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Two-Photon Laser Writing of Soft Responsive Polymers via
Temperature-Controlled Polymerization

Isabella De Bellis, Sara Nocentini,* M. Giulia Delli Santi, Daniele Martella,
Camilla Parmeggiani, Simone Zanotto, and Diederik S. Wiersma

Enhancing the resolution of 3D patterning techniques in functional soft
polymers enlarges the application areas of responsive shape-changing
materials, for tunable nanophotonics and nanorobotics. Thanks to the recent
advances of polymer science, the palette of available materials for
nanomanufacturing is becoming wider and wider—although the
comprehension of their polymerization process by two-photon polymerization
is still incomplete. In this work, both shrinking of the minimal polymerizable
unit and a significant improvement of the mechanical stability of
microstructured soft polymers, in particular of liquid crystalline networks, are
demonstrated. To this aim, temperature control enhances the resolution and
reduces the swelling of the polymerized structures, thus avoiding deviations
of the final structure from the intended design. This fine control on the
nanoscale features enables the use of soft responsive materials not only for
bulky microelements, but also for high-resolution structures with more

1. Introduction

Functionalized soft polymers represent
an interesting platform for microde-
vices in Dbiological!l biomedical,l?!
fluidic,®) photonic,*l and robotic®! ap-
plications. Their growth is motivated by
their biocompatibility,®”] by their soft
and adaptive nature, as well as by the
possibility to chemically tailor their me-
chanical and optical properties.[®?] The
interest for miniaturization prompted
us to shrink down various devices to
the microscale—hence requiring high-
resolution lithographic techniques as
soft lithography and photolithography.['%!
While these techniques offer good reso-
lution in 2D structures, truly 3D designs

complex design.
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in polymeric matrices can be obtained in

a single-step process only by two-photon

polymerization-based lithography, also
called two-photon direct laser writing (DLW).['!] Increasing the
dimensionality of soft structures requires a superior control over
the writing process, since the concept of planar resolution is
translated to three dimensions. At the same time, soft structures
should retain the designed geometry during and after the writing
process, issue that can be overcome by balancing the rigidity and
mechanical stability of the polymerized resins.

