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Here we show a time-programmed and autonomous synthesis of
zeolitic imidazole framework-8 (ZIF-8) using a methylene glycol—
sulfite clock reaction. The induction period of the driving clock
reaction, thus, the appearance of the ZIF-8 can be adjusted by the
initial concentration of one reagent of the chemical clock. The
autonomously synthesized ZIF-8 showed excellent morphology
and crystallinity.

Metal-organic frameworks (MOFs) are unique 2D or 3D hierarchical
porous materials self-assembled from metal cations and organic
linkers."® MOFs have been used in gas storage,>™ gas separation,>®
chromatography,”® heterogeneous catalysis,”'® and targeted drug
delivery.""'* The recent trend is that various MOFs have been
applied in electronic applications since they have special and
unique charge transport properties.”>'* There are several synthetic
routes that have been exploited to generate MOF structures. The
most robust and firstly developed technique is the solvothermal
method, in which metal salts and organic linkers are dissolved in a
solvent and mixed in a reactor. The common solvents used include
N,N-dimethylformamide (DMF), N,N-diethylformamide (DEF),
methanol, and acetonitrile."”>™"” The temperature of the synthesis
is generally greater than the room temperature. Later, other power-
ful techniques have been developed such as electrochemical,
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hydrothermal, mechanochemical, microwave-assisted, and flow-
driven routes.'$?

In the framework of environmental sustainability, there is
an increasing demand to develop green synthesis methods to
generate high stability and high porosity MOF crystals using
water as a solvent. Moreover, an aqueous environment allows to
take advantage of the aqueous acid-base chemistry to gain
better control over the environmental conditions and would
permit to implement smart synthetic routes by employing
known autonomous chemical systems.

Using these systems (such as clock reactions, enzymatic
reactions) to drive the self-assembly of various components
and supramolecular gelation has recently gained much interest
due to its versatile applicability.>*>° The main idea in these
applications is that the building blocks of the system (such as
nanoparticles, polymers, macromolecules) are sensitive to the
response generated by the autonomous driving system (pH,
redox potential, concentration of the product).>'* It should be
noted that usually, these driving systems contain harsh (e.g.,
oxidative) initial reagents and intermediate products that may
interfere with the building blocks limiting the applicability of
these autonomous systems.*® Therefore, the application of
autonomous chemical reactions in materials synthesis and
design remains challenging. However, the application of these
reactions may provide two very important benefits for the synthesis.
First, the process is autonomous and starts after a given time
(induction period) that can be efficiently programmed by adjusting
the experimental conditions (concentration of the initial reagents,
temperature). This differs from the regular synthesis methods, in
which the synthesis starts immediately after mixing the reagents.
Secondly, in classical approaches, the experimental factors such as
temperature, pH, and solvent composition remain fixed in the
course of the synthesis. In chemical clock-type reactions (including
autocatalytic and enzymatic reactions) the concentration of the
products (for example, the concentration of the hydrogen ions, ie.,
pH) and the rate of its change, which drive the synthesis, change
continuously in time. The rate of the concentration change in the
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course of the clock reaction can be precisely controlled by the initial
concentration of the reagents and experimental conditions. We can
hypothesize that both continuous concentration change and the
rate of the concentration change might favorably affect the regimes
of the synthesis (e.g., nucleation and growth).

In this work, we present an autonomous chemical system that
can be used to drive the synthesis of new materials or to
reinterpret and improve established synthesis methods. To prove
our design concept, we show a chemically coded and time-
programmed synthesis of zeolitic imidazole framework-8 (ZIF-8)
using the methylene glycol-sulfite clock reaction®*~° as a driver of
the process in the aqueous phase. We chose ZIF-8 because it is
one of the most known representative molecules within MOFs,
and it has been extensively studied in the past.*” Therefore, it
serves as a model system for the generation of other MOFs.

