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ABSTRACT: Water plays a critical role in natural and technological
processes, including atmospheric water harvesting, electrocatalysis, and
biochemical reactions, all of which involve interactions between water and
materials. Metal—organic frameworks (MOFs), with their tunable porosity
and adsorption sites, offer significant potential in these fields. Under-
standing the interactions of water with MOFs is essential for optimizing
their performance. This study investigates water adsorption behavior and
dynamics in a yttrium-based MOF (Y-BTC) with open metal sites using X-
ray absorption fine structure (XAFS) spectroscopy, solid-state nuclear
magnetic resonance (SSNMR), and Monte Carlo (MC) simulations. XAFS
reveals local structural changes upon coordinated water removal, producing
open metal sites, while SSNMR provides insights into water mobility and
adsorption site preferences under varying relative humidity (RH)
conditions. MC simulations further validate these findings by mapping the water distribution within the framework. The results
highlight that water adsorption in Y-BTC involves multiple adsorption sites and dynamic rearrangements, with the framework itself
undergoing subtle structural evolution at lower temperatures. These findings enhance our understanding of water adsorption
mechanisms in MOFs and offer valuable insights for the rational design of materials for water harvesting.

B INTRODUCTION water uptake capacity or facilitating rapid desorption. In
particular, MOFs with open metal sites often exhibit enhanced
guest adsorption due to the strong interaction between water
molecules and open metal sites.'*'> These open metal sites are
created by the removal of coordinated solvent molecules at the
metal sites during activation, typically achieved by heating
under vacuum.'® Moreover, water confined within nanoscopic
environments exhibits unique behaviors distinct from its bulk
liquid state.'” A deeper understanding of water in confinement
not only benefits materials science but may also provide
insights into biological functions."*"”

Rare-earth MOFs are particularly intriguing due to their high
metal coordination numbers, which improve their water
stability, and their diverse coordination environments, which

Water is essential and ubiquitous in nature, participating in
biological, chemical, and geological processes. Its interactions
with materials are crucial in various technologies, including
atmospheric water harvesting,' > high-temperature cooling,”
heterogeneous catalysis,”® electrochemical water splitting,”*
and water-assisted reactions.””"" In these applications, water
adsorption, storage, and transport at the molecular level
directly impact performance, making it essential to develop a
detailed understanding of interactions between water and
materials for material design and optimization.

Benefiting from well-defined structures and tunable chemical
and geometric properties, metal—organic frameworks (MOFs)
are promising materials for water-related applications. Their

ability to selectively adsorb and regulate water within the pores enable zlonztflcate topologies dictated p rlmarllx by ligand steric
. . effects.””” Among rare-earth MOFs, one yttrium-based MOF,
makes them attractive for energy-efficient water capture,

catalytic transformations, and electrochemical processes.7’12’13 Y(?TC)I)(HZIO?[ .XHS?A}?’D}AI;\] (I\XI(—?.TC’thBEC - 1,.?1,55benlz &
However, despite extensive studies, the fundamental mecha- netricarboxyiate, = MhA-dunetiyliormatide), aiso

nisms of water adsorption and dynamics within MOFs remain

insufficiently understood, limiting their rational design for Received: ~ August 2, 2025
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A key challenge is identifying specific adsorption sites and Accepted:  September 10, 2025

understanding how water molecules interact within MOFs. Published: September 15, 2025

Manipulating the strength of adsorption sites is crucial for
optimizing MOFs in various applications, whether enhancing
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known as MOF-76, presents an ideal system for studying
interactions with water molecules.'®**™** Its flexible frame-
work contains a coordinated water molecule at each Y** site
that can be removed to generate open metal sites. Note that as
early as 2008, Luo et al. reported that Y-BTC is an unusual
MOF with open metal sites, where the strongest adsorption
sites for hydrogen (D,) are the aromatic BTC linker instead of
the open metal sites.”* Generally, open metal sites strongly
interact with guest molecules, which is a key design feature of
MOFs.”>~*” Moreover, Ogilvie et al. similarly found that guest
molecules like deuterated methane and molecular oxygen
interact primarily with the bridging ligands rather than directly
with Y3* sites, although multiple adsorption sites are present.””
The authors further reported that both CD, and CO, cannot
directly interact with Y*" sites, as access to Y°* is sterically
hindered by structural rearrangements upon removal of
coordinated water, i.e., the reconfiguration of O—Y—0O bond
angles encloses the open metal sites.'® However, they found O,
is able to reopen the O—Y—O angles, restoring access to Y°*,
which shows the structural change induced by guest
interaction.'®*® A similar phenomenon is prevalent in flexible
MOFs.’ ' As reported in our previous study,”” a sharp
increase in adsorption isotherms indicates structural opening.

