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ABSTRACT: Inorganic—organic hybrid QMnCl (Q = quinucli-
dinium) crystals were synthesized and characterized. The X-ray and
variable-temperature IR/Raman analysis demonstrate that the
crystals undergo a reversible structural phase transition, which g TN
originates from an order—disorder process and is related to the . 7 “ ‘ P ( 107 -
dynamics of the organic Q cation. Dielectric function measure- ] W \ ‘ ‘\ reorientation Tl
ments disclose a switchability between low (“OFF”) and high f U || H M J t \ freezing
(“ON”) dielectric states centered at around 285 K. Owing to a  ° VRVURVAVAY) ; \

remarkable temperature-dependent dielectric function, this type of  ° ﬂ- [ﬂ
molecular compound can represent an interesting tunable and "R
switchable dielectric material for a diverse range of applications.

1. INTRODUCTION between disordered and frozen states. Most of the synthesized
hybrid crystals undergo reversible structural PTs. It is found
that both order—disorder transformations of polar organic
cations and weak displacements of inorganic frameworks make
contributions to its switchable dielectric properties.'”®
Particularly, recent scientific reports have revealed that for
hybrids with spherical molecules'” such as dabco (1,4-

The research into hybrid organic—inorganic compounds
(HOICs) has rapidly evolved in recent years." The past
decade has seen an evaluation of scientific understanding and
capabilities of HOIC materials architecture whose properties
are controlled by both organic and inorganic components in

_the.structure. The sc'lentlﬁc Purposes cor?cern a chara%cter- diazabicyclo[2.2.2]octanium) or Q (quinuclidinium), a
ization of the physicochemical properties of functional

dynamic rotation or reorientation freezmg involves interesting
materials from HOICs, as these materials have recelved an I h 1 i d structural PT.2%2! Th h
tional tt tion due to inferest lect tical, "~ physicochemical properties and structura e searc
eXileP tonal attention ueI 0 1Eneres 1n}% ¢ ;C ric,” I %I: 1ca 1 for good switchable dielectric materials is nontrivial, mainly
an magnetu; properties. tas 1 own that the mubtlh nctlon_a due to satisfying simultaneously different requirements, e.g.,
p ropertles. ?O_IgOICS’ g die ectr1.c SWI.tC. 1n§ ehavior,’ attractive working temperature, sharp steplike phase transition,
ferroelectric properties, or multiferroicity,'”'* are mainly

i ) small-frequency dependence as well as easy and profitable
determined by hydrogen bonding. Importantly, switchable technology.
dielectric materials which show a conversion between high and
low-dielectric states are promising as integral elements of 2. EXPERIMENTAL PROCEDURES
electrical and electronic devices, including phase shifters,
varactors, data communication, and rewritable optical data
storage. Moreover, molecular electrical switches with “ON—
OFF” mode belong to a highly desirable class of intelligent
materials due to their sensitive responses. Generally, in
molecular compounds, a dielectric response has three micro-
scopic origins such as dipolar reorientation, ionic displacement,
and electronic polarization.'”'® At high temperatures (HT),
above phase transition (PT), the dipolar reorientation has the Received: May 24, 2021
greatest contribution to the dielectric function, corresponding Revised:  July 14, 2021
to the high-dielectric states (“ON”), while below PT Published: July 28, 2021
temperature, when reorientations are frozen, low-dielectric
state (“OFF”) appears. Therefore, changes in ordering of ions
or polar molecules affect the switchable dielectric properties

Manganese(II) chloride and quinuclidine (Q) were purchased
from commercial sources and used without any further
purification. Quinuclidine (0.219 g) and MnCl,-4H,0 (0.781
g) were mixed in an acidic aqueous solution (50 mL), wherein
the total amount of used 37% HCI acid was about 8 mL. After
tew weeks, during which the solvent was allowed to slowly

© 2021 The Authors. Published b
American Chemical Societ; https://doi.org/10.1021/acs.jpcc.1c04545
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Table 1. Experimental Details for QMnCl”

chemical formula
M,
crystal system space group
temperature (K)

a, b, c(A)

a, f, v (deg)

V (A%)

z

p (mm™")

crystal size (mm)

