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Benzene-1,3,5-tricarboxamide (BTA) molecules self-assemble into one-
dimensional columnar structures that possess a macrodipole moment
along the stacking direction. Application of an external electric field on
their liquid crystalline (LC) phase consisting of aligned stacks leads to a
net polarization whose sign can be reversed by changing the direction of
the field. Atomistic molecular dynamics simulations predict that such an
experiment must be associated with the reversal of helical handedness of
the stacks as well. An experiment to demonstrate this prediction in a
chiral supramolecular assembly is proposed.

Chiral amplification is the process by which a racemic mixture is
preferentially enriched towards an enantiopure system. Molecular
crystals' and covalent>® and supramolecular polymers* have often
served as models for biological systems to understand the homo-
chirality in the latter. Circularly polarized light,” external fields,*”
stirring® ' and electrochemical treatment'" have been used to
break the chiral symmetry.

Supramolecular polymers not only serve as an ideal platform
to understand chiral enrichment, but they are intensely studied for
applications as smart functional materials."> Within the realm of
supramolecular polymers, benzene-1,3,5-tricarboxamides (BTA) are
a class of extensively studied molecules.”® Each molecule of BTA
can form three intermolecular hydrogen bonds, through which
self-assembly proceeds in a cooperative manner leading to the
formation of one-dimensional columnar stacks.'* The triple
hydrogen bonded network is helical and the dipole moments of
the individual hydrogen bonds sum up to yield a macrodipole along
the stacking direction (Fig. 1). Although the formation of such stacks
requires longer alkyl tails, the generation of a macrodipole can be
illustrated with molecules containing a methyl group which reduces
the computational cost considerably.
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Fig. 1 (a) Optimized geometry of the tetramer of NN'.N’-tris(methyl)-
benzene-1,3,5-tricarboxamide at the B3LYP/6-311+g(d,p)//B3LYP/cc-pVTZ level
of theory. Side chains are methyl groups. Color: C — cyan; O — red; N — blue;
H — tan. (b) Isosurface of electrostatic potential at 0.004 e bohr~>. Arrow
indicates the macrodipole. (c) Top and bottom views of a tetrameric stack.

In a sample in which the supramolecular stacks and fibers
are aligned, a macroscopic polarization ensues, whose direc-
tion can be switched by an external electric field. Exploiting this
aspect, Fitié et al.">'® studied the ferroelectric behavior of the
liquid crystalline (LC) phase of BTA. Ferroelectricity was
demonstrated through a hysteresis loop for systems of achiral
BTA molecules. Reorientation of amide bonds was suggested to
be responsible for the polar switching.'® The current manu-
script explores the microscopic details of these experiments
through atomistic molecular dynamics (MD) simulations.
Serendipitously, we observe the reversal of the handedness of
the molecular assembly upon the application of an electric
field, which, in hindsight, is to be expected based on electro-
static grounds. Thus, an electric field can reorient not only the
direction of polarization (the macrodipole vector of a stack), but
also the handedness of a supramolecular assembly. In the
following, we examine the effects of an external electric field
in the cases of chiral and achiral molecular systems in the LC
phase using atomistic MD simulations.
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A hydrogen-bonded dimer of BTA can exist in two configurations,
symmetric (3:0) and asymmetric (2:1),"* where the symbols in
parentheses denote the number of pairs of hydrogen bond dipole
vectors which are parallel: antiparallel to each other. In symmetric
stacking, all the oxygens of a molecule are oriented in the same
direction with respect to the benzene plane. However, in asymmetric
stacking, two oxygens are on one side and the third is on the other
side of the benzene plane. Since a stack of BTA molecules consists of
three hydrogen-bonded helical networks, the direction of the macro-
dipole moment of one helix in an asymmetric stack is opposite to
those of the other two helices. In our earlier work,"* asymmetric
stacking was discussed and shown to be a thermodynamically
favoured state over the symmetric one.

