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Abstract

Interpenetration in metal-organic frameworks (MOFs) can have significant impacts
on the structure, porous nature, and functional applications of MOFs. Considered to
be disadvantageous in the initial phases leading to a decrease in surface area, inter-
penetration has proved to be highly useful for modulation of pore size and selec-
tive separation of gases. The importance of interpenetration has been realized over
the last decade, and numerous approaches to graft interpenetration and utilize it
for improved functions and applications have been achieved. Several factors such
astemperature, solvent system, time duration and steric aspects of the ligands have
been utilized to regulate the degree of interpenetration (DOI). In this review, we
summarize recent advances in regulating the DOI in MOFs and its impact on the
resulting properties.

Keywords Degree of interpenetration - Metal-organic frameworks (MOFs) - Ligand
design - Partial interpenetration

1 Introduction

Metal-organic frameworks (MOFs) are ordered porous crystalline materials built

from metal ions/clusters and polytopic organic linkers forming infinite coordina-
tion networks [1-6]. Along with their reticular synthesis, topologically diverse
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structures, tunable porosities, uniform pore sizes and extraordinarily high surface
areas [7-12], they have shown innumerable applications in gas storage and separa-
tion, catalysis, sensing, magnetism, biomedical delivery, etc. [13—18]. Over the past
two decades, this field has seen tremendous growth, and the number of publications
related to synthesis, structure and applications of MOFs rises exponentially every
year. Pioneered initially by great synthetic chemists and crystal engineers, the field
now encompasses researchers across all fields, ranging from chemistry, physics,
material science, mathematics, and biology to engineering [19, 20].

In recent years, the focus has been directed towards understanding the design
criteria and the underlying structure—function relationships [20-22]. The principles
governing the directed assembly of these frameworks are gaining importance in
terms of linker design, synthetic methodology, and particle morphology [20]. Most
of the reports in the literature focus towards the applications, with less considera-
tion of the structural aspects and synthetic methodology. However, there has been a
growing number of fascinating reports that can link function with the modulation of
synthetic approaches, which give rise to interesting phenomena [12, 23-26]. Inter-
penetration is one such aspect, in that it can affect the size and shapes of the pores
within the framework structure. Interpenetration can be described as the phenom-
enon by which the large void space in the open framework structures can accom-
modate one, or more than one, additional network. Though there are no chemical
bonds between these additional networks, these are mechanically entangled amongst
each other and it is not possible to separate them without the breakage of the bonds
[27-32]. The aim in the early stages was to get materials with as high surface areas
as possible. So, interpenetration was considered disadvantageous due to reduced
surface areas and pore volumes. But now its importance has been realized, and it
has come to the fore, establishing greater stability and rigidity as well as enhanced
separation capabilities in the frameworks [27, 31-36].

The presence of a large solvent-accessible void in a single network prompts the
dual nets catenated with each other to have as minimum void space as possible,
leading to interpenetration [37, 38]. However, interpenetration does not necessar-
ily prevent the possibility of obtaining MOF materials having large surface areas.
The interpenetrated nets are mechanically entangled with one another, and a sin-
gle network cannot be separated without the breakage of bonds. Interpenetration
enhances the stability of the framework by close interactions such as supramolecular
interactions, including hydrogen bonding, n—r stacking and van der Waals forces.
Often, interpenetration endows the interpenetrated MOFs with structural flex-
ibility. The interactions between the pore surface and guest molecules can be sig-
nificantly enhanced by interpenetration [31, 34, 39-42]. Interpenetration can assist
CO, uptake, increasing the isosteric heat of adsorption [43, 44]. The enhanced CO,
adsorption can arise from the stepwise filling of pores and framework flexibility.
Interpenetration in MOFs can also enhance the separation of gases and storage.
Structural interpenetration plays an important role in the functional improvement of
MOFs [34, 44-47].

A number of interpenetrated MOFs have been reported, and in-depth reviews
highlighting their importance and control over interpenetration have appeared
in the literature [27, 28, 31-36, 41, 48-50]. However, the factors used to regulate
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interpenetration still need more generalization, and emphasis needs to be given to
understanding the factors governing the formation of interpenetrated networks and
their modulation. In this review, we aim to highlight recent developments in the con-
structions of interpenetrated MOFs, and regulation of the degree of interpenetration
(DOI) in these networks via change in temperature, modulation of solvent system,
time duration and ligand design. We also describe briefly the effects of different
degrees of interpenetration on some functional applications (Scheme 1).

2 Importance of Interpenetration in MOFs and Its Applications

The regulation of DOI is important as, in some cases, the non-interpenetrated forms
show high surface area and better porosity, whereas in others, a higher DOI might be
needed for better separation and enhanced capability due to the high density of the
framework.

The number of publications relating to interpenetration has seen a gradual rise
over the past two decades, and more publications are being added to the litera-
ture every year (Fig. 1). Although interpenetration is often seen as an undesirable
result due to the decrease in pore volume, tunability of interpenetration has several
important applications in MOF design. Interpenetration often results in MOFs with
greater structural and chemical stability. A weakness for most porous MOFs is the
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Scheme 1 Depiction of the degree of interpenetration (DOI) in metal-organic frameworks (MOFs) vary-

ing from twofold, threefold, fourfold, fivefold, sixfold, sevenfold, eightfold, up to multiple-fold. Adapted
with permission from Refs. [81, 86, 88, 126, 127, 131, 132]
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Number of publications

Year

Fig.1 Growth in the number of publications on interpenetration over the past two decades [135].
Adapted from Web of Science search on frameworks reported with the terms “metal-organic frame-
works” and “interpenetration” in all databases from 2000 to 2019

tendency to collapse into nonporous frameworks due to the removal process of the
guest molecules. Interpenetrated frameworks have been proven to effectively pre-
serve the pores and avoid this structural collapse [26-29, 44].

2.1 Effect of Interpenetration on Pore Environment, Size and Stability

Interpenetration reduces the available void space, which in turn can create confined
narrow pores/channels that can be used to trap the guest in the strong electrostatic
potential well. The reduced pore size leads to better separation capabilities.

Babarao et al. [51] investigated the effect of pore functionalization on the inter-
penetrated topologically equivalent IRMOF-9 series. Pore functionalization gener-
ally enhances CO, uptake for the non-interpenetrated frameworks. However, the
authors observed a decrease in CO, uptake compared to the non-functionalized
IRMOF-9. The smaller pore size seems to play a more important role in CO, adsorp-
tion. The functionalization enhances the inter-framework interactions, which in turn
blocks the small pores that are essential for enhanced CO, uptake at low partial pres-
sures (Fig. 2). Thus, Babarao and colleageus concluded that use of small pores in
interpenetrated frameworks with a linker having no functionalized groups would be
a better choice for enhancing CO, uptake at low pressures [51].

