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Investigating the Cusp between the Nano- and Macro-sciences
in Supermolecular Liquid-Crystalline Twist-Bend Nematogens

Frank P. Simpson, Richard J. Mandle*, John N. Moore and John W. Goodby
* Richard.mandle @york.ac.uk
Department of Chemistry, University of York, York YO10 5DD, UK
Abstract:

In this article we report the first known linear liquid-crystalline hexamer and in doing so demonstrate that higher
oligomers and main chain polymers, with chemical structures based upon dimers and bimesogens, can exhibit
the topical twist-bend ‘nematic’ mesophase. In doing so we find that there is continuation of properties and
structures across the spectrum from dimer to polymer and possibly to macroscale objects such as helical flagella.
This finding highlights the cross over from nanoscience based mainly on electrostatics and other non-covalent
interactions to macroscience based mainly on molecular topology, density of packing, and minimisation of the

free energy.

Introduction

A study of the self-assembling behaviour of bimesogens possessing a bent molecular shape has been one of the
most active areas of liquid crystal research in recent years. 2 A new enigmatic mesophase has been found in
such systems, and classified as the twist-bend nematic (Nrs) phase. 2> The twist-bend nematic phase,
theoretically predicted earlier by Dozov, % has been described as the fifth nematic phase’ 27 and as the

Published on 08 May 2017. Downloaded by University of York on 16/05/2017 15:51:14.

‘structural link’ between the uniaxial nematic mesophase (N or Ny) and the helical chiral nematic (cholesteric, N*)
phase. 28 In the uniaxial nematic phase the molecules are, on average, oriented parallel to one another along a
vector termed the director, n (Figure 1a), whereas in the chiral nematic (N*) phase, formed via the introduction of
chirality to the material, a right- or left-handed helical structure results (Figure 1b) with a pitch of the order of
hundreds of nanometers. Conversely, the twist-bend nematic phase consists of degenerate helices, with
extremely short pitches of several nanometres (Figure 1c) but formed by achiral molecules. 22 The
spontaneous formation of helical nano-structures and the breaking of mirror symmetry pose fundamental
questions that are of importance to a range of scientific disciplines such as asymmetric autocatalysis and the

origin of biological homochirality. 30-34



Published on 08 May 2017. Downloaded by University of York on 16/05/2017 15:51:14.

Journal of Materials Chemistry C

Page 2 of 18

View Article Online
DOI: 10.1039/C7TC00516D

a b. C
% N
4 R
) %% Y
] h A
Figure 1: Cartoon depiction of the local structures of bimesogens in (a) an untilted uniaxial nematic

phase, (b) left- and right-handed chiral nematic phase, and (c) an heliconical Ntz phase
showing the local and gross structures (left- and right-hand helices are present). Images are
not to scale; the pitch of (b) is typically several hundred nanometers whereas that of (c) is
typically under 10 nanometers.

The discovery of a new nematic polymorph is always greeted with excitement because of the rarity of new
polymorphs and the possibilities of generating new paradigms for applications, or even to replace older
technologies with newer and better ones. However, in the case of the twist-bend phase the bulk properties have
been found to be contrary to those of the nematic (or chiral nematic) phases exhibited by rod-like (calamitic)
liquid crystals. For instance, nematic liquid crystals can be manipulated by small electric fields (<1 V um-),
whereas the Nts phase does not exhibit any electrooptic response under these conditions. X-ray diffraction
shows a lack of lamellar organisation in the Nt phase, whereas by optical microscopy it exhibits apparent long-
range order . The nematic phase is typically fluid, whereas the viscosity of the twist-bend nematic is
significantly higher, 2' and Brownian motion visible that is visible in the nematic phase of bimesogens is
appreciably reduced upon entering the Nrs phase. 1% 2 It is possible to draw freestanding films of the Nrs phase,
which is something that cannot be done for calamitic nematic liquid crystals. 1 Lastly, and most peculiarly, we
have demonstrated that there is a linear relationship between the temperatures at which the isotropic (1) to
nematic and nematic to Nrg transitions occur, irrespective of the polarity, polarisability, and lateral substitution
across a range of dimeric or bimeosgenic materials. 3 This remarkable result hints at the importance of topology
and molecular shape in determining the phase structure and properties of oligomeric and supermolecular liquid
crystals that exhibit Nrs phases. Differing interpretations of such experimental results have motivated several