In 3D photonic crystals,!'?] chiral photonic structures,'3! as
well as in optomechanics applications,!'*] the typical structural
critical size for visible and near-infrared applications ranges
down to hundreds of nanometers. Furthermore, long-range
regularity is required in photonic crystals and metasurfaces.
This means that the polymerized structure must have a sufficient
rigidity to avoid deformation effects that can occur while the full
structure is written. Such a rigidity requirement conflicts with
the softness that is intrinsic in responsive soft polymers; hence,
the writing process must include a control mechanism, which is
able to target the right balance over these opposite characteristics.
Among responsive soft polymers, liquid crystalline networks
(LCNs)116] gained great attention for their striking character-
istic of large controllable deformations introduced by diverse
actuation sources. Using an external stimulus as temperature,**]
pH,["7) or light,!'8] switching among liquid crystalline phases can
be reversibly attained, thus obtaining a shape deformation that
depends on the programmed molecular alignment.['>?° Such
responsiveness to external stimuli has been exploited in soft ac-
tuators and artificial-muscle-based applications,!?!l and extended
to tunable photonic devices.?? While 4D printing of LCEs (liquid
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crystalline elastomers) have been widely explored in millimetric
and micrometric actuators by using different techniques and
chemical formulations,>-8] only a few examples of liquid crys-
talline networks patterned with DLW have been recently reported
for robotic?-!l and photonic applications,32**] but their further
development is still limited by the resolution and the mechan-
ical property control. Another important class of responsive
polymers is hydrogels (HGs). They are crosslinked hydrophilic
polymers that show a significant isotropic shape change during
swelling in water-based media. Recent works demonstrated
both as DLW HG microstructures that can change their shape
in response to temperature or light®®! and how water erasable
structures can be prepared by a proper polymer modification.!*’]
The fact that hydrogels swell greatly in fluids can be used in
microfluidics,*®*3*! robotic microswimmers,[*! and biological
applications.[3¥*1l Microstructured HGs suffer from the same
restrictions of LCNs, and their resolution is of a few hundreds of
nanometers.[*>*3] Thus, lithographic performances on soft poly-
mers have to be improved toward the results obtained for glassy
commercial resists—still preserving their peculiar elasticity—in
order to make them really competitive and appealing for nanos-
tructured devices. By tuning the lithographic setting and varying
the chemical composition of the monomer mixture, a lateral
resolution of 160 nm can be achieved.[*! Furthermore, to reduce
the smallest polymerizable unit (namely the voxel, volume
pixel), different strategies have been proposed either exploiting
the addition of polymerization inhibitors!*! or translating the
stimulated-emission depletion (STED) fluorescence microscopy
principle into the lithographic analog.[! Despite the obtained
resolution that gets closer to 70 nm, such methods require tai-
lored molecular formulations and/or complex optical setup that
cannot be used for every type of photopolymerizable mixture.
Surprisingly, one of the most easily controllable patterning pa-
rameters, which is temperature, has been mostly overlooked to
date. Several phenomena (e.g., swelling, polymerization shrink-
age, and monomer diffusion) have temperature dependence;
hence, they are definitely expected to contribute to determine the
voxel dimensions. In particular, diffusion of the liquid monomers
affects both structural resolution and rigidity. In addition to
intrinsic material properties, monomer diffusion depends on
external parameters as temperature.l*’] Interestingly, the light-
induced polymerization with high-power femtosecond lasers
does not induce a significant local heating of the exposed vol-
ume; such heating has been estimated to be smaller than 5 °C
for laser powers well above the polymerization threshold. This
confirmed the photochemical nature of the polymerization pro-
cess itself, rather than a photothermal one.[*¥! An external tem-
perature control over the process should then be achieved by a
customized heating/cooling system. Kawata and co-workers car-
ried out temperature-dependent polymerization characterization
on commercial resins, demonstrating that the reduction of tem-
perature slightly lowers the voxel size, while the increase of tem-
perature leads to improved resolution (from 1.4 pm at 20 °C to
1 pm at 80 °C for 512 ms exposure time).[**] Such a behavior has
been attributed to a reduction of the monomer diffusion at neg-
ative temperatures whereas, at higher temperatures, the accel-
erated termination of the polymerization reaction improved the
lateral resolution.[*] This analysis is still limited to commercial
and glassy materials, and it is of great interest to generalize it for
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certain responsive materials of technological relevance to enlarge
their application field.

In this work, we present a DLW implementation as an en-
abling method for nanopatterning soft deformable polymers with
resolution and design reproducibility comparable to commercial
glassy resins. A temperature-dependent analysis of photopoly-
merization on shape-changing birefringent polymers (LCNs; Fig-
ure S1, Supporting Information), and hydrogels (poly(ethylene
glycol) (PEG); Figure S2, Supporting Information) with respect
to a commercial glassy polymer (IP-Dip, Nanoscribe GmbH; Fig-
ure S3, Supporting Information) highlighted the importance of
this parameter to increase resolution and reduce structure defor-
mation due to swelling.

2. Results and Discussion

In order to improve the lithographic performances of custom
mixtures, chemical modifications that include the introduction of
a polymerization quencher and different types of photoinitiators
have been first tested before investigating the temperature role
in two-photon polymerization. The polymerization quencher (2-
(dimethylamino)ethyl methacrylate)[*] has been added into the
liquid crystalline mixture (see Figures S4 and S5 in the Support-
ing Information). Within this strategy, the resolution was not no-
tably outperformed while the structure rigidity considerably de-
creased, getting us away from the research goal. This behavior
can be explained as follows: the quencher inhibits the polymer-
ization as well as the crosslinking process making the structures
softer and therefore not more suitable for self-standing devices.
Resolution control has also been explored by varying the type
of photoinitiator (see Figure S6 in the Supporting Information).
Such an analysis underlined as the best choice for the photoini-
tiator is Irgacure 369 (Sigma-Aldrich) that allows us to operate
in a wide window of parameters (writing speed and laser power;
see Figure S7 in the Supporting Information) leading to high-
resolution structures in elastic materials, which however possess
enough rigidity (Figure S9, Supporting Information) to be pat-
terned in suspended designs.

