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Published online: 17 October 2017 The material FDO11DFCB3 (compound 2 in this work) remains the only example of a liquid-crystalline

: material to exhibit a phase transition from the heliconical twist-bend phase into a lamellar smectic

. A mesophase, additionally this material exhibits a previously unidentified mesophase. We have

. prepared and characterised several homologues of this compound, with each material subjected to an
in-depth analysis by optical microscopy, calorimetry and small angle X-ray scattering studies. Despite
FDO11DFCB3 being similar in chemical structure to the novel materials presented herein its liquid-
crystalline behaviour is rather different, indicating an unexpected sensitivity of the twist-bend phase to
molecular structure.

The discovery of the twist-bend phase (Np) in liquid-crystalline dimers!-?! and later bent-cores®* and oli-

gomers™~*¢ has given impetus to the study of mesomorphic materials of unusual molecular architecture. Several
aspects of the Ny phase have been reviewed recently?’-%?, and the consensus has been that the local structure
- of the phase is helical with a pitch length in the region of 10 nm?>***!. This outcome, however, has been dis-
: puted?>¥, and alternate models proposed**. Furthermore it has been clearly demonstrated that the incidence of
. the twist-bend phase is not especially sensitive to chemical composition®>*¢, with the only prerequisite being that
. amaterial is sufficiently bent - with the degree of bend having some control over the (relative) thermal stability
of the phase®. When the twist-bend phase is chiral other ‘nematic-like’ mesophases have been reported whose
© structure is as-yet-unknown®?’, whereas a nematic-to-nematic transition has also been recently reported for a
. polar rod-like compound?®.
: Previously we reported the synthesis and characterisation of FDO11DFCB3 (compound 2 in this work) and
: this remains the only example of the phase sequence N-Np3-SmA that we are aware of, with the identifications
. of both the N, twist-bend and SmA phases confirmed by miscibility*. This phase sequence presents something
of a unique testbed for theoretical treatments of the twist-bend phase; however compound 2 is far from ideal for
study because the phases are both monotropic and exhibited only over a short temperature range. In a related
study we demonstrated that the smectic A phase was suppressed when either mesogenic unit was replaced with a
. number of different groups (see Fig. 1), however in most cases the twist-bend phase was retained**. In this work
- we expand on our previous studies of 2, and in the process preparing three new homologues with v terminal chain
. lengths, and presenting in depth studies of these materials by small-angle X-ray scattering (SAXS).

Experimental
. The intermediate trans 4-(4-alkylcyclohexyl)-2’,3-difluoro-4’-hydroxybiphenyls (i-1 - i-4) were available in
. house, other chemical intermediates were obtained from commercial suppliers. The intermediate i-5 was pre-
* pared as described previously*. Williamson etherification of i-1 - i-4 with i-5 afforded compounds 1-4, as shown
in Fig. 2. Full experimental details, including chemical characterisation and descriptions of instrumentation used,
are available in the ESI to this article. Computational chemistry was performed at the B3LYP/6-31 G(d) level of
DFT as implemented in Gaussian G09 revision e01*. Small angle X-ray diffraction was performed using a Bruker
D8 Discover equipped with a temperature controlled, bored graphite rod furnace, custom built at the University
. of York. The radiation used was copper Kow (A =0.154056 nm) from a 1 uS microfocus source. Diffraction patterns
© were recorded on a 2048 x 2048 pixel Bruker VANTEC 500 area detector set at a distance of 121 mm from the
© sample, allowing simultaneous collection of small-angle and wide-angle scattering data. Samples were filled into
0.9 mm OD glass capillary tubes and aligned with a pair of 1 T magnets with the field perpendicular to the inci-
dent X-ray beam. Diffraction patterns were collected as a function of temperature (controlled to an accuracy of
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Figure 1. Some of the structural variations to compound 2 (Y = O, n= 11) that have been explored to date**’.
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Figure 2. The synthetic route employed to compounds 1-4.
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Table 1. Transition temperatures (°C) and associated enthalpies of transition [k] mol~!] for compounds 1-4, as
determined by DSC at a heat/cool rate of 10°C min~!. Transitions in parenthesis are monotropic, i.e. they occur
below the melting point of the sample. For chemical structures see Fig. 2.

+/—0.1°C). Two dimensional diffraction patterns were radially averaged (0.05° step size) to give one-dimensional
profiles of scattered intensity as a function of two-theta, conversion into d-spacing (A) or scattering vector (Q)
is then trivial.

Results

The liquid-crystalline behaviour of compounds 1-4 was studied by a combination of polarised optical microscopy
(POM), differential scanning calorimetry (DSC) and small angle X-ray scattering (SAXS). Transition tempera-
tures and associated enthalpies of transition were determined by DSC and are presented in Table 1. Phase assign-
ments were made based on combinations of POM and SAXS studies as described in the text.

As shown previously, 2 exhibits the phase sequence N-Nr3-SmA with an additional and as yet unidentified
smectic phase (Smy)*. If the length of the terminal alkyl chain of the 4’-(4-alkylcyclohexyl)-2,3-difluorobiphenyl
mesogenic unit (CDFB) is shortened (1) or increased (3 and 4) then the N phase is not observed. All four mate-
rials exhibit N, SmA and unidentified Smy phases with compound 3 also exhibiting an additional as-yet uniden-
tified Smy phase. The Smy-Smy transition is first order and occurs with a vanishingly small associated enthalpy,
suggesting the two phases are closely related in structure.

