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Abstract

Molecular diffusion plays a critical role in metal-organic frameworks (MOFs) within application
of kinetic chemical separations. We carefully study in this work the unexpected role of point
defects for short-chain alkanes diffusing in Zn(tbip), a MOF with rigid 1D channels. Inside a
defect-free Zn(tbip), guest molecules are expected to follow single-file diffusion along 1D
channels. It has been found previously by Heinke et al. that these parallel 1D channels are
connected for molecular diffusion. Our Density-Functional Theory (DFT) calculations suggest
that linker vacancy defects could arise under experimentally-relevant conditions by removing a
pair of linkers. Further climbing-image Nudged Elastic Band (cNEB) DFT calculations indicate
that hopping of short-chain alkanes between adjacent 1D channels over defect windows can

happen under moderate temperature. In addition to providing insights into connected adjacent 1D



channels in Zn(tbip), Heinke et al. also inferred most 1D pores are blocked from their
microkinetic model. We also explored influence of hydrolyzed linker created by the formation of
linker removal inside 1D pores. Our DFT calculations show the linkers can effectively block the
pores and the linker diffusion in 1D channels are slow. Our results, for the first time, offer a
mechanistic explanation of previous uncommon molecular diffusion behavior in this MOF with

1D channels.
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Introduction

Metal-organic frameworks (MOFs) are a subclass of nanoporous materials with high surface
areas and chemically diverse structures.! The strong chemical tunability and properties such as
open metal site in MOFs can lead to high selectivity for adsorption of certain chemicals.?*
Although MOFs are crystalline materials, defects are expected to be ubiquitous in the pores of
MOFs even under well controlled synthesis conditions.> ¢ The identity and impact of these
defects varies among materials and applications. For example, three commonly used MOF
structures, HKUST-1, UiO-66 and ZIF-8 have been shown to contain defect sites.” In UiO-66
two types of defects, missing BDC (benzene-1,4-dicarboxylate) linkers and missing clusters can
exist.!0. A computational characterization of ZIF-8 defects was presented by Zhang et al.,'!
including missing linkers, missing metals and a “dangling linker” defect where a part of linker is
removed and terminated with other groups. Isolated defects induced by acid gas environments in
zeolite imidazolate frameworks (ZIFs), can lead to crystal structure degradation.!> '3 Extended
defects can also exist in MOFs. Han et al. used modeling to illustrate extended defects in ZIFs
that are analogous to stacking faults, a type of intergrowth disorder known to exist in a number

of zeolites.!4 13

Experimental approaches have been developed to deliberately create defects in MOFs via so-
called defect engineering.!s '7 Shearer et al. presented a useful description of the defect
chemistry of UiO-66 when this MOF is synthesized with appropriate modulators.!8 1° Related
work on UiO-66 defect engineering has shown how modulator addition during synthesis can

enhance thermal stability.°



Diffusion of molecules inside MOFs is important in a number of settings, including the
separation of molecules by kinetic separations and in membrane-based separations. Molecular
simulations have been widely used to predict molecular diffusivities in MOFs, but these
simulations are almost without exception based on pristine, defect-free crystal structures.?!> 22
Little is known about the possible impacts of defects on intramolecular diffusion in MOFs.?? Han
et al. modeled molecular diffusion in ZIF-8 that contained isolated defects associated with
degradation by acid gases and concluded that defects would have a negligible impact on net
diffusion in the 3D pores of these materials.?* It is not clear, however, how generalizable this
conclusion is. Some recent studies focused on molecular interactions in porous media by
controlling defect concentration. A follow-up study led by Heinke et al. used surface-mounted
MOFs with adjustable defect density as model systems for molecular diffusion.?> Another recent
work by Llewellyn and his co-workers focused on propane/propylene separation using MOF-801
through defect engineering.?® They used Grand Canonical Monte Carlo (GCMC) simulations to
suggest that missing cluster defects in this MOF increase diffusivities rates of propane and

propylene.

