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Does Topology Dictate the Incidence of the Twist-Bend Phase?
Insights Gained from Novel Unsymmetrical Bimesogens

Richard J. Mandle* and JohW. Goodby™®

/Abstract: We prepareda dgnificant number of unsymmetri-
cal liquid-crystalline dimers that exhibit the twist-bend ne-
matic phase a state of matter that exhibits spontaneous
breaking of mirror symmetry and, for some materialg mi-

have uncowred an unexpected relationship between the\
thermal stability of the nematic and Ng phases. This rela-
tionship demonstrates that molecular shape dictates the in-
cidence of this fascinating phase of matter and leads us to

crosecond electrooptic responseA number of novel unsym-  speculate as to the existence of Otwist-bend nematic phase$O
metrical bimesogens were synthesized and in comparing on length scales beyod those of the molecule.
their thermal behaviour to previows literature examples, we )

Introduction

The observation ofa lower-temperature mesophase lacking la-
mellar or positional molecular orde (j.e., a nematic-like meso-

with two OpolarO terminal groug¥! In this report, we expand
on this pervious work, introducinga large number of new un-
symmetrical polar bimesogens with differing polar functional
groups, as well as preparing several bimesogens possessing

phase)¥ later identified as the Otwist-bend nematicO phaseone polar and one non-polar terminal group In all cases, the

(N;p) 2% 'has motivated many studies of the properties of this
intriguing phase of matter through a wide range of tech-
niques™®*® Although the helicoidal modd of the Nz phase,
proposed independently by Meyer and Dosdv??? is support-
ed by experimental data, alternate modsl have also been sug-
gested?®24\ith the exception of Vanakaras et al?® theoreti-
cal treatments have not accounted for direct isotropic tdwist-
bend nematic phase transitions,a scenario first reported in
a mixed dimer/chiral-dopant systen® Initially, it was believed
that this mesophase was only found in methylene-linked
dimers. However observations of the Ng phase in bent-core
systemd® ether-linked dimerd?®27 trimers?®%Y gligomerd*?
and even polymer§® hint at this mesophase being universal
rather than what was perhaps first thoughtA comprehensive
structure property relationship remains elusive despite the
ever growing number of compounds reported in the literature
to exhibit this mesophase?*®44

It is wel known that polar functional groups can, through
dipole-dipole or quadrupolar interations, lead to antiparallel
pairing of molecules the extert to which this occurs is func-
tional-group dependent!“*®*"Previously we explored how this
manifess in a small number of unsymmetrical bimesogens
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mesogenic units employed in this study are appropriately sub-
stituted phenyl benzoates with a nonamethylene spacer and
methylene linking groups. Ultim&ely, in our comparative analy-
sis of these novel materials with previous symmetrical polar or
apolar materials, we discovered an unexpected relationship be-
tween the thermad stability of the nematic and Ny phase,
which we will now descibe.

Results and Discussion

The synthesis and characterisation of compound$B6 has
been reported previously*) Compounds 7B11 were synthe-
sised, as shown in Scheme 1, by the EDAC/DMAP-mediated
(EDAC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide, DMAP:
4-dimethylaminopyridine) Steglich esterification between [4-{9-
(4-hydroxyphenyl)nonyl}phenl 4-cyanobenzoate] prepared as
described previouslf?® and an appropriate benzoic acid. Com-
pounds 12P16, which contain one polar and one apola rigid
unit, were prepared by the EDAC/DMAP-mediated Steglich
esterification between [4-{9-(4-hydroxyphenyl)nonyl}phenyl 4-
cyanobenzoate] anda series of non-polar benzoic and carbox-
ylic acids, as shown in Schee2.

The transition temperatures of compound4bl1, which bear
two polar OcoreO units, were determined laycombination of
polarised optical microscopy (POMand differential scanning
calorimetry (DSC). As shown ifable 1, all eleven materials
were found to exhibit nematic ard twist-bend nematic meso-
phases The identification of the lower temperature mesophase
As the twist-bend nematic is straightforwed due to its charac-
teristic optical textures (Figure 1) and the shap of the peak
obtained in DSC thermograra Figure 2)

18456 T 2016 The Authors. Published by Wiley-VCtrlag GmbH& Co. KGaA, Weinheim
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With the exception of compound2, the Nz phasesexhibited
by 1B11 were monotropic, dthough the nematic phases of
severd materials @, 3, 4 and 10) were enantiotropic. Com-
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pared to the symmetric paren material of the series, com-
pound 1, the unsymmetrical materials all exhibit lower melting
points, dearing points and nematic to Ng transition tempera-
tures. Representative photomicrographs of the nematiand
Nz mesophasa of compounds 3, 7, 8 and 10 are given in
Figure 1. A DSC thermogram of compound10 is given in
Figure 2, the nematic to isotropic transition was first order
with the N.gN transition being weakly first orderas reported
previously.”!

