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A quinuclidinium-based copper bromide molecular ferroelectric, exhibiting a polarization of Ps = 0.52 pC
cm™2 at zero electric field, has been successfully synthesized. This compound undergoes an order—dis-
order phase transition at T. = 295 K, associated with thermally induced rotational motion of the quinucli-
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properties. The contributions of the organic and inorganic components, as well as their interactions, to
the observed electrical and thermal behaviors are discussed using both experimental data and theoretical
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1. Introduction

Among functional materials, hybrid organic-inorganic com-
pounds (HOICs) occupy a significant position due to their
unique physicochemical properties, resulting from the combi-
nation of organic and inorganic components.”” The com-
plexes of these spherical organic amines with metal halides
have attracted considerable interest from researchers.>” The
literature highlights the catalytic properties of quinuclidines
and their derivatives, particularly in hydrogen atom transfer
reactions,® as well as their pharmacological applications.’
However, the most intriguing properties of these compounds
are associated with phase transitions. The switchable
dielectric*®'®'" and magnetic behaviors,"'™** as well as ther-
mochromic, photoelectric effects, and photoluminescence,””*?
make them highly desirable for applications in opto-
electronics, sensors, data storage systems, and switches.
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Quinuclidines (1-azabicyclo[2.2.2]octane, denoted as Q) and
DABCO (1,4-diazabicyclo[2.2.2]octane) act as organic cations
that stabilize the inorganic frameworks of metal halides. For
instance, hybrid copper halides synthesized by solvothermal
method in ref. 7, in the form one-dimensional chains, are sup-
ported by organic cations (complexes [(Me),-DABCO]Cu,l, and
[H,-DABCO]Cu;Br;s) through varied interactions, mostly hydro-
gen bonding (HB).'* When combined with hydrogen bond
dynamics, this stabilization results in wunique photo-
luminescence across a range from blue to red light.”

The ammonium cations exhibit rotational motions with
temperature changes, which often initiate order-disorder
phase transitions (PTs). In ref. 15, the X-ray structural analysis
and DSC revealed that the rotational disordering of dabco
molecules in [Ni**(acac),(abco),] compound by 60 degrees at
approximately 225 K induces a change in local symmetry from
trigonal to hexagonal. This reduction in crystal symmetry gives
rise to new structural features and, consequently, new pro-
perties. The dynamics of organic cations, being a key driver of
order-disorder phase transitions, leads to switchable dielectric
permittivity and magnetic properties in quinuclidinium chlor-
ides,"* highlighting their potential for use in smart devices.

Additionally, the critical role of quinuclidine ring dynamics
in [(CH3),CH-C3H;,N][CoBr,] in the phase transition mecha-
nism of the [(CH;),CH-C;H;,N]** cation was confirmed.? The
structural changes in hybrid quinuclidine-metal bromide com-
pounds (C;H14,N),MBr, (M = Co, Mn, Cd) during phase tran-
sitions involve the dynamics of organic cations accompanied
by the formation of new hydrogen bonds.'® In fact, the hydro-

This journal is © The Royal Society of Chemistry 2025
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gen bond dynamics in HOICs emerges as another key factor
influencing phase transitions and altering the dielectric and
optical properties of these materials.””'""'® The past few years
have seen the rational design of molecular quinuclidine-based
novel functional dielectrics and ferroelectrics.'®*"*¢*® It has
been shown, that molecules, like quinuclidine similar to
DABCO, are excellent units for design of switchable dielectrics
and ferroelectrics owing to their structural phase
transitions.” " "”*® The studies of the dielectric properties of
quinuclidinium metal chlorides and bromides have shown a
high repeatability and stability in switching between high- and
low-dielectric states. The high-dielectric “ON” state, associated
with dipolar reorientation, is observed above phase transition,
while the low-dielectric “OFF” state, where reorientations are
“frozen”, occurs at temperatures below the phase transition
point.""'® For example, in the previously studied material
Q,CuCly,, which is a chloride analogue to the present crystal,
the phase transition is present at 347 K on cooling, with a sym-
metry change from Pnma to P2,/c, which is majorly the result
of quinuclidine reorientation.'* This behavior makes these
materials promising for use in temperature sensors and dielec-
tric switches. Despite the significant attention given to hybrid
compounds with DABCO or quinuclidines, the properties of
their complexes with metal bromides remain insufficiently
explored, particularly in the context of their phase transitions
and switchable properties.

In this study, we investigate a new hybrid organic-inorganic
compound, (C,;H;4N),CuBr, (Q,CuBr,), featuring a copper
bromide inorganic framework. Based on analogies with related
systems, the material was expected to exhibit distinct phase
transitions driven by both structural factors and quinuclidi-
nium cation dynamics. To explore its thermal, structural, and
electrical behavior, techniques such as DSC, X-ray diffraction,
IR and Raman spectroscopy, "H NMR, and EPR were used. The
aim is to characterize the phase transitions and assess the
functional potential of Q,CuBr,, contributing to the broader
understanding of structure-property relationships in HOICs.

2. Methods

Synthesis

Copper(u) bromide (CuBr,, 98%, Thermo Scientific), quinucli-
dine (1-azabicyclo[2.2.2]octane, 98%, AmBeed), hydrobromic
acid (HBr, 48% in water, Fluorochem), methanol (99.85%,
Fisher), and acetonitrile (HPLC grade, Chempur) were used as
received. Crystals of (quinuclidinium-HBr),CuBr,
obtained using a 2:1 molar ratio of quinuclidine to CuBI,.
Quinuclidine (2 mmol, 222 mg) was dissolved in 30 mL of
methanol/acetonitrile (1:1, v/v), which acted as both solvent
and thermal buffer during salt formation. HBr (~2 mL) was
added dropwise until the solution reached pH =~ 1, forming
the quinuclidinium hydrobromide salt in situ. Separately,
CuBr, (1 mmol, 223 mg) was dissolved in 20 mL of the same
solvent mixture with a few drops of HBr. The two solutions
were combined under stirring, yielding a homogeneous trans-

were
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parent solution, which was left to evaporate slowly at room
temperature.  Dark green to  black crystals of
(quinuclidinium-HBr),CuBr, formed over several days and
were collected in 91% yield (based on CuBr,) without further
purification.

Thermal properties

Differential scanning calorimetry (DSC) measurements were
conducted using a Mettler Toledo instrument. The tests were
performed in aluminum crucibles under a nitrogen atmo-
sphere. A dry powder sample of Q,CuBr, (22.92 mg) was
heated and cooled at a rate of 10 K min~" within the tempera-
ture range of 280-330 K.

