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Hybrid organic—inorganic halide perovskites as solution-processable semiconductors have progressed to
be a promising class of optoelectronic materials. In this manuscript, we utilized H/F substitution to
achieve structural dimension tailoring at the molecular level and tunable phase transition, dielectric, and
optical features in organic lead-bromide hybrids, which have been rarely reported. The parent [piperidi-
nium]PbBrs ([PD]PbBrs) has a one-dimensional (1D) chain-like perovskite structure and shows successive
solid—solid structural phase transitions. After monofluoride substitution, [4-FPD]gPbsBrig (4-FPD =
4-fluoro-piperidinylaminium) presents a two-dimensional (2D) wave-like stacking and a significantly
enhanced phase transition temperature, mainly attributed to the new C—F bonds generating extra inter-
molecular interactions. Exceptionally, difluoride substituted [4,4-DFPD],PbBr, (4,4-DFPD = 4,4-difluoro-
piperidinylaminium) with a 2D layered perovskite structure demonstrates interestingly irreversible to
reversible structural phase transitions, accompanied by evident dielectric and nonlinear optical transform-
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ations. Moreover, the three hybrids show tunable semiconducting bandgaps and photoluminescence.
This work provides great inspiration for the design of desired functional materials by rational chemical
strategies and the intriguing properties of the new hybrids would also reveal promising applications in
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Introduction

The recent progress in hybrid organic-inorganic halide perovs-
kites (HOIHPs) showing extraordinary photovoltaic and
appealing characteristics such as solution processability, struc-
tural diversity, strong optical absorption, etc. has been attract-
ing a great deal of attention.'”” Such impressive performances
and broad application prospects are mainly dependent on the
integrated benefits of their flexible organic and functional in-
organic components at the molecular level.*® It is remarkable
that the unfavorable tolerance factors in other hypothetical
three-dimensional (3D) HOIHPs have prompted attempts to
synthesize dimensionally reduced perovskites with higher
structural tunability, greater stability, and more plentiful opto-
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optoelectronic devices, data storage, etc.

electronic properties.'®'* Meanwhile, the abundant ingredi-

ents in different dimensional HOIHPs have also provided a
great possibility to construct significant ferroic phase tran-
sition materials in condensed matter physical systems.'> "
While witnessing the prosperity of HOIHPs, however, rational
chemical modifications at the molecular level generating
adjustable structures and physical properties still remain a
challenge.

Benefitting from the inherent advantages of molecular
materials, a variety of chemical tailoring and modifications
could be applied to realize the targeted regulation of physical
features. Very recently, H/F substitution has been actively
pursued as a highly desirable strategy for advanced ferroelec-
trics and other phase transition materials.*” The introduction
of fluorine tends to significantly increase the phase transition
temperature (T,) and saturation polarization (Pg), attributed to
its heavy mass and strong electronegativity. Compared to the
well-known H/D isotope effect that is only efficacious in the
proton displacement phase transition mechanism,*™®> H/F
substitution has shown a wider range of applications in most
structural systems containing organic molecules. Moreover,
fluoro-substitution also demonstrates considerable advantages
of low toxicity and pretty good stability compared to deutera-
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tion. To be specific, monofluoride substitution in [1-azabicyclo
[2.2.1]heptanea]CdCl; has received a record T. enhancement
of 229 K, which greatly surpasses that of 142 K in PbDPO, by
the H/D isotope effect.*® Besides, H/F substitution can also be
applied to achieve rare homochiral ferroelectrics.®”*® To over-
come the limitations of selective fluorination, aromatic per-
fluorinated substitution was successfully carried out to design
a new high-performance layered perovskite ferroelectric,
showing a larger P, and a higher T..*° It should be noted that
most of the reported fluoro-substituted products have the
same structural stacking as their parents but there are also
very few examples of significant structural variations after H/F
substitution, leading to unexpected and exciting properties.
For instance, a perovskite-type non-ferroelectric can be trans-
formed to the rare antiperovskite ferroelectric by H/F substi-
tution with the highest P; and smaller coercivity field in anti-
perovskite ferroelectrics.’® Fluorine substitution yields a
dimension-increment perovskite showing an unprecedented
ferroelectric domain vortex in molecular ferroelectrics.*!
Chemical modifications with fluorinated effects can effectively
coordinate the relationship between the structure and per-
formance to generate intriguing physical properties; however,
the corresponding explorations are still slightly insufficient.

