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ABSTRACT: Zeolitic imidazolate frameworks (ZIFs) are a rapidly emerging class of
versatile porous material with many potential applications. Here, we report the
construction of an amorphous ZIF (a-ZIF) model from a near-perfect continuous
random network model of a-SiO2. The radial distribution function is in good agreement
with measurements for amorphous aTZIF-4 but with notable fine differences. The
electronic structure and properties of the a-ZIF model are critically compared with
those of three crystalline ZIF phases, ZIF-4, ZIF-zni, and ZIF-8, using density functional
theory methods. We confirm the retention of the metal tetrahedral bonding
coordination in a-ZIF and the nearly identical short-range ordering found in crystalline
ZIFs. The considerable Zn−N bond strength plays a key role in retaining the
tetrahedrally bonded network structure. The calculated optical properties of a-ZIF show
a complex absorption spectrum with an ultralow refractive index n of 1.327 and a
plasmon frequency of 15.810 eV.

■ INTRODUCTION

Metal−organic frameworks (MOFs) have attracted immense
attention from diverse disciplines of chemistry, physics,
engineering, material sciences, biological and biomedical
sciences.1−4 An important member of the MOF family is the
zeolitic imidazolate framework (ZIF), which display network
topologies analogous to those of silica. In the network, the
corner-sharing SiO4 tetrahedra are replaced by MN4 tetrahedra
(M = metal, Zn in this work) linked by imidazolate (IM)
(C3N2H3)

− anions (Figure 1a). The chemically tunable
porosities of ZIFs are pivotal for their potential application in
gas storage and separation, drug delivery, heterogeneous
catalysis, and selective adsorption.5−8 In addition to the large
number of crystalline ZIFs with well-defined zeolite structures,
the emerging category of noncrystalline or amorphous ZIF
glasses obtained by melt-quenching the liquids that are formed
upon melting of hybrid structures,9 by transforming from
crystalline phases by varying temperature10,11 and/or pres-
sure,12 or by ball milling13 is of particular interest. Here, we
make it clear that we refer to the general noncrystalline ZIF as
amorphous ZIF (a-ZIF), whereas experimentally obtained ZIFs
are ZIF glass or a-ZIF glass, although the terms are used
interchangeably in other literature. The a-ZIF can be viewed as
a model system for understanding the general features and
properties of a novel hybrid inorganic/organic glass with no
long-range order (LRO) but with well-preserved short-range
order (SRO). Recently, there has been increased interest in the
structure of ZIF glasses subject to elevated temperatures near

the crystalline to amorphous phase transition.10 Experimentally,
the complex temperature-dependent behaviors of ZIF glasses
have been characterized with advanced techniques such as X-
ray diffraction, neutron diffraction, Raman and Brillouin
spectroscopy,10,11,14 and positron annihilation lifetime spec-
troscopy (PALS).15 Simultaneously, there has been a steady
increase in the number of theoretical studies using molecular
dynamic (MD) simulations16,17 and ab initio calcula-
tions.14,18−20 Despite these efforts, the mechanism of ZIF
glass formation on the basis of detailed interatomic interactions
is not fully understood.
The main shortcoming encountered in the computational

studies appears to be that while the presence of SRO has been
predicted,11 there remains an inability to precisely quantify the
intermediate-range order (IRO) with distances of separation in
the range of 10−20 Å and to verify the absence of LOR. The
reason for that problem is the lack of realistic a-ZIF models of
sufficiently large size. Furthermore, the a-ZIF models derived
from different MD simulations depend on the methods and
potentials used as well as the starting configurations, which can
result in significant uncertainty in the IRO due in part to the
possibility of defect structures. The defect structures often
distort any physical properties that are calculated based on such
models. Therefore, it is highly desirable to first construct a
sufficiently large but also nearly perfect continuous random
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network (CRN) model of a-ZIF to serve as a baseline for
comparative studies. Here we report the construction and
characterization of a near-perfect CRN model for a-ZIF with
periodic boundaries obtained through the conversion of a
special a-SiO2 model that was generated from our previous
work. We then calculate the electronic structure, interatomic
bonding, and optical properties of this defect-free a-ZIF model
(Figure 1d). Also reported are the results of parallel calculations
of three crystalline ZIFs, ZIF-4, ZIF-zni, and ZIF-8 (Figure 1e−
g). The electronic structure and bonding of a-ZIF and the
crystalline ZIFs are very similar because they share the same
SRO. We also find that substantial Zn−N bond strength is the
key for the integrity of the a-ZIF network. The calculated
optical properties of a-ZIF show interesting absorption features,
a low index of refraction (1.327), and a plasmon frequency of
15.81 eV.

