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ABSTRACT: Water under nanoscale confinement exhibits structural and dynamical states
distinct from bulk behavior, yet the role of pore chemistry in governing these states remains
insufficiently understood. Herein, the hydration kinetics and molecular-scale fluctuations of
water confined within a comprehensive series of MOF-74 metal-organic frameworks
incorporating Mg, Ni, Co, and mixed-metal compositions were investigated and compared
with those observed in mesoporous MCM-41 silica. In situ impedance spectroscopy resolves a
pronounced multistep hydration mechanism in MOF-74, initiated by rapid coordinative
binding at open metal sites, followed by cluster formation and final capillary condensation. In
contrast to MCM-41 silica, where capillary condensation dominates, the presence of
coordinatively unsaturated metal centers fundamentally alters adsorption pathways. Mixed-
metal MOF-74 exhibits accelerated and temporally broadened hydration, reflecting heterogeneous distributions of adsorption
energies. Broadband dielectric spectroscopy reveals a distinct water-specific relaxation process (w-relaxation) attributed to
fluctuations of water clusters interacting with metal nodes. Relaxation rates follow Arrhenius behavior with activation energies
increasing in the order Mg < Ni < Co and further enhanced in mixed-metal systems. Remarkably, water confined within MOF-74
remains liquid-like down to 133 K without crystallization, whereas crystallization is observed in MCM-41 silica. All activation data of
the MOF-74 systems obey a common Meyer−Neldel compensation relation, indicating cooperative molecular dynamics and
suggesting a hindered glass-transition−like process of confined water clusters. These findings demonstrate that open metal sites and
metal composition enable programmable control over hydration kinetics and collective water dynamics in microporous frameworks.
MOF-74 thus provides a tunable model platform for engineering water-driven transport, catalysis, and energy-relevant processes at
the nanoscale.

■ INTRODUCTION
Water is universally recognized as the most critical liquid for
sustaining life, serving as an indispensable component for
biological and ecological systems.1 Despite its fundamental
role, water remains a subject of extensive scientific research
due to its numerous anomalies and atypical physicochemical
properties. The underlying molecular mechanisms of these
properties are not yet fully understood.2 Although liquid bulk
water represents the most familiar state, water frequently
occurs in spatially confined environments, as observed in
numerous biochemical3−8 and geochemical processes.9−12 A
spatial confinement can significantly alter the structural and
dynamic properties of water compared to the bulk phase,
making it a subject of considerable scientific interest.13 The
most important confinement effect on water is that the freezing
point is lowered,14 allowing water to stay in a liquid
nonfreezable state (supercooled liquid) at subzero temper-
atures.15,16 This nonfreezable water can even undergo a glass
transition, which means a thermo-kinetic transition from the
supercooled liquid to an amorphous solid state. Investigations
on confined water can further help to understand the behavior
of bulk water in the temperature range, which is called the no-

man’s temperature range (150−235 K).17 An understanding of
confined water in an applicational context is necessary for the
development of new materials, for instance, that enable
effective ion transport, water-driven mechanical actuation, or
for water purification, electrical energy storage and conversion,
as well as catalysis in a sustainable way, besides others (see, for
instance refs 18−22).
Several porous systems have been employed as host systems

to confine water. These host systems include silica-based
materials like Mobil Compositions of Matter (MCM)23−33 or
SBA-type.23,34−36 Besides these materials, water was also
confined to the pores of anodic aluminum oxide,37 silicon,22,38

molecular sieves,39−43 graphene or graphite oxide.44 Recently,
water was investigated confined to periodic mesoporous
organosilicas (PMOs), a special class of metal-free hybrid
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materials.45−55 The structure and molecular mobility of water
embedded within the pores of metal−organic frameworks
(MOFs) were also investigated.18,56,57

MOFs are a relatively new class of porous materials.58 They
are characterized by extremely high Brunauer−Emmett−Teller
(BET) surface areas (up to 7800 m2/g), including a high
porosity up to 80%.58−60 MOFs are organic−inorganic hybrid
materials that are built from metal ions or metal ion clusters,
referred to as secondary building units (SBUs), which are
interconnected by organic linkers. This assembly results in an
ordered, crystalline three-dimensional network characterized
by well-defined pores, cavities, and channels. By varying the
choice of SBUs through the incorporation of different metal
ion centers and modifying the organic linkers, an extensive
range of structural and chemical diversity can be achieved, with
a wide range of pore sizes and shapes.61−64 Such tunability
enables the rational design of MOFs with tailored properties
and functionalities optimized for specific applications. Among
these applications are gas storage (see, for instance, refs
65−68), water harvesting,69−71 and drug delivery,72−74 besides
others.
Certain MOFs feature open metal sites (OMS), also referred

to as coordinatively unsaturated sites (CUS), within their
structure. These sites arise when not all potential coordination
positions of the metal centers are occupied by organic linkers.
However, during synthesis, these vacant sites are typically
coordinated by solvent molecules. Following the synthesis, the
activation of MOFs is typically achieved through the removal
of residual solvent molecules from the pores and, if present,
those coordinated to the metal centers. This process generally
involves the application of heat and/or vacuum, and in some
cases, prior solvent exchange with a lower-boiling-point solvent
to facilitate complete removal. Activation exposes the OMS,
which serves as a strong adsorption center for a wide range of
molecules, including water.
Here, we study the hydration kinetics and molecular

fluctuations of water confined in monometallic and mixed-
metal MOF-74 (CPO-27) frameworks.75 MOF-74 is distin-
guished by an exceptionally high concentration of coordina-
tively unsaturated metal sites, making it an ideal platform for
investigating water−surface interactions under nanoscale
confinement. They are characterized by a framework
comprising one-dimensional channels, forming a honeycomb-
like architecture. At this point, an important question concerns
the spatial distribution of metal ions within mixed-metal MOF-
74. Specifically, it remains unclear whether different metal
species are incorporated within the same SBU or metal node,
or whether each node contains only a single metal species, with
the different metals distributed among distinct nodes
throughout the framework. There is some experimental
evidence that for mixed-metal MOFs, each specific metal
node contains only one kind of metal ion and not a mixed-
metal center.76,77 So the framework consists of single metal
nodes, but the overall structure of mixed-metal MOF-74 is
formed by a mixture of these nodes having different metal ions.
However, there is no long-range ordering of the metal nodes,
which causes a random distribution of different adsorption
sites. It is worth noting that the distribution of the nodes with
the different metal ions can be controlled during the synthesis,
for instance, by the choice of the solvent.77

