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Abstract

In the early stages, discovered ferroelectrics were unsuitable for industrial
applications, but following the discovery of ceramic ferroelectrics, they gained
widespread usage in capacitors, actuators, and piezoelectric transducers. Over
time, these applications were extended to include thin-film capacitors and
memories. However, inorganic ferroelectrics still contain rare or even heavy
elements and require a high-temperature fabrication process. Organic molecular
ferroelectrics (OPTFes) could provide solutions to both these challenges, and
they furthermore exhibit other favorable properties such as low weight and
low-cost fabrication. This thesis focuses on the computational discovery and
design of novel organic molecular ferroelectrics.

“Discovery” part is devoted to computationally screening of molecules in
the Cambridge Structural Database to identify new organic proton-transfer
ferroelectrics and ferroelectric plastic crystals. The screening process was based
on the structural characteristics of these materials, such as pseudo-inversion
symmetry in OPTFes, and molecular geometries and hydrogen-bonding patterns
suitable for molecular rotation in plastic crystals. The results revealed seven new
OPTFe candidates, with five of them being tautomeric salts, and 54 candidates
for plastic ferroelectrics. To model the crystals, density functional theory
was employed, and for some identified crystals the calculations indicate high
spontaneous polarization exceeding 20 uC/cm?.

In the subsequent “design” phase, we took advantage of a group of acid-base
OPTFe structures incorporating two distinct molecules, one acid and one base.
This is useful for rational design, allowing the combination of different acid-base
molecules and tracking trends and improvements in ferroelectric properties.
One design goal, for example, was to increase the density of molecular dipoles
and, consequently, spontaneous polarization by incorporating smaller molecules.
Substituting the acid or the base molecules will, however, often alter the crystal
packing, and we employed the crystal structure prediction (CSP) method to
predict these packings. The CSP results, combined with density functional
calculations, predicted that three out of 30 combinations exhibited ferroelectric
packing with enhanced spontaneous polarizations compared to the reported acid-
base OPTFes. Additionally, two anti-ferroelectric candidates were identified.

Findings from both the discovery and design parts provide insight that can
be used for the systematic development of novel organic molecular ferroelectrics
for a wide range of applications.






Sammendrag

Da ferroelektriske materialer forst ble oppdaget, var de lite egnet for industrielle
anvendelser, men etter oppdagelsen av keramer med ferroelektriske egenskaper,
ble de brukt blant annet i aktuatorer og piezoelektriske trandusere. Over tid har
bruksomradet utvidet seg til & inkludere tynnfilmkondensatorer og dataminne.
Dagens materialer inneholder imidlertid sjeldne og/eller giftige grunnstoffer,
og produksjonen krever hgy temperatur. Organiske molekylzere ferroelektriske
materialer (OPTFer) kan veere et baerekraftig alternativ som lgser begge disse
utfordringene, og de har i tillegg andre gunstige egenskaper som lav vekt og lave
produksjonskostnader. Denne avhandlingen fokuserer pa oppdagelse og design
av slike materialer ved hjelp av beregningsbaserte metoder.

“Oppdagelse”-delen av avhandlingen er viet til beregningsbasert screening
av molekyler i Cambridge Structural Database for a identifisere nye OPTFer og
ferroelektriske plastiske krystaller. For forstnevnte krevde screeningen pseudo-
inversjonssymmetri, mens det for de plastiske krystallene ble satt krav til
molekylenes geometri og at hydrogenbindings-mgnstrene kunne tillate molekylaer
rotasjon. Totalt sett avdekket screeningen syv nye OPTFer-kandidater, hvorav
fem var tautomere salter, og 54 kandidater for plastiske ferroelektriske materialer.
Alle materialene ble modellert med tetthetsfunksjonalteori, og for noen av dem
viser beregningene spontan polarisering stgrre enn 20 uC/cm?.

I den pafglgende “design”-delen utnyttet vi en gruppe OPTFer som inneholder
to ulike molekyler, én syre og én base. Begge disse komponentene kan varieres,
og en fremgangsmate der utvalgt kombinasjoner testes ut pa en systematisk
mate kan brukes til bade & designe nye materialer med forbedrede egenskaper
og til & utforske trender og forbedringer for gnskede egenskaper. Et erkleert
design-mal var & gke tettheten av molekylaere dipoler og dermed gke den spontane
polariseringen ved & bruke sma molekyler. Nar stgrrelsen pa en komponent i
en krystallstruktur modifiseres, vil imidlertid ofte ogsa pakkingen av molekyler
endres. Derfor ble krystallstruktur-prediksjon (CSP) metoder benyttet for &
forutsi pakkingen til de nye systemer. Resultatene fra CSP ble kombinert
med beregninger basert pa tetthetsfunksjonsteori og predikerte tre syre-base
kombinasjoner med ferroelektrisk pakning og forbedret spontan polarisering
sammenlignet med rapporterte syre-base-OPTFer. Det ble ogsa funnet to
strukturer som kan gi anti-ferroelektriske egenskaper.

Resultatene fra bade “oppdagelse”- og “design”-delen gir innsikt som kan
brukes til systematisk utvikling av nye organiske molekyleere ferroelektriske
materialer for et vidt felt av applikasjoner.
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Chapter 1
Introduction

1.1 Motivation and background

The distinctive property of ferroelectric materials is their spontaneous polariza-
tion (Ps), which is a measurable vector quantity pointing in the direction of the
separation of charges in a crystal. In the context of molecular crystals, a non-zero
Py occurs whenever molecules with a permanent dipole are packed so that their
dipole moments do not cancel out. Having a measurable P is, however, not
sufficient to make a crystal “ferroelectric”; it must also be possible to switch the
polarization in the opposite direction in response to an external electric field.
Ferroelectrics are a subclass of pyroelectric and piezoelectric materials, indicating
that their polarization changes as a function of temperature and mechanical
stress, respectively.

The properties of the first ferroelectric, Rochelle salt , were unsuitable for
industrial applications as its crystals are brittle and dissolve in water. The same
applies to similar materials discovered in the following years. It was not until the
discovery of barium titanate (BaTiOg) that ferroelectrics gained properties
suitable for industrial applications, such as capacitors and transducers. BaTiO3
capacitors are still being produced on a large scale.

Thin-film ferroelectrics were introduced in 1984, marking the onset of a period
with a focus on developing thin layers of single crystals tailored for applications
in small-scale electronics, including capacitors and memories . In 1994, six
million ferroelectric microchip capacitors were used daily in the mobile industry
in J apan.

The discovery of thiourea@ in 1956 introduced a promising class of ferro-
electrics called organic molecular ferroelectrics. These materials exhibit proper-
ties that hold the potential to overcome the limitations associated with inorganic
materials. These advantages include suitability for lightweight applications, the
capacity to tune properties through structural manipulations, cost-effective fabri-
cation, and adaptability for integration into flexible substrates . Furthermore,
they are typically free of heavy and/or rare elements .

Organic Proton-Transfer Ferroelectric (OPTFe) materials and ferroelectric
plastic crystals represent examples of organic molecular ferroelectrics. OPTFe
systems include hydrogen-bonded single-component molecular substances as well
as acid-base salts. Ferroelectric plastic crystals typically consist of tetrahedral
anions combined with nitrogen- and/or oxygen-containing cations with an almost
globular shape. The number of identified systems in each category, around 20
materials, is very small compared to approximately 370,000 structures of organic
molecules deposited in the Cambridge Structure Database (CSD). From this, we
inferred that the database likely includes structures of ferroelectrics that were
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not initially recognized as such by the original authors. This was the motivation
for paper [[I] and paper [[TI, where we screened the CSD for potential OPTFe
and ferroelectric plastic crystals, respectively. To model materials and calculate
properties, such as proton-transfer barriers in OPTFes and lattice parameters, we
employed density functional theory (DFT), based on our benchmarking studies
presented in paper [l and paper [

In acid-base OPTFes, the presence of two molecular types in the structure
provides an opportunity to explore the correlation between various molecular
combinations and ferroelectric properties. In solid-state chemistry, the correlation
between crystal structure, such as packing and inter-molecular connection
patterns (synthons), and properties like mechanical properties (elasticity,
plasticity, bending, and brittleness)@, , as well as melting point, have
been studied. This is also a common procedure in industries dealing with
organic molecules, for example, the pharmaceutical industry, to tune the desired
properties of the compounds. This was the motivation for paper@7 in which
we replaced acid and base molecules in acid-base OPTFe salts with different
small one-ring acid and base molecules. As the substitution of molecules has
the potential to modify the hydrogen-bond network and crystal packing, we
employed the crystal structure prediction method to predict the packing in
various molecular combinations.

1.2 Outline

In Chapter 2, we introduce organic molecular crystals and CSD. A concise
explanation of the methodology used for calculating P is provided, and the
chapter concludes by introducing a procedure to mine CSD. Chapter 3 describes
van der Waals density functional theory, which was central in most of our density
functional theory calculations. Finally, Chapter 4 outlines the crystal structure
prediction method.



Chapter 2
Organic molecular ferroelectrics

This chapter provides the theory and concepts of ferroelectricity, along with
the method used to calculate Py in ferroelectrics. In Sec[2:2] a brief description
of CSD is provided, and subsequently, in Sec[2.3] and Sec. 2.4 OPTFes and
ferroelectric plastic crystals are introduced.

2.1 Ferroelectricity

A distinctive characteristic of ferroelectrics is the presence of Py over a defined
temperature range, even in the absence of an external electric field. The definition
of Py and how it will be calculated in a molecular crystal will be explained later.
However, for simplicity, we can gain intuition from Py as a vector in the direction
of permanent charge separation in the material. In the case of molecular crystals,
it is the sum of all molecular permanent dipole moments in the unit cell.

Fig. illustrates the polarization-electric field (PE) plots for ferroelectric,
anti-ferroelectric, and paraelectric materials. In ferroelectric materials (a), the
PE curve displays a hysteresis loop, indicating that the system’s state depends
on its previous history or state . This characteristic forms the foundation for
ferroelectrics applications in memory devices, such as in Ferroelectric Random-
Access Memory. The loop has a non-zero polarization value at zero electric
field, known as the remnant polarization. In this state, crystal domains may
form with varying polarization strength and direction, separated by domain
walls. As the electric field increases, the polarization reaches its maximum value,
referred to as the saturation polarization. In this state, the domain walls have
moved to expand the domains with polarization aligned to the electric field.
Unlike uniaxial ferroelectrics, where domains can only be aligned in one direction,
certain ferroelectric materials exhibit multiaxial ferroelectricity, allowing dipoles
to be aligned in several directions.

The ferroelectrics have two energetically equivalent states with opposite P
directions, referred to as bistability. The minimum electric field required to
switch the sign of Py is called the coercive field (E.), as depicted in Fig E,
is an important property of ferroelectric materials that can define the field of
applications. For instance, in small-scale electronics requiring the integration of
a thin layer (approximately 100 nm in thickness) of ferroelectric material, an E.
of around 100 kV/cm is needed to achieve a switching voltage of about 2 V[15].

Anti-ferroelectric materials exhibit Py = 0 at zero electric field, with domains
formed in an antiparallel orientation that cancels out the net polarization;
however, they display a hysteresis loop when an electric field is applied, as
depicted in panel (b). On the other hand, paraelectric materials have zero P
and do not exhibit any PE hysteresis features, as shown in panel (c).
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Figure 2.1: The polarization as a function of the electric field is plotted for (a)
ferroelectric (b) anti-ferroelectric and (c) paraelectric materials. In the upper
panel, the remnant polarization, saturation polarization, and coercive field (E.)
are marked on the plot, and the corresponding uniaxial ferroelectric domains are
schematically depicted. Grey thick arrows represent the net polarization inside
the domains.

In contrast to dielectric materials, which lack permanent dipoles but can
be polarized under an electric field, paraelectrics have permanent dipoles that
cancel each other out at zero electric field but can be aligned when an electric
field is applied.

Beyond a critical temperature known as the Curie point (7¢), ferroelectric
materials lose their PS. Moving beyond T¢ is marked by a transition from a
lower-symmetry ferroelectric phase to a higher-symmetry paraelectric phase.

The ferroelectric phase adopts one of the 68 polar space groups, characterized
by the loss of symmetry elements present in the paraelectric phase, including
the center of inversion. However, the transition from the paraelectric to the

4
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ferroelectric phase can result from minor structural changes, where the center
of inversion is not completely lost and remains as a pseudo-center of inversion.
One such example is OPTFe materials , where the breaking of the inversion
symmetry is mainly attributed to the protons. This means that if we remove the
protons, we can to a large extent restore the symmetry. This distinctive feature
has been used in this thesis to screen OPTFes materials and is further explained
in Sec.

Ferroelectricity in molecular crystals can arise through different mechanisms.
Ferroelectric materials are typically categorized into two groups based on
their switching behavior. One category, termed “order-disorder,” involves
the reorientation of static dipoles. Alternatively, “displacive” category is
characterized by the displacement of atomic species. For instance, in
molecular plastic crystals, the change in polarization direction occurs through
the rotational reorientation of molecular species.

2.2 Cambridge Structural Database

CSD is a repository for crystal structures of organic and metal-organic
compounds. This database was established in 1965 and has since hosted
structural information on more than 1.25 million compounds obtained from
X-ray and neutron diffraction analyses. Additionally, the database serves as a
source for validation and curation of structural data and, for a fraction of entries,
provides measured experimental properties of crystals.

CSD has assigned an identifier, known as the CSD refcode, to each of the
entries. This identifier makes the structure accessible through other software
that has an interface with CSD, such as MERCURY and ConQuest. The
refcodes can also be used to access the entries through the Python Application
Programming Interface (API). CSD uses the Crystallographic Information File
(CIF) format to store the structural data, and all CIF files are freely accessible
through the CSD Access Structure service.

2.3 Organic Proton-Transfer Ferroelectrics

In OPTFes, the dominant switching mechanism of P; depends on inter- and/or
intra-molecular proton transfer (PT) through a connected PT path, which may
be combined with the displacement of molecules. OPTFes can be mainly divided
into two categories: single-component compounds where proton movements are
associated with the rearrangement of 7 orbitals—a phenomenon known as proton
tautomerism—and acid-base salts.

Panel (c) of Fig. illustrates the switching mechanism of 5,6-dichloro-2-
methyl-1H-benzimidazole (CSD refcode: REZBOP), a tautomeric OPTFe. In
paper [T} we demonstrated that PT in these compounds likely exhibits a collective
nature, implying that more than one proton transfer simultaneously to adjacent
molecules.
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Figure 2.2: The crystal structures of (a) 5,6-dichloro-2-methyl-1H-benzimidazole
(REZBOP), a tautomeric OPTFe, and (b) phenazinium chloranilate (MAM-
PUMO03), an acid-base OPTFe are shown. The corresponding switching mecha-
nisms are schematically depicted in (c) and (d) respectively. The curved arrows
indicate the connected PT path.

The second category is acid-base salts [1} [24-26], where the inversion of P; is
achieved by transferring protons between molecules containing acidic and basic
functional groups. This process is illustrated in the panel (d). The example
system is phenazinium chloranilate (CSD refcode: MAMPUMO03), an acid-base
OPTFe. Our findings, detailed in paper [l support a single PT mechanism for
these compounds. In contrast to tautomeric compounds, one key distinction
is that these compounds are salts with two different molecules in the unit cell.
This indicates that different acid and base molecules can be combined to design
new OPTFe materials.

Apart from these two groups, amphoteric compounds containing both acidic
and basic functional groups on one molecule can also exhibit ferroelectricity.
In anthranilic acid, an OPTFe material, a one-dimensional hydrogen-bonded
network between zwitterionic and neutral anthranilic acid molecules enables
ferroelectric switching through PT..

As evident from Fig. the Py values for most OPTFe systems are
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Figure 2.3:  The experimental |Ps| versus E, for reported OPTFes. The
structures with the largest |Py| and E. are marked on the plot.

below 10 uC/cm?. The exceptions are cyclobut-1-ene-1,2-dicarboxylic acid
(CBUDCX04) with a value of around 13 xC/cm? and croconic acid (GUM-
MUWI11) with a value of around 30 uC/cm?. Additionally, the E. values are
mostly below 20 kV /cm, which is one of the reasons OPTFes have not found
applications in the small-scale electronics industry. The highest reported E.
belongs to REZBOP with a value of 60 kV/cm.

One promising feature of OPTFes, particularly the tautomeric ones, is
their T, which is typically in the range of 350-500 K. This characteristic
is crucial for applications operating at room temperature but limits their usage
in high-temperature fields, such as high-energy capacitors in the electric vehicle

industry[28] [29].

2.4 Ferroelectric plastic crystals

Ferroelectric plastic crystals are another interesting class of organic molecular
ferroelectrics. The plastic phase is a mesophase in which the material maintains
its crystalline structure while exhibiting a higher degree of orientational disorder
among rotatable molecular dipoles, which can be favorably aligned by applying
an electric field, multiaxial ferroelectricity.

The mesophase can occur simultaneously with the ferroelectric-paraelectric
phase transition or precede. Generally, the existence of the mesophase tends to
elevate the material’s melting point and enhance its mechanical deformability.
The high melting point is related to the large entropy gain during the transition
to the mesophase. Overall, the deformability and multiaxial properties
of plastic crystals render them attractive for a wide range of applications.

7
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Figure 2.4: Tetramethylammonium tetrachloro-iron(III), a ferroelectric plastic
crystal, is depicted in its (a) ferroelectric ordered phase, and (b) the paraelectric
phase where the molecules are free to rotate.

Similar to acid-base OPTFes, having more than one molecular type in the unit
cell provides an opportunity to design new materials with tuned properties.

Fig. illustrates the ferroelectric and paraelectric phases of tetramethylam-
monium tetrachloro-iron(I1I), a known molecular plastic ferroelectric crystal[33).
In Panel (b), the plastic paraelectric phase is depicted, wherein crystals typically
exhibit a higher symmetry, and molecules are free to rotate.

2.5 Calculating the spontaneous polarization

The theoretical definition of P, in a periodic solid and its subsequent
implementation in electronic-structure programs are important for modeling
ferroelectric materials. As the first attempt, P; can be defined as the electric
dipole moment per unit cell volume,

P = —— [ drrp(r), (2.1)
chell cell
where the integral is over all positions in the unit cell, Vo is the volume of the
unit cell, and p(r) is the charge density.

The problem with this definition is due to its dependence on the specification
of the unit cell . For example, consider a one-dimensional centrosymmetric
unit cell with a cell vector of “a,” containing positive and negative point charges
as depicted in Fig. 2.5l For a collection of point charges the electric dipole
moment per unit cell volume can be defined as

1
Pcell = 15 Z qir;. (22>

For this system, Peoy = 1/a(—1 % a/4+1 x 3a/4) = 1/2 |e|]. Now, by defining a
new unit cell with a shift of half the cell vector (unit cell with the red dashed

8
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Figure 2.5: The upper schematic depicts a one-dimensional periodic chain of
positive and negative point charges. The lower illustrates the displacement of
the unit cell (red dashed box) in the same system, where a represents the length
of the unit cell.

line in the lower panel), Peo; = —1/2 |e|. We obtain two distinct non-zero values
for our non-polar system. This becomes more complicated if we translate one of
the point charges by a translation vector T' = ). m; R; (m; is an integer and
R; is a cell vector). In this situation, Eq. yields different values depending
on the selected T'. Although point charges will be placed outside the unit cell,
the underlying physics of the system remains unchanged due to the periodic
boundary condition . For instance, in Fig. translating the positive
charge by a unit cell vector (T' = a) can increase the system’s dipole moment
to 3/2 |e|. If we keep translating point charges, we will get equidistant values
that are centered around zero, referred to as the “quantum of polarization”
and are defined as eR/Q). Here R = ) ,(m; + 0.5)R; where m; is an integer,
and € is the unit cell volume. For our one-dimensional system, the values are
>;(mi+0.5)a/a="---—3/2,-1/2,0,1/2,3/2,... in |e| unit.

According to the Berry-phase (modern) theory of polarization [36-38], the
polarization of a periodic solid in its ground state is a multivalued quantity
modulo eR/(), denoted here as P™. However, the difference between P™ of a
given polar phase and its hypothetical paraelectric phase is constant if we find
polarization quanta that smoothly connect the ferroelectric to paraelectric phase
by gradually distorting the crystal structure.[34] [35]. This can be expressed as

1
dpm™
AP™ = AAN——. 2.3
/0 — (2.3)
AP™ is equal to Ps and is defined as
R
AP™ = P, — P4 S (2.4)

Q )
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where PJ", is the polarization of the polar phase crystal, P{", is the
corresponding paraelectric centrosymmetric phase. eR/) is the polarization
quanta added to ensure the smoothness of the transition.

In a practical context, it is valuable to provide an overview of the methodology
for calculating the Py of OPTFe crystals.
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Figure 2.6: The schematic illustrates the calculation of Py for 5,6-dichloro-2-
methyl-1H-benzimidazole (REZBOP) using the Berry-phase method. In the
upper panel, P™ values for different interpolated images are selected in a manner
to facilitate a smooth transition from the ferroelectric to the centrosymmetric
phase. The parameter \ represents the degree of interpolation. The lower
panel illustrates the procedure for generating the paraelectric phase using the
pseudo-center of symmetry.
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Mining the Cambridge Structural Database

In the case of OPTFe systems, the primary factor responsible for breaking
the symmetry of the centrosymmetric phase is the displacement of protons,
with minimal distortion of the other components of the molecular structures.
This implies that OPTFes possess a detectable pseudo-center of inversion, and
inverting the crystal through this center will result in a structure where the
most significant observable change is the inter- and/or intra-molecular transfer
of protons. In Fig. [2.6] this is illustrated using REZBOP as an example.
Applying an inversion operation and subsequently aligning the crystal structures
by minimizing interatomic distances, an inverted phase in which protons are
transferred to adjacent molecules is achieved with a switched polarization
direction. The hypothetical centrosymmetric phase is now defined by carefully
averaging atomic positions pairwise while taking into consideration periodic
boundary condition.

For our example system, we have defined a grid of 10 values for A (Eq. ,
which represents the degree of interpolation between the ferroelectric and
paraelectric structures. The upper panel of Fig. [2.6] displays the branches
connecting the ferroelectric polar phases to the paraelectric phases, separated by
the polarization quanta. The difference between Py, and Py, is equal to P
with a size of around 11 xC/cm.

2.6 Mining the Cambridge Structural Database

Mining CSD involves defining both general and specific structural criteria to
reduce the vast size of the database to a manageable set of structures. These
structures can then be further evaluated using methods with higher computational
costs, such as density functional theory. The application of general criteria, such
as ensuring that entries contain atomic coordinates and lack disorder or polymeric
structures prepares the database for more specialized analysis. Special criteria
can be derived from the structural characteristics of reported organic ferroelectric
materials.

