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In this work, the ferroelectric and semiconducting properties of the organic semiconducting
ferroelectric benzotrithiophene tricarboxamide (BTTTA), and especially their nonlinear coupling, are
theoretically investigated. BTTTA is an exponent of a small class of semiconducting organic
ferroelectrics for which experiments have established a surprising polarization direction dependence of
the bulk conductivity at finite fields. First, molecular dynamics (MD) simulations are used to investigate
the occurrence and, under the influence of an external electric field, the inversion of the macroscopic
electric dipole that forms along the axis of supramolecular columns of BTTTA. The MD results are
consistent with the experimentally observed ferroelectric behavior of the material. Building on the MD
results, a QM/MM scheme is used to investigate the charge carrier mobility in the quasi-1D BTTTA stacks
in the linear and non-linear regimes. Indeed, at finite electric fields, a clear resistance switching effect
was observed in the form of a hole mobility that is a factor ~2 larger for antiparallel orientations of the
polarization and field than for a parallel orientation. This phenomenon can be understood as a
microscopic ratchet that is based on the non-equilibrium interaction between the (oriented) dipoles and
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Introduction

Ferroelectric materials combine a relevance for a range of
practical applications with rich, cooperative physics. Although
the majority of ferroelectric materials used and investigated to
date are of inorganic nature, organic, that is, carbon-based
ferroelectrics offer several unique and potentially highly rele-
vant features. In part, these are of pragmatic nature, relating to
the abundance and non-toxicity of the constituent elements,
the compatibility with large-area, low-cost, measured both in
monetary and energetic terms, production techniques and, in
the case of polymer or liquid-crystalline materials, a large
degree of mechanical flexibility. From a scientific perspective,
organic ferroelectrics can be realized on the basis of an
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the (direction of the) charge transport.

astonishingly rich spectrum of principles, ranging from
order-disorder-type ferroelectrics based on (partial or full)
rotation of dipolar molecules or molecular substituents in a
lattice to displacive materials based on dimerization of ionic
species, charge transfer or proton tautomerization."

The variety of approaches to realize ferroelectricity in mole-
cular organic materials reflects the freedom of design that is
typical for organic chemistry. In the field of organic ferro-
electrics, this is beautifully illustrated by the class of discotic
liquid crystalline ferroelectrics, of which trialkylbenzene-1,3,5-
tricarboxamides (BTA) is the archetypical example. BTA is a C3-
symmetric molecule consisting of a benzene core to which
three amide groups have been attached to the 1, 3 and 5
positions. Attached to the amide groups are aliphatic tails that
make the molecule soluble in organic solvents and, in solid-
state thin films, give the material its ferroelectric-friendly
liquid-crystalline properties. BTAs are known to self-assemble
into one-dimensional columnar structures that are stabilized
by threefold H-bonding through the amides and, to a lesser
degree, by m-stacking of the conjugated core.”> Although
benzene-1,3,5-tricarboxamides were first synthesized in 1915,
their ferroelectric properties were discovered only in 2010.*
Since then, it was found that the ferroelectric properties of
BTAs could be varied in non-trivial ways by varying any of the
three ‘zones’ in the molecule. Changing the length or branching
of the aliphatic side chains allowed to improve the polarization
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Fig.1 (a) and (b) Top and side view of the BTTTA-C12 lattice structure after NPT equilibration. The BTTTA structure remains in its initial hexagonal

structure while distances and dihedral angles reach thermal equilibrium. The structure mostly maintains its H-bonding network. (c) Distances between
two sulfur atoms of adjacent molecules. Inset: Structure of BTTTA-C12. The images in (a) and (b) and all of the following molecule renderings were

created with VMD.?

retention from mere minutes to years.”® Changing the dipolar
group from a regular (oxygen) amide to a thioamide resulted in a
ferrielectric material.” Finally, exchanging the benzene core for a
larger benzotrithiophene unit resulted in the, still C3-symmetric,
semiconducting ferroelectric benzotrithiophene tricarboxamide,
BTTTA, see Fig. 1. This compound shows, amongst others, a
bulk conductivity that, at finite electric fields, depends on the
direction of the ferroelectric polarization.®