The identification of the nematic and smectic A phases of 1-4 was trivial based on their schlieren and
focal-conic defect textures respectively, whereas the identification of the twist-bend phase for compound 2 was
demonstrated previously. The Smy phase of 3 has a higher thermal stability than for 2 (or for that matter 1 or 4),
with this material also exhibiting an additional unknown ‘Smy’ mesophase. The Smy phase was identified as a
smectic C analogue based on the appearance of a schlieren texture in optically extinct regions of the SmA phase
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Figure 3. Photomicrographs (x100, crossed polarisers) of the schlieren texture of the nematic phase of 3 at
139.8°C (a), the smectic A phase of 3 at 83.0°C (b), the focal-conic and schlieren textures of the anticlinic
smectic C phase (SmC,, denoted as Smy in Table 1) of 3 at 65.6 °C (c) and approximately the same region of the
sample at the phase transition from the SmC, phase to the Smy phase at 59.9°C (d). The molecular structure of
compound 3 (e), mesogenic units are colour coded as used in the schematic depiction of the Smectic C, phase
shown in (f). The molecular length (L) and smectic layer spacing (d) are indicated.

(Fig. 3¢). As the schlieren texture features both 2- and 4- brush defects it can be identified as having anticlinic
layer organisation, which is to say that the tilt direction alternates from layer-to-layer. A number of dimeric liquid
crystals having odd spacer parity have been reported to exhibit anticlinic smectic C phases (SmC,)>*!*3¢. Further
cooling of the SmC, phase into the ‘Smy’ phase (Fig. 3d), the schlieren texture is retained and is made up of both
2- and 4- brush defects, confirming the tilted, anticlinic nature of this phase. This indicates that the ‘Smy’ phase
is a tilted smectic, and is either SmF, of Sml, (there are no other anticlinic phases that exhibit a schlieren texture
that we are aware of) or it is a new mesophase.

We now turn to the study of compounds 1-4 by small angle X-ray scattering. The aim of this study was to
confirm (or refute) the assignment of the smectic mesophases exhibited by 1-4, and determine the subtype of the
smectic A phase. Representative 2D SAXS patterns are given in Fig. 4. Each two dimensional pattern was radially
averaged (0.05° step size) to give scattered intensity versus 26; the data was fitted using 3-term Gaussian functions
to obtain peak positions and correlation lengths both parallel and perpendicular to the director. The 2D SAXS
patterns obtained for each mesophase are consistent with the phase identifications made by microscopy. For the
nematic (Fig. 4a) and twist-bend (Fig. 4b) phases there is only diffuse scattering at small angles due to the lack of
positional order of the molecules. For the smectic phases (Fig. 4c and d) the lamellar structure is revealed by sharp
Bragg scattering, whilst diffuse scattering at wide-angles indicates a lack of in-plane organisation, and thereby
refutes the possibility that these mesophases are higher ordered smectic soft crystals.

Despite cooling compound 3 below the temperature at which the SmC,-‘Smy’ transition occurs we did not
observe any change in the 2D SAXS pattern (Fig. 4e), the peak positions or the correlation lengths. As discussed
previously, the combination of focal-conic and schlieren textures demonstrate that the mesophase is a tilted smec-
tic. Although the schlieren texture changes markedly at the phase transition (see Fig. 3¢ and d) both 2- and 4-
brush defects appear to remain in the lower temperature phase, indicating an anticlinic organisation. However,
based on SAXS data the possibility of the Smy mesophase being tilted smectic phase with long range orientational
order (SmlI, SmF) can be ruled out due to the lack of sharp scattering at wide angles, which would be indicative of
the long in-plane correlation lengths present for such a phase. Instead the wide-angle scattering is diffuse and
therefore indicative of a lack of in-plane ordering. However, this does not rule out the possibility of a SmI or SmF
phase with long range bond-orientational order, which would show a similarly diffuse wide-angle scattering pat-
tern. The vanishingly small enthalpy associated with the transition — coupled with the SAXS patterns - means that
we feel the most likely explanation is that this is a transition between two subtypes of SmC phase, the higher
temperature phase being SmC,. Whilst we are not able to definitively identify the lower temperature phase pres-
ently, transitions between different subtypes of the SmC phase (such as modulated smectic C phase (SmC), smec-
tic C antiphase (SmC,,;)) are known. More speculatively, this phase could be an example of a smectic twist-bend
phase (Smrg?) although we concede that such a state of matter is hypothetical presently.

