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Organic—inorganic hybrid materials with controllable physicochemical properties have played a great role
in multifunctional sensors, photovoltaic cells, switching devices, etc. Among them, organic—inorganic
hybrid dielectric materials have become a hot research topic within current cross-frontier research. In
order to unveil the effect of halogen ions on phase transitions, we synthesized three hybrids: (TMBPA)
CdClBr (TMBPA-CIBr, 1), (TMBPA),CdBr4 (TMBPA-Br, 2), and (TMIPA),Cdls (TMIPA-I, 3), (TMBPA =
3-bromopropyltrimethylammonium, TMIPA = 3-iodopropyltrimethylammonium). The phase-transition
temperature of the three compounds increases with the size of the halogen ions from Cl™ to I™.
Interestingly, the three compounds exhibit consistent trends in dielectric and photoluminescence pro-
perties, and the corresponding photoluminescence lifetimes are calculated as 1.55 ns, 1.28 ns, and 0.98
ns, expressing consistency with halogen regulation. This is very similar to the success of the cationic sub-
stitution of formamidinium/Cs/methylammonium lead iodide. Therefore, this work provides guidance for
understanding the composition—structure—property relationship of organic—inorganic hybrid perovskites.
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Introduction

The intersection and integration of disciplines is the current
thinking in terms of a way to break through the shackles of
the disciplines and explore scientific challenges. For example,
the process from material preparation to device implemen-
tation and device upgrading, which reversely promotes
materials optimization, needs to be solved in an interdisciplin-
ary way."”’ The exploration of molecular-based phase-tran-
sition materials and devices is one method used in the devel-
opment and progress of such characteristics. Therefore, mul-
tiple methods, such as the development of spherical-like and
non-spherical structures, physical symmetry breaking, and
chemical synthesis, are combined together.®™*> Among them,
the chemical synthesis method of some important materials
includes metal-ion replacement and doping, which deduces
the regulation of the non-metal; that is, the exploration of the
role of halogens in materials synthesis.'®" This work focuses
on this halogenation rule, and there are few reports on the
regulation rule. The organic-inorganic hybrid compounds
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were chosen due to their facile structural design and tunabil-
ity. This will be described in detail and summarized in this
study.

Organic-inorganic hybrid materials with excellent photo-
electric properties have shown great potential for various appli-
cations, as mentioned above. The hybrids possess merits of
mechanical flexibility, feasibility of film processing, low pro-
duction-energy consumption, and highly tunable structures
and properties, and they have received a lot of attention from
researchers.”>>® A series of new organic-inorganic hybrid
materials with excellent properties have emerged one after
another under the full cooperation and joint efforts of research
teams at home and abroad.””*® The polar structures and
phase transitions of these compounds mostly result from the
adjustment of molecular size, structure and intermolecular
interactions, such as hydrogen bonding,***> coordination or
halogen-halogen bonds, which lead to symmetry breaking at
low temperatures and the formation of low-symmetry polar
structures, thus triggering phase transitions.**°

Since 2009, organic-inorganic hybrid materials have gradu-
ally emerged and attracted worldwide research interest. In
2016, Ye et al. successfully achieved the modulation of ferroe-
lectricity and the narrow band gap of halide perovskites
through halogen doping, which opened up a broad application
prospect for halide perovskites in the field of semiconducting
ferroelectrics.>” In 2019, Xiong’ s team creatively proposed the
“Quasi-Spherical” and “momentum matching” theories to suc-
cessfully realize the design of molecular ferroelectrics.*® In
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2021, Luo et al demonstrated lead-free halide perovskite
heterogeneous crystals and provided significant insights into
the assembly of various sustainable and miniaturized perovs-
kite optoelectronic devices.*® These representative works point
out the direction for the research of organic-inorganic hybrid
perovskites. However, the understanding of the composition—-
structure-property relationship of organic-inorganic hybrid
perovskites is not yet deep, and additional research is required
to explore this aspect further.

