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Anisotropic Iridescence and Polarization Patterns in a
Direct Ink Written Chiral Photonic Polymer
Jeroen A. H. P. Sol, Henk Sentjens, Lanti Yang, Nadia Grossiord,
Albertus P. H. J. Schenning,* and Michael G. Debije*
polarization selectivity, and macroscopic
dimensions of polymer photonics.
Structurally colored materials are under
renewed scrutiny for possible application as biomimetic optics in optical sensors, holographic displays, anticounterfeit labels, intelligent skins, and wearable
robotics.[9–12] Material classes employed to
date include inorganics,[13] laminated polymers,[14] colloidal crystals,[15] and block-copolymers.[16] These materials often require
intricate, multistep processing. Generating the chiroptical properties seen in
Nature,[3] allowing selective interactions
with specific wavelength bands of specific
polarization states, is far from trivial, especially if wishing to distribute these interactions over the surface of a single object.
Chiral nematic (or cholesteric) liquid crystals (ChLCs),
named after the first plant-originating iridescent cholesterol
derivatives,[17] self-assemble into a nematic alignment with a
continuous helical director rotation. This helical stratification
closely resembles architectures found in Nature, and leads to
the formation of chiroptical materials. Because of their fluidity
and self-assembling behavior, ChLCs are uniquely positioned to
combine intricate chiroptical properties with ease of processing.
In a conventional planar chiral nematic, the depth spanned
by a 360° rotation of the LC planes’ directors is labeled the
“pitch,” p. The product of p, average LC refractive index 〈n〉 and
the angle of observation θ yields:

The iridescence of structural color and its polarization characteristics originate
from the nanoscale organization of materials. A major challenge in materials science is generating the bright, lustrous hues seen in nature through
nanoscale engineering, while simultaneously controlling interaction of the
material with different light polarizations. In this work, a suitable chiral nematic
liquid crystal elastomer ink is synthesized for direct ink writing, which selfassembles into a chiral photonic structure. Tuning the writing direction and
speed leads to the programmed formation of a slanted photonic axis, which
exhibits atypical iridescence and polarization selectivity. After crosslinking, a
freely programmable, chiroptical photonic polymer material is obtained. The
strongly perspective-dependent appearance of the material can function as
specialized anticounterfeit markers, as optical elements in decorative iridescent
coatings, or, as demonstrated here, in optically based signaling features.

1. Introduction
Through nanoscale molecular motifs, the natural world displays
splendid iridescent colors in both animate[1–3] and inanimate
matters.[4] The circular dichroism in reflection found in certain
insect exoskeletons can be emulated using chiral nematic liquid
crystals.[5] Since the early days of cave wall inscriptions,[6] humans
have themselves developed pigmented materials to apply colors
according to strict aesthetic demands.[7] Through intricate processing it is possible to achieve full control over the polarization
characteristics of thin-film organic optics.[8] However, what has
long been unavailable is combined control over the iridescence,
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λmax = p n cosθ



(1)

This equation represents a conventional chiral nematic film,
which following cosθ shows a blueshift of λmax with increasing
θ. A defining feature of chiral nematic LCs is their chiroptical
behavior: selectivity toward reflecting either left- or right-circular
polarized light, maintaining transparency to the opposite polarization. This behavior results from the chiral molecular arrangement and the dichroism formed by it. Planar aligned chiral
nematic liquid crystals lose their circular polarization selectivity
at oblique angles of incidence, a feature that has been both predicted theoretically[18] and confirmed experimentally.[19–21]
The drive towards engineering ChLC materials for highend applications relies on precise control of the helical LC
organization on the molecular scale driven by self-assembly.
In previous works, using light-addressable chiral dopants has
allowed direct tuning of the reflected wavelength band,[22]
while in crosslinked ChLC polymers, it has been shown that
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distorting the vertical helical stratification can be used to
generate circular and linear polarization-dependent pseudoBragg reflectors.[8] Forcing the chiral nematic into a slanted
configuration can be used to make chiroptical diffraction elements.[23] While highlighting the versatility of ChLCs in attainable optical characteristics, the manufacturing of these devices
is still rather complicated.
