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Intrinsically Thermally Degradable Microstructures
Fabricated by Photodimerization in Rapid 3D Laser Printing

Steven C. Gauci, Paul Somers, Mohammed Aljuaid, Martin Wegener,

Christopher Barner-Kowollik,* and Hannes A. Houck*

Classical photoresists utilized in direct laser writing (DLW) rely on
photoinitiators and radical polymerization mechanisms to induce the
cross-linking process. Herein, a simple initiator-free photoresist is introduced
that enables the rapid fabrication of intrinsically thermally degradable 3D
microstructures via DLW. The reported photoresist exploits the [2 + 2]
photo-dimerization reaction of a multifunctional monosubstituted
thiomaleimide compound while harvesting on-demand microstructure
degradation through the intrinsic thermally reversible nature of the
photocrosslinks. The photoresist exceeds attainable DLW printing speeds for
non-chain growth resins, readily attaining 1500 um s~' and up to 5000 um
s~', making it a promising system to compete with traditional photo-initiator
containing resists while introducing on-demand post-printing degradability.

1. Introduction

Direct laser writing (DLW) has become one
of the most versatile, and routinely used
additive manufacturing techniques for the
fabrication of 3D structures on the micro-
scopic scale.'™*l DLW exploits two-photon
absorption (TPA), whereby a femtosecond
pulsed laser is tightly focused into the vol-
ume of a photoresist. Consequently, the
laser writing process is constrained to a very
small volume element — called a voxel — and
accumulation effects in the periphery are
suppressed thus enabling the fabrication
of near-arbitrary 3D structures with sub-

S. C. Gauci, C. Barner-Kowollik

School of Chemistry and Physics, Centre for Materials Science
Queensland University of Technology (QUT)

2 George Street, Brisbane, QLD 4000, Australia
E-mail: christopher.barnerkowollik@qut.edu.au
S. C. Gauci, P. Somers, M. Wegener, C. Barner-Kowollik
Institute of Nanotechnology (INT)

Karlsruhe Institute of Technology (KIT)
Kaiserstrafe 12, 76131 Karlsruhe, Germany

M. Aljuaid

Department of Chemistry

Turabah University College

Taif University

P.O.Box 11099, Taif 21944, Saudi Arabia

M. Wegener

Institute of Applied Physics (APH)

Karlsruhe Institute of Technology (KIT)
Kaiserstrae 12, 76131 Karlsruhe, Germany
H.A.Houck

Photochemistry for Materials Group
Department of Chemistry

University of Warwick

Library Road, Coventry CV4 7AL, UK

E-mail: hannes.houck@warwick.ac.uk

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202414713

© 2024 The Author(s). Advanced Functional Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/adfm.202414713

Adv. Funct. Mater. 2024, 2414713 2414713 (1 of 6)

100 nm scale features.®! As a result, DLW

has been employed to fabricate highly re-

solved structures that have been utilized for
applications ranging from microfluidics,!®! to photonics,”! to cell
biology.[8]

Classically, DLW is an additive approach and thus often re-
stricted to the fabrication of permanent structures, which arise
from the use of photoresists that are irreversibly cross-linked.(*"]
For many applications, however, the ability to erase the 3D struc-
ture — or parts of it — once the printing is complete is an impor-
tant requirement.['!) For example, post-DLW erasing can be used
for the removal of support materials after printing overhanging
features,['?] for the degradation of cellular scaffolds to trigger cell
release,['®) and for the cleavage of valves and bridges in fluidic
devices."] To achieve these aims, establishing advanced photore-
sists that can be cleaved on-demand with simple orthogonal pro-
cedures is essential.

