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Among metal—organic frameworks (MOFs), zeolitic imidazolate frameworks (ZIFs) enable precise design of
pore structures, and most of them exhibit high water resistance. However, no hydrophilic ZIF that maintains
water resistance and adsorbs water vapor in low-pressure range has been achieved. In the current work, as
a MOF with both high structural stability and hydrophilicity, we focused on ZIF-22 that contains one polar
uncoordinated N-heteroatom in its organic linker. ZIF-22 exhibited high water resistance due to presence
of an appropriate number (one) of uncoordinated N-heteroatoms. The added polarity from N-heteroatoms
allowed ZIF-22 to exhibit the highest hydrophilicity among ZIFs. Furthermore, ZIF-22 exhibited the highest
proton conductivity (1.77 x 107% S cm™ at 363 K and 95% RH) among ZIFs without acidic groups or guest
proton carriers. These findings provide a design strategy of MOFs that achieve hydrophilization while
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Introduction

Metal-organic frameworks (MOFs) enable the design of various
porous structures via the combination of metal ions and organic
linkers," and therefore various applications such as the separa-
tion of gas molecules,”™ sensing,”” catalytic reactions,® and
proton conduction,>® have been developed. In most applica-
tions, water and moisture are present in the environment, and
contact with water is unavoidable; therefore, functionalization in
aqueous environments is an important research topic.'"**
However, water tends to undergo hydrolysis of coordination
bonds between metal ions and organic linkers and usually
reduces the structural stability of MOFs.”*** Therefore, for the
functional development in aqueous environments, construction
of water-resistant MOFs is essential. Furthermore, in water-
resistant MOFs, the ease of access of water molecules to the
pores influences their performance;'*"” therefore, their hydro-
philicity is also important. The hydrophilicity of MOFs is evalu-
ated via the adsorption properties of water vapor in the low-
pressure range'® and increases with a lower pore filling pressure.

Zeolitic-Imidazolate Frameworks (ZIFs) are cage-like MOFs
composed of metal ions and imidazole derivatives;* the coor-
dination bond is relatively strong;* therefore, a number of ZIFs
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maintaining water resistance and broaden their application range in aqueous environments.

exhibit water resistance,”** and their functional development
in aqueous environments is expected.****** Furthermore, the
molecular design of imidazole derivatives® enables more
precise control of pore sizes (windows and inner pores) among
MOFs via the network topology that is the style of linkage
between metal ions and organic linkers, and porous structures
based on more than 40 different network topologies'**® have
been reported as ZIFs.”>** However, most water-resistant ZIFs
adsorb little water vapor even near the saturated pressure>*”>*
and exhibit very strong hydrophobicity. The strong hydropho-
bicity of ZIFs reduces the uptake of water molecules into the
pores, which causes poor performances*?*° and limits the
applications of ZIFs in aqueous environments.

Toward hydrophilization of ZIFs, the introduction of polar
functional groups into imidazole derivatives has been attemp-
ted.** Although ZIF-90 had protic aldehyde groups at the 2-
position on imidazolate and formed the same SOD topology as
the strongly hydrophobic ZIF-8, owing to the reduction in the
hydrophobicity of ZIFs by the aldehyde groups, ZIF-90 dramat-
ically adsorbed water vapor at 0.3-0.4 P/P,,”” and amphiphilicity
was reported.** However, the introduction of other polar func-
tional groups, such as nitro and amino groups, into ZIFs
decreases the pK, of the organic linker, weakens the coordina-
tion bond between the metal ion and imidazole, and usually
reduces water resistance.*® Therefore, ZIFs with hydrophilicity
and water resistance are few, and highly hydrophilic ZIFs that
can adsorb water vapor in the low-pressure range (0 < P/P, < 0.1)
have not been achieved.