Nine preformed decamers (2:1 kind) of BTA with decyl sub-
stituents on the amide hydrogen were taken in a non-orthogonal
box, an arrangement which closely resembles the extended LC
phase,"”'® under periodic boundary conditions. The stacks were
aligned along the z-direction. An initial inter-stack spacing of 30 A
was chosen to avoid hard contacts between alkyl tails.

MD simulations were performed using the LAMMPS'® program.
As earlier," BTA molecules were modelled using the DREIDING
force field.”® Gasteiger charges®' were adopted as partial charges on
the atoms. Other details are provided in the ESL{ The MD simula-
tion was carried out in the constant temperature-constant stress
ensemble®® at 400 K, at which temperature the LC phase is stable.'®
The system was equilibrated for 2 ns during which time the distance
between the stacks converged to around 22 A. Snapshots were
visualized using VMD.?? Cross-sectional and side views of the
equilibrated system are displayed in Fig. 2.

Subsequently, a constant external electric field (E) was applied
along the z-direction. From classical theory, a dipole placed in an
electric field experiences a torque 7= p x E with potential energy as
U= —p-E, where p is the dipole moment vector. In the presence of
the field, the dipole direction of either one or two helices is opposite
to that of E. The hydrogen bonds constituting the helix which are
anti-aligned with the field become unstable (vide infra) and the
individual H-bond dipoles flip so as to align with the field. The
sequence of events is: hydrogen bond breakage, bond rotation,
followed by the formation of a new hydrogen bond. This process,
in effect, transforms the 2:1 type oligomer into a 0:3 one wherein
all the helix dipole vectors are oriented parallel to the field. Snap-
shots of one of the stacks from the MD simulation of the LC phase,
before and after the application of the external field, are shown in
Fig. 3. Since a 2:1 stack transforms to a 0: 3 one due to the external

Fig. 2 Top (left) and side (right) views of the liquid crystalline phase of BTA
at 400 K obtained from MD simulations.
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Fig. 3 Snapshot of one stack from MD simulations of the LC phase at
400 K. The change from an asymmetric (2:1) dipole configuration to a
symmetric (0 : 3) one, upon application of the electric field (E=02VA™Y,is
seen. The macrodipole moment is indicated by the brown arrow.

electric field, we shall consider the effect of the E-field on 3 : 0 stacks
themselves in the rest of the discussion.

Using the same protocols as before, we proceed to examine the
effect of electric field on the LC phase constituted by stacks of 3:0
type. The field was applied in directions either parallel or antiparallel
to the macrodipole vector. Expectedly, the former does not disturb
the structure. In contrast, when the field is applied in a direction
opposite to the macrodipole, the stack relaxes by aligning its
macrodipole with the field and the same is observed as a ferro-
electric hysteresis loop (P-E loop).">'® In order to unravel the
mechanism of polarization switching, MD simulation of the LC
phase (wherein the macrodipoles of all the stacks were parallel to
each other) was carried out at 400 K in the NPT ensemble by
applying a field of 0.2 V A™* (ref. 24) antiparallel to the direction of
the macrodipoles. Although the torque (7) on the H-bond dipoles is
zero, the potential energy (U) of the system is highly positive which
destabilizes the dipole forcing the macrodipole to align with E. As
the overall rotation of the stacks is infeasible, intermolecular hydro-
gen bonds within a stack break, so that the amide groups become
free to rotate. Since the barrier for the bond rotation is around
1.5 keal mol ', the amide group of each molecule can flip about
the benzene plane such that the H-bond dipole moment vector (p)
of amides is inverted. Post rotation, they reform the hydrogen bond
with a neighboring molecule (different from the one it was initially
hydrogen bonded to). In this manner, the triply hydrogen bonded
network is regained. However, in this process, the handedness of
each hydrogen bonded helix is reversed. A snapshot of an arbitrarily
chosen octamer (part of the LC phase) from the MD trajectory
demonstrates the switching mechanism (Fig. 4).

