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As the temperature decreases, rigid anisotropic molecules that usually incorporate polar groups, aromatic rings or
multiple bonds, orient along a common direction, eventually forming liquid-crystalline phases under specific ther-
modynamic conditions. This study explores the phase behaviour and dynamics of board-shaped mesogens with a
1,4,5,8-tetraphenyl-anthraquinone core and four lateral arms forming an oligo(phenyleneethynylene) scaffold. These
molecules are promising candidates for forming the elusive biaxial nematic phase. Through atomistic molecular dy-
namics simulations, we observe the formation of nematic and smectic liquid crystals, in qualitative agreement with
experimental observations. To characterise the structure, we compute pair correlation functions along relevant symme-
try directions and the nematic order parameter, which indicate a dominant uniaxial ordering with very weak biaxiality.
Additionally, we analyse the dynamics of our board-shaped mesogens along and perpendicular to the nematic director,
revealing intriguing non-Gaussian behaviour and dynamical heterogeneities, with coexisting slow and fast molecules.
Building on our recent simulations at the colloidal scale, which demonstrated that monodisperse board-like particles
are unable to form biaxial nematics while polydisperse particles can, we hypothesise that similar behaviour may occur
at the molecular scale in mixtures of molecules. Although pure-component molecular systems reveal weak biaxiality,
our findings suggest that investigating mixtures of the most promising candidates, those molecules that form nematic
or smectic phases, could uncover conditions conducive to the formation of biaxial nematic liquid crystals.

I. INTRODUCTION

Liquid crystals (LCs) are fascinating fluids comprising
mesogens (molecules or colloidal particles) that are able to
align along a common director n̂. Generally speaking, if the
order observed is merely orientational, the resulting LC phase
is referred to as nematic. The occurrence of translational or-
der, with the mesogens occupying precise positions in one or
two space directions, identifies the formation of smectic or
columnar LCs, depending on the geometry (prolate or oblate,
respectively) of their building blocks. Especially exotic ge-
ometries are fundamental for engineering LCs that simpler
rod-like or disk-like uniaxial mesogens cannot produce. This
is for instance the case of the biaxial nematic (NB) phase,
which, in principle, can only be observed in systems com-
prising biaxial mesogens, such as board-shaped molecules
that exhibit three distinct space dimensions along three mu-
tually orthogonal axes. The NB phase, originally theorised
by Freiser in the 1970s,1 has received significant interest over
the last five decades, especially for its promise of providing
responsive materials to engineer LC displays with enhanced
performance at reduced energy costs.2–12 Nevertheless, the
existence of thermotropic NB LCs, announced for an ample
spectrum of molecular systems,13–25 has never found common
ground across distinct experimental techniques and is there-
fore still an open question, especially because of issues related
to demixing and metastability with respect to smectic LCs.26

Experiments on colloidal suspensions of goethite
particles,27 followed by a number of supporting

simulation28–32 and theoretical6,28,33 works, clarified that
indeed the NB phase can be obtained as long as a significant
degree of size dispersity is introduced or an external field
applied. Theoretical and computational works that have
reported the formation of stable NB LCs in monodisperse
systems of biaxial mesogens, either limited their orientations
to six orthogonal directions (Zwanzig model),6,26,34 frozen
the rotation of the particle major axis,35 or neglected the exis-
tence of positionally-ordered LCs.36–38 Although these results
are strictly valid for colloidal LCs and might not be directly
applicable at the molecular scale, they suggest that the meso-
gen biaxiality is a necessary, but most likely not sufficient
condition to obtain NB LCs. Perhaps only by mixing different
biaxial molecules or applying an external field can this
phase be unambiguously observed. Very recently, Lehmann
and co-workers synthesised board-shaped molecules made
of a 1,4,5,8-tetraphenyl-anthraquinone core surrounded by
bulky lateral arms and characterised their phase behaviour.39

Although this family of heavily-substituted anthraquinones
has been known to form smectic LCs in a large range of
temperatures,40 it was unsure whether they were also able
to form biaxial nematics. By employing NMR and X-ray
techniques, these authors reported the existence of small
biaxial nematic clusters within uniaxial nematic phases. This
finding has been interpreted as a promising indication that
these board-shaped mesogens may eventually lead to the
elusive transition from the NU to the NB phase. However, as
Lehmann and co-workers acknowledge, definitive evidence
for this transition is still pending.
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FIG. 1. General molecular structure of the board-like mesogens studied in this work. The anthraquinone central core is highlighted for clarity.
The mesogen-specific terminal and lateral groups, indicated by R, R′ and R′′ are reported in Table I.

Motivated by these intriguing observations, we perform
atomistic molecular dynamics (MD) simulations to explore
structural and dynamical properties of this family of meso-
gens. Our main objective is assessing the suitability of our
model and force field to reproduce, at least qualitatively, the
available experimental observations and provide additional in-
sight into the structural and dynamical properties of this in-
triguing family of molecular fluids. We find that, under spe-
cific conditions, pure-component systems of our model board-
shaped mesogens can form uniaxial nematic (NU) LCs, occa-
sionally exhibiting a low yet significant biaxial order. Nemat-
ics with dominant uniaxial and weak biaxial order provide a
preliminary foundation for designing molecular mixtures that
would destabilise the smectic phase, ultimately leading to the
formation of the NB phase. Because these mesogens are espe-
cially large, we anticipate that the force field chosen, substan-
tially based on the General Amber Force Field (GAFF), will
necessarily include a few approximations that while keeping
the most relevant chemical details, imposes some simplifica-
tions to limit computational cost.