In the first part of this study, the sorption kinetics of water
(hydration) in MOF-74 were studied by an in situ dielectric
approach. The interaction of water with some of the

considered MOF-74 materials was investigated by FTIR
spectroscopy.57 The results obtained for the different MOF-
74 materials were compared to those for MCM-41 silica, which
exhibits a similarly ordered hexagonal array of cylindrical pores
but lacks specific water adsorption sites beyond those provided
by hydrogen-bonding interactions. In contrast, MOF-74
structures possess OMS that enable coordinative bonding of
water molecules to the framework. In the second part of this
investigation, the molecular fluctuations of water inside the
pores are studied by broadband dielectric spectroscopy. The
dielectric behavior of the considered MOF-74 materials in the
dry state was studied elsewhere.80

■ EXPERIMENTAL SECTION

Materials
Nine different MOF-74 materials having Mg, Ni, and/or Co ions as
SBUs were synthesized. For the mixed-metal MOF-74, different ratios
of Mg/Co and Mg/Ni have been employed. As a linker, 2,5-
dihydroxyterephtalic acid was used. The synthesis was carried out as
given in refs 78,79. The synthesized MOF-74 materials have been
characterized previously with respect to their metal composition, pore
size distribution, pore volume, and BET surface area.57,80 The
characterization also includes XRD measurements. It is worth
mentioning that the considered MOF-74 materials contain hydro-
philic sites at the metal centers, as well as hydrophobic parts at the
phenylene units. For comparison, an MCM-41 silica sample with
native hydrophilic pore walls was also investigated. Notably, the pore
size of the MCM-41 silica (3.5 nm) is larger than that of the MOF-74
materials (1−1.3 nm). However, both classes of materials have one-
dimensional pores arranged on a hexagonal lattice. Details of the
composition of MgxNi(1 − x)-MOF-74 and MgxCo(1 − x)-MOF-74,
pore sizes, and BET surface areas are given in Table 1.

Sample Preparation. Water was confined in the cleaned pores of
the considered MOF-74 materials with activated OMS. The cleaning
and activation procedure for MOF-74 was previously developed and
given in ref 80. In brief, after solvent exchange, the pores were cleaned
and activated by outgassing the MOF-74 under a vacuum of 10−4

mbar at 423 K for 300 min.
Following the cleaning and activation procedures, the samples were

transferred under a vacuum into a humidity-controlled glovebox.
Subsequently, they were positioned within a custom-designed
humidity chamber equipped with an in situ impedance measurement
system. A photo of the custom-made sample preparation and the in

Table 1. Properties of the MOF-74 samples as given
elsewhere80

sample name

metal
composition
[mol %]

maximum pore size
distribution [nm]

surface
area
[m2/g]

Mg100-MOF-74 100% Mg 1.3 1420
Co100-MOF-74 100% Co 1.2 1013
Ni100-MOF-74 100% Ni 1.1 1471
Mg70Co30-MOF-74 70% Mg, 30%

Co
1.2 1166

Mg50Co50-MOF-74 50% Mg, 50%
Co

1.2 1200

Mg25Co75-MOF-74 25% Mg, 75%
Co

1.0 1091

Mg70Ni30-MOF-74 70% Mg, 30%
Ni

1.2 1305

Mg50Ni50-MOF-74 50% Mg, 50%
Ni

1.2 1243

Mg25Ni75-MOF-74 25% Mg, 75%
Ni

1.2 1223

MCM-41 silica 3.5
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situ impedance measurement setup is given in the Supporting
Information in Figure S1. In the chamber, a relative humidity in the
range from 5 to 95% can be precisely employed and controlled. The
humidity in the chamber was adjusted by bubbling dry nitrogen
through a water-containing bottle by controlling the flow rates of
nitrogen and the hydrated nitrogen vapor independently.
Moreover, an in situ impedance measurement setup consisting of

an LCR meter, LCR-6000 Precision (GW Instek), with a custom-
made Teflon sample holder having parallel brass electrodes has been
included. The impedance measurement setup allows one to follow the
adsorption of water into the pores as a function of time by measuring
the real part of the complex impedance Z′(t).
The samples were subjected to a continuous nitrogen−water vapor

atmosphere within the controlled chamber, maintaining a relative
humidity of 80%. The selected value of humidity is above the value for
capillary condensation. This condition was sustained for several hours
to facilitate capillary condensation of water within the pores of the
MOF-74 structures, ensuring complete pore filling. The temperature
at the loading was kept constant at 21 °C due to air conditioning. The
pore filling process was quantitatively assessed through real-time
impedance monitoring, employing in situ impedance spectroscopy
throughout the hydration process as described above.

Dielectric Spectroscopy. The complex dielectric permittivity or
function, given by ε*( f) = ε′( f) − iε″ ( f), of the MOF-74 materials
containing confined water was measured over a frequency range from
10−1 to 106 Hz and temperatures from 133 to 293 K using a high-
resolution ALPHA analyzer (Novocontrol Technologies, Montabaur,
Germany) and the corresponding software. The ALPHA analyzer was
interfaced to a sample holder with an active head. Here ε′ and ε″

denote the real and imaginary (dielectric loss) parts of the complex
dielectric function ε*(f). f represents the frequency and =i 1 is
the imaginary unit. Details of the technique can be found elsewhere.81

The temperature of the sample was controlled by a Quatro cryostat
system (Novocontrol) working with nitrogen as a heating/cooling
agent. The stability of the temperature was better than 0.1 K.
For the dielectric measurements, the hydrated samples were filled

into a custom-made hermetically sealed cell directly in the controlled
humidity chamber. The design of the cell is given elsewhere.82 By
using this cell, the desorption of water during the dielectric
measurement was avoided. The measurement was carried out in a
parallel plate geometry.
Furthermore, it is important to note that the measurements are

carried out on powders. Therefore, the measured samples consist of
MOF particles and interparticle spaces filled with air. For this reason,
the absolute values of the measured dielectric function is only an
observed quantity, and their absolute value is not necessarily correct.
However, the position of the maximal dielectric loss is not mainly
affected by this factor.