The nematic mesophases of all compoursdwere identified
based on their schliera textures, whereas the twist-bend
phase exhibited by1P11 was identified based on the charac-
teristic textures (block, rope, parabolic, stripesse Figurelbb
e for representative examples) exhibited by this phase. The as-
sociated enthalpies and entropies of transition for compounds
1P11 were determined by DSC ata heat/cool rate of
108Cmin® and are presented inTeble 2. \alues are given as
the mean of nine cycles along with corrgsonding standard
deviations.

With the exception of compound?2 (X= ArSCN) the associat-
ed enthalpies of both the N-Iso and NsN transition are highly

Figure 1. Photomicrograpts (V100) on untreatel glass slides of @) the schlieren texture of the nematic phase 08 at 107.58C, b) the blocly texture of the Ng
phase of compound7 at 93.58C, c) parabolic defects in an uncovered droplet of theof compound 10 at 77.08C, d) the strige and blocky textures of the
Nz phase along with visible donain boundaries for compound8 at 61.18C, and e) the rope texture of the N; phase of compound 7 at 91.08C mnfined in

a 5: 0.1mm cell with antiparallel polyimide alignment layers.
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Table 1. Transition temperatures 8C] for compounds1B11.2%4 Transitions in parentheses are monotropic, that is, they occur below the meltinpoint of
the materid in question.
O o)
NC—< >—-’< X
o~ H-cr_)-0
Compound X a Nrg N Iso
1 "'QCN * 157.6 t 114.5 * 146.6) *
2 ---@—NCS * 95.6 * 100.0 * 123.8 *
3 ---©—N02 * 1154 * 100.5) * 124.9 *
4 @—F * 862 ¢ 78.2) * 95.9 *
5 ‘“@‘CFa * 1100 ¢ 69.6 * 78.3) *
6 "'@‘SF5 * 102.2 ¢ 61.1 * 72.8) *
F
7 ,__@CN * 1126 ¢ 95.0) * 120.7 *
F
8 F * 832 * 63.8 * 79.0) *
F
9 Q—F * 938 (* 46.0 * 600) *
F
F
10 -"QNOz * 926 (* 78.8) * 97.6 *
F
11 ___@CFa * 105.7 ¢ 51.4 * 57.5) *
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Figure 2. DSC thermogam of compound 10 obtained at 108C mn® on the first cooling cycle (a), with expansions between 70D8D howing the nematic to
Ny transition (b), and betwe@ 90D10®C howing the nematic to isotropic transition (c). The larg GumpO \ith an onset of arourd 608C in (a) corresponds
to the sample recrtallizing rather thana transiion to a mesophase.

reproducible, with only small deviations from the mean. Ulti-
mately, and as reported previously®®**'we find no correlation

between the dipole moment of the mesogenic unit and the
onset temperature, associated entrop or associated enthalpy
of either the N-Iso or NgN transitions. In the case of com-

Chem. Eurd.2016, 22, 18456D 18464
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pound 6, the associated enthalpies of both the N-Iso and M
N transitions wee observed to declire with each successive
heat/cool cycle, as shown in Figure 3hus, the large standard
deviation values can likely be attributed to thermbdecomposi-
tion of the sample. No decomposition was apparent by either

18458 T 2016 The Authors. Published by Wiley-VCtrlag GmbH& Co. KGaA, Weinheim
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Table 2. Associated enthaljes of transition [kJmof'] with corresponding
standard deviations (SD), dimensionless entropies of trangitiend scaled
N/Nyg transition temperatures for compoundsl 112841

