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Smectic liquid crystals with ‘de Vries-like’ properties are characterized

by amaximum layer contraction of#1% upon transition from the non-

tilted SmA phase to the tilted SmC phase. A straight alkoxy chain-

terminated conventional aroylhydrazone based liquid crystal N-(4-

(tetradecyloxy)-2-hydroxybenzylidene)-40((400(hexadecyloxy)benzyl)
oxy)benzohydrazide (BSac-1416) undergoes the SmA–SmC phase

transition with a maximum layer contraction of 0.65%. The merits of

the de Vries reduction factor, i.e. R and f values for this mesogen, are

comparable to, or even lower than, those reported for established

perfluorinated and polysiloxane-terminated bona fide de Vries-like

materials.
Smectic A (SmA) and smectic C (SmC) liquid crystals are layered
phases possessing quasi-long-range positional order in one
dimension represented by a mass-density wave.1 The wave
vector of this density wave is along the director in the case of the
SmA phase, while it is tilted in the case of the SmC phase. Owing
to this feature, the layer spacing is signicantly lower in the
tilted SmC phase than in the orthogonal SmA phase.2 Maximum
layer-shrinkage in a typical SmA–SmC transition can be as high
as 11%.3,4

In 1972, Diele et al. reported a material in which the layer
spacing was similar in the SmA and SmC phases.5 To explain
this feature, de Vries suggested a new type of SmA phase in
which the molecules are tilted with respect to the layer normal
just as in the SmC phase but the tilt directions of different layers
are uncorrelated.6 These are now known as the de Vries smectic
phases and are characterized by a maximum layer contraction
of #1% upon transition from the non-tilted SmA phase to the
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tilted SmC phase.4,7–15 This phenomenon stems from the diffuse
cone model proposed by de Vries that describes the SmA phase
as a lamellar structure in which mesogens have a tilted molec-
ular orientation and random azimuthal distribution.16 Accord-
ing to this idealized model, the SmA–SmC transition is
described as an ordering of the azimuthal distribution that
results in zero layer contraction, as shown in Fig. 1. The simple
reorientation of molecules at the SmA–SmC transition in de
Vries-like liquid crystals is advantageous for practical applica-
tions. For instance, the low layer contraction avoids the
formation of a chevron structure and zigzag defects that usually
occur in SmA–SmC transitions of conventional ferroelectric
(SmC*) liquid crystals and that are detrimental for the optical
quality of electro-optical devices.17 High electroclinic effects
(response, tilt angle, and birefringence) can be achieved at low
voltages as compared with typical electroclinic materials on
these materials.18–20

