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Tuning molecular chirality through external stimuli stands at the forefront of chemical science. Here, we
systematically examine the stereodynamic properties of a series of Cu(ll)-based perovskite single crys-
tals, CystaH,[CuCl(4_x)Bry] (CystaH, =protonated cystamine cation, x=0.74, 0.80, 1.05, 1.11, 1.18), which
undergo a polar-to-nonpolar ferroelectric phase transition. In these compounds, the symmetry breaking
structural change is governed by an unusually thermally driven P < M helical inversion of the heli-

Keywords: cal CystaH,2* organic cations. The conformational inversion can be substantially modulated by bromide
Molecular ferroelectric doping. As the bromide content increases, the phase-transition temperature progressively shifts closer to
Dielectric room temperature, decreasing by up to 49 K. Detailed structural analyses reveal that the chiral inversion

Chirality inversion
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of CystaH,2* is highly sensitive to local chemical environments, and this doping strategy offers an ef-
fective route for precisely governing temperature-mediated chiral transformations, thereby expanding the

design space for advanced chiral materials.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Chirality, the property of being non-superimposable on its mir-
ror image, is extensively observed in nature and living organisms
and profoundly influences fundamental biological processes, in-
cluding asymmetric synthesis, protein engineering, chiral sensing,
and information science. Owing to its diverse applications in chi-
ral recognition, asymmetric catalysis, and optical modulation, nu-
merous studies have explored the underlying mechanisms of chi-
rality [1-8]. Manipulating molecular chirality via external stim-
uli represents a cutting-edge frontier in chemical science [9-11].
Several strategies have already been reported in soft materials
such as liquids, polymers, and gel systems. In these reports, the
molecular chirality can be tuned by photoirradiation [12-14], pH
variation [15,16], solvents [17,18], and redox reactions [19,20]. For
example, Huang et al. describe a unimolecular chirality switch
based on a pillar[5]azacrown pseudo[1]catenane, wherein acid/base
triggers can reversibly invert the chirality through protonation-
or deprotonation-induced conformational changes between self-
inclusion and self-exclusion arrangements [15]. Katsonis et al. il-
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lustrate a light-driven dynamic helix inversion of liquid crystals by
incorporating photoreactive molecular motors capable of trans-cis
photoisomerization into a nematic liquid crystal. In contrast, re-
versing molecular chirality in solid-state materials remains a con-
siderable challenge [14].

In this context, protonated cystamine (CystaH,2t) has attracted
substantial attention due to its propensity for adopting either M-
or P-helicity upon crystallization, and the disulfide moiety ex-
hibits remarkable structural flexibility arising from the low-energy
barrier for C-S-S-C flipping [21-26]. Consequently, the molecu-
lar chirality can be interconverted between the M- and P-helical
conformations under external stimuli. This stereodynamic prop-
erty was first reported by Prof. Mercier in a single crystal of
CystaH,[Pbls]-H30, where half of the homochiral CystaH,2* cations
are converted into their enantiomers upon heating to 348K [26].
More recently, it has been demonstrated that the chiral inver-
sion of CystaH,2*t in the two-dimensional perovskite ferroelectric
CystaH,[CuCly] can reverse the spontaneous polarization, enabling
the simultaneous switching of molecular chirality and polarization
under an electric field [27]. Such chiral inversion in solid-state ma-
terials may find widespread applications in advanced enantioselec-
tive sensors, spintronics, and other chiroptical electronic devices.
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Fig. 1. Crystal structures at the low-temperature and high-temperature phase (LTP,
HTP) of CystaH;[CuCly x)Bry]. The organic cations in an individual single crystal
adopt either P- or M-helicity at the LTP. At the HTP, both P- and M-helical con-
formations exist.
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Nonetheless, a detailed investigation of the stereodynamic nature
of CystaH,2* in crystalline materials is still lacking.

