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Three-ring bent-core bis(4-subst.-phenyl) 2-methyl-iso-phthalates exhibiting nematic, SmA and SmC
phases are reported. The occurring mesophases have been identified by their optical textures and X-ray
diffraction measurements which give also geometrical structural parameters like layer spacing and
molecular tilt. Quantum chemical calculations on single molecules and X-ray structure analysis in the
crystalline state indicate wide opening angles (about 155°) of the molecular legs due to the lateral
methyl group in position 2 of the central phenyl ring. However solid state NMR spectroscopy in the
liquid crystalline phases finds stronger molecular bending (bending angle to be about 138° in the SmA
and about 146° in the nematic phase). Dielectric and SHG measurements give evidence that in the SmA
phase a polar structure can be induced by application of an electric field which disappears in the
isotropic liquid phase. The electric field not only leads to a slight textural change even in the SmA phase
but also polar-type electric current response (Ps about 200 nC cm—2) is observed. This unusual electro-
optical behaviour is discussed on the basis of the orientation of polar clusters formed by the bent
molecules. In the paper we not only attempt to characterize the mesophases and to describe their
physical properties, but we also show that these types of molecules represent the borderline between

bent-shaped and calamitic liquid crystals.

1. Introduction

In 1923 Daniel Vorlander, the pioneer of liquid crystal chemistry,
asserted that a bend in the molecular long axis of rod-like
molecules reduces or prevents liquid crystalline behaviour. He
found, for example, that the clearing temperatures directly
correlate to the bond angle caused by oxygen, sulfur and nitrogen
atoms in the centre of the molecules. From this point of view,
mercury(1r) should have a valence angle near to 180° in liquid
crystalline diphenyl mercury derivatives." On the other hand,
since 1996 banana-shaped mesogens are a topic in the field of
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liquid crystals, see reviews.”™ Nearly all bent-core mesogens
exhibiting banana phases consist of five or more aromatic rings.
The question is what happens if the number of rings in bent-core
molecules is reduced to four or three. In most cases, bent-core
molecules consisting of four rings are not able to form liquid
crystalline phases. But there are exceptions. In 2009, Weissflog
et al. reported the unusual mesophase behaviour of substituted
N-benzoylpiperazines which contain three phenyl rings together
with a piperazine moiety.> More recently, chiral ordered B; and
B; phases, which are typical for banana-shaped liquid crystals,
have been observed on four-ring asymmetric salicylideneimine
derivatives.® In contrast, the formation of nematic and smectic
phases by 4-n-alkyloxybenzoic acid 4-[(3-benzylideneamino)
phenylazo]phenylester should be re-examined because the phase
type and transition behaviour reported are nearly identical with
those of the alkyloxybenzoic acid used as starting materials.”
Bent three-ring mesogens can be subdivided into two types
depending on the position of the bend in the molecules. If the bend
of the molecular long axis results from a meta-substitution at one
of the outer phenyl rings, one speaks about hockey stick-shaped
mesogens. Remarkably, a SmC,piiciinic=SMCoynclinic transition was
observed for non-chiral hockey stick-shaped liquid crystals.®*°
In the other type of three-ring bent-core compounds a bent
molecular fragment occurs in the centre of the molecules.
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Usually, three-ring molecules with a 1,3-phenylene unit are not able
to form mesophases. This statement is only true, however, if the
interaction forces are dominated by the molecular shape. If
hydrogen bonds or microsegregation effects dominate, the molec-
ular shape and the mesophase behaviour are not so clearly related.
For example, bent phasmidic molecules bearing three alkyloxy
chains at both terminal phenyl rings (see Scheme 1a) often form
columnar phases, as observed for correspondingly substituted
benzoic anhydrides, gallic esters of 4,5-dinitrobenzcatechol,
3,5-diphenyl-1,2.4-triazoles, 3,5-distyrylpyridines, and further-
more."'® The molecular organisation can be modified by
hydrogen bonding, as found for example for related urea deriva-
tives and amido group containing mesogens.!”'® Furthermore, the
strong tendency towards microsegregation is well-known for
molecules bearing perfluoroalkyl chains. Hence, the compounds
sketched in Scheme 1b exhibit smectic phases up to high tempera-
tures.” In contrast, liquid crystalline behaviour could not be
observed for three-ring bent-core molecules bearing dimethylsi-
loxane units in the terminal chains (Scheme 1c¢), although these
groups exhibit a very high tendency towards microsegregation,
too.2

If we exclude the dominating influence of microsegregation—
so far that is possible—we should mention the liquid crystalline
behaviour of three-ring bent-core compounds which contain
five-membered heterocycles, for example, 1,3,4-thiadiazoles
sketched in Scheme 1d and also 1,3,4-oxadiazoles, 1,2,4-oxa-
diazoles, 1,3-thiazoles, and 1,2,3-triazoles.?'~2¢

A comparison of such compounds containing different five-
membered heterocycles shows that their bending angle (defined
as the angle between the bonds of the central heterocyclic ring to
the two outer phenyl rings) varies between about 135 and 160°
depending on the number, type, and position of the hetero-
atoms. That means these molecules mostly forming calamitic
mesophases are clearly more elongated in comparison to the 1,3-
phenylene derivatives which should have a bending angle of 120°
caused by the meta-substitution.

Up to now there are no liquid crystalline three-ring bent-core
compounds which correspond to the simple formula shown in
Scheme le—g independent of the chemical structure of the con-
necting groups X and Y between the three phenyl rings. For
example, corresponding stilbene derivatives (Scheme le) exhibit
crystalline modifications, only.?” Pisipati et al**?* reported
banana phases for two 1,3-phenylene bis(4-n-alkyloxybenzoates),

Scheme 1f. However the results discussed in either papers have to
be revised because these compounds definitely do not form
a mesophase (see also Table 1).

In 2010, Yuan Ming Huang and Qing-Lan Ma reported
mesophases up to high temperatures on a new series of three-
benzene-ring containing banana-shaped liquid crystals derived
from 1,3-phenylenediamine, see Scheme 1g. Reproduction of two
of the members using another reaction pathway proved that the
materials under discussion exhibit melting points very different
from the temperatures listed by Yuan Ming Huang et al., and
that the compounds do not form liquid crystalline phases.3®*!