As an example, Fig. 277 shows how different steps in screening OPTFe
candidates reduce the number of structures (detailed in paper. The first filter
ensures that structures have polar space groups and excludes almost 88 % of the
CSD entries. The other filter asks for organic structures that are not polymeric,
have no disorder, and ensures that structures are deposited with readable atomic
coordinates. This step excludes almost half of the structures. The last filter
looks for a pseudo-center of inversion, as described in Sec. This filter is
quite strict, allowing only 3 % of structures to survive. Furthermore, only 1 %
of these structures exhibit properties of OPTFe materials, such as connected
hydrogen-bonded paths facilitating PT.

Another example is mining CSD for potential ferroelectric plastic crystals,
as detailed in paper [[TT} Special criteria are defined based on the structure of
molecular plastic crystals, including roughly globular molecules with a limited
number of hydrogen bonds capable of rotating, which is the polarization-switching
mechanism in these materials. The molecules should also contain electronegative
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2. Organic molecular ferroelectrics
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Figure 2.7: The distribution of CSD structures based on criteria defined for
screening OPTFe materials.

atoms in their chemical formula to generate molecular dipole moments. Applying
these criteria has reduced the pool of polar structures with around 86,000 entries
to 75 potential ferroelectric plastic crystals.
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Chapter 3

Van der Waals density functional
theory

Van der Waals (vdW) interactions emerge from the coupling of instantaneous
dipoles results from electron density fluctuations within atoms and molecules.
Although weaker compared to covalent or ionic bonds, vdW interactions are
essential for understanding and predicting the behavior and properties of various
materials and systems, such as the binding energy of layered systems or the
energy and structures of molecular crystals.

Given the importance of van der Waals interactions, capturing their effects
accurately in computational modeling is essential. Several methods for including
dispersion forces in DFT have been developed, but most of these use “dispersion
correction” scheme in which van der Waals forces are reintroduced with atomistic
force-field correction|[39-43]. Another popular approach is to incorporate
dispersion energies as a functional of electronic density (n(r)), enabling a self-
consistent treatment.

3.1 Density functional theory

In DFT, the ground-state energy and subsequent properties of a given many-
electron system are defined as a functional of n(r). Hohenberg-Kohn theorem
states that these properties are uniquely defined by n(r) and, in principle,
an exact density functional can provide an exact description of the system.
However, the exact form of the density functional to express the energy is
unknown. Kohn-Sham approach or Kohn-Sham DFT gives a practical form
to the Hohenberg-Kohn theorem. The total wavefunction is constructed from
non-interacting single-particle (Kohn-Sham) wavefunctions 9X5(r), where the
density can be defined as

= > [l . (31)

Within Kohn-Sham theory, the total energy is given by
E[n] = Ty[n] + Us[n] + Uen[n] + Exc[n], (32)

where T, and U are the non-interacting kinetic, and electrostatic energy
respectively, and are given by

—h2v? *
-3 / W—Zm K dr,

e

13



3. Van der Waals density functional theory

where m and g are the mass and charge of an electron. Uey[n] = [ Ven(r)n(r)dr
is the electron-nucleus interaction where V,, is called the external potential
and is the potential that electrons feel from the nuclei. The other interacting
many-body electron effects are separated as exchange-correlation energy term
E,c[n] = (T[n] — Ts[n]) + (Uee[n] — Ug[n]). Here, T[n] is the kinetic energy of
the many-electron system and Uee[n] is the many-electron interaction energy.

DFT, similar to the Hartree-Fock method, employs a “trial wavefunction,”
implying that the ground state energy can be determined by minimizing
the energy with respect to the parameters used to construct one-electron
wavefunctions. This is known as the variational principle. By taking the partial
derivative of the energy with respect to the wavefunctions while maintaining
the constraint that the wavefunctions are orthonormal (omitting the derivation
process), the Kohn-Sham ground state energy is defined as follows,

ZeKs—f// 2EIN(E) + Eyln /VXC dr, (3.4)
KS

where €, are the eigenvalues of the Kohn-Sham single-electron equation and
Ve is the exchange-correlation potential and is given by

OF.(r)

Vielr) = an(r)

(3.5)

The Kohn-Sham ground state energy equation should be solved self-consistently.
Because €X° depends on the single-electron wavefunctions, the self-consistent
loop should involve the wavefunctions.

Because the exact form of F. is unknown, finding its analytical expressions
has led to many approximations. The simplest one is the local density
approximation (LDA) where the many-body effects are approximated solely
as a function of the electron density. An improvement over LDA is the semi-local
generalized gradient approximation (GGA), which incorporates not only the
electron density but also the density gradient |Vn(r)|. This addition enhances the
short-range nature of the functional and allows for a better description of systems
with inhomogeneous electron density, such as molecules. While GGA represents
an improvement over LDA in capturing the local variations in electron density,
its accuracy is still insufficient for certain materials with regions separated by
low-electron densities. Examples of such materials include layered materials
and molecular crystals. In other words, GGA has no information about distant
electron densities, leading to the lack of long-range correlation between separated
electrons in GGA energies.

3.2 The Chalmers-Rutgers van der Waals density functional
The Chalmers-Rutgers van der Waals density functional (vdW-DF) is an example

of a functional that incorporates a non-local treatment of correlation to account
for van der Waals interactions[44-46|. In general, vdW-DF functional takes the
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The Chalmers-Rutgers van der Waals density functional

following form,
Exeln] = EZSM[n] + B n] + E'in], (3.6)
which mixes the exchange energy at GGA level (ESGA[n]) with the LDA

correlation (EXPA[n]) and vdW-DF non-local correlation. The non-local
correlation energy is defined as

Eéﬂ[n} = %/dsrl/d?’rg n(ry) ¢(ry,ra) n(ra), (3.7)

where a kernel function ¢(ry,r2) connects two density regions n(ry) and n(rs).
The interaction between the density regions is governed by two dimensionless
parameters D and 9, i.e., ¢(r1,r2) = ¢(D, ). The effective scale D determines
the range of the interaction and is defined as

D= (aofe1) +ao(r2) ey~ ral, (338)

where qo(r) is the local responsivity and is a function of the local density and
the gradient of density (s(r)) and is given by

6LDA
ao(r) = (S +1- 207 helo), (39)

where kg (r) represents the local Fermi vector, while e¥P4 and /P4 denote the
energy per particle of LDA exchange and correlation, respectively. Z.,;, is equal
to —0.849 for the first generation of vdW-DF (vdW-DF1). The other parameter
0 is the relative difference in go(r) and is given by

5= \QO(IH) - QO(T2)|
qo(r1) + qo(r2)

Fig. depicts the vdW-DF kernel. In the homogenous electron density limit
where § = 0, the repulsive and attractive part of the kernel cancels out each other,
and the non-local correlation contribution to the energy vanishes seamlessly. In
addition, the shape of the kernel with respect to D determines the range of the
interaction between two density regions. For instance, for an average value of
go ~ 2 Bohr~!, the major contributing interaction range is confined to a sphere
with a radius of approximately 2.11 A, as further explained in Sec.

The GGA exchange energy improves upon the LDA exchange by incorporating
additional information about the electron density gradient and is defined as

(3.10)

ESOA ] = / & n(r) EPA (n(r)) Fals) (3.11)

where F,(s) is the exchange enhancement factor and is a function of reduced
density gradient s(r) = |Vn(r)|/2(372)/3n(r)*/3. Tt is evident that the shape
of the enhancement factor can significantly affect the bonding in vdW-DF. [46]
. Fig. shows the enhancement factors employed in different generations of
vdW-DF functionals.
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3. Van der Waals density functional theory
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Figure 3.1: The universal vdW-DF kernel as a function of D and §.

vdW-DF1[44] employs revised Perdew-Burke-Ernzerhof (revPBE)[48] ex-
change that demonstrates a more rapid increase in the low s-value regions
(s = 0.5 — 2) compared to PBE[49] exchange. This has improved the underbind-
ing problem previously observed with PBE in systems where dispersion energy
contributes significantly to the total energy.[47] [50]. However, both revPBE
and PBE become flat in the large s-region. This is shown to be related to the
overestimation of binding separations in vdW-DF1. To overcome this, the second
generation of the vdW-DF functional (vdW-DF2)[51] uses the revised Perdew-
Wang (PW86r)[52] exchange with a monotonically increased shape in the large
s-region that is proportional to s%/2. As a result, vdW-DF2 has demonstrated
improved accuracy in predicting lattice constants in molecular crystals. However,
it tends to worsen the overestimation of layered and absorption systems. This
observation can be attributed to the high slope of the F,(s) curve in the small
s—region. To address this issue, newer generations of vdW functionals, like
consistent exchange vdW-DF (VdW—DF—CX), have been developed, aiming to
mitigate the problem. This improvement is evident in the lower panel of Fig [3:2]
where CX and B86R enhancement factors have a lower slope in s-region
between 0.2 to 0.8.

3.3 Reduced density gradient analysis

Considering the importance of the enhancement factor in the performance
of vdW-DF functionals, an analysis correlating the contributing s-regions in
different classes of systems with the shape of the enhancement factor, and vice
versa, can provide valuable insights into understanding vdW-DF and designing
novel vdW-DF', as well as other types of DFT functionals. To only focus on the
gradient component of the exchange energy, it is useful to subtract the LDA part
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Reduced density gradient analysis
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Figure 3.2: Exchange enhancement factors F,(s) (upper panel) and their
derivatives (lower panel) used in different vdW-DF functionals.

from the F,(s) by defining the s-resolved gradient component exchange energy
as

ex(s) = /d?’r n(r) eEPA (n(r)) [Fu(s) — 1]6(s — s(r)), (3.12)

ex(s) is a useful term that allows for a step-by-step integration of s values,
facilitating the investigation of contributions from s regions with the same value
(isosurfaces) to the exchange energy. The s-integrated exchange energy is then
defined as follows,

Eu(s) = /0 Cen(s') ds’ (3.13)

17



3. Van der Waals density functional theory

In Fig. B3] we have plotted the s-integrated and s-resolved gradient component
exchange energy barrier of double PT in a formic acid dimer. By comparing the
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Figure 3.3: 1In the upper panel, the s-integrated exchange proton-transfer barrier
(AE,(s)) is depicted, and in the lower panel, the s-resolved gradient component
exchange barrier (Ae,(s)) of the formic acid dimer is plotted for vdW-DF2
(PW86r). The positively and negatively contributing s regions are colored in
blue and red, respectively.

contribution of different s regions with the shape of F,(s) as plotted in Fig|3.2]
one can pinpoint important s regions for a specific system. For instance, regions
associated with 0.4 < s < 0.75 contribute negatively and reduce the barrier
AE,(s) and s > 0.75 increase the barrier. It is evident that PW86r attains higher
exchange energy towards the end compared to the CX and revPBE exchanges.
This can be attributed to the higher slope and values of F(s) for PW86r in the
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Non-local correlation analysis of vdW-DF

increasing s regions. In paper |[[L we showed that the higher exchange energy
contribution of PW86r is important for the accurate PT barrier prediction of
vdW-DF2.

Previously, s-analysis has been successfully used to explain and analyze the
performance of different DFT exchanges in predicting the interaction energies
of isolated molecules. In paper m we used it to analyze and explain the
performance of various exchange functionals within the framework of vdW-DF
theory.

3.4 Non-local correlation analysis of vdW-DF

In a manner analogous to the reduced density gradient approach used for
analyzing the exchange energy, we can follow a similar strategy to project the
non-local correlation energy onto the local responsivity parameter qo. The
rationale behind this choice lies in the crucial role played by gy in determining
the range and subsequently, the nature of the non-local interaction through
the non-local correlation kernel as is evident from Eq. 3.8] As a result, the
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Figure 3.4: gp-integrated non-local correlation proton-transfer barrier of formic
acid dimer is plotted for vdW-DF functional. The dashed line plots the interaction
range of the non-local correlation kernel for different gg values.

qo-resolved non-local correlation is given by

etl(ao) = [ dPret')8lan — o). .14

nl

where e}

(r) is the spatial non-local correlation density and is defined as

ell(r) = @ /d?’r'n(r’) o(r,r'). (3.15)
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3. Van der Waals density functional theory

Similar to the Eq. 313} the go-integrated non-local correlation energy is

q0
B (q0) = / e (q0") dao’ - (3.16)
0

Fig. shows the go-integrated non-local correlation for the formic acid
dimer. Similar to s-integrated energy curves, the gy curve also contains important
information about the regions in the space that contribute to the energy. Here,
for example, the contributing range is 1 < g9 < 4, and from ¢y > 2.2, the
associated regions are contributing negatively to the non-local correlation energy.
Comparing this curve with the vdW-DF kernel (Fig. , we can define the
range of interaction associated with ¢y isosurfaces as d = |r; — ro| = %,
where 8 is the value where the kernel flattens out—regions with D > 8 does not
contribute much to the energy.
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Chapter 4
Crystal structure prediction

Crystal structure prediction (CSP) involves predicting the three-dimensional
arrangement of molecules/atoms in their solid-state form using only limited
information, such as a chemical diagram or the type of atoms involved .
In molecular crystals, the methodology is based on generating many crystal
structures from the molecules and ranking them by their computed lattice
energies . Often, the output of a CSP method is demonstrated as a plot
of lattice energy versus crystal density. A reliable CSP method would rank
“true” crystal structures or polymorphs—in the case of polymorphism—of a given
substance in the proximity of the global minimum on the CSP energy landscape.

In practice, the method provides valuable data that can be used for different
purposes. One application is in the field of material design and discovery, where
new materials with specific properties are designed by predicting their crystal
structures before they are synthesized. This can help to accelerate the discovery
of new materials for various applications, including energy storage, catalysis, and
electronics. CSP has also been widely used by the pharmaceutical industry
to minimize the probability of the appearance of unforeseen polymorphs. One
example is the case of ritonavir, an antiviral medication, that proved to have an
unforeseen, more stable polymorph with less water solubility. The medications
on the market gradually transformed to a more stable phase and became
pharmacologically ineffective. The huge financial and medical consequences of
the ritonavir case, made CSP an important screening step for detecting possible
polymorphs of medications . Furthermore, CSP can be complemented by
other experimental methods to determine crystal structures more effectively.
Methods such as X-ray diffraction patterns and solid-state nuclear magnetic
resonance spectroscopy can work in synergy with CSP, helping to narrow down
the search space and reduce computational costs. Alternatively, the landscape
produced by CSP can assist in crystal structure determination by matching
experimental data with low-energy CSP structures.

4.1 CSP methodology

An ideal CSP method tries to define and minimize the Gibbs free energy at a
given pressure and temperature with respect to all atomic, molecular, and unit
cell degrees of freedom. In a more simplified manner, the problem can be defined
as the minimization of the internal energy by neglecting temperature and pressure
effects . Now, the problem can be divided into two tasks: search through
multidimensional configurational space using an efficient sampling method to
include all local minima corresponding to each possible metastable packing,
and finding a definition for the internal energy for a given crystal structure.
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4. Crystal structure prediction

Combining these two steps at the end gives us a potential energy surface with
discrete levels of energy corresponding to each of the local minima, referred
to as the CSP landscape . The internal energy can be estimated at
different levels of theories, from ab initio to semi-empirical atomistic potentials.
However, one rational approach is to increase the accuracy of methods while
moving toward the global minimum and apply the most accurate method on
a limited region close to the global minimum. Fig. 1] shows the workflow
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Figure 4.1: A common CSP workflow for molecular crystals.

of a typical CSP procedure. In the first step, crystal structures should be
generated to cover different structural packing. One commonly used method is
quasi-random sequences, which can produce a homogeneous sampling of crystal
structure parameters. More detailed information regarding the selection of
crystal structure parameters will be provided shortly.

In the next step, duplicate structures and structures with non-physical
packing should be removed. Simulating X-ray diffraction patterns can be
used to remove duplicate structures. This stage can be synchronized with the
energy minimization step, where a computationally feasible method, balancing
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CSP methodology

accuracy and computational cost, is employed to provide a preliminary ranking
of the generated structures. Simultaneously, this step identifies and eliminates
structures exhibiting unphysically high energies and/or structures that the
method cannot minimize the energy after a defined number of iteration steps.
Finally, higher-level energy minimization methods, such as DFT with a suitable
functional, can be applied. In the context of molecular crystals, functionals
that include van der Waals dispersion energies, such as PBE—D3, are more
commonly used. Depending on the complexity of the landscape, vibrational and
configurational free energies can be used for the final ranking of the structures.

4.1.1 Search methods

An optimum searching method should visit all possible local minima in the
configurational space of crystal packing, prioritizing denser sampling in regions
with lower energy. Additionally, it should also be computationally feasible.
Several methods have been proposed to achieve these goals. One straightforward
approach involves conducting a comprehensive grid search based on parameters
that define a crystal structure. However, this method is computationally
expensive and spends equal time sampling unnecessary high-energy minima as it
does to sample more interesting low-energy minima.. Another approach is
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Figure 4.2: The proportion of the points within [0.1,0.2] is plotted against the
length of the random sequences generated by pseudo-random and quasi-random
methods.

to randomly search the space using pseudo-random or, for a more homogenous
sampling, quasi-random selection of crystal structure parameters. Quasi-random
sequences guarantee a uniform distribution of sampling points across an interval
by imposing a low discrepancy constraint. This constraint ensures that the
proportion of points falling within a sub-interval is as close as possible to the
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4. Crystal structure prediction

probability of measuring that sub-interval, resulting in a more homogeneous
distribution of points throughout the entire interval. Fig. compares sampling
of the [0.1,0.2] interval by pseudo- and quasi-random methods. For generating
low-discrepancy quasi-random sequences, we used Sobol’s sequence . By
increasing the sampling points—the length of the random sequence—we can see
that the quasi-random sequence converges more quickly to 0.1. This value is the
probability of measuring the length of the interval divided by the whole range of
sampling. In the realm of CSP, many groups have implemented quasi-random
sampling to search the configurational space of crystal structures.

In our CSP calculations, we employed the methodology developed by Case
et al., as detailed in their work . This methodology has been effectively
implemented within the GLEE program, which is suitable for molecular
crystals. In this approach, the molecular geometries are fixed to their gas-phase
optimized geometry, usually relaxed at the B3LYP level of theory. In the
next step, as illustrated in Fig[d:3] molecular positions and orientations, in
combination with lattice parameters, are sampled using the Sobol method .
Applying the symmetry operation to the asymmetric unit within a space group
yields the positions and orientations of molecules inside the unit cell. The
volume of the unit cell is constrained by a parameter, which is defined as the
sum of all boxes that encompass the molecules in the unit cell. In the case of
many nonphysical overlapping molecules in the unit cell, this parameter can be
increased.

Cell vectors (U;)
Cell angles(¢
pply the symmetry
operdtions of the spacegroup

- ®|

-0
Relative position € {QR sequence} ¢ € {QR sequence}
Orientation (6) € {QR sequence} U; € {QR sequence}

V =Y, (Vredbox) x const.

Figure 4.3: Schematic illustration of generating a quasi-random (QR) molecular
crystal structure. (Left) Relative positions and orientations of the molecules
in the asymmetric unit are sampled using QR sequences. (Right) Symmetry
operations are applied to make the unit cell. Cell vectors and cell angles are
sampled using a QR sequence with the constraint that the cell volume (V') is
fixed to the sum of volumes of the red boxes (V**4P°%) surrounding the molecules,
multiplied by a constant.

The sampling procedure can also be combined with the energy evaluation
of generated crystal structures. In this approach, each geometry-optimized
generated structure is associated with one of the local minima, and the
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CSP methodology

completeness of sampling can be assessed by comparing the number of visited
local minima to the total number of generated Structures.

Yang et al. have proposed a method that combines quasi-random sampling
and Monte Carlo moves. In this approach, the CSP landscape is first properly
sampled using a quasi-random sequence, and then Monte Carlo moves are
performed on each of the generated structures through structural perturbations.
The acceptance probability is defined as,

Pe¢, = min[e~ (Fo—Fa) /KT 1] (4.1)

where E, and Ej, are (lattice) energy of the initial and perturbed structures
respectively and T is the temperature. It has been shown that this method
maintains the advantages of quasi-random sampling while also offering better
sampling of low-energy structures and more efficient locating of the global
minimum.

A possible drawback is that the Monte Carlo moves can be trapped in the
local minima. One approach to resolving this problem is to use the Monte Carlo
simulated annealing method. This involves carrying out Monte Carlo moves at
various temperatures to ensure that the landscape has been extensively sampled.

4.1.2 Energy minimization of structures

As previously mentioned, the choice of energy minimization methods can vary in
terms of accuracy and computational cost, depending on the proximity to the CSP
global minimum. Particularly, when dealing with the generation of thousands
of random crystal structures, the chosen method should offer an appropriate
balance between accuracy and computational feasibility. The GLEE program
has an interface with DMACRYS software that employs the anisotropic
Buckingham-type atomistic potential, which includes dispersion and repulsion
terms and has the form

Eyn = Z Al exp(—BI‘]mj) — CIJ?“Z-_jﬁ + EBMA ) (4.2)
ieM,jeN

Where i and j are indices corresponding to atoms of type I and J which
belong to the molecules M and N respectively. The parameters A’/ B!/ and
C!7 are obtained by fitting to the experimental data of azahydrocarbon
and oxohydrocarbon[68] organic crystals, denoted here as FIT potential [69].
The potential incorporates electrostatic interactions EgMA, taking into account
atom-centered multipoles up to rank 4. The multipoles are generated using a
distributed multipole analysis method applied to the charge density. GLEE
generates and utilizes these multipoles through the GDMA program, which
currently interfaces with GAUSSIAN, PSI4[71], and NWChem[72] programs.
The method treats the molecules as a rigid body based on their gas-phase
geometry-optimized structures. In the case of a flexible molecule, the possible
conformers should be identified and used in a separate CSP study and the results
integrated to find the global minimum and possible polymorphs.
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4. Crystal structure prediction

4.1.3 Validation of the CSP method for OPTFes

In the case of OPTFe materials, the FIT potential[73] proved effective in
generating an initial CSP landscape with experimental structures falling within
the low-energy range. We have assessed the efficacy of the FIT potential
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Figure 4.4: Relative energy per molecule versus density of croconic acid
(GUMMUWT11) structures is plotted employing (a) FIT energies, and (b) single-
point DFT energies using vdW-DF2 functional. The structures are colored
based on their similarity to the experimental structure. The degree of similarity
is defined using the COMPACK algorithm [74], with “low” indicating zero
alignment and “high” indicating complete alignment between the compared
structures.

combined with GLEE for quasi-random sampling of structures to predict the
crystal structure of croconic acid. This structure involves the transfer of four
protons through a three-dimensional hydrogen-bonded network.
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CSP methodology

Panel (a) in Fig. illustrates the ranking of structures from the CSP
landscape generated by the FIT potential energies. The experimental structure
is identified as the global minimum. Further analysis through single-point
energies confirms that the experimental structure occupies the global minimum,
exhibiting a large energy gap of 0.3 eV compared to the closest alternative
structure.
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Figure 4.5: Relative energy per molecule pairs versus density for monovalent
salt (MS) and neutral co-crystalline (NC) forms of phenazinium chloranilate is
plotted at three levels of accuracy: (a) and (b) FIT energies, (c) single-point
DFT energies, and (d) fully relaxed DFT energies using vdW-DF2.

