
 1 

Two-Photon Laser Microprinting of Highly Ordered 

Nanoporous Materials Based on Hexagonal 

Columnar Liquid Crystals 

Joël Monti a, Alberto Concellón b, Ruiqi Dong c, Mira Simmler d, Alexander Münchinger e, 

Christian Huck f, Petra Tegeder f, Hermann Nirchl d, Martin Wegener a, e, Chinedum Osuji c, Eva 

Blasco a, g *  

a Institute of Nanotechnology (INT), Karlsruhe Institute of Technology (KIT), 76344 Eggenstein-
Leopoldshafen, Germany 

b Department of Chemistry, Massachusetts Institute of Technology (MIT), Cambridge, MA 
02139, USA 

c Department of Chemical and Biomolecular Engineering, the University of Pennsylvania, 
Philadelphia, PA 19104, USA 

d Institute of Mechanical Process Engineering and Mechanics (MVM), Karlsruhe Institute of 
Technology (KIT), 76131 Karlsruhe, Germany 

e Institute of Applied Physics (APH), Karlsruhe Institute of Technology (KIT), 76131 Karlsruhe, 
Germany 

f Institute of Physical Chemistry, Heidelberg University, 69120 Heidelberg, Germany 

g Center for Advanced Materials (CAM), Heidelberg University, 69120 Heidelberg, Germany 

* Email: eva.blasco@oci.uni-heidelberg.de 

Two-photon printingꟷ Nanoporous columnar liquid crystal ꟷ Self-assembly ꟷ Selective 

adsorption  



 2 

ABSTRACT  

Nanoporous materials relying on supramolecular liquid crystals (LCs) are excellent candidates 

for size- and charge- selective membranes. However, whether they can be manufactured using 

printing technologies remained unexplored so far. In this work, we develop a new approach for 

the fabrication of ordered nanoporous microstructures based on supramolecular LCs using two-

photon laser printing. In particular, we employ photo-cross-linkable hydrogen-bonded complexes, 

that self-assemble into columnar hexagonal (Colh) mesophases, as the base of our printable 

photoresist. The presence of photopolymerizable groups in the periphery of the molecules enables 

the printability using a laser. We demonstrate the conservation of the Colh arrangement and of the 

adsorptive properties of the materials after laser microprinting, which highlights the potential of 

the approach for the fabrication of functional nanoporous structures with a defined geometry. This 

first example of printable Colh LC should open new opportunities for the fabrication of functional 

porous micro-devices with potential application in catalysis, filtration, separation, or molecular 

recognition. 

INTRODUCTION 

The development of new functional printable materials as well as 3D printing technologies, has 

transformative potential in a variety of fields such as optics and photonics,1-5 bio-engineering6-9, 

(micro)robotics,10-13 and many more.14-18 Among those functional materials, liquid crystals (LCs) 

have been widely explored due to their intrinsic anisotropy as well as their stimuli-responsive and 

self-healing properties.19, 20 Within the vast variety of LCs, nematic LCs (NLCs) consisting of rod-

shaped LC molecules have been extensively exploited over the last few decades: from LC displays 

(LCDs) to stimuli-responsive devices such as actuators, and more recently in 3D/4D printing.21-24 
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In particular, NLC-based materials have been successfully printed using different technologies 

including direct ink writing (DIW),25-27 fused deposition modelling (FDM),28, 29 inkjet printing,30, 

31 and very recently, employing two-photon 3D laser printing. 3D laser printing (also known as 

direct laser writing) has been established as an excellent tool for the fabrication of functional 

objects down to sub-micron resolution.32, 33 Recent works using this technology have demonstrated 

the potential of NLCs for application in tunable microoptics34,35 or as microscopic actuators.36-39 

Columnar LCs are a different yet prominent class of LCs that is based on the self-assembly of 

discotic molecules into linear columnar stacks, by supramolecular interactions, such as π-π 

stacking, van der Waals interactions, or phase segregation.40 The two-dimensional arrangement of 

the columnar self-assemblies results in hexagonal (Colh), oblique, tetragonal or rectangular 

columnar mesophases.41, 42 Typical designs of discotic molecules consist of a rigid core based on 

π-systems,43, 44 substituted with flexible side chains that promote the formation of LC mesophases 

by disfavoring crystalline aggregation and favoring molecular mobility.42 45-48 The introduction of 

terminal cross-linkable groups on the side chains enables fixation of the LC arrangement to 

produce polymer networks with highly anisotropic optical, thermal, and mechanical properties. 

