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Abstract: The use of chiral organic ligands as linkers and metal ion nodes with specific coordination
geometry is an effective strategy for creating homochiral structures with potential ferroelectric proper-
ties. Natural Cinchona alkaloids, e.g., quinine and cinchonine, as compounds with a polar quinuclidine
fragment and aromatic quinoline ring, are suitable candidates for the construction of molecular ferro-
electrics. In this work, the compounds [CnZnCl3]-MeOH and [CnZnBr3]-MeOH, which crystallize
in the ferroelectric polar space group P21, were prepared by reacting the cinchoninium cation (Cn)
with zinc(IT) chloride or zinc(IT) bromide. The structure of [CnZnBr;]-MeOH was determined from
single-crystal X-ray diffraction analysis and was isostructural with the previously reported chloride
analog [CnZnCl3]-MeOH. The compounds were characterized by infrared spectroscopy, and their
thermal stability was determined by thermogravimetric analysis and temperature-modulated pow-
der X-ray diffraction experiments. The intermolecular interactions of the different cinchoninium
halogenometalate complexes were evaluated and compared.

Keywords: quinoline; quinuclidine; cinchonine; zinc(II); halogenometalate; hydrogen bonds; ferro-
electric; stacking interactions

1. Introduction

Ferroelectrics are an important class of materials that are of great interest from both a
fundamental and an applied point of view, e.g., in the electronics and medical industries [1].
Their main characteristic is the occurrence of a permanent and spontaneous polarization
that can be altered by applying an external electric field. Although various inorganic ferro-
electrics have been discovered to date, the most common are lead-based oxides, which are
now becoming an increasing environmental concern due to the toxicity of lead, the scarcity
of elemental resources, and the high cost of producing oxide materials [2,3]. Recent research
has shown that there is great potential for soft materials based on organic and inorganic—
organic molecules [4-6]. Such materials are produced using relatively simple processes at
low temperatures and according to the principles of green chemistry. A prerequisite for the
existence of a permanent dipole moment is that the material crystallizes in a space group
with a unique axis of rotation and without a center of symmetry. The advantage of these
soft materials is that the crystal packing can be influenced by the careful selection of the
molecular fragments, relying on the intermolecular contacts they will achieve in the solid
state, but also by some external stimuli such as crystallizing solvents, pressure, and heat [7].
For example, polar spherical molecules such as quinuclidine can be very easily reoriented
in an electric field and thus influence the occurrence of ferroelectric polarization [8]. In
addition, the chirality of certain molecules is important for the design of polar structures,
which is essential for ferroelectrics. The use of naturally occurring chiral ligands can be an
effective strategy for the preparation of molecular ferroelectrics [9,10]. Many small organic
molecules are asymmetric and can retain their asymmetry upon crystallization. However,
this does not necessarily mean that asymmetric molecules will consistently crystallize
in an asymmetric or polar structure. A polar asymmetric molecule can interact with a
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neighboring molecule and form a supramolecular synthon that forms a crystal structure
with an inversion center, which is undesirable for ferroelectrics [11]. For this reason, the
understanding and prediction of intermolecular interactions is crucial for the design of
supramolecular ferroelectrics [3]. However, the literature reports on the ferroelectric prop-
erties of homochiral molecules are not very extensive, and among the best studied are
those of organic salts such as R-3-hydroxlyquinuclidinium halides [12], three-dimensional
metal-free perovskites of (3-ammonioquinuclidinium)NH,Br3 [13], and bis (imidazolium)-
L-tartrate [14]. Recently, a pair of homochiral organic simple-component ferroelectrics
based on a heterocyclic derivative of spirooxazacamphorsultam was reported to exhibit
well-defined ferroelectricity with spontaneous polarization of 2.2 pC cm~2 at a coercive
field of ~50 kV cm~! [15]. Homochiral organic molecules are also responsible for ferro-
electricity in semi-crystalline solid materials with polar symmetry, i.e., liquid crystals. For
example, the ferroelectric chiral cholesterol derivatives exhibit a spontaneous polarization
switching of ~4 uC cm~2 at a coercive field of ~50 kV cm ™! [16]. There are far fewer reports
of ferroelectric metal-organic complexes constructed from a chiral ligand. The presence of
transition metal atoms can impart additional physical properties to the material, as in the
case of the plastic hybrid compound R-3-hydroxyquinuclidium tetrachloroferatte, which
exhibits both ferroelectricity and long-range magnetic ordering [5], or N,N’-dimethyl-1,4-
diazoniabicyclo [2.2.2]octonium tetrachlorocuprate, in which thermochromism is observed
due to a change in coordination geometry around the metal center [4]. One strategy to
prepare molecular ferroelectrics is to introduce the chiral solvent, i.e., R-1,2-propanediol
or 5-1,2-propanediol, into the crystal structure of the metal-organic complex, which suc-
cessfully achieved ferroelectricity in the compound Cu(1,10-phenanthroline);SeO4 [17].
In all the systems mentioned, the values of the coercive fields and the magnitude of the
polarization are similar, indicating that the ferroelectric polarization occurs as a result of
energetically similar processes, i.e., similar ferroelectric switching mechanisms.

