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Introduction

Experimentally confirmed ferroelectricity in
organic compounds identified by database mining

Maximilian Litterst,” Manjunath Balagopalan, 2 ® Ramon Jannasch,’
Elin Dypvik Sedahl,© Seyedmojtaba Seyedraoufi, Carl Henrik Gerbitz,”
Kristian Berland,® Ola Nilsen {2 *° and Martijn Kemerink (2 *2

Compared to inorganic ferroelectrics, the breadth of polarization switching mechanisms in organic
ferroelectrics is very broad and far from fully characterized or understood. Here, we experimentally
investigate the absence or presence of ferroelectric properties in a selection of organic materials that
have been identified by a data mining approach using heuristic measures to identify stretchability, aiming
to assess the practical potential of this approach. From a set of 66 candidate materials, 4 were selected
for detailed analysis. These were investigated structurally using powder X-ray diffraction and electrically,
using capacitance—voltage spectroscopy and polarization hysteresis measurements. Despite large differ-
ences in stability and background conductivity, all compounds exhibited ferroelectric behavior at room
temperature, with relatively large polarization values. Specifically, the ferroelectric properties of one
material show a strong dependency on the ambient humidity, whereas another showed a strong cou-
pling between background conductivity and ferroelectric switching. These effects are not yet fully
understood and lie beyond the scope of this study. Of the remaining two compounds, one was found to
be unstable at room temperature whereas the other displayed multiple polymorphs, complicating repro-
ducibility and limiting their practical potential. Overall, these results confirm the relevance of the data
mining prediction scheme and suggest that a significant fraction of the identified but so far untested
materials may also be ferroelectric.

in combination with rotational freedom can be more efficient
energy harvesters.'?

Ferroelectric materials are widely used in actuators,?
sensors,>! and power generators™® as well as in non-volatile
memory devices.” Organic ferroelectrics could potentially
replace current heavy-metal-based inorganic materials with
non-toxic options and enable new applications such as flexible
energy generators.’ Their typically lower stiffness is advanta-
geous in this context,’ and their potential for self-healing,
linked to the non-covalent bonding in their crystal structures
adds further appeal.® In addition, organic materials are usually
easy-processible, lightweight, and highly tunable. For instance,
their conductivity can be modified without compromising their
ferroelectric properties.” Depending on the application, differ-
ent material properties are advantageous: piezoelectric actua-
tors benefit from stiffness,">"'" while softer materials, especially
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Most inorganic ferroelectrics have an ordered lattice in
which the change in polarization arises from a shift in the
position of an ion.™ Such displacive ferroelectrics tend to have
comparatively high remnant polarization values and relatively
low coercive fields, e.g. P, ~ 15 uCecm 2and E. ~ 2V um " for
lead zirconate titanate, PZT."® Organic or hybrid ferroelectrics
can have similar switching mechanisms with the displacement
of an ion™" or a charged molecule in a mixed stack, in so-
called charge transfer ferroelectrics.'® Proton transfer ferroelec-
tricity, where a proton changes its position within a hydrogen
bond, exists for both organic'” and inorganic materials.'®
These materials can exhibit very high remnant polarizations
and small coercive fields. An example of the latter is croconic
acid with P, & 30 uC em 2 and E. =~ 2 V pm "7 Order-
disorder ferroelectrics are mostly organic materials in which
permanent dipoles are disordered above the Curie temperature
and ordered in the low temperature ferro- or piezoelectric
phase. The dipoles can be aligned by an electric field that can
reorient the dipolar group,'® the globular molecule®® or the
whole polymer chain.®® This class of (organic) ferroelectric
materials generally has lower remnant polarizations, limited
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by the dipole moment of the molecule, and higher coercive
fields. Well-known examples are the ferroelectric polymer poly-
vinylidene fluoride (PVDF) and its co-polymers with trifluor-
oethylene (TrFE), with P, ~ 6 pC cm 2 and E. ~ 100 V um ™" for
the homopolymer.>

While the switching mechanisms and kinetics of inorganic
ferroelectrics are generally well understood, the same cannot be
said for organic ferroelectrics. Even for PVDF, the most studied
organic ferroelectric, the details of switching,”"** the reason for
its negative piezoelectric coefficient,>* its structural evolution
under poling®® and the role of (un)intentional structural
defects®®”” are still being investigated. To complement in-
depth studies of single-component systems like PVDF and its
derivatives or BTA,*®?° an important way forward in gaining a
better understanding of the variety of mechanisms underlying
the ferroelectric properties of organic ferroelectrics is to expand
the catalogue of known organic ferroelectrics. Not only is this
important to establish structure-property relationships, which
are currently largely lacking for organic ferroelectrics, but also
for identifying their performance limits.