In this work, we report the application of fluoride substi-
tutions to the organic cations of 1D [PD]PbBr; to receive
dimension-increased 2D lead-bromide hybrid crystals, [4-
FPD]sPb;sBr;s and [4,4-DFPD],PbBr, (see Scheme 1). [PD|PbBr;
possesses a classic ABX;-type (A = monovalent organic cations;
B = divalent metal cations; and X = halogen anions) perovskite
structure containing infinite chains of face-sharing PbBr, octa-
hedra and PD cations show an ordered arrangement in the
skeletal spacer. [PD]PbBr; exhibits sequential structural phase
transitions with the prominent dynamic motions of PD cations
in response to temperature changes. [4-FPD]sPbsBr;¢ has a 2D
wave-like stacking layer and can be viewed as a coalition of 1D
and 2D structures containing both face-sharing and corner-
sharing PbBrs octahedra. Monofluoride substitution produ-
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Scheme 1 Structural schematic diagram of [PD]PbBrs, [4-FPD]gPbsBrig,
and [4,4-DFPD],PbBr,.
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cing a dimensional increment might be attributed to the
longer C-F bond in the organic molecules, which gives new
intramolecular interactions and increases the distance
between organic cations. Besides, [4-FPD]¢PbsBrys exhibits
high-temperature reversible phase transition behaviors and
semiconductor properties. Interestingly, difluorinated [4,4-
DFPD],PbBr, shows a 2D layered A,BX,-type perovskite
packing configuration composed of infinite octahedral corner-
sharing [PbBr,],,”~ layers and organic parts with a lower
bandgap than those of [4-FPD|sPbsBr;s and [PD]PbBr;.
Exceptionally, [4,4-DFPD],PbBr, undergoes irreversible to
reversible phase transitions with heat with evident dynamic
motions of the organic cation. Meanwhile, the phase tran-
sitions are accompanied by prominent changes in the dielec-
tric and second-order nonlinear optical responses. Advanced
H/F substitution for adjusting structural dimensions with new
physical features is rarely reported. This finding would strongly
encourage the development of a feasible route for desired
functional materials by rational design. Moreover, the solid-
state phase transition behaviors accompanied by the signifi-
cant dielectric transition and optical response for the three
hybrids show great promise in the applications of data storage,
optical sensing, etc.

Results and discussion
[PD]PbBr;

The synthesis and experimental details are described in the
ESI.T The three hybrid crystals show well-verified phase purity
and they have good thermal stability up to 480 K for possible
practical applications (Fig. S1 and S2, ESIt). It is worth noting
that [PD]PbBr; in this work has a 1D chain-like perovskite
structure, which is different from that of the previously
reported 2D layered perovskite [PD],PbBr,, which exhibits dis-
ordered PD spacer cations in the interlayer and no detected
thermal anomaly within the measurement range.*” For [PD]
PbBr;, differential scanning calorimetry (DSC) records two
pairs of reversible thermal anomalies at 404/398 K and 289/
278 K, indicating that [PD]PbBr; exhibits sequential phase
transitions (Fig. S3, ESIT). To figure out the mechanism, vari-
able-temperature structural analyses were carried out. [PD]
PbBr; crystallizes in a centrosymmetric monoclinic space
group P2,/n at 197 K (Table S1, ESIt). As shown in Fig. 1a, the
packing view presents 1D infinite chains composed of face-
sharing [PbBr;],,~ octahedra extending along the b-axis. The
spaces between the chains are occupied by the PD cations
stabilized via weak N-H..-Br hydrogen bonding interactions
(Fig. S4 and Table S2, ESIt). In this phase (low-temperature
phase, LTP), the PD cation shows an ordered chair structure
(Fig. 1b). With the increase of temperature to 323 K (intermedi-
ate-temperature phase, ITP), the cell parameter only shows
slight volume expansion due to the thermal effect (Table S1,
ESIT) and the PD cations exhibit an obviously disordered state
caused by the disordered thermal motion of atoms (Fig. 1c
and d). At 423 K (high-temperature phase, HTP), [PD]|PbBr;
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Fig. 1 Molecular structures of [PD]PbBrz at 197 K (a and b), 323 K (c and
d), and 423 K (e and f). All the hydrogen atoms were omitted for clarity.