To further control resolution, we exploited the dependence
on temperature of the chemical-physical properties of stimuli—
responsive shape-changing materials (LCNs and HGs). In our
study, the investigated temperatures were between 5 °C and room
temperature. This choice allowed us to maintain a stable liquid
crystal (LC) nematic phase on the LCN samples—indeed, the
LCN mixture with a 30% mol/mol of crosslinker content shows
a wide nematic phase window from 50 down to 0 °C.5% Writ-
ing structures in such an interval freezes the desired alignment
into the final polymerized device. We investigated planar homo-
geneously (liquid crystalline molecules parallel to the glass sub-
strate) or homeotropically (liquid crystalline molecules orthogo-
nal to the glass substrate) aligned structures as the most widely
exploited molecular orderings that originate contraction move-
ment (parallelly and orthogonally to the substrate, respectively).
The sample preparation for the three different resist cells (i.e.,
LCN-, HG-, and IP-Dip-filled cells) and the scheme of the home-
made Peltier stage implementation are reported in Figure 1a and
in Figures S10 and S11 (Supporting Information).

The main experimental features connected, on one side, to the
lithographic performance, and on the other side, to the molecular
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Figure 1. Polymerization Threshold. a) Scheme of the temperature-controlled direct laser writing. b) SEM image of a polymerization threshold charac-
terization for the LCN homogeneously planar aligned mixture. The 20 ym segments have been written at the glass—resist interface varying the writing
speed (from left to the right) and increasing the laser power (from the bottom to the top of the image). The shown characterization was done at 5 °C. c)
Polymerization thresholds for the different mixtures (HG, LCN, and IP-Dip) as a function of temperature. Two different writing speeds are reported for

the LCN and IP-Dip resists.

dynamics and the physical-chemical process are the polymeriza-
tion threshold, the voxel dimensions (planar and vertical reso-
lutions), and the structure rigidity. Such quantities are observed
in DLW experiments performed by varying the temperature, the
lithographic writing speed, and the laser power value.

The polymerization threshold, given a certain writing veloc-
ity, is the lowest power value able to create a well-defined poly-
meric line at the glass-resist interface. 20 pm long lines have
been fabricated at the glass—resist interface varying the polymer-
ization temperature from 22 to 5 °C, and the laser power value
for each segment at a fixed writing speed (from 90 to 15 pm s71).
A scanning electron microscope (SEM) image of such printing
calibration is reported in Figure 1b for the elastomeric mixture
at 5 °C and in Figure S12 (Supporting Information) at 22 °C.
From this experiment, we observed that for the IP-Dip resist and
the hydrogel mixture, only a small variation of the polymeriza-
tion threshold occurs; the polymerization threshold remains al-
most constant within this temperature range (Figure 1c). A rel-
evant dependence has been found instead for liquid crystalline
networks, whose polymerization threshold passes from around
7.5 mW at room temperature down to 3 mW at 5 °C (Figure 1c).
At a glance, polymerization threshold may be mainly attributed
to the activation of the photoinitiator, but it is inherently defined
by the termination kinetics and molecular reactivity.*’>! The
kinetic behavior is dominated by photoinitiator depletion and
radical quenching.®*>%) The model that describes the photopoly-
merization process relies on a system of partial differential equa-
tions for the photoinitiator, the monomer, the radical, and the
general inhibiting molecules’ concentration.*®] Once the initial
concentrations of each species, the incident laser flux, and the
different quantum yields are fixed, the parameters that affect
the polymerization are the diffusions of each molecule type and
the termination constants (due to radical-radical termination,
radical trapping in the polymeric network, and combination of
radical with inhibiting molecules, as oxygen).>!l For liquid crys-
talline network formation, the temperature decrease favors poly-
merization at lower laser power. In principle, this could be ex-
plained as a reduction of the diffusion coefficients, enhanced
molecule reactivity, or a more efficient termination kinetics. As
the last two contributions decrease with temperature according
to the Arrhenius law,5! the dominant effect should be attributed
to a reduced molecular diffusion that promotes the formation of
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a solid voxel. This effect is evident only for the LCN mixture prob-
ably, because, in the considered temperature range, the diffusion
coefficients vary more considerably, getting closer to the glass
temperature. Thus, lowering the temperature, monomers and
radicals have a reduced diffusion coefficient that promotes the
termination of the polymeric chains; hence, reducing the laser
power needed to induce the photopolymerization.