The other example is phenazinium chloranilate which is a known acid-base
OPTFe salt. This compound exhibits two protonation states: a low-temperature
ferroelectric phase (MAMPUMO3), characterized as a monovalent salt (MS),
and a high-temperature paraelectric phase (MAMPUMO04), which has a neutral
co-crystalline (NC) form. In Panel (a) of Fig. MS structures are ranked
based on the CSP landscape obtained using the FIT potential. The experimental
structure, colored in red, is currently ranked 42nd out of more than 100,000
randomly generated structures. In panel (b), the CSP landscape for the NCs is
presented, where the FIT potential demonstrates improved performance, with
the experimental NC now ranked second. Moving to panel (c¢), we combined
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4. Crystal structure prediction

the MS and NC structures and optimized them using the single-point vdW-DF2
functional. In this case, the MS experimental structure is ranked 20th, while the
NC retains its second-place ranking among neutral structures. Finally, in panel
(d), we have plotted the 20 lowest structures selected from the single-point DFT
landscape that are fully relaxed using the vdW-DF2 functional. Given that DFT
calculations are conducted at absolute zero temperature, the low-temperature
MS now occupies the global minimum, while the higher-temperature NC is
ranked 20th. The concluding example is QUWZIS, which is a NC of 2,3,5,6-
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Figure 4.6: Relative energy per molecule pairs versus density for 2,3,5,6-
tetrafluorobenzene-1,4-diol and quinoxaline (QUWZIS) is plotted for (a)
monovalent salts (b) neutral co-crystals using FIT energies. The structures
are colored based on their similarity to the experimental structure. The degree
of similarity is defined using the COMPACK algorithm, with “low” indicating
zero alignment and “high” indicating complete alignment between the compared
structures.
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Figure 4.7: Relative energy per molecule pairs versus density for QUWZIS is
plotted at two levels of accuracy: single-point DFT energies, and fully relaxed
DFT energies using vdW-DF2. The structures are colored based on their
similarity to the experimental structure. The degree of similarity is defined
using the COMPACK algorithm, with “low” indicating zero alignment and “high”
indicating complete alignment between the compared structures.

Tetrafluorobenzene-1,4-diol and quinoxaline. This can be a different test for the
FIT potential and the vdW-DF2, given that the stable co-crystal has a neutral
form. Fig. [1.6] shows the CSP landscape, including both MS and NC structures.
Following the same procedure as MAMPUMO3, the landscape is first generated
with the FIT potential. The experimental structure is already in the global
minimum of the NC (Panel (b)). The upper panel of Fig. shows re-ranked
and combined structures using single-point DFT energies. We observe that NCs

29



4. Crystal structure prediction

have aggregated in the low-energy region, with the experimental structure in the
global minimum. In the lower panel, fully relaxed structures from low-energy
regions of MS and NC are plotted. The global minimum is occupied by the
experimental structure and another NC with high similarity to the experimental
structure. In a situation where the energy difference between structures in the
proximity of the global minimum is very small, methods with higher accuracy,
such as DFT with hybrid functionals and free energies, including vibrational
entropy, can help to identify the stable structure.

These results demonstrate that the combination of the semi-empirical FIT
potential with the more accurate single-point and fully relaxed DFT calculations
at the vdW-DF level of theory can effectively identify potential polymorphs in
hydrogen-bonded molecular crystals, such as OPTFe systems.

4.1.4 Clustering

Figure 4.8: The comparison of the predicted crystal structure of phenazinium
chloranilate co-crystal generated from the GLEE program (FIT potential) with
MAMPUMO03. The COMPACK algorithm, employing a 30% distance and
30°angle tolerance, successfully superimposed all 30 molecules of the cluster with
RMSD of 0.17. The predicted structure is depicted in green for visual reference.

During the random structure generation and subsequent DMACRYS energy
minimization, many duplicates with a high degree of similarity may be produced.
A clustering method at this stage can help remove duplicate structures and
provide a better overview of the convergence of the maximum number of unique
structures that can be produced within each space group . One widely
employed technique involves comparing the simulated X-ray powder diffraction
patterns of newly generated and optimized structures against a reference dataset

30



CSP methodology

of previously generated structures. Alternatively, crystal structures can be
compared. One example is the COMPACK algorithm. This algorithm
assesses the interatomic distances within predefined molecular clusters, seeking
matching patterns, and subsequently superimposing structures with consideration
for specified distance and angle tolerances. The evaluation of structural similarity
is quantified using the Root Mean Square Deviation (RMSD) and the count of
matched molecules. Clustering methods can also be used as a post-processing
tool to group similar structures within the CSP landscape.

Fig. shows the performance of the COMPACK algorithm on the predicted
structure resulting from the CSP calculation of the phenazinium chloranilate
co-crystal as illustrated in Fig. [I.5] The predicted monovalent salt structure
is superimposed on the experimental MAMPUMO3 structure. Using the
COMPACK algorithm with a 30% distance and 30° angle tolerance, we find that
the predicted structure closely resembles the experimental structure, matching
all 30 molecules in the cluster with an RMSD of 0.17.
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Chapter 5
Conclusion and outlook

5.1 Summary of papers

focuses on benchmarking various exchange-correlation functionals, which
includes different variants of vdW-DF functionals and dispersion-corrected
functionals. The aim is to evaluate their accuracy in predicting PT
barriers in small organic molecules. The results highlight the significance of
both non-local vdW-DF correlation and choice of appropriate exchange in
improving the underestimation of barriers observed with GGA functionals.
In our analysis of exchange energies using the reduced density gradient,
we found that the exchange variants of vdW-DF1 and vdW-DF2 exhibit
a more favorable Fj(s) shape with a higher slope in the contributing s
regions. This characteristic leads to a higher exchange barrier, effectively
improving the previously observed underestimation. Incorporating hybrid
exchange also improved the barriers. vdW-DF-cx0 and vdW-DF2-B86RO,
the hybrid versions of two of the employed vdW-DFs, showed a good
performance, though B3LYP was slightly more accurate. Furthermore,
our local responsivity (go) analysis reveals that the vdW-DF non-local
correlation contribution to the barrier has a repulsive nature and plays a
crucial role in improving the underestimation of GGA correlation energy.

provides a procedure for mining CSD in search of potential OPTFe
materials. The methodology primarily relies on the identification of
polar organic crystals with pseudo-inversion symmetry. As illustrated
in Fig. 27 among over a million structures, only 7 new candidates
exhibited promising ferroelectric properties. Additionally, we presented
a benchmark set comprising 14 OPTFe structures, by which we assessed
several exchange-correlation functionals in predicting lattice parameters
compared to experimental structures. Interestingly, similar to predicting
PT barriers, vdW-DF2 exhibits a good performance in predicting lattice
parameters. This enabled us to employ a consistent method for calculating
barriers and properties, such as spontaneous polarization.

demonstrates a mining procedure to identify potential ferroelectric
plastic crystals. Drawing inspiration from previously reported plastic
crystal structures, a set of criteria, including globularity and a limited
number of hydrogen bonds, was defined to screen the CSD. Out of more
than a million structures, 75 crystals exhibited ferroelectric properties.
Spontaneous polarizations were also calculated using the vdw-DF-cx
functional, based on a previous benchmarking study.
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5. Conclusion and outlook

describes the design of novel acid-base OPTFe salts. These salts
comprise two molecular types in their structure, offering the opportunity
to explore various acid-base combinations and correlate them with the
properties of the designed crystal. Replacing acid and/or base molecules
can change the packing of the designed crystal. To predict the packing,
we employed the CSP method. The optimum ferroelectric packing should
have a polar space group, a connected PT network, and a monovalent
salt protonation state. The molecules were inherently rigid, which was
suitable for our rigid-body CSP approach. However, different protonation
states needed to be included in our CSP calculations, which increased
the computational cost. To reduce the cost, we examined different
protonation states of all our molecular combinations in a template
packing. In the first step, we excluded molecular combinations where
the MS were not dynamically stable. The remaining combinations were
assessed using the CSP method. In the CSP calculations, the energy
landscape was first generated using the FIT potential. Subsequently,
structures in the low-energy region were re-ranked based on single-point
DFT and relaxed DFT energies. The results showed three molecular
combinations with ferroelectric packing and two with anti-ferroelectric
packing. The calculated spontaneous polarizations for the ferroelectric
structures enhanced significantly compared to the previously reported
acid-base OPTFes.

5.2 Outlook

5.2.1 Discovery

Our approach to discovering organic molecular ferroelectrics was based on
defining quantitative models based on already identified material structures.
These computationally inexpensive models were well-suited for application to
extensive databases, such as the CSD. For OPTFe materials, the pseudosymmetry
method showed its effectiveness by identifying almost all OPTFe entries in the
CSD. However, the method could miss structures when ferroelectric switching
significantly distorts the structures. This can be improved by replacing the
pseudosymmetry method with a less strict method, for example, a method
that can directly identify connected hydrogen-bonded paths. This can be
integrated with the defined criteria for identifying plastic ferroelectrics with
mixed mechanisms, such as PT-triggered rotational ferroelectrics. Moreover,
by using this method, we can expand the search to the centrosymmetric space
group, aiming for potential anti-ferroelectrics and/or ferroelectrics with only the
paraelectric phase deposited in the CSD.

Another approach, which can also be combined with the pseudosymmetry
method, involves using more advanced machine learning (ML) models trained on
the structural features of previously identified compounds to discover new organic
ferroelectrics. However, these models are not applicable here as they require
training on large datasets, whereas the number of previously reported organic
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ferroelectric compounds is limited; for example, OPTFes are restricted to around
20 compounds. Nevertheless, general ML methods developed for computing the
properties of crystals can be incorporated into the search algorithms. For example,
a model that can effectively predict the spontaneous polarization of crystals can
be applied to identify polar materials with a defined high polarization.

5.2.2 Design

Our approach to designing novel acid-base OPTFe salts employed a CSP
methodology to predict the packing of the designed structures. This methodology
was based on rigid molecules in generating and energy minimization of the
structures at the force-field level. This implies that the number of CSP
calculations is dependent on the number of conformers of the molecules, and for
highly flexible molecules, this can be computationally expensive. Moreover, in
our method, conformers defined in the gas phase may differ from those within the
crystal environment. This implies that the ranking of the structures can change
significantly after the geometry optimization of the structure with ab initio
methods. Additionally, energy minimization was carried out by a semi-empirical
force field (FIT) fitted on experimental data of compounds with a limited set
of chemical elements, and intermolecular coefficients were not available for any
desired element.

One solution to the mentioned problem is replacing the FIT potential with
a ML potential. These potentials can be trained on DFT-generated data
of similar compounds, making them more accurate than conventional force
fields. Additionally, conformers can be generated on-the-fly inside the crystal
environment while (quasi-)randomly generating structures. As discussed in
Sec. [£1.0] this step can be integrated with Monte Carlo moves, resulting in the
sampling of the configurational space limited to the low-energy region of the CSP
landscape. As a result, employing this improved method can enable us to expand
the chemical space in our design and, consequently, have a better description
of structure-property relationships of organic molecular ferroelectrics. However,
one important step in understanding these relationships is finding a method
that can accurately predict the properties of the designed ferroelectric materials.
The calculation of the spontaneous polarization can be straightforward if we can
find a smooth path toward the hypothetical paraelectric phase and subsequently
employ the Berry-phase method. However, calculating the coercive field and
Curie temperature can be challenging since they depend on the understanding
and modeling of the switching mechanism.

Molecular dynamics (MD) and/or Monte Carlo simulations can be used to
model the switching of systems where the switching involves the movement and
reorientation of molecules, such as in plastic crystals. However, for systems
in which the switching involves the transfer of protons, quantum effects can
contribute to the dynamics of the system, and more advanced MD simulations,
such as path integral MD, may be required. In any case, it is essential to
consider that the simulation cost for calculating ferroelectric properties should
be significantly less than the cost of experimentally realizing the designed crystals.
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5. Conclusion and outlook

Another approach with a much lower computational cost is to relate certain
structural features and/or properties of the crystal, which can be calculated at a
feasible cost, to the more expensive properties, such as the coercive field, of the
designed crystal. In paper [T} we related the PT barriers to the coercive fields of
the previously reported OPTFes to obtain an estimation of the coercive fields of
the crystals we found through our screening. With an efficient CSP method that
allows the incorporation of desired molecules and accurately predicts the crystal
packing, along with an efficient method to predict the desired properties of the
crystal, we can aspire to design ferroelectric systems with optimal properties
tailored for specialized applications.
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ABSTRACT

Proton-transfer (PT) between organic complexes is a common and important biochemical process. Unfortunately, PT energy barriers are dif-
ficult to accurately predict using density functional theory (DFT); in particular, using the generalized gradient approximation (GGA) tends to
underestimate PT barriers. Moreover, PT typically occurs in environments where dispersion forces contribute to the cohesion of the system;
thus, a suitable exchange-correlation functional should accurately describe both dispersion forces and PT barriers. This paper provides bench-
mark results for the PT barriers of several density functionals, including several variants of the van der Waals density functional (vdW-DF).
The benchmark set comprises small organic molecules with inter- and intra-molecular PT. The results show that replacing GGA correlation
with a fully non-local vdW-DF correlation increases the PT barriers, making it closer to the quantum chemical reference values. In contrast,
including non-local correlations with the Vydrov-Voorhis method or dispersion-corrections at the DFT-D3 or the Tkatchenko-Scheffler level
has barely any impact on the PT barriers. Hybrid functionals also increase and improve the energies, resulting in an excellent performance
of hybrid versions of vdW-DF-cx and vdW-DF2-B86R. For the formic acid dimer PT system, we analyzed the GGA exchange and non-local
correlation contributions. The analysis shows that the repulsive part of the non-local correlation kernel plays a key role in the PT energy
barriers predicted with vdW-DF.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0095128

1. INTRODUCTION the accuracy of predicted PT barriers with functionals that include
dispersion forces.
Earlier benchmark studies have found that density functional

theory (DFT) in the local density approximation (LDA)" and

Proton transfer (PT) is a ubiquitous chemical reaction, and
many biochemical reactions involve PT. For instance, proton-

coupled charge transfer is an established mechanism in enzymology
and collective proton transfer in DNA base pairs can give rise to rare
tautomers that may lead to mutations.” In organic solid-state sys-
tems, PT can change the nature of the bonding and, consequently,
the properties of a crystal.’ PT is also one mechanism for electric
polarization switching in the organic ferroelectrics.” *

High level quantum chemical methods, in particular, coupled-
cluster with single and double and perturbative triple excitations
[CCSD(T)] can provide accurate reference data for PT energy barri-
ers, but its high computational cost makes it ill-suited for complex
PT systems. The organic complexes in which PT occurs are often
held together by van der Waals forces, making it important to assess

generalized-gradient approximation (GGA)"” tend to underesti-
mate PT barriers."”'' Hybrid functionals, which mix in a fraction
of Fock exchange,'”™'” improve performance'® which, in part, can be
linked to reduced self-interaction error.'® Patchkovskii and Ziegler'
found that Perdew-Zunger self-interaction corrected DFT improves
reaction and activation energy barriers for 11 selected “difficult”
reactions compared to LDA and GGA. Although self-interaction
is one source of the PT barrier underestimation, lack of non-local
correlation effects has also been suggested as a possible source of
inaccuracy.'®

Several methods, including dispersion forces in DFT, have been
developed, but most of these use “dispersion correction” scheme in

J. Chem. Phys. 156, 244106 (2022); doi: 10.1063/5.0095128
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which van der Waals forces are reintroduced with atomistic force-
field correction.” ** One class of functionals” ** with a non-local
account of the correlation is the Chalmers—Rutgers van der Waals
(vdW-DF) density functional,” " which is a popular method to
describe materials bonded by dispersion forces. vdW-DF is derived
from exact criteria using a plasmon-model of the response properties
of the electron-gas.””*""*~" In the theory, the non-local correlation
energy takes the form

E?l[n] = % / &r f Eryn(ry) ¢(r1, 1) n(ry) (1)

in which a kernel function ¢(r;,r;) connects two density regions
n(r1) and n(r;). Unlike other dispersion-correction methods,
the vdW-DF non-local correlation is designed so that E™ van-
ishes seamlessly in the homogeneous electron gas limit; more-
over, it does rely on explicit short-range cutoff mechanisms.
Therefore, vdW-DF does not include gradient components of the
GGA correlation in the total exchange-correlation energy, i.e.,
Exc[n] = ES*[n] + EPA[n] + E™[n]. Over the years, several vari-
ants of vdW-DF~ **’7**% have been developed including hybrid
variants.””"’ vdW-DF has also inspired other non-local correlation
functionals; in particular, the Vydrov-Voorhis (VV10)"' functional
and its revision for plane wave codes (rVV10)."”> While vdW-DF
is foremost developed for describing dispersion-bonded systems,
its explicit non-local correlation has also been found to improve
various material properties”*”’**’ including image plane states on
graphene.**
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FIG. 1. Structures of the PT14 benchmark set. Arrows indicate the direction of
proton transfers. Reaction systems comprise (1) malonaldehyde, (2) formic acid
dimer, (3) formamide, (4) formamide dimer, (5) pyridine, and nine tautomerization
reactions, including [(6)—(8)] carbonyls, [(9) and (10)] imines, (11) propene, and
[(12) and (14)] thiocarbonyls. Color scheme: O (red), C (gray), H (white), N (blue),
S (yellow).
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This paper provides benchmark results for 22 functionals
including several vdW-DFs. We based the benchmark set labeled
PT14 on the 9 charge-neutral intra-molecular PT systems by Karton
et al.”> and 5 inter- and intra-molecular PT systems by Mangiatordi
et al.'’ computed with coupled-cluster method at the CCSD(T) level
of theory. The set of systems is displayed in Fig. 1. We also tested
several GGAs,"" two standard hybrid functionals,'*"” and the
strongly constrained and appropriately normed (SCAN) meta-GGA
functional.”® In addition to vdW-DF, we also tested the rVv10'"*
and the SCAN-rVV10 functional.”” Moreover, we investigated the
effect of adding force-field dispersion corrections at the D3** and
Tkatchenko-Scheffler (TS)"” level of theory to some GGAs and the
B3LYP'” hybrid functional.

We found that vdW-DF tends to increase PT barriers com-
pared to GGA and, therefore, reduce the deviation with the reference
data. The results are detailed in Sec. I1I. This trend is caused by the
reduction in the negative correlation contribution to the PT barriers.
To gain better understanding of this result, we performed an in-
depth analysis of the formic acid dimer system (system 2 in Fig. 1),
as detailed in Sec. IV. The non-local correlation contribution was
found to be dominated by repulsive short-range non-local correla-
tion effects. This effect is similar to that of GGA-type correlation but
with the local geometry-sensitivity inherited to vdW-DF.

1. METHODS

The benchmark calculations were carried out with the VASP
software package,”’ " except for the vdW-DE3-optl, vdW-DF3-
opt2,”> and B3LYP(-D3)"° calculations for which QUANTUM
ESPRESSO” was used, as these functionals have not been imple-
mented in VASP. The geometries were fixed to the ones from
Mangiatordi et al.'’ and Karton et al.”* that were obtained at CCSD
and B3LYP level of theories, respectively. In the supercells, 15 A
vacuum padding was used to isolate the molecular systems employ-
ing the dipole correction scheme of Neugebauer and Scheffler.”*
The electronic self-consistency criteria was set to 10~ eV. Based on
our pseudopotential choices and convergence study, as detailed in
Sec. IT A, the plane wave energy cutoffs were set to 1000 eV. The
VASP calculations used hard projected augmented waves (PAW)
pseudopotentials (PPs), while the QUANTUM ESPRESSO used the
SG15 optimized norm-conserving Vanderbilt (SG15 ONCV).”
For the exchange and correlation analysis, we obtained the input
data from the PPACF post-processing tool*® that is distributed with
the QUANTUM ESPRESSO software package.

A. Pseudopotential choice and convergence

In the energy cutoff convergence study and PP selection, we

compared the ultra-soft Rappe-Rabe-Kaxiras-Joannopoulos
(RRKJUS) pseudopotential” obtained from the PSlibrary
project database,”” with the hard norm-conserving PP

Hartwigsen-Goedecker-Hutter (HGH),"! and the SG15 ONCV
as well as the standard and hard PAW PP*’ as implemented in
VASP.