■ RESULTS AND DISCUSSION

Water Sorption Kinetics

The interaction and adsorption of water are controlled by the
interplay of hydrophilic and hydrophobic parts of the
framework.83 The interaction of water with the MOFs was,
for instance, studied by infrared spectroscopy, analyzing the
OH stretching vibration quantitatively in the literature.57,84−91

Figure 1. (a) Normalized impedance versus time at a frequency of 1000 Hz for MCM-41 silica (black line) and Mg100-MOF-74 (red line). The
dotted-dashed lines represent fits of eq 1b to the corresponding data. (b) Normalized impedance versus time at a frequency of 1000 Hz for the
different single-metal MOF-74 materials: red line�Mg100-MOF-74, blue line�Ni100-MOF-74, and green line�Co100-MOF-74. (c)
Normalized impedance versus time for the MgxNi(1 − x)-MOF-74 as indicated. (d) Normalized impedance versus time for the MgxCo(1 − x)-
MOF-74 as indicated.
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The fitting of three Gaussians was found to be sufficient to
describe the OH stretching vibration of the confined water.
This approach was also employed for the Mg100-MOF-74,
Ni100-MOF-74, and some members of the MgxNi(1 − x)-
MOF-74 series.57 The Gaussian with the lowest wavenumber
at ca. 3200 cm−1 was assigned to water molecules with a water/
water coordination number around 4 with a tetrahedral
structure. Such a structure can also be found in ice.
Considering that this type of water is most likely the most
ordered one, it can be assigned to water molecules forming
clusters around the water coordinated at the OMS. Inside
these clusters, the water molecules have strong hydrogen
bonds. The second mode of the OH stretching vibration
observed at 3400 cm−1 is attributed to a type of water molecule
that is less ordered than that in water clusters. It can be
considered confined liquid-like water. In turn, this means that
the properties of the confined liquid water are no longer
strongly dominated by its interaction with the SBUs for this
kind of confined water. Most likely, it forms larger domains or
aggregates in the vicinity of the SBUs. The third mode of the
OH stretching vibration is located at a wavenumber of 3600
cm−1. It is commonly attributed to single water molecules or
multimers of water floating in the center of the pores. It
remains unclear whether such multimeric water species can
exist in pores that are completely filled. It is worth noting that
X-ray scattering combined with thermogravimetric analysis
(TGA) also reveals three different states of water for a variety
of MOF-74 materials with different metal ions.92

The different states of water, as evidenced, for instance, by
FTIR measurements, should also be reflected in the adsorption
kinetics. Conventionally, the hydration of porous materials is
followed by thermogravimetry and/or measuring the adsorbed
volume versus pressure, which confirms for MOF systems
three different states of water.92 Here, a different approach is
employed by studying the adsorption versus time by a
dielectric approach. This approach is possible because water
is a polar molecule, and therefore, the whole system becomes
more polar when water is absorbed. Figure 1a compares the
normalized impedance versus time for MCM-41 silica and
Mg100-MOF-74. For both materials, the impedance decreases
with time as the adsorbed water molecules are more polar
compared to the host materials. As more water is absorbed, the
impedance decreases because the entire system becomes more
polar.93 This statement remains correct for the case when the
water molecules form an interconnected hydrogen-bonded
network, where dipole moments can also be averaged out in a
few cases. If the adsorption process is completed, no water is
further absorbed, and the impedance becomes a constant value
independent of time. This means that by measuring the
impedance during pore filling, the kinetics of the pore filling
process can be accessed. It is worth noting that besides water
adsorption in the pores, water can also be adsorbed at the
surface of the grains. However, the BET surface area due to the
pores is much larger than the surface area of the grains.
Therefore, water adsorption at the surfaces of the grains can be
neglected in the adsorption kinetics.
From Figure 1a, several further conclusions can be drawn.

To reach a complete pore filling for Mg100-MOF-74, a
relatively long time of approximately 20 h is needed, whereas
for MCM-41 silica, the time for pore filling is shorter (ca. 5 h).
Assuming that the pore size is the dominating factor for
adsorption, one might argue that the different time depend-
ences of the adsorption kinetics of the MCM-41 silica and the

Mg100-MOF-74 are due to the different pore sizes of both
materials. For the case that the pore size is the dominating
factor and that the adsorption is diffusion controlled, the time
dependence of the adsorption curves should collapse into one
chart when the impedance Z′(t) is plotted versus the reduced
time t/(pore size). Figure S2 in the Supporting Information
depicts Z′/Z′(t = 0) versus t/(pore size) for MCM-41 silica
and Mg100-MOF-74. The two data sets do not superimpose in
this reduced representation. Therefore, one must conclude that
the adsorption process is not diffusion-controlled and that
factors such as pore chemistry have a larger influence on the
adsorption kinetics than pore size. For MCM-41 silica, the
adsorption kinetics show almost one relatively sharp decay in
the impedance. Besides hydrogen bonding at the silanol groups
at the pore walls, MCM-41 silica has no further specific
adsorption sites for water. Therefore, the adsorption of water is
most likely due only to capillary condensation.
Further, Figure 1a reveals that the adsorption kinetics of

water in the pores of Mg100-MOF-74 are different from those
in MCM-41 silica. For Mg100-MOF-74, the time dependence
of the normalized impedance shows at least a two-step decay.
As discussed above, MOF-74 materials have specific adsorption
sites for water at the OMS of the SBUs. At the OMS, water
molecules are coordinatively bonded. Compared to hydrogen
bonds between water and the silanol groups of the MCM-41
silica, the coordinative bonds of water molecules at the OMS
are stronger.94−96 Therefore, the initial decay of the impedance
at short times (for Mg100-MOF-74 up to ca. 0.3 h) is assigned
to water molecules forming coordinative bonds with the OMS.
For longer times up to ca. 4 h for Mg100-MOF-74, the
adsorption kinetics of water is assigned to the formation of
water clusters close to the coordinatively bonded water
molecules. Finally, the water adsorption at the longest times
up to 17 h for Mg100-MOF-74 is assigned to complete pore
filling due to capillary condensation.
To discuss the differences in the adsorption kinetics of

MCM-41 and Mg100-MOF-74, some modeling has been
carried out. Empirically, the adsorption kinetics in porous
media have been modeled by the so-called Avrami equation,97

which reads

=M t
M

t( )
1 exp

n

s

i
k
jjjjjj

i
k
jjjjj

y
{
zzzzz

y
{
zzzzzz (1a)

Here M(t) is the adsorbed mass at time t, M∞ the adsorbed
mass for t→∞, and τs a time constant for the sorption process.
In principle, n is a fitting parameter but also carries information
about the sorption process. For n = 0.5, the process is
diffusion-controlled, whereas for n ≥ 1 the sorption process is
more complex. For the impedance, eq 1a can be rewritten as

=
= +Z t

Z t
Z t Z

( )
( 0)

