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NMR study of small molecule adsorption in MOF-74-Mg
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(Received 10 January 2013; accepted 25 March 2013; published online 16 April 2013)

We calculate the carbon nuclear magnetic resonance (NMR) shielding for CO, and the hydrogen
shieldings for both H, and H,O inside the metal organic framework MOF-74-Mg. Our ab initio
calculations are at the density functional theory level using the van der Waals including density
functional vdW-DF. The shieldings are obtained while placing the small molecules throughout the
structure, including the calculated adsorption site for various loading scenarios. We then explore re-
lationships between loading, rotational and positional characteristics, and the NMR shieldings for
each adsorbate. Our NMR calculations show a change in the shielding depending on adsorbate, po-
sition, and loading in a range that is experimentally observable. We further provide a simple model
for the energy and the NMR shieldings throughout the cavity of the MOF. By providing this map-
ping of shielding to position and loading for these adsorbates, we argue that NMR probes could
be used to provide additional information about the position at which these small molecules bind
within the MOF, as well as the loading of the adsorbed molecule. © 2013 AIP Publishing LLC.
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. INTRODUCTION

Metal Organic Frameworks (MOFs)!~ have become very
popular over the last decade, as is evident by their prevalence
in recent studies and generous review in the literature.*!!
This interest is largely due to the wide range of applications
that have been identified for MOFs, ranging from molecu-
lar gas storage (CHy,'>"'* N,,!316 CO,,'"19 H,202%) to gas
separation,”>~2° drug delivery,’>3! sensing,*>3? catalysis,3**0
and photocatalysis.*'**? The utility of MOFs comes from their
interactions with small molecules such as H,, CO,, and H,O.
It is thus critical to understand the details of the binding pro-
cess when a small molecule is adsorbed into the MOF. To this
end, IR and Raman spectroscopy have been used extensively
to study small molecule adsorption in MOFs,* but it can be
difficult to determine where the reactive sites reside under dif-
ferent loading scenarios. Also, for these probes the strong sig-
nals originating from the vibrational modes of the gas present
in the experiment chamber and the MOF itself can often dom-
inate the spectrum, making the analysis of the weak adsorbate
signal challenging. In the following, we argue that NMR—
which has already been used successfully to study MOFs in
a number of cases*®>'—can be used to facilitate a more de-
tailed understanding of the static behavior of MOF/adsorbate
interactions and binding under various conditions. In partic-
ular, we show that NMR can provide information about the
position at which these small molecules bind within the MOF,
as well as the loading of the adsorbed molecule.

In this work, we consider the particular MOF structure
MOF-74-Mg,>? which has been shown to have very high ef-
ficiency when capturing CO,,%° a key property for gas sep-
aration and storage applications. For the small molecule ad-
sorbed in the MOF we consider H,, CO,, and H,O. The first
is obviously interesting for hydrogen-storage applications,
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while the second one is of interest in carbon-capture appli-
cations. However, water by itself is not necessarily interesting
for applications, were it not for the fact that it strongly im-
pedes the performance in the first two cases. In other words,
the presence of water, due to its strong binding characteris-
tics, decreases the performance of MOFs in hydrogen-storage
and CO, capture applications, such that its careful study is
warranted.>?

The three molecules investigated in this study, i.e., Hp,
CO,, and H,O0, bind inside the MOF through physisorption.
Thus, it is apparent that the proper inclusion of van der Waals
interactions is crucial for the entire study. Therefore, we use
density functional theory (DFT), utilizing the van der Waals
including functional vdW-DF**% to map the shielding of
an adsorbed molecule within MOF-74-Mg to various charac-
teristics. This truly non-local exchange-correlation functional
has already successfully been applied to study small molecule
adsorption in a variety of MOFs,+3-43:33.57-64

Il. COMPUTATIONAL DETAILS

The interaction of H,, CO,, and H,O with MOF-74-
Mg was studied using DFT with vdW-DF as implemented in
QUANTUM ESPRESS0.% It is well known that binding dis-
tances will usually be slightly overestimated using vdW-DF.>
We used the primitive thombohedral unit cell of MOF-74-Mg
with space group R3 and 54 atoms. The initial geometry of
MOF-74-Mg was relaxed, fixing the lattice parameters ac-
cording to the experimental values of @ = 15.117 A and «
= 117.742°."* A complete volume relaxation for all loadings
considered in this paper would have been extremely compu-
tationally expensive, so that we fixed the lattice constants to
the experimentally measured ones. In our testing, for the ex-
pected worse case of 12 H,O molecules adsorbed in MOF-
74-Mg, we find that there is only a 1% change in the channel