Traditional photoresists employed in DLW often rely on pho-
toinitiator species to trigger chain-growth reactions that convert
a liquid formulation of low molecular weight compounds (e.g.,
monomers, oligomers, cross-linkers) into a covalently linked
solid network material.['>®] While photoinitiators play a key
role in the printing process, careful consideration is needed
due to their possible toxicity and sensitivity to oxygen.['7:8] In
contrast, initiator-free photoresists typically cannot benefit from
rapid chain propagation mechanisms to initiate network for-
mation during the printing process. Thus, photoresists cured
via non-chain growth polymerizations, i.e., based on photo-
cycloadditions, typically display reduced photosensitivity and
examples of initiator-free 3D printing systems are rare.[1>21]
This fundamental challenge translates into much slower writ-
ing speeds in comparison to other initiator-free resists, such as
those based on C,H- insertion cross-linking,[2?] as well as their
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Figure 1. Overview of the present study. a) A 3-arm monothiomaleimide utilized as a dissolve-and-go initiator-free photoresist for b) 3D direct laser
writing of microstructures through a [2 + 2] photodimerization, resulting in c) intrinsically, thermally degradable prints.

initiator-containing counterparts, both of which are capable of
printing at writing speeds (far) exceeding 1000 um s™'. For ex-
ample, Werner et al. reported microstructure fabrication via the
[2 + 2] cycloaddition of multi-maleimide monomers under TPA
conditions, employing a writing speed of 15 pym s71.12}] Mean-
while, the photoinduced [4 + 2] cycloaddition between triazo-
linedione and naphthalene was exploited to fabricate microstruc-
tures via TPA, which required even slower writing speeds of
10 um s7!, likely attributed to the transient reversible nature of
the cycloadducts at ambient printing temperatures.’?#25] Most re-
cently, printing speeds well above 1000 um s~ have been ob-
tained making use of a chalcone-based [2 + 2] photodimeriza-
tion, albeit in the presence of a photosensitizer, at low concentra-
tions and with varying printing quality.[?] These examples high-
light several advantages of the exclusion of a radical photoini-
tiator, amongst them the ability to design microstructures with
a highly pre-defined network topology.l?’! Another key potential
advantage of utilizing non-chain growth mechanisms such as
photocycloadditions for 3D printing applications is that the re-
sulting photoaddition products may be reversible.[?*-3! Thus, the
use of cycloadditions in DLW provides an attractive avenue to-
ward fabricating microstructures that can be erased post-printing
and on-demand through the corresponding cycloreversion
process.

Herein, we present a photoinitiator-free photoresist for DLW
based on a photocycloaddition mechanism that allows for an up
to 100-fold faster fabrication of 3D microstructures compared to
state-of-the-art cycloaddition inks, attaining writing speeds simi-
lar to conventional DLW resists based on chain-growth processes.
Additionally, the fabricated structures can be intrinsically erased
post-printing without the need for chemical treatment or external
stimuli other than elevated temperature (Figure 1). Specifically,
we introduce a new photoresist based on the recently emerged
monothiomaleimide photodimerization chemistry,®?! whereby
the ink consists of only a 3-arm monothiomaleimide monomer
in solution (TMal, Figure 1a). Unlike conventional maleimides,
thiomaleimide derivatives have recently been shown to display
more efficient photoreactivity with the swift formation of [2 + 2]
photodimer products,!*}! which is demonstrated herein to result
in vastly improved two-photon laser printing speeds. Moreover,
the resulting photodimers have recently been reported to ther-
mally revert back to the initial monomers when heated above
120 °C both in solution and under bulk conditions,** which is
exploited to degrade the printed structures when heated at 150 °C
(Figure 1b-c).
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2. Results and Discussion

2.1. Printing Performance

Inspired by the conventional maleimide system employed by
Werner et al.[2)l we posed the question of whether thioma-
leimides would also undergo TPA and therefore be applicable
to additive manufacturing based on DLW.* Thus, a photore-
sist was prepared by dissolving a 3-arm monothiomaleimide in
propylene carbonate (TMal, ¢ = 750 mg mL™", refer to Sections S3
and S4 (Supporting Information) for synthetic and experimental
details). Propylene carbonate was selected as a suitable printing
matrix to lower the viscosity of the monomer while preventing
solvent evaporation during printing. To explore the range of print-
ing parameters achievable with the TMal photoresist, an array
of simple cone-shaped microstructures was fabricated with laser
powers varying from 15 and 35 mW and scan speeds ranging
from 500 to 1500 um s~!, respectively (Figure S2a, Supporting In-
formation). Remarkably, the current photoresist exhibits a >100
fold-increase in printing speed compared to the previously men-
tioned multi-maleimide and triazolinedione/naphthalene pho-
toresists utilized in DLW. Intrigued by these vastly improved
printing speeds, further investigations into the maximum speed
the TMal resist can achieve revealed that printing remains possi-
ble even at a scan speed of 5000 um s~ (Figure S2b, Supporting
Information).

