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ABSTRACT: Metal—organic frameworks (MOFs) are a class
of novel nanoporous materials with many potential applica-
tions. Structural characterization is important because under-
standing the relationship between the properties of these
industrially relevant materials and their structures allows one to
develop new applications and improve current performance.
Oxygen is one of the most important elements in many MOFs
and exists in various forms. Ideally, 7O solid-state NMR
(SSNMR) should be an excellent tool for characterizing
various oxygen species. However, the major obstacles that
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prevent applying 7O SSNMR to MOF characterization are the synthetic effort needed for 7O isotopic enrichment and the
associated high cost. In this work, we successfully prepared several prototypical '’O-enriched MOFs, including Zr-UiO-66, MIL-
53(Al), CPO-27-Mg (or Mg-MOF-74), and microporous a-Mg;(HCOO),. Depending on the target MOF, different isotopic
enrichment methods were used to effectively incorporate '’O from '"O-enriched H,O. Using these '’O-enriched MOFs, we were
able to acquire 7O SSNMR spectra at a magnetic field of 21.1 T. They provide distinct spectral signatures of various key oxygen
species commonly seen in representative MOFs. We demonstrate that ’O SSNMR can be used to differentiate chemically and,
under favorite circumstances, crystallographically nonequivalent oxygens and to follow the phase transitions. The synthetic
approaches for preparation of '"O-enriched sample described in this paper are fairly simple and cost-effective.

B INTRODUCTION

One of the most exciting advances in the field of porous
materials in recent years is the emergence of a family of hybrid
organic—inorganic solids known as metal—organic frameworks
(MOFs)." MOFs are prepared via self-assembly of metal
cations with organic linkers to form 3D networks with novel
topologies. They have high thermal stability, permanent
porosity, a flexible framework, and exceptionally high surface
areas, leading to many potentially important applications in
areas such as ion-exchange, catalysis, molecular recognition,
drug delivery, and in particular gas separation and storage.
Detailed structural characterization of these industrially relevant
materials is important because understanding the relationship
between their properties and the structures allows one to
develop new applications and improve current performance.
Although the structures of many MOFs can be determined by
single-crystal X-ray diffraction, a significant number of MOF
structures have to be refined from more limited powder XRD
data due to the lack of suitable single crystals. Activation/
desolvation may reduce the crystallinity. In such cases a reliable
structure solution requires additional information from
complementary techniques such as solid-state NMR
(SSNMR). Indeed, SSNMR has been used extensively for
MOF characterization.>> 'H and '*C SSNMR spectroscopy has
been routinely used for characterization of organic linkers.*®

-4 ACS Publications  © 2013 American Chemical Society

16953

H NMR is employed to examine the flexibility of the
framework and the dynamics of the guest species.”'® '*Xe
NMR has been utilized to study the porosity in the MOF
frameworks."'™'* Very recently, the utility of DNP (dynamic
nuclear polarization)-enhanced *C and "N SSNMR in MOF
characterization has been demonstrated."* SSNMR of several
metal centers such as 27AL7!516 455¢ 17 71Gg 18 25Mg,lg’20 and
7Zn*" has been employed to directly characterize the local
structures around metal centers.

The oxygen present in various carboxylate ligands is a key
constituent of many MOFs. Certain MOFs have framework
hydroxyl species'>*> and water molecules directly bound to the
metal center™ as well as oxygen anions (O”7) associated with
the metal clusters.”” Some organic linkers have phenol groups
and the phenol oxygen can bind to a metal ion upon
deprotonation.”® Ideally 'O SSNMR should be utilized for
characterization of different oxygen species because ’O exhibits
a large chemical shift range and is also sensitive to both the
electric field gradient (EFG) and the chemical shielding (CS)
tensors.”* 2% However, 7O SSNMR work on MOFs has been
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very rare due to the very low natural abundance (0.037%) of
70. To the best of our knowledge, there is only one recent
report which showed that it is possible to incorporate '’O into
specific sites in MOF-5 structures.”

