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ABSTRACT

With the advent of direct laser writing (DLW) using two-photon polymerization (TPP) the
generation of high resolution three-dimensional (3D) microstructures has increased dramatically.
However, the development of stimuli-responsive photoresists to create four-dimensional (4D)
microstructures, remains a challenge. Herein, we present a supramolecular cholesteric liquid
crystalline (CLC) photonic-photoresist for the fabrication of 4D photonic micro-actuators, such as
pillars, flowers, and butterflies, with sub-micron resolution. These micron-sized features display
structural color and shape changes triggered by variation of humidity or temperature. These
findings serve as a roadmap for the design and creation of high-resolution 4D photonic micro-

actuators.
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Over the last decade, the availability of commercial two-photon polymerization direct laser writing
(TPP-DLW) systems has resulted in a plethora of high-resolution three-dimensional (3D)
microstructures.'? Owed to the freedom of design, TPP-DLW is of special interest in fields such
as microfluidics,> microelectromechanical systems (MEMS),* biotechnology,® surface
modification,”® microrobots, ' anti-counterfeiting,'''?> and photonics'*~'¢ in which micron-sized
features are required. To date, micro-actuators that respond to external stimuli have been fabricated
using TPP-DLW from hydrogels of low crosslinking density,'”* polymerizable ionic liquids
(PIL),?! and liquid crystals (LC)?-%¢ photoresists. However, low crosslink density networks are
hampered by swelling in the surrounding photoresist*” which affects resolution.?® Therefore, it
remains a challenge to create micron-sized four-dimensional (4D) photonic micro-actuators that
would be appealing for the aforementioned fields to sense external stimuli such as temperature,
light or other environmental stimuli and act by changing their color and shape in response.?
Herein we report a photonic-photoresist, based on supramolecular cholesteric liquid crystals
(CLCO), for the generation of stimuli-responsive photonic micro-actuators via TPP-DLW. CLC
networks exhibit a self-organized helical photonic structure that can selectively reflect light
(Figure 1).* These networks can respond to a stimulus which triggers a shift in the reflection band,
as a result of an anisotropic shape change of the helix.3!*? To date, CLCs have been used in
combination with TPP-DLW to investigate the effect of the surrounding monomer on the pitch of
the polymerized CLC network?’333* or to fabricate a stable uniform lying helix state,* but have not
yet been explored for the fabrication of 4D photonic micro-actuators. The photonic-photoresist
presented here consists of a CLC monomer mixture comprising reactive mesogenic monomers, a
chiral dopant, mono-functional acrylate, and carboxylic acid mesogens (Figure 1a). The inclusion

of carboxylic acid functionalized molecules enables the formation of hydrogen bonds which act as



supramolecular crosslinkers during the TPP-DLW, thereby enabling sub-micron resolution. After
fabrication, base treatment can then be used to cleave the hydrogen bonds, thereby reducing the
crosslinking density and rendering a stimuli-responsive network. We demonstrate that the
marriage of stimuli-responsive self-ordering materials with TPP-DLW enables the fabrication of
a range of dual-responsive 3D microstructures, which can respond to variations in humidity and
temperature through modulation of their shape and color. We present full structural
characterization of these 4D photonic micro-actuators and a comprehensive study on their

structural and optical responses.



RESULTS AND DISCUSSION

The photonic-photoresist reported here is based on a hydrogen bonded CLC mixture which can be
polymerized into coatings to demonstrate structural color and shape changes.??3¢ Optimization of
the photonic-photoresist composition, to enable room temperature fabrication, yielded a LC
mixture comprising the compounds in Figure 1a. The optimized photonic-photoresist has an
isotropic to chiral nematic phase at ~48 °C that is stable at room temperature for several hours
without crystallizing (Figure S1). The di-functional mesogenic acrylates 1-2 act as chemical
crosslinkers to ensure that a network is obtained during the TPP-DLW fabrication process. The
mono-functional mesogenic acrylates 3-4 add flexibility to the network. The mono-functional
mesogenic carboxylic acids 5-8 act as supramolecular hydrogen bonded crosslinkers during the
TPP-DLW fabrication. After polymerization, the hydrogen bonds can be cleaved via base
treatment, by exposing the structures to 1M KOH for 1 minute. This gives flexibility and humidity-
responsiveness to the network due to the creation of a charged, hygroscopic polymer. The chiral
dopant 9 (optimized at 2.3 mol%) induces a helical organization in the nematic LC mixture to
achieve a photonic-photoresist, with a reflection band centered at 400 nm (Figure S2). Lastly, 0.8
mol% of Irgacure 819 photoinitiator was added. This photoinitiator has been previously employed
as a two-photon free-radical initiator for acrylate-based resins in TPP-DLW .3 To ensure
covalent attachment of the microstructures to the substrate, the glass surface was treated with 3-
(trimethoxysilyl)propyl acrylate. The fabrication of photonic micro-actuators via TPP-DLW and

