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ABSTRACT

The dynamics of water confined in a microporous metal organic framework was investigated by 'H
Fast Field Cycling Nuclear Magnetic Resonance (NMR) relaxometry exploring time scales ranging
between 10 ps to 0.1 ns in the 25-80 °C temperature interval. The data were interpreted within a
dynamic model where molecules bind to the surface hopping among preferential binding sites. The
bound molecules are also subject to local faster reorientations. Numerical analysis of the data allowed
the characteristic times associated to hops and local anisotropic reorientations to be determined
together with their activation energies, as derived through Arrhenius fits. The values of the activation
energies, 16 + 2 kJ/mol and 4.5 + 0.5 kJ/mol, respectively, were rationalized within the model. 'H
Magic Angle Spinning NMR was used to quantify the water loading level and to obtain evidence on the
presence of bound water molecules as required by the dynamic model, whereas molecular simulations
were conducted to obtain complementary information on relevant properties, such as the porosity of the

matrix, the water binding sites, self-diffusion and interaction energies in the confined space.
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Introduction

Guest dynamics inside porous media affects the rates of many physical, chemical, and biochemical
processes and is therefore important to both scientists and engineers in many contexts for both
fundamental and practical reasons. Dynamics of guest molecules in porous solids can be quantified by
a variety of microscopic techniques. Besides Pulse Field Gradient (PFG) Nuclear Magnetic Resonance
(NMR), Fast Field Cycling (FFC) NMR has been widely employed to investigate fluids confined in
porous materials exploring dynamic processes characterized by frequencies in the range 10 kHz-tens of
MHz, corresponding to the Larmor frequencies at which spin lattice relaxation times are measured.'
Adsorption and transport processes can be explored on a molecular level using molecular simulations,
providing insight into translational and rotational motions of confined species on time scales of 10-3-
100 ns. Together with the computational structure characterization, these techniques form a powerful

set of tools to complement the experimental measurements. 2

In this study, we investigated the dynamics of water confined in the metal organic framework (MOF)
NH,-MIL-125 exploiting "H FFC NMR with the support of solid state NMR and molecular modeling.
To the best of our knowledge, this is the first time FFC NMR is applied to a MOF with the aim of
studying the dynamics of a guest molecule, although some of us have applied this technique to explore
the dynamics of the amino group of the matrix and its electronic environment.?> On the other hand, PFG
NMR has been employed to study diffusivity of water or other small molecules in a few MOFs*36.7:8
and several investigations using molecular modeling have been reported regarding water in

MOFs.%:10,11,12,13,14,15,16

Among the profusion of nanoporous materials available today, MOFs are outstanding for the variety of
potential applications. NH,-MIL-125, in particular, has been found to exhibit promising properties in

the field of adsorption heat transformation and storage '7!%1° due to its high adsorption capacity
3
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(particularly for water), stability, low regeneration temperature, minor sensitivity of adsorption capacity
and of porosity to adsorption cycles, and demonstrated efficiency in the adsorption chilling cycle with
water as working fluid. The latter property is mainly governed by the sorption rate and depends, inter
alia, on water dynamics. However, little is known on what influences water dynamics in MOF
structures and, to the best of our knowledge, only one study has been published reporting the transport

diffusion coefficient of water in this particular MOF. 2°

FFC NMR data of water in a completely filled MOF were collected in the temperature range 25-80 °C
and interpreted within a model developed for the dynamics of liquids confined in porous solids, 2!
where molecules bound to the surface hop among preferential binding sites. In addition, solid state 'H
NMR Magic Angle Spinning (MAS) was used to quantify the water loading level in the MOF and to
obtain evidence of the presence of a fraction of bound water molecules, as required by the model.
Molecular simulations were conducted to support and strengthen the picture delineated by the dynamic
model, focusing on the pore structure, the water binding sites, the energy of water/water and

water/MOF interactions and self-diffusion.

Materials and Methods

1. Preparation of the samples

NH,-MIL-125 was synthesized according to the procedure by Gordeeva et al. '3 The as-synthesized
product was constituted by primary particles, with an average size of about 1.8 um.??

For the NMR measurements, the primary particles were dried in vacuo at 150 °C for 20 hours. The
powder was then exposed to a humid atmosphere to progressively hydrate the sample. The hydration
level, measured gravimetrically and double-checked using the "H NMR signal calibration, is reported

4
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throughout the text in terms of pore-filling factor, 8. Samples characterized by 6=0.09, 0.22, 0.55, and

1.00 were prepared. The maximum amount adsorbable was 0.45 g per g of dry powder.??

2. NMR measurements

2.1 Solid state NMR. Solid state '"H and '*C NMR experiments were performed on a Bruker Avance
Neo-300 WB spectrometer equipped with a 4 mm probe. The operating frequencies were 300.13 and
75.47 MHz for 'H and '3C, respectively. The 'H MAS spectra were recorded using a single 90°
excitation pulse of 4.5 us and accumulating 64 transients with a repetition delay of 1 s and a spinning
speed of 10 kHz. The experiments were performed at 25, 40 and 80 °C; temperature was controlled by
a BVT 1000 (Eurotherm) variable-temperature unit, with a temperature stability of = 0.1 °C. The 3C
direct excitation spectrum of the MOF at the filling factor 0.09 was recorded using a 90° excitation
pulse of 4.5 us and accumulating 750 transients with a recycle delay of 120 s. The 3C/'H correlation
spectrum of the same sample was acquired using frequency-switched Lee-Goldburg (FS-LG)
irradiation during the evolution with a CP contact time of 6 ms, a '"H 90° pulse and a magic-angle pulse
lengths of 3 us and 1.8 us, respectively, a duration of successive FS-LG pulses of 9.8 us and
accumulating 128 transients, using a rotor spinning speed of 12 kHz.

