RESEARCH ARTICLE 260013, 20t

https://doi.org/10.1360/ns0/20260013

In-situ organic cation evolution driven sequential crystal
transformation in hybrid metal halides

Wengqing Han, Junjie Guan, Xufan Guo, Wenting Liu, Ruijia Zhao, Zhihua Wang, Lin Xu,
Puxin Cheng, Minghui Chen, Quanwen Li, Danhong Wang, Jialiang Xu~ & Xian-He Bu

School of Materials Science and Engineering, Tianjin Key Laboratory of Metal and Molecular Materials Chemistry, Frontiers Science Center
for New Organic Matter, Academy for Advanced Interdisciplinary Studies, Nankai University, Tianjin 300350, China

*Corresponding author (email: jialiang.xu@nankai.edu.cn)

Received 26 January 2026; Revised 27 February 2026; Accepted 7 March 2026; Published online 3 April 2026

Abstract: The properties of organic-inorganic hybrid metal halides (OIHMHs) strongly hinge on their crystal structures.
However, structural diversity regulation based on organic-cation design or external stimuli is hindered by the limited diversity
of available cations and the random structural changes. Here, we utilize in-situ sequentially generated organic cations from a
stepwise reaction between dimethyl sulfoxide (DMSO) and acetone to drive a continuous and unidirectional single-crystal-to-
single-crystal transformation in OIHMHs, enabling well-defined and predictable structural evolution. The intermediate di-
methyl(2-oxopropyl)sulfonium and product trimethylsulfonium cations are sequentially generated and incorporated into the
crystal lattice, giving rise to three types of structurally correlated OIHMHs in both Bi- and Sb-based systems. The resulting
OIHMH materials preserve the inorganic photoactive unit while exhibiting systematic changes in their physicochemical
properties, revealing a dynamic cooperative mechanism between evolving organic cations and the adaptive inorganic octa-
hedral framework. This work demonstrates the feasibility of intermediate cations generated by organic reactions to serve as an
underutilized A-site organic cation resource. Such an organic reaction-driven and inorganic framework-mediated strategy
establishes a dynamic paradigm for structural evolution, opening a promising avenue toward precise structural modulations and
diversified functionalities of OIHMH materials.

Keywords: organic-inorganic hybrid metal halide, dissolution-reprecipitation transformation, dynamic structural reconstruc-
tion, in-situ cation evolution, adaptive inorganic framework

INTRODUCTION

Organic-inorganic hybrid metal halides (OIHMHs) are crystalline materials assembled through weak in-
teractions between organic components and inorganic metal halide polyhedral frameworks [1-3]. OIHMHs
exhibit exceptional optoelectronic properties [4,5], including high absorption coefficients [6,7], long carrier
diffusion lengths [8—10], high photoluminescence quantum yields [11-13], and tunable bandgaps [14-16],
which promise their broad application prospects in optoelectronic devices such as solar cells [17—-19], light-
emitting diodes [20-22], photodetectors [23,24] and lasers [25,26]. Fundamentally, the properties and
functionalities of OIHMHs are governed by the structures and arrangements of both organic and inorganic
components in their crystalline lattices [1,27,28]. Subtle variations in the size, geometry, and polarity of the
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organic components can deterministically tailor structural symmetry [29,30], lattice stability [31], and phase
evolution [32]. Meanwhile, the dimensionality and distortion of the inorganic polyhedra directly determine
band dispersion [16,33], charge mobility [34], and optical response [35]. Therefore, systematic development
and fine control of OIHMH crystal structures are central to the design of high-performance functional
materials and emerging optoelectronic devices. Current structural regulation of OIHMHs primarily relies on
two types of strategies, one focused on component engineering within the internal lattice [31,36,37], and the
other based on leveraging stimuli-responsive external conditions [2,38—40]. Both approaches aid in crystal
reconstruction or phase transitions, yet each faces inherent limitations. Component engineering, exemplified
by ion exchange, ligand modification, and solvent engineering, is gradually approaching saturation due to
limited precursor variety. Furthermore, significant structural changes in the A-site or B-site cation compo-
nents often result in poor correlation before and after evolution, making precise and targeted structural
control difficult to achieve. Conversely, external stimuli (e.g., heat, pressure) typically lack selectivity and
the structural changes are highly random [41]. Developing a strategy capable of in-situ expanding organic
cation structures while enabling continuous, predictable, and strongly correlated crystal reconstruction is
critically important for advancing structural diversification and the targeted construction of functional hybrid
metal halide crystals.