DSR
NN  N-Iso

DH [kImol®]
SD N-Iso

Compound oo/ Thiso

NigN SD

0.402
0.244
0.092
0.074
0.473
0.480
0.142
0.254
0.724
0.235
0.450

0.005
0.003
0.042
0.009
0.022
0.090
0.006
0.031
0.007
0.003
0.014

1.728
0.697
0.289
1.015
0.315
0.970
1.312
0.245
0.648
0.741
0.810

0.008
0.005
0.003
0.005
0.003
0.102
0.004
0.002
0.003
0.002
0.006

0.012
0.131
0.046
0.045
0.271
0.286
0.134
0.036
0.189
0.116
0.105

0.495
0.192
0.087
0.331
0.108
0.337
0.401
0.498
0.224
0.200
0.186

0.924
0.940
0.939
0.952
0.975
0.966
0.935
0.957
0.958
0.951
0.982
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POM or DSC studies of the other compounds ifeble 1 and so
the decomposition is believed to be due to the instability of
the isothiocyanate group.

To confirm whether the identification of the Nz phase was
correct, we sudied compounds 1P11 by small angle X-ray scat-
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Figure 4.a) Conoscopt figure in the Nz phase of 7 confined ina 5: 0.1nm

tering (SAXS) and analysis of the conoscopic figures. As dis<ell with antiparallel buffed polyimide alignment layers (planar anchoring) at

cussed by Zhu etal™® small-angle X-ray scattering can be
used to discriminate between the experimentally observed-
phase and the theoretically predicted splay-bend nematic
(Nsp ' We note that Gorecka et al. used connoscopy to identi-
fy that the Nz phase in chiral dimers is optically positive, that
is, the conica angle is less than the magic angl€® Scattering
patterns obtained by SAXS for compoundlO and conoscopic
figures are given for compound? in Figure 4. Analysis of the
conoscopt figures of 1B11 reveals that in all cases, the {y
phase is uniaxial insertion of al-plate was used to demon-
strate that the twist-bend phase is optically positie in all cases
and therefore, the conical angle is les than the magic

approximately 808C without a waveplate; b) the same image as in (a) but
with a | -plate insertel into the optical path, the white arrow denoting the
slow axis of thel -plate; c) plot of scattered X-ray intensity as function of
d-spacing (in the range of 8098, utilised with a sample-to-detector dis-
tance of 300 mm) fora partially aligned sampé of compound 10 in the N
phase at 718C, with an inset showing the observed 2D-scattemgnpattern.

taken to exclude the possibility of the N phase beinga lay-
bend modulated structure, as discussed by Zhu et &f!
Recently we reported a compound (structure in Figue 5) ex-
hibiting the novel phase sequence SmX-N{NP in which SmX
is an unknown smectt mesophase. The syntheses df2, 13
and 15 were undertaken primarily to see if further examples of

angle!***® |n SAXS, the lack of Bragg scattering peaks at smalithe SmX-Ng transition could be observed in unsymmetrical bi-

values of Q (down to a minimum of d= 95a, Q& 0.066) was

mesogers with one polar and one apolar unit. By studying N

12 [INtb - N ON-ISO
1 0 O O
~ 08 0
L0 O
"0 0Doggg

T T T T 1
5 7 8

Heat/Cool Cycle No.

Figure 3. Associated enthalpies of transition@H [kJ mol®]) for the nematic to isotropic & ) and N;zto nematic ( ) phase transitiors of compound 6 asa func-

tion of DSC cycle number.
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Figure 5. The molecular structure and transition temperates BC] of the un-
symmetrical polar/apola dimer reported previously The SmX-Ng transition
is monotropic and thus presented in parentreses!®”

to smectic phase transitions, it may be possible to gain signifi-
cant insight into the twist-bend nematic phase; however, we
are aware of only four examples of such phase transi-
tions 27394250 the case of compound14, the incorporation
of selenium will hopefully permit future study of the local
structure of the N;g phase (as well as the nematic) by resonant
small angle X-ray scattering, TEM arfdSe NMR spectroscop
The transition temperatures and associated enthalpies of four
mixed polar/apolar bimesogas are given in Teble 3. All four
compounds in exhibit nematic and twist-bend mesophases
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phase are given in Figuré® and a representative DSC thermo-
gram obtained for compound 13 at 108Cmin® is given in
Figure 7.