In one example, the twofold interpenetrated MIL-126(Fe) exhibits higher rigidity
than its non-interpenetrated counterpart, MIL-88 (Fig. 3), resulting in its applica-
tion as a heterogeneous catalyst. MIL-88 is not viable for this application as it col-
lapses to a closed pore and forms a nonporous material. Via interpenetration, MIL-
126 maintains high porosity and contains a large number of accessible Lewis acid
sites [52-56].

Interpenetration also has unique effects on gas uptake. Ma et al. [47] studied the
role of interpenetration in hydrogen uptake in PCN-6 and PCN-6’ (Fig. 4). The
twofold interpenetration of PCN-6 led to a 133% increase in volumetric hydrogen
uptake from PCN-6’, its non-interpenetrated counterpart. Interpenetration in this
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Fig.2 Schematic representa-
tion of IRMOF-9 (top) and
iodo functionalised IRMOF-9
(bottom), with inter-framework
distances of 8.3 A and 6.2 A,
respectively, showing accessible
(yellow spheres) and inacces-
sible (dark green spheres) small
pores for gas uptake. Repro-
duced with permission from
Ref. [51]

isomer pair also led to a 41% increase in Langmuir surface area. This counterin-
tuitive increase was attributed to the new adsorption sites as well as small pores
formed upon catenation that strengthened interactions between gas molecules and
the pore walls [47].

Interpenetration in MOFs has also been shown to be effective in gas separa-
tions. Gas separations have important applications in the production of clean
energy and purification of chemicals. Jiang et al. [57] reported successful sep-
aration with SIFSIX-14-Cu-i, a twofold interpenetrated copper coordination
network. SIFSIX-14-Cu-i acts as a molecular sieve, with excellent CO, uptake
under the ambient conditions, while excluding CH,. Interpenetration in this
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“Open” “Closed”
MIL-88D(Fe)

Fig.3 a Structures of the [Fe;O(RCO,)q(H,0),X] (X=monoanion) secondary building unit (SBU) and
linear dicarboxylate linkers. b Packing structure of the twofold interpenetrated MIL-126(Fe). ¢ Packing
structures, viewed down the ¢ axis, of open and closed MIL-88D(Fe), generated from simulated struc-
tures. Reproduced with permission from Ref. [52]

MOF led to close molecular interactions that facilitated the contraction of pore
window size between the kinetic parameters of CO, and CH, [57].

Lahoz-Martin et al. [58] also observed larger adsorption selectivity in the
interpenetrated IRMOFs (IRMOF-9, -11 and -13) compared to their non-inter-
penetrated counterparts (IRMOF-10, -12 and -14, respectively). In their pore
size distributions, IRMOF-9, 11, -13, and -15 showed variety of cavities of 12
A in dimeter at the maximum. These structures had the perfect combination
of pore volume and crannies favoring specific small molecule adsorption. The
authors further found that IRMOF-11 and -13 were optimal for ethane/ethylene
separation with ethane selectivity [58].
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Fig.4 a Cuboctahedral cage with the inner void highlighted with large red sphere. b Space-filling model
of the interpenetrated nets in PCN-6 and ¢ noninterpenetrated net in PCN-6'. d N, sorption isotherms of
PCN-6 and PCN-6' at 77 K upon activation at 50 °C. e Excess hydrogen sorption isotherms of PCN-6
and PCN-6' at 77 K (red) and 298 K (black): circles PCN-6; squares PCN-6', solid symbols adsorption,
open symbols desorption. Reproduced with permission from Ref. [47]

2.2 Flexibility in MOFs Due to Interpenetration

Certain interpenetrated MOFs also have applications as flexible materials. Yang
et al. [59] reported a flexible sixfold interpenetrated MOF, X-dia-1-Ni-al. Despite
the high level of interpenetration, it maintains a high void volume of 49%. This
MOF undergoes solvent and pressure-induced single-crystal-to-single-crystal
(SCSC) transformation to less open phases. Upon heating in vacuo, X-dia-1-Ni-al
underwent dramatic structural changes to form a non-porous dia net, X-dia-1-Ni-c1,
with only 2% solvent-accessible volume. The stability of the cl form was attrib-
uted to interactions between interpenetrated networks (Fig. 5). This MOF exhibits
CH,-induced reversible switching and has applications in natural gas storage [59].

3 Factors Regulating DOI

The DOI has been shown to be tunable based upon different controls during the
MOF synthesis. Precise control of interpenetration is imperative due to the ben-
efits and drawbacks associated with the application of interest. Although a high
interpenetration in the structure imparts high thermal stability and selective rec-
ognition for small molecules on the one hand, it leads to a low free volume on
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Fig.5 a Structure of 4-(4-pyridyl)-biphenyl-4-carboxylic acid (HL). b Adamantanoid cage in NiL,. ¢
Sixfold interpenetrated dia nets in NiL,. d Rectangular channels viewed along the c-axis. e Single crystal
structures of the porous (al, a2, a3) and non-porous (c1) phases of X-dia-1-Ni. Reproduced with permis-
sion from Ref. [59]

the other, limiting applications for catalysis and macromolecule separation that
require a larger free space for diffusion. A lower DOI, or even non-interpenetra-
tion, can lead to higher free volumes and surface areas, but there is a trade-off in
terms of poor structural stability and an absence of channels for the encapsula-
tion of small guests. A control over the DOI to synthesize the material with the
desired porosity and functionality remains challenging due to the interplay of a
number of factors, such as temperature, concentration, pH, modulator and ligand
design. Furthermore, partial interpenetration in the MOFs can be controlled
by such parameters to get a mixture of interpenetrated and non-interpenetrated
counterparts. Even the breathing behavior can be tuned through interpenetra-
tion, which can be used for modulation and control of some functional properties.
Another strategy to control interpenetration is the introduction of solvent mol-
ecules with different sizes that can act as the space-filling templates in the pores
[27, 28, 34].

Lapidus et al. [60] utilized high pressures to generate porosity and polymor-
phism in nonporous molecular framework Zn(CN),. In large molecule fluids or no
fluids, the doubly interpenetrated dia framework transforms to orthorhombic poly-
morph Zn(CN),-II (Pbca) with distortions in the structure. In case of the small mol-
ecule fluids, the nonporous interpenetrated Zn(CN)2 framework can undergo reit-
erative transitions forming porous, non-interpenetrated polymorphs with different
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Fig.6 Formation of different phases under pressure for Zn(CN),. Reproduced with permission from Ref.
[60]

Temperature Ligand design
Interpenetration
Solvent Time

Fig. 7 Factors affecting the DOI in MOFs

topologies (Fig. 6). Space filling of the interpenetrated framework plays an essential
role in pressure-induced reconstructive transitions [60].

For the purpose of this review, we will focus on studies relating DOI to variables
such as temperature, solvent, time, and ligand design (Fig. 7).