■ METHODS

The computational methods for model optimization, analysis,
and properties’ calculations are presented in detail in the

Supporting Information (SI). The modeling strategy and
process for a-ZIF is described below.
The a-ZIF model presented here originates from a 162 atom

periodic a-SiO2 model (54 SiO2 molecules) (Figure 1b)
constructed 35 years ago.21 The beauty of this model is that
it has near-perfect local bonding with no over- or under-
coordinated Si or O atoms and a realistic distribution of four-,
five-, six-, seven-, eight-, and nine-membered rings (Figure 1c),
which is extremely difficult to construct across the periodic
boundary due to strong directional Si−O bonds. Such a near-
perfect CRN model cannot be obtained by using MD. This
model has no four-member rings and contains mostly five- and
six-membered rings (30 and 32%), considerable seven- and
eight-membered rings (18 and 17%), and a small presence of
nine-membered rings (3%). The distribution of rings indicates
that this is a truly CRN model of silica even with the absence of
four-membered rings. This a-SiO2 model was originally
obtained from a carefully built periodic model of amorphous
Si22 by inserting O atoms at the middle of the Si−Si bonds and
rescaling the cell size. Over the years, the model has been
systematically improved, enlarged, and used as a representative

Figure 1. (a) Zn−IM−Zn unit of ZIFs, (b) 162 atom a-SiO2 model, and (c) ring statistics of the a-SiO2 model. Ball and stick figures of (d) a-ZIF
model, (e) ZIF-4 crystal, (f) ZIF-zni crystal, and (g) ZIF-8 crystal. Orange, blue, gray, and white balls represent Zn, N, C, and H respectively.
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model for a-SiO2 to calculate many different properties,23−25

including amorphous to amorphous phase transition under
pressure.26 The initial a-ZIF structure had the same network
topology as the a-SiO2 model and was then fully relaxed with
high accuracy. The resulting periodic a-ZIF model had a total of
918 atoms (Figure 1d). Details about the conversion and
optimization of the model are described in the SI. A similar a-
ZIF model was reported11 from a larger a-SiO2 model27

following the same approach of using an a-Si model.28

However, the original a-Si model used in that work started
from the crystalline diamond structure, and it contained very
different ring statistics. The a-SiO2 model of ref 27 was used to
obtain an a-ZIF model using the reverse Monte Carlo (RMC)
technique.27 However, the resulting model contained defective
sites, making the conversion to an ideal network of a-ZIF model
difficult. The present a-ZIF model that we constructed has no
such defects and is of appropriate size for relatively easy
application of ab initio electronic structure methods. Moreover,
the differently sized ring structures are the source of the large
distribution of different pores in MOF glasses, as observed in
PALS.15