II. MODEL AND SIMULATION METHODOLOGY

The systems studied in this work consist of four differ-
ent molecular species incorporating a 1,4,5,8-tetraphenyl-
anthraquinone central core decorated by four heavily substi-
tuted arms with lateral and terminal aliphatic chains. The gen-
eral molecular structure of these mesogens, here indicated as
mes-i, with i = 1,2,3,4, is reported in Fig. 1 and their lat-
eral and terminal groups are specified in Table I. This fam-
ily of molecules has been recently investigated experimen-
tally by Lehmann and co-workers, who employed nuclear
magnetic resonance and X-ray scattering to characterise their
structure and phase behaviour and ponder the occurrence of
the NB phase.39 For an accurate description of the synthe-
sis route and chemical details, we refer the interested reader
to their work. A model representation of the board-shaped
molecules studied here is provided in Fig. 2. To create the
atomistic representation of each mesogen and perform an en-
ergy minimisation of their molecular geometry, we made use
of the open-source molecular builder Avogadro in combina-

tion with the General AMBER Force Field (GAFF).41 More
specifically, Avogadro has been employed to obtain a prelim-
inary optimisation of the molecular geometry via a steepest-
descent algorithm. We then applied the Antechamber package
from AmberTools22 and the AnteChamber PYthon Parser in-
terfacE (ACPYPE) to calculate the partial charges within the
Gasteiger approximation and produce the topology files in the
GROMACS format.42 The approximate resulting length (L),
width (W ) and thickness (T ) of the four board-like mesogens
read, respectively, 6.5, 2.2, 1.0 nm for mes-1, 4.3, 2.6, 1.1
nm for mes-2, 6.0, 3.1, 1.0 nm for mes-3, and 6.0, 1.7, 1.1
nm for mes-4, which are in the range of the dimensions re-
ported experimentally.39 In particular, mes-1 and mes-4 are
prolate molecules with

√
LT > W , while mes-2 and mes-3

exhibit an oblate geometry with
√

LT < W . We stress that
these dimensions have been estimated for isolated mesogens,
whose conformation can change in the presence of neigh-
bouring molecules. We also note that a modified version of
GAFF, which makes use of the Ryckaert-Bellemans function
to compute the proper dihedral potential, has been recently
developed by Wilson and coworkers to model the phase be-
haviour of some specific mesogens and predict their isotropic-
to-nematic transition.43–45 The force field that we have em-
ployed in our study is the standard version of GAFF, which
incorporates bonded (bond stretching, bond angle, dihedral
angle) and non-bonded (van der Waals and Coulomb) inter-
actions as follows

E = ∑
bonds

Kr
(
r− req

)2
+ ∑

angles
Kθ (θ −θ0)

2+

+ ∑
dihedrals

Kφ [1+ cos(nφ −φs)]+

+
N

∑
i> j

[
4εi j

((
σi j

ri j

)12

−
(

σi j

ri j

)6
)
+

1
4πε0

qiq j

ri j

] (1)

where Kr, Kθ , Kφ are, respectively, bond, angle and torsional
force constants; req is the equilibrium bond length and θ0 the
equilibrium angle; n is the multiplicity and φs the phase angle
of the torsional potential; ri j is the distance between two inter-
acting atoms i and j; σi j and εi j are, respectively, the length
and energy scale of the Lennard-Jones potential; and qi and
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TABLE I. Lateral (R and R′) and terminal (R′′) groups attached to
the general molecular structure of the four mesogens studied in this
work and reported in Fig. 1.

mesogen R R′ R′′

mes-1 OC5H11 OC5H11 OC6H12COOEt
mes-2 OC6H13 OC6H13 CN
mes-3 OC8H17 H OC5H10COOEt
mes-4 OC6H13 H OC4H8COOEt

q j partial electronic charges. We also notice that proper and
improper dihedrals are described by the same periodic-type
function.

TABLE II. Density of mesogens in kg m−3 at 1 bar as a function of
temperature T (K).

T ρmes−1 ρmes−2 ρmes−3 ρmes−4

300 1076 1078 1094 1116
350 1054 1057 1068 1091
400 1024 1032 1039 1063
450 992 1006 1009 1033
500 959 977 978 1003
550 927 947 946 971
600 894 917 913 939

