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1 Introduction

All-atom simulations of bent liquid crystal dimers:
the twist-bend nematic phase and insights into
conformational chirality{

Gary Yu® and Mark Richard Wilson 2 *

The liquid crystal dimer 1,7-bis-4-(4’-cyanobiphenyl)heptane (CB7CB) is known to exhibit a nematic—
nematic phase transition, with the lower temperature phase identified as the twist-bend nematic (Ntg)
phase. Despite the achiral nature of the mesogen, the Nrg phase demonstrates emergent chirality
through the spontaneous formation of a helical structure. We present extensive molecular dynamics
simulations of CB7CB using an all-atom force field. The Ntg phase is observed in this model and, upon
heating, shows phase transitions into the nematic (N) and isotropic phases. The simulated Ntg phase
returns a pitch of 835 nm and a conical tilt angle of 29°. Analysis of the bend angle between the
mesogenic units reveals an average angle of 127°, which is invariant to the simulated phase. We have
calculated distributions of the chirality order parameter, y, for the ensemble of conformers in the Ntg
and N phases. These distributions elucidate that CB7CB is statistically achiral but can adopt chiral
conformers with no preference for a specific handedness. Furthermore, there is no change in the extent
of conformational chirality between the Ntg and N phases. Using single-molecule stochastic dynamics
simulations in the gas phase, we study the dimer series CBnCB (where n = 6, 7, 8 or 9) and
CBX(CH5)sYCB (where X/Y = CH,, O or S) in terms of the bend angle and conformational chirality. We
confirm that the bent molecular shape determines the ability of a dimer to exhibit the Ntg phase rather
than its potential to assume chiral conformers; as |y|max iNcreases with the spacer length, but the even-
membered dimers have a linear shape in contrast to the bent nature of dimers with spacers of odd
parity. For CBX(CH,)sYCB, it is found that |y|max increases as the bend angle of the dimer decreases,
while the flexibility of the dimers remains unchanged through the series.

and, thus, twist or splay deformations of the local director must
accompany the spontaneous bend. In the twist-bend nematic

The simplest liquid crystal mesophase is the uniaxial nematic
(N) phase, which is characterised by the orientational align-
ment of the molecules in a preferred direction but with low
positional ordering. The introduction of chirality, either by a
chiral centre within the mesogen or the addition of a chiral
dopant into a host N phase, results in the formation of the
chiral nematic (N*) phase which features a helical structure.
Independently, Meyer' and Dozov® predicted that liquid crystal
phases with local chirality could be formed by bent achiral
mesogens which was, later, supported by Memmer® in compu-
ter simulations. Dozov proposed that a pure uniform bend in
space, arising from the packing of bent molecules, is forbidden
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(Ntg) phase, a heliconical structure is formed in which the
director is tilted with respect to the helical axis, where there are
equal numbers of degenerate domains of opposite handedness.

The Npg phase was first discovered for 1,7-bis-4-(4’-cyano-
biphenyl)heptane, CB7CB, which consists of two mesogenic units
connected by a flexible spacer.*” The requisite bent molecular
shape is exhibited in dimers with a hydrocarbon spacer of odd
parity. Other dimeric mesogens,®"” bent-core species,'®'® and
supramolecular hydrogen-bonded systems®*2* have been reported
to manifest the Nyg phase. Despite the significant number of
materials investigated, a general structure-property relationship
for the Ntg phase remains elusive; although, it is found that a
spatially uniform curvature of the molecule is necessary to form the
Npg phase regardless of the underlying chemical groups.>** The
addition of an intrinsic chiral centre into a bent dimer resolves the
globally achiral Nyg into its chiral counterpart, the Nyg* phase,
which only contains domains according to the handedness of the
chiral centre.?® By extending the length of the terminal alkyl chains,
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achiral dimers can exhibit a heliconical smectic (SmCrg) phase.”” >
Possible applications utilising the Npp phase such as optical
devices,**3* gels,** photoswitchable adhesives,® and photoalign-
ment technology®® have been reported.