In the present work, using several synthetic strategies, we
were able to directly synthesize several '"O-enriched MOFs
with '7O-enriched water as the 7O source, including MIL-
53(Al),"* Zr-Ui0-66,>* CPO-27-Mg> (also known as MOF-
74°°73%), and microporous a-Mg;(HCOO)4.*® The reason for
choosing these MOFs is that they are among the most
important and frequently examined MOF systems with unique
structure features. By acquiring '"O SSNMR spectra at the
magnetic field of 21.1 T, we were able to establish the spectral
signatures of various nonequivalent framework oxygen species
present in the above-mentioned MOFs. The results presented
in this report will serve as a benchmark for characterizing not
only the existing MOFs but also the new MOF-based materials
yet to come.

B EXPERIMENTAL METHODS

70-Enriched MOF Preparations. Zr-UiO-66. In a typical
synthesis of '"O-enriched Zr-UiO-66, or Zrs0,(OH),(BDC),,
2.3 mmol of ZrCl, (Sigma-Aldrich 99.5%), 2.3 mmol of
terephthalic acid (H,BDC, 1,4-benzenedicarboxylic acid,
Sigma-Aldrich, 98%), and 0.25 mL of 7Q-enriched water
(CortecNet, 41.8% 'O atom) were dissolved in 25 mL of
N,N'-dimethylformamide (DMF, Reagent grade, Caledon).
The solution was then added into a 30 mL Teflon-lined
autoclave and heated at 473 K for 16 h. The product was
recovered by vacuum filtration as a white powder.

MIL-53(Al)-Ip and MIL-53(Al)-np. To prepare '"O-enriched
MIL-53(Al)-Ip, or Al(OH)(0,C-C4H,—CO,)-(HO,C—
C¢H,—CO,H),, 4.5 mmol of Al(NO;);-9H,0 (Sigma-Aldrich,
98%) and 5.9 mmol of terephthalic acid, both of which are
solids, were first placed into a small Teflon cup. The cup was
then put in a 23 mL Teflon-lined autoclave with 0.4 mL of 7O-
enriched H,0 (CortecNet, 41.8% 7O atom) at the bottom
(see Supporting Information Scheme S1 for the reaction vessel)
and heated in an oven at 473 K for 3 days. The product was
washed using deionized water and recovered by vacuum
filtration to obtain a white powder. The powder was finally
dried at 353 K for 12 h to get MIL-S3(Al)-lp. MIL-53(Al)-np or
Al(OH)(0,C-C¢H,—CO,)-H,0 was prepared by calcining
the MIL-S3(Al)-Ip at 603 K under dynamic vacuum for 3 days
in air. The sample was slowly cooled to room temperature
under vacuum and then sealed in a glass tube.

a-Mg3(HCOO),. A typical synthesis of '"O-enriched micro-
porous a-Mg;(HCOO), involves mixing 3 mmol of Mg-
(NO;),-6H,0 (Sigma-Aldrich, 99%), 6 mmol of formic acid
(Alfa Aesar, 97%), 0.25 g of ""O-enriched H,0 (CortecNet,
41.8% 0O atom), and 10 mL of DMF in a 23 mL Teflon-lined
autoclave and then heated at 383 K for 2 days. The product was
washed with DMF and recovered by vacuum filtration to obtain
a white powder.

CPO-27-Mg. '"O-enriched CPO-27-Mg was synthesized
solvothermally. Typically, 0.75 mmol of 2,5-dihydroxytereph-
thalic acid (2,5-dioxido-1,4-benzenedicarboxylic acid,
H,DOBDC, Sigma-Aldrich, 98%) was first dissolved in a
mixture of 0.25 g of "O-enriched H,0 (CortecNet, 41.8% 'O
atom), 3 mL of 1 M NaOH(aq), and 10 mL of tetrahydrofuran
(THF) (Reagent grade, Caledon). The solution was then
heated at 358 K for 12 h in a 23 mL Teflon-lined autoclave.
This was followed by slowly adding 1.5 mmol of Mg-

(NO;),-6H,0 to the above solution. The resulting mixture
was finally heated at 383 K for 3 days. The as-synthesized CPO-
27-Mg was washed by THF and collected by vacuum filtration
as a yellow powder. In order to obtain dehydrated CPO-27-Mg,
the as-synthesized sample was exchanged with fresh methanol
three times and activated under dynamic vacuum at 623 K
overnight. The sample was allowed to cool gradually to room
temperature under vacuum and sealed in a glass tube.

