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Metal—-organic frameworks (MOFs) are promising electrochemical energy storage materials for batteries
and supercapacitors, gas storage materials, and adsorption materials for adsorption heat pumps. An
obstacle to their practical application is the conversion of powdered MOFs into bulk bodies. Using MOF
gels is a promising method; however, to date, only a few MOF gels have been identified for synthesis,
and a unified strategy for synthesizing the desired MOF gels is unclear. This study explored the gelation
conditions for zeolitic imidazolate framework (ZIF) gel synthesis using acetate by efficiently targeting
multiple ZIFs via high-throughput screening and subsequent batch synthesis. Here, novel ZIF-zni and
ZIF-61 gels were synthesized and characterized. These gels formed dense and mechanically rigid films
on multiple substrates via simple coating and drying processes. This process has excellent industrial
feasibility; therefore, the results are critical for the practical application of ZIF-zni and ZIF-61 films on
desired substrates. Moreover, the unique application of the potential of the obtained ZIF-zni and ZIF-61
gels as structural adhesives for metals was investigated. The shear strength of the adhesive exceeded
30 MPa. This value exceeds those of previously reported MOF adhesives. Furthermore, using data
obtained from high-throughput screening experiments, the influence of the synthesis conditions on wet
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through statistical modeling. Several factors like reactant concentration were estimated to have

DOI: 10.1039/d3ta06719j statistically significant effects on gelation, which is critical in determining the widely applicable

rsc.li/materials-a conditions for gelation.

method,"° in situ synthesis,*** sputter/atomic layer deposi-
tion,* chemical solution deposition,**** chemical vapor depo-

1 Introduction

Advancing energy materials is an immediate need to overcome
the energy crisis caused by a rapidly growing population and
dependence on fossil fuels."” MOFs are porous crystalline
materials composed of metal ions and organic ligands. Because
of their controllable morphology, high specific surface area, and
multifunctionality, they are expected to be electrochemical
energy storage materials, for example, in batteries and super-
capacitors, gas storage materials, and adsorption materials for
adsorption heat pumps.

Synthesized MOFs are often obtained as fine particles.”
However, handling the powder form in industrial environ-
ments, such as pressure, temperature, and vacuum swing
adsorption systems, is challenging. Hence, it is crucial to keep

3-12

MOFs in a rigid bulk form to maintain reliable performance.***¢

The widely investigated method of bulking is the formation
of films with suitable substrates as in the layer-by-layer

Toyota Central R&D Labs., Inc., Nagakute, Aichi, Japan. E-mail: umehara@mosk.
tytlabs.co.jp
DOLI:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d3ta06719j

(ES)

9102 | J Mater. Chem. A, 2024, 12, 9102-9112

sition,” etc. Refer to papers®®>' for a survey of these studies.
Monolithic composites are also effective with silicone,™ poly-
mers of intrinsic microporosity (PIM),*** polyvinylpyrrolidone
(PVP),** polydimethylsiloxane (PDMS),** and poly(1,4-phenylene
ether-ether-sulfone) (PPEES)** as binders. Rigid MOF
composites with desired shapes can be obtained using binders
with excellent plasticity and mechanical strength. More prior
studies are detailed in ref. 14 and 37-39.

Pure MOF-only bulk bodies without binders have been
actively studied owing to their superior volumetric perfor-
mances. This includes monolithization by simple powder
compaction® and MOF powder sintering by mild drying.*"*
However, these methods have poor mechanical strength and
industrial feasibility, respectively. Methods for forming films
and monoliths using MOFs in the gel state or metal-organic
gels (MOGs) have recently been proposed and are actively
studied.>***-*¢ This method has attracted considerable attention
owing to its potential to create bulk bodies with excellent
mechanical strength using a variety of industrially feasible
coating methods.*”>®

