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Abstract

We combined nuclear magnetic resonance
(NMR) and molecular dynamics (MD) sim-
ulation to study xylene behavior in MOF-5,
probing the effects of adsorbate geometry in
a weakly interacting model isotropic metal-
organic framework (MOF) system. We em-
ployed NMR diffusometry and relaxometry
techniques at low field (13 MHz) to quantify the
self-diffusion coefficients (D) and the longitu-
dinal relaxation times (7}) of xylenes in MOF-5
as a function of temperature at the saturated
loading for each xylene. These experiments
reveal the translational motion activation en-
ergies to be 15.3, 19.7, and 21.2kJmol ! and
the rotational activation energies to be 47.26,
12.88, and 11.55for the (p-,m-,0-) xylene iso-
mers respectively. Paraxylene exhibits faster
translational motion, yet shows four times the
activation energy barrier for rotational motion
vis-a-vis the other isomers. MD simulations
performed on these model systems corroborate
the findings for paraxylene and suggest that

paraxylene has the lower free energy barrier for
hopping away from its binding sites, yet has
the slowest rotational motion in the plane of
the xylene molecule.

Introduction

MOFs are a type of porous media under in-
vestigation for applications that require molec-
ular specificity.! Since the initial discovery of
MOF-5 (also known as IRMOF-1),? this novel
class of materials has been explored for poten-
tial use in gas separation and storage, selec-
tive catalysis, and numerous other industrial
applications. Targeted design and synthesis?®
enables modularity in MOFs achieving highly
desired adsorbent characteristics.*® More re-
cently, MOFs have been investigated for many
liquid separation processes that require a dis-
tinctive difference in the transport behavior of
small molecules.°

To determine the suitability of these adsor-
bents for particular applications, transport phe-



nomena are commonly investigated by per-
forming macroscopic measurements (e.g. break-
through measurements) that characterize effec-
tive mass transport values containing contri-
butions from both the intercrystalline and the
intracrystalline regimes.” To gain insight into
the mechanisms that determine these macro-
scopic measurements, molecular-scale interac-
tions need to be measured. In particular,
MOF's offer the nanoporous media community a
unique opportunity to improve our understand-
ing of how adsorbed molecules move in a con-
fined spaces since both the topology and the
chemical affinity is well-defined.® Although MD
simulations have been instrumental in develop-
ing a physical description of adsorbate motion
in porous media, there are very few experimen-
tal studies on motional dynamics of the ad-
sorbed molecules that can be used to validate
these findings.

Many researchers employ NMR-based tech-
niques to quantify the self-diffusion coefficients
in an effort to understand translational mo-
tion. The NMR longitudinal relaxation times
are analogous to the self-diffusion coefficients,?
in quantifying rotational motion of adsorbates
in MOF systems.!® 13 Most of these studies
have focused on determining differences be-
tween strongly and weakly adsorbed molecules,
where stark differences in the observed self-
diffusion coefficient and longitudinal relaxation
time are used to understand motion and selec-
tivity. 1213

The separation of xylene isomers poses a lu-
crative scientific challenge, as a distillation of
these isomers accounts for a significant amount
of global energy consumption.!* Composed of
a conjugated ring perturbated by two methyl
groups, xylene isomers have similar kinetic di-
ameters (less than 1A differences) and simi-
lar chemical interaction energies which make
the design of a selective adsorbent difficult.
The selectivity of MOFs such as MIL-471%17
and MIL-53'%2! for xylene isomers has been
studied and attributed slectivity to framework
anisotropy that affects 7-m stacking, which was
identified as the dominant type of host-guest in-
teraction. Macroscopic breakthrough measure-
ments at high temperature (553 K) and pres-

sure (1.2 bar) were used to determine transport
intracrystalline diffusivities of xylenes in MOF-
5 and showed that the vapor phase paraxylene
diffused two times slower than the other iso-
mers.?? Previous descriptions of how C8 aro-
matics diffuse in a porous environment pos-
tulate that entropy may play a greater role
in determining the molecular mobility,?* 26 yet
present very little systematic experimental evi-
dence.