In this paper we focus on the diffusion of molecules in a specific MOF, Zn(tbip) (tbip = 5-tert-
butyl isophthalate). Understanding the details of molecular diffusion in this specific material
helps to explain some puzzling aspects of previous experiments and also gives hints about how
defects may play a role in molecular diffusion in a wider class of nanoporous materials. Zn(tbip)
was first reported by Pan et al. to be a thermally stable guest-free MOF with a pore diameter of
4.5 A that has potential to separate dimethyl ether (DME) and methanol.?” The pores inside a

defect-free Zn(tbip) crystal are one dimensional (1D). This situation is not unusual. Simon et al.



selected a diverse set of 3640 experimentally reported MOF structures from the Nanoporous
Material Genome database using a feature space of density, surface area, pore limiting diameter
(PLD) and void fraction to find materials to separate Xe/Kr mixtures.?® They split the MOF
dataset into structures with 1D cylinder-like channels and structures with 2D and 3D channels

and showed the number of 1D channel MOFs are comparable to that of 2D and 3D MOFs.

For adsorbed molecules that are comparable in size to the pores in which they are adsorbed,
diffusion inside 1D channels will be single-file, which means they cannot pass through each
other inside the 1D channels. A prominent example of single-file diffusion is in molecular sieve
AIPO,-5. AIPO,-5 has nonintersecting quasi-cylindrical pores with diameter of 7.3 A, which
makes it useful to understand single-file diffusion.?® Gupta et al. experimentally measured
diffusion of ethane in large crystal of AIPO4-5 with long longitudinal relaxation times and found
the mean square displacement was proportional to the square root of time, thus providing direct

evidence of single-file diffusion in this material.3°

Motivated in part by previous examples of single-file diffusion, Heinke et al. used transient
concentration profiles for sorption and tracer exchange via IR microimaging in Zn(tbip) to
measure transport and self-diffusivities of short-chain alkanes from ethane to n-butane.' Their
results gave strong evidence that propane diffusion in Zn(tbip), contrary to expectations based on
the pore size, did not follow a single-file diffusion behavior. The microscopic origin of this
observation remains unknown. Additional experiments by Heinke and Karger suggested another
surprising feature of molecular diffusion in Zn(tbip), namely that the transport rate of guest

molecules in Zn(tbip) is controlled by resistances at the external surface instead of



intracrystalline diffusion.?> A phenomenological model incorporating these so-called surface
resistances based on these experiments predicted that only one out of 2000 external pores of the
crystal surface was unblocked and allowed molecules to enter and exit.* As in most other
analyses of molecular diffusion that imply the existence of surface barriers, no microscopic

description of the origin of these barriers has been proposed.34-37

In this paper, we use atomistic models to explore the molecular diffusion of several alkane
species in Zn(tbip). A key outcome from these models is that defects in Zn(tbip) play a pivotal
role in molecular diffusion in this MOF. We show that the lack of single-file diffusion observed
experimentally can be understood in terms of physically plausible defects that allow facile
hopping of adsorbed molecules between adjacent 1D pores. Moreover, our results suggest that
the surface barriers mentioned above are not truly surface effects, rather, they are associated with
pore blockages associated with linkers in Zn(tbip) that have formed point defects but remain in

the material’s 1D pores.

Methods

Spatially periodic Density Functional Theory (DFT) calculations were performed using the
Vienna Ab initio Simulation Package (VASP) with D3 dispersion corrections®® and the Perdew-
Burke-Ernzerhof exchange-correlation functional.?® The Zn(tbip) conventional unit cell file was
obtained from Cambridge Structural Database (CSD), which was then converted into a triclinic
primitive cell with P1 space group that contains 348 atoms and a lattice constant of 17.48 A.
Geometry optimization using a conjugate gradient method and an energy cutoff of 520 eV was

performed on pristine Zn(tbip) with relaxation of both lattice parameters and ionic positions until



interionic forces reached less than 0.01 eV/A. The optimized lattice parameter was 17.54 A, very
similar to the experimental value. The optimized pristine Zn(tbip) unit cell was used to construct
defective structures. Calculations with the defective structures used fixed lattice parameters but
allowed all atom positions to relax unless otherwise noted. A 1x1x1 k-point mesh was used for
all calculations. The climbing Nudged Elastic Band (¢cNEB) method is used to quantify energy
barriers for hopping of molecules between local energy minima in pristine and defective

