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Chiral halide perovskite nanocrystals have many applications
in next-generation optoelectronic devices due to their interac-
tion with circularly polarized light. Through the careful se-
lection of chiral organic surface ligands, control over the cir-
cular dichroism (CD) and circularly polarized luminescence
(CPL) of these materials can be achieved. However, while re-
cent developments of CD-active perovskites have seen signifi-
cant advances, effective CPL remains a challenge. Here, we syn-
thesize colloidal perovskite nanoplatelets exhibiting room tem-
perature CPL with dissymmetry factors up to g;,,, = 4.3 X
1073 and g, = 8.4 X 1073, Methylammonium lead bromide
nanoplatelets are synthesized with a mixture of chiral dimethyl
benzyl ammonium ligands and achiral octylammonium ligands,
the precise ratio of which is shown to be critical to achieving
high g-factors. We investigate the competitive binding of these
surface ligands using 'H NMR, and use an equilibrium model to
demonstrate the ligand affinity. The magnitude of CPL and CD
is quantitatively shown to exhibit a linear correlation, such that
Gium = 0.40 X g4ps. Lastly, by screening several amines with
close structures, we show that subtle differences in ligand struc-
ture have significant impact on the resulting CD signal of the
nanoplatelets. Our findings provide new insights for the effec-
tive design of perovskites exhibiting CPL and can facilitate the
development of high-performance devices based on circularly
polarized luminescence.
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Introduction

Chiral materials exhibit preferential interactions with left-
handed or right-handed circularly polarized light. The un-
equal absorption or emission of circularly polarized light is
referred to as circular dichroism (CD) or circularly polar-
ized luminescence (CPL), and leads to many practical tech-
nologies such as 3D displays, spintronics, quantum com-
puting, drug screening, anti-counterfeiting, and photoelectric
devices(1-6). However, realizing such technologies requires
the development of sources of circularly polarized light. Con-
ventionally this involves filtering unpolarized light using an
optical polarizer, the drawbacks of which include both a de-
crease in intensity, and the need for additional optical ele-
ments. Current methods seek to circumvent these issues by

producing direct sources of CPL, leading to device miniatur-
ization, lower production costs, lower energy consumption,
and faster data processing rates(7). Small organic chiral flu-
orophores can be used for this purpose, but typically suffer
from weak CPL with luminescence dissymmetry values on
the order of gjum = 10™% t0 gjum = 1072(8, 9). Addition-
ally, many of these organic molecules show optical activity
in the UV-range, whereas applications often require emis-
sion in the visible spectrum. One of the solutions is to cou-
ple chiral organic molecules with semiconductor nanocrys-
tals (NCs), consequently achieving direct CPL in the visi-
ble spectrum(10). Doing so, it is possible to achieve much
stronger chiroptical signals(11, 12).

Ligand-induced chirality has been shown to induce optical
activity in semiconductor nanocrystals(13). This involves the
incorporation of chiral ligands either directly in the synthe-
sis of colloidal nanocrystals, or through post-synthetic sur-
face treatment(14). This can result in new optical activity
at the characteristic wavelengths corresponding to excitonic
transitions of the NC, and both circular dichroism and circu-
larly polarized luminescence can be observed(15). However,
materials showing CPL are less common than those exhibit-
ing CD(16). Furthermore, to produce high-performance CPL
emitters through ligand-induced chirality requires both a chi-
ral molecule compatible with the NC surface, and a NC with
superior optoelectronic properties including narrow emission
line width, high photoluminescence quantum yield, and a
wide range of color tunability.

Hybrid organic-inorganic perovskite nanocrystals meet these
optoelectronic prerequisites, making them ideal candi-
dates for the development of next-generation chiroptical
devices(17). In addition to excellent optoelectronic prop-
erties, these materials have the advantages of affordability,
flexibility, and solution processability (18-20). Furthermore,
organic-inorganic perovskites are a good foundation for de-
signing optically active NCs due to the wide variety of com-
patible chiral organic ligands available. Typically, these
molecules consist of a chiral centre adjacent to a primary
ammonium moiety which can be inserted into the perovskite
framework (21). A number of reports have shown that per-
ovskites can be prepared directly in the presence of chiral
ligands, resulting in optically active nanocrystals (22-24).
However, while significant progress has been made in the
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field of chiral perovskite materials, CPL in these materials
has received few reports, particularly in the case of colloidal
nanocrystals(25, 26). This is because the optical properties
of these nanocrystals are strongly dependent on the surface
chemistry, and the impact of chiral ligands remains poorly
understood. Hence, this work aims to provide insight into the
relationship between chiral organic surface ligands, and the
resulting chiroptical properties in hybrid organic-inorganic
perovskite nanocrystals.

