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Introduction

Structural complexity driven by liquid—-liquid
crystal phase separation of smectics
Christopher A. Browne, (2 12 Yuma Morimitsu, (2 +¢ Na Kyung Kim,?

Manesh Gopinadhan, {2 ° Eric B. Sirota,® Ozcan Altintas, (' ° Kazem V. Edmond,
Paul A. Heiney“ and Chinedum O. Osuji (2 *@

b

Many phase separated systems—including industrial nanocomposites, biomaterials, and cellular
condensates—can form dispersed droplets that exhibit internal liquid crystalline ordering. The elasticity
of the internal liquid crystalline mesophase often reshapes the droplet geometry, resulting in structures
such as filaments, tactoids, tori, and surface facets. Our recent work demonstrated that by slowly
cooling into the binodal from a well-mixed state, the dynamics of this liquid—liquid crystal phase separa-
tion (LLCPS) can give rise to striking filamentous networks of smectic condensates. Here, we investigated
how choice of mesogen, solvent, and concentration can dramatically alter these networks. Using X-ray
scattering, we observed that the solvent swells the smectic layers, seemingly reducing the smectic
layer's bend modulus, altering the geometric structure of the network. Consistent with this
interpretation, samples with a higher smectic layer swelling exhibited more geometrically-complex
structures that require higher smectic layer bending to form. We further demonstrated that the
formation of filaments and networks does not occur in all systems exhibiting coexistence of a smectic
and isotropic phase. Instead, we only observed filament and network formation when the smectic phase
developed directly from the isotropic phase—further highlighting the importance of path-dependence in
forming these non-equilibrium structures. These results demonstrate some of the structural diversity of
dispersed droplet geometries that can be accessed by LLCPS, and elucidate some of the requisite

conditions for them to form networked morphologies.

in macrophase separation.'” In other cases, demixing droplets
immediately nucleate as a liquid crystal mesophase,'® and the

Liquid-liquid phase separation plays important roles in the
formation of composites," and biological condensates.” When
the condensing phase forms an isotropic liquid, condensate
droplets grow as spheres as a consequence of surface tension
with the residual solution. Some of these phase separating
systems can form condensates with liquid crystalline ordering,
including those of biological condensates and coacervates,”
biomaterials,® and nanocomposites.”*° In these settings, liquid-
liquid crystal phase separation (LLCPS) produces condensate
droplets whose interfacial shape is determined by a balance of
interfacial tension and elasticity associated with the microstruc-
ture of the liquid crystal mesophase within the droplet interior.
In some cases, isotropic-isotropic phase separation pre-
cedes the formation of liquid crystal phases,'* often resulting
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resulting elasticity and defect structure of the liquid crystal
mesophase under this confinement™ can slow or halt phase
separation dynamics.”™"” Such kinetic trapping can entrain
droplets of the isotropic phase'® or colloids, resulting in
composite gels.'® Kinetic trapping can similarly stabilize liquid
crystal shells around isotropic microdroplets,'®**> and sheath-
ing or core layers within electrospun fibers.>*™>>

For liquid crystals with sufficiently large elastic constants,
the interface of demixing droplets can reshape to reduce elastic
stresses associated with mesophase distortion, resulting in
non-spherical droplets.*® For example, droplets containing
nematics and cholesterics can form tactoids,>>”?® tori,?° and
surface facets.* For such systems, the rate of cooling through a
thermotropic phase boundary or rate of concentrating through
a lyotropic phase boundary can strongly alter the droplet
morphologies that nucleate and persist,>’*> which can be
further complicated by competing flow dynamics.>*"**

Demixing smectic liquid crystals can form particularly intri-
guing morphologies, in part because large compression moduli
add further constraints on droplet nucleation and growth.
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In some cases, demixing smectic condensates can form strik-
ing filamentous condensates, which relieve bend distortions
in the smectic layers.*>*® When subjected to sufficiently fast
thermal cooling rates, rapidly elongating filaments buckle
periodically,®”*® driven by a balance of hydrodynamic drag
and filament bending rigidity.*® This filamentous growth is
reminiscent of behavior in some other systems with anisotro-
pic fluid structuring. For example, similar filament buckling
can be observed during shape transformations of liquid
crystalline droplets in immiscible aqueous-surfactant-liquid
crystal systems,*®*' reentrant phase growth during the iso-
tropic-smectic  transition of some single-component
smectogens,””™* and growth of myelin figures in surfactant
solutions**™*’—though the underlying driving forces in these
systems are distinct.

Liquid-liquid crystal phase separation of smectics can also
give rise to more complex droplet shapes, including ribbons,
spirals, tori, and flat drops.*****® Our recent work showed that
the interaction of some such systems can form sparse networks
with life-like dynamics, driven by the emergent active stresses
of filament growth and retraction into flat drops.*® While these
systems exhibit a rich diversity of architectures and dynamics,
it remains poorly understood what underlying physical forces
dictate the preference for phase separation into specific
geometries.