In Fig. 4, each H-bonded helical network is colored differently so
as to clearly distinguish left- and right-handed systems. In the initial
geometry, the helices are twisted in the clockwise (lefthanded)
direction, and the electric field makes the helices turn counter-
clockwise (right-handed). The dihedral angle between the amide
group and the benzene plane was used as a parameter to identify the
type of handedness (ESL Section 3). The progress of the change in
handedness over time is shown in Fig. 5. The fraction of dihedrals
which are left-handed exhibits step-wise changes. The same quantity
for individual stacks is shown in Fig. S4a (ESIt). The time taken
for any stack to reverse its macrodipole is rather short (inset to
Fig. 5). Thus, the reversal of handedness proceeds in a sequential

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Snapshot of a stack from MD simulations of the LC phase illustrating
the reversal of chirality upon application of an electric field. In the initial
geometry (left), H-bonded helices are twisted in the clockwise direction and
the macrodipole points up. Amides present in each H-bonded helix are
colored differently. Application of an electric field in the direction opposite
to that of the macrodipole reverses the handedness i.e., the helical twist
turns counter-clockwise.
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Fig. 5 Change in handedness of BTA stacks in the LC phase with time. The
ordinate is the fraction of dihedrals (Ca—Ca—C—-0O) that are left-handed. See
Fig. S3 (ESI¥) for dihedral definition. An electric field of magnitude 0.2V A~ was
applied at a temperature of 400 K at t = 0. The inset shows the same for an
arbitrarily chosen stack. Results for all stacks are shown in Fig. S4a (ESIt).

manner - one stack completely switches its direction, followed by
the next and so on, ie., each oligomer switches its handedness
independent of the others. The effect of temperature and field
strength on the switching mechanism was examined by carrying
out additional simulations under different conditions: (i) 370 K &
0.2 VA" (Fig. S4b, ESIt) and (i) 400 K & 0.1 V A~ " (Fig. S5, ESI¥).
Reversal of handedness was observed in these two simulations
as well but the rate of switching was considerably slower than at
400 K & 0.2 V A~'.*® Our simulations thus strongly suggest
that a handedness reversal should have been concomitant with
ferroelectric switching in the experiments of Sijbesma and
co-workers.">'®

The identification of handedness in a MD simulation is rather
straightforward. Yet, in order to substantiate our conclusions, we
recorded the circular dichroism (CD) spectrum using the semi-
empirical ZINDO/s method within Gaussian-09.>° The initial and
final coordinates of eight molecules (the core region of an arbitrarily

This journal is © The Royal Society of Chemistry 2015
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chosen stack) obtained from the MD simulations were used as
input for the ZINDO/s calculations. The CD spectra too reveal
the reversal of handedness as can be seen from Fig. S6 (ESIt).

We now examine the prospects of investigating the reversal
of handedness experimentally. The LC phase of achiral molecules is
racemic whose nature remains unchanged in the presence of an
electric field. An achiral supramolecular system will consist of an
equal proportion of stacks which are left- or right-handed. Further-
more, an equal fraction of stacks can have their macrodipole
moments either aligned or anti-aligned with the electric-field.
Accordingly, a LC phase of achiral molecules, with an equal number
of right- and left-handed stacks, was constructed as a model for the
racemic mixture. The stacks can be of four types: PU, PD, MU and
MD, where ‘P’ and ‘M’ stand for right- and left-handed stacks,
respectively, while ‘U’ and ‘D’ denote the direction of the macro-
dipole moment. The racemic mixture consisted of four stacks of
each kind. All the 16 stacks were arranged in a hexagonal packing.
MD simulation was carried out in the constant temperature-
constant stress ensemble (fully flexible simulation cell) at a tem-
perature of 400 K and the final snapshot is shown in Fig. S7 (ESIt).
After equilibration (over a duration of 2 ns), an external electric field
E of 0.2 V A" was applied in the positive Z direction (upwards) in
the racemic mixture. Stacks whose macrodipoles were aligned with
the field remained unaltered. However, intermolecular hydrogen
bonds in stacks whose macrodipoles were anti-parallel to the field
reoriented so that the resultant macrodipole vector was aligned
with the field. As a result, PD stacks converted to MU and MD ones
converted to PU. Thus, the mixture remained racemic even after the
application of an electric field. This process is schematically shown
in Fig. S8a (ESIt) and demonstrated in Fig. S8b (ESIt). Even after
the application of an electric field, an equal number of right- and
left-handed stacks prevail, keeping the mixture chiro-optically
inactive.

