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Abstract: Photonic crystals have been extensively explored to replace inorganic pigments and
organic dyes as coloring elements in printing, painting, sensing, and anti-counterfeiting due to
their brilliant structural colors, chemical stability, and environmental friendliness. However, most
existing photonic-crystal-based pigments can only display monochromatic colors once made, and
generating multicolors has to start with designing different building blocks. Here, we report a
novel photonic pigment featuring highly tunable structural colors in the entire visible spectrum,
made by the magnetic assembly of monodisperse nanorods into body-centered tetragonal
photonic crystals. Their prominent magnetic and crystal anisotropy makes it efficient to generate
multicolors using one photonic pigment by magnetically controlling the crystal orientation.
Further, the combination of angle-dependent diffraction and magnetic orientation control enables
the design of rotation-asymmetric photonic films that display distinct patterns and encrypted
information in response to rotation. The efficient multicolor generation through precise
orientational control makes this novel photonic pigment promising in developing high-

performance structural colored materials and optical devices.

Introduction
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Photonic crystals are structures with periodic low and high refractive indexes.!!! Their most
compelling feature is optical diffractions at a wavelength determined by surrounding dielectrics
and the periodicity and orientation of their lattices.?! The constructive interference of light
results in brilliant structural colors.> ¥ Comparing with the classic top-down fabrication
methods,?! the bottom-up approaches involving colloidal self-assembly have been extensively
studied because of the widely accessible building blocks and the ease of assembling them into
diverse secondary structures.®! The combination of low-cost self-assembly with optical
properties of solid particles makes colloidal photonic crystals promising alternatives to

[7- 8] Their structural colors are brighter and much more

conventional pigments and organic dyes.
stable than organic dyes because the optical diffraction originates from the periodic arrangement
of materials that do not photobleach. In principle, the colors can be tuned by controlling crystal
periodicity and orientation, thereby providing a widely accessible range of colors using a single
material.”) To this end, many methods have been developed to achieve delicate control over

crystal symmetry and periodicity, aiming to generate structural colors to meet the requirements

of practical applications.['”]

A few prerequisites exist in using photonic crystals as pigments in place of organic dyes.[”- 1]

First, their structural colors should be widely tunable while maintaining stability in daily use.
Second, their further advancement to practical applications, particularly in integrated optical
devices and miniature photonic chips, requires easy access to patterned photonic crystals with
highly controllable colors and domains.["?! To this end, the self-assembly of colloidal crystal
arrays from nanospheres has been extensively studied, with many methods being developed for
creating colloidal photonic pigments, including capillary-driven colloidal assembly,!'3! emulsion-
assisted assembly of microbeads, > ¥ and diverse coating methods.!'>! Besides, a few advanced
printing techniques are also available to pattern photonic crystals into devices,!'® such as inkjet
printing!!”’ and three-dimensional (3D) copolymers deposition.''®¥! Most of these photonic
crystals comprise close-packed nanospheres, so that their structural colors are largely determined
by particle size.!”! It, therefore, requires precise size control to produce different colors and then

(29) Another disadvantage associated with the highly

color mixing for generating multiple colors.
symmetric close-packing of either face-centered cubic or less often hexagonal-phase pigments is
the small tunability of the structural colors. This limitation adds challenges to their use in

developing emerging optical materials and devices for advanced applications such as information
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encryption, anti-counterfeiting, and sensing, where responsive photonic pigments are highly
desirable for displaying hidden information or sensing target molecules.* 2!l In this work, we
report the development of a class of high-quality photonic pigments that can display stable,
bright, and precisely tunable structural colors. These novel photonic pigments, produced by
magnetic assembly of uniform Fe3O4@Si10> nanorods in colloidal dispersion followed by sol-gel
fixation, feature a body-centered tetragonal lattice and a ribbon-like overall shape. The high
anisotropy of the crystal structure combined with the magnetic shape anisotropy of the building
blocks allows the generation of multiple colors by simply changing the direction of the applied
magnetic field. By taking advantage of the unique optical properties of the tetragonal crystals, we
further demonstrate the development of rotation-asymmetric photonic devices that can display

color switching or distinct images in response to mechanical rotation.

