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Abstract

MIL-53(Al) is a member of the most extensively studied metal-organic frame-
work (MOF) families owing to its “flexible” framework and superior stability.
70 solid-state NMR (SSNMR) spectroscopy is an ideal site-specific characteri-
zation tool as it probes local oxygen environments. Because oxygen local
structure is often altered during phase change, "0 SSNMR can be used to
follow phase transitions. However, '’O is a challenging nucleus to study via
SSNMR due to its low sensitivity and resolution arising from the very low nat-
ural abundance of "0 isotope and its quadrupolar nature. In this work, we
describe that by using '’O isotopic enrichment and performing ’O SSNMR
experiments at an ultrahigh magnetic field of 35.2 T, all chemically and crys-
tallographically inequivalent oxygen sites in two representative MIL-53
(Al) (as-made and water adsorbed) phases can be completely resolved. The
number of signals in each phase is consistent with that predicted from the
space group refined from powder X-ray diffraction data. The O 1D magic-
angle spinning (MAS) and 2D triple-quantum MAS (3QMAS) spectra at 35.2 T
furnish fine information about the host-guest interactions and the structural
changes associated with phase transition. The ability to completely resolve
multiple chemically and crystallographically inequivalent oxygen sites in
MOFs at very high magnetic field, as illustrated in this work, significantly
enhances the potential for using the NMR crystallography approach to deter-
mine crystal structures of new MOFs and verify the structures of existing
MOFs obtained from refining powder X-ray diffraction data.
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1 | INTRODUCTION
Metal-organic frameworks (MOFs) are a class of
inorganic-organic hybrid porous materials that have
attracted tremendous attention in the last decades.’! The
remarkable variability and tunability of the composition,
structure, and property of MOFs are the most striking
characteristics, distinguishing themselves from other
inorganic porous materials such as zeolites. Flexible
MOFs are an important branch of MOF family. They can
undergo reversible crystal-to-crystal phase transition
upon external stimuli such as host-guest interactions and
physical stimuli, resulting in drastic changes in unit cell
volume and pore dimension.””! The marked change in
unit cell volume can be used for applications in sensors,
switching devices, micromechanical devices, and so forth.
Furthermore, the dynamic switching of MOF channels is
ideal for selective adsorption of guest molecules.'!
Perhaps, the most prominent member of flexible
MOFs is MIL-53. Although many MOF systems exhibit
some structural flexibility, the majority of current
research is focused on the MIL-53 family due to their
superior thermal (up to 500°C) and chemical (in water
and many solvents) stability. The structural flexibility of
MIL-53 is often demonstrated by the change in pore
dimension during MOF activation and subsequent hydra-
tion (Figure 1.1 By removing the residual linker precur-
sor (1,4-benzenedicarboxylic acid, H,BDC) molecules
occluded inside the MOF channels during synthesis, the
pore dimension of MIL-53(Al), a prototypical member of
MIL-53, increases from 7.3 X 7.7 A2 in the as-made phase
(i.e., MIL-53(Al)-as) to 8.5 x 8.5 A% in the large-pore
phase (i.e., MIL-53(Al)-Ip). The large-pore phase can
adsorb water to yield a narrow-pore phase (i.e., MIL-53
(AD)-np) with compressed channels of 2.6 x 13.6 A%
Despite the drastic changes in channel dimension accom-
panied by the change in crystal structure, the framework
topology is retained during the phase transition. The
main driving force for phase transition and dynamic

MIL-53(Al)-as

FIGURE 1
H,BDC, turquoise. The hydrogen atoms are omitted for clarity

MIL-53(Al)-Ip l

switching of channel size is hydrogen bonding,'** but
other types of host-guest interactions such as z-z stac-
king and van der Waals forces are also considered to be
factors.!! These interactions are not only responsible for
the structural changes but also play critical roles in their
applications such as xylene separation./®’ Thus, a better
understanding of the host-guest interactions in these sys-
tems through characterization of different phases are crit-
ically important for designing new flexible MOFs. The
information on crystal structures of different phases
associated with dynamic switching mainly come from the
X-ray diffraction (XRD)-based methods. However, more
often than not, guest molecules are disordered, and they
undergo rapid thermal motions within MOF channels.
Furthermore, the details of hydrogen bonding are usually
unavailable due to the insensitivity of XRD to hydrogen
atoms within the crystal structure.

