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Abstract

So-called polar liquid crystals possess spontaneous long-range mutual orientation of
their electric dipole moments, conferring bulk polarity to fluid phases of matter. The
combination of polarity and fluidity leads to complex phase behaviour, and rich new
physics, yet the limited understanding around how specific molecular features
generate long-range polar ordering in a fluid is a hindrance to development of new
materials. In this work, we introduce a computational framework that probes the
bimolecular potential energy landscape of candidate molecules, enabling us to dissect
the role of directional intermolecular interactions in establishing polar order. In closely
related families of materials we find conflicting preferences for (anti)parallel ordering
which can be accounted for by specific interactions between molecules. Thus, our
results allow us to argue that the presence (or absence) of polar order is a product of
specific molecular features and strong directional intermolecular interactions rather
than being simply a product of dipole-dipole forces. The design principles established
can be leveraged to developing new polar liquid crystalline materials.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Liquid crystals, known for almost 150 years, are characterised by orientational (and
positional) ordering of their constituent molecules or particles (e.g. the nematic phase,
Figure 1a). Within these, there is typically no preference for long-range orientation of
the molecular electric dipole moment, and so the bulk phases are apolar. In recently
discovered polar liquid crystals there is a strong preference for parallel orientation of
the electric dipole moments of the constituents. In the simplest case, the ferroelectric
nematic (Ng; Figure 1b), '* conventional nematic orientational order is augmented by
an additional polar order, which manifests as the constituent molecules having their
electric dipole moments oriented parallel and so endowing the bulk phase with
spontaneous polarisation. The Ng phase - combine the magnitude of polarisation of
solid-state materials (e.g. the spontaneous polarisation of RM734 is ~ 0.06 C m
versus ~0.8 C m-2 for LiNbOj5 °) with the fluidity and ease of processing of liquids/fluids,
and so their discovery has been met with great enthusiasm for possible future
applications. 68
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Since this initial discovery, the imposing of polar order atop liquid crystal with, diffetigco s
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positional order has been shown to yield orthogonal (SmAg) °1° and tilted (SmCp)
phases. ' 12 13 More complex phase types are also shown to exist, including
spontaneously helical nematic (HCNg in ' or Ntgr in '® and smectic (SmCgH). 16 It is
reasonable to expect, where not forbidden by symmetry, polar variants of classical
liquid crystals will be discovered. For example, higher ordered orthogonal (SmBp,
SmEp) or tilted (Smlp, SmFp) smectics, smectics with modulation (e.g. SmAp, SmCp,
and so on), where the subscript P denotes polar order being preferred to “F” for
ferroelectric as the viscosity of such hypothetical states may render the measurement
of polarization reversal ambiguous.

While typified by archetypal materials such as RM734 4546 and DIO, the Ng phase is
fairly widespread and found in an ever growing number of materials. 42 47 Despite this,
there is no unified view of how polar order arises. The effect is that while a few
materials are discovered ad hoc, most are progressions or evolutions from some initial
configuration rather than designed from first principles. Indeed, the vast majority of
polar liquid crystals materials can be described as descendants of these archetypal
structures (Figure 1c).

The molecules that show polar liquid crystal phases typically have large electric dipole
moments, and it has been suggested that dipole-dipole interactions are important in
the genesis of polar order. However, small changes in molecular structure, even those
which preserve or even enhance the electrical polarity of the molecule, can lead to the
loss of polar ordering. ' 47 In our view, dipole-dipole interactions are likely important,
but an argument could be made that their importance is currently overstated. More
recently it has been demonstrated that strong dipole-dipole interactions can lead to

anti-parallel ordering 4% 4° and twisted structures even with degenerate anchoring. 5%
52
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Figure 1: Depictions of apolar (A) and polar (B) nematic phases; the arrows
represent molecular electric dipole moments and are coloured according to their
orientation. (C) Molecular similarity of polar liquid crystals visualised with a plot of
Uniform Manifold Approximation and Projection (UMAP) — molecules are represented
as a 1024-bit Morgan fingerprint 7 with a radius of 2, 20 nearest neighbours, a
minimum distance of 0.5, and the Rogers-Tanimoto similarity metric to project the
high-dimensional fingerprint to two dimensions. Datapoints are coloured according to
the polar phases exhibited; where multiple phases are present, the datapoint has split
colouring. DIO-like molecules are at the lower left, and RM734-like molecules at the

upper right. The plot encodes data for ~ 500 polar liquid crystals, with data taken from
refs. 9 16, 18-44
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Linking emergent polar order to specific patterns of intermolecular interactions, similar
to the Madhusudhana charge interaction 53 but grounded in atomistic detail, is not only
more logical from a molecular viewpoint, but has the potential to impact other adjacent
fields with polar order (for example, polymers, MOFs and such).

