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The current work revealed the relationship between the fluorine density of organic-based porous
materials and water dynamics (proton conduction) in the hydrophobic nanospace. In detail, by focusing
on UiO-66 with structural durability at high temperature/nhumidity based on strong Zr-O bonds, we pre-
pared UiO-66-CF3 and UiO-66-(CF3), with different fluorine densities. The activation energies for proton
conduction of UiO-66-CF3 (0.91 eV) and UiO-66-(CF3), (1.38 eV) were significantly larger than that in
UiO-66 (0.47 eV) depending on their fluorine density. Introducing fluorine into organic-based porous
materials allowed the hydrophobic nanospace to interact with protons, yielding a larger energy for proton
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conduction (activation energy). The fluorine density and activation energy were proportional. We clarified
that the activation energy of proton conduction increased proportionally with the fluorine density in the
nanospace. This indicated the possibility that the state of proton/water in the nanospace could be freely

rsc.li/nanoscale controlled by the fluorine density.

after introducing substituents to the linkers.'>" Among
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Introduction

Fluorinated organic-based materials exhibit high hydrophobi-
city and chemical durability owing to their specific interaction
with water based on the high electronegativity of fluorine,'?
and are suitable for various applications, such as hydrous
proton conductors,>* water-oil separating materials,>® and
electrocatalysts.>”® Even among organic-based materials with
low water resistance, those with fluorine have been extensively
investigated for proton exchange membrane applications in
fuel cells as hydrous proton conductors.>*® However, the
relationship between fluorine density and proton conductivity
within the hydrophobic nanospace constructed by fluorine
introduction has not been elucidated.

Among organic-based porous materials with robust paths
for proton conduction, metal-organic frameworks (MOFs)
exhibit high crystallinity compared to covalent organic frame-
works (COFs) and hydrogen-bonded organic frameworks
(HOFs)."*"** Moreover, MOFs maintain high crystallinity even
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them, UiO-66, which yields high chemical and thermal dura-
bility in water and organic solvents owing to strong Zr-O
bonds,’>*® provides a platform for elucidating structure-
property relationships.’®' Focusing on proton conduction,
Kitagawa et al. investigated the effect of the number of
missing linkers in UiO-66 on the proton conductivity.”” Li
et al. investigated the effect of the acidity of the functional
groups introduced into UiO-66 on the proton conductivity.”?
Li et al. investigated the relationship between the number of
carboxy groups and proton conductivity in Ce-UiO-66 with Ce
as the metal and carboxy groups as acidic functional
groups.”* We have reported that highly fluorinated HOFs
exhibited high water durability and proton conductivity.
However, studies for improving proton conductivity by modu-
lating the interaction with water and protons in the nano-
space depending on the number of introduced fluorine sub-
stituents are limited.

In the current work, we prepared UiO-66-CF; and UiO-66-
(CF3), with different numbers of fluorine atoms in the linker
to change the fluorine density in the nanospaces of UiO-66.
We demonstrated that introducing fluorine into organic-based
porous materials allowed the hydrophobic nanospace to inter-
act with water and protons, yielding larger energy for proton
conduction (activation energy) and a predominance of the
vehicle mechanism. We revealed that the fluorine density and
activation energies were proportional.

This journal is © The Royal Society of Chemistry 2025
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Experimental section
Preparation of UiO-66

We prepared UiO-66 with reference to a previous work.>® ZrCl,
(291 mg, 1.25 mmol) and terephthalic acid (208 mg,
1.25 mmol) were dissolved in a solution of N,N-dimethyl-
formamide (10 mL), acetic acid (2 mL), and water (0.14 mL),
and the mixture was sonicated at 20 °C for 5 min and stirred at
20 °C for 15 min. Finally, the mixture was placed in a micro-
wave oven and irradiated at 120 °C for 15 min. The product
was centrifuged, then washed with N,N-dimethylformamide
and methanol, and, lastly, dried at 120 °C for 5 h, affording a
white solid UiO-66 (68 mg).

