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Abstract

The structure of zeolitic imidazole framework (ZIF) melt-quenched glasses can provide insights 

into their glass formation mechanism. We directly detected short-range disorder in ZIF glasses 

using ultrahigh field zinc-67 solid-state nuclear magnetic resonance (NMR) spectroscopy. Two 

distinct Zn sites characteristic of the parent crystals transformed upon melting into a single 

tetrahedral site with a broad distribution of structural parameters. Moreover, the ligand chemistry 

in ZIFs appeared to have no controlling effect on the short-range disorder, although the former 

affected their phase transition behavior. These findings reveal structure-property relations and 

could help design metal-organic framework glasses.

One sentence summary:

Short-range structural disorder in ZIF glasses is detected, and ZIF melting relates to the loss of the 

symmetry of the tetrahedral Zn-ligand units.
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Glasses can be obtained through a variety of synthesis and processing routes (1,2) but rapid 

cooling of the liquids remains the predominant approach. Melt-quenched (MQ) glasses can 

be broadly classified as inorganic, organic, and metallic and containing ionic-covalent, 

covalent and metallic bonds, respectively. Recently, a fourth family of MQ glasses based on 

metal-organic framework (MOF) have been reported that have coordinate bonds (3–7). The 

MQ-MOF glasses are primarily represented by the subset of MOFs called the zeolitic 

imidazolate frameworks (ZIFs). Their extended tetrahedral network is analogous to silica 

and zeolites (8): metal ion nodes (e.g., Zn2+, Co2+) substitute for silicon and imidazole (Im: 

C3N2H3)-based ligands substitute for oxygen as the bridging unit. A number of ZIF glasses 

have porosity that has potential applications in gas capture and storage, and the ZIF-62 glass 

exhibits high transparency and broad mid-infrared luminescence that have potential photonic 

applications (7,9–13).

Recent studies have found ZIF-4 (Zn[Im]2) and ZIF-62 (Zn[Im2-xbImx], where Im and bIm 

are imidazole and benzimidazole, respectively, to be rather stable against crystallization 

during heat-treatment, and that the parent liquids have a higher glass-forming ability 

compared to most of the network glass-forming liquids (14,15). The glass-forming ability of 

ZIF-62 is greater than that of ZIF-4, because its mixed linkers consisting of imidazole and 

benzimidazole in each tetrahedron create greater steric hindrance (14). Previous studies that 

explored the structural origin of this high glass-forming ability in both ZIF systems used 

systematic heat-treatments, differential scanning calorimetry (DSC), and x-ray pair 

distribution function (PDF) analyses (3,14,15). The PDF analyses provided no clear 

evidence of the appearance of any medium- or long-range order in these glasses after a 

calorimetric scan, despite the appearance of an exothermic peak immediately before melting 

(15). The enthalpy release was attributed to the densification of the structural network, but 

the nature and the length scale of the structural changes associated with the decrease of the 

potential energy remain unclear to date. In addition, although ZIF-4 is chemically simpler 

than ZIF-62, the former exhibits several features in its temperature-induced phase 

transitions, including the transition from low-density amorphous phase (LDA) to high-

density amorphous phase (HDA), as well as the formation and melting of ZIF-zni (denser 

than ZIF-4).

The origin of these multiple transitions remains elusive given the limitations of the analytical 

techniques available for determining short- and intermediate-range structure in glasses. 

