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

Abstract

The 70 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 €("H) = Swith/Swithout = 28, followed by H—'’0 cross-polarization,
allowing a saving in experimental time by a factor of ca. 800. The distinct *’O 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 70O NMR spectra
of diamagnetic MOFs can thus be used to probe and characterize the local environment of

different 10 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.!2

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. This aptitude (or chemical stability) is directly related to the strength of the
coordination bonds connecting the organic and inorganic moieties. However, obtaining highly
robust MOFs requires, in general, the use of high valence cations (e.g., Fe3f, AP*, zr%, Ti*, ..)
and/or organic functional groups to form strong interactions,®4 which makes it challenging.
This subsequently affects the crystallization process, often leading to amorphous products or, at
best, to nanocrystalline powders.[>® Thus, this renders structural elucidation of the crystalline
framework 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
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.[’l The NMR parameters thus obtained can then be compared
with those calculated by means of DFT methods/®® and serve to validate different structural

hypotheses and assist structural refinement.['%1¢] The combination of MAS NMR spectroscopy
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and DFT calculations has become known as “NMR crystallography” and has found successful

applications in a multitude of studies.”]

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.[*8] The 170 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 7O 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 mq that can reach several MHz (spin S = 5/2). All Y0 spectra arise from the
central transition (CT) 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 states m = + 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 70 NMR of
MOFs!2% or other materials?23! 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. To the best of our knowledge, only a single study of silica gel surfaces has made use of

dynamic nuclear polarization (DNP) enhanced MAS of 0 in natural abundance.**! Extending
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the use of this powerful tool to MOFs represents a significant leap forward in their structural

elucidation and atomic scale characterization.

Over the past decade, DNP has emerged as an invaluable tool to boost the intensity of
NMR signals.[?>728] 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 & = Swith/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.[2°-32]

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 1’0 sites in the material. Moreover, the use of
DFT methods to calculate the chemical shielding anisotropy (CSA) and electric-field gradient
(EFG) tensors allowed us to identify and assign all *’O sites in the material, thereby providing
valuable structural information. Our observations prove that the 170 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.!33! 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
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solution (“DNP juice”) containing radicals. Moreover, this MOF is built with two different IBUs,
Zr12-oxo-clusters (1) and Zr6-oxo-clusters (ll), together with benzoate ligands. The detailed
crystalline structure of MIP-206 will be reported elsewhere. The dodecanuclear oxo-cluster () is
depicted in Figure 1. It is coordinated to 12 benzoate groups (L-COO) and 6 formate groups, and
can be formulated as [Zriz(us-O)s(u3-OH)s(u2-OH)s(HCOO)s(L-COO)12] or as [Zre(us-O)a(us-
OH)a(u2-OH)3(HCOO)3(L-CO0)¢]2. Interestingly, (1) shows, in particular, u>-oxo/hydroxo bridges
that are a very distinctive of Zr12-oxo-clusters (1),134 in contrast to the us-oxo/hydroxo bridges

that can be also found in the more common Zr6-oxo-clusters (Il).

As all different 170 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 170 sites are 5 bonds away from the truncation site. This strategy ensures
minimal perturbation of the electronic environment of the 170 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 Bo = 18.8 T (800 MHz for protons, 108.5 MHz for 170)
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 7O 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. The most intense O
peak is due to water molecules (H,0, HDO and D20) in the frozen polarizing solution (the “DNP

juice”). An expansion of this spectrum is shown in Fig. 2(b), where one can identify different 70
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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 the DNP juice.
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) 7O spectra. The agreement between the experiment and simulations is
remarkably good. The simulated 7O spectrum of Fig. 2(d) corresponds to the water molecules in
the DNP juice and was simulated assuming quadrupolar parameters for ice reported in the
literature.38371 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 'O 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.!333° 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
protonated x3-OH site is shown in (j). These results indeed confirm that this site is protonated
upon impregnation of the MOF with the DNP juice. We are planning further investigations with

water-free DNP juice to ascertain this hypothesis.

