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Frustrated smectic phases in swallow-tailed compounds with

perfluorinated chains

by D. LOSE, S. DIELE*, G. PELZL, E. DIETZMANN and W. WEISSFLOG

Institut fiir Physikalische Chemie, Martin-Luther-Universitit, Halle-Wittenberg,
Muhlpforte 1, 06108 Halle/S., Germany

(Received 4 August 1997; in final form 6 November 1997, accepted 26 November 1997)

A group of 4-[ 4-(4-n-octyloxybenzoyloxy) benzoyloxy] benzylidenemalonic acid bis(perfluoralkyl)
esters and 4-{4-[2,2-bis(n-octyloxycarbonyl)ethenyl ]benzoyloxy}benzoic acid 4-perfluoro-
alkyloxyphenyl esters with varied lengths of the perfluorinated chains were investigated by
X-ray measurements. The liquid crystalline behaviour (SmA, SmC, Col) and the structures of
the phases are described. The substances show the influence of the steric interaction caused
by the wedge shape of the molecules and the repulsion caused by chemically incompatible
segments (fluorophobic effect). In the first group of compounds investigated the steric
interaction clearly dominates the structure, so that an antiparallel packing of the molecules
in SmA and SmC phases results. In the second group, the influence of the incompatibility is
more and more enhanced and a low temperature phase with a columnar structure arises in

which the incompatible parts are separated on a microscopic scale.

1. Introduction

The covalent linking of chemically incompatible
moieties (in this case the combination of perfluorinated
moieties with aromatic and aliphatic moieties) is an
actual way to vary or to create new liquid crystalline
structures. The most simple chemical structure can be
found in semifluorinated alkanes which exhibit liquid
crystalline properties [1-6]. Even these simple com-
pounds form smectic phases with structural peculiarities.
The different parts of the molecules are assumed to be
organized in different sub-layers. Today, a lot of partially
fluorinated compounds are known, all of which show
that minor changes of the chemical structure can lead
to essential differences in the packing of the molecules
[7-21]. One significant parameter is the ratio of the
smectic layer thickness to the length of the molecules.
Values of the ratio between 0-7 [22] and 17 [16] are
known, proving the existence of SmA; and SmAq4 phases.
In well oriented samples the existence of a periodicity
perpendicular to the layer normal can also be detected
(undulated structures) which leads to the two-dimensional
SmA or SmC phases [7, 16].

These results are in strong analogy to the smectic phases
of terminally polar substances, in which these structure
types were discovered [23] and theoretically explained
[24,25]. Different types or sub-groups of smectic phases
can be achieved, too, in the case of molecules with a
strong asymmetric shape. The additional steric inter-

* Author for correspondence.

action leads to a frustration of the packing in the smectic
layers. The influence of the molecular shape was exten-
sively studied years ago by introducing so-called steric
dipoles or steric quadruples [26,27]. In lateral aryl-
substituted mesogens, periodicities incommensurable to
the layer period of the SmA phase have been found [28].
In tuning fork-like substances, transitions within the
SmA and SmC phase could be proved [29]. Therefore
it can be stated that an additional intermolecular inter-
action—such as terminal dipoles, steric asymmetry or
chemical incompatibility—forces the appearance of
new phases.

In the present paper we present wedge-shaped com-
pounds with perfluorinated units in different positions.
These molecules show a strong steric asymmetry, and
on the other hand they contain incompatible molecular
moieties. Both the steric asymmetry and the chemical
incompatibility here play an important role in structure
formation.

2. Experimental

The synthetic routes to the substances under discussion
have been described earlier [ 30]. The phase behaviour
of the substances studied is given in table 1.

The phase transitions were studied using a differ-
ential scanning calorimeter (DSC Perkin Elmer) and a
polarizing microscope (Leitz Orthoplan) equipped with
a Linkam hot stage. The X-ray diffraction patterns of
non-oriented samples were recorded using the Guinier
method. Well developed monodomains could be achieved

0267-8292/98 $12:00 © 1998 Taylor & Francis Ltd.
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Table 1. Structural formulae, phase transition temperatures (°C), code names, molecular lengths and layer spacings. L = length of
molecules measured by CPK-models (the most stretched conformation); dt, d€ = layer spacing; o = maximal tilt angle of
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the molecules with respect to the layer normal.