Recently, K. A. Hope-Ross et al. reported a new family of bent
C,-symmetric liquid crystals.?? The molecules contain two phenyl
rings only and the bend results from a carbonyl group, see
Scheme 1h. Without additional C=C fragments the compounds
are not liquid crystalline as expected (n: 0). Insertion of two C=C
fragments results in nematic phases at low temperatures if the
phenyl rings are 3,4-dialkyloxy substituted (n: 1, m: 1). Extension
of the unsaturated molecular range by insertion of four C=C
fragments (n: 2, m: 0) yields nematic phases already for the
4-alkyloxy substituted compounds. The supporting effect of

Table 1 Melting behaviour of isomeric three-ring bent-core compounds
with and without a lateral methyl group in position Z (transition
enthalpies in square brackets)

X Y.
C14H200 OCy4H2

No. Z X Y Melting behaviour”

la H COO 00C Mp. 71.4 [70.4]; Teryst 50 °C

1b H 00C COO Mp. 125.2 [118.7]; Teryse 100 °C
Ic H COO  COO  Mp. 80.7 [85.7]); Turyst 49 °C

2a CH; COO 00C Mp. 74.1 [43.7]; Terys 48 °C

2b CH; 00C COO Cr 98.2 [112.1] (SmC 86) 1

2c CH; COO COO Mp. 71.8 [65.4]; Teryst 46 °C

“ Found by polarizing optical microscopy, could not be measured by
DSC due to recrystallization. * The recrystallization temperature 7, Cryst
was found by slow supercooling of the isotropic melt using the
polarizing microscope.

b) X: COO; Y: 00C; R: OCH,CoFame1
¢) X: COO; Y: 00C; R: O(CH,);Si(CH;),08i(CHs)s

e) X, Y: CH=CH; R: OCgH;

f) X: COO; Y: OOC; R: OC;H,5, OC;6H;33
g) X: CH=N; Y: N=CH; R: OOCR"

o o
RO OR PN
0 N-N {cH=cH “(cH=CH)
m(RO) (OR)m
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h)

Scheme 1 Different types of bent-core molecules containing two or three phenyl rings.
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C=C fragments is well-known for a long time, for example, the
nematic phases of 6-n-alkylhexadien-(2,4)-carboxylic acids can
be explained this way.*® Referring to the current paper the
question arises, what is the real bending angle caused by
a carbonyl group in such flexible molecules.

This paper describes the influence of a lateral methyl group
attached to position 2 of the central phenyl ring, that is at the
obtuse angle, of three-ring bent-core molecules on the meso-
phase behaviour, see Scheme 2. To understand the unexpected
liquid crystalline properties of 2-methylisophthalic acid diphenyl
esters, different physical methods are employed: optical polar-
izing microscopy, DSC, dielectric, electro-optical and SHG
measurements, X-ray diffraction measurements in the liquid
crystalline and the crystalline solid state, and NMR studies in
the liquid crystalline phases together with quantum chemical
calculations.

2. Synthesis of new materials and methods of their
physical investigation

All the symmetrically and non-symmetrically constructed
compounds 1-6 contain ester groups. The synthesis was carried
out by reaction of substituted phenols and aliphatic hydroxyl
compounds, respectively, with corresponding acids using stan-
dard procedures. In some cases the employment of protecting
groups was helpful (Schemes S1-S3 in the ESIt). The experi-
mental procedure and analytical data of representative examples
are reported in the ESIf.

The phase transition temperatures and transition enthalpies
were determined using a differential scanning calorimeter DSC
Pyris 1 (Perkin Elmer).

The optical textures and field-induced texture changes were
examined using a polarizing microscope DMRXP (Leica) equip-
ped with a hot stage HT80 and an automatic temperature
controller (Mettler Toledo).

To study the electro-optical behaviour the liquid-crystalline
material was loaded into commercial cells of thickness 6 and 10
um (EHC Corp. Tokyo). The cells were mounted in the heating
stage of a polarizing microscope and a function synthesizer
(Keithley 3910). The square-wave voltage and the triangular-
wave voltage methods were employed for the experiments to
determine the switching polarization.

Second harmonic generation (SHG) measurements have been
performed in transmission geometry using a Nd:YAG laser
(wavelength A = 1064 nm, pulse duration 10 ns, repetition rate 10
Hz). The fundamental light beam was incident at an angle of 40°
to the normal of the cell. The SHG signal was detected in
transmission direction by a photomultiplier tube (Hamamatsu).

X-Y: COO—-00C; COO - COO; OOC - COO

Scheme 2 General formula of laterally methyl-substituted three-ring
bent-core mesogens.

X-Ray investigations were carried out using Ni-filtered CuKo
radiation and an area detector (HI-STAR, Siemens/Bruker).
Surface alignment was obtained by slowly cooling a drop of the
substance from the isotropic liquid on a glass plate on
a temperature controlled heating stage. Samples in capillaries
were aligned by a magnetic field in a temperature controlled
oven.

Dielectric measurements were done with a Solartron Schlum-
berger Impedance Analyzer SI 1260 in combination with
a Chelsea interface. The measurements were performed during
cooling in the frequency range from 1 Hz to 10 MHz. A brass cell
coated with gold was used as a capacitor. The distance between
the electrodes was 60 pm.

The NMR measurements were performed on a BRUKER
AVANCE II at resonance frequencies of 400 MHz ("H) and 100
MHz (**C), respectively.

The X-ray single crystal data were collected on a Stoe IPDS 1
imaging plate diffractometer at 220 K with MoKa radiation.
Lattice parameters: a = 743.60(5), b = 2706.4(2), ¢ = 1092.70(8)
pm, V' =2199.0(3) x 10° pm?®, orthorhombic, space group Pnma,
Z = 4, 10 751 reflections (2177 unique), R(int) = 0.067, 188
parameters, final R-values: R|({ > 2g(1)) = 0.0394, wR,(all data)
= 0.0988.

3. Results

3.1. Influence of the ester orientation in isomeric three-ring
bent-core mesogens without and with a lateral methyl group

Usually, the direction of ester connecting groups strongly influ-
ences the type of mesophases and their thermal stability.
Furthermore, the packing of the molecules within layer struc-
tures is changed because the dipole moments of two carboxylic
groups can be added or compensated in the molecule. That can
be interesting, for example, in search for SmC materials. There
are numerous papers concerned with this problem for calamitic
mesogens, see e.g. ref. 34-37. Six years ago, the mesophase
behaviour of two complete series of each ten isomeric five-ring
bent-core mesogens has been reported. In spite of their minor
structural differences a variety of mesophases occur (SmCPay,
Colyee, Colypy) and the clearing temperatures vary from about 120
to 190 °C.*® Recently, the strong influence of the direction of the
carboxylic connecting groups on the mesophase behaviour of
silylated bent-core molecules was found by Reddy et al.*

Two series of each three isomeric compounds only differing in
the direction of the ester connecting groups are shown in Table 1.
Liquid crystalline phases could not be observed for the three-ring
bent-core compounds la—c, although the isotropic melts can be
supercooled by about 20-30 K. The situation is changed if
a methyl group is laterally attached to the obtuse angle of the
molecule that is in position Z, see compounds 2a—c in Table 1.
Surprisingly, a smectic C phase could be proved for compound
2b, that is bis(4-n-tetradecyloxyphenyl) 2-methylisophthalate.
The mesophase exists in the metastable state only, nevertheless,
this result has been the starting point to investigate further
esters of 2-methylisophthalic acid in more detail. From the
synthetic point of view the variation of the type and length of the
terminal groups has been the possibility with the best prospect of
success.

