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1,4-Diazabicyclo[2.2.2]octane (dabco) forms one-dimensional chains through intermolecular N-H*---N
hydrogen bonds and exhibits ferroelectricity originating from proton transfer. The size of the polarized
domain differs depending on the size, symmetry, and polarizability of the counter anions. Herein, two
binary halide solid solutions of dabcoHBr mixed with dabcoHCl (CIBr) and dabcoHlI (Brl) were prepared,
and the temperature dependence of the single crystal structure and the phase transition behaviour were
investigated. The solid solution of CIBr contained 3% Cl” in dabcoHBr; thus, the lattice length, space group,
and volume were similar to those of dabcHBr. The phase transition temperature from the hydrogen-
bonded structure to the ion-pair structure decreased from 458 to 440 K upon mixing with CL". In contrast,
solid solution Brl was formed with all proportional solid solutions, and the crystallographic parameters
characterised by single-crystal X-ray diffraction (XRD) analysis obeyed Vegard's law. Phase transition
behaviours were investigated for single crystals of Br:| = 8:2 (Brggolo20) Via temperature-variable single
crystal XRD analysis. A new structural range was observed between 251-373 K. Within this range, the
intermolecular N-H*---N hydrogen bonds were weakened. This was also a ferroelectric phase similar to
that of the original dabcoHBr. In the high-temperature range, a phase transition from the hydrogen-
bonded phase to the ion-pair phase was observed at 435 K, which was lower than the 458 K of dabcoHBr.
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Introductions

The characteristics of ferroelectric materials, which include
piezoelectric, pyroelectric, and nonlinear optical properties,
facilitate their application in memory, capacitors, and
thermal sensors." However, metal-containing ferroelectrics
often include metals that are harmful to the environment and
human health, such as lead zirconate titanate (PZT) and
barium titanate (BTO). Macroscopic ferroelectrics originate
from a uniform arrangement of dipole moments. Conversely,
relaxor ferroelectrics are another type of ferroelectric material
that exhibits nanoscale domains. Polarized domains are
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formed at the mesoscopic scale and grow under an applied
electric field."® They exhibit high dielectric and piezoelectric
properties and broad temperature-frequency dispersions.
These materials have been used in energy storage devices and
piezoelectric actuators. Relaxor ferroelectrics are often
observed in metal-containing perovskite-type composite
oxides with an A(BB')O; chemical formula, where A, B and B’
are Pb, low valence state metal ions and d, transition metal,
respectively.”* Therefore, an understanding of metal-
containing relaxor ferroelectrics is being developed with
design guidelines based on the characteristics of metals.

Metal-free ferroelectrics composed of organic molecules
and/or halides are lightweight, safer for humans and the
environment, and easily processed.”**® The mechanism of
ferroelectricity in metal-free ferroelectrics differs from the
displacement of atoms from centrosymmetric positions in
metal-containing ferroelectrics. In contrast, metal-free
ferroelectrics include orientational polarization of the
molecules by inverting their orientation via an outer electric
field and displacing the proton in the hydrogen bond at
appropriate interatomic distances.

Several hydrogen-bonded ferroelectrics, such as dabcoHA (A
= BF, , ClO,", ReO,), dabco = 1,4-diazabicyclo[2.2.2]octane,"* "
have been shown to exhibit large polarization comparable to

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Crystal structure of dabcoHX in (a) ab and (b) bc planes (C:
grey, N: blue and halides X: purple). H atoms are omitted for clarity.

those of  metal-containing  ferroelectrics at  room
temperature.”*” The counter anions, A”, are distributed within
the space of the hydrogen-bonded dabcoH" chains and bridging
them (Fig. 1). The proton transfer in hydrogen bonding, as well
as the orientation and ionic polarization of A™ are components
of the ferroelectric mechanism. DabcoHX (X = Br, I') contains
spherical anions and exhibits a different polarization order to
that of dabcoHA.>®*° Dabco forms a one-dimensional chain;
however, its order is short-ranged and formed with weak
electronic polarizations of anions. Therefore, dabcoHX is a
relaxor ferroelectric with proton transfer.>**° Mono-salts
consisting of dabcoH" form a polarization order owing to the
size, polarizability, and symmetry of the anion.

