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The layered structure of smectic liquid crystals cannot develop unobstructed when confined to spherical
shells with layers extending in the radial direction, since the available cross section area increases from
the inside to the outside of the shell yet the number and thickness of layers must be constant. For
smectic-A (SmA) liquid crystals, with the layer normal m parallel to the director n, the frustration breaks
up the texture into spherical lune domains with twist deformations of alternating sense, overlaid with a
herringbone-like secondary modulation and mediated via localized bend regions where the boundary
conditions are violated. The SmC phase has more degrees of freedom to resolve the frustration thanks
to its non-zero tilt angle T between n and m, but its response to tangential shell confinement was never
studied. We show experimentally and theoretically that the lunes in shells undergoing a SmMA-SmC tran-
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sition become twice as wide and half as many and they lose the secondary modulation, adopting a
configuration with no layer twist but uniform layer bend if t reaches a large enough value. Our study
DOI: 10.1039/d4sm01263a expands our understanding of how smectics respond to spherical confinement and it opens new soft

matter research opportunities, given the rich diversity of phases with SmC-like symmetry, including
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1 Introduction

The study of liquid crystals (LCs) in a spherical geometry has
been an emergent field in recent decades, originally motivated
by an interest in making artificial colloids that replicate recog-
nition mechanisms present in biology'™ and building on a
collective understanding of smart responsiveness from the
study of LCs in a more traditionally used flat geometry.>>"®
LCs and long-range ordered polymers in droplets were of
significant interest due to the topological requirements of the
spherical geometry dictating a non-zero defect configura-
tion,»”™'" potential applications of self-assembling systems of
higher order,>” and the exclusion of non-LC material to the
defect sites.>">"® Of more recent interest has been the study of
LC shells, ie., a thin layer of LC around a droplet of an
immiscible isotropic liquid (often water-based) and surrounded
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chiral and spontaneously polarized phases.

by the same or different liquid (Fig. 1(a)). The configuration of
the director field n(r) (describing the average orientation of the
molecular long axis) is controlled first via the boundary condi-
tions, tangential (planar) or normal (homeotropic) depending
on the interactions between the isotropic liquids and LC
mesogens,'* further tuning possible using amphiphilic addi-
tives, over each entire interface™ or locally."® A yet more
powerful tool is to vary the type of LC phase.

Initially the study focused on the nematic (N) LC phase'”""*—
exhibiting long-range orientational but only short-range posi-
tional order—as a platform for elucidating the dynamics
and overall configuration of topological defects within the
shell.’" A significantly more complex n(r) was encountered
when cooling tangential-aligned shells from the N to a smectic-A
(SmA) phase.>**® SmA adds long-range positional order along
one dimension by organizing the molecules into layers, the
smectic layer normal m being along the director, m||n. With
tangential boundary conditions for n also m is tangent to the
shell interfaces, hence the smectic layers extend in the radial
direction e, The intriguing textures encountered (Fig. 1(b))
reflect the frustration arising when the layers find themselves
needing to span a distance along the original n direction (e,
in Fig. 1) that continuously increases from the shell inside to the
outside (see Section 3.2). This is in apparent conflict with the

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Schematic of an LC shell with inner radius R, average thickness h
and outer radius R,. Black lines are in the page plane whereas orange lines
illustrate three adjacent lunes, coming out of the page. The purple vector F,
pointing to an arbitrary point on the shell surface above the paper plane,
defines the polar angle 6 and the azimuthal angle ¢ of the spherical
coordinate system (e.epe4). The maximum lune width, at 6 = n/2, is we
(index ‘e’ for ‘'equator’). (b) An example of a SmA shell with spherical lunes
and the secondary herringbone-like modulation, observed in POM. The
inset shows a magnification of the area within the dashed white circle, to
better visualize the secondary modulation. (c) Illustration of the undulating
layer twist (ignoring secondary modulation) across three adjacent lunes in
a SmA shell at 6 = n/2. The smectic layer boundaries on the shell inside are
horizontal, drawn as black lines with the SmA layer thickness da as
separation along e,. The boundaries on the outside, drawn red, are
maximally rotated by magnitude f (exaggerated for clarity) yielding a
greater separation d(,o along ey. At lune boundaries (green dashed lines),
the twist goes to zero and instead the layers bend by an angle +y. The
bending direction is indicated with blue arrows. The azimuthal angle ¢ is
defined zero at the center of the first lune and ¢4 at the first lune boundary.

requirement to maintain a constant SmA layer thickness d,,
which is fixed by the effective molecule length and the degree of
orientational order.>”

To avoid costly layer dislocations, the SmA phase forms
spherical lune-shaped domains in which the n||m couple
undulates in a zigzag-like fashion. The lunes get thinner the
larger or thinner the shell, the maximum lune width scaling
linearly with the ratio of shell thickness to radius.”®*° Liang
et al. proposed®*>* that the layers twist about e,, with opposite
handedness in adjacent lunes, i.e., n||m would rotate increas-
ingly as we move outwards to accommodate the increasing
length along ey, see Fig. 1(c). Lopez-Leon argued against such a
twist with the argument that it would violate the tangential
boundary conditions.>**> We do not see that this is the case,
since smectic layers behave like two-dimensional liquids; simi-
lar to the twisted structure in a chiral nematic phase or twisted
nematic display, n can be everywhere perpendicular to the twist
axis, thus in planes parallel to the shell boundaries. We thus
consider the model with twisted lunes in SmA to be well
motivated and will build on this in the following.