Molecular simulation is an effective tool in the study of
liquid crystals.*”*° In recent years, improvements in the accu-
racy of force fields and increase in available computational
power has greatly benefited the modelling of these systems.*’
All-atom simulations have facilitated the contribution of
numerous insights into liquid crystals including: structural,
thermodynamic and phase-related properties of nematogens
within mesophases and across the phase transitions;*" optimi-
sation of force fields to improve representation of phase
transitions and physical properties;** calculation of molecular
chirality and helical twisting powers;**™*® simulation of a
biaxial nematic phase;*® predictions of the dark conglomerate
phase formed by a bent-core mesogen;*° and investigations of
the emergent chirality in achiral bent-core molecules.” > An
early model for a liquid crystal dimer represented the rigid
mesogenic segments with anisotropic Gay-Berne units which
were connected by a flexible Lennard-Jones chain.’® Simula-
tions using this model demonstrated the spontaneous growth
of smectic phases from the isotropic liquid. A similar model, at
the same resolution, displays a N, phase which was assigned as
the polar-twisted N phase.”” Further coarse-grained models,
such as a crescent-shaped model of connected hard spheres>®
or curved spherocylinders,®®®" successfully exhibit the Ny
phase. At the fully atomistic level, conformational probability
distributions for CB7CB show a broad peak centred at approxi-
mately 120° for the molecular bend angle with a minor peak at
about 30° corresponding to hairpin conformers.”'® Atomistic
simulations have also captured the Nt phase and are in good
agreement with experimental findings.®

In this paper, we present extensive all-atom molecular
dynamics (AA MD) simulations of the bent liquid crystal dimer
CB7CB. We observe the formation of the Nt phase, character-
ise its properties, and explore the CB7CB phase diagram as a
function of temperature. The simulations provide a full descrip-
tion of the orientational order of molecules in the N and Nyg
phases and a detailed examination of the structure of CB7CB
molecules in these phases. We calculate distributions of the
bend angle and chirality order parameter for molecules in the N
and Nyp phases. Using single-molecule simulations in the gas
phase, we expand the scope of the investigation to the dimer
series CBnCB (where = 6, 7, 8 or 9) and CBX(CH,)sYCB (where
X/Y = CH,, O or S). The effect of the spacer length and
heteroatom linkages are discussed in terms of the conforma-
tional distributions of the bend angle and their molecular
chirality.

2 Computational methods
2.1 Force field

The General AMBER Force Field (GAFF) was utilised for
atomistic simulations.®® The Antechamber package from
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AmberTools18%® was employed to generate Lennard-Jones
potentials and atomic charges for the force field, with the latter
employing the AM1-BCC method.** The output GAFF topolo-
gies were converted into the necessary input files for GROMACS
by the ACPYPE script.®

2.2  Simulation details

A bulk system was set up by randomly inserting 512 molecules
of CB7CB, which were oriented with the molecular long axes
aligned with the z-axis, into a box with dimensions of 8 nm X
8 nm x 16 nm. Initially, an additional improper dihedral
potential (with an equilibrium angle of 180° and force constant
of 25 k] mol™") was applied across each molecule, between the
terminal nitrogen atoms and the linking carbon of the meso-
genic units with the alkyl spacer and the corresponding atoms
on the other cyanobiphenyl segment, to enforce an all-trans
configuration of the heptane chain.

All MD simulations were carried out using the GROMACS
2021.1 molecular dynamics simulation package.®® A cutoff of
1.2 nm was used for all short-range interactions and long-range
electrostatics were treated with the Particle Mesh Ewald (PME)
method.®” After a steepest-descent minimisation, a 100 ps pre-
equilibration run in the NVT ensemble was carried out using
the Berendsen thermostat followed by a 100 ps pre-
equilibration in the NPT ensemble with the addition of the
Berendsen barostat.®® Simulations were performed using semi-
isotropic pressure coupling which allows for the x/y and z
dimensions of the system to vary independently. Time con-
stants of 1 ps and 5 ps were used for the thermostat and
barostat, respectively. The system was compressed with a
pressure of 100 bar for 1 ns, before an equilibration run of
500 ps was carried out using the Nosé-Hoover thermostat®®”°
to maintain a constant temperature of 370 K, and the Parri-
nello-Rahman barostat”" to keep the pressure constant at 1 bar.
A leap-frog algorithm was employed with a time step of 1 fs for
equilibration with an increase to 2 fs for production simula-
tions, where constraints were implemented using the LINCS
method.”” At this point, the system exhibited a nematic phase
which acted as an ideal starting configuration. A final equili-
bration of 1 ns was executed without the additional biasing
potential to allow for equilibration of the molecular conforma-
tions and for the heliconical structure to start developing.
Finally, a production simulation of 1 ps was performed. Equili-
bration was ensured by monitoring average values for thermo-
dynamic and structural quantities, and checking that they were
stabilised. MD simulations were carried out on the new N8 CIR
supercomputer Bede, housed at Durham University, using one
NVIDIA V100 GPU; achieving a performance of 180 ns day * on
a ~30000 atom system.