Solid solutions are formed by the homogeneous mixing of
two or more components to produce a single solid phase,
such as the relaxor ferroelectrics of A(BB')O; previously
described. The Curie temperature, polarization, and dielectric
constant of a metal-containing solid solution are controlled
by its composition. In addition, a morphotropic phase
boundary (MPB) is observed when crystals with different
symmetries are used in solid solutions. Physical properties
such as the dielectric and piezoelectric constants exhibited
anomalous behaviour at the MPB.*'~*

Solid solutions of molecular crystals are often
substitutional solid solutions of isomorphic structures, for
example, replaced by a molecule with the same family of
elements. The phase transition behaviour and molecular
motility in the crystals are less dependent on the
composition. However, there are examples of molecular
crystalline solid solutions whose phase transition behaviours
and molecular mobilities are composition-dependent;***° for
example, solid solutions partially substituted with different
halogens. CM (cyclohexylmethylammonium) salts undergo a
phase transition at a temperature that depends on
composition.’’ Furthermore, a previous study showed high
piezoelectricity with (TMFM),(TMCM),_,CdCl; (TMFM =
trimethylfluoromethyl ammonium, TMCM =
trimethylchloromethyl ammonium).**

Differently from the inorganic relaxor, solid solution of
the molecular-based metal-free relaxor has not been
developed yet. This study focuses on the structure and phase
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transition behaviour of halide solid solutions of dabcoH"
salts. The inorganic relaxer ferroelectrics have developed with
solid solutions of varieties of metals. However, molecular
crystals often lack diversity in structure and properties. This
arises from the fact that molecular solid solution is obtained
from isostructural pares whose structure and properties are
similar.*® In this study, we succeeded in crystallizing the
halide solid solution of the dabco-based metal-free relaxer
and unveiled composition dependence on the structures,
phase transition behaviours, and ferroelectricity.

Results and discussion

Preparation and composition determination of solid
solutions CIBr and Brl

The isolation of crystallised dabcoHX from an aqueous
solution of a 1:1 mixture of dabco with acid HX has been
demonstrated.”® This was followed by the experimental
procedures for CIBr and Brl, wherein acids HBr and HX (HX
= HCl or HI) were mixed at a ratio of x' which is the
experimental mixing ratio of HBr to HI. Good-quality single
crystals suitable for single-crystal XRD environments were
isolated after slow solvent evaporation by keeping the
solution in the atmosphere for several days. Furthermore,
scanning electron microscopy-energy dispersive X-ray
spectroscopy (SEM-EDS) mapping showed the uniform
dispersion of both halogens within the crystal (Fig. S1t).

The solid solution ratio of the halide ions was estimated
using elemental analysis of carbon, hydrogen, and nitrogen
(CHN). The relationship between the experimental mixing ratio,
x', and the solid solution ratio determined experimentally, x, is
shown in Fig. 2. Regarding the solid solution CIBr, no
proportional relationship was observed between them. In solid
solution CIBr with a high composition of Cl’, the concentration
of Br was approximately 7% (referred to as Clyo3Bro o).
Contrary to Cl rich CIBr, CI” in CIBr with a high composition of
Br  was approximately 3% (referred to as Cly3Bry.o7). The low
miscibility of CI” and Br  occurs because of the differences
between the structure of the end-members. DabcoH" interacts
with CI” in the crystal of dabcoHCI to produce an ion-pairing
structure.” A hydrogen-bonded chain structure is observed in
dabcoHCI trihydrate.** The PXRD diffraction pattern of the
Clyo3Broo; solid solution corresponded to that of
(dabcoHCI)-3H,0. Conversely, the Cly o3Bryq; corresponded to
the diffraction pattern of dabcoHBr consisting of hydrogen-
bonded chains (Fig. S27).

A linear relationship was observed between the mixing ratio
of the solid solution BrI and the composition ratio of the crystal.
The components were mixed at all proportions, which is typical
for all proportional solid solutions. BrI is highly miscible
because of the isomorphism of dabcoHBr and dabcoHI.

Crystallographic study and phase transition behaviour of CIBr

Single crystals of the solid solution Cl, ¢3Br, o, were isolated
for SC-XRD at 298 K. Cl ¢3Br,o; was crystallised with space
group P6m2, which was the same as that of dabcoHBr (Fig.

CrystEngComm, 2024, 26, 3468-3474 | 3469
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Fig. 2 Plot of the experimental mixing ratio (x’) (horizontal axis) versus the solid solution ratio (x) (vertical axis) calculated by elemental analysis for
(a) solid solution CIBr and (b) solid solution Brl. (c) DSC of solid solution Clg ¢3Brg97. Measurements were conducted between 273-500 K, at a

sweep rate of 10 K min* and under N, atmosphere.

