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Patterning Complex Line Motifs in Thin Films Using
Immersion-Controlled Reaction-Diffusion

Christiaan T. van Campenhout, Hinco Schoenmaker, Martin van Hecke,*

and Willem L. Noorduin*

The discovery of self-organization principles that enable scalable routes
toward complex functional materials has proven to be a persistent challenge.
Here, reaction-diffusion driven, immersion-controlled patterning (R-DIP) is
introduced, a self-organization strategy using immersion-controlled
reaction-diffusion for targeted line patterning in thin films. By modulating
immersion speeds, the movement of a reaction-diffusion front over gel films
is controlled, which induces precipitation of highly uniform lines at the
reaction front. A balance between the immersion speed and diffusion provides
both hands-on tunability of the line spacing (d = 10 — 300 pm) as well as
error-correction against defects. This immersion-driven patterning strategy is
widely applicable, which is demonstrated by producing line patterns of
silver/silver oxide nanopatrticles, silver chromate, silver dichromate, and lead
carbonate. Through combinatorial stacking of different line patterns, hybrid
materials with multi-dimensional patterns such as square-, diamond-,

source of inspiration for developing new
materials with advanced functionalities.! ™
Specifically, thins films with complex mo-
tifs are of great interest as these can be
integral to the next generation of optical,
electronic, and mechanical devices.['*12]
However, manufacturing of such motifs has
remained challenging, with costly lithogra-
phy techniques being the leading method
to produce nanoscale complexity.!'3-1]
From this perspective, bio inspired self-
organization can be an attractive starting
point, as the inherent autonomous nature
of such processes holds the potential to
offer simple and scalable production of uni-
form complex patterns with user-defined
control and automatic error correction for

rectangle-, and triangle-shaped motifs are fabricated. The functionality
potential and scalability is demonstrated by producing both wafer-scale
diffraction gratings with user-defined features as well as an opto-mechanical

sensor based on Moiré patterning.

1. Introduction

Nature’s extraordinary diversity of complex patterns holds fasci-
nation to lay people and scientists alike, and provides an endless
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tolerance against defects.['”2] Already,
many self-organization strategies have
been developed, such as evaporative as-
sembly and dip-pen nano-lithography,[21-¢]
but whilst such processes are able to
produce highly uniform patterns, del-
icate, and extremely precise setups
are often required and scalability can
be difficult or practically impossible.

Alternatively, self-organization of patterns is possible via
reaction-diffusion processes, in which the interplay between
reaction kinetics and diffusion can induce complex patterns
spontaneously.’~?] Since these processes rely on chemical feed-
back loops, there is the potential to achieve inherent error-
correction toward robustness for large scale production of uni-
form patterns.[®) Moreover, reaction-diffusion processes such as
Liesegang pattern formation induce rhythmic precipitation of
line or band patterns of many different chemical compositions,
and combinations with top—down fabrication techniques such as
wet-stamping can yield more complex patterns.[*** Unfortu-
nately, because of the diffusive nature of these processes, lines
or bands form at increasing spacing, resulting in non-uniform
patterning over larger distances, hence limiting scalability.[*®! To
overcome such drawbacks, we recently have shown highly uni-
form banding patterns in bulk gels by employing a mechano-
chemical feedback loop that transports reagents non-diffusively
through opening channels.’”] However, because mechanical
opening of a transport channel is integral to the approach, this
strategy only works for 3D materials, highlighting that entirely
new principles need to be developed to achieve uniform large-
scale patterning of complex motifs in thin films.