In the search for suitable organic ligands for the construction of polar crystal structures,
chiral alkaloids have proven to be excellent candidates, which is of crucial importance for
ferroelectrics. The development of ligands based on 4-quinolones has made considerable
progress, and to date more than 10,000 analogs have been prepared by various modifi-
cations of the quinoline ring system [18], providing a platform of nearly 200 biologically
active alkaloids for material design. Among the best known are those that can be isolated
from the Cinchona plant, in particular quinine, which has been used for many years to treat
malaria [19]. In addition to quinine, its quasi-enantiomer quinidine and its analogs without
a methoxy group in the quinoline ring, cinchonidine and cinchonine, are also known [20].
In addition to quinoline fragments, these alkaloids have a polar quinuclidine fragment
which is responsible for the ferroelectric properties of organic and organic-inorganic com-
pounds [5,8]. Nevertheless, reports on the use of these alkaloids for molecular ferroelectrics
are rather scarce, and only two organic-inorganic compounds have been reported to ex-
hibit ferroelectricity, namely, the quinine—copper(II) complex (H;-quinine), CusCyg [21] and
the quinine—copper(I) coordination polymer (H-quinine),CugClyg [22], which achieve a
relatively low value of remanent polarization of about 0.1 uC cm ™2 at a coercive field of
10 kV em ™1, These two examples show that quinine and related alkaloids can be used to
tune the dimensionality of metal-organic systems. Polymeric species are formed when only
one nitrogen is protonated, whereas isolated complexes are formed when both nitrogen
atoms are protonated and the quinine molecule appears as a dication. Our motivation
was to investigate whether other alkaloids from the Cinchona family are suitable for the
preparation of molecular ferroelectrics.

In this work, we selected the cinchoninium cation [Cn, (C19H3N,0)*], also a mem-
ber of the Cinchona alkaloids, to prepare the metal complexes with zinc(Il) chloride and
zinc(Il) bromide. The properties of the prepared [CnZnCl3]-MeOH and [CnZnBr3]-MeOH
complexes were investigated by FTIR-ATR spectroscopy, powder and single-crystal X-ray
diffraction, thermal analysis and measurements of polarization as a function of applied
voltage. The structure of the prepared cinchoninium-trihalogenozinc(II) complexes was
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compared with similar compounds in the literature, and it was investigated how intermolec-
ular interactions in these systems influence the formation of polar (ferroelectric) structures.

2. Materials and Methods
2.1. Syntesis of [CnZnX3] MeOH, X = Cl, Br

Cinchoninium chloride dihydrate (85%), CnCl-2H,O, zinc(Il) chloride (98%), ZnCly,,
and zinc(Il) bromide (99%), ZnBr,, were purchased from Sigma Aldrich. The compounds
[CnZnCl3]-MeOH and [CnZnBr3]-MeOH were prepared using a solvent-layering technique.
Methanolic solution (2 mL; 0.105 M) of cinchoninium chloride dihydrate was covered with
acetonitrile solution (2 mL; 0.095 M) of zinc(II) halide. After a few days, rod-shaped crystals
of the compound [CnZnX3]-MeOH (X = Cl, Br) formed in a closed test tube. The rod-shaped
crystals were separated and briefly dried in air (70% yield).

2.2. Spectroscopic Measreumtns

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra were
recorded in the 4000—400 cm~! range using a PerkinElmer FT-IR Frontier spectrometer.