Rather than use the d-spacing of the small angle scattering peak we convert to a d/l ratio (i.e. the ratio between
the d-spacing of the small angle scattering peak and the molecular length), allowing us to compare materials
of differing length. Molecular lengths were calculated on isolated molecules in their all trans geometries at the
B3LYP/6-31 G(d) level of DFT (1:39.9A,2: 40.8 A, 3: 41.8 A, 4: 42.8 A). Clearly this neglects the flexibility that is
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Figure 4. Two dimensional small angle X-ray scattering patterns obtained for magnetically aligned samples: (a)
the nematic phase of 4 at 85 °C; (b) the twist-bend phase of 2 at 67 °C; (c) the SmA, phase of 3 at 75°C; (d) the
SmC, phase of 1 at 52°C; (e) the ‘Smy’ phase of 3 at 50 °C.
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Figure 5. Plot of the d/I ration of the major small angle scattering peak as a function of reduced temperature
(T/Tgmans or for compound 2 T/Tg, 4 nrs) for compounds 1-4. The dashed line corresponds to the SmA-N
phase transition at a reduced temperature of 1 (or SmA-Nrp in the case of 2). An additional dashed line
indicates the N3-N transition temperature for compound 2. In the case of 2 the material crystallised during
SAXS study prior to the onset of the SmC phase. Assuming the reduction in d-spacing across the N phase —
relative to the d-spacing in the nematic - is a consequence of the tilting of molecules with respect to the helical
axis then the conical angle can be estimated from equation 1.

inherent to a dimer with an undecamethylenedioxy spacer, however for the present use in the analysis of SAXS
data it is sufficient and we will return to this point shortly.

A plot of the d/] ratio of 1-4 as a function of reduced temperature is given in Fig. 5. The data is shows noise in
the nematic phase (reduced temperature of >1) due to the diffuse nature of the small angle scattering. Compound
2 possesses a twist-bend phase in addition to the mesophases exhibited by compounds 1, 3 and 4, and it is unsur-
prising that when studied by SAXS some of its behaviour is unique. Firstly the twist-bend phase range during
SAXS experiments appears to be significantly larger than determined by POM/DSC: the onset temperature of the
N1p phase (as judged by the minor change in the SAXS pattern, see Fig. 4a and b) is at ~74°C (rather than 68.8°C
by DSC), however the SmA-N; transition temperature remains unchanged. The temperature of the graphite-rod
furnace is known to be stable to +/—0.1°C and so this can be excluded. We also exclude the confined geometry
of the capillary as the internal diameter used is ~0.85 mm and is therefore far larger than the gap between slide
and coverslip during POM. It is known that for flexible dimers experience anomalous increases in transition tem-
peratures when in a very large magnetic field (~22 T)*'. However it would be surprising for a near 6 °C increase
in Tyxrp.y to be attributable to the rather weak aligning magnetic field used here (~1T). Secondly, as shown by
the dashed line separating the nematic and twist-bend mesophases, there is a notable decrease in the d/I ratio
across not only the entire Ny phase range but also in the nematic phase close to the transition. This reduction
is a consequence of the molecules reorganising tilting away from the helical axis upon entering the heliconical
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Figure 6. Plots of the correlation length parallel to the director (i.e. out of plane, () and perpendicular to

the director (i.e. in plane, (, ). Correlation lengths parallel to the director were determined by fitting small
angle scattering data (26 2.25-8) with a Gaussian fit, from the full-width at half maximum of the fit we obtain
the correlation length. Repeating this process on wide-angle scattering data affords the correlation length
perpendicular to the director. The R? value for each fit was typically >0.99, except in the isotropic liquid where
it was lower due to the reduced scattered intensity. Dashed lines correspond to the location of phase transitions,
as judged by the 2D SAXS patterns. Representative fit data used to extract correlation lengths is given in the ESI
(Figure SI-21).

twist-bend phase. Using the average d-spacing in the nematic phase range, we calculate that the conical angle
reaches a maximum value of ~14° immediately prior to the onset of the SmA phase. It appears that this tilt away
from the director begins in the nematic phase, suggesting some pretransitional change maybe taking place close
to the Nipp-N transition. Following the Nz-SmA phase transition in compound 2, the diffuse small angle scat-
tering peak is superseded by a sharp Bragg peak, and there is a significant increase in the d/I ratio, however the
material crystallises prior to entering the SmC phase.

N
¢ = a cos—=2

nematic ( 1)

Turning now to the other materials, both the smectic A and smectic C mesophases of 1, 3 and 4 are interca-
lated, with layer spacings of less than half a molecular length. The measured d/I ratios show a small dependence
on the length of the terminal chain, with 4 having the largest layer spacing and 1 having the smallest. Only one
major peak for layer spacing is observed in both smectic phases, and this strongly suggests there is no segregation
of mesogenic units. The layer spacing in both the SmA and SmC phases is practically temperature independent
(differing by only ~0.2 A over the entire temperature range of both phases in 3). SAXS data indicates that both
smectic phases are intercalated monolayer phases, however in the case of the smectic C phase polarised optical
microscopy indicates that the phase has anticlinic rather than synclinic layer organisation.

