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ABSTRACT: Formation of spatially periodic patterns is a ubiquitous process
in nature and man-made systems. Periodic precipitation is the oldest type of
pattern formation, in which the formed colloid particles are self-assembled
into a sequence of spatially separated precipitation zones in solid hydrogels.
Chemical systems exhibiting periodic precipitation mostly comprise
oppositely charged inorganic ions. Here, we present a new sub-group of
this phenomenon driven by the diffusion and reaction of several transition
metal cations (Zn2+, Co2+, Cd2+, Cu2+, Fe2+, Mn2+, and Ni2+) with an organic
linker (2-methylimidazole) producing periodic precipitation of zeolitic
imidazolate frameworks. In some cases, the formed crystals reached the
size of ∼50 μm showing that a gel matrix can provide optimal conditions for
nucleation and crystal growth. We investigated the effect of the gel concentration and solvent composition on the morphology of the
pattern. To support the experimental observations, we developed a reaction−diffusion model, which qualitatively describes the
spatially periodic pattern formation.

■ INTRODUCTION

Periodic precipitation (also known as the Liesegang phenom-
enon) is one of the oldest pattern formation phenomena
executed in the laboratory.1−4 The formed pattern structure
consists of a spatially periodic appearance of the precipitate,
which can be manifested in the formation of parallel bands
(test tube) or concentric rings (radial spreading in thin gel
layers) depending on the experimental setup. In these chemical
systems, the coupling of the precipitation reaction to the
diffusion of the reagents creates a pattern with the
continuously increasing wavelength ranging between a few
tens of micrometers to a few centimeters.5,6 Recently, it has
been presented that these systems offer a new route in material
science to engineer and design layered hierarchical materi-
als.7−11 In a classical setup, the solutions of two water-soluble
salts are spatially separated. One salt (called the inner
electrolyte) is homogeneously dispersed in a hydrogel matrix
(e.g., gelatin, agarose, polyacrylamide), and the other one
diffuses in the gel (called the outer electrolyte). The
concentration of the outer electrolyte is one or two orders of
magnitude greater than that of the inner one. This difference in
the concentrations of reagents ensures that the pattern
formation is driven by the diffusion front of the invading
electrolyte. The phenomenon has several hallmarks such as the
distance between two consecutive bands and the width of the
precipitation zones increasing with the band number.12,13 The
last 120 years of research on periodic precipitation have been
focused on the chemical systems comprising hydrated (usually

inorganic) ions.2 In the past decade, the research of these
reaction−diffusion systems shifted toward the pattern design
using other types of building blocks such as charged
nanoparticles14,15 and gas-phase compounds in aerogels.16,17

Recently, it has been demonstrated that the components of the
zeolitic imidazolate framework-8 (ZIF-8), zinc ions and 2-
methylimidazole (2-Met) molecules, in a gelled medium
generated spatially continuous and periodic spatial appearance
of ZIF-8 crystals with increasing size.18,19 ZIFs are a special
class of metal−organic frameworks (MOFs) that are
topologically isomorphic with zeolites.20−22 These materials
have unique physical (e.g., great surface area and thermal
stability) and chemical (e.g., significant transition metal
containment) properties, and they are widely used in gas
storage and separation, chromatography, electronics, organic
chemical catalysts, and targeted drug delivery.23−29 Therefore,
the development of any novel synthesis methods plays a
central role in the research of MOFs.
In our study, we extend the scope of the periodic

precipitation to show that this phenomenon is not only
limited to the reaction of inorganic ions, the interaction of
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nanoparticles, and ZIF-8 precursors in the gel matrix but
similar periodic structures can be obtained by the reaction and
diffusion of various metal cations and an organic linker (2-
Met). To support our experimental observations, a detailed
reaction−diffusion model was developed consisting of the
steps of the formation of ZIF-8 analogues.