alternate descriptions of this Nrg phase. 233638
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To date, the Nvg phase has been exhibited mostly by liquid crystal dimers (containing two equivalent mesogenic
groups) or bimesogens (containing two different mesogenic groups), where a flexible methylene spacer of odd-
parity links the rigid mesogenic groups of the molecular architecture. 2. 23,3947 Beyond simple dimers there exist
examples of both covalent and non-covalent trimeric materials and one “tetrameric” material (T4o) reported to
exhibit this state of matter. 485" These materials are not strictly trimers or tetramers in that they are composed of
identical sub units however they can be broken down into subdivisions which are broadly similar; for example the
material T4 has four phenylbenzoate mesogenic units separated by three nonamethylene spacers and is
therefore described as a tetramer.

It has been suggested that for dimers and bimesogens the propensity of a given material to exhibit the twist-bend
nematic phase is highly dependent on the intermesogen angle. 17 %2 58 |t seems a reasonable supposition that
higher oligomers of appropriate structure will exhibit the twist-bend nematic phase given its observation in three
trimers and a single tetramer; but this has not yet been demonstrated experimentally. Herein we describe the
synthesis of two novel oligomeric materials that exhibit the twist-bend nematic phase - a linear tetramer (047)
and a linear hexamer (067) — and thereby demonstrate that the Nrs phase can exist across a wider range of
length scales than previously reported, and that can now be extended from simple dimers to higher oligomers
and, potentially, polymers. Moreover, the results reported here will enable us to further test our hypothesis that
the condensed phases exhibited by supermolecular systems exhibit an increased dependence on molecular

topology relative to low-molar mass materials. 3

Experimental

The target materials O4; and 067 shown in Figure 2 were prepared as follows. Benzylation of 4-formylbenzoic
acid followed by oxidation with oxone afforded mono-benzyl terephthalic acid in 82% yield over two steps. The
esterification of 2 with 1,7-bis(4-hydroxyphenyl)heptane (compound 3, prepared in 3 steps from anisole in 63%
yield as described in ref 42) to afford the key intermediate 4 required slow addition of the EDAC-acid complex to a
solution of 3 with a large excess of base to aid solubility; previously pyridine was used, 5° however, it was found
that 3 equivalents of DMAP worked well, affording 4 in 66% yield. Esterification of 4 with 4-butoxybenzoic acid,
followed by hydrogenolysis of the benzyl group gave the free acid (6) in a yield of 83% in 2 steps.
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Figure 2: The synthesis of 047 and 06;

Esterification of two equivalents of compound 6 with 1,7-bis(4-hydroxyphenyl)heptane (3) afforded the tetramer
04; in 57% vyield. Esterification of 6 with 4 followed by hydrogenolysis of the benzyl protecting group afforded a
‘trimer’ system with a free benzoic acid at the terminus of one mesogenic unit (7); esterification of two
equivalents 7 with 3 afforded the hexamer 067 in 13% yield. Although the synthesis of 067 was trivial, purification
of the crude reaction mixture was not. For example, when attempting to purify the material by column
chromatography with a gradient of either DCM/hexanes or ethyl acetate/hexanes the target compound did not
elute at all, even in neat DCM (Rfocm ~ 0.65). Only upon switching to neat ethyl acetate did the target material
elute from the column, and then various reaction side products and impurities were also carried through.
Ultimately it was found that a simple silica plug followed by preparative TLC, filtration to remove insoluble matter,
and finally precipitation from THF/ethanol provided a suitable method for the purification of 067. This step to
generate an n+1 species, i.e. the synthesis of 7 from 6 via steps e and d, may in future be used to prepare higher
oligomers, however to date we have only undertaken the synthesis of 047 and 067 as a proof of concept to this
approach. We note that the difficulties experienced with purification may render this method unsuitable for the
preparation of higher oligomers (such as the octomer 087, the decamer 0107 etc.). Full experimental details,
including chemical characterisation and descriptions of the instrumentation used, are available in the ESI to this
article.