Figure 2 displays the results for the case of PT barriers of the
formic acid dimer. It shows that while ONCV, HGH, and hard
PAW converge to a similar value of 0.12 eV, this value differs from
the converged value of the ultrasoft RRKJUS and standard PAW,
by 0.07 and 0.03 eV, respectively. In comparison, the literature
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FIG. 2. PT energy barrier sensitivity of the formic acid dimer to plane wave energy
cutoff for different PPs. The black star indicates the energy barrier of Mangiatordi
et al.¥ study using a 6-311+G(3df, 3pd) orbital basis.

value obtained with 6-311+G(3df, 3pd) orbital basis set using the
GAUSSIAN program package® is 0.13 eV.'" The similarity of the
ONCV, HGH, and hard PAW results demonstrates the reliability
of these PPs. Our results are in line with the fact that ONCV has
been shown to perform well compared to all-electron results for a
selected set of solids, including covalent, ionic, and metallic bond-
ing.” In contrast to ONCV and hard PW, which converge smoothly
to within 1 meV at 1000 eV, the PT barriers obtained with HGH
fluctuates significantly with the cutoff until the energy differences
fall within 1 meV at an energy cutoff of 2800 eV.%

I1l. RESULTS

Figure 3 displays computed statistical data for PT energy bar-
riers for the PT14 set for a subset of the benchmarked functionals.
The full set of results are provided in Table I. It shows that the
two pure GGAs, revPBE*” and PBE,** (indicated by plain gray bars)
significantly underestimate the PT barriers. For systems with low
PT barriers, results can be qualitatively incorrect. For instance, in
the case of the malonaldehyde (system 1 in Fig. 1), PBE predicts
8 meV, which is far less than the reference value of 168 meV.
PBEO, which mixes in 25% Fock exchange with the PBE exchange,'’
improves the PT barriers. The meta-GGA SCAN is overall more
accurate than PBE, but less accurate than PBEO. Despite that dis-
persion forces contribute to hydrogen bonding, adding dispersion
corrections at the DFT-D3* or at the TS'” level has barely any
impact on the predicted PT barrier. Interestingly, a similar insen-
sitivity is also exhibited when adding rVV10 non-local correlation
corrections to SCAN.* In contrast, several vdW-DFs, in particu-
lar, vdW-DF* and vdW-DF2°° have significantly smaller deviations
from the reference than the GGAs. The most accurate non-hybrid
functional is vdW-DF2 with a mean absolute deviation (MAD) of
0.073 eV, a mere quarter of the PBE MAD of 0.279 eV. In com-
parison, the MAD of PBEO is 0.094 eV. The reduced deviation of
vdW-DF can be traced to the GGA gradient correlations having a
larger negative contribution to the barrier than the fully non-local
vdW-DF correlation. For instance, in going from revPBE to vdW-
DF, which keeps the exchange fixed, the MAD drops from 0.226 to
0.104 eV. The hybrid variant of vdW-DF-cx and vdW-DF2-B86R

0.30 MAD
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FIG. 3. Mean (absolute) deviation [M(A)D] of PT energy barriers for the PT14
benchmarking set. The reference values are provided at CCSD(T) level."” The
bar colors indicate the nature of the respective exchange functionals, with GGAs
indicated in gray, hybrids in blue, and meta-GGAs in pink. Stripes indicate the
inclusion of dispersion forces, either with a dispersion correction (red stripes), or
using full non-local correlation within vdW-DF (indigo) or at the rVV10 (light blue)
level. “vdW-" prefix dropped for simplicity in functional names.

that mix 25% Fock exchange to the GGA exchange (vdW-DF-
cx0™”"" and vdW-DF2-B86R0) predict PT barriers with a MAD of
0.067 and 0.047 eV, respectively. Finally, we note that the empirical
B3LYP functional,"” which uses 20% Fock exchange and a reduced
GGA correlation (0.81 LYP®) provides slightly more accurate PT
barriers with a MAD of 0.040 eV.

Figure 4 shows the individual correlation components for eight
different functionals for the PT barrier of the formic acid dimer.
It shows how the non-local correlation contribution of vdW-DF
reduces the PT barrier less than the GGA correlation, thus mak-
ing vdW-DF and vdW-DF2 the most accurate functionals for this
PT barrier. As noted before, the comparison is most clear-cut when
comparing revPBE and vdW-DF as the exchange is kept fixed.
The D3 correction in PBE-D3 and the rVV10 non-local correlation
contribution in SCAN-rVV10 are barely visible.

IV. ANALYSIS OF ENERGETIC CONTRIBUTIONS
OF VDW-DF

The dramatically improved performance of vdW-DF and
vdW-DF2 compared to the GGAs, and the good performance of
hybrid vdW-DF-cx and vdW-DF2-B86R prompted us to perform
an analysis of the mechanisms involved in the improved PT barri-
ers. We retain the double-PT formic acid dimer (system 2 in Fig. 1)
as a case study.

A. Exchange contribution

The degree of underestimation with GGAs as well as the per-
formance of individual vdW-DF variants depends on the specific
exchange functional used. Jenkins et al.®® recently highlighted how
the s-resolved gradient component of the exchange energy can be
a useful tool to analyze why the choice of exchange enhancement
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TABLE I. PT energy barriers, mean absolute deviations (MAD), mean deviations (MD), mean absolute relative deviation (MARD), and mean relative deviations (MRD) for the
PT14 benchmarking set for different density functionals. The units are in electron volts (eV).

Systems Ref. PBE  PBE-D3 PBE-TS revPBE PBEO SCAN SCAN-rVV10 rVV10 B3LYP B3LYP-D3 PBEsol
1 0.168 0.008 0.015 0.009 0.049 0.073 0.038 0.036 0.073 0.130 0.144  -0.079
2 0.343 0.127 0.130 0.130 0.211 0.207 0.160 0.155 0.208 0.289 0.289  -0.029
3 2.028 1.814 1.818 1.813 1.865 1.999 1.950 1.948 1.925 2.080 2.087 1.692
4 0.828 0.655 0.657 0.650 0.762 0.755 0.707 0.699 0.780 0.885 0.886 0.451
5 1.650 1.328 1.326 1.324 1.369 1.540 1.472 1.471 1.406 1.589 1.587 1.228
6 1.594 1.347 1.352 1.348 1.391 1.536 1.446 1.445 1.434 1.597 1.606 1.242
7 1.570 1.271 1.272 1.271 1.319 1.467 1.408 1.406 1.348 1.520 1.521 1.163
8 2.643 2.254 2.255 2.254 2.287 2.495 2.408 2.406 2.351 2.559 2.562 2.152
9 2.061 1.778 1.778 1.776 1.832 1.973 1.925 1.923 1.881 2.046 2.045 1.654
10 2.848 2.509 2.510 2.508 2.544 2.741 2.673 2.670 2.625 2.818 2.820 2.403
11 3.523 3.144 3.144 3.147 3.174 3.472 3.370 3.368 3.224 3.524 3.523 3.060
12 1.388 1.171 1.178 1.172 1.237 1.338 1.265 1.262 1.270 1.435 1.448 1.037
13 1.256 0.987 0.991 0.986 1.052 1.158 1.089 1.087 1.078 1.248 1.254 0.854
14 2.55 2.150 2.156 2.152 2.200 2.387 2.298 2.295 2.251 2.487 2.498 2.025
MD -0.279 -0.276 -0.279 -0.225 -0.094 -0.160 —-0.163 -0.185 -0.017 -0.013  -0.399
MAD 0.279 0.276 0.279 0.225 0.094 0.160 0.163 0.185 0.040 0.040 0.399
MRD (%) -24.8 -24.3 -24.8 -18.3 -11.2 -16.9 -17.3 -15.4 -2.8 -2.0 -38.3
MARD (%) 24.8 24.3 24.8 18.3 11.2 16.9 17.3 15.4 4.7 42 38.3
DEF- DF2- DF2- DF2- DEF- DF-
Systems Ref. DF DF2 DF-cx DF-cx0 ¢x0-20 B86R  B86RO B86R0-20 optB88 optPBE DEF3-optl DF3-opt2
1 0.168 0.131 0.188 -0.014 0.076 0.058 0.016 0.101 0.084 0.042 0.068  —0.028 0.005
2 0.343 0336 0.409 0.091 0.212 0.188 0.135 0.252 0.229 0.173 0.225 0.054 0.114
3 2.028 2.003 2.088 1.803 2.028 1.983 1.850 2.064 2.022 1.893 1.918 1.787 1.833
4 0.828 0.930 1.032 0.614 0.768 0.737  0.686 0.832 0.803 0.723 0.788 0.574 0.657
5 1.650 1.501 1.571 1.328 1.573 1.526 1.354 1.590 1.544 1.406 1.427 1.305 1.344
6 1.594 1.514 1.588 1.337 1.561 1.517 1.371 1.584 1.110 1.418 1.438 1.317 1.358
7 1.570 1.446 1.517 1.261 1.494 1.449 1.283 1.508 1.464 1.344 1.366 1.232 1.270
8 2.643 2.425 2.523 2.244 2.525 2.470 2.282 2.552 2.500 2.345 2.351 2232 2.268
9 2.061 1.973 2.057 1.766 2.002 1.956 1.803 2.031 1.987 1.860 1.885 1.744 1.787
10 2.848 2.679 2.782 2.495 2.768 2.715 2.547 2.808 2.757 2.599 2.605 2.495 2.531
11 3.523 3.301 3.382 3.145 3.508 3.436 3.183 3.549 3.477 3.237 3.237 3.147 3.172
12 1.388 1.391 1.476 1.164 1.374 1.332 1.201 1.404 1.364 1.261 1.289 1.132 1.181
13 1.256 1.209 1.297 0.980 1.195 1.153 1.006 1.217 1.175 1.079 1.108 0.941 0.988
14 2.55 2.361 2.471 2.140 2.425 2.368 2.173 2.462 2.406 2.253 2.268 2.110 2.154
MD -0.089 -0.005 -0.292 -0.067 -0.111 -0.254 -0.035 -0.078 -0.201 -0.177 -0.315 -0.271
MAD 0.104  0.073 0.292 0.067 0.111 0.254 0.047 0.078 0.201 0.177 0.315 0.271
MRD (%) -5.0 33 =272 -95 -129 -23.0 =59 -9.3 -18.3 -147 -29.8 -24.8
MARD (%) 6.8 6.5 27.2 9.5 12.9 23.0 6.6 9.3 18.3 14.7 29.8 24.8

factor Fy(s) causes the performance of different vdW-DFs to differ
for different types of systems. The GGA exchange itself is expressed
as modulation of the LDA exchange, as follows:

BN = [ @rn(x) &P (n(x)) Fu(s), @
with the reduced density gradient given by s(r) =|Vn(r)|/

2(37%)*n(r)*?. In turn, the s-resolved gradient component of the
exchange energy is given by

ex(s) = / dra(r) e (n(r)) [Fe(s) -1]8(s—s(r)). (3)

The contribution to the PT energy is given by the difference between
the transition state (ts) and ground state (gs) as follows:

Rex(s) = €7(s) = & (5)- &)
The s-integrated exchange energy density is given by
AE,(s) = /SAex(s’) ds'. (5)
0
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FIG. 4. PT barrier energies of different functionals and their correlation compo-
nents for the formic acid dimer. The quantum chemical reference indicated with
the dashed line.'” The inset shows the density isosurfaces in the ground and tran-
sition state. The contributions of GGA correlation, non-local correlation with rvVV10
and vdW-DF, and D3 corrections are indicated. The visualization in the inset and
elsewhere is generated with VESTA.57

Numerically, we computed Eq. (5) using the Savitzky-Golay®’
filter fitted with a third-degree polynomial to remove the noise
effects due to grid-point integration and then take the derivative to
obtain Eq. (4).

The result is shown in Fig. 5. The upper panel shows plotted
s-isosurfaces for the transition and ground states for the three dif-
ferent s values. The middle panel shows the s-integrated exchange
energy barriers [Eq. (5)] for selected exchange functionals. The ver-
tical dashed lines indicate the displayed isosurfaces in the upper
panel. The lower panel shows corresponding exchange enhancement
factors, Fx(s). We can roughly discriminate two main s regions:
0.4 < s < 0.75, which reduces the PT barrier, and s> 0.75, which
increases the barrier. Considering that exchange energies are always
negative, the s regime with negative exchange contribution to the
PT barrier correlates with larger s isosurface areas at the transition
state. In the regions beyond s ~ 0.6, the situation is reversed, and
exchange energies are contributing positively to the barrier. This
can be linked to the larger isosurface areas of the ground state.
The s = 0.85 isosurfaces exemplifies this: the two isosurfaces of the
individual dimers have completely merged for the transition state
causing smaller surface areas, while the ground state is in the pro-
cess of merging, corresponding to large surface areas. At s~ 1.5,
both isosurfaces enclose the full molecular dimer systems, which
can be related to the flattening out of the positive exchange contri-
bution curve, as the isosurfaces effectively cancel out each other as
they become more similar. Moreover, there is also a reduction in the
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FIG. 5. s-isosurfaces for three different s values are shown for the ground state
(gs) and transition state (ts) in the upper panel and marked with yellow ver-
tical lines in the middle panel. s-integrated exchange barrier [AE(s)] of the
formic acid dimer for different selected exchange functionals (middle panel) and
corresponding enhancement factors (lower panel) are plotted as a function of s.

total exchange contribution due to the lower electronic density in
the large s regions. Note that this analysis only takes the explicit non
self-consistent energetic contributions of Eq. (3) into account, and
small corrections would arise at the self-consistent level.

The effect of the role of the enhancement factors Fx(s) can be
understood by considering Fx(s) — 1 as modulations of the exchange
contribution curves. Comparing revPBE to PBE exchange, we can
trace the larger PT barrier of the former to the increasing differ-
ence between the values of Fy(s) as s increases, and that most of
the difference comes from regions with s> 1.0. It is also interest-
ing that vdW-DF and vdW-DF2 end up with quite similar energies,
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even though the exchange functionals, revPBE and PW8ér, differ
considerably in shape. This result is related to a partial cancel-
lation of positive and negative exchange contributions to the PT
barrier. Comparing Fx(s) with AE,(s) reveals that the larger value
of the PW86r Fx(s) coincides with a larger slope of AE,(s) in most
of the negatively and positively-contributing s regions (top panel).
The final difference also partially cancels with the small difference
in non-local correlation contributions. With a MAD of 0.254 eV,
vdW-DF2-B86R performs more accurately than vdW-DF-cx with
a MAD of 0.292 eV. This result can be related both to the slightly
smaller exchange contribution to the PT energy barrier (Fig. 5) and
larger negative non-local correlation contribution of vdW-DF-cx
comparing to vdW-DF2-B86R (Fig. 4).

Table I shows that, while several vdW-DFs perform better than
GGAs, not all vdW-DFs are equally accurate. For instance, PBE per-
forms better than the recently developed vdW-DF3 variants and
vdW-DF-cx. However this is not due to the non-local correlation,
but rather their “soft” exchange functionals, i.e., the Fy(s) shape has
overall lower values. In fact, truly “soft” GGAs such as PBEsol’’
are even less accurate with a MAD of 0.4 eV. The “soft” form
in the small-to-medium s-regime is crucial for making vdW-DF
accurate for broad classes of systems, including solids and layered
systems.””"*">"" Thus, even though this study shows that vdW-DF
and vdW-DF2 are accurate for PT systems, the original vdW-DF
notoriously overestimates binding separations for all kinds of sys-
tems. While vdW-DF2 can be quite accurate for molecular dimers
and molecular crystals and has a broader range of applicability, it
severely overestimates lattice constants of solids and layered systems,
as well as adsorption on coinage metals.””

B. Analysis of the role of non-local correlation

For analyzing the non-local correlation of vdW-DF, the local
responsivity g, (r) is the most natural variable as it enters into the
non-local correlation kernel ¢(ry,r2) = ¢(D, §) through dimension-
less parameters § and D. In Sec. IV C, we will also project non-local
correlation density onto s(r), for sake of comparison with GGA
exchange and correlation. The parameter § is the relative difference
in responsivity g, (r) (inverse length scale) of two density regions

_ 190(r1) = qo(r2)]
" () T ao(r2) ©

and the effective dimensionless separation D is given by

D= %(qO(rl)JrfIO(rz))lfl -1l )

The parameter g, (r) is, within vdW-DF, given by

LDA
€
X

qo(r) = (Em i1- %s(r)z)ky(r), ®)

where kg (r) is the local Fermi vector. Z,;, is equal to —0.849 for vdW-
DF1 and vdW-DF3-optl and —1.887 for vdW-DF2 and vdW-DF3-
opt2. The spatial non-local correlation density is given by
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and, subsequently, the g,-resolved non-local correlation can be
defined as

a0 = [ drel(x) 8(a - ao(x)). (10)

The g,-resolved non-local correlation contribution to the PT barrier
is then given as

el (qo) = € (q0) - €% (q0), 11

and the corresponding q,-integrated non-local correlation barrier is

o , /
AE (o) = [ " ael'(a0') dao’. (2)

For the analysis of the non-local correlation contributions to
PT barriers, Fig. 6 shows four interlinked panels. Panel (a) shows
three selected gq,, isosurfaces for the ground state (gs) and transition
state (ts). The overlaid contours indicate the non-local correlation
density as given by Eq. (9). The three isosurfaces (g, ~ 1.2, 1.8, and
2.2) were selected based on the curves for g,-resolved non-local cor-
relation [as given by Eq. (10)] of the ground and transition states
provided in panel (c), with the difference provided in panel (d).
The rulers indicate the D = 3 separation, as well the real-space dis-
tance [r; — 12| of 2 a.u. bohrs. Panel (b) shows the vdW-DF kernel.
The upper left isosurface of panel (a) for g, ~ 1.2 coincides with
fairly low density regions, except for the regions directly between
hydrogens and its oxygen neighbor in the adjacent molecule. Thus,
this positive contribution to the non-local correlation of the ground
state causes a lowering of the PT barrier. The larger blue isosurfaces
around the void in between the two molecules for the transition
state also contribute somewhat to lowering the PT barrier. This
contribution can be viewed as a long-range dispersion effect as the
distance from one to the other end of the void coincides with D » 3,
i.e., the minimum of the kernel (b). The isosurfaces correspond-
ing to q, ~ 1.8 [mid panels (a)] show additional lobes around the
hydrogen atoms in the transition state, while the ground state isosur-
face has been disconnected. These isosurface differences explain the
increase in the positive non-local correlation energy of the transition
state increasing the magnitude of the PT barrier. Finally, the upper
right isosurface corresponds to g, = 2.2 in which the isosurface lobes
around the hydrogen in the transition state has vanished, but the
isosurfaces around the hydrogen in the ground state cause a signif-
icant reduction of the PT barrier. At this value of g, the effective
separation D has contracted significantly causing intra-molecular
correlation to be dominating contribution.

C. Reduced-gradient resolved correlation comparison

Subsection IV B highlighted the utility of analyzing vdW-DF
in terms of the spatial distribution of g, (r) which enters into the
kernel ¢(D,8) of vdW-DF. In GGA correlation,* a key variable is
the reduced gradient t = |Vn(r)|/2ks(r)n(r), which is defined using
the Thomas-Fermi screening length ks = \/4kg/m. In terms of ¢, the
total PBE correlation energy can be expressed as
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FIG. 6. Non-local correlation contributions to the double PT transfer energy in formic acid: (a) g,-isosurfaces with g, ~ 1.2, 1.8, and 2.2 a.u. overlaid by non-local correlation
density e7'(r) [Eq. (9)]. Red indicates negative contributions and blue positive. The upper rulers indicate real-space distances of 2 bohrs (i.e., 2 a.u.) 2 bohrs = 1.06 A, and
the lower unit-less scaled lengths of D = 3 entering into the vdW-DF kemel,>° depicted for reference in panel (b). Panel (c) shows the total non-local correlation [Eq. (10)]
of the ground and the transition state. Blue shading indicates negative net contributions to the PT barrier and red indicates net positive contributions. Panel (d) shows the

corresponding gy-resolved contributions to the PT barrier while the dashed curve shows the integrated contributions.

P [ @rn(o) [ @) + Hu(o). (k)] (3)
where H is the gradient contribution function. In order to analyze
the effect of correlation and exchange on an equal footing, whether
at the GGA or vdW-DF level, we benefit from resolving these quan-
tities onto the same variable. We here choose the reduced gradient s
which was used for exchange in Fig. 5. The corresponding s-resolved
gradient component of PBE correlation energy is given by

FBE(g) = f Pra(e) H(r 1(s)) 8(s - s(r)), (14)
with the corresponding integrated quantity given by
AEPPE(s) = fsAefBE(s’) ds’. (15)
0

The projection of vdW-DF onto s is similar to Eq. (10).

Figure 7 shows the PT energy barrier contributions of AEF*E (s)
and non-local correlations. Vertical dashed lines correspond to the
isosurfaces in the upper panel of Fig. 5. Comparing the curves with
those of the exchange contributions in Fig. 5 shows that the curves
bear some resemblance, but they have opposite prefactor and ear-
lier onset of correlation contribution than exchange with increasing
s. Comparing GGA and the vdW-DF and vdW-DF2 correlations
shows that while the shapes are similar, the former has much larger
positive and negative contributions beyond s ~ 0.4. Comparing with
the s-isosurfaces reveals that this s value corresponds to the onset
of connected isosurfaces for the transition state geometry. Thus, the
smaller vdW-DF correlation coincides with a transition from purely
intra-molecular correlation to inter-molecular correlation contribu-
tions. In the regions below s ~ 0.6, the differential PBE and non-local
correlations are contributing positively to the barrier [Aec(s) > 0],
which can be traced to the larger s surface area at the transition state.
This situation is reversed for the regions beyond s ~ 0.6. We also
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FIG. 7. s-resolved gradient component of the PBE correlation, vdW-DF non-local
correlation and vdW-DF2 non-local correlation contributions to the PT barrier are
plotted as a function of s for formic acid dimer.

found that for s > 1 values corresponds to isosurfaces that enclose
the entire dimer systems, similar to the low g, values. Moreover,
beyond s ~ 1.5, vdW-DF correlation flattens, while the magnitude
of GGA correlation continues to grow. In these regions, the two iso-
surfaces have merged, resulting in similar isosurface shapes for both
the transition and ground states. Finally, we note that the earlier flat-
tening of the vdW-DF2 compared to vdW-DF1 curves can be related
to the larger Z,;, value of vdW-DF2** which causes a larger g, values
in the low-density large s regime.””

V. CONCLUSIONS AND OUTLOOK

We have compared and analyzed the performance of dif-
ferent functionals for proton-transfer energy barriers and found
that replacing GGA correlation with vdW-DF non-local correla-
tion causes a non-intuitive increase of the energy barriers. This
increase typically improves accuracy compared to GGA, which
tends to underestimate energy barriers. Use of hybrid exchange also
improves barriers, and good performance was found for hybrid ver-
sions of two van der Waals density functionals vdW-DF-cx0 and
vdW-DF2-B86R0, though B3LYP and B3LYP-D3 were slightly more
accurate.

The improved PT transfer barriers of vdW-DF are highly
encouraging because these functionals can also account for the dis-
persion forces that are important for the cohesion of many proton-
transfer systems. Beyond this, our study points to the possibility that
the usage of a non-local kernel reflects a true geometry-sensitive
repulsive short-range correlation contribution. In this context, we
emphasize that while vdW-DF was designed with dispersion forces
in mind, the theory is rooted in exact constraints and many-body
theory and, therefore, is not limited to long range dispersion forces
as such. vdW-DF is a true non-local correlation functional with
contributions both at short and long ranges. At the same time,
the performance of approximate exchange-correlation functionals
are generally contingent on the various simplifications and para-
meterizations used in their construction. The improved perfor-
mance may also be a mostly “fortuitous” effect arising due to

ARTICLE scitation.orgljournalljcp

typically smaller semi-local correlation-type effects in vdW-DF.
Exploring this question merits further theoretical and computational
investigations and may pave the way for more accurate meth-
ods using non-local functionals for improving chemical reaction
energies.
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In organic proton-transfer ferroelectrics (OPTFe), molecules are linked to form hydrogen-bonded
networks, and proton transfer (PT) between molecules is the dominant mechanism of ferroelectric
switching. The fast-switching frequencies of OPTFes make them attractive alternatives to conven-
tional ceramic ferroelectrics, which contain rare and/or toxic elements and require high process-
ing temperatures. In this study, we mined the Cambridge Structural Database (CSD) for potential
OPTFes, uncovering most of the previously reported materials, both tautomeric compounds and acid-
base salts, in addition to seven new potential OPTFes. Five of these were tautomeric salts, opening up
anew avenue for engineering novel OPTFes. The CSD mining was based on identifying polar crystal
structures with pseudo-inversion symmetry and viable PT paths. The spontaneous polarization, P;,
and the PT barriers, Upt, were calculated using density functional theory.