2.2 FFC NMR relaxometry. The 'H longitudinal relaxation times (T;) values were measured in the 0.01
- 35 MHz Larmor frequency range using a SpinMaster FFC-2000 Fast Field-Cycling NMR relaxometer
(Stelar srl, Mede, Italy). The experiments were performed using the pre-polarized and non-polarized
pulse sequences below and above 12 MHz, respectively. The polarizing and detection fields were 0.60
T and 0.50 T, corresponding to 'H Larmor frequencies of 25.0 and 21.5 MHz, respectively. The
switching time was 3 ms and the 90° pulse duration 9.8 ps. The dead time was 14.5 ps. A single scan
was acquired. All the other experimental parameters were optimized for each measurement. All the 'H

magnetization curves vs time were monoexponential within experimental error and the errors in the
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relaxation rates R; (=1/T;) obtained from the fitting of the curves were always lower than 1 %. The
monoexponentiality is evidence for the absence of water between the powder grains in the completely
filled sample. Measurements were performed in the temperature range 25-80 °C. The temperature was

controlled within £ 0.1 °C with a Stelar VTC90 variable temperature controller.

2.3 Theoretical basis and data analysis. The spin lattice relaxation rate, arising from the modulation of
the intramolecular dipolar interaction between the two protons in a water molecule caused by suitable

molecular motional processes, is given by the following equation??

1

Ri=7-=K[J(v) + 4(2v)] (1)
3\ [Ho\2 L .
where K = (ﬁ) (E) Ve with p, the vacuum permeability, A the reduced Planck constant, y the proton

gyromagnetic ratio, and a the interproton distance. For the water molecule, K was fixed to 8-10° 2,24
corresponding to a=1.5 A. The spectral density J(v) is related to the water molecule dynamics. In the

porous space, two different situations can be envisaged for the water molecules:

1) free water molecules which do not interact with the surface and can be safely assumed to be
subject to fast isotropic molecular reorientations and self-diffusion

2) water molecules bound to the surface experiencing fast anisotropic molecular reorientations that
do not average out the intramolecular dipolar proton interaction which is further modulated by

slower dynamic processes occurring on the time scales probed by FFC NMR relaxometry.

For the water molecules close to the pore surface, a slower process could be identified with the hopping
of the molecules among preferential binding sites on the surface with reorientation being a consequence
of the displacements along the surface. This motion can be described according to the so-called
Reorientations Mediated by Translational Displacements (RMTD) model.?!

6
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However, it must be noted that the water molecules can exchange between different states. Since
monoexponential relaxation was observed, the exchange between the bound and free state and between
different bound states is certainly fast with respect to the spin lattice relaxation rate. Proton exchange
between water and OH and NH, groups in the matrix, as well as proton transport are also expected to
occur but on much longer time scales than those accessible to the FFC NMR technique,! with the result
that these processes will not give rise to any dispersion in the FFC data in the available frequency
window.

If the local molecular reorientations are much faster than the exchange of molecules between the two
water pools and if the exchange is slower than the RMTD process, the spectral density J(v) can be

expressed as a linear combination of contributions from the different dynamic processes, that is, J;z(v)
due to both isotropic and restricted local molecular reorientations and Jzp7p(v) due to the RMTD

mechanism:%’
J) =Jr(V) + Jrurp (V) (2)

Indeed, in strongly adsorbing matrices water exchange between the two pools has characteristic times
longer than 10~ s.1212627 Therefore, within the proposed scenario, molecular orientation relative to the
surface is more or less reestablished after each hopping event and many hopping events occur during
the exchange time before correlation to the initial orientation is finally lost. Moreover, the molecules
remain bound to the surface for a time exceeding the correlation time associated to the anisotropic
reorientation.

The spectral densities for the rotational motions can be expressed according to Bloembergen-Purcell-

Pound (BPP) equation:?>-3

ZTRR ZTIR

m+(1—l9b)

Jir() = pp(1 —5?) 3)

1+ (27TVT1R)2
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while the spectral density for the RMTD process can be described by the following equation:?

Tanro(v) = il F(52) — ()] @

2
with f(x) = arctan (\/2x + 1) + arctan (\/2x — 1) — arctanh (HL"I) The relevant parameters are: (i)

the fraction of bound molecules, pjp; (i1) the order parameter representing the residual correlation of
restricted tumbling, S; (iii) the correlation times for restricted, tgrr, and isotropic, T, local
reorientations, associated to bound and free water, respectively; (iv) the parameters Apyrp, VRMTDmax
and Vgyrp min related to the RMTD model. For this model, we assumed that the hops among binding

sites are described as a two-dimensional normal diffusion process and that a distribution of RMTD
correlation times, and hence of RMTD characteristic frequencies, vgyrp, Occurs. As an ansatz, equally-
weighted characteristic frequencies were assumed between a minimum and maximum cut-off
frequency, Vryrpmin a0d VrRyTD max> respectively, considering that a purely stochastic distribution of

orientations might describe the rugged surface topology of the MOF. The cut-off frequencies are

defined as
GraxD
VRMTD,max = 3, (5)
2
qminD
VRMTDmin = "5 (6)

where ¢; identifies a diffusion mode and is related to the surface structure, and D represents the

diffusion coefficient on the surface.

Apurp 18 given by the following expression

8
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\2p,$?

ArmTD = 2aD V2 (7)

with Aq = Qmax — Qmin » Where qmayx and gy are as defined above.

The minimum and maximum cut-off frequencies, Vryrpmin and Vryrpmar, can be related to the
minimum and maximum distances beyond which the reorientational correlation begins to decay, /,;,

and /., respectively, through the following equations:

4D

Lmin = 2TYRMTD,max (8)
4D
Imax = 2TYRMTD,min (9)

Self-diffusion can also contribute to relaxation but its contribution is negligible. In fact, applying the
Torrey model,>*3° with the density set equal to that of bulk water, the self-diffusion coefficient to the
value of 1.23 101 m?/s found with MD simulations at 25 °C (see paragraph Water self-diffusivity and
interaction energies from molecular simulations in the Results and Discussion section), and the average
jump distance and the distance of closest approach to values between 3 and 5 A, the contribution of the
self-diffusion mechanism to relaxation is only about 1 s-! in the whole frequency range examined.

The analysis of the 'H FFC NMR data in terms of the model described was performed using the least-

squares minimization procedure implemented in the Fitteia environment.3!-3?

