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ed proton conductivity switching
in metal–organic frameworks: role of coordinating
solvents†
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Jihan Kim,d Dohyun Moon, *e Min Kim, *c Dae-Woon Lim *b

and Hoi Ri Moon *f

Metal–organic frameworks are a good platform for investigating the correlation of structures with physical

properties due to the facile coordination environment changes and their responsive structures to external

stimuli such as pressure, temperature, and gas sorption. In this study, we report a proton conductivity

switching behavior in Zn5FDC, [Zn5(m3-OH)2(FDC)4(solvent)2] (FDC = 9H-fluorene-2,7-dicarboxylate)

triggered by relative humidity (RH). Interestingly, depending on the presence and absence of

coordinating molecules the MOFs show distinctively different tendencies in their proton conductivity.

Two isostructural Zn5FDC compounds, [Zn5(m3-OH)2(DEF)2(FDC)4] (Zn5FDC-DEF) and [Zn5(m3-

OH)2(FDC)4] (Zn5FDC-OMS; OMS = open metal site), are prepared, in which the three-dimensional

connectivities are identical, but the local structures in the secondary building units (SBUs) are different. In

the measurement of humidity-dependent conductivity, both MOFs show a dramatic proton conductivity

switching phenomenon (ON/OFF ratio, approximately 108), but the conductivity switching occurs at

different RHs for each MOF (above RH 70% in Zn5FDC-DEF, and above RH 90% in Zn5FDC-OMS at 298

K). During this process water coordination in metal centers leads to their structural transformation into

Zn5FDC-H2O, which means that the different coordination structures by the absence/presence of

coordination solvents provide different water access environments to metal centers. The computational

calculation supports that the structural transformation of Zn5FDC-OMS triggered by moisture exposure

occurred under higher relative humidity conditions than simple coordination solvent replacement in

Zn5FDC-DEF. This study proves that the coordination solvents play a role in conductivity variation, and it

provides a new design strategy for functional solid-state proton conductors.
Introduction

Proton-conductive materials play a pivotal role in proton
exchange membrane fuel cells (PEMFC),1,2 electrolyzers,3 and
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CO2 converters,4,5 facilitating the generation of clean and effi-
cient electric energy. These applications offer promising
renewable energy solutions to mitigate the environmental
pollution caused by the combustion of fossil fuels.6 In addition
to well-established proton-conductive materials such as Naon7

and oxides,8 recent attention has been drawn to metal–organic
frameworks (MOFs)9 due to their remarkable design exibility,
high porosity, and crystalline structure. MOFs are emerging as
versatile platforms capable of precisely controlling proton
conductivity.10–12 Various methods have been explored to
enhance proton conductivity within MOFs, focusing on the
induction of continuous hydrogen bonding networks within the
MOF pores.13 These methods involve the decoration of metal
centers14,15 or ligand struts with hydrophilic functional
groups,16,17 as well as the incorporation of suitable guest mole-
cules18,19 or ions20 into the MOF pores. These strategies have
resulted in the development of MOFs exhibiting exceptional
proton conductivity, exceeding 10−3 S cm−1, under diverse
temperature and humidity conditions.21–26
J. Mater. Chem. A, 2024, 12, 795–801 | 795
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Beyond their role as traditional solid-state proton
conductors, MOFs exhibit intriguing proton-conductivity
switching behavior in response to external stimuli.27,28 This
makes MOFs more fascinating, with potential applications in
sensors,29,30 memory devices,31–33 and display technologies.34

The accumulated knowledge derived from studies on the
structural dynamics of MOFs under external stimuli,
including electric elds,31,35 guest molecules,36 and light,37–39

