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Crystalline structure of a liquid
crystal forming ligated twin
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The solid state crystalline structure of a low molecular weight ligated dimer twin has been
examined by TEM and x-ray diffraction methods. In this material each twin consists of a
short, central rigid three phenylene ring segment, with short alkane tails attached at both
ends; this is joined to its twin by a connecting methyl group. This was found to form a
layered structure of period ~35 A in which the molecule adopts an extended conformation
wherein both the alkane tails and the rigid units form their own sub-layers, imparting a
mosaic morphology to the system. © 2002 Kluwer Academic Publishers

1. Introduction

Low molecular weight liquid crystals comprised of se-
quences of flexible, aliphatic segments connected to a
stiff, rigid moeity are interesting materials from both
fundamental and practical viewpoints. Such materials
can display ferroelectric and antiferroelectric proper-
ties leading to their use in electro-optical devices. These
particular compounds are typically formed by attaching
pendant alkyl chains to a stiff, mesogenic, rod-like unit
to form essentially short chain triblock materials. It is
also possible to covalently join two such units by co-
valent bridging linkages to form so-called ligated twin
liquid crystals [1-3]. This article is concerned with the
crystal structure and conformation of such a material.

The material of interest is shown in Fig. 1a in one of
the two possible extended chain configurations. Each
half of the ligated twin consists of a central stiff unit,
comprised of a diphenyl group separated from a third
phenyl ring by an ester group, and two short chain
alkyl units attached on either side of the mesogen. The
twins are linked at equivalent positions on the cen-
tral mesogen by a bridging —CH,— unit. Accordingly,
the molecule is symmetric around this pivotal methyl
group.

The conformation of the molecule is of course
dependent upon the configuration of the bonds around
the bridge. In the crystalline state it is reasonable
to assume that the molecule will adopt a symmetric
conformation. On one extreme is the conformation
shown in Fig. 1a (termed the U conformation) where
the two halves of the molecule lie exactly parallel.
Of course, since the methyl bond angle is 109°, the
two halves of the molecule cannot lie parallel if the
bridging phenylene rings are co-planar. However,
consideration of this also shows that slight rotation of
these phenylenes about the CH, group allows the two
rigid halves of the molecule to then achieve parallelity.

The other extreme is formed by a rotation around
the bridging methyl to form the conformation shown
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schematically in Fig. 1b (the S conformation). With the
planes of the bridging phenylenes inclined at approxi-
mately 110° (calculated using accepted values of bond
angles and bond lengths) the attached ester groups point
in exactly opposite directions (anti-parallel). In either
case it is simple to calculate the approximate extended
length of the chain. It is most convenient to consider
each half of the molecule as being comprised of two
flexible blocks attached on either side of a rigid block.
Using accepted bond lengths and angles the end to end
distance for the U and S conformers are approximately
33 and 47 A respectively.

In this work the principal structural features of this
molecule in the solid phase were investigated, in par-
ticular whether the S or U conformation is preferred.
By combined x-ray and electron diffraction studies it
is shown that the alkyl and aromatic segments separate
into sub-layers.

2. Experimental

The material was provided in the form of solid ag-
gregates rather than as a powder. These aggregates
were sheet-like in appearance suggesting some inherent
anisotropy. The aggregates were investigated by small
angle x-ray scattering (SAXS) with the x-ray beam par-
allel to the plane of the sheets using an evacuated pin-
hole collimated Statton camera at appropriate camera
lengths with Ni filtered Cu K, radiation. Wide angle
x-ray diffraction (WAXD) characteristics of a ground
powder were obtained using a Siemens D500 diffrac-
tometer in normal/transmission mode with 0.3° slits
with the sample mounted in a glass x-ray capillary.

A small quantity of the material was dissolved by
gentle heating in hexane. On cooling to room tem-
perature crystallization occurred, leaving a suspension
of crystals dispersed in solvent. Some of this was de-
posited on a microscope slide, allowed to dry and ex-
amined in a polarizing light microscope.
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Figure I Schematics of ligated twin in chain extended conformations. (a) U conformer; rotation about the bridging CH, tilts planes of bridging
phenylene rings and brings arms of the molecule parallel; (b) S conformer, rigid units lie anti-parallel when planes of phenylene rings are inclined

at ~110°.

For examination in the transmission electron micro-
scope (TEM) the suspension was allowed to dry on car-
bon coated copper TEM grids. Subsequently the sam-
ples were examined in a Jeol 100CX operating at an
accelerating voltage of 100 k'V.