3. Molecular simulation methods

3.1 Structural and binding sites analysis. The cif-file for NH,-MIL-125 has been previously used in the
study by Vaesen et al.?? on adsorption of gases in this material. Structural analysis was performed using
the Poreblazer v4.0 software for computational characterization of porous materials based on the lattice

representation of the porous space.>* The methods employed in the software, along with the tutorial
9
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case studies, are provided online and have been recently reviewed by Sarkisov et al. in application to
the CSD MOF database.?* In the case of NH,-MIL-125, Poreblazer was predominantly used to obtain
values of the accessible surface area, occupiable pore volume, pore limiting diameter, and pore size
distribution (PSD). In addition, we used Poreblazer to visualize the structural organization of porous
space within NH,-MIL-125. The parameters associated with these calculations and other properties
given by Poreblazer are reported in the SI. To characterize the binding sites and the free energy
landscape within the porous space of NH,-MIL-125, we employed the methods described by
Sarkisov.34-5 Briefly, similarly to the Poreblazer approach, the porous space of the material under
investigation was discretized into a fine lattice (0.2 A), the probe molecule was then placed into the
centre of the lattice site and its interaction with the porous materials was probed for different
orientations of the molecule. This allows the Helmholtz free energy in the specific site location to be
estimated, while the percolation analysis based on the Hoshen-Kopelman algorithm allows the free
energy barriers and favorable interaction energy sites in zero loading regime to be characterized. For
the complete details of the methodology we refer the reader to the original publications,’*3> while the

specific parameters of the simulation in this study are provided in the SI.

3.2 Grand-canonical Monte Carlo simulation. Equilibrium adsorption isotherm of water vapour in the
amino-functionalized NH,-MIL-125 porous solid was modelled using the grand canonical Monte Carlo
(GCMC) simulation method. In this study, GCMC simulations were performed using the RASPA 2.0
simulation package.?® These simulations were used to validate the force field parameters employed in
the study and to provide initial configurations of the adsorbed molecules for molecular dynamics
simulation of diffusion properties. The adsorption isotherm was modelled at 25 °C and at 8 different
pressure points below the saturation pressure of the employed water model. Simulations were run for

approximately 780,000 cycles on average at each pressure point where every cycle consisted of N,

10
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Monte Carlo trial moves. In RASPA, N, is equal to the average number of particles adsorbed in the
system at a given pressure. The number of cycles for both equilibration and production stages of the
simulations were kept equal. Within the simulation protocol, five different trial MC moves were
attempted, specifically insertion, deletion, rotation, long-range and short-range translations. The
atomistic structure of NH,-MIL-125 was treated as a rigid framework consisting of 2 x 2 x 2 unit cells
in periodic boundary conditions in three dimensions (with the original unit cell having dimensions of a
=18.673 A,b=18.673 A, ¢ = 18.138 A). The 12-6 Lennard-Jones (LJ) potential model was employed
to calculate dispersion (van der Waals) interactions, while long-range electrostatic interactions were
treated using the Ewald summation. The potential cut-off distance for the dispersion interaction was set
at 12 A, while, for electrostatic interactions in real space, the cut-off was equal to 18 A. Ewald
precision variable was set to 10 in RASPA. Both LJ and electrostatic interactions were computed
directly without the use of any grid potential. LJ parameters of the framework atoms, as well as their
partial charges, were taken from a force field proposed by Vaesen et al.3? For water, the TIP4P/2005
model developed by Abascal and Vega was employed.’” In all GCMC simulations, pressure values
were consistently converted to fugacity using the Peng—Robinson equation of state. The maximum
amount adsorbed from the GCMC simulation on the ideal, defect-free model of a crystal is ca. 0.6 g/g
at 25 °C.

In addition to equilibrium water uptake, we also calculated the enthalpy of adsorption at each pressure
point using the energy-particle fluctuations in the grand-canonical ensemble (i. e. constant pVT) given

by3 8

(NU)u_ (N>M(U>Il
AH 445 —W—RT (10)

where (...), refers to averages in grand-canonical ensemble, while N, U, R and T are the total number

of adsorbed particles in the framework, the total potential energy of the system, the gas constant and

11
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temperature, respectively. The equilibrium adsorption isotherm of water vapor and the loading-
dependent enthalpies of adsorption for the same isotherm are provided in Figure S1, whereas the
variation of water-water and water-MOF van der Waals and electrostatic interactions as a function of

pressure are shown in Figures S2 and S3.

3.3 Molecular dynamics. We employed equilibrium molecular dynamics (EMD) to simulate self-
diffusion of water in the porous structure of NH,-MIL-125. The simulations were performed at 25 °C
and at four different loadings using the LAMMPS simulation package.’* The simulations were carried
out in the canonical (NVT) ensemble in which the translational and rotational degrees of freedom of
rigid adsorbate molecules were thermostated using the Nose—Hoover algorithm as described by
Hoover* and Martyna et al. 4> To maintain the structure of rigid molecules for water, the flexibility
of atomic bonds (bond length and bond angles) was constrained using the SHAKE algorithm. The
atomistic structure of NH,-MIL-125 was treated as a rigid framework consisting of a 2 x 2 x 2 cubic
lattice with periodic boundaries in all three dimensions as in the GCMC simulations. A Verlet time
integrator was used with time step equal to 1.0 fs. Short-range intermolecular interactions were
modelled using the 12-6 Lennard—Jones potential with a cut-off distance of 12 A. Long-range
electrostatic interactions were modelled using the particle-particle particle-mesh (P3M) method*? where
the cut-off distance in real space and relative accuracy parameter of the model were set to 8.5 A and 10-
6, respectively. MD simulations were performed at four different loadings corresponding to low (0.03
g/g and 0.05 g/g) and high (0.4 g/g and 0.6 g/g) loadings of water in the system. In terms of the pore-
filling factor, 0, i. e., the amount of water adsorbed divided by the maximum adsorbable amount, these
loadings correspond to 0.005, 0.083, 0.67 and 1, respectively. Simulations were run between 46 to 145
ns after being fully equilibrated and were terminated after making sure that all water molecules had

fully traversed the system.