holds promise for guiding research towards achieving
switchable proton conductivity in MOFs. Over the past
decade, research on MOFs that demonstrate proton conduc-
tivity switching behavior has been growing. Notably, studies
focusing on moisture-induced proton conductivity switching
in MOFs have identied water molecules as suitable triggers
due to their solid donor–acceptor capabilities and ease of
control. Moreover, since practical applications like PEMFCs
necessitate structural stability in high humidity environ-
ments,40 the investigation of proton conductivity switching
MOFs induced by moisture has evolved from understanding
reversible proton transport pathways41 to employing revers-
ible MOFs capable of enhancing proton conductivity under
humid conditions.27 Among these MOFs, Li and Chen42 re-
ported a novel self-adaptive MOF, BUT-8(Cr)A, which exhibits
proton conductivity switching behavior as water molecules
induce structural exibility. BUT-8(Cr)A, with a high density
of sulfonic acid groups on its channel surface, ensures
a smooth proton conduction pathway across a wide range of
humidity conditions. Due to its structural exibility, BUT-
8(Cr)A demonstrates a self-adaptive proton conductive
mechanism. The contracted pores gradually open upon water
adsorption, maintaining hydrogen bond networks even at low
relative humidity. Notably, a signicant shi in proton
conductivity, from 4.19 × 10−6 to 7.61 × 10−2 S cm−1, was
observed as relative humidity increased from 11% to 100% at
25 °C, showing a high ON/OFF ratio of 104. Research on such
proton-conductivity switching MOFs is still in its early stages,
and understanding the dynamics of proton transfer and the
role of triggers remains a signicant challenge. Additionally,
the design and synthesis of MOFs with excellent stimulus
responsiveness, including high conductivity, a high ON/OFF
ratio, and stable cycling ability, continue to be areas of
active investigation.27

Herein, we report moisture-triggered switchable proton
conductivity in Zn-based MOFs, [Zn5(m3-OH)2(FDC)4] (Zn5FDC,
FDC = 9H-uorene-2,7-dicarboxylate), which show a dramatic
conductivity change of more than 108 S cm−1 within a narrow
relative humidity range. Interestingly, depending on the pres-
ence and absence of coordinating molecules in secondary
building units (SBUs) of Zn5FDC, the conductivity switching
occurs in different ranges of relative humidity (RH). X-ray
diffraction studies and theoretical calculation results explain
these phenomena: during the proton conductivity measure-
ment, Zn5FDC MOFs with and without coordinating molecules
undergo a structural transformation upon water coordination,
and the difference in the coordination environment affects the
threshold structure transformation triggered by H2Omolecules.
This study provides empirical data and theoretical
796 | J. Mater. Chem. A, 2024, 12, 795–801
substantiation for understanding the inuence of coordinating
solvents on the proton conduction behaviour in MOFs,
contributing to the design strategy for a new functional proton
conductor.

Results and discussion
Synthetic strategies of MOFs with/without coordinating
solvents

Zn5FDC, [Zn5(m3-OH)2(FDC)4(solvent)2], is an appropriate
structure for studying the relationship between local structures
and properties inuenced by different coordinating solvents
within the same frameworks (Scheme 1). Zn5FDC is composed
of pentanuclear Zn clusters coordinating with two solvent
molecules and four FDC2− ligands. The coordinating solvents in
Zn5FDC could be adjusted depending on the synthetic strategy,
resulting in Zn5FDC-DEF, [Zn5(m3-OH)2(FDC)4(DEF)2], adopting
N,N-diethylformamide (DEF) as a strong coordinating solvent,
and Zn5FDC-DCM, [Zn5(m3-OH)2(FDC)2(DCM)2], utilizing
dichloromethane (DCM) as a weak coordinating solvent.