Results and discussion

Preparation and characterization of UiO-66-X

As shown in Fig. 1, based on previous works,>*® we syn-

thesized UiO-66-X (-X = -H, -CF3, and -(CF;),) with terephthalic
acid, 2-(trifluoromethyl)terephthalic acid, and 2,5-bis(trifluoro-
methyl)terephthalic acid as linker molecules, respectively, by a
microwave method (the details are described in the
Experimental section). Fig. S1{ supports the introduction of
trifluoromethyl groups in UiO-66-CF; and UiO-66-(CF;),.
UiO-66-X were activated under vacuum at 120 °C for 5 h. As
shown in Fig. S2,1 all solvents used in the preparation of
Ui0-66-X were completely removed. As shown in the scanning
electron microscopy (SEM) images in Fig. 1, the particle sizes
of UiO-66, UiO-66-CF;, and UiO-66-(CF;), were about 200 nm,
200 nm, and 50-200 nm, respectively.

In this section, we have characterized UiO-66-X. As shown
in Fig. 2a and Table S1,} the Brunauer-Emmett-Teller (BET)
specific surface area and pore volume of UiO-66-X were evalu-
ated based on the adsorption/desorption isotherms of N, at
77 K. As shown in Table S1,{ the BET specific surface areas of
Ui0-66-X (-X = -H, -CF;, and -(CF;),) were 2143 (x10° m’
mol™), 1825 (x10®> m®> mol™"), and 970 (x10° m*> mol™"),
respectively. As shown in Fig. S3 and Table S1,f the pore
volumes were 2220 (cm® mol™), 1836 (cm® mol™), and 395
(em® mol™), respectively. As shown in the powder X-ray diffrac-
tion (PXRD) analysis in Fig. 2b, UiO-66-X (-X = -H, -CF;, and

ZrCl, or ZrOCl,-8H,0
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-(CF;),) were isostructural, and therefore, as shown in
Table S1,1 their BET specific surface area and pore volume
decreased according to the number of introduced trifluoro-
methyl groups. Fig. 2c and Table S21 depict Fourier transform
infrared (FT-IR) spectra, in which four peaks at 1610 cm™,
1410 em™, 1363 ecm™, and 1067 cm™' were observed for
Ui0-66-X (-X = -H, -CF;, and -(CF;),). These originate from
COO™ units.?* The peak at 1520 cm™" was attributed to C=C
bonds of benzene rings.”” Three peaks at 1300 cm™’,
1273 em™', and 1140 ¢cm™', which were observed only for
UiO-66-CF; and UiO-66-(CF;3),, were ascribed to the C-F
bond.?®° Two peaks at 909 cm ™" and 744 cm ™" were due to C-
H bonds.*° Two peaks at 661 cm ™" and 604 cm ™" were attribu-
ted to Zr-O,;.o and Zr-(OC) bonds.”” The broad peak between
3000 ecm ™" and 3500 cm™" originated from absorbed water.?”
Since UiO-66-X usually has missing linkers,*® as shown in
Fig. S4,7 the percentages of missing linkers were evaluated
based on thermogravimetric analysis (TGA) (the details are
described in section 2.3 of the ESI).} Defect-free UiO-66-X had
six linkers per Zr cluster. UiO-66-X (X = -H, -CF;, and -(CF3),)
had 3.26 (-H), 4.58 (-CF3), and 4.21 (-(CF;),) linkers, respect-
ively. Introducing electron-withdrawing substituents into ter-
ephthalic acid enabled a smaller pK, of the carboxy group®*
and easier coordination to Zr, yielding fewer structural defects
in UiO-66-CF; than in UiO-66 despite the similar synthesis
conditions. Two isostructural UiO-66-X materials with different
fluorine densities were successfully prepared.

Water vapor adsorption properties of UiO-66-X

To confirm whether water molecules can penetrate the hydro-
phobic nanospaces created by trifluoromethyl groups intro-
duced into UiO-66, as shown in Fig. 3 and S6, water vapor
adsorption/desorption measurements were performed at
298 K. At high relative pressure (P./P, > 0.80), UiO-66-X (-X =
-H, -CF3, and -(CF3),) readily adsorbed water vapor. The sig-
nificant increases in the adsorption in the first step where
0.30 < P./P, < 0.40 were attributable to water vapor clusters
formed on the nanospace surfaces.*> The significant
increases in adsorption in the second step where P./P, > 0.97
were attributable to the liquefaction of the adsorbed water
vapor.*?