Having established the printability of the TMal resist using a
two-photon laser printer, the optimal printing parameters were
then determined. For this, an array of distinctive blocks with over-
all dimensions of 20 um x 20 um X 5 um was printed from the
TMal photoresist with laser powers and scan speeds between 15
and 35 mW and 500 and 1500 pm s}, respectively (Figure 2a, also
refer to Figure S3, Supporting Information). Within this range,
an optimal variability of printing parameters was observed, pro-
ducing sufficient cross-linking at a low exposure dose yet did
not cause micro-explosions at a higher exposure dose. By mak-
ing a judicious selection of the block design, the printing results
could be assessed via scanning electron microscopy (SEM) imag-
ing (Figure 2a), from which a relevant laser power and scan speed
could be identified. As depicted in Figure 2a, the optimal print-
ing parameters for the photoresist were obtained at a laser power
of 20 mW (laser intensity of 8.2 TW cm2), and at a scan speed
0f 1250 um s~! for the block structures. To investigate the obtain-
able feature size and lateral resolution of the photoresist at these
selected printing parameters (i.e., 20 mW and 1250 pm s7), lines
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Figure 2. SEM images of microstructures fabricated via DLW from the TMal photoresist. a) Distinctive block array printed with laser powers between
15 and 35 mW (y-axis), and scan speeds between 500 and 1500 um s~' (x-axis). Scale bar = 20 um. b) Lines demonstrating a feature size and lateral
resolution of 300 nm. Scale bar = T um. c) Double-logarithmic plot of threshold printing power during point exposure for increasing exposure times.

Dashed line is a guide to the eye for a nonlinear response of N = 2.

with different spacing were printed. A feature size of 300 nm and
line separations as close as 300 nm were achieved (Figure 2b). We
note, however, that smaller features sizes can be achieved under
tailored conditions. For example, isolated linewidths of 160 nm
could be achieved at a printing speed of 100 um s~! and a laser
power of 4.75 mW (laser intensity of 0.124 TW cm™2, also see
Figure S4, Supporting Information). This feature size is compa-
rable with conventional two-photon resists, such as Nanoscribe’s
IP Photoresins, while still an order of magnitude faster than pre-
vious cycloaddition-based inks.

Finally, as it is possible that there could be higher order non-
linear processes contributing to the mechanism of printing, we
evaluate the degree of nonlinear absorption of the TMal resist
using a point exposure test. It is known that the nonlinear re-
sponse of a resist can be investigated by probing the threshold
laser power for polymerization as a function of exposure time.[3¢!
Specifically, that relationship is given by Py, o(At)~"/N, where Py,
is the threshold laser power for printing, At is the exposure time
of the resist, and the integer N is the order of the nonlinearity.
We determined the threshold power for printing using point-
wise exposures (i.e., stationary laser focus) for exposure times
spanning several orders of magnitude. The results are plotted
in Figure 2c on a double-logarithmic plot. For comparison, we
include a dashed line indicating an N = 2 nonlinear process, ex-
pected for a two-photon absorption printing process. The experi-
mental data agrees well with the slope of the dashed line, indicat-
ing that the TMal resist polymerizes primarily under two-photon
absorption in these conditions. Interestingly, at short enough ex-
posure times, no polymerization was observed for the powers
tested (up to 50 mW). The smallest exposure time that exhib-
ited some photo-polymerization was 44 us, however, point ex-
posure printing was unsuccessful to give clean prints and pro-
ceeded with an undefinable threshold. A comparison of the 44 us
exposure test and a more typical result of the point exposure test
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(at 95 ps) is shown in Figure S5 (Supporting Information). The
observed poor printing performance at very short exposures of
44 us is rather surprising, but could be caused by solvent vapor-
ization resulting from the high pulse intensities. Toward longer
exposures times, i.e., >10 ms, the resist starts to exhibit a higher-
order nonlinear response, a behavior previously observed for free
radical-based photoresists and attributed to oxygen diffusion.3¢!
While the thiomaleimide photodimerization has been observed
to be rather inert to oxygen interference, the TMal resist may be
similarly affected by oxygen diffusion during femtosecond laser
irradiation conditions.