subsequent activation are depicted in Figure 1b.
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Figure 1. a) Overview of the reactive mesogenic monomers used to prepare the photonic-
photoresist. b) Schematic of the fabrication (Step 1) and structure activation (Step 2), to obtain 4D

photonic micro-actuators. Red spheres represent the potassium cations present after base treatment.



To initially test and optimize the DLW set-up, arrays of micron-sized square pillars were
fabricated, Figure 2. Optimized printing parameters yielded writing speeds between 5000 ym-s!-
10000 um-s!, with laser powers between 40-45%. To ensure complete attachment to the
functionalized surface, fabrication of the structures started at -0.5 ym from the glass/photonic-
photoresist interface and any minor mismatch between the structure height and computer assisted
design (CAD) can be attributed to this. After removing the unreacted monomer, the pillars show a
blue reflection which confirms the preservation of cholesteric alignment, as shown in Figure 2
and Figure S3. Visualization of the photonic character of the objects is enhanced through the use

of crossed linear polarizers (Figure S4). Polymerization was confirmed via confocal Raman

CAD design After polymerization After base treatment
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Figure 2. Structural and optical characterization of an array of pillars after polymerization and
after base treatment. Top-crossed polarized micrographs; bottom-3D profiles of the array of pillars.

The scale bar represents 10 ym.



spectroscopy, by observing the reduction of the peak corresponding to the double bond stretch of
the acrylate group at 1635 cm! (Figure S5). The shape of the pillars was characterized using an
optical profiling system. The CAD design comprised pillars of 6 ym width and a height of 3 ym
in a square lattice. The fabricated pillars showed an average width of 6.2 + 0.4 ym, and an average
height of 2.3 + 0.1 ym. Such high fidelity between the fabricated object and design file indicates
that only minimal swelling occurred during the TPP-DLW process; most likely due to the highly
effective supramolecular crosslinking density achieved during fabrication.

Subsequent base treatment of the pillars served to cleave the hydrogen bonds between molecules
5-8; as verified via confocal Raman spectroscopy by observing the reduction of the carboxylic acid
peaks at 1647 cm™! and 1280 cm™! and the appearance of the carboxylic salt peak at 1395 cm!
(Figure SS5). This treatment results in a charged hygroscopic photonic polymer which is sensitive
to changes in humidity and temperature.***? Figure 2 shows the pillars before (middle) and after
the base treatment (right). Firstly, the micrograph indicates that the activation step has reduced the
intensity of the reflection band, which is a phenomenon also observed in a homogeneous coatings
made with the same photonic-photoresist (Figure S2) that is attributed to the loss of molecular
order due to the cleavage of the hydrogens bonds.**#> Secondly, the dimensions of the pillars
appear to be slightly bigger than prior to the activation step, showing an average width of 6.7 £ 0.4
pm with an average height of 2.8 + 0.1 ym. This difference can be explained due to the fact that
the structures are now responsive to humidity changes (vide infra).

Photonic microstructures were then fabricated to explore the possibilities of making high
resolution photonic 3D constructs (Figure 3). A flower (Figure 3a), a butterfly (Figure 3b, Figure
S6) and the pattern of the wing of the Papilio paris butterfly (Figure 3c¢) were fabricated. In the

micrograph of the flower, the tiered layers of the structure can be easily observed. In this instance,



Figure 3. Photonic 3D microstructures. From top to bottom, the CAD designs of the structures,
optical microscopy and SEM images before base treatment of (a) a flower, (b) a butterfly, and (c)
the pattern of the wing of the Papilio paris butterfly. The inset in b) is a crossed linear polarized

micrograph of the butterfly, used to enhance observation of the reflected color.

a slice thickness of 0.5 ym was used to fabricate the 6 ym tall flower. In the other structures such
layers are not clearly visible due to their geometry and decreased slice thickness. In all cases, the

structures displayed a blue color after fabrication, confirming preservation of the photonic



structure within the polymer and showing good fidelity with the computer design, even after base
treatment (Figure S7). The biomimetic pattern, shown in Figure 3¢, serves to demonstrate the
capabilities of the photonic-photoresist, when used with TTP-DLW, to produce high-resolution
nanometer features. Additional fabrication studies, shown in Figures S8-S10, confirm that feature
sizes below 200 nm can be reproducibly fabricated using the methods outlined herein.