2.3. Thermal Analyis

Thermal analysis was performed with a Shimadzu DTG-60H analyser, in the range

from 290 to 1000 K, in a stream of synthetic air at a heating rate of 10 K min~'.

2.4. Single-Crystal and Powder X-Ray Diffraction

The single-crystal X-ray diffraction data for compound [CnZnBr;]-MeOH were col-
lected by w-scans using Cu-Ko radiation (A = 1.54179 A, microfocus tube, mirror monochro-
mator) on a Rigaku XtaLAB Synergy S diffractometer at 293 K. The crystal data, exper-
imental conditions, and final refinement parameters are summarized in Table 1. Data
reduction, including the multiscan absorption correction, was performed with the CrysAl-
isPRO software package (version 1.171.42.62a). The molecular and crystal structures were
solved by direct methods using the program SIR2019 [23] and refined by the full-matrix
least-squares method based on F? with anisotropic displacement parameters for all non-
hydrogen atoms (SHELXL-2014/7) [24]. Both programs were operating under the WinGX
program package [25]. The positions of the hydrogen atoms attached to the carbon and
nitrogen of the cinchoninium cation were found in the electron density map, but were
placed in idealized positions. The hydrogen atoms of the methanol molecule were also
identified based on a difference Fourier map [O-H distances were restrained to a target
value of 0.85 (2) A]. Geometrical calculations were carried out with PLATON [26] and the
figures were generated using the CCDC-Mercury program [27].

Table 1. Crystallographic data and structural refinement details for the compound [CnZnBr3]-MeOH.

Empirical formula CyoHy7Br3sN,OyZn Ocaled/g cm ™3 1.84
Crystal color, habit Colorless, rod-like u/ mm~! 7.784
Formula weight/g mol ! 632.53 0 range/° 4.73-79.62
Crystal system monoclinic No. of measured reflections 8820
Space group P2, No. of independent reflections 4059
a/A 9.3262(1) No. of observed reflections 3948
b/A 13.1230(2) No. of parameters, restraints 264, 6
c/A 9.3436(1) Rint 0.0409
w/° 90 R, wR [I>20(I)] 0.0833, 0.2575
B/° 92.709(1) R, wR [all data] 0.0842, 0.2623
v/° 90 Flack parameter 0.005(5)
v/A3 1142.26(4) Goodness of fit 1.266
z 2 APmax, Apmin/e A3 4124, —1.778
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The Hirshfeld surfaces and 2D fingerprints of the Hirshfeld surface were calculated
using the program Crystal Explorer [28]. The normalized contact distances dnorm Were
mapped onto the generated Hirshfeld surface, with red regions indicating close intermolec-
ular contacts (negative dnorm), blue regions indicating longer contacts (positive dnorm), and
white regions with intermolecular contacts corresponding to the van der Waals radii of the
atoms in contact (dnorm = 0).

The powder X-ray diffraction data (PXRD) were collected in reflection mode with
Cu-Ko radiation (A = 1.54060 A) on a Malvern Panalytical Empyrean diffractometer using
a step size of 0.013° in the 26 range between 5° and 50°. For temperature-modulated PXRD
measurements, a high temperature camera was used.

2.5. Polarization Measurements

Ferroelectric tests based on the positive-up—negative-down method [29,30] at room
temperature were measured at a frequency of 10 Hz and under a voltage of 450 V using a
ferroelectric analyser TF1000 from AixACCT (Aachen, Germany).

3. Results and Discussion
3.1. Synthesis and Spectroscopic Characterization

In the study carried out, the compound [CnZnCl;]-MeOH was prepared in the form
of single crystals through a modified literature method by layering a methanol solution of
cinchoninium chloride with an acetonitrile solution of zinc(II) chloride. This method allows
the preparation of high-quality single crystals in very high yield. The choice of solvent for
dissolving the starting compounds played a decisive role in crystallization as well as in
the chemical composition and crystal structure of the products obtained. According to the
PXRD analysis, the prepared cinchoninium-trichlorozinc(Il) compound corresponds to the
structure deposited in the Cambridge Structural Database (CSD) under the reference code
JORQIQ (Supplementary Figure S3) [31]. By replacing zinc(Il) chloride with zinc(II) bro-
mide in the reaction with cinchoninium chloride (CnCl), a new mononuclear coordination
complex of the formula [CnZnBr;]-MeOH was obtained. The compound crystallized as a
solvate with a methanol molecule in the crystal structure and was isostructural with the
compound [CnZnCl3]-MeOH [32].