2.2. Thermal Degradation and Material Properties

Given the recently reported thermal reversibility of the [2 + 2] cy-
cloaddition of thiomaleimides and their use to create intrinsically
recyclable thermoset materials,**! we first examined whether
the structures fabricated via DLW were similarly prone to ther-
mal reversion that would result in the de-cross-linking of the
printed material. Therefore, cone-shaped microstructures were
fabricated with varying laser powers and scan speeds (i.e., 15 to
35 mW and 500 to 1500 um s~!, respectively), and subsequently
placed in an oven pre-heated to 150 °C for 24 hrs. Through SEM
analysis conducted on the cone structures post-printing and fol-
lowing their exposure to 150 °C for 24 hrs, we were able to qual-
itatively confirm that the structures de-cross-linked and are thus
thermally degradable (refer to Figure S6, Supporting Informa-
tion). The selected degradation temperature of 150 °C was cho-
sen to exclude degradation of the TMal organic substrate while
still resulting in appropriate bulk degradation kinetics.[**!
Having established that the structures are indeed thermally
degradable, we proceeded to measure the mechanical proper-
ties of the direct-laser-written material post-printing and during
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Figure 3. a—f) Optical microscopy images of blocks printed with a laser power of 20 mW and scan speed of 1250 um s~ post-printing (a) and at 2 h
intervals following heating at 150 °C (b—f). g,h) Mechanical properties (reduced modulus and hardness, respectively) determined using nanoindentation
of the printed blocks over the course of heating at 150 °C for 10 h. Each data point represents the average of three measurements and the error bars
indicate the standard deviation of the data. i,j) SEM images of a snowman printed exclusively from the TMal photoresist from different perspectives (top)
and after being exposed to 150 °C for 24 h (bottom). k) SEM images of a multi-material structure consisting of segments printed from a non-degradable
resist (IPS-Nanoscribe, which forms the base and popsicle-stick segments), as well as the TMal photoresist (popsicle segment) post-printing (top) and
after 24 h at 150 °C, whereby only the popsicle segment degrades (bottom). Scale bars = 20 um.

degradation. Therefore, square blocks with dimensions of
30 pm X 30 um x 10 um were printed and analyzed via nanoin-
dentation. Figure 3a—f depicts the change in shape the blocks un-
derwent in response to placing the microstructures in an oven
at a temperature of 150 °C over the course of 10 h. Notably, the
blocks exhibit melting and/or flowing behavior during the de-
cross-linking process, which causes them to lose their original
square-shape and take on a more rounded form. Their shape al-
teration coincides with the evolution of the materials’ mechanical
properties. Initially, the printed blocks exhibited a reduced mod-
ulus of 5.71 GPa (Figure 3g), which rapidly decreased to 4.01 GPa
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after being exposed for 2 hrs at 150 °C. Over the subsequent
8 h timeframe, the reduction in modulus proceeds at a notably
slower rate, resulting in a final reduced modulus of 2.71 GPa ob-
tained after 10 h. It should be noted that while the structures de-
grade, a significant reduction in the remaining material height
adds uncertainty over the reduced moduli values with substrate
effects becoming no longer negligible. Nonetheless, the clear de-
cay in modulus during the nanoindentation along with the opti-
cal microscopy monitoring supports the intrinsic thermal degra-
dation of the laser-written structures. The average hardness of the
blocks exhibits a similar trend to the reduced modulus, whereby
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a rapid decrease of up to 70% is observed within the first 2 h, fol-
lowed by a significantly slower decline of only 15% over the next
8 h period (Figure 3h, also refer to Sections S2.4 and Section S5,
Supporting Information).