On the processing side, recent work has shown that using
direct ink writing (DIW) with a polymeric ink conducive to
shear and elongation, the molecular orientation of the print
may be defined,[24] which has been exploited in the past to
print liquid crystal elastomer (LCE) actuators.[25,26] Using
DIW to print structurally colored photonics is also gaining
traction—recently successful printing of bottlebrush blockcopolymers was shown,[27] which shows promise for writeable, non-chiral polymer photonics, allowing for color tuning
based on the print speed, for instance. Fiber spinning of
cellulose-based chiral nematics has been used to make
photonic hydrogel filaments featuring a slanted cholesteric
alignment.[28]
In this work, we present a structurally colored, printable chiroptical material based on a ChLC oligomer “ink” synthesized
from a reactive cholesteric LC. This ink combines straightforward processing with easy-to-exploit freedom in iridescence
and circular polarization selectivity of reflected light on a voxelby-voxel basis. After fashioning films on the order of 10 cm2
with bar coating, DIW is used for the generation of intricate,
spatially defined optical patterns—DIW being a highly adaptable technique that deposits viscoelastic resins according to a
computer-controlled print path.[29] It is shown that the resulting
chiroptical properties of the ink are adjustable by altering deposition rates, and so the optical properties of the final print can
be varied spatially, resulting in spectacular visual effects generated from a single ink, during a single print.

2. Results and Discussion
The ink is synthesized with a thiol-acrylate Michael addition
reaction between commercially available reactive mesogens
1 and 2 with dithiol 3 (see Figure 1a). This reaction can be
catalyzed using organic bases (1,8-diazabicyclo[5.4.0]undec7-ene, 4, see Experimental Section) or nucleophiles (dimethylphenylphosphine, 5), and proceeds rapidly (<1 h).[30]
Molecular structures and data for all components used can
be found in Table S1 (Supporting Information). The final
reaction product contains 2.3–2.6 mesogenic units per oligomer (depending on the batch) as judged from proton
nuclear magnetic resonance spectroscopy (1H NMR, see
Figure S1 in the Supporting Information). This is referred
to as xLC, the number-average count of mesogens per oligomer. Following from this, a number-average molar mass
Mn of ≈2000 g mol–1, with dispersity Đ = 2.06 (Figure S2 and
Table S2, Supporting Information) is determined. Matrix-assisted
laser desorption–ionization time-of-flight mass spectrometry
(MALDI-ToF-MS) shows that the mixture contains oligomers
up to pentamers, see Figures S3 and S4 (Supporting Information). The results from this technique also indicate that
during the Michael addition reaction, thiocarbonate side
products are formed, although these do not seem to impact
liquid crystalline behavior. Cholesteric-isotropic transition
temperature TNI is determined to be at 70–76 °C, and glass
transition temperature Tg = −22 to −30 °C, see Figures S5
and S6 and Table S3 (Supporting Information). Visually, the
material shows photonic reflection and manifests itself as a
sticky paste similar to other LC oligomer mixtures.[26] Given
this ink is based on a cholesteric LC developed for ease-ofprocessing,[31] and after chain extension is similar to other
cholesteric LCEs reported for coating applications,[32,33] we
hypothesize that this ChLC oligomer ink is well-suited for

Figure 1. a) Schematic representation of the main components making up the chiral nematic liquid crystal oligomer ink (mesogenic diacrylates 1, 2,
and dithiol chain extender 3). b) Scheme of the bar-coating procedure wherein the elastomer is spread over the substrate using a well-defined 60 µm
gap. c) Crosslinked photonic film bar coated (direction of bar application indicated by the arrow) and polymerized on a flexible plastic substrate displaying axially asymmetric color reflection and variable circular polarization selectivity based on angle of incidence. d) Polarization-controlled UV–vis
reflectance spectrum recorded at normal incidence showing near-equal reflection of left- (LCP) and right-circular polarized (RCP) visible light.
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generating bright, selectively reflecting prints using DIW.
Furthermore, we postulate that applicability for DIW follows
from the successful application using bar coating, given that
in both techniques, shear and elongation flow are the main
forces applied during material deposition.
Rather than bar coating from solution (as was shown before
for oligomeric ChLCs[32,33]), the ChLC oligomer ink was instead
melted on a pretreated glass substrate (see Figure 1b and Experimental Section). It was found that performing this coating procedure at 46 °C, in the cholesteric mesophase, resulted in a thin
film of elastomer that formed a large-scale cholesteric mesophase within seconds.