This journal is © The Royal Society of Chemistry 2012
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3.2 The mesophase behaviour of bis(4-subst.-phenyl)
2-methylisophthalates

Starting with the alkyloxyphenyl esters, an almost complete
homologous series 3a—n was prepared. The transition tempera-
tures and enthalpies are listed in Table 2.

Surprisingly, liquid crystalline behaviour could be observed
for all homologues of series 3. A nematic phase is formed by the
first ten homologues 3a—j. The nonyloxy- and decyloxy-
substituted compounds 3i and 3j exhibit a nematic-SmC
dimorphism. The longer chain homologues 3k—n have a smectic
C phase only. All phases are metastable and most of them have
only been observed by polarising microscopy. The nematic—
isotropic transition temperatures show an alternation effect in
dependence on the chain length, well-known for calamitic
mesogens. The SmC transition temperatures increase with
growing hydrocarbon chains up to the tetradecyloxy derivative
31, see Fig. 1.

The mesophase behaviour changes if the alkyloxy wing-groups
are replaced by aliphatic acyl chains, see Table 3. The melting
points are very high for the first members of the series, decrease
however with lengthening the chains up to 91 °C (4i). In contrast
to the alkyloxy compounds 3, the thermal stability of the mes-
ophases is higher by about 30 K. Both effects together result in
enantiotropic SmA phases observed for the nonanoyl- and dec-
anoyl-substituted homologues 4h and 4i, which are good candi-
dates for further physical investigations.

To check the influence of the chemical structure of the wing-
groups on the liquid crystalline behaviour of bis(4-subst.-phenyl)
2-methylisophthalates, further aliphatic groups are attached to
both terminal positions. These compounds are listed in Table 4.

The alkylphenyl esters 5a—c exhibit a nematic phase. The
combination of these and/or further homologues could result in

Table 2 Transition temperatures (°C, for monotropic transitions in
parentheses) and transition enthalpies [kJ mole™'] of the bis(4-n-alky-
loxyphenyl) 2-methylisophthalates 3a—3n

/©/ O CHy O \©\
CrHzn 1O

OCnHzn+1

No. n Cr SmC N Is
3a 1 134.1, [38.3] — (85)¢

3b 2 119.9, [38.5] — (103)

3¢ 3 132.1, [45.4] — (68)“

3d 4 99.7, [44.0] — (83)°

3e 5 81.6, [54.2] — 67)"

3f 6 79.8, [58.9] — (70.5), [0.52]
3g 7 83.1, [49.4] — (66.0), [0.53]
3h 8 73.7, [55.3] — (71.9), [0.68]
3i 9 81.3, [72.8] (54)° (69.2), [0.93]
3j 10 82.9, [74.8] (66)* (72.7), [0.94]
3k 12 93.0, [97.4] (78)¢ —

3 14 98.2, [112.1] (86)* —

3m 16 102.9, [128.2] (83)¢ —

3n 18 106.9, [140.8] (79)* —

“ Found by polarizing optical microscopy, could not be measured by
DSC due to recrystallization. ® Compound 31 corresponds to 2b in
Table 1.

—u— Cr-Is
140+ o— N-Is

{1 = v— SmC - Is;
1304\ /' SmC-N
1204 \-’ \

110 4 |
100- .
%4 o
80-

| —— o d
P e e
70 N . SmC

60 nematic

temperature/°C

50 I T L) I I T ) I 1
0 2 4 6 8 10 12 14 16 18

carbon atoms n

Fig. 1 Course of the mesophase transition temperatures on cooling in
the homologous series 3a—3n.

a nematic mixture stable near to room temperature, which could
serve as materials using the flexoelectric effect. In contrast, the
B-substitution of the 4-ethylphenyl esters by a cyano or aceto
group gives the non-mesomorphic compounds 5d and Se. A
metastable SmA phase could be observed for compound 5f with
a number of single CH, units amounting to 16 per chain. The
w-substitution of a pentadecyloxy wing-group with the
methoxycarbonyl moiety (compound 5g) results in the loss of
liquid crystalline properties in comparison to the alkyloxy
substituted compounds 3l and 3m. If the hydrocarbon chains are
connected to the outer phenyl rings by ester groups, these can
have different directions. In the case of alkyl benzoate moieties,
see compounds 5h and 5i, mesophases could not be observed
although the melting points are relatively low. Inversion of the
outer ester groups gives compounds S5j-l, which are liquid

Table 3 Transition temperatures (°C, for monotropic transitions in
parentheses) and transition enthalpies [kJ mole™'] of the bis(4-n-alka-
noylphenyl) 2-methylisophthalates 4a—4i

(0] o]
Han+1Cpy o CH; O CnHan+1
(0] [e]

No n Cr SmA N Is
4a 1 202.6, [53.3] _ (92)¢

4b 2 229.7, [62.3] — =

4c 3 175.5, [50.5] — (82)"

4d 4 1877, [77.4] _ (96)°

de 5 159.8. [59.2] . (90

af 6 166.0, [76.9] — (99)

4g 7 129.8. [58.1] 107y =

4h 8 101.7, [56.3] 114.7, [8.1] —

4 9 90.8, [45.2] 118.6, [9.6] —

“ Found by polarizing optical microscopy, could not be measured by
DSC due to recrystallization.
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Table 4 Transition temperatures (°C, for monotropic transitions in parentheses) and transition enthalpies [kJ mole~'] of the bis(4-n-subst.-phenyl) 2-

methylisophthalates 5a—5l1

0] 0]
O CH; O
R R
No. R Cr SmC SmA N Is
5a CsH5 48.9, [30.0] — — (39)
sb CoHio 55.7, [32.7] — — (46)
5c C1oHas 56.8, [43.8] - — (50.3), [5.4]
5d CH,CH,CN 125.7, [41.8] — — —
5e CH,CH,COCH; 155.0, [62.3] — — —
sf CH,CH,00CC,H,s 83.0, [76.9] — (59)° -
5h COOC¢H 3 69.7, [42.9] — — —
5i COOC,,H;s 73.1, [86.3] — — —
5 00CC;H; 5 83.1, [36.0] — . 100.1, [0.65]
sk 00CC;sH;, 92.1, [64.5] 109.8, [10.3] — —
51 0O0CC,sH30Br 88.2, [91.5] (78)" (82.5) —

“ Found by polarizing optical microscopy, could not be measured by DSC due to recrystallization.

crystalline materials. The ester of the octanoic acid 5j exhibits an
enantiotropic nematic phase sufficiently broad for physical
measurements. The palmitic acid derivative Sk has a SmC phase
from 92-110 °C. The w-substitution of the same compound
with bromo atoms reduces the clearing temperature by 17 K,
nevertheless, a SmA-SmC dimorphism could be proved for
compound 5I.