We have chosen to employ magnetic reso-
nance methods to quantify D, as a characteriza-
tion of translational motion and NMR relaxom-
etry to probe the local rotational motion of ad-
sorbed xylene isomers in the MOF-5 framework.
We explore how subtle geometric differences in
the xylene isomers are manifest in translational
and rotational motion. To further analyze the
interplay between rotational and translational
motion, we conduct MD simulations to calcu-
late Dy, spatial probability distributions, rota-
tional diffusion coefficients, and relative orien-
tations of the xylene isomers in MOF-5.

Methods

MOF-5 Synthesis and Characterization

MOF-5 was synthesized by preparing a 3:1
mixture of zinc nitrate hexahydrate and 1,4-
benzenedicarboxylic acid (Sigma Aldrich chem-
icals, 99.95% purity) in 100mL of diethyl-
formamide (DEF) and heating for 72 hours
at 90°C, resulting in a typical crystal size
of 425pm.  Solvent exchanges from DEF
to dry dimethylformamide (DMF) were fol-
lowed by solvent exchanges from DMF to dry
dichloromethane (DCM) in preparation for ac-
tivation. After solvent exchange, powder x-ray
diffraction spectra were measured at room tem-
perature using a D8 Discover GADDS Powder
XRD (see Supporting Information)) and nitro-
gen (Praxair, 99.999 %) adsorption isotherms
were collected using a Micromeritics TriStar
3000 BET instrument determined the BET sur-
face area of the crystals to be 3,565m?g 1. A
flow of argon gas at a temperature of 150°C
degassed the samples overnight. Afterwards a
425 nm sieve separated approximately 100 mg



of the larger crystals, which were activated
overnight at 150°C and 0.001 mbar of vacuum
in a flame-dried 5mm glass NMR tube.
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Figure 1:

homebuilt probe and temperature control setup

A schematic representing the custom

used to make measurements. A volumetric coil is
centered in the 1 mm selective slice inherent to xy-
lene. A glass dewar was placed on top of the perma-
nent magnet and was used to insulate the sample
and electronics from the environment.

Ex-Situ NMR Preparation and Measure-
ments

After activation, the sample was dosed with a
predetermined microliter amount of high purity
degassed anhydrous xylenes purchased from
Sigma Aldrich. NMR spin counting methods
(7.4T magnet using a Tecmag Discovery Mag-
net with a 5mm Solid State NMR MAS Doty
probe), as well as gravimetric methods, yielded
loadings of (49 to 56 molecules/unit cell) for
each xylene isomer. These loadings ensure that
all adsorbed xylene molecules were in the high-
density liquid-like phase based on theoretically-
determined vapor-liquid phase diagrams pro-
vided previously.?” The samples were flame
sealed using a cold bath and liquid nitrogen,
giving a minimal headspace of approximately
0.018 cm?. The linear strayfield of a 0.3T sin-
gle sided magnet?® equipped with a tempera-
ture controlling dewar was used for all NMR

experiments (Fig. 1). The magnet field gra-
dient strength was confirmed to be 7Tm !
through liquid diffusion calibrations. In order
to increase sensitivity we constructed a home
built probe using a solenoid copper coil oriented
perpendicularly to the magnetic field direction,
combined with a remote tuning box (Fig. 1).
A Magritek Kea IT Spectrometer was used with
Prospa® operating software for the data acqui-
sition. Power modulation was used to control
the pulsed angle during all experiments.
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Figure 2:  The standard NMR schematic for
(A) the Carr-Purcell-Meiboom-Gill (CPMG) pulse
sequence, (B) the Saturation Recovery pulse se-
quence with CPMG acquisition for inhomogeneous
fields and (C) the Stimulated Echo sequences with
CPMG acquisition for inhomogeneous fields.