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Reaction-Diffusion Driven Immersion Controlled Patterning (R-DIP)
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Figure 1. Overview of the R-DIP process. A) First a hydrogel thin film is cast, in which an immersion-controlled reaction-diffusion process generates
large-scale uniform stripe patterns. Multiple of these user-defined patterns can be stacked to produce a large diversity of higher-order composites and
hybrid motifs. B) Concept image depicting the experimental setup: a gel film containing gel reagent is placed in an empty container, into which immersion
reagent (IR) is pumped with a syringe pump, steadily immersing the thin film. Preceding the liquid-gel contact line (depicted in blue) at the reaction front
(depicted in red) the reaction between the immersion and gel reagent produces a line pattern of precipitate perpendicular to the immersion direction.
At constant immersion speed a balance between the immersion speed v and upward diffusion is reached, resulting in highly uniform line distances
(d). C) A close-up during the patterning process process reveals the formation of a highly uniform line pattern of silver dichromate precipitate at the
reaction front (see Movie S1, Supporting Information). D) Numerical modeling accurately reproduces the experimental pattern and provides mechanistic
insights. During the process, the concentration gradient of silver ions at the liquid-gel interface remains constant and therefore patterning is uniform

(see Experimental Section for details on the numerical model).

Here, we introduce reaction-diffusion driven immersion-
controlled patterning (R-DIP), a method for creating complex
line motifs in thin films on wafer scale with user-defined tun-
ability (Figure 1A). First, R-DIP is used to pattern uniform lines
with user-defined spacing in thin gel films. Second, multiple thin
films with different line patterns and chemical compositions are
superimposed in combinatorial stacks to realize complex com-
posites and hybrid motifs. Using this strategy, we demonstrate
that a large diversity of complex, yet well-defined motifs such as
squares, diamonds, rectangles and triangles can be realized, and
exploit this control to develop tunable diffraction gratings and
opto-mechanical sensors.

The key idea behind R-DIP is that a thin gel film, containing
one reagent (the gel reagent), is steadily immersed into a solution
of a second reagent (the immersion reagent), which react upon
contact at the reaction front to induce rhythmic precipitation of
an insoluble reaction product (Figure 1B). This reaction product
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forms highly uniform equidistant line patterns because of a bal-
ance between the immersion speed (v) and upward diffusion of
the immersion reagent into the gel film. Consequently, a constant
concentration gradient of immersion reagent is maintained at the
reaction front, which induces uniform pattern formation. Addi-
tionally, because the process relies on chemical feedback loops, it
possesses inherent error-correction, enabling large scale produc-
tion of user-defined line motifs.

2. Results and Discussion

Figure 1B shows the general method of inducing pattern forma-
tion with immersion-controlled reaction-diffusion. We demon-
strate the proof of principle for the well-studied periodic precipi-
tation of silver dichromate (Ag,Cr,0,) using silver nitrate as im-
mersion reagent and potassium dichromate as gel reagent fol-
lowing: 2Ag* (ag) + Cr,05 (ag) = Ag,Cr,0,(s).l**]

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 2. Patterning tunability. A) Experimentally obtained patterns for a range of immersion speeds v B,C) Plotting the line distance d versus the
immersion speed v for both the model and the experiments shows a trend of decreasing d for increasing v. D,E) Large scale pattern obtained at constant
v with highly uniform line spacing (d = 200 + 6 pm). F,G) Dynamic tunability in a silver dichromate pattern by changing v during pattern formation
showing that modulating v directly translates to a change in line distance d. H,I) Patterning is self-correcting and recovers to the original line pattern

swiftly after encountering a defect in the thin film. Note that (D,F,H) are stacks composed of multiple images.

Typically, we cast thin hydrogel films consisting of gelatin (10
wt%), agarose (0.5 wt%), potassium dichromate (K,Cr,O,,
0.2 wt%), acetic acid (0.9 %v/v), and the surfactant 3-
[hydroxy(polyethyleneoxy)  propyl]  heptamethyltrisiloxane
(HPEO-HMTS, 0.15 %v/v) onto glass slides (75x50 mm,
see Experimental Section for details). These components have
the following functions: gelatin promotes pattern formation;3!
agarose offers additional mechanical gel stability; potassium
dichromate acts as the gel reagent; acetic acid ensures that the
dichromate-chromate equilibrium is shifted toward the desired
dichromate anion;*! and the surfactant prevents pinning of
the immersion solution on the gel surface. Note that gel films
are thin (<0.6 mm) to ensure that patterning is consistent
throughout the depth of the film. To start the process, the gel
film is mounted vertically in an empty container. Then, pattern-
ing is induced by filling the container at user-defined speeds
with the immersion reagent silver nitrate (AgNO;, 0.4 M in
water). The filling results in a moving liquid-gel contact line with
speed v and in precipitation of separate Ag,Cr,0, particles that
arrange in lines perpendicular to the immersion direction. We
monitor this pattern formation over long distances by tracking
the moving contact line with a custom motorized horizontal
microscope (see Figure S1, Supporting Information, for details).
We observe the formation of a line pattern with highly uniform
spacing (d =200 + 6 um) throughout the entirety of the thin
film (Figure 1C and Movie S1, Supporting Information).

