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Designing Complex Tapestries with Photography-Inspired
Manipulation of Self-Organized Thin-Films

C. T. van Campenhout, M. H. Bistervels, J. Rietveld, H. Schoenmaker, M. Kamp,

and W. L. Noorduin*

Thin-films patterned with complex motifs are of fundamental interest because
of their advanced optical, mechanical and electronic properties, but fabrication
of these materials remains challenging. Self-organization strategies, such as

storage.l*12] To realize such remarkable
properties, it is essential to order the
right material at the right place. Already,
top-down manufacturing can yield highly

immersion controlled reaction-diffusion patterning, have shown great
potential for production of patterned thin-films. However, the autonomous
nature of such processes limits controllable pattern customizability and
complexity. Here, it is demonstrated that photography inspired manipulation
processes can overcome this limitation to create highly-complex tapestries of
micropatterned films (MPF’s). Inspired by classical photographic processes,
MPF'’s are developed, bleached, exposed, fixed, and contoured into
user-defined shapes and photographic toning reactions are used to convert
the chemical composition MPF’s, while preserving the original stripe
patterns. By applying principles of composite photography, highly complex
tapestries composed of multiple MPF layers are designed, where each layer
can be individually manipulated into a specific shape and composition. By
overcoming fundamental limitations, this synergistic approach broadens the
design possibilities of reaction-diffusion processes, furthering the potential of
self-organization strategies for the development of complex materials.

1. Introduction

Spatial organization of materials in thin films can enhance and
exceed the properties that would be achievable by simply the
sum of their parts.'>] These patterned materials possess many
interesting properties and can for instance be used as diffraction
gratings for optical devices, anti-reflection coatings for radiative
cooling applications, or as nanoscopic capacitors for data
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complex and user-defined patterns, but the
requirement of high precision equipment
and specialty chemicals, makes the process
oftentimes costly and difficult to scale.
From this perspective, bottom-up self-
organization strategies are promising to
produce complex materials in economically
and environmentally friendly ways.[!>-1]
Specifically, reaction-diffusion processes
are interesting, because they use a delicate
interplay between reaction kinetics and
diffusion to autonomously order materials
into patterns.[?25 Recently, we have de-
veloped a self-organization strategy based
on reaction-diffusion to structure silver
nanoparticles into well-defined micropat-
terned thin films (MPF’s, Figure 1A).**] By
steadily immersing a gel thin-film into a so-
lution with silver ions, we induce precipita-
tion of silver nanoparticles in the gel. These
nanoparticles order in highly uniform stripes, regulated by a
reaction-diffusion process. Here, a balance between the rates of
immersion and diffusion provides both hands-on tunability of
the line spacing, as well as error-correction against defects for
scalable production of uniform patterns.

However, using reaction-diffusion patterning limits the cus-
tomizability of patterns that can be generated: 1) the interplay
between long-range chemical transport and short-range reaction-
diffusion results in large-scale uniformity, restricting control in
local shaping where patterning occurs;!?’! 2) the necessary del-
icate interplay between reaction and diffusion requires specific
combinations of materials, limiting the choice in chemical com-
position of patterns;?8! 3) the autonomous nature of reaction-
diffusion induces specific types of patterns—typically stripes and
dots, thus preventing the formation of complex and user-defined
patterns.[??l Hence, top-down and bottom-up methods offer com-
plementary advantages and limitations. This analysis highlights
that the development of synergistic combinations of such meth-
ods may offer the new routes for the synthesis of patterned thin
films using both hands-off self-organization and hands-on cus-
tomization.

The key insight is that photographic manipulation processes
have the potential to overcome the limitations of self-organized
reaction-diffusion patterning while also offering customiza-
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A Micropatterning thin-films with immersion
controlled reaction-diffusion

B Pattern contouring through
photo-sensitization and UV-masking

G Chemical conversion
via toning reactions
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D Combinatorial complexity
through layer stacking

Figure 1. Photography inspired manipulation processes to customize micropatterned films. A) Immersion controlled reaction-diffusion patterning to
yield MPF’s; by steadily immersing a gel thin-film into a solution with silver ions, we induce periodic precipitation of silver nanoparticles arranged in
uniform stripes. B) Contouring of MPF's with photo-sensitization and subsequent UV-masking. C) Chemical conversion of MPF’s by applying toning
reactions. D) Combinatorial complexity through stacking of multiple MPF layers allows for complex tapestry design.

