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ABSTRACT:

Isolated defects induced by water and acid gases have been extensively characterized in ZIF-8, a
prototypical metal-organic framework (MOF) material, but there is little understanding for how
these single bond-breaking events lead to the structural amorphization observed after prolonged
experimental exposure in acidic environments. We use Density Functional Theory calculations to
provide the first analysis of defect propagation in a ZIF material. Given a single bond-breaking
event (the first step in the formation of any defect state), we exhaustively explore the energetics
of subsequent defect states and find strong preference for additional bond-breaking located
adjacent to the previous defect in both two-defect and three-defect systems. This series of
favorable reaction energies is more exothermic when we replace water with sulfuric acid as a
protonating agent, in agreement with experimental observations that ZIF-8 degradation is
accelerated in humid acid gas environments. To give initial insight into experimental signatures
of defect propagation, we compare the simulated powder pattern in structures at varying levels of

defect concentrations.
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1. Introduction

Zeolitic imidazolate frameworks (ZIFs) are a subclass of crystalline porous adsorbents
constructed from tetrahedrally coordinated Zn centers connected by imidazole-derived linkers,
exhibiting a wide variety of accessible topologies, many of which are isomorphic to zeolites'.
ZIFs have potential applications in chemical separations because they exhibit high thermal and
chemical stability and have pore sizes comparable to small molecules®?. However, like many
other metal organic frameworks (MOFs)*, ZIFs are susceptible to degradation under humid and
corrosive environments®>. Understanding and controlling the degradation of new materials in
complex environments is often a prerequisite to their successful implementation in practical
applications®.

ZIF-8, one of the most well-studied ZIF structures, has 2-methylimidazole linkers and a
sodalite (SOD) topology. ZIF-8 is considered to have robust hydrothermal stability”®°. Yaghi
and co-workers’ demonstrated that ZIF-8 retained crystallinity and porosity after being boiled in
water and refluxing solvent for 7 days. Liu et al. showed that the selectivity and permeance of a
ZIF-8 membrane remained constant for more than 40 days when left in atmospheric humidity!'°.
However, recent experiments where ZIF-8 was contacted with pure water at room temperature
revealed the release of Zn?" ions from the structure, implying hydrolysis of ZIF-8 occurs in
aqueous solution at a rate proportional to the ZIF-8 to water ratio!'12. The ratio of crystal to
water appears to dictate the rate and extent of dissolution of ZIF-8 and implies that previously
observed water stability may have been a relative concentration effect; that is, exposure to
sufficiently high relative concentration of pure water causes ZIF-8 to hydrolytically degrade.

It is widely hypothesized that degradation in MOFs and ZIFs begins with localized defect

sites, in analogy to the highly reactive point defects in zeolites'3. Existing modeling work on
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formation of ZIF-8 defects has focused on point defects induced by humid or humid acid gas
(CO,, SO,, NO,) environments!#!>16, Two types of defects, dangling linker (DL) and linker
vacancy (LV) defects'>!7, were computationally proposed as the most likely isolated bond-
breaking events in ZIFs and have been experimentally observed with IR spectroscopy'® and solid
state NMR!. The formation mechanisms attributed to these defects typically involve water or
hydrated species attacking and breaking the Zn-N coordination bond'#. This local description of
defect formation, however, cannot fully describe the overall progression of material properties
observed experimentally!”?°, where extended exposure to humid acid gases is found to
progressively amorphize the crystal structure and reduce the surface area of ZIF-8 and related
materials. Similar degradation is observed during aqueous exposure; aqueous SO, etches the
(110) surface of ZIF-8 preferentially?' and completely amorphizes the structures after extended
exposures??. Interestingly, these processes are reversible upon appropriate post-treatment, an
observation that has allowed synthesis of ZIF materials that are not easy to produce by direct
synthesis?3.

In this paper, we take an initial step towards bridging the gap between a microscopic
description of individual defects in ZIF-8 and the long-term degradation observed
experimentally. Specifically, we examine whether the existence of isolated defects in ZIF-8 can
promote further appearance of nearby defects. Our approach is motivated in part by previous
work on UiO-66, a MOF for which inclusion of defects has been extensively examined?*. Prior
literature shows that UiO-66 can support multiple linker vacancy defects per twelve-coordinated
Zr center®. These defects occur during crystallization, and their concentration can be tuned in
synthesis by the addition of monocarboxylic acid modulators in varying proportions.

Furthermore, these defect inclusions tend to cluster in controllable ways?®, analogous to the
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correlated Schottky vacancies that have been described?’?® and computationally modeled®-? in
various transition metal oxides. Computational models indicate that there is a smaller energetic
penalty to form defects after removing three or four linkers per metal node, and solution-phase
clustering of BDC molecules may further drive linker vacancies in the UiO-66 framework3!.

It is not clear a priori if clustering of defects in MOFs will generally be favorable. In the
related area of radiation damage in solids, extensive studies have shown that the size of damage-
induced defects follows a power law that declines steeply with increasing defect size??3-4. This
observation indicates that even events that locally inject enormous amounts (keV) of energy do
not typically create a cascade of events leading to large defects. We acknowledge, however, that
the analogy between these radiation damage events and degradation during long term exposure
to reactive environments is imperfect. In the situation we envisage for MOFs the material is
subjected to the possibility of many separate reactive events separated in time rather than the
“short, sharp shock™ of radiation damage.