Inherent dynamics within the OIHMH system confer significant migration and rearrangement capabilities
of both organic and inorganic components, allowing for structural evolution that is not solely dictated by
thermodynamic stability [42]. The synergistic regulation between the organic and inorganic components
endows these hybrid systems with the essential characteristics of a dynamic chemical system [43], enabling
continuous structural evolution in response to external conditions such as the solvent environment, tem-
perature, or pressure. It has been recently reported that organic chemical reactions can proceed within the
OIHMH mother liquors for the in-situ generation of A-site organic cations and successful incorporation into
the OIHMH lattices [35,44—46], demonstrating the cooperation of the organic reactions with framework
formation and crystal growth. However, the reported synthetic strategies primarily focus on “one-step” routes
that yield structurally fixed OIHMH crystals, largely neglecting the intrinsic dynamic nature of these hybrid
systems. Given the inherently multi-step, temporally evolving, and directional nature of organic chemical
reactions, the reaction trajectories necessarily involve the sequential generation, transformation, and dis-
appearance of various cationic species. This dynamic process creates a naturally tunable and evolutionarily
sequential library of A-site cations for OTHMH construction. Such a sequential cation evolution aligns well
with the intrinsic dynamic characteristics of OIHMHs, which can undergo continuous dissolution-re-
precipitation [47,48] accompanied by internal framework rearrangements. By strategically coupling the
stepwise continuity of multi-step organic reactions with the dissolution-reprecipitation mechanism of
OIHMHps, it becomes possible to guide the sequential incorporation of cations with varying geometric sizes,
polarizations, and configurations into the lattice. This approach might enable precise structural construction,
fine-tuning, and even continuous transformations in OIHMHs.

In this work, we take advantage of the stepwise condensation reaction system of dimethyl sulfoxide
(DMSO) and acetone as the precursor solution for sequential construction of bismuth (Bi)- and antimony
(Sb)-based OIHMHs. This approach establishes a tight coupling between OIHMH crystal growth and the
in-situ generated and dynamically evolving organic cations. Specifically, the condensation reaction of
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Scheme 1 Schematic illustration of the correspondence between the sequential generation of intermediate and product cations from the
DMSO and acetone condensation reaction and the sequential formation of the three corresponding OIHMH crystals.

product cation trimethylsulfonium (TMS") [49] in sequence. The evolving concentration gradients and
distinct coordination preferences of these cations direct their stepwise incorporation into the OIHMH lattice,
providing the intrinsic driving force for crystal structural reorganization. This dynamic process enables
continuous and precisely controllable single-crystal-to-single-crystal (SCSC) transformations of OIHMHs.
Through comprehensive reaction trajectory analysis and monitoring, three sets of temporally sequential
OIHMH crystals could be successfully captured: an initial OIHMH I containing only the intermediate cations
DOPS", an OIHMH II co-existing with both DOPS" and TMS', and the final OTHMH III exclusively
composed of the end-product TMS" as the organic cation (Scheme 1). Importantly, the successful capture of
intermediate single crystals provided atomic-level structural insights into the reactive intermediate cations,
simultaneously revealing their dual function as essential lattice-building units and as the intrinsic drivers of
structural reorganization. Introducing dynamic covalent chemistry concepts to weakly-interacting OIHMH
materials allows for the non-destructive and global reconstruction of the crystal structure under mild con-
ditions. This strategy provides a highly promising ‘reaction-driven’ approach to the construction of func-
tionally promising hybrid crystalline materials, leveraging the intrinsic evolution process of chemical
reactions to manipulate solid-state structural transitions, and thus opening a new research paradigm for
chemical kinetics-based crystal engineering.