In perovskite ferroelectrics, halogen substitution is commonly
employed to tailor phase-transition temperatures [28-33]. Intro-
ducing Br~ dopants into the structure of CystaH,[CuCly] could
potentially regulate the dynamic behavior of CystaH,2t. In this
study, we prepared a series of bromine-substituted Cu(Il)-based
organic-inorganic hybrid materials, CystaH,[CuCli4xyBrx] (x=0.74,
0.80, 1.05, 1.11, 1.18) via halogen doping strategy, briefly denoting
as 1cios18r0.19: 1c10.808r0.20- 1c10.74Br0.26: 1ci0.728r0.28, and 1o 70810.30-
Analogous to the parent compound, the CystaH,2* units in these
crystals adopt a homochiral M- or P-helicity in a single crystal at
room temperature. Upon heating, the linear organic cations un-
dergo an order-disorder phase transition that induces chiral in-
version. As Br doping alters the octahedral configuration and en-
larges the lattice cavity, the chiral-inversion temperature progres-
sively shifts to room temperature with increasing Br~ content.

Plate-like crystals of CystaH,[CuCli4_x)Bry]
(CystaH, = [(NH3(CH,),SS(CH, ),NH3)2*]) (x # 0) were synthe-
sized by evaporating aqueous HCI solutions containing CuBr, and
CystaH,Cl,. By varying the molar ratio of chloride to bromide
ions in the precursor solution, a series of small brownish-yellow
crystals distinct from the light-yellow CystaH,[CuCly] were ob-
tained, presumably due to bromide incorporation. Notably, when
the CuBr, exceeds five equivalents relative to CystaH,2*, a dis-
tinct pale-purple crystal containing Cu(l) is obtained (Fig. S1 in
Supporting information).

Single-crystal X-ray diffraction (SC-XRD) analyses confirmed
that these crystals are isostructural and crystallize in the chiral
polar space group P2;, retaining the same packing arrangement
as CystaH,[CuCly]. Each doped compound contains one CystaH,2*
cation and a bromide-substituted copper halide anion in the asym-
metric unit. The corner-sharing octahedra of the hybrid copper
halides form two-dimensional layers, with CystaH,2t cations sit-
uated in the interlayer space. In the LTP, the CystaH,2t cations
adopt a homochiral P- or M-conformation anchored to the inor-
ganic framework by N-H-.-X hydrogen bonds (Fig. 1 and Fig. S2 in
Supporting information).

To determine the extent of bromide incorporation in crys-
tals grown from solutions with varying chloride-to-bromide ra-
tios, combined scanning electron microscopy-energy dispersive X-
ray spectroscopy (SEM-EDS) analyses were performed. Elemental
mapping revealed a uniform halogen distribution across the crystal
surface, which retains its layered morphology as observed in the
SEM images (Fig. S3 in Supporting information). Quantitative EDS
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Table 1
Summary of elemental composition determined from EDS.

Samples Nominal Br (in solution) (%) Actual Br (via EDS) (%)
Tcios18r0.19 204 18.5
1ci0.808r0.20 24.2 20.0
Tc10.74810.26 27.5 26.3
Tci0.728r0.28 30.9 27.8
1ci0.708r0.30 33.8 29.5
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Fig. 2. DSC curves of the crystals CystaH,[CuCl,.x)Bry] at a scanning rate of
10 K/min.

measurements indicated that the bromide content in these crystals
is x=0.74, 0.80, 1.05, 1.11, and 1.18, increasing in parallel with the
bromide ratio in the precursor solution (Table 1).

Differential scanning calorimetry (DSC) analyses were con-
ducted to investigate the thermal behavior of the bromide-
substituted crystals. As shown in Fig. 2 and Fig. S4 (Support-
ing information), exothermic and endothermic events were ob-
served upon cooling and heating, respectively. Consistent with
prior studies, the phase transition temperature of CystaH,[CuCly]
is 384 K. In contrast, the transition points of 1¢981r0.19. 1c10.808:0.20
1c10.748r0.26+ 1ci0.728r0.28» and cio.708r0.30 OCcur at 362, 355, 345, 343,
and 335K, respectively. Hence, increasing the bromide content pro-
gressively lowers the phase transition temperature, culminating in
a reduction of approximately 49K relative to CystaH,[CuCl] (Fig.
S5 in Supporting information).