T,

min/

Tmax
no. of refl. measured, independ., obs. [I > 25(I)]
Rint

(sin /1) e (A7)

R[F* > 206(F*)], wR(F?), S
absorption correction

no. of reflections

no. of parameters

no. of restraints

H atoms treatment
Ay Appin (e A7)

phase I

Crystal Data
CL,Mn-2(C,H,,N)

421.16

orthorhombic Pnma (no. 62)
295

12.718(5), 9.550(4), 16.468(7)
90, 90, 90

2000.2(14)

4

1.18

0.29 X 0.23 X 0.14
Data Collection

0.796, 1.000

14430, 2636, 1319

0.025

0.689

Refinement

0.113, 0.417, 1.42

multiscan

2636

92

0

H-atom parameters not defined
0.70, —0.92

phase II

CL,Mn-2(C,H,N)544

421.16

monoclinic P21/¢ (no. 14)
260

9.366(4),16.785(7), 12.545(5)
90, 92.96(2), 90

1969.5(14)

4

1.21

0.986, 1.000
7212, 7212, 3912
0.052

0.691

0.055, 0.171, 0.95

multiscan

7212

218

61

H-atom parameters constrained
0.62, —0.49

twin refinement

twin refinement parameter

refined as a 2-comp. twin
0.5082(16)

“Crystal structures at 260 and 295 K have been deposited with numbers CCDC 2094455—2094456.

evaporate at room temperature, the crystals of
CL,Mn,(C,H,N) (QMnCl) were obtained in 73% yield
(based on MnCl,-4H,0).

The single-crystal X-ray diffraction experiments were
performed on an Oxford X'Calibur four-circle single-crystal
diffractometer equipped with a CCD camera using graphite-
monochromated Mo Ka radiation (4 = 0.71073 A) generated
at 50 kV and 22 mA. The Oxford heating—cooling device was
used to maintain nonambient temperatures. For data collection
and reduction, the program CrysAlis PRO 1.171.38.46™" was
involved. Empirical absorption was amended using spherical
harmonics, implemented in SCALE3 ABSPACK scaling
algorithm. The crystal structures, at 295 and 260 K, were
solved by direct methods and refined by the full-matrix least-
squares methods on F2 utilizing SHELX-2014 crystallographic
software package.”” Olex2** was the software used to prepare
material for publication. The Diamond™® program was used to
create the graphic representations of the crystal structure. All
nonhydrogen atoms, which were not disordered, were refined
anisotropically. C-bound and N-bound H atoms, from ordered
cations, were constrained to ride on their parent atoms
(instructions AFIX 13 and AFIX 23 in SHELXL-2014).>® The
crystal data together with experimental and refinement details
for all phases are presented in Table 1. The phase purity of the
bulk sample was checked by powder X-ray diffraction (PXRD)
and shown in the SI (Figure S6a). PXRD data were collected
with a PANalytical X'Pert diffractometer equipped with a
PIXcel solid-state linear detector using Cu Ka radiation in a
reflection mode.

2.1. IR and Raman Spectroscopy. The temperature-
dependent infrared spectra were measured in a heating mode
on KBr pellet in the range of 4000—550 cm™" using a Nicolet

16811

iN10 Fourier transform IR spectroscopy microscope equipped
with a ZnSe-Linkam cryostat cell THMS600 with a temper-
ature stability of 0.1 K, liquid nitrogen (LNS,)-cooled mercury—
cadmium—telluride detector, permanently aligned 15X objec-
tive, and 0.7 numerical aperture with working distance set at 16
mm. The Raman spectra were measured in a heating mode
using a Renishaw InVia Raman spectrometer equipped with a
confocal DM 2500 Leica optical microscope, a thermoelectri-
cally cooled CCD as a detector, and a diode laser operating at
830 nm, which has allowed the measurements within 50—2000
cm™". The use of other excitation sources was impossible due
to strong luminescence. The spectral resolution in IR and
Raman experiments was set at 2 cm™".

Thermal properties were performed by the heating and
cooling of the weighed and hermetically sealed in Al pans
samples with the use of a Mettler Toledo DSC instrument. The
measurements were done in the temperature range of 260—
330 K and with heating rates of S K min™' and under a
nitrogen atmosphere.