Col

/COOCHZR L /nm d*/nm dSmm d~" /nm
C3H17O—-®7006—O——00(&—©—CH=C\ (al®) (al®)
COOCH,R
A R
A0 C;H;s Cr40 SmC 51 N 881 4-5 — 3-8 (~30) —
Al Cs;F5 Cr 127 (SmC 122) SmA 130 N 134 1 4-08 3-8 3-65(16) —
A2 CH;C¢F13 Cr116 SmC 153 SmA 1611 4-62 4-28 398 (22) —
A3 C;Fs Cr119 SmC 137 SmA 143 N 1461 4-62 4-36 4-1(20) —
COOCsH
RCH20—< >—ooc—< >7ooc—< >—CH=C( =
COOCgH”
B
B1 Cs;F; Cr43 SmC 63 SmA 99 1 4-08 3-53 34 (16) —
B2 CH,;C¢F13 Cr 67 Col 69 SmC 79 SmA 1511 4-62 4 3-7(22) 7(29)
B3 C;Fs Cr 60 (Col 54) SmC 66 SmA 1501 4-62 4 3-7(22) 7(29)
B4 CH,;CsF7 Cr 98 Coliec 99 SmA 175 1s 4-88 4-3 — 7-5(0)
B5 CyoFi9 Cr 85 (Colec 74) SmX 88 SmA 173 1 4-88 4-34 — 7-5(0)
B6 Ci1Fa3 Cr 109 Colyec 112 SmA 1851 5-08 4-5 — 7-96(0)

by surface alignment on a glass plate; the incident beam
was nearly parallel to the glass plate. The scattering
from oriented samples was measured using a two-
dimensional area detector (HI-STAR detector, Siemens).
The sample-detector distance could be varied between
90 and 250 mm. Because of the scattering geometry used,
only the upper half of the reciprocal space could be
detected; the lower half was shadowed by the glass plate.
To check the symmetry of the full pattern, oriented
samples in glass capillaries were used, but the alignment
was generally not of such high quality. The temperature
stabilization during the measurements was better than
0-2 K.

3. Results

The liquid crystalline phases were assigned from their
textures. The SmA phases exhibit the typical fan-shaped
texture or homeotropic texture, whereas the SmC phase
mostly appears as a schlieren texture. The mesophases
below the SmC phase (previously designated by SmX
and in the following proved to be a columnar phase)
could not be distinguished from the SmC phase by
texture observations. But a clear peak in the DSC trace
(figure 1) indicates the transition. In the case of com-
pound B6, the transition between the SmA and Colyec
phase is clearly connected with a texture change
(figure 2). According to their polymorphism the sub-
stances can be divided into three groups. Compounds

A1-A3 and B1 exhibit a smectic dimorphism SmC, SmA
and an additional nematic phase (A1, A3). In the second
group (B2, B3), the smectic dimorphism is observed and
additionally a low temperature phase. In the third group
(B4,B5,B6), only a smectic phase (SmA) besides the
low temperature phase is found. The low temperature
phase can be easily supercooled to room temperature.
Each group contains its own structural peculiarities
which are discussed below. The above phase behaviour
of the compounds is supported by the X-ray studies.

3.1. Compounds Al, A2, A3 and Bl

In the first group the known X-ray patterns of
the SmA and SmC phase are observed, this meaning
the first and second order of the layer reflection
together with a diffuse scattering around a Bragg angle
of 9° as shown for compound B1 [figure 3 (a)]. The
d-values decrease continuously below the SmA — SmC
transition indicating an inclination of the molecules
[figure 4 (a)]. A maximal tilt angle calculated according
to a=cos ' d“/a® is about 20° (table 1). The layer
thickness in the SmA phase corresponds to the length
of the molecules. Obviously the fluorination of the
terminal branched chains increases the steric asymmetry
of the molecules and encourages the antiparallel packing
of the molecules (A1, A2, A3) which has already been
described for the non-fluorinated analogues [31, 32].
Also the fluorination of the short non-branched chain
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Figure 1. DSC curves of compounds B2 (¢) and B6 (b), heating and cooling rate 10 K min ", Arrowed area in (a) is expanded in

