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ARTICLE INFO ABSTRACT

An extended two-site exchange model is presented, which is used to evaluate pulsed field gradient (PFG) nuclear
magnetic resonance (NMR) measurements of water in the nanoporous metal-organic framework MIL-100(Al).
Here the water molecules exchange between the inter- and the intracrystalline space during the observation
time, but are also restricted in their movement by the crystal surface. The evaluation of temperature and loading
dependent PFG NMR data yields information about the intracrystalline diffusion process, the radius of the re-
stricting geometry and the time constants of the exchange process. The intracrystalline mean residence time is
found to decrease with increasing temperature, which allows an estimate of the heat of adsorption under the
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equilibrium conditions of the NMR measurements.

1. Introduction

The self-diffusion of adsorbed molecules in a porous material can be
used to characterize the interactions between the molecules and the
host system. An important nondestructive method to study self-diffu-
sion is pulsed field gradient nuclear magnetic resonance (PFG NMR)
[1,2]. It probes the diffusion over a time interval starting at some
milliseconds up to times limited only by nuclear relaxation. The re-
sulting PFG NMR signal is the Fourier transform of the mean propagator
describing the diffusion of the adsorbed molecules through the het-
erogeneous system. It, therefore, carries information about the diffusion
process and especially about the different obstacles the molecules en-
counter on their diffusion path during the observation time, e.g. a re-
stricting geometry [3,4]. The influence of such restricting geometries on
the mean diffusion coefficient strongly depends on the number of mo-
lecules encountering them and, therefore, on the observation time it-
self.

In a heterogeneous sample the diffusion of the molecules is influ-
enced by an exchange between different regions (sites) consisting, e.g.,
of the pore space in porous particles and the void space surrounding the
particle. In order to describe such a two-site exchange, Kérger devel-
oped a model [5,6], which accounts for two different sites with re-
spective mean residence times, diffusion coefficients and relaxation
times. In [7] we recently extended this model to the case of anisotropic
diffusion in the intracrystalline pore space. A comparable approach will
be used in this work in order to describe the diffusion of water in the
nanoporous metal-organic framework (MOF) MIL-100(AD).

MIL-100 was first characterized in its chromium form by Férey et al.
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[8]. It consist of supertetrahedra formed by trimers of metallic cations
and the organic linker benzene-1,3,5-tricarboxylate. The resulting pore
space contains two kinds of pores: small pores of approximately 2.5 nm
diameter and larger pores of 2.9 nm diameter. The aluminum form of
MIL-100 was described by Volkringer et al. [9], where the interested
reader may also find a graphical representation of the pore structure.
Many studies of other forms of MIL-100 with different metallic cations
can be found in literature, see e.g. references [10-13].

Due to its high stability and adsorption enthalpy, MIL-100(Al) is a
promising material for adsorptive heat transformation applications,
where the heat of adsorption of a working fluid (water) is utilized in a
thermodynamic cycle. In [14] studies of the diffusion of water MIL-
100(Al) by PFG NMR and molecular dynamic simulations (MD simu-
lations) are presented. The PFG NMR data show evidence of both, a
restriction effect at the crystal boundaries and an exchange between the
porous crystals and the gas phase surrounding the crystals. The in-
tracrystalline diffusion coefficient was extracted by fitting the PFG NMR
data with a monoexponential function at high attenuations, where the
signal can be attributed to the molecules remaining in one crystal over
the whole observation time.

In this paper we evaluate the PFG NMR data of water in MIL-100(Al)
by using an extended two-site exchange model. We will show that this
alternative approach allows us to describe the complete set of spin echo
attenuations measured at different observation times with one equa-
tion, resulting in a reduced number of total fit parameters and addi-
tional information on the system under study. For experimental details
about the synthesis of the MIL-100(Al) crystals, the loading procedure
and the PFG NMR measurements the reader is referred to [14].
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2. Materials and methods
2.1. Restricted diffusion

For self-diffusion restricted inside spheres of a radius R, the pro-
pagator can be found in a publication of Neuman [15]. Balinov et al. [3]
use this propagator to describe the spin echo attenuation curve of re-
spective molecules with
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where g is the absolute value of the q-vector related to the gradient
intensity and duration applied during the PFG NMR experiment, j,(x) is
the spherical Bessel function of the first kind and of n-th order and a,,,,
is the m-th root of the equation
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Dy is the purely intracrystalline diffusion coefficient, i.e. the diffu-
sion coefficient of the molecules that did not encounter the surface
barrier during the observation time A.
For small values of g Eq. (1) can be approximated with

