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ABSTRACT
In this work, we present a hierarchical approach to generate ferroelectric covalent frameworks based on rotatable polar groups. By using a
multi-step workflow of increasing theoretical sophistication but also increasing computational costs, a unit cell with ferroelectric behavior
can be generated for a given organic linker group. Starting with a basic point dipole model to find an appropriate unit cell, followed by a
three-dimensional representation of the organic rotor, up to the full framework, each step confirms the desired attributes. This is achieved
by using molecular dynamics and Monte Carlo Metropolis sampling in combination with the “Universal Force Field for Metall-Organic-
Frameworks” (UFF4MOF) and the van der Waals corrected density functional tight-binding approach (known as GFN1-xTB) for the energy
calculations. As a result, we demonstrate a covalent organic framework that is predicted to show a ferroelectric ground state that is stable up
to temperatures beyond 100 K.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0307483

I. INTRODUCTION

Covalent organic or metal-organic framework materials
are known for their versatility in terms of possible func-
tions and properties.1,2 They can be synthesized to either be
dense or yield wide-open pores; they can be functionalized for
sensing,3,4 storage,5,6 catalysis,7,8 or transport of ions9 and—in some
cases—also electrons.10–12 This versatility is mostly due to the wealth
of potential molecular level modifications that the linking units can
undergo. Very recently, it has been shown that it is even possible
to synthesize linkers that incorporate rotatable dipolar groups,13,14

essentially making the framework material a polable dielectric. In
all iterations to date, these rotors aligned randomly or antiferro-
electrically at practically relevant temperatures,15–17 yielding no net
cell polarization, i.e., macroscopic ferroelectric poling. For various
applications, like data storage,18,19 enhanced active and tunable fil-
ters for gases and light,20,21 and nanorotators22–24 such 3D lattice

mounted crystalline rotors might be utilized as highly parallelized
molecular machines. A ferroelectric framework material would be a
great advantage but has—not to date—been achieved. Part of this is
due to the fact that, in contrast to inorganic ferroelectric materials,
there is little to no theoretical guidance on how ferroelectric covalent
organic or metal-organic framework materials based on rotatable
groups could be designed. For example, there is no analytically solv-
able equivalent to a 3D Ising or Potts model for general lattices with
dipoles rotating around arbitary aligned axes. In contrast, there have
been efforts to design ferroelectric MOFs relying on the synthesis of
structurally ordered dipolar linkers,25 guided by computer simula-
tions. The resulting overall dipolar MOF would then show an electric
field gradient throughout a whole grain and, therefore, a vanishing
overall energy gap between HOMO and LUMO. Such MOFs which,
according to Nascimbeni and co-workers, may be hard to practically
realize,25 would only show a static ferroelectric ordering that could
not easily be switched without breaking the framework itself.
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Remanent polarization in a coordination framework com-
pound, i.e., Rochelle salt, was already reported in the early 1920s.26

Since then, a number of excellent reviews have been published
on this topic,27,28 highlighting that for ferroelectricity to occur,
the material needs to contain a non-centrosymmetric polar point
group. On the other hand, piezoelectricity in (metal-free) cova-
lent organic frameworks (COFs) has a rather short history, owing
to the common difficulties in obtaining highly crystalline COF
materials.29–34 The first examples of two-dimensional (2D) cova-
lent organic frameworks functionalized with fluorinated alkyl chains
have been reported very recently, showing robust switchable polar-
ization.30 The possibility to induce remanent polarization in frame-
work compounds holding (dipolar) rotors as part of the framework
was only suggested by Comotti and co-workers in 2016.35 Overall
design criteria and potential applications of 2D and 3D periodic
compounds containing framework-mounted rotors have been the
subject of a few recent reviews.23,36,37 However, to the best of our
knowledge, there exists as yet no report on a 3D periodic frame-
work compound (either COF or MOF) in which a structural phase
transition of framework-mounted dipolar rotors was unequivo-
cally demonstrated, leading to spontaneous ferroelectric ordering,
i.e., showing remanent dielectric polarization. This stands in sharp
contrast to the many reports demonstrating ferroelectric phase tran-
sitions of polar guests hosted in the voids of porous coordination
compounds, such as metal formate frameworks, for instance.38 The
lack of experimental evidence for the existence of such a kind of
ferroelectric framework material might appear surprising at first
glance; however, as we will show in the following, the reasons
for this are manifold. Apart from symmetry requirements for pro-
ducing ferroelectric ordered arrays of framework-mounted dipolar
rotors, the subtle interplay between through-space, wide-ranging
(collective) Coulombic and dispersive interactions, correlated with
(strictly local) electronic rotation barriers, renders the ad hoc design
of this type of ferroelectric framework material a complex task.
In order to reduce the influence of the electronic rotation bar-
rier for rotors mounted between two axles, most organic linker
designs are going to fail, owing to very high rotational barriers
that exceed the average non-covalent interactions between dipolar
rotors by (at least) one order of magnitude. Recent examples in
which rotational barriers have been minimized by appropriate linker
design have led to a framework compound showing rotor dynamics
down to very low temperatures (down to 2 K).14 However, there is
no evidence for a ferroelectric phase transition in these materials.
Our own experimental investigations on MOFs containing linkers
with framework-mounted rotors provided some hints at a possi-
ble phase transition upon antipolar ordering of dipolar rotors in a
metal-organic framework,16 but they failed with respect to emergent
ferroelectric ordering. The difficulties noticed during this develop-
ment provided further impetus for us to develop theoretical and
retrosynthetic approaches that could ultimately pave the way toward
a rational design of ferroelectric framework materials.

