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An insight into de Vries behaviour of smectic
liquid crystals from atomistic molecular
dynamics simulationsf

Kristian Poll‘Z and Mark T. Sims 2 *

Fully atomistic molecular dynamics simulations have been performed on the ferroelectric liquid crystal
compound 9HL, which exhibits de Vries character. Simulations were carried out at a range of temperatures,
and both SmA* and SmC* phases were successfully simulated. Experimental trends in orientational order
parameter, translational order parameter, layer spacing, and tilt angle were found to be matched by the
simulations. The simulations were analysed in the context of multiple reported models developed from the
interpretation of experimental data, none of which were found to individually describe the simulated
behaviour. Further analysis demonstrated the formation of distinct aromatic and lactate sub-layers in the
9HL simulations. The aromatic sub-layers exhibited tilting behaviour at the SmA*/SmC* transition, whereas
alignment within the lactate sub-layers was found to be relatively unchanged, maintaining a SmA-like
configuration even in the SmC* phase. This behaviour provides a simple explanation for de Vries behaviour,

rsc.li/materials-c

Introduction

Liquid crystal (LC) phases are differentiated by the extent of the
orientational and positional order they exhibit. In the nematic
phase LCs possess orientational order and molecules align
along a preferred axis termed the director (n), whereas in the
smectic phases LCs exhibit both orientational and positional
order and molecules self-assemble into a lamellar structure. A
variety of smectic sub-phases with distinct properties may be
formed by some mesogenic compounds, giving rise to the
extensive potential applications of smectic phases.'™ Of the
smectic sub-phases, the smectic A (SmA) phase, in which the
director is coincident with the vector normal to the layers (k),
and the smectic C (SmC) phase, in which the director is tilted with
respect to the smectic layer normal, are the most prevalent.

The chiral smectic C (SmC*) phase is exhibited by chiral
molecules which form the SmC phase, or may be induced in
non-chiral SmC systems with the addition of a chiral dopant.*®
In 1975, Meyer et al. predicted, based on fundamental symmetry
properties, that any positionally ordered tilted phase composed of
chiral molecules should exhibit ferroelectric characteristics.®’
Such ferroelectric liquid crystals (FLCs) exhibit a number of
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where only a fraction of the layer structure exhibits an overall tilt in the SmC phase.

properties, but their electro-optic response has been the primary
area of focus on these systems due to potential applications in
display technology. Surface-stabilised ferroelectric liquid crystals
(SSFLCs), which are anchored between the planar surfaces of a
liquid crystal cell, exhibit a macroscopic polarisation and have the
capacity to switch states on the microsecond timescale,*® much
faster than the more common displays based on the twisted
nematic phase. SSFLCs may also exhibit a bi- or tri-stable mode of
operation,”®'° offering improved matrix addressing performance,
favourable memory effects and the ability to display image con-
tent at high frame rates.""™ As a result of the fast switching
speed, FLCs have found potential use in field sequential colour
display technology, employing LED backlights, which enable a
wider colour gamut as well as lower operational power costs.'* ¢
Today, FLCs can be found operating in reflective microdisplays
based on liquid crystal on silicon technology,'”"® but difficul-
ties associated with the performance and manufacture of
ferroelectric flat-panel displays have been a barrier to their
more widespread use.

In typical smectic C* materials, an observable molecular tilt
(0) presents at the SmA*-SmC* phase transition, resulting in an
associated contraction of the smectic layers on the order of
cos(6)."® In SSFLCs, this reduction in layer spacing commonly
causes buckling of the layers, and results in chevron structures
that degrade the optical quality of SSFLC-based devices.”®?*
The chevron geometry decreases the effective switching angle
and produces image irregularities termed zig-zag defects at the
boundary between regions with opposite fold directions.?*>>
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The formation of these defects has represented a significant
barrier to the development and widespread use of FLCs in
technology.

However, several materials have been reported in which
layer contraction at the SmA*-SmC* transition is significantly
less than expected,”* >’ providing a potential route to overcome
many of the problems associated with FLC-based displays. This
anomalous reduction of the layer shrinkage came to be known
as de Vries behaviour, after the American crystallographer
Adriaan de Vries proposed one of the first models to account
for the effect.”® Following significant additional work, further
models have been proposed based on experimental results,*"
but no general theoretical model currently exists that can fully
rationalise de Vries behaviour.