W(q, 4) ~ exp{—q*ADes} , 3)

where D represents the effective or mean diffusion coefficient [16]
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There are two limits in which this effective diffusion coefficient can
be described by rather simple equations: For large values of the ob-
servation time A, where the diffusion process is no longer influenced by
the intracrystalline diffusion coefficient D, but purely by the dimen-
sions of the restricting geometry, the effective diffusion coefficient will
be asymptotic to the equation
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In the limit of short observation times the influence on the effective
diffusion coefficient was studied by Mitra et al. [4]. For a spherical
surface the second order approximation of the effective diffusion
coefficient is given by
4 1

Degt (4) = Dy (1 37

DOA

1 DOA)

2R (6)

Fig. 1 shows the relative effective diffusion coefficient as a function
of the effective observation time =%~ D"A for the exact representation of the
spin echo attenuation (Eq. (1)) and for both approximations (Egs. (5)
and (6)). Only for values of 0.1 < —x- D"A < 1.0 the effective diffusion
coefficient can not be described by elther of the two approximations.

For data analysis we will approximate the MIL-100(Al) crystals
under study to be spherical and use Eq. (1) to describe the spin echo
attenuation of adsorbed water restricted in its diffusion by the external
crystal surface. The radii of the spheres should be related to the size of
the MIL-100(Al) crystals, which was found to be between 4 and 10 pm
(see SEM micrograph in Fig. S7 in the supporting information of [14]).

2.2. The two-site exchange model with restricted intracrystalline diffusion

The exchange model of Karger [5,6] considers two sites with
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Fig. 1. The relative effective diffusion coefficient for diffusion inside a sphere of
the radius R plotted as a function of the effective observation time. The black
squares are calculated with the approximation of low g-values (Eq. (4)) from
the exact representation of the spin echo attenuation given in Eq. (1). The
dashed line represents the approximation for high observation times (Eq. (5)),
while the continuous green line refers to the second order approximation at low
observation times (Eq. (6)). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

isotropic and unrestricted diffusion, respectively. In [7] this model was
extended to the case of anisotropic diffusion in the intracrystalline
space by inserting the mean propagator of the anisotropic diffusion into
the respective equations. For the PFG NMR data analysis of water in
MIL-100(Al) we apply exactly the same procedure using however the
Fourier transform of the propagator of diffusion inside a sphere (Eq.
(1)). In this way the contribution of the diffusion to the spin echo at-
tenuation is continuously described for all values of the effective ob-
servation time —, capturing the whole range from free to completely
restricted intracrystalline diffusion (see Fig. 1).

The extended model calculates the contribution to the spin echo
attenuation of a group of molecules that is defined by the exchange
times (t,t5,t3,...,t,) during the experiment and by the site in which the
molecules were at the beginning of the experiment. Consider for ex-
ample molecules that are in the intracrystalline space at the beginning
of the experiment t,, exchange at a fixed time t; into the intercrystalline
space, exchange back into the intracrystalline space at a fixed time t,
and remain there until the experiment ends (t = A). Until t = t; the
diffusion of these molecules can be described by the propagator of re-
stricted diffusion inside a sphere with reflecting boundaries. From t = t;
to t = t, the molecules can diffuse freely in the intracrystalline space. At
t = t, they will enter the intracrystalline space, where their diffusion
can again be described by the propagator of restricted diffusion until
t = A. The relative amount of molecules with these respective exchange
times is calculated as a function of the mean residence times 7, and 73.
By integrating over all possible exchange times, the model yields the
spin echo attenuation curves of all the molecules in the system. This
integration is done numerically. For further detail the reader is referred
to the supporting information of [7].

In this rather simplistic model, the molecular exchange between the
intracrystalline phase (a) and the surrounding gas phase (b) is re-
presented by the mean residence times 73, and z,, respectively, and not
by the history of the individual diffusing molecules. This might cause a
discrepancy to the real system, where there might be a correlation of
the mean residence times, i.e. molecules that have exchanged recently
might be more probable to exchange again a short time later than other
molecules since they are near a crystal surface. Nonetheless, we will
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Fig. 2. Spin echo-attenuation of water in MIL-100(Al) measured at multiple
observation times A as indicated in the figure. The lines represent a fit of the
whole dataset with the extended two-site exchange model.

apply this extended model to evaluate the experimental PFG NMR data.