I. INTRODUCTION

Organic ferroelectrics have several potential advan-
tages over traditional ceramic ferroelectrics, includ-
ing biocompatibility, printability, low weight, and
flexibility.'* These properties make organic ferro-
electrics a promising class of materials for applications
in wearable electronics.> Among these materials, or-
ganic ferroelectric polymers, such as polyvinylidene flu-
oride (PVDEF), find use in various industries, includ-
ing energy harvesting.® However, a key limitation of
polymers is their high coercive fields (E.)!, the mini-
mum electric field to switch the direction of P,, which
limits their applicability in low-voltage electronics.”
Organic proton-transfer ferroelectrics (OPTFe), on the
other hand, are characterized by low E. (on average
~ 10 kV/cm)? and fast ferroelectric switching.®” Several
mechanisms can give rise to ferroelectricity in molec-
ular crystals, including those incorporating hydrogen
bonds. Ferroelectrics are thus generally divided into
two groups, depending on whether switching is caused
by a reorientation of static dipoles (order-disorder) or
through a displacement of atomic species (displacive).'?
For instance, in molecular plastic crystals, the polariza-
tion direction generally switches with a rotational reori-
entation of the molecular species and the ferroelectric-
to-paraelectric phase transition involves molecular rota-
tional disorder.!!

In OPTFes, the polarization reversal is largely due
to proton transfer (PT) between molecular neigh-
bors in infinite hydrogen-bonded networks. In some
cases, the switching also involves a reorientation of
molecules, such as for the ionic molecular crystals
of diazabicyclo[2.2.2]octane cations and tetrahedral in-
organic anions.¥'%12 So far, the largest reported |P|
among the OPTFes stands at ~ 30 uC/cm? for croconic
acid.’ In comparison, PVDF has a measured value of
~ 7 uC/cm?. Croconic acid is, however, corrosive,
which can be problematic for device applications. Sus-

ceptibility to oxidation in the air is another liability for
some tautomeric ferroelectrics with OH- - - O hydrogen
bonds.™ Thus, it is important to identify broader types
of OPTFes, for instance, tautomeric ferroelectrics with
imidazole or pyrazole rings are not corrosive and are
less prone to oxidation.!*!> Acid-base salts constitute
another type of OPTFes and typically have lower E, and
P, than the tautomeric ones.!Y While there have been a
number of experimental investigations, computational
studies of OPTFes are scarce. Lee et al. used den-
sity functional theory (DFT) to study PT barriers (Upt)
of the phenazine-chloranilic acid salt.!® More recently,
Ishibashi et al.'” showed that the vdW-DF method'®!"
can successfully predict lattice parameters and P; for a
set of tautomeric OPTFes. In this paper, we present a
systematic mining and screening study of all entries in
the Cambridge Structural Database® (CSD) to identify
new potential OPTFes. An important part of the screen-
ing procedure relies on identifying structures character-
ized by pseudo-inversion symmetry. Pseudosymmetry
refers to the concept where a structure can be viewed as
a higher symmetry structure that has undergone minor
asymmetric distortions. The idea of finding ferroelec-
tric materials through pseudosymmetry detection has
been proposed and explored in previous studies: Capil-
las et al.?! suggested a procedure to detect pseudosym-
metry by searching through the minimal supergroups
of the material’s space group. This method was applied
to approximately 300 entries deposited in the Inorganic
Crystal Structure Database in search of ferroelectrics
with displacive mechanism?. Abrahams? exploited the
same idea to detect new inorganic ferroelectrics. How-
ever, these studies have only examined a limited num-
ber of structures, fewer than 400. To our knowledge,
no extensive screening of the CSD database has been
conducted to identify potential OPTFe structures. Since
PT transfer is the key mechanism of ferroelectric switch-
ing in OPTFe, demanding pseudo-inversion symmetry
is an effective screening criterion; however, the criteria
can miss compounds that experience significant distor-
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FIG. 1: OPTFes structures used in this study. Curved arrows indicate the direction of site-to-site PT. COWRAK (not
shown) has a structure similar to RIDFOAO01, but Br is replaced by I. Likewise, TIVFEL (not shown) is similar to
TIVDAE, but with Br replaced by CL.

tion during the PT switching. For the systems identi-
fied in our screening, P and Upt were computed using
DFT. In addition, we computed these properties for a
benchmark set of 14 compounds that were previously
reported as OPTFes. This served to determine which
DFT functionals accurately predict lattice constants and
to establish a linear correlation between measured FE.
and computed Upr, in order to obtain a rough estimate
of the E. of the identified compounds.

II. METHODS

A. CSD Searching approach

In our screening study, we only included structures
with a polar space group, which is a prerequisite for
ferroelectricity** and limited our investigation to or-
ganic non-polymeric structures with less than 1000
atoms in the unit cell. We also demanded atomic co-
ordinates and the absence of structural disorder. To en-
sure the reliability of atomic positions in structures, en-
tries with an R-factor < 0.075 were included, indicating
a good agreement between the refined and observed X-
ray data. The criteria were implemented using the CSD
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2023.2 database and CSD Python API 3.0.16%. To iden-
tify the approximate pseudo-inversion symmetry, the
PT paths, and to set up structures for computing the
P,, we extended the functionality of MOLCRYS Python
package,?® which is based on the Atomic Simulation En-
vironment (ASE)? and NETWORKX.? These steps in-
volve making an inverted image of the crystal structure,
followed by a translation to overlay the original and in-
verted image to minimize the mean absolute deviation
of the atomic separations between equivalent atoms.
For pseudosymmetric molecular crystals supporting PT,
this procedure yields a nearly identical structure, ex-
cept for the protons involved in the PT, which end up
as “isolated protons” in the middle of hydrogen bonds.
To filter out structures that do not support PT, we used
a mean-distance threshold of 0.25 A between the orig-
inal image and the inverted one; thus accommodating
some degree of distortion, yet allowing a straightfor-
ward superposition of atomic positions of the structure
and its inverse. Once structures with pseudo-inversion
symmetry with isolated protons had been identified, we
inspected the individual crystal structures to identify
a clear sequence of PT pathways that generate infinite
chains, as opposed to intramolecular PT or intermolecu-
lar PT within unconnected supramolecular complexes.
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FIG. 2: Mean absolute relative deviation of
hydrogen-bond distances dxy...x, third root of the
volumes '/, and mean of the largest and smallest

absolute relative deviation of lattice constants (u;) are
depicted in light-color bars. The dark-color bars
represent corresponding relative (not absolute)
deviations.

B. Density functional theory calculations

The DFT calculations were performed with the pro-
jector augmented wave (PAW) method implemented in
the VASP software package®®! using hard PAW pseu-
dopotentials. The plane-wave cutoff was set to 1200 eV,
based on our earlier work on Up of molecular dimers.??
A high cut-off and hard pseudopotentials were also nec-
essary to converge the lattice parameters for the OPTFes
systems. The self-consistent loop was iterated until the
energy change was < 1078 eV. The Brillouin zone was
sampled with a I'-centered Monkhorst-Pack grid with

a minimum spacing of (1/25) A™'. This converged the
lattice constants of croconic acid, which has the smallest
unit cell volume in the OPTFe dataset, to within 0.01 A.
Lattice parameters and atomic positions were relaxed
until the norm of all atomic forces was < 0.01 eV/A.
The P; values were computed using the Berry-phase
method.**% The climbing image nudged elastic band
method® was used to identify the intermolecular PT
transition states in the acid-base salts. For tautomeric
compounds, however, the molecular states with both
protons transferred onto one molecule were in general
unstable. The single PT barrier (Us5) for these com-
pounds was consequently not computed. For the col-
lective PT barrier (US), the transition state was ap-
proximated using the same interpolated image used to
identify the pseudo-inversion symmetry, followed by a
single-point DFT evaluation.

. [¢)
30 4
25 A
—
&
=]
S 20 A
S~
% v
=15 8 AMBACOO07 <& ANPHPROI
= A @ COWQIR O GUMMUWO02
}i"’ 10 ves & A MAMPUMO3 A REZBOP
— % [ ¥V COWRAK vV CBUDCX01
51 a & @ RIDFOAOL O KOWYEA02
< % TIVDAF % PROLONO1
4 TIVFEL & TAPZIT
0 5 10 15 20 25 30

[P (uC/em?)

FIG. 3: Computed versus experimental P; for the
OPTFes dataset.

III. RESULTS AND DISCUSSION
A. Benchmarking of lattice constants

A total of 7 low-temperature, previously reported
OPTFe structures in the CSD, including 4 tautomers
and 3 acid-base salts, were selected to define a bench-
mark dataset for the comparison of experimental and
computed values. In this paper, we identify indi-
vidual CSD entries by their refcodes. The struc-
tures used in this benchmark set are GUMMUWI11,
REZBOP01, CBUDCX04, PROLON, COWQIR, MAM-
PUMO03, COWRAK, and are shown in Fig. 1. The cor-
responding chemical abbreviations are listed in Tab. I
and Tab. II. For each compound, lattice parameters and
hydrogen bond distances were computed using several
exchange-correlation functionals. Lattice parameters
can be sensitive to the choice of exchange-correlation
functional, in particular for vdW-bonded systems.’’°
Fig. 2 shows the deviation in lattice parameters for
different functionals compared to the experimentally
reported values of the benchmark set. Among the
vdW-DF density functionals, vdW-DF-cx* has the best
agreement with the experimental lattice constants, as
also found in the study of Ishibashi et al,'” and Sedahl
et al.*! The rest of vdW-DF, including vdW-DF2* also
provide accurate lattice parameters. In contrast, PBE*
overestimates and SCAN-rVV10* significantly under-
estimates lattice constants. PBE-D3% and PBE-TS%,
which use atom-centered dispersion correction, both
provide accurate lattice parameters. In an earlier study,
we found that the use of non-local correlation at the
vdW-DF level greatly improved Up values for a set of
molecular dimers and that vdW-DF2, in particular, pro-
vided accurate Upr values.’> Thus, we adopted vdW-
DF2. In addition to the lattice vectors, we have also
computed the three distances associated with hydrogen
bonds: XH --- X’, X-H, and X --- X’ for the OPTFe
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FIG. 5: U9 is plotted against the E, for the tautomeric
OPTFes.

dataset. The mean absolute deviation (MAD) and mean
deviation (MD) of XH - -- X’, which is averaged across
all systems in the dataset, is illustrated in Fig. 2. The
results show that vdW-DF2-computed distances agree
well with the experimentally reported distances. How-
ever, the independent atom model,¥” a commonly used
method to refine crystal structures from X-ray diffrac-
tion data, tends to underestimate the X-H bond lengths.
Thus, it is hard to make a definite assessment of the
XH - - X’ bond lengths.*® One could also expect this un-
derestimation to be smaller in the case of bonds that host
PT. Nonetheless, we decided to include a comparison of
these bond lengths computed with different methods to
stimulate further investigations in this direction.
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B. Computed spontaneous polarizations and PT barriers

P, and Upr were computed for a set of 14 OPTFe
compounds in the CSD, comprising seven tautomers
(ANPHPR01, GUMMUWO02, REZBOP, CBUDCXO01,
KOWYEA(02, PROLONO01, TAPZIT), one amphoteric
compound (AMBACO07), and six acid-base salts
(COWQIR, MAMPUMO03, COWRAK, RIDFOAO01,
TIVDAEF, and TIVFEL). The structures are shown in
Fig. 1. In the amphoteric compound AMBACOO07,
the hydrogen-bonded one-dimensional network of
zwitterionic and neutral anthranilic acid molecules
enables ferroelectric switching.*” Among the tautomeric
structures, PT occurs between different moieties, as
shown in Fig. 1. In the ANPHPR01, KOWYEAQ2, and
REZBOP crystals, the PT involves imine-enamine tau-
tomerism. In CBUDCXO01, the transfer occurs between
carboxylic acid groups (HO-C=0), and PROLONO1 and
TAPZIT have HO-C=C-C=0O moieties. Croconic acid
(GUMMUWO02) has a similar moiety, but double PT
occurs throu%h a three-dimensional hydrogen-bonded
network.!?14°0 The acid-base salts are all composed of
halogenated anilic acid derivatives combined with ei-
ther bipyridine (COWQIR), phenazine (MAMPUMO03),
dimethyl-bipyridine (RIDFOAOQ1) or pyridine-pyrazine
(TIVDAF) derivatives.”"* Fig. 3 plots the computed
against the reported experimental P, values, which
are also listed in Tab. I and Tab. II. For tautomeric
compounds, the computed values agree within a range
of 10% with the experimental values. However, for
salts, the computed values on average overestimate the
experimental values by a factor of three. Kagawa et
al.”® reported that domains can be strongly pinned in
OPTFe acid-base salts, causing a discrepancy between
computed and experimental values. In their case, with
additional thermal annealing, the |P;| of 6,6"-dimethyl-
2,2’-bipyridinium chloranilate, an OPTFe salt, increased
from 1.3 uC/cm? to 7 uC/cm?.
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TABLEI: PT energy barriers, and ferroelectric properties of reported acid-base salt OPTFes: | PSP and | P?| are
the magnitudes of the experimental and computed P, (1C/cm?), respectively. T¢ is the Curie temperature. Uj ol is

collective PT per proton and U is single PT energies.

CSDrefcode  Tc (K) |[PSP| [P U o n (€V) Uf xo(€V) USH(eV) Spacegroup Chemical abbreviation
COWQIR 158 5.0 9.71 0.19 0.33 0.40 P1 H22bpy-Hia®™
MAMPUMO3 253 1.8 5.09 0.44 0.19 0.55 P2, Phz-H2ca™
COWRAK 259 3.6 9.06 0.07 0.21 0.40 P1 H55dmbp-Hba"
RIDFOAO1 268 1.2 8.26 0.14 0.34 0.32 P1 H55dmbp-Hia™
TIVDAF 402 5.2 9.50 0.16 0.30 0.52 Ce Hdppz-Hea™
TIVFEL 420 5.8 9.26 0.17 0.31 0.48 Ce Hdppz-Hba™

The difference between the single and collective PT is
schematically illustrated in Fig. 4(a) for the tautomeric
compound REZBOP. The values of U3} are given per
proton, but the full collective PT would scale with the
number of protons involved. Nonetheless, a signifi-

cantly lower Ug9 than U;%Fl indicates that the PT has
some degree of collectivity. For the acid-base salts, there
are two types of molecules, and, as a result, a single
PT can occur in two distinct ways: either from nitro-
gen to oxygen or from oxygen to nitrogen, as depicted in
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TABLE II: PT energy barriers and ferroelectric properties of reported and potential tautomeric OPTFes identified

here. () indicates that the E, is estimated from UgS3.

CSD refcode Tc (K) E. | PSP | Pea| UsS (eV) Space group Chemical abbreviation
AMBACO07 357 15.0 5.6 7.50 0.38 Pna2, Anthranilic acid®
ANPHPRO1 348 20.0 3.6 4.03 0.80 Iba2 ALAA!
o GUMMUWO02 380 14.0 30.0 31.20 0.30 Pca2: Croconic acid’
2 REZBOP 399 60.0 10.0 11.14 2.08 Pca2, DC-MBI*
g CBUDCX01 400 15.0 13.2 17.75 0.41 Ce CBDC®
E KOWYEA02 449 20.0 7.4 7.61 0.65 Pc MBI’
PROLONO1 363 10.0 9.0 9.42 0.26 Pna2: PhMDA®
TAPZIT 510 10.0 5.6 5.71 0.27 Pc 3HPLN®
Identified PT ferroelectric candidates
HYZMAC - 2041 * - 14.90 0.65 Ce HAA®
£ EJEHEG - 1532 - 7.38 0.46 Pca2: 3MTBY
g KHDCMTO01 - 6.40* - 6.71 0.12 P1 PHDCM™®
£ UHUMEP01 - 13.20 " - 441 0.38 Ce 6HP*
& VUSTAH - 14.50 * - 0.33 0.43 Pna2: DADT-DNPT®
YEKHUT - 21.79 * - 8.39 0.70 Fdd2 A50T!
YEKJEF - 17.93 * - 27.16 0.56 P2, HODA®

Fig. 4(b). In this case, the single PT with the lowest en-

ergy U can be considered as the rate-limiting step for
polarization switching that creates a defect in the mono-
valent crystal.

The correlation analysis for the tautomeric com-
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pounds is shown in Fig. 5, demonstrating an almost lin-
ear relationship between E. and UISOTlA For the E, values
used in the correlation, we employed the reported ex-
perimental values measured using an electric field with
the same frequency of about 5 Hz. Since the T of tau-



tomeric compounds is significantly above room temper-
ature, we neglected the measured temperature effect on
the E. values.

In the acid-base salts, U;g}fl are on average 70 % lower
than the collective ones.

The lower single barriers suggest that ferroelectric
switching has a single PT nature in the acid-base salts,
in contrast, to a degree of collectively in the polariza-
tion switching of tautomeric compounds. In acid-base
salts, nitrogen-to-oxygen single PT barriers (U;%IL‘NHO)
are in most cases much larger than oxygen-to-nitrogen
barriers (U;“f},o _,n), thus, PT involves defects consisting
of pairs of neutral acid-base molecules. An exception is
MAMPUMO3, for which Uligifl,o _ v is nearly twice that of

U;%FI)N _,o, Wwhich corresponds to a doubly charged local
defect.

C. Mining of CSD

In Figure 6, panel (a) depicts the workflow for CSD
mining. The initial filter, which removes all but organic,
non-polymeric, and non-disordered structures with an
R-factor of < 0.075, significantly reduced the dataset
to approximately 69,000 crystal structures. In the sub-
sequent set, the pseudo-inversion symmetry criterion,
as described in Sec. II, resulted in 2079 structures, ef-
fectively filtering out nearly 97 % of these structures.
Among these, 1093 structures, about half, were iden-
tified with “isolated protons” during this process. In
the final step of verifying the presence of a connected
PT path within the crystal, only 30 structures displayed
a connected hydrogen-bonded network capable of me-
diating PT. Panel (c) illustrates a case of a connected
nitrogen-to-nitrogen PT path.

The pseudo-symmetry-based searching method effec-
tively found most of the earlier reported OPTFes de-
posited in the CSD. However, a few structures failed to
meet the search criteria. One example is KIPMUT®, a
tautomeric OPTFe featuring an imidazole ring, which
was reported in the CSD with a disordered structure.
YONVOP another OPTFe, was not identified due to
the distortion associated with the PT, which was sig-
nificantly larger than the pseudosymmetry threshold.
In addition to the earlier reported OPTFes, nine sys-
tems passed all criteria. Upon inspection of the struc-
tures, two of them, VURYEN and FAVFEP, were ex-
cluded from further DFT analysis due to their large
unit cell size and likely low P, resulting from their
anti-parallel alignment of molecular dipoles. For these
systems, molecular distortion due to PT switching is
quite significant. In VURYEN®, which is a salt of
1-ammonionaphthalene and hydrogenoxalate, the dis-
placement of l-ammonionaphthalene reduces the de-
gree of inversion symmetry. While, for FAVFEP®, dis-
placement of the 3,5-dihydroxybenzoate ions reduces
the inversion symmetry as a result of protons being

transferred between imidazole moieties.

Fig. 7 displays seven of the new OPTFe candidates
discovered during the screening process, two of which
are neutral tautomers, while five are ionic. All but
hydrazinium acetate (HYZMAC), one of the ionic sys-
tems, exhibit proton tautomerism. In this case, the re-
arrangement of 7 orbitals is missing, and a potentially
switchable PT path is formed through NHJ - - - NH, hy-
drogen bond, with acetate anions serving as shield-
ing spectators. The neutral system, UHUMEPO1 is an
analog of the RNA nucleobase uracil. In this case,
the molecules can participate in a lactam-lactim tau-
tomerism with two-interconnected and -intersecting PT
paths in the be-plane with NH- - - N and OH - - - O hydro-
gen bonds, respectively.” The other neutral system is
EJEHEG, which has tetrazole-based backbone, in a one-
dimensional hydrogen bond network with NH- - - N in-
teractions running along the c-axis. Additionally, three
of the ionic OPTFes also have the tetrazole-based back-
bone. One of them, YEKHUT, is an ammonium 5-
oxotetrazolate salt and is J)otentially explosive due to
its high nitrogen content.®! It forms crystals with or-
thorhombic symmetry, 16 ion pairs in the unit cell, and
3D hydrogen bonding. PT could occur in two sets
of NH---N chains parallel to the ac plane. The sec-
ond is VUSTAH,® which has extensive hydrogen bond-
ing, where PT may only occur along simple NH---N
chains parallel to the 4.88 A unit cell axis. The final salt
with a tetrazole backbone is YEKJEE®! another salt of 5-
oxotetrazolate. In this case, the inversion symmetry was
disrupted not only due to the locations of the protons
but also because of the displacement of hydroxylammo-
nium ions. Finally, KHDCMTO01 is a hydrogen dichloro-
maleate potassium salt with zigzag COO~ - -- COOH PT
chains running along the ac-diagonals.

1. Spontaneous polarizations and PT barriers of identified
compounds

In the lower panel of Tab. II, we have listed | P*2!| and
Upr for the OPTFe candidates identified here. The val-
ues show a large variation, ranging from 0.3 4C/cm? of
VUSTAH to 27.2 uC/cm? of YEKJEF. The large | P¥!| of
YEK]JEF can be related to the large density of molecular
dipoles per area of the intersecting plane perpendicu-

lar to the polarization vector ~ 0.1 A% compared with

~0.01 A~% of VUSTAH.

Ugs! were also computed for the identified candidates.
Fig. 8 plots | P! against US3 for identified candidates
and, for comparison, the earlier reported candidates.
All compounds except REZBOP have Upt values less
than 1.0 eV, and except for croconic acid and YEKJEF,
all [P are less than 20 pC/cm?. When comparing
the Ug3 of ionic and neutral tautomeric compounds, the
values fall within the same range, and there is no sys-
tematic increase or decrease in the barriers based on this
classification. Because most of our identified ferroelec-
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FIG. 8: U3 plotted against | P for tautomeric
systems and identified candidates.

tric candidates exhibit tautomerism, we used the linear
correlation line established for existing compounds with
proton tautomerism to predict the £, for the new ones.
The predicted values fall within the range of 6 to 22
kV/cm, as listed in Tab. II.