Page 5 of 18

Published on 08 May 2017. Downloaded by University of York on 16/05/2017 15:51:14.

Journal of Materials Chemistry C

View Article Online
DOI: 10.1039/C7TC00516D

Results

The liquid-crystalline behaviour of both the tetramer 04; and the hexamer 067 was studied by a combination of
polarizing optical microscopy (POM), differential scanning calorimetry (DSC) and small angle X-ray scattering
(SAXS). Transition temperatures, and associated enthalpies and entropies of transition were determined by DSC
at a heat/cool rate of 10 °C min'. Transitional behaviour for both O4; and 067 is given in Table 1 along with that
of the analogous dimer 027, reported by us previously,  with full tabulated DSC data given in the Sl to this

article.

C7H14_©_O>—< >—oc H
d 4Hg

n

O C7H14‘©—0 O
(@) O (@]

No. [n= Cr-Nrs Nrs-N N-I
T(°C) 87.0 (-) 79.2 () 85.9 (-)
02; 0 | AH(kJmol") | 36.61(-) 1.23 () 0.41 ()
ASIR 12.22 () 0.41 (-) 0.13(-)
T(°C) 143.9 (0.1) 172.9(0.24) | 194.2(0.7)
04; 2 | AH(kJmol") | 53.29 (0.49) | 0.81(0.05) 0.77 (0.03)
ASIR 14.98 (0.14) | 0.22(0.01) 0.20 (0.01)
T(°C) 174.4(0.3) 158.9 (0.1) 188.1 (0.1)
067 4 | AH(kdmol") | 29.76 (0.27) | 0.57 (0.02) 0.35(0.01)
AS/R 7.99 (0.07) 0.16 (0.01) 0.09 (0.01)

Table 1: Transition temperatures, associated enthalpies of transition and dimensionless entropies of
transition for the tetramer 047 and the hexamer O6s; values are the mean of 14 cycles (6 for
melting points), with standard deviations given in parenthesis. For comparative purposes the
transitional behaviour of the analogous dimer (named 02; in this work) is shown, values were

taken from reference 54 however standard deviations were not presented.

The tetramer 04; was found to exhibit enantiotropic nematic and twist-bend nematic phases, mirroring the
mesophases exhibited by the analogous dimer 02;. The identity of the nematic phase was based on observation
of the characteristic schiieren texture (Figure 3a). The lower temperature mesophase was identified as the twist-
bend nematic by POM as follows. Upon cooling below 172.9 °C a sharp transition front was seen, yielding the
‘blocky’ texture shown in Figure 3b. Regions that are homeotropically aligned (and thus optically extinct) in the
nematic remain so in the twist bend nematic phase. In uncovered droplets the schiieren texture of the nematic
phase does not yield to the ‘blocky’ texture, instead numerous parabolic defects form (Figure 3c). When confined
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in a5 um cell with planar alignment the rope-like texture was observed (Figure 3d). Mechanical shearing of the
sample revealed it to be highly viscous in both the nematic and twist-bend phases. When studied by POM 06
was found to exhibit nematic and twist-bend nematic mesophases. In the analogous tetramer both mesophases
are enantiotropic, but for 067 the twist-bend nematic phase is monotropic, being observable only by supercooling
the material. The identities of both mesophases were based on the observation of a characteristic schlieren
texture in the nematic phase (Figure 3e), which subsided to the ‘blocky’ paramorphotic schlieren texture after
cooling below the Nrg-N phase transition (Figure 3f). In a different region of the slide numerous focal-conic
defects could be seen embedded within the ‘blocky’ texture of the twist-bend phase. As with the tetramer (04) it
was observed that upon mechanical shearing the hexamer 06y is highly viscous, in not only the nematic and Nrs

phases but also in the isotropic liquid.