To achieve this, the Cambridge Structural Database (CSD) is
a useful resource as was already demonstrated over 30 years ago
with a study of 186 materials.>® With the use of today’s
computing power, it is possible to screen large portions of
the 1.2 million entries according to different criteria depending
on the class of ferroelectric being searched for. This approach
led to the identification of 54 globular®® and 12 proton-
transfer®” candidate materials. Here, we assess the validity
and relevance of this data mining approach by experimentally
investigating whether (a subset of) these materials are indeed
ferroelectric.

Out of the many ways to prove ferroelectricity, we selected
macroscopic electric measurements of the charge (external
quantity of the polarization) and the capacitance (external
quantity of the permittivity) because they do not rely on high-
quality crystals or thin films, which may be hard to obtain and
as such are less suited for a screening study and avoid the
additional complications associated with microscopic techni-
ques like piezo-force microscopy.>*** At the same time, addi-
tional care was taken to avoid spurious signals skewing our
interpretation.®>® Additionally, the predicted lack of inversion
symmetry, which is necessary for ferroelectricity, was con-
firmed by X-ray diffraction (XRD).

The most direct way to prove ferroelectricity is to measure
the polarization versus electric field, P(E), hysteresis curve. This
is done by applying a triangular voltage waveform, measuring
the response current of the material and integrating it, to give
the corresponding charge. If the measured charges are indeed
due to ferroelectric switching, one should obtain a typical
ferroelectric hysteresis loop characterized by polarization
saturation once most, if not all, of the dipoles are flipped,
visible as a flattening of the polarization above the coercive
field.*® Unfortunately, open but non-saturating loops of inte-
grated charge vs. applied field can also arise from a leaky
dielectric.>® Waveforms such as the double wave (two up, two
down triangular signals) can be used to isolate, to first order,
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the polarization switching signal from the resistive and capa-
citive contributions, thus helping to distinguish true ferro-
electrics from ‘bananas’, i.e., false positives.®”

For further verification of ferroelectricity, the capacitance-
voltage, C(V), loop is advantageous as it helps distinguish leaky
dielectrics, whose capacitance typically remains constant. In
contrast, ferroelectric materials exhibit a field-dependent per-
mittivity, and as the absolute electric field increases, the
capacitance peaks at the coercive field. This occurs because
switching creates an energetic equivalence between up and
down polarization, resulting in more mobile dipoles.*®

Other possible measurements include the change of piezo-
electricity when switching,**™** Curie-Weif§ behavior ((7)™" =
ao(T — T.)) indicating the appearance of mobile dipoles**** or
second harmonic generation (SHG)* and X-ray diffraction to
show the existence of a non-centrosymmetric unit-cell, which is
a prerequisite for ferroelectricity. To avoid false or ambiguous
conclusions, multiple measurements should ideally be per-
formed. However, it is not necessary to perform all of the
above-mentioned measurements as this is often not experimen-
tally feasible. E.g., a measurable Curie-temperature may not
even exist, for instance when it coincides with, or sits beyond a
melting or decomposition point.*®

Here, we use the double wave measurement to obtain a
background corrected hysteresis loop and capacitance-voltage
loops. Unfortunately, none of the materials showed Curie-Weif3
behavior in dielectric spectroscopy, which can be explained by
the fact that none of the materials are stable above 150 °C.
Since our focus is on providing a general overview and identify-
ing a methodology to assess whether a compound shows
signatures of ferroelectricity and might warrant further inves-
tigation, rather than on performing a detailed analysis of the
individual materials, we also provide explicit information on
our experiences of the reproducibility and practicality of the
materials, which are important factors for further investigation.

From the various ferroelectric candidate materials predicted
in ref. 31 and 32, four compounds were selected: hexamethyle-
netetramine hydrogen pi-malate (CSD refcode TOZTAF, from
here on called material 1), hexamethylenetetramine ammonium
tetrafluoroborate (HMTAAB, material 2), trimethylamine-borane
(2zZVPE02, material 3) and 6-hydroxy-4(3H)-pyrimidone (UHU-
MEPO1, material 4) mainly because of their high predicted
polarization values (>10 uC cm™> for material 1-3), ease of
synthesis (material 3 and 4 are commercially available), avail-
ability of the precursors, and their low-toxicity. All molecule
structures are depicted in Fig. 1.