All experiments were carried out in a batch setup (round
glass cuvette, V = 24 mL) by mixing four solutions to produce
the given concentrations of the chemical species in the reactor:
(i) sodium sulfite/sodium bisulfite buffer ([SO;> ], = 5 —
60 mM, [HSO; |, = 1200 mM); (ii) 2-Methylimidazole (2-Met)
solution ([2-Met], = 100 mM); (iii) zinc sulfate solution ([Zn**], =
2 mM) and (iv) formaldehyde solution (1200 mM) (which
contained in one case glucono-d-lactone (100 mM)). The con-
tents of the reactor were continuously stirred by using a
magnetic stirrer at 350 rpm. The pH and the turbidity change
in the cuvette were monitored by a pH electrode (Mettler
Toledo) and UV-Vis spectrophotometer (VWR UV-1600 PC) at
room temperature (22 + 0.5 °C), respectively (for details see the
ESIt). At the beginning of the methylene glycol-sulfite reaction
(induction period, first stage), the pH changed slowly due to the
buffer capacity of the sulfite/bisulfite system. When all the
buffer is consumed, the pH suddenly increases by jumping
roughly 4 pH units due to the reaction of sulfite with methylene
glycol (second stage). A high excess of 2-Met was used in the
experiments because this ensured the formation of ZIF-8 in the
aqueous environment.*!
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The autocatalytic reaction started at pH ~ 5.5, at this acidic
range the formation of ZIF-8 did not occur. However, once the
pH reached ~ 8.5, the generation of ZIF-8 particles started as
manifested by the turbidity increase of the samples (Fig. 1).
Further pH increase involved further turbidity change. However,
once the pH reached a plateau, the turbidity stopped increasing
after some time depending on the concentration of the sulfite,
showing that the formation of ZIF-8 was driven by the methylene
glycol-sulfite autocatalytic reaction. We carried out a control
experiment to investigate whether the chemical clock reaction is
the driving phenomenon in the time-programmed synthesis.
The solutions of zinc and 2-Met were mixed and stirred con-
tinuously. The turbidity change started only at ~ 90 min even
though the initial pH was 9.3 and it dropped by 0.3 units (Fig. S1,
ESIT). The explanation of this observation can be that at higher
(alkaline) pH the concentration of the zinc-protonated 2-Met
complex (which is a precursor of ZIF-8) is higher than at the
slightly acidic range (where the double protonated form of 2-Met
is dominant)."" This high concentration causes high supersa-
turation which resulted in small ZIF-8 nuclei (having no Mie-
scattering) which grow further slowly in time providing a shift in
the turbidity. However, when the pH gradually increases by the
clock reaction from the acidic region, at pH when sufficient
protonated 2-Met are present, the concentration of the complex
is lower, thus lower supersaturation results in bigger particles
which is manifested in the faster appearance of turbidity.

High initial concentrations of bisulfite and formaldehyde
were used compared to the system with the absence of 2-Met®’
because of the base hydrolysis of 2-Met. Fig. S2 (ESI{) presents
the effect of the initial concentration of the formaldehyde on the
induction period and pH change generated by the clock reaction.

There are two important features that should be discussed.
First, it can be seen that the induction time (defined as the time
to reach the highest reaction rate, measured from the begin-
ning of the experiment) varied with a trend in the experiments.
In our setup, it ranged between 7 and 22 s depending on the
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Fig. 1 Time-resolved pH (a) and turbidity (b) (defined as absorbance at 2 = 600 nm) curves of the methylene glycol-sulfite reactions in the presence of
zinc ions ([Zn®*]; = 2 mM) and 2-methylimidazole ([2-Metl, = 100 mM) using various initial sulfite concentrations (5, 10, 20 40, and 60 mM) in

experiments.
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initial concentration of the reagents; here, we changed the
concentration of the sulfite. Higher sulfite concentration
resulted in a shorter induction period and faster appearance
of the ZIF-8 particles (Fig. S3, ESIT). In this manner, since the
ZIF-8 synthesis is pH-dependent, the start of the generation of
ZIF-8 particles can be feasibly manipulated autonomously. It
should be noted that at lower concentrations of the sulfite, the
maximum rates of both pH and turbidity changes were low. The
maximum rate of the pH change increased with the sulfite
concentration. However, the maximum rate of the turbidity
change at higher sulfite concentrations ([SO;* ], > 20 mM)
remained constant (Fig. S4, ESIT). Secondly, one can observe a
counterintuitive trend. A continuous increase of the sulfite
concentration generated higher pH and higher turbidity of
the samples. However, when the concentration reached
[SO5>"]o = 20 mM, we obtained the highest turbidity (Fig. 1b),
its further increase generated higher pH, but lower turbidity.
This can be explained by a concurrent process, namely the
formation of zinc hydroxide and its complexes. At this range,
higher pH generates more zinc hydroxide and zinc hydroxo-
complexes (Fig. S5, ESIt).

