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Liesegang Banding for Controlled Size and Growth
of Zeolitic-Imidazolate Frameworks

Rita Zakhia Douaihy, Mazen Al-Ghoul,* and Mohamad Hmadeh*

Here, the formation of periodic precipitation (Liesegang bands) from hybrid
(organic—inorganic) components is reported, namely ZIF-8, ZIF-67, and their
mixed metal derivatives. The spacing and width laws that characterize the
Liesegang system are determined and the resulting pattern is exploited to
crystal engineer various sizes and doping of the ZIF material. Several key
parameters that govern the crystallization process of ZIF-8 are investigated in
each band and the growth of the particles in each band is found to follow an

Ostwald ripening mechanism.

Zeolitic imidazolate frameworks (ZIFs) represent a distinc-
tive subclass of metal-organic frameworks (MOFs)!!J that con-
sists of M-IM-M units where M refers to the metal cations
(e.g., Zn (II), Co (II)), and IM refers to the Imidazolate linkers
(e.g., 2 methyl-Imidazole, benzimidazole). Their importance
is due to their porosity,? high crystallinity,}! and chemicall34
and thermal stability.*>] They are used in various applica-
tions including separation and gas storage,l®’] catalysis,’!
encapsulation of small molecules® and drug delivery.”] There-
fore, the control of the size and morphology of their crystals
is considered an essential endeavor.'” Particularly, ZIF-8I34
is one of the most studied ZIF material that is characterized
by a robust porous structure®! and has been synthesized using
various techniques. > Interestingly, when Zn(Il) cations are
partially or totally substituted by cobalt within the same ZIF-8
topology,1°©12l the resulting heterometallic framework exhib-
ited enhanced gas separation and photocatalytic properties.!!3]
However, the direct synthesis of these heterometallic ZIFs is
a challenging task due to the possible separation into a phys-
ical mixture of ZIF-8 and ZIF-67, in addition to the difficulty
of controlling the cobalt-doping percentage within the same
framework.

A new method for the synthesis of MOF-1991"Yl and ZIF-8!"!
via a reaction—diffusion framework (RDF)!'% was recently devel-
oped by our group. RDF is a method that involves continuous
precipitation reactions triggered by diffusing a concentrated
solution of one coprecipitate (outer electrolyte) into a tube
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containing a gel medium with the other
coprecipitate (inner electrolyte).l'’] The gist
of this method is based on establishing a
propagating supersaturation wave whose
extent decreases as it moves down the
tube. Since crystal nucleation and growth
highly depend on supersaturation, this
setup translates into a gradient in crystal
sizes extending over space: small crystals
are incepted early on where nucleation
dominates, and larger crystals grow far-
ther where growth governs the crystalliza-
tion of the product.’® In specific mineral
systems, the nonlinear coupling of precipitation reactions
with crystal nucleation and growth leads to the formation of a
pattern consisting of a series of alternative precipitate bands
separated by precipitate-free zones,['”) which is known as the
Liesegang banding phenomenon!'?% (Scheme S1, Supporting
Information). This banding phenomenon is governed by var-
ious scaling laws that portray the detailed macroscopic features
of the emerging pattern. The spacing law!'®2!l characterizes the
increasing distance between consecutive bands and is illus-
trated by the spacing coefficient p extracted from the slope of
the linear plot of x,,,; versus x, in the equation

Xpn1 /Xy =1+ Dp (1)

where x, denote the location of the n™ band. The dependence
of the spacing coefficient on the inner (by) and outer (a,) con-
centrations is given by the Matalon—Packter law according to
the following equation!??!

p=F(by)+G(bo)/a (2)

The width law,[1®23 which characterizes the width w, of the
n band located at x,, is written as

W, = xy G)

where the width exponent can be extracted from the log-log
plot of Equation (3). The control of the spacing parameter p and
exponent allows us to design well-separated bands with adjust-
able thickness, which can be exploited in the control of particle
size, dispersion, and ease of extraction. While the Liesegang
phenomenon has only been observed in a large variety of spar-
ingly soluble inorganic salts,?*! there has been so far no reports
of Liesegang patterns in hybrid or other materials. Herein, we
describe the first Liesegang system made of ZIF-8, ZIF-67, and
their solid solution crystals. This system is characterized by the
scaling laws described above. Furthermore, we show how to
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Figure 1. Synthesis of ZIF-8 crystals via the Liesegang banding in the reaction—diffusion framework (RDF). Polyhedral crystals, observed within different
bands in the tube, are identified as ZIF-8 by comparing its PXRD pattern (red) with the simulated pattern of ZIF-8 (blue).

exploit the Liesegang pattern to engineer ZIF monodispersed
single crystals with various sizes and doping compositions.