Experimental procedures

Cocrystals of hexamethylene tetramine and bpr-malic acid,
material 1, were synthesized by mixing equimolar mixtures of
the precursors (99.0% assay, Sigma Aldrich) as described by
Chandrasekhar et al.*” The resulting complex was recrystallized
in ethanol and used for various characterizations. Hexamethy-
lenetetramine ammonium tetrafluoroborate, material 2, was
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Fig. 1 Molecular structures of material 1-4 (labeled a—d, respectively) along with their molecular formula.

synthesized by mixing equimolar ratios of hexamethylene tetra-
mine (99.0% assay, Sigma Aldrich) and NH,BF, (99.0% assay,
Sigma Aldrich) in water as a solvent. The minimum amount of
solvent was used to dissolve the compounds, after which the
solution was allowed to evaporate slowly. This synthesis method
is reported here for the first time. The compound was recrystal-
lized using ethanol as solvent. Trimethylamineborane, material
3, (97% assay) and 6-hydroxy-4(3H)-pyrimidone, material 4, (98%
assay) were directly purchased from Sigma Aldrich and recrys-
tallized from ethanol and water, respectively. Regarding material
4, recrystallisation was done under dark conditions, as the
compound forms a dimer when recrystallized under sunlight.*®
Fig. 1 summarizes the four compounds studied in this work,
along with their CSD reference codes and corresponding mole-
cular formulas.

Powder X-ray diffraction (PXRD) measurements were carried
out on a Bruker D2 Phaser diffractometer with a copper source
with Cu K, (4 = 1.541 A) and molybdenum source with Mo
K, (4 = 0.702 A) radiation (for material 4) in Bragg-Brentano
configuration. For PXRD measurements, the compounds were
dispersed in ethanol and drop-casted onto a glass substrate. As
they were not dissolved this should not have any effect on the
crystal structure. All electrical experiments were performed
with the material dropcasted on interdigitated electrodes
(IDEs). The materials were dissolved with a (low) concentration
of 10 mg mL ™" in an appropriate solvent (ethanol for material 1
and 3, water for material 2 and 4). One drop of 5 uL was then
dropcasted on the IDE, which resulted in rough, polycrystalline,
1-10 pm thick films, covering approximately half the electrode
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area. All IDEs had an electrode width and spacing of 5 um and
were made of gold with a chromium adhesion layer. Commer-
cial ED-IDE3-Au IDEs from Micrux (for material 1-3) with a
circular electrode area (diameter &~ 3.5 mm), a total electrode
length of 0.80 m and an electrode height of 200 nm, as well as
homemade IDEs (for material 4) with a quadratic electrode area
(5 x 5 mm?) and total electrode length and height of 2.01 m
and 35 nm, respectively, were used. Electrical characterization
and photos of the empty and filled IDEs are shown in Fig. S6.

While dropcasting films on IDEs allows for simple device
fabrication and suffices for our purposes of identifying ferro-
electric properties, it is less suited for obtaining absolute values
of polarization and permittivity due to the inherent film rough-
ness and the non-linear behavior of ferroelectrics (SI Section
S1). Moreover, the polarization change measured only corre-
sponds to the switchable polarization along the axis of the
electric field. For a set of randomly (i.e., isotropic) oriented,
unmovable dipoles in 3D, the associated correction factor is
0.5; other polarization orientations would correspond to a
different value. Non-isotropic orientations and effective corre-
lation factors can arise from polarization rotation due to
interaction with the substrate or if the crystal structure allows
for multiple polarization directions, as in the case of multiaxial
ferroelectrics. However, these factors do not change whether a
material class fundamentally exhibits measurable switchable
polarization. The question whether a material is ferroelectric
can thus still be answered.

All electrical measurements were performed under ambient
conditions. C(V) measurements were performed with an Aixacct
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TF Analyzer 2000E. The double wave measurements were either
performed with the same instrument (material 1-3) or with a
home-built setup consisting of an input signal supplied by a
Tektronix AFG3052C Dual Channel Arbitrary/Function Genera-
tor, amplified by a TReK PZD350A high voltage amplifier
(material 4). In the latter case, the sample response current
was measured by a Tektronix TBS 1102B-EDU digital oscillo-
scope as the voltage dropping over the built-in input resistance
of 1 MQ. The hysteresis curve is then calculated according to
the double wave protocol explained in SI Section S2. To
compensate for the time-changing capacitance in the C(V)
measurement, the data is rescaled according to SI Section S3.