Herein, we present a comprehensive study on water
adsorption mechanisms in the Y-BTC MOF. First, the local
structure of Y ions in Y-BTC is revealed by XAFS, suggesting a
structural transformation upon removal of coordinated water,
producing open metal sites that may influence adsorption
behavior. To probe water adsorption behavior under varying
conditions, we employ *H SSNMR experiments on samples
equilibrated at different relative humidity (RH) levels,
uncovering multiple adsorption sites and dynamics changes
across a broad temperature range. Monte Carlo (MC)
simulations further support the idea that open metal sites
serve as one of the adsorption sites. This means that water, like
0,, is also able to induce exposure of Y** sites. 'H—"C CP-
MAS and 'H MAS results reveal subtle local structural changes
of the BTC linkers induced by the presence of water upon
cooling. VT *H SSNMR experiments demonstrate that water
molecules form clusters at temperatures below —40 °C and
undergo redistribution after heating: water molecules initially
bind to the open metal sites, followed by adsorption at other
sites with higher water mobility as the temperature increases.

B EXPERIMENTAL METHODS

Materials. All substances were used as received, without
further purification: yttrium(III) nitrate hexahydrate (Y-
(NO,);6H,0, 99.8%, Sigma-Aldrich), benzene-1,3,5-tricar-
boxylic acid (BTC, CoHOg4, 95%, Sigma-Aldrich), potassium
sulfate (K,SO,, 99%, Thermo Scientific Chemicals), magne-
sium nitrate hexahydrate (Mg(NO;),-6H,0, 99%, Sigma-
Aldrich), magnesium chloride (MgCl,, 98%, Sigma-Aldrich),
potassium acetate (CH;COOK, 99%, Sigma-Aldrich), lithium
chloride (LiCl, 99%, Sigma-Aldrich), potassium hydroxide
(KOH, 85%, Sigma-Aldrich), ethanol (99%, Fischer Chem-
icals), and deuterium oxide (D,0, 99.9%, Sigma-Aldrich).

Synthesis. Y-BTC was synthesized according to the
reported procedure with minor modifications.”” Briefly, a
mixture of Y(NO;);-6H,0 (1.5 mmol) and BTC (0.75 mmol)
was dissolved in 12 mL of DMF and 12 mL of H,O at room
temperature. The mixture was transferred to a 50 mL Teflon
autoclave, sealed, and heated in an oven at 100 °C for 24 h.
After vacuum filtration, the resulting white needle-like powder

was dried in an oven at 80 °C overnight, then ground into a
fine powder, denoted as Y-BT C-asmade. The powder was then
activated under vacuum at 200 °C for 12 h, named as Y-BTC-
act.

Water Loading. Y-BTC-act was loaded into an open small
vial and placed in a sealed container containing a saturated salt
solution at room temperature. The relative humidity (RH) was
controlled by using different saturated salt solutions. The RH
values for the saturated solutions of K,SO,, Mg(NO;),, MgCl,,
CH;COOK, LiCl, and KOH solution were approximately 97%,
53%, 33%, 23%, 11%, and 8%, respectively. After 1 week, once
adsorption equilibrium was reached, the samples were ready
for SSNMR experiments.

Powder X-ray Diffraction. Powder X-ray diffractograms
were recorded on a Rigaku powder diffractometer using Cu Kar
radiation (4 = 1.5406 A). Reflections were collected at 26
values ranging from 5° to 45° In situ synchrotron-based
powder XRD patterns were collected with wavelengths of
0.2095 A at the High Energy Wiggler Beamline of the
Brockhouse Diffraction Sector (BXDS-WHE) in the Canadian
Light Source (CLS). The sample was loaded into Kapton
capillaries with a diameter of 0.8 mm and sealed with epoxy
glue. The sample was first cooled down to —120 °C and then
measured every 30° until the temperature reached 230 °C.

Water Vapor Adsorption Measurements. Water vapor
adsorption isotherm measurements were carried out on a
BELSORP-MAX instrument at 298 K. Prior to H,O isotherm
measurements, the samples were activated by degassing via
dynamic vacuum and heating for 10 h at 200 °C.

Solid-State NMR. *H static SSNMR experiments were
performed on a Varian Infinity Plus NMR spectrometer at a
magnetic field of 9.4 T (v,(*H) = 61.42 MHz) using a Varian/
Chemagnetics S mm HX static probe. *H chemical shifts were
referenced to D,0 at —4.62 ppm. The spectra were collected
using the quadrupolar echo sequence’ with an optimized *H
90° pulse length of 3.6 us and recycle delay of 1 s. Analytical
simulations of *H experimental spectra to extract the
parameters (Cq and #) were performed using the dmfit
software.”