the inset: AHsmc-cor=025J g~ In (b) AHsma-cor=107 g

at the other end of the molecule (B1) is too weak to and non-fluorinated moeities are arranged together. This
change the antiparallel packing. Therefore an anti- can be related to miscibility studies [33-35], in which
parallel structure of the wedge-shaped molecules in a short perfluorinated chains are found to be miscible with

smectic A1 type can be derived in which the fluorinated hydrogenous aliphatic chains.
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Figure 2. Textures of compound B6. Top: SmA phase (140°C).
Lower: Col,e phase (100°C).

3.2. Compounds B2 and B3

In the second group, the feature of the X-ray patterns
is quite different. The pattern of non-oriented samples
[B2, figure 3 (h)] exhibits a layer reflection of extremely
low intensity. Simultaneously a strong diffuse scattering
in the small angle region appears which sometimes
covers the layer reflection. The diffuse scattering con-
denses to Bragg reflections in the small angle region
at the transition into the columnar phase (below the
SmC phase).

The wide angle scattering remains unchanged
(maximum around 9:5°) in the SmA and SmC phases.
The temperature dependence of the d-values in the SmA
and SmC phases exhibits the same behaviour as that
found for the compounds of the first group, and a
discontinuous change of the d-value at the transition
into the low temperature phase could not be detected
[figure 4(b)]. This implies that in this phase too the
molecules must be tilted with respect to the layer normal.
The d-value in the SmA phase corresponds to the length
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Figure 3. X-ray diffraction patterns of non-oriented samples

of compounds B1 («), B2 (b) and B6 (c).

of the molecules which can be explained by a monolayer
packing of antiparallel aligned molecules [figure 5 (a)].
However the strong diffuse scattering in the small
angle region indicates the existence of a molecular
organization with a bimolecular length, as found in the
low temperature phase, but without long range order.
The outer diffuse scattering in the low temperature
phase exhibits an asymmetric profile which has been
analysed as consisting of two maxima at 8:9° and 10-3°
[figure 6 (a)]. The wide angle scattering of the equivalent
non-fluorinated compound shows only one diffuse
scattering with a maximum at 10-2° [figure 6 (c)]. This
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Figure 4. Layer-spacing d as a function of temperature of
compounds B1 («), B2 (b) and B6 (c).

maximum is commonly observed for aliphatic or
aromatic parts, whereas for perfluorinated chains the
maximum is detected about 8:9° [36-38]. These values
were attributed to the disordered state of the aliphatic
and perfluorinated chains, respectively. Therefore the
first observed wide angle scattering is caused by the
perfluorinated moieties and the second by the aliphatic

intensity/a.u.
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Figure 6. Comparison of the profiles of the wide angle

scattering in the low temperature phase of compounds
B2 (a) and B6 (b) and for comparison in the SmC phase
of compound A0 (¢) (¢ =2n/d =4n/Asin 0).
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and aromatic regions. This result points to a layer
structure in which the chemically incompatible parts are
segregated in different sub-layers.

The patterns of the well oriented samples support
these results (figure 7). In the small angle region of the
pattern for the SmA and SmC phase, a weak layer
reflection at the meridian of the pattern and two diffuse
scattering maxima (1lst and 2nd order) can be detected
[figure 7 (a) and 7 (b)]. Figure 8 displays the development
of the diffuse scattering as a function of the angle y,
where y is the angle between the layer normal and the
position of the maxima. Approaching the low temper-
ature phase, the diffuse scattering becomes more and
more concentrated out of the meridian, but the positions
of the maxima remain constant. The maxima condense
to Bragg-spots shown in figure 7 (c). The arrangement of

D. Lose et al.

the reflections on the pattern of the oriented sample
suggests the assumption of a rectangular centred cell.
The lattice parameter as well as the reflections calculated
on the basis of this assumption are listed in table 2 (a).
The agreement between calculated and measured values
is very good.