3.1 Temperature

Higher temperature generally has been shown to favor increased DOI. Through
increased kinetics, faster crystal growth occurs, increasing the possibility of inter-
penetrated MOFs. For this reason, higher reagent concentration is also associated
with increased interpenetration. One example of this effect has been shown in a
study where [Co,(ndc),(bpy)]l, a doubly interpenetrated framework (Fig. 8), has
been synthesized in its triply interpenetrated isomeric form simply by increasing the
crystallization temperature, whereby an intermediate form was also isolated [61].
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120 °C, 12h

Fig.8 Representation showing bending and switching of interpenetration in the [Co,(ndc),(bpy)] system.
Reproduced with permission from Ref [61]

Zhang et al. [62] further investigated this effect on a non-interpenetrated form
of [Cd(bipy)(bdc)], denoted as 1, and [Cd(bipy)(bdc)], its doubly interpenetrated
isomer, denoted as 2 (Fig. 9).

These authors were able to systematically tune the level of interpenetration by
controlling the temperature and concentration (Table 1). They confirmed that inter-
penetrated crystal selectively formed at high temperature and concentration, while
low temperature and concentration favored its non-interpenetrated form. This was
theorized on the thermodynamic effect of increased temperature to produce more
stable, denser products [62].

Wang et al. [63] studied the effects of temperature-of-reaction-induced interpen-
etration and also observed an increase in the DOI upon increase in temperature. The
doubly interpenetrated [Co(TTPA)(TPA),;(H,0),]-'DMA-0.5STPA-H,0, (1) upon
immersing in water followed by heating at 50 °C for 6 h is converted to a fourfold
interpenetrating framework [Co(TTPA)(TPA)]- H,0O,, (1a) via SCSC transforma-
tion (Fig. 10). The large hexagonal channels of 1a and the available void space of
79.8 A% allow for interpenetration with each other. The fourfold interpenetrated net-
work 1a decomposes at a higher temperature compared to 1, and the authors attrib-
ute the role of temperature in regulating interpenetration as follows: at lower tem-
peratures 1 is preferred, whereas, at higher temperatures, a more thermodynamically
stable and densely interpenetrated crystalline state 1a is generated.
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Non-interpenetrated form

High temperature

High concentration

2-fold interpenetrated form

Fig. 9 Control of interpenetrated vs non-interpenetrated form in [Cd(bipy)(bdc)]. Reproduced with per-
mission from Ref. [62]

Table 1 Summary of products isolated at different temperatures and concentrations (?=unknown new
phase). Reproduced with permission from Ref. [62]

0.0125 | 0.0062
02M | 0.1M | 0.05M 0.025M

M 5M
85°C ? 1 1 1 1 ?
95°C ? 1 1 1 1 ?
105°C ? 142 142 1 1 ?
115°C ? 2 2 142 1 ?
125°C ? 2 2 142 ? ?
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Fig. 10 Single-crystal to single crystal (SCSC) transformation from twofold interpenetrating 1 to four-
fold interpenetrating network 1a. Reproduced with permission from Ref. [63]
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3.2 Solvent System

The size of the guest molecules (e.g., solvents, counterions, template molecules)
also plays an important role in deciding the fate of interpenetration. The large
template molecules mostly lead to lower degree interpenetrated or non-interpene-
trated MOFs, whereas the smaller guests give rise to a high DOI.

Elsaidi et al. [64] demonstrated the effect of the crystallization solvent on level
of interpenetration in diamondoid nets (Scheme 2). The use of bulkier solvents
such as tert-butylformamide led to wider channels and a lesser DOI in the syn-
thesized MOFs. This is likely attributable to intermolecular forces and steric hin-
drances between bulky solvent molecules and forming lattices. This effect is less
apparent with respectively less bulky solvents such as ethyl alcohol, reportedly
forming smaller channels and higher DOI [64].

Ferguson et al. [65] also extensively tested the effect of solvent on the phe-
nomenon of partial interpenetration (Fig. 11). They theorized that the growth
rate of the host-sublattice must exceed that of the interpenetrating sub-lattice to
form a partially interpenetrated framework. In bulkier solvents, the interpenetrat-
ing sub-lattice is much slower to form, allowing for the collection of partially
interpenetrated crystals. Partially interpenetrated forms of MUF-9 and MUF-10
were collected from synthesis in a solvent system containing N,N-dibutylforma-
mide (DBF) and N,N-dimethylformamide (DMF). By adding DMF to DBF, these
authors were able to systematically control the degree of partial interpenetration
by accelerating the growth of the sub-lattice [65].

Rankine et al. [66] observed that the hydrolysis rate in different solvents plays
a critical role in controlling interpenetration for hydroxyl-functionalized IRMOFs
(Fig. 12). The reactions in DMF led to faster rate of hydrolysis and interpene-
trated framework. They concluded that high molecular weight solvents may be
used to control the interpenetration along with steric effects from the ligands [66].

t-But-formamide/
t-But-OH
OME
dia-gi-3-a Lfold(class 1a)
4-fold
g dia-4i-1 &
o + —1 oma_ g nmrrEton
4-fold (clals 1ia) l
dia-4i-3-b
7-fold

s i 5-fold dia-8i-1 8-fold

Scheme 2 Schematic representation of the control over the level of Interpenetration in dia nets achieved
via solvent templation. Reproduced with permission from Ref. [64]
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Fig. 11 a Nature of the solvent and the reaction time determine whether the combination of rac-H,1 with
Zn(NO3), produces a-MUF-9 (non-interpenetrated), PIP-MUF-9 (partially interpenetrated) or p-MUF-9
(doubly interpenetrated). b Composition of the reaction solvent controls the degree of partial interpen-
etration in MUF-9. Reproduced with permission from Ref. [65]

Hl1 R-H
HAA R=

[Zn40(L1)s] ,

W2 RE a{ZnO(L1);]

Ma
, s
CuCI; 2H,0 ‘

Fig. 12 a Synthesis of [Zn,O(L1);] and a-[Zn,O(L1);]. Inset Space-filling representations of the
pores in b [Zn,O(L1);] and ¢ a-[Zn,O(L2);]. d Images from the metallation studies to generate
a-[Zn,O(L1);]1>Cu and show accessibility of the hydroxyl groups. Reproduced with permission from
Ref. [66]

(d)

3.3 Time
The reaction time of the MOF synthesis can have drastic effects on interpenetration.

Decreasing the time of a synthesis reaction is associated with enlarged pores and,
therefore, decreased interpenetration. Decreased reaction time directly limits the
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probability of an interpenetrated net forming. Also, as interpenetrated nets lower the
energy of the system by limiting the number of open bonding sites, interpenetration
is thermodynamically favorable. Therefore, given enough time, a framework will
form the most energetically stable configuration. Ferguson et al. [65] verified this
theory with MUF-9 and MUF-10. After an 8-h synthesis in DMF, they determined
a 52% partially interpenetrated isomer of MUF-9. Upon extending the reaction time,
the full twofold interpenetrated isomer, f-MUF-9, formed. These authors identified
the same phenomenon with MUF-10, the enantiopure analogue of MUF-9.