(1 )exp
n
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Where Z∞′,red is the reduced impedance for t→∞. It is worth
noting that eq 1 does not include a term that accounts for a
special interaction of water with materials like hydrogen
bonding or coordinative bonding.
Figure 1a shows the fit of eq 1b to the sorption kinetics of

the MCM-41 silica. The data for MCM-41 silica can be
reasonably well described by eq 1b, besides some small
deviations in the time range between 0.1 and 1 h (see Figure
S3, plot of the relative residuals). These deviations might be
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due to hydrogen bonding between water molecules and the
silanol groups of MCM-41 silica. Moreover, the parameter n is
found to be 1.45, indicating that the sorption behavior is not
diffusive.
The fit of eq 1b to the data of Mg100-MOF-74 is included in

Figure 1a. The sorption kinetics of Mg100-MOF-74 are not
well described by eq 1b. This becomes obvious from the plot
of the relative residuals (Figure S3), which shows strong
systematic deviations.
Figure 1b compares the time dependencies of the

normalized impedance for single-metal MOF-74. First, for all
single-metal MOF-74, the adsorption kinetics of water are
different from that of MCM-41 silica due to the specific
adsorption sites for water in the MOF-74. Second, the
adsorption kinetics of the water molecules depend on the
metal ion in the MOF-74. This result can be rationalized by
considering the different interactions of the water molecules
with the metal ions.
Figure 1c,d depicts the sorption kinetics of water for

MgxNi(1 − x)-MOF-74 and MgxCo(1 − x)-MOF-74
materials, respectively. In principle, the adsorption kinetics of
water in the mixed-metal MOF-74 are comparable to those of
the single-metal MOF-74. This concerns, for instance, the
three-step adsorption kinetics. However, both figures reveal
that the adsorption kinetics depend not only on the type of the
metal ion but also on the composition of the mixed-metal

MOF-74. The adsorption kinetics of the mixed-metal systems
seem to cover a broader time range in comparison to those of
the single-metal ones. At first glance, this point can be
understood by considering that for the mixed-metal structures,
the adsorption sites for water become heterogeneous. As
discussed above, the structure of the mixed-metal MOF-74
consists of metal nodes where a specific metal site contains
only one kind of metal ion, but a mixture of metal nodes
having different metal ions. This composition distribution will
lead to a distribution of the adsorption sites for the water
molecules, making the time dependence of the adsorption
kinetics broader. Unfortunately, no experimental character-
ization of the heterogeneity of the considered MOF-74
materials is available until now. However, Figure 1c,d reveals
that the distribution of the adsorption sites affects the early
stages of the adsorption kinetics. This means that, for all
mixed-metal MOF-74 structures, the adsorption of water
molecules seems to be faster than that for the corresponding
single-metal materials. This might be expected, as the early
stages of the adsorption kinetics are assigned to the adsorption
of water at the OMS. This faster adsorption of water in the
mixed-metal MOF-74 materials cannot be rationalized by the
time dependence of the adsorption of the single-metal MOFs
by a simple two-phase model in series or parallel circuit.
Therefore, it is concluded that the hydration of mixed-metal
MOF-74 is controlled by additional synergistic effects caused

Figure 2. (a) Dielectric loss versus frequency and temperature for Mg100-MOF-74 in a 3D representation. (b) Dielectric loss versus temperature at
a frequency of 1000 Hz: Comparison of the first cooling and the second heating run. (c) Dielectric loss normalized by the maximum dielectric loss
of the w-relaxation process versus frequency at a temperature of 173 K (−100 °C) for the single-metal MOF-74 materials and the MCM-41 silica as
indicated. The curves were shifted along the y-scale for clarity. (d) Derivative d (log ε″)/dT versus temperature at a frequency of 1000 Hz: red
circles�Mg100-MOF-74 and black squares�MCM-41 silica. The curves were shifted along the y-scale for clarity.
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by the different metal nodes and their distribution. These
additional effects must be explored in future investigations.
Molecular Fluctuation of Water

To investigate the molecular fluctuations of water inside the
pores of the considered MOF-74 materials, broadband
dielectric spectroscopy is employed in a wide frequency and
temperature range.
Single-Metal MOF-74 Materials

Figure 2a gives the dielectric loss of Mg100-MOF-74 versus
frequency and temperature in a 3D representation. The
dielectric spectra of all other materials are comparable and
given in the Supporting Information in Figure S4. At lower
temperatures, at least one relaxation process indicated by a
peak is observed. This process is called the w-relaxation (water-
relaxation). This relaxation process is followed by a
conductivity contribution and conductivity-related effects like
Maxwell−Wagner−Sillars (MWS-) and electrode polarization.
The w-relaxation process is assigned to molecular fluctuations
of water molecules in the pores of the MOF. MWS- and
electrode polarization phenomena are parasitic effects due to
the blocking of charge carriers at internal phase boundaries
(here, most likely grain boundaries) at mesoscopic length
scales or at macroscopic length scales at the electrodes. The
dielectric behavior of the empty MOF-74 structures considered
here as host materials for water was studied in ref 80. Several
relaxation processes were observed for the empty dehydrated
MOF-74 systems. A relaxation region called process-B was
assigned to inward and outward fluctuations of the linkers
relative to the pore center, where a further process, process-C,
was attributed to small-angle rotational fluctuations of the
linker together with corotations of the metal nodes. Figure S5
compares the observed dielectric loss for the dry and the
hydrated Ni100-MOF-74 at a temperature of −100 °C (173
K). Although the absolute values of the observed dielectric loss
of both materials are probably not correct, the observed
dielectric loss for dry Ni100-MOF-74 is by more than an order
of magnitude lower than that for the hydrated samples. For the
dry Ni100-MOF-74, no relaxation process at the considered
temperature is observed. This means that the w-relaxation
observed for the hydrated MOFs is not due to the MOF
framework but due to the confined water. Moreover, the
relaxation processes -B and -C observed for the dry MOF-74
materials are located at much higher temperatures than the w-
process (see Figure S6, Supporting Information). Surprisingly,
although found for the dry MOF-74 materials, they are not
observed as clear peaks in the dielectric spectra for the
hydrated samples. On the one hand, it might be argued that
these relaxation modes are suppressed by the interaction of
water molecules with the frameworks. On the other hand, it
might be discussed that the relaxation processes observed for
the dry MOF-74 materials are hidden by the conductivity
contribution of the hydrated MOF-74 samples.
Figure 2b depicts the dielectric loss at a frequency of 1000

Hz versus the temperature for different cooling and heating
runs. There are no significant differences between heating and
cooling runs, indicating that no water is desorbed from the
pores during the measurement. Furthermore, this proves that
the hermetically sealed dielectric cell works properly. More-
over, the agreement of the first cooling and second heating
indicates that no significant hydrolysis took place during the
dielectric measurements.

