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Spectroscopic studies of chiral perovskite nanocrystals
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As an emerging type of optically active material, semiconductor nanocrystals (NCs) stabilized by
chiral molecules have attracted much attention. Owing to the wide range of potential applications
of chiral perovskite NCs, the development of these materials is of great importance, but there has
been a lack of relevant studies. Here, we describe an investigation of the properties of chiral
perovskite NCs obtained using post-synthetic ligand exchange (achiral ligand/chiral ligand). These
are found to exhibit mirror-image circular dichroism spectra. It is the chirality of the ligand (enan-
tiomeric 1,2-diaminocyclohexane, DACH) that is most likely responsible for the induction of chi-
roptical activity in these NCs. Furthermore, their chiroptical properties and the corresponding
mechanisms are found to depend strongly on the amount of capping ligand. When excess DACH is
used to cap the surface of the NCs, their chiroptical properties are induced mainly by aggregation
of DACH on the surface in a chiral pattern. In contrast, when small amounts of DACH are used for
the capping, it is mainly surface distortion (or defects) and electronic interaction mechanisms that
contribute to the chiroptical behavior of the NCs. In both cases, the anisotropy factors of the NCs
are of the order of 10™%, which is comparable to or larger than the values reported for other chiral
semiconductor and metal NCs. This work opens the door toward further understanding of chiropti-
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Chirality in various materials is a very active research
topic with a broad range of promising applications, and the
preparation of chiral materials with tunable chiroptical prop-
erties is of great practical importance.! Compared with sim-
ple organic molecules, chiral semiconductor nanocrystals
(NCs) have been investigated only relatively recently, and to
only a limited extent.”™ To date, several chiral optically
active NCs, for example, CdSe and CdS, have been synthe-
sized, and some of these show potential for technological
application.' For instance, CdSe and CdS NCs prepared in
the presence of chiral ligands exhibit a chiral shell and an
achiral core.” More significantly, circularly polarized lumi-
nescence (CPL) has been observed in chiral NCs.>® From
the viewpoint of applications, the development of diverse
chiral inorganic nanostructures is extremely important.
Several chiral semiconductor NCs have been developed, but
there is still a great need for the development of promising
chiral semiconductor NCs with chiroptical properties suit-
able for various practical uses.

Recently, perovskite NCs have attracted considerable
attention because of their wide range of applications in non-
linear optics, lasers, light-emitting diodes, photovoltaics, and
photon detection.””"? Therefore, a great deal of effort has
been devoted to synthesizing perovskite NCs and investigat-
ing their photophysical properties as well as their potential
applications in optoelectronic devices. Although a paper has
very recently been published on the chiroptical properties of
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organic-inorganic hybrid perovskite films,'* there are no

reports in the literature concerning the chiroptical properties
of perovskite NCs. The development of chiral perovskite
NCs would be of great importance in view of the number of
potential applications of these materials.

Meanwhile, given the limited number of commercially
available chiral thiols (e.g., glutathione, penicillamine, and
cysteine) that have previously been used to obtain chiral
semiconductor NCs,' there is a critical need to widen the
range of chiral stabilizers. Owing to the strong chiral proper-
ties of 1,2-diaminocyclohexane (DACH), we utilize this mol-
ecule as an alternative chiral stabilizer to obtain chiral
perovskite NCs. On the basis of previous work, it is known
that the interactions between chiral stabilizers and NCs have
a great influence on the chirality of the latter.'® In this work,
we report on perovskite NCs capped with enantiomeric
DACH, which is expected to act as a chiral stabilizer through
a coordination interaction with the NC surface. This strong
interaction between the DACH and the perovskite NCs
allows transmission of chirality from the former to the latter.

Perovskite [CsPb(I/Br);] NCs capped with oleylamine
(OA) were fabricated following procedures described in the
literature.'® The perovskite NCs appear to be nanocubes with
an average size of ~17nm, as determined by transmission
electron microscopy (TEM) analysis [Fig. 1(a)]. The clear
lattice structure observed by high-resolution TEM (HR-
TEM) reveals the high quality of the prepared perovskite
NCs [Fig. 1(b)]. Room-temperature photoluminescence (PL)
emission of NCs peaked at 580 nm with a quantum yield of
30% [Fig. 1(c)].
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FIG. 1. Typical TEM (a) and HR-TEM (b) images of OA-stabilized perov-
skite NCs. (c) Absorption and PL spectra (/.x = 365 nm) of perovskite NCs.

Chiroptical perovskite NCs capped with R- and S-DACH
were prepared. In order to confirm the influence of the amount
of ligand on the chiroptical properties of the NCs, we added
different equivalents of chiral stabilizer to NC solutions.
Different masses of (1R, 2R)- or (1S, 25)-DACH were first
dissolved in 2.5ml n-hexane and then added to 500 ul of a
solution of perovskite NCs (5 mg/ml). Different mass ratios of
DACH to NCs (6.8 or 0.08) were used. The mixture was
exposed to microwave radiation and stirred at 100°C for
30min (Fig. 2). With the aid of this microwave irradiation,
smooth progress of the ligand exchange can be ensured in a
very short time. The mixed solution was then cooled to room
temperature, and a suspension was obtained. The crude
DACH-capped NCs were purified by precipitation. The ligand
exchange was confirmed by Fourier-transform infrared spec-
troscopy (FTIS).

