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ABSTRACT: Discotic ionic liquid crystals (DILCs) consist of
self-assembled superdiscs of cations and anions that sponta-
neously stack in linear columns with high one-dimensional ionic

=
and electronic charge mobility, making them prominent model 8
systems for functional soft matter. Compared to classical Cooling 3
nonionic discotic liquid crystals, many liquid crystalline f

structures with a combination of electronic and ionic Heating
conductivity have been reported, which are of interest for

separation membranes, artificial ion/proton conducting mem- y

branes, and optoelectronics. Unfortunately, a homogeneous

alignment of the DILCs on the macroscale is often not

achievable, which significantly limits the applicability of Temperature

DILCs. Infiltration into nanoporous solid scaffolds can, in

principle, overcome this drawback. However, due to the experimental challenges to scrutinize liquid crystalline order in
extreme spatial confinement, little is known about the structures of DILCs in nanopores. Here, we present temperature-
dependent high-resolution optical birefringence measurement and 3D reciprocal space mapping based on synchrotron X-ray
scattering to investigate the thermotropic phase behavior of dopamine-based ionic liquid crystals confined in cylindrical
channels of 180 nm diameter in macroscopic anodic aluminum oxide membranes. As a function of the membranes’
hydrophilicity and thus the molecular anchoring to the pore walls (edge-on or face-on) and the variation of the hydrophilic—
hydrophobic balance between the aromatic cores and the alkyl side chain motifs of the superdiscs by tailored chemical
synthesis, we find a particularly rich phase behavior, which is not present in the bulk state. It is governed by a complex
interplay of liquid crystalline elastic energies (bending and splay deformations), polar interactions, and pure geometric
confinement and includes textural transitions between radial and axial alignment of the columns with respect to the long
nanochannel axis. Furthermore, confinement-induced continuous order formation is observed in contrast to discontinuous
first-order phase transitions, which can be quantitatively described by Landau-de Gennes free energy models for liquid
crystalline order transitions in confinement. Our observations suggest that the infiltration of DILCs into nanoporous solids
allows tailoring their nanoscale texture and ion channel formation and thus their electrical and optical functionalities over an
even wider range than in the bulk state in a homogeneous manner on the centimeter scale as controlled by the monolithic
nanoporous scaffolds.
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INTRODUCTION cores in their large cation units. Driven by the 7— interaction

Ionic liquid crystals (ILCs) are salts composed of large organic and electrostatic interaction between the aromatic cores,
cations and anions."”” They bridge the gap between conven-
tional ionic liquids and liquid crystals (LCs) and show great
potential in fundamental physicochemical research.”” Com-
pared to conventional ionic liquids, ILCs often possess long
alkyl chains and various functional groups that allow the
tailoring of their molecular structure and the corresponding
self-assembled mesophases.4 Among the various ILCs, those
with a discotic structure have attracted particular interest.
Discotic ionic liquid crystals (DILCs) often contain aromatic

DILCs may self-organize and stack up in columns, resulting

Received: January 23, 2024
Revised:  April 23, 2024
Accepted: May 1, 2024
Published: May 17, 2024

© 2024 The Authors. Published b
Ameericl;m %ﬁemlilcaissgcietz https://doi.org/10.1021/acsnano.4c01062

W ACS PUblicationS 14414 ACS Nano 2024, 18, 14414—14426


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhuoqing+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aileen+Raab"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohamed+Aejaz+Kolmangadi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+Busch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marco+Grunwald"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Felix+Demel"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Florian+Bertram"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Florian+Bertram"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andriy+V.+Kityk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andreas+Scho%CC%88nhals"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sabine+Laschat"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Patrick+Huber"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.4c01062&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c01062?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c01062?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c01062?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c01062?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c01062?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/18/22?ref=pdf
https://pubs.acs.org/toc/ancac3/18/22?ref=pdf
https://pubs.acs.org/toc/ancac3/18/22?ref=pdf
https://pubs.acs.org/toc/ancac3/18/22?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsnano.4c01062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Nano

www.acshano.org

( ) hydrophobic chains
a variable chain length

H2n+1cn o
0 polar core

O
H2n+1Cn/ Wo
H2n+1Cn o) HN® /

@ |
AN AN N
Cle N acyclic headgroup € \(J cyclic headgroup
—~ N\ higher rotational mobility Cl /N decreased rotational mobility
n=12 Ac12 n=12 Cy12
14 Ac14 14 Cy14
16 Ac16 16 Cy16

(b)

| j)f(
(o]
O
o

\
2
oY
L

-
)

(S)

Figure 1. Multiscale self-assembly of a columnar DILC. (a) Chemical formula of a single ILC molecular block based on Lr-3,4-
dihydroxyphenylalanine (Dopa-ILC), consisting of a hydrophilic aromatic core (blue), an ion group (green), and three hydrophobic alkyl
chains of different lengths (gray). An acyclic (left) or cyclic (right) five-membered imidazolium ring is attached as a functional group to the
core. (b) Schematic of six Dopa-ILC molecules self-assembling into a superdisc (discotic unit) with a hydrophilic inner core and
surrounding hydrophobic alkyl chains. Calculated from the X-ray diffraction results, the typical size of a superdisc composed of six acyclic
Dopa-ILC molecules with a side chain of 12 carbon atoms is 6.85 nm.'® Due to the 7—7 interaction between the discs, the discotic units can
stack up to form a column. The columns can self-organize further to form a hexagonal columnar liquid crystalline mesophase.

in a hexagonal ordered columnar liquid crystalline mesophase;
see Figure 1.° The overlapping 7 electrons also provide high
one-dimensional charge carrier mobility along the columnar
axes often leading to semiconducting properties.”” DILCs
therefore combine the high ionic diffusion and conductivity of
ionic liquids with the self-assembly and stimulus-responsive
anisotropy of conventional discotic liquid crystals (DLCs).®
The unique properties of DILCs allow the design of stimuli-
responsive conductors for energy storage devices, electro-
chromic supercapacitors, flexible batteries, separation media,
and optoelectronic devices.” In particular, the stimuli-
responsive phase transition of DILCs allows the direction of
ionic conduction to be modulated.”