In MOFs, the introduction of uncoordinated N-heteroatom
sites, such as the N atom of pyridine, does not change the pore
volume but provides polarity to the pore surface, which
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improves hydrophilicity.*** Prof. B. Li et al. introduced three
types of hydrophilic groups—amino groups (UiO-66-NH,),
hydroxy groups (UiO-66-OH), and N-heteroatom sites (UiO-66-
N)—into UiO-66 and reported that UiO-66-N adsorbed water
vapor at the lowest pressure among them; therefore, N-hetero-
atom sites enhanced the hydrophilicity more than the other
functional groups.** In contrast, an increase in the number of N-
heteroatoms in an organic linker decreases the pK,,*® which
weakens the coordination bonds and reduces the water resis-
tance of the MOFs.>** Thus, when MOFs are hydrophilized
through the introduction of uncoordinated N-heteroatom sites,
the number of N-heteroatoms should be optimized to maintain
water resistance, but hydrophilicity and water resistance have
not been investigated simultaneously.

In the current work, to elucidate an appropriate number of
uncoordinated N-heteroatoms in ZIFs, we focused on ZIF-20
(ref. 40) and ZIF-22 (ref. 40) which have the same network
topology (LTA) but different numbers of uncoordinated N-
heteroatoms in the organic linker (Fig. 1a). The previous paper*!
shows that ZIF-20, which uses purine with two uncoordinated
N-heteroatoms as an organic linker, changed its structure upon
exposure to water and exhibited low water resistance (Fig. 1a).
The current work demonstrated that ZIF-22 with one uncoor-
dinated N-heteroatom in an organic linker (Fig. 1b) possessed
an appropriate number of uncoordinated N-heteroatoms;
therefore, maintained structural stability and had a polar pore
surface, which led to the achievement of both water resistance
and high hydrophilicity (Fig. 1b).

Results and discussion

ZIF-22 was prepared according to Prof. D. W. Park et al.** (see SI:
preparation of ZIF-22). ZIF-20 was also prepared according to
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Fig. 1 (a) Schematic representation of the structure of LTA-type ZIF-
20 and ZIF-22, and the chemical structure of their organic linkers. (b)
Water-resistant and hydrophilic ZIF-22 composed of 5-azabenzimi-
dazole with a lower number of hydrophilic uncoordinated N-hetero-
atom sites than that of ZIF-20.
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Prof. O. M. Yaghi et al.*® (see SI: preparation of ZIF-20). The
powder X-ray diffraction (PXRD) pattern of the crystal immedi-
ately following formation was identical to the simulated pattern
of ZIF-22 (Fig. S1), which indicated the successful construction
of ZIF-22. ZIF-22 was activated by evacuation in vacuo at 80 °C
for 3 h after drying with supercritical CO, fluid. The FT-IR
spectrum of activated ZIF-22 (Fig. S2, red) showed no peak
corresponding to the C=O0 stretching mode of DMF (Fig. S2,
black, 1660 cm ™) or the C-N stretching mode of the uncoor-
dinated organic linker (Fig. S2, blue, 1124 cm™'). Moreover,
NMR measurements (Fig. S3) of activated ZIF-22 confirmed that
the organic solvents used for its preparation were removed,
which supported that ZIF-22 was sufficiently activated. The
activated ZIF-22 showed a 13% weight loss (Fig. S4) up to 400 °C,
but no organic solvents or uncoordinated organic linkers were
present, which indicated that the weight loss was caused by
water. Furthermore, the PXRD pattern of activated ZIF-22
(Fig. S1) was identical to that of ZIF-22 immediately following
formation, which indicated that the activated ZIF-22 main-
tained its original structure.

We performed N, and CO, gas adsorption measurements of
ZIF-22 and its porosity was examined. The N, adsorption
capacities of ZIF-22 were 3.1 mL g ' (77 K, P/P, = 0.9) and
0.017 mL g * (298 K, P/P, = 0.9), which indicated that ZIF-22
scarcely adsorbed N, (Fig. S5). This indicated that the window of
ZIF-22 (3.0 A)* was narrower than the kinetic diameter of N, (3.8
A),> and therefore N, did not pass through the window by
molecular sieving effect. In contrast, the kinetic diameter of
CO, (3.3 A)® was larger than the size of the window, but ZIF-22
adsorbed 11 mL g~" CO, at 298 K (Fig. S5a). Previous investi-
gation* reported that in the case of ZIF-8, a representative ZIF,
due to the rotation of the organic linker, the effective window
size (4.0 to 4.2 A)* was larger than that of the window (3.4 A)**
that was determined by crystal structure. This indicates that, in
the case of ZIF-22, the rotation of the organic linker enables the
adsorption of CO, with a slightly smaller kinetic diameter than
the effective window size of ZIF-22. From the above, activated
ZIF-22 maintained its porosity.