■ EXPERIMENTAL SECTION

Gel Preparation. Agarose powder (Sigma-Aldrich, Type I)
was dissolved in a mixture of distilled water and N,N-
dimethylformamide (DMF, Sigma-Aldrich), and the mixture
was continuously stirred using a magnetic stirrer (300 rpm) at
80−85 °C until complete dissolution of the agarose (∼10
min). Solution of cations (ZnSO4·H2O, CoCl2·7H2O, MgCl2·
6H2O, CdCl2·2.5H2O, CuCl2, FeCl2·4H2O, MnCl2·4H2O,
NiCl2·6H2O, Sigma-Aldrich, dissolved in a mixture of distilled
water and DMF) of various concentrations at room temper-
ature (22 ± 0.5 °C) was added to the agarose solution. The
homogenization was continued until the solutions reached 80−
85 °C again, after which the solution was gently poured into
test tubes (inner diameter and length of 8 mm and 10 cm,
respectively) creating a gel column of 6 cm. The gelation
process was accomplished in a refrigerator at ∼5 °C. After
gelation (∼24 h), the gel column was allowed to rest for 1 h at
room temperature and then a solution of 2-Met (Sigma-
Aldrich, dissolved in a mixture of distilled water and DMF)
was gently poured on top to create a liquid layer of 4 cm above
the solid hydrogel column. All experiments were carried out at
room temperature (22 ± 0.5 °C) usually for 1 week. In a set of
experiments, all solutions contained the same ratio of DMF
and distilled water.
In a reverse experimental setup, the 2-Met solution was

added to the agarose solution and after gelation, a solution of
ZnSO4 was poured on top of the gel column. In addition, all
experimental parameters were kept the same.
Samples Preparation for Scanning Electron Micros-

copy (SEM) and Powder X-ray Diffraction (PXRD)
Measurements. The test tube containing the gel column
was scratched with a glass cutting tool, and the tube was
carefully broken. The gel was slid out and sliced up at the
appropriate heights with a razor blade. The selected pieces of
gel (∼0.3−0.5 mm) were put into Eppendorf tubes (2 mL)
and dissolved in 1.5 mL DMF. The solution was centrifuged
for 15 min at 7000 rpm, and the supernatant was carefully
removed. The remaining precipitate was suspended in 1.5 mL
DMF and centrifuged again. These cleaning steps were
repeated three times. After the final centrifugation step, the
samples were dried at ambient conditions.
SEM and PXRD Measurements. The formed crystals

were investigated via SEM (Thermo scientific Apreo C)
applying a secondary electron detector (Everhart−Thornley
detector) and 10 kV accelerating voltage. The dry precipitate
was placed onto a conducting tape, and gold sputtering was
performed to maintain appropriate electrical conductance.
PXRD was applied to determine the crystalline phase of ZIF-

67 crystals. The dry precipitate sample was placed on a
monocrystalline silicon ingot and investigated with an X-ray
diffractometer (Rigaku MiniFlex II Desktop X-ray Diffrac-
tometer) with Cu Kα (= 0.1542 nm) as a radiation source (30
kV accelerating voltage, 15 mA current) at ambient temper-
ature in the 2Θ = 5−40 ° range applying a 0.02° step size.

■ RESULTS AND DISCUSSION
In a typical experiment, the metal cations (zinc(II), cobalt(II),
cadmium(II), copper(II), iron(II), manganese(II), and nickel-
(II)) were homogeneously distributed in the agarose gel in test
tubes. The aqueous environment does not create optimal
conditions for the formation of ZIFs. The most frequently used
solvent for the synthesis of ZIFs is DMF. Organic solvents
facilitate the deprotonation of 2-Met and thus the coordination
of the zinc ions with deprotonated 2-Met linkers. The
generation of ZIF-8 in the aqueous phase significantly differs
from the reaction steps in polar protic and aprotic solvents due
to the different deprotonation mechanisms of 2-Met. The
formation of ZIF-8 in an aqueous environment can be achieved
only in a high excess of the linker. DMF was tested to create
the solid gel structure using agarose in the 1:1 mixture with
water. Greater DMF content did not generate a solid gel.
Therefore, in most experiments, we used a 1:1 ratio of DMF
and water for the preparation of the gel containing the inner
electrolyte and the solution of the outer electrolyte as well. We
did not adjust the pH in the experiments. After the gelation
process (24 h), the solution of 2-Met was poured on top of the
gel column. All experiments were carried out at room
temperature (22 ± 0.5 °C). After 1 week, all test tubes were
photographed and the formed ZIF-8 analogues were extracted
from the gel matrix and subjected to scanning electron
microscopy (SEM) measurements. The detailed experimental
procedure and setup can be found in the Supporting
Information (SI, Figure S1).
We started our investigation to reproduce the formation of

periodic precipitation in the ZIF-8 (Zn2+/2-Met) system
(Figure S2)19 and the generation of similar structures in the
ZIF-67 (Co2+/2-Met) system (Figure 1). In the literature,

periodic precipitation of ZIF-8 and mixed (Zn2+/Co2+) ZIF
crystals has been previously reported.19 However, no periodic
precipitation (only formation of a continuous precipitation
zone) was observed in the ZIF-67 system. In contrast to this
observation, we report that a banded structure can be
generated in both pure ZIF systems. One can notice that the