All MD simulations were performed using the GROMACS
2019.4 package.46–49 However, the post-processing to com-
pute structural and dynamic properties was primarily carried
out using our custom Fortran90 codes. The leap-frog algo-
rithm, with a time step of 1 fs, was employed to integrate
Newton’s equations of motion. Initial configurations were
prepared by randomly placing N = 252 molecules into cu-
bic boxes with periodic boundary conditions. Potential over-
laps between atoms were resolved using the steepest-descent
energy-minimisation algorithm. At this stage, no constraints
were applied to atom bond lengths. It is important to note
that, although 252 molecules may seem a small number, our
systems contain between 80,000 and 100,000 atoms, push-
ing the computational limits of the simulations. The pressure
was set to p = 0.1 bar and maintained constant by applying
the Berendsen barostat with isotropic pressure scaling and a
time constant of 3 ps.50 In regions where positionally ordered
(smectic) phases were observed, we applied semi-isotropic
pressure coupling. This allowed the pressure to be applied
isotropically within the layers while permitting a independent
pressure to be applied perpendicular to the layers. The Nosé-
Hoover thermostat with a coupling constant of 4 ps was em-
ployed to control the fluctuations of temperature, which was
originally set to 600 K. Equilibrium was considered achieved
when energy and density were approximately constant within
reasonable statistical fluctuations. At these conditions (600 K
and 0.1 bar), the initial values of density were 890, 912, 906
and 929 kg m−3, for mesogen 1, 2, 3 and 4, respectively. We
then gradually increased pressure up to 1 bar, equilibrating the
systems at the intermediate values of 0.25, 0.50 and 0.75 bar,
using this time the Parrinello-Rahman barostat with isotropic

mes-1

mes-2

mes-3

mes-4

FIG. 2. Atomistic representation of the board-shaped mesogens stud-
ied in this work. Carbon, oxygen, nitrogen and hydrogen atoms are
respectively indicated by grey, red, blue and white transparent spher-
ical beads representing van der Waals surfaces. Thin segments indi-
cate chemical bonds and rings are indicated by purple hexagons.

pressure scaling and a time constant of 12 ps. All systems
were simulated for 50 ns at each pressure value, followed by
an additional 150 ns at the target pressure of 1 bar, resulting in
a total simulation time of 400 ns. Following the initial equili-
bration step necessary to determine the equilibrium densities
ρeq, we applied a temperature-annealing process to cool the
systems in decrements of 50 K while maintaining a constant
pressure of 1 bar. At each temperature step, 25 ns were al-
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located to reduce the temperature at a rate of 2 K ns−1, with
an additional 50 ns for system thermalisation. Our aim was to
ensure that the resulting density at ambient conditions aligned
well with the experimental values available in the literature.

The second equilibration step, consistently applied to all
mesogens, allowed the systems to reach a value of density
close to ρ = 1100 kg m−3 at 300 K and slightly lower at larger
temperatures, in good agreement with experimental data re-
ported for mes-1 (roughly 1000 kg m−3 at 298 K and 960 kg
m−3 at around 460 K).39 The values of density of each molec-
ular fluid are reported in Table II as a function of tempera-
ture. The cut-offs for the van der Waals and short-range con-
tribution to the electrostatic interactions were set to 1.1 and
1.2 nm, respectively, and the latter was treated employing the
particle mesh Ewald (PME) method. For efficiency purposes,
all bonds were constrained to their equilibrium values via the
LINear Constraint Solver (LINCS) algorithm. The alignment
of molecules was assessed by computing the nematic order
parameter, S2, which is the largest eigenvalue of the following
tensor:

Qαβ =
1

2N

N

∑
j=1

(
3û jα û jβ − I

)
. (2)

Here, û jα are unit vectors, calculated as the normalised dis-
tance between two reference carbon atoms belonging to the
upper or lower arms of each molecule (see Fig. S.1 of sup-
plementary material for details) and indicating the orientation
of molecule j. The indices (α,β ) denote mutually orthogonal
spatial dimensions (x,y,z), and I is the second-rank unit ten-
sor. The nematic order parameter S2,L is the largest eigenvalue
of the tensor Qαβ , with the corresponding eigenvector n̂ rep-
resenting the nematic director. This director indicates the av-
erage preferential orientation of the molecules. Once the ten-
sor is determined, the biaxial order parameter B2,L,28,38,51–53

associated with the nematic director along the main molecular
axis, can be calculated as follows:

B2,L =
1
3
(m̂ ·Qxx · m̂+ l̂ ·Qyy · l̂− m̂ ·Qyy · m̂− l̂ ·Qxx · l̂). (3)

where m̂ and l̂ are the remaining eigenvectors obtained by
solving the tensor equation. The order parameters B2,W and
B2,T can be calculated similarly. However, monitoring the bi-
axial order parameter B2,L, which provides the fluctuations of
the two particle unit vectors perpendicular to the main nematic
director, is sufficient to assess biaxiality.

While the order parameters offer valuable insights into the
system’s orientation, they alone do not suffice to determine the
precise morphology of the LC phase. To address this, we cal-
culated the radial, parallel, and perpendicular pair distribution
functions (PDFs), defined as follows:

g(r) =
Np

ρNNcV (r)
, (4)

g∥(r∥) =
Np

ρNNcV (r∥)
, (5)

g⊥(r⊥) =
Np

ρNNcV (r⊥)
. (6)

Here, r is the vector distance joining two reference atoms,
with r∥ and r⊥ denoting its projections parallel and perpen-
dicular to n̂, respectively. Np indicates the number of atoms
found within the volumes V (r), V (r∥), and V (r⊥), while ρ is
the system’s density. These volumes correspond to the re-
gions surrounding the reference atoms within the specified
distances. The variable N represents the total number of par-
ticles in the system, while Nc denotes the number of configu-
rations explored. These correlation functions provide insights
into the structural characteristics of the system across all three
dimensions of space, as well as in the directions parallel and
perpendicular to the nematic director. For their calculation,
we opted to select the oxygen (O) atom belonging to the an-
thraquinone group, instead of the molecule’s centre of mass.
This decision was made due to the bending exhibited by our
mesogens, where the centre of mass may not correspond to a
well-defined physical location. The perpendicular PDF was
obtained by projecting the distance vector between two inter-
molecular O atoms onto the plane perpendicular to n̂, while
the parallel PDF was derived from the projection along it.