It was immediately apparent that the peak reflected wavelength λmax is not viewed from the surface normal as expected
for a chiral nematic coating. Rather, inspecting the material
from an angle of ≈50° “into” the bar coating direction discloses
a bright orange color, while viewing from the other end of the
film does not seem to show any visible color at all. This would
indicate that using Equation (1) with θ as the angle from the
surface normal is not valid, and θ should be taken as angle from
the helical director h (see Figure S7 and Video S1, Supporting
Information). This contrasts strongly with the planar chiral
nematic structures formed when using similar oligomeric inks

from solvent,[32] suggesting viscosity of the ink being the main
reason for distortion of the photonic axis.
Photoinduced crosslinking results in a soft rubber ChLCE
coating (see Figure S8, Supporting Information for mechanical
characterization) which retains the unconventional photonic
structure, as seen in Figure 1c. With a visible-spectrum circular
polarization filter, the selectivity between left- and right-circular
polarized light was inspected. At normal incidence, the circular
polarization reflection selectivity common for ChLCs is not
observed (Figure 1c and Figure S9, Supporting Information).
This is also seen with circular polarized ultraviolet–visible (UV–
vis) reflectance measurements (Figure 1d): here, a conventional
right-handed cholesteric should reflect 100% of right-circular
polarized light, and 0% of left-circular polarized. Our bar coated
material reflects about 35–40% of both at λmax. The combined
observations of not seeing λmax at normal incidence and the
diminished circular polarization selectivity indicated formation
of a slanted chiral nematic helix.[19,20,34]
Optical characterization of the coating was performed with
angle-controlled UV–vis spectrophotometry, see Figure 2a,b.
This data reflects the characteristics recognized from Figure S9
and Video S1 (Supporting Information): a well-defined reflection band around λ = 570 nm is found when the sample is tilted

Figure 2. Optical and microscale characterization of the axially asymmetric polymer reflector. a,b) Angle-dependent UV–vis spectral transmission data
quantifying the reflection color shift with the sample inclined parallel (a) and perpendicular (b) to the bar-coating direction. c) 2D optical characterization of reflected light for a conventional chiral nematic reflector (left) and the slanted chiral nematic presented here (right). “I” and “II” illustrate the
detector arm orientation with respect to the perspective-dependent reflected wavelength. For a colorblind-friendly version of this image, see Figure
S11 (Supporting Information). d) AFM phase image showing the nanoengineered slanted photonic structure (inset: fast Fourier transform of the AFM
phase image). e) Scheme of the molecular alignment in a conventional chiral nematic reflector (left) and proposed slanted photonic (right). f) Scheme
detailing the optical response of the object in Figure 1c.
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>50° from the normal into the bar coating direction (numerically
labeled as polar angle θ > 50°, azimuthal angle φ = 0°). Tilting
the sample towards θ ≈ −70° shows that the cholesteric reflection
band blueshifts and becomes progressively broader as the light
beam interacts with the helix alignment side-on. Rotation of the
sample by 90° (φ = 90°) and then tilting shows a blueshift with
increasing angle of observation θ in both directions, as would be
expected from a slanted alignment. These results are also visualized in Figure 2c, which shows a 2D characterization of λmax
for 0° < φ < 180° and 0° < θ < 50° (this data was recorded with a
special five-axis spectrometer, see Figure S10, Supporting Information for details). To compare the optical characteristics of our
bar coated slanted ChLCE with a conventional low molecular
weight reactive cholesteric LC network reflector, a benchmark
was made using a mix of 1 and 2, with a photoinitiator (7) for
crosslinking and a reactive surfactant (8) to ensure monodomain
planar alignment after the coating procedure.[31] Juxtaposing the
2D reflectance data of our coating with the cholesteric standard
shows the clear difference in angle dependence.