EPR measurements were performed using a X-band
ELEXSYS (Bruker) spectrometer equipped with an ER
4102ST resonator. The temperature was stabilized (+0.1 K)
by ER4131RT controller.

The complex dielectric permittivity (¢ = & — ie”) was
performed by the Novocontrol Alpha Impedance Analyzer in
the frequency range of 1 Hz to 1 MHz with an applied AC
voltage of 1 V. The temperature dependencies of the dielectric
permittivity of polycrystalline samples, using silver-painted
electrodes, were measured between 350 and 250 K with the
temperature step 2 K and controlled using the nitrogen gas
cryostat with stability better than 0.1 K. Additionally, switching

https://doi.org/10.1021/acs.jpcc.1c04545
J. Phys. Chem. C 2021, 125, 16810—16818


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c04545/suppl_file/jp1c04545_si_001.pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c04545?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://mostwiedzy.pl

A\ MOST

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

of dielectric permittivity was tested around the phase transition
at a temperature range of 295—272 K more than 10 times.

3. RESULTS AND DISCUSSION

3.1. Thermal Properties. In QMnC], in the temperature
range of 260—330 K, a well-defined pair of exo-/endo-thermal
anomalies appears at 279/289 K during the cooling/heating
cycle, respectively (Figure 1).
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Figure 1. DSC curves of the QMnClI sample in the cooling—heating
cycle.

The sharp character of PT as well as a large thermal
hysteresis (~10 K) of the peaks at around 285 K indicates a
discontinuous first-order phase transition type. The average
entropy changes, AS (SI, Figure S1), were extracted from the
specific heat curve (SI, Figure S2) with the value of 10 J mol™
K. The extent of disorder in Phase I was specified using the
Boltzmann equation AS = RIn(IN), where R is the gas constant
and N is the number of disordered sites. The value of N,
calculated to be 3.35, suggests a disorder in the high-
temperature (HT) Phase L

3.2. Crystal Structure. Two structurally distinguishable
phases (Phase I and Phase II) of QMnCl have been
characterized by single-crystal X-ray diffraction measurements.
The crystal data together with experimental and refinement
details are given in Table 1.

Phase I: Phase I of QMnCl, measured at 293 K, has an
orthorhombic symmetry with the centrosymmetric Pnma (no.
62) space group. An isolated MnCl,~ tetrahedron constitutes
the inorganic part of the structure. Together with two Q ions,
they create the independent part of the structure (Figure 2a).

In this phase, a significant disorder of both Q ions is
observed (SI, Table S1). Therefore, it was not possible to
designate the exact positions of disordered species (SI, Figure
S3). In the structure model, Q cations are disordered to such
degree that atoms belonging to those ions have isotropic
temperature factors high enough to implicate a larger number
of possible positions that result from structural sites and
suggest potential movements in their cavities. In the single unit
cell, isolated MnCl,~ tetrahedrons are arranged in two layers.
Two Mn tetrahedrons are below and two above planes with ¢ =
0 and ¢ = 1/2. Among them, there are two symmetrically
distinguishable Q_cations located, multiplied by symmetry
operations inherent to the corresponding phase (marked with

light yellow and blue colors in Figure 2c). One of the Q cations
(marked light yellow, Figure 2c) is aligned alternatively with
MnCl," tetrahedra in two axis directions, a and c. The other
group of Q cations (marked light blue, Figure 2c) are shifted
away from the lines created by MnCl,~ tetrahedra on the ac
planes, slightly in a-axis and significantly in the c-axis direction.
The differences in the arrangement of cations cause the
variations of Q cation disorder in the QMnCl. For the first Q
cation, two positions can be distinguished (Figure 2a). The
other Q cation is disordered over a greater number of sites,
which can be divided at least into four. However, high isotropic
temperature factors of both Q ions suggest a higher degree of
disorder, probably dynamic.