Therefore, in this work, we present a hierarchical numeric
approach to solve the design problem of 3 dimensionally
aligned rotating groups. Using various levels of abstraction, we
uncover how different contributions to the total energy—ranging
from the pure dipole, via more complex electrostatics, to non-
electrostatic contributions such as van der Waals attraction and
Pauli repulsion—influence the final alignment of the rotors. Finally,

we present a prototypic framework (cf. Fig. 1) that, according to
simulations, should show a ferroelectric phase at finite temperatures.

II. METHODS SECTION
Monte Carlo and molecular dynamics simulations were per-

formed using in-house Python-based codes integrated with the
Atomic Simulation Environment (ASE).39 Force fields and extended
tight-binding energetics were computed with LAMMPS40 and
CP2K,41 respectively. The bonding topologies for these simula-
tions were generated using LAMMPS-INTERFACE.42,43 Density
functional theory calculations, including band structure analysis,
were performed using the Vienna Ab initio Simulation Package
(VASP) employing the projector-augmented wave method.44–46 The
Perdew–Burke–Ernzerhof (PBE) generalized gradient approxima-
tion (GGA) functional was utilized, with dispersion corrections
implemented via the DFT-D3 approach employing Becke–Johnson
damping.47 A plane-wave cutoff energy of 520 eV ensured conver-
gence. Electronic convergence criteria required energy differences
between successive iterations to fall below 10−6 eV. Ionic posi-
tions were optimized until total forces on atoms within the unit
cell were minimized to less than 10−5 eV/Å. Brillouin zone inte-
grations were performed using Gamma-centered Monkhorst–Pack
k-point meshes individually optimized to dimensions of 6 × 6 × 3,
12 × 12 × 6, and 6 × 6 × 6 for the FE–COF–1 stator, FE–COF–2 sta-
tor, and the full FE–COF–2 framework, respectively. To obtain
a reliable quantitative band structure, we used the HSE06 hybrid
functional.48

A. Cell generation
All our cells were generated in Python using the ASElibrary.

For set 1, we restricted cells to a single rotor per unit cell and only
varied the rotational axis and cell vectors under the restriction of
a total cell volume of 1 Nm3. For set 2, we randomly generated
single-rotor structures based on the 13 Bravais lattices implemented
in the ASElattice package, which excludes the rhombohedral lattice
for technical reasons. Using a hashing algorithm from the hashlib
Python library, we ensured that the generated cells were unique to
within machine precision. Using this approach, we generated 10 000
unique cells per dataset, which were then subjected to evaluation by
Metropolis Monte Carlo.

B. Selection of the rotor and rotor spacing
To achieve a high potential cell polarization, a rotor exhibiting a

strongly dipole-like electrostatic potential was chosen [see Fig. 1(d)
for comparison]. Here, we selected 2,1,3-benzoxadiazole, which in
its molecular crystal structure already agglomerates in a permanent
ferroelectric phase.49 To find the optimal distance for these rotors,
two energy-distance scans were performed with xTB1-D3 in the
ORCA50 code. In addition, the non-bonding total energy was cal-
culated for different distances and split into its main contributions,
i.e., the Coulomb energy and van der Waals energy. For xTB1-D3,
this means that the non-bonding total energy is the total energy of
a boda rotor dimer minus twice the total energy of a boda rotor
monomer (without dispersion energy). Then the Coulomb energy
is the non-bonding total energy minus the dispersion energy of the
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FIG. 1. (a) Band plot of the COF full FE–COF–2 calculated by VASP at the HSE06 level with D3 correction-Becke–Johnson damping as vdW correction. (b) Left: The
stator part of FE–COF–1: a single polytriptycene stator layer of FE-COF-1 generated in a hexagonal cell of lattice dimensions a = b = 8.89 Å, based on 2D condensed
triptycene monomers, shown as a stick model in perspective view. Right: The stator part of FE–COF–2: a single polytriptycene stator layer of FE-COF-1 generated in a
hexagonal cell of lattice dimensions a = b = 8.88 A, based on 2D condensed triptycene monomers, shown as a stick model in perspective view. It consists of a double-layer
of sp-C-atoms based on the hexagonal diamante-polymorph Lonsdaleite. This lattice incorporates a higher symmetry for a 2D-layer than a normal cubic diamante lattice,
which would feature offsets in the rotors in the z-direction. (c) CPK model for a poly-triptycene stator layer in top view (C, gray; H, white). H positions highlighted in cyan color
indicate mounting points for rotor axles. Their distances are defined by the dimension of the hexagonal wallpaper group, shown as a black outline. The circle lines show the
hexagonal dense packing arrangement of rotors, defining the size limit for pivoting rotors (∼4.5 Å). The color lines indicate the six directions at which the closest possible
head-to-tail arrangement will occur. Note that these are non-equivalent: the blue line indicates the two directions perpendicular (p) to the planar benzene moiety holding the
acetylenic axle. The red lines indicate the four symmetry-equivalent oblique (o, o′, o′′) directions. Left: The backbone of FE–COF–1 (P6mm, a = b = 8.989 252 Å). Right:
The backbone of FE–COF–2 (P6mm, a = b = 8.806 900 Å). (d) ESP plot of 2,1,3-benzoxadiazole obtained from an electron density distribution analysis of a DFT calculation
(B3-LYP, def2-TZVPP basis set). Color-coded 2D-ESP map of the electrostatic potential values within the symmetry plane of 2,1,3-benzoxadiazole (red and blue lines: ESP
isocontour lines and black lines: ESP gradient corresponding to electric field lines). (e) Left: Unit cell of the primitive unit cell of FE–COF–1 (P1, a = b = 8.99 Å, c = 13.85 Å;
α = β = 90○; γ = 120○) showing a dipolar rotor mounted between poly-triptycene stator layers. Number labels show ESP-derived partial atomic charges assigned to the
atom centers of a 2,1,3-benzoxadiazole rotor unit employed in force-field simulations. (No charge values were assigned to the atoms comprising the axles or the stator,
respectively.) Right: Unit cell of the primitive unit cell of FE–COF–1 (P1, a = b = 8.81 Å, c = 13.78 Å; α = β = 90○; γ = 120○) showing a dipolar rotor mounted between
lonsdaleite stator layers.

dimer system. The van der Waals contribution is simply the disper-
sion energy of the dimer structure. The results can be seen in Fig. 2.
They feature an energy minimum for the anti-parallel configuration
at a distance of about 4 Å and a minimum for the parallel configu-
ration at about 8 Å, which is mostly due to the Coulomb interaction
between the two rotors in the FE configuration.