IV. SUMMARY AND CONCLUSION

By mining the CSD, we identified seven OPTFes can-
didates, in addition to 21 earlier reported compounds.
5 out of the 7 compounds are ionic, while all previ-
ously reported tautomeric OPTFes were neutral single-

component tautomers. This identification could trigger
the development of new ionic OPTFe tautomeric com-
pounds, by combining charﬁed tautomeric motifs with
different anions. Their |Pf*| values range from 0.3 to
27.16 uC/cm?. For reported compounds, we found that
the experimental E. correlate with the computed PT
barrier, Upt, and we used such linear fits to estimate
the E. of the identified compounds, indicating values
in the 6.4 to 22.0 kV/cm range. The DFT calculations
and the correlation analysis suggested that tautomeric
OPTFes have some degree of collectivity in their PT-
switching. Our comparisons of compounds are in line
with the intuitive notion that increasing the density of
the PT-hydrogen bond can be used to increase Pk.
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ABSTRACT: Hybrid or organic molecular ferroelectrics hold the potential cgp 54 candidate (ionic) molecular ferroelectrics
to serve as lead-free alternatives to conventional inorganic ferroelectrics. In n
particular, the variants composed of globular, often cage-like molecules can ! W ! K ,
host attractive properties such as multiaxial ferroelectricity, Curie temper- % ¥

PS
mesophases, in addition to supporting low-temperature synthesis. Here, we ! ,Q, g g} !
present the results of a screening study of the Cambridge Structural Database X Xy
(CSD) leading to the discovery of S4 candidate ferroelectrics, including Y Y CY’
molecular crystals and molecular salts, many of which are likely to host plastic \2
million entries in the CSD, the screening procedure involved many steps, including considerations of molecular geometry and size,
space group, and hydrogen bonding pattern. Out of the candidate systems, many of them were identified to be likely to also host
plastic mesophases due to their resemblance to highly symmetric close-packed crystal structures. The spontaneous polarization and
electronic band gaps were predicted by using density functional theory. Among the candidate ferroelectrics, 17 exhibited a

atures above room temperature, and orientationally disordered plastic
mesophases, along with 16 previously reported ferroelectrics. With over 1.2
spontaneous polarization greater than 10 #C/cm? with five of them being reported at room temperature.

1. INTRODUCTION Ferroelectric (ionic) molecular crystals, in particular those of
Ferroelectric molecular crystals are Potential alternatives to globular moslezglil()efé Py also host orlentatlox}ally dlSOI:del‘ed
conventional inorganic ferroelectrics. * These materials can mesophfses. o These phases can be highly ductile, or
be synthesized with low-cost and low-energy methods such as “plastic”, which can arise from reduced intermolecular
coprecipitation, slow evaporation, spin coating, and 3D interactions, and increased symmetry yielding many facile
printing.> "' Furthermore, the abundance of available slip planes.>* This subgroup of molecular crystals is called
molecular species allows for tailoring of the properties of plastic crystals, and the materials can be molded and fused, in
molecular crystals while eliminating the need for scarce or toxic contrast to the rigidity and brittleness observed for most
elements. The ferroelectric molecular crystals can be formed molecular crystals and inorganic ceramics.>
solely through van der Waals and/or hydrogen bonding, and Ferroelectric plastic crystals can exhibit a rich phase
such systems are referred to as molecular crystals. Alternatively, diagram,***” with multiple competing crystalline phases and
they can also contain an additional ionic component the existence of plastic ferroelectric mesophases. This is
originating from charged molecular species, which are termed exemplified by quinuclidinium perrhenate, which displays a
ionic molecular crystals. ferroelectric phase with partial orientational disorder.” A key
Of particular interest are (ionic) molecular crystals advantage of these materials is that they can exhibit low
consisting of globular molecules. Their globular shape reduces coercive fields. For instance, values in the 2—5 kV/cm range
the steric hindrance of rotational motion, making polarization have been reported for compounds such as 1-

switching through rotation possible. In some materials,
rotational switching can also occur in combination with
displacive mechanisms.'> These materials can show rapid
switching with frequencies of up to 263 kHz."*™'* Moreover,
molecular rotations in response to an applied electric field or
mechanical force can result in large shear piezoelectric -
responses.'® These types of molecular crystals can also Rec_ewed: June 12, 2023

crystallize in pseudo high-symmetry structures, thus allowing Revised:  October 28, 2023
multiaxial polarization, with as many as 24 equivalent axes.'”~ AccePted: October 30, 2023
*% Multiaxial polarization allows the spontaneous polarization Published: November 14, 2023 i
to be aligned in a desired direction in polycrystalline materials —

and could allow for multibit storage in single crystals.”

azabicyclo[2.2.1]heptanium perrhenate and quinuclidinium
perrhenate.”® These values are comparable to that of
BaTiOj, a well-known inorganic ferroelectric material.** Plastic
crystals can also exhibit high Curie temperatures, which are

© 2023 The Authors. Published by
AmiricLaln %ﬁeml;ca‘lsssciet; https://doi.org/10.1021/acs.cgd.3c00713
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Figure 1. Overview of the screening procedure to identify ferroelectric plastic crystals in the CSD. The numbers on the left indicate the number of

structures remaining after each filtering step.

essential for technological applications such as FeRAM and
piezoelectric sensing. An example of this is 4-fluoro-1-
azabicyclo[2.2.2]octan-1-ium perrhenate which has a Curie
temperature of 466 K.***!

In 2020, Horiuchi and Ishibashi compiled a catalog of
approximately 80 reported ferroelectric crystals composed of
small molecules."’ This number is very small compared to the
collection of approximately 1.2 million organic structures in
the Cambridge Structural Database (CSD),"* which potentially
conceals numerous undiscovered ferroelectrics composed of
small globular molecules, including plastic crystals. We recently
screened this database, leading to the identification of six new
candidates for organic proton-transfer ferroelectric materials.*’
In this paper, we provide a comprehensive account of our
screening process for molecular ferroelectrics of globular
molecules including an assessment of the potential to have
plastic mesophases. For all of the systems uncovered, we used
density functional theory (DFT) computations for geometry
optimization and to predict the spontaneous polarization and
the electronic band gaps. These newly identified systems are
not only of interest in themselves but also serve as template
structures for further crystal engineering, e.g, by substituting
molecular species or halides to fine-tune functional properties.

2. METHODS

2.1. Mining the CSD for Ferroelectric Plastic Crystals. To
identify candidate ferroelectrics composed in part or fully by small
globular molecules, which also could be candidate plastic crystals in
the CSD, we employed a systematic filtering process involving five
distinct steps, as illustrated in Figure 1.** To execute this procedure,
we utilized the CSD Python API 3.0.12*” and the Molcrys* package
developed by us, based on the Atomic Simulation Environment*® and
Networkx."”

Step 1 excluded structures that were nonpolar, polymeric, or
disordered, as well as less accurate structures with an R-factor >0.075.

74

Step 2 excluded structures with unit cells containing more than 150
atoms. Thus, we avoided time-consuming DFT computations
associated with complex and large structures.

Step 3 excluded all material systems composed solely of C and H.
This choice was based on the premise that polar covalent bonds or
charge transfer between species is needed for high polarization,
requiring electronegativity differences.

Step 4 considered the shape of the molecules, removing all
structures except those that contained 10 or fewer non-hydrogen
atoms, consisted of extended linear segments, or did not contain at
least one molecule with a globular or semiglobular geometry. These
criteria were motivated by the fact that steric hindrance for molecular
rotations should be small in the final structures. The criteria for
identifying extended linear segments, such as an aliphatic side group,
are detailed in the Supporting Information along with the criteria for
globularity.

Step S excluded structures where the globular molecules were
connected by more than two hydrogen bonds as three directional
intermolecular bonds would most likely hinder molecular rotations in
all directions.

Following the application of filters, the initial pool of structures was
reduced to 75. For each of these, we computed the spontaneous
polarization and electronic band gaps using DFT. Note that while we
identified a diverse range of systems, the screening criteria have
caused some candidates to be omitted. For instance, limiting the
number of atoms in the unit cell led to the exclusion of the
ferroelectric metal-free plastic perovskite [NH;-dabco]NH,I; which
has 198 atoms in its unit cell. Furthermore, the molecular size
constraint excluded some known plastic crystals, including derivatives
of adamantane, the Cy, fullerene,**™>" and plastic colloidal crystals.”
However, our primary goal was not to identify all molecular and
plastic ferroelectrics but rather to pinpoint several systems of
technological interest. Notably, molecular ferroelectrics comprising
small molecules typically exhibit a larger density of dipoles, stemming
both from individual molecules and intermolecular charge transfer.

2.2. Additional Criteria to Identify Plastic Crystals. While the
screening procedure did uncover known plastic crystals, it is likely that
many of the candidate systems also have plastic properties. Still, many
of the systems would require further investigation to indicate the

https://doi.org/10.1021/acs.cgd.3c00713
Cryst. Growth Des. 2023, 23, 8607—-8619
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Table 1. Overview of Earlier Reported Plastic Ferroelectrics That Were Discovered in the CSD Screening, Including Curie and
Melting Temperatures, T, and T, [K], Coercive Field E. [kV/cm], Experimental and Computed Spontaneous Polarization,
P,,, and P [#C/cm®], Computed Electronic Bandgap E, [eV], Crystallographic Space Group, Alignment of Dipoles, and

Chemical Composition®

CSD refcode T. Tnelt. E, B Py E; Spg. alignment (deg) chem. comp.
Trimethyl-X-Y
DIRKEU01¢! 295°" 67! 2.0 5.5 0.3 Pma2 (CH,),N*, FeCl,~
Cyclic Organic Molecules
RUJBAC® 454 1.1 1.7 1.9 P2, 66, 114; 36 2C¢H,,F,N*, PbL,>~
BUJQU™ 470" 10.8* 0.48" 2.7 4.6 P2, 76; — CeH,EN", I
BUJQOP* 470% 9.4 0.40* 2.8 46 P2, 76; — CeH;FNT, I
Dabco-Based
STWKEP® 374% 30% 9.0 8.0'° 3.6 Cm CeHy3N,*, ReO,”
TEDAPC28°* 3787 4 5.9 52 Pm2n CeH 3Ny, ClO,~
WOLYUR08* 374% 59 6.2 53 Pm2n C¢H3N,*, BE,~
BILNES®® 390% 15.9 4.5 R3r 52; — C,H,¢N,>, NH,", 3Br~
BILNOC®® 446°° 6-12°¢ 22%¢ 224 4.0 R3r 52; — C,H(N,*, NH,*, 37
Quinuclidinium-Based
LOLHIG02*! 466" 114" 12.7' 4.4 Pn C,H,;FN", ReO,~
OROWAV® 367° 340° 52° 7.3 4.5 Pmn2, 55— C,H,N*, ReO,~
YASKIP' 3227 2557 677 6.5'° 2.9 Pmn2, 6 — C,H,N*, 10,~
SIYWUT®”* 1000 1.7% 5.6'° 5.3 P4, 113; — C,H,,NO*, CI”
ABIQOU®® 521 5.0 P4, 113; — C,H,,NO*, Br~
MIHTEE® 400% 492 6.96% 102 4.6 P6, 85 (R)-C,H;;NO
QIvVQIY®” 400% 6.72% 102 4.5 P6 85 (8)-C,H,;3;NO
Other Dielectric/Piezoelectric Properties Characterized
ZZZVPE02"° 367" 17.2 6.4 R3m 0 (CH;);BH;N
BOXCUO™ 0 P6ymc (CH,;),P*, FeCl,~
QIMXER"* 9.1 4.7 Cme2, CgH 3Ny, CI™
BOBVIY12” 6.7 3.8 Pme2, CeHN,, T
BOCKEKO06™* 122 48 P1 CeH3N,*, HE,™

“Melting points are retrieved from the CSD unless a reference is listed. The alignment of dipoles is expressed as the angle between molecular
dipoles and the polarization axis, as explained in Section 3.3. The lowest temperature structure is listed for refcode families with more than one

entry.

existence of a mesophase with plastic ductility. The presence of small
globular molecules often allows for a rotational switching mechanism.
However, in some systems, the switching path may not be clear-cut,
necessitating more complex computations or experimental inves-
tigations for full evaluation. Second, for a material to host a plastic
mesophase may require not only the existence of an orientationally
disordered phase but also that this discorded phase has many facile
slip planes, in particular, for the ionic systems. The transition to an
orientationally disordered mesophase may involve significant
repositioning of the molecules and shifts in the crystal structure,
and it is not straightforward to assess the nature of the corresponding
disordered phase if such a phase exists. Nonetheless, structures that
pack in pseudo close-packed high-symmetry structures are more likely
to host a plastic mesophase, as many slip planes would be available
with the transition of a high orientational disorder. To assess the
similarity to high-symmetry structures, we compared the overlap of
radial distribution function (RDF) formed by the center-of-position of
each molecule with those of reference structures, representing each
molecule/atom as a Gaussian function,
g(r) = expl — (r — r44)>/267], with a small broadening & to obtain
a smooth radial distribution function. The RDFs were scaled so that
the first peak positions were set to unity using a Gaussian broadening
of ¢ = 0.1 for the ionic, and 6 = 0.07 for the molecular crystals, i.e., in
units effectively corresponding to the average center-to-center
separations of the molecules. The overlap between the RDFs of the
template structures and a given molecular crystal was performed with
a scaled-distance cutoff of 2.3. The degree of overlap O was evaluated
as follows

8609

M= / " dr IRDE(r) — RDE™Pt())|
0 (1)

A= /; dr RDF(r)

(2)
B= /'cun dr RDF[emplale(y) (3)
0= [1+M*/(M — (A + B))’T™" (4)

For the ionic molecular crystals, the overlap was defined as the sum
of the overlap for cations and anions combined and the overlap for
cations and anions treated separately, i.e., O = 0.5 Oyyions, cations + 0-25
(Ounions + Ocations)-

In addition to this structure analysis, we also identified materials
systems for which an orientationally disordered phase had been
reported in the CSD. Since our initial CSD screening excluded
disordered structures, all structures within each refcode family were
investigated for competing disordered phases. In addition, to identify
systems in which the disordered phase had been reported with a
different refcode, we performed a structure search using Conquest.”’

2.3. Density Functional Theory Calculations. The DFT
computations were carried out using the VASP software package®”~
> with the projector augmented plane wave method (PAW)
pseudopotentials.”®*” The plane wave cutoff was set to 530 eV for
all computations. A I'-centered Monkhorst—Pack k-point grid with a
spacing of 1/15 A™" was used to sample the Brillouin zone. All
structures were relaxed until the forces were reduced to below 0.01

eV/A.

https://doi.org/10.1021/acs.cgd.3c00713
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Table 2. Overview of Candidate Ferroelectric Plastic Crystals That Were Discovered in the Screening of the CSD*

M(olecular)

I(onic)

—

CSD refcode

Z2ZVPQO1
LINZOX
TMAMBE11
CAV]OZ
TBUHLBOS
ETIPAY
WAGGAM
GEPZIK
ZISCUC
YODGON
VUGNUG
XAKBUG
MIWBEC
ORUKUK
ZOYGUP
SEYLAJ
PEVXOE
PEVXUK
XENFAZ

LOLWEO
HUSRES
USAFIG
VAGVAAO01
GASBIO
NAKNOF03

INEYUY/TAZPAD
HMTAAB
BOHNUHO1
TOZTAF

SASSOU

OTOLAM
UTUZAM
LUWHOD

WAQBOH
CUWZOM
AMINIT
EVULAI
FENYEC
HAJXEW
OBEXEY

EQAXOL
BAPFAB
BAPFOP
NOCPIEO1
MIRHUQ
XIBVIN
BESWON
FEJFAB
PINRAI
QAZFUV
JEBVOC

HUPTUIL

VAJKUM
oTyuUZ

76

Ttruc.

RT
RT
100 (RT)
193
180
160
RT
123
300
RT
RT
223
293
100
RT
123
100
100
295

RT
150
298
150
123
150

100 (RT)
RT
295
296

RT
150
90

340

298
100
293
100
RT
123
200

140
150
150
100 (RT)
180
180
130
RT
173
100
293

100
RT
123

Tonete. Pee E,
Trimethyl-X-Y

3.0 5.8
6.4 44
415™ 203 7.4
0.04 2.8
254 73 4.9
183 5.5 53
11.0 2.7
185 3.9 7.6
7.0 0.2
3.1 5.0
0.12 53
4.5 2.6
134 0.2
12.9 3.0
484 3.1 4.1
317 12.1 52

0

0
493 8.4 1.7

Dabco-Based
429 7.6 3.4
7.9 4.8
0.4 34
12.8 5.1
112 4.2
13.4 6.8
Hexamine-Based
0.9 3.8
11.6 4.8
10.6 4.9
17.3 4.3
Boron Clusters

378 7.7 3.5
11.5 5.5
32 4.8
7.8 4.4

Cyclic Organic Molecules
8.1 5.7
0.4 5.5
6.8 4.5
132 4.7
407 4.9 3.5
16.5 5.6
416 7.6 4.8
Cage-like Organic Molecules
9.1 54
4.1 5.3
0.7 54
14.9 4.5
388 (sublim.) 11.3 4.6
443 13 42
4.5 5.7
7.4 2.1
53 5.8
11.5 52
>533 8.2 44

Other
0.4 3.7
513 1.7 32
3937 2.6 5.1
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Spg.

R3mr
Ama2
R3m
P6yme
Pmn2,
Pna2,
P2,
P64
Cm
Pmn2,
Pmn2,
Abm2
Pca2,
Pna2;
P2,
P3,
Cmc2,
Cmc2,
P2,

Ce
Pca2,
Pna2,
Pna2,
Pca2;
pP1

R3m
P6yme
R3m
Ce

Ce
Pnn2
P2,
P4,

Pn
P2,
P2,
P2,
Ce

Pn
Cme2,

Pna2,
P2,
le
P2,
P2,
2
P3,
Pmc2,
Pna2,
Cmc2,
P2,

P2,
Pc

alignment (deg)

63

19, 32, 33
20
6, 83; —

70; —

103; —
53; —

68; —

17, 161; —

18, 161; —
— 14
95; —

83; —
138; 89

80
0
56; —

48
20, 56
20
S1, 63
29, 31

86; —
85; 43
43, 120; —

chem. comp

CH,);SO;N
CH,);NH,Al
CH,);BE;N
CH,),CL,Nb
CH,);BrC
CH,);CH,CISi
2(CH,),0S8*, Cr,0,>~
CH,);HN", F~, 6HF
CH3)3CH1C1N* FeCl,~

(
(
(
(
(
(

(

(

(

(CHz)4N N5~
(CH;),N*, OsFO,~
(CH;),N*, FeCL;,NO~
(CH;),N*, CLF,~
(CH;),N*, C;H,0,”
(CH;),N*, OH", 4H,0
(CH,),P*, 0,7, 2NH;,
(CH;),As", 0,7, 2NH;
2(CH,0);NH,;C", Hgl,*~

CeH),N,, 2CH,N,S
C6H12N21 CZHSOSP
C6H|3N202+l NO3_
CeH N>, 2C10

CeH N>, 217, H,O
CeH N>, 2BE,~, H,O

C¢H,,N,P

C¢H,,N,, NH,", BE,”
C¢H3N,*, Br™

CeH 3Ny, CH;05™

CH,0BS,

C,Hy4Bg

CHy4By™, C3HyoN”
ByoH,;*", 2NH,', NH,

C4H|1N1+: BF4_
C¢H,,FN*, CI
CH|,N*, H,AsO,~
CeHsN,S*, CI™
C,H;0;7, C,H,(N*
CeH Ny, Clo,~, 2C1™
CyHyoN™, Ny~

CH,0,P
CH,FO,
C¢H.FO,
C;H,00;
CgH,sPS
CgH,sPS
CoH,40
C¢H,oN,, CBr,
C¢H,F;N*, CI”
C¢H,N, CI”
CoH, N, CI”

CeHN;S*, TaFg~
CeH gN3S*, SFO™
2C4H,5OPSi*, S,0,%~

https://doi.org/10.1021/acs.cgd.3c00713
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Table 2. continued

“Values have been listed for the melting temperatures T, [K], computed spontaneous polarization P, [#C/cm?], computed electronic bandgap

Eq

[eV], crystallographic space group, alignment of dipoles, and chemical composition. Melting points are retrieved from the CSD unless a

reference is listed. Ty, is the temperature at which the structure was determined (RT) and indicates that the structure is also reported at room
temperature. The alignment of dipoles is expressed as the angle between molecular dipoles and the polarization axis, as explained in Section 3.3.
The lowest temperature structure is listed for refcode families with more than one entry.

The sgontaneous polarization was computed using the Berry phase
method.”®*” Rather than identifying nonpolar reference structures,
which is the conventional procedure, we gradually increased the
spacing between slabs of materials. In this case, the appropriate
polarization branch can be identified by a nondiverging dipole
element dipole per slab. The supercell size, i.e., the slab thickness, was
converged to obtain a reliable description of the dipole moments.

For both relaxation and polarization calculations, the vdW-DF-cx
functional was employed,”” based on the accurate lattice constants
determined in our earlier benchmarking study of exchange—
correlation functionals for ferroelectric plastic crystals.'®

3. RESULTS AND DISCUSSION

Among the 75 systems identified through the screening of the CSD,
16 have 4previously been reported to have ferroelectric proper-
ties.”' 72710491767 Eive more have been studied for their piezo-
electric and/or dielectric properties but have not explicitly been
reported as ferroelectric (CSD refcodes: ZZZVPE02, BOXCUO,
QIMXER, BOBVIY12, and BOCKEK06).”"~"* Table 1 provides a
summary of the available experimental results along with the
computed values for spontaneous polarization and electronic band
gaps for both the earlier reported ferroelectric and dielectric/
piezoelectric materials. Table 2 lists the computed values for the
other systems found in the screening. For three of these systems, the
DFT computations did not yield a finite band gap. For these systems,
we also computed the band gaps at the HSE06 hybrid functional level
by Heyd, Scuseria, and Ernzerhof’® which also showed an absence of
a band gap.

Figure 2 shows an overview of the molecular and ionic molecular
crystals among the previously reported and candidate ferroelectrics.

Dielectric/piezoelectric
properties reported Earlier reported
ferroelectrics

/

16
14

20 \ /
—Molecular .