Shortly after the lune formation, an additional much smaller
scale herringbone-like dark-bright pattern develops, indicating
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a secondary modulation, and for thick shells even a tertiary
modulation can be recognized.>® Liang et al. conjectured®” that
this is because the rotation of m away from ey, increasing
in magnitude along e, means that the spherical curvature
along each new m direction causes the same type of problem
of the effective layer distance needing to increase along e,. This
new frustration created by the original layer twist would trigger
a secondary, eventually also a tertiary, layer undulation on
smaller scale within each lune, qualitatively explaining the
new pattern.

To allow the alternation of twisting sense without introdu-
cing dislocations, the twist must go to zero locally at lune
boundaries. Here, the layers must instead bend, alternatingly
upwards and downwards, to accommodate the increasing dis-
tance along e, from the shell inside to its outside."® In contrast
to the twisting, this bend in m comes at the cost of violating the
tangential boundary condition at the shell outside since n||m
in SmA. A constant layer tilt, without bend, would not resolve
the problem, because it would increase the effective layer
distance along e, equally from the inside to the outside.

The modulated external surfaces of tangential-aligned SmA
shells can be visualized with high magnification by scanning
electron microscopy (SEM) by polymerizing reactive LC mole-
cules in the shells, the resulting polymer network being tem-
plated by n(r), see Fig. 5 in ref. 30 In addition to showing a
zigzag pattern reflecting the alternation in n||m on the shell
outside, the SEM images also suggest a topographical modula-
tion, where the center of each lune bulges out with respect to
the edges. This may be a result of the bend localized to the
lune edges.

SmA is the most common of a large series of smectic
phases,”” another important variant being the basic SmC phase
in which n is tilted by an angle t with respect to m, see Fig. 2(a)
and (b).§ The SmA-SmC transition is often second order, the
tilt angle increasing non-linearly upon cooling from t = 0 at the
transition, where SmA and SmC are thus degenerate, toward a
saturation value in the range 15-30°, see Fig. 2(a). In contrast to
the tilt magnitude 7, which is well-defined at any temperature,
the tilt direction, given by the local azimuthal angle ¢, does not
affect the free energy of a bulk SmC phase,** hence any ¢ is
equally probable in the absence of boundaries. Only gradients
in ¢ enter the free energy as elastic contributions. These are
small for reasonable gradients, as evidenced by nearly 180°
changes in ¢ developing spontaneously across samples as thin
as 1.5 um.*” The freedom to tilt in any direction, but at a fixed
magnitude, defines the SmC tilt cone, illustrated in Fig. 2(b).

The non-zero T normally implies that the layers shrink in the
SmC phase (Fig. 2(a)), because the average molecule orientation
is no longer along m. This shrinkage means that SmC actually
offers some interesting alternative solutions to relieve the
frustration of smectics confined to spherical shells. In principle,
the SmC phase could decrease T from a maximum value at the

§ In the SmC research literature the tilt angle is typically denoted 6, but here we
avoid this to avoid confusion with the polar angle 0 required to define locations
on the spherical shell.
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Fig. 2 (a) Illustration of how the smectic layer thickness d shrinks on
cooling from SmA (left, da) to SmC (dc < da), as T increases. For T = 5° and
T = 15° corresponding reduced temperatures T, exist for the LC mixture
used in this study, whereas 7 = 30° is beyond its saturation. (b) The SmC tilt
cone, drawn for t = 30° and n pointing out of the paper plane along a
direction ¢ from the left-side cross section. (c) Illustration of how a SmC
phase with sufficiently large © can resolve the frustration of increasing
surface area from the shell inside (right) to the shell outside (left) by
bending the layers and rotating n (blue) an angle ¢ = +£90° around the
surface of the tilt cone; nis in the paper plane at the outside but tilts out of
this plane on the inside. Black dashed lines indicate boundaries of layers
bending upwards by an angle +y, and brown dashed lines show the case
for downward bend by —y.

inside to a minimum value at the outside, thereby achieving the
required increase in layer thickness. However, since a change in
7 from the equilibrium value comes at a significant free energy
cost, a more likely scenario is that the phase utilizes the freedom
in ¢ and lets n rotate around the tilt cone, at constant 7, bending
the layers such that the projection of the layer thickness along
the original n direction increases from inside to outside, as
required by the non-zero shell thickness, see Fig. 2(c).
Spherically curved SmC phases were studied by Stannarius
and co-workers on millimeter scale in the form of free-standing
air-surrounded bubbles,**** and on the sub-millimeter scale in
the form of water-surrounded shells once.?® In these studies,
the behavior in SmC was compared to that in a SmA phase at
higher temperatures, but the smectic layers were oriented in
concentric geometry with radial m as ensured by imposing
normal boundary conditions on n. Here we present the first
experimental investigation and detailed theoretical analysis of
the SmA-SmC phase transition in water-surrounded sub-
millimeter shells with tangential alignment, focusing particu-
larly on how the lunes formed in SmA transform upon cooling
through the SmC phase. We find that n(r) undergoes a sig-
nificant rearrangement, leaving half as many lunes that are
twice as wide in the stable room temperature SmC shells.
Moreover, the secondary herringbone-like modulation disap-
pears. We postulate that these changes reflect the new way of
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responding to the constraints of spherical shell confinement
enabled by the SmC structure, smoothly varying ¢ from the
inside to the outside of the shell, replacing energetically costly
layer twist with low-cost layer bend.