Structure determination

Single crystal diffraction measurements were conducted on a
good-quality Q,CuBr, crystal using an Oxford X’Calibur four-
circle diffractometer with a graphite-monochromated Mo Ko
(4 = 0.71073 A) radiation source and a CCD Atlas detector. To
maintain non-ambient temperatures, an Oxford Cryosystem
800 series cryocooler was utilised. Data collection and
reduction were performed using the CrysAlis PRO' software.
Empirical absorption correction were applied using spherical
harmonics, implemented through the SCALE3ABSPACK
scaling algorithm, alongside numerical absorption correction
based on Gaussian integration over a multifaceted crystal
model. Measurements at various temperature points were
obtained from the same crystal sample. The crystallographic
data summary is available from the Cambridge
Crystallographic Data Centre, with deposition numbers CCDC
2417202 and 2417203.

The crystallographic software package SHELX-2014,2%2!
integrated into the Olex2** program, was employed for struc-
ture solution via direct methods and for refinement using full-
matrix least-squares methods on F>. Non-hydrogen atoms were
refined anisotropically, with the exception of the carbon atoms
in the disordered Q ion within disordered phase I. In both of
presented Q,CuBr, phases H-atom parameters were con-
strained. Details of the crystal data, along with experimental
and refinement information, are summarized in Table 1.

To verify the phase purity of the bulk sample, powder X-ray
diffraction (PXRD) data were collected. The PXRD measure-
ments were conducted in reflection mode using a PANalytical
X'Pert diffractometer equipped with a PIXcel solid-state linear
detector and utilizing Cu Ko (4 = 1.5418 A) radiation (Fig. S1).

Electrical investigation

Dielectric measurements were performed on pelletized
samples of Q,CuBr,, prepared by pressing polycrystalline
powder into discs. Silver conductive paste was applied to both
flat surfaces to serve as electrodes. Temperature-dependent
dielectric constants were measured using a Novocontrol Alpha
Impedance Analyzer over the frequency range of 1 MHz to 1
Hz with an applied AC field of 1 V, in the temperature range
200-340 K. Temperature control was achieved using a nitrogen
gas cryostat with a stability better than +0.1 K.

Dalton Trans., 2025, 54, 15816-15832 | 15817
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Table 1 The diffraction experimental details
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Phase 11 (ordered) I (disordered)

Crystal data

Chemical formula 2(C;H;4N)-CuBr,

M, 607.56

Crystal system, space group Monoclinic, Pc (no. 7) Monoclinic, P24/c (no. 14)
T (K) 100 300

a, b, ¢ (A) 9.450(2), 16.929(4), 12.435(3) 9.552(3), 17.154(5), 12.593(4)
B (°) 94.15(2) 93.34(3)

V(A% 1984.1(8) 2059.9(11)

zZ 4

u (mm™) 9.15 8.82

Crystal size (mm) 0.29 x 0.23 x 0.17

Data collection

Refl. measured/unique/observed [I > 26(I)] 33758/9302/8872 14 987/4829/3118

Rint 0.025 0.027

Refinement

R[F* > 26(F%)], wR(F®), S
Data/parameters/restraints
Aﬂmaxy Apmin (e A_S)
Absolute structure

Abs. struct. parameter 0.476(8)

Ferroelectric hysteresis loops were recorded using a
Keithley 6517A High-Resistance Meter under a triangular elec-
tric field (10-2 Hz) with an amplitude of 2000 V cm™".

Nonlinear impedance measurements were performed in
a nitrogen atmosphere over a frequency range of 10 Hz to
1000 Hz, using an Upc of 3 Vi within a temperature
range of 233 to 333 K. A higher bias of 3 V,,s was applied
in order to enhance the visibility of nonlinear effects that
are already present at 1 V... To avoid electrode polariz-
ation, measurements were carried out only above 10 Hz,
during both heating and cooling, with finer temperature
steps near the ~300 K phase transition. The impedance
components corresponding to higher harmonics were
defined as the ratio of the fundamental voltage wave to the
n-th harmonic current component: Z, = U,/I,, where Z,
including the fundamental wave, generally depends on the
amplitude of the fundamental voltage wave U, applied
to the sample. Consequently, the current density can be
expressed as:

J' = 61hEq cos(wt) + ohnEq cos® (2wt) L
+ o5nEo cos® (3ot) + . .. (1)
The fundamental conductivity, o1, represents the base
conductivity, while o%,, 65n, and higher-order terms corres-
pond to the conductivity of the respective harmonic com-
ponents while E, = Uy/d Uo\/ZUAC. The admittivity for har-
monic components with n > 2 is determined using the
relation:

(2)

. . .
o, = 12nfeoe,

The used Novocontrol system enables the separation of the
fundamental (first harmonic) from higher harmonics (2" and
3", ensuring that the detected nonlinear signal is genuine
and not an artifact of the measurement.

15818 | Dalton Trans., 2025, 54, 15816-15832

0.020, 0.040, 1.04
9302/381/2
0.41, —0.38
Refined as an inversion twin —

0.047, 0.108, 1.02
4829/191/2
0.93, —0.69

NMR study

'"H NMR experiments were carried out using an ELLAB
TEL-Atomic PS 15 spectrometer operating at 25 MHz.
Measurements were performed over a temperature range of
84-290 K, with the paramagnetic Q,CuBr, phase measured
from ~145 K to 290 K. Spin-lattice relaxation times (7;) were
determined using a saturation recovery method with a
sequence of n/2 pulses, followed by a variable delay time (7)
and a reading n/2 pulse. The second moment (M,) of the "H
NMR line was measured in the 109-290 K range using a con-
tinuous-wave ELLAB TEL-Atomic CWS 12-50 spectrometer
operating at 28.2 MHz. M, values were calculated via
numerical integration of the derivative of the absorption
signal. Non-exponential magnetization recovery was
observed across the entire temperature range. Low tempera-
tures were achieved using liquid nitrogen vapor, with temp-
erature regulation provided by a UNIPAN 660 controller
equipped with a Pt100 sensor, ensuring long-term tempera-
ture stability within +1 K. Powdered samples were sealed
under vacuum in glass ampoules after evacuation at room
temperature. All measurements were performed during
heating. The estimated error in 7; measurements was
approximately 5%.

Theoretical calculation

Five functionals were employed to calculate the Q,CuBr, sub-
units in fixed experimental and in optimized geometries:
B97D, the Grimme’s functional including dispersion,*
Minnesota type, the M06 - global hybrid functional with 27%
HF exchange,”* and the M06-L, the local functional, with 0%
HF exchange® the LC-TPSSTPSS, meta-GGA with long-range
correction.?®?” The calculations included scalar relativistic cor-
rection by DKH. The Jorge-DZP-DKH>® basis set has been
used. The calculations of the unit cells composed of four
Q,CuBr, sub-units, were conducted using long-range corrected

This journal is © The Royal Society of Chemistry 2025
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metaGGA functional LC-TPSSTPSS, at non-relativistic, scalar
relativistic and spin-orbit relativistic levels. The double-{ and
triple-{ basis sets, such as Jorge-DZP,*® Jorge-DZP-DKH,>®
Jorge-TZP***° and Jorge-TZP-DKH?' has been employed
respectively. All unit cells were superimposed, thus have
corresponding orientation and atomic positions. The compu-
tations have been performed with Gaussian 16.>?