The spectrum of cinchoninium chloride dihydrate and the complex compounds
[CnZnX;3]-MeOH (X = Cl, Br) shows bands at similar wavenumbers (Supplementary
Figures S1 and S2). The band at 3490 cm ! is related to the stretching vibration of the
O-H bond of the hydroxyl group of cinchonine and methanol [v(O-H)], while the band at
3134 cm ! corresponds to the stretching of the N-H bond of the protonated quinuclidine
nitrogen [v(N-H)] [33]. The most intense band in the spectrum appears at 778 cm ! and is
related to the deformation of the quinolone group [34].

3.2. Thermal Stability

The thermal stability of the compound [CnZnCl3]-MeOH was investigated by TG/DTA
analysis (Supplementary Figure S4). In the first stage of decomposition, which starts at
323 K and ends at 387 K, the methanol molecule leaves the crystal structure (mass loss for
CH30H: Wqc = 6.41%; Wexp = 6.43%). The next step, which corresponds to the cleavage of
the ethylene group on the quinuclidine fragment of the cinchonine, begins at 550 K and
ends at 600 K (mass loss for CoHy: Weaie = 5.61%; Wexp = 4.77%). Further heating leads to the
complete decomposition of the organic part of the molecule, and apparently the inorganic
part also decomposes with the formation of volatile products, so that no residue remains
after heat treatment at 1000 K. Compared to traditional ferroelectrics such as Pb(Zr,Ti)Os
and LiNbO3, which are stable at high temperatures above 650 K [35], the thermal stability
of [CnZnCl3]-MeOH up to 323 K limits its potential applicability. So far, the highest Curie
temperature of ~521 K has been reported for a purely organic ferroelectric crystal based on
a phenanthroimidazole derivative [36].
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In addition, temperature-modulated PXRD experiments were performed to reveal the
structural changes that the original structure of [CnZnBr3]-MeOH undergoes when heated
from room temperature to 463 K (Figure 1). Even at a slight heating to 323 K, the PXRD
pattern changes, and in addition to the peaks corresponding to the [CnZnBr;]-MeOH phase,
additional peaks belonging to a new phase are detected. The correlation of these obser-
vations with the TG/DTA experiment on the isostructural compound [CnZnCl;]-MeOH
suggests that the structural transformation is related to the removal of the solvent molecule
(methanol) from the crystal structure. According to PXRD, the solvent-free form is stable
up to 463 K.
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Figure 1. Temperature-modulated PXRD experiments on the initial sample [CnZnBr3]-MeOH (black
line) measured at 293 K. The diffractogram simulated from the single-crystal XRD data is given for
comparison (gray line).

3.3. Crystal Structures of [CnZnX3]-MeOH, X = Cl, Br

At room temperature, the compounds [CnZnX3]-MeOH, where X = Cl, Br, crystallized
in the monoclinic space group P2;. The coordination of the Zn(II) center is a tetrahedron
with a nitrogen atom from the quinolone fragment and three halide ligands (Figure 2).
In the [CnZnBr3]-MeOH complex, the Zn-N bond length is 2.096(8) A, which is typical
for complexes with a similar coordination polyhedron according to the CSD [31] (values
found in the CSD: average 2.063 A, range 2.010-2.114 A). The Zn-Br bond lengths are also
uniform and lie in the range of 2.318-2.365 A. Similar values were found in other tetrahedral
zinc(II) complexes with nitrogen and bromine atoms in the coordination sphere (average
2.371 A, range 2.309-2.410 A). Details of the coordination geometry around zinc are given
in Supplementary Tables S1 and S2. Calculation of the continuous symmetry measures
(CSM) using the CoSyM calculator [37] shows that the deviation of the geometry from
the ideal tetrahedron is 0.40 in the [CnZnBr3;]-MeOH complex and only slightly smaller,
about 0.34, in [CnZnCl3]-MeOH, indicating that both compounds exhibit some degree of
distortion from the ideal tetrahedral geometry.