Figure 2c compares the dielectric spectra at T = 173 K
(−100 °C), especially the w-relaxation for the different single-
metal MOF-74 materials with that of MCM-41 silica. For
MCM-41 silica, a single peak is observed at ca. 100 Hz,
followed by a conductivity contribution at lower frequencies. It
is worth noting that the relaxation process due to interfacial
water in MCM-41 silica, discussed for instance in ref 48, is not
observed in the measurements discussed here. This might be
due to a different preparation procedure, including a cleaning
step for the pore surface.
The dielectric spectra for the MOF-74 structures are

different in at least three aspects compared with those of
MCM-41 silica. First, the maximum frequencies of the w-
relaxation of the MOF-74 materials are shifted by at least 2
orders of magnitude to higher frequencies in comparison to
MCM-41 silica. This might indicate that the structure or
morphology of water confined to the pores of MCM-41 silica is
different from that in the MOF-74. This issue is discussed in
more detail below. Second, the maximum frequency position of
the relaxation process depends on the kind of metal ion in the
SBU. The behavior evidences that water molecules have
different interactions with the different metal ions in the SBUs.
Therefore, the w-relaxation process is assigned to water
clusters (tetrahedral water) in close-proximity interaction
with the metal nodes. Third, especially for Mg100-MOF-74,
the peak is followed by a broad plateau region, indicating the
presence of further relaxation processes or at least a broader
distribution of water states in the considered Mg100-MOF-74
systems. Most likely, the water states range from water
interacting strongly with the framework due to interaction with
the OMS (water clusters close to the SBU) to liquid-like water.
For the Ni100-MOF-74, the plateau-like region is less
pronounced compared to that of Mg100-MOF-74. Therefore,
it is concluded that Ni100-MOF-74 contains less liquid-like
water in comparison to Mg100-MOF-74. This conclusion
agrees with experimental results obtained by FTIR spectros-
copy.57 By quantitative analysis of the OH stretching vibration
by peak fitting, it was shown that Ni100-MOF-74 contains, at
80% humidity, 25% less liquid-like water than Mg100-MOF-
74. For Co100-MOF-74, the plateau is even less pronounced
compared to Ni100-MOF-4 and Mg100-MOF-74. Unfortu-
nately, no FTIR investigations are available for the MOF-74
materials containing Co ions. Nevertheless, from the dielectric
measurements, it is concluded that Co-MOF-74 might contain
the smallest amount of liquid-like water of the considered
series of single-metal MOF-74 structures.
It has been proven that the first derivative of the real part of

the complex dielectric function versus temperature is sensitive
to detecting phase transitions like melting in confined
systems.98,99 A phase transition is indicated by a peak-like
discontinuity. Figure 2d compares the derivative d (log ε′)/dT
for MCM-41 silica with that of Mg100-MOF-74 at a frequency
of 1000 Hz. For MCM-41 silica, a peak-like discontinuity is
observed at a temperature of 218 K. This discontinuity
evidences a phase transition of confined ice to confined liquid
water. This result is also confirmed by differential scanning
calorimetry (see Figure S7 in the Supporting Information).
There is a further discontinuity at ca. 240 K, which is
attributed to the melting of water located at the surfaces of the
grains. For Mg100-MOF-74, no discontinuity in the temper-
ature range around 218 K is observed. Therefore, it is
concluded that confined water in Mg100-MOF-74 does not
undergo a phase transition from confined ice to confined
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water, and the structure of water is almost in a liquid-like state.
This conclusion is further supported by DSC measurements on
Mg100-MOF-74 (see Figure S8). No peaks indicating a
melting or crystallization of water are observed in the heat
flow.
The melting of ice at the surfaces of the grains is also

observed as a weak bump for Mg100-MOF-74. A similar
behavior is observed for all other considered MOFs. The
different behaviors of water in MCM-41 silica and MOF-74
can be discussed in two directions. First, the pores of MCM-41
silica are larger than those of the MOF-74 (see Table 1). The
smaller pore sizes of the MOF-74 materials might suppress the
crystallization of confined water into confined ice. This
conclusion is supported by the experimental observation that
water does not crystallize in the pores of MCM-41 silica below
a critical pore size.100 Second, water has different interactions
with MCM-41 silica and the MOF-74 materials, which might
also suppress the crystallization of confined water for the latter
ones. Most probably, both aspects will play a role.
To analyze the dielectric spectra quantitatively, the model

function of Havriliak/Negami (HN-function)101 is fitted to the
data.102 It is given by

* = +
+ i

( )
(1 ( ) )HN (2)

Here ω denotes the angular frequency ω = 2πf. The fractional
shape parameters β and γ (0 < β; β*γ ≤ 1) describe the
functional shape of the relaxation spectrum (symmetric and
asymmetric broadening) compared to the Debye function. τHN
is the relaxation time of the molecular fluctuations and Δε
expresses the dielectric strength. ε∞ represents the real part of
the complex dielectric function for = lim ( )
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Contributions related to conductivity were treated by adding
the term

( )
0

s
0
to the loss part of the HN-function. σ0 is related

to the DC conductivity of the system. The exponent s models
non-Ohmic effects in the conductivity (0 < s ≤ 1), where s = 1
holds for Ohmic conductivity. ε0 is the dielectric permittivity of
vacuum.
Figure S9 gives examples of the fits of the HN-function to

the dielectric spectra. From the fits, the relaxation rates fp are
estimated and plotted versus inverse temperature for the
single-metal MOF-74 in the relaxation map in Figure 3a. The
temperature dependence of the relaxation rates of the w-
relaxation follows the Arrhenius equation, which is given by

=f f
E
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expp
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k
jjj y

{
zzz (4)

Here Ea is the activation energy, and R is the general gas
constant. f∞ represents the pre-exponential factor denoting the
relaxation rates at infinite temperatures. Figure 3b reveals that
the values of the activation energy of the w-process depend on
the kind of metal ion in the MOF structure. The w-relaxation
for Mg100-MOF-74 has, with 41.9 kJ/mol, the lowest value of
the activation energy, and that of Co100-MOF-74 with 55.6
kJ/mol the highest value of Ea. The value of the activation
energy for Ni100-MOF-74 is 50.5 kJ/mol, in the middle of
both former data. The different activation energies reveal the
different interactions of the water molecules with the
framework. As the different single-metal MOF-74 materials
contain different amounts of liquid-like water (see above
discussion), in addition to the interactions, one might argue
that the different amounts of liquid-like water will influence the
molecular fluctuations of water in the water clusters. Above, it
was concluded that the amount of liquid-like water decreases
from Mg100-MOF-74, versus Ni100-MOF-74, to Co100-
MOF-74, which has the lowest amount of liquid-like water.
The values of the activation energies of the w-process for the
single-metal MOF-74 materials follow the same order. This
means, in other words, that Co100-MOF-74 contains the
highest amount of tightly bound, which might be the reason
for the highest value of the activation energy of the w-process.
However, Table 1 reveals that the pore sizes of the different
single-metal MOF-74 are quite similar. Therefore, it is
concluded that additional geometrical confinement effects for

