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ABSTRACT: Unraveling the luminescence—structure relationship in metal-free chiral perov- S
skites remains challenging, particularly for achieving both a strong circularly polarized R T T .. W
v

luminescence (CPL) and high photoluminescence quantum yield (PLQY). Here, we attempt
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to decode this hidden linkage by constructing the isomorphic polymorph-based metal-free chiral P = % .
perovskite through the rational design of the A-site cation. The distinct steric hindrance between :f °"t' e 4
meta- and ortho-ammonium sites in 2-methylpiperazine-1,4-diium provides two possibilities for —weiav-sss (®)9,.0.066

forming the hydrogen bond, which could control the crystallization pathways. Therefore, two
different metal-free chiral perovskite polymorphs (A and B) with symmetric or asymmetric

(B) PLQY= 1.85% \ (A) g,,.=0.032

hydrogen bonding were obtained, which exhibit a remarkable difference in PLQY (36.51% vs

1.85%) and photoluminescence dissymmetry factor (lgyml, 0.032 vs 0.066). The highly luminescent polymorph A demonstrates
stronger intermolecular coupling mediated by the symmetric hydrogen bonding, which effectively suppresses the nonradiative decay
through rigidification of the octahedral framework, thereby enhancing the PLQY. In contrast, the asymmetric hydrogen bonding in
polymorph B induces a greater structural distortion, which enhances the electron—phonon coupling and consequently reduces the
PLQY. However, this asymmetric hydrogen bonding promotes efficient chirality transfer, leading to an increase of Ig,,|. Our work
provides a molecular-level understanding of symmetric and asymmetric hydrogen bonding to determine the crystal packings and
exciton dynamics, and thus the luminescence dissymmetry factor and quantum yield.

B INTRODUCTION

The pursuit for sustainable optoelectronic materials has driven
the development of purely organic perovskites," which
demonstrate enhanced molecular tunability and superior
environmental compatibility compared to their heavy-metal-
containing hybrid perovskites.”’ However, the introduction of
chiral ammonium ions, while enabling the chiroptical
functionalities,”” leaves the relationship between chiral
luminescent performance (e.g, circularly polarized lumines-
cence, CPL) and emission efficiency (e.g., photoluminescence
quantum yield, PLQY) unresolved.’ The key challenge is to
elucidate the intricate structure—property relationships that
govern how molecular packings simultaneously enable both
high PLQY and efficient CPL performance.”*

Polymorphism inherently originates from divergent molec-
ular packing modes and intermolecular interaction net-
works.”'’ Comparative analysis of the spatial molecular
arrangements across polymorphs provides direct insights into
the competition and synergy among the weak interactions
(e.g, hydrogen bonding, van der Waals forces).'""> Inves-
tigating the hydrogen-bonding effects on chiral perovskite
polymorphs could unveil two pivotal mechanisms: (1)
hydrogen bonding assists chirality transfer, which locks the
molecular conformations via hydrogen-bonding networks and
influences the degree of chirality transfer; (2) 3D hydrogen-
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bonding networks restrict the molecular vibrations: intermo-
lecular forces and orientation govern the nonradiative
efficiency through reducing the electron—phonon cou-
plings."*~"

This study employs the isostructural polymorphs of 3D
metal-free perovskites to decipher how hydrogen bonding is
affected by the steric effects at meta- versus ortho-ammonium
sites (Figures la and S1), governing the crystal packing motifs
and exciton—phonon couplings, thereby dictating the trade-off
between circularly polarized luminescence dissymmetry factor
(gwm) and photoluminescence quantum yield (Figure 1b).
Specifically, the reduced steric effect at meta-positions
extended the symmetric hydrogen bond networks, whereas
the participation of crowded ortho-ammonium groups directs
the localized asymmetric hydrogen bonding.'°~"® Through
systematic investigation of each polymorph, it is found that
polymorph A’s symmetric 3D hydrogen-bonded architecture
rigidifies the [NH,(]°~ emissive clusters via the O—H--I
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Figure 1. (a) The symmetric and asymmetric hydrogen bonding
formed by the different ammonium sites owing to the steric
hindrance, which induces polymorphs A and B. (b) Schematic
illustration of the hydrogen-bonding topology-dependent trade-off
between g, (chirality transfer) and PLQY (molecular rigidity).