© 2013 AIP Publishing LLC
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FIG. 1. The MOF-74-Mg structure is shown as sticks with metal Mg ions highlighted as green balls. The three panels show (a) Hz, (b) CO», and (c) H,O
as ball-and-stick representations in the case of very high loading with all six primary and all six secondary binding sites occupied, labelled as 1st and 2nd,
respectively. Notice the classic dimer configuration of the adsorbed water molecules.

diameter when a full relaxation is performed. For each ad-
sorption case we have relaxed the internal coordinates until
the total force was below 1x10~* Ry bohr™!. Ultrasoft pseu-
dopotentials together with a plane-wave cutoff of 35 Ry were
used to describe the wave functions, while the charge-density
cutoff was set to 280 Ry. The convergence threshold for the
self-consistency of the total energy was set to 5x 107! Ry,
ensuring an accurate sampling of the complex potential en-
ergy surface for MOF-74-Mg.

With the coordinates obtained from the geometry relax-
ation, the adsorption energies and NMR shielding parameters
were calculated using norm-conserving Gauge Including Pro-
jector Augmented Waves (GIPAW) pseudopotentials,®® which
allow for the wavefunction reconstruction in the atomic core
region. Structural aspects are not so sensitive to the cutoffs,
ensuring the lower values reported above for the geometry
optimizations are appropriate. But, the NMR shielding pa-
rameters are much more sensitive, so that higher values are
needed. Accordingly, we used a plane-wave cutoff of 120 Ry
and a charge-density cutoff of 420 Ry, resulting in a conver-
gence of the absolute shielding to within 0.05 ppm. However,
in this study we are mostly interested in the change in shield-
ing of the adsorbed molecule compared to its gas phase, which
is converged to within less than 0.001 ppm. For the NMR
shielding calculations,®” we used a combination of the linear-
response®® and new converse®®”’! methods—the latter being
built entirely on the theory of orbital magnetization.””””> The
adsorption energies reported in this study were calculated
with identical parameters to these NMR calculations.

In addition, we cross-checked our calculated NMR
shieldings for selected adsorption cases of H, with VASP’®
(a plane-wave code) and GAUSSIAN’? (a localized basis-set
code). We find that the gas-phase shieldings of those codes
agree to within less than 0.1 ppm with our results, but more
importantly, the shielding difference between gas-phase and
adsorbed molecules agrees with our calculations to within
0.01 ppm.

lll. RESULTS
A. Reactivity and binding energy

Although the subject of the binding characteristics itself
is not the main focus of this study, we reproduce and ex-

tend results here that have been published elsewhere but are
nonetheless important for our NMR study. In particular, the
adsorption energy of Hy, CO,, and H,O in MOF-74-Mg un-
der different loading situations is of interest, as it defines the
primary and secondary binding sites and binding geometries,
for which we will report NMR results below. The structure
of MOF-74, which can be seen in Fig. 1, consists of hexago-
nal channels, where metal atoms at the corners are connected
by benzenedicarboxylate linkers. The primary binding sites
are located near the six metal ions in each unit cell, while
secondary binding sites are nearer to the linkers. For further
details, see Ref. 53.

The adsorption energy, AE, of a guest molecule M in the
MOF is defined as

AE = Evorsm — [Emor + Ewml, (1)

where Eyor and E)y; are the energies of the MOF and the
molecule in their fully relaxed form, and Eyopym is the en-
ergy of the MOF with the adsorbed M. Results for the ad-
sorption energies AE are given in Table I for several different
loadings: (i) low loading, i.e., one guest molecule per cell oc-
cupying a primary binding site; (ii) high loading, six guest
molecules per cell completely saturating all available primary
sites; (iii) high loading, 7 guest molecules per cell completely
saturating all primary sites and one secondary site; and (iv)
very high loading, 12 molecules per unit cell, occupying all
available primary and secondary binding sites. For a depic-
tion of the binding geometries in those cases, see Fig. 1. We
find good agreement with the experimental adsorption ener-
gies of —0.11 £ 0.003 eV for H,’® and -0.49 & 0.010 eV
for CO,,” attesting to the importance of correctly including
van der Waals interactions in these simulations. In a recent
study” we also computed vibrational frequencies to obtain
the thermal and zero-point energy (ZPE) corrections to these
adsorption energies, allowing for a more accurate comparison
to measured adsorption heats. But, for the cases considered
here, we found that these corrections are on the order of 0.01
eV or less, so they are not again reported here.