Figure 3. (a) Relaxation rates of the w-relaxation versus inverse temperature: red circles�Mg100-MOF-74, blue asterisk�Ni100-MOF-74, green
triangles�Co100-MOF-74, and black squares�MCM-41. Lines are fits of the Arrhenius equation to the corresponding data. (b) Activation energy
for the single-metal MOF-74 materials and MCM-41 silica: Red�Mg100-MOF-74, blue�Ni100-MOF-74, green�Co100-MOF-74, and black�
MCM-41 silica.
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Figure 4. (a) Dielectric loss versus frequency for the Ni-containing MOF-74 materials at a temperature of 173 K (−100 °C): Red circles�Mg100-
MOF-74, brown diamonds�Mg70Ni30-MOF-74, pink down-pointing triangles�Mg50Ni50-MOF-74, orange hexagons�Mg25Ni75-MOF-75,
and blue asterisks�Ni100-MOF-74. Dashed lines are guides for the eyes. (b) Dielectric loss versus frequency for the Co-containing MOF-74
materials at a temperature of 173 K (−100 °C): Red circles�Mg100-MOF-74, brown diamonds�Mg70Co30-MOF-74, pink down-pointing
triangles�Mg50Co50-MOF-74, orange hexagons�Mg25Co75-MOF-75, and green triangles�Co100-MOF-74. Dashed lines are guides for the
eyes. (c) Relaxation map for the Ni-containing MOF-74: Red circles�Mg100-MOF-74, brown diamonds�Mg70Ni30-MOF-74, pink down-
pointing triangles�Mg50Ni50-MOF-74, orange hexagons�Mg25Ni75-MOF-75, and blue asterisks�Ni100-MOF-74. Lines are fits of the
Arrhenius equation to the corresponding data. (d) Relaxation map for the Co-containing MOF-74: Red circles�Mg100-MOF-74, brown
diamonds�Mg70Co30-MOF-74, pink down-pointing triangles�Mg50Co50-MOF-74, orange hexagons�Mg25Co75-MOF-75, and green
triangles�Co100-MOF-74. Lines are fits of the Arrhenius equation to the corresponding data. (e) Activation energies of the w-relaxation for the
considered MOF-74 versus metal concentration: red�Mg100-MOF-74, blue�Ni-ion-containing MOF-74 systems, and green�Co-ion-
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the water molecules in the different single-metal MOF-74
materials will play a minor role.
The estimated values of the activation energies might at first

glance indicate that the molecular origin of the w-relaxation is
localized fluctuations of water. However, at least for Ni100-
MOF-74 and Co100-MOF-74, the activation energies seem to
be too high for a localized relaxation process. This is further
discussed below.
The relaxation rates of the w-relaxation observed for water

confined to the pores of MCM-41 silica were too low to be
accessed within the available frequency range, and this process
could be investigated only in the temperature range where the
confined water has the form of confined ice. This
interpretation agrees with that given in ref 48. Figure 3b
shows that the activation energy of the water molecules in
confined ice is much higher than the values of Ea for the w-
process of the MOF-74 materials. This again points to a
different structure of water confined in the pores of the MOF-
74 materials and in MCM-41 silica. As discussed above, the
water confined to the MOF-74 has a kind of liquid-like
structure, whereas the water in MCM-41 silica is in the state of
ice. In this ice-like state, the water molecules have a
coordination state of approximately four, which means that
each water molecule is, on average, hydrogen-bond coordi-
nated to about four neighboring water molecules, consistent
with a tetrahedral network. As discussed above, due to the
available frequency range, the temperature range where the
water is liquid-like cannot be accessed by these experiments.
However, this temperature range can be exceeded by
conductivity spectroscopy (see below).
Mixed-Metal MOF-74 Materials

Figure 4a depicts the dielectric loss versus frequency at a
temperature of 173 K (−100 °C) for the Ni ion containing
MOF-74. The maximum relaxation rate of the w-relaxation
depends on the concentration of the Ni ions. At the given
temperature, with increasing Ni ion concentration, f p shifts first
to higher frequencies and for Ni100-MOF-74 back to lower
frequencies. This seems to be different for the Co-ion-
containing systems (see Figure 4b), where the maximum
frequency of the maximum of the dielectric loss seems to shift
continuously to higher frequencies.
Like for the single-metal MOF-74 systems, the dielectric

spectra of the mixed-metal MOF-74 materials were analyzed by
fitting the HN function to the data, where, similar to the single-
metal MOF-74, the temperature dependence of the relaxation
rates of the w-process follows the Arrhenius equation (see
Figure 4c for the Ni-ion-containing system and Figure 4d for
the Co-ion-containing system). The corresponding activation
energies for the mixed-metal MOF-74 are given in Figure 4e
and compared to those of the single-metal MOF-74. Besides,
for Mg25Co75-MOF-74, the values of the activation energies
for the mixed-metal MOF-74 are higher than those for the
corresponding single-metal ones. At first glance, this result is
difficult to understand, as the interaction of the water
molecules with the framework should be comparable to that
of the single-metal MOF-74. Nevertheless, it might be
hypothesized that the distribution of the metal nodes with

different metal ions in the mixed-metal MOF-74 causes further
restriction to the molecular fluctuations of the water molecules
in the water clusters. It might be argued that the mixed-metal
MOF-74 materials contain smaller amounts of liquid-like
water, but this is not experimentally proven, especially not for
Co-ion-containing MOF-74.
During the estimation of the activation energy, it was found

that the prefactors have higher values than expected for a truly
localized process, which should be in the order of 1012 Hz. The
estimated values are higher by several orders of magnitude.
Therefore, in Figure 4f the Prefactor f∞ is plotted versus the
activation energy in a kind of compensation plot (Meyer−
Neldel plot).103−105 The Meyer-Neldel (compensation) law,
identified across a broad spectrum of thermally activated
phenomena, is an empirical relationship in which the Arrhenius
Prefactor increases with activation energy, so that ln f∞ varies
approximately linearly with Ea. It manifests in diverse
processes, including diffusive transport, charge-transfer mech-
anisms in conductive materials, and protein denaturation,
among others. A recent compilation can be found else-
where.106 Recent work by Thoms and Napolitano has
demonstrated that the slow Arrhenius process (SAP) observed
in glass-forming materials likewise conforms to the compensa-
tion law.106 The compensation law can be expressed by