Here, we reveal how the phase behavior of smectogen and
solvent blends control the formation of geometrically complex
condensate architectures by systematically adjusting their con-
centrations and molecular structure. We observed a diversity of
structures—including filaments, flat drops, and helical coils in
addition to commonly observed structures including focal
conics and oily streaks—which arose under distinct composi-
tions and concentrations. To better understand the conditions
that give rise to different structures, we used differential scan-
ning calorimetry and X-ray scattering to map out the phase
behavior. We found that distinct variations in condensate
morphology are closely linked to the solvent solubility, as
measured by smectic layer swelling and estimated Hansen
solubility parameters. Solubility differences likely arise from
changes in solvent-smectogen and smectogen-smectogen
intermolecular interactions. For some phase separating mix-
tures, solvent solubility increased with subcooling, resulting in
sustained condensate growth within the binodal region. This
interpretation was supported by an observed absence of these
complex architectures and dynamics in mixtures lacking this
solvent swelling behavior. For mixtures that do exhibit sus-
tained solvent swelling, the resulting swelling of smectic layers
by solvent likely reduces the bending rigidity of the smectic.
Consistent with this interpretation, these mixtures yielded
more structurally-complex shapes like helices and coils, and
exhibited more rapid rearrangement dynamics that directly
suggest larger bending rigidity of smectic layers. This work
provides insights on how the composition and concentration of
smectogen and solvent influence the diverse dynamics and
architectures that arise during the phase separation of liquid
crystals.
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Results

We investigated the morphology of liquid-liquid crystal phase
separation from different binary mixtures of a smectogen and a
solvent. We used two different smectogens: 120CB (4'-cyano-
4-n-dodecyloxy-biphenyl) and 8OCB (4’-cyano-4-n-octyloxy-bi-
phenyl); and five different solvents: squalane (SqA), squalene
(SE), 1-chloronaphthalene, tetradecane, and tetradecylben-
zene (Fig. 1A) (SI 1. Chemicals). Binary mixtures were loaded
into Hele-Shaw cells constructed from glass cover slips and
imaged using polarized optical microscopy (Fig. 1B) (SI 4.
Imaging). Consistent with previous literature, we saw binodal
phase separation that resulted immediately in a dispersed
condensate phase with smectic order. The morphology of these
condensates adopted metastable filamentous structures upon
growth, which in many cases underwent additional shape
transformations to form a range of more complex morpholo-
gies (Fig. 1C). We investigated the diversity in these metastable
condensate morphologies using imaging, X-ray scattering, and
differential scanning calorimetry as a function of temperature,
concentration, and solvent choice.

Binary mixtures of 120CB and SqA form sparse networks

We first investigated the liquid-liquid phase separation of
120CB and SqA during constant cooling into the binodal region
at 1 °C min~". For a solvent fraction of w = 0.61, we saw the
formation of sparse networks composed largely of filaments
and flat drops (Fig. 1D and Movie S1). These morphologies are
consistent with our previous observations at a lower solvent
fraction of w = 0.55.%° For both solvent fractions, condensates
grew as rapidly-elongating filaments with homeotropic anchor-
ing at the liquid interface that results in radial splay of the
smectic director field—and equivalently, bend in the smectic
layers (Fig. 1C). The formation of filaments, rather than
spheres, is driven by a reduction in the elastic distortion energy
associated with smectogen splay,** characterized by the Frank-
Oseen distortion energy, F. = nKlIn(R/R.), where K is the bend
modulus of smectic layers, [ is the filament length, R is the
filament radius, and R, ~ 0.1 nm is the radius of a defect core
running along the filament centerline, estimated to be on the
order of the molecule size. Filaments are buckled by hydro-
dynamics during elongation.’®*° As filaments continue to
grow, they densify from an imbalance of exponential growth
and quadratic dispersion,*® eventually resulting in collapse to
form bulged discs with undistorted interiors (Fig. 1C), which
form the nodes of the condensate network architecture. Fila-
ment growth and network formation occurred only during
cooling; reheating the condensate networks resulted in network
shrinkage.*’

For this higher solvent fraction of w = 0.61, we additionally
saw many filaments wind with themselves to form helices
(Fig. 1E) or wrap around thicker filaments to form coils
(Fig. 1E, arrow in Fig. 1D). Formation of helices and coils was
present in o = 0.55, but at a much lower prevalence. Prelimin-
ary work suggests that these coiled motifs are not the result of
any chiral mesophase transition, as our system notably lacks

