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ABSTRACT

A polysiloxane with tris-alkoxy-ended rod-like mesogenic side-
groups forms an unusually low-symmetry antiferrochiral liquid
crystal, spacegroup P1, consisting of distorted left- and right-
handed double-helices containing alternating splay and twist
sections. The unit cell contains two double-helical columns. On
faster cooling a closely related metastable orthorhombic structure
is formed, symmetry Fddd, with 8 double helices per cell.

Keywords: Fddd phase, columnar, GISAXS, chiral,
hemiphasmid, polycatenar

INTRODUCTION

Helical and especially double-helical structures in
biological and synthetic systems have intrigued scientists and the
general public ever since the discovery of the DNA double helix.
Helix is a topological solution of a system’s conflicting tendencies
to order, hence form straight columns, and simultaneously avoid
steric clashes. Thus most stereoregular polymers crystallize in a
helical conformation, keeping the chains straight while avoiding
side-group clashes, such as those of methyl groups in
polypropylene.! Similar situations arise in “soft crystals” of
complex molecules, including achiral ones, where homochirality
of a helical column may propagate to long range due to the
ordering influence from molecules on neighboring columns.?3
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High barrier between enantiomeric conformations may lead to
quite long chiral correlation length even without a crystal
lattice.+*678910 Helices can form from diverse achiral objects.
Concerning liquid crystals (LC), propagation of helical sense to
true long-range order in achiral compounds has been known for
some time in bent-core molecules.'?'314 Uniform twist in
columnar phases of genuine LC character in achiral compounds
has not been substantiated experimentally, since long-range
order is unsupported in 1D.1516.17 Existence of uniform twist in a
wider class of achiral LCs has been recognised when it was
found that two of the three most common bicontinuous, network-
based 3D phases of rod-like molecules are always chiral.®19
More recently it was found that a common mode of assembly of
straight- or bent-rod polycatenar (multichain-bearing) molecules
is in 3D orthorhombic arrays of alternating right- and left-handed
helices with Fddd symmetry.292122 The long-pitch slow twist is a
result of a balance between tendencies to maximise -1
attraction between aromatic rods and repulsion between the
flexible end-chains.?°

Here we report the first example of a LC phase of counter-
twisting helices in a polymer. It turns out that here the stable
structure is actually triclinic, the first example of such a low-
symmetry LC in any system. The polycatenar moieties, tethered
to both sides of an axial bundle of polymer backbones, describe
a wide double helix. Its large size allowed us to “see” its actual
structure through Fourier analysis of small-angle X-ray scattering
(SAXS). We find that, contrary to previous LC and soft-crystal
models and frequent cartoons, the helices are far from uniform.
Instead they contain alternating nearly straight “splay” segments
interrupted by sharply twisted “splay recovery” segments. This
finding calls for re-evaluation of some established models of
complex self-assembly.

RESULTS AND DISCUSSION

Polymer Si9-12 (Figure 1a) was synthesised by attaching
4-[3,4,5-tri(dodecan-1-yloxy)benzoate]-4'-[p-(nonan-1-
yloxy)benzoate]biphenyl groups to a polymethylsiloxane
backbone. The procedure was similar to that in ref. 23 and the
details are given in Supporting Information (Sl). Similar polymers
with a propyloxy spacer and CsH110 and C12H250 end-chains
were previously found to form smectic and columnar phases,
respectively.?® Chen et al. have recently studied side-chain LC
polymers (SCLCP) with similar side-groups but with different
backbones and found them forming mainly columnar phases.?*25
SCLCPs are a diverse class of materials and combine
application potentials of low-molar LCs with those of
polymers.?627 28 E g. SCLCPs can store optical, electronic or
other alignment-based information by cooling below glass




transition and, if needed, erasing by laser heating or rewriting
again above T4.272% SCLCPs have shown remarkable ability for
thermal self-extension,3® were used as high refractive index
material,3! as artificial muscles,?* etc.