transfers to a higher symmetric orthorhombic Crmcm space group
(Table S1, ESIt). The PD cation settles in a special mirror posi-
tion, leading to its more highly disordered state (Fig. 1e and f).
The obvious order-disorder motions of PD cations strongly
confirm the structural phase transitions in [PD]PbBr;. To further
support the conclusion, we performed variable-temperature
powder X-ray diffraction (V-PXRD) measurements. As depicted in
Fig. S5 (ESIt), the PXRD patterns showed changes visible to the
naked eye, and the number of peaks decreased appreciably in the
color-marked regions from the LTP to HTP. For example, the
double peaks at 18.59° and 32.03° in the LTP changed to two
newly emerging single peaks at 18.38° and 31.77°, respectively, in
the ITP. As the temperature continues to rise to the HTP, several
double peaks (21.73° and 33.31°) in the ITP change to single
peaks (21.57° and 33.05°) in the HTP. In terms of electrical pro-
perties, the dielectric constant commonly exhibits abrupt
anomalies around 7.. As shown in Fig. S6 (ESI{), two
successive dielectric anomalies appeared in a heating and cooling
run, which are consistent with DSC and structural analysis
results.

Monofluoride substituted [4-FPD]¢PbsBr;¢

Through applying H/F substitution, unexpectedly, a 2D hybrid
crystal [4-FPD]sPbsBr;s was obtained (Scheme 1). At 299 K, [4-
FPD]sPbsBr;s has a monoclinic P2,/c space group (Table S1,
ESIT). The stacking structure of [4-FPD]sPbsBr,s consists of
both face-sharing and corner-sharing PbBre octahedra con-
structing a wave-like 2D organic-inorganic hybrid structure, in
which organic 4-FPD cations embedded in the inorganic layers
(Fig. 2, upper). Significantly, in addition to the N-H---Br inter-
actions, there is an even stronger C-H---F (2.41 A) hydrogen
bond between 4-FPD cations (Fig. S7 and Table S3, ESIf).
Therefore, the obtained increase in dimensionality may be due
to the repulsive effects created by new intermolecular inter-
actions after H/F substitution. The organic 4-FPD cations settle
in a general position and show an ordered state in the space
between skeletons. As shown in Fig. S8 (ESIt), [4-FPD]sPbsBry
exhibits very complex phase transition behaviors, in which the
broad thermal anomaly including several peaks starts at 382 K
and ends at 421 K in a heating run. Upon cooling, the thermal
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Fig. 2 Comparison of the packing structures of [4-FPD]gPbsBris at
299 K (upper) and 440 K (lower). All the hydrogen atoms were omitted
for clarity.

condition shows a similar situation to that of the heating
curve, revealing the occurrence of reversible phase transitions.
The attempt to obtain clear single crystal structures of
different phases failed and only the highest temperature phase
was successfully collected. The ITP structure could not be
obtained probably because of its phase structure instability. At
440 K, [4-FPD]¢PbsBr;¢ crystallizes in an orthorhombic space
group Cmca (Fig. 2, lower) and the cell parameters experience
obvious changes (Table S1, ESIt). Moreover, the 4-FPD cations
lay in a special position with mirror symmetry, leading to its
highly disordered state. Upon cooling and heating, inorganic Br—
Pb-Br bond angles and Pb-Br bond lengths of [4-FPD]¢PbsBr;¢ in
HTP have no evident changes compared to those in the LTP
(Tables S4 and S5, ESIf). The varying crystal symmetry between
phases with the disorder-order transition of 4-FPD cations con-
firms the structural phase transition in [4-FPD]sPbsBr;¢. To com-
pensate for the lack of single crystal structures in the complex
phase transitions, we performed V-PXRD measurements on [4-
FPD]¢PbsBr;s. As plotted in Fig. S9 (ESIT), the spectral PXRD
peaks shown in the black dotted line regions changed signifi-
cantly upon heating. The apparent reduction of peaks implies an
improvement in crystal symmetry, which is consistent with the
crystal structure results. We also characterized its dielectric
responses as shown in Fig. S10 (ESI). The ¢ presents a broad
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step-like transition from the LTP to HTP and exhibits a similar
curve upon cooling.