The circular dichroism (CD) spectrum can reveal the chiral
properties of NCs in the ground state. For a high equivalent of
chiral stabilizer, the R- and S-DACH-capped NCs (henceforth
abbreviated as R- and S-DACH-NCs) exhibited mirror-image
CD signals. Negative and positive signals were observed at
short wavelength (247nm) for the R- and S-DACH-NCs,
respectively (Fig. 3). By contrast, the pure R- and S-DACH sol-
utions showed reversed CD signals at a shorter wavelength of
223 nm, confirming that the peaks exhibited by the DACH-
capped NCs solutions do not arise from the chirality of the free
ligands.

In order to reveal the chiral interactions more clearly,
the anisotropy factor g, of the NCs was estimated. This fac-
tor is defined as

AA  CD(mdeg)

Sabs = 4" T 7320804

where AA is the difference in the sample’s absorbance
between left and right circularly polarized light and A is its
absorbance of unpolarized light.'” The maximum value of
|gans| Was found to be about 1.5 x 10> at 247 nm, which is
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FIG. 3. CD spectra of high concentrations of DACH and of perovskite NCs
stabilized with an excess amount of DACH. The mass ratio of DACH to
NCs was 6.8.

comparable to or larger than the values reported for other
chiral semiconductor and metal NCs.'®!?

Explanations for the origin of chirality in NCs can be
broadly divided into three classes:'"?° (i) the whole NC is
encouraged to crystallize with a chiral space group (the chi-
ral core model); (ii) NCs have an achiral core and a chiral
surface due to chiral distortion or ligand aggregation in a chi-
ral pattern; and (iii) chiroptical effects are induced in achiral
NCs by electronic interactions between chiral ligands and
the NCs, i.e., through orbital hybridization or short-range
dipolar Coulomb interaction. Most recent publications have
rejected (i) as an explanation of the chirality of NCs,
although the recent discovery of chirality in CdSe/ZnS NCs
due to defects in the chiral core may lead to reconsideration
of this." Since our NCs were synthesized in the presence of
achiral ligands, (i) can be also excluded.

Heating of the chiral NCs solution from 0°C to 80°C
resulted in a decrease in the CD signal intensity by 36% (Fig.
S1 in the supplementary material), suggesting that the CD
behavior of NCs in the presence of excess equivalent of chiral
stabilizer should be attributed to aggregation of ligand in a
chiral pattern onto the NC surface, and this was further con-
firmed by the TEM images. From these images [Figs. 4(a)
and 4(c)], it can be clearly seen that the average size of
DACH-capped NCs (~100nm) is much greater than that of
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FIG. 4. Typical TEM and HR-TEM images of perovskite NCs stabilized by
different amounts of DACH: in (a) and (c) the mass ratio of DACH to NCs
is 6.8, while in (b) and (d) it is 0.08.

OA-capped NCs (~17nm), when an excess equivalent of chi-
ral stabilizer was used. Meanwhile, it should be noted that
other effects will also be present in this case, such as chiral
distortion and exciton coupling, although they will not play a
dominant role. This will be further confirmed by the following
experimental results.

In order to further clarify the potential interaction mech-
anisms between the chiral stabilizer and the NCs, we have
investigated the chiroptical properties of NCs capped with a
small amount of DACH. In this case, the mass ratio of
DACH to NCs is 0.08. Clear differences could be observed
between NCs capped with an excess of DACH and those
capped with a small amount. Again, the NCs capped with a
small amount of enantiomeric DACH exhibited mirror-
image CD spectra, which are expected from the R- and
S-relationship. Meanwhile, the spectra clearly show the
appearance of other CD bands and a more intense CD signal
at longer wavelengths. It can also be seen that the CD spectra
of R- and S-DACH (signals above 240 nm) shown in Figs. 3
and 5 are not exactly the same, which can be attributed to the
effect of excess DACH on aggregation in Fig. 3. The CD
spectra of NCs differ from those of the free ligand, and there
is no CD signal in the region of the first excitonic transition
band, indicating that the observed CD signals cannot be
attributed to the free ligand or to the first excitonic transition
in the NC core. R-DACH-NCs display a strong trisignate CD
feature with negative CD signals at 290 and 400nm and a
positive CD signal at 333 nm (Fig. 5). Obviously, the amount
of capping ligand could greatly influence the CD spectra of
chiral perovskite NCs. It is postulated that the different CD
spectra in Figs. 3 and 5 originate from different mechanisms
of interaction between the chiral stabilizer and the NCs. This
phenomenon provides the possibility to further modulate the
chiroptical properties of NCs by changing the amount of cap-
ping ligand. Meanwhile, the maximum value of |g..,| was
found to be about 1.1 x 10~ for R- and S-DACH-capped
perovskite NCs. The values are also comparable to or larger
than those for previously observed chiral-ligand-induced CD
in semiconductor NCs.'®
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FIG. 5. CD spectra of low concentrations of DACH and of perovskite NCs
stabilized with small amounts of DACH. The mass ratio of DACH to NCs
was 0.08.