The rectifying and switchable conductivity of BTTTA was
previously observed in a few related compounds.’® Although
this has so far not been explicitly pursued, this combination of
properties is interesting for large area data storage in crossbar
arrays, where the binary information can be read-out from the
conductivity value, taking away the need to switch (and restore)
the ferroelectric polarization state that hampers conventional
2-terminal ferroelectric memories."* Likewise, said materials
may provide a new way forward to actual use of the bulk
photovoltaic effect.'*"?

Since the direction of current flow and of polarization both
lie parallel to the supramolecular column axis, the moving
charge carrier sees a periodic but inversion asymmetric energy
landscape: when driven away from equilibrium by an external
electric field, the system becomes a so-called tilting ratchet that
rectifies the external perturbation.® Apart from the direct
electrostatic interaction with the amide dipoles, the lack of
inversion symmetry can be expected to manifest itself indirectly
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through asymmetries in polarizability and structural relaxation,
that is, polaronic contributions. In ref. 10 a simple 2-site model
was developed in which these effects were lumped together
in skewed (reorganization) energy landscape that was used as
input in a Marcus-type hopping model. Although this provided
some quantification of the intuitive explanation of the phe-
nomenon by a symmetry argument about the non-equivalence
of charge carrier motion against or along the polarization
direction, a rigorous explanation of the directional conductivity
in this type of compounds has so far not been given. Although
this is beyond the scope of the present work, having a predictive
model would allow to in silico search for materials with a large
on/off-ratio for memory applications, prior to actual synthesis.

Here, we use a combination of molecular dynamics (MD)
and density functional theory (DFT) to rigorously address the
problem of the nonlinear charge transport in the BTTTA system.
Specifically, the MD simulations are used to investigate the supra-
molecular organization of BTTTA, including the polarization, as a
function of temperature and external field, reproducing experimen-
tally found behavior. The rectifying, polarization-dependent con-
ductivity was investigated using a quantum mechanics/molecular
mechanics (QM/MM) embedding scheme, i.e., only a part of the
crystal is treated using quantum mechanics, the remainder of the
system is treated classically. This scheme provides the first theore-
tical confirmation that indeed the ferroelectric polarization couples
to the charge carrier mobility. In agreement with experiments, the
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nonlinear mobility for an antiparallel (parallel) relative orientation
of polarization and field gives rise to an enhanced (reduced) charge
carrier mobility.

Models and computational details

Molecular dynamics

The study of the ferroelectric properties of the BTTTA and BTA
systems will be based on molecular dynamics (MD) simula-
tions, which have previously provided a good agreement with
experimental observations for this class of materials.*'** In a
second step, the MD model is combined with a non-adiabatic
quantum mechanical propagation scheme to investigate the
charge transfer properties of BTTTA.

BTA and BTTTA monomer structures were created with the
Avogadro software."”” The Gromacs software was used for MD
simulations.'® Topologies were created with the OPLS force-
field, which is known for its superior performance regarding
H-bonds." BTTTA partial charges yield a dipole moment of 3.47D
per amide group, which is close to 4 D obtained from DFT
calculations.® Three-dimensional monoclinic periodic boundary
conditions were applied with the non-perpendicular angle at 60°,
which causes a hexagonal structure, as can be seen in Fig. 1a. The
particle mesh Ewald method is used to treat long-range electro-
statics. After initial energy minimization, the equilibration and
production MD simulations were performed at 300 K and 1 bar
using the Parrinello-Rahman barostat together with the Nosé-
Hoover temperature coupling with a coupling constant of 0.2 ps.
Intracolumnar and intercolumnar distances were reached through
the NPT equilibration after the initial configuration was created
according to X-ray parameters.® 10 ns of NPT was used as equili-
bration and subsequent simulation of 20 ns to obtain averages of
quantities of interest, unless longer times were needed, as noted.