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Diversity of condensate geometries for different solvent concentrations in 1220CB SgA mixtures. (A) Binary mixtures containing one mesogen
(120CB or 80CB) and one solvent (SqA or SqE) at varying concentration were prepared above the clearing temperature, at which they are fully miscible.
(B) Mixtures were placed between glass slides on a thermal stage and cooled from the clearing temperature at 1 °C min~* and imaged using a polarized
optical microscope. (C) Schematic of some observed condensate geometries. Smectic microstructure of filaments and bulged discs were inferred from
birefringence (SI. 2 Imaging). (D) Phase separation of 120CB and a high SgA solvent mass fraction of w = 0.61 resulted in a sparse network comprised of
filaments, bulged discs, helices, and coils. The formation of a smectic A (SMA) mesophase*® produced visible birefringence under crossed polarizers.
(E) Time sequence of filament self-contacting, transiently forming an adhesive contact, and rapidly winding to form double helix. (F) Snapshots of coiled
structures observed, comprised of one filament wrapped around a straight filament (left) or transitioning between a double helix and a coil (right images).
The upper right image was collected under brightfield, without polarizers. (G) 120CB with a lower SqA solvent mass fraction of w = 0.29 resulted in a
denser network of filaments and bulged discs, which formed commonly-observed oily streaks where they contacted each other (white arrows). (H) Close

up of oily streaks which formed upon contact of bulged disc domains, which eventually coarsened (right). All scale bars indicate 25 pm.

5051 Instead,

any molecular chirality or bent-core mesogens.
these structures seem to arise from the partial coalescence of
filaments. In all recorded cases, coils formed directly from
filaments during rapid rearrangement events, which our ima-
ging did not resolve. Coils were observed co-existing with
filaments and other structures at all temperatures, and in some
cases were observed rearranging further into more complex
morphologies or flat drops; further supporting the interpreta-
tion that they are an intermediate metastable condensate
morphology. Characterizing the energetics of this coiling
requires a careful investigation of the internal mesophase
structure of these coils, which we did not investigate here.
Nevertheless, we hypothesize that the activation barrier to form
coiled domains requires at least an initial high-curvature
bending of filaments, resulting in a large penalty to the distor-
tion energy F.. We thus expect these coiled motifs to arise and
persist more when the bend modulus of the smectic layers K is
sufficiently low.

We confirmed this trend by repeating this experiment at a
lower solvent fraction @ = 0.29. We again saw the growth of
filaments and bulged discs, but did not observe any coiling—
consistent with our interpretation that the bend modulus X is
higher at lower solvent fractions. At this concentration, the
higher volume fraction of the condensate phase causes the

This journal is © The Royal Society of Chemistry 2025

network to be significantly more compact (Fig. 1G). As bulged
discs grew, they contacted each other directly forming textures
consistent with commonly-observed oily streaks. These oily
streak textures zippered together (arrows in Fig. 1H and Movie
S2) before coarsening to layered contacts, likely driven by
surface tension and potentially relaxation of the smectic meso-
phase distortion. While we do not characterize the zippering
dynamics of these contact regions, we anticipate that the
zippering velocity similarly depends on the bend modulus K
and the viscosity of the isotropic fluid x, motivated by our
characterization of filament retraction into flat drops.*’
dynamics of oily streak formation are also expected to depend on
the energy of edge dislocations, and dislocation unbinding
kinetics.”>

However,

Characterization of solvent partitioning into smectic layers

We hypothesize that the observed variations in condensate
geometry reflect differences in smectic microstructure that
influence the bulk bending rigidity. We characterized this
microstructure using small- and wide-angle X-ray scattering
(SAXS and WAXS, respectively) as a function of temperature
and concentration (SI 3. X-Ray scattering). Upon cooling from
the isotropic phase, differential scanning calorimetry (DSC)
showed exothermic peaks concomitant with changes in the

Soft Matter, 2025, 21, 6751-6761 | 6753
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Fig. 2 Phase behavior of 120CB SqA mixtures. (A) Small-angle X-ray scattering (SAXS, lower panel) and wide-angle X-ray scattering (WAXS; upper panel)
of pure 120CB, and (B). 120CB and 10 wt% SgA. A sharp dominant peak g* appeared upon formation of a smectic phase. Differential scanning
calorimetry (DSC; red line) shows phase changes that align with structural changes in SAXS and WAXS. (C) Smectic layer swelling by solvent is visible from
shift in dominant scattering peak g*. Measurements of g*(T) for pure 120CB show thermal-effects are negligible. (D) Schematic of solvent uptake into
smectic layering, increasing layer spacing which plateaus at the solubility limit. (E) Phase diagram measured from exothermic peaks in DSC (red and blue
points). Red and blue lines are to guide the eye. Identity of different phases between DSC peaks assessed by temperature-dependent SAXS and WAXS
data. The black line was computed exactly from eqgn (2). Dashed portion of line indicates lower bound for wg,,, computed from the dashed portion of line
in panel D, where insufficient data makes it unclear whether the minimum observed g* is the true minimum.

scattering features, verifying the presence of phase changes
(red overlays) (SI 4. Differential scanning calorimetry).