Figure 1. Periodic precipitation (optical photographs, upper part) and
representative SEM micrographs (bottom part) of the formed crystals
extracted from the gel matrix in ZIF-8 (a) and ZIF-67 (b) systems
after 1 week of the reaction and diffusion of ZIF precursors at room
temperature. The cations were homogeneously distributed in the
agarose gel (0.5 m/V%, DMF/H2O ratio was 1:1). The concentration
of the outer electrolyte (2-Met) was 1.0 M.
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distance between the two consecutive bands in both systems is
greater once the concentration of the cations increases (Figure
1). This is the manifestation of the Matalon−Packter law of the
Liesegang system, namely, the spacing coefficient (defined as
the ratio of distances of two consecutive bands measured from
the gel−liquid interface) is linearly proportional to the
concentration of the inner electrolyte (in this setup, the
concentration of cations).30−32

We investigated the effect of the gel concentration on
pattern formation because the usual argument in the periodic
precipitation is that the gel does not contribute to the pattern
formation. Its role is only to create a convection-free
environment to prevent sedimentation of the formed
precipitate. However, some recent studies pointed out that
the gel can significantly affect the morphology of the pattern
due to the change of the pore size and internal area of the
gel.33−35 Figure 2a shows the effect of the agarose

concentration on the patterns; increased gel concentration
resulted in a continuous transition from the banded pattern to
a continuous one. This transition can be explained by an
increased agarose concentration that generates a denser gel
matrix with an increased internal surface area facilitating
heterogeneous nucleation events, which resulted in the
continuous development of the precipitation zone.35

An important aspect of the synthesis of ZIFs in an aqueous
phase is the usage of a significant excess of the organic linker
with respect to the cations.36−38 Usually, this concentration
ratio varies between 10 and 50 and facilitates the formation of
the charged cation−linker coordination complex, which is an
intermediate in the generation of final sodalite polymorph
(ZIF-8).39 We carried out experiments in a “revert”
experimental setup, namely, the zinc cations invaded from
the outside having a higher concentration than that of the 2-
Met in the gel (Figure 2b). Interestingly, in this case, we could
observe periodic patterns consisting of small spheres (∼0.1−
0.3 mm) at a high concentration of 2-Met (50 mM). Once this
concentration decreased, the periodicity of the pattern
disappeared, but the formation of the macroscopic spherical
precipitation particles sustained in the gel column produced a
continuous distribution of these particles.
In the literature, it is well-known that other transition cations

can coordinate to 2-Met generating various ZIF-8 ana-
logues.21,40 Other than zinc and cobalt cations, we selected
five other cations: cadmium(II), copper(II), iron(II),
manganese(II), and nickel(II). We obtained periodic precip-
itation of the ZIF-8 analogues in all cases (Figure 3). In cases

of copper, iron, and nickel, the pattern consisted of several
precipitation zones. However, in the case of cadmium and
manganese, only one separate band formed near the gel−liquid
interface. The whole range of the patterns formed at various
inner electrolyte concentrations can be found in Figure S3.
In the synthesis of MOFs, the chemical composition of the

solvent plays a crucial role in the final morphology, size, size
distribution, and crystallinity of the particles. In the most
widely used methods, the application of less polar solvents than
water has been suggested due to the more effective
deprotonation mechanism of 2-Met, which facilities the
formation of ZIF crystals.41 We carried out a series of
experiments in ZIF-8 and ZIF-67 systems to investigate the
effect of the solvent composition on the pattern structure. We
used mixtures of DMF and water ranging from the volume
ratio of 5:5 to 0:10 (DMF/water). At higher content of DMF,
we could not perform experiments because the gelation was
not completed producing a not solidified hydrogel matrix.

Figure 2. Periodic precipitation of the ZIF-8 system in the gel after 1
week of the reaction and diffusion of ZIF precursors at room
temperature. (a) Effect of the gel concentration on the morphology of
the pattern. The Zn2+ cation was homogeneously distributed in the
agarose gel (0.5 m/V%, DMF/H2O ratio was 1:1). The concentration
of the outer electrolyte (2-Met) was 1.0 M. (b) ZIF-8 patterns in
“revert” experiments, in which the 2-Met linker was homogeneously
distributed in the agarose gel (0.5 m/V%, DMF/H2O ratio was 1:1),
while the zinc ions diffused from outside.