Difluoride substituted [4,4-DFPD],PbBr,

The difluoride substitution of [4,4-DFPD],PbBr, was also per-
formed. [4,4-DFPD],PbBr, has a typical 2D layered perovskite
structure. We first recognized its thermal phase transition be-
havior. As shown in Fig. 3, broad and complex endothermic
peaks appear from 400 K to 430 K in the first round of heating
(1st), but only an individual exothermic peak can be observed
around 365 K upon the subsequent cooling. Then, we per-
formed multiple rounds of DSC tests to observe the phase tran-
sition reversibility. Exceptionally, there is a new evident
thermal anomaly peak around 396 K in the second heating
and an exothermic peak around 362 K upon cooling (2nd).
Then we performed two more rounds of DSC testing (3rd and
4th) and a pair of reversible thermal anomaly peaks at 395/
362 K was recorded. Therefore, [4,4-DFPD],PbBr, underwent
an obvious transformation from irreversible to stable reversible
phase transitions when subjected to continuous heating and
cooling tests. For convenience, we use different Greek letters to
denote different phases as shown in Fig. 3.

Following the DSC results, variable-temperature single-
crystal structures of [4,4-DFPD],PbBr, were characterized to
reveal the structural changes. At 293 K, [4,4-DFPD],PbBr, crys-
tallizes in a triclinic P1 centrosymmetric space group, which
was designated as the a phase (Table S6, ESIf). As seen in
Fig. 4a and b, [4,4-DFPD],PbBr, contains ordered organic 4,4-
DFPD cations occupying the cavity between the [PbBry].>~
layers, in which the 4,4-DFPD cations are connected to the in-
organic skeleton through weak N-H---Br interactions
(Table S7, ESIt). As shown in Fig. S11 (ESIt), the 2D layered
perovskite [4,4-DFPD],PbBr, possesses more complicated C-
H---F hydrogen bonds existing between 4,4-DFPD cations
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Fig. 3 DSC in several cycles upon heating and cooling for [4,4-
DFPD],PbBr,4. The arrow of exo indicates the exothermic direction.
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Fig. 4 Crystal structures and packing of [4,4-DFPD],PbBr4. a phase at
293 K along the b-axis (a and b); § phase at 293 K along the c-axis (c and
d); 1 phase at 420 K along the a-axis (e and f) and ¢ phase at 293 K along
the a-axis (g and h), respectively. All the H atoms were omitted for
clarity.

(Table S7, ESIf), which might have caused a completely
different structural packing mode compared to the 1D perovs-
kite [PD]PbBr; and 2D wave-like [4-FPD]sPbsBry6.

Upon heating to the f phase, we tried several times to
obtain its single-crystal structure, but all failed. The possible
reason is that the unstable structure leads to poor diffraction
spots in the § phase. We only observed the most possible cell
parameters with a tetragonal symmetry (f phase), which will
be discussed below in the PXRD and nonlinear optics parts.
Upon cooling to room temperature, [4,4-DFPD],PbBr, transfers
to a noncentrosymmetric orthorhombic Aea2 space group (&
phase) (Table S6, ESI{). In Fig. 4c, the crystal structure
remains the same as that of the a phase (Tables S8 and S9,
ESI}). The difference is only that the number of layers in the
unit cell doubles in the § phase (Fig. 4d). When the crystal is
heated again to the A phase, [4,4-DFPD],PbBr, possesses a
centrosymmetric space group I4/mmm at 420 K (Table S6, ESI}).
In Fig. 4e and f, the stacking of [4,4-DFPD],PbBr, does not
change significantly, but the degree of PbBrs octahedral distor-
tion is obviously reduced (Table S10, ESIt) and the organic 4,4-
DFPD cations show a distinct spherically disordered state, which
is due to the special four-fold axis symmetry operation. When
cooled to 293 K, [4,4-DFPD],PbBr, attains the 6 phase and has a
centrosymmetric space group Frmmm (Table S6, ESIt). As shown
in Fig. 4g and h, the PbBrg octahedral shows a slight distortion
(Table S11, ESIt), and the 4,4-DFPD cations remain in disordered
states because of the special two-fold axis but show a certain
degree of order, relative to the A phase. We then continued to
heat and freeze the [4,4-DFPD],PbBr, crystal for multiple rounds
and found that the unit cell parameters remained as the space
group Fmmm in the LTP and /4/mmm in the HTP, respectively.
Obviously, [4,4-DFPD],PbBr, experienced a transformation
process from irreversible (P1 — I4 — Aea2 — IA/mmm — Fmmm)
to reversible (Fmmm — I4/mmm) structural phase transitions.