Si9-12 is found to form a hexagonal columnar (Coln)
phase at high temperatures and a new triclinic LC phase at lower
temperatures (see below). The polymorphic transition is
accompanied by a sharp DSC peak at 123°C on heating, 117°C
on cooling, see Figures 1e and S1 in Sl. Polarized optical
micrographs (POM) in Figures 1b,c show typical developable
domains (“spherulites”) containing concentric circular columns.
Figure 1c taken with the A-plate, shows that the slow axis, i.e. the
molecular axis, is radial, hence the mesogens are normal to
column axis on average. Interestingly, the columns become less
(negatively) birefringent with decreasing T, with a step reduction
at the Coln-Triclinic transition at 120°C (Figure 1d). No other
change is seen in POM upon the transition (Figure S2).
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Figure 1. (a) Chemical structure of polymer Si9-12. According to
NMR p=62. (b,c) POM of the Coln phase without and with full-A
waveplate, respectively. (d) Birefringence ne-no vs. temperature.
(e) DSC thermogram, 2" heating at 5 K/min.

Figure 2a shows a SAXS heating scan of a well-annealed
sample. Throughout heating and cooling, the wide-angle
scattering (WAXS) remains diffuse (Figure S6a,c). The high-T
phase is clearly Coln, since the g?>-values of Bragg peaks stand in
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ratio 1:3:4 (Figure S3 and Table S1). See also the grazing-
incidence (GISAXS) pattern in Figure S5. The complex powder
pattern of the stable low- T phase is peak-resolved in Figure 2b.
The indexing was based on the GISAXS pattern of thin film in
Figure 2d. It was also facilitated by the fact that rapid cooling
gave a simpler pattern (GISAXS in Figure 2c, powder in Figure
S4). This metastable phase is orthorhombic, spacegroup Fdadd,?°
with parameters a=28.19nm, b=16.28nm, ¢=8.99nm. GISAXS of the
stable phase (Figure 2d) has many of the Fddd reflections split
across the original layer-lines. The layer-lines are lost while row-
lines remain. Thus the reciprocal a*-axis is vertical, meaning that
the real bc-plane lies horizontally on the substrate. Surprisingly,
the symmetry is triclinic, lowest ever in a LC and, to our
knowledge, in any soft non-crystalline system. With no
systematic absences, the spacegroup is either P1 or P1. Lattice
parameters are a=9.44nm, b=16.89nm, ¢=9.24 nm, a=90°, 3 =117.7°,
y =120.0° (see Tables S2 and S3 for indexing the two phases).
Note that the fact that a=90° is fortuitous. That the spacegroup of
Triclinic phase is the centrosymmetric P1 was ascertained by the
absence of a second optical harmonic, expected at 470 nm
(Figure S7).

Using diffraction intensities in Table S3 and Figure S4, 2D
electron density (ED) map of the Coln phase was constructed as
shown in Figure 3a. Note the dip on top of the central peak,
representing the low-ED column axis containing polymer backbone
and nonyl spacer. This is surrounded by the high-ED aromatic
mesogens (for values of ED for different parts of the molecule see
Table S5). Top and side views of the model of a column are shown in
Figure 3b. A column stratum 0.45nm thick (typical mesogen
thickness) contains x=12 monomer units (Table S4). The aromatic
mesogens (high-ED) are shown spread in a cylinder around the
column axis, which is threaded through by a bundle of ca. 12
polysiloxane backbones, flanked by the nonyl spacers. The outer
dodecyl chains (low-ED) fill the remaining space.
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Figure 2. (a) Powder SAXS traces recorded during 3 K/min
heating of Si9-12 previously cooled from Iso at 0.2 K/min. (b)
Powder SAXS curve of Triclinic phase at 79°C. Inset: selected g-
range with indexed peak-resolved components, with the ordinate
scale expanded. (c) GISAXS at 25°C of Fddd phase in a rapidly
cooled sample. Intensities in areas framed red, green and blue,
respectively, are multiplied 1, 10 and 30 times. For the (100)-
orientation: indices and row-lines hkO blue, hk1 black; red indices
are from alternatively orientated domains. (d) GISAXS of slow-
cooled Triclinic film at 25°C. Intensities in areas framed red,
green, yellow and blue are multiplied 1x, 5x, 20x and 30x. Spots
with h=n+1/2 are circled and indexed green. Inset: reciprocal unit
vectors a* b* c*in space and their projections; real axes X, Y, Z
are in white.
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Figure 3. (a) Surface plot of 2D electron density map of the Coln
phase showing high-density rings (mesogens) with a low-density
center (siloxane-spacer). (b) Top and side views of a Coln column
model. (c) Top view of ED map of an Fddd unit cell. (d) Side view of
a row of 4 columns, two cells high, along the unit cell diagonal. In c,d
isoelectron surface encloses the highest-ED volume, making up
16.5% of the total volume, or half the aromatic fraction. (e) xy-slices
through the full ED map at increasing elevation labelled as fraction of
c. c-e use the same color scale shown.