As the goal was to create COFs of high ferroelectricity, we
designed our structures to favor parallel configurations. Conse-
quently, we selected a rotor spacing of 8.81 Å, energy minimum for
a head-to-tail arrangement of boda molecules. For the mounting of
the rotor, two options were considered: a benzene unit featuring a

C2-symmetry or sp3-bridgehead atoms of the stator featuring a C3-
symmetry. The first one would create a hexagonal closed packing of
the rotors, while the latter would create a simple trigonal packing,
resulting in steric limitations of the free rotations of the boda rotors.
As the key point of this work is the free rotation of the rotors, the
first mounting point was chosen.

C. Generation of the COF
With the rotor alignment and distance selected, it was neces-

sary to find a fitting backbone to connect the rotors. According to
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FIG. 2. (a) Calculation of the energetic stability of a FE- and an AFE-phase of the rotor depending on the distance between two rotors based on xTB1-D3 calculations. (b)
Calculation of the energetic contributions of the rotor in the FE-phase, depending on the distance between two rotors, based on xTB1-D3 calculations.

our point-dipolar sampling, a hexagonal lattice energetically ben-
efits FE phases; therefore, the honeycomb 2D backbone shown in
Fig. 1(b) was chosen. Due to these stators, the acetylenic axels of the
boda rotors are anchored to the sp2-hybridized atoms in FE-COF-1
featuring an intrinsic rotational barrier of 16 kJ mol−1, whereas
in FE-COF-2 the rotor axes are bound to sp3-hybridized C-atoms
featuring an intrinsic rotational barrier of 0.2 kJ mol−1. Note that
the layer stacking in our compounds is of AAA type, i.e., all rotor
axles are oriented on a common line in c-direction. We checked
if an ABAB stacking of layers would change the behavior of the
COFs. Yet, we found that the backbones sufficiently decouple the
rotor layers such that no energetic difference between columnar
and ABAB arrangements could be discerned. To make sure the sta-
tors of the rotors [see Fig. 1(e)] are not metallic, their bandgaps
were checked. This was performed for the stator of FE–COF–1,
the stator of FE–COF–2, and the full FE–COF–2. The results
(see the supplementary material) indicate that none of the struc-
tures are metallic and, therefore, do not affect the FE phase of
the COFs.

D. Advantages and disadvantages
of the FE–COF–2 structure

FE–COF–2 shows a much smaller intrinsic rotational barrier
compared to FE–COF–1, which makes it much more applica-
ble for ferroelectric materials as it is. However, the backbone of
FE–COF–1 could achieve an even lower intrinsic rotational bar-
rier of way below 0.5 kJ mol−1 when the rotors are mounted
to the sp3-bridgehead atoms. However, mounting the rotors to
the sp3-bridgehead atoms of the stator of FE–COF–1 would not
yield a hexagonal closed packed structure, which could nega-
tively impact the formation of a FE phase. An improvement for
FE–COF–2 could be a non-parallel stacking of the layers along
the c-vector. An offset between each layer (creating an AB-layer
structure) could positively influence the energies of the FE-phase
(analogous to cholesteric liquid crystals). However, xTB1-D3 cal-
culations show that this is not the case (see the supplementary
material).

E. Monte Carlo of the point dipole representation
of the rotor

Our lowest-level simulations were performed using a simple
point dipole model with fixed rotational axes (cf. Fig. 3). The energy
of each configuration was computed analytically as a sum over all
pairs of dipoles p⃗i, p⃗j using

Eij = −
1

4πε0r3
ij
(p⃗i . p⃗j − 3(p⃗i . ˆ⃗r ji)(ˆ⃗r ji . p⃗j)), (1)

where ε0 is the vacuum permittivity, ˆ⃗r ji denotes the normalized dis-
tance vector between dipoles, and rji is its length. Due to the fact that
dipole interactions decay with the third power of the distance, we
implemented a distance cutoff of half the box-length, and periodic
boundary conditions were applied via the nearest image convention.
Dipole alignments were sampled using a standard Metropolis Monte
Carlo scheme, where dipoles were selected randomly and rotated
around their axis by a random amount. Maximum rotations were
set such that the acceptance ratio was roughly 60%. For each tem-
perature and simulation cell, we then sampled a total of 500 000

FIG. 3. Point dipole representation of the linker model used for the Monte Carlo
simulations.
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configurations, which showed a good enough preliminary conver-
gence of the total dipole moment of the cell to distinguish between
cells with ferroelectric phases and those without. For promising can-
didates, we followed this up with a longer MC sampling of 5 × 106

steps in total.

