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ABSTRACT: The stability of metal−organic frameworks (MOFs) is crucial for
their industrial applications, with metal−linker coordination bonds often being
the weakest structural points. Here, we assessed the strength of these bonds in
representative MOF series (UiO-66, MOF-5, and ZIFs) using local vibrational
mode theory, which converts delocalized normal modes to local vibrational
modes and associated local mode force constants, reflecting bond strength.
Good agreement between the bond strengths obtained from local force
constants and the corresponding experimental stability data was obtained,
which in some cases was not reflected by the electron density at the bond
critical points. The effects of linker functionalization were also analyzed, in
which ortho-NH2 substitutions on the linkers were found to weaken the
adjacent coordination bonds via intramolecular hydrogen bonding. These findings establish a readily computable quantum-
mechanical metric for evaluating bond strengths in MOFs, paving the way for accurate evaluation and prediction of MOF stability.

■ INTRODUCTION
Metal−organic frameworks (MOFs), a diverse class of
crystalline nanoporous materials composed of inorganic
nodes bridged by organic linkers, are characterized by their
high surface areas, excellent tunability, and broad application
potential in gas adsorption/separation, catalysis, and energy
storage.1−5 A fundamental requirement across these applica-
tions is structural stability, where MOFs must retain their
framework integrity under chemical, thermal, and/or mechan-
ical stress to remain functional in practical environments.6

Despite many highly stable MOFs being synthesized, the
factors that determine a MOF’s stability are not fully
understood.6 Experimental techniques such as thermogravi-
metric analysis,7,8 variable-temperature powder X-ray diffrac-
tion,9 and surface area determination10 can provide key
insights into how these materials degrade or transform under
operating conditions. Infrared spectroscopy, mass spectrome-
try, and electron microscopy offer complementary views into
the chemical and morphological changes that accompany
degradation.11−14 While these methods provide valuable
insights, they typically assess stability through macroscopic or
bulk properties, which can disguise underlying electronic
features such as bond strength and/or coordination environ-
ment. The coordination bonds that connect inorganic nodes
and organic linkers are often regarded as the weakest links in
MOF structures that limit the stability of MOFs. In most cases,
MOF degradation�whether thermal, mechanical, or chem-
ical�involves the breaking of coordination bonds.6 Subtle
variations in local bonding interactions that are not captured
by global structural metrics can thus have a critical influence on
the stability and performance of the materials.

To bridge this gap, computational approaches have emerged
in dissecting the structural and bonding features of MOFs.
Density functional theory (DFT) calculations and molecular
dynamics simulations have been employed to study node−
linker energetics, framework flexibility, and bond dissociation
mechanisms.15−18 However, quantifying bond strengths in a
chemically transferable and physically rigorous manner remains
challenging. For example, bond strengths are traditionally
evaluated via the bond dissociation energy (BDE), which is the
amount of energy necessary to homolytically cleave the bond.
Even so, the cleavage of metal−linker (M−L) coordination
bonds in MOFs is usually heterolytic and is often accompanied
by solvent addition, which makes BDE not directly applicable
as an intrinsic bond strength measure.
To overcome these limitations, we applied local vibrational

mode analysis, which provides bond-specific local force
constants that can be directly related to bond strength. Unlike
conventional vibrational analyses which generate canonical
normal modes that are often delocalized, local mode theory
provides a bond strength measure associated with individual
bonds, making it particularly suited for chemically diverse
systems. Previous investigations employing local mode analysis
(LMA) have shown its effectiveness in quantifying metal−
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ligand bond strengths across diverse coordination environ-
ments.19,20 In this work, we performed a comparative LMA on
cluster models of three representative families of MOFs as
shown in Figure 1: UiO-66-series, MOF-5-series, and ZIF-
series, featuring a variety of metal centers and functionalized
linkers. Our objective was to evaluate the utility and
transferability of the local bond stretching force constant as a
quantitative descriptor of the M−L bond strength in MOFs. By
comparing with conventional structural and electronic metrics
such as bond lengths, bond orders, and electron density at
bond critical points (BCPs) (ρb) derived from the quantum
theory of atoms in molecules (QTAIM),21 we could quantify
utilizing the various descriptors and provide new insights into
the chemical factors that contribute to MOF stability at the
atomic level.