RESULTS AND DISCUSSION

Synthesis and structural transformation

In the presence of hydrobromic (HBr) acid, the reaction between DMSO and acetone proceeds through a
well-defined multistep condensation pathway, sequentially yielding DOPS" intermediate and the TMS"
product [49,50]. These two organosulfur cations exhibit highly correlated structures and can each stably
incorporate into the OIHMH lattice as A-site organic components [45]. Consequently, this stepwise con-
densation reaction provides a time-evolving pool of cation candidates, offering the possibility of continuous
modulation of the cations incorporated during the OIHMH crystal formation. The intrinsic physicochemical
characteristics of the reaction system further create conditions ideally suited for OIHMH crystallization.
Owing to the significant density difference between DMSO (1.10 g/cm?) and acetone (0.79 g/cm?), stable
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Figure 1 Multistep structural evolution of OIHMHs driven by the in-situ condensation reaction. (a) Schematic illustration for the formation
of various OIHMH crystal structures achieved by direct employment of the DMSO and acetone reaction pathway as the liquid diffusion
crystallization system. (b) Structures of three distinct types of obtained OIHMHs, crystallized in the C2/c, Pnma and R-3m space groups,
respectively. (¢) Schematic illustration for the purification of the three OIHMH crystal types achieved by designing the DMSO and acetone
reaction system as a vapor diffusion crystallization. (d) The sequential incorporation of the intermediate and product cations into the A-sites
constructs three distinct OIHMH structures. (¢) The minimum asymmetric units and structural transformation sequence of the three obtained
OIHMH types. H atoms are omitted for clarity.

stratified solvent layers could be formed, establishing a supersaturated interface that promotes orderly
nucleation and growth of OIHMH crystals. Meanwhile, HBr acid dissolves preferentially in DMSO, and the
resulting solution effectively dissolves diverse metal halide salts, thereby forming a robust precursor en-
vironment for OIHMHs [51]. In contrast, the resulting OIHMHs display relatively low solubility in acetone
[52]. As acetone gradually diffuses into the DMSO and HBr layer, slow crystallization of OIHMHs is
induced. These features together motivate the design of a liquid-phase diffusion crystallization system in a
stratified configuration [53], with an upper acetone layer overlying a DMSO solution containing HBr and
metal salts (Figure 1a). This setup simultaneously satisfies the thermodynamic requirements of condensation
reaction and the kinetic demands of OIHMH crystallization. It allows for the efficient interaction between
acetone and DMSO to initiate the organic reaction, while the subsequent slow diffusion process ensures
continuous in-situ generation of candidate cations throughout crystal growth. After the system is left un-
disturbed at room temperature for several days, crystals with well-defined morphology gradually precipitate
(see experimental section in Supporting Information). Single crystal X-ray diffraction (SCXRD) analysis
identifies these crystals as three distinct types of OIHMHs, crystallized in the C2/c, Pnma and R-3m space
groups, respectively (Figure 1b). Structural analysis clearly reveals that DOPS™ and TMS" are successfully
captured within their corresponding OIHMH lattices, directly verifying the in-situ synthesis and sequential

incorporation of organic cations during crystal formation.
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The liquid-phase diffusion crystallization system enables the simultaneous obtaining of three distinct
OIHMH crystals, each incorporating the cations sequentially generated from the condensation reaction
between DMSO and acetone. However, the concurrent observation of these three crystals in the same
crystallization environment made it difficult to directly correlate each organic reaction stage with the for-
mation of its corresponding OIHMH structure and thereby obscure the role of cationic generation sequence in
directing crystal evolution. A vapor-phase evaporation crystallization system [54] has thus been constructed
for further analysis of the intrinsic relationship between the sequence of cation generation and the formation
of OIHMH crystals. This setup involves the placement of acetone in an outer container and the precursor of
DMSO and HBr solution in an inner vial (Figure 1c¢). Vaporized acetone from the outer chamber slowly
diffused into the inner solution containing the metal precursor, avoiding instantaneous bulk mixing of
reactants. This approach significantly retards the rate of the condensation reaction, providing an expanded
temporal window during which sequentially generated cations could interact selectively with the inorganic
framework (Figure 1d). Given the pronounced temperature dependence of the reaction progression and rate
[55,56], regulation of the crystallization temperature and reaction time allows for sequential participation of
each cation in lattice construction according to its specific reaction order. By subjecting the crystalline system
to low (15 °C), medium (30 °C), and high temperatures (60 °C), the reaction process is compartmentalized,
enabling different cationic species to dominate the crystallization of OIHMHs within their respective thermal
windows. SCXRD analysis confirms the formation of a unique OIHMH crystal within each temperature
window. The crystal obtained at 15 °C is formulated as (DOPS)4[(Bi/Sb)Br¢]Br (OIHMH 1), incorporating
only the intermediate DOPS™. At 30 °C, the as-formed crystal corresponds to (DOPS),(TMS)[(Bi/Sb)Bry]
(OIHMH II), which contains both DOPS" and TMS" cations. At 60 °C, the exclusive presence of product
cation TMS" has been identified, as (TMS),[(Bi/Sb)Br¢|Br (OIHMH III) (Figure le, Table S1). All three
compounds crystallize in zero-dimensional (0D) configurations, but in very different space groups of the
C2/c, Pnma, and R-3m, respectively, matching those obtained from the liquid-phase diffusion crystallization
experiment. Powder X-ray diffraction (PXRD) patterns of these three OIHMH types agree well with the
simulated patterns, showing the considerable phase purity (Figure S1).

