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ABSTRACT
Short, partially complementary, single-stranded (ss)DNA strands can form nanostructures with a wide variety of shapes and mechanical
properties. It is well known that semiflexible, linear dsDNA can undergo an isotropic to nematic (IN) phase transition and that sufficiently bent
structures can form a biaxial nematic phase. Here, we use numerical simulations to explore how the phase behavior of linear DNA constructs
changes as we tune the mechanical properties of the constituent DNA by changing the nucleotide sequence. The IN-phase transition can
be suppressed in so-called DNA “nunchakus”: structures consisting of two rigid dsDNA arms, separated by a sufficiently flexible spacer. In
this paper, we use simulations to explore what phase behavior to expect for different linear DNA constructs. To this end, we first performed
numerical simulations exploring the structural properties of a number of different DNA oligonucleotides using the oxDNA package. We then
used the structural information generated in the oxDNA simulations to construct more coarse-grained models of the rod-like, bent-core, and
nunchaku DNA. These coarse-grained models were used to explore the phase behavior of suspensions of the various DNA constructs. The
approach explored in this paper makes it possible to “design” the phase behavior of DNA constructs by a suitable choice of the constituent
nucleotide sequence.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0145570

I. INTRODUCTION

In his seminal 1949 paper,1 Onsager predicted that thin, rod-
like colloids could undergo a purely entropy-driven transition from
an isotropic liquid to a nematic liquid crystal (LC).

Entropy-driven phase transitions of suspensions of non-
spherical, hard colloidal particles have been the subject of many
experimental, theoretical and numerical studies; see, e.g., Refs. 2–5.
In addition, many experimental and simulation studies focused
on thermotropic molecular liquid crystal formers amongst which
“bent-core” or “banana-shaped” molecules garnered particular
interest because they display a rich phase behavior that includes
different smectic phases. Such liquid crystals are of interest in
view of their potential applications in non-linear optics and display
technology.6–11 It is challenging to synthesize colloidal bent-core
mesogens with sufficiently narrow size- and angle-distributions such
that a clear liquid crystal (LC) phase transition could be observed.12

An important advance was made by Fernańdez-Rico et al.,13 who
succeeded in synthesizing banana-shaped colloids with a low poly-
dispersity for which the bending angle could be controlled con-
tinuously. Fernańdez-Rico et al.13 performed confocal-microscopy
studies on suspensions of their banana-shaped colloids to explore
the various LC phases directly as a function of the bending angle.
Their observations could be reproduced in variational mean-field
theory and Monte Carlo simulations.10

An attractive approach to design perfectly monodisperse, bent-
core systems with no polarity or attractive inter-particle potentials is
the use of relatively short, single-stranded DNA chains. Such chains
had earlier been used to create self-assembling DNA nanostars14–16

and a wide range of DNA-origami structures.17–22 The large differ-
ence in the persistence length of double- and single-stranded DNA
has also been used to explore linear, double-stranded (ds)DNA as
liquid crystal formers.23–27 However, in experiments, a key challenge
for using DNA lies in the design of thermodynamically stable DNA
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sequences that can then organize into the desired LC-phase. A prac-
tical problem is that designed DNA sequences tend to be relatively
short (for cost reasons) and that for the typical aspect ratios of such
short DNA constructs high concentrations are needed to reach the
IN-phase transition. As a consequence, it is costly to prepare many
different mesogenic DNA constructs.

Salamonczyk et al.25 introduced a tailor-made, coarse-grained
model to specifically emulate the smectic phase transition of DNA
nunchakus they studied in experiments. There they used a 20
thymine long spacer to connect two rigid dsDNA duplexes, which
were represented by hard cylinders connected by two beads via
appropriate springs. This choice allowed the two rigid arms to align
parallel to each other, thus promoting smectic alignment. How-
ever, this model did not reflect the dependence of the bending angle
between the two arms as a function of the ssDNA linker-length.
Here, we show how to use oxDNA 2.0,28,29 a semi-coarse-grained
simulation model that provides structural and thermodynamic
properties of any DNA construct, to design nearly rigid rods and
corresponding rigid, bent-core, and flexible “nunchakus” mesogens
and then test these in the laboratory. Subsequently, we transposed
our computationally expensive oxDNA model into a further coarse-
grained bead-spring model developed by Xing et al.16 for DNA
nanostars using Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS).30 This approach allowed simulating larger
systems of DNA mesogens and provides a better predictor of the
experimental phase behavior of such systems. We identified individ-
ual phases by measuring the diffusion coefficients of the mesogens
along the different coordinates. While the literature exists on the
dynamic behavior of mesogens within liquid crystal phases,31,32 this
method was not used previously to identify the nature of the smectic
phase.

