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Abstract

Nuclear magnetic resonance (NMR) spectroscopy is a powerful tool for characteriza‐
tion of materials. It can detect local structure around selected atomic nuclei and provide
information on the dynamics of these nuclei.  In case of metal-organic frameworks,
NMR spectroscopy can help elucidate the framework structure, locate the molecules
adsorbed  into  the  pores,  and  inspect  and  characterize  the  interactions  of  these
molecules  with  the  frameworks.  The  present  chapter  discusses  selected  recent
examples of solid-state NMR studies that provide valuable insight into the structure
and function of metal-organic frameworks.

Keywords: MAS NMR, organic linker, metal centre, molecules within pores, short-
range order, disorder, mixed-linker MOFs

1. Introduction

Preparing the most efficient metal-organic framework materials (MOFs) for selected appli‐
cations requires not only knowledge about the atomic-scale structures of these MOFs but also
understanding of  the atomic-scale processes during the action of  MOFs in catalysis,  gas
separation and storage, drug delivery, etc. In order to gain this knowledge and this under‐
standing, it is mandatory that MOFs are inspected by a set of complementary techniques that
elucidate short-  and long-range structural  motifs,  static  and dynamic properties,  interac‐
tions among the frameworks and the adsorbates. That is why, in addition to the very well
established thermal, sorption and diffraction analyses, modeling and spectroscopic investi‐
gations are becoming more and more important in the studies of MOFs.

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



Among the spectroscopic techniques, solid-state nuclear magnetic resonance (NMR) is one of
the most powerful characterization techniques, because it can provide element-specific atomic-
resolution insight into materials. It can be used at many different stages of research connect‐
ed to MOFs; from studies of their formation, their structure determination, to in-situ studies
of their performance. As a local spectroscopic tool, solid-state NMR is complementary to
diffraction techniques that rely on the existence of long-range order and that provide a picture
of an average crystal structure. NMR experiments can prove or disprove the hypotheses
proposed by modeling, predicting preferential adsorption sites and estimating strength of
interactions between the adsorbed molecules and the MOF matrices. It can follow gradual
adsorption or desorption of molecules into pores, locate and quantify these molecules, and
thus complement the data obtained by the thermal and sorption analyses. Solid-state NMR is
also extremely important for studying dynamics of the frameworks and of the adsorbed
molecules. Therefore, employing NMR spectroscopy is crucial for deducing the structure-to-
function relationships of MOFs.

The present chapter begins with a short introduction into solid-state NMR spectroscopy. Here,
the basic characteristics of NMR and the most important techniques and recent methodolog‐
ical developments for studying the framework and the adsorbed molecules are briefly
mentioned. NMR spectroscopy is particularly important for studying motifs in MOFs that do
not exhibit long-range order. Such motifs can be found in the frameworks themselves,
especially when one is dealing with mixed-linker or mixed-metal MOFs, and when the
molecules within the pores do not occupy equal positions within each unit cell. The second
section of the chapter presents some interesting and representative examples of NMR studies
of frameworks of the metal-organic materials. For example, in case of mixed-linker MOFs two
recent studies demonstrate that solid-state NMR is the only technique, which not only proves
or disproves the incorporation of different linkers into the framework, but also provides an
answer about the distribution of different linkers within the frameworks. The third, largest
section of the chapter is devoted to the application of NMR spectroscopy for studying the
molecules adsorbed into the pores of MOFs. These molecules can be solvent molecules, which
remain trapped in MOFs after the synthesis and can play a stabilizing role in these materials,
or can be molecules adsorbed during the application of MOFs in catalysis, in gas separation
and storage, in energy storage, and in drug-delivery.

The chapter does not attempt to present a complete review of the solid-state NMR studies on
MOFs, but focuses on prominent recent examples and discusses their impact on the under‐
standing of the properties and functioning of MOFs. Some other, more extensive reviews on
NMR spectroscopy of MOFs can be found in literature [1, 2].

2. Briefly about solid-state NMR spectroscopy

Atomic nuclei with nonzero magnetic dipole moment and atomic nuclei with nonzero electric
quadrupole moment are extremely sensitive probes capable of detecting tiny differences in
local magnetic and local electric fields. Local magnetic field at the position of an atomic nucleus
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depends on the electric currents in the vicinity of this nucleus and on the number and
geometrical arrangement of magnetic moments in its neighborhood. A strong external
magnetic field, which is in a modern NMR spectrometer generated by a superconducting
magnet, induces electric current in the cloud of electrons that is surrounding an atomic nucleus.
This electric current gives rise to a local magnetic field that partially shields the external
magnetic field. We are talking about chemical shielding and chemical shift, because the extent
of shielding and the consequent shift of the spectral line in the NMR spectrum depend on the
chemical environment of the atomic nucleus. With chemical environment we mean the nature
and the number of neighbors in the first and second coordination shells, and the nature,
strength and angles of the nearest chemical bonds. For example, chemical shielding and the
resulting local magnetic fields are not equal at the positions of 13C nuclei in CH4 and in CH3OH;
consequently, the 13C NMR signals of CH4 and CH3OH resonate at different frequencies.

As mentioned above, the second important contribution to the local magnetic field at the
position of an atomic nucleus is the contribution of the neighboring atomic nuclei with nonzero
magnetic moments. Each atomic nucleus with a magnetic moment acts as a tiny source of
magnetic field in a similar way as a bar magnet generates magnetic field in its surroundings.
What is particularly important with such magnetic fields is that their strengths depend strictly
on the distances between the atomic nuclei that generate the fields and the atomic nucleus that
detects these fields. We say that a pair of proximal nuclei is coupled through the magnetic
dipolar coupling. With the advanced NMR experiments we can exploit this dipolar coupling
for obtaining qualitative or sometimes even quantitative information about the interatomic
distance.

Figure 1. Summary of the most important interactions, detected by NMR, and of the available information.