Determination of the full width half maximum of the major small- and wide- angle scattering peaks affords
the correlation length parallel and perpendicular to the director. These were obtained for compounds 1-4 and
are presented in Fig. 6. We observe that 1, 3 and 4 follow broadly the same trend over the entire temperature
range, with the correlation length within the plane exhibiting only a marginal increase (being almost tempera-
ture independent at each phase transition). The out-of-plane correlation length exhibits a continuous build up
throughout the nematic phase range, but is effectively temperature independent in the smectic A and C meso-
phases. Compound 2 exhibits a twist-bend phase intermediate between the nematic and smectic A phases and
consequently behavers somewhat differently to the other members of this homologous series. Throughout the
nematic phase there is a steady build up in the correlation length parallel to the director, however upon entering
the twist-bend nematic phase this decreases rapidly from ~150 A at the N-Ny; phase transition to just ~70 A at
the Ni3-SmA phase transition. Upon entering the smectic A, phase there is a marked increase in the out-of-plane
correlation length (which saturates at similar values to those obtained for 1, 3 and 4). For all four compounds
the in-plane correlation length remains small throughout the entire liquid-crystalline temperature range; this
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Figure 7. Plots of the order parameter (S) as a function of reduced temperature (T/Ty_,) obtained as described
in the text for compounds 1 (a), 3 (b) and 4 (c).

is clearly expected for the nematic and twist-bend phases, but in the smectic A and C phases this observation
confirms the lack of positional organisation and refutes the possibility of higher ordered smectic phases being
present.

Using the method of Davidson et al.** we obtained values of the orientational order parameter (S) for com-
pounds 1, 3 and 4 as a function of reduced temperature across the whole phase range (Fig. 7). We could not obtain
an order parameter for 2 due to poor quality of alignment of the sample. Compounds 1, 3 and 4 behave similarly;
there is a steady increase in the value of S with reduced temperature, saturating at ~0.6 prior to the N-SmA tran-
sition; this value increases to ~0.7 (0.64 in 1) upon entering the SmA phase, before decreasing marginally into
the SmC, phase.

As noted in the introduction it is perhaps surprising that compounds 1-4 exhibit smectic A phases given that
they have a gross bent shape. As far as is known, all current examples of twist-bend to smectic phase transitions
the lamellar phase is tilted>'**, and this observation is easily rationalised given the anticipated bent shape of
these materials. Efforts to obtain single crystals of 1-4 suitable for structure determination by XRD were unsuc-
cessful. We therefore opted to explore the conformational landscape of 1-4; replacement of the terminal chain
with a methyl group reduces the complexity of the systems, however even using a simple trans/+ gauche/-gauche
approximation the spacer alone has something like3'? conformers. We therefore elected to study each individual
torsional angle present in the spacer employing the AM1 semi empirical method using fully relaxed scans in
71 x 5° steps via the MODREDUNDANT keyword in Gaussian G09 e01*. From these the lowest energy confor-
mation was identified, allowing us to plot AE versus the resulting dihedral angle. For the ‘first’ and ‘last’ torsions
(see Fig. 8) the trans form was higher in energy than the gauche by 1.7 and 0.2 k] mol ! respectively, however these
serve to reduce the bend angle (i.e. more bent) rather than to straighten the molecule out. For all torsions, with
the exception of the ‘first’ and ‘last’ (i.e. adjacent to the mesogenic units) the all trans conformation was the energy
minima, plots are given in the ESI to this article (Figures SI18, SI19 and SI20). Given how close in energy many of
the trans and gauche —/+ states are many conformers are likely to be significantly populated, however crucially
these calculations show that 1-4 are most likely to be significantly bent rather than linear. The "H NMR of 1-4
features many overlapping peaks (see ESI) which unfortunately precludes using selective 1ID'H NOESY to obtain
internuclear distances to support calculated geometries

Given that the materials exhibit smectic A mesophases we performed preliminary studies into their potential
use as hosts in smectic A based scattering devices. A mixture of compound 3 - selected because of its relatively
wide SmA phase range — doped with 0.5 wt% hexadecyltrimethylammonium perchlorate was prepared and the
sample filled into a glass cell with ITO electrodes (spacing =~ 50 um, cells supplied by Halation). The behaviour
in the nematic phase was unremarkable, with a Fréedericksz transition observed at low voltage and frequency.
At higher applied voltages and frequencies a rich array of electrohydrodynamic instabilities (Williams domains)
were observed. Similar behaviour was observed previously for compound 2 and a detailed description of this is
given previously®. Following cooling into the smectic A phase (~2 °C below the N-SmA transition) we applied
a voltage of 110V across the cell at low and high frequencies (1 Hz and 1kHz respectively). For a typical low
molecular weight SmA material (such as 8CB) a low frequency applied field would transform the active area of
the cell into a scattering state, the subsequent application of a high frequency then returns this to a clear state*>-,
In the case of compound 3 however, we did not observe any switching processes. It may be that as the smectic A
phase (and indeed the SmC phases) are intercalated the layers are significantly harder to disrupt via application of
external electric fields. This means that dimers and dimesogens that have intercalated mesophase structures are
likely to be unsuitable for use in display devices utilising smectic phases.

Conclusions
Compound 2 remains the only known example of a material exhibiting nematic, twist-bend and smectic A mes-
ophases. In previous work we demonstrated that variations to the molecular structure of compound 2 typically
retained the twist-bend phase but the smectic A phase was eliminated. In this present work we present several
homologues of 2 in which the terminal chain length has been varied, and we find that for these materials the SmA
phase is retained at the expense of the twist-bend phase. This has, however, allowed us to determine that the lower
temperature X’ phase of 2 (and its homologues) is an anticlinic C phase. Compound 3 also exhibits an additional
smectic phase, whose structure is unknown, however evidence from POM, DSC and SAXS points to a SmC-type
mesophase - this material therefore may exhibit an uncharted SmC - SmC transition.

