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Mesomorphism of a banana mesogen: influence of a fluoro substituent in the central core

Nandiraju V.S. Raoa*, Rajdeep Deba, Manoj Kr Paula and Tuluri Francisb

aDepartment of Chemistry, Assam University, Silchar 788011, India; bDepartment of Technology, Jackson State University,

Jackson, MS 39217, USA

The results of experiments with stable five-ring banana-shaped molecules consisting of laterally 4-fluoro substi-
tuted 1,3-phenylene ring as the central unit in Bis-[4-(4¢-n-alkyloxybenzoyloxy)salicylidene]-phenylene-4-fluoro-
1,3-diamines are presented. These compounds are thermally and hydrolytically stable due to intermolecular or
intramolecular hydrogen bonding and exhibit SmCPA and low-temperature crystalline BX phases. The phases had
been characterised by thermal microscopy and differential scanning calorimetry. A representative example has also
been characterised by X-ray diffraction studies and electric field effects. The influence of a lateral fluoro substituent
in the central core is clearly demonstrated with the induction of the SmCPA phase which is absent in the parent
compound without the substituent. Further these compounds exhibit a large tilt angle. We also describe a
comparison of phase behaviour with similar analogous compounds, taking the position of fluoro substitution,
changes in the linking groups and the direction of the linking groups into consideration.

Keywords: Banana shaped mesogens; Fluoro compounds; SmCPA phases; Spontaneous polarization

1. Introduction

Banana-shaped mesogenic materials represent a fruitful

and stimulating field of research, which are interesting

both from an academic and an application-based point

of view (1–7). The brief history of this research area has

seen a number of interesting topics; some breathed new

life to research and brought new expectations while

some of them are open to investigation. The liquid
crystalline phase behaviour of bent or banana-shaped

compounds is dependent upon several factors, namely

the size of the molecule and the number of aromatic

rings, the position as well as the magnitude of the bent

angle, the size, number, position and nature of the

substituents, the nature and direction of linkage groups

and the length and nature of the terminal alkyl chains.

In general, any minor change in these structural ele-
ments leads to drastic changes in the phase behaviour.

One of the important aspects is the nature and size of

the substituent in the central core, which largely influ-

ences the mesophase behaviour (8). Several research

groups studied the influence of the lateral substituents

on the mesophase behaviour either in the central core or

the outer rings (7–9). However, the introduction of a

small substituent into the central 1,3-phenylene ring
leads to the possibility of synthesising new mesogens

with novel banana phases (7, 10). Moreover, it was

found that mesophase behaviour is much more strongly

influenced by substituents at the central core than by

these at the outer ring (11).

The influence of fluorine substitution depending

upon its position in banana-shaped molecules revealed

several interesting factors. The two important charac-
teristics of a fluorine atom (12) are its size and

its electro-negativity. The size of the fluorine atom

(1.47 Å) which is slightly larger than the hydrogen
atom (1.2 Å) contributes towards the steric intermo-

lecular interactions. Further the electro-negativity

of the fluorine atom exhibit a strong influence on

the intermolecular interactions reflecting in the

local dipole moments, electron density of the phe-

nyl ring system, which in turn influences the �–�
stacking of phenyl rings, �–H–C electrostatic inter-

actions between phenyl rings, polarisation and
polarisability of the entire molecular conjugated

system [12].

Moreover, the molecular conformation which is

dependent upon linking groups being influenced by

the steric, stereo-electronic and polar effect reflects in

the molecular conformation and minimisation of rota-

tional energy of these molecules. In fact, the bulky and

electronegative 4-chloro substitution in bent shaped
molecules influenced the mesomorphism not only by a

decrease in the clearing temperatures and meso-

morphic range but also suppressed the B3 and B4

phases (7b). Similarly the 4-cyano substitution leads

to the appearance of calamitic phases (smectic A

(SmA) and smectic C (SmC)) with suppression of B3

and B4 phases and enhanced B2 phase (7c). Hence, the

substitution with a highly polar substituent, particu-
larly F on the central 1,3-phenylene core, is of special

interest owing to its distinct influence on the properties

of bent core mesogens.

The majority of banana-shaped liquid crystals

usually comprise 1,3-phenylene-bis-benzoates incor-

porating at least one Schiff base unit (2, 7, 13) because

of the ease of synthesis and promesogenic-promoting
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character of this particular linkage. However, the

important limitations of the compounds possessing

the imine linkage are thermal, hydrolytic and photo-

chemical stability. These limitations can be addressed

with an ortho hydroxyl group to imine linkage which

stabilises the compound. Hence, as part of our work

on substituted banana-shaped mesogens with an
ester–imine combination, we report a new class of

banana-shaped mesogens with a fluoro substituent

on the central core and a lateral hydroxyl group

ortho to imine linkage which participates in intramo-

lecular or intermolecular H-bonding to stabilise the

imine linkage and thereby promoting non-covalent

self-assembly with a hope for new findings about the

influence of highly polar substituents especially via
new combination of linking group and lateral

substituents.