These self-assembled LC networks have been used to construct a variety of functional materials, 

including ion-conductive membranes, chiro-optical elements, or nanoporous polymers. 

Nanoporous responsive structures with relatively small pore dimensions (ca. 1 nm) have been 

prepared by using both lyotropic and thermotropic LCs.49, 50 Nanopores are generally introduced 

in the LC material after the cross-linking process, and the morphology of the nanopores 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 coworkers,51 and since then, several research groups started to investigate 
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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 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 

treatment.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 to date. All the examples 

above are being mainly processed in films and are therefore, limited to planar and simple 

geometries (2D). Being able to print these functional nanoporous materials will allow for the 

manufacturing in unprecedented 3D shapes, which can be easily 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-bonds breakage. Furthermore, we highlight the selective adsorptive properties of 
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the printed microstructures. Overall, our results illustrate that the ability to fabricate highly ordered 

porous microstructures with defined geometries can open new opportunities for the engineering of 

functional microdevices that enable selective adsorption.  

 

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 (grey, 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 
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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) The effective size of the pores as well as the effective charge allow for selective 

adsorption of chemical species. 

RESULTS AND DISCUSSION 

Design, synthesis, formulation and characterization of the columnar hexagonal (Colh) 

printable system 

The identification of a columnar LC system suitable for two-photon laser printing was a crucial 

first step. In particular, we selected photo-cross-linkable columnar hexagonal (Colh) H-bonded 

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]imidazol-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 supplementary information). A small 
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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 FTIR.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 the 

supplementary 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 cm-1 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  

 

Figure 2. Analysis of the formation of TBIB:dA3 by FTIR. The shifts of the C=O stretch band 

of the benzoic acid moieties of dA, as well as the appearance of a N+–H band corresponding to the 

H-bonded TBIB core support the formation of the assembly.  

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 
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conical and fan-shaped textures typical from 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%) as well as 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 

parameters 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-polymerization 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 photoresist 

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 (390ꟷ395 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 
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q-values of 𝑞𝑞∗, √3 𝑞𝑞∗, √4 𝑞𝑞∗ and √7 𝑞𝑞∗ 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-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 πꟷπ 

stacking of the aromatic cores (0.35 nm) and to the liquid-like correlations of the aliphatic chains 

(0.45 nm).  
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Figure 3. Characterization of the Colh phase of the TBIB:dA3 photoresist. (a) Two examples of 

LC textures observed by POM. (b) WAXS data for TBIB:dA3 as non-cross-linked photoresist 

(black) and as a cross-linked film (red). (c) Main peaks in the small-angle region for the non-cross-

linked photoresists. 

Two-photon laser printing of Colh photoresists 

Once fully characterized, the TBIB:dA3 photoresist was investigated for microprinting using a 

commercially available two-photon laser printer (Photonics Professional GT, Nanoscribe GmbH). 
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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 

development. The microprinting was performed using an objective with a 25x magnification and 

a numerical aperture of NA = 0.8. The sandwiched self-assembled photoresist layer was printed in 

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 mm s-1 and 

25 mm s-1. With these scanning speed, laser powers of 20 mW 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) (Figure 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 
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reliability. POM imaging of the printed structures showed the retention of the LC textures, 

supporting the retention of the Colh arrangement in the cross-linked material. Moreover, the 

scanning electron microscopy (SEM) imaging of the microstructures confirmed the quality of the 

printed 2.5D microstructures, showing good definition, sharp edges and straight surfaces, as well 

as low shrinkage after development. The fabrication of structures of increasing heights showed an 

increasingly significant loss of definition for thickened structures, with a threshold of about 30 

µm. This loss of definition was attributed to the birefringence of the LC material. Including 3D 

features such as voids or overhanging parts evidenced some limitations related to the proximity 

effect, maximal achievable definition and height constraints. Nonetheless, we are confident that 

more transparent microscopically ordered Colh materials can decrease the height constraints, and 

enable the printing of more elaborated 3D structures in the future.  