Several structural moieties have been shown to promote de Vries
behaviour, with semi-perfluorinated,***>*”* polysiloxane****=* and
polysilane®®*° terminal chains occurring as common structural
features in these materials. The immiscibility between chemi-
cally different sub-units is commonly reported to result in the
nanosegregation of distinct domains, having a crucial effect on
the self-organisation of the smectic layers.>®*° Chiral lactate
derivatives have also attracted considerable attention as a result
of their large optical activity and good thermal stability, as well
as the broad variety of liquid crystal phases they are reported to
exhibit.** Many studies have investigated the structural features
of lactate derivatives, and assessed the impact of various
aromatic cores and lactic acid ester units on the mesomorphic
properties of potential de Vries materials.*>™*’

The seemingly incompatible onset of optical tilt with little or
no layer shrinkage has led to a wide range of experimental
techniques being employed in their study. This anomalous
behaviour has led to the orientational order of molecules
within mesophases being a significant area of research into
these systems; X-ray diffraction, Raman scattering, infrared
dichroism, NMR and birefringence measurements have all
been used to quantify molecular orientation across the SmA*-
SmC* transition, but results tend not to be fully conclusive.®™>°
This difficulty in fully reconciling results of these experiments
may partially be attributed to the inherent limitations of the
methods in terms of the number of expansion coefficients of
the orientational distribution function that can be obtained,
and from the specific molecular feature that is being measured,
for example birefringence or Raman scattering measurements
may yield information on the orientational order of the aro-
matic core of a mesogen, but may be unable to probe the end-
groups, whereas X-ray scattering may give information about
the overall orientational order, but may be unable to provide
information as to how this relates to orientational order of
particular molecular sub-units.

Such differences in experimental techniques inevitably give
rise to differences in resultant orientational order parameters,
meaning that results may not necessarily be expected to be
consistent between studies and therefore generating complex-
ity when comparisons are made. Furthermore, severe approx-
imations are often be applied in the interpretation of the data,
typically of low, often cylindrical, molecular symmetry as well as
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of certain dominant molecular associations.*® Of the methods
employed, X-ray scattering stands out due to its theoretical
ability to provide the full orientational distribution function,
but interpretation is significantly complicated not only by
inevitable approximations of molecular symmetry, but also by
significant difficulties in the processing of data after
collection.*®>"** Nevertheless, a large body of data on these
systems has been obtained, and strong trends in behaviour
have been highlighted that have given rise to the range of
models that have been proposed to rationalise de Vries
behaviour.

Although many investigations have attempted to explain de
Vries behaviour, the molecular origin of supramolecular effects
are often difficult to unambiguously interpret. As a result, the
molecular explanation behind the reduction in layer contrac-
tion at the SmA*-SmC* transition is still an active area of
scientific debate. While several theoretical models have been
asserted, perhaps the most prevalent is the random diffuse
cone model proposed by Adriaan de Vries.?®*° In this model,
molecules are tilted in both the SmC* and the SmA* phase,
with uncorrelated azimuthal tilt directions giving rise to the
uniaxial SmA* phase and correlated azimuthal tilt angles in the
SmC* phase. The uncorrelated tilt directions may be explained
in one of two ways: molecular tilt directions may be uncoupled
in adjacent layers but consistent within the same layer, or the
molecular tilt may be totally uncorrelated within each smectic
layer. A recent variation of this model is the clustered diffuse
cone model, based on the observation of increased orienta-
tional order exhibited by molecules in the SmA* phase when
subject to a strong magnetic field.>® In this model molecules
are thought to form small clusters in which the azimuthal tilt
angles are correlated, however there is no correlation in the tilt
angles between clusters.>*

An alternative model, referred to as the conformational
change model,>""** proposes that the layer contraction caused
by the tilted molecules is offset by a conformational change.
The molecular length must increase at the SmA*-SmC* transi-
tion, which is often stated to be due to an extension of the
terminal chains in the SmC* phase.

Another model, referred to as the interdigitation mode
is often applied to nano-segregated systems such as polysiloxane
and polysilane-based materials. In this model molecules are not
assumed to be tilted in the SmA* phase, but the terminal chains
are thought to be interdigitated, which results in a low orienta-
tional order. The order is thought to increase in the SmC* phase,
and layer contraction is compensated as molecules become tilted
but the degree of interdigitation is reduced.

Although these separate models have been proposed to
account for de Vries behaviour, all theoretical models are based
on idealised cases, and the realistic explanation behind anom-
alous layer contraction can be reasonably expected to include
aspects of more than one scenario."®

Simulation methods have become popular within the field
of liquid crystal research, and used in combination with
experimental techniques they have the capacity to elucidate
behaviour not easily accessible from experimental observations
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alone. Atomistic simulations of liquid crystal phases have the
potential to identify the underlying causes of complex mesophase
behaviour, which can be influenced by subtle interactions at the
molecular and sub-molecular level. Molecular dynamics (MD)
studies of thermotropic liquid crystals have aimed to replicate
the experimental observables associated with the nematic phase,
such as phase transition temperatures, densities, conformational
dynamics and molecular associations.”” > This provided the basis
for more advanced simulation techniques such as the prediction
of EPR spectra,”® simulation of guest-host systems,®" and inves-
tigation of the twist-bend nematic phase.®> Simulations of smectic
phases are not as prevalent due to the difficulties associated with
modelling long-range translational order. Early simulations of
smectic phases were limited by the computational feasibility of
modelling relatively large systems over long timescales, and hence
atomistic studies could provide only limited information on the
structure and dynamics of layered phases.”>*® As CPU speeds
have increased and as GPU use and efficient parallelisation
methods have become more prominent, the atomistic simulation
of smectic phases has become much more feasible, enabling
studies in the range of a few thousand molecules that provide
an insight into the molecular origin of translational order. Recent
simulation studies of translationally ordered phases have repli-
cated experimental observables in a variety of systems,®” " inves-
tigated how molecules pack within the smectic layer structure,”>”>
and investigated the influence of structural elements on the liquid
crystal phase structure.”