Results and discussion

For context, we start with a brief overview of the structural
properties of the investigated compounds. Material 1 and 2
crystals have ionic molecular structures and belong to the
group of hexamine-based compounds. Material 1 has a mono-
clinic Cc crystal structure at room temperature. Its constituent
molecules form several intermolecular hydrogen bonds stabi-
lizing the crystal lattice. The protonated nitrogen makes hydro-
gen bonds with the carboxylate group of DL maleate.
Additionally, the different hydrogen bond lengths for donor
and acceptor molecules indicate a possible proton transfer in
this system.*” The calculated polarization is 17.3 pC ecm 2>
While the theoretical approach screened for globular molecular
shapes and hence potential for rotation-driven ferroelectricity,
which in principle could be possible but for the specific
geometry, it would require the rotation of both molecules to
achieve full unit cell inversion. The structure could, however,
also be inverted with the rotation of the pr-malic acid and a
proton transfer or two proton transfers could yield a not
perfectly mirrored state. However, elucidation of the switching
mechanism of material 1 or any of the other compounds
investigated herein is beyond the scope of the current work.

Material 2 has a polar hexagonal P6;mc space group with a
perovskite-like structure®® and no hydrogen bonds. Its polar-
ization is predicted at 11.6 pC cm > (ref. 31) and can be
inverted with the displacement of the positive with respect to
the negative ionic molecules. The only other reported
hexamethylene-based supposedly ferroelectric system is the
hexamethylenetetramine-bisnopinic acid co-crystal. XRD and
SHG on this compound indicate a polar space group, the P(E)
curve, however, does not saturate and shows a very small
polarization of P, ~ 0.22 puC cm 2, indicating that it either
results from incomplete switching or does not reflect ferro-
electric behavior at all.>®

Material 3 has a rhombohedral polar R3m space group at
room temperature. In the database study,®® only the low
temperature phase of this compound (CSD ref code ZZZVPE02,
structure reported at 150 K) has been identified as a potential
ferroelectric. However, since the reported polar R3m phase is
retained even at room temperature (CSD ref.code ZZZVPE, no
atomic coordinates published, thus omitted from the data

51,52
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mining study), we have investigated this compound under
ambient conditions. (Trimethylamine)-borane has been
reported in the literature as plastic crystal with rotational
disorder contributing to its metal-like high ductility, malleabil-
ity and 3D plasticity.”® These properties of material 3 can
potentially be utilized in flexible and/or wearable ferroelectric
devices. It has also showed SHG, piezoelectricity and pyroelec-
tricity, but there is no clear proof of ferroelectric switching as
the P(E) loops did not saturate and the PFM spectra do not
conclusively rule out an interpretation in terms of (non-
ferroelectric) electrostatics.”® However, the limited thermal
stability of material 3, see below, seems to be an issue for both
characterization and practical applications. Its polarization is
predicted at 17.2 pC cm 2 and the structure can be inverted
with the rotation of the molecule.*

The compound 6-hydroxy-4(3H)-pyrimidone, material 4, an
analogue of the RNA nucleobase wuracil (2,4-dihydroxy-
pyrimidine), has two monoclinic polymorphs at room tempera-
ture: a Cc a-form (CSD refcode UHUMEPO1) and a P2; B-form
(CSD refcode UHUMEP).>> Only the former has been predicted to
show ferroelectricity based on a proton transfer mechanism.*>
The fact that it can show different polymorphs, of which only
UHUMEPO1 exhibits the neutral lactam-lactim tautomerization
that enables an interconnected proton transfer path,> makes it
potentially difficult to reach the desired proton-transfer configu-
ration. Its polarization is predicted at 4.41 pC em™>.*?

Fig. 2 shows the experimental PXRD patterns of material 1, 2
and 4 along with their simulated patterns calculated from their
CSD entries. The recrystallized borane complex material 3 was
found to be volatile at room temperature, preventing structural
characterization. For the other three compounds, the diffrac-
tion peak positions and relative intensities in the simulated
patterns agree well with the experimental data. No additional
peaks were observed, confirming successful phase formation
and absence of any secondary phases. The phase purity in
material 2 supports the reliability of the newly developed
synthesis method. Slight discrepancies in relative peak heights
for material 4 are attributed to a preferred orientation of the
material, no new peaks were observed in this case either. The
XRD measurements were carried out on samples which were
crystallized under nominally the same conditions as the mate-
rial on the IDEs for the ferroelectric characterization. Conse-
quently, the crystal structure of the coated film is expected to
correspond to the XRD patterns presented in Fig. 2.