12
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To calculate self-diffusivity of water in NH,-MIL-125, the mean-squared displacements (MSD) of the
centres of mass of water molecules were collected in the Fickian regime in which the log—log
dependence of the MSD with time has a slope equal to unity. Self-diffusion coefficients (Dgcr) were

then estimated using the Einstein equation given by

ser = gt {Z1_, Iri© = ()P (11)

t

D

where 7,(?) is the vector associated with the centre of mass of molecule 7 at time #, N is the number of
molecules, and d is the dimensionality of the system. It should be pointed out that D¢ is different from
the D parameter of the RMTD model (Egs. 5-9); in fact, the former is related to water diffusing within

the three-dimensional porous space, whereas the latter refers to water diffusing on the porous surface.

Results and Discussion

Structural characteristics of NH,-MIL-125 and water loading analysis. The porosity of NH,-MIL-125
was explored using the Poreblazer structural analysis. As can be seen from Figure 1, there are two
types of pores, large pores of 10.65 A and small pores of about 4-5 A in diameter. In the x and y
directions, these two types of pores are connected by short channels characterized by a pore limiting
diameter of 3.77 A, whereas, in the z direction, the system can be viewed as a chain of large pores of
10.65 A size connected by channels with a 2.89 A pore limiting diameter. Table 1 summarizes some
relevant properties concerning NH,-MIL-125 porosity published in ref. 18, from which the procedure
for synthesizing the MOF was borrowed, together with the corresponding values calculated using the

Poreblazer code. Other properties, obtained from Poreblzer, are summarized in the SI.

13
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Figure 1. Structural characterization of NH,-MIL-125. Top panel: the NH,-MIL-125 is shown as cyan
bond framework and yellow tetrahedra Ti-O units. The two main pores in the system are shown as
encapsulated red (10.65 A) and purple (4.5 A) spheres. Middle panel: the structural organization of the
pore network in NH,-MIL-125 is shown as lattice of available sites (yellow). The network consists of
intercalating small and large pores, connected by narrow windows. The pores identified in the top
panel, are shown in this figure as red and purple circles. A single unit cell of NH,-MIL-125 is indicated
by the blue square. Other colors used are as follows: oxygen — red; carbon — cyan; titanium — pink;

nitrogen — blue; hydrogen — white. Bottom panel: Pore size distribution from the Poreblazer code.

Table 1. Specific surface area, S, total pore volume, V,,, micro-pore volume, V,, of NH,-MIL-125

primary particles.

S (m?%/g) V, (cm?/g) V,(em¥/g) Maximum Ref.
amount of water
adsorbed (g/g)

1300° 0.562 0.552 0.452 18

1389° 0.65° 0.60¢ This work

2 Values from nitrogen adsorption characterization.
b Values calculated using the Poreblazer code.

¢ Value calculated with GCMC.

As can be noted from Table 1, the surface area obtained from the computational structure analysis is in
good agreement with the BET area obtained from nitrogen adsorption (ref. 18). The pore volume
observed in the experiments is, however, much lower and this is possibly associated with partial
structure collapse (which should also have an impact on the observed surface area) and the presence of

residual solvent molecules.
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The water loading level of the hydrated samples was checked by 'H MAS NMR; the central band of the
spectra at the four different hydration levels investigated is shown in Figure 2. Three main signals,
resonating at 3.1, 4.5 and 7.9 ppm, were observed. The 4.5 and 7.9 ppm peaks were assigned to
hydrogen atoms in water and in the aromatic rings of the linkers (Hgromatic), respectively. The 3.1 ppm
peak was attributed to the methyl protons in residual methanol (Hcys). This assignment was supported
by 3C/'H correlation spectrum (Figure S6). Analysis of the '3C direct excitation NMR spectrum
(Figure S5) indicated that the residual methanol amounts to 1 molecule per BDC unit. It is noticeable
that, even after activation at 150 °C in vacuo for 20 hours, residual methanol is present; this, however,
can be explained considering that methanol is used in the synthesis of the MOF and, given the small
channel dimensions compared to the kinetic diameter of the methanol molecule (3.8-4.1 A),* it may
remain trapped in the pores during MOF formation. Indeed, this points to a plausible contribution to the
difference in the experimental pore volume and pore volume of an ideal crystal, presented in Table 1.

The water amount was determined through the deconvolution of the 'H spectra, as exemplified in
Figure 2b for the sample characterized by 6=0.55. The deconvolution allowed the relative intensities of
the signals to be determined from which the relative amounts could be evaluated. The intensity of the
'H signal resonating at 4.5 ppm was proportional to the hydration level expressed in grams of water per
grams of dry MOF. This proportionality, within the experimental error, is shown in Figure 3, where the
peak intensity is scaled imposing that the residual methanol signal intensity is equal to 3, the number of
methyl protons for each BDC unit, in agreement with the finding that there is one methanol molecule
per BDC unit. The line in the figure represents the linear fitting curve, characterized by an intercept of
3.0 £0.7. This agrees with the value expected on the basis of stoichiometry, i. e. 3.67, calculated as the
sum of amine and hydroxyl hydrogen atoms which are assumed in fast exchange with water protons in
the hydrated samples. For each residual methanol molecule, there are 2 amine hydrogen atoms carried

by a BDC unit, 0.67 hydroxyl hydrogen atoms from Ti-OH-Ti, and 1 hydroxyl hydrogen atom from the

16
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methanol. These protons were not detected in the spectra, confirming that amine and hydroxyl protons

were in fast exchange with water protons, with exchange times shorter than about 103 s, i. e. the

oNOYTULT D WN =

inverse of the frequency difference between the signals of the not exchanging species.*#¢ The
10 exchange of the amine and Ti-OH-Ti hydroxyl protons with water was also demonstrated by means of

IR spectroscopy on samples exposed to D,O vapor.33
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Figure 2. (a) Central band of '"H MAS spectra of NH,-MIL-125 at different hydration levels expressed
through the pore-filling factor 0. The three main signals are assigned to hydrogen atoms of water, of the
linker aromatic ring (Haromatic), and of methyl groups in residual methanol (Hcys). (b) Spectrum at

0=0.55, showing the Lorentzian peaks obtained from a deconvolution; the green short dotted peak
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centered at 4.5 ppm is due to water, the blue short dash dotted peak centered at 7.9 ppm is due to
Haromatic; and the black dashed peak centered at 3.1 ppm is due to Hcys. The sum of the peaks is

displayed as a red solid line.