The drive to accurately reproduce experimental observables,
such as transition temperatures, densities, orientational and
translational order parameters, has increased the requirement
for more accurate force fields. As a result, many studies have
focused on the parameterisation and verification of force fields,
with the application of both experimental and theoretical
approaches.”>””” Although many force fields aim to be able to
predict experimental properties for a range of compounds,
force fields that have been parameterised for accurate predic-
tion of a specific family of molecules often lack the ability to
perform well when applied to a different series of compounds.
As a result, while general force fields are known to give less
accurate predictions of absolute experimental values, they may
be used to model experimental trends in a broader range of
compounds and provide a means to assess phase structure
under simulated conditions. The General Amber Force Field
(GAFF),”® with further parameterisation specifically for liquid
crystal simulations, has provided a molecular description that
has successfully modelled the phase behaviour of a range of
mesogens.” %

Whilst molecular modelling techniques have been applied
to a broad range of liquid crystal systems, de Vries behaviour
has not been intensively studied through simulation with the
current exception of one coarse-grain study,®* perhaps due to
the difficulties associated with the simulation of large transla-
tionally ordered systems. Nevertheless, the investigation of de
Vries behaviour could benefit significantly from atomistic
simulations of such phases enabling the anomalous reduction
in layer contraction to be probed at a molecular level, which is
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extremely difficult to accomplish with many experimental
techniques.

The aim of this work was to investigate the molecular and
phase structure giving rise to de Vries behaviour through the
application of fully atomistic MD simulations. As outlined
above, many models exist that attempt to account for weak
layer contraction at the SmA*-SmC* transition, and while
experimental studies have provided clues to the mechanism
behind such behaviour, the main contributions on a molecular
and sub-molecular level remain somewhat uncertain. Of the
general classes of molecule exhibiting the behaviour, lactate
derivatives provide a suitable simulation target due to their
significant de Vries character and lack of relatively unusual
structural units such as perfluorinated chains, siloxane units,
or silane units that are not generally well parameterised in
molecular force fields. The central focus of this investigation
was thus the chiral-lactate derivative 9HL (shown in Fig. 1),
which has been the subject of a significant number of studies
and is reported to exhibit minimal layer contraction at the
SmMA*-SmC* transition.>>%?

Methods

All simulations in this study were performed at a fully atomistic
level and were performed within GROMACS 5.1.2,%*7%® employ-
ing the General Amber Force Field”® with modified parameters
suitable for liquid crystal simulation.”® Four conformations of
9HL were optimised at the B3LYP/6-31G(d)®**° level within the
Gaussian 09 software package® to establish the lowest energy
conformation, and atomic charges were calculated from the
lowest energy geometry using the RESP method.”® Conforma-
tions and energies are provided in the ESI{ Initial topologies
for MD simulations were generated using the Antechamber
software®® within the Amber18 software package,’® before they
were converted into GROMACS readable format using Acpype.®®

MD simulations were performed with 2 fs time steps,
periodic boundary conditions, and all bonds were constrained
at their equilibrium bond lengths using the LINCS algorithm.®
Short range van der Waals interactions were truncated after
1.2 nm, and long-range electrostatic interactions were calcu-
lated thorough the particle mesh Ewald method,” also
with a 1.2 nm cut-off. Initial configurations were prepared with
the construction of a gas-phase lattice of 16 molecules with
random head-tail molecular orientations. Each system was
gradually compressed with the Berendsen isothermal-isobaric
algorithm,”® enabling all orientational order to be lost before a
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Fig.1 The chemical structure of the compound 9HL (Cr 41.0 °C SmC*
67.2 °C SmA* 134.6 °C 1).82
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liquid-phase density was obtained, providing an unbiased initial
structure for the phases simulated thereafter. In subsequent
simulations temperature was controlled via a Nosé-Hoover
thermostat,’'% while a pressure of 1 bar was maintained with
an anisotropic Parrinello-Rahman barostat,'** enabling the rela-
tive dimensions of the periodic box to vary throughout the
simulation. For each temperature, the system was equilibrated
for 500-800 ns before being scaled up to 128 molecules via two-
fold replication of the simulation box in each dimension. The
equilibration and replication was then repeated with the
128-molecule configurations, resulting in 1024-molecule con-
figurations from which the full simulations reported in the
results section were undertaken. Simulations were performed
until the phase structure, characterised via the calculation of
orientational and translational order parameters, appeared
equilibrated. This corresponded to a minimum simulation
time of 500 ns and a maximum simulation time of 800 ns in
the 1024-molecule configurations. Equilibration times, average
values and their associated errors were determined using the
method described by Chodera.'®?

