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Natural abundance oxygen-17 solid-state NMR of metal organic frameworks enhanced by dynamic nuclear polarization

Abstract

The YO resonances of Zirconium-oxo clusters that can be found in porous Zr carboxylate
metal-organic frameworks (MOFs) have been investigated by magic-angle spinning (MAS) NMR
spectroscopy enhanced by dynamic nuclear polarization (DNP). High-resolution *’O spectra at
0.037 % natural abundance could be obtained in 48 hours, thanks to DNP enhancement of the
H polarization by factors s(lH)= Swith/Swithout = 28, followed by 'H>Y0 cross-polarization,
allowing a saving in experimental time by a factor of ca. 800. The distinct 70 sites from the oxo-
clusters can be resolved at 18.8 T. Their assignment is supported by density functional theory
(DFT) calculations of chemical shifts and quadrupolar parameters. Protonation of 'O sites
seems to be leading to large characteristic shifts. Markedly, natural abundance ’O NMR spectra
of diamagnetic MOFs can thus be used to probe and characterize the local environment of

different 70 sites on an atomic scale.
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Introduction

Metal-Organic Frameworks (MOFs) are a class of hybrid porous materials that have attracted
considerable attention in the last few decades. Their highly porous structures, that can be easily
modulated in terms of their chemical nature and pore dimensions, have made them promising
candidates for various potential applications in different fields related to environment, energy

and health.?

For any realistic application, one of the main expected features of MOFs is their ability to be
manipulated under ambient conditions (such as in the presence of moisture), or even more
stringent ones (such as in physiological or corrosive media) in the case of more advanced
applications. MOFs with high chemical stability are obtained by using high valence cations (e.g.,
Fe**, APY, zr™, Ti*", ...) and strongly bonding organic functional groups.>* However, many MOFs
are difficult to crystallize, leading to amorphous products or nanocrystalline powders.>® Thus,
structural elucidation of the crystalline framework may be very challenging, and in some cases
characterization techniques such as X-ray or even electron diffraction reach their limits,

particularly when unit cells are large and/or structural complexity is involved.

In this regard, the use of advanced complementary techniques becomes more and more

7-15

useful to assist structure elucidation. Solid-state NMR is one of the ideal complementary

techniques to diffraction as it is sensitive to nuclear sites on an atomic scale while it does not
require large crystals or the presence of long-range order. The anisotropic interactions that
determine the NMR line shapes in the solid state (e.g., chemical or paramagnetic shifts, dipolar
or quadrupolar couplings) and that provide precious structural information can be probed with

specifically designed experiments.16 The NMR parameters thus obtained can then be compared

17,18

with those calculated by means of DFT methods and serve to validate different structural

19-24

hypotheses and assist structural refinement. The combination of MAS NMR spectroscopy

and DFT calculations has become known as “NMR crystallography” and has found successful

applications in a multitude of studies. >
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For the structural elucidation of a MOF, an accurate description of the constitutive
inorganic building units (IBUs) and their sites is a crucial step. Indeed, acquiring a clear insight
into both the nuclearity (i.e., discrete or extended) and the coordination (i.e., oxo/hydroxo
groups, edge or corner shared MOx, connectivity, etc.) of an IBU represents a key stepping-
stone in structure resolution. In addition to the metal cations, the oxygen atoms are of
particular importance when dealing with MOF’s IBUs.*® The Y0 sites comprise very useful
information with regard to the composition of an IBU and the site of the metal cations since
inorganic ligands, such as oxo- and hydroxo-bridges (which can have various coordination
geometries) and organic ligands (coordinating functions such as carboxylates, phenolates,

phosphates, etc.) all represent distinct ’O environments.