2. Experimental details

2.1 General

All of the chemicals, namely 4-hydroxy-ethylbenzo-

ate, 1-bromo-n-alkanes, 1-fluoro-2,4-dintrobenzene,

2,4-dihydroxybenzaldehyde were procured and used

as received from either Tokyo Kasei Kogyo Co. Ltd.,
Avocado Chemicals or E-Merck. Silica gel (60–120

mesh, Acme synthetic chemicals) was used for chro-

matographic separation. Silica gel G [E-Merck] was

used for thin layer chromatography (TLC). The sol-

vents and reagents are of AR grade and were distilled

and dried before use following standard procedures.

TLC was performed on glass slides pre-coated with

silica gel. The intermediate compounds were purified
by column chromatography using silica gel. All of the

compounds were characterised by elemental analysis,

infrared (IR) spectra (Perkin-Elmer L120-000A spec-

trometer), and by 1H nuclear magnetic resonance

(NMR) spectroscopy (JEOL AL 300 FT NMR in

CDCl3 solution, chemical shifts are reported in parts

per million (�) relative to tetramethylsilane (TMS) as

an internal standard).
The liquid-crystal cells were placed in a computer-

controlled heating stage (hot and cold stage HCS302,

with STC200 temperature controller configured for

HCS302 from INSTEC) and the optical textures infer-

ring the phase sequences were investigated by polaris-

ing microscopy (Nikon polarising microscope

OPTIPHOT-POL2). The phase transition tempera-

tures and associated enthalpies of transition were
determined by differential scanning calorimetry

(DSC; Perkin-Elmer DSC Pyris1 system that was cali-

brated previously using pure indium as a standard).

The heating and cooling rates were 5 or 10�C per

minute. The electrical switching characteristics of the

liquid-crystalline phase were investigated using com-

mercial cells made of indium tin oxide (ITO)-coated

glass plates, spaced by 5 mm, with unidirectional pre-

treated polyimide solution, which enable the homoge-

neous alignment of the molecules. These transparent

cells were filled with the liquid-crystalline samples in

the isotropic phase by a capillary action. The electro-
optical switching features were observed under the

microscope. The X-ray diffraction analyses were car-

ried out using unoriented sample contained in 1 mm

diameter quartz capillary tubes and data were col-

lected using a point detector mounted on a Huber

four-circle goniometer at Cu K(�) radiation from a

Rigaku UltraX-18 rotating anode generator.

2.2 Synthesis and molecular structural
characterisation

The synthetic route followed to obtain the compounds

of banana-shaped molecules 3-nOHF (n being the

number of carbon atoms in the end aliphatic chain),

following the standard procedures (14) with minor

modifications is presented in Scheme 1. The target
compounds, namely the derivatives of substituted

1,3-phenylenes (3-nOHF series) were prepared by

acid catalyzed condensation of 4-fluro-1,3-phenylene-

diamine with two equivalents of the respective 4-(4¢-n-

alkyloxybenzoyloxy)salicylaldehyde (2-n) with a cata-

lytic amount of glacial acetic acid in absolute alcohol.

The required 4-(4¢-n-alkyloxy benzoyloxy)salicylalde-

hydes (2-n) were prepared by condensation of 4-n-
alkoxybenzoyl chloride with 2,4-dihydroxybenzalde-

hydes in the presence of a catalytic amount of

triethylamine in dichloromethane. The crude materi-

als obtained were purified by column chromatography

and recrystallised from a suitable solvent. The mole-

cular structures of all of the compounds and inter-

mediates were confirmed by spectroscopic methods

of analyses and the results are presented in Section 2.3.
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Scheme 1. ia KOH, EtOH, RBr, Kl, �, 24h; b) OH-, H2O, H+

ii) SOCl2, �, 1h iii) TEA, 2,4-dihydroxybenzaldehyde,DCM,6h
iv) 4-fluoro-1,3-phenylendiamine, Abs EtOH, AcOH, �, 3h.
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2.3 Analytical data

All of the desired compounds were synthesised follow-

ing the standard procedures (14) with minor modifica-

tions as presented in Scheme 1. The 4-n-alkoxy
benzoic acids were synthesised using Williamson

ether synthesis.

