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Structure and mechanical properties of liquid crystalline filaments
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The formation of stable freely suspended filaments is an interesting peculiarity of some liquid crystal phases.
So far, little is known about their structure and stability. Similarly to free-standing smectic films, an internal
molecular structure of the mesophase stabilizes these macroscopically well-ordered objects with length to
diameter ratios of Iand above. In this paper, we report observations of smectic liquid crystal fibers formed
by bent-shaped molecules in different mesophases. Our study, employing several experimental techniques,
focuses on mechanical and structural aspects of fiber formation such as internal structure, stability, and me-
chanical and optical properties.
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The formation of free-standing fluid fibers or strands isbers, length to diameter ratios of 1000:1 and more have been
one of the most striking rheological effects observed in nonteported.
Newtonian liquids. Such fibers can be found in nature and In this work, we study several materials showing polar
technology. For example, spider silk undergoes a mesophageesophaseg-ig. 1, Table ) with special focus on the struc-
transition in the spinning process, which is considered reture elucidation of thin freely suspended filaments, their sta-
sponsible for the high strength and robustness of that matddlity, and their mechanical properties.
rial [1]. Similar fibers appear in several liquid crystalline All mesogens except of compound 5 are fluorinated on
systems such as polymeric nematics and columnar phas#e central core and they exhibit a polar sme@i¢Sm-CH
[2—4]. The fibers can be stabilized by the pulling process dudhase[13]. In this phase, the molecules are tilted with re-
to strain hardening, which occurs as a result of the straisPect to the layers and the spontaneous polarization vector is
dependence of the viscosif§]. On the other hand, the sta- perpendicular to the layer normal. In the absence of external
bility of liquid filaments can also be achieved by an internal€lectric fields, the layer polarization alternates from layer to
molecular layer structure of smectic mesophases. When tHayer, resulting in antiferroelectric order. However, even such
smectic layers are wrapped cylindrically around an axial@ Simple structure may have several modifications leading to
core, such a structure may stabilize a liquid cylinder againséxistence of polymorphic variants of the Sm-CP phidsg.
the Raleigh-Plateau instability, which in common liquids A higher-ordered phase, with an additional in-plane order, is
leads to the rupture of long bridges. However, such a cylincalled the Bs phase(compounds 2, 3, and)4The me-
drical layer arrangement is not typical for most of the com-sophases earlier designated by the synibokhow one of
mon smectic phasgsmecticA (Sm-A), smecticC (Sm-C),  the most spectacular microscopic textures.
etc]. Instead, these materials usually form flat freely sus- X-ray studies revealed different structures of the phases
pended films. An exception for smectics is the filament for-exhibiting the sameB; texture.” Up to date, one can distin-
mation in some mixtures like solutions of 8CB in alcohol guish between at least two different mesophases. The first
[6,7]. However, similar SmA filaments freely suspended in phase(in this paperB;) shows several incommensurable
air have not been discovered yet. x-ray reflections at small and wide angles and, probably, has

One of the most fascinating systems for studying smecti@ complex columnar structufe5]. The second phase is a
fibers is the liquid crystal mesophases formed by benttilted polar smectic with undulated layef46]. There are
shaped molecules. The transversal anisotropy of such m&ome arguments in favor of existence of a general smextic-
sogens can considerably hinder the rotations of the mol-

ecules around their long molecular axes, favoring polar //"

order. The mesophases formed by such moledil=mana” i 1 i

or B phasesexhibit a variety of interesting phenomena such VQ)KJ ~ ‘J\O\/
as spontaneous breaking of chiral symmetry and ferroelectric A N

X X
and antiferroelectric ground statg&9]. Helical filaments in %U:Q/ \C[m“"m
the isotropic melf10,11] as well as freely suspended straight

fibers [12] have recently been observed in mesophases FIG. 1. Chemical formula of the investigated materigdee
formed by bent-core compounds. For freely suspended fifable .
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TABLE I. Materials investigated. ] & 4 = o= o
Phases and 50 B
No. R X n transition temperature$C) 45
1 H F 10  iso— SmX — Sm-CP— solid _ “
160 143 9 E 354 "
3
2 2-CH, F 10 is0— Sm-CP < Bs « solid = 30+ [SmX - iso|
151 109 103 & ]
3 2CH, F 11 iso— Sm-CP « Bs< solid E 20.] -
153 114 100 Ee]
. b . 154
s SEF 9 iso SmCP e B solid .
154 130 99 10+
5 2-NO, H 16 iso— By solid 5+
2 101 0 1 1 1 1 1 1 1 1 T 1 1
aSeveral polymorphic antiferroelectric smectic-CP phases. 15112 1583 1% 155 1% 157 158 1% 160 161 162
PSeveral polymorphi®s phases. temperature (°C)
(Sm-Cg) structure of this phase wit6; symmetry[17-20. FIG. 2. (Color onling Typical temperature dependence of the