The concluding system at 370 K was used as the starting
configuration for a heating/cooling sequence. Simulations were
performed at 10 K intervals for 200 ns each in the temperature
range of 350-470 K.

For the chirality order parameter calculations, the sampling
of conformers was conducted via single-molecule simulations
in the gas phase using a stochastic dynamics (SD) integrator at
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a temperature of 370 K with a standard friction constant of
0.5 ps~'. Each molecule was equilibrated for 1 ns before a
500 ns production run to obtain data with snapshots being
collected in 1 ps intervals. For single-molecule MD simulations
calculations there are no collisions with neighbouring mole-
cules to exchange energy and aid molecules to traverse high
conformational energy barriers. Consequently, SD provides
improved conformational sampling for single molecules in
comparison to standard MD thermostats.

All simulation snapshots were visualised in VMD, version
1.9.3.7°

2.3 Orientational order parameter

The orientational order parameter, S,, can be determined from
diagonalisation of the order tensor

S L S — 5), 1)
N P 2

where N is the number of molecules and J,; is the Kronecker
delta. The largest eigenvalue provides the value of S, and its
associated eigenvector is the director, 7, of the system. The unit
vector, #;, of the molecular long axis for a molecule i can be
defined by the eigenvector corresponding to the lowest eigen-
value found by diagonalising the moment of inertia tensor for a
molecule

Lg = Z m; (sizéaﬁ - Siw‘iﬂ)v @)
i

where m; is the mass of atom i, s; is the vector between an atom
i and the molecular centre of mass and «, f is the Cartesian
axis. In this work, the molecular long axis, &, will henceforth be
referred to as @ for CB7CB.

2.4 Chirality order parameter

Ferrarini et al. developed a surface chirality model to determine
a chirality order parameter, y, based on a molecular isosurface
which describes the coupling between the surface chirality and
orientational order of the molecule.”*”” The value of y is
positive for right-handed conformers and negative for left-
handed ones. Here, molecular isosurfaces were generated using
the Simple Invariant Molecular Surface (SIMS) method devel-
oped by Vorobjev and Hermans.”® This utilised a rolling sphere
algorithm where a spherical probe with a diameter of 5 A
produced a corresponding van der Waals surface of a molecule
with a point resolution of 10 dots per A% Three tensors are
obtained from the isosurface for the calculation of y: the
surface tensor (7), the helicity tensor (Q) and the ordering
matrix (S). Numerical integration of the normal vectors over
the surface points yields T, whereas integration over the mole-
cular surface produces Q. The ordering matrix, S, is calculated
by integration of an orientational distribution function involv-
ing an orienting potential describing the orientation of the
solute molecule within a liquid crystal phase.*® Finally, the
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chirality order parameter is calculated from

1
N3
L= (3) 2(QxxSxx + QA\{\V'S}'}' + QZZSZZ) (3)

where S;; are the diagonal elements of S and Q;; are the diagonal
elements of Q. Both these components are expressed in the
principal axis system of T which defines the molecular princi-
pal axes (T, Ty, and T,;) when diagonalised.