The second-rank orientation order parameter, P,, and the
director, n, at each trajectory frame of each simulation was
calculated in a consistent way to previous studies.>”>° The axes
from which these order parameters were calculated are defined
in the main text. Translational order parameters, 7, were
calculated using the method described in detail in previous
studies.>>”*

The simulation layer normal, k, calculated at each trajectory
frame, was obtained by determination of a local layer normal
for each molecular reference position, i, followed by diagona-
lisation of the associated ordering tensor, again as reported
previously.’®>'°* The layer spacing, d, was defined as the
distance corresponding to the maximum density fluctuation
of the molecular reference positions along the calculated layer
normal. The carbon atom on the central aromatic ring, closest
to the 9-carbon aliphatic chain was defined as the position of
the molecular centre of 9HL.

Coordinate files and MD trajectories were visualised with
VMD v1.9.3.1%

Results and discussion

Fully atomistic MD simulations were performed on systems of
pure 9HL at 10 K intervals between 330 K and 400 K. Simulation
temperatures correspond to the experimentally reported SmA*
and SmC* phase ranges, providing data points either side of the
range of experimentally reported SmA to SmC transition tem-
peratures (Ta_c) of 337-347 K.%>10%17

The presence of orientational order is a primary indicator of
mesophase formation in MD simulations, and this was con-
firmed at all simulated temperatures. This is evident from
the calculated P, values plotted in Fig. 2, showing a general
decrease in the orientational order as the temperature is
increased. P, values of ca. 0.85 are consistent with values of
0.8-0.85 reported for 9HL determined from experimental

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Plot of the average orientational order parameter (P,; black sym-
bols), with respect to n, and the translational order parameter (t; red
symbols) determined from simulations between 330 K and 400 K, with
associated error bars.

polarized Raman scattering and birefringence measurements,
and only slightly higher than values of ca. 0.75 reported from
H NMR spectra.”>'°® The P, values are significantly higher
than the values of ca. 0.6 derived from X-ray scattering experi-
ments, but these values are reported to be underestimated due
to the influence of small molecular associations which have
varying orientations within the phase.*® In this study, the
principle molecular axis of 9HL was defined as that calculated
from the minimum moment of inertia (MOI).

Experimentally, the relatively consistent P, values in the
SmA* and SmC* phases indicate that the expected reduction
in layer thickness arising from the onset of molecular tilt is
not sufficiently compensated by an increase in orientational
order upon transition to the SmC phase, as has been reported
for several other compounds.*>'°*"*!" The P, values in Fig. 2 are
consistent with the experimental observations of 9HL, showing
consistent orientational order across the temperature range
incorporating the experimental SmA*-SmC* transition.

Fig. 3 shows snapshots of the simulations carried out at
340 K and 380 K, clearly showing that the orientational order is
accompanied by the formation of layers at both temperatures,
and indicating that the molecules are tilted relative to the layer
normal at 340 K. This observation indicates that a calculated
SmA-SmC transition also lies within this temperature range.

The degree of translational order within smectic phases is
often characterised in terms of an additional order parameter, ,
which is dependent on the density fluctuations of the molecular
positions along the layer normal.""? Values of t may vary between
0 when there is no layering within the system, and 1 in a system
with perfect layer structure.

The calculated 7 values are also shown in Fig. 2, and average
values of ca. 0.5-0.6 denote the formation of defined layer
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Fig. 3 VMD visualisation of the layer structure of 9HL, showing the achiral
aliphatic chain (yellow), aromatic core (red), and lactate chain (black), at
340 K (left) and 380 K (right), respectively.

structures for all simulated temperatures, consistent with the
snapshots shown in Fig. 3. These values are considerably lower
than those derived from an X-ray scattering investigation of
9HL, in which 7 has been determined to be 0.5 at Ty, rising to
0.8 at T,_c."® Discrepancies between 1 values determined by
computational and experimental techniques may be the result
of the methodology used to extract the translational order
parameter from X-ray data, which has been reported to give
higher t values relative to the results from simulation in
previous investigations.’>”* The high degree of translational
order exhibited by 9HL experimentally is fairly typical of de
Vries materials, in which the separation of chemical domains is
often reported to be the primary driver of mesophase for-
mation, consistent with the direct transition from the isotropic
to SmA phase in materials which display de Vries behaviour.'*?
Although the general discrepancies between experimental and
calculated translational order parameters prevent a direct
quantitative comparison, the values calculated in this work
for 9HL are significantly higher than those of ca. 0.15-0.2
calculated from comparable simulations of more conventional
SmA phases formed by cyanobiphenyl mesogens.>®”**