The intermolecular interactions were analyzed by generating Hirshfeld surfaces with
normalized contact distance (dnorm) and two-dimensional (d; vs. d,) fingerprint plots for
the compounds [CnZnBr3]-MeOH and [CnZnCl3]-MeOH. The calculation of the Hirshfeld
surface without solvent clearly shows a short interaction between the methanol molecule
and the halogen atom of the [CnZnX3] complex (Figure 3a,d). The red regions on the Hirsh-
feld surface of [CnZnBr3;]-MeOH were significantly smaller than those of [CnZnCl;]-MeOH
(Figure 3b,e). These red regions represent areas with high electron density and strong
interactions, which is consistent with the fingerprint plot analysis. The interaction between
the H atoms in the organic component and the halide atoms in the inorganic component
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was calculated and analyzed from these fingerprint plots (Figure 3c,f). It was found that the
H- - - Br interactions in [CnZnBr3]-MeOH accounted for 36.5%, slightly more than the 34.7%
for H- - - Cl interactions in [CnZnCl3]-MeOH. The contributions of other contact types were
similar in both compounds, with the exception of H- - - H interactions, which were associ-
ated with 42.8% and 45.8% of the surface area of [CnZnBr3]-MeOH and [CnZnCl3]-MeOH
compounds, respectively.

Figure 2. Asymmetric unit in [CnZnBr3]-MeOH with the atom numbering scheme. Displacement
ellipsoids are drawn for a probability of 50% and hydrogen atoms are shown as spheres of arbitrary radii.

Figure 3. Hirshfeld surface mapped with normalized contact distance of (a) complex [CnZnBr3],
(b) [CnZnBr3]-MeOH; (d) complex [CnZnCl3]; (e) [CnZnBr3]-MeOH. Fingerprint plots for all contacts
in (c) [CnZnBr3]-MeOH; (f) [CnZnCl3]-MeOH.

The crystal packing of [CnZnBr3]-MeOH is determined by hydrogen bonds between
the halide atoms and the hydrogen atoms of the hydroxyl group and the protonated
quinuclidine group of the cinchoninium. The methanol molecule mediates the hydrogen
bonds between two [CnZnBr3] complexes, and this type of interaction forms a cooperative
hydrogen bonding chain along the c-axis (Figure 4a). Besides participating as a proton
donor and acceptor in the cooperative hydrogen bond, methanol serves as an additional
proton donor for the C-H---Br contact propagating along the a-axis. Along the polar b-axis,
there is a hydrogen bonding chain between the two [CnZnBr3] complexes (Figure 4b),
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which results from a hydroxyl-O-H::-Br contact. In addition to these contacts, the two
C-H---mt interactions also stabilize the crystal packing along the polar axis. Details of
these interactions can be found in Supplementary Tables S3 and S4. The intermolecu-
lar potentials calculated in Mercury using the UNI force field calculation [38,39] are in
good agreement with the Hirshfeld surface analysis [28], which predicts stronger contacts
for the [CnZnCl3]-MeOH compound. Each [CnZnCl;] complex forms two contacts of
—40.5 k] mol~! and —33.9 k] mol~! with two neighboring [CnZnCl3] complexes and one
contact of —29.1 k] mol~! with the methanol molecule. In the [CnZnBr;]-MeOH com-
pound, the mentioned contacts reached energy levels of —38.2 k] mol~!, —32.2 k] mol !
and —28.4 k] mol !, respectively.

'...

Figure 4. Hydrogen bonding in [CnZnBr3]-MeOH: (a) cooperative hydrogen bond chain between
methanol and [CnZnBr3]; (b) hydrogen bonding along the direction of the polar axis. Hydrogen
contacts are shown as blue dashes; the coordination sphere around zinc is shown as a gray tetrahedron.
The green line represents the two-fold screw axis.

3.4. Ferroelectric Properties

The measurements of the dependence of the polarization on the voltage at room tem-
perature (298 K) confirmed the ferroelectric polarization in the compound [CnZnCl3]-MeOH.
A typical hysteresis loop describing the polarization as a function of the applied voltage
is shown in Figure 5 together with the voltage-dependent maxima of the electric current,
confirming the macroscopic ferroelectric response due to intrinsic spontaneous polarization.
Since the measurements were performed on thin pressed pellets of the compound, the
saturation value of the spontaneous polarization under the above conditions is very low
and is about 2 nC cm~2. The coercive field for this compound is about 50 kV cm .