F. Monte Carlo of the 3D representation of the rotor
To further test the results of the point dipoles, Monte Carlo

simulations with three-dimensional rotors were performed. To do
this, the 3D representation of the linker was placed in the identical
cell as the point dipole and rotated such that the rotational axes align.
Next, a 5 × 3 × 2 supercell of this configuration was created so that a
Lennard-Jones cutoff of 12.5 Å could be used to capture interactions
between cells. In addition, every linker was rotated uniformly and
randomly to ensure that the MC does not start in an energetically
preferred state. After that, the program LAMMPS-INTERFACE42,43

was used to generate the input and data files for LAMMPS.40 Finally,
the intrinsic rotational barrier that we have calculated with xTB1-D3
in ORCA,50 shown in Fig. 4, was manually added to the LAMMPS
data files using an n-harmonic fit. With this setup, MC-runs were
performed by uniform-randomly choosing one rotor and rotating
it uniform-randomly between 1 and a maximum of 359○, calcu-
lating the configurations’ energy with LAMMPS, and applying the
Metropolis criterion on this energy. To achieve a target acceptance of
50%, the maximum step size was decreased during the run if needed.
As this was not achievable for the very low temperatures (such as 0.1
K), we still achieved convergence by increasing the order of magni-
tude of total performed MC steps. Otherwise, we performed up to
10 000 MC steps (depending on the acceptance rate) for each tem-
perature to get a well converged total dipole moment. To rule out
any starting point biases, each of these runs was repeated for ten dif-
ferent initial seeds at different initial configurations, and their results
were averaged.

G. Monte Carlo of the FE–COF–2
In the COF, the dipolar alignment is sampled analogously to

the previous steps; however, only 1000 steps were performed in each
run due to the much higher computation cost (see Table I). To
this end, we first sampled the rotors on the force field level again
with LAMMPS. Finally, we also confirmed these calculations using a
van der Waals corrected density functional tight-binding approach
(known as GFN1-xTB) developed by Grimme and co-workers.51

FIG. 4. Energetic rotational barrier of the linker model [cf. Fig. 1(e)] calculated by
xTB1-D3 with ORCA calculations used for the Monte Carlo simulations.

TABLE I. Computational costs for each method.

Method Cores/temperature Core hours/step

Point dipole 1 3.3 × 10−8

UFF4MOF MD 56 4.5 × 10−5

UFF4MOF annealing MD 56 3.8 × 10−5

UFF4MOF MC 1 3.3 × 10−5

xTB1-D3 MC 128 2400

These simulations were performed using the CP2K41 calculator for
ASE.39 A total charge of 0 was used, as the charges of the rotors
were normalized and the charges of the backbone were set to zero, as
an organic framework is charge-neutral and as their positions were
fixed during the MC. Furthermore, a multiplicity of 1 was needed.
For the van der Waals correction, dftd3 was used. While for the
xTB-parameters, xTB1_parameters were used. A periodic Poisson
solver was used as the energy calculation was performed with peri-
odic boundary conditions in all three directions. The AlphaxEwald
parameter was set to 1.0, and the multigrid had a cutoff of about 280
Ry. To achieve a sufficient resolution, the SCF had a convergence
level of 1.0 × 10−6. For the Orbital Transformation (OT) method,
the DIIS minimizer with the FULL_S_INVERSE preconditioner was
used.

III. RESULTS AND DISCUSSION
In our search for ferroelectric framework materials, we employ

a multi-stage and multi-accuracy approach as outlined schematically
in Fig. 5. This allows us to concentrate our computational resources
on those materials that have a high probability of showing ferroelec-
tric behavior. As a first step, we employ a computationally cheap
model of point dipoles rotating around a fixed axis. Without ana-
lytic guidance for how such dipolar rotors should be distributed in
a unit cell for optimal ferroelectric alignment, we first randomly
generate 10 000 symmetry inequivalent unit cells (named set 1),
with one rotor per cell and randomly oriented axes of rotation. To
avoid physically infeasible structures and to better compare resulting
structures, we impose a minimum distance between rotors and keep
the overall cell volume constant while varying the cell vectors. Note
that while the cells generated this way serve well as a first indicator of
their feasibility as remanent ferroelectrics, they are mostly triclinic
(space group P1) and, therefore, ill-suited for synthesis as a coor-
dination network. Therefore, we also generated a second dataset of
10 000 inequivalent cells with higher symmetries, termed here the set
2. As a dipole moment for the rotors, we chose 0.852 eÅ (or 4.092 D),

FIG. 5. Schematic of the workflow for the generation of ferroelectric frameworks.
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which is the dipole moment of a benzoxadiazole (boda) rotor, which
we also employ for our higher level atomistic studies below.

The resulting cells are then sampled using a Metropolis Monte
Carlo scheme. By sampling each cell over a range of temperatures,
we can assess their basic suitability as a ferroelectric. At the next level
of complexity, we add atomistic detail to the rotors themselves. By
fixing atomistic models of the benzoxadiazole rotor, we not only go
beyond the highly simplified point-like representation of the dipole
but also add—at the level of an analytic force field—non-electrostatic
interactions between the rotors. To more realistically represent the
situation of the rotor being part of a linker in a framework material,
we also add, at this stage, a rotation potential computed from tight
binding density functional theory.51 Then, Monte Carlo sampling
is again used to examine the alignment of dipolar rotors at various
temperatures to confirm ferroelectric behavior. As a final test, the
rotors are incorporated into a framework material to check for steric
hindrances or dielectric screening that may potentially impede rotor
alignment using the same methods. Finally, a Monte Carlo sampling
at the tight binding density functional theory level is performed to
verify the framework with quantum mechanical precision. In the
following, we discuss this workflow in detail.

Each of these levels of theory comes at a vastly different compu-
tational cost. It would, for example, be quite impossible to perform
our initial point dipole based screening of 10 000 structures at a
quantum mechanical level, which makes our hierarchical approach
all the more valuable. The computational costs associated with each
level are given in Table I.

A. Monte Carlo of the point dipoles
Using the analytic expression for the interaction between point

dipoles, we perform Metropolis MC for each entry of set 1 at 50 K
intervals between 1 and 701 K. Not surprisingly, we find that the
majority of our cells do not show any appreciable polarization even
at very low temperatures. Indeed, only 0.77% of the cells show an
average polarization larger than half the possible maximum at 1 K,
as depicted in Fig. 6. At room temperature, taken here as 301 K, this
number shrinks to only 0.2%, or 20 cells.