In order to test how quadrupolar and shift NMR parameters can be used to distinguish

between different 1’0 sites in MOF materials, an analogous DFT study was conducted on a Zr6-

7
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oxo-cluster (ll) whose structure and composition are very similar to half of the Zr12-oxo-cluster
(1) but without the bridging -0 sites. The corresponding structure is shown in Figure 3(a, b).
For the sake of comparison, a series of simulated spectra for the various 7O 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 DNP juice 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. Undoubtably, 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 7O species with large
CSAs (mainly carboxylic functions and bridging /-0 sites) are expected to overlap at the slow
spinning rates commonly utilized in DNP experiments. The implementation of MQMAS1% or
STMAS*! techniques in combination with CP3% from hyperpolarized protons to 70 offers a

possible strategy to circumvent these hurdles.
Conclusions

The Y0 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 *’O by means of *H—'70 cross-polarization. This allowed us to
record one-dimensional 70 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 1’0 peaks, where a remarkable agreement between the

experimental and simulated spectra has been obtained. The carboxylic and bridging 1-O sites
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feature large chemical shift anisotropies. The 1’0 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 O 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
170 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 (“DNP juice”) of 13 mM AMUPOL
in D20: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 Bo = 18.8 T magnet (800.1 and 108.5 MHZ for H
and Y70, 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 tc = 3 ms, with rf field strengths of 65 and 26 kHz for 'H and 70,
respectively. The spectra were referenced to adamantane and H,0, for *H and 0O, respectively.
Numerical simulations were performed with SIMPSON[“3 and employed 8 x 320 crystal

orientations sampled with the REPULSION scheme.[*4

DFT calculations. DFT calculations were performed utilizing Gaussian09.>! The structure
of the Zr12 cluster (l) shown in Fig. 1 was optimized with the B3LYP functional®®47! utilizing the
Pople basis sets*®! 3-21G (for 'H and 13C), 6-311+G(d) (for 70) and the LANL2DZ
pseudopotential (for Zr).[**1 The optimized geometry was subsequently utilized for the
calculation of magnetic shielding and EFG tensors with the GIAO method®%°3! at the same level
of theory. Subsequently, a single 'H nucleus was positioned in the proximity of a u3-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 u3-0O site was considered in this latter case.



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

The EFGShield softwarel® 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 (l) with the composition [Zr12(p3-O)s(u3-OH)s(u2-
OH)s(HCOO)6(L-CO0)12] (L-COO0)s] (where L stands for a 4 m-methylbenzene ring) comprising two
subunits bridged by 6 protonated ,-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 — 70 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,O = 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 Bo = 18.6 T (800 MHz for H, 108.5 MHz for ¥’0).
The polarization of the protons was enhanced by dynamic nuclear polarization (g("H) = Swith/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 YO sites. The asterisk indicates a spinning sideband. (c) Simulated O
spectrum obtained by summation of 6 spectra (d-h) shown in red. (d) Simulated signal of H,O from “DNP
juice” used for incipient wetness impregnation of the porous solid. (e-i) Simulated O subspectra of 5
distinct 70 sites, based on NMR parameters calculated by DFT methods on structure (1) shown in Fig. 1.
(i) Subspectrum for the missing unprotonated us-O sites (orange). (j) Subspectrum expected for a
protonated ps-O 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 [Zre(us-O)a(uz-OH)a (HCOO)4(L-COO)s]

(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 (u2-OH)s bridges, viewed down the z- and x-axes, respectively. (c) Superposition of
simulated 70 MAS spectra for the 6 7O sites of the Zr12 oxo-cluster (I) of Fig. 1 assuming NMR
parameters calculated with DFT methods. Colored boxes highlight different 1’0 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 DNP juice. The signal of the bridging u>-OH sites that are
present in Zr12 oxo-cluster () 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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Figure S1 (a) Proton NMR spectra MIP-206, a porous polycrystalline MOF containing Zr12 oxo-