S37). The lattice constants, a and ¢, and lattice volume were
6.6645(5), 5.3238(4) A, and 204.78(3) A®, respectively.
Therefore, the crystal structure of solid solution Cly ¢3Br o7
was not significantly different from that of dabcoHBr*?
(6.6650(10), 5.3130(10) A, and 204.40(6) A%).

DabcoHBr underwent a two-step phase transition when
heated at 458 K and 471 K.*® The first transition at 458 K
corresponded to the breaking of hydrogen bonds; the N-H"---N
hydrogen-bonded chain structure (phase III) was transited to
the ion-pair structure with NH'"---Br (phase II). At 471 K,
another hydrogen bond was formed between the methylene
moiety and bromide (phase I). The structural phase transition
behaviour of Cly3Broo; was investigated by differential
scanning calorimetry (DSC) (Fig. 2(c)). The corresponding two-
step phase transition was observed in the solid solution
Cly.03Bro97, whereas phase transition temperature from phase
III to phase II was decreased to 440 K from 458 K for dabcoHBr,
indicating decreases in transition enthalpy (AH). According to
the relationship AH = TAS for a phase transition, and given that
the transition entropy (AS) is comparable to dabcoHBr and
Cly.03Bro.97, AH is expected to decrease with addition of ClI". The
estimated AH was 4.6 k] mol ™", a slight decrease from 5.1 kJ
mol ™ for dabcoHBr.*®

The subsequent heating of the ion-pair phase II resulted in a
further transition at 481 K; AH and AS were 3.5 k] mol ™ and 7.2 ]
mol™ K, respectively. Whereas, the cooling process exhibited a
thermal anomaly characterized by a single-step broad peak at 438
K with AH = 3.7 k] mol ™, which is lower than the sum of AH for
heating process. PXRD pattern at 298 K after heating at 500 K
was identical to that of phase III, indicating a reversible phase
transition process between hydrogen bonding phase and ion-pair
phase (Fig. S47). It was suggested that the decrease in AH is due
to a phase transition, which involves a gradual change in
structure, such as a second-order type phase transition.

Crystallographic study of Brl

The high quality of BrI solid solution crystals allowed for SC-
XRD analysis across all compositions. The temperature and

3470 | CrystEngComm, 2024, 26, 3468-3474

composition dependence of the structure were evaluated
between 112-373 K. The crystallographic data of x = 0.19,
0.27, 0.64, 0.74, 0.80, 0.90 and 0.95 at 298 K are summarised
in Table 1. The crystal structures of the solid solutions with
all compositions were isomorphic to dabcoHBr and dabcoHI.
The Br-to-I ratio estimated from the occupancy, which was
optimised by crystallographic analysis, showed good
agreement with the ratio obtained from elemental analysis
(Table S17).

Fig. 3(a) shows a plot of the g-axis length (L hydrogen
bonding) and c-axis length (// hydrogen bonding) versus
composition. In dabcoHBr and dabcoHI, the difference in
the ionic radii of the counter anions ware appeared in those
of a-axis lengths, which corresponded to the distance
between the hydrogen-bonded chains. The dependence of the
a- and c-axis lengths on composition was linear and followed
Vegard's law.

Both of dabcoHBr and Br,gol,,, had distribution in
crystallographic data (Fig. 3(b and c)). For dabcoHBr, the 20
ranges (97%) for the lattice lengths a and ¢ were 6.6323-
6.6975 and 5.2846-5.3454, respectively. Those of Br golo.20
were comparable; 6.7151-6.7495 and 5.3184-5.3308. Thus,
distribution observed in Brygoly,o iS not originated from
heterogeneousity in ratio of Br  and I, rather intrinsic
differences. A single crystal of Br golo.,0 Which has the largest
a-axis (entry 15) was used to evaluate temperature-
dependence between 112-373 K (Table S3+).

The temperature dependence of the lattice constant of the
end-member dabcoHBr was reported by Szafranski et al*®
The a- and c-axis lengths exhibited a linear increase as the
temperature increased from 95 to 400 K (phase III). However,
the temperature dependence of the lattice length in Bry goly 20
changed at ~250 K for the a- and c-axes (Fig. S6t), indicating
that phase III in dabcoHBr was divided into two ranges—the
low-temperature range (LTR; <250 K) and the medium-
temperature range (MTR; 251-373 K). Table 2 lists the
coefficients of thermal expansion, f, calculated using the
formula: o = ¢y(1 + BT). The B values in dabcoHBr were
constant at the g-axis (4.46 x 107> K™") and the c-axis (1.78 x

This journal is © The Royal Society of Chemistry 2024
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107 K'). However, increasing the temperature from LTR to
MTR in Bry golo.20 increased the S values on the a- and c-axes
by 1.6- and 2.2-fold, respectively. The temperature
dependence of the lattice volume V corresponded to the
lattice length.