X=H,H
H, CF,
CF,, CF,

Ui0-66

Ui0-66-CF;

Fig. 1 Preparation and scanning electron microscopy (SEM) images (scale bar: 100 nm) of (a) UiO-66, (b) UiO-66-CF3, and (c) UiO-66-(CF3),.

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) N, adsorption/desorption isotherms of UiO-66 (black), UiO-66-CF5 (blue), and UiO-66-(CFs), (red) at 77 K. Their crystallinity was main-

tained after N, adsorption (Fig. S5%). (b) PXRD patterns of simulated UiO-66 (upper black), UiO-66 (lower black), UiO-66-CF3 (blue), and UiO-66-
(CF3), (red). (c) FT-IR spectra of UiO-66 (black), UiO-66-CF3 (blue), and UiO-66-(CFs), (red).

Water Vapor Adsorption Properties of UiO-66-X
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Fig. 3 Water vapor adsorption/desorption isotherms of UiO-66 (black),
UiO-66-CF3 (blue), and UiO-66-(CFs), (red) at 298 K. Their crystallinity
was maintained after water vapor adsorption (Fig. S57).

It should be noted, as shown in Fig. S6,t that the adsorp-
tion in the first step by UiO-66-CF; and UiO-66-(CF;), occured
at higher relative pressure (P./P, > 0.30) compared to UiO-66,
while first-step adsorption for UiO-66-(CF;), with the highest
fluorine density occured at P./P, ~ 0.40. Since the pore surface
adsorbed water molecules sequentially from the more hydro-
philic areas, the higher the hydrophobicity (fluorine density)
of the pore surface, the higher the pressure required for water
vapor adsorption.** In other words, the larger the hydrophobic
portion of the total pore surface, the less water vapor was
adsorbed at low pressure, and the higher the pressure
threshold for the first step of water vapor adsorption depend-
ing on the hydrophobicity of the pore surface. Since the tri-
fluoromethyl groups introduced into UiO-66 were exposed on

9922 | Nanoscale, 2025, 17, 9920-9925

the pore surface based on the crystal structure of UiO-66,>" the
hydrophobic portion of the total pore surface increased pro-
portionally with fluorine density. Therefore, as shown in
Fig. S7,T the pressure threshold for the first step of water vapor
adsorption increased proportionally with fluorine density of
UiO-66-X, indicating that the nanospaces have become more
hydrophobic.**°

Proton conductivity of UiO-66-X

As shown in Fig. 4a-c, the proton conductivities (ox) of pel-
letized UiO-66-X were measured by electrochemical impe-
dance spectroscopy (EIS). The proton conductivities were cal-
culated by fitting analysis assuming the equivalent circuit
shown in Fig. S8.f As shown in Fig. 4a-c, dielectric relax-
ation in the high-frequency region indicated that the proton
conductivities of Ui0-66-X (-X = -H, -CF3, and -(CF3),) under
95% relative humidity (RH) at 30 °C were o = 3.34 x 107* S
em™, ocp, = 5.67 x 1077 S em™, and o(cr,), = 3.34 x 107° S
cm™, respectively. As shown in Fig. $9,} the direct current
(DC) electrical conductivity values calculated from DC resis-
tance of Ui0-66-X (-X = -H, -CF;, and -(CF;),) were 4.59 x
107° S em™, 2.14 x 107° S em™, and 1.44 x 107° S cm™*
under 95% RH at 30 °C, respectively. These values were
much lower than those of ox, supporting ox as the proton
conductivities of UiO-66-X. The coordinated water in the
metal cluster site could be a proton source for proton con-
duction owing to partial dissociation caused by the Lewis
acidity of the metal ions, yielding a lower pK, than that of

pure water.>*?7:38

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Cole—Cole plots of (a) UiO-66, (b) UiO-66-CF3, and (c) UiO-66-(CFs),. Impedance spectrum of the disk-shaped pellet under 95% RH at
30 °C. (d) Arrhenius plots of proton conductivity under 95% RH. R? values of UiO-66, UiO-66-CFs, and UiO-66-(CFs), were 0.994, 0.987, and 0.989,
respectively. As shown in Fig. 1, small particles of UiO-66-(CFs), less than 200 nm were also produced, suggesting a slight decrease in proton