Over the past two decades, many successful attempts have
been made on the self-alignment of conventional DLCs.
Kawata demonstrates the successful establishment of hybrid,
horizontal, vertical, and vertical-twisted alignments of DLCs on
web-coating thin films, utilizing materials including photo-

polymerizable DLCs, alignment promoters, alignment layers,
and chiral agents, leading to enhanced viewing angles in thin
film transistor liquid crystal displays."" Eichhorn et al. reviewed
the diverse methods including mechanical, magnetic, and
solvent-induced techniques for aligning bulk materials of
DLCs."”” Lugger et al. have developed a method utilizing
polymerizable hexagonal columnar DLCs to create nano-
structured polymer films with continuous, membrane-spanning
pores, demonstrating enhanced adsorption capabilities.'”
Pipertzis et al. have shown that doping DLCs with salts at
different ratios enables the conduction of both electronic
charge and ions on nanometer length scales. A combination of
ionic conductivity and mechanical stability makes them
potential electrolytes.'* Based on the study on conventional
DLCs, a large number of synthesis strategies of DILCs have
also been established and the properties of DILCs have been
studied experimentally and theoretically.""> Unfortunately, a
homogeneous alignment of the DILCs on the macroscale is
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often not achievable, which significantly limits their applic-
ability. One possible reason for this is that electric field-
induced orientation, which is a commonly used orientation
method for t;fpical LCs, is not applicable to ILCs due to their
ionic nature.” Infiltration into interface-dominated nanoporous
solid scaffolds can overcome this shortcoming, as has been
demonstrated for many other soft matter systems, most
notably nonionic liquid crystalline materials.'®~**

However, because of spatial and topological constraints, the
phase and self-assembly behavior of confined soft matter™> >
and in particular confined LCs may substantially deviate from
the bulk state and DILCs have been little studied in that
respect so far,'®*307%

Several previous studies have been performed on conven-
tional, nonionic DLCs under nanoconfinement, especially in
cylindrical pores of nanoporous anodic aluminum oxide
(AAO) templates.””>**™** As a basis for the discussion of
our results, we present the peculiar textures found in these
studies. As shown in Figure 2, due to the hydrophilicity of the
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Figure 2. Anchoring of DILCs at planar surfaces. (a) Face-on
(homeotropic) anchoring and (b) edge-on (planar or homoge-
neous) anchoring of DILC molecules on a hydrophilic and
hydrophobic surface, respectively.

aromatic core of the discs and the hydrophobicity at the disc
edges, DLC molecules often adopt face-on (homeotropic)
anchoring on hydrophilic flat surfaces and edge-on (planar or
homogeneous) anchoring on hydrophobic flat surfaces.

What liquid crystalline textures result from these different
anchorings depending on the pore wall hydrophilicity in the
cylindrical channels of AAO? For as-prepared AAO with its
polar, hydrophilic pore walls, either radial disc arrangements as
shown in Figure 3a* or the so-called logpile structures have

(a) radial

(c) circular
concentric

(b) logpile (d) axial

DS

Figure 3. Top view of columnar discotic liquid-crystalline order in
cylindrical nanopores. (a) Radial and (b) logpile configurations are
typical for face-on anchoring at hydrophilic pore walls and (c)
circular concentric and (d) axial configurations are typical for
edge-on anchoring at hydrophobic pore walls.*>***°

been deduced, see Figure 3b.°”°" The latter are characterized

by mostly straight and parallel columns arranged in layers
perpendicular to the cylindrical pore axis. Since the stacking
orientation can vary along the channel, the texture is
reminiscent of logs in an ordered pile. Only near the pore
wall do the columns splay slightly.

In terms of electrical conductivity and thus the suitability for
molecular wires, neither configuration is preferred because no
percolating conduction paths are established along the

cylindrical channel. One might think that hydrophobic
anchoring should solve this problem, since an axial alignment
of the columns and thus nicely aligned conduction paths along
the long axes of the AAO nanochannels should be the natural
configuration fulfilling the edge-on anchoring condition at the
pore wall. However, as shown by Zhang et al.’" in reciprocal
space mapping experiments and atomic force microscopy,
DLCs often form circular concentric rings instead of straight
columns aligned parallel to the long cylindrical AAO pore axes.

The main cause of these two peculiar liquid crystalline
textures, “circular concentric” and “logpile” and thus the
avoidance of an axial arrangement in cylindrical nanoconfine-
ment, be it hydrophilic or hydrophobic, is the very high splay
energy and low bending energy of the columnar phases.”’ In
fact, it could be shown that the axial configuration can be
induced by increasing the column bending energy, e.g., by
choosing DLCs with large aromatic cores and thus increased
column stiffness.”’ Another way of achieving the preferred axial
arrangement is the selection of small pore sizes, since the
elastic cost for the deformation of the hexagons at the pore
walls which disfavors this arrangement compared to the
circular concentric state decreases with pore size, so that
eventually for hydrophobic channels also an axial arrangement
prevails, even for DLCs with relatively small aromatic cores
such as 2,3,6,7,10,11-hexakis(hexyloxy)triphenylene
(HAT6).6’23'51'53

To what extent these peculiarities with regard to the
formation of axially arranged columnar phases are also typical
for DILCs confined in AAO is the main focus of the present
study. In fact, some previous work has also been done on
confined DILCs. Kolmangadi et al. used a combination of
dielectric spectroscopy, calorimetry, and X-ray scattering to
show that the isotropic-to-columnar discotic transition of a
DILC appears to be continuous, despite a discontinuous first-
order bulk phase transition.”> However, a detailed under-
standing of the structure and texture formation of DILCs in
confinement is still lacking.