Phase II: In Phase II, QMnCl has a monoclinic symmetry
and accommodates the P21/c (no. 14) space group. The
change of crystal axes is as follows: ay = by, by = ¢, and ¢y = ay.
The content of the asymmetric unit is the same as in Phase I
(Figures 2b and SSb,c). One of the Q ions is ordered, whereas
the other one is disordered over three positions with the
refined occupancy factors equal to 0.39, 0.29, and 0.32 (see
Table S2 and Figure 2d having red, yellow, and green color,
respectively). In Figure 2b, atoms belonging to one of three
disordered positions of Q ion are labeled with letters A, B, and
C and are presented in three shades of gray and blue for C and
N atoms, respectively. The net of weak hydrogen bonds
connects Q ions to Mn tetrahedrons belonging to one of the
two layers (SI, Figures S4 and S5d). In Table S4 (SI), possible
hydrogen N—H---Cl bonds are listed. Additionally, in Phase II,
all of the distances between Mn and CI atoms are longer than
corresponding distances in Phase I (see SI, Tables S4 and SS).
This phenomenon is probably caused by an elongation of the
longest lattice parameter when the temperature is being
lowered. Figure S6b (SI) presents changes of a, b, and c lattice
parameters with the temperature.

3.3. IR and Raman Spectroscopic Studies. Vibrational
spectroscopy provides a valuable insight into the interactions
and allows to study the dynamic effects during PT. The
temperature-dependent IR and Raman spectra of QMnCl
crystal are presented in Figures S7—S9 (SI), respectively. The
observed modes originate from internal vibrations of the
organic cation, Mn—chloride tetrahedra, as well as lattice
modes.

Table S6 presents a factor group analysis done for the
compound. The observed IR and Raman wavenumbers, along
with the assignment, are given in Table S7 (SI). The symbols
used in the text have been explained in the footnote of this
table. The assignment is based mostly on the data available for
the compounds containing quinuclidinium and similar cations
(e.g., dabco) or other ethylene-containing amines and
manganese halides.?*™%° Here, we will focus on some features
of the spectra and on the effect of temperature. Basically, since
the compound is centrosymmetric in both phases, one should
observe asymmetric modes in IR and symmetric modes in
Raman spectra, respectively. Table S6 gives the factor group
analysis for MnCl, moieties (due to the disorder of Q cations,
their analysis is omitted here). In a perfect scenario, the
tetrahedra might be regarded as having T; symmetry which are
placed in a general position (C;) at Phase II and mirror plane
(C,) at HT, leading to a reduced number of active modes in
Phase I compared to Phase II. The onset of the phase
transition both in IR and Raman spectra appears at ca. 270/
280 K upon heating. The broad bands with the center of
gravity in roughly 3430—3360 cm ™' range (IR) are assigned to

https://doi.org/10.1021/acs.jpcc.1c04545
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Phase Il

R

Figure 2. Comparison of the asymmetric units of QMnCl in Phase I (a) and Phase II (b), showing the atom numbering scheme together with parts
that complete the chemical formula. Atoms are shown in ellipsoid representation at 40% probability level, except atoms belonging to the disordered
Q ions, which are shown in standard representation. The partially occupied sites in Phase I are shown as transparent. [ Symmetry codes: (i) x, —y +
3/2, z; (i) x, —y + 1/2, z]. The view at the crystal structure in Phase I (c) and in Phase II (d). The phases are presented in standard settings of the
space groups, and the change of the axes is as follows: ay = by, by = ¢, and ¢ = a;.

the stretching vibrations of NH groups of Q cations (Figures
S7 and S8). The positions of the bands indicate that one
should regard the formed N—H---Cl hydrogen bonding rather
as a medium according to the Steiner.’® This is in agreement
with the crystallographic data. The bands broaden insignif-
icantly along temperature increase meaning that the disorder
observed in the crystal by X-ray diffraction is very strong
already at low temperatures. The wavenumber shifts equal to a
few cm™ are low compared to dabcoCrCl'” crystal and much
lower than in other systems undergoing order—disorder
processes. For example, in the formamidinium—metal—cyanide
complex, the shift has valued almost 50 cm™.*® This means
that the bond lengths do not vary too much over PT, and this
is an evidence of a rotation around the main C; axis of the
molecule. The NH in-plane and out-of-plane deformation
vibrations, found at 1600 and 900—830 cm ™, respectively, are
slightly more affected by the temperature than the stretching
modes. They influence skeletal stretching modes, as clearly
observed by the shift of Raman band at 790 cm™" reaching
approximately 6 cm™" for the Raman band at 790 cm™" (Figure
3a). Though here again, the full width at half-maximum
(FWHM) does not change dramatically through the PT point,
it rather grows steadily within the given temperature range