"H-"3C CP-MAS NMR experiments were performed with a
Varian/Chemagnetics 5 mm HFXY MAS probe at a spinning
rate of 8 kHz. The contact time was 3 ms, a 'H 90° pulse
length of 5.4 us, and a recycle delay of S s were used. The
Hartmann—Hahn matching condition was set up using solid
adamantane. "*C chemical shifts were referenced to tetrame-
thylsilane (TMS), using methylene carbon in ethanol as a
secondary reference at 58.05 ppm. Corresponding 'H MAS
NMR spectra were also collected at the same time, and 'H
chemical shifts were referenced to tetramethylsilane (TMS) by
using the CH, chemical shift of solid adamantane as a
secondary reference at 1.85 ppm. All experimental temper-
atures were measured with an uncertainty of + 2 K using a
Varian variable temperature (VT) control unit.

'H—*Y CP-MAS NMR experiments were performed using a
4 mm low-y HX MAS probe on a Bruker Avance III
spectrometer at a magnetic field strength of 14.1 T (1,(*Y)
= 29.4 MHz) in Beijing, China, and a 3.2 mm low-y HXY MAS
probe on a Bruker Avance III spectrometer at a magnetic field
strength of 18.8 T (1,(*Y) = 39.2 MHz) at the National High
Magnetic Field Laboratory (NHMFL), Florida, USA. At 18.8
T, the spinning rate was 10 kHz. A recycle delay of 3.2 s and a
contact time of 20.0 ms were used. At 14.1 T, the spinning rate
was S kHz, and a recycle delay of 5.0 s was used. The
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Figure 1. Schematic illustration of the crystal structure of Y-BTC (a) from an a and b-axis view, (b) from a, c-axis and b, c-axis view, and (c) from a
perspective view. The orange-blueish curve with arrows represents the arrangement of Y, showing a helical chain progression along the 1D channel
from one side to the other. The yellow curve with arrows shows a zigzag 1D channel that allows water molecules to pass through. The pore size of
the 1D channel is 5.8 X 5.8 A. The enlarged view on the left shows that the central Y atom is coordinated by six oxygen atoms from the ligands and
one from the water molecule. The enlarged view on the right hghlights six inequivalent carbon environments within the BTC ligand.

Hartmann—Hahn matching conditions for'H-%Y CP-MAS
NMR experiments were optimized using Y(OH);, with a 'H
90° pulse of 3 us and a contact time of 8.0 ms. *Y chemical
shift was also referenced to Y(OH); as 68 ppm.**

XAS Experiments. In-situ XAFS experiments at Y K-edges
were performed at the Hard X-ray Micro-Analysis beamline
(HXMA) of the Canadian Light Source (CLS) in Saskatoon,
SK. Powder samples were pressed into pellets and mounted on
the sample holder. The in situ heating cell is equipped with
circulating water equipment to maintain the designated
temperature. All the Y spectra were collected in transmission
mode and analyzed using Athena.”> The EXAFS data were
fitted using Artemis.” In-situ O K-edge XANES spectra were
acquired at the Spherical Grating Monochromator beamline
(SGM) of CLS. Powder samples were also pressed into thin
pellets and mounted on the sample holder. After evacuating
the sample chamber, the holder was heated from room
temperature to 120 °C. Before acquiring data at each selected
temperature, the system was allowed to stabilize for 15 min.
The spectra were recorded in fluorescence mode.

Computational Details. To investigate the adsorption
mechanism of H,O in Y-BTC, we employed computational
simulations, specifically Monte Carlo (MC) simulations,*
using the Sorption module in Materials Studio. The adsorption
of H,O onto Y-BTC was studied within a 2 X 2 X 2 supercell

of the framework. Van der Waals interactions between the
adsorbates and adsorbents were modeled using the universal
force field,**® with a cutoff distance of 8.5 A. To ensure the
reliability of the simulations, 1.0 X 10° equilibration steps were
performed at 298 K. Subsequently, 1.0 X 107 production steps
were carried out to generate an ensemble of configurations
representing both the adsorbates and adsorbents. Partial
charges for both the adsorbates and adsorbents were calculated
using the QEq method,”” while electrostatic interactions were
computed using the Ewald summation technique.”” Both the
adsorbates and adsorbents were treated as electrically neutral,
with hydrogen bonding being the primary interaction between
H,O and the framework.