Local electric field at the position of an atomic nucleus depends on the arrangement of electric
charges in the neighborhood of the nucleus. In fact, NMR spectroscopy detects electric field
gradients to which only the nonspherical atomic nuclei are sensitive. These nuclei are often
called quadrupolar nuclei and they all have spin quantum number larger than ½. The
sensitivity of quadrupolar nuclei to the local electric field gradients can provide useful
information on the symmetry of the environments around them. Measurement of the
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magnitude of the electric field gradient (the strength of the electric quadrupolar interaction)
can also yield an insight into the dynamics of the species in which the atomic nuclei are located,
that is, for example, into the dynamics of a framework or a molecule. Figure 1 schematically
shows the most important sources of local fields detectable by solid-state NMR. The figure
also briefly summarizes the information that is offered by chemical shifts, dipolar couplings,
and electric quadrupolar interactions.

The magnitude and the direction of a local magnetic field do not depend only on the molecu‐
lar or crystalline environment, but also on the orientation of the molecule or the crystal
fragment with respect to the direction of the external magnetic field. For example, chemical
shieldings in a phenyl ring that is perpendicular to the external magnetic field and in a phenyl
ring that is parallel to the external magnetic field will differ from one another, because the
induced electric currents in the rings will be different. When studying materials, we are very
often dealing with powders in which the particles are oriented in many different directions.
This means that, for example, atomic nuclei at equal crystallographic sites but in differently
oriented crystallites will detect different local fields. In an NMR spectrum of such a powder,
the corresponding NMR signal will reflect the distribution of the local fields and will appear
as a broad distributed line, which is called a powder pattern. In this respect, NMR spectra of
powders are very much different from the NMR spectra of solutions. In solutions, due to fast
motion and reorientation of molecules, atomic nuclei detect orientationally averaged local
fields and NMR spectra exhibit very sharp signals. We say that in solutions, NMR detects only
the isotropic contributions to the local fields. The resolution of the obtained NMR spectra is
excellent and the detection of tiny differences in chemical environments is easy. As opposed
to that, the resolution in solid-state NMR spectra of powdered materials is very poor, because
the broad powder patterns overlap extensively. In order to improve resolution and thus to
gain more information about the inequivalent sites in materials, we try to mimic fast molecu‐
lar reorientations by spinning powdered samples very quickly. Indeed, fast spinning about
the axis that is inclined from the direction of the external magnetic field by 54.7° improves
resolution of NMR spectra of powders drastically. The special angle mentioned above is called
the magic angle and the method is named magic angle spinning (MAS) [3]. MAS is the basis
of almost all modern solid-state NMR experiments.

Apart from attempts for improving spectral resolution, solid-state NMR faces two other major
technical challenges. The first is how to increase the NMR signal, which is very weak com‐
pared to signals of other spectroscopies. One of routinely employed approaches to achieve that
is the usage of cross polarization (CP) step [4]. With this step, the signal of the selected atomic
nuclei is enhanced via the transfer of spin polarization from atomic nuclei with larger magnetic
moments. For example, 1H nuclei have four- and ten-times as large magnetic moment as 13C
and 15N nuclei, respectively, thus the application of 1H-13C and 1H-15N CP approach can greatly
enhance 13C and 15N NMR signals. The method is most efficient if both types of atomic nuclei
have spin quantum number of ½ and if the nuclei are coupled with strong dipolar coupling
(i.e., if the nuclei of the two types are proximal one to another). The above listed nuclei 1H, 13C,
and 15N all have spin equal to ½. Because they are the major constituents of the organic linkers
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in MOFs and of many molecules that are adsorbed within MOFs (small organic molecules,
drug molecules), CP-MAS-based experiments are regularly employed for studying MOFs.

NMR-active nuclei in the inorganic metal-oxo vertices in MOFs are typically quadrupolar
nuclei, that is nuclei with spin larger than ½. Among them, 27Al, 45Sc, and 51V are abundant and
have moderately large magnetic moments, therefore NMR spectroscopy of these nuclei is very
sensitive. In majority of other cases, such as in case of 25Mg, 67Zn, or 91Zr, we are dealing with
low-abundance nuclei and/or with nuclei with small magnetic moments, with which NMR
spectroscopy is very demanding. Increasing the NMR signal of these nuclei is often attempt‐
ed through the acquisition of the Carr-Purcell-Meiboom-Gill (CPMG) train of echoes [5], and
through the usage of strong external magnetic fields and large amounts of samples.
Additionally, because spectral lines of quadrupolar nuclei can be very wide, broadbanded
WURST (Wideband, Uniform Rate, and Smooth Truncation) or similar type of excitation is
often needed [6].

Even WURST-CPMG and strong magnetic fields are usually not sufficient for a successful
NMR spectroscopy of oxygen nuclei. Because the NMR-active isotope 17O is a very rare isotope
of oxygen, only 0.04% abundant in nature, practical 17O NMR spectroscopy relies on isotopic
enrichment of samples. Isotopic enrichment can be useful or even necessary also when
measuring 13C or 15N NMR spectra of adsorbed molecules, especially if these molecules are
present in small concentrations within MOFs and if CP via 1H nuclei is not possible (either
because the molecules do not contain hydrogen atoms, or because the dipolar coupling with
1H nuclei is motionally averaged out). Typical examples of NMR studies of isotopically
enriched molecules are studies of 13CO2 molecules within the pores of MOFs. Table 1 lists
selected physical properties for atomic nuclei (isotopes) that are most often employed as probes
in NMR spectroscopy of MOFs.

Isotope Ground state spin Natural abundance NMR frequency at 14.10 T/MHz
1H 1/2 ∼100% 600.00

2H 1 0.015% 92.10

13C 1/2 1.1% 150.87

15N 1/2 0.37% 60.82

17O 5/2 0.04% 81.34

25Mg 5/2 10% 36.73

27Al 5/2 100% 156.34

67Zn 5/2 3.1% 37.54

91Zr 5/2 11% 55.78

Table 1. Selected properties of nuclear isotopes, which are frequently encountered in MOFs.