In this work, we examine the hypothesis that defect propagation in ZIF-8 is promoted by
the presence of existing defects. We showed previously that breaking a Zn-N bond in ZIF-8 is
exothermic, and subsequently cleaving the second Zn-N bond to create a linker vacancy is even
less energetically demanding!>. Here, we investigate a prototypical defect propagation
mechanism (using water to cleave the Zn-N bond), examining the dependence of the energy of
formation of a second defect on its proximity of the first defect. In this case, we show that defect
clustering is energetically favorable, that is, the presence of existing defects favors further defect
formation. We then examine examples where H,SO, protonates the Zn-N bond and demonstrate
that, in agreement with experimental observations, defect propagation is even more favorable in

an acidic environment.
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2. Computational Details
2.1. Density functional theory (DFT) calculations

Dispersion-corrected periodic density functional theory (DFT) -calculations were
performed using the Vienna Ab-initio Simulation Package (VASP) at the general gradient
approximation (GGA) level®>, using a restricted Kohn-Sham formalism with projector-
augmented wave (PAW) method pseudopotentials and the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional combined with the DFT-D3 method of Grimme3¢. The ZIF-8
unit cell was obtained from the cubic crystal structure in the Cambridge Structural Database
(CSD), which contains 276 atoms with lattice constant 16.99 A. During geometry optimization
of the pristine (defect-free) ZIF-8, both lattice parameters and ionic positions were fully relaxed
using a conjugate gradient algorithm with a 600 eV plane wave energy cutoff until interionic
forces were smaller than 0.01 eV/A. The optimized lattice constant was 17.18 A. The optimized
unit cell structure was then used to construct models of the defect bulk ZIF-8. Lattice parameters
were fixed in all the following energy-minimization calculations but atoms were relaxed until
interionic forces were smaller than 0.01 eV/A. A Gaussian smearing function of width 0.2 eV?’
was used to smear the electronic occupation around the Fermi level. The Brillouin zone was only
sampled at the I'-point for all calculations. VASP was used for all calculations involving fewer
than 600 atoms.

To examine any possible finite size (i.e. concentration) effects, it was necessary to model
defects in a 2x2x2 supercell of ZIF-8. The CP2K 4.1 code3® with the Quickstep method***° was
used for these DFT supercell calculations on more than 600 atoms (Section 3.1.) because it is

computationally more efficient than VASP. To verify the consistency between CP2K and VASP
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results, identical 1x1x2 ZIF-8 lattices with and without defects were relaxed using both codes,
and the relative energy difference between the defect and defect free lattices were found to be in
good agreement; AEcpx = 1.07 eV and AEyasp = 1.08 eV, respectively. Parameters for the
CP2K calculations were as follows: electronic energy was minimized until the convergence
criterion for the self-consistent field procedure (1.0x1077) was reached using a standard
diagonalization method (LAPACK) as implemented in CP2K; Goedecker-Teter-Hutter pseudo-
potentials?!4243  were used to treat nuclear and core electronic densities; and valence electrons
were represented by a mixed Gaussian (MOLOPT-DZVP)* and plane-wave (GPW)* (with a
cutoff of 600 Ry for the finest grid) basis set scheme.
2.2. X-ray diffraction (XRD) simulation

Simulated XRD patterns were calculated in Mercury* assuming a CuKa radiation source
(A = 1.54056 A) and symmetric pseudo-Voight peaks with 0.05° full width at half maximum.
Hydrogen atoms were assigned 0.06 A2 isotropic atomic displacements and all other atoms were

assigned 0.05 A2 displacements.

3. Results

To probe how bond-breaking reactions in ZIF-8 lead to structural degradation, we pose
three questions: (1) Does defect proximity influence the formation energy of subsequent defects?
(2) How does defect proximity vary spatially and chemically? (3) Can we extrapolate from what
we learn about defect proximity preference to explain degradation in complex environments on
long timescales?

We start with the simplest model of a defect formation event: water-induced cleavage of

the Zn-N bond in ZIF-8. The defect formation energy, AE, is defined as
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AE = Egefect ziF — Epristine ziF — Enz0 (1)
where Egefect 717, Epristine z1r, and Empo are the energies of a ZIF structure containing the defect, a
defect-free ZIF structure, and an isolated water molecule, respectively. A negative value of AE
denotes an exothermic reaction. Defect models were constructed in a periodic ZIF-8 unit cell and

calculations were performed using the VASP software as described in Section 2.1.

DL-in, Zn-OH terminated DL-out, Zn-H,0 termmated DL-out, Zn-OH terminated

BETY
25 Lo, P L
P4 A

(AYAE=0.77eV (B)AE =0.42¢V (C)AE=0.81¢V

Figure 1. Three configurations for an isolated water-induced dangling linker (DL) defect in ZIF-8, and their
associated formation energies: DL-in (A) versus DL-out (B, C) and metal terminations Zn-OH (A, C) versus Zn-
H,O (B). The two Zn terminations represent two different reactions, separated by proton transfer. This figure and
all subsequent molecular structures were produced using VESTAY.