■ METHODOLOGY
Three representative types of MOFs and their respective
variations featuring M−L coordination bonds were studied:
UiO-6622−24 (M = Ti, Zr, and Hf), MOF-525 (M = Mg, Zn,
and Cd), and zeolitic imidazolate frameworks26,27 (ZIF-4, ZIF-
7, ZIF-8, and ZIF-67; M = Zn and Co). For the UiO-66 and
MOF-5 series, functional groups (−NH2, −CH3, and −F) were
also considered at the ortho-position on the organic linkers.
The UiO-66 series also include the recently reported
phosphonate-based MOFs NU-406 and NU-40728 (M = Zr)
which have the same inorganic node and topology as UiO-66.
In addition, the mixed-linker MOF DMOF-129 (M = Zn)
featuring both Zn−O and Zn−N coordination bonds was
studied as a test case in which the strengths of the two bonds
were compared against each other.
The molecular structures were initially obtained from crystal

structures26,28,29 and previous works,30,31 followed by geometry

optimizations at the M06-L32/def2-SVP33,34 level. Since the
implementation of def2-SVP in Gaussian16 is all-electron for
H−Kr and has SDD35 effective core potential (ECP) for Kr
and beyond, we manually applied the SDD ECP for Ti, Fe, Co,
and Zn to ensure methodological consistency. Harmonic
vibrational frequency calculations for the optimized structures
were then performed using the same level of theory. Both
geometry optimizations and frequency calculations were
performed in Gaussian16.36 The LModeA2025 program37

was then used to extract local vibrational modes from the
normal modes. All frequency calculations confirmed the
optimized structures to be at a local minimum.
A brief overview of local vibrational mode theory is provided

here, while readers interested in more details are referred to
recent review articles.38,39 Normal vibrational modes are
typically delocalized in polyatomic systems, as first noted by
Wilson in 1941.40 This delocalization raises concerns about the
reliability of using associated normal mode stretching force
constants as indicators of bond strength. In contrast, local
vibrational stretching force constants derived from local
vibrational modes directly reflect the intrinsic strength of
individual chemical bonds.
The local vibrational mode vector an, is defined as

38,39

=
†

†a
K d

d K dn
n

n n

1

1
(1)

where K is the diagonal force constant matrix in normal mode
coordinate Q, and dn denotes the n-th normal mode vector
expressed in internal coordinates q. Both quantities are readily
available from a standard normal-mode analysis performed by
most modern quantum chemistry software packages.41 As a
result, LMA can be carried out with minimal additional
computational effort. For each local mode an, the correspond-

Figure 1. Representative molecular models from the three MOF series studied in this work: (a) Zr-UiO-66 (linker functionalized with −NH2), (b)
Zn-MOF-5 (linker functionalized with −F), (c) ZIF-4 and structural motifs for (d) UiO-66 series, (e) MOF-5 series, and (f) ZIF series. The “A” or
“B” labels denote metal−linker coordination bonds that are adjacent to or away from the functional group on the linker, respectively. Color codes:
H, white; C, gray; N, blue; O, red; F, light blue; Zn, violet; Zr, cyan.
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ing local force constant kn, which characterizes the localized
vibration of a given fragment (such as a bond stretching, bond
angle bending, dihedral angle torsion, etc.), is defined as

= †k a Kan n n (2)

Additional local mode properties, such as local vibrational
frequencies and intensities, can be derived as well.38,39

The use of relative bond strength order (BSO n) is
convenient when comparing a relatively large set of kn values.
According to the generalized Badger rule derived by Cremer,
Kraka, and co-workers,42 kn and BSO n are related by a power
relationship =n a kBSO ( )n

b. The constants a and b are
determined by two reference compounds with known BSO n
and kn values, the constraint being that for a zero-force
constant BSO n equals zero. To characterize M−L interactions,
Fe−H and Fe�O were selected as reference molecules,43−47

yielding values of a = 0.7513 and b = 0.4715. Notably, we
employed scaled Mayer bond orders48−50 as a more accurate
reference for BSO n, where Fe−H is scaled to BSO n = 1 as a
single bond (kn = 1.834 mDyn/Å) and Fe�O is scaled to 1.71
(kn = 5.690 mDyn/Å).
Establishing a comparison between kn and ρb was also

essential, as ρb has historically been widely related to the bond
order, which has been used as an indicator of bond
strength.21,51 To evaluate the consistency between local force
constants and QTAIM-based indicators of bonding, ρb values
of all the M−L bonds were computed using the wavefunction
analysis program Multiwfn3.8.52−54