To characterise the system’s dynamics, we computed the
mean square displacement (MSD) and the self-part of the van
Hove autocorrelation function (s-VHF). We focused on two
parts of the molecules for both properties: the core group,
formed by the carbon atoms adjacent to positions 1, 4, 5, and
8 of the molecule’s core (see Fig. 1), and the four terminal
groups, labelled as R′′. The hydrogen atoms were not consid-
ered, and the groups were treated as single entities. For the
MSD, we calculated the total displacement as well as the dis-
placements in both the parallel and perpendicular directions
to n̂ 〈

∆r2(t)
〉
=

1
Np

〈
Np

∑
i=1

|ri(t)− ri(0)|2
〉
, (7)

〈
∆r2

∥(t)
〉
=

1
Np

〈
Np

∑
i=1

∣∣r∥,i(t)− r∥,i(0)
∣∣2〉 , (8)

〈
∆r2

⊥(t)
〉
=

1
2Np

〈
Np

∑
i=1

∣∣r⊥,i(t)− r⊥,i(0)
∣∣2〉 , (9)

where Np is the number of atoms belonging to the terminal
or core group, while r∥,i and r⊥,i are, respectively, the scalar
projections of the displacement of particle i in the directions
parallel and perpendicular to the nematic director. The s-VHF
measures the probability distribution for the displacements of
the beads at time t0 + t, given their positions at time t0. It is
defined as:

Gs(r, t) =
1

Np

〈
Np

∑
i=1

δ [r− (ri(t0 + t)− ri(t0))]

〉
, (10)

Gs(r∥, t) =
1

Np

〈
Np

∑
i=1

δ
[
r∥− (r∥,i(t0 + t)− r∥,i(t0))

]〉
, (11)
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Gs(r⊥, t) =
1

Np

〈
Np

∑
i=1

δ
[
r⊥− (r⊥,i(t0 + t)− r⊥,i(t0))

]〉
,

(12)
where δ is the Dirac-delta and ⟨. . .⟩ indicates ensemble aver-
age. We notice that the s-VHFs of freely diffusive molecules
can be described by a Gaussian distribution.

III. RESULTS AND DISCUSSION

To characterise the structural order of the mesogens pre-
sented in Table I, we first analyse their nematic order parame-
ter at p = 1 bar and 300 ≤ T ≤ 600 K. Since the observed ten-
dencies show moderate changes between 300 and 600 K, most
of our results are presented at these two temperatures. The ne-
matic order parameter S2,L, derived from Eq. (2), serves as a
measure of the degree of molecular alignment within a system
along a specific direction. This parameter ranges from 0, indi-
cating complete molecular disorder, to 1, representing perfect
alignment in a single direction. Specifically, consistently with
our previous work, we consider values exceeding 0.40 as in-
dicative of significant orientational order along certain axes
within the systems.30

Fig. 3 illustrates the order parameters calculated for all
mesogens along the major axis: S2,L (top frame) and the corre-
sponding biaxial order parameter B2,L (bottom frame), which
measures the orientational fluctuations around n̂. In the top
frame, mes-3 and, especially, mes-4 exhibit sufficiently high
S2,L values, clearly indicating their status as ordered systems.
In contrast, mes-1 and mes-2 do not display significant align-
ment, indicating the occurrence of weakly ordered phases that
deviate from the experimental observations by Lehmann and
coworkers, who found nematic phases for mes-1 between 370
and 480 K and for mes-2 between 490 and 530 K.39 Never-
theless, a closer inspection of the MD trajectories reveals the
presence of small nematic-like clusters, consisting of up to 10
molecules. The cluster criterion we adopted was based on the
nematic phase formed by mes-3, using a 2 nm distance and a
10° angle variation for the mutual alignment of neighbouring
molecules. This identified a unique cluster of 252 molecules.
Shorter distances or smaller angles would fragment the sys-
tem, making this choice a threshold for defining the cluster.
Using this criterion, we identified clusters at both 600 K and
300 K (see Figs. S2 and S3 of the supplementary material).
In all cases, some clusters exhibited biaxiality with values of
B2,L > 0.4. While the observed biaxiality is interesting, es-
pecially because biaxial aggregates have also been reported
experimentally39, the number of molecules in these clusters is
too small (experimentally-observed clusters can contain up to
180 molecules) to draw solid conclusions about the biaxiality
of these aggregates. In the bottom frame of Fig. 3, the B2,L
values for all mesogens indicate negligible alignment of the
secondary molecular axes, suggesting that the phases formed
by mes-3 and mes-4, as well as the small nematic domains
in mes-1 and mes-2, are predominantly uniaxial. We no-
tice that a slightly larger B2,L is observed in mes-3 between
300 and 400 K, possibly indicating localised biaxiality in do-
mains with the right orientation, consistent with experimental
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FIG. 3. Nematic order parameter measuring the order along the
mayor axis of the four mesogens (top frame) and biaxial order pa-
rameter (bottom frame) relative to n̂, both as a function of tempera-
ture at 1 bar.