As with compounds 1B11, the associated enthalpies of tran-
sition, as determined by DS & a heat/cool rate of 108C min®,
are not especially characteristiand do not offer any great in-
sight into the twist-bend nematic mesophase in this instance.
In all cases the nematic-isotropic transition was first order,
with the nematic-Ng transition being only weakly first order
(see Figure 75! For compound 15, the length of one meso-
genic unit was increasd from two to three rings and, as pre-
dicted, this leads toa dggnificant increase in both clearing
point and the thermal stability of the Nz phase, highlighting
the importance of the aspet ratio, as noted previously® %4

We elected to study compoundl12 by smal angle X-ray scat-
tering over a temperature range of 96D58C (18C intervals, see
Figure 8). Asdiscussed previouslythe lack of Bragg scattering

(identified by POM, DSC and SAXS). Representative photomipeaks in both the nematic and Ng phases at small values of

crographs showing the characteristic optical textures of the

(down to a minimum of d=95a, Q& 0.066) was taken to ex-

that is, they occu below the melting point of the material in question.

Table 3. Transition temperatures §C] ard associatel enthalpies of transition [kJ mof*] for compounds 12B15. Transitions in parentheses are monotropic,

o] O,
O Dm0

Compound X a Nrg N Iso

12 a * 88.7 [38.65] 1 80.7) [0.70] * 95.1 [0.49] *

13 +{ )Gty * 91.9 [35.56] 1 85.2) [0.14] * 110.0 [1.01] *
Y

14 A T * 71.8[17.13] 1 577 [0.29] * 69.6) [0.22] *

15 A= O * 125.6 [25.19 ¢ 124.5) [0.34] * 189.6 [0.59] *

Figure 6. Photomicrograpts (V100) of. g the blocky texture of the twist-berd phase of13 at 85.28C, b) the blocky texture alongside pataolic defects in the
Nz phase of compound12 at 75.08C, c) the rope texture alongsid parabolic defects in the N;z of compound 13 at 65.08C, d) the well-aligned rope texture
of the Nz phase of compound12 at 52.58C @mnfined in a 5: 0.1mm cell with antiparallel buffed polyimide dignment layers €) the sanme conditions as (d)

but with a | -waveplate inserted.
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Figure 7. DSC thermogam of compound 13 obtained at 108C min® on the first cooling cycle, with ex@nsions between 80D9@C showing the nematic to Nrg
transition and between 105D11BC $howing the nematic to isotropic transiion. The large peak at abou668C mrresponds to recrystallisation of the sample
and not a transition to a mesophase.
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Figure 8. Small angle X-ray scattering of compound?2: &) two-dimensional
scattering pattern in the magnetically aligned nematic phasat 948C,

b) two-dimensional scattering pattern of the Nyg phase at 68C (ote the
loss of alignment), ckontour plot of scattered X-ray intensity [arb] versud-
spacing R] versus tenperature [8C].

clude the possibility of the Ng phase being a lay-bend

18.8a in the Ny phase; this compares witha molecular length
of 36.8a, obtained at the B3LYP/6D31G(d) level of DHfe de-
crea® in d-spacing is comparable to that reported previous-
ly"Y and has been attributel to the molecules tilting away
from the helix axis of the Ny phase’® The scattering at wide
angles, corresponding to the average lateral molecular separa-
tion, presents asa broad peak in the nematic phase. In the
twist-bend nematic phase, this wide-angle scattering peak be-
comes noticeaby broader, indicating that there is less position-
al ordering in the Nz than in the nematic phase. Qualitatively,
this would presert as areduced order parameterhowever the
lack of alignmert in the Nz phase prevents us from giving
quantitative values in this instance.

A number of unsymmetrical bimesoges with methylene-
linking groups and nonamettylene (i.e, G) gacers have been
prepared and characterised, with all materials found to exhibit
the twist-bend nematic phase. The ability ok wide range of
molecular structures to give rise to this mesophase represents
a hift in our understanding of the twist-bend phase from
being a aurious state of matter that is observed ina garse
number of materials to something universal that can be ob-
served ina (potentially) large number of systemsA ®entO mo-
lecular structure isa prerequisite, with the thermal stabiliy of
the Nz phase showinga grong dependence on the intermeso-
gen angle® The twist-bend phase is most commoly ob-
serval in methylene linked dimers with odd spacer parityno-
table exceptions being bent-core system®, ether-linked
dimers?®%! trimers2°®%2 gligomerd®™ and polymers®! Con-
cerning dimers and bimesogens, the largest sub-group to ex-
hibit the twist-bend nematic phase are methylene-linked with

modulated structure. We observed that the small angle peak a nonamethylene space and mesogenic units constructed

decreases from an average of 19&8in the nematic phase to

Chem. EurJ.2016, 22, 18456 D18464 www.chemeurj.org

from two rigid cyclic units, with around 40 materials known in
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twist-bend nematic to nematic transition temperature¢] for dimers and bi-

mesogers with Otwo-ringO mesogenic units and nonamethykespacer. Data were taken from refs. [38D4] data for CBOCB are from ref. [11] and Othis workO

refers to compounds7615.