Inspired by previous works, we introduced a 3-bromopropyl
group into trimethylammonium, and successfully synthesized
(TMBPA)CACI,Br (TMBPA-CIBr, 1) (TMBPA),CdBr, (TMBPA-Br,
2), and (TMIPA),Cdl, (TMIPA-I, 3), (TMBPA = 3-bromopropyl-
trimethylammonium, TMIPA =  3-iodopropyltrimethyl-
ammonium). We found that as the size of the halogen ion
increases, the phase-change temperature increases.
Furthermore, the three compounds all have fluorescent pro-
perties. These findings add more members to the family of
organic-inorganic hybrid perovskites, and also provide a guide
to understanding the composition-structure-property relation-
ship of organic-inorganic hybrid perovskites.

Experimental section

Syntheses of (TMBPA)CdCl,Br, (TMBPA),CdBr, and
(TMIPA),CdI,

3-Bromopropyltrimethylammonium bromide (2 mmol, 0.52 g),
and CdCl, (2 mmol, 0.37 g), were added to a mixture of hydro-
chloric acid (10 mL) and ethanol (10 mL), and the above solu-
tion was stirred. Colorless, transparent crystals were obtained
after 3-4 days at room temperature. The crystallization method
of (TMBPA),CdBr, and (TMIPA),Cdl, was the same as that of
(TMBPA)CdACL,Br, only replacing CdCl, with CdBr, (2 mmol,
0.69 g) or CdI, (2 mmol, 0.73 g), respectively.

Single-crystal X-ray diffraction

Using a Bruker APEX-II CCD diffractometer, the diffraction
data before and after the phase-transition temperature of the
three compounds were measured and collected separately with
a Mo source. Data processing was performed using APEX3. In
the SHELXLTL package, the crystal structure was directly
solved and refined by the f-based full-matrix least-squares
method. All non-hydrogen atoms were anisotropically refined
using all reflections of I > 26(I) and hydrogen atoms were geo-
metrically positioned in appropriate locations. In addition, cal-
culations involving angles and distances between some atoms
were measured by DIAMOND and SHELXLTL. Other relevant
crystallographic data for each of the three compounds are
listed in the ESL.{

Dielectric properties and DSC measurements

Dielectric measurements. The dried compound was pressed
into flakes by a tablet press. The flakes were then cut to the
appropriate size, fixed to the capacitor with carbon or silver
paste, and then the temperature-dependent permittivity of
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heating and cooling was measured using a Tonghui TH2828A
instrument in a frequency range of 5 kHz to 1 MHz.
Differential scanning calorimetry (DSC) measurements were
performed using a NETZSCH-214 instrument. 10 mg or so of
sample powders was weighed into an aluminum crucible and
then heated and cooled in a nitrogen atmosphere at a rate of
20 K per minute.

Ultraviolet-visible (UV-vis) spectroscopy

UV-near-infrared-visible (UV-NIR-vis) spectra were obtained on
a Cary RF 6000 instrument, and the fluorescence spectra were
measured on an FLS 9801 instrument.

Results and discussion

As can be seen from Scheme 1, the three compounds are syn-
thesized from the same starting organic ammonium salt, but
have different structures and compositions. To make it easier
to distinguish, the atoms after the disorder has occurred are
shown in a different color from the original ones, e.g., the dis-
ordered atoms of C are shown in black. The order-disorder
change of organic cations induces the occurrence of a phase
transition in the three compounds.

Crystal structure and intermolecular interaction analysis

Single-crystal X-ray diffraction analysis was performed at the
pre- and post-phase-transition temperatures. For convenience,
the phase below the phase-transition temperature is labelled
as the low-temperature phase (LTP), the phase between the two
phase temperatures as the intermediate-temperature phase
(ITP), and the phase above the phase-transition temperature as
the high-temperature phase (HTP). Powder X-ray diffraction
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Scheme 1 Diagram of the detailed design route through halogen
regulation.
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Fig. 1 The asymmetric units of (a) TMBPA-CIBr, (b) TMBPA-Br, and (c)
TMIPA-I in the LTP (all hydrogen atoms were omitted for clarity).