Although mono-thiomaleimide cross-linkers undergo [2 +
2] photo-dimerization under single-photon absorption,3*3°] the
same irradiation conditions may not directly translate to a two-
photon printing process. Therefore, additional molecular char-
acterization of the actual direct-laser-written structures was per-
formed to verify that laser printing occurred through the pre-
viously established photo-induced [2 + 2] cycloaddition reac-
tion. Specifically, square blocks (40 ym X 40 um X 10 um) were
printed from the TMal-based resist and analyzed by infrared
spectroscopy. The results confirmed that both [2 + 2] photo-
dimerization and the corresponding thermal cycloreversion re-
actions take place in the structures fabricated via TPA, as ev-
idenced by the almost quantitative reduction and subsequent
reappearance of the thiol-substituted C=C stretch at 1556 cm™!
after printing and heating, respectively (Figure S8, Supporting
Information).

2.3. Proof-Of-Principle of Thermally Degradable 3D
Microstructures

To demonstrate the photoresist’s ability to fabricate 3D thermally
degradable structures, two demonstrator experiments were con-
ducted. In the first example, a micro-sized snowman was fab-
ricated exclusively from the TMal photoresist with a laser in-
tensity and scan speed of 20 mW and 1250 pm s~!, respec-
tively (Figure 3i,j). SEM imaging of the snow-man post-printing
revealed the resist’s ability to fabricate a fully 3D structure
(Figure 3i,j, top). Furthermore, when exposed to 150 °C for
24 h, the snowman undergoes a fascinating transformation, tak-
ing on a “melted” appearance after de-cross-linking, as illus-
trated by the SEM image in Figure 3i,j (bottom). In the sec-
ond example, the TMal photoresist was utilized to incorporate
responsive features with spatial resolution into 3D materials
(Figure 3k). Here, the TMal resist is combined with a classical
resist to fabricate a 3D multi-material popsicle structure in a
two-step writing process. Initially, a commercial acrylate-based
resist (IP-S, Nanoscribe) was used to fabricate the base and
popsicle-stick segments with a laser power and scan speed of
30 mW and 2000 um s}, respectively. After washing away ex-
cess resist, the popsicle segment was printed from the TMal
resist (laser power and scan speed of 20 mW and 1250 um
s71, respectively) and the final multi-material structure was ev-
idenced by SEM imaging (Figure 3k, top). This example serves
as a clear demonstration not only of TMal photoresist’'s com-
patibility with other resists but also of its ability to 3D print a
new material around an existing 3D printed structure, thereby
creating a hybrid 3D multi-material structure with responsive
properties. After placing the popsicle in an oven at 150 °C for
24 h, SEM analysis was employed to confirm that only the pop-
sicle segment undergoes de-cross-linking and “melts” thereby
revealing the irreversibly printed “stick” (Figure 3k, bottom).
Notably, the popsicle segment can be removed by immersing
the final multi-material structure in DMSO for 24 h at 150 °C,
highlighting the ability to completely remove the TMal resist in
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a single post-printing step if required (Figure S9, Supporting
Information).

3. Conclusion

A new and initiator-free photoresist for DLW was introduced,
simply comprising of a multifunctional compound and a sol-
vent. The photoresist based on a photocycloaddition mechanism
rather than conventional chain growth polymerization facilitated
rapid fabrication of 3D microstructures above 1000 um s~! while
maintaining printing quality, which can be degraded after print-
ing with no necessity for additional (chemical) treatments except
for exposure to elevated temperatures. Specifically, the mechan-
ical properties of the printed structures were demonstrated to
undergo significant changes when exposed to elevated temper-
atures, resulting from the de-cross-linking of the material. The
structural change was further illustrated by fabricating thermally
degradable 3D microstructures exclusively from the photoresist,
as well as imparting bulk erasable features with spatial reso-
lution into a 3D multi-material structure when combined with
a commercially available photoresist. The thiomaleimide-based
photoresist and its applicability to two-photon printing applica-
tions constitutes a critical advancement, particularly in terms of
improved manufacturing speed, whereby 3D structures can be
rapidly printed without relying on a photoinitiator, in combina-
tion with solvent-free post-printing de-cross-linking through sim-
ple exposure to elevated temperatures.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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