The structure of this unusual phase has yet to be fully
elucidated, but recent theoretical studies suggest that materials
combining low orientational order and high lamellar order are
likely to exhibit this behavior.22,23 Three examples of liquid
crystal materials known to have very low layer shrinkage and
large electroclinic susceptibilities are considered as bona de
‘de Vries-like’ liquid crystals. These are the siloxane-terminated
mesogen TSiKN65 and its carbosilane-terminated analogue
Fig. 1 Schematic representation of the molecular arrangement in (a)
SmA (b) one type of SmAdV and (c) SmC phases. The molecules are
along the layer normal in the SmA, while being tilted in the SmAdV and
SmC phases. To be noted is the fact that the tilt is azimuthally corre-
lated in the SmC but not in the SmAdV phase (dV: de Vries).21
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Scheme 1 Reactions and reagents: (a) 1-bromohexadecane (30 mL,
0.11 mmol.), Cs2CO3 (0.1 g, 0.3 mmol), NMP, MW (150 W), 3–5 min,
87%. (b) LAH, stirring in dry THF at 0 �C, 2 h, 92%. (c) SOCl2 (0.1 mL, 1.4
mmol), refluxing in dry DCM, DMF (cat.), 20 min, 82%. (d) Cs2CO3 (0.49
g, 1.5 mmol), ethyl 4-hydroxybenzoate (0.09 g, 0.5 mmol), 4-hex-
adecyloxybenzyl chloride (0.18 g, 0.5 mmol), DMF, MW, 70 �C, 2–3
min, 80%. (e) NH2NH2$H2O (0.12 mL, excess), MW, 5–6 min, 82%. (f) 1-
Bromotetradecane (0.27 mL, 1.0 mmol), Cs2CO3 (1.3 g, 4.0 mmol),
NMP, MW (150 W), 3–5 min, 82%. (g) Acetic acid (cat.), EtOH, MW,
5 min, 83%.
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W599,9,24 and the 2-phenylpyrimidine mesogen 3M 8422 with
a chiral peruoroether chain10 which show maximum layer
contractions in the rage of 0.40–0.73% (Fig. 2). In our earlier
reports of X-ray, electrical, electro-optical and dielectric studies
on such bona de de Vries LCs, the effect of differential inter-
actions in different molecular end of compounds was found to
be one of the major cause of unusual behaviour and minimum
layer shrinkage in such systems.25,26 Rational design strategy
and structural investigations of de Vries-like liquid crystals was
initiated by Lemieux et al. by design and synthesis of a number
of de Vries-like liquid crystals having trisiloxane terminated
side-chain materials with 2-phenylpyrimidine core.27–29 Further,
they extended their work by incorporating chemically inert
carbosilane-terminated de Vries LCs and substituting the
2-phenylpyrimidine core with the cores known to be stronger
‘SmC-promoters’ in model compounds: 6-phenylpyridazine,
6-phenylpyridine and 2-phenyl thiadiazole.30,31 In the same
reports, drawback of hydrolytical and electrochemical lability of
siloxane end group and need of incorporation of chemically
inert nanosegregating terminal elements for fabrication of de
Vries-like LCs towards electro-optical applications are
mentioned.27,28 Thus, reports on bona de de Vries-like mate-
rials feature nanosegregating structural elements such as
siloxane end-groups or peruorinated side chains and example
of simple alkoxy chain-terminated conventional liquid crystal
showing de Vries-like properties is still rare. In this communi-
cation, we report a structurally unprecedented achiral, chemi-
cally inert, straight alkoxy chain-terminated aroylhydrazone
based liquid crystal N-(4(tetradecyloxy)-2-hydroxybenzylidene)-
40((400(hexadecyloxy)benzyl)oxy)benzohydrazide (BSac-1416)
showing de Vries like properties comparable to that of per-
uorinated or siloxane end-groups containing bona de de
Vries-like liquid crystalline materials.

Compound BSac-1416 and initial precursors were obtained
by microwave assisted synthetic approach in very good yield
(Scheme 1). The detailed experimental procedures and analyt-
ical data are described in the ESI.†
Fig. 2 Molecular structures of bona fide de Vries-like liquid crystals
(TSiKN65, W599, 3M 8422, 2)8,9,18 and BSac-1416.

57800 | RSC Adv., 2016, 6, 57799–57802
The XRD results, microscopic optical observations and
differential scanning calorimetry (DSC) enthalpies at the phase
transitions have been used to determine mesomorphic prop-
erties and de Vries-like behaviour in the newly synthesized
compound BSac-1416. Accurate measurements of the smectic
layer spacing (d) as a function of temperature were carried out
by SAXS.

As shown in Fig. 3, the normalized d/dAC(T) proles of BSac-
1416 shows a negative thermal expansion in the SmA phase that
persists in the SmC phase and counteracts the layer contraction
caused by tilting in the SmC phase. Other bona de ‘de Vries-
like’ materials have been reported to show similar negative
thermal expansion in their d(T) proles.8,13–15,25 Maximum layer
contractions of 0.65% are observed at ca. 10 K below TAC and the
layer spacing at the SmA–SmC transition dAC is restored upon
further cooling to ca. 26.4 K below TAC.
Fig. 3 Smectic layer spacing versus reduced temperature T � TAC for
compound BSac-1416. The dashed lines show the layer spacing at the
SmA–SmC transition. The solid lines represent the least-squares fit of
the data points in the SmA phase at T � TAC. The arrows indicate the
difference in layer spacing for calculating the R and f reduction factors.

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Optical tilt angle qopt versus reduced temperature T � TAC for
the compound BSac-1416. The solid lines represent the fits to eqn (1)
(b ¼ 0.21).
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The compound BSac-1416 forms SmA and SmC phases. A
thin lm (18 mm thickness) of the sample observed between
crossed polarizers, exhibits the characteristic fan and homeo-
tropic textures of the SmA phase that turn into broken fan
texture, upon transition to the SmC phase. In each case, the
texture analysis revealed a pronounced change in interference
colour on cooling from the isotropic phase to the SmC phase. As
shown in Fig. 4, the fan texture shows a green colour just below
the clearing point, which gradually turns reddish-green at the
SmA–SmC transition point TAC, and then red at 6 �C below TAC.
The overall colour change corresponds to a net increase in
birefringence Dn from ca. 0.07 to 0.08 consistent with an
increase in orientational order expected for de Vries-like
materials.9