(PXRD) results of the three compounds are found to be con-
sistent with the simulated PXRD spectra, demonstrating their
high phase purity (Fig. S1f). The asymmetric units of
TMBPA-CIBr, TMBPA-Br, and TMIPA-I in the LTP are displayed
in Fig. 1.

In the LTP, TMBPA-CIBr crystallizes in the Pnma space
group of the orthorhombic crystal system with cell parameters
of a = 11.635(3) A, b = 7.3428(14) A, ¢ = 15.379(4) A, and V =
1314.0(5) A® (Table S1%). The inorganic part of TMBPA-CIBr
exhibits a distinct one-dimensional chain structure in the LTP,
(Fig. 2a) where Cd forms a five-coordinate configuration with
Cl and Br. When the temperature increases to 385.15 K, the
crystal crystallizes in the Cmcm space group, which belongs to
the orthogonal crystal system. The cell parameters are a =
15.411(14) A, b = 11.677(9) A, ¢ = 7.365(7) A, and V = 1325(2) A®
(Table S1t). At high temperature, its cell parameters are a =
15.479(5) A, b = 11.741(3) A, ¢ = 7.402(2) A, and V = 1345.2(7) A®
(Table S1t). The crystal structure is shown in Fig. 2c. By com-
parison, the cell parameters of TMBPA-CIBr in the ITP and the
HTP do not change much. However, the crystal structure in the
HTP shows that the cations become more disordered, so this
compound undergoes an isomorphic phase transition from
medium to high temperatures. Phase transition usually causes
distortion of the inorganic skeleton, as shown in Fig. 2d-f,

d) .
@ % g
Qa Dlz Heating
6‘\\(‘\0
ca '\' L
& e
Cogs 4 Covling

Fig.2 (a) The crystal structures (without hydrogen atoms) of
TMBPA-CIBr in the LTP, (b) ITP and (c) HTP. (d) The inorganic skeleton-
key angles of TMBPA-Br in the LTP, (e) ITP and (f) HTP.
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which shows the bond angle change of the inorganic skeleton
of the TMBPA-CIBr from low to high temperature. As the temp-
erature increases, the bond angle between the Br and CI atoms
changes from 107.02(28)° to 106.23(34)° to 106.22(8)°. There
are some corresponding changes in the bond angles between
the other atoms as well. This suggests that the slight distortion
of the inorganic skeleton is also related to the phase
transition.

For TMBPA-Br and TMIPA-I, we focus on the description of
TMBPA-Br because these two compounds have a similar
phase-transition behavior. The crystal structures of TMIPA-I
are shown in Fig. S21 and crystallographic data and structural
refinement details are shown in Table S3.f As can be seen
from the unit-cell diagram in Fig. 3a, TMBPA-Br at low temp-
erature crystallizes in the P2/c space group of the monoclinic
crystal system with cell parameters of a = 24.015(7) A, b = 9.642
(3) A, ¢ = 16.046(4) A, p = 91.474(5)° and V = 3714.4(18) A®
(Table S21). Upon increasing the temperature to 381.5 K, the
cation goes from an ordered to a disordered state (Fig. 3d). In
the ITP, the space group changes to C2/c in the monoclinic
crystal system with cell parameters of a = 33.148(18) A, b =
9.669(6) A, ¢ = 15.960(8) A, § = 96.244(9)° and V = 5085(5) A®
(Table S27). Unfortunately, we could not obtain the high-temp-
erature structure of TMBPA-Br, but we performed variable-
temperature PXRD characterization of this compound
(Fig. S37). With the increase of temperature, we can see a very
obvious change in the diffraction peaks of this compound
before and after the phase transition, which confirms that
TMBPA-Br undergoes two reversible phase transitions. The
organic amine cations of TMBPA-Br in the low- and intermedi-
ate-temperature structures are shown in Fig. 3b and e. It can
be seen that the organic amine cations undergo a transform-
ation during the order to disorder phenomenon upon an
increase in temperature, similar to skiers going from single-
board to double-board skiing behavior. In addition to this, the
distance between adjacent cadmium atoms was also analyzed,
as shown in Fig. 3c and f. The distance between adjacent
cadmium atoms became smaller from low to medium temp-

