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Molecular dynamics simulations of H, at 243 K in NU-100, UiO-68, and IRMOF-16 with zero, one, three,
and six Mg alkoxide functional groups per linker were performed, revealing interesting behavior of the
Maxwell-Stefan (M-S) diffusivity in these systems. A strong relationship between the isosteric heat of
adsorption and the M-S diffusivity was found, with the M-S diffusivity decreasing exponentially with
increasing heat of adsorption. The insights obtained may be valuable for future studies of diffusion and
gas storage in nanoporous materials with strongly interacting functional groups.
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1. Introduction

Metal-organic frameworks, or MOFs, are a novel class of porous,
crystalline materials comprised of metal nodes and organic linkers.
Because these building blocks can be combined in a modular fash-
ion, it is possible to tailor MOFs for specific applications [1-6]. The
great diversity in building blocks combined with large surface
areas, large pore volumes, and the opportunity to introduce chem-
ical functionalities within the structures make these a very exciting
class of materials [7-13]. Hence, MOFs have been studied for a
great variety of applications including catalysis, separations, and
gas storage [6,14-26].

How well these materials perform in these applications often
depends critically on the adsorption and diffusion characteristics
of guest molecules adsorbed in the MOF pores. Adsorption and dif-
fusion behaviors are dictated by many factors, including the pore
size, topology, and heat of adsorption [27,28]. At low loadings,
the heat of adsorption is a measure of the adsorbate/adsorbent
interactions. While higher heats of adsorption are often desirable
to improve of the adsorption characteristics of the material, they
increase the ‘sticking tendency’ of the adsorbates and therefore de-
crease their mobility. Clearly, the relationship between the heat of
adsorption and the diffusion behavior has important consequences
on the usage of these materials for particular applications. There-
fore, a fundamental understanding of the relationship between
the heat of adsorption and diffusion is needed [27-29].
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In this work, we have focused on hydrogen storage as a partic-
ular application of interest. Hydrogen storage is an important
technological problem that must be solved for further implemen-
tation of fuel cell vehicles [30,31]. Thanks to the attractive fea-
tures of MOFs already mentioned, they have been proposed as a
possible solution [14,20,22]. Although MOFs perform very well
at cryogenic temperatures [32-35], they do not adsorb enough
hydrogen near room temperature due to low heats of adsorption
[14]. Computational studies have suggested that a promising
strategy to increase the heats of adsorption is functionalizing
the linkers of the MOFs with Mg alkoxides [36-38], which display
favorable interaction between the positive charge of the metal
cation and the H, quadrupole [37,39-43]. Diffusivity studies are
important to assess the loading and discharge kinetics of hydro-
gen molecules, which are related to the time it would take to fill
and empty a tank packed with these materials in a hydrogen-
powered vehicle.

In previous work [44], we calculated self, corrected, and trans-
port diffusivities of hydrogen molecules at 243 K in NU-100 [35]
and UiO-68 [45] with various numbers of alkoxide sites. We
found that H, diffusivity values are large in all structures and
mass transfer should be fast for hydrogen storage applications.
In this study, we seek to elucidate the interesting behavior of
the Maxwell-Stefan (M-S) diffusivity as a function of H; loading
at 243 K exhibited by NU-100, UiO-68, and IRMOF-16 functional-
ized with Mg alkoxides. We utilize the theoretical framework
provided by Krishna and van Baten, which demonstrates the Max-
well-Stefan diffusivity is influenced by the inverse thermody-
namic correction factor and the isosteric heat of adsorption
[27,28].
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2. Simulation details

The M-S diffusivities for NU-100 and UiO-68 with zero, one,
three, and six Mg alkoxide groups per linker were calculated by
equilibrium molecular dynamics (EMD) simulations and reported
previously [44]. Here, we calculated the M-S diffusivities for IR-
MOF-16 with zero, one, three, and six Mg alkoxide groups per lin-
ker using the same method and the same force field as in our
previous work [44]. IRMOF-16 was added to this study to extend
the range of topologies and pore sizes for the analysis performed
in this work. Fig. 1 shows the unfunctionalized versions of NU-
100, UiO-68, and IRMOF-16. All simulations were performed using
our in-house code RASPA [46].

The M-S diffusivity, also called the corrected diffusivity, is cal-
culated by tracking the mean squared displacement of the center of
mass of an ensemble of molecules and is related to the collective
motion of the molecules [29,47,48]. It is calculated from
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where D; is the M-S diffusivity of component i, which in this case is
H,, N; is the total number of hydrogen molecules in the system, t is
time, and 7i;t is the position of the Ith H, molecule at time t. The
angular brackets indicate an ensemble average.