This journal is © The Royal Society of Chemistry 2024
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However, the conditions required for forming MOF gels are
not well understood. MOF gels consist of discrete crystalline
nanoparticles forming a colloidal network through weak non-
covalent interactions in the liquid phase. It is believed that
smaller particle size is more favorable for gel formation.
Therefore, the ease of gel formation in various MOFs is
considered to be related to their crystallization behavior.”
Nonetheless, the crystallization mechanism of MOFs has not
been fully clarified because phenomena that cannot be
explained by classical nucleation theory, such as a decrease in
the crystallization rate of MOFs with increasing reactant
concentration, have been reported.* In addition, experimental
studies on the formation of MOF gels have shown that the
formation of MOF gels is affected by the choice of metal source,
presence of water, reactant concentration,*® temperature,*
presence of a base, solvent,* etc., and a unified strategy to
determine the conditions for synthesizing the targeted MOF
gels is not clear. Therefore, there are a limited number of MOFs
for which gel synthesis methods are already known, as
mentioned above. Recently, a sol-gel-derived film preparation
method for the zeolitic imidazolate framework (ZIF), one of the
most representative MOF classes and promising gas adsor-
bents, has been proposed.*® Combining this method with the
optimized temperature and pressure during the film prepara-
tion can lead to the formation of a structure with excellent
mechanical strength.® These simple methods use acetate as the
metal source for the capping effect of acetate ions and may
apply to a wide range of ZIFs other than ZIF-67 and ZIF-8, as
demonstrated in that study. However, as mentioned earlier,
several factors are involved in the formation of MOF gels; hence,
determining the conditions for the synthesis of a targeted MOF
gel and forming its derived bulk body among the vast number of
possible conditions is challenging.

High-throughput experiments (HTEs) and screening are
powerful methods for this situation, allowing efficient valida-
tion of a significant number of experimental conditions.®*** So
far, the usefulness of HTEs for MOFs has also been reported,
although not in large numbers.**

Therefore, this study investigates the gelation conditions for
ZIF gel synthesis using acetate by efficiently targeting multiple
ZIFs via high-throughput screening and subsequent batch
synthesis. We also clarify the properties of the obtained ZIF gels
and gel-derived films and an evaluation of their mechanical
properties. Furthermore, we report a unique application of this
MOF gel: the strong adhesion of metals. This is related to the
adhesion strength of the gel-derived film to the substrate, which
is an essential mechanical property for mounting MOF devices.
The influence of factors, such as reactant concentration and
solvent, on gelation is clarified by statistical modeling, and
a unified strategy for MOF gel fabrication is discussed.

2 Experimental
2.1 Materials

The target MOFs were a class of ZIFs including ZIF-2, ZIF-4, ZIF-
zni, ZIF-10, ZIF-11, ZIF-12, ZIF-20, ZIF-21, ZIF-60, ZIF-61, ZIF-62,
ZIF-64, ZIF-71, ZIF-72, ZIF-73, ZIF-74, ZIF-75. Zn>*" and Co*",
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which are typical metal ions in ZIFs, were used as the metal
sources in the form of zinc acetate dihydrate (99.9%, Fujifilm
Wako Pure Chemicals, ZnAc) and cobalt acetate tetrahydrate
(99.0%, Fujifilm Wako Pure Chemicals, CoAc). Imidazole (98%,
Fujifilm Wako Pure Chemicals, im), benzimidazole (98%,
Fujifilm Wako Pure Chemicals, bim), 2-nitroimidazole (98%,
Tokyo Chemical Industry, nim), 5,6-dimethylbenzoimidazole
(99%, Tokyo Chemical Industry, dmim), 2-methylimidazole
(98%, Fujifilm Wako Pure Chemicals, mim), 4,5-dichlor-
oimidazole (97%, Tokyo Chemical Industry, dcim), and purine
(95%, Fluorochem, pr) were used as the organic ligands.
Sodium hydroxide (97%, Fujifilm Wako Pure Chemicals) and
potassium hydroxide (85%, Fujifilm Wako Pure Chemicals)
were used as the bases. Ethanol (99.5%, Fujifilm Wako Pure
Chemicals), N,N-dimethylformamide (DMF, 99.5%, Fujifilm
Wako Pure Chemicals), and deionized water were used as
solvents. All reagents were used as received.