 

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.  
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Nanoporous microstructures formation by the removal of the templates 

Ordered nanoporous materials were created by the removal of the templating core from the 

TBIB:dA3 complexes, for both printed microstructure and photo-cross-linked films as reference 

macroscopic material. The design of Colh material TBIB:dA3 relies on H-bonding, and thus the 

template can be removed by chemical treatment in 0.1 wt% NaOH in dimethylsulfoxide 

(DMSO).55 Since dA is a benzoic acid, the obtained pores are functionalized with anionic benzoate 

moieties after core removal with 0.1 wt% NaOH in DMSO. In a second step, the charge of the 

pores can be neutralized by protonation of the benzoate moieties with HCl (1 N).  

First, FTIR spectroscopy was used to monitor the template removal of the macroscopic photo-

cross-linked films and compared with the printed macrostructures. As it can be seen in the spectra 

depicted in Figure 5a, after basic treatment, the C=O band for the H-bonded benzoic acids of 

TBIB:dA3 shifted to an asymmetric C=O stretching band at 1565 cm-1, and the band for TBIB as 

part of the H-bond assembly (3254 cm-1) was lost. The results were in agreement with literature,53 

and thus evidenced the removal of the TBIB core. In the case of the microscopic samples, we 

employed FTIR microscopy to monitor the process. This technique allowed us to measure the 

FTIR spectra of the small printed specimens, in particular, cuboid microstructure 

(250 × 250 × 9.5 µm3). The same changes in the C=O and N+ꟷH bands were observed for the 

microstructures, confirming the effective removal of the template (Figure 5b). Also, it was 

observed that, due to size scale difference, the core removal from microprinted structures was 

achieved upon exposure to the DMSO solution from 3 min to 10 min, while films required an 

exposure of several hours to afford a complete removal of the TBIB core (Figure S10). 

Additionally, the preservation of the LC order after core removal of photo-cross-linked films was 

proved by WAXS. The 𝑞𝑞∗, √3 𝑞𝑞∗, √4 𝑞𝑞∗ and √7 𝑞𝑞∗ ratio for the (100), (110), (200) and (210) 
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reflections in the small-angle region (Figure 5d) demonstrated the conservation of the Colh 

arrangement and importantly, a consistent inter-columnar spacing was found. The finding of a 

conserved LC arrangement upon core removal was in agreement with previous reports of similar 

systems.51, 58, 62 

 

 Figure 5. Analysis of photo-cross-linked TBIB:dA3 before (black) and after (blue) the removal 

of the TBIB core in 0.1 wt% NaOH in DMSO. FTIR spectra for (a) a film obtained by UV 

irradiation for 3 minutes, and (b) a microstructure fabricated by two-photon printing. WAXS data 

for (c) a 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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Selective Adsorption of Dyes 

Finally, studies of the adsorptive properties of the porous material were carried out using four 

different dyes: methylene blue, thioflavin T, methylene orange and rhodamine B.58, 61 After core 

removal with 0.1 wt% NaOH in DMSO, the obtained nanoporous material was negatively charged. 

It is thus expected to allow the adsorption of small cationic molecules such as methylene blue and 

thioflavin T. However, the structures should be less permeable to anionic molecules (methylene 

orange) or sufficiently large molecules (rhodamine B) due to electrostatic repulsion (Donan 

exclusion) and size-exclusion, respectively. For printed microstructures fabricated by two-photon 

printing, by optical microscopy, we observed a strong coloration of the microstructures treated 

with methylene blue and thioflavin T. Furthermore, the homogeneous and dense adsorption of 

methylene blue within the pores of the entire bulk of microstructures produced by two-photon laser 

printing, was evidenced by fluorescence confocal microscopy. On the other hand, the 

microstructures treated with methylene orange or rhodamine B exhibited little to no coloration, 

indicating little uptake of the dyes (Figure 6). The minimal coloration of these samples was 

attributed to the deposition of the dyes at the surface of the microstructures. 
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Figure 6. Optical microscopy images of microstructures after core removal and exposure to a 

solution of methylene blue (right) and methyl (left). The model of the printed structures is shown 

in the top right corner of the images. 

