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ABSTRACT

Recently, a large family of at least 14 discotic liquid crystals was discovered that are exceptions to the conventional paradigm that discotic
mesogens tend to feature long, flexible tails on their periphery. To understand why these materials are liquid crystals, as well as the structural
determinants of discotic phase behavior, we studied a group of closely related small tail-free disk-like molecules, including both mesogenic
and non-mesogenic compounds differing only in the position of a single fluorine substituent. The rigidity and structural simplicity of these
molecules make them well suited to for study by large, fully all-atom simulations. Using a combination of static and dynamic metrics,
we were able to identify several key features of the columnar mesophase and, thereby, conclusively identify a columnar liquid crystalline
mesophase present in a subset of our systems. Our simulations feature molecules hopping between columns in the columnar mesophase and
distinctive molecular rotations in 60° steps about the columnar axis. The ability to create and characterize columnar mesophases in silico
provides a potent tool for untangling the structural determinants of liquid crystalline behavior in these and other tail-free discotic liquid

d-ajone/dof/die/bi0°die sqndy/:diy wouy papeojumoq

crystals.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0106722

. INTRODUCTION

Discotic liquid crystals (DLCs) are a large class of materials
consisting of disk-like molecules that exhibit partially ordered lig-
uid crystal states (mesophases). They are most commonly associated
with the columnar mesophase in which molecules assemble them-
selves into long columns, which are arranged to form a two dimen-
sional lattice. Aside from possessing a columnar mesophase, DLCs
are also known to form nematic and smectic mesophases,l’} though
the columnar mesophase is the subject of this work. In the hexag-
onal columnar mesophase, the columns have a moderate degree of
intracolumn molecular order and form a highly ordered hexagonal
lattice. They have excited interest, in particular, due to their favor-
able quasi-one dimensional electronic transport properties.”” The
vast majority of discotic molecules with a columnar mesophase share
a common structural motif: They have rigid, often highly conjugated
cores, surrounded by long flexible tails. The tails serve to reduce
intercolumnar interactions as well as to provide a source of entropy,

which is thought to stabilize the mesophase.® Tails are so ubiquitous
that descriptions of DLCs often assume their presence. However,
tails are not required for a DLC to have a columnar mesophase. A
small number of tail-free thermotropic DLCs are known, including
small halogenated indenes and pseudoazulenes’ and a growing fam-
ily of halogenated triphenylenes.” In addition to these thermotropic
tail-free DLCs, colloidal suspensions of platelets are known to form a
columnar mesophase,” and coarse-grained simulations of hard'’ "
and soft core objects'” ' have also been shown to be able to form
a columnar mesophase. From a computational point of view, these
small thermotropic tail-free liquid crystals are ideal subjects for
molecular dynamics studies as their small rigid structures and lack of
entropic tails make them more computationally facile than their long
tailed analogs. All-atom simulations of these tail-free molecules can
provide detailed information relating the structure of the molecules
to properties of their mesophase, as has been done with conventional
tailed DLCs.”’ " At the same time, their small and simple structures
have the advantage of increased computational efficiency that makes
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longer timescales more accessible, which would otherwise require
using coarse-grained models or substantial computational resources.
The tail-free DLCs benefit from the detail of all-atom simulations
and the long timescale dynamics typical of coarse-grained models.

In this work, we focus on a group of tail-free DLCs based
on 1,2,3,4-tetrafluorotriphenylene with an additional fluorine sub-
stituted at the 5, 6, 7, or 8 position. For convenience, we refer to
these based on the position of the substituted fluorine (e.g., F6 for
1,2,3,4,6-pentafluorotriphenylene). These materials have recently
been synthesized and two of them (F7 and F8) possess a columnar
mesophase.® These small tail-free molecules are well suited to atom-
istic simulations as they have a simple structure consisting of only 30
atoms in highly conjugated, rigid structures. Furthermore, the onset
of mesogenic behavior is a result of changing the position of a single
fluorine atom. Through the use of all-atom simulations, we are able
to study the relationship between the molecular structure and their
unusual phase behavior.

Based on experimental results, we would anticipate simulations
of F7 and F8 to show mesogenic behavior. We have found meso-
genic behavior in our simulations of F6, F7, and F8 but not F5. Not
only were our simulations of sufficient size and duration to be able
to identify dynamic properties, including hopping between columns,
but the simple interaction models we used (based on van der Waals
and point charge based electrostatic interactions) were sufficient to
at least partially discriminate between mesogens and non-mesogens.
While alternative force fields may be needed to more completely
reproduce and predict the mesophase behavior of these materials,
the present models have already given us useful insights.

1. METHODS
A. Molecular structure

The molecular structure and electronic properties of each of the
compounds were determined via density functional theory (DFT)
calculations. Structures were optimized at the 6-311g™* level using
the B3LYP functional.”” Atom-centered partial charges were com-
puted under the same conditions by fitting the electrostatic potential
using the Merz-Singh-Kollman (MK) method.”””" The optimized
structures were kept fixed throughout the simulation. The partial
charges and molecular structures are provided in the supplementary
material. Intermolecular interactions were limited to electrostatic
interactions between the partial charges and van der Waals inter-
actions using Optimized Potentials for Liquid Simulation All-Atom
(OPLS-AA)™ force field parameters. We used a nonpolarizable force
field because of the limited polarizability associated with C-F, C-C,
and C-H bonds.””* This resulted in a simple and computationally
efficient model for intermolecular interactions. Notably, one pro-
posed explanation for the mesogenic behavior of other halogenated
tail-free DLCs is that the molecular polarizability plays the role of an
“unusual soft part.”” However, we see mesophase behavior resulting
from rigid molecules interacting through nonpolarizable force fields,
i.e., completely without soft parts.