Here, we investigate the temperature-dependent transla-
tional and collective orientational order of DILCs with varying
alkyl side-chain lengths and thus varying hydrophilicity
confined in cylindrical nanochannels of 180 nm diameter
with different mesogen pore-wall anchoring (hydrophilic, face-
on or hydrophobic, edge-on) by synchrotron-based X-ray
scattering and high-resolution optical birefringence measure-
ments. Moreover, the DILC has a cyclic or acyclic side group,
respectively, where the cyclic group, in contrast to the acyclic
one, exhibits a suppressed rotational motion. Thus, the acyclic
one shows more rotational dynamics and could thus contribute
more disordering effects compared to the cyclic one.***’

RESULTS AND DISCUSSION

Translational and Collective Orientational Order of
Cyclic Dopa-ILCs Confined in 180 nm AAO Membranes.
In Figure 4, we show the birefringence measurements and the
small-angle X-ray scattering (SAXS) results of the Dopa-ILCs
with cyclic imidazolium five-membered ring (cyclic Dopa-
ILCs) confined in both hydrophilic (a—c) and hydrophobic
(d—f) nanoporous AAO membranes with a pore size of 180
nm. The details about the hydrophilic and hydrophobic
confinement are explained in the ‘Materials’ chapter.

We will start our discussion of the cyclic Dopa-ILC with the
shortest side chain length n = 12 (Cy12). As shown in Figure
4a(i), the optical retardation increases as the sample cools
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Figure 4. Self-assembly of cyclic Dopa-ILCs as a function of mesogen hydrophobicity in hydrophilic and hydrophobic nanochannels. Optical
retardation and SAXS patterns of cyclic Dopa-ILC molecules with different side chain lengths n = 12 (i), 14 (ii), and 16 (iii) confined in
hydrophilic (native) and hydrophobic (ODPA-modified) nanopores with 180 nm pore size. The temperature ranges of the distinct bulk
phases of each Dopa-ILC are given above its retardation curve. The measured SAXS patterns and schematics of the corresponding scattering
geometry and Bragg intensities in reciprocal space intersecting the Ewald sphere in both the plastic crystalline (PCry) and liquid crystalline
(LC) phases are given. The background color refers to different phases of the DILCs under confinement (blue: PCry phase, green: LC phase,
red: isotropic (Iso) phase). The dashed areas at the phase transition are the hysteresis between cooling and heating.

down with one relatively sharp increase at about 342 K. This perpendicular to the long pore axis. Upon further cooling
indicates the formation of a collective orientational order below 310 K, however, a decrease in the optical retardation
where the superdiscs are aligned with their normal indicates a full or at least partial reorientation of the superdiscs’

14417 https://doi.org/10.1021/acsnano.4c01062

ACS Nano 2024, 18, 14414-14426


https://pubs.acs.org/doi/10.1021/acsnano.4c01062?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c01062?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c01062?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.4c01062?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.4c01062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano Wwww.acshano.org
(a) XRD Pattern (b) Iso==LC (c) Rotation (d) LC== PCry (e) Rotation
373K 333K 1 I 333K 310K L I

Cy12

393K 350K

Cyla

Il 350K 310K 1 I

Figure 5. Texture evolution for Cyl2 and Cyl4 confined in hydrophilic nanochannels upon cooling to the LC and PCry phase. The upper
and lower rows contain X-ray scattering data with regard to Cyl2 and Cyl14, respectively. (a) X-ray diffraction patterns at T = 310 K in the
PCry phase. The peaks indicate the wave vector transfer q(,o) characteristic of the hexagonal intercolumnar order. (b) Plotted is the color-
coded scattering intensity at a fixed modulus of the wave vector transfer q,0) as a function of azimuth angle y (vertical) for a fixed @ = 85°
upon cooling from Ty, _,; ¢, (c) in the LC phase upon rotation of the membrane from a perpendicular to a parallel orientation of the pore axis
p with regard to the beam and (d,e) analogous scans upon cooling from Tyc_pc,, and sample rotation in the PCry phase.

normals, parallel to the long cylindrical pore axes. Upon
heating, this peculiar reorientational behavior is inverted, and
again, two orientational ordering transitions are observed with
small temperature hystereses of about 5 K between cooling and
heating,

The X-ray diffraction experiment gives additional important
information about the translational order of the superdiscs.
Below 342 K, we observe a set of 12 diffraction peaks at a
modulus of the wave vector transfer q typical of the (100)
Bragg peak of hexagonal columnar order. It can be explained
by the formation of two distinct domains of logpile structures
where the columns grow in the radial direction, where however
for the one domain the (100) lattice planes are perpendicular
to the long pore axis, whereas they are parallel to the long pore
axis for the second domain. Along with the rotation symmetry
about the long cylindrical axis, this results in a set of green and
yellow Bragg ring intensities in reciprocal space shown in
Figure 4c(i). For our geometry and an incident beam
perpendicular to the long channel axes, these rings intersect
at 12 points with the Ewald sphere, resulting in the 12-fold
diffraction pattern observed.

