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ABSTRACT: Syn furan nanothreads have all oxygen atoms
arranged on one side of the thread backbone; these polar threads
present intriguing opportunities in electromechanical response
owing to their rigid ladder-like backbone. We retrained a C/H/O
reactive force field to simulate their response to external electric
field for both end-anchored individual threads and bulk nano-
thread crystals, contrasting the results to those for poly(vinylidene
fluoride) (PVDF) polymer. Whereas the field induces a length-
independent torque in PVDF through backbone rotation about o
bonds, furan-derived nanothreads generate a length-dependent TR

torque by progressively twisting their rigid backbone. This mode of sl Il = K- Z-7-3-3-3-1
response couples the rotational history of the electric field to axial Number of free furan formula units Number of free (-CH;-CFz-) units

tension in the anchored thread. In simulations of densely packed

syn furan nanothread crystals without anchors, the crystals pole in a field (~3 GV/m at 300 K) similar to that seen in simulations of
PVDF, suggesting that crystals of polar nanothreads can be ferroelectric.

KEYWORDS: furan nanothreads, PVDF, ReaxFF, ferroelectricity, nanoelectromechanics

Torque(10~2nN-nm)

arbon nanothreads are one-dimensional sp*-rich nano- (PVDF) connects its —CH,— and —CF,— subunits with

materials' ™ with very narrow cross sections, thinner individual ¢ bonds; thus, it is much more flexible. PVDF has
even than carbon nanotubes.’ They promise high tensile three known conformations, TGTG’, TTTT, and
strength and rigidity® compared to traditional polymers, with TTTGTTTG/, with different arrangements of —CH,— and
similar chemical tunability. These materials were first —CF,— units along the backbone (T: trans, G: gauche’, G':
synthesized through uniaxial polymerization in molecular gauche™). These various conformations can crystallize into @, f3,
crystals of benzene induced by slow compression/decom- 7, and & phases (Figure S1). The most stable phase, @, has the
pression at room temperature.’ This method was later applied TGTG’ conformation, as shown in Figure 1. The /3 phase has
to a broad range of precursors such as pyridine,” thiophene,’ remarkable piezo-, pyro-, and ferro-electric properties due to its

cubane,” naphthalene/octafuoronaphthalene cocrystals,'® Ar—
OH/ArF—OH cocrystals,“’12 and others.”>™'® The onset of
polymerization is typically >15 GPa, but this is reduced to ~10
GPa when using a less aromatic precursor such as furan,
facilitating the scaling of synthesis volumes.'”'® Furan-derived
nanothreads in the syn structure of Figure 1 array the oxygen
atoms along one side of the backbone, thus producing a
transverse dipole moment that suggests a potential for novel
modes of electromechanical response possibly enriched by the
thread’s relatively stiff backbone and the steric repulsion
between neighboring oxygens along the thread axis.'” Recently,
furan syn nanothreads functionalized with carboxyl groups have
been synthesized by compressing 2,5-furandicarboxylic
acid,””*" which aligns with predictions that the syn allotrope
may be stabilizable through precursor functionalization.””

In contrast to ladder-like furan nanothreads, the well-known
organic ferroelectric polymer poly(vinylidene fluoride)

all-T planar zigzag conformation and a parallel arrangement of
the two chains in a unit cell.”’ The f phase can be promoted
from the a phase (or other configurations) by an external
electric field or mechanical deformation.”*

Here we seek novel modes of electromechanical response
that may arise from the exceptional torsional rigidity of
nanothreads. To this end, we contrast the electric field
response of furan syn nanothreads to that of PVDF oligomers
in two distinct situations: (1) the idealized geometry of a single
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Figure 1. Syn furan nanothread and PVDF as TGTG' or TTTT (“all-
T”) chains.

chain (nanothread or all-T PVDF) anchored on both ends to
interrogate torque transmission down the polymer backbone,
and (2) a dense packing of furan syn nanothreads or PVDF
chains to study collective effects during chain reorientation.
We retrained the 2parameters of a previous C/H/O ReaxFF
reactive force field” for the furan syn thread systems and used
the C/H/O/F/Al ReaxFF Force Field of Gao et al.”° (included
in Supporting Information) for the PVDF systems. The PVDF
force field showed excellent agreement with both density
functional theory (DFT) calculations and experimental
measurements in terms of the PVDF polarizability, single
chain stability, and crystalline phase stability.*®