Here, we report colloidal perovskite nanoplatelets exhibiting
room-temperature CPL. Using a nonsolvent recrystallization
process, we show that a precise ratio of chiral and achiral lig-
ands is crucial for achieving high chiroptical responses. We
develop an '"H NMR method to establish a relationship be-
tween chiroptical properties and the ratio of chiral and achiral
ligands, finding that an equilibrium model can be used to un-
derstand the competitive binding of chiral ligands on the NPL
surface. The correlation between the absorption and lumi-
nescence dissymmetry factors is quantitatively investigated
to elucidate a linear relationship between gj,,,,, and gqps. The
effects of small differences in ligand structure on the CD sig-
nal at the NC excitonic transition are compared. These results
lead to a better understanding of ligand-induced chirality in
perovskite nanoplatelets, and help in the strategic design of
tunable sources of circularly polarized light.

Results and discussion

Methylammonium lead bromide perovskite nanoplatelets
(NPLs) were prepared using a ligand-assisted re-precipitation
(LARP) approach (see Methods section for details). NPLs
were synthesized with a stoichiometric ratio of precur-
sors corresponding to the thickness of a single unit cell.
This is denoted as n=2 in terms of the number of lead-
bromide octahedra n, in the form L,[MAPbBr3],,_PbBry,
whereby L represents the organic ligands. In this work,
chiral perovskites were prepared using a ligand mixture of
octylammonium (OctAm) bromide and either (R)-(+4)-c,4-
dimethylbenzylammonium (R-DMBA) bromide or (S)-(—)-
a,4-dimethylbenzylammonium (S-DMBA) bromide. Typ-
ically, a molar fraction of [DMBA]/[OctAm]= 0.825 was
used unless denoted otherwise. For simplicity, these chi-
ral NPL enantiomers are hereby denoted as R- or S-DMBA
NPLs. The achiral perovskites were prepared using only
OctAm ligands. Fourier Transform Infrared Spectroscopy
(FTIR) confirms the immobilization of alkylammonium moi-
eties on the surface of the nanoplatelets (Figure S1).

Scanning transmission electron microscopy (STEM) images
of the R-DMBA NPLs show well-dispersed nanoplatelets of
roughly circular morphology and a mean diameter of 65+ 12
nm, with contrast homogeneity indicating a uniform thick-
ness (Figure la). Additional STEM images of R- and S-
DMBA NPLs and achiral NPLs are shown in supplementary
information (Figure S2), including images showing the sam-
ple degradation which can occur as a result of radiolysis in-
duced by the electron beam (Figure S3). The corresponding
powder X-ray diffraction (PXRD) pattern of this sample is
shown in Figure 1b. No apparent differences are observed
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between PXRD patterns of the S- and R-DMBA NPLs (Fig-
ure S4). Peaks resulting from periodic reflections of stacked
nanoplatelets in the powder are indicated, corresponding to a
stacking periodicity of 2.6 nm. A single MAPbBr3 perovskite
layer has a thickness of 1.2 nm(27). Thus, the remaining 1.4
nm can be attributed to interdigitated OctAm and DMBA lig-
ands which have respective lengths of 1.1 nm and 0.8 nm
(Figure lc). This is consistent with values reported previ-
ously in literature for n=2 methylammonium lead bromide
nanoplatelets and for bulk perovskites(28, 29).