Figure S plots the Bragg peak intensities of Cy12 and Cyl4
confined in 180 nm hydrophilic pores at each azimuth angle
during cooling and rotational scans. When the samples are in
the high-temperature Iso phase, their XRD patterns show no
diffraction peaks from ILC structures, only membrane
reflections at y = 90 and 270°. To eliminate the membrane
reflections, the membrane reflection SAXS peaks at the Iso
phase are subtracted from all other temperatures. In Figure Sc,
at the LC phase temperature, a rotational scan is performed
where we can see a very weak 12-fold pattern in Cyl2 and a
pair of equatorial peaks in Cyl4 as discussed above. Upon
further cooling into the PCry phase, the 12-fold pattern of
Cyl12 becomes stronger in both the cooling scan of Tyc_pcy
and the rotation scan in the PCry phase. Interestingly, from the

Bragg intensity distribution, it can be seen that the peaks
resulting from the (100)|| domains (y = 30, 90, 150, 210, 270,
and 330°) are more prominent than the remaining peaks
resulting from the (100) L domains, indicating that the (100)
|| domains dominate in the pores over the (100) L domains.
On the other hand, upon further cooling to the Cry phase, the
equatorial peaks of Cyl4 change to a hexagonal pattern at
around 325 K, indicating the structural transformation from an
axial structure to a logpile structure.

Thus, both our optical and X-ray experiments consistently
indicate the formation of logpile structures upon cooling from
the isotropic phase. Upon cooling below the second transition
in the optical experiments, we see barely any change in the
diffraction patterns, except for an increase in the intensity of
the (100) || domain. By contrast, the decrease in optical
retardation hints at least at a partial axial orientation of the
columns. Therefore, we infer a coexistence of axial and logpile
columnar textures, see Figure 4b(i),c(i).

These findings are different from the observations for the
more hydrophobic mesogens Cyl4 and Cyl6. For both
systems, analogous to Cyl2, we see first an increase in optical
retardation and then a sharp drop. However, two Bragg peaks
in equatorial directions (at y = 90 and 270°) at positions
typical of the intercolumnar distance are dominant at low T in
the PCry phase. These equatorial peaks at low T can be
explained by one ring in reciprocal space which results from a
hexagonal columnar order along the long pore axis with
randomization of the hexagonal orientation about the pore
axis, see Figure 4b(ii),c(ii). Thus, we have evidence of axial
order at low temperatures in the PCry phase for both
mesogens. In the lower panels of Figure S, these findings are
documented in more detail by temperature- and rotation-
dependent contour plots of the gy intensity for Cyl4. We
observe in the intermediate T-range (between the LC and the
PCry phase, 350—330 K) only a 6-fold pattern typical of the
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Figure 6. Negative thermal expansion of the intercolumnar lattice of Cyl2 in 180 nm pores. Plotted is the color-coded X-ray scattering
intensity as a function of temperature in the vicinity of the wave vector transfer of the dominating hexagonal (10) Bragg peak position

A10) = 4r/(\/3d), where d is the intercolumnar lattice constant, as a function of temperature. As a guide for the eye, the position of the

maximum intensity is indicated as a black line. It increases with increasing temperature indicating a Bragg peak shift to higher g with
increasing temperature and thus an unconventional decreasing lattice parameter (negative thermal expansion).

(100) || domain, with no coexistence with (100) L domains.
Note that these scans reveal that additionally to the
dominating axial peaks also scattering intensity emerges at
positions typical of the logpile structure; see panel (d,e). Thus,
also a presumably very small fraction of logpile textures is
present in coexistence with the dominating axial arrangement.

Interestingly, for the Cyl6 mesogen no translational order
can be inferred at all in the LC phase, despite the increase in
collective radial orientational order indicated by the polar-
imetry experiments; see Figure 4c(jii). Hence, the system
forms a discotic nematic phase.

Overall, we find quite some analogies with classical discotic
systems in terms of the formation of logpile structures with a
preferred hexagonal axis orientation with regard to the long
pore axis. Moreover, by increasing the hydrophobicity (chain
length) of the mesogens, the systems show an increasing
tendency to perform a textural transition from a logpile
configuration to axial order. These textural transitions are
consistent with LC to PCry transitions of the bulk and are
therefore likely to be triggered by improved columnar rigidity.
This could be caused by a gradual freezing (increasing all-trans
configuration) of the alkyl side chains upon cooling. Such
freezing effects of the alkyl side chains can be observed in
many DLC systems when cooled from the LC phase to the
crystalline phase. In this study, on slow cooling to the PCry
phase, the three alkyl chains of Dopa-ILCs gradually lose their
flexibility as the chain stiffness increases, resulting in increasing
intercolumnar spacing. We exemplify this behavior in Figure 6
for Cy12 in hydrophilic pores. Note that the overall improved
hexagonal columnar order is also evidenced by the increase in
the g(,) peak intensities in the PCry phase. For other discotic
systems, changes in the tilt angle of the discs with respect to
the columnar axis have been found upon entry into the
crystalline phase.”® This can also lead to a negative thermal
expansion. Since we do not see any evidence for such an
altered disc tilting in our WAXS pattern, i.e., a splitting of the
short-range order peaks characteristic of intracolumnar disc—
disc stacking, we rather favor the chain freezing hypothesis.
Nevertheless, we believe that a more thorough investigation of

the bulk PCry phase of the present mesogen family would be
important in the future to completely rule out a disc tilting
contribution to the observed phenomenology.

Particularly noteworthy is also the observation of a
confinement-induced nematic discotic phase in the case of
Cy16, since such a phase has been barely found in other DILC
systems in the bulk state.”

