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67Zn solid-state NMR suffers from low sensitivity, limiting its ability 
to probe Zn2+ surrounding in MOFs. We report a breakthrough in 
overcoming challenges in 67Zn NMR. Combing new cryogenic MAS 
probe technology and performing NMR experiments at a high 
magnetic field results in remarkable signal enhancement, yielding 
enhanced information for MOF characterization.

Metal–organic frameworks (MOFs) are a new generation of 
porous materials with important applications. Characterization 
is crucial to improving performance of MOFs’ current use and 
designing new MOFs for targeted applications. Solid-state 
nuclear magnetic resonance (NMR) has been used for MOF 
characterization.1 Metal centers play key roles in MOF 
chemistry. The nature of and the local geometry around the 
metal ions influence framework topology, chemical/thermal 
stability and therefore MOF applications.2 Metal surroundings 
can be probed by solid-state NMR of metal ions to obtain the 
information specific to the metal of interest.3 However, for 
many metal ions in MOFs, their NMR-accessible nuclides are 
quadrupolar, presenting significant challenges as they suffer 
from the quadrupolar interaction, reducing sensitivity.4 

Furthermore, for metal centers in many MOFs, their NMR active 
isotopes (67Zn, 25Mg, 91Zr, 47/49Ti, 43Ca etc.) are not only 
quadrupolar, but also unreceptive due to their low natural 
abundances and small gyromagnetic ratios (i.e. low 𝛾). Their 
inherently unfavorable NMR properties often result in very low 
sensitivity, precluding useful NMR spectra for characterization 
from being acquired. One typical example is 67Zn. Zn2+ exists in 
numerous MOFs with diverse structures. From the hard and soft 
acid and base point of view, Zn2+ is a borderline acid.5 The 
intermediate nature allows Zn2+ to bind to a variety of donor 

atoms in various linkers. For example, Zn2+ can form Zn-O and 
Zn-N bonds, yielding numerous MOF-based materials such as 
isoreticular MOFs6a and metal azolate frameworks6b including 
zeolitic imidazolate frameworks (ZIFs)6c. 

67Zn (nuclear spin I = 5/2), the only NMR-active isotope of 
zinc, is unreceptive and quadrupolar. It has a low 𝛾, low natural 
abundance (4.1%), and a moderately sized nuclear quadrupole 
moment (122 mb7), resulting in very low sensitivity. 
Consequently, 67Zn NMR of solids is challenging.8 The sensitivity 
problems are further compounded by that MOFs have very low 
density, further diluting 67Zn concentration. Although possible9, 
the cost of isotopic labeling is often prohibitively high. 
Fortunately, significant progress has been made recently to 
address the sensitivity issue, an intrinsic problem of NMR.10 
Among others, the availability of NMR instruments with ever 
higher magnetic field strengths has allowed the surroundings of 
zinc in MOFs to be characterized via natural abundance 67Zn 1D 
MAS and static NMR. 9,11

Many Zn-containing MOFs feature multiple chemically and 
crystallographically inequivalent Zn sites. The ability of resolving 
inequivalent sites by 67Zn solid-state NMR is important to 
verifying crystal structures of existing MOFs and solve the 
structures of new MOFs. Unfortunately, even at 35.2 T (the 
highest magnetic field available for chemists today12), simple 
67Zn 1D MAS spectra often do not offer enough resolution to 
distinguish these sites. MQMAS13 has been the go-to technique 
for enhancing the spectral resolution of quadrupolar nuclei and 
is capable of resolving the signals overlapping in 1D MAS spectra. 
However, MQMAS demands high sensitivity and radio-
frequency (rf) field, 𝛾B1 as the sensitivity and efficiency of this 
technique are inherently poor due to the filtration through 
multiple-quantum coherences.14 Therefore, MQMAS of 
unreceptive and low-𝛾 quadrupolar nuclei including 67Zn has 
been difficult. To perform 67Zn 3QMAS experiments at natural 
abundance, new signal enhancement approaches/strategies 
are required. It has been shown that reducing the temperature 
of rf coil and preamplifier to cryogenic temperatures can reduce 
thermal noise and increase the signal-to-noise ratio (SNR) 
significantly.15 In addition, higher quality factor (Q) increases rf 
field, making cryogenic MAS probe more advantageous to 
MQMAS experiments.16 Recently, such a probe (CPMAS 
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cryoprobe) has become commercially available, providing 
significant boost to the SNR by a factor of >3.15c, 17

In this work, we demonstrate that by using a CPMAS 
cryoprobe and performing NMR experiments at a high field of 
18.8 T, natural abundance 67Zn 3QMAS spectra of two 
representative MOFs (ZIF-418 and microporous α- Zn3(HCOO)6

19) 
with multiple Zn sites in their unit cells were successfully 
obtained. For these materials, the inequivalent sites cannot be 
resolved in their respective 1D MAS spectra. But the signal 
enhancement achieved makes it possible to perform 67Zn 
3QMAS experiments at natural abundance. The high SNR gained 
by reducing the probe electronic noise and sensitivity enhanced 
at high field along with the use of signal enhancement scheme 
such as double-frequency sweeps20 (DFS) allows very high 
resolution to be achieved via 3QMAS, permitting inequivalent 
Zn sites to be resolved. Note the 67Zn 1D MAS spectra of two 
MOFs at 21.1 T reported previously11c,11d are also included for 
discussion.