We systematically changed the molar ratio between chiral
and achiral ligands in the synthesis, and observed that the
magnitude of the CD signal strongly depends on this ratio, in
accordance with previous reports for perovskite NCs(25, 30).
We observed that the maximum CD signal was obtained at
a molar fraction of [DMBA]/[OctAm]= 0.825. This is the
composition that was chosen for optical and structural char-
acterization. The circular dichroism and circularly polarized
luminescence are shown alongside the corresponding absorp-
tion and fluorescence spectra of the chiral NPLs (Figure
2a,b). The exciton absorption maximum at 430 nm with fluo-
rescence emission maximum at 438 nm indicate a NPL thick-
ness of n=2(28). The photoluminescence quantum efficiency
(PLQE) of these chiral NPLs is 0.27%, with a Full Width at
Half maximum (FWHM) of 14 nm. Comparatively, a PLQE
of 3.63% and a FWHM of 11 nm is exhibited for the achiral
samples synthesized with purely OctAm ligands, consistent
with previous literature(28). The chiral samples show a lu-
minescence dissymmetry g-factor, gy, of 4.0 x 1073 cal-
culated as: gjum =2 x (I —Ig)/(Ir + IRr), where Iy, and
IR are the intensities of the left- and right-handed compo-
nents of the emitted light at the 438 nm emission maximum.
The corresponding g,ps at the 430 nm absorption maximum
is 8.4 x 1073, defined as gqps = CD(mdeg)/ (32980 x A),
where C' Dy, 4eg is the circular dichroism signal in millide-
grees, and A is the absorbance at the given wavelength. To
the best of our knowledge, these g-values are the highest
reported for colloidal perovskite NPLs to date. Figure 2c
shows gqps over the full spectrum, with the corresponding
absorbance. The feature observed in the region near 300 nm
can be attributed to a ligand-NC charge transfer band, with
the bisignate peak in the region of 400-450 nm correspond-
ing to the perovskite excitonic transition(31, 32). Spectra for
the R- and S-DMBA NPLs appear as mirror images of one
another for both CD and CPL. As expected, no chiroptical
features are observed in the visible spectrum for either the R-
or S-DMBA-Br ligands alone, or for the achiral NPLs syn-
thesized with purely OctAm ligands (Figures S5 and S6).

It follows that the optical properties are highly dependent on
the surface chemistry of the nanoplatelets, as ligand bind-
ing alters the electronic energy levels of surface atoms(33).
Therefore, to understand the role of the different ligands in-
volved, a better understanding of the surface chemistry must
be developed. Due to the structural differences between the
ligands, it is expected that they would have different binding
affinities for the surface of the nanoplatelets(34). Further-
more, only a small portion of the total ligands present are re-
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Fig. 2. (a) CD and CPL in region of NPL excitonic transition, (b) corresponding absorption and fluorescence spectra, (c) g.»s-factors and absorbance over full spectrum.
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Fig. 3. H NMR spectrum indicating signals used for relative quantification of lig-
ands. Ligand structure with indicated protons and corresponding peaks are high-
lighted for DMBA (orange) and OctAm (red). Spectra are shown for (a) solution con-
taining dissolved NPL salts including both DMBA and OctAm, (b) solution containing
only DMBA and OctAm salts, (c) solution containing octylammonium bromide, (d)
solutions containing only (S)-DMBA-Br.

quired to passivate the surface because the NPLs are synthe-
sized in the presence of an excess of ligands. Therefore, the
ligand composition at the surface of the nanoplatelets is not
necessarily equal to the initial composition in solution. Thus,
'H NMR was used to compare the relative concentration of
free ligands to that of ligands bound to the nanoplatelet sur-
face.

A detailed procedure for the relative concentration determi-
nation of ligands through 'H NMR is described under Ex-
perimental Methods. In short, this involved centrifuging the
platelets to remove unbound ligands before dissolving the
precipitate in a polar deuterated solvent. When the NPLs
are dispersed in a polar solvent, they dissolve into their
constituent precursors because the initial formation of the
platelets occurs as a result of a nonsolvent crystallization pro-
cess. This allows for sharp signals from free ligands to be
resolved in the 'H NMR spectrum, as there is no peak broad-
ening resulting from bound ligands(35). Figure S7 compares
the 'H NMR spectra of bound and free ligands. Addition-
ally, because excess ligands were removed during washing,
an accurate quantification of only the ligands which were
previously bound to the surface can be deduced. To do so,
peaks from the 'H NMR spectrum with no overlapping sig-
nals were used for relative concentration determination with
the following equation:

-1
NpmBa

N OctAm

1
]\4:|‘OctAm>< +1

IpmBa

Where [ is the integral of the signal, N is the number of nu-
clei giving rise to the signal, and M is the molar fraction of
DMBA ranging between 0 and 1. The signals used for com-
parison were the alpha proton of DMBA (§ = 4.38 ppm) and
the methyl protons of OctAm (§ = 0.87 ppm), as indicated
in Figure 3. This procedure was repeated for samples syn-
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thesized with different molar fractions of chiral and achiral
ligands, ranging from 100% (purely chiral DMBA, M = 1)
down to 0% (purely OctAm, M = 0). From this, an equilib-
rium of the ligands with the NPL surface was thus established
and correlated with the magnitude of g, (Figure 4a,b).

The binding equilibrium between the different ligands and
nanoplatelet surface can be expressed as follows:

[DMBA] + [NPLOctAm] = [OctAm] + [NPLDMBA]

The equilibrium constant K can then be written as:

_ [NPLowa][DMBA]  (1-M)

[NPLompal[OctAm] M (1—x)

Where z is the molar fraction of DMBA in solution, and
again M is equivalent to the molar fraction of DMBA on the
surface of the nanoplatelet. Therefore, K = 1 would be in-
dicative of equal affinity of the ligands for the NPL surface.
Fitting the experimental values using this equilibrium model
results in K = 7.3 & 3.2 and reveals the competitive bind-
ing between the ligands and the NPL surface, showing that
OctAm has a much higher affinity than DMBA for the NPL
surface, to such an extent that when 82.5% of ligands in so-
lution consist of DMBA at the beginning of the synthesis,
the percentage on the surface after the synthesis is only 33%.
This composition corresponds to the ratio at which the maxi-
mum CD signal is observed. A chiral ligand fraction of 0.88
corresponds to equal amounts of both ligands on the surface
of the NPLs, and this composition was used to evaluate the
reproducibility of chiral signals (Figure S8).

The dependence of g, on the fraction of chiral ligands at the
430 nm absorption maximum can be rationalized in a num-
ber of ways when considering both the ligand affinity to the
nanoplatelet surface and the absorption spectra of samples
synthesized with different ligand fractions (Figure 4c). As
the ratio of chiral to achiral ligands is changed, the formation
of different species is favoured. However, the equilibrium of
ammonium ligands to the lead bromide surface is indepen-
dent of the platelet morphology, and thus intercomparison of
the different species is possible. In the presence of purely
chiral ligands, an absorption maximum at 380 nm occurs, re-
sulting from the formation of distorted lead-halide octahedra
which can be attributed to a (110) perovskite with layered
corrugated inorganic sheets(36). Profile plot STEM images
of stacked platelets show the presence of multiple thicknesses
including n=1, which is confirmed by PXRD indicating the
majority population has a stacking periodicity of 1.6 nm (Fig-
ure S9). After accounting for the 0.6 nm lead-bromide octa-
hedra, the remaining 1.0 nm can be attributed to interdigitated
ligands. A CD signal on the order of g, = 10~ is ob-
served in this region of 380 nm, as well as a smaller signal at
430 nm, resulting from the n=1 and n=2 layers, respectively
(Figure S10a). This preferential formation of distorted n=1
species at high chiral ligand fraction is a result of the bulky-
ness of DMBA, because flexibility of the single lead bromide
octahedra layers allows for a larger degree of distortion in
the system, thus accommodating more ligands on the surface.
Additionally, the absence of OctAm allows for increased 7-7
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stacking of interdigitated DMBA, further favouring the for-
mation of a layered Ruddlesden-Popper phase structure in-
stead of well-dispersed individual NPLs(37).