The temperature dependence of the N--*N distance
between dabco molecules was investigated to determine the
details of the hydrogen bonds (Fig. S7t). The N---N distance
in dabcoHBr increased linearly with temperature, reaching
2.787(8) A at 293 K in phase IIL** The N---N distance in
Brygolooo remained constant at 2.78(2) A in LTR which
corresponds to that of dabcoHBr. At 251 K the N---N distance
began to increase but subsequently became constant at
~2.81 A at 298-373 K. The elongation of the N---N distance
to MTR resulted in weaker hydrogen bonding at MTR
compared to LTR, which affected proton motility in hydrogen
bonds. Using density functional theory (DFT), the activation
barriers for proton motion at LTR (N---N distance: 2.78 A)
and MTR (N--N distance: 2.81 A) were estimated as 0.30 and
0.37 eV, respectively (Fig. S8T).

Dielectric properties of solid solution Br, golo 20

The dabcoHBr exhibited a frequency-temperature-dependent
dielectricaddition, a reduction in the dielectric anomaly in
the c-axis direction between 180-300 K.*® In solid solution
Brj golo.20, the temperature dependence of the complex
permittivity (120-370 K) was evaluated using single crystals
along the a- and c-axis directions (Fig. 4). Bry golo.0 exhibited
temperature- and frequency-independent dielectric anomalies
along the a- and c-axes at ~250 K. This temperature was
similar to that of the change from LTR to MTR. In addition,
a reduction in the dielectric constant was observed along the
c-axis when the temperature was above 250 K, which agreed
with the increased activation energy of protons in the N--N
hydrogen bond. P-E hysteresis measurements were
performed in the c-axis direction at 298 K using single
crystals (Fig. 5). The hysteresis loops indicated the
ferroelectricity of MTR. However, the MTR is the non-polar
space group P-6 m2 and there should be no spontaneous
polarisation at E = 0. Previous studies have reported that
dabcoHBr and dabcoHI are relaxor ferroelectrics that exhibit
reversible pyroelectric current.’®>° Hysteresis loops well-
corresponds to that of relaxor ferroelectrics reported in
inorganic relaxor ferroelectrics.>®

Phase transition behaviour of solid solution Brg gol.20

The phase transition behaviour of Br goly,0 Was investigated
DSC (Fig. 6). Endothermal peaks were observed in the DSC
chart at 435 K and 464 K (AH = 5.36 and 3.18 k] mol ', AS =
12.32 and 6.853 J mol™ K'). The phase transition
temperatures in Brygoly,o decreased compared to those in
dabcoHBr. The PXRD patterns measured at 480 K (Fig. S107)
were similar to those of phase I of dabcoHBr,*® suggesting
that Brggolpoo also undergoes phase transitions from the
hydrogen-bonded structure (phase III) to the ion-pair

CrystEngComm, 2024, 26, 3468-3474 | 3471
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(a) Composition dependence of lattice constants in solid solution Brl. (b and c) Dispersion of lattice constants in 15 single crystals of

dabcoHBr and Brg golp.20. The coloured areas depict average value +2¢ range. Lines indicate mean values. (b) a-axis. (c) c-axis.

structure of phase I via phase II. The decrease in phase
transition temperature from phase III to phase II is
consistent with the increase in N---N distance at MTR of
Brgolpo from dabcoHBr. During cooling process, an
exothermal process was observed with a single peak at 319 K.
The AH was estimated to be 8.30 k] mol ™', which agrees with
the sum of heating process. This indicates that the phase
transition is reversible but has a large thermal hysteresis.

The phase transition behaviour of Br 19y, Was investigated
by DSC in order to investigate the lowest limit at which the
compound undergoes a transition to the ion-pair phase (Fig.
S117). Endothermic peaks at 414 K and 434 K were observed
during the heating process and an exothermic peak at 332 K
during the cooling process. This behaviour was similar to
that of Bry goly.20. The PXRD pattern measured at 470 K (Fig.
S121) was similar to phase I of dabcoHBr,*® suggesting that
Brj 10lps1 also undergoes a phase transition to an ion-pair
structure. A phase transition to an ion-pair structure was
suggested for BrI at least up to a Br  concentration of 19%.
Fig. S1371 is DSC of other solid solutions. The corresponding
phase transitions were observed with transition temperature
decreased with content of sI” increases.