■ RESULTS/DISCUSSION

Trends in Bond Length, kn, and ρb

We begin by analyzing the general trends in bond length, kn,
and ρb for the three MOF series, as shown in Figure 2 and
Figure 3. For the UiO-66 series (Figure 2a and Table 1), which
only includes Group IV metals (Ti, Zr, Hf), the kn values
display an order of Ti < Zr ∼ Hf, indicating that the M−O
bond strength in UiO-66 follows the same order. Interestingly,
this order occurs despite an increase in bond length from Ti to
Hf, which is likely a result of the increase in atomic radius.
Experimentally, both Zr- and Hf-UiO-66 have been reported as
highly stable MOFs with similar stability,55 while Ti could only
be introduced in UiO-66 via post-synthetic exchange which
resulted in a mix-metal MOF.56 Ti-carboxylate MOFs are more
rarely seen in the literature compared to Zr-carboxylate ones in
general.56 These experimental observations suggest that Ti−O
bonds are weaker than Zr−O and Hf−O bonds in UiO-66,
which is consistent with our kn values. Although bond length is
often used as a gauge of bond strength, prior studies have
shown that the relationship between bond length and bond
strength is not consistently held, and a stronger bond does not
always correlate with a shorter bond.57,58 In this case, the local
force constants, being sensitive to the overall electronic
structure, quantify the intrinsic strength of the M−O stretching
interaction. In comparison, ρb (Figure 3) follows the trend Ti
> Zr ∼ Hf.

Figure 2. Bond length (Å) and kn (mdyn/Å) of (a) UiO-66 series (including NU-406 and NU-407), (b) MOF-5 series, and (c) ZIF series.

Figure 3. Bond length (Å) and ρb (a.u.) of (a) UiO-66 series (including NU-406 and NU-407), (b) MOF-5 series, and (c) ZIF series.
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For the MOF-5 series (Figure 2b, Figure 3b, and Table 2),
which includes metals from different groups, the results were
more complex. For the Group XII metals Zn and Cd, both kn
and ρb decreased as the bond length increased, suggesting that
the Cd−O bond is weaker than the Zn−O bond in MOF-5.
This is supported by the fact that the synthesis of Cd-MOF-5
has not been reported yet,59 while Zn-MOF-5 was one of the
earliest MOFs discovered.25 For Mg, kn from LMA suggested a
bond strength similar to Zn−O, whereas ρb was much lower
than Cd. A previous computational study reported that the
formation energy of Mg-MOF-5 is more negative than Zn-
MOF-5,60 supporting the interpretation that kn provides a
reliable measure of strength in this series.
For the ZIF series (Figure 2c, Figure 3c, and Table 3), the

bond lengths and kn and ρb values for the Zn−N bonds (ZIF-4,
ZIF-7, and ZIF-8) were all considerably close (note that the
range of the kn axis in Figure 2c is much narrower than in
Figure 2a and Figure 2b), due to the similar chemical
environment around those bonds. Nevertheless, both kn and ρb
suggested that the Zn−N bond is slightly stronger in ZIF-8
(when averaged, 1.381 mDyn/Å and 0.0791 a.u.) than in ZIF-7
(average of 1.366 mDyn/Å and 0.0789 a.u.), which is
supported by the experimental finding that in boiling water
ZIF-8 remained stable after 7 days while ZIF-7 transformed to
another crystalline material after 1 day.26 ZIF-67, which has the

same structure as ZIF-8 except Zn2+ was replaced by Co2+, has
been shown to be less water-stable than ZIF-8.61,62 Here, both
ρb and LMA yielded slightly lower values for the Co−N bond
in ZIF-67 compared to the Zn−N bond in ZIF-8. This is

Table 1. Local mode (M−O), Bond Length (BL, Å), kn
(mDyn/Å), BSO ρb (a.u.), and H(r) (Ha/Å3) for UiO-66
Seriesa

UiO-66

Local
Mode
(M−O) kn(M−O) BL BSO ρb H(r)