3.4 Ligand Design
The design of the ligand affects the DOI based on the following attributes:

e sterically bulky groups on ligand
e clongated linkers

Altering the design of an organic ligand can achieve different levels of interpen-
etration. For example, the syntheses of SNU-70 (non-interpenetrated) and SNU-71
(twofold interpenetrated) differ by the existence of a double bond in the ligand of
SNU-70 (Fig. 13). This slight difference in organic ligand structure leads to inter-
penetration and vast differences in pore size and gas uptake [67].

Similar to the template effect, the presence of sterically bulky groups on the
organic ligand could help prohibit framework interpenetration. However, if the
groups on the ligands start to show interaction with each other, it can enhance the
possibility of interpenetration if the interacting groups can come closer to each
other. Therefore, the goal could be achieved by selective modification of a ligand
with pendant groups. Therefore, the use of elongated organic linkers in attempts to
synthesize MOFs with expected large pores is generally a very challenging task,
as the formation of interpenetrated frameworks may be preferred to increase the
stability of the framework. MOFs constructed with longer ligands generally have
larger voids, which make them unstable. Thus, interpenetration reasonably occurs
to reduce pore space in order to meet the systematic stability requirement in MOFs.

(a) —Q_/—coon (b)

H,CVB

COOH

H,CEB

Fig. 13 a Ligands used for the MOF synthesis and crystal structures of b noninterpenetrated and ¢ two-
fold interpenetrated MOFs. The interpenetrated networks are represented in red and blue in c. Repro-
duced with permission from Ref. [67]
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The use of bulky protecting groups followed by deprotection upon framework
formation is another strategy for suppressing the framework interpenetration. Lun
et al. [68] utilized bulky thermolabile tert-butoxycarbonyl (Boc) for a proline moi-
ety and its postsynthetic removal produced open MOF with increased pore volume
(Fig. 14). Thus, the use of the bulky protective group can preclude framework inter-
penetration and is an effective strategy to generate open frameworks.

Similarly, the length of the organic ligand has been shown to correlate with the
level of interpenetration. Typically, increased length of ligands is associated with a
higher probability for interpenetration in a given framework. For example, PCN-
240, PCN-245, and PCN-248 exhibit increasing degrees of interpenetration, vary-
ing only by increasing lengths of the organic ligand (Fig. 15).

The authors observed that the twofold and threefold interpenetration of PCN-
245 and PCN-248 led to increased framework stability, rigidity, and permanent
porosity. Also, PCN-280 (interpenetrated) and PCN-285 (noninterpenetrated) were
synthesized using mixed ligands of different lengths [69]. This effect of interpen-
etration control can once again be shown in “Porous Interpenetrated Zr-Organic
Frameworks” (PIZOFs). Eight ligands of differing lengths built from a combination
of phenylene (P) and ethynylene (E) regulated interpenetration in UiO-type MOFs
and PIZOFs (Fig. 16). By decreasing the ligand length from 17 to 15 A, the prod-
uct is identified as a non-interpenetrated Zr-MOF of the UiO type instead of a two-
fold interpenetrated PIZOF. The PEPP linker formed an interpenetrated structure,
while the next shortest linker, PEEP, did not allow for interpenetration to occur. The
authors noted the increased thermal stability of the PIZOFs, stability in water, and
also stability during drying from the water-wetted state [70].

Vincent-Morales and co-workers studied the impact on the flexibility for inter-
penetrated MUV-2-i(pyridine) (TTFTB);[(Fe;0)(py);],-0.36py, which shows a

Boc-protected deprotected, catalytically-
proline groups active proline groups

Fig. 14 Schematic of the protection-deprotection strategy using bulky Boc-ligand for transformation of
IRMOF-Pro-Boc to IRMOF-Pro suppressing interpenetration. Reproduced with permission from Ref.
[68]
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Fig. 15 Schematic representation of the syntheses of PCN-240, PCN-245, PCN-248, PCN-280, and »
PCN-285, demonstrating the steric effect of organic ligand selection on interpenetration. Reproduced
with permission from Ref. [69]

remarkable decrease in free volume compared to its non-interpenetrated counterpart
MUV-2 (Fig. 17). Quite interestingly, MUV-2-i demonstrates more rigidity upon
soaking in polar solvents such as pyridine or DMF compared to MUV-2, which
shows breathing behavior upon immersing in these solvents. The ligand TFTB mol-
ecules in MUV-2-i get distorted due to the strain due to the distortion between the
two dithiole rings leading to the interpenetrated network with enhanced rigidity and
stability in the framework [53].

4 Examples of DOI

MOFs with many different DOIs have been reported to this date. The twofold inter-
penetration in MOFs is the simplest form of entanglement whereby the parent net
accommodates one dual net that can be related by either translation, symmetry oper-
ation or both. As the DOI increases, the stability and selectivity is enhanced but it
could also lead to a reduction in pore size and the framework could become non-
porous. Many interesting features have been observed in case of MOFs with varied
DOI. Aesthetically pleasing structures have been generated and many applications
have been demonstrated. Here, we focus on some of the fascinating and interesting
examples of MOFs with twofold [71-75], threefold [76-81], fourfold [82-86], five-
fold [87-90], sixfold [91-96], sevenfold [97, 98], eightfold [99-104] and more than
eightfold [105, 106] with a section on the recent phenomenon of partial interpene-
tration. The terms coordination polymers and MOFs have been used interchangeably
in the literature, causing confusion. So, we have tried to keep our focus on examples
related to MOFs or porous coordination polymers. Table 2 summarizes some of the
classical MOFs with interpenetrated structures.

4.1 Twofold

Liu et al. [114] synthesized two In(IlT) based MOFs: FJU-16 and FJU-17. FJU-16
was reported to be fourfold interpenetrated and FJU-17 was reported to be twofold
interpenetrated (Fig. 18). While they have the same single net structure, FJU-17
exhibits a greater solvent accessible void. FJU-17 also has a much higher intrinsic
proton conductivity than its fourfold interpenetrated counterpart. This was attributed
to the higher number of guest molecules in FJU-17 and available void space. FJU-
17 has potential applications in fuel cells (FCs) as they contain proton conducting
materials to promote safe and efficient operation [114].