To verify our theory that the off-normal position of λmax is
formed during bar coating and is related to the internal material morphology, we made cross-sections of the ChLCE coating
on poly(ethylene terephthalate) and analyzed these using atomic
force microscopy (AFM, see Figure 2d). Since the material is
too soft to reliably fracture, it is microtomed and the phase data
from AFM is used for microscale analysis. As can be seen, there
is a clear slant angle α of about 45° in this region of the sample,

higher degree of spatial control using DIW. This technique has
been used successfully to print uniaxial nematic LCEs, where
the shear present during extrusion aligned the ink into a uniaxial alignment following the print path.[25,26,35] In our case,
in order to get a photonic reflection from our material, we
need the material to form a helicoidal alignment as sketched
in Figure 4a—which contrasts strongly to the uniaxial nematic
alignment presented in previous reports. To allow for formation
of our required molecular orientation, printing is done from
a syringe heated to above TNI, and a print substrate heated to
just below this temperature. As the material passes through
the uninsulated nozzle, it already partially cools.[36] Video S3
(Supporting Information) shows the rapid mesophase transitions after material deposition. The effect of different substrate
temperatures is highlighted in Figure 4b: color is only formed
when the substrate is held at 53 °C or lower; with lower temperatures generating less intense colors. The decreased color
saturation seen at temperatures below 53 °C is likely due to

with a cholesteric half-pitch p of 0.18 µm, from a fast Fourier
2

transform of the stitched AFM image (more data can be found
in Figure S12, Supporting Information). Assuming 〈n〉 = 1.55 in
Equation (1) gives λmax = 557 nm, consistent with UV–vis data
presented in Figure 2a,b.[31] From the distorted photonic periodicity, one can derive the orientation of the chiral nematic mesogens (Figure 2e) and subsequently explain the optical characteristics demonstrated in Figure 1c. At steep angles of incidence
(top of Figure 2f), the helix director h is in line with the viewer’s
perspective, displaying λmax. At normal incidence with respect
to the bent film (middle of Figure 2f), the helix is effectively
tilted, with blueshifted λmax and showing little left/right-circular
polarization selectivity.[19,20] Tilting even further, no color is seen
as the helix director lies perpendicular to the viewing direction.
Using a two-step photolithography process, it is possible to
imprint images into the slanted ChLCE coatings, as seen in
Figure 3.[33] Initially, the coating is deposited as before, after
which the letters “Sfd” are polymerized through use of a photo
mask. After removing the mask, the remaining unreacted
coating is then heated to the isotropic phase (70 °C) and photo
polymerized in a transparent state. As expected, the letters
imprinted in the coating retain their perspective-dependent
color (Figure 3a and Video S2, Supporting Information).
Figure 3b,c shows the perspective-dependence on the circular
polarization selectivity as also shown in Figure 1c,d. Looking at
the coating from an angle reveals a bright red reflection that
consists nearly entirely of right-circular polarized light, whereas
from the normal direction, green reflection is seen, which is
neither fully left- nor right-circularly polarized.
Based on the results obtained with bar coating, we set out
to pattern the chiral nematic’s photonic properties with a
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Figure 3. a) After using successive photo-masked crosslinking steps,
visual patterns can be imprinted in the coating that maintain highly
perspective-dependent coloration. The white arrow in Figure 3a denotes
the bar coating direction, while the scale bar represents 10 mm. b) Comparing the circular polarization of reflected light at oblique incidence.
c) The coating as seen from directly above, and its circular polarization
characteristics.
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Figure 4. a) Scheme showing the direct ink writing of the photonic elastomer (top), mesophase transitions it undergoes (bottom-left) and the final
proposed molecular structure for an ideal planar aligned ChLC (bottom-right). b) Chiral nematic elastomer printed with different substrate temperatures (left-to-right: 40 °C, 47 °C, 53 °C, 59 °C). The scale bar represents 3 mm. c) Stitched optical microscopy images showing unpolarized transmission (top) and transmission through crossed polarization filters (bottom), showing birefringence of the printed materials in (b). d) Angle-dependent
UV–vis transmission spectra for material strips printed at 2, 62/3, and 8 mm s–1 (−60° > θ > 60°, azimuthal angle φ = 0°). e) Butterfly structure printed
at 2 mm s−1 (wings’ outer rim) and 10 mm s−1 (inner wing sections) observed from different viewing perspectives. Illumination comes from nearly the
same direction as the camera.