The characterisation of smectic mesophases depends on the
type and degree of translational order they exhibit, and the
transition between the SmA and SmC phase can be described as
a tilt transition as the director tilts with respect to the layer
normal. The tilt angles calculated from the simulations are
shown in Fig. 4, demonstrating a decrease in tilt angle with
increasing temperature. The most significant change in tilt
angle occurs between 350 K and 360 K suggesting a simulated
SmA*-SmC* transition between these two temperatures, rela-
tively close to the reported experimental value of 340 K.
The calculated tilt angle of ca. 18° in the simulated SmC* phase
is similar to the experimentally derived spontaneous tilt of
15-20°,>*'" and considerably smaller than the 30° tilt mea-
sured from NMR spectroscopy.'%®

The low, but non-zero molecular tilt calculated in the simu-
lated SmA phase may go some way to explain the electroclinic
effect observed in dielectric investigations of 9HL in the SmA*
phase,”” and is consistent with the non-zero molecular tilt
measured in the SmA* phase from *H NMR measurements."%®

13044 | J Mater. Chem. C, 2020, 8,13040-13052
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Fig. 4 The average tilt angle between the layer normal (k) and the director
(n) determined from simulations between 330 K and 400 K.

The presence of a non-zero molecular tilt in the SmA phase has
been proposed with the ‘diffuse cone’ model, in which the
random nature of the molecular tilt results in a uniaxial SmA
phase in a bulk material, but may result in a measureable tilt in
the necessarily small SmA phase simulated here. Equally, a non-
zero tilt angle in the SmA phase may be entirely an artefact of the
necessarily small simulation size relative to the dimensions of a
bulk experimental sample; in a bulk sample slight ripples in the
layer structure of a SmA phase may be expected to average out
over the sample, but in a small system such as the simulations
reported here, such ripples would manifest themselves as an
overall tilt angle.

The behaviour of the layer spacing at T, ¢ is the primary
indicator of de Vries behaviour in smectic mesophases. The
calculated layer spacing from the 9HL simulations are shown in
Fig. 5, showing a general increase in layer spacing with increas-
ing temperature from ca. 4.05 nm at 330 K to ca. 4.25 nm at
370 K, falling within the reported experimental range of layer
spacings of between 3.9 nm''®> and 4.3 nm.>* The layer shrink-
age, commonly used as a benchmark for de Vries materials,
can be somewhat ambiguous depending on the temperature
at which the SmC layer spacing is defined, but the layer
spacings determined from the simulations below the apparent
calculated SmA-SmC transition are all <3% smaller than
the layer spacing at the calculated transition, determined from
the average of the layer spacings in the 350 K and 360 K
simulations.

Further to simply quoting a percentage shrinkage to quantify
de Vries behaviour, it is also useful to quantify the reduction in
layer shrinkage with respect to the molecular tilt. This may be
done by calculating a reduction factor, R, corresponding to the
ratio of the theoretical tilt angle, given by the decrease layer
spacing in the SmC relative to that at the SmA-SmC transition,

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 The average layer spacing defined by the C6 atom determined from
simulations of 9HL between 330 K and 400 K, with associated error bars.

to the measured tilt angle. This factor approaches 0 as a liquid
crystal phase becomes more ‘de Vries-like’, and approaches
1 when the shrinkage is consistent with the rigid rod model.
The variation in reported experimental layer spacings and tilt
angles means that absolute experimental R factors for 9HL have
significant uncertainty associated with them, but they are gener-
ally less than 1 (see ESIt), indicating some de Vries character. The
Rvalues of 0.76, 0.78 and 0.45 determined from the simulations at
330 K, 340 K and 350 K, respectively, also indicate that the
simulations exhibit de Vries character. Even after correcting for
the non-zero tilt in the simulated SmA phase, R values from these
simulations are still calculated to be below 1.

To further characterise the molecular tilt in the simulated
phases, the histograms shown in Fig. 6 were generated from the
angles between the layer normals and the directors, each
calculated for the entire simulation box at each trajectory step
of each simulation. These histograms show a clear shift
between 350 K and 360 K that further supports the presence
of a simulated SmA*-SmC* phase transition between these
temperatures. The slight molecular tilt at temperatures above
Tx_c is also evident here, as discussed above. Whether or not
the tilt angle in the simulations above 350 K is a simulation
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artefact or a real feature of the system, the combined data in
Fig. 4-6 clearly demonstrate a phase transition from a signifi-
cantly tilted phase at temperatures of <350 K to a phase
exhibiting little tilt at >360 K. Furthermore, the reduction in
layer spacing at this transition is less than would be expected
from the calculated molecular tilt alone, i.e. the simulations
clearly exhibit de Vries character.

The subsequent analyses are presented in sections that
focus on different reported models explaining de Vries beha-
viour, assessing their consistency with the simulation results.