The occurrence of molecular phase transitions is closely con-
nected with their dielectric properties. Accordingly, temperature-
dependent dielectric constants were measured for this series of
crystals (Fig. 3). Upon heating, the dielectric constant curves ex-
hibit pronounced peaks at the phase transition temperature, with
amplitudes several times higher than those in the LTP. Moreover,
these peaks shift to lower temperatures with increasing bromine
content, consistent with the phase transition temperatures derived
from DSC. Concurrently, the peak profiles evolve from sharp to
broadened, likely due to local inhomogeneities introduced by dop-
ing. According to the literature, halogen substitution can distort
the lattice, generate internal stress and point defects, and create
an inhomogeneous local polar environment. These factors broaden
the distribution of local phase-transition temperatures, leading to
the observed widening of temperature-dependent dielectric peak
[34,35]. In addition, the dielectric switching behavior is frequency-
dependent: At lower frequencies, the dielectric constants undergo
significant variation that gradually diminishes in magnitude at
higher frequencies. Meanwhile, this change also displays a bromine
inclusion-related feature which may facilitate their application in
piezoelectric and electrocaloric materials [36-38].

The phase transition is related to the conformational change of
the protonated CystaH,2* cation. As these compounds are isostruc-
tural, 1¢io818r0.19 1cio.74pr0.26. and 1cio708r030 Were selected to in-
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Fig. 3. Temperature-dependent dielectric constant curves at different frequencies. The dielectric constant for (a) 1¢io 818019, (b) 1ci0.808r0.200 (€) 1ci0.748r026, (d) 1ci0.728r0.28, and

(€) Tcio:708r0.30-

Fig. 4. Reciprocal spaces reconstructed from the frames of SCXRD. Presented are
the diffraction patterns of hOl in (a) LTP and (b) HTP. During the phase transition,
the crystallographic a and c axes undergo interconversion.

vestigate the phase transition mechanisms. This transformation en-
tails a pronounced symmetry shift from the polar chiral space
group P2; in the LTP to the centrosymmetric space group P2;/c in
the HTP (Fig. 4 and Fig. S6 in Supporting information). The two
symmetry elements (E, C;) in the LTP increase to four (E, Cy, i,
and o) in the HTP (Fig. S7 in Supporting information). The emer-
gence of these new symmetry elements reflects a change in molec-
ular chirality. In the LTP, each single crystal adopts a homochiral
P- or M-conformation. Upon heating, the sulfur atoms’ displace-
ment ellipsoids become considerably more pronounced, indicating
two mirror orientations emerge at specific positions in the HTP:
The disorder states can be deconvoluted into two components in
both P- and M-conformations, confirming the chiral inversion of
the organic cation during the phase transition (Fig. 1). The corre-
sponding noncentrosymmetric-to-centrosymmetric transition was
substantiated by reciprocal space analysis: In the LTP, diffraction
spots hOl: I=2n+1 are observed (due to the exchange of the a
and c axes, h=2n+1 in LTP) but are absent in the HTP. Detailed
crystallographic data are listed in Tables S2-S4 (Supporting infor-
mation). The acentric-to-centrosymmetric transition of single crys-
tal induced by the chiral inversion of CystaH,2* was verified by
temperature-dependent second-harmonic generation (SHG) mea-
surements. For 1¢jpgip019, @ Strong SHG response appears below
362K and disappears above this temperature, indicating that bro-
mide incorporation allows fine control over the critical tempera-
ture of switchable SHG halogenides (Fig. S8 in Supporting infor-
mation).
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Fig. 5. Influence of bromine ratio x on the crystallographic a-, b-, c-axis lengths and
unit cell volume.

Notably, the N-H---X hydrogen bond interactions of 1¢gg1pro.19
1¢10.748r026» and 1¢g.708r030 also undergo adjustments during this
process, with the shortest N.--X distances changing from 3.271,
3.288, 3.357A in LTP to 3.301, 3.268, 3.336A in HTP respectively
(Fig. S9 in Supporting information).