Uniform magnetic nanorods were prepared by synthesizing FeOOH nanorods (320 nm in length
and 70 nm in width) using a hydrolysis reaction, coating them with a layer of silica of
controllable thickness, and then reducing them to magnetic Fe3O4 phase with shape preservation
by the silica shells.??! The transmission electron microscopy (TEM) images in Figures sla and
s1b demonstrate the excellent uniformity of FeEOOH and Fe3;04@Si0O2 nanorods. The digital
pictures in Figure 1a depict the assembly of monodisperse nanorods under a permanent magnet
and the precipitation of resulting large crystals driven by magnetic packing force.[*’] Under the
applied magnetic field, the sparkling crystals exhibit green color. Under dark-field optical
microscope, the ribbon-like crystal exhibits distinct structural colors at two typical orientations
because of the different periodicity along these two crystal directions (Figure 1b). The uniform
yellow (top panel in Figure 1b) and green colors (bottom panel in Figure 1b) from the ribbon
crystal surface and edge suggest the formation of three-dimensional (3D) structures. Besides,
their structural colors can be readily tuned by the magnetic field direction: changing the field
direction from horizontal to vertical leads to a continuous redshift of the perceived colors from
blue to green, yellow, and red (Figure 1c¢).

Stable photonic pigments were formed by fixing the assembled colloidal crystals using sol-gel
chemistry, involving the hydrolysis of tetracthoxysilane (TEOS) to produce colloidal silica to
glue the adjacent rods together (Figure 1a).**! An additional silica layer is coated on the
assembled crystals in synchrony with the crystal fixation. This sequence of events produces high-

quality photonic pigments that maintain the structural integrity and crystal characteristics even
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after removing the magnetic field, making it possible to use these anisotropic pigments for
characterization and practical applications. Figures slc and sld show two different projections
of the photonic pigments with centered rectangular and rectangular symmetries, respectively.
Figure slc demonstrates a highly porous superlattice largely due to offset packing of the
nanorods, which, combined with Figure s1d, reveals the perfect structural order and crystallinity.
To acquire more crystallographic information of this photonic pigment, we performed electron
tomography and obtained three-dimensional crystal structure through volume rendering of a
series of two-dimensional (2D) TEM projections (Figure 1d). The projection in the left panel of
Figure 1le produces the same pattern as Figure slc, with the centered rectangular 2D lattice
mapped on the TEM image. Interestingly, this projection evolves to a rectangular 2D lattice
(right panel in Figure le) when the 3D volume rending rotates 45°, with the mapped lattice
symmetry being identical to the one in Figure s1d. This experimental observation (Supporting
Video 1) suggests that these two highly related lattices come from colloidal crystal projections of
(110) and (100) facets along <110> and <100> crystal directions, respectively. Another structural
analysis that could benefit from electron tomography is the direct observation of transverse
crystal symmetry by acquiring a horizontal cross-section of the 3D volume rendering. As shown
in Figure 1f, we observe a square 2D lattice in this crystal plane rather than the hexagonal lattice
often observed in colloidal assemblies featuring close packing. This important evidence implies
that magnetic nanorods in the photonic pigments do not favor close packing, despite the hard
contact of their surfaces. The square transverse symmetry also demonstrates the extraordinary
rod packing along the <001> crystal directions, which in combination with rod packing in the
other two crystal directions suggests a body-centered tetragonal crystal. The projection schemes
of the three typical facets, as shown in Figure 1g, agree well with experimental observations,
confirming the unique tetragonal crystal structures of the photonic pigments.

Tuning the structural color is possible by carefully controlling silica thickness and crystal
orientation. For example, using 38-nm silica nanoshells (Figure s2a) produces photonic
pigments with primary blue and green colors; the binary colors under the dark-field optical
microscope are attributed to random crystal orientation (left panel in Figure 2a). Considering the
different periodicity of (100) and (110) facets, one can distinguish the diffraction planes of the
two colors based on Bragg’s law. The diffraction from (110) facets occurs at a shorter

wavelength than that from (100) facets, which are consistent with the blue (middle panel in
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Figure 2a) and green (right panel in Figure 2a) colors from (110) and (100) planes, respectively.
Increasing silica thickness to 66 nm (TEM image shown in Figure s2b) led to green and red
colors (left panel in Figure 2b). TEM images of the assembled crystals in Figures s2¢ and s2d
show similar crystal structures as nanorods with a thinner silica coating. Accordingly, the
diffraction from (110) and (100) planes produce green (middle panel in Figure 2b) and red
colors (right panel in Figure 2b). The high quality of the photonic pigments is demonstrated by
the bright colors in Figure s3 and the perfect crystallinity in the large-scale TEM image in
Figure s4. Besides, the two primary colors of photonic pigments with a given silica thickness
reveal the crystal-orientation-dependent structural colors. As demonstrated in Figure 2c¢, a set of
optical microscopy images shows the color changes from green to orange and red when the silica
thickness increases from 38 nm to 66 nm. The simultaneous peak shift in Figure 2d from 545
nm to 695 nm indicates a gradually increasing periodicity with silica thickness. Another unique
feature of these photonic pigments is their highly porous and interconnected channels, making
the pigments very susceptible to surrounding dielectric changes. We observe remarkable, rapid,
and reversible color changes (green to red) in a small piece of photonic pigment when the 3D
superstructure wets and dries (Supporting video 2, Figures 2e and s5). A 150-nm shift in
diffraction was observed due to an increased refractive index from 1 (air) to 1.33 (water) in the
pores (Figure 2f).