3 Results and discussion

3.1 Phase behaviour

The system of 512 molecules of CB7CB at 370 K exhibited a
heliconical structure that was stable for hundreds of nano-
seconds. A snapshot of this simulated phase is shown in
Fig. 2(a) in which molecules are coloured in blue, purple or
red according to their azimuth angle (¢) in the range —180° <
¢ < —60°, —60°< ¢ < 60° and 60°< ¢ < 180°, respectively.
The angle ¢ was calculated for the unit vector @ which corre-
sponds to the molecular long axis of the molecule. A second
unit vector b can be defined as the unit vector which bisects the
two vectors between a terminal nitrogen atom and the centre of
mass (COM) of the molecule. A schematic for these unit vectors
is shown in Fig. 1. From visual inspection, a helical structure is
found where the molecules are tilted with respect to the helical
axis which largely coincides with the z axis of the box. It is noted
that the helix found here is left-handed and that, experimen-
tally, there are equal domains of opposite handedness.

The defined unit vectors were utilised in the analysis of the
system. An orientational correlation function, Sy, can be
calculated as a function of intermolecular distance along the
helical axis, ry, by’

Se (1)) = XN: ZN: cij <1§,— :

i Jj#i

Aj) ; (4)
where

ey =0(|z5] =) /DD (|2l = ry)- (5)

[

Spb(ry) describes the polar correlations through the system (and
is presented in Fig. 3(a)), z; is the distance with respect to the z
components for the COMs of molecules ¢ and j, and N is the
number of molecules. The results show that b precesses about
the helical axis through the system as expected in the Nrg

phase. This behaviour has been found for simulated phases
57,58

previously. From this plot (shown in Fig. 3 for the final

-.C

NZ

Fig. 1 Molecular structure of CB7CB, with a schematic for the unit
vectors & and b.
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Fig. 2 Simulation snapshots of a 512 molecule system of CB7CB showing
the (a) Ntg phase at 370 K and the (b) N phase at 440 K with orientational
colouring (blue: —180° < ¢ < —60°; purple: —60° < ¢ < 60° and red:
60° < ¢ < 180°).

configuration at 370 K), it can be seen that minima/maxima
occur at distances (n + 1/2)p, where 7 is 0, 1/2 and 1, and the
pitch, p, is estimated to be 8.35 & 0.2 nm. Our measured pitch
is in good agreement with those found experimentally in the
Nrg phase for CB7CB of ~8 nm.®’

The conical tilt angle, 0, is defined as the angle between the
unit vector @ and the helical axis. Noting that 0(z) = +|k|
z = £2nz/p. A histogram of 0 values observed in the system is
shown in Fig. 3(b), which confirms that the molecules in the
simulated phase are tilted with the average conical tilt angle
measured to be 29°. Our simulation result is slightly higher
than the ~25° reported experimentally.®*>**

The simulated system at 370 K, which has been charac-
terised as the Ntp phase, was cooled/heated in order to pro-
duced a full phase diagram for the AA model. Simulations were
performed in the temperature range of 350-470 K and the
average orientational order parameter, (S,), was determined
for unit vectors @ and b. The results are presented in Fig. 4 in
which the stability range of the N, N and isotropic (I) phases
are indicated. Here, we define the Ng—N phase transition as
the temperature at which helical ordering is lost ((S,), ~ 0) and
the I phase is identified when, additionally, (S,), ~ 0.1. It is
noted that, via visual inspection, the system at 430 K appears
nematic but does not satisfy the aforementioned criteria for the
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Fig. 3 (a) Orientational correlation (Syp) as a function of the helical axis, r,

and the (b) distribution for the conical tilt angle, 0, for the Ntg phase at
370 K. For (a) the error bars are of the order of the line thickness (~0.01).

50 60 70 80 90

0.5 NTB o ©® [ N 1
o
0.4 o ®
e 0O ®
A 03 <85>, @
5y o
% <§2>p a
0.2
A A
AArAaa,, .,
0.1 A ([
0 A_A A
340 360 380 400 420 440 460 480
T/K

Fig. 4 Average orientational order parameter, (S5), for unit vectors & and
b as a function of temperature.