The CPMG sequence? was used to measure
the transverse relaxation time (73), as shown
in Fig. 2A. Further basic pulse sequences em-
ployed a CPMG acquisition train. The Satu-



ration Recovery pulse sequence (Fig. 2B) was
used to measure the longitudinal relaxation
time constant, T;. A constant gradient stimu-
lated echo (STE) pulse sequence with a CPMG
acquisition and phase tables®® (Fig. 2C) were
used to determine the apparent D,. These
were interpreted as the intracrystalline diffu-
sivities due to the large crystal size (450 pm)
and small diffusion time, 75, (10 to 100 ms) cho-
sen. This sequence has been shown to minimize
decoherence of the signal due to transverse re-
laxation by storing the signal along the z-axis
during the experimental diffusion time. During
this storage interval, the signal experiences neg-
ligible longitudinal relaxation. The resulting
signal was Ty-corrected during post-processing
for the transverse relaxation experienced dur-
ing the intervals of 7 and 73. The signal inten-
sity as a function of 7 was analyzed using Nu-
merical Non-Negative Linear “Inverse” Laplace
Transformation (NNL) with Tikhonov regular-
ization to yield a spectrum of self-diffusion coef-
ficients.3%3! This algorithm was provided with
the Prospa® software from Magritek.

Molecular Dynamics Simulation Details

Molecular dynamics simulations were con-
ducted with LAMMPS?? in the NVT ensemble
using a timestep of 0.5fs, the Nosé-Hoover
chain thermostat®*3* and a rigid-body time
integrator.®® The Lennard-Jones potential,
shifted and truncated at 12.0A, was used to
describe dispersive interactions. Framework
atoms were modeled with a previously pub-
lished force field,?¢ adsorbate molecules were
modeled with the TraPPE force field,” and
Lorentz-Berthelot mixing rules were used to
calculate cross-interactions; this force field has
been shown to provide good agreement with
experimental diffusion coefficients of small aro-
matic molecules in MOF-5.3¢ As the TraPPE
models do not have partial charges, Coulombic
interactions were not calculated. The frame-
work was assumed to be rigid since it has been
shown?®® that framework flexibility does not
have an effect on adsorbate diffusion in MOF-
5. and the experimental crystal structure3® was
used.

The frameworks were loaded with guest
molecules at densities corresponding to the sat-
urated liquid densities found by simulations in
a previous study.?” These densities are shown
in Table 1, below. The periodic simulation box
comprised 1 unit cell of MOF-5, (cubic with a
25.832 A side length).

Table 1: Loadings used in the MD simula-
tions in units of molecules per unit cell.

Temperature (K) o-xylene m-xylene p-xylene
270 54 53 53
280 53 53 53
290 53 o1 o1
300 52 50 50

All MD simulations were equilibrated for 5ns,
followed by a production period of at least
100 ns, which was found to be sufficiently long
for the mean-squared displacement (MSD) to
become a linear function of time, as verified
by measuring the slope of the MSD plot on a
log-log scale. Self-diffusion coefficients were ob-
tained by fitting the Einstein relation, Dy =
Llimy o0 £ ([r(t) — r(O)]2>, to the linear por-
tion of the MSD versus time plot, using the
order-n algorithm %4 to collect MSD data.

Rotational Calculation of Spatial and
Orientational Probability Distributions

Spatial density distributions of xylenes were
generated from MD simulations (Fig. 3), where
the center-of-mass of each xylene molecule was
recorded every 5fs and binned into a 100 x
100 x 100 grid overlaid on the MOF-5 struc-
ture. As MOF-5 is cubic, the three-dimensional
grid was reduced to a two-dimensional grid by
averaging together all slices in one of the di-
mensions. In Fig. 3 these data are presented in
the form of a probability maps. The angle be-
tween methyl groups on xylene molecules and
the nearest neighboring carboxylate group was
recorded every 0.5ps. The methyl bond vec-
tor was defined as pointing from the aromatic
carbon atom on the xylene to its bonded united
atom methyl group. The carboxylate bond vec-
tor was defined as having either the carboxylate
oxygen or carboxylate carbon as its vertex such



that the vector always pointed in the positive
x, y or z direction. These definitions yield sym-
metric distributions of the calculated angle. In
Fig. 4, these data are presented in the form of
probability density functions.