The crystal fixation can be easily scaled up for mass production of high-quality, widely tunable
photonic pigments. A series of digital pictures in Figure 3a shows three aqueous dispersions of
photonic pigments made of magnetic nanorods with 38-nm, 50-nm, and 66-nm silica shells. In
the absence of a magnetic field, each sample displayed sparkles of mixed colors of individual
pigments due to their random orientations, with blue and green for 38-nm sample (Supporting
video 3), blue, green, and yellow for 50-nm sample (Supporting video 4), yellow and red for
66-nm sample (Supporting video 5). In a fixed magnetic field, each colloidal dispersion showed
monochromatic structural colors due to the uniform alignment of all the pigments. When the
field direction increased from 0° to 15 ° and 30°, the color changed from purple to blue and green
for the 38-nm sample, blue to green and yellow for the 50-nm sample, and cyan to yellow and
red for the 66-nm sample, respectively. These observations demonstrate the easy tuning of
optical diffraction by magnetic fields and thus the widely accessible structural colors. Gradually

switching the field from 0° to 90° changes the crystal from lateral to longitudinal orientations,
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leading to increased periodicity and redshift of the observed colors. At 90°, the structure colors in
the three samples disappeared because the large periodicity along the <001> crystallographic
direction shifts the diffraction peak to near-infrared regions (see Table s1 for summarized
periodicity). A careful measurement reveals a shift from 360 nm to 580 nm (Figure 3b) and 500

nm to 680 nm (Figure 3¢) for 38-nm and 66-nm samples, respectively.

These observations underpin the important role of magnetic orientation control in creating
multiple structural colors. We further performed synchrotron-based small-angle X-ray scattering
(SAXS) measurement to characterize the collective alignment of pigments under a magnetic field
(Figure 4a).[>! The acquired pattern in Figure 4b has a centered rectangular symmetry under a
vertical magnetic field. This reciprocal lattice corresponds to the X-ray diffraction of the (110)
facets. Switching the magnetic field from the perpendicular to parallel direction relative to
incident light produces an interesting square lattice (Figure 4c¢) that demonstrates the change of
the diffraction from <110> to <001> crystal directions. One measurable consequence of this
event is the increase in periodicity along the light incidence and the corresponding redshift of
diffraction. A linear profile of the diffraction patterns of (110) facets, obtained under a vertical
magnetic field, is plotted in Figure 4d, exhibiting several characteristic peaks in the measured ¢
range with position ratios (g./qi, where g, refers to the nth peak) of 1, 2, 3, 4, 6, and 9. Based on
these diffraction peaks, the periodicity between (110) crystal planes is calculated as 144.035 nm
(Table s1). Figure 4e shows a few representative linear profiles of the SAXS patterns measured
under a horizontal magnetic field. The defined peaks are detectable even in the fifth order, which,
together with the ninth diffraction peak in the vertical configuration, validates the high
uniformity and perfect crystallinity of the photonic pigments. It is worth highlighting that the
efficient orientation control is enabled by the magnetic anisotropy of the Fe3O4 nanorods, making
the long axes of both the constituent nanorods and the photonic pigments parallel to the external
magnetic field.!*®!

