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Phase transitions between smectic A phases as well as
smectic C* phases and undulated structures in terminal
non-polar compoundsT

by P. GORING, G. PELZL, S. DIELE*

Institut fiir Physikalische Chemie, Martin-Luther-Universitit Halle-Wittenberg,
Miihlpforte 1, 06108 Halle/Saale, Germany

P. DELAVIER, K. SIEMENSMEYER and K. H. ETZBACH

BASF AG, Farbenlaboratorium, ZDT/F, C13, Carl-Bosch-Strafie 38,
67 056 Ludwigshafen, Germany

(Received 2 February 1995; in final form 1 May 1995; accepted 25 May 1995)

Two types of smectic A and smectic C phases, respectively, have been proved by X-ray and DSC
methods for compounds that are terminal non-polar, but consist of tuning-fork shaped molecules.
The structural models of the phases are discussed on the basis of steric interaction and of a dense
packing. The X-ray patterns of oriented samples point to an undulation of the smectic layers in

the case of the smectic A and smectic B phase.

1. Introduction

Smectic A and C phases are characterized by long-range
translational order in one dimension and liquid-like
arrangement of the rod-like molecules in the two other
dimensions. In the classical monolayer smectic A phase,
the one-dimensional density wave has a periodicity d
which is approximately identical with the molecular
length. But in substances with a pronounced polar
asymmetry, for example, terminal polar substances, the
dipolar interaction can lead to a polymorphism of smectic
A or smectic C phases where the d value considerably
deviates from the molecular length [1-3]. Otherwise, it is
also known that the steric asymmetry of molecules can
give rise to structural peculiarities of smectic phases.
In smectic A phases of swallow-tailed compounds,
uncorrelated strings of interdigitated molecules can occur
[4]. Smectic A phases of some lateral branched com-
pounds are characterized by an antiparallel alignment of
the molecules and a partial intercalation of the terminal
chains so that a d value results which is clearly smaller than
the molecular length, without any corresponding decrease
of the order parameter or the appearance of tilt [5]. Other
examples of sterically influenced structure variations are
found for terminally fluorinated mesogens [6]. In the
smectic A phases of such compounds the layer periodicity

* Author for correspondence.
1 Dedicated to Prof. Dr A. Saupe on the occasion of his 70th
birthday.

exceeds clearly the molecular length (d/L = 1-05-1-1).
Furthermore, from X-ray investigations a strongly defec-
tive modulated layer structure can be derived whereby the
position of the areas of shifted layers are not correlated in
space [6].

In this paper we show that a special molecular shape not
only causes structural peculiarities, but can also lead to
different modifications of the smectic A as well as the
smectic C* phase—similarly to compounds with polar
asymmetry.

2. Materials

The substances under investigation are listed in the
table. The synthetic route is described in [7]. It is seen that
these substances exhibit a tuning-fork-like molecular
shape. The central core is an aromatic ring (A) or a
cyclohexane ring (B). In the 1, 3 and 5 positions, rod-like
mesogenic moieties R are substituted. It should be noted
that compound BII contains three different substituents
R, R,, and R; and therefore their positions are statistical.
For all substances listed in the table, the phase transition
temperatures are presented and the brackets denote
transitions in the supercooled state. The identification of
the liquid crystalline phases is anticipated and will be
described in § 4.

3. Experimental
The phase transition temperatures (see the table) have
been determined, generally, by microscopic and calori-

0267-8292/95 $10-00 © 1995 Taylor & Francis Lid.
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Structure and phase behaviour of the compounds under investigation.
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metric investigations (DSC, Perkin-Elmer). By texture
observation, the N and S, phase and the cholesteric and
S& phase could be identified. The phase transition within
the Sa or SF phase, respectively, has been recognized by
X-ray studies using a photographic flat film method for
oriented samples and a Guinier goniometer for non-ori-
ented samples. Since the transition temperatures strongly
depend on the temperature regime, the values determined
by the X-ray measurements are somewhat different from
these determined calorimetrically.

4. Results

4.1. Remarks concerning the nomenclature used

In the following, it will be shown that there exist
transitions within the S, and S& phase regions. These
phase transitions involve phases with structural similari-
ties to Sa 1, Sa2 and Si phases of terminal polar substances,
the designation of which is introduced according to the
relation d=L and d=2L, where d and L are the layer
thickness and the length of the molecules, respectively
[1,3]. In the Si phase an undulation of the smectic layers
has been proved.

Anundulation of the smectic layers has also been found
in the low temperature S, phase and Sy phase of the
substances BIL. Therefore the symbols Sz and Sg will be

used, too, in these cases. In the high temperature S5 and
S¢& phases, however, the ¢ values correspond to half of the
molecular length. Following the designation introduced in
the case of polar substances, the symbols Sa» and S& 2
have to be used.