Solid-state NMR (SSNMR) spectroscopy is a nuclide-
and site-specific characterization tool complementary to
XRD-based techniques.!”! It is sensitive to the changes in
both long-range ordering upon phase transition and local
environment induced by host-guest interactions. Previ-
ous SSNMR studies provided valuable information on
host-guest interaction and structural change associated
with phase transitions in MIL-53(A1)..***! The mecha-
nism of dynamic switching during MOF activation and
hydration was first rationalized on the basis of 'H, **C,
and ?’Al SSNMR data.!"**! The adsorption of xylene
isomers, aromatic compounds, and nitrogen bases was
further examined by 'H, '°C, *’Al, and *H SSNMR
experiments.** ™™ A 12°Xe SSNMR study also illustrated
that the large-pore to narrow-pore transformation can be
triggered by weak van der Waals forces between xenon
atoms and the framework.*)

Oxygen is a key constituent of MIL-53(Al). It exists in
two different species within the framework: the carboxyl-
ate group (—COO™), and the pu,-hydroxyl group bridging
two AlOg octahedra (Al-OH-Al). These two oxygen-
containing functional groups play prominent roles in the

MIL-53(Al)-np

Schematic illustrations of the transformation between three MIL-53(Al) phases. Color coding: Al, green; O, red; C, grey;
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phase transition associated with the breathing of MIL-53
(Al) and are directly involved in host-guest interactions
such as hydrogen bonding.[4] 70 SSNMR spectroscopy
should be ideal for probing phase transitions of MIL-53
(Al) that alter the geometric and electronic environments
of oxygen as 70 is highly sensitive to both the chemical
shift (CS) and quadrupolar interactions.®! However, 170
SSNMR is, in general, more challenging than 'H, '*C,
and *’Al SSNMR, due to the fact that 7O has extremely
low natural abundance (0.038%) and a relatively low
gyromagnetic ratio (y = —5.774 MHz T'), although
high-resolution proton SSNMR can be challenging as
well, but for a different reason. Furthermore, 7O (spin
I = 5/2) is quadrupolar’® and, therefore, often suffers
from the line broadening induced by the second-order
quadrupolar interaction. '’O isotopic enrichment can
dramatically increase the sensitivity.'! Performing "0
SSNMR experiments at high magnetic fields (>18.8 T)
can significantly improve spectral resolution (as the
second-order quadrupolar interaction in frequency is
inversely proportional to the strength of magnetic field)
and enhances the sensitivity as well.

70 SSNMR has been employed to examine the MIL-
53 MOFs. Ashbrook et al. studied the mixed-metal
MIL-53(Al and Ga) at 14.1 and 20.0 T. The results provide
valuable information on the final composition of the
materials, the preference for cation clustering/ordering
within the MOFs, and the wunusual breathing
behavior.'%*! Previously, we also acquired ’O SSNMR
spectra of MIL-53(Al)-as and MIL-53(Al)-np at
21.1 T.1% Although significant differences in 170 spectra
were observed between the two phases, the multiple
crystallographically inequivalent carboxylate oxygen sites
in each phase were not resolved.

Very recently, we demonstrated that very high 7O
spectral resolution can be achieved for MOF systems
at ultrahigh magnetic field of 352 T.' In the
abovementioned reference, we examined the effect of
activation on the MIL-53(Al) framework oxygen. At this
highest magnetic field available to chemists today,!** sig-
nificantly higher spectral resolution and sensitivity
achieved allowed us to distinguish partially activated
from completely activated MIL-53(Al) (note: the
completely activated MIL-53(Al) corresponds to MIL-53
(Al)-Ip phase) and resolve multiple oxygen environments
in partially-activated MIL-53(Al). Encouraged by this
work, we further carried out an 'O SSNMR study of
MIL-53(Al) at 35.2 T. The high spectral resolution and
sensitivity at this field permit every inequivalent oxygen
site to be differentiated in the MIL-53(Al)-as and MIL-53
(Al)-np phases. Both the electric field gradient (EFG) and
chemical shift (CS) tensor values for each oxygen site
were also extracted.

WILEY_L_®

2 | EXPERIMENTAL METHODS

2.1 | Sample preparation

The MIL-53(Al)-as sample was synthesized by the dry gel
conversion method described in our previous work.1%d
All starting materials were used as received without fur-
ther purification. A mixture of Al (NO3);-9H,0 (1.6880 g
or 4.5 mmol) and 1,4-benzenedicarboxylic acid (H,BDC,
0.9802 g or 5.9 mmol) was placed in a 23 ml of Teflon-
lined autoclave charged with 0.5 ml of '’O-enriched
water (CortecNet, 35 atom %), see Scheme S1 for the
reaction vessel. The autoclave was sealed and heated in
an oven at 220°C for 3 days. After slowly cooling to room
temperature, MIL-53(Al)-as was collected as a white
powder under vacuum filtration, washed with DMF, and
dried in the air at 80°C. MIL-53(Al)-lp was prepared by
first solvent exchanging MIL-53(Al)-as with DMF for
24 h and then activating it at 300°C under dynamic
vacuum for 12 h. MIL-53(Al)-np was obtained by expos-
ing MIL-53(Al)-Ip to air overnight. The phase purity and
crystallinity of '’O-enriched samples were confirmed by
powder XRD patterns (Figure S1). The degree of 'O
exchange is about 5.8% as the abovementioned samples
were prepared under exactly the same conditions as those
described in He et al.'*