total.*#*15M\We were surprised to find that there is linear rela-
tionship (R= 0.975) for these materials between the N-I transi
tion temperature and the NgN transition temperature (plot

given in Figure 9).

This plot contains polardimers!*-344Uapolar dimers® and
bimesogens,yet we find no significant deviation irrespective
of polarity. Additionally, the length of terminal alkyl/alkoxy
chains employed in apola dimers has little effect®® Evidently,
this plot only includes approximately one thid of the twist-
bend materials presently known. If similaplots are made for
dimers with 3-ring mesogenic units or bimesogens with mixed
2- and 3- ring mesogenic units, then linear relationships also
exist, albeit with a different slope. This highlighs the impor-
tance of the aspect ratio, which we noted previous§* in
determining the phase stability of dimersA smilar linear rela-

average and also the distribution of the bend angles. As con-
sequence, the gross topology of the two molecules is no
longer the same. Althougha linear relationship exists for mate-
rials with comparable conformerdistributions (.e., the spacer
and linking units are identical), in cases in which conformer
distributions are significantlydifferent (e.g, methylene linkers
vs. ethers), no linear relationship exists.

If the incidence of the Ng phase is driven by gross topology,
an argumert that appears to be strongly supported by the
present results, we speculate that this phase of matter should
manifest on length scales beyond that of the molecule, in
a manner analogous to the nematic and smeati phases exhib-
ited by colloidal suspensias of virus particles®* 5 However,
no such observations have been considered in the literature to
date for the Nz phase. These results and their relationship

tionship also exists for heptamethylene-linked dimers such as with macro- rather than nano-systems suggéghat the topo-

CB7CB ad the handful of compounds we reported previous-
ly 738 a plot similar to that in Figure9 but for the hepta-
methylene-linked dimers is given in the Supporting Informa-
tion of this article (Figure SI-1).

We expect thata linear relationship will alwag exist be-
tween the NTB-N and N-Iso transition temperatures of multiple
compounds of homologous structure. Materials with dissimilar
structure (e.g. differing asped ratios, conformer distributions
or spacer lengths) are unlikglto yield an analogous linear rela-
tionship. These linear fits are only valid for materials with fairly
rigid aromatic units and identical linking groups, thereby re-
sulting in architectures that have three well-defined sub-units.
Conversely the ether-linked, mixed ether-alkya or mixed
ether-methylene-linked analogues of CB9EB do not follow
the linear relationship shown in Figure 9. Considering that only
a handful of dimers with mixed linking groups are knownit is
unclea if analogous linear relationship exist for these materi-
als.

When the linking unit is changed, this will inevably lead to
a change in the distribution of the conformers, and thus the

Chem. EurJ.2016, 22, 184560 18464 www.chemeurj.org

logical constraints, rather than the electrostatic interactions, of
the molecules in the bulk phase are akin to viewing molecules
as molecular grains of matter Smilarly, it is to be expected
that supermolecula and supramolecular materials will eventu-
ally be found to exhibit the twist-bend nematic phase, con-
firming that this state of matter is not confined solgl to small
molecules.

Conclusions

In this work, we first expanded the number of materialknown
to exhibit the twist-bend nematic mesophase. The discovery of
a linear relationship between the nematic to isotropic transi-
tion temperature and the Ng to nematic transition tempera-
ture is important and shows that although the chemical make-
up of the mesogenic units drives the exact transition tempera-
tures, the relationship between them apparently does not
depend on the mesogenic units at all. We find that materials
with different spacer lengths, linking groups and aspect ratios
still exhibit this linear relationship, albeit with different slopes.

18462 T 2016 The Authors. Published by Wiley-VCtrlag GmbH& Co. KGaA, Weinheim
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