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ABSTRACT: Chiral metal halides are promising materials for nonlinear
optics and spin-selective devices. Typically, chirality is introduced via
large chiral organic cations, leading to low-dimensional structures and
limitations in charge transport. Here, we design a family of chiral metal
halides based on the relatively small ditopic R/S-3-aminoquinuclidine (3-
AQ) cation, forming an (R/S-3AQ)Pb2Br6 structure closely related to the
3D corner-sharing octahedral network of perovskites. The resulting
material exhibits a direct bandgap, isotropic band structure, and fully 3D
photoexcitation. Circular dichroism confirms a chiral anisotropy factor
consistent with theoretical predictions. Moreover, the material displays a
Rashba effect in the conduction band, which is attributed to spin−orbit
coupling and the lack of inversion symmetry. Offering rich chemical
tunability and efficient 3D charge transport, this new class of chiral
semiconductors provides a promising platform for advancing nonlinear optoelectronic and spintronic devices.

Metal halide perovskites constitute a class of
wondrous materials, characterized by huge struc-
tural diversity associated with variations in both the

inorganic (metal, halide) and organic (A-site cations)
sublattices. Besides their success in solar cells and LEDs,
such chemical richness can be exploited to engineer a variety of
chiral compounds with associated spin-dependent chiroptical
electronic properties.1−8 Potential technological applications of
chiral perovskites range from circularly polarized light emission
and detection, chiral sensing, and chiral-induced spin
selectivity up to enantioselective synthesis and photocatal-
ysis.9−11 Thus, the broad tunability of these materials arises
from the interplay of organic and inorganic moieties through
the chirality transfer mechanism, whereby chiral A-site organic
cations impart chiroptical response to the optically active
inorganic framework.12 The family of chiral 2D perovskites and
low-dimensional metal halides (0D and 1D systems), first
reported in 2003,13,14 has grown impressively by exploring
various organic cations and different metals.15−21 These low-
dimensional structures were demonstrated to exhibit chirop-
tical properties as well as spin-polarized absorption, spin-
polarized photoluminescence, and second harmonic gener-
ation.22−25 The inherent carrier and excitonic confinement of
such low-dimensional materials and the associated anisotropic
transport remain a challenge for their effective integration in
devices.
The synthesis of 3D chiral perovskites would represent a

significant advancement, lifting the above-mentioned limita-

tions. It is now clear, however, that only small organic cations,
such as methylammonium (CH3NH3

+) or formamidinium
(NH2CHNH2

+)), can give rise to 3D perovskites which clearly
have no chiral-templating nature.26,27 A different approach was
proposed by Chen and co-workers through the growth of
MAPbBr3 single crystals with the addition of micro- or
nanoparticles as nucleating agents.28 Chirality, in this case,
emerges from chiral orientation patterns of the incorporated A-
site cations through the formation of chiral supercells, inducing
chiroptical activity. The heterogeneous chiral nucleation
proposed, however, assures only a partial enantiomeric excess
(i.e., the ratio of the two chiral enantiomers) so that control
over the handedness (R/L) selectivity remains a major isssue.
In addition, this synthetic process is limited to single crystals
whereby thin films are the optimal choice for their embodi-
ment in devices.28

Here we face the challenge of achieving 3D chiral metal
halide materials by making use of enantiopure cage-like ditopic
amines, specifically exploiting R/S-3-aminoquinuclidine (3-
AQ) (Figure 1a). The peculiar steric hindrance of this amine
and its relatively small size allow the formation of a 3D chiral
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metal halide of formula (R/S-3AQ)Pb2Br6 composed ex-
clusively of PbBr6 corner-sharing octahedra, similar to the 3D
connectivity of prototypical perovskite structures. The new
compound presents a direct band gap with chiroptical
properties in the circular dichroism response while clearly
maintaining signatures typical of 3D semiconductors, as shown
by its band dispersion and reduced exciton binding energy and
band gap compared to its 2D perovskite counterpart, (R/S-3-
AQ)2PbBr4·2Br. In line with such properties coupled to the
noncentrosymmetric crystal structure, the 3D (R/S-3AQ)-
Pb2Br6 chiral system is predicted to show a significant Rashba
conduction band splitting that makes it potentially amenable
for spintronics.29