4 20
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Figure 5. Polarization—voltage loop measured on a [CnZnCl3]-MeOH 50 pum thick pellet sample.
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4. Discussion

The results presented in this work include the preparation and characterization of
metal-organic compounds based on natural alkaloids from the Cinchona group, a cin-
choninium cation, and halogenometalates, trichlorozinc(Il), and tribromozinc(Il). Two
compounds were prepared: the cinchoninium-trichlorozinc(ll)-methanol complex, which
has already been reported in the literature [32], and a new compound, cinchoninum-
tribromozinc(Il)-methanol. The compounds produced are neutral mononuclear units
whose molecular structures are essentially the same. The zinc atom is in a tetrahedral geom-
etry in which one coordination site is occupied by the quinolone nitrogen atom and the other
three coordination sites are occupied by halogen anions (Cl- or Br-). The N-H groups of the
protonated quinuclidine fragment and the O-H hydroxyl groups are donors of hydrogen
bonds to the halogen anions of the zinc(II) tetrahedron. The compounds [CnZnBrs]-MeOH
and [CnZnCl3]-MeOH (Ref. code in CSD JORQIQ) [32] are isostructural and crystallize
in the polar space group P2;. In addition to these compounds, there are five other struc-
tures in the CSD that contain a combination of protonated cinchoninium molecule and
halogenometalate [31]. Three of them contain a doubly protonated cinchoninium cation
and a tetrachlorometalate anion (M = Cd, Cu) [40-42]. These structures crystallize in the
non-polar space group P2;2;2; (ref. codes in CSD CINCDC [40], FACFEU [41], and WAT-
FUT [42]). Trichlorocobalt(II) complexes with a cinchoninium cation are also deposited
in the CSD, namely as a non-solvent complex (ref. code in CSD WUXQIP [43]) and as an
ethanol-solvent compound (ref. code in CDS WUXQOV [43]), both crystallizing in the
polar monoclinic space group P2;.

In orthorhombic structures with higher symmetry (CINCDC [40], FACFEU [41], WAT-
FUT [42]), aromatic stacking interactions have a stabilizing and directing effect on the crys-
tal packing in addition to hydrogen bonds (see Figure 6a,b). In polar crystal structures
(JORQIQ [32], WUXQIP [43], [CnZnBr;]-MeOH), these types of interactions are absent
(Figure 6¢). Another observation is that in non-polar structures, cinchoninium molecules
appear as doubly protonated and isolated cations, whereas in all polar structures with cin-
choninium, the quinolone nitrogen is coordinated to the metal center and the organic fragment
is part of the complex. The cinchoninium molecules probably have more freedom of move-
ment in the structures in which they occur as isolated cations, and their packing is determined
by stacking interactions. In the structures where cinchoninium is part of the metal complex,
the molecule is more rigid and other types of interactions, especially hydrogen bonds, are
more pronounced. If the influence of the inorganic moiety is taken into account, structures
with trihalogenometalate contribute more to the overall dipole moment of the complex, while
the tetrahalogenometalate anions are non-polar in ideal tetrahedron geometry.

(a) (b) (c)

CINCDC WATFUT [CnZnBr;]-MeOH

Figure 6. Interactions between cinchoninium molecules related by two-fold screw axes in the struc-
tures of (a) cinchoninium tetrachlorocadmium(Il) dihydrate (CINCDC) [40]; (b) bis(cinchoninium)
tetrachlorocadmium(II) tetrachlorocopper(Il) (WAFFUT) [42]; and (c) cinchoninium tribromoz-
inc(IT) methanol.
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Temperature-modulated experiments corroborating the TG/DTA analysis indicate that
the loss of the methanol molecule from the crystal structure causes a structural transformation
in the solvent-free structure, which is stable up to 460 K. The structure of this solvent-free
phase could be related to that of the cinchoninium-—trichlorocobalt(Il) complex (ref. code
WUXQIP [43]) which crystalizes in a monoclinic P2; structure with the following unit cell
parameters: a = 8.414(1) A, b = 12.768(2) A, ¢ = 10.058(2) A, p = 97.41(2)°, V =1071.51 A3,
The intermolecular potentials of the cinchoninium~trichlorocobalt(Il) complex calculated in
Mercury using the UNI force field calculation [38,39] show two strong interactions with an
energy of —41.2 k] mol ! and two with —33.6 k] mol~*, of similar value to those found in the
structures of [CnZnCls]-MeOH and [CnZnBr3;]-MeOH. The next strongest interaction with
13.8 k] mol~! is only half as large as the corresponding contacts in [CnZnCl3]-MeOH and
[CnZnBr3]-MeOH. These intermolecular potential values indicate that the methanol molecule
significantly influences the stability of the crystal packing through intermolecular interactions
in the [CnZnCl3]-MeOH and [CnZnBr;]-MeOH complexes.