Powder X-ray Diffraction Measurements. The identity
and purity of the '7O-enriched MOFs were checked by powder
XRD. Powder XRD patterns were recorded on a Rigaku
diffractometer using Co Ka radiation (4 = 1.7902 A). Samples
were scanned at 5° < 20 < 65° at a scan rate of 10°/min with a
step size of 0.02°. The patterns were converted to Cu Ko
radiation (4 = 1.5405 A) form to compare with the literature.
The patterns (Figure S1) of the labeled MOFs are identical to
those reported in the literature,'>***>** indicating that the
products are phase pure.

70 Solid-State NMR Spectroscopy. All 7O SSNMR
experiments were conducted at 21.1 T (1,(*’0) = 122.0 MHz)
on a Bruker Avance II spectrometer at the National Ultrahigh-
Field NMR Facility for Solids in Ottawa, Canada. The magic-
angle spinning spectra were acquired by using the Hahn-echo
pulse sequence with a 4 mm H/X MAS Bruker probe. The
samples were packed in SisN, and ZrO, rotors for 10, 12, and
18 kHz MAS experiment. The pulse delay was 1-S5 s. For
selected samples, the MAS spectra were also obtained by using
one-pulse sequence with a short excitation pulse, corresponding
to a magnetization tip angle of less than 15° to ensure
quantitative information on multiple sites in the samples. The
pulse delay was 2 s. '"H — 'O cross-polarization (CP)
experiments were also performed with contact time ranging
from 0.2 to 10 ms. The 7O chemical shifts were referenced to
an external liquid sample of H,O (5, = 0 ppm). The liquid
water sample was also used for rf power calibration. Typically,
the nonselective 7/2 pulse length is 12 ps, corresponding to a
central transition selective /2 pulse of 4 ps. More detailed
spectrometer conditions used are listed in Table S1 of the
Supporting Information. For Zr-UiO-66, MIL-53(Al)-np, and
microporous a-Mg;(HCOO), 7O SSNMR measurements
were performed on the as-made samples. Sample packing was
done in the atmospheric environment, and no precaution was
needed. For dehydrated CPO-27-Mg and MIL-53(Al)-lp, the
sample was packed into an airtight rotor in a glovebox under a
nitrogen atmosphere to prevent sample from adsorbing water.

All O NMR parameters, including quadrupolar coupling
constants (CQ), asymmetry parameters (71Q), and isotropic
chemical shifts (5,,), were determined by simulations of 7O
MAS spectra using the DMFIT program.>* The experimental
error for each measured parameter was determined by visual
comparison of experimental spectra with simulations. The
parameter of concern was varied bidirectionally starting from
the best fit value and all other parameters were kept constant,
until noticeable differences between the spectra were observed.

70 SSNMR spectra of the MOFs were also acquired at 9.4 T
on a Varian Infinity Plus 400 WB (14('’0O) = 54.2 MHz)
spectrometer. A Varian/Chemagnetics S mm HXY triple-tuned
T3MAS probe was utilized for all MAS experiments (with
proton decoupling), spinning at 10—11.5 kHz. Detailed
experimental conditions are listed in Table S2, and the spectra
are shown in Figure S2. For MIL-S3(Al)-lp, MIL-53(Al)-np,
and microporous a-Mg;(HCOO),, although 7O signals were
observed, the signals from different 7O sites overlap with each
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other and with spinning sidebands as well due to the limitation
of the spinning speed which can be achieved. For CPO-27, no
signal was observed after 22 h, which is consistent with the fact
that this particular sample has the lowest degree of '7O-
enrichment. In the spectrum of Zr-UiO-66, the signal of
carboxylate oxygen appears to be missing. Overall, the factors
such as the low sensitivity and the larger quadrupolar
broadening at lower field strength as well as the low spinning
rates limited by the probe available to us make the 7O spectra
acquired at 9.4 T not suitable for analysis. Therefore, they will
not be discussed further.