ZIF-22 immediately following formation was soaked in pure
water at 298 K for 7 days, and its water resistance was examined.
As shown in Fig. 2a, the PXRD pattern of ZIF-22 after soaking in
water was identical to that obtained immediately following
formation. Previous papers*>*° indicated that hydrolysis of ZIFs
formed Zn-OH bonds, and the bond formation increased the
binding energy of Zn in X-ray photoelectron spectroscopy (XPS).
However, Zn 2ps,, XPS spectra (Fig. S6) showed that the peak of
Zn in ZIF-22 after soaking in water was identical to that in
activated ZIF-22, and therefore, the hydrolysis of ZIF-22 did not
occur. These PXRD patterns and XPS spectra exhibited their
high water resistance. A previous investigation** reported that
in LTA-type ZIF-20 using purine as the organic linker, the
structure was changed via water soaking, and therefore the
water resistance was low. As ZIF-22 has the same network
topology as ZIF-20,* the difference in water resistance can be
attributed to the strength of the coordination bonds between
the Zn ions and organic linkers. The lower pK, of the organic
linker decreases the basicity and electron density of the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) PXRD patterns of ZIF-22: simulation (black), immediately following formation of ZIF-22 (red), and after soaking of ZIF-22 in water (298

K) for 7 days (blue). (b) Water adsorption isotherms of ZIF-22 at 298 K. Filled symbols: adsorption process, open symbols: desorption process. P
denotes the pressure at adsorption and Py denotes the condensation pressure of the adsorbate at the measurement temperature. (c) Distribution
map of water uptakes at 0.9 P/Py with corresponding water uptakes at 0.1 P/Pq in ZIFs.

conjugate base, which usually weakens the coordination bond
between the metal ion and the organic linker.”” The pkK, values
of the organic linkers and benzimidazole with no uncoordi-
nated N-heteroatom were determined by density-functional-
theory (DFT) calculations. As shown in Table S1, the pkK, value
decreased with increasing number of N atoms, and the pK,
value of purine (pKj, (calc.) = 8.0) was lower than that of 5-aza-
benzimidazole (pK, (calc.) = 10.5). Conjugated bases of organic
linkers with high electronegativities exhibit high basicities and
electron densities, resulting in the formation of strong coordi-
nation bonds.?” In XPS measurement, the formation of chem-
ical bonds with electronegative atoms shifts the binding energy
of core electrons to a higher value.*** Zn 2p;, XPS spectra
(Fig. S7) that relate to their coordination bonds showed that the
binding energy of ZIF-22 (1021.9 eV) was higher than that of ZIF-
20 (1021.6 eV), which indicated that the electronegativity of 5-
azabenzimidazolate was higher than that of purinate, and the
Zn-N bond of ZIF-22 was stronger than that of ZIF-20. There-
fore, in the case of ZIF-20, the presence of many N atoms (two
uncoordinated heteroatoms per organic linker) in purine
reduced the pK, and weakened the coordination bond between
the Zn ions and the organic linker; therefore, its water resis-
tance was reduced. In contrast, because ZIF-22 contains only
one uncoordinated N-heteroatom in 5-azabenzimidazole, the

© 2025 The Author(s). Published by the Royal Society of Chemistry

coordination bond is not significantly weakened; therefore, ZIF-
22 exhibited water-resistance.