It is worth noting that for the butterfly, shown in Figure 3b, the amount of light reflected is
notably less than other structures owed to the small height of features. To efficiently reflect light,
a minimum height needs to be achieved, which can be calculated using the following equation:

A=n- P-cos (8) 1)
in which A is the center of the reflection band, n is the refractive index, P is the pitch size, which
represents a full rotation of the molecules, and 6 is the incident angle.* Taking the center of the
reflection band to be at 400 nm (Figure S2), an incident angle of 90° and a refractive index of 1.5,
the calculated pitch size is 266 nm. As at least ten pitches are required to efficiently reflect light,
the minimum feature height to reflect light is 2.66 ym, as clearly observed in Figure S11. For this
reason, reflected color of features with heights in this range can only be observed between
polarizers, as seen in Figure 3b (inset).

The response of CLC networks, outlined in Equation 1, shows that a change in pitch results in
a shift of the reflection band, with an increase in pitch resulting in a relative red shift, and a decrease
resulting in a blue shift. A detailed characterization of the flower shown in Figure 3 was conducted
by an optical profiling system, to characterize shape change (Figure 4) and by an optical
microscope to quantify color change (Figure 5). Figure 4a shows the height increase of the flower

across a range of temperatures and humidity values; the corresponding dew points can be found in
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Figure S12. The control of humidity was achieved through the use of a custom-built humidity

chamber which encased the sample and the microscope objective. At 75 percent relative humidity
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Figure 4. Characterization of the actuation of a flower at different atmospheric conditions and
temperatures. a) Height changes of the flower over a ranges of different temperature and humidity
values. b) Increment of the flower height over ten cycles, going from 25 °C to 20 °C, at 75 + 2
%RH. For both a) and b), the percentage of height increment is obtained by averaging the values
of the top of the flower and comparing them to the height of the flower before base treatment. For
all measurements, the flower was held for 5 min after reaching the desired conditions before
recording its height. Error bars represent standard deviations for N=3 measurements. ¢) 3D profiles

of the flower which depict direct (triggered by humidity) or indirect (triggered by temperature)

actuation.
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(%RH), as the temperature of the structure reached the dew point (18 °C), the height increased
dramatically and reached an increase of 42 % at 19 °C. This trend was also observed for the 60
%RH measurements showing a maximum height increase of 22 % at 19 °C. However, at 15 %RH
the increment was less steep, owed to a larger temperature deviation from the calculated dew point
(-5 °C). Upon heating, water was removed from the flower, which resulted in a decrease in height.
At 70 °C, regardless of the humidity, the structure showed no discernible change in height. Figure
4b demonstrates the reversibility of the response at 75 %RH, over ten cycles, between 25 °C (12-
18 % expansion) and 20 °C (25-30 % expansion). It is known that the shape change of the
structures is related to the charged hygroscopic polymer network obtained after base treatment
which, in the presence of water vapors, results in a significant uniform expansion of the polymer
network,*3¢ which occurs perpendicular to the glass substrate. Figure 4¢ shows the dynamic
response in the flower’s height when changes in humidity or in temperature occur. When the
relative humidity is varied, the amount of water vapor in air changes (Table S1) and accordingly
the flower expands or contracts. This may also be achieved by modulating the temperature of the
structure. As temperature dictates the rate of water evaporation, increasing temperature results in
contraction of the structure. Conversely, decreasing temperature close to the dew point results in
expansion. This enables actuation of the structures directly (via humidity changes) and indirectly
(via temperature changes).