Samples of (R/S-3AQ)Pb2Br6 and of (R/S-3-AQ)2PbBr4·
2Br have been synthesized as reported in Methods in the
Supporting Information (SI). For (R-3AQ)Pb2Br6 we grow
high-quality single crystals which were used to solve the crystal
structure by X-ray diffraction, and the main crystallographic
data are reported in Table 1. For the S-enantiomer, however,
this was hardly possible, and therefore, the crystal structure was

Rietveld-refined starting from the single-crystal data of the R-
enantiomer.
(R/S-3AQ)Pb2Br6 crystallizes in the orthorhombic chiral

space group P212121 (No. 19) at 293 K, providing therefore a
noncentrosymmetric structure. The crystal structure of (R/S-
3AQ)Pb2Br6 is peculiar and, to our knowledge, not yet
reported in the literature for any other metal halide: it is
composed of two independent Pb sites (Pb1 and Pb2) forming
two distinct types of octahedra with Br ions (see Figure 1b−d).
Notably, the reported crystal structure presents an AB2X6
chemical formula analogous to that of typical perovskitoids.
From Figure 1 one may notice the peculiar arrangement of

the PbBr6 octahedra: [Pb1Br6] octahedra are corner-sharing
arranged along the b-direction while [Pb2Br6] octahedra form
an analogous corner-sharing pattern along the a-direction.
These two perpendicular rows are then again corner-sharing
bonded along the c-direction creating central voids along the a
and b directions, which host the 3-AQ moieties. N−H···Br
hydrogen bond interactions are established for both N atoms
of 3-AQ, namely, the tertiary amine of the quinuclidine ring

Figure 1. (a) Chemical formula of 3-aminoquinuclidine (3-AQ). The asterisk marks the chiral center. (b−d) Sketches of the crystal
structures of (R/S-3-AQ)Pb2Br6 along the a, c, and b axes, respectively. The two crystallographically independent Pb ions are represented
with their coordination octahedra in dark green (Pb1) and light green (Pb2), respectively. (e) Highlight of the (R-3-AQ)Pb2Br6 N−H···Br
hydrogen bonds interactions, represented as blue dashed lines.

Table 1. Crystal Structure Data for [(R/S-3AQ)2PbBr4]·2Br and (R/S-3AQ)Pb2Br6
a

[(R-3AQ)2PbBr4]·2Br [(S-3AQ)2PbBr4]·2Br (R-3AQ)Pb2Br6 (S-3AQ)Pb2Br6
Empirical formula C14H32N4Br6Pb C14H32N4Br6Pb C7H16N2Br6Pb2 C7H16N2Br6Pb2
Formula weight 943.05 943.05 1022.04 1022.04
Temperature (K) 298 298 298 298
Wavelength (Å) 0.7107 0.7107 0.7107 1.5406
Crystal system Tetragonal Tetragonal Orthorhombic Orthorhombic
Space group P41212 P43212 P212121 P212121
Lattice parameters (Å) a = 6.58258(8) a = 6.58253(5) a = 10.9133(2) a = 10.9184(2)

b = 6.58258(8) b = 6.58253(5) b = 11.0771(2) b = 11.0820(2)
c = 56.6268(14) c = 56.6576(8) c = 15.5426(3) c = 15.5470(3)

Lattice Volume (Å3) 2453.66(9) 2454.96(5) 1878.91(6) 1881.14(6)
Z 4 4 4 4
CCDC code 2416647 2416648 2416219 −

aFor (S-3AQ)Pb2Br6 we report the Rietveld refinement of powder diffraction pattern.
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and the primary amine in position 3 of the ring, with H···Br
distances in the 2.36−2.99 Å range (Figure 1e).
The PbBr6 octahedra present six different Pb−Br bond-

lengths; these are, however, very close to each other for both
[Pb1Br6] and [Pb2Br6], lying in the range of 2.93−3.09 Å.
Interestingly, the average bond length for [Pb1Br6] is 3.0103 Å
and 3.0077 Å for [Pb2Br6] octahedra which are only slightly
longer than the Pb−Br bond length found in cubic MAPbBr3
(2.964 Å).30 Indeed, the Robinson distortion parameter, D,31