The influence of “crowding” on the adsorbed molecules
in high-loading situations is present, but not dominating. For
H,, the contribution of the lateral interactions in the high-
loading scenarios is negligible, being less than 7% of the total
binding energy in the case of 12 adsorbed H, molecules. For
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TABLE 1. Adsorption energies AE of molecules in MOF-74-Mg in eV for
different loadings. AEpim and AEg. are the average adsorption energies
for the molecule at the primary and secondary binding sites, respectively.
AE,yg is the average adsorption energy per molecule considering all adsorbed
molecules together.

M Loading AEpim AEge. AEayg
H, 1 -0.15 n/a -0.15
6 -0.16 n/a -0.16

7 -0.16 -0.12 -0.15

12 -0.16 -0.12 -0.14

CO, 1 -0.50 n/a -0.50
6 -0.50 n/a -0.50

7 -0.50 -0.43 -0.49

12 -0.50 -0.46 -0.48

H,0 1 -0.79 n/a -0.79
6 -0.76 n/a -0.76

7 -0.74 -0.61 -0.72

12 -0.74 -0.65 -0.70

the CO, and H,O molecules, the lateral interactions (attrac-
tive) contribute less than 10% of the total binding energy as
given in Table I when only each of the six primary binding
sites is occupied. However, when all available primary and
secondary sites are occupied (12 molecules bound), this con-
tribution increases to 18% and 25% for CO, and the hydrogen
bonding H,O cases, respectively.

B. NMR—Loading study

We now move to the main topic of this study—the anal-
ysis of the NMR chemical shielding of H,, CO,, and H,O
in MOF-74-Mg. Unless otherwise stated, the reported values
in parts per million (ppm) are the change in isotropic NMR
chemical shielding Ao when the gas-phase molecule M is ad-
sorbed in the MOF, i.e.,

A0G = OMin MOF — OMin gas phase - ()

After determining the primary and secondary binding sites for
the three adsorbate molecules in the different loading cases
(see Sec. III A), we calculated the NMR shielding of the ad-
sorbed molecules at those positions within the MOF-74-Mg
structure; corresponding values are reported in Table II. In
primary and secondary site high-loading cases, the average
of equivalent atoms is reported. When a single secondary site
is occupied by water, it forms a classic water dimer by hy-
drogen bonding with the water at the nearest primary binding
site. For this reason, only the five unpaired primary sites are
averaged in Table II for H,O with a loading of 7; the values of
the “special” molecule, to which the seventh molecule in the
secondary binding site attaches, are reported separately.

The chemical shielding dependence on adsorbate loading
can be seen in Table II for all three molecules. It is perhaps not
surprising to see that while H, shows a typically weak vdW
physisorption-like interaction with the MOF (also indicated
by the smaller binding energies in Table I), water displays
the more typical proton NMR deshielding behavior. When
H, O occupies any of the secondary binding sites, it assumes a
dimer configuration with the molecule in the primary site with

J. Chem. Phys. 138, 154704 (2013)

TABLE II. Change in NMR shielding Ao in ppm (carbon for CO;,, hydro-
gen for Hy and H>O) upon adsorption relative to the gas phase for the pri-
mary and secondary binding sites. Shieldings for the primary and secondary
binding sites are given in separate columns. For H, and H,O the values for
both hydrogens are given in separate lines. In the cases of Hy and H,O, the
first row is the hydrogen which is more strongly interacting with the oxygen
plane of the metal binding site complex, while the second is further away. For
higher loading situations, the shieldings have been averaged over all equiva-
lent sites.