The largest geometric difference between the molecules is a
pronounced warping of the F5 and F8 molecules due to steric
crowding resulting from the fifth fluorine atom interacting with the
adjacent perfluorinated or nonfluorinated rings, respectively. This
causes the rings to twist out of the molecular plane, resulting in
an aspect ratio (thickness/diameter) of ~0.36 (compared to 0.3 for
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the flat molecules, F6 and F7). This is especially pronounced in F5,
where F-F interactions force a larger deviation from the molecu-
lar plane. The dihedral angles (defined in Fig. 1) and the root mean
squared (rms) displacement of atoms from the molecular plane serve
to quantify the degree of molecular distortion. These values, along
with calculated dipole moments, are collected in Table I. The molec-
ular warping interferes with the cofacial alignment of neighboring
molecules, resulting in more disordered columns. Additionally, it
is expected that the warped molecular cores make rotations more
difficult as they require a larger free volume in order to rotate.

B. Simulation details

To track the molecular orientations, we define a coordinate
system for each molecule inspired by the geometry of the parent
compound, 1,2,3,4-tetrafluorotriphenylene. We define the molecu-
lar director, 7;, as being perpendicular to the molecular plane, found
by minimizing the average orthogonal distance between atoms and
the plane. We define an additional vector, f;, for each molecule that
extends from the centroid of a molecule, bisects the perfluorinated
ring, and is projected onto the molecular plane so that it is perpen-
dicular to #1; (as shown in Fig. 1). The sign of the molecular director
is fixed such that #; x f; points toward the monofluorinated ring.
This set of definitions makes comparisons between molecules sim-
ple as these reference vectors are qualitatively consistent across the
simulated molecules.

All of the molecular dynamics simulations were carried out
using the Tinker molecular dynamics program.’”> The systems
each consisted of 30 columns of 20 molecules each for a total of
600 molecules. We used an NPT ensemble (constant number of

FIG. 1. lllustration of a typical simulated system (F8 in its mesophase), with the
bulk system, a typical column, and a molecule shown. The molecule shows the
vectors f1 and £, with the dihedral angles marked (the average dihedral angles
are listed in Table |, and the individual angles are included in the supplementary
material).
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TABLE I. Details of the model molecules.

Compound  Dipole moment (D)  rms deviation’ (A)  (|w|)” (deg)  Aspect ratio Phase sequence” (°C)

F5 4.33 0.411 15.1 0.37 K; 1339 K, 152 1148 K,

Fé6 3.53 0.179 7.0 0.30 K2221218K

F7 2.13 0.175 6.9 0.30 K 193 P 2051201 Col, 198 P 179K

F8 2.03 0.315 12.2 0.35 K; 113 K; 170 Coly, 196 1 194 Col,, 166 K, 109 K;

*rms deviation measured perpendicular to the molecular plane.

"The average dihedral angles. Individual angles, w;;, are defined in Fig. 1 and included in the supplementary material.
€1,2,3,4,X-pentafluortriphenylene transition sequences. Temperatures and enthalpies obtained from second cycle of DSC at 5 °C/min except where noted. K phases are crystal states,
P is a plastic crystal, Col, is a hexagonal columnar liquid crystal mesophase and I is an isotropic liquid. Additional details on the experimental identification of the phases are

forthcoming.”

4K, to K, transition temperature reported from first scan at 10 °C/min. Sample remains in the K, state throughout subsequent cycles.

molecules, pressure and temperature) at 1.0 atm, with 5 fs steps and
atomic coordinates collected every picosecond. The temperature and
pressure were controlled using Bussi velocity scaling’ and a Berend-
sen barostat,”” with anisotropic pressure allowing each dimension of
the box to be adjusted separately. The lack of tails and use of rigid
body dynamics allowed for the somewhat large 5 fs time steps. Van
der Waals and electrostatic interactions were cut off at 10 and 15 A,
respectively, with a shifted energy switching tapering scheme used
for the electrostatic interactions to avoid impulses stemming from a
discontinuity at the cutoff and limit artifacts introduced by the finite
interaction range.””” The van der Waals cutoff is easily justified as
the interactions between all but nearest neighbors quickly become
negligible. The Coulomb interactions are much longer ranged and
require a longer cutoff distance and tapering in order to limit unde-
sirable effects on molecular orientations.” "' An appropriate cutoff
distance was chosen after carrying out limited duration simula-
tions using cutoff distances between 10 and 25 A and comparing
their forces and torques to those generated using a particle Ewald
mesh, with 15 A being selected as it agreed well with the particle
Ewald mesh values while being significantly faster. Additionally, a
small number of simulations were carried out using a 20 A elec-
trostatic interaction cutoff, which were found to be in satisfactory
agreement with our 15 A simulations. The 15 A electrostatic cutoff
distance is sufficiently large to include the neighboring columns and
is smaller than half the shortest box dimension (which at all times
and temperatures is greater than 50 A).

In the first part of the initialization process, the columns were
arranged to form a hexagonal array that packs densely to fill an
orthorhombic box with periodic boundary conditions and with the
columnar axes aligned with the lab z-axis in order to emulate the
structure of a hexagonal columnar mesophase (Fig. 1). This was
done by placing molecules into columns separated by a large dis-
tance (greater than the interaction cutoff distances), and the colum-
nar lattice was formed by using a series of columnar restraints to
drag the columns into position at a temperature of 600 K before
rapidly cooling the system to 400 K. These constraints took the form
of flat bottom harmonic potential wells applied to each column as
a whole, based on columnar restraining potentials used elsewhere.”’
The potential felt by a molecule within the cth column was given by

Vi) =
Tei) = N
k(|rzi - Re| - 0r)%,

|rZi — Re| < 6r,

i — Re| > Or,

1

where r¢; is the position in the x-y plane of the ith molecule of
the cth column, R. is the center of mass of the cth column, with
0r=1.5 A and k = 20 kcal/A%. This system was then progressively
heated to provide the starting configuration at each of the simulated
temperatures. During the heating process, the origins of the colum-
nar restraints were continuously updated with each time step based
on the average positions of molecules that make up the columns in
order to allow the columnar centers of mass to drift while maintain-
ing the columnar structures and to make it possible for the columns
to assume a non-hexagonal structure. After reaching a stable tem-
perature, each simulation ran for at least 1.5 ns before all restraints
were removed and the systems were allowed to evolve before data
collection began. Equilibration times between 5 and 30 ns (appropri-
ate for high temperature isotropic states and low temperature solid
states with long relaxation times, respectively) were determined by
monitoring density and energy fluctuations in the system and con-
firming that the volume of the simulated box and the total energy of
the system had reached a stable value.