To further explore this peculiar trend, we investigated the voxel
dimension’s variation as a function of temperature. Improving
the 3D DLW resolution implies to minimize both the lateral res-
olution and the vertical one as well. In fact, a spheroidal voxel
would be the best polymerization unit to fabricate 3D structures,
especially in 3D photonic structures as woodpile crystals or chiral
photonic crystals for which isotropic voxel dimensions are defi-
nitely welcomed. Due to the nonlinear photoabsorption in the
focal volume of the laser beam, the polymerization unit has an
ellipsoidal shape, whose aspect ratio (ratio of the major and mi-
nor axes of the voxel) should be brought, in principle, as close as
possible to unity. For commercial resists, an aspect ratio of 2.7 is
a reference value.l’*) The resolution has been evaluated from sus-
pended lines fabricated on square grids of 20 pm in size, varying
the writing velocity and the laser power (Figure 2a).

Analyzing the SEM images, both the minor and the major
axis have been measured and reported as a function of the writ-
ing power and of the temperature in Figure 2b,c. For LCN com-
pounds, by controlling both the polymerization power and tem-
perature, the lateral resolution of the suspended lines can be
pushed below 120 nm by decreasing the temperature of the
monomeric mixture down to 10 °C (Figure 2b). The lateral reso-
lution does not show a significant dependence on temperature
for the IP-Dip resist (Figure 2c), reaching at the polymerization
threshold, a voxel’s minor axis of 130 nm (writing speed 90 pm
s71). A similar behavior has been found for PEG mixture. Also
the major axis follows this trend, thus enabling the fabrication of
more spheroidal voxels (Figure 2d; Figure S13, Supporting Infor-
mation). At room temperature, the best writing parameters create
a voxel height of around 700 nm whereas at 10 °C, it decreases up
to 390 nm (Figure S14, Supporting Information). Lowering the
temperature leads to a reduction of the aspect ratio of LCN lines
from 5 to 3 regardless of the employed power, thus making it
comparable with the values obtained for commercial resists (Fig-
ure 2e). The significant aspect ratio reduction of LCN lines could

© 2021 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 2. a) SEM image of a series of suspended grids to evaluate the line minor and major axes of the IP-Dip resist at room temperature. The writing
parameters are varied: laser power increased from right to left, and the laser scanning speed from the bottom to the top. b) Voxel minor axis as a function
of power for the LCN homogeneously planar aligned mixture at different writing temperatures. The best resolution obtained with the commercial IP-Dip
resin is indicated by the red star. ) Voxel minor axis as a function of power for the PEG hydrogel and IP-Dip mixtures at different writing temperatures.
d) SEM image that shows the major axis reduction at the lowest temperature (10 °C) for the LCN mixture in a homogeneous cell. e) Evaluated aspect
ratio (ratio between the major and the minor voxel axis) as a function of temperature for the three resists at different writing powers. In the yellowish
dash-dot region, it is highlighted that the best resolution performances of LCNs are comparable with the commercial resist (IP-Dip).

be attributed to physical-chemical properties of liquid crystalline
materials as well as to the anisotropic nature of the mixture that
is further analyzed in the text. On the other hand, for isotropic
resing such as IP-Dip and HG, the temperature-controlled
polymerization is a not effective tool in controlling the aspect ra-
tio. The best resolution and aspect ratio are achieved for the hy-
drogel mixture, whose aspect ratio at 10 °C describes an almost
spherical voxel. These achievements broaden the range of appli-
cations of LCNs and HGs to any kind of 3D structures with both
the resolution and the geometrical feature improved toward the
performances of well-known commercial polymers.

