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Solid-state NMR spectroscopy: an advancing tool
to analyse the structure and properties of metal-
organic frameworks

Fike Brunner @ * and Marcus Rauche

Metal-organic frameworks (MOFs) gain increasing interest due to their outstanding properties like
extremely high porosity, structural variability, and various possibilities for functionalization. Their overall
structure is usually determined by diffraction techniques. However, diffraction is often not sensitive for
subtle local structural changes and ordering effects as well as dynamics and flexibility effects. Solid-
state nuclear magnetic resonance (ssNMR) spectroscopy is sensitive for short range interactions and
thus complementary to diffraction techniques. Novel methodical advances make ssNMR experiments
increasingly suitable to tackle the above mentioned problems and challenges. NMR spectroscopy also
allows study of host—guest interactions between the MOF lattice and adsorbed guest species.
Understanding the underlying mechanisms and interactions is particularly important with respect to
applications such as gas and liquid separation processes, gas storage, and others. Special in situ NMR
experiments allow investigation of properties and functions of MOFs under controlled and application-
relevant conditions. The present minireview explains the potential of various solid-state and in situ NMR
techniques and illustrates their application to MOFs by highlighting selected examples from recent
literature.

Metal-organic frameworks: general
aspects and recent analytical
challenges

Metal-organic frameworks (MOFs)'® are built from inorganic
secondary building units (SBUs) and organic ligands (cf Fig. 1).
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Fig. 1 Typical NMR-active nuclei found in MOFs like MIL-53 (ref. 6)
and their modifications. NH,-functionalized linkers are depicted as
used in MIL-53-NH;(as).” This topology was also prepared as a mixed-
metal compound MIL-53(Al/Ga),® see below. In situ NMR can detect
adsorbed molecules like **CO, and their interactions with the MOF.

These components are linked together by coordination bonds
thus forming highly porous and functional crystalline solids
with specific surface areas up to 7800 m”> g~ '.* Various novel
MOFs have been synthesized employing a multitude of different
SBUs and linkers during the last few years.* MOFs stand out due
to their extremely high porosity compared with other porous
materials. Linker functionalization offers the possibility to
introduce special functionalities into the structure and to vary
the pore size/geometry in a controlled fashion. For these
reasons, MOFs are intensively studied as one of the most
promising platforms for gas storage, separation, and purifica-
tion and also for catalysis.

The crystal structure of MOFs is commonly determined by
diffraction techniques. However, MOF lattices exhibit various
important properties which cannot or only partly be addressed
by diffraction methods. The following challenges for MOF
characterization can for example be tackled by NMR:

Local structure and order

As an example, MOFs with mixed metal sites or mixed linkers
often pose problems because the distribution of the different
metals or linkers in the framework is hardly accessible for
diffraction methods. Incorporation and distribution of func-
tionalities like linker side chains or nanoparticle catalysts in
MOF crystallites is another example.

Local and global flexibility

MOF lattices can exhibit different types of flexibility which can
be subdivided into local and global effects. Globally “rigid”
MOF structures can exhibit local motions, e.g., of the linkers,
linker side chains, or functional groups. Such motions can be
important for properties like adsorption behaviour. Further-
more, guest adsorption can result in subtle local structural
changes even in “rigid” MOFs. A small subgroup of MOFs
exhibits very pronounced global porosity switching in the
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crystalline solid state. These compounds are denoted as flexible,
switchable, or “3rd generation” MOFs.? Selected examples are
MIL-53 (MIL: Materials of Institute Lavoisier®) and DUT-8 (DUT:
Dresden University of Technology’). DUT-8 exhibits an
adsorption-induced gating transition accompanied by
a tremendous unit cell volume change of more than 100%! The
mechanisms underlying these pronounced transitions are still
insufficiently understood and need further investigation.

Host-guest interactions and functional behaviour

In situ techniques® are important for the investigation of MOFs
under conditions relevant for later applications like adsorption
and storage, separation, and catalysis, or for use as sensors.
Such studies often require special experimental setups for in
situ experiments on MOFs, for example under controlled
loading, external gas pressure, educt flow in catalytic reactions,
external electric fields, or mechanical pressure.