Pure 120CB transitioned directly from an isotropic liquid to
a smectic A liquid crystal at T1s = 89 °C, characterized by a sharp
exothermic peak in the DSC data (Fig. 2A red line) and a sharp
scattering peak g* in the SAXS profile (Fig. 2A green and yellow
in heat map). The sharp scattering peak provides a measure of
the smectic layer spacing ds o = 2n/q* ~ 3.9 nm, which did not
vary appreciably with temperature. Beneath Tsc = 52 °C mea-
sured by DSC, pure 120CB transitioned to a crystalline phase,
which we did not analyze.

Upon addition of the solvent squalane (SqA), the isotropic-
smectic transition temperature was depressed, and the scatter-
ing peak g* decreased with temperature (Fig. 2B), suggesting
that the solvent can swell the smectic phase, dilating layers up
to ds ~ 4.8 nm (23% increase). The gradual decrease of g*
during subcooling suggests that the solubility of the solvent in
the smectic phase is a function of temperature. We measured
this solubility of the solvent in the smectic phase by repeating
these measurements for a range of smectogen-solvent concen-
trations (Fig. 2C). The layer swelling was more extreme for
higher solvent concentrations, but saturated along a manifold
of minimum g*, reflecting this solubility limit (black curve in
Fig. 2C). Saturation above w = 0.25 provides an upper bound for
the solubility limit; measurements at @ = 0.10 exhibiting lesser
layer swelling provide a lower bound for the solubility limit.

We estimated the solubility limit more precisely by calculat-
ing the volume fraction of solvent consistent with the observed
layer swelling along this manifold ¢, =2n / dsmax. At the
solubility limit wnax, the smectic phase spanned the system,
i.e. there was no residual solvent (Fig. 2D). Thus, neglecting any
nonideal volume change of mixing, the volume fraction of
solvent within the smectic phase from the layer swelling is:

~ dS,maX(T) - dS,O(T)
(i)max(T) ~ dS‘max(T) )

ey
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where ds, was estimated using a spline interpolation of the
q*(7) of the pure 120CB (black points and red spline in Fig. 2C);
and dsmax was estimated from the g*(T) data points that fall
along the minimum manifold (black spline labeled “solubility
limit” in Fig. 2C). The corresponding mass fraction is by
definition:

(2)
where the density of the pure solvent SqA is ps = 0.81 g cm 3>
and the average density along the manifold is by definition
Pav = PsPmax T Pm(1 — Pmax)- We measure the density of the pure
mesogen 120CB to be py; ~ 0.7 g cm . The resulting boundary
provides a measure for the solvent concentration of the dis-
persed smectic condensate when the system is in the two-phase
region. The predicted solvent solubility in the smectic phase
increases with temperature to a maximum of wg, (T & 50 °C) ~
0.23, consistent with the directly measured upper (<0.25) and
lower (> 0.10) bounds. For T > 67 °C, we did not have sufficient
data points to ensure the minimum measure g* coincides with
a w above the saturation at that temperature, so we plotted the
apparent manifold (black dashed line in Fig. 2C), which
indicates a lower bound solvent concentration in the smectic.

From these measurements, we constructed the phase dia-
gram for 120CB squalane (Fig. 2E), using DSC to measure Tig
and Tsc (red and blue points, respectively; red and blue lines
are drawn to guide the eye). We used SAXS and WAXS profiles to
identify the phase within each region. We drew the phase
boundary between the single-phase smectic A and the two-
phase region using the solubility limit computed from eqn (2)
(black line Fig. 2E). We expected from the curvature of the
solvent solubility boundary suggests that demixing smectic
condensates would become more solvent-swollen as they cool,
presumably reducing filament rigidity and allowing the for-
mation of more contorted helical and coiled condensate geo-
metries observed (Fig. 1D-F).

(1) = (1) 22 ),

PAv

This journal is © The Royal Society of Chemistry 2025
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Characterization of smectic condensate demixing in solvents
with lower solubility

The important role of smectic layer swelling by solvent uptake
suggests that condensate rigidity, and hence structure, may be
sensitive to the choice of solvent. We investigated this sensitivity
by comparing the phase behavior of 120CB with a different
solvent, squalene (SqE). Squalene is structurally identical to
squalane, but with six unsaturated bonds, which presumably alter
the intermolecular interactions with the smectogen 120CB. Esti-
mation of the Hansen solubility parameters (SI 5. Hansen Solu-
bility Parameters) suggests that SqE should exhibit a lower
solubility within the dodecyloxyl tail region of the 120CB smectic
mesophase, with a distance in Hansen solubility space of R, =
Zey(Ors — 5k‘A)2 = 3.5, as compared to R, = 3.2 for SqA in 120CB.