To explain this uniform pattern formation, we numerically
model the 2D reaction-diffusion process. In this model, we repli-
cate gel immersion by calculating the location of the contact line
at every time-step and setting the concentration of immersion
reagent equal to the starting concentration up to this location.
All reactants diffuse following a forward-in-time-central-in-space
scheme, and the reaction of the gel and immersion reagent is
computed using first- and second-order reaction kinetics (see Ex-
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perimental Section for further details). This model accurately
reproduces the observed uniformity and immersion speed de-
pendent line spacing. Monitoring concentration gradients in the
model reveals the formation of a steady-state which balances the
upward diffusion of immersion reagent into the gel and the im-
mersion speed v (Figure 1D). Because of this steady-state, the
concentration gradient of immersion reagent at the reaction front
remains constant, thereby inducing uniform pattern formation.

The intricate interplay between diffusion of silver ions and
immersion speed suggests that by modulating v we can tune
the line distance d. Indeed, we find that increasing v results
in decreasing line widths (Figure 2A), both in experiments
(Figure 2B) and in our model (Figure 2C). This allows us to
precisely tune the line pattern by controlling the immersion
speed. At constant v, patterning is uniform over long distances
(Figure 2D,E). Because pattern formation is directly dependent
on the user-defined speed of the contact line, we can dynami-
cally tune patterning within a thin film (Figure 2F,G). We demon-
strate this dynamic tunability by modulating v from fast to slow
(v=1.75 — 0.87 pm s7!), which increases the line distance (d =
172 — 290 pum). After going back to the initial immersion speed
(v=1.75 pm s7'), the patterning restores to the initial spacing
(d =172 pm). Thus, v is directly tied to a specific line distance d
and can be tuned during the process, enabling rational and pre-
cise steering of the self-organization process.

The uniformity of the pattern formation across large distances
suggests that R-DIP has an inherent error-correction mecha-
nism. To study this error-correction mechanism, we deliberately
damage the gel film and subsequently follow how pattern forma-
tion is influenced by this defect (Figure 2H,I). As soon as the
reaction front reaches the defect, the reaction front and pattern
become disturbed. However, already after fewer than 10 lines the
reaction front is smoothened out by diffusion and subsequently
deposited lines are straight again, demonstrating that R-DIP

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Aligning and stacking thin films generates higher-order patterning. All images are taken with a light microscope in transmission mode.
A,B) Stacking of identical silver dichromate patterns (d; = d, = 285 pm) at 90° and 42° angles yields square and diamond motifs respectively. C) Stacking
two patterns with non-identical line spacing (d, = 206 um, d, = 300 pm) results in a rectangular motif. D) Diamond motif produced by superimposing
two identical line patterns of lead carbonate. E) Rectangular hybrid motif produced by superimposing a line pattern of silver dichromate (orange-brown)
with a line pattern of lead carbonate (black). F,G) Diamond and square motifs produced by stacking identical line patterns d = 31 pm of silver chromate.
Irradiating these microscopic patterns with a green laser (A = 532 nm) produces a diffraction pattern that is in good agreement with the microscopic
spacing (d = #?9), diffraction: d = 32 pm, directly observed: d = 31 um). H) Triangular pattern produced by stacking three identical microscopic line

patterns d = 15 pm of silver/silver oxide nanoparticles, and the diffraction pattern obtained upon irradiation of this pattern with a green laser (4 =

532nm).

indeed offers error-correction for sustaining uniform micro-scale
ordering over decimeter distances. The steady-state conditions at
the reaction front thus offer both swift responsiveness to changes
in the immersion speed and error-correction for defect tolerance.