Principles of solid-state NMR
spectroscopy

Solid-state nuclear magnetic resonance (sSNMR) spectroscopy
provides short-range, i.e., local structural information and is
sensitive for local dynamics/thermal motions.

Short-range internal interactions

NMR in condensed matter was reported for the first time in
1946 (ref. 11 and 12) (Nobel prize 1952). In 1948, Pake"
described the very broad and characteristic '"H NMR line shape
of crystal water molecules in gypsum, which is now called the
Pake doublet. It is dominated by the homo-nuclear magnetic
dipole-dipole interaction (dipole coupling) between the two
neighbouring 'H spins in crystal water. In this special case,
straightforward line shape analysis allows inter-nuclear
distance determination. Heteronuclear dipole coupling
between different nuclear spins (e.g., **C and 'N) is another
distance-dependent interaction. This means dipole coupling
makes distance information accessible for ssSNMR experiments
without the need of long-range order in contrast to diffraction-
based crystallography. Further important interactions are the
chemical shift anisotropy (CSA), the electric quadrupole inter-
action for nuclei with spin quantum numbers I > 1, or electron-
nucleus interactions, i.e., hyperfine couplings in compounds
with paramagnetic sites (see below).**** CSA reflects the spatial
anisotropy of the chemical shift in solids (¢f. Fig. 4 and related
text below). The electric quadrupole interaction depends on the
electric field gradient tensor at the site of the detected nucleus
and dominates, e.g., the >H NMR line shape in deuterated solids
(¢f Fig. 3). These favourable properties verify ssNMR spectros-
copy to be an excellent tool for structural analyses of solids.***®

High-resolution ssSNMR spectroscopy

Typically, the simultaneous presence of various line-broadening
interactions of comparable strength leads to broad but
featureless Gaussian lines in solids. The invention of the magic

This journal is © The Royal Society of Chemistry 2020
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angle spinning (MAS) technique'” was a major breakthrough for
ssNMR spectroscopy. It relies on rapid sample spinning around
an axis tilted against the external magnetic field B, by the
“magic angle” of 54.74°. This averages anisotropic interactions
in analogy to the influence of isotropic molecular re-orientation
in liquids and allows resolution of lines with different chemical
shifts in solids. Continuous methodical development over
decades now allows ultrafast MAS experiments at rates beyond
120 kHz.** Ultrafast spinning is particularly important for
systems with strong homo-nuclear dipole couplings between
more than two spins*® like *H-rich solids.?* Combination of MAS
with cross-polarization (CP)** enables sensitive detection of
well-resolved CP MAS NMR spectra® of intrinsically insensitive
nuclei like *C, N, or others. Cross-polarization is often used
in two-dimensional (2D) hetero-nuclear correlation (HETCOR)
spectroscopy. Application of MAS, however, removes aniso-
tropic interactions like the dipole couplings which bear the
distance information. Special experiments allow selective re-
introduction of desired interactions under MAS. An example
is rotational echo double resonance (REDOR).>* It allows
measurement of inter-nuclear distances in hetero-nuclear spin
pairs like *C-"°N.

Solid-state NMR spectroscopy of MOFs

Solid-state  NMR spectroscopy is increasingly applied to
MOFs*® based on the detection of NMR-active nuclei in their
framework (¢f. Fig. 1). Detection of metal ions is possible for
SBUs containing NMR-active nuclei. Examples are *’Al or *'V
which exhibit high natural abundance and a moderately high
magnetic moment.” Various commonly used metal ions in
MOFs exhibit NMR-active isotopes with low natural abundance
and small magnetic moments, for example *>Mg and ®"Zn.?%-3°
Special pulse sequences like CPMG (Carr-Purcell-Meiboom-
Gill) can enhance the NMR signal thus enabling detection of
such spectra. In addition, quadrupolar nuclei often exhibit very
broad lines. Broad-band pulses or sequences like WURST
(wideband uniform rate smooth truncation) must then be used
to excite a sufficiently large frequency range.**