The simultaneous formation of both the n=1 thickness (ab-
sorption at 398 nm) and the n=2 thickness (absorption at 430
nm) can result in the low magnitude of g,;5 due to compet-
ing CD signals from the different species. The preferential
absorption of left or right circularly polarized light coincides
with the redistribution of helical electron clouds for a specific
excitonic transition. The CD spectrum is then constructed
as differential spectra of the absorption values of the left-
and right-handed components of polarized light as a function
of the wavelength. Thus, for different excitonic transitions
which occur at nearby wavelengths, opposite-signed CD sig-
nals can overlap and partially eliminate one-another. Figure
S10b shows the absorption and g,ps spectra for NPLs syn-
thesized with a chiral ligand fraction of 0.6, in which both
n=1 and n=2 species are present. Comparison of the CD
bands between these two populations shows interfering sig-
nals. That is, the Cotton effect for S-DMBA NPLs in the
direction of increasing wavelength is positive to negative at
the n=1 transition, and negative to positive at the n=2 transi-
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tion. Additionally, a correlation is seen between a decrease in
the relative concentration of n=2 platelets and a decrease in
Jabs When comparing the NPLs synthesized with the opposite
enantiomers. The simultaneous presence of multiple species
in solution will result in a CD spectrum that is the sum of
all individual signals from each population. Furthermore, the
CD spectrum of one species is the the sum of the differential
absorption of left and right circularly polarized light. Hence,
when excitonic transitions of two different species are close,
the overlapping CD peaks can have cancelling effects since
a positive CD signal of one population can be partially can-
celed by a negative signal of another thickness thus resulting
in low overall signals for samples of polydisperse thickness.

The monodisperse populations of n=2 platelets at low mo-
lar fractions of chiral ligands (approaching 0%) exhibit low
gaps-factors. In this case, it simply results from an insuffi-
cient amount of chiral molecules on the surface, as the small
portion of DMBA is out-competed by OctAm, which has a
much higher affinity for the surface.

Of interest is the composition for which the largest g, mag-
nitude is exhibited, corresponding to M=0.33. Assuming
full passivation of the surface by the mixture of OctAm and
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DMBA, this means 1/3 of surface sites are passivated by chi-
ral ligands. At this ratio, a single species of monodisperse
n=2 platelets are formed. The dramatic increase in CD at this
specific ratio of chiral and achiral ligands can possibly result
from chiral amplification due to the “sergeants-and-soldiers”
effect on the nanoplatelet surface. Such a phenomenon can
arise at precise ratios of chiral and achiral units when a small
number of chiral units (“sergeants”) control a larger portion
of achiral units (“soldiers”)(12, 38). This collective arrange-
ment of molecules on the surface can result in long-range
ordering, and chirality can be amplified beyond what is ob-
served for ratios at which no collective interactions occur.
Chiral amplification is observed when the increase of CD is
non-linear in chiral molecule concentration, as can be seen
in Figure S11 showing the g,;s maxima as a function of the
fraction of chiral ligands on the nanoplatelet surface. Fur-
thermore, the ligand concentration has influence over the ge-
ometry of the chiral molecules on the NPL surface, which can
consequently affect the magnitude of the CD signal(39). This
cooperative ligand effect can result in the order of magni-
tude increase in g,ps Which is observed at the optimal ligand
fraction. The large error associated with measurements of
samples prepared near this optimal ligand fraction is a conse-
quence of the small energetic barrier separating the formation
of these different species and the different conformations of
the ligands on the NC surface.

Previous reports for colloidal perovskites prepared with other
chiral ligands theorize that incorporation of a small amount
of achiral ligands is required because the chiral molecules
cannot passivate the surface alone due to their large steric
profiles(30, 32). However, approximate calculations indicate
that the packing density of chiral ligands is much greater
than the density of available surface sites. The number of
available surface sites for a MAPbBr3 crystal is 2.8 nm™2.
The packing density of DMBA can be compared to simi-
lar aromatic chiral molecules by calculating the large-area
coverage of single monolayers, arriving at an approximate
density of 3.3 to 4.4 ligands nm~2(29, 40-42). Compara-
tively, a packing density of ~4.9 ligands nm~? is typically
exhibited for crystalline alkane chains, or a density of 4.6
nm~2 for self-assembled monolayers (SAMs) on an Au(111)
surface(33, 35). From this, we see that bulky chiral ligands
alone are sufficient to achieve complete passivation, suggest-
ing that the achiral ligands have a role beyond simple surface
passivation, but may contribute to long-range ordering.