II. SIMULATION MODEL
A. Mapping oxDNA findings to a coarse-grained
bead-spring model

We base our coarse-grained bead-spring model16 of rigid rods
and nunchakus with different flexibilities on the molecular structure
and interaction parameters obtained from the semi-empirical, more
detailed oxDNA calculations28,33 of DNA sequences, which we tested
experimentally. The specific sequence and detailed experimental and
oxDNA modeling are given in the supplementary material.

The nunchaku molecules are formed of two rigid rods con-
nected by a flexible linker, as depicted in Fig. 1. Each rod is modeled
as a series of beads that have a diameter of 2 nm, corresponding to
∼6 base pairs of dsDNA.34 These beads are connected by harmonic
springs and kept linear by an angular potential with a minimum at
180○. All molecules considered here are shorter than the persistence
length of double-stranded DNA, which is ∼50 nm.35 Therefore, the
approximation of near-perfect rigidity (and linear rods) is valid and
justified further in the supplementary material.

Two separate cases for the central angular potential connect-
ing the two rods were considered, allowing for bent-core and
flexible mesogens. Bent-core molecules represent the limiting case
of a completely rigid connector with the minimum of the angu-
lar potential set to θ = 150○. This allows for small fluctuations
around θ, thus giving all mesogens approximately the same opening
angle. Such molecules would require a carefully designed linking

FIG. 1. Both schematic representations of our coarse-grained bead-spring model
and the oxDNA calculation below the melting temperature of the DNA sequences
used.

sequence tailored to the opening angle desired, and we propose
that techniques from DNA nanotechnology, such as those pio-
neered by Siavashpouri et al.,36 would be best placed to realize this
experimentally.

In the flexible case, the energy scale of the angular potential is
reduced while the minimum is kept at 180○ so that the opening angle
of the mesogens can vary considerably. This choice was based on
our oxDNA analysis of the flexibility provided by single-stranded
DNA that links the two arms in the nunchakus. These oxDNA
simulations, detailed in the supplementary material and stated also
in previous work,16 suggest that an ssDNA linker of minimum
length of 6 bases (roughly one bead size) provides a wide proba-
bility distribution of θ as shown in Fig. 1. In the same figure, we
also show the angle-probability distribution for the same sequence
with no ssDNA flexibility–this quasi-hard rod system was used to
calibrate our simulations with regard to isotropic to nematic phase
transitions as a function of aspect ratio.

The model was implemented in LAMMPS30 using reduced
units based on the fundamental units of mass m, the Lennard-Jones
(LJ) energy scale ϵLJ , the LJ length scale σLJ , and the Boltzmann
constant kB. Unless otherwise stated, these units are used in all
figures throughout. These also define a characteristic time scale
τ = (mσ2

LJ/ϵLJ)1/2. The LJ quantities are defined by the form of the
inter-molecular interaction potential for which a shifted, cut-off
potential (potted in Fig. 1) is used,

Ui j = 4ϵLJ

⎡⎢⎢⎢⎢⎣
(σLJ

ri j
)

12

− (σLJ

ri j
)

6⎤⎥⎥⎥⎥⎦
+ ϵLJ , ri j < rc = 21/6σLJ , (1)

where U ij = 0 otherwise. In this Weeks–Chandler–Andersen (WCA)
style potential, a cut-off distance rc = 21/6σLJ was chosen to rep-
resent the purely repulsive excluded volume interactions between
the beads, ensuring that all phase transitions observed are truly
entropy-driven. Neighboring beads are connected by the harmonic
potential,