Rotational Diffusion Coefficient Calcula-
tions

We define rotational displacement as O(t) =
fg Ay (t')dt" where both the magnitude and di-

rection of vector Aw(t') are given by the nor-
malized vector of interest w(t) at times ¢ =
t',t' + dt’. The magnitude of Alﬁ(t’) is given
by [Ap(H)] = cos™t (u(t' 4 dt') - u(t')) and di-
rection is given by w(t’ + dt') x u(t').** In this
work, the vector of interest u(t) is either the
bond vector pointing from an aromatic xylene
ring carbon to the its bonded methyl group (in-
plane, ||) or the vector normal to the aromatic
xylene ring (out-of-plane, ).

Analogously to translational motion, ro-
tational self-diffusion coefficients were ob-
tained by fitting the relation, D, =

. .72
Hlimy o0 2 < [@/}(t) - 1/}(0)} > to the linear por-

tion of the rotational MSD versus time plot,

defined as (V2(At)) = < [@f}(t + At) — ;@(t)} 2>.

Results and discussion

Translational Motion

The self-diffusion coefficients of (p,m,0)-xylene
were measured as a function of diffusion time
(72) ranging from 10 to 100ms, and tempera-
tures ranging from 253 to 293 K. These diffu-
sion times were chosen to ensure that the xy-
lene molecules would spend most of their time
sampling the intracrystalline environment be-
longing to MOF-5 and very little time experi-
encing the inter-crystalline environment. The
characteristic length (Ip) traveled by the ad-
sorbed molecule was estimated using lp =
\/DappTa; varying diffusion times from 10 to
100 ms yielded a range of characteristic lengths
from 100 to 0.1pm, much smaller than the
MOF-5 crystal size. None of the self-diffusion

coefficients of the xylene isomers demonstrated
a strong dependence on the diffusion time, 7
(see Supporting Information). All self-diffusion
coefficients of the xylene isomers were depen-
dent on the temperature and were analyzed
with an Arrhenius fit of the self-diffusion coef-
ficients at the shortest 7 value (10 ms). In this
way the values of translational activation en-
ergy (Egtrans) and the entropic pre-exponential
coefficient (Dp trans) Of the xylene isomers were
determined (Fig 5 and Table 2).

Paraxylene displays the fastest experimentally-
determined self-diffusion coefficients at all tem-
peratures (Fig. 5) and the lowest experimental
calculated activation energy for translational
motion (Table 2). Paraxylene translational
motion in MOF-5 deviates from bulk isomer
behavioral trends?® by exhibiting the small-
est pre-exponential factor; this is surprising
because when measured in bulk it has the
largest.** The simulated D, are on the same or-
der of magnitude as the experiment and display
the same ordering between isomers. However,
the temperature dependence of the simulated
D, do not compare well with experiment, which
is likely due to the D, being very sensitive to
adsorbate loadings, the temperature depen-
dence of which could only be estimated based
on past simulation work (Table 1).

We further explored the guest molecule con-
figurations by considering the spatial proba-
bility distributions from the MD simulations
(Fig. 3). These figures reveal the preferential
adsorption sites of each xylene isomer. Metaxy-
lene prefers to adsorb in the center of the pore,
while orthoxylene prefers adsorption closer to
those metal clusters that are located at the cor-
ners of the pore (Fig. 3 A and B, darker shaded
areas). Paraxylene, by contrast, shows a more
uniform distribution (Fig. 3 C). The presence of
multiple and proximal preferential adsorption
sites for orthoxylene and metaxylene suggests
that their translational diffusion mechanism in-
volves the hopping of molecules between these
sites and that these adsorbates must overcome
a larger free energy barrier to translate com-
pared to paraxylene. These observations are
consistent with the trend in the experimentally
determined translational activation energies.
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Figure 3:

Results of the MD simulations at 280 K and loadings are shown in Table 1 displaying the

spatial probability distribution of liquid phase xylene molecules in the MOF-5 structure: (A) metaxylene,

(B) orthoxylene, (C) paraxylene.
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Figure 4: Probability density functions describing the likelihood of finding a methyl bond on a xylene
molecule oriented at a range of angles relative to the nearest neighboring carboxylate group on a framework
linker, demonstrated by (D) and (E), and the resulting distributions (A) metaxylene, (B) orthoxylene, (C)
paraxylene. In (A), (B) and (C), the dashed black lines reflect a random distribution of methyl orientations.
In (D) and (E), oxygen atoms are red, hydrogen atoms are light pink and carbon atoms on the xylene and

linker are blue and brown, respectively.

