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Size-dependent Chiro-optical Properties of CsPbBr3 Nanoparticles
Nazifa Tabassum,a Zheni N. Georgieva, a Gouranga H. Debnath,a,b and David H. Waldeck* a,c

Chiral metal halide perovskites have garnered substantial interest due to their promising properties for application in 
optoelectronics and spintronics. Understanding the mechanism of chiral imprinting is paramount for optimizing their utility. 
To elucidate the nature of the underlying chiral imprinting mechanism , we investigated how the circular dichroism (CD) 
intensity varies with nanoparticle size for quantum confined sizes of colloidal CsPbBr3 perovskite nanoparticles (NPs) capped 
by chiral β-methylphenethylammonium bromide ligands. We find that CD intensity decreases strongly with increasing 
nanoparticle size, which, along with the shape of the CD spectra, points to electronic interactions between ligand and 
nanoparticle as the dominant mechanism of chiral imprinting in smaller NPs. We observe that as the NP size increases and 
crosses the quantum confinement threshold that the dominant mechanism of chirality transfer switches and is dominated 
by surfaces effects, e.g., structural distortions. These findings provide a benchmark for quantitative models of chiral 
imprinting.

Introduction
Metal halide perovskite nanomaterials have garnered attention 
over the past decade because of their promising optoelectronic 
properties such as tunable bandgaps,1, 2 long carrier diffusion 
length,3, 4 high defect tolerance,5 near unity fluorescence 
quantum yield (in cases),6 and long spin lifetimes,7, 8 which make 
them useful for photovoltaics,9 lasers,10-12 light emitting diodes 
(LEDs),13-15 and photodetectors.16, 17 Recently, metal halide 
perovskites imprinted with chiro-optical properties by chiral 
organic ligands have added to the desirable optoelectronic 
properties of perovskite materials for applications in spin-
dependent optoelectronic devices,18 spin-polarized charge 
transport,19-21 and circularly polarized light emission22-24 and 
detection.25-27  Moon et al. reported the first synthesis of chiro-
optically active hybrid organic-inorganic 2D metal halide 
perovskite thin films in 2017.28  Since then, a gamut of 2D19, 29-31 
and 3D32-37  chiral perovskites which display a range of 
interesting chiro-optical and spintronic properties have been 
synthesized. However, the underlying mechanism of chiral 
imprinting on perovskite nanoparticles is still not well 
understood.

Researchers often discuss two potential mechanisms for 
imprinting chiro-optical properties onto perovskites: i) chirality 
transfer through structural distortion35 and ii) electronic 
coupling between the perovskite and the organic ligand.19, 32, 38 

For example, Chen et al. showed that chiral α-octylamine 
modified cesium lead bromide (CsPbBr3) nanoparticles display 
circular dichroism (CD) and circularly polarized luminescence 
(CPL) signals, which they attributed to the asymmetric 
distortion of surface atoms by the chiral ligand.34 In a similar 
study, Kim et al. reported CPL activity for chiral 
methylbenzylammonium bromide passivated CsPbBr3 bulk 
nanocrystals (NC) and attributed the chirality to a distortion of 
the surface lattice which penetrates up to five atomic unit cells 
deep into the NCs.39 In order to improve the chiro-optical 
properties of perovskite nanomaterials, researchers have 
explored the importance of structural aspects, such as using 
mixed ligand shells,36 manipulating the perovskite lattice-
spacing (d-spacing) and halogen-halogen interaction,40 and 
changing the concentration of chiral ligand during post-
synthetic ligand exchange.38 While structural distortions can 
provide a straightforward mechanism for symmetry breaking, it 
does not necessarily translate into the significant “electronic” 
chirality that is probed by CD and CPL spectroscopy. Thus, one 
must also consider how the electronic interactions between 
chiral ligands and the NP contribute to the chiro-optical 
response. The contribution of electronic coupling to chiral 
imprinting in perovskites has been discussed in several works.32, 

41, 42 Ma et al. recently demonstrated that controlling the 
electronic interaction between chiral organic ligands and the 
inorganic framework of 2D organic-inorganic halide perovskite 
NCs was key to controlling their chiro-optical response.42  Zhang 
et al. have reported that π-orbitals of the organic ligand can 
couple with the p-orbitals of the perovskite iodide to modify the 
electronic configuration of quasi-two-dimensional 
perovskites.43 We have recently demonstrated the importance 
of the exciton’s spatial extent and the surface chiral ligand 
coverage on the induced circular dichroism (CD) response of 
perovskite nanoplatelets.41 The findings in this work suggest 
that electronic interactions between the ligand and perovskite 
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electronic states may play an important role in chirality transfer 
for nanoparticles, especially in the quantum confined regime.