The externally applied electric field was modeled with the
built-in Gromacs method, which employs an additional elec-
trostatic energy term in the force field, proportional to the
partial charge on each atom. The BTTTA liquid crystal system
consisted of 4-by-4 columns with 9 molecules per column for
the ferroelectric switching simulations and 27 molecules per
column for the CT simulations. Furthermore, simulations with
a single BTTTA-CO column in vacuum were performed to
calculate switching energy barriers.

Charge transfer

To study the resistance switching effect, we used a multiscale
methodology for charge transfer that we developed in recent
years for the simulation of rapid electron and exciton transfer
processes across various domains, including electron transfer
in DNA photolyase,** > and electron and exciton transfer in
organic materials.>*® For details of the methodology please
see ref. 25 and 26 Specifically, charge transport was treated by
modeling the dynamics of a single excess charge carrier in a
mixed quantum classical simulation,*****”*® where the wave-
function of the excess charge carrier is propagated explicitly
and coupled nonadiabatically to the classical, molecular
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environment using a non-adiabatic molecular dynamics scheme
based on Tully’s fewest switches algorithm (FSSH) with correc-
tions for decoherence and trivial crossings.> This non-adiabatic
molecular dynamics (NAMD) simulation employs the common
QM/MM separation scheme, where the full molecular system is
divided into a quantum mechanical and a classical zone. This
way, most of the system dynamics are modeled with the MD
force field, and only the excess charge carrier has to be described
quantum mechanically. The quantum part is computed using a
fragmentation scheme, which makes it computationally very
efficient. The site energies of the molecular fragments and the
coupling between those are computed using the density-
functional-tight-binding (DFTB) approximation of DFT.**"* This
method expresses the DFT Hamiltonian as a Taylor expansion of
the density around a reference density, which leads to several
levels of DFTB, depending on the order.

Previous works have applied these methods to non-polar,
crystalline materials such anthracene, but also to liquid crystals
like hexabenzocoronene (HBC).>* BTTTA is quite different from
those materials since it possesses polar amide groups that
create H-bonds to connect adjacent molecules to form the
supramolecular columns, in contrast to HBC. In the latter,
the columns are held together solely by m-n interactions.
Validation steps that were taken to assure the accuracy of the
QM/MM approach are discussed in the ESI,} Section S4.

Since the charge transfer is one dimensional along the
columns, the QM zone is taken as one of the columns, given
by 25 molecules, where the molecules at the edge of the box
boundary are not included. The aliphatic tails are also put into
the MM zone since they do not participate in the frontier
molecular orbitals (MOs). Charge transport is described by
the dynamics of a single positive excess charge carrier. For this
hole, only the highest lying MOs are included in the Hilbert
space, the remaining electronic degrees of freedom of the
system are electronically inert and modeled with MD. Often,
only the HOMO orbital per fragment is used, but in the case of
BTTTA, DFTB calculations have revealed that the HOMO and
HOMO-1 frontier orbitals are energetically degenerate, which
necessitated the inclusion of both in the Hilbert space, with the
help of a state-tracking algorithm.

The DFTB treatment starts with the reference density p, of
neutral atoms as an approximation for the actual density of the
neutral molecular system. This might seem like an improper
approximation since the amide groups of BTTTA are polar - the
polarity is essential for the resistance switching effect. However,
this is unproblematic because the interaction between the
partial charges of the amides with the excess carrier are
included in the QM/MM interaction term, and because we
rewrite the DFT energy of the QM zone in terms of the forcefield
energy. Second order DFTB represents the change of the
Hamiltonian that the hole evolves with, due to the change in
partial charges because of the presence of the hole. Because
the BTTTA molecule is relatively large, these changes are
rather small. This means that the second order contributions
are negligible compared to the first order terms. We will hence
use the DFTB1 scheme for our simulations. The closed
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boundary conditions of the QM zone enable to easily implement an
external field into the QM propagator by simply shifting the
diagonals of the DFTB Hamiltonian according to the field strength
E as AH,,, = nd,,E with n and d,,,,,, the molecule number and the
intermolecular distance along the column. This model then yields
the time evolution of the hole wavefunction ().