The controlled expansion of the micro-actuators via temperature or humidity triggers changes
in the pitch of the ordered CLC, thereby leading to variations in the reflection band (Figure 5a).
Figure 5b shows the color change of the structure achieved by varying temperature at constant
75%RH. The data points were obtained from the corresponding polarized micrographs, Figure

S13, following a previously reported procedure.** Upon decreasing the temperature, a gradual and
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Figure 5. Characterization of the optical response of the microflower; a) Crossed polarized
micrographs of the flower showing the direct (triggered by humidity), or indirect (triggered by
temperature), induced color changes. b) Chromaticity diagram (standard CIE 1931) showing the
color changes of the flower over a range of temperatures, at a constant 75 %RH. The data points
are obtained from the corresponding crossed polarized micrographs that can be found in the
supporting information. ¢) A sequence of micrographs that display the optical response of the

flower upon exposure to breath (top row) and after (bottom row). All scale bars represent 20 ym.
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linear response of color change from colorless to light blue was observed. However, it was not
until below the dew point (18 °C), that the flower showed its most spectacular color change, from
light blue to bright green, corresponding to the increased water absorption of the network.*

The dual-response of this type of 4D photonic micro-actuators can be seen in Figure 5c and in
Video V1. When breathing on top of the flower, it displayed the same response as observed in
Figure Sb, but this time much faster and stronger due to the steeper and higher change in humidity.
As aresult, the flower changes from transparent to blue in ~ 8 s and from blue to green within ~ 4
s and then recovers its initial state within ~ 3 s, Figure S14. This demonstrates the ability to exploit
a fast visual response, which can be attributed to the miniaturization of the system when compared
with analogous macro-sized systems.*?3¢ This behavior shows how, for example, the system
presented herein is attractive for the fabrication of 4D photonic micro-actuators in which the
synergistic photonic response can act as a visual probe for shape change or for the generation of
fast response anti-counterfeiting features. Furthermore, the incorporation of structural color in
microstructures can be used to enhance their visualization and enable real-time interrogation, as

recently shown for microrobots.*

CONCLUSIONS

In conclusion, through the development of a supramolecular photonic-photoresist, high resolution
4D photonic micro-actuators were fabricated via TPP-DLW. These structures showed a dual-
response to changes in humidity (directly) and temperature (indirectly). The shape change, up to
42 % at 75 %RH, is attributed to the hygroscopic character of the polymer network. The controlled

expansion of the micro-actuators at different temperature and humidity values results in a
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corresponding color change, owed to modulation of the nanoscale CLC pitch in the ordered
network. A measurable intrinsic color change could be beneficial in MEMS or in microrobots to

enable facile real-time verification of their status.

METHODS

Materials and Reagents. 2-methyl-1 4-phenylene bis(4-(3-(acryloyloxy)propoxy)benzoate)
(1), 2-methyl-1.4-phenylene bis(4-((6-(acryloyloxy)hexyl)oxy)benzoate) (2), 4-cyanophenyl 4-
((6-(acryloyloxy)hexyl)oxy)benzoate 3), and 4-methoxyphenyl 4-((6-
(acryloyloxy)hexyl)oxy)benzoate 4) were purchased from Merck. 4-((6-
(acryloyloxy)hexyl)oxy)benzoic  acid (5) was  supplied by  Ambeed. 4-((6-
(acryloyloxy)hexyl)oxy)-2-methylbenzoic acid (6), 4-((5-(acryloyloxy)pentyl)oxy)benzoic acid
(7), and 4-(3-(acryloyloxy)propoxy)benzoic acid (8) were provided by Synthon. (3R,3aS,6S ,6aS)-
6-((4-((4-((6-(acryloyloxy)hexyl)oxy)benzoyl)oxy)benzoyl)oxy)hexahydrofuro[3,2-b]furan-3-yl
4-((4-(hexyloxy)benzoyl)oxy)benzoate (9) was synthesized as previously reported.* Irgacure 819
was purchased from Ciba Specialty and 3-(trimethoxysilyl)propyl methacrylate from Sigma
Aldrich. Potassium hydroxide pellets (85 %) was obtained from Alfa Aesar. All solvents were
purchased from Biosolve.