Breaking a single Zn-N bond in ZIF-8 creates a dangling linker (DL) defect'4!>!7. This
defect can take several distinct forms, depending on the conformation of the dangling linker and
termination of the open metal site. In what we denote as the DL-in conformation (Fig. 1, A), the
linker remains in the original Zn-Imidazole-Zn plane, and the Zn-Zn distance increases from 6.0
A to 7.9 A. In what we denote the DL-out conformation (Fig. 1, B and C), the Zn-Zn distance is
closer to 7.0 A, and the imidazole swings approximately 30° out of the plane. For each of these
two conformations, we also need to consider whether the attacking water molecule adsorbs at the

newly created open metal site (Fig. 1, B), or whether it adsorbs and transfers a proton to the
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dangling imidazole while the remaining hydroxyl terminates the Zn (Fig. 1, A and C). All of the
accessible DL states and their associated formation energies are summarized in Figure 1, and we
will refer to these variations of a single DL defects as A, B, or C type defects. These energies are
comparable with the single dangling linker formation energy of 0.51 eV calculated by Zhang et
al.'4, although we point out the different lattice constant and zero damping DFT-D3 correction
(as opposed to Becke-Johnson damping) used in this study. While the previous work constructed
a representative dangling linker defect, we explicitly constructed distinct defect structures with
dramatically different local geometries (DL-in versus DL-out) and proton transfer chemistry (Zn-
OH versus Zn-H,0) in order to sample conformation space. We also performed calculations
probing the existence of a DL-in, Zn-H,O terminated defect but in all cases these structures
spontaneously relaxed into the more favorable DL-in, Zn-OH state. Termination has more impact
than conformation on formation energy of the first defect; B is more favorable than A or C by
~0.35 eV, while A is only 0.04 eV more favored than C. If only an isolated defect forms, we
expect the most energetically stable state B to dominate. With additional DL defects, we can ask
if B will always form or if the relative stability of the defects is influenced by their local defect

environment — this question is addressed in Section 3.2.
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Figure 2. A linker vacancy (LV) defect formed by two successive bond-breaking events involving two
water molecules. Once both Zn-N bonds attaching a linker to the ZIF-8 framework are hydrolyzed, the
liberated imidazole is protonated by one of the water molecules, and the open Zn sites are terminated by
hydrogen-bonded water and hydroxyl.

While there are many possible conformations for a dangling linker (DL) defect, there is
only one defect state for a linker vacancy (LV) defect, shown in Figure 2. Two Zn-N water-
induced bond-breaking events are required to form this defect. After one of the water molecules
donates an H atom to protonate the liberated imidazole, the remaining OH and H,O hydrogen
bond. The linker vacancy formation energy is given as

AE11v = E1rv + ExL — Epristine zirg —2En20 = 0.57 €V. (2)
where E_y is the energy of a ZIF structure containing a single linker vacancy defect, and Ey is
the energy of an isolated protonated imidazole molecule. Again, this energy is comparable to the
single linker vacancy formation energy 0.62 eV calculated by Zhang et al.!* We can also think of
the LV defect as the sum of two successive Zn-N bond-breaking events on either end of an
imidazole linker. Recall that proton transfer is most important distinction for the reaction energy
of breaking a single Zn-N bond to form a DL defect. It follows that one of the bond-breaking
events required for LV formation involves proton transfer and the other does not; order does not
matter because there is a unique product state. We can compare the energy of the linker vacancy
to the energies of two isolated dangling linker defects (denoted E;p; 4 or Eipp ) as follows

E1Lv + Enw + Epristine zirs — E1pr,a — E1pr,s = —0.62 eV. (3)
Since the energy difference between the A and B states was 0.35 eV, it is 0.27 eV more
exothermic to form a LV defect than to form two infinitely separated DL defects. If we assume
that the linker remains in the pore rather than being removed, as has been recently suggested'®, it

is still 0.11 eV more favorable (the Eyp term is dropped in Equation 3) to form the LV defect
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than to form two infinitely separated DL defects. This suggests that breaking two nearby bonds is
energetically favorable, an observation we examine further in the following section.
3.1. Clustered defects are energetically preferred in ZIF-8

The energy required to form a second defect located far in the bulk from a first defect is
necessarily independent of the first defect’s formation energy. Therefore, preference for or
against the formation of additional defects can only be relevant within some distance from an
existing defect. Here, we investigate whether proximity is favorable or unfavorable to subsequent
defect formation in ZIF-8 and we establish the distance threshold at which the formation of a
second defect becomes energetically independent from the first.

Since the linker vacancy is well-defined (it only has one conformation) and already
represents a more clustered state than the single bond-breaking event, we can simplify the
number of conformations we have to consider by considering the proximity between two linker
vacancy defects. This is quantified by measuring the Zn-Zn distance between two OH-terminated
metal centers. Given this definition, the closest possible defects are adjacent; two of the four
imidazoles to which any one metal center is tetrahedrally coordinated are removed, creating two
adjacent linker vacancies that share a Zn vertex. This situation is illustrated in Figure 3. To
examine a range of defect separation distances, we constructed a 2x2x2 supercell. Within this
computational volume, the farthest unique Zn-Zn separation attainable while considering
periodic images is ~25 A. We built a series of defect systems with two LVs separated by 0, ~6,
~14, ~20, and ~25 A (see Figure 3), which is equivalent to a second LV located 0, 1, 2, 3, or 4

linkers away from the first LV. Formation energies for the 2LV systems (AE,;y) and the infinite

separation reference (AE,Ly ) are defined as follows:

AEp1v = Ezip, 21v +2EnL — Ezir 2 x 2 x 2) —4En20 4)
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Structures with LVs separated by 0 and ~6 A were constructed in 1x1x2 supercells and
relaxed in CP2K and VASP to ascertain good agreement between the calculation methods (see
Section 2.1.). The optimized LV pairs were then placed into 2x2x2 supercells, and additional
2x2x2 supercells were constructed for LV pairs separated by ~14, ~20 and ~25 A. CP2K was
used to relax this set of 2x2x2 systems and calculate the LV pair formation energies. It is evident
from Figure 4 that forming two defects close together (within ~14 A) is considerably more
favorable than forming isolated defects. Adjacent LVs sharing a Zn vertex (Zn-Zn = 0 A) require
0.2 eV less energy to form than the infinite separation reference state. More than half this energy,
about 0.14 eV, is associated with placing the second defect just one linker away (~6 A). This

indicates a strong preference for adjacent clustering of two linker vacancy defects.
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Figure 3. Two linker vacancy defects constructed in a 2x2x2 periodic supercell of ZIF-8 and separated by 0 A (top
left), ~6 A (top right), ~14 A (bottom left), ~20 A (bottom right). These four states have the second linker vacancy
located 0, 1, 2, or 3 linkers away from the first defect, respectively.
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Figure 4. Formation energy of a second linker vacancy (LV) defect plotted as a function of its spatial separation
from the first LV defect (discrete points), along with the infinite separation reference (horizontal lines). There is
good agreement between formation energies calculated using CP2K and VASP. Numerical data given in Table S1.

3.2. Predicting the likeliest defect pair states

The results above indicate that clustering of LV defects in ZIF-8 is energetically
preferred. This motivated us to systematically investigate possible ways to form a second nearby
defect and predict the most favorable defect pair states. We already established that at
separations beyond 14 A forming a second LV is energetically independent of the first LV
defect, so it is sufficient to consider defect pairs in a single ZIF-8 unit cell with lattice constant
~17 A. This system size means we could calculate formation energies using VASP, as detailed in

Section 2.1.
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Formation of an initial defect by breaking the first Zn-N bond was thoroughly considered
above in terms of the possible conformations and terminations (see Figure 1). Termination was
the most important factor, leading to our identification of an A and B type DL defect
representing Zn-OH and Zn-H,O termination, respectively. Now we ask which bond is most
favored to break next, after initial defect formation. To answer this question, we have several
new considerations. First, the second defect can create a linker vacancy (LV), or it can create a
second dangling linker (DL). In the latter case, we also need to examine which dangling linker
pair states are most stable. We will further demonstrate at the end of this section that it can be
more favorable to create a second dangling linker than to form the linker vacancy.

The remaining considerations in forming a second DL defect have to do with orientation
and location. Since the imidazole is only cleaved on one side, there are naturally two “ends” of
the dangling linker defect — the terminated Zn and the dangling linker. Figure 5 illustrates two
possible ways to orient a new dangling linker with respect to the first, either with the two
terminated ends sharing a Zn vertex (LXXL orientation) or the dangling linker of one defect

closer to the terminated Zn of the other defect (LXLX orientation).

LXXL orientation LXI X orientation
Zn ——2n = ImH or Im
/ \ / \ x OH or H,0
Zn
ImH / ImH /
HO HO
ZnOHMIMZn ZnImHHOZn

Figure 5. The 6-member ring ZIF-8 can be represented by a simplified schematic where the Zn nodes are
connected by imidazoles represented as straight lines (black). Water-induced dangling linker (DL) defects are
shown as Zn-ImH and OH-Zn. The two rings represent two ways to orient a second DL defect (orange) adjacent
to a first defect (blue); the Zn-OH terminated ends can be closest (LXXL orientation) or the dangling Zn-ImH end
can be closer to a Zn-OH terminated end (LXLX orientation).
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Two additional considerations pertain to the location of the second DL defects, namely
adjacency and inclusion in the same ring. Figure 6 shows four combinations of these variations
represented in a simplified cartoon of the sodalite (SOD) cage. A single SOD cage is composed
of 24 metal nodes and 36 linkers, but the 1x1x1 unit cell of ZIF-8 only contains 12 unique metal
nodes (labelled A-L) and 24 unique linkers, shown as the grey Zn atoms and linkers in Figure 6,
respectively. This implies that the SOD cage spans neighboring periodic images of the SOD unit
cell, shown as blue Zn atoms and linkers. Therefore, when identifying all the unique Zn-Im-Zn
pairs that can form DL defects, a closer site may be contained in a periodic image. Given a first
DL defect (highlighted in cyan), the second DL defect (highlighted in orange) can be adjacent
(“2DL adj”) or separated (“2DL away”). There is additional variation depending on whether both
defects are in the same ring, and the size of the ring. ZIF-8 only has 4-member (4M) and 6-
member (6M) rings — “adj” defects can either share a 4M ring (Figure 6, bottom left) or a 6M
ring (top left), and “away” defects can share a 4M ring, a 6M ring (top right), or no ring (bottom
right, labelled “xN).

Accounting for all the possible combinations of forming a second DL defect given an
initial A or B type DL, we built an exhaustive list of thirty-two defect pairs possible in a 1x1x1
unit cell and calculated the energy of each system. These energies are listed in Table S2 and the
corresponding converged structures are provided in the Supplementary Information. Blank
entries in Table S2 indicate that a defect state spontaneously relaxed into one of the others.

The results in Table S2 show that adjacent, co-terminal DL defect pairs were most
favorable. This agrees with the trend we observed for a pair of linker vacancy defects in Figure

4. By comparing the optimized final geometries of defect structures, we find that conformations
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with bond angles closest to the ideal tetrahedral bonding angle of 109.5° are more stable. More
hydrogen bonding also increases stability, which explains the preference for co-terminal defects

over adjacent defects oriented with one terminated end closer to one dangling linker end.

2DL adj, 4M 2DL away, xN

Figure 6. A simplified schematic of the ZIF-8 SOD cage is shown where Zn
atoms (labelled with letters A-L) are connected by imidazoles (represented as
straight lines). Zn atoms and imidazoles within a 1x1x1 unit cell of ZIF-8 are
grey, while nodes and linkers from neighboring periodic images are blue.
Given a first dangling linker (DL) defect highlighted in cyan, there are
multiple choices to place a second DL defect highlighted in orange: the two
defects can be adjacent (“2DL adj”) or separated (“2DL away”), and they can
either share a ring (“4M” or “6M”) or not (“xN”).