For zero external fields, the charge flow will enter a diffusive
regime, and the carrier mobility ¢ can be extracted via the
Einstein formula®®

eD
u= kT (1)

with the elementary charge e and the diffusion constant in one
dimension

d(Ax?)
2dt )

D=

The mean-square-displacement (MSD) (Ax?) is linear in time
in the diffusive regime, and can be calculated as

(Ax%) = Yo(xa(t) — x0)°Pa(®) (3)

where x,(¢) is the center of mass position of molecule 4, and P,
its wavefunction occupation probability.

Since the resistance switching effect is a nonlinear phenom-
enon that occurs only at strong enough electric fields, we
cannot use the MSD to extract the mobility in that regime.
Instead, for finite external fields E, the mobility can be
extracted from the drift motion of the center of mass position
x(£) = 32 x4(£)P4(t) of the charge carrier:**

A

_ ld{x)
TE dr (4

u

Experimentally, the resistance switching effect is observed at
around 20 V pm ", Although sufficient to induce nonlinearities
in the conductivity, such fields do not significantly perturb the
dihedral angles in the MD simulation, vide infra, so we can set
the MD electric force field to zero during the charge transfer
simulations.

We calculated the reorganization energy A of the BTTTA
molecule in the NAMD simulation by forcing the hole to stay on
one molecule and subtract the resulting equilibrated ionization
energy from the neutral one. This yields a value of Apprg & 0.12 €V,
see ESIt Fig. S11. However, a benchmark test with Gaussian
revealed that DFTB underestimates /. In a computational study,
it was found that the wB97XD functional produces the most
accurate values for the reorganization energy, especially for large
polar molecules with a high wavefunction delocalization on the
molecular core.>® Using this functional and the 6-31G* basis set,
the reorganization energy was calculated with the four point
method. The calculation resulted in a value of 1 = 0.4 eV, which
necessitates the use of an implicit relaxation method. In this
method, the quantum force from the wavefunction on the atoms
of the charge carrying molecule is ignored, so that no intra-
molecular relaxation occurs. Instead, this effect is treated by adding
a shift on the diagonals of the Hamiltonian, given by the product
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between the charge and the reorganization energy.”® This allows us
to use the more reliable value of 4 from the Gaussian DFT
calculation. Note that there is still a force from the charge carrier
on the MM component, namely the electrostatic force due to
changed partial charges. Moreover, the velocity adjustment along
the nonadiabtic vector after surface hopping is replaced with a
Bolzmann correction for hopping probability. This treatment is
more efficient, as it avoids the time-consuming computation of
multi-dimensional nonadiabatic coupling vectors (see ref. 26 for
more details).

