm) QDs ([CdSe] =
1 mM, 295 K), upon excitation at 451 nm, respectively.

The degree of circularly polarized luminescence is
given by the luminescence dissymmetry ratio, g;ym(4) =
2Al/ = 2(. — IR/, + Ig), where I, and Iy refer,
respectively, to the intensity of left and right circularly
polarized emissions (refs 29—31 and references
therein). The solid lines in the CPL plot are presented
to show the luminescence spectral line shape. As usual
for most chiral organic chromophores and transition
metal complexes, |giym| that were obtained are small:
+0.003 and —0.004 for L-cysteine- and p-cysteine
capped CdSe QDs, as determined at the maximum
emission wavelength, respectively. Although the
Ggium Values are very small (a value equal to ~0.003
corresponding to light that is only 0.3% circularly
polarized), opposite CPL signals were measured for
the two QDs having opposite configuration at the
chiral center of the capping cysteine ligand. This result
confirms that the L-cysteine- and p-cysteine capped
CdSe QDs solutions in water exhibit an active CPL
signal and also that .- and p-cysteine induced modular
chiroptical properties in achiral CdSe QDs (i.e., the
emitted light is polarized in opposite directions for
the two enantiomeric forms of the QDs). This is the first
example of chiral ligand induced CPL in semiconductor
QD nanocrystals.

Magic Angle Spinning Solid State NMR (MAS ssNMR). To
explore the interactions between cysteine capping
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Figure 6. (a) 1D 13C MAS ssNMR spectra of L-cysteine-CdSe QDs (@ = 2.9 nm), TMAH, L-cysteine.HCl, and L-cysteine. (b)
Carbonyl region, and (c) Ca region of '>C MAS ssNMR spectrum of L-Cys-CdSe QDs (solid red line) and their fits. MAS ssNMR
spectra were acquired on a 600 MHz Avance lll Bruker NMR spectrometer at 299 K and 8.0 kHz MAS frequency.

ligands and the surface of CdSe QDs, we performed '>C
magic angle spinning solid state NMR experiments
on L-cysteine capped CdSe QDs (@ = 2.9 nm) and
compared them with '3C MAS ssNMR spectra of
L-cysteine hydrochloride and L-cysteine zwitterion
(Figure 6). MAS ssNMR can distinguish between differ-
ent conformations and binding modes of cysteine on
the CdSe surface.”>3? Optical activity induced in QDs
by multipoint anchoring of chiral organic ligands has
been postulated and supported by theoretical calcula-
tions previously.®

The spectra of cysteine and cysteine hydrochloride
displayed three narrow peaks corresponding to Cf3, Ca,
and C=0 carbons. On the other hand, the '3C ssNMR
spectrum of cysteine-capped CdSe QDs exhibited a
complicated profile with several broad peaks. Hetero-
geneous peak broadening originated from the size and
shape heterogeneity of CdSe QDs and conformational
heterogeneity of cysteine ligands attached to CdSe
surface. Using a multiple peak fitting function in the
OriginPro software, we have identified one peak in
Cp3 carbon region, four peaks in Co. carbon region, and
three peaks in the carbonyl carbon region. The '3C
chemical shifts are summarized in Table 2.

The observed downfield shift of the CS5 carbon
(>5 ppm in comparison to free cysteines) confirmed
the attachment of cysteine to CdSe surface and ab-
sence of free cysteines. Three peaks observed in the
carbonyl region have been potentially assigned as
carboxylate (COO™~ at 180.2 ppm), carboxylic acid
(COOH at 174.1 ppm) and carboxylate—CdSe complex
(COO-CdSe at 165.6 ppm). Although four peaks have
been identified in the Ca region, the sharp peak at
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TABLE2. '3C MAS ssNMR Shifts of L-Cysteine- HCl, .-Cysteine,
and L-Cys-CdSe”

= o (%
L-cysteine 1755 58.1 30.2
L-cysteine.HCl 1728 583 29.1
1-Cys-CdSe 180.2, 174.1, 165.6 62.9, 58.0, 58.3 357

213 chemical shifts are reported in ppm with adamantane as an external standard
referenced to DSS. (-Cys-CdSe chemical shifts were determined by signal fitting.