To date, no studies have explored the effect of nanoparticle 
size on the chiral imprinting strength of quantum confined 
perovskite nanoparticles (NPs). Studies of chiral II-VI quantum 
dots (QDs) display a correlation between the size of QDs and 
their observed CD signal intensities. Zhou et al. demonstrated 
the size-dependence of the CD signal intensity for CdSe/CdTe 
colloidal QDs stabilized by chiral biomolecules.44 Also, Ben-
Moshe et al. reported the tuning of the CD intensity over a wide 
wavelength range by adjustment to the sizes of CdS and CdSe 
QDs that were capped with chiral penicillamine ligands.45 In 
both studies, a decrease in the CD intensity was seen with 
increasing QD size, with the latter study showing an exponential 
decrease. A similar effect has been reported for CdSe/CdS core 
shell structures, where the CdS shell thickness was varied and 
the chiro-optical properties were examined.46 These 
researchers proposed that chiral imprinting involves coupling 
between the HOMO of the ligand and the valence band of the 
semiconductor QD. As a clear understanding of the mechanistic 
process behind chiral imprinting in perovskite NPs has not yet 
been elucidated, investigating the dependence of chiro-optical 
activity on properties such as NP size is important, as it can 
reveal whether structural distortion or electronic coupling plays 
a bigger role in imprinting chirality. The change in chiro-optical 
properties introduced by structural distortion of the NP surface 
should have a different dependence on NP size than those 
arising from electronic interaction with the NP’s exciton, thus 
allowing their relative importance to be assessed.

The importance of a size-dependent study is further 
suggested by consideration of different literature reports on the 
chiro-optical properties of CsPbBr3 perovskites of different 
sizes. In 2021, we reported chiral 2nm sized CsPbBr3 with a 
strong CD peak at the first excitonic energy of the NP, and 
correlated it with the electronic properties of the chiral 
ligands.33 In contrast, CsPbBr3 NPs with an edge length of ~  
10 nm show only a broad CD signature in the UV region and no 
peaks at the first excitonic transition energy.39 In this study, we 
examine how the chiro-optical response  of perovskite NPs 
changes as a function of NP size and surface ligand coverage. 
We examine the size dependence of the CD spectrum for chiral 
CsPbBr3 perovskite NPs of four different sizes, circa 2.2 nm, 4.1 
nm, 5.2 nm, and 6 nm edge lengths. We observe a strong 
decrease of the CD intensity of the first exciton band as the NP 
size increases. The observed size dependence of such chiro-
optical properties is a feature that must be accounted for by 
theoretical descriptions of chiral imprinting for a complete 
understanding of the imprinting mechanism.

Experimental Methods

Materials

Cesium carbonate (Cs2CO3 99.9% trace metals basis), lead (II) 
bromide (PbBr2, 99.999% trace metals basis), zinc (II) bromide 
(ZnBr2, 99.999% trace metals basis), oleic acid (OA, technical 
grade, 90%), oleylamine (OAm, technical grade, 70%), 
octadecene (ODE, 90%), ethyl acetate, and hydrobromic acid 
(HBr, 48%) were purchased from Sigma Aldrich. S-(-)-β-
methyphenethylamine (S-MPEA, >98.0%) and R-(+)-β-
methyphenethylamine (R-MPEA, >98.0%) were purchased from 
TCI. Dimethyl sulfoxide (DMSO)-d6 was purchased from 
Cambridge Isotope Laboratories Inc. Ferrocene (99%), toluene, 
and tert-butanol were purchased from Thermo Fisher Scientific.

Synthesis of Precursor Salts

Bromide salts of R- and S-MPEA were synthesized by mixing 
equimolar amounts of the desired chiral amine and HBr in 15 
mL of absolute ethanol. The reaction was stirred in an ice bath 
for 2 hours, then the solvent was removed via rotary 
evaporation until crystals were formed. The crystals were 
collected, recrystallized with chlorobenzene, and then vacuum 
filtered and washed several times with toluene. The product 
was dried in a vacuum desiccator for several hours before 
storage.

Synthesis of CsPbBr3 NPs

For all syntheses, 0.2 g Cs2CO3, 0.7 mL OA and 10 mL ODE were 
added to a 50-mL three neck round bottom flask and flushed 
with argon for 1 hour at 120 ℃. The reaction was then sealed in 
an Ar atmosphere and the temperature was raised to 140 ℃ 
until the complete dissolution of Cs2CO3 and the formation of 
Cs-oleate. The reaction temperature was then maintained at 
120 ℃ to prevent precipitation.