It should be emphasized, that the nomenclature is only
based on the structural similarities. The intermolecular
interactions leading to the transitions are quite different.
Also miscibility studies are still lacking.

4.2, Phase behaviour of compounds Ala, Alb and Bla

According to the microscopic observations, all three
compounds exhibit a smectic C* phase; compounds Ala
and AlIb form, in addition, a cholesteric phase. The
cholesteric phase commonly appears as a Grandjean
texture, whereas the smectic C* phase occurs in a schlieren
texture. Because of the chiral centres in the mesogenic
units, the smectic C phase is twisted (S&), as indicated by
a ferroelectric switching [7]. From electro-optical mea-
surcments, a tilt angle of about 40° could be estimated.

Because the phase behaviour of the substances under
discussion is quite similar, the principal results of the
X-ray investigations will be presented for compound Alb.
Figure 1 shows the X-ray diagrams of a non-oriented
sample as a function of the temperature. At the transition
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Figure 1. X-ray diffraction pattern of the cholesteric, smectic
C* and solid phases of compound AIb at different
temperatures.
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Figure 2. Temperature dependence of the d value in the S&, and
S& s, phases of compounds Alb.

of the cholesteric into the smectic C* phase, besides the
diffuse outer scattering (6 = 10°), a strong reflection at
small angles (0= 1.26°) appears, indicating the layer
structure.

Regarding the tilt angle, this reflection corresponds to
about half of the molecular length (S&,). Whereas the
diffuse outer scattering remains unchanged until crystal-
lization occurs at 54°C, below 77°C the position of the
small angle reflection is somewhat shifted and an
additional strong peak (8 = 2-1°) arises (see also figure 1).
Figure 2 displays the temperature dependence of the d
values. The transition is connected with a small jump in
the layer thickness.

If the first reflection is designated by a scattering vector
g» and the second one by g3, then ¢ is related to gz as 2: 3,
and this leads us to index these reflections as (002) and
(003), respectively, with a consequent doubling of the
layer thickness in comparison with the high-temperature
smectic C* phase. Considering the tilt angle, the layer
thickness now corresponds to the molecular length (S&)).
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Figure 3. DSC thermograms for heating and cooling runs for
compound ATb, suggesting the phase sequence indicated in
the text.

Because of the relatively high viscosity, it was
impossible to orient the sample by a magnetic field. But
in drawn fibres, a preferred direction of the layer normal
perpendicular to the fibre axis could be obtained. We
found that the reflections with g, and g3 are positioned on
a line perpendicular to the fibre axis, which supports the
proposed indexing of the scattering maxima. But it should
be emphasized that the (00 1) reflection has never been
observed. Probably the intensity of the (00 1) reflection is
below the limit of detection caused by the small value of
the structure factor at this wavevector.

The transition between these two smectic C* phases
indicated by X-ray investigations could be proved by
calorimetric measurements. The DSC cooling curve
shows a small, but clear transition peak corresponding to
a transition heat of the order of 1-5J g~ ! (see figure 3). It
should be mentioned that such a transition peak for
S& — S&» was also observed for the compounds Ala and
Bla.

Looking for a structure model for both smectic C*
phases, we have to take into account the layer periodicity,
the molecular length, the tilt angle and the space filling
conditions. Near the phase transition S&,—S& the
experimental d value was 3-28 nm for the S&,,, phase and
6-3nm for the S& phase. The overall length of the
molecule is about 8-4nm, whereas the length of the
mesogenic moieties is about 4nm. In addition, from
dielectric measurements it follows that an essential part of
the molecules must be aligned antiparallel in both smectic
C* phases.

Figures 4 (a)-(d) present four packing models which
fulfil the conditions mentioned above. In model I, the
parallel aligned molecules are shifted by half a molecular
length so that a layer periodicity d = $(Lcos ) (§ =tilt
angle) results. Model II is characterized by an antiparallel
alignment with a layer spacing d = Lcos 3. In model 111,
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Figure 4. (a) Packing model I: layer period d = 1/2(Lcos f3). (b) Packing model II: layer period
d = Lcos 8. (¢) Packing model III: layer period d = 3/2(Lcos f5). (d) Packing model IV: layer

period d = 1/2(L.cos f3).

the molecules are also antiparallel but they are shifted by
a half molecular length. From this structure a layer period
d = 3(L cos f) can be deduced. Model TV is a combination
of model II and III which gives rise to a d value
d=4(Lcos f).

It is seen that model III contradicts the experimental
results. The experimental d value of the S&, phase is only
fulfilled by model II with the antiparallel alignment of
molecules. The transition from S&, into the S » phase is
connected with a halving of the layer period, which can be
explained either by model I or model IV. Otherwise, a
transition from the structure of model I to model II should
be accompanied by a clear change in the dielectric
permittivity parallel to the director (gp); this could not be
observed |8}. Furthermore, this transition would demand
the rotation of about 50 per cent of the molecules around
the short axes which should be reflected in a greater
transition enthalpy as experimentally observed. For this
reason model I'V seems to be the most plausible structure
model of the S&, phase and this which would satisfy the
space filling condition, the experimental 4 value and the
results of the dielectric measurements.