Vbond = Kbond(r − r0)2, (2)
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where r0 is the equilibrium bond distance and Kbond is the stiff-
ness of the harmonic bond. We set r0 to 0.96σLJ and Kbond to
500ϵLJ/σ2

LJ throughout, allowing for minimal disturbances around
the equilibrium distance. As the beads themselves have a radius
0.5rc (equivalent to 0.56σLJ), this gives a small overlap between
neighboring beads. The angular potential is given by

Vangle = Kangle(θ − θ0)2, (3)

where θ0 is the equilibrium bond angle and Kangle is the spring con-
stant that controls the allowed distribution of the angle. We set
θrod

0 = 180○ within each rod and θbend
0 = 150○ for the bent-core

molecules. We chose Kangle = 500ϵLJ/rad2 throughout, except for
the central angle in the flexible nunchakus, where it is given as
0.1ϵLJ/rad2 (a non-zero value is used when defining this bond’s
properties to ensure numerical stability in the simulation). This cor-
responds to the ssDNA, represented by a separate bead in the center
of the molecule with differing mechanical properties.

B. Simulation details
All molecular dynamics (MD) simulations presented here were

performed in LAMMPS.30 Simulations were conducted on a sys-
tem of 1000 particles with a time step of 0.005τ, unless otherwise
stated. Furthermore, the simulations were performed within an
oblong box defined by the Cartesian axes under periodic boundary
conditions.37 The aspect ratio of this box may be varied to support
phase formation for anisotropic mesogens and evaluate correlation
functions over longer lengths without increasing the size of the
system.

The system was initially configured in a dilute, isotropic state,
prepared by random placement and orientation of the mesogens in
a simulation box using a Monte Carlo algorithm. Any molecules
that did not fit in the simulation box or those that overlapped with
the existing units were discarded, and the placement procedure was
repeated until all particles were added. When studying high volume
fractions, simulations were initiated from a perfectly ordered square
crystalline phase with all molecules aligned along a common axis.
Care was taken to ensure stability of this ordered phase by con-
firming molecules did not overlap and that the internal energy was
conserved after equilibration.

An isenthalpic ensemble was used to expand/contract the size
of the simulation box, hence varying the volume fraction of the
mesogen system, while a microcanonical (N, V , E) ensemble was
used to thermally equilibrate the system at each volume fraction
studied. For the isenthalpic ensemble, time integration was evalu-
ated using the Nosé–Hoover barostat,38,39 natively implemented in
LAMMPS40 with a damping time τ.

Simulation runs consisted of multiple stages alternating
between these two ensembles to sweep through different system
densities: contraction stages varied the volume fraction while equi-
libration stages were used for data collection. Typically 2 × 104 steps
(each of duration 0.005τ) were simulated in the isenthalpic ensem-
ble, followed by 2 × 106 steps in the microcanonical ensemble, to
allow the system to reach equilibrium at this volume fraction. Static
system properties to characterize the equilibrium phase of the sys-
tem were sampled after each equilibration period. To ensure the

stability of the system during these periods, energy and tempera-
ture conservation (at T = 0.5ϵLJ/kB) were verified over a range of
timescales.

III. PHASE CHARACTERIZATION
Our linear, rod-like DNA mesogens display traditional liquid

crystal phase transitions with characteristic nematic and smectic
order parameters. The nematic order parameter Sn is given by

Sn = ⟨P2(cos φ)⟩ = ⟨3
2

cos2 φ − 1
2
⟩, (4)

where P2 denotes the second Legendre polynomial41 and φ is the
angle between the molecular axis and the system director. This is
non-trivial to calculate when the system director is not known (i.e.,
in the absence of an external field). Therefore, we used the approach
taken by Frenkel and Eppenga42–further details are provided in the
supplementary material.

Similarly, the smectic order parameter is defined as

Ss =
1
N

RRRRRRRRRRR

N

∑
j=1

exp(2π
L

ir j ⋅ n̂)
RRRRRRRRRRR

(5)

for N molecules in layers of periodicity L perpendicular to the
nematic director n̂; rj denotes the center-of-mass position of the
jth molecule.43 The value of L that maximizes Ss corresponds to the
smectic layer spacing or the characteristic length scale of positional
order along the axis n̂.