observations.39

In light of these preliminary observations, our focus is now
narrowed to the systems capable of generating unambiguously
ordered mesophases, namely mes-3 and mes-4. The PDFs
of the weak nematic phases formed by mes-1 and mes-2 are
available in Fig. S.4 of the supplementary material. In Fig. 4,
we present the obtained results for the parallel and perpendic-
ular PDFs for mes-3 (green lines) and mes-4 (orange lines) at
temperatures of 300 K (dashed lines) and 600 K (solid lines).
While decreasing the temperature does not significantly af-
fect the structure, it does limit the mobility of the molecules,
thereby altering the probability of homogeneously mapping
the full phase space over the same simulation time, resulting
in more noisy PDF profiles. In Fig. 3, mes-3 displays a pre-
dominant orientational alignment along its major molecular
axis, with S2,L ≃ 0.5. Moreover, the approximately flat pro-
file of its g∥ PDF in Fig. 4 indicates that this mesogen exhibits
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FIG. 4. Pair distribution functions (PDFs) calculated in the direction
of the nematic director (main frame) and perpendicular to it (inset).
Green and orange lines correspond, respectively, to the PDFs of mes-
3 and mes-4 obtained at 300 K (dashed lines) and 600 K (solid lines).

no positional order along the nematic director across the en-
tire temperature range studied. In the inset, we also observe
that the g⊥ PDF basically highlights the fluid-like (isotropic)
character of mes-3 in planes perpendicular to n̂ between 300
and 600 K. These observations collectively suggest that, in
good qualitative agreement with experiments,39 mes-3 assem-
bles into NU LCs of the type exemplarily shown in Fig. 5, with
very weak, practically insignificant biaxiality. The main dif-
ference from experiments is the temperature range at which
this nematic phase has been found to be stable, which is be-
tween 430 and 570 K, hence smaller than our predictions.

Different considerations apply to mes-4, whose uniaxial
order parameter, ranging from 0.85 to 0.9, indicates an ex-
ceptionally high degree of orientational ordering. Its PDF
in Fig. 4 exhibits distinct minima and maxima, indicative of
the characteristic layered structure of smectic phases, align-
ing well with experimental observations.39 The presence of
minima at g∥ > 0 suggests that some molecules are situated
between layers, indicating a degree of interdigitation. This is
further corroborated by the distribution of the O atoms of the
core group, magnified for clarity in the top frame of Fig. 6,
where in-layer and intra-layer molecules are distinguished by
different colours for better visualization. Although the pro-
file of the parallel pair distribution function unambiguously
indicates a periodic structuring, we notice that the layers are
not fully defined, due to molecular interdigitation, suggesting
the occurrence of a weak smectic phase. The bottom frame
of Fig. 6 presents a top view of this phase, highlighting the
random positions of the molecule cores, thereby confirming
the fluid-like nature within the layers. Interestingly, our simu-
lation results agree well with the experimental observations
by Lehmann and coworkers, who also detected the forma-
tion of smectic phases for mes-4.39 The same authors noted
the presence of small smectic-C-like clusters, where the ne-

y

xz

FIG. 5. Snapshot of the uniaxial nematic (NU) phase formed by
mes-3 at 1 bar and 300 K. Some randomly selected molecules are
highlighted in light blue to better illustrate the alignment character-
istic of this phase and the absence of positional ordering.

matic director and the layer normal form an angle, embedded
within the nematic phase that forms at higher temperatures.
These clusters indicate a tendency towards localised layering
and tilt, even in the predominantly nematic phase. This obser-
vation suggests a complex interplay between different (stable
and metastable) mesophases, which could be influenced by
subtle variations in temperature, pressure, and molecular in-
teractions.

With this understanding of the structural properties of the
two LC-forming species, we shift our attention to their dy-
namics. Considering the spatial anisotropy arising from the
alignment of molecules along a specific direction, both meso-
gens are expected to exhibit anisotropic behaviour in their
dynamics as well, with parallel and perpendicular mobility
evolving over distinct timescales. To test this hypothesis, we
compute the MSD and s-VHF parallel and perpendicular to
the nematic director. These functions are further analysed sep-
arately for the four terminal groups and the molecule central
core, aiming to enhance our comprehension of their relative
mobility. Because the four terminal groups are identical, their
dynamical properties are averaged out to improve statistics.