2 Methods and materials

The majority of LC shell studies were conducted with the
popular cyanobiphenyl mesogens 5CB and 8CB, exceptionally
suitable for LC shell production.’® However, their phase
sequences lack SmC and thus cannot be used here. Instead,
we use an equal mass mixture of 2-(4-hexyloxyphenyl)-5-octyl-
pyrimidine (60PhPy8) and 2-(4-octyloxyphenyl)-5-octylpyrimidine
(80OPhPy8), Fig. 3(a) (Synthon, Germany). This mixture, also used
in the earlier studies of normal-aligned shells®® and bubbles,**"**
exhibits a convenient phase sequence with a SmC phase at room
temperature. On cooling from isotropic, first the N phase forms at
~67.9 °C, followed by SmA at ~59.8 °C, and then SmC takes over
at Tac = 49.7 °C. While the two former transitions are first order
and thus take place over a small temperature range, the SmA-
SmC transition is nearly second order,?® exhibiting no coexistence
and having a well-defined transition temperature, despite the LC
being a mixture. We will for convenience often take T)c as
reference and define a reduced temperature T, = T — Tpc.

There are two standard methods to determine 7 experimen-
tally:>” POM investigations give the ‘optical tilt angle’ t,, while
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Fig. 3 (a) Chemical structures of 80PhPy8 and 60PhPy8. (b) Smectic

layer thickness d (left y-axis) and the x-ray tilt angle 7, (right y-axis) as a
function of temperature T (lower x-axis) or reduced temperature T, with
respect to the SmA-SmC transition temperature (upper x-axis) of the LC
mixture used in the study. The grid refers to T, and t,. Data are re-plotted
from.>®> The dashed curve is a fit to the experimental 1, values of the
function 1, = t'(Tac — T)?, where Tac is the SmA-C transition temperature
(all temperatures are given in Kelvin) and 7’ is a hypothetical saturation tilt.
The fitting yields Tac = 49.9 °C and a = 0.44.

This journal is © The Royal Society of Chemistry 2024
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X-ray measurements of the smectic layer thickness yield the
X-ray tilt angle’ t,, from d¢(T) = dacost,,”” see Fig. 2(a). Here
dc(T) is the temperature-dependent layer thickness in the SmC
phase and d, is the thickness at the SmA-SmC transition.
Generally 7, > 1,.>” For the discussion in this paper, 1, is the
relevant tilt angle and we thus use X-ray data published by
Enz* to establish t = 1,, as shown in Fig. 3(b).

We produce LC shells using a microfluidic system following
the classic flow focusing design of Utada et al.*® (see that paper
for the principles), in which two cylindrical capillaries are
nested from two sides within a capillary with square cross
section, the cylindrical capillaries serving as in- and outlet,
respectively. The inlet is tapered to a small orifice diameter of
about 60 pm while the outlet has been blunted to an orifice
diameter of about 250 um. The inner width of the rectangular
capillary and the outer diameter of the cylindrical capillaries
are equal, to align all capillaries and to ensure uniform flow
when the device is in use. As isotropic inner and continuous
phases we use a solution of 1 wt% poly(vinyl alcohol) (PVA,
M,, = 13-23 kg mol ', 87-89% hydrolyzed, Sigma-Aldrich) in
deionized water (Sartorius arium pro-DI, resistivity 18 MQ cm™").
Such a solution imposes tangential boundary conditions for n with
LCs formed by aromatic mesogens,'* as in our mixture.

During shell production, we maintain the microfluidic
device and all three liquid reservoirs at 70-72 °C to keep the
LC mixture in the isotropic phase. This is ensured by contact
heaters, an infrared lamp directed to the transfer tubes con-
necting reservoirs and microfluidic device, as well as occasional
local use of a heat gun. Flow rates are adjusted using a
computer-controlled pneumatic microfluidic flow control unit
(Fluigent MFCS) paired with septum-capped vials. The LC
shells are harvested as an aqueous suspension into a collection
bath maintained at 35 °C. For microscopic analysis of the
shells, suspensions are filled by capillary action into flat glass
capillaries, sealing the openings and simultanouesly anchoring
them to glass slides with epoxy resin. A capillary can then be
placed inside of a heating stage (Linkam T95-PE) mounted on a
POM (Olympus BX-51).

Due to density mismatch between the LC and the internal
aqueous phase forming the inner droplet, the latter floats to the
top at high temperatures, making the shell thinnest at the top
and thickest at the bottom. This asymmetry is small in the
shells studied here, hence we ignore it, approximating the
shells as spherically symmetric with a constant thickness A.
Experimentally, the shells typically have an inner radius R =
120 pm and an average thickness 7 ~ 5 um.

3 Results and discussion

3.1 Experimental investigation of the textural development
during the SmA-SmC transition

Because of the large temperature difference between the micro-
fluidic shell production setup and the collection bath, the
shells are quench cooled extremely rapidly through the N, SmA
and the high-temperature region of the SmC phase, starting

This journal is © The Royal Society of Chemistry 2024
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from isotropic disorder, when they are collected. This leads to a
non-equilibrium SmC texture rich in defects in the pristine
shells that does not lend itself well to analysis, see Fig. S1 in
the ESL{ To anneal the shells and remove surplus defects they
must be heated to the nematic phase, retained there for some
minutes, and then cooled down to the smectic temperature
range at a rate that preferably allows the LC to adjust n(r) to
each new equilibrium configuration as the temperature changes.