To obtain NPs in the 2 nm size regime, 160 mg PbBr2, 1.20 g 
ZnBr2, 4 mL OA, 4 mL OAm, and 10 mL ODE were flushed with 
argon for 1 h at 130 ℃ after which the reaction was sealed in an 
Ar atmosphere and heated at 130 ℃ for an additional 45 
minutes. The temperature was then decreased to 85 ℃ and 
after equilibration, 1.2 mL Cs-oleate was rapidly injected. The 
reaction was quenched after 180 seconds by cooling the flask in 
an ice bath.

To obtain NPs in the 4 nm size regime, 138 mg PbBr2 and 10 
mL ODE were combined in a round bottom flask and flushed 
with argon for 1 h at 120 ℃, after which the reaction was sealed 
in the Ar atmosphere. OA and OAm were added to the reaction 
in a 2:1 ratio to a total volume of 1.8 mL and the reaction 
mixture was heated at 140 ℃ for an additional 45 minutes until 
complete dissolution of the PbBr2. The temperature was then 
decreased to 90 ℃, and after equilibration, 1.6 mL Cs-oleate 
was rapidly injected. The reaction was quenched after 20 
seconds by cooling the flask in an ice bath.

To obtain NPs in the 5 nm size regime, 140 mg PbBr2 and 10 
mL ODE were combined in a round bottom flask and flushed 
with argon for 1 h at 120 ℃, after which the reaction was sealed 
in the Ar atmosphere. OA and OAm were added to the reaction 
in a 1:1 ratio to a total volume of 2.0 mL and the reaction 
mixture was heated at 140 ℃ for an additional 45 minutes until 
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complete dissolution of the PbBr2. The temperature was then 
decreased to 130 ℃, and after equilibration, 1.6 mL Cs-oleate 
was rapidly injected. The reaction was quenched after 10 
seconds by cooling the flask in an ice bath.

To obtain NPs in the 6 nm size regime, 140 mg PbBr2, and 10 
mL ODE were combined in a round bottom flask and flushed 
with argon for 1 h at 120 ℃ after which the reaction was sealed 
in the Ar atmosphere. OA and OAm were injected into the flask 
in a 1:1 ratio to a total volume of 2.0 mL and the reaction 
mixture was heated at 140 ℃ for an additional 45 minutes until 
complete dissolution of the PbBr2. While maintaining the 
reaction temperature at 140 ℃, 1.6 mL Cs-oleate was rapidly 
injected. The reaction was quenched after 10-15 seconds by 
cooling the flask in an ice bath.

Purification of achiral NPs and ligand exchange

For 2 nm NPs, 2 ml of the as-synthesized mixture was dispersed 
in 5 ml of toluene and then centrifuged at 6500 rpm for 15 
minutes at room temperature to remove any unreacted 
precursors. The supernatant was collected and stored overnight 
to allow for NP ripening. The ripened NP mixture was then 
centrifuged at 11000 rpm for an hour at -3℃. The precipitate 
was resuspended in toluene and diluted to an absorbance 
intensity of 2 a.u. at the first exciton’s λmax. R- or S-MPEABr was 
added to the NPs as a solution in tert-butanol to reach a total 
chiral ligand concentration of 1.85 mM. The NP-ligand mixture 
was allowed to rest for 2h, then centrifuged at 6000 rpm for 15 
minutes at 10℃. The precipitate was collected for 
measurements.

For 4 nm NPs, the as-synthesized mixture was centrifuged at 
10000 rpm for 15 minutes at 15℃. The supernatant was 
collected, and ethyl acetate was added in a 3:1 ratio by volume, 
then centrifuged at 10000 rpm for 20 minutes at 10℃. The 
precipitate was resuspended in toluene and diluted to an 
absorbance intensity of 2 a.u. at the first exciton’s λmax. R- or S-
MPEABr was added to the NPs as a solution in tert-butanol to 
reach a total chiral ligand concentration of 0.46 mM. The NP-
ligand mixture was allowed to rest for 1h, then centrifuged at 
11000 rpm for 45 minutes at -5℃. The precipitate was collected 
for measurements.

For 5 nm NPs, the as-synthesized mixture was centrifuged at 
6500 rpm for 20 minutes at room temperature. The precipitate 
was resuspended in toluene and diluted to an absorbance 
intensity of 2 a.u. at the first exciton’s λmax. R- or S-MPEABr was 
added to the NPs as a solution in tert-butanol to reach a total 
chiral ligand concentration of 1.85 mM. The NP-ligand mixture 
was allowed to rest overnight (~18 hours), then centrifuged at 
11000 rpm for 20 minutes at room temperature. The precipitate 
was collected for measurements.

