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Metal-organic frameworks (MOF) constitute an important
class of crystalline porous materials.!! Since the introduction
of the first porous MOF more than twenty years ago,””! more
than 2000 three-dimensional MOF topologies have been
described. The large surface areas (up to 6000 m*g™') and
tunable pore sizes (ranging from 0.5 to 3 nm) of MOFs makes
them well suited for a variety of applications including gas
storage, molecular sieving, or heterogeneous catalysis."!
Many MOF materials have been shown to be efficient and
selective catalysts in a wide variety of key chemical reactions.
As for other classes of solid catalysts, establishing structure—
activity relationships is key for the rational design of MOFs
with improved catalytic properties.

Solid-state nuclear magnetic resonance (NMR) spectros-
copy is well suited to characterize the molecular structure and
dynamics of MOF materials, for example in cases where X-ray
diffraction is insufficient to determine the topology of the
framework®<*l or when the flexibility properties of the
network needs to be investigated.®

We have recently shown how dynamic nuclear polar-
ization"! (DNP) could be implemented to yield a remarkable
increase in the NMR sensitivity for surface organic function-
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alities in hybrid nanoporous materials.'! The drastic reduction
in experiment time (of more than two orders of magnitude)
provided by DNP “C or ¥Si solid-state NMR spectroscopy
allowed the fast and detailed structural characterization of
surface bonding patterns and local conformations.!!

We report here the first application of DNP-enhanced
solid-state NMR spectroscopy to MOF materials. The experi-
ments are demonstrated on the N-functionalized MOF
compound (In)-MIL-68-NH,*>! (1), on a partially func-
tionalized variant of 1 with a terephthalate:aminoterephtha-
late ratio of 80:20 (2), and on a 10% proline-functionalized
derivative of 1, (In)-MIL-68-NH-Pro (3) (Scheme 1). These
three materials are representatives of an as-synthesized
functionalized MOF (compound 1), a partially functionalized
MOF (also called MIXMOF,™ compound 2), and of a post-
synthetically modified MOF (compound 3).'! Despite the
fact that the pore size of the MOFs are much smaller (ca.
1.6 nm) than that of the mesoporous materials we previously
investigated by DNP surface-enhanced solid-state NMR (ca.
6 nm),*" we show that significant effective sensitivity
enhancement factors can be obtained for "H-"C cross-polar-
ization magic angle spinning (CPMAS) experiments on these
MOF materials. These factors are discussed with respect to
the presence or not of the bulky proline ligand, which
prevents the radical from entering into the pores. We show in
addition that the reduction in experimental time provided by
the DNP technology (of the order of 10- to 30-fold) allows the
fast acquisition of two-dimensional "H-"*C correlation spectra
and of '"H-"N CPMAS NMR spectra at natural abundance.

Figure 1A, B and C shows the one-dimensional 'H-"*C
CPMAS spectra recorded on the three MOF samples with or
without microwave (MW) irradiation to induce DNP. The
observed DNP enhancement (¢) and the overall sensitivity
enhancement factors (X) are indicated for each of the three
compounds. While ¢ is defined as the ratio of the signal-to-
noise ratio of the MW on and MW off spectra, Z corresponds
to the sensitivity gain with respect to a dry sample at low
temperature. The definitions of the various sensitivity en-
hancement factors are given in the Supporting Information
and have previously been extensively discussed.'”) Notably, =
takes into account the fact that the signal enhancement
available from DNP is partially offset due to reductions in
signal intensities by various paramagnetic effects.

We have recently presented a series of non-aqueous
solvents that, in combination with the exogenous biradical
bTbK" yield enhancements comparable to the best available
water-based systems.'¥! As the MOF samples investigated
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Scheme 1. A) The crystal structure of MOF (In)-MIL-68 illustrating the
three-dimensional structures of the MOFs that are formed with indium
octahedra and terephthalate ligands as bridging linkers.! B-D) Sche-
matic structures of the three N-functionalized MOFs which are
isostructural to MIL-68. B) (In)-MIL-68-NH, (1), C) the partially N-
functionalized (In)-MIL-68 material obtained with a terephthalate:2-
aminoterephthalate ratio of 80:20 (2), and D) the 10% proline-
functionalized derivative of (1), (In)-MIL-68-NH-Pro (3). All MOFs
display one-dimensional rod-shaped structures, composed by hexahe-
dral and triangular channels with an aperture of 1.6 and 0.6 nm,
respectively. E) Schematic structure of the biradical polarizing agent
bTbK.P! The approximate size of the molecule is 1.5 nm x0.6 nm.

here could not be impregnated with an aqueous solution (due
to a chemical reaction with water), solutions of the biradical
bTbK (Scheme 1)F! and 1,1,2,2-tetrachloroethane (EtCl,)
were utilized. Incipient wetness impregnation was used to
impregnate the dry materials with a minimal amount of
radical containing solution. All details about sample prepa-
ration and optimization of the experimental conditions are
given in the Supporting Information. In particular the
influence of radical concentration, spinning frequency (v,),
and the amount of time the impregnated samples were
allowed to rest before solid-state NMR experiments were
attempted, were optimized on 1.