interactions (1.5 A), suppressing the vibrational dissipation
and achieving a higher PLQY of 36.5%, which is one of the
highest values among the reported chiral metal-free perov-
skites.'”?° However, this structural order impedes efficient
chirality transfer from chiral cations to the [NH,I;]>~
octahedra, limiting the luminescence dissymmetry factor to
0.032. Conversely, polymorph B’s asymmetric hydrogen
bonding enhances the chirality transfer through a flexible
lattice, elevating the g, to 0.066 at the cost of increased
nonradiative decay (PLQY = 1.85%).”" Therefore, achieving a
high CPL brightness requires carefully balancing the
competing factors that influence both PLQY and g,. Our
work provides a molecular-level understanding on how to
design the high-performance CPL emitter through rational
tuning of the steric hindrance of chiral cations.

B RESULTS AND DISCUSSION

In this study, we reported the successful crystallization of
isostructural metal-free chiral perovskite crystals (identical

molecular formula) with distinct crystalline polymorphs (R/S-
2MP-NH,];-(H,0),5, polymorphs A and B) using chiral 2-
methylpiperazine-1,4-diijum as the cations. A tailored crystal-
lization protocol was developed through the antisolvent-
assisted vapor diffusion, employing hydriodic acid as the
solvent and diethyl ether as the antisolvent.”*~>* We identified
two distinct crystalline phases: phase A displays a block-like
morphology, while phase B exhibits a rod-like structure. The
crystal structures of both phases were unambiguously
determined through single-crystal X-ray diffraction analysis.
The powder X-ray diffraction (PXRD) pattern of these metal-
free perovskites agrees well with that simulated from their
single-crystal data, further confirming their phase purity
(Figures S2 and S3). Polymorph A (Sohncke space group of
P2,2,2,) exhibits a three-dimensional connectivity of
[NH,I;]*" octahedra through corner-sharing (Figures S4, SS
and Tables S1, S2). Notably, the adjacent octahedra in
polymorph A display distinct bond lengths (Table S3),
corresponding to the distortion parameter (Ad) of 8.45 X
107% and 8.48 X 107% In contrast, polymorph B (Sohncke
space group of P2,2,2) shows significantly enhanced
octahedral distortions, with Ad values escalating to 10.14 X
107 and 12.32 X 107%, respectively. We compared the total
energies of their corresponding crystalline phases, revealing an
energy difference of 7.73 kcal/mol between the two
polymorphs (Figure S6). Subsequently, to elucidate the
morphological differences between polymorphs A and B, the
crystal surface free energy was calculated (Table S4).
According to the Gibbs—Curie—Wulff theory, the normal
growth rate of crystal planes is directly proportional to the
surface free energy, expressed as y;/h; = constant, where ¥
represents the specific surface free energy of crystal plane i, and
h; denotes the distance from the Wulft point. The distinct
morphological evolution of polymorphs A (block-like) and B
(rod-like) arises from the synergistic interplay between
crystallographic facet energetics and geometric constraints.
For polymorph A, multiple low-attachment-energy facets
({110}: E,, = —33245 keal/mol; {111}: E, = —310.58
kcal/mol) impose balanced three-dimensional growth restric-
tions. This energy-equilibrated configuration drives the
isotropic expansion, consistent with Wulff construction
simulations showing a low growth anisotropy. In contrast,
polymorph B exhibits strongly anisotropic growth kinetics
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Figure 2. (a) Fluorescence microscopy image of polymorph A and polymorph B. (b) The steady-state PL spectrum of glass, polymorph A, and

polymorph B. (c) The PLQY of polymorph A and polymorph B.
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Figure 3. (a) Intermolecular interaction among H,0, chiral cations, and I” ions (top: polymorph A, bottom: polymorph B). (b) Packing diagrams
of polymorph A (top) and polymorph B (bottom). (c) Two-dimensional Hirshfeld surface analysis fingerprint plots for the interactions of H,O for
polymorph A. (d) 2D Hirshfeld surface analysis fingerprint plots for the interactions of H,O for polymorph B.