Gupta et al. [115] reported a doubly interpenetrated water stable MOF
[Co,(4,4"-bpy)(L)]-H,O-0.5(DMF) whereby H,L=4,4",4",4""-silanetetrayltetra-
benzoic acid and 4,4'-bpy =4,4'-bipyridine. The authors attributed the stability
in water to the presence of interpenetration in the framework and N-coordination
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Fig. 16 Representation of the regulation of interpenetration using varying lengths of organic ligands con-
structed from phenylene (P) and ethynylene (E). Reproduced with permission from Ref. [70]

to the paddlewheel SBU (Fig. 19). Furthermore, the interpenetration also played
a key role in the higher CO, selectivity over other gas such as N, and CH, with
the Qst value for CO, (at zero coverage) ranging from 29 kJ mol~! to 31 kJ mol ™!
[115].

Shi et al. [116] prepared two luminescent metal organic frameworks MOF-1
[Zn,(L),(dpyb)] and MOF-2 [Zn(L)(dipb)]-(H,0), based on m-conjugated thio-
phene-containing carboxylic acid ligand H,L (3,3'-(thiophene-2,5-diyl)dibenzoic
acid); dpyb=1,4-di(pyridin-4-yl)benzene, dipb=4,4'-di(1H-imidazol-1-yl)-1,1'-
biphenyl. Both MOF-1 and MOF-2 showed twofold interpenetration; however,
their networks and topological structures were completely different. In case of
MOF-1, the Zn(Il) paddlewheel SBUs are bridged by dbpyb ligands, giving rise
to a 2D (4,4)-sql network having rhomb-like windows. The rhomb ring [Zn,L,] is
further penetrated by dbpyb from an adjacent layer, resulting in a rotaxane struc-
ture that generates twofold entanglements (Fig. 20). Polyrotaxane entanglements
of this type are rare.
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Fig. 17 Chemical structures of the ligand and of the [Fe;O(CH;COO)4]ClO, secondary building unit
used in the synthesis of MUV-2-i and MUV-2. Schematic representation of the crystal structures of
MUYV-2-i (the two interpenetrating nets colored red and blue) and MUV-2 along the c-axis and perpen-
dicular view of the structure. Reproduced with permission from Ref. [53]

Table2 Classical
examples of metal-organic
frameworks (MOFs) showing

interpenetration. DOI Degree of

interpenetration

MOF DOI Reference
Cu(4,4"-bpy), sNO;(H,0), »5 Sixfold  [107]
Cuy(BTB),(H,0);-(DMF)o(H,0),(MOF-14)  Twofold  [108]
Cu4(TATB),(H,0), (PCN-6) Twofold  [109]
Zn,0(C,,H;0,); IRMOF-9) Twofold  [110]
Zn,0(C,gHg0,); IRMOF-13) Twofold  [110]
[Ni(bpe),(N(CN),)](N(CN),)(5H,0), Twofold [111]
(Yby(p4-H,0)(CyH ,N30¢)g /3 Twofold [112]
(SO,),-3H,0-10DMSO) (PCN-17)
[Zn,O(bdc);] (IRMOF-1) Twofold  [113]
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Four-fold interpenetrated Two-fold interpenetrated

FJU-16 HL FIU-17
1.25x10°S cm™ 4 1.08 x10%S cm™

Fig. 18 Change of DOI in FJU-16 and FJU-17. Reproduced with permission from Ref. [114]

Fig. 19 a Simplified node and linker representation of the ligand L*", 4,4"-bipyridine and Co,(COO),
cluster. b Representation of the (4,6)-connected two-nodal net, sgc422 topology. ¢ View of the twofold
interpenetration into the framework. Reproduced with permission from Ref. [115]
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Fig.20 a Schematic representation of twofold interpenetrated layer structure of MOF-1. b Relative
alignments of the wheel and axle in MOF-1. Reproduced with permission from Ref. [116]

In case of MOF-2, the binding of carboxylates is different in a mondodentate
fashion and the dihedral angles between the thiophene and benzene rings of L are
different from MOF-1 owing to free rotation of the C—C bond between the thiophene
and benzene rings. MOF-2 displays the diamond (dia) topology with Schlafli sym-
bol (6%) and, as is the case with dia networks, the nets adopt twofold interpenetration
to reduce the void space (Fig. 21).

Both MOF-1 and MOF-2 exhibited highly selective detection of picric acid
through photoluminescence quenching [116].

4.2 Threefold

Tan et al. [117] reported on a nitrogen-containing threefold interpenetrated MOF,
SCUT-11. Their work centered on the synthesis of a N-doped hierarchically
mesoporous carbon (NHMC) catalyst via pyrolysis of SCUT-11. The triple inter-
penetration of SCUT-11 provided high density Zn—O coordination units, encourag-
ing the formation of mesopores with a bimodal pore size distribution. The proper-
ties of the interpenetrated MOF, such as mass transport of oxygen and increased
accessibility of active sites, proved beneficial for catalysis, showing improved cat-
alytic activity from previously reported MOFs. This carbon catalyst has potential

Fig.21 Twofold interpenetrated
dia topology of MOF-2. Repro-
duced with permission from
Ref. [116]
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applications in fuel cells, being a non-Pt alternative to traditional expensive catalysts
(Fig. 22) [117].

Liu et al. [118] reported a threefold interpenetrated MOF [Zn;(4,4"-ADB);(BIB), ],
based on mixed bridging ligands BIB and 4,4-ADB [BIB = 1,4-bis(2-methyl-imi-
dazol-1-yl)butane, 4,4'-ADB =azobenzene-4,4'-dicarboxylica acid]. The trinuclear
Zn(II) SBUs are connected by 4,4'-ADB linker units forming a 2D layered structure
with hexagonal pinwheel geometry. The BIB linkers connect the layer units above
and below, generating a 3D hex net, which, in turn, interpenetrate to give threefold
interpenetrated framework with 3%4!8.5%.6 topology (Fig. 23). The interpenetra-
tion reduces the effective void to 3.8% of the total volume but enhances the stability
[118].

Wu et al. [119] obtained the first series of threefold interpenetrated uranium-
organic frameworks UOF-1 and UOF-2 by utilizing semirigid carboxylic acids as
the organic building blocks (H;L1: 4.4'-[[2-[(4-Carboxyphenoxy)ethyl]-2-meth-
ylpropane-1,3-diyl]dioxy]dibenzoic Acid for UOF-1; and H¢L2: Hexakis[4-
(carboxyphenyl)oxamethyl]-3-oxapentane for UOF-2. In UOF-1, dimeric uranyl unit
acts as the SBU linked by L1 forming a 3D network with large parallelogram chan-
nels, whereas, in UOF-2, the trimeric uranyl units acts as the SBU linked by L2 to
give rise to the porous 3D framework having large channels. Owing to the large void
volume in their single nets, both UOF-1 and UOF-2 undergo threefold interpenetra-
tion to stabilize the whole structure. UOF-1 is a 3,6-connected threefold interpen-
etrating net with flu topology whereas UOF-2 displays a four-connected net with pts
topology (Fig. 24) [119].