Figure 3: Photomicrographs (x100, crossed polars) of: (a) the schiieren texture and a homeotropic
region of the nematic phase of 04z at 184 °C on an untreated glass slide; (b) the same region
cooled into the Nrs phase of 047 at 169 °C showing the ‘blocky’ texture and a homeotropic
region; (c) parabolic defects in an uncovered droplet of the Nrg phase phase exhibited by 04,
at 166 °C; (d) the rope-like texture of the Nrs phase of 047 observed in a 5 pm cell treated for
planar alignment at 128 °C; (e) the schiieren texture of the nematic phase of 067 at 174 °C on
an untreated glass slide; (f) approximately the same region of 067 cooled into the Nrs phase at
156 °C showing the blocky texture; (g) a different region of the same slide showing numerous
focal conic defects present alongside the blocky texture of the Nrs phase of 067 at 147 °C. We

note that, qualitatively, these textures are almost identical with those exhibited by the dimers.
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As shown in Figure 4, for both the tetramer 047 and the hexamer 067 both the N-I and Nre-N transitions are first
order, with the enthalpy associated with the Ng-N transition being larger than that of the N-I transition in both
instances (Table 1). The enthalpy associated with the Nrs-N transition was found to be larger than that of the
clearing point in the previously reported tetramer T4,, 50 and this seems to be a universal feature of oligomeric
twist-bend materials. We note that for almost all dimeric or bimesogenic materials known to exhibit nematic and
twist-bend nematic mesophases the enthalpy of the former is greater than the later, the Nvg-N transition being
only weakly first order. When subjected to repeated heat/cool cycles (data in ESI, table SI-1) we note that for the
tetramer Tnren and Twiso appear to decrease marginally with successive DSC runs. This may indicate
decomposition of the sample, possibly via transesterification. Conversely the hexamer does not exhibit such a
strong drop in either onset temperature, possibly due to the lower Ty (meaning DSC cycles were run to a lower

temperature of 205°C for 067 versus 230 °C for O4y) of this material relative to the tetramer.
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Figure 4: DSC thermograms for 04; with an expansion of the region between 170-200 °C (left) and for
067 with an expansion of the region between 150-190 °C (right). Both thermograms were

obtained using a heat/cool rate of 10 °C min-'.

Both oligomeric materials, 047 and 067, were analysed by variable temperature small angle X-ray scattering (VT-
SAXS, Figure 5), with the samples filled into 0.9 mm O.D. glass capillaries and aligned in a magnetic field
perpendicular to the incident X-ray beam. The wide-angle peak (small d-spacing) corresponds to the average
lateral separation of molecules, whereas the small-angle scattering peak (large d-spacing) corresponds to the
average end-to-end separation, but not the molecular length. For the tetramer 04, the contour plot of integrated
SAXS intensity (Figure 5) shows the d-spacing of the wide-angle peak decreases slightly across the entire
temperature range studied, from a value of = 0.48 nm at the N-| transition to a minimum of = 0.43 nm at 140 °C.
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Conversely the d-spacing of the small angle peak of 04 is largely temperature independent across the entire
nematic phase range with a value of 1.92 nm, but the d-spacing decreases at the Nrg-N transition, taking a
temperature independent value of 1.89 nm in the Nrs phase. The hexamer 067 behaves analogously to the
tetramer; the d-spacing of the wide-angle peak decreases in an almost linear fashion from ~ 0.49 nm
immediately below the N-Iso transition at 188 °C to ~ 0.47 nm in the Nrg phase at 142 °C. The d-spacing of the
small angle peak decreases across the nematic phase range, from 2.04 nm following the N-Iso transition to 1.99
nm immediately prior to the Nrg-N transition, before decreasing to 1.97 nm in the Nrg phase at 142 °C. It should
be noted that the scattering at small- and wide- angles is diffuse for both O4; and 067, (see Figure 5), as is
typical of nematic mesophases, with the scattering at small angle being approximately 50% more intense than

that at wide angles.