In a detailed X-ray scattering study of compounds 1-4 we observe that the behaviour of 1, 3 and 4 is largely the
same; the smectic layer spacing indicates intercalated layer structure whereas the correlation length out-of-plane
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Figure 8. Plots of energy relative to the lowest energy conformer (AE, k] mol™) versus the dihedral angle for
indicated torsions of a methyl-terminated analogue of compounds 1-4, as determined with fully relaxed scans
(71 x 5° steps) with the AM1 semi empirical method as implemented in Gaussian G09 e01%. Plots for other
torsional angles are given in the SI to this article.

(i.e. parallel to the director) shows a steady build up throughout the nematic phase before reaching values of
~300 A in the smectic A phase. Compound 2 displays somewhat different behaviour; the correlation length
increases throughout the nematic phase range to a maximum of 150 A prior to the N-Nyy, transition, across
the entire Ny, phase range the out-of-plane correlation length decreases before reaching a value of ~300 A in
the smectic A phase. Additionally the d-spacing value of the small angle scattering peak in the nematic phase
decreases across the twist-bend phase range, and this is probably understood as a consequence of the molecules
(and the local director) tilting relative to the helical axis. For these compounds 1, 3 and 4 the high quality align-
ment obtained during SAXS study allowed us to obtain orientational order parameters; in the nematic phase the
values are consistent with those reported previously for bent dimers*’, whereas the values in the smectic A and C
phases show a sharp increase at the phase transition. Finally, we note that intercalated smectic phases as found for
compounds 1 to 4 (and related dimesogens) do not respond appropriately to applied electric fields, and therefore
are of minimal use in display devices with the exception of use in formulating mixtures.

References

1. Paterson, D. A. et al. Reversible Isothermal Twist-Bend Nematic-Nematic Phase Transition Driven by the Photoisomerization of an
Azobenzene-Based Nonsymmetric Liquid Crystal Dinner. ] Am Chem Soc 138, 5283-5289, https://doi.org/10.1021/jacs.5b13331
(2016).

2. Mandle, R. ], Voll, C. C. A, Lewis, D. J. & Goodby, J. W. Etheric bimesogens and the twist-bend nematic phase. Liq Cryst 43, 13-21,
https://doi.org/10.1080/02678292.2015.1091095 (2016).

3. Mandle, R. J. & Goodby, J. W. A twist-bend nematic to an intercalated, anticlinic, biaxial phase transition in liquid crystal
bimesogens. Soft Matter 12, 1436-1443, https://doi.org/10.1039/c5sm02720a (2016).

4. Mandle, R. J. et al. The relationship between molecular structure and the incidence of the N-TB phase. Liq Cryst 42, 688-703, https://
doi.org/10.1080/02678292.2014.974698 (2015).

5. Mandle, R. J. et al. Apolar bimesogens and the incidence of the twist-bend nematic phase. Chem. Eur. ] 21, 8158-8167, https://doi.
org/10.1002/chem.201500423 (2015).

6. Sebastian, N. et al. Dielectric, calorimetric and mesophase properties of 1”-(2’,4-difluorobiphenyl-4’-yloxy)-9”-(4-cyanobiphenyl-
4/-yloxy) nonane: an odd liquid crystal dimer with a monotropic mesophase having the characteristics of a twist-bend nematic
phase. Phys Chem Chem Phys 16, 21391-21406, https://doi.org/10.1039/c4cp03462g (2014).

7. Mandle, R. ]., Davis, E. J., Archbold, C. T., Cowling, S. ]. & Goodby, J. W. Microscopy studies of the nematic NTBphase of 1,11-di-
(1”-cyanobiphenyl-4-yl)undecane. J. Mater. Chem. C 2, 556-566, https://doi.org/10.1039/c3tc32137a (2014).

8. Zep, A. et al. Multiple nematic phases observed in chiral mesogenic dimers. ] Mater Chem C 1, 46-49, https://doi.org/10.1039/
€2tc00163b (2013).

9. Borshch, V. et al. Nematic twist-bend phase with nanoscale modulation of molecular orientation. Nat Commun 4, 2635, https://doi.
org/10.1038/ncomms3635 (2013).

SCIENTIFICREPORTS |7: 13323 | DOI:10.1038/s41598-017-12799-1 7


http://dx.doi.org/10.1021/jacs.5b13331
http://dx.doi.org/10.1080/02678292.2015.1091095
http://dx.doi.org/10.1039/c5sm02720a
http://dx.doi.org/10.1080/02678292.2014.974698
http://dx.doi.org/10.1080/02678292.2014.974698
http://dx.doi.org/10.1002/chem.201500423
http://dx.doi.org/10.1002/chem.201500423
http://dx.doi.org/10.1039/c4cp03462g
http://dx.doi.org/10.1039/c3tc32137a
http://dx.doi.org/10.1039/c2tc00163b
http://dx.doi.org/10.1039/c2tc00163b
http://dx.doi.org/10.1038/ncomms3635
http://dx.doi.org/10.1038/ncomms3635

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

Henderson, P. A. & Imrie, C. T. Methylene-linked liquid crystal dimers and the twist-bend nematic phase. Liq Cryst 38, 1407-1414,
https://doi.org/10.1080/02678292.2011.624368 (2011).