■ RESULTS

In this section, we first analyze the structure of a-ZIF and then
show the electronic structure properties and optical properties.
The radial distribution function (RDF) g(r) of the a-ZIF model
was calculated with the Interactive Structure Analysis of
Amorphous and Crystalline systems (ISAACS) program29

and compared to experimentally measured data G(r) from
ZIF glass aT-ZIF-4

30 (Figure 2a,b). The experimental data was
obtained from the Fourier transform of the total scattering
function S(Q) produced from X-ray total scattering data. The
experimental spectrum does not show peaks A′ and E′ present
in Figure 2b because they involve H atoms. However, all others
peaks in the computed and experimental data align well. We
take this as an indication that our a-ZIF model fits well with the
experimental data for the aT-ZIF-4; both clearly show evidence
of the retention of SRO and IRO through the major peaks
below 6 Å and the lack of LRO beyond 6 Å. The peak at 6 Å is
due to the Zn−Zn pairs. Contrary to experimental RDF G(r)
based on scattering factor S(Q), which is incapable of
identifying light H atoms, the calculated RDF g(r) from the
a-ZIF model contains all information of partial RDF (PRDF) of
all atomic pairs (Figure 2c), including H, which has a significant
effect on the locations and shapes of the peaks shown in Figure
2b. There are seven prominent structures in g(r) (marked A′,
A, B, C, D, E′, and E). The sharp peaks from H-related pairs in
the a-ZIF model are the results of the large number of H atoms
in the a-ZIF model. For instance, the first very sharp peak A′ in
g(r) comes from the enormous number of C−H pairs.
The compositions of the other peaks are (A) C−N, C−C;

(B) Zn−N, C−C, N−H, N−C, N−N, C−H; (C) Zn−C, Zn−
H, N−N, C−H, N−H, H−H; (D) Zn−N, Zn−C, H−H; (E′)
Zn−H; and (E) Zn−Zn. Moreover, the experimental data
cannot resolve the difference between C−C and C−N bonds,
but the PRDF clearly shows their relative contributions. Other
details of the a-ZIF model (including calculated properties to
be described below) and those of the three crystalline phases,
ZIF-4, ZIF-zni, and ZIF-8 (solvent-free), are summarized in
Table 1. We note that a-ZIF has a much lower density than
ZIF-4 and ZIF-zni but that it has a higher density than ZIF-8
due to the presence of large pores in ZIF-8.

Despite numerous theoretical calculations on crystalline and
amorphous ZIFs, it is intriguing to note that results on the
electronic structure are somehow missing. We have calculated
electronic structure and interatomic bonding information for
the a-ZIF model using the ab initio orthogonalized linear
combination of atomic orbitals (OLCAO) method.31 (More
details on the OLCAO calculation are given in the SI.) The
calculated total density of states (TDOS) and partial DOS
(PDOS) of a-ZIF are shown in Figure 3a. A large band gap of
4.8 eV, which may be underestimated due to the usual
deficiency of LDA-based DFT methods, indicates that a-ZIF is
an insulator. From the TDOS, the occupied portion of the
valence band (VB) consists of nearly all sharp peaks, that is,
two very sharp peaks (A and B), four relatively sharp peaks
(C−F) in the lower VB, three broader peaks (G−I) in the
lower part of the upper VB, and four broader peaks (J−M) in
the upper part of the upper VB. In the unoccupied conduction
band (CB) region, there is only one prominent peak (N) at 6.0

Figure 2. (a) Experimental RDF of the a-ZIF-4, (b) RDF for the
present a-ZIF model, and (c) PRDF for all atomic pairs for the a-ZIF
model.
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eV followed by a plateau to which all of the atoms contribute.
The PDOS also provides insight regarding the interatomic
bonding in a-ZIF. For example, above −6 eV, the Zn atoms
interact strongly with N and H atoms. All of these data indicate
that the electronic structure of a-ZIF bears a strong
resemblance to the broadened spectrum of the organic
molecule IM. The PDOS for crystalline ZIF-4, ZIF-zni, and
ZIF-8 are shown in Figure S1 in the SI.
To characterize the nature of the bonding and charge transfer

in a-ZIF, we have calculated the effective charge Q* and bond
order (BO) values according to eq 1 in the SI. They are listed
in Table 2. Figure 3b shows the distribution of the calculated