Conclusion

Two halide solid solutions (CIBr and BrI), which had one-
dimensional hydrogen-bonded chain structures, were

Table 2 Coefficient of thermal expansion for each lattice constant in
solid solution Brg golo .20

LTR MTR
a,10° K 2.993 4.814
¢, 10° K™ 0.8285 1.822
V,10° K* 6.864 12.40

3472 | CrystEngComm, 2024, 26, 3468-3474

prepared in dabcoHX. Depending on the end-member
structure, CIBr and Brl exhibited different miscibilities.
Cly.03Bryo; had a CI” concentration of 3% and the lattice
lengths were similar to those of dabcoHBr. Mixing Cl°
reduced the temperature at which the phase transition from
a hydrogen-bonded chain structure to an ion-pair structure
occurred; the temperature of the transition for dabcoHBr
changed from 458 K to 440 K. In contrast, Brl was all

(@)
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— 316kHz
— 1 MHz

800

700 5

)
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Fig. 4 (a and b) Temperature dependence of complex permittivity (a:

c-axis direction, b: a-axis direction).
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Fig. 6 Measurements were performed on Brg golo20 between 273-500
K, at a sweep rate of 10 K min™* and under N, atmosphere.

proportional solid solution in which the lattice lengths and
volume obeyed Vegard's law. A new structural range, MTR,
was observed between 251-373 K in solid solution Br gl 20-
Within this range, the hydrogen bonds were weakened. DFT
analysis showed that change from LTR to MTR corresponded
to a 0.07 eV increase in the activation energy of proton
motility. These structural differences also appeared in the
temperature dependence of complex permittivity. These
results suggest that halide admixture can change the proton
motility and the strength of hydrogen bonds, which are the
mechanisms of dabco-based hydrogen bonding ferroelectric.

Experimental
Synthesis of solid solution CIBr and Brl

Commercially available dabco, HCI, HBr, and HI were used
as received without further purification. A 10 mmol solution
of dabco (1,4-diazabicyclo[2.2.2]octane) was mixed with an
acid solution (HCI: 0.8 mL, HBr: 1.1 mL or HI: 1.4 mL) at a
1:1 molar ratio. Crystals were obtained by solvent
evaporation under shaded light for several days. The solid
solution CIBr was crystallised using the preparation ratio to
HCI: 1 - x" and HBr: x' for each corresponding acid, x' = 0,
0.25, 0.50, 0.75, or 1 (yield 37.7, 35.5, 41.8, 44.6, and 46.5%).

This journal is © The Royal Society of Chemistry 2024
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Solid solution Brl was crystallised using the same method as
CIBr, with HBr: x', HI: 1 - x', and with preparation ratios of x’
=0, 0.25, 0.50, 0.65, 0.70, 0.75, 0.85, 0.90, or 1 (yield 42.6,
45.8, 35.2, 32.2, 31.4, 43.8, 37.5, 41.5, and 46.5%). For further
details, see ESL{

Measurement

XRD. Single-crystal X-ray structure analysis was performed
using a Rigaku XtaLAB Synergy R, DW system, Hypix, with
source: Mo Ko and processing software CrysAlisPro. Powder
XRD at room temperature was performed using a Rigaku
Mini Flex 600, whereas temperature-variable powder XRD was
performed using a Rigaku Smart Lab, source: Cu Ko, under
N, atmosphere.

SEM-EDS. Measurements were performed using a JEOL
JSM-7600F instrument and an energy-dispersive X-ray
generator. The measurements were performed after the
carbon tape was stretched over the brass, a sample was
placed on the tape, and gold was deposited using a vacuum
evaporation system (Au, Sanyu).

DSC. Rigaku Thermo plus REVO2 Differential Scanning
Calorimeter Measurements were conducted in an N, atmosphere
at a sweep rate of 10 K min~" using a DSCvesta instrument.

Complex permittivity. Measurements were made in the
frequency range of 100-1 MHz using an E4980AL Precision
LCR Meter (KEYSIGHT). The measurements were performed
under vacuum, and the temperature was controlled using a
LakeShore 335 Temperature Controller.

P-E hysteresis. Measurements were performed using a
RADIANT Precision LC II instrument.

DFT. Potential energy differences (AE) were calculated by a
function of B3LYP/6-31G(d,p) using N---N distances obtained
from the structural analysis. Gaussian software was used.
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