Cestari, M. et al. Phase behavior and properties of the liquid-crystal dimer 1”,7”-bis(4-cyanobiphenyl-4'-yl) heptane: a twist-bend
nematic liquid crystal. Phys Rev E Stat Nonlin Soft Matter Phys 84, 031704, https://doi.org/10.1103/PhysRevE.84.031704 (2011).
Sepelj, M. et al. Intercalated liquid-crystalline phases formed by symmetric dimers with an alpha,omega-diiminoalkylene spacer.
Mater Chem 17, 1154-1165, https://doi.org/10.1039/b612517d (2007).

Sepelj, M. et al. Dimeric salicylaldimine-based mesogens with flexible spacers: Parity-dependent mesomorphism. Chem Mater 18,
2050-2058, https://doi.org/10.1021/cm0526213 (2006).

Dozov, I. On the spontaneous symmetry breaking in the mesophases of achiral banana-shaped molecules. Europhys Lett 56,
247-253, https://doi.org/10.1209/epl/i2001-00513-x (2001).

Paterson, D. A. et al. Understanding the twist-bend nematic phase: the characterisation of 1-(4-cyanobiphenyl-4'-yloxy)-6-(4-
cyanobiphenyl-4’-yl)hexane (CB60CB) and comparison with CB7CB. Soft Matter 12, 6827-6840, https://doi.org/10.1039/
c6sm00537¢ (2016).

Paterson, D. A., Abberley, J. P, Harrison, W. T. A,, Storey, J. M. D. & Imrie, C. T. Cyanobiphenyl-based liquid crystal dimers and the
twist-bend nematic phase. Liq Cryst 1-20, https://doi.org/10.1080/02678292.2016.1274293 (2017).

Archbold, C. T., Andrews, J. L., Mandle, R. J., Cowling, S. J. & Goodby, J. W. Effect of the linking unit on the twist-bend nematic
phase in liquid crystal dimers: a comparative study of two homologous series of methylene- and ether-linked dimers. Lig Cryst 44,
84-92, https://doi.org/10.1080/02678292.2016.1240247 (2017).

Abberley, J. P. et al. Structure-property relationships in twist-bend nematogens: the influence of terminal groups. Lig Cryst 44,
68-83, https://doi.org/10.1080/02678292.2016.1275303 (2017).

Ivsi¢, T., Baumeister, U., DoKkli, I., Mikleusevié, A. & Lesac, A. Sensitivity of the NTB phase formation to the molecular structure of
imino-linked dimers. Liq Cryst 44, 93-105, https://doi.org/10.1080/02678292.2016.1225832 (2017).

Dawood, A. A. et al. On the twist-bend nematic phase formed directly from the isotropic phase. Lig Cryst 43, 2-12, https://doi.org/
10.1080/02678292.2015.1114158 (2016).

Adlem, K. et al. Chemically induced twist-bend nematic liquid crystals, liquid crystal dimers, and negative elastic constants. Phys
Rev E 88, doi:ARTN 02250310.1103/PhysRevE.88.022503 (2013).

Chen, D. et al. Twist-bend heliconical chiral nematic liquid crystal phase of an achiral rigid bent-core mesogen. Phys Rev E Stat
Nonlin Soft Matter Phys 89, 022506, https://doi.org/10.1103/PhysRevE.89.022506 (2014).

Jansze, S. M., Martinez-Felipe, A., Storey, J. M., Marcelis, A. T. & Imrie, C. T. A twist-bend nematic phase driven by hydrogen
bonding. Angew Chem Int Ed Engl 54, 643-646, https://doi.org/10.1002/anie.201409738 (2015).

Wang, Y. et al. Room temperature heliconical twist-bend nematic liquid crystal. Crystengcomm 17, 2778-2782, https://doi.
org/10.1039/c4ce02502d (2015).

Mandle, R. J. & Goodby, J. W. A Liquid Crystalline Oligomer Exhibiting Nematic and Twist-Bend Nematic Mesophases.
Chemphyschem 17, 967-970, https://doi.org/10.1002/cphc.201600038 (2016).

Simpson, F. P., Mandle, R. J., Moore, J. N. & Goodby, ]. W. Investigating the Cusp between the nano- and macro-sciences in
supermolecular liquid-crystalline twist-bend nematogens. ] Mater Chem C, https://doi.org/10.1039/C7TC00516D (2017).

Mandle, R. J. The dependency of twist-bend nematic liquid crystals on molecular structure: a progression from dimers to trimers,
oligomers and polymers. Soft Matter 12, 78837901, https://doi.org/10.1039/c6sm01772j (2016).

Mandle, R. J. The Shape of Things to Come: The Formation of Modulated Nematic Mesophases at Various Length Scales. Chemistry
- A European Journal, n/a-n/a, https://doi.org/10.1002/chem.201701167 (2017).