Ti A 0.698 2.080 0.634 0.072 −0.015
B 0.698 2.080 0.634 0.072 −0.015

Ti_NH2 A 0.665 2.084 0.620 0.071 −0.014
B 0.802 2.049 0.677 0.078 −0.022

Ti_CH3 A 0.723 2.067 0.645 0.074 −0.018
B 0.699 2.074 0.635 0.073 −0.017

Ti_F A 0.654 2.086 0.615 0.070 −0.013
B 0.692 2.077 0.632 0.072 −0.015

Zr A 0.990 2.217 0.748 0.065 −0.002
B 0.990 2.217 0.748 0.065 −0.002

Zr_NH2 A 0.962 2.219 0.738 0.065 −0.002
B 1.022 2.196 0.759 0.068 −0.005

Zr_CH3 A 0.987 2.211 0.747 0.062 −0.002
B 0.988 2.210 0.747 0.066 −0.003

Zr_F A 0.966 2.218 0.739 0.065 −0.000
B 0.957 2.220 0.736 0.065 −0.001

Hf A 1.107 2.216 0.788 0.066 0.003
B 1.107 2.216 0.788 0.066 0.002

Hf_NH2 A 1.088 2.217 0.782 0.066 0.002
B 1.117 2.197 0.792 0.069 0.001

Hf_CH3 A 1.092 2.210 0.783 0.067 0.002
B 1.096 2.209 0.784 0.067 0.002

Hf_F A 1.079 2.215 0.779 0.066 0.004
B 1.066 2.218 0.774 0.065 0.003

NU-406 1 0.845 2.229 0.694 0.062 0.005
2 0.947 2.196 0.732 0.068 −0.004

NU-407 1 0.940 2.206 0.730 0.066 −0.003
2 1.154 2.162 0.804 0.074 −0.016

aA and B are defined in the main text. NU-406 and NU-407 have
(Zr−O) local modes that are equivalent and are therefore labeled as 1
and 2.

Table 2. Local Mode (M−O), Bond Length (BL, Å), kn
(mDyn/Å), BSO, ρb (a.u.), and H(r) (Ha/Å3) for MOF-5
Seriesa

MOF-5

Local
Mode
(M−O) kn(M−O) BL BSO ρb H(r)

Mg A 1.369 1.953 0.871 0.046 0.104
B 1.371 1.953 0.872 0.046 0.104

Mg_NH2 A 1.373 1.955 0.872 0.046 0.102
B 1.451 1.941 0.895 0.047 0.110

Mg_CH3 A 1.408 1.951 0.883 0.046 0.105
B 1.444 1.950 0.893 0.046 0.106

Mg_F A 1.424 1.949 0.888 0.046 0.107
B 1.403 1.957 0.881 0.046 0.102

Zn A 1.476 1.955 0.903 0.078 0.027
B 1.476 1.955 0.903 0.078 0.027

Zn_NH2 A 1.483 1.956 0.905 0.080 0.028
B 1.499 1.946 0.909 0.079 0.026

Zn_CH3 A 1.467 1.954 0.900 0.078 0.027
B 1.492 1.951 0.907 0.079 0.027

Zn_F A 1.455 1.956 0.897 0.078 0.029
B 1.473 1.957 0.902 0.078 0.027

Cd A 1.085 2.179 0.781 0.064 0.002
B 1.043 2.184 0.766 0.063 0.003

Cd_NH2 A 1.151 2.177 0.803 0.066 −0.003
B 0.961 2.183 0.737 0.061 0.009

Cd_CH3 A 1.082 2.181 0.780 0.064 0.002
B 1.069 2.179 0.775 0.064 0.004

Cd_F A 1.027 2.187 0.761 0.061 0.008
B 1.148 2.179 0.802 0.065 −0.001

aFor the local mode, A and B are referenced in the main text.

Table 3. Local Mode (M−N), Bond Length (BL, Å), kn
(mDyn/Å), BSO, ρb (a.u.), and H(r) (Ha/Å3) for ZIF
Seriesa

ZIF
Local Mode
(Zn−N) kn(Zn−N) BL BSO ρb H(r)

ZIF-4 1 1.377 2.027 0.874 0.078 −0.031
2 1.377 2.026 0.874 0.078 −0.031
3 1.378 2.026 0.874 0.078 −0.031
4 1.378 2.026 0.874 0.078 −0.031

ZIF-7 1 1.349 2.022 0.865 0.079 −0.034
2 1.348 2.031 0.865 0.077 −0.030
3 1.397 2.017 0.880 0.080 −0.035
4 1.373 2.018 0.872 0.080 −0.034