To study the effect of stiffness of the whole molecules, the
connecting groups X and X’ were changed to be more flexible.
The insertion of methylene, ethyleneoxy, or propyleneoxy frag-
ments between the outer phenyl rings and the 2-methylisoph-
thalic ester moiety could make the molecules more rod-like. But
compounds 6a—c do not form mesophases in spite of their low
melting points, see Table 5.

Summarizing this part, we state that three-ring bent-core
compounds derived from 2-methylisophthalic acid can form
mesophases. Optical studies give hints for nematic, SmA and
SmC phases, respectively. In the following section physical

measurements are reported which should prove the type of
mesophases, their structures and physical properties. Further-
more we want to find out why especially these esters are able to
form mesophases.

3.3 X-Ray crystal structure analysis of compound 4b

The liquid crystalline behaviour of bis(4-subst.-phenyl) 2-meth-
ylisophthalates is unexpected and it is in contradiction to the
experimental experiences summarized in Section 1. Looking at
Table 1 again one can see that only the esters of 2-methyl-
isophthalic acid are able to form mesophases. Furthermore, it
seems that the mesophases observed are more typical for
calamitic molecules. Therefore the question arises what is the real
shape of the molecules. The bending angle of diphenyl iso-
phthalates (e.g. no. 1b) should be nearly 120°. Furthermore, it is
known that resorcinol bisbenzoates (e.g. no. 1la) exhibit
a bending angle of about 120°. With respect to banana-shaped

Table 5 Melting behaviour of further esters of the 2-methylisophthalic acid having flexible connecting groups X in comparison to compound 3j

X X
R R

No R X X! Cr SmC N Is
3 0C)Ha, 00C Coo 82.9, [74.8] (66)° (72.7), [0.94]

6a 0C oH>, CH,00C COOCH, 56.0, [82.6] — -

6b COCoH OCH,CH,00C COOCH,CH,0 70.6, [62.8] - .

6c OCsH; OCH,CH,CH,00C COOCH,CH,CH,0 63.8, [73.3] - -

“ Found by polarizing optical microscopy, could not be measured by DSC due to recrystallization.
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liquid crystals the conformations of five-ring compounds derived
from 2-methylresorcinol dibenzoate have been investigated by 'H
and C NMR methods. The bending angle was measured in the
liquid crystalline phase to be near to 120° +/— 5°.% Therefore,
it can be assumed that compound 2a has a similar molecular
shape. However, there is no reference in the literature to the
molecular conformation of diphenyl 2-methylisophthalates like
compound 2b.

We were able to grow single crystals of compound 4b by
crystallisation from a dimethylformamide/ethanol mixture.
Compound 4b crystallizes in orthorhombic space group Prnma
with four formula units per unit cell. The crystal structure of 4b
consists of discrete molecules that exhibit no unusual short
intermolecular contacts. C-C, C-H and C-O bond lengths are
within the expected ranges (see Table S1f). The molecular
structure of 4b (Fig. 2a and b) exhibits a crystallographic mirror
plane passing through the atoms H1, C1, and C4 of the central

aromatic ring and C5 and H4 of the methyl group attached to
C4. The conformation of 4b is characterized by a non-co-planar
arrangement of the carboxylate group C6-0O1-02 with respect to
the central aromatic ring and the terminal EtCOC¢H4 unit
(Fig. 2b). In the case of the central aromatic ring the CO,-plane is
rotated by —142° along C3-C6 and for the terminal EtCOC¢H4
unit a torsion angle C6-0O1-C7-C12 of 123° is observed. The
latter value is expected for a phenyl benzoate moiety, whereas the
former would be near 180° in a phenyl benzoate without
a substituent in the 2-position.*** The comparatively strong
deviation is clearly determined by the sterical influence of the
methyl group. Interestingly, this leads to a conformation with
both CO groups pointing to the same side out of the plane of this
ring as necessary for the mirror symmetry of the molecule
(Fig. 2b and c). Another consequence is the unusually wide
bending angle of the molecular core defined by the centres of the
aromatic rings amounting to 156° (Fig. 2a).

Fig.2 Structure of 4b in the crystal: (a) molecular structure with atom labelling showing the bending angle « of the core (thermal ellipsoids shown at the
50% level), (b) projection of the molecular structure along the direction C4-Cl1, (c) space filling model, (d) projection of the crystal packing along a, and

(e) projection of the crystal packing along c.
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The crystal packing (Fig. 2d and e) displays a strictly parallel
arrangement of the long molecular axes with respect to the
crystallographic b axis and hence to one another. Each of the two
mirror planes of the unit cell at y = 1/4b and y = 3/, b bisects the
molecules along the atoms C1, C4 and C5. The aromatic rings of
the wing groups display a layer-like arrangement perpendicular
to the crystallographic y axis at y = 0 and y = 1/2. Thus the
typical “nematogenic” shift of the molecules along their long axes
giving a partial core-tail packing is probably due to the dense
packing of the outer phenyl rings and the comparatively stronger
separation of the central rings forced by the sterical requirements
of the methyl substituent.

The single crystal structure analysis of compound 4b shows the
basic difference between compounds 1a, 1b, 2a and 2b. The
molecules of 1a, 1b, and 2a exhibit a bending angle near to 120°
(defined by the centres of the three aromatic rings) whereas the
angle between the two legs of compound 4b (corresponds to 2b) is
extended to 156°. It should be mentioned, however, that the
molecular conformation measured in the crystalline state can be
similar to that in the liquid crystalline state but it may as well
strongly differ from it.

According to the crystal structure of 4b the compounds under
study consist of molecules which are only slightly bent, but
clearly different from rod-like ones.

3.4 X-Ray investigations on the liquid crystalline phases

X-Ray diffraction measurements have been performed on
powder-like and surface-aligned samples of compounds 4h, 4i, 5j
and 5k to prove the type of mesophase and to determine
geometric structure parameters like layer spacing and molecular
tilt. The two-dimensional (2D) diffraction patterns for these
compounds are presented in Fig. 3 and calculated data in
Table 6.