IR spectroscopy

The temperature-dependent infrared spectra were measured in
a heating mode on a KBr pellet in the range of 4000-550 cm™*
using a Nicolet iN10 Fourier transform IR spectroscopy micro-
scope equipped with a ZnSe-Linkam cryostat cell THMS600
with a temperature stability of 0.1 K, liquid nitrogen (LN2)
cooled mercury—cadmium—telluride detector, permanently
aligned 15x objective, 0.7 numerical aperture with the working
distance set at 16 mm. The spectral resolution was set at
2cm™

We made attempts to collect Raman spectra, however, it
turned out impossible due to high-intensity luminescence
when exciting the sample with 488, 514, 830 or 1064 nm.

3. Results and discussion
Phase transition

The differential scanning calorimetry (DSC) technique was
used to investigate the phase transition behavior of Q,CuBr,.
As shown in Fig. 1a, the DSC results reveal a reversible struc-
tural phase transition, characterized by an endothermic peak
at 297 K and an exothermic peak at 293 K, with a small

View Article Online
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thermal hysteresis of approximately 5 K between the heating
and cooling processes. For clarity, the phases below and above
the transition temperature are labeled as the low-temperature
phase (LTP, Phase II) and high-temperature phase (HTP, Phase
I), respectively.

The calculated entropy change (AS) of Q,CuBr, is approxi-
mately 8.89 ] mol™" K. According to the Boltzmann equation,
AS = RIn N (where N represents the number of distinguishable
geometric orientations allowed in phases I and II), the esti-
mated value of N is about 2.86, suggesting that Q,CuBr, under-
goes an order—disorder phase transition. Additionally, multiple
cycles of cooling and heating DSC measurements at a scanning
rate of 10 K min™" were performed to confirm the thermal
stability of the Q,CuBr, compound (Fig. 1b). The results indi-
cate that after several endothermic and exothermic cycles,
both the phase transition and the magnitude of the heat flow
remain consistent. This suggests that the material could poten-
tially be utilized as a thermal switch in future applications.

Structure analysis

The Q,CuBr, crystalizes in the P2,/c symmetry at RT and is iso-
structural with previously described structures of Q,MBr,
(where M = Co, Mn, Cd)'® and Q,CuCl,*" at RT. The asym-
metric unit consists of two organic cations, Q, and one tetra-
bromocuprate(Il) anion, CuBr,>~ (Fig. S1b). One Q ion (Q1) is
ordered in phase I, while the other (Q2) is disordered over two
positions, similar to observations at RT in Q,MBr, and
Q,CuCl,. However, the behaviour of Q2 in Q,CuBr, differs
from that in the other compounds. Here, the disorder results
from rotation around the axis formed by N2 and C14 atoms
(see Fig. S2), rather than tilting, as in the earlier structures. As

a
@ Menase 1
0.13
Goo\'\“g
— 0.12 4
o
=
O 7
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o
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(a) DSC curves of Q,CuBr4 in heating/cooling run; (b) DSC cycle test of Q,CuBr4 with a scan rate of 10 K min™.
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a result, there are fewer distinct N-H---Br bonds in the struc-
ture. The Q2 ion and CuBr,>” are connected by N2-H2---Brl
bond, with H---Br distance of 2.43 A (Table S1), notably shorter
than in other compounds: 2.81-2.87 A (Q,CoBr,), 2.46-2.56 A
(Q,MnBr,), 2.46-2.76 A (Q,CdBr,), and 2.52-2.64 A (Q,CuCly).

After PT to the low temperature phase II, the Q,CuBr, struc-
ture adopts the non-centrosymmetric Pc space group, with all
atoms ordered. The position of Q2 in phase I splits into two
distinct positions, Q2 and Q3 (Fig. 2 and Fig. S3), each occupy-
ing one of the previously disordered positions. This leads to
the loss of the two-fold screw axis and a reduction in sym-
metry. In phase II, polarization can occur along all directions
except the unique axis. The asymmetric unit contains four Q
cations (Q1-Q4) and two inorganic anions (Fig. S2). There are
now two HBs corresponding to N2-H2:--Br1l bond in phase I:
2.41 A for N2-H2---Br1 and 2.46 A for N3-H3---Br5.

To identify features distinguishing Q,CuBr, from analogous
structures, we focused on polyhedral distortions. The inter-
molecular interactions cause angular and bond length distor-
tions of the tetrahedra, most pronounced in Q,CuBr,
(Table 2). This is confirmed through polyhedral angle variance
(6*) and bond length distortion (4) values (calculated with
VESTA*®), as well as the distance between the M" ion and the
tetrahedral centre of gravity (dg), the X parameter (sum of devi-
ations from the ideal angle of the six cis angles in the coordi-
nation sphere of the metal ion), and the structural parameter
(74), which describes the coordination geometry.>* All data are
in Table 2.

Table 2 shows that 6> and X values are significantly higher
for Q,CuBr, than in other bromine-containing compounds,
indicating more pronounced angular distortions. Although
Q,CuCl, shows comparable angular distortions in its low-
temperature monoclinic phase II, its orthorhombic phase I
exhibits less distortion than the monoclinic phase I of
Q,CuBr,. This suggests greater strain in the copper coordi-
nation environment of Q,CuBr;.

Additionally, the A values for Q,CuBr, are among the
highest, indicating significant bond length distortions.
Comparing Cu-Br bond lengths in the two phases reveals

Phase Il W

Fig. 2

(a) The Q,CuBr, structure in phase Il at 100 K showing CuBr,2~
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stronger distortion in phase I (2.363/2.370-2.412 A) than in
phase 1T (2.360-2.400 A; Table S2). This is consistent with the
more pronounced geometrical distortion in Q,CuBr, due to
the Jahn-Teller effect, which is particularly significant for Cu**
compared to other transition metals. In contrast, the other
Q,MX, structures typically exhibit much lower A values, reflect-
ing less distorted coordination environments.