2–8: 4-(4¢-n-octyloxybenzoyloxy)salicylaldehyde,

white solid. Yield 3.49 g (63%), melting point (MP) =

84.9�C. IR �max (in cm-1): 1680 (�CHO); 1736 (�C=O,

ester); 3400 (�OH, H-bonded) cm-1; 1H NMR (CDCl3,

300 MHz): � = 11.26 (s, 1H, –OH); 9.89 (s, 1H, –CHO);

8.12 (dd, 2H, J = 2.4, 8.9 Hz, ArH); 7.60 (d, 1H, J = 8.4
Hz, ArH); 6.99 (dd, 2H, J = 2.4, 8.9 Hz, ArH); 6.90 (dd,

1H, J = 1.8, 8.5 Hz, ArH); 6.87 (d, 1H, J = 2.0 Hz,

ArH), 4.05 (t, 2H, J = 6.6 Hz), 1.83 (q, 2H, J = 6.6 Hz),

1.28–1.58 (m, 10H), 0.89 (t, 3H, J = 6.6 Hz).

2–10: 4-(4¢-n-decyloxybenzoyloxy)salicylaldehyde,

MP = 81.3�C,

2–12: 4-(4¢-n-dodecyloxybenzoyloxy)salicylalde-

hyde, MP = 78.7�C,
2–14: 4-(4¢-n-tetradecyloxybenzoyloxy)-salicylalde-

hyde, MP = 81.9�C
2–16: 4-(4¢-n-hexadecyloxybenzoyloxy)salicylalde-

hyde, MP = 76.7�C
2–18: 4-(4¢-n-octadecyloxybenzoyloxy) salicylalde-

hyde, MP = 82.7�C
3–80HF: N,N¢-bis[4-(4-n-octyloxybenzoyloxy)sa-

licylidene]-phenylene-4-fluoro-1,3-diamine. An eth
anolic solution (20 ml) of 4-(4¢-n-octyloxybenzoylox-

y)salicylaldehyde (0.92 g, 2.5 mmol) was added to an

ethanolic solution of 4-fluoro-1,3-phenylene diamine

(0.15 g, 1.25 mmol). The mixture was refluxed with a

few drops of glacial acetic acid as catalyst for 3 hours

to yield the Schiff’s base N,N¢-bis[4-(4-n-octyloxyben-

zoyloxy)salicylidene]-phenylene-4-fluoro-1,3-diamine

The precipitate was collected by filtration from the hot
solution and recrystallised several times from absolute

ethanol to give a pure compound. Yield 0.70 g (68%).

IR �max (in cm-1); 1632 (�C=N, imine); 1734 (�C=O,

ester); 3444 (�OH, H-bonded); 1H NMR (CDCl3,

300MHz): � = 13.24 (bs, 2H, –OH); 8.75 and 8.60 (s,

2H, –CH=N); 8.11 (d, 4H, J = 8.7 Hz, ArH); 8.08 (d,

2H, J = 8.4 Hz, ArH); 7.45 (d, 1H, J = 7.6 Hz, ArH);

7.16 (d, 2H, J = 8.8 Hz, ArH); 7.10 (d, 1H, J = 2.1 Hz,
ArH); 6.95 (d, 1H, J = 7.6 Hz, ArH); 6.89 (d, 2H, J =

2.3 Hz, ArH); 6.85 (d, 4H, J = 8.7 Hz, ArH); 4.03 (t,

4H, J = 6.4 Hz, –O–CH2); 1.82 (q, 4H, J = 6.8 Hz, –

CH2– CH2–); 1.60-1..24 (m, 20H, –(CH2)5–); 0.98 (t,

6H, J = 6.8 Hz, –CH3). Elemental analysis calculated

for C50H55O8N2F C = 72.27%; H = 6.67%; N = 3.37%.

Found C = 72.80%; H = 6.89%; N = 3.52%.

3–10OHF: N, N¢-bis[4-(4-n-decyloxybenzoyloxy)-
salicylidene]-phenylene-4-fluoro-1,3-diamine. Yield

0.73 g (66%). IR �max (in cm-1); 1626 (�C=N, imine);

1738 (�C=O, ester); 3423 (�OH, H-bonded); 1H NMR

(CDCl3, 300MHz): � = 13.26 (bs, 2H, –OH); 8.77 and

8.64 (s, 2H, –CH=N); 8.13 (d, 4H, J = 7.8 Hz, ArH);

8.11 (d, 2H, J = 8.4 Hz, ArH); 7.46 (d, 1H, J = 7.2 Hz,

ArH); 7.11 (d, 2H, J = 8.4, ArH); 6.98 (d, 1H, J = 2.4

Hz, ArH); 6.96 (d, 1H, J = 8.4 Hz, ArH); 6.91 (d, 2H, J

= 2.8 Hz, ArH); 6.82 (d, 4H, J = 8.4 Hz, ArH); 4.04 (t,

4H, J = 6.0 Hz, –O–CH2); 1.82 (q, 4H, J = 6.6 Hz,
–CH2– CH2–); 1.60–1.28 (m, 28H, –(CH2)7–); 0.88 (t,

6H, J = 6.6 Hz, –CH3). Elemental analysis calculated

for C54H63O8N2F C = 73.11%; H = 7.16%; N = 3.16%.

Found C = 73.53%; H = 7.24%; N = 3.21%.