2.2 High-throughput screening for ZIF gels

The following process was used to synthesize and evaluate the
ZIF gels for the high-throughput screening of the ZIF gel
synthesis conditions (Fig. S1t). The screening criteria were as
follows: (1) the gel should be wet before heat treatment,
assuming that the bulk body is formed by the coating method,
and (2) the gel should crystallize to the desired MOF by heat
treatment. First, a solution containing the metal source, organic
ligand, and base at a given concentration was prepared. The
additional solvents were prepared separately. Each solution was
dispensed into a 96-well plate (Thermo Fisher Scientific, mate-
rial: polypropylene(PP)) in predetermined proportions using
a Musashi Engineering automated pipetting device. The
synthesis conditions are listed in Tables S1-S7.f After
dispensing, the well plates were covered with sealing tape to
prevent scattering and contamination. It was then mixed with
Taitech micro mixer E-36 for 24 h. Subsequently, it was dried to
remove the excess solvent for gelation. In the case of ethanol
solvent, air drying was performed at room temperature, and in
the case of DMF and deionized water, drying was performed in
a 50 °C vacuum, both for 12 h. Morphological observations were
made using an optical microscope equipped with an XY stage.
See Fig. S2, S4, S6, S8, S10, S12, and S147 for the results. See the
caption of Fig. S2f for the order in which the photos are
arranged. In addition, gelation was determined by inverting the
96-well plate to check the fluidity. This method cannot deter-
mine the gel precisely because it cannot distinguish between
viscous liquids;**®* however, it is often used because of its
simplicity.****** The samples were then heat-treated for crys-
tallization at 120 °C for 48 h. X-ray diffraction (XRD) patterns
were obtained for the candidate material at the bottom of each
well using a high-throughput XRD measurement system
equipped with a motorized stage. The synchrotron radiation
facility in BL33XU (Toyota Beam Line) at SPring-8 (Hyogo,
Japan) was used for the high-throughput XRD measurements.*
The system settings are shown in Fig. S1.1 A 96-well plate was
attached to the sample holder on the XY stage. The XRD
patterns were rapidly collected by scanning the XY stage with X-
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ray irradiation at a wavelength of 0.8 A (15.5 keV). The diffracted
light was detected using a two-dimensional detector (PILA-
TUS300K). The XRD patterns of each sample were calibrated
using the PP peaks in the well plate. This method may not detect
the pattern correctly if the film has strong orientations;
however, our objective of screening the ZIF libraries was satis-
factorily achieved. It was challenging to determine whether the
desired MOF crystals had formed based on the XRD spectra.
Therefore, we focused on the pattern, excluding well-plate-
derived peaks, and each pattern was manually classified into
groups of up to five based on their similarity. The XRD patterns
obtained are shown in Fig. S3, S5, S7, S9, S11, S13, and S15.1
Batch synthesis was performed under one of the synthetic
conditions in each group, and more precise characterization
was performed.

2.3 Batch synthesis of the ZIF gels

The optimal conditions for the gel synthesis of ZIF-zni and ZIF-
61 were determined by screening and subsequent batch
synthesis and evaluation. To the best of our knowledge, none of
these have been previously reported. The ZIF-zni gel was
synthesized using ethanol as a solvent, mixing zinc acetate
(0.03 M, 30 ml) and imidazole (0.1 M, 40 ml), and stirring the
mixture overnight at room temperature. Subsequently, the
mixture was allowed to stand for 1 h. Then, 20 ml of the
supernatant was extracted and dried at room temperature to
obtain a transparent gel. To synthesize the ZIF-61 gel, ethanol
was used as a solvent, and imidazole (0.1 M, 23 ml) and 2-
methylimidazole (0.1 M, 3 ml) were mixed. Subsequently, zinc
acetate (0.03 M, 30 ml) was mixed, and the mixture was stirred
overnight in the atmosphere at room temperature. The mixture
was then allowed to stand for 1 h. Following, the supernatant
was removed, and the wet precipitate was dried overnight at
room temperature.