B RESULTS AND DISCUSSION

Y-BTC MOF was prepared via the solvothermal method using
H,O and DMF as solvents, according to the literature.”” In its
crystal structure, each yttrium (Y) atom is coordinated by
seven oxygen atoms, including six from six individual benzene-
1,3,5-tricarboxylic acid (BTC) linkers and one from a
coordinated water molecule, and each BTC linker connects
with six Y atoms (Figure 1a). The Y—O bond distances,
therefore, exhibit two distinct values due to the different
oxygen environments. The bond length between Y and the

https://doi.org/10.1021/acs.jpcc.5c05403
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Figure 2. (a) In-situ Y K-edge XANES spectra of Y-BTC as a function of temperature from 30 to 200 °C. The inset shows the local coordination
environment of central Y atoms at the initial (seven-coordinated by O atoms) and final states (six-coordinated by O atoms). Red: oxygen; gray:
yttrium. (b) The corresponding k*>-weighted EXAFS spectra in k space. (c) The corresponding Fourier-transformed EXAFS spectra in R space. The
inset shows the peak left-shifts to a smaller distance upon heating. (d) 'H-%Y CP-MAS SSNMR spectra of Y-BTC-act and Y-BTC-act after the
readsorption of water. The spinning rate is 10 kHz. A contact time of 20 ms and a recycle delay of 3.2 s were used for data acquisition.

oxygen from the coordinated water molecule is 2.376 A,
slightly longer than the Y—O bonds from the BTC linkers
(2.298 A). From the view of the a and b axis, Y-BTC features a
tetragonal porous framework (space group: P4;22) with a one-
dimensional (1D) channel of 5.8 X 5.8 A” along the c¢ axis
(Figure la,c).”" Interestingly, the Y atoms, instead of staying at
the same plane, present a helical chain progression along the
1D channel,'®** as presented in Figure 1b. Consequently,
water molecules inside the MOF pore channels follow a zigzag
distribution pattern (yellow arrows in Figure 1).

The XRD pattern of the as-synthesized Y-BTC (denoted as
Y-BTC-asmade) matches well with the calculated pattern from
the crystal structure (Figure Sla), confirming the successful
synthesis. The coordinated water molecule can be removed
through heat treatment under vacuum, leaving Y in a six-
coordinated environment. TGA results prove that adsorbed
water is fully removed at 100 °C, while residual DMF in the
pores is eliminated at 200 °C (Figure S2). Therefore, the
activation of Y-BTC is conducted at 200 °C, and the resulting
powder is referred to as Y-BTC-act hereafter. XRD results
confirm that the overall topology of Y-BTC-act remains intact.
In situ variable-temperature synchrotron XRD (Figure S1b)
further shows structural stability across a wide temperature
range (—120—230 °C), as all patterns are very similar.
However, slight deviations such as peak splitting and shifts
(e.g, 9°, 20°, and 36°) from the 30 °C pattern at both higher
and lower temperatures suggest subtle structural evolution that
has an impact on water behavior (vide infra). In addition, a

17344

sharp increase in the water vapor adsorption isotherms (Figure
S3), consistent with previous reports,16 may indicate the
structural opening induced by water-framework interactions.
Evolution of the Local Environment around Yttrium.
XAFS experiment at the Y K-edge is performed to reveal the
possible local structural changes upon the removal of
coordinated water. The comparison of the Y K-edge XANES
spectra of Y-BTC-asmade at various temperatures is shown in
Figure 2a-c. While the overall spectra remain similar, significant
differences emerge with increasing temperature. All spectra can
be characterized by a whiteline peak B and a shoulder peak C,
at about 17053 and 17065 eV, respectively, along with a small
pre-edge peak A at 17042 eV. As temperature increases, peak B
remains intact, whereas the pre-edge peak A becomes more
intense, and peak C becomes barely discernible. At the initial
temperature of 30 °C, the center Y atom is coordinated by
seven oxygen atoms (including one from coordinated water),
adopting an irregular decahedral geometry (schematic model
in Figure 2a). Upon heating, the coordinated water is removed,
and the Y coordination environment transitions into an
irregular octahedron. The enhanced intensity of pre-edge
peak A infers increased distortion in this six-coordinated
geometry compared to the original seven-coordinated
configuration.”’ The gradually decreased intensity of peak C
may also be attributed to the loss of the longer Y—O bond
associated with the coordinated water, leaving only the shorter
Y—O bonds from the BTC linkers. To validate the change in
the oxygen environment, in situ O K-edge XANES experiments

https://doi.org/10.1021/acs.jpcc.5c05403
J. Phys. Chem. C 2025, 129, 17341-17352
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Figure 3. (a) Experimental and (b) simulated *H static SSNMR spectra of D,O adsorbed in Y-BTC at different relative humidity (RH)
environments at room temperature. Note that the number indicates the line width of doublets in kHz.

were conducted to observe the corresponding changes from
the oxygen perspective (Figure S4). Unfortunately, across the
temperature range from room temperature to 120 °C, no
significant differences were observed . This is likely because
most of the oxygen content originates from the BTC linkers,
and after averaging, the subtle changes become indistinguish-
able.

The validity of the aforementioned inference is further
confirmed by a comparison of the EXAFS spectra. As shown in
Figure 2b, the k’-weighted EXAFS spectra at Y K-edges
present merging peaks in the low k region (3—7 A7) as the
temperature increases. In this region, the amplitude is mainly
influenced by interference between the central Y atom and its
neighboring light atoms, i.e., oxygen.42 Therefore, the observed
peak splits in the low k region correspond to Y—O scattering
paths with different interatomic distances, as mentioned above.
After removal of the coordinated water molecules, one of the
Y—O paths vanishes, leaving only the remaining shorter Y—O
bonds.