It is also instructive to introduce a length-dependent orien-
tational order parameter to verify that orientational-ordering of
molecules is truly long-ranged, occurring across all length scales,
and is not simply due to short-range steric effects. We consider an
lth rank, pair-wise correlation function, where g l(r) gives the cor-
relation between the orientation of two particles (determined by the
angle between their molecular axes) separated by a distance r,

gl(r) =
⟨Pl(ûi ⋅ ûj)δ(ri j − r)⟩
⟨δ(ri j − r)⟩ , (6)

where ûi is the director for molecule i and rij is the separation
between a given pair of molecules i and j (determined from their
molecular center-of-mass positions).44 In the disordered phase, this
pair-correlation function decays to zero, while in the ordered phase
it decays to the square of the orientational order parameter,45

lim
r→∞

gl(r) = ⟨Pl⟩2. (7)

It is worth noting here that the maximum separation between
particles is half the size of the simulation region due to the periodic
boundary conditions46 and that this will vary over the duration of
the simulation. To determine order over longer length scales without
increasing the volume of the system, we varied the aspect ratio of the
simulation region and sampled correlations along the long axis of
the box.

The explicit calculation of g l(r) scales as O(N2) and requires
storing the angle between every pair of molecules, limiting the res-
olution possible.47 We may avoid this problem by expanding the
function in terms of spherical harmonics and instead sum (2l + 1)
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contributions from the spherical harmonics for each molecule. Fur-
ther details of this approach are provided in the supplementary
material.

IV. RESULTS AND DISCUSSION
A. Rigid rod order parameters

A system of rigid rods was used to benchmark the analy-
sis methods in comparison to theoretical predictions derived by
Onsager1 and, in particular, the isotropic–nematic phase tran-
sition, which has been verified computationally through both
Monte Carlo48,49 and molecular dynamics simulations50,51 as well as
experimentally.52–54

For rigid rods with an aspect ratio L/D = 10, we confined the
possible critical volume fraction for this lyotropic transition to the
range 0.39 < ϕ < 0.44, as observed in Fig. 2, achieving good agree-
ment with Onsager’s prediction of ϕ = 0.4. This analysis was also
repeated for longer rods with an aspect ratio of 16 with simulations
identifying the critical volume fraction in the range 0.23 < ϕ < 0.26
in good agreement with the predicted value of ϕ = 0.25.

We also consider the phase behavior upon expansion from
a perfectly ordered, crystalline state. This has two advantages: it
allows access to higher volume fractions that are not easily accessi-
ble through the shrinking procedure and provides verification of the
phase transitions previously observed. Ensuring that a novel phase is
in true equilibrium has long been a challenge for liquid crystal sim-
ulators; however, non-equilibrium effects will manifest themselves
in a hysteresis of the phase transition (variation in the critical vol-
ume fraction dependent on the direction of the transition) and can,
therefore, be identified through this method.

The isotropic phase formation was observed in the region
0.38 < ϕ < 0.41 in good agreement with the previous simulations,
confirming the equilibrium nature of this phase transition. The
higher volume fractions accessed at the start of the simulation also

FIG. 2. The evolution of the volume fraction and the nematic order parameter over
the timescale of the simulation for a system of 1000 rigid rods with aspect ratio
10. The discrete change in Sn (red line) occurs at about ϕ ∼ 0.4, denoting the
transition to the nematic phase, with the system depicted explicitly on either side
of this transition. Note that the contraction steps, where the volume fraction is
increased, are not of equal duration and so do not correspond to equal changes in
the system volume; rather, they are chosen to highlight the phase transition.

suggested the existence of a smectic phase with a sharp change in
the smectic order parameter around ϕ = 0.6; however, this has not
been investigated further due to the wealth of the literature on this
already.55,56

B. Nunchaku correlation functions
These techniques were subsequently applied to the nunchaku

molecules introduced in Sec. II A. We consider first the flexible
linker case, which we have verified provides an accurate coarse-
grained model of the DNA-nunchakus using oxDNA.29 The simu-
lation molecules were lengthened to include 15 beads instead of 10
as minimal order was observed at the lower rod aspect ratios.