In Fig. 7, we present the MSD of the core and terminal
groups of mes-3 along n̂ and perpendicular to it. As a gen-
eral trend, it can be observed that after a relatively short ini-
tial period, during which the molecules diffuse around their
original positions, they begin to perceive the presence of their
surrounding neighbours at approximately t = 10−3 ns and sub-
sequently slow down. This results in a decrease in the slope
of the MSD with time, particularly pronounced at lower tem-
peratures, as the system enters the so-called cage regime. This
regime can persist for several decades of time, eventually con-
cluding when the system transitions to the long-time diffusive
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FIG. 6. Front (upper frame) and top (lower frame) views of a smec-
tic phase formed by mes-4 at 1 bar and 300 K. In-layer molecules
are coloured in red and grey, with their central oxygen atoms mag-
nified in blue, to highlight the presence of distinct layers. Inter-layer
molecules are coloured in white. Note that the simulation box has
been replicated to better appreciate the layered structure of the smec-
tic phase.

regime, where the MSD regains its linear relationship with
time, ⟨∆r2⟩ ∝ t. At 600 K (top frame), a crossover between
the parallel and perpendicular MSDs is observed, with the
parallel component dominating at long times and the perpen-
dicular component at short times. This crossover occurs at
t ≃ 3× 10−2 ns for the core groups and significantly later, at
t ≃ 20 ns, for the terminal groups. While the core groups
achieve the long-time diffusive regime within our simula-
tion time, with diffusion coefficients D⊥,core = (14.70±0.40)
nm2ns−1 and D∥,core = (34.98± 0.30) nm2ns−1 for the cen-
tral core and D∥,term = (35.48±0.30) nm2ns−1 for the termi-
nal groups, which achieve the long-time diffusive regime only
along the direction of n̂. As expected, the long-time diffu-
sion coefficients of both the terminal and core groups in the
parallel direction are essentially the same. However, in the
perpendicular direction, the core group enters the diffusive

<
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<
�r
2 >
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10-4 10-3 10-2 10-1 100 101 102
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FIG. 7. MSD of core (blue symbols) and terminal (red symbols)
groups of mes-3 as calculated along the nematic director (circles and
dashed lines) and perpendicular to it (squares and solid lines) at 300
K (bottom frame) and 600 K (top frame). Lines are a guide for the
eye.

regime earlier than the terminal group. We anticipate that,
over extended time scales, the terminal group will exhibit the
same diffusion coefficient as the core group once the system
reaches equilibrium. We attribute this difference to the steric
effects of the bulky terminal groups, which create spatial con-
straints and hinder their transverse motion. These steric hin-
drances likely lead to increased resistance against movement
perpendicular to the main axis, causing the observed differ-
ences. At 300 K (bottom frame), a distinct scenario unfolds,
with diffusion rates decreasing significantly by over a thou-
sandfold at long times, indicating a substantial impact of tem-
perature on the system. Both terminal and core groups ex-
hibit markedly slower diffusion, with perpendicular mobility
consistently outpacing parallel mobility. For the core groups,
parallel and perpendicular MSDs nearly converge at extended
times.
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The parallel and perpendicular MSDs for mes-4 are de-
picted in Fig. 8. In the top frame (600 K), the MSDs are
especially similar to those of mes-3, particularly so for the
core group. In this case, the diffusive regime is observed, at
600 K only, for both terminal and core groups in the paral-
lel direction to the nematic director. In particular, D∥,core =

(1.982±0.021) nm2 ns−1 and D∥,term = (1.938±0.021) nm2

ns−1. As noticed for mes-3, at t ≃ 2×10−2 ns, we observe a
crossover between parallel and perpendicular MSDs, with the
difference between them gradually increasing with time with
the core and terminal groups gradually losing their individ-
uality and consequently diffusing as a unified whole. Upon
decreasing temperature (bottom frame of Fig. 8), the mobility
of the two groups experiences a substantial decrease in both
parallel and perpendicular directions. The isotropic MSDs of

mes-1 and mes-2 are available in Fig. S.5 of the supplemen-
tary material.
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the s-VHFs of core and terminal groups, respectively.

To further characterise the dynamics, we calculated the self
part of the van Hove correlation functions for the molecule
core and terminal groups. The s-VHFs provide an intriguing
perspective on the presence of slow and fast molecules, iden-
tifying those that move smaller or larger distances, respec-
tively, than the average molecule at a given time. Although
the probability of observing these families of molecules is not
particularly high, as indicated by the short-distance and long-
distance tails of the VHFs, they still play a role in determining
the system’s dynamics and long-time structural relaxation. We
evaluated the van Hove functions at different time intervals,
focusing here on results obtained at 10−3 ns, indicative of the
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short-time dynamics, and at 40 ns, which, depending on the
system, might or might not be sufficient to reach the long-time
diffusive regime. For smectic LCs at 600 K, we also present
results at 120 ns. In Fig. 9, we present the s-VHFs for the ter-
minal and core groups of mes-3, calculated along the nematic
director (bottom frame) and perpendicular to it (top frame)
at 600 K. The insets show the same functions at 300 K. The
simulation outcomes are accompanied by Gaussian fits around
the peak, which overestimate the probability of observing
slow molecules and significantly underestimate the probabil-
ity of observing fast molecules. This phenomenon mirrors
intriguing resemblances to the heterogeneous dynamics ob-
served in colloidal LCs54,55 and certain amorphous systems,
including supercooled liquids and gels.56,57 One can observe
that the Gaussian approximation gradually loses reliability as
time progresses, particularly along the nematic director (bot-
tom frame). Additionally, we note that in the parallel direc-
tion, the s-VHFs of both terminal and central groups become
nearly indistinguishable at long times. This convergence im-
plies that local dynamics gradually diminish in significance as
both groups move in tandem, behaving more like a cohesive
unit rather than distinct entities. A contrasting trend emerges
in planes perpendicular to n̂ (as depicted in the top frame of
Fig. 9), where the s-VHFs of terminal groups unveil a faster
dynamics compared to that of the central groups throughout
the entire time window explored in our study. Upon decreas-
ing the temperature to T = 300 K (insets in top and bottom
frames), this tendency is maintained, although the overall mo-
bility of the molecules is significantly reduced. Specifically, at
t = 40 ns, the fastest terminal groups have displaced between
20% and 25% of the distance they cover along n̂ or perpen-
dicular to it at 600 K. The core groups become even slower,
covering an average distance of only about 10% of that cov-
ered at 600 K.