with a small indent at PT. This is consistent with the behavior
of NH stretching modes, proving the constant reorientation of
quinuclidinium cations. The bands found within 3050—2950
and 1490—1190 cm™" belong to C—H/CH, stretching modes
and deformation vibrations, respectively, and they are typical of
the Q, dabco cation, and other ethylene-containing mole-
cules.”®* ™! However, in this case, they are broad (specifically
the band at 3050 cm™") and do not split remarkably even at 80
K (Figure S8). The bending modes observed at 1492 cm™
(6CH,, IR, RT) and 1342 cm™' (wCH,, IR, RT) behave in a
similar manner—the wavenumber and FWHM change goes on
almost steadily with a small jump around PT, as shown in
Figure 3c,d, respectively. This agrees well with the fact
deduced from the behavior of NH modes, namely, the
presence of disorder well below PT. The bands shift and
broaden insignificantly as the temperature rises. This is
somewhat similar to what has been observed in the dabcoCrCl
crystal;17 however, the Phase II disorder is much better
pronounced in QMnCl. An analogous thermal behavior has
been found in a metal—organic compound w1th dabco
molecules in the cavities where they rotate freely The lattice
modes observed in Raman spectra below 500 cm™" are the best
marker of the PT in this case since they originate from the

https://doi.org/10.1021/acs.jpcc.1c04545
J. Phys. Chem. C 2021, 125, 16810—16818
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Figure 3. (a) Corresponding wavenumber (black) and FWHM changes (blue) of the Raman band at 790 cm™'; (b) thermal evolution of Raman
bands assigned to MnCl, modes and translations/librations of Q cations; (c) wavenumber (black) and FWHM changes (blue) of the IR band at
1492 cm™; and (d) wavenumber (black) and FWHM changes (blue) of the IR band at 1435 cm™.

translation and librations of the whole organic cations and the
modes of MnCl, tetrahedra. The significant changes are found
in the case of the band at ca. 300 cm™", which shifts by 7 cm™
(Figure 3b) while crossing the PT point and subsequently
becomes broader. This is associated with the width gain of the
band at ca. 250 cm™' and finally with the most remarkable
changes observed at 160—80 cm™' (Figure 3b). The latter
region faces the merging of two main bands at ca. 130 and 100
cm™' before PT into one broad band upon heating. Taking
into account the fact that around 100 cm™ the deformation
modes of MnCl, are active and that the number of the modes
stays the same for both phases, we have concluded that the
changes are associated with the librations (rotations) of Q
cations. This would correspond to the symmetry change of the
Q molecule from C; into a higher C,,,, meaning basically free
rotation and disappearance of some bands. Unlike in
dabcoCrCl compound, here the Q cation provides only one
N atom for possible hydrogen bonding with the inorganic net;
thus, its motions are less constrained than its dabco relative,
and it is more likely to take the opportunity to move around.
Therefore, it is hereby concluded that the phase transition is
caused by the rotation of the whole Q molecule.

3.4. Electrical Properties. The dielectric response to
changes in the dynamics mobility of the organic elements
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during the solid-to-solid phase transition has been studied.
Variable-temperature dielectric spectra were performed on the
pressed pellet samples of QMnCl (Figure 4). The dielectric
constant (&') of complex dielectric shows a sharp steplike
anomaly upon the heating and cooling process around 285 K.
Below 285 K, at Phase II, ¢’ remains relatively stable, proving
an ordered phase of crystal above the phase transition. Above
285 K, in Phase I, &’ increases with temperature, indicating a
disturbance of thermal fluctuation and polarization. It is
commonly known that both structural changes and thermally
activated molecular rotations under the external electric field
are revealed in the behavior of ¢’. The visible steplike behavior
of dielectric permittivity (Figure 4a) indicates the order—
disorder transition, which is mainly attributed to organic
cations. In the high-temperature phase (Phase I), Q cations are
highly disordered, while in the low-temperature phase (Phase
II), their mobility is frozen. Additionally, dielectrics loss, tan &
(Figure 4b), displays small steplike changes around PT
temperature at a selected frequency.