To better understand the selective adsorption of the individual dyes, we performed an in-depth 

UV-vis spectroscopy study of the adsorption process, using photo-cross-linked films. After core 

removal, the porous films were immersed in a dye solution, whose absorption was measured over 

time. The decrease of the absorption intensity for methylene blue and thioflavin T confirmed the 

hypothesis that these dyes can be adsorbed in the negatively charges nanopores. In contrast, no 

evident changes in the UV-vis spectra of methylene orange (of a small size but negatively charged) 

and rhodamine B (positively charged but of a larger size) were observed, confirming that neither 

dyes were adsorbed and remained in solution. Additionally, size selectivity was tested by using a 

binary mixture of methylene blue and rhodamine B (both are cationic dyes). While the intensity of 

the absorption of the methylene blue solution (with a maximum around a 680 nm wavelength) 

decreased, the absorption of the rhodamine B solution (with a maximum around a 550 nm 

wavelength) did not change. This demonstrated the selectivity of the adsorption for methylene blue 

(Figure 7). 
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Figure 7. UV-vis study of the adsorption of methylene blue (MB), thioflavin T (BY1), rhodamine 

B (RhB) and methylene orange (MO) within the pores engendered by the removal of the TBIB 

templating core from a cross-linked film of TBIB:dA3. 

CONCLUSION 

We have demonstrated the successful laser microprinting of a Colh LC photoresist for the 

fabrication highly defined porous microstructures for the first time. In particular, we explored 

hydrogen-bonded 3:1 complexes for this study. It was found that the use of an aromatic core such 

as TBIB was beneficial for the formation of the Colh mesophase. Thus, the complex TBIB:dA3 

was formulated into a printable photoresist and utilized for the fabrication of 2.5D microprinted 

structures. Importantly, it was shown that the microprinting of TBIB:dA3 by two-photon laser 

printing did not alter the Colh arrangement of the original material. Moreover, the removal of the 

central core generated a highly defined nanoporosity of the microprinted material. The selective 

adsorptive properties of the printed microstructures as well as macroscopic photo-cross-linked 
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films as references were tested using traceable. The Colh cross-linked material showed selectivity 

for small cationic molecules both at the macro- and microscale. Also, WAXS experiments 

evidenced the retention of the LC order after removal of the template. Although there are still some 

limitations for the microprinting of complex 3D architectures, this work demonstrates the ability 

to finely fabricate nanoporous microstructures from Colh LCs. We believe that this is an important 

step towards the fabrication of functional porous micro-devices, which can potentially be used for 

catalysis, filtration, separation, or molecular recognition. 

EXPERIMENTAL 

Chemical synthesis 

The synthesis of dA, TBIB, M and T were adapted from previously reported procedures.63-71 

The synthetic procedures and characterizations are detailed in the supplementary information. 

The preparation procedures of TBIB:dA3, M:dA3, TdA3 were adapted from a reported 

procedure56 and are detailed in the supplementary information. 

General 

1H and 13C NMR experiments were performed using a Bruker Ultrashield plus-500 spectrometer 

(1H: 500 MHz, 13C: 126 MHz). Chemical shifts are reported in part per million (ppm) and 

calibrated to the solvent as internal standard. ESI-TOF mass spectrometric data were obtained 

using a Bruker Daltonics micrOTOF-Q II.  

POM 

POM was performed using a Leica DMLM HC L35P equipped with an Instec HCS302 heating 

stage coupled to an Instec mK2000 temperature controller. 