In this phase, there is no in-plane order of the molecules builament diameter in the Si¥-phase(compound 1 At lower tem-
there exists an out-of-plane component of the spontaneowgratures, the diameter is constant; however, approaching the clear-
polarization. The compound designated in Table | as)Sm- ing point, only thinner filaments remain stable.
corresponds exactly to the latter typa9]. However, we
would still refrain from the designation S in this paper, exists a so far unidentified structural stabilization factor in
until unambiguous evidence for this structure is available. the higher temperaturdess ordered phase. A speculative

Our first objective was to test whether filaments could beexplanation is that the higher temperature phase may possess
pulled in the different phases and whether they remain stable spontaneous polarization component normal to the layers,
The experiments were performed in a custom-made copperhich tends to support bent layer structures, while the lower
heating box with glass windows; its construction and thetemperature phase possesses an antipolar ordering. The
observation techniques have been describd@1h In order  “melting“ of a filament during cooling into in the Sm-CP
to prepare a fiber, a small amount of material is placed on phase is shown in Fig. 3. The pictures show how the surface
glass tabld@ 3 mm) inside. Above the table, there is a glass of the initially uniform vertical filamenta) buckles(b), and
needle which can be moved up and down by means of aolten Sm-CP material flows dowft), leaving a thinner
stepper motor. In the beginning, the needle tip is dipped intdilament(d) that melts soon afterward. The scenario indicates
the sample melt. A fiber is drawn by slow pulling of the that the filaments are not perfect cylinders but they are often
needle upward. Microscope images of the filaments in transsomposed of bundles of thinner fibritthis is investigated in
mission are recorded with a digital camera mounted on anore detail below The melting of individual fibrils occurs
Questar QM 100 long range microscope. within a few seconds.

It turns out that filaments pulled in thB; and SmxX
phases represent stable structures; they remain unchanged in diameter:
the laboratory for days. This is consistent with data reported 43 pym 43pm 34 pm 14 pm

in the literature[12]. Moreover, in contrast to dynamically
stabilized liquid filaments, flow is not required for their sta-
bilization: filaments can be prepared horizontally, in order to
g
b) c) d)

exclude continuous material transport between their ends in
the gravitational field. Heating the filaments up to the isotro-
pic phase leads to their thinning and rupt(iFeg. 2). On the
other hand, in the polar Sm-CP phases the compounds form
either only unstable filaments or no filaments at all. Depend-
ing on the material, these unstable filaments are thinning
with progressing time until they eventually rupture. The thin- 110°C 109°C 107°C 107°C

ning process may take from some hours to some seconds tm0s r=30s
depending on the compound and the temperature. The loss of £, 3. (Color onling “Melting” of a filament on cooling from
stability is particularly interesting in the case of the com-smx into the Sm-CP phas@ompound 1 At temperatures above
pound 1 showing a Sm-CP phaselowthe SmX phase. Not 110 °C, the diameter of the filament is constéat At lower tem-
only do the stable filaments in the Sxhphase melt upon the peratures, its surface starts bucklifigy, flow appears, and the fila-
transition into the isotropic phase but they also meltonl-  ment loses its stabilityc). As the flow continues, only a very thin
ing into the SM-CP phase. It is remarkable that in the lattefilament remaingd), which melts soon afterwar@nly a tiny frac-
case the filaments are less stable at lower temperature. Theren of the filament length is shown

a)
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FIG. 4. (Color online Optical images of fiberga) strand com-
posed of thin fibers observed in the reflection polarizing micro-
scope, with crossed polarizers oblique to the filament afdg;
single filament observed in transmission without polarizers and a
fragment of the filament in monochromatic light revealing diffrac-
tion stripes parallel to the filament axi&) details of(b) observed
under monochromatic illumination.