The repetition of bistable state cycle measurement between
high (“ON”) and low (“OFF”) dielectric state has been
performed to demonstrate the switching behavior of the
QMnCl sample (Figure 4c). The measurements of dielectric
constant at selected frequency and with simultaneous periodic
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temperature.

temperature changes have been repeated several times. An
abscissa indicates the test time, which is correlated with the
cycle of the temperature. The blue line is the switching guide
to the eye. It is shown that in a high-dielectric state (Phase I),
dielectric permittivity &’ after several cycles maintains an
almost constant value of 23.5. The rapid decrease in &’ from
23.5 to 17 corresponds to the low-dielectric state (Phase II).
Generally, the behavior of switching of dielectric constant can
be characterized as a rapid switchable (nearly no-time
response) and with some nonzero delay time.””** The rapid
switchable materials show rapid system response during the
switch ON/OFF process. With the temperature decrease, the
rapid response of QMnCl from high-dielectric state (ON) to
low-dielectric state (OFF) indicates a nearly no-time delay
process. In the experiment, one single switching (ON/OFF)
circle to finish took about 8—12 min with the speed of
dielectric response of around 13 K. This behavior is extremely
important due to the application of these compounds as
intelligent materials that show a quick response to an external
factor and can realize the ON/OFF switching process.
Moreover, if one compares the stability of dielectric constant
of QMnCl after several cycles to other hybrid materials, e.g,,
MACr,** it can be concluded that this material can be
considered as an attractive material for electronics devices.
Figure 4d shows the temperature dependence of the real part
of A.C. conductivity for the QMnCl sample at two selected
frequencies. The conductivity values are obtained during
heating and cooling cycles as marked by arrows. During the
heating cycle, the conductivity of the QMnCl sample increases
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with temperature. The increased rate of conductivity with
temperature slows down above 290 K what is clearly visible at
higher frequency (black curve in Figure 4d). Above 290 K, the
conductivity also shows a monotonic increase. This temper-
ature is correlated with the phase transition of QMnCl. In the
inset, the A.C. conductivity is displayed in a limited scope of
temperatures to highlight the effect of PT on the conductivity
behavior. It can be seen that around the temperature of phase
transition, there is a jump in conductivity which is especially
visible at a lower frequency (red curve in Figure 4d). The PT is
additionally noticeable as temperature hysteresis in a range
from 270 to 290 K during heating and cooling. The increase in
conductivity with temperature is typical for ionic semi-
conductors and is associated with the increased disorder in
the material and with increasing proton transport in Q.** The
Nyquist plots (the imaginary part vs real part of impedance, SI,
Figure S10) consist of two overlapping semicircles and the
onset of a third one (visible above 300 K), which correspond
to three relaxation processes.”® The third process significantly
deviates from the one observed during heating (pink curve)
and the one during cooling (blue curve). An analysis of
complex impedance may allow combining the electrical
parameters with the microstructure of material and separate
different conduction mechanisms. The first two relaxation
processes were modeled with the use of different empirical
relations, and the best fitting results to experimental data were
obtained for the superposition of two Cole—Cole relaxation
processes. The impedance Cole—Cole relation depicts an
equivalent circuit consisting of a resistance and a CPE element
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connected parallel and can be written as: Z* = R(1 + jot)a™,
where Z* is the complex impedance, R is the equivalent
resistance of process, 7 is the mean dielectric relaxation time, @
is an angular frequency, and « is a parameter that describes the
width of the relaxation time distribution.’® In the case of our
results, two Cole—Cole relations were connected in series to
separate the components of the conductivity processes (see the
inset in the SI, Figure S10). The fitting analysis was performed
in 304—350 K range for both increasing and decreasing cycles.
Below 304 K, the second process was observed only as a part of
the semicircle and highly overlapped with the beginning of the
third process. Therefore, the correct fitting of the process
resistance was difficult. The fitting result of two Cole—Cole
relations to experimental data is presented for 320 K during
the heating and cooling cycles (SI, inset in Figure S10). It can
be seen that the fitting curve is in a good agreement with the
experimental data for the first two processes (in high- and
middle-frequency ranges).