%

9.763221)4

(a) ' (b) wum\\
7; N g p
¥, ‘iﬂ ~ i -~ i3
15 '

XY
& ﬂ,'¥ m,\ ’--,;;\:s&u

B " &A“ \ \
8. 0

Fig. 3 (a) Packing structure of TMBPA-Br in the LTP and (d) the ITP
(hydrogen atoms are omitted). (b) The organic ammonium cation of
TMBPA-Br in the LTP and (e) the ITP. (c) The adjacent metal-distance
skeleton of TMBPA-Br in the LTP and (f) the ITP.
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erature, which may be caused by the disorder of organic
amines from low to medium temperature.

We further calculated and evaluated Hirshfeld surfaces and
two-dimensional (2D) fingerprints to better understand how
intermolecular interactions affect the properties of the com-
pounds. For clear analysis and comparison, the focus will be
on selected cations that have relatively strong contacts in each
structure. The organic ammonium portion shown in Fig. 4 has
a dark red surface, indicating a strong interaction between the
organic and inorganic portions of TMBPA-CIBr. By comparing
the hydrogen-bonding forces of the three compounds,
TMBPA-CIBr, TMBPA-Br and TMIPA-I, it can be seen from
Fig. 4 that the hydrogen-bonding forces increase sequentially
from 19.9% to 36.7% to 37.0%, thus indicating that the struc-
tures of the three compounds change with the regulation of
halogens, and indirectly proving that the phase-transition
temperature of the three compounds increases sequentially as
the halogen atom becomes larger.

Thermal analysis

Differential scanning calorimetry (DSC) is a thermal analysis
method that can effectively represent the relationship between
the individual phases of a substance as a function of tempera-
ture and is therefore an effective method for characterizing
phase transitions.**™*

The DSC plots of the compounds TMBPA-CIBr, TMBPA-Br
and TMIPA-I are presented in Fig. 5a. It can be seen that
TMBPA-CIBr at 369 K/349.9 K and 397.8 K/386.9 K (heating/
cooling) shows two pairs of reversible endothermic/exothermic
peaks, which indicates that TMBPA-CIBr undergoes two temp-
erature-induced reversible phase transitions. Similarly, two
pairs of reversible endothermic/exothermic peaks at 381.5 K/
354.7 K and 414.9 K/404.1 K are also observed for TMBPA-Br,
revealing that TMBPA-Br possesses two reversible phase tran-
sitions. Unlike the first two compounds, TMIPA-I has a pair of
reversible peaks at 424.8 K/397.4 K as seen in the DSC plot,
suggesting that TMIPA-I has a reversible phase transition. The
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Fig. 4 Hirshfeld dnorm surfaces and fingerprint plots for TMBPA-CIBr,

TMBPA-Br, and TMIPA-I.
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Fig. 5 (a) DSC curves of TMBPA-CIBr, TMBPA-Br, and TMIPA-| recorded
on heating. Dielectric constant vs. temperature for (b) TMBPA-CIBr, (c)
TMBPA-Br, and (d) TMIPA-| recorded at 1 MHz.

DSC cooling plots of the three compounds are shown in
Fig. S4.1

From the above DSC and dielectric analyses, it can be con-
firmed that the three compounds have indeed undergone
phase transitions. The phase transition temperature (7.) seen
from the DSC plots has changed due to the modulation of
halogens. By further analysis of the DSC diagrams, the entropy
changes of TMBPA-CIBr, TMBPA-Br, and TMIPA-I are about
34.81 T mol™* K™, 61.34 ] mol™* K™ and 59.33 ] mol™* K™},
respectively. The values of N derived from the Boltzmann
equation (AS = RIn (N), where R is the gas constant and N is
the ratio of possible logarithms) are 66.68, 1603 and 1261.4.