Zn(tbip).40-41

Results and Discussion

The crystal structure for Zn(tbip) reported by Pan et al.?’ contains one-dimensional cylinder-
like channels with a pore diameter of 4.5 A, which suggests one guest molecule will fill most of
the 1D channels and prevent other molecules from passing through. We first calculated the
binding energies relative to the gas phase for C,;Hg, CsHg and n-C4H;( in pristine Zn(tbip) by
energy minimization of each adsorbed molecule. As shown in Table 1, the binding energy
increases as the molecule’s size increases due to the larger number of interactions between
adsorbates and the framework. We also computed the energy barrier for molecular diffusion of
each isolated molecule in the pristine material using cNEB calculations (see Table 1). This
energy barrier increases as the molecular size of the adsorbate increases, but each barrier is low
enough that this kind of diffusion will occur readily at room temperature. We attempted to
perform cNEB calculations for the passage of propane molecules in pristine Zn(tbip), but were
unable to find transition states for this process with activation energies less than 3 eV. This
observation is in agreement with the expectations from the pore dimensions that diffusion of

alkanes in defect-free Zn(tbip) should be single-file. The experiments of Heinke et al.’!



however, gave strong evidence for mutual passage via their transient concentration profile
results. Since molecular diffusion in pristine Zn(tbip) is inconsistent with the experimental
observations, we considered whether point defects in the MOF’s pores could account for the

observed behavior.

Table 1. Binding energies and diffusion energy barriers (kJ/mol) of C2-C4 alkanes in 1D

channels of pristine Zn(tbip).

Binding energy Energy Barrier
C,He -36.7 7.5
CsHg -44.8 23.6
I’l-C4H10 -57.7 28.9

Motivated by the point defects that are accessible in defect engineering of MOFs!!: 4243 we
considered linker vacancy (LV) defects in which the resulting unsaturated chemical bonds
associated with a missing linker are terminated by water molecules or hydroxyl groups. Defects
of this type could potentially arise during the initial synthesis of a MOF crystal or during later
exposure to ambient conditions. The defect formation energy, AE, for a defect of this kind can be
written as

AE = Egefect mor + MEn,1 — Epristine Mor — NEH,0 (1)
where Egefect mors En,L> Epristine mor and Ep,o are the energy of the MOF with a linker
vacancy defect, a protonated tbip linker, the defect-free MOF and an isolated water molecule,
respectively, and m and n are stoichiometric coefficients.!? An illustration of various aspects of
linker vacancy (LV) defects in Zn(tbip) is shown in Fig. 1. Creating one LV defect in Zn(tbip)

involves four Zn-O bond breaking events (Fig. 1(a)). After linker removal from the unit cell, two



hydrogen ions are assumed to protonate the linker and two pairs of a water molecule and a

hydroxyl group that are hydrogen bonded to each other are assumed to terminate the Zn sites

(Fig. 1(b)).
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Figure 1. (a) Four Zn-O bond breaking events are needed to create one LV defect in Zn(tbip).
(b) Zn sites are terminated with hydrogen-bonded water and hydroxyl groups after linker
removal. (c) Two LV defects in a Zn(tbip) unit cell connecting adjacent 1D channels, with
terminating water and hydroxyl groups highlighted in yellow. (d) The overall process of creating

a pair of LV defects in a Zn(tbip) unit cell.