Upon phase separation (@ = 0.21), we similarly saw the
formation of filaments and flat drops, which form textures
consistent with commonly-observed oily streaks when they
contact each other (Fig. 3A). At a lower concentration (v =
0.15) we observed the formation of rounded disc-like domains
in contact with the surface (Fig. 3B), which exhibited textures
consistent with focal conic domains.”>*® Such focal conics are
commonly-observed for smectics in direct contact with flat
substrates with homeotropic anchoring (SI. 2 Imaging), form-
ing as a result of inherent frustration between flat smectic
layers in the vicinity of the flat substrate, and curved layers in
the vicinity of the curved fluid interface.”” Filamentous protru-
sions grew from these surface-contacting domains. At all con-
centrations of SqE, growing filaments collapsed and retracted

A 120CB, SqE w =0.21
Filaments bulged discs, oily streaks

View Article Online

Paper

rapidly when they contacted other filaments or themselves,
even at low filament density, resulting in full retraction in <1 s,
faster than our imaging resolved (Movies S3 and S4). We did
not see the formation of coils at any concentration of SqE,
further suggesting that the presence of SqE results in a higher
bending rigidity. Motivated by the observed dependence of
rigidity on solvent swelling in the presence of SqA (Fig. 2E),
we hypothesized that SqE is less soluble with 120CB, resulting
in reduced layer swelling and higher bending rigidity of smectic
layers.

We again used SAXS and WAXS (Fig. 3C) to measure shifts in
the scattering peak g* (Fig. 3D). In conjunction with DSC, we
mapped the phase diagram (Fig. 3E). We again used the shift
in g* to infer swelling of the smectic layers by the solvent SqE,
which saturated along the manifold shown by the black line in
Fig. 3D. Using the density of SqE ps = 0.858 ¢ cm™* in eqn (2)
provides the boundary between the smectic and two-phase
region (black line in Fig. 3E). The maximum content of SqE
in the smectic layers is omax & 0.18, confirming our expecta-
tion from Hansen solubility parameter estimates that SqE
is less soluble in the smectic than SqA. We expected this
reduction in solvent swelling to result in more compact smectic
layers with a higher bending rigidity. Consistent with this
interpretation, 120CB SqE mixtures exhibited the formation
of filaments and flat drops as well as commonly-observed
oily streaks, but did not form coils at any concentration—
presumably because such coils require stronger bending of
the smectic phase.

B 120CB, SqE w =0.15
Spheres dlslocatlon rings, focal conics, fllaments

Smectic
layer

& possuble

T (°C)

dilation
l‘ qmlﬂ(T)
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Fig. 3 Higher rigidity structures in 120CB SqE mixtures. (A) 120CB with a large fraction w = 0.21 of SqQE phase separated to form liquid crystalline
filaments and bulged discs, which formed oily streaks where they contact each other (white arrows). Image collected under partially-crossed polarizers.
(B) 120CB with a smaller fraction @ = 0.15 of SqE formed droplets with strong contact with the glass substrate resulting in dislocation ring textures,
sometimes with filamentous protrusions (blue arrows) and focal conic domains (white arrows). All scale bars indicate 25 pm. (C) SAXS and WAXS data for
o = 0.07 (D) Smectic layer swelling. Black line indicates manifold of ¢}, from above solvent saturation limit. Dashed line indicates upper bound for ¢
from current measurements, which may not be at ws,(T). (E) Phase diagram inferred from exothermic peaks in DSC (red and blue points). Red and blue
lines drawn to guide the eye. Black line computed directly from egn (2). Dashed line corresponds to lower bound ws,, Which was inferred from upper
bound ¢;;, marked by dashed line in panel D. Identity of different phases between DSC peaks assessed by temperature-dependent SAXS and WAXS data.
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To validate our hypothesis that reduced solvent swelling
increases the bending rigidity of smectic layers K, we compared
the retraction speeds of filaments into flat drops. For the SqA-
swollen smectic, high speeds U < 100 pm s~ * near the end of
retraction provides a simplified expression of our previously
proposed model®® U = KIn(R/R.)/(8ucl), where the unknown
constant ¢ combines the anisotropic drag on a slender body
and the fraction of the buckled filament that contributes to the
drag.®® In the SqE system, our limited imaging resolution
instead provided a lower-bound on retraction velocities, for
which we observed U > 650 um s~ '. From this difference, we
inferred a relative change in K between the SqA and SqE swollen
smectic from this change in velocity, assuming similar values of
c. This estimate suggests that the SqE-swollen 120CB smectic
has a bend modulus K > 7 to 14 x higher than the SqA-swollen
smectic—supporting our interpretation that the reduced sol-
vent swelling by SqE leads to increased smectic layer bending
rigidity. Thus, relatively modest changes in solvent-smectogen
interaction can strongly influence the architecture of conden-
sates during phase separation by altering the bending rigidity
of solvent-swollen smectic layers.

Qualitative comparison of condensate morphologies to other
solvents with lower solubility

To further demonstrate the strong dependence on solubility,
we tested several other solvents with lower solubility than
SqA: tetradecane, tetradecylbenzene, and 1-chloronaphthalene.
Similar estimation of Hansen solubility parameters (SI 5. Hansen
Solubility Parameters) gave distances in Hansen solubility space
of R, = 3.2, 3.3, 3.4, 3.5, and 9.0 for squalane, tetradecane,
tetradecylbenzene, squalene, and 1-chloronaphthalene, respec-
tively (Table S1).