. 6 7 12
Loading Primary Primary Primary Secondary Primary Secondary
H, 0.48 0.50 0.54 0.09 0.25 0.14
0.24 0.30 0.26 0.50 0.51 0.58
CO, 1.01 2.42 2.16 0.95 2.69 0.81
H,O -0.83 -0.85  -1.06* -4.41 -0.53 -3.65
-0.74 -0.56  -0.78* -0.37 —5.42 -0.12

2-0.57 and —4.99 ppm for the molecule to which the seventh H,O attaches.

an average hydrogen-bond distance of 1.86 A which is consis-
tent with previous results.®” This hydrogen bonding produces
a large effect which can be seen by large shielding changes
for H,O in high-loading cases shown in Table II. These large
shielding changes are in good agreement with previous NMR
studies of liquid water in which hydrogen bonding also plays a
significant role.”®8! While it is conceivable that as the loading
increases, the water molecules could form a hydrogen-bond
chain instead of occupying the remaining secondary binding
sites in the cell, calculations and experimentgo indicate that
the hydrogen bond only accounts for about one third of the
secondary site binding energy, making this configuration less
favorable.

From these results, it can be seen that—while direct us-
age of NMR alone to determine relative loadings for H, might
be difficult—the situation is more positive for CO, and H,O.
For CO,, relative loadings of the primary binding site show
up clearly as a significant difference. While the differences
are not as obvious for the secondary site, the presence of two
peaks—one around 1 ppm and another greater than 2 ppm
from the gas phase shieldings is a good indication of CO,
occupying both primary and secondary sites. For H,O, the
changes in shieldings at the primary binding site (in the ab-
sence of hydrogen bonding) are much smaller as loading in-
creases, but the presence of low loadings can still be detected
with a change in shielding around 0.8 ppm less than the gas
phase value. Furthermore, the formation of hydrogen bonds
when greater than six molecules are adsorbed is a clear indi-
cation of high-loading situations for H,O.

C. NMR—Rotational study

Strictly speaking, Table II gives the NMR shielding
change for molecules at the primary and secondary binding
sites at zero temperature. However, for finite temperatures
the molecules will start to “wiggle”—governed by the po-
tential energy surface around the binding site—resulting in
small changes in shielding. In order to investigate the order of
magnitude of such changes, we studied the rotational (and in
Sec. III D, translational) behavior of H, and CO, at the
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FIG. 2. Schematic drawing defining the rotation and its axis, depicted for the
case of CO;. The molecule is placed at one of six identical primary binding
sites, emphasized by the colored ball-and-stick representation with carbon,
oxygen, and magnesium represented as grey, red, and green balls, respec-
tively. The axis of rotation is the polar axis defined as a line from the binding
Mg through the closest atom of the small molecule. The molecule is then
rigidly rotated (indicated by the curved arrow) about this axis, sampling the
azimuthal angle ¢ = 0°-360° and keeping 6 fixed at its computed value in the
lowest energy configuration—approximately 94° and 55° for H, and CO,,
respectively.

primary binding site. The axis of rotation is defined by an
imaginary line between the Mg atom and the closest hydro-
gen in H; or the closest oxygen in CO; at the binding site, as
shown in Fig. 2 for CO,. The binding geometry is the low-
est energy geometry and defines the zero-degree configura-
tion for the azimuthal angle ¢ in Figs. 2 and 3. The relative
angle 6 was then “frozen” and the molecule was rotated from
¢ = 0° to ¢ = 360° in intervals of 15°. Note that this rotation
is not meant to accurately sample energies and shieldings of
physically likely situations—rather, it should give an estimate
for the sensitivity of these properties in close proximity of the
binding site.

In Fig. 3 we show both the energy and NMR shielding
as the molecules are rotated 360°. Our results show that for
H, at room temperature, there is a variation in the shield-
ing by as much as 0.8 ppm, and at elevated temperatures as
much as 1 ppm. For CO, at room temperature, there is a vari-
ation in the shielding up to 0.4 ppm, but at very high tem-
peratures this variation can grow as large as 2.5 ppm. Note
that there is a secondary minimum in the rotational energy
for CO, around 230°, so that low temperature measurements
could detect a secondary peak around 2 ppm further from the
gas-phase shift. This secondary minimum has a depth of 30
meV and thus can maintain trapped molecules in this rota-
tional configuration at room temperature.

J. Chem. Phys. 138, 154704 (2013)
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FIG. 3. The change in energy and NMR shielding calculated for H, and CO,
as a function of rotation at the primary binding site in MOF-74-Mg. For Hy,
the shielding for both atoms is shown, with the fixed hydrogen shown as solid
triangles and the rotated hydrogen with solid circles. For a definition of the
angle and axis of rotation, see Fig. 2. The energy scale is shown on the left
and the NMR shielding scale is on the right. The dashed lines indicate kg T at
room temperature, i. €., 25.6 meV.