3. Results

The SAXS pattern (Fig. 2) of the as-received crystalline
aggregate showed at least five sharp, well defined or-
ders of reflections with the maximum intensity at right
angles to the plane of the crystal mat, (although higher
orders are not expected to reproduce well). The d spac-
ings for these reflections are listed in Table I. The funda-
mental repeat period corresponding to these reflections
is 36.5 A. This is identified with the long period of the
crystals in the mat. The large number and sharpness of
the reflections indicates that the spacing is very well
defined and the packing of the layers highly regular.

390

Figure 2 SAXS pattern of as received aggregate. Plane of mat vertical.
Orders 1 and 3 are marked on the figure. Even orders appear unusually
weak.



Itis also striking that the intensities of the 2nd and 4th
orders in the SAXS pattern are unusually weak. This is
aresult of a discontinuity in the electron density profile
at some fraction of the lamellar thickness. Details of this
need to be considered more closely, (e.g. by taking the
Fourier transform of the scattering profile) and may be
expected to yield details of the electron density profile
as a function of depth through the layer.

The diffractogram, Fig. 3, also shows the 3rd order of
the layer spacing (at 26 of 7.2°). Prominent in this trace
are higher angle (and rather broad) peaks at 26 of 17.3°
(5.13 A) and 22.6° (3.93 A). In addition, there are a
family of at least three peaks between 10° and 14° (cor-
responding to spacings of 7.97, 7.20 and 6.56 A) and a
sharp peak at 24.6° (3.61 A). Most significantly, there
are no signs of signals from an alkane lattice (in any of
the known crystal modifications), suggesting that there
has been no large scale crystallization of the alkane tails
into a separate lattice. There is, however, evidence of a
substantial amorphous halo.

Fig. 4, shows two possible packing schemes for the
two conformations. As can be seen either conformation
yields a layer spacing close to the observed spacing.
Both arrangements provide for the formation of layers
of alkane material within the structure. The close corre-
spondence of the SAXS periodicity with the extended
chain lengths also means that there cannot be substan-
tial tilting of the molecules with respect to the layer
normal, whichever scheme is correct. Nevertheless,
there are important differences between these schemes.
Scheme I (U conformation) requires the rigid ligands
on the same molecule to be adjacent and, accordingly,
their maximum separation cannot exceed the length de-
termined by the covalent bonds. This conformation also

TABLE I “d-spacings” from SAXS

permits the maximum aggregation of the alkanes into
separate layers with alkane layers formed by both types
of alkane tails. In Scheme I each alkane tail in an alkane
layer is linearly connected to an aryl group in an ad-
joining aryl layer. Therefore, the lateral cross-sectional
area occupied per alkane group will be approximately
equal to that occupied by an aryl group.

In contrast, Scheme II (S conformation) provides
only for alkane layers formed by inter-digitation of the
tails attached via the ester links. The other alkane tails
are located between aryl segments in the neighboring
aryl layer. Particularly noteworthy in this scheme, in
any alkane layer only half the alkane segments are con-
nected to aryl segments in a given neighboring (say the
lower) aryl layer. Therefore, the lateral area occupied
by each aryl segment must be twice that occupied per
akyl segment.

Examination between crossed polars showed the
crystals to be highly birefringent and needle-like, ex-
tinction occurring when the vibration direction of the
incident light was either parallel or perpendicular to
the needle axis. The shift in polarization colors when a
wavelength plate was inserted between polars at 45° to
the vibration directions indicated that the direction of
highest refractive index was perpendicular to the long
direction of the crystals. Following usual conventions
the crystals would therefore be termed as negatively
birefringence. This is consistent with the molecular axis
also lying essentially perpendicular to the long axis of
the crystals.

Bright-field electron micrographs of the crystals are
shown in Fig. 5. These show microscopic lath-like fea-
tures of length ranging from ~6-30 um and width
0.12-0.25 pm. In places there is clear evidence of ag-
gregation of the laths into larger, acicular entities, and
it is reasonable to conclude that the features seen in op-
tical microscopy are a result of similar aggregation but
on a slightly larger scale.