Characterizations and physicochemical properties

Complete dissolution of the high-purity OIHMH crystals liberates their organic components into the solution,
allowing for the precise recognition and validation of the organic cation structures present in each crystal. 'H
nuclear magnetic resonance ('"H NMR) spectra of the dissolved OIHMH samples confirm the presence and
identity of the in-situ synthesized cationic species within their respective crystal lattices. Both cations of
DOPS" (in OIHMH 1) and the TMS" (in OIHMH III) serve as the sole organic component in the corre-
sponding OIHMHSs. The chemical shifts and integrated peak areas are consistent with the expected hydrogen
environments within the organic components of each sample (Figure 2a, Figure S2a, c). The crystal lattice of
OIHMH 1I contains both DOPS"™ and TMS®, present in a 2:1 molar ratio within its asymmetric unit.
Consistent with this stoichiometry, its solution-state 'H NMR spectra exhibit proton signal integrations that
reflect the same ratio. Although the S-CH; resonances of DOPS" and TMS" appear in close proximity and
display slight coupling, their signals remain sufficiently resolved to permit reliable integration (Figure 2a and
Figure S2b). The resulting integration aligns with the crystallographic composition, confirming the
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Figure 2 Spectroscopic characterizations. (a) 'H NMR spectra of Sb-based OIHMH I, OITHMH 1I and OIHMH III, in DMSO-dj. (b) 1*C
NMR spectra of the Bi/Sb-based OIHMH 11 dissolved samples, in DMSO-dg. (¢) FTIR spectra of the three Sb-based OTHMH powders.
(d) UV-vis transmission spectra and £, comparison of the three types of Bi/Sb-based OIHMHs. (e) Comparison of the thermal decomposition
temperature of the three types of Bi/Sb-based OIHMHs.

simultaneous incorporation of both cations within the lattice. Furthermore, >*C NMR spectrum of OTHMH II
exhibited the characteristic carbonyl (C=0) signal of DOPS'. All carbon atoms in distinct chemical en-
vironments give rise to well-resolved and assignable resonance peaks (Figure 2b), further demonstrating the
stable incorporation of both DOPS" and TMS" organic cations into the lattice structure of OTHMH II. Clear
spectral characteristics corresponding to the DOPS™ and TMS™ have also been observed in the mass spectra
(MS) of the three dissolved OIHMH samples (Table S2), also confirming the organic component composition
within their crystal lattices.

Fourier transform infrared spectroscopy (FTIR) of the three OIHMHs further corroborates this corre-
spondence, as the characteristic absorption peaks precisely match the organic components contained within
the crystal structures (Figure 2¢ and Figure S3). A characteristic peak corresponding to the C—S single bond
stretching vibration is consistently observed around 1040 cm™" in all samples [57], indicating the universal
incorporation of sulfonium cations within the crystal lattices. The sharp peaks detected at ~1700 cm™" in the
spectra of OTHMH I and OIHMH 11 are attributed to the carbonyl (C=0) group in the DOPS™ [58]. In contrast
to OIHMH I and OIHMH II, the FTIR spectra of OIHMH III do not exhibit the -CH,— stretching vibration
peak (at approximately 2850 cm™"). This absence is attributed to the exclusive presence of the TMS" within
the OIHMH 111 lattice. These spectral features clearly delineate the distinct structural characteristics of the A-
site organic components of all three crystal types. Furthermore, it has been demonstrated that the two classes
of sulfonium cations, generated in situ in sequence, successively participate in the lattice construction.
Comparative analysis of the A-site cation components across the three OIHMH types establishes a direct
correlation between the organic reaction stages and the formation of OTHMH crystals: DOPS" governs the
formation of OIHMH 1, the coexistence of DOPS" and TMS" leads to OITHMH II, and the eventual dom-
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inance of TMS" drives the emergence of OTHMH III (Scheme 1).