In supramolecular compounds, the crystal symmetry and thus the physical prop-
erties are largely influenced by intermolecular interactions. For example, the choice of
solvents with different polarities can trigger specific structural rearrangements. This
was observed for the mononuclear iron(III) complex [Fe(sap)(acac)(solvent)] (Hpsap = 2-
salicylideneaminophenol; acac = acethylacetate; solvent = MeOH, pyridine, DMSO), where
the presence of the highly polar DMSO molecule triggered crystallization into the polar
crystal structure and ferroelectric properties, while the solvates of pyridine and methanol
were non-polar [44]. The compound [CnZnCl;]-MeOH also crystallizes in the polar space
group, and a relatively small but detectable ferroelectric polarization value was measured
based on ferroelectric positive-up—negative-down tests performed on the pressed bulk sam-
ple. A possible explanation for the observed ferroelectricity could be related to the presence
of permanent dipoles originating from the solvent molecule (methanol) or the quinuclidine
part of the [CnZnCl3] complex, both of which have some freedom of movement in the solid
state [33].

Given the low value of remanent polarization, there are several issues that can lead
to its underestimation. First, it is not possible to apply the electric field exactly along the
polar axis because the measurement was performed on a pressed pellet in which different
crystal and domain orientations were present. Secondly, such bulk samples are always
accompanied by various defects and depolarization fields. To improve polarization, sample
preparation needs to be optimized to obtain a more suitable morphology for ferroelectric
testing, e.g., by growing defect-free single crystals or producing thin films for better control
of the electric field along the polar axis. Another problem is the search for compatible
electrical contacts on the surfaces of crystals or thin films. While conductive pastes allow
the deposition of contacts under ambient conditions, they can be destructive to soft metal—-
organic materials due to the presence of organic solvents. On the other hand, sputtering or
thermal evaporation of metal on crystals is difficult to apply, and the associated heating
of the surface can also cause undesirable processes such as the destruction of samples or
short circuits.

Overall, the advantage of metal-organic compounds over conventional ferroelectrics
is that they definitely offer more possibilities to tune the structural properties and can be
prepared by simple synthesis protocols at low temperatures. However, it is very difficult to
maintain ferroelectric polarization in these materials. Therefore, additional efforts need to
be invested in the fabrication of functional devices based on such soft molecular materials.

5. Conclusions

In summary, we describe the preparation of Cinchona-based materials in the form
of single crystals by a solvent-layering technique. This investigation has shown that the
structural changes in the prepared [CnZnCls;]-MeOH and [CnZnBr;]-MeOH complexes
already start at moderately low temperatures (323 K), but the metal-organic material is
crystalline and stable up to 463 K. The room temperature phase of these isostructural
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compounds belongs to the ferroelectric polar space group P2;. Macroscopic ferroelec-
tricity, based on polarization-voltage measurements at room temperature, was indeed
detected in the [CnZnCl3]-MeOH complex, confirming that the natural alkaloids of the
Cinchona family are suitable candidates for the design of molecular ferroelectrics. The study
of intermolecular interactions in a small group of structures with cinchoninium cations
and halogenometallates deposited in CSD shows that the formation of polar structures
occurs with monoprotonated cinchoninium cations coordinating the metal center, in con-
trast to structures with double protonated cinchoninium cations. Furthermore, a detailed
insight into the crystal structures of these compounds and calculations of the intermolec-
ular potentials revealed the significant influence of solvent molecules (methanol) in the
supramolecular arrangement, mediated by hydrogen bonding.
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