Optically, the filaments are birefringent; they appear black ) ) o ]
under crossed polarizers parallel and perpendicular to the FIG. 5. (Color onling Details of optical imagesta) Filament
filament axis. Their optic axis is thus either locally radial, in With a step in diameter from 12.6 to 18#n; (b) filament of
the plane normal to the filament axis, or axial everywhere2-85xm diameter with a bead of diameter 9.6 and length 38
Often, the filaments are clearly identified as bundles comthe bead grows slowly in lengita few micrometers per minutéey
posed of thinner fibrils; this is particularly evident in the Plug flow through the filament.
image of Fig. 4a). The image has been taken in reflection
mode in an optical microscope. The thickness of the struc- The existence of the bundle structure can also be sup-
tures is independent of the illumination wavelength; theported by atomic force microscopyAFM) measurements.
structures have diameters of the order ofuth and above. AFM probes were prepared by rapid cooling®ffilaments
Moreover, one can see the divergence of the bundle at thef compound 5 directly to room temperature where the sub-
bottom of the image. These observations show clearly thadtance is in a solideither crystalline or glas$ystate. Upon
the filament represents a bundle of separate thin cylindricadooling, the optical appearance of the filaments is hardly
structures. However, fine stripe textures along the axes aighanged, but they become rigid and brittle. A slight pressure

found on all filaments, irrespective of whether they appear a8pplied to one of the supports breaks them into small pieces
bundles or single cylinders. Figuré¢b} shows an example of |\ hich can be studied with AEM. The images in Figap

such a filament observed in the long range miCroscope iflyy ez the typical surface modulation along the filament axis.

transmission. A peculiarity of these fine stripes is that their . ; ; : )
period depends upon the wavelengitof the illumination The period of the valleys, which obviously cause the diffrac

[Figs. 4b) and 4c)] in a transmission microscope. The
stripes shown in Fig. @) have a periodicity 0f1.88+0.1\ a)
in the whole visible wavelength range. This indicates that
they owe their appearance at least partially to diffraction. A
uniform isotropic or optically uniaxial cylindefe.g., glass  Z
of comparable diameter would show such interference stripe:
only at the outer edges; therefore we assume that the stripe
are due to diffraction effects at longitudinal structures on the
surface of the cylindrical filaments. Details of this optical
fine structure of filaments are shown in Fig. 5. We emphasize
that, although the filaments shown do not have the optical
appearance of a uniform cylinder in transmission, they do
not represent bundles of filaments in the sense of JiKli
al.’s [12] description or like the structures shown in Figay FIG. 6. (Color onling (a) AFM surface profile of a fibefoptical
Rather, we consider them as composed of cylinders of tanmage in(c)] with 50 um diameter. The surface undulations are
gentially wrapped layers as shown in Figb with the gaps  parallel to the fiber axis. They suggest that the fibers are formed by
between these cylinders completely filled with more or lessundles of thin cylindrical fibrils of micrometer size, as sketched in
ordered smectic material. (b).
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first-order cantilever

layer reflections
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f FIG. 8. Setup for tension measurements of liquid filaments.