Material 1

When applying the double wave form to material 1 (Fig. 3a), a
double current peak in response to the first voltage wave is
obtained, whereas only a single peak (coinciding with the
voltage peak) is present in the second wave. For a ferroelectric
material, the first double peak includes, apart from any back-
ground currents, the charge that is needed to compensate for
the change of polarization. When applying the second pulse,
the polarization is already switched, so there is no polarization
reversal contribution, hence the first peak disappears. Taking
the difference between the responses to the first and second
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Fig. 2 Measured (blue) powder X-ray diffraction patterns of (a) material 1, (b
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) material 2 and (c) material 4 samples along with their simulated patterns

(red) obtained from the CSD data base. The hump around 20 = 12° in (a) and (b) arises from the glass sample holder.

waves and integrating gives the polarization (represented by the
charge) hysteresis curves that are shown for different frequen-
cies in (Fig. 3b). For the faster measurements (as well as the
curve later shown for material 2), there is a sharp edge at 0 V.
This is an artefact of the waveform and is explained in more
detail in SI Section S2. The charge saturates for each loop,
which is necessary for a ferroelectric,®® and the coercive field
sits around 0.35-0.45 V um~'. The charge associated with
ferroelectric switching is determined by crystal geometry and
should therefore, contrary to the present data, not depend on
the measurement frequency. There might be several reasons for
this frequency dependency. It is well known that the coercive
field itself is frequency-dependent,®® thus at higher frequency
not all dipoles might be switched. The data however shows a
distinct first peak and a saturating hysteresis curve, ruling out

this possibility. Alternatively, in many materials there exists a
finite ionic conductivity that can give rise to hysteresis.>” It
should predominantly be present in the first pulse of the
double wave and should not saturate with increasing field.
Hence, ionic currents do give rise to open P(E) loops with
increasing ‘remnant polarization’, but not to any current peaks,
as observed here. Hence, ionic contributions to the hysteresis
might be present, but can be ruled out as the main source of it.
In the evaluation, as detailed in Section S2 of the SI, the current
of the second peak is rescaled to match the first peak, ideally
compensating for ionic hysteresis in the absolute polarization
values. Nevertheless, signs of ionic hysteresis can still be seen
in the 250 mHz hysteresis curve (Fig. S9), where the accumu-
lated charge in the hysteresis curve still increases on the
decreasing side of the electric field sweep.
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Fig. 3

(a) Double wave signal of material 1 at ambient conditions with 42%rh; (b) calculated hysteresis curve from (a) and (c) double wave signal of

material 1 at ambient conditions with 19%rh; (d) capacitance—voltage curve of material 1 with 39%rh.
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On top of (minor) ionic contributions, the material also
shows significant background conductivity, which is visible as
the main peak that is present in both the first and second waves
of the DWM and roughly proportional to the driving voltage.
The ohmic conductivity in (Fig. 3a) can clearly be attributed to
the material, as the empty IDE has negligible leakage, see SI
Fig. S4. The evaluation method compensates for the first order
background conductivity with the assumption that the back-
ground conductivity only depends on the bias.?” In ferroelec-
trics, the background conductivity depends on the injection
barrier and the bulk conductivity that both may depend on
polarization.>® Specifically, the injection barrier can be altered
by a change in surface charge density due to polarization
switching®®”® which can lead to a switch from an injection-
limited to a space charge limited regime.”® The bulk conduc-
tivity can also directly depend on the polarization state due to a
nonlinear coupling between scattering and polarization.>®° In
all these cases, the background conductivity below the coercive
field cannot properly be compensated for by the DWM. This
results in the current peak having contributions from polariza-
tion reversal, ionic hysteresis and background conductivity. For
lower frequencies, more background conductivity gets inte-
grated, leading to higher calculated charges. Hence, the fastest
feasible measurements at 0.25 Hz, result in a charge of 0.11 +
0.01 pC, which can be converted into an upper limit for the
polarization of 54 + 20 pC ecm ™2 (SI Section S1, S2 and Fig. S9).
This finding is consistent with the predicted remnant polariza-
tion of 17.3 uC cm2.*" Measurements of the C(V)-loop (Fig. 3d)
show the butterfly shape that is typical for ferroelectrics.®®
There is a broad peak around 0.3-0.5 V um™* showing good
agreement with the coercive field from the hysteresis curve.

Material 1 is quite stable, with samples working for several
months, and well-reproducible under the same conditions.
There is, however, a strong dependency on the ambient humid-
ity. At low humidity conditions (as can be encountered in
winter) all signs of ferroelectric switching disappear (Fig. 3c)
and also the background conductivity currents become much
smaller, suggesting an interconnectedness.