The third technical challenge of solid-state NMR spectroscopy is how to extract the informa‐
tion about the selected internuclear distances. In case of MOFs, these could be the distances
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among the atomic nuclei of the adsorbed molecules and the atomic nuclei within the frame‐
works. As mentioned above, the information on the distances is contained in the magnitude
of the dipolar coupling between these nuclei. However, because dipolar coupling is an
anisotropic interaction, it is very efficiently suppressed or entirely averaged out by MAS. To
keep the enhanced resolution of NMR spectra obtainable by MAS, but still to be able to detect
the magnitude of the dipolar coupling among the selected nuclei, several recoupling techni‐
ques were developed and were included into different types of homonuclear and heteronu‐
clear correlation experiments. Homonuclear correlation experiments, like 1H-1H correlation
experiments, most often exploit spin diffusion enhanced by RFDR (Radio-Frequency-driven
Dipolar Recoupling) [7], or recoupling of the dipolar interaction by BABA or POST-C7 pulse
sequences [8, 9]. Heteronuclear dipolar couplings, like 1H-13C couplings, can be probed
qualitatively by various two-dimensional HETCOR (HETero-nuclear CORrelation) experi‐
ments [10, 11] or quantitatively by the REDOR-type pulse sequences [12].

In the above discussion of local magnetic fields, we have skipped a contribution that is often
quite important in MOFs. It is the contribution of paramagnetic centers, such as Cr, Mn, Fe,
Co, Ni, and Cu centers. Unpaired electrons of these centers have much larger magnetic
moments than atomic nuclei and therefore drastically affect the NMR spectra of neighboring
nuclei. In powders, the strong dipolar interaction with unpaired electrons leads to very fast
nuclear spin-lattice relaxation and to huge line broadening of NMR signals. These effects
depend on the geometrical arrangement of the unpaired electrons around an atomic nucleus
and again offer some information on the distances between the paramagnetic centers and
atomic nuclei. If electronic spin polarization is through bonds transferred to the position of an
atomic nucleus, the so-called hyperfine electron-nucleus interaction has to be taken into
account. This interaction can be very strong and can severely shift NMR lines. For example,
for nuclei that are two bonds apart from the paramagnetic metal centre (e.g., for 13C in the –C–
O–Cu motif), the shifts can be several hundred or even several thousand ppm. Because of the
difficulties connected with the measurement of extremely broad, severely shifted NMR signals
and because of very quick nuclear spin relaxation, NMR measurements in paramagnetic MOFs
are relatively rare.

3. Framework structure

Metal organic frameworks can comprise several NMR active nuclei, for example, 1H, 13C, 14/15N,
17O, 19F, 35Cl, or 79Br in organic linkers and functional groups, and 17O, 25Mg, 27Al, 43Ca, 45Sc,
47/49Ti, 51V, 67Zn, or 91Zr in metal-oxo clusters. These nuclei, especially the abundant ones and/or
the ones with large magnetic moments, can be readily exploited for inspection of the frame‐
work structure. Very straightforward measurements of 13C and 1H NMR spectra can quickly
confirm the identity of the organic linkers and the presence of functional groups attached to
linker molecules [13, 14]. An example of 13C and 1H spectra of UiO-66, bearing different
functional groups, is presented in Figure 2. The 13C spectra can clearly resolve the inequiva‐
lent aromatic and carboxyl carbon atoms. Tentative assignment of individual NMR signals to
different carbon sites within the linkers, and thus the verification of the nature of the incor‐
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porated linker or functional groups, can often be done simply by using the ‘empirical’
chemical-shift-prediction programs like ChemDraw or ACD/Labs, or via the comparison of
the solid-state NMR spectra with the solution NMR spectra of the corresponding linkers.
Inspection of the line widths can be useful, because it provides information on the crystallin‐
ity of the materials and can alert about the presence of a local disorder in the solids. 1H and 13C
NMR spectra also show if there are some unreacted linker molecules, water molecules and
solvent molecules left in the samples.

Figure 2. Inspection of organic linkers in differently functionalized UiO-66 materials. (a) 1H-13C CP-MAS and (c) 1H
MAS NMR spectra. NMR signals were assigned based on DFT calculations. Labels for the individual carbon sites in
the organic linkers of the NH2- and Br- (top), and 2OH- (bottom) functionalized UiO-66 are presented in (b). Broad
lines in the 1H-13C CP-MAS spectrum of UiO-66-2OH indicate the presence of local disorder or of lower degree of crys‐
tallinity in this sample. Unlabeled 1H MAS NMR signal at about 6.5 ppm corresponds to residual ligand. Figures were
published by Devautour-Vinot et al. [13]. Copyright © 2012 American Chemical Society.

Solid-state NMR can provide valuable information on the dynamics of linkers. There have
been several reports on the dynamics of linkers inspected by 2H NMR spectroscopy of
deuterated aromatic rings. In d4-MOF-5, for example, it was shown that at temperature of 298
K and lower, the 1,4-phenyldicarboxylate groups were stationary, whereas at temperature of
373 K and above the aromatic rings exhibited π-flips about their para axes [15]. The onset of
π-flips was manifested through the change of the quadrupolar line-shape of the 2H NMR
signal. Similar were the findings in case of MIL-53 and MIL-47 [16]. The π-flips of the benzene
rings were faster in the flexible MIL-53 than in the rigid MIL-47, but still not as fast as in MOF-5.
It was concluded that in MIL materials with a 1D channel system, environment is considera‐
bly more constrained than in MOF-5 with a 3D system of channels. The detailed study of
dynamics of benzene rings in UiO-66 showed that the temperature-dependent rotational
motion affects the effective size of the windows between the pores and can thus influence the
performance of the material in gas separation processes [17]. The dynamics of linkers and
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functional groups can be effectively studied also by the measurements of 1H and 13C spin-lattice
relaxation times, as was done, for example, in IRMOF-3, ZIF-4 and ZIF-8 [18, 19].