2.4 Characterization of the ZIF gel

The shape of the particles contained in the gel was observed by
scanning electron microscopy combined with energy-dispersive
X-ray spectroscopy (SEM/EDX) using a Hitachi S-5500 instru-
ment at an acceleration voltage of 2 kV. For this observation, we
used a solvent-diluted gel that was dropped onto a Cu microgrid
(Lacey  microgrid, = U1001) and dried overnight.
Thermogravimetry/differential thermal analysis (TG/DTA) was
performed in air over the temperature range from room
temperature to 600 °C at a heating rate of 5 °C min~* using
a Rigaku D-DSC8230/TG8120IRH instrument with the gel
placed on an aluminum pan. XRD analysis was performed with
Rigaku Ultima IV using CuKa radiation with a step size of 0.02°
and a scan speed of 10° min~" to confirm that the resulting gel
was a precursor that was coated on a glass substrate, heated to
150 °C, and solidified to yield the targeted MOF. A sample
similarly coated and dried overnight at room temperature was
also used for comparison.
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2.5 Fabrication of the gel-derived ZIF films

Several substrates made of glass, fluorine-doped tin oxide
(FTO), copper, and aluminum were used to fabricate the film.
Approximately 0.1 ml of gel was dropped onto the substrate and
spread by using a spin coater (Mikasa, Opticoat) operated at
a rotational speed of 2000 rpm for a coating time of 20 s. The
sample was then heated on a hot plate to 150 °C to solidify the

gel.

2.6 Characterization of ZIF films

A nanoindentation test was performed using an Anton Paar
Hit300 instrument to determine the mechanical properties of
the film. For simple indentation, the maximum loads for ZIF-
zni and ZIF-61 gels were 15 and 10 mN, respectively, and both
the loading and unloading rates were 90 mN min~'. Sinus
loading was performed to obtain depth dependence of the
mechanical properties. In sinus loading, the minimum load was
0.1 mN, the maximum loads were the same as those for simple
indentation, the sinus frequency was 40 Hz, and the sinus
amplitude was 3 mN. A diamond Berkovich indenter was used
in both indentations. The obtained data were analyzed using
the Oliver and Pharr method,*” and the indentation Young's
modulus (EIT) and indentation hardness (HIT) were calculated.
In addition, the Poisson's ratio of the film was set at 0.2 in
accordance with previously published research on ZIF.*"** SEM
and EDX were used to observe the cross section of the film using
a JEOL JSM-7000F and Hitachi High-Technology Regulus 8230,
respectively. The accelerating voltages were 10 kV for SEM and
15 kV for EDX. For observation of glass and FTO substrates, the
substrates for sample preparation were divided along with the
film and the cross section was exposed. For observation of
copper and aluminum substrates, after embedding them in
epoxy resin, smooth cross sections were exposed using abrasive
paper, alumina (average particle size: 0.3 pm), and colloidal
silica (average particle size: 0.08 pm). CO, adsorption
measurements were performed at a temperature of 0 °C and
pressures up to 100 kPa using a Microtrac BELSORP-MAX
analyzer. The ZIF-zni film was detached from the glass
substrate to produce flake-like ZIF-zni, which was used in the
subsequent measurements, while ZIF-zni crystal powder was
utilized as a reference. It consisted of the sediment produced
during the ZIF-zni gel synthesis, which was washed twice with
ethanol, separated, and dried in a vacuum at 60 °C overnight.
The sample holder was filled with the sample pre-evacuated at
150 °C in a vacuum overnight and mounted in the isothermal
box of the instrument, which was maintained at 0 °C. The
sample was evacuated prior to measurements.

2.7 Adhesion

Bonding was performed according to a previously described
method.*® Copper plates (Ra = 0.8) with dimensions of ¢10 x
t5 mm and ¢5 x t2 mm were used to fabricate adhesive bodies
for strength evaluation, and pieces of copper foil with 10 um
were also used to observe the cross-sectional structure. The
adherends were ultrasonically cleaned with acetone for 10 min,

This journal is © The Royal Society of Chemistry 2024
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pickled with 7% diluted hydrochloric acid for 30 s, and dehy-
drated using acetone for 3 min. Using a small hot-pressing
device equipped with a heater on the die, approximately 5 mg
of the ZIF gel was applied to the adherend placed on the lower
die, and the other adherend was placed on top and pressurized.
The heating temperature of the die was 300 °C, the pressing
force was 45 MPa, and the duration was 300 s.