Zn5FDC-DEF is synthesized via a solvothermal reaction using
H2FDC and Zn(NO3)2$6H2O dissolved in DEF at 85 °C for 48 h.
Single-crystal structure analysis revealed that Zn5FDC-DEF has
the Pccn orthorhombic space group, exhibiting pcu net topology
composed of Zn5(OH)2(DEF)2 clusters as octahedral SBUs and
FDC2− ligands (Table S1, S2, and Fig. S1†). In the pentanuclear
Zn clusters, center Zn has octahedral coordination geometry
with six oxygen atoms, where two of them come from bridging
m3-OH and the others are carboxylate oxygen of the ligand.
Meanwhile outer four Zn atoms have tetrahedral coordination
geometry, where two of the Zn metals have one coordinating
DEF solvent, one bridging m3-OH, and two carboxylate oxygen of
the ligand. In the thermogravimetric analysis, Zn5FDC-DEF is
stable until 400 °C, and the coordinate DEF solvents continu-
ously released around 200–400 °C, exhibiting 6% of weight loss
(Fig. S2†). This weight loss corresponding to DEFmolecules was
also observed aer conducting a solvent exchange process with
DCM, which was also conrmed through nuclear magnetic
resonance (NMR) studies aer digesting the MOF samples
(Fig. S3†). This means that preparing Zn5FDC with OMSs is
challenging through solvent exchange as well as activation of
Zn5FDC-DEF. Therefore, we tried to introduce a weak coordi-
nating solvent into Zn5FDC through a solvent-induced struc-
tural transformation approach.43,44 By adjusting the
temperature and concentration of metal and ligand based on
the synthetic condition of Zn5FDC-DEF, we obtained the other
types of MOFs, (H3O)2[Zn8(m3-O)3(FDC)6] (Zn8FDC) and [Zn7(m3-
OH)3(FDC)6(H3O)] (Zn7FDC), as a mixture. The structures of
Zn8FDC and Zn7FDC analysed by single crystal X-ray diffraction
(SCD) are described in the ESI (Table S4–S6 and Fig. S4, S5).†
Interestingly, both phases converged into Zn8FDC via the reas-
sembly of the metal cluster aer immersion in DEF solvent for
three days (Fig. S6†). It exhibits a similar trend to previously
reported solvent-mediated interpenetration transitions
(Fig. S7†).45

Subsequently, Zn8FDC underwent additional solvent-
induced structure transformation into Zn5FDC-DCM during
This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Structural transformation of (a) Zn5FDC-DEF and (b) Zn5FDC-DCM upon activation. The activated structures, Zn5FDC-DEFopt and
Zn5FDC-OMSopt, were obtained by optimizing the geometry of Zn5FDC-DEF and Zn5FDC-DCM after removing coordinating DCM, respectively.
Steel blue: Zn, light green: Cl, grey: C, red: O, blue: N, white: H.
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the solvent exchange process with DCM, which is isostructural
with Zn5FDC-DEF (Fig. 1, S8 and Table S1, S3†). Both have
similar cell parameters except for the a-axis due to the size
difference of the coordinating solvent. To understand the
structure transformation mechanism, we compared the
simplied networks based on SCD analysis using the oxo
molecules of Zn8FDC and the hydroxy molecules of Zn5FDC-
DCM as dots and the organic linkers as lines (Fig. S9†). The
structural transformation was induced by the loss of metals and
ligands and the transition of oxo groups to hydroxy groups in
SBUs in DCM. Through this transformation, Zn5FDC with weak
coordinating solvents, namely Zn5FDC-DCM, was successfully
prepared (Fig. 1b).

Water sorption and structural transformation

While Zn5FDC-DEF retains its coordinating DEF molecules
during the DCM exchange and activation processes, Zn5FDC-
DCM readily releases its coordinating DCM molecules, result-
ing in the formation of Zn5FDC-OMS during the activation
process at 120 °C under vacuum for 16 h. In Fig. 2a, Fourier
transform infrared (FT-IR) spectra support these phenomena; in
Zn5FDC-OMS the C–Cl stretch at 730 cm−1 disappears, but
Zn5FDC-DEFDCM (Zn5FDC-DEF soaked in DCM) and Zn5FDC-
DEFact (Zn5FDC-DEF heated at 120 °C under vacuum) still show
C]ODEF stretch at 1650 cm−1. To examine the behaviours of
Zn5FDC-DEF and Zn5FDC-OMS in moisture, the structures of
both MOFs were monitored by X-ray powder diffraction (XRPD)
aer exposure to RH 95% at 25 °C for 48 h. To prevent dew
formation and maintain the RH during this experiment,
a saturated potassium nitrate solution46 was used inside
This journal is © The Royal Society of Chemistry 2024
a sealed container. As shown in Fig. 2a, upon exposure to
moisture, a coordinating water peak appears around 3600 cm−1

for both MOFs, Zn5FDC-H2ODEF and Zn5FDC-H2OOMS, sug-
gesting that water molecules coordinate with the SBUs. Partic-
ularly, the replacement of coordinating molecules in Zn5FDC-
DEF is supported by the reduced intensity for the C]ODEF

stretch at 1650 cm−1. Zn5FDC-H2ODEF and Zn5FDC-H2OOMS

exhibit the same XRPD patterns (Fig. 2b), indicating that
Zn5FDC-DEF and Zn5FDC-OMS converge into the same struc-
ture, Zn5FDC-H2O. When compared to the XRPD patterns of the
original structures, it can be observed that the coordinating
H2O molecules enable the formation of hydrogen bonds with
surrounding oxygen in the metal cluster, inducing overall
structure shrinkage. It is worth noting that even aer under-
going the activation and subsequent water adsorption
processes, the metal–ligand coordination remains intact, as
shown in FT-IR spectra; the peaks for C–Ocarboxylate around
1500–1600 cm−1 exhibit no alteration.