Simulation temperatures were selected in order to obtain a
high temperature isotropic phase for each molecule, with the low
temperature limit chosen based on the experimental phase transi-
tion temperatures of the molecules and the observed behavior of
the simulated systems. At each temperature, after equilibration, the
simulations were run long enough to capture the key dynamics sig-
natures of the system, with a goal of including between 3 and 5 ns
of data in our analysis at each temperature. While fast intracol-
umn dynamics allow the static structure and certain intracolumn
dynamics (e.g., molecular rotations) to be probed over timescales
as short as ~100 ps, the slow intercolumn dynamics (i.e., hopping
between columns in the mesophase) required substantially longer
run times. The target run times were chosen in order to observe
a process of substantial interest to us, intercolumn motion with
molecules “hopping” between columns in the mesophase (see below
for details).

Experimentally, the crystal phases of our compounds tend
to have columnar structures, with the crystals having hexagonal
or monoclinic symmetry depending on the arrangement of the
columns. Therefore, we expected that a significant challenge in
this work would be differentiating between a crystal phase and the
columnar mesophase. This problem is aggravated by the fact that
changes in the alignment of the molecules at a crystal-crystal or
a crystal-liquid crystal transition will generally cause a change in
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both static orientational order parameters and the density. The sim-
ilarity between the crystal and mesophase structures, along with
finite size effects, makes it difficult to unambiguously distinguish
between them based on the static geometry alone. Therefore, we look
for dynamic signatures of liquid-like behavior, specifically focus-
ing on rotational and translational motion within a column, relative
motion of columns, and molecular hopping between columns. As
will become evident, the observation of dynamic properties provides
a powerful tool in the present study. Through the combination of the
static columnar structure with these liquid-like dynamic properties,
we were able to identify the mesophase.

Ill. RESULTS
A. Static structure

A direct indicator of a first order phase transition is a change
in density. In Fig. 2, the density of each compound is shown at all of
the simulated temperatures. With the exception of F5, the systems
show two sharp changes in density, the first when they undergo a
transition from their low temperature solid states into an interme-
diate state and another when melting into an isotropic liquid. No
such intermediate state is observed in F5, which melts directly into
the isotropic phase. Because the full analysis presented below iden-
tifies the intermediate state as a columnar liquid crystal mesophase,
we will refer to this intermediate state as the mesophase.

For F6, F7, and F8, the first drop in density coincides with a
small decrease in the orientational order of the molecules. The ori-
entational order was determined by the smallest eigenvalue of the
orientational tensor given bylz‘ .

I A
Q= ﬁ; (31’1;‘ ®nj — I), 2)
A 13 !Esn#t.:izg 5 F
o F6 &
0.8F S
r F8 &
no.6F
0.4F { I
0.2F H II}: I I
Bl.sf—g
o f[* 2.eg
51.4}— *e3
> r
Z13f - T,
® f T
81.2? - . .
11F 3
= I T I I

400 450 500 550 600
Temperature (K)

FIG. 2. Evolution of the (a) orientational order parameter, S, and (b) density, as a
function of compound and temperature. Except for F5, all the systems have a drop
in density that coincides with a small decrease in the order parameter, before the
system melts into an isotropic state.

ARTICLE scitation.org/journalljcp

where I is the identity matrix. The order parameter, S, is defined
such that an isotropic material has a value near zero and a perfectly
aligned material has a value of one. The columnar structure leads
to molecules tending toward a highly cofacial arrangement, with S
close to unity in both the low temperature crystalline state and the
columnar mesophase. There is a small decrease in S on entering the
mesophase. The small change in S is shown in Fig. 2. The reduced
order is most pronounced for F8, where S decreases from around
0.95 to 0.85 in the mesophase. For the more planar molecules,
F7 and F8, both the crystalline state and the mesophase have S values
under 0.1 with only a small decrease in the mesophase. While
the S order parameter is affected by the increased disorder of the
mesophase, it is far more heavily influenced by the geometries of the
molecules and the structure of the crystalline structure. While this
quantity is commonly used to describe the columnar mesophase, its
utility in identifying a transition between a crystal phase with colum-
nar stacking and the mesophase is limited by the small magnitude of
the change in S between the phases.

B. Columns

To study the nature of columnar ordering, we calculate a three
dimensional pairwise distribution function, g(7), which describes
the likelihood of a molecule j, whose position is 73, located a dis-
tance 7 away from a reference molecule i, whose position is rj, with
1’,']' = 1’]‘ = Ti

1/1 N N
g(r) = ( 5(7—r?)>, (3)
N\p ; '
where p is the number density of the system and the brackets indi-
cate an ensemble average. The distribution function is subject to the
condition that

fv ¢(F)dv = V. (4)

In order to study the structure within and between columns,
one and two dimensional distributions (parallel and perpendicu-
lar to the columnar axis, respectively) were obtained by integrating
g(r=xk+yy+z2) as