The linker flexibility was sufficient to ensure a quasi-isotropic
initial angle distribution in the range 60○ < θ < 180○ with smaller
angles excluded due to steric repulsion between the rods. Unlike
previous studies,25 this prohibits the nonphysical possibility of the
“fully bent” (θ = 0○) conformation where both rods are parallel in
agreement with the prior oxDNA results. The angle distribution we
observed from the detailed oxDNA model indicated the low possi-
bility of the fully bent situation. More information from the oxDNA
measurement can be found in the supplementary material.

Despite this flexibility, a strong preference for the linear con-
figuration (θ = 180○) was observed with a quasi-nematic phase
(Sn = 0.6) formed at volume fractions ϕ > 0.4. However, no uni-
form, system-wide director was observed with the preferential ori-
entation varying across the simulation region shown in Fig. 3.
It is possible that periodic variation of the director occurs on a
length scale greater than the size of the simulation region, but
the computational resources required to simulate larger systems
exceeded those available, preventing further characterization of this
phase.

To force the formation of more exotic LC phases with
anisotropic (non-linear) mesogens, we also considered bent-core
rods with a fixed opening angle. We considered opening angles
θ = 60○, 90○, 120○, 150○, 165○ and found that larger opening angles

FIG. 3. The kernel density estimate of the opening angle distribution as the vol-
ume fraction is reduced for completely flexible nunchakus. Plotted for a system of
103 particles with the distribution sampled every 1.5 × 106 time steps. Note the
formation of a preferential angle at late times, corresponding to the formation of an
ordered phase at high volume fractions, the final form of which is depicted in the
inset.
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FIG. 4. Orientational correlation function over time (as the volume fraction is
reduced) for a system of 1000 nunchaku molecules with a fixed opening angle
of 150 × 102 deg and sampled every 7 × 105 time steps. Note the formation of
an ordered phase at high volume fractions (late times) with sustained long-range
order (i.e., no decay in the orientational correlation function). The maximum value
of particle separation is determined by the size of the simulation box and so shrinks
over time.

favored nematic-like phase formation (with a maximal order para-
meter Sn = 0.62), but smaller angles did not form obvious alternate
ordered phases in agreement with previous surveys of this range of
opening angles.11,57 In this section, we focus on θ = 150○. These find-
ings are consistent with the previous literature on the subject–early
work in the area adopts a bend angle of θ = 140○,59–60 while more
recent studies have tended to favor values closer to θ = 150○.62–63

Using a pair-wise orientational correlation function (the calcu-
lation of which is discussed further in the supplementary material),
we confirm that the order observed in this fixed angle system is
indeed long-range with a non-decaying correlation at long length
scales.

This method is limited by the use of a single vector along the
molecular axis to define the orientation of the molecule; two vectors
are required to uniquely specify the orientation of a single nunchaku
molecule. Using the molecular axis alone only accounts for quasi-
nematic order and does not consider any biaxial or twisted nematic
substructure. We therefore also considered additional orientational
correlation functions for the bisector of each molecule and normal
vector to the plane of the nunchaku. The first Legendre polynomial
is used to detect changes in sign of the bisector direction, as would
be expected in a herringbone structure.

However, no statistically significant periodic components in the
correlation function were observed over the length scale of the sim-
ulation region. A visual inspection of the inset in Fig. 4 suggests that
the length of the simulation region is approximately half the full
period of the repeating “twist” in the ordered phase, suggesting the
possible existence of a twisted nematic phase in this system. How-
ever, further research on larger and more computationally expensive
simulation regions with greater length scales than the periodic twist
is required to verify these phases.

C. Dynamic behavior
While the phase behavior of rigid rods is well studied, much less

is known about the dynamic properties of the individual mesogens
within these quasi-ordered phases. Nevertheless, dynamic studies
through MD simulations have enjoyed recent popularity in both
computational and experimental work.65–66 Here, we study the
dynamic properties of the nunchaku system and demonstrate the
application of dynamic properties to static phase identification.
In particular, we focus on the diffusion coefficient D, defined by
the “power-law” equation for mean-squared displacement (MSD)
from an initial center-of-mass position x0 over time t in n
dimensions,67

⟨(x(t) − x0)2⟩ = 2nDαtα, (8)