The structural variations among the three OIHMHs, directly driven by the differences in their organic
components, give rise to systematic distinctions in their physicochemical properties. Within each metal
system, the ultraviolet-visible (UV-vis) transmission spectra of the three OIHMHs exhibit highly similar
absorption features, including both spectral profiles and peak positions (Figure 2d). In contrast, pronounced
differences could be noticed between Bi-based and Sb-based OIHMHs. This comparison indicates the
primary dictation of optical absorption by the inorganic polyhedra, which impose consistent electronic
transition characteristics within the same metal species. Direct optical band gaps (E,) extracted via Tauc
analysis [59,60] further support this conclusion (Figure S4, Table S3). Sb-based OIHMHs (Eysp 1y, = 3.03 €V,
Eqsp ary = 3.01 €V, Eysp ) = 2.98 €V) consistently display larger band gaps than their Bi-based counterparts
(Egsi 1) = 3-00 eV, Eggiamy = 2.97 €V, Eggi amy = 2.96 €V). This trend arises from the lower energy of the Sb’
" 5p orbitals compared to that of Bi*" 6p orbitals, which elevates the conduction band minimum in Sb-based
OIHMHs and consequently widens the band gaps [61,62]. Notably, a monotonic band gap reduction is
observed across the three sequentially constructed OIHMH crystals within each metal system, demonstrating
that the progressive conversion of organic cations can systematically modulate the metal-halide bonding
environment and the organization of the inorganic framework. This effect shifts the band-edge positions
without altering the fundamental electronic transition mechanisms, which allows for the effective tuning of
the structural bandgap.

Thermogravimetric analysis (TGA) reveals a progressive enhancement in the thermal stability of the three
types of OIHMHs (Figure 2e and Figure S5, Table S4). The OIHMH I containing intermediate DOPS"
undergoes structural collapse at approximately 110 °C (Sb (I)) and 142 °C (Bi (I)). In contrast, OIHMH 11,
which incorporates DOPS " and product TMS", exhibits greater stability, resisting decomposition until around
164 °C (Sb (II)) and 168 °C (Bi (II)). The OIHMH III with the final product TMS® demonstrates the highest
thermal stability, with its thermal decomposition initiating at about 207 °C (Sb (II)) and 187 °C (Bi (III)).
The progressive increase in thermal stability is directly attributable to the compositional and structural
evolution of the organic components within these OIHMHs [63]. The evolution involves the gradual con-
version of less stable intermediate cations into the most stable final product cations. Concurrently, the
inorganic components adapt to these organic transformations through complementary adjustments in lattice
organization, involving both expansion and contraction [64]. A comparative analysis of the two metal
systems reveals distinct sensitivities to cation evolution. The maximum band gap difference among the three
Bi-based OIHMHSs is approximately 0.04 eV, while the Sb-based OIHMHs display a larger variation of about
0.05 eV. Similarly, the maximum difference value in thermal decomposition temperature increases from
45 °C (for the Bi-based OIHMHs) to ~100 °C (for the Sb-based OIHMHs). These comparisons indicate that,
within the DMSO and acetone reaction system driving sequential cation evolution, the progressive in-
corporation of these cations exerts a more pronounced impact on thermal stability than light absorption.
Moreover, the systematic structural evolution leads to more distinct and coherent changes in the physical
properties of the Sb-based OIHMHs compared to their Bi-based counterparts.

Transformation tracking and mechanism exploration

The three Sb-based OTHMH crystals exhibit yellow photoluminescence (PL) under UV excitation, with broad

Page 7 of 15



Natl Sci Open, 2026, Vol.5, 20260013

a v v b PLQY [ 100 c Sb (1)
/ Max-emission 1.5 Q_\ T Sb (Il) V
L 80 - Sb (Ill) '
3| v
| 9 > | Max-emission
_ 10 oo & 160 T Z }
3 \ e > c )
s - 3 £
= 05 I & I:
- 5] 2 :
§ -0 Loo -
E / Sb () / 0.0 0
450 500 550 600 650 700 750 T osb() Y0 Sb (Il 450 500 550 600 650
d Wavelength (nm) Sb-based OIHMHs Wavelength (nm)