Results and discussion
Equilibration

The initial static structure is equilibrated in two steps. First,
we perform an energy minimization via steepest descent until
the largest force in the system is below the tolerance range of
10 kJ nm~* mol . This procedure leads to the formation of the
typical triple helix H-bonding network, see Fig. S1 in the ESLt '
Second, upon subjecting the BTTTA system to the NPT ensemble,
the density quickly increases, then fluctuates around an equili-
brium value of around 1000 kg m™®, see Fig. S1 (ESIf). The
equilibrated box size is 210 nm®, which together with the remnant
dipole moment of 960 D yields a polarization of 15.3 mC m™ 2.
This value is similar to but somewhat smaller than the experi-
mental value of 25 mC m™>. The latter is what one would expect
from the lattice geometry, with an out-of-plane dihedral angle of
40° and a total dipole moment of 12D per molecule.® Since the
calculated geometry and dihedral angle are very close to the
experimental ones, and the calculated dipole moment per mole-
cule is 10.4D, one would expect a calculated polarization of 25 x
10.4/12 = 21.7 mC m™ > in the crystal. The reason for this
discrepancy lies in a screening of charges due to the molecular
environment in the simulation. This deviation should not change
the qualitative outcomes of the further simulations though. The
thermally equilibrated structure mostly maintained its hydrogen-
bonded network, and the columnar morphology remained intact as
can be seen in Fig. 1. The dihedral distribution takes a Gaussian
shape, centered at 40° with some broadening due to thermal
fluctuations, see Fig. S1(b) in the ESL{ However, even in thermal
equilibrium, there can be significant structural dynamics due to
temporary breaking of H-bonds, see Fig. 1(c). If the corresponding
amide groups form a hydrogen bond, the distance fluctuates only
weakly around its equilibrium value. However, individual H-bonds
can be broken for a few ns, see e.g. the trace labeled pair 3 at ~14
and ~17.5 ns, before they self-heal into the bonded configuration.
This behavior is related to the self-assembly properties of hydrogen
bonded supramolecular polymers like BTTTA and BTA, for which
this has also been observed in MD simulations.®® ESI} Section S1
provides results of several tests we ran to assure robustness of the
results with respect to simulation details.

Ferroelectric switching

Prior to performing switching simulations of BTTTA, we per-
formed benchmark simulations on BTA, for which MD data are
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available.” In short, our simulations reproduce those by Cor-
nelissen et al., including the finding that the dominant polar-
ization reversal mode is the so-called z-flip, a rotation of the
dihedral angle by 80°, from 40° to —40°, and not the full-flip,
which would be a 180° rotation from 40° to —140°."> Further
details can be found in the ESI{ Section S2.

As for BTA, equilibrated structures are used as the starting
point for the switching simulations of BTTTA in finite electric
fields. The crystal box was put into the ground state via a
steepest-descent energy minimization, which caused all columns
to take a 0:3 state with negative polarization. Then, this struc-
ture was equilibrated in an NPT ensemble for 10 ns, with the
polarization remaining at the large negative value. The negatively
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polarized system was then propagated a further 100 ns in NPT,
with a positive external electric field. In contrast to experimental
observations, relatively strong fields ~0.4 V nm " have, on this
time scale, no influence on the dihedral distribution. The reason
for the stronger stability in the MD simulation lies in the
switching mechanism that is mostly intrinsic in simulations
while in experiments, it is typically extrinsic due to the presence
of electrodes, impurities or structural defects, which act as
nucleation sources that reduce the flipping activation energy.'®
If the field strength is increased, switching is observed, as
discussed in the following.

Fig. 2a shows representative transients of the dipole moment
of individual columns during switching at intermediate fields.
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Fig. 2 Ferroelectric switching in BTTTA. (a) Dipole moment of individual columns. Full lines: £ = 1.4 V nm™~%, dashed lines: £ = 1V nm~% (b) Full dipole
moment of the simulation box after 100 ns NPT with constant field as function of the field. (c) Dynamics of individual and average dihedral angles.
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Typically, a column remains in the 0:3 state for a while, until
suddenly most amides switch into the 3:0 configuration: in
general, the strong intra-columnar interactions cause the amide
groups to switch collectively. If the field is very strong (2 Vnm ™,
not shown), all columns switch immediately. As the field gets
weaker, the typical time until the switch happens grows, and
some columns stay in the 0: 3 configuration for the full duration
of the simulation. For intermediate and small fields, a meta-
stable state is often produced as the result of switching a part
of a full column, which is visible as a plateau at intermediate
polarization value. As not all amides have flipped, the H-bonding
network is incomplete until, after several ns, the molecules twist
and the dihedrals rearrange to produce a proper network again.