dominated by rapid elongation along the {200} direction (dyy
= 1394 A, E,, = —151.05 kcal/mol), while the transverse
growth is suppressed by the high-energy barrier facets ({011}:
E, = —339.65 kcal/mol). The extreme energy gradient (AE =
188.6 kcal/mol) and the preferential facet area distribution
create a self-reinforcing growth dichotomy: the large interlayer
spacing along the a-axis facilitates molecular stacking, whereas
the tight atomic packing in lateral directions ({011} and
{020}) restricts the radial growth. These results demonstrate
that morphological control in metal-free perovskites can be
rationally achieved through different facet selectivity, where the
competing interactions between hydrogen bonding and van
der Waals interactions dictate the supramolecular assembly
(Figures S7, S8). Motivated by the pronounced structural
discrepancies between polymorphs A and B, we have
systematically investigated their structure-dependent photo-
physical properties and tried to establish their structure—
property relationships.”>>® This methodology elucidates how
special crystalline architectures modulate the chirality transfer
and radiative recombination through precise control of the
structural distortion and supramolecular interactions.”” >’

First, optical characterization through fluorescence micro-
spectroscopy revealed the distinct photophysical behaviors
between the two crystalline polymorphs. Polymorph A,
exhibiting a block-like morphology, displayed an orange-red
emission centered at 611 nm when excited at 330 nm. In
contrast, polymorph B with rod-shaped crystals showed a red-
shifted emission with a maximum at 640 nm under the
identical excitation wavelength, accompanied by significantly
reduced emission intensity (Figure 2b). Notably, as shown in
Figures 2¢ and S9, photoluminescence quantum yield (PLQY)
measurements of these different polymorphs uncovered a
pronounced disparity: polymorph A demonstrated a 20-fold
higher PLQY than that of polymorph B, highlighting the
critical role of crystal morphology and packing in modulating
the optoelectronic properties.

Despite their same structural formula, the different hydro-
gen-bonding modes are the primary origin of their distinct
optoelectronic performances. In polymorph A, H,O molecules
mediate the hydrogen-bonding bridges between adjacent 2-

methylpiperazine-1,4-diium cations (N—H--O and N--O:
2.012 and 2.883 A), while forming strong O—H--I interactions
with iodides (O—H-+I: 2.602 and 3.376 A, Figure 3a and Table
SS), establishing a balanced and rigid 3D hydrogen-bonding
network that effectively restricts the molecular vibrations. In
contrast, polymorph B exhibits an asymmetric H,O-cation-
single-octahedron coordination mode. Specifically, H,O
molecules exclusively form hydrogen bonds with chiral cations
on one side (N—H--O: 2.745 A, C—H---O: 2.612 A, and N—
H--O: 1.892 A). Unlike polymorph A, the two iodide ions in
polymorph B engaged in the hydrogen bonding (O—H--I:
2.732 A and 2.742 A) originate from the same octahedron.
This unique coordination topology reveals that H,O acts as the
molecular bridges for chirality transfer, which directionally
propagates the structural asymmetry of chiral cations to one
octahedron via asymmetric hydrogen-bonding networks,
triggering the significant escalation of its distortion. Sub-
sequently, this localized distortion propagates throughout the
perovskite framework via cooperative corner-sharing effects
(Figure 3b). Consequently, the asymmetric hydrogen-bonding
in polymorph B enables the eflicient modulation of the
chiroptical activity through a dual mechanism: the asymmetric
hydrogen bonding assisted chirality transfer and amplified
cooperative distortion. Additionally, the energy framework
calculations revealed that water molecules in polymorph A
exhibit symmetric Coulombic interactions with the adjacent
iodides (—0.9 kJ/mol per I", Figure S10), whereas in
polymorph B, asymmetric interactions exist with two iodides
of the same octahedron (—0.3 vs —0.1 kJ/mol, Figures S11,
S12). These results further confirm that polymorphs A and B
exhibit symmetric and asymmetric hydrogen bonding,
respectively. The Hirshfeld surface analysis further confirms
that stronger intermolecular interaction exists in polymorph A
than polymorph B, as evidenced by the larger H---1 (19.5% vs
18.5%) and O---H (30.8% vs 28.1%) proportion of interactions
(Figures S13, S14). Notably, polymorph A demonstrates a
shorter H--1 contact (1.5 A) that directly constrains the
octahedral geometry (Figure 3c,d), whereas the weakened
hydrogen-bonding constraints in polymorph B correlate well
with the larger octahedral distortions as discussed above. In
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Figure 4. (a) Energy band structure and calculated partial density of states (PDOS) of polymorphs A and B. (b) Diagram of the charge density for
the VBM and CBM for polymorph A. (c) A diagram of the charge density for the VBM and CBM for polymorph B. (d) Proposed mechanism of