D. NMR—Positional study

In Sec. III C we investigated the sensitivity of energy and
shielding in the proximity of the binding site for simple rota-
tions. In the following, we investigate the same for large devi-
ation from the binding site—in fact, we calculate the energy
and shielding change throughout the entire cavity of the MOF.
In Figs. 4—6 we show a map of the energies and NMR shield-
ings calculated for the small molecules at different positions
within the cavity of MOF-74-Mg. The values shown are the
change in shielding when the molecules are taken from gas
phase into the MOF in a low-loading scenario. The planes
over which the shielding was studied are defined by three
points: the center of mass of the MOF-74-Mg unit cell, the
binding site of the small molecule as calculated by the geome-
try relaxations described in Sec. II, and the Mg atom at which
the molecule is adsorbed. Note that a plane defined in this
way is not coplanar with the MOF structure, the normal vec-
tor to the plane being slightly tilted (by 10°-15°) away from
the channel direction. This implies that replicating the NMR
maps displayed in these figures using the D3; symmetry of the
MOF would yield a slightly discontinuous image. The values
were calculated at 26 equidistant points within this plane and
linear interpolation was used to make the complete map. At
each of the sampled points, the center atom of the molecule
was “pinned” to the location of interest, and the remaining
atoms allowed to relax so that the molecule adopted its lowest
energy orientation and internal geometry. The row of sampled
points in the plane closest to the MOF were found to have en-
ergies for all molecules of more than 2.4 eV greater than the
binding site, making it unphysical for the molecule to sam-
ple these regions even under high temperature and pressure
situations.

By definition, at the binding sites the plotted values coin-
cide with the values in Table II. Around the primary binding
site in the energy map we have also indicated the 25.6 meV
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FIG. 4. Each triangle shows a map of the change in (i) energy and (ii) the
NMR shielding as the H, molecule is moved throughout the cavity of MOF-
74-Mg. The MOF is oriented so that the viewer is looking along the direction
of the channel, and hydrogen, carbon, oxygen, and magnesium atoms are
represented as white, grey, red, and green balls, respectively. The two maps
were calculated at identical points, but they are shown here in symmetry-
equivalent locations within the MOF structure for better comparison. The
shielding is averaged over both hydrogen atoms. The energy is plotted relative
to the binding energy. The white circle indicates kg7 at room temperature,
i.e., 25.6 meV, and is thus an estimate for the region around the primary
binding site accessible through translational fluctuations at room temperature.

isoline (kgT at room temperature), which gives an estimate
for the extent of spatial fluctuations of the molecules at room
temperature. Note that we have also transferred this “fluctua-
tion region” to the NMR maps, where they can now be used
to estimate the fluctuations of the shielding change that can
be expected at room temperature. However, it turns out that in
all three cases these fluctuations are small.

It is also interesting to see that even in the middle of
the MOF all guest molecules show a shielding significantly
different from their gas phase. Although at that point the
molecules are far away from the inside wall of the MOF, they
are effectively surrounded by 12 benzene-like linkers (see the
setup in Fig. 1), the w clouds of which influence the elec-
tronic structure of the adsorbed molecules. In the case of
H, we investigated this behavior further with simple model
calculations using GAUSSIAN with a 6-3114++G(2d,2p) ba-
sis set: approximating the MOF with 12 benzene rings and
putting the H; in the center we find a difference in shielding
to the gas phase of 0.91 ppm, whereas the full calculation with
the periodic MOF structure using QUANTUM ESPRESSO gives
0.92 ppm.

For H;, and H, 0, Figs. 4 and 6 suggest qualitatively sim-
ilar behavior of the shielding for displacements near the bind-
ing site. However, as indicated in Table II and Figs. 4 and 6,
while H,O binds closer to the MOF (compare indicated posi-
tions of the binding sites in the maps) and deshields relative to
the gas phase, H; binds slightly further away, although when
forced closer to the metal ion site it also deshields.