2.8 Characterization of the adhesive body

A shear test was performed to evaluate the adhesive strength.>
The ¢10 copper plate side of the adhesive body was held, and
a shear force was applied to the ¢5 copper plate side of the
adhesive body to destroy the adhesive body. The test was per-
formed three times. The stroke speed was set to 1 mm min*,
and the test was performed using a device that combined an
Imada force gauge and an electric stage. SEM and EDX were
used to observe the cross-sectional structures of the adhered foil
with a JEOL JSM-7000F and Hitachi High-Technology Regulus
8230, respectively. The acceleration voltages were 10 kV and 15
kv for SEM and EDX, respectively. For observation, a film
sample was cut at room temperature using an ultramicrotome
(Leica Microsystems EM UC7i-FC) to expose the cross section.

2.9 Statistical modelling of the tendency of the wet gel

To evaluate the influence of each factor of the synthesis
conditions on gelation, statistical modeling was performed on
the wet gelation results from the high-throughput experiments.
The binary random variable Gel indicates whether wet gelation
occurred (1: gelation; 0: no gelation). To evaluate the pairwise
relationships between the occurrence of gelation and the values
of each factor, the average value of the Gel at each value of each
factor was used for easy comprehension of the relationship.
Each variable considered as a factor other than those defined in
Tables S1-S77 is listed in Table 1. In addition, to evaluate the
overall influence on the gelation tendency considering the

Table 1 Variables considered as factors for gelation tendency

Variable Description

M1_sol Solvent of M1

M1_vol Volume of M1

L1_vol + L2_vol Sum of the volume of L1 and L2
S1_vol Volume of S1

B1_vol Volume of B1

M1_CoAc Whether M1 is CoAc or not (0 means M1 is ZnAc)
M1_sol_water Whether solvent of M1 is water or not
M1_sol_DMF Whether solvent of M1 is DMF or not
S1_EtOH Whether solvent of S1 is EtOH or not
S1_water Whether solvent of S1 is water or not
S1_DMF Whether solvent of S1 is DMF or not
B1_NaOH Whether solvent of B1 is NaOH or not
B1_KOH Whether solvent of B1 is KOH or not

system_im-mim
system_dcim

Whether the synthesis system is im-mim or not
Whether the synthesis system is dcim or not

system_pr Whether the synthesis system is pr or not
system_bim Whether the synthesis system is bim or not
system_im Whether the synthesis system is im or not

This journal is © The Royal Society of Chemistry 2024
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correlation between each factor, logistic regression analysis was
performed using the Gel as the objective variable and each
factor as an explanatory variable. Categorical variables are
coded as one-hot vectors. In the encoding, the states where M1
is ZnAc, M1_sol is ethanol, S1 is noadd (the state meaning no
adding), B1 is noadd, and the system im-bim is set to zero. The
variables were selected such that there was no linear depen-
dence on the explanatory variables. Logistic regression analysis
was performed using the glm function in the R package stats.

3 Results and discussion

This study investigated 473 experimental conditions, and the
process from synthesis to evaluation took approximately two
weeks. We characterized the newly discovered ZIF-zni gel using
high-throughput screening (Fig. 1). The ZIF-zni gel was ob-
tained by drying the supernatant from a clear colloidal solution
(Fig. 1A and B). The solutes in this gel were nanoparticles with
an average diameter of 132 nm (Fig. 1C and D). When this gel
was heated, the excess ethanol evaporated and remained stable
up to approximately 500 °C (Fig. 1E). It has been reported that
ZIF-zni decomposes at about 500 °C, which is consistent with
the present result.®> Although a small peak was observed in the
XRD pattern of the sample dried at room temperature, its
intensity was relatively weak (Fig. 1F). However, significant
crystallization occurred when this gel was solidified on
a substrate heated to 150 °C. This suggests that the nano-
particles, which are solutes in the gel, are primarily amorphous
precursors of ZIF-zni.