It was found that 16 mm bTbK solutions provided both the
highest ¢ and X (Supporting Information, Figure S1).
Although ¢ was observed to be higher with a sample spinning
frequency v, of 8 kHz, the absolute signal of the spectra was
similar with a v, of 12 kHz (Figure S2). In order to reduce
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overlap of spinning sidebands with isotropic resonances, a v,
of 12 kHz was employed for all subsequent experiments.
Finally, DNP 'H-C CPMAS solid-state NMR spectra of the
same sample of 1 impregnated with a 16 mm bTbK solution
were periodically acquired after the sample was allowed to
rest on the bench top inside the rotor for times of S min, 1 h
and 25 h in between acquisitions. Both ¢ and = were observed
to steadily increase from 7 to 13 and 3.0 to 3.6, respectively,
with longer sample resting times (Figure S3). This suggests
the biradical species slowly diffuse through the relatively
small (1.6 nm) pores of the material. Spectra of 1 and 2 were
recorded after 25 and 0.5 h of resting time, respectively. For
compound 3, however, the enhancement factors were inde-
pendent of sample resting time and spectra were recorded
5 min after rotor packing. Note that the enhancements for the
EtCl, resonance (&g > 20 in all cases) is always larger than that
for the MOF materials, suggesting that the biradical mole-
cules are partly excluded from the pores for all three types of
the materials (see below).l”)

Under these optimal experimental conditions, for MOF
samples 1 and 2, ¢ values of 13 and 16 were observed,
respectively. Significantly lower values of X were measured,
corresponding to the fact that the biradicals inside of the
material cause a reduction in the signal intensity through
various paramagnetic effects.'’? On the other hand, for 3,
similar values of ¢ and X are observed (4.8 and 5.8,
respectively). This strongly suggests that the bTbK molecules
are excluded from the pores of 3, leading to a low value for ¢,
and a relatively high value for 2. This suggests that the whole
material is contributing to the NMR signal under DNP
conditions. This is in agreement with the fact that for 3, ¢ does
not increase with additional sample resting times, and that a
much larger value of ¢ is observed for the solvent resonances
(es=26). It is likely that for 3, the proline groups block the
one-dimensional pores of the material and hinder the
relatively large bTbK radical from diffusing into the material.
TEM images of the as prepared 3 reveal that the average
crystal size is less than 300 nm (Figure S4). Griffin and co-
workers have previously applied DNP to needle-like nano-
crystalline peptides which possessed an average crystal width
of 150 nm."" In their system it was not possible for the radical
to enter the lattice of the crystal and larger ¢ values were
obtained for the solvent resonances than the resonances of
nuclei inside the crystals, as observed here. In a similar way,
we postulate that for 3, the bTbK molecules reside on or near
the surface of the crystallites, and that the enhanced polar-
ization is distributed into the crystal by spin diffusion.

For all three samples, we estimate that the overall
sensitivity gain with respect to a dry sample at room
temperature!’” (= ~3.0) is between 10 and 30, correspond-
ing to a reduction in experimental time by a factor between
100 and 900. This allows high quality one-dimensional *C
CPMAS spectra of 1-3 to be acquired in less than 5 min at
natural isotopic abundance. For comparison, a 'H-"C
CPMAS spectrum of 1 at room temperature with a similar
signal-to-noise ratio has been recorded in 2.3 h using standard
instrumentation (Figure S5). However, it should be noted that
the full width at half height (A) of the *C resonances of all
DNP solid-state NMR spectra of 1 are around 2.8 ppm, while
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Figure 1. A-C) One-dimensional 'H-"*C CPMAS spectra of 1, 2 and 3, respectively, recorded with (black) or without microwave irradiation (red) to
induce DNP. The samples were impregnated with a 16 mm bTbK EtCl, solution. Both the observed (¢) and overall signal enhancement factors (Z)
provided by the DNP experiment are listed. DNP enhancement factors for the solvent resonance (&) are also provided. All spectra were acquired

on a Bruker 9.4 T DNP solid-state NMR spectrometer® equipped with an Avance Il console and a low-temperature 3.2 mm triple resonance
probe. In all cases the sample spinning frequency (v,,;) was 12 kHz and sample temperatures were ca. 105 K. A total of 64 scans (A), or 128
scans (B and C) were accumulated with a CP contact time of 1 ms and a recycle delay of 1 s. Spinning sidebands are marked with asterisks.

D) Two-dimensional "H-">*C HETCOR spectrum of 3. A total of 512 scans were accumulated for each of the 72 t, increments (At;=67.20 us). A 1s
recycle delay and a 1 ms CP contact pulse were used (10.6 h total experiment time). During t, e-DUMBO-1,, 'H decoupling"® was applied at a
radio-frequncy field strenght of 90 kHz. A scaling factor of 0.56 has been used to correct the proton chemical shift scale.

at room temperature A is 1.2 ppm (Figure S6) and is typical of
a crystalline MOF.P** The increase in A primarily originates
from the low sample temperatures and inclusion of the
solvent in the pores of the material. Therefore, the DNP and
Boltzmann signal enhancements are slightly offset by
increases in A. Despite the slightly broader peaks, the DNP
BC solid-state NMR spectra can readily be used to obtain
structural information about the materials.