2.2 | SSNMR spectroscopy

70 SSNMR experiments were conducted at 35.2 T on a
series-connected hybrid (SCH) magnet (*’O Larmor
frequency: 203.4 MHz) at the National High Magnetic
Field Laboratory (NHMFL) in Tallahassee, USA.['?"! A
Bruker Avance NEO console and a 3.2 mm of MAS probe
designed and built at the NHMFL were used. The MAS
rate was 18 kHz. Because this probe is a single-resonance
probe, consequently, the spectra are not 'H-decoupled.
However, because the focal point of this paper is to
resolve inequivalent carboxylate oxygen sites, it should
be pointed out that the "H-'7O dipolar coupling for the
carboxylate oxygen in this MOF is relatively weak. In
fact, the magnitude of the dipolar coupling between a
carboxylate oxygen and a nearby phenyl proton is only
about 1 kHz. Furthermore, our previous experience with
similar compounds at lower fields indicates that 'H
decoupling does not improve the resolution of carboxyl-
ate oxygen drastically.

A pulse delay of 0.1 s was used, which was
preoptimized to achieve the highest signal-to-noise (S/N)
ratio. When different pulse delays were used, the
observed NMR lineshapes did not exhibit significant
changes. '’0 1D MAS NMR spectrum of MIL-53(Al)-as
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was acquired by using a rotor-synchronized spin echo
sequence with a 90° pulse of 2 ps and an interpulse delay
of one rotor period. 'O 1D MAS NMR spectrum of MIL-
53(Al)-lp was acquired by using a one-pulse sequence
with a 90° pulse of 2 ps. 70O 1D MAS NMR spectrum
of MIL-53(Al)-np was acquired by using a rotor-
synchronized spin-echo sequence with a 90° pulse of 5 ps
and an interpulse delay of 10 rotor periods for a whole
spin-echo signal. 1’0 2D rotor-synchronized shifted-echo
triple-quantum MAS (3QMAS) spectra were measured by
using 3Q excitation and conversion pulses of 3.75 and
1.25 ps, respectively. 2D 3QMAS spectra were processed
with the Q-shearing procedure using the MATLAB script
(MathWorks Inc.) described in Hung et al."*! In general,
the choice of a pulse length(s) for a particular experiment
is based on the trade-off between the bandwidth and
central transition (CT)-selectivity for sites with small Cq
values. Therefore, selection of a pulse length was made
during the experimental optimization.

All 0 NMR spectra were referenced to liquid water
at 0 ppm. More NMR experimental details can be found
in Tables S1 and S2.

2.3 | Spectral simulations

The strong interaction between the electric quadrupole
moment of 1’0 (I = 5/2) and the surrounding EFG yields
broad powder patterns rather than sharper resonances.
Enhanced at high magnetic fields such as 35.2 T, the CS
interaction interplays with the quadrupolar interaction,
making the lineshape of powder patterns more compli-
cated and difficult to simulate. The dmfit software
package was used to simulate 7O SSNMR spectra using
the Int2QUAD mode, taking both the quadrupolar and
the CS effects into consideration.'* The EFG tensor is
described in dmfit by using three principal components in
the following order:|Vyy| < |Vxx| < |Vzz|- The quadrupolar
coupling constant (Cq) and asymmetry parameter (7q) are
defined as follow: Cq = (eQVzz/h) x 9.7177 x 10*
(in Hz) and nq = (Vyy — Vxx)/Vzz, where e is
the electric charge, Q is the quadrupole moment
(-2.558 x 107° m?)!° and a conversion factor of
9.7177 x 10*' V. m™? is used to convert Cq from atomic
units to Hz. Cq and 7q describe the spherical and cylindri-
cal symmetry of the EFG tensor, respectively. The CS ten-
sor is described by three principal components such that
|622 = Siso] < |611 — Siso] < |833 — Siso|- The isotropic CS
Siso = (611 + 625 + 833)/3, and two chemical shift anisot-
ropy (CSA) parameters are defined by Acg = 833 — ;50 and
nes = (622 — 611)/Acs|. Three Euler angles (¢, y, and w)
describe the orientations of the CS tensor with respect to
the EFG principal axis frame. As a result, eight

independent parameters, Cq, #q, Jiso, Acs, fics, @, ¥, and v,
are required to characterize a single '’O site when both
the quadrupolar and CSA effects are considered. Only the
center transition (+1/2 < — 1/2) was considered in spec-
tral simulations of the 70O 1D MAS spectra of MIL-53(Al)-
np and MIL-53(Al)-as. For MIL-53(Al)-lp, the spinning
sideband (SSB) pattern suggests the observation of satellite
transitions. Therefore, the +3/2 «— + 1/2 and
—1/2 « — 3/2 transitions were also included to reproduce
the SSBs of the 1D MAS spectrum. Seeing the satellite
transitions is likely due to the hard 90° excitation pulse
used.!”*! All uncertainties in NMR parameters were esti-
mated by variation of the parameter of interest in both
directions from the best-fit value while holding all other
NMR parameters constant.