Rotational Motion

The standard expression of the spin-lattice re-
laxation rate as a result of homonuclear dipolar
coupling is Ry o< J(w) + 4J(2w), 16 where R,
is the inverse of T7, J is the spectral density
function, and w is the Larmor frequency. We
employ the simplified Lipari-Szabo model ™48
as the descriptor for the spectral density func-

tion to separate the contributions of molecular
rotational motion and internal methyl motions
to R;. In this model-free formalism the spectral
density is related to the correlation times by the
expression, J(w) = 21::;5# + 1( +[72u3}2’ where 7,
is the isotropic rotational correlation time of the
molecule, 7 = %, and 7, is an effective cor-
relation time for internal motions (associated
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Figure 5: A plot of the experimental inverse temperature dependence of the self-diffusion coefficient for
each xylene (para B | ortho ® meta A) isomer at constant loading of 6 to 7 molecules/cage, and the
simulated self-diffusion coefficients, (para [J, ortho (), meta A ).All error is calculated as the standard
deviation of the measurement and is contained within the demarcation.

Table 2: Translational activation energy (E,trans) calculated from an Arrhenius fit to the
experimental data and simulated data from Fig. 5. The actual Dy ;rans were taken from the
intercept of the linear fit with inverse temperature.

p-xylene m-xylene o-xylene
Experimental  Eg trans (kJ mol 1) 15.3 19.7 21.2
Do trans (m?s™1) 1.8 x1077 1.68 x1076  2.45 x10~¢
Simulated FEqtrans (kJmol 1) 15.3 16.1 10.3
Do trans (m%s™1) 3.79 x1077 3.93 x107®  5.06 x10~7



with methyl groups for xylene isomers); S? is a
generalized order parameter ranging from 0 to
1 representing the degree of spatial restriction
of the molecule in a medium.*¢
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Figure 6: A plot of the experimental inverse tem-
perature dependence of R; for each xylene (para B
, ortho ® meta A) isomer at constant loading of 6
to 7 molecules/cage.

Under the conditions in which the internal
motion of methyl groups is extremely fast,4
Te < Tm, and the order parameter is large,
the truncated form of the Lipari-Szabo spec-
tral density function is suitable and internal
motions (second additive terms) are neglected.
The extreme motional narrowing regime ap-
plies, making it appropriate to associate Ry o<
S27,,, assume the correlation time is exponen-
tial, then employ an Arrhenius analysis to de-
termine the activation energies for restricted
rotational motion of the xylenes adsorbed in
MOF-5 (see Figure 6 and Table 3). Paraxylene
is found to have almost four times the rotational
activation energy of the other isomers and thus
experiences some combination of increased spa-
tial restriction (higher S value) and/or a longer
isotropic rotational correlation time. This is
different from bulk behavior where the rota-
tional activation energy (E, o) were all on the
same order of magnitude.°

MD simulations were performed at the afore-
mentioned loadings and affirm the notion of
paraxylene restricted rotational motion. For
all three xylenes, two types of rotational mo-
tion were distinguished and tracked during the

Table 3: Experimental Rotational activa-
tion energy (E,rot) of xylene molecules cal-
culated from fitting the experimental longi-
tudinal relaxation rate to an Arrhenius re-
lation given in Fig. 6.

(kJmol 1)
Ea,rot

o-xylene
11.55

m-xylene
12.88

p-xylene
47.26

course of MD simulations. In-plane xylene rota-
tion was tracked with the methyl bond vectors
as a reference, and out-of-plane xylene rotation
was tracked with the vector normal to the aro-
matic ring as a reference. Paraxylene displays
a large difference between the in-plane and out-
of-plane diffusion coefficients, with the out-of-
plane coefficients being a factor of three larger
(Fig. 7). The trend in the in-plane activation
energies derived from these simulations show
that paraxylene’s activation energy is greater
than that of both metaxylene and orthoxylene
(Table 4).