= +f f
E

RT
ln ln iso

a

iso (5)

In this context, Tiso denotes the isokinetic temperature at
which all relevant processes proceed with an identical
characteristic rate f iso.
Figure 4f reveals that the data for the w-relaxation for all

considered MOF-74 materials obey a common compensation
line. The prevailing view in the literature suggests that the
molecular basis of the Meyer−Neldel law arises from the
cooperative nature of the underlying molecular fluctua-
tions.104−108 Therefore, it might be concluded that cooperative
effects might be involved in the w-relaxation of the water
clusters. As the liquid-like water confined to MCM-41 silica
can undergo a glass transition, it might be speculated that this
cooperativity is a signature of a glass transition of water
confined in the pores of the MOF-74. Because of the
Arrhenius-like temperature dependence of the relaxation
rates of the w-relaxation and the small pore sizes, the
cooperative fluctuations of water in MOF-74 materials might
be classified in that case as a hindered glass transition.109

To investigate further whether the water confined to MOF-
74 undergoes a glass transition, the dielectric strength of the w-
relaxation Δε is considered. The Debye theory of dielectric
relaxation, generalized by Fröhlich and Kirkwood, gives for
Δε110

= g
k T

N
V

1
3

2

B (6)

Where μ2 denotes the dipole moment associated with the
relaxation process under consideration, and N/V represents
the number density of the participating dipoles. The parameter
g corresponds to the Kirkwood−Fröhlich correlation factor

Figure 4. continued

containing MOF-74. Prefactor f∞ versus activation energy for the considered MOF-74 in the compensation plot: red�Mg100-MOF-74, blue�Ni-
containing MOF-74, and green�Co-containing MOF-74. The line is a linear regression of all data.
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and accounts for static correlations between dipoles. kB is the
Boltzmann constant. For the sake of simplicity, the Onsager
reaction field factor, describing internal field effects, is
neglected. It is known that for localized relaxation processes,
Δε increases with increasing temperature, whereas for the glass
transition, the dielectric strength decreases with increasing
temperature.
Figure 5 depicts the temperature dependence of Δε

normalized by its value at the lowest temperature for the

single-metal MOF-74 materials. This normalization enables the
direct comparison of the dielectric strengths of the different
PMO materials. For Mg100-MOF-74, Δε increases with
increasing temperature, whereas for Co100-MOF-74, the
dielectric strength decreases with increasing temperature. For
Ni100-MOF-74, Δε seems to be independent of temperature.
The temperature dependencies of the w-relaxation for water
confined to the different single-metal MOF-74 materials fit
into the concept of a hindered glass transition for Mg100-
MOF-74; the activation energy of the w-process is relatively
low, indicating a more localized process in agreement with the
increase of the dielectric strength with increasing temperature.

With increasing activation energy of the w-relaxation of Ni100-
MOF-74 to Co-MOF-74, the temperature dependence of the
dielectric strength changes from constant to decreasing with
increasing temperature. This behavior indicates an increasing
cooperative character of the w-relaxation.
It is important to note that the statement that water

undergoes a hindered glass transition should be further proven
by additional experiments like fast scanning calorimetry (FSC).
It is known that FSC can resolve weak and ill-defined thermal
transitions, as expected for a hindered glass transition.111

In Figure S10 in the Supporting Information, the data point
for the w-process of water confined to the pores of MCM-41
silica is included in the compensation plot. The data point of
water confined to the pores of MCM-41 silica does not
collapse to the compensation lines established for water
confined to the pores of the MOF-74 materials. From that
result, it is again concluded that the confined water in the
pores of MOF-74 materials and MCM-41 silica behaves
fundamentally differently.
Conductivity Analysis of the Dielectric Data

The molecular mobility of confined water is further analyzed
by considering the conductivity σ*(ω). By this approach,
molecular mobility can be followed in a broader temperature
range by assuming that it is coupled to the conductivity by a
slave mechanism. The conductivity is related to the complex
dielectric function by

* = + = *i i( ) ( ) ( ) ( )0 (7)

where σ′ and σ″ are the real and imaginary parts of the
complex conductivity. As measurements were carried out on
powder, no absolute values of the conductivity could be
obtained. Therefore, the observed, measured conductivity σobs*
is considered. Figure 6a depicts the real part of the complex
conductivity for water confined to MCM-41 silica for different
temperatures. At high frequencies, the real part of the
conductivity, σobs′ ( f), exhibits a power-law decay as the
frequency decreases. This trend continues until σobs′ ( f)
approaches a low-frequency plateau, which corresponds to
the direct current (DC) conductivity, σDC,obs. From a
theoretical perspective, the frequency dependence of σ′( f)

Figure 5. Dielectric strength reduced by its value at the lowest
temperature versus inverse temperature: red circles�Mg100-MOF-
74, blue asterisks�Ni100-MOF-74, and green triangles�Co100-
MOF-74. Lines are guides for the eyes.

Figure 6. (a) Real part of the observed conductivity σobs′ versus frequency for different temperatures for MCM-41 silica: red asterisks�T = 195.1 K,
blue circles�T = 211.1 K, and green squares�T = 225.1 K. Lines are fits of eq 8 to the corresponding data. (b) Observed DC conductivity σDC,obs
versus inverse temperature for MCM-41 silica. The solid line is the fit of the VFT equation to the high-temperature data. The dashed line is the fit
of the Arrhenius equation to the low-temperature data. The dashed-dotted line indicates the crossover between the low- and high-temperature data.
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can be rationalized within the framework of the random barrier
model.112 The subsequent decrease in σobs′ ( f) observed at
lower frequencies is attributed to distinct polarization
mechanisms: Maxwell−Wagner−Sillars interfacial polarization
dominating at intermediate frequencies, and electrode polar-
ization becoming significant in the low-frequency regime.
The DC conductivity is obtained by fitting the empirical

Jonscher power-law equation113 to the frequency-dependent
conductivity σ′( f), while excluding data affected by polar-
ization phenomena. The Jonscher formula is given by
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The exponent n typically assumes values between 0.5 and 1.
The characteristic frequency fc defines the onset of the
dispersive regime. Furthermore, the DC conductivity is
empirically correlated with fc via the Barton−Nakajima−
Namikawa (BNN) relation.114

In Figure 6b, the observed DC conductivity σDC,obs is plotted
versus inverse temperature in Arrhenius coordinates. At low
temperatures, σDC,obs(T), follows the Arrhenius equation. The
estimated activation energy corresponds, with 67 kJ/mol, to
the value obtained for the w-process. At ca. Tcr = 211.5 K, the
temperature of σDC,obs changes from the Arrhenius to the
Vogel−Fulcher−Tammann (VFT-) behavior. The VFT
equation reads115−117