The electron diffraction patterns from these crystals
are enormously rich and informative and, therefore, we
will describe them with some care. An example of one
such pattern is shown in Fig. 6. There were two features
immediately obvious from this pattern. First, a single
crystal spot pattern was evident. This is a zone axis
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Figure 3 Diffractometer trace from ground powder of as-received material.
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Figure 4 Possible schemes of packing which would give a layer re-
peat approximately equivalent to the experimentally determined value:
(a) U conformer; (b) S conformer.
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TABLE 11 Alkane spacing from electron diffraction, A

hkO Dimer Polyethylene [4] % Expansion
110 421 4.10 2.7
200 3.71 3.70 1.9
020 2.54 2.47 2.8
Area per chain, A2 19.15 18.28 4.8

Figure 5 Transmission electron micrograph of crystals. Solution grown
from hexane.

Figure 6 Electrondiffraction pattern. The spots are the 2k0 reflections of
an orthorhombic alkane lattice. The weaker, arced reflections (arrowed)
arise from the packing of the aryl sequences. The small angle reflection
at ~35 A (not visible on print) is horizontal.

pattern from a two dimensional orthorhombic crystal.
These are, therefore, indexed as hkOs (see Table II).
Second, a very low angle, single crystal reflection (not
visible on the print) was observed. Defocussing of the
central spot showed that this low angle reflection was
located perpendicular to the lath direction. Measure-
ment of this reflection on other similar patterns gave a
spacing of ~35 A.

The spacings for the orthorhombic reflections are
listed in Table II where they are compared with the
literature values for polyethylene (PE) [4]. The close
correspondence between the dimer reflections listed in



(b)

Figure 7 Non-alkane electron diffraction patterns (a) shows (i) signals
on layer lines with an 8.3 A periodicity (ii) non-layer reflections a and
b; (b) shows equatorial reflection at ~35 A. Needle axis vertical. Pat-
terns (a) and (b) from different regions but shown in correct orientational
correlation.

Table IT and PE allows us to reasonably attribute these
to some limited crystallization of the alkane tails in the
dimer, despite the absence of alkane signals in WAXD.
The slight expansion of the spacings compared with the
usual alkane lattice can be reasonably accounted for by
the physical constraints of attachment to the aromatic
central core. The crystallization of the alkane units in
the olefinic lattice is therefore affected by the presence
of the rigid units. Note that the distortion is asymmetric,
being less along ayikane than along byiane.

Other crucial, albeit weaker, reflections are also ev-
ident. Some of these weaker reflections, arrowed in
Fig. 6, are enhanced in Fig. 7a in which the alkane re-
flections are absent. The small angle reflection at 35 A
was located equatorially (horizontally) just outside of
the main beam and exhibited an orientational corre-
lation with the other reflections in Fig. 7a, indicating
they did indeed originate from the same morphological
features. A similar reflection from a different area is
printed more clearly in Fig. 7b. However, while the low
angle reflection is the spot of a single diffracting entity,
the other reflections are noticeably arced, a result of
diffraction from a population of crystallites with a dis-
tribution of orientations, i.e. the “single diffracting en-
tity” producing the low angle signal is a polycrystalline

TABLE III Electron diffraction reflections showing fiber symmetry
with 8.3 A periodicity

Reflection Spacing, A
Al (Ist layer) 8.27
A2 7.91
A3 7.21
A4 6.56
A5 3.37
B1 (2nd layer) 4.14
B2 4.02
B3 3.77
B4 3.60
C1 (4th layer) 2.07

aggregate. These patterns have the characteristics of
conventional fiber patterns with the needle axis lying
parallel to that of the fiber. Consequently the morphol-
ogy can be described as an ensemble of diffractors (of
thicknesses ~35 A) with one common axis (the needle
axis) but which are randomized (i.e. rotated) around
this axis.

The fiber pattern in Fig. 7a exhibits a layer period-
icity of ~8.3 A parallel to the lath axis with numerous
sharp reflections visible on the 1st, 2nd and 4th layer
lines. The 1st and 2nd layer lines are arrowed on the
print (Fig. 7a) and the spacings of the individual reflec-
tions are listed in Table III. From consideration of the
spacings, the 1st layer reflections A2, A3 and A4 can
be identified as the signals seen in WAXD between 26
of 10 and 14° (Fig. 3). The 1st layer line reflections are
also those arrowed on Fig. 6. (This would suggest that
the 200,1kane 18 parallel to the fiber axis. This, however,
is coincidental; other examples were found not showing
this correlation.)

The above pattern (Fig. 7a) which corresponds to
a layer periodicity of ~8.3 A will be referred to as
Pattern I. However, the following additional features
can also be identified. Comparatively diffuse reflections
at 5.13 and 4.00 A at angles of 67.5° and 48.5° respec-
tively to the lath axis were observed. These are marked
as reflections a and b, respectively on Fig. 7a and can be
identified as the same reflections as the two prominent
WAXD signals at 17.3° (5.13 A) and 22.6° (3.93 A),
(see Fig. 3). These signals share the same fiber axis as
the reflections of Pattern I but do not lie on the same
layer lines. Moreover, these reflections are very diffuse
in nature. This will be referred to as Pattern II.