The water vapor adsorption property of ZIF-22 was measured
to examine its hydrophilicity. In the case of ZIF-20, previous
papers**® indicated that the structure collapsed upon water
soaking, and therefore the water vapor adsorption property of
ZIF-20 could not be measured. Fig. 2b showed the adsorption
isotherm of water vapor at 298 K. ZIF-22 adsorbed 9.6 mmol g~
of water vapor at 0.9 P/P, and exhibited a type-1I isotherm where
an adsorption uptake was increased from 0 P/P,. A previous
investigation® reported that ZIF-76, which uses nonpolar
imidazole and 5-chlorobenzimidazole as organic linkers and
has the same LTA topology as ZIF-22, adsorbed only 1.8 mmol
¢! of water vapor at 0.9 P/P, and began adsorption only near
the saturated pressure (0.8 < P/P, < 0.9) and had hydrophobicity.
Therefore, the polarity of the uncoordinated N-heteroatom sites
on the pore surface of ZIF-22 enhanced its hydrophilicity.

The hydrophilicity of MOFs increases with a lower pore
filling pressure for water vapor;'® therefore, we compared the
adsorption uptakes for water vapor at 0.1 P/P, in reported ZIFs
(Table S2). As shown in Fig. 2c, the adsorption uptake of ZIF-22
for water vapor at 0.1 P/P, (2.7 mmol g~ ') was the highest
among the reported ZIFs, which indicated that ZIF-22 is the
most hydrophilic among them. The pore filling pressure of ZIF-

Nanoscale Adv., 2025, 7, 5501-5506 | 5503
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22 (<0.1 P/P,) was lower than that of representative water-stable
MOFs like Ui0-66 (0.36 P/P,)°* and MIL-101 (0.46 P/P,),** which
indicated that ZIF-22 was more hydrophilic than their MOFs.
Furthermore, the water vapor adsorption isotherm of ZIF-22
was measured continuously (Table S3). The adsorption
isotherm of the first measurement (Fig. 2b, black) was identical
to that of the second measurement (Fig. 2b, red), and the
adsorption uptake did not decrease. In the PXRD pattern of ZIF-
22 (Fig. S8) after water vapor adsorption, the peak positions
remained unchanged. Moreover, the CO, adsorption capacity of
ZIF-22 after water vapor adsorption was almost the same as that
of ZIF-22 before water vapor adsorption (Table S4). Therefore,
both the PXRD and adsorption measurements demonstrated
the high water resistance of ZIF-22. These results supported the
idea that one uncoordinated N-heteroatom in the organic linker
of ZIF-22 provided polarity on the pore surface without signifi-
cantly weakening the coordination bond between the Zn ion
and the organic linker, which resulted in both water resistance
and hydrophilicity.

ZIF-22 accommodated many water molecules that act as
proton sources and mediated proton transfer into the pores;
therefore, proton conduction was expected. As shown in Fig. 3,
the proton conductivity of the pelletized ZIF-22 was measured
by electrochemical impedance spectroscopy (EIS). Proton
conductivity was determined via fitting analysis, which
assumed the equivalent circuit shown in Fig. S9. As shown in
Fig. 3a, at 298 K and 95% RH, the Nyquist plot of ZIF-22 di-
splayed a semicircle at high frequencies, and the proton
conductivity of ZIF-22 was 5.54 x 10°% S em ™. From the direct
current (DC) resistance measurement (Fig. S10), the DC elec-
trical conductivity of ZIF-22 at 298 K was 8.34 x 10> S em "
This conductivity was four orders of magnitude lower than 5.54
x 10~% § em ™!, which confirmed that the observed conduction
was due to proton conduction at 298 K and 95% RH. In the
PXRD pattern of ZIF-22 (Fig. S11) after the impedance
measurement, the peak intensity was lower than that before the
measurement, but the peak positions remained unchanged.
Moreover, Zn 2ps,, XPS spectra (Fig. S6) showed that the peak of
Zn in ZIF-22 after the impedance measurement was identical to
that in activated ZIF-22, and therefore, the hydrolysis of ZIF-22
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did not occur during the impedance measurement. These
results indicated that the porous structure was maintained.