4.3, Phase behaviour of the compounds BIT
By microscopic observation, besides the nematic phase,

Heat Flow [a.u.

a smectic A phase was found which maintained a
homeotropic or fan-shaped texture until the crystalliza-
tion. But as seen from the calorimetric curve, a very weak
transition peak at 54°C (AH=0-16Jg~ ') and a pro-
nounced peak at 28°C (AH = 9-85J] ¢~ ') was detected (see
figure 5). X-ray investigations give evidence that the first
peak is caused by a transition between different smectic A

20 30 40 50 80 70 80 20
Temperature/°C

Figure 5. DSC thermograms for heating and cooling of
compounds BII suggesting the phase sequence indicated in
the text.
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phases, whereas the second one corresponds to a transition
from smectic A to smectic B.

The transition within the smectic A region was obvious
from the X-ray pattern of a non-oriented sample. The
X-ray pattern above 54°C shows one strong small angle
reflection which corresponds to a layer period
d> = 3-:56 nm, whereas the molecular length obtained by a
molecular model amounts to about 7-0nm. Below 54°C,
a second strong small angle reflection occurs, the d value
of which (d") is nearly twice d, found for the high-tempera-
ture phase Sa,» (see figure 6). It foliows from figure 7 that
the full width at half maximum (FWHM) of the diffuse
outer scattering remains unchanged up to 33°C. Then, a
pronounced drop occurs which is due to the transition of
the S, phase into a smectic phase with order within the
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Figure 6. Temperature dependence of d values for the Sz and
Sa12 phases of the compounds BII.
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Figure 7. The full width of the half maximum (FWHM) of the

outer scattering (~ 10°) in the Sz and Sz phase of

compound BIIL

layers. The nematic phase of compounds BII could be
homogeneously oriented by a magnetic field. This orien-
tation was preserved also in the smectic state. X-ray
patterns of oriented samples give additional information
about the structure of the phases under discussion
(see figure 8).

According to figure 8, the high-temperature phase Sa;,»
exhibits the (0 0 1) reflection on the meridian of the pattern
parallel to the magnetic field. In addition, a very weak
diffuse scattering is observed at nearly the half Bragg
angle. This diffuse scattering condenses at the transition
into the low temperature S, phase. The second reflection
in the small angle region is split off as shown schemati-
cally in figure 9. The splitting means that the intensity
distribution exhibits maxima definitely out of the merid-

Satn

Figure 8. Small angle X-ray patterns of oriented samples of the
Si. Saiz and Sg phases of compounds BIL.
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Figure 9. Schematic representation of the X-ray diffraction
pattern in the small angle region in the Sz phase of
compounds BII (g,, g2, ¢', g.: scattering vectors).

A AN

Figure 10. Schematic representation of the undulation of the
layers in the Sz and Sg phases of compounds BIL.

ian. This kind of pattern can be explained by an undulation
of the smectic layers perpendicular to the layer normal
(see figure 10) which has been found in the Sz phase of
terminal polar substances [9,10]. The splitting of the
reflection and the corresponding undulation remain
unchanged in the smectic B phase.

The splitting of the (00 1) reflection can also explain
why, in the X-ray pattern of non-oriented samples (see
figure 6), d, of the S, phase is not exactly half value of
d' inthe S4 phase. As seen from figure 9, the layer spacing

in Si calculated on the basis of the scattering vector g’
must be smaller than twice d,. The pattern of oriented
samples proves that ¢ is twice ¢;. Apart from the
undulation of the layers, the transition S4;2 — Si should
be accompanied by a reorganization of the molecules
which is probably analogous to that of the S&n— 588
transition; this means that in the Sa phase the antiparallel
packing of the tuning-fork-like molecnles must be domi-
nant. In the Sai, phase there is obviously a combination
of pairs of antiparallel aligned molecules which are shifted
by half the molecular length.

5. Discussion

In the compounds under investigation the mesogenic
moieties are decoupled from the central core by a flexible
spacer so that they are able to align parallel to each other
and to form smectic layer structures. The relative
flexibility of the mesogenic units is also indicated by the
electro-optical béhaviour of the S » phases. It could be
shown [7] that the ferroelectric switching is relatively fast,
so that polymeric foils of these materials can be obtained
as switchable elements.