In summary, material 1 shows conclusive evidence for
ferroelectricity under ambient conditions. The low frequencies
that are needed to enable full polarization reversal hint at a
more complex mechanism for inversion of the unit cell than
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mere proton or ion motion, as was anticipated on basis of the
complex unit cell. The strong dependence of the ferroelectric
and electronic behavior on humidity might actually inspire
further investigation of, e.g., the detailed switching mechanism
and the role of proton transfer therein and is topic of ongoing
investigation.

Material 2

The second compound that was tested was material 2. The double
wave measurement (Fig. 4a) shows a current peak that is only
present in the first wave which is a good sign of ferroelectricity, as
well as significant background conductivity. Consequently, the
hysteresis curve (Fig. 4b) saturates which is a prerequisite for
ferroelectricity. The integrated charge at the maximum voltage
accumulates to 2.4 pC, which would correspond to an unreason-
able saturation polarization of 1200 #+ 400 puC cm 2 As for
material 1, this can be explained by a dependence of the con-
ductivity on polarization, and specifically by the conductivity
before switching being increased. For this reason, the integrated
charge is the sum of the true polarization charge and the
integrated difference in background conductivity current.

After the maximum field, the charge slightly increases to
2.8 uC at zero field. This can be explained by incomplete
background conductivity compensation as the current of the
first peak is always slightly above the peak from the second
peak (Fig. S11) in combination with a minor contribution from
ionic hysteresis. The coercive field is ~0.4 V um™"'. The C(V)-
loop (Fig. 4b) shows the characteristic butterfly shape with a
peak at ~0.4 + 0.5V um™ ', indicating good agreement between
the two measurements for the coercive fields and confirming
the ferroelectric nature of the compound.

In summary, there is conclusive evidence that material 2 is
ferroelectric. While the ferroelectric properties are not remark-
able, the potential coupling to background conductivity are yet
to be understood and a topic of ongoing investigation.”>%°
Due to its fast degradation, the material does not seem very
promising for applications.

Material 3

Measurements using the known piezo- and pyroelectric mate-
rial 3 proved more challenging than those with the previously
mentioned materials. These difficulties arise from the
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(a) Double wave signal of material 2, fabricated with water as solvent; (b) blue: hysteresis curve calculated from (a); red: C(V) curve.
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material’s tendency to sublimate quickly at ambient condi-
tions. For this reason, all experiments had to be performed
immediately after device fabrication. The double wave measure-
ments of one device (Fig. 5a) depict very sharp current peaks
that are only present in the first wave. The presence in the first
wave and the absence in the second is usually good evidence for
ferroelectricity. In this case, the peaks are, however, unusually
narrow and have varying heights; they do, however, always sit at
a well-defined (possible) coercive field of 13.3 + 0.5 V um ™"
Combined, this leads to the strange shape of the hysteresis
curve in Fig. 5b where the apparent change of polarization is
different for both directions and the change in polarization is
very steep. In principle, the sharpness might be indicative of
fast switching in a low-disorder, i.e. close to intrinsic, sample.
However, due to the problematic (in)stability of the material,
discussed further below, it was not possible to investigate this
further.

One further noteworthy feature of the DWM signals in
Fig. 5a is the fact that the conductivity after the polarization
reversal event in the first wave is increased. This is opposite to
what occurs in material 2 and, to a lesser degree, in TOZFAF. In
principle, such behavior could result from the modulation of a
charge injection barrier by the orientation of the interfacial
dipoles, giving rise to easier charge injection when polarization
and field are parallel.”>® The increased current is not compen-
sated for by the evaluation method,”” leading to the linear
increase of charge in the P(E)-loop above the (possible) coercive
field. What speaks against this interpretation is the conductiv-
ity in the second wave of the DWM being at the same level as
that in the first wave prior to the supposed switching. In an
injection barrier modulation scenario, the interfacial dipoles
should, when still aligned, continue to allow an enhanced
injection. In absence of secondary peaks indicating full polar-
ization loss between the two waves, one might tentatively
attribute the odd conductivity behavior to the interfacial, but
not the bulk polarization being quickly lost.

The charge at maximum voltage is 3.5 x 10~* uC. As the
material sublimates very quickly, it is difficult to determine the
exact film structure. The, in this case unreasonable, assump-
tion of a thick (>500 nm), continuous film would result in a
very low polarization (0.09 uC cm™?) compared to the predicted
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value (17.2 pC em~>).>' C(V)-Measurements of the same sample
(Fig. S14a) did not show the typical butterfly shape. Measure-
ments of other samples occasionally showed peaks in the first
wave (Fig. S14b), but any reliable appearance could not be
achieved. This poor reproducibility can be attributed to the
quick sublimation of the material, which makes every experi-
ment difficult.