However, Oxygen-17 NMR spectroscopy is limited by a low natural abundance (0.037%),
an unfavorable Larmor frequency (y(*’0)/y(*H) = 0.14), and a large quadrupolar interaction, with
quadrupolar splitting wq that can reach several MHz (spin S = 5/2). All Y0 spectra arise from the
central transition between the states m = +1/2 and m = —1/2, which is only broadened by the
second-order quadrupolar interaction by a few kHz. In contrast, the satellite transitions between
the states m = £ 5/2 and m = + 3/2, as well as those between the statesm = £+ 3/2 and m =+
1/2, are usually not observable because they are broadened to first-order and span several
MHz. All of these factors greatly limit sensitivity and spectral resolution, even in samples
spinning at the magic angle (MAS).>! Several NMR studies of isotopically enriched ’O NMR of
MOFs*?* or other materials®>™’ have been reported so far. However, isotopic enrichment is
often challenging from the synthesis point of view, and invariably expensive. In addition, there is
no guarantee that all oxygen sites from the structure are uniformly enriched during the
synthesis or the post-synthetic treatment, which makes any tentative quantification highly
dubious. Oxygen-17 MAS NMR studies have been conducted on a variety of materials in

3748 Extending the use of this

combination with dynamic nuclear polarization (DNP) techniques.
powerful tool to MOFs, particularly at natural abundance, represents a significant leap forward

in their structural elucidation and atomic scale characterization.
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Over the past decade, DNP has emerged as an invaluable tool to boost the intensity of
NMR signals.“g'52 By saturating the EPR transitions of suitable radical species, used to dope the
samples, by means of microwave irradiation, it is possible to greatly enhance the polarization or
population difference between the nuclear spin energy levels, and hence to increase nuclear
signal intensities by a factor € = Syitn/Swithout, Where ¢ is the ratio of signal intensities recorded on
the same sample with and without microwave irradiation, by one or two orders of magnitude.
This has allowed investigations of dilute chemical species or low-abundant nuclei that would

have been otherwise prohibitive in terms of experimental times.>>°

In the following, we present unprecedented natural abundance 'O spectra obtained
through DNP-enhanced MAS NMR experiments of a porous Zr-oxo-cluster carboxylate-based
MOF. The 'H nuclei are hyperpolarized by DNP prior to cross-polarization from 'H to *’O to
obtain the sensitivity required to detect different 70 sites in the material. Moreover, the use of
DFT methods to calculate the chemical shielding anisotropy (CSA) and electric-field gradient

| 0 sites in the material, thereby providing

(EFG) tensors allowed us to identify and assign al
valuable structural information. Our observations prove that the *’O sites are very sensitive to

local structure and feature characteristic lineshapes for different sites.
Results and discussion

In this study, we sought to investigate a porous Zr polycarboxylate based MOF for several
reasons. Indeed, in addition to being diamagnetic, this family of materials, widely studied in the
last decade, offers a large diversity in terms of chemistry (IBU, nuclearity and connectivity),
topology and pore dimensions.®® To perform our study, we have selected an in-house MOF,
namely, MIP-206 (where MIP stands for Materials of the Institute of porous materials from
Paris), which is chemically robust and conserves its integrity under the experimental conditions
in which the DNP-MAS NMR measurements are performed (presence of water). It is also
endowed by large channels of ca. 2.6 nm in diameter, thereby ensuring accessibility to the
solution containing radicals. Moreover, this MOF is built with two different IBUs, Zr12-oxo-
clusters () and Zr6-oxo-clusters (ll), together with benzoate ligands. The detailed crystalline

structure of MIP-206 will be reported elsewhere. The dodecanuclear oxo-cluster (l) is depicted
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in Figure 1. It is coordinated to 12 benzoate groups (L-COO) and 6 formate groups, and can be
formulated as [Zriy(us-O)s(us-OH)g(u2-OH)s(HCOO)s(L-COO)12] or as [Zre(us-0)a(us-OH)a(u-
OH)3(HCOO0)5(L-CO0)s],. Interestingly, (1) shows, in particular, u>-oxo/hydroxo bridges that are a
very distinctive of Zr12-oxo-clusters (1),%% in contrast to the usz-oxo/hydroxo bridges that can be

also found in the more common Zr6-oxo-clusters (1l).

As all different 70 sites in the full unit cell are also found in these substructures, only
these oxo-clusters were utilized to perform DFT calculations of the NMR parameters so as to
keep the computational time within reasonable bounds. Carboxylate functional groups of the
aromatic cores that are involved in binding to the zirconium centers of the neighboring Zr-oxo-
cluster were substituted by methyl groups to further reduce computational costs. The nearest
remaining carboxylic 1’0 sites are 5 bonds away from the truncation site. This strategy ensures
minimal perturbation of the electronic environment of the 70 sites in the Zr-oxo-clusters while

allowing the computation of meaningful NMR parameters.