The equilibrium n(r) configuration in tangential-aligned
SmaA shells has been well studied, theoretically’’° and experi-
mentally using 8CB shells.?>?**?%3%% 1t can be reached in
experiments only by cooling very slowly from the N phase, at
about —0.01 °C min~", allowing n(r) to respond to the rapid
divergence of the elastic constants for twist (K,) and bend (K;)
upon approaching the N-SmaA transition (explained in Section
3.2). This yields a configuration where four +1/2 defects dis-
tribute symmetrically on a great circle of the shell, with two sets
of orthogonal lune domains extending from defect 1 to 3
(numbered sequentially along the great circle) on one side
and from defect 2 to 4 on the opposite side.”****! The lunes
are visible the clearest midway between their generator defects,
which are at the top and bottom for the lune pattern shown
in Fig. 1(b).

In this study this equilibrium configuration is unfortunately
inaccessible because our shells break invariably at the N-SmA
transition upon slow cooling. The detailed explanation of this
phenomenon is outside the scope of this article and has no
impact on the main focus of the structural transitions at the
SmA-SmC transition, but a possible origin is discussed in the
ESL Section S2. To circumvent the problem we start with an
annealed N state (Fig. 4(a)) and then cool rapidly past the
N-SmA transition, finding a significantly enhanced shell stabi-
lity. We identify the minimum cooling rate that leaves us a
sufficient fraction of intact shells after the transition for carry-
ing out systematic studies of the texture to be —6 °C min .
Although our SmA shells are thus not fully in equilibrium, the
reconfiguration of defects towards the great circle has started,
yielding a lune texture with secondary modulation that on one
shell side is very similar to the equilibrium SmA lune configu-
ration, see Fig. 4(b) and Supporting Video 3 (ESIf).

Below T, the first clear sign of the transition having taken
place is that the secondary modulation begins to dissipate,
initially leaving the lunes with a coarser modulation (Fig. 4(c),
T, = —0.7 °C <1, & 5% see Fig. 3(b)). On further cooling they
appear increasingly smooth, see Fig. 4(d) (T, = —3.2 °C, 1, & 9°)
and e (T, ~ —14.7 °C, 1, ~ 16°). The disappearance of the
secondary modulation is a strong hint that the geometrical
frustration is reduced in SmC compared to SmA; specifically we
interpret this as a sign of disappearing layer twist (while the
director can still be twisted thanks to the non-zero t). Moreover,
we clearly see an overall rearrangement of lunes upon cooling,
leaving them wider than the original ones. Quantitatively, just
before the SmA-SmC phase transition at 7, = +0.5 °C, we
measure a maximum lune width of w. = 14.6 um (Fig. 4(b)),
while at T, = —14.7 °C the corresponding measure is w, =
23.5 um (Fig. 4(e)).

Soft Matter, 2024, 20, 9586-9596 | 9589
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Fig. 4 POM images of a shell on cooling from the N to the SmC phase with —6 °C min™
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bottom

! rate. Image (a) shows the bottom of the shell before the N—SmA

transition with a tetrahedral configuration of the defects. (b) The top of the shell in SmA with the typical lune texture. (c) At 0.7 °C below the SmA-SmC
transition the secondary modulation starts being blurred, and the lunes get increasingly smooth on cooling through the SmC phase (d) and (e). They also
get wider and fewer. Image (f) shows the bottom of the shell in the SmC phase, with a rather irregular structure of the lunes, resulting from the
comparatively fast cooling. Photos are still frames from Supporting Video 1 (ESIT). The shell diameter is about 250 um. The shell appears smaller when

focusing on the bottom than at the top, hence the apparent variation in shell size between the different panels is an artifact.

We do a more detailed analysis of the lune reconfiguration
process based on another cooling experiment, see Fig. 5 and
Supporting Video 4 (ESIt). In Fig. 5(a), a SmA shell with lunes
decorated with a clear secondary herringbone modulation and
distinct color contrast between adjacent lunes is shown. As the
shell is cooled just below the transition to SmC (b), the
secondary modulation nearly disappears, again hinting at
reduced or even removed layer twist, but the lune configuration
remains largely intact at first. On further cooling, however,
several lunes start shrinking and an overall reconfiguration is
seen (c), with most of the lunes eventually disappearing com-
pletely (d)-(g). Among the eight adjacent SmA lunes tracked in
Fig. 5, we identify two processes by which lunes disappear.
Initially lunes implode laterally when the two surrounding
lunes merge, e.g. lunes 2 and 4 merging to expel lune 3 in (d)
and lunes 6 and 8 merging to expel lune 7 in (e). In neither case
are the merged lunes stable, however, but they retreat long-
itudinally towards the top of the shell (as imaged in the figure),
lunes 2 and 4 no longer being distinguishable in (f) and (g),
respectively, and 6 and 8 being gone in (g). As these original
lunes retreat upwards, new wider lunes take their place. At the
end (h, T; = —20.7 °C, 7, ~ 18.5°), the room temperature SmC

9590 | Soft Matter, 2024, 20, 9586-9596

shell has lunes of approximately double width compared to the
original SmA shell, and there is almost no color difference
across lune boundaries. Out of the original eight tracked lunes
only two (1 and 5) remain. As they initially were separated by an
odd number (three) of lunes, their twisting directions must
have been identical, hence in the final SmC state, where the two
lunes remain but have not merged, they must also be separated
by an odd number of lunes. This is indeed the case, but now
only one lune is found between them.