The smectic phases of 4h and 4i display the typical X-ray
patterns for a SmA phase, strong layer reflections with their
second order on the meridian and a diffuse outer scattering with
maxima on the equator of the pattern (Fig. 3a-d). The outer
diffuse scattering with its maximum at d = 0.46 nm indicates
a liquid-like disorder of the molecules within the layers with their
long axes on average parallel to the layer normal. The layer
spacing of 3.5 nm for 4h is significantly shorter than the average
molecular length of about 4.0 nm estimated by molecular
modelling using the core structure found in the crystalline solid
state of compound 4b (see Fig. 4, the stronger bend of the core
found by NMR measurements would reduce the average
molecular length to about 3.7 to 3.8 nm). Such a short layer
distance could be possibly explained by partial intercalation of
antiparallel pairs of essentially linear molecules caused by the
space-consuming CHj; substituent in the 2-position of the central
phenyl ring (see Fig. 4d). That means 4h with its comparatively
short terminal chains behaves like a modified calamitic molecule
which is in accordance with the phase behaviour of the shorter
chain derivatives forming monotropic nematic phases on very
strong supercooling of the isotropic liquid, with the parallel
packing of the overall-linear shaped molecules of 4b in the crystal
(see Section 3.3: X-ray crystal structure analysis of 4b), and with
the results of the NMR measurements concerning the orientation
of the chains (see Section 3.7). The medium-sized chains may give

g) h)

Fig. 3 X-Ray patterns for aligned samples of compounds 4h (a and b:
110 °C), 4i (c and d: 115 °C), 5j (e and f: 80 °C) and 5k (g and h: 105 °C)
on cooling; (b, d, f, and h) original wide angle patterns and (a, ¢, e and g)
the same patterns but the scattering of the isotropic phase has been
subtracted to enhance the effect of the distribution of the outer diffuse
scattering.

rise to stronger segregation effects changing the phase type from
nematic to SmA. The polar cores of the molecules may even
generate a packing with SmAP 4 -like clusters as shown in Fig. 4e.

Another layer structure explaining the difference between the
molecular length and the layer distance would be a SmAP, like
packing mode of on average overall bent-shaped molecules
(Fig. 4f). Here, the bent aromatic core is unchanged, but the
terminal chains are rotated around the aryl-COR bond. In this
case the molecules would behave “banana”-like, which could
also be initiated by the CH; substituent, the preferred orientation
of the terminal chains resulting in an on average overall bend of
the molecules compensating the more bulky central part of the
molecules in the packing. This packing is more likely for
a stronger bend of the core.

The X-ray patterns of the octanoic acid ester 5j in the nematic
phase aligned in a magnetic field exhibit strong dumbbell-like

This journal is © The Royal Society of Chemistry 2012

Soft Matter, 2012, 8, 2671-2685 | 2677


http://dx.doi.org/10.1039/c2sm07064b

Downloaded by KENT STATE UNIVERSITY on 13 July 2012
Published on 25 January 2012 on http://pubs.rsc.org | doi:10.1039/C2SM07064B

View Online

Table 6 X-Ray data for compounds 4h, 4i, 5j and 5k: 7—measuring
temperature in °C, n—order of the layer reflection, 20—diffraction angle
in °, and d—d value in A

T n 26 d Layer distance
Compound 4h
110 1 2.545 34.7 349
2 5.035 17.5
19.1¢ 4.6¢
Compound 4i
115 1 2.402 36.8 36.7
2 4.819 18.3
19.2¢ 4.6“
Compound 5j
80 2.735¢ 32.3¢
19.3¢ 4.6“
Compound 5k
105 1 2.020 43.7 44.2
2 3.957 22.3
18.9¢ 4.7

“ Values for the maxima of the diffuse scattering.

3.6 nm

d) e) f)

Fig. 4 Molecular models (Chem3D, Cambridge Soft.Com, 2000) for 4h
with two extreme chain orientations showing the molecular length.
Model (a) has been constructed from the molecular structure of 4b in the
single crystal (c) by adding six CH, groups to each side chain in all-trans
configuration, for model (b) the chains have been rotated by 180° about
the Cppenyi-Cc—o bond; (d and e) possible schematic packing in the SmA
phase for molecules with preferably overall stretched shape, (d) non-polar
packing mode, (e and f) SmAP 4 packing mode, and (f) for molecules with
preferably bent shape.

scattering maxima in the small angle region indicating SmC type
smectic clusters (Fig. 3e and f). Since the outer diffuse scattering
shows only two maxima lying on the equator of the patterns, the
molecular long axes are clearly aligned on average normal to the
equator, i.e. parallel to the magnetic field, and hence the sepa-
ration of the maxima of the inner scattering is a measure of the
tilt of the molecules within the smectic-like layers of the clusters.
This tilt is about 25°.

Compound 5k with its much longer terminal chains shows
layer reflections of the first and second order on the meridian of
the 2D X-ray pattern and an outer diffuse scattering like 4h and
4i, but the azimuthal distribution of this scattering is much
broader (see Fig. 3g and h), indicating a tilt of the long molecular
axes with respect to the layer normal. Obviously, the average tilt

is not strong enough to cause a clear splitting of the halo into
four maxima, but a fit of the experimental curve by four
Gaussian curves yielded maxima at x = 76, 102, 250, and 285°
and from these values the tilt can be roughly estimated to t = 15°
(see the -scan in Fig. S1T). Together with the layer spacing d =
4.4 nm an average effective molecular length of L = d/cos T = 4.6
nm can be calculated. This value is also very short compared with
the average molecular length of about 5.0 to 5.2 nm estimated by
molecular modelling, and similar packing modes as discussed
above for the SmA phase have to be considered but with an
additional tilt of the long molecular axes with respect to the layer
normal.

3.5 Electro-optical and SHG measurements

Electro-optical and SHG measurements were done on the SmA
phases of compounds 4i and 4h. The electro-optical behaviour of
these three-ring compounds is quite unusual. In electric fields the
texture change was only minor after manifold switching
processes, expressed in a slight smoothing of the pattern. The
changes are independent of the polarity of the electric field as
shown in Fig. 5a-c for DC experiments. The electro-optical
behaviour using non-coated cells for AC fields is demonstrated in
Fig. 5d-f. Because the field-induced texture is the same in the
field-on and field-off states we can assume that the switching is
based on the collective rotation of the molecules around their
long axes. The observed texture change resembles the optical
change in the SmAPy phase, reported recently by Keith er al.**

No field-induced tilt could be detected and the texture is not
sensitive to the polarity of the electric field, as recently reported
for a SmA phase formed by a four-ring bent-core compound.®

Current response measurements were done using triangular
and square-wave voltages. Fig. 6 shows a pronounced current
response, which often consists of two overlapped peaks. The
peaks were hard to separate from each other. The spontaneous
(or induced) polarization was estimated from the integral of the
current transient peak.*

To distinguish between the ionic contribution (extensive) from
the polar and dielectric contributions (intensive), we performed
the measurements of the induced polarization in cells of two
different thicknesses of 6 and 10 um (Fig. 7a). In the SmA phase,
the polarisation is nearly the same in both cells, indicating that
the polarization is mainly induced by alignment of the molecular
dipoles, presumably, organized in clusters. In contrast, the
switching polarization in the isotropic phase is proportional to
the cell thickness and obviously results from the accumulation of
ionic charges on the electrodes. This process is accompanied by
a considerable increase of conductivity on the transition into the
SmA phase (Fig. 7b). The reason why the ionic contribution is
not evident in the SmA phase is probably due to longer relaxa-
tion times of the ionic contribution and the small electric
conductivity of the mesophase.