A deeper understanding of the local environment around Y
atoms is obtained through quantitative EXAFS analysis. The
Fourier transform (FT) of the EXAFS region (without phase
correction) reveals a major peak at 1.8 A, attributed to Y—O
scattering, which shows a reduction in the peak amplitude and
a slight left-shift to a smaller R value (Figure 2c). EXAFS
fitting, performed at the initial temperature of 30 °C and the
final temperature of 200 °C for simplicity, provides specific
coordination parameters (Figure SS and Table SI). Initially,
the coordination numbers of two types of O from the BTC
linker (Y—0O1) and coordinated water (Y—02) are 5.9 and 1.0,
respectively. Upon removal of water, only one Y—O1 remained
with a coordination number of 6.1. In addition, the removal of
the longer Y—02 bond (2.38 A) leads to a left-shift of the main
peak, which is Y=O1 with a shorter bond distance of 2.28 A.

For a complement and cross-validation of XAFS results,*’Y
SSNMR experiments were conducted to characterize the local
coordination environment of Y atoms.”*™*® *%Y is a spin-1/2
nucleus; although being 100% naturally abundant, its
gyromagnetic ratio (y) is very low (also known as a low-y
nucleus), rendering low sensitivity and signal-to-noise (S/N)
ratio. In addition, it is well-known that the spin—lattice
relaxation times (T,) of ®Y are very long. Therefore, *Y direct

excitation experiments require extremely long recycle delays
between scans, sometimes extending to several hours, making
it time-consuming to acquire high-quality data.*”*® To
overcome this limitation, cross-polarization (CP) magic angle
spinning (MAS) experiments offer a practical and efficient
solution by transferring polarization from 'H to *Y nuclei via
heteronuclear dipolar interactions.”*’ The intrinsic signal
sensitivity difference between 'H and *’Y contributes to the
superiority of the CP experiments. Moreover, since 'H
typically exhibits a much shorter T,, the recycle delay in
"H-%Y CP-MAS experiments is significantly reduced, enabling
faster data acquisition while providing valuable insights into
the local environment of Y. As shown in Figure 2d, Y-BTC-act
exhibits a more downfield chemical shift of 52.9 ppm
compared to Y-BTC-act after water readsorption, which shifts
to 11.5 ppm. This trend aligns with XAFS results, confirming
that Y-BTC-act adopts a six-coordinate structure, whereas it
transitions to a seven-coordinate environment upon water
coordination. This chemical shift trend is consistent with
reports on Y-based materials with different coordination
numbers, where a lower coordination number exhibits a
more deshielded resonance.*”** Specifically, the removal of
coordinated water in a Y(OH)4(H,O) environment results in a
downfield shift of the ¥Y signal from 29.6 to 107.3 ppm in the
corresponding Y(OH); environment.”'

Water Adsorption Positions at Different RH Values.
To study the water behavior inside the pores, ’H SSNMR
experiments were conducted. The sample preparation followed
a controlled procedure: Y-BTC was first activated at 200 °C
under vacuum overnight. The activated sample, loaded into a
glass tube, was then placed inside a sealed container with
different saturated salt solutions (using D,O as the solvent) to
maintain specific relative humidity (RH) values (e.g, a
saturated MgCl, solution provides RH = 33% at room
temperature).”” Importantly, the samples were not in direct
contact with liquid water. To ensure that water adsorption
equilibrium was reached, each sample was allowed to sit for 1
week before NMR data acquisition.

As shown in Figure 3a,H static NMR experiments were
performed on Y-BTC at varying RH levels (8%, 11%, 23%,
33%, 53%, and 97%) to investigate the effect of RH on water
adsorption behavior inside the MOF. Apparently, the spectral
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Figure 4. (a) Probability density map of H,O molecule adsorption in Y-BTC (2 X 2 X 2 supercell), showing three different positions: at metal sites
(Type 1 water), through hydrogen-bond bonding with O atoms of BTC linkers (Type 2 water), and at the center of pore channels with hydrogen
bonding (Type 3 water). (b) MC-simulated H,O adsorption in Y-BTC at different loadings: (i) S molecules, (ii) 20 molecules, and (iii) 3$

molecules per 2 X 2 X 2 supercell.

line shapes exhibit significant RH dependence, with broad line
shapes at low RH values and narrow line shapes at high RH
values. Spectroscopic parameters such as the quadrupole
coupling constant (CQ) and asymmetry parameter (77) are
determined from spectral simulation using the dmfit
software,”® and the derived values are listed in Table S2.
Notably, all signals have an asymmetry parameter of 1 = 0,
indicating that the local electric field gradient (EFG) around
the nucleus is axially symmetric.”*