Reactive Force Field Optimization and Validation. To
describe furan threads, we fine-tuned the ReaxFF reactive force
field parameters developed by Chenoweth et al.*® for
combustion in C/H/O systems (hereafter called Re-
axFFcpos0s) to more accurately describe the atomic charges
and stiffness of furan-derived nanothreads. ReaxFF 02008
overestimates the Diels-Alder transition barrier for furan
dimerization (Figure S2) and underestimates the bending
stiffness of furan syn thread oligomers (Figure 2). We retrained
this force field against first-principles density functional results
for the energy difference between straight and bent oligomers
and optimized the atomic charges against first-principles Bader
charges for syn furan threads (Table S1). Isolated furan thread
oligomers tend to bend to reduce the repulsive interactions
between successive oxygen atoms. ReaxFF, . ;0,4 reproduces
the energy difference between straight and bent furan
oligomers (calculated in DFT) significantly better than does
ReaxFF 05008 as shown in Figure 2. The transverse dipole
moment of furan syn threads obtained from DFT using the
Berry phase method is 0.26 eA per furan formula unit; that
from the ReaxFF, . 10,4 is very similar, 0.27 eA (the dipole
moment obtained with ReaxFF 0,905 is not so different, 0.25
eA per furan formula unit). The ability of ReaxFFg, 50,4 to
describe both the backbone stiffness and the dipolar character
of the furan-derived thread suggests that it is suitable for an
investigation of the electromechanical response.
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Figure 2. Energy difference per furan formula unit between straight
and bent furan syn thread oligomers from DFT, ReaxFF 05008y and
ReaxFFgan2004-

We also discovered that the optimized potential better
reproduces the activation barrier to furan dimerization,
reducing the discrepancy against density functional results
from 12.3 kcal/mol with ReaxFF 05008 to 4.9 keal/mol with
ReaxFFy 004 (Figure S2). Supporting Information provides
further details on this new reactive potential.

Molecular Dynamics. To simulate the response to an
external electric field, we performed molecular dynamics (MD)
simulations using ReaxFFg, ;0,4 and ReaxFFpypp from Gao et
al’® The simulations used the velocity Verlet algorithm®’
within the standalone ReaxFF code to investigate the
electromechanical response of anchored furan syn thread
oligomers and PVDF all- T chain oligomers. The Nose—
Hoover thermostat implemented in LAMMPS®® was employed
to simulate the poling of randomly packed furan syn threads
and PVDF crystal. A time step of 0.25 fs was applied to both
simulations. For the bulk systems, we packed 36 furan syn
threads and PVDF TGTG’ chains with a random distribution
of azimuthal orientations and axial shifts in 6 X 6 supercells
with periodic boundary conditions. Each furan syn thread or
PVDF TGTG' chain has 60 furan formula (C,H,O) units or
12 (—CH,—CF,—) units, respectively. Longer simulation cells
provide a more accurate treatment of rotational barriers under
nonconcerted rotations. More details about the MD
simulations are included in SI Sections 3 and 4.

Torque Induced in the Backbone of an Isolated Syn
Nanothread or All-T PVDF Chain by an External Electric
Field. When under an electric field that is not aligned with
their intrinsic permanent dipole moments, polar polymers
reorient these moments through molecular rotation or local
bond distortions to better align with the field. Ramos et al.”’
reported that a free or end-anchored all-T PVDF chain
undergoes significant rotation, bending, and bond distortion
when subjected to an electric field of 500 MV/m along various
directions, using self-consistent quantum molecular dynamics.
In real materials, nanothreads or PVDF chains may be
anchored at structural defects such as cross-links and grain
boundaries. To establish a well-defined system for investigating
the electromechanical response of mechanically pinned polar
polymers, we anchored the two terminal formula units (C,H,O
or —CH,—CF,—) at either end of nanothread or PVDF
oligomers during MD simulations. In exgerimental settings one
could employ angular optical tweezers if a similar anchoring
geometry was desired; here we utilize this simplified geometry
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Figure 3. Twisting and bending of PVDF all-T and furan syn oligomers with an external electric field perpendicular to the chain axis. (a) Relaxed
structures and (b) calculated torque along the chain axis from top and bottom fixed anchor atoms for PVDF all-T oligomers with different numbers
of free (—CH,—CF,—) units. (c) Relaxed structures and (d) calculated torque along the chain axis from top and bottom fixed atoms for furan syn
thread oligomers with different numbers of free furan formula units. The numerical labels in parts (a) and (c) are the number of free (—CH,—