Meanwhile, the dg values for Q,CuBr, are among the smal-
lest, suggesting that despite angular distortions, the copper-
based structures exhibit the smallest deviation from the tetra-
hedral centre of gravity, even though the geometry remains far
from ideal. This means that Q,CuBr, maintains a more
compact and rigid coordination environment despite the sig-
nificant distortions in bond lengths and angles. Interestingly,
Q,CuCl, has the lowest dg value, implying an even closer
approach to ideal tetrahedral geometry and less geometric
strain. Both copper-containing compounds (Q,CuBr, and

Table 2 Comparison of tetrahedral distortion parameters: dg, bond
length distortions (4), tetrahedra angle variance (%), £ and 74 parameters

for Q;MX,4 (M = Co?*, Mn?*, Cd?*, Cu®**; X = Br, Cl)
Phase, T A o
Structure space group (K) dg (x107%) (deg®) X 74
Q,CoBr, ** 1I, P2,/n 100 0.045 0.24 10.9 16.6 0.95
I, P2,/c 295 0.046 0.28 14.3 19.7 0.94
Q,MnBr, ** 11, P1 100 0.077 0.82 27.0 25.5 0.91
0.033  0.20 35.9 29.0 0.90
I, P24/c 295 0.058 0.34 19.1  23.1 0.93
Q,CdBr,** 1I, P2,/c 295 0.070 0.46 25.2  26.6 0.92
I, Pmcn 365 0.057 0.27 114 14.7 0.94
Q,CuBr, I, Pc 100 0.039 0.58 288.7 85.6 0.67
0.048 0.72 2714 83.0 0.68
I, P2,/c 300 0.041 0.53 261.7 81.4 0.68
Q,CuCl,** 1, P2,/c 100 0.018 0.41 280.3 84.1 0.68
295 0.018 0.41 286.7 85.0 0.68
I, Pnma 365 0.030 0.75 183.5 68.1 0.74
Q,CoCl, ™ 1L, P2,/n 100 0.051 0.26 16.3 20.4 0.97
295 0.054 0.43 10.6 16.4 0.95
I, Pnma 340 0.052 0.56 31 82 094
Q,MnCl, I, P2,/c 260 0.040 0.28 23.5 241 0.97
I, Pnma 295 0.063 0.45 46 10.6 0.92

anion with adjacent Q cations and N—H---Br bonds presented as green

dashed lines. (b) The Q,CuBr, structure in phase | at 300 K. The disordered Q2 cations are presented with pink dotted lines. The symmetry code:

() —x+1-y+1 -z+1
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Q,CuCl,) deviate most from ideal tetrahedral geometry, but
Q,CuBr, shows more severe distortions, as indicated by its
lowest 7 values. This suggests a more distorted coordination
around Cu®" in Q,CuBr, than in Q,CuCl,. The larger A and ¢
values in Q,CuBr, reflect greater strain, likely due to the larger,
more polarizable Br~ ions compared to Cl” in Q,CuCl,. This
highlights the role of halide size and polarizability in modulat-
ing structural properties and the degree of distortion in these
copper-containing compounds.

Electrical and ferroelectric properties

A comprehensive analysis of complex permittivity (¢*), electric
modulus (M*), and impedance (Z* = Z' — jZ") was carried out
to investigate the electrical behavior of Q,CuBr,. Dielectric
spectroscopy was employed to study dipolar switchability and
molecular dynamics. The reorientation of quinuclidinium (Q)
cations under an electric field induces a strong dielectric
response. A characteristic A-shaped anomaly near the phase
transition temperature (7. = 295 K) was observed across all fre-
quencies, typical of a normal ferroelectric transition (Fig. 3a).
The weak frequency dependence of &' suggests that dipole
moments follow the oscillating field, while the subtle shift of
the peak at T. confirms an order-disorder transition from the
ferroelectric to paraelectric phase.

Periodic temperature cycling of the dielectric constant
showed that both the switching period and signal intensity
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remained stable, confirming the thermal stability of Q,CuBr,
(Fig. 3b). Near T, the dielectric permittivity follows the
Curie-Weiss law: &' = Cpara/(T — T§) OF € = Crerrol(To — T), as
confirmed by the inset in Fig. 3a. The Cpara/Crerro ratio of
1.4*>3% and continuous cell volume changes (Fig. $4) indicate
a second-order phase transition. Additionally, the fitted Curie
temperature T, = 293.2 K (at 100 kHz) closely matches T,
further supporting a second-order transition.

One of the most reliable measurements providing evidence
of ferroelectric properties is the measurement of ferroelectric
loop hysteresis. For this reason the polar properties of
Q,CuBr, were confirmed by the P-E hysteresis behavior. At
higher temperature, just a few degrees below T, ferroelectric
properties are disturbed by the conducting contribution. The
polarization vs. electric field (P-E) hysteresis loop for lower
temperature is displayed in Fig. 4 and clearly demonstrates the
ferroelectric nature of Q,CuBr,.

The results indicate that the polarization increases with
temperature, which may raise doubts and seems to contradict
the basic P-T relation. Such dependencies may result from
various conditions.?”*® Firstly, none of the recorded P-E loops,
although well defined, is fully saturated. At the same time, as
polarization decreases with temperature, dipoles are easier to
switch at high temperatures, which causes further increase in
polarization. An application of larger fields would cause an
increase in the polarization with complete saturation of the P-

b
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- |
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(a) The temperature-dependent ¢’ of powder-pressed sample of Q,CuBr, at selected frequencies. The insert shows the fitting to the Curie—

Weiss law. (b) Reversible switching of the dielectric constant after multiple ON/OFF cycles at 1 MHz for Q,CuBr,.
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Fig. 4 The electric-field dependent ferroelectric hysteresis loops for a
powder pressed Q,CuBr, crystals measured at selected temperatures.

E loop and it is expected to see higher polarization with
increasing temperature. Secondly, the conductivity of the
Q,CuBr, is significant at higher temperatures, which is mani-
fested by the slightly curved tips of the hysteresis loops. The
higher conductivity results in a decrease in polarization with
increasing electric field strength, which is caused by the for-
mation of leakage currents. Additionally, an internal bias can
be created in the sample mainly due to some defects or
domain wall pinning in the crystal. Due to the significant con-
ductivity of the sample our attempts to use sample probing for
piezoelectric and pyroelectric measurements were unsuccess-
ful. In order to demonstrate nonlinear properties, alternative
measurements of nonlinear electrical properties were used
and discussed later in the paper.

The spontaneous polarization is defined as the ratio of the
dipole moment per density of dipoles Pg = us/N, where N = Z/V
(see Table 1) and ug is the dipole moment taken from the
theoretical calculation as a dipole moment of four dipoles of
isolated sub-unit (Table S10, SI). For Q,CuBr,, P; was estimated
to be 0.659 uC cm™?, which is consistent with the experimental
value of P at E = 0. The origin of polarization in Q,CuBr, is
attributed mostly to the tetrabromocuprate anions, as they
carry a permanent dipole moment due to Jahn-Teller distor-
tion.>® However, the Q cations themselves also possess a small
dipole moment. In Q,CuBr,, both entities contribute to this
phenomenon (Fig. S3). Q,CuBr, crystals exhibit relatively small
polarization values compared to other hybrid compounds, but
despite the influence of conductivity, they are in agreement
with theoretical predictions. A similar, relatively small value of
polarization has been revealed and/or theoretically predicted
in other organic-inorganic hybrids compounds, like e.g,
[H,dbco],Cl3[CuCl;(H,0)]H,0,*° dabcodo-LTa,** 1-propyl-1H-
imidazole (PIm)** or even like a well-known Rochelle salts,*’
and much smaller than for e.g. DMAGel;.** It should be
emphasized that the polarization value for Q,CuBr, is also

15822 | Dalton Trans., 2025, 54, 15816-15832

View Article Online

Dalton Transactions

similar to other quinuclidine-based compounds, such as
HQReO, *® or (R)-(-)-3-hydroxyquinuclidinium chloride."”