the formation of a more disorderly, scattering molecular alignment in the prints, as can be seen in both reflectance and
transmission photographs (Figure 4b,c). Prints done at lower
Tbed are also slightly redshifted (see Figure S13, Supporting
Information for UV–vis reflectance spectra). This change in
reflection band is similar to the temperature-dependent pitch
length change found for ChLC oligomers previously.[32] Polarized optical microscopy confirms that if the temperature of the
bed is held higher than 53 °C, an isotropic phase is formed
(Figure 4c). After deposition, the prints are illuminated with
intense UV light (λ = 365 nm, ≈ 60 mW cm–2) within minutes
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after deposition, which crosslinks the material sufficiently, even
in aerobic conditions.[25,35,37]
Printing speed is critical to the appearance of our photonic
ink after writing. At low lateral nozzle speeds, a planar chiral
nematic alignment is formed (as schematically drawn in
Figure 2a), which becomes increasingly distorted as the print
speed increases. The transition from planar to slanted cholesteric alignment can be seen by eye, but angle-dependent
UV–vis transmittance measurements provided a much clearer
picture of the process (see Figure 4d, Figures S14 and S15, Supporting Information). Increasing printing speed vnozzle from
© 2021 The Authors. Advanced Materials published by Wiley-VCH GmbH
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2 to 8 mm s–1 results in films with increasingly angle-asymmetrical reflection characteristics (see Figure S16, Supporting
Information). This happens by broadening of the reflection
band at normal incidence and splitting of the reflection band
at large positive angles of incidence, θ > 60°. Upon further
increase of the printing speed, the slanted cholesteric reflection
band at longer wavelength prevails, leading to the perspectivedependent appearance. From the reflection band splitting seen
in Figure 4d, we assume that the transition happens through
the formation of slanted ChLC domains in coexistence with
planar ChLC domains. Then, more and more of the ChLC
assumes a slanted orientation when vnozzle is increased, rather
than the whole slant angle α increasing gradually. This concept
is strengthened by the observation that at vnozzle = 62/3 mm s–1,
only a very slight blueshift of λmax is seen compared to the
planar 2 mm s–1 sample (see Figure S17, Supporting Information). Since there does not seem to be an overall α that we can
measure from angle-dependent UV–vis—there is likely a range
of tilt angles assumed between the substrate and film surface—
we cannot directly construct a numerical relation between α
and vnozzle.
The voxel-by-voxel freedom gained is demonstrated by programming the DIW to print a Morpho-inspired object, which
also shows the possibilities when printing using multiple
lateral nozzle speeds in a single object (Figure 4e). The rim
around the butterfly is printed at 2 mm s–1, and reflects as a
standard planar, chiral nematic reflection grating; recognized
by the green color, and the observation that right-circular
polarized light is more strongly reflected. The inner area,
printed at 10 mm s–1, however, appears as teal from normal
incidence. See Figure S18 (Supporting Information) for the
difference in polarization selectivity between the inner and
outer parts.
At steep angles of observation (θ ≈ 50°) with the illumination coming from nearly the same direction (see Figure S19 in
the Supporting Information), the printed butterfly pattern does
something not seen in its natural counterpart: as depicted in
Figure 4e and Video S4 (Supporting Information), different
parts of the “wings” light up depending on the exact position
of the viewer with respect to the printed object. The juxtaposition of polarization selectivity and non-selectivity in this single
object is inspired by actual photonic wing patterns of some butterfly species,[2] which feature regions of polarized reflection on
unpolarizing backgrounds.
Comparing multiple films of differing film thicknesses (see
Figure S15, Supporting Information for 75 and 100 µm programmed film thickness), shows that this process is highly
shear dependent—films of lesser thickness show this band
broadening and splitting effect at lower lateral nozzle speeds.
Further, the amount of material extruded is also critical to
the optical characteristics. As can be seen in Figure S16 (Supporting Information), the lower print speeds are prone to overextrusion, which leads to a strongly scattering appearance. On
the other hand, high printing speeds generally create layers
thinner than programmed, but these are of better optical
quality as demonstrated by the higher transmission at shorter
wavelengths (Figure S14, Supporting Information). The layer
thickness dependence on print speed in LCE DIW has been
shown previously,[35] and our decreased optical quality when
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overextruding is expected when considering the molecular
alignments formed.[38]
From this assay, we have selected two complementary speeds
(vnozzle = 2 and 10 mm s–1) for further processing—2 mm s–1
nozzle speed results in a consistent planar cholesteric morphology, while 10 mm s–1 reliably leads to the slanted morphology also seen after bar coating. This confirms our initial
conjecture that bar coating results could be translated successfully to direct ink writing. In both cases, the cholesteric alignment forms within seconds after deposition, as seen in Video
S3 (Supporting Information). As expected, the prints performed
at lower speeds reflect only a single circular polarization of light
at normal incidence. The prints deposited at 10 mm s–1 reflect
light independent of circular polarization, similar to the coatings described previously (see Figure 5a and Figures S20–S25,
Supporting Information for additional characterization of the
circular polarization selectivity).