Because R-DIP produces large-scale gel films containing uni-
form patterns of precipitate, where the gel matrix provides me-
chanical stability and thus transferability to the patterned thin
films, we can produce higher-order complexity by stacking mul-
tiple user-defined line patterns. Here we provide some exemplary
cases to illustrate this combinatorial approach (Figure 3). For ex-
ample, by aligning and stacking two identical line patterns at
90° or 42°, we create highly regular square- or diamond motifs
(Figure 3A,B). Because our strategy yields tunable line patterns,
the line spacing of each layer can be selected independently, for
instance allowing the formation of rectangle motifs by stacking
two non-identical line patterns (Figure 3C).

Moreover, R-DIP can be readily applied to many other reaction-
diffusion processes, enabling patterning of different chemical
compositions and the manufacturing of multi-material hybrid
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motifs. To demonstrate this versatility we produce patterns of
three additional materials: lead carbonate, silver chromate, and
silver/silver oxide nanoparticles. For lead carbonate patterns, we
modify a Liesegang patterning process developed by Isemura in
1936,*! using lead acetate as immersion reagent and sodium car-
bonate as gel reagent to produce diamond patterns of lead carbon-
ate (Figure 3D, see Experimental Section for more details). Since
each thin film pattern is formed independently, we can produce
hybrid motifs by superimposing thin films with patterns of dif-
ferent materials, which we illustrate by producing a rectangular
pattern of lead carbonate on silver dichromate (Figure 3E).

To display the application potential of R-DIP, we assemble tun-
able optical diffraction gratings with microscopic line patterns
of both silver chromate and of silver nanoparticles. First, we re-
act silver nitrate (AgNO;) as immersion reagent with potassium
chromate (K,CrO,) as gel reagent to precipitate microscopic lines
of silver chromate (d = 31 pm). Then, by stacking these micro-
scopic line patterns, we manufacture square and diamond mo-
tifs (Figure 3F,G), which upon irradiation with a green laser

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. Scalability and applicability of R-DIP. A) Snapshots at various times during the wafer-scale patterning of silver/silver oxide micropatterns (see
Movie S2, Supporting Information). B) Macroscopic image of the dried A4-sized thin-film after patterning. Note that the precipitated material intensifies
during light exposure, which causes a slight color gradient throughout the film. C) Post-patterning analysis of the wafer-scale pattern, revealing a highly
uniform microscopic pattern throughout the entirety of the film. Inset shows the diffraction pattern obtained by irradiating the dried film with a 532 nm
laser (see Movie S3, Supporting Information, scale-bar = 1 cm). D) Optomechanical sensor composed of two parallel aligned identical stripe patterns
that are separated by a spacer, such that compression results in the emergence of Moiré patterns (see Movie S4, Supporting Information). E) Plot
showing the amount of compression (c) versus the inverse of the observed Moiré pattern wavelength (A7), with in black a linear fit to this relationship

(A = 532nm) show distinct diffraction patterns that are in
good agreement with the microscopic structure (diffraction: d =
32 pm, directly observed: d = 31 pm). To produce microscopic
line patterns of silver/silver oxide nanoparticles, we adapt a pre-
viously developed precipitation system, where patterning is in-
duced by the reduction of silver nitrate in a gelatin film con-
taining a small amount of ammonia.[*?! Stacking three of these
patterns at 60° angles yields a triangular diffraction grating
(Figure 3H), where again the spacing is in good agreement with
the microscopic structure (diffraction: d = 15.5 pm, directly ob-
served: d = 15 pm), hence illustrating that such self-organized
patterns can serve as diffraction gratings with user-defined tun-
ability.