tion. For more than a century, research into classical silver
halide photography has enabled production of high-resolution
images.3®31 Specifically, darkroom techniques such as devel-
opment, bleaching, and toning have been developed to change
the exposure, contrast and color of photographic images.[3?!
These kind of photographic manipulation processes enable fab-
rication of artificial images such as composites. We hypoth-
esize that these photographic techniques can be applied for
top-down customization of self-organized patterns. Both photo-
graphic plates and MPF’s consist of silver particles embedded
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in thin gelatin films, suggesting that adaptation of photographic
manipulation for MPF customization is feasible. However, there
are also distinct differences between photographic plates and
MPF’s: for classical photography, microscopic silver particles
are dispersed randomly throughout the entire film, whereas for
MPF’s nanoscopic silver particles are ordered in distinct stripes
(Figure S1, Supporting Information).3334 So, despite the chem-
ical similarities, these structural differences render the adap-
tation of photographic manipulation for MPF customization
non-trivial.
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Figure 2. Photo-sensitization to customize MPF’s, A) schematic, and B) experimental. The process starts with self-organized micropatterned silver film
containing silver chloride, which is poorly visible due to low contrast (I). These MPF’s are developed, which converts silver chloride into silver/silver
oxide, making the pattern visible by increasing contrast and ensuring compatibility with subsequent processes (I1). Then a photo-sensitization step is
performed, converting all silver/silver oxide particles into light sensitive silver bromide (l11). By illuminating a triangular section of this sensitized film
with UV light (365 nm), a part of the MPF is converted from silver bromide back to silver/silver oxide (IV). All silver bromide is then solubilized using a

fixation step, to yield an MPF with stripes only in the illuminated area (V).

In this work, we introduce photography inspired manipu-
lation processes for the customization of self-organized thin
films. Analogous to classical photographic processes, we de-
velop, bleach, expose, fix and contour MPF’s into user-defined
complex shapes (Figure 1B). We show that photographic toning
processes can convert MPF’s, thereby expanding the choice of
chemical composition for these patterns (Figure 1C). We demon-
strate the versatility and customizability of our strategy by apply-
ing principles of composition photography to produce stacks of
MPF layers, each with independently designed shape and chem-
ical composition, to produce highly complex patterned tapestries
(Figure 1D).

2. Results and Discussion

To demonstrate the proof-of-principle, we first produce uniform
MPF’s and render them compatible with photographic processes.
To produce uniform MPF’s, we steadily immerse a gelatin thin
film (0.3 mm) into a solution of silver nitrate (0.4 M), yield-
ing silver chloride (AgCl) nanoparticles arranged in tunable uni-
form microscopic (d = 10 — 30 um) stripe patterns (Figure 2A,B
1).2635] To make these patterns compatible with subsequent pho-
tographic processes and to increase the contrast of the pattern, we
immerse the MPF into a photographic developer solution that re-
duces and converts all (AgCl) particles to Ag/Ag,O. Analysis with
optical microscopy reveals a stark increase in contrast, and, im-
portantly, shows that the original stripe pattern and spacing are
preserved (Figure 2A,B II).

We contour this MPF using ultraviolet (UV) light. For this,
we first make the MPF light sensitive by performing a bleach-
ing procedure. In such a procedure, silver/silver oxide (Ag/Ag,0)
particles convert into light sensitive silver bromide (AgBr) by
immersing the MPF in an aqueous solution of potassium bro-
mide and potassium ferricyanide (K;[Fe(CN)]) for 15 min at
room temperature (Figure 2A,B III). The AgBr MPF is locally il-
luminated with UV light (365 nm),1*! using a triangular photo-
mask (Figure 2A,B IV, see Supporting Information for experi-
mental details). In the illuminated region, AgBr is converted into
Ag/Ag,0. Because the particles in an MPF are at least an order
of magnitude smaller than those found in photographic films,
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the particles are much less light sensitive. To counteract this in-
sensitivity, we illuminate with a strong UV-LED (535 uWmm™2)
for much longer (>2 h) than is common in traditional photog-
raphy. Subsequently, we reveal the photo-pattern by applying a
fixation process that removes unreacted AgBr, which is present
in areas that have not been illuminated with UV-light. For this,
the MPF is immersed in an aqueous solution of sodium thio-
sulfate (Na,S,0;) and washed with water, which solubilizes and
removes all unreacted AgBr (Figure 2A,BV). Although slight blur-
ring is observed around the edges—attributed to imperfect pho-
tomasking, we find that the original stripe pattern is preserved
and contoured precisely in the shape of the applied photo-mask,
demonstrating the concept of photography inspired manipula-
tion for customizing MPF shapes.

The success of the photo-sensitization process suggests that
photographic manipulation processes may be applied to cus-
tomize MPF’s in different ways. Specifically, many reactions have
been developed to change the color or longevity of photographs.
These so-called toning reactions work by converting the chemical
composition of photographs, while retaining the original image.
We realize that these photographic toning reactions may enable
the chemical conversion of MPF’s, and thus hold the potential to
disentangle the shape and composition of MPF’s.