Direct ssSNMR detection of the nuclei in paramagnetic ions
like Cr, Mn, Fe, Co, Ni, or Cu is often difficult or impossible. But
it is sometimes feasible to study signals of nuclei close to the
SBU. Examples are "*C or 70 in coordinating carboxylates of the
linker molecules. These neighbouring nuclei act as “reporters”
via their interactions with the paramagnetic centres in the SBU.
It is possible to exploit characteristic effects like the Fermi
contact and pseudo-contact shifts caused by paramagnetic
centres, which are observable in the NMR signals of neigh-
bouring nuclear spins.*® This is also true for SBUs with di-metal
sites, e.g., typical paddle wheel units with antiferromagnetic
coupling in their ground state®* because excited states may
nevertheless be paramagnetic and can influence the NMR
signals.*® In any case, the NMR signals of nuclei in the SBUs as
well as neighbouring nuclei in the linkers like 'H/*H, *C, or >N
contain valuable information as illustrated for selected exam-
ples in the following.

This journal is © The Royal Society of Chemistry 2020
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Local structure and order

Benzaqui et al.** visualized subtle structural differences in the Al
environment between hydrated and dehydrated MIL-96(Al)
which were not found by X-ray diffraction. >’Al MAS NMR and
2D double-quantum-single-quantum (DQ-SQ) MAS NMR
spectroscopy were applied. As can be seen in Fig. 2, dehydration
of the sample results in a structural change of the Al3 site as
reflected by a splitting into two signals denoted by Al3 and Al3’.
Density functional theory (DFT) calculations provided a struc-
tural model for the responsible interactions between water
molecules and the SBUs. The calculations agree well with the
measured *’Al chemical shifts and quadrupole coupling
constants. These observations emphasize the high sensitivity of
ssNMR spectroscopy for subtle local structural changes in SBUs
and highlight the usefulness of DFT combined with ssSNMR
spectroscopy.

Mali et al.*® studied the ion distribution in the metal oxo
trimers of mixed-metal MIL-100(Fe/Al) by combining *’Al MAS
NMR, EPR (electron paramagnetic resonance) and Mossbauer
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Fig.2 2’AlDQ-SQ spectra of MIL-96(Al) showing the influence of the
hydration state upon the environment of Al Adapted with permis-
sion.** Copyright 2017, American Chemical Society.
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spectroscopy as well as EXAFS (extended X-ray absorption fine
structure) and DFT. Paramagnetic shifts of >’Al occurred due to
hyperfine interactions with the paramagnetic Fe species. These
shifts are proportional to the hyperfine coupling constant and
could be well reproduced by first-principles calculations.
Random distribution of Al and Fe in the metal oxo trimers of
MIL-100(Fe/Al) could be inferred from this study.

Oxygen, e.g., in carboxylate-based linkers, is located next to
the metal centres and is sensitive to changes in the SBU. 7O
NMR spectroscopy usually requires isotope enrichment
because the natural abundance of this isotope only amounts to
0.05%. Bignami et al.® described a cost-effective route to *’O-
enriched terephthalic acid linkers in mixed-metal MIL-53(Al/
Ga) by the so-called dry gel conversion (DGC) method. A pre-
dried gel containing linker molecules and metal salt is treated
in an autoclave with vapor generated by a small amount of
water at elevated temperature. The cation distribution in this
mixed metal MOF could be studied by 'O multiple-quantum
(MQ) MAS and DOR (double rotation) NMR spectroscopy.
The presence of Al and Ga bridged by one hydroxyl species was
observed. It is thus concluded that the two metals do not
separate and MIL-53(Al/Ga) is a true mixed-metal material. The
discussed publications nicely demonstrate that sSNMR spec-
troscopy can elucidate the metal ion distribution in mixed-
metal MOFs.

The linker distribution in MOFs with mixed linkers was
studied by the Reimer group®® using the REDOR technique. The
two linkers exhibit different functional groups selectively
labelled with either *C or °N. The **C~'>N REDOR experiments
performed allowed measurement of the average distance
between the *C and "N nuclei located in the two different
linkers. Based on molecular dynamics (MD) simulations, it
became possible to derive a linker distribution model consis-
tent with the measured distance.

Local thermal motions

Zhu et al.*” described the incorporation of a so-called “molec-
ular shuttle” performing translational motions into a MOF
denoted as UWDM-4 (UWDM: University of Windsor Dynamic
Material). The motions of this molecular shuttle within the
framework were demonstrated by ">*C CP MAS NMR and 2D
exchange spectroscopy (EXSY, see below).