Summing the columnar dipole moments over the full simu-
lation box, a single side of the characteristic ferroelectric
hysteresis curve is obtained, see Fig. 2b, with a coercive field
E. ~ 1.2 Vnm™". Note that the slight difference in polarization
at zero field, i.e. the remnant polarization, and the saturation
polarization at large fields is due to the linear contribution of the
electric field, which pushes the dihedrals further than they would
be in the ground state configuration. To check for consistency of
our simulations with generally observed experimental trends for
this class of disordered liquid crystalline ferroelectrics, we com-
pared the frequency- and temperature dependence of the coercive
field to the thermally activated - nucleation limited switching
(TANLS) model in ESI Section S3.%° Indeed, the simulations show
decent agreement between the analytical fits and the theoretical
data. The same holds for the field dependence of the switching
time 7, that is the timescale that it takes for the whole system to
switch its polarization P(f) from negative to positive values and
that is usually described by the semiempirical Merz-law 7 oc
exp(Eo/E) with a characteristic field.>*® From the fit to the TANLS
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model, the energy barrier for polarization reversal can be esti-
mated, yielding a value of wi " = 0.29 eV nm >,

As compared to the extensively studied drosophila system of
supramolecular ferroelectrics, BTA, BTTTA has a larger core
and, hence, the amide groups are further away from the center.
This causes a smaller rotation angle of adjacent molecules with
respect to each other. While neighboring molecules are rotated
by 60° in BTA, in BTTTA the value is 40°. Therefore, an amide
group in BTTTA has a different distance to the two closest
amide groups in each of its neighboring molecules in the
column. That is, in BTA, each amide has 4 nearest neighbor
amide groups (2 above, 2 below), to 2 of which it forms a H-
bond; in BTTTA4, it has only 2 nearest neighbors, namely those
to which it is hydrogen-bound. One might therefore expect that
the z-flip does not exist in BTTTA. The alternative switching
mechanics in BTTTA would hence be a full flip, which for BTA
was found to have a higher energy barrier than the z-flip. The
authors of ref. 8 assume this is the explanation for the larger
coercive field that was measured in BTTTA versus BTA. Indeed,
our simulations confirm this higher coercive field. Surprisingly,
Fig. 2c shows that the dihedral angles flip from an initial 40° to
—40°, thus performing a z-flip. As explained above, this beha-
vior is not possible if the molecular cores stay static during the
flip and indeed it is accompanied by a quick change of
molecular geometry of individual molecules, see Fig. S7 (ESIT),
followed by a process of rearrangements of disc twist angles
(and hence sulfur-sulfur distances) of the whole column over a
period of tens of ns for a 9-molecule column, see Fig. S8 (ESIT).
The BTTTA cores twist during the switching. They rotate in
such a way that the amide bonding pairs that would be far away
after the z-flip get close to each other and enable a new
formation of a H-bonding network in this way.

Fig. 3 Ferroelectric switching in BTTTA-C12. Left, middle and right panels are prior, during and after polarization reversal from down to up, respectively.
White: hydrogen, red: oxygen, blue: nitrogen, yellow: sulfur, light green: H-bonds. For clarity, the aliphatic chains are not shown.
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This process is captured in the schemes in Fig. 3. The three
pictures show a column before (oxygens point up), during and
several ns after (oxygens point down) the switch. In the inter-
mediate state, some amide groups have already turned and
form a sub-network. In the final structure, the z-component of
the dipole moments is inverted. Because the flipping mode is a
z-flip instead of a full flip, the helicity of the system is inverted.
The final structure has a defect above the second molecule
from the bottom. This defect is a result of the twisting
dynamics of the molecular cores during the switch and consists
of a H-bond between two”wrong”” amides. Not all three amide
pairs are bound but only one pair, which results in a transla-
tional shift between the molecules. This defect can disappear
on its own after a few ns, as discussed in Fig. 1c.

Using position restraints of Gromacs, we are able to observe
the behavior of BTTTA in a hypothetical scenario of fixed
molecular cores. We can use this feature to test the switching
if the disc twist is not allowed, by restraining the molecular
cores while allowing the amide groups to rotate. In this case,
switching indeed required higher fields than before. At E =
2.3 V. nm™', many dihedrals are still in their initial configu-
ration. However, importantly, some of the columns perform a
full flip, from 40° to —140°, forming a new H-bonding network
with the same helicity as in the initial state. This adds to our
results, as it shows that the z-flip with disc twist requires a
lower activation energy than a full-flip.