Figures 3c,d show top and side views of the 3D ED map
of the Fddd phase, constructed using intensities and phases of
the 12 strongest reflections shown in the powder diffractogram in
Figure S4 and Table S3. See also Video 1. Phase selection was
helped by recent structural studies of the Fddd phase in small
molecules.'”20 As in small straight- or bent-core polycatenars,
there are 8 twisted columns in a unit cell, 4 right- and 4 left-
handed. This is a prime example of an antiferrochiral
phase- 172032 Another antiferrochiral example is the gyroid cubic,




which consists of two antichiral networks, although it was shown
recently that the gyroid can also have both of its networks of the
same twist sense, thus being ferrochiral.33

Note that in Fddd successive columns along the diagonal
(110) planes are antichiral whilst they are homochiral within (100)
planes. Calculation, using a quadrupolar attraction-repulsion
model, has shown that this packing mode is optimal.?° It causes
breaking of hexagonal symmetry, even though the column axes
are on a 2D hexagonal lattice. The columns lie in the be-plane
which, as noted above, is mostly parallel to the substrate in
GISAXS experiment.

However, comparison with the previous Fddd model in
small molecules shows marked differences. Whereas there the
columns are twisted single ribbons containing stacked rafts of 2-3
molecules located at the center of the column, in the polymer the
aromatic mesogens (high-ED) form a double helix. In a stratum
we find a raft of 6 mesogens in each helical strand, or total x=12
mesogens per stratum, as in the high-T Coln — see the model in
Figures 4a,b, and Videos 2 and 3. The two helical strands are
held to the central bundle of polysiloxane backbones by the nonyl
spacers. The average twist between successive 0.45nm strata is
180x0.45/¢=9.0°, comparable to that in small molecules. The
pitch is 2c=18.5nm. The backbone braid is probably twisted such
as to make the monomer repeat projected onto column axis
match the 0.45nm stratum thickness.3*

The wide double helices in the polymer allow us to “see”
their more detailed structure. What Figures 3c-e show clearly is
that the twist is anything but uniform. Instead the double helix is
laterally squashed along a-axis, consisting of almost straight
sections interrupted by sharp nearly 180° twists. This is seen
clearly in Figure 3d and also in the sequence of bc-slices through
the ED map in Figure 3e shown at intervals of ¢/4 along c-axis.
The diagonal, delimited by dashed lines in e1, is the (110) row of
columns in Figure 3d, where the c¢/4 slice positions are marked
by horizontal lines. In Figures 3d,e each column is seen to
perform a sharp twist at one of the c¢/4 levels.

As discussed previously,!”2 the inter-raft twist is a
balance between the need to avoid clash of end-chains while
keeping the mesogens as parallel as possible to maximize their
m-overlap. So what happens in the nearly straight sections of
Si9-12 double-helix? The obvious answer is splay, as depicted in
Figure 4b. The development of splay on cooling from Coln to and
through the double-helix phase is supported by birefringence
becoming less negative (Figure 1d). No splay is needed in the
idealized model of Coln in Figure 3b since the mesogens are
spread widely in the ab plane at random azimuthal angles.

Incidentally, splay is not an uncommon solution for
accommodating bulging end-chains; it features in rectangular
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columnar c2mm or p2mm “ribbon” phases and perforated layer
“mesh” phases.? As a solution to the conflict between mesogen
parallelism and end-chain avoidance in Si9-12, alternation of
splay and twist zones seems better than a uniform twist, since in
the splay zones 1r-overlap can still be well preserved. Only, of
course, it cannot go on forever, and therefore periodic sharp twist
zones are needed at c-intervals to reset the molecular tilt so
splay can start anew. This structure also satisfies the polymer
backbones’ tendency for phase separation. An additional factor
causing helix distortion must also be inter-columnar packing on a
lattice. While here we can clearly see it, we believe distortion is a
general feature of close-packed helices in soft matter.3*