The above exceptional structural phase transitions were
also confirmed by V-PXRD measurements. As plotted in
Fig. S12 (ESIt), we found that the spectrum of each phase is

This journal is © the Partner Organisations 2024
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different, proving that [4,4-DFPD],PbBr, shows clear phase
transition behaviors. Specifically, a new distinct peak appeared
at 7.38° when the a phase was transferred to the j phase.
Then, the evident PXRD peak at 20.15° in the g phase dis-
appeared when the crystal was in the § phase, showing two
new weak peaks at 20.05° and 20.48°. The peaks around 28.50°
also showed a visible reduction from the g phase to the &
phase, indicating that the symmetry of the § phase is higher
than that of the g phase. The patterns between 1 and g phases,
and 0 and ¢ phases are very similar, and are attributed to the
same crystallographic system that they belong to. Therefore,
the f phase is tetragonal. The PXRD results agree well with the
DSC and crystal structural analysis results.

Multiple successive rounds of temperature-dependent
dielectric constant &' testing following the DSC results are
shown in Fig. 5a. The ¢ value of [4,4-DFPD],PbBr, remains
relatively stable at ca. 20 in the range of 320-380 K (upper). As
the temperature continues to rise, a wide and complex peak-
shaped anomaly is observed, in which the ¢ value increases
from ca. 20 to the peak maximum of ca. 73, being consistent
with the appearance of the sequential exothermic peaks in the
DSC curve (a to f). Upon cooling (f to §), the ¢ slowly rises to a
maximum value of ca. 84 at 373 K and then experiences a sig-
nificant step-like anomaly with the value sharply decreasing to
ca. 28. In the 2nd heating-cooling cycle (middle), the &'
increases slowly with the temperature but shows a sudden
step-like anomaly around 395 K with the value changing from
ca. 20 to ca. 70 (8 to 2). In the cooling process (4 to ), a similar
step-like anomaly around 362 K to that in the 1st was observed.
Obviously, the different dielectric anomalies in the 1st and
2nd heating-cooling cycles indicate the irreversible phase tran-
sition. When we performed the third round of dielectric
testing (3rd), we found that the ¢ appears almost exactly the
same as that in the 2nd round, revealing the reversible feature
(lower). Therefore, the temperature-dependent dielectric con-
stant results also indicate that [4,4-DFPD],PbBr, experienced
irreversible to reversible phase transitions.
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Fig. 5 Temperature-dependence of ¢’ (a) and SHG signal intensity (b) of
the [4,4-DFPD],PbBr, powder sample measured in three successive
heating—cooling cycles.
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During these complex phase transitions, single-crystal
structural analyses of [4,4-DFPD],PbBr, reveal that the § and &
phases belong to noncentrosymmetric space groups.
Therefore, the variation of SHG signal intensity is expected for
the symmetry changes involving polar space groups that
usually exhibit nonlinear optical properties.**** As shown in
Fig. 5b, the SHG intensity in the initial state is zero, corres-
ponding to the P1 centrosymmetric space group (upper). When
the sample was continuously heated to around 400 K, the SHG
signal presented a jump-like change with the value soaring to
ca. 0.25 V, strongly pointing to a polar structure in the § phase.
Although no abrupt changes were observed in the next cooling
process, the SHG signal slowly increased from 0.25 V to 0.6 V,
implying that the SHG intensity in the § phase (4ea2) is stron-
ger than that in the # phase. The polar feature confirmed by
SHG also supports the results of crystal structure analyses.
Upon continuous heating (middle), the intensity of the SHG
signal shows a sudden drop from a non-zero value to zero
around 395 K, denoting that the crystal symmetry experienced
a significant change from a non-centrosymmetric to centro-
symmetric form (6 to 4). Then, the SHG signal remains at zero
in the cooling process and reveals that a crystal symmetry vari-
ation occurs from centrosymmetric to centrosymmetric, agree-
ing well with the structural transition between the A phase (14/
mmm) to the 6 phase (Fmmm). In the 3rd heating and cooling
cycle (lower), the intensity of SHG retains the zero state, con-
sistent with the reversible phase transition referring to centro-
symmetric space groups both in the LTP and HTP. Therefore,
the change of the SHG signal with temperature strongly indi-
cates that [4,4-DFPD],PbBr, undergoes irreversible to revers-
ible structural phase transitions, in agreement with single
crystal structure analysis results.