Forming MOF films directly on desired substrates is an
essential but challenging task. Fig. 2 shows a cross-sectional
SEM image of the film formed by coating and drying the ZIF-
zni gel on a substrate. Dense films were formed on glass,
FTO, Cu, and Al substrates. It is industrially important that ZIF-
zni films can be formed on various substrates using this simple
process. In addition, Fig. 3 shows the results of nano-
indentation performed on the ZIF-zni film on the FTO. The ZIF-
zni film recovered significantly upon unloading and remained
elastically stable up to this loading level (Fig. 3A). A slight creep
was observed after the maximum load was reached. This has
also been confirmed by the nanoindentation of ZIF-zni single
crystals.®® In addition, from the profile of indentation Young's
modulus and indentation hardness in the depth direction, the
ZIF-zni film has an indentation Young's modulus of 18-22 GPa,
an indentation hardness of 1.4-2.2 GPa, and excellent
mechanical stability. This value is significantly higher than that
of the ZIF-zni single crystal (7-9 GPa) in terms of indentation
Young's modulus. The indentation moduli of single crystals and
thin films or monoliths are often very different.***%” Surface
roughness and elastic anisotropy have been proposed as the
causes; however, clarifying the factors in the case of ZIF-zni
films is a future challenge. The CO, adsorption properties of
the film were also evaluated (Fig. S161). Similar to the crystal
powder, the ZIF-zni film has retained its gas adsorption
capacity. However, the amount of CO, adsorbed per sorbent
weight is three to four times smaller than that of the crystal
powder, which is likely due to the presence of unreacted
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ta06719j

Open Access Article. Published on 06 March 2024. Downloaded on 11/1/2025 3:44:19 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

[{ec

Journal of Materials Chemistry A

200
1 100

---TG —DTA

{ 100 3
1 200 3
1 3006
1 400
1 500
600

TG/ %

300
Temperature / °C

View Article Online

Paper

0.0075-

ity

*0.0050 -

dens

0.0025-

0.0000-

100 200 300 400
Diameter / nm

&

©

> I ZIF-zni film dried at 150°C
2 |

% ZIF-zni film dried at 27°C

ZIF-zni calc.
‘s |l I |l. Laa aaada
5 15 25 35 45 55

20/°

Fig. 1 Characterization of the ZIF-zni gel. (A) ZIF-zni colloidal solution. (B) ZIF-zni gel. (C) SEM images of ZIF-zni particles (scale bar: 1 um). (D)
Particle size distribution of the ZIF-zni gel. (E) Thermogravimetric analysis of the ZIF-zni gel. (F) XRD patterns of the ZIF-zni films.

imidazole or insufficient activation before adsorption related to
the flaky shape of the film. ZIF-zni is chemically stable
(Fig. S171) and can be potentially used as a separator for
propene/propane mixtures.®® Thus, the coating technique
utilizing the ZIF-zni gel may be employed in such applications.

A unique application of the recently reported ZIF gel is its use
as a strong structural adhesive.*® This is related to the adhesion

A

strength of the gel-derived film to the substrate, which is an
essential mechanical property for mounting MOF devices.
Therefore, a similar method was used in this study to bond a Cu
substrate (Fig. 4A). Observation of the cross section of the
adhesive body showed that the ZIF-zni gel was in close contact
with the upper and lower copper substrates (Fig. 4B). This
adhesive body had considerable strength (Fig. 4C), with an

B

FTO glass

Fig. 2 Cross-sectional SEM images of ZIF-zni films on different substrates. (A) Glass. (B) FTO glass. (C) Cu. (D) Al. Scale bars: 5 pm.
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Fig. 3 Nanoindentation data of ZIF-zni films. (A) Representative load—displacement curve. (B) Indentation elastic moduli (EIT) and hardness (HIT)

as a function of indentation depth.

average strength of 39.1 MPa (+3.9). This value was much
higher than that of the ZIF-67 gel reported in a previous study at
the same pressure (approximately 30 MPa).*® The factors gov-
erning the shear strength in MOF bonding are not fully
understood; however, it is thought that the hardness of the
adhesive layer has an effect.>® ZIF-zni has the highest single-

crystal hardness among ZIFs of approximately 1 GPa,* and
the hardness of the ZIF-zni film (1.4-2.2 GPa) is significantly
higher than the hardness of the ZIF-67 gel-cured layer without
pressure (0.1 GPa) obtained in a previous study.”® Thus, the
hardness of the ZIF-zni adhesive layer is expected to exceed that
of the ZIF-67 adhesive layer reported previously, which may