By taking advantage of the efficient magnetic alignment of anisotropic pigments, we further
develop rotation-asymmetric photonic devices that can exhibit dynamic color-switching or
display distinct patterns in response to mechanical rotation. This unconventional optical device is
achieved by magnetically aligning the photonic pigments in a photocurable polymer film and
fixing their orientation in different color domains. When a horizontal magnetic field was used

during photopolymerization, the photonic pigments in the polymer matrix exhibited a uniform
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blue color (Figure Sa). Increasing the magnetic field orientation relative to the film surface led
to a color change to green and red due to increased periodicity. For horizontal alignment, the
unidirectional in-plane crystal orientation was also demonstrated by the apparent birefringence in
the photonic film, which has orientation-dependent transmittance under two cross polarizers
(Figure Sb). When the pigment orientation was parallel to the polarizer or analyzer (at 0°), the
film became dark due to the low transmittance of light. At 45° the film appeared brightest,
indicating the highest transmittance (Supporting video 6). These optical effects demonstrate the
good alignment of the photonic pigments to the applied magnetic field. In conventional opal and
inverse opal pigments, their responses to viewing angle changes are symmetric due to the high
crystal symmetry. Our anisotropically structured photonic pigments can break this limitation by
carefully controlling the crystal orientation in the polymer film. Figure Sc illustrates the tilted
alignment of the photonic pigments in the solid film and their re-alignment upon rotation.
Because the photonic pigments were magnetically aligned along a pre-designed direction,
clockwise and counterclockwise rotation decreased and increased the angle between the long
axis of the photonic crystals and incident direction of light, leading to opposite blueshift and
redshift of the structural colors, respectively (Figures 5d and Se). If the film was rotated in the x-
y plane, it exhibited interesting on-off switching of the structural colors. As shown in Figure 5f,
this in-plane rotation changed the light incident angle because of the tilted crystal alignment,
making the diffraction peaks shifting out of the visible spectrum. The onset of this principle can
display distinct visual effects depending on initial incident angles. As shown in the left panels
(incident angle=30°) of Figure Sg, the initial green color of a photonic film made by
unidirectional alignment of pigments (~30° to film surface) disappeared due to the rotation-
induced decrease in incident angle and the ensuing blueshift of the diffraction peak to ultraviolet
(UV). When the incident angle increased to 40°, the film appeared red uniformly, which changed
to blue during the same rotation in the x-y plane (right panel in Figure Sg). The concept
underlying this optical transition is the rotation-induced change of the incident angle, which is
enabled by and unique to the anisotropic photonic pigments. To demonstrate potential
applications of this concept, we developed photonic films by patterning the pigments along pre-
designed directions in each domain (represented by blue and green crystals in the right and left
parts of the scheme in Figure Sh, respectively) by sequential polymerization of the film under

the presence of a photomask. The photonic pigments in the two domains were aligned
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symmetrically, with the same tilting angle (~30 °) to the film surface in opposite tilting directions
(Figure 5Sh). Rotating such a patterned photonic film in the x-y plane led to two distinct visual
effects depending on the incident angle. When the incident angle was ~40°, the top “triangle”
domain appeared blue, while the bottom “square” domain exhibited red because of the tilting-
induced variation in incident angles. Simply rotating the film by 180° in the x-y plane led to
color switching in the two domains due to the changes in their incident geometry (top panels in
Figure 5i and Supporting video 7). If the incident angle decreased to 30°, the diffraction in the
two domains would blueshift, with red “square” changing to green and blue “triangle”
disappeared due to the shift of its photonic bandgap to the UV region (Figures s6a and s6b).
Interestingly, rotating such a film by 180° in the x-y plane changed the shape of the perceived
pattern from a “square” to a “triangle,” which was caused by switching the two domains (bottom
panels in Figure Si). In another design, a photonic film was prepared based on the same concept
to display distinct images. As demonstrated in the left panels of Figure 5j, the observed patterns
changed from a 2D matrix of circles to a one-dimensional (1D) linear array upon 180° rotation. If
the incident angle increased to 40° (Figure s6c), the two encrypted images could be
simultaneously observed with red and blue colors in each domain, and their colors switch during
rotation (Supporting video 8). The programmable optical performance underpins the importance
of orientational control over the current photonic pigments in developing advanced optical
devices.

In summary, we have developed photonic pigments by the magnetic assembly of Fe304@Si10;
nanorods, which can produce multiple colors in response to the varying magnetic field direction.
The magnetic shape anisotropy of nanorods induces the preferred offset rod packing, producing
tetragonal crystals featuring hard contact, anisotropic non-close-packing, and well-defined and
interconnected channels. Due to their non-close-packing nature, the photonic pigments contain
large pores for accommodating fast and sensitive colorimetric responses to surrounding dielectric
changes. More importantly, the structural and magnetic anisotropy of the photonic pigments
enables precise orientation control using magnetic means so that they can be easily aligned along
pre-designed directions for desirable structural colors and further produce patterned photonic
films. These unique features enable the design and fabrication of rotation-asymmetric photonic
devices that can exhibit dynamic color-switching or display varying patterns and encrypted