the luminescence process.

addition, polymorph B exhibits an extra H-N interaction
(4.1%), which originates from the hydrogen bonding between
chiral ammonium cations with H,O, implying that H,O acts as
a bridge for stronger chirality transfer to the luminescent
center. Crucially, the asymmetric hydrogen-bonding environ-
ments in polymorph B, where one octahedron acts as a dual
hydrogen-bonding acceptor while the other one is unaffected
by hydrogen-bonding, could induce an amplified distortion
(Figure S15). Considering that the [NH,I(]>" cluster is the
emission center, it is found that the octahedral distortions are
governed by the strength of the hydrogen-bonding confine-
ment. The rigid hydrogen bonding-network in polymorph A
suppresses the nonradiative recombination through reducing
the electron—phonon coupling, rationalizing its 20-fold
enhanced PLQY compared to polymorph B (Table $6).
Polymorph A exhibits a luminescence lifetime of 582.99 us at
611 nm, while polymorph B shows a shorter lifetime of 385.62
us at 640 nm (Figure S16). This trend aligns well with the
crystal structures as discussed above and indicates that the
symmetric 3D hydrogen-bonding networks indeed effectively
suppress the phonon-assisted nonradiative decays. Temper-
ature-dependent photoluminescence (PL) spectra reveal red-
shifts exceeding 150 meV for both phases at low temperature
compared to room temperature (159 meV for polymorph A
and 176 meV for polymorph B, Figures S17, S18). This should
originate from the stabilization of self-trapped excitons (STEs)
formed through strong electron—phonon coupling, where
lattice vibrations promote exciton localization into energeti-
cally favorable trapped states, thus giving rise to red-shifted
STE emission at low temperatures. Furthermore, the observed

37774

29 nm red-shift in emission from polymorph B (640 nm)
relative to polymorph A (611 nm) suggests an efficient
modulation of the electronic structures within the [NH,I(]>~
chromophores. While the structural distortions account for the
disparities of nonradiative loss, the spectral shift implies direct
involvement of hydrogen-bonding networks in the orbital
hybridization.

To confirm this hypothesis, we further investigated the
electronic structures of these metal-free chiral perovskites
through density functional theory (DFT) calculations.
Polymorph A exhibits a direct bandgap of 3.96 eV at the I'-
point, whereas polymorph B demonstrates an indirect bandgap
of 4.07 eV (Figure 4a). The calculated bandgaps of these two
polymorphs are very close, which is also consistent with the
experimental results based on the Tauc plot (Figure S19).
Despite possessing a wider bandgap, polymorph B exhibits a
red-shifted emission maximum at 640 nm versus 611 nm for
polymorph A. This apparent bandgap-emission paradox
originates from the indirect bandgap nature of polymorph B,
which introduces two critical effects: (i) phonon-assisted
radiative decays that are lower than the effective bandgap and
(ii) enhanced nonradiative decay channels that preferentially
depopulate the high-energy excitonic states. These combined
effects ultimately lead to lower-energy photoluminescence
despite the larger bandgap. Projected density of states (PDOS)
analysis reveals distinct oxygen orbital participation in both
systems. For polymorph A, the valence band maximum (VBM)
is dominated by the 2p, orbitals of the oxygen atom, while the
conduction band minimum (CBM) arises exclusively from its
2s orbital (Figure S20). The VBM of polymorph B features
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Figure S. Polarization-resolved PL spectra of R/S-polymorph A (a and b) and R/S-polymorph B (c and d) microcrystals.

hybridized 2p,, 2p,, and 2p, orbitals of oxygens, while its CBM
is the same as that of polymorph A (Figure 4b and 4c). This
marked divergence in VBM configurations confirms that
distinct symmetric and asymmetric hydrogen bondings could
modulate both electronic structures and emissive behaviors.