Atomistic MD simulations have given valuable insight into the molecular basis of polar
order in liquid crystal phases. 5 However, the reliance on empirical force fields
neglects electronic effects such as polarization, charge transfer, and intermolecular
induction effects. Recently, we developed an analysis workflow for examining the 3D
bimolecular potential energy surface (bPES) for an interacting pair of molecules, 47
this being particularly suited to the study of polar liquid crystals. Herein, we show that
the presence and absence of the N phase in closely related materials (RM734 vs
RM734-CN; Fig 2) can be accounted for by solely considering lateral intermolecular
interactions. We extend this analysis workflow DIO, 22 and the closely related materials
CIO 43 and DIO(-F). 4
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Figure 2: Molecular structure of the materials used in this study.

Methods

Transition temperatures were taken from the literature: RM734 and RM734-CN were
taken from Mandle et al. 20-21: DIO from Nishikawa et al. 22 ; CIO from Hobbs et al. 43;
DIO(-F) from Aya et al. 4? Electronic structure calculations were performed in ORCA
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5.0.4. %5 %6 The rigid bimolecular potential energy surface was constructed as follO#s, <o m’5
using the software tool described in ref 47.

First, the geometry of a single molecule was optimised at the B97-D3/cc-pVTZ level
of DFT. 57 58 A series of rigid bimolecular calculations were set up by translating a
second copy of this molecular geometry over the x/y/z axes — here, we restrict our
study to the limiting cases of parallel and antiparallel orientation of the two molecules.
The initial displacement grid has an initial spatial extent of x = +35 A; y = #+20 A; z =
+8 A, with a resolution of 1 A.

We impose geometric constraints on the intermolecular separation by enforcing a
minimum and maximum atom-atom distance criterion. Specifically, configurations are
only considered valid if the shortest interatomic distance between any atom in
molecule 1 and any atom in molecule 2 is no less than 3.0 A, ensuring physically
reasonable non-covalent interactions. Conversely, to exclude unbound or weakly
interacting states, we impose an upper bound of 5.0 A on the longest interatomic
separation between the two molecules. These criteria ensure that the sampled
configurations remain within a physically relevant interaction range while preventing
artificial close contacts or excessively weak long-range interactions. For each unique
geometry we perform a single point energy calculation at the B97-D3/cc-pVTZ level of
DFT with counterpoise correction, with the complexation energy and displacement
vectors used to construct the 3D bimolecular potential energy surface.

Optimise Initial
Geometry

Generate
Displacement Grid

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Rigid bPES scan
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Figure 3: A schematic overview of the workflow involved in this analysis

We identify the global minimum on the bPES, along with a further 9 discrete local
minima. Minima are only considered discrete if they are 3 A from another identified
local minima and are not related via symmetry. Each identified minima then undergoes
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unconstrained geometry optimisation at the same level of DFT as used preyiously.sTaco 0005
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account for optimisations of two (or more) configurations converging to the same
geometry, we calculate the RMSD between each set of optimised minima geometries
for each molecule and discard those that fall below a threshold of 0.2 A. Visual
inspection of remaining geometries is used to classify specific pairing types (e.g.
slipped parallel, twisted antiparallel and so on). A schematic of this workflow is given
in Figure 3.

Results

We begin with a general observation on the obtained rigid potential energy surfaces.
The long-range orientational correlation of electric dipole moments in polar liquid
crystals inevitably leads to invocation of head-to-tail interactions between molecules
as a rationale. Chemically, this is dubious - the non-polar “tail” of the molecule (a
saturated hydrocarbon) will not experience particularly strong interactions with the
polar “head” (a nitro group, a nitrile etc.). Here, we find the energetics of head-to-tail
interactions in the molecules studied here to be negligible, with AG ympiex DEING
smaller than 1 kcal / mol. As expected, head-to-head (or tail-to-tail) interactions where
polar functionalities on adjacent molecules are proximal leading to electrostatic
repulsion (Fig 4a). Instead, the results below demonstrate that polar order (parallel
molecule arrangement) is the result of rather more subtle and directional non-covalent
forces.