Theoretical Calculations. Gauge including projector
augmented wave (GIPAW) quantum chemical calculations®>>°
were conducted using the CASTEP code (version 4.4, Accelrys
Materials Studio). The NMR module was used to calculate the
O NMR parameters. Unit cell parameters and atomic
coordinates were taken from the crystal structures of the
MOFs examined.'****** When necessary, the geometry
optimization was performed. The unit cell parameters were
not allowed to change since the unit cell dimensions are well-
defined from the powder XRD. The solvent/guest molecules
were kept in the pores whenever possible. The calculations
were performed using ultrasoft pseudopotentials generated
from the “on-the-fly” method implemented within the CA-
STEP. The generalized gradient approximation (GGA) with
Perdew, Burke, and Ernzerhof (PBE) functional was used. The
Cq('70) values were calculated from the EFG tensor produced
by the CASTEP calculation using Q(*’0) = —2.558 x 107*°
m?.*” The isotropic chemical shift for 7O was computed using
the correlation 5, = 287.5 — 0y, (all in ppm), where 287.5
ppm is the absolute shielding value of liquid H,O (&, = 0

ppm).*®
B RESULTS AND DISCUSSION

As mentioned earlier, the major obstacles that preventing 7O
SSNMR from being used for MOF characterization are the
synthetic effort in '’O isotopic enrichment and the associated
cost. In this work, depending on the target MOF system,
several strategies were used to cost-effectively prepare '7O-
enriched MOFs, which are briefly described below. More
details are provided in the Experimental Methods section.

(1) A recent study reported that '"O-enriched oxides can be
economically prepared ionothermally with ionic liquid
incorporating a trace amount of '"O-enriched water as
solvent.” Since many MOFs are synthesized using
nonaqueous solvents in the presence of a very small
amount of water, such situation can also be exploited for
making '"O-enriched MOFs effectively. Indeed, we
prepared MOF Zr-UiO-66, or Zr;O,(OH),(BDC),, by
directly reacting solid ZrCl, and terephthalic acid in 25
mL of DMF with only 0.25 mL of '"O-enriched water.
70O-enriched microporous a-magnesium formate, a-
Mg;(HCOO),, was also prepared using the same
approach.

(2) MOFs are often prepared under hydrothermal synthesis
(HTS) conditions using water as solvent. For the MOFs
made by HTS, we can use “dry gel conversion” (DGC)
method, a technique that is used as an alternative
approach to hydrothermal method for the synthesis of
zeolites.** It involves treating predried gel powder
(containing the sources of framework elements and
structure directing agent) with vapor generated by

heating a very small amount of water at elevated
temperature in an autoclave. Such method has been
used earlier to prepare '"O-enriched AIPO,-based
molecular sieves.*' In the present case, we prepared
70-enriched MIL-53(Al) by simply putting Al-
(NO;);9H,0 and terephthalic acid solids inside a
small Teflon cup placed in a Teflon-lined autoclave
with 0.4 g of 7O enriched water at the bottom of the
autoclave (Scheme S1). The solids and 7O-enriched
water are never physically in contact before heating.
Heating of the autoclave at 473 K for 3 days results in
highly crystalline MIL-53(Al). Since many MOFs can be
prepared by DGC methods, this approach can be widely
used for 17O enrichment.

(3) The third method is similar to that used for
incorporating 7O into MOF-5.*° It involves direct '7O-
exchange of carboxylate and phenol oxygens with 7O-
enriched water in NaOH solution prior to the addition of
metal ions. A similar approach was also used in this work
to prepare '’O-enriched CPO-27-Mg.

Estimation of the degree of '’O-enrichment in MOFs was a
challenging task as these MOFs do not dissolve in solvents. We
established a protocol to evaluate '’O-enrichment in MOFs by
using time-of-flight secondary ion mass spectrometry (TOF-
SIMS). The 70/"0 isotope ratios estimated for the four 7O-
enriched samples of Mg;(HCOO),, MIL-53-(Al), Zr-UiO-66,
and CPO-27-Mg are 82 + 0.2%, 5.8 + 0.1%, 2.4 + 0.2%, and
LS + 0.1%, respectively. When comparing with the 70/'%0
ratio of 0.0381% at natural abundance, the degrees of the
enrichment are estimated at 215, 152, 63, and 39 times the
natural abundance of '’O for Mg;(HCOO),, MIL-53-(Al), Zr-
Ui0-66, and CPO-27-Mg, respectively. Note that Zr-UiO-66
used was the as-synthesized sample with solvent DMF and a
small amount of water which are not 7O labeled. Using the
TGA data, the 70/ ratio in the framework was adjusted to
be 3.38%, corresponding to 88 times of the natural abundance
of "70. See the Supporting Information for the experimental
procedure and data analyses.