We then proposed a hydrogen-bonding-mediated exciton
dynamics: for polymorph A, the 3D hydrogen-bonding
network creates a rigid microenvironment through strong
O—H:-1 interactions, effectively suppressing the [NH,I]*~
octahedral vibrations and nonradiative decays (Figure 4d).
When it comes to polymorph B, the asymmetric hydrogen
bonding facilitates the chirality transfer from chiral ammonium
cations to the emissive octahedra, amplifying the lattice
distortion and thus enhancing the CPL.

Notably, this rigidification originating from structural H,O
not only governs the radiative decay efficiency and bandgap
but also profoundly tunes their chiroptical properties. The
opposite CD signals for polymorphs A and B were observed
(Figure S21). Then both polymorphs A and B were
photoexcited by a linearly polarized laser, and the generated
emission passed through a quarter waveplate, a Wollaston
prism, to separate the right- and left-handed circularly
polarized emission, which were simultaneously collected in
different regions of the camera array (Figure 5). Polymorph A
exhibits symmetric positive—negative CPL signals at 610 nm
(Figure S22a). Similarly, polymorph B demonstrates mirror-
symmetric CPL responses at 640 nm (Figure S22b). The
anisotropy factor (gj,m), defined as gy, = 2(Ix — I)/(Ix + Ip),
where I and I represent the right- and left-handed circularly
polarized emission intensities, is then calculated.’™>* It is
found that polymorph B (low PLQY) displays a higher Igy,|
value of 0.066, whereas polymorph A (high PLQY) shows a
reduced lgj,| value of 0.032 (Figures S22c¢ and S22d). This
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apparent paradox stems from the competitive interplay
between molecular rigidity and chirality transfer.

In polymorph A, the 3D hydrogen-bonding network anchors
the emissive [NH,I;]* clusters within a rigid chiral framework
via the O—H--I hydrogen bonding. While this geometric
confinement could effectively suppress the electron—phonon
coupling and increase the PLQY, the arrangement of chiral
ammonium ions is relatively disordered, while the arrangement
of the luminescent octahedral centers is relatively ordered in
polymorph A, which implies a weaker chirality transfer from
chiral ammonium cations to the luminescent centers.
Conversely, for polymorph B, the chiral ammonium cation
manifests relative order, while the octahedral centers exhibit
enhanced aberrations and distortions, thereby indicating the
stronger chirality transfer from the aforementioned chiral
ammonium cations to the luminescent centers. Therefore,
polymorph B exhibits an enhanced g, at the cost of reduced
PLQY (1.85%), attributable to a more distorted crystal lattice.
Our study demonstrates an inverse correlation between PLQY
and gj,,, which provides an important molecular-level insight
into the structure—property relationship of the metal-free
chiral perovskites.

Bl CONCLUSIONS

Our work unveils the pivotal role of symmetric and asymmetric
hydrogen bonding in governing the trade-off between
luminescent efficiency and dissymmetry factor in metal-free
chiral perovskites. Through controlled crystallization, we
isolated two isomorphic polymorphs (A/B) exhibiting inverse
correlations between photoluminescence quantum yield
(PLQY: 36.5% vs 1.85%) and circularly polarized lumines-
cence dissymmetry factor (Igi,,l: 0.032 vs 0.066). Polymorph A
features a 3D hydrogen-bonding network that rigidifies the
[NH,I;]>” emissive clusters, suppressing the nonradiative
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decay through O—H--I interactions, while limiting the chirality
transfer through the disordered arrangements of chiral cations.
Conversely, polymorph B’s distorted octahedra and ordered
chiral ammonium alignment enhance chirality transfer,
amplifying the chiroptical properties at the cost of reducing
the emission efficiency. Our findings establish a sustainable
approach for designing metal-free perovskites with tunable
chiroptical properties, effectively bridging the gap between
molecular structure, luminescence dissymmetry factors, and
quantum vyield in metal-free chiral perovskites.
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