Tonic

\

34

Candidate
materials

Figure 2. Overview of the candidate ferroelectrics, reported
ferroelectrics, and materials with reported dielectric/piezoelectric
properties identified in the screening. The outer circle indicates the
number of structures in each of these groups, and the inner circle
indicates the number of molecular and ionic molecular crystals.

Among the 16 known ferroelectrics, 14 are ionic molecular crystals.
For the candidate systems, 20 are classified as molecular, while 35 are
ionic molecular crystals.

Figure 3 illustrates a selection of the molecular entities found in
these identified systems, which include globular molecules, neutral
and charged molecules, and ions. In total, the systems encompass 30
different anionic molecules, 31 cations, and 25 neutral molecules.

8611

Figure 4 outlines the seven distinct groups of systems identified
based on the composition and geometry of the globular molecules.
Three candidate systems do not fit into any of these categories and
are listed as “Other” in Table 2.

Figure 5 compares the computed spontaneous polarization values
with experimentally measured values for the previously reported
ferroelectric molecular crystals.s'”‘m’“'61_66‘68’69 ‘While slightly larger,
the computed values overall agree well with the experimental. The
larger computed values can be attributed to extrinsic factors such as
defects, grain orientation and boundaries, and electronic leakgge
which can reduce the experimental spontaneous polarization.”””®
Additionally, atomic vibration and molecular librations may also cause
spontaneous polarization to be reduced at a finite temperature.
Moreover, the structures used for assessment with DFT were the ones
in the CSD determined at the lowest temperature, while remaining
the same polymorphs identified in the screening.

3.1. Candidate Ferroelectric Plastic Crystals. 3.1.1. Trimethyl-
X-Y Systems. One group of (ionic) molecular crystals identified in our
screening is characterized by the presence of trimethyl-X-Y building
blocks, where X denotes an atom and Y a chemical group or atom, as
exemplified by the two structures in Figure 4. Among the 22 systems,
only one, DIRKEUOI, has previously been reported as ferroelectric.
ZZZVPEOQ2 has been reported to have a piezoelectric coefficient d;; in
the range of 10—16 pC/N and a pyroelectric coefficient of %25.8 uC/
m? K.”° Another compound, BOXCUO has been reported to have
switchable dielectric and magnetic properties,”’ but this is one of the
compounds for which DFT indicated a lack of electronic band gap.

Among the 19 remaining systems identified, seven are composed of
neutral molecules, while the rest are formed from various
combinations of 12 different anions and seven different cations.
Tetramethylammonium is the most common cation, found in eight
out of the 22 systems. The many possible combinations of molecules,
and the fact that six of the systems exhibit computed spontaneous
polarization values exceeding 10 #C/cm? (Table 2), indicate that the
trimethyl-X-Y systems hold significant promise. The highest value is
found for TMAMBF11 at 20.3 uC/cm™

3.1.2. Dabco-Based Systems. Crystals composed of various
derivatives of 1,4-diazabicyclo[2.2.2]octane (dabco) in combinations
with anions such as ClO,~ and ReO,~ have been found to have found
to exhibit properties such as low coercive fields and rapid ferroelectric
switching with frequencies up to 263 kHz.'#124637% L et al. reported
a Curie temperatures as high as 540 K for N-fluoroethyl-N-Znl;-
1,4diazabicyclo[2.2.2]octonium.*

In our screening, we identified 13 dabco-based systems, out of
which five have previously been reported as ferroelectrics.*”** =% Two
of these, BILNES and BILNOC, can be classified as organic metal-free
perovskites,”® Figure 4. In addition to the reports of ferroelectric
properties, the dielectric response of QIMXER, BOBVIY12, and
BOCKEKO6 have been characterized by Szafrafiski et al.”>~"* For the
five previously identified ferroelectrics, we computed spontaneous
polarization values ranging from 5.9 for TEDAPC28 to 22.4 uC/ cm?
for BILNOC, which can be compared to 0.4—13.4 ;tC/cm2 for the
additional systems identified. Interestingly, two of them, LOLWEO
and HUSRES, are not ionic, but cocrystals of charge-neutral
molecules.

3.1.3. Quinuclidinium-Based Systems. Several systems containing
variations of the quinuclidinium molecule have been studied in recent
years, ! $2L286T=098LE N ably, Tang et al. reported a Curie
temperature of 466 K for [F-C,H ;NJReO,.*" Another material of
interest is [C,H,,NJIO,, for which You et al. found 12 equivalent
directions of polarization.'” The reported coercive fields of these

https://doi.org/10.1021/acs.cgd.3c00713
Cryst. Growth 9?7023, 23, 8607-8619
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Globular molecules

Trimethyl-X-Y Dabco-based

Quinuclidium-based

Hexamine-based
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1y 1y

Boron clusters

Cyclic organic molecules

Cage-like molecules

S
e 3
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& B

In combination with
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bbbk

FeCl; FeCl,NO-  ClOs  ReOy 104
° 0 ?
e 9
PO ~"¢3 & 5.9
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SF50° TaFs OsFO, S,07%
]
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ClyFy 0y  ow- CNO- Ny
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-, & o0
H.AsO;  Hgl BFy F-/Cl/Br/I
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Cations Neutral Molecules

[+]

Ao J\. T 4
NH,* CBr, NH; H,0

Figure 3. Examples of globular molecules and the anions, cations, and neutral molecules that are combined in the identified structures. In the top
panel, carbon atoms are shown in gray, nitrogen in blue, oxygen in red, fluorine in yellow, boron in beige, and hydrogens as white. Other elements

are labeled.

compounds are rather high, ranging from 255 to 1000 kV/em.*® All
seven quinuclidinium-based systems found in this study have
previously been reported as ferroelectrics™'7%*"*7=% (Table 1).
Five are plastic ionic crystals, while the two remaining are plastic
molecular crystals and stereoisomers with identical compositions. The
computed spontaneous polarizations of the quinuclidinium systems
range from 5.2 to 12.7 puC/cm?,

3.1.4. Hexamine-Based Systems. In our screening, we identified
four hexamine-based crystal structures, none of which, to the best of
our knowledge, have been reported as ferroelectrics in the past. Figure
3 shows the two variations of the hexamine molecule that we found,
the regular hexamine molecule, and a derivative where a nitrogen
atom has been substituted by phosphorus. Three structures are ionic
molecular crystals with spontaneous polarizations ranging from 10.6
to 17.3 puC/cm?® (Table 2). One of these, HMTAAB, features a
perovskite-like structure; see Figure 4. The nonionic molecular crystal
with a spontaneous polarization of 0.9 uC/cm* occurs with two
different refcodes in the CSD; TAZPAD and INEYUY. The large
spontaneous polarization values of the ionic hexamine-based systems
should encourage further experimental characterization and opti-
mization of these types of systems.

78
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3.1.5. Boron Cluster Systems. While boron clusters have been
extensively studied for their characteristic chemistry, b1010§1c31
application, and magnetic, optical, and electronic properties,”
their ferroelectric characteristics have not received particular
attention. Our screening study identified four systems containing
boron clusters (Table 2). Two of them, SASSOU and LUWHOD,
were measured at room temperature or higher and have spontaneous
polarizations just below 8 uC/cm? The highest spontaneous
polarization value is computed for OTOLAM, at 11.5 uC/cm® The
combination of large polarization and room temperature stability
renders the boron cluster-based systems interesting for further
investigations.

3.1.6. Systems Containing Cyclic Organic Molecules. Ten of the
systems identified contain cyclic organic molecules, both aromatic and
nonaromatic, and we chose to group these together. All ten are ionic
molecular crystals, including three earlier reported ferroelectrics*”®*
(Table 1), two of them have the same composition and are
stereoisomers. The third, RUJBAC, is an organic—inorganic hybrid
perovskite.”> All three have spontaneous polarization below 3 uC/
cm?, coercive fields around 10 kV/cm,*® and exhibit Curie
temperatures exceeding 450 K00 Among the seven candidates

https://doi.org/10.1021/acs.cgd.3c00713
Cryst. Growth Des. 2023, 23, 8607—-8619
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Figure 4. Examples of structures found in each of the eight groups of systems. ETIPAY, MIHTEE, SASSOU, EQAXOL, and FEJFAB are molecular

crystals; the remaining are ionic.
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Figure 5. Computed spontaneous polarization compared to the
experimentally measured values. Spontaneous polarization is reported
for 14 out of the 16 known ferroelectrics identified in the screening.

identified here, all but one have spontaneous polarizations exceeding
those of earlier reported ferroelectrics. HAJXEW has the largest value
of 16.5 pC/cm?® (Table 2). Three of the candidates identified,
WAQBOH, AMINIT, and FENYEC have been reported as stable at
room temperature, with the latter melting above 400 K.

3.1.7. Systems Based on Organic Cage-like Molecules. We found
11 crystal structures containing organic cage-like molecules, none of
which have previously been reported as ferroelectric. Seven of these
are molecular crystals, while four are ionic (Table 2). Even though
there are no reported room temperature structures for MIRHUQ and
XIBVIN, their reported sublimation and melting temperatures are

8613

high: 388 and 443 K, respectively. JEBVOC is reported to have a
melting temperature of exceeding 533 K.

Finally, three of the candidate ferroelectrics do not fit into any of
the defined groups. HUPTUI and VAJKUM have similar crystal
structures and are built up of tris(dimethylamino)sulfonium molecule
and an octahedral inorganic anion. For these systems, the computed
spontaneous polarizations are below 3 yC/cm?’.

3.2. Comparison of Candidate and Previously Reported
Ferroelectrics. The previously reported ferroelectrics frequently
contain cage-like organic molecules, such as dabco and quinuclidi-
nium derivatives, combined with halogen, FeCl,”, or XO,™ anions.
The molecules in the identified candidates are by comparison
generally smaller: 25 systems consist of molecules with five or fewer
carbon atoms (not counting structures of boron clusters). The smaller
volume of the asymmetric unit allows for larger spontaneous
polarization. The lower molecular weights of the smaller molecules
of the candidate systems could, however, lead to reduced melting
points. Overall, the candidates display a more diverse set of anions
that include entities such as HF,”, CNO~, FeC;NO~, and SF;O".

3.3. Polarization and Alignment of Molecules. Molecules in
plastic crystals often pack in complex arrangements, and the direction
of the individual molecular dipoles does not necessanly align with the
direction of the spontaneous polarization.'® In Tables 1 and 2, the

“dipolar” direction relative to the polarization direction is listed.
Often, the unit cell holds several equivalent molecules that align at the
same angle with the polarization axis, as given by space group
symmetry. Mirror or rotational symmetries cause the polarization
contributions perpendicular to the polarization axis to cancel out. For
many of the molecules, their dipolar direction is thus evident from
their symmetry, but not all molecules have a clear dipole direction due

https://doi.org/10.1021/acs.cgd.3c00713
Cryst. Growth 9?9023, 23, 8607-8619
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to their low symmetry, and even for symmetric molecules, the
direction with respect to the high symmetry direction is not always
clear-cut. For these molecules, we obtain an effective “dipole”
direction from the moments of the electronegativity relative to the
center of electronegativity and compute its relative angle to the overall
spontaneous polarization direction.

Figure 6 illustrates the alignment of the molecular dipoles relative
to the polarization axis for MIWBEC. In the cases where the

A

53° .
>

é

Figure 6. Illustration of the alignment of dipoles in MIWBEC
(tetramethylamine molecules omitted for simplicity). The dipoles
align along two directions, both 53°, on the polarization axis.

molecules are symmetrical or have a negligible dipole, no alignment is
listed. In these systems, interspecies charge transfer is the dominant
contribution to spontaneous polarization. Examples of such systems
are six of the dabco-based systems, SIWKEP, TEDAPC28,
WOLYURO08, VAGVAAO1, GASBIO, and NAKNOFO03. Despite
negligible molecular dipoles, their spontaneous polarizations are in
the range 5.0—18.4 ﬂC/cmZA For systems where the molecular dipoles
run counter to the overall polarization, an interesting prospect opens
up for realignment of the dipoles by application of an electric field.
This could both increase the spontaneous polarization and allow for

multibit storage, assuming that the electric field required to realign the
dipoles is smaller than the coercive field of the ferroelectric material.

3.4. Plastic Properties of the Candidate Ferroelectrics. While
the screening study can identify candidate ferroelectric plastic crystals,
truly predicting whether the systems can transition to a plastic
mesophase demands more involved simulations, such as molecular
dynamics. This is not feasible for the large pool of candidate systems
identified in this study, but out of the 16 identified known
ferroelectrics, eight are reported to be plastic crystals, namely
ABIQOU, SIYWUT, MIHTEE, QIVQIY, DIRKEU0OI, OROWAY,
YASKIP, and LOLHIG02.>'"**¢1%¢° WOLYUR0S, TEDAPC2S,
and SIWKEP are reported to have rotationally disordered high-
temperature phases, but their mesophase ductility has not been
investigated. Furthermore, the high-temperature phases of BUJQIJ
and BUJQOP have not been resolved due to poor XRD data,** which
can indicate the high degree of disorder characteristic for plastic
crystals. Three candidate systems have been reported to be plastic
crystals where all molecules exhibit rotational disorder, namely
TMAMBF11,>* ZZZVPE02,** and ZISCUC.*” LOLWEO has a
reported high-temperature phase in which one of the two molecular
constituents shows an orientational disorder. Thus, the screening
procedure is suited to identify systems with orientationally disordered
mesophases.

High ductility is often linked to the existence of many slip systems.
Thus, plastic properties are more likely in an orientationally
disordered mesophase with a dense packing and high symmetry.
High symmetry is particularly acute for the ionically bonded
molecular crystals due to their limited number of slip planes. Thus,
ionic molecular crystals that are pseudosymmetric to structures such
as CsCl and NaCl are more likely to exhibit plastic behavior.

Figure 7 plots the overlap of the RDFs as defined in eqs 1—4 of
systems composed of two molecular entities identified here with the
structures of CsCl, NaCl, as well as zincblende. The horizontal line
marks the known plastic crystal with the smallest overlap with a
reference close-packed structure, namely, ZISCUC with an overlap of
0.83 with the CsCl structure. Structures with a larger overlap are likely
to host plastic mesophases. In total, 17 of the systems fulfill these
criteria, including all 7 of the materials with previously reported plastic
properties. However, it is important to keep in mind that our
assessment is quite rough and does not take into account factors such
as the available space for rotation; moreover, several of the
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Figure 7. Overlap between the ionic molecular crystals identified in the screening with structure types that can allow for plastic properties. The
horizontal line marks the lowest overlap calculated for the known plastic crystals identified here. Structures earlier reported as plastic crystals are

marked with boldface.
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compounds not fulfilling this criterion may, for instance, exhibit a
significant positional shift in the transition to an orientationally
disordered mesophase.

Figure 8 plots the overlap between the molecular crystals and
hexagonal close-packed (hcp), body-centered cubic (bcc), and face-
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Figure 8. Overlap between the molecular crystals identified in the
screening with structure types that can allow for plastic properties.
The horizontal line marks the lowest overlap calculated for the known
molecular plastic crystals identified here. Structures earlier reported as
plastic crystals are marked with boldface.

centered cubic (fcc) structures. Here, the smallest overlap between a
known plastic crystal and a reference structure is ZZZVPE02, which
has an overlap of 0.96 with the bcc structure and 0.86 with the hcp
structure. The close-packed structures built up of a single molecular
species are harder to differentiate than the ones composed of two
species using the overlap based on the RDF-overlap.

This is the case for two of the crystals with reported plastic
properties, TMAMBF11 and ZZZVPE02, which show large
similarities to both hcp- and bec-type packing. These two isostructural
systems crystallize in the R3m space group, Figure 9, and are reported

O\

L2 4

¥ 14

L 4

Figure 9. Crystal structure of the plastic molecular crystal
Z7ZVPEQ02, isostructural to TMAMBF11.

to have ductility comparable with metals in their plastic phases.>* A
large overlap with the close-packed hcp and fcc structures can indicate
plasticity; 14 of the molecular crystals have an overlap larger than 0.86
with the hcp or fec structures, indicative of plastic properties,
including the four reported plastic crystals. Finally, we note that the
existence of many slip planes and high symmetry might be less critical
for the (nonionic) molecular crystals. Other deformation mechanisms
can also be present, such as creep close to the melting temperature.
Onset of configurational disorder has been associated with increased
plasticity in molecular crystals.

Overlap with close-packed structures was not evaluated for the 11
structures composed of three molecular entities identified in this
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study due to their complexity. Out of these, four have perovskite-type
structures; RUJBAC, BILNES, BILNOC, and HMTAAB. While these
might be less likely to host a plastic mesophase, plastic behavior has
earlier been reported for hybrid perovskites.”*™""

3.5. Thermal Stability. For device applications, thermal stability
is an important property and operational temperatures should be
significantly below melting and sublimation temperatures. The
melting temperature of plastic crystals can be higher than for similar
ionic and molecular crystals, due to the high entropy associated with
the orientational disorder and increased freedom of movement
making melting less favorable, as first reported by Timmermans.*
The volume change at the phase transition is also small.”!

For 45 of the 75 systems identified in this study, the crystal
structure is ordered with a ferroelectric space group and obtained at
ambient temperature. For the four systems, a paraelectric phase is
reported at room temperature. Finally, 26 systems lack a reported
crystalline room temperature phase in the CSD. The fraction of room
temperature investigations is highest for ionic crystals, Figure 10, a
result that is in line with the higher stability of the ionic molecular
crystals, due to electrostatic interactions.

Molecular
Crystals
/

22

\Reported
at RT

Not reported
at

Ionic Molecular
Crystals

Figure 10. Overview of the molecular and ionic crystals identified.
The outer ring indicates the number of systems, and the inner ring
indicates if the potentially ferroelectric phase is reported at room
temperature.

3.6. Electronic Band Gap and Multisource Energy Harvest-
ing. Ferroelectric materials with band gaps in the visible range can be
of particular interest, as these could be promising for application in
multisource energy harvesting devices where piezo- or pyroelectric
energy harvesting is combined with the harvesting of solar energy.gz’93
Therefore, we computed the band gaps for all identified systems to
find those that could be suitable for such applications.

Tables 1 and 2 list the computed band gaps. Since the
computations were performed using the vdW-DF-cx functional,
which describes exchange at the generalized-gradient approximation
level,*® we can expect the band gaps to be underestimated. Most of
the computed band gaps exceed 4 eV; however, six systems have
values smaller than 2 eV. Four of these belong to the trimethyl-X-Y
group, which could thus be interesting for multisource energy
harvesting.

3.7. Design Strategies for Ferroelectric Plastic Crystals.
Novel and improved ferroelectric plastic crystals can be engineered by
making new combinations of molecular species. As such, the various
species found in the various plastic crystal candidates can be used as
building blocks for novel material design; a selection of these is
displayed in Figure 3.

Of particular interest are substitutions that are likely to result in
similar or isostructural crystals. For systems where this is possible,
solid-solution engineering can be used to tweak the material
properties. Three examples of pairs of candidates for such alterations
are found among the trimethyl-X-Y systems. The compositions

https://doi.org/10.1021/acs.cgd.3c00713
Cryst. Growth 18;12023, 23, 8607-8619



Crystal Growth & Design

pubs.acs.org/crystal

between each pair of systems are similar, only differing by the
substitution of molecules with similar geometries. PEVXOE and
PEVXUK are isostructural and only differ by the substitution of
(CH,),P* for (CH,),As*. For ZZZVPE02 and TMAMBF11, the
substitution of (CH;);BH;N to (CHs;);BF;N yields an isostructural
material where the computed polarization is increased from 17.2 to
20.3 ﬂC/sz. A similar effect is seen for YODGON and VUGNUG,
where the substitution of N3~ for OCN™ leads to an increase in the
spontaneous polarization from 0.13 to 3.1 4C/cm™

Another example of substitution resulting in similar packing is the
earlier reported ferroelectrics TEDAPC28 and SIWKEP, which
consist of a dabco molecule and a tetrahedral inorganic ion, ClO,~
or ReQ,”, respectively. This substitution somewhat changes the
orientation of molecules, resulting in a different space group. Whereas,
we found a spontaneous polarization of 8 uC/cm? for the ReO,~
system, the ClO, one has a value of 5.9 uC/cm®

In total, ten different tetrahedral inorganic anions were found in
our screening study, such as BF,”, FeCL;ON™ and 10,”, but other
options also exist and can be considered for the design of new
ferroelectric plastic crystals. Substitutions of single atoms in the
organic globular molecule can also be a route to engineer the
ferroelectric properties.”* For instance, Lin et al. substituted a
hydrogen atom in tetramethylammonium for halogens I, Cl, and Br.
The crystal structure was retained, while the number of ferroelectric
polar axes increased from 2 for iodine to 6 for chlorine.”

4. CONCLUSIONS

Using a CSD-based workflow, we identified 54 candidate
ferroelectric molecular crystals. The 17 with spontaneous
polarization exceeding 10 #C/cm? are arguably the ones with
the most potential in ferroelectric devices. Among these, five in
the trimethyl-X-Y group also display a large variation in
electronic band gaps that could make them useful for
multisource energy harvesting. Ten likely plastic molecular
crystals and ten likely plastic ionic molecular crystals were
identified among the candidate systems by comparing the
crystal structures of the candidate systems with close-packed
crystal structures.

Our study has successfully identified a range of candidate
ferroelectric molecular and molecular ionic crystals, including
16 that have been reported as ferroelectrics in the past. The
screening criteria used were quite strict, and relaxing some of
them, such as the size limitations on both molecules and unit
cells, would have expanded the pool. The criteria were based
on previously reported ferroelectric molecular and molecular
ionic crystals. For this reason, crystal structures that differ
significantly from the earlier reported ones could have been
overlooked. Still, the identification of the boron cluster-based
systems was unexpected, illustrating the potency of the CSD
screening. In the design of novel ferroelectric plastic crystals, a
good starting point is combining different globular molecular
species, e.g., combinations of cations and anions. The various
molecular species in the systems identified here and the
corresponding crystal structures can serve as inspiration for
such design.