mAcm”

w—DUC
—NHMC-900

Current Density

T s
7 08 09 10

rode Potential / V vs. RHI

Fig. 22 The triply interpenetrated MOF used as precursor for N-doped hierarchically mesoporous carbon
(NHMC) synthesis. Reproduced with permission from Ref. [117]
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Fig. 23 Threefold interpenetrat-
ing 3%4'8.5%.6 topology of 1.
Reproduced with permission
from Ref. [118]

\ "\‘ 2
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Q(‘<:>OOD<:
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Fig. 24 Simplified threefold-interpenetrated networks of UOF-1 (a) and UOF-2 (c) colored separately in
red, green, and blue. Topological presentations of UOF-1 (b) and UOF-2 (d). Reproduced with permis-
sion from Ref. [119]
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Mei et al. [120] further prepared a heterometallic uranyl-organic framework
U-Ag-2,6-DCPCA from 2,6-dicholoroisonicotinic acid in the presence of uranyl and
silver ions. The uranyl building unit having the combined influences of halogenation
and the presence of silver ion additive on the uranyl coordination plays a major role
in forming the threefold interpenetrated network. The halogen substitution alters the
coordination mode of the isonicotinate ligand and through halogen—halogen inter-
actions, stabilizes the threefold interpenetrating networks. The silver ions act as an
inducer of uranyl species to tune the uranyl coordination. The uranyl building unit
coordinated with six carboxylates shows further interaction with Ag* ions from four
sides to give rise to a 2D (4,4)-connected network (Fig. 25). This heterometallic net-
work can then interpenetrate to fill the huge void space in the 2D network leading to
the threefold interpenetrated structure [120].

4.3 Fourfold

Zhu et al. [85] synthesized a Zn(II)-based MOF with fourfold interpenetration and
mog topology (Fig. 26). This MOF showed an intense emission at 443 nm, with
TNP (2,4,6-trinitrophenol), NFZ (nitrofurazone) and NFT (nitrofurantoin) efficiently
quenching this luminescence. Nitroaromatics such as TNP are highly explosive and
commonly used in industrial/civil explosives, creating hazardous pollution. NFZ
and NFT are antibiotics that pose significant health hazards upon pollution into the
environment due to antibiotic abuse. The quenching effect, attributed to both photo-
electron induced transfer (PET) and fluorescence resonance energy transfer (FRET)
mechanisms, is indicative of applications as a sensor for chemicals such as TNP,
NFZ, and NFT [85].

Chen et al. [86] prepared a fourfold interpenetrated Cu(I) MOF ([Cu(pytpy)].
NO;.CH;0H), from Cu(NO;),-3H,0 with 2,4,6-tris(4-pyridyl)pyridine (pytpy) in

Halogen
bonding

Fig. 25 Heterometallic interpenetrating network found in U-Ag-2,6-DCPCA and Halogen-halogen inter-
actions found between adjacent layers. Reproduced with permission from Ref. [120]
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Fig.26 The multifunctional Zn(II)-based fourfold interpenetrated MOF for sensitive sensing of TNP,
NFT and NZF. Reproduced with permission from Ref. [85]

mixed-solvent. The Cu(I) ion and pytpy act as three-connected nodes displaying
an unusual unimodal (10,3)-b topology which can also be denoted as ThSi,. The
large void space in the network and self-dual nature of the ThSi, topology lead to
four individual nets interpenetrating with each other and give rise to a cationic 3D
framework with helical channels (Fig. 27). Moreover, water molecules could replace
the guest methanol molecules in the channels of the framework, and the resulting

4.

LI

¢

(a)

Fig.27 a Space-filling diagram of the fourfold interpenetration in 1 viewed along the b axis (solvent
molecules and nitrate anions omitted). b Views of the single fourfold helical channel. Reproduced with
permission from Ref. [86]
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hydrated complex could serve as a host for anions displaying different geometries.
The desolvated complex also showed selective CO, uptake over N, at room tem-
perature [86].

Zhang et al. [121] utilized a fourfold interpenetrated MOF, [Ni(pybz),]
(pybz =4-(4-pyridyl)- benzoate) with dia topology as a coating material in gas chro-
matographic capillary column to separate low boiling point essential oils. The extra
structural stability through the fourfold interpenetration, weak molecular interact-
ing sites in the ligand in form of aromatic rings and polarized C—-O/C=0 groups
and strained chelating carboxylate groups coordinated to the metal center, which can
show interaction with adsorbate molecules to relieve the strain rendered it as a good
stationary phase material (Fig. 28). The fourfold interpenetrated network facilitated
the passing of the analysts through the pores because of the 1D square channels with
window size of 7.6 Ax7.6 A which was larger or close to kinetic minimum cross-
sectional diameter of the analytes [121].

4.4 Fivefold

Wen et al. [87] reported a unique polythreaded MOF with five-fold interpenetration
with mot topology (Fig. 29). The authors noted the thermal stability of the MOF,
stable up to temperatures of ca. 273 °C, characteristic of higher degrees of interpen-
etrated frameworks. The MOF also remained stable in air under ambient conditions
and retained its crystalline structure. The structure was able to be fine-tuned as a
result of the long, flexible ligands and the reaction sensitivity to pH and temperature
[87].

Wei et al. [88] reported two isostructural five-fold interpenetrated dia MOFs
[M(bpg)(bdc).2H,0] M =Zn(I), Cd(l); bpg=meso-a,fB-bi(4-pyridyl) glycol and

g
A2

A3v

Mixture

Injection

0 1_2 3 4 5

Four-fold-interpenetration

Fig. 28 The utilization of fourfold interpenetrated [Ni(pybz)2] as a coating material in the gas chromato-
graphic capillary column. Reproduced with permission from Ref. [121]
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Fig.29 Schematic view of the fivefold interpenetrated MOF. Reproduced with permission from Ref. [87]

H,bdc=1,4-benzenedicarboxylic acid). These are rare examples of five-old inter-
penetrated MOFs with mixed organic ligands of different lengths. This fivefold par-
allel interpenetration structure could be categorized as five topologically equivalent
3D subsets related by the translation vector [1, 0, 0]. The overall structure can be
seen as a 4-c diamond framework with large hexagonal channel that allows for the
penetration of each net by four other nets (Fig. 30). The frameworks could still retain
effective void volume of 11.6% and 10.1% (of crystal volume) for the Cd-MOF and
the Zn-MOF, respectively [88].

A fivefold interpenetrated MOF exhibiting colossal uniaxial negative thermal
expansion (NTE) was reported by Aggarwal et al. [122]. The ([Zn(FMA)(BPA)]
H,0), 1-H,0) (FMA2=fumarate, BPA=1,2-bis-(4-pyridyl)ethane) exhibited a
unique mode of interpenetration consisting of two sets of nets, one being twofold
interpenetrated and the other being threefold interpenetrated. It is generally expected
that the presence of extra networks acting as barriers to transverse vibrations due to
interpenetration could decrease or suppress the NTE. However, the combined effect
of hinge-like motion and the sliding of individual diamondoid networks led to the
anomalous thermal expansion behavior (Fig. 31). The frameworks 1 and 1-H,O are
a new class of thermoresponsive interpenetrated MOFs exhibiting anomalous NTE
[122].