4. Discussion

The 35 A reflection in electron diffraction is very close
to the SAXS layer spacing and is clearly the same re-
flection. It is also clear from WAXD that there is no
significant crystallization of the alkane tails into a sep-
arate lattice, although from electron diffraction it is ap-
parent that there is some, very limited, crystallization
of an expanded alkane structure. Therefore, the essen-
tial features of the electron diffraction Patterns I and 11
must have their origins in the crystal structure of the
rigid component. It is also clear that Patterns I and II
reflect different aspects of the rigid component’s struc-
ture and that the 5.13 and 4.00 A reflections of Pattern IT
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TABLE IV Area per chain of rigid component of dimer in crystal
compared to other structurally similar materials

Rigid repeating unit ~ Area per chain, A2

‘@((‘"‘uﬁ"’ 227

Dimer
PEEK [5] RCaaCanCry 227
Poly(phenylene oxide) [6] <O 22.4
A B
8. 32A

lath axis

b
Lt

Figure 8 Proposed monoclinic cell of aryl sequences in chain axis
projection.

are obviously the same prominent reflections identified
by x-ray diffraction of the bulk, Fig. 3. Careful con-
sideration of Pattern II shows that it may be derived
reasonably well from a 2 dimensional monoclinic cell.
While the fit between cell dimensions and diffraction
data may need refinement, the cell of Fig. 8 is correct in
its essential dimensions. This corresponds to a projec-
tion along the molecular or ¢ axis of a two chain mono-
clinic cell with @ =8.64, b=75.49 A and y = 106° (our
assignments). In Fig. 8 the needle axis is horizontal and
perpendicular to b. The reflections of Patterns IT at 5.13
and 4.00 A can be indexed as 110 and 110, respectively.
It is also noteworthy that four spots are found for each
of the 1kO0 reflections rather than the two expected for a
single lattice. Thus, the actual pattern obtained is con-
sistent with diffraction from an ensemble of crystals,
related by a common b axis direction which lies per-
pendicular to the lath axis and also in the plane of the
lath. Since y #90°, there will be two sets of crystals
having a oriented at +-16° to the lath axis (in a “twinned
relationship”), leading to the four reflections for both
110 and 110. The distance of closest approach between
rigid units in the cell of Fig. 8 is 4.45 A, a distance which
is typical of the separation between stacked phenylenes
on adjacent segments in similar systems, and the other
distances of close approach are 5.49, 5.72 and 8.64 A.
This structure gives an area per chain of 22.7 A2, This
compares extremely well with other structurally similar
materials, Table IV.
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The value of 22.7 A2 occupied by each aryl segment
can be compared to the area occupied by an alkane
chain. The lateral cross-sectional area in the expanded
alkane lattice was found to be 19.2 A2 while the hy-
pothetical cross-sectional area of an alkane chain in a
typical amorphous phase (of density 0.85 g cm™>) was
calculated to be ~22.0 A2. In other words, the aryl
cross-sectional area is approximately the same as the
area in a disordered alkane aggregate and larger than the
area in the expanded alkane crystallites. This can only
be consistent with the U conformation; for the molecule
to assume an S configuration, the area occupied per seg-
ment in the aryl cell must be approximately twice that
occupied per alkane chain (Fig. 4b).

It is therefore reasonable to conclude that the overall
structure is comprised of layers ~35 A thick and that
within each layer there are separate sub-layers of alkane
and rigid rods. Pattern II is a chain axis projection of
the rigid rod segment in the molecule which is only ob-
tained when the rigid rod crystallites are aligned with
the chain axis vertical. i.e. parallel to the electron beam.
Finally, the crystals are also rotated around the needle
(fiber) axis to give the observed structure. Importantly,
this gives a projection between the planes marked A and
Bof83A along the lath axis, Fig. 8. This is also iden-
tical to the layer line periodicity of Pattern I. Of course,
as the crystallites twist around the lath axis in the fiber
geometry, the chain axis projection is lost. Eventually
this rotation brings chains normal to the incident elec-
tron beam and, also, the layer spacing (~35 A) into re-
flecting position. Moreover, this projection also brings
a whole new set of crystal planes into reflecting posi-
tion. These are the planes formed by the combination
of the 8.3 A periodicity along the needle axis with the
35 A periodicity perpendicular to the needle (Fig. 9).
This gives rise to the numerous reflections with a basic
periodicity of 8.3 A lying close to the meridion in the
electron diffraction, which appear in x-ray diffraction
as the family of reflections between 26 of 10° and 14°
and also the peak at 24.6° (3.61 A).