Two-photon laser printing 

Printing procedure 
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Two-photon laser printing was performed using a Photonic Professional GT instrument 

(Nanoscribe GmBH), using a 25×/NA 0.8 objective lens (Zeiss LCI Plan-Neofluar 25×/0.8) in oil-

immersion mode. The microprinting was achieved using galvanometer scanners in the xy-plane 

and using a piezoelectric element in the z-direction. The printing jobs were constructed using a 

hatching distance of 0.3 µm and a slicing distance of 0.5 µm. If necessary, the printing jobs were 

split using 250 × 250 × 50 µm3 rectangular domains. The focal point was manually set at the 

interface of the photoresist and the glass substrate before each job. The microprinting was achieved 

using a scanning speed of 25 mm s-1 and a laser power of 25 mW, or a scanning speed of 20 mm s-

1 and a laser power of 20 mW. After microprinting, the microstructures were isolated by 

development of the sandwich cell in a CHCl3:MeOH mixture.  

The printing jobs were computed using DeScribe, and from stl files constructed using Blender. 

Sample preparation 

A sample of the Colh photoresist was sandwiched in between two glass slides, using a 

methacrylate functionalization for the glass slide receiving the printed structures. Prior to printing, 

the Colh material was formed by controlled temperature processing using a heating stage, the 

thickness of the Colh material was controlled using 4 layers of 16 µm aluminum foil as spacer. 

FTIR spectroscopy 

FTIR of microstructures 

Infrared spectra of the microstructures were taken using an IR microscope (Bruker Hyperion 

1000) coupled to a FTIR spectrometer (Bruker Tensor 27) using non-polarized light of a thermal 

light source. Atmospheric (water vapor and CO2) absorption was suppressed by purging the whole 

beam path with dry air. The microstructures were located by means of white light microscopy, and 

were placed in the center of a circular aperture with a diameter of 105 μm. All spectra were taken 
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in transmittance geometry with a resolution of 4 cm–1 and 100 scans. Relative transmittance 

spectra were calculated by normalizing the measurements to the transmittance of the bare substrate 

at a position next to the microstructures. 

FTIR of molecular species and polymeric films 

FTIR were measured using ATR (iS50 FT-IF, Nicolet). The spectra were measured in a region 

of 4000 cm-1 to 400 cm-1 with a resolution of 4 cm-1 and 20 scans. 

Wide-angle X-Ray scattering 

Wide-angle X-ray scattering (WAXS) experiments were performed using a Xeuss 2.0 Q-Xoom 

(Xenocs SA, Grenoble, France) instrument, equipped with a Genix3D Cu ULC (ultra low 

divergence) micro focus source of Cu-Kα with an energy of 8.04 keV and a wavelength of 

1.5406 Å, and a Pilatus3 R 300K detector (Dectris Ltd., Baden, Switzerland). The non-cross-linked 

photoresist was placed in a gel-holder, packed between two polyimide foils with a sample 

thickness of 0.5 mm. Cross-linked films were measured without substrate. The 2D scattering 

patterns were obtained using a sample to detector distance of 80 mm, resulting in a range of 

accessible scattering vector (q) from 0.10 to 3.85 Å-1. We used an azimuthal integration of the 

scattering patterns to obtain 1D plots of the intensity I(q) versus q with q=4πsin(2θ/2)/ λ, where 2θ 

is the scattering angle and λ is the wavelength of the Cu-Kα source. The measurement time was 

set to 1800 s and 600 s for the non-cross-linked photoresists and the cross-linked films, 

respectively. Detailed calculation of the dimensions of the Colh mesophase are available in the 

supplementary information. 

SEM imaging 
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The samples, sputter-coated with a 5 nm gold layer, were imaged using a Zeiss Leo 1530 

scanning electron microscope operating at 2.0 kV. For volumes visualization, a 45° tilted pin 

mounts were used. 

UV-Vis spectroscopy 

UV-vis spectra were recorded on an Agilent Cary 5000 UV-Vis-NIR spectrophotometer. 

Fluorescence confocal microscopy 

Fluorescent z-stacks of 3D microstructures were carried out on a LSM 980 (Carl Zeiss, 

Germany) operating in the AiryScan SR-4Y mode. The images were taken using a 20x/0.8 

objective. A 639 nm diode laser was used for excitation, and the emission at 670ꟷ720 nm was 

collected. 
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