is very low for both octahedra types, 0.019, while the bond
angle variance (σ2) is 42.7 and 51.9 deg2 for [Pb1Br6] and
[Pb2Br6], respectively (see the list of structural parameters in
Table S1, Supporting Information).
To note the difference between the (R-3-AQ)Pb2Br6 3D

compound and the typical chiral 2D perovskites, we
synthesized also the (R/S-3-AQ)2PbBr4·2Br compound and
solved the crystal structure by SC-XRD (Table 1). The crystal
symmetry of both R/S enantiomers is tetragonal and belongs
to the two chiral Sohncke space groups P41212 and P43212, for
the R and S sample, respectively, which are noncentrosym-
metric and nonpolar space groups. A sketch of the crystal
structure for the two samples is reported in Figure S1
(Supporting Information). Both enantiomers present the
typical arrangement of Ruddlesden−Popper 2D perovskites
characterized by layers of corner-sharing PbBr6 octahedra
separated by a bilayer of 3-AQ molecules including an
additional layer of bromide anions to ensure electroneutrality.
The six Pb−Br bond lengths show a significant distribution
from ∼2.78 to ∼ 3.81 Å for both samples, with an average
bond length of about 3.20 Å (see also Table S1). The
octahedra distortion parameters for (R-3-AQ)2PbBr4·2Br and
(S-3-AQ)2PbBr4·2Br are D = 0.128 and σ2 = 40.77 deg2; thus,

an increased octahedra distortion is found compared to the 3D
system (0.019 vs 0.128).
For both systems we also afforded the preparation of the

racemic samples in the form of powders. The X-ray diffraction
patterns have been indexed and refined showing an analogous
structural arrangement as the chiral compounds but with
centrosymmetric space groups, namely Pmma for (rac-3-
AQ)2PbBr4·2Br and C2 (rac-3-AQ)2PbBr4·2Br. The refined
patterns are reported in Figure S2, while Table S2 lists the
corresponding lattice parameters.
Thermal stability of the R-samples has been determined by

thermogravimetric analysis in the 30−750 °C temperature
range and by differential scanning calorimetry (DSC) in the
range from −165 to 65 °C. The results, reported in Figure S3,
show good stability of the samples up to 300 °C when the first
weight loss occurs. Notably, DSC shows the absence of phase
transitions in the considered temperature range, at variance
with the typical 3D metal-halide perovskites showing the
formation of high-temperature cubic phases.32 The phase
stability of (R-3-AQ)2PbBr4·2Br and (R-3-AQ)Pb2Br6 has been
further explored by collecting XRD patterns of thin films
prepared by spin coating (see Methods in the Supporting
Information) left in open air in the laboratory environment (T
≈ 22 °C, RH ≈ 40%) as a function of time for up to 47 days,
showing significant air and moisture stability (see Figure S4).
To gain insight into the electronic structure of the 3D and

2D samples, we have performed density functional theory
(DFT) calculations; see the Supporting Information for
computational details. The structures were optimized starting
from the crystallographic data at the scalar relativistic PBE
level, followed by higher-level HSE06 (α = 0.43) calculations
including spin−orbit coupling (SOC). Direct band gap values
of 3.46 eV for (R/S-3-AQ)Pb2Br6 and 3.82 eV for (R/S-3-

Figure 2. (a, c) Electronic band structures and projected density of states (PDOS) for the 3D and 2D materials, respectively. The PDOS was
computed using the HSE06-SOC level of theory, whereas the band structures were initially obtained with PBE-SOC and subsequently
corrected to align with the HSE06-SOC band gap. The insets in the PDOS panels illustrate the corresponding Brillouin zone
representations. (b, d) Rashba splitting of the valence and conduction bands for the respective materials, highlighting spin−orbit coupling
effects. The energy zero reference is set to the valence band maximum (VBM) and conduction band minimum (CBM) to enhance the
visualization of the splitting.
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AQ)2PbBr4·2Br are calculated, at Γ and M points, respectively
(see Figure 2 and Table S3).33−35