In summary, the results presented here are by themselves
inconclusive. While the appearance of peaks of DWM generally
suggests ferroelectricity, the unusual peak-shape and the
absence of butterfly-like C(V)-loop casts doubt on this inter-
pretation. Nevertheless, as the material has already been shown
to exhibit SHG, piezoelectricity and pyroelectricity,>* we believe
that the here shown measurements are sufficient to at least
suggest a field-induced reversal of the (previously shown)
dipolar inversion asymmetry in the material, that is, ferroelec-
tricity. Given the challenges associated with handling this
material, future efforts should focus on identifying more sui-
table conditions for working with it.

Material 4

The last substance that was investigated is the proton-transfer
material 4. The double wave measurement (Fig. 6a) reproduci-
bly show additional current shoulders in the first voltage wave
that do not show up in the second. This results in a saturating
hysteresis curve (Fig. 6b) with a coercive field of 8 V um ™" and a
remnant charge of 2.1 x 10> pC resulting in a remnant
polarization of 4.2 + 1.4 uC cm™? for a DWM cycle frequency
of 2 Hz. A possible effect of conductivity switching is sup-
pressed by the comparably high measurement speed. On basis
of the calculated energy barrier for proton transfer, the coercive
field for a 5 Hz (equivalent to 2.5 Hz in DWM) measurement
was estimated to be around 1.3 V pm™'.*? It is worth under-
lining that predictions of proton-transfer barrier are highly
method dependent.®® This means that the measured coercive
field is similar to but higher than expected. The estimated
remnant polarization from the hysteresis loop is surprisingly
close to the predicted value of 4.41 pC cm™>,** given that many
of the used parameters are only rough estimates.

The C(V)-loop (Fig. 6¢) shows the typical butterfly-shape with
a peak at 0.6 V um . The difference between the different
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(a) Double wave signal of material 3 at ambient conditions, (b) the calculated hysteresis curve from (a). The current peaks after each 2nd wave are
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coercive fields can be explained by the measurement frequency,
which is 2 Hz for the double wave measurement and 0.004 Hz
for the C(V)-measurement.

The material is known to have multiple polymorphs (includ-
ing a dimerized form) and tautomers,**> of which only one
polymorph was predicted to be ferroelectric. The dimer is easily
identifiable as it forms long needles.*® An optical microscopy
image (Fig. S6c) of this sample shows some needles, indicating
that the dimeric form is also present in small amounts. As the
dimer has no transferable proton on the oxygen in the mole-
cule, it is expected to be electrically inactive and its presence
should therefore not influence the results. This multitude of
different states is, amongst others, reflected in a minority of
samples being electrically inactive as indicated by the orange
curve in Fig. 6d. In this particular case, the material only
consisted of needles (Fig. S6d), indicating the dimeric state
and confirming that the dimeric form is electrically inactive. In
stark contrast, another sample showed a very high permittivity
and a capacitance peak at ~0.3 V um~ ' when increasing the
electric field and another peak at a lower field of ~0.1 V um™*
when decreasing the field, as shown by the blue line in Fig. 6d.
This behavior resembles the C(V)-loop of an anti-ferroelectric.**
The corresponding double wave measurement (Fig. S16a),
however, never showed the currents that are associated with
an anti-ferroelectric,” so the nature of this phenomenon
remains somewhat unclear. Optical microscopy (Fig. S6e)
showed that the dimeric form is not present in this sample.
As the other polymorph was never observed in XRD experi-
ments, we do not expect this polymorph but rather a different

This journal is © the Owner Societies 2026

tautomer to be present in this sample, as they cannot be
distinguished with XRD.

In summary, we are convinced that at least one of the states
of material 4 is a well-behaved ferroelectric, while potentially
one or more of the other states might also show interesting or
at least different behavior. As expected, the dimeric form seems
to be electrically inactive. At the same time, the limited repro-
ducibility makes systematic work on this material challenging.
To properly understand its ferroelectric properties, it is first
necessary to establish reliable methods for achieving the
desired state. However, this lies beyond the scope of the present
exploratory study.