In the recent years, a substantial interest in the preparation and application of the so-called
mixed-linker MOFs has arisen. Deng et al. prepared a series of MOF-5-type materials by mixing
differently modified terephthalic acids in different relative amounts and combinations [20].
Altogether 18 mixed-linker MOFs with up to eight distinct functionalities in one phase were
synthesized. Kong et al. employed NMR spectroscopy to obtain an insight into the distribu‐
tion of different linkers [21]. They isotopically labeled various linkers used in the synthesis of
MOF-5 with 15N, and carried out 13C-15N REDOR NMR measurements. The measurements
provided information on the average distances among different linker molecules. By compar‐
ing the results of REDOR measurements with results of Monte Carlo simulations, Kong et al.
were able to discriminate between cases where linkers of one type formed domains within
crystals, where different linkers were alternating with one another, and where different linkers
were distributed randomly throughout the crystalline framework. This valuable information
helped them rationalize the observed differences in adsorption capacity and separation
efficiency of mixed-linker MOFs characterized by different types of linker distributions.
Another approach for studying the distribution of different linkers in mixed-linker MOFs was
undertaken by Krajnc et al. [22]. They prepared Al-based metal-organic material DUT-5 with
biphenyl and bipyridyl dicarboxylic molecules (bpdc and bpydc) as linkers. With two-
dimensional 1H-13C HETCOR spectroscopy and ab-initio chemical shift calculations they
successfully assigned 1H MAS NMR signals to different hydrogen atoms and showed that a
peak belonging only to bpydc could be clearly resolved form a peak belonging only to bpdc.
Afterward, they studied polarization transfer between these two types of hydrogen nuclei.
They carried out variable-contact-time 1H spin-diffusion MAS NMR experiments and modeled
spin-diffusion curves for various types of distributions of bpydc and bpdc. Comparison
between the experiment and modeling allowed them to show that in their particular materi‐
al the distribution of the minority bpydc linker was very homogeneous throughout the crystals
and that no single-linker domains or crystallites were formed (see Figure 3). Both studies, the
one of Kong et al. [21] and the one of Krajnc et al. [22], demonstrated that solid-state NMR
spectroscopy is indeed a unique tool, capable of providing information that is not attainable
by any other technique.

Aluminum is the most studied metal centre of MOFs. 27Al MAS NMR measurements can
provide very interesting information about the framework, which is sometimes complemen‐
tary to the information obtained by diffraction. Volkringer et al. employed microdiffraction
and solid-state NMR to elucidate the structure of Al-MIL-100 [23]. From the X-ray diffrac‐
tion (XRD) analysis, the Al-MIL-100 structure contains seven inequivalent Al crystallograph‐
ic sites that belong to three distinct {Al3O(OH)(H2O)2}4[btc]4 supertetrahedra. 27Al MAS NMR
spectrum of the as-synthesized Al-MIL-100 exhibited three overlapped signals in the chemi‐
cal shift range between −20 ppm and 10 ppm, all belonging to 6-fold coordinated aluminum
sites. The signals displayed very similar isotropic chemical shifts but different quadrupolar
coupling constants varying from 1.3 to 5.6 MHz. The relative areas of the three signals of 2:10:5
could be mapped onto the multiplicities of the XRD inequivalent Al sites of 2:(4:2:4):(2:1:2).
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The observed difference between NMR and XRD proportions suggested that the symmetry
order was higher for NMR than for XRD. The origin of this higher symmetry was attributed
to the motion of the framework protons, which led to averaging of some crystallographically
distinct environments.

Very recently, first studies of 67Zn and 25Mg centers have also been described [24–29]. In these
studies, 67Zn and 25Mg NMR spectroscopy mostly served as a tool for the verification of
structural models of MOFs, which had been proposed by X-ray diffraction analyses. From the
25Mg NMR spectrum one can determine the number of crystallographically inequivalent
magnesium sites (Figure 4), as well as chemical shift and quadrupolar coupling constant for
each of these sites. Based on the proposed structural model, the same NMR observables can
be calculated ab initio, using the gauge-included projector-augmented wave approach

Figure 3. Analysis of the distribution of bpdc and bpydc linkers in the mixed-linker DUT-5 material. (a) Labeling of the
framework carbon and hydrogen atoms. (b) 1H MAS NMR spectrum, which revealed that the peak belonging to bpydc
(H2′) can be resolved from the peak belonging to bpdc (H1). Assignment was based on DFT calculations and 1H-13C
HETCOR NMR measurement. (c) 1H spin-diffusion homonuclear correlation NMR spectrum. Horizontal and vertical
dotted lines mark the frequencies of the H2′ and H1 resonances, and their crossings mark the H2′-H1 cross peaks. (d)
Measured and calculated 1H spin-diffusion curves for the H2′-H1 cross peak. Results of calculations for three different
models of mixed-linker DUT-5 are presented. The models are characterized by an equal bpdc/bpydc ratio but different
spatial distributions of the two linkers. Only the model with a homogeneously distributed bpydc linker leads to good
agreement with the experimental data. Figures were published by Krajnc et al. [22]. Copyright © 2015 Wiley-VCH.
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(GIPAW) within the frame of the density functional theory (DFT). By comparing the meas‐
ured and the calculated chemical shifts and quadrupolar coupling constants one can judge
about the quality of the proposed structural models. In a recent study, Mali et al. [28] have
compared the calculated and the measured 13C and 25Mg chemical shifts and 25Mg quadrupo‐
lar constants for a series of Mg-based MOFs. They have shown that the agreement between
the calculation and the experiment was quite nice for the chemical shifts, but not for the
quadrupolar coupling constants, for which the calculated values were typically substantially
overestimated. The discrepancy in the calculation of electric field gradients was attributed to
the dynamics of water molecules that were coordinated to the magnesium atoms. Motion of
these water molecules could, namely, partially average out electric field gradients and could
thus lead to apparently smaller quadrupolar couplings. Another study by Alvarez et al.
showed that 27Al quadrupolar coupling constants in aluminum fumarate MOF A520 crucial‐
ly depended on the hydration state of the material [30]. These examples thus suggest that an
important role of NMR spectroscopy of metal centers could be the inspection of the coordina‐
tion state of the centers and the analysis of the dynamics of the metal-oxo clusters.