@)= [[a@0(5 V) a0

g =~ [ gMo(5 - ll) = ©

where ¢ and d are the average intracolumn and intercolumn spac-
ing, 0 is the Heaviside step function, and the lab frame z-axis is
taken to be coincident with the columnar axis. In the isotropic state,
where there are no columns, we instead prepare analogous distribu-
tion functions in the molecular frame to obtain distributions parallel
[g,(2)] and perpendicular [g, (x,y)] to the individual molecular
directors,

N N
L+ | Z 20z =i u)0(d[2 = |riy x )
_ ] t#j
81(2) = SL NN , (7)
)ID)) 0(d/2 - |7 x 7))

ji#
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N N
2| 22 0= )8(y — 7 §)6(c/2 | - 21)
J 7]
8:(2) = 5

NN - (8)
> 3 6(c/2 |7 - 2
J i

The brackets indicate an ensemble average and, due to the lack of
columns, ¢ and d are the average intermolecular nearest neighbor
separations measured parallel and perpendicular to 7, respectively.
The correlation functions in the isotropic phase were limited to a
sphere of radius L* where v/ L*? + d? is less than half the minimum
dimension of the simulation box and 8L? is the area of a bin size
in the x-y plane (additional histogramming details are given in the
supplementary material).

To see correlations between columns, a similar procedure was
used as the one to calculate g(z), except with the step function
moved such that the integral gives the likelihood of finding a
molecule in a neighboring column with a specific z displacement
relative to a reference molecule,

¢@R - [[eoo(5-1-R) <

)dx dy, 9)

where R is a vector in the x—y plane separating neighboring columns
[¢(z) = ¢'(2,0)]. The columnar mesophase has hexagonal symme-
try, so g’'(z,R) does not depend on which column R points to
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because all neighboring columns are on average identical. While
the crystalline states have a columnar structure, they lack hexagonal
symmetry, and ¢’ (z, R) is dependent on the choice of R.
Representative distribution functions are shown for F8 (lig-
uid crystalline) and F5 (non-liquid crystalline) in Fig. 3. In the
mesophase and crystalline states [Figs. 3(b)-3(d)], there is a clear
columnar structure that decays slowly, similar to what has been seen
elsewhere for dense systems of hard discotic molecules.'* As the sys-
tem enters the mesophase, the columns become more disordered
(i.e., featuring broader peaks) but still have a clearly defined peri-
odic structure. Intercolumn correlations, g'(z, ﬁ), are shown for two
neighboring columns, with R vectors marked on the g(x,y) plot
[Figs. 3(e) and 3(f)]. At low temperatures (462 K and below for F8,
437 K and below for F5), there are significant correlations between
nearby columns, with the structure of the columns depending on
R [Figs. 3(c) and 3(d)]. Columns within the same row (ﬁ = dy)
tend to have coplanar molecules, while those from adjacent rows
are offset such that their molecules sit between those of the ref-
erence column. This structure, with slight variations, is observed
in the crystalline states of all the compounds. In the mesophase,
all neighboring columns behave identically, signaling the onset of
hexagonal symmetry in the columnar mesophase. In the mesophase,
the correlations between columns, g’ (z, R), are greatly reduced and
the distribution of molecules from neighboring columns become
nearly uniform [Fig. 3(b)]. This de-correlation is a result of columns
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beginning to move relative to one another, with collective molec-
ular motion parallel to the columnar axis. The molecules within
a column move together, preserving the intracolumn correlations,
g(z), while the relative motion between columns reduces the inter-
column correlations, g’ (z, R). This motion will be discussed in later
sections.

C. Cages

In the crystalline state and mesophase, molecular motion is
constrained by a cage formed by the neighboring columns and
neighboring molecules within the column. Molecules rattle within
this steric cage, with displacements that are small relative to the
intercolumn and intracolumn spacing. In soft matter systems like
ours, these cages dominate the molecular dynamics on the picosec-
ond timescale,"* which is sufficient for molecules to explore the
limits of the cage without escaping from it. In our systems, the typ-
ical first passage time for molecules to escape their cages is on the
order of nanoseconds, so we are able to view these cages as essentially
static structures persisting for hundreds of picoseconds, even in the
mesophase. As such, the cages both reflect the static structure of the
system (on short timescales) and influence the dynamics of the sys-
tem across multiple orders of magnitude of time.'*** The structure
of the cages is a result of the interactions between molecules with
their local environment. As a result, the properties of the cages, in
the static limit, can provide valuable information about the relation-
ship between the atomic structure of the molecule and the properties
of the system.

To see this, we look at the neighboring columns and find the
likelihood of there being a nearby column at some point in the
molecular frame. We identify neighboring molecules as those that
form a Voronoi cell around a molecule (via Voro++°). For the pur-
pose of examining intercolumn interactions, we restrict the neighbor
list to those adjacent molecules that have a perpendicular displace-
ment from the reference molecule of at least one molecular radius,
m (to avoid including intracolumn molecules) and those with simi-
lar alignment to that of the reference molecule (to avoid including
molecules that have left a column and have temporarily become
stuck sideways between columns). Specifically, we include those
molecules that are part of a Voronoi cell and have

|(Fi = 75) % ] 2 1o (10)

fi- 5> 0.5, (11)

This restriction limits the molecules included in this analysis to
those which make up the surrounding columns. This method of
choosing neighbors avoids problems associated with other methods
of identifying neighbors, such as taking all molecules within some
annulus, which can suffer from the loss of neighbors or inclusion
of next nearest neighbors based on brief fluctuations in molecular
positions.”’

For each neighbor identified this way, we find its distance in the
x-y plane away from the reference molecule, R;;. To relate the struc-
ture of a molecule to the structure of the surrounding cage, we are
interested in identifying the portion of the molecule that lies along
the line between the molecules.* For this, we use an angle A;;, defined

as the angle between f; and Rjj with the sign of 1;; fixed so that it is

ARTICLE scitation.org/journalljcp

positive when ﬁg passes through the reference molecule’s monoflu-
orinated ring, as shown in Fig. 4. The angle A;; is defined in terms of
in-plane intermolecular separation, Ry, and the angle of Rjj from the
X-axis, as

Rj=r;— (5-2), (12)
Ry
6 = tan 1( i y), (13)
ij * X
-
Aij = (05 =yi) 2 (14)

where the dot products in Eq. (14) ensure that the monofluorinated
ring is at A = +120°.