2.4 | Theoretical calculations

Input unit cell parameters and atomic coordinates of
three MIL-53(Al) phases were taken from the refer-
ence.*! Due to the disordered nature of H,BDC in chan-
nels of MIL-53(Al)-as, they were removed prior to
periodic density functional theory (DFT) calculations.
The missing H atoms of BDC®™ linkers, u,-hydroxyl
group, and water molecules in MIL-53(Al)-np were ini-
tially positioned to be consistent with the expected struc-
ture of the system and all atomic positions were then
relaxed with the Vienna Ab-initio Simulation Package
(VASP) code,'®! keeping fixed unit cell parameters set to
the XRD parameters. The NMR parameters were then
calculated by using the QUANTUM-ESPRESSO code,!'”!
keeping the atomic positions equal to the values previ-
ously calculated with VASP. The Gauge-including Projec-
tor Augmented Wave (GIPAW) approach involved in
QUANTUM-ESPRESSO enables the reproduction of the
results of a fully converged all-electron calculation.!®!
Calculations were performed using the generalized gradi-
ent approximation (GGA) with Perdew, Burke, and
Ernerhof (PBE) functionals and norm-conserving
pseudopotentials,!*! in the Kleinman-Bylander form.?!
The wave functions are expanded on a plane-wave basis
set with a kinetic energy cut-off of 80 Ry. For the charge
density and CS tensor calculation, the integrals over the
first Brillouin zone are performed using Monkhorst-Pack
grids of 1 Xx 3 x 1,3 x1x1,and 1 X 3 x 3 k-points for
MIL-53(Al)-as, MIL-53(Al)-lp, and MIL-53(Al)-np,
respectively. The isotropic chemical shift &y, is defined as
Siso = Oiso (ref) — 050, Where oy, (ref) is the isotropic
chemical shielding of the same nucleus in a reference
system. In the present case, the comparison between the
experimental 'O &, and calculated oy, values for
Na,SiO3, a-Na,Si,Os, a- and y-glycine, and «a-SrSiO;
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enabled the determination of the relation between &g,
and calculated o;, values for the O nucleus as
previously described.!%!

3 | RESULTS AND DISCUSSION
The framework of MIL-53(Al) is composed of unidimen-
sional chains of u,-OH-bridged AlO,(OH), octahedra
interconnected by BDC*~ linkers, exhibiting 1D rhombic
channels. Although the framework topology is retained
during the dynamic switching of the structure, the crystal
symmetry indeed varies from orthorhombic Pnma (#62)
for MIL-53(Al)-as, to orthorhombic Imma (#72) for
MIL-53(Al)-Ip, to eventual monoclinic Cc (#9) for MIL-53
(Al)-np, respectively.[4] There is only one u,-OH oxygen
site present in all three phases. The number of
inequivalent —COO~ oxygen sites, however, varies,
depending on the crystal symmetry. Specifically, the
numbers of —COO™ oxygen sites are 2, 1, and 4 for
MIL-53(Al)-as, MIL-53(Al)-lp, and MIL-53(Al)-np,
respectively (Figure 2).

As mentioned earlier, ’O SSNMR experiments of
MIL-53(Al)-as and MIL-53(Al)-np were previously

MIL-53(Al)-np

MIL-53(Al)-Ip

MIL-53(Al)-as

performed at magnetic fields lower than 352 T.['%

Figure 2 shows 7O 1D MAS spectra of MIL-53(Al)-as
and MIL-53(Al)-np at 21.1 T."% Two 0O spectral enve-
lopes corresponding to —COO™ (~220 ppm) and u,-OH
(~20 ppm) oxygen sites are seen in the 1D MAS spectrum
of MIL-53(Al)-as. For MIL-53(Al)-np, three signals
including two in the —COO™ and one in the u,-OH
oxygen regions were identified. However, the number of
observed —COO™ signals for each phase is only half of
what is expected from the crystal symmetry, implying
that not all inequivalent —COO~ oxygen sites were
resolved at this field.

As reported in the recent literature,! performing
70 SSNMR measurements at the highest accessible mag-
netic field strength can drastically enhance both spectral
sensitivity and resolution. Therefore, in the present study,
we acquired 'O 1D MAS spectra of two MIL-53
(Al) phases at 35.2 T (Figure 2). At this ultrahigh mag-
netic field, the signals of both MIL-53(Al)-as and MIL-53
(Al)-np phases become considerably narrower due to the
reduction of the second order quadrupolar broadening.
At 35.2 T, the SSBs are significantly enhanced, especially
for the —COO™ oxygen, indicating the drastically ampli-
fied CSA in frequency by the high field. The 'O

11,12]

)
500

FIGURE 2

1
400

1 1 I 1 1
200 100 0 =100 -200

Siso (PPM)

1
300

Left: The inequivalent —COO™ oxygen sites in different phases. Color coding: O, red; C, grey; H, blue. Right: 1’0 1D MAS