To understand the applicability of reversal of handedness
for chiral molecules (Fig. S9, ESIt), MD simulation of a chiral
system in its LC phase (consisting of 9 decamers) was performed.
The same mechanism as described earlier was found to hold
good for these as well (Fig. S10, ESIT). The macrodipole vectors
of a given stack have equal probability to be pointing either up or
down. As the chiral center is of ‘S’ type, the assembly prefers left-
handedness.?” Thus, we constructed a LC phase of the chiral
compound out of 8 MU and 8 MD stacks. MD simulation of a LC
system consisting of only one enantiomer was carried out using
protocols same as those described earlier. This mixture is chiro-
optically active. Upon the application of an electric field in the
positive ‘Z direction, a MU stack remains aligned with E while
MD transforms into PU. Thus, while the original system was
optically active (all left handed stacks), application of the electric
field nullifies the optical activity by changing the handedness of
one set of stacks. A schematic representation of this process is
depicted in Fig. 6 and the conversion of a chiro-optically active
mixture into a chiro-optically inactive one is displayed in Fig. 7.
Since stacks can neither exhibit the overall rotation nor can
disaggregate in the LC phase, the quenching of optical activity
upon application of the field will be permanent. The system will
be optically inactive even after the removal of the E-field.

Chem. Commun., 2015, 51, 16049-16052 | 16051


http://dx.doi.org/10.1039/c5cc05569e

Published on 18 August 2015. Downloaded by Jawaharlal Nehru Centre for Advanced Scientific Research on 28/10/2016 05:29:43.

Communication

MU MD
Field=OFF
CD 'active'
Electric
field
.|
=
Field=ON 3

CD 'inactive' s

ad
e
MU © PU

Fig. 6 Schematic representation of the effect of electric field on a left-handed
chiral system. At equilibrium, an equal proportion of stacks with macrodipoles
pointing either up or down can exist. Upon application of an external electric
field, a stack whose macrodipole is opposite to the field relaxes by changing its
handedness. Thus, the chiro-optical activity of the compound is quenched.
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Fig. 7 Transformation of an enantiomerically pure (left-handed) system
into a racemic mixture upon the application of an electric field. At t = 0, all
the stacks are left-handed (100%) which yield equal amounts of left-(50%)
and right-(50%) handed stacks upon the application of an electric field.

In conclusion, we have elucidated the mechanism involved
in ferroelectric switching"®'® of columnar stacks of BTA in its
liquid crystalline phase using MD simulations. When an exter-
nal field is applied in a direction opposite to that of the
macrodipole, intermolecular hydrogen bonds break, and are
re-formed in the opposite direction by virtue of amide bond
rotation. This process leads to the reversal of handedness of the
stack. Experimental measurements of the P-E hysteresis loop in
hydrogen bonded supramolecular polymers must be associated
with such a handedness switch as well, which to our knowl-
edge, has not been recognized yet. Although the fields
employed in the current work are 25 to 50 times larger than
experimental values, the mechanism is independent of the field
magnitude, and thus should be observable under experimental
conditions. It is hoped that the current work will spur experi-
mental efforts in this direction. Within a computational para-
digm, it will be interesting to study the effect of an external
electric field applied during the process of self-assembly itself.
We plan to pursue such aspects in future.
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