This angle, Aj, describes which part of a molecule takes part
in an interaction in much the same way that specific close contacts
are used to describe molecular crystal structures. The relationship
between A;; and R;; also carries information about any preferred ori-
entation of a molecule relative to its neighbors and the ease with
which a molecule might spin and rattle within its cage. To explore
this, we calculate a potential of mean force (PMF) for the intermolec-
ular cage based on the probability of a neighboring molecule being a
distance R away from a reference molecule at a particular angle A,

P(RA) = - (8(R- RO~ 1)), (15)

with the prefactor defined such that

f P(R,\)RARAA = 1 (16)

FIG. 4. lllustration of the quantities used to relate the structure of a molecule to
its neighbors. The angle A;j identifies the area of a molecule that lies on the line
between it and a neighboring molecule, R;. The perfluorinated ring corresponds to
Ajj = 0, and the mono- and nonfluorinated rings are at 1; = +120°, respectively.
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and the brackets indicating an ensemble average of all neighbors,
as defined above, for each molecule. The PMF, U(A,R), is then
determined from the Boltzmann factor, "’

P(A,R) exp(— U](c/;’f) ) (17)

The PMF for the simulated molecules is shown in Fig. 5 in the
crystalline state and, where applicable, in the mesophase. In the crys-
tal, U(A, R) has six potential wells with ~3kp T barriers between them
[Figs. 5(b), 5(d), 5(f), and 5(h)], and these barriers are reduced to
nearly one kT in the mesophase [Figs. 5(c), 5(e), and 5(g)]. This
transition also increases the symmetry of U(A,R) from the approx-
imate threefold symmetry of the crystal to a near perfect sixfold
symmetry in the mesophase, with slight deviations. Specifically, for
all simulated mesogens, the minimum of U(A, R) occurs near the bay
opposite of the perfluorinated ring (A = 180°) and the barriers are
greatest near the bay between the perfluorinated and monofluori-
nated rings (A = 60° + 30°). The barriers are especially small (under
kpT) for F8, possibly because the fluorine is sheltered within the bay,
unlike F6 and F7, which have their fifth fluorine at an extreme posi-
tion of the periphery where it may encounter steric interactions with
neighboring molecules. Additionally, when the fluorine is in the 8 or
7 (and to a lesser extent 6) position, it reduces the dipole moment
of tetrafluorotriphenylene. This may make the sixfold symmetry of
the mesophase more obtainable as alignment between molecules is
less likely to be dominated by twofold symmetric charge-charge
interactions.
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We are also able to compute an expectation value of the
intercolumn separation as a function of A,

_ [ P(R,A)R%R

(ROV) = [ P(R,A)RAR’

(18)

This describes an effective “shape” of the molecules based on their
interaction with their cages. At low temperatures, (R(1)) has a gear-
like structure with three “teeth” that extend roughly an Angstrom
beyond the average intercolumn distance [Fig. 5(a)]. This gear-
like shape hinders molecular rotation as it requires coordinated
motion from multiple columns, which introduces the possibil-
ity of frustration where three columns meet, or results in gears
“grinding” against their neighbors.”” In the mesophase, (R(1)) is
not quite symmetric in A, but it lacks the abrupt steps found in the
crystalline state. Instead, (R(A)) is slightly greater near the rings
and, like triphenylene, resembles a rounded triangle. Without the
teeth, molecules are better able to rotate independently of their
neighbors.

It is important to recall that the PMF and related quantities are
static quantities. The position and depth of the minima in the PMF
can result from motion of the molecules that cause their orientations
to evolve over time or from a distribution of molecular orientations
that are frozen in place. To differentiate between a glass and a lig-
uid crystal requires us to examine the dynamic properties of the
system.

Mesophases

1kpT

Solid States

FIG. 5. Potential of mean force of the nearby columns in the crystalline state and mesophase of all four compounds [(b) F5 at 425 K, (c) and (d) F6 at 500 and 525 K, () and
(f) F7 at 500 and 512 K, (g) and (h) F8 at 462 and 469 K]. (a) Expected intercolumn distance as a function of A for F6 at 500 K. (b)-(h) PMF in the crystal and mesophase.
For all molecules, the crystal [(b), (d), (f), and (h)] features six potential wells with ~3kg T barriers between them. These barriers are reduced to < kgT in the mesophase
[(c), (e), and (g)]. In the mesophase, the local minima are all at approximately the same nearest neighbor distance, while the crystal has minima with separation distances
that are dependent on the molecular geometry. The intercolumn distance shown in (a) is typical of the crystalline states of all molecules and features a gear-like shape with
intercolumn distances changing by ~1 A. This gear-like shape requires coordinated motion between columns in order for molecules to rotate as columns need to move out

of the way of the “teeth.”
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D. Dynamic structure

The liquid-like properties of the mesophase require the pres-
ence of several key dynamic properties, each of which is associ-
ated with the molecules gaining a degree of freedom. Specifically,
molecules gain rotational freedom about the z-axis while within their
columns, the columns move relative to one another with motion par-
allel to the columnar axes, and molecules occasionally hop between
adjacent columns. To identify the first two, we look for the onset
of specific types of diffusive motion. For the third, we look for
molecular displacements corresponding to intercolumn hopping.