Upon heating SmC shells back into the SmA phase (Fig. 6), a
small degree of lune reorientation can be seen and domains
become more uniform in size, but the number of lunes does
not increase and they generally retain their wider aspect gained
in the SmC phase. Given that the SmA phase on cooling from
the nematic phase developed a larger number of thinner lunes,
we assume that the SmA texture on heating from SmC is para-
morphotic, ie., retaining a structure defined in SmC even after
heating to SmA, where this structure corresponds to a kinetically
stabilized non-equilibrium state. On the other hand, the second-
ary intra-lune herringbone modulation returns upon heating to
SmaA, although the bright and dark contrast is lower than in the
original modulation formed upon cooling from N to SmA.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Screenshots from Supporting Video 2 (ESIT) showing how lunes
change below the SmMA-SmC transition. The values of T, (in °C) are shown
at the bottom left of each panel. In the SmA phase (a), lunes show clear
secondary modulation and adjacent lunes alternate between green and
pink color around the equator. On cooling to SmC, the secondary
modulation disappears (b) and an irregular rearrangement of lunes start,
some remaining but most disappearing. The insets in (a) and (b) show
magnified views of the area in the dotted circle in each image, to better
visualize the disappearance of secondary modulation. To highlight this
process, eight adjacent lunes have been numbered in (a) and their labels
retained in the following panels as long as a lune can still be identified. The
only lunes remaining from SmA (1 and 5) were both pink-colored at the
equator before the transition and they had three lunes between them. At
the end all lunes are red at the equator and 1 and 5 have one lune in
between.

3.2 Theoretical study of equilibrium behavior of SmA and
SmC phases in shells

For nematic liquid crystals, the simplest continuum mathe-
matical theory is the Oseen-Frank theory,’* where the director

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 POM images of a shell on heating from SmC to SmA (still images
from Supporting Video 2, ESIf). In the SmC phase (a) the secondary
modulation is absent but on heating to the SmA phase (b) it reappears.
However, the number of lunes and their width remain almost the same as
in SMC even after the transition. Scale bar represents 50 pm.

of nematic liquid crystals is described by a unit-vector field,
n(r) € S* The simplified (ignoring the saddle splay term)
Oseen-Frank free energy density for distortions in the director
field n(r) in nematic liquid crystals is

K;

ﬂ))2+7(n x (Vxm), (1)

_K
)

K>

(V- n)2+ 5

f (n-(Vx
where K;, K, and Kj; are the elastic constants associated to splay,
twist and bend distortions, respectively. Since the director
concept prevails in smectics, the Oseen-Frank theory can be
extended to these phases under certain precautions, but a
complete description also requires terms representing distor-
tions of the layer geometry. As discussed in, e.g.,*" twist and
bend deformations in SmA (applying equally to n(r) and m(r)
since n||m) are incompatible with the layer geometry of the
phase and cause edge and screw dislocations, hence K, and K;
in the N phase diverge upon approaching the transition to SmA.
It is thus often stated that SmA expels twist and bend but it is
worth noting that this concerns the bulk SmA phase, in the
absence of external constraints. When considering strongly
confined SmA, such as in a shell configuration, this conclusion
does not necessarily apply, and the topology and boundary
conditions may instead force the phase to develop a structure,
possibly with defects, that accommodates twist and bend.
This leads us to adopt the Manyuhina and Bowick theory,"
considering non-zero bend and twist in n||m in SmA (corres-
ponding to layer splay and twist, respectively) and approximat-
ing the twist constant as equal to the bend constant, K, ~ K;.
Concerning the additions unique to the smectic structure, the
bulk modulus describing the relative compression or dilation
of a layer is often considered to be very large,***! i.e., the layers
can be approximated as incompressible. In this section, we
provide specific configurations of SmA and SmC shells with
explicit formulas for director n and layer normal m. Our
formulae offer more detailed support for the weaker twisting
in a SmC shell than in a SmA shell, and indicate doubled lunes
in experiments due to the requirement for continuity in layer
normal.

3.2.1 3D SmA layers: twisting and bending. For a tangential-
aligned spherical SmA shell with finite thickness, the increase of
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the smectic layer extension along the original e, director orienta-
tion, from the in- to the outside, is proportional to the increase
of the area element dS = (1 + 2hH; + h*H,)dS|j=0 = (1 + £)*dS| =0,
where H, = 1/R is the mean curvature and H, = 1/R* is the
Gaussian curvature of the inner boundary.'® In the following, we
ignore the decrease of the smectic layer thickness at high
temperatures in SmA in Fig. 3 (due to decreasing orientational
order parameter>’), and for simplicity we call the natural layer
thickness at the SmA-SmC transition d,. We consider only the
shell half over which n(r) was along e, prior to the N-SmA
transition; the analysis of the opposite half of an equilibrium
configuration shell, where the lunes develop in the orthogonal
direction, is analogous but with a rotated coordinate system.

For SmA just before the SmA-SmC transition, on the inner
shell surface (Fig. 7(a)),

m=n = e, (2)

hence the inside length in a layer along e, is equal to the
natural layer thickness, dy, = da = nR/N, where N is the number
of layers on the shell half considered. Due to the increase of dS
from the inner to the outer surface, dy must on the outer
surface reach the greater length drawn in red in Fig. 7(b),
dg, = (R + h)/N = da(1 + ¢) with ¢ = h/R. As mentioned above,
to maintain the constant smectic layer thickness d, and satisfy
tangential boundary conditions on the inner and outer sur-
faces, we consider that the layers twist about e, within the
lunes, rotating in the 0¢-plane by an angle that increases from
in- to outside, reaching a maximum value of

p= arccosd—A = arccosdiA
B dy, da(l +¢)

1
= . 3
arccos ;—— (3)

With the typical geometrical parameters of our shells (see
Section 2), & ~ 5 um, R ~ 120 pm and consequently ¢ = #/R ~
0.05, we obtain a maximum rotation of f ~ 18°.