For the hydrophobic confinement, two orientational
transitions can be inferred from the optical birefringence
experiments for each mesogen; see Figure 4. However, for the
most hydrophilic one (Cyl2) no decrease in the optical
retardation at lower temperatures is observed but rather an
additional increase and thus increased radial orientation of the
superdisc normals at low temperatures. By contrast, for the
more hydrophobic molecules both the diffraction experiments
(observation of two Bragg peaks) and decrease in optical
retardation indicate the formation of axially oriented columns
at low temperatures.

It is also interesting to mention that except for Cyl4 no
diffraction patterns (Bragg peaks) can be detected upon the
first optical retardation increase. This means that in both cases
only collective orientational order, but no translational
columnar order, emerges upon cooling from the isotropic
state. The systems form nematic discotic states.

Note that we indicate for Cyl2 at low and Cyl4 for
intermediate temperatures a circular concentric columnar ring
formation, in analogy to the analogous observation for classic
discotic systems; see Figure 4e(i),(ii). This conclusion is
drawn from the observation of a 6-fold pattern in combination
with the boundary condition of an edge-on anchoring of the
discs at the pore walls; see Figure 4f(i),(ii). Unfortunately,
both the circular concentric ring formation as well as the
logpile structures result effectively in the same qualitative Bragg
ring distribution in reciprocal space, since both emerge from
the rotation of a hexagon about the pore axis in reciprocal
space.””*” Whereas for DLC, AFM studies could confirm this
structure formation for edge-on anchoring, we can only
indirectly infer this.>® Also, reasoning with regard to
correlation lengths did not provide a more conclusive result.
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Figure 7. Self-assembly of acyclic Dopa-ILCs as a function of mesogen hydrophilicity in hydrophilic and hydrophobic nanochannels.
Birefringence curves and XRD patterns of acyclic Dopa-ILC molecules with different side chain lengths confined in hydrophilic (native) and
hydrophobic (ODPA-modified) nanopores with 180 nm pore size in different phases. The temperature ranges of the distinct bulk phases of
each Dopa-ILC are given above its retardation curve. The measured SAXS patterns and schematics of the corresponding scattering geometry
and Bragg intensities in reciprocal space intersecting the Ewald sphere in both the plastic crystalline and liquid crystalline phases are also
given. The background color of the birefringence curves refers to different phases of the ILCs (blue: PCry phase, green: LC phase, red: Iso
phase). The dashed areas at the phase transition refer to the hysteresis between the cooling and heating processes.

In summary, the cyclic Dopa-ILCs confined in 180 nm with shorter side chains and thus a dominance of the
hydrophilic and hydrophobic pores show a clear dependence hydrophilic core tend to orient radially with uniform collective
on the molecular hydrophobicity (side chain length). ILCs orientation and translational order in both the LC and PCry
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Figure 8. Landau-de-Gennes modeling of the cyclic Dopa-ILCs phase behavior in (a) hydrophilic and (b) hydrophobic nanopores. The green
dashed line shows the first-order bulk phase transition temperature and the red curve shows the fitting curve using the Landau-de-Gennes
theory. Inset: (a) logpile configuration of Dopa-ILCs in hydrophilic pores and (b) circular concentric configuration of Dopa-ILCs in
hydrophobic pores. (c) Simulations on the dependence of effective orientational order parameter {S) of Dopa-ILCs confined in different

pore sizes.

phases under confinement, whereas larger molecules with
longer side chains tend to orient radially only in their LC
phase. As the temperature decreases into the PCry phase, the
larger molecules adopt an axial configuration instead to avoid
high bending energy and spatial distortion due to the freezing
of their long side chains. This emphasizes again the importance
of the bending elasticity for the texture formation in
nanoconfinement.

Translational and Collective Orientational Order of
Acyclic Dopa-ILCs Confined in 180 nm AAO Mem-
branes. In Figure 7 , we show the SAXS measurement of the
Dopa-ILCs with acyclic imidazolium five-membered ring
(acyclic Dopa-ILCs) confined in both hydrophilic and
hydrophobic AAO membranes with 180 nm pore sizes. For
the acyclic Dopa-ILC with the shortest side chain length n = 12
(Ac12) confined in both hydrophilic and hydrophobic pores as
shown in Figure 7(i), 6-fold diffraction patterns are first
observed in their LC phase. This indicates a logpile structure in
hydrophilic pores and a circular concentric structure in
hydrophobic pores, as already discussed in the previous
section. If the sample is further cooled to the PCry phase,
the 6-fold pattern evolves into a pair of equatorial peaks, which
is the typical diffraction pattern for an axial structure.
Therefore, when the Acl2 sample is cooled from the LC to
the PCry phase, an interesting structural transition from a
radial to axial structure is again observed. A similar conclusion
can also be drawn from the birefringence curves as shown in
Figure 7a(i),d(i). For both hydrophilic and hydrophobic
membranes, the retardation value first increases on cooling
from the isotropic phase to the LC phase, forming a logpile/
circular concentric structure in the nanopores. Then, similarly,
as for the cyclic DILCs on further cooling to the PCry phase,
the side chains of the ILC molecules freeze, resulting in higher
chain stiffness. An axial structure is energetically preferred to

avoid the high bending and splay distortion of the logpile/
circular concentric configuration. As a result, when cooled
from the LC phase to the PCry phase, Ac12 shows a decrease
in the retardation value caused by the radial to axial
configuration transformation.

For the DILCs with acyclic functional groups, the molecular
hydrophobicity increases with increasing alkyl side chain
lengths. When confined in both hydrophilic and hydrophobic
pores as shown in Figure 7(ii),(iii), both Ac14 and Acl16 first
show no obvious diffraction pattern in the LC phase and then
the polar peaks appear in the PCry phase, indicating no
molecular translational order in the LC phase and an axial
configuration in the PCry phase. The same conclusion can also
be drawn from the birefringence curves, where the retardation
values show no obvious boundaries between the isotropic
phase and LC phase and a sharp decrease when cooled to the
PCry phase.