3–12OHF: N, N¢-bis[4-(4-n-dodecyloxybenzoyloxy)-

salicylidene]-phenylene-4-fluoro-1,3-diamine. Yield 0.76

g (61%). IR �max (in cm-1); 1632 (�C=N, imine); 1733

(�C=O, ester); 3422 (�OH, H-bonded); 1H NMR (CDCl3,
300MHz): �= 13.26 (bs, 2H, –OH); 8.77 and 8.65 (s, 2H, –

CH=N); 8.14 (d, 4H, J = 8.7 Hz, ArH); 8.12 (d, 2H, J =

8.2 Hz, ArH); 7.47 (d, 1H, J = 8.1 Hz, ArH); 7.45 (d, 2H,

J = 8.4 Hz, ArH); 7.13 (d, 1H, J = 2.1 Hz, ArH); 6.97 (d,

1H, J = 8.4 Hz, ArH); 6.94 (d, 2H, J = 2.1 Hz, ArH); 6.85

(d, 4H, J = 8.4 Hz, ArH); 4.05 (t, 4H, J = 6.6 Hz, –O–

CH2); 1.82 (q, 4H, J = 6.8 Hz, –CH2– CH2–); 1.55–1.26

(m, 36H, –(CH2)9–); 0.88 (t, 6H, J = 6.6 Hz, –CH3).
Elemental analysis calculated for C58H71O8N2F C =

73.86%; H = 7.59%; N = 2.97%. Found C = 73.26%; H

= 7.49%; N = 2.65%.

3–14OHF: N, N¢-bis[4-(4-n-tetradecyloxybenzoy-

loxy)salicylidene]-phenylene-4-fluoro-1,3-diamines. Yield

0.85 g (65%). IR �max (in cm-1); 1626 (�C=N, imine); 1731

(�C=O, ester); 3420 (�OH, H-bonded); 1H NMR (CDCl3,

300MHz): � = 13.26 (bs, 2H, –OH); 8.77 and 8.65 (s,
2H, –CH=N); 8.13 (d, 4H, J = 8.6 Hz, ArH); 8.11

(d, 2H, J = 8.4 Hz, ArH); 7.47 (d, 1H, J = 8.5 Hz,

ArH); 7.44 (d, 2H, J = 8.4 Hz, ArH); 7.11 (d, 1H, J

= 2.4 Hz, ArH); 6.99 (d, 1H, J = 8.8 Hz, ArH); 6.96

(d, 2H, J = 2.5 Hz, ArH); 6.85 (d, 4H, J = 8.4 Hz,

ArH); 4.05 (t, 4H, J = 6.4 Hz, –O–CH2); 1.82 (q,

4H, J = 6.7 Hz, –CH2– CH2–); 1.55–1.26 (m, 44H, –

(CH2)11–); 0.88 (t, 6H, J = 6.6 Hz, –CH3). Elemental
analysis calculated for C62H79O8N2F, C = 74.52%; H =

7.97%; N=2.80%. Found C = 74.60%; H = 7.93%; N =

2.91%.

3–16OHF: N, N¢-bis[4-(4-n-hexadecyloxybenzoy-

loxy)salicylidene]-phenylene-4-fluoro-1,3-diamines.

Yield 0.8g (65%). IR �max (in cm-1); 1629 (�C=N, imine);

1733 (�C=O, ester); 3421 (�OH, H-bonded); 1H NMR

(CDCl3, 300MHz): � = 13.29 (bs, 2H, –OH); 8.72 and
8.63 (s, 2H, –CH=N); 8.14 (d, 4H, J = 8.2 Hz, ArH);

8.09 (d, 2H, J = 8.6 Hz, ArH); 7.45 (d, 1H, J = 8.6 Hz,

ArH); 7.41 (d, 2H, J = 8.3 Hz, ArH); 7.08 (d, 1H, J = 2.1

Hz, ArH); 6.98 (d, 1H, J = 8.7 Hz, ArH); 6.96 (d, 2H, J

= 2.3 Hz, ArH); 6.84 (d, 4H, J = 8.1 Hz, ArH); 4.08 (t,

4H, J = 6.3 Hz, –O–CH2); 1.81 (q, 4H, J = 6.6 Hz, –

CH2– CH2–); 1.53–1.25 (m, 52H, –(CH2)13); 0.87 (t, 6H,
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J = 6.3 Hz, –CH3). Elemental analysis calculated for

C66H87O8N2F C = 75.11%; H = 8.31%; N = 2.65%.

Found C = 75.10%; H = 8.36%; N = 2.66%.

3–18OHF: N, N¢-bis[4-(4-n-octadecyloxybenzoy-

loxy)salicylidene]-phenylene-4-fluoro-1,3-diamines.

