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and the morphology of the nanoporous material depends on the
LC phase (e.g., columnar, smectic, or bicontinuous phases yield
1D, 2D, or 3D pore geometries, respectively). The first example
of a porous material based on columnar LCs was reported by
Kim and co-workers,51 and since then, several research groups
started to investigate these promising materials. A very common
strategy is based on two complementary building blocks that are
capable of interacting through H-bonding.52−59 One of the
components is a LC molecule bearing cross-linkable groups,
whereas the other serves as a template. Fixation of the LC
molecular order via cross-linking is followed by template
removal, which leads to porous materials with pore sizes
comparable to that of the template. In fact, LC porous materials
have recently shown remarkable capabilities as specific
adsorbers or as nanofiltration membranes for water treat-
ment.56,60 Despite the unique properties, diversity and versatility
of LC porous materials, no reports on the printing of this kind of
LC materials have been published till date. All the examples
above have been mainly processed in films and are therefore,
limited to simple planar geometries (2D). Being able to print

these functional nanoporous materials will allow for the
manufacturing of unprecedented 3D shapes, which can easily
be adapted on demand depending on the needs.

Thus, in an attempt to expand the state-of-the-art of
nanoporous LC materials, we present here a new approach to
access highly ordered porous microstructures with designed
frameworks and functionalities by using two-photon laser
printing. In particular, we employed discotic LC molecules
based on H-bonded complexes, which consist of an aromatic
core acting as a template and three peripheral benzoic acids
(Figure 1). The surrounding tripodic acids were designed with
three aliphatic side chains containing terminal acrylates as
photo-cross-linkable units for laser printing. We demonstrate
that the self-assembled LC materials exhibit Colh mesophases
and can be processed into shape-defined microstructures
through laser-induced cross-linking of the peripheral acrylate
moieties. Importantly, the LC ordering is retained during the
manufacturing process. Chemical treatment allows the removal
of the templating core from the cross-linked material via H-bond
breakage. Furthermore, we highlight the selective adsorptive

Figure 1. Schematic representation of the fabrication of a nanoporous microstructure by two-photon laser printing employing a hexagonal columnar
(Colh) LC photoresist. (1) Chemical structures of the cross-linker (dA), the templating core (TBIB), the photoinitiator (Ig369), the additive (butyl
acrylate), and the radical scavenger (BHT) used in the system. (2) Chemical structure and schematic representation of the complex TBIB:dA3, formed
by H-bonding (red rods) of three dA (gray, the terminal acrylate groups are represented by red spheres) around a templating core TBIB (green). (3)
Formation of a hexagonal columnar mesophase in-between two glass slides. (4) Two-photon laser printing via photo-cross-linking of the terminal
acrylate groups. Upon cross-linking, the arrangement of the Colh mesophase is locked. (5) Core removal by H-bonding breakage. (6) Effective size of
the pores and the effective charge allow for the selective adsorption of chemical species.
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complexes as suitable candidates. As mentioned above, H-
bonded Colh LCs possess the inherent ability to self-assemble
into mesophases, generating highly ordered porous materials by
the removal of the core. The presence of photopolymerizable
groups at the periphery enables the locking of the Colh
arrangement, and importantly for this work, they are essential
for the fabrication of microstructures by laser printing. In order
to circumvent competitive light absorption from the core, typical
extended polyaromatic cores were rejected. Instead, we utilize
three different templating cores, melamine (M), tris(triazolyl)-
triazine (T), and 1,3,5-tris(1H-benzo[d]imidazole-2-yl)-
benzene (TBIB). Also, a gallic acid derivative (dA) was
decorated with three acrylate-terminated aliphatic chains,
providing the final 3:1 complexes with a high degree of
functionalization (nine acrylate groups per discotic molecule).
This allows the formation of a strong matrix, by laser
polymerization, without the aid of a secondary cross-linker.

The H-bonded complexes were prepared by mixing the core
(TBIB, T, or M) and the acid (dA) in a 1:3.1 ratio (detailed
procedures are available in the Supporting Information). A small
excess of dA was used to favor the formation of the 1:3 complex
with respect to assemblies with lower dA content (1:1 or 1:2).
The formation of the H-bonded assemblies was evidenced by 1H
NMR and Fourier transform infrared (FTIR) spectroscopies.58

By 1H NMR, the down-field shifting of the proton signals in
proximity to the carboxylic acid supported the formation of H-
bonds with the corresponding core (Figure S1 in Supporting
Information). Figure 2 depicts an exemplary FTIR analysis for
the formation of TBIB:dA3. The formation of the assembly
induced a shift of the C�O stretch band (1679 to 1673 cm−1)
from the carboxylic acid moiety of dA. The C�O stretch band
at 1729 cm−1 was attributed to the ester of the acrylate moiety.
The appearance of an ionic-like N+−H signal at 3254 cm−1

wavenumber also supported the formation of the H-bond
assembly, in agreement with a previous study.53

The LC behavior of all the complexes was studied by
temperature-resolved polarized-light optical microscopy
(POM). First, we carried out POM studies by heating the
material to its isotropic state and then slowly cooling it down to
the Colh phase. TBIB:dA3 showed well-defined conical and fan-

shaped textures typical of columnar mesophases and a clearing
point at about 170 °C. Nonetheless, the M- and T-containing
complexes (M:dA3 and T:dA3) exhibited less well-defined
textures with small domains and less reproducible LC properties
(Figures S12, S13). Based on these results, we decided to focus
on the TBIB:dA3 complex for the formulation of Colh
photoresists.