Landau-de Gennes Analysis of the Isotropic-to-
Liquid-Crystal Transitions. The optical retardation is a
direct measure of the liquid crystalline order parameter (S).
Whereas for the acyclic systems, barely any systematic
thermotropic changes in the optical birefringence between
the Iso and LC phases can be detected, for the cyclic systems
quite pronounced changes in the retardation are visible. In all
cases, it shows a continuous transition behavior in the region of
the Iso to LC phase transition Ty,_,;c, which contrasts with
the discontinuous jump-like behavior of the order parameter
characteristic of the first-order transition observed in the
corresponding bulk systems, as seen in, for example, the
evolution of the birefringence of a bulk film of Cyl2, Cyl4,
and Cy16 in the Supporting information. This observation is
also in agreement with the findings in our previous dielectric
and calorimetric study.’
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In general, such a behavior can be rationalized by
considering two mechanisms: (i) interfacial anchoring and
(ii) inhomogeneous deformations of the director fields caused
by cylindrical confinement, which dominate in different
temperature regions, ie., in the confined Iso and LC phases,
respectively.

The molecular ordering due to the Iso-LC transition
contributes to the excess birefringence and is linearly related
to its optical retardation. It appears in the background of the
temperature-dependent birefringence. As a reasonable approx-
imation, the bare geometrical retardation is assumed to be
linearly dependent on temperature, so in most analyses, its
value is extrapolated from the parent phase, in this case, the
isotropic one. The excess retardation can be positive or
negative, depending on the optical molecular anisotropy and
molecular arrangement. Our X-ray scattering experiments
suggest a logpile face-on configuration for hydrophilic
cylindrical channels and a circular concentric configuration
for hydrophobic channels. Therefore, excess optical retardation
is expected to be positive in both cases, which is consistent
with the polarimetry measurements.

Homeotropic (or face-on) anchoring of discotic Dopa-ILC
building blocks to the hydrophilic cylindrical walls of the host
matrix occurs well above the Ty, ;c. As the temperature
decreases, the anchoring effects strengthen as a result of the
increase in the number of statistically anchored molecules at
the pore walls in the confined isotropic phase. For rod-like
nematic systems, this typically results in a pretransitional tail
and in a paranematic state. It is associated with a geometrical
ordering field, 6 « 1/R, enforcing arrangement of rod-like
molecules along the channel long axis.”’ Under increasing
confinement, such nematogen systems reveal a crossover from
discontinuous to continuous temperature evolution of their
orientational (nematic) order parameter with a characteristic
critical point.?’l’sz’59 This mechanism, however, is not fully
applicable to discotic molecules homeotropically anchored on
cylindrical pore walls: The optical polarizability of discotic
molecules is isotropic in their aromatic plane; thus, any lateral
rotation of them keeps the effective optical anisotropy of the
LC composite unchanged despite the fact that face-on bonding
indeed takes place giving a certain contribution to the optical
retardation in the paranematic phase. Accordingly, there are no
pretransitional tails observable. The linear increase in
birefringence with temperature above the transition is traceable
to the purely linear increase in geometric birefringence, see
blue lines in Figure 8.

The most probable reason for a continuous evolution of the
effective orientational order parameter (S), likewise related to
its retardation (R « (S)), is the inhomogeneous bend and
splay deformation of the columns caused by cylindrical
confinement. For face-on anchoring with logpile arrangement
in the pore center, this is schematically shown in the inset of
Figure 8a. Note that we emphasize in this drawing the distinct
kinds of deformations for clarity. Besides that, in the small area
between the columns and the pore wall there also exist some
randomly distributed molecules. The splay/bend deformation
as well as the small random area all introduce excess energy
and contribute to the shift of the phase transition temperature.
Unfortunately, the resulting inhomogeneous director field
along with the unknown knowledge of the detailed relative
contributions of splay and bend deformation along the
nanochannel axis and in the cross section hamper a sound
analytical treatment of the defect energy contributions.

Interestingly, however, a fitting of the continuous behavior
by a Landau-de Gennes excess free energy that solely considers
the splay deformations at the walls already results in a very
good agreement with the continuous evolution of the order
parameter; see the fits in Figure 8a. A detailed description of
the corresponding model is given in chapter IILE of ref 49.
Fortunately, edge-on anchoring, which is characteristic of
hydrophobically grafted cylindrical AAO channel walls, leads to
a theoretically more tractable director field in the case of
circular concentric column formation. The formation of
circular columns results in bending stresses,

i x (V x #)l = 1/r, while the splay and twist distortions
are both zero.””’ The biquadratic coupling between the
orientational order parameter (S) and the bending distortion [