Photonic materials are widespread in Nature and used for
all manner of communication; likewise, engineered photonic
materials could also serve communication purposes.[39] Using
our procedure, a practical, functional demonstration of what
can be created by DIW is seen in Figure 5b and Video S5 (Supporting Information), which depicts an arrow that is only seen
as green when viewed from behind, thus indicating to a viewer
that they are looking in the correct direction, or following the
correct route. Printing such a “unidirectional” slanted alignment
requires multiple airborne movements as shown in Video S6
and Figures S23 and S24 (Supporting Information). The elastomeric nature of the photonic material after crosslinking is
further highlighted in Figure 5c. When writing the material
on a substrate functionalized with a sacrificial layer, such as
poly(vinylpyrrolidone), the ChLCE can be released to obtain a
self-supporting, flexible photonic rubber.

Figure 5. a) Polarization-controlled UV–vis measurements of a photonic
sheet printed at low (2 mm s−1) and high lateral nozzle speeds (10 mm s−1).
b) Demonstration of a direct ink is written guidance device showing
bright color when observed from the proper perspective. c) After removal
from the substrate, the crosslinked elastomer is photographed as a freestanding photonic rubber. The scale bar represents 5 mm.
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3. Conclusion
We have demonstrated the fabrication of a rubbery chiral
nematic liquid crystal material with anomalous but tunable
chiroptical properties. The distorted helicoidal structure of
the liquid crystals leads to a photonic material with its longest
reflected wavelength offset from the material’s normal direction at an oblique angle of about 50° in the direction of the
bar coating. Here, light reflected by the material at the normal
direction is nearly polarization independent. We have shown
that this alignment can be photopatterned for spectacular visual
effects, and when using direct ink writing, this helicoidal alignment can be distorted in a programmable manner, quickly
organizing after extrusion into the slanted chiral nematic alignment. This chiroptical photonic ink, combined with the direct
ink writing method used, paves the way for design of specialized polymeric optical elements with disparate optical effects,
all deposited in one pass using the same ink. For instance,
these could be written into anti-counterfeiting security tags,
or printed directly into 4D printed soft robotic assemblies to
embed optical sensing capabilities, a feature not yet widespread.[40] Finally, the prints could be used for high-end decorative elements given the material’s attractive and uniquely
iridescent appearance.

4. Experimental Section
Materials: Components for producing the chiral nematic liquid
crystal elastomer are: 2-methyl-1,4-phenylene bis(4-(((4-(acryloyloxy)
butoxy)carbonyl)oxy)benzoate) (1, Paliocolor LC 242, purchased from
BASF SE), (3R,3aR,6S,6aR)-hexahydrofuro[3,2-b]furan-3,6-diyl bis(4((4-(((4-(acryloyloxy)butoxy)carbonyl)oxy)benzoyl)oxy)benzoate)
(2,
Paliocolor LC 756, purchased from BASF SE), 2,2′-(ethylenedioxy)
diethanethiol (3, EDDET, purchased from Sigma Aldrich Corp.) and
either 1,8-diazabicyclo[5.4.0]undec-7-ene (4, DBU, purchased from TCI
Chemicals Europe N.V.) or dimethylphenylphosphine (5, Me2PPh,
purchased from TCI Chemicals Europe N.V.). For photoinduced
crosslinking,
bis(2,4,6-trimethylbenzoyl)
phenylphosphineoxide
(PI, Irgacure 819, purchased from BASF SE) was added. Reaction
solvent dichloromethane was purchased from Biosolve B.V. For
the reference chiral nematic samples, two additional components
were used, photoinitiator 1-hydroxycyclohexyl phenyl ketone
(7, Irgacure 184, purchased from BASF SE), and surfactant
2-(N-ethylperfluorooctanesulfonamido)ethyl acrylate (8, purchased
from Acros Chemicals BVBA). Poly(ethylene terephthalate) substrates
were cut from a roll of 75 µm-thick Tenolan OAN0001. See Table S1
(Supporting Information) for molecular structures. For the preparation
of sacrificial layers, poly(vinyl alcohol), MW 31 000–50 000, 87–89%
hydrolyzed, or poly(vinylpyrrolidone), MW 10 000, were used, both
purchased from Sigma Aldrich Inc.