For 6 nm NPs, the as-synthesized mixture was centrifuged at 
7000 rpm for 25 minutes at room temperature. The precipitate 
was resuspended in toluene and diluted to an absorbance 
intensity of 2 a.u. at the first exciton’s λmax. R- or S-MPEABr was 
added to the NPs as a solution in tert-butanol to reach a total 
chiral ligand concentration of 1.85 mM. The NP-ligand mixture 
was allowed to rest overnight (~18 hours), then centrifuged at 

11000 rpm for 20 minutes at room temperature. The precipitate 
was collected for measurements.

Characterization of NPs

UV-Visible absorption spectra were collected on an Agilent 8453 
spectrometer. Circular dichroism spectra were collected on a 
Jasco J-810 spectropolarimeter with a scan speed of 100 
nm/min and up to 15 averaged scans for each spectrum. 

TEM images were acquired using a JEOL JEM-2100F and a 
Thermo Fisher Scientific Titan Themis 200 aberration corrected 
TEM operated at an acceleration potential of 200 kV. The 
samples were prepared by drop-casting a 10 µl NP dispersion in 
toluene onto a Cu TEM grid with ultra-thin carbon supporting 
film and dried in air.

Powder X-Ray Diffraction patterns were collected on a 
Bruker D8 Discover XRD instrument equipped with a PSD 
(LYNXEYE) detector and operated with a Cu K source ( = 
1.54187 Å) at an X-ray generator voltage and current of 40 kV 
and 40 mA respectively. Concentrated NP dispersions were 
drop-cast on a clean glass substrate and then dried before 
acquiring the spectra at room temperature. Data analysis was 
performed on the EVA and HighScore XRD analysis software.

1H NMR spectra were obtained using a Bruker Advance 400 
MHz spectrometer. The spectra were calibrated to the residual 
solvent peak (DMSO-d6, 2.50 ppm). To prepare NP samples for 
NMR, purified suspensions of NPs in toluene were centrifuged 
into a pellet, then dried under an Ar flow and stored in a vacuum 
desiccator. DMSO-d6 (~1 g) was added to the dried NPs and 
mixed until complete digestion occurred, as indicated by the 
formation of a clear solution. A standard solution was prepared 
by dissolving ferrocene in DMSO-d6 in a volumetric flask and a 
known amount was added to the NMR sample.

Calculating ligand coverage

Concentrations of chiral and achiral ligands were obtained via 
1H-NMR measurements as described in the main text. The mass 
of the NP pellet for each NMR sample was recorded and the 
total mass of ligands, as estimated from NMR measurements, 
was subtracted to yield the mass of CsPbBr3 only. Calculated 
values for the orthorhombic CsPbBr3 unit cell mass and volume, 
as well as the measured edge length of NPs in the sample, were 
used to convert the NP mass to the total number of NPs and 
total surface area. The total number of chiral ligands (derived 
from NMR measurements) was then divided by the total surface 
area of the dissolved NPs.

Results and discussion
Four different sizes of achiral CsPbBr3 NPs were synthesized 
using modifications of previously published hot injection 
procedures.33, 47, 48 In order to imprint chirality onto the achiral 
NPs, they were post-synthetically ligand-exchanged with 
solutions of R-(+)-β-methylphenethylammonium bromide (R-
MPEABr) or S-(-)-β-methylphenethylammonium bromide (S-
MPEABr) in tert-butanol following the procedure outlined in the 
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Experimental Methods section.  Figure 1 illustrates the ligand 
exchange procedure.    

Figure 1. Schematic of post-synthetic ligand exchange on CsPbBr3 NPs (represented by 
red cubes). The insert depicts the crystal structure of the NPs where the Pb2+ (red) and 
Br- (black) ions arranged in corner-sharing octahedra, with Cs+ ions (blue) surrounded by 
the PbBr6

4- octahedra. The achiral NP shown on the left is capped by oleic acid and 
oleylamine, while after ligand exchange, some of the native achiral ligands are replaced 
by R/S-methylphenethylammonium ligands (as shown on the right).      