ZIF-8 1 1.380 2.023 0.875 0.079 −0.035
2 1.382 2.023 0.875 0.079 −0.035
3 1.381 2.023 0.875 0.079 −0.035
4 1.381 2.023 0.875 0.079 −0.035

ZIF
Local Mode
(Co−N) kn(Co−N) BL BSO ρb H(r)

ZIF-
67

1 1.326 2.029 0.858 0.078 −0.022

2 1.325 2.029 0.858 0.078 −0.022
3 1.325 2.029 0.858 0.078 −0.022
4 1.325 2.029 0.858 0.078 −0.022

aAll four local modes are equivalent in each ZIF and are labeled as
numbers 1−4.
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consistent with experimental observations. For kn, the weakest
bond comes from the ZIF-67 structure (Co−N), whereas for
pb, the weakest bond comes from the ZIF-7 (Zn−N) structure.
Trends in Functionalization

To enable comparison of bond strengths across chemically
distinct systems and the effects of functionalization on M−L
bonds, we applied the generalized Badger rule to transform
local force constants kn into relative bond orders BSO n. All
BSO n values are between 0.65 and 1.0, identifying all M−L
coordination bonds relatively close to a single bond. For the
UiO-66 series (Figure 4a), the Ti (blue), Zr (red), and Hf
(green) points formed three clusters from bottom left to top
right, which showed that even with linker functionalizations
the aforementioned trend in bond strengths still held. The two
points for the Zr-phosphonate MOFs NU-406 (yellow) and
NU-407 (purple), despite being slightly away from the cluster
of Zr points (red), are still to the right of all Ti points (blue),
emphasizing the strong impact of metal identity on the M−L
bond strength. It is noteworthy that NU-407 was reported to
have higher hydrolytic stability than NU-406,28 which agrees
with our results. Note that although the data in Figure 4a
might look like linear correlation between kn and BSO n it is
actually a power−law relationship, as discussed earlier in the
Methodology section.
Similarly, for the MOF-5 series (Figure 4b), three distinct

clusters based on metal identity were observed. As discussed
above, when going down the periodic table, the Zr−O bond
was stronger than Ti−O; however, in this scenario, the Cd−O
bond became weaker than Zn−O. This can be qualitatively

rationalized by the hard and soft acid−base (HSAB)
theory,62,63 in which carboxylate is characterized as a hard
base, Zn2+ as an acid of intermediate hardness, and Cd2+ as a
soft acid. This is a possible explanation for the decrease in
bond strength from Zn-MOF-5 to Cd-MOF-5. For the ZIF-
series (Figure 4c), most points of Zn−N were very close
together (note the axis ranges again), while the points
corresponding to the Co−N bond and one of the Zn−N
bonds from ZIF-7 (yellow triangle and blue circle) are
separated.
Concerning the effects of linker functionalization, all UiO-66

MOFs (Figure 4a) functionalized with an ortho-NH2 group on
the linker (Figure 1a) had weaker A bond (large circles) and
stronger B bond (small circles), compared to their respective
unfunctionalized models (stars). This is due to intramolecular
hydrogen bonding between the −NH2 group and the O atom
of M−O, which weakens the adjacent A bond by decreasing
the electron density on the O atom. These findings are in
agreement with experimental studies reporting a decrease in
water stability in −NH2-functionalized UiO-66.62 −CH3 and
−F functionalizations do not display a clear trend across
different MOFs. For the MOF-5 series (Figure 4b), −NH2
functionalization exhibited slightly larger BSO value for bond B
compared to bond A in the Mg and Zn models, consistent with
the trend observed in UiO-66. However, Cd-MOF-5 exhibits
an opposite trend where bond A becomes stronger than bond
B, and the reason remains unclear. Overall, as mentioned
above, the metal identity has a significantly larger impact than
linker functionalization on the M−L bond strength.

Figure 4. BSO and kn (mDyn/Å) for (a) UiO-66 series (including NU-406 and NU-407), (b) MOF-5 series, and (c) ZIF series. (a) and (b) series
also include functionalized versions. “A” and “B” are defined in Figure 1.