The switching times at different temperatures are determined
from the time dependence of the electric currents under rectan-
gular electric waveforms shown below. Taking the switching time
from the position of the current peak, we see that it is decreasing
with increasing temperatures, even above the transition to the
isotropic texture from about 0.5 ms at the SmA transition to 0.15
ms slightly above the SmA-isotropic transition, as seen in Fig. 8.
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d)

Fig.5 Influence of electric fields on the SmA texture of compound 4i. (a—c) DC field, 6 pm cell polyimide-coated E.H.C. cell, 110 °C: (a) 0 V, (b) +/—100
V, and (c) after switching off the field; (d—f) AC field, 5 pm non-coated E.H.C cell, 87 °C: (a) 0 V, (b) 10 Hz, 314 V, and (c) after switching off the field.
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Fig. 6 Compound 4i, current response on the SmA phase at 95 °C in
dependence of time and voltage (6 pm polyimide-coated E.H.C. cell, AC
field, 20 Hz), Ps = 200 nC cm—.

The electro-optical behaviour of the homologous compound
4h is nearly the same as reported above for compound 4i.
Additionally, measurements of the second harmonic were
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performed. A remarkable SHG signal was detected in the SmA
phase which disappeared upon the transition into the isotropic
phase (Fig. 9). That means there is a polar order in the SmA
phase which disappears in the isotropic liquid state. The field-
dependence of the signal has a shape corresponding to a Lange-
vin-type behaviour of the field-induced polarization.

The results of the electro-optical studies and SHG measure-
ments are in good agreement. It seems obvious though that the
SmA phase in compounds 4i and 4h is not ferroelectric in the
field-free state. A strong electric response may be attributed to
randomly oriented polar smectic clusters which also remain in
the isotropic phase sufficiently close to the clearing point. The
existence of clusters in the isotropic phase of bent-core mesogens
has been proved by NMR spectroscopy.*® Even in the smectic
and isotropic phase, such clusters were recently found in binary
mixtures of some bent-core and rod-shaped molecules.*” The
field-induced orientation of the clusters also accounts for the
slow dynamics. The reduction of the switching time in Fig. 8 with
increasing temperature can be attributed to a decrease of the
cluster size and of the viscosity of the continuous medium. The
increase of the current at increasing temperature under constant
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Fig.7 Compound 4i: (a) field-induced polarization in dependence on the temperature (f = 10 Hz, E,, = 18 V um™"), the thickness dependent growth of
P in the isotropic phase is attributed to the ionic polarization, and (b) selected current response curves in the SmA and the isotropic phase.
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Fig. 8 Compound 4i, measurement of the switching times, using an AC electric field, 42 Hz, £ =20 V um~'. (a) Current-time behaviour at different

temperatures; (b) decreasing switching times with increasing temperatures.
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Fig. 9 Intensity of the SHG signal in compound 4h as a function of the
electric field in the SmA and isotropic phases. The simulation curve
corresponds to a fit by the Langevin process.

electric fields is probably due to the increasing slope of the
Langevin process at higher temperatures. We note that a similar
electric current behaviour was also found in the nematic and
isotropic phase of 5j, where the smectic clusters were clearly seen
in SAXS measurements.

3.6 Dielectric measurements

Three materials exhibiting SmA (4i), SmC (5k), and nematic
phases (5j), respectively, have been studied by dielectric
measurements.

The investigations on compound 4i could only be performed
on non-oriented samples. The dipole components in the direction
of the molecular long axes compensate each other. Therefore, no
relaxation related to the reorientation about the short axes is
visible. The high dielectric permittivity in the SmA phase and the
even stronger increase with decreasing temperature indicate an
increasing positive correlation of the dipole moments perpen-
dicular to the layer normal, see Fig. 10.

The relaxation frequency of about 3 MHz at 78 °C for the
reorientation about the long axes of the molecules is much lower
as observed for “classical” SmA phases formed by calamitic
molecules. All of these can be interpreted as a tendency to form

polar phases or polar clusters at lower temperatures as already
reported for five-ring bent-core materials.*®

The sample of compound 5k was by chance oriented more in
the planar way. No relaxation could be detected till 5 MHz. Also
the relatively low dielectric permittivity in the SmC phase proves
no ferroelectric short range structure, see Fig. 11.

Substance 5j behaves from the dielectric point of view like
a classical nematic one with negative dielectric anisotropy, see
Fig. 12. No relaxation in the parallel direction (p) due to the
symmetry of the molecule and no MHz relaxation in the
perpendicular direction (s) are observed, because this relaxation
appears at higher frequencies out of our experimental range.

3.7 Solid-state NMR investigations of the molecular
conformations

NMR studies were performed in the nematic phase of compound
5j and in the SmA phase of compound 4i. The orientation of the
director by the magnetic field was not only good in the nematic
but surprisingly also in the smectic A phase. The samples were
investigated with solid-state NMR methods. Here the orientation
dependence of the dipolar coupling between neighboured 'H
nuclei as well as that between 'H and *C was exploited. Previous
works used the anisotropy of the '*C chemical shift to get
information about tilt angles of atomic groups with respect to the
director.*® This procedure, however, requires knowledge of the
chemical shift tensor, i.e. of its main values as well as of its
orientation in the molecular part.

Alternatively, utilization of dipolar interaction is advanta-
geous in cases of poorly known chemical-shift tensors. The
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Fig. 10 Low frequency limit of the dielectric permittivity of substance 4i.
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Fig. 11 Dielectric permittivities of substance 5k versus temperature.
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Fig. 12 Dielectric permittivities of substance 5j. The sample was
oriented by a magnetic field parallel (p) and perpendicular (s) to the
nematic director.

dipolar tensor is oriented strictly along the connection line of the
interaction nuclei, and its strength can be calculated easily, see
below. In other cases also the dipolar interaction was used for the
investigation of banana-shaped liquid crystals, see for example
ref. 50.

Improved methods could yield experimental values with higher
accuracy. The dipolar coupling between two nuclei with spin 1/2
(for example, '"H and *C) depends on the molecular geometry.
This can be expressed as a relation between the coupling constant
v, the magnitude r of the vector r connecting the two nuclei, and
the angle 6 between r and the external magnetic field By:

v = vpS(3cos? 6 — 1)

whereby the prefactor vp is equal to

2 1
31;‘60:;2;1 X3 ("H-'H coupling) or

HoYcYuh
82

1 .
X3 (¥C—'H coupling).

(vu and yc are the gyromagnetic ratios of 'H and "*C, respec-
tively, wo is the permittivity of the vacuum, and h = A/27t is the
reduced Planck’s constant). S is the order parameter. Hence from
the coupling constant of a spin pair we could calculate one of the
quantities r, S, and 6 relevant for this pair if the other parameters
were known. If we align the directors along the field of the NMR
magnet, § also represents the angle between r and the average
molecule axis. In our case we assumed usual values for atomic
distances. S was estimated from coupling constants which belong

to spin pairs of the central ring; here r and # are known. Now
with known r and S values the coupling constants were direct
measures of the tilts of certain C—H- and H-H-connection lines
against the molecular axis. This way we obtained data about the
tilt of whole atomic groups (rings, methylenes) against this axis
which in a certain manner gives an estimate of the molecular
bending angle.