A'H spectrum of a sample of ca. 30 mg of MIP-206 impregnated with a 13 mM solution
of AMUPol® in D,0/H,0 (vol/vol = 90/10), spinning at the magic angle at 10 kHz in a sapphire
rotor of 3.2 mm diameter in a static field of B, = 18.8 T (800 MHz for protons, 108.5 MHz for 17O)
is given in Fig. S1 of the Supporting Information, where proton spectra acquired with and

without microwave irradiation show an enhancement g(*H) = 28.

This enhanced polarization has been exploited to acquire 0 spectra at natural
abundance by means of cross polarization (CP). The results are shown in Fig. 2(a). It is important
to remark that CP spectra are often not quantitative, i.e., the signal areas are generally not
proportional to the number of oxygen atoms in each site, as the efficiency of polarization
transfer from the surrounding proton bath to ’O may be site specific. This is due to two main
factors: i) different oxygen environments are characterized by different distributions of *H-"0
internuclear distances or dipolar couplings and ii) different oxygen environments are
characterized by different quadrupolar couplings. The former factor affects the CP process as it
determines the time scale of the polarization transfer. The latter determines the efficiency of

the CP transfer as the spin locking efficiency for the central transition depends on the size of the

6
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. . 63,64
guadrupolar interaction.™

Both these factors imply that different oxygen environments will be
differently polarized, and that the CP process cannot be tuned optimally, either in length of the
contact pulses or for the rf-field match condition, for all oxygen sites at once. The most intense
Y0 peak is due to water molecules (H,0, HDO and D;0) in the frozen polarizing solution. An
expansion of this spectrum is shown in Fig. 2(b), where one can identify different *’O sites at
higher frequencies. The only spinning sideband that does not overlap with centerbands of other
sites is highlighted by an asterisk in (b) and is due to water molecules in polarizing solution. Fig.
2(c-j) show simulations of *’O peaks based on the NMR parameters obtained by means of DFT
methods on the cluster of Fig. 1. The blue spectrum of 3(c) results from the sum of all relevant
(red) Y0 spectra. The agreement between the experiment and simulations is remarkably good.
The simulated 'O spectrum of Fig. 2(d) corresponds to the water molecules in the polarizing
solution and was simulated assuming quadrupolar parameters for ice reported in the

literature. >

The shift parameters were calculated ex-novo in this study for a cluster of 6 water
molecules (See Supporting Information). The simulated linewidth, which is mostly due to
second-order quadrupole interactions, reproduces very well the linewidth observed
experimentally. The spectra shown in 3(d-j) are due to various 70 sites of the MOF that are
generally well resolved at this field. Overall, one can appreciate a clear correspondence
between the experimentally observed line shapes and those calculated for our Zr12-oxo-cluster
(1), thus proving the pertinence of our simplified model of Fig. 1(b). The shift and quadrupolar
parameters utilized in these simulations are given in Table S1. It is interesting to note that the
carboxylic and 1-OH sites are characterized by a relatively large CSA, resulting in extensive
spinning sideband patterns that make it challenging to identify the central transition. These
sideband patterns are due to second-order cross terms between quadrupolar and shift

interactions that cannot be averaged out by magic-angle spinning.®”®®

For the u3-OH sites, on
the other hand, the central transitions can be clearly identified in the simulated spectra. An
unprotonated u3-O site is predicted to have an almost negligible quadrupolar broadening,
resulting in nearly isotropic lines (orange spectrum in Fig. 2). Since we found no experimental
evidence for any sharp peaks in the relevant spectral region, we postulated that these sites

must be protonated. This hypothesis was investigated in silico and the simulated spectrum for a
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protonated x3-OH site is shown in (j). These results indeed confirm that this site is protonated
upon impregnation of the MOF with aqueous AMUPol solution. We are planning further
investigations with water-free polarizing solutions to ascertain this hypothesis. The use of
organic solvents would also eliminate the intense water signal and potentially provide a cleaner

Y0 NMR spectrum.