The obtained resistances of two conduction processes have
been recalculated to conductivities (based on a sample and
electrodes sizes) and are displayed as a function of reciprocal
temperature in Figure Sa. The results found for heating and
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Figure 5. (a) Conductivity vs reciprocal temperature obtained for two
relaxation processes from Cole—Cole relations fit (SI, Figure S10).
(b) Variable-temperature dependence of relaxation time.

cooling cycles are similar. The first conduction process
observed in the high-frequency range exhibits higher
conductivity values and lower activation energy compared to
the second conduction process observed in the middle-
frequency range. Two conduction processes are correlated
with proton transfer in Q and CI” ion transfer.”® The
beginning of the third process visible at a low-frequency
range and high temperatures can be correlated with electrode
effects.’” The relaxation properties of QMnCl are discussed
based on the complex electrical modulus (M* = M’ + iM")
examination. A typical behavior for the relaxation process of
the temperature dependence of the imaginary part of the
electrical modulus (M”) recorded at various temperatures for
QMnCl is exposed (SI, Figure S11). A thermally activated
process is disclosed by the M” peaks shifting toward higher
frequencies with increasing temperature. The temperature
dependence of mean expectation time (7 = 7,e/*!) for a
fluctuation energy E, is shown in Figure Sb. The best least-
square fits expose changes in activation energy of dielectric

processes resulting from temperature changes (Figure Sb).
Below PT temperature, the anion becomes ordered. The
order—disorder phenomenon of the carbon atoms of Q and
the hydrogen atoms attached to them are assumed to be the
main cause of the dielectric response in QMnCl. Such
disordering exerts a predominant influence on the thermal
dynamics of Q and suggests that QMnCl can be a potential
switchable dielectric material.

3.5. EPR Study. The EPR spectra of powdered QMnCl
(presented in Figure 6) consist of a strong line with g-factor g =
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Figure 6. (a) EPR spectra of powdered QMnCl for selected
temperatures and (b) line width AH,;, dependence for heating and
cooling cycle.

2.01 and very weak satellite lines from fine structure, clearly
visible at Phase II. In some cases, a strong dipole broadening
and/or exchange interaction between Mn** (S = 5/2,1=5/2)
ions may smear the fine structure and EPR spectra consist of
only a single line, as shown before.*®**” On the other hand, if
the symmetry of the Mn-coordinating environment is not high
and the dipole broadening is small enough, a fine structure can
still be observed.” The last case corresponds to our EPR
studies and is consistent with the X-ray data (Figure 3).
However, the dipole broadening for individual lines is sufficient
to smear the sextet (2I + 1) of hyperfine structure.

At high temperature, the line width remains almost constant
and increases rapidly with temperature decreasing at transition
to Phase II. Such line width behavior indicates the first-order
PT. Moreover, AH,,, shows hysteresis, consistent with DSC
measurements. From the structural data, one can eliminate the
idea that a dipole broadening is the main contribution to the
rapid line width decreasing at the PT II — I because the
distances between Mn ions change only slightly (Figure S12,
SI). It should also be noted that some distances between the
nearest Mn>" ions increase and other decrease at PT, which
eliminates large changes in a line broadening. Based on
structural data (large Mn**—Mn** distances) any influence of
direct exchange on line width narrowing should be excluded.
Therefore, the most probable mechanism responsible for line
width decrease at II — I phase transition is averaging out of the
anisotropic spin environment triggered by movements.*' ~*’
This statement is strongly supported by the structural changes
that take place during PT because in Phase II, in contrast to
HT Phase I, one of the Q ions is disordered and appears in
three different orientations.
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4. SUMMARY

In summary, new organic—inorganic hybrid (quinuclidinium)-
MnCl, is found to show the temperature-induced switchable
dielectric permittivity at around 285 K. For obtained materials,
an almost unchanged amplitude of dielectric permittivity has
been recorded during a few cycles of ON/OFF switching,
indicating that a dielectric switching remains both reversible
and stable. The detailed analysis of the crystal structure and
vibrational spectroscopy indicates that its switchable properties
originate from the order—disorder induced by the rotation of
Q ions. This material can be used as a potential material for
electrically switchable devices or in electronic materials.
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