Linker molecules or certain parts of them like phenyl rings
and attached side groups often exhibit thermal motions such
as rotations and vibrations. ’H NMR spectroscopy is
a powerful method to visualize and study such local
motions.*® In favourable cases, not only can the specific
motional mode of the linker be deduced, but it may also be
possible to measure the motional frequency/exchange rate by
line shape analysis of the >’H NMR signal.®® For example,
Khudozhitkov et al.*® investigated 180° phenyl ring flips about
the C2 axis of the linkers in [M,(bdc),(dabco)] (M = Zn, Ni, Co,
Cu; bdc = 1,4-benzene dicarboxylate, terephthalate; dabco =
1,4 diazabicyclo[2.2.2]octane). As indicated in Fig. 3 (right),
the phenyl ring flip rate k slows down from 6000 kHz to 20 kHz
after loading the MOF with dimethylformamide (DMF). For
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Fig. 3 Illustration of typical °H NMR line shapes and the influence of
180° flips of linker phenyl groups. Reproduced*®® with permission.
Copyright 2015, American Chemical Society.

slow flips (20 kHz), the line shape almost perfectly corre-
sponds to a Pake doublet with ca. 120 kHz frequency distance
between the two intensity maxima. This is characteristic for
rigid >H-C groups. The line shape changes significantly for
fast 180° flips (6000 kHz) present in the DMF-free sample.
Line shape analysis allows determination of the exchange rate
quantitatively.

In situ NMR and host—guest interaction
studies
Experiments under MAS

MAS NMR studies of host-guest interactions are usually per-
formed on sealed samples loaded with liquids or gases. They
sometimes require high pressures and/or temperatures. Stan-
dard MAS NMR probes operate at temperatures between ca. 120
and 370 K. Common MAS rotors do not allow high pressures
because the rotor caps are not pressure tight. Therefore,
increasing efforts are made to construct special in situ MAS
probes and rotors. A sealed MAS NMR rotor system allowing
temperatures and pressures up to 520 K and 100 bar was
developed by Hu et al.* Even higher temperatures at lower
pressures are feasible, e.g., using high-frequency (hf)-heated
rotor inserts.** The synthesis of various materials including
MOFs can be monitored by in situ liquid-state and solid-state
NMR spectroscopy as reviewed by Haouas.”” An elegant
combination of liquid- and solid-state NMR spectroscopy is
denoted as CLASSIC (combined liquid- and solid-state in situ
crystallization). It is performed on identical samples under MAS
by interleaved detection of directly excited and cross-
polarization spectra.*®

Gas loaded samples must be kept in tight containers like
sealed glass ampoules. Such ampoules can even be inserted into
MAS rotors if manufactured properly.** Experiments are then
performed at constant loading with a defined number of
molecules or atoms before sample sealing. Temperature varia-
tion causes pressure changes because the adsorption equilib-
rium is temperature-dependent. However, exact pressure
determination is then difficult.

This journal is © The Royal Society of Chemistry 2020
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Experiments under controlled pressure

It is thus often advantageous to run in situ gas adsorption
measurements in a fashion where both thermodynamic vari-
ables, pressure and temperature, are under external control.
Such in situ NMR data can directly be correlated with the results
of volumetric adsorption experiments. On the other hand, this
approach is hardly compatible with MAS because it requires the
connection of the sample container with an outside gas reser-
voir for equilibration after temperature variation. However, in
situ NMR without MAS can nevertheless deliver valuable infor-
mation because thermal motions of the adsorbed species often
result in sufficiently narrow signals. A corresponding experi-
mental setup was described in ref. 45.

Examples for host-guest interaction studies

Carboxylate **C nuclei in MOFs with linkers coordinated with
the SBUs via carboxylate groups are another probe close to the
SBU. The natural isotopic abundance of *C amounts to only
1.1%. Isotope enrichment of carboxylate carbon positions in
2,6-ndc (ndc: naphthalene dicarboxylate) was established and
used to study the flexible compound DUT-8(Ni).* The labelled
carboxylates are then sensitively and selectively detected by *C
CP MAS NMR and a striking influence of solvent polarity upon
the chemical shift was observed. This might indicate a specific
interaction between the paddle wheel units and polar solvent
molecules in contrast to non-polar solvents.