Synthesis of the ChLC Oligomer Ink: The chiral nematic liquid crystal
elastomer ink was synthesized by adding diacrylates 1 and 2 and dithiol
3 (3:2 mol ratio diacrylate to dithiol) to a flask with CH2Cl2. Weight ratio
between the two diacrylates was 94.3 of 1 to 5.7 of 2. After the solution
was clarified, one of two methods were followed. For photopatterned
reflective coatings, 4 was added pure (0.3% w/w to total reactants) to
catalyze the thiol-acrylate reaction, at room temperature. After 60 min
reaction time, the stirring bar was stopped and the mixture was dried
using a rotary evaporator at 40 °C, 780 mbar. Final drying was done in
a vacuum oven at low vacuum. For addition of the photoinitiator, an
amount of ChLC oligomer ink was redissolved in CH2Cl2 and 1 wt% (to
ChLC oligomers) of PI was added and dissolved, after which the solvent
was removed by drying on a 46 °C hot plate at atmospheric pressure.
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For direct ink writing, catalyst 5 in CH2Cl2 (≈50 mg mL–1) was added
to catalyze the thiol-acrylate reaction at room temperature (0.15% w/w
to reactants). After 60 min reaction time, the stirring bar was stopped
and the mixture was dried by pouring the reaction mixture in a 120 mL
poly(tetrafluoroethylene) (PTFE) evaporation dish and leaving it at
ambient conditions overnight. For addition of photoinitiator, an amount
of ChLC oligomer ink was redissolved in CH2Cl2. ≈2% w/w of PI was
added to the ChLC oligomer ink and allowed to disperse, after which the
solvent was removed by drying in a PTFE evaporation dish overnight. If
there was still dichloromethane present—signified by the 1H-NMR signal
at δ 5.3 ppm[41]—a final drying step at 90 °C at vacuum in a vacuum
oven would be done.
Characterization of the Chiral Nematic Resin: NMR spectra were
recorded with a Bruker Avance III HD 400 MHz in chloroform-d
(purchased from Sigma-Aldrich Inc., 99.8 atom % D, 0.03% v/v
tetramethylsilane). Average chain length was determined by comparing
the ratio of acrylate to mesogenic core signal.[42] Gel permeation
chromatography (GPC) plots were recorded with a Shimadzu LC-2030.3D
with 254 nm PDA and refractive index detectors, using tetrahydrofuran
as eluent (purchased from Biosolve B.V., stabilized with butylated
hydroxytoluene). Differential scanning calorimetry (DSC) is performed
with a TA Instruments Q2000, between −50 and 100 °C at 10 °C min–1.
TNI is defined as the peak maximum of the signal corresponding to the
nematic-isotropic transition, while Tg is defined as the inflection point of
the signal indicating the glass-rubber transition.
Matrix-assisted laser desorption/ionization-time of flight-mass
spectrometry (MALDI-ToF-MS) was done using a Bruker Autoflex Speed
MALDI-MS with trans-2-(3-(4-tert-butylphenyl)-2-methyl-2-propenylene)
malonitrile (DCTB) and α-cyano-4-hydroxycinnamic acid (CHCA) as
matrices.
Preparation of Glass Substrates for Bar Coating and Direct ink Writing:
Glass substrates for bar coating were prepared by ultrasonicating for
20 min in 1:1 v/v ethanol:2-propanol (Branson 2510) followed by
20 minutes in a UV/O3-oven (UV Products PR-100) and then spin coating
either poly(vinyl alcohol) or poly(vinylpyrrolidone) (both from 4% w/w
solution in deionized H2O) as sacrificial layer onto 3 × 3 cm2 borosilicate or
6.9 × 6.9 cm2 soda-lime glass slides at 1500 rpm for 30 s (Karl Suss RC6).
Preparation of Slanted Chiral Nematic Coatings through Bar Coating:
Bar coating of the ChLC oligomer ink was done with a RK Print Coat
Instruments K101 Control Coater table and a Sheen 1107/80/1 applicator
bar with 60 µm gap spacing. The sample table was heated to 46 °C, after
which the ChLC oligomer ink was placed on the glass. The bar coater was
operated by hand and slid at circa 1 cm s–1. Photo-polymerization of the
material was conducted for 60 min with a low power UV source (Philips
Original Home Solaria HB 172, 0.9 mW cm–2 UV-A). Generation of visual
patterns was done through a photomasking procedure. A mask was
printed on transparent foil using opaque black ink; this mask was placed
between the sample and the UV light source. Photopolymerization
was carried out as before save with the mask between the source and
substrate. For the second step, the sample was heated to the isotropic
transition at TNI, which caused the non-polymerized areas to become
isotropic and transparent. In this state, a UV flood exposure crosslinked
the material in the non-chiral nematic state.