58.1 ppm belongs to tetramethylammonium hydroxide
(TMAH, Figure 6: dark yellow curve). TMAH has been
used as a base in the synthesis of cysteine—CdSe from
OA-CdSe. Since spectra were acquired utilizing cross-
polarization from "H to C, the areas under the signals
are not precisely proportional to the number of carbon
nuclei. Overall, the *C ssNMR data suggested the
bidentate interaction between cysteine and the surface
of CdSe QDs probably involving thiol and carboxylate
functional groups.

Theoretical Simulations of the (D Spectra of Cysteine—(dSe
Nanoclusters. Theoretical simulations of the CD spectra
were carried out to independently verify the origin of
the observed CD signals. 'Magic size' (CdSe);3 nano-
clusters®* were used as models for the QDs. While
much smaller than the QDs investigated experimen-
tally, the small size is necessary to keep the computa-
tions tractable, in particular since a large number of
excited states has to be computed for an adequate
representation of the UV and CD spectra (see below).
All computations were done with Gaussian 09.3* Model
(CdSe);3 nanoclusters were constructed based on
the lowest energy optimized structure reported by
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Azpiroz et al.>® The geometry was optimized at the DFT
level using dispersion corrected PBEPBE®*® density
functional and sbkjc-VDZ basis set/ECP*"3® with two
additional d functions on Se atoms (£ = 0.475412,
0.207776),*° which we denote sbkjc-DZP*. Conduc-
tor-like polarized continuum model (CPCM) was
used to simulate aqueous environment, with default
Gaussian 09 parameters for water. The optimized
geometries of (CdSe);3 nanoclusters (given in Support-
ing Information, Table S4) are in very good agreement
with the previous reports.3® Since the minimum energy
(CdSe);3 nanocluster lacks mirror symmetry, the opti-
mization yields one of the enantiomers with a nonzero
CD signal. To eliminate this intrinsic CD, which is not
experimentally observed, racemic mixture was simu-
lated by creating the opposite enantiomer as a mirror
image of the optimized structure. Alternatively, an
achiral, local minimum structure of (CdSe),3 cluster®®
with the C3, symmetry was also considered (see Sup-
porting Information). With the implicit solvent model
for water, the optimization could not maintain the
(3, symmetry, but converged to a C; structure, which
is nevertheless still achiral. The excited states of
the (CdSe);3 nanoclusters were calculated at TDDFT
B3LYP/sbkjc-VDZ*/CPCM level.

L-Cys- and p-Cys-(CdSe);3 complexes were con-
structed using the (CdSe);3 nanoclusters optimized as
described above. With Cd and Se atoms held fixed, the
L- and p-Cys geometries were further optimized using
B3LYP hybrid density functional with 6-31+G(d) basis
set for all Cys atoms (C, O, N, H, S) and sbkjc-VDZ* for Cd
and Se. Note that freezing the CdSe cluster structure
excluded any geometry distortions due to the ligand as
possible cause of the induced chirality. Zwitterionic
forms of - and b-Cys were considered to mimic
experimental conditions, and CPCM model was again
used to simulate the aqueous environment. The opti-
mized Cys-(CdSe);3 complexes are shown in Figure 7.
See Supporting Information Figure S15 for the alter-
native (C,) cluster structure.

The excited states of the complexes were calculated
at the same level of theory (B3LYP/6-31+G(d)/sbkjc-
VDZ*/CPCM). The UV—vis absorption intensities were
calculated using dipole length formalism, while for CD
rotational strength the dipole velocity gauge was used.
In both cases, the spectral contours were simulated by
assigning Gaussian bandshapes with 25 nm width to all
transitions.