N phase. A simulation snapshot of the N phase for CB7CB at
440 K is shown in Fig. 2(b). For (S,)p, this value diminishes
slightly as the system is heated which is expected as the helix
unwinds upon its approach into the N phase.®® For (S,),, the

This journal is © The Royal Society of Chemistry 2022
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nematic-like ordering increases with temperature throughout
the Nt phase until the phase transition into the N phase. This
trend is observed in X-ray and polarised Raman scattering
experiments and our measured values for (S,), of ~0.35 in
the Ny phase (and subsequent values in the N phase) compare
favourably.’"®> However, the phase transitions in the AA
model, Ty -~ = 435 K and Ty = 460 K, occur at temperatures
higher than reported” (experimentally, Tn,,~=376 Kand Tx =
389 K). We suggest that the force field for CB7CB produces
molecules that are slightly too stiff, thus mesogens are slightly
elongated favouring orientational ordering and require slightly
more energy to induce conformational changes. Both effects
tend to increase transition temperatures. The force field would
require further optimisation of the interatomic interaction
parameters to reproduce the correct phase transitions. This
has been demonstrated for GAFF in studies of liquid crystals
systems, where the representation of structural and phase
properties have been improved.*>>%>383

3.2 Conformational distributions and molecular chirality

The following section focuses on the conformational properties
of bent dimer mesogens and their ability to exhibit chiral
conformations. The bend angle of the mesogen can be defined
as the angle between the unit vectors representing the para axes
of the cyanobiphenyl units (i.e. the vector calculated between
the nitrogen atom and the carbon atom connecting the cyano-
biphenyl unit to the spacer). Based on the simulations per-
formed in the previous section, Fig. 5 shows histograms of this
bend angle for CB7CB in the N and Ny phases. In both phases,
the average bend angle is found to be 127°. This is somewhat
higher than the value of ~120° determined by Monte Carlo
sampling in previous single-molecule studies®'® but in line
with a bulk phase MD simulation® value of 133°. It is found that
the bend angle distribution does not change significantly
between molecules in the N and N phases but the broadness
of the peak in the N phase increases, as expected for the higher
temperature. The histograms also show a minor peak at 20°
corresponding to hairpin conformers. NMR experiments

1
)
S o8
>
©
S 06
8
2>
5 0.4
©
Q0
o
o 02
0

0 20 40 60 80 100 120 140 160 180
Angle / degrees

Fig. 5 Distribution functions for the bend angle between the mesogenic
units in the N and Ntg phases at 440 K and 370 K, respectively.
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suggest that the conformational distribution for CB7CB does
not change significantly between the N and Nyp phases and
that the chirality of the Ny phase is a consequence of the bent
molecular shape.®*

Distributions of the chirality order parameter, y, were calcu-
lated for CB7CB for molecules in the N and N phases, and for
a single molecule in the gas phase. These are presented in
Fig. 6(a). All three plots demonstrate that CB7CB is statistically
achiral (with the peaks centred at y = 0) but can adopt chiral
conformers with equal probability of left- or right-handedness
(as the peaks are symmetric). This behaviour has been reported
previously in single-molecule simulations of the PnOPIMB
series of bent-core mesogens.”>>* The aforementioned calcula-
tions found, for similar model parameters, values of |y|max to
be ~ 800 and greater whereas, in this work, we have estimated
[ %] max to be ~200 for CB7CB. The much higher |y|max for the
bent-core molecules, compared to CB7CB, may account for why
PS8OPIMB can form the highly twisted B4 phase which consists
of helical nanofilaments.®> The ability of achiral bent-core
mesogens®*> and CB7CB***” to decrease the pitch of a N*
phase is hypothesised to be a result of the presence of chiral
conformers with high helical twisting powers.>>>* Interestingly,
the distributions of y are unchanged between the N and Nrp
phases, which indicates that there is no change in the mole-
cular chirality of the conformations even as the phase gains
chirality. This is in line with analogous findings for the con-
formational distributions.®* The analysis of the molecular
chirality for a single molecule in the gas phase produces a
distribution that is very similar to that from the condensed

&
-’
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200 200

=5
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~

Fig. 6 (a) Distribution functions of the chirality order parameter, y, for a
single molecule in the gas phase and for molecules in the N (440 K) and
Ntg (370 K) phases. (b) A conformer of CB7CB with its molecular isosurface
shown.
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phases with the exception that the peak is broader. This is
expected as there is greater freedom for the molecule to sample
a wider range of conformers in the gas phase.