conductivity.>®

In UiO-66, a smaller ¢ value was reported for hydrophobic
nanospaces where halogen substituents without proton-donat-
ing ability were introduced into the linker.*® A larger & value
was reported for a larger number of missing linkers in
Ui0-66.* Therefore, ocr, and o(cr,), would have been smaller
than oy. Introducing trifluoromethyl groups into the linker
caused the pK, of the C-H of the benzene ring to follow the
order pK,((CF3),) < pKa(CF53).*® Thus, smaller pK, values yield
larger o values;"" therefore, the proton conductivity was o(cg,),>
OCF,-

As shown in the Arrhenius plots in Fig. 4d, the activation
energies (E,) of UiO-66, UiO-66-CF;, and UiO-66-(CFs), were
E,(H) = 0.47 eV, E,(CF;) = 0.91 eV, and E,((CF;),) = 1.38 eV,
respectively. The proton conduction mechanisms differed
depending on E, and were classified as being either Grotthuss
(E. < 0.4 eV) or vehicle mechanisms (E, > 0.5 eV).*"**> The
Arrhenius plots shown in Fig. 4d indicated that UiO-66 fol-
lowed the intermediate process between the Grotthuss and
vehicle mechanisms (mainly vehicle mechanism),*” while
Ui0-66-CF; and UiO-66-(CF;), followed the vehicle mechanism.
Ui0-66-CF; and UiO-66-(CF;), could not form strong hydrogen
bonding networks, like sulfo and carboxy groups,” and the
vehicle mechanism was predominant. Since the percentage of
missing linkers in UiO-66 has been reported to have little
effect on E,’> the fluorine density was considered to be
mainly affected by E,. The number of hydrogen bonds formed/
broken when a proton moved a certain distance was pro-
portional to the fluorine density. Therefore, as shown in
Fig. S10,} the fluorine density and E, exhibited a proportional
relationship.

This journal is © The Royal Society of Chemistry 2025

Conclusions

In the current work, we revealed the relationship between the
fluorine density of organic-based porous materials and water
dynamics (proton conduction) in the hydrophobic nanospace.
In detail, focusing on UiO-66 with structural durability at high
temperature/humidity based on strong Zr-O bonds, we pre-
pared UiO-66-CF; and UiO-66-(CF;), with different numbers of
trifluoromethyl groups in the linker to change the fluorine
density per unit volume, respectively. Compared to UiO-66, the
hydrophobicity in nanospaces of UiO-66-CF; and UiO-66-(CF3),
were increased depending on their fluorine density owing to
the higher relative pressure where steep adsorption in the first
step occurred. The activation energies for proton conduction
of Ui0-66-CF; (0.91 eV) and UiO-66-(CF3), (1.38 eV) were sig-
nificantly larger than that in UiO-66 (0.47 eV) depending on
their fluorine densities rather than the percentage of missing
linkers. We demonstrated for the first time that introducing
fluorine into organic-based porous materials allowed the
hydrophobic nanospace to interact with water and protons,
yielding a larger energy for proton conduction (E,) and a pre-
dominance of the vehicle mechanism. The results revealed
that, despite the small number of samples and the initial
results, fluorine density and activation energy were pro-
portional. We clarified that the activation energy of proton con-
duction increased proportionally with the fluorine density in
the nanospace. This indicated the possibility that the state of
proton/water in the nanospace could be freely controlled by
the fluorine density. In our continuous work, we elucidated
the detailed mechanism of proton conduction (e.g. vehicle or

Nanoscale, 2025, 17, 9920-9925 | 9923
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Grotthuss mechanism) by quasi-elastic neutron scattering and
molecular dynamics simulation based on the crystal struc-
tures. The more detailed relationship between fluorine density
and activation energy of proton conduction can be corrobo-
rated by using other UiO-66 derivatives such as UiO-66-F,
UiO-66-F, and UiO-66-F,.
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