Yield 0.8g (65%). IR �max (in cm-1); 1630 (�C=N, imine);

1728 (�C=O, ester); 3399 (�OH, H-bonded); 1H NMR

(CDCl3, 300MHz): � = 13.28 (bs, 2H, –OH); 8.69 and
8.61 (s, 2H, –CH=N); 8.16 (d, 4H, J = 8.8 Hz, ArH);

8.12 (d, 2H, J = 8.4 Hz, ArH); 7.43 (d, 1H, J = 8.2 Hz,

ArH); 7.44 (d, 2H, J = 8.5 Hz, ArH); 7.12 (d, 1H, J = 2.5

Hz, ArH); 6.99 (d, 1H, J = 8.7 Hz, ArH); 6.94 (d, 2H, J

= 2.6 Hz, ArH); 6.81 (d, 4H, J = 8.7 Hz, ArH); 4.08 (t,

4H, J = 6.2 Hz, –O–CH2); 1.85 (q, 4H, J = 6.4 Hz, –

CH2– CH2–); 1.56–1.24 (m, 60H, –(CH2)15); 0.86 (t, 6H,

J = 6.6 Hz, –CH3). Elemental analysis calculated for
C70H95O8N2F C = 75.64%; H = 8.61%; N = 2.52%.

Found C = 75.67%; H = 8.63%; N = 2.55%.

3. Results and discussion

The starting material in the present study 4-(4-n-alky-

loxybenzoyloxy)salicylaldehyde was prepared from 4-

n-alkoxybenzoic acid by converting into acyl chloride

followed by condensation with 2,4-dihydroxybenzalde-

hyde. The acyl group condensation with both of the

hydroxyl groups in 2- and 4- positions is possible, con-
densation mainly takes place at the 4- position because

of hydrogen bonding of the 2-hydroxyl group with the

aldehyde oxygen and reaction conditions of the low

temperature. The condensation 4-(4-n-alkyloxybenzoy-

loxy)salicylaldehyde with 4-fluoro-1,3-phenylenedia-

mine in the presence of a few drops of glacial acetic

acid yielded the target bent shaped compounds N,N¢-
bis[4-(4-n-alkyloxybenzoyloxy)salicylidene]-phenylene-
4-fluoro-1,3-diamines, 3-nOHF (n = 8, 10, 12 14, 16 and

18). To avoid the resulting side products under cold

conditions in the solution, the precipitated compounds

were filtered when the solution was hot to yield pure

compounds and further recrystallised repeatedly. The

formation of all of the compounds was confirmed by
1H NMR and IR spectroscopy and the purity was

established by elemental analysis. The liquid-crystalline
behaviour of the synthesised compounds has been stu-

died by optical microscopy and DSC.

3.1 Mesomorphic properties

The transition temperatures, enthalpies and entro-

pies of the homologous series 3-nOHF as a func-

tion of number of the carbon atoms in the terminal
alkyl chains from DSC runs at a cooling rate of

10�C min-1 are presented in Table 1. The enthalpy

changes corresponding to the clearing transition

from mesophase to isotropic phase in banana

compounds (3-nOHF series) are usually larger

than those observed in calamitic compounds. The

thermal data revealed that all of the compounds

are exhibiting identical enantiotropic phase transi-

tions except 3–8OHF.

As shown in Figure 1, the clearing points increase

moderately and the melting points decrease with the
increasing chain length of the terminal alkoxy chains.

All of the compounds exhibited liquid-crystalline

behaviour with an identical texture as shown in

Figure 2(a) observed for 3–14OHF, characteristic of

the SmCPA phase, which is further confirmed from the

electro-optical and X-ray studies. Further cooling of

the sample 3–14OHF indicated another phase BX,

exhibiting a texture resembling the B4 phase which is
yet to be confirmed (Figure 2(c)) (15). The SmCPA to

BX phase transformation is shown in Figure 2(b). The

crystallisation from the BX phase in general takes a

longer duration of time, up to a few hours, and hence

could not be detected. The supercooling effect of more

than 15 K suggests that the BX phase may be a B4

phase and further work by other experimental investi-

gations, namely atomic force microscopy of thin films,
optical studies of free-standing films, freeze fracture

transmission electron microscopy and synchrotron

X-ray studies are in progress to confirm the phase

structure.

All of the homologues exhibited an identical tex-

ture indicating an unknown BX phase, which is under

further investigation. The homologue 3–8OHF exhi-

bits only a monotropic SmCPA phase. On cooling
from the isotropic phase the circular domains

appeared which are characteristic of SmCPA phase

and the phase existence becomes broader for the

longer chain homologues.

3.2 X-ray studies

In order to identify the model structure of the
liquid-crystalline phases formed by these com-

pounds, we conducted preliminary X-ray diffrac-

tion measurements on the 3–14OHF homologue

as a representative example using an image plate

detector. Lindemann glass capillaries (1 mm dia-

meter) were filled by a capillary action at high

temperature without an alignment procedure to

yield an unoriented sample and sealed under dry
atmosphere. The capillary tube was introduced in

an oven whose temperature stability was �10 mK.