Figure 8 shows the simulated UV—vis and CD
spectra of L-Cys- and p-Cys-(CdSe),3 nanoclusters. The
shape of the UV—vis absorption spectrum is in a very
good correspondence with experimental data (Figures 2
and 3), though shifted to shorter wavelengths as
expected for a smaller particle (the average diameter
of the (CdSe),3 is about 0.9 nm). As anticipated, the
(CdSe),3 exhibits a substantial CD signal (Figure S12).
For this reason, as detailed above, a racemic mixture of
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Figure 7. Optimized geometries of (left) .-Cys-(CdSe),3 and

(right) p-Cys-(CdSe),3 nanoclusters.
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Figure 8. Theoretical simulations of CD and UV—vis spectra
for model Cys-CdSe QDs: (a) calculated CD spectra of the L-
Cys complex with the optimized (CdSe),3 cluster (solid red
curve) and with the opposite enantiomer of (CdSe);s
(dashed red curve); (b) calculated CD spectra of L.-Cys-(CdSe-
)13 (red curve) and p-Cys-(CdSe),3 (blue curve) corrected for
the chirality of model (CdSe),3 structures by adding the
spectra of two (CdSe);3 enantiomers (curves in (a) for L-
Cys-(CdSe);3); (c) calculated UV—vis absorption spectra of -
Cys-(CdSe),3 (red curve) and p-Cys-(CdSe),3 (blue curve) of
the same enantiomer of (CdSe),3 nanocluster.

the nanoclusters was simulated by constructing a
mirror image of the optimized geometry. The true CD
signal due to the attachment of the cysteine molecule
was then isolated by adding the spectra computed
for the cysteine complexes with both enantiomers of
the nanocluster. As shown in Figure 8b, the CD spectra
calculated in this way qualitatively reproduce the gen-
eral features measured experimentally for the capped
CdSe QDs. A negative couplet CD corresponding to the
excitonic absorption band (~ 400 nm) is calculated for
LCys-(CdSe);3 as seen experimentally for the quantum
dots prepared from TOPO/OA-CdSe (Figure 2b) as well
as the smallest one investigated prepared from OA-
CdSe. The opposite, positive couplet, is calculated for
p-Cys-(CdSe);3 complex, as also observed experimentally
(Figure 2b). Since cysteine itself does not have any UV
transitions computed above ~230 nm (Figure S13), the
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predicted CD as shown in the 250—450 nm range is
therefore entirely due to the CdSe nanoclusters, whose
CD after correcting for the 'racemic’ mixture, is induced
by the interaction with the chiral cysteine.

The simulations also provided insights into the
physical origin of the induced CD. From the molecular
orbitals predominantly involved in the excitonic band
transitions, the occupied ones, including HOMO, were
generally delocalized over both the (CdSe);s cluster
(Supporting Information, Figure S14) and the ligand. By
contrast, the virtual orbitals (LUMO, LUMO+1, LUMO+-2)
stayed essentially localized on the former. The hybri-
dization of the CdSe highest occupied orbitals with
orbitals of the chiral ligand therefore appears to be the
primary source of the induced chirality in (CdSe)s3
nanoclusters.**~** As the CdSe nanocluster geome-
tries in the Cys-(CdSe);3 complex were fixed to the
energy minimum of the bare nanocluster, the com-
puted induced CD could not originate from the distor-
tion of the (CdSe),s structure by the ligand. While in
reality such structural distortion may contribute to the
induced CD, for our small model clusters this effect
would likely be severely overestimated as the relative
degree of distortion is expected to be much less for
larger QDs. Furthermore, since the model structures
contained only a single cysteine per CdSe nanocluster,
the simulations show that the general observed CD
patterns were not due to any cooperative ligand effect.
On the other hand, the interaction between Cys ligands
could be responsible for the magnitude of the signal
(see above), as well as, in combination with potentially
different structural arrangements, for the qualitatively
distinct CD bandshapes depending on the synthetic
method (Figure 3).