All results are tagged with a unique ID and collected in a
database, which is available for download at the Zenodo archive (cf.
Data Availability Statement).

FIG. 6. Histograms of the average cell polarization at 1 K (blue) and 301 K (orange)
of the random set. The top graph shows a zoomed-in image of the full histogram
at the bottom.

FIG. 7. Histograms of the cells showing ferroelectric ordering at 1 K for set 2,
sorted by Bravais lattice type.

With a view to synthesizability, we then turn to set 2, where
10 000 single rotor cells were generated based on the Bravais lattice
functionality implemented in the ASE Python package.39 Similarly
to set 1, these were subjected to evaluation by Metropolis MC. Again,
we found the majority of cells did not show any ferroelectric order-
ing, even at 1 K. As depicted in Fig. 7, most cells again show no
ferroelectric phase, with the strong ratios of ferroelectric to non-
ferroelectric cells found for low symmetry tri- or monoclinic space
groups which, as mentioned before, would not lend themselves eas-
ily to the construction of coordination frameworks. Even stronger
ratios were found for orthorhombic and hexagonal space groups.
Note that the break in symmetry necessary for ferroelectric order-
ing is provided by the dipolar rotors represented here through point
dipoles. Based on the findings of the point dipole model, we subse-
quently consider two cells, both simplified versions of the hexagonal
cell, yet with a rotation axis aligned with the z axis. The COFs associ-
ated with these cells are named FE–COF–1 and FE–COF–2 and are
described in more detail in the methods section.

Finally, we note that the point dipole model can only serve as
a very crude first guess for a number of reasons. First, omitting all
interactions but dipole terms obviously is not a very realistic depic-
tion of reality, as we demonstrate below. Second, due to the relatively
small dipole moments and large distances involved, the overall inter-
action strengths tend to be rather small as well. This results in
strongly fluctuating total dipole moments over the full temperature
range, where ferroelectric and antiferroelectric orderings compete.
This is illustrated in Fig. 2 of the supplementary material, which
does show oscillatory behavior between the two orderings already
at a temperature of 201 K.

B. Monte Carlo of the 3D representation
As the next level of sophistication of our simulation, we cre-

ated 3D models of the rotating groups to replace the point dipoles,
yet with their rotation axes aligned. We again proceed to sample
the phase space of these rotors with Metropolis MC at various tem-
peratures. In order to rule out sampling issues, we perform the MC
runs with ten different random seeds. The results for the cell of COF
FE–COF–1 and FE–COF–2 are shown in Fig. 8, with the averaged
results depicted in blue. For both cells, the total cell polarization
is constant at the maximum value for temperatures below ∼100 K,
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FIG. 8. Results of the 10 MC simulations of the 3D representation of the linkers in the cell of COF FE–COF–1 (a) and FE–COF–2 (b). Depicted are the polarization moment
and its percentage in reference to a fully ferroelectric system. Shown are the ten runs with different starting seeds in green and the averaged value in blue.

indicating a ferroelectric phase. After 100 K, a steep drop in the
polarization indicates a phase transition.

C. Molecular dynamics of the 3D
FE–COF–2 with UFF4MOF

Next, we implement the rotor configuration in a three dimen-
sional COF to test its feasibility in a realistic setting. In order to first
gauge the stability and steric limitations of the rotations of the rotors
in a dynamical situation, a number of Molecular Dynamics (MD)
simulations were performed. As described in the methods section,
the rotational barrier calculated by xTB1-D3 is about 0.2 kJ mol−1,
which is equivalent to a thermal energy of about 24 K. Therefore,

one MD at 5 K, a little below that barrier, was performed to con-
firm that the barrier prevents rotations. Another MD at 50 K, a
little above the rotational barrier, was performed to test the influ-
ence of the Coulomb and Lennard-Jones interactions upon the rotor
rotations. In addition, finally, a third MD was performed at a high
temperature of 500 K to overcome the barriers of all energetic con-
tributions and only sample the steric limitations. We used LAMMPS
and UFF4MOF for all MD runs at a runtime of 1 × 106 timesteps of
1.0 fs. The results are depicted in Fig. 9. It is important to note here
that the polarization as the sum of the dipole moments was divided
by a fixed reference configuration of maximum polarization of a
perfect ferroelectric configuration in the reference cell. As the rotor
geometries could not be fixed during the MDs, their bonds fluctuate

FIG. 9. MD of the FE–COF–2 at different temperatures for 1 × 106 steps. (a) 5 K-ferroelectric configuration. (b) 5 K-anti-ferroelectric configuration. (c) 50 K-ferroelectric
configuration. (d) 500 K—neither FE nor AFE configuration.
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FIG. 10. Ferroelectric and anti-ferroelectric configurations of the FE–COF–2.
Shown are only four rotors and the unit cell, excluding the backbone and link-
ers. (a) The ferroelectric configuration of the FE–COF–2: All rotors are parallel to
each other. The rotors point at each other head-to-tail. (b) The anti-ferroelectric
configuration of the FE–COF–2: Every line of rotors is antiparallel to each other. In
every line, the rotors point at each other head-to-tail.

a little around their energetic minimum, resulting in a small com-
pression or expansion of the rotor. This, in turn, then decreases or
increases their dipole moment slightly. Therefore, even an MD of
perfect ferroelectric rotations fluctuates around 100% of the identi-
cal but fixed reference system, such that values above 100% appear
as artifacts. Obviously, these fluctuations increase with increasing
temperature.