CF,—) units and furan formula units, respectively.

as a means to isolate and elucidate important aspects of single-
chain response. A chain under these rigid constraints should
behave similarly to a slightly shorter chain under more
compliant mechanical constraints.

In the absence of electric field, the furan syn oligomer
slightly bends away from the side with the oxygen atoms due to
steric repulsion between oxygen atoms, while the CH, and CF,
units of the PVDF all-T chain undergo significant distortion
due to their mutual dipole interaction and the soft backbone of
the chain, as shown in Figure S3. The net constraint force and
torque on the oligomers summed over all atoms in both
anchors are zero, as expected (Figure S4 and Figure SS).

When under a transverse field of 10 MV/m perpendicular to
the dipole moment of the chain, the dipole moments of PVDF
all-T oligomers aligned with the external electric field mainly
through rotation about one ¢ bond near each anchor (ie, a
kink) with a uniform central region now aligned to the field, as
shown in Figures 3a and S6. Because the system is relaxed into
mechanical equilibrium under each electric field value, the net
torque and force on the oligomer remains zero, as does the
summed force exerted by the anchors on the oligomer, since
the oligomer has no net charge. The x and y components of the
torques exerted by the anchors are also zero because the
electric field is perpendicular to the axis of the oligomer
(Figure S7). However, the z component of the constraint
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torque exerted by the anchors is nonzero, because it balances
the torque exerted by the electric field on the oligomer dipole.
For PVDF, this torque is essentially independent of oligomer
length (Figure 3b), since it is defined by the torque necessary
to create a kink. Any further external field rotation simply
swivels the kink, similar to the behavior of a constant-torque
rotary spring. Thus, this system has minimal memory of its
prior electric field history, nor does its response vary as a
function of the length of the oligomer.

In sharp contrast, Figures 3c,d and S6 show how the furan
oligomer under the field forms two opposing helices
originating from the anchors; these helices create progressively
larger torques for longer oligomers until the oligomer is so long
that its central region aligns directly to the field. The net
torques along x and y remain zero, while that along z reaches
18.4 X 107> nN-nm; higher values would be expected for
threads with similar dipole moments per unit length but stiffer
backbones. For orientation, this torque is an order of
magnitude larger than that of a chromatin fiber (~107> nN-
nm) twisted by angular optical tweezers.”® The stark difference
between PVDF and the polar nanothread arises from the
torsional stiffness of the nanothread. The anchored thread
resists alignment to the external field, and every dipolar subunit
that is not well-aligned to the field (i.e., those within the helical
sections) feels a nonzero torque from this field. The thread also
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Figure 4. Poling of randomly packed furan syn threads was carried out by external electric fields at 300 K. (a) Randomly packed furan syn threads
after energy minimization. (b) The equilibrium state of randomly packed furan syn threads without external electric field at 300 K. Poling of furan
syn threads with electric field of 3 GV/m perpendicular to the thread axis at simulation times of (c) 1 ps, (d) S ps, and (e) 25 ps.

experiences an ever-increasing tensile strain as it twists (Figure
S8), an effect absent in anchored PVDF because PVDF'’s field
alignment is essentially entirely captured in a single kink.

The torsional stiffness of the thread backbone thus creates
opportunities for new electromechanical couplings. The
anchored nanothread develops tensile stress when twisted by
a rotating electric field; under different boundary conditions
(such as interthread cross-links), this would produce an axial
shortening. The field-induced helical distortion should
modulate other properties such as electrical conductivity or
catalytic activity (by changing the overlap between successive
oxygen p, orbitals or other functionalities). Field coupling
could be increased by attaching charged functionalities, and the
maximal torque generated could be increased by using a
polyaromatic precursor with a stiffer backbone. Twisting of
thread samples anchored by cross-links could also enable
significant mechanical energy storage.”'