The sizes of the NPs were determined using UV-Visible 
absorption spectroscopy and transmission electron microscopy 
(TEM) data. A calibration plot was used for determining the 
edge length of colloidal CsPbBr3 NPs from their lowest energy 
absorbance maxima (λmax), i.e. the first excitonic transition. 
Details of the plot and analysis are provided in the supporting 
information (see Figure S1). Figure 2 shows absorption spectra 
of the chiral and achiral NPs of different sizes. The NPs exhibit a 
size-dependent bandgap shift that is typical of structures in the 
quantum-confined regime, with their absorbance maxima red-
shifting with increasing NP size. Achiral NPs in the small size 
regime have absorbance maxima at 428 nm, which shifts to 453 
nm, 475 nm, and 483 nm for the medium and larger sized NPs. 
These λmax values correspond to NP edge lengths of 2.1 ± 0.2 
nm, 3.7 ± 0.3 nm, 5.0± 0.4, and 5.4 ± 0.5 nm respectively. Upon 
ligand exchange, a small, additional red-shift in the absorbance 
maximum of a few nanometers is observed for all NP sizes, with 
larger sizes seeing a somewhat greater shift in wavelength. 
Thus, the absorbance maxima for the chiral NPs increase to 431 
nm, 458 nm, 477nm, and 490 nm. If this shift is attributed to a 
size change, then the small, medium, and larger sized chiral NPs 
increase their edge lengths modestly to 2.2 ± 0.2 nm, 4.1 ± 0.4 
nm, 5.2 ± 0.5 nm, and 6.0 ± 0.5 nm respectively. The size-
dependent shift in the absorbance peaks of the achiral and 
chiral NPs is presented in more detail in Figure S2. To ensure 
that the integrity of the NPs is not compromised upon ligand 
exchange, X-ray diffraction (XRD) patterns of the different sized 
perovskites were collected. Figure S3 shows that the 
perovskites adopt a primarily orthorhombic CsPbBr3 crystal 
structure, consistent with other works. 49, 50

Figure 2. UV-Vis spectra for 2nm (red), 4nm (blue), 5nm (purple) and 6nm (green) sized 
NPs. Achiral NPs are shown in black while chiral NPs with R-MPEABr and S-MPEABr on 
the surface are shown using colored solid and dotted lines respectively. The solid 
magenta and dotted brown lines mark the absorbance maxima for the achiral and chiral 
NPs respectively. The NPs were dispersed in toluene for the measurements.

Representative CD spectra for the chiral NPs are shown in 
Figures 3 a, b, c, and d. The CD intensity is reported in units of 
the dimensionless dissymmetry, or g-factor (Δε/ε), which is 
derived by dividing the differential absorbance of circularly 
polarized light of each sample by their respective 
concentrations and molar extinction coefficients. This 
processing eliminates differences in concentration and molar 
absorptivity across NP sizes.  The R- and S-chiral NPs produced 
mirror image CD signatures for all four NP sizes (see enlarged 
plots for 4nm, 5nm, and 6nm sized NPs), with a bisignate 
(consisting of a positive and negative lobe) feature occurring at 
the energy of the first exciton of the NP and weaker features in 
the near-UV region. A bisignate CD shape can arise from the 
electronic coupling between two chiral chromophores or 
between a chiral and an achiral chromophore.51, 52 Despite 
these similarities, CD intensities (defined as the trough to peak 
value for Δε/ε of the bisignate band) decrease strongly with 
increasing NP size. That is, we observe a 10-fold decrease in CD 
intensity between the 2nm and the 4nm/5nm NPs (Figures 3a, 
b, and c), and a 100-fold decrease between the 2nm and the 
6nm NPs (Figures 3a and d). Moreover, the first exciton peak 
becomes less bisignate in shape i.e., the two lobes become less 
equal in area. For the 2nm NPs, the ratio of the area under the 
positive and the negative lobes of the bisignate peak is 
0.31±0.07, while for the 4nm, 5nm, and 6nm NPs, the ratios are 
at 0.12±0.08, 0.06±0.03 and 0.19±0.07 respectively. An ideal 
bisignate peak would have a ratio of 1 between the areas under 
the two lobes. The 2nm NPs show a ratio closest to one, 
followed by the 6nm, 4nm and the 5nm NPs. It should be noted 
that the sign of the bisignate peak flips for the 6nm NPs. In 
previous work, the change in the sign of the bisignate peak (as 
shown by the 6nm NPs) has been attributed to changes in chiral 
ligand orientation and coverage on the NP surface.41 The 6nm 
chiral NPs also appear to have two close lying absorbance peaks 
near the first exciton transition, at 480 nm and 489 nm 
respectively (Figure 2). This can occur due to an increase in the 
polydispersity of the NPs upon ligand exchange, where there is 
a broader distribution of NP sizes and morphologies in the 
sample (Figure S5). The presence of two peaks in such close 
vicinity can affect the resulting CD peak; i.e. a superposition of 
the CD peaks due to the two separate absorbance maxima could 
lead to abnormalities in the resulting bisignate feature,53 such 
as the slightly larger separation in energy between the positive 
and the negative lobes as observed for both the R and S 
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enantiomers of the large chiral NPs in Figure 3d. The disruption 
in the trend of reduction in the bisignate nature of the exciton 
CD peak with size could also be a result of such superimposition 
of neighboring absorbance peaks. Nevertheless, the reduction 
of bisignate feature with increasing NP size is evident from the 
data presented for the 2nm, 4nm and 5nm NPs, and the 
anisotropy for the 6 nm NPs follows the same trend; see Figure 
4.