Figure 9(a) shows that for some random starting rotations
at low temperatures, the polarization fluctuates around the maxi-
mum polarization possible for the FE–COF–2, i.e., with all rotors
parallel to each other and pointing head-to-tail [see Fig. 10(a)].
Figure 9(b), on the other hand, shows that for other random
starting rotations at low temperatures, the polarization fluctu-
ates around zero, which in this case corresponds to all rotors
aligning antiparallel to each other and pointing head-to-tail [see
Fig. 10(b)]. Figure 9(c), however, shows that at a temperature above
the rotational barrier, the polarization is still fixed to its maximum.
Finally, Fig. 9(d) depicts the occurrence of all possible polariza-
tions from 0% to 100% of their theoretical maximum at high
temperatures.

Our MD calculations thus clearly show that at temperatures
lower than the rotational barrier divided by Boltzmann’s constant,
no free rotations occur on the timescales observed, and only small
fluctuations around either the ferro- or anti-ferroelectric minima are
possible. At temperatures significantly higher than the barrier, rota-
tions are still frustrated due to the large head-to-tail attraction of the
rotors, which can only be overcome at much higher temperatures.
(Anti-)ferroelectric behavior in these structures is thus a product of
electrostatic and van der Waals interactions, not due to rotational
barriers.

To understand the energy differences of the FE and AFE
phases in more detail, we performed a geometry optimization at
the UFF4MOF level, starting from the structures of minimal energy
of both 5 K MDs. The resulting total energies of both optimized
structures were calculated by UFF4MOF and split into their main
contributions, i.e., the Coulomb energy, the van der Waals interac-
tion, and the intrinsic rotational barrier. The latter is equal for both
configurations, while both Coulomb and van der Waals energies are
slightly lower for the ferroelectric case. The Coulomb energy is lower
by 1 kJ mol−1 (or 0.25 kJ mol−1 per rotor), while the van der Waals

contribution is lower by 2 kJ mol−1 (or 0.5 kJ mol−1 per rotor). Over-
all, the energy of the optimized ferroelectric phase is thus lower by
3 kJ mol−1 (i.e., 0.75 kJ mol−1 per rotor) compared to the energy of
the optimized structure of the anti-ferroelectric phase, reinforcing
our earlier MC results showing a pronounced ferroelectric phase at
low temperatures. Note that due to the comparatively small energy
difference between both phases, a correct choice of rotor attach-
ment is of great importance. A rotor bound by a triple bond bound
to two sp3-C-atoms, such as the one used for FE–COF–2, shows
an intrinsic rotational barrier of only 0.2 kJ mol−1, much smaller
than the energetic difference between the two phases. For compar-
ison, the same rotor bound by a triple bond to sp2-C-atoms and
sp3-C-atoms (as in FE–COF–1) would show a much greater intrin-
sic rotational barrier of about 16 kJ mol−1 and, therefore, would be
much greater than the energetic difference between the FE and AFE
phases, most likely leading to a hindered rotation and preventing the
system from adopting its ferroelectric state. This is the reason why
we chose FE–COF–2 as our main model for further analysis. The
sp3-carbon linkage employed there to mount the rotors shows a very
low intrinsic rotational barrier, whereas the initial FE–COF–1 rested
on a mounting of the acetylenic axles to sp2-C atom centers featur-
ing a much higher barrier (cf. the methods section). Note, though,
that a vanishing rotational barrier still does not guarantee the exis-
tence of a ferroelectric phase. On the contrary, one might postulate
such a phase to form if the rotors are driven into parallel alignment
by the rotation potential instead of other energetic contributions.

D. Annealing molecular dynamics of the FE–COF–2
with UFF4MOF

Next, we ascertained whether the ferro- or anti-ferroelectric
ordering is the thermodynamically more stable one at low tem-
peratures. To this end, we again performed simulated annealing
for the FE–COF–2 with MD based on UFF4MOF implemented in
LAMMPS. At the start, the system was thermostatted at 500 K to
ensure a completely free rotation of the rotors. This temperature
was sampled for 1 × 106 steps before the temperature was decreased
(by thermostat) to 100 K for another million steps to cross the ener-
getic barrier of Coulomb and Lennard-Jones interactions. Finally,
to cross the energetic intrinsic rotational barrier of the rotors, the
temperature was decreased to 1 K for another million steps.

Figure 11(a) depicts the total polarization of the cell during each
step, while Fig. 11(b) depicts the temperature profile of the MD dur-
ing the course of the annealing process. Note that during the high
temperature run, from 0 to 1 × 106 steps, the full possible range of
the total dipole, from 0% to 100% of its maximum, appears. For the
intermediate temperature, from 1 × 106 to 2 × 106 steps, the sam-
pling of the full range of dipoles becomes less pronounced. Finally,
in the low temperature phase, from 2 × 106 to 3 × 106 steps, the total
cell dipole collapses to a stable ferroelectric configuration with 100%
polarization.

E. Monte Carlo of the FE–COF–2 with UFF4MOF
For a more detailed understanding of the temperature behav-

ior of our 3D COF, we again turn to MC simulations in a 2 × 2 × 1
supercell. The results of the 10 MC runs of this structure performed
with UFF4MOF in LAMMPS are depicted in Fig. 12. One can see a
constant polarization moment density for temperatures below about
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FIG. 11. Polarization moment (a) and instantaneous temperature (b) during the annealing MD of the FE–COF–2 using LAMMPS with UFF4MOF.

FIG. 12. Average values of the polarization taken from 10 MC simulations of the
FE–COF–2. Depicted is the polarization moment as well as its percentage with ref-
erence to a fully ferroelectric system. Shown are the ten runs with different starting
seeds in green and the averaged value in blue.

100 K. While for temperatures above 100 K, the cell’s total
polarization shows a steep drop.

The constant average total polarization for temperatures below
roughly 100 K (cf. Fig. 12) indicates that the rotations of the linker
of the FE–COF–2 are frustrated there. At temperatures above 100
K, a drop in the polarization moment indicates free rotations of the
rotors and, therefore, a phase transition.