BO versus bond length (BL) up to 4 Å, which provides basic
bonding information in a-ZIF. The narrow distributions of C−
C, C−H, N−C, and Zn−N pairs in both a-ZIF and crystalline
ZIFs are almost identical, which indicates that the SRO in the a-
ZIF model remains the same as that in the crystalline phases.
The average BO for N−H pairs is negligible. The C−N bonds
have two kinds of BO values due to the two types of covalent
C−C bonds in the IM ring (one is stronger than the other). It
also shows two types of C−C bonding in ZIF-8 corresponding
to C−C bonding in the substituted CH3 group in
methylimidazolate, which is different from the C−C bond in
IM. In all ZIFs, the highest BO values are those of the strongly

Table 1. Structure of the a-ZIF Model and the ZIF-4, ZIF-zni, and ZIF-8 Crystals

ZIFs a-ZIF ZIF-4 ZIF-zni ZIF-8

chemical composition Zn54N216C324H324 Zn16N64C96H96 Zn32N128C192H192 Zn12N48C96H120

a, b, c (Å) 26.729, 24.417, 27.645 15.316, 15.577, 18.584 23.802(23.503), 23.802(23.503), 12.595(12.461) 17.140, 17.139, 17.139
α, β, γ 90.73°, 93.66°, 90.21° 90°, 90°, 90° 90°, 90°, 90° 90°,90°, 90°
space group 1 Pbca I41cd I4̅3m
V (nm3) 18.00 4.43 7.14 5.03
E0 (eV) −6023.11 −1786.12 −3572.22 −1740.46
E0 (kJ/mol) −581141.23 −172334.14 −344666.36 −167928.82
E0
a(kJ/mol)/ tetra. site −10761.87 −10770.88 −10770.82 −13994.07

densityb nm−3 3.00 3.61 4.48 2.38
mass density (amu/Å3) 0.60 0.73 0.90 0.55

aE0 is the total energy of the respective ZIF models in units of eV and also in kJ/mol per tetrahedral site. bDensities are expressed as the number of
tetrahedral sites per unit volume.

Figure 3. (a) Calculated TDOS and PDOS of a-ZIF and (b) BO versus BL plots of a-ZIF, ZIF-4, ZIF-zni, and ZIF-8. The sidebar to (a) depicts the
PDOS of the different types of bonds in Im.
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covalent C−C bonds, followed by the C−N bonds. The short
C−H bonds (1.085 Å) have slightly smaller BO values than
those of the C−C and C−N bonds. The C−H bonds are
slightly weaker because H atoms are outside of the IM ring.
The slightly larger variance in C−H bonds in ZIF-8 is because
some of the bonds are from methylimidazolate, which has a
different local environment. In all four ZIFs, Zn connects with
IM via N bonding with a relatively large BO value and a BL
close to 2.0 Å. This is the key for maintaining the near-perfect
tetrahedral Zn−N4 tetrahedral bonding with IM or methyl-
imidazolate.
Table 2 also lists the calculated total bond order density

(TBOD) and partial BOD (PBOD) (see the SI), band gap
(Eg), refractive index (to be discussed below), and average
effective charge Q* of the ZIFs. TBOD is a single quantum
mechanical metric obtained from electronic structure calcu-
lations and that reflects the internal cohesion of complex
materials32 ideal for assessing material properties in both
crystalline and noncrystalline solids. In many cases, the TBOD
is more reliable and convenient than the total energy or
formation energy because it is independent of the cell size. The
calculated TBOD for a-ZIF is 0.0264 e−/Å3, which is smaller
than that of its crystalline counterparts. ZIF-4 and ZIF-zni have
a TBOD of 0.0317 and 0.0396 e−/Å3, respectively. This
indicates that the crystalline phases have a higher internal
cohesion than the amorphous phase even though their SROs
are identical. However, the TBOD for ZIF-8 of 0.0276 e−/Å3 is
close to that of a-ZIF, indicating a much weaker internal
cohesion than ZIF-4 or ZIF-zni and can be attributed to the
large porosity in ZIF-8.
MOF materials are envisioned to have many as of yet

unrealized applications as functional materials.33−36 We have
calculated the optical properties for a-ZIF within one-electron
DFT in the form of the frequency-dependent complex
dielectric function (see the SI for detail). We are not aware
of any previous investigation of the optical properties of any
ZIF materials except for some recent work on infrared and
Raman spectra related to vibrations at very low frequencies.37