We demonstrate the scalability potential of R-DIP by taking ad-
vantage of the simplicity, inherent autonomous nature, and error-
correction of our pattern formation process to produce a wafer-
scale diffraction grating. For this demonstration, we precipitate
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silver/ silver oxide nanoparticles in a gelatin film to demon-
strate large scale patterning using only non-toxic materials. We
achieve this by first casting a gelatin film containing a small
amount of ammonia onto an A4-sized flexible acetate support
sheet (21x29.7 cm), and subsequently inducing pattern forma-
tion by slowly immersing the film into a solution of silver nitrate
(0.4M) (Figure 4A). After drying, this gel film is easily removed
from the acetate support sheet to obtain a wafer-scale flexible
thin-film (Figure 4B) containing a highly uniform pattern con-
sisting of more than 20 000 microscopic lines of silver/silver ox-
ide nanoparticles that each have a well-defined and uniform spac-
ing (Figure 4C), and which act as a diffraction grating throughout
the entire film (Movie S3, Supporting Information).

To further explore the functionality potential of R-DIP and
specifically demonstrate the large-scale uniformity of our ap-
proach, we manufacture an opto-mechanical sensor based on
Moiré patterning. When two identical line-patterns are separated
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by a flexible spacer and aligned parallel, a compression sensor
is made. Because deformation of such a sensor induces a mis-
alignment of the two line patterns, higher-order Moiré patterns
emerge, with a wavelength dependent on the amount of compres-
sion. In this example, we superimpose two identical line patterns
of silver dichromate (d = 200 pm), which upon compression re-
veal macroscopic Moiré patterns (Figure 4D and Movie S4, Sup-
porting Information). The Moiré patterning wavelength (4) is di-
rectly correlated to the amount of compression (c) with coxcA™
(Figure 4E), and can thus be used as a readout for compression,
demonstrating the functionality potential of uniform patterning
with microscopic precision in flexible films.

3. Conclusion

Here, we introduce reaction-diffusion driven immersion-
controlled patterning (R-DIP) as method for creating complex
user-defined line motifs in thin films. The power of this pattern-
ing strategy is that we exploit autonomous self-organization to
create tunable equidistantly spaced microscale lines at wafer-
scale that can combinatorially be superimposed into complex
hybrid motifs. To demonstrate the functionality potential, we
leverage our control over patterning and create tunable diffrac-
tion gratings and a sensitive mechanical sensor. An intriguing
next step will be downscaling of the pattern spacing to sub-
micrometer dimensions, to achieve for instance functionalities
such as structural color or optical polarizers. The challenge
in downscaling patterning is that the minimal line spacing is
mainly controlled by the rate of nucleation,!*3] which may be op-
timized by incorporating nucleation promoters in the gel matrix
or by inducing pattern formation at different temperatures.

To demonstrate the proof-of-principle, we apply R-DIP for four
different precipitation systems, but we anticipate that extension
of this method is straightforwardly possible to many other chem-
ical compositions. For this, the main requirement is that the
combination of inner and out reagent results in abrupt self-
limiting precipitation of a product. For many nanoparticle or
metal-organic-framework syntheses this requirement is met, and
recent work shows that combining such syntheses with reaction-
diffusion provides control over morphology and size.[***] Com-
bining these methods with R-DIP could therefore introduce an
additional level of control and provide uniformity to the sizes and
morphologies obtained. As such, we foresee that R-DIP can open
routes to a large library of material compositions with interest-
ing chemical, electronic or optical properties that can find appli-
cations in for instance optical gratings for spectrometers,*®! ca-
pacitors for electronic devices!*’] or electromagnetic shielding.[*!!
Moreover, we foresee that R-DIP can be extended to entirely dif-
ferent systems based on for instance polymerization or phase-
separation, thus opening many directions for self-organizing a
large diversity of chemical compositions. Additionally, the sim-
plicity, autonomous nature and inherent error-correction of R-
DIP offers opportunities for robust manufacturing and practi-
cal scale-up. Specifically, we recognize that the immersion step
and flexibility of the films can be exploited to translated R-DIP
into a roll-to-roll process, in which a film is pulled through
a solution with immersion reagent to achieve continuous pat-
tern production. Intriguingly, faster immersion results in smaller
patterns, such that, almost counterintuitively, faster production
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yields smaller patterns. Overall, R-DIP offers a versatile and scal-
able approach for creating complex user-defined line motifs in
thin films, enabling a wide range of applications in materials sci-
ence and manufacturing.