We also considered the formation of two adjacent LV defects as shown in Fig. 1(d). We
assume that the two resulting LV defects are formed in a stepwise manner. This gave the
following formation energies for the formation energies of two LV defects, where E ¢,y and E,;

are the energies of Zn(tbip) with 1 and 2 LV defects:



AE1se v = E1v + Enyi — Epristine — 4En,0 = 0.46 eV (2)

AEypnary =Ezy + Ep,, —E1py —4Ep,0=0.19 eV (3)
It is notable that the formation energy for a single defect is moderate, suggesting that the
existence of these defects in materials that have been synthesized and activated at moderate
temperatures is plausible. This defect formation energy is smaller than the analogous result that

the 0.57 eV formation energy has been reported for ZIF-8 using the same DFT functional.!?

A striking aspect of these results is that the formation energy of the second LV defect is lower
than the formation energy for the first defect due to the additional hydrogen bonds between the
terminated water and hydroxyl groups when the second defect is formed (see Fig. S1). We also
partially investigated the energy of forming a third LV defect using two examples (see Fig. S2).
The formation energies of a third LV defect, 0.13 eV and 0.16 eV, are also lower than that of the
first LV. A similar although less pronounced observation was made by Han et al. for clustering
of LV defects in ZIF-8.!> These calculations indicate that defects made up of 2 LVs and more
complex defects are likely to exist in Zn(tbip) under any conditions where formation of isolated
LVs is physically feasible. Below, we examine the impacts on molecular diffusion on the 2 LV
defects to understand whether these defects can account for the experimental observations of

Heinke et al.3!

An interesting observation about the adjacent LV defects defined above is that they create an
opening that connects two adjacent 1D pores (see Fig. S3). Detailed examination of these
configurations showed that this inter-pore connection has two distinct channels that could
potentially allow molecules to move between 1D pores, as illustrated schematically in Fig. 2. To

understand whether these defect-induced pore connections could account with the molecular

10



diffusion reported experimentally,’! we examined molecular diffusion of ethane, propane and
butane using cNEB calculations. Initial and final configurations for cNEB calculations were
optimized by placing guest molecules inside 1D channels and in channels created by LV defects.
Multiple initial configurations were used for each binding energy calculation and the
configurations with the most favorable energies were picked as the initial and final image for

cNEB calculations.
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Figure 2. Illustration of two 1D pores in Zn(tbip) (top and bottom) connected via an opening
created by an adjacent pair of linker vacancy defects. The defects allow two distinct connections
between the 1D channels, shown as type 1 (top left to bottom right) and type 2 (top right to
bottom left). Energy minima and transition states for diffusing molecules are shown, with
transition states indicated with dashed ovals. The structure shown in the connecting channels is
intended to illustrate the complexity of these paths, not to highlight specific structural features of

the MOF.
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An overview of molecular diffusion inside Zn(tbip) with an adjacent pair of LV defects is
shown in Fig. 2. We first consider the path between adjacent pores denoted as Type 1 in Fig. 2.
The potential energy surface for ethane, propane, and butane in this channel is shown
quantitatively in Fig. 3. For each molecule, binding is more favorable in the vicinity of the
defects (sites 3 and 5) than in the 1D channel and the largest energy barrier is associated with
hopping from these sites into the 1D channel. The resulting rate-controlling energy barrier for
ethane, propane, and butane is 17.8, 26.2, and 26.9 kJ/mol, respectively (See Table 2). For
ethane and propane these barriers are larger than for diffusion along the pristine 1D channel

listed in Table 1, but they are small enough that these processes would occur readily at moderate

temperatures.
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Figure 3. (a) Illustration of Type 1 channel defect diffusion with transition states of each
diffusion step indicated with a dashed circle. (b) Energies of the states shown in (a) for ethane,

propane, and butane.

The Type 2 channel has a lower overall energy barrier for all three alkanes compared to Type 1

(see Fig. 4). Similar as the Type 1 channel, the rate determining step is hopping from the defect

12



window into the 1D channel (image 7). When a guest molecule is diffusing inside 1D channel
and encounter a Type 2 channel, it will first rotate to enter the channel into defect binding sites
(from image 7 to 8), followed by a similar step as in Type 1 to travel to the other side of the

defect window (image 8 to 10) and diffuse back into 1D channel due to symmetricity (image 10

to 7).
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Figure 4. (a) Illustration of Type 2 channel defect diffusion with image corresponds to the
energy states calculated in (b). Transition states of each diffusion step are highlighted with

dashed circle.