Raman spectroscopy, 13C/1H nuclear magnetic resonance (NMR) spectroscopy, along with 

x-ray PDFs, have been used in the past to study the short-range and medium-range structure 

of ZIF glasses. Although these studies provided some structural information, no substantial 

structural difference in the short-range order between the ZIF crystals and corresponding 

glasses could be identified (14). Previous studies showed that the organic ligands in ZIFs 

remained intact during melt-quenching, implying that the chemical integrity was retained 

after glass formation (3,5,14). Molecular dynamics simulations indicated that upon melting, 

the imidazolate linkers dissociate and reassociate with Zn atoms through the scission and 

renewal of Zn-N coordinate bonds (14,16). The [ZnN4] tetrahedral units remain intact in the 

ZIF glass state after the melt is quenched, and long-range structural disorder is believed to 

be primarily induced by the distortion of the ZnN4 inter-tetrahedral connections (14,16).
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In contrast, the short-range structural order at the scale of the Zn[ligand]4 tetrahedra in MOF 

glasses remains unknown. Because 67Zn is a quadrupolar nuclide, its NMR spectra can 

provide not only the information on the chemical shift that is characteristic of the tetrahedral 

environment of Zn in the ZIFs, but also on the electric-field gradient (EFG) at the site of this 

nuclide in the structure, as encoded in its quadrupolar coupling constant CQ and asymmetry 

parameter ηQ. The EFG is a second-rank tensor quantity sensitive to the degree of positional 

and orientational order at length scales corresponding to the nearest and next-nearest 

neighbor distances, and possibly at further distances (17).

Only a few studies of 67Zn NMR spectroscopy has been reported that analyzed crystalline 

structures in zinc-based compounds, including Zn-based crystalline MOFs (18–23), because 

the 67Zn nuclide has a low gyromagnetic ratio, large quadrupole moment Q, as well as a low 

natural abundance (18). These issues, in combination with the low atomic density of MOFs, 

necessitated 67Zn NMR spectral data collection at ultra-high magnetic fields that are ~20 T 

or higher. We report a comparative structural study of selected crystalline ZIFs and their 

glassy counterparts derived via melt-quenching, using ultra-high field 67Zn magic-angle-

spinning (MAS) NMR spectroscopy at 19.5 and 35.2 T at the National High Magnetic Field 

Laboratory.

The DSC traces of ZIF-4 and ZIF-62 samples (Fig. 1A) measured the temperature-driven 

enthalpic responses to the chemical reactions and phase transitions. During the first upscan 

(from 323 to 863 K), the as-synthesized ZIF-4 crystal underwent solvent release, 

amorphization, polymorphic transformation to ZIF-zni crystal, and finally melting. 

Subsequent quenching of the ZIF-zni melt resulted in the formation of a ZIF-4 glass with a 

Tg of 570 K during the second upscan. In contrast, during upscan 1, the as-synthesized 

standard ZIF-62 crystal displays the enthalpy responses corresponding only to the solvent 

release and the subsequent melting. After melt-quenching, the second upscan of ZIF-62 

glass showed a glass transition with a Tg of 593 K.

To explore the effect of the linker chemistry (i.e., the Im/bIm ratio) on the short-range 

structure, we prepared a ZIF-62 crystal with a higher bIm content (denoted as ZIF-62b, see 

Table S1). Its XRD patterns confirmed that ZIF-62 and ZIF-62b had the same crystalline 

structure (Fig. S2). The final chemical compositions of ZIF-62 and ZIF-62b were 

(Zn(Im)1.75(bIm)0.25) and Zn(Im)1.68(bIm)0.32, as determined from 1H liquid NMR 

measurements (Fig. S3). We also prepared a ZIF-62b glass sample by melt-quenching that 

was also subjected to two DSC scans. The increase of bIm in ZIF-62 framework led to an 

increase of both Tm and Tg (Fig. S4), consistent with a previous study (14). The XRD 

patterns of both crystal and glass samples for ZIF-4, -zni, and −62 (Fig. 1B) show the 

presence of long-range order in crystalline ZIFs and its absence in their glassy counterparts. 

The vitrification of these ZIF-crystals is schematically demonstrated in Fig. 1C.