Far from a lune boundary, e.g., at ¢ = 0 as defined in
Fig. 1(c), the orientation of m||n at the outer surface (r = R,),
at the equator (0 = w/2) is thus (Fig. 7(b)):

m(R,,n/2,0) = n(R,,n/2,0) = cos fley + sin fe,.

(a) &
2

|
¢ =da
(b) ¢4 f I
J/_) d()o /I\.:
€y il v
¢ =0 e, €0

| director n $ layer normal m

Fig. 7 Schematic figure of a SmA shell layer with 3D twist (left) and bend
(right), respectively. (a) and (b) At ¢ = 0, the layer normal m twists about e,
from in- to outside, the rotation in the 6¢-plane reaching an angle f with
respect to ey on the outer surface. (c) At ¢ = ¢, the layers bend from in- to
outside such that m tilts by the angle y with respect to ey, in the r0-plane,
away from the outer spherical surface. The equilibrium value of the
smectic layer thickness is da, Whereas its projection along ey is d.
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At the lune boundary, for example at ¢ = ¢, (see Fig. 1(c)),
the twist must go locally to zero to accommodate the undula-
tion from clockwise to anticlockwise twisting, leaving the layer
normal m in the rf-plane. As mentioned above, the layers then
bend to avoid layer dilation also here, m locally tilting out of the
outer shell boundary plane in the r0-plane (Fig. 7(c)) at the cost
of violating the tangential boundary conditions. Analogous to
the analysis of the twist along e, with layer rotation in the 0¢-
plane within the lunes, we have at the SmA lune boundaries the
maximum angle by which m tilts out of the outer surface:

y = arccos da _ arccos ! (4)
V= dgo B 1+¢

i.e., y = f in (3). The orientation of m||n is then

m(R,,m/2,$4) = N(Ry,T/2,(,) = cOS €y + sin ye,.

3.2.2 3D SmC layers with reduced/vanishing twisting. For
SmC, in addition to the constraint of incompressible layers, the
intrinsic angle t between n and m is a “hard” variable.*' Under
the premise of satisfying these two constraints, a stable SmC
configuration tends to minimize layer twisting and layer splay.
In the SmA configuration as discussed in Section 3.2.1, there is
no layer splay. In the following quantitative analysis of the SmC
shell situation, we also assume that the layer splay vanishes in
the SmC configuration, so we will focus solely on minimising
layer twisting. We do not exclude the appearance of layer splay,
but under the current model assumptions, we find that config-
urations without layer splay are consistent with experiments and
suffice for our theoretical model. We refer to Fig. 8 and consider
a regular arrangement with lunes and an arbitrary t > 0.

@ e (b1) e, g cos feg + sin fBey
‘L—) d()( P d(' Y
ey Uc 'I o 5 .. «2 T
(c) (b2) ey K 'd‘ czs_:eg +sinTe,
! Ao
oy r ﬂi o
dedl © ¢/‘¢ ey ‘ T e ‘dﬁg\ﬂ
= ¢c :
/! E,l (b3) e 7 ld cos Beg + sin fey
— y .\
A~ L_) o d;‘g‘ =B
(5 T €9 + d; €r — dlz
e, €o (.
=0

Idirector n $layer normal m

Fig. 8 Schematic figure of a 3D twist and/or bend SmC layer. (a), (bl)
When t < f, at ¢= 0, the layer normal m twists about e, from in- to
outside, the rotation in the 0¢-plane starting from an angle = to f with
respect to ey on the outer surface, and splays in the rf-plane reaching an
angle 7. (a), (b2) When t > f3, at ¢ = 0, the layer normal m splays from in- to
outside in the e, and cos te, + sinte,-plane reaching an angle f. (a), (b3)
When t = f5, at ¢ = O, the layer normal m splays from in- to outside in the e,
and cost(fley + sint(fley-plane reaching an angle  (f). (c) At ¢ = ¢, the
layers bend from in- to outside such that the layer normal m tilts from the
angle 7 to 0 with respect to ey, in the rf-plane, away from the outer
spherical surface. The equilibrium value of the SmC layer thickness is dc,
whereas the length in a layer at the outer surface r = R, along m(R,n/2,0) =
costey + sintey is dj.
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In a conventional tangential-aligned smectic between flat
substrates, at the SmA-SmC transition n tilts out of its initial
orientation into the boundary plane while m remains as it was
in SmA.?! In the shell case, however, to maintain the constant
number of layers N, i.e., to maintain the constant length in a
layer along ey, TR/N = d,, on the inner shell surface at r = R,
n remains as it was in SmaA (2),

l’l(R,TE/Z,O) =€y, (5)

and m tilts with an angle 7. On the inner shell surface, far from
lune boundaries, e.g. ¢ = 0, (Fig. 8(a)), the layer normal m has
the left- and right-rotated orientations, prevailing since SmA:

m(R,m/2,0) = cos te) & sin tey. (6)

The layer thickness, as measured along m, is d¢ = dacos .

As defined in eqn (3), the maximum rotation angle f§ of the
SmA layer on the outer shell surface (r = R,) far from lune
boundaries depends on the geometry parameter ¢ and is
independent of temperature. As temperature decreases from
Tac and the intrinsic SmC tilt angle 7 increases from zero, we go
through three distinct regimes: © < f, 7= ff and © > f. In the
three cases, the layer twisting is avoided or reduced, profiting
from the freedom of director rotation about the tilt cone and
bending of the layers, as mentioned in the introduction.
We note that the structures of the layers bending upwards
and downwards in the rf-plane are completely symmetrical
about the 6¢-plane, hence we discuss only upward bending.
We first consider the initial and final regimes, and end by
considering the borderline case.