ZIF-4 is one of the most studied ZIFs with many applications. 
It crystallizes in the space group Pbca and has two 
crystallographically inequivalent tetrahedral Zn sites18 (Fig. 1a) 
with surroundings so similar that they cannot be resolved in 
67Zn 1D MAS spectra even at 35.2 T (Fig. 2). Fig. 2 shows 67Zn 1D 
MAS spectra obtained (with sample at room temperature) at 
three high magnetic fields, 18.8, 21.1 and 35.2 T, respectively. 
The spectra at 35.2 and 21.1 T were acquired with conventional 
probes, whereas the spectrum at 18.8 T was obtained with a 
CPMAS cryoprobe. The overall linewidth decreases with 
increasing magnetic field strength because the second-order 
quadrupolar broadening decreases with increasing field. Since 
these 1D MAS spectra were measured at different facilities over 
a long period of time, their acquisition parameters are different 
(Table S1), which makes discussion about SNR only semi-
quantitative. To negate differences in the spectral widths for 
comparison, we processed the spectra by truncating their FIDs 
to the same acquisition time (2.56 ms, the actual value at 18.8 
T) before Fourier transformation. The SNR thus obtained for the 
spectra at 35.2, 21.1, and 18.8 T are 148, 20, and 41, 
respectively. Since the number of transients accumulated for 
the three spectra are different, the SNR was then scaled by the 
square root of the number of scans, yielding SNR/  of 0.54,𝑛

Fig. 1 Illustration of the frameworks and Zn coordination 
environments of (a) ZIF-4 and (b) microporous α-Zn3(HCOO)6.

Fig. 2 67Zn MAS spectra of ZIF-4 at three magnetic fields (see the 
text for spectral comparison).

0.11 and 0.23 for the spectra acquired at 35.2, 21.1, and 18.8 T, 
respectively. There remain several factors which may affect the 
SNR, but cannot be mitigated post hoc via spectral processing 
or scaling (see the SI for discussion). Even with these 
complications, from the SNR/ values above, it is clear that 𝑛 
CPMAS cryoprobe and ultrahigh magnet technologies both 
provide significant signal enhancement for 67Zn.

From 1D MAS spectra, the number of Zn sites in this MOF 
is not immediately apparent. The previous work showed that 
the 67Zn 1D spectrum at 21.1 T could be simulated by two signals 
knowing there are two Zn sites.18 However, three 1D spectra 
could also be simulated with a single site (Fig. S3) although the 
fitting is not perfect. This is particularly obvious for the 
spectrum acquired at 35.2 T even though the increase in the 
field from 18.8 to 35.2 T leads to linewidth narrowing by a factor 
of 3.5 (in ppm). It appears that although the quadrupolar line 
broadening is drastically reduced at 35.2 T, the two sites have 
very similar isotropic shifts, resulting in overlapping signals 
inseparable in 1D spectra. Thus, for ZIF-4, resolving different Zn 
sites via simulation of 67Zn 1D MAS spectra without prior 
knowledge of the crystal structure is very difficult.

Acquiring a 67Zn 3QMAS spectrum at 21.1 T using a 
conventional probe was unsuccessful due to poor sensitivity 
and the low rf field of 7-mm coil used. Performing 3QMAS 
experiments at 35.2 T were also attempted. It was realized that 
even at this ultrahigh field, an extended period of time would 
still be needed for 3QMAS experiments due to low sensitivity. 
The field of this series-connected resistive/superconducting 
hybrid magnet needs to be brought up and down in the same 
day and magnet time is very limited. Therefore, 67Zn 3QMAS 
experiment at 35.2 T was not proceeded further. 

Fortunately, a combination of using a CPMAS cryoprobe 

and performing 3QMAS experiments at 18.8 T yields high rf 
efficiency and signal sensitivity, allowing acquisition of a 67Zn 
3QMAS spectrum of ZIF-4 at natural abundance (Fig. 3), where 
the two crystallographically inequivalent Zn sites are completely 
resolved, demonstrating that the significant gain in SNR and 
enhanced sensitivity makes enhanced spectral resolution 
possible via 3QMAS. The line-shapes of the two signals taken
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Fig. 3 (Left) 67Zn DFS-enhanced 3QMAS NMR spectrum of ZIF-4; (Right) experimental and simulated 67Zn 1D MAS spectra with two 
Zn sites at 18.8, 21.1 and 35.2 T. The total experimental time for 3QMAS experiment is 3 days and 4.5 hours. The acquisition times 
of the 1D 67Zn MAS spectra at 18.8, 21.1 and 35.2 T are 2.38, 10 and 1.25 hours, respectively.

along the F2 cross-sections are well defined. Therefore, their CQ, 
ηQ, and δiso values were extracted by directly fitting the F2 cross 
sections. These values were then used as initial inputs for fitting 
the 1D MAS spectra for further refinement (see Table S3 for 
final NMR parameters). To assign the two resonances, plan-
wave DFT calculations were performed on the extended 
periodic structure of ZIF-4. Based on the calculated CQ, the 
resonance with larger CQ (due to higher degree of distortion of 
the ZnN4 tetrahedron) is assigned to Zn1 (see the SI for detail). 