Figure 3. Precipitation structures of ZIF-8 analogues in the gel after 1
week of the reaction and diffusion of ZIF precursors at room
temperature: (a) Cd2+, (b) Cu2+, (c) Fe2+, (d) Mn2+, and (e) Ni2+.
The cations were homogeneously distributed in the agarose gel (0.5
m/V%, DMF/H2O ratio was 1:1) with the concentrations: [Cd2+]0 =
20 mM, [Cu2+]0 = 20 mM, [Fe2+]0 = 100 mM, [Mn2+]0 = 20 mM,
[Ni2+]0 = 100 mM. The concentration of the outer electrolyte (2-
Met) was 1.0 M.
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Figure 4 shows the obtained macroscopic patterns, and it can
be seen that an increased DMF content in the solvent

facilitated the formation of periodic precipitation in both
systems. We found a transition from the periodic to continuous
structure when the DMF content decreased (increasing the
polarity of the solvent). This is because the deprotonation is
higher in a less polar solvent and a big portion of 2-Met is
present in a deprotonated form; therefore, the system behaves
like the regular Liesegang system involving the reaction of
oppositely charged ions. In contrast, a more polar environment
hindered the deprotonation; the concentration of the
deprotonated form of the linker decreased, and the excess of
the outer electrolyte is not sufficient to generate periodic
precipitation, similar to what happens in classic ionic systems
when the concentration of the outer electrolyte is low.
To get more insight into the formation of ZIF-8 analogues,

we characterized the formed crystals by using SEM. In Zn2+

and Co2+ systems, we found mostly octahedral-shaped crystals
(Figure 1 and Figure S4a,b) indicating the formation of ZIF-8
and ZIF-67. To verify the formation of ZIF-67 crystals in the
gel, we investigated the crystallinity of the crystals extracted
from the gel matrix by using powder X-ray diffraction (PXRD,
Figure S5). The XRD pattern shows excellent crystal structure
(we did not perform PXRD of ZIF-8 crystals because it was
already presented in the literature that ZIF-8 crystals formed in
periodic precipitation in agarose gel have a crystalline structure
and high porosity).19 In revert experiments, in which the zinc
ions (having greater concentration than that of 2-Met) invaded
into a gel, the formation of plate-like crystals was observed
(Figure S4c). Since in this setup, the high excess of the linker
was not fulfilled, we hypothesize the formation of the
thermodynamically most stable diamondoid topology frame-
work.42 In the case of cadmium ions, a few tens of micrometers
of spherical particles were formed (Figure S4d). In other cases
(copper, iron, manganese, and nickel cations), the precipitates
consisted of submicrometer amorphous particles (Figure S4 e-
h). It should be highlighted that using this diffusion-driven
crystal growth method, we could generate ZIF-67 crystals with
a size of ∼50 μm (Figure 1b), which is at least one order of
magnitude greater compared to the crystal size obtained in
bulk synthesis methods.43−45

To support our experimental findings, we developed a
reaction−diffusion model incorporating the formation of ZIFs

from the diffusion and reaction of cations and 2-Met. We
developed the following kinetic model to describe the
formation of ZIFs:

+ →4L M ML4 (1)

+ → +ML ML 2ML 4L4 4 2 (2)

+ → +ML ML 2ML 2L4 2 2 (3)

where L, M, ML4, and ML2 are the linker (2-Met), metal
cation, coordination complex, and the final ZIF product,
respectively. Equation 1 describes the coordination of the
linker molecules to the cation forming a tetrahedral structure.
The next step (eq 2) shows the formation of ZIF due to the
aggregation of the complexes. Once the ZIF is formed, it can
grow further by absorbing intermediates (eq 3). The reaction−
diffusion system can be described mathematically in one
dimension (along the gel column) by the following set of
partial differential equations:

∂
∂

= ∂
∂

− + Θ − * +l
t

D
l

x
k ml k c c c k cd4 4 ( ) 2L

2

2 1 2
2

3 (4)

∂
∂

= ∂
∂

−m
t

D
m

x
k mlM

2

2 1 (5)

∂
∂

= ∂
∂

+ − Θ − * −c
t

D
c

x
k ml k c c c k cd2 ( )C

2

2 1 2
2

3 (6)