Figure 5. (a) Molecular model of DMOF-1 and (b) structural motif of the Zn center in DMOF-1. For visual clarity, hydrogen atoms have been
omitted from the figure. Color codes: C, gray; N, blue; O, red; Zn, violet.
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To investigate the nature of the M−L bonds in the MOFs,
we applied the Cremer−Kraka criterion64 to assess the
covalency of the bonds, in which the sign of the energy
density (H(r)) at the bond critical point can indicate whether
the bond is covalent (H(r) < 0) or noncovalent/ionic (H(r) >
0) (Supporting Information, Figures S4−S7). We found that in
general H(r) for most of the bonds is close to zero (∼10−2 Ha/
Å3), indicating partial covalent and partial ionic characters. The
only bond that exhibits significant ionic character is Mg−O in
Mg-MOF-5 (Figure S4), which is the sole bond examined in
this work that does not contain a transition metal. Within the
UiO-66 series, an inverse correlation between kn and H(r) is
observed (Figure S5), indicating that the stronger bonds are
more covalent (except for Hf, where it has slight electrostatic
character, despite being a stronger Hf−O bond). Another
correlation is observed in ZIFs, where the stronger Zn−N
bonds showed higher covalency than the weaker Co−N bond
(Figure S7).
To further test the applicability of LMA, we selected

DMOF-129 in which each Zn coordinates to both O and N
(Figure 5). The Zn−N bonds in DMOF-1 have an average kn
of 1.11 mDyn/Å, revealing significantly weaker bond strengths
than the Zn−N bonds in ZIFs (about 1.38 mDyn/Å). The
Zn−O bonds in DMOF-1 (average kn of 0.74 mDyn/Å) are
considerably weaker than those in Zn-MOF-5 (about 1.48
mDyn/Å). The repulsion between the four oxygen atoms in
the same plane in DMOF-1 might also be a reason why Zn−O
bonds are weaker than Zn−N bonds despite being more
electrostatically favorable. When looking at the H(r) of these
bonds (Table 4), the stronger Zn−N bonds show greater

covalent character than the Zn−O bonds, which is consistent
with the trend we observed in ZIFs. Our finding that Zn−N is
stronger than Zn−O is also supported by a recent work,65

which utilized a neural network model trained with extensive
ab initio molecular dynamics data.

■ CONCLUSION
In conclusion, we demonstrated in this work that local bond
stretching force constants kn obtained from local vibrational
mode theory provide a chemically meaningful and applicable
measure of M−L bond strength in MOFs. In various MOF
series, trends of kn were able to explain known experimental

findings on MOF stability. Comparisons between kn and ρb
reveal that these descriptors can exhibit different trends, as
observed for the M−O bonds in UiO-66 and MOF-5, while
yielding more comparable trends for the M−N bonds in ZIFs.
It is important to note that these bond-strength descriptors
alone are not sufficient to fully determine MOF stability, which
also depends on collective structural and electronic factors at
the framework level. It was also shown that metal identity has a
greater impact on the M−L bond strength than linker
functionalization. For DMOF-1, kn predicted the same relative
strength of Zn−N and Zn−O bonds as ab initio molecular
dynamics simulations. Overall, this work establishes local
vibrational mode theory as a robust and chemically insightful
tool for assessing MOF stability, which can be integrated into
high-throughput screening workflows as a quantitative
descriptor to accelerate the discovery of functional MOF
materials with desired stability.
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Table 4. Local Mode (Zn−N and Zn−O), Bond Length (BL,
Å), kn (mDyn/Å), BSO, ρb (a.u.), and H(r) (Ha/Å3) for
DMOF-1a

Local Mode (Zn−N) kn(Zn−N) BL BSO ρb H(r)

1 1.111 2.090 0.790 0.070 −0.027
2 1.110 2.090 0.789 0.070 −0.027

Local Mode (Zn−O) kn(Zn−O) BL BSO ρb H(r)

1 0.740 2.061 0.652 0.063 0.017
2 0.730 2.065 0.648 0.062 0.016
3 0.715 2.066 0.641 0.062 0.016
4 0.774 2.055 0.666 0.063 0.017
1 0.756 2.061 0.658 0.063 0.017
2 0.713 2.065 0.641 0.062 0.016
3 0.772 2.056 0.665 0.063 0.017
4 0.724 2.067 0.645 0.062 0.016

aBoth Zn−N bonds are equivalent and are labeled as 1 and 2. Each
Zn atom in DMOF-1 is bonded to four equivalent oxygen atoms and
are labeled as 1−4.
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