Aer activation processes SCD analysis for Zn5FDC-DEF and
Zn5FDC-DCM failed due to their low crystallinity. In order to
predict structural changes during the activation, geometry
optimization was performed on Zn5FDC-DEF and Zn5FDC-DCM
removing coordinating DCM using Materials Studio.47 The
simulated XRPD patterns obtained from optimized structures
(denoted as ‘opt’ in a subscript aer their names such as
Zn5FDC-OMSopt and Zn5FDC-DEFopt) were compared with
empirical XRPD patterns (Fig. S10†). The geometry optimization
clearly supports that the relatively broader peak of Zn5FDC-OMS
(e.g. Zn5FDC-DCM aer activation) than Zn5FDC-DEF in XRPD
patterns is derived from an anisotropic peak shi, where its
J. Mater. Chem. A, 2024, 12, 795–801 | 797
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Fig. 1 (a) Comparison of XRPD patterns of Zn8FDC, Zn5FDC-DCM,
and Zn5FDC-DEF with their simulated patterns from single crystal
structures. (b) Structural transformation of Zn8FDC into Zn5FDC-DCM
during solvent exchange with DCM. Steel blue: Zn, light green: Cl,
grey: C, red: O, white: H.

Fig. 2 (a) FT-IR spectra of Zn5FDC-DCM, Zn5FDC-OMS, Zn5FDC-
H2OOMS, Zn5FDC-DEFDCM, Zn5FDC-DEFact, and Zn5FDC-H2ODEF. (b)
The XRPD patterns of activated and water-exposed structures for
Zn5FDC-OMS and Zn5FDC-DEF.
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direction in the same plane for Zn5FDC-OMS and Zn5FDC-DEF
is opposite. For instance, (110) and (002) planes for Zn5FDC-
OMS shi to lower and higher angles than Zn5FDC-DCM,
respectively, whereas those are opposite in Zn5FDC-DEF
(Fig. S11†). It implies that O–Zn–O bond angles attaching the
coordinating solvents to Zn changed depending on the presence
of coordinating solvents during the activation process, as
a result, the arrangement of the lattice also changed accordingly
(Table S7†). Therefore, the distance of the OMS and the
hydrogen of benzene and the oxygen of carboxylate in the
neighbouring ligand became closer to stabilize the geometry of
the OMS in SBUs of Zn5FDC-OMS (Fig. S12†). In contrast, since
coordinating DEF molecules in Zn5FDC-DEF were bonded to
SBUs even aer the activation process, only small lattice
changes occurred upon bending and rotating of the ligand
(Fig. S13†). These local structural differences, with and without
coordinating solvent molecules, can lead to a trending prefer-
ence for H2O coordination to SBUs, which will play a key role in
proton conductivity switching.

Prior to conducting proton conductivity measurements,
water vapor sorption experiments were performed on both
Zn5FDC-DEF and Zn5FDC-OMS. Both MOFs exhibited water
uptake at 298 K (Fig. 3), despite being revealed as nonporous
materials in N2 sorption isotherms at 77 K (Fig. S14†). While
Zn5FDC-OMS displayed a linear increase of water uptake as RH
798 | J. Mater. Chem. A, 2024, 12, 795–801
increased, Zn5FDC-DEF exhibited a stepwise uptake isotherm
around RH 90%, which might correspond to structural trans-
formation. Additionally, the difference in total uptake amounts
between Zn5FDC-DEF (131 cc g−1) and Zn5FDC-OMS (168 cc g−1)
can be attributed to the presence or absence of coordinating
solvents. The desorption prole having a large hysteresis reveals
that the adsorbed water was not completely removed from
Zn5FDC-OMS and Zn5FDC-DEF, implying that water molecules
strongly bound to the metal center are difficult to remove. The
second cycle of water sorption conducted aer evacuation
provides indirect evidence for water coordination through
a similar reduction in adsorption capacity (50 cc g−1, 3 mol−1),
which is approximately consistent with the remaining water in
the rst cycle.
Switchable proton conductivity