Finally, to directly test the effect on the inherent
chirality of the model CdSe clusters and its correction
by a racemic mixture, we have also simulated the CD
spectra for Cys complexes with achiral (CdSe) s clusters
(Figure S15). The induced CD of similar magnitude and
sign pattern corresponding to the excitonic band was

METHODS

All reagents were purchased from Sigma-Aldrich and were
used without any further purification. Water was obtained from
Milli-Q system with a resistivity of 18.2 MQ-cm. OA-CdSe and
TOPO/OA-CdSe QDs were synthesized using a modified litera-
ture procedure by Zou et al. (see Supporting Information).**

Synthesis of Cys-CdSe. Cysteine hydrochloride monohydrate
(0.2 g) was dissolved in Dl water (20 mL, [Cys] = 0.056 M). The pH
of the resulting solution was adjusted to 12.0 with tetramethy-
lammonium hydroxide (TMAH). A solution of OA-CdSe QDs in
toluene (12mL, 0.03 MM, As15  nm) = 2.0; @ =2.5nm) was added
to the cysteine solution, and the reaction mixture was deox-
ygenated and stirred at 20 °C under nitrogen in the absence of
light for 24 h. The Cys-CdSe transferred to the bottom aqueous
phase. The reaction mixture was left to stand for 1 h to allow the
phases to separate. The bottom aqueous layer was taken out with
a syringe, and Cys-CdSe QDs were purified by precipitation with
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again observed. However, the simulations with the
achiral (CdSe)5 clusters also showed some important
differences (Figure S15) implying that they are not as
good models for the experimental QDs as the mini-
mum energy ones (Figure 7). This can be expected,
since the QDs are likely to be approximately spherical,
while the C; cluster structure is more of a planar slab
(Figure S15). The differences indicated that the CD as
well as UV spectra, despite their inherently low resolu-
tion, are sensitive to the details of the QD structure and
its interactions with the ligand.

CONCLUSIONS

The - and p-enantiomers of amino acid cysteine
induced opposite CD and CPL signals in CdSe QDs. This
is the first example of ligand induced CPL in QDs. The
CD spectroscopic properties and CD anisotropy varied
with the size of CdSe nanocrystals. The largest CD
anisotropy was detected for @ = 4.4 nm CdSe nano-
particles. Solid state NMR experiments suggested bi-
dentate interaction between cysteine and the surface
of CdSe. Theoretical simulations of the CD spectra for
model Cys-(CdSe);3 nanoclusters qualitatively repro-
duced the experimental data, thus providing an inde-
pendent verification of the ligand induced chirality in
CdSe nanoparticles. The calculations further indicated
that the induced CD is predominantly due to hybridi-
zation of the ligand HOMO with the QD valence band
states and that the CD, along with the UV spectra, are
quite sensitive to the details of structure and ligand-QD
interactions. This implies that CD spectroscopic studies
combined with theoretical simulations may lead to
better fundamental understanding of the ligand in-
duced chirality as well as structural and energetic
aspects of the QD-ligand interaction, allowing for
systematic and rational improvements in design and
functionality. Such optimized design and modulation
of chiroptical properties will likely lead to novel appli-
cations in chiroptical memory, chiral biosensing and
chiroptical nanomaterials.

acetone/DI water (8:1, 2x). The purified Cys-CdSe QDs were
dissolved in DI H,0O and stored at 20 °C in the dark.

UV—Vis Absorption Measurements. UV—vis absorption spectra
were collected at 20 °C using a Jasco V-600 UV—vis double
beam spectrophotometer equipped with a single position
Peltier temperature control system. A quartz cuvette with a
1 cm path length was used for all UV—vis experiments.