In reality, it is most likely that even in the Coln phase local
double-helical clusters had already formed with a continuous
energy release on cooling as rafts of parallel mesogens
continuously form. This aggregation probably starts already in
isotropic melt, well above the Iso-Coln transition. It would explain
the broad heat capacity (Cp) maximum between >200°C and
123°C, shaded in Figure 1e. Such C, maxima are common in the
isotropic liquid above the transition to a complex mesophase, as
pointed out recently.3® There, using a statistical theory, we
explained quantitatively such C, anomalies being a result of
continuous reversible formation of local aggregates. This also
helps explain why the Coln-Triclinic/ Fddd transition enthalpy in
Si9-12 is very small (0.3 - 0.8 J/g, depending on thermal history,
Figures 1e and S1). This should be compared to around 10 J/g in
small molecules, where no C, anomaly is seen in the melt."”-20
When the pre-ordering enthalpy of 8.3 J/g (shaded area in Figure
1e) is added to that of the two sharp transitions in Si9-12, we get
a value close to 10 J/g, similar to that in small molecules. In other
words, in the polymer most of the intermolecular bonding had
already happened in the Iso melt.

So far the discussion was about the metastable Fddd
phase. We now turn to the stable Triclinic. The Triclinic unit cell is
shown from three different angles in Figure 4c. Although it is very
different from the unit cell of Fddd and contains only two
columns, the actual distortion of the orthorhombic packing is only
slight. The red dashed lines in Figures 4c1-2 show the Fddd
equivalent to the Triclinic cell. Molecular structure of the Triclinic
phase is almost indistinguishable from that of the Fddd, but the
distortion breaks the orthorhombic symmetry and allows slightly
closer packing of the helices. To our knowledge this is the first
reported triclinic LC. The lowest symmetry claimed that we are
aware of is monoclinic.3” We stress that the phase is a true liquid
crystal, not a “soft crystal”’, as shown by the shape of the WAXS
maximum, typical of liquids (Figure S6a,c). Normally, LCs with
2D or 3D order assume plane-groups or space-groups of highest
symmetry, due to high motional freedom. However, the




constrained mesogen movement in a polymer can obviously
bring down crystallographic symmetry of a LC to the lowest level.

(a) Fddd cell




Fig 4. (a,b) Schematic model of the Fddd structure. (a) top view
of a unit cell, (b) side view of columns along its diagonal. Prisms:
aromatic mesogens, yellow: backbones, red (blue): Left-
(right-)handed double-helices. In reality the 6-mesogen rafts are
not meant to be either flat or distinct. (c) Different views of the 1-
layer Triclinic unit cell. The spectacle icons define viewer’s
position and orientation. The distances in c1 are those of
projections on plane of paper, in nm.

It is worth noting that braided structures with multiple
helices have also been found in bent-core compounds, the most
prominent being the B4 “helical nanofilament” (HNF).38:3°
However, HNF is based on twisted stacked layers, and is on a
significantly larger lengthscale than the molecular scale in the
system described here.

A final note on the few GISAXS reflections with half-
integer h-index, circled green in Figure 2d. Their existence
means that, strictly, the ultimate Triclinic unit cell, or “supercell”,
is twice the size of that described above, meaning that the a-
parameter is actually 18.9nm. The supercell contains four
columns in two layers. To give the green-circled reflections, the
top layer must differ slightly from the bottom layer. However, the
complete absence of (1/2 0 0) reflection (Figure 2d) means that
the layer projections on their normal a* are identical. This means
that for alternating layers A and B there is a slight difference
between A-B and B-A in-plane shifts. For GISAXS pattern with
all-integer indices of the supercell see Figure S6b.

CONCLUSIONS

In summary, the cylinder-like columns of the high-
temperature Coln phase of this side-chain polymer transform on
cooling to an array of antichiral double-helices. These deformed
helices consist of alternating stretches of splay and twist, the two
clash-avoiding modes normally found separately in different LC
phases. While the metastable arrays are orthorhombic Fddd, the
stable state is a uniquely low-symmetry Triclinic LC with a
structure well approximated by an antiferrochiral unit cell with two
counter-twisted columns. However, its true “supercell”, also
triclinic, contains four squashed double-helices. So far LC
polymers have mostly mirrored the phases of low-molecular LCs,
but this report, as well as our ongoing work, show that polymers
offer new modes of self-assembly of their own.
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The Supporting Information is available free of charge at ... It
contains materials and methods, additional DSC, microscopy,
XRD, SHG and X-ray diffraction data and analysis, and synthetic
procedures with complete characterization data.

Additional data are deposited on Figshare at
https:/figshare.com/articles/dataset/Si9-
12_indexing_triclinic_GISAXS/28374116, containing an excel file
with calculation and the comparison of calculated and observed
triclinic cell spacings, as well as the original NMR data.
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