information upon rotation. As the materials synthesis is highly scalable and the magnetic
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assembly is straightforward and robust, our photonic pigments hold great promise for creating
many advanced optical devices, including colorimetric sensors, anti-counterfeiting devices, and

multicolor passive photonic displays.
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Supporting Information is available from the Wiley Online Library or the author.
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Figure 1. (a) Digital pictures showing the self-assembly of Fes04@Si102 nanorods in the mixture
of water and ethanol under a vertical magnetic field. Scale bar: 2 mm. (b) Dark-field optical
microscopy images of the assembled photonic crystals with exposed (100) and (110) facets
shown in the top and bottom panels, respectively. (¢) Dark-field optical microscopy images of
the self-assembled photonic crystal in magnetic fields with varying directions from horizontal
(left) to vertical (right). (d) 3D rendering of TEM tomography of a photonic crystal. (e) 3D
rendering of the same crystal with two different exposed facets as indicated, leading to two
typical projection patterns. (f) A horizontal cross-section of the reconstructed photonic crystal
with exposed (001) facets, which reveals the rod packing along <001> crystal direction. (g)
Schematic illustrations of the projections of the photonic crystal with exposed (100), (110), and
(001) facets, demonstrating the rod packing along the <100>, <110>, and <001> crystal

directions, respectively.
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Figure 2. (a, b) Dark-field optical microscopy images of the photonic pigments produced by
magnetic assembly of Fe304@SiO2 nanorods with the silica shell thickness of 38 nm (a) and 66
nm (b). The three images in (a) and (b) exhibit the photonic pigments with random orientations
(left) and alignment along <110> (middle) and <100> (right) directions (relative to the image
plane). (¢) Dark-field optical microscopy images of the photonic crystals with the silica thickness
gradually increasing from 38 nm to 50 nm, 60 nm, and 66 nm from left to right. The white arrow
indicates the magnetic field direction. (d) The corresponding reflection spectra of the assembled
crystals from nanorods with different silica thicknesses. (e, f) Dark-field optical microscopy

images (e) and the reflection spectra (f) of a crystal upon wetting by water and drying in air.
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Figure 3. (a) Digital pictures of the dispersions of photonic pigments under magnetic fields of
varying directions. (b, ¢) The reflection spectra of crystals aligned under magnetic fields of

different directions. The silica shell thickness is 38 nm in (b) and 66 nm in (c).
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Figure 4. SAXS measurement of the photonic crystals. (a) Schematic illustration of the setup. (b,
¢) SAXS patterns of the crystals under a vertical (b) and horizontal (¢) magnetic field. (d, e)

Linear profile of the scattering patterns under a vertical (d) and horizontal (e) magnetic field.
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Figure 5. Highly tunable multicolor photonic pigments for rotation-asymmetric

mechanochromic photonic devices. (a) Dark-field microscopy images of the photonic pigments
aligned along different directions in photonic films. (b) Polarized microscopy images of the
photonic films under different rotation angles. The directions of the polarizer (P) and analyzer (A)
are shown in white arrows. The angle between the rod alignment and the polarizer direction is
also labeled in each image. (¢) Schematic illustration of the rotation-asymmetric photonic film by
magnetically aligning the photonic pigments along a pre-designed direction. (d) Digital photos
showing the color changes of the photonic film in response to clockwise and counterclockwise
rotation. (e) The corresponding reflection spectra of the film during the opposite rotation. (f)
Schematic illustration of changes in the incident angle and structural colors of the photonic film
during rotation by 180° in the x-y plane. (g) Digital photos of photonic films before and after
rotation. The photonic pigments are aligned along 30° to the film surface. The incident angle in
the left and right panels is 30° and 40°, respectively. (h) Schematic illustration of the alignment
of the photonic pigments in the solid film for emerging mechanochromic responses. (i-j) Digital

photos of two photonic films showing the displayed patterns and their color changes in response
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to mechanical rotation. The incident angle is 40° in the top panel of (i) and right panel of (j),
while it is 30° in the other two panels. The positive and negative angles represent clockwise and

counterclockwise mechanical rotation, respectively.
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A novel multicolor photonic pigment is developed by the magnetic assembly of Fe3O4 nanorods
into tetragonal photonic crystals. Its dynamic color tuning and precise orientational control

enable convenient printing of structural colored patterns and designing rotation-asymmetric

photonic devices.