1. Diffusion

In the columnar mesophase, the disk-shaped molecules are able
to spin about their molecular director. We track these rotations via
the angle y made between f (projected into the x—y plane) and %
(illustrated in Fig. 4). The distribution of angular displacements is
given by the autocorrelation function,

B0 = (00 Inte s m - p(D). 09

which is the probability that a molecule has spun an angle y about
the columnar axis after a time, ¢. Similarly, the mean squared angular
displacement is

() (Zm(w 1) - (1)) ) 20)

In both cases, the brackets indicate an ensemble average. In order to
find these displacements, the angles are “unrolled” such that y,(t) is
continuous and may have values exceeding 27.

In both the isotropic state and the mesophase, the rota-
tions become diffusive, with the mean squared angular displace-
ment increasing linearly in time on timescales greater than 10 ps
[Fig. 6(a)]. Over large timescales, there is angular diffusion in the
crystalline state, with molecules making infrequent but large rota-
tions. The distribution of angular displacements, I's(y, t) [Fig. 6(b)],
shows discrete rotations of 120° in the crystal. In the mesophase,
there is a large increase in the rotational freedom, with the rotational
motion resembling the isotropic state but with a bias toward discrete
60° rotations. This marks a transition from rotations governed by
the (approximate) threefold symmetry of the molecules to the six-
fold symmetry of the columnar array, similar to the transition noted
above in the PMFs. We have found that the discrete 60° rotations
are one of the most robust indicators of the mesophase as this type
of motion is unique to the liquid crystal and is not associated with
any slow relaxation dynamics found in the crystalline states as they
approach equilibrium.

Similar rotational dynamics have been observed experimen-
tally in conventional tailed DLCs, with discrete rotations occurring
in glass-like solid states, with the jumps reflecting the symmetry of
the molecules, and slow rotations present in the mesophase.’’
Without the presence of long tails, the process of rotating about
the columnar axis is presumably greatly simplified and the tail-free
DLCs are able to spin with relative ease.

Since part of our aim is to clearly differentiate a columnar
mesophase from other possible phases, we note that the onset of

ARTICLE scitation.org/journalljcp

t (ps)
B 3 Solid Mesophase Isotropic
— F6500K — F6537K — F6575K
+ F5425K - F5450 K

0 60 120 180 240 300 360

y (degrees)

FIG. 6. (a) Mean square angular displacement, (y(t)?), and (b) distribution of
angular displacements, I's(y,t), for F6 at 500 (crystal), 537 (mesophase), and
575 K (isotropic) as well as the non-liquid crystal F5 in the crystal and isotropic
states. The black dotted line in the top plot is a reference for diffusive rotational
motion, wherein the mean squared angular displacement grows linearly in time.
Rotational excursions in the crystalline state are restricted to small amplitude rota-
tions and infrequent 120° rotations. On entering the mesophase, the molecules
rotate much more freely, closely resembling the rotational freedom of the isotropic
state, except that the rotations tend to occur in discrete 60° steps. Similar behavior
is observed in F7 and F8. Additional results for other compounds and temperatures
are collected in the supplementary material.

rotational freedom is observed in the isotropic state as well as in plas-
tic crystals.””” The isotropic state lacks the structure observed in
the mesophase, among other things, and is easily identified. Plastic
crystals, however, have similar rotational motion but lack transla-
tional freedom. To identify the onset of translational freedom, we
look at the mean squared displacements of motion parallel and per-
pendicular to the columns as a function of time, averaged over all
molecules,

(rn (6%

<z|(r,<t+t0 () -2 ) o)

{ru(1)*) <Z|(V:(f+fo)—h(to))><ZI ) (22)

Under normal, i.e., Fickian, diffusion, a particle diffusing in n
dimensions has a mean squared displacement that grows like nDt,
where D is the diffusion coefficient. This is the case for our com-
pounds at high temperatures in the isotropic state (Fig. 7, F7 at 550 K
and F5 at 450 K). In this limit, there is uniform motion in all direc-
tions and the translational motion in the system can be described
with a single diffusion coefficient.

In the low temperature crystal state, the molecular motion is
severely restricted. Molecules are frozen in place and vibrate around
an equilibrium position. These vibrations result in a coherent oscil-
lation evident in the mean squared displacement. This can be seen
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FIG. 7. The mean squared displacements of molecules (a) parallel and (b) per-
pendicular to the columns, and (c) twice their ratio, x(t). In the solid state (425 K
for F5 and 500 K for F7), motion is confined both parallel and perpendicular to the
columns. In the mesophase (F7 at 525 K), perpendicular motion is still confined
though the molecules began to move parallel to the columnar axis. The combina-
tion of restricted perpendicular motion and diffusion along the columnar axis results
in x(t) ~ t. This behavior is absent in F5, which melts directly into the isotropic
state (450 K for F5 and 550 K for F7) where the isotropic diffusion makes y tend
to unity. In all plots, the dotted line is a reference indicating diffusive motion. The
limited super-diffusive behavior of (r; (t)2) of F7 at 525 K is not a statistically sig-
nificant feature of the mean squared displacement. Results for other compounds
and temperatures are collected in the supplementary material.

in Fig. 7 for F7 at 500 K and F5 at 425 K. Any growth in the mean
squared displacement at these temperatures is small, compared to
the intermolecular spacing, and sublinear in time. This confined
sub-diffusive motion occurs both parallel and perpendicular to the
columns [Figs. 7(a) and 7(b)], with slightly different properties
reflecting the anisotropy of the columnar geometry. Specifically,
(r.(£)?) is generally larger than (r“(t)z) due to the difference
in intercolumn and intracolumn spacings, limiting the maximum
extent of motion in the low temperature solid state.