Figure 3. Circular dichroism (CD) spectra for (a) 2nm, (b) 4nm, (c) 5nm, and (d) 6nm NPs 
in toluene are shown. Orange lines indicate zoomed in spectra of the 4nm, 5nm (x10), 
and 6nm (x100) NPs shown in panels to the right. Chiral NPs with R-MPEABr and S-
MPEABr on the surface are shown using solid and dotted lines respectively. The 
wavelength for the first excitonic transition is marked by black dotted line in each 
spectrum.

To further explore this size dependence of chiro-optical activity 
in CsPbBr3 NPs, the average CD intensities observed for each of 
the four size regimes in this work are plotted as a function of 
the average edge length of the chiral NPs. Plotting the average 
CD intensities on a logarithmic scale (Figure 4a) shows a linear 
decrease with increasing NP size, suggesting that the CD 
intensities of the NPs decay exponentially with size. This large, 
nonlinear decrease in CD intensity with increasing NP edge 
length is similar to that reported for II-VI materials.45, 54  
Recently, Georgieva et al. showed that the CD intensity in 
perovskite nanoplatelets can change strongly with chiral surface 
ligand coverage, before plateauing at a high coverage.41 To 
examine whether chiral ligand coverage is causing the intensity 
change, we quantified the chiral ligand coverage on the NP 
surface via 1H-NMR spectroscopy and correlated it with changes 
in the CD intensities for different sized NPs. The procedure and 
analysis for this quantification are provided in the SI. Figure 4b 
shows a compilation of CD intensity (plotted on a logarithmic 
scale) and ligand coverage data measured for this work. The 
standard deviation in Δε/ε of ±5x10-3 for 2nm NPs, ±7x10-4 for 
4nm NPs, ±5x10-5 for 5nm NPs, and ±8x10-6 for 6nm NPs over 
the coverage range shown indicates a small variation. While CD 
intensity fluctuates modestly with changing chiral ligand 
coverage, these variations are small compared to the change in 
average CD intensity with size and are attributed to the 
variation in chiral ligand coverage between samples.

Figure 4. (a) Average CD intensity plotted on a logarithmic scale as a function of average 
edge length for a chiral NP in the 2nm (red), 4nm (blue), 5nm (purple), and 6nm (green) 
size regimes. The brown dotted line shows a line of best fit, with a slope of -1.35 nm-1 . 
(b) CD intensity plotted on a logarithmic scale as a function of chiral ligand (MPEABr) 
coverage for the different NP sizes

The CD spectra for the quantum confined NPs studied here 
contrast sharply with the CD spectra of “bulk” CsPbBr3 NPs. 
CsPbBr3 NPs with sizes >7 nm do not display significant or strong 
CD activity at the first exciton transition energy;35, 36, 39 rather, 
they sometimes display broad features at higher energies, 
which have been attributed to structural distortion in the NP 
surface region near the ligand binding site.39 Similar broad 
features in the UV region of the CD spectrum have also been 
reported for II-VI QDs, which were attributed to localized 
structural distortion.55-57 In contrast to these findings, the CD 
spectra presented in this work are dominated by the transition 
at the first exciton energy. The data in Figures 3 and 4a show 
that the CD signal strength decreases strongly with increasing 
NP size. To understand this trend, we posit that the bisignate 
features at the first exciton transition energy in chiral CsPbBr3 
perovskite NPs (Figure 3) originate from a coupled oscillator 
interaction between the ligand and the NP. The mechanism for 
a bisignate shape comprises the coupling of the electronic 
transitions of two chromophores (e.g., the chiral ligand and the 
achiral NP) via a dipole-dipole interaction.54, 58 This interaction 
should change strongly with the distance between the two 
interacting chromophores.  As the NPs grow larger in size, the 
effective distance of the NP exciton from the chiral ligands on 
the surface increases.