FIG. 14. Average values of the polarization of FE–COF–2 from MC simulations
based on xTB1-D3 energetics taken from 10 MC simulations of the FE–COF–2.
Depicted is the polarization moment as well as its percentage with reference to a
fully ferroelectric system. Shown are the different runs with different starting seeds
in green and the averaged value in blue.

F. Monte Carlo of the FE–COF–2 of different supercells

In order to test long range polarization and, therefore, possible
finite size effects, we next performed MC simulations of different
supercell sizes based on UFF4MOF energies. In particular, 2 × 2
× 2-, 3 × 3 × 3-, and 4 × 4 × 4-supercells were tested. The results
are depicted in Fig. 13. For all supercell sizes, the polarization is con-

FIG. 13. Results of the MC simulations of the FE–COF–2 with UFF4MOF. Shown are the averaged results of 3 different supercells with ten runs of different starting seeds
each. The supercells tested were 2 × 2 × 2, 3 × 3 × 3, and 4 × 4 × 4. (a) shows the absolute values of the polarization, while (b) depicts the values of the polarization as
a percentage of the maximum possible polarization at the ferroelectric configuration.
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FIG. 15. Heatmaps of the results of the energy calculation for 5184 rotations of 5○ steps of two linkers of the FE–COF–2 against each other, with all other linkers fixed
in their optimal FE configuration. Note that darker colors depict energetically more favorable configurations. (a) Heatmap of the calculations with UFF4MOF in LAMMPS
with Lennard-Jones interactions, Coulomb interactions, and the intrinsic rotational barrier active. (b) Heatmap of the calculations with UFF4MOF in LAMMPS with only
Lennard–Jones repulsion interactions active. (c) Heatmap of the calculations with UFF4MOF in LAMMPS with only Coulomb interactions active. (d) Heatmap of the
calculations with UFF4MOF in LAMMPS with only the intrinsic rotational barrier active. (e) Heatmap of the calculations with xTB1-D3 in CP2K.
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stant at its maximum at temperatures below about 100 K before it
starts to slowly drop above this temperature.

While the different supercells, naturally, show different total
polarizations, their relative polarization profiles [cf. Fig. 13(b)]
coincide, thus ruling out any finite size effects.

G. Monte Carlo of the FE–COF–2 with xTB1-D3
Finally, given the approximate nature of the UFF4MOF force

field, we next turn to more rigorous energetics with xTB1-D3 as
implemented in CP2K. Note that, while this definitely represents
an improvement, it still has its limitations compared to, e.g., hybrid
density functional theory or coupled cluster theory.52 Following the
same procedure as before, we depict the resulting average cell polar-
izations at different temperatures in Fig. 14. In addition, here, we
find the ground state to clearly be a ferroelectric one, yet the onset
of the melting of the ferroelectric phase already starts much earlier,
such that already above 80 K, the total polarization has dropped to
only half of its maximum value.

H. Contributions to the total rotational energy
So far, our results pointed toward FE–COF–2 showing a ferro-

electric state at low temperatures. In order to quantitatively under-
stand this behavior, we next separate the energy contributions in
our force field calculations into electrostatics, Lennard-Jones terms,
and the contributions from the rotational barrier. To illustrate these
contributions, we map each of them for the full rotation of two
neighboring linkers in a supercell with all other linkers fixed at the
position of the ferroelectric total energy minimum. A similar map,
but with all linkers rotating in unison, is given in Fig. 2 of the
supplementary material. Rotational space was sampled in 5○ steps
for a smooth map. We compare each of the contributions to the full
map and to the xTB1-D3 energetics.

Considering the full results of all active contributions
[Fig. 15(a)], we note two distinct peaks at the rotations 60○–230○

and vice versa at 230○–60○. These are the configurations in which the
two rotated linkers point at each other head-to-head [see Figs. 16(a)
and 16(b)]. Furthermore, we find two “bands” at around 180○-x○

as well as around y○-180○, forming the highest peak at 180○–180○

at about 85 kJ mol−1. For both of these bands, one of the ben-
zoxadiazole rotors, respectively, points directly at one of the static
rotors of the FE–COF–2 (one of the two linkers that was not rotated
during this test), with 180○–180○ being the configuration of both
rotors pointing at their fixed neighbors [see Fig. 16(c)]. The origins
of both those features can easily be spotted in the pure Lennard-
Jones results depicted in Fig. 15(b) and the pure electrostatic map
of Fig. 15(c). Both Lennard-Jones and Coulomb show the peaks and
bands, yet the repulsive contributions of the Lennard-Jones poten-
tial are much more pronounced, with Lennard-Jones contributing
around 50 kJ mol−1 of 85 kJ mol−1 to the central peak.

Considering the minima, we see that both electrostatics and
Lennard-Jones interactions (and, therefore, also the full map) have
a pronounced minimum for parallel ordering, shown as dark red
spots in the corners of Figs. 15(b) and 15(c). This indicates that, at
least in a single row, rotors favor a parallel ordering. This, together
with the distinct peaks and bands, confirms our observations that
in this COF, a direct antiferroelectric ordering with rotors pointing
toward each other is energetically unfavorable. Indeed, the low tem-
perature antiferroelectric phases we observed during the MD runs
were composed of antiparallel layered bands of rotors.

Finally, the rotational barriers are depicted in Fig. 15(d) only for
the sake of completeness. Given that for the triple bond employed to
support the rotors, we had to specifically add a rotational potential
term (cf. Sec. II), the rotational barrier heat map reproduces exactly
this potential. The heatmap shows a lattice-like structure consisting
of 6x6 peaks at a very small energy of about 0.40 kJ mol−1, which
again indicates the minor role played by the rotational potential
compared to other energy terms. Indeed, the rotational potential
would show a maximum at the perfectly aligned orientations, but
this has no influence on the stable state.