∂
∂

= Θ − * +d
t

k c c c k cd2 ( )2
2

3 (7)

where l, m, c, and d are the concentrations of 2-Met, metal
cation, metal−linker coordination complex (ML4), and ML2,
respectively. It should be noted that the concentration of ML2
represents the concentration of the building units of ZIFs in
the system. In the model, the formation of the coordination
complex is continuous. However, the generation of the ZIF
structure from these complexes is a threshold limited step
using the Heaviside step function, namely, the process occurs
only if the concentration of the complex reaches a threshold
concentration. This is a reflection of the existence of the
solubility product. We solved the reaction−diffusion equations
(eqs 4−7) numerically by using the method of lines technique
on a 1D equidistant grid. The finite difference spatial
discretization scheme was combined with a forward Euler
method to solve the resulting set of ordinary differential
equations. We applied the following initial conditions l(t = 0,
x) = 0.0, m(t = 0, x) = 2 × 10−2, c(t = 0, x) = 0, and d(t = 0, x)
= 0 to reflect the initial experimental conditions, namely, the
metal cations were uniformly distributed in the
gel matrix. We used Dirichlet and no-flux boundary
conditions for all chemical species at x = 0 (l(t,x = 0) = 1.0,
m(t,x = 0) = c(t,x = 0) = d(t,x = 0) = 0), and x = N (

= = = =∂
∂ =

∂
∂ =

∂
∂ =

∂
∂ =

0l
x x N

m
x x N

c
x x N

d
x x N

), where N is the

length of the simulation domain. The developed reaction−
diffusion model could qualitatively reproduce the experimen-
tally observed periodic banded structure (Figure 5a). The
distance between two consecutive zones increased as the
position of the band measured from the gel−liquid interface
increased. Our model could reproduce the pattern transition
induced by the gel concentration (Figure 5). The effect of the
gel concentration was taken into account as the diffusion

Figure 4. Effect of the solvent composition in ZIF-8 and ZIF-67
systems in the gel after 1 week of the reaction and diffusion of ZIF
precursors at room temperature. The cations were homogeneously
distributed in the agarose gel (0.5 m/V%). The concentration of the
outer and inner electrolytes was [Zn2+] = 20 mM, [Co2+] = 10 mM
and 1.0 M, respectively.
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coefficient of metal−linker coordination complex varies since
denser gel (high gel concentration) has a smaller pore size and
greater internal surface area inducing a decrease in the
apparent diffusion coefficient of the complex.35 The diffusion
coefficients of the reagents, since those are small hydrated ions,
were not changed in the simulations.
We performed a sensitivity study on how the reaction rate

coefficients in the reaction−diffusion model affect the
morphology of the pattern (Figure S6). We found that the
most significant effect has k3 (eq 3), and the less effective
kinetic parameter is k1 (eq 1). Varying k3 from 5 × 10−2 to 5
(Ms)−1, we could observe a crossover from a continuous
pattern formation to a banded one (Figure S6c). During this
process, the width of the zones decreased, but the number of
the zones increased. Equation 3 represents the crystal growth;
slow crystal growth (k3 is small) favors the formation of
continuous precipitation. However, when the crystal growth is
fast (k3 is high), the formed nuclei deplete the coordination
complex in the vicinity of the nucleation site; thus, further
nucleation (eq 2) can occur only farther from this nucleation
site facilitating the formation of periodic precipitation (banded
structure).

■ CONCLUSIONS

In conclusion, we have presented that periodic precipitation
exists in various ZIF systems comprising transition metal
cations and 2-Met. The main message of our results is that we
can extend the universality of the periodic precipitation
phenomenon known over 120 years. The Liesegang phenom-
enon is not limited to the precipitation of inorganic ions and
nanoparticles, but a new sub-class of them is the system
generated by diffusion and reactions of metal cations and
organic linkers. We envisage other MOF systems in which
similar pattern formation may occur. A big advantage of the
synthesis of the MOFs in gelled media is that bigger and more
tunable crystal size can be achieved than in classical bulk
synthesis methods because the solid matrix ensures optimal
conditions for the crystal growth through the reaction and
diffusion of the reagents.18,19
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Figure 5. Spatial distribution of formed ZIFs in the gel matrix in the
simulations varying the diffusion coefficient of the metal−linker
coordination complex (a) DC = 5 × 10−10 m2 s−1, (b) DC = 10−10 m2

s−1, (c) DC = 5 × 10−11 m2 s−1, and (d) DC = 5 × 10−12 m2 s−1. The
following parameters were used: DL = DM = 10−9 m2 s−1, k1 = 10−1

(Ms)−1, k2 = 5 × 10−4 (Ms)−1, k3 = 5 × 10−1 (Ms)−1, c* = 5 × 10−3

M. The grid spacing (Δx) and time step (Δt) in the numerical
simulation were 5 × 10−4 m and 0.5 s, respectively.
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