Liesegang bands of ZIF-8 particles are formed by using zinc
sulfate (or cobalt sulfate in the case of ZIF-67) as the inner elec-
trolyte and the organic linker 2-methylimidazole (HmIm) as
the outer solution. A hot solution of zinc sulfate is dissolved in
a hydrogel (1% agar) with an equal volume of N,N-dimethylfor-
mamide (DMF). After gelation in a tube, an aqueous solution
of 2-methylimidazole is poured on its top (see the Experimental
Section in the Supporting Information for more details). In the
case of the doping experiments, mixtures of zinc and cobalt
sulfate with various compositions are used as inner electro-
lytes. The diffusion of the HmIm solution into the gel matrix
leads to the formation of a white precipitate (purple in the case
of cobalt) as shown in Figure 1. After 3 days of propagation, the
precipitation region of the tube is divided into equidistant con-
secutive zones of 0.5 cm thickness. They are thereafter extracted
and washed several times in hot DMF and dichloromethane
(DCM) to dissolve the gel and remove unreacted species, then
dried in a vacuum oven at 100 °C. The dried powder is then
subjected to powder X-ray diffraction (PXRD) analysis for struc-
tural identification. The obtained PXRD pattern is assigned to
ZIF-8 diffraction pattern, with all its main peaks (Figure 1). No
additional peaks are observed, which reveals the purity of the
sample.

After we established the identity of the crystals, the spacing
and width laws that characterize the macroscopic features of the
Liesegang pattern are investigated. The measurements of the
band position x, and the band width w, are carried out using
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digital photography and Adobe Photoshop and plotted versus
the band number n (Figure S1, Supporting Information). The
spacing coefficient p and the width exponent ¢ are then com-
puted as shown in Table 1. For this system, p ranges between
0.114 and 0.230. These positive values indicate an increasing
spacing between the bands thus defining a direct spacing pre-
cipitation system.?] Moreover, a varies between 1.10 and 1.60
following the same trend stated by Droz et al.?3! By combining
the scaling considerations with the conservation law of the
number of particles obtained is close to 1. Furthermore, the
Matalon—Packter law for this system (Equation (2)), reveals that
F and G are increasing functions of b, in contrast to other dif-
ferent systems where F and G are decreasing functions of the
inner concentrations.??

The morphology of the collected particles from the extracted
zones is then investigated using scanning electron microscopy
(SEM) after being coated with a layer of gold. Starting at the
gel-outer solution interface of zone 1, spherical ZIF-8 particles
are obtained at the first minute of growth followed by a transi-
tion to polyhedral particles after 5 min (Figure S2, Supporting

Table 1. Spacing coefficient p and width exponent o as a function of the
inner [Zn?*] and outer [HmIm].

Inner concentration [x 107 v] Outer concentration [m]

5.0 10 20 0.5 1.0 15
p 0.114(6)  0.128(7)  0.153(4)  0230(2)  0.222(4)  0.203(5)
o 1.10(6) 1.13(9) 1.50(9) 1.60(8) 1.44(6) 1.30(7)
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Figure 2. Scanning electron microscopy images of ZIF-8 obtained from six consecutive zones (0.5 cm thickness) with [Zn?"] =20 x 1073 m and [HmIm] =
1.0 M and 1% gel at 25 °C. The insets represent the particle size distribution in each zone (um). The scale bar is 2 um.

Information). Going down the tube through different zones,
the SEM images show sharp edged polyhedral crystals with
increasing particle size. Moreover, although the particle size
distribution (insets in Figure 2) increases as we move into
lower zones, it is still relatively narrow. This trend is a charac-
teristic of RDF, whereby smaller particles are obtained at the
interface where nucleation dominates (highest supersatura-
tion) and bigger particles are formed away where the rate of
crystal growth surpasses the rate of nucleation (Figure 2). This
quasi-linear trend in particle size is in agreement with pre-
vious work on inorganic systems.'8"! Particularly, we observe
an increase in the spongy character?® of the ZIF polyhedra as
we go far from the interface regardless of the outer concentra-
tions, the agar percentage and the temperature (Figure 2 Z6
and Figures S3-S6, Supporting Information). Furthermore,
the collected crystals from various zones are subjected to
Brunauer-Emmett-Teller BET and thermogravimetric anal-
ysis (TGA). The N, adsorption isotherm of the activated
sample is carried out and the BET surface area is calculated
to be 1430 m? g™! for our ZIF-8, which is in accordance with
the reported values (Figure S7a, Supporting Information).
Moreover, the thermal stability (up to 550 °C) is further con-
firmed by TGA (Figure S7b, Supporting Information). These
analyses implicate that the RDF technique does not overall
affect the structural and textural properties of the synthesized
ZIF despite the observed macro porosity in later zones. More
importantly, this synthesis approach is found to be scalable by
simply using large reactor instead of a small tube and similar
Liesegang banding is observed therein (Figure S8, Supporting
Information).