clusters (1) of the type shown in Fig. 1, acquired at 800 MHz with and without microwave irradiation,
obtained by a solid echo (90° — t— 90° — 1 — acquisition) on a sample of 30 mg with incipient wetness
impregnation with an aqueous (D20:H,0 =90:10) solution of 13 mM of the biradical AMUPOL as polarizing
agent without cryoprotectant, observed at 100 K in a 3.2 mm sapphire rotor spinning about the magic
angle at 10 kHz. The enhancement factor is £('H) = Swit/Swithout = 28, allowing a saving in experimental time
by a factor of ca. 800.
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Table S1 NMR parameters calculated by DFT for the Zr12 cluster (1) of Fig. 1.
Site Ca (MHz) Na Jiso Acs Mcs
u3-OH -8.18 0.01 17.00 51.66 0.29
-8.18 0.01 17.54 50.86 0.25
-8.18 0.01 17.77 51.18 0.25
-8.07 0.00 1.32 82.67 0.01
p3-0 1.07 0.01 412.11 101.31 0.03
1.06 0.29 392.22 80.45 0.76
1.06 0.28 390.94 83.10 0.75
1.06 0.30 394.45 81.70 0.77
u3-OH* -7.91 0.03 61.28 -10.35 0.31
pn2-OH -8.77 0.51 135.29 -104.07 0.08
-8.74 0.50 140.65 -107.80 0.02
-8.77 0.51 137.56 -103.98 0.04
-8.76 0.50 135.65 -102.38 0.05
-8.78 0.51 133.09 -100.14 0.10
-8.76 0.51 137.05 -105.28 0.06
ArCOO~ 7.77 0.92 263.65 224.28 0.48
7.99 0.83 262.14 238.22 0.42
7.77 0.92 264.38 224.47 0.48
7.97 0.84 261.44 239.22 0.42
7.74 0.93 261.91 225.43 0.49
7.97 0.83 264.14 238.44 0.42
7.74 0.92 264.83 222.77 0.50
7.96 0.84 262.63 238.57 0.42
7.75 0.92 263.62 225.57 0.49
7.98 0.83 261.52 237.90 0.41
7.77 0.92 263.56 221.78 0.49
7.98 0.83 260.10 240.94 0.40
HCOO~ 7.95 0.73 301.22 234.21 0.73
7.95 0.73 301.29 234.06 0.74
7.94 0.73 301.51 233.96 0.74
7.95 0.73 302.38 234.16 0.74
7.94 0.73 301.15 234,51 0.74
7.95 0.73 300.90 235.44 0.73
H.0 6.70 0.94 -47.96 -28.56 0.73
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Cartesian coordinates of the Zr12 cluster of Figure 1.
-4.30070 1.92946 -3.45655
-4.27788 2.04965 3.40758
-4.29532  -3.96440 0.07389
4.28865 1.92371 -3.47566
4.30173 2.03560 3.38711
4.28239 -3.97238 0.05621
-4.28322 -2.89469 2.72091
-4.27961 3.80086 1.15390
-4.30029 -0.90400 -3.85088
4.28832 -2.90214 2.69931
4.29350 3.79157 1.13402
4.28047 -0.91058 -3.87314
6.48739  1.71172  -1.94188
6.49317  0.79787  2.43460
6.47931  -2.53757  -0.54507
6.48753 -1.45578 2.12022
6.48829 2.56766 0.16648
6.48095 -1.13724 -2.33841
-2.46197 2.99514 -2.68509
-2.45447 0.82439 3.94309
-2.46123  -3.82660  -1.24112
2.45575 2.99300 -2.69568
2.46897 0.82809 3.93067
2.45457 -3.82611 -1.26614
-2.45247 -1.87240 3.56801
-2.45410 4.02077 -0.16190
-2.47280 -2.15539 -3.39716
2.46696 -1.87267 3.55708
2.46079 4.01793 -0.17051
2.44355  -2.14817  -3.41755
-3.48124 2.90762 -3.44178

0O 0o O O 0O OO0 OO0 OO0 oo o o oo oo o o oo oo o o o o

-3.45909 1.54376 4.24585
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-3.47434  -4.44206  -0.77799
3.47317 2.90498  -3.45493
3.48275 1.53633 4.22923
3.46636  -4.44412  -0.80390
-3.45547  -2.65025 3.66057
-3.46209 4.48980 0.45746
-3.48703  -1.85429  -4.10419
3.47219  -2.64812 3.64663
3.47311 4.48379 0.44422
3.45473  -1.84894  -4.13000
-5.04127  -3.11281  -7.31610
-4.97883 7.91463 0.99034
-4.93554  -4.88519 6.33093
497512  -3.08294  -7.36706
4.99238 7.90480 0.99337
498076  -4.86342 6.31678
-5.01749  -7.86844  -1.21659
-4.96045 2.91155 7.43877
-5.07962 5.05885  -6.11327
5.01349  -7.86673  -1.25647
5.02034 2.88713 7.41163
5.06883 5.05183 -6.13124
-3.09189  -4.48545  -6.81217
-3.06185 8.14199  -0.49730
-3.03663  -3.69423 7.28689
3.03404  -4.46295  -6.85207
3.05994 8.14482  -0.47191
3.08440  -3.67528 7.28134
-3.05393  -7.71726  -2.65198
-3.03312 1.53693 8.01763
-3.10608 6.21276  -5.26930
3.04466  -7.71523  -2.68459
3.06622 1.55663 8.00278
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3.08726
-2.87355
-2.85061
-2.83244