4. Experimental Section

In this section, all used patterning recipes were stated, after which
the gel casting procedure and the patterning process was described, and
lastly the numerical model was introduced. All chemicals were used with-
out additional purification. Gelatin was purchased from Sigma-Aldrich
and was type A from porcine skin (roughly 300 g Bloom). Agarose was
purchased from Sigma-Aldrich and was of type I, with low EEO. 3-
[hydroxy (polyethyleneoxy) propyl] heptamethyltrisiloxane (CAS: 67674-67-
3) was purchased from Gelest.

Wetting Agent: To mitigate detrimental effects of uneven wetting,
the gel was modified by adding a wetting agent. Specifically, 3-
[hydroxy(polyethyleneoxy) propyl] heptamethyltrisiloxane (HPEO-HMTS)
was added, which ensures complete wetting of the gelatin surface, com-
pletely negating any surface effects, without affecting pattern formation
inside of the gel.

Ag,Cr,0; Patterning Gel Recipe: Gelatin (2.0 g), potassium dichro-
mate (40 mg), HPEO-HMTS (30 pL), and glacial acetic acid (180 pL) were
added to DI water (13 mL). This mixture was heated to 65°C to dissolve
gelatin. Simultaneously, a solution of agarose (0.1 g) in water (5 mL) was
prepared by microwave heating. These two solutions were combined at
65°C to yield a liquid gel solution, which sets after cooling to room tem-
perature. Patterning was then induced with an immersion reagent solution
of silver nitrate (0.4 M) and acetic acid (0.9 v/v %).

Ag,CrO, Patterning Gel Recipe: Gelatin (2.0 g), potassium chromate
(40 mg), HPEO-HMTS (30 pL), and ammonia (25% in water, 240 pL) were
added to DI water (13 mL). This mixture was heated to 65°C to dissolve
gelatin. Simultaneously, a solution of agarose (0.1 g) in water (5 mL) was
prepared by microwave heating. These two solutions were combined at
65°C to yield a liquid gel solution, which sets after cooling to room tem-
perature. Patterning was then induced with an immersion reagent solution
of silver nitrate (0.4 M in water).

PbCO; Patterning Gel Recipe: Gelatin (0.5 g) and potassium carbon-
ate (166 mg) were added to DI water (13 mL). This mixture was heated
to 65°C to dissolve gelatin. Simultaneously, a solution of agarose (0.1 g)
in water (5 mL) was prepared by microwave heating. These two solutions
were combined at 65°C to yield a liquid gel solution, which sets after cool-
ing to room temperature. Patterning was then induced with an immersion
reagent solution of lead acetate (1.0 M in water).

Gel Casting Procedure: ~ Gels were typically cast onto large microscopy
glass slides (75x50 mm). First, these slides were preheated to > 65°C to
ensure that gels do not instantly solidify on the glass surface. Then we
place a glass slide in a custom holder with edges 0.5 mm taller than the
thickness of the glass slide. Roughly, 2 mL of hot gel solution was then
added onto the glass slide and spread out evenly with a polyoxymethylene
(non-stick) block, resulting in a 0.5 mm layer of gel covering one side of
the glass slide. After cooling to room temperature, the gel sheets have
solidified and were ready for use.

Inducing Pattern Formation: After the gel films have solidified, they
were mounted vertically in an empty chamber. Using a syringe pump, the
immersion reagent solution was then added to the bottom of this cham-
ber through PTFE tubing, filling the chamber. Note that the gel film was
stationary, but by introducing immersion reagent the film was effectively
immersed (See Figure 1A for a schematic of this setup and Figure S1 (Sup-
porting Information) for a detailed explanation on the pattern formation
setup).