We compared the condensate morphologies obtained for
these different solvents under identical cooling conditions
(1 °C min™") for similar weight fractions w ~ 0.2 with
120CB. Consistent with our expectation, solvents with higher
miscibility (lower R,) exhibited more filamentous and coiled
structures that assemble into networked morphologies (Fig. 4A
and B), while solvents with lower miscibility formed primarily

A w=0.29
Squalan

B w=0.21
Tetradeane

“

" Ra=32MPa'" Ra = 3.3 MPa'?

<

C w=0.21
Tetradecylbenzene

Ra = 3.4 MPa'?
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flat drops in contact with the glass substrates, with oily-streak-
like textures between contacting flat drops (Fig. 4C and D). The
solvent with a much lower miscibility, 1-chloronapthalene,
instead exhibits phase separation into droplets with high
sphericity and focal conic textures, similar to commonly-
observed textures in phase separated smectics (Fig. 4E).

Characterization of condensate morphology in system
exhibiting an intermediate nematic phase

These observations suggest that these nonequilibrium conden-
sate morphologies depend sensitively on the pathway taken
through phase space. We further tested this using 80CB, a
similar mesogenic liquid crystal with a shorter alkyl tail
(Fig. 1A). Shorter alkyl tails exhibit lower bending rigidities K,
making filamentous and networked architectures more acces-
sible. However, 80CB exhibits a more complex phase behavior
that alters the pathway to form smectic condensates. Similar
use of SAXS, WAXS, and DSC demonstrates that pure 8OCB
undergoes an isotropic-nematic transition at Ty = 79.3 °C, a
nematic-smectic A transition below Tys = 65.9 °C, and a
smectic A to crystal transition below Tgc = 45 °C (Fig. 5A).
We tested whether this variation in pathway taken through
phase space altered the morphology of condensates formed.

We used SAXS, WAXS, and DSC (Fig. 5B) to map the phase
diagram for 8OCB-SqA binary mixtures (Fig. 5C). At low con-
centrations of SQA @ < 0.18, the nematic-smectic transition
occured within the single-phase region, i.e. the smectic was
system-spanning at Tys, S0 there were no smectic condensates
to analyze (Fig. 5D and Movie S5).

At higher concentrations of SqA ® > 0.18, the binary
mixture underwent a sequence of phase transitions over a
narrow temperature range: first undergoing liquid-liquid
phase separation to form two isotropic liquids, then under-
going an isotropic to nematic transition in one of the liquid
phases, and then a nematic to smectic transition in the same
phase (Fig. 5E and Movie $6). Since 8OCB should exhibit lower
K, condensates should exhibit similar filamentous and net-
worked morphologies if they were purely equilibrium phase
separated structures. We instead hypothesized that the altered

D w=0.21
Squalene

E w=0.19
1-h|oronaptha|

Ra = 3.5 MPa'? Ra=9.0 MPa™

Solvent miscibility within dodecyloxyl tail block of 120CB smectic mesophase

Fig. 4 Comparison of condensate morphologies obtained for 1220CB mixtures with varying solvents. All samples cooled at 1 °C min~* and imaged under
crossed or partially-crossed polarizers. Solvents ordered by decreasing miscibility within the dodecyloxyl tail block region of the 120CB smectic, as
determined by increasing distance in Hansen Solubility space Ry: (A) squalane R, = 3.2 MPa¥?; (B) tetradecane R, = 3.3 MPa'/?; (C) tetradecylbenzene
R. = 3.4 MPa'/?; (D) squalene R, = 3.5 MPa%?; (E) 1-chloronapthalene R, = 9.0 MPa'/.
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Fig. 5 Lack of filaments in 80OCB SgA mixtures. (A) SAXS (lower panel) and WAXS (upper panel) of pure 80OCB. The diffuse g* peak in the nematic phase
represents the weak positional correlation of nematogens. The pronounced g* peak in the smectic phase indicates a layer spacing ds = 2rn/g* ~ 3.1 nm.
(B) SAXS, WAXS, and DSC profiles for 8OCB and SgA at w = 0.1. (C) Phase diagram constructed from SAXS and DSC. Red, green, and yellow lines are drawn
to guide the eye. Black line was determined from minimum g* of smectic phase using egn (2) the isotropic—isotropic phase separation was discerned
from exothermic peaks in DSC, the absence of structural peaks in SAXS and WAXS, and the formation of droplets visible in brightfield that did not exhibit
birefringence. The isotropic—nematic transitions are discerned from exothermic peaks in DSC and a diffuse g* scattering peaks in SAXS. (D) Phase
separation through the | + N region resulted in nematic spheres, which coalesced until they spanned the system, then transitioned to a system spanning
smectic. When the system passed into the 2-phase region, dispersed isotropic droplets formed, which were too small to resolve optically. The absence of
a dispersed smectic condesate precluded the observation of filaments or sparse networks at this concentration. (E) Phase separation through the | + |
region resulted in isotropic droplets in an isotropic continuous phase, followed by an isotropic—nematic transition that resulted in significant phase
rearrangement. At Tys &~ 58 °C the dispersed nematic droplets transitioned into a smectic mesophase; a slight change in optical texture visible was visible
in panel 3 and Movie S6. These dispersed smectic condensate droplets remained spherical and shrunk slightly during cooling. All scale bars indicate
50 pm. (F) Shift in g* for smectic phase. Initial solvent content in nematic phase resulted in a smectic phase with layers swollen ~19% above that of pure