NMR spectra of '’O-enriched MIL-53(Al) samples at 35.2 T (red) and 21.1 T (black). MIL-53(Al)-as: the top two spectra; MIL-53(Al)-Ip: the
middle spectrum; MIL-53(Al)-np: the bottom two spectra. The asterisk (*) denotes spinning sidebands (SSBs). The 'O 1D MAS NMR spectra
of MIL-53(Al)-as and MIL-53(Al)-np at 21.1 T, and the 7O spectrum of MIL-53(Al)-Ip at 35.2 T are adapted with permission from the
American Chemical Society.['°*! Note: the numbers of transients accumulated for each spectrum at 35.2 T were only 1/4 and 1/8 of those
at 21.1 T for MIL-53(Al)-as and MIL-53(Al)-np, respectively. The sample volume (~36 pl) at 35.2 T was less than half of that (~80 pl)

at21.1T
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spectrum of MIL-53(Al)-Ip at 35.2 T was recently publi-
shed.™ For comparison, it is also included in Figure 2.
Although 'O signals in the 1D MAS spectra become
considerably narrower at 35.2 T, the number of —COO™
oxygen signals for MIL-53(Al)-as and MIL-53(Al)-np
remains the same as seen at 21.1 T, suggesting that even
at 35.2 T, the maximum achievable ’O spectral resolu-
tion in 1D MAS experiments is still insufficient to resolve
all inequivalent oxygen sites. This is because some sites
have very similar local environments and simply
spinning the sample at the magic angle cannot
completely average out the second-order quadrupolar
interaction. To achieve higher spectral resolution, we
have carried out 70O 3QMAS experiments,®!! as this
technique can completely eliminate the second-order
quadrupolar broadening along the indirect F1 dimension
and therefore should separate the overlapping signals in
the 1D MAS spectrum. Figure 3 illustrates the 3QMAS

(a)
- &y = 235 ppm
T | MIL-53(Al)-np
3.
0 s o 4 = 240 ppm
| TEEEmmmmmp e
N &) = 265 ppm
O =t
Sl e~y e
5 g

’ 5, = 268 ppm
" .
] r r

1 T T "
260 240 220 F2/ppm ——r—r—r—r—r—
260 240 220 200

spectra of MIL-53(Al)-np and MIL-53(Al)-as in the car-
boxylate oxygen region. Higher spectral resolution was
indeed achieved as four and two —COO™ oxygen sites are
resolved along the F1 dimension of the spectra of MIL-53
(Al)-np and MIL-53(Al)-as, respectively. For both phases,
the number of inequivalent —COO™ oxygen sites seen in
the 3QMAS spectra is now consistent with that predicted
by the crystal structures.!*! It should be mentioned that
the 3QMAS experiment was also carried out at 21.1 T.
However, after 21 h of acquisition, the two inequivalent
carboxylate oxygen sites of MIL-53(Al)-as were not
resolved in the 3QMAS spectrum (Figure S2) at this field.

Analyzing 3QMAS spectra yields the quadrupolar
parameters for each oxygen site. For each resolved 'O
signal along the F1 dimension, the corresponding F2
cross-section can be extracted at §; (in ppm). The §; and
the spectral center of gravity (6,, in ppm) along the F2
dimension can be used to calculate the isotropic chemical

(b)
o
-C00- { #y"OH
MIL-53(Al)-np
AN 05
04
| 03
N | 02
A J\__ A 01
MIL-53(Al)-Ip

8 m
. —_A iso (PPM) AL
g MIL-53(Al)-as & =239 ppm N A A 02
. J\\ A i A N a JU__ . ,_O1
24 MIL-53(Al)-as
260 240 220 200 . 03
1 ‘ilso (ppm) A A 02
o JU o1
g 1 L) L] L I 1 1 I I L] L] 1
260 240 220 F2/ppm 500 400 300 200 100 0 -100 -200
so (PPM)
FIGURE 3 (a) 70 2D 3QMAS NMR spectra of }’O-enriched MIL-53(Al)-as and MIL-53(Al)-np at 35.2 T. Black dashed lines correspond

to the slices extracted for analyses. Blue and red solid lines denote experimental and simulated spectra, respectively. Only the regions
corresponding to —COO™ oxygen sites are shown for clarity. The 3QMAS spectra were acquired using a shifted-echo MQMAS pulse
sequence and rotor synchronized ¢; and processed using the Q-shearing method to avoid spectral folding of the peaks and spinning
sidebands (SSBs).[*! The total experimental times are 1.3 and 3.4 h for MIL-53(Al)-as and MIL-53(Al)-np, respectively. (b) Experimental and
simulated '’O 1D MAS NMR spectra of three MIL-53(Al) phases at 35.2 T. Both the quadrupolar and CSA effects are considered in
simulation by using the parameters shown in Table 1. Asterisks (*) denote SSBs. The two oxygen species in MIL-53(Al) were shown on the
top. The 170 spectrum of MIL-53(Al)-Ip at 35.2 T is adapted with permission from the American Chemical Society™!
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shift &, (in ppm) and the quadrupolar product,
Py = Co(l + 5o*/3)Y? (in MHz) using the following
equations! 102!

17 10
Siso = —=01 + —02,
iso 27 1+ 27 2

5 1/2
_ [170 [a1(21-1)] I
Q-{am(‘*“m} X107

where v, is the Larmor frequency (in MHz) and I is the
spin quantum number.