Figure 4. Inspection of metal centers of the activated microporous α-Mg3(HCOO)6 material. Advanced two-dimension‐
al 25Mg 3QMAS NMR spectroscopy was employed to resolve the signals of the four inequivalent Mg sites. After the
slices of the 2D spectrum were simulated (shown on the left), the obtained chemical shifts and quadrupolar coupling
constants for each of the four Mg sites enabled successful simulation of the 25Mg MAS spectrum (shown on the right).
Figures were published by Xu et al. [27]. Copyright © 2013 Wiley-VCH.

Many MOFs comprise metal centers that are paramagnetic. Such centers make NMR spectro‐
scopy quite demanding. Even though the atomic nuclei within paramagnetic ions often do
possess magnetic moments, their NMR spectra cannot be measured, because the hyperfine
interactions of these nuclei with the unpaired electrons are too strong. In some cases, howev‐
er, the presence of paramagnetic centers does not prevent the detection of well resolved spectra
of 1H and 13C nuclei from linkers. One of the first examples of a detailed NMR study of
paramagnetic MOFs was presented by Dawson et al. [31]. They showed 13C MAS NMR spectra
of Cu-containing HKUST-1 and STAM-1, in which the NMR signals exhibited substantial
paramagnetic shifts of up to about 800 ppm. As can be seen in Figure 5, 13C spin-lattice
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relaxation times in HKUST-1 depend on the distances between the carbon atoms of the BTC
linker and the copper centers, and thus enable reliable assignment of the three 13C signals to
the three carbon sites in the linkers. The sensitivity of NMR shifts to the proximity between
the NMR-active atomic nuclei and paramagnetic centers could be well exploited in the studies
of mixed-metal MOFs, especially if one of the metals was paramagnetic and the other was
diamagnetic. Indeed, in the case of mixed Cu-Al fluorinated MOF, 19F NMR detected a signal
with an unusual shift of −456 ppm, with large line width of 12 kHz, and with a broad mani‐
fold of spinning sidebands [32]. The signal was assigned to fluorine atoms that formed bridges
between the diamagnetic aluminum and the paramagnetic copper atoms. It should be noted,
however, that most of the paramagnetic centers within MOFs will give rise to much stronger
paramagnetic effects than the Cu(II) ions. Especially strong effects are, for example, expect‐
ed in the case of Fe(III) centers.

Figure 5. NMR analysis of the paramagnetic metal-organic framework HKUST-1. Because of the strong hyperfine in‐
teraction between the unpaired electrons and the 13C nuclei of the organic BTC linkers, signals in the 13C MAS NMR
spectrum are severely shifted. Assignment of the shifted signals can be accomplished based on the corresponding 13C
spin-lattice relaxation times T1. The relaxation times depend on the distances between the paramagnetic centers and
the 13C nuclei. The structure and the organic linker of HKUST-1 are schematically presented.

4. Guest molecules and host-guest interactions

The role of solid-state NMR spectroscopy becomes extremely important when studying
molecules within the pores of MOFs. The set of interesting species, adsorbed or incorporat‐
ed into MOFs, is very large. Within this set, water is probably one of the most often studied
species. Water has a strong impact on MOFs, and studying the water-framework interaction
is crucial for the understanding of the MOF stability. NMR spectroscopy can be very helpful
in such studies. In HKUST-1, 1H and 13C MAS NMR spectroscopy was employed for investi‐
gating gradual hydration of the material [33]. In spite of the fact that the copper metal centers
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of HKUST-1 are paramagnetic, in the 1H MAS spectra no significant shifts of NMR signals were
detected, which suggested that the electron-nucleus hyperfine couplings for 1H nuclei were
rather weak. This further implied that the physico-chemical bonding of water molecules to the
copper centers was weak or that adsorption and desorption of water molecules to the metal
centers was very dynamic. Upon further hydration of HKUST-1, the material collapsed. The
collapse of HKUST-1 due to its hydrothermal instability was evidenced by the broadening of
the signals in the 13C MAS NMR spectrum.

Figure 6. Studying hydration of Al-MIL-53. (a) 13C MAS, (b) 1H-13C CP-MAS, (c) 1H MAS, and (d) 27Al MAS NMR spec‐
tra of the as-prepared material (ht form = ‘dry’ material), 30% hydrated material, 50% hydrated material, and fully
hydrated material (lt form = ‘wet’ material). In the 27Al MAS NMR spectra of the partly hydrated materials the simulat‐
ed components of the wet forms are shown with dotted lines. Figures were published by Loiseau et al. [34]. Copyright
© 2004 Wiley-VCH.