Conclusion and outlook

In this study, we experimentally investigated four materials that
were predicted to be ferroelectric in a database mining
approach. The dual aim was to assess the effectiveness of this
method for discovering new organic ferroelectric compounds
with interesting properties and to improve our understanding
of structure-property-relationships in such systems. For three
materials (1, 2 and 4), the double wave measurement revealed
clear polarization switching currents that appeared in the first
voltage pulse, but not the second, resulting in saturated hyster-
esis loops. The corresponding capacitance-voltage-curves
exhibited the characteristic butterfly shape, which, together
with the polarization hysteresis behavior, provides strong evi-
dence for ferroelectricity. The double wave measurement of
material 3 showed a strong, unusually sharp current peak in the
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first pulse, which could indicate ferroelectricity switching.
However, this result could not be reproduced, and the C(V)-
loop lacks the expected butterfly-shape, rendering the findings
inconclusive. Based on this success rate, it can be inferred that
there are likely several dozen yet unconfirmed ferroelectric
materials among the candidates proposed by the database
mining, thereby validating the effectiveness of the specific
database mining approach.

While there is only one possible switching mechanism for
material 2 and 4, the mechanism for material 1 remains
unclear due to the presence of multiple potential pathways.
Further investigation, particularly through humidity-dependent
studies, could help clarify the switching behavior and contri-
bute to a deeper understanding of switching phenomena in
more complex ferroelectric co-crystals. Insights gained from
such studies could, in turn, enhance the screening process by
incorporating not only polarization values, but also the feasi-
bility and nature of the switching pathway. Furthermore,
understanding the interplay between humidity and ferroelec-
tricity in material 1 might give new insights on the role of water
as a nucleation center or the influence of humidity on proton-
transfer ferroelectrics. Material 2 showed strong conductivity-
ferroelectricity coupling. Having shown that both of these
hexamine-based materials are ferroelectric and show addi-
tional, previously unknown coupling between ferroelectricity
and humidity or background conductivity, a logical follow up
would be to investigate comparable materials. The screening
study suggested two other hexamine-based candidate materi-
als. While 1,3,5-triaza-9-phospha-adamantane (TAZPAD) is a
single-compound material with small predicted polarization
and therefore not really comparable to material 1 and 2, it also
tends to sublimate at room temperature which drastically
reduces its usability. On the other hand, 1,3,5,7-tetra-aza-
adamantan-1-ium bromide (BOHNUHO1) is also an ionic co-
crystal with comparable predicted polarization and therefore
promising to investigate for ferroelectricity and coupling
between ferroelectricity, humidity and conductivity.

Our study has demonstrated that database mining is a viable
path to identify novel organic ferroelectrics. This approach can
be expanded with other filter criteria to find different kinds of
ferroelectric materials. Two examples of well-known molecular
ferroelectrics that were, due to the chosen criteria, not ‘dis-
covered’ in the database mining are the benzene-1,3,5-
trisamide (BTA) and polyvinylidene fluoride (PVDF) families
of materials; especially for the former it seems possible to
identify generalized and transferable detection criteria. In its
current shape, the used methodology is, however, limited to
materials that are available in the underlying database and to
materials which follow the chosen criteria which are usually
based on known ferroelectrics. Our results also emphasize the
importance of adding additional assessment criteria, such as
melting temperature, vapor pressure or in general other decom-
position paths. Both cohesion energies from DFT or (possible
in combination with) machine learning methods should have
strong prospects of providing such predictions. From an experi-
mental point of view, additional pragmatic filters such as
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simple estimates of vapor pressure or environmental stability
can help improve the initial screening.

Database mining, or traditional intuitive trial-and-error
approaches, are not the only way to engineer new ferroelectric
materials. A key limitation in our assessment was the fact that
many of the predicted ferroelectrics from database mining
could not easily be acquired. A pragmatic approach, especially
suited for theory-experiment collaborations could be to only
start from those molecules that are easily available or synthe-
sized and attempt to identify those combinations that would
adopt a crystalline packing supporting ferroelectricity. While
computationally demanding, crystal structure prediction (CSP)
can be used for this purpose.®® However, with growing compu-
tational power and increasingly refined workflows®*®” and
ingratiation of machine learning force fields®® and similar
methods, we can expect such approaches to become more
common.

The challenge of identifying switching paths could also
greatly benefit from computational approaches, but a first,
possible more addressable challenge (since it does not require
incorporation of external fields) is to understand phase transi-
tion in these compounds, which can benefit from the recent
machine learning force fields that can be used in molecular
dynamics simulations, as recently done for the HdabcoClO4
ferroelectric molecular crystal.®> However, understanding
complex switching paths, including nucleation effects may also
require novel multi-scale approaches, or a combination of
combinations of computational and heuristic assessments.
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