The 67Zn MAS NMR spectra of the three crystalline ZIFs (ZIF-4, ZIF-62, ZIF-zni) were 

obtained at two different magnetic fields, 19.5 and 35.2 T (Fig. 2). Each of these crystals 

contained two crystallographically distinct Zn sites at a 1:1 ratio, one of which is a more 

distorted ZnN4 tetrahedron (18). The 67Zn MAS NMR line shapes also necessitated 

simulation with at least two sites with subequal (within ±5%) relative fractions (Fig. 2); we 

Madsen et al. Page 3

Science. Author manuscript; available in PMC 2020 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



used the software Dmfit (24). For each composition, the spectra for each magnetic field were 

fitted simultaneously with the same set of NMR parameters: isotropic chemical shift δiso, the 

quadrupolar coupling constant CQ and asymmetry parameter ηQ. These parameters are listed 

in Table 1 and the CQ values for ZIF-4 are in good agreement with those reported in a recent 

study (18).

The data in Table 1 indicated that the δiso for all Zn sites in all materials varied over a rather 

narrow range from ~ 277 to 297 ppm. However, for each crystalline ZIF, the Zn sites (the 

less distorted Zn2) had a smaller CQ of ~ 4.0 MHz and other (the more distorted tetrahedral 

Zn1) by a larger CQ of ~ 5 to 6 MHz. These assignments followed the density functional 

theory-based calculations by Sutrisno et al. (18). Intriguingly, in spite of having the same 

composition, the 67Zn CQ values of the two Zn sites in ZIF-4 crystal are substantially 

different from those in ZIF-zni crystal. This result may be indicative of the corresponding 

difference in the topology between these two crystals; ZIF-4 has a cag topology and the ZIF-

zni has a zni topology (5). The higher CQ values of the Zn sites in the ZIF-zni crystal 

compared to those for the ZIF-4 crystal are also consistent with ZIF-zni possessing a greater 

variance in the bond angles and lengths for the Zn sites compared to ZIF-4 (Tables S2 and 

S3).

The 67Zn MAS-NMR spectra of the ZIF-4 and ZIF-62 glasses obtained at 19.5 T and at 35.2 

T (Figs. 3A–D). These spectra had asymmetric line shapes with low-frequency tails that we 

attributed to a continuous distribution of CQ characteristic of structural disorder in the glassy 

state. These 67Zn MAS NMR line shapes were well simulated with δiso (277 to 278 ppm) 

similar to that observed in corresponding crystals (288-297 ppm; see Table 1) and with a 

Czjzek distribution of the CQ parameter (25), which yields a root-mean-square quadrupolar 

product C2
Qη  of ∼6.9 MHz for the ZIF-4 glass and ∼6.5 to 6.8 MHz for the two ZIF-62 

glasses. When taken together, the results in Table 1 indicate that as the ZIF crystals were 

melt-quenched into glass, the CQ values increased and displayed a broader distribution, 

indicating that the structural disorder of the Zn[ligand]4 tetrahedral environment in the 

glassy state was higher than that in the parent crystals. The 67Zn NMR parameters for all 

three ZIF glasses were similar (Table 1), implying similar degree of short-range disorder, 

despite their differences in the Im/bIm ratio in the ligands.

The disappearance of the two distinct Zn sites characteristic of the ZIF crystals upon melting 

and vitrification indicates that the scission and renewal of the Zn-N bonds upon melting 

resulted in structural reconstruction (Fig. 1C, Fig. S1). With their three-dimensional network 

of corner-sharing [ZnN4] tetrahedral units, ZIF glasses are structurally analogous to vitreous 

silica, but the coordinate bonding strength of ZIF glasses was weaker than covalent-ionic 

bonds found in silica (26, 27). The silica glass network would be more rigid than ZIF 

glasses, and the local structure of the former would be more ordered than that of ZIF-

glasses. The bulky nature of the organic linkers in ZIF glasses could also cause steric 

hindrance, thus limiting the ability of the linker to return to its equilibrium position i.e., to 

the ordered structural state with lower potential energy, upon melt-quenching. The 

comparison in NMR spectra among ZIF-4 and -zni crystals and ZIF-4 glass (Fig. 3E), and 