B
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Figure 7. All three defects shown here are Zn-OH terminated (type B). From left to right, they are the optimized
structures of the first defect B, the adjacent defect pair B,, and a pair of defects 2B separated by one linker which do
not share a ring (“away, xN” in the previously defined terminology).

Based on the above observations, we know the most energetically favorable DL pairs will
have adjacent, co-terminal defects. To quantify how much more energetically favorable these
systems are compared to other types of defect pairs, we can simplify our description of each
defect state using a combination of A and B type dangling linkers. Since the B dangling linker
was favored for the first defect, we started by considering the complex defect configurations for
a pair of type B defects. Figure 7 shows the single defect (left), a pair of adjacent co-terminal
defects B, (middle), and a pair of separated defects 2B (right). We can therefore introduce the
site-vacancy notation in Figure 7 to indicate possible arrangements in a 1x1x1 unit cell. The
energy differences for several scenarios of interest can be summarized using this notation as in
Figure 8.

The results for a pair of Type B defects are shown in Figure 8. There is a 0.43 eV
energetic penalty associated with forming the second defect even one linker’s distance away
from the first (the 2B state) instead of adjacent to the first (the B, state). Slightly more energy is
required to separate a defect pair by an infinite distance (the 2(B) state, which, by definition,
requires twice the formation energy of the single type B defect to form). This penalty is 0.59 eV
if we start from the adjacent pair, or 0.16 eV if we start with the pair separated by one linker’s
distance. These results indicate clear preference for a second type B defect to form in a co-
terminal orientation at an adjacent location to the first. That is, the answer to the Shakespearean

question “2B or not 2B?” is, at least in terms of energy preference, “not 2B”.

B - B B = -043eV

B,-2B=-0.43eV
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Figure 8. Site-vacancy notation describing the energetics of separating a pair of clustered type B defects (top),
removing one of a pair of clustered defects infinitely far away (middle), or removing one of a pair of separated
defects infinitely far away (bottom). Each black square represents a single ZIF-8 unit cell with periodic boundary
conditions. The energies are all exothermic, indicating a preference for clustering.

We can also examine defect pairs containing type A defects. For a pair of type A defects,
the A,, 2A, and 2(A) states are defined in the same way as the B,, 2B, and 2(B) states. For a
mixed pair of type A and B defects, we define the AB state as a pair of adjacent, co-terminally A
and B defects, the A_B state as a pair of A and B defects separated by one linker’s distance, and
the A+B state as an infinitely separated pair of A and B defects. Site vacancy descriptions similar
to Figure 8 for the A only pair and mixed AB pair are included Figures S1 and S2.

Figure 9 compares the formation energies for all single and pair defect states discussed
thus far. There are two main conclusions. First, as we already stated, B has the lowest single
defect formation energy (compared to the other single defect states A and C) and therefore we
expect that the first defect to form will be type B. However, when we add a defect, having two A
defects adjacent and co-terminal is the most favorable pair defect state — the A, defect shown in
Figure 9 (inset) has the lowest formation energy among all single and pair defects, although the
B, state has a comparable formation energy. It is surprising and significant that the clustered
defect pair is more stable than the single defect system, indicating that the energy gain from

clustering is larger in magnitude than the single defect formation energy.
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Figure 9. Formation energies of ZIF-8 systems with no defects, single defects, and defect pairs. The A, defect pair
is the most stable configuration and its geometry is shown in the inset. The A,, B,, and AB defect pairs are oriented
co-terminally and located adjacent to one another. The 2A, 2B, and A B defect pairs are located one linker’s
distance apart. The 2(A), 2(B), and A+B defect pairs are located infinitely far away from one another. We also
considered both linker vacancy defects where the freed linker remains near the pore window (ImH remains), and
where it has diffused away (ImH removed). Energies are given in Table S2 of the SI.

To understand why the less favorable single defect A suddenly becomes more favorable
when a second, adjacent A defect is introduced, we posit that the dangling linker formation
energy can be split into the sum of an intrinsic energy cost to hydrolyze a Zn-N bond, €, plus a
“strain” cost of the surrounding framework distorting to accommodate the dangling linker, o.
Therefore, for the first defect:

AE1pL, = Edefect iF — Epristine zir — Enzo =€ + @ (6)
If forming a second adjacent dangling linker can relieve the strain cost fully by introducing more
flexibility into the larger defect site, the overall energy required to introduce two dangling linkers
would be double the intrinsic energy cost:

AEp, = 2€ (7
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In this description, the intrinsic energy costis assumed to be approximately independent of
conformation since it only depends on the nature of the Zn-N bond being broken. If this simple
description is valid, the difference in energy cost to form A, B, and C type defects should be
entirely explained by the strain cost, which is alleviated in the subsequent A,, B,, and C, defects,
respectively. We independently estimated € and o from the formation energies for single and pair
defect states, giving the results in Table 1. These results show that the intrinsic energy cost is
consistently ~0.13 eV, with significantly more variation in the strain cost for the three defect
types. This approximate analysis strongly suggests that propagation of bond-breaking defects is
favorable when clustering of defects creates conformations where framework strain is alleviated.
This observation may be useful in considering the potential clustering of defects in a much

broader range of MOFs than the single example of ZIF-8 that we have considered here.