Figure 4 shows the calculated frequency-dependent complex
dielectric function and the electron energy loss function (ELF)
as a function of photon energies up to 35 eV for a-ZIF based on

eqs 2−4 (see the SI). Ab initio optical properties calculation of
the a-ZIF model with 918 atoms is computationally very
challenging. There are five prominent features (A1−A5) that
carry over from ε2(ω) to ε1(ω) (B1−B5) and then to the ELF
(C1−C5), with the largest peak C5 at 15.810 eV identified as
the plasmon peak ωp for collective oscillations of the electrons
in a-ZIF. The optical properties of crystalline ZIF-4, ZIF-zni,
and ZIF-8 are shown in Figure S2 in the SI together with a-ZIF.
The overall features are similar to those of a-ZIF but with
sharper absorption peaks due to their crystalline nature with
LRO. We note the rather sensitive variations in the shape and
the location of the plasmon peak ωp, which should be easily
detectable experimentally. Most importantly, the refractive
indices n for the four ZIF systems were obtained from the
square root of ε1(ω) at zero frequency (excluding the
vibrational effect) and were found to be 1.327, 1.367, 1.460,
and 1.311 for a-ZIF, ZIF-4, ZIF-zni, and ZIF-8, respectively.
The smaller value of n for ZIF-8 compared to that of a-ZIF is
likely due to its higher porosity and low density. It is possible to
correlate the ultralow refractive index of ZIF materials to their
porosity if they could be measured with sufficient accuracy. We
also speculate that n could be a convenient and measurable
descriptor for characterizing a-ZIF films. The peak positions in
the absorption curves and the position of ωp in the four ZIF
systems are listed in Table 2.

■ CONCLUSIONS
In summary, we have shown the following: (1) A near-perfect
CRN model for a-ZIF that was not derived from a crystalline
phase has been constructed with RDF in good agreement with
measurement. (2) The electronic structure and bonding for the
a-ZIF are elucidated in great detail showing considerable bond
strength in the Zn−N pairs. Very similar results were obtained
for the three ZIF crystals, ZIF-4, ZIF-zni, and ZIF-8, reaffirming
the identical atomic scale SRO. (3) The optical properties of a-

Table 2. Calculated Total and Partial BOD, Effective Charge
Q*, and Physical Parameters in a-ZIF and Three ZIF
Crystals

type/PBOD a-ZIF ZIF-4 ZIF-zni ZIF-8

C−C 0.0037 0.0045 0.0056 0.0049
C−H 0.0082 0.0098 0.0123 0.0103
C−N 0.0118 0.0143 0.0177 0.0096
Zn−N 0.0026 0.0031 0.0039 0.0022
TBOD 0.0264 0.0318 0.0396 0.0270
Eg 4.673 5.134 4.840 4.574
n 1.327 1.367 1.460 1.311
average Q*
C 4.086 4.087 4.081 4.178
N 5.453 5.453 5.449 5.411
H 0.761 0.759 0.767 0.779
Zn 11.105 11.114 11.114 11.139
ε2 peaks (eV)
A1 5.590 5.490 5.480 5.410
A2 6.800 6.750 6.630 6.590
ωp (eV) 15.810 16.930 17.280 16.120

Figure 4. Optical properties of a-ZIF. (a) Imaginary dielectric function
ε2. (b) Real part of the dielectric function ε1. (c) ELF.
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ZIF were calculated showing unique absorption features and an
ultralow refractive index of 1.327. These and other properties
are critically compared with three other crystalline ZIF phases.
Their sensitive dependence on the structures can be used to
characterize and predict the different types of ZIF phases,
especially in relation to their porosity and thus their ability to
encapsulate other molecules.
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