Semiconducting and photoluminescence properties

Lead-bromide hybrids are expected to be potential optical
semiconductors showing luminescence, and their solid-state
UV absorption and fluorescence spectra were recorded.”> As
depicted in Fig. 6a and b, their experimental band gaps mainly
contributed by the inorganic framework were calculated to be
3.51 eV, 3.24 eV, and 2.95 eV for [PD]PbBr;, [4-FPD]sPbsBr;6, and
[4,4-DFPD],PbBr,, respectively, indicating their tunable semicon-
ducting bandgaps. Besides, their photoluminescence properties
also demonstrate significant differences. As shown in Fig. 6c, the
fluorescence spectra of all three hybrids with similar broadband
features were detected under 325 nm excitation such as a
medium narrow emission at 446 nm and a broadband emission
in [PD]PbBr;, a strong narrow emission at 410 nm and a weak
broad tail in [4-FPD]sPbsBr;s, and a negligible peak at 446 nm
and a strong broadband emission in [4,4-DFPD],PbBr,. The
broadband emission denotes the formation of self-trapped exci-
tons due to structural distortion. However, the trap depth is
indeed different due to the diverse structural dimensionalities
and octahedral connectivity, resulting in the distinct population
of free excitons and self-trapped excitons and hence diverse
photoluminescence emissions.**™*® The color coordinates of their
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Fig. 6 (a) UV absorption spectra; (b) the Tauc plot; (c) photo-
luminescence spectra; and (d) color coordinates on the CIE 1931 color
space.

emissions are plotted on the CIE 1931 color space (Fig. 6d),
implying their diverse luminescence properties.

Conclusions

In summary, we have fabricated three new hybrid crystals [PD]
PbBr;, [4-FPD]¢PbsBr;6, and [4,4-DFPD],PbBr,. It was found that
fluorination not only significantly increases the dimensionality
from 1D to 2D, but also regulates their phase transitions and
dielectric and optical properties. The introduction of the fluorine
atom gives a longer C-F bond and new weak intermolecular inter-
actions, which possibly makes a significant impact on the struc-
tural dimension tailoring. Consequently, the physical properties
also undergo evident changes in response to structural changes.
Monofluoride substituted 2D hybrid [4-FPD]sPbsBr;s shows
higher T, compared to the parent 1D perovskite [PD]PbBr;.
Interestingly, the 2D layered perovskite [4,4-DFPD],PbBr, exhibits
exceptionally and interestingly irreversible to reversible phase
transition behaviors accompanied by optoelectronic transform-
ations. Besides, all three hybrids exhibit semiconducting charac-
teristics with tunable bandgaps and photoluminescence. The
new hybrids show application potential in optoelectronic devices,
data storage, etc. This finding expands the pathway to construct-
ing new desired functional materials based on rational chemical
design.

Experimental
Synthesis and methods

All the reagents and solvents purchased were of reagent grade
and used without further purification. The details of synthesis
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and experimental methods including single-crystal X-ray crys-
tallography, DSC, PXRD, dielectric testing, UV-vis spectroscopy,
and fluorescence spectroscopy are provided in the ESL{
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