As highlighted above, the primary distinction between mes-
3 and mes-4 is the latter’s ability to self-assemble into smec-
tic LCs. The formation of a layered structure significantly
impacts the dynamics, particularly the mobility of molecules
along the nematic director. Specifically, similar to previous
experimental,58 theoretical,59 and simulation60,61 studies on
rod-like particles - although these geometries are an oversim-
plification of the molecules investigated here - we observe a
secondary peak at r ≃ 5 nm (see bottom frame of Fig. 10), ap-
proximately corresponding to one layer spacing. This peak
indicates that, at t = 120 ns, sufficiently fast molecules have
diffused from one layer to another. It also suggests that inter-
layer molecules, those located between layers, are less com-
monly observed (see also Fig. 6). This implies that layer-to-
layer jumping occurs much faster than the time molecules
spend within a single layer, a phenomenon also observed
at the colloidal scale.60 A video illustrating the rattling-and-
jumping diffusion of selected molecules across contiguous
smectic layers is available in the supplementary material. The
resulting non-Gaussian dynamics, arising from a rattling-and-
jumping mechanism where molecules explore the in-layer
space and, when conditions permit, jump to an adjacent layer,
are not surprising. Similar behaviour has been observed in
two-dimensional liquids,62 cluster crystals,63 and glasses.64

As the temperature decreases, molecular mobility is signif-
icantly reduced especially in the parallel direction, with the
fastest molecules travelling only one-fifth of the distance they
would cover in the same time at 600 K and making layer-to-
layer jumps much less likely (see inset in the bottom frame of
Fig. 10). Similar to the dynamics observed along n̂, the dy-
namics in planes perpendicular to n̂ also deviate significantly
from Gaussian behaviour, particularly at long times and lower
temperatures. Unlike the layered-structure dynamics along n̂,
no evidence of secondary peaks is observed in the perpendicu-
lar planes. This indicates that the motion of molecules in these
planes resembles that of typical low-temperature fluids, where
the molecular movement is more uniform and lacks the dis-
tinct rattling-and-jumping mechanism seen in layered struc-
tures (see top frame in Fig. 10). At reduced temperatures, the
molecular mobility is further restricted, leading to a more ho-
mogeneous and less dynamic behaviour, akin to the dynamics
in supercooled or glassy states where molecular movement is
highly constrained. The three-dimensional s-VHFs of mes-1
and mes-2 are available in Fig. S.6 of the supplementary ma-
terial.

IV. CONCLUSIONS

In summary, our atomistic MD simulations have inves-
tigated the phase behaviour and dynamics of a family of
board-like molecules recently identified as promising can-
didates for the formation of biaxial nematic liquid crystals.
While we did not observe solid evidence of biaxiality, some
of these mesogens were able to self-assemble into uniaxial
liquid-crystalline phases. Previous work at the colloidal scale
demonstrated that board-like particles are unable to form bi-
axial nematics unless a significant degree of size dispersity is
introduced.6,27–29,31 Essentially, polydisperse systems desta-
bilise the highly stable smectic phase and promote the for-
mation of biaxial nematic liquid crystals. It has also been
shown that this result can be achieved by applying an exter-
nal field to monodisperse systems.30,33 The hypothesis under-
pinning the present study is that pure systems of similarly
shaped molecules might be unable to transfer their intrinsic
biaxiality from the single-molecule scale to the bulk unless
different mesogens are mixed together. Therefore, before ex-
ploring mixtures of different molecular fluids, it is essential
to identify the most appropriate mesogens for this approach,
namely those that can at least form uniaxial liquid crystals.
In particular, we investigated a set of four board-like meso-
gens, recently characterised experimentally by Lehmann and
coworkers, consisting of an anthraquinone core and four lat-
eral arms forming an oligo(phenyleneethynylene) scaffold.39