by(1 X (% X 11))*S*-term] causes a distinct, local transition
temperature T.(r) = T'(R) — byA™'r for each circular
concentric ring with ring radius r. According to this formalism,
circular concentric layers start to form near the channel walls
during cooling at Ticp = T'(R) — byA™'r™* = Tcp" — g/R —
b;A™'R™% The radius of the cylindrical phase front r,
separating the isotropic core from the circular columnar shell
is defined as r.(T) = [b;A""/(T'(R) — T)]'/?, ie. it gradually
shrinks toward the channel center as it cools. However, it can
be seen that even at T — 0,r.(T = 0) = [b3A_1/T'(R)]1/2: the
radius of the isotropic core tends to a finite nonzero value.
Therefore, it can be assumed that the circular concentric
arrangement of discotic columns is characterized by gradual
frustration as one moves from the periphery to the center of
the channel, first losing columnar (positional) order, resulting
in the formation of an intermediate bent nematic layer, and
finally losing orientational order as one approaches the
isotropic core; see sketch in inset of Figure 8b. Assuming
fully saturated order in the subsequent circular columns and in
the bent nematic layer, the effective order parameter in the
relevant phase is defined as (S(T)) = 1 — byA"'R™>(T'(R) —
T)™'. Figure 8b shows the temperature dependence of the
optical retardation A(T) (gray dots) measured on cooling
(hydrophobic grafting); see Figure 7d and corresponding fits
(red curves) for comparison. Moreover, Figure 8c shows
simulated (S(T)) dependencies (R = o0, 300, 140, 90, 60, and
40 nm). Such a bend distortion model reproduces the
temperature dependence of the optical retardation close to
the phase transition point well, in particular its rounded kink-
like character. Note that this reasoning is also consistent with
the conclusions regarding a DLC (HAT6) confined in
hydrophobic silica nanopores.” Due to the large ratio of
molecule size to pore diameter, the bending energy differences
of the circular ring layers with distinct radii are even so large
for this system that a layer-by-layer quantized transition
behavior has been observed both in experiment and in Monte
Carlo computer simulations.®

CONCLUSIONS

We presented temperature-dependent high-resolution optical
birefringence measurements and 3D reciprocal space mappings
based on synchrotron-based X-ray scattering to investigate the
thermotropic phase behavior of dopamine-based ILCs in
cylindrical channels of 180 nm diameter in AAO membranes.
As a function of the hydrophilicity and thus the molecular
anchoring to the pore walls (edge-on or face-on) and the
variation of the hydrophilic—hydrophobic balance between the
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Figure 9. Sketch of the setup for birefringence measurements. PBS is the polarizing beam splitter, which splits the laser beam into a ¥ arm
and a A arm. For birefringence measurement in this work, only the A arm is used. P refers to the polarizer. PEM is the Photon Elastic
Modulator. M2 is the mirror and A/4 is a quarter wave plate. The sample is placed in a sealed sample chamber with an argon atmosphere. A2
is the analyzer with its polarization direction perpendicular to the polarizer. PD2 is the photodiode that detects the modularized light and
transfers the data to the corresponding lock-in amplifier for further analysis.

aromatic cores and the alkyl side chain motifs of the superdiscs,
we find a particularly rich phase behavior, which is not present
in the bulk state.

Comparing the cyclic and acyclic molecules with the same
side chain length, it can be inferred that the acyclic five-
membered ring as a functional group introduces a higher
molecular hydrophobicity in comparison to the cyclic five-
membered ring. For example, Cyl4 still shows a radial
structure, while Acl4 forms only a less ordered paranematic
structure in its LC phases.

For both cyclic and acyclic Dopa-ILCs with different side
chain lengths, it can be concluded from the birefringence
curves and SAXS patterns that DILCs with lower molecular
hydrophobicity (shorter side chain) tend to orient radially
under cylindrical confinement, whereas DILCs with higher
molecular hydrophobicity (longer side chain) tend to form a
paranematic structure in the LC phase. Nematic phases of bulk
DILCs are found rather rarely.

Also confinement-induced continuous order formation is
observed in contrast to discontinuous first-order phase
transitions, which can be quantitatively described by Landau-
de Gennes free energy models for liquid crystalline order
transitions in confinement.

Upon cooling from the LC phase to the PCry phase,
presumably due to the freezing of the alkyl side chains and the
consequent increase in molecular stiffness and hydrophobicity,
almost all ILCs adopt an axial structure to avoid the high
bending/splay energy resulting from the radial structure.
Among them, Cyl4 and Acl2 show particularly interesting
structural behavior upon cooling from LC to PCry phase. Both
give clear indications of the structural transition from logpile
(hydrophilic) or circular concentric (hydrophobic) orientation
to an axial orientation with decreasing temperature. Thus, the
DILC system presented here is a fine example where a cooling-
induced increase in the bending rigidity of discotic columns
drives a textural transition from a radial to an axial self-
assembly in nanoconfinement.

In terms of applications, the temperature- and confinement-
dependent radial-to-axial phase transition as well as nematiza-
tion could be very interesting for the design of nanoporous
functional devices and membranes with tunable ionic
conductivity along the tubular nanopores or for optical hybrids
with tunable birefringence.

EXPERIMENTAL SECTION

Materials. The synthesis of the investigated DILCs is described in
ref 10. Their multiscale self-assembly is illustrated in Figure 1. The
single ILC molecular block is based on L-3,4-dihydroxyphen-ylalanine
(Dopa-ILC). It consists of a large organic cation with an aromatic
core (blue), three alkyl side chains, as well as a chloride counterion
(green). Dopa-ILCs with two different functional groups as cationic
units (cyclic or acyclic imidazolium five-membered ring) are
investigated, and, in both cases, the chain lengths of the alkyl side
chains are varied (n = 12, 14, and 16). A single Dopa-ILC molecule
has a conical shape due to the presence of three flexible alkyl chains,
resulting in inverted micellar-type self-assembled discs (Figure 1b),
where each disc is composed of six Dopa-ILC mesogens.'® Given the
chemical structure of the disc units, each disc should be hydrophilic in
the center and hydrophobic at the edge. Driven by the n—z
interactions between the aromatic cores, the discs can further self-
organize and stack in columns, leading to a hexagonally ordered
columnar liquid crystalline mesophase.’