Circular Dichroism (CD) and Fluorescence Detected Circular Dichroism
(FDCD). CD spectra were recorded at 20 °C using a Jasco J-815
spectropolarimeter equipped with a single position Peltier
temperature control system. Conditions were as follows: scan-
ning speed 100 nm/min, data pitch 0.5 nm, DIT 1 s, and
bandwidth 4 nm. A quartz cuvette with a 1 ¢cm path length
was used for all CD experiments. Each CD spectrum was an
average of at least 15 scans. FDCD spectra were recorded at
20 °C using a Jasco J-815 spectropolarimeter equipped with a
single position FDCD Peltier temperature control system and a
FDCD-465 attachment combining both a cylindrical cell and an
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elliptical cylinder mirror. Conditions were as follows: scanning
speed 100 nm/min, data pitch 0.5 nm, DIT 1 s, bandwidth 6 nm,
580 nm filter, and masks No7. Each FDCD spectrum was an
average of at six scans.

Fluorescence Measurements. Emission spectra were recorded at
20 °C using a Varian fluorescence spectrophotomer equipped
with a four position Peltier temperature control system using a
scan rate of 600 nm/min, excitation wavelength 450 nm, with
5.0 nm excitation slit, and 5.0 nm emission slit. A quartz cuvette
with a 1 cm path length was used.

Circularly Polarized Luminescence (CPL). CPL and total lumines-
cence spectra were recorded on an instrument described
previously,* operating in a differential photon-counting mode.
The light source for excitation was a continuous wave 1000 W
xenon arc lamp from a Spex Fluorolog-2 spectrofluorimeter,
equipped with excitation and emission monochromators with
dispersion of 4 nm/mm (SPEX, 1681B). To prevent artifacts
associated with the presence of linear polarization in the
emission,*® a high quality linear polarizer was placed in the
sample compartment, and aligned so that the excitation beam
was linearly polarized in the direction of emission detection
(z-axis). The key feature of this geometry is that it ensures that
the molecules that have been excited and that are subsequently
emitting are isotropically distributed in the plane (xy) perpen-
dicular to the direction of emission detection. The optical
system detection consisted of a focusing lens, long pass filter,
and 0.22 m monochromator. The emitted light was detected by
a cooled EMI-9558B photomultiplier tube operating in photo-
counting mode. All measurements were performed with quartz
cuvettes with a path length of 1.0 cm.

Transmission Electron Microscopy (TEM). Samples for TEM were
prepared by ultrasonic dispersion of the CdSe nanoparticles
in toluene and water for the oleic acid and cysteine capped
particles, respectively. The suspension was then drop-cast onto
carbon-coated copper grids and dried in air. Imaging was
performed on an FEI Tecnai G2 F20 scanning transmission
electron microscope (STEM) operating at 200 kV.

Magic Angle Spinning Solid State NMR (MAS ssNMR). MAS ssNMR
experiments were carried out on a 600 MHz Avance Il Bruker
NMR spectrometer equipped with a 3.2 mm E™® triple reso-
nance HCN probe. Three standards (L.-cysteine, L-cysteine hydro-
chloride, tetramethylammonium hydroxide) and L-cysteine
capped CdSe QDs were packed into 4 mm Bruker rotors. To
prepare the ssNMR sample, L-cysteine capped CdSe QDs were
lyophilized overnight from water. One dimensional (1D) 3¢
ssNMR spectra were acquired using '"H—"3C cross-polarization
(CP) and 'H decoupling during acquisition. For the CdSe QDs,
"H—"3C CP was achieved with a 70—100% ramped 63 kHz
"H and 50 kHz '3C pulses for 2.0 ms. Spectra was acquired for
20—40 ms with 78 kHz of two-pulse phase modulated (TPPM)
H decoupling. For the standards, 16—128 transients were
signal averaged. L-Cysteine capped CdSe QDs '3C spectrum
took ~19 h to acquire (24000 transients with 2.7 s recycle
delay). Experiments were performed at 26 °C (variable tempera-
ture set point) and 8.0 kHz MAS frequency. All spectra were
externally referenced to DSS using the adamantane downfield
13C peak at 40.48 ppm.*” Data were processed with TopSpin.
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