80OCB. Upon further cooling, increasing g* indicates layers shrunk to expel solvent, resulting in layer contraction with cooling.

phase space pathway would disrupt the formation of filamen-
tous and networked architectures, which would further sup-
port that these morphologies are nonequilibrium metastable
structures.

Upon transition from nematic to smectic mesophase beneath
Tns, the 80CB smectic condensates remained spherical and
shrunk gradually upon further cooling without forming any
filaments or more complex condensate morphologies (panels 3
and 4 of Fig. 5E and Movie S6). We rationalize this path-
dependent behavior using similar solvent swelling measure-
ments. Beneath Tys, the SAXS scattering peak g* indicates
that the nematic phase is highly swollen by the solvent SqA,
resulting in an initial smectic layer spacing of ds ~ 3.7 nm in
the presence of SqA, compared to dg ~ 3.1 nm for the smectic
phase of pure 80CB (Fig. 5F). The lower smectic bend modulus
expected for pure 80CB, in conjunction with the comparable
~19% layer swelling, both suggest these smectic condensates
of 80CB and SqA should be able to form complex condensate
architectures. However, further cooling decreases the solvent
content of the smectic layers, producing differential contrac-
tion of layers during cooling. This smectic layer contraction is
in direct contrast to the 120CB with SqA and SqE mixtures, for
which solvent content of the smectic layers increased with
cooling, producing differential swelling of layers during cooling.
The inverted solvent swelling behavior of the 8OCB with SqA
smectic phase causes the smectic condensates to shrink, rather

This journal is © The Royal Society of Chemistry 2025

than grow. Thus, the observed absence of filaments in this system
is consistent with the proposed microscopic mechanism that
spherical smectic condensates are unstable to filaments upon
growth.*>*? The evolution of filaments into higher-order flat
drops, coils, and networks thereof likely relies on similar path-
dependent growth dynamics. Together, these observations
highlight the importance of both smectic bending rigidity
and growth dynamics on the formation of complex condensate
architectures.

Discussion

This work highlights a diverse range of nonequilibrium conden-
sate morphologies accessible during the liquid-liquid crystal
phase separation (LLCPS) of smectic condensates. We found that
the geometry of dispersed liquid crystalline droplets is highly
sensitive to the choice of smectogen, solvent, and concen-
tration during cooling. In some cases, these condensates can
form spatially-sparse 2D networks composed of filaments, flat
drops, and sometimes coils. These networks remain open to
form bicontinuous smectic and isotropic fluid phases. X-ray
scattering measurements at varying solvent content suggest
that these differences in droplet geometry evolution are in
large part correlated with changes in solvent content within
the smectic layers. Higher solvent content in smectic layers

Soft Matter, 2025, 21, 6751-6761 | 6757
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apparently decreases the smectic layer bending rigidity K,
favoring filaments and coiled motifs. Lower solvent contents
correlate with more sensitive collapse of filaments into flat
drops, which can additionally form more commonly-observed
structures consistent with oily streaks focal conics. The stabi-
lity of filaments and coiled motifs at higher solvent fractions
seems crucial to forming and maintaining the spatially-sparse
networks.

For some conditions, we observed the formation of coiled
motifs, whereby filaments wind around themselves or other
filaments. It is unclear why these coiled motifs form, and
how they remain stable—particularly because the smectogen
(120CB) is neither chiral nor bent. However, it is apparent that
formation of these coiled motifs is associated with an energy
barrier related to the curvature required to bend the constituent
filaments along the tight helical tube. Since this helical curva-
ture is often on the order of the inverse filament radius ~Rp *
and the persistence length of the filaments is often ~100’s of
Ry, we anticipate these barriers to be large and sensitive to
changes in the smectic layer bending rigidity K. Characterizing
the internal mesophase structure and energetics of these coils
remains an important direction for continued work.