Table 4: The simulated in-plane and out-of-
plane rotational activation energies and the
pre-exponential factors fitted from an Ar-
rhenius relation in Fig. 7.

para meta ortho

Eqror,) (kJmol 1) 17.03 1137 6.0
Do ror (rad?ps?) 37.83 595 14
10.06  9.05

)
Eqrot,1 (kJmol™t) 10.84
Doyt (tad®ps 1) 1043 42  2.44

To further explore the effect of confinement
on the orientations sampled during rotational
motion, the angle between the methyl bond
and the bond connecting the nearest-neighbor
carboxylate group to the aromatic part of or-
ganic linker was tracked. The probability of
finding a molecule oriented at a particular an-
gle was then calculated for each xylene and
the results are displayed in Fig. 4. The ob-
served probability distributions shown in solid
black lines can be compared to the dashed black
lines, which shows a random distribution of
methyl group orientations with the functional
form P(#) = $sin(f). All xylenes display a
dominating peak larger than that of the ran-
dom distribution around 90°. This suggests the
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Figure 7: The inverse temperature dependence

of the simulated rotational self diffusion coeffi-
cients for each xylene isomer at constant loading,
where the filled symbols represent the in-plane ro-
tation,(para B, ortho ® meta A), results and the
empty symbols represent the out-of-plane results,
(para O, ortho (), meta A ). The dashed lines rep-
resent the linear fit for an Arrhenius relationship.

most favored orientation for a methyl group rel-
ative to the framework phenyl ring may be a t-
configuration near mw-pocket of the ligand. This
is not the case for orthoxylene, as Fig. 3 shows
that the molecular center-of-mass is predomi-
nantly found in the corners of the pore rather
than the center.

Additional features in the metaxylene and
paraxylene angle probability distributions can
be intuited by considering the positions of the
two methyl groups relative to each other. Fig
4 ¢ and d demonstrate the proposed metaxy-
lene configurations. The peaks at 60° and 120°
in the metaxylene plot are observed because
when one methyl group is in the favored ori-
entation (perpendicular to one set of linkers)
and the aromatic xylene ring is parallel to the
other set of organic linkers, the second methyl
group forms a 60° or 120° angle with the nearest
neighboring carboxylate group. The paraxylene
distribution is unique because when the aro-
matic xylene ring is similarly-aligned parallel to
one set of organic linkers, both methyl groups
would be perpendicular to the other set, and
there would be only a single peak at 90°. The

additional features at 140° and 40° indicate that
paraxylene cannot fit into configurations where
it is oriented exactly parallel to a set of organic
linkers and must be tilted with respect to the
pore. Paraxylene therefore samples a more re-
strictive environment due to its rigid rod like
shape.

Conclusion

MOF-5, synthesized as a large crystal, was im-
bibed with saturated-liquid loadings of metaxy-
lene, orthoxylene, and paraxylene. The effects
of subtle geometric differences between the iso-
mers were manifest in the guest molecule trans-
lational and rotational motions, as observed us-
ing NMR techniques. The quantification of
the self-diffusion coefficient and the longitudi-
nal relaxation time as functions of tempera-
ture at constant loading allowed for the quan-
tification of the translational and rotational
activation energies for each species. Paraxy-
lene was experimentally observed to have the
fastest self-diffusion coefficient at all tempera-
tures (p>m>o0), the lowest activation energy
for translational motion (p<m<o), and the
highest activation energy for rotational mo-
tion (p>m>o0). These results were compared
with MD simulations and confirm the constric-
tion of rotational freedom in an isotropically
confined geometry and the faster translational
motion of the most rod-like molecule, paraxy-
lene. MD simulations indicate that neither
metaxylene nor orthoxylene experienced com-
parable restrictions for in-plane rotations when
adsorbed in MOF-5, supporting the experimen-
tal findings that paraxylene faces higher energy
barriers for rotational motion.
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