Diffuse cone model

The diffuse cone model suggests that molecules exhibit a non-
zero tilt angle, with respect to k, even in the SmA phase.?®2°
This distribution of the molecular tilt directions is described as
a broad, diffuse cone around the layer normal, which may take
a ‘volcano-like’ or a broad ‘sugarloaf’ shape. Such a distribution
may not be detectable from second-rank order parameters
alone such as those presented in Fig. 2, but they can be revealed
by the orientational distribution of molecules in a system.
Orientational distribution functions of the minimum MOI axes
of the 9HL molecules are shown in Fig. 7, showing broad
distribution functions with non-zero maxima in the simulated
SmC phase (<350 K), but showing distribution functions
clearly centered at 0° in the simulated SmA phase (> 360).

The fourth-rank orientational order parameters, P,, would
be expected to be very small or negative for a SmA phase
exhibiting “true” diffuse-cone behaviour."'® P, values asso-
ciated with the distribution functions in Fig. 7 are given in
Table S1 in the ESL{ and are generally in the range 0.4-0.6,
consistent with experimental values determined from Raman
scattering experiments.*® Even without the additional charac-
terisation of the shape of the distribution functions, it is clear
that there is a significant change in the distribution functions
across the simulated transition temperature, which itself is
inconsistent with the diffuse cone model in which the phase
transition is characterised by azimuthal ordering alone.

The ODFs as well as visual inspection of the phase structure
of 9HL (such as shown in Fig. 3) indicate an apparently
conventional SmA phase that appears to be inconsistent with
the diffuse cone model.

Conformational change model

The conformational change model proposes that the layer shrink-
age caused by the tilt of the mesogen is offset by a simultaneous

cidvwhROON

|

h | g

Normalised Population
OSCpoocO0oO0O0O0C O

0 4 81216200 4 8 1216200 4 8 1216 200 4 8 1216 200 4 8 1216 200 4 8 12 16 200 4 8 1216 200 4 8 1216 20

Angle/*

Fig. 6 Histograms of the normalised population n vs. k over the final 100 ns of simulations of 9HL, performed every 10 K between 330 K and 400 K, from

left to right, respectively, determined with a bin-width of 2°.
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Fig. 7 Orientational distribution functions (ODFs) of the minimum MOI
vectors of the molecules vs. k, determined from simulations of 9HL at 10 K
intervals between 330 K and 400 K.

increase of the molecular length. The distribution of calculated
molecular lengths, defined as the length of the vector between
the terminal CH; carbon atoms on the C, aliphatic chain and
the Cg4 lactate chain, at the different simulation temperatures
are shown in Fig. 8, along with the average molecular length at
each temperature, showing an overall increase in molecular
length on cooling. This data indicates that any layer shrinkage
on cooling due to molecular tilt is, to some degree, likely to be
offset by an increase in the molecular length. Analysis of the
simulations at 350 K and 360 K, either side of the simulated
SmA-SmC transition, shows a reduction in layer spacing of
0.62 A on cooling. Taking into account the calculated molecular
tilt angles at these temperatures, the molecular length would
have to exhibit a corresponding increase of 0.48 A if this was
the only factor offsetting the layer shrinkage. The average

View Article Online

Paper

calculated increase in molecular length between 360 K and
350 K is 0.23 A, indicating that whilst molecular elongation may
contribute to the de Vries behaviour of 9HL, it is unlikely to be
the only contributing factor.

The presence of any specific major conformational changes
of 9HL across the SmA*-SmC* transition was also investigated
by analysing all of the dihedral angles other than those invol-
ving hydrogen atoms or those only involving atoms within, or
directly substituted to, an aromatic ring. Plots of the popula-
tions of these angles are shown in Fig. S3 in the ESI,{ demon-
strating that there are no major changes, but subtle differences
are observed that may be attributable to the temperature differ-
ence, consistent with the gradual elongation shown in Fig. 8.

Interdigitation model

The extent to which molecules overlap within and between
layers has been proposed to offset layer shrinkage arising from
molecular tilt in the interdigitation model of de Vries beha-
viour. Fig. 9 shows the percentage interdigitation of the two
ends of the 9HL molecules, defined as the CH; carbon atoms
on the Cy aliphatic chain and on the C¢ lactate chain. These
values were determined in accordance with previous work,
where an atom is considered interdigitated if it lies beyond
the overall layer position defined by all molecules within a
layer.”* A degree of interdigitation of 100% would indicate all
atoms in oppositely orientated molecules overlap, whereas a
value of 0% would indicate that there is no overlap between the
atoms in oppositely orientated molecules.