We examined proton conductivity for Zn5FDC-DEF and Zn5FDC-
OMS and claried the effects of moisture adsorption tendencies
and coordinating solvents on their proton conductivity. To
This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Water vapor sorption isotherms of (a) Zn5FDC-DEF and (b)
Zn5FDC-OMS at 298 K.
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verify the proton conductivity, the impedance measurements
for both MOFs were conducted at different RHs ranging from
30% to 95% and temperatures (Fig. 4a, S15, and Table S9†). At
RH 30% and 298 K, the proton conductivities of Zn5FDC-OMS
Fig. 4 (a) Proton conductivity of Zn5FDC-DEF (black) and Zn5FDC-OMS (
the temperature-dependent conductivity of Zn5FDC-DEF (black) and Z
Zn5FDC-OMS between 30 and 95% RH at 298 K.

This journal is © The Royal Society of Chemistry 2024
and Zn5FDC-DEF are negligible (<10−12 S cm−1). Although
humidity increased from 30 to 90%, the conductivity of Zn5FDC-
OMS exhibited only a modest one-order increase, indicating the
conductivity values of 3.33 × 10−12 S cm−1 at 298 K and RH
90%. In contrast, Zn5FDC-DEF exhibited a continuous
improvement of conductivity, and a steep jump occurred above
RH 70%, reaching 8.97 × 10−6 S cm−1 at RH 90%. This value
improved more to 2.49 × 10−4 S cm−1 at RH 95%. Zn5FDC-DEF
has the difference between the proton conductivity switching
point and steep jump at water sorption because it could exhibit
self-adaptive conductivity based on the interaction with water
molecules even before its structure is completely transformed
by moisture (Fig. S16†). Notably, Zn5FDC-OMS also exhibits
a comparable switching behaviour around RH 90%, showing
different conductivity switching points from Zn5FDC-DEF.
Proton conductivity switching can be attributed to the
induced structural transformation by pore-lling H2O as well as
coordinating H2O, which is mainly responsible for proton
conductivity due to its acidic properties. Thus, different
conductivity switching points in Zn5FDC-DEF and Zn5FDC-OMS
can be expected to be different interaction energy of H2O with
MOFs at different RH.

In order to understand these phenomena, the interaction
energy between water and water as well as water and MOFs at
RH 30, 70, and 95% was calculated through RASPA48 of NVT
simulations (Table S8†). This strategy is based on the assump-
tion that proton conductive Zn5FDC-H2O would have a strong
interaction with moisture from a certain relative pressure aer
structural transformation compared to the starting materials,
and this is known through a comparison of interaction energy
according to relative pressure. At RH 30%, Zn5FDC-OMS
exhibits relatively more favourable water–water interaction
energy (−17.05 kJ mol−1) and relatively more unfavourable
water–MOF interaction energy (−15.36 kJ mol−1) than Zn5FDC-
DEF (−7.319 kJ mol−1 and −22.49 kJ mol−1, respectively). It
implies that Zn5FDC-OMS is relatively stable against structure
transformation to Zn5FDC-H2O induced by moisture exposure
compared to Zn5FDC-DEF at low relative humidity. This
tendency is not reversed, even though the energy gap between
MOFs is decreased at 70% RH. Thus, the proton conductivity
switching behaviour of Zn5FDC-DEF could occur under lower
red) at 298 K under variable humidity. (b) The activation energy (Ea) from
n5FDC-OMS (red and orange) measured at RH 95%. (c) Cycling test

J. Mater. Chem. A, 2024, 12, 795–801 | 799
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pressure conditions compared to Zn5FDC-OMS, and DEF to
water replacement in Zn5FDC-DEF could occur under lower
pressure conditions than coordination of water in the OMS of
Zn5FDC-OMS. The water–water interaction energy was reversed
at 95% RH (water–water interaction energy: Zn5FDC-OMS;
−25.63 kJ mol−1, Zn5FDC-DEF; −27.13 kJ mol−1), which
implies that Zn5FDC-H2ODEF has relatively stronger water–water
interaction to get a higher conductivity than Zn5FDC-H2OOMS.