The optical tilt angle (qopt) was measured by polarized optical
microscopy (POM) as a function of reduced temperature T� TAC
in the absence of electric eld (Fig. 5); qopt, obtained as the
difference in the angle of rotation between dark states in
domains of opposite tilt orientations30 was found to be 26.1�. Its
magnitude shows a discontinuity as T approaches TAC sug-
gesting that the SmA–SmC transition may be weakly rst-order
in nature. To test this hypothesis, the qopt prole was tted to
the power law:

q f |T � Tc|
b (1)

where b is the order parameter exponent related to the nature of
the phase transition and Tc is the critical temperature of
a hypothetical second-order transition (i.e., the super-heating
limit of the weakly rst-order transition).1 According to the
generalized mean-eld (Landau) theory of phase transitions,
a b value of 0.5 is expected in the case of a pure second-order
phase transition, whereas a b value of 0.25 is expected in the
case of a transition at the crossover (tricritical) point from
second to rst-order transition.32,33 As shown in Fig. 5, ts of the
qopt proles to eqn (1) give b value ranging 0.21, which are
consistent with the DHAC values measured by DSC and suggest
that the SmA–SmC phase transition exhibited by the BSac-1416
mesogens reported herein is weakly rst-order in nature.8

To assess the potential of a de Vries material to achieve
defect-free bookshelf geometry in the SmC phase, Radcliffe
et al. dened gures of merit R and f according to eqn (2)
and (3):

R ¼ d(T)/qopt(T) ¼ cos�1[dC(T)/d(TAC)]/qopt(T) (2)

f ¼ qXray(T)/qopt(T) ¼ cos�1[dC(T)/dA(T)]/qopt(T) (3)
Fig. 4 Polarized photomicrographs (20�) of compound BSac-1416 in
an unaligned glass cell with a spacing of 18 mm during mesophase
transitions (from left to right, 176.2, 174.1, 171.8 and 168.2 �C). The
change in interference color from (a)–(d) corresponds to an increase
in birefringence of ca. 20%.

This journal is © The Royal Society of Chemistry 2016
Here, assuming a rigid-rod model d(T) is the tilt angle
required to give the observed contraction relative to the layer
spacing at the SmA–SmC transition.8 In eqn (3), qXray(T), the X-
ray tilt required to give the observed layer contraction relative to
the SmA layer spacing dA(T) extrapolated in the SmC phase. This
extrapolation is done at a given reduced temperature using
least-squares t of the data points in the SmA phase near the
SmA–SmC transition.10 The latter gives a reduction factor that is
normalized with respect to negative thermal expansion. In each
equation, the tilt angle derived from layer spacing measure-
ments is divided by the optical tilt angle qopt(T) measured by
POM. At a reduced temperature T� TAC ¼�10 K, qXray observed
for BSac-1416, is 6.1�, a value consistent with the data for other
“de Vries like”materials.10 The R and f values of this compound
at T � TAC ¼ �10 K were calculated to be 0.23 and 0.44
respectively. Table 1 shows R and f values for the title compound
under investigation along with other “de Vries-like” liquid
crystals. It is seen that the gures of merit for BSac-1416 are
comparable to those for the best “de Vries-like” materials re-
ported heretofore, and thus has the potential to achieve defect
free bookshelf geometry.4

In summary, “de Vries-like” liquid crystals behaviour
comparable to earlier best reports on such liquid crystals has
been observed in a simple straight alkoxy chain-terminated
conventional liquid crystal. Ongoing efforts are focused on
structure–function relationship studies of homologous series of
such mesogens featuring aroylhydrazone core and reduction in
melting point of mesogens via structural modications, and
will be reported in due course.
Table 1 Smectic layer spacings, tilt angles, and figures of merit R and f
at T � TAC ¼ �10 K

Cmpds
dC
(Å)

dA
(Å)

d(TAC)
(Å)

qopt
(deg)

qXray
(deg) d (deg) R f

BSac-1416 43.0 43.9 43.3 26.1 6.1 11.4 0.23 0.44
2a 40.8 43.1 41.2 35 18.8 8.0 0.23 0.54
3M 8422b 31.7 32.3 31.8 25 11.0 4.5 0.18 0.44
TSiKN65c 35.70 35.95 35.95 34 6.8 6.8 0.20 0.20

a Ref. 18. b Ref. 8. c Ref. 9.
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