Poling of Bulk Samples by External Electric Fields.
Prior investigations primarily focused on poling the crystalline
o phase of PVDF.**** However, the morphology of as-grown
PVDF typically consists of spherulites with multiple o phase
lamellar domains oriented diversely, introducing disorder in
axial and azimuthal alignments between adjacent chains.”® The
experimental X-ray diffraction of furan nanothreads broadens
upon release of pressure, possibly due to on-thread structural
defects disrupting interthread alignment.'”'® We thus examine
the role of disorder through simulations of densely packed
nanothread and PVDF samples starting from a random
distribution of azimuthal orientations and axial shifts (Figure
S9). In contrast to the poling of PVDF, which should proceed
through rotations of CH, and CF, segments about ¢ bonds
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(see below), the poling of more rigid syn furan threads should
occur through a more coherent backbone rotation. After
energy minimization and equilibration at 300 K (Figure 42, b),
an initially random distribution of syn furan nanothread
orientations and axial shifts is maintained in a simulation cell
holding 60 furan repeats axially; this initial relaxation and
equilibration serve to remove any especially high-energy local
configurations that may have been introduced by the
randomization of thread packing. This system is then subject
(at 300 K) to external fields stepping from 2 to 10 GV/m in 1
GV/m increments until poling is achieved. The supercell is
fully poled by an external electric field of 3 GV/m; smaller
fields produce incomplete transient poling (i.e., a paraelectric
response) over simulation time scales. Threads initially
misaligned with the external electric field twist and untwist
their backbones during poling (the untwisting being
necessitated by periodic boundary conditions; Figure 4c).
This suggests the excitation of softened torsional modes
coupled to the external electric field. Those modes vanish as
the threads achieve a field-aligned equilibrium state, as shown
in Figure 4d,e. Concurrently, the initially random axial shifts
transform into more homogeneous axial packing. The fully
poled furan threads transform from an initially pseudohex-
agonal packing to a more densely packed tetragonal lattice,
with the supercell parameters a shrinking substantially from
3246 to 26.65 A while b expands from 26.74 to 31.79 A
(Figure 4e). This large change in cell dimensions reflects a
strong electromechanical coupling in the solid state, one that
should coexist with the helicity-based coupling of anchored
threads in samples whose thread orientations are pinned by a
low linear density of pinning sites.
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Figure S. Poling of randomly packed PVDF TGTG’ chains by external electric fields at 50 K. (a) Randomly packed PVDF chains after energy
minimization. (b) The equilibrium state of randomly packed PVDF chains without external electric field at SO K. Poling of PVDF with electric field
of 6 GV/m perpendicular to the chain axis at simulation times of (c) 1 ps, (d) S ps, and (e) 25 ps.

After energy minimization (Figure Sa), the PVDF TGTG'
chains remain in a random distribution of azimuthal angles and
axial shifts. To ensure an accurate simulation of equilibration
and the poling process, we conducted the MD simulations at
50 K instead of room temperature. This choice prevents
thermal disordering of the original TGTG’ chain config-
uration; such a disruption would otherwise impede crystal-
lization within computationally accessible simulation times.
Following MD equilibration at T = 50 K without an external
field (Figure Sb), the chains maintain random azimuthal
orientations and axial shifts, albeit the CH, and CF, segments
deviate slightly from the ideal TGTG’ conformation. Upon
applying an external electric field as in the nanothread case, we
observe a 6 GV/m threshold for the external field to fully
transform randomly packed PVDF TGTG' chains to the
crystalline f phase. The transition occurs in two stages. First,
the chain converts from the TGTG' to “semi-all-T”
conformation (shown in Figure S10) while simultaneously
aligning the dipole moment of each chain with the electric field
(Figure Sc). Next, each chain transforms from the semi-all-T
conformation to the all-T state (Figure 5d). In the semi-all-T
conformation, the CH, and CF, segments reside on the
opposite sides of the backbone, similar to the all-T
conformation, but the alignment of H and F atoms is not as
precise as in the all-T conformation.