Several MOFs are stable in humid atmosphere or in water. Among them, Al-MIL-53 with its
flexible framework is a very interesting representative. Taulelle et al. used 27Al, 13C, and 1H
MAS NMR to thoroughly inspect breathing of the material as a consequence of the reversi‐
ble hydration and dehydration [34]. They showed that hydrogen bonds among the water
molecules in the channels and the carboxyl groups of the linkers are responsible for the
contraction of the pores upon hydration. The NMR signals of the carboxyl groups in the 13C
MAS and 1H-13C CP-MAS spectra were, namely, the most affected by the presence of the water
molecules. Surprisingly, 27Al MAS spectra showed that the bridging OH groups were
practically intact during the hydration. Both, 13C and 27Al NMR spectra nicely distinguished
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the contributions of the ‘dry’ and the ‘wet’ material (Figure 6), and allowed one to follow the
gradual filling of the pores with water. Because NMR did not detect any polarization trans‐
fer between the dry and the wet material, the authors could conclude that individual crystal‐
lites in the powder were either dry or wet, but not composed of dry and wet domains. A very
detailed NMR study was performed also on Al-MIL-100, which is another MOF capable of
reversibly adsorbing and desorbing water [35]. The process of dehydration of Al-MIL-100 was
investigated using a set of solid-state NMR techniques, including several two-dimensional
homo- and heteronuclear correlation ones. The material showed a remarkable thermal stability
up to 370°C. Up to 350°C, only one water molecule per aluminum-oxo trimer was found to
leave the trimer, producing only one coordinatively unsaturated aluminum site among the
three sites.

In the as-prepared Mg-MOF-74, the basic inorganic building units are MgO6 octahedra. In each
octahedron five out of six oxygen atoms belong to the carboxylate groups of the organic linkers,
and one oxygen atom belongs to a water molecule. Xu et al. showed that during the dehydra‐
tion, this water molecule can be expelled from the material [26]. Whereas the dehydration did
not affect the 13C MAS NMR spectrum, the changes in the 25Mg MAS NMR spectrum were
quite pronounced. The 25Mg signal with a well-defined quadrupolar line-shape and a small
quadrupolar coupling constant changed into a broad and smeared signal with a large
quadrupolar coupling constant. The increase in the quadrupolar interaction was due to the
change of the coordination of Mg atoms from the rather symmetrical octahedral one to the
distorted square pyramidal. The smearing of the spectral line in the dehydrated material
indicated that on the short-range scale the Mg environment became quite disordered. On the
long-range scale, the material still exhibited an ordered porous structure. Upon rehydration
of the material, the Mg local environment reversibly changed into the ordered octahedral one.
The described study is particularly interesting, because in MgMOF-74 adsorption of water can
compete with the adsorption of carbon dioxide. MgMOF-74 is, namely, one of the most
promising materials for CO2 separation, and an interesting question of great practical
importance is, how the material will perform as a sieve for carbon dioxide, if the gas mixture
will contain non-negligible fraction of water.

Some hydrothermally stable MOFs can absorb very large amounts of water. Such representa‐
tives could become very interesting materials for water-adsorption based heat-storage
applications. Desorption of water can be considered as an efficient energy-storage step. Upon
a controlled rehydration of the dried material, large amounts of energy could be released.
Again NMR spectroscopy can provide useful insight into such materials. In case of a hydro‐
thermally stable Zn-trimesate, 1H and 2H variable-temperature MAS NMR showed that water
was expelled from the material in three distinct steps (Figure 7) [36]. In the first step, water
was desorbed from the larger pores, in the second step hydrogen-bonded water molecules
from the narrow pores were expelled, and in the third step the water molecules that were
coordinated to zinc atoms were desorbed. The last step occurred at about 250°C. 2H NMR
spectroscopy provided additional information on the dynamics of the water molecules within
the pores. Mobility of water molecules within the larger pores increased quickly with the
increased temperature; their NMR signal in the 2H spectrum narrowed so that no quadrupo‐
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lar line-shape could be detected for this signal. On the contrary, water molecules that were
coordinated to zinc atoms exhibited a well-defined quadrupolar pattern of spinning side‐
bands well above 100°C, meaning that motion of these water molecules was still considera‐
bly hindered at that temperature. The 13C spectrum recorded at 250°C was only slightly
different from the spectrum of the fully hydrated material and confirmed that the frame‐
work was still well ordered at 250°C. Upon rehydration, the spectrum reversibly trans‐
formed to the initial one, showing that indeed the material was hydrothermally stable and that
reversible dehydration and rehydration was possible. Recently, Cadiau et al. investigated
MIL-160, which is an even more promising material for heat storage [37]. Its water uptake is
as high as 320 g per 1 kg of the dry matrix. The researchers monitored gradual hydration of
the dried material and detected two steps in water adsorption. Firstly, water molecules were
attached to the framework hydroxyl groups on the inorganic aluminate chains, and second‐
ly, water molecules entered into the centre of the channels. These latter water molecules did
not interact appreciably with the framework.

Figure 7. Variable-temperature 1H and 2H MAS NMR spectra of porous Zn-trimesate show that water is expelled from
the material in three distinct steps. Step 1 corresponds to removal of water molecules from the larger channels, step 2
corresponds to the removal of hydrogen-bonded water molecules from the narrower channels, and step 3 corresponds
to the removal of water molecules that were attached to Zn centers. In 1H MAS NMR spectra, the contribution of water
molecules resonates between 4 and 5 ppm; the signal at 8 ppm belongs to H atoms of the aromatic rings of the linkers
and the signal at 1–2 ppm belongs to the H atoms of the framework OH groups. In 2H MAS NMR spectra broad mani‐
folds of spinning-sidebands correspond to rigid species, whereas high, narrow signals close to 0 ppm correspond to
mobile species.