Using the Gromacs energy functionality, the energy barrier
for polarization reversal (in the unconstrained system) can be
explicitly calculated as the height of the peak in the total system
potential energy during the flip, see Fig. S9 in the ESL{ The
value wp, = 0.15 eV nm ° is in reasonable agreement with
the value estimated above from the fit to the TANLS model
of witNS = 0,29 eV nm 3.

Summarizing the MD simulations of BTA and especially
BTTTA, we note that these are in good qualitative and semi-
quantitative agreement with the available experimental data
and previous simulations. For BTTTA, an unexpected polariza-
tion reversal mechanism, in which the dihedral angle of the
amide groups flip from an initial 40° to —40°, is predicted.

Charge transfer and resistance switching

For the QM/MM charge transport simulations, 300 different
initial conditions were created in NPT MD simulations using a
stack of 27 molecules by taking snapshots every 3.33 ps, for 1 ns
simulation in total. All subsequent simulations use a timestep
of 0.1 fs for the QM propagation. All charge transport simula-
tions were performed for full polarization pointing in the
negative z-direction. Further details including couplings and
energies of the frontier orbitals are shown in the ESI{ Section
S4, Fig. $10-512.>°

Zero field diffusive motion

To set a baseline for the subsequent simulations of drift motion
and to connect to previous work, first zero field simulations were
performed. In absence of a field, the charge motion should be
polarization direction independent, and no directionality was
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observed. The QM zone was taken as a single column and the
initial state of the excess charge carrier given by the HOMO orbital
of the molecule at the edge. Quantities of interest were averaged
over 300 trajectories. The results, see Fig. 4, show an initial
thermalization process which takes around 300 fs, followed by a
diffusive motion as indicated by a linear increase in MSD, as
defined by eqn (3), versus time. For the shown data, the slope of
the MSD corresponds to a zero field mobility o = 1.4 + 0.1 cm?
Vs~!, a value that is close to that of hexabenzocoronene.??
Simulations were repeated using different columns as the QM
zone, yielding a mean zero-field mobility of i, = 0.5 & 0.1 cm?®
Vs~ ', see ESIf Fig. S13. The MSD slope and the thermalization
time were found to significantly differ for different columns. The
reason are structural imperfections of the columns, which hider
charge transport and can be different for different columns. As
discussed above, such geometrical imperfections can last for
several ns, so they can pose a problem for all of the 300 initial
conditions in a given column. This is also the reason why the MSD
is not perfectly linear. Morphological defects trap the charge
carrier at a certain site for an extended period of time, which
hinders the diffusive motion. Similar trapping behavior also
explains the discrepancy between the experimental (u, ~ 107*
em’® Vs ') and simulated mobilities. In the experiment, due to the
inherently imperfect long-range order of the material, there will
be even more pronounced structural defects in the column
morphology, acting as traps for the charge carrier. Since the
charge transport is quasi one dimensional, such trapping will
have a strong, detrimental influence on the macroscopic mobility.

Finite field drift motion

For transport at finite fields, we use the same simulation setup
as in the zero field case but include the shift AH,,, = nd,mE of
the Hamiltonian diagonals. To simulate the ON/OFF-state case,
the charge is initially put at the bottom/top (in z-direction) of

8000

0 T T T T T
0 200 400 600 800
time (fs)
Fig. 4 Mean-square-displacement (MSD) of the hole wavefunction

during the NAMD simulation without external field, averaged over 300 tra-
jectories in a single column. After an initial thermalization process (black
line), the motion enters the diffusive regime where the MSD grows approxi-
mately linearly (solid red line), as indicated by the (dashed red) trend line.
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Fig. 5 Resistance switching in BTTTA. After an initial thermalization pro-
cess up to ~300 fs, the motion enters the drift regime. The mobility
obtained from the slope of the center of charge of the hole wavefunction
is larger in the ON (blue, lower curve) than the OFF direction (red, upper
curve) by a factor ~ 2, as can be seen by the linear (dotted) trend lines. The
data shown are for a single, representative, simulation.