2.3. Experimental details

The PFG NMR studies were performed at the FEGRIS NT spectro-
meter operating at a 'H-resonance frequency of 125 MHz [1] which is
equipped with a house build gradient coil [17]. Diffusion measurements
were performed for loadings of 0.6 g/g, 0.32g/g and 0.17 g/g at four
different temperatures between 298 K and 335 K. The observation time
of the PFG NMR experiments A was varied from 10ms to 100 ms.
Further information about loading of the samples and the experimental
procedure can be found in [14].

3. Results and discussion

Fig. 2 shows the spin echo attenuation curves measured at
T = 298K and a loading of a = 0.60 g/g from [14] evaluated with the
extended exchange model, which considers restricted diffusion in the
intracrystalline phase and isotropic diffusion in the vapor phase. The
whole set of data is evaluated with a single fit. Variable parameters are
the intracrystalline diffusion coefficient Dy, the mean residence times z,
and 7, the mean radius of the restricting geometry R, the signal in-
tensity M, and an offset o, which considers the noise level of the PFG
NMR experiment. Fixed parameters of the evaluation are, similar to the
evaluation shown in [7], the isotropic diffusion coefficient in the

Table 1
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Fig. 3. Diffusion coefficient of water in MIL-100(Al) measured at multiple
loadings (0.60 g/g: purple, 0.32 g/g: green, 0.17 g/g: blue) plotted as a function
of the inverse temperature. The lines represent fits with the Arrhenius equation
(Eq. (7)). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 4. Mean intracrystalline residence times of water in MIL-100(Al) at mul-
tiple loadings (0.60 g/g: purple, 0.32 g/g: green, 0.17 g/g: blue) plotted as a
function of the inverse temperature. The lines represent fits with the Arrhenius
equation (Eq. (8)). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Evaluation parameters obtained with the extended exchange model from PFG NMR data measured for water in MIL-100(Al) at multiple temperatures and loadings.
The uncertainties shown are the standard deviation of the fit parameters obtained by the nonlinear least-squares Marquardt-Levenberg algorithm.

a/g/g T/K D,/10"m?s™! 7/mS /1S R/pm My 0/1073
0.60 298 1.66 + 0.03 163 + 22 1.1+03 8.3+ 0.4 0.59 + 0.01 12+ 4
0.60 311 2.23 + 0.01 139 + 37 1.2 £ 0.5 15+5 0.56 + 0.01 7+2
0.60 323 2.9 £0.2 10+ 4 0.01 * 0.03 6+3 0.55 * 0.01 14 +1
0.60 335 3.9 £ 05 6.4+ 1.4 0.01 + 0.03 4.3+0.2 0.49 + 0.02 12+1
0.32 298 1.28 + 0.05 170 + 30 0.48 + 0.14 7.1%0.1 0.34 + 0.01 4+1
0.32 311 2.33 +0.11 27+3 0.18 + 0.02 33+0.2 0.32 + 0.01 2.4 +0.3
0.32 323 25+ 0.2 23+3 0.34 + 0.05 3.5+ 0.4 0.26 + 0.01 2.0+ 0.3
0.32 335 19+1.2 6+3 0.11 + 0.04 3+2 0.28 + 0.01 9.1+0.5
0.17 298 0.39 + 0.05 220 + 40 805 - 0.20 + 0.01 3+1
0.17 311 0.21 + 0.07 130 + 40 0.7 £ 0.4 - 0.16 + 0.01 8+1
0.17 323 0.35 + 0.10 77 +8 300 + 70 - 0.27 + 0.01 6.0 = 0.6
0.17 335 0.29 + 0.10 120 + 60 0.6 0.5 - 0.15 + 0.01 4+2
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intercrystalline gas phase, which can be estimated with the Chapman-
Enskog theory [18] (D, = 2.86 x 10 °>m?s™! at T = 298K), and the
relaxation times, which were measured independently with the CPMG
and the inversion recovery pulse sequence (T;, = 100.4ms and
Ty, =24ms at T = 298K and a = 0.60g/g, for relaxation times at
other conditions see Table S3 in the supporting information of [14]).

The data analysis with the extended two-site exchange model de-
scribes the whole set of PFG NMR data very well (see Fig. 2). It re-
presents a significant improvement compared to the evaluation in [14],
where only the effective intracrystalline diffusion coefficient was ex-
tracted with a fit at high g?A-values.