A related, but distinct, quantity is the self-diffusivity, Djser
which instead tracks the mean squared displacement of individual
molecules. It is calculated from
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The M-S diffusivity can be related to the Fick, or transport, dif-
fusivity, D;, through the use of the thermodynamic correction fac-
tor, I';

D; = DT
I'; is defined as

9 o
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where f; is the H, fugacity and ©; is the loading of H, molecules per
unit cell of the framework. The thermodynamic correction factor
can be calculated from the adsorption isotherms, which were re-
ported for all structures of interest for this work in a previous study
[38]. The adsorption isotherms were fit to a dual-site Langmuir
model and the thermodynamic correction factor was calculated
accordingly. Further details can be found in the Supporting Informa-
tion (SI).

3. Results and analysis

Fig. 2 reports the M-S diffusivity as a function of H, loading for
NU-100, Ui0-68, and IRMOF-16 with varying degrees of Mg func-
tionalization. For the functionalized structures, the M-S diffusivity
increases with increasing H, loading and decreases with increasing
Mg functionalization. There are two possible explanations for why
the M-S diffusivity decreases with increasing number of Mg sites:
areduction of the pore size or an increase of the heat of adsorption.
The reduction in pore size due to the introduction of the Mg alkox-
ide groups is expected to be small, but to test this quantitatively,
we calculated the pore size distributions (PSDs) for all structures.

Fig. 1. NU-100 (left), UiO-68 (center), and IRMOF-16 (right). Large colored spheres are to illustrate the cavities. C=black, H = white, O =red, Cu = brown, Zn = cyan,
Zr = purple. (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. 2. The Maxwell-Stefan (M-S) diffusivity, b;, at 243 K for H, in NU-100, UiO-68, and IRMOF-16 as a function of the H, loading.
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Fig. 3. Pore size distributions (PSDs) for NU-100 (left), UiO-68 (center), and IRMOF-16 (right) and their functionalized versions. Pore size distributions (PSDs) were calculated
for all of the structures using the method of Gelb and Gubbins [54].

Table 1
He void fraction?, framework density, pore volume, and pore limiting diameter®.

MOF Number of Mg per linker He void fraction Framework density (g/cm?) Pore limiting diameter (A)
NU-100 Unfunctionalized 0.88 0.292 11.2
1 0.88 0.305 10.6
3 0.88 0.331 10.6
6 0.87 0.372 9.5
Ui0-68 Unfunctionalized 0.81 0.483 8.4
1 0.80 0.543 8.1
3 0.79 0.667 8.0
6 0.78 0.847 6.9
IRMOF-16 Unfunctionalized 0.93 0.205 16.2
1 0.92 0.233 16.2
3 091 0.287 15.9
6 0.89 0.368 14.6

@ He void fraction was calculated using Widom insertions [52].
b Pore limiting diameter (PLD) was calculated using our geometric analysis program, modified from Greenfield and Theodorou [25,53].
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Fig. 4. The inverse thermodynamic correction factors, 1/I;, for NU-100, UiO-68, and IRMOF-16 at 243 K as a function of the H, loading.

Table 2
Number of Mg alkoxide sites per unit cell.

Figs. 3 and S1 show the results. The only structure that shows sig-
nificant shifts in the pore size due to functionalization is UiO-68,
where the peak around 16 A shifts to ~13 A. NU-100 and IRMOF-
16 show small shifts. Overall, the shifts in pore size are small

Number of Mg per unit cell

- ) Number of Mg per linker NU-100 Ui0-68 IRMOF-16
and, therefore, cannot account for the decrease of the M-S diffusiv- Mg 3 a a
ity with increasing functionalizations. 3-Mg 24 72 72
We also calculated the He void fraction, framework density, and 6-Mg 48 144 144

pore limiting diameter for all structures. The values are reported in
Table 1. The only value that is significantly affected by the addition

of the Mg alkoxide sites is the framework density due to the addi-
tional mass of the functional groups. The He void fraction and the
PLD show little change with increasing functionalization, agreeing
with the small shifts observed in the PSDs.

To further investigate the role of the Mg sites, we look at the in-
verse thermodynamic correction factor versus loading, which is

reported in Fig. 4. For the three unfunctionalized structures there
are no inflections in 1/I'; as a function of H, loading, and the simu-
lated isotherms could be fitted with a single-site Langmuir model.
For the functionalized structures, strong inflections in 1/I; are
found; for all three MOFs, the inflection becomes increasingly
strong with increasing Mg functionalization. Similar to other sys-
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Fig. 5. The isosteric heat of adsorption, Qs, for NU-100, UiO-68, and IRMOF-16 as a function of the H, loading at 243 K.

tems, CO, in Mg-MOF-74 [49] and Cu-TDPAT [50], this behavior is
attributed to favorable adsorption sites within the structures,
which for our case, are the Mg alkoxide sites. The simulated iso-
therms for H, in Mg-functionalized NU-100, UiO-68, and IRMOF-
16 at 243 K were fitted with the dual-site Langmuir model. For
the Mg-functionalized structures, the values of the saturation load-
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ing for the first site (®;sqra in Tables S1-S3) correspond precisely
to the number of Mg atoms per unit cell (Table 2). This number also
coincides with the position of the minimum observed in 1/I'; reported
in Fig. 4. All fit parameters can be found in the Supporting Information.