Fig. 5a shows the frequency dependence of imaginary part
of electric modulus (M") for selected temperatures. It is clear
that M” vs. log(f) scans shows, in the entire analyzed fre-
quency range, well define one maximum at each tempera-
ture. The fact that the peaks shift to higher frequency
regions with increasing temperature suggests the accumu-
lation of free charge at the interface, and indicates an
increase in charge carrier mobility and a decrease in the
relaxation time. Moreover, the shift of the peak M, located
at fmax towards higher frequencies as the temperature
increases indicates that dielectric relaxation is thermally acti-
vated. The plot of In(fi,ax) as a function of 1000/T conforms
to Arrhenius’ law as depicted in Fig. 5b. The calculated acti-
vation energies are E,; = 1.07 eV (for T> T,) and E,, = 0.69 eV
(for T < T,). These values are closely aligned to those
obtained from DC conductivity analyses also presented in
Fig. 5b, suggesting that the transport of the charge carriers
in the studied structure is done by the same process, which
is a hopping mechanism.*>*® In the studied compound,
Q,CuBr,, the DC conductivity value equals 2.8 x 107'* S cm ™"
at room temperature. The observed conductivity behavior
indicates the presence of thermally activated transport across
the investigated temperature range, with different proton
hopping regimes likely dominating below and above the
phase transition. The activation energy of 0.69 eV, obtained
from DC conductivity and electric modulus (M") analysis
below the transition temperature (~290-300 K), could
initially be interpreted as indicative of electronic hopping.
However, structural and spectroscopic data confirm that
copper exists solely in the +2 oxidation state, with no evi-
dence for the presence of Cu' or mixed-valence states, effec-
tively ruling out this mechanism. Therefore, the conduction
process in this range is more plausibly attributed to localized
motion, possibly limited by a less dynamic hydrogen-
bonding environment. Upon heating and structural trans-
formation, the activation energy increases to 1.1 eV,
suggesting a transition to a long-range, thermally activated
ionic transport mechanism. Although, relatively high for
classical proton conductors, this behavior aligns with trends
observed in other hybrid systems. For example, in the super-
protonic compound Rb,4(504)(HSO,),(H3As0,), a similar
increase in activation energy was observed with temperature,
rising from ~0.58 eV to 0.9 eV after the phase transition. The
authors attributed this to the formation of a more ordered
hydrogen-bond network, which, while enabling faster proton
transfer, also imposed higher energy barriers due to stron-
ger, more structured interactions.”” After the phase tran-
sition, the ordering of the quinuclidinium sublattice and the
presence of well-defined N-H---Br hydrogen bonds (as short
as 2.41 A) could support efficient but energetically demand-
ing proton hopping. Similar mechanisms have been reported
in other hybrid halide systems, such as [4-AQ],Cu,Clg,*
(C3HgNg),ZnCl,-2CL*° and [Cq3H;6N,]5(BiCle);CL>° all of
which rely on hydrogen-bond-mediated proton conduction.

This journal is © The Royal Society of Chemistry 2025
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(a) The Nyquist diagram spectra plotted against temperature together with electrical equivalent circuit fitting; (b) conductivity values esti-

mated for two relaxation processes based on Nyquist plots fitting in Q,CuBr,.

The electrical properties were also studied by complex
impedance spectroscopy, a powerful method that allows the
separation of electronic and ionic conduction. Fig. 6a shows
the Nyquist diagrams (Z"” versus Z') of the Q,CuBr, com-
pound at selected temperatures. Since the plot presents a
single but asymmetric and flattened semicircle at all temp-
eratures, it was concluded that two highly overlapping relax-

This journal is © The Royal Society of Chemistry 2025

ation processes are present. Each process was modeled by a
resistor connected in parallel with a constant phase element
(CPE) and the resulting components were then connected in
series. The impedance of a single process is described by the
formula:>*> Z = R/[1 + RQcpr(jo»)"], where R represents the
resistance, Qcpg is the CPE parameter, n is the exponent
characterizing the non-ideal capacitive behavior (0 < n < 1),
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o is the angular frequency, and j is the imaginary unit. In
the case where n = 1, the CPE behaves like an ideal capacitor
with capacitance C = Qgpg. This model yielded the best
fitting results, as indicated by the solid lines in Fig. 6.
Fig. 6b compares the conductivity values estimated from the
resistivity of both processes (R;, R,). These processes are
labeled as “hf” for the high-frequency process and “If” for
the low-frequency process. Although both processes occur in
the high-temperature phase (above the structural phase tran-
sition T.), they exhibit distinct characteristics. The hf process
is characterized by higher conductivity and a stable value of
the CPE exponent n ~ 0.98 across the entire studied tempera-
ture range (312-360 K), indicating nearly ideal capacitive be-
havior. In contrast, the If process shows lower conductivity, a
higher activation energy, and a gradual decrease in the n
parameter from 0.98 to approximately 0.92 with increasing
temperature, suggesting a growing dispersion in the relax-
ation behavior. Both observed processes are attributed to
protonic conduction, occurring in different structural or
microstructural environments within the same phase. The hf
process likely corresponds to fast, localized proton hopping
within the bulk structure (e.g., via dynamic N-H---Br or/and
C-H---Br hydrogen bonds), while the If process may reflect
more hindered proton transport, affected by interfacial
regions, defects, or accumulation at the electrode interfaces.
This interpretation is further supported by the Qcpg values
extracted from the model. For the hf process, Qcpr remains
low and only slightly increases with temperature (6-8 x 10~
F), consistent with low capacitance and the absence of
charge buildup. In contrast, Qcpg for the If process increases
significantly with temperature, reaching values near 2 x
10~ F at 360 K, indicative of ion accumulation at interfaces
and growing capacitive effects. Finally, the activation ener-
gies of both processes are comparable to the activation
energy extracted from DC conductivity measurements, con-
firming that proton transport is the dominant mechanism in
both relaxation processes, albeit operating in structurally dis-
tinct regimes.