FIG. 5. Root mean-squared displacements against time in a system of 1000 rigid rods with an aspect ratio 10 for a range of volume fractions ϕ. The leftmost pair of plots
correspond to the smectic phase with restricted motion between x–z layers along the y axis. The center pair give the nematic phase with preferential displacement along
the y axis. Finally, the rightmost pair give the isotropic phase with isotropic diffusion and no preferential direction. Note that no significant differences appear between the x-
and z-directions in any phase as these directions are equivalent in the phase structure.
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FIG. 6. Coordinate diffusion coefficients for a microcanonical ensemble of flexible
nunchaku at a range of volume fractions ϕ. The low volume fraction region on
the left of the graph corresponds to the isotropic phase with no variation between
coordinate axes. In contrast, the smectic phase in the high volume fraction gives
rise to anisotropy in the coordinate diffusion coefficients with reduced diffusivity
perpendicular to the smectic layers in the y axis direction.

which reduces to the pure-diffusive case when the power exponent
α = 1. Otherwise, the process is characterized as subdiffusive (α < 1)
or superdiffusive (α > 1).68

Displacements were only sampled over equilibration (constant
volume) stages of our simulation, and the effect of the periodic
boundary conditions was explicitly accounted for by offsetting addi-
tional displacements from boundary crossings. Linear regression
analysis was used to validate the value of α for each run over a
variety of volume fractions in the dilute limit, where each particle
may exist in a non-overlapping free volume of rotation (a sphere
circumscribed around the molecule). For rigid rods with an aspect

ratio of 10, this occurs at ϕd = 0.015. We found an average power of
α = 0.97 ± 0.03 for the nunchaku molecules and α = 1.00 ± 0.04 for
the rigid rods, as expected for diffusive behavior.

As the volume fraction was increased, nunchakus display highly
subdiffusive behavior with a reduction in the value of α to 0.12 ± 0.02
at ϕ = 0.69. We also observe anisotropy in the coordinate-wise dis-
placement in non-isotropic, ordered phases, as demonstrated in
Fig. 5, which considers three different phase regimes for a system
of rigid rods. Here, the Cartesian axes are used as simulations are
configured in a crystalline phase with molecules orientated along
the y axis and smectic layers forming in the x–z plane. Phase tran-
sitions for this system were previously identified in the regions
0.58 < ϕ < 0.62 for the smectic–nematic and 0.38 < ϕ < 0.43 for the
nematic–isotropic transition.

At the highest volume fractions (ϕ ≥ 0.62), the diffusion along
the y axis is significantly reduced due to the restricted motion
between layers in the smectic phase. Below this, a nematic phase
is observed with increased diffusivity along the molecule’s direc-
tor, corresponding to an increased intercept in logarithmic space, as
observed for the y axis in the central panels of Fig. 5. The degree of
dynamic anisotropy here, quantified by the ratio of diffusion coef-
ficients Dy/Dx, is 2.12 for ϕ = 0.58. At the lowest volume fractions
(ϕ ≤ 0.38), there is no preferred direction in the system and motion
is isotropic and truly diffusive (as α = 1).

Phase formation may be directly observed through deviations
in these coordinate-specific diffusion coefficients. Within the flexible
nunchaku system, isotropic diffusion is observed at low volume frac-
tions in Fig. 6, but the y-coordinate diffusion coefficient is severely
reduced beyond this with a maximal anisotropy of Dy/Dx = 0.19
at ϕ = 0.58. This strongly suggests the presence of a smectic phase
below ϕ = 0.45 in agreement with the prediction of 0.40 < ϕ < 0.44
obtained from the smectic order parameter.