Table 1. Formation energies (all in eV) of single and pair dangling linker defect states,
decomposed into the sum of the intrinsic energy cost € to hydrolyze a Zn-N bond and the strain
cost ¢ of accommodating framework deformation due to the dangling linker.

Defect AEp=€+o AEp; = 2¢ € o
A 0.77 0.24 0.12 0.65
B 0.42 0.25 0.13 0.30
C 0.81 0.25 0.13 0.69

3.3. Acid gas hydrolyzed defect pairs

Previous work has demonstrated that ZIF-8 degrades readily upon exposure to humid SO,
and DFT calculations supported the conclusion that energetics of defect formation were
significantly more favorable with H,SO, (rather than H,0O) as the protonating species!’. Here we
extend that analysis by examining pairs of defects, replacing H,O with H,SO, as the acid. Based

on the previous definitions of an A and B type single DL defect, depending on whether a proton
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is transferred from the acid to the dangling imidazole linker, we can similarly define an a and 3
structure for the first H,SO,4 defect as shown in

Figure 10. The formation energy of this first defect is given as

AE1pL, 2504 = Edefect z1F — Epristine ziF — Enz2s04 )

() AE = -0.67 eV (B) AE=0.43 eV

Figure 10. Single dangling linker defect states o and B for H,SO,-induced defects. The o
state with proton transfer is exothermic while the [ state is not.

Unlike the single water-induced defect, the a state where sulfuric acid transfers a proton
to the dangling imidazole linker is preferred; the B state has a non-spontaneous formation energy
(see Figure 10). This is likely due to the higher Bronsted acidity of sulfuric acid than water,
making proton transfer much more favorable. Based on our previous defect pair calculations
involving water, we focus on the A, and AB states with H,SO, as the degradation agent. We
consider systems where one or both water molecules are replaced by sulfuric acid, the aA and

aB states or the a, and off states, respectively. The reaction energy for these four defect pair
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states aD (D = a, B, A, or B) are calculated as shown in Equation 9-10, where AAE,p compares
the change in energy of replacing water with sulfuric acid in an otherwise identical reaction.
AEqp = Eqp + Epristine ziF — E« — Ep )
AAEqp = AEp —AEap (10)
When only one water is substituted with H,SO, the reaction energies are significantly
more exothermic than the defect pair reaction energies with only water: AAE,, = -0.55 eV and
AAE.g = -0.97 eV. This agrees with previous work!” that degradation in ZIF-8 is accelerated by
humid SO,. However, when both water molecules are replaced with sulfuric acid, the reaction
energies are no longer significantly more exothermic than the H,O pair defects, AAE,, = -0.08
eV and AAE.g = 0.52 V. This may be due to steric reasons, H,SO, is a larger molecule than
H,O, or it may indicate that the presence of water is necessary to creating a favorable oA or aB
intermediate state.
3.4. Thermodynamics of additional defect propagation
Having thoroughly considered the relative formation energy for defect pairs, we now
want to determine whether it is energetically preferable to introduce a third DL adjacent to pre-
existing defects or some distance away from them. The combinations of possible triplet defect
states are too extensive to be exhaustively explored. Instead, we show four sample triplet defect
states in Error! Reference source not found. with the corresponding defect formation energies
(referenced to energy of pristine ZIF-8 and three isolated water molecules) shown in comparison
to the defect pair formation energies in Figure 12. Two of these defect triplets (States III and IV
in Fig. 11) have lower formation energy than any other defect state we have examined. Some of
this energetic gain from additional clustering may be due to finite size effects as we add more

and more defects into a unit cell simulation model. Nevertheless, the existence of these energy
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downhill states suggests that adding multiple defects can reduce the overall formation energy of
the system, leading to spontaneous defect propagation. It is interesting to note that the most
preferred configurations for three DL defects are to share a 6M ring while for DL pairs, defects
located adjacent and co-terminal in the same 4M ring were preferred. We attribute this to the
increased strain cost of adding a third DL in the same 4M ring, which is less pronounced in the

same 6M ring because the larger ring has more flexibility to accommodate the defects.

(1) 3DL adjacent, coterminal (I) 3/4M, DL-in, LXLX, ZnOH

AE=035eV AE=0.59eV

(I1T) 3/6M, DL-in, LXLX, ZnOH (IV) 3/6M, DL-in, XLLX, ZnH,0

AE=0.17eV AE=0.23¢eV

Figure 11. Four examples of triple defect states where water hydrolyzes three Zn-N bonds in each system to form
three dangling linker defects. The three defects can be located, relative to one another, adjacent and co-terminal (I),
sequentially around the same 4M ring (II), or sequentially around the same 6M ring (III and IV).
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Figure 12. Formation energies of ZIF-8 systems with two and three defects, referenced to the pristine ZIF-8
structure. The defect triplets from Figure 11 are labelled I, II, III and IV. The defect triplet labelled III (see Figure
11) is the most stable structure and its geometry is shown in the inset figure. III and IV both demonstrate examples
of triple defect states with lower overall formation energy than any other defect structure. New energies for the
defect triplet states are given in Table S3 of the SI.