2.82579

2.85144

2.87093
-2.84213
-2.83094
-2.87227

2.83364

2.85688

2.85716
-3.72980
-3.69527
-3.67394

3.68380

3.70485

3.70511
-3.70894
-3.68499
-3.73463

3.70284

3.71956

3.72468
-4.18285
-4.13259
-4.09456

4.11566

4.13733

4.14552
-4.14902
-4.10497

6.20019
-3.71494
6.76158
-3.07123
-3.70055
6.76312
-3.05587
-6.41357
1.28626
5.13666
-6.41223
1.30019
5.12804
-2.65524
5.96474
-3.34700
-2.64160
5.95946
-3.33381
-5.84174
1.83942
4.03336
-5.84127
1.83036
4.02898
-4.17064
8.70749
-4.60480
-4.14041
8.70450
-4.58262
-8.43631
2.35666

-5.29869
-5.66395
-0.40027
6.05010
-5.69635
-0.38705
6.04425
-2.18808
6.65536
-4.40653
-2.21823
6.64248
-4.42985
-5.34332
0.38144
4.96572
-5.37725
0.37803
4.95494
-1.24917
5.69408
-4.39261
-1.28121
5.67609
-4.40837
-7.63333
0.20836
7.41265
-7.68232
0.22817
7.40290
-2.15425
8.39622



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

-4.21708
4.14242
4.15545
4.20082

-4.82139

-4.76739

-4.73300
4.76615
4.78317
4.76800

-4.80409

-4.75752

-4.84536
4.80006
4.80884
4.83730
5.80673
5.82020
5.79739
5.85699
5.85781
5.92446

-2.04133

-2.03441

-2.02437
2.00046
2.02964
2.06106

-2.00688

-2.01341

-2.02493
1.99568
2.02510

6.15898
-8.43391
2.35623
6.14760
-2.35207
6.54102
-4.25578
-2.33106
6.53018
-4.23897
-6.56970
2.65426
3.99280
-6.56931
2.62631
3.98902
-2.85097
8.35781
-5.56662
-8.43979
3.50197
5.03079
-3.92894
6.28545
-2.36024
-3.92019
6.29167
-2.34627
-5.82334
0.65576
5.14156
-5.82292
0.68563

-6.12312
-2.19232
8.37414
-6.14906
-6.17060
1.07849
5.10531
-6.21378
1.07006
5.09047
-0.76146
6.08523
-5.24722
-0.79794
6.06014
-5.26059
-8.02238
1.52659
6.43267
-0.88913
7.72053
-6.79629
-5.00147
-0.93333
5.91287
-5.02711
-0.91566
5.91061
-2.55033
6.32156
-3.72893
-2.57566
6.31442
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2.00743 5.13183  -3.75528
-4.36218  -4.75985  -8.52654
-4.30570 9.77656 0.14308
-4.26218  -5.09531 8.36570
4.28715  -4.72349  -8.58108
4.30825 9.77446 0.17239
4.32085  -5.06967 8.35635
-4.32331  -9.44795  -2.50539
-4.27255 2.55894 9.44887

H
H

H

H

H

H

H

H

H

H -4.40753 6.98643  -6.79852
H 431648  -9.44496  -2.54526
H 4.32832 2.56279 9.42515
H 4.38830 6.97193  -6.82909
H 5.42042  -1.51079  -5.94458
H 5.43403 5.88847 1.65149
H 5.40482  -4.43424 4.23624
H 5.46225 -6.10604  -0.07660
H 5.46648 3.02218 5.29580
H 5.49718 3.13069  -5.22469
Zr -1.80388  -0.28896 2.08144
Zr -1.81235  -1.65645  -1.28624
Zr -1.80733 1.94220 -0.78893
Zr 1.81172  -0.29139 2.07218
Zr 1.80214  -1.65737  -1.29723
Zr 1.80754 1.94012  -0.79725
-2.41192 0.31899  -2.30038
-2.39924 1.83473 1.43205
-2.40536  -2.15443 0.87906
2.40153 0.31702  -2.31244
2.41002 1.83037 1.42039