We first consider the well-known materials RM734 and RM734-CN. Whereas RM734
has a terminal nitro group and exhibits the Ng phase, in RM734-CN the nitro group is
swapped for a cyano group which leads to the absence of the Ng phase. Given that
the two materials have comparable electric dipole moments (11.4 D versus 11.3 D, for
RM734 and RM734-CN respectively, at the B97-D3/cc-pVTZ level of DFT) the
magnitude of electric dipole should not be taken exclusively as indicative of
spontaneous polar ordering.
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Figure 4: (A) The rigid bimolecular potential energy surface for RM734 in parallel (top)
and antiparallel configurations; (B) boxplot of complexation energies of 10 discrete
minima subjected to unconstrained geometry optimisation; Comparison of principal
pairing modes of RM734 (top) and RM734CN (bottom) and the counterpoise corrected
DFT:B97-D3/cc-pVTZ complexation energies: The twisted-parallel form (C); the
parallel form (D); the slipped parallel form (E).

The rigid bimolecular potential energy surfaces for the two materials are not especially
diagnostic upon visual examination; both the parallel and antiparallel configurations
feature many local minima (Figure 4a). However, following geometry optimisation of
each minimum, we find significant differences between RM734 and RM734CN. For
RM734, the parallel form is the global minimum, with multiple low energy parallel
configurations whereas for RM734CN the antiparallel form is the global minimum (Fig
4b). Broadly speaking, any parallel configuration of RM734 is slightly lower in energy
than the equivalent configuration in RM734CN (Fig 4c-e), but the difference in
complexation energy is modest (~ 1-2 kcal mol'). The global energy minima for
RM734 is the twisted-parallel form (Fig 4c), featuring a weak electrostatic interaction
between staggered nitro groups on adjacent molecules(0,N%*--- 05~N0O) which is not
feasible for the nitrile terminated material in this geometry. In the parallel form (Fig 4d),
the same interaction is present for the nitro-terminated material, while for the nitrile
terminated RM734-CN there is an analogous but weaker interaction (€ = N6—-.. €5+
= N), which reflects in the reduced complexation energy. In the case of the slipped
parallel form (Fig 4e), the geometry of the nitro group leads to a favourable interaction
with the proximal carboxylate ester on the adjacent molecule (0 = C%*---05~NO)
which is not geometrically possible for the nitrile terminated material. Thus, the
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preference for parallel (polar) pairing modes results from the subtle bglance ) 0f::5
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geometry with non-covalent interactions.

The behaviour of antiparallel configurations is somewhat more nuanced. On the one
hand, some forms (such as the slipped antiparallel pair in Figure 5a) are close in terms
of geometry and complexation energy. However, the nitrile terminated material adopts
certain antiparallel configurations (such as the global energy minimum twisted
antiparallel form, Fig 5d) which are not found for the nitro terminated material. The
reason for this can be understood in terms of charge distribution (Fig 5e-f); both nitro-
and cyano- groups are highly polar with localised charges, however the geometry of
the nitro group - with large, localised charges on the two oxygen atoms - prevents the
twisted antiparallel configuration due to electrostatic repulsion from the oxygen atom
of the terminal methoxy unit. Thus, we are left with the counterintuitive conclusion that
polar order in RM734, and absence of polar order in RM734-CN, results from a small
increase in complexation energy for the parallel form and a significant decrease for
the antiparallel form.

A. B. C.
¥ 3NN e Sammanh il )5“ x"“‘
3\"“‘%1 e M g e >y Y
AEcp = —114 kcalmol™ 1 —14.2 kcal mol™ —19.4 kcal mol™
P == g e = N . Wi
\/\A l\/ﬁ\ﬁr“h“\’::\‘-*’“ N FLuQ—CQ ._ﬁ)_ﬁ_;@_-_i}#‘
AEp = —13.2 kcal mol™! —17.2 kcal mol™! —22.7 kcal mol™!
D.
PET—
AEcpix = —29.2 kcal mol™!
.
—0.10 0.0 0.10
ESP [ a.u.