To explain the experimental results by a structural
model, the different cross-sections § of different parts
(5ar=0-22nm’ aromatic, 8r=028nm’ perfluorinated
and Saik =0-18nm’ aliphatic moieties) [39-43] of the
molecule must be considered. To prevent ‘holes’ in
the packing, the differences can be equalized by a tilt w
of the different moieties [44,45] with respect to each
other [figure 9(a)]. According to Sr/28ak =cos y the
perfluorinated moieties form an angle of 33° and the
aromatic parts an angle of 52° (8ar/28a = cos y). With

(a)

(b)

Figure 7.

(¢)

X-ray patterns of the small angle region of the oriented sample of compound B2. SmA phase at 130°C (a); SmC phase

at 75°C (b); Col phase at 65°C (c).
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Figure 8. Development of the diffuse small angle scattering

of compound B2 as a function of y (y is the angle between
the layer normal and the position of the maxima). SmA
phase (¢); SmC phase (b); Col phase (c).

respect to the molecular long axis, the aliphatic chains
are tilted by about 52° and the fluorinated chain by
about 19°. With these tilt angles and the length of the
moieties (figure 9), the molecular length is calculated to
be L =4-1nm which is in a good agreement with the
measured d-value in the SmA phase.

In the SmC phase a tilt angle of about 22° is measured
on the basis of oriented samples. Cooling the sample
into the low temperature phase, the tilt of the molecules
with respect to the layer normal is increased (29°), but

the pattern is now explained by a two-dimensional
centred rectangular lattice [table 2, figure 5(b)] built up
of fragments of layers in which the molecules are tilted.
The translation period 5 in the direction of the layer
normal indicates that the molecules are organized in a
double layer so that fluorinated and non-fluorinated
parts are separated. To reconcile the structural model
shown in figure 5(b) with the condition of a two-
dimensional centred cell (which means the presence of a
glide mirror plane) the building group in the centre must
be rotated around the ¢ axis by 180°. That would be
compatible with the disordered structure. Since the
experimental conditions do not allow us to distinguish
between a rotational disorder of the whole sample (fibre
symmetry) and the above mentioned alignment of the
building groups, an alternative evaluation of the pattern
is added based on the assumption of a two-dimensional
oblique lattice. In this model [figure 5(c)] the rotation
of the centred building group is not necessary. The
re-indexing of the pattern, as in table 2(b), and the
derived lattice do not alter the conclusions discussed
with respect to the molecular packing.

3.3. Compounds B4, B5 and B6

In the third group, the perfluorinated part is increased
in size and a different phase behaviour is found (table 1).
The SmA phase directly passes over into the columnar
phase [figures 3(c) and 4(c)]. The patterns of the ori-
ented sample (figure 10) show the typical feature of the
SmA phase and a layer spacing of the SmA, structure
(d=~ L) is observed. The tilt v of the molecular moieties
with respect to each other is the same as described
above (compounds B2/B3) and explains the d-value
(@* =4-4nm).

Approaching the transition into the low temperature
phase, a diffuse scattering besides the pronounced
layer reflection in the small angle region [figure 10(5)]
indicates again an undulation of the smectic layers on
a short range scale. On cooling the sample numerous
spot-like reflections are detected in the small angle range
and these have been indexed on the basis of a two-
dimensional rectangular centred cell [figure 10(c)]. The
apparent splitting of the equatorial reflections can be
explained —in our opinion—by the sample preparation
on the glass plate and it is not generally observed at the
pattern of this phase. An interpretation in terms of a
twining with an oblique cell with an angle between the
axes of about 85° could be taken into consideration too,
but it would demand that the numerous observed (4 k)
reflections with & # 0 should also be split, which can be
excluded with certainty. It is remarkable that the (4 0)
reflections on the equator of the pattern could be
detected too, a feature which up to now has never been
observed in other systems. This may be due to the higher
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Table 2. Scheme of the X-ray patterns (columnar phases) of compounds B2 («) and (b) and
B6 (c¢); observed and calculated reflections, Miller indices of the two-dimensional lattice.
(a) and (b) display two alternative indexings of the same pattern (rectangular and oblique,

respectively).
(@) B2 Colrec Ocxp hk Bcal
‘ 0-97 11 —
: *

: o 1-26 02 —
96 2:05 13 2:03
S s wide angle scattering 2-55 04 2-52
- 322 15 323
3-80 06 378
1-48 20 1-48