Case 1: 7 < f (Fig. 8(b1)).

Due to the increase of dS from inner to outer surface, the
length in a layer along ey at r = R, becomes, as usual, dy_ = (R +
h)IN = da(1 + ¢) (in red) with ¢ = h/R. The layer thickness d
(in gray) is constant. To minimise layer twisting, i.e., to max-
imise the length in a layer along the projection of m on the 0¢-
plane, the maximum of which is d, = dc/cos 7 (in blue), the SmC
tilt cone orientation at the outer shell boundary exactly touches
the O¢-plane at r = R,. Hence, the out of f¢-plane angle of m is t
and n rotates around the SmC tilt cone as we move along e,
from the shell inside to outside, effectively experiencing an in-
0¢-plane rotation by the angle f. The orientations of the
director n and layer normal m are

n(R,,m/2,0) = cos fe, + sin fe,, (7)

m(R,,m/2,0) = cos t(cos fey + sin fles) — sin te,.

(8)

The director n twists from the in- to outside reaching a
maximum rotation value of . The layer normal m rotates about
e, from the inner surface with angle 7 to the outer surface with
the angle . The maximum rotation angle, i.e. twisting angle,
measured as the angle between the projections of m on the 6¢-
plane on the inner and outer surface, respectively, is f—t, which
is less than the corresponding angle in SmA, f in Section 3.2.1.
The layer bends in the plane spanned by cos fie; & sin fle, and
e, with angle 7.
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Case 2: 7 > f (Fig. 8(b2)).

With © > f, the layer twisting about e, can be totally avoided
by retaining m in the same plane, from inner to outer surface.
Since m in the inner surface is cos te, & sin tey, m in the outer
surface is in the plane spanned by costey + sinte, and e,.
Again, the outer interface length in a layer along e, becomes
dy, = da(1 + ¢) (in red) and the length in a layer along cos re, +
sinte, becomes d] =costn(R+h)/N =costds(l+¢) (in
green). To retain the layer thickness d¢ (in gray), the out of
O¢-plane angle of m is arccos (d—c) = arccos (L> = f. Since

d l1+e
n is on the O¢-plane to satisfy the tangential anchoring, and the
length in a layer along n is dj (in blue), the angle between n and
costey + sintey is

= arccos LA = arccos [ 27 9
K =arccos| ;- | = arcco cosf)

i.e., n rotates about e, by angle 7-«. Then the orientations of m
and n are

n(R,,n/2,0) = cos(t-x)ey + sin(t-k)ey, (10)

m(R,,n/2,0) = cos fi(cos tey & sinte,) — sin fe,.

(11)

The director n twists from the in- to outside reaching a
maximum rotation value of t-x. From in- to outside, the
twisting angle of the layer normal is zero, and the layers bend
in the plane spanned by cos tey £ sinte, and e, with angle §.

Case 3 t = f§ (Fig. 8(b3)).

Substituting t = f into (8) and (11), we obtain the same
result:

n(R,,m/2,0) = cos tey + sin te,,

(12)

m(R,,n/2,0) = cos t(cos tey & sinte,) — sinte,. (13)

The director n twists from the in- to outside reaching a
maximum rotation value of 7 (equal to f§). From in- to outside,
the rotation of the layer normal is zero, and the layers bend in
the plane spanned by cos e, & sinte, and e, with angle 1.

At ¢ = 0, on the outer surface, the layers bend out of the 0¢-
plane as described in eqn (8), (11) and (13). Even if the bend in
SmA is concentrated at the lune boundaries, the same bending
direction is sensed from the center of one lune (e.g., ¢ = 0) to
the center of the adjacent lune (e.g., ¢ = 2¢),), and then the
opposite bending direction prevails until the center of the next
lune (e.g., from ¢ = 2¢4 to ¢ = 4¢,). If we were to continue to
assume that the layers bend upwards and downwards alter-
nately, like in SmA shells, this would lead to discontinuities in
m, as can be seen from the overlapping sets of layers drawn
with opposite bending directions in Fig. 2(c) and as also
illustrated in Fig. 9. The problem is identical to that of opposite
directions of layer tilt meeting along boundaries between
chevrons of opposite sign in surface-stabilized ferroelectric
SmC* samples, giving rise to the infamous zigzag defects which
deteriorate the performance of electrooptic devices.** There-
fore, once the SmC phase structure is stable, the lune width is
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a 6=0 6= [m@r=r [m@r =&,
T SmA 75—
= S — —
= T ] | — U ]
b *SmC (conflicting bend directiohs)
T :
" H i H

= ¢c

SmC (st%able)

Fig. 9 Schematic of how lunes could double their width below the SmA-
SMmC transition. Starting from the twisted lune SmA configuration (a) the
layers on the shell inside (black) rotate (b) to match the outside (red), but
this leads to a conflict in bend directions (blue arrows along the top of each
drawing). Therefore, every second lune boundary must be removed to
expel the unfavorable twist in the stable SmC configuration (c). In SmA, the
azimuthal angle ¢ is defined zero at the center of the first SmA lune and ¢a
at the first SmA lune boundary. In SmC, ¢ is defined zero at the center of
the first SmC lune and ¢ at the first SmC lune boundary. The layer normal
m is depicted purple at the inner shell boundary and green at the outer
shell boundary, while the director n is depicted cyan at the inner and
orange at the outer shell boundary. A simple line represents n or m in the
plane of the figure, while a shorter line with a perpendicular line at the top
(‘nail head’) indicates that n/m tilts out of the image plane, with the nail
head being below that plane.

doubled compared to that in SmA to ensure the same direction
of layer bending, either upwards or downwards.