In this study, we have not assessed whether the polarizations
of the candidate ferroelectrics are switchable, which is a
criterion for ferroelectricity. However, all of the candidate
systems will necessarily have pyro- and piezoelectric properties
as of their polar crystal symmetries. This study and the
identified systems should stimulate further theoretical or
experimental studies to assess their ferroelectric switchability
and other characteristics such as the Curie temperatures and
material stability.
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Organic molecular ferroelectrics, including organic proton-transfer ferroelectrics (OPTFes), offer
potential properties such as flexibility and biocompatibility, expanding their potential application
scope. Among these, acid-base salts, a subset of OPTFes, enable the tuning of ferroelectric properties
using different acid-base combinations. This study focuses on designing novel acid-based OPTFes
with higher polarization than existing ones by combining smaller acid and base molecular units. 6
acid and 5 base molecules were selected with functional groups that cover a wide range of elec-
tronegativity. For each of the molecular combinations, the crystal structure prediction (CSP) method
was employed to predict the packing of the crystal. In our CSP analysis, in addition to the monova-
lent salt, which is the desired state for showing ferroelectricity, the other competing divalent salt and
neutral states were also assessed. After evaluations of CSP landscapes, three ferroelectric and two
antiferroelectric candidates were identified. The calculated polarizations exceed those of previously
reported acid-base OPTFes, highlighting the potential of the proposed approach in designing novel
organic ferroelectrics with improved performance.

I. INTRODUCTION

Ferroelectrics are an attractive class of materials due
to their diverse technological applications, including ca-
pacitors, sensors, actuators, and memory devices.! The
vast array of applications arises from the response of
ferroelectric materials and their spontaneous polariza-
tion (Ps) to changes in external stimuli, including ther-
mal, electrical, and mechanical forces.? Similarly, anti-
ferroelectrics have attracted attention due to their large
energy storage properties.> Organic ferroelectrics, in-
cluding organic proton-transfer ferroelectrics (OPTFes)
are free of heavy elements and their potential to be in-
tegrated into flexible substrates and low-cost fabrica-
tion makes them attractive candidates for various future
electronic and optoelectronic devices.*

One category of OPTFes is the acid-base salts, where
the switchability of P, is achieved through the trans-
fer of protons between molecules with acid and base
moieties. Compared to the tautomeric OPTFes®, acid-
base salts have lower P, and coercive fields, which lim-
its their applications in high-voltage electronics. How-
ever, the presence of two distinct molecular types in
the unit cell allows for crystal engineering by substi-
tuting the molecules to enhance the properties. Pre-
dicting the structure of acid-base salts after molecular
substitution can be challenging. This relates to the spe-
cific hydrogen-bonded synthon of the OPTFe crystals,
which extends throughout the entire crystal and me-
diates proton transfer (PT). An example is the neutral
co-crystal of bromanilic acid and pyrazine,’ in which
pyrazine and bromanilic acid are connected through a
hydrogen-bonded network. Substituting pyrazine with
tetramethyl pyrazine not only changed the space group
but also disturbed the acid-base-connected hydrogen-

bonded pattern.!” Thus, for each new molecular combi-
nation, a step to predict the potential solid-state packing
is necessary.

Crystal structure prediction (CSP) entails predict-
ing the three-dimensional arrangement of molecules
or atoms from their basic constituents.12 CSP typi-
cally involves exploring the multidimensional crystal
structure configurational space through efficient sam-
pling methods that ideally encompass all local min-
ima. Each of the local minima is a possible stable crys-
tal structure, and a subsequent energy minimization is
needed to rank the structures.!®* A preliminary CSP
landscape can be generated by applying low-level em-
pirical or semi-empirical force fields. For molecular
crystals, higher-level ab initio methods, usually den-
sity functional theory (DFT) are employed for a limited
number of low-energy structures.>!> A successful CSP
method should re-rank “true” crystal structure and pos-
sible polymorphs in the region close to the global mini-
mum.

This study aims to develop and apply a system-
atic framework for engineering novel acid-base OPT-
Fes using CSP to predict the packing of modified struc-
tures. So far, realized compounds are the deriva-
tives of haloanilic acid combined with derivatives of
large phenazine or bipyridine rings as the proton
acceptors.>1®18 One design target is to enhance the den-
sity of PT hydrogen bonds within crystals and, conse-
quently, polarization strength. This can be achieved by
replacing the large proton acceptors with smaller single-
ring molecules. However, this replacement changes the
effective protonation energy and crystal packing, neces-
sitating a full CSP evaluation. To implement this, we
systematically evaluated 30 novel combinations of acid
and base molecules across multiple stages, ensuring the
optimal anti/ferroelectric packing with respect to space
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group symmetry, protonation state, and PT pathway.
Ultimately, we calculated Py of the predicted ferroelec-
tric structures, using DFT.

II. METHODS
A. CSpP

To generate crystal structures, we employed the
Global Lattice Energy Explorer (GLEE) package,’® us-
ing the Sobol quasi-random method® to sample the
configurational space. This includes lattice parame-
ters as well as the positions and orientations of rigid
molecules. The energy minimization of the structures
was carried out using the Buckingham-type atomistic
potential with dispersion and repulsion terms imple-
mented in DMACRYS.?! The interatomic parameters
are derived from a study that fitted the potential to the
experimental data of a set of organic molecular crys-
tals with chemical compositions similar to our study, re-
ferred to as the FIT potential in this study.??> Moreover,
the potential incorporates electrostatic interactions, tak-
ing into account atom-centered multipoles up to rank 4.
These multipoles were generated through a distributed
multipole analysis? of the charge density obtained at
the B3LYP/6-311G** level using PSI4 program.?* The
optimization of the lattice energy considered the posi-
tions and orientations of rigid molecules within the crys-
tal space group symmetry. During the structure gen-
eration and energy minimization steps, structures with
non-physical packing, such as overlapping molecules
and/or non-physical energies, were removed.

The generated crystals belong to the ten most com-
mon space groups for co-crystals, consisting of Py, P_j,
P21/C, CQ/C, P21, P212121, Pbca, Pna21, 02, and
Cc. Additionally, we considered the common space
groups observed for OPTFe crystals, such as P2/c,
Pca2,, Pnn2, Pccn, Fdd2, Iba2, P2, H3, P61, and
141/q.25616-182526 The criteria for terminating the quasi-
random generation of crystal structures were either
reaching 20,000 structures or observing no change in
the number of generated structures after a minimum of
100,000 attempts to generate a new structure. Duplicate
structures were removed from the final set of structures
by evaluating the similarity of their simulated powder
X-ray diffraction patterns generated with PLATON.?

To assess the similarity of crystal structures, we uti-
lized the COMPACK algorithm.% This method in-
volves comparing interatomic distance patterns that
originate from a central molecule within a predefined
molecular cluster. Once the best match is identified, the
method aligns a cluster of molecules by minimizing in-
teratomic distances. Here, a cluster of 30 molecules was
employed, denoted as COMPACK?’. While aligning the
molecules, a 30 % distance tolerance and a 30° angle tol-
erance were allowed. The degree of similarity is quanti-
fied by the number of overlapping molecules in the clus-
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B. Co-crystal design

The co-crystal design involves combining single-ring
molecular compounds capable of forming an infinite
PT hydrogen-bonded network with the potential to
switch the polarization of the crystal, referred to here
as the “"connected PT path”. To ensure the bistability
of the ferroelectric compound, it is essential that both
haloanilic acid molecules and nitrogen-containing hete-
rocyclic compounds, like phenazine, possess equivalent
sites on both ends for donating and accepting protons.
Using the Cambridge Structural Database (CSD), %" we
identified all one-ring molecules with equivalent nitro-
gen or oxygen sites. To limit the size of the molecules,
we included only compounds with methy], flour, cyano,
and hydroxyl functional groups. These criteria were
implemented using ConQuest in combination with the
MOLCRYS Python package®'.

Fig. 1 shows the list of acid and base molecules used in
the design. The desired OPTFe structure takes the form
of a monovalent salt (MS), competing with both neutral
co-crystal (NC) and divalent salt (DS) configurations.
Performing CSP for all the molecular combinations and
their protonation states requires 6 x 5 x 3 CSP calcula-
tions. To limit the number, we considered the “template
packing” step, in which the three possible protonation
states of a given molecular combination were assessed
in only one template packing. As depicted in Fig. 1, to
accommodate molecules with smaller functional groups
such as DFAN, DCAN, PZ, and DFPZ, we adopted a
tighter packing arrangement with the P; space group.
Conversely, for larger molecules, a looser packing was
employed with the Pc space group. However, since dif-
ferent packings can also affect the protonation states of
molecular crystals,® we only used this step to exclude
molecular combinations where the MS polar template
packing is unstable and does not constitute a local min-
imum. Such combinations in their MS state are unlikely
to be the preferred structure for other packings. CSP
calculations were performed for the successful molec-
ular combinations. In the subsequent step, the 100 low-
est structures from the global minima of the CSP land-
scape, generated by the FIT potential, were re-ranked
using single-point DFT energies divided by the number
of acid-base pairs in the unit cell. Molecular combina-
tions where the low-energy region was only dominated
by NC structures (energy gap > 0.2 eV) were excluded
from further evaluation. Subsequently, full DFT relax-
ation is employed for the remaining combinations.

C. Density functional theory calculations

DFT calculations were performed employing the pro-
jector augmented wave (PAW) approach, as imple-
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FIG. 1: The workflow of the OPTFe salts design. The acid and base molecules used in the design are: Dimethyl
anilic acid (DMAN), diflouro anilic acid (DFAN), dicyano anilic acid (DCAN), hydroquinone (HQ), tetraflouro
hydroquinone (TFHQ), tetracyano hydroquinone (TCHQ), tetramethyl pyrazine (TMPZ), dimethyl pyrazine
(DMPZ), pyrazine (PZ), diflouro pyrazine (DFPZ), tetraflouro pyrazine (TFPZ).

mented in the VASP software suite, 3 utilizing PAW
pseudopotentials. A plane-wave energy cutoff of 530 eV
was adopted, which converged the energy difference
per acid-base pairs between two competing structures
on the CSP within 5 meV. The second version of the
van der Waals density function (vdW-DF2) was cho-
sen since it can accurately predict lattice parameters of
the OPTFes systems.*® Sampling of the Brillouin zone
was performed using a I'-centered Monkhorst-Pack grid
with a spacing of (1/25) A™'. The self-consistency itera-
tion loop was pursued until energy differences reached
values below 10~8 eV. Simultaneously, the iterative loop
for ionic relaxation was stopped when the norm of all
atomic forces reached below 0.01 eV/A. The P, values
were computed using the Berry-phase method.*”%?

III. RESULTS AND DISCUSSION

A. CSP validation

To validate the ability of CSP to reliably predict the
experimental crystal structure of acid-base salts, we
performed two case studies for the phenazinium chlo-
ranilate (CSD refcode: MAMPUMO03),'® and 2,3,5,6-
tetrafluorobenzene-1,4-diol quinoxaline (CSD refcode:
QUWZIS). MAMPUMO3 is a known acid-base OPTFe
crystallizing in the P2, space group, with a phase tran-
sition to a paraelectric NC phase (MAMPUMO04) with
the P2;/n space group at 253 K.** The other system,
QUWIZIS, is a hydrogen-bonded co-crystal with the
P2,2,2; space group and was selected because of its
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FIG. 2: The CSP landscapes for 2,3,5,6-tetrafluorobenzene-1,4-diol quinoxaline (upper panel) and phenazinium
chloranilate (lower panel) are plotted using single-point DFT and relaxed DFT energies, respectively. The color map
demonstrates the similarity of the structures to the experimental structure using the COMPAK 3 algorithm.

similarity to the designed co-crystals used in this study.  ergies, the experimental structure is now found in the
global minimum. Further, the competing structure is
similar to the experimental one; both structures con-
sist of four molecules in the asymmetric unit, forming
two hydrogen-bonded supramolecular chains responsi-
ble for PT pathways. The distinction lies in the orien-
tation of the dipole within the PT chains and a slight
positional shift of these chains relative to each other.

Fig. 2 displays the CSP landscape generated at two
levels of accuracy for MAMPUMO03 and QUEZIS co-
crystal. Single-point DFT energy evaluation was per-
formed for the lowest 100 structures from the global
minimum of the FIT CSP landscape. As shown in
the upper panel, for QUWZIS, FIT, and subsequently
single-point DFT successfully identified the experimen-
tal structure as the global minimum. In the next
stage, the 20 lowest-energy structures from the single-
point DFT energy landscape were fully relaxed. The
experimental structure is now ranked 2nd; however,

B. Template packing

the global minimum is a structure with high sim- As detailed in the Sec. II B, different protonation states
ilarity to the experimental structure. More impor- of molecular combinations were evaluated at the vdW-
tantly, the lowest-energy structure also exhibits a con- DF2 level using template packings. The upper panel
nected PT path, a non-polar space group, and neutral- of Fig. 3 shows a two-dimensional histogram of differ-
ity, distinguishing between anti/ferroelectric and non-  ent possible combinations of acid and base molecules,
anti/ferroelectric crystals. In the case of MAMPUMO3,  where the color mapping depicts the electronic ground
the crystal structure was ranked 20th on the single-  state energy differences divided by the number of
point DFT landscape, as is evident from the lower panel.  acid-base pairs in the unit cell between MS and NC
However, on the DFT landscape using relaxed DFT en- AE&?’TNC = ENS. — EXS;. The combinations with dif-
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FIG. 3: In the upper panel, the energy difference of MS
and NC contour is plotted for different molecular
combinations. In the lower panel, the energy difference
is plotted between MS and DS .

ferent shades of blue color are the optimum ones with

a more stable MS packing AENst'C < 0. The sys-

tems in which the MS packing is dynamically unsta-
ble are marked by the x sign. As expected, most of
the blue colors appear in the lower right part of the
plot. This area represents acid molecules with very
electron-withdrawing substituents like the cyano group
in DCAN and TCHQ, as well as bases with electron-
donating groups like methyl in DMPZ and TMPZ. We
also noticed that HQ and TFHQ do not exhibit the same
proton-donating capabilities as anilic acid molecules
like DFAN, even when four fluorine atoms are added
to the hydroquinone molecule.

In the next step, the stable MS structures were com-
pared with their DS counterparts. In the lower panel of
Fig. 3, a similar plot shows the difference between MS
and DS, AESSYS = ENS. — EBS... Itis evident that the
molecular combinations associated with DCAN exhibit
a tendency to donate both of their protons rather than
just one. This observation is consistent with our earlier
finding that anilic acid rings tend to be more acidic com-
pared to hydroquinone rings.

As a result of the template packing evaluation, 17 out
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FIG. 4: Energy distribution of MS and NC structures
generated by CSP using single-point DFT energies for
the molecular combinations that successfully passed
the template packing step.

of 30 molecular combinations exhibited dynamically un-
stable MS packing and were excluded from proceeding
to the next stage for CSP evaluation. While DMAN-PZ
demonstrates stable MS packing, its neutral form is sig-
nificantly more stable. Therefore, it can be safely ex-
cluded from further CSP evaluations.

C. CSP of compounds with stable MS
1. CSP using single-point DFT energies

Fig. 4 shows the distribution of MS and NC structures
obtained from CSP calculations followed by a single-
point DFT energy evaluation. In the cases of TFHQ-
TMPZ, DCAN-TMPZ, and DCAN-DFPZ, most of the
low-energy structures are NCs. MS structures shifted
around 0.2 eV from the global minima. This energy gap
is large enough to make it impossible for any MS struc-
tures to reach the global minimum during a full DFT re-
laxation. This conclusion is drawn from the analysis of
energies in our CSP landscapes in the validation stage,
indicating that the structures, on average, are displaced
by 0.04 eV on the CSP landscape after relaxation com-
pared to the single-point DFT energies. Thus, we ex-
cluded them from further investigations.

Conversely, for half of the molecular combinations,
MS structures have a higher distribution density in the
low-energy region compared to the NCs. This ob-
servation holds true for DFAN-TMPZ, DFAN-DMPZ,
TCHQ-TMPZ, DCAN-DMPZ, DCAN-PZ, and DCAN-
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FIG. 5: The CSP landscapes for (a) TCHQ-PZ, (b) TCHQ-DMPZ, (c) DCAN-PZ, and (d) DCAN-DMPZ molecular
combinations are plotted using relaxed structures DFT energies.

DFPZ. For the remaining structures, a mixture of MS
and NC structures populates the low-energy regions,
which, combined with the above six molecular combi-
nations, were selected for a full DFT relaxation step.

The results in this section are consistent with
AENSNC energy evaluation in the template packing, ex-
cept for DFAN-DMPZ and DCAN-TMPZ where NC and
MS were more stable respectively.

The single-point DFT energy landscapes are also in-
teresting from a design perspective based on chemical
intuition. This implies that for the majority of our acid
and base combinations, enhancing the acidity and/or
basicity of the molecules caused a shift in the density
of the MS structures to the lower-energy region on the
CSP landscape compared to the NC structures, and vice
versa. However, DCAN-TMPZ does not follow this
rule, indicating that for highly acidic and basic combi-
nations where DS is more stable, the order of stability
for NC and MS might change.
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2. CSP using relaxed DFT energies

Out of the nine molecular combinations selected for
further investigation using relaxed DFT energies, four
showed no anti/ferroelectric structure in the global min-
imum. Fig. 5 shows the CSP landscape of these com-
binations. Panel (a) displays the landscape of TCHQ-
DMPZ, where an NC structure with a polar space group
is in the global minimum, with more than a 0.05 eV
distance from the closest MS structure. The same oc-
curs with TCHQ-PZ, depicted in panel (b), where an NC
structure with a large energy gap from MS structures re-
sides in the global minimum. The closest MS, which is
ranked 17th on the landscape, does not exhibit any con-
nected PT path and is not packed in a polar space group.
The packing arrangement in this structure involves a
specific supramolecular synthon, with the negatively
charged side of TCHQ forming bonds with the posi-
tively charged side of the PZ molecule, while the neutral
hydroxyl (—OH) group of TCHQ forms a bond with the
cyano group of another TCHQ molecule. Comparing
(a) and (b), we observe that substituting pyrazine with
methyl pyrazine has reduced the energy of MS struc-
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tures on the energy landscape. However, none of the
MS structures exhibit connected PT paths. In contrast,
all the low-energy NC structures display connected PT
paths, and the substitution has not altered this hydrogen
bond pattern.

In the case of DCAN-DMPZ (panel (c)), an MS with-
out any connected path was found at the global min-
imum. However, our template packing study (lower
panel of Fig. 3) suggested that the DS form of this molec-
ular combination could be more stable than the MS
form. As a result, we added the energy of the DS form
of the structure in the global minimum to the landscape,
which now represents the new global minimum.

Finally, panel (d) shows the CSP landscape of DCAN-
PZ, where an MS structure without any PT connected
path is in the global minimum, with around a 0.10 eV
energy gap from the closest MS structure with a con-
nected PT path. Comparing (c) and (d), it is evident that
replacing methyl pyrazine with pyrazine has increased
the number of MS with a connected PT path, which is
important from a design perspective.

Two molecular combinations exhibit an MS structure
with a connected PT path and a non-polar space group

in the global minimum. These structures have the po-
tential to be antiferroelectric crystals. Panel (a) of Fig. 6
shows the CSP landscape of DMAN-TMPZ, where the
antiferroelectric candidate is in the global minimum
with a small energy gap distance from an MS struc-
ture with a polar space group and connected PT path.
Our structural inspection indicates that this structure
can also potentially be a ferroelectric structure. The crys-
tal structure of the antiferroelectric packing with par-
allel PT paths is also depicted in panel (a). Panel (b)
shows another molecular combination, DFAN-TMPZ,
where an MS structure with a non-polar space group
and a connected PT path is in the global minimum. The
antiferroelectric packing is also depicted, showing the
anti-parallel PT paths.

Three molecular combinations exhibit an MS struc-
ture with a connected PT path and polar space group
in the global minimum. these structures can be poten-
tial ferroelectric crystals. Panel (a) of Fig. 7 presents the
CSP landscape of DFAN-PZ, where a ferroelectric can-
didate is found in the global minima. However, most
of the low-energy structures near the global minimum
are NCs with connected PT paths, and the closest struc-
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FIG. 7: The CSP landscapes for (a) DMAN-TMPZ and (b) DFAN-TMPZ molecular combinations are plotted using
relaxed structures DFT energies.

ture exhibits an energy difference of approximately 0.01
eV, making it a potential competing polymorph. There-
fore, experimental confirmation is necessary to deter-
mine whether the structure at the global minima is in-
deed a stable polymorph.

Panel (b) displays the landscape of DFAN-DMPZ
where a structure with a ferroelectric packing is in the
global minimum. The closest structure is a MS with a
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centrosymmetric space group P2;/c and connected PT
path, which makes it a potential antiferroelectric crys-
tal.

Finally, panel (c) displays the CSP landscape of
TCHQ-TMPZ. In contrast to the DFAN-PZ, the low-
energy region is predominantly occupied by MS struc-
tures. The global minimum features a ferroelectric pack-
ing with a polar space group and a connected PT path.



The second structure is an MS with no connected PT
path. However, in comparison to TCHQ-PZ and TCHQ-
DMPZ, TCHQ molecules form a homosynthon and do
not engage in hydrogen bonding with TMPZ molecules.
Similar to the DFAN-PZ, the energy difference between
the global minimum and the second-ranked structure is
approximately 0.01 eV. Due to the potential for polymor-
phism, experimental validation is recommended to con-
firm the stability of the ferroelectric packing structure.

For the ferroelectric systems, we have also computed
the P,. The magnitudes are 14.9, 15.0, and 9.1 uC/cm?
for DFAN-PZ, DFAN-DMPZ, and TCHQ-TMPZ respec-
tively. These values are, on average, three times larger
than reported | P,| of acid-base OPTFes.

IV. SUMMARY AND CONCLUSIONS

Using the CSP method, we assessed 30 combinations
of different acid and base molecules to engineer new
acid-base OPTFe salts with improved properties. In the
initial stage, 17 molecular combinations were excluded
due to the absence of a dynamically stable MS proto-
nation state, which was examined in a template pack-
ing. Following CSP analysis utilizing single-point DFT
and relaxed DFT energies, among the remaining com-
binations, four showed no anti/ferroelectric structure,
two exhibited an antiferroelectric packing, and three
displayed a ferroelectric packing. In the majority of the
anti/ferroelectric landscape, the proximity of structures

in the low-energy region suggests further experimental
validation to confirm that the predicted structure is the
stable crystal with the predicted properties.

From a design perspective, insights can be learned
through the analysis of CSP landscapes. Firstly, the ad-
dition of more electronegative groups on acids and more
electrodonating groups on bases results in an increased
presence of MS structures within the low-energy range.
However, increasing the acidity and basicity of the
molecules can lead to a situation where DS structures
tend to be more stable on the energy landscape. Sec-
ondly, most NC structures exhibit connected PT paths,
and replacing different acid and base molecules does not
change this synthon. Lastly, MS structures have more
resistance in forming connected PT paths, and replac-
ing methyl and dimethyl pyrazine increases the number
of structures with connected PT paths in the low-energy
region.

Through this approach, the study endeavors to pave
the way for the rational design of organic ferroelectrics
with enhanced properties, opening up new possibili-
ties for technological applications and material advance-
ments.
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