At the lowest RH of 8%, the ZH spectrum exhibits two Pake
doublets. The first, a broad line shape with Cq = 67.0 kHz
(denoted as Type 1 water), can be assigned to water molecules
tightly coordinated to open metal sites (Y*), where strong
interactions result in restricted molecular motion. The second,
a weaker and narrower line shape with Cqy = 34.0 kHz
(denoted as Type 2 water), likely corresponds to water
adsorbed near BTC linkers (vide infra), experiencing weaker
interactions and thus greater mobility. Upon increasing RH to
23%, a third Pake doublet (Co, = 18.0 kHz) with higher
intensity and lower Cq appears (denoted as Type 3 water).
This signal is indicative of the most mobile water species,
which are associated with water molecules engaged in weak
hydrogen bonding within the pore channels.>”

These three distinct spectral features suggest a humidity-
dependent, multiposition adsorption mechanism: water is
strongly bound at open metal sites (Type 1) at low RH levels,
followed by adsorption at linker-associated sites (Type 2) and
accumulation in the pore centers with the largest mobility
(Type 3) at high RH levels. Supporting this interpretation, the
water vapor isotherm (Figure S3) shows that even at RH = 8%,
the water uptake reaches approximately 3 mol H,O per mole
Y, well above the 1:1 stoichiometry required for full
coordination at Y®* sites. Thus, if water molecules indeed
occupy each Y** site individually, then open metal sites are
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already saturated at the lowest RH level, and additional water
molecules are progressively accommodated at other positions
with weaker interactions as RH increases. This explains the
growing dominance of Type 2 and Type 3 water signals from
RH = 23% onward, while the Type 1 water becomes barely
visible at higher RH levels.

To further validate the spatial distribution of adsorbed water,
Monte Carlo (MC) simulations were employed (Figure 4).
The results clearly identify three distinct adsorption positions
that align well with our findings (Figure 4a): Type 1 water is
located at the open metal sites, as expected; Type 2 water is
positioned close to the BTC ligands, where hydrogen bonding
occurs with carboxylate oxygen atoms; and Type 3 water is
distributed at the center of pore channels, where water
molecules interact with each other via hydrogen bonding. In
addition, simulations (Figure 4b) also reveal that at low water
loading, water molecules are primarily distributed at the open
metal sites and near BTC linkers, whereas at higher loadings,
the majority of water molecules occupy the pore centers,
forming hydrogen-bonded clusters.

Water Dynamics Study by VT 2H SSNMR. Variable
temperature (VT) static *H NMR experiments were conducted
to reveal the dynamics of water molecules inside the MOF
(Figure S). Across all RH conditions, the line shape becomes
broader and more featureless as the temperature decreases,
suggesting a significant slowdown in the motion rates relative
to the time scale of the NMR experiment. Specifically, at RH =
97%, two types of water molecules (Type 2 and Type 3)
experience fast motion above —20 °C. However, from —30 to
—60 °C, these two distinct lines merge and evolve into a single
Lorentzian profile, with a full width at half-height (FWHH) of
~10 kHz at =50 °C and 13 kHz at —60 °C. This merging
likely arises from these two types of weakly adsorbed D,O
species detaching from their original adsorption positions and
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Figure 5. Experimental *H static VT SSNMR spectra of D,0 adsorbed in Y-BTC under RH values of (a) 97%, (b) 53%, (c) 33%, (d) 23%, (e)
11%, and (f) 8% with decreasing temperatures. Note that the number indicates the line width of doublets in kHz.

aggregating into small water clusters through hydrogen
bonding inside the pore channels. This transformation may
be triggered by subtle framework changes, such as linker
reorientation (vide infra),”® which may create a larger space.
The resulting redistribution of water within the structure at
high RH upon cooling is schematically illustrated in Scheme
la. As the temperature further decreases, these clusters
undergo a significant reduction in mobility and enter the
slow-motion regime, leading to the appearance of a broad,
featureless signal that becomes dominant at —70 and —80 °C
(Figure Sa). Meanwhile, Type 1 water shows only modest
broadening, increasing from 48 kHz at 20 °C to 56 kHz at —30
°C (see enlarged views in Figure Sa). At temperatures below
—40 °C, its signal is buried by broadening of the cluster-
derived component. The persistence of Type 1 water highlights
its strong interaction with Y3 sites, in contrast to the more
weakly adsorbed Type 2 and Type 3 species that readily

17347

reorganize and become mobile clusters in response to slight
linker reorientation within the framework.