The degree of interdigitation of the aliphatic chains is
shown to be consistently ca. 85% across the simulated tem-
perature ranges. This high value indicates that most of the
aliphatic chains in oppositely oriented molecules within the
layer structure overlap with one another. In contrast, the values
determined for the lactate chains are much lower at ca. 25%,
indicating that only around a quarter of the lactate chains
overlap with the equivalent groups in oppositely oriented
molecules, but again the values are relatively consistent across
the temperatures studied.
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Fig. 8 Distribution of molecular lengths of 9HL (left) and mean molecular lengths plotted against temperature (right), determined from simulations of

9HL at 10 K intervals between 330 K and 400 K.
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If molecular interdigitation was offsetting layer shrinkage
arising from molecular tilt, a general decrease in interdigitation
would be expected with decreasing temperature (increasing
molecular tilt), which is not evident in Fig. 9. Furthermore, a
sharp decrease would be anticipated between 350 K and 360 K
where the tilt angle, 6, and cos(6) are calculated to change the
most. This decrease is also not evident in Fig. 9, indicating that
in these simulations changes in molecular interdigitation are
small, and are not calculated to have a significant effect on the
layer spacing or de Vries characteristics of the simulated
systems.

Sub-unit behaviour

The established models discussed in the previous sub-sections
do not, in isolation, satisfactorily explain the simulated de Vries
behaviour of 9HL. In view of the clear aromatic and lactate
sublayers evident in Fig. 3, along with the very different nature

View Article Online
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of the sublayers highlighted by the degrees of interdigitation in
the previous section, further analysis was performed on the
different groups within 9HL to provide a more detailed picture
of the simulated phases. A number of experimental studies
report that tilt angle is not typically uniform across the whole
molecule in de Vries materials, as some molecular sub-units
may exhibit different tilt behaviour at the SmA*-SmC*
transition.’™'” The ODFs of the minimum MOI axes of the
atoms comprising the aliphatic chain, the aromatic core, and
the lactate chain are shown in Fig. 10 and their respective order
parameters are listed in Table 1, enabling a comparison of the
tilt behaviour of the different molecular sub-units across the
simulated temperature range.

The ODFs clearly show that whole molecules do not tilt
universally in the SmC phase, and that different molecular sub-
units exhibit very different distribution functions. In the SmC
phase (330-350 K) the aromatic groups exhibit a ‘volcano-like’
distribution function, the aliphatic chains exhibit more of a
‘sugarloaf-like’ distribution, and the lactate groups show a
broad SmA-like distribution function, which is essentially
indistinguishable to the distribution functions exhibited in
the simulated SmA phase. In addition, the lactate groups are
calculated to be significantly less orientationally ordered with
respect to k, than the aromatic and aliphatic groups at all
temperatures. The lactate unit comprises a significant percen-
tage of the molecular length of 9HL, meaning that a significant
portion of the molecule is calculated to remain non-tilted with
respect to the layer normal, k, even in the SmC phase.

This contrasting behaviour in the relative tilts of the differ-
ent sections of the 9HL molecules provides a potentially
straightforward explanation for the de Vries-like behaviour:
if the ODF of part of the molecule does not change significantly
at the SmA-SmC transition then the overall layer will not shrink
as much as a rigid-rod model would suggest. We note that such
an explanation of de Vries behaviour has been investigated
previously in the study of a perfluoroether terminated
molecule,>” but in this case the model was considered to
not satisfactorily explain the behaviour. The orientational
behaviour of individual molecular sub-units have also pre-
viously been reported in siloxane-terminated mesogens, in
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Fig. 10 Orientational distribution functions (ODFs) of minimum MOI vectors of the achiral aliphatic chain (left), the aromatic core (centre), and the
lactate chain (right), determined from simulations of 9HL at 10 K intervals between 330 K and 400 K.
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Table 1 Average P, values, with respect to k, determined from the
aliphatic, aromatic, and lactate sub-units of 9HL at 10 K intervals between
330 K and 400 K

Aliphatic Aromatic Lactate

T/K P, +/— P, +/— P, +—

330 0.625 0.002 0.728 0.002 0.295 0.004
340 0.651 0.004 0.733 0.002 0.284 0.004
350 0.638 0.006 0.778 0.002 0.285 0.005
360 0.699 0.006 0.818 0.002 0.287 0.006
370 0.691 0.005 0.799 0.002 0.276 0.003
380 0.659 0.006 0.805 0.002 0.269 0.003
390 0.633 0.004 0.776 0.004 0.305 0.002
400 0.606 0.013 0.756 0.015 0.291 0.003

| (7

TH
i |||

Fig. 11 Schematic diagram illustrating differences in layer thickness when
different fractions of the molecule (left to right: 0, 1, % 1) tilt by 25 degrees.
Percentage layer thicknesses relative to the un-tilted (SmA) configuration
are also given.