Nonlinear electrical effects

The study of nonlinear electrical properties provides insights
into charge transport mechanisms, ion dynamics, and devi-
ations from linear conduction behavior, with higher-order
conductivity components revealing processes linked to
intrinsic nonlinearities and nonstationary effects.>**>*
Analyzing their frequency dependence further uncovers fea-
tures of ion hopping, electrode polarization, and conduction
anisotropy, often hidden in standard low-voltage (1 V) linear
studies.’>® To determine whether a material exhibits non-
linear behavior, it is essential to assess the contribution of
higher harmonics in the conductivity response, usually
explored at substantially higher voltages. A useful approach
is to analyze the ratio of the third harmonic conductivity to
the base conductivity, presented in Fig. 7a. The ratio for the
investigated compound varies between 0.26 and 0.295, indi-
cating a nonlinear contribution above 25% that suggests

15824 | Dalton Trans., 2025, 54, 15816-15832

View Article Online

Dalton Transactions

strong deviations from linear charge transport, likely associ-
ated with ion dynamics and charge transfer processes.’” This
clearly shows that, in the case of Q,CuBr,, nonlinear com-
ponents that can be attributed to its intrinsic properties
appear already at very low voltages, close to 3 V. In most
organic-inorganic hybrids, ferroelectricity originates from
the orientational order-disorder dynamics of the organic
cations. In Q,CuBry, this involves the quinuclidinium cation,
whose orientation relative to the [CuBr,]*” anionic lattice
determines the polarization. In such systems, the barriers to
cation reorientation are low, since these involve only mole-
cular rotations, rather than large displacements of heavy
ions such as Ti** and O*” in classical perovskites like BaTiO;
or PbTiO;. Consequently, in hybrid ferroelectric Q,CuBry,
the quinuclidinium reorientations are local and energetically
much easier; therefore, it exhibits nonlinear response under
comparatively weak fields.

During heating, the third harmonic conductivity content
increases with temperature, reaches a maximum, then
decreases before exhibiting another peak around 300 K.
During cooling, the third harmonic content generally
decreases with increasing temperature, although a small
maximum is observed around 290-300 K. The positions of
these anomalies align with the DSC results, indicating the
presence of a phase transition and a significant increase in
electrical permittivity. The results are presented for an
example frequency of 1 Hz, but they closely overlap with
those obtained at higher frequencies, as shown in Fig. 7b. It
can be observed that, for a given temperature during heating
or cooling, fluctuations in the ratio reach a maximum of
0.004 within the frequency range of 1 Hz to 100 Hz. The mag-
nitude of the difference remains the same regardless of
whether the temperature is below or near the phase tran-
sition. This variation is negligible compared to the overall
values in the range of 0.25-0.29. For this reason, the results
obtained at a frequency of 1 Hz will generally be presented in
further analyses.

The values of the real part of the base and third harmo-
nic current density, j3, and jin, were determined based on
relations ji, = 65,E and jin = oinEo.”” Fig. 7c shows the
obtained values as a function of temperature during cooling
at frequencies of 1 Hz and 100 Hz. The study of these para-
meters confirms the occurrence of a phase transition
around 290-300 K in the tested compound. This is evi-
denced by a maximum in the third harmonic current
density, observed at both 1 Hz and 100 Hz. A similar
maximum is also present in the first harmonic current
density, as shown in the inset of the figure. During heating,
an inflection point is also visible near the phase transition,
although it appears more flattened. The analysis of the con-
ductivity ratio o%n/cin and the temperature-dependent be-
havior of the current density harmonics support the hypoth-
esis of a phase transition around 290-300 K. This phase
transition likely enhances ion mobility, particularly for
bromide ions, contributing to the observed maxima in the
third harmonic current density. Additionally, electrode

This journal is © The Royal Society of Chemistry 2025
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as a function of temperature measured during cooling at frequencies of 1 Hz and 100 Hz. The inset presents the first harmonic current density

under the same conditions.

effects, such as ion accumulation at interfaces, become pro-
minent at low frequencies and high temperatures, influen-
cing the nonlinear response.

In the literature, nonlinear properties are also described
using alternative approaches, such as higher-order conduc-
tivity coefficients, which provide additional insights into the
material’s complex electrical behavior®®

J' = 06%10Eq cos(wt) + choEy* cos® (wt)
+ 650Ey”* cos® (wt) + . .. 3)

Here the o), is linear conductivity, and o5, 63, etc. are
higher-order conductivity coefficients. By comparing both eqn
(1) and (3) and utilizing Fourier transforms, it is possible to
calculate the higher-order conductivity coefficients.’>*® The
analysis of the third-order conductivity coefficient (¢%,) pro-
vides valuable insights into the conduction mechanism within
the material. This parameter helps distinguish between
different types of charge transport, including ionic and elec-
tronic conduction, as well as correlated ion hopping
dynamics.>® The temperature dependence of ¢}, is presented

This journal is © The Royal Society of Chemistry 2025

in Fig. S5, SI, showing positive values across the entire
measured temperature range for both heating and cooling.
The consistently positive sign of ¢}, indicates that the conduc-
tion mechanism is likely not related to correlated back-and-
forth ionic hopping, which would typically result in a sign
change.”®® Instead, this behavior suggests a more uni-
directional or electronic conduction process, possibly involving
charge transfer between metal ions or a mechanism with free
ion movement without strong correlation. The temperature
dependence of the real part of the third-order electric suscepti-
bility coefficient (y} ) provides valuable information for dis-
tinguishing the type of phase transition (see Fig. S5c, SI). For a
continuous phase transition, y}, typically changes sign during
heating, whereas for a discontinuous transition, there is no
sign change.’”° Throughout the entire measured temperature
range, no sign change of the ;) was observed. This consistent
positive sign indicates that the phase transition in the
Q,CuBr, is of a discontinuous nature. A discontinuous, or
first-order phase transition, is typically characterized by a dis-
tinct peak in the DSC thermogram, indicating the absorption
or release of heat during the phase change which is in line

Dalton Trans., 2025, 54,15816-15832 | 15825
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with our results. A comparison between Q,CuBr, and our pre-
viously reported imidazolate-azide-based Mn and Cd com-
pounds® highlights both similarities and key differences in
their nonlinear electrical behavior. In both studies, pro-
nounced nonlinear dielectric effects were observed in the
vicinity of a temperature-induced phase transition. In the
earlier work, the phase transition was associated with changes
in local symmetry and conductivity, and accompanied by
enhanced nonlinear polarization effects, particularly in Mn>",
where the third harmonic contribution reached up to 8%.
However, despite these nonlinearities and thermally activated
conductivity, no evidence for ferroelectric behavior (such as
spontaneous polarization or hysteresis) was found. In contrast,
Q,CuBr, exhibits a well-defined structural phase transition
near 290-300 K, which is strongly coupled to both calorimetric
and dielectric anomalies as well as nonlinear electric response.
The third harmonic reaches values as high as ~29%, and the
behavior of the dielectric permittivity, electric modulus, and
frequency-dependent conductivity all suggest cooperative
dipolar dynamics, consistent with a ferroelectric-like tran-
sition. Furthermore, the mechanism of charge transport in
Q,CuBr,, governed by proton hopping across strong N-H---Br
hydrogen bonds, differs from the mixed conduction and more
diffuse dipolar behavior observed in the Mn/Cd systems.®"
Thus, while both materials show nonlinear dielectric phenom-
ena coupled to structural phase transitions, only Q,CuBr,
demonstrates a clear indicator of ferroelectric-like order, with
its nonlinearity values being significantly higher.®!
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Fig. 8
moment of the *H NMR lines for Q,CuBry.
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NMR study

T,. The temperature dependence of the "H NMR spin-lattice
relaxation time, T4, for studied bromide compounds Q,CuBr,
is shown in Fig. 7a. The measured one-exponential magnetisa-
tion recovery functions for each point were only detected. For
Q,CuBry, the measured T; values were very short and close to
the limit of measurement possibilities of such short times of
the used spectrometer, probably due to the domination of
strong paramagnetic interaction in the samples. Below 140 K
no signal of FID was detected. Despite this limit uncertainty of
experiment, we have used an approach to analysis already used
previously for studied by us for the paramagnetic sample."® In
the case of a predominant paramagnetic interaction the
proton-proton dipol-dipol interaction may not be important
and neglected. For final fitting procedure, we apply the simpli-
fied expression for the "H spin-lattice relaxation time'®*® and
the obtained dynamic parameters from the fitting procedure
were as follows: E,; = 6.46 k] mol™, K; = 4.88 x 10! Hz?, as
shown in Fig. 8a as theoretical line.