Consider again the diffraction pattern in Fig. 7 and
particularly the single crystal nature of the low angle re-
flection, Fig 7b. This implies that each needle consists
of an array of highly regular, highly parallel layers.
However, the arcing of the diffraction originating from
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Figure 9 Schematic showing randomization around needle axis and
origins of Pattern I reflections.



the rigid component suggests that each needle consists
of a large number of rigid rod crystallites in a mosaic
structure. Recall also that, when they did appear, spot
patterns of the alkane lattice were found rather than
arced or ring patterns. This can occur if either there are
only small isolated alkane crystals, occasionally enter-
ing the electron beam, or, alternatively, if there is one
large alkane single crystal covering the whole of the
beam. The absence of alkane reflections in bulk x-ray
diffraction, however, argues that the alkane material is
essentially non-crystalline. Therefore, where they do
appear, the alkane single crystal electron diffraction
patterns are considered to arise from crystals which are
too few and/or small to give bulk x-ray scatter, passing
in and out of the electron beam. Such sites of alkane
crystallization can reasonable be termed “incipient
crystallites” which exist within an essentially disor-
dered alkane component. However, to achieve a lay-
ering of ~35 A, it is still necessary that layers of more-
or-less extended alkane material must form, but, in this
case, in an essentially disordered, non-crystalline struc-
ture. The hypothetical lateral cross-sectional of 22.0 A?
for an alkane chain in a typical amorphous phase can be
compared with the observed 22.7 AZ for the rigid lattice
to which it is physically attached and to the equilibrium
18.28 A2 in an unconstrained alkane crystal lattice (cal-
culated from cell parameters in [4]). It is clear that over-
all crystallization of the system is controlled by packing
of the rigid units. The mismatch in lateral areas between
the aryl and alkane crystal lattices is probably the source
of the frustration for the alkane crystallization.

The model being arrived at is therefore one of lay-
ers of crystallized aryl units alternating with layers of
essentially disordered alkane units in which the crystal-
lization of the alkane is almost completely frustrated.
Any difference between rigid cell area and the smaller
disordered alkane chain area must necessarily produce
astrain across the interface between the rigid and alkane
layers. Moreover, this will be cumulative with the lat-
eral size of rigid crystal. Eventually, with increased
growth of the rigid crystal, this strain will reach a point
where it will become prohibitive to further growth of the
rigid crystal. Similar such morphological effects have
been reported before in homopolymers of low crys-
tallinities, where a mismatch results from volume dif-
ferences in the crystal phase and a higher volume disor-
dered component [7]. Such situations lead to an upper
bound in crystal size and to morphologies consisting of
aggregates of numerous small crystallites of very small
size, consistent with observations in the present case.

Some incipient crystallization of alkane material into
an expanded orthorhombic cell is also clearly possible.
It is noted that the cross-sectional area of this expanded
alkane crystal lattice is then 16% smaller than that of

the rigid cell. Whether the strain is produced by alkane
crystallization or by the difference in area between the
disordered alkane and the crystallized rigid segments,
there is no reason to assume this will be accommodated
by the interface isotropically. Such an anisotropy will
tend to twist the interface. This is considered to be a
possible origin of the observed rotation of the crystal-
lites around the lath axis.

5. Summary

The dimer crystallizes in a needle-like morphology
with the molecules aligned perpendicular to the nee-
dle axis. The needles are actually micro-fibers in which
the internal structure is randomized about the needle
axis. Alkane segments and rigid rod segments segre-
gate as separate sub-layers. Alkane segments form an
essentially non crystalline layer (although with some in-
cipient crystallization) while the aryl units form a layer
of small crystals arranged in a mosaic type of structure.
The two sub-layers together form an overall, extremely
well defined layer periodicity of ~35 A.

The chain axis projection of the rigid component is a
two dimensional monoclinic cell with a cross-sectional
area of ~23 A2 per chain. This means that the alkane
tails, to which the aryl segments are linearly connected,
cannot interdigitate. In order to form the observed lay-
ering of ~35 A, the molecules, therefore, adopt the
U configuration.
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