Figure 5: Comparison of principal antiparallel pairing modes of RM734 (top) and
RM734CN (bottom) and the counterpoise corrected DFT:B97-D3/cc-pVTZ
complexation energies: major slipped antiparallel pair (A); minor slipped antiparallel
pair (B); antiparallel pair (C). The twisted antiparallel pair of RM734-CN (D) is the
global energy minimum for this material, yet this configuration is not formed by the
nitro terminated RM734. Contour plots of ESP projected onto the molecular plane for
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RM734 (E) and RM734CN (F); the geometry of the nitro group results in, a, lafgers; .
charge volume than the nitrile.

We now consider DIO and two derivatives; CIO 43 and DIO(-F). 42 Replacement of the
trans 1,3-dioxane unit of DIO with a trans cyclohexyl unit affords CIO, which exhibits
only apolar liquid crystal phases. Similarly, DIO(-F) - analogous to DIO but with a single
fluorine atom removed — displays only apolar liquid crystalline order. As with the
previous examples, the overall polarity of these materials is comparable, with
calculated dipole moments at the DFT:B97-D3/cc-pVTZ level of 8.5 D (DIO), 7.0 D
(ClO) and 8.1 D (DIO(-F)).

Open Access Article. Published on 27 May 2025. Downloaded on 5/30/2025 5:03:00 PM.
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Figure 6: Rigid bimolecular PES for DIO in parallel and antiparallel configurations (A);
boxplot of complexation energies of 10 discrete minima subjected to unconstrained
geometry optimisation (B); Minimum energy configurations of DIO (C), CIO (D), and
DIO(-F) (E) each in the parallel (top) and slipped parallel (bottom) configurations. A
E.pix is the counterpoise complexation energy at the DFT B97D3/cc-pVTZ level.

In the parallel configuration, all three materials adopt parallel (Fig 6¢c-e, top) and
slipped parallel (Fig 6c-e, bottom) configurations. For both configurations, the
complexation energy of DIO is larger than CIO or DIO(-F). In the first case, this reflects
the contribution of the dioxane group (DIO, versus cyclohexane in ClO); with the
dioxane group interacting with either another dioxane (parallel) or the adjacent meta
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difluorobenzene (slipped parallel). This interaction is via electrostatics, with.the pdttialcs s

negative charges of the oxygen “side” of the dioxane ring being proximal to the partial
positive charge of an adjacent dioxane or benzene ring. It should also be noted that
dioxane has a smaller steric footprint than cyclohexane, which may also be a relevant
factor. We speculate that the incapability of other saturated ring systems to deliver
polar liquid crystal phase (e.g. 1,3,2-dioxaborinanes, cubanes) 43 is due to similarly
reduced interaction strength (and potentially steric factors also) versus the parent
dioxane. Based on this, we would expect the tetrahydropyran homologue of DIO to
have a somewhat lower onset temperature for polar order. The analogous 2,6,7-
trioxabicyclo[2.2.2]octyl material is also likely to be lower owing to its larger steric
footprint and unfavourable geometry. The 1,3-dioxane ring, while prone to degradation
(hydrolysis, isomerisation, thermolysis) 43, does regrettably appear to be a privileged
scaffold with respect to polar liquid crystals.

Comparing DIO with DIO(-F), the reduction in complexation energy reflects the impact
of fluorination pattern on 11- 1 interactions, the strength and geometry of which reflects
the anisotropy of the electrostatic potential (ESP) and the quadrupole moment of the
system. It is well known that benzene has a negative quadrupole moment
perpendicular to the ring plane owing to delocalised electrons, while
hexafluorobenzene has a positive quadrupole as the fluorine atoms pull electron
density away from the ring m-cloud. This effect also manifests in the ESP, with
benzene having a negative ESP above/below the ring due to the density of Tr-electrons,
and hexafluorobenzene having positive ESP above/below the ring. Thus, the
heterocomplex of benzene and hexafluorobenzene can stack face-to-face due to
complementary ESP. In our previous work, '® we demonstrated that the ESP should
be spatially uniform in 3D. We can use the example of a black and white checkboard
pattern to illustrate this in a simplistic fashion, where black and white are alternate
charge polarities. When the checkboard pattern gets disturbed (i.e. a white square is
turned black) a region of repulsion is induced reducing the prevalence of lateral
interactions. Induce enough of these repulsive regions and the anti-parallel promoting
dipole-dipole interactions becomes dominant once again.