For strongly quantum confined NPs, such as the 2 nm sized 
ones, bisignate features dominate the CD spectrum; however, 
as the NP size gets closer to the quantum confinement 
threshold (6 nm NPs), the CD spectra are less dominated by the 
bisignate band of the first exciton. This change is shown in 
Figure 5 by plotting the CD strength at the first exciton divided 
by that in the near UV (~350 nm) as a function of NP size. When 
the NP edge length exceeds the Bohr diameter of the exciton, 
little to no quantum confinement occurs; and the strength of 
the CD signals in the UV, which have been attributed to localized 
structural distortions on the NP surface,39 increase in relative 
magnitude. Note that Kim et al.39 have reported that structural 
distortion of the NP surface structures by chiral ligands can run 
up to five octahedral layers deep into the NP crystal lattice. 
Considering the size of an octahedron to be 0.67 nm,39 the 
smallest NPs in this work comprise ~3 octahedral layers, while 
the largest NPs are made up of ~9 octahedral layers, so 
structural distortion throughout the NP is expected. 
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Nevertheless, we observe a strong decrease of the exciton CD 
strength with size, whereas the CD strength of the NPs in the 
near-UV change much less (only half as much as the exciton) 
with size, indicating that chiro-optical response (CD strength) is 
not derived solely from the chiral distortions of the lattice. The 
claim of electronic interactions being the major source chirality 
in these quantum confined NP sizes is further strengthened by 
the proportionality seen between excitonic state splitting and 
the dissymmetry factor in the CD spectra (Table S1), which has 
been used as an indication of chirality due to electronic 
interactions in II-VI QDs.53

             

              
Figure 5. Plot of the ratio of the exciton:UV region CD intensity versus the NP edge length 
for 2nm (red), 4nm (blue), 5nm (purple), and 6nm (green) NPs. Inset shows a 
representative CD spectrum with the UV and the exciton intensity marked in orange and 
pink respectively.

A coupled oscillator model predicts that the Coulomb 
interaction between two interacting chromophores should 
decay as a power law of the distance between them; for point 
dipoles it is inversely proportional to the square of the 
distance.59  If the NP exciton and the chiral ligand are taken as 
the two chromophores, and we approximate the distance by 
the separation between the surface (where the ligands are 
attached) and the center of the NP (where the exciton is 
centered), then the rotatory strength should scale inversely 
with a power of the NP edge length.51 To determine how the CD 
intensity scales with this distance, the natural log of both 
variables were plotted against each other, as shown in Figure 
6a. We consider the relationship 

𝐶𝐷 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 ∝  𝑟𝑛

where r is the distance between NP exciton and ligand and thus 
equal to half of the NP edge length. Figure 6a shows a best fit 
with n ≈ -2, and a best fit in which n is allowed to vary.  This 
analysis shows that the CD intensity scales more strongly than 
1/r2 and that the coupled oscillator model, when approximating 
the chromophores as point dipoles, cannot fully account for the 
behavior. The coupled oscillator model primarily focuses on the 
interaction between electric dipole transitions of the 
chromophores. Recently, however, it was reported that 2D 
lead-halide perovskites show bright magnetic dipole transitions 
from self-trapped excitons.60, 61 If these transitions are present 

in the quantum-confined 3D perovskites, then dynamic 
coupling can occur between the magnetic dipole transition 
moment of an achiral chromophore and the electric transition 
dipole moments of chiral chromophores to generate a CD 
response.51 In the point dipole limit, this kind of interaction 
gives rise to a dissymmetry that scales as 1/r4,51 which better 
mimics the data in Figure 6a;  i.e. a best fit value of n = -5.3±0.7 
(orange dashed line). These considerations suggest that a 
coupled oscillator model can account for the decay of CD 
strength with distance if it is elaborated to include the extended 
nature of the charge distribution and/or coupling to magnetic 
dipole transitions. 

Figure 6. (a) The natural log of average CD intensity plotted as a function of the natural 
log of half of the average edge length for a chiral NP in the 2nm (red), 4nm (blue), 5nm 
(purple), and 6nm (green) size regimes. The brown dashed line shows a line of best fit 
with a slope fixed at -2, the pink dashed line shows a line of best fit with a slope fixed at 
-3, while the orange dashed line shows a line of best fit where the slope is allowed to 
float, which gives a best fit slope of -5.3. (b) Average CD intensity vs NP edge length fitted 
to an exponential decay law of y=ae-bx , where a = 0.22 and b = 1.35, with an adjusted R2 
fit of 0.98.