Panov, V. P, Vij, J. K. & Mehl, G. H. Twist-bend nematic phase in cyanobiphenyls and difluoroterphenyls bimesogens. Lig Cryst 44,
147-159, https://doi.org/10.1080/02678292.2016.1254289 (2017).

Zhu, C. et al. Resonant Carbon K-Edge Soft X-Ray Scattering from Lattice-Free Heliconical Molecular Ordering: Soft Dilative
Elasticity of the Twist-Bend Liquid Crystal Phase. Phys Rev Lett 116, 147803, https://doi.org/10.1103/PhysRevLett.116.147803
(2016).

Chen, D. et al. Chiral heliconical ground state of nanoscale pitch in a nematic liquid crystal of achiral molecular dimers. Proc Natl
Acad Sci USA 110, 15931-15936, https://doi.org/10.1073/pnas.1314654110 (2013).

Hoffmann, A., Vanakaras, A. G., Kohlmeier, A., Mehl, G. H. & Photinos, D. J. On the structure of the Nx phase of symmetric dimers:
inferences from NMR. Soft Matter 11, 850-855, https://doi.org/10.1039/c4sm02480j (2015).

Gorecka, E. et al. Do the short helices exist in the nematic TB phase? Liq Cryst 42, 1-7, https://doi.org/10.1080/02678292.2014.984
646 (2015).

Vanakaras, A. G. & Photinos, D. J. A molecular theory of nematic-nematic phase transitions in mesogenic dimers. Soft Matter 12,
2208-2220, https://doi.org/10.1039/c5sm02505b (2016).

Mandle, R. J. & Goodby, J. W. Does Topology Dictate the Incidence of the Twist-Bend Phase? Insights Gained from Novel
Unsymmetrical Bimesogens. Chem-Eur ] 22, 18456-18464, https://doi.org/10.1002/chem.201604030 (2016).

Mandle, R. J. & Goodby, J. W. Dependence of Mesomorphic Behaviour of Methylene-Linked Dimers and the Stability of the N-TB/
N-X Phase upon Choice of Mesogenic Units and Terminal Chain Length. Chem-Eur ] 22, 9366-9374, https://doi.org/10.1002/
chem.201601146 (2016).

Archbold, C. T, Davis, E. J., Mandle, R. ]., Cowling, S. J. & Goodby, J. W. Chiral dopants and the twist-bend nematic phase-induction
of novel mesomorphic behaviour in an apolar bimesogen. Soft Matter 11, 7547-7557, https://doi.org/10.1039/c5sm01935d (2015).
Mandle, R. J., Cowling, S. J. & Goodby, J. W. A nematic to nematic transformation exhibited by a rod-like liquid crystal. Phys Chem
Chem Phys 19, 11429-11435, https://doi.org/10.1039/c7cp00456g (2017).

Mandle, R. J. et al. Synthesis and characterisation of an unsymmetrical, ether-linked, fluorinated bimesogen exhibiting a new
polymorphism containing the N(TB) or ‘twist-bend’ phase. Phys Chem Chem Phys 16, 6907-6915, https://doi.org/10.1039/
c4cp00172a (2014).

Frisch, M. J. et al. Gaussian 09, Revision E. http://www.gaussian.com/g_tech/g_ur/m_citation.htm (Gaussian, 2009).

Salili, S. M. et al. Anomalous Increase in Nematic-Isotropic Transition Temperature in Dimer Molecules Induced by a Magnetic
Field. Phys Rev Lett 116, 217801, https://doi.org/10.1103/PhysRevLett.116.217801 (2016).

Davidson, P, Petermann, D. & Levelut, A. M. The Measurement of the Nematic Order-Parameter by X-Ray-Scattering Reconsidered.
J PhysIi5,113-131 (1995).

Mandle, R.J. et al. Self-organisation through size-exclusion in soft materials. ] Mater Chem C 3, 2380-2388, https://doi.org/10.1039/
c4tc02991g (2015).

Gardiner, D. J. & Coles, H. J. Organosiloxane liquid crystals for fast-switching bistable scattering devices. ] Phys D Appl Phys 39,
4948-4955, https://doi.org/10.1088/0022-3727/39/23/008 (2006).

Coates, D., Crossland, W. A., Morrissy, ]. H. & Needham, B. Electrically Induced Scattering Textures in Smectic a Phases and Their
Electrical Reversal. ] Phys D Appl Phys 11, 2025, https://doi.org/10.1088/0022-3727/11/14/012 (1978).

Tani, C. Novel Electro-Optical Storage Effect in a Certain Smectic Liquid Crystal. Appl Phys Lett 19, 241-&, https://doi.
org/10.1063/1.1653902 (1971).

Zhang, Z. P. et al. Raman scattering studies of order parameters in liquid crystalline dimers exhibiting the nematic and twist-bend
nematic phases. ] Mater Chem C 3, 1000710016, https://doi.org/10.1039/c5tc02174j (2015).