glass table

beamstop that the smectic layers are indeed wrapped into coaxial cyl-
inders. The layer thickness in the fibers remains the same as
in the bulk. Interestingly, the correlation length estimated
from the width of the first reflectioffull width at half E“naxi-
FIG. 7. (Color online Two-dimensional x-ray pattern of a fiber mum is larger in Fhe. f|b_er than in bulké, ;~4100 _and
of compound 1 in the Sm-CP phase, with twoylaF;/er reflections; thebfiber 4850 A. This implies that the degree of smectic order
scattering vector is perpendicular to the filament axis. The scattell-rl the fllaments is higher than '!1 the bulk material. lrreSpe?'
ing vector axes) andq, are parallel and perpendicular to the fiber _t'Ve,‘ of'the .ex.lstence of a smectic Iaygr St,rUCture’ the_ material
axis. In the SmX phase, the x-ray pattern is identical. is liquid within the layers. Upon cooling into the solid state
we have not observed any considerable change in the peak
tion patterns in Fig. @), varies in the range of 0.5-@m.  width, but the fluidity completely disappears.
This suggests that the cylindrical subunits that form the fila- One of the interesting questions that arise is the mechani-
ments are in a diameter range of a few micrometers andal characterization of the filaments. We have constructed a
below. The structural model presented in Fi¢h)ésuggests setup for the measurement of the axial stress exerted by such
that single-core filaments are exceptional and may be founstructures. The tension in the filaments is determined with
particularly in the submicrometer region, whereas all thickthe help of a cantilevefFig. 8 that allows, in principle,
filaments observed have a multicore composed structure. Thsatic and dynamic measurements.
cylindrical shape is developed only on a macroscopic level. The cantilever consists of a thin®&m gold plate with a
This is in contrast to thin planar films or bubbles where thesmall tip (0.8 mm length, 8Qum diametey at the endFig.
surfaces are flat on both a macroscopic and a microscopi8). The deflection of the plate is recorded as a measure of the
scale. force excerted by the filament. It was gauged before the mea-
In order to answer the question how the layers are orgasurement with the help of a small weight attached to the
nized in the fibers, we have performed x-ray scattering meacantilever tip. The very small force constant, the product of
surements in compound 1. Our earlier experiments on powthe Young modulus€ and the inertia momenit, EI=0.46
der samples and substrate-oriented drofjte®% showed one X 107° N, provides sufficiently high sensitivity in the range
single reflection in the small angle region in both Sm-CP andf micronewtons. The measured force exerted by autb
Sm-X phases, which corresponds to a layer spadinf41.8  thick filament of fixed length has been determined as 12
A. The incommensurable reflections reported for B¢ X107 N. Assuming in first approximation that the filament
phase in Ref[15] have not been found in the x-ray patterns has a perfect cylindrical shape, the surface en&ggyan be
of compound 1. Therefore we can draw two conclusighs: expressed by the radius the lengthl, and the surface ten-
the SmX phase is different from th8; phases and2) the  sion y: E;=2#rly. This formula allows us to estimate the
Sm-X phase has a layer structure. The difference between ttgurface tension from measurements of the stiesdEy/dl
SmX and Sm-CP phases is not quite clear and as already2=ry exerted by a cylindrical filament. Gravitational forces
mentioned in Ref[19], it may lie in the character of the can be completely neglected. The values obtained for several
in-plane order of the molecules. samples with different radii in the experiments yield an ap-
Space-resolved x-ray measurements have been performpdrent surface tensiop=26+2 mN/m for compound 1T
on sufficiently thick fibers in both Si{-and Sm-CP phases. =155 °Q. These figures comply satisfactorily with values of
In the latter case it was possible irrespective of the limitedthe surface tension in conventional smectics; actually the re-
lifetime of the filament since the fiber was stable for about 1sult is slightly higher than one might expect from the chemi-
h at 120 °C. We have used a ®ur (\=1.79 A) source in  cal structure[22]. Additionally, our results obtained by the
connection with a Hi StafSiemens AG two-dimensional cantilever method are in good agreement with the data from
area detector. In the x-ray pattern shown in Fig. 7, singleresonant measurements reported by Jéklal. [12]. Prob-
layer reflections are observed. Only the pattern of the Sm-CRBbly, the value is overestimated by 20-30 % by the approxi-
phases is shown here since the x-ray pattern of the filamembations, since we have assumed a smooth, cylindrical sur-
in the SmX phase(at 150 °Q is identical. In agreement with face, whereas the actual surface is corrugated as seen in the
our previous studies, the layer spacing hardly depends oAFM images (Fig. 6). Taking this into consideration, the
temperature. The scattering vector of the layer reflections istress measurements fully corroborate our assumption of a
perpendicular to the fiber surface, which indicaf@ssuming compact filament structure where surface tension plays a
that all directions normal to the filament axis are equivalent dominant role. Further experiments should be devoted to the
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determination of the apparent dynamic surface tension dutture) mesophase. Very high values of the macroscopic polar-
ing the pulling of the filaments. ization in the smectic phases formed by the bent-shaped mol-
Summarizing, a number of experiments characterizingescules may contribute to the high anisotropy of the surface
free-standing liquid filaments of different mesophases havéension. Probably, a spontaneous curvature of the layers,
been presented. Clearly, the experiments show that there ISvﬁuch m|ght be caused by an out-of-p|ane component of the
concurrence between free-standing fibers and free-standingb|arization[12,17, favors the formation of cylindrical fi-
films in the investigated mesophases. So far, it is not fullypers rather than free-standing flat films. This would explain
understood which mesophase structures belong to the cla§;‘hy existing filament structures are destroyed when the
of filament-forming phases. The existence of a smectic Iayegammes are cooled or heated into Sm-CP mesophases in
structure alone proves to be not sufficient. In particular, thnhich the layer structure is still present.
x-ray measurements of compound 1 show that the geometri-
cal structures of two phases of the same material can be The authors acknowledge very greatly I. Grodrian and L.
practically identical whereas filaments are stable in one oNaji for their AFM measurements. The DFG is acknowl-
these mesophases and unstable in the dtberer tempera- edged for financial support within Project No. STA 425/15.
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