To validate the subtle structural changes of the organic
linkers that lead to the spectral variations observed in the *H
NMR spectra, VT 'H-"C CP-MAS and 'H MAS NMR
spectra were collected for both Y-BTC-act and Y-BTC-act
under RH = 97%. In the crystal structure of Y-BTC, there are
six crystallographically distinct carbon atoms (C1-C6), as
shown in Figure la. In both samples, the resonance region
between 170 and 176 ppm can be assigned to the two
inequivalent carboxyl carbon atoms of BTC linkers, while
signals between 131 and 138 ppm correspond to phenyl
carbons. For peak assignments in Y-BTC-act (Figure 6a), the
~2:1 intensity ratio supports the assignment of the 175.9 ppm
signal to two equivalent CS atoms and the 173.0 ppm signal to
a single C6 atom. Assigning the six phenyl carbons is more
challenging, as the broad envelope peak at around 134.5 ppm is
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Scheme 1. Schematic Illustration of Water Distribution
Upon Cooling under (a) High and (b) Low RH Levels in
One Pore Channel”
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“At high RH, where more water molecules are adsorbed in MOF
pores, decreasing the temperature induces linker reorientation,
promoting the aggregation of water molecules into clusters via
hydrogen bonding. At low RH (with fewer adsorbed water
molecules), the molecules are insufficient to form clusters at lower
temperatures and instead remain strongly adsorbed at open metal
sites.

due to the overlap of signals from three quaternary carbons
(C2 and C4), which remain unresolved. However, based on
the ~2:1 intensity ratio, the other two peaks at 131.5 and 137.9
ppm can be assigned to C3 and ClI, respectively. Across the
entire temperature range, no peak splitting or significant
spectral changes are observed in Y-BTC-act, indicating that in
the absence of water, the framework remains rigid and does
not undergo significant temperature-induced reorientation of
the linkers. In contrast, the '*C spectra of the sample at RH =
97% (Figure 6¢) exhibit notable changes upon cooling. At 20
°C, the peaks at 173.6, 170.6, 1374, and 133.7 ppm are
assigned to CS, C6, C1, and C3, respectively. Although slight
differences in chemical shifts of carbon environments are
observed compared to Y-BTC-act, reflecting linker reorienta-
tion upon water removal, the overall assignments remain
consistent. Upon cooling to —40 °C, the C5 and C3 atoms
become inequivalent, as evidenced by the splitting of 173.6
(CS) and 133.7 (C3) signals into 174.0/173.2 and 134.2/
133.3 ppm, respectively. The onset of this splitting occurs
within the same temperature range (—20 °C to —60 °C),
where the two “H Pake doublets merge into a single Lorentzian
peak in *H spectra (Figure Sa). This structural evolution is
completed at —60 °C and indicates that the linkers adopt
different orientations at lower temperatures, producing more
inequivalent carbon environments. A similar situation can be
found in other MOFs.””*® In addition, in situ XRD results
(Figure S1b) reveal that upon cooling to approximately —60
°C, the main low-angle diffraction peaks remain stable;
however, noticeable differences emerge in the 16—22° and
32—40° regions. These changes suggest subtle structural
modifications, such as changes in framework geometry or
unit cell parameters, which may weaken water—framework
interactions. Such weakening likely promotes the dissociation
of adsorbed water, leading to the nucleation of small, bulk-like
water clusters.

On the other hand, '"H MAS spectra of Y-BTC-act (Figure
6b) exhibit only one 'H signal, representing equivalent

aromatic hydrogen environments in the BTC linkers in the
absence of water. In contrast, the spectrum of Y-BTC at an RH
of 97% (Figure 6d) shows a dominant sharp peak at 3.9 ppm at
20 °C, attributed to adsorbed water. The presence of a single
water signal suggests that, although water molecules occupy
different adsorption positions, they may share similar isotropic
chemical shift values (6,,) or experience fast exchange between
different positions on the NMR time scale.”® In addition, a
small peak at 8.7 ppm with a shoulder at 9.4 ppm corresponds
to the aromatic protons (H1 and H2) of the BTC linkers
(Figure 12).%" As temperature decreases, the water resonance
shifts from 3.9 to 4.5 ppm and becomes much broader. This
4.5 ppm signal is characteristic of bulk-like water engaged in
extensive hydrogen bonding’' providing evidence for the
formation of water clusters at lower temperatures (as
illustrated in Scheme 1a). Moreover, the accompanying signal
broadening reflects reduced water mobility and thus increased
dipolar interactions at lower temperatures. After returning to
20 °C, both the '"H—"*C CP-MAS and 'H MAS NMR spectra
are nearly identical to those measured before cooling (Figure
S6), demonstrating that the conversion between bulk-like
water clusters and adsorbed water in Y-BTC under an RH of
97% is reversible. This observation supports that upon
returning to 20 °C, water molecules are readsorbed at specific
positions, and the structure reverts to the original config-
uration.