Because the proton conductivity usually increases with
increasing temperature® as shown in Fig. 3a and Fig. 512, we
measured the proton conductivities of ZIF-22 at different
temperatures (298, 303, 323, 333, 343, 353, and 363 K). As shown
in Table S5, the proton conductivity of ZIF-22 dramatically
increased with increasing temperature from 5.54 x 10" ®Sem ™"
at 298 K to 1.77 x 10 % S cm ™" at 363 K. This proton conduc-
tivity was the highest among ZIFs without acidic groups or
guests as proton carriers (Table S6). Previous paper®® indicated
that in proton conductive MOFs, the high proton conductivity is
above 10> S em ™' Therefore, the proton conductivity of ZIF-22
(1.77 x 1072 S em™ " at 363 K and 95% RH) is comparable to
other MOFs with high proton conductivities. The window sizes
of both ZIF-22 (3.0 A)® and ZIF-8 (3.4 A),*® representative ZIFs,
are relatively similar to the size of a H;0" ion (2.0 A),** and ZIF-
22 has a narrower window than that of ZIF-8. The narrow
window would disrupt the dispersion of H;0" ions. Therefore,
in the case of proton conduction with a vehicle mechanism®*
where H;0" ions directly move in the pore, the structure of ZIF-
22 is more unfavorable for proton conduction. However, the
proton conductivity of ZIF-22 (1.8 x 10> S cm ' at 363 K and
95% RH) was higher than that of hydrophobic ZIF-8 (4.6 X
107* S em ™' at 367 K and 98% RH),? which supported that
uncoordinated N-heteroatoms in ZIF-22 accommodated more
water molecules into the pore, increased the number of proton
carriers, and enhanced proton conductivity. ZIF-90 adsorbs
water vapor at 0.9 P/P, (Table S2) as well as ZIF-22, but the size of
the inner pore of the cage (11.2 A)** is smaller than that of ZIF-22
(18.2 A). A larger pore size is favorable for proton conduction at
high temperature and humidity,*® which supported the idea
that the proton conductivity of ZIF-22 was higher than that of
ZIF-90 (1.9 x 10°* S em™" at 373 K and 98% RH).*”

As shown in the Arrhenius plots in Fig. 3b, the activation
energy was 1.6 eV, larger than 0.4 eV, which indicated that
proton conduction in ZIF-22 mainly follows a vehicle mecha-
nism. Previous investigation® reported that the narrow window
(3.4 A) of ZIF-8 disturbed proton transfer and resulted in the
high activation energy (1.1 eV) of proton conduction. Therefore,

y=-18.0x + 43.8
R2 = 0.983

-18 T T T T
27 2.8 2.9 3.0 3.1 3.2 3.3 3.4
10007 / K-

Impedance spectra (a) and Arrhenius plots of conductivity (b) for the disk-shaped pellets of ZIF-22 under 95% RH at 298, 303, 323, 333,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the narrower window (3.0 A) of ZIF-22 disrupted the dispersion
of H;0" ions, which resulted in high activation energy.

Conclusions

The effects of introducing uncoordinated N-heteroatom sites on
both hydrophilicity and water resistance were simultaneously
investigated, and an optimized number of N-heteroatoms to
achieve both high hydrophilicity and maintenance of structural
stability was revealed in MOFs for the first time. ZIF-22, with
one polar uncoordinated N-heteroatom in the organic linker,
maintained its crystal structure even after soaking in water (298
K) for 7 days, which exhibited high water resistance. Further-
more, ZIF-22 adsorbed 9.6 mmol g~ * (P/P, = 0.9) of water at 298
K, and water vapor adsorption commenced at 0 P/P,, which
indicated that ZIF-22 was the most hydrophilic among ZIFs.
Moreover, ZIF-22 accommodated more water molecules (2.9
water molecules/Zn(5-azabenzimidazole),) into the pores, and
therefore, exhibited a proton conductivity of 1.77 x 10> S em ™
(363 K, 95% RH). These findings provide a design strategy of
MOFs that achieve hydrophilization while maintaining water
resistance and broaden their application range in aqueous
environments.
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