FIG. 16. Snapshots of the energeti-
cally unfavorable configurations of the
5184 rotations of 5○ steps of two cen-
ter linkers of FE–COF–2 against each
other, used within the energy calcula-
tions of the heatmaps. (a) 60○–230○

configuration—the two rotating center
linkers point at each other’s periodic
images head-to-head. (b) 230○–60○

configuration—the two rotating center
linkers point at each other head-to-
head inside the cell. (c) The 180○–180○

configuration—the two rotating center
linkers point at the remaining fixed link-
ers on the edges head-to-head.
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In a quantum mechanical calculation, such as xTB1-D3, we
cannot as easily decompose the energy terms, but we see that it
shows broadly the same behavior as our force field calculations [cf.
Fig. 15(e)]. This explains the observation that xTB1-D3 calculations
reproduce similar structures to the force field calculations. Note that
the peaks we find in the xTB1-D3 map are roughly half of the ener-
gies we found for UFF4MOF, which explains the lower melting point
of the ferroelectric phase.

IV. CONCLUSION
The aim of this work was to computationally generate a frame-

work material that shows a remanent ferroelectric phase. In service
to this goal, we developed a hierarchical screening approach allow-
ing us to quickly weed out structures that do not lead to any
ordered phases and concentrate on those that do, focusing computa-
tional resources on these promising candidates only. The workflow
itself relies on successively adding complexity to the model, starting
from a highly simplified point dipole model, progressing through
an atomistic force-field model of rotors fixed in space, and cul-
minating in an extended tight-binding DFT of a full framework
material. This allowed us to screen 10 000 distinct structures for
ferroelectricity. While the point dipole model’s simplicity leads to
quite noisy results, which sometimes fluctuate between ferro- and
anti-ferroelectric ordering, it clearly highlighted those structures
where no ordering occurs. The initial search of set 1 yielded a tri-
clinic structure as an optimal choice for remanent ferroelectricity.
Unfortunately, such low symmetry structures do not readily lend
themselves to the generation of a coordination framework. We thus
also screened another set (set 2) of 10 000 structures with higher
symmetries to find a hexagonal grid that is most robust with regard
to the formation of ferroelectric phases.

Based on these findings, we designed a COF named FE–COF–2
that does show a clear ferroelectric phase at low temperatures.
Depending on the level of theory, this phase is predicted to persist
up to between 100 and 200 K. Thereby, the lower temperature is pre-
dicted by the higher-level xTB1-D3 approach. Our in-depth analysis
of the energy contributions shows a mixture of Lennard–Jones and
electrostatic interactions to be responsible for the ordering of the
rotors, while rotational potentials play only a secondary role for a
well-designed rotor. The vastly reduced intrinsic rotational barrier
of FE–COF–2 compared to the earlier version, FE–COF–1, permits
the Lennard–Jones and electrostatic interactions to play the major
role in the dynamics and, therefore, enables the formation of ferro-
electric phases. The energetics of the force field and tight binding
DFT calculations fully agree in their overall features, leading to the
existence of the ferroelectric phase in both levels of theory. Yet, the
maxima and minima of the xTB1-D3 are lowered by about a factor
of 2 compared to UFF4MOF, which explains the lower melting tem-
perature of the quantum mechanical calculations. Considering that
xTB1-D3 is also known to suffer from some errors,53 future DFT
calculations, potentially beyond the level of the standard generalized
gradient approximation, would be needed to exactly determine the
transition temperature.

Next to the ferroelectric phase, our molecular dynamics simu-
lations also show the existence of an antiferroelectric phase where
ordered bands of rotors align antiparallel to each other. An anneal-
ing molecular dynamics simulation starting from high temperatures,

though, also shows that it is only the ferroelectric phase that forms
once the phase transition temperature is reached. The ferroelec-
tric phase was found to be lower in energy by about 0.75 kJ/mol
per rotor compared to the antiferroelectric one. With a view to the
future, perhaps even room-temperature-stable ferroelectric COFs,
our results suggest some improvements. First, the electrostatic inter-
action could be strengthened by increasing the polarity of the rotors
even further. Similarly, shorter distances between the rotors would
increase both electrostatic and non-electrostatic interactions. Fur-
thermore, a stronger alignment of rotors at high temperatures might
be reached with a clever alignment of the rotation potential of each
of the rotors. Yet, these would likely also benefit the anti-ferroelectric
striped phase. Therefore, for a room temperature ferroelectric COF,
there likely needs to be a balance between rotation potential, elec-
trostatic, and dispersive interactions. This explains why no such
coordination framework has been found to date but also shows how
our analysis can point the way toward such materials.

All in all, we used a multi-stage approach to first demonstrate
the feasibility of using polar rotors in a lattice to form remanent
ferroelectric phases and found hexagonal Bravais lattices to yield
the most robust ferroelectric high symmetry phases. Based on these
insights, we generated a low temperature ferroelectric COF struc-
ture, which we studied on a force-field and extended tight-binding
level to again reproduce their ferroelectricity.

SUPPLEMENTARY MATERIAL

In the supplementary material, we show a deeper analysis of the
point dipole data. We provide a rotational analysis of the energetics
of the ferro- and anti-ferroelectric configurations of FE–COF–1 and
FE–COF–2. Furthermore, we show that hydrostatic compression or
expansion of the COF strengthens and weakens the ferroelectric
phase, respectively. In addition, we show that the stacking order
of the layers of FE–COF–2 (AA vs AB) does not influence the
energetics of the rotors. Finally, we present the electronic band dia-
grams of the stators of both COFs and the band structure of the full
FE–COF–2 to show that they are non-metallic in nature.
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