The shift in the critical temperature for molecular-chirality in-
version is closely connected to the bromine incorporation. The in-
creasing bromine content results in an enlargement in the unit cell
parameters. The length of a-axis increases from 7.183 A to 7.241A,
the b-axis changes from 7.510A to 7.578 A, and the c-axis increases
from 12.019A to 12.074A. The elongation of cell length leads to
the notable expansion of the unit cell volume from 636.09 A3 to
650.76 A3 (Fig. 5). The powder X-ray diffraction (PXRD) patterns of
CystaH,[CuCly4_x)Bry] crystals display the same trend. The diffrac-
tion peaks exhibit similar positions and shapes, suggesting the
same space group, and as the value of x increases, the diffraction
peaks shift to lower angle (Fig. 6 and Fig. S10 in Supporting infor-
mation). Taking the (020) plane as an example, the diffraction peak
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Fig. 6. PXRD patterns of as-synthesized crystals with various Br doping concentra-
tions with 26 ranging from 10° to 36°.

(260) is located at 23.69° without bromine substitution (x=0) and it
shifts to 23.35° when x = 1.18. According to Bragg's law ni = 2dsinf
(n=1, 2, 3--), such shifts denote continuous expansion of the inter-
planar distances as the bromide ratio rises [39-41].

Furthermore, bromine incorporation enlarges halogen-ion size
and weakens electrostatic interactions between the cations and
the framework, given that smaller, more electronegative chlorine
atoms (radius 99 pm, electronegativity 3.16) are replaced by larger,
less electronegative bromine atoms (radius 114 pm, electronega-
tivity 2.96). As for the specific substitution sites, the crystallo-
graphic investigation was carefully conducted through structural
refinement by a full matrix least-squares against F2 method within
SHELX [42,43]. Initial refinement attempts considering all halogen
sites as fully occupied chlorine atoms were proved unreasonable
as the unusually large displacement parameters and the elongated
thermal ellipsoids at the interlayer halogen position near the apex
of the cation. Considering the site selectivity of the halogen sub-
stitution, these apical halogen sites were assigned as mixed Cl/Br
occupancy with free variable refinement in the subsequent pro-
cess, and the disappearance of strange residual electron peaks in
differential Fourier electron density maps of the three refinement
schemes confirms the reasonability of the statistically disordered
structure at the apical position (Fig. S11 in Supporting informa-
tion). Actually, the substituted sites may be influenced by the steric
hindrance or the coordination environment. As shown in Fig. S12
(Supporting information), the difference of Cu-ClI bond lengths be-
tween apical and equatorial positions of CystaH;[CuCl(4.x)Brx] pro-
gressively increases from 0.018A to 0.102A with higher bromine
doping concentration, demonstrating bromine ions’ preferential oc-
cupation of the less sterically hindered apical sites. The incor-
poration of bromine leads to an increase in the cavity where
the CystaH,2t cation is located. As shown in Fig. 7 and Fig. S13
(Supporting information), the lengths of the anionic octahedral
framework (measured by Cu-Cu distance) elongate from 5.197 A
to 5.242A as the bromine ratio x increases which endows the
cations with greater freedom for conformational inversion. The re-
duced intermolecular interactions and larger free volume confer
the CystaH,%* cation with greater molecular degree of freedom,
resulting in a decrease in the chiral inversion temperature of this
compound toward room temperature.

In conclusion, a series of Cu-based organic-inorganic hybrid
perovskites, CystaH,[CuCl 4 xyBrx], with varying degrees of bromine
doping, has been synthesized. These compounds undergo a struc-
tural transformation from a homochiral P-/M-conformation to a dy-
namically racemic arrangement as the stereo-flexible cations ro-
tate in response to thermal stimuli. Bromine incorporation, which
modifies both the unit cell parameters and the chemical envi-
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Fig. 7. Octahedral framework of anion observed along the c-axis. The Cu-Cu
distance (A) is used to represent the size of the anion framework for (a)
CystaH,[CuCly], (b) 1ciog18r0.19, (€) 1ci0.748r0.26, and (d) 1cio708r0.30-

ronment of copper-halide framework surrounding the cystamine
cation, influences the molecular mobility within the crystalline lat-
tice. Consequently, the chiral transformation temperature decreases
by about 49K, shifting from 384K to 335K, and leads to systematic
changes in the dielectric properties. Future investigations may ex-
plore alternative chemical or physical stimuli for tuning the chiral
transition temperature, advancing the broader application poten-
tial of chiral chemistry and informing the design of new functional
materials.
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