We investigate this potential of photographic toning recipes
by first forming an MPF, which we then develop and tone using
various toning recipes. We characterize the pattern and chemi-
cal composition before and after each processing step using opti-
cal microscopy and energy dispersive x-ray spectroscopy analysis
(EDXA). We find that the insulating and flexible nature of the
gelatin matrix hinders direct EDXA of the chemical composition
of the pattern. To overcome this limitation, we analyze the chem-
ical composition by first liquefying the gel, followed by centrifu-
gation to extract the particles. The extracted particles are then re-
dispersed and dropcasted for EDXA (see Supporting Information
for experimental details and for SEM micrographs of the mea-
sured particles).

EDXA reveals that initially the MPF indeed consists of AgCl
particles, where likely some metallic silver is present because
of light exposure (atomic ratio Ag:Cl = 1.24:1, Figure 3A). We
realize that by using a development step, we can convert these
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Figure 3. Chemical conversion through photographic toning reactions A) Optical microscopy image of a non-processed MPF and EDXA, revealing that
the pattern consists of silver chloride particles. B) Optical microscopy image of a developed MPF and EDXA showing that additional silver is precipitated
on top of existing silver chloride. Optical microscopy image and EDXA confirming conversion of developed MPF after different toning reactions to C)
silver selenide, D) silver sulfide, E) gold-silver core-shell particles, and F) iron-silver core-shell particles. Note that all microscopy images were shot at
identical contrast and magnification, without additional color correction, to show color changes after toning.
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AgCl particles into Ag/Ag,O, to ensure compatibility with ton-
ing processes. For this, we immerse the MPF in a commonly
used aqueous developer solution containing sodium sulfite, hy-
droquinone, metol, potassium bromide, and sodium carbonate
for one minute. EDXA shows that nearly all AgCl is converted to
Ag/Ag,O (atomic ratio Ag:Cl = 22:1, Figure 3B), with preserva-
tion of the stripe pattern.

We explore how these developed MPF’s can be converted
into a range of different chemical compositions. Specifically, to
demonstrate the proof-of-principle, we investigate both anionic
and cationic toning conversions. For anionic conversions, we ap-
ply two commonly used toning processes: selenium and sulfide
toning. For selenium toning, we immerse a developed MPF in
an aqueous solution of sodium selenite, ammonium thiosulfate,
and sodium sulfite (commercially available Ilford Harman Sele-
nium toner) for 10 min at room temperature to form silver se-
lenide (Ag,Se), as confirmed by EDXA (Figure 3C, atomic ratio
Ag:Se =1.68:1). For sulfide toning, we immerse a developed MPF
in an aqueous solution of polysulfide and sodium carbonate at
room temperature for 10 min to produce silver sulfide (Ag,S) par-
ticles, again confirmed by EDXA (Figure 3D, atomic ratio Ag:S
= 1.75:1). Importantly, in both cases the original stripe pattern
and microscale spacing is preserved, showing pattern-preserving
chemical conversion of MPF’s using anionic toning processes.

To demonstrate cationic conversions, we apply two commonly
used cationic toning reactions: gold toning and Prussian blue
(iron) toning. For gold toning, we immerse a developed MPF in
an aqueous solution of gold (III) chloride and ammonium thio-
cyanate (commercially available Bergger Goldtoner). This toning
solution causes the gelatin matrix to swell. We prevent this unde-
sired swelling by adding a small amount of the cross-linker glu-
taraldehyde (0.1%) to the toning solution. During this toning pro-
cess, gold grows on pre-existing Ag/Ag,O particles and forms a
coating, yielding gold-silver (Au@Ag) core-shell particles,*”! con-
sistent with EDXA of the resulting MPF (atomic ratio Au:Ag =
0.42:1). With Prussian blue toning, a similar coating of iron can
be produced.®®! For this, a developed MPF is immersed in an
aqueous solution of potassium ferricyanide, oleic acid, and fer-
ric ammonium citrate in water for 10 min at room temperature,
yielding iron-silver (Fe@Ag) core-shell particles, demonstrated
Dby a vibrant blue color and the appearance of a distinct iron peak
at 6.4 keV in EDXA (molar ratio Fe:Ag = 0.51:1). These results
demonstrate that both anionic and cationic conversions can be
realized using photographic toning reactions, to customize the
chemical composition of MPF’s with preservation of the original
stripe pattern.

Thus, by combining self-organized pattern formation with
photographic manipulation processes we gain three levels of con-
trol over MPF’s: 1) spacing of tunable stripe patterns through
immersion controlled reaction-diffusion; 2) contouring using
photo-sensitization and UV-masks; 3) converting chemical com-
position via toning reactions. These three levels of control can be
combined into higher-order complex motifs.