The projected density of states (PDOS) of the R-isomers,
Figure 2a−c, shows that the band edges in both 3D and 2D
materials are dominated by Pb and Br contributions, while the
C, N, and H atoms from the organic molecules contribute to
states far away from the band edges, similar to typical lead-
halide perovskites.36 The k-point path used for the band
structure calculations, shown in the inset in Figure 2, was
selected according to standardized high-symmetry paths
generated by SeeK-path and validated with the Bilbao
Crystallographic Server, ensuring an accurate and complete
representation of the electronic structure starting from the
crystallographic information obtained from the experi-
ments.37,38 Figure 2a−c shows a direct band gap for both
structural arrangements. Importantly, the 2D band structure
shows a flat band dispersion along the direction perpendicular
to the inorganic perovskite layers, i.e., M → A (see Figure S11
in the Supporting Information), while the (R/S-3-AQ)Pb2Br6
system has a clearly isotropic band structure, indicating that
the charge carriers can be transported along the 3D octahedra
network. Carrier effective masses for (R/S-3-AQ)Pb2Br6 were
determined by parabolic fitting along the Γ → Y/Γ → Z in the
band gap region, finding mh* and me* values of 0.54/0.66 and
0.34/0.53 m0, respectively, where m0 is the electron mass.
Effective masses along other crystallographic directions are
listed in Table S3. An exciton reduced mass of 0.21/0.29 m0 is
thus estimated. It is interesting to compare calculated effective

masses for (R/S-3-AQ)Pb2Br6 to those of typical 3D
perovskites, e.g., MAPbBr3.

39 Although the values obtained
for our system are a factor ∼1.5 times higher than those for
MAPbBr3 (mh* and me* are 0.31 and 0.27 m0, respectively), a
similar trend is observed, with electrons being more mobile
than holes.
Notably, both 3D and 2D systems display a Rashba/

Dresselhaus spin splitting of the electronic band structure
(Figure 2b−d),40−42 a characteristic that can be exploited in
spintronic applications. The Rashba splitting parameters,
including the energy splitting εc/v≠ , moment offset (Δk), and
Rashba coefficient (α), are reported in Tables S4 and S5. For
(R/S-3-AQ)Pb2Br6 a significant Rashba effect is observed in
the conduction band with α = 2.22 eV Å. In contrast, the
valence band shows weaker Rashba splitting, indicating
minimal spin−orbit interactions in this band. On the other
hand, high values of α were found for the 2D (R/S-3-
AQ)2PbBr4·2Br (7.12 and 8.19 for the valence and conduction
band, respectively) in line with a higher octahedra distortion
for the 2D species with respect to the 3D (see Table S1).
Structural and electronic structure calculations confirm a 3D

character for the novel (R/S-3-AQ)Pb2Br6 chiral compound.
The optical properties of the 3D and 2D systems have thus
been measured by UV−vis and PL spectroscopy and by
circular dichroism (CD). The absorption measurements at 300
K are shown in Figure 3a,b for the four samples as Tauc plots,
while Figures S5 and S6 report a comparison of room-
temperature data with those recorded at 77 K. We observe

Figure 3. Tauc plot for (a) (R/S-3AQ)Pb2Br6 and (b) (R/S-3-AQ)2PbBr4·2Br at 300 K; CD spectra for (c) (R/S-3AQ)Pb2Br6 and (d) (R/S-
3-AQ)2PbBr4·2Br.
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absorption features at 3.39 and 3.64 eV for (R/S-3-AQ)Pb2Br6
and for (R/S-3-AQ)2PbBr4·2Br, respectively, compatible with
excitonic absorption. The band gap, as identified by fitting the
subsequent absorption rise, is found at 3.72 and 4.05 eV for the
3D and 2D structures, respectively. Both data are in good
agreement with calculated values; in particular, the band gap
increases moving from 3D to 2D structures (0.33 vs 0.36 eV).
Thus, for both the excitonic peak and band gap, a noticeable
blue shift is observed when moving to the 2D structural
arrangement, consistent with a more delocalized excited state
and band dispersion in the 3D case. For the (R/S-3-
AQ)Pb2Br6, the exciton binding energy, Eb, is 480 meV,
consistent with the presence of a stable excitonic population at
room temperature (Figure 3a). For (R/S-3-AQ)2PbBr4·2Br,
the exciton binding energy is 500−540 meV for the R and S
enantiomers, respectively, consistent with a higher degree of
confinement in the 2D arrangement.
The PL emission of (R/S-3AQ)Pb2Br6, Figure S7, is