In order to test how quadrupolar and shift NMR parameters can be used to distinguish
between different 2’0 sites in MOF materials, an analogous DFT study was conducted on a Zr6-
oxo-cluster (Il) whose structure and composition are very similar to half of the Zr12-oxo-cluster
() but without the bridging 1,-O sites. The corresponding structure is shown in Figure 3(a, b).
For the sake of comparison, a series of simulated spectra for the various 'O sites of the Zr12
oxo-cluster (I) of Fig. 1 is shown in Fig. 3(c). The simulated spectra for Zr6-oxo-cluster (ll) are
shown in Fig. 3 (d). Different sites are highlighted by coloured boxes. One can easily identify in
the spectrum of (d) the absence of 1,-O sites (emphasized by a vertical blue arrow). Markedly,
this represents a clear distinctive feature that can provide valuable information for the
structural elucidation step. The peak associated with water in the polarizing agueous AMUPol
solution is shown in (e) to guide the eye. The first set of spinning sidebands, corresponding to
70 sites with large CSAs, are indicated by asterisks with the same colour coding. Undoubtedly,
these results prove the power of NMR spectroscopy, in combination with DNP enhancement
and DFT methods, in discerning and characterizing different ’O sites in MOFs on the atomic
scale, which can be particularly helpful for structural elucidation. In addition, our simulations
also point to possible limitations of this kind of studies: extensive spinning sideband patterns
arising from *’0 species with large CSAs (mainly carboxylic functions and bridging 10 sites) are
expected to overlap at the slow spinning rates commonly utilized in DNP experiments. The
implementation of MQMAS® or STMAS” techniques in combination with CP>* from
hyperpolarized protons to 'O offers a possible strategy to circumvent these hurdles. The use of
faster spinning rates can also reduce overlapping of spinning sideband patterns and increase

71,72

spectral resolution. More recent experimental approaches as an alternative to CP can also

be considered.”>”*
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Conclusions

The 0 resonances in a (meso)porous Zr-oxo-cluster based MOF have been investigated
for the first time by means of DNP-enhanced MAS NMR at natural 0.037 % isotopic abundance.
An AMUPol solution was used as the impregnating agent. Upon microwave irradiation, an
enhancement of ca. 28 of the 'H polarization was obtained. The hyperpolarized H
magnetization was transferred to *’0 by means of *H—'’0 cross-polarization. This allowed us to
record one-dimensional 0 spectra without isotopic enrichment in ca. 48 hours. Anisotropic
shielding and electric-field gradient tensors were calculated by means of DFT methods. This
enabled us to assign the experimental *’O peaks, where a remarkable agreement between the
experimental and simulated spectra has been obtained. The carboxylic and bridging 14-O sites
feature large chemical shift anisotropies. The 70 sites has proven to be very sensitive to local
structure and can be utilized for the structural characterization of MOF materials. In summary,
signal enhancement by DNP opens new avenues to perform YO NMR of diamagnetic MOF
samples in natural abundance and, as demonstrated in this study, can be of particular interest in
assisting the structural elucidation of novel MOFs and/or to study in the future the “ligand
defect” phenomenon’ that MOFs may suffer (or benefit) from. DFT calculations show that all
Y0 sites, including bridging 1,-O sites, appear in well-defined spectral regions that do not

overlap at 18.8 T.
Experimental details

NMR. The dry material was impregnated with a solution of 13 mM AMUPol in D,0:H,0 =
90:10 (v:v) without any cryoprotectant and transferred to a 3.2 mm sapphire rotor. The CP
spectra were recorded at T= 100 K in a By = 18.8 T magnet (800.1 and 108.5 MHZ for *H and *0,
respectively) coupled with a 527 GHz gyrotron and utilizing a spinning rate vg = 10 kHz. The rf-
field strength for the 90° 'H pulse was 100 kHz and the contact time for the cross-polarization
step was 1. = 3 ms, with rf field strengths of 65 and 26 kHz for *H and 0, respectively. Due to
sensitivity constrains, the experimental parameters utilized for the CP spectra were optimized

by maximizing the intensity of the H,O peak only. The spectra were referenced to adamantane
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and H,0, for *H and 0, respectively. Numerical simulations were performed with SIMPSON’®

and employed 8 x 320 crystal orientations sampled with the REPULSION scheme.”’