If we were to extend the above procedure, our data seems to suggest that we could
identify energetically favorable states with four defects, five defects, and so on, ultimately
leading to amorphization. However, it is worth noting that we have not considered entropic
contributions to the defect formation process. In particular, we expect a significant increase in
conformational entropy as we add more dangling linkers to the structure. At the same time, since
our calculations assume that the proton-donating agent is adsorbing from the gas phase, there is a
non-trivial loss of entropy associated with each adsorption event (this is less significant if the
proton donor is in the solution phase). A comprehensive investigation of defect propagation must

assess the entropy and free energy of the system, which is beyond the scope of the present work.
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4. Discussion
4.1. Diffraction patterns of defective materials

The results above provide compelling evidence that formation of point defects in ZIF-8
can be self-propagating in the sense that the presence of initial defects favors the formation of
additional nearby defects. It is useful to consider whether this description of defect formation can
be readily connected with experimental observations of degraded materials. We have made an
initial attempt to tackle this challenging task by comparing the simulated powder pattern for
various models of defective materials with experimental X-ray diffraction (XRD) measurements
of ZIF-8 exposed to corrosive environments.

Figure 13 shows experimental PXRD spectra from previous work by Bhattacharyya et al.
for ZIF-8 exposed to 20 ppm of humid SO, for 5, 10, and 15 days, with each spectrum
normalized to the highest intensity peak.!” A simulated powder pattern for pristine ZIF-8 is
shown for reference. Degradation of the material is associated with loss of peak intensity, an
increase in broad amorphous background, changes in peak position, and the appearance of peak
splitting or new peaks. The main changes in peak position are highlighted in

Figure 13 (labelled a-g) and they are most pronounced in the spectra taken after 10 days
of exposure. After 15 days of exposure, the BET surface area of the material had decreased by
55% relative to the pre-exposed material and the crystallinity relative to the sample after 10 days

of exposure was reduced.
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Figure 13. Experimental XRD spectra of ZIF-8§ after exposure to humid SO, for 0, 5, 10, and 15 days, with the
simulated powder pattern of pristine ZIF-8 shown for comparison. Each spectrum has been normalized to the
highest peak intensity and no offsets were used in plotting the spectra. The main instances of peak splitting and
new peaks are highlighted in red and labelled a-g. Experimental data was obtained from Bhattacharyya et al.!!

When considering whether models of defective structures might give insight into the
experimental spectra, we can identify two extremes; one where isolated defects are spread
throughout the material, and one where we have a clustered pocket of defects in an otherwise
pristine material. Our earlier predictions about defect clustering behavior would suggest the latter
is more likely to occur, especially in earlier stages of degradation.

To model the clustered defects, we considered two cases representing degradation
restricted to a pocket of defects. We defined the simulation models by constructing 3x3x3
superlattices and introducing defects only in one 1x1x1 cell. In one case, all the linkers in the
defect pocket were cleaved from the Zn framework and removed, creating a vacant defect
pocket. This was approximated by a 3x3x3 simulation volume with all the atoms in one unit cell
removed. In the second case, we considered a system where all the linkers in the defect pocket
have been cleaved and the pocket subsequently collapses into a dense, amorphous phase. This
amorphous pocket was represented by a 3x3x3 simulation model with all the atoms in one
17x17x17 A3 unit cell randomly moved to new positions within a 14x14x14 A3 volume centered
within the unit cell. In both cases, we broke all 48 Zn-N out of a total 1,296 Zn-N bonds in the
3x3x3 superlattice, giving a defect concentration of 3.7% calculated in terms of the number of
Zn-N bonds. Clearly neither of these simple models accurately represents the atomic structure of
a fully evolved cluster of defects, but they can provide some initial intuition. Figure 14 shows
simulated XRD spectra for the vacated (blue dashed line) and amorphous (blue dotted line)
defect pockets. In both cases, the minor changes that appear in the spectra are not similar to what

is seen experimentally. This suggests that while it seems likely that defect “pockets” can appear
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in the initial stages of degradation, these structures will not have a simple experimental signature
accessible by powder XRD.

To model materials with spatially separated defects, we started by randomly inserted one
dangling-linker defect per unit cell in a 1x1x1 superlattice. Breaking one Zn-N bond out of 48
total bonds in every unit cell gives a 4.1% defect concentration. Unlike the clustered defect
model, however, the simulated spectra of the 1 defect/cell bulk structure (see Figure S4 in the SI)
showed a sharp increase in background signal. Many of these new peaks are likely to be artefacts
related to the specific periodicity of our simulation. To distinguish the new features that are
caused by defects, we constructed additional 2x2x2 and 5x5x4 superlattices with 1 dangling
linker defect independently inserted at random in each unit cell. The XRD simulated spectra for
these models (see Figure S5 in the SI)Error! Reference source not found. showed variation in
the amount of background signal. Unsurprisingly, the largest simulation volume (5x5x4
superlattice) most closely approximates a macroscopic bulk structure, showing background most
similar to the background broadening we measure experimentally. Several peaks consistent
across varying simulation size are indicated by black arrows in Figure S5. We also tested
sensitivity to the overall concentration of defects by building models where we randomly
introduced 1 dangling linker defect per 1x1x1 unit cell, 1 defect per 2 unit cells (0.5
defects/cell), or 1 defect per 3 unit cells (0.3 defects/cell) into a 3x3%3 superlattice. Reducing the
defect concentration to 0.3 defects/cell significantly reduces background noise in the simulated
XRD spectrum (see Figure S6 in the SI), but we find that three of the new peaks consistent
across simulation size are also robust to the defect concentration, as indicated by black arrows in

Figure S6. These peaks occur at approximately 11.5°, 21.3° and 23.7°, corresponding to
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diffraction from the (6 0 3), (12 0 3), and (12 6 3) lattice planes, respectively. The reason that
these particular high index lattice planes appear is not obvious to us.