Assignment of the carbon resonances is reported in
Figure 1, based on the chemical shift values and on compar-
ison of the various spectra. Notably, the resonances corre-
sponding to carbons 2 and 5 of the aminoterephthalate are
clearly identified based on the fact that their intensity is
reduced in Figure 1B, as only 20 % of the linkers contained an
amine moiety in 2. The spectra of 3 are consistent with the
replacement of 10 % of the amine functionalities with proline
ligands. In the aliphatic region of the 1D *C CPMAS
spectrum (Figure 1C), the resonances from the carbon
nuclei of proline are hardly visible and overlap with the
spinning sidebands of the aromatic resonances. The corre-
sponding correlations are, however, unambiguously observed
in the 2D dipolar 'H-"C heteronuclear correlation
(HETCOR) spectrum (Figure 1D). With the signal enhance-
ment afforded by low temperature DNP experiments the 2D
HETCOR spectrum could be acquired in 10.6 h. Note that
without DNP, the acquisition of a such a spectrum with high
enough signal-to-noise ratio to observe the weak proline
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resonances would require experiment times on the order of
weeks. It should also be noted that it was possible to acquire a
2D 'H-"C HETCOR spectrum of 1 in 22 min (Figure S7).
DNP-enhanced 'H-"N CPMAS solid-state NMR spectra
of 1-3 are shown in Figure 2. Natural abundance “N solid-
state NMR experiments represent a considerable challenge
due to the low gyromagnetic ratio (v,=40.58 MHz at 9.4 T)
and low natural abundance (N.A.=0.37%) of °’N. Grant and
co-workers have previously employed DNP to acquire natural
abundance 'H-"N CPMAS solid-state NMR spectra of
carbazole at low field (1.4 T).””) Under the DNP conditions
developed here, a high-resolution 9.4 T 'H-"N CPMAS
spectrum of 1 with a reasonable signal-to-noise ratio could
be acquired within 34 min (for comparison, at room temper-
ature and using standard NMR instrumentation, the acquis-
ition of a spectrum of similar signal-to-noise ratio required
13 h, Figure S8). The "N CPMAS spectrum of 1 shows a
single broad resonance at a chemical shift of 66 ppm,
consistent with a neutral primary amine bound to an aromatic
carbon (an aniline). The "N CPMAS spectrum of 2 required a
longer experimental time (2.3 h) to attain a reasonable S/N,
due to the reduction in the number of "*N spins by a factor of
80% in comparison to 1. As expected, the °N resonance of 2
has a similar chemical shift as for 1. The spectrum of 3
(recorded in 5 h) shows the presence of two additional "N
resonances consistent with the incorporation of proline into
the MOF material. The proline amine resonance is observed

www.angewandte.de

Chemie

129



Angewandte
Zuschriften

130

(B)
SIN=7

Q{ 2
(€) "

— T T — T T T T T T T T T T

-
100 50 0
5N Chemical Shift (ppm)

T
150

Figure 2. DNP "H-">"N CPMAS solid-state NMR spectra of 1-3. All
spectra were acquired with v,,,=12 kHz and a 2.0 ms contact time. All
spectra were processed with 50 Hz exponential line broadening. A) 1,
acquired with a 1 s recycle delay between each of 2048 scans (34 min
total experiment time), B) 2, acquired with a 2 s recycle delay between
each of 4096 scans (2.3 h total experiment time), and C) 3, acquired
with a 1's recycle delay between each of 18000 scans (5 h total
experiment time). The signal-to-noise (S/N) ratios of the largest peaks
are listed to the left of each spectrum. Chemical shifts are referenced
to the NH," resonance (0,,, =0 ppm) of ammonium nitrate.

as a shoulder (d;,=50ppm) on the side of the aniline
resonance while the amide resonance is centered at o, =
127 ppm.

In summary, we have presented here the first application
of DNP-enhanced solid-state NMR spectroscopy to MOFs.
We have shown, on a series of three N-functionalized MOFs,
that incipient wetness impregnation can readily be applied to
impregnate these materials with radical-containing solution.
DNP methodology provides reduction in experimental time
of two orders of magnitude, even in the proline derivative
material for which the radical does not enter into the pores.
This enabled the fast acquisition of *C and "N NMR spectra
with high S/N ratio. While the standard method used to
characterize N-functionalized MOFs typically consists in the
entire digestion/dissolution of the solids into strongly acidic
solutions to enable solution NMR and mass spectrometry
experiments,['%+2! the strategy proposed here allows for the
rapid characterization of intact MOF topologies. As such,
DNP-enhanced solid-state NMR spectroscopy is expected to
be applicable for the widespread characterization of MOFs.
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