between ZIF-62 crystal and glass (Fig. 3F) shows broadening of the glasses compared with 
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the crystals, and the resonance peaks moved to somewhat lower isotropic chemical shift 

from crystal to glass. While the increased broadening corresponds to a high degree of 

structural disorder in glasses at the short-range scale, the lowering of the isotropic chemical 

shift is suggestive of a change in the local coordination environment of Zn atoms upon 

vitrification. Previous Zn K-edge X-ray absorption fine structure and PDF measurements (5) 

indicated that Zn is in tetrahedral coordination with N in both glassy and crystalline ZIFs, 

and that the Zn-N distance did not change significantly upon vitrification. However, 67Zn 

solid-state NMR results of Sutrisno et al. (18) showed that the 67Zn NMR isotropic chemical 

shift of ZIF-14 (260 ppm) with longer Zn-N distances (2.00-2.02 Å) was significantly lower 

than that of ZIF-8 or ZIF-4 (300-315 ppm) characterized by shorter Zn-N distances 

(1.98-1.99 Å). Although further systematic studies are needed to establish this trend, the 

lower 67Zn NMR isotropic chemical shift of ZIF glasses compared to their crystalline 

counterparts as observed in the present study could be an indication of an increase of the 

average Zn-N distance in the former, consistent with the corresponding increase in the molar 

volume upon vitrification.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Phase transitions, glass formation and glass transition for ZIFs.
(A) First and second DSC upscans for both ZIF-4 and ZIF-62, respectively. (B) XRD 

patterns of as-prepared ZIF-4 crystals, ZIF-zni crystals, ZIF-4 glass, ZIF-62 crystals and 

ZIF-62 glass. (C) Conceptual schematic representation of the structural change from 

crystalline ZIF (see powder sample) to its glassy state (see transparent bulk sample) during 

melt-quenching.
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Fig. 2. Short-range order of crystalline ZIFs.
Experimental (solid black line) and simulated (dashed red line) 67Zn MAS NMR spectra of 

crystalline ZIF-4 (A, B), ZIF-62 (C, D), and ZIF-zni (E, F) collected at 19.5 and 35.2 T. 

Individual simulation components (dot-dashed blue lines) are vertically offset for clarity.
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Fig. 3. Comparison of short-range structure between ZIF glasses and crystals.
Experimental (solid black line) and simulated (dashed red line) 67Zn MAS NMR spectra for 

ZIF-4 glass (A, B) and the standard ZIF-62 glass (C, D) at different magnetic fields. Direct 

comparison of 67Zn MAS NMR spectra collected at 35.2 T between ZIF-4 crystal, ZIF-zni 

crystal, ZIF-4 glass (E), as well as spectra of ZIF-62 crystal and glass (F).

Madsen et al. Page 10

Science. Author manuscript; available in PMC 2020 June 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Madsen et al. Page 11

Table 1.
67Zn NMR parameters.

67Zn MAS NMR line shape simulation parameters for crystalline and glassy MOFs.

MOF Lattice site
* δiso (ppm) CQ ((±0.2MHz) ηQ (±0.05) Relative fraction (±5%)

ZIF-4 crystal
Zn1 296 5.1 0.6 46

Zn2 295 3.7 0.6 54

ZIF-62 crystal
Zn1 297 5.8 0.5 48

Zn2 296 4.0 0.4 52

ZIF-zni crystal
Zn1 288 6.0 0.6 46

Zn2 290 4.0 0.5 54

ZIF-4 glass Zn 277 6.9
# N/A 100

ZIF-62 glass Zn 278 6.5
# N/A 100

ZIF-62b glass Zn 277 6.8
# N/A 100

*
Lattice sites correspond to those designated in structural refinements of ZIF-4, ZIF-62 and ZIF-zni, as reported in references [8,28,29].

#
These values represent the root mean square quadrupolar product C2

Qη .
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