The dielectric constant is one of the most important para-
meters  characterizing the  physical properties of
compounds.*™” The dielectric constant can be obtained at
different temperatures and can elucidate certain rules of the
material structure and the mechanisms of polarization, relax-
ation and resonance of each microstructural component
within the material, as well as the mutual rules between them.
Dielectric measurements were carried out on the powder
samples of compounds 1-3 using a dielectric meter, and the
dielectric plots of the three compounds are shown in Fig. 5b, ¢
and d, respectively. Taking Fig. 5b as an example, it can be
seen that two pairs of obvious step-like anomalies appear for
TMBPA-CIBr as the temperature changes, indicating dual
phase transitions. The abrupt change of dielectric constant (&')
near the phase-transition temperature is consistent with the
DSC results. Likewise, the dielectric plots of TMBPA-Br, and
TMIPA-I are also in agreement with the DSC results. Multi-fre-
quency dielectric curves are shown in Fig. S4.}

Optical properties

Photoluminescent materials can be applied to light-emitting
diodes (LEDs), which have the advantages of being energy-
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Fig. 6 (a) Photographs of the three compounds under natural light and
UV irradiation at 365 nm. (b) Excitation and emission spectra of the three
compounds. (c) The fluorescence lifetimes of the three compounds. (d)
CIE chromaticity coordinates of the three compounds.

efficient, environmentally friendly, fully solid-state and long-
lasting, and are one of the important ways for human beings
to solve the energy crisis in the 21st century.**>> As shown in
Fig. 6a, the three compounds appear white under natural
light, and exhibit stable white, orange and deep-orange colors
under 365 nm UV light, respectively. The maximum excitation
and emission wavelengths of the three compounds were
recorded using a 420 nm filter. As shown in Fig. 6b, the UV
spectra of the three compounds consist of UV absorption
peaks at 384 nm, 384 nm and 372 nm, and the fluorescence
spectra show high emission peaks at 467 nm, 468 nm and
648 nm. The fluorescence lifetimes of the three compounds
are calculated to be 1.55 ns, 1.28 ns and 0.98 ns (Fig. 6c),
respectively. To quantitatively describe the colors of the three
compounds, a chromaticity coordinate diagram is presented
(Fig. 6d). To evaluate the suitability of the compounds for
photovoltaics, for example, as shown in Fig. S5, band gaps
(E¢) of the compounds TMBPA-CIBr, TMBPA-Br, and TMIPA-I
were estimated to be about 3.361 eV, 4.306 eV, and 4.498 eV,
respectively, by calculating the Tauc plots®*** (inset of
Fig. S5%), which indicates that TMBPA-CIBr has the potential
to become a potential application for semiconductors.

Conclusions

In summary, we have successfully synthesized three organic-
inorganic hybrid compounds by a halogen substitution strat-
egy, two of which undergo dual phase transitions, while the
third shows a single phase transition. The phase-transition
mechanism of the three compounds is attributed to the order-
disorder change of organic cations, and the phase-transition
temperature is controlled by the halogen modulation effect,
which successfully reflects the regulation of halogenation. The
increase of phase-transition temperature from compound 1 to

3864 | /norg. Chem. Front, 2023, 10, 3860-3866
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compound 3 is caused by the enhanced hydrogen-bonding
force. In addition, all three compounds exhibit excellent
photoluminescence properties. In conclusion, this work plays
a very positive role in promoting the regulation of dielectric,
ferroelectric and optical materials, to enrich interdisciplinary
research methods, and provide a broad prospect for the design
of organic-inorganic hybrid multifunctional optoelectronic
materials.
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