DFT calculations. DFT calculations were performed utilizing Gaussian09.”® The structure of
the Zr12 cluster (1) shown in Fig. 1 was optimized with the B3LYP functional’®® utilizing the
Pople basis sets®! 3-21G (for *H and *3C), 6-311+G(d) (for ’0) and the LANL2DZ pseudopotential
(for zr).2®* The optimized geometry was subsequently utilized for the calculation of magnetic
shielding and EFG tensors with the GIAO method®>%® at the same level of theory. Subsequently,
a single 'H nucleus was positioned in the proximity of a 15-O moiety. Geometry optimization
allowed the position of this proton to be optimized, while the remaining structure was kept
frozen. The resulting geometry was utilized for the calculations of NMR parameters as described
above. Only the relevant 15-O site was considered in this latter case. The EFGShield software®’
was utilized to extract the calculated NMR parameters. Cartesian coordinates are given in

Supplementary Information.
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Figure 1 (a, b) Structure of the Zr12 oxo-cluster (I) with the composition [Zry,(Us-O)s(us-OH)s(L,-
OH)(HCOO)6(L-CO0)1,] (L-COO0)s] (where L stands for a 4 m-methylbenzene ring) comprising two
subunits bridged by 6 protonated 1,-O site units, viewed down the z- and x-axes, respectively. The Zr, C,
O, H atoms are represented by blue-gray, grey, red and white spheres, respectively.
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Figure 2 (a) Experimental DNP-enhanced ‘*H — 'O CP MAS spectrum of a sample of ca. 30 mg of

MIP-206, a porous polycrystalline MOF containing Zr12 oxo-clusters (1) of the type shown in Fig. 1, with
incipient wetness impregnation with an aqueous (D,0:H,0 = 90:10) solution without cryoprotectant
containing 13 mM of the biradical AMUPol as polarizing agent, observed at 100 K in a 3.2 mm sapphire
rotor spinning about the magic angle at 10 kHz in a field B, = 18.6 T (800 MHz for *H, 108.5 MHz for *’0).
The polarization of the protons was enhanced by dynamic nuclear polarization (8(]H) = Syith/ Swithout = 28),
using ca. 5 W of microwave irradiation at 527 GHz, prior to transfer to 'O by cross-polarization. The
assignments show 4 distinct 'O sites. The asterisk indicates a spinning sideband. (c) Simulated "0
spectrum obtained by summation of 6 spectra (d-h) shown in red. (d) Simulated signal of H,O from
aqueous AMUPol solution used for incipient wetness impregnation of the porous solid. (e-i) Simulated
0 subspectra of 5 distinct /O sites, based on NMR parameters calculated by DFT methods on structure
(1) shown in Fig. 1. (i) Subspectrum for the missing unprotonated p5-O sites (orange). (j) Subspectrum
expected for a protonated ;-0 site (red). The relative intensities of subspectra (e-j) are proportional to
their occurrence in structure (1), except for subspectrum (f) that was expanded vertically by a factor 4. A
line broadening of 1 kHz was applied to all experimental and simulated spectra.
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Figure 3 (a, b) Views of Zr6-oxo-cluster (ll) formulated [Zrg(ps-0)a(us-OH)s (HCOO)4(L-COO)g]

(where L stands for a 4 m-methylbenzene ring) showing that the core is similar to half of the Zr12 cluster
(1), but without the (u,-OH);bridges viewed down the z- and x-axes, respectively. (c) Superposition of
simulated O MAS spectra for the 6 Y0 sites of the Zr12 oxo-cluster (1) of Fig. 1 assuming NMR
parameters calculated with DFT methods. Colored boxes highlight different 70 sites. Spinning sidebands
for sites with large CSAs are indicated by color-coded asterisks. (d) Spectra analogous to (c) for the Zr6
cluster (I1). (e) Simulated signal of H,"’O in polarizing solution. The signal of the bridging u,-OH sites that
are present in Zr12 oxo-cluster (I) but absent in Zr6 oxo-cluster (ll) is highlighted by a vertical blue arrow.
All subspectra were normalized to have the same peak heights for clarity.
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