Page 10 of 17
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Here, the fluorination pattern in DIO leads to a more anisotropic ESP within the rings
than for DIO(-F), favouring face-to-face stacking through complementary ESP
between adjacent molecules. The ESP anisotropy is increased by incorporating an
additional fluorine atom (DIO (+F); Fig 7); this is expected to further enhance the
packing preferences, and manifests experimentally as an increased Tr). The effect
of fluorination pattern can also be seen to impact on the quadrupole tensor, with the
Qyy and Qzz components changing sign as the degree of fluorination increases. This
in itself is not proscriptive for determining the preference for parallel/antiparallel
packing; geometry and repulsion between localised charges (e.g. on fluorine) must
also be considered.
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Figure 8: Minimum energy configurations of DIO in the slipped antiparallel (top) and
twisted antiparallel (bottom) configurations (A); CIO in slipped antiparallel (top) and
twisted antiparallel (bottom)configurations (B); DIO(-F) in the slipped antiparallel (top)
and twisted antiparallel (bottom) (C). AE,,, is the counterpoise complexation energy
at the DFT B97D3/cc-pVTZ level.

We next consider the case of antiparallel geometries. All three materials exhibit the
same types of pairing modes, with the twisted antiparallel pair (Fig 8, bottom) being
the global energy minimum antiparallel form. DIO, and its derivatives considered here,
show smaller differences in terms of the complexation energy of antiparallel pairs than
seen for RM734 and its nitrile terminated homologue. For DIO, the antiparallel form is
the global energy minimum (Fig. 8a) albeit by only 0.1 kcal mol-', despite the fact polar
order is known to prevail (as the material exhibits polar LC phases). For ClIO and DIO(-
F) the antiparallel form is far lower in energy than the parallel form. This highlights
again that quite subtle differences in intermolecular interactions are responsible for the
preference for parallel or antiparallel organization, which manifests in the presence (or
absence) of polar liquid crystal phases.

Finally, we conclude our analysis by considering the bPES of two different molecules,
RM734 and DIO. Chen et al showed that, experimentally, these display ideal mixing,
despite the differences in their chemical structure, °° and we have since suggested
this may be a more general phenomenon. 43 Here, we find that the parallel
configurations have larger complexation energies than the antiparallel form. For the
mixed RM734/DIO system we find that the parallel form exhibits comparable
intermolecular interactions to those seen for single component systems. In addition to
- 11 interactions and 1-NO, interactions (Fig 9b), we find interactions between the
nitro group and ester groups (Fig 9c) and between ester groups (Fig 9d-e). The ideal
mixing of these materials reflects the fact the complementary nature of their
intermolecular interactions. Framing the incidence of polar order in this way allows us
to explain the rapid suppression of the Ng phase in mixtures systems where this
complementarity is lacking, for example 5CB and DIO/RM734. 60
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Figure 9: (A) Bimolecular potential energy surfaces for the RM734/DIO system in
parallel and antiparallel configurations. Optimised minimum energy configurations of
RM734/DIO (B-E). AE.,, is the counterpoise complexation energy at the DFT
B97D3/cc-pVTZ level.

Conclusions

We have developed a computational workflow for assessing how two molecules
interact by first performing a rigid scan over the bimolecular potential energy surface
and subsequently allowing relaxed geometry optimisation of a number of minima on
this PES. We find that small changes in materials flip the energetic preference for
(anti)parallel intermolecular orientations, for example swapping nitro (parallel) for
cyano (antiparallel) in RM734-like materials. This allows us to explain the
incidence/absence of polar order in terms of specific molecular interactions. In DIO-
like materials, the fluorination pattern plays an important role in determining phase
type through generation of anisotropies in the electrostatic potential of phenyl rings.
Moreover, replacing dioxane with cyclohexane (aka CIO) is shown to reduce the
complexation energy for parallel pairs, accounting for the lack of polar ordering in
these materials. Our workflow is chemically specific; by describing the emergence of
polar order in terms of interactions between molecules we have no need to invoke
dipole-dipole forces, while steric factors are considered explicitly. Nevertheless, it may
be premature to discount these effects entirely, as they doubtless influence the free
energy of the system to some degree. Further, while we have not extended our
analysis to all polar liquid crystals, the workflow here allows us to rationalise how
specific structural changes favour (or disfavour!) (anti)parallel packing and thus polar
order, and this offers the tantalising prospect of being able to understand
counterintuitive effects resulting from fluorination patterns, as well as entropic effects.
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While substituent effects (such as NO, vs CN) manifest as rationalizable trends
within a given family of materials (shown here for RM734 and RM734-CN), these
effects are not necessarily transferable between different molecular scaffolds.
Consider that replacement of the terminal fluorine atom in DIO with CN, or NO,
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increases the onset temperature of polar order. [38] The lack of emergence of @ 5/ coruis
cohesive structure-property relationship reflects the fact that this relation has