The extent of initial misalignment between the chain’s
dipole moment and the external electric field determines its
mode of transformation in the first stage. Chains with dipole
moments originally aligned or antialigned with the external
electric field transform to the semi-all-T conformation through
rotations of CH, and CF, segments, with smaller rotation
angles for aligned chains and larger angle changes for

antialigned chains. When the chain dipole moments are
roughly orthogonal to the electric field, we observe a
combination of coherent chain rotation and segment-by-
segment CF,/CH, rotation during progression toward the
semi-all-T conformation. In the second stage, the —CH,— and
—CF,— units continue to rotate from semi-all-T to all-T while
the chains shift axially from the random distribution to an
ordered packing registry, underlining a role for the electric field
in developing translational order. Eventually the randomly
packed PVDF TGTG' chains are poled to the  phase with a
preferential distribution of dipole moments toward the
direction of the applied electric field, as shown in Figure Se.

The two-stage transformation we observe shares similarities
with the one proposed by Ranjan et al,*” with one notable
distinction: in their initial stage, one of the TGTG’ chains
within the unit cell of the o phase undergoes a 180-degree
rotation, leading to the formation of the y phase (ie., two
parallel TGTG' chains within the unit cell) rather than the
semi-all-T phase. Subsequently, both chains collectively alter
their dihedral angles from +57° to 180° to form the §§ phase. A
reduced electric field can partially pole the packed chains,
perhaps due to a weak chain—chain orientational interaction.
These findings underscore the importance of the degree of
order in the unpoled state when designing and optimizing
experiments for achieving the desired phase transition.

The field thresholds required to induce these poling
transitions in MD are significantly larger than those observed
experimentally for PVDF (~100 MV/m.*”**). Simulations of
the a-to-f phase transition using ReaxFF or Condensed-phase
Optimized Molecular Potentials for Atomistic Simulation
Studies (COMPASS)*® also found a poling threshold of 5—
10 GV/m.”**® The voltage to induce the PVDF @ — /3 phase
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transition is higher than the experimental DC breakdown
voltage (approximately 720—770 MV/m).”” This discrepancy
originates from the short time scale accessible to atomistic
molecular dynamics and the absence of nucleation centers in
the simulation, which is much smaller than the experimental
sample. Thus, simulations of poling fields by these methods
should be considered as upper bounds and means of
establishing trends or comparisons, not as absolute quantitative
predictions of experiments that take place on much longer time
scales. Increasing temperature®® or mechanical stretching”**
can facilitate the phase transition. In our simulations of furan
nanothreads, the poling threshold decreases from 4 to 3 GV/m
as the temperature increases from 50 to 300 K. The similarity
of the simulated poling thresholds in PVDF (which is
straightforward to pole experimentally) and syn furan nano-
threads suggests that the poling of syn nanothreads may be
similarly achievable. Keep in mind that the threads in this
supercell are not cross-linked and thus are unanchored; for an
experimental sample with some density of interthread cross-
links one would anticipate a combination of the anchored and
free behaviors described above, depending on the density of
cross-links. Upon removal of the applied electric field, both
PVDF and furan nanothread materials maintain their polarized
states (see Figure S11) with modest changes in lattice
constants (up ~0.4% along x and down ~0.7% and ~0.04%
along y and z for the nanothread; up ~10.3% along x and
down ~1.7% and ~0.6% along y and z for PVDF).

Since they originate from the generic properties of polarity
and backbone rigidity, the general phenomena outlined here
for syn furan-derived nanothreads should generalize to other
species of nanothreads formed from polar precursors. The
electromechanical coupling between axial length, axial tension,
and rotational field history observed here for an anchored
threads can likely be obtained in the solid state for cross-linked
threads; this is a topic for future investigation. Such couplings
open up new potential avenues for functional nanomaterials
whose properties could be tuned through the introduction of
polar or charged groups, changes of backbone stiffness,
interthread couplings, and pinning at structural inhomogene-
ities.
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