From Fig. 6(a), it can be seen that sampling of conformers
via a single-molecule simulation provides a good approxi-
mation for the distributions of y obtained from simulations
of the liquid crystal phases. This approach is relatively facile as
the full calculations, from the automated generation of the
force field/input files to the acquisition of the y distribution,
takes ~20 hours and does not require a liquid crystal phase to
be equilibrated. Thus, we can expand the scope of our investi-
gation to the series of bent dimers CBnCB (where n=6, 7, 8 or 9)
and CBX(CH,)sYCB (where X/Y = CH,, O or S). The first series of
mesogens allows for the odd-even effect and the effect of the
spacer length on the conformations/chirality of the molecule to
be studied. The second series consists of bent dimers all with 7
heavy atoms in the spacer and considers the effect of heteroa-
toms in the linking chain.

The odd-even effect of the spacer on typical liquid crystal-
line phase behaviour is well-documented, and the Nyg phase is
only found for odd-membered mesogenic dimers.®*° It is
found that, in the all-trans configuration, dimers with an odd
spacer will exhibit a bent molecular shape whereas an even
spacer will result in a more linear shape. Moreover, the sensi-
tivity of Ty, n to the bend angle has been demonstrated by a
generalised Maier-Saupe theory.”’ Bend angle distributions for
the CBnCB series are shown in Fig. 7(a). We obtain mean bend
angles of 165°, 110°, 172° and 99° for n = 6, 7, 8 and 9,
respectively at 370 K. Previously reported values include 166°
for CB6CB,® 111-120° for CB7CB,*'*°> and 102° for CB9CB.**
Overall, our measured values are in good agreement with
previous work and the correct trend is observed. Notably, the
bend angle for CB7CB in the gas phase is lower than in the N
and Npp phases, which suggests that the effect of a nematic
environment on the conformational distribution is significant.
This indicates that single-molecule calculations, regardless of
the level of theory, are not truly representative of the actual
behaviour within a mesophase. This is expected as the con-
straints arising from the packing of molecules in the N phase
will affect the conformers adopted by the mesogens as well as
promote a more linear shape of the molecules.”"> For the
even-membered dimers, the dominant conformers are those
with linear configurations, but there is the presence of a
significant number of bent conformers with bend angles of
around 85° and 130° for CB6CB and CB8CB, respectively. These
bent conformers are likely to be suppressed strongly in the
N phase.

The x distributions for the CBnCB series are presented in
Fig. 7(b) and all show that the mesogens are statistically achiral
but can adopt chiral conformers of opposite handedness with
equal probability. The histograms for CB6CB and CB8CB are
noticeably narrower than those for the dimers with odd
spacers. This demonstrates that the more linear shape of the
even-membered dimers results in a lower tendency to exhibit
instantaneous conformations with high helical twisting

powers. For n = 6, 7 and 8, |}|max & 200 but is ~250 for
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Fig. 7 Distribution functions of the (a) bend angle and (b) chirality order
parameter, y, for CBnCB where n = 6, 7, 8 or 9.

CBICB. It seems that there is a slight increase in |y|max as the
length of the spacer increases regardless of the odd/even parity
of the chain. This suggests strongly that the ability to form the
Nrg phase for dimers with a spacer of odd parity, or only exhibit
the N phase for dimers with a spacer of even parity, is
dependent on the molecular shape of the mesogen and not
its potential to assume chiral conformers.”®

In the CBX(CH,)sYCB series (where X/Y = CH,, O or S), the
Nrg phase is observed for all molecules.'®*>°7~%° Wwhile it is
generally considered that CBO nOCB homologues mainly form
the N phase, the presence of a Nyp phase is indicated for
CBO50CB by changes in the optical texture upon
supercooling.'°'°! Here, we measure peaks in the bend angle
distribution (see Fig. 8(a)) of 116° for CB60OCB, 110° for
CB6SCB, 120° for CBO50CB, 100° for CBS5SCB and 112° for
CBS50CB. Conformational sampling provides a reported value
of ~120° for CB6OCB'® and optimised geometries of dimers,
with all-trans configurations of the spacer,’* give bend angles of
143° for CBO50CB, 94° for CBS5SCB and 119° for CBS50CB.
Our results compare favourably with the exception of
CBO50CB.”” It is noted that this literature value was obtained
from a single conformer, albeit the minimum energy geometry,
which does not consider the flexibility of the molecule.