()

M JMM i N AL ASJ)J}DI”)\L

OIHMH (1) simulated OIHMH (1)+(Il) simulated OIHMH (Il) simulated OIHMH (I1)+(111) simulated OIHMH (IIl) simulated

5 10 15 20 25 305 10 15 20 25 305 10 15 20 25 305 10 15 20 25 305 10 15 20 25 30
2 Theta (degree) 2 Theta (degree) 2 Theta (degree) 2 Theta (degree) 2 Theta (degree)

Figure 3 Variation of optical properties during the crystal transition. (a) Normalized PL spectra of the three Sb-based OTHMH crystals.
(b) Comparison of the PL decays and PLQYs. (¢) Comparison of TPF, at their optimal incident laser wavelength, with a laser power of
50 mW. (d) Crystal transition of the Sb-based OTHMH monitored through UV-light crystal images and corresponding PXRD patterns.

emission bands and large Stokes shifts in their spectra (Figure 3a and Figure S6, Table S5). The corre-
sponding time-resolved PL decay curves are well-fitted by the mono-exponential function, with micro-
second-scale lifetimes (Figures 3b and S7, Table S5). These combined spectral characteristics suggest that
the PL of these three Sb-based OIHMHs originates from self-trapped exciton (STE) emission [52], which is
strongly correlated with the structural organization of the inorganic components within OIHMHs [65,66].
The variations in the spacing between adjacent inorganic octahedral units and the extent of Sb-Br octahedral
distortion among these three Sb-based OIHMH crystals lead to differences in their maximum emission
wavelengths and PL quantum yields (PLQY) [67] (Figure 3a, b and Figure S8, Table S5). Among them,
OIHMH I (Sb (I)) exhibits an optimal emission peak at ~563 nm, with a PLQY up to 100% at its optimal
excitation wavelength. OIHMH II (Sb (II)) shows a maximum emission peak at ~566 nm with a PLQY of
26.6%, while the final product OIHMH III (Sb (IlI)), displays an emission maximum at ~560 nm and
achieves a PLQY of 41.2%. Upon excitation with a femtosecond laser (Figure S9) [68] at wavelengths
ranging from 720 to 800 nm, two-photon fluorescence (TPF) signals of these three types of OIHMH single
crystals could be recorded (Figure S10). The TPF spectra of these three OIHMHs provide further con-
firmation of the variations in both their maximum emission wavelength and luminescence intensity across
different crystals (Figure 3c¢) [69]. The variation of TPF intensity with incident polarization angle differs
significantly among the three crystals, which can be attributed to their distinct crystallographic symmetries
(Figure S11) [68]. The TPF intensity scales quadratically with the input laser power, confirming the two-
photon characteristics of the TPF emission (Figure S12).

Leveraging the distinctive luminescence of Sb-based OIHMHs, we directly track the crystal structural
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reconstruction driven by the progressing organic reaction through monitoring PL changes during vapor-
phase evaporation. Time-resolved optical and morphological observations, corroborated by powder XRD
analysis, elucidate a sequential structural evolution mechanism in OIHMHs. This mechanism is triggered by
sulfonium cations that are progressively generated from the reaction of DMSO and acetone (Figure 3d). At
the onset of the reaction, the initially yielded intermediate cation DOPS" spontaneously assembles with metal
halides in the system to form OIHMH I, which crystallizes first from solution and exhibits bright yellow PL.
As the reaction proceeds, DOPS" is gradually consumed while the product cation TMS™ is continuously
produced. When the concentration of TMS™ becomes sufficient to co-interact with DOPS™ and the inorganic
polyhedra, OIHMH II with weaker orange PL begins to nucleate and grows epitaxially on the surface of
OIHMH I. Powder XRD analysis at this stage reveals coexisting characteristic reflections from both OIHMH
I and OTHMH II crystals, confirming the initiation of the crystal reconstruction process. As more DOPS" in
the solution are converted into the final product TMS, the concentration of DOPS" further decreases, leading
to the gradual and complete dissolution of OIHMH I. The system then enters a growth stage dominated by
OIHMH II. Subsequently, the continuously rising concentration of TMS" triggers a new round of selective
nucleation. Smaller OIHMH III crystals with hexagonal platelet morphology appear on the surface of
OIHMH II and progressively assemble into stable polycrystalline polyhedra. Eventually, OIHMH II fully
dissolves, leaving only pure OIHMH III in the system, marking the completion of the structural transfor-
mation.