centered at 1.7 eV, with a significant Stokes shift and a
bandwidth of about 500 meV. For the 2D system the
photoluminescence spectra are even more broadband, peaking
at about 2.3 eV, with a bandwidth up to 800 meV, consistent
with the high distortion of the octahedral layers (see Figure S7
and Table S1).
Lastly, we characterized the CD response of thin films of 300

nm average thickness; see Methods in the Supporting
Information. The XRD patterns of the thin films are shown
in Figure S8, indicating a single-phase nature. Their
morphology has been investigated by atomic force microscopy,
and representative images are reported in Figure S9. The CD
spectra of (R/S-3-AQ)Pb2Br6, Figure 3c, present distinct peaks
in the range of 315−400 nm, with the one centered at a higher
wavelength corresponding to the absorption edge. The
presence of an opposite sign in the CD peaks for the R and
S samples confirms the chirality transfer from the ditopic 3-AQ
chiral cation to the Pb−Br inorganic framework. The chiral
anisotropy factor, gCD, has been calculated according to the
following equation:

g
A A
A A2( )CD

L R

L R
=

+ (1)

where AL and AR are the absorbance of the sample for left- and
right-handed circularly polarized light, respectively, and
resulted in 6 × 10−5 for (R-3-AQ)Pb2Br6 and −9 × 10−5 for
(S-3-AQ)Pb2Br6. The CD spectra for the 2D perovskites are
shown in Figure 3d. A single peak with opposite sign around
345−350 nm (again in line with the absorption edge, cfr.
Figure S6) can be observed, with a slight blue-shift with respect
to the 3D systems. gCD values are 4 × 10−4 for (R-3-
AQ)2PbBr4·2Br and −3 × 10−4 for (S-3-AQ)2PbBr4·2Br.
Interestingly, the chiral anisotropy factor is 1 order of
magnitude larger for the 2D perovskite with respect to the
3D compound. Such a result further supports the correlation
between the structural dimensionality and gCD values. Indeed,
it has been recently shown that there is a progressive reduction
of roughly 1 order of magnitude of the anisotropy factor
passing from 0D to 1D to 2D chiral systems.15,43,44 Thus, the
first chiral 3D system characterized by only corner-sharing
octahedra allows extending the correlation, further confirming
such a progressive reduction which seems closely related to the
higher amount of chiral ligand in lower-dimensional systems
and the reduced lattice rigidity.45,46 CPL measurements at 77

K (Figure S10) further confirm the trend of dimensionality
also on emission properties. The 2D system has a detectable
CPL with gCPL of about 0.2%, while in contrast, the 3D system
does not show appreciable CPL.
In summary, a new chiral metal halide semiconductor with a

3D structure, namely, (R/S-3-AQ)Pb2Br6, has been synthe-
sized by using a small and sterically hindered ditopic cation,
providing the first chiral halide structural network composed of
corner-shared octahedra only. The calculation of the electronic
band structure for (R/S-3-AQ)Pb2Br6 demonstrates an
improved isotropic carrier mobility with respect to the (R/S-
3-AQ)2PbBr4·2Br 2D system, which shows transport confined
in the plane of the inorganic layers. These findings are
corroborated by the photophysical properties of the semi-
conductor which shows a lower degree of localization of the
photoexcitation, and of excitation nature, with respect to its 2D
counterpart. The novel 3D system reported has a clear
chiroptical response in the CD spectra which scales with the
structural dimensionality and shows a sizable Rashba splitting
in the conduction band.
Overall, this novel family of chiral 3D hybrid metal halide

semiconductors has the potential to overcome the limitation of
anisotropic transport of actual chiral systems, paving the way
for the development of chiroptical and spintronic devices.
Moreover, the well-recognized properties of tunability of
hybrid metal halides through chemical alloying could be
applied to (R/S-3-AQ)Pb2Br6 to further manipulate its
chiroptical and transport properties, thus creating a library of
novel chiral 3D systems.
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