The end-to-end molecular lengths of the all-frans forms of both 04; and 067 were obtained from geometries
minimised at the B3LYP/6-31G(d) level of DFT, and were determined to be 8.3 nm and 12.3 nm respectively.
The utility of non-resonant SAXS in studying the twist-bend phase is somewhat limited; however, what is clear
from the present results is that both the nematic and Nrs phases are extensively intercalated. The d-spacing of
the small angle scattering peak was essentially temperature invariant in both materials, and assuming values of

1.89 nm for the tetramer O4; and 1.97 nm for the hexamer 06y, corresponding to roughly i and % molecular

lengths respectively. Representative two dimensional SAXS patterns for both materials are given in the ESI.
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Figure 5: Contour plots of variable temperature small angle X-ray scattering (VT-SAXS) of the tetramer
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04; (top) and the hexamer 067 (bottom).

If we compare the transition temperatures of both 04; and 067 with those of the analogous dimeric material 02;
(heptane-1,7-diylbis(4,1-phenylene) bis(4-butoxybenzoate), shown in Table 1) 54 it can be seen that on going
from a dimer to a tetramer there is a significant increase in melting point, as well as in both the N-I and Nrz-N
transition temperatures. Going from the tetramer (04;) to the analogous hexamer (06y), there is a moderate
increase in the melting point and a small decrease in both the clearing point and the Nrg-N transition
temperatures, although the magnitudes of the changes are smaller than those going from a dimer to the
tetramer. The reduced temperatures (defined here as Tnw-n / Tn) are 0.98, 0.95 and 0.94 for the dimer, tetramer
and hexamer systems respectively, the temperature range (and therefore the thermal stability) of the nematic
phase is increasing with increasing molecular length. It has been suggested from a Landau model of the Nrg-N
transition that the associated enthalpy of transition should be larger the closer the reduced temperature is to

unity, % and this is consistent with our present results.
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The all-trans conformer of the dimer 02; was calculated to have an end-to-end molecular length of 3.5 nm at the
B3LYP/6-31G(d) level of DFT, which may be compared with the values of 8.3 nm and 12.3 nm obtained for the
all-trans forms of 047 and 06;. The previously reported Nrg tetramer (T4s) was calculated to have something of a
twisted geometry due to the non-linearity of the phenylbenzoate mesogenic units; however this is not observed
for the all-trans conformers of either O4; or 067 with both compounds being linear and planar. Due to the
conformational flexibility afforded to both O4; and 06 by the inclusion of multiple heptamethylene spacers there
are likely to be many conformers other than the all-trans conformer that are populated, perhaps significantly at
the temperatures where the liquid and liquid-crystalline phases occur. Using bis (4-methoxyphenyl)heptane as a
model compound we performed relaxed scans about each of the three dihedral angles depicted in Figure 6 using
the B3LYP functional (both with and without Grimme’s GD3 dispersion correction, B3LYP-GD3) % and the 6-
31G(d) basis set, giving us some insight into the possible conformational landscape of both 04; and 06;.
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30¢ fit 30 fit 30 fit
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Figure 6:

Plots of energy (kJ mol') vs dihedral angle (t1234, T2345 and t345,) obtained using the B3LYP

level of DFT (blue circles) and at the BLYP-GD3 level of DFT (red squares) with the 6-31G(d)

basis set. Fits to the values are shown for guidance.