Next to water, carbon dioxide is the most interesting specie adsorbed within MOFs. Mg-
MOF-74 (also termed Mg2(dobdc) or CPO-27-Mg) has been one of the most investigated
systems with NMR spectroscopy. In this material, the exposed Mg2+ cation sites give rise to
exceptional CO2 capture properties. NMR studies of Mg-MOF-74 managed to elucidate the
dynamics of the adsorbed 13CO2 molecules [38, 39]. Analysis of static 13C NMR spectra quickly
showed that 13CO2 molecules indeed bond to the Mg2+ sites with end-on coordination, and that
the line-shape of the 13C signal cannot be merely a result of the spatial confinement of 13CO2 in
the pores of Mg-MOF-74. Lin et al. carried out Monte Carlo simulations to probe equilibri‐
um configurations of CO2 in this material [39]. Based on the calculations, they predicted that
two kinds of motions of CO2 molecules are possible in the material, fluctuations of the CO2
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molecule near the minimum-energy configuration and hops of the CO2 molecule between
different metal sites. Considering these two types of motions, they were able to very nicely
explain the measured 13C NMR spectra at different temperatures between 100 K and 375 K
(Figure 8). At the temperature of 100 K, the pronounced 13C chemical shift anisotropy could
be assigned exclusively to localized motions (fluctuations) of the 13CO2 molecules. At higher
temperatures, in addition to these localized motions, also hopping of 13CO2 molecules between
different metal sites in the plane perpendicular to the direction of the channel started to take
place. With a further increase in the temperature, motion of 13CO2 molecules along the channel
began. Lin et al. carried out equivalent 13C NMR measurement also on 13CO2 adsorbed into
Mg2(dopbdc), a material that is analogous to Mg-MOF-74, but in which separation between
the neighboring magnesium sites is by 30% larger than in Mg-MOF-74 [39]. As expected,
hopping motion in this material started at notably higher temperature. The study of dynam‐
ics of CO2 molecules within Mg-MOF-74 was complemented by Wang et al., who monitored
variable temperature 17O NMR spectra of the adsorbed C17O2 molecules [40]. 17O solid-state
NMR line-shapes comprise contributions from quadrupolar and chemical shift interactions,
and are thus very sensitive to motions. Indeed, in the above mentioned study, the research‐
ers were for the first time able to quantify the fourth type of motion of CO2 molecules, that is
wobbling about the CO2 minimum-energy configuration.

Figure 8. Studying dynamics of 13CO2 molecules adsorbed into Mg-MOF-74. (a) and (b) The comparison between the
simulated and the measured static 13C NMR spectra, which show lines broadened by chemical shift anisotropy. The
comparison indicates that at about 100 K CO2 molecules undergo localized motion around the minimum-energy posi‐
tions, whereas at 200 K and above motion includes hopping of molecules between different metal sites, as indicated in
(c). Figures were published by Lin et al. [39]. Copyright © 2013 Wiley-VCH.

In several MOFs, CO2 can be reversibly chemically bonded to the framework. An example of
such a MOF is CD-MOF-2, for which 1H-13C CP-MAS NMR showed a signal at 158 ppm after
the adsorption of carbon dioxide into the activated material [41]. This signal could be attrib‐
uted to the carbonate that is formed upon adsorption. Other signals in the carbon spectrum,
belonging to the linker molecules, were also affected by the incorporation of CO2 and thus
additionally confirmed that chemical reaction between the gaseous CO2 and CD-MOF-2 took
place. Let us note that the CP-MAS experiment is able to detect only rather rigid, not very
mobile species, in which 1H and 13C nuclei are not far apart. It cannot detect the gaseous CO2.
The latter could be detected with directly excited 13C MAS NMR spectroscopy at about 126
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ppm. The above described study concluded that the chemisorption of CO2 in CD-MOF-2 relied
on free hydroxyl groups, which acted as reactive hotspots for formation of carbonic acid
groups. Chemisorption of CO2, more precisely formation of carabamamic acid and caraba‐
mete ions, was detected also in some modified IRMOF-74 materials [42].

Figure 9. Adsorption and desorption of 13CO2 in [Zn2(BME-bdc)2 dabco]n. 13C NMR spectra (left) were recorded at T =
232 K and p0 = 9.6 bar. Intensities of the adsorbed CO2, as extracted from the 13C NMR spectra, are shown on the right.
Figures were published by Bon et al. [43]. Copyright © 2015 Elsevier Inc.

Breathing of MIL-53 during hydration-dehydration is only one particular representation of
porosity switching in this material. This more general phenomenon can be in flexible MOFs
induced by changing the pressure of different gases, also of CO2. The increased pressure
induces structural phase transition and increases the pores of flexible MOFs. The pressure, at
which the phase transition takes place, is called the gate pressure. Bon et al. used 129Xe and 13C
NMR spectroscopy to inspect the influence of nonpolar Xe atoms and polar CO2 molecules on
the porosity switching of a series of functionalized MOFs [Zn2(BME-bdc)x(DB-bdc)2−x dabco]n
(x = 2, 1.5, 1, 0.5, 0) [43]. Whereas 129Xe chemical shift is very sensitive to the confinement/
physisorption, the difference in the 13C isotropic chemical shift of free CO2 and of physisor‐
bed CO2 is only few ppm. However, as shown above, if motion of CO2 molecules is spatially
anisotropic or restricted, the corresponding 13C signals can exhibit pronounced chemical shift
anisotropy. In their study, Bon et al. followed 13C NMR spectra while increasing the 13CO2

pressure (Figure 9). At phase transition from the narrow-pore to the large-pore form, the signal
of the adsorbed 13CO2 narrowed and the sign of the chemical shift anisotropy changed. In
different MOFs, the NMR study detected different gate pressures and different degrees of
ordering of CO2 molecules. Complemented by modeling, the study showed that in these MOFs
without open metal sites, CO2 molecules were preferentially found in the neighborhood of
carboxylate carbon atoms of the linker molecules.

Water and carbon dioxide molecules are both small molecules, very important for the stability
and applicability of MOFs in gas separation and storage and energy storage. Several MOFs
comprise very large pores (mesopores) with the diameters of several nanometers. Into such
pores also much larger molecules than H2O and CO2 can be incorporated. Particularly
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interesting and important examples of larger molecules are drug molecules. Indeed, very
quickly after the preparation of the first large-pore MOFs, studies on the possibilities of usage
of MOFs as drug-delivery matrices had begun [44, 45]. In addition to the large pore volumes
of MOFs and thus to their very high drug-loading capacities, one of the most important
advantages of MOFs over other potential drug-delivery matrices is the great versatility of their
structures and functionalities.