chemical specificity; the influence of a given substructure or functionality within a

molecule must be understood within the broader molecular context. While structure
property relationships have immense value as projection of complex, high-

dimensional chemical information into low dimensional heuristics (e.g. design rules),

a general relationship underpinning emergent polar order appears a distant prospect

given based on current data. Our bimolecular potential energy surface workflow

offers a physically grounded means to study how molecular structure governs

interaction modes, and ultimately polar order.

Acknowledgements

R.J.M. thanks UKRI for funding via a Future Leaders Fellowship, grant number
MR/W006391/1, and the University of Leeds for funding via a University Academic
Fellowship. R.J.M. gratefully acknowledges support from Merck KGaA. Computational
work was performed on ARC4 and AIRE, part of the high-performance computing
facilities at the University of Leeds.

References

1. A. Mertelj, L. Cmok, N. Sebastian, R. J. Mandle, R. R. Parker, A. C.
Whitwood, J. W. Goodby and M. J. P. R. X. Copié, Phys Rev X, 2018, 8,
041025.

2. N. Sebastian, L. Cmok, R. J. Mandle, M. R. de la Fuente, |. Drevensek Olenik,
M. Copic and A. Mertelj, Phys Rev Lett, 2020, 124, 037801.

3. X. Chen, E. Korblova, D. Dong, X. Wei, R. Shao, L. Radzihovsky, M. A.
Glaser, J. E. Maclennan, D. Bedrov, D. M. Walba and N. A. Clark, PNAS,
2020, 117, 14021-14031.

4. R. J. Mandle, N. Sebastian, J. Martinez-Perdiguero and A. Mertelj, Nat
Commun, 2021, 12, 4962.

5. V. Gopalan, T. E. Mitchell, Y. Furukawa and K. Kitamura, App/ Phys Lett,
1998, 72, 1981-1983.

6. S. R. Berrow, J. Hobbs and C. J. Gibb, Small, 2025, DOI:
10.1002/smll.202501724.

7. M. T. Mathé, M. S. H. Himel, A. Adaka, J. T. Gleeson, S. Sprunt, P. Salamon
and A. Jakli, Adv Funct Mater, 2024, 34.

8. V. Sultanov, A. Kavéic, E. Kokkinakis, N. Sebastian, M. V. Chekhova and M.
Humar, Nature, 2024, 631, 294-299.

9. H. Kikuchi, H. Matsukizono, K. lIwamatsu, S. Endo, S. Anan and Y. Okumura,
Adv Sci, 2022, 9, 2202048.

10. Chen Xi, Martinez V., Nacke Pierre, Korblova Eva, Manabe Atsutaka, Klasen-
Memmer Melanie, Freychet Guillaume, Zhernenkov Mikhail, Glaser Matthew
A., Radzihovsky Leo, Maclennan Joseph E., Walba David M., Bremer
Matthias, Giesselmann Frank and C. N. A., Proceedings of the National
Academy of Sciences, 2022, 119, €2210062119.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tc01641j

Page 15 0f 17 Journal of Materials Chemistry C

11.  J. Hobbs, C. J. Gibb, D. Pociecha, J. Szydtowska, E. Gérecka and R,dJ.; 56/ bercoiens
Mandle, Angewandte Chemie International Edition, 2025, 64, €202416545.

12.  G. J. Strachan, E. Gérecka, J. Szydtowska, A. Makal and D. Pociecha, Adv
Sci, 2025, 12, 2409754.

13.  H. Kikuchi, H. Nishikawa, H. Matsukizono, S. lino, T. Sugiyama, T. Ishioka
and Y. Okumura, Adv Sci, 2024, 11, 2409827

14. H. Nishikawa, D. Okada, D. Kwaria, A. Nihonyanagi, M. Kuwayama, M.
Hoshino and F. Araoka, Adv Sci, 2024, 11, 2405718.