1 Te
T f 1+ ou’z? “
M,. The temperature dependence of the second moment,
M,, of the "H NMR line for paramagnetic Q,CuBr, is presented
in Fig. 8b. For studied Q,CuBr,, two close reductions are
visible. The first, from ~22 x 10™% T2 in lowest temperatures,
via the distinct threshold ~14 x 10~® T> at about 130 K, and
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then next down, decrease up to approximately 6 x 10~% T? in
region above 170 K. The theoretical calculation of the second
moment for the rigid state of quinuclidinium molecular struc-
ture, based on structural crystallographic data, was previously
performed in papers describing the chloride and bromide ana-
logue compounds'"'® with assumed distance between proton
and carbon or nitrogen positions (C-H - 1.09 A) and (N-H -
1.04 A), giving M =18.06 x 108 T2 (only intra value
without considering inter value). Higher values at the lowest
temperatures may be caused by the possible dipole-dipole
interaction of protons with unpaired electrons in the QCuBr,,
the influence of the additional interaction of protons with the
unpaired electron can be observed and, therefore, the
measured total M, at the lowest temperatures is larger than
that calculated for the rigid molecule. For calculation of
dynamic parameters of the sequence of two found reductions
of the second moment of 'H NMR line, the following BPP
formula was applied:

M, :AMz(l)%tan’l(yHTC\/ATQ) 5
5

2 .
+ AM,(2) = tan " (yyzev/My) + MOT",
T

where 7. = roexp(EL/RT), MLEY (where MI®Y = AM,(1) +
AM,(2) + M"°ton) and MPOtOM are the second-moment values
of both second moment reductions, respectively.

From the fitting, the following parameters have been
obtained: in present case of Q,CuBr,, where it has been poss-
ible to determine the dynamic parameters of two reductions:
first — E,; = 12.22 k] mol™ and 7.0 = 5.04 x 107! s; and
second - E,, = 23.15 k] mol™" and 7.0 = 3.83 x 107> s (see
theoretical dashed line in Fig. 8b). These both reductions, by
practically the same amount, suggest a dynamic inequivalence
of the quinuclidine cations in crystallographic structure in the
ratio 1:1, and are consistent with the structural results. Above
170 K, after of both fitted reductions of M,, the value stabilises
to be about 6 x 107% T? s, significantly above the expected
value for the cation tumbling. It should therefore be assumed
that the cation performs some axial movement of quinuclidine
cations and will probably start rotating at higher temperatures.

IR spectroscopy

We present a set of IR spectra as the function of temperature
for Q,CuBr, (Fig. S6). Table S12 contains the observed IR wave-
numbers along with the assignment. The symbols used in the
text have been explained in the footnote of this table. The
assignment is based on the data available for the compounds
containing Q and similar cations (e.g. dabco) and metal
halides, specifically referring to the family of QMCI (quinucli-
dinium-metal chlorides) and QMBr (analogous
bromides).">""'*® The observed modes originate from internal
vibrations of the organic cations. The temperature-induces
changes for selected modes are presented in Fig. 9. As deter-
mined by X-ray diffraction, the crystal undergoes a PT from
P24/c to Pc below 290 K on cooling. The transition probed by
the measurements described above indicates a rather mixed
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order-disorder mechanism. The observation of IR spectra
gives some further hints about the PT. The HBs, which are of
medium strength with a center of gravity of stretching N-H
modes located at 3060 cm™" at RT, shift rather insignificantly
with temperature increase by ca. 20 cm ™" towards higher wave-
numbers (Fig. 9a and b). This is in contradiction to the other
Q-metal-bromides where the shift was within 30-120 cm™, the
highest value being exposed in Q,CoBr,.'® It is also surpris-
ingly small when compared to Q,CuCl, sample, in which the
shift was almost 150 cm™".'" In the two latter examples the
shift was explained by a high degree of order at LT and extre-
mely high degree of disorder above PT resulting from almost
unperturbed rotation of Q cations. In this case the small shift
is the indication of not so violent Q-cations movement with a
more uniform arrangement of HBs in HT. It can be clearly
seen in Fig. 9b that the ordering, however, takes place through-
out all the temperature range and the PT is noticeable only as
a point at which the slope of the curve changes. The same
refers to the full width at half maximum (fwhm). Its change is
continuous and PT is marked as a small indentation in the
curve with a slope increase. Further, the fwhm value of YNH
band is small at LT, reaching roughly 40 cm™", being lower
than in Q,CuCl, - 120 cm™" (ref. 11) and much lower than in
other Q-metal-bromides with fwhm equal to 260 cm™,'°
which again testifies their quite uniform organization in
Q,CuBr,. The fact that both parameters: wavenumber and
fwhm, alter without a tendency to certain limits with T
increase, as well as the fact that the PT is manifested in IR
spectra below the T., demonstrates that the mechanism is not
governed by the reorganization of HBs, but rather HBs readjust
to conform to the new quinuclidinium positions.

The PT is dependent mostly on the movement of quinucli-
dium cations as a whole, which confirms the findings from
other characterization techniques. This is clearly seen in the
case of absorption bands of Q internal vibrations. Both the
stretching, bending and deformation modes are split below PT
into two: for example the v,;CH, band at 2964 cm™" (RT) is
split into 2962 and 2971 cm ™" at LT (Fig. 9¢); the ®CH, band at
1342 is split into 1344 and 1340 cm ™', while the stretching
skeleton band at 1039 cm™ is present as two components at
1041 and 1037 cm™*, and CH, band at 1039 cm™" is observed
as a doublet at 968 and 963 cm ™" below PT. This doubling of
bands below PT is the direct confirmation of X-ray diffraction
data, according to which the asymmetric unit in phase II con-
tains double the amount of ions compared to phase 1. The
splitting value, however, contained within a few cm™" is much
lower than in analogous Q,CuCl, or other Q,MBr,'"'® reach-
ing up to 40 cm™". This means that the Q cations in Q,CuBr,
are similar to each other in terms of bond lengths and angles.