Finally, we modeled a “severely degraded” limit of high defect concentration. Since
experiments have shown that degraded ZIF-8 can be recovered to its pristine state through
immersion in a linker-rich solution?!, we constructed two examples of this degraded state by
adding to all atomic positions in a 3x3x3 superlattice a random shift drawn from a Gaussian
distribution with mean p =0 A and standard deviation ¢ = 0.05 A (Figure 14, dashed red line) or
c = 0.1 A (Figure 14, solid red line) in three dimensions. Although these structures are not easily
recognized as ZIF-8, they retain similar long-range periodicity to the pristine state, seen in the
consistency of the major peaks. We can compare them to the experimentally exposed material
(Figure 14, green line) as well as the main changes in peak position previously identified for the
degraded structure. Significant blurring of the atomic positions (¢ = 0.1 A) is necessary to
produce amorphous background comparable to that seen in experimental spectra for degraded
ZIF-8; the bulk model with only slight blurring has negligible background. While there are
features in this model that resemble features attributed to defects in the experimental degraded
structure, they are not sufficiently distinguishable from the overall background noise. However,
it is interesting to note that the same peaks identified earlier at 11.5°, 21.3° and 23.7° are present
(Figure 14, black arrows) in both bulk defect models with slight blurring and significant blurring
of the atomic positions. Additionally, the peaks at 11.5° and 21.3° may match experimental

features b and e.
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Figure 14. Simulated XRD patterns of ZIF-8 where defects are clustered in a single cell of a 3x3x3 superlattice
(blue, short dashed and dotted), and where the bulk of the 3x3x3 superlattice is degraded (red, dashed and solid).
The clustered defect structures and slightly degraded bulk structure (red, dashed) show little change from the pristine
ZIF-8 spectra, but the severely degraded structure (red, solid) shows significant increase in amorphous background
and new peaks (black arrows). Experimental data of ZIF-8 exposed to 20 ppm of humid SO, for 10 days is shown in
green (from Figure 13), with the same peak splitting and new peak features highlighted as from Figure 13. All
spectra are normalized to their highest peak.

We have identified defect models where the simulated power patterns are comparable to
the experimental XRD spectra of degraded ZIF-8 structures in increased background noise and
new peaks. The intensity and broadness of background noise are dependent on system size, but
the new peaks around 11.5° and 21.3° are consistent even when we vary the system size (2x2x2,
3x3x3, or 5x5x4 systems), defect concentration (1 defect/cell, 0.5 defects/cell, and 0.3
defects/cell), and type of defect (dangling linker, or Gaussian blurred). This suggests that even
though powder XRD is a spatially averaged technique, there may be some signatures of local

degradation of ZIF-8 that are detectable using XRD.

5. Conclusion

In this paper, we have focused on the sequence of events that ultimately leads to
degradation of ZIF-8, a prototypical MOF, in the presence of adsorbed water or humid acid
gases. Using DFT calculations, we considered a wide range of scenarios for forming single or
pair defect states in ZIF-8. We demonstrated that defect proximity reduces the formation energy
of the second defect in a pair of defects. We also showed that the formation energy can be further
reduced when a third defect is added in close proximity to an existing pair of defects. These
observations strongly suggest the spontaneous formation of clusters of defects in ZIF-8 is likely
in any situation where initial formation of isolated point defects will occur. In the case of defect
pairs, adjacent and co-terminally located defects are favored. Among the limited set of defect

triplets we considered, the most energetically preferred states place the defects in 6M rings of
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ZIF-8 where the larger ring size can more flexibly accommodate them. A simple description that
approximates the defect formation energy as the sum of an intrinsic bond-breaking cost that is
independent of defect type or clustering and a strain cost associated with the local geometry and
conformation around the defect site is a useful way to understand our results. This is a
mechanism that is likely not restricted to ZIF-8 defects; it seems likely that a similar description
will be helpful in assessing the preference for defect clustering in other MOFs.

Our DFT calculations have only examined the thermodynamics of defect clustering. The
energetic preference for defect clustering suggests it is plausible that the activation energies for
creating new defects adjacent to existing defects are lower than for creating isolated defects, but
we have not directly tested this hypothesis. We also cannot conclusively state that the energetic
preference for defect clustering continues as the defect clusters continue to increase in size. The
description given above in terms of strain relaxation hints that defect clustering is unlikely to
self-terminate, but we cannot categorically rule out the possibility that configurations of more
than three defects exist for which the strain cost of adding additional defects increases with
cluster size.

Finally, we qualitatively considered how our calculations, which focused on water-
induced defects, relate to experimentally observed degradation of ZIF-8 in the presence of humid
SO,. Our DFT calculations compared the energetics of defect propagation when we substitute
water in our models with sulfuric acid and found that partial substitution results in a much more
favorable degradation reaction, in agreement with the experimental observation that humid SO,
degrades ZIF-8 much more severely than humidity alone. Second, we constructed a variety of
defect models and compared the simulated powder patterns against experimental XRD spectra

for degraded ZIF-8. We find new peaks around 11.5°, 21.3°, and 23.7° robust to variation of

ACS Paragon Plus Environment

30

Page 30 of 35



Page 31 of 35

oNOYTULT D WN =

The Journal of Physical Chemistry

system size, defect concentration, and defect type; these peaks are likely indicative of defect

presence and may match new features observed in the experimentally degraded structure.

Supporting Information:

Formation energies for all defect structures discussed; additional site vacancy energetics for two
and three defect states; structure files containing optimized lattice vectors and atomic positions
for all defect structures; structure files containing lattice vectors and atomic positions for
superlattice models; additional simulated XRD patterns of superlattice models; intensity and two

theta data for all experimental and simulated XRD patterns
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