The 'O magic-angle spinning (MAS) spectra of the above-
prepared 'O-enriched MOFs were acquired at a magnetic field
of 21.1 T. The spectra are sensitive to the oxygen bonding
mode to the metal center and can be used to distinguish
chemically different oxygen species and, under favorable
conditions, the crystallographically nonequivalent oxygen sites.

MOF Zr-UiO-66 is used here as an example to demonstrate
that chemically different oxygen species, which are difficult to
distinguish by X-ray diffraction, can be straightforwardly
differentiated by 'O SSNMR. Zr-UiO-66 is a MOF with
exceptionally high thermal stability.”> The reported crystal
structure of Zr-UiO-66 was determined from the powder XRD
data.*” Tts structure is built upon from the polyhedra containing
eight-coordinated zirconium atoms, which are connected by
1,4-BDC (1,4-benzenedicarboxylate) linkers (Figure 1). The
basic building unit, Zr¢O,(OH),(1,4-BDC),, consists of an
octahedral core formed by six Zr atoms. There are three
chemically nonequivalent oxygen species associated with each
Zr;0,(OH),(1,4-BDC); unit (Figure 1): (1) the oxygen atoms
from carboxylate group; (2) four u;-O*" anions capped
alternatively on the four of the eight triangular faces of the
octahedron; (3) four y3-OH groups capped on the remaining
triangular faces. Since the two capping species are difficult to
differentiate by X-ray diffraction, the existing evidence for y;-
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Figure 1. Illustrations of the framework (top left), the metal
coordination environment (top right),22 and 7O MAS and CP-MAS
NMR spectra of Zr-UiO-66. *: spinning sidebands.

OH groups initially comes from IR spectroscopy.* As shown
below, these two capping species can be easily differentiated by
70 MAS SSNMR. Figure 1 displays the 7O MAS spectrum of
as-synthesized Zr-UiO-66 spun at 10 kHz acquired at the field
strength of 21.1 T. There are three distinct signals in the
spectrum. For the broad peak at around 270 ppm, the spectral
simulation (Figure 1) reveals the following NMR parameters
(Table 1): Cq = 7.1 MHz, 51q = 0.85, 6, = 278 ppm. Since the

Table 1. Experimental '’O NMR Parameters of the MOF
Samples

ICql
sample O site (MHz) nQ Siso (ppm)
Zr-Ui0-66 pelelon 7.1(3) 0.85(10)  278(10)
u3-0*~ 2.0(3) 0.50(10)  386(10)
u3-OH 6.5(3) 0.60(10)  65(10)
MIL-S3(Al)-Ip u,-OH 6.1(3) 0.60(10) 22(10)
N ¢elon 79(3) 0.58(10)  232(10)
MIL-53(Al)-np U-OH 6.5(3) 0.85(10)  24(10)
—COO" site 1 69(3) 0.85(10)  256(10)
—COO" site 2 5.5(3) 0.85(10)  206(10)
H,0 2.5(10) 0 —12(5)
a-Mg;(HCOO), O site 1 6.8(3) 0.80(10)  230(5)
O site 2 8.0(3) 0.45(10) 289(5)
CPO-27-Mg Ph—O~ 9.1(3) 0.60(10) 87(10)
#,-COO~ 7.3(3) 0.10(10)  226(10)
#,;-COO~ 7.1(3) 0.70(10) 251(10)

chemical shift and the C, value are consistent with the
carboxylate oxygens reported in the literature,”>*® this peak is
assigned to the carboxylate oxygen in 1,4-BDC ligands. The
resonance appearing at 65 ppm is assigned to the capping ;-
OH. The identity of this resonance is further confirmed by
performing "H — 7O cross-polarization (CP) experiment with
a short contact time (ct) of 0.2 ms under the MAS conditions.
CP is mediated by the heteronuclear dipolar interaction. At a
very short contact time, only the 'O with proton in its close
proximity will be observed. Thus, seeing the 65 ppm peak in
the CP-MAS spectrum (Figure 1) is direct evidence that this
resonance originates from p;-OH species. The third signal is a
very sharp line at 386 ppm. Based on its chemical shift, this
peak is assigned to the capping p3-O*" species.*