a=599nm, b=7-01 nm

Bexp hik Ocal
T 097 10 _
b 126 01 —
q; 205 11 2:04
T 12 wide angle scattering 2-55 02 2-53
- 322 12 329
02 3-80 03 3-79
¢ 148 21 —
- 1] a*
o) T a=596nm, b =4-54nm, y=130°
)
® @ &
e V3
(¢) B6 Colyee Ocxp hk Beal
- 0-161 11 _
: b 1-11 02 _
. % % 128 22 122
D5 g 1-66 13 168
. T =R 225 04 222
- 2-80 15 279
3-37 06 333
-7 220 24 228
- - 331 26 3-37
- 8 179 33 183
2-82 35 2-88
b 051 20 051
105 40 101
152 42 150

a=17-45nm, b=796nm

amplitude of the density modulation perpendicular to
the layer normal in the substances under consideration
caused by an alternating change between fluorinated
and non-fluorinated regions. Table 2 (¢) displays, besides
the sketch of the observed pattern, the cell parameters
calculated on the basis of the positions of the reflections
of the powder-like pattern.

But the arrangement of the molecules must be different
in comparison with that in the columnar structure of the
second group. This is indicated by the phase transition
enthalpy SmA-Col;. (figure 1) which is more than one
order of magnitude higher (1017J g_l) than the phase
transition enthalpy SmC-Col (0-25J g_1 ). Furthermore,
the d-values decrease discontinuously at the SmA/Colrec
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a) SmA phase (B2)

-

b) Col,.. phase (B2)

R

x\
a2 &
L i

5 28
B

Figure 5. Structural models (designed by the Cerius 2 program)
of the SmA (¢) and columnar (b-d) phases. The models
shown in (b) and (¢) correspond to the alternative inter-
pretations of the X-ray pattern according to table 2 (a)
and 2 (b).

molecular long axis

layer normal

Figure 9. Schematic model of the tilt of molecular moieties
with respect to the layer normal in the SmA phase of
compound B2.

transition indicating a reorganization of the packing
[figure 4 (c)]. Though the diffuse outer scattering at
the equator proves the perpendicular alignment of the
molecules in the SmA phase as well as in the Colrec phase,
the d-value in the Colwc phase does not correspond to
the length of the molecule.

The outer diffuse scattering is changed at the transition
into the low temperature phase. In the columnar phase
it consists of two diffuse scattering maxima at 87°
and 10° [figure 6 (b)]. The FWHM of the first diffuse
scattering is much smaller in the case of the columnar
phase than that of the second diffuse scattering, in
contradiction to that of the compounds in the second
group [figure 6(a)], but the coherence length of the
lateral packing remains of short range order. The
difference between the d-value and the length of the
perpendicularly aligned molecules demands a model
in which the building groups of the two-dimensional
cell (fragments of layers) consist of antiparallel aligned
molecules which are shifted with respect to each
other so that the perfluorinated parts are together
[figure 5(d)]. This leads to a higher ordered packing in
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(a)

(b)

Figure 10. X-ray pattern of the small angle region of the oriented sample of compound B6. SmA phase at 140°C (a); SmA phase
at 120°C (b); Col,ec phase at 100°C (c).

the perfluorinated sub-layer in comparison with that of
the Col phase in the second group, which is indicated
by the smaller FMHW of the corresponding scattering.
In this way the incompatible parts of the molecules are
separated, again.

4. Conclusion

The substances under consideration show the influence
of steric interaction on the one hand and repulsion
caused by chemically incompatible segments on the
other. In the first group of compounds investigated
the steric interaction clearly dominates the structure
so that only an antiparallel packing of the molecules
results. In the second and third groups the influence of
the incompatibility is more and more enhanced. As a
consequence, columnar structures arise in which the

incompatible parts are separated on a microscopic scale.
Two types of columnar structure have been observed
which are distinguished by the tilt of the molecules (zero
or ==29°) within the blocks.

We thank the Deutsche Forschungsgemeinschaft
(Project Di 465/3-1) as well as the Fond der Chemischen
Industrie for financial support of our liquid crystal work.
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