At a SmC lune boundary, for example, ¢ = ¢¢c, n and m are
influenced by the clockwise and counterclockwise rotation
from both sides, prevailing since SmA. We assume n and m
always lie on the r6-plane (Fig. 8(c)). On the inner surface, n =
ey, just like in the region far from the lune boundary. To
maintain the angle t between m and n, the out of 6¢-plane
angle of m is 7, and we have

n(R)n/27¢C) = €y,
m(R,n/2,pc) = costey — sinte,.
On the outer surface, the length in a layer along ey is dy, =

da(1 + ¢). To keep the layer thickness constant as dc, the out of
0¢-plane angle of m is

0 = arccos (d—c> = arccos(cos T cos f3).

G (16)

do

To maintain the angle t between m and n, the out of 6¢-
plane angle of n is d—1, and we have

n(R,,m/2,¢¢c) = cos(d—1)ey — sin(d—1)e,,

m(R,,m/2,p¢) = cos dey — sin oe,.
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3.3 Changes during the SmA-SmC transition in a shell

Considering the dynamic process, as temperature decreases
from Ty, i.e., the intrinsic SmC tilt angle 7 increases from zero,
the degree of layer twist about e, decreases and the degree of
out-of O¢-plane bending increases until t reaches f. After
exceeds f, the layer normal is uniformly rotated in the 0¢-
plane, from shell in- to outside, with an increasing angle t, and
the degree of out-of d¢-plane bending no longer changes. As is
seen in Fig. 3(b), we may expect T = f ~ 18° at a reduced
temperature of about 7, & —19 °C (< T = 31 °C).

As follows from the above discussions of the three cases,
even if m is untwisted, the director field n still exhibits some
twist also with 7> f. In fact, the rotation of n on the surface of
the SmC tilt cone amounts to a deformation that combines
splay, bend and twist in n. Since this director deformation is
mediated via a continuous slow variation of ¢, this deformation
costs little energy. As a consequence, such a SmC-cone-
mediated twist in n is known to form spontaneously, for
instance in flat tangentially aligned LC cells with chevron
geometry,>” which can be seen as an extreme version of the
bent layers that we discuss here.

Finally, we discuss why the secondary modulation disap-
pears in SmC. If the origin of the secondary modulation is the
twist in m within the SmA lunes, as suggested by Liang et al.,>*
the disappearance is to be expected in SmC of sufficiently large
7, since the twist of the layer normal disappears in favor of
bend. Nevertheless, it is somewhat surprising that the second-
ary modulation seems to disappear almost immediately after
the SmA-SmC transition, while 7 < f. Possibly, it is still present
but difficult to detect due to the significant rearrangement of
the lune structure that takes place while cooling through the
SmC phase. Another contribution may come from the fact that
the value of v has low impact on the free energy near the
second-order SmA-SmC phase transition, giving rise to critical
fluctuations and at the heart of the well-known soft mode of a
chiral SmA* phase near its transition to SmC*.*' With this
freedom to vary 7 with little impact on the free energy, the SmC
phase at temperatures only slightly below T,c may adopt a
value of 7 that is greater than its bulk value in order to resolve
the frustration arising from the confinement in the shell. Once
we heat the shells back to the SmA phase, the twist in m must
reappear, even if the lunes retain their SmC-like width, and
then the secondary modulation is again needed to compensate
for the rotation of m from shell in- to outside.

4 Conclusion and outlook

A SmA-SmC phase transition of liquid crystal shells with
tangential boundary conditions for the director n triggers a
significant texture change that reflects a smectic layer rearran-
gement to reduce confinement-induced distortion. Starting
from a set of narrow spherical lunes in SmA defined by
alternating twist and bend of the layer normal m, in alternating
senses, a SmC phase with sufficiently large tilt angle t adopts a
configuration where m only bends, without twist. In the SmC

This journal is © The Royal Society of Chemistry 2024
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phase the LC can solve the geometrical frustration of layers
extending from a small inner boundary to a larger outer one by
bending the layers and letting the director rotate around the
surface of the SmC tilt cone. Without layer twist, the secondary
modulation within lunes that is characteristic of SmA shells
disappears after the transition to SmC, which also shows twice
as wide lunes since one uniform bending direction is selected.

This is only the first presentation of the SmC phase in LC
shells with tangential alignment and there are many directions
that research in this field can take. In principle, the separation
into lunes should not even be required in SmC if t > f. We
postulate that reasonably thin (ensuring values of f in the range
considered here) shells of LCs where an SmC phase forms
directly from an N phase, typically yielding a high value of ¢
from the start, would exhibit no lunes. We currently have access
to no compounds with such a direct N-SmC transition that also
have a phase sequence suitable for microfluidic processing and
emulsification with aqueous phases, but hopefully such com-
pounds can be identified, allowing this experiment to be done
in the future.

Studying the plethora of different SmC-type phases, includ-
ing the chiral and thus spontaneously polarized variants, is a
particularly exciting avenue. Likewise, adding reactive meso-
gens can be greatly illuminating since polymerization of the
shells allows electron microscopy investigations of the different
structures formed with very high resolution.®® If all mesogens
are reactive, solid microparticles with exceptional fracture
resistance might be produced, benefiting from similar struc-
tural reinforcement as in biological high-performance materials,
like crustacean exoskeleta® or shells of nuts,* templated by the
SmA- or SmC-generated modulated director field. Such particles
could be used to make, e.g., very light-weight yet durable compo-
site materials.
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