204
—~ 154

10+

Intensity (a. u

oo g ey
hydration level (g,.,0/9,0¢)

Figure 3. Intensity of the 'H signal resonating at 4.5 ppm as a function of the hydration level expressed
in grams of water per grams of dry MOF. The intensity of this peak is scaled imposing that the residual
methanol signal intensity is equal to 3, the number of methyl protons for each BDC unit. The line

represents the linear fitting curve, characterized by an intercept of 3.0+0.7.

The number of water molecules per BDC unit in the sample characterized by 6=1 is about 7. This value
is obtained from the intensity of the signal resonating at 4.5 ppm (equal to 18 in the scale employed in
Figure 3), after subtraction of the contribution to the signal from exchangeable protons (equal to 3 on
the same scale, as indicated by the intercept value in Figure 3) and divided by 2 for the two protons in
each water molecule. Since every 6 BDC units there is one large cage, two small cages, and windows
connecting them, we estimate that about 40 water molecules occupy this porous space. According to
Poreblazer estimates, the volume of the largest cage is about 700 A3 and, if we assume bulk water

density (i. e., 1 g/cm?), such pore should contain about 25 water molecules. The smaller cage is about
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30 A3 and can contain maximum 2-3 water molecules, so that the predicted number of water molecules
occupying cages in a completely filled MOF is about 30. This picture is also confirmed using
molecular dynamics and population analysis of the cages (see the SI, Figure S4). We hypothesized that
the water molecules in the sample characterized by 6=1 are located both in the cages and in the
windows connecting them.

Presence of bound water molecules. 'H MAS was also used to obtain evidence supporting the presence
of two types of water molecules. Figure 4 shows '"H MAS spectra of the completely filled sample at
three selected temperatures, 25, 40 and 80 °C. It can be observed that the central band is flanked by
first order side bands of low intensity relative to the water signal and to the signal due to the aromatic
hydrogen atoms of the BDC linkers. The side band relative to the signal occurring at 3.1 ppm (that is,
the signal at about 36.5 ppm in the upper trace of Figure 4) has a structured line shape, which is
particularly evident in the spectrum recorded at 80 °C. This is due to a small fraction of N-H hydrogen
atoms not exchanging with water and resonating in the same region as the methyl protons of methanol.
Similar line shapes are predicted for protons bonded to amino nitrogen nuclei considering the “N
quadrupole effects on the “N-'H dipolar interaction.*’” The occurrence of a distinct signal for this type
of protons indicates that these protons do not exchange with water possibly because these particular
amino groups are located in regions not accessible to water. In addition, simple inspection of the water
signal, at about 4.5 ppm, revealed that it shifted upfield and sharpened upon heating, and the intensity
of its side bands tended to decrease. The shift was attributed to a variation of the hydrogen bond
network with temperature. The presence of side bands, although weak and decreasing with increasing
temperature, indicated that, for a fraction of water molecules, the dipolar interaction between the two
hydrogen atoms was not completely averaged out by MAS. This fraction was identified with water

molecules bound to the surface.
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9 44 43 42 41 4c 39 38 37 36 35 34 ppm

11 10 9 8 7 3 5 4 3 2 1 ppm

33 Figure 4. 'TH MAS spectra of NH,-MIL-125 at 6=1 at 25 (blue line), 40 (red line) and 80 (green line) °C
35 (lower trace) and expansion of the central band labeled A (middle trace) and of the first order side band
on the left side labeled B (upper trace). The vertical scale in the upper trace is decreased by a factor of

40 95 compared to that of the lower trace.

Water preferential binding sites and free energy barriers from molecular simulations. The affinity of
47 water molecules towards potentially hydrophilic atomic sites in the porous structure of NH,-MIL-125
49 was explored using radial distribution functions (RDF) from MD simulations and analysis of the
binding sites using lattice methods as described in the Methodology section. RDF was calculated for
54 three different atomic pairs: (1) water oxygen and BDC nitrogen, (2) water oxygen and MOF titanium,

56 and (3) water oxygen and hydroxyl oxygen in MOF. Nitrogen, titanium and hydroxyl oxygen atoms
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possess large partial charges which make them interesting candidates for binding water based on the
importance of electrostatic interactions (see Figure S3). The RDFs calculated for the three atomic pairs

are illustrated in Figure 5.
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Figure 5. RDFs of three atomic pairs: oxygen of water with nitrogen of MOF (a), oxygen of water with
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titanium of MOF (b), oxygen of water with oxygen of the hydroxyl groups of MOF (c). The insets show

some additional details of the first peaks.

oNOYTULT D WN =

10 For the reported loadings, on the basis of the intensity of the first RDF peak, we could infer that
nitrogen is the most attractive site for the oxygen of water, except at the lowest loading where the
15 oxygen of the hydroxyl group seems to be the most attractive site. Therefore, from simulated RDFs,
17 titanium and oxygen atoms, and the NH, group were identified as attractive sites for water, the latter
being the most attractive one. This finding would explain the sensitivity of the '3C chemical shift for
2 the C-NH, carbon to the filling level,>? and is consistent with the picture provided by the free energy
24 analysis. The results of this analysis are depicted in Figure 6, where the focus is on a single large cage,
26 shown on the left panel. The most favourable locations (shown as a system of green point clouds in the
central panel of the figure) resulted to be close to, but not right at, the octamer window formed by
31 titanium atoms and oxygens (although not right at the window), and close to the NH, moieties. The
33 figure in the right panel shows the free energy landscapes within the pore. Specifically, the visualized
lattice sites correspond to the plane cutting the cage of NH,-MIL-125 in a direction perpendicular to y-
38 axis in the middle of the titanium octamer window. The green regions indicate the most favourable
40 locations (from -40 to -30 kJ/mol), the grey and blue regions indicate the least favourable locations
(from -20 to 0 kJ/mol). The diffusional free energy barrier is associated with the molecule moving from
45 the most favourable interaction sites to the interior of the pore, where interactions are weaker. Using
47 the lattice percolation analysis, the minimum free energy pathway is identified and it yields a free

49 energy barrier of about 20 kJ/mol.
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Figure 6. Free energy landscape analysis in NH,-MIL-125. In the centre: most favourable interactions
sites shown as green regions (from -40 to -30 kJ/mol). On the right: an x-z plane slicing through the
centre of octamer Ti window. Colours represent the values of free energy: grey and blue from -20 to -
10 and from -10 to 0 kJ/mol, respectively; purple from -30 to -20 kJ/mol; green from -40 to -30 kJ/mol.