The samples were aligned in the field of the NMR magnet (flux
density: 9.4 T) by heating them to the isotropic phase and
subsequently cooling slowly down to the mesophase. The
orientation was checked by recording 'H spectra (the dipolar
splitting observed at this manner is not visible in the spectrum of
a non-oriented sample). Furthermore, the line positions in the
proton-decoupled '*C spectra obtained in the experiments
mentioned below are unambiguous indications of whether or not
the samples were oriented.

The 'H-"*C couplings were investigated by a cross-polariza-
tion method. Here we observed the oscillatory polarization
transfer between the systems of proton spins and "*C spins. The
frequencies of these oscillations give the coupling constants. To
avoid that these values are influenced by proton—proton
couplings the protons were irradiated under the Lee—Goldburg
condition®"5? by which these unwanted couplings are suppressed.
Typical interferograms representing the polarization-transfer
oscillations are shown in Fig. 13.

Proton—proton couplings were estimated by a novel method.>*
It produces an initially strong spatial gradient in the proton
polarization by burning holes in this magnetization distribution.
If neighboured protons have different polarizations they start to
exchange their oscillatory polarizations in a very similar manner
as mentioned above for the proton—carbon polarization
exchange. Again, the frequency of this oscillation represents the
coupling constant. Typical interferograms and their spectra are
shown in Fig. 14.

All NMR experiments were performed at resonance frequen-
cies of 400 MHz (‘H) and 100 MHz (**C). The radio-frequency
field strengths correspond generally to nutation frequencies of 60
kHz at both channels with an exception during the Lee-Gold-
burg cross-polarization: here the '*C nutation frequency was
enhanced to 73.48 kHz together with a resonance offset of 42.43
kHz to match the conditions required for the polarization
transfer. In the 2D experiments between 60 and 170 different
signals were recorded; for each of them between 100 and 240
scans were accumulated. The NMR experiments were performed
at temperatures of 9 K below the clearing point for 4i and 7.5 K
below the clearing point for 5j.

As mentioned above from the dipolar couplings in the central
ring the order parameters could be calculated to be 0.75 4+ 0.01
(4i) and 0.61 + 0.02 (5j). The difference is as expected because 4i
exhibits a SmA phase whereas 5j exhibits the nematic one. The
next step is the calculation of the tilt of the outer phenyl rings.
Using the C-H couplings of the lateral (protonated) carbons of
these rings (3.50 kHz for 4i, 3.0 kHz for 5j) the fast reorientation
of these rings must be regarded. The H-H coupling (11 kHz for
4i) is insensitive to this reorientation; the corresponding
connection vector points along the ring rotation axis. From these
values we obtained tilts of the outer phenyl rings with respect to
the molecular long axis of 21° and 18° for 4i and 5j, respectively.
Therefore the bending angles of the three-ring aromatic core turn
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Fig. 14 Interferograms and spectra representing the oscillatory polari-

zation transfer between neighboured protons; for example: 4i, the
protons attached to C1 had inverted polarization at 74 = 0; we observe the
oscillatory polarization exchange with the protons attached to C2 and
C2i (for numbering see Fig. 2).

out to be 138° (4i) and 144° (5j). In the case of fast fluctuating
conformations these values are to be regarded as time averages
over the angles belonging to the different conformations.

The conformation of the alkyl chains might be of some
interest. Although the unknown order parameter of the hydro-
carbon chain prevents an analysis of the tilt it seems to be very
likely that the chains are oriented in average parallel to the
magnetic field, ie. to the molecular long axis. This might be
concluded from the remarkable strong couplings, decreasing
towards the chain end. Assuming tilts which are essentially
different from zero would lead to unrealistic values of the order
parameter.

3.8 Quantum chemical studies on the conformational behaviour
of three-ring bent core mesogens

Conformational studies on three-ring bent-core molecules of the
1,3-phenylene type were performed using the density functional
method (DFT) on the B3LYP/6-31G(d) level within the program
package Gaussian 03.>* The applicability of the method for the
calculation of structural and electronic properties of larger
molecules was indicated.>® The energetically preferred structures

ra-

3C interferograms representing the oscillatory polarization transfer between 'H and '*C for 4i, carbon positions C9 and C11 (a) and C1 (b) (for

were obtained by full optimisation from different starting
conformations.

Experimental investigations discussed before have shown that
both the direction of the ester linkage groups and a lateral
attached methyl group significantly change the mesogenic
behaviour of the compounds (see Table 1).

Therefore, we have carried out conformational calculations on
the isolated molecules having the aromatic core structures of
compounds 1a, 2a, 1b and 2b (Table 1) to study the effect of the
structural modifications mentioned before in these species. In
order to reduce the computational effort we have generally used
hexyloxy wing-groups for the considered molecules.

The conformational flexibility, dipole moments and bending
angles were considered with respect to the orientation of the
outer phenyl rings.

First, we have calculated the relaxed conformational barriers
related to the torsion angle ¢; resulting from a rotation of the
carboxylic group with the central ring, that is around the C-O
bond on the resorcinol derivatives 1a and 2a (rotation around C3
of the central phenyl ring and the O-atom of the ester group) and
the C—C bond on the iso-phthalic acid esters 1b and 2b (rotation
around C3-C6, for numbering see Fig. 2). The one-fold potential
energy surface scans were generated by fixing of the corre-
sponding torsion angle and complete optimisation of the other
parameters in a stepwise manner. The results are illustrated in
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Fig. 15 Relaxed rotational barriers related to the torsion angle ¢,/C-O
for the systems 1a and 2a.
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Fig. 15 and 16 for these molecules. It is remarkable that the
influence of a lateral methyl group attached to position 2 strongly
depends on the orientation of the ester linkage groups.

In the resorcinol esters (1a, 2a) the substitution by a lateral
methyl group causes a significant increase of the rotational
barrier. The flexibility of the segments, especially the free rota-
tion about the C-O bond, is limited in 2a (Fig. 15). The iso-
phthalic esters show a different conformational behaviour with
respect to the methylation in the 2-position. The 2-methyl-iso-
phthalic ester (2b) has a significantly lower rotational barrier
related to the C—C bond with the central ring in comparison to
the iso-phthalic ester (1b). Obviously, the methylation of 1b
causes especially in the energetically preferred areas of 1b (¢, =
0°, 180°) a larger sterical stress which leads to a higher total
energy and overall to a lower barrier of 2b. Subject to the
orientation of the ester connecting groups an attached methyl
group in position 2 determines the conformational flexibility in
the three-ring bent-core molecules in a different way.