The extracted di5, and Pq values of each —COO™ oxy-
gen site of MIL-53(Al)-as and MIL-53(Al)-np are shown
in Table S3. The values of these two parameters were
determined directly from the resonance positions along
F1 and F2 dimensions and do not require accurate
lineshape fitting along the F2 dimension.

To assign the observed 'O NMR signals to crystallo-
graphic —COO™ oxygen sites, the &, values of each
inequivalent oxygen site were predicted by the GIPAW
DFT calculations under periodic boundary conditions
(Table S4). It has been well established that although the
calculated 6;, values may not exactly match the experi-
mental J;5, values, assignments of multiple signals based
on relative calculated &, values are valid.[S100c11:231 A
comparison between calculated and experimental &g,
values permits individual assignment of —COO™ oxygen
signals. For instance, the calculated d;5, values of —COO™
oxygen sites are ordered O4 > O5 > 03 > 02 for MIL-53
(Al)-np. The 7O signal with the highest 8;s, of 264 ppm
is, therefore, assigned to O4, the 'O signal with the
second-highest &;5, of 260 ppm is assigned to O5 and so
forth. The two —COO™ oxygen signals of MIL-53(Al)-as
are assigned similarly.

For MIL-53(Al)-np, O2 and O3 signals are well
resolved in the F2 dimension, and their line-shapes along
F2 cross-section are also well defined. Their Cq, 7q, and
biso values can be extracted by fitting the F2 cross-
sections (Table S3), and they were used as initial inputs
to simulate the 1D MAS spectra for final refinement.
However, the signals of O4 and OS5 sites overlap, and
the lineshapes of their F2 cross-sections are not
well-defined. For these two sites, using experimentally
obtained P and theoretically calculated g, we derived
their Cq values according to their relationship of
Po = Co(1 + 10%/3)"% The Cq, g, and &, values were
further refined by simulating the 1D MAS spectra. MIL-
53(Al)-np has five oxygen sites including the u,-OH oxy-
gen. Forty parameters in total are required if both the
EFG and CSA effects are considered. To reduce the num-
ber of parameters, we first simulated the 1D MAS

WILEY_L_’

spectrum by only considering the quadrupolar interac-
tion. We have demonstrated previously that at such a
high magnetic field of 35.2 T, the EFG anisotropy of a
carboxylate oxygen is much smaller than that of the CSA.
The EFG is the primary source of line broadening for iso-
tropic peaks, but only makes little contribution to the
SSBs.["!! Indeed, the isotropic region in the simulated
spectrum where only the effect of the EFG is
considered matches well with the experimental spectrum
(Figure S3), but the SSBs are negligible as expected.
Figure S4 further illustrates an excellent agreement
between experimental spectrum of MIL-53(Al)-Ip and the
simulated one where only the quadrupolar effect is
considered, demonstrating that the main source of exper-
imental resonance broadening of the isotropic peaks is
the second-order quadrupolar interaction.

To reproduce the SSBs and obtain the CS tensor
parameters, we further simulated the 1D spectrum by
taking both the EFG and CSA effects into account. Spe-
cifically, five additional parameters are incorporated in
the simulation: two CSA parameters including the
reduced anisotropy Acs and the CS asymmetry parameter
ncs, as well as three Euler angles (¢, y, and y) describing
the orientations of the CS tensor with respect to the EFG
tensor principle axis frame." The calculated Acs, 7cs,
and three Euler angles (¢, y, and ) (Table S4) along with
the Cq, nq, and dis, values optimized in the previous steps
were used as initial inputs for fitting the 1D MAS spectra.
The final simulation allows us to refine and determine
the final values of the eight parameters describing the
EFG and CSA effects for each oxygen site. The final
refined NMR parameters are summarized in Table 1.

The "0 Cq, 5o, and &, values of some oxygen sites
in MIL-53(Al) were reported previously.'**! However,
because the experiments were conducted at the magnetic
fields at 21.1 T or lower, the lower sensitivity and resolu-
tion did not allow all inequivalent —COO™ oxygen sites
to be resolved. In the present study, we were able to
resolve all inequivalent oxygen sites of MIL-53(Al)-as and
MIL-53(Al)-np phases and extract 'O Cq, 70, and &iso
values for every site. It should be pointed out that the res-
olution of all inequivalent sites results from not only the
high spectral resolution achieved at 35.2 T but also the
significant boost to the sensitivity at this field. The high
sensitivity gained at the ultrahigh field has made the "0
3QMAS experiments performed in this study practically
possible in just a matter of hours, not days. Such a gain
in sensitivity is very significant, considering the
70-enriched MOFs used in this work were prepared by
using only 35% 170-enriched water. Furthermore, this is
the first time that the CSA parameters and Euler angles
are reported for oxygen sites in various MIL-53
(Al) phases.
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TABLE 1 Refined experimental ’0O NMR parameters of three MIL-53(Al) phases