J. Chem. Phys. 138, 154704 (2013)

TABLE III. Parameters for the models described in Egs. (3) and (4), along
with the resulting mean absolute error (MAE), in either units of eV or ppm
as appropriate, when compared to the original data.

a f X o b Ey,o00 MAE

AE Hp 0.64 2.79 343  6.83 0.67 0.15 0.02
CO, 1.85 4.84 270 6.50 1.07 0.48 0.19
H;O 5.59 312 10.1 6.74 2.18 0.86 0.15
-1.76  -2.02 424 727 0.93 0.98 0.19
CO, 101 061 178 6.75 -1.84 1.01 0.21
H,O0 -0.19 -191 586 7.03 163 1.00 0.17

Note that there is not a monotonic increase for either the
energy or shielding when moving the small molecule from
the center towards the MOF. The true function of shielding
and energy throughout the cavity of the MOF is quite compli-
cated, but we provide here a simple model to approximate
both. To this end, we mimic the energy in the plane by a
simple two-dimensional function (of r and ¢ in polar coor-
dinates) inspired by a Lennard-Jones potential with angular
dependence, i.e.,

a

(ro—r)* (ro—r)/2

AE = [ }[1 — bsin®(f¢)] + Ey.

3)
Here, r is the distance from the center of the MOF and ¢
is the polar angle. The zero angle is half-way between two
Mg atoms. It turns out that a very similar model can also ac-
commodate the spatial change in NMR shielding fairly well
with only a minor modification, although there is no intuitive
reason to believe the shielding should behave radially in a
Lennard-Jones manner. For the shielding model, we reuse the
energy model with the addition of a radial dependence in the
angular piece of the function,

Ao — a . a
T o= T o—

}[1 — rbsin*(f¢)] + oo.
4)

These models were tested against the positional data used
for the interpolation shown in Figs. 4-6, but only the orig-
inally sampled points were used in the parameter fitting.
The parameters found for all three adsorbed molecules using
both models are shown in Table III, along with the resulting
mean absolute error (MAE) in either units of eV or ppm, as
appropriate.

In both models, there appear to be six free parameters,
but some further simplifications can be made. First, there is
an overall shift parameter denoted by Ey and o in Egs. (3)
and (4), respectively. These values can be used in the fit min-
imization, but essentially turn out to be the value of the en-
ergy change AFE or change in shielding Ao at the r = 0 point
in the middle of the MOF. Hence, these values can be fixed
accordingly in order to reduce the number of tunable param-
eters in the model. Second, the ry parameter in all cases is
within 1 A of the distance from the middle of the MOF to
the metal ion at the binding site and so could also be fixed,
leaving only four overall adjustable parameters. We report in
Table III these two parameters in addition to the remaining
four so that the reader can get a sense of the magnitude and
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FIG. 5. Same as Fig. 4, but here for CO;.

variance of these potentially “fixable” pieces of the model and
more easily understand their roles in Egs. (3) and (4).

We also find that the Ao model parameters for CO, rein-
force what is shown in Fig. 5, i.e., that the shielding for CO,
adsorbed in MOF-74-Mg behaves qualitatively differently
from H, and H,O. There is also a difference in the local ad-
sorption geometry. Whereas both the H, and H,O molecules
adsorb “flat-on,” that is, almost parallel to the metal-oxygen
plane which makes up the primary binding site, CO, adsorbs
tilted upwards as explained in Sec. III C, pointing towards the
Mg ion and interacting to a greater degree with the metal ion
itself than with the oxygen plane. As pointed out in Ref. 79,

AE (eV)

2.78
-

-231

FIG. 6. Same as Fig. 4, but here for H,O.
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the CO, does interact with the oxygens at the binding site so
that its rotation is affected, but it is not “pulled over” to the
extent that H, and H,O are. Both the qualitative NMR behav-
ior and adsorption geometry reflect a substantially different
MOF-adsorbate interaction for the CO, case from the H, and
H,O cases.

IV. CONCLUSIONS

In summary, we have performed ab initio DFT simula-
tions of the energy and NMR chemical shielding of H,, CO»,
and H, O in the MOF-74-Mg structure. Our calculations show
that there is a relationship between loading in MOF-74-Mg
and the change in NMR shielding. While the loading depen-
dence of the shielding is small, it still is within the measurable
experimental range. We thus argue that combining the NMR
signal strength with the peak positions can yield an accurate
tool for determining the loading of MOFs. We have further
shown how the energy and shielding behave as the molecules
rotate or leave the binding site by providing detailed ener-
gies and NMR shieldings throughout the cavity of the MOF.
From our calculated data, we were able to approximate the
energies and shieldings with two simple functions. Although
our study only investigated one particular MOF, we believe
that the same approach is suitable for other MOFs and simi-
lar studies on, e.g., MOF-5 and Zn(bdc)(ted)q 5 are already in
progress.
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