The liquid crystal mesophase has properties comparable to each
of these limits. The motion parallel to the columns becomes dif-
fusive on timescales greater than 100 ps, and it closely resembles
the motion found in the isotropic state [F7 at 525 K in Fig. 7(a)].
This diffusive motion is a collective process of the columns, with
columns moving relative to one another while maintaining their
internal structure. At the same time, perpendicular motion is lim-
ited by neighboring columns and (r, ()*) [F7 at 525 K in Fig. 7(b)]
approaches a value based on the extent to which the cage formed
by the neighboring columns allows it. This resembles the restricted
motion seen at low temperatures, except that it lacks a coherent
structure. Molecules do not vibrate around a fixed point, but they
rattle around their cages, fully exploring the space available to them.
This leads to an increase in (r, (t)*) (relative to the solid phase) and
the development of a smooth plateau.
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These scenarios (confined vibrations in the crystal, one dimen-
sional diffusion of the columns in the mesophase, and three dimen-
sional diffusion as an isotropic liquid) can readily be distinguished
based on the ratio of the mean squared displacements,

_2(r (1))
X(t) - (rl(t)2> . (23)

The factor of two accounts for the difference in dimensionality of
motion parallel and perpendicular to the columns. In the isotropic
phase, x(t) tends to unity for isotropic diffusion. In the colum-
nar mesophase, over timescales where molecules are confined to
their columns, the one dimensional diffusion along the columnar
axis results in y(t) ~t [F7 at 525 K in Fig. 7(c)]. The dynamic
anisotropy, which results in this linear growth of x(t), also created
the de-correlation between columns, g'(z,ﬁ), which we saw earlier
[Fig. 3(b)]. The crystalline phases have a static anisotropy based on a
difference in diffusion coefficients governing motion perpendicular
and parallel to the columns but with the same mechanism of motion,
giving an essentially constant value of .

Over sufficiently long timescales in the mesophase, molecules
are able to escape their cages. At timescales less than this cage escape
time, molecular motion perpendicular to the column is restricted, as
is the case of F7 at 525 K [Fig. 7(b)]. At this temperature, very few
molecules are able to escape their cages and (r, (¢)*) is essentially flat
at long times. At higher temperatures (but still in the mesophase),
there is an increase in the ability of molecules to escape their cages
and there is a corresponding increase in intercolumn motion on long
timescales.

This crossover time marks the typical time required for a
molecule to escape its cage'”" and the shift in the mechanism
driving the perpendicular motion from rattling within the cages to
hopping between them. This can be seen for F6 in Fig. 8, where
(1) has a temperature dependent increase at times greater than
1 ns (similar results are seen in F7 and F8 in the mesophase). The
crossover time varies with compound and temperature, and it occurs
near the long time limit of our simulations, which limits the detail
we are able to provide about this transition. The hopping causes
an uptick in (r?), as the time dependence of these two modes of

10?

iy Ry

10°

il ol ol PR
10° 10! 10° 10°
t (ps)

FIG. 8. Mean squared displacement perpendicular to the columns for F6 between
500 (lowest curve) and 600 K (highest curve, in ascending order of tempera-
ture). At sufficiently high temperatures, motion is restricted in the mesophase at
timescales less than a nanosecond as molecules are confined in their columns.
At longer timescales, intercolumn hopping leads to an increase in sub-diffusive
motion perpendicular to the columns. The short dotted line is a reference for
diffusive motion.
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molecular motion differs. The limited motion of molecules rattling
in cages is augmented by the anomalous (sublinear) diffusion driven
by molecules hopping between columns.” This results in the system
having a time dependent diffusion coefficient, which, in turn, results
from the vastly different timescales of these types of motion, and
the dependence of the intermittent hopping events on cooperation
between columns neighboring columns.*”””

2. Hopping

To better understand the hopping between columns, we use the
self-van Hove function,”®” Gy(7,t), a time dependent autocorrela-
tion function describing the probability that a particle has moved
some amount 7 after a time, ¢. Again, we break this into separate
components for motion parallel (z) or perpendicular (p) to the
columnar axis,

N
Gs,|(z,r>—;(;az—|(ﬂ(t+to>—r;(to)>-i>), (4

Gi(pt) = L(Z5(P* |(ri(t+ t0) = 7i(t0)) x 2

v |2 )). (25)

For freely diffusing liquids, similar to our systems in the
isotropic state, these functions can be expected to take the form
of Gaussians with widths proportionate to /Df, where D is the
diffusion coefficient. At low temperatures, the maximum extent
of molecular motion on short timescales is restricted by the sur-
rounding cage, and both Gy and G;,, are restricted to small values
reflecting the size of the cage and may exhibit non-Gaussian behav-
ior as a result of the anisotropy of the system,” with the dynamics of
columnar liquid crystals being influenced by the intermolecular cage
and intercolumn motion.'**’

Asshown in Fig. 9, we see both of these behaviors at the temper-
ature extremes of all of our compounds. In the columnar mesophase,
and only in the mesophase, there is an additional feature in the
Gs.1(p,t) distributions, which develop a bump near p ~ 11 A for
timescales greater than 1 ns [F8 at 475 K in Fig. 9(a)]. This distance
corresponds to the intercolumn separation; therefore, this feature is
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the result of molecules escaping their cages and joining a neighbor-
ing column. We observe that both the diffusion along the columnar
axis and intercolumn hopping begin at the same temperature, with
intercolumn hopping rates increasing at higher temperatures (just
as the perpendicular motion at long times increased with tem-
perature for F6 in Fig. 8). These phenomena can be expected to
be synergistic, for example, density fluctuations that create vacan-
cies amenable to intercolumn hops likely benefit from the relative
motion of neighboring columns.