This journal is © The Royal Society of Chemistry 2022
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Since the CBX(CH,)sYCB (where X/Y = CH,, O or S) series all
have spacer lengths of 7 heavy atoms, any differences will
mostly arise from the bond angle and flexibility afforded by
the heteroatom linkage. The y distributions are presented in
Fig. 8(b). Here, we observe that the distributions get broader
and |y|max increases for bent dimers in the order CBO50CB,
CB60CB, CBS50CB, CB6SCB to CBS5SCB. This is also the
sequence of dimers going from the highest to lowest average
bend angle measured here. Thus, we obtain the trend that a
lower bend angle results in a higher degree of conformational
chirality. Experimentally, the effect of the bend angle on Ty _
is unclear. The sulfur-linked dimers unexpectedly exhibit a
lower Ty, ~ than the methylene versions despite having a
smaller bend angle.®>"® As |y|max i commensurate with the
bend angle, we similarly do not observe any correlation
between the presence of high y conformers and the stability
of the Nt phase or transition temperatures. The full width at
half maximum of the main peaks in Fig. 8a (which is a measure
of the flexibility) is ~50° for CB7CB and all the CBX(CH,)sYCB
dimers, and so it cannot be said that there is a strong link
between the flexibility (i.e. polydispersity of bend angles) and

TNTB_N -
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4 Conclusions

In conclusion, we have presented extensive AA MD results for
the bent liquid crystal dimer CB7CB. The simulations show a
Nrg phase, which has a pitch of 8.35 nm and a conical tilt angle
of 29°. Upon heating, phase transitions into the N and I phases
are observed but Ty, and Ty are overestimated. We suggest
that improvements to the force field could be made, according
to previously reported methodologies,**>****#3 to better repre-
sent the transition temperatures. Analysis of the bend angle
between the cyanobiphenyl units for CB7CB produces an
average value of 127°, which is invariant between the Npg and
N phases. Distributions of the chirality order parameter, y,
demonstrate that CB7CB is statistically achiral but can adopt
chiral conformers of opposite handedness with equal probabil-
ity, and that the degree of molecular chirality is unchanged
between the Nt and N phases.

Using single-molecule simulations in the gas phase, distri-
butions of the bend angle and y are determined for the series of
dimers CBnCB (where n = 6, 7, 8 or 9) and CBX(CH,)sYCB
(where X/Y = CH,, O or S). We obtain bend angles in good
agreement with previously reported values with a simple and
fast process. For CBnCB, we confirm that the ability to exhibit
the Nt phase is dependent on a bent molecular shape and not
from the potential of the dimer to assume chiral conformers.
For CBX(CH,)sYCB, we report that a decrease in the bend angle
increases ||max- This corresponds to an increase in the extent
of instantaneous chiral conformations for dimers with higher
bent molecular curvature, despite the flexibility being similar.

The workflow presented here is easily automated, could be
coupled with optimised parameters for the force field, and
provides a route for high-throughput analysis of various proper-
ties of liquid crystal mesogens.

Finally, we note that all-atom simulations of the type
described here provide unique insights into how molecules
are arranged at the molecular level in complex mesophases,
such as the Nyg. Future atomistic studies of other materials are
likely to provide valuable insights into how molecular structure
is related to the range of stability of Nt phases. The influence
of subtle changes in molecular shape, interactions and flex-
ibility is very difficult to capture within a simple coarse-grained
model. However, we are currently developing bottom-up coarse-
grained approaches to multiscale modelling. These approaches
use conformational and through-space interactions from an
underlying atomistic reference to provide new coarse-grained
molecular models that incorporate flexibility and aim to cap-
ture the influence of subtle changes in molecular structure on
phase behaviour.'®*'%® This work will facilitate the study of
these fascinating liquid crystal phases on larger length and
time scales.
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