Nanoporous AAO membranes purchased from SmartMembranes
GmbH (Halle, Germany) were used as the host material to confine
the Dopa-ILCs. The membranes are 1 X 1 cm square pieces with a
thickness of 100 pm. Cylindrical pores with a pore diameter of 180
nm are hexagonally distributed on the membrane. The native AAO
membranes have hydrophilic pore walls and, therefore, provide
hydrophilic confinement. To investigate the influence of surface
chemistry on the self-assembly behavior, the AAO membranes are
also modified by chemical treatment with octadecylphosphonic acid
(ODPA) to create a hydrophobic confinement environment.* During
the ODPA treatment, hydrophilic O—H surface groups are replaced
by hydrophobic P—O;—(CHj),5 ones, resulting in hydrophobic pore
surfaces.

Sample Preparation. DILCs are confined into nanoporous AAO
membranes via spontaneous imbibition.’ The membranes are first
degassed at 200 °C for 20 h. They are then placed on top of DILC:s at
a temperature of 20 K above the bulk columnar-to-isotropic phase
transition point of the corresponding liquid crystal for 48 h in an
argon environment. The Laplace pressure causes spontaneous
infiltration of the molten liquid crystals into the nanoporous
membrane. After the pores are filled, the remaining bulk material
on the surface of the membranes is carefully removed with a razor
blade.

As shown in Figure 2, the native nanoporous AAO membranes are
hydrophilic, which favors face-on (homeotropic) anchoring of the
discs on the pore walls. After chemical modification with ODPA, the
pore walls become hydrophobic, which favors edge-on (planar or
homogeneous) anchoring of the discs. Although the chemical
modification with ODPA grafts a layer of alkyl chains onto the pore
walls, the liquid crystal molecules can push the alkyl chains toward the
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pore wall after full infiltration and the alkyl chains only form a 2.2 nm
thick layer on the pore wall and, therefore, the pore sizes of the
chemically modified membranes are considered to be unchanged
compared to the native membranes.”

Optical Birefringence Measurement. Temperature-dependent
optical birefringence measurements are performed to determine the
collective thermotropic orientation of the discotic Dopa-ILC units in
the nanopores.

The optical birefringence measurement setup uses a He—Ne laser
(1 = 632.8 nm) as a linearly polarized light source. As shown in Figure
9, the laser beam first passes through a polarizer in order to be linearly
polarized at an angle of 45° to the direction of propagation. The
photoelastic modulator (PEM) is used to apply a time-modulated
delay to the beam. The beam measuring the linear birefringence (5-
arm) is reflected by two mirrors and passes through the sample at an
angle of incidence of @ = 36°. The beam then passes through an
analyzer set perpendicular to the polarizer and reaches the
photodiode. Two SR830 lock-in amplifiers from Stanford Research
Systems (Sunnyvale, USA) connected to the detector measure the
amplitudes of the first and second harmonics using two reference
signals that are locked at S0 and 100 kHz from the modulated light
intensities. The corresponding optical retardation is calculated from
the measured light intensities.

Throughout the measurement, the temperature of the sample is
increased and decreased at a controlled rate (0.15 K/min) to observe
the thermotropic effect. By measuring the optical retardation between
the ordinary beam and the extraordinary beam, we obtain information
about the collective orientation change of the molecules during
heating and cooling in the nanopores. During cooling into the liquid
crystalline phase, an increase in the retardation value indicates that the
rotational axis of the discotic units is collectively perpendicular to the
pore axis, while a decrease in the retardation value indicates that the
rotatéizo6r13al axis of the discotic units is collectively parallel to the pore
axis.””

X-ray Scattering Experiments. To obtain detailed information
about the molecular packing of the DILCs, temperature-dependent (1
K/min) X-ray scattering experiments in transmission were performed
at the P08 beamline®® of the PETRA III synchrotron at Deutsches
Elektronen-Synchrotron DESY (beam size (VXH) = (200 X 200)
um?, beam wavelength 4 = 0.496 A, PerkinElmer detector) and the
BMO02 beamline of the European Synchrotron Radiation Facility
ESRF (beam size (VXH) = (55 X $5) ym?, beam wavelength 4 =
0.688 A); see Figure 10 for a sketch of the scattering geometry and

p

Direct
beam

w =90° w=0°

Figure 10. Schematics of the synchrotron-based X-ray scattering
experiment. Shown are configurations with the long pore axis
direction p perpendicular and parallel to the incident (direct)
beam, which corresponds to sample rotation angles @ = 90 and @
= 0°, respectively. Also indicated is the definition of the azimuth
angle x.

14424

used naming conventions. The temperature-dependent X-ray
scattering patterns are taken at @ = 85°, where the X-ray beam is
almost perpendicular to the long axis of the pores, p. Additional
rotation scans are performed at selected temperatures for sample
rotation angles from @ = 90 — 0°. For @ = 85° only order along p is
probed, while @ = 0° probes dominantly order perpendicular to p
since the scattering vector q is nearly perpendicular to the beam
direction at small scattering angles. Similar to fiber diffraction, we
define the y = 0° axis as the polar direction and the y = 90° axis as the
equatorial direction since we consider the long pore axis as equivalent
to the fiber direction.”>*® By performing Gaussian line shape fits to
the scattering profiles, the full width at half-maximum (fwhm) is
extracted and in turn enables a calculation of the average domain sizes
through the Scherrer equation. Here, the domain size is described as y
= K-A/AO-cos(0), where A is the wavelength, 0 is the Bragg angle, A0
is the fit obtained fwhm, and K = 0.9 is an empirical proportionality
factor. Using this approach, both the coherence lengths along the pore
axis (y|) and perpendicular to the pore axis (y,) are determined.
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