One striking feature of many MOFs is that they exhibit an
unusually large degree of framework flexibility.***> For these
MOFs, adsorption of certain guest molecules can induce a very

large change in unit cell volume. The unit cell expansion/
contraction does not usually result in the breaking of the
chemical bonds holding the framework in place. A phase
transformation, however, often occurs concomitantly. Using
MIL-53(Al), a typical flexible MOF, we show that the phase
transition can be detected by 7O SSNMR. The basic building
unit of MIL-53(Al) is an AlO,(u,-OH), octahedron (Figure
2)."* Al is equatorially bound to four oxygen atoms in

1,-OH
b
-t . .
b T T
|
-COO
MIL-53(Al)-Ip OH
KO Simulated
* *
. X MAS at 18 kHz

CPMAS at 10 kHz

# A ct=0.2ms

MIL-53(Al)-np

ks ¥y " Slrr;ulated
* * % *MASaHSkHz
CPMAS at 10 kHz
/\—' ct=0.2 ms
600 400 200 0 -200 ppm

Figure 2. Illustrations of the frameworks of MIL-S3(Al)-lp (top left)
and MIL-53(Al)-np (top middle), the metal coordination environment
(top right),15 and 7O NMR spectra of MIL-33(Al). #: unreacted 1,4-
benzenedicarboxylic acid. *: spinning sidebands.

carboxylate groups from four (1,4-BDC) linkers. The AlO,(y,-
OH), octahedra are linked via two p,-hydroxo (p,-OH) groups
(trans to each other) to form infinite chains along the b
direction. The chains are connected via 1,4-BDC linkers to
form a 1D channel system. As-synthesized sample crystallizes in
an orthorhombic phase (also called the large pore (lp) phase).
Upon removing the unreacted terephthalic acid from the
channels at high temperature and subsequently adsorption of
water, the orthorhombic phase transforms to a monoclinic
phase with a much smaller channel dimensions (therefore, it is
also referred to as the narrow pore (np) phase).'®

The framework structure of the as-synthesized MIL-S3(Al)-
Ip was determined from powder X-ray diffraction data.'® The
existence of y,-hydroxo (OH) groups was proposed based on
"H MAS NMR spectrum where a broad weak shoulder at 2.9
ppm was assigned to the hydrogen in y,-OH group.'® The 7O
MAS spectrum of the as-synthesized MIL-53(Al) is illustrated
in Figure 2 in which two groups of signals are seen clearly. The
strong resonance at about 230 ppm are assigned to the oxygen
atoms in the 1,4-BDC linkers. Based on the previous 'O NMR
work on aluminum oxides, the weaker signal at around 20 ppm
is due to either the bridging oxygen in the Al—-OH—AI group as
proposed in the literature or the oxygen in an Al-O-Al
linkage.46 To clarify the situation, we further carried out 'H —
70 CP-MAS experiments with different contact times (Figure
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2 and Figure S3). Seeing a strong CP signal at very short
contact times confirms that this signal originates from the
oxygen in the Al-OH—AI unit. The weak signal (labeled with
#) in the CP-MAS spectrum is from the CO'’OH group of
unreacted terephthalic acid occluded inside the pore. Spectral
simulations (Figure 2) yielded the NMR parameters of the
oxygen species (Table 1). The crystal structure of as-
synthesized MIL-53(Al)-lp indicates that there are two
crystallographically nonequivalent carboxylate oxygen sites."
Attempt was made to separate these two sites by performing
70 triple-quantum MAS (3QMAS) experiment®’ at 21.1 T
(spectrum not shown). Unfortunately, after 24 h, the resolution
in the indirect dimension is still insufficient to resolve signals
from individual oxygen sites due to t; noise originating from
poor sensitivity. Perhaps, a material with a higher degree of
enrichment is needed. We also carried out GIPAW DFT
calculations. The results predicted that these two crystallo-
graphically nonequivalent carboxylate oxygen sites have almost
identical Cq, 7q, and &, (Table S3).