To elucidate the relationship between CD and CPL, the ;..
value at the emission maximum was plotted against the g,
value at the absorption maximum for nanoplatelets prepared
with different chiral ligand fractions (Figure 5). The plot
gives a regression line of iy = 0.4 X gaps (12 = 0.84).
Negative CD and CPL signals are observed for R-DMBA
NPLs, while the S-DMBA NPLs exhibit positive signals. A
slight deviation to higher g;,,.,,, values for R-DMBA NPLs in
comparison to the S-enantiomer can be attributed to the enan-
tiomeric purity of the ligand salts, which were synthesized
using precursors obtained from different suppliers. The lin-
ear correlation between the g-factor magnitudes is consistent
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Fig. 5. Correlation of the luminescence versus absorption dissymmetry factors for
NPLs prepared with different chiral ligand fractions.

with previous reports showing that gj,,,,, is proportional to,
and smaller than, g,;5(43). Evaluation of the chiral sensitiv-
ity of the experimental setup is shown in Figure S12, showing
the g, values for samples synthesized at different dilution
factors.

Nanoplatelets exhibiting high g;,,,,, values will consequently
also exhibit high g,;s values. Thus, to screen for poten-
tial NPL compositions with high dissymmetry values, the
CD signals were recorded for perovskites synthesized with
a number of different chiral amines. We observed a depen-
dence of g,ps on the chiral to achiral ligand ratio for these
NPLs prepared with different ligands, including (S)- and (R)-
methylbenzylamine (MBA), (S)- and (R)-ethylbenzylamine
(EBA), and (S)- and (R)-cyclohexylethylamine (CHEA). In
all cases, n=2 methylammonium lead bromide nanoplatelets
exhibited an increased CD response when a small amount
of OctAm ligands were included. The chiral ligand fraction
was varied in increments of 0.02 to arrive at the optimal CD
signal for each nanoplatelet, with the precise amount of Oc-
tAm required being unique to each ligand. Figure 6 com-
pares the CD spectra of nanoplatelets synthesized with the
R-enantiomer of each ligand. The NPL absorption spectra,
the corresponding CD spectra of S-enantiomers, and the cal-
culated g,ps values are shown in Figure S13. Interestingly,
despite the structural similarities between each molecule and
identical NC composition and thickness, significant differ-
ences are observed in the CD spectra. Simply removing the
methyl group from DMBA to yield the structure of MBA re-
sults in a decrease of g,ps by more than an order of mag-
nitude, but preserves the sign of the CD signal. However,
altering the ligand structure between DMBA and the isomer
EBA results in both a decrease in g,p5, and an inversion in
the CD signal. Replacing the aromatic ring with cyclohex-
ane results in a CD band with a more pronounced Cotton
effect, unlike that of the previous ligands. Instead of a sin-
gle positive (or negative) band, the CD response becomes
bisignate and changes sign at the wavelength where it was
maximum for amines bearing an aromatic moiety. Different

Hubley etal. | Chiral perovskite nanoplatelets exhibiting circularly polarized luminescence through ligand optimization
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Fig. 6. CD spectra of n=2 methylammonium lead bromide nanoplatelets synthe-
sized with the (R)-enantiomer of different chiral ligands including (a) (R)-(+)-c,4-
dimethylbenzylamine (DMBA), (b) (R)-(+)-a-methylbenzylamine (MBA), (c) (R)-
(+)-c-ethylbenzylamine (EBA), and (d) (R)-(—)-1-cyclohexylethylamine (CHEA).
Nanoplatelet absorption maxima are indicated by dashed lines. The chiral ligand
fractions which gave the optimal responses are, respectively, 0.825, 0.75, 0.92, and
0.80, from top to bottom.

ligands, depending on chemical structure and composition,
can split the excitonic levels of the perovskite NC with dif-
ferent efficiency, resulting in different shape and intensity of
the induced CD signal(44). Even the same ligand can in-
duce different CD spectra as a result of different geometrical
configurations on the NC surface(14). The chirality is de-
pendent not only on the chemistry of the ligand involved, but
also on the exact geometry of binding(45). Thus, small dif-
ferences in ligand structure can induce significant changes in
the CD spectra, even for nanoplatelets of the same thickness
and composition.