15. J. Karcz, J. Herman, N. Rychtowicz, P. Kula, E. Gérecka, J. Szydlowska, P.
W. Majewski and D. Pociecha, Science, 2024, 384, 1096-1099.

16. C. J. Gibb, J. Hobbs, D. I. Nikolova, T. Raistrick, S. R. Berrow, A. Mertelj, N.
Osterman, N. Sebastian, H. F. Gleeson and R. J. Mandle, Nat Commun,
2024, 15, 5845.

17.  H. L. Morgan, Journal of Chemical Documentation, 1965, 5, 107-113.

18. P. Kirsch, M. Bremer, A. Taugerbeck and T. Wallmichrath, Angewandte
Chemie International Edition, 2001, 40, 1480-1484.

19. P. Kirsch, W. Binder, A. Hahn, K. Jahrling, M. Lenges, L. Lietzau, D. Maillard,
V. Meyer, E. Poetsch, A. Ruhl, G. Unger and R. Frohlich, Eur J Org Chem,
2008, 2008, 3479-3487.

20. R.J.Mandle, S. J. Cowling and J. W. Goodby, Chemistry — A European
Journal, 2017, 23, 14554-14562.

21. R. J. Mandle, S. J. Cowling and J. W. Goodby, Phys Chem Chem Phys, 2017,
19, 11429-11435.

22. H. Nishikawa, K. Shiroshita, H. Higuchi, Y. Okumura, Y. Haseba, S. i.
Yamamoto, K. Sago and H. Kikuchi, Adv Mater, 2017, 29, 1702354.

23. S. Brown, E. Cruickshank, J. M. D. Storey, C. T. Imrie, D. Pociecha, M.
Majewska, A. Makal and E. Gorecka, Chemphyschem, 2021, 22, 2506-2510.

24.  J.Li, R. Xia, H. Xu, J. Yang, X. Zhang, J. Kougo, H. Lei, S. Dai, H. Huang, G.
Zhang, F. Cen, Y. Jiang, S. Aya and M. Huang, J Am Chem Soc, 2021, 143,
17857-17861.

25.  A. Manabe, M. Bremer and M. Kraska, Liq Cryst, 2021, 48, 1079-1086.

26. R.J.Mandle, S. J. Cowling and J. W. Goodby, Liq Cryst, 2021, 48, 1780-
1790.

27.  S. Nishimura, S. Masuyama, G. Shimizu, C. A. Chen, T. Ichibayashi and J.
Watanabe, Advanced Physics Research, 2022, 1, 2270001.

28. D. Pociecha, R. Walker, E. Cruickshank, J. Szydlowska, P. Rybak, A. Makal,
J. Matraszek, J. M. Wolska, J. M. D. Storey, C. T. Imrie and E. Gorecka, J Mol
Lig, 2022, 361, 119532.

29. R. Saha, P. Nepal, C. Feng, M. S. Hossain, M. Fukuto, R. Li, J. T. Gleeson, S.
Sprunt, R. J. Twieg and A. JAjKli, Lig Cryst, 2022, 49, 1784-1796.

30. Y.Song, M. Deng, Z. Wang, J. Li, H. Lei, Z. Wan, R. Xia, S. Aya and M.
Huang, The Journal of Physical Chemistry Letters, 2022, 13, 9983-9990.

31. E. Cruickshank, A. Pearson, S. Brown, J. M. D. Storey, C. T. Imrie and R.
Walker, Lig Cryst, 2023, 50, 1960-1967.

32. E. Cruickshank, P. Rybak, M. M. Majewska, S. Ramsay, C. Wang, C. Zhu, R.
Walker, J. M. D. Storey, C. T. Imrie, E. Gorecka and D. Pociecha, Acs
Omega, 2023, 8, 36562-36568.

33. H. Nishikawa, M. Kuwayama, A. Nihonyanagi, B. Dhara and F. Araoka, J
Mater Chem C, 2023, 11, 12525-12542.

Open Access Article. Published on 27 May 2025. Downloaded on 5/30/2025 5:03:00 PM.

{cc) X This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tc01641j

Open Access Article. Published on 27 May 2025. Downloaded on 5/30/2025 5:03:00 PM.

{cc) X This articleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.
45.
46.
47.

48.
49.
50.

51.

52.

53.
54.
55.
56.
57.
58.
59.

60.