Our work further demonstrates that the coexistence of a
smectic liquid crystal and isotropic liquid is a necessary but
insufficient condition to form condensate networks. As demon-
strated by our tests in binary mixtures of 80CB and SqA, neither
filaments nor their networks were observed when initially-
spherical smectic condensates shrink during cooling (v >
0.18). These observations indicate that the formation of fila-
ments, and their subsequent linkage into networks, inherently
requires growth of a dispersed smectic condensate. The
requirement of growth in the dispersed phase further suggests
that these complex architectures are metastable, path-dependent
morphologies of the liquid crystal. Though all dispersed droplets
are inherently metastable compared to the macroscopic phase
separation, the stability of architectures with highly distorted
liquid crystal microstructures for hours suggests that this process
may be a more general route to assemble complex out-of-
equilibrium structures.

Together, our results suggest the importance of solvent choice
on the metastable condensate morphologies formed during
smectic demixing. When solvents with low solubility in the
smectic demix, relatively simple condensate morphologies are
formed, exhibiting commonly-observed focal conic and oily
streak textures. In contrast, solvents with increasing solubility
within the smectic can swell smectic layers (as measured by
X-ray scattering), thereby reducing the bend modulus K (as
estimated from filament reeling velocities). As a result, smectic
condensates with high solvent contents can maintain meta-
stable condensate morphologies with more complex structures
with larger degrees of layer bending—including networks of
filaments, coils, and flat drops. Given the diversity of droplet
morphologies observed from relatively modest changes in
mesogen choice, solvent choice, and growth pathways, we
anticipate a broad design space of architectures could be
accessed in liquid crystalline condensates, for example in
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Movies are available on the publicly accessible online repo-
sitory https://github.com/cabrowne/StructuralDiversity. Movie 1.
Phase separation of 120CB and SgA (w = 0.61) when cooled 67 °C
to 60 °C at 0.43 °C min~'. Imaging switches between 5x, 20x,
and 63x magnification (field of view 1480 pm, 370 um, and
117 um, respectively). Captured at an average 0.82 fps, playback
approximately 37x real time (temperature overlays exact).
Imaging switches between brightfield (light background) and
fully-crossed polarizers (dark background) to aid in identifi-
cation of structures. Growth of filaments and collapse into
bulged discs formed sparse condensate network. Filaments
dynamically wound and unwound to form helical and coiled
structures. Movie 2. Phase separation of 120CB and SqA (w =
0.29) when cooled 74 °C to 48 °C at 1 °C min ™. Captured under
20x magnification, 370 um field of view. Captured at an
average 0.88 fps, playback approximately 34x real time (tem-
perature overlays exact). Condensates formed filaments which
collapsed into bulged discs that formed a dense network.
As bulged discs grew and contacted each other, they formed
oily-streaks. Movie 3. Phase separation of 120CB and SqE
(w = 0.21) when cooled 90 °C to 49 °C at 1 °C min~'. Captured
under 20x magnification, 370 um field of view. Captured at
an average 0.97 fps, playback approximately 31x real time
(temperature overlays exact). Imaging switches between
partially-crossed polarizers (lighter background) and fully-
crossed polarizers (darker background) to aid in identification
of structures. Filaments grew and collapsed to form bulged
discs. Bulged discs retracted filaments faster than imaging
resolved. As bulged discs contacted, they formed oily streaks,
which did not relax. Movie 4. Phase separation of 120CB and
SQE (w = 0.15) when cooled 85 °C to 50 °C at 1 °C min .
Captured under 20x magnification, 370 um field of view.
Captured at an average 0.73 fps, playback approximately 42 x
real time (temperature overlays exact). Birefringent liquid
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crystal domains formed defect domain walls in contact with
glass substrate, including textures consistent with dislocation
rings and focal conic flowers. Movie 5. Phase separation of
80CB and SqA (w = 0.10) when cooled 70 °C to 50 °C at
0.78 °C min~". Captured under 20x magnification, 370 um
field of view. Captured at an average 0.60 fps, playback approxi-
mately 50x real time (temperature overlays exact). Circular
domains with nematic ordering nucleated and coalesced as
they grew until the system became a single continuous nematic
phase. A nematic to smectic mesophase transition around 60 °C
resulted in a rapid system-wide change in optical texture.
No filaments or networks formed. Movie 6. Phase separation
of 80CB and SqA (@ = 0.58) when cooled 65 °C to 40 °C at
1°C min~". Captured under 20 x magnification, 370 pm field of
view. Captured at an average 0.83 fps, playback approximately
12x real time (temperature overlays exact). Circular domains
without birefringence nucleated and grew, consistent with two
isotropic fluids formed by liquid liquid phase separation.
Around 61 °C the continuous phase underwent an isotropic
to nematic transition, resulting in partial inversion of the
nematic droplets to form dispersed droplets within the dis-
persed isotropic droplets. The dispersed nematic droplets
remained circular. Around 59 °C the nematic droplets under-
went a nematic smectic mesophase transition, resulting in a
rapid change in the optical texture. Dispersed smectic drops
remained circular, except where they contacted each other,
forming oily streak textures. No filaments or networks formed.
See DOI: https://doi.org/10.1039/d5sm00487j
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