O O O O O O

240365  -2.15828 0.86589
Zr -4.72923 1.62605 1.27341
Zr -4.73470  -1.90395 0.78343
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Zr -4.73995 0.28573  -2.02774
Zr 4.73893 1.61662 1.25038
Zr 473230  -1.91319 0.75973
Zr 4.73092 0.27729  -2.05094
-3.89483  -1.35572  -1.04874
-3.89100 1.59607 -0.63989
-3.88795  -0.23456 1.71122
3.88639  -1.36221  -1.06903
3.89133 1.58920  -0.65865
3.89431  -0.24229 1.69233
2.15827 2.56788 1.99161
2.15002  -3.02218 1.21660
2.14038 0.44551  -3.23376
-2.14477 2.57265 2.00154
-2.14783  -3.01802 1.22760
-2.15693 0.44534  -3.22374
7.71389  -2.71459  -2.12545
7.72538 3.16607 -1.30474
7.72906  -0.48490 3.37287
5.73553  -0.00801  -0.01638
-1.46384  -0.00094 0.00120
146249  -0.00249  -0.00662
6.70221  -0.00973  -0.01811
0.00290 2.75807 0.15785
0.00405  -1.51993 2.30953
-0.00914  -1.23980  -2.47179
0.00602 0.82801 2.63187
-0.00276 1.85925  -2.04289
-0.00258  -2.69773  -0.59865
6.90146 2.49023  -1.03027
6.90423  -0.38210 2.65174
6.89257  -2.13688  -1.67532

r o o o O O 0O O oo T OOoOoO T T IT T T T T T T O O O O O O

-0.00574 1.88620 -3.00686
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0.00845
-0.00275
0.00457
0.00478
-0.01027
-5.88044
-5.80188
-5.74887
-5.85944
-5.78446
-5.93375
-5.47403
-5.41173
-5.37620
-5.46560
-5.40933
-5.50166
-6.47805
-6.48116
-5.73608
-6.48069
-6.49043
-6.49521
-6.49196
-6.89121
-6.89986
-6.70277
-6.90726
-7.71191
-7.72297
-7.73254
-2.12082
-2.14684

1.68340
-3.53955
-2.43975
3.48605
-1.02144
-2.88723
8.37207
-5.59171
-8.44147
3.54159
5.03723
-1.53084
5.90439
-4.44859
-6.10492
3.06735
3.13154
0.81241
2.58125
0.00341
-1.44124
-2.52399
-1.12465
1.72503
-0.36629
2.50477
0.00477
-2.12253
-0.46645
3.18302
-2.69769
-8.32433
-7.74339

3.07666
-0.12823
2.59954
0.79068
-3.41114
-7.96398
1.52715
6.44965
-0.84571
7.75319
-6.78023
-5.90040
1.67260
4.25531
-0.04050
5.32498
-5.21706
2.46621
0.19689
0.01128
2.15273
-0.51199
-2.30617
-1.91132
2.68638
-0.99800
0.01378
-1.64061
3.41250
-1.26895
-2.08679
-3.68480
-4.61488
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Natural abundance oxygen-17 solid-state NMR of metal organic frameworks enhanced by dynamic nuclear polarization

-1.08549
-2.40764
2.11102
2.14329
1.07301
2.40185
2.10487
2.12403
2.39062
1.07214
2.16245
1.11439
2.26962
2.39106
2.14293
2.39542
2.22964
1.09517
2.13332
1.10139
2.14145
2.43388
2.18682
2.49166
2.23036
1.14229
-2.16757
-2.19592
-2.46025
-1.13040
-2.19048
-2.31686
-1.13890

-8.32968
-9.35417
-5.62296
-6.37755
-5.28318
-6.10402
-8.32249
-7.74137
-9.35224
-8.32856
7.40434
7.09664
7.96482
8.08052
9.00771
10.06764
8.73431
8.87522
0.96682
1.30082
-0.12858
1.26318
-3.35381
-3.91328
-2.28400
-3.60386
-5.64349
-6.39840
-6.12450
-5.30156
7.42394
7.98541
7.12422