Microporous α-Zn3(HCOO)6 is a representative carboxylate 
MOF with potential for gas capture/storage11c. Its structure has 
four inequivalent Zn sites.19 Thus, sensitivity requirement for 
natural abundance 67Zn 3QMAS experiments presents a 
challenge at another level. 67Zn 1D MAS spectra at 18.8 and 21.1 
T (Fig. 4) each have an asymmetric narrow signal which cannot 
be simulated by a single site. The lack of resolution in 1D spectra 
necessities 3QMAS experiment. Indeed, four signals are 
resolved in the corresponding 67Zn 3QMAS spectrum acquired 
at 18.8 T using a CPMAS cryoprobe. Although four peaks are 
separated, the SNR of each signal along F2 cross section is low, 
making it difficult to directly obtain NMR parameters for each 
site via simulation. Instead, the isotropic chemical shift, δiso (in 
ppm) and the quadrupolar product, PQ = CQ(1 + ηQ

2/3)1/2 (in MHz) 
for each site were derived from δ1 along the F1 dimension and 
the spectral center of gravity, δ2 along the F2 dimension (Table 
S5). The CQ value for each site was derived initially from 
experimentally obtained PQ and theoretically calculated ηQ 

(Table S7). The experimental CQ, ηQ, and δiso values were then 
refined by fitting the 67Zn 1D spectra (Table S6). For this MOF, 
the use of DFS scheme for 3QMAS is absoutluy necessary as it 
provides additional gain (2.4) in sensitivity.

The crystal structure indicates that the four octahedral Zn 
sites can be classified into three groups of chemically 
inequivalent Zn sites: (1) Zn1; (2) Zn2; (3) Zn3 and Zn4 where 
Zn3 and Zn4 are crystallographically inequivalent (see the SI for 
description). To assign the four resonances to individual Zn sites, 
plane-wave DFT calculations were performed to calculate 67Zn 
EFG and the magnetic shielding tensors (see the SI and Table S7 

for details). Since experimentally obtained CQ values of the four 
Zn sites are all very similar (Table S6), the order of calculated 
isotropic chemical shifts, δiso (Zn2) > δiso (Zn1) > δiso (Zn4) > δiso 
(Zn3), was then utilized for assignment. Specifically, the signal 
with the lowest experimental δiso of -46 ppm (δ1 = -14 ppm, S4) 
is assigned to Zn3; the resonance with the highest δiso of 10 ppm 
(δ1 = 35 ppm) to Zn2; the peak with the second highest δiso of 5 
ppm (δ1 = 30 ppm) to Zn1. Furthermore, through theoretical 
calculations, Zn local structures can be refined using the EFG 
parameters extracted from 3QMAS. For instance, NMR data and 
DFT modeling reveal that the Zn1-O5 and Zn2-O12 bond lengths 
both are slightly shorter than those reported in the X-ray 
structure (see the SI for modeling details). 

In summary, this work demonstrates the power of a state-
of-the-art low-gamma CPMAS cryogenic probe for 67Zn signal 
enhancement. With increased SNR (via reducing the electronic 
noise of the probe), enhanced sensitivity (by going to higher 
magnetic field and using DFS scheme) and high rf field, we 
obtained natural abundance 67Zn 3QMAS spectra of two 
representative Zn-based MOFs, both of which are very 
challenging as far as MOF characterization using 67Zn solid-state 
NMR is concerned. The high-resolution achieved allowed us to 
better characterize Zn local environment. Paring NMR 
parameters obtained from 3QMAS experiments with the DFT 
calculations allows refinement of local geometry around Zn 
sites. The signal enhancement approach described here enables 
multiple inequivalent metal sites with very similar 
environments to be resolved, allowing better characterization 
of the existing MOFs whose structures are poorly described, and 
discovery of the structures of new MOFs.
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Fig. 4 (Left) 67Zn DFS-enhanced 3QMAS NMR spectrum of microporous α-Zn3(HCOO)6. The total experimental time is 3 days and 
19 hours, (Right) experimental and simulated 67Zn 1D MAS spectra with four Zn sites at 18.8 and 21.1 T. The acquisition times of 
1D MAS spectra at 18.8 and 21.1 T is 0.58 and 42 hour, respectively. Also, see the SI for discussion on the SNR of 1D spectra.
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