The main structural feature of the tuning-fork-like
molecules is a pronounced difference of the cross-sections
in different parts of the molecules. The steric repulsions
associated with the steric asymmetry of the molecules
obviously give rise to the occurrence of different types of
smectic A as well as smectic C phases. For molecules with
polar asymmetry, the different kinds of smectic layering
were theoretically treated by Prost er al. [11,12], who
postulated the competition between two incommensurable
length scales. Because of the polar asymmetry, not only
should the density modulation determine the smectic
layering, but also the position of the molecular dipoles
with respect to the layers. In this way two characteristic
lengths occur—the molecular length L and the length L’
corresponding to the formation of spatial associates which
lead to the repetition of the local polar groups.

As discussed by de Jeu er al. [13], and Ostrowski {6],
molecules with steric asymmetry should in principle also
be able to form different smectic A or C phases. As in the
case of terminal polar substances, the whole tuning-fork-
shaped molecule can be presented by a vector indicating
the steric dipole. Obviously the antiparallel correlation of
molecules indicated by dielectric measurements is en-
ergetically favourable. Depending on the temperature-de-
pendent flexibility of the spacers and the terminal alkyl
chains and because of the lateral cohesion between the
mesogenic units, the space filling condition can be realized
in different ways, so that, in spite of the same point group
symmetry, different modifications are possible which are
distinguished by the packing of the molecules. Unlike
terminal-polar compounds, in the high temperature smec-
tic A and C phases, the layer period corresponds to half of
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the molecular length, whereas in the low temperature
phases, the d value agrees with the full molecular length.
It is known that in smectic A phases of terminal-polar
compounds, the small angle reflections can be observed
out of the meridian, which points to an additional periodic
density modulation in the plane of the smectic layers
[1,10,11]. In this case, the position of bilayers with
antiparallel arranged dipoles is shifted periodically in the
direction of the layer normal so that a modulation of
the layer planes occurs. These smectic phases were
designated as Sz or S¢ phases. Recently Ostrowski [14]
reported an example of a terminal non-polar compound
possessing a pronounced steric asymmetry which also
shows such undulation of the layers. Therefore it is not
surprising that the tuning-fork-like molecules which show
a strong tendency to antiparallel order are able to form
smectic A phases. As shown by our structure models
(see §4), the antiparallel aligned ‘steric dipole’ of the
tuning-fork-like molecules can also change periodically
from layer to layer giving rise to the observed in-plane
modulation (see figure 10). The period of modulation
d =2n/g, was found to be about 13 nm. It is remarkable
that this modulation persists in the smectic B phase, too.
The transition from the Sj into the Sa;» phase can be
explained then by a loss of the segregation of the
antiparallel arranged dipoles leading to the undulation, so
that the structure of the S5, phase consists more or less
of pairs of antiparallel molecules which are shifted by a

half of the molecular length. The results presented in this
paper give further evidence for the role of steric repulsion
associated with the steric asymmetry of molecules on the
polymorphism of smectic A or C* phases.

References

[1] HarDOUIN, F., LEVELUT, A. M., AcHarD, M. F., and
Si1GAuDp, G., 1983, J. chem. Phys., 80, 53.

[2] Demus, D., DIELE, S., GRANDE, S., and SACKMANN, H.,
1983, Polymorphism in thermotropic liguid crystals,
Advances in Liquid Crystals, Vol. 6, pp. 1-107.

[3] DE GENNES, P. G., and ProsT, JI., 1993, The Physics of
Liguid Crystals (Oxford Science Publishers), pp. 560.

[4] DiELE, S., MAHNKE, S., WEISSFLOG, W., and DEMus, D.,
1989, Lig. Crystals, 4, 301.

{5] DiELE, S., MADICKE, A., KNAUFT, K., NEUTZLER, J., WEISS-
FLOG, W., and DEMuS, D., 1991, Lig. Crystals, 10, 47.

[6] OsTROWSKI, B., 1993, Lig. Crystals, 14, 131.

[7] OFFENLEGUNGSSCHRIFT P 4342733 8.

[81 KrESSE, H., NovoTNA, E., SCHIEWE, B., HOHMUTH, A_,
DELAVIER, P., SIEMENSMEYER, K., and EtzBacH, K. H.,
1995, Molec. Crystals lig. Crystals, 261, 481.

[9] SicAauD, G., HArRDOUIN, F., ACHARD, M. F., and LEVELUT,
A.M,, 1981, J. Phys., 42, 107.

[10] LeveLuT, A. M., 1984, J. Physique Lett., 45, 60.

[11] Prost, 1., and BaARoOIS, P, 1983, J. chem. Phys., 80, 65,

[12] BARrois, P., POMMIER, 1., and Prost, J., 1992, Solitons in
Liquid Crystals (Springer Press), Chap. 6.

[13] LoNGa, L., and DE Jeu, W. H., 1982, Phys. Rev. A, 26,
1632.

[14] LoBko, T. A., and OsTROWSKI, B. L., 1992, Molec. Mater.,
1, 99,