As described previously, the purpose of the Mg functionaliza-
tion is to increase the heat of adsorption and thus to improve the
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Fig. 6. Comparison of the loading dependence of the Maxwell-Stefan (M-S) diffusivity, b;, and the isosteric heat of adsorption of H, in NU-100 at 243 K.



194 Y.J. Colon et al./ Microporous and Mesoporous Materials 185 (2014) 190-196

hydrogen storage properties near room temperature. Fig. 5 reports
the heats of adsorption versus loading for all of the structures. As
expected, the order of the curves is the opposite of that of the
M-S diffusivities. In addition, similar to the inverse thermody-
namic correction factors, functionalization adds curvature to the
graph, while the isosteric heats of adsorption, Qs for the unfunc-
tionalized structures remain constant for all loadings. However,
for all three Mg-functionalized MOFs, the heats of adsorption de-
crease with increasing hydrogen loading. The reason for this is that
the binding energy is strongest with the Mg atoms; furthermore,
there are only a limited number of Mg atoms per unit cell.

Figs. 6-8 plot the heats of adsorption and the M-S diffusivities
together as a function of loading for the three MOFs. While we ex-
pect that, qualitatively, as Qs; decreases, diffusivity will increase, it
is striking how well the shapes of the curves mirror one another.
These graphs highlight the inverse relation between the heat of
adsorption and the M-S diffusivity, for the entire range of loadings.
Previous publications highlighting the relation between the M-S
diffusivity and Qs; have been restricted in their scope to diffusivity
values at low loadings [27,28]. In this work, we have demonstrated
that this inter-relationship holds for the entire range of loadings
for three different MOFs. While other systems have shown similar
behavior, in this system we were able to increase the heat of
adsorption systematically, by increasing the Mg functionaliza-
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tion, while keeping everything else constant (pore size, pore shape,
etc.).

Finally, Fig. 9 reports the M-S diffusivity versus the heat of
adsorption. The unfunctionalized structures are all clustered since
the heat of adsorption for these structures stays constant as a
function of hydrogen loading. However, for all functionalized
structures, the M-S diffusivity decays exponentially with increas-
ing heat of adsorption. This trend can be described by an Eyring
equation [51]

]Bi = ]3,-(0)exp (—a%),

where D;(0) is the M-S diffusivity in the limit of small binding en-
ergy, a is a fitting constant, R is the universal gas constant, and T
is temperature. This model implies that a higher heat of adsorption
increases the sticking tendency of the adsorbates, therefore
decreasing the diffusivity. These results agree well with data for
several other host/guest combinations collected by Krishna and
van Baten [27,28].

The MD simulated data for NU-100, UiO-68, and IRMOF-16
were fitted using the equation above (Table S4). From the fits, we
note that the constant a is practically the same for all three MOFs.
However, the D;(0) values vary significantly. The values of D;(0) for
NU-100, Ui0-68, and IRMOF-16 are, respectively, 7.9 x 1077,
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Fig. 7. Comparison of the loading dependence of the Maxwell-Stefan (M-S) diffusivity, b;, and the isosteric heat of adsorption of H, in UiO-68 at 243 K.
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4.8 x 1077, and 13.3 x 107" m? s~ . If diffusion is limited by mo-
tion through the smallest constrictions of the pore network, we
might expect P,(0) to correlate with the pore limiting diameters.
We calculated the pore limiting diameters for NU-100, UiO-68,
and IRMOF-16 to be 11.2 A, 8.4 A, and 16.2 A, respectively, (Ta-
ble 1), and indeed there is a correlation between these values
and the values of b;(0) for the three materials.