Journal of Materials Chemistry C

N. Tufaha, E. Cruickshank, D. Pociecha, E. Gorecka, J. M. D. Storey and G500

T. Imrie, Chemistry - A European Journal, 2023, 29, e202300073.

A. Adaka, P. Guragain, K. Perera, P. Nepal, B. Almatani, S. Sprunt, J.
Gleeson, R. J. Twieg and A. Jakli, Lig Cryst, 2024, 51, 1140-1148.

Y. Arakawa, Q. Ning, S. Karthick and S. Aya, J Mater Chem C, 2024, 12,
16206-16217.

E. Cruickshank, N. Tufaha, R. Walker, S. Brown, E. Gorecka, D. Pociecha, J.
M. D. Storey and C. T. Imrie, Lig Cryst, 2024, 51, 401-415.

H. Matsukizono, Y. Sakamoto, Y. Okumura and H. Kikuchi, The Journal of
Physical Chemistry Letters, 2024, 15, 4212-4217.

G. Stepanafas, E. Cruickshank, S. Brown, M. M. Majewska, D. Pociecha, E.
Gorecka, J. M. D. Storey and C. T. Imrie, Materials Advances, 2024, 5, 525-
538.

E. Cruickshank, R. Walker, G. J. Strachan, E. Gorecka, D. Pociecha, J. M. D.
Storey and C. T. Imrie, J Mater Chem C, 2025, 13, 3902-3916.

J. Li, Z. Wang, M. Deng, Y. Zhu, X. Zhang, R. Xia, Y. Song, Y. Hisai, S. Aya
and M. Huang, Giant, 2022, 11, 100109.

J. Li, H. Nishikawa, J. Kougo, J. Zhou, S. Dai, W. Tang, X. Zhao, Y. Hisai, M.
Huang and S. Aya, Sci Adv, 2021, 7, eabf5047.

J. Hobbs, C. J. Gibb and R. J. Mandle, Small Science, 2024, 4, 2400189.

R. J. Mandle et al., Unpublished Results, 2022-2025.

R. J. Mandle, Liq Cryst, 2023, 50, 534-542.

C. J. Gibb and R. J. Mandle, J Mater Chem C, 2023, 11, 16982-16991.

C. J. Gibb, J. Hobbs and R. J. Mandle, J Am Chem Soc, 2025, 147, 4571-
4577.

M. A. Osipov, Liq Cryst, 2024, 51, 2349-2355.

M. A. Osipov, Liq Cryst Rev, 2024, 12, 14-29.

P. Kumari, B. Basnet, M. O. Lavrentovich and O. D. Lavrentovich, Science,
2024, 383, 1364-1368.

E. Gronfors and P. and Rudquist, Lig Cryst, DOI:
10.1080/02678292.2025.2470124, 1-10.

L. Paik and J. V. Selinger, arXiv e-prints, 2024, DOI:
10.48550/arXiv.2408.10347, arXiv:2408.10347.

N. V. Madhusudana, Phys Rev E, 2021, 104, 014704.

M. de Mello, M. R. Wilson and T. Araki, Soft Matter, 2025, 21, 1479-1488.

F. Neese, WIREs Computational Molecular Science, 2012, 2, 73-78.

F. Neese, WIREs Computational Molecular Science, 2022, 12, e1606.

S. Grimme, S. Ehrlich and L. Goerigk, J Comput Chem, 2011, 32, 1456-1465.
T. H. Dunning, Jr., The Journal of Chemical Physics, 1989, 90, 1007-1023.
X. Chen, Z. Zhu, M. J. Magrini, E. Korblova, C. S. Park, M. A. Glaser, J. E.
Maclennan, D. M. Walba and N. A. Clark, Liqg Cryst, 2022, 49, 1531-1544.

K. G. Nazarenko, N. A. Kasian, S. S. Minenko, O. M. Samoilov, V. G.
Nazarenko, L. N. Lisetski and I. A. Gvozdovskyy, Liq Cryst, 2023, 50, 98-109.

Page 16 of 17


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tc01641j

Page 17 of 17

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 27 May 2025. Downloaded on 5/30/2025 5:03:00 PM.

(cc)

Journal of Materials Chemistry C

View Article Online
DOI: 10.1039/D5TC01641J

The code for bimolpes can be found at https://github.com/RichardMandle/bimolpes. The version
of the code employed for this study is version 0.9.
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