Colors for the atoms of the structure are as in Figure 1.

Water self-diffusivity and interaction energies from molecular simulations. MD simulations were also
used to calculate the self-diffusivity of water in NH,-MIL-125. To this end, the mean-squared
displacements of the centre of mass of water molecules in the Fickian regime were collected. Self-
diffusivity was then estimated using the Einstein equation (Eq. 11). MSDs of water diffusion for
different loadings are shown in Figure 7, whereas the calculated self-diffusivity values are reported in
Table 2. We note that at the very low loading (Figure 7a), the MSD shows a significant amount of
scattering making the result invariably less reliable. The water self-diffusion coefficients determined
from MD simulations were not strongly dependent on loading and assumed values around 10-'° m?/s,
with similar values at low and high loadings and a minimum at 6=0.08. This is not surprising, 4%:49-0,31
since, at ambient temperatures, the diffusion of small molecules is normally retarded at very low
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loadings due to strong interactions of adsorbate molecules with the framework. In contrast, at high
loadings, where the pores are almost saturated, diffusion is hindered by the confining environment with
little free space and adsorbate-adsorbate interactions dominate.

The self-diffusivity value of ~ 10-1 m?/s is close to that experimentally measured for water in fully
loaded MIL-100(Al),® Al-fumarate,® and MIL-96(Al).” Only in the case of MIL-100(Al), self-
diffusivity was measured at different loadings and found to decrease by ~ 30 times at a filling factor of
0.2 compared to the value determined at full loading, which contrasts our MD data. The discrepancy
may be due to the to the differences in nature of the inorganic and organic building blocks, pore size,
pore window size and porous topology of MIL-100(Al) and NH,-MIL-125. Water transport diffusivity
was measured on NH,-MIL-125 and a value of ~101 m?/s was reported.?’ However, it must be noted
that this is a transport diffusion coefficient, which is generally different from the self-diffusion

coefficient.
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Figure 7. MSD of water in NH,-MIL-125 as a function of time for selected relative loadings 0 at 25 °C.

Table 2. Self-diffusion coefficients of water in NH,-MIL-125 at different filling factors 0 at 25 °C

calculated using MD.

0 Dyeir (m?/s) +/- Error

0.005 1.47-10°10 8.35.101

0.08 (0.05 g/g) 8.79-10°11 1.31.10-11

0.67 (0.4 g/g) 1.25-10°10 7.67.10°12

1 1.23-10°1 9.43.10-'2
26
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The dynamics of water in NH,-MIL-125 from FFC NMR. The water dynamics in NH,-MIL-125 was
explored by 'H FFC NMR at the pore-filling factor of 1. The signal detected was mainly due to water
hydrogen atoms and to labile hydrogen atoms in the porous matrix participating to the hydrogen bond
network of the water protons and contributing to the water signal through exchange on time scales
shorter than 1 ms, as revealed by 'H MAS spectra. Labile protons on porous matrices were found not to
significantly affect T, of adsorbed water, as demonstrated in the case of the OH groups of Vycor, for
which the dispersion curve of a monomolecular layer of adsorbed water did not significantly change
when the OH groups were replaced by propoxy groups.?! Similarly, the hydroxyl protons on residual
methanol are expected to contribute to the detected water signal because of rapid exchange. On the
other hand, the aromatic protons of the matrix were supposed not to significantly contribute to the
observed R, values. In fact, spin diffusion between the water protons and the aromatic ones is likely to
be ineffective because of the mobility of the surface phase, with the result that the minor fast decaying
signal from the aromatic protons is undetectable due to instrumental limitations (essentially, relatively
long dead time).

"H FFC NMR relaxometry allows molecular dynamics to be investigated by measuring the dependence
of the proton spin—lattice relaxation rate R on the Larmor frequency, vy. Schematically, in the Ry vs v,
curve the occurrence of a dynamic process characterized by a given correlation time, t., manifests itself
as a flat region when 2nvy <<l/t., that is, at the low Larmor frequency side, and a region where the
relaxation rate R; decreases with increasing frequency with a dispersion centered at 2nvy ~1/1..5?

The dispersion profiles measured at temperatures ranging between 25 and 80 °C are shown in Figure 8.
The 'H R, values were much larger than the typical values for bulk water at ambient temperature and at
the same Larmor frequencies, roughly 0.3 s'! and frequency independent; the values obtained are indeed
typical of confined water. Close inspection of the data suggested that two dispersions occurred, a barely

discernible one centered at 3-4 MHz and a more pronounced one around 0.1 MHz, indicating the
27
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presence of at least two dynamic processes. The first dispersion did not visibly change upon heating,
whereas the second one tended to shift to lower R; values (Figure 8a). This suggests that the underlying
dynamic process was accelerating. A third process was also present, as evidenced by the high
frequency plateau. This was ascribed to a local motion, too fast to show a dispersion inside the
observed frequency window and identified with the isotropic rotation of water and of the methyl group
of residual methanol. Also self-diffusion, which however was not taken in account here due to its
negligible value, would contribute to this high frequency plateau.

Numerical analysis of the data provided the fitting curves associated to each process, also displayed in
Figure 8. The low-frequency dispersion was interpreted according to the RMTD model, 21 as described
in the Materials and Methods section. The RMTD model considers that water molecules close to the
pore surface hop among preferential binding sites and are reoriented as a consequence of the
displacements along the surface. Such molecular reorientations occur on a much slower time scale than
in the bulk. The RMTD contribution to R; depends on the weight factor Azy7p (Eq. 7), and on the
largest and smallest cut-off frequencies, Vry7p mar and Veyrpmin, Characterizing the faster and slower
reorientations mediated by translational diffusion on the surface (Egs. 5 and 6).

The high-frequency dispersion was interpreted as due to restricted reorientations of bound water
molecules, the presence of which was highlighted by 'H MAS.