200
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the (downward polarized) column, and the onsite energies
decrease/increase in z-direction. 300 trajectories were simu-
lated for each direction, which was repeated for six different
columns in the middle of the crystal box. Further details of
these simulations are discussed in ESI{ Section S4.

Fig. 5 shows representative dynamics of the center of charge
of the excess carrier. Initially, the evolution of the wavefunction
is dominated by a thermalization process, which results from
the initial condition of being located on a single site, cf. Fig. 4,
and can vary from column to column, see ESIt Fig. S15 and S16.
After several hundred fs, the charge enters the drift regime, and
the mobility can be obtained from a linear fit. In the ON state
(blue line in Fig. 5), in which the current and polarization
directions are antiparallel, higher mobilities could be observed,
in agreement with experiment.® We obtain a value of pon/fios =
1.7 + 0.4 and a mean mobility of 0.98 cm® Vs~ ", averaged over 6
ON and 6 OFF simulations. As for the zero-field simulations,
significant deviations between columns are to be expected
since the morphological state of the column has a strong
influence on the carrier dynamics, and since the timescale of
the morphological changes is much larger than the practically
accessible timescale of the charge transfer simulations. Never-
theless, the mean calculated mobility at finite field (~1 cm®
Vs™') exceeds the zero-field value (~0.5 cm® Vs~') by about a
factor 2, indicating a finite field activation. Such behavior is
anticipated as the polarization-dependent conductivity can only
occur in the nonlinear regime where the field is no longer small
and, in the case of dynamically and statically disordered
materials as BTTTA, contributes to the charge carrier mobility.

Conclusion and outlook

We have theoretically investigated the nonlinear charge trans-
port in an organic semiconducting ferroelectric, BTTTA. In
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agreement with experiments, a hysteretic macroscopic polar-
ization was found in MD simulations, the field- and
temperature-dependencies of which were found to follow
(semi-empirical) trends that are typically observed experimen-
tally for this material class. Surprisingly, polarization inversion
was found to proceed through an inversion of only the z-
component of the amide dipole moment, as opposed to the
geometrically expected full inversion of the amide. As a con-
sequence, the helical chirality of the supramolecular column
inverts upon switching.

The nonlinear charge transport in the BTTTA system was
investigated using a QM/MM scheme. The main result of this
work is that the (direction of) ferroelectric polarization is found
to couple to the charge carrier mobility once the externally
applied electric field is no longer small. In agreement with
experiments, the nonlinear hole mobility for an antiparallel
(parallel) relative orientation of polarization and field gives rise
to an enhanced (reduced) mobility. The calculated on/off ratio
is about a factor 2. As anticipated for charge transport in a
disordered organic semiconductor, the mean mobility in the
nonlinear regime exceeds that in the linear regime; in the
present simulations also by a factor ~2.

The simulations presented herein provide the first funda-
mental description of the phenomenology described experi-
mentally in ref. 8 and 10 As such, it is also the first description
of its kind of a ‘supramolecular tilting ratchet’,"* formed by the
charge carrier being forced to move, by electrostatic ‘tilting’, in
the periodic but inversion-asymmetric energy landscape that
arises from its coupling to the polarized supramolecular stack.
Although the calculations performed here focus on a specific
material, no material-specific approximations or assumptions
were made and the results, therefore, reflect a fundamental
symmetry argument and should be generic for a wide class of
materials and be extendable to other driving forces. Specifi-
cally, we anticipate a similar rectification of motion to arise
when charges are introduced in a non-equilibrium state of the
system through photoexcitation, giving rise to a bulk photo-
voltaic effect in an organic material.®”
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