With a further look at Figure 2d, another effect can be noticed;
decreasing the temperature, the suspended lines become more
parallel, thus better reproducing the intended structure design.
We hence decided to undergo a systematic analysis of this effect
that can be better appreciated in LCNs (Figure 3a). The segment’s
bending of soft materials in the photopolymerization process is
due to the swelling of the unpolymerized monomers inside the
crosslinked network. This liquid penetration into the solid ele-
ments leads to a line warping that is definitely undesirable within
alithographic process. The idea is here that, by reducing the tem-
perature of the liquid mixture, the diffusion of monomers inside
the polymerized volume is reduced accordingly. This effect has
been evaluated through a quantitative estimation of the line warp-
ing. Line warping is defined as the deviation from linearity, as
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shown in Figure 3a, and quantitatively estimated in Figure 3b.
It has been quantified by measuring the lateral displacement of
the first written line of the grid. This choice is motivated by the
fact that the first written segment of the grid has more time to
deform compared to the other lines (about 10 s). Only the warp-
ing of horizontal lines has been considered, as vertical lines have
been written later; hence, they were forced not to warp by the ex-
isting constraint (the intersection with the horizontal lines).

The deformation is larger along the direction perpendicular
to the director, as demonstrated in Figure 3c, which shows sus-
pended lines, parallel and perpendicular to the director direction,
written at room temperature with a writing speed of 90 pm s7!,
and varying the laser power. This phenomenon can be explained
by considering that the Young’s modulus is higher along the di-
rector direction than the perpendicular one (E, < E;).”*! In the
case of the employed LCN mixture, Young’s modulus of the poly-
merized structure also increases as an order of magnitude from
22 to 5 °C justifying the rigidity increase with the temperature
decrease.’® At the same time, the diffusion of monomers de-
creases with temperature (with D, < D, ). It can, hence, be ex-
pected that the dynamics of line warping is dependent on the
temperature; indeed, this was confirmed by the data shown in
Figure 3d. Here it is reported the time evolution of the warping
of a single suspended line immediately after it has been writ-
ten, when it is still inside the cell, immersed in the undeveloped
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Figure 3. Swelling in LCN structures. a) SEM images of the grids fabricated in LCN mixture with a homogeneous planar alignment at 22 and 10 °C
showing the line warping effect. b) Line warping as a function of laser power for the first line written parallel to the director in homogeneous planar
aligned grids at 22 and 10 °C, respectively. ¢) Suspended lines parallel to the director direction fabricated in a homogeneous planar cell showing a lower
line warping than perpendicular ones. d) Time evolution of the line warping of suspended lines written in a homogeneous planar cell at 22 and 10 °C.
Images in panel (a) are obtained with scanning electron microscopy of the developed sample, while images in panels (c) and (d) are collected through
the objective of the direct laser writing apparatus from the LCN cell before development.

mixture. At 22 °C, the line reaches the maximum warping in less
than 2 s; instead, at 10 °C, the maximum line warping is reached
in about 40 s. It should be noticed that the maximum warping is
almost the same for both temperatures (i.e., about 7.5 pm for a
line with a length of 20 pm).

In literature, the reduction of line warping is attributed
to the increase of laser power that favors a more efficient
crosslinking degree. However, the laser power to increase the
degree of polymerization and crosslinking results detrimental
in terms of resolution.’®) Here we demonstrated how to reduce
swelling simply by lowering the temperature, thanks to a reduced
monomer diffusion and to the Young’s modulus temperature de-
pendence. In such a way, a more efficient polymerization pro-
cess is achieved improving both the resolution and the structures’
rigidity. Moreover, the benefits of the improved resolution and
mechanical properties by DLW at 10 °C allowed the fabrication
of free-standing elements with only one edge attached to a bulk
polymeric wall (Figure S15, Supporting Information). This study
is the proof of concept that low-temperature polymerization al-
lows the fabrication of more rigid suspended elements in an LCN
matrix, opening the way to 3D shape changing photonic struc-
tures.