The extent to which subtle differences in ligand structure
and orientation result in significant changes in CD shape and
magnitude indicates that the mechanism of the optical ac-
tivity observed is likely a result of chiral molecular dipole
and transition dipole coupling(46). Such chirality transfer
originates from coupling of the static dipole of the chiral
surface ligand to the transition dipole moment of the per-
ovskite nanocrystal, and the resulting CD spectrum is depen-
dent on the specific binding configuration of the ligand.(46).
Changes to the electronic structure of the NPLs by altering
either the A-site cation or halide composition resulted in a de-
creased CD signal intensity, supporting this theory (Figures
S15, S16). The drastic difference in the magnitude of g,ps
between DMBA and other chiral ligands suggests that long-
range ordering may be present for this ligand, resulting in a
chiral amplification which is not observed for MBA, EBA,
or CHEA. Each of these ligands requires a small portion of
OctAm to improve the signal, suggesting that the methods
used here are a generic approach applicable to a wide range
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of perovskite systems. However, these results also indicate
that OctAm is not required simply to help passivate the sur-
face alongside the bulky ligands, but that inter-ligand inter-
actions play an additional role in the orientation of the chiral
molecules, and inhibit the formation of layered Ruddlesden-
Popper phases. Furthermore, dipole-dipole coupling between
the chiral ligand to the nanocrystal show that the specific
choice of chiral ligand is also important to achieve optimal
signals. Thus, future studies may seek to further investigate
subtle structural differences between ligands to optimize chi-
roptical responses.

Conclusions

In conclusion, we report chiral colloidal perovskite
nanoplatelets exhibiting room temperature circularly polar-
ized luminescence. A combination of chiral and achiral
molecules containing a primary ammonium moiety are in-
corporated as surface ligands directly in the NPL synthesis.
We show that the ratio of these ligands strongly affects the
chiroptical properties of the nanoplatelets, and that the com-
petitive binding of these ligands to the nanoplatelet surface
follows an equilibrium model. When the molar fraction of
chiral to achiral ligands is too high or too low, formation of
polydisperse thicknesses and different ligand binding orien-
tations result in a decrease in the chiroptical signals. This
approach is demonstrated to be applicable for a number of
different chiral molecules. We further show that in order to
optimize the magnitude of the signal, careful consideration
must be given to the choice of ligand because minute struc-
tural differences result in significant changes in the magni-
tude and sign of the induced CD. We believe the insights pro-
vided here will help the systematic and rational development
of perovskite NCs with strong chirality, leading to applica-
tions in chiroptical devices.

Methods

Reagents and Materials Used.

Lead (II) bromide (PbBrp, 99.999%), methylammonium
bromide (MABr, anhydrous, >99%), n-octylammonium
bromide (OctAm-Br, >99%), hydrobromic acid (HBr, 48

wt% in water), (R)-(4+)-a,4-Dimethylbenzylamine (-
DMBA, 99%), (5)-(—)-a-Methylbenzylamine (S-MBA,
98%), (R)-(+)-a-Methylbenzylamine (R-MBA, 98%),

(S)-(+)-1-Cyclohexylethylamine (S-CHEA, 98%), N,N-
dimethylformamide (DMF, anhydrous, 99.8%), dimethyl
sulfoxide-dg (DMSO, 99.9 atom% D), toluene (anhydrous,
99.8%), ethanol (anhydrous), and diethyl ether (anhydrous,
>99%) were purchased from Sigma-Aldrich and used
as received. Oleic acid (OA, technical grade 90%) was
purchased from Sigma-Aldrich and was dried for 1 hour at
120°C under vacuum before storage and use in a glovebox.
(5)-(—)-a,4-Dimethylbenzylamine (S-DMBA, 98% ee
99+%), (S)-(—)-a-Ethylbenzylamine (S-EBA, 99+%, ee
99%), (R)-(+)-a-Ethylbenzylamine (R-EBA, 99+%, ee
98%), and (R)-(—)-1-Cyclohexylethylamine (R-CHEA,
98%, ee 94+%) were purchased from Alfa Aesar and used as
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received.