A similar trend in the chemical shift of the water signal in 'H
MAS spectra is also observed across the entire range of RH
levels (Figure S7). At RH = 8%, the water signal is
considerably broader and more shielded, appearing at 3.0
ppm, and it gradually shifts to 3.9 ppm as RH increases to 97%.
This shift is indicative of more extensive hydrogen bonding at
higher RH levels. Conversely, the more shielded and
broadened signal at low RH suggests stronger interactions
between water and the MOF framework, likely due to
preferential adsorption at open metal sites. Additionally, the
relative intensity of the water signal compared to that of the
aromatic protons increases with RH, reflecting the greater
water uptake at higher RH levels.

The findings presented above are in excellent agreement
with “H SSNMR results (Figure 5). At RH = 97%, 53%, and
33% (Figure Sa—c), all spectra exhibit similar Lorentzian
broadening upon cooling, indicative of the formation of
hydrogen-bonded water clusters. In contrast, at RH = 11% and
8% (Figure Sef), no obvious Lorentzian features are observed.
Instead, the spectra retain the Type 1 water signal, which is
associated with strongly adsorbed water at the open metal sites.
This may imply that at such low RH levels, the water content is
insufficient to form hydrogen-bonded water clusters. Con-
sequently, water molecules remain bound to the open metal
sites with restricted mobility, giving rise to broadened lines at
low temperatures. The corresponding spatial distribution of
water under the low-RH condition is illustrated in Scheme 1b.
Furthermore, the sample at RH = 23% (Figure Sd) can be
considered an intermediate state, exhibiting partial features of
both adsorption modes, bridging the behavior between the
low- and high-RH conditions.

Heating the samples from room temperature to 100 °C
across different RH levels provides additional insight into the
water dynamics. As shown in the H SSNMR spectra (Figure
7), a consistent trend is the narrowing of the Type 1 water
signal from 20 to 100 °C, indicating enhanced molecular
mobility at open metal sites. At lower RH levels (RH <23%),
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Figure 6. (a) "TH-"3C CP-MAS and (b) '"H MAS VT SSNMR spectra of Y-BTC-act. (c) "H—"*C CP-MAS and (d) '"H MAS VT SSNMR spectra
of Y-BTC under an RH of 97%. CP-MAS spectra are obtained with a contact time of 3 ms and a recycle delay of S s. All the spectra are acquired at

a spinning rate of 8 kHz. Asterisk represents the spinning sidebands.

increasing temperature not only boosts water mobility but also
drives a redistribution of water molecules from the open metal
sites (Type 1) to less strongly adsorbed environments (Types
2 and 3). For instance, at RH = 23%, the spectrum at 20 °C is
dominated by Type 1 water; however, upon heating, the
intensities of Type 2 and 3 signals increase and eventually
surpass that of Type 1, suggesting partial desorption and
migration of water into positions with greater motional
freedom. In contrast, this thermally induced redistribution is
less discernible at higher RH levels (e.g., 53% and 97%) due to
the already dominant presence of Type 2 and Type 3 water, as
reflected in their higher relative intensities. Nevertheless, the
Type 1 signal remains detectable, though only upon
magnification, confirming that a fraction of water molecules
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remain coordinated to the open metal sites even at elevated
temperatures.

B CONCLUSION

In conclusion, this study provides a comprehensive inves-
tigation of water adsorption behavior and dynamics in Y-BTC
through a combination of XAFS, SSNMR, and Monte Carlo
simulations. First, in situ XAFS confirms that the removal of
coordinated water from Y** sites reduces the coordination
number from 7 to 6, generating open metal sites and inducing
subtle changes in the local bonding environment. This
dehydration is further supported by the downfield shift of
the Y NMR signal, consistent with a lower coordination
number.
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Second, H SSNMR spectra under varying RH conditions
uncover three distinct types of adsorbed water, characterized
by different mobilities and local environments: strongly bound
water at open metal sites (Type 1), water interacting with BTC
linkers (Type 2), and more mobile water forming hydrogen-
bonded clusters within the pore channels (Type 3). At low
RH, the spectra are dominated by Type 1 water, exhibiting the
broadest Pake doublets due to restricted motion, accompanied
by Type 2 water, showing a narrower Pake pattern at room
temperature. As RH increases, Type 3 water appears with the
narrowest Pake pattern. These spectral assignments are
corroborated by MC simulations.

Finally, VT *H SSNMR reveals that both cooling and
heating the samples can redistribute water among different
positions. Upon cooling, subtle structural changes may weaken
water-framework interactions, facilitating the aggregation of
adsorbed water into small hydrogen-bonded clusters. Upon
heating, water initially coordinated at open metal sites partially
relocates to less constrained environments, suggesting that the
water—framework interactions are relatively weak to allow
facile desorption and redistribution. This dynamic behavior
offers a deeper understanding of water—framework inter-
actions, which is crucial for the rational design of MOFs for
water-based applications.
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