We can visualize the hops between columns in more detail by
examining the average displacement of each molecule,

(ri(0)) = (ri(t + to) = 7i(t0)), (26)

averaged over its trajectory. The in-plane component of these is
shown in Fig. 9(c), where the molecular displacements clearly show
molecules rattling in place on short timescales and jumping between
neighboring columns over long timescales. The exact nature of these
intercolumn hops and how they are influenced by the molecular
structure are of considerable interest. The hops themselves are short,
in terms of both distance traveled and duration. Typical hop dura-
tions are on the order of tens of picoseconds, with molecules moving
directly between neighboring columns. One such hopping event is
shown in Fig. 10. The hopping process requires cooperative motion
between two (or more) columns in order to form a vacancy in
the adopting column. Midway through the process, molecules from
both the originating column and adopting column have significant
cofacial overlap with the hopping molecule, which briefly forms a
sort of bridge between the columns. Molecular transitions between
columns are certainly not restricted to tail-free DLCs, but the lack
of tails is expected to greatly affect the hopping process. Without
tails, the molecules are much smaller, and accordingly, they are able
to complete the transition in a much shorter time and are able to
maintain core-core contact throughout the entire hopping event.

In addition to these quick short ranged hops, we observe
some longer-lived “orphan” molecules that spend relatively long
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FIG. 9. Self-van Hove functions with a 1 ns time separation, (a) G, (z, t) and (b) 277G 1 (p, t), for F5 at 425 K (crystal) and 450 K (isotropic) and F8 at 450 (crystal), 475
(mesophase), and 500 K (isotropic). (c) The average displacement in the x-y plane for each molecule of F8 at 475 K (darker colors correspond to shorter time scales). On
entering the mesophase, the molecular motion parallel to the columns increases as columns begin to slide past each other. At the same time, the motion perpendicular to
the columns is augmented by occasional *hops” between columns, resulting in the second peak in Gs, at a value of p ~ 11 A, corresponding to the intercolumn distance.
These hops are shown in the plot of the molecular displacements where we see the molecules making direct hops between neighboring columns. The hops are rare events
of brief duration, with around ten intercolumn hops per nanosecond in our systems and the hops themselves lasting tens of picoseconds.
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FIG. 10. An F8 molecule hopping between two adjacent columns at 475 K. Before and after the transition has occurred, both the columns are reasonably well ordered, with
a high degree of cofacial alignment. During the transition, the mobile molecule maintains its alignment with the columnar axes while the molecules immediately surrounding

it deviate from this alignment for the duration of the hop.

times intercalated between columns. These molecules adopt a side-
ways orientation with their molecular director perpendicular to the
columnar axes. In this orientation, they are able to move along a
column or slip between columns, before being adopted by another
column. On average, these molecules spend ~100 ps between the
columns, with some remaining there for over a nanosecond. These
orphan molecules have an increased mobility parallel to the columns
and are in part responsible for the long tail in Gy in Fig. 9.

Both these types of intercolumn transition are rare events,
requiring long timescales in order to study. Intercolumn hopping
has been seen in coarse-grained simulations where the necessary
timescales are accessible, but the information that can be gathered
about the conditions surrounding the hops is limited.'*'”"”" The
exact circumstances that lead to a molecule leaving or entering a
column are the subject of future work to study how the hopping
process depends on the relative position and orientation of the hop-
ping molecule and its neighbors. Ultimately, a detailed knowledge
of these hopping events may be useful for informing the design of
additional tail-free mesogens.

IV. CONCLUSIONS

We carried out a series of all-atom simulations of a set of four
tail-free discotic molecules, two of which are known experimen-
tally to be mesogens. Using rigid molecules and nonpolarizable force
fields, we observe signatures of the columnar mesophase in some
but not all of our compounds. We identify three degrees of free-
dom present in the columnar mesophase: (nearly) free rotation of
molecules defined by discrete 60° rotations within their columns,
one dimensional translational freedom with molecular motion par-
allel to the columnar axis, and the ability for molecules to make
discrete hops between columns. Tail-free discotic liquid crystals
are known, experimentally, to have complicated phase sequences,
often forming glasses and plastic crystals or possessing multiple
crystal-crystal transitions.”” This complicated behavior may be
related to these degrees of freedom becoming accessible in the sys-
tem, resulting in the formation of plastic crystals (with rotational but
not translational freedom) and liquid crystalline mesophases (with
rotational and translational freedom). A more complete under-
standing of the properties that allow the tail-free DLCs to manifest
a mesophase will give us not just a better understanding of this

niche group of molecules but also a clearer understanding of the
prerequisites of the columnar mesophase more generally.

To understand the relevant timescales that govern these var-
ious types of motion, it is important to put them in context with
other properties of the materials. DLCs are known to support
quasi-one dimensional charge transport based on charges hop-
ping between molecules along the columns, with typical charge
mobilities”** between 107 and 107 cm? V™! s™!. This corresponds
to a charge dwell time (i.e., the time charges spend localized on a
molecule between hops) of up to hundreds of picoseconds. Over
these timescales, there is only limited translational motion, but there
is a possibility for significant molecular rotation. Additionally, while
intercolumn motion becomes diffusive only at times exceeding a
nanosecond, the process of molecules jumping between columns
(and their neighbors reorganizing themselves post-jump) occurs
on timescales comparable to the charge hopping dwell times. This
describes a picture where there is substantial molecular motion
occurring during the charge conduction process. This is in con-
trast to conventional DLCs, which, owing to their slower dynamics,
appear to have static cores on these timescales.®

The tail-free compounds, both mesogenic and otherwise, are
great candidates for further study due to their simple structure and
the large effect that a small structural change can induce. In partic-
ular, F6 and F8 are an ideal test case for more advanced models to
produce mesogenic behavior in F8 but not F6. Our present model
fails the second part of this test. With this in mind, we encour-
age future work with these physically interesting and easily modeled
molecules.

SUPPLEMENTARY MATERIAL

See the supplementary material for molecular structures and
partial charges used in this work and for additional data on
pair correlation functions [g(z), g’ (2, R)], mean squared displace-
ments ({(y*(t)), (rﬁ(t)), (r2(¢))), and van Hove functions [Ts(y, t),
Gy (2,1), Gs 1 (p, )] for all compounds.
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