Precursor preparation. Precursor salts of S- and R-DMBA-
Br were synthesized as follows. The desired enantiomer of
DMBA (37 mmol, 5 g) was dissolved in ethanol (anhydrous,
25 mL) in a round bottom flask. A water bath was placed
around the flask for heat dissipation and HBr (38 mmol, 4.3
mL, 48wt%) was added dropwise under vigorous stirring.
After 2 hours, the flask was transferred to a rotary evaporator
and dried at 70°C to remove volatile solvents. The result-
ing white crystals were transferred to a Biichner funnel and
washed with cold diethyl ether (6 washing cycles) before be-
ing placed in an oven at 80°C for 1 hour. The products were
transferred to an oxygen and water-free glovebox for storage.
The other chiral ammonium halide salts were synthesized in
a similar manner.

Nanoplatelet synthesis. All synthesis was performed in an
oxygen and water-free glovebox. Stock solutions were pre-
pared by dissolving precursor salts (PbBry, MABr, OctAm-
Br, S-DMBA-Br, R-DMBA-Br) in DMF to produce 0.5 M
solutions. A portion of these stock solutions were com-
bined into a precursor solution, consisting of 20 L. MABr,
40 pL PbBr2, 100 L OA, and 200 gL of ammonium lig-
ands (for instance 165 pyL. of S-DMBA-Br and 35 upL of
OctAm-Br). This corresponds to a stoichiometric ratio for
n=2 nanoplatelets, with an excess of ligands for added stabil-
ity. A small amount of this precursor solution (20 pL) was
rapidly injected into 10 mL of toluene under vigorous stir-
ring, resulting in instantaneous NPL formation. For purifi-
cation, platelets were centrifuged at 6000 rpm for 5 minutes
before being redispersed in 10 mL of toluene.

Circular Dichroism Spectroscopy. CD was measured us-
ing a Jasco J-1700 Spectrometer. Samples were measured in
toluene using a 1 cm quartz cuvette, a 2 second integration
time, and a 1 nm bandwidth. Background was subtracted
with a toluene blank, and all g,ps-factors were calculated
from absorbance data measured simultaneously.

Circularly Polarized Luminescence. CPL was performed at
room temperature using a home-built spectrometer described
elsewhere(9). All g, -factors were calculated from fluores-
cence data measured simultaneously. Samples were excited
at a 45 degree angle using a 365 nm diode at 20 mA, with a
2100 ms integration time, a 2 mm slit width and 4 nm resolu-
tion.

Photoluminescence Quantum Efficiency. PLQEs were
measured using an Edinburgh Instruments Spectrofluorome-
ter FS5 equipped with an SC-30 integrating sphere. Samples
were excited at 365 nm with a Xe lamp.

Powder X-Ray Diffraction. Samples prepared under inert
atmosphere were centrifuged and redispersed in a minimal
amount of toluene before being drop-cast onto an air-free
sample holder. PXRD measurements were performed using
an Malvern Panalytical Aeris X-ray diffractometer operating
at 30 kV and 15 mA with a copper radiation source.

Fourier Transform Infrared Spectroscopy. FTIR was per-
formed using a PerkinElmer Spectrum 65 FTIR Spectrome-
ter. NPLs were centrifuged into a pellet and dropcast onto a
Universal ATR Sampling Accessory.
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Transmission Electron Microscopy. Samples were pre-
pared by dropcasting solutions onto an Ultrathin C film on
lacey carbon support, 400 mesh, Cu. (Ted Pella, Inc.) High-
angle annular dark-field scanning transmission electron mi-
croscopy (HAADF-STEM) images were obtained using a
Jeol microscope (JEM-ARM200F Cold FEG NeoARM) at
an operating voltage of 200 kV.

'H NMR Spectroscopy. To prepare samples, the typical syn-
thesis was scaled up to involve the injection of 120 uL of
precursor solution into 20 mL of toluene. After 5 minutes,
samples were centrifuged at 6000 rpm for 5 minutes. The su-
pernatant was discarded, and samples were left uncovered to
evaporate any residual solvent overnight. The pellet was dis-
solved in dimethyl sulfoxide-dg (600 pL) and sonicated for
10 minutes before being transferred to a 5 mm NMR tube.
Measurements were taken on a Bruker 300 MHz spectrom-
eter using a standard proton pulse, 16 scans, and a 2.7 sec-
ond acquisition time. The signals used for relative concentra-
tion determination were the alpha proton of DMBA (§ = 4.38
ppm) and the methyl protons of OctAm (§ = 0.87 ppm).
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