The Liesegang banding is then exploited to engineer mono-
disperse ZIF crystals and perform controlled cobalt doping on
them. For this aim, various experiments are carried out using
different adjustable experimental parameters such as the
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concentration of the reactants, the temperature and the gel
percentage. In all these cases, assorted trends are obtained,
and we are able to obtain crystal sizes ranging from =100 nm
to =7 um across the different zones within the same tube. We
also notice that the dispersity of the particle size extracted
from all the zones is very small. At a fixed outer concentra-
tion [HmIm] = 1.0 M the size of the ZIF particles increases
with the inner [Zn?'] and starts to differentiate appreciably
after the third zone (Figure 3a). On the other hand, the trend
is reversed for fixed inner [Zn?*] = 20 X 10~ m and increasing
outer concentration [HmIm] (Figure 3b). The concentration
of agar is also a major parameter in RDF. While the gel pro-
vides a convection-free environment of a better crystal growth
process, it also restricts the final size that the crystals reach
within its pores. In fact, a relatively high gel percentage leads
to a decrease in the average gel pore size, an increase in
the number of nucleation sites and a decrease in the rate of
growth due to the augmentation of the number of defects.[?’]
This results in a decrease in the average particle size as clearly
exhibited in Figure 3c. where smaller crystal sizes are con-
sistently obtained at higher gel percentage. Additionally, the
effect of temperature on the average particle size is investi-
gated. The increase of the temperature is accompanied by an
increase in the rates of nucleation and growth, thus leading
to an increase in the particle size as shown in Figure 3d and
Figures S3-S6 (Supporting Information). It is also noticeable
that although the speed of the reaction—diffusion process has
increased with temperature, leading to larger distances of
propagation (location of the last zone in Figure 3d) as well
as to larger widths of the individual Liesegang bands, the dis-
persity of the particle size among the zones is not affected
and remains markedly small. The growth of the particles in
each band is found to follow an Ostwald ripening/?®! as evi-
denced from the value of the exponent y of the fit (Figure S9,
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Figure 3. Particle size of ZIF-8 particles as a function of the zone position x, at a) different inner concentrations (([HmIim] = 1.0 m, 1% gel), b) dif-
ferent outer concentrations ([Zn?*] =20 x 1073 m, 1% gel), c) different agar percentages ([Zn?*] = 20 X 1073 m, [HmIm] = 2.0 m), and d) different
temperatures ([Zn%] =20 x 107* v, [HmIm] = 1.5 m, 1% gel). The error bars represent the standard error on the mean with a number of particles

N =100.

Supporting Information) of the average size of the particles
(Dy) in zone 1 as a function of time (#)

D, =[Dy" +k (t—t,)]" )

where 7 is 0.30 that is close to 1/3, which favors an Ostwald
ripening mechanism.

Mixed metal Zn-Co-ZIFs can be also synthesized fol-
lowing the same procedure by using different initial con-
centrations of cobalt and zinc salts in the outer solution.
Purple Liesegang bands are observed until zinc is completely
replaced by cobalt when a continuous (not discrete) precipita-
tion zone of ZIF-67 emerges. The average size of the doped
crystals is the same as those in pure ZIF-8 under the same
conditions. The final metal ion composition in five consecu-
tive zones (Figure 4) is then determined using atomic absorp-
tion (see the Experimental Section in the Supporting Infor-
mation for more details). At all ratios of initial concentrations
(Ro = [Co]¢:[Zn]y), the incorporation of cobalt into the ZIF
structure in all the five zones was efficient and determined
to be slightly smaller than R, (Figure 4). Fascinatingly, the
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SEM images of the solid extracted from the leading Z5 region
reveal a 2D nanosheet-like morphology whereas well-defined
polyhedral particles are obtained in the preceding zones (Z1-
73). The PXRD pattern of the nanosheets is attributed to
ZIF-L. This type of polymorphic transformation from ZIF-L
to ZIF-67 was recently reported.?) Z4 in Figure 4 repre-
sents the phase transition region where the attachment of
the nanosheets to form polyhedral structures is observed
(Figure 4).

In conclusion, we report for the first time a hybrid organic—
inorganic system, namely ZIF-8 that exhibit Liesegang bands.
The macroscopic Liesegang laws that govern the emerging
pattern are then exploited to crystal engineer ZIF-8, ZIF-67
and their mixed metal derivative in a controlled manner. Con-
sequently, crystal sizes ranging from about 100 nm to a few
microns can be obtained. Moreover, the composition of mixed
metal ZIF can be also be tuned. We show that the crystals
within the bands grow via Ostwald ripening. Such reaction—
diffusion mechanism can thus be utilized to make various
MOF and ZIF material with mixed metal and/or mixed
linkers.
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Figure 4. SEM images of different zones as labeled on the reaction tube. Sheets extracted from Z5 correspond to ZIF-L as indicated in the XRD pattern.
The sheets transform to ZIF-67 crystals in Z3. Z4 corresponds to the transition region between the 2D and the 3D crystals. The doping of cobalt as a
function of zone number and initial cobalt concentration is shown in the 3D bar graph.
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