Subsequently, the temperature-dependent proton conduc-
tivity was measured at RH 95%. As illustrated in Fig. 4b, the
proton conductivity of both compounds indicates Arrhenius
behaviour. The highest proton conductivity value was 8.41 ×

10−5 S cm−1 for Zn5FDC-OMS at 80 °C and RH 95% and 4.26 ×

10−4 S cm−1 for Zn5FDC-DEF at 60 °C and RH 95% (Table S9†).
Further, increased temperature led to a decrease in the
conductivity due to the release of guest water molecules. The
activation energy (Ea) evaluated from temperature-dependent
conductivity for Zn5FDC-DEF is 0.11 eV, indicating the Grot-
thuss mechanism of proton conduction where the proton
diffuses from one site to another through the hydrogen bond
networks. To estimate the activation energy of Zn5FDC-OMS,
the temperature-dependent conductivity plot clearly needs to
be divided into two segments. In the range from 298 K to 303 K,
the Arrhenius t of the data results in a relatively high Ea of
2.52 eV, likely associated with the occurrence of a structural
transformation.49 However, the segment from 303 K to 353 K
corresponds to the Grotthuss mechanism, featuring a lower Ea
of 0.39 eV. This variation in the water-mediated conductivity in
the two systems can be ascribed to the potential exchange of
coordinated DEF molecules within Zn5FDC-DEF with guest
water occurring even at lower RH at 298 K, resulting in the
formation of Zn5FDC-H2ODEF and the creation of stable and
extensive proton-conducting pathways. Conversely, this
exchange is energetically unfavourable in the case of Zn5FDC-
OMS at low RH, as it already possesses a stable geometric
conguration. Therefore, it requires relatively higher tempera-
tures where the water molecules are used not only as carriers to
transport protons but also to transform the material. The XRPD
patterns before and aer the water-mediated proton conduc-
tivity studies strongly support a structural conversion
(Fig. S17†). Finally, both compounds, Zn5FDC-OMS and
Zn5FDC-DEF, attain the overall same structure (Zn5FDC-
H2OOMS or Zn5FDC-H2ODEF).

In the relative humidity cyclingmeasurement at RH 30% and
95%, these transformed materials exhibit stable conductivity
over three cycles, indicating structural stability (Fig. 4c and
S17†). Furthermore, Zn5FDCs demonstrate a superior high on-
off ratio of approximately 108, compared to other previously
reported switchable proton conductive MOFs (Table S10†).

Conclusions

In this study, we reported two isostructural MOFs, Zn5FDC-DEF
and Zn5FDC-OMS, having different coordinating environments
by the presence and absence of coordinating solvents. Both
MOFs showed structural transformation upon water uptake
under various conditions of relative humidity. The results
800 | J. Mater. Chem. A, 2024, 12, 795–801
showed that bothMOFs exhibited different response tendencies
depending on the relative humidity and temperature, indi-
cating the effects of the presence of coordinating solvents.
Specically, Zn5FDC-DEF demonstrated a dramatic improve-
ment in conductivity above 70% relative humidity. Meanwhile,
Zn5FDC-OMS showed conductivity at relatively higher humidity
levels, RH 90% and maintained its conductivity performance at
higher temperatures than Zn5FDC-DEF.

The difference in the conductive switching points and
proton conductivity depending on the temperature of the two
MOFs is interpreted to be due to the structural variations of the
starting material, inuenced by coordinating solvents. Based on
temperature-dependent conductivity measurements, both
MOFs exhibited Arrhenius behaviours. Notably, Zn5FDC-DEF
has relatively lower activation energy, indicating a Grotthuss
mechanism where protons diffuse from one location to another
through a hydrogen-bonding network. Finally, cycling experi-
ments veried the structural robustness of these MOFs. Our
ndings suggest that coordinating solvents play a role in
modulating proton conductivity within structurally similar
MOFs. This work sets the stage for future investigations into
how coordinating solvents impact the proton-conductive prop-
erties of MOFs.
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