The use of an extended charge distribution to describe a chiral 
molecule and its imprint on a nanoparticle was reported by 
Goldsmith et al.62 In their model, the chiral adsorbates produce 
a dissymmetric or chiral electrostatic field which perturbs the 
electronic states of a gold nanocluster. They used an electron in 
a cubic box model to mimic the gold’s electronic structure, and 
then computed the perturbed wavefunction by the interaction 
between the absorbates (approximated to surface charges) and 
the electron box states, from which they could calculate the CD 
spectrum. They found that the calculated CD strength scales as 
1/r3 (pink dotted line in Figure 6a) with increasing gold 
nanocluster size when eight point charges are placed on the 
surface; in contrast to the scaling of 1/r2 that is expected for two 
point dipoles. Note that the coupled oscillator and the 
dissymmetric chiral adsorbate models account for the chiral 
imprinting by Coulomb interactions, though the major 
difference lies in whether the NP and ligand are modelled as 
interacting dipoles or as extended charge distributions. The 
considerations above and the fact that the exciton is spread 
over the entire NP and interacting with multiple chiral ligands 
indicate that models which account for the extended nature of 
the chiral ligand and NP charge distributions will be needed for 
more quantitative comparisons. 

Another mechanism that may explain the chiral imprinting 
involves wavefunction overlap between the chiral ligand and 
the NP exciton, which leads to electronic state mixing and chiral 
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symmetry transfer between the chiral ligands and the CsPbBr3 

NP.53 Consider a particle-in-a box (PIB) model, with the NP size 
acting as the length of the box (L) and the ionization potential 
of the NPs acting as the height of the box or potential barrier 
(V). As the NP size decreases, the ionization potential should 
increase modestly63, which would increase the height of the 
potential barrier of the box. The exciton wavefunction is 
confined within the potential well, but some of the 
wavefunction amplitude tunnels into the ligand shell on the NP 
surface and decays in an exponential manner. Even though the 
height of the box is bigger for smaller NPs, the length of the box 
is smaller, which can lead to an increase in the amplitude of the 
wavefunction tunneling as the NP size decreases; see Figure 7. 
Assuming that a larger overlap between the NP exciton 
wavefunction and the chiral ligand wavefunction increases the 
electronic coupling between the exciton and the ligand, then 
the electronic coupling should increase exponentially with 
decreasing NP size. If the chiral imprinting increases with the 
magnitude of wavefunction mixing between the chiral ligand 
and the exciton, it should be roughly proportional to the 
electronic coupling and decay exponentially with distance also. 
A fit of the data by an exponential decay law is shown in Figure 
6b and gives an inverse decay length of 1.35 nm-1, a decay 
length of 0.75 nm. The decay length can act as a measure of the 
electronic coupling strength between the interacting electronic 
states, and how it depends on the distance between interacting 
species.   

Figure 7. Schematic of proposed mechanism of how wavefunction overlap in a PIB model 
differs with NP size in small (L=2), medium (L=4), and large (L=6) size regimes. The 
rectangles shown represent the comparative size of the boxes for each NP size. The red 
curve represents a simple n=1 wavefunction for the NP exciton if it were not confined. 
V2nm, V4nm , and V6nm represent the height of the boxes or the potential barriers, and are 
dependent on the ionization potentials of the respectively sized NPs.

Conclusions
We studied the effect of size on chiro-optical properties in 
CsPbBr3 perovskite NPs that were capped by chiral organic 
ligands. The average CD intensity was found to decrease 
dramatically with NP size, a factor of 100 for a diameter change 
of 3 times. Differences in NP size and surface ligand coverage 
were examined as potential sources of this phenomenon. While 
chiral ligand coverage affects the observed CD signals, the size 
of the NPs is the major factor in determining the chiral 
imprinting strength. Comparison of these findings with 
literature results on chiral perovskites and chiral II-VI quantum 

dots points towards electronic interactions being the major 
contributor in the decay of the first exciton’s CD intensity with 
NP size. We identified different mechanisms of electronic 
imprinting that may explain the observed trend; however, 
determining the correct mechanism will require extensive 
theoretical modelling and can be the focus of future work. 
Ligand induced structural distortion of the NP lattice is 
discounted as the origin of the strong size effect on the NP’s 
exciton transition, because the CD transitions in the near UV, 
which are thought to arise from structural distortions, display a 
weaker intensity decay with NP size. As the NP size increases 
and evolves from being strongly quantum confined to weakly 
quantum confined, the dominant mechanism giving rise to 
chiral imprinting switches from electronic modification of the 
NP exciton to surface localized effects, previously rationalized 
as structural distortion. Understanding this size dependence of 
chiro-optical properties in perovskite NPs and the underlying 
mechanisms giving rise to chirality for different NP size regimes 
should enable the optimization of such properties to produce 
more efficient NP-containing devices for circularly polarized 
light absorption and emission, as well as for spintronics.
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