The tube was vertical and perpendicular to the

beam and the exposure times were maintained for

15 min. The X-ray diffraction experiments carried

out on a non-oriented sample of the smectic phase

of compound 3–14OHF revealed the following

features. In the small angle region one strong
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reflection (Figure 2(d)) was observed at d = 4.10 nm

revealing the layer structure.

The value for the first reflection is considerably

smaller than the length of the molecule (3–14OHF)

(L = 6.33 nm) as measured along the ‘bow axis’ (also

the director direction for the bent-core molecules) by

assuming that the methylene chains are fully extended

in the all-trans conformation (Figure 3) and the tilt
angle (�) of the molecules was estimated to be 49�

which is little larger than the optical tilt angle (,46�)
observed between the extinction brushes in the electro-

optical measurements during the switching process.

Such large tilt angles up to 56� are reported in litera-

ture in lateral fluoro substituted compounds

exhibiting SmCPA phases (7). Further broad diffuse

scattering maxima in the wide-angle region around
0.47 nm indicated a liquid like in-plane order with no

long-range positional order within the smectic layers.

Further during the transition from SmCPA to a

Table 1. Transition temperatures (�C), enthalpies (italics kJ mol–1) and entropies (italics in brackets J mol-1 K-1) of homologous
series 3-nOHF.

N, N/-bis[4-(4-n-alkyloxybenzoyloxy)salicylidene]phenylene-4-fluoro-1,3-diamines, n = 8, 10, 12, 14, 16 and 18

N

H
C

N

H
C

O

O

O

O

OH

F

HO

OCnH2n+1H2n+1CnO

Compound R Cr Heating cooling BX Heating cooling SmCPA Heating cooling I

3–8OHF C8H17 � --- --- 156.0 �
� 141.4 � [40.3, 93.9]

[19.9, 48.2] 149.2

[14.6, 34.6]

3–10OHF C10H21 � 147.6 � 159.0 �
[21.4, 51.0] [17.2, 39.9]

� � 129.2 � 155.3

[18.3, 45.5] [14.4, 33.6]

3–12OHF C12H25 � 109.5 � 142.5 � 162.9 �
[15.6, 40.9] [23.3, 56.0] [20.4, 46.8]

� 108.9 � 121.3 � 158.6

[1.4, 3.8] [19.9, 50.5] [18.8, 45.4]

3–14OHFa C14H29 � 111.3 � 138.1 � 163.0 �
[12.4, 32.2] [22.9, 55.8] [19.9, 45.8]

� 109.1 114.0 � 158.2

[15.9, 41.9] [17.4, 45.1] [17.0, 39.4]

3–16OHFb C16H33 � 114.8 � 134.0 � 162.8 �
[4.4, 11.4] [15.1, 37.1] [8.12, 18.6]

� 109.4 � 113.6 � 160.3

[2.56, 6.7] [8.54, 22.0] [10.2, 23.6]

3–18OHFc C18H37 � 119.5 � 134.9 � 162.4 �
[38.6, 98.4] [18.5, 45.3] [19.3, 44.3]

� 112.8 � 115.4 � 159.6

[5.0, 12.9] [1.8, 4.6] [20.1, 46.5]

All of the reported temperatures are the peak recorded in DSC thermographs in the first heating and cooling cycles at heating and cooling rates

of 10�C min-1. Additional crystal-to-crystal transitions have been observed in the heating cycle 3–14OHF (a100.4 [5.6, 15.0]); (b106.1 [14.8, 39.1])

and in the cooling cycle (c103.8 [4.3, 11.3]).
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Figure 1. Phase diagram of the Bis-[4-(4¢-n-alkyloxy
benzoyloxy)-salicylidene]-phenylene-4-fluoro-1,3-diamines
in cooling cycle.
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low-temperature phase, with the disappearance of the

existing peak and appearance of the strong reflection

indicating another smectic phase with an increase in

layer thickness (Figure 2(e), 4.30 nm). On further cool-

ing the peak grows stronger (Figure 2(f)) and contin-

ued until room temperature.
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Figure 2. Characteristic textures exhibited by 3–14OHF and intensity profiles of X-ray diffraction patterns. (a) T = 158.0�C. (b)
During the transition at T = 114.0�C. (c) Smectic BX phase below the phase transition at 113.2�C. (d) Intensity profile of the X-ray
diffraction pattern in the small angle region at T =154�C. (e) Intensity profile of the X-ray diffraction pattern in the small angle
region during the transition at T = 114�C. (f) Intensity profile of the X-ray diffraction pattern in the small angle region at T = 92�C.
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3.3 Electro-optical investigations

The mesophase exhibited by compounds 3-nOHF

shows electro-optical switching behaviour. The

switching behaviour of the SmCPA phase was

observed using electro-optical measurements as well

as simultaneous observation of changes in the thin
films of the compound under a polarising microscope.