SS

str

Shea
o

0.2 0.4 0.6 0.8 1 1.2 14
Displacement/ mm

CK

Fig. 4 Adhesive characterization of the ZIF-zni gel. (A) Photograph of the adhesive body. (B) Cross-sectional SEM image and EDX analysis of the
adhesive body. Scale bar: 1 um. (C) Stress-displacement curve of the adhesive body.
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endow the ZIF-zni adhesive with a high shear strength. There-
fore, an MOF with even a higher hardness may be used to
further improve the adhesive properties.

In general, the conditions for forming MOF gels are not fully
understood, and no unified strategy for forming MOF gels has
been proposed. To obtain the desired MOF gel, it is necessary to
form a wet gel before heat treatment and the desired MOF
crystal by heat treatment. Although only wet gel was used to
judge the gel at the screening stage in the high-throughput
experiment conducted in this study, it is helpful to analyze
these data and consider the influence of each factor on wet
gelation to formulate a unified strategy for the formation of
MOF gels. Fig. 5 shows the average value of the random variable
Gel in each synthetic system. It can be seen that the gelation
tendency differs greatly depending on the synthesis system. In
particular, im and im-mim systems are prone to gelation. The
nim-dmbim system also appeared to gel more likely; however,
this system used DMF as the solvent, which may be due to
solvent effects. Regarding the effects of metal ions, Zn appeared
to gel more likely (Fig. 6A). However, in the nim-dmbim system,
the effect of the individual metal ions on the gelation tendency
was almost the same. Regarding the effect of the amount of the
metal source, it appeared that the smaller the amount, the more
likely it was to gel (Fig. 6B). This was particularly noticeable for
nim-dmbim. Regarding the effect of the solvent, gelation seems
to be easier when DMF is added (Fig. 6C). However, as
mentioned above, this effect cannot be separated from the
individual effects of the nim-dmbim system using the present
data. The effects of ethanol and water appear to be very
different, depending on the system. In the bim system, water
appeared to gel more likely, whereas ethanol appeared to gel
more likely in the im-mim system. Regarding the effect of the
amount of organic ligands, there was a tendency for gelation to
occur more likely as the amount of organic ligands increased
(Fig. 6D). This is particularly evident for nim-dmbim.
Regarding the influence of base, gelation was more likely to
occur when KOH was added (Fig. 6E). However, in the im-mim
system, almost no difference was observed between KOH,

06-
02-
. B =
bim dcim im im-bim  im-mim nim- dmb|m pr
system
Fig. 5 Dependence on the synthesis system of the wet-gel tendency.
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NaOH, and noadd. Regarding the effect of the base amount, the
larger the base amount, the more likely it was to gel. However,
this effect was insignificant (Fig. 6F).

Regarding the relationship between the gelation tendency
and the factors described above, statistical significance was
confirmed by further statistical modeling considering the
correlation between the factors. Table 2 presents the fitting
results obtained using the logistic regression model. The
accuracy of this model was 0.84, indicating that it learned well.
Regarding the estimated values of each partial regression

This journal is © The Royal Society of Chemistry 2024
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Table 2 Results of the logistic regression modelling of wet-gel fabrication®