Direct Ink Writing Planar and Slanted Chiral Nematic Reflectors: Direct
ink writing of the ink was done using a Hyrel EHR equipped with TAM-15
high-operating temperature reservoirs. Using a Luer-Lock adapter,
0.335 mm I.D. (27 ga A.W.G.) micronozzles (Fisnar QuantX Micron-S
Red) were fitted to the ink reservoir. To print the chiral nematic ink,
temperatures were kept around TNI as measured through DSC: 90 °C
for the ink syringe, 53 °C for the print substrate. After printing, objects
were photo-crosslinked with a printer-attached UVATA 405 nm LED
(10 mW cm–2) for 1–5 min depending on the size of the print, followed by
exposure to a high-intensity UV light source (Excelitas EXFO Omnicure
S2000, ≈10–15 mW cm–2) for 15 min on both sides of the print. Layer
spacing for the direct ink written patterns was set anywhere in between
50 and 100 µm. Preparation of print path .gcode files was done in two
ways: if the print pattern consists mainly of simple lines, such as printed
strips, these are written manually in g-code. For more complex shapes,
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such as the Morpho-inspired butterfly, a combination of software tools
was used. First, a vector file was prepared in Adobe Illustrator CC,
which was saved as an .svg (Scalable Vector Graphics) file. This file was
imported into Blender (www.blender.org), given a thickness and exported
as a .stl (stereolithography) file. Finally, this .stl file was opened using
Slic3r 1.3.0 (www.slic3r.org), where a .gcode file was made according to
chosen direct ink writing settings (speed, layer height, line spacing).
Characterization of the Crosslinked Materials: Dynamic mechanical
thermal analysis (DMTA) was measured with a TA Instruments
DMA Q800 at 1 Hz and 1 mN preload force. Sample thickness was
measured using a Sensofar S neox confocal optical profilometer. UV–
vis spectrophotometry was performed with a PerkinElmer Lambda
750 spectrophotometer with integrating sphere detector or OMT
Solutions ARTA goniometer sample stage detector where necessary,
or a Shimadzu UV-3102 PC spectrophotometer. For more detailed
studies on angle-dependent light reflection, a Melchers Autronic DMS
703 LCD characterization device was used (see Figure S10, Supporting
Information, for additional details). Polarized optical microscopy was
performed with a DM 6000 M polarized optical microscope with DFC420
C-mount camera. Heating during optical microscopy was done with a
Linkam TMS94 controller and Linkam THMS600 stage. Photographs
were recorded with an Olympus OM-D E-10 Mk III and Olympus
M.Zuiko ED 60 mm f/2.8 macro lens (files saved in .orf raw format), or
a Samsung SM-G920 (files saved in .dng raw format). Raw photo files
were developed and exported to .jpg using Adobe Lightroom Classic CC.
Microscale Analysis of Slanted Chiral Nematic Coatings: Atomic force
microscopy (AFM) was performed in ambient conditions using a Bruker
FastScan atomic force microscope set to tapping mode at a scan rate
of 1 Hz, using TESPA-V2 AFM tips (k = 42 N m–1, f = 320 kHz). Bruker
Nanoscope Analysis 9.4 software was used for controlling the AFM,
while Nanoscope Analysis 2.0 was used for analysis of the results.
Cross-sections of the crosslinked material were prepared by cryogenic
microtomy at −120 °C, cut with a Leica EM UC7 ultramicrotome
equipped with a diamond blade (Diatome Ltd). Resulting phase images
were stitched using Adobe Photoshop CC and saved as .tiff files, which
were opened using ImageJ/Fiji.[43] Fast Fourier transforms (FFTs) were
done to find the luminosity periodicity in the images, which correspond
to half the length of the chiral nematic pitch (p/2), as well as the angle
from the substrate normal.
Preparation of the Conventional Chiral Nematic Reflector Reference:
Reference chiral nematic samples were made by dissolving an LC
mixture (94.1 wt% 1, 4.4 wt% 2, 1 wt% 7, 0.5 wt% 8) in xylene at 45% w/w
solids content and spin coating the solution at 1000 rpm for 40 s on PVA
coated glass slides (Karl Suss SC6) which had been rubbed over a velvet
cloth to generate a uniaxial alignment layer for the LC. The spin-coated
samples were then flash dried for 10 s at 90 °C and photocured using a
low power UV source (Philips Original Home Solaria HB 172, 0.9 mW
cm–2 UV-A), where the sample remained for 10 min.
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