Figure 10. 1H-13C CP-MAS NMR spectra of crystalline caffeine, empty ZIF-8, and of two differently prepared drug-de‐
livery systems. CAF@ZIF-8_IN denotes the delivery system obtained with a one-step preparation. CAF@ZIF-8_EX was
obtained by impregnating empty ZIF-8 with an aqueous solution of caffeine for 8 h and by subsequent drying at room
temperature. The detected shifts of 13C NMR signals of caffeine embedded into CAF@ZIF-8_EX suggest that caffeine
molecules are interacting with the ZIF-8 framework. Figure was published by Liédana et al. [46]. Copyright © 2012
American Chemical Society.

NMR spectroscopy was quite often used as a tool for obtaining the information about the
nature of the incorporated drug molecules within MOFs. Very often 1H and 13C MAS NMR
spectra of the MOFs loaded with a drug were compared to the spectra of the pure crystalline
drug and of the empty MOF. The detected changes in chemical shifts of individual NMR
signals could indicate, which part of the drug molecule and which part of the framework
interacted one with another. 13C MAS NMR spectroscopy was employed for studying the
incorporation of caffeine into ZIF-8 (Figure 10) [46]. Based on the shifts of the NMR signals of
the caffeine’s methyl group and of the 2-methylimidazole’s CH group, the authors conclud‐
ed that caffeine formed weak Van der Waals bonds and strong hydrogen bonds with the
framework. Caffeine was incorporated also into pure UiO-66, and UiO-66 functionalized with
NH2, Br, or OH groups [47]. Detailed NMR and DFT study showed that caffeine’s 13C chemical
shift did not change after the incorporation of drug into the pores, suggesting that if there were
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any interactions between caffeine molecules and the UiO frameworks, they were weak and
they predominantly affected H atoms. 1H spin-lattice relaxation times for the incorporated
caffeine molecules were much shorter than for the molecules within the pure crystalline
caffeine. This indicated that the caffeine molecules, even though confined, were still more
mobile within the pores of UiO-66 than within the caffeine crystals. 1H-1H homonuclear
correlation spectra showed that only weak Van der Waals bonds between the caffeine’s methyl
groups and the framework’s phenyl rings existed, whereas interactions with the amine and
hydroxyl functional groups were not detected. The experimental findings were supported by
the results of the DFT-based calculations, which proposed the energetically most favorable
locations for the embedded caffeine molecules.

Figure 11. 1H MAS NMR spectra of empty MIL-101(Cr) (black) and MIL-101(Cr) loaded with indomethacin (red).
Enlarged segments show the centerband next to second and forth spinning sidebands. Labels THF and IMC point to
the non-negligible contributions of tetrahydrofuran (solvent) and indomethacin (drug) in the spectrum of the loaded
MIL-101(Cr). Comparison of the two spectra indicates that tetrahydrofuran molecules are much more affected by the
paramagnetic chromium centers than indomethacin molecules, suggesting that the former molecules are much closer
to the framework metal centers than the latter molecules. Figure was published by Čendak et al. [49].

The second, quite often studied model drug is ibuprofen. Ibuprofen was incorporated into
MIL-53, MIL-100, and MIL-101 [44, 48]. The most informative were 1H MAS NMR spectra,
showing that in MIL-101, for example, ibuprofen was incorporated in the form of anions.
Another model drug, indomethacin, was also incorporated into MIL-101. A detailed NMR
study was carried out on Cr-MIL-101, Fe-MIL-101, Fe-MIL-101(NH2), and Al-MIL-101(NH2),
into which large amounts of indomethacin were incorporated (ca. 1 g of indomethacin/1 g of
an empty MIL-101 matrix) [49]. The loaded Al-MIL-101(NH2) sample was the easiest to inspect
by NMR, because its framework was diamagnetic. The measurement showed that indome‐
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thacin did not form strong bonds with the framework or its functional NH2 groups. Interest‐
ingly, in spite of careful drying procedure, NMR spectroscopy still detected a substantial
amount of solvent tetrahydrofuran molecules within the pores of Al-MIL-101(NH2). 1H-1H
homonuclear correlation and 1H-13C heteronuclear correlation experiments showed that the
tetrahydrofuran molecules were attached to the hydroxyl groups on the metallic trimeric units
via hydrogen bonds. Very similar conclusions were obtained also for Fe- and Cr-based drug-
delivery systems. In case of the Cr-MIL-101 loaded with indomethacin (and tetrahydrofuran),
1H MAS NMR spectrum clearly showed that tetrahydrofuran signals exhibited much broad‐
er pattern of spinning sidebands than indomethacin signals. This demonstrated that tetrahy‐
drofuran was much closer to the paramagnetic chromium centers and was thus much more
affected by the strong electron-nucleus dipolar coupling (Figure 11). It seems that strong
bonding of tetrahydrofuran molecules to the metallic trimeric units and hindered transporta‐
tion through the relatively narrow windows between the mesopores of MIL-101 were the
reasons that drying in vacuum could not entirely remove the solvent from the pores of this
potential drug-delivery matrix.

5. Conclusions

Selected examples of the application of solid-state NMR spectroscopy for studying MOFs
showed that this spectroscopic technique can offer very valuable information about the
structure and about the functioning of MOFs. Many times this information is unique and it
crucially complements the information that is about MOFs obtained by other characteriza‐
tion tools. It is worth noting that for several of the above described studies the role of molec‐
ular modeling was particularly important. It is in fact a quite general observation that solid-
state NMR spectroscopy gained a lot of power as a material’s characterization tool since the
introduction of modeling and accurate quantum-chemical calculations of NMR observables.
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