4.5 Sixfold

Zhang et al. [123] reported a sixfold interpenetrated MOF with 3D diamondoid
nets (Fig. 32). Through luminescence measurements, the MOF was shown to have
selective sensing properties, specifically for Fe>* cations in aqueous solution, and
nitrobenzene derivatives nitrobenzene, p-nitrotoluene, p-nitroaniline and p-nitrophe-
nol in DMF. These nitroaromatics and metal cations had a quenching effect of the
luminosity of the MOF. These properties are promising for functional applications
in chemical sensors [123].

Zhao’s group reported a Zn-MOF ([Zn(XL)2](C10,)2-6H,0)n (XL=N,N'-
bicyclo[2.2.2]oct-7-ene-2,3,5,6-tetracarboxdiimidebi(1,2,4-triazole)) with six-fold
interpenetration that displayed high thermal stability and solvent stability [124].
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(@) (b)

(c)

Fig. 30 a Perspective view of the single diamond net. b Simplified view of the single diamond net. ¢
Schematic representation of the fivefold interpenetrating 3D diamond net. Reproduced with permission
from Ref. [88]

This is the first example of sixfold interpenetrating network having the sqc6 topol-
ogy with an unusual [24+2+2] mode of interpenetration (Fig. 33). The framework
could further act as a luminescent sensor for highly sensitive and selective detection
of acetylacetone with the detection limit of 1.72 ppm [124].

4.6 Sevenfold

Song et al. [125] reported a sevenfold interpenetrated MOF with a unique structure
of pseudo-helical chains and a unique catenane-like motif with Hopf links (Fig. 34).
Upon luminescence experiments, this MOF shows an intense emission at 405 nm.
The intensity may be attributed to the n* — & transitions of the ligand, enhanced by
coordination to the metal center. Preliminary experiments indicated that this com-
pound may be an excellent candidate for photoactive materials [125].

Li et al. [126] synthesized a sevenfold interpenetrated framework exhibit-
ing amine selective chemochromism, thermochromism, electrochromism and
X-ray and UV dual photochromism. The [Zn,(bpybc);(0-BDC)¢]-2NO5-6H,0
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Fig.31 a View of various internetwork distances along the crystallographic a, b and ¢ axes (only three
interpenetrated networks are shown for clarity). b Changes in the inter-network distances with tempera-
ture 1-H,0. Reproduced with permission from Ref. [122]

(bpybc = 1,1"-bis(4-carboxyphenyl)-4,4"-bipyridinium, 0-BDC =o-benzenedicar-
boylic acid) featured unique Anderson-like metal carboxylate clusters and the six-
connected Zn; SBU and bpybc ligand generated a 3D pcu network (Fig. 35). The
framework retained its porosity despite the sevenfold interpenetration with poten-
tial void spaces estimated at 20.6% per unit volume. The authors followed the strat-
egy to incorportate the viologen derivatives into metal carboxylate clusters, and to
assemble the interpenetrating motif to form multibridges for electron transfers and
stabilize the reduced radicals. The short distances between the donor—acceptor, mul-
tipathways for electron transfer and stabilization of the radicals endowed the frame-
work with response to the various stimuli of heat, electricity, UV-light, soft X-ray
and some organic amines. Moreover, the high stability and good reversibility make
it an excellent smart material for practical application [126].

4.7 Eightfold

The eightfold interpenetrated MOF [Cd(L),, L=(E)-4-(2-(1Himidazol-4-yl)vinyl)
benzoic acid] contains a 3D dia network with (6°) topology (Fig. 36). The thermal
stability of this highly interpenetrated MOF was noted, with no weight loss evident
until 400 °C. The optical properties of this complex were investigated as non-cen-
trosymmetric structures can have second-order non-linear optical (NLO) effects.
When compared with urea, the complex gave off 1.4 times the strong powder second
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Fig. 32 a The asymmetric unit of 2. b The central projection diagram of 2 views along ¢ axis. ¢ The six-
fold interspersed microporous structure of compound 2. d Sixfold 3D — 3D 4-connected (6%) dia topol-
ogy in compound 2. Reproduced with permission from Ref. [123]

harmonic generation (SHG) intensity, confirming the suspected NLO effects. The
MOF also showed strong fluorescence, indicative of applications in chemical sens-
ing [127].

Chen et al. [128] reported the structural transformation of a 7-fold interpenetrated
MOF to 8-fold interpenetrated MOF (Fig. 37) upon loss of the DMF molecules
in a SCSC fashion. The [Zn(pvb),]-DMF (1) and [Zn(pvb),](2) (pvb=trans-2-(4-
pyridyl)-4-vinylbenzoate) showed dia topology with sevenfold and eightfold inter-
penetrations, respectively. The authors observed that the alternating dia fragments
from adjacent layers start moving towards each other to reduce the void space upon
removal of the guest DMF molecules. The Zn(Il)-ligand bonds broke during these
movements and reformed, which led to an increase in interpenetration. This change
in interpenetration brought the dia nets closer, which facilitated the interactions
between them and led to a giant enhancement of SHG, useful for tuning non-linear
optical (NLO) properties [128].

4.8 More Than Eightfold Interpenetration
Examples of MOFs with DOI more than eightfold are relatively few, and with an

increase in the DOI, the pore size tends to decrease, which could make the interpen-
etrating MOFs nonporous.
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Fig. 33 a Coordination environment of Zn>*. b Set of interpenetrating framework of 1. ¢ View of 3D
structure of 1. d Topological representation of sixfold interpenetrating structure from three sets of two-
fold interpenetrating network. Reproduced with permission from Ref. [124]

Tseng et al. [129] reported a huge diamondoid MOF featuring tenfold interpen-
etrating neo-mode. The di-fert-butyl-4,10-dihydropyreno[4,5-d:9,10-d']diimidazole-
5,11-diyl)dibenzoic acid), featuring a huge and nearly undistorted adamantine cage
and an extra-framework volume of up to 48.7%. Despite the high DOI, 1 still fea-
tures small pore openings having dimensions of 4.5 %3 A% and 2x1.5 A2 along the
a and b axes. There are five paired sets of twofold mutually interpenetrated dia nets
and the topology is unique tenfold in [2424242+2] mode (Fig. 38). The frame-
work, however, did not show significant nitrogen adsorption [129].