When using the B3LYP functional the all-trans conformer is the energy minimum, and assuming a simple

Boltzmann distribution at 150 °C the probability of a single gauche conformer at the 1s!, 2nd and 3" torsional

10
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angles is 44%, 33% and 32%, respectively. If we include Grimme’s GD3 dispersion corrections then we find that
the equivilent probabilities of a single gauche conformer at these torsional angles are 71%, 45% and 41%,
respectively. These results imply that the conformational landscape of oligomers such as 047 and 067 is

complex, with not only the all-frans form being populated but also those with one or more gauche conformations.

Discussion

The formation of the helical structure of the Nrg phase, as with all phases of soft matter, inevitably has its origin
in molecular structure. Conceptually for the twist-bend phase to be linked from the dimer through to
macromolecules one would have to consider the properties of related main chain polymer equivalents. A report
by Ungar et al. in 1992 57 indeed demonstrates unequivocally that nematic to nematic phase transitions occur in
polymeric systems for the odd-parity (n = odd) random copolymers shown in Figure 7. It is not clear that this
lower temperature nematic phase is indeed the Nrs phase, although such an outcome has been speculated
recently. 28 Although the aromatic units within these polymers are ethylene linked, whereas the linking groups are
esters for the dimer and oligomers reported here, the overall shapes of the aromatic units in both classes can be

considered to be similar.

“B-y y

_OO(CHz)n % O(CH) -

- C-z Z

Figure 7: Structures of copolymers reported by Ungar et. al that exhibit nematic to nematic phase

transitions (denoted as N-N; in the text), where nis equal to 5, 7 or 9. 5

Retuming to the invariant relationship between Tn.o and Tw.,-v that we recently reported for dimeric and
bimesogenic materials, 35 we find that both oligomers reported here and the polymers reported by Ungar et al.
follow this same relationship remarkably well despite the significant variations in chemical architectures of the
materials (Figure 8). The fitted relationships for the heptamethylene and nonamethylene systems are similar to

each other although the slopes and the intercepts are different, as given by equations 1 and 2:

11
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Tnten = 0.804 Ty, + 8.51 for heptamethylene (1)

Tnren= 0.775 Tna + 5.10 for nonamethylene @)

If this type of relationship is taken to its logical extreme, then materials should exist where the phase sequence

Iso-Nre-N would be expected on cooling; equations 1 and 2 suggest that such a switch would occur generally for

materials with Tn.so values of <44 and <23 °C for heptamethylene and nonamethylene systems, respectively.

The small variations of individual data points from the trends given in Figure 8 may arise from perturbations in the

molecular architectures due to differences in the aspect ratios of the dimers and bimesogens, % and the dimers

as sub-units of the oligomers and polymers. Furthermore, this analysis does not take into account variations in

transition temperatures that may result from either chemical purity or differences between experimental setups

and procedures used to acquire the data.
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The general structure of ‘two-ring’ mesogenic dimers and bimesogens with various terminal
groups, lateral groups and ring-ring linking groups with heptamethylene and nonamethylene
spacers that provided data for plots of the Tnre versus the Tw.iso for dimers, bimesogens and
oligomers with (a) heptamethylene spacers and (b) nonamethylene spacers. Linear fits, given
by equations 1 and 2 in the text, correspond to data for pure bimesogens only (i.e. oligomers,
polymers and extrapolated values were excluded from the fit, but were found to be in good

agreement). In cases where differing transition temperatures were reported (CB7CB, CBICB)
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we have used values from materials with the highest known chemical purity. Data was taken
from refs 23.41,42,50,51,57, 58 gnd is presented in tabulated form alongside molecular structures in
the SI.

Thus the picture is complete and the twist-bend phase can be considered as a universal phenomenon that
occurs over length scales from dimers through to main chain polymers, and in essence Luckhurst was correct
when he stated, “Liquid Crystal dimers and trimers exhibit a range of unusual properties, which are fascinating in
their own right, and which also parallel those found for semi-flexible main-chain liquid crystal polymers. This
close similarity suggests that dimers and oligomers should form good model systems for their polymeric
counterparts....”. % As the Nrs phases of dimers exhibit polymer-like properties, and helical arrangements in
polymers can tend to form rope-like (fibrous) structures, it is worthwhile examining alternative structures for the
twist-bend phase, given that linear oligomeric materials (which may form fibrous structures) exhibit this state of
matter. For example, in a fibrous model individual helicoids of dimeric or oligomeric molecules will be twisted
together as shown in the rope-like schematic structures shown in Figure 9. In this case the resultant fibres will
approximately be cylindrical with circular cross-sectional areas, and therefore will have the maximum packing
together of the individual components along the fibre axes. Such packing will result in the minimisation of the free
volume, and thereby the relative free energy of the system.