As mentioned earlier, MIL-53(Al)-lp undergoes a phase
transition from an orthorhombic to a monoclinic phase upon
calcination and subsequent water adsorption."> Such trans-
formation is accompanied by one-third reduction in the unit
cell volume without breaking chemical bonds. This phase
transition has been investigated earlier by Y4, ¢, ¥AL" and
12Xe'> NMR. For example, it was shown that upon
transformation from Ip to np, the Cy(*’Al) increased from
7.60 to 10.67 MHz."> Here, we demonstrated that the Ip to np
phase change can also be detected by 7O SSNMR. Figure 2
displays the 7O MAS spectrum of the np phase of MIL-53(Al)
with water as guest species. It looks distinctly different from
that of the Ip phase. Specifically, the strong peak due to the
framework carboxylate oxygen now split into several
resonances, which is indicative of the lowering of the crystal
symmetry. Similar to the Ip phase, the peak at around 20 ppm is
assigned to the u,-OH group overlapping with a sharp signal
from the water molecules trapped in the channel. This
assignment is consistent with the CP-MAS spectrum with a
short ct = 0.2 ms, where the intensity of the sharp resonance
from water disappeared owning to the fact that the mobility of
water reduces the CP efliciency. It is also noticed that since the
unreacted terephthalic acid is removed in the np phase, the CP
signal originating from the COOH group in the unreacted
terephthalic acid observed in the as-synthesized phase no
longer appears in the CP spectrum of the np phase. Taking all
the information into consideration, the MAS spectrum can be
fitted with four oxygen sites (two crystallographically non-
equivalent carboxylate oxygens, one u,-OH group and one
from water molecules). The simulated spectra are shown in
Figure 2. The NMR parameters extracted from simulations are
summarized in Table 1. The proposed crystal structure suggests
that there are four unique carboxylate oxygens. The CASTEP
calculations using optimized geometry show that O2 and O2b
have very similar Cq, and J;,; the same is true for O3 and O3b.
The calculated 7 values are very similar for all four sites. On
the basis of the CASTEP calculations (Table S3), we can assign
the observed signal at 206 ppm to O2 and O2b, whereas the
resonance at 256 ppm to O3 and O3b. This example shows that
under favorable conditions the change in the number of
crystallographically nonequivalent oxygens due to phase
transition can be followed by '"O SSNMR.

Microporous a-magnesium formate, a-Mg;(HCOO)j, rep-
resents the situation where one of the oxygen in carboxylate

group is bonded to one metal center (y,-O) and the other
oxygen in the same —COO™ group bound to two metal ions
(45-0). a-Mgz;(HCOO)¢ was first prepared by Rood and co-
workers™ and is one of the successfully commercialized
MOFs.*®* Its basic building unit is a MgOg octahedron with
each Mg cation bound to six oxygens from six formate anions
(HCOO™). The framework consists of corner- and edge-
sharing MgOjg octahedra with one-dimensional channel systems
(4.5 X 5.5 A?) along the b direction (Figure 3). The 7O MAS

®VMg
coo. ® .8
1,-COO°
o H
. p-coo N
Simulated

MAS at 18 kHz

600 400 200 0 200 ppm

Figure 3. Illustrations of the framework with DMF (solvent) in the
pore, Mg, and oxygen coordination environments® and 70O NMR
spectra of @-Mg;(HCOO),. *: spinning sidebands.