4. Conclusions

In this study, we sought to elucidate the relationship between
the heat of adsorption and the diffusion coefficient in porous mate-

rials with strong adsorption sites. We used as a platform the diffu-
sion of H, in the MOFs NU-100, UiO-68, and IRMOF-16
functionalized with zero, one, three, and six Mg alkoxides per lin-
ker. We found that the inverse thermodynamic correction factor
has a minimum when the number of adsorbed hydrogen molecules
equals the number of Mg alkoxides per unit cell for all cases,
reflecting preferential adsorption at the Mg sites. We also found
that the shapes of the Maxwell-Stefan diffusivity and heat of
adsorption curves mirror each other when plotted against the load-
ing of hydrogen, further highlighting the relationship between the
heat of adsorption and the M-S diffusivity. Finally, we showed that
the M-S diffusivity decreases exponentially with increasing heat of
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adsorption. This study will be helpful for other studies of hydrogen
storage in MOFs, where the introduction of chemical functional-
ities is a necessity to improve the performance near room temper-
ature. In addition, the lessons learned in this study can be applied
to diffusion in other host/guest systems.
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1. CBMC simulated H, isotherms and thermodynamic correction factors
For the three unfunctionalized frameworks, the CBMC simulated isotherms at 243 K [1] could be
fitted with a single-site Langmuir model

b. ., f.
(_):@ 1,Afl

. 1
i i,sat 1+bl-’Af;- ( )

For the functionalized structures, the CBMC simulated isotherms for H, in Mg-functionalized NU-
100, UiO-68, and IRMOF-16 at 243 K [1] were fitted with the dual-site Langmuir model

b. . f b . f.
®:® l,A»f; + l,B»f;

» 0., 2
i i,A,sat 1+bi’Af;. i,B,sa 1+bi’Bf; ( )

The fit parameters are summarized in Tables S1, S2, and S3.

Table S1. Dual-site Langmuir parameters for adsorption of H, in NU-100 at 243 K.

®i,sat,A bi»A E‘)i,sal,B bi»B
molecules uc Pa' molecules uc™ Pa'
NU-100 1120 1.79x10°
(unfunctionalized)
1-Mg-NU-100 |8 1.18x10°° 960 2.33x10°®
3-Mg-NU-100 24 1.31x10°¢ 722 4x107®
6-Mg-NU-100 | 48 2.01x10° 662 6.3x10°




Table S2. Dual-site Langmuir parameters for adsorption of H; in UiO-68 at 243 K.

®i,sat,A bi,A ®i,sat,B bi,B
molecules uc™ Pa! molecules uc™ Pa!
Ui0-68 624 2.29x10°®
(unfunctionalized)
1-Mg-UiO-68 24 2.48x10°° 402 6.45x10°*
3-Mg-UiO-68 72 1.51x10° 314 1.68x107
6-Mg-UiO-68 144 1x10™ 292 5.9x107

Table S3. Dual-site Langmuir parameters for adsorption of H, in IRMOF-16 at 243 K.

G')i,sat,A bi-A 8i,sm,B bi.B
molecules uc™ Pa' molecules uc™ Pa'
IRMOF-16 2346 1.2x10™
(unfunctionalized)
1-Mg-IRMOF-16 | 24 1.24x10°° 1643 2.15x10°®
3-Mg-IRMOF-16 | 72 3.03x10° 1104 4.81x10™®
6-Mg-IRMOF-16 | 144 9.25x10°° 876 1.2x107

The thermodynamic correction factors, I';, defined by

7,

r=—r2c,
)

O.
i 3
7 3)

were determined by analytic differentiation of the isotherm fits (2). Figure 4 presents the calculated

inverse thermodynamic correction factors, 1/ I',, for NU-100, UiO-68, and IRMOF-16 as a function of

the H; loading at 243 K.




2. Dependence of D; on isosteric heats of adsorption, O
We note that for all three structures the M-S diffusivity of H, decays exponentially with increasing

heat of adsorption, in conformity with the model
D, =D, (0)exp| —a Qu 4)
RT

where D;(0) is the M-S diffusivity in the limit of vanishingly small binding energy.
The MD simulated data for NU-100, UiO-68, and IRMOF-16 were fitted using equation (4); the fit
parameters are provided in Table S4.

Table S4. Fitting of the dependence of the Maxwell-Stefan diffusivity on the isosteric heat of
adsorption.

NU-100 ] 0
D, =79x10"" exp| —0.37=%
RT
Ui0-68 0
D, = 4.8x107 exp| —0.39 2
RT
IRMOF-16 0
b, =13.3%x107’ exp(— 0.42R—;j




3. Pore size distributions
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Figure S1. Pore size distributions (PSDs) for NU-100 (left), UiO-68 (center), and IRMOF-16 (right)
with zero (top), one (second row), three (third row), and six (bottom) Mg alkoxides per linker.



4. Notation

a constant defined in equation (4), dimensionless
b Langmuir constant, Pa™'

b; Maxwell-Stefan diffusivity, m? s

Di(0) Maxwell-Stefan diffusivity for Oy = 0, m*s™

I thermodynamic correction factor, dimensionless
fi fugacity, Pa

Ci concentration, molecules per unit cell

Ot isosteric heat of adsorption, J mol!

R gas constant, 8.314 J mol™ K!

T absolute temperature, K

Greek letters

O] loading of species i, molecules per unit cell

Oi sat saturation loading of species i, molecules per unit cell
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