The best fitting parameters reproducing the experimental curves are reported in Table 3 and their
temperature dependence is plotted in Figure 9.

The correlation time of restricted reorientation, trgr, 1S about 30 ns and exhibits an Arrhenius

temperature dependence characterized by a relatively small activation energy of 4.5 kJ/mol (Figure 9d,

activation energy L. . . L. .
In(trp) —r > Where R indicates the gas constant). This value is significantly different from

that exhibited by reorientation in bulk water, which is equal to 15-16 kJ/mol as derived after Arrhenius
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fits of published data.>*>* Indeed, it seems reasonable that the energy of the interactions involved in the
restricted reorientation is lower than that associated to a full reorientation like the one occurring in
bulk, where more bonds are likely to be broken.

The parameters Vgyrp,min a0d Vrarpmar Show Arrhenius dependencies, with activation energies of 15 +
1 kJ/mol and 18 £ 4 kJ/mol, respectively (Figures 9b and 9c). These values are not different within the

experimental error, suggesting that their temperature dependences are dominated by that of the surface

activation energy

diffusion parameter, D (In(D) < — RT ). In fact, this is expected on the basis of Egs. 5 and 6,

considering that ¢, identifying a diffusion mode, is related to the surface structure and independent of
temperature.

The temperature dependence of 1/Agyrp® is also Arrhenius-like and characterized by an activation
energy of 15 + 1 kJ/mol (Figure 9a), a value equal to those exhibited by Vry7p min a0d Vgasrp,max Within
the experimental error. For Agyrp, besides D also the fraction of bound molecules, p;, and the order
parameter, S, in principle affect its temperature dependence (Eq. 7). However, the observed Agyrp
temperature dependence, when compared to those of Vgysrp,min ad Vrarp,max, indicated that pj, and S did

not change significantly in the explored temperature range. This fact is in agreement with the very
small decrease of the water side bands intensity in the NMR spectra upon heating. An activation energy
of 16 £ 2 kJ/mol relative to D was derived as an average of the values determined for each fitting
parameter. This value is consistent with the free energy analysis of the binding sites and the barriers
between them. In fact, the free energy analysis of the porous space identified the transition from
favorable binding sites (near titanium rings and the NH, group) to non-bonded states close to the
surface as the key energy barrier and estimated its value at about 20 kJ/mol, which is in a good
agreement with the experimental interpretation above. Surface diffusion is expected to be an activated
process because it depends on the breaking of the binding of the molecules to the surface before
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hopping. One can also notice that the value of the activation energy favorably compares with that
observed for diffusion in bulk water, 16.8 + 0.1 kJ/mol, as derived after an Arrhenius fit of published
experimental diffusion coefficient values in the temperature interval 25-80 °C.>° This indicates that the
energy of the interactions involved in the detachment of a water molecule from a binding site in
completely filled cages is not significantly different from that driving bulk diffusion.

The insignificant change of p, and S is in agreement with the fact that the prefactor for the restricted
reorientation, Kp,(1 — S?), did not significantly change with temperature. On the other hand, p,S
could be evaluated from the best fit values of Agyrp, VrRyrpmax a0d Vearpmin to an average value of
0.096+0.005. Using these constraints, the values of p, and S were estimated to be ~ 0.2 and ~0.7,
respectively. The estimated p;, can be compared with that derived considering the number of plausible
binding sites available per water molecule in the completely loaded sample. In a
TigOg(OH)4(NH,;BDC)g unit, if the binding sites are the amine and Ti-OH-Ti hydroxyl groups of the
matrix, as hinted by MD simulations and '3C NMR spectra,?? and 40 water molecules occupy the empty
space according to the NMR calibration, the value of p, would result to be 0.25. The values of p;, from
the two estimates are grossly comparable. A possible reason for the slight discrepancy is the
underestimation of the bound fraction because of its lower detectability due to the instrumental dead
time and poor magnetic field homogeneity.

Using the determined values of p;,, we estimated the value of isotropic reorientation time, g, from the
high frequency plateau value and found about 0.4 ns. Since also the fast rotation about the C3 axis of
the methyl group of residual methanol is likely to contribute to the plateau value, the estimate of 0.4 ns
should be considered as an upper limit for 1 of water.

From the model fitting it was also possible to evaluate the minimum and maximum distances, /,,;, and
Lnar, travelled by water molecules within the RMTD model before losing orientational correlation.

These distances were derived from the fitted Vryrp min and Vryrpmax values at 25 °C using Eqs. 8 and
30
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9, with the surface diffusion coefficient D set equal to 1.23-10-1m?/s, i. e., the self-diffusion coefficient

determined through the MD simulations at 6=1. The estimated /,,;, and [, values are 40 + 8 A and 850

oNOYTULT D WN =

+ 150 A, respectively. /,,, favorably compares to the larger pore circumference of ~35 A, whereas /.
1 is on the order of the crystallite size, for which the lower bound of 450 A was determined from the line

13 width of the XRD pattern exhibited by dry NH,-MIL-125 '8 using Scherrer’s equation.

Table 3. Parameters used to fit the experimental curves.?

20 T (°C) Ay (s'%) Vem1D,min (HZ) VemrD,max (HZ) Trr (DS)
22 25 (3.54 +0.20)-10° (1.1 +0.4)-10* (5+2)-106 31+3
24 30 (3.27+0.20)-10° (1.1 +0.4)-10 (5+2)-10° 3143
26 40 (3.00+ 0.20)-10¢ (1.3 +0.4)-10* (6+2)-10° 27+3
28 50 (2.65+0.20)-10°  (1.8+0.4)-10* (9 + 4) -10° 26+2
3 60 (242 £0.20)-10° (1.9 +0.4)-10* (8 +2) 10 25+2
70 (229 £0.20)-10° (2.3 +0.4)-10* (11 % 4) -10° 24+2
33 80 (236 £0.20)-10°  (2.7+0.4)-10* (20 = 10)-10° 24+2

a The prefactor for the restricted reorientation, Kp,(1 — §?), was 6.6-108 s-2 at all the temperatures and

37 1.r=0.4 ns.
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Figure 8. (a) Experimental Ry NMRD curves of completely hydrated NH,-MIL-125 at the indicated

temperatures. (b)-(h) Comparison of the experimental (squares) and calculated (black line) Ry NMRD

oNOYTULT D WN =

curves at each temperature. Blue dash-dotted, red dashed, and green dotted lines represent contributions

10 to R; from RMTD mechanism, anisotropic and isotropic rotational dynamics, respectively.