The same evaluation procedure was applied to PFG NMR data
measured at different loadings and temperatures. In Table 1 the ex-
perimental conditions and the resulting fit parameters are shown.

Fig. 3 shows the diffusion coefficient obtained for multiple loadings
as a function of the inverse temperature. The data is evaluated with the
Arrhenius equation

_ _b
D(T) = Dy exp{ RT} e

Under the assumption that the diffusion is an activated process, this
evaluation yields the activation energy Ep of the diffusion process,
which represents the energetic barrier between the adsorption sites
inside the nanopores. At loadings of 0.60 g/g and 0.32 g/g the resulting
activation energies are Ep = (18 = 1)kJ/mol and Ep = (24 = 7)kJ/
mol, respectively. At a loading of 0.18 g/g, due to the higher experi-
mental uncertainty of the diffusion coefficients, no reliable value for Ep
could be obtained, but one can clearly see that the activation energy is
smaller than at high loadings. A similar behavior was already reported
in [14] and analyzed by MD simulations. It is the result of water mo-
lecules being primary adsorbed in the small pores of MIL-100(Al). Only
at high loadings the water molecules can access the center of the large
pores. This leads to an increase of both, the diffusion coefficient and the
activation energy of the diffusion process with increasing loading.

Fig. 4 shows the mean intracrystalline residence time 7, of water in
the MIL-100(Al) crystals as a function of the inverse temperature. With
the assumptions that the exchange between the intracrystalline ad-
sorbed phase and the surrounding gas phase is an activated process and
that the exchange is not limited by the intracrystalline diffusion, this
data can be evaluated with an Arrhenius equation

Eex
o(T) =1 exp{ﬁ} ®

as well. The activation energy of the exchange process E.y is related to
the heat of adsorption. Within the uncertainties of the measurements
and the data analysis the resulting energies of E., = (68 + 18) kJ/mol,
E.x = (58 * 17) kJ/mol measured at loadings of 0.60 g/g and 0.32 g/g,
respectively, are in agreement with the heats of adsorption of 46 kJ/
mol measured with adsorption experiments [19] and of 54 kJ/mol es-
timated with Monte Carlo simulation [14]. At a loading of a = 0.18 g/g
evaluation of the observation times yields an activation energy of
Eex = (22 = 13)kJ/mol. This lower activation energy may be attrib-
uted to the lower diffusion coefficient at this loading and, therefore, to a
diffusive limitation of the exchange process.

At loadings of a = 0.60 g/g and 0.32 g/g the extended two-site ex-
change model yields values for the average radius of the restricting
geometry, while at lower loadings no reliable value for this parameter
could be found. This is caused by the decreased diffusivity D, at these
loadings, which result in a lower effective observation time % and,
therefore in a significantly smaller influence of the restriction (see
Fig. 3). The values obtained for R are in the same order of magnitude as
the crystal sizes estimated from SEM micrographs shown in the sup-
porting information of [14].

Magnetic Resonance Imaging 56 (2019) 52-56

4. Conclusion

We applied an extended two-site exchange model to the PFG NMR
data measured with water in the nanoporous MIL-100(Al). The model
accounts for an exchange between molecules adsorbed in nanoporous
crystals and the surrounding gas phase and considers the restricting
effect on the outer surface of the crystals. The spin echo attenuation
curves are well represented by the extended model and only one joint
fit is needed to evaluate a whole set of PFG NMR data measured at
multiple observation times. In addition to the intracrystalline diffusion
coefficient, the evaluation with the extended two-site model yields
values for the mean residence times on both sites and for the radius of
the restricting geometry.

From the temperature dependency of the diffusion coefficients the
activation energy of the diffusion process can be estimated. A sig-
nificant increase of this energy and of the diffusion coefficient is seen
with increasing loadings. These observations are consistent with the
results of molecular dynamics simulations of water in MIL-100(Al) [14]
and can be attributed to the larger pores of MIL-100(Al) being only
accessible at high loadings.

The temperature dependency of the intracrystalline mean residence
time obtained with the extended two-site exchange model was used for
an estimation of the activation energy of the exchange. If the exchange
is not limited by the intracrystalline diffusion the activation energy of
the exchange corresponds to the heat of adsorption of water in MIL-
100(Al) under equilibrium conditions.
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