Dynamic properties, such as directional diffusion coefficients,
may be utilized to detect novel phases that are otherwise difficult to
characterize. Building on theoretical predictions by Camp et al.,69,70

FIG. 7. Root mean-squared displacements against time in a system of 1000 bent-core mesogens with an opening angle 120○ over a range of volume fractions ϕ. As
previously, restricted diffusion is observed along the director (previously the y axis) between smectic layers. Anisotropy is now observed within these layers at the highest
volume fraction ϕ = 0.76, suggesting a biaxial smectic phase with a common aligned bisector. Diffusion is reduced in the direction of the normal vector compared to the
bisector vector for these mesogens.
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we determined that an opening angle θ = 120○ would be optimal for
biaxial phase formation. We were able to demonstrate the existence
of a biaxial smectic phase through the measurements of directional
diffusion coefficients, as depicted in Fig. 7. The system was ini-
tially configured as a crystalline lattice of linear molecules before
the minima in the opening angle were shifted to form the desired
opening angle. The initial orientation of the bisector axis is random,
and so, initially, no preferential bisector direction was observed.
Subsequent equilibration (2 × 106 steps) allowed relaxation into the
smectic biaxial state, which was then observed through repeated sim-
ulations (2 × 106 steps) to transition back into the traditional smectic
and isotropic phases upon expansion.

This demonstrates the existence of a biaxial smectic phase for
this system of DNA mesogens and the power of dynamic property
simulation in novel phase identification.

V. CONCLUSION
We considered the phase behavior of DNA nunchaku

molecules, consisting of two sections of dsDNA connected by a short
section of ssDNA. We introduced a coarse-grained model of DNA
nunchaku particles, formed of two rigid rods connected by a (semi-)
flexible linker, with soft-core, purely repulsive potential interactions.
We also introduced a simpler “rigid rod” model, without the flexible
linker, to verify the phase identification techniques used here.

Our simulations of rigid rods were consistent with Onsager’s
prediction of the existence of a first-order “entropic” phase transi-
tion between the isotropic and nematic phases of slender hard rods
across a wide range of aspect ratios. In comparison to Onsager’s pre-
dictions of a transition volume fraction ϕ = 0.4 for rods with aspect
ratio L/D = 10, we were able to confine the measured critical volume
fraction within the range 0.39 < ϕ < 0.44. This value along with the
equilibrium nature of this transition was verified through simula-
tions prepared in an initial crystalline phase and subject to a stepwise
expansion of the simulation box, eliminating the possibility of phase
hysteresis.

The application of the same techniques to the nunchaku sys-
tem gave evidence for the formation of an ordered, quasi-nematic
phase in this system in both the semiflexible (Sn = 0.58) and bent-
core (Sn = 0.62) configurations. The fixed rigidity configuration, a
more realistic representation of the DNA system, demonstrated clear
evidence for an entropy-driven phase transition through the reduc-
tion in configurational entropy associated with the formation of a
preferred angle. The pair-wise orientational correlation function was
also used to validate the presence of truly long-range order.

Finally, we demonstrate that the measurement of dynamic
properties provides a little-studied, alternative method for identi-
fying phase transitions and characteristic symmetries of such sys-
tems in comparison with phases previously identified in both the
rigid-rod and nunchaku systems. In particular, we considered the
formation of anisotropic phases through the variation in coordinate
diffusion coefficients, such as in the smectic phase where the diffu-
sion coefficient within the ordered layers is up to a factor of 5.15
greater than that between them. We extend this characterization
of diffusive properties beyond the arbitrary Cartesian coordinates
imposed by the simulation region to allow the identification of novel
phases where the global director or symmetry class is not a priori

known and must be inferred from the symmetry properties of the
system. Using this approach to directional diffusion within the nun-
chaku system, we also demonstrate the formation of a novel biaxial
phase not previously observed in DNA-based systems. We suggest
that this method can be used in further identification of novel liq-
uid crystal phases with directional anisotropy and is particularly
applicable in previously uncharacterized systems where the symme-
try properties are unknown, or there is not an appropriate order
parameter tailored to the transition of interest.

Through a greater understanding of the phase behavior of DNA
nanoparticles, we may obtain better insight into the design of more
complex mesogen shapes and thus develop new, entropy-driven
self-assembled structures.71,72 These techniques may also have appli-
cations in biophysics, photonics, structural biology, and synthetic
biology.74–75

SUPPLEMENTARY MATERIAL

The supplementary material details the oxDNA model, includ-
ing the specific base pair sequences and subsequent coarse-graining
process to generate the mesogen model used throughout. It also out-
lines computational processes for the nematic and positional order
parameters, specifically deriving the spherical harmonic form for the
latter.
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