-3.32413
-3.91783
-7.18097
-6.38580
-7.27665
-8.11972
-3.71118
-4.64100
-3.94625
-3.34290
-5.29469
-5.38035
-4.35723
-6.12402
-1.32085
-1.22043
-2.37960
-1.02683
9.04598
8.88320
8.99489
10.05542
8.46309
9.35262
8.69957
8.24204
-7.14421
-6.34924
-8.08241
-7.24304
-5.25296
-4.31836
-5.32140
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Natural abundance oxygen-17 solid-state NMR of metal organic frameworks enhanced by dynamic nuclear polarization

-2.41120 8.09682  -6.08709
-2.15561 8.99681  -1.36587
-2.25456 8.71310  -2.42090
-2.40740  10.05757  -1.27271
-1.10437 8.86758  -1.08304
-2.11085 0.91985 9.05446
-2.13925  -0.17459 8.99212
-1.07306 1.23651 8.89438
-2.40564 1.21189  10.06690
-2.13319 -3.37304 8.46432
-2.18389  -2.30490 8.70784
-2.42727  -3.94040 9.35251

r T T O T T T O I I I O =T

-1.08837  -3.61311 8.23455

Cartesian coordinates of the Zr6 cluster of Figure 3.
Zr -2.52837 0.00076 -0.00762
Zr 0.00318 -1.78581 -1.79918
Zr 0.00076 1.78202 1.79296
Zr -0.00299 -1.79781 1.78094
Zr 0.00699 1.79411 -1.78709
-3.58258 -1.35560 1.42915
-3.57478 1.35991 -1.44709
-3.57764 -1.34755 -1.45532
-3.57993 1.35114 1.43659
-1.04282 -0.00568 1.47169
-1.03741 0.00415 -1.48125
-1.40884 2.00793 0.00122
-1.41319 -2.00864 -0.01209
-1.97079 -2.46934 -2.59170
1.97739 -2.57690 -2.48208
-0.05804 -1.12660 -3.95930

O O O O o o oo o o o o

0.06432  -3.95148  -1.15422
Zr 2.53243  -0.00463 0.00121
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Natural abundance oxygen-17 solid-state NMR of metal organic frameworks enhanced by dynamic nuclear polarization

1.41805 0.00336
1.04287  -1.48085
-1.97454 2.46953
1.97424 2.56886
-0.06903 1.12310
0.06836 3.94762
1.41102  -0.00997
1.04620 1.47500
-1.97971  -2.48654
1.96887  -2.59308
-0.07153  -1.15316
0.06019  -3.95892
-1.96565 2.48707
1.98277 2.58540
-0.05563 1.14969
0.07248 3.95522
-3.19122  -2.15004
-3.17872 2.15375
-3.18318  -2.13501
-3.18695 2.13865
-1.97979 2.78869
-1.98570  -2.78827
3.18857  -2.36863
-0.12657 0.01342
0.13234  -4.51120
3.57988 1.43203
3.58133  -1.44352
3.58462 1.44010
3.57675  -1.45128
1.99357 0.00554
3.18633 2.35667
-0.14191  -0.01677
0.14163 4.50729

-2.01109
-0.00622
2.57890
2.48271
3.95309
1.14846
2.00981
0.00363
2.56249
2.46537
3.94554
1.12188
-2.57504
-2.46490
-3.95174
-1.12762
2.34831
-2.36474
-2.37913
2.36099
0.00334
-0.01520
-2.14035
-4.51146
-0.01783
1.36006
-1.35399
-1.34551
1.35147
-2.78832
2.14662
4.50504
0.01236
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Natural abundance oxygen-17 solid-state NMR of metal organic frameworks enhanced by dynamic nuclear polarization

1.98377
3.18133
3.19377
-0.24835
0.25410
-0.26757
0.26568
-4.23734
-4.22224
-4.22831
-4.23220
4.23060
4.22681
4.22200
4.23673
-5.58694
-3.86529
-5.57444
-3.84584
-5.58102
-3.85268
-5.58400
-3.85764
3.85258
5.58157
3.84727
5.57766
3.84075
5.57514
3.85954
5.58782
-6.57865
-5.84513

-0.01290
-2.38180
2.37047
0.01728
-5.60458
-0.02036
5.60040
-2.74540
2.76495
-2.74274
2.73274
-3.26709
3.26065
-3.27984
3.27524
-2.42402
-3.61968
2.45626
3.64423
-2.44536
-3.60821
2.42845
3.59155
-4.31245
-3.06584
4.30810
3.06276
-4.33270
-3.06885
4.33293
3.06662
-2.96952
-1.74538