Sample Site Pq(MHz) Co(MHz) 19 Oiso (pPM)  Acs(ppm) 7cs @ () x () w ()

MIL-53(Al)-as ~ O1 (u,-OH) 5.78 0.75 19.6 94 0.22 90 0 0
02 (-C00") 8.6 7.41 0.74 236.4 -210 0.37 250 80 70
03 (-C00") 8.1 6.95 0.84 232.1 —-184 0.63 180 85 40

MIL-53(Al)-Ip 01 (4,-OH) 542 0.72 27.4 65 0.72 90 0 0
02 (-C00") 7.45 0.81 235.8 —182 0.82 170 80 45

MIL-53(Al)-np Ol (u,-OH) 6.37 0.50 25.6 -70 030 270 0 0
02 (-C00") 8.3 7.77 0.75 228.0 —182 0.72 140 90 80
03 (-C00") 8.1 7.36 0.55 235.0 202 0.95 280 45 160
04 (-C00") 7.5 6.95 0.63 258.0 —201 0.98 170 85 40
05 (-C00") 8.1 7.57 0.64 264.6 —182 0.54 80 40 260

Note: The estimated uncertainties are 0.5 MHz for Pg, 0.05 MHz for Cq, 0.05 for #q, 0.5 ppm for dis,, 10 ppm for dcs, 0.10 for 5cs, and 10° for ¢, y, and v,

respectively.

In the present work, O 2D 3QMAS experiments at
an ultrahigh field of 35.2 T allow us to separate all
inequivalent —COO™ oxygen sites in both MIL-53(Al)-as
and MIL-53(Al)-np. We previously also reported the 'O
MAS spectrum of MIL-53(Al)-Ilp at 35.2 T. Taken
together, we have been able to unambiguously identify
all chemically and crystallographically inequivalent oxy-
gen sites in all three representative phases of MIL-53
(Al) at 35.2 T. The total number of resolved '’O signals
now matches the number of inequivalent oxygen sites
expected from their crystal symmetry: three for MIL-53
(Al)-as, two for MIL-53(Al)-Ilp, and five for MIL-53
(Al)—np.[‘” The experimental Cq, 1q, and &y, values of
—COO™ oxygen sites range from 6.95 to 7.77 MHz, 0.55 to
0.84, and 228.0 to 264.6 ppm, respectively, and these
ranges are from 5.42 to 6.37 MHz, 0.50 to 0.75, and 19.6
to 27.4 ppm for u,-OH oxygen sites. Moreover, the magni-
tudes of the CSA of u,-OH oxygen sites (JAcs|: 65 to
94 ppm) are smaller than those of —COO™ oxygen sites
(JAcs|: 176 to 198 ppm), consistent with the literature.'®®!

At this point, it is informative to compare the 'O
NMR results obtained at 352 T with the information
extracted from 'H, °C, and >’Al MAS NMR data.l"**>
e10f1 11y a]l cases, the changes in NMR spectra have been
observed upon the transformation among three MIL-53
(Al) phases shown in Figure 1. "H MAS NMR is sensitive
to the existence and identity of guest molecules within
MOF channels."*1°f1 Ag a result, the '"H MAS NMR
spectrum of MIL-53(Al)-as looks distinctly different from
that of MIL-53(Al)-Ip. The ™C cross-polarization
(CP) MAS NMR spectra are particularly sensitive to the
changes in local electronic environment around carboxyl-
ate groups induced by hydrogen bonding.!*>10ef]
Consequently, the phase transition from MIL-53(Al)-Ip to
MIL-53(Al)-np induced by water adsorption is

accompanied by a relatively large chemical shift of car-
boxylate carbon from 170 to 174 ppm.[*! The changes in
the *’Al MAS NMR spectra directly reflect the degree of
distortion in AlO4OH), octahedra during the phase
transition.'*>!  2’Al NMR spectra are particularly
sensitive to the phase change between MIL-53(Al)-Ilp and
MIL-53(Al)-np as the Cq value increases substantially
from 8.4 to 10.67 MHz upon adsorption of water.

70 SSNMR can also provide valuable information on
structure, phase transition, and host-guest interaction in
MIL-53. The chemical shift of the u,-OH oxygen is sensi-
tive to the nature of metals that it bridges in the frame-
work and has been used to confirm and quantify the
incorporation of the second framework metal into mixed-
metal MIL-53.1%fl The current and previous work has
shown that 70O SSNMR also has the ability to detect the
two phase transitions in MIL-53(Al) involving three
phases as shown in Figure 1. At 35.2 T, upon activation,
MIL-53(Al)-as with the Pnma structure transforms to
MIL-53(Al)-Ip with the Imma structure, which coincides
with a significant change in '’O i, of the u,-OH signal
from 19.6 to 27.4 ppm (Figure 4). The u,-OH group is
involved in the hydrogen bonding with the occluded
linker precursor, H,BDC, in MIL-53(Al)-as. This interac-
tion is responsible for the slightly reduced channel
dimension of MIL-53(Al)-as (7.3 x 7.7 A?) compared with
MIL-53(Al)-Ip (8.5 x 8.5 A?). Apparently, the significant
change in isotropic chemical shift observed upon phase
transition is due to the removal of hydrogen bonding
interaction by activation. Adsorption of water induces
the phase transformation from the MIL-53(Al)-Ip to
MIL-53(Al)-np phases. It is known that the p,-OH group
is not directly involved in hydrogen bonding with water
molecules because its "H chemical shift does not change
upon water adsorption.m Consequently, the change in
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MIL-53(Al)-as