A careful analysis of the voxel dimensions unearthed another
interesting behavior for DLW-patterned LCNs. In an LC-aligned
cell, the voxel dimensions depend on the writing direction with
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respect to the LC director, while the other isotropic resists do
not express such dependence. In the following, we provide a de-
tailed analysis of the phenomenon, which can be attributed to
the isotropy/anisotropy of the underlying molecular matrices. A
scheme of the LCN grids is reported in Figure 4a, with the ef-
fect being exaggerated to clarify the observed results. We inves-
tigated such a phenomenon using both a homogeneous and a
homeotropic alignment.

First of all, we verified that the laser writing direction does not
perturb the alignment of the LC cell impressed by the sacrificial
layers.’”] In Figure S16 (Supporting Information), 3D photonic
structures have been polymerized in a homogeneous planar cell
(Figure S16a, Supporting Information) and in an homeotropic
cell (Figure S16b, Supporting Information) showing that the laser
writing direction does not affect the final alignment of the struc-
tures. Indeed, both polarized optical microscope images and the
contraction of the structures (Figure S16¢, Supporting Informa-
tion) are ruled by the LC alignment preimpressed by the align-
ment layer of the cell and not the laser writing direction.

Let us first analyze the results observed in the case of homoge-
neous alignment. Figure 4b shows that, if the writing direction
is parallel to the molecular alignment, the polymerized lines are
characterized by a considerably larger major axis and a shorter
minor axis. The dimensions of the minor axis of orthogonally
realized lines, in homogeneous and homeotropic LC cells, are

© 2021 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 4. Anisotropic resolution in LCN mixture. a) Scheme of the anisotropic line resolution in a homogeneous planar aligned LC cell. b) SEM pictures
of the grid realized in an LCN mixture at 10 °C, whose lines have been written parallel and orthogonally to the director direction in a homogeneous planar
cell. ¢) Minor axis size as a function of writing power for a homogeneous planar and homeotropic aligned cell. The laser writing was performed at 22 °C.
d) The sizes of minor and major axes as a function of writing power for a homogeneous planar aligned cell. The laser writing was performed at 10 °C.
e) The minor and the major axis variation with temperature. The size is reported for lines polymerized written parallelly and normally to the director
direction in a homogeneous planar cell. The lithographic parameters are fixed: laser power 11.2 mW, writing speed 90 ym s~'. f) Calculated diffusion
coefficient ratio between the parallel and the orthogonal components with respect to the LC director as a function of temperature.

measured and reported in Figure 4c for grids polymerized at
room temperature (the major axis dimensions are reported in
Figure S17 in the Supporting Information). In homeotropic
cells (purple dashed lines), with the director orthogonal to the
glass substrate, both the minor and the major axis of the two
differently oriented lines remain equal within the estimated
error (30 nm), as expected. Such observations underline that
the voxel dimensions are affected by the liquid crystalline
molecule’s orientation. When the director lies in the x—y plane,
the in-plane molecular anisotropy determines the polymerized
voxel dimensions, while in the homeotropic case no differences
are present. The laser writing direction does not influence the
dimension of the voxel itself. To verify the influence of the
molecular anisotropy also at a reduced writing temperature
(10 °C), we reported the values of the minor and the major axis of
suspended lines in a homogeneous cell as shown in Figure 4d.
Also in this case, the voxel anisotropy is more pronounced.
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The first evidence of this anisotropy was already reported in
literature, showing that if the DLW writing direction is parallel
to the LC alignment, the resulting lines are thicker and do not
present any visible curl along the alignment direction.l*®! Also the
polymerization shrinkage, which is the volume contraction due
to the polymerization, depends on the molecular orientations
and the temperature, and it is responsible for the final size of
the polymerized structures.>® However, the main influence is
probably due to the anisotropy of monomer diffusion. In fact, in
the homogeneous alignment, the different segment thicknesses,
obtained parallelly and perpendicularly to the director, can be
explained by the anisotropy of the self-diffusion coefficients in
liquid crystalline mixtures.['®?] In nematic liquid crystals, the
diffusion coefficient D, parallel to the liquid crystal director is
larger than the orthogonal component D1.[%2] A higher rate of
molecule diffusion along the LC orientation, together with the
high anisotropy of the molecule dimensions, affects the voxel
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dimension that is thinner and taller when the writing direction
is parallel to the LC director.