2.78908
2.13005
-2.12664
-5.60482
-0.02128
5.59795
0.01634
3.23421
-3.24289
-3.25780
3.24885
-2.72376
2.72435
2.71676
-2.69864
3.03285
4.26318
-3.03773
-4.26572
-3.04065
-4.29283
3.03498
4.28965
-3.57531
-2.40747
3.57269
2.40560
3.55757
2.41664
-3.53522
-2.38774
3.85217
2.22736
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Natural abundance oxygen-17 solid-state NMR of metal organic frameworks enhanced by dynamic nuclear polarization

-4.85037
-2.81736
-6.56401
-5.83601
-4.82895
-2.79617
-6.57217
-5.84202
-4.83714
-2.80247
-6.57519
-5.84419
-4.84222
-2.80818
2.80354
4.83277
6.56846
5.84415
2.79829
4.82594
6.56306
5.84144
2.79008
4.81988
6.56107
5.84037
2.81039
4.84070
6.57577
5.84987
-4.57383
-4.54875
-4.55764

-4.16900
-3.85465
3.01976
1.77351
4.21094
3.86968
-3.00671
-1.77419
-4.17182
-3.82504
2.97709
1.76224
4.14256
3.81352
-4.45208
-5.15081
-3.90060
-2.25064
4.44516
5.15148
3.90267
2.24604
-4.47975
-5.16888
-3.90075
-2.24742
447811
5.17607
3.90547
2.24147
-4.84861
4.89443
-4.84431

5.08297
4.40166
-3.84702
-2.23688
-5.07634
-4.40699
-3.84972
-2.22986
-5.10377
-4.44324
3.85256
2.21987
5.10918
4.43770
-3.80483
-4.10572
-2.93722
-1.74316
3.80399
4.09789
2.93001
1.74364
3.77471
4.09335
2.95269
1.76114
-3.76067
-4.05617
-2.90894
-1.73561
5.88069
-5.86946
-5.90649
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Natural abundance oxygen-17 solid-state NMR of metal organic frameworks enhanced by dynamic nuclear polarization

-4.56350
4.55094
4.54303
4.53555
4.55960
8.04387
8.58775
8.51243
8.16010

-8.04090

-8.67667

-8.37085

-8.19729

-8.04084

-8.40385

-8.65694

-8.18703

-8.03869

-8.39882

-8.65453

-8.18848
8.03630
8.50138
8.58357
8.15248
8.03125
8.56434
8.50797
8.15168

-8.03007

-8.64363

-8.39704

-8.17528

4.81015
-5.96468
5.96678
-5.98850
5.99940
3.67898
3.35210
4.60116
2.90929
-2.60884
-3.49888
-1.90223
-2.14166
2.64076
1.97437
3.54683
2.13780
-2.67566
-1.99195
-3.58122
-2.19365
-3.68318
-4.61231
-3.34348
-2.92628
-3.67137
-3.32965
-4.59603
-2.91163
2.67896
3.58654
2.04596
2.13852

5.91625
-4.76372
4.75364
4.74310
-4.70261
-2.59157
-3.48641
-2.22943
-1.82264
3.65500
3.71750
4.42702
2.67772
3.63832
4.43084
3.65001
2.67742
-3.63309
-4.41212
-3.66703
-2.66204
-2.61233
-2.26377
-3.50032
-1.83081
2.64720
3.54301
2.30250
1.86908
-3.64280
-3.61650
-4.46034
-2.70234
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Natural abundance oxygen-17 solid-state NMR of metal organic frameworks enhanced by dynamic nuclear polarization

8.03085
8.49323
8.58027
8.14754
6.17717
6.93413
-6.18361
-6.17462
6.18532
6.17032
6.16653
-6.19385
-6.18765
6.92277
-6.95470
-6.93392
6.94270
6.92565
-6.94394
-6.94822

3.68850
4.61849
3.35059
2.93132
-4.94646
-5.60476
-3.87458
3.90200
4.96390
4.95042
-4.95433
-3.84717
3.83872
-5.61045
-4.28096
4.34837
5.62618
5.61339
-4.32028
4.27347

2.60283
2.25299
3.49018
1.82164
-3.78914
-4.20375
-4.88288
-4.86789
-3.74551
3.77883
3.79351
4.87836
4.89151
4.21288
5.51951
-5.50226
-4.15296
4.18894
-5.51644
5.53241
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