The sample was filled in a freshly assembled 5 mm

polyimide-coated homogenous cell in the isotropic

phase and cooled slowly into the mesophase at a rate

of 0.5�C min-1. After the sample is cooled into the

mesophase 5�C below the mesophase–isotropic phase

transition temperature, the applied field is gradually

increased to obtain aligned samples and saturated
current peaks. The application of a sufficiently large

triangular voltage yielded the current response peaks

in each half period of the waveform. The current

response of compound 3–14OHF (see Figure 4)

shows two polarisation current peaks for each half

cycle on applying a triangular-wave electric field of

about�80 V, 50 Hz, at 145�C, indicating an antiferro-

electric ground state structure in the mesophase, and
the spontaneous polarisation was found to be ,528

nC cm-2, which is comparable with the reported values

in the SmCPA phase of compounds possessing a lateral

dipole moment. The variation of spontaneous polar-
isation, which is found to be temperature dependent, is

shown in Figure 5. The electro-optical behaviour

response of this sample was observed as textural

changes by the application of an electric field.

The influence of a d.c. electric field on the molecu-

lar alignment, which is reflected in the optical textures

of compound 3–14OHF filled in readymade unidirec-

tional polyimide-coated 5 mm thin commercial cells
purchased from Instec Inc., is as follows. On cooling

the isotropic phase of the compound 3–14OHF in the

absence of an electric field, it transformed into a

SmCP-type liquid-crystalline phase at 158.2�C with

the appearance of a characteristic striped texture

with spherulitic growth (Figure 6(a)) and tends to

grow fan-shaped domains (with horizontal and verti-

cal Maltese crosses making an angle with the polariser)
with a fringe pattern showing helical structure.

The majority of the domains exhibited a striped

pattern texture with equal spacing of the stripes. This

texture is reminiscent of the ‘fingerprint’ texture

expected for helical banana phase structures, with

the molecular plane parallel to the cell surface and

the tilted smectic layers, with a tilt equal to the director

tilt angle, aligned perpendicular to the plane of the cell
surface (bookshelf geometry). (The director is along

Figure 3. Molecular model of compound 3–14OHF in which the chains are in a fully extended all-trans conformation.
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Figure 4. Switching current response obtained for the
compound 3–14OHF by applying a triangular wave electric
field at (�80 Vpp, 50 Hz) at T = 145�C. Sample thickness
5 mm; spontaneous polarisation, PS , 528 nC cm-2.
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Figure 5. Temperature variation of spontaneous polarisation
in the SmCPA phase of compound 3–14OHF.
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the layer normal and the molecules can have either a

synclinic or an anticlinic interlayer correlation.)
Consistent with the helical structure, it is apparent

that the stripes are oriented parallel to the layers in

the focal conic texture. It is apparent from the equally

spaced striped lines that the layers are flat and parallel

to each other and the curved complex patterns on the

macroscopic length support the formation of the ran-

dom focal conic fan texture. The switching behaviour of

the SmCPA phase of the compound 3–14OHF under a
d.c. electric field has been examined using a polarising

microscope. On cooling from the isotropic phase the

sample under the influence of an electric field of �6 V

mm-1 exhibiting an equally spaced striped texture

(Figure 6(b)), with a spherulitic growth in the entire

region with homeotropic regions. A further increase in

the strength of the electric field�10 V mm-1 leads to the

appearance of stable colourful stripes with a change in
birefringence of the texture. The sample is cooled under

the influence of a field (�10 V mm-1) and when the field

is switched off the texture (as shown in Figure 6(c))

becomes non-birefringent with more dark regions.

These preliminary studies of optical textures confirm

the identification of the mesophase as a SmCPA phase

which is similar to the fringe texture of the SmCPA

mesophase of PIMB series (16). The detailed electro-
optic measurements are in progress and the results will

be reported elsewhere.

3.4 Structure–property relationship

3.4.1 Influence of the functional group

The molecular structures of different compounds A–D

of five-membered ring molecular bent-core skeletons

with a change in the substituent are depicted

in Figure 7. The liquid-crystal properties and phase

transition temperatures were greatly affected by
the subtle changes in chemical structure. In the unsub-

stituted homologous series, namely N,N¢-bis[4-(4¢-
n-alkyloxybenzoyloxy)benzylidene]-phenylene-1,3-dia-

mines (compound A, 3-nHH without fluoro and ortho

hydroxyl substituent analogues) lower homologues

(with carbon chain length n = 1–4) exhibited a B6

phase, while middle homologues (n = 7–10) exhibited

B6 and B1 phases. However, the higher homologues
with n = 11 and 12 exhibited a monotropic B2 phase as

transient phenomena for a shorter duration which did

not allow any experimental studies (17).