SCIENTIFICREPORTS |7: 13323 | DOI:10.1038/s41598-017-12799-1 8


http://dx.doi.org/10.1080/02678292.2011.624368
http://dx.doi.org/10.1103/PhysRevE.84.031704
http://dx.doi.org/10.1039/b612517d
http://dx.doi.org/10.1021/cm0526213
http://dx.doi.org/10.1209/epl/i2001-00513-x
http://dx.doi.org/10.1039/c6sm00537c
http://dx.doi.org/10.1039/c6sm00537c
http://dx.doi.org/10.1080/02678292.2016.1274293
http://dx.doi.org/10.1080/02678292.2016.1240247
http://dx.doi.org/10.1080/02678292.2016.1275303
http://dx.doi.org/10.1080/02678292.2016.1225832
http://dx.doi.org/10.1080/02678292.2015.1114158
http://dx.doi.org/10.1080/02678292.2015.1114158
http://dx.doi.org/10.1103/PhysRevE.89.022506
http://dx.doi.org/10.1002/anie.201409738
http://dx.doi.org/10.1039/c4ce02502d
http://dx.doi.org/10.1039/c4ce02502d
http://dx.doi.org/10.1002/cphc.201600038
http://dx.doi.org/10.1039/C7TC00516D
http://dx.doi.org/10.1039/c6sm01772j
http://dx.doi.org/10.1002/chem.201701167
http://dx.doi.org/10.1080/02678292.2016.1254289
http://dx.doi.org/10.1103/PhysRevLett.116.147803
http://dx.doi.org/10.1073/pnas.1314654110
http://dx.doi.org/10.1039/c4sm02480j
http://dx.doi.org/10.1080/02678292.2014.984646
http://dx.doi.org/10.1080/02678292.2014.984646
http://dx.doi.org/10.1039/c5sm02505b
http://dx.doi.org/10.1002/chem.201604030
http://dx.doi.org/10.1002/chem.201601146
http://dx.doi.org/10.1002/chem.201601146
http://dx.doi.org/10.1039/c5sm01935d
http://dx.doi.org/10.1039/c7cp00456g
http://dx.doi.org/10.1039/c4cp00172a
http://dx.doi.org/10.1039/c4cp00172a
http://www.gaussian.com/g_tech/g_ur/m_citation.htm
http://dx.doi.org/10.1103/PhysRevLett.116.217801
http://dx.doi.org/10.1039/c4tc02991g
http://dx.doi.org/10.1039/c4tc02991g
http://dx.doi.org/10.1088/0022-3727/39/23/008
http://dx.doi.org/10.1088/0022-3727/11/14/012
http://dx.doi.org/10.1063/1.1653902
http://dx.doi.org/10.1063/1.1653902
http://dx.doi.org/10.1039/c5tc02174j

www.nature.com/scientificreports/

Acknowledgements

The authors wish to thank the EPSRC for funding through grant EP/M020584/1 for the development of dyes for
liquid crystal applications, Platform Grant EP/D055261/1, grant EP/J007714/1 for the development of liquid
crystals for displays and lastly core capabilities grant EP/K039660/1. Raw data pertinent to this work is available
on request from the University of York. Lastly, we thank the referees for constructive feedback during the review
process.

Author Contributions

R.J.M. synthesised all compounds, performed calculations and performed all experimental work with the
exception of microscopy which was under taken by both R.J.M. and S.J.C. R. ].M and ].W.G. wrote the manuscript
which was reviewed by all authors prior to submission.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-12799-1.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CEE ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 13323 | DOI:10.1038/s41598-017-12799-1 9


http://dx.doi.org/10.1038/s41598-017-12799-1
http://creativecommons.org/licenses/by/4.0/

	Combined Microscopy, Calorimetry and X-ray Scattering Study of Fluorinated Dimesogens

	Experimental

	Results

	Conclusions

	Acknowledgements

	Figure 1 Some of the structural variations to compound 2 (Y = O, n = 11) that have been explored to date2,39.
	Figure 2 The synthetic route employed to compounds 1–4.
	Figure 3 Photomicrographs (x100, crossed polarisers) of the schlieren texture of the nematic phase of 3 at 139.
	Figure 4 Two dimensional small angle X-ray scattering patterns obtained for magnetically aligned samples: (a) the nematic phase of 4 at 85 °C (b) the twist-bend phase of 2 at 67 °C (c) the SmA1 phase of 3 at 75 °C (d) the SmCA phase of 1 at 52 °C (e) the 
	Figure 5 Plot of the d/l ration of the major small angle scattering peak as a function of reduced temperature (T/TSmA-N, or for compound 2 T/TSmA-NTB) for compounds 1–4.
	Figure 6 Plots of the correlation length parallel to the director (i.
	Figure 7 Plots of the order parameter (S) as a function of reduced temperature (T/TN-Iso) obtained as described in the text for compounds 1 (a), 3 (b) and 4 (c).
	Figure 8 Plots of energy relative to the lowest energy conformer (ΔE, kJ mol−1) versus the dihedral angle for indicated torsions of a methyl-terminated analogue of compounds 1–4, as determined with fully relaxed scans (71 × 5° steps) with the AM1 semi emp
	Table 1 Transition temperatures (°C) and associated enthalpies of transition [kJ mol−1] for compounds 1–4, as determined by DSC at a heat/cool rate of 10 °C min−1.