The description above focused on molecular hopping between adjacent 1D channels. It is also
important to understand the implication of the defects on diffusion along 1D channels. This
situation is illustrated in Fig. 5, where the numbering of the local minima and transition states is
consistent with Fig. 2. The net energy barriers for ethane, propane and n-butane diffusion past
the pair of defects are 3.9, 18.4 and 21.7 kJ/mol, compared to diffusion barriers of 7.5, 23.6 and

28.7 kJ/mol, respectively in the pristine 1D pore (see Table 2). These observations suggest that
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the presence of the LV defects will not significantly impede diffusion along 1D channels relative

to the defect-free material.
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Figure 5. (a) Illustration of 1D channel diffusion past a pair of LV defects and (b) computed

energy for each local minimum and transition state noted in (a).

Table 2. Diffusion energy barrier of the rate determining step and the global optimal binding

sites (Type 2) in three types of channels in Zn(tbip) with 2 LV defects.

Energy barrier (kJ/mol) B.E. (kJ/mol)
Type 1 Type 2 1D channel 1D C.h?nnel Type 2
(LV defects) (Pristine)
C,Hg 17.8 21.9 3.93 7.5 -46.9
C;Hg 26.2 23.6 18.4 23.6 -57.9
n-C4Hy 26.9 30.6 21.7 28.9 -74.9

Combining our observations of defect formation energies and diffusion energy barrier gives

strong indications that the mutual passages in Zn(tbip) discovered by Heinke et al.>! were caused
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by point defects presented in the crystals used experimentally. It is possible that defects made up
of more than two linker vacancies could also contribute to the experimentally observed diffusion,
but the presence of defects created by pairs of linker vacancies is sufficient to account for the

experimental outcome without further contributions from more complex defects.

Pore blockage defects inside Zn(tbip)

Another observation from Heinke et al.?? using a microkinetic model was that diffusion of
short-chain alkanes in Zn(tbip) is controlled by transport resistances at the MOF crystal’s
external surface, also called a surface barrier. Analysis based on this microkinetic model
suggested that most of the MOFs 1D pores were blocked, preventing direct entry of guest
molecules. Here, we explore whether the existence of LV defects might explain the previous
interpretation of experimental observations in terms of surface barriers. Our results indicate that
pore blockages associated with linker fragments from formation of LV defects could play an
important role in molecular diffusion in Zn(tbip), although these blockages are not specifically

associated with the external surface of the MOF crystals.

When a LV defect form inside a MOF crystal, it is commonly assumed the linkers are removed
from the structure*®4°. Here, we consider an alternative scenario in which a hydrolyzed tbip
linker remains inside the MOF, creating the possibility that it will block the transport of guest
molecules in Zn(tbip). We refer these kinds of defects as pore blockage (PB) defects in the
following discussion. DFT optimization was performed by placing a hydrolyzed tbip linker
inside a pristine Zn(tbip) 1D channel and a NEB calculation was used to determine the diffusion

energy barrier inside the 1D channel. This calculation gave a diffusion energy barrier of 127
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kJ/mol, suggesting that at moderate temperatures the mobility of isolated hydrolyzed linkers
would be very slow. Binding energy of one tbip linker inside a pristine 1D channel was
determined to be -62 kJ/mol. The scenario just described assumes that a PB defect is created by
formation of a LV defect and subsequent movement of the hydrolyzed linker along the 1D pore
away from the site of the LV defect. The strong binding energy indicates that the desorption rate
of the linker will be very slow even if it overcomes the large internal diffusion barriers to travel

to the surface of the crystal.

Our DFT calculations indicated that both LV defects and PB defects could exist inside Zn(tbip)
at experimentally accessible conditions. The actual defect concentrations in the samples used in
Heinke et al.’s experiments 3! is not known, but it seems plausible to assume that PB defects will
have a lower concentration than LV defects since PB defects are formed from incomplete
removal of linkers from the structure. Critically, however, one PB defect can completely block a
1D channel for molecular diffusion, so even a dilute concentration of these defects would lead to
the same conclusion as Heinke et al.’s microkinetic model that most of the pores are blocked. We
emphasize that this process has nothing to do with the external surface of the MOF crystal, so it

is not strictly correct to refer to it as a surface barrier.

An overview of the mechanism for alkane diffusion in Zn(tbip) implied by our results is shown
in Fig. 6, which shows a far higher density of defects that is likely in a real MOF for clarity.
Long range diffusion along a single 1D pore is blocked by PB defects (shown as black vertical
bars in Fig. 6), but the presence of pairs of LV defects allows molecules to switch between

adjacent 1D channels. This description is consistent with the lack of single-file diffusion
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observed experimentally and also the indication from experimental data of phenomena that

prevent molecules from directly entering many 1D channels.

\
e
\

Figure 6. Molecular diffusion behavior in a schematic illustration of Zn(tbip) containing both
LV defects (shown connecting adjacent 1D channels) and PB defects (shown as black vertical

bars). The density of defects shown in much higher than would be expected in a real material.

Conclusion

In this work we performed extensive DFT calculations to explore how defect formation
associated with the presence of adsorbed water effect C,Hg, C3Hg and n-C4H, diffusion in
Zn(tbip), a MOF that in its pristine form as 1D channels that would lead to single-file diffusion
for these molecules. Previous experiments showed strong evidence that adjacent 1D channels in
Zn(tbip) are connected to each other for molecular diffusion®!, but no underlying mechanism was
previously proposed. We examined pairs of linker vacancy (LV) defects in Zn(tbip), finding that

the formation energy of these defects is reduced for adjacent defects, in agreement with similar
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observations for ZIF-8 by Han et al.!> Crucially, the existence of a point defect pair in Zn(tbip)
opens two intersecting channels connecting adjacent 1D channels. Our DFT calculations predict
that all three short-chain alkanes have diffusion energy barriers through these connecting pores
channels that allow molecular hopping to occur readily at moderate temperature. These
observations strongly suggest that the mutual passages in Zn(tbip) observed experimentally were

caused by defects in the MOF structure.

A second surprising finding from the experiments of Heinke et al.>?> was the inference that
most of Zn(tbip) 1D pores were blocked. We used DFT calculations to explore the influence of
of hydrolyzed linker that would be created by the formation of LV defects inside the MOF’s
pores. Our calculations indicate the while formation of LV defects by adsorbed water is
relatively favorable, diffusion of the resulting linker fragments and desorption of these fragments
from the MOF’s pores is likely to be very slow under experimentally-relevant conditions. Our
calculations also show that these linkers effectively block pristine 1D pores for diffusion of
alkanes. Thus, the formation of LV defects allowing molecules to hop between pores that are not
connected in the pristine MOF and the blockage of many pores for diffusion over extended
distances are closely connected for this MOF. Although the blockage of pores in Zn(tbip) had
previously been described as a surface barrier, the description that emerges from our calculations
shows that the blockages are not in fact associated with the external surface of the MOF, so this

name is not strictly correct.

Our results provide, for the first time, a mechanistic description of the previously surprising

diffusion characteristics of molecules in the 1D pores of Zn(tbip). There may be situations in
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which this kind of defect-enabled diffusion is of practical use. A key feature of single-file
diffusion is that the mobility of all species in a chemical mixture subject to single-file diffusion is
reduced to approximately the mobility of the slowest moving species. This means that a material
with strictly single-file diffusion cannot be used for kinetic separations. The defect-mediated
hopping between 1D pores that occurs in Zn(tbip) provides a mixing mechanism that overcomes
this limitation. There are a very large number of MOFs with 1D pores, so the possibility of

deliberately using defects to improve the diffusion characteristics of these materials is intriguing.
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