In order to make a comparison with the com-

pounds reported here we synthesised two additional

compounds possessing an ortho hydroxyl group (B) or

4- fluoro group (C). The compounds N,N¢-bis[4-(4¢-n-

decyloxybenzoyloxy)salicylidene]-phenylene-1,3-dia-
mine (3–10OHH, B) and N,N¢-bis[4-(4¢-n-decyloxy-

benzoyloxy)benzylidene]-phenylene-4-fluoro-1,3-dia-

mine (3–10HF, C) are studied for their mesomorphism

by thermal microscopy and DSC. The compound B

exhibited an unspecific grainy texture with

(a)

(b) 

(c)

Figure 6. Optical texture of the SmCPA phase of compound
3–14OHF under the influence of an electric field: spherulitic
growth with coloured stripes. Thickness of cell = 5 mm. (a)
Without an electric field. (b) Electric field = 6 V mm-1, T =
154�C. (c) Optical texture of the SmCPA phase of the
compound 3–14OHF cooled from the isotropic phase
under the influence of an electric field of 10 V and after
the removal of the field, T = 154�C.
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enantiotropic phase transitions with higher thermal

stability. The compound C exhibited a texture (as

shown in Figure 8) resembling the B1 phase observed

in other compounds reported in the literature (5, 6).

The introduction of a fluoro substituent at a lateral

position of the central phenyl ring, compound C, not

only changes the nature of mesomorphism from

monotropic to enantiotropic phase behaviour, but
also causes a moderate reduction in clearing tem-

peratures when compared with the unsubstituted

compounds A and B. The introduction of a fluoro

group in the central core in addition to the ortho

hydroxyl group stabilising the imine linkage in the

lateral ring by intermolecular or intramolecular

hydrogen bonding which resists hydrolysis (in the

compounds reported in this paper) completely chan-
ged the mesophase behaviour of these compounds,

D, to exhibit SmCPA and BX phases as compared

with the B6, B1, B2 phases exhibited by unsubsti-

tuted compounds A and B.

3.4.2 Influence of the linkage group

However, when the imine linkage at the central core is

reversed the resulting unsubstituted homologues of

1,3-phenylene-bis-[4-(4¢-alkoxybenzoyloxy)-phenyli-

minomethane] family (Cn series) also exhibited B1
(C5–C9 lower homologues) and SmCPA (C10–C14

higher homologues) phases (18). The C12 homologue

E (Figure 9) exhibits a SmCPA phase and spontaneous

polarisation is of the order of 350 nC cm-2, which is

smaller than the PS , 590 nC cm-2 found in the present

investigation. However, if the ester linkage and salicy-

lideneimine linkage are swapped (19), then the result-

ing materials F (BCH) without a fluoro group in the
central core also exhibited switchable B2 or B1 (PS ,
500 nC cm-2 for a C10 homologue (19b)) or B7 (C16

homologue) phases depending on the end alkyl chain

length, which indicates the importance of the ortho

hydroxyl group and the position of linking groups.

The homologues with chloro or nitro substituents in

the central core exhibited a SmCPA phase.
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Figure 7. Five-membered ring molecular bent-core skeleton with a change in substituent.

Figure 8. Optical texture of the B1 phase of the compound 3–10HF.
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3.4.3 Influence of fluorine in the outermost ring

With the introduction of fluoro substitution into

the outermost rings instead of the central ring, the
homologues of 1,3-phenylene-bis[4-(4¢-alkoxyben-

zoyloxy)-phenyliminomethane] family (DnF series,

G, H and I; Figure 10) exhibited different types of

banana phases depending on the position of sub-

stitution with an increase or decrease in transition

temperatures (20). The compound G with a fluoro

atom in the ortho position to the ester linkage

exhibited a SmCPA phase. However, when the
fluoro atom is in a meta position with respect to

ester linkage, the compound H exhibited a ferro-

electric SmB7bis phase with PS value varying

between 300 and 380 nC cm-2. The compound F

with two fluoro atoms exhibited a ferroelectric

phase which over time relaxed to an antiferroelec-

tric phase.

4. Conclusions

The reported observation (21) regarding the influ-

ence of the fluoro atom in the 4- position of the
central core, a derivative of isophthalic acid that

does not modify the mesomorphic domain and the

phase sequence in comparison with the compounds

without a substituent, is always not true. The nature

of the substituent, combination and the direction of

different linking groups in each arm of the bent

shaped molecule, the position of the substituent

either on the central core or other rings of the mole-
cule and the length of aliphatic end chains collectively

play a very important role in deciding the nature of

banana mesophases. In the present homologous ser-

ies, the hydrogen bonding may be intramolecular or

intermolecular and the combination of a specific sub-

stituent such as a fluorine atom replacing the H atom

in the central core not only enhances the polarisabil-

ity due to its large dipole moment, but also has a
major influence on the mesophase behaviour leading

to banana mesomorphism.
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