The Senker group functionalized terephthalate linkers in
MIL-101(Al) and MIL-101(Cr) by incorporation of 2-pyridyl urea
(URPy) side groups resulting in the formation of so-called
hydrogen bond donor-donor-acceptor patterns.*” Their influ-
ence upon the sorption selectivity was investigated by compet-
itive adsorption of 2-aminopyridine (2-AP) and 3-aminopyridine
(3-AP). >N ssNMR spectroscopy on '°N-labeled samples was
applied to elucidate structural reasons for the significantly
higher selectivity coefficients for 3-AP observed on MIL-101-
URPy compared with MIL-101-NH,. This highlights the poten-
tial of ssNMR spectroscopy to elucidate the structure of
adsorption complexes in MOFs.

Adsorption of CO, on MOFs is increasingly studied because
CO, capture and storage is an environmentally important
problem. MOFs are potent materials not only for gas storage but
also for separation, e.g., removal of CO, from other gases like
methane. Various *C NMR investigations of CO, adsorbed on
MOFs were reported meanwhile as can be found in the recent
review by Witherspoon et al.*® Interaction of CO, with open Mg
sites in Mg-MOF-74 revealed a line shape characteristic of
chemical shift anisotropy but with a reduced width compared to
that of rigid CO,.* It was concluded that adsorbed CO, jumps
between different open metal sites. The resulting partial aver-
aging of the chemical shift anisotropy gives rise to the observed
residual chemical shift anisotropy. Similar line shapes are also
observed in other MOFs with and without open metal sites.>*>*
Fig. 4 shows the 1D in situ "*C NMR and the 2D EXSY spectrum
of adsorbed *CO, in a MOF. Isotropically reorienting free CO,
gas in the inter-particle space gives rise to a narrow signal at ca.
126 ppm. Adsorbed CO, shows a characteristic broad signal of

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 In situ *C NMR spectrum (5 bar pressure, top) and 2D EXSY
spectrum (7 bar pressure, bottom) for CO, adsorbed on [Zn,(bdc),-
dabco] measured at 232 K with 1 s mixing time t,ix. Data adapted®® with
permission. Copyright 2015, Elsevier.

ca. 30 ppm overall line width due to the aforementioned
residual chemical shift anisotropy. Rigid *CO, would give
a similarly shaped but much broader line of 335 ppm width. The
2D EXSY experiment visualizes slow exchange processes on
a large time scale compared with (2wAr)~' where Av is the
resonance frequency difference between the involved sites. At
short mixing times, only diagonal signals are observed. The
strong off-diagonal intensity at 1 s mixing time shows the
presence of slow CO, exchange between MOF crystallites within
tmix- This means the chosen mixing time defines the time scale
of exchange.

Adsorption of methane by MOFs is also of great interest
because natural gas is a promising carrier for mobile applica-
tions. Yan et al.** used ’H NMR spectroscopy of samples with
deuterated linkers combined with neutron powder diffraction
on samples loaded with deuterated methane to investigate
methane adsorption in the MOFs MFM-112a, MFM-115a, and
MFM-132a (MFM: Manchester Framework Material). It was
shown that an optimal combination of linker dynamics, pore
geometry, and favorable binding sites is responsible for the
favorable methane uptake by these materials.

The selectivity of carbon dioxide adsorption from
13C0,/**CH, mixtures by flexible MOFs was investigated by in
situ *C NMR spectroscopy.* This is possible since the charac-
teristic residual chemical shift anisotropy of adsorbed CO, and
the narrow signal of the gas phase (¢f. Fig. 4) allow quantitative
determination of the ratio between adsorbed and gaseous CO,.

Chem. Sci., 2020, 11, 4297-4304 | 4301
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Adsorbed and gas phase CH, molecules can be discriminated by
their different isotropic chemical shifts. Microscopic diffusion
of pure and mixed methane and carbon dioxide in ZIF-11 (ZIF:
zeolitic imidazolate framework) was studied by high field
diffusion NMR spectroscopy.*”

129%e NMR spectroscopy®® delivers information on surface
chemical properties and the porosity of materials. It is
frequently used to characterize host-guest interactions and
dynamic phenomena in MOFs. Note that MOFs are also
considered for noble gas mixture separations, e.g. of Xe/Kr
mixtures.