In order to use TBIB:dA3 for two-photon laser printing, we
prepared a photoresist including TBIB:dA3 as the main
component, a photoinitiator, Irgacure 369 (Ig369) (2 wt %),
and a radical scavenger, BHT (2 wt %). The use of a scavenger
serves the double purpose to limit the undesired thermal cross-
linking of acrylates during the thermal treatments, as well as to
widen the parameter space that allows printing of the material.
As mentioned before, TBIB:dA3 exhibited a clearing point at
around 170 °C, which did result in significant pre-polymer-
ization of the resist during the thermal treatment for the
mesophase formation. Thus, 25 wt % of butylacrylate (BuA) was
incorporated to lower the clearing point of the photoresist and
limit unintended thermal pre-polymerization;78 in particular, the
clearing point of the photoresist decreased from 170 °C to about
100 °C. Importantly, POM studies of the photoresist also
showed the formation of LC textures characteristic of Colh
mesophases (Figure 3a).

To further characterize the LC arrangement in the TBIB:dA3
photoresist formulation, as well as the impact of the photo-cross-
linking on this arrangement, both the non-cross-linked photo-
resist and cross-linked films were analyzed by wide-angle X-ray
scattering (WAXS) (Figure 3b). Cross-linked films of 16 μm
thickness were prepared by UV irradiation (390−395 nm, 900
mW) of thermally treated Colh photoresists for 3 min and
analyzed as free-standing films. Our WAXS results supported the
previous POM observations for the assembly of TBIB:dA3 into a
Colh mesophase. For the photoresist, the WAXS patterns
exhibited peaks with a ratio of their associated q-values of q*,
√3q*, √4q*, and √7q* in the low-angle region (Figure 3c),
which corresponded to the (100), (110), (200), and (210)
reflections of a Colh arrangement with a lattice constant of a =
3.96 nm. The obtained value for the inter-columnar distance is in
good agreement with previous reports.56,61 For the photo-cross-

Figure 4. Models (top), POM image (middle), and SEM images (bottom) of four different microprinted structures. From left to right, a map of the
world, a representation of the inner circle in Karlsruhe, a hexagon with holes, and a cubic stack of rods. Nanoporous microstructures formation by the
removal of the templates.
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linked films, the ratio of the q-values for the small-angle
reflection peaks and the inter-columnar distance (a = 4.02 nm)
were retained, which indicates the effective conservation of the
Colh arrangement during the photo-cross-linking process
(Figure 3b). In both cases, in the wide-angle region, we
observed two broad peaks corresponding to the π−π stacking of
the aromatic cores (0.35 nm) and to the liquid-like correlations
of the aliphatic chains (0.45 nm).

Once fully characterized, the TBIB:dA3 photoresist was
investigated for microprinting using a commercially available
two-photon laser printer (Photonics Professional GT, Nano-
scribe GmbH). Sandwich cells were prepared with one of the
glass slides being functionalized with methacrylate groups. The
functionalization of the glass substrate allows the covalent
binding of the printed microstructures onto the substrate and
thus avoids the detachment of the structures during develop-
ment. The microprinting was performed using an objective with
a 25× magnification and a numerical aperture of NA = 0.8. The
sandwiched self-assembled photoresist layer was printed in the
immersion-oil configuration, that is, printed on the first glass
slide through which the laser light impinges. This method was
chosen to reduce the negative effect of the LC birefringence and
the translucency of the photoresist (which would otherwise lead
to two laser foci), by minimizing the path length of the laser
beam within the Colh material.

The printing parameters were optimized based on high
scanning speeds of 20 and 25 mm s−1. With these scanning
speed, laser powers of 20 and 25 mW, respectively, were
determined to be the best suited. In each case, the minimal laser
power leading to a sufficient cross-linking to allow the shape
retention of the structures was chosen. Indeed, high doses
resulted in the alteration of the properties of the material and/or
to the deterioration of the material by overexposure and/or
micro-explosions. In order to demonstrate the versatility of the
technique, we designed different 2.5D geometries for laser
printing, including simple patterns such as hexagons with holes
or detailed finer patterns such as a map of the world, or a
representation of the inner circle in Karlsruhe (Germany)
(Figures 4 and S11). More complex (2.5D+) shapes containing
voids, such as a cubic packing of rods, were also tested. The
microprinted structures were developed in a CHCl3:MeOH
mixture similar to the mixture used for the self-assembly of
TBIB:dA3.

When printing at optimal conditions, the stability of the Colh
mesophase, related to the fairly high clearing point of the
photoresist, was shown to be advantageous as it prevented the
local thermal disruption of the mesophase, thus widening
printing opportunities and increasing its reliability. POM
imaging of the printed structures showed the retention of the
LC textures, supporting the retention of the Colh arrangement in

Figure 5. Analysis of photo-cross-linked TBIB:dA3 before (black) and after (blue) removal of the TBIB core in 0.1 wt % NaOH in DMSO. FTIR
spectra for a (a) film obtained by UV irradiation for 3 min and a (b) microstructure fabricated by two-photon printing. WAXS data for a (c) photo-
cross-linked film and (d) zoom in the low-angle region of the spectra. WAXS data are normalized for easier comparison.
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