spectrum of the as-synthesized a-Mgy;(HCOO), spun at 18
kHz acquired at the field strength of 21.1 T is shown in Figure
3. It contains two separate resonances. The spectral simulations
(Figure 3) yielded the following NMR parameters (Table 1):
site 1: Cq = 6.8 MHz, 17 = 0.80, §;, = 230 ppm; site 2: Cq =
8.0 MHz, 5q = 0.45, 6;, = 289 ppm. The chemical shifts and
the Cq, values are in the range of carboxylate oxygen reported in
the literature.”>*® Thus, the 7O MAS spectrum clearly shows
that there are at least two groups of nonequivalent oxygens
from the formate anions. The crystal structure indicates that
there are 12 nonequivalent oxygen sites. They can be further
divided into two groups based on their bonding modes. Six
independent oxygens adopt y,-O bonding mode, whereas the
other six crystallographically nonequivalent O sites adopt y;-O
mode. It appears that the two observed resonances originate
from p1,-O and p;-O oxygens. To confirm this argument and
further assign the signals, GIPAW DFT calculations were
carried out, and the results (Table S3) clearly show that six y,-
oxygens have very similar EFG parameters and chemical shifts
(Cq = 5.96—6.82 MHz; 5 = 0.74—0.93, §;, = 210.3-234.0
ppm) and that the NMR parameters of the six y;-oxygens are
akin to each other (Cq = 7.92—8.07 MHz; 51q = 0.19-0.24, &,
= 275.8—292.0 ppm). Thus, we can assign the signals at 230
and 289 ppm to the six y,- and the six y,-oxygens, respectively.
This sample also illustrates why we had to carry out the MAS
experiment at a very high magnetic field as it is evident from
Figure 3 that the peaks due to different bonding modes are
barely resolved even at 21.1 T. For each bonding mode, the
local environments of six crystallographically nonequivalent
oxygen sites are so close that we were not able to distinguish
them further due to their very similar NMR parameters. To
separate these sites with close environments, perhaps in future
resolution-enhancement techniques including double-rotation
(DOR),***! multiple-quantum MAS (MQMAS),"” and the
satellite transition MAS (STMAS)** should be used. They can
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also be combined with sensitivity-enhancement method such as
DNP.>

CPO-27-Mg is another Mg-containing MOF with potential
industrial applications due to its exceptional ability of adsorbing
CO,.*! The precursor of the organic linker is 2,5-dioxido-1,4-
benzenedicarboxylic acid which contains two phenol and two
carboxylic groups. Upon deprotonation, oxygens from all four
groups in the same linker are bound to the Mg atoms to form a
honeycomb structure with a one-dimensional channel system
(Figure 4). As-synthesized phase contains MgOg octahedra

b S o
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N ! . ® : S e H

e e o ®
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Figure 4. Illustrations of the framework, Mg and oxygen coordination
environments™ and 70 NMR spectra of CPO-27-Mg. *: spinning
sidebands. ¢: "0 background signal from ZrO, rotor.”

with each metal ion bound to five oxygens from four 2,5-
dioxido-1,4-benzenedicarboxylate (DOBDC).>® The sixth co-
ordination site is occupied by a water molecule, which can be
removed upon dehydration. The 7O MAS spectrum of as-
synthesized CPO-27-Mg is overwhelmingly dominated by a
broad peak with Gaussian shape centered at around 0 ppm
(spectrum not shown). This very strong peak is due to the large
amount of water molecules occluded inside the channels. In
order to clearly observe carboxylate and phenol oxygens, we
examined the dehydrated phase. Its 'O MAS spectrum is
illustrated in Figure 4, which contains several resonances. The
peak centered at around 80 ppm is due to the phenol oxygen
bound to the Mg ions based on the shift value.”>*® The signal
at about 230 ppm is assigned to the framework carboxylate
oxygen. We noticed that the intensity of the carboxylate
oxygens is much weaker than that of the phenol oxygen. We
further obtained a MAS spectrum by using a much longer pulse
delay of 20 s (spectrum not shown) which indicates that the
difference in intensity is not due to spin—lattice relaxation time
(T,). 1t is likely that during the synthesis the phenol oxygen
undergoes a much faster exchange with 'O in water. There is a
small sharp feature at about —20 ppm which might be due to
the Mg—OH formed during the dehydration process.>*

B CONCLUSIONS

In this work, we successfully prepared several prototypical ’O-
enriched MOFs. Because of the diversity of MOF-based
materials, different types of MOFs may require different
isotopic enrichment methods to effectively incorporate 7O
from '7O-enriched H,O. Several synthetic strategies for '"O-
enrichment were discussed. Using these ’O-enriched MOFs,

we were able to acquire 7O SSNMR spectra at a magnetic field
of 21.1 T. They provide distinct spectral signatures of various
key oxygen species commonly existing in representative MOFs.
We demonstrate that 7O SSNMR can be used to differentiate
chemically and, under favorite circumstances, crystallographi-
cally nonequivalent oxygens and to follow the phase transitions.
The synthetic approaches for preparation of '"O-enriched
sample described in this paper are fairly simple and cost-
effective. It is hoped that this work will encourage other
researchers to use 7O SSNMR for MOF characterization.
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