T T
60 40 =20 -40

20 0
Siso (PPM)

FIGURE 4 'O 1D experimental (black) and simulated (red)
MAS NMR spectra of '’O-enriched MIL-53(Al) samples at 35.2 T.
blue dashed lines denote the isotropic chemical shift §;s,. Only the
regions corresponding to u,-OH oxygen sites are shown for clarity.
Asterisks (*) denote SSBs. The 7O spectrum of MIL-53(Al)-Ip at
35.2 T is adapted with permission from the American Chemical

Society!*!

the 70 &iy, value of y,-OH oxygen from MIL-53(Al)-Ip to
MIL-53(Al)-np is subtle. However, the changes in the '’O
Cq (from 5.42 to 6.37 MHz) and 7q (from 0.72 to 0.50)
values are noticeable. The CSA parameters of y,-OH oxy-
gen also alters upon water adsorption (Acs: 65 to
—70 ppm; ncs: 0.72 to 0.30). These observations indicate
that the adsorbed water molecules have induced observ-
able differences in local environment of u,-OH, even
when hydrogen bonds are not formed.

The phase transformation from MIL-53(Al)-lp to
MIL-53(Al)-np upon water adsorption is evidenced from
the significant change in the —COO™ oxygen region of
the 7O 1D MAS spectra. Specifically, the splitting of the
single —COO™ oxygen peak in MIL-53(Al)-lp into two
signals in the spectrum of MIL-53(Al)-np was observed at
35.2 T and lower fields."**1 Ashbrook et al identified
the signal with lower &, value to the —COO™ oxygen
interacting with water via hydrogen bonding and the one
at higher d;5, value to the —COO™ oxygen uninvolved in
hydrogen bonding.!"°! The 3QMAS spectrum acquired at
35.2 T further illustrates that each —COO™ oxygen signal
seen in the 1D MAS spectrum actually originates from
two overlapping signals. The peak with lower chemical
shift results from the overlapping of O2 and O3 signals,
whereas the higher chemical shift envelop is due to 04
and O5. Crystal structure indicates that the local
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environments of O2 and O3 are very similar as the bond
lengths and angles involving the two oxygen sites are
almost identical."*! The same is true for O4 and 05. At
35.2 T, each pair of crystallographically inequivalent car-
boxylate oxygen with very similar local structures can be
well distinguished, demonstrating that the very high 7O
spectral resolution and sensitivity achieved at this ultra-
high magnetic field permit one to differentiate oxygen
sites with subtle differences in local geometry. The fact
that the *’O isotropic chemical shift values of 04 and O5
differ significantly from O2 and O3 upon adsorption of
water confirms the previous results that only half of the
—COO™ oxygen sites are involved in the hydrogen
bonding with water in MIL-SS(AI)-np.[l’we] As men-
tioned earlier, water adsorption indeed induces a shift of
—COO"~ carbon towards the deshielded direction.!*! How-
ever, in each carboxylate group, one oxygen is directly
involved in hydrogen bonding and the other is not, con-
sequently, the impact of hydrogen bonding with water on
each carboxylate carbon is the same. Therefore, the B¢
SSNMR data cannot pinpoint exactly which —COO™
oxygen site participates in the hydrogen bonding.m

4 | CONCLUSIONS

In summary, the high 'O spectral resolution and sensi-
tivity achieved at 35.2 T (the highest magnetic field acces-
sible to chemists to date) combined with 2D 3QMAS
technique make it possible to resolve all inequivalent
—COO™ oxygen sites in three MIL-53(Al) phases. The
crystal structures of MIL-53(Al), originally determined by
powder XRD data, are therefore validated by 7O SSNMR
data. The enhanced CSA effect at ultrahigh field of 35.2 T
allows us to extract the ’O CSA parameters. This work
clearly demonstrates that '’O SSNMR at very high mag-
netic fields is sensitive to the phase transitions in MOFs.
Fine information on both MOF structure and host-guest
interaction in MIL-53 systems is obtained from '’O NMR
spectra at 35.2 T owing to the very high spectral resolu-
tion and sensitivity achieved at this field. Such informa-
tion is complementary to that those obtained from the
'H, C, and *’Al SSNMR spectroscopy. The ability to
completely resolve multiple chemically and, more impor-
tantly, crystallographically inequivalent oxygen sites in
MOFs, as described in this work, greatly increases the
potential for using NMR crystallography to determine the
structures of new MOFs and refine the crystal structures
of existing MOFs.
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