Throughout the crystal transformation process, the organic cations generated at each reaction stage se-
lectively couple with the lattice framework following the reaction sequence. The stepwise generation,
accumulation, and consumption of these distinct cations dictate both the temporal window and the direc-
tionality of the structural transition. Meanwhile, the inorganic [SbBr¢]*~/[BiBrs]’~ octahedra are dynamically
recycled during the structural transition [51], participating in the dissolution of the initial crystal and the
construction of the subsequent one, thereby enabling continuous structural evolution. From a microscopic
perspective, the driving force of the OIHMH phase transition primarily originates from the stepwise reactions
of the organic cations. Once the intermediate cations embedded within the crystal undergo subsequent
reactions, local lattice collapse occurs, triggering the dissolution of the parent crystal and generating surface
vacancies and structural defects. The immediate vicinity of these vacancies and defects is enriched with
uncoordinated or weakly coordinated inorganic octahedra, providing high-energy sites and local precursor
environments for the insertion of newly formed cations, thus becoming the preferred nucleation locations. As
the new cations enter the lattice and form stable interactions, the inorganic framework reorganizes accord-
ingly, promoting interface-mediated epitaxial growth and achieving a unidirectional and continuous tran-
sition. Therefore, the strong electrostatic interactions provided by the metal halide polyhedra endow the
lattice with the capacity to stably capture various organic cations, while the sequential formation of organic
sulfonium cations determines the structural evolution pathway of OIHMHs. The synergistic interplay of
these features governs a dynamic dissolution-reassembly-recrystallization process, enabling multistage,
controllable structural reconfiguration in OIHMHs while preserving the chemical identity of inorganic
building blocks.

Fundamentally, the reconstruction of OIHMHs driven by in-situ cation evolution is governed by the
intrinsic balance between flexibility and robustness of the inorganic framework. This adaptive yet stable
lattice enables the effective incorporation, exchange, and subsequent release of diverse organic cations.
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Figure 4 Structural comparison of the inorganic components among the three types of OIHMHs. The metal-metal distances between
adjacent inorganic components of Sb-based OIHMH I (a), OIHMH II (b) and OIHMH III (c). The bond lengths, bond angles, and distortions
of the [SbBrg]’~ and [BiBr¢]*~ inorganic components across OIHMH I (d), OIHMH 1I (e), and OIHMH III (f).

These inorganic octahedra accommodate evolving organic cations through adjustment in local distortions,
stacking arrangements, and symmetry modes, thereby ensuring continuous structural compatibility
throughout the transformation. The three types of OIHMHs exhibit a systematic increase in their packing
arrangements and symmetry levels. The sequential evolution from monoclinic (C2/c) to orthorhombic
(Pnma) packing, ultimately stabilizing in the trigonal (R-3m) crystal system, reflects the lattice’s adaptive
response to the stepwise evolution of the organic cations. As the organic components in these structures
evolve from isolated chain-like DOPS" to coexisting DOPS" and TMS", and finally to exclusive presence of
TMS", the arrangement of [SbBry]’ /[BiBrs]’~ octahedra undergoes a corresponding structural transfor-
mation. The two dominant angular orientations observed in OTHMH I and OIHMH II (Figure 4a, b, Figures
S13 and S14) eventually converged into a single and uniform octahedral orientation in OTHMH III (Figure 4¢
and Figure S15). Concurrently, the metal-metal distance between adjacent metal centers progressively de-
creases. This trend reflects the combined effects of the spatial volume, conformational freedom, and loca-
lization of the different organic cations within the crystal lattice. The presence of chain-like DOPS™ in
OIHMH 1 drives a laterally compact packing of metal octahedra while maintaining a relatively large in-
terlayer spacing (Figure 4a and Figure S16). Upon transformation to OIHMH I, the lattice incorporates both
the highly disordered DOPS" and the smaller TMS" cations (Figure S17). This complex organization of
organic components promotes greater flexibility in the arrangement of the inorganic octahedra, leading to a
higher degree of freedom for rearrangement (Figure 4b and Figure S17). Ultimately, when the crystal
structure stabilizes as OTHMH 111, the lattice exclusively contains the TMS™. Given the high concentration of
product cations and the comparatively limited number of metal octahedra in this crystal, these octahedra
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cooperatively interact with free halogen species within the system to stabilize the abundant product TMS"
cations. As a result, the adjacent metal octahedra exhibit the most uniform distribution, and the overall
arrangement demonstrates greater structural regularity (Figure 4c and Figure S18).