Although, indeed IR spectra prove the disordering of the Q
cation into new positions below PT and its ordering above PT,
the onset of the PT is detected ahead of T, on heating, namely
the changes in band positions start roughly around 250 K and
end at ca. 300 K. This suggests that the adjustment of the Q
cages takes some time and the final click-in of Qs into new
positions results in new ferroelectric phase.
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Fig. 9
changes (empty figures) for (b) NH stretching, (c) CH, stretching modes.

Unfortunately, we have not been able to measure the
Raman spectra, which would give us valuable information on
the low-frequency vibrations, including the inorganic-network
modes and quinuclidinium rotations/librations, and their con-
tribution to the mechanism of PT, due to intense lumine-
scence when exciting the sample with laser sources.

Theoretical results

Summary of results referring to energy gap, optical properties
(dipole moment, polarizability, first order hiperpolarizability),
NMR chemical shifts, UV-Vis spectrum, and DOS structure are
presented here, with details provided in SI.

The LC-TPSSTPSS with double-{ basis has been chosen as
suitable computational method, based on the analysis of opti-
mized and experimental geometries, relative energies, ioniza-
tion potential, electron affinity and energy gap (see Table S3
and Validation of the Computational Method, and Basis Set
Quality sections in SI). Theoretically estimated fundamental
energy gapfor unit cell structures is expected not to be higher
than ~6 eV (SI, section Energetics and Electronic Structure
Characterization). The optical gap determined from Kohn-

15828 | Dalton Trans., 2025, 54, 15816-15832

(a) The details of IR spectra in the region of stretching N-H and C—H modes. The wavenumber (full figures) and their corresponding fwhm

Sham eigenvalues is inconclusive. However, estimated using
electric dipole polarizability, it is found at around 2.85 eV.
This result is comparable with one obtained from experi-
mental ferroelectric hysteresis, at zero field limit (Fig. 4),
(I—A), oc \*/aicx ~ 2.87 eV, and a., = V-0Ps/0F, where V is a nor-
malized volume set to (2a,),> following simple order-of-magni-
tude estimate of physical constants used to describe the non-
linear optical properties of materials,> with a, being Bohr
radius, and F magnitude of electric field. The gap size suggests
possible semiconducting nature. The atomic states contri-
bution to frontier molecular orbitals has been determined
with partial density of states, PDOS (Fig. S14 in SI). The HOMO
levels are predominantly located on Br lone pairs, while the
LUMO- has mixed Cu/Br levels character. Notably, the higher
in energy LUMO-« is localized on protons with small partial
Cu character. Comparison with the aligned DOS of N and N +
1 electron systems (energy shifted by |A| = 1.69 eV, Fig. S15 in
SI), shows that around chemical potential energy (corres-
ponding to Fermi level) a state with Cu/Br mixed character
resides. This mixed state is LUMO of cationic system (with
dominant contribution from Br) or HOMO of anionic system

This journal is © The Royal Society of Chemistry 2025
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(with predominant contribution from Cu). Because this state is
found slightly below the chemical potential (mid between
HOMO and LUMO), it is suggested that the material might
have intrinsic or possible p-type semiconducting attributes.
Further, a comparison between LTP and HTP phases via exam-
ination of polarizabilities allowed theoretically determining a
25°¢ difference in charge transfer direction between LTP and
HTP structures. The polarizabilities are further discussed in
SI. The CT path is roughly along a line connecting Cu ions of
neighbouring sub-units, thus more or less along vector sum of
a and b lattice vectors. In isolated sub-units, the predicted
charge transfer direction is almost parallel (~12°) with
Q,CuBr, dipole moment. All above indicates that CT direction
is associated with H-bond interaction between Br~ and amine
protons of quinuclidine. Moreover based on electric dipole
moment and first-order hiperpolarizabilities the NLO behavior
might be expected in LTP phase, since the LTP structure exhi-
bits the intrinsic non-centrosymmetry, together with the non-
zero dipole moment and large first-order hyperpolarizability
values.

The assessment of relative theoretical NMR chemical shifts
between high-spin (quintet) and low-spin (antiferromagnetic
open shell singlet) states as well as between HTP and LTP
structures illustrate electron shilding effects related to phase
transition (Theoretical NMR Chemical Shifts section in SI).
Between high-spin and low-spin configuration the change in
chemical shifts is only meaningful for Br - upfield, and Cu -
downfield shifts, estimated about 10 to 13 ppm absolute differ-
ence, Table S11 in SI. Therefore in high spin configuration Br
ions are more shilded (electron rich), and Cu ions electron
deshilded, which in terms of partial CT might be denoted as
Cu — Br. The quinuclidine atoms show very small variability
of chemical shifts in response to spin state configurations.
Secondly, relative shifts between LTP and HTP are almost iden-
tical at each spin configuration. Chemical shifts are more sen-
sitive to phase transition, thus the absolute change in shifts
calculated as difference between the LTP and the HTP struc-
tures is much higher on average than variation resulting from
the spin configuration. The greatest difference in calculated
shifts, related to phase transition, is for Cu ions, Fig. S11 in SI.
The three Cu ions are upfield shifted by over 150 ppm, and
one is upfield shifted by ~ 60 ppm in HTP structures as com-
pared to LTP structure. Therefore in HTP geometry the Cu ions
become more shilded by electrons than in LTP structure. The
remaining atoms in the system are generally downfield shifted.
In terms of bond polarization it might be depicted through
partial CT direction: Cu «— Br in HTP vs. Cu — Br in LTP,
and generally Q — CuBr,. Also theoretical UV-Vis spectrum
shows absorption change between HTP and LTP phase, result-
ing in maximum around the green and violet regions, Fig. S12
and S13 in SI. The difference between HTP or LTP unit cell
curves and the sum of respective individual isolated sub-units
curves indicates that the intermolecular interactions between
the sub-units do not affect the absorption in visible region for
HTP phase. However in LTP case the maxima around the green
and violet regions appear, matching the change between HTP
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and LTP unit cell curves, which suggests that interactions
between sub-units in LTP structure are responsible for
increased absorption in the mid-range of visible electromag-
netic spectrum (larger maximum corresponds to ~3.8 eV and
lower one to ~5.1 eV).

4. Conclusions

In summary, (1-azabicyclo[2.2.2]octane),CuBr, with zero-
dimensional perovskite hybrid architecture has been syn-
thesized and examined for ferroelectric and switchable pro-
perties. The crystal structure of the compound was determined
using XRD and its phase transition temperature is defined at
295 K. Its switchable electric polarization mainly originates
from the dynamic ordering of Q cations and tetrabromocup-
rate anions moieties. Both NMR and IR spectroscopy provide
variable information on the dynamics of the system around
PT, specifically, the rearrangement of the hydrogen bonding.
The switchable thermal and dielectric constant measurements
have shown a high stability of this compound. Theoretical
studies have enriched significant knowledge about the pro-
perties of the compound, confirming both quantitatively and
qualitatively ferroelectric properties. This material, prepared
by a simple method of evaporation of aqueous solution, can
serve in its future applications as information storage, switch-
able or optoelectronic devices.
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