Photonic-photoresist Preparation. The CLC monomer mixture consisted of 3.4 mol % 1, 3.1
mol % 2,124 mol % 3,11.0 mol % 4, 15.3 mol % 5,29.2 mol % 6, 10.7 mol % 7,11.9 mol % 8,
2.3 mol % 9, and 0.8 mol % Irgacure 819. All components were dissolved in tetrahydrofuran.
Solvent was removed at 80 °C overnight. Characterization of the resulting CLC mixture can be

found in the Supplementary Information.
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Cell Preparation. High precision microscope cover glasses (22x22 mm?, thickness 170 + 5
pum; No 1.5; from Marienfeld) were cleaned by sonication for 20 min in acetone. For
functionalization, slides were treated in a UV-ozone photoreactor (Ultra Violet Products, PR-100)
for 20 min to activate the surface and were immediately functionalized with methacrylate groups
by spin coating (3000 rpm, 45 s) a 3-(trimethoxysilyl)propyl methacrylate solution (1 vol. %
solution in a 1:1 water-isopropanol mixture) followed by a curing step of 10 min at 100 °C.
Following this, the functionalized slide was attached to a second, unfunctionalized slide, using a
50 um thick double adhesive tape spacer, to form a simple cell assembly.

Computer Design of the 3D Structures. All structures were fabricated based on a computer
design. The design of the structures was custom-made by the authors using SketchUp or adapted
from files licensed under the Creative Commons Attribution 4.0 International license and available
at www.thingiverse.com. These can be downloaded from the creators at the respective links:

www.thingiverse.com/thing:2500769 for the flower, www.thingiverse.com/thing:816098/files for

the butterfly. The files were modified using DeScribe 2.4 .4 software to choose the slicing (0.2-0.5
pm) and hatching (0.2 zm) values.

Direct Laser Writing. The cell was filled by capillarity with the CLC mixture at room
temperature. The filling resulted in an aligned CLC. Localized TTP was conducted in a commercial
DLW workstation (Photonic Professional, Nanoscribe GmbH) equipped with a 170-mW
femtosecond solid-state laser (A = 780 nm) that delivers 120-fs pulses with an 80 MHz + 1 MHz
repetition rate. At a power scaling of 1, the average laser output is 50 mW. The laser beam was
focused with a 63x oil objective (NA = 1.4; WD = 190 ym; Zeiss; Plan Apochromat) into the filled
cell. The sample movement was controlled by a piezo translation stage in the z axis and by a galvo

stage in the x- and y-axis. The fabrication of the 3D microstructures was performed at different
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laser powers (40 % - 45 %) and scan speeds (5000 ym s' — 10000 ym s') depending on the
structure’s geometry, and hatching, and slicing values. Structure fabrication was initiated 0.5 ym
below the automatically detected glass/photonic-photoresist interface. After TPP-DLW, the
structures were washed in warm isopropanol until all the unreacted monomer had dissolved. The
cell was then opened and the functionalized glass rinsed with isopropanol and air-dried. The
activation of the structures was performed by placing a drop of 1M KOH solution on top of the
structures for 1 min. The basic solution was rinsed with water and the structures were then dried
by heating at 70 °C for 10 min using a hot plate.

Characterization. Micrographs were recorded on a Leica DM2700M polarized optical
microscope equipped with a Leica MC170 HD camera. The video was recorded using OBS Studio
software. All structures were visualized in bright field and in reflection mode. The 3D profiles of
the structures were obtained using an optical profiling system (Zoomsurf 3D; Fogale nanotech).
To measure the height and color changes at different humidity and temperature, both the
microscope and the profiling system were equipped with a transparent custom-built humidity
chamber in which the internal humidity and air temperature were controlled manually and
monitored with a sensor (SHT3x, Sensirion) and the temperature of substrate controlled with a
Linkam TMS 600 hot-stage. The specific humidity values, corresponding to the different relative
humidity values and air temperatures, can be found in Table S1. Electron micrographs were
recorded using a Zeiss ULTRA Plus Scanning Electron Microscope. The structures were coated,
prior to imaging, with a 10 nm Au-Pd layer using a Cressington Sputter Coater 208HR and a 57 x
0.1 mm Au-Pd target (TED PELLA INC.).

Image Analysis. The crossed polarized micrographs of microflower at different temperatures

and constant humidity (Figure S13) were acquired by keeping constant the camera acquisition
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settings to avoid false color change. The images were analyzed without any modification. First,
the average RGB values from the images were obtained using Image J software. Then, the RGB
values were transformed to (x,y) values to be plotted in a chromaticity diagram (standard CIE

1931) as previously reported.*?
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