We realize that in traditional photographic manipulation pro-
cesses, multiple layers of photographic negatives can be stacked
to create composite images. Akin to such composite pho-
tographs, we can produce higher-order complex motifs by stack-
ing layers of MPF’s. This opens a combinatorial and versatile
design space: by manipulating each individual layer with UV-
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contouring and chemically conversion, we can create highly com-
plex user-defined tapestries.

We demonstrate this design potential with three examples.
First, by stacking two MPF layers of different chemical compo-
sition at 90°, we produce square patterns, where the horizon-
tal lines contain Fe@Ag and the vertical lines contain Au@Ag
(Figure 4A). Second, by stacking MPF layers contoured with dif-
ferent UV-masks, we enable the formation of complex motifs
with arbitrary selected patterning directions. Here, we demon-
strate this by contouring a negative circular image into one MPF,
and a positive circular image into another. By stacking these
opposite motifs, we obtain a tapestry where the orientation of
the pattern is different in and outside of the circle (Figure 4B).
Third, to demonstrate an even more refined level of complex-
ity, we design a tapestry composed of two MPF layers, each
with different line spacing, different shape and different chem-
ical composition. For the first layer, we produce a stripe pat-
tern with line spacing 22 ym and contour a negative circle. For
the second layer, we produce a stripe pattern with line spacing
10 um and contour a positive circle, followed by selenium toning.
Stacking these two layers yields a highly complex tapestry, with
user-defined pattern spacing, shape and chemical composition
(Figure 4C).

3. Conclusion

In summary, we introduce photography inspired manipulation
processes to design complex tapestries of self-organized thin-
films. Intriguingly, there exists an historical connection between
self-organized patterning and photography: in the late 19th cen-
tury, the German scientist R. E. Liesegang pioneered photogra-
phy techniques, and serendipitously discovered self- organized
patterns.??] These so-called Liesegang patterns are at the core
of the immersion controlled reaction-diffusion process used to
create MPF’s. Now, 130 years later, we reunite Liesegang pat-
terns with their photographic roots, to design complex thin-film
tapestries. We realize that with immersion controlled reaction-
diffusion we can create MPF’s that are chemically very similar to
classical silver halide photographs. Leveraging these similarities
unlocks the complete toolbox of darkroom techniques for user-
defined manipulation of MPF’s.[®2] Using photography inspired
techniques, we can independently control the shape via photo-
sensitization combined with UV-masking, and alter the chemical
composition through conversion with toning reactions. Akin to
composite photographs, we stack multiple individually manipu-
lated MPF layers to create complex tapestries.

The power of our approach is that it combines the strengths
of self-organization and photographic manipulation. By harness-
ing the autonomy of self-organization and exploiting the auto-
mated mass-production of photographic materials, this synergis-
tic approach grants user-control across length-scales: from mi-
croscopic control over shape and chemical composition to macro-
scopic scale-up.

The success of this strategy is surprising: darkroom tech-
niques have been developed for photographs, not MPF’s. Nev-
ertheless, we demonstrate that these century old techniques can
be readily adapted for recently developed pattern formation pro-
cesses. Building upon these results, we foresee that other inter-
esting photographic reactions and processes can be extended to
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Figure 4. Inspired by composite photography, stacking of MPF layers provides a combinatorial complex design space. A) Stacking two spatially identical
MPF’s of different chemical composition produces a grid where horizontal stripes consist of Fe@Ag and vertical lines consist of Au@Ag. B) Stacking
two UV-patterned MPF’s, where the first layer contains stripes only in the positive image of a circle and the second layer only in the negative image of a
circle, generates a complex tapestry. C) Stacking two MPF’s with non-identical pattern spacing, varying chemical composition, and different UV-patterns

demonstrates the full combinatorially complex design space.

fields outside of photography. Specifically, we project exciting op-
portunities for the field of ion-exchange, where insights from
photographic toning processes could inspire the design of new
conversion reactions.

Additionally, we foresee new functionalities that exploit the
unique combination of tunable long-range ordering with lo-
cal customization. For instance, already layer stacking allows
the formation of Moiré patterns,?®! which combined with lo-
cal customization could now be designed for information pro-
cessing, sensing, and advanced optical devices. Furthermore, if
self-organized patterns are scaled down one order of magnitude,
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these structures could exhibit structural coloration. In combina-
tion with the local customizability of photography inspired ma-
nipulation processes, these structures would allow the fabrica-
tion of structurally colored images.

To summarize, we have shown a synergistic approach combin-
ing hands-off self-organization and hands-on manipulation for
the synthesis of complex thin-film tapestries. We envisage that
top-down customization of self-organized patterns using pho-
tography inspired manipulation processes will lead to exciting
opportunities for the generation of complex patterns with ad-
vanced functionalities.
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