To characterize the morphology and crystalline structure of
the synthesized ZIF-8 crystals, we performed scanning electron
microscopy (SEM) and powder X-ray diffraction (PXRD) mea-
surements (Fig. 2 and Fig. S6, ESIt). To use this chemically
driven approach to synthesize other materials, it is inevitably
important to examine and study the side effects that originated
from the driving system. The SEM analysis of the samples
revealed that the optimal conditions for the formation of ZIF-
8 crystals are at moderate sulfite concentration ([SO3>], =
20 mM), (Fig. S6, ESIt). In this case, the PXRD pattern revealed
an excellent crystallinity of the formed crystals (Fig. 2b). At low
sulfite concentrations ([SO;> ], < 20 mM), the generated lower
pH did not create an optimal condition for the formation of
dodecahedral ZIF-8 crystals (Fig. S6a and b, ESIf). At high
sulfite concentrations ([SO;> ], > 20 mM), the morphology of
the crystals differs from the dodecahedral shape (round shape
crystals) compared to the morphology of the crystals obtained
at [SO;> Jo = 20 mM (Fig. S6d and e, ESIt). We carried out
control synthesis experiments in the absence of the clock
reaction and observed the formation of plate-like crystals,
which may correspond to the formation of the diamondoid
topology (Fig. S7, ESIT).*> Based on this result and the time
domain of the clock reaction, we can conclude that the clock
reaction can control the nucleation event rather than the crystal
growth.

To illustrate our design concept, we developed a kinetic
model that successfully reproduced the experimentally
observed trend (Fig. S8, ESIt). The model contains the methyl-
ene glycol-sulfite autocatalytic reaction mechanism coupled to
the formation of ZIF-8 and zinc hydroxide, and its complex
formation in the excess of base (see ESIt for details). 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
(MIMH).**** These solvents themselves act as deprotonating
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Fig. 2 SEM micrographs (a) and PXRD pattern (b) of the synthesized ZIF-8
crystals using the methylene glycol-sulfite clock reaction using [SOs> o =
20 mM ([HCOHIJg = 1300 mM, [HSOs7]p = 1200 mM, [Zn?*]g = 2 mM, and
[2-Met]g = 100 mM).

agents. However, in the aqueous phase, the mechanism is more
complicated since the deprotonation of 2-Met (MIMH) does not
occur even at a higher alkaline range because of its high pK,
value (pK, was reported between 14 and 15).*"** The discussion
of the formation of ZIF-8 in the aqueous phase can be found in
the ESL. ¥

Our kinetic model could reproduce qualitatively two key
features observed in experiments, namely the delayed for-
mation of ZIF-8 and the maximum yield of ZIF-8 at moderate
sulfite concentration (Fig. S8, ESIT). The kinetic model explains
the latter phenomenon. At lower pH regions generated by the
clock reaction (using low initial sulfite concentrations), the
concentration of the zinc hydroxide and its complexes are
relatively lower (i.e., more ZIF-8 can be generated). However,
after a certain pH, any further pH increase generates a greater
amount of zinc hydroxo-complexes in the system thus the
concentration of the ZIF-8 (turbidity in the experiments)
decreases even though the pH was increased (Fig. S8, ESIT).

The methylene glycol-sulfite autocatalytic reaction coupled
with the hydrolysis of a lactone (e.g., glucono-d-lactone) can
generate a subsequent pH decrease in the system.*"**?° Since
the formation of ZIF-8 is reversible and pH-dependent, using
this system, we could present a delayed formation and dissolution
of the formed ZIF-8 (Fig. S9a, ESIf). ZIF-8 disintegrated at
pH ~ 8.5 which was perfectly captured by the extended kinetic
model (Fig. S9b, ESIt). The time-domain of the existence of ZIF-8
in this system is short (~20 s), however, it can be expanded by
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using lactones having a slower hydrolysis rate (e.g., 5-valerolactone).>"
This result might help to design MOF oscillators in which the
autonomous pH oscillators could drive the reversible formation
of MOF structures.

In conclusion, we have shown that a time-programmed and
autonomous synthesis of ZIF-8 can be realized by using the
methylene glycol-sulfite chemical clock. In the induction period,
the pH is not high enough to initiate and drive the synthesis of
ZIF-8, i.e., the system is in a dormant state. The synthesis starts once
the pH reaches a threshold value. The induction period and, there-
fore, the start of the formation of ZIF-8 crystals can be controlled by
the concentration of one reagent (sulfite). We have found that in an
optimal case, the formed crystals have excellent crystallinity, and the
driving chemical system controlled the formation of ZIF-8. Our
results can open up new routes in the application of non-linear
chemical reaction networks in material synthesis.
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