O

which siloxane sub-units are less orientationally ordered
and exhibit a significantly smaller tilt than the rest of the
molecule.’®'° In addition, the orientational order of indivi-
dual sub-units has previously been considered in the case of

tilt angle / degrees
3
% layer shrinkage

0.0 0.2 0.4 0.6 0.8 1.0
fraction tilting

Fig. 12 Plot of % layer shrinkage against the fraction of the molecule
tilting and the tilt angle. Contours are shown for different reported
definitions of materials with “de Vries" character 106120121
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9HL, but it was determined that their contribution to de Vries
behaviour could not be clearly defined.*®

The general effect of partial molecular tilt on the layer spacing
of a smectic material is shown schematically in Fig. 11, demon-
strating that if just 1 or 2 of a molecule is tilted in the SmC phase,
the overall layer thickness reduces by just 3.1% (R = 0.57) or 6.2%
(R = 0.81), respectively, relative to the SmA phase as opposed to a
9.4% reduction if the whole molecule tilts by the same angle.
More generally in this simplified picture, for a given tilt angle the
overall layer shrinkage is simply proportional to the fraction of the
overall molecular length that tilts.

A broader interpretation of this model is illustrated in Fig. 12,
which shows the percentage layer shrinkage as a function of the
fraction of the molecular length that tilts, and as a function of
the tilt angle. This plot highlights that typical definitions of de-
Vries character may be satisfied via either a large fraction of the
molecular length tilting by a small angle, or by a smaller part of
the molecular length tilting by a larger angle.

Conclusions

Fully atomistic MD simulations of 9HL were shown to closely
reproduce a range of experimental trends such as orientational
and translational order parameters, layer spacing, and tilt angle
over a wide temperature range. Analysis of the simulations
indicated that the nature of the layer contraction in the
simulated phases of 9HL was not fully consistent with many
of the conventional models applied to liquid crystal systems
exhibiting de Vries character. The change in molecular con-
formation with temperature to a more elongated structure at
lower temperatures enabled partial rationalisation of the small
layer shrinkage but was not calculated to be sufficient as the
only contributing factor.

Investigation of molecular sub-units provided a more
detailed insight into the structures of the simulated phases
of 9HL. Orientational distribution functions of the sub-units
indicated that molecules do not exhibit a uniform tilt across the
whole molecule. Aromatic cores and aliphatic units display
fairly ‘typical’ behaviour, with a significant change in the
distribution function to a broad ‘sugarloaf-like’ or ‘volcano-
like’ distribution upon transition to the SmC* phase. In con-
trast, the tilt distribution of the lactate units was not calculated
to vary significantly between the SmA* and SmC* phases,
exhibiting a broad distribution centred at zero tilt angle across
all simulated temperatures.

Tilt angles in SmC phases are typically determined by
methods that probe just part of a molecule, such as vibrational
spectroscopy, NMR spectroscopy, or by birefringence measure-
ments that rely on the anisotropy of the polarisability along a
conjugated region of a molecule. These angles are therefore
usually dependent only on the angle that the aromatic core of a
mesogen makes with the director, so the partial-tilt behaviour
described in this work enables a simple interpretation as to why
layer shrinkage at the SmA-SmC transition may not appear
consistent with a measured tilt angle.

This journal is © The Royal Society of Chemistry 2020
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Furthermore, the differences in the simulated order para-
meters of the aromatic and lactate groups in the SmA* phase
enables reported discrepancies between orientational order para-
meters of 9HL to be rationalised. Reported values obtained from
X-ray scattering are significantly lower than those obtained from
Raman scattering experiments,*® consistent with the lower calcu-
lated order parameter of the lactate chains that contribute to the
X-ray scattering pattern but not to the Raman scattering.

In some regards the de Vries behaviour of 9HL may be
considered an anomaly due to its lack of chemically incompa-
tible units, which are often considered important for mesogens
to exhibit de Vries behaviour."**** However, despite the apparent
lack of chemical incompatibility, the simulations of 9HL clearly
show very distinct lactate-dominated sub-layers and aromatic-
dominated sublayers, as well as exhibiting a high translational
order parameter. This behaviour is consistent with the well-defined
layers reported to be exhibited by perfluoroalkane and siloxane-
containing mesogens, but in the case of 9HL the behaviour may be
a geometric effect rather than purely a chemical effect.”

This study of 9HL also demonstrates further similarities
with siloxane-containing mesogens, for which siloxane and
hydrocarbon sub-units have been shown to exhibit different
orientational order parameters in cases where X-ray scattering
has enabled resolution of peaks arising from the different sub-
units."*®*? It has also been reported the orientational order of
siloxane sub-units does not necessarily show any change across
the SmA/SmC transition,'"® again consistent with the beha-
viour of the lactate chains exhibited in these simulations
of 9HL. Given these similarities, it may be that the model
described here may be applicable to a greater or lesser extent
to other materials that exhibit de Vries behaviour.

We believe that this study is the first time that de Vries
character has been simulated at an atomistic level, and the
analysis presented here illustrates the value of such simula-
tions in elucidating the complex molecular-level and sub-
molecular-level contributions to the phase behaviour. It is
generally accepted that de Vries behaviour arises due to multi-
ple factors, and it seems likely that further similar simulations
will aid in the understanding of these materials, and ultimately
help in the design of improved materials in future.
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