To confirm whether the CD signals were induced by
aggregation in the case of small amounts of chiral stabilizer,
we also obtained temperature-dependent CD spectra on R-
DACH-NCs. The results indicated that the CD signal inten-
sity of the NCs dropped by 10% when the temperature
increased from 0°C to 80°C (Fig. S2 in the supplementary
material). From the TEM images [Figs. 4(b) and 4(d)], it can
be seen that the average size of R-DACH-NCs is almost the
same as that of OA-capped NCs, and the core crystal struc-
ture remains intact. Furthermore, for perovskite NCs capped
with small amounts of DACH, it was found that the CD sig-
nal intensity was proportional to the absorption intensity
when the solution was diluted from 20% to 150%. Based on
these results, we ruled out the aggregation of DACH in a chi-
ral pattern as a significant contributor to the CD activity.**

To gain further insight into the origin of the observed
CD activity, we performed an additional experiment on the
S-DACH-capped NCs. If the chiroptical properties of NCs
originate from the DACH, then its removal should result in
loss of the NCs’ surface chirality.>> We used acetyl chloride
to react with the S-DACH on the NCs. In order to determine
whether all chiral ligands had been removed, FTIS measure-
ments were performed. No obvious signals of DACH were
detected, and therefore it can be concluded that the contribu-
tion of DACH to the CD signals of NCs treated by acetyl
chloride can be neglected. More importantly, the NCs thus
obtained gave a CD profile almost identical to that of the
original enantiomeric DACH-capped NCs above 260nm,
even though there was no chiral ligand on the NC surface
(Fig. S3 in the supplementary material). Therefore, it can be
concluded that the chiral structure can be partially retained
by the NCs themselves.”* Meanwhile, we also noticed that
the CD spectrum of these NCs was very different from that
of the DACH-capped NCs, especially in the wavelength
range 260-530 nm. Therefore, it can be concluded that there
are at least two mechanisms contributing to the observed CD
behavior: surface distortion (or defects) and electronic inter-
actions. The presence of the former mechanism was
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confirmed by measurements of PL spectra. It was found that
the emission of NCs was almost fully quenched in the
DACH-capped NC solution (Fig. S4 in the supplementary
material). As is well known, changes in PL intensity can be
due to surface states® >’ or to charge or energy transfer.?*=’
However, a mechanism involving charge or energy transfer
can be excluded in the present context owing to the lower
bandgap of perovskite NCs and the unchanged lifetime of
the chiral stabilizer in the presence of NCs (Fig. S5 in the
supplementary material). Therefore, we argue that the strong
quenching of NC PL at low equivalents of stabilizer can be
attributed to the surface states introduced in a perovskite NC
when the chiral DACH binds to the outermost Cs or Pb
atoms of the NC. Meanwhile, the crystal symmetry of the
NC surface is destroyed. This electronic interaction mecha-
nism could be confirmed by time-dependent density func-
tional theory calculations, which are now in progress.

Based on the above discussion, we propose that two fac-
tors contribute to the CD behavior of perovskite NCs capped
with small amounts of DACH: (1) chiral surface distortion of
the NCs induced by the capping DACH and (2) electronic
interactions between the DACH and the perovskite NCs. It
should be noted that perovskite NCs capped with excess
amounts of DACH exhibit similar PL behavior, with quench-
ing of NC PL and the PL lifetime both being independent of
the amount of DACH, indicating that chiral distortion and elec-
tronic interactions also contribute to the observed CD behavior
(Fig. 3). The reason why distortion is not the main mechanism
for NCs capped with excess amounts of DACH is still unclear,
but it is possible that the force between the inner DACH mole-
cules and the NC surface and that between the inner and outer
DACH molecules are canceled out to a large extent.

In conclusion, we have reported a simple way to obtain
CsPb(I/Br); NCs with good chiroptical activity. Both R- and
S-DACH-capped perovskite NCs exhibited different mirror-
image CD spectra between 220 and 530 nm in the cases of
excess and small amounts of chiral stabilizer. More signifi-
cantly, the CD behavior can be tuned by altering the amount
of capping ligand, leading the way to the creation of intelli-
gent materials with multiple chiroptical responses, as well as
to other potential applications.

See supplementary material for CD spectra of R-DACH
capped perovskite NCs at different temperature and of
perovskite NCs with DACH removed, fluorescence spectra
for perovskite NCs, S-DACH and S-DACH-NCs solutions,
and fluorescence decay curves for DACH alone and
S-DACH-NCs.
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