The influence of linker functionalization upon the noble gas
adsorption properties of CAU-1 (CAU: Christian Albrecht
University, Kiel) could be visualized and studied by in situ "*°Xe
NMR spectroscopy using hyperpolarized '*°Xe.*® The chemical
shift sensitively reflects even minor changes in the accessible
pore volume caused by functionalisation. This highlights the
potential of '*°Xe NMR for porosity
characterization.

spectroscopy

Flexibility studied by in situ ***Xe NMR spectroscopy

Hyperpolarized '>°Xe NMR spectroscopy was also used to

characterize the adsorption-induced structural changes in MIL-
53(Al).* Further studies on MIL-53(Al) were carried out with and
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Fig. 5 Top: 2°Xe NMR signals of adsorbed xenon on DUT-49
measured at 200 K for various relative pressures during the adsorption
experiment (op: open-pore phase, cp: contracted-pore phase).
Bottom: Chemical shift of adsorbed xenon in DUT-49 at 200 K
measured during the adsorption experiment (red symbols denote
signals of DUT-490p; blue symbols denote those of DUT-49¢cp). Data
adapted®® with permission. Copyright 2017, American Chemical
Society.
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without MAS on sealed samples loaded with defined amounts of
xenon.®* This allowed characterizing the exchange processes
between adsorbed xenon in the large-pore form and in the
narrow-pore form of the MOF at temperatures where both states
co-exist. High-pressure in situ '>°Xe NMR spectroscopy was used
to study adsorption-induced structural changes in flexible
MOFs. It was, for example, shown that the gating transition in
DUT-8(Ni) is an immediate and complete structural switching
process accompanied by complete pore filling at the gate
pressure.*

Recently, the counterintuitive negative gas adsorption (NGA)
phenomenon®” in DUT-49 and its homologs was studied by in
situ *°Xe NMR spectroscopy (cf Fig. 5).°*** NGA is caused by
sudden mesopore contraction at a certain pressure (here: p/p, =
0.18; p, denotes the boiling pressure at the given temperature).
Some of the gas adsorbed before in the open-pore state is
released (NGA) during pore contraction which results in an
increased density and intimate contact of xenon with the walls
in the contracted-pore state. This causes a tremendous chemical
shift jump of ca. 100 ppm. Re-opening of the pore system at
higher relative pressure then gives rise to an increasingly
intense signal at a lower chemical shift (Fig. 5).

Finally, MOFs are also considered for catalysis and electrode
applications. In situ NMR spectroscopic approaches for moni-
toring catalytic reactions® and electro-adsorption in electro-
chemical devices under operating conditions®® already exist and
are used for other materials.

Conclusions and outlook

Driven by continuous methodical development over decades,
ssNMR spectroscopy is nowadays one of the most powerful
methods for the determination of the local structure and
dynamics of various materials. To date, NMR spectroscopy
offers a wide variety of advanced experiments which are
increasingly applied to characterize MOFs and their interac-
tions with guest species. On one hand, ssSNMR spectroscopy,
usually in combination with MAS, allows studying of the local
framework structure and adsorption-induced changes of the
framework. In the future, these studies will substantially gain
from ongoing developments such as the construction of high-
field spectrometers beyond 1 GHz "H resonance frequency,
ultrafast MAS probes, and increasing application of novel spin
hyperpolarization techniques like DNP.®” The first DNP-
enhanced ssNMR experiments on MOFs have already been re-
ported in the literature.®*”°

On the other hand, in situ NMR approaches with and
without MAS allow the characterization of processes like gas
adsorption, catalytic reactions, electro-adsorption, and others.
In situ NMR techniques will find increasing interest in the
future. This will in turn stimulate further methodical devel-
opments such as novel MAS probes allowing even higher
temperatures and pressures. Miniaturized coil design in
combination with spin hyperpolarization experiments may
allow in situ NMR studies in microfluidic applications. Such
future in situ NMR experiments will be particularly valuable for
the characterization of properties and functions of MOFs with

This journal is © The Royal Society of Chemistry 2020
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respect to envisioned applications. This will improve the
knowledge base and help in designing tailored MOF syntheses
in the future.
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