Estimate Std. error z Value Pr(>|z]) Signif. codes
(Intercept) —0.586454 1.161134 ~0.505 0.61351
M1_vol —0.049936 0.011612 —4.3 1.70 x 10°° ok
L1_vol + L2_vol 0.021568 0.005671 3.803 0.00014 ok
S1_vol —0.001754 0.033696 —0.052 0.958491
B1_vol 0.01613 0.021138 0.763 0.445423
M1_CoAc —1.224894 0.290284 —4.22 2.45 x 107° ok
M1_sol_water —1.204256 0.413488 —2.912 0.00359 *x
M1_sol_DMF —0.183335 1.095168 —-0.167 0.867053
S1_EtOH 0.67487 1.881998 0.359 0.7199
S1_water 0.683437 1.75549 0.389 0.697044
S1_DMF 1.334753 1.710685 0.78 0.435247
B1_NaOH 0.241136 0.788782 0.306 0.759828
B1_KOH 1.312142 0.793436 1.654 0.098179
system_im-mim 3.263116 0.801371 4.072 4.66 x 10°° ok
system_dcim —17.654868 896.719174 —0.02 0.984292
system_pr —0.901757 1.010027 —0.893 0.371962
system_bim —0.790544 0.965826 —0.819 0.413062
system_im 3.411591 0.889581 3.835 0.00013 ok

“ Signif. codes: 0 “*** 0.001 ‘“** 0.01 “** 0.05 ‘.’ 0.1 ‘-’ 1.

coefficient, M1_vol and L1_vol + L2_vol are statistically signifi-
cant as negative and positive estimates, respectively; the lower
the amount of metal source and the higher the amount of
organic ligand, the more the gel. Furthermore, owing to the
influence of the metal ions, M1_CoAc had a negative estimated
value, suggesting that Co is less likely to gel than Zn. Further-
more, as an influence of the solvent, M1_sol_water was esti-
mated to have a negative value, suggesting that water has
a lower tendency to gel than ethanol. In contrast, Fig. 6C shows
that the gelation tendency was higher when the solvent was
DMEF, but no statistically significant difference was detected. In
addition, system_im-mim and system_im had positive esti-
mated values, suggesting that the gelation tendency was higher
in the im or im-mim systems than in the im-bim system. In this
high-throughput screening, in the im-bim system, for example,
we were unable to find the gel synthesis conditions that would
allow the formation of the desired MOF crystals; however, wet
gels could not be formed under many conditions. From the
statistical modeling results above, it is possible to form a wet gel
by changing the range of experimental conditions, for example,
by decreasing the amount of the metal source and increasing
the amount of the organic ligand.

The ZIF-61 gel is another ZIF gel discovered in this study
through high-throughput screening. In addition to the ZIF-zni
gel, a similar characterization was performed on the ZIF-61
gel-derived film and adhesive (Fig. S18-S21t). The results
showed that it was possible to form dense and mechanically
rigid films on multiple substrates using the ZIF-61 gel and that
the adhesive strength was equivalent to that of the ZIF-67 gel in
previous research.*® ZIF-61 can be potentially utilized as a cata-
lyst for manufacturing tetrahydrofuran.®® Thus, the coating
technique using the novel ZIF-61 gel may be employed for such
an application.

This journal is © The Royal Society of Chemistry 2024

4 Conclusions

For the ZIF gel synthesis using acetate, we efficiently searched
for gelation conditions targeting multiple ZIFs using high-
throughput screening, followed by batch synthesis. Conse-
quently, we discovered the ZIF-zni and ZIF-61 gels as novel ZIF
gels. This gel can form a dense and rigid film on multiple
substrates upon coating and drying. This process has excellent
industrial feasibility, and the results are important for applying
ZIF-zni and ZIF-61 films on the desired substrates.

As a unique application, we investigated the potential of the
obtained ZIF-zni and ZIF-61 gels as structural adhesives for
metals. Consequently, the shear strength of the adhesive excee-
ded 30 MPa. This value exceeds those of previously reported MOF
adhesives. Furthermore, using data obtained from high-
throughput screening experiments, we evaluated the influence
of the synthesis conditions on the wet gel formation conditions,
which are important for the realization of gel-based films and
adhesives, through statistical modeling using logistic regression.
The following statistically significant trends were found: the wet
gelation tendency was high when (i) using a smaller amount of
metal source or a larger amount of organic ligand, (i) using Zn>*
more than Co®>" as the metal ion, and (iii) using ethanol more
than water as the solvent. This is a crucial suggestion for finding
widely applicable conditions for wet gelation, and more detailed
research on its applicability and mechanism, including ZIFs and
MOFs other than ZIFs, which were not targeted in this study,
should be conducted in future studies.
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