Wafer-Scale Patterning of Silver Nanoparticles:  First, gelatin (4.0 g),
HPEO-HMTS (60 pL), and ammonia (25% in water, 180 L) were added to
Dl water (36 mL)). This mixture was heated to 60°C to dissolve the gelatin.
In a special holder, an A4 sized acetate support film was mounted, with a
0.5 mm frame on top. The hot gelatin solution was then poured onto the
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acetate film and spread evenly with a plastic fondant smoother. This yields
a roughly 0.5 mm thick A4 gel sheet on an acetate support. Similar to pre-
vious experiments, albeit scaled up to accommodate the large-scale sheet,
the sheet was mounted vertically in an empty chamber, into which silver
nitrate (0.4M in water) was slowly pumped by a peristaltic pump.

Numerical Model:  The model was partially based on previous work,
with two significant changes: the model shown here was 2D instead of
1D and incorporates a moving contact line. The reaction-diffusion sys-
tem modeled here was the periodic precipitation of silver dichromate in
a gelatin hydrogel as a result of silver nitrate diffusing into the gel ma-
trix and reacting with potassium dichromate to produce an insoluble salt
(Equation 1):

1371

2Ag" (aq) + CryO7™ (aq) — AgyCr 05 (s) M
In this pre-nucleation model, this reaction was split into three steps: 1.
sol formation, 2. nucleation, and 3. growth.

1. First a sol of Ag,Cr, 0, was formed (Equation 2):

2Ag" (aq) + Cr,07" (aq) — AgyCr,0; (aq)- @)
1

2. This sol only nucleates after a specified nucleation threshold ¢* was
exceeded (Equation 3):

Ag,Cry07(aq) Y AgCry0;(s)- @)

3. Growth onto these nuclei was auto-catalytic and extremely rapid
(Equation 4):

Ag,Cr07(aq) + Ag,Cr 05 (s) k_) 2Ag,Cr 05 (s). (4)
3

These reactions form the basis for a set of reaction-diffusion equations,
where a 2D geometry (Equations 5-8) was assumed:

AAg _ o ( I*[Ag"] + P*[Ag"]

ot o2 ay? ) - 2k [Ag*]” [cr, 0% ] (5)

0 [Cr,07] b (az [cr, 0] . 0 [Cr,0%7]

7 " > )—kﬂAg*lZ [cr2057] @

a[Agzcr207]aq -D az[Agzcr207]aq " aZ[Agzcr‘207]aq
ot h ox2 ay?

+ky[AgHT [Cr027] — ky[Ag,Cry 071000 ([Ag; Cry05lug — €¥)

— k3[Ag,Cry07]44[Ag, Cr, 07 (7)

9[Ag,Cr2O7ls

o = ky[Ag,Cr07]440 ([Ag,Cry07]0g — c*)
+ k3[Ag,CryO7]aq[Ag, Cry 07 )

These equations describe the classical Liesegang system, where bands
or stripes form progressively further and further apart. To incorporate im-
mersion speeds, a time-dependent immersion reagent interface was intro-
duced, which moves at a constant speed (Equation 9):

Vit =V Xt ©)

Subsequently, for all immersed points we set the concentration of im-
mersion reagent ([Ag],.,. ) as equal to the starting concentration ([Agly)-
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To compensate for dilution effects the total volumes of outer and gel
reagent (V,,; and V;, respectively) was taken into account, as well as the
portion of the chamber that has been filled (#). (Equation 10):

Agl.e,, = [Aglo X —2
X i 0 vout + ﬁ Vin

(10)
Yint

system

with f =

This set of reaction-diffusion equations combined with a moving im-
mersion reagent interface accurately reproduces the patterning produced
in experiments. For the Python3 code of this model see Supporting Infor-
mation.

Supporting Information

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