Repeat - Pitch  Centre of Mass =~ Molecules/Oligomers

Published on 08 May 2017. Downloaded by University of York on 16/05/2017 15:51:14.

Centres of Mass

Figure 9: Schematic of the twisted fibre model of the Ntg phase, shown with commensurate (top) and

incommensurate (bottom) centres of mass.

If we consider the periodic ordering revealed by the fibre model, the centres of mass of the helicoidal units can
potentially be commensurate or incommensurate, as shown in Figure 10. For commensurability there is the
potential for layering resulting in long-range 1-D periodic order. Conversely for the incommensurate case, the
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centres of mass of each mesogenic unit are randomly organized along the fibre axis and so the periodicity of the
phase arises from the pitch rather than positional ordering of the molecules. For the incommensurate model,
there is an entropy gain due to the lack of positional ordering, and hence a lowering of the free energy. Thus,
when the temperature is lowered and condensation of the twist-bend phase occurs, there is potential for a phase
transition from an incommensurate to a commensurate Nrs phase. Furthermore, if the fibres are of similar cross-
sectional area then hexagonal packing of the fibres could be likely, thereby generating a columnar nematic or Nrg
phase. Experimental evidence for this phenomenon has been demonstrated for the liquid crystal phase of
poly(benzyl L-glutamate) (PBLG), where X-ray data showed the formation of hexagonal ordering. 4! 8 So far this
type of ordering has not been observed for the twist-bend phase. The connection of the physical properties from
dimer through to polymer indicates that molecular topology and minimisation of the free volume, rather than
electrostatic and other non-covalent interactions, could be the dominant factors that determine the mesophase

structure in condensed, self-organising phases of large molecular entities.

Conclusions

We have demonstrated two new examples of oligomeric materials exhibiting the twist-bend phase, including a
tetramer and what we believe to be the first reported linear liquid-crystalline hexamer. The observation of this
mesophase in these higher oligomers satisfies our earlier speculations about potential oligo-Nrs materials, 5! and
moreover this behaviour also appears to apply to true main chain polymers. Indeed, we speculate that one of the
earliest observations of the Nrs phase, although not referred to as such at the time, was in polymers, long before
its discovery in dimeric materials, 5 while the ‘conical nematic’ phase found in suspensions of helical flagella may

in fact be a ‘twist-bend nematic’ mesophase. ¢!

In addition to bridging the gap between the twist-bend phases observed separately in low-molecular weight
dimers and high-molecular weight polymers, linear oligomeric materials have the potential to act as model
systems for main-chain liquid-crystalline polymers. As some of the experimental results on the physical
properties of the Nrg phase fit with a fibre model, we propose that this structure should be explored further,
including the possible existence of commensurate and incommensurate Nrs phases. Our results indicate that the
importance of electrostatics and other non-covalent interactions in dictating the structures of condensed phases
of large molecular systems (e.g. dimers and above) are eclipsed by the growing importance of molecular
topology. Plots of Tnra.n vs Ti.iso for dimers and bimesogens show a linear relationship for homologous series of
materials, and even oligomeric materials that can be categorised within the same homologous series appear to
obey the same linear relationship. Our results suggest that the cross-over from nano to macro-scale structuring
and organisation is perhaps more of a continuum than a discrete step, occurring between 5 and 10 nm, and
highlighting the potential for using dimers and related materials as analogues of oligomeric and polymeric

systems.
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