Second, the bending angles «; of the molecules were calculated
with respect to the torsion angle ¢, of the C-O bond (1a, 2a) and
C-C bond (1b, 2b) with the central ring. The bending angle for
the three-ring ester with a central 1,3-phenylene unit was defined
by a simple model from the central points of the three rings
already used in an earlier paper.

The results are summarized in Fig. S21. A comparison of the
resorcinol ester (1a, 2a) indicates that the «; values are about
120° over the whole area of the scan without any effect of the
lateral methyl group. On the other hand in the iso-phthalic ester
(1b, 2b) the bending angle «; shows a significant dependence on
the orientation of the rings. The «; values are in the range
between 90° and 130°. It is remarkable that the methylation
causes an increase of the bending angle in 2b, especially in the
energetically preferred conformers (¢; = 0°, 30°) up to 130°.
Moreover, in the most stable conformation of 2b (¢; = 22°)
generated by full optimisation a bending angle of 155° was
obtained. In the energetically preferred conformation of 1b (¢; =
180°) the «; value is about 90°, only. The significant effect is
illustrated by an alignment of the most stable conformers of 1b
and 2b with respect to three atoms of the central ring (Fig. 17).
The results are in agreement with X-ray investigations on
compound 2b which indicated a bending angle of 156° for the
molecules in the solid state, see Section 3.3.
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Fig. 16 Relaxed rotational barriers related to the torsion angle ¢,/C-C
for the systems 1b and 2b.

Fig. 17 Alignment of the most stable conformers of the iso-phthalic
esters 1b and 2b, rotation around the C3-C6 bond (for numbering see
Fig. 2) Red line: isophthalic ester 1b, blue line: 2-methyl-isophthalic
ester 2b.

Third, the dependence of the dipole moments u on the orien-
tation of the rings in the bent-core molecules is illustrated in
Fig. S3t. The attached methyl group has no significant effect on
the dipole moments in both ester types.

Obviously, the larger differences between the u values of the
iso-phthalic acid and resorcinol esters result from the different
orientation of the ester connecting groups.

The significant conformational effects of the methyl group in
the isolated molecule 2b may be seen in some way as a hint for the
generation of the mesogenic properties of this compound.

The computations were performed on the SMP cluster of the
computational centre of the Martin Luther University Halle-
Wittenberg.

4. Conclusion

Usually, terminally substituted molecules consisting of three
phenyl rings in which both outer rings are attached at the
1,3-positions of the central phenyl ring do not form liquid crys-
talline phases, provided that special effects caused by micro-
segregation and hydrogen bonds are excluded. In the present
paper three-ring bent-core bis(4-subst.-phenyl) 2-methyl-iso-
phthalates are reported. Their liquid crystalline behaviour seems
to be in contrast to the generally accepted relationships between
the molecular structure and mesophase behaviour. For this
reason, the goal of the paper was not only the characterization of
the mesophases and their physical properties but also to find out
why only this type of molecules (looking at Table 1) forms liquid
crystalline phases. We employed an arsenal of methods (polar-
izing optical microscopy, calorimetry, X-ray diffraction in
the solid and liquid crystalline states, solid state NMR spec-
troscopy, quantum chemical calculations, electrooptical, dielec-
tric measurements, and SHG studies) to understand these
questions.

The polarizing optical microscopy and calorimetric studies
prove the existence of nematic, SmA and SmC phases that in first
glance is similar to that of corresponding calamitic materials.

X-Ray crystal structure analysis proved that the bending angle
is not near to 120° as expected for diphenyl isophthalate and
reported for 2-methylresorcinol dibenzoates, but it is extended to
156°. Quantum chemical studies on the conformation of single
three-ring bent-core molecules also show that the bending angle
is about 155°. This increase of the opening angle (and therefore
the decrease of the bending) is caused by the lateral methyl group
in position 2 of the central phenyl ring.

This journal is © The Royal Society of Chemistry 2012
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Furthermore, solid state NMR investigations in the liquid
crystalline phases prove that the angle between the two legs of the
three-ring compounds turns out to be 138° in the SmA phase (4i)
and 144° in the nematic one (5j). That means the molecules are
more bent in the liquid crystalline states than in the crystalline
one.

The layer spacing determined by X-ray diffraction studies of
the SmA and SmC phases is either consistent with an overall
bent-shape, or with strong intercalation between nearly rod-like
molecules. In the nematic phase smectic clusters similar to those
in usual five-ring bent-core nematics were found.

It follows from dielectric and SHG measurements that the
SmA phase possesses a polar structure in an electric field.
Furthermore, by the application of sufficiently high electric fields
the SmA phase shows not only a slight change of the optical
texture but also a clear polar current response from which an
induced polarization of about 200 nC cm* could be determined.
This behaviour may be attributed to the existence of randomly
oriented polar clusters which obviously also remain in the
isotropic phase sufficiently close to the clearing point.

Dielectric measurements of compound 4i give a relaxation
frequency for the reorientation about the molecular long axis
much lower as observed for SmA phases formed by rod-like
molecules. This can be interpreted as a tendency to form polar
clusters, too.

Surprisingly, also in the isotropic liquid an induced polariza-
tion could be measured. But, in contrast to the SmA phase, this
polarization was found to be proportional to the cell thickness.
Therefore we can assume that this polarization mainly results
from the accumulation of ionic charges on the electrodes. This
process is connected with a clear increase of conductivity on
the transition from the SmA to the isotropic liquid phase.
Obviously, the ionic contribution is to a large extent absent in the
smectic phase probably due to the larger relaxation time of the
ionic contribution and the smaller conductivity in the SmA
phase.

The existence of clusters in the isotropic phase of some bent-
core mesogens has been proved by NMR spectroscopy.*® Even in
the smectic and isotropic phase, such clusters were recently found
in binary mixtures of some bent-core and rod-shaped mole-
cules.*” The field induced orientation of the clusters also accounts
for the slow dynamics. The reduction of the switching time with
increasing temperature can be attributed to a decrease of the
cluster size and of the viscosity of the continuous medium. The
increase of the current at increasing temperature under constant
electric fields is probably due to the increasing slope of the
Langevin process at higher temperatures. We note that a similar
electric current behaviour was also found in the nematic and
isotropic phase of 5j, where the smectic clusters were clearly seen
in SAXS measurements.

To summarize, the liquid crystalline behaviour of three-ring
bent-core bis(4-subst.-phenyl) 2-methyl-iso-phthalates can be
understood by the extended bending angle caused by the lateral
methyl group. The properties of the mesophases are different
from those formed by calamitic mesogens and also from those of
four-ring or five-ring bent-core compounds. Unusual behaviour
and interesting properties can be expected for such materials
existing at the boundary between calamitic liquid crystals and
banana-shaped liquid crystals.

For additional information on experimental procedures,
analytical data, X-ray data, and quantum chemical calculations,
see ESIT.
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