Through steric interactions, these structurally diverse organic cations further induce different degrees of
distortion in the metal octahedra within the OIHMH lattice [31]. The level of distortion, as defined by

6
different bond lengths and angles of the metal octahedra (Figure 4d—f), with 4 ., = % Z _1[(ln —1y)/1,F and

12
o= %anl(én—%")z, where /, represents the length of each Sb—Br or Bi—Br bond, /, is the average

length of all Sb—Br or Bi—Br bonds, and 6, is the angle formed by each Br—Sb—Br or Br—Bi—Br bond [70].
While [BiBrg]’™ and [SbBrs]*~ octahedra differ in absolute bond lengths due to their distinct metal ionic radii,
the distortion degrees and evolutionary trends are highly consistent across the three types of crystals. Among
them, OIHMH II exhibits the most pronounced metal octahedral distortion ([SbBrG]3 T et =23.9x 1077 and
o> = 3.59 deg®, [BiBrs]’: Acoe = 8.9 x 107° and ¢* = 3.73 deg?) (Figure 4e, Table S6), which could be
attributed to local geometric perturbations caused by the size disparity between the two types of cations.
OIHMH III possesses minimal distortion, with its metal octahedra closely approximating an ideal geometry,
characterized by Ao = 0 and ¢* = 0.04 (in [SbBre]’ ") or 0.03 (in [BiBr,]*”) deg® (Figure 4f, Table S6), owing
to the sole presence of highly symmetric TMS " in its lattice. The metal octahedra in OTHMH I show moderate
distortion ([SbBrg]*~: Aeot = 1.2 x 107> and ¢* = 1.84 deg?, [BiBrg]’: Aco = 0.92 x 107> and ¢” = 2.16 deg?)
(Figure 4d, Table S6). It is noteworthy that the exceptionally high PLQY observed in Sb-based OIHMH I is
closely associated with a suitable degree of octahedral distortion, coupled with an optimal intermetal distance
[71]. Moreover, octahedral distortions alter the distances between metal octahedra, thereby modulating local
orbital overlap and orbital coupling strength, which enables precise tuning of the optical bandgap in
OIHMHs. Overall, the in-situ generated organic cations govern the stepwise reconstruction of the inorganic
framework through differences in their size, symmetry, and steric hindrance. Meanwhile, both distortion and
reorganization of the inorganic framework serve to sterically and energetically stabilize the incorporation of
diverse organic components. This organic-driven and inorganic-adaptive coupling mechanism provides a

general principle for rationally designing hybrid materials with controllable structural evolution.

CONCLUSIONS

In summary, we have developed a multistep organic reaction strategy for driving continuous structural
transformation in OITHMHs. In-sifu sequentially synthesized organic cations from DMSO and acetone serve
both as lattice building blocks and intrinsic drivers of structural reorganization. The adaptive inorganic
[SbBrs]>/[BiBrs]>~ octahedral framework responds through rotation, distortion, and spacing adjustment,
accommodating the geometric and electronic evolution of diverse A-site cations. This cooperative organic-
inorganic interplay ensures the crystals undergo unidirectional, sequential, and controllable transformations
while preserving macroscopic morphology and long-range order. Temperature-controlled vapor-phase
evaporation crystallization directly links cation evolution to lattice reconstruction and allows the isolation of
structurally related OITHMHs. As a result, key physical and chemical properties of these OIHMHs, including
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optoelectronic behavior and thermal stability, can be precisely tailored through structural modulation. This
organic reaction-driven approach to continuous OIHMH structural transformations reveals a general prin-
ciple in which organic reaction kinetics and inorganic framework adaptability act synergistically, offering a
new paradigm for designing hybrid crystalline materials with controllable structural evolution under mild

conditions.

METHODS

Detailed materials and methods are available in the supplementary information online.
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(TMS)[Bi/SbBrg], (TMS),4[Bi/SbBr]Br, respectively. These data can be obtained free of charge from the CCDC at https:/

www.ccde.cam.ac.uk/structures/.
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