In(1/AL,,-)

LA p—

Figure 9. Temperature trend of the fitting parameters 1/4gyrp?, VRMTD,mins VRMTD.max» @0d Trg in panels a,

b, ¢, and d, respectively). The straight red lines represent Arrhenius fits with activation energies of 15 +
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Conclusions

To the best of our knowledge, this is the first time that '"H FFC NMR relaxometry was applied to study
the dynamics of a guest molecule in a metal organic framework. A coherent picture of water motions in
NH,-MIL-125 was provided in the time scale 10 ps - 0.1 ns in the temperature range 25-80 °C. The
FFC NMR data were interpreted using a dynamic model developed for molecules in porous media,
whose applicability to the present case was supported by independent 'H MAS measurements and by

molecular simulations.

The model depends on physically meaningful parameters characterized by rationalized temperature
trends. It allowed a detailed picture of the behavior of water molecules within the MOF pores to be
obtained. In the fully hydrated NH,-MIL-125 MOF, a small fraction (about 20%) of water molecules
hops among preferential binding sites and is reoriented as a consequence of the displacement along the
surface. This motion occurs on a very broad time scale ranging from several nanoseconds to a few
microseconds. The bound water molecules also experience local restricted molecular reorientations
with characteristic times of about 30 ns, whereas free water molecules exhibit isotropic correlation
times shorter than 0.4 ns. The temperature dependence of the hopping rate indicates that the process is
thermally activated, with an Arrhenius-like dependence characterized by an activation energy of 16 + 2
kJ/mol. This value matches the energy barrier between favorable binding sites and non-bonded states
close to the surface, as evaluated from free energy analysis. The plausibility of the analysis could also
be tested with regard to the length scales of the system. The minimum and maximum distances
associated to water correlated reorientations on the porous surface are comparable with the diameter of

the larger pores and the crystal size, respectively.

Besides the dynamic details obtained, this study demonstrates the applicability and usefulness of FFC

NMR, so far applied to aqueous solutions, soft matter or fluids in disordered porous materials, also in
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the case of fluids in MOFs, disclosing information of relevance for their technological application. It
also testifies that computational approaches valuably complement the FFC NMR experimental tool to
characterize the diffusion behaviour of a small molecule in a MOF and are invaluable in the

rationalization of its adsorption properties.
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Figure 1. Structural characterization of NH>-MIL-125. Top panel: the NH,-MIL-125 is shown as cyan bond
framework and yellow tetrahedra Ti-O units. The two main pores in the system are shown as encapsulated
red (10.65 ﬂ) and purple (4.5 /3) spheres. Middle panel: the structural organization of the pore network in
NH>-MIL-125 is shown as lattice of available sites (yellow). The network consists of intercalating small and
large pores, connected by narrow windows. The pores identified in the top panel, are shown in this figure as
red and purple circles. A single unit cell of NH>-MIL-125 is indicated by the blue square. Other colors used
are as follows: oxygen - red; carbon - cyan; titanium - pink; nitrogen - blue; hydrogen - white. Bottom
panel: Pore size distribution from the Poreblazer code.
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Figure 2. (a) Central band of 'H MAS spectra of NH,-MIL-125 at different hydration levels expressed through
the pore-filling factor 6. The three main signals are assigned to hydrogen atoms of water, of the linker

aromatic ring (Haromatic), and of methyl groups in residual methanol (Hch3). (b) Spectrum at 6=0.55,
showing the Lorentzian peaks obtained from a deconvolution; the green short dotted peak centered at 4.5

ppm is due to water, the blue short dash dotted peak centered at 7.9 ppm is due to Haromatic, and the black
dashed peak centered at 3.1 ppm is due to Hchs. The sum of the peaks is displayed as a red solid line.
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Figure 3. Intensity of the 1H signal resonating at 4.5 ppm as a function of the hydration level expressed in
grams of water per grams of dry MOF. The intensity of this peak is scaled imposing that the residual
methanol signal intensity is equal to 3, the number of methyl protons for each BDC unit. The line represents
the linear fitting curve, characterized by an intercept of 3.0£0.7.
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Figure 4. 1H MAS spectra of NH»-MIL-125 at 8=1 at 25 (blue line), 40 (red line) and 80 (green line) °C
(lower trace) and expansion of the central band labeled A (middle trace) and of the first order side band on
the left side labeled B (upper trace). The vertical scale in the upper trace is decreased by a factor of 95

compared to that of the lower trace.
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20 Figure 6. Free energy landscape analysis in NH>-MIL-125. In the centre: most favourable interactions sites
shown as green regions (from -40 to -30 kJ/mol). On the right: an x-z plane slicing through the centre of
octamer Ti window. Colours represent the values of free energy: grey and blue from -20 to -10 and from -
10 to 0 kJ/mol, respectively; purple from -30 to -20 kJ/mol; green from -40 to -30 kJ/mol. Colors for the
23 atoms of the structure are as in Figure 1.
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Figure 7. MSD of water in NH>-MIL-125 as a function of time for selected relative loadings 6 at 25 °C.
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Figure 8. (a) Experimental Ry NMRD curves of completely hydrated NH,-MIL-125 at the indicated
temperatures. (b)-(h) Comparison of the experimental (squares) and calculated (black line) R{ NMRD curves

at each temperature. Blue dash-dotted, red dashed, and green dotted lines represent contributions to Ry
from RMTD mechanism, anisotropic and isotropic rotational dynamics, respectively.
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Figure 9. Temperature trend of the fitting parameters 1/ArMTD2, VRMTD,min, VRMTD,max, @and Trr in panels a,
b, ¢, and d, respectively). The straight red lines represent Arrhenius fits with activation energies of 15 £ 1
kJ/mol, 15 £ 1 kJ/mol, 18 £ 4 kJ/mol, and 4.5 + 0.5 kJ/mol for panel a, b, ¢, and d, respectively.
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