We used atomistic MD simulations to study their aggrega-
tion behaviour, structural properties, and dynamics. While
these anisotropic molecules have the appropriate geometry
to self-assemble into ordered mesophases, only two of them
are found to form highly-ordered LCs at ambient tempera-
ture and pressure. Specifically, mes-1 and mes-2 assemble
into weakly-ordered phases with a nematic order parameter
in the range 0.2 ≤ S2,L ≤ 0.3. This level of ordering, despite
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the presence of interesting nematic-like aggregates with biax-
ial signature, is insufficient to classify these model mesogens
as true nematic LCs, contrary to experimental observations.39

In contrast, there was good agreement with experiments for
mes-3 and mes-4. The former forms uniaxial nematic LCs,
with the molecules predominantly oriented along their major
axis and, to a lesser extent, along their middle axis, suggesting
the occurrence of very weak, almost negligible biaxiality. On
the other hand, mes-4 forms positionally ordered LCs charac-
terised by a layered structure with the nematic director parallel
to the layers’ normal, indicative of a smectic-A phase. Ex-
perimentally, it has been observed that mes-3 forms nematic
LCs, albeit in a smaller temperature range, and mes-4 assem-
bles into smectic-A phases, suggesting a very good agreement

with our simulation results.39

Having identified mes-3 and mes-4 as the most interesting
among the four initially selected systems (since mes-1 and
mes-2 form weakly-ordered phases at atmospheric pressure),
we proceeded to study their dynamics over nearly six decades
of time. Analysing the short- and long-time dynamics of these
mesogens is crucial for understanding the impact of molecular
structure, particularly the steric effects of the terminal groups,
on their mobility and, consequently, on their responsiveness to
external fields. We emphasise that these aspects are as impor-
tant for LC-based display applications as phase behaviour and
structural properties. The dynamics has been investigated as
a function of temperature, spanning from 300 to 600 K. The
MSDs reveal a short-time diffusive regime lasting approxi-
mately 10−3 ns, followed by the onset of a cage effect, whose
duration strictly depends on the system and temperature. At
300 K, both mesogens are unable to achieve the long-time dif-
fusive regime within our simulation time. This is particularly
evident in the smectic phase of mes-4, which is significantly
denser than the nematic phase formed by mes-3. Core and ter-
minal groups exhibit different mobility, with the former sig-
nificantly slower than the latter over almost the entire time
window explored. This reveals an intriguing local dynamics
that persists up to very long times, when both groups eventu-
ally move as a single unit rather than as distinct entities. Due
to the LCs’ spatial anisotropy, the dynamics along the nematic
director and perpendicular to it have been investigated sepa-
rately, revealing significant differences as expected. Gener-
ally, perpendicular mobility is faster than its parallel counter-
part at short-to-intermediate time scales. At sufficiently long
times, the exact value of which depends on temperature and
molecular group, a crossover is observed, with parallel dif-
fusion becoming dominant. We believe this crossover is due
to the strong interdigitation between molecules, also observed
experimentally,39 which likely favours layer-to-layer diffusion
over in-layer diffusion, the latter being especially hindered by
the steric impediments caused by the bulky lateral and termi-
nal groups (see Fig. 1 and Table I).

Finally, the s-VHFs reveal the presence of both slow and
fast molecules, characterising the heterogeneous dynamics of
the system and contributing to its structural relaxation. The
analysis of the s-VHFs in the smectic phase shows a pat-
tern where molecules tend to move from one layer to an-
other through quasi-discrete jumps. This suggests a mecha-
nism of interlayer diffusion similar to that observed in par-
ticularly dense systems, such as supercooled liquids,62 clus-
ter crystals,63 and glasses.64 When fitting the simulation re-
sults with a Gaussian distribution, we observe that the short-
and long-distance tails are poorly estimated, particularly in
the smectic phase at long time scales. Specifically, the Gaus-
sian fits significantly underestimate the probability of observ-
ing fast molecules by up to three orders of magnitude in the
direction of the nematic director. This discrepancy, though
to a lesser but still significant extent, is also observed in the
nematic phase. This indicates that the rattling-and-jumping
dynamics detected in the smectic phase of mes-4, which are
strongly connected to the unpredictable availability of free
space in contiguous layers, may enhance but not solely gen-
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erate the dynamical heterogeneities revealed by the s-VHFs.
These heterogeneities are likely produced by a complex in-
terplay of phenomena. Among these, caging effects, where
molecules are temporarily trapped by their neighbours, and
collective rearrangements of molecules, play significant roles.
Caging restricts molecular motion for extended periods, while
collective rearrangements involve coordinated movements of
groups of molecules, which facilitate relaxation over longer
timescales. Together, these factors contribute to the over-
all relaxation mechanism of the system, leading to the non-
Gaussian dynamics observed. This intricate behaviour under-
scores the need for models able to more efficiently achieve the
long-time diffusion processes in such anisotropic and hetero-
geneous systems. We are currently working on that.

SUPPLEMENTARY MATERIAL

The supplementary material includes detailed information
on the calculation of the nematic order parameter, as well
as snapshots of the nematic-like clusters formed by mes-1
and mes-2. Additionally, it provides radial distribution func-
tions, mean-squared displacements, and the self-part of the
van Hove functions for mes-1 and mes-2 at 300 K and 600 K.
A video illustrating the rattling-and-jumping diffusion of se-
lected molecules of mes-4 across contiguous smectic layers at
T = 600 K is also provided.
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