Such an intriguing behavior has been then investigated for
different writing temperatures. The voxel dimensions have been
evaluated at different temperatures in a homogeneous cell along
the director and orthogonally to it (Figure 4e). When the sample
temperature is brought to 10 °C, considering the writing direc-
tion being parallel to the director, the voxel minor axis slightly
increases in size while its major axis decreases by more than
100 nm. The same behavior is retrieved also for the writing di-
rection perpendicular to the director (Figure 4e). For both writ-
ing directions, the major axis is significantly reduced creating a
more spheroidal voxel, one of the key achievements in nanopat-
terning. A possible explanation, besides the temperature depen-
dence of the polymerization of LCN, was sought in the material
anisotropy.

To this end, we compared our experimental results with the
models that predict the temperature dependence of the diffu-
sion coefficients. Molecular diffusion in isotropic and nematic
phases follows a well-known behavior; the temperature depen-
dence of the diffusion coefficient, in the isotropic phase, re-
tains an Arrhenius-type trend,|®’! while in the mesophase, D, >
Dy as successfully described by the Hess—Frenkel-Allen (HFA)
model® and by the Chu and Moroi (CM) model.[** To check
how the ratio of the two diffusion constants changes with tem-
perature, we exploited the HFA model to retrieve the tempera-
ture dependence as it was already demonstrated good accordance
with experimental results.[°3] We measured the order parameter,
S, as a function of temperature (see Figure S18 in the Support-
ing Information) to monitor the temperature variation of the LC
anisotropy. From these experimentally retrieved values, we cal-
culated the temperature dependence of the ratio of the two self-
diffusion coefficients (D, /D.) (see the Supporting Information)
in our nematic liquid crystalline mixture using the HFA model
(Figure 4f). The ratio of the two diffusion components increases
with increasing molecular anisotropy while lowering the temper-
ature. In light of such an increase, we can assume that, while
temperature is decreased, the most significant variation is due to
the D, reduction that shrinks down the major axis of the voxel,
therefore reducing the resulting aspect ratio.

3. Conclusions

Controlling the temperature, at which a liquid crystal network
(LCN) and a hydrogel are nanopatterned through two-photon
polymerization (i.e., direct laser writing), enables us to define
the shape and size of the 3D polymerizable unit (voxel). We ex-
plored, in detail, the effects of temperature on the polymerization
threshold, on the voxel size and aspect ratio, on the line warp-
ing, and on the line thickness anisotropy. We have recognized
in the temperature dependence of the anisotropic diffusion coef-
ficient the key mechanism behind our observations concerning
LCNs. Our results, in addition to the fundamental interest for
the physical-chemical process of two-photon polymerization of
LCNs and HGs, significantly improve the possibilities for the ex-
ploitation of these responsive polymers in nanopatterned struc-
tures. By implementing these concepts, the obtained resolution
becomes comparable to that of commercial resists as well as the
fidelity of the replica to the intended design, and the fabrication
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process governed by an additional degree of freedom can now be
implemented for nanostructures in soft responsive materials.

4. Experimental Section

Direct Laser Writing System: ~ The characterization was performed using
the commercial platform for DLW (Nanoscribe GmbH) with a home-made
Peltier stage (RS components) adapted to the sample holder with mechan-
ical components. The temperature feedback controller was allowed to sta-
bilize the writing temperature at a desired value (Figure S10, Supporting
Information). The implementation of the temperature controller into the
Nanoscribe system is reported with further details in the Supporting In-
formation.

Materials: The characterization of the nanopatterned elements was
performed using three different material formulations: IP-Dip, a commer-
cial resist developed by Nanoscribe GmbH, polyethylene glycol diacrylate
(average M,, = 250), and a liquid crystalline network mixture. The molec-
ular composition and sample preparation is reported in detail in the Sup-
porting Information.

Characterization: The nanostructures fabricated by DLW were imaged
by a tabletop scanning electron microscope (Phenom G1) and a polarized
optical microscope (Zeiss, AXIO Observer.Al), and the images were ana-
lyzed by using the software Image].

Supporting Information

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