= A
T T

log logDC
0 (9)

A temperature dependence according to the VFT equation
indicates glassy dynamics related to a glass transition. Here, the
parameter σ∞ denotes the conductivity at infinite temper-
atures, where A is a fitting. T0 is the so-called Vogel or ideal
glass transition temperature. For conventional systems, T0 is
found 30−70 K below the thermal glass transition temperature
measured by DSC.
Therefore, 242.5 K is defined as the crossover temperature

Tcr, which corresponds to the temperature where, for MCM-41
silica, the confined ice-like water transforms to confined liquid-
like water (see Figure 2d and in the Supporting Information
Figure S7). The VFT behavior of the conductivity reveals that
the liquid-like water confined to the pores of MCM-41 silica
undergoes a glass transition. The Vogel temperature, T0, is

estimated to be 184 K. It should be noted that the crossover in
the temperature dependence of the DC conductivity could not
be observed in the temperature dependence of the relaxation
rates (Figure 3a) due to the restricted available frequency
range.
Here, the crossover in the temperature dependence of the

DC conductivity is related to the transition of confined ice to
confined water. However, in a broader sense, such a transition
is also related to a strong-to-fragile transition of confined water,
especially for MCM-41 materials with smaller pore sizes where
water cannot crystallize (see, for instance, ref 118 and
references cited there).
Figure 7a compares the real part of the observed complex

conductivity for MCM-41 with that of Mg-MOF-74 at the
same temperature (T = 211.1 K). In contrast to the data of
MCM-41 silica, for Mg100-MOF-74, no plateau region that
indicates a DC conductivity is observed. That no DC
conductivity can be extracted stays true for the highest
temperatures (T = 273 K, see Figure 7b). For all temperatures,
the frequency dependence of the real part of the complex
conductivity is overlaid by strong polarization effects. As the
grain sizes of MCM-41 silica and Mg100-MOF-74 are
comparable, it is concluded that the origin of the pronounced
polarization for Mg100-MOF-74 is a Maxwell−Wagner-Sillars
polarization, which takes place at shorter length scales. It might
be discussed that the charge carriers are blocked within the
framework itself. One might discuss that the charge carriers are
blocked at the metal sites. For all other MOF-74 systems, a
comparable frequency dependence of the real part of the
complex conductivity is observed.

■ CONCLUSIONS
In this work, we systematically investigated the hydration
kinetics and molecular fluctuations of water confined in a
comprehensive series of MOF-74 materials containing Mg, Ni,
and Co ions and mixed-metal compositions. By combining in
situ impedance spectroscopy with broadband dielectric spec-
troscopy, we obtained a detailed molecular-level picture of how
water interacts with and dynamically responds within these
microporous host systems. This includes the hydration
kinetics.
The hydration experiments demonstrate that water sorption

in MOF-74 proceeds through a distinct multistep mechanism
that differs fundamentally from that of mesoporous MCM-41

Figure 7. (a) Real part of the observed conductivity σobs′ versus frequency at 211 K: Red circles�Mg100-MOF-74 and black squares�MCM-41
silica. (b) Real part of the observed conductivity σobs′ versus frequency for Mg100-MOF-74 at different temperatures: Read circles�T = 211.1 K,
black squares�T = 233.1 K, and green asterisk�T = 273.2 K.
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silica. The presence of coordinatively unsaturated OMS in
MOF-74 introduces an initial fast adsorption step associated
with strong coordinative binding. This is followed by the
formation of hydrogen-bonded water clusters in the vicinity of
the metal nodes and finally by a kind of capillary condensation,
leading to complete pore filling. Mixed-metal MOF-74 systems
exhibit accelerated and broadened sorption kinetics compared
to their single-metal analogues, reflecting the heterogeneous
distribution of metal nodes and thus a broader distribution of
adsorption sites.
Broadband dielectric spectroscopy revealed a well-defined

water-specific relaxation process (w-relaxation) for all the
MOF-74 samples. This process can be assigned to the
molecular fluctuations within water clusters close to the
coordinatively bonded water at the OMS. The temperature
dependence of the relaxation rates of the w-relaxation follows
Arrhenius behavior with activation energies strongly dependent
on the identity and ratio of the metal ions. In single-metal
MOFs, activation energies increase in the order Mg < Ni < Co,
consistent with spectral signatures indicating decreasing
amounts of liquid-like water from Mg- to Co-based systems.
Here, liquid-like water means that it is not strongly bonded to
the framework. Remarkably, the activation energies for mixed-
metal MOF-74 materials are higher than those of the
corresponding single-metal frameworks, suggesting that the
heterogeneous local environment imposes an additional
hindrance on the molecular mobility of confined water.
A key finding is that, unlike in MCM-41 silica, water

confined in MOF-74 remains liquid-like across the entire
studied temperature range and does not exhibit a melting
transition. This difference can be attributed to both the smaller
pore size of MOF-74 and the strong local interactions between
water and the metal nodes, both of which inhibit the
nucleation of ice-like structures.
The compensation (Meyer−Neldel) analysis provides in-

sight into the cooperative nature of the confined water
dynamics. All MOF-74 systems, regardless of the metal identity
or composition, collapse onto a common compensation line.
This behavior is indicative of cooperative molecular motions
and supports the interpretation that the w-relaxation might
correspond to a hindered glass-transition-like process of water
clusters under confinement. In contrast, water in MCM-41
silica does not follow this compensation relationship,
reinforcing the fundamentally different structural and dynam-
ical states induced by confinement in MOF-74.
Overall, this study highlights the critical role of pore

chemistry and metal composition in governing hydration
behavior and molecular mobility in microporous materials. The
combination of strongly interacting OMS, narrow pore
geometry, and tunable mixed-metal environments in MOF-
74 creates a rich landscape of confined water states that can be
modulated in a predictable manner. These insights provide a
foundation for the rational design of MOF-based materials for
applications involving water transport, sorption, or reactivity,
including catalysis, separations, and energy-related technolo-
gies.
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-prüfung (BAM), 12205 Berlin, Germany; Institute for
Materials and X-ray Physics, Hamburg University of
Technology, 21073 Hamburg, Germany; Centre for X-ray
and Nano Science CXNS, Deutsches Elektronen-Synchrotron
DESY, 22607 Hamburg, Germany; Present
Address: One.five GmbH, Reichkanzlerstraße 2a, 22609
Hamburg, Germany

Paulina Szymoniak − Bundesanstalt für Materialforschung
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