Loukopoulos et al. [130] reported a 12-fold interpenetrated ThSi, (ths) topology
framework [Cu,(L1),(H,0)4]-8H,0 utilizing glycine based tripodal pseudopeptidic
ligand H;L=N,N',N"-tris(carboxymethyl)-1,3,5-benzenetricarboxamide or trimes-
oyl-tris—glycine. Each metal center acts as a two-connected node, with each ligand
as a three connected-node to generate three connected, 12-fold interpenetrated
symmetric ths net (Fig. 39). The choice of the Cu(Il) starting material can play an
important role in the self-assembly of the final product. The framework was further
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Fig. 34 a Exceptional catenane-like motifs are catenated through novel polycatenane Hopf links in 1. b,
¢ Schematic representation of the polycatenane characters in 1 Reproduced with permission from Ref.
[125]

utilized for multicomponent synthesis of propargylamines under mild conditions,
and showed good catalytic activity [130].

The highest DOI reported so far has been by Wu et al. [131], who demonstrated
record 54 interpenetrating networks in the framework Ag;(OH)(H,0),(Tipa); ;]
[Mo,0,]-4.5H,0 (1; Tipa=tri(4-imidazolylphenyl)amine), which has three-connect-
ing ligands and two-connecting metal ions. The authors hypothesized the strategy
of having metal ions coordinating to only two polydentate ligands, leading to longer
links between nodes increasing the ring sizes. Another strategy proposed was to tar-
get networks with three-connecting nodes since lower connectivity nets could give
rise to more open frameworks. This interpenetration belongs to the rare class IIIb
with 10%-srs topology. There are two sets of nine nets of opposite chirality, and each
set could be generated by the translation of one net along two of the three fourfold
helix axes but not along the third (Fig. 40) [131] (Scheme 3).

4.9 Partial Interpenetration

Over the past couple of years, an interesting phenomenon of partial interpenetra-
tion has been observed, whereby one framework is partially occupied inside of the
second framework Scheme 1). Schroder’s group first observed that the partially
interpenetrated NOTT-202 contains a dominant lattice and a slower-forming sec-
ondary lattice. The development of the secondary lattice determines the level of
partial interpenetration of the resulting MOF (Fig. 41). Partially interpenetrated
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o

Fig.35 a Coordination environments of the Zn** ion. b View of Zn,0,,C,, cluster (Anderson-like type),
¢ Zn; Anderson-like cluster linked by six bpybc ligands. d Space-filling view of the sevenfold interpen-

etration of pcu primitive cubic framework. e Schematic diagram of the 7-fold interpenetration for 1.
Reproduced with permission from Ref. [126]

MOFs show special applications in selective gas sorption due to both the capacity
and selectivity. While the large, non-interpenetrated pores allow for rapid diffu-
sion, the smaller interpenetrated pores are able to selectively capture smaller gas
molecules. NOTT-202a (the solvated form of NOTT-202) was reported having
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Fig. 36 Schematic representation of the eightfold interpenetrating [Cd(L)2]. Reproduced with permis-
sion from Ref. [127]

Fig.37 a A view of the dia net in 2. Green Zn, red O, blue N, gray C. b The eightfold interpenetrated
nets in 2. Reproduced with permission from Ref. [128]

the highest BET surface area and CO, storage capacity for a MOF containing
In(IID) [132].

Ferguson et al. [133] expanded this further and were able to control the degree
of partial interpenetration as described in the section Solvent System.

The research group of Ma [133] also observed the presence of partial interpen-
etration in [Cu,(pbpta)(2H,0))-(Cu,(pbpta)(2H,0)), 5-(Cu,(pbpta)(2H,0)) 551,,»
whereby the parent framework (1) was fully occupied, and the latter two showed

Fig. 38a-c Structures of 1. a A huge adamantane cage and its simplification. b Perspective view of tenp
individually entangled adamantane cages along the ¢ axis (only the main aromatic skeleton is shown for
clarity). ¢ Side stereoview of part b, d a simplified pattern of part b. Reproduced with permission from
Ref. [129]
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Fig. 39 Simplified colored versions of the 3D 12-fold interpenetrated ths network found in 1 along the
b0a planes. Reproduced with permission from Ref. [130]

occupancies of 50% (2) and 25% (3) shown in Fig. 42. The framework exhibited
NbO topology and showed good separation capability for CO, over CH, [133].

Recently, the Zaworotko group [134] also reported a control over the degree
of partial interpenetration by controlling the temperature and concentration for
a twofold hybrid ultramicroporous material (HUM), SIFSIX-14-Cu-I with pcu
topology (Fig. 43). Phases with 99%, 93%, 89%, and 70% partial interpenetration
were obtained and with a decrease in proportion of the interpenetrated compo-
nent, the C,H,/C,H, separation performance decreased [134].

5 Conclusions

Interpenetration in MOFs has been widely reported on with the desired func-
tional applications. An increasing number of examples in the literature highlight
the importance of understanding the synthetic factors that can help modulate the
resulting frameworks. Factors such as temperature, solvent system, time duration
and linker design play an important role in regulating the DOI in MOFs. Gener-
ally, higher temperatures, less bulky solvents and an increased time duration for
synthesis lead to a higher DOI. Less steric bulk and elongated ligand length also
contribute to an increase in DOI. Conversely, lower temperatures, smaller time
durations and bulky solvents favor non-interpenetrated or less interpenetrated
frameworks. Ligands with groups having steric repulsions and shorter lengths
can be used as controls for reduced DOI because of the smaller void space avail-
able for other networks to fit into. This understanding can assist in the design
of new materials that balance the trade-offs of structural stability and high stor-
age capacities, leading to advanced materials with the desired applications. Many
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Fig. 40 a Interpenetration of four nets of one handedness (green/blue nets) with one of the opposite
handedness (red). b Interpenetration of all 54 networks. Reproduced with permission from Ref. [131]

advantageous properties, such as selective guest capture, stepwise guest adsorp-
tion, enhanced framework robustness, photoluminescence control, and guest
responsive porosity have arisen due to the presence of interpenetration in MOFs.
More insights are needed into understanding the growth mechanisms of the for-
mation of interpenetrated structures based on kinetic/thermodynamic controls.
Further exploration of the functional applications of interpenetrated MOFs should
be directed towards catalysis, sensing, gas uptake and separation, among others.
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(a) (b) (c)

Scheme 3a-c Depiction of partial interpenetration in a threefold interpenetrated dia-MOF. a Full occu-
pancy of the three nets. b, ¢ Fully occupied green net and partially occupied red and pink nets

Metal
centres
+
l

Organic Non- Partial Double
linkers interpenetration interpenetration interpenetration

Fig. 41 Representation of the formation of interpenetrated and partially interpenetrated MOFs, consist-
ing of a dominant lattice and a slower-forming secondary lattice. Reproduced with permission from Ref.
[132]

Fig. 42 Non-interpenetrated and interpenetrated view along the z-axis. Reproduced with permission from
